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Introduction

In orthopedic as well as in oral and maxillofacial surgery
there is an increasing demand for a faster osseointegration
of implants. To improve the mechanical anchorage and
biological-chemical bond between the implant and the
surrounding bone, the state-of-the-art increasingly focus
on technological innovation of surface treatments at nano-,
micro- and macro-scale. While dental implant design, thread
pattern and pitch distances are mechanical implant features
related to the macro design, surface nanostructuring and
biofunctionalization are approaches aiming to enhance
biological reactivity through biomimicking topography
and biocue presentation. The present study for the first
time analyses the in vivo osseointegrative potential of the
phosphoserine-tethered dendron coating applied to dental
titanium implants.

Materials and methods

Titanium alloy fixtures (diameter 4.1 mm, length 9 mm)
underwent the following surface treatments: (i) a sandblast-
ing and etching (SE); (ii) a macro-porous additive manu-
facturing (AM) achieved by Direct Metal Laser Sintering
(DMLS). The AM implants had a solid core, a macroporous
shell 500 um in thickness, and a solid thread over the porous
shell thus limiting the exposed porosity present in between
the threads. The interthreads length was 1.5 mm. Porosity
was designed according to gyroid geometry thus having
a geometrically ordered and repeated unit spatial cell
consisting in a knot with three arms departing with 120° of
angular distance; (iii) Phosphoserine modified dendron coat-
ing prepared as described by Meikle et al. . Altogether four
different groups were analysed: Sandblasted and etched
implants (SE), porous additive manufactured implants (AM),
SE with additional dendron functionalisation (SE-PSD) and
AM with additional dendron functionalisation (AM-PSD).

Results and discussion

After 2 and 8 weeks the bone-to-implant contact (BIC)
total values of SE implants (43.7£12.2%;53.3+9.0%)
and SE-PSD (46.7+4.5%;61.7+4.9%) as well as AM im-
plants (20.49+5.1%;43.9+9.7%) and AM-PSD implants
(19.7£3.5%;48.3+15.6%) showed no statistically significant
differences. For SE-PSD and AM-PSD a separate analysis of
only the cancellous BIC demonstrated a statistically signifi-
cant difference after 2 weeks and 8 weeks. Biomechanical
findings proved the overall trend of an increased stability of
the porous implants after 8 weeks.

Conclusions

The functionalisation of the implant surface by phosphos-
erine-tethered dendron increases trabecular bone formation
at the interface of metal implants supporting the role played
by the implant topography in osseointegration
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Abstract

For the author there are three major challenges in Rege-
nerative Medicine (RegMed), namely to develop strategies
which are translatable, materials which are functional and
methods which are predictive. New strategies in RegMed
depend on a concerted interdisciplinary effort between the
exact and engineering sciences on the one side and the
life sciences on the other. As cells synthesize and reside
in an extracellular matrix (ECM), which they remodel, a
main focus of biomaterial research is the development of
injectable, bioresorbable hydrogels containing biological
signals which could be released by tissue responses. These
interactive materials will certainly increase in importance in
the future. However, a major challenge is how to combine
them, for example, in composites with load-bearing capacity
relevant for human applications. Where synthetic materials
such as metals are still essential, as in orthopaedics and
traumatology, there is the possibility of adding such respon-
sive materials as coatings to the bulk material. The use of
decellularized matrix is also part of the bioinspired approach
to developing biomaterials.

In the life sciences great effort is being invested in under-
standing the so-called ,regenerative niche®, which differs
from tissue to tissue. Great progress made in stem cell
biology has opened up new vistas on the possibility to target
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a regenerative niche. Cell-cell and cell-matrix interactions

® e @ o o ® ® remain a central element of this activity. One of the para-

BI® MATERIALS

digm shifts we need to master is the step from what is usual
even in complex cell biological models, namely the use of
purely physiological conditions, to a more realistic situation
as would be found in the clinical setting. Thus, we need to
understand regeneration in hostile environments, which
include post-trauma, cancer and multimorbidity. This will be
discussed with examples from the author’s own research.

One of the important in vitro methods to investigate the
mechanisms involved in regeneration is the use of coculture
systems with relevant human cells, usually on tissue culture
plastic and, as knowledge progresses, on more complex
3D biomaterial scaffolds. As major limiting factors in bone
regeneration are the speed and extent of vascularization, we
have established human osteoblast (pOB)-endothelial cell
(EC) cocultures to study cellular crosstalk and its possible
use for translational strategies [1,2].

Concerning the background, if two cell populations,
that is, human pOB and human dermal microvascular EC
(HDMEC), are seeded as cell suspensions on an open
porous biomaterial scaffold, such as can be made from
microfibres of the silk protein fibroin, the two cell types will
interact in such a way that lumen-containing, capillary-like
structures (CLS) will form as a vascular network [3]. Further
molecular studies on the cellular crosstalk revealed that
the EC induce an upregulation of growth factor and matrix
production in pOB, such as VEGF and collagen type | resp.
The EC then respond to these signals by promoting the
angiogenic phenotype [4,5].

The following additional approaches have been adopted
to study CLS formation: use of early embryonic signals,
such as sonic hedgehog (shh), to accelerate both osteo-
and angiogenesis [6,7], use of intermittent hypoxia, but not
constant hypoxia, to promote vascular sprout formation,
and study of possible stimulatory roles for macrophages in
the bone regenerative niche [8]. How this is investigated in
coculture models will be discussed in the context of future
developments. Naturally, all phenomena from in vitro studies
require proof of concept in relevant in vivo models, as only
this approach can lead to a translational perspective. Thus,
we were able to demonstrate that these in vitro pre-formed
vessels can rapidly become inosculated, that is, incorpora-
ted into the pre-existing microcirculation of host tissue in a
subcutaneous implantation model [9]. The major role of the
osteoblasts as a natural ,,drug delivery system*“was shown
by the fact that host vascular response can be stimulated
by these cells even in the absence of a pre-cultivation with
endothelial cells [10].

A further aspect offering a promising perspective for the
future is NanoMedicine, which uses advances in nanotech-
nology for medical applications. For reasons of time this will
not be addressed in the context of the presentation.

In conclusion, biomaterials, especially so-called respon-
sive biomaterials, are an essential element of modern
regenerative medicine, and must be accompanied by state
of the art life sciences, from cell and molecular biology to
good clinical practice. To achieve this the multidisciplinary
approach is a conditio sine qua non.

[Engineering of Biomaterials, 128-129, (2014), 1-2]
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Introduction

Recently, nanofibrous materials have been interesting
for applications in tissue engineering. They better simulate
the structure of fibrous component of natural extracellular
matrix than conventional flat or microstructured surfaces and
they enable adsorption of cell adhesion mediating molecules
in an appropriate spatial conformation. The appropriate
spatial conformation enables a good accessibility of active
sites on these molecules by adhesion receptors on the cell
membrane [1,2]. Most of the clinically used skin substitutes
consist of non-resorbable material and allogeneic cells thus
they cannot provide permanent coverage due to their final
rejection. The promising approach could be construction of
nanofibrous carriers from biodegradable polymers which
will be slowly resorbed in organism and finally replaced by
regenerated tissue. The attractiveness of the nanofibrous
membrane for adhesion and growth of skin cells can be fur-
ther promoted by coating the membrane with biomolecules
normally presented in natural skin (collagen, hyaluronan)
or occurring during wound healing (fibrin).

The study is focused on evaluation of adhesion and
growth of human dermal fibroblasts and human immortal
HaCaT keratinocytes on polylactide (PLA) nanofibrous
membranes coated with fibrin, collagen and fibronectin.

Materials and methods

The PLA membranes were prepared using the nov-
el Nanospider needleless electrospinning technology.
We coated the membranes with fibrin, fibrin with fi-
bronectin (cell adhesion-mediating extracellular ma-
trix protein), collagen | or collagen | with fibronectin.

FIG. 1. Inmunofluorescence staining of fibrin struc-
ture on PLA membranes (A) and phalloidin staining
of F-actin (red) and nucleus staining (Hoechst
33342, blue) in human dermal fibroblasts after 24
hours of cultivation on PLA membranes with im-
munofluorescence stained fibrin structure (green)
(B). Leica TCS SPE DM2500 confocal microscope,
obj. 40 oil, bar 50 pm.

We evaluated adhesion, morphology, proliferation, metabolic
activity (determined by MTS assay) and viability (determined
by Live/dead assay) of dermal human fibroblasts and human
immortal HaCaT keratinocytes. We also studied collagen
production (real-time PCR, immunofluorescence staining)
by fibroblasts stimulated by fibrin structure on PLA nanofi-
brous membrane.

A. Human dermal fibroblasts

Fibrin+fibronectin Fibrin

Collagen+fibronectin

Collagen

Pristine:

Pristine @

f e .o
-~

A

FIG. 2. Morphology of human dermal fibroblasts (A) and human HaCaT keratinocytes (B) after 3 day-cultivation
on pristine PLA membranes, PLA membranes with fibrin and fibronectin, fibrin, collagen and fibronectin or
collagen. Standard cell culture polystyrene dish (PS) served as a reference material. Cells stained with Texas
Red C2-Maleimide and Hoechst #33342. Olympus IX 51 microscope, obj. 10 x, DP 70 digital camera, bar 200 pm.
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FIG. 3. Mitochondrial activity of human dermal fibroblasts (A) and human HaCaT keratinocytes (B) determined
by MTS assay on day 1, 3 and 7 after cell seeding on pristine PLA membranes, PLA membranes with fibrin and
fibronectin, fibrin, collagen and fibronectin or collagen. Standard cell culture polystyrene dish (PS) served as
a reference material. Arithmetic means * S.E.M from 9 measurements made on three independent samples for

each experimental group and time interval.

Results

Results indicate that PLA nanofibrous membrane promot-
ed adhesion and growth of the skin cells. Fibrin (FIG.1) and
collagen structures on PLA membranes further improved
adhesion, proliferation and metabolic mitochondrial activity
of the skin cells. The human dermal fibroblasts preferentially
adhered and were more spread on the membranes coated-
with fibrin, fibrin with attached fibronectin on its surface or
collagen | with fibronectin than on the membranes coated
only with collagen or on the membranes in pristine form
(FIG.2A). Moreover, the metabolic activity of human dermal
fibroblasts was the highest on the membranes coated with
fibrin or fibrin with fibronectin (FIG.3A). In addition, fibrin
structures on PLA membranes stimulate fibroblasts to pro-
duce collagen |. The membranes coated with collagen | or
collagen | with fibronectin promoted spreading of the HaCaT
keratinocytes and increased the cell metabolic activity in
comparison with pristine membranes or membranes coated
with fibrin or fibrin with fibronectin (FIG.2B, 3B). Viability
(determined by a Live/Dead assay) of the fibroblasts and
the keratinocytes on the membranes was almost 100% on
all samples.
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Introduction

Black Orlon is a promising material for applications in
tissue engineering and regenerative medicine. Chemically,
it is a carbonized polyacrylonitrile (PAN) containing fibrous
ladder structure with chemical functional groups containing
oxygen (e.g., hydroxyl, carboxyl), created by heating of
Orlon above 300° C in the air atmosphere [1]. Although the
biomedical applications of this materials started relatively
early (in the seventieth), its potential for these applications
has not yet been fully explored. In 1976, black Orlon was
tested for construction of blood-contacting anticoagulant
surfaces in the form of atrial patches implanted into hearts
of experimental dogs [2].

Black Orlon can be relatively easily processed into
three-dimensional (3D) scaffolds with microporous structure
[3], and also nanofibrous structure created by electros-
pinning [4]. Microporous 3D scaffolds of carbonized PAN
showed excellent osteoinductivity, i.e., they promoted oste-
ogenic differentiation of human bone marrow mesenchymal
stem cells without addition of other osteogenic factors [3].
The nanofibrous structure is also of a great importance for
bone tissue engineering. It has been reported that nanos-
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tructured materials adsorb preferentially vitronectin, which
is then recognized by osteoblasts through the KRSR amino
acid sequence in the vitronectin molecule (for a review, see
[5]). Other properties, which make the black Orlon attractive
for bone tissue engineering, are its mechanical resistance
and electrical conductivity [4].

Thus, in the present study we investigated the osteo-
conductivity of microporous 3D black Orlon scaffolds in
terms of the adhesion and subsequent growth of human
osteoblast-like MG 63 cells in cultures on these materials.

Material and methods

Two types of black Orlon scaffolds were prepared for
cytocompatibility tests in vitro, i.e. containing 5 wt.% or 10
wt.% of PAN in succinonitrile, which acted as a porogen.
Both mixtures were heated to 35°C, and after stiffening of
the material, the succinonitrile was washed out in methanol.
The resulting PAN scaffolds with different porosities were
further heated to 300 °C, which resulted in the material
carbonization, oxidation and establishment of its electrical
conductivity.

The materials were cut into samples of 10-10-2 mm
in size, sterilized with 70% ethanol for 1 hour, inserted
into 24-well plates (TPP, Switzerland; well diameter 1.5
cm) and seeded with human osteoblast-like MG 63 cells
(30 000 cells/well, i.e. 17 000 cells/cm?). Each well con-
tained 1.5 ml of a medium DMEM with 10% of fetal bovine
serum and 40 pg/ml of gentamicin. On days 1, 3 and 7 after
seeding, the cell number and morphology were evaluated.
For each experimental group and time interval, four sam-
ples were used. For evaluating the cell number, the cells
were trypsinized and counted in Birker hemocytometer.
For evaluating the cell morphology, i.e. the cell shape and
the size of cell spreading area, the cells were fixed with 70%
ethanol (-20°C, 10 min) and stained with a combination of
fluorescence dyes Texas Red C2-maleimide, which stains
the cell membrane and cytoplasm, and Hoechst #33342,
which stains the cell nuclei. The number and morphology
of cells on the sample surface were then evaluated on
pictures taken under a Leica TCS SPE DH 2500 confocal
microscope. As reference materials, standard tissue culture
polystyrene dishes were used.

Results and discussion

Generally, the numbers of cells on the scaffolds prepared
from the mixture with 10 wt.% of PAN were significantly
higher than on samples with 5 wt.% of PAN. Also the cell
spreading areas on 1 day after seeding were significantly
larger on the samples with 10 wt.% PAN, and the shape of
these cells was mostly polygonal, while the shape of the cells
on samples with 5 wt.% of PAN was often rounded (FIG.1).
These findings could be explained by a more homogeneous
and relatively large size of the pores in the scaffolds based
on 10 wt.% of PAN (FIG.2). Our earlier studies revealed that
for successful ingrowth of MG 63 cells inside the scaffolds,
the pore diameter should be more than 100 ym, optimally
400-600 pm. Smaller pores were usually spanned by cells
on the scaffold surface, which led to a lower cell population
densities in the scaffolds [6,7].

Nevertheless, in the following days, the cell spreading
on samples with 5% of PAN improved, and the cells on
both types of scaffolds materials grew continuously without
visible cell damage (FIG.2). The cell growth was probably
supported by the presence of oxygen-containing groups on
the material surface, which promote the adsorption of cell
adhesion-mediating proteins in favorable geometrical con-

FIG. 1. Morphology of human osteoblast-like MG 63
cells onday 1 (A, B) and on day 3 (C, D) after seeding
on black Orlon scaffolds prepared from a mixture
containing 5 wt.% of PAN (A, C) or 10 wt.% of PAN
(B, D) in succinonitrile. Cells stained with Texas
Red C2-maleimide and Hoechst #33342. Leica TCS
SPE DH 2500 confocal microscope, obj. 10.0x0.30,
bar = 250 pm.

FIG. 2. Morphology of black orlon scaffolds prepa-
red from a mixture containing 5 wt.% of PAN (a) or 10
wt.% of PAN (b) in succinonitrile. Sem microscope
quanta 200 feg (fei), bar = 250 pm.

formation. The specific sites in these molecules, e.g. amino
acid sequences such as RGD, are better accessible for cell
adhesion receptors (for a review, see [5]). Also the material
carbonization, i.e. a relative increase of carbon content in
the material, and its electrical conductivity can contribute
to the enhanced cell adhesion and growth. Similar results
were obtained in vascular smooth muscle and endothelial
cells grown on polymers modified with ion implantation, also
resulting in the polymer oxidation and carbonization [8, 9],
or on polymers doped with carbon black [10

Conclusion

It can be concluded that porous scaffolds made of black
Orlon provided good support for the adhesion and growth of
human bone-derived cells, particularly if they are prepared
from matrix with a higher content of PAN, and thus this mate-
rial is promising for construction of scaffolds for bone tissue
engineering. However, these first conclusions need further
deeper investigation, e.g. focused on cell cultivation in a
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dynamic bioreactor (which enables higher colonization of the
inside of the scaffolds), on the depth of penetration of cells
inside the scaffolds and on osteogenic cell differentiation.
engineering. However, these first conclusions need further
deeper investigation, e.g. focused on cell cultivation in a
dynamic bioreactor (which enables higher colonization of the
inside of the scaffolds), on the depth of penetration of cells
inside the scaffolds and on osteogenic cell differentiation.
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Introduction

Biomimetic recombinant protein polymers are a new
group of materials introduced to regenerative medicine.
Due to the high level of precision in the production us-
ing recombinant DNA technology, accurate control over
material structure and properties is ensured. Importantly,
biofunctional domains can be incorporated in a recombinant
way. Therefore, the approach may lead to fully functional
scaffolds with properties adjusted to a particular biomedical
use. In the last three decades several recombinant protein
modules for biomedical application were designed, produced
and characterized [1,2]. A broad range of them is inspired
by nature, such as elastin-like [3,4], collagen-like [3] and
silk-like protein sequence [5]. Depending on the DNA se-
quence, most commonly used hosts organisms to achieve
optimal expression are Escherichia coli or yeasts such as
Saccharomyces cerevisiae and Pichia Pastoris.

The recombinant protein used in this study is a silk-col-
lagen-inspired copolymer, denoted further as CSC. CSC is
expressed by Pichia pastoris in a methanol fed-batch fer-
mentation process and consists of two types of blocks. The
silk-inspired block (S) is rich in histidine and is responsible
for pH-responsive protein gelation. The S block is flanked
by collagen-inspired blocks (C), which stabilize the hydrogel
network, due to their hydrophilicity and random coil forma-
tion. The resulting CSC protein is soluble in water at low
pH, whereas after increasing the pH to physiological values
it self-assembles into fibers and at higher concentrations
forms a physical hydrogel.

The aim of this study was to synthetize, characterize
and evaluate the biological performance of CSC protein
polymers. In addition, biofunctionalization of the block co-
polymer by active sites, such as integrin and proteoglycans
binding domains, was performed and the modification effects
investigated. It was shown that the obtained scaffolds are
self-supporting at low protein concentrations. Our bioma-
terial appeared to be non-cytotoxic and able to support
attachment and proliferation of bone cells. Moreover, the
ability to induce a desired cell response by incorporating
biofunctionalization was confirmed.

FIG. 1. AFM picture of 1% CSC solution at pH 7.4.
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FIG. 2. Rheological data on assembly and healing
of 2% CSC-RGD gel at pH 7.4

A) B)

FIG. 3. Cell shape after 5 days of cell culture, visible
after staining with Live/Dead assay: A) 100% CSC
gel; B) mix of 50% CSC and 50% CSC-RGD gel;
C) mix of 50% CSC and 50% CSC-HB gel; D) 100%
CSC-HB gel. Scale bar =200 pm.

Cell activity after 5 days

Ratio

05

ol NS 0SS - e & SES——
100%CSC  SHCSCHBISSCSC  SOKCSCHB  100% CSCHB  SO%CSC-RGD  100% CSCRGD  SOXCSC-HB
50%CSC 50%CSC SO%CSC-RGD

FIG. 4. Cell activity relative to cells on CSC gels
after 5 days of cell culture.

* significant difference in comparison to cells on
CSC gels;

** significant difference in comparison to cells on
100% CSC-HB gels;

*** significant difference in comparison to cells on
50% CSC-HB and 50% RGD mixed gels

Results

Production of CSC protein, and its variants, with recom-
binantly incorporated integrin binding domains (denoted as
CSC-RGD) or heparin binding domains (denoted as CSC-
HB), consisted of fixed, consecutive steps, typical for recom-
binant DNA technology. The process started with the design
of peptide sequence, and was followed by construction of
encoding genes, transfection to a host organism Pichia
pastoris and expression of proteins in methanol fed-batch
fermentation of yeasts. To obtain the final product, selective
ammonium sulphate precipitation was used for purification,
after which the protein was lyophilized. The materials were
characterized with a variety of techniques: SDS-PAGE
gel analysis, amino acid composition and sugar content
analysis, N-terminal sequencing and MALDI-TOF MAS.
The analysis confirmed that CSC, CSC-RGD and CSC-HB
proteins were successfully obtained in a recombinant way.

To induce fibril formation, an amount of protein was
dissolved at low pH, followed by an increase in pH to phys-
iological value of 7.4. The AFM picture (FIG.1) of 1% protein
solution (protein concentration 10 g/l) at physiological pH
shows fiber formation by the protein after 24 hours incuba-
tion time. The driving force in the assembly is stacking of S
blocks with uncharged histidine.

The cell culture study showed that cells could survive for
24 days at all variants of CSC gels (FIG.3.). The differences
in cell behaviour and activity, depending on the presence and
amount of added specific bioactive domains, were clearly
visible after 5 days of culture. Although cells were fully vi-
able on the all gel types, plain CSC did not enhance cells
spreading. Addition of 50% material with integrin binding
domains increased cell spreading; the cell shape was more
elongated. Addition of heparin binding domains improved
cells spreading and proliferation. The cells seemed to spread
a little less but the number of cells was higher on the gels
with heparin binding domains. The cell activity test (FIG.4.)
confirmed the effectiveness of biofunctional domain incor-
poration into our biomaterial. Cell activity was significantly
higher on the gels containing functional domains than the cell
activity of pure CSC gel. However, addition of 5% material
with heparin binding domains appeared to be insufficient to
improve material performance. According to the obtained
results, the addition of heparin binding domains in high
concentrations or a combination of heparin and integrin
binding domains was most profitable for cells.

Conclusions

Biocompatible scaffolds composed of silk-collagen in-
spired copolymer were produced in a fermentation process
of genetically engineered yeasts. Incorporation of bioactive
domains in recombinant way was successful. The obtained
fibrillar hydrogel scaffolds were strong enough at 2% protein
concentration to perform a cell culture study. An in vitro study
conducted with MG 63 cells cultured on top of the hydrogels
showed that cells survived on the scaffolds and attached
to the surface. The study proved that biological properties
of artificial proteins can be nicely tuned by incorporation of
specific bioactive domain. Well- designed recombinant pro-
tein polymers are promising materials for use in regeneration
medicine to induce desired cellular response.
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Abstract

The aim of the study was to investigate the influ-
ence of internal architecture of 3D printed scaffolds
on their mechanical properties. The polycaprolactone
scaffolds with six different internal architectures fab-
ricated by rapid prototyping method were tested in
this study. The scaffolds were plotted using a 330 um
dispensing needle, layer by layer with lay-down pattern
of the fibers: 00/150/300; 00/300/600; 00/450/900,
00/600/1200, 00/750/1500 and 00/900/1800. Mor-
phological analyses and mechanical properties
examinations were performed. The obtained scaffolds
had structures with high open porosity (50-60%) and
interconnected pores ranging from 380 to 400 um.
The different lay-down pattern and the angle depo-
sition of successive fiber layers resulted in different
internal architecture and pore shape of the constructs,
what was confirmed by scanning electron microscopy
and microtomography analyzes. The geometries
00/900/1800 and 00/600/1200 were characterized
with the most regular shape of pores between all

analyzed architectures. The pores for 00/150/300
and 00/300/600 were not regular and arranged as a
ladder-like helicoid structures. The lay-down pattern
of the fibers affected significantly the mechanical
properties of the scaffolds. The Young’s modulus (E)
of the scaffolds was increasing with increase of the
angle deposition between successive layers. The
scaffolds were also subjected to cyclic loading and
again geometry and mechanical properties were under
investigation. For all type of scaffolds the differences
of mechanical properties after dynamic compression
have been noticed. The geometries 00/900/1800 and
00/600/1200 exhibited the highest Young’s Modulus
after dynamic compression according to the rest
of analyzed samples. According to the conducted
research there is a clear correlation between internal
architecture of polymeric scaffolds and their mechan-
ical properties.
[Engineering of Biomaterials, 128-129, (2014), 8-9]

Introduction

The number of critical bone defects caused by injury, can-
cer or aging of the world population is increasing. Techniques

currently used to repair these defects suffer from several
disadvantages, such as a lack of mechanical and biological
matching of bone characteristics, the requirement of second
surgery and the risk of pathogen transmission. Scaffolds
made of bioresorbable polymers are a promising alternative
as they temporarily support regeneration of the damaged
site and undergo complete degradation after new tissue is
formed. Fabrication of bioresorbable polymers scaffolds
for tissue engineering becomes a popular research topic in
present days. Biodegradable and biocompatible scaffolds
are required for 3D implants as a temporary support for
cell growth and cell adhesion. There are several fabrication
methods currently used for creating 3D porous structures
with high porosity and interconnected pores. A rapid proto-
typing (RP) is one of the most interesting one. It allows for
fabrication scaffolds with predesigned external geometry
and internal architecture as well as required mechanical
properties. For the cell culture survival on the scaffolds 3D
constructs needs characterize with interconnecting porous
to allow the culture media 3D flow in order to ensure contin-
uous supply of nutrients and metabolites. Tissue formation
is generated on porous scaffolds. Mechanical strength of
the human body implant is directly connected with internal
architecture of the scaffold and has to be tailored according
to the different implant application. The goal of the present
study was to determine the changes of the mechanical
properties of fibrous PCL scaffolds with differnet internal
architecture. Scaffolds with different lay-down pattern were
investigated to select the optimal fiber lay-down orientation
for bone tissue engineering.

Materials & methods

Cylindrical porous scaffolds (height: 4mm, diameter:
6mm) with three-dimensional orthogonal periodic porous
architectures, were manufactured by Bioscaffolder®
machine (SYSENG, Germany) from &- polycaprolactone
granulate (Sigma Aldrich PCL, average Mn ca. 70-90kDa),
(FIG.1). The melted polymer was plotted with a 330um dis-
pensing needle layer by layer, with lay-down pattern of the
fibers: 00/150/300; 00/300/600; 00/450/900, 00/600/1200,
00/750/1500 and 00/900/1800. The temperature of the fabri-
cation process was between 900 and 1000C. After samples
fabrication the internal architecture were investigated by
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FIG. 1. Samples manufactured using Bioscaffolder® machine (SYSENG, Germany)

scanning electron microscope (HITACHI SU8000) and com-
puted microtomography (SkyScan 1172). Static and dynamic
compression tests were carried out using ElectroForce 5100
BioDynamic (BOCE, USA) at room temperature, at a cross-
head speed of 1mm/min, up to 10% of compressive strain.
At the beginning mechanical properties of the samples
were studied in static compression tests. Then cyclic load
(frequency 1Hz, 3600 cycle number) were applied to the
scaffolds. After the dynamic tests, the same samples were
tested in static compression conditions again.

/
/

| LA |

2.0KV 40.0mm x20 LM(UL) 2.00mm
FIG. 2. Scanning Electron Microscopy (SEM)
images of samples with internal architecture
A) 00/150/300; B) 00/300/600; C) 00/450/900, D)
00/600/1200, E) 00/750/1500 and F) 00/900/1800.
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FIG. 3. Results of compression tests before and
after cyclic load.

Results & discussion

The SEM and uCT observations of the microfibers scaf-
folds showed a well-defined internal geometry with regular in-
terconnected pores ranging from 380 to 450um with uniform
distribution, as well as with high porosity (45-55%) (Fig. 2).
The extruded filaments had a regular circular geometry with
diameter of 300pum, corresponding to the used nozzle tip
(330um) (FIG.2). Delaminating of the layers wasn’t noticed.
The compression tests before and after cyclic loads were
performed to show the influence of internal architecture on
the mechanical properties of the scaffolds in dynamic condi-
tions. Mechanical properties analysis showed big differences
in elastic modulus between the tested scaffolds. The results
indicate that the samples with lay-down pattern orientation
00/900/1800 and 00/600/1200 had the highest Yong’'s mod-
ulus before and after cyclic loading (FIG.3). Moreover, all
analyzed samples had stiffened up after dynamic compres-
sion. The connections between layers remained consistent
under compression in all tested constructions.

Conclusions

This study shows that scaffold architecture is relevant
from a mechanical point view, since pore size and shape
influence stiffness of the 3D constructs. The 3D plotter is able
to fabricate structures with high reproducibility and flexibility,
and it offers a wide variety of solutions in term of different
architecture and geometrical configurations. The study
demonstrates that PCL scaffolds with internal orientation
00/900/1800 and 00/600/1200 have the best mechanical
properties among tested samples. This type of scaffold can
be applied to produce highly functionalized 3D construct for
bone tissue engineering aplications.

References

[1] R. Landers. U.Hubner. R. Schmelzeisen. R. Milhaupt. “Rapid
prototyping of scaffolds derived from thermoreversible hydrogels
and tailored for applications in tissue engineering” Biomaterials 23
(2002) 4437-4447

[2] D.W. Hutmacher. M.A. Woodruff. Design. Fabrication and
Characterization of Scaffolds via Solid Free-Form Fabrication
Techniques. Biomaterials Fabrication and Processing Handbook.
CRC Press; p.45-67. 2008

9

L
==
(D A)

© 0000 000000000000 000000000600 00000000000000_ -~ mmm

Ll



10

. ANALIZA STRUKTURY

CHEMICZNEJ HYDROKSY-
APATYTU WZBOGACONEGO
JONAMI M**WYGRZEWANEGO
W WYSOKIEJ TEMPERATURZE

JoanNA KoLmas, MaTEUSz JABLOKSKI, ANNA SLOSARCZYK,
WacLaw KoLobDzIEJsKI

"WaRrszawskl UNIWERSYTET MEDYCZNY,

WvyDziat FARMACEUTYCZNY,

KATEDRA | ZAktAD CHEMII NIEORGANICZNEJ | ANALITYCZNEJ,
uL. BANACHA 1, 02-097 WaRszAawA, PoLska

2 AGH Axabemia GORNICzO-HUTNICZA,

WybziAt. INZYNIERII MATERIALOWEJ | CERAMIKI,

AL. Mickiewicza 30, 30-059 Krakow, PoLska

Streszczenie

Syntetyczne hydroksyapatyty (HAs), ze wzgledu na
wysokg biokompatybilnos¢ z ludzkimi tkankami zmine-
ralizowanymi, sg szeroko stosowane jako biomateriaty
w ortopedii oraz stomatologii. Struktura hydroksyapatytu
Ca,,(PO,)s(OH), pozwala na szereg jonowych podstawien,
ktére mogg zachodzi¢ zarébwno w pozycji kationow wapnia
jak i ortofosforanéw oraz strukturalnych grup hydroksy-
lowych. Wprowadzenie dodatkowych jonéw do struktury
hydroksyapatytu moze wptywac na jego wtasciwosci biolo-
giczne i fizykochemiczne.

Mangan jest sladowym pierwiastkiem wchodzgcym w sktad
biologicznego apatytu (mineralnego sktfadnika koSci oraz
zebow). Odgrywa on kluczowag role w powstawaniu matrycy
organicznej. Dodatkowo indukuje integryny, grupe recepto-
réw umozliwiajgcych adhezje komérek. Ostatnio przeprowa-
dzone badania potwierdzity, Zze hydroksyapatyt wzbogacony
Jjonami manganu Mn?* wykazuje fatwiejszg osteointegracje
niz czysty hydroksyapatyt, dlatego tez moze by¢ z powo-
dzeniem stosowany jako pokrycie implantow metalicznych.

W powyzszej pracy wykorzystano standardowg metode
mokrg do syntezy hydroksyapatytow zawierajgcych niewiel-
kie ilosci jonéw Mn?*. Otrzymane probki wygrzewano na-
stepnie w dwoch réznych temperaturach: 800 oraz 1250°C.

Gtownym celem tej pracy byto zbadanie wptywu pro-
cesu termicznego na strukture chemiczng hydroksyapa-
tytu wzbogaconego jonami manganowymi. Do badan
fizykochemicznych wykorzystano: proszkowg dyfraktometrie
rentgenowskg (PXRD), mikroskopie elektronowg (SEM
oraz TEM), spektroskopie w podczerwieni (FT-IR) oraz
spektroskopie magnetycznego rezonansu jgdrowego w
ciele statym (ssNMR).

Wprowadzenie jonéw Mn?* do struktury hydroksyapatytu
zostato potwierdzone dzieki zastosowaniu metod PXRD oraz
SSNMR. Wykazano takze, ze obecno$¢ manganu utatwia
termiczny rozktad hydroksyapatytu do oksyhydroksyapatytu.
Probki wygrzewane w wyzszej temperaturze (1250°) okazaty
sie niehomogeniczne. Zawieraty, oprécz fazy hydroksyapa-
tytu, dodatkowe fazy krystaliczne: oksyhydroksyapatyt, ok-
syapatyt, dziewieciotlenek dwufosforu i czterowapnia (TTCP)
oraz a-ortofosforan wapnia (aTCP). Uzyte metody fizykoche-
miczne pozwolity stwierdzic, ze w probkach kalcynowanych
(wygrzewanych w temperaturze 800°C) jony manganowe
zajmujg przede wszystkim pozycje wapnia Ca(l) w komdrce
elementarnej hydroksyapatytu. Podczas wygrzewania w wyz-
szej temperaturze dochodzi do czesciowego przemieszczenia
Jjonéw manganu w pozycje Ca(ll).

[Engineering of Biomaterials, 128-129, (2014), 10-11]
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Abstract

Synthetic hydroxyapatites (HAs), due to their high com-
patibility with human mineralized tissues are widely used in
implant materials for orthopaedic and dental applications.
Hydroxyapatite structure Ca,,(PO,)s(OH), is tolerant to se-
veral ionic substitutions. They can occur in HA for calcium
cations, for orthophosphates and structural hydroxyl ions.
The incorporation of additional ions into the apatite crystals
may change their biological or physicochemical properties.

Manganese appears in biological apatite (bone and teeth)
and plays a key role in the development of organic matrix.
It also induces integrins, receptors mediating cellular inte-
ractions with extracellular matrix and cell surface ligands.
Manganese-doped HA exhibits better osseointegration
than pure HA, thus it may be used as a coating of metallic
implants.

In this paper, hydroxyapatites enriched in small amounts
of manganese ions Mn?* were synthesized by standard wet
method. The obtained samples were heated at two different
temperatures: 800 and 1250°C. The main aim of this study
was to determine the influence of thermal processing of
hydroxyapatite enriched in Mn?* ions on its chemical struc-
ture. For profound physicochemical studies powder X-ray
diffractometry (PXRD), electron microscopy (SEM and
TEM), infrared spectroscopy (FT-IR) and solid-state nuclear
magnetic resonance (ssNMR) were applied.

The incorporation of manganese ions was confirmed
using PXRD and ssNMR methods. It was found that the
presence of manganese facilitates hydroxyapatite dehydra-
tion and decomposition to oxyhydroxyapatite. The samples
heated at 1250°C are not homogenous and contain, apart
from hydroxyapatite other crystalline phases: oxyhy-
droxyapatite, oxyapatite, tetracalcium phosphate (TTCP)
and a-tricalcium phosphate (aTCP). In the calcined sample
(heated at 800°C), manganese ions preferentially occupy
the Ca(l) position in the hydroxyapatite crystallographic unit
cell. During heat treatment at the higher temperature, some
Mn?* jons move to the Ca(ll) position.

[Engineering of Biomaterials, 128-129 (2014), 10-11]
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Streszczenie

Bardzo duzag role w procesie degradacji implantow
odgrywa Srodowisko ptynow fizjologicznych, ktérych
wplyw zalezy od wtasciwo$ci fizycznych i chemicznych
materiatu polimerowego oraz od jego reaktywnosci.
W niniejszej pracy oceniono wptyw ptynu PBS na
trwato$¢ kompozytowych wtdkien polikaprolakton /
hydroksyapatyt w warunkach in vitro. Stopien de-
gradacji wtdkien okreslano na podstawie zmian pH
medium, stezenia jonéw sodu i potasu w ptynie po
inkubacji probek oraz zmian masy probek podczas in-
kubacji. Ocene zmian zachodzgcych we wtdknach pod
wpfywem ptynu PBS przeprowadzono wykorzystujgc
skaningowg mikroskopie elektronowg (SEM) oraz
rentgenowskg analize strukturalng (WAXD). Badania
degradacji wtdkien przeprowadzone podczas inku-
bacji probek w ptynach fizjologicznych wykazaty, ze
wytworzone wtdkna kompozytowe charakteryzuje sie
stabilnoScig w Srodowisku ptynéw ustrojowych przez
dfugi okres czasu. Niewielkie zmiany na powierzchni
wtdkien, zaobserwowane po 10 miesigcach inkubacji,
w ptynie fizjologicznym, wskazujg na rozpoczecie
procesu degradacji, stgd tez mozna przypuszczac,
Ze czas catkowitej biodegradacji wtokien moze by¢
skorelowany z czasem potrzebnym do kompletnego
odtworzenia tkanki.

Stowa kluczowe: wtékna bioaktywne, podtoza,
Inzynieria Tkankowa, degradacja, polikaprolakton

[Inzynieria Biomateriatéw, 128-129, (2014), 11-15]

ASSESSMENT OF THE STABILITY
OF PCL-FIBRES INTENDED

FOR USE AS SCAFFOLDS

FOR TISSUE ENGINEERING

IN PHYSIOLOGICAL FLUIDS

IzaBELLA RAJZER'™, RYszarRD KwIATKOWSKI?

ATH UNIVERSITY OF BIELSKO-BIALA,

1 WiLLowA sTREET, 43-309 BieLsko-BIALA, PoLAND:
"FacuLty oF MEcHANICAL ENGINEERING AND COMPUTER SCIEN-
cE, DEPARTMENT OF MECHANICAL ENGINEERING FUNDAMENTALS,
DivisioN oF MATERIALS SCIENCE.

2FAcuLTY OF MATERIALS AND ENVIRONMENTAL SCIENCES.
INSTITUTE OF TEXTILE ENGINEERING AND POLYMER MATERIALS.

* E-MAIL: IRAJZER@ATH.BIELSKO.PL

Abstract

Very important role in the process of implant degra-
dation is played by the physiological fluid environment,
the impact of which depends on the physical and che-
mical properties of the polymers and on its reactivity.
This study evaluates the effect of PBS on the stability
of composite polycaprolactone/hydroxyapatite fibres
in vitro. The degree of degradation of the fibres was
determined by the changes in pH of the fluid, the con-
centration of sodium and potassium ions in the fluid
after incubation of the sample, and the changes in the
weights of samples during incubation. Assessment of
the changes in the fibres under the influence of PBS
was carried out using scanning electron microscopy
(SEM) and X-ray structural analysis (WAXD). The
study of the degradation of fibres carried out during the
incubation of samples in physiological fluids showed
that the composite fibres produced are stable in the
environment of physiological fluids over a long period
of time. Minor changes on the surface of the fibres,
observed after 10 months of incubation, in a body fluid,
indicate the start of a process of degradation, hence it
can be assumed that the time of total biodegradation
of the fibres may be correlated with the time needed
for a complete restoration of tissue.

Keywords: Bioactive fibres, scaffold, tissue engi-
neering, degradation, polycaprolactone

[Engineering of Biomaterials, 128-129, (2014), 11-15]
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Wprowadzenie

Polikaprolakton (PCL), jest biozgodnym polimerem
o diuzszym czasie degradacji niz inne polimery z grupy
poliestrow alifatycznych, dzieki temu biomateriaty wykonane
z tego polimeru mogg by¢ wszczepiane w miejscach nara-
zonych na szczegodlne obcigzenia [1]. Zastosowanie PCL,
cieszgcego sie lepszymi parametrami mechanicznymi, do
wytwarzania wtdkien a z nich podtozy do leczenia ubytkow
tkanek, pozwala na utrzymanie odpowiedniej przestrzeni
miedzy komdrkami wymaganej dla wzrostu komorek i formo-
wania matrycy zewngtrzkomdérkowej, nie tylko do momentu
wytworzenia nowej tkanki, ale do momentu uzyskania przez
nig odpowiednich parametréw mechanicznych [2].

Degradacja wtdkien z polikaprolaktonu w srodowisku
roztworow wodnych zalezy od wielu czynnikow. Z jednej
strony od budowy i wtasnosci samego polimeru takich jak
budowa chemiczna, masa molowa, polidyspersja, tempe-
ratura zeszklenia (Tg), temperatura topnienia (Tm), krysta-
licznos¢, modut elastycznosci, pole powierzchni probki i jej
hydrofilowo$¢ czy hydrofobowos$¢ [3]. Obecnos¢ ptynow
powoduje hydrolize nietrwatych wigzan w przypadku polie-
strow oraz sprzyja wytwarzaniu rodnikéw hydroksylowych
lub innych reaktywnych grup, ktére mogg inicjowac reakcje
wolnorodnikowe. Ponadto istotnym czynnikiem majgcym
wptyw na sposob degradacji wtokien sg warunki panujgce
w otaczajgcym je srodowisku (temperatura, pH itp.) [4].

PCL jest powszechnie stosowany do wytwarzania trojwy-
miarowych podtozy dla inzynierii tkankowej [5-6]. Jednakze
staba hydrofilowo$¢ podtozy z PCL wptywa na gorsza
adhezje, proliferacje i roznicowanie sie komorek. Ponadto
podioza z PCL nie wykazujg wtasciwosci bioaktywnych, dla-
tego czesto modyfikowane sg bioaktywnymi dodatkami [7].
W niniejszej pracy oceniono wptyw ptynu PBS na trwato$¢
kompozytowych witédkien polikaprolakton/ hydroksyapatyt
w warunkach in vitro. Widkna z czystego polikaprolaktonu
jak réwniez widkna kompozytowe modyfikowane hydrok-
syapatytem poddano ocenie trwatosci, okreslajac wptyw
ptynu PBS na zachowanie sie probek w srodowisku in vitro.
W organizmie cztowieka polikaprolakton ulega powolnej,
trwajacej okoto 2 lata biodegradaciji, ktéra zachodzi na sku-
tek hydrolizy wigzanh estrowych. Przeprowadzone badania
miaty na celu okreslenie trwato$ci wtdkien w warunkach in
vitro podczas inkubacji w ptynie PBS

Materialy i metody

Do badan wykorzystano dwa rozdaje wtdkien wytwo-
rzonych metodg formowania za stopu: (1) widkna PCL
niemodyfikowane oraz (2) wiékna modyfikowane 5% dodat-
kiem hydroksyapatytu. Doktadny opis sposobu formowania
wiokien oraz wptywu dodatku hydroksyapatytu na strukture
i wtasnosci wtokien opisano w poprzedniej publikacji [8].
Do wytwarzania witdkien wykorzystano poli(e-kaprolakton)
firmy Sigma Aldrich (PCL) o masie czgsteczkowej 70000-
90000 g/mol oraz nano-hydroksyapatyt syntetyczny (n-HAp)
wytworzony w Katedrze Ceramiki i Materiatow Ogniotrwa-
tych, Wydziatu Inzynierii Materiatowej i Ceramiki, Akademii
Gorniczo-Hutniczej w Krakowie [9].

Ocene trwatosci widkien otrzymanych metodg for-
mowania ze stopu przeprowadzono w ptynie PBS przez
okres 12 miesiecy. Ptyn PBS jest wodnym roztworem soli
fizjologicznej (0,9% NaCl) buforowanej fosforanami o pH
7,4 (ang. phosphate buffered saline). Probki zanurzono
w ptynie PBS i inkubowano przez okres 12 miesiecy w
polipropylenowych pojemnikach o pojemnosci 15 ml (firmy
FALCON) w temperaturze 37°C. Stopien degradacji wtdkien
okreslano na podstawie zmian pH medium, stezenia jonéw

Introduction

Polycaprolactone (PCL) is a biocompatible polymer
with longer degradation time than the other polymers from
the group of aliphatic polyesters, thus biomaterials made
using this polymer can be implanted in areas subjected to
increased load [1]. The use of PCL, which has better me-
chanical parameters, to make fibres, from which scaffolds
for the treatment of tissue defects are made, allows for
maintaining sufficient space between the cells required for
cell growth and extracellular matrix formation, not only until
the moment of producing new tissue, but until it obtains the
required mechanical parameters [2].

Degradation of polycaprolactone fibres in the environ-
ment of aqueous solutions depends on many factors. On
the one hand, they include the structure and properties of
the polymer itself, such as chemical structure, molecular
weight, polydispersity, glass transition temperature (Tg),
melting temperature (Tm), crystallinity, modulus of elastic-
ity, the surface area of the sample and its hydrophilicity or
hydrophobicity [3]. The presence of liquid causes the hydrol-
ysis of labile bonds in the case of polyesters and promotes
the formation of hydroxyl radicals or other reactive groups
which can initiate free radical reactions. Another important
factor affecting the way fibres are degraded are conditions
in their surrounding environment (temperature, pH, etc.) [4].

PCL is commonly used to make three-dimensional scaf-
folds for tissue engineering [5-6]. However, poor hydrophilic-
ity of PCL scaffolds results in a less successful adhesion,
proliferation, and differentiation of cells. In addition, PCL
scaffolds show no bioactive properties, which is why they
often are modified with bioactive additives [7]. This study
evaluates the effect of PBS on the stability of the compos-
ite polycaprolactone/hydroxyapatite fibres in vitro. Fibres
made of pure polycaprolactone as well as composite fibres
modified with hydroxyapatite were evaluated for stability, de-
termining the effect of PBS on the behaviour of the samples
in vitro. In the human body, polycaprolactone undergoes a
slow biodegradation over the period of approximately two
years, which occurs as a result of hydrolysis of

Materials and methods

In the study two types of fibres produced by melt spinning
were used: (1) unmodified PCL fibres and (2) modified fibres
containing 5% of hydroxyapatite. Detailed description of the
method of the fibres production and the effect of the addition
of hydroxyapatite on the structure and properties of fibres are
described in a previous publication [8]. Poly(e-caprolactone),
with the molecular weight of 70000-90000 g/mol, made by
Sigma Aldrich (PCL) was used for the fibres production,
and synthetic nano-hydroxyapatite (n-HAp) was prepared
in the Department of Ceramics and Refractories, Faculty of
Materials Science and Ceramics, University of Science and
Technology in Krakow [9].

Evaluation of the stability of fibres obtained by melt spin-
ning was carried out in PBS fluid over a period of 12 months.
PBS is a phosphate buffered saline (0.9% NaCl) with pH of
7.4. The samples were immersed in PBS and incubated for
a period of 12 months in polypropylene containers with a
capacity of 15 ml (made by FALCON) at 37°C. The degree
of degradation of the fibres was determined by the changes
in pH of the fluid, the concentration of sodium and potassium
ions in the fluid sample after incubation, and the changes in
the weight of the samples. Testing was performed using the
ion analyser EasylLyte Ca/K/Na/pH made by Medica and the
pH meter Cp-401 made by Elmetron. Percentage changes in
the weight of the samples were calculated using the formula:
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sodu i potasu w ptynie po inkubacji prébek oraz zmian masy
prébek. Badania wykonano przy uzyciu analizatora jonow
EasyLyte Ca/K/Na/pH firmy Medica oraz pH-metru Cp-401
firmy Elmetron. Procentowe zmiany masy prébek liczono
wedtug wzoru:

Am=(m,-m,)/m,=100 [%]

gdzie: m, — masa probki przed inkubacjg; m, — masa
prébki po danym okresie inkubacji.

Ocene zmian zachodzgcych w wytworzonych materia-
tach pod wptywem ptynu PBS przeprowadzono wykorzy-
stujgc skaningowg mikroskopie elektronowag (mikroskop
JEOL 5500 JSM) oraz rentgenowskg analize strukturalng
(WAXD). Badania rentgenowskie WAXD przeprowadzono
przy uzyciu dyfraktometru URDG6 (Seifert, Niemcy) metodg
krokowag pomiaru rozpraszania rentgenowskiego (w za-
kresie katow rozpraszania 26 od 5° do 60°), przy uzyciu
lampy rentgenowskiej z anodg miedziang (promieniowanie
CuKa, A = 1,542 A) zasilanej z generatora rentgenowskiego
ISO-DEBYEFLEX 3003.

Wyniki i dyskusja

Mikrostrukture widkien PCL oraz PCL/n-HAp przed-
stawiono na RYS. 1. Widékna przedstawione na zdjeciach
SEM roéznig sie obrazem powierzchni. Niemodyfikowane
widkna PCL charakteryzujg sie gtadkg powierzchnig, przy
wiekszych powigkszeniach mozna byto zaobserwowac
charakterystyczne podtuzne prazki. Na powierzchni wtokien
zawierajgcych nanohydroksyapatyt (RYS.1c-d) zaobserwo-
wano liczne nieréwnosci (nieobecne w przypadku widkien
niemodyfikowanych) potwierdzajgce obecnos$¢ hydrok-
syapatytu w widknach.

Na RYS. 2 przedstawiono procentowe zmiany masy
widkien podczas inkubacji w ptynie PBS przez okres 12 mie-
siecy. Brak zmian masy probek podczas inkubacji w ptynie
PBS $wiadczy o stabilnosci wtokien wytworzonych metodag
formowania ze stopu. Nie zaobserwowano zmian w masie
widkien kompozytowych wynikajgcych z obecnosci proszku
hydroksyapatytu. Wykres przedstawiajgcy zalezno$c¢ steze-
nia jonéw Na* i K* w plynie PBS podczas inkubacji probek
widkien przez okres 12 miesiecy przedstawiono na RYS. 3,
natomiast zmiany pH ptynu w ktérym inkubowane byty
probki wtdkien przedstawiono na RYS. 4. Réwniez w tym
przypadku nie zaobserwowano zmian moggcych swiadczy¢
0 rozpoczeciu procesu degradacji prébek.

Am=(m_-m,)/m,>100 [%]

where: m, - weight of the sample before incubation; ® ® @ e ® o o

m, - weight of the sample after incubation.

Assessment of the changes in the materials generated
under the influence of PBS was carried out using scanning
electron microscopy (JEOL 5500 JSM microscope) and wide
angle X-ray diffraction analysis (WAXD). WAXD tests were
conducted using the URDG diffractometer (Seifert, Germany)
by stepwise measurement of X-ray scattering (at a range
of scattering angles 26 from 5° to 60°), using an X-ray tube
with a copper anode (CuKa radiation, A = 1,542 A) powered
from a generator ISO-DEBYEFLEX 3003.

Results and Discussion

The microstructure of PCL and PCL/n-HAp fibres is
shown in FIG. 1. The fibres shown in the SEM images

g !PCL/nHAp |

RYS. 1. Mikrostruktura witékien otrzymanych me-
toda formowania ze stopu: (a-b) wtékna z polika-
prolaktonu (PCL); (c-d) widkna z polikaprolaktonu
modyfikowane hydroksyapatytem na etapie formo-
wania (PCL/n-HAp).

FIG. 1. The microstructure of fibres obtained by melt
moulding: (a-b) polycaprolactone fibres (PCL); (c-d)
polycaprolactone fibres modified with hydroxyapa-
tite at the stage of moulding (PCL/n-HAp).

PBS for a period of 12 months.
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RYS. 2. Procentowe zmiany masy wiékien podczas
inkubacji wiékien PCL i PCL/n-HAp w plynie PBS
przez okres 12 miesiecy.

FIG. 2. Percentage changes in the weight of the fibre
during incubation of PCL and PCL/n-HAp fibres in
PBS for a period of 12 months.

differ in the appearance of their surface. Unmodified PCL
fibres have a smooth surface and characteristic longitudinal
striations can be seen at the higher magnifications. On the
surface of fibres containing nano-hydroxyapatite (FIG.1 c-d),
we observed numerous irregularities (absent in the case of
unmodified fibres) confirming the presence of hydroxyapatite
in the fibres.
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FIG. 2 shows the percentage
changes in the weight of fibres
during the incubation in PBS over
the period of 12 months. Lack of
changes in the weights of the sam-
ples incubated in PBS proves the
stability of fibres produced by melt
pPcL spinning. There were no changes
in the weight of composite fibres
resulting from the presence of
hydroxyapatite powder. The graph
showing the dependence of the
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RYS. 3. Zmiany stezenia jonow Na+ i K+ w plynie PBS podczas inkubacji probek

wiokien PCL i PCL/n-HAp przez okres 12 miesiecy.

FIG. 3. Changes in the concentration of Na+and K+ in PBS during the incubation
of PCL and PCL/n-HAp fibre samples for a period of 12 months.
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RYS. 4. Zmiany pH ptynu PBS podczas inkubacji
préobek wiékien PCL i PCL/n-HAp przez okres 12
miesiecy.

FIG. 4. Changes in the pH of PBS during incubation
of PCL and PCL/n-HAp fibre samples for a period
of 12 months.

12 miesiecy NE}]
w PBS
12 months
in PBS

PCL/n-HAp PCL/n-HAp
RYS. 6. Zmiany w morfologii widékien po inkubacji
prébek w ptynie PBS przez okres 12 miesiecy.

FIG. 6. Changes in the morphology of fibres after
the incubation of samples in PBS for a period of
12 months.

concentration of Na* and K* ions
in PBS during the incubation of
fibore samples for a period of 12
months is shown in FIG. 3, and the
changes in pH of the fluid in which
the fibre samples were incubated
are shown in FIG. 4.

Also, in this case, there were no changes that might
indicate the start of the process of degradation of samples.

2 months
in PBS

gy PCL/n-HAp

\\. 4 miesigce

w PBS
4 months
in PBS

w PBS
10 months
in PBS

RYS. 5. Zmiany morfologii widokien podczas inku-
bacji probek w ptynie PBS przez okres 10 miesiecy.
FIG. 5. Changes in the morphology of fibres during
the incubation of samples in PBS for a period of
10 months.

FIGs 5 and 6 show the changes in the morphology
of the fibres during the incubation of samples in PBS.
The destruction of polymer due to the degradation in PBS
probably takes place in several stages. First, the absorption
of the fluid occurs, which results in softening the fibres, the
appearance of a grid of fine cracks on their surface, the
growth of the crack, and the destruction of the fibre in the
final stage. Polycaprolactone is a semi-crystalline polymer.
The more crystalline phases within the polymer structure the
more resistant it is to physiological fluids. The hydrophobic
character of PCL fibres and their semi-crystalline structure
causes that the fibres are stable in PBS over a long peri-
od of time. The first changes on the surface of the fibres
were observed after 10 months of incubating the fibres in
PBS. Also, X-ray results (WAXD) confirm the stability of
the samples incubated for a period of 8 months in PBS.
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FIG. 7 presents diffraction curves tak-
en after various incubation periods of
the samples. The study confirms the
unchanging, semi-crystalline nature
of the sample during incubation.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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Conclusions

RYS. 7. Zestawienie krzywych dyfrakcyjnych dla widkien PCL i PCL/n-HAp

inkubowanych w ptynie PBS przez okres 8 miesiecy.

FIG. 7. Summary of diffraction curves for PCL and PCL/n-HAp fibres incubated

in PBS for a period of 8 months.

Na RYS. 5 i 6 przedstawiono zmiany w morfologii wté-
kien podczas inkubacji prébek w ptynie PBS. Zniszczenie
polimeru wskutek degradacji w ptynie PBS prawdopodobnie
przebiega w kilku etapach. Najpierw nastepuje absorpcja
cieczy, czego nastepstwem jest zmigekczenie widkien, poja-
wienie sie siatki drobnych peknie¢ na ich powierzchni, wzrost
szczeliny oraz w koncowym etapie zniszczenie widkna.
Polikaprolakton jest polimerem semikrystalicznym. Im wiecej
fazy krystalicznej w strukturze polimeru tym jest on bardziej
odporny na dziatanie ptynéw fizjologicznych. Hydrofobowy
charakter widkien PCL oraz semikrystaliczna struktura spra-
wia, ze widkna wykazujg stabilno$¢ w ptynie PBS przez dtugi
okres czasu. Pierwsze zmiany na powierzchni witékien za-
obserwowano po 10 miesigcach inkubacji wtokien w ptynie
PBS. Réwniez badania rentgenowskie (WAXD) potwierdzajg
stabilno$¢ probek inkubowanych przez okres 8 miesiecy w
ptynie PBS. Na RYS. 7 przedstawiono zestawienie krzywych
dyfrakcyjnych wykonanych po réznych okresach inkubaciji
probek. Przeprowadzone badania potwierdzajg niezmienny,
semikrystaliczny charakter prébki podczas inkubaciji.

Whioski

Badania degradacji widkien przeprowadzone podczas
inkubacji prébek w ptynach fizjologicznych wykazaty, ze
wytworzone wtdkna kompozytowe charakteryzuje sie stabil-
noscig w srodowisku ptynéw ustrojowych przez dtugi okres
czasu. Dzieki temu, w przysztosci, wytworzone z wtdkien
kompozytowych podtoza tkankowe bedg mogty przenosi¢
obcigzenia az do momentu wiasciwego odtworzenia sie
tkanki. Niewielkie zmiany na powierzchni widkien, zaob-
serwowane po 10 miesigcach inkubacji, w ptynie, wskazujg
na rozpoczecie procesu degradacji, stad tez mozna przy-
puszczac, ze czas catkowitej biodegradacji widkien moze
by¢ skorelowany z czasem potrzebnym do kompletnego
odtworzenia tkanki.

Podziekowania

Praca naukowa finansowana ze $rodkéw Narodowego
Centrum Nauki (projekt numer: N N507550938, 2010-2013)
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(luventus Plus IP2012033372, 2013-2015). Autorzy sktadajg
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The study of the degradation of
fibres carried out during the incuba-
tion of samples in physiological fluids
showed that the composite fibres pro-
duced are stable in the environment of
physiological fluids over a long period of time. Thus, in the
future, tissue scaffolds made from composite fibres will be
able to carry the load until the proper reproduction of the
tissue. Minor changes on the surface of the fibres, observed
after 10 months of incubation, in a fluid, indicate the start of
a process of degradation, hence it can be assumed that the
time of total biodegradation of the fibres may be correlated
with the time needed for a complete restoration of tissue.
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Streszczenie

Powtfoke chitozanu osadzono metodg elektroforezy
na stopie tytanu Ti13Zr13Nb i stopie kobaltu Co28Cr-
5Mo. W obecnej pracy skoncentrowano sie gtownie na
doborze parametrow osadzania elektroforetycznego w
celu otrzymania jednorodnych i ciggtych powtok chito-
zanu na biomateriatach metalowych. Stwierdzono, ze
Jjednorodnos¢ wytworzonych powfok istotnie zalezata
od rodzaju zastosowanego roztworu i parametrow
osadzania. Mikrostrukture materiatow podfozy oraz
powfok zbadano za pomocg mikroskopii Swietlnej oraz
Skaningowej- i transmisyjnej mikroskopii elektrono-
wej. Zmierzono twardoS¢ i modut Younga materiatow
podfozy. Wykonano badania przyczepnosci powtok
do podfozy stopu tytanu i stopu kobaltu.

Stowa kluczowe: powfoka chitozanu, elektrofore-
za, stop tytanu, stop kobaltu,

[Inzynieria Biomateriatow, 128-129, (2014), 16-19]

Wprowadzenie

Tytan i jego stopy sg najczesciej stosowanymi bio-
materiatami metalowymi w inzynierii biomedycznej [1,2].
Przyktadem jest stop Ti13Zr13Nb, ktérego charakteryzuje
wysoka odpornos¢ na korozje elektrochemiczng, dobra bio-
kompatybilno$¢ oraz niski modut Younga. Takie wtasciwosci
umozliwiajg zastosowanie tego materiatu w protetyce kosci,
stawodw oraz zeboéw [3]. Stopy kobaltu, dzieki adekwatnej
biozgodnosci, odpornosci na korozje oraz odpowiednich
wiasciwosci mechanicznych, sg powszechnie stosowane w
endoprotezoplastyce, urzgdzeniach stomatologicznych oraz
konstrukcjach podtrzymujacych zastawki serca [4,5]. Stopy
kobaltu sg szczegolnie wykorzystywane na wezty tarcia

z uwagi na korzystniejsze, niz w przypadku stopow
tytanu, wtasciwosci tribologiczne [6]. W celu poprawy po-
taczenia miedzy sztywnymi implantami metalowymi oraz
unaczynionej tkanki kostnej mozna zastosowac biodegrado-
walne powtoki polimerowe. Jedng z metod umozliwiajgcych
wytwarzanie takich powtok jest osadzanie elektroforetyczne
[7,8]. Podczas procesu elektroforezy, natadowane czgstki
koloidalne przemieszczajg sie pod wptywem dziatania pola
elektrycznego oraz osadzajg sie na przewodzgcym podtozu
o przeciwnym znaku [9]. Gtéwng sitg napedowg procesu jest
tadunek i ruchliwos¢ elektroforetyczna czgstek. Chitozan
jest wyjatkowym polimerem, wykazujgcym wtasciwosci
biodegradowalne i bioaktywne, a takze antybakteryjne.
Dlatego jest chetnie uzywany w inzynierii biomedycznej
do enkapsulacji lekow, materiatow opatrunkowych oraz
rusztowan komérkowych [10].
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Abstract

A chitosan coatings were electrophoretically depo-
sited (EPD) on the Ti13Zr13Nb and Co28Cr5Mo al-
loys. The main aim of this work was to find optimal EPD
parameters to obtain homogeneous and continuous
coating on metallic biomaterials. It was found that the
homogeneity of the as-deposited chitosan coatings on
the substrate materials is highly dependent on chosen
solution and EPD parameters. The microstructure of
the substrate materials and coatings were investigated
by light microscopy as well as scanning- and transmis-
sion electron microscopy. The hardness and Young’s
modulus of the alloys as well as adhesion of chitosan
coatings to the substrate materials were investigated.

Keywords: chitosan coating, electrophoretic de-
position, titanium alloy, cobalt alloy,

[Engineering of Biomaterials, 128-129, (2014), 16-19]

Introduction

Titanium and its alloys are the most commonly used
metallic biomaterials in biomedical engineering [1, 2]. Espe-
cially, Ti13Zr13Nb alloy is highly resistant to electrochemical
corrosion, exhibits good biocompatibility and low value of
the Young’s modulus. Such properties makes it possible to
use in the bone, joint and dental prosthetics [3]. CoCrMo
alloys are widely used in numerous medical applications
such as total hip and knee replacements, dental devices
and support structures for heart valves given their adequate
biocompatibility, wear and corrosion resistance as well good
mechanical properties [4,5]. They are the preferred mate-
rials for articular applications with metal-on-metal contact
since the tribological properties are superior in comparison
with those of titanium alloys [6]. In order to further enhance
connection between rigid metallic implants and vascularized
bone tissue, the biodegradable polymers coatings can be
applied. One of the prospective method to deposit such
coatings is electrophoretic deposition (EPD) [7,8]. In the
EPD process, the charged particles of material suspended
in suspension are moved to and deposited onto an oppo-
sitely charged electrode under an applied electric field [9].
The main driving force of the EPD process is charge and
electrophoretic mobility of particles. Chitosan is an unique
polymer, which due to its biocompatibility, biodegradability
and antibacterial properties has attracted much attention
for a great variety of biomedical applications such as drug
encapsulation, wound dressing materials and tissue engi-
neering scaffolds [10].

The aim of this work was to investigate the deposition by
EPD of chitosan coatings on Ti13Zr13Nb and Co28Cr5Mo
alloys and to perform a preliminary microstructure and se-
lected properties characterization of the coated materials.
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Celem badan niniejszej pracy byto wytworzenie powtok
chitozanu na biomateriatach metalowych, stopie Ti13Zr13Nb
i stopie Co28Cr5Mo, oraz wstepna analiza mikrostruktury i
wybranych wtasciwosci materiatow podiozy i powtok.

Materiat i metody

Na podtoza do osadzania powtok zastosowano stop ko-
baltu Co28Cr5Mo (Ergiloy 9.9135HL) i stop tytanu zblizony
do B Ti13Zr13Nb. Probki miaty ksztatt krazkéw o $rednicy
20 mm i wysokosci 2 mm. Powtoki osadzano metodg elek-
troforezy. Do osadzania stosowano dwa rézne roztwory:
rozcienczony roztwor proszku chitozanu (Sigma-Aldrich)
(0,59/)

w wodzie destylowanej i 1%0bj. roztworze kwasu oc-
towego oraz roztwor proszku chitozanu (0,5 g/l) w wodzie
destylowanej i 1%o0bj. roztworze kwasu octowego i 50%
obj. alkoholu etylowego. Oba roztwory przygotowano za
pomocg mieszania magnetycznego w czasie 24 godziny w
temperaturze pokojowej. Jako przeciwelektrode zastoso-
wano ptytke ze stali austenitycznej. Proces elektroforezy
przeprowadzono przy statym napieciu z zakresu 8-30 V.
Czas osadzania wynosit 4 minuty, a odlegto$¢ miedzy
elektrodami wynosita 10 mm. Do wstepnego doboru pa-
rametrow osadzania stosowano ptytki stali austenitycznej
X2CrNiMo18-14-3.

Badania mikrostruktury materiatow podtozy i powtoki
wykonano za pomocg mikroskopii $wietlnej, skaningowej-
oraz transmisyjnej mikroskopii elektronowej (SEM, TEM).
Identyfikacje faz przeprowadzono metodg selektywnej
dyfrakcji elektronéw (SAED) oraz metodg dyfrakcji pro-
mieniowania rentgenowskiego (XRD). Do analizy sktadu
chemicznego wykorzystano spektroskopie promieniowania
rentgenowskiego z dyspersjg energii (SEM-EDS). Zmie-
rzono twardo$¢ oraz modut Younga stopéw za pomocag
urzadzenia Mikro-Combi-Tester, stosujgc obcigzenie 1 N.
Wykonano badania przyczepnosci powtok do podtozy za
pomocg proby zarysowania.

Wyniki i dyskusja

Mikrostrukture stopu Ti13Zr13Nb obserwowang za
pomocg SEM przedstawiono na RYS. 1a. Badania za
pomocg TEM i XRD wykazaty, ze mikrostruktura stopu
zbudowana byta gtéwnie z igiet fazy o’ (o strukturze hek-
sagonalnej zwartej, HZ) w ziarnach fazy B (o strukturze
regularnej przestrzennie centrowanej, RPC). Sporadycznie
stwierdzono wystepowanie réwniez drobnych igiet fazy o”
(o strukturze rombowej, grupa przestrzenna Cmcm). Sred-
nica ziarna wynosita w zakresie od 20 ym do 60 uym. Sze-
rokosc¢ igiet fazy a’ miescita sie w zakresie 150 nm-280 nm.
Mikroanaliza sktadu chemicznego wykonana za pomocg
SEM-EDS wykazata nastepujacy $redni sktad chemiczny
stopu (W % masowych): 74,6 Ti, 13,4 Zr i 12 Nb. Twardos¢
stopu wynosita 3+0,2 GPa, zas modut Younga 89+2 GPa.

Mikrostruktura kutego na gorgco stopu Co28Cr5Mo
sktadata sie z jednorodnych, zrekrystalizowanych ziaren
fazy a (o strukturze regularnej sciennie centrowanej,
RSC). Srednica ziaren wyznaczona na podstawie obrazéw
mikrostruktury SEM zawierata sie w zakresie 4um-5um
(RYS. 1b). Podczas badan za pomocg TEM w mikrostruk-
turze stopu obserwowano liczne defekty struktury w postaci
btedéw utozenia i blizniakdw. Stwierdzono, ze twardo$c¢
stopu kobaltu wynosita 4,9+0,2 GPa, za$ modut Younga
235+10 GPa.

Materials and methods

Titanium near - B alloy Ti13Zr13Nb and cobalt Co28Cr-
5Mo (Ergiloy 9.9135HL) alloy were used as substrates for
electrophoretic deposition of chitosan coatings. Samples
were in the shape of discs with diameter of 20 mm and
height of 2 mm. Dilute solution of chitosan (Sigma-Aldrich)
(0.5 g/l) in a mixture of distilled water and 1 vol.% acetic acid
and dilute solution of chitosan in a mixture of distilled water
and 1 vol.% acetic acid and 50 vol.% ethanol were prepared
by magnetic stirring at room temperature for 24 hours and
later used for EPD. The counter electrode was an austenitic
steel plate. The EPD was carried out in a two-electrode cell,
under constant voltage conditions in the range of 8-30 V.
Deposition time was 4 minutes and the distance between
electrodes in the EPD cells was 10 mm. Austenitic X2CrNi-
Mo18-14-3 steel plates were used for preliminary selection
of deposition parameters.

The microstructure of the metallic substrates and chitosan
coatings were characterized by light microscopy (LM) as well
as scanning- and transmission electron microscopy (SEM,
TEM). Phase identification was performed by means of
selected area electron diffraction (SAED) and by X-ray dif-
fractometry (XRD). The chemical composition was analyzed
via energy dispersive X-ray spectroscopy (SEM-EDS).The
hardness and Young modulus of metallic alloys were inves-
tigated by Micro-Combi-Tester device (CSM Instruments)
with Vicker’s indenter and load value of 1 N. The adhesion
of coatings to the substrates was analyzed by scratch-test.

Results and discussions

Microstructure of the Ti13Zr13Nb alloy observed by
SEM is shown in FIG. 1a. The TEM and XRD investigation
exhibited that the microstructure of the alloy was com-
posed mainly of a’ (hexagonal close-packed; hcp) laths in
B (body-centered cubic; bcc) grains. Sporadically, a fine
a” laths (orthorhombic, Cmcm space group) also could
be observed. The grain size ranged from 20 um to 60 um.
Width of o’ laths was in the range from 150 nm to 280 nm.
The mean chemical composition of the alloy investigated
by SEM-EDS microanalysis was (in wt.%): 74.6 Ti, 13.4
Zr and 12 Nb. Hardness and Young’s modulus of the alloy
were measured as 3+0.2 GPa and 89+2 GPa, respectively.

The microstructure of the Co28Cr5Mo alloy consisted
of homogenous, recrystallized grains of a (face-centered
cubic; fcc) phase. The grains diameter was measured on
SEM images to be in range of 4um-15um (FIG.1b). The TEM
investigation revealed occurrence of numerous stacking
fault defects and twins in alloy microstructure. Hardness
and Young’s modulus values of the alloy were 4.9+0.2 GPa
and 235110 GPa, respectively.

Selection of appropriate solution and process parameters
for electrophoretic deposition of chitosan on metallic bioma-
terials was the main focus of our work. In order to facilitate
this task, austenitic steel plates were used as model sub-
strate material. Two different solutions were prepared and
used for EPD. It was found that the composition of solution
has a significant influence on the uniformity of the coatings.
Chitosan was positively charged under acidic conditions.
During the deposition of the coatings from solution of chi-
tosan (0.5 g/l) in a mixture of distilled water and 1 vol.%
acetic acid the formation of many H, bubbles was observed,
whose presence significantly affected the uniformity of the
coatings deposited. Much lower amount of bubbles and thus
better homogeneity of the coatings could be obtained while
using solution of chitosan (0.5 g/l) in a mixture of distilled
water and 1%vol. of acetic acid and 50% vol. of ethanol.
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RYS. 1. Mikrostruktura stopu Ti13Zr13Nb (a) i stopu Co28Cr5Mo (b), SEM.
FIG. 1. The microstructure of Ti13Zr13Nb (a) and Co28Cr5Mo (b) alloys, SEM.

Duzg czes¢ pracy poswiecono na dobor roztworu i pa-
rametréw osadzania elektroforetycznego. Badania takie,
ze wzgledu na utatwienie eksperymentu, przeprowadzono
na modelowym podtozu ze stali austenitycznej X2CrNi-
Mo18-14-3. Stosowano dwa rézne roztwory. Stwierdzono,
ze sktad roztworu ma istotny wptyw na jednorodnos$¢ powtok.
Podczas osadzania powtok z roztworu proszku chitozanu
(Sigma-Aldrich) (0,5 g/l) w mieszaninie wody destylowanej
i 1 %obj. kwasu octowego obserwowano tworzenie sig licz-
nych pecherzykéw H,, co istotnie pogarszato jednorodnosé
wytwarzanych powtok. Znacznie mniej pecherzykoéw, a tym
samym lepszg jednorodnos¢ powtok otrzymano podczas
osadzania z roztworu proszku chitozanu (0,5 g/l) w mie-
szaninie wody destylowanej i 1 % obj. roztworze kwasu
octowego oraz 50 % obj. alkoholu etylowego. Wynika to ze
zZnacznego zmniejszenia zawartosci wody w roztworze, a
tym samym ograniczenia wydzielania sie gazéw.

Podobny wptyw na tworzenie sie pecherzykéw miato
napiecie podczas osadzania elektroforetycznego. Najbar-
dziej jednorodne i ciggte powtoki otrzymano przy napieciu
wynoszgcym 10 V (RYS.2).

Wraz ze wzrostem napigcia obserwowano coraz inten-
sywniejsze tworzenie sie pecherzykow. Stwierdzono, ze
powtoka na stopie tytanu
jest bardziej jednorodna od
powtoki na stopie kobaltu. Na
RYS. 3 przedstawiono po-
wierzchnie powioki chitozanu
na stopie Ti13Zr13Nb obser-
wowang za pomocg SEM.
Podczas badan SEM, nawet
przy matym napieciu przy-
spieszajgcym, obserwowano
tworzenie sie pecherzykow w
powtoce na skutek oddzia-
tywania wigzki elektronow
ze stosunkowo cienka, deli-
katng powtokg polimerowa.
Dalsze szczegotowe badania
kinetyki osadzania chitozanu
na biomateriatach metalo-
wych i analiza mikrostruktury
powtok sg w toku.

RYS. 3. Powierzchnia powtoki chitozanu osadzonej

RYS. 2. Plytki stali austenitycznej pokryte powtoka
chitozanu przy stosowaniu réznych wartosci napie¢
w czasie 4 minut.

FIG. 2. Austenitic steel plates coated with chitosan
using different voltage values during 4 minutes.

This is due to a significant reduction
in water content in the suspension,
thereby reducing gas evolution.
Similar effect on the formation of
bubbles during the deposition had
electrophoretic voltage. The most
homogeneous and continuous
coatings were deposited at the
voltage of 10 V (FIG.2).

More intense formation of bub-
bles could be observed with the
increase in the voltage for electro-
phoretic process. It was found that
the coating on the titanium alloy is
more homogeneous than coating
on the cobalt alloy. The surface of
the chitosan coating on Ti13Zr13Nb
alloy observed by SEM is shown in
FIG. 3. During SEM observations it
was found, that formation of bub-
bles is caused by reaction between

elektroforetycznie na stopie Ti13Zr13Nb, SEM. electron beam with relatively thin,
FIG. 3. Surface of the chitosan coating electropho-  SOft polymeric coating. Further de-
retically deposited on Ti-13Zr-13Nb alloy, SEM. tailed studies of the EPD kinetics of

chitosan and coatings microstruc-
ture are in progress.
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Zgodnie z oczekiwaniami wynikajgcymi z charakteru
powtoki stwierdzono stosunkowo stabg jej przyczepnos¢
do podtozy stopu Ti13Zr13Nb i stopu Co28Cr5Mo. Proby
zarysowania wykazaty, ze obcigzenie krytyczne wynosito
odpowiednio 2N i 3N. Przy tym obcigzeniu pojawiaty sie
pierwsze wykruszenia powtok na bokach rysy. Wzrost ob-
cigzenia do 5 N prowadzit do znacznej intensyfikacji tego
procesu i powtoki byly usuwane ze znacznych obszaréw
wokoét toru zarysowania.

Podsumowanie

W mikrostrukturze stopu Ti13Zr13Nb stwierdzono wy-
stepowanie gtéwnie fazy o’ i fazy B oraz sporadycznie fazy
a”. Twardos$¢ stopu wynosita 3+0,2 GPa, za$ modut Younga
89+2 GPa. Mikrostruktura stopu Co28Cr5Mo zbudowana
byta z jednorodnych, zrekrystalizowanych ziaren fazy a.
W ziarnach wystepowaty liczne btedy utozenia i blizniaki.
Twardos$¢ stopu kobaltu wynosita 4,9+0,2 GPa, za$ modut
Younga 235+10 GPa.

Dobrano sktad chemiczny roztworu i parametry osadza-
nia elektroforetycznego powtok chitozanu na stopie tytanu
Ti13Zr13Nb i stopie kobaltu Co28Cr5Mo. Zauwazono $cistg
zaleznos¢ pomiedzy jednorodnoscig osadzanych powiok, a
sktadem roztworu i warto$cig napiecia podczas osadzania
elektroforetycznego. Najwiekszg skutecznos$¢ osadzania
chitozanu obserwowano na powierzchni stopu tytanu. Dal-
sze szczegotowe badania kinetyki osadzania chitozanu na
biomateriatach metalowych z uwzglednieniem potencjatu
elektrokinetycznego i pH roztworu, jak rowniez charaktery-
styka ich mikrostruktury sg w toku.
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As expected, tested coatings were characterized by rel-
atively poor adhesion to the Ti13Zr13Nb and Co28Cr5Mo
substrates. Scratch tests showed that the critical load was
2 N and 3 N, respectively. At this load first delamination of
coatings appeared on the sides of scratch tracks. The rise
of load up to 5N led to a significant intensification of this pro-
cess and large area of coatings removal around scratches.

Summary

The microstructure of the Ti13Zr13Nb alloy consisted
mainly of o’ and B phases. Sporadically a” laths were also
found. Hardness and Young modulus values of the alloy
were measured as 3+0.2 GPa and 89+2 GPa, respectively.
The microstructure of the Co28Cr5Mo alloy consisted of
homogenous, recrystallised grains of a phase. The grains
contained numerous stacking faults defects and twins. Hard-
ness and Young modulus values of the alloy were 4.9+0.2
GPa and 235+10 GPa, respectively.

The adequate solution composition and process parame-
ters were selected for electrophoretic deposition of chitosan
coatings on Ti13Zr13Nb and Co28Cr5Mo alloys. It was
found that the uniformity of the deposited chitosan coating
on the substrate materials is highly dependent on chosen
solution and EPD voltage. The greatest efficiency of the
coating deposition was observed on titanium alloy surfaces.
Further detailed studies of the deposition kinetics of chitosan
on metallic biomaterials with regard to zeta potential and
pH, as well as coatings microstructure characterization,
are in progress.
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Streszczenie

Inzynieria tkankowa kosci kfadzie nacisk na produkcje
tréjwymiarowego, porowatego rusztowania, ktére posiada-
foby zdolnos$¢ stymulowania adhezji, proliferacji i réznico-
wania osteoblastow. Takie rusztowanie wspieratoby proces
regeneracji i tworzenia funkcjonalnej tkanki kostnej [1-3].

Celem niniejszej pracy byto udowodnienie za pomocg
2 linii osteoblastycznych, ze dodatek [-1,3-glukanu do
rusztowania na bazie chitosanu i hydroksyapatytu (chit/
HA) skutkuje wytworzeniem nowego, tréjsktadnikowego
kompozytu chitosan/B-1,3-glukan/hydroksyapatyt (chit/glu/
HA), ktéry posiada lepszg biokompatybilno$¢ w poréwnaniu
do dwusktadnikowego materiatu chit/HA.

Trojsktadnikowe rusztowanie wyprodukowano poprzez
modyfikacje kompozytu chit/HA za pomocg bakteryjnego
B-1,3-glukanu jak to zostato opisane wczes$niej [2,3]. Eks-
perymenty in vitro przeprowadzono z zastosowaniem linii
komorkowej prawidtowych ludzkich pfodowych osteoblastow
(hFOB 1.19) oraz linii komoérkowej mysich preosteoblastow
(MC3T3-E1 Subclone 4). Cytotoksycznos¢ materiatow
oznaczono metodg kontaktu bezpo$redniego za pomocg
podwojnego barwienia fluorescencyjnego ,zywe/martwe
komorki”. Kalceina-AM barwi na zielono jedynie zywe ko-
morki, natomiast jodek propidyny barwi kwasy nukleinowe
martwych komdérek emitujgc czerwong fluorescencje jader
komorkowych. Wybarwione komorki obserwowano w mikro-
skopie konfokalnym. Liczbe osteoblastéw przyklejonych do
powierzchni rusztowan kostnych okreslono ilosciowo po lizie
komorek za pomocg testu LDH total. Wzrost i proliferacje
komoérek na powierzchni biokompozytéw oceniono poprzez
obserwacje w mikroskopie konfokalnym stosujgc podwadjne
barwienie fluorescencyjne cytoszkieltu i jgder komoérkowych.
Komorki liniihFOB 1.19 i MC3T3-E1 hodowano bezposred-
nio na powierzchni biomateriatéw przez 9 dni. Co trzeci dzien
komorki barwiono za pomocg barwnikoéw fluorescencyjnych
AlexaFluor635phalloidin i Hoechst 33342 w celu oceny
ich morfologii oraz wzrostu ich liczby w czasie. Barwnik
AlexaFluor635phalloidin zapewnia czerwong fluorescencje
filamentéw cytoszkieletu, natomiast Hoechst 33342 barwi
Jjadra komoérkowe na niebiesko.

Barwienie ,zywe/martwe komorki” wykazato zgrupowa-
nia zywych, emitujgcych zielong fluorescencje komorek na
powierzchni obydwu biokompozytow (chit/HA i chit/glu/HA).
Jednakze, komorki hFOB 1.19 porastajgce powierzchnie
rusztowania chit/HA byty okragfe i nie wykazywaty typowego
dla ich morfologii podtuznego ksztattu, co sugeruje, ze nie
przykleity sie do powierzchni chit/HA (RYS.1). Ponadto, na
powierzchni materiatu chit/HA zaobserwowano dosc duzg
liczbe martwych, czerwonych komoérek linii hFOB 1.19.
Komorki hFOB 1.19 hodowane na powierzchni chit/glu/
HA byty rozptaszczone i miaty podtuzny ksztaft, co Swiad-
czy o ich dobrej adhezji do powierzchni tego materiatu.
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Abstract

Bone tissue engineering put emphasis on fabrication
three-dimensional porous scaffolds that possess ability to
enhance adhesion, proliferation and differentiation of oste-
oblast cells, therefore supporting bone regeneration and
functional bone tissue formation [1-3].

The aim of this work was to prove using 2 osteoblastic cell
lines that addition of 3-1,3-glucan to chitosan/hydroxyapatite
(chit/HA) scaffold results in fabrication of novel tri-compo-
nent chitosan/B-1,3-glucan/hydroxyapatite (chit/glu/HA)
composite that possesses better biocompatibility compared
to bi-component chit/HA material.

Tri-component scaffold was fabricated by modification
of chit/HA composite with bacterial B-1,3-glucan as was
described previously [2,3]. In vitro experiments were carried
out using human foetal osteoblast cell line (hFOB 1.19)
and mouse calvarial preosteoblast cell line (MC3T3-E1
Subclone 4). Cytotoxicity of the scaffolds was evaluated
by direct-contact method using live/dead double fluore-
scent staining. The calcein-AM dye stains only viable cells
giving green fluorescence and propidium iodide dye stains
nucleic acids of only dead cells emitting red fluorescence.
Stained cells were observed under confocal microscope.
Cell adhesion to the scaffold surfaces was determined
quantitatively after cell lysis by LDH total test. Cell growth
and proliferation on the biocomposite surfaces were eva-
luated by confocal microscope observation using double
fluorescent staining of osteoblast cytoskeleton and nuclei.
HFOB 1.19 and MC3T3-E1 cells were cultured directly on
the scaffold surfaces for 9 days and every third day cells
were stained with AlexaFluor635phalloidin and Hoechst
33342 fluorescent dyes in order to assess cell morphology
and increase in cell number. AlexaFluor635phalloidin dye
provides red fluorescence of cytoskeletal filaments, while
Hoechst 33342 gives blue fluorescence of nuclei.

Live/dead double staining showed clusters of viable
green fluorescent osteoblast cells on the surface of both
biocomposite samples (chit/HA and chit/glu/HA). Howe-
ver, hFOB 1.19 cells growing on the chit/HA surface were
spherical and did not reveal their typical lengthened shape
what indicates that hFOB 1.19 cells were not attached to
the chit/HA surface (FIG.1). Moreover, there were quite a
lot of dead, red fluorescent hFOB 1.19 cells on the chit/HA
material. HFOB 1.19 cells cultured on the chit/glu/HA sample
were flattened and had lengthened shape what proves their
good adhesion to the composite surface. MC3T3-E1 cells
growing on both materials were flattened and revealed
typical stellar shape. Only occasional dead red fluorescent
cells were observed. However, there were meaningfully
less MC3T3-E1 cells on the surface of chit/HA composite
compared to chit/glu/HA sample.
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RYS. 1. Podwdjne barwienie fluorescencyjne ,,zywe/
martwe komoérki” 24 h po inokulacji materiatéow,
pow. 100x.

FIG. 1. Live/dead double fluorescent staining 24
after cell seeding, magn. 100x.

Komorki linii MC3T3-E1 porastajgce powierzchnie oby-
dwu materiatow byty rozptaszczone i miaty typowy dla nich
gwiazdkowaty ksztaft. Jedynie pojedyncze martwe, czer-
wone komorki MC3T3-E1 zaobserwowano na powierzchni
tych kompozytéw. Jednakze w poréwnaniu do rusztowania
chit/glu/HA, zdecydowanie mniej komorek MC3T3-E1 byto
na powierzchni kompozytu chit/HA.

LDH total test wykazat znaczgco lepszg adhezje komérek
hFOB 1.19 i MC3T3-E1 do powierzchni materiatu chit/glu/
HA (RYS. 2). Trzy godziny od momentu inokulacji ruszto-
wan, do powierzchni kompozytu chit/HA przykleito sie 30%
(1.6 x 10°) komorek linii hFOB 1.19, natomiast do materiatu
chit/glu/HA 50% (2.6x10%) komérek. W przypadku komorek
linii MC3T3-E1, do materiatu chit/HA przykleito sie 20%
(1.9x10*) komérek, a do kompozytu chit/glu/HA az 70%
(7x10%) komérek.

=]

1@ MC3T3-E1
@ hFOB

cell number/liczba komoérek x 104
'

o

chit/HA

chit/glu/HA

RYS. 2. Catkowita liczba komorek przyklejonych
do powierzchni chit/HA i chit/glu/HA po 3 h od
inokulacji.

FIG. 2. Total cell number attached to the chit/HA and
chit/glu/HA surfaces 3 h after cell seeding.

LDH total assay demonstrated significantly higher num-
ber of hAFOB 1.19 and MC3T3-E1 cells attached to the chit/
glu/HA compared to the chit/HA sample (FIG. 2). Three
hours after cell inoculation there were 30% (1.6x10* cells)
and 50% (2.6x10* cells) of hFOB 1.19 cells attached to the
chit/HA and chit/glu/HA composites, respectively and 20%
(1.9x10%cells) and 70% (7x10* cells) of MC3T3-E1 cells at-
tached to the chit/HA and chit/glu/HA scaffolds, respectively.

Microscopic observation showed good osteoblast growth
and proliferation only on chit/glu/HA scaffold (FIG.3). The
number of hFOB 1.19 and MC3T3-E1 cells growing on the
chit/glu/HA increased with time during the in vitro culture.
Osteoblasts revealed their typical morphology and had well
extensive cytoskeleton. There were also well visible blue
fluorescent nuclei. After 9-day culture, chit/glu/HA surface
was covered by multilayer of hFOB 1.19 and MC3T3-E1
cells, which revealed extensive network of cytoskeletal
filaments and numerous filopodia. Osteoblast cells cul-
tured on the chit/glu/HA were well spread, flattened and
generated large filamentous structure of the cytoskeleton
what indicates that this scaffold is very favourable to cell

3 days/dni

chit/HA

chit/glu/HA

6 days/dni

9 days/dni

RYS. 3. Ocena proliferacji. Komarki linii MC3T3-E1 hodowane na po-
wierzchni rusztowania chit/HA i chit/glu/HA, pow. 200x.

FIG. 3. Proliferation evaluation. MC3T3-E1 cells cultured on the surface
of chit/HA and chit/glu/HA scaffold, magn. 200x.
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Obserwacja mikroskopowa wykazata dobry wzrost i

® o o o o o o proliferacje osteoblastow linii hFOB 1.19 i MC3T3-E1 jedy-

nie na rusztowaniu chit/glu/HA (RYS. 3). Liczba komérek
porastajgcych powierzchnie chit/glu/HA wzrastata wraz
z wydtuzajgcym sie czasem hodowli in vitro. Osteoblasty
miaty typowg dla danej linii komoérkowej morfologie i dobrze
rozbudowany cytoszkielet. Fluoryzujgce na niebiesko jadra
komorkowe byty rowniez bardzo dobrze widoczne. Po 9
dniach prowadzenia hodowli, powierzchnia rusztowania
chit/glu/HA byta pokryta wielowarstwg komorek linii hFOB
1.19 i MC3T3-E1, ktére posiadaty dobrze rozwinietg sie¢
filamentéw cytoszkieletu i liczne wypustki cytoplazmatycz-
ne. Osteoblasty hodowane na materiale chit/glu/HA byty
rozptaszczone i posiadaty dobrze rozbudowang strukture
cytoszkieletu, co sugeruje, ze ten materiat sprzyja adhezji
i proliferacji komorek. Udowodniono, ze materiat chit/HA
catkowicie nie sprzyja adhezji, wzrostowi i proliferacji ko-
morek hFOB 1.19. Przez caty czas trwania eksperymentu
na powierzchni chit/HA zaobserwowano jedynie pojedyn-
cze, okragte komorki hFOB 1.19. Co wiecej, ich liczba
nie wzrastata w czasie, a komorki byty drobne i okragte,
co moze $wiadczyc o tym, ze byty martwe. W przypadku
komorek linii MC3T3-E1, 3 dni po inokulacji materiatu chit/
HA zaobserwowano jedynie pojedyncze komorki na po-
wierzchni probki (RYS. 3). Ponadto, komérki MC3T3-E1
byty okragte i nie miaty typowego gwiazdkowego ksztattu,
co $wiadczy o ich stabej adhezji do powierzchni chit/HA.
Jednakze, liczba komérek MC3T3-E1 wzrastata w czasie i
po 9 dniach prowadzenia hodowli na powierzchni materiatu
chit/HA zaobserwowano obszary o matej gestosci komorek
MC3T3-E1, ktére miaty gwiazdkowaty ksztaft, widoczny
cytoszkielet i wypustki cytoplazmatyczne.

Przeprowadzone eksperymenty in vitro oraz uzyskane
zdjecia z mikroskopu konfokalnego wyraznie udowadniajg,
ze dodatek B-1,3-glukanu do rusztowania chit/HA stymuluje
adhezje, wzrost i proliferacje komoérek linii hFOB 1.19 i
MC3T3-E1. Oba testowane biomateriaty byty nietoksycz-
ne i pozwalaty na wstepng adhezje komoérek. Jednakze
na powierzchni rusztowania zawierajgcego [-1,3-glukan
zaobserwowano znaczgco lepsze rozptaszczanie sie komo-
rek, ich szybszy wzrost i proliferacje. Analizujgc uzyskane
wyniki mozna wysnuc¢ wniosek, ze nowy trojsktadnikowy
kompozyt jest obiecujgcym materiatem do stosowania w
inzynierii tkankowej koSci jako rusztowanie komorek majgce
za zadanie przyspieszenie procesow regeneracyjnych oraz
tworzenie noweyj, funkcjonalnej tkanki kostneyj.

[Inzynieria Biomateriatow, 128-129, (2014), 20-22]
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adhesion and proliferation. The chit/HA biomaterial was
proved to be completely unfavourable to adhesion, growth,
and proliferation of hFOB 1.19 cells. Only single spherical
hFOB 1.19 cells were observed on the chit/HA sample
throughout the full length of the experiment. Moreover, the
hFOB 1.19 cell number did not increase with time, cells
were tiny and spherical what may indicate that were alre-
ady dead. In the case of MC3T3-E1 cells, 3 days after cell
seeding there were only individual MC3T3-E1 cells on the
chit/HA surface (Fig. 3). Furthermore, visualized MC3T3-E1
cells were spherical and did not reveal typical stellar shape
what indicates that cells were not well attached. However,
the number of MC3T3-E1 cells increased with time and 9
days after cell inoculation there was low density culture of
stellar shape MC3T3-E1 cells with visible cytoskeleton and
filopodia on the chit/HA material.

Conducted in vitro experiments and obtained confocal
microscopy images clearly prove that addition of 3-1,3-glu-
can to the chit/HA scaffold enhances adhesion, growth, and
proliferation of hFOB 1.19 and MC3T3-E1 cells. Both inve-
stigated biomaterials were non-toxic and allowed for initial
cell attachment. However, significantly better cell spreading,
growth, and proliferation were observed on the scaffold
containing B-1,3-glucan. Based on the obtained results,
it may be inferred that novel tri-component composite is
promising material for bone tissue engineering applications
as cell scaffold to accelerate bone regeneration and new
bone formation process.

[Engineering of Biomaterials, 128-129, (2014), 20-22]
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[Inzynieria Biomateriatow, 128-129, (2014), 23-25]

Wprowadzenie

Hydroksyapatyty (HA; o wzorze chemicznym
Ca,o(PO,)s(OH),) nalezg do szerokiej grupy mineratéow
nazywanej apatytami. Apatyty wystepujg w przyrodzie jako
mineraty geologiczne oraz biologiczne [1]. Hydroksyapatyty
biologiczne stanowig sktadnik nieorganiczny zebow i kosci [1].

Krzem jest mikroelementem niezbednym dla prawi-
dtowego funkcjonowania organizmu cztowieka. Dzienna
zalecana przez FDA dawka krzemu dla kobiet i mezczyzn
wynosi odpowiednio 19 i 40 mg. Krzem jest niezbedny do
prawidtiowego funkcjonowania skéry, wtoséw i paznokci.
Zaleca sie jego suplementacje w przypadku podwyzszonego
ryzyka miazdzycy oraz osteoporozy. Pierwsze badania na
temat roli krzemu w organizmie cztowieka prowadzono juz w
latach siedemdziesigtych XX w. Wskazujg one na duzg role
krzemu w mineralizacji kosci. Jest on rowniez niezbednym
skfadnikiem w procesach syntezy kolagenu oraz stymulaciji
podziatu komorek kostnych [2,3].

Syntetyczne hydroksyapatyty sg wykorzystywane w
medycynie i stomatologii jako materiat wypetniajgcy lub
pokrywajgcy implanty [1]. Prowadzone badania zmierzajg
do ciggtego poszukiwania nowych materiatow na bazie
hydroksyapatytow, gdyz, szczegdlnie hydroksyapatyty krze-
mowe, dajg duze nadzieje na podwyzszenie bioaktywnosci
i biozgodnosci takich materiatow [4].

Celem prowadzonych badan byta synteza serii hydrok-
syapatytéw krzemowych o réznej zawartosci krzemu a
nastepnie opracowanie metody oznaczenia zawartosci
tego pierwiastka w tych zwigzkach metodg fluorescencji
rentgenowskiej z dyspersjg dtugosci fali (WD-XRF).

Materialy i metody

W trakcie syntezy poprzez wytrgcenie z roztworu wodne-
go uzyskano serie prébek hydroksyapatytow krzemowych
o roznej zawartosci krzemu. Jezeli przyjmiemy wzor ogolny
otrzymanych zwigzkoéw jako Ca,o(PO,)s-x(SiO,)x(OH),., to
zaplanowano, ze x=0;0.4; 0.6;0.8;1.0; 1.2; 1.4 oraz 1.8.
Jony SiO,* zastepujg jony PO,* oraz grupy OH-.

Nastepnie otrzymane prébki poddano badaniom w
celu oceny ich podobienstwa do stechiometrycznego
hydroksyapatytu oraz zakupionego hydroksyapatytu
krzemowego o deklarowanej zawartosci krzemu (Sigma
-Aldrich). Badania strukturalne przeprowadzono metoda
dyfraktometrii proszkowej (XRD), spektroskopii w pod-
czerwieni (IR) oraz metodg magnetycznego rezonansu
jadrowego w ciele statym (NMR). Natomiast badania
zawartosci krzemu wykonano metodg fluorescencji ren-
tgenowskiej z dyspersjg dtugosci fali (WD-XRF), a jako
metode porownawczg zastosowano atomowg spektro-
metrie emisyjng z wzbudzaniem plazmowym (ICP-AES).

SYNTHESIS END
ELEMENTAL ANALYSIS OF
SILICON-SUBSTITUTED
HYDROXYAPATITES

Lukasz PAJCHEL*, ALIcJA ZAwIALOW, JOANNA KoLMAS*,
WacLaw KoLobDzIEJsKI

MebicaL UNIVERSITY oF WARSAW,
DEPARTMENT OF INORGANIC AND ANALYTICAL CHEMISTRY,
1 BANACHA sTR., 02-091 WaRsaw, PoLAND

[Engineering of Biomaterials, 128-129, (2014), 23-25]

Introduction

Hydroxyapatites (HA; chemical formula - Ca,,(PO,)s(OH),)
belong to the group of minerals named apatites. Apatites
exist naturally as geological and biological minerals. Bio-
logical hydroxyapatites are inorganic components of teeth
and bones [1].

Silicon (Si) is a chemical element essential for humans.
Daily Si intakes of 40 and 19 mg are recommended by FDA
for men and women, respectively. Si is beneficial in the case
of arteriosclerosis and osteoporosis, for aging of skin, hair
and nails. First studies on the function of Si in higher organ-
isms were carried out in the early 1970s. They showed that
Si plays an important role in the calcification of bones. It is
also required for the synthesis of collagen and stimulates
bone cells division [2,3].

Synthetic HAs are used in medicine and dentistry as ma-
terials for bioceramics and implant coatings [1]. Researchers
are still looking for better biomaterials based on modified
HAs. Silicon-substituted hydroxyapatites (Si-HA) seem to
be promising as far their bioactivity and biocompatibility are
concerned [4].

The aim of our study was to synthesize various Si-HA
materials and determine their Si concentrations using
wavelength—dispersive x-ray fluorescence spectroscopy
(WD-XRF).

Materials and methods

The Si-HA samples with various concentrations of Si were
synthesized by precipitation in aqueous solutions. Chemical
formulas of those samples were Ca,,(PO,)s-x(SiO,)x(OH),.,
with x=0;0.4;0.6; 0.8; 1.0; 1.2; 1.4 and 1.8. The SiO,* ions
were introduced instead of PO,* and OH- groups (0 £x<2).
The Si-HA samples were compared with stechiometric
HA and commercial Si-HA (Sigma-Aldrich). Structural dif-
ferences were analyzed using powder X-ray diffraction
(XRD), infrared spectroscopy (IR) and nuclear magnetic
resonance (NMR). The Si concentrations were measured
using WD—-XRF and compared to those obtained using
inductively coupled plasma atomic emission spectroscopy
(ICP — AES). Crystals were visualized using transmission
electron microscopy (TEM).

Procedure

Wavelength dispersive X-ray fluorescence spectros-
copy

The Si content was determined using a Thermo Advant’x
WD-XRF spectrometer and the Si Ka line. Calibration curve
were prepared on 9 points in the range from 0 to 5.5 wt.%.
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W celu oceny ksztattu krysztatéw wykonano zdjecia metodg
transmisyjnej mikroskopii elektronowej (TEM).

Wykonanie badan

Fluorescencja rentgenowska z dyspersjg dtugosci fali

Oznaczenie zwartosci krzemu wykonano na aparacie
WD-XRF firmy Thermo model Advant’x wykorzystujac linie
emisyjng krzemu Ka. Wykorzystano linie kalibracyjng opartg
na 9 punktach w zakresie od 0 do 5.5% krzemu. Tabletki
uformowano przy uzyciu prasy hydraulicznej firmy Specac
uzywajgc matrycy o $rednicy 13 mm przy nacisku 10 ton
przez 10 minut. Do wykonania krzywej wzorcowej uzyto
talku jako zrodta krzemu, mieszaniny kwasu borowego jako
lepiszcza oraz hydroksyapatytu. Tabletki z prébek badanych
przygotowano w identyczny sposéb mieszajgc kwas borowy
i badane hydroksyapatyty domieszkowane krzemem.

Atomowa spektrometria emisyjna z wzbudzaniem pla-
zmowym

Badane probki byty réwniez oznaczane z uzyciem apa-
ratu ICP-AES Perkin Elmer OPTIMAL 3100 XL. Roztwory
wzorcowe przygotowano rozcienczajgc roztwor wzorcowy
krzemu (1000 mg/ml £ 4mg/l, Sigma-Aldrich, wzorzec krze-
mu dla AAS, ¢(NaOH)=2% ) w zakresie od 10 do 50 ppm.
Badane prébki zostaty rozpuszczone w stezonym kwasie
azotowym i rozcienczone woda.

Transmisyjna mikroskopia elektronowa

W celu oceny krysztatow hydroksyapatytow krzemo-
wych wykonano zdjecia TEM z uzyciem mikroskopu Jeol
JEM 1400. Kropla probki zawieszonej w etanolu zostata
naniesiona na niklowg siatke pokrytg btong z formvaru. Po
wyschnigciu siatki byty oglgdane przy napigciu 80kV.

The measurements were done on tablets formed with a
hydraulic Specac press (a 13 mm pellet die, pressure of 10
tons applied during 10 min). The tablets used for the cali-
bration were made of talc as a source of Si and a mixture
of boric acid with HA. The boric acid was used as a binder.
The tablets containing samples were prepared in a similar
way — they included boric acid and Si-HA. Each analysis
was repeated 6 times.

Inductively coupled plasma atomic emission spectros-
copy

The Si content was also measured using a Perkin Elmer
OPTIMAL 3100 XL apparatus. For the calibration, solu-
tions containing from 10 to 50 ppm of Si were prepared
by dilution of a standard Si solution (1000 mg/ml £ 4mg/I,
Sigma-Aldrich, Si standard for AAS, c(NaOH)=2% w/w). The
studied samples were dissolved in concentrated nitric acid
and diluted with water.

Transmission electron microscopy

The studied Si-HA crystals were observed using a Jeol
JEM 1400 microscope. A drop of sample suspension in
ethanol was placed on a Ni grid covered with a formvar
film, allowed to dry and analyzed under the accelerating
voltage of 80kV.

Results and discussion

The recorded XRD, NMR and IR spectra were typical
for hydroxyapatites [7]. This proves that the synthesis was
correct and successful.

The Si concentrations determined using WD—XRF and
ICP-AES are presented in the TABLE 1. The results for the
commercial material (WD—XRF 2.33 wt.%; ICP-AES 2.16
wt.%) were similar to that declared by the producer (2.33
wt.%). Generally, the Si concentrations determined using
ICP-AES were lower than those from the WD-XRF method.

The HA and Si-HA crystals were observed on the TEM
images. The images were of very good quality and clearly
showed that the HA crystals were much larger than the
Si-HA crystals.

TABELA 1. Zawartos¢ procentowa krzemu w komercyjnym SI-HA oraz zsyntetyzowanych Si-HA
TABLE 1. Concentration of Si in the commercial Si-HA and synthesized Si-HA.

Zawartos¢ % krzemu
oznaczona metodg ICP
Concentration of

Si determinated

Zawartos¢ % krzemu
oznaczona metodg XRF
Concentration of
Si determinated

Zawartos¢ % krzemu
wyliczona na podstawie
reagentéw syntezy

Concentration of Si

expected from synthesis using XRF using ICP

(% wt.) % Si % Si

0,4 1,12 0,03 0,07

0,6 1,69 0,66 0,65

“eN 0,8 2,27 0,60 0,47

o] 1,0 2,85 2,25 1,46

< 1,2 3,43 2,70 1,86

0 — 1,4 4,02 2,29 2,42

=Y 1,8 5,21 4,38 2,67

-l Komercial'n?’ 2,33 2,33 2,16
E I_ cosni1_r|:1zrma , , ,
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Dyskusja wynikow

Widma otrzymane metodami XRD, NMR i IR sg zgodne
z doniesieniami literaturowymi i potwierdzajg otrzymanie
hydroksyapatytéw domieszkowanych krzemem [7]. W
TABELI 1 zaprezentowano procentowe zawartosci krzemu
oznaczone metodami WD-XRF oraz ICP-AES. Dla zaku-
pionego hydroksyapatytu domieszkowanego krzemem
uzyskano wartosci bardzo zblizone do deklarowanej przez
producenta. Zaobserwowano réwniez zaleznos¢, iz wyniki
otrzymane metodg ICP-AES sg nisze niz wyniki otrzymane
metodg WD-XRF.

Analizujgc zdjecia wykonane metodg TEM zauwazono,
ze krysztaty hydroksyapatytow domieszkowanych krzemem
sg znacznie mniejsze niz krysztaty hydroksyapatytu ste-
chiometrycznego.

Whnioski

1. Udalo sie uzyskac serie hydroksyapatytéw krzemo-
wych o réznej zawartosci krzemu. Ich strukture po-
twierdzono metodami spektroskopowymi (IR i NMR)

2. Potwierdzono mozliwo$¢ wykorzystania metody WD
-XRF do oznaczania zawartosci krzemu w hydrok-
syapatytach domieszkowanych tym pierwiastkiem.

3. Zaobserwowano, ze wielkos¢ krysztatéw hydrok-
syapatytow krzemowych maleje wraz ze zwieksza-
niem sie zawartosci krzemu w probce.
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Conclusions

1. We have successfully synthesized hydroxyapatites
(Si-HA) containing various concentrations of Si.
Their structure was confirmed using MAS NMR and
IR spectroscopies.

2. We have proved that the WD-XRF spectroscopy
can be used to estimate the Si content in the Si-HA
samples.

3. It has been shown that the Si-HA crystals become
smaller with increasing Si content.
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PODLOZA WELOKNISTE
Z POCHODNEJ KWASU
HIALURONOWEGO OTRZYMANE
METODA ELEKTROPRZEDZENIA
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Abstract

Celem realizowanej pracy badawczej jest dobra-
nie uktfadu: polimer — rozpuszczalnik - substancja
pomocnicza, aby uzyskac¢ metodg elektroprzedzenia
biozgodne wtbkniste podtoza z kwasu hialuronowego
0 nano- i mikro- metrycznych rozmiarach wtokien.
W przeprowadzonych badaniach skupiono sie nad
doborem stezenia roztworu oraz rodzajem i iloScig
substancji pomocniczych. W dalszej czes$ci badan
objetych projektem 2012/07/B/ST8/03378 zrealizo-
wane zostang badania nad wptywem rodzaju i iloSci
wprowadzonych aktywnych dodatkow: antybiotykdow z
rodziny cefalosporyn oraz cynku. Okre$lony zostanie
takze wptyw typowych rozpuszczalnikéw, a takze
obecnosc¢ Srodkow powierzchniowo czynnych na od-
powiedz komdorkowg i cytotoksycznos$c takich struktur.

[Inzynieria Biomateriatow, 128-129, (2014), 26-28]

Wstep

Bardzo istotnym i znaczgcym problemem w przypadku
otrzymywania nanowtdkien metoda elektroprzedzenia oraz
widknistych podtozy z biopolimeréw takich jak: alginian
czy kwas hialuronowy jest dobor parametrow roztworow
przedzalniczych w celu uzyskania odpowiednich jego wiasci-
wosci, umozliwiajgcych dobrg przerobowos¢. W przypadku
otrzymywania witdkien z kwasu hialuronowego oraz jego
pochodnych gtébwnym problemem jest bowiem przygoto-
wanie roztworu przedzalniczego, o optymalnych wtasciwo-
Sciach, takich jak: stezenie i napiecie powierzchniowe, ktore
zapewniatyby odpowiedni przebieg i stabilno$¢ procesu
przedzenia wtdkien oraz otrzymanie materiatu wtdknistego
o zatozonych parametrach. Roztwory kwasu hialuronowego
w wodzie cechujg sie bowiem wysokg wartoscig napiecia po-
wierzchniowego oraz lepkoscig dynamiczng pozorng [1-3].
Najlepszym rozpuszczalnikiem kwasu hialuronowego jest
woda, ktdéra posiada jednak dos¢ wysokg wartos¢ napiecia
powierzchniowego, w porownaniu do innych powszechnie
stosowanych rozpuszczalnikéw, rzedu 72,75 mN/m. W celu
poprawy wiasciwosci ptynu przedzalniczego, umozliwiajgc
jego przerobowo$¢ metodg elektroprzedzenia, stosuje sie
dodatki zmniejszajgce napiecie powierzchniowe. Jako
substancje powierzchniowo-czynne stosuje sie najczescie;:
alkohol etylowy [4,5], kwas mrowkowy, dimetyloformamid
(DMF) [4,6], wodorotlenek sodu [3,7] oraz mieszaniny
powyzszych.

HYALURONIC ACID-DERIVED
FIBROUS MATERIALS PREPARED
BY ELECTROSPINNING

PAuLINA KROL, EWELINA PABJANCZYK-WLAZLO,
MicHAt. CHRZNOWSKI, IZABELLA KRUCINSKA,
GRZEGORZ SzPARAGA, MAcIEJ BoGuN

DEePARTMENT OF MATERIAL AND COMMODITY SCIENCES

AND TEXTILE METROLOGY,

FacuLty oF MATERIAL TECHNOLOGIES AND TEXTILE DESIGN,
Lobz UNIVERSITY OF TECHNOLOGY,

116 ZEROMSKIEGO STREET, 90-924 Lobz,PoLAND

Abstract

The objective of the project will be to select the
polymer/solvent/additive system to prepare fibres
and fibrous matrices enriched with active substances
from the hyaluronic acid matrix by electrospinning with
nano- and micro- metric sizes of fibers. The aim of this
study was to select a concentration and composition
of spinning solutions as well as the type and amount
auxiliary substances. In the next part of the research,
included in the project 2012/07/B/ST8/03378, the stu-
dies on the influence of the type and amount entered
active additives: cephalosporin family of antibiotics
and zinc will be implemented. Simultaneously, the
effect of typical solvents used in electrospinning and
the presence of surfactants in polymer solutions on
cellular cytotoxicity response of such structures will
be defined.

[Engineering of Biomaterials, 128-129, (2014), 26-28]

Introduction

The selection of an appropriate composition of spinning
solutions to yield suitable parameters which ensure good
processing is a vital and significant issue in the preparation
of nanofibres by electrospinning and fibrous matrices from
biopolymers, such as alginate or hyaluronic acid. The major
problem when preparing fibres from hyaluronic acid and its
derivatives is the preparation of a spinning solution with
optimum properties, such as concentration and surface
tension, which ensure the appropriate course and stability
of the fibre spinning process and yield a fibrous material with
defined parameters. For aqueous hyaluronic acid solutions
have very high surface tension values and apparent dynamic
viscosity [1-3]. The best hyaluronic acid solvent is water,
which, however, has a fairly high surface tension compared
to other commonly used solvents, of 72,75 mN/m. In order
to improve the spinning properties of the fluid, allowing its
processability by electrospinning, extra components are
used to reduce the surface tension. As those components
the most common surfactants are being used: ethanol
[4,5], formic acid, dimethylformamide (DMF) [4,6], sodium
hydroxide [3,7], and mixtures thereof

Materials, methods and results

In the studies wide range of polymers, differing molar
mass, has been used: 2.0-2.2 MDa; 1.8-2.0 MDa; 100-150
kDa and 80-130 kDa. As a polymer sodium hyalutonate
(HA) purchased in Contripo Biotech with cosmetic purity
has been used. The solutions has been prepared with the
distilled water as a solvent.
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TABELA 1. Wiasciwosci ptynow przedzalniczych uzytych do elektroprzedzenia wioknistych podtozy.
TABLE 1. Properties of the spinning solutions used for electrospinning of fibrous substrates.

HA / woda (water)/ alkohol

1 2000 — 2200 1 (ethanol / NaCl 11,62 57,55
2 1800 - 2000 0,5 HA / woda (water) /DMF 2,16 54,73
3 HA / WA / DMF - -
4 100 -150 12 HA / WA / NMP - -

Materiaty, metodyka, wyniki

W badaniach wykorzystana zostata szeroka gama po-
limeréw znaczgco réznigcych sie masg molowa: 2,0-2,2
MDa; 1,8-2,0 MDa; 100-150 kDa oraz 80 - 130 kDa. Uzytym
polimerem byt hialuronian sodu (HA), o czystosci kosme-
tycznej, zakupiony w Contripo Biotech. Jako rozpuszczalnik
zastosowana byta woda destylowana.

Jako substancje pomocnicze do sporzgdzenia roztwo-
row przedzalniczych wykorzystano: dimetylosulfotlenek
(DMSO), dimetyloformamid (DMF), alkohol etylowy, aceton,
N-metylo-pirolidon (NMP), wodny roztwor chlorku sodu,
wodny roztwoér chlorku potasu, wode amoniakalng (WA)
oraz mieszaniny powyzszych.

Podtoza widkniste formowano metodg elektroprzedzenia
przy zastosowaniu ptynéw przedzalniczych charakteryzujg-
cych sie stezeniem z zakresu: 0,5-12%.

RYS. 1. Zdjecia SEM witékien uzyskanych z ptynu
przedzalniczego o skladzie: a) 1% HA/wodalalko-
hol/0,5M NaCl (prébka 1); b) 0,5% HA/woda/DMF
(probka 2).

FIG. 1. SEM image of fibres obtained from the spin-
ning liquid with the composition: a) 1% HA/water/
ethanol/0,5M NaCl (sample 1); b) 0,5% HA/water/
DMF (sample 2).

Whioski

We wstepnych probach udato sie uzyska¢ optymalny
skfad i stezenie ptynu przedzalniczego umozliwiajgcy jego
przeréb metodg elektroprzedzenia. Jednoczesnie do dal-
szych prac wytypowano polimer o wiasciwej, z uwagi na
metode przetworstwa, masie molowej. Uzyskane podtoza
charakteryzujg sie widknami o rozmiarach manometrycz-
nych zawierajgcych sie w przedziale 32-216 nm.

Podziekowanie

Badania realizowane sg dzigki finansowaniu Narodowe-
go Centrum Nauki nr projektu 2012/07/B/ST8/03378.

As auxiliary substances to prepare spinning solutions
following solvents were used: dimethyl sulfoxide (DMSO),
dimethylformamide (DMF), ethyl alcohol, acetone, N-meth-
ylpyrrolidone (NMP), aqueous solution of sodium chloride,
potassium chloride aqueous solution, ammonia water (WA),
and mixtures thereof.

Fibrous materials has been prepared by electrospinning
by applying spinning solutions with the concentration at
range of 0.5-12%.

a

-

&
&
& 116.6nm

RYS. 2. Zdjecia SEM witékien uzyskanych z ptynu
przedzalniczego o sktadzie: a) 12% HA/WA/DMF
(probka 3); 12% HA/WA/NMP (probka 4).

FIG. 2. SEM image of fibres obtained from the
spinning liquid with the composition: a) 12% HA/
WA/DMF (sample 3); 12% HA/WA/NMP (sample 4).

Conclusions

The preliminary trials succeeded in obtaining the optimal
composition and concentration of the spinning liquid which
allows its processing through electrospinning. Simultane-
ously, polymer with proper molar mass, according to the
processing method, has been selected for further work.
Obtained fibers are characterized by a nanometric size
comprised within the range of 32-216 nm.
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Streszczenie

Staw biodrowy zbudowany jest z panewki bio-
drowej, anatomicznie uformowanej z kosci miednicy
oraz gtowy koSci udowej. Oba te elementy pokryte sg
chrzgstkg i otoczone torebkg stawowa, wypetniong
ptynem synowialnym, ktérego zadaniem jest odzy-
wianie chrzgstki oraz amortyzowanie sit dziatajgcych
na staw. Jakiekolwiek zmiany w tym ukfadzie moga
prowadzi¢ do uszkodzenia i deformacji stawu, co
Skutkuje utratg funkcjonalnosci oraz bélem. Terapiag,
ktora przywraca pacjentowi mozliwo$¢ bezbolesnego
funkcjonowania jest endoprotezoplastyka, polegajgca
na chirurgicznym wycieciu zmienionych chorobowo
powierzchni stawowych i zastgpieniu ich sztucznymi
elementami. Jednakze, jak kazda chirurgiczna inter-
wencja, endoprotezoplastyka niesie ze sobg ryzyko
powiktan. Jednym z nich jest izolowane ztamanie
trzpienia stawu biodrowego — trzpien ulega ztamaniu
w kanale szpikowym przy czym tkanki otaczajgce
implant nie zostajg uszkodzone.

W pracy przedstawione i porownane zostaty dwa
przypadki izolowanego ztamania trzpienia endopro-
tezy stawu biodrowego, rozpoznane ok. 3 lata po
wszczepieniu implantéw. Celem pracy byto zbadanie
cech i mikrostruktury reimplantowanych trzpieni,
zdefiniowanie relacji pomiedzy strukturg a wielko$cig
ziaren i zidentyfikowanie ognisk pekania. W tym celu
zbadane zostaty mikrostruktura, wielkoSc ziaren, sktad
chemiczny oraz twardo$¢ obu trzpieni.

ISOLATED FRACTURE OF THE
HIP STEM PROSTHESIS - REPORT
OF TWO CASES

ZANETA ANNA MIERZEJEWSKA*, ZBIGNIEW OKSIUTA
BiaLysTok UNIVERSITY OF TECHNOLOGY,

45¢c WIEJSKA STREET, 15-351 BiarysTok, PoLAND
* E-MAIL: A.MIERZEJEWSKA@DOKTORANCI.PB.EDU.PL

Abstract

The hip joint is composed of acetabular, anatomical
surface of pelvis and the femoral head. Both of these
elements are covered with cartilage and enclosed
in a capsule, filled with synovium, which aim is to
nourish the cartilage and depreciate forces acting on
the hip joint. Any lesions in this system can lead to
damage and deformation of the joint, which results in
loss of function and pain. The treatment that restores
the patient’s ability to functioning is the total hip re-
placement, which consists of surgical excision of the
damaged joint surface and implanted in place of artifi-
cial elements. However, like any surgical intervention,
this procedure carried the risk of complications. One
of them is isolated stem fracture, which consisting
of the stem break inside the medullary canal without
damaging surrounding tissue.

The work presents and compares two cases of
isolated fracture of hip stems, which were recognized
three years after the operation. The aim of the study
was to investigate the properties and microstructure
of reimplanted stems, made of austenitic, to define
the relationship between the structure and the size
of the grains and to identify outbreaks of cracking.
Microstructure, grain size, chemical composition and
hardness of both stems have been investigated.
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Badania mikroskopowe ujawnity defekty materia-
tu. Obserwacje przetomu za pomocg skaningowego
mikroskopu elektronowego (SEM) ujawnity obecno$¢
prazkow zmeczeniowych, co wskazuje na zmecze-
niowy charakter przetomu. Liniowy pomiar twardosci
ujawnit znaczng niejednorodno$c materiatu.

Uzyskane wyniki stanowig podstawe do dalszych
badan tego zjawiska.

Stowa kluczowe: endoprotezoplastyka, ztamanie
izolowane, powiktania po catkowitej artroplastyce,
reimplantacja

[Inzynieria Biomateriatow, 128-129, (2014), 28-31]

Wprowadzenie

Endoprotezoplastyka stawu biodrowego jest jedng
z najbardziej udanych technik operacyjnych w chirurgii
ortopedycznej. Jest to popularna metoda stosowana w
celu przywrdcenia normalnego funkcjonowania stawu bio-
drowego, uszkodzonego przez ztamania lub choroby [1].
Niestety, proteza stawu biodrowego nie jest ostatecznym
rozwigzaniem probleméw zdrowotnych. Podczas eksplo-
atacji, implanty chirurgiczne sg wystawione na agresywne
srodowisko korozyjne, zuzycie i obcigzenia. Ten szeroki
zakres zmiennych powoduje wiele ré6znych mechanizmow
uszkodzen [1].

Ztamanie trzpienia stawu biodrowego stanowi trudne w
leczeniu powikfanie. Czestos¢ wystepowania tej komplikacji
zalezy od wielu czynnikéw: zastosowanego przez chirurga
sprzetu operacyjnego, materiatu, z ktérego wykonany zo-
stat implant, masy ciata pacjenta i populacji [2,3]. Ztamania
izolowane byly czesto odnotowywane w przypadku protez
wytwarzanych w latach szesédziesigtych i siedemdziesia-
tych. Wynikato to z niskich wtasciwosci wytrzymatosciowych
stosowanych wéwczas materiatéw [4,5]. Najczesciej trzpie-
nie pekaty w wyniku zmeczenia materiatu, spowodowanego
niekorzystnymi warunkami biomechanicznymi, obluzowa-
niem w kanale szpikowym lub nieprawidtowg geometrig [2].

Zastosowanie materiatdw o wysokiej wytrzymatosci, a
takze intensywne prace nad konstrukcjg implantéw spo-
wodowaty zmniejszenie czestotliwosci wystepowania tej
komplikacji, w zwigzku z tym ztamania izolowane trzpienia
endoprotezy stawu biodrowego staty sie rzadkim powikta-
niem [6-10].

Materialy i metody

Trzpienie wykonane byty z austenitycznej stali nie-
rdzewnej REX 734. Ztamania zdiagnozowane zostaty po
okofo trzech latach od implantacji. Dla poréwnania sktadow
chemicznych obu trzpieni z normg ASTM F1586 wykonano
iskrowg spektroskopie elektronowg (Thermo ARL Quan-
tris, Switzerland). Szczegdtowe badanie mikrostruktury,
po odpowiednim przygotowaniu prébek, przeprowadzone
zostato za pomocg mikroskopu optycznego (OM) Nikon Ec-
lipse LV1000. Powierzchnig przetomu zbadano przy uzyciu
skaningowego mikroskopu elektronowego (SEM) Hitachi
S-3000N, wyposazonego w analizator spektroskopowy
(Energy Dispersive Spectroscopy EDS). Badania twardosci
wykonano za pomocg uniwersalnego wgtebnika Vickersa z
obcigzeniem 5 kg.

Microscopic examination revealed defects in
material. A breakthrough observation, carried out by
scanning electron microscopy (SEM) revealed the
presence of fatigue striations, which clearly indicated
the nature of the fatigue fracture. Linear hardness
measurements revealed significant heterogeneity of
the material.

The results obtained in this work will be used for
further research on this topic.

Keywords: endoprosthesoplasty, isolated stem
fracture, complications of total hip arthroplasty, reim-
plantation

[Engineering of Biomaterials, 128-129, (2014), 28-31]

Introduction

Primary hip arthroplasty has become one of the most suc-
cessful operation techniques in orthopedic surgery, which is
popular strategy used for restore the normal function of the
hip joint damaged by fracture or disease [1]. Unfortunately,
the hip prosthesis is not the ultimate solution to health pro-
blems. During service life, surgical implants are exposed to
an aggressive environment in terms of corrosion, wear and
loading. This wide range of variables has resulted in a wide
range of failure mechanisms [1].

Fracture of the femoral stem constitutes a dramatic long —
term complication of total hip surgery. The incidence of this
complication varies with many factors, including the device
used, the material from which the prosthesis was made, the
surgeon, patient body mass index and population [2,3]. Re-
latively high rates of fracture of the femoral stem of total hip
arthroplasties were seen with early designs manufactured in
the 1960s and 1970s because of the material’s low fatigue
strength and the presence of metallurgical defects [4,5]. The
stems generally failed via a fatigue mechanism because
of unfavorable biomechanics such as varus positioning,
loosening, loss of proximal support, geometry of the stem
or surface damage of the implant [2].

Fractures have been reported in a variety of prosthetic
designs and materials. The use of high-strength materials
including forged cobalt chrome, titanium alloy and high-
nitrogen stainless steel, as well as further development of
stem design and stem geometry, have led to a reduction
in the incidence of this complication, and the occurrence
of fracture with modern femoral stems is a now a very rare
event [6-10].

Materials and methods

The stems were forged using high nitrogen stainless steel.
The failure occurred after only 3 years service. To compare
the chemical composition of fractured stems with ASTM
F1586 standard spark emission spectroscopy (Thermo
ARL Quantris, Switzerland) was used. Detailed microscopic
examinations of the microstructure after etching polished
samples were carried out by a Nikon Eclipse LV1000 opti-
cal microscope (OM). The fracture surfaces of stems were
examined by means of a Hitachi S-3000N Scanning Electron
Microscopy (SEM) equipped with Energy Dispersive Spec-
troscopy (EDS) detector. Hardness measurements were
performed using Vickers universal indenter with load of 5 kg.
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Wyniki i dyskusja

Skfad chemiczny obu trzpieni przedstawiono w TABELI 1.
Dla poréwnania zamieszczono rowniez sktad chemiczny
austenitycznej stali nierdzewnej REX 734, zgodny z norma
ISO 5832-9. Wyniki przeprowadzonych analiz wskazaty,
ze materiat zastosowany do wytworzenia obu implantow
byt zgodny z wytyczonymi normami, jednakze zauwazalne
sg niewielkie réznice w sktadzie chemicznym obu probek.

TABELA 1.
TABLE 1.

Results and discussions

The chemical composition of tested stems is shown in
TABLE 1. For comparison the chemical composition of the
high nitrogen austenitic stainless steel according to ISO
5832-9 standard (REX 734 grade) is also presented. The
results of chemical analysis of the tested steel revealed, that
the material of stem, in general, fulfils the ISO requirements,
however, there are some differences in chemical compo-
sition of the tested stems in comparison with the standard.

Rex 734

(1SO 5832-9) | 0:08°

0.752 | 2-4.25 | 0.0252

0.012

19.5-22 2-3 0.25% 9-11 |0.25-0.5(0.25-0.8

Trzpien |

Stem | 0.037 0.39

4.54 0.021

0.017

21.36 2.17 0.19 9.83 0.36 0.26

Trzpien |l

Stem |1 0.036 0.27 41

0.002

0.015

21.14 2.33 0.036 7.05 - 0.39

a— zawarto$¢ maksymalna / maximum content

Badania mikroskopowe ujawnity znaczng ilos$¢ defektéw
materiatowych w obu trzpieniach. Wyrézni¢ mozna tutaj
pory i pustki, zlokalizowane na obrzezach probek, a takze
nieciggtosci i rozwarstwienia materiatu, prawdopodobnie
wynikajace z przecigzenia materiatu. Nie wykryto natomiast
obecnosci ani tez zadnych zmian spowodowanych korozja.
Obserwacje prowadzone za pomocg skaningowego mikro-
skopu elektronowego potwierdzity, ze ztamanie implantu
byto wynikiem zmeczenia materiatu. W obu prébkach
zauwazono $wiadczgce o takim charakterze zniszczenia
prazki zmeczeniowe. Duza powierzchnia obszaru pekania
zmeczeniowego w poréwnaniu z obszarem pekania doraz-
nego w obu przypadkach, wskazuje na dziatanie niewielkich
obcigzen i niewielkiej predkosci propagacji peknieé. Twar-
do$¢ obu trzpieni zbadana zostata powyzej i ponizej prze-
tomu, w bezposredniej odlegtosci. Dla pierwszego trzpienia
$rednia twardo$¢ badanego materiatu wyniosta ~ 335 HV/5
i byta zgodna z normg ASTM. Jednakze zauwazono, ze
twardo$¢ materiatu jest niejednorodna — powyzej przetomu
twardos$¢ wynosita 34212 HV/5, natomiast ponizej — 3255
HV/5. Twardo$¢ drugiego trzpienia wyniosta 342 HV/5+6
powyzej ztamania i 340 HV/5+4 ponizej. Ta niejednorod-
nos¢ twardosci mogta by¢ spowodowana nieprawidtiowo
przeprowadzonym procesem obrdbki cieplno — plastyczne).

Whnioski

Celem pracy byto przeanalizowanie i opisanie dwéch
przypadkéw ztamania cementowych trzpieni endoprotezy
stawu biodrowego, wykonanych ze stali austenitycznej
REX 734.Na kroétki czas eksploatacji implantow mogto mieé
wpltyw wiele czynnikow, m.in.: niezgodny z normami sktad
chemiczny, nieprawidtowo przeprowadzona obrobka cieplno
— plastyczna skutkujgca niejednorodng twardoscig materia-
tu, obecnosc¢ wtrgcen niemetalicznych i wad materiatowych.

Badania mikrostruktury, zaréwno ponizej jak i powyzej
przetomu ujawnity strukture homogeniczng, jednorod-
ng z matymi ziarnami, typowymi dla materiatow kutych.
Badania twardosci wykazaty znaczng niejednorodnos¢
materiatu zastosowanego do wytworzenia obu implan-
téw. Nie odnotowano zmian spowodowanych obecnoscig
korozji, co moze wskazywa¢ na réwnomierne roztozenie
gtobwnych sktadnikow stopowych, takich jak chrom i nikiel.

Microscopic examination revealed numerous defects in
both stems. Among them are pores and emptiness, located
on the outskirts of the tested samples and a plurality of re-
cesses and delamination of the material, probably due to the
overloading of a fatigue character. There were no changes
caused by corrosion. Observations of the material by using
scanning electron microscopy (SEM), clearly proved that the
destruction was caused by material fatigue, however in the
second stem the pattern wave of propagation of the fracture
was not visible because the fracture surfaces were polished
as a result of walking after the fracture had occurred. Large
surface of the fatigue crack zone area indicated for small
stresses and small crack propagation velocities. For the
first stem an average hardness of tested material is ~ 335
HV/5 and fulfils ASTM requirements. However, an interesting
effect was observed — hardness of stem material above the
breakthrough was 342+2 HV/5 and below — 325+5 HV/5. For
the second stem hardness of stem material was measured
at 342 HV/5+6 above the fracture and 340 HV/5+4 below
the fracture. This may be caused by uneven distribution of
forces during plastic forming and shaping the implant or
underlying reasons for this heterogeneity can be improperly
carried out heat treatment.

Conclusions

The main goal of this work was to analyse and describe a
failure mechanism of cemented hip stem made of austenitic
stainless steel, REX 734 grade. There are some factors such
as: chemical composition, higher hardness measured in the
inner part of the stem and secondary cracks initiated at the
non — metallic inclusions, that can explain early fracture of
the hip endoprosthesis after 3 years of implantation.

The microstructure in remote areas and close to the
fracture surfaces were homogeneous and possessed a
relatively small, refined grain size, typical of forged com-
ponents. There were no changes caused by intergranular
corrosion or pitting, which may indicate an even distribution
of the major alloy components such as chromium and nickel.
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Zaobserwowano natomiast obecno$¢ poréw oraz weglikow,
zlokalizowanych zaréwno w bezposredniej jak i dalszej od-
legtosci od przetomu, a takze rozwarstwienia i nieciggtosci
materiatu. Obserwacje powierzchni przetomu, za pomocag
skaningowej mikroskopii elektronowej, wyraznie pokazuije,
ze zniszczenie materiatu nastgpito w wyniku zmeczenia.
W tym przypadku, potgczenie prazkéw zmeczeniowych i
brak wad metalurgicznych trzpienia wskazuje, ze pekanie
spowodowane byto przecigzeniem trzpienia.

Podziekowania

Praca zrealizowana zostata przy wsparciu Wydziatu
Mechanicznego Politechniki Biatostockiej, projekt numer
MB/WM/14/2014.
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Metallurgical defects such as porosity and gross carbides
inclusions close to the fracture sites and in remote areas
were observed. The results of the hardness revealed he-
terogeneity of the material. Pictures taken by means of
a scanning electron microscope revealed the presence
of pores and a plurality of recesses and delamination of
the material resulting from the overload of an endurance.
Observations of fracture surface, using scanning electron
microscopy, clearly proves that the destruction of materials
occurred as a result of fatigue. In this case, the combination
of the fatigue striation and the absence of any defects of
the stem indicate that the fracture may be due simply to
overloading of the stem.
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PRZEMIANY FAZOWE

| TEKSTURA W WYCISKANYM
NA GORACO STOPIE NiTi

Z PAMIECIA KSZTALTU
PRZEZNACZONYM DO
ZASTOSOWAN MEDYCZNYCH

Z.LeksToN*, M.ZuBko, T.GoRyczkA, J.LELATKO, D.STROZ,
K.PRrusik

INSTYTUT NAUKI O MATERIALACH, UNIWERSYTET SLASKI,
41-500 CHorzow, 75 Putku PiEcHOTY 1A
ZLEKSTON@US.EDU.PL

Streszczenie

W pracy przedstawiono badania przemian fazo-
wych oraz badania tekstury w probkach preta uzyska-
nego po wyciskaniu wspotbieznym na gorgco z wlewka
NiTi odlanego w procesie wytapiania i odlewania
w indukcyjnym piecu prozniowym. Proces wyciskania
na gorgco przeprowadzono przy uzyciu oprzyrzgdo-
wania wtasnej konstrukcji na prasie laboratoryjnej
o0 maksymalnej sile nacisku 1000 kN. Probki do ba-
dan wycieto poprzecznie i wzdtuz osi ze strefy gtowy
i stopy preta. Badania przebiegu przemian fazowych
przeprowadzono metodami DSC i rentgenografii
temperaturowej. Stwierdzono, ze w probkach po wyci-
skaniu i po zastosowanej obrobce cieplnej przemiany
zachodzity dwustopniowo, odwracalnie wg sekwencji
B2-~R—~B19’. Réwniez metodg rentgenograficzng
stwierdzono obecno$¢ tekstury osiowej <110>. Uzy-
Skany pret przeznaczono do dalszego wyciskania na
gorgco w celu redukcji Srednicy i uzyskania potwyrobu
do wykonania prototypowych wyroboéw medycznych w
postaci klamer do zespolen ztamar kosSci.

[Inzynieria Biomateriatow, 128-129, (2014), 32-35]

Wprowadzenie

Stopy NiTi wykazujgce efekty pamieci ksztattu jako
materiaty inteligentne sg coraz szerzej stosowane w tech-
nice i medycynie [1-3]. Dobre wtasnosci mechaniczne,
odpornos$¢ na korozje i efekty pamieci ksztattu zalezg od
ich sktadu chemicznego, czystosci stopéw, zastosowanych
sposobow procesu technologicznego, wytapiania, odlewa-
nia i przerobki plastycznej oraz proceséw obrobki cieplnej
i cieplno-mechanicznej [4]. Z uwagi na znaczng skale
trudnos$ci technologicznych i duze koszty wytwarzania tych
stopdw i wyrobdw tylko wysoko rozwiniete kraje podejmujg
masowg, komercyjng produkcje do zastosowan w prze-
mysle i medycynie. W kraju, po wieloletnich badaniach w
zakresie opracowania technologii wytwarzania tych stopow
w skali laboratoryjnej, badaniach struktury i wtasciwosci
oraz badaniach klinicznych sprawdzenia mozliwo$ci ich
zastosowania w chirurgii kostnej podjeto proby wytwarzania
tych stopéw w skali pétprzemystowej. Aktualnie w ramach
programu INNOTECH realizowany jest projekt wdrozenia
produkgji stopéw i wyrobéw medycznych NiTi z pamiecig
ksztattu. W przerdébce plastycznej na gorgco wlewkow
NiTi w skali laboratoryjnej oprécz stosowanych wczesniej
sposobow kucia swobodnego, kucia rotacyjnego i walco-
wania zastosowano wspotbiezne wyciskanie na gorgco [5].

PHASE TRANSFORMATIONS AND
TEXTURE IN A HOT EXTRUDED
NiTi SHAPE MEMORY ALLOY
INTENDED FOR MEDICAL
APPLICATIONS

Z.LeksToN*, M.ZuBko, T.GoRYczKA, J.LELATKO, D.STROZ,
K.PRusik

INSTITUTE OF MATERIALS SCIENCE, UNIVERSITY OF SILESIA,
41-500 CHorzow, 75 Putku PiEcHOTY 1A]
ZLEKSTON@US.EDU.PL

Abstract

The paper presents results of study of phase tran-
sitions and the texture of the samples cut from a rod
obtained after hot direct extrusion of an NiTiingot. The
alloy was cast in the process of melting and casting
in a vacuum induction furnace. Hot extrusion process
was carried out using self-constructed instruments
on a laboratory press with a maximum pressing force
of 1000 kN. Test samples were cut transversely and
along the axis of the head and foot of the rod. The
study of phase transformations was performed using
differential scanning calorimetry (DSC) and tempe-
rature X-ray diffraction (TXRD). It was found that in
the hot-extruded samples and after heat processing,
two stages of the reversible transformation took place
according to the B2—~R—B19’ sequence. Weak axial
texture <110> was also confirmed by the performed
X-ray measurements. The resulting rod was intended
for further hot extrusion in order to reduce the diameter
and to obtain a semi-finished product for further ma-
nufacture of the prototype medical devices in the form
of staples for the fixation of bone fractures.

[Engineering of Biomaterials, 128-129, (2014), 32-35]

Introduction

Shape memory NiTi alloys as smart materials are more
and more often used in engineering and medicine [1,2].
Good mechanical properties, corrosion resistance and
memory effects depend on their chemical composition, on
the purity of the alloys, on the applied technological process,
on smelting, casting and plastic processing, as well as on
the heat treatment and thermo-mechanical processes [3,4].
Due to considerable technological difficulties and high
production costs of these alloys, only highly developed
countries deal with the mass commercial production in-
tended for industrial and medical uses. In Poland, after
many years of research into the production technology of
manufacturing these alloys on a laboratory scale, testing
of the structure and properties as well as clinical studies
aimed at examination the possibilities of their application in
bone surgery an attempt has been made to produce these
alloys on a semi-industrial scale. Currently, the project to
produce the NiTi shape memory alloys and medical devices
is being implemented under the INNOTECH programme.
Hot plastic processing of NiTi ingots on a laboratory scale
uses direct hot extrusion [5] along with previously used
methods such as open die forging, rotary forging and rolling.
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Jest to skuteczny i szybki sposdb przerdbki plastycznej na
gorgco, w ktérym uzyskane potwyroby wykazujg znacznie
mniejszy stopien utlenienia powierzchni i w zwigzku z tym
mniejsze straty materiatu. W pracy przedstawiono badania
przemian fazowych oraz badania tekstury w probkach
preta uzyskanego w procesie wspotbieznego wyciskania
preta z wlewka NiTi o sktadzie namiarowym Ti-50,8% at.
Ni. Materiat ten poddano dalszej przerébce na druty o
réznych srednicach do wytworzenia prototypowych wyro-
béw medycznych w postaci klamer z pamiecig ksztattu do
zespolen ztaman kosci.

Celem podjetej pracy byto zbadanie przebiegu przemian
fazowych podczas chtodzenia i nagrzewania, wyznaczenie
temperatur charakterystycznych oraz zbadanie tekstury w
stopie NiTi po wyciskaniu wspdtbieznym na gorgco i po
obroébce cieplnej.

Materiat i metody

W badaniach uzyto stop NiTi o namiarowym skfadzie
chemicznym Ti-50,8 at.% Ni uzyskany metodg wytapiania i
odlewania w indukcyjnym piecu prézniowym Balzers VSG
10. Wytop o masie 900 g wykonano w Laboratorium Mate-
riatdw dla Przemystu Lotniczego Politechniki Rzeszowskie;j.
Wlewek homogenizowano w oporowym, rurowym piecu
prézniowym w temperaturze 900°C w czasie 48 godzin
przy cisnieniu 5x10° Pa. Fragment wlewka o Srednicy 25
mm i wysokosci 68 mm przecisnieto wspotbieznie na go-
rgco przy uzyciu oprzyrzgdowania wiasnej konstrukcji na
prasie laboratoryjnej MT 100 uzyskujac pret o srednicy 15
mm i dtugosci 145 mm. Proces wyciskania realizowano po
nagrzaniu wlewka do temperatury okoto 1000°C [5]. Tem-
peratury charakterystyczne przemian fazowych po réznej
obrébce cieplnej wyznaczono z krzywych DSC uzyskanych
przy uzyciu kalorymetru DSC 1 firmy METTLER TOLEDO
podczas chtodzenia i nagrzewania prébek w zakresie tem-
peratur -100 - 60°C z szybkoscig zmian temperatury 10°/
min. Przemiany fazowe podczas chfodzenia i nagrzewania
probek w zakresie temperatur -180 do +100°C z szybkoscig
1°C/min. rejestrowano metoda rentgenografii temperaturo-
wej przy uzyciu dyfraktometru rentgenowskiego PANalytical
Empyrean z kamerg temperaturowg Anton Paar TTK450.
Badania tekstury probek po wyciskaniu i po obrébce ciepl-
nej wykonano przy uzyciu przystawki do badan tekstury na
dyfraktometrze Philips PW1040.

Wyniki badan i dyskusja

Przebieg przemian fazowych w probkach badanego
stopu NiTi po wyciskaniu na gorgco i po wyzarzaniu w
temperaturach 400 i 500°C w czasie 30 minut pokazano na
krzywych uzyskanych z pomiaréw przeprowadzonych przy
uzyciu roznicowego kalorymetru skaningowego (RYS.1).

Na krzywych zarejestrowanych podczas chtodzenia
probki po wyciskaniu na gorgco wyraznie wida¢ dwustop-
niowy przebieg przemian B2—-R—B19’. Natomiast po
wyzarzaniu w temperaturze 400 i 500°C obserwowano
pojedyncze, poszerzone piki. Moze to sugerowac, ze prze-
miany B2—R oraz R—B19’ nastepujg po sobie w waskim
zakresie temperatur. Podczas nagrzewania wszystkich
badanych prébek na krzywych DSC obserwowano dwa
efekty cieplne swiadczace o dwustopniowym przebiegu
przemian wg sekwencji B19°—>R—B2.

Badania rentgenograficzne potwierdzity, ze we wszyst-
kich badanych prébkach przemiany fazowe podczas
chtodzenia i nagrzewania zachodzity odwracalnie z
udziatem posredniej fazy R wg sekwencji B2—~R~B19'.

Itis an effective and fast way of hot plastic processing during
which the obtained semi-products have a much lower degree
of surface oxidation and therefore less material is wasted.
This paper presents the study of phase transitions and the
tests of the texture of the samples cut from the rod obtained
as a result of direct extrusion of the NiTi ingot with a nominal
chemical composition of Ti-50.8 at. % Ni. The material was
further processed into the wires with different diameters in
the production of prototype medical devices such as shape
memory staples for the fixation of bone fractures.

The aim of the study was to investigate phase transition
during cooling and heating, to determine the characteristic
temperatures and to investigate the texture of the NiTi alloy
after hot direct extrusion and after heat treatment.

Material and methods

The NiTi alloy with a chemical composition of Ti-50.8
at.% Ni obtained by melting and casting in a Balzers VSG
10 vacuum induction furnace was used. The melt of 900
g was obtained in the Laboratory for Aerospace Materials
at the Rzeszow University of Technology. The ingot was
homogenized in the vacuum resistance tube furnace at
900°C for 48 hours under the pressure of 5x10° Pa. A part
of an ingot with the diameter of 25 mm and the height of
68 mm was subjected to direct hot extrusion with the use
of self-designed tools on the MT 100 laboratory press. In
result a 145 mm long rod with the studies aimed at exam-
ination the possibilities of their application in bone surgery
an attempt has been made to produce these alloys on a
semi-industrial scale. Currently, the project to produce the
NiTi shape memory alloys and medical devices is being
implemented under the INNOTECH programme. Hot plastic
processing of NiTi ingots on a laboratory scale uses direct
hot extrusion [5] along with previously used methods such
as open die forging, rotary forging and rolling. It is an ef-
fective and fast way of hot plastic processing during which
the obtained semi-products have a much lower degree of
surface oxidation and therefore less material is wasted. This
paper presents the study of phase transitions and the tests
of the texture of the samples cut from the rod obtained as
a result of direct extrusion of the NiTi ingot with a nominal
chemical composition of Ti-50.8 at.% Ni. The material was
further processed into the wires with different diameters in
the production of prototype medical devices such as shape
memory staples for the fixation of bone fractures.

The aim of the study was to investigate phase transition
during cooling and heating, to determine the characteristic
temperatures and to investigate the texture of the NiTi alloy
after hot direct extrusion and after heat treatment.

Research results and discussion

The NiTi alloy with a chemical composition of Ti-50.8
at.The curves obtained from the measurements carried
out using a differential scanning calorimeterpresent phase
transitions in the samples of the tested NiTi alloy after hot
extrusion and annealing at 400 and 500°C for 30 minutes
(FIG.1).

On the curves recorded during cooling the sample after
hot extrusion, a clear two-stage B2—~R—B19’ transitions can
be observed. However, after annealing at 400 and 500°C
broadened single peaks were observed. It may suggest
that the B2—R and R—B19’ transitions follow each other in
a narrow temperature range. While all the tested samples
were heated, two thermal effects were observed on the
DSC curves, which proves a two-stage course of transitions
according to the B19'—>R—B2 sequence.

33

LU
==
(D >

®© 0 0000000000000 0000006000000000000000000 000 =

Ll



34

Temperature [°C]

X-ray diffraction measurements confirmed
that in all studied samples that were tested

l s 1 " | . | . 1 . 1 . 1 " |

75 60 -45 30 15 0 15 30 45 60 75 Q| phase transitions during cooling and heating
PO, | o 7 & £ F T E ¢ [ & 1 ] occurred reversibly with the presence of the
' intermediate rhombohedral R phase accord-
. _ i ing to the B2—~R—B19’ sequence. Examples
‘ cooling | | Of diffraction patterns recorded with a dif-
0.0 b= e — fractometer with an Anton Paar temperature
' camera during cooling of the samples after
05 F their hot extrusion and after annealing at 400
and 500°C for 30 minutes are shown in Fig-

1.0k ure 2. The transition of the parent phase into

— the B2—R rhombohedral phase is observed

as the splitting of the 110B2 Bragg diffraction
peak into two diffraction peaks: 011R and
01R. Another transition of the R phase into
martensite phase (R—B19’) is observed as

the appearance of diffraction peaks the B19’
phase with the following indices: 110B19’,
002B19’, 11 B19’, 020B19’, 111B19'.

X-ray studies of the texture of the samples

B cut transversely and along the axis of the

extruded NiTi rod were also performed. The
samples were cut from the head and foot of
the ingot. The pole figures were measured for
planes (001)B2 and (011)B2. FIG. 3 shows

pole figures of the longitudinal cross-sections
of the samples cut from the head and foot of
the rod. Density distribution of the poles on
pole figures (110)B2 shows their distribution
around the theoretical position of the texture
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axis <110>. Densities of the poles form an
extended ring around the theoretical position
of the axial texture <110> also on the pole

75

RYS. 1. Krzywe DSC probek po wyciskaniu na goraco i po obrébce

cieplnej.
FIG. 1. DSC curves of the samples after hot extrusion and
ment.

Przyktadowe dyfraktogramy zarejestrowane podczas chto-
dzenia prébek po wyciskaniu na gorgco oraz po wyzarzaniu
w 400 i 500°C przez 30 minut pokazano na RYS. 2. Prze-
miana fazy macierzystej w faze romboedryczng B2—R ob-
serwowana jest jako rozszczepienie refleksu braggowskiego
110B2 na dwa refleksy 011R oraz 01R. Kolejna przemiana
fazy R w faze martenzytyczng R—B19’ obserwowana jest
jako pojawienie reflekséw fazy B19’' o wskaznikach 110B19’,
002B19’, 11 B19’, 020B19’, 111B19".

figure (100)B2. Both figures show low density
values of the poles, and their distribution.
It suggests that a relatively week texture
has been formed. The direction distribution
function was calculated form the pole figures.
Based on it, the share of grains directed in
accordance with the identified texture was
calculated. The calculations assumed that the texture was
composed of the grains deviated by +15° form the theoretical
position of the texture <110>.

heat treat-

1|, B2{110)

I Batio)

|, B2110)
N

RYS. 2. Dyfraktogramy zarejestrowane podczas chtodzenia préobek: po wyciskaniu na goraco (a) oraz po wyza-

rzaniu w temperaturze 400°C (b) i 500°C (c) przez 30 minut.

FIG. 2. Diffraction patterns recorded while cooling of the samples, after hot extrusion (a) and after annealing at

400°C (b) and 500°C (c) for 30 minutes.
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Wykonano réwniez rentgenograficzne badania tekstury
probek wycietych poprzecznie i wzdtuz osi wyciskanego
preta NiTi. Probki wycieto ze strefy gtowy i stopy wlewka.
Figury biegunowe zmierzono dla ptaszczyzn (001)B2
oraz (011)B2. Na RYS.3 pokazano figury biegunowe dla
przekrojow wzdtuznych probek wycietych ze strefy glowy
i stopy preta. Roztozenie gestosci biegunow na figurach
biegunowych (110)B2 wskazuje na ich rozktad wokét teo-
retycznego potozenia tekstury osiowej <110>. Réwniez na
figurze biegunowej (100)B2 gestosci biegunéw formujg po-
szerzony pierscien wokot teoretycznego potozenia tekstury
osiowej <110>. Obie figury wykazuja niskie wartosci gestosci
biegunéw oraz ich rozproszenie. Swiadczy to o powstaniu
relatywnie stabej tekstury. Z figur biegunowych wyliczono
funkcje rozktadu orientacji, na podstawie ktérej wyliczono
udziat ziaren zorientowanych zgodnie ze zidentyfikowang
teksturg. W obliczeniach przyjeto, ze teksture tworzg ziar-
na odchylone o £15° od teoretycznego potozenia tekstury
<110>. llo$¢ ziaren zorientowana zgodnie ze zidentyfiko-
wang teksturg nie przekracza 20%.

Podsumowanie

Na krzywych DSC zarejestrowanych podczas chtodzenia
probek wyzarzanych obserwowano pojedynczy rozmyty
efekt cieplny co sugeruje, ze przemiany fazowe od fazy ma-
cierzystej B2 do martenzytu B19’ w tych probkach zachodza
w bardzo waskim zakresie temperatur. Przedstawione wyniki
pomiarow rentgenowskich potwierdzity przebieg przemian
w tych probkach z udziatem fazy romboedrycznej R wg
sekwencji B2—-R—B19’. Na podstawie wykonanych badan
stwierdzono, ze we wszystkich badanych prébkach prze-
miany fazowe podczas chtodzenia i nagrzewania zachodzity
odwracalnie z udziatem posredniej fazy romboedrycznej
R wg sekwencji B2<R-B19’. W prébce po wyciskaniu,
bez obrobki cieplnej, przemiany podczas nagrzewania za-
chodza w pozgdanym zakresie temperatur ponizej 370C,
co umozliwi przygotowanie implantéw z pamiecig ksztattu
dziatajgcych pod wptywem ciepta ciata pacjenta. Zastoso-
wanie wyciskania na gorgco, zamiast kucia swobodnego
lub walcowania, skrdoci czas przerdbki zgrubnej wlewkéw
i kesow, obnizy koszty i poprawi jako$¢ pétproduktow wy-
twarzanych w skali potprzemystowej.

Na podstawie badan tekstury stwierdzono, ze po zasto-
sowanym wyciskaniu wspotbieznym na gorgco nie nastgpito
wyrazne steksturowanie osiowe. Okoto 20% ziaren byto
zorientowanych zgodnie z teksturg osiowg <110>, natomiast
pozostate ziarna byly zorientowane przypadkowo. Praw-
dopodobnie przy dalszej redukcji srednic przy uzyciu tej
metody przerdbki plastycznej zwigkszy sie steksturowanie
osiowe, co moze wptyng¢ na poprawe wiasnosci mecha-
nicznych i efektywnos¢ zjawisk pamieci ksztattu uzyskanych
potwyrobow.

Podziekowania

W pracy wykorzystano wyniki badan finansowanych ze
Srodkéw Narodowego Centrum Badan i Rozwoju w ramach
projektu nr INNOTECH-K1/IN1/46/157239/NCBR/12.
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RYS.3. Figury biegunowe (001)B2 oraz (011)B2 dla
przekrojow wzdtuznych prébek wycietych z glowy
i stopy wyciskanego na gorgco preta NiTi.

FIG.3 Pole figures (001)B2 and (011)B2 for the longi-
tudinal sections of the samples cut form the head
and feet of the hot-extruded NiTi rod.

Summary

A single broadened peak was observed on the DSC
curves recorded during the cooling of the annealed samples.
It suggested that the phase in these samples occur in a very
narrow range of temperatures. Presented results of the X-ray
analysis confirmed the existence of phase transformations
in these samples. Based on the performed measurements
it was found that in all tested samples phase transitions
during cooling and heating occurred with the presence of
an intermediate rhombohedral R phase in accordance with
the B2R—B19’ sequence. After extrusion, without any
heat treatment, there are transitions in the sample which
occur during heating in the desired temperature range below
37°C. This is promising from the point of view of applications
for shape memory implants activated by the patient’'s body
heat. The use of hot extrusion, instead of open die forging or
rolling, will reduce the time of rough processing of ingots and
billets and thus will reduce the costs and improve the quality
of semi-products manufactured on a semi-industrial scale.

On the basis on the texture analysis, it was found that
using hot direct extrusion did not result in clear axial texture.
About 20% of the grains were oriented in accordance with
the axial texture <110>, while the remaining grains were
randomly oriented. It is possible that further reduction of
the diameter while using this method of plastic processing
will increase axial texture which can improve mechanical
properties and efficiency of the shape memory effects of
the obtained semi-products.
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Streszczenie

Otrzymano nowe wielkoczgsteczkowe koniugaty
kamptotecyny. Matryce polimerowe zostaty otrzyma-
ne w wyniku polimeryzacji z otwarciem pierscienia
e-kaprolaktonu, glikolidu, rac-laktydu oraz weglanu
trimetylenu. Zsyntezowane matryce i kamptotecyne
potgczono za pomocg 1,6-diizocyjanianu heksame-
tylenu. Otrzymane koniugaty wielkoczgsteczkowe
scharakteryzowano za pomocg spektroskopii 1TH
i 13C NMR oraz FTIR. Toksyczno$¢ otrzymanych
produktow polimerycznych oceniono na podstawie
testow przeprowadzonych przy uzyciu bakterii lumi-
nescencyjnych oraz pierwotniakéw. Ponadto, przepro-
wadzono badania kinetyki uwalniania kamptotecyny
w warunkach in vitro.

Stowa kluczowe: kamptotecyna, koniugaty wiel-
koczgsteczkowe, uwalnianie w warunkach in vitro,
polimery biodegradowalne, polimery bioresorbowalne

[Inzynieria Biomateriatow, 128-129, (2014), 36-39]

Wprowadzenie

20(S)-kamptotecyna ((S)-4-etylo-4-hydroksy-1H-pira-
no[3’,4’:6,7]indolizino[1,2-b]chinolino-3,14-(4H,12H)-dionu,
CAMPT) jest pentacyklicznym alkaloidem, ktéry zostat po
raz pierwszy wyizolowany przez Wall*a i wspétpracownikow
w 1966 roku z chinskiego drzewa Camptotheca acumina-
te [1]. Szeroki zakres aktywnosci przeciwnowotworowej
CAMPT zweryfikowano na modelach zwierzecych w odnie-
sieniu do raka ptuc, prostaty, piersi, jelita grubego, zotgdka,
pecherza moczowego, czerniaka oraz jajnika [1-2]. Jednak-
ze, zastosowanie terapeutyczne CAMPT jest utrudnione ze
wzgledu na jej niskg rozpuszczalnos¢ w wodzie, wysokag
toksycznos¢ i szybkg dezaktywacje pierscienia laktonowego
w wyniku hydrolizy w fizjologicznym pH [1-2].

Polimery biodegradowalne i bioresorbowalne sg szeroko
cenione w opracowywaniu systemow kontrolowanego uwal-
niania substancji leczniczych. Takie systemy dostarczania
substancji czynnych sg bardzo efektywne i charakteryzujg
sie zdolno$cig precyzyjnego transportu substancji leczniczej
do okreslonych tkanek lub komérek [3-5]. Z tego punktu
widzenia, wady CAMPT mozna ograniczy¢ poprzez jej
przytaczenie do matrycy wielkoczgsteczkowej. Polimerowe
koniugaty CAMPT mogg polepszac¢ jej biodystrybucije.

PRELIMINARY STUDY
UNDER SYNTHESIS AND
CHARACTERIZATION

OF MACROMOLECULAR
CONJUGATES

OF CAMPTOTHECIN
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Abstract

New macromolecular conjugates of camptothecin
were prepared. The polymeric matrixes were obtained
by the ring-opening polymerization of e-caprolactone,
glycolide, rac-lactide or trimethylene carbonate. The
synthesized polymers and camptothecin were coupled
via 1,6-hexamethylene diisocyanate. The synthesized
macromolecular conjugates of camptothecin were
characterized by 1H and 13C NMR or FTIR spec-
troscopy. Toxicity of the obtained polymeric products
were evaluated with bacterial luminescence test and
two protozoan assays. Furthermore, the in vitro re-
lease of camptothecin from the obtained conjugates
was investigated.

Keywords: camptothecin, macromolecular con-
Jugates, in vitro release, biodegradable polymers,
bioresorbable polymers

[Engineering of Biomaterials, 128-129, (2014), 36-39]

Introduction

20(S)-Camptothecin ((S)-4-ethyl-4-hydroxy-1H-pyra-
no[3’,4:6,7]indolizino[1,2-b]quinoline-3,14-(4H,12H)-dione,
CAMPT), a pentacyclic alkaloid was first isolated by Wall
and co-workers in 1966 from the Chinese tree Camptotheca
acuminate [1]. CAMPT has been verified as a broad range of
anti-cancer activity in animal models including lung, prostate,
breast, colon, stomach, bladder, ovarian and melanoma
cancers [1-2]. However, its therapeutic application is hin-
dered by a low solubility, high toxicity and rapid inactivation
through lactone ring hydrolysis at a physiological pH [1-2].

The biodegradable or bioresorbable polymers are very
desirable for the controlled drug delivery systems. Such
delivery systems are not toxic and can transport the drug
molecule to the specific tissue or cell more efficiently and
more specifically [3-5]. From this point of view, the disad-
vantage of CAMPT might be overcome by its attaching
to the macromolecular matrix. The polymeric conjugates
of CAMPT could act as a transport form for this drug and
enhance its biodistribution.
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W ciggu ostatnich kilku lat, koniugaty CAMPT na bazie
rozpuszczalnych w wodzie polimerow, takich jak glikol
polioksyetylenowy [6-8], poli(kwas L-glutaminowy) [9-10],
polimeréw opartych na 3-cyklodekstrynie [11], poli[N-(2-hy-
droksypropylo)metakrylamidzie] [12] poli[(N-karboksybuty-
lo)-L-aspartamidzie] [13-14] i poli(amidoaminach) [15-16]
zostaty zsyntezowane i scharakteryzowane.

Gtéwnym celem niniejszej pracy byto otrzymanie polie-
strowych i poli(estro-weglanowych) koniugatéw kampto-
tecyny. Przeprowadzono wstepne badania nad wptywem
struktury tancucha polimeru na proces uwalniania CAMPT.
Toksycznos¢ otrzymanych produktéw polimerycznych oce-
niono na podstawie testéw przeprowadzonych przy uzyciu
bakterii luminescencyjnych oraz pierwotniakow.

Materialy i metody

Uwalnianie substanciji leczniczej w warunkach in vitro

Otrzymane wielkoczgsteczkowe koniugaty kamptote-
cyny (10 mg) zostaty umieszczone w 10 mL PBS (0.01 M,
pH 7.4) w 37°C. Stezenie uwalnianej substancji leczniczej
oznaczano przy uzyciu spektrofotometru UV-Vis. W okre-
$lonych odstepach czasu, 10 mL mieszaniny usuwano z
ukfadu, zastepujac jg $wiezg porcjg buforu (10 mL). Procent
uwolnionej CAMPT obliczano na podstawie krzywej kali-
bracji otrzymanej uprzednio w tych samych warunkach w
jakich prowadzono proces uwalniania. Pomiar absorbancji
prowadzono przy dtugosci fali 355 nm (postac laktonowa)
lub 368 nm (postac karboksylowa). Wszystkie eksperymenty
powtoérzono trzykrotnie.

Koniugaty: CON-CAMPT-1 (zostat otrzymany z kopoli-
meru CL/GL), CON-CAMPT-2 (CL/rac-LA), CON-CAMPT-3
(CL/TMC), CON-CAMPT-4 (GL/rac-LA), CON-CAMPT-5
(GL/TMC), CON-CAMPT-6 (rac-LA/TMC).

Charakterystyka spektroskopowa

Otrzymane poliestry, poli(estro-weglany) oraz wielko-
czagsteczkowe koniugaty CAMPT scharakteryzowano za
pomocg spektroskopii 1H i 13C NMR (Varian 300 MHz)
oraz FTIR (Perkin-Elmer).

Widma NMR rejestrowano w CDCI3 i DMSO-d6. Prébki
do analizy FTIR przygotowano w postaci tabletek z KBr.

Wyniki i dyskusja

Gtéwnym celem niniejszej pracy byfta synteza nowych
wielkoczgsteczkowych koniugatow CAMPT. Jako matryce
polimerowe uzyto biodegradowlane i bioresorbowalne po-
liestry i poli(estro-weglany). Matryce wielkoczasteczkowe
otrzymano w wyniku polimeryzacji z otwarciem pierscienia
cyklicznych estrow (e-kaprolaktonu (CL), glikolidu (GL),
rac-laktydu (rac-LA)) oraz cyklicznego weglanu (weglan
trimetylenu (TMC)). Proces prowadzono w obecnosci glikolu
polioksyetylenowego (PEG 200) jako makroinicjatora oraz
oktanianiu cyny (I) (SnOct2) jako katalizatora.

Dokonano oceny cytotoksycznosci otrzymanych poli-
merow stosujgc w tym celu bakterie luminescencyjne V.
Fischeri oraz pierwotniaki S. Ambiguum i T. Thermophila.
Stwierdzono, ze wszystkie otrzymane poliestry i poli(estro
-weglany) sg nietoksyczne, zaréwno wzgledem bakterii jak
i pierwotniakow.

In the past few years, the covalent conjugates of CAMPT
with water-soluble polymers, such as polyethylene glycol
[6-8], poly(L-glutamic acid) [9-10], B-cyclodextrin based pol-
ymers [11], poly[N-(2-hydroxypropyl)methacrylamide] [12],
poly[(N-carboxybutyl)-L-aspartamide] [13-14], poly(amido
amine) [15-16] have been developed and characterized.

The aim of this study was to prepare polyesters or
poly(ester-carbonate)s conjugates containing CAMPT.
The preliminary studies of the influence of polymeric chain
structure on the release process of CAMPT were described.
The toxicity test of the obtained polymeric matrixes were
evaluated with bacterial luminescence test and two proto-
zoan assays.

Materials and methods

In vitro Evaluation of Drug Release

The obtained macromolecular conjugates of CAMPT (10
mg) were put into 10 mL of PBS (0.01 M, pH 7.4) at 37°C,
and the initial UV measurement was carried out. The mixture
was stirred and a 10 mL sample was removed at selected
intervals followed by 10 mL of a fresh buffer replacing. The
quantity of the released CAMPT was determined from the
calibration curve previously obtained under the same condi-
tions and analyzed by means of UV-Vis spectrophotometer.
The percentage of the drug released was calculated based
on a peak area of UV absorbance at 355 (lactone form) or
368 nm (carboxyl form). Each experiment was carried out
in triplicate.

The conjugates: CON-CAMPT-1 (was obtained from
CL/GL copolymer), CON-CAMPT-2 (CL/rac-LA), CON-
CAMPT-3 (CL/TMC), CON-CAMPT-4 (GL/rac-LA), CON-
CAMPT-5 (GL/TMC), CON-CAMPT-6 (rac-LA/TMC).

Characterizations

The polyesters, poly(ester-carbonate)s and polymeric
conjugates of CAMPT were characterized by means of 1H
and 13C NMR (Varian 300 MHz), and FTIR spectroscopy
(Perkin-Elmer). The NMR spectra were recorded in CDCI3
and DMSO-d6. The IR spectra were measured from KBr
pellets.

Results and Discussions

The main aim of this study was to obtain new macromo-
lecular conjugates of CAMPT. As polymeric matrixes bio-
degradable and bioresorbable polyesters or poly(ester-car-
bonate)s were used. The macromolecular matrixes were
obtained by the ring-opening polymerization (ROP) of cyclic
esters (e-caprolactone (CL), glycolide (GL) and rac-lactide
(rac-LA)) and cyclic carbonate (trimethylene carbonate
(TMC)). The ring-opening polymerization (ROP) process
was carried out in the presence of poly(ethylene glycol)
(PEG-200) as macro-co-initiators and tin (Il) 2-ethylhex-
anoate (SnOct2) as a catalyst.

The cytotoxicity evaluation of the received polymers was
studied using the luminescent bacteria V. Fischeri and two
ciliated protozoans S. Ambiguum and T. Thermophila. It was
found that the obtained polyesters or poly(ester-carbonate)
s are not toxic to all test bionts, both bacteria and protozoa
because of the sample is considered toxic when the percent
of a toxic effect (PE) is higher than 20.
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W nastepnym etapie pracy, otrzymano wielkoczgstecz-

® o @ o o o o kowe koniugaty CAMPT. Matryce polimerowe i substancja

lecznicza zostaty potgczone za pomoca 1,6-diizocyjanianu
heksametylenu. Strukture zsyntezowanych koniugatéw
wielkoczgsteczkowych potwierdzono technikg NMR. Na
widmach NMR widoczne byty charakterystyczne sygnaty
pochodzgce od CAMPT (bez grupy hydroksylowej, ktéra
przereagowata z grupg izocyjanianowg), tym samym po-
twierdzajgc obecnos¢ wigzania kowalencyjnego pomiedzy
czgsteczkyg substancji czynnej a makroczgsteczka.

Uwalnianie CAMPT z otrzymanych koniugatéw polime-
rowych w warunkach in vitro przeprowadzono w buforze
PBS w temperaturze 37°C w ciggu 1-12 tygodni. Procent
uwolnionej substancji leczniczej w pH 7.4 przedstawiono
na RYS. 1. Stwierdzono, ze struktura zsyntezowanych ko-
polimeréw, zawarto$¢ jednostek komonomeru w tancuchu
polimeru oraz Mn PEG stosowanego jako makroinicjator,
majg istotny wplyw na szybkos$¢ uwalniania CAMPT z otrzy-
manych koniugatow wielkoczasteczkowych.

In the next step of this study, the macromolecular conju-
gates of CAMPT were obtained. The polymers and CAMPT
were coupled via 1,6-diisocyanatohexane (HDI). The
chemical structures of the prepared polymeric conjugates
of CAMPT was confirmed by NMR studies. All the conjugate
spectra have revealed the characteristic signals originated
from CAMPT (without hydroxyl group which has reacted
with isocyanate group) indicating successful preparation of
the macromolecular conjugates of CAMPT.

In vitro CAMPT release from the macromolecular conju-
gates was carried out in PBS buffer at 37°C for 1-12 weeks.
The kinetic rates of CAMPT released from polymer conju-
gates at pH 7.4 were shown in FIG. 1. It has been found
that many factors are influencing the release of CAMPT
from the obtained macromolecular conjugates, namely
the copolymers structure, co-monomer unit content in the
polymer chain and Mn of PEG used as macro-coinitiator.
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RYS. 1. Uwalnianie CAMPT z otrzy-
manych koniugatéow wielkocza-
steczkowych.

FIG. 1. Release of CAMPT from the
obtained macromolecular conju-
gates.
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Whnioski

W pracy przedstawiono wstepne wyniki badan nad syn-
tezg nowych wielkoczgsteczkowych koniugatow CAMPT.
Substancja lecznicza zostata kowalencyjnie zwigzana z
tancuchem kopolimeréw (CL, GL, rac-LA, TMC i PEG)
poprzez wigzanie uretanowe. Otrzymane poliestry lub
poli(estro-weglany) okazaty sie by¢ nietoksyczne. Na pod-
stawie przeprowadzonych badan wykazano, ze szybkosé
uwalniania CAMPT jest bezposrednio zalezna od struktury
otrzymanych kopolimeréw. Szybkos$¢ uwalniania CAMPT
byta wigksza dla koniugatow otrzymanych z kopolimeréw
CL, rac-LA i GL, w poréwnaniu do kopolimeréw zawie-
rajgcych segmenty TMC. Uzyskane wyniki wskazuja, ze
zsyntezowane matryce poliestrowe i poli(estro-weglanowe)
sg obiecujgce w technologii systemoéw kontrolowanego
uwalniania CAMPT.

Podziekowania

Praca zostata sfinansowana przez Ministerstwo Nauki
i Szkolnictwa Wyzszego w ramach projektu badawczego
(MNiSzW OPUS-5 2013/09/B/ST5/03480: ,,Opracowanie
implantacyjnych systemow dozowania leku o dziataniu
antynowotworowym immobilizowanego na matrycy poli-
merowey”).

Conclusions

The synthesis of novel macromolecular conjugates of
CAMPT is reported in this study. The drug was covalently
attached to the copolymers of CL, GL, rac-LA, TMC or PEG
chain ends of via urethane linkage. The obtained polyesters
or poly(ester-carbonate)s matrixes are not toxic. The rates
of CAMPT release were shown to be directly dependent on
the nature of the received copolymers. The kinetic rates of
CAMPT released was seen to be faster for the polymeric
conjugates contained CL, rac-LA or GL units as compared
to those with TMC units. The obtained results demonstrate
that the polyesters or poly(ester-carbonate)s are interesting
and promising materials for the controlled release of CAMPT.
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Streszczenie

Celem niniejszej pracy byto otrzymanie porowa-
tych probek tytanowych metodg metalurgii proszkow.
Podczas spiekania zastosowano dwie temperatury
spiekania (1000 i 1100°C) i nastepujgce atmosfery
ochronne: argon, préznia. Otrzymane materiaty pod-
dano badaniom mikrostrukturalnym. Celem okre$lenia
gestosci, porowatosci oraz nasigkliwosci otrzymanych
materiatow dokonano wazenia hydrostatycznego w
wodzie zdejonizowanej zgodnie z normg PN EN ISO
2738: 2001. Okreslono rowniez topografie powierzchni
wytworzonych materiatow.

Stowa kluczowe: porowaty tytan, spiekanie, me-
talurgia proszkéw

[Inzynieria Biomateriatow, 128-129, (2014), 40-42]

Wstep

Sposréd biomateriatdw metalicznych, ze wzgledu na
bardzo dobre parametry mechaniczne, stosunkowo niskg
gestosc, bardzo dobrg odpornosé korozyjng oraz najlepszg
wsrod biomateriatow metalicznych biozgodnos$c¢, najczesciej
stosowany jest tytan oraz jego stopy [1,2]. Celem poprawy
procesOw osteointegracji stosuje sie porowate warstwy
wierzchnie lub materiaty spiekane. Zastosowanie materia-
tow porowatych zapewnia réwniez dopasowanie wtasnosci
mechanicznych do wartosci zblizonych do kosci, co pozwala
unikng¢ zjawiska niekorzystnego umocnienia kosci znanego
jako stress shielding [3,4].

Jedng z metod otrzymywania porowatych materiatow
tytanowych jest metoda metalurgii proszkow, ktéra pozwala
na uzyskanie jednorodnej drobnoziarnistej struktury o po-
lepszonych wiasciwosciach funkcjonalnych w poréwnaniu
z materiatem otrzymanym za pomocg innych metod [5].

Materialy i metody

Materiatem do badan byty probki wykonane metodg meta-
lurgii proszkéw. Celem otrzymania materiatéw metalicznych
uzyto proszku tytanu o nieregularnym ksztatcie zakupionym
komercyjnie (HDH Ti 99,10%, rozmiar czgstek 0-45 pym).
Proszek byt prasowany pod cisnieniem 270 MPa a nastepnie
otrzymane wypraski suszono w suszarce laboratoryjnej. Dwie
serie wyprasek byly spiekane w atmosferze ochronnej argonu
w temperaturach 1000°C i 1100°C odpowiednio przez czas
jednej godziny, seria trzecia wyprasek byta spiekana w prozni
w temperaturze 1000°C przez czas 1 godziny (TABELA 1).

Wyniki i dyskusja

Materiaty otrzymane metodg metalurgii proszkéw pod-
dano badaniom mikrostrukturalnym uzywajgc do tego celu
mikroskopu skaningowego JEOL JSM-6610LV. Otrzymane
mikrostruktury przedstawiono na RYS. 1.

MICROSTRUCTURAL
CHARACTERISATION OF
SINTERED POROUS TITANIUM
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Abstract

The aim of this work was to obtain porous titanium
specimens using a powder metallurgy process. During
sintering, two sintering temperatures (1000 and
1100°C) and two shielding gases (argon, vacuum)
were used. The materials obtained were subjected
to microstructural analysis. Furthermore, hydrostatic
weighing in deionized water according to the PN EN
ISO 2738: 2001 standard was used to evaluate den-
sity, porosity and water absorption capacity. Topology
of the surface of the materials was also determined.

Keywords: porous titanium, sintering, powder
metallurgy

[Engineering of Biomaterials, 128-129, (2014), 40-42]

Introduction

Due to good mechanical parameters, relatively low densi-
ty, very good corrosion resistance and best biocompatibility
among metallic biomaterials, titanium and its alloys are the
most popular materials among metallic biomaterials [1,2].
In order to improve osseointegration processes, porous
surface layers and sintered materials are used in practice.
The use of bulk porous materials also enables to adjust the
mechanical properties to the values closer to the bone to
prevent “stress shielding” [3,4].

One of the methods to obtain porous titanium materials
is powder metallurgy, which ensures a homogeneous fine-
grain structure with improved functional properties compared
to the materials obtained using other methods [5].

Materials and methods

The materials used in the study were specimens obtained
by means of powder metallurgy. In order to obtain metallic
material, the authors used Ti powder with an irregular shape
of particles purchased commercially (HDH Ti 99.10%, par-
ticle size 0-45 ym). The powder was axially compressed
at the load of 270 MPa and dried in a laboratory drier. Two
sets of moulded pieces were sintered in argon atmosphere
at the temperature 1000°C and 1100°C for 1 hour, whereas
the third set of moulded piece was sintered in vacuum, also
at temperature of 1000°C for 1 hour (TABLE 1).

Results and discussion

The materials obtained by means of powder metallurgy
were used for microstructural examinations using JEOL
JSM-6610LV scanning microscope. The microstructures
obtained are presented in FIG.1.
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TABELA 1. Probki uzyte do badan.
TABLE 1. The specimens used in the study.

Rodzaj prébki

Numer serii Specimen Type
probek Temperatura Atmosfera
Specimen spiekania ochronna
series number Sintering Shielding gas
temperature medium
1 1000°C argon
|| 2 1100°C argon ||
[ 3 1000°C Proznia/vacuum |f

Microstuructural analysis revealed presence of substan-
tial number of pores in the materials obtained. The greatest
porosity was found for titanium sintered at the temperature
of 1000°C with argon used as a shielding gas. Increasing
the sintering temperature to 1100°C resulted in decreasing
porosity of the material obtained, which has also been doc-
umented in other studies [6]. Sintering in vacuum yielded
materials with the lowest porosity.

The density, porosity and water absorption capacity in
the obtained materials were measured using hydrostatic
weighing in deionized water according to standard PN EN
ISO 2738:2001P. The specimens were afterwards washed
and dried. The measurements were carried out with an
accuracy of 0.01g for 3 specimens of each specimen.

RYS. 1. Mikrostruktury z serii prébek: a) numer 1, b) numer 2, c) numer 3 otrzymanych metoda metalurgii proszkow.
FIG. 1. Microstructure from specimen series: a) number 1, b) number 2, c) number 3 obtained by metallurgy
powder method.
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RYS. 2. Wykresy: a) gestosci pozornej, b) gestosci wzglednej, c) porowatosci otwartej, d) porowatosci catkowitej,

e) nasigkliwosci spiekow metalicznych.

FIG. 2. Graph of: a) apparent density, b) relative density, c) open porosity, d) total porosity, e) water absorption

of metallic sinters.

Analiza mikrostrukturalna ujawnita obecno$¢ znacznej
ilosci poréw w wytworzonych materiatach. Najwiekszg poro-
watoscig charakteryzowat sie tytan spiekany w temperaturze
1000°C w atmosferze ochronnej argonu. Podwyzszenie tem-
peratury spiekania do 1100°C skutkowato zmniejszeniem
porowatosci wytworzonego materiatu, co potwierdzajg m.in.
badania [6]. Spiekanie w prozni skutkowato otrzymaniem
materiatu o najmniejszej porowatos$ci.

Gestosé, porowatos¢ i nasigkliwos¢ otrzymanych mate-
riatbw zmierzono za pomocag metody wazenia hydrostatycz-
nego w wodzie zdejonizowanej zgodnie z normg PN EN ISO
2738:2001P. Prébki wezesniej oczyszczono i wysuszono.
Pomiary dokonano z doktadnoscig do 0.01g dla 5 probek
z kazdego rodzaju.

The density, porosity and water absorption capacity of the
obtained materials are presented in FIGs.2a-e, respectively.

The highest apparent and relative density among the
materials obtained was found for the specimen sintered
with argon used as a shielding gas at the temperature
of 1100°C. Using the shielding atmosphere of argon and
increased sintering temperature leads to obtaining mate-
rials with lower apparent density. The conclusions drawn
during microstructural examinations concerning porosity of
the materials obtained are supported by the examinations
using hydrostatic weighing. Among other factors, material
water absorption capacity depends first and foremost on
open porosity.
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TABELA 2. Parametry chropowatosci badanych probek.

TABLE 2. Roughness parameters measured on specimen surface.

Numer serii probek

Specimen series

number
56,02 52,74 35,55 6,43 37,92 0,0976
I 40,61 40,61 23,88 4,14 14,16 0,0667 I
Il 33,20 29,73 18,13 2,96 11,32 0,0618 ||

Gestos¢, porowatosc¢ i nasigkliwos¢ probek zaprezento-
wano na RYS. 2a-e, odpowiednio.

Najwiekszg gestos¢ pozorng i wzgledng wsrod wytwo-
rzonych materiatow posiadata probka spiekana

w argonie w temperaturze 1100°C. Zastosowanie atmos-
fery ochronnej argonu, jak rowniez podniesienie temperatury
spiekania powoduje otrzymanie materiatu o coraz mniejszej
gestosci pozornej. Wnioski wyciggniete podczas badan
mikrostrukturalnych, dotyczace porowatosci wytworzonych
materiatow, potwierdzity sie podczas badan przy uzyciu
wazenia hydrostatycznego. Nasigkliwo$¢ materiatéw zalezy,
oprocz innych czynnikéw, przede wszystkim od porowatosci
otwarte;.

Celem okreslenia parametréw chropowatos$ci powierzch-
ni autorzy zastosowali profilometr Hommel T1000. Pomiary
wykonano z doktadnoscig do 0,01 um. Wyznaczenie para-
metréw chropowatosci powierzchni wykonano w kontakcie z
badang powierzchnig poprzez sprzezenie igty réznicowym
uktadem pomiarowym.

Otrzymane wyniki bedgce $rednig arytmetyczng trzech
pomiarow dla kazdej prébki prezentuje TABELA 2.

Najwyzszg wartos¢ sredniego arytmetycznego odchyle-
nia rzednych profilu od linii Sredniej, okreslane jako parametr
Ra zaobserwowano dla serii probek, ktére byty spiekane w
atmosferze ochronnej argonu w temperaturze 1000°C przez
czas 1 godziny. Podwyzszenie temperatury spiekania do
11000C wptyneto na spadek parametréw chropowatosci.
Rodzaj zastosowanej atmosfery podczas spiekania (argon,
proznia) przy statej temperaturze (1100°C) przyczynia sie
do spadku parametréow chropowatosci w poréwnaniu do
prébki spiekanej w atmosferze argonu. Fakt ten jest bardzo
wazny, poniewaz zmiana chropowatosci powierzchni bioma-
teriatu wptywa na absorpcje biatek, co ma znaczenie przy
przerastaniu tkanki kostnej na wszczepionej protezie [7,8].

Whioski

Stopien porowatosci otrzymanych metodg metalurgii
proszkow materiatow zalezy od temperatury jak réwniez
atmosfery ochronnej stosowanej podczas spiekania. Prze-
prowadzone badania pozwalajg stwierdzi¢, ze zaréwno
temperatura jaki i atmosfera spiekania majg wptyw na
stopien porowatosci wytworzonego materiatu,

Stopien porowatosci otwartej wytworzonych materiatéw
bezposrednio przektada sie na parametry chropowatosci
tych materiatow.

To determine the parameters of the surface profile, the
authors used a Hommel T1000 roughness tester. The meas-
urements were performed with an accuracy of 0.01 ym using
an electromagnetic profilometer with a differential system
equipped with a stylus moving on the measured surface.

The results of the roughness parameter represented
by arithmetic means from three measurements for each
specimen are presented in TABLE 2.

The highest value of mean arithmetic vertical deviations
of the roughness profile from the mean line, denoted as Ra
parameter, was observed for the specimens which were
sintered in the shielding atmosphere of argon at the temper-
ature of 1000°C for 1 hour. Increasing sintering temperature
to 1100°C caused a decline in roughness parameters. The
type of shielding atmosphere used during sintering (argon,
vacuum) at the constant temperature (1100°C) contributes
to the decline in roughness parameters compared to the
specimen sintered in the argon atmosphere. This fact is
very important since the change in roughness of biomaterial
causes protein absorption, which is essential for osseoin-
tegration of bone tissue in the prosthesis implanted [7,8].

Conclusions

Porosity degree of the materials obtained using powder
metallurgy depends on the temperate as well as shielding
gas used during sintering. The present study demonstrated
that both temperature and type of sintering gas affect poros-
ity degree of the material obtained. Open porosity degree
of the materials directly affects the roughness parameter for
these materials.
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Streszczenie

Nowe kompozytowe systemy dostarczania
bisfosfonianéw otrzymano z poliuretanéw biodegra-
dowalnych (PU) i nanokrystalicznego hydroksyapa-
tytu (HAP). W pierwszym etapie, zsyntezowano PU
z poli(e-kaprolaktono) dioli (PCL), glikolu polioksy-
etylenowego, 1,6-diizocyjanianiu heksametylenu
i butano-1,4-diolu. PCL zostaty otrzymane w procesie
polimeryzacji z otwarciem pierscienia katalizowanym
enzymami. Nastepnie, otrzymano kompozytowe
systemy dostarczania klodronianu. Przeprowadzono
badania fizykochemiczne przygotowanych bioma-
teriatow. Wykonano réwniez badania cytotoksycz-
nosci zsyntezowanych polimeréw. Wstepne wyniki
badan wskazujg, ze otrzymane kompozyty stanowig
perspektywiczng grupe biomateriatow, ktére mogag
potencjalnie zosta¢ wykorzystane w technologii im-
plantacyjnych systemdéw dostarczania lekow.

Stowa kluczowe: biomateriaty, bisfosfoniany, klo-
dronian, poliuretany, hydroksyapatyt

[Inzynieria Biomateriatow, 128-129, (2014), 43-45]

Wprowadzenie

W ostatnich latach, wielkoczgsteczkowe systemy dostar-
czania lekow (DDS) budzg ogromne zainteresowanie [1-3].
Polimerowe DDS cechujg sie unikalng farmakokinetyka,
dystrybucjg i farmakologiczng efektywnoscig. Do chwili
obecnej otrzymano kilka bisfosfonianowych (BP) systemow
dostarczania lekow (BPDDS) [4-12]. Obejmujg one den-
drymery, hydrozele, liposomy, nanokapsutki, nanosfery i ko-
niugaty wielkoczasteczkowe. Szczegdlne zainteresowanie
wzbudzajg biomateriaty BPDDS stosowane jako implanty
ortopedyczne [4,5].

Alifatyczne i cykloalifatyczne poliuretany (PU) charaktery-
zujg sie wysokg zdolnoscig do biodegradacji i biokompaty-
bilnoscig w stosunku do tkanek ludzkich. Atrybuty te czynig
ich korzystnymi i nadzwyczajnie uzytecznymi w technologii
systemoéw DDS [3,13].

Gtéwnym celem niniejszej pracy byto otrzymanie kom-
pozytowych systemow dostarczania klodronianu na bazie
biodegradowalnych PU i nanokrystalicznego HAP. Omo-
wiono wyniki badan strukturalnych i chemicznych nowych
biomateriatow.
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Abstract

New composite bisphosphonate delivery systems
were prepared from biodegradable polyurethanes
(PU) and nanocrystalline hydroxyapatite (HAP).
In the first step, the PU were synthesized from poly(e-
caprolactone) diols (PCL), poly(ethylene adipate) diol,
1,6-hexamethylene diisocyanate and 1,4-butanediol.
The PCL were obtained by the ring-opening polymeri-
zation catalyzed by the enzyme. Next, composite drug
delivery systems for clodronate were prepared. The
physico-chemical properties of the obtained biomate-
rials were determined. The cytotoxicity of the synthe-
sized polymers was tested. The preliminary results
show that the prepared composites are perspective
biomaterials and they can be potentially applied in
the technology of implantation drug delivery systems.

Keywords: biomaterials, bisphosphonates, clodro-
nate, polyurethanes; hydroxyapatite

[Engineering of Biomaterials, 128-129, (2014), 43-45]

Introduction

In recent years, macromolecular drug delivery systems
(DDS) have became the focus of interest [1-3]. Polymeric
DDS exhibit unique pharmacokinetics, distribution and
pharmacological efficacy. Numerous bisphosphonates (BP)
delivery systems (BPDDS) have been investigated [4-12].
They include dendrimeric polymers, hydrogels, liposomes,
nanocapsules, nanospheres and macromolecular conju-
gates. One particularly interesting kind of BPDDS comprises
biomaterials used as orthopaedic implants [4,5].

Aliphatic or cycloaliphatic polyurethanes (PU) demon-
strate good biodegradability and biocompatibility in human
tissues. These attributes make them advantageous and
extremely useful for the technology of controlled DDS [3,13].

The main aim of this study has been to prepare com-
posite clodronate (CLO) DDS using biodegradable PU
hydroxyapatite (HAP) as components. The structures
and chemical compositions of the new biomaterials were
investigated and discussed based on the results obtained.
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Materialy i metody

Woczesniej otrzymane PU rozpuszczano w DMSO uzy-
skujgc stezenie polimeru na poziomie 10-20% (w/v). Na-
stepnie, roztwory PU mieszano z HAP. Strukture porowatg
materiatu uzyskiwano poprzez mieszanie PU i HAP z NaCl
(w stosunku masowym 0.5 g NaCl do 1,5 g PU). Miesza-
nine PU/HAP/s6l umieszczano w formie. Nastepnie, formy
utrzymywano w warunkach prézniowych w temp. 50°C przez
48 h. Przygotowane prébki przemywano wodg destylowang
przez 24h w celu catkowitego usuniecia NaCl. Otrzymane
kompozyty suszono pod zmniejszonym ci$nieniem w temp.
pokojowej przez okoto tydzien.

CLO (w odpowiednim stezeniu) wprowadzano do otrzy-
manego kompozytu metodg zanurzeniowg. W celu umiesz-
czenia substancji leczniczej w porach materiatu wykonano
pieciokrotny cykl préznia/argon. Nastepnie, kompozyty
suszono pod zmniejszonym ci$nieniem w temp. pokojowe;j
az do uzyskania statej masy. llo$¢ zwigzanego CLO osza-
cowano na podstawie roznicy masy kompozytéw przed i po
operacji inkorporowania.

Proces uwalniania CLO z otrzymanych kompozytéw
BPDDS prowadzony byt w temp. 37°C w buforze fosfora-
nowym (PBS) (pH 7.4) przygotowanym w stosunku 15 mg
kompozytu do 1 ml buforu. Uwalniany z biomateriatu CLO
oznaczano metodg HPLC CAD.

Wyniki i dyskusja

Celem pierwszej czesci badan byto otrzymanie poli(e-ka-
prolaktono) dioli (PCL), ktére nastepnie wykorzystano jako
prekursory w syntezie poliuretanéw (PU). Polimeryzacje
z otwarciem pierscienia e-kaprolaktonu (CL) w obecnosci
glikolu dietylenowego (DEG) i lipazy Candida antarctica (CA)
prowadzono w temp. 70°C przez 14 dni. Stosunek molowy
CL do DEG byt nastepujacy: 20 : 1 (PCL-1), 30: 1 (PCL-2) i
40 : 1 (PCL-3). Wartosci Mn dla poszczegdlnych makrodioli
(wyznaczone metodg GPC) wynosity 1800 (PCL-1), 2400
(PCL-2) i 3200 g/mol (PCL-3).

PU zostaty otrzymane z PCL, glikolu polioksyetyleno-
wego jako segmentéw miekkich oraz 1,6-diizocyjanianiu
heksametylenu (HMDI) i butano-1,4-diolu (BD) jako kom-
ponentow segmentow sztywnych. 1,4-diazabicyklo[2.2.2]
oktan (DABCO) zostat uzyty jako katalizator procesu po-
liaddycji. PU otrzymano metodg prepolimerowg w masie.
Indeks izocyjanianowy (stosunek grup izocyjanianowych do
hydroksylowych) wynosit 1.05.

Kompozyty poliuretanowo-hydroksyapatytowe (PU-HAP)
zostaty otrzymane z wczesniej zsyntezowanych PU-1,
PU-2 i PU-3. Biomateriaty otrzymano w wyniku zmieszania
PU, HAP i nanokrystalicznego NaCl. Gestos$¢ kompozytow
wynosita od 0.21 do 0.27 g/cm?®. Z kolei, porowatos¢ (P)
kompozytéw PU-HAP wynosita od 55% do 65%.

Wykonano rowniez testy cytotoksycznosci otrzymanych
PU wykorzystujgc w tym celu bakterie luminescencyjne V.
Fischeri oraz pierwotniaki S. Ambiguum i T. Thermophila.
Stwierdzono, ze wszystkie otrzymane PU byty nietoksyczne,
zarowno wzgledem bakterii jak i pierwotniakow.

Zawartos¢ substancji leczniczej w otrzymanych kompo-
zytach wynosita okoto 1% wag. Badania kinetyki uwalniania
CLO z otrzymanych kompozytéw PU-HAP prowadzone byty
w roztworze PBS w temp. 37°C przez 1-8 tygodni. Profile
uwalniania CLO z biomateriatéw w pH 7.4 przedstawiono
na RYS. 1.

Materials and methods

The previously synthesized PU were first dissolved in
DMSO at a concentration of 10-20% (w/v). Next, the PU
solution were mixed with HAP. Pores were created by mixing
the mixture of PU and HAP with 0.5 g of NaCl crystals per
1.5 g of PU. The PU/HAP/salt mixtures were poured into a
mould. Next, the mould were dried in vacuo at 50°C for 48 h.
The samples were washed for 24 h in distilled water to
remove NaCl. The composite samples were later dried in
vacuo at room temperature for about one week.

CLO was incorporated into the PU composites by im-
mersing the material into an aqueous drug solution of known
concentration. The solution was pulled into the pores of
the biomaterials by repeated five-cycles of vacuum/argon.
PU composites were dried in vacuo at room temperature
until the weight of the impregnated materials remained
unchanged. The gain in weight of the PU composites fol-
lowing impregnation was taken as the weight of the CLO
incorporated into the biomaterials.

The composite BPDDS were incubated in a phosphate
buffer solution (PBS) (pH 7.4) at a ratio of 15 mg of com-
posite to 1 ml of buffer at 37°C. The quantity of the released
CLO was determined from the calibration curve previously
obtained under the same conditions and analyzed by means
of the HPLC CAD method.

Results and discussions

The aim of the first part of this study was to obtain
poly(e-caprolactone) diols (PCL) which could be applied
as precursor of further polyurethanes (PU) synthesis. The
ring opening polymerization of e-caprolactone (CL) in the
presence of diethylene glycol (DEG) and the lipase from
Candida antarctica (CA) were conducted at 70°C for 14
days. The molar ratio of CL/DEG was either 20 : 1 (PCL-1),
30:1 (PCL-2) or40: 1 (PCL-3). The Mn values of the PCL
diols determined by the GPC method were 1800 (PCL-1),
2400 (PCL-2) and 3200 Da (PCL-3).

The PU were obtained using PCL, dihydroxy(polyethyl-
ene adipate) (OEAD) as the soft segments, and 1,6-hexam-
ethylene diisocyanate (HMDI) and 1,4-butanediol (BD) as
components of the hard segments. 1,4-diazabicyclo[2.2.2]
octane (DABCO) was used as the polyaddition catalyst. A
two-step melt polymerization procedure was engaged to
this process. The isocyanate index (isocyanate to hydroxyl
equivalent ratio) was 1.05.

The polyurethane/hydroxyapatite composites (PU-HAP)
were obtained from previously synthesized PU-1, PU-2 and
PU-3. The composites were formed by mixing the mixture of
PU and nanocrystalline HAP with NaCl. The density (d) of
composites values were ranged from 0.21 to 0.27 g/cm®. The
porosity (P) of the PU-HAP composites was 55% and 65%.

Cytotoxic tests of the obtained PU were carried using the
luminescent bacteria V. fischeri and two ciliated protozoa S.
ambiguum and T. termophila. All the tested samples were
not toxic to any of the tested bionts, whether bacteria or
protozoa.

The drug content in the PU-HAP composites was 1%
wt. In vitro CLO release from the PU-HAP composites was
conducted in a PBS buffer at 37°C for 1-8 weeks. The kinetic
rates of CLO released from the obtained biomaterials at pH
7.4 are shown in FIG. 1.
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Stwierdzono, ze ki-
netyka uwalniania CLO
wzrastata ze wzro-
stem P kompozytéw
oraz zmniejszata sie ze
wzrostem wartosci Mn
PCL zastosowanych w
syntezie PU. Zaobser-
wowano réwniez, ze P
kompozytéw PU-HAP

uwalnianie leku fdrug released
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It was found that the
rate of CLO release in-
creases with increasing
the P and decreasing
the Mn of PCL used in
PU synthesis. The P
of the PU-HAP com-
posites decreases with
increasing HAP content.
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New composite
bisphosphonate de-

Nowe kompozytowe
systemy dostarczania
bisfosfonianéw zostaty
otrzymane z poliuretanéw biodegradowalnych i nanokry-
stalicznego hydroksyapatytu. Otrzymane wielkoczastecz-
kowe matryce nie wykazywaty cytotoksycznosci. Kinetyka
uwalniania klodronianu zalezata generalnie od rodzaju
zastosowanego poliuretanu oraz porowatosci kompozytu.
Uzyskane wyniki wskazujg, ze otrzymane kompozyty po-
liuretanowo-hydroksyapatytowe umozliwiajg kontrolowane
uwalnianie klodronianiu i moga potencjalnie stanowi¢ efek-
tywne implantacyjne systemy terapeutyczne.
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RYS. 1. Uwalnianie CLO z otrzymanych kompozytéw.
FIG. 1. Release of CLO from the obtained composites.

livery systems were
prepared from biode-
gradable polyurethanes
and nanocrystalline hy-
droxyapatite. The obtained macromolecular matrices were
non-cytotoxic. The rates of clodronate release were shown
to be directly dependent upon the nature of the obtained
polyurethanes and the porosity of the composites. The
results demonstrate that the polyurethane/hydroxyapatite
composites are promising materials for the controlled re-
lease of clodronate and they can find practical applications
as effective implantation drug delivery systems.
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Streszczenie

Wielofunkcyjne kompozyty sktadajgce sie z polime-
réw oraz nieorganicznych nanododatkéw zmieniajgce
pierwotne wtasciwos$ci polimeru sg uznawane za
nowoczesne materiaty, ktore mozna wykorzysta¢ w
wielu dziedzinach przemystu oraz zycia codziennego.
Wptyw nanonapetniacza na modyfikacje wtasciwosci
matrycy polimerowej zalezy w duzym stopniu od
ksztaftu i wielkosci jego czgstek, cech powierzch-
niowych oraz co za tym idzie stopnia jego dyspersji.

W przedstawionej pracy wytworzono kompozyty
sktadajgce sie ditlenku tytanu (V) TiO, oraz poli(kwa-
su mlekowego) (PLA). Uzyto zaréwno niemodyfikowa-
ny TiO, oraz modyfikowany metodg RF PECVD (Radio
Frequency Plasma Enhanced Chemical Vapour
Deposition). Proces ten przeprowadzono przy dwéch
przeptywach metanu 15 30 sccm. W celu sprawdze-
nia efektywno$ci modyfikacji wykonano badanie FTIR
(Fourier Transform Infrared Spectroscopy). Badanie
to potwierdzito obecnosc¢ na powierzchni ziaren TiO,
grup -CH, i -CH,. Gotowe kompozyty poddano ba-
daniom wtfa$ciwo$ci mechanicznych takich jak sta-
tyczna préba na rozcigganie oraz pomiar udarnosci.
Otrzymane wyniki dowiodlty, ze dodatek TiO, zaréwno
modyfikowanego jak i niemodyfikowanego nie zmienia
wytrzymatos$ci na rozcigganie natomiast poprawia
jego udarno$c. Obecnosc¢ niemodyfikowanego TiO,
w matrycy PLA obniza nieco warto$¢ kata zwilzania
gotowego kompozytu, a modyfikacja powierzchni
TiO,w plazmie metanowej prowadzi do zmniejszenia
zwilzalno$ci produktu koncowego.

Stowa kluczowe: kompozyt, polilaktyd, TiO,, me-
toda RF PECVD, biodegradacja

[Inzynieria Biomateriatow, 128-129, (2014), 46-49]

Wprowadzenie

Obecnie popyt na polimery biodegradowalne rosnie w
szybkich tempie. W tym obszarze polilaktyd (PLA) odgrywa
znaczgcy role, zaczyna powoli wypiera¢ konwencjonalne
polimery syntetyczne w szczegolnosci w zastosowaniach
biomedycznych. Spowodowane jest to topniejgcymi za-
sobami ropy naftowej i dbaniem o ochrone $rodowiska.
Postep technologiczny oraz opracowywanie nowych metod
wytwarzania tego polimeru przyczynity sie do wzrostu jego
masowej produkcji. PLA wykazuje wiele zalet, gtéwnie ta-
kich jak: tatwos¢ przetwarzania, biodegradowalnos¢ oraz
szerokie mozliwosci aplikacyjne. Jego wadami sg natomiast
sztywnos¢, kruchos¢ oraz tatwosé sorpcji wilgoci [1,2].
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Abstarct

Multifunctional composites consisting of polymers
or inorganic nanoadditions, which change the original
properties of a polymer are considered to be modern
materials for many industrial and daily life applications.
An influence of a nanofiller on modification process of
polymer matrix properties is strongly dependent on its
particles shape and size, surface characteristics and
in consequence its dispersion grade.

In the present work composites consisting of
titanium dioxide (IV) TiO, and polylactic acid (PLA)
were prepared. Unmodified TiO, as well as modi-
fied one by RF PECVD (Radio Frequency Plasma
Enhanced Chemical Vapour Deposition ) technique
were used. Two different methane flow rates (15
and 30 sccm) were used during processes. In order
to check the efficiency of modification process FTiR
(Fourier Transform Infrared Spectroscopy) research
was conducted. The results show that there are -CH,
and -CH, groups present at the TiO, grains surface.
Mechanical properties like tensile testing and impact
resistance of the composites were measured. The
results prove that an addition of TiO, (modified and
unmodified) does not influence the tensile strength
but improves impact resistance value. A presence of
unmodified TiO, in PLA matrix slightly reduces the
water contact angle value for a composite. Methane
plasma surface treatment leads to wetting properties
reduction of a final product.

Keywords: composite, polylactic acid, TiO,, RF
PECVD technique, biodegradation

[Engineering of Biomaterials, 128-129, (2014), 46-49]

Introduction

Nowadays demand on biodegradable polymers is
growing very rapidly. Polylactic acid (PLA) plays a signif-
icant role in this area - it starts to displace conventional
synthetic polymers, especially in biomedical applications.
The reason of this tendency is that the world’s reserves
of petroleum are decreasing and that people care about
environmental protection. Technical progress and working
out of new production methods of this polymer contributed
to an increase of its mass production. PLA exhibits many
advantages, mainly: recycling facility, biodegradation and
broad application scope. Its disadvantages are: inflexi-
bility, brittleness and an ease of moisture sorption [1,2].
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Badacze z wielu osrodkéw zajmujg sie modyfikacjg wia-
Sciwosci fizycznych, mechanicznych jak i przy$pieszeniem
badz zwolnieniem tempa degradacji. W tym celu dodaje
sie do matrycy PLA m.in. nieorganiczne nanonapetniacze.
Dodaje sie zaréwno anizotropowe (krzemiany, nanorurki
weglowe, hydroksyapatyt) [1,3] jak i izotropowe nanoczast-
ki (SiO,, CaCQ; i TiO,) [4,5]. Sposrdd tych powszechnie
znanych napetniaczy najczesciej wykorzystywanym tego
typu materiatem jest ditlenek tytanu (1V) TiO,. Gtéwnie
uzywa sie go do otrzymania mieszanek z polichlorkiem
winylu, polistyrenem, polietylenem oraz polipropylenem
[1,5,6]. Dodatek TiO, do matrycy polimerowej powoduje
wzrost stopnia krystaliczno$ci, wptywa takze na zmiane
potozenia punktu ptyniecia oraz zmienia wartos¢ tempera-
tury zeszklenia. Wprowadzenie TiO, do PLA ogranicza jego
przepuszczalnosc¢ dla gazéw. Ponadto taki kompozyt moze
wykazywaé wiasciwosci bakteriobodjcze, grzybobojcze oraz
samoczyszczgce po wzbudzeniu go $wiattem o odpowied-
nim zakresie spektralnym [7].

W pracy przedstawiono wptyw niemodyfikowanego i
modyfikowanego TiO, metodg RF PECVD (Radio Frequ-
ency Plasma Enhanced Chemical Vapour Deposition) na
wiasciwosci mechaniczne i fizyczne PLA.

Materialy i metody

Jako matryce polimerowg wykorzystano PLA o nazwie
handlowej PolyLactic Acid, Ingeo™ 3052D wyprodukowany
przez NatureWorks LLC. Jako napetniacz zastosowano TiO,
w postaci sypkiej, o nazwie handlowej Aeroxide P25 (78%
anatazu, 14% rutylu | 8% fazy amorficznej).

Proces modyfikacji napetniacza (TiO,) przeprowadzano
w obrotowym reaktorze RF PECVD. Aparatura sktada sie z
czterech uktadow: obrotowej komory reaktora w.cz, uktadu
zasilania polem elektrycznym w.cz., uktadu zasilajgcego
reaktor w gaz roboczy, uktadu prézniowego wraz z syste-
mem rejestracji cisnienia. Jako gaz roboczy wykorzystano
metan. Zastosowano dwa przeptywy tego gazu 15130 sccm.
Moc wytadowania jarzeniowego byta stata i wynosita 100 W.
Optymalny czas trwania procesu modyfikacji plazmowej
ustalony zostat na poziomie 4 minut plus 2 minuty dodat-
kowej aktywacji proszku metanem juz bez udziatu plazmy.

Analize FTIR (Fourier Transform Infrared Spectroscopy)
na zmodyfikowanym proszku wykonano w zakresie po-
miarowym od 4000 do 400 cm™', przy rozdzielczosci 4 cm™’
z uzyciem spektrometru FTIR model Nicolet iS50. Pomiar
przeprowadzono z wykorzystaniem przystawki odbiciowej
typy DRIFT firmy Harrick.

Mieszanki TiO,/PLA wykonane byly metodg wtrysku na
hydraulicznej wtryskarce slimakowej ArburgAllrounder
320C.

Prébki do badan przygotowywano w postaci ksztaitek
typu A1 zgodnie z normg PN-EN ISO 527-1:2012 i PN-EN
ISO 527-2:2012. Zostaly poddane statycznej probie roz-
ciggania przy wykorzystaniu maszyny wytrzymatosciowej
firmy Luis Schopper o zakresie sity 0+5000 N i predkosci
badania 32 mm/min. Badanie udarnosci przeprowadzano
na aparacie typu Dynstat na znormalizowanych prébkach
bez karbu, ktore wycinano z czesci pomiarowej ksztattki A1.

Kat zwilzania mierzony byt za pomocg urzadzenia firmy
Kruss GmbH Germany, model FM40 EasyDrop. Objetos¢
kropli pomiarowej wynosita 0,8 pl.

Scientists from different research centers deal with mod-
ification of physical and mechanical properties as well as
accelerating or slowing down the degradation time. To do
that inorganic nanofillers can be added to PLA matrix. Ani-
sotropic (silicates, carbon nanotubes, hydroxyapatite) [1,3]
or isotropic (SiO,, CaCO;, i TiO,) [4,5] nanoparticles can be
used. Among these widely known fillers titanium dioxide (IV)
TiO, is most frequently used. Usually it serves to achieve
mixtures with polyvinyl chloride, polystyrene, polyethylene
and polypropylene [1,5,6]. An addition of TiO, in the polymer
matrix causes an increase of crystallinity degree, influences
the flow point position and changes the glass transition
value. An addition of TiO, to PLA reduces its permeability
to gases. Additionally such a composite may exhibit bacte-
ricidal, antifungal and self-cleaning properties after radiating
it by light of adequate spectral range [7].

In present work an influence of unmodified and modified
TiO, by RF PECVD (Radio Frequency Plasma Enhanced
Chemical Vapour Deposition) technique on PLA mechanical
and physical properties is presented..

Materials and methods

As a polymer matrix poly(L-lactic acid) was used, known
under a trade name PolyLactic Acid, Ingeo™ 3052D prode-
ced by NAtureWorks LLC. TiO, powder known under a trade
name Aeroxide P25 (78% of anatase, 14% of rutile and 8%
of amorphous phase) was used as a filler.

Modification process of the filler (TiO,) was performed
in a rotary RF PECVD reactor. The apparatus consists of
four main parts: high frequency rotary reactor chamber, an
electric field of a high frequency power supply system, op-
erating gases supply system, vacuum system with pressure
recording. Methane was used as an operating gas.

Two flow rates of this gas were used: 15 and 30 sccm.
100 W of glow discharge power was a constant parameter.
The optimal process duration of 4 minutes was established
plus 2 minutes of an additional powder activation by methane
(without plasma presence).

FTiR (Fourier Transform Infrared Spectroscopy) analysis
at a modified powder was made in a range from 4000 to
400 cm™, with the resolution of 4 cm™. The Nicolet iS50
spectrometer was used. The analysis was made with use
of DRIFT type of diffuse reflection accessory produced by
Harrick company. TiO,/PLA mixtures were prepared by injec-
tion molding technique at ArburgAllrounder 320C hydraulic
injection molding machine.

According to PN-EN ISO standard 527-1:2012 and PN-
EN ISO standard 527-2:2012, the samples were prepared
in A1 type forms. Tensile strength examinations were per-
formed with a use of Luis Schopper tensile testing machine
in a force range of 0+5000 N and 32 mm/min speed. Impact
resistance studies were made at Dynstat type apparatus at
unnothed speciments, which were cut out of a measurement
part of A1 form.

Contact angle value studies were performed by an appa-
ratus of Kruss GmbH Germany company, FM40 EasyDrop
model. Drop volume was set to 0,8 pl.
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RYS. 1. Widmo FTIR dla proszku TiO, niemodyfikowanego i modyfikowanego przy przeptywie metanu 15i 30 sccm.
FIG. 1. FTiR spectrum for unmodified and modified TiO, powder at 15 and 300 sccm of methane flow rate.

Wyniki i dyskusja

Na RYS. 1 przedstawiono widmo FTIR dla niemody-
fikowanego TiO, oraz poddanego modyfikacji w plazmie
niskotemperaturowej przy przeptywie metanu 15i 30 sccm.
We wszystkich widmach wystepujg charakterystyczne piki
dla anatazu oraz rutylu przy liczbach falowych 400-500
cm' oraz 600-700 cm™', ktére zwigzane sg z wystepowa-
niem wigzania Ti-O-Ti. Ponadto stwierdzono obecnos$é
szerokiego pasma w zakresie 3700 a 3200 cm™ pochodza-
cego od drgan rozciggajgcych grupy hydroksylowej -OH.
W przypadku proszku modyfikowanego piki znajdujgce sie
przy liczbach falowych 1545, 1452 i 1415 cm™ $wiadcza o
obecnosci wigzania M-O-C oraz grup —CH, i -CH,. Z kolei
szerokie maksimum lezgce w zakresie od 3000 do 2800 cm'*
potwierdza obecnos¢ drgan rozciggajgcych grup alifatycz-
nych -CH,. Pasma posiadajgce maksimum przy liczbie
falowej 2964 i 2872 cm™" nalezg do grypy metylowej. Z kolei
pasma lezace przy 2926 i 2850 cm' zwigzane sg z obecno-
$cig grupy metylenowej pochodzgcych tez odpowiednio od
jej drgan antysymetrycznych i symetrycznych.

Wyniki z pomiarow wytrzymatosci na rozerwanie oraz
udarnosci przedstawiono w TABELI 1. Przyblizona litera-
turowa warto$¢ wytrzymatosci na rozerwanie dla czystego
PLA wynosi ok. 55 MPa [1]. Badany PLA posiada przybli-
zong wartos¢ do danych literaturowych. Dodatek niemo-
dyfikowanego TiO, powoduje niewielki wzrost tej wartosci.
Przy czym nieco wiekszy wzrost wartosci wytrzymatosci
zaobserwowano dla modyfikowanego napetniacza. Nalezy
tutaj jednak podkresli¢, ze rozrzut pomigdzy otrzymanymi
wynikami jest jednak nieduzy. Z kolei zastosowany na-
nododatek poprawia wyraznie udarnos¢ probek. Wzrost
jej wartosci nastepuje nie tylko wraz ze zwigkszaniem sie
zawartosci TiO, ale i takze po zastosowaniu wczesniejszej
modyfikacji jego powierzchni. Jest to dowdd na obecnosé
na powierzchni TiO, zaszczepionych grup —CHX przez ktére
wprowadzone czgsteczki napetniacza wigzg sie ze strukturg
matrycy polimerowe;.

Results and discussions

FIG. 1. shows FTiR spectrum for unmodified and low
temperature plasma modified TiO, (at methane flow rate
of 15 and 30 sccm). All spectra contain typical peaks for
anatase and rutile at 400-500 cm™ and 600-700 cm™" wav-
enumbers, which are related to Ti-O-Ti bonding. Additionally
in the range from 3700 to 3200 cm™ a wide band coming
from stretching vibrations of -OH hydroxyl group is present.
In case of the modified powder, peaks at 1545, 1452 and
1415 cm wavenumbers indicate a presence of M-O-C
bonding and -CH, as well as -CH; groups. Wide maximum
in the range from 3000 to 2800 cm™" proves a presence of
stretching vibrations of -CH, aliphatic groups. Bands with a
maximum by 2964 and 2872 cm™' wavenumbers belong to
methyl group. Bands with a maximum by 2926 i 2850 cm™'
wavenumbers come from methylene group and correspond
to its antisymmetric and symmetric vibrations respectively.

TABLE 1. shows tensile strength and impact resistance
studies results. According to the literature the tensile
strength for pure PLA equals ca. 55 MPa [1]. Measured PLA
exhibits a very similar value of this parameter. An addition
of unmodified TiO, causes a slight increase of this value.
A bit larger increase of tensile strength is observed for the
modified filler. Though, the differences in results are very
small. Then nanoaddition significantly improves the impact
resistance value. It grows not only according to an increase
of an amount of TiO,, but also after its surface modification.
It proves that there are -CHx groups at the surface of TiO,,
which bond inserted filler particles with the structure of the
polymer matrix.

Water contact angle values for the pure PLA amount
to ca. 80 deg. An insert of unmodified TiO, to its structure
causes multistage loss of water contact angle value - this
tendency is decreasing together with an increase of filler
concentration. An insert of the modified TiO, leads to an
increase of the water contact angle value toward the value
for the pure PLA.
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TABELA 1. Zestawienie wtasciwosci mechanicznych
dla czystego PLA oraz kompozytéw TiO,/PLA.
TABLE 1. Mechanical properties of pure PLA and
TiO,/PLA composites.

TABELA 2. Wyniki pomiaréow katow zwilzania woda
dla czystego PLA i kompozytéw TiO,/PLA.

TABLE 2. Water contact angle values for pure PLA
and TiO,/PLA composites

wytrzymaioé'é uqarnoéé Kat zwilzania
na rozerwanie impact .

tensile strength  resistance prébka/sample water contact angle
[MPa] [kJ/m?] [deg]
PLA 53,7 7,6 PLA 79,1
1%TiO,/PLA 54,1 8,3 1%TiO,/PLA 76,0
2%TiO,/PLA 53,5 8,8 2%TiO,/PLA 73,1
4%TiO,/PLA 50,8 7,7 4%TiO,/PLA 72,5
1% TiO,/PLA [15 sccm] 55,1 9,0 1%TiO,/PLA [15 sccm] 80,5
2% TiO,/PLA [15 sccm] 54,4 9,2 2%TiO,/PLA [15 sccm] 77,4
4% TiO,/PLA [15 sccm] 50,3 8,6 4%TiO,/PLA [15 sccm] 76,7
1% TiO,/PLA [30 sccm] 55,0 9,6 1%TiO,/PLA [30 sccm] 82,7
2% TiO,/PLA [30 sccm] 54,4 9,3 2%TiO,/PLA [30 sccm] 77,8
4% TiO,/PLA [30 sccm] 52,1 8,0 4%TiO,/PLA [30 sccm] 75,8

Otrzymane wartosci kgtéw zwilzania wodg czystego PLA
wynoszg ok. 80 deg. Wprowadzenie niemodyfikowanego
TiO, do jego struktury powoduje kilkustopniowy spadek
jego wartosci, zmniejszajagcy sie wraz ze zwiekszaniem
stezenia napetniacza. Z kolei dodatek modyfikowanego
TiO, prowadzi do podniesienia wartosci kata zwilzania do
wartosci odpowiadajgcej czystemu PLA.

Whioski

Z przedstawionych w niniejszej pracy wynikdw mozna
sformutowac nastepujgce wnioski:

- mozliwa jest skuteczna modyfikacja proszku TiO,
metodg RF PECVD o czym $wiadczg zaszczepione grupy
-CH, oraz -CH,,

- zarowno dodatek niemodyfikowanego jak i modyfiko-
wanego TiO, do matrycy polimery PLA nie powoduje zna-
czgcych zmian w wytrzymatosci na rozerwanie otrzymanego
kompozytu,

- dodatek modyfikowanego TiO, do PLA znacznie popra-
wia udarno$¢ uzyskanego materiatu,

- modyfikacja TiO, prowadzi do zmniejszenia zwilzalnosci
powierzchni kompozytu TiO,/PLA
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Conclusions

On the basis of the results presented in this work the
following conclusions can be drawn:

- an effective modification of TiO, powder by RF PECVD
technique is possible - it is indicated by a presence of -CH,
and -CHj; groups,

- an insert of unmodified as well as modified TiO, to the
PLA polymer lattice does not influence much tensile strength
of the composite,

- an insert of modified TiO, to PLA significantly improves
the impact resistance of prepared material,

- modification of TiO, leads to reduction of wetting prop-
erties of TiO,/PLA composite surface.
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Wstep

Inzynieria tkankowa (BTE) stata sie jednym z najbardziej
obiecujgcych obszaréw badan, zajmujgcych sie wykorzy-
staniem tworzyw bioceramicznych oraz polimeréw w celu
stworzenia idealnych biomateriatow syntetycznych [1].
Hydroksyapatyt (HAp) jest tworzywem bioceramicznym,
ktéry ze wzgledu na wysokg biokompatybiilnosc¢ i wtasciwo-
Sci osteoindukcyjne uzywany jest jako substytut kostny [2].
W inzynierii tkankowej wykorzystywane sg takze polimery,
takie jak poli(e-kaprolakton) (PCL), ktére wykazujg dobre
wiasciwosci mechaniczne lecz niewielkg aktywnosc¢ biolo-
giczna. Z tego powodu, jednym z rozwigzan jest tworzenie
skafoldéw kompozytowych, ktdre tgczg w sobie zalety obu
typdw biomateriatéw [3]. Obecne prace coraz czesciej doty-
czg kompozytéw na bazie PCL, ze wzgledu na ich unikatowe
wiasciwosci. Liczne badania potwierdzajg, ze kompozyty na
bazie PCL wykazujg wiekszg zdolno$¢ do pobudzania pro-
cesoéw zasiedlania, proliferacji oraz réznicowania komérek
niz sam PCL [2,4,5].

Celem pracy byto stworzenie skafoldu nanokompozyto-
wego PCL/HAp zmodyfikowang metoda odlewania z roztwo-
ru/wyptukiwania soli oraz ocena wtasciwosci biologicznych
otrzymanego materiatu w stosunku do ludzkich ptodowych
osteoblastow (h-FOB 1.19).

Materialy i metody

Przygotowanie skafoldow.

Poli(e-kaprolakton) (M,45000) oraz hydroksyapatyt (<200
nm) zostat zakupiony w Sigma-Aldrich. Zastosowanym
rozpuszczalnikiem byt dichlorometan pozyskany z Avantor
Performance Materials Poland S.A. Jako porogen wykorzy-
stano chlorek sodu o dwdch wielkosciach ziaren: 300 pm
i 200 um. Do rozdziatu porogenu na frakcje zastosowano
wytrzgsarke ultradzwiekowg. Do wytworzenia ggbek zasto-
sowano metode odlewania z roztworu/wymywania porogenu
(solvent casting/porogen leaching). Przygotowano 20% (wt/
wt) roztwor poli(e-kaprolaktonu) w dichlorometanie, ktéry
nastepnie homogenizowano przez 24 godziny na mieszadle
magnetycznym. Osobno przygotowano mieszanine czgstek
statych: zawierajgca: 20 g chlorku sodu o rozmiarze ziaren
300 pum, 10 g chlorku sodu o rozmiarze ziaren 200 ym oraz
hydroksyapatytu. Roztwor polimeru zmieszano z miesza-
ning porogenu i hydroksyapatytu, umieszczono w formie
i pozostawiono na 7 dni w celu powolnego odparowania
rozpuszczalnika. Nastepnie wymyto czgstki porogenu po-
przez powolne wyptukiwanie w wodzie destylowanej, az do
osiggniecia przewodnictwa wody destylowanej. Nastepnie
gabki suszono przez 24 godziny w suszarce, w temp. 40°C.

IN VITRO CYTOTOXICITY
ASSESSMENT OF PCL/HAp
NANOCOMPOSITE SCAFFOLD
FOR BONE TISSUE ENGINEERING

KaTArRzYNA KLIMEK!, MALGORZATA SWIETEK?,
MARTA Brazewicz?, GRAZYNA GINALSKA'
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Introduction

Bone tissue engineering (BTE) became one of the most
promising areas of research, focusing on bioceramics and
polymers to reach ideal synthetic biomaterials [1]. The hy-
droxyapatite (HAp) is a bioceramics that has been investi-
gated as a biocompatible and osteoinductive biomaterial for
use as bone substitute [2]. On the other hand, the polymers
used in BTE such as poly(e-caprolactone) (PCL), exhibit
good mechanical properties, but low intrinsic bioactivity.
For this reason, one of the main strategies are designing
of composite scaffold which combine the advantages of
two biomaterials classes [3]. The present studies focus on
development of PCL composites, because of their unique
properties. Itis known that the PCL composites show higher
seeding efficiency, proliferation rates and differentiation
effect than PCL alone [2,4,5].

The aim of this study was to fabricate a novel PCL/HAp
nanocomposite scaffold by solvent casting/salt leaching
modified method, and to assess biological properties of this
composite using human fetal osteoblasts (h-FOB 1.19).

Materials and methods

Preparation of scaffold.

Poly(e-caprolactone) (M, 45000) and hydroxyapatite
(<200nm particle size) were purchased from Sigma Aldrich
Co. The solvent used to prepare polymer solution was di-
chloromethane obtained from Avantor Performance Materi-
als Poland S.A. As a porogen two grain size fractions 200 pm
and 300 um of sodium chloride were used. To obtain individ-
ual fractions of porogen an ultrasonic sieving processor was
applied. For fabrication PCL/HAp scaffold solvent casting/
salt leaching method was applied. Poly(e-caprolactone)
was dissolved in dichloromethane in order to prepare 20%
(wt/wt) solution of polymer which was later homogenized
continuously on magnetic stirrer for 24 hours. Separately
the mixture of solid particles was prepared. It contained:
20 g of 300 ym grain fraction of porogen, 10 g of 200 pm
grain fraction of porogen and hydroxyapatite. The solution
of polymer was mixed with compound of sodium chloride
and nanoaddition. The mixture was put into template and
left for 7 days to allow the slow evaporation of dissolvent.
Afterwards, porogen particles were removing by dissolving
in distillate water and leaching until the conductivity of the
distillate water was achieved. At the end, composite scaf-
folds were dried in 40°C for 24 hours.
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Obrazowanie mikrostruktury

W celu zobrazowania i optymalizacji morfologii wtdkien
nanokompozytu PCL/HAp, wykorzystano elektronowy
mikroskop skaningowy (SEM). Bezposrednio przez obser-
wacjg probki zostaty napylone warstwg wegla.

Badania z wykorzystaniem hodowli komérkowych

W badaniach in vitro wykorzystano ludzkie, prawidtowe
preosteoblasty linii h-FOB 1.19, pochodzace z Amerykan-
skiej Kolekcji Hodowli Komdérkowych (ATCC). Hodowle
prowadzono w temperaturze 34°C i atmosferze 5% CO,.
Bezposrednio przez eksperymentami, krgzki nanokompozy-
tu zostaty wysterylizowany w 75% roztworze etanolu przez 4
godziny. Po tym czasie, materiaty dodatkowo sterylizowano
promieniowaniem ultrafioletowym przez 2 godziny. W celu
wyptukania resztek etanolu, wysterylizowane materiaty
inkubowano przez 24 godziny w roztworze PBS.

Ocena aktywnosci cytotoksycznej w tescie posrednim

W badaniu aktywnosci cytotoksycznej kompozytu PCL/
HAP wykorzystano metode posrednig z wykorzystaniem
ekstraktu z badanego materiatu, zgodnie z normg 1ISO
10993-5. Stosunek masy materiatu do objetosci ptynu ho-
dowlanego wynosit 0,1 g/ml. Kontrole negatywng stanowito
podtoze hodowlane bez dodatku kompozytu, natomiast kon-
trole pozytywng stanowit 10% DMSO. Na poczatku zawie-
sine komérek h-FOB 1.19 w petnym podtozu hodowlanym
doprowadzono do gestosci 1,5x10°% kom./ml i rozlewano po
100 pl do dotkéw ptytki 96-dotkowej. Po catonocnej inkubacji
w temperaturze 34°C, $ciggano ptyn hodowlany i dodawano
po 100 pl/dotek odpowiednich ekstraktéw. Po 24- i 48- go-
dzinnej inkubacji w standardowych warunkach, zywotno$c¢
komoérek zostata oznaczona metodami MTT oraz NRU.
W celu wykonania testu MTT, do dotkéw dodawano po 25 pl
roztworu MTT w PBS o stezeniu 5mg/ml, inkubowano przez
3 godziny w temperaturze 34°C, a nastepnie dodawano
po 100 pl na dotek roztworu SDS-HCL. Po 12-godzinnej
inkubacji mierzono absorbancje roztworu przy dtugosci fali
570 nm za pomocga automatycznego czytnika ptytek (Biotek
ELx50). W celu wykonania testu NRU, komorki przemyto
roztworem PBS i dodawano 100ul roztworu NRU (50 pl/ml
DMEM/F12). Po 3 godzinnej inkubacji w 34°C komorki
przemywano roztworem PBS i dodawano po 100ul/dotek
roztworu rozpuszczalnika (1% lodowaty kwas octowy/ 49%
woda destylowana/ 50% etanol). Nastepnie ptytke wytrza-
sano przez 20 min i mierzono absorbancje przy dtugosci
fali 540 nm za pomocg automatycznego czytnika ptytek
(Biotek ELx50).

Badania wptywu biomateriatu na proliferacje komorek.

W badaniu stopnia proliferacji komodrek uzyto test z
Sulforodaming B (SRB). Zawiesing komorek h-FOB 1.19 w
petnym podtozu doprowadzono do gestosci 3x10* kom./ml i
rozlewano po 700ul bezposrednio na materiat umieszczony
w ptytce 24-dotkowej. Jako kontrole uzyto nietoksycznych
krazkéw polistyrenowych (13 mm $rednicy). Po 96- go-
dzinnej inkubacji w temperaturze 34°C, usunieto podtoze
hodowlane, a krgzki przeniesiono do sgsiadujgcych dotkow
w nowej ptytce 24-dotkowej. Nastepnie dodano 700 pl
petnego podtoza hodowlanego, komérki utrwalono 175 pl
50% kwasu tréjchlorooctowego (TCA) i umieszczono przez
godzine w temperaturze 4°C. Po zakonczeniu inkubaciji,
krazki przemyto wodg i pozostawiono do wyschniecia.
Po tym czasie, komérki barwiono przez 20 min dodajgc
700 pl 0,4% SRB rozpuszczonej w 1% kwasie octowym,
a nastepnie przemywano 5 razy 1% kwasem octowym w
celu wyptukania niezwigzanych czastek. W celu uwolnie-
nia zwigzanych biatek komoérkowych dodawano po 700 pl
10mM roztworu Tris i wytrzasano ptytke przez 20 min.

Microstructure visualization

Scanning Electron Microscopy (SEM) (Zeiss ULTRAPplus) ® @ @ e ® & o

was used for determining and optimizing the fiber morpholo-
gy of PCL/HAp nanocomposite scaffold. The samples were
sputtered with carbon before observation.

Cell culture

The in vitro assessment was carried out using human
fetal osteoblasts (h-FOB 1.19) purchased from American
Type Culture Collection (ATCC). The cells were cultured at
34°C in a humidified atmosphere of 5% CO,. For cell culture
studies the biomaterial was cut into small circular discs
(3 mm thick, 13mm diameter) and sterilized with 75% (v/v)
ethanol solution for 4 hours. The samples were additional-
ly sterilized with ultrafiolet light for 2 hours. The sterilized
pieces were preincubated in PBS solution for 24 hours to
replace the ethanol remaining in the samples.

Cytotoxicity evaluation by indirect test.

The cytotoxic activity of PCL/HAp nanocomposite scaf-
fold was evaluated by indirect test using extracts prepared
according to ISO 10993-5. The ratio between biomaterial
weight and the volume of culture medium was 0.1 g/ml. Cul-
ture medium without sample and 10% DMSO was served as
a negative control and positive control, respectively. Firstly,
the h-FOB 1.19 cells were seeded in 96-well plates in 100
pl of complete medium at concentration of 1.5x10° cells/ml.
After overnight incubation at 34°C, the culture medium was
removed and 100 pl of extracts or 10% DMSO were added.
After 24- and 48-hour incubation, in order to evaluate cell
viability, the MTT and NRU assays were performed. For the
MTT assay, 25 ul of the MTT solution (5mg/ml in the PBS)
per well were added and the plate was incubated at 34°C
for 3 hours. Next, 100 pl of SDS-HCL solution per well was
added. After 12-hour incubation the absorbance was meas-
ured with a microplate reader (Biotek ELx50) at 570 nm.
For the NRU assay, cells were rinsed with the PSB and 100 pl
of NRU solution (50 pl/ml DMEM/F12) in culture medium
per well were added and the plate was incubated at 34°C
for 3 hours. After incubation, the cells were rinsed with PBS,
and 100 pl of solvent (1% glacial acetic acid, 49% distilled
water, 50% ethanol) per well was added. Then, the plate was
agitated for 20 minutes and the absorbance was measured
at 540nm using microplate reader (Biotek ELx50).

Cell proliferation assessment.

To evaluate cell proliferation, the Sulforhodamine B (SRB)
In Vitro Toxicology Assay was used. The h-FOB 1.19 cells
were seeded directly on the nanocomposite discs in 24-well
plates in 700 pl of complete medium at concentration of 3x10*
cells/disc. As a control, non-toxic polystyrene discs (13 mm
diameter) were used. After 96 hours incubation at 34°C, the
culture medium was removed and discs were transferred to
the corresponding wells in a new 24-well plate. Next, 700 pl
of complete medium were added and the cells were fixed
with 175 pl of 50% trichloroacetic acid (TCA) at 4°C for 1
hour. After incubation, the discs were washed with tap water
and the plate was air-dried. After that time, the cells were
stained for 20 minutes with 700 pl of 0.4% SRB dissolved in
1% acetic acid and washed five times with 1% acetic acid to
remove unbound stain. Then, the bound protein stain was
solubilised with 700 pl of 10mM Tris base. The plate was
agitated for 20 minutes. The absorbance was measured
at 492 nm and subtracting the background was measured
at 620 nm using a microplate reader (Biotek Synergy H4).
Since the discs absorb some SRB, additional controls con-
taining discs and cell-free medium were run.
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Absorbancje mierzono przy dtugosci fali 492 nm za pomo-
cg automatycznego czytnika ptytek (Biotek Synergy H4).
Absorbancje tta mierzono przy dtugosci fali 650 nm i odej-
mowano od pierwotnego pomiaru. Poniewaz biomateriat
chtonie SRB, dodatkowo wykonano kontrole zawierajgca
same biomateriaty oraz kontrole z podtozem hodowlanym.

Ocena zdolnosci adhezyjnej komérek do biomateriatu.

Zdolnos¢ adhezyjng komdrek h-FOB 1.19 do kompozytu
PCL/HAp oceniano metodg bezposrednig z wykorzystaniem
fioletu krystalicznego (CV). W celu oznaczenia stopnia
adhezji komorek do biomateriatu, zawiesing komdrek h-FOB
1.19 w petnym podtozu doprowadzono do gestosci 5x10*
kom./ml i rozlewano po 700 ul bezposrednio na materiat
umieszczony w ptytce 24-dotkowej. Jako kontrole uzyto
nietoksycznych krgzkéw polistyrenowych (13mm $rednicy).
Po 3-godzinnej inkubacji w temperaturze 34°C, usunieto
podtoze hodowlane, a krgzki przeniesiono do sgsiadujgcych
dotkdw w nowej ptytce 24-dotkowej. Nastepnie, komorki
utrwalono dodajgc 700 pl 2% paraformaldehydu (pH 7.4)
przez godzine. Po tym czasie zlano paraformaldehyd, a
komarki wybarwiono przez 5 min 0,5% roztworem fioletu
krystalicznego w 20% etanolu. Nastepnie krazki 5-cio
krotnie przemyto wodg i pozostawiono do wyschnigecia. Po
wyschnieciu, zaabsorbowany barwnik wyekstrahowano
dodajagc 1000ul 96% etanolu. Plytke wytrzgsano przez 15
minut i mierzono absorbancje przy dtugosci fali 570 nm za
pomocg automatycznego czytnika ptytek (Biotek Synergy
H4). Poniewaz biomateriat chtonie fiolet krystaliczny, dodat-
kowo wykonano kontrole zawierajacg same biomateriaty
oraz kontrole z podtozem hodowlanym.

Wyniki

Obserwacje przeprowadzone za pomocg skaningowej
mikroskopii elektronowej wykazaty kompleksowg porowa-
tos¢ wytworzonego nanokompozytu. Obecne sg pory o
zréznicowanych rozmiarach i ksztattach. Ksztatty duzych
poréw (300, 200 um) odzwierciedlajg ksztatty ziaren poro-
genu. Hydroksyapatyt obecny jest w postaci matych, charak-
terystycznych granulek (analiza EDX potwierdzita zaréwno
obecnosc fosforu jak i wapnia). Hydroksyapatyt prawdopo-
dobnie zlokalizowany jest zaréwno przy powierzchni porow
jak i w gtebi kompozytowej ggbki. Obecnos¢ pikow wegla i
tlenu w analizie EDX pochodza od polimeru.

W celu oceny aktywnosci cytotoksycznej nanokompozy-
tu PCL/HAp w stosunku do linii komoérkowej h-FOB 1.19,
wykonano testy MTT i NRU. W obu przeprowadzonych
testach nie otrzymalismy wynikow istotnych statystycznie.
Po 24-godzinnej inkubacji, w tescie MTT wykazano, ze
aktywnos¢ metaboliczna komorek traktowanych ekstraktem
z PCL/HAp spadta do 90,3% w poréwnaniu do kontroli.
Wydtuzenie czasu inkubacji (48 godz.) spowodowato dal-
szy spadek zywotnosci do 85,3% w poréwnaniu z kontrola.
Warto podkresli¢, ze wyniki testu MTT zostaty czesciowo
potwierdzone w tescie NRU. Zaréwno po 24- jak i 48- go-
dzinnej inkubacji, ilo$¢ pochtonietej przez komaérki czerwieni
obojetnej byta stosunkowo wysoka, a zywotnos¢ komérek
nieznacznie spadta do odpowiednio 93,7% oraz 92,3%, w
poréwnaniu do kontroli.

Dodatkowo, oceniano zdolnos¢ komoérek do adhezji i
proliferacji. Gtéwng role w procesach adhezji i proliferaciji
komdrek odgrywajg wzajemne interakcje miedzy komorkami
a biomateriatem. W naszych badaniach oceniali$my stopien
proliferacji osteoblastéw za pomocg testu z sulforodaming B.

Cell adherence assessment.

The ability of the h-FOB 1.19 cells to adhere to PCL/HAp
nanocomposite scaffold was evaluated by direct test using
crystal violet assay (CV). In order to determine the cells
adherence, the h-FOB 1.19 cells were seeded directly on
the composite discs in 24-well plates in 700 ul of complete
medium at concentration of 5x10* cells/disc. As a control,
non-toxic polystyrene discs (13 mm diameter) were used.
After 3- hour incubation at 34°C, the culture medium was
removed and discs were transferred to corresponding wells
in a new 24-well plate. Next, the cells adhered to the discs
were fixed with 700 pl of 2% paraformaldehyde (pH 7.4) for
1 hour. Then, paraformadehyde was removed and the cells
on the discs were stained with 0,5% crystal violet in 20%
ethanol for 5 minutes. After that, the discs were washed five
times with water and the plate was air-dried. After drying, the
absorbed dye was solubilised with 1000 pl of 96% ethanol.
The plate were agitated for 15 minutes. The absorbance
was measured with a microplate reader (Biotek Synergy
H4) at 570 nm. Since the discs absorb some CV, additional
controls containing discs and cell-free medium were run.

Results

Studies carried out using scanning electron microscope
demonstrated the complex porosity of fabricated nano-
composites. Pores with different shapes and sizes were
present. The shapes of huge pores (300, 200 um) reflected
the shape of particle. Hydroxyapatite is observed in the
form of granules (EDX analysis confirmed the presence
of phosphorus and calcium). Hydroxyapatite was probably
localized both on the surface and inside the nanocomposite
scaffold. Peaks of carbon and oxygen in EDX analysis were
associated with polymer.

In our study, MTT and NRU assays were performed in
order to determine the cytotoxic activity of PCL/HAp nano-
composite scaffold on h-FOB 1.19 cell line. We observed
that both MTT and NRU assays did not give statistically
significant results. After 24-hour incubation, the MTT test
showed that h-FOB cells metabolic activity exposed to the
PCL/HAp nanocomposite extract were decreased to 90.3%,
compared to the control. In addition, we observed that cell
metabolic activity was slightly reduced in time-dependent
manner. After 48-hour exposure, the cell metabolic activity
was decreased to 85.3%, compared to the control. Further-
more, it was noted that the NRU test partially confirmed the
MTT test results. After both 24- and 48- hour incubation, the
amount of incorporated neutral red was relatively high, and
the cell viability was slightly decreased to 93.7% and 92.3%,
respectively, compared to the control.

Moreover, the cell adhesion and proliferation were also
tested. The interactions between the cells and the biomateri-
al scaffolds play main role in cell adhesion and proliferation.
In our study, we evaluated the osteoblasts proliferation rates,
using Sulforhodamine B assay. After 96-hour incubation,
the cell numbers on the PCL/HAp nanocomposite scaffolds
were increased remarkably. The study demonstrated, that
the amount of incorporated Sulforhodamine B increased
approximately three-fold, compared to the control. Further-
more, in order to determine cell adherence ability, the CV
test was performed. The CV test results clearly confirmed
the Sulforhodamine test results. After 3-hour incubation, we
observed greater cell adhesion to the PCL/HAp nanocom-
posite scaffold than to the polystyrene (control).
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Po 96-godzinnej inkubacji, liczba komdérek na nanokompo-
zycie PCL/HAp znaczgco wzrosta. llos¢ zwigzanej przez
komorki sulforodaminy B wzrosta prawie 3-krotnie w po-
réwnaniu z kontrolg. Ponadto, w celu okreslenia zdolnosci
adhezyjnej komorek do biomateriatu, wykonano CV test.
Otrzymane w tescie CV wyniki potwierdzajg wyniki otrzy-
mane w tescie z sulforodaming B. Po 3-godzinnej inkubacji,
obserwowano wiekszg adhezje komoérek do nanokompozytu
PCL/HAp niz do polistyrenu (kontrola).

Whnioski

W naszej pracy badalismy strukture i biokompatybilnos$¢
skafoldu nanokompozytowego PCL/HAp orzymanego zmo-
dyfikowang metodg odlewania z roztworu/wyptukiwania soli.
Warto podkresli¢, ze skafold nanokompozytowy PCL/HAp
jest wysoce porowaty, nie toksyczny i pobudza komérki do
proceséw adhezji i proliferacji. Dlatego tez, mamy nadzieje,
ze nasz biomateriat znajdzie w przysztosci zastosowanie w
inzynierii tkankowej jako substytut kostny.
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Conclusion

In this work, we studied the morphologies and biocompat-
ibility of the PCL/HAp nanocomposite scaffold fabricated by
solvent casting/salt leaching modified method. It was noted
that PCL/HAp nanocomposite scaffold was high porous,
non-toxic and induced cell adhesion and proliferation. There-
fore, we hope that our biomaterial will find some application
as bone substitute for bone tissue engineering.
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Streszczenie

Fosforany wapnia zaliczane sg do biomateriatow
ceramicznych, resorbowalnych. Kosci i zeby kre-
gowcow zbudowane sg z fosforanu wapnia, gtownie
z hydroksyapatytu. Zajmuje on szczegolne miejsce
posroéd fosforanow wapnia, ze wzgledu na wyjgtkowe
wiasciwosci fizykochemiczne i biologiczne.

Zaréwno hydroksyapatyt (HAp), jak i ortofosforan
(V) wapnia (TCP) sg solami tréjzasadowego kwasu
ortofosforowego — H,PO,,.. Dzieki wiasciwo$ciom uzyt-
kowym znalazty szerokie zastosowanie w medycynie
i stomatologii. Amorficzny fosforan wapnia dodawany
Jjest do preparatéow wybielajgcych, stosowanych do
metody naktadkowej oraz metody z wykorzystaniem
lampy UV. Badania kliniczne dowodzg, ze amorficzny
fosforan wapnia (ACP) ma nastepujgce wtasciwosci:
odbudowuje szkliwo poprzez wytworzenie nowej
powtoki hydroksyapatytowej na powierzchni zebdow,
zmniejsza nadwrazliwo$c¢ zebow, przywraca zebom
potysk i wygtadza ich powierzchnie oraz zmnigjsza
ryzyko nawrotu przebarwien.

Stowa kluczowe: hydroksyapatyt, fosforany wap-
nia, szkliwo

[Inzynieria Biomateriatow, 128-129, (2014), 54-56]

Wprowadzenie

Resorbowalne fosforany wapnia (gtéwnie hydroksyapatyt
HAp) jako biomateriaty ceramiczne juz od dawna znalazly
swoje miejsce w medycynie i weterynarii. Obecnie coraz
czesciej pojawiajg sie takze publikacje naukowe dotyczace
stosowania HAp w stomatologii. Dotychczas stosowane kom-
pozyty do wypetnier bezposrednich zawierajg napetniacze
poprawiajgce wiasciwosci mechaniczne kompozytéw stoma-
tologicznych. Zeby sg gtownie zbudowane z hydroksyapatytu
dlatego bada sie kompozyty zawierajgce ten biomateriat.
Uwaza sie, ze mogg one niwelowac nadwrazliwos¢ w przy-
padku gtebokich ubytkow, zapobiegac prochnicy wtornej oraz
zwigkszac estetyke. Prowadzona badania wykazuja, ze fos-
forany wapnia posiadajg wtasciwosci osteokondukcyjne. Ma-
teriaty tego typu mozna podzieli¢ na materiaty alloplastyczne
i heterogenne pochodzenia zwierzecego. Najbardziej po-
pularnymi wéréd materiatéw alloplastycznych sg materiaty
ceramiczne i dzielg sie na biozgodne, ktore nie wywotujg
szkodliwych reakcji w organizmie (np. tlenek glinu) oraz
materiaty bioaktywne (wspomagajace biologiczne procesy
odbudowy kosci). O zdolnosciach osteokonduktywnych de-
cyduje w gtbwnej mierze struktura powierzchni materiatu [9].
Fosforany wapnia sg materiatami dobrze tolerowanymi przez
organizm. Majg dziatanie stymulujgce procesy odbudowy
kosci i szybko ulegajg osteointegrac;i.

Fosforany wapnia, ktére mogg by¢é pochodzenia syn-
tetycznego (HAp, TCP oraz dwufazowe materiaty implan-
tacyjne BCP zawierajgce hydroksyapatyt i ortofosforan (V)
wapnia, a i B TCP) i naturalnego ( naturalna kos$¢, szkielety
koralowcow) [7].

THE APPLICATIONS OF CALCIUM
PHOSPHATES IN DENTISTRY
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Abstract

Calcium phosphates are among the ceramic bioma-
terials, resorbable. Bones and teeth of vertebrates are
composed of calcium phosphate, mainly hydroxyapati-
te, which occupies a special place among the calcium
phosphates, due to the unique physical, chemical and
biological properties.

Both the hydroxyapatite (HAp), as well as ortho-
phosphate (V) phosphate (TCP) are salts of tribasic
phosphoric acid - H,PO,. Excellent utility properties
found wide application in medicine and dentistry. The
amorphous calcium phosphate is added to the ble-
aching preparations used for the overlay method and
the method using a UV lamp. Clinical studies show
that the amorphous calcium phosphate (ACP) has
the following characteristics: recovering, by creating
a new enamel hydroxyapatite coating on the surface
of the teeth, reduce hypersensitivity of the teeth, the
teeth restores the gloss and smooth the surface and
reduce the risk of recurrence of discoloration.

Keywords: hydroxyapatite, calcium phosphates,
enamel

[Engineering of Biomaterials, 128-129, (2014), 54-56]

Introduction

Resorbable calcium phosphates (mainly hydroxyapa-
tite HAp) as ceramic biomaterials are commonly used in
medicine and veterinary for some time. Recently, scientific
publications about HAp usage in dentistry appear more
frequently. Composites currently used in direct dental fill-
ings contain fillers which improve mechanical properties of
dental composites. Teeth consist mainly of hydroxyapatite,
therefore composites containing it are under investigation.
Itis thought that such composites may eliminate hypersen-
sitivity in case of deep cavity, prevent secondary caries and
improve aesthetics. According to carried out tests calcium
phosphates possess osteoconductive properties. Among
that type materials can be distinguished two categories — al-
loplastic materials and heterogenous animal origin materials.
The most popular of alloplastic materials are ceramics that
are divided into groups — biocompatible materials that pres-
ent non-toxic reaction in human organism (e.g. aluminium
oxide) and bioactive materials (they support biological pro-
cesses in bone regeneration). Osteoconductivity of material
depends mostly on material surface structure [9]. Calcium
phosphates are well-tolerated materials in living organisms.
They stimulate bone regeneration processes and integrate
fast with tissue (fast osteointegration).

Calcium phosphates can be either synthetic (HAp, TCP
and two-phased implanted materials BCP which contain
hydroxyapatite and calcium orthophosphate, a- and B-TCP)
or natural (natural bone, skeletons of corals) [7].
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Hydroksyapatyt

Oznaczany jest w literaturze symbolami HAp, HAP, HA
lub OHAp [3,4].W strukturze HAp jony wapniowe i fosfora-
nowe ukfadajg sie na ptaszczyznie szesciokgta, wokét poto-
zonej w srodku grupy hydroksylowej OH-. W obrazie tréjwy-
miarowym kolumna jonéw hydroksylowych wyznacza dtugg
0$ (0$ c) powstajgcego krysztatu. Ca' oznacza jony wapnia
lezgce blizej, Ca* jony wapnia lezgce dalej od osi ¢ [1].
Opisana struktura jest schematycznie przedstawiona na

Hydroxyapatite

In the literature it is abbreviated HAp, HAP, HAor OHAp ® @ e e @ @ o

[3,4]. In the structure of HAp calcium and phosphate ions are
arranged on hexagon plane, where hydroxyl group OH- is in
the centre. In three-dimensional image column of hydroxyl
ions outlines long axis (axis c) of created crystal. Ca' means
calcium ions that are closer to axis ¢, Ca* —calcium ions
located further away from that axis [1].

Insertion of fluorine ions accelerates formation of hy-

RYS. 1.

droxyapatite crystals and increas-

znalazt szerokie zastosowanie w
leczeniu schorzen tkanki kostne;.
W stomatologii wykorzystuje sie
go do znoszenia nadwrazliwosci

necks, in biological healing of
dental pulp and hypoplastic loss
of enamel. It is also added to
dental cements and toothpaste

zebiny w okolicach obnazonych

Wprowadzenie jonow flu- es their stability by decrease of
oru przyspiesza powstawanie solubility in acid environment.
krysztatéw hydroksyapatytu oraz Hydroxyapatite is inorganic com-
zwieksza ich stabilno$¢ poprzez pound occurring in human teeth
zmniejszenie ich rozpuszczal- composition (in the TABLE 1
nosci w srodowisku kwasowym. Cal ) composition of enamel and den-
Hydroksyapayt jest zwigzkiem tin is presented). Synthetic hy-
nieorganicznym wchodzgcym w droxyapatite has found a wide
skifad naszych zebéw. TABELA 1 range of application in the treat-
przedstawia skfad szkliwa i ze- ment of bone tissue diseases.
biny. In dentistry it is used to reduce

Syntetyczny hydroksyapayt P P the sensitivity of exposed tooth

as tooth cleaning and polish-

szyjek zebowych, do leczenia

ing agent. Dental cements are

biologicznego miazgi zebowej RYS. 1. Element struktury krysztaiu HAp. applied in reconstruction and
oraz ubytkéw hipoplastycznych | FIG- 1. Element of crystal structure of HAp. reconstruction of hard tissue

szkliwa. Dodawany jest réwniez

TABELA 1./ TABLE 1.

of teeth as temporary fillings or

Skiad Szkliwo Zebina
Composition Enamel Dentin
Masa Objetos¢ Masa Objetose
Mass Volume Mass Volume

ZwigzKi nieorganiczne 96% 89% 70% 47%

Inorganic Compounds

ZwigzkKi organiczne 1% 2% 20% 32%

Organic Compounds

Woda /Water 3% 9% 10% 21%

Sktadniki organiczne Enameliny Kolagen typ I, fosfoproteiny glikoproteiny, proteogli-
kany, fosforaza zasadowa, metaloproteinazy biatka
surowicy krwi, fosfolipidy, kwas cytrynowy
Type | collagen, phosphoproteins and another acidic

Enamelins glycoproteins, proteoglycans, grothw factors, alkaline

Organic Compounds phosphatase, protein metalloproteinases of blood
serum, phospholipids, citric acid

Sktadniki nieorganiczne Fosforan wapnia (duze krysztaty|Fosforan wapnia (mate krysztaty hydroksyapatytu)

hydroksyapatytu, weglan wapnia, | sladowe ilosci jonow fluorowych i weglanowych
magnez, potas, soéd , fluor Calcium phosphate (small crystals of HAp), trace

Inorganic Compounds Calcium phosphate (large crystals of [ quantities of fluorine and sodium ions

HAp), calcium carbonate, magnesium,
potassium, sodium, fluorine)

do cementéw dentystycznych i past do zebow jako srodek
oczyszczajacy i polerujacy zeby. Cementy stomatologicz-
ne sg stostowane do rekonstrukcji i odbudowy twardych
tkanek zeba jako wypetnienia czasowe lub ostateczne ich
ubytkéw. Proszek w cementach fosforanowo wapniowych
sktada sie zwykle z amorficznego fosforanu wapnia (ACP),
a-trojfosforanu wapnia (a-TCP), difosforanu wapnia (DCP)
dziewieciotlenku difosforu (V) tetrawapnia (TTCP), jedno-
wodnego fosforanu jednowapniowego (MCPM) i weglanu
wapnia (CC).

final fillings of cavities. Powder in calcium phosphate ce-
ments consists of amorphous calcium phosphate (ACP),
a- tricalcium phosphate (TCP), dicalcium phosphate (DCP),
tetracalcium diphosphate 10-oxide (TTCP), monohydrate
calcium phosphate (MCPM) and calcium carbonate (CC).

Amorphous calcium phosphate is added to tooth whit-
ening agents used in the overlay method or the method
with UV lamps. Clinical research indicates that amorphous
calcium phosphate (ACP) has such properties as: it re-
builds and reinforces tooth enamel by creating new layer
of hydroxyapatite on tooth surface, it restores tooth gloss,
smoothes tooth surface and reduces the risk of relapses of
tooth discolouration.
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Amorficzny fosforan wapnia dodawany jest do prepara-

® o o o 0 @ o 6w wybielajgcych, stosowanych do metody naktadkowej

oraz metody z wykorzystaniem lampy UV. Badania kliniczne
dowodzg, ze amorficzny fosforan wapnia (ACP) ma nastepu-
jace wiasciwosci: odbudowuije szkliwo poprzez wytworzenie
nowej powtoki hydroksyapatytowej na powierzchni zebow,
przywraca zebom potysk i wygtadza ich powierzchnie oraz
zmniejsza ryzyko nawrotu przebarwien.

Hydroksyapayt jest stosowany do uzupetniania ubytkow
kostnych po hemisekgji, radektomii czy amputacji korzenia
zebowego, a takze w chirurgii szczekowo-twarzaowej, aby
wypei¢ ubytki po usunietych torbielach lub guzach. Hy-
droksyapayt jest dielektrykiem, co ma ogromne znaczenie w
przypadku produkcji z niego implantow. Nie nagrzewajg sie
w czasie wykonywanych zabiegéw fizykoterapeutycznych
i nie zaburzajg w organizmie sygnatéw elektrycznych za
posrednictwem systemu nerwowego [8].

Po zabiegu ekstrakcji wprowadzony do zebodotu,
powoduje zmniejszenie krwawienia i objetosci skrzepu,
przez co przyspiesza regeneracje i zapobiega powiktaniom
zapalnym. W przypadku implantologii zwieksza zdolnos¢
tolerancji ciata obcego i przyspiesza gojenie po wymiesza-
niu z krwig pacjenta, szpikiem kostnym i solg fizjologiczna.

Fosforan (V) wapnia - TCP

TCP jest syntetycznym dwuortofosforanem tréjwapnia.
Charakteryzuje sie barwa biatg i wystepuje w dwoch odmi-
nach polimorficznych wysokotemperaturowej a i niskotem-
peraturowej 3. Odmiana wysokotemperaturowa a TCP od-
znacza sie lepszg rozpuszczalnoscia i wiekszg szybkoscig
rozpuszczania w stosunku do niskotemperaturowej g TCP,
Co przyczynito sie do szerszego zastosowania w medycynie
i stomatologii w poréwnaniu z wysokotemperaturowa [7].

Chemiczne i mineralogiczne podobienstwo do tkanki
kostnej sprawia, ze jest on biozgodny i posiada wtasciwosci
osteokondukcyjne. Cechuje sie dobrg tolerancjg, brakiem
odczynoéw zapalnych ze strony tkanek gospodarza i co
najowazniejsze brakiem ryzyka zwigzanego z infekcjg
wirusem HIV, zo6itaczkg oraz prionami. [6] Stosowany jest
gtownie do odbudowy ubytkéw kostnych, przed zabiegiem
zaktadania implantu zebowego.

Whnioski

Hydroksyapatyt i fosforan (V) wapnia — TCP ze wzgledu
na korzystne wtasciwosci biomechaniczne, bardzo dobre
wtasciwosci fizyko-chemiczne, wysokg biozgodnosé z
tkankg kostng oraz osteokondukcyjno$¢ sa materiatami
budzgcymi duze zainteresowanie inzynieroéw pracujgcych
nad nowymi biomateriatami, ktére mozna zastosowa¢ w
stomatologii. Obecnie jest prowadzony szereg roznych ba-
dan nad fosforanami wapnia, w celu poszukiwania nowych
zastosowan, ktére przyczynig sie do dalszego rozwoju
dziedzin medycznych.
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Hydroxyapatite is used in filling bone cavities after he-
misection, radectomy or root amputation, but also in maxil-
lofacial surgery in order to fill loss after removed cysts and
tumours. Hydroxyapatite is a dielectric, which plays a crucial
role in production process of HAp-containing implants. The
implants do not heat during physiotherapy treatments and
do not influence electric signals via nervous system [8].

After extraction procedure hydroxyapatite can be inserted
in the alveolus (tooth socket) in order to alleviate bleeding
and reduce the volume of clot, which accelerates the regen-
eration and prevents inflammatory complications. In the case
of implantology, HAp improves tolerance of foreign object
in human body and promotes the healing after mixing with
patient blood, bone marrow and physiological saline.

Tricalcium Phosphate — TCP

TCP is synthetic tricalcium diortophosphate. TCP has
white colour and exists in two polymorths — high-temperature
a and low-temperature . High-temperature form a-TCP is
characterised by better solubility and higher dissolution rate
in comparison to low-temperature 3-TCP, which contributed
to wider range of application in medicine and dentistry [7].

Close chemical and mineralogical (crystal) resemblance
to bone tissue causes that TCP is biocompatible and pos-
sesses osteoconductive properties. It presents good toler-
ance, the lack of inflammatory response from host tissues
and, most importantly, the lack of risk related to HIV infection,
jaundice and prions [6]. TCP is mainly used in bone tissue
regeneration before insertion of dental implant.

Conclusion

Hydroxyapatite and tricalcium phosphate TCP are par-
ticularly attractive as new biomaterials used in dental ap-
plications due to their favourable biomechanical properties,
very good physical-chemical properties, high biocompatibili-
ty with bone tissue and osteoconduction. Currently, a series
of studies under calcium phosphates are conducted to find
new applications and contribute to the further development
in medical sciences.
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Streszczenie

W pracy przedstawiono opis technologii niskotemperatu-
rowego azotowania i tlenoazotowania jarzeniowego stopow
NiTi z pamiecig ksztattu. Opisano azotowanie jarzeniowe
z wykorzystaniem zjawiska rozpylania katodowego, oraz
warunki azotowania i utleniania jarzeniowego detali NiTi
w jednym procesie technologicznym. Badania topografii
powierzchni przed i po procesach jarzeniowej obrobki
przeprowadzono metodg mikroskopii sit atomowych przy
uzyciu mikroskopu AMF firmy Veeco. Opracowane sposo-
by modyfikacji powierzchni zastosowano do azotowania i
tlenoazotowania klamer NiTi do zespoleni ztaman koSci.
Uzyskano klamry z jednorodnymi barwnymi warstwami.
Stwierdzono podwyzszenie temperatur odzysku ksztattu
klamer po obrébce jarzeniowey.

[Inzynieria Biomateriatow, 128-129, (2014), 57-60]

Wprowadzenie

Stopy NiTi wykazujgce efekty pamieci ksztattu uznane
jako biomateriaty metaliczne sg coraz szerzej stosowane w
medycynie [1,2]. Luki ortodontyczne, klamry kostne, stenty,
filtry Simona, korki Amplatzera , dystraktory dla chirurgii pla-
stycznej, klipsy CAC dla chirurgii jamy brzusznej oraz inne
wyroby dla chirurgii matoinwazyjnej to przyktady najczesciej
stosowanych wyrobéw medycznych NiTi [3]. Koricowa obréb-
ka powierzchni implantéw NiTi decyduje o ich przydatnosci
do zastosowania [4]. Istotne jest takie przygotowanie po-
wierzchni aby zachowa¢ wlasnosci funkcjonalne, wytworzy¢
biokompatybilng warstwe zewnetrzng TiO, w postaci rutylu
i nie spowodowac wytworzenia podwarstwy wzbogaconej
w nikiel. Poprawe wtasciwosci korozyjnych, trybologicz-
nych i biokompatybilnosci uzyskano poprzez zastosowanie
nowatorskiej technologii azotowania lub tlenoazotowania
jarzeniowego [5,6].

Celem tej pracy byto przedstawienie opracowanej techno-
logii obrobki jarzeniowej stopow NiTi, wytworzenie biokompa-
tybilnych warstw azotku tytanu TiN i dwutlenku tytanu TiO, w
postaci rutylu na klamrach NiTi do zespolen ztaman kosci oraz
sprawdzenie wptywu zastosowanej obrébki powierzchni na
temperature odzysku ksztattu. Wytworzone klamry z warstwa-
mi wierzchnimi przeznaczone sg do dalszych badan ,in vitro” w
celu potwierdzenia ich przydatnosci do zastosowan w ortope-
dii i chirurgii twarzoczaszki oraz w medycynie weterynaryjne;.
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Abstract

The paper presents a description of the technology of low
-temperature glow discharge nitriding and oxynitriding of NiTi
shape memory alloys. Glow discharge nitriding that uses
cathode sputtering and the conditions of the glow discharge
nitriding and oxidation of the NiTi details in one process
have been described. The studies of surface topography
of NiTi samples before and after the process of the glow
discharge nitriding and oxynitriding were conducted using
a Veeco atomic force microscope (AFM). The developed
methods have been used for nitriding and oxynitriding the
surface of the NiTi staples for the fixation of bone fractures.
In this way we obtained staples with uniform colored layers.
The shape recovery temperature of the NiTi shape memory
staples was increased after the glow-discharge treatment.

[Engineering of Biomaterials, 128-129, (2014), 57-60]

Introduction

Shape memory NiTi alloys recognized as metallic bio-
materials are more and more often used in medicine [1,2].
Orthodontic archwires, bone staples, stents, Simon’s filters,
Amplatzer’s plugs, plastic surgery distractors, compression
anastomosis clips for abdominal surgery and other products
for minimally invasive surgery are examples of the most
commonly used NiTi medical devices [3]. The final surface
treatment of NiTi implants decides on their suitability for
use [4]. It is important that the surface is prepared in such
a way so as to retain functional properties, create a bio-
compatible TiO, outer layer in the form of rutile, and not to
produce a nickel-enriched sublayer. The improvement of
the corrosion, tribology and biocompatibility properties was
obtained through the use of an innovative low-temperature
glow discharge nitriding and oxynitriding [5,6].

The aim of the study was to present the glow-discharge
treatment of the NiTi alloys that has been developed, for-
mation of the bio-compatible layers of TiN titanium nitride
and TiO, titanium dioxide in the form of rutile on NiTi clamps
for the fixation of bone fractures and examination of the
influence of the surface treatment that was applied on the
shape recovery temperature. The manufactured clamps
with surface layers are to undergo further “in vitro” testing in
order to confirm their suitability for orthopaedics, craniofacial
surgery and veterinary medicine.
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Materiat i metodyka badan

Badania wykonano na probkach stopu NiTi o zawarto-
$ci 50,8%at. uzyskanego w ramach projektu INNOTECH.
Azotowanie i tlenoazotowanie prototypowych klamer NiTi z
pamiecig ksztattu wytworzonych przez wspotwykonawcow
projektu (BHH Mikrohuta, BHH Mikromed) przeprowadzo-
no wg technologii opracowanej na Wydziale Inzynierii
Materiatowej Politechniki Warszawskiej. Wytworzone na
powierzchni warstwy badano przy uzyciu mikroskopu sit
atomowych AFM firmy Vecco. Temperatury odzysku ksztattu
klamer po azotowaniu i tlenoazotowaniu wyznaczono z
krzywych odzysku ksztattu zarejestrowanych wg standardu
ASTM 2082-06.

Wyniki badan i dyskusja

Technologia azotowania jarzeniowego stopow NiTi

W oparciu o przeprowadzone wczesniej badania procesu
azotowania jarzeniowego stopu NiTi firmy AMT (Belgia)
stwierdzono, ze temperatura obrébki nie powinna przekra-
czac¢ 350°C [5]. Zatem w celu uzyskania warstw azotkowych
zastosowano odpowiednie warunki technologiczne procesu:
temperatura - T=300°C, czas procesu azotowania - t=30
min., ciS$nienie w komorze roboczej - p=1,6 hPa (atmosfera
reaktywna — N, o czystosci 99,99%). Przeprowadzono ba-
dania wptywu zjawiska rozpylania katodowego na tworzenie
sie warstwy azotku tytanu, w ktérych wykazano, ze z uwagi
na jednorodnos$¢ strukturalng warstwy (widoczng m.in. po-
przez jednakowg barwe na catej obrabianej powierzchni)
korzystna jest, przed etapem azotowania jarzeniowego
na potencjale katody, dodatkowa obrébka powierzchni
stopu NiTi przy cisnieniu rzedu 1,0 hPa przez 10 min., w
temperaturze 250°C w atmosferze Ar+20% H, Wykorzy-
stujgc zjawisko rozpylania katodowego mozna wptywac
na aktywacje warstwy wierzchniej obrabianego stopu NiTi.
Badania korozyjne wykazaty wptyw sposobu przygotowa-
nia powierzchni stopu NiTi (szlifowanie, polerowanie) na
odpornosc¢ korozyjng warstw TiN [6]. Opracowany proces
technologiczny azotowania jarzeniowego umozliwiajgcy
wytworzenie warstwy azotku tytanu o wymaganej grubosci
nalezy prowadzi¢ w kilku kolejnych etapach:

* Przygotowanie detali ze stopu NiTi do azotowania
jarzeniowego — czyszczenie i odttuszczanie w acetonie w
ptuczce ultradzwiekowej

» Przygotowanie urzadzenia do procesu azotowania -
umieszczenie detali w specjalnych uchwytach na katodzie w
komorze roboczej, wytworzenie prézni w komorze roboczej
rzedu 1x10" hPa, ,ptukanie” komory roboczej argonem o
czystosci 99,99% w tzw. prézni dynamicznej rzedu 2-3 hPa
przy ciggtym przeptywie argonu przez komore roboczg

* Nagrzewanie wsadu do temperatury procesu ok.
250°C po wigczeniu zasilacza napieciowo - impulsowego
przy cisnieniu 2 hPa i wprowadzeniu atmosfery azotu o
czystosci 99,99%

» Aktywacja powierzchni obrabianego stopu NiTi pole-
gajgca na wprowadzeniu atmosfery Ar/N, (1/1) i wygrze-
waniu w temperaturze 250°C przez 10 minut i osiggniecie
temperatury 300°C

» Realizacja procesu azotowania jarzeniowego: tempe-
ratura - T=300°C, ci$nienie - p=1,6 hPa (N,), czas - t=15-45
min (w zaleznosci od wymaganej grubosci warstwy TiN)

» Chtodzenie wsadu poprzez stopniowe obnizanie para-
metréw pragdowo-napigciowych zasilacza w celu osiggniecia
temperatury wsadu ok. 150°C i chtodzenie bez wytadowania
jarzeniowego w prézni dynamicznej rzedu 3 hPa w atmos-
ferze N, do temperatury okoto 50°C

Material and methods

The tests were performed on the samples of the NiTi
alloy containing 50.8at% Ni obtained under the INNOTECH
project. Nitriding and oxynitriding of the prototype NiTi
shape memory staples co-produced under the project (BHH
Mikrohuta, BHH Mikromed) were performed according to
the technology described in the survey results. The layers
formed on the surface were observed with the a Vecco atom-
ic force microscope AFM. Shape recovery temperatures of
the staples before and after nitriding and oxynitriding were
determined based on the shape recovery curves recorded
according to the ASTM 2082-06 standard.

Results and discussion

Glow-discharge nitriding of NiTi alloys

Based on the prior research into the glow-discharge nitrid-
ing of NiTi by AMT (Belgium) it was found that the treatment
temperature should not exceed 350°C [5]. Thus, in order to
obtain the nitride layers, the following technological process
conditions were met: temperature - T=300°C, nitriding time
- t=30 min, pressure in the working chamber - p=1,6 hPa
(reactive atmosphere - N2 purity 99,99%). The effects of
cathode sputtering on the formation of the titanium nitride
layer were studied. As a result it was shown that due to the
structural homogeneity of the layer (visible inter alia thanks
to a uniform color over the entire surface that was under
treatment) additional treatment of the surface of the NiTi alloy
at the pressure of 1.0 hPa for 10 minutes, at 250°C and in
the atmosphere of Ar+20% H,, prior to the glow-discharge
nitriding on the cathode potential is beneficial. The use of
cathode sputtering we can influence the activation of the
surface layer of the NiTi alloy. Corrosion tests show that
the way in which the surface of the NiTi alloy is prepared
(grinding, polishing) influences the corrosion resistance of
TiN layers [6].

The process of glow-discharge nitriding that has been
developed and which allows to produce a titanium nitride
layer of the required thickness must be carried out in several
successive stages:

* Preparation of the NiTi alloy details for nitriding - clean-
ing and degreasing in acetone in an ultrasound bath

» Preparation of the device for a nitriding by placing
the parts/elements in loops on the cathode in the working
chamber, creation of a 1x10"" hPa vacuum in the working
chamber, “washing” of the working chamber with continuous
flow of argon with purity of 99.99%.

 Heating of the batch to the process temperature of ap-
prox. 250°C after turning on the switching power and voltage
supply at the pressure of 2 hPa, and the introduction of the
nitrogen atmosphere with the purity of 99.99%

* Activation of the surface of the NiTi alloy by using the Ar/
N, (1/1) atmosphere and annealing at 250°C for 10 minutes
and reaching the temperature of 300°C

* Implementation of the glow-discharge nitriding: temper-
ature - T=300°C, pressure - p=1.6 hPa (N,), time - t=15-45
min (depending on the required thickness of the TiN layer)

» Cooling the batch by gradual reduction of the pa-
rameters of the power-voltage supply in order to achieve
a batch temperature of approx. 150°C and cooling without
a glow discharge in the dynamic vacuum of 3 hPa in the N,
atmosphere to about 50°C
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Zmieniajgc czas procesu azotowania jarzeniowego moz-
na uzyskaé¢ warstwy azotku tytanu o grubosciach w zakresie
20+70 nm, natomiast poprzez odpowiednie przygotowanie
powierzchni obrabianego stopu NiTi (szlifowanie, wzglednie
polerowanie) mozna ksztattowac topografie i morfologie
wytwarzanej warstwy azotku tytanu.

Azotowanie i utlenianie jarzeniowe probek NiTi w jed-
nym procesie technologicznym

W wyniku przeprowadzonych badan wptywu skfadu
mieszaniny reaktywnej sktadajgcej sie z mieszaniny azotu i
powietrza (od 5% do 20% objetosci) wzglednie N, z tlenem
(do 10% objetosci) na utlenianie powierzchni z wytworzonym
azotkiem tytanu opracowano warunki procesu tlenoazoto-
wania jarzeniowego, sktadajacego sie w pierwszym etapie
Z procesu — azotowania jarzeniowego oraz w drugim etapie
z procesu — utleniania jarzeniowego przy nastepujgcych
parametrach: temperatura procesu: T=300°C, czas procesu:
t =15 min. (dla atmosfery N,+0O, —10% obj.) lub 30 min. (dla
atmosfery reaktywnej N,+powietrze — 20%0bj.), cisnienie w
komorze roboczej: 1,5 hPa.

Proces tlenoazotowania jarzeniowego realizowany jest w
jednym cyklu technologicznym, tj. bezposrednio po procesie
azotowania zmienia sie atmosfere reaktywng wprowadzajgc
powietrze w ilosci 20% objetosciowych w mieszaninie z
azotem lub tlen w ilosci 10% objetosci w mieszaninie z azo-
tem. Zastosowanie tlenu, czy tez powietrza w mieszaninie
z azotem oraz czas procesu wptywa istotnie na morfologie
wytwarzanych warstw dwutlenku tytanu — TiO, (rutylu) i
azotku tytanu oraz pozwala zmieniac ich strukture, grubosé
oraz topografie powierzchni (RYS. 1).

By varying the nitriding process time it is possible to get
a titanium nitride layer with a thickness from 20 to 70 nm,
and through adequate preparation of the surfaces of the
processed NiTi alloy (grinding, or polishing) it is possible
to shape the topography and morphology of the produced
titanium nitride layer.

Glow-discharge nitriding and oxidation of NiTi samples
in a single technological process

As a result of the research into the influence of the
reactive a mixture of nitrogen and air (5% to 20% of the
volume) or N, or with oxygen (up to 10% of the volume)
on the oxidation of the surface with the produced titanium
nitride the conditions of the glow discharge oxynitriding were
developed. lts first stage consists in glow-discharge nitriding,
and its second stage in the glow-discharge oxidation with
the following parameters: process temperature: T=300°C,
the process time t=15 min. (for the atmosphere of N,+0O,—
10%vol.) or 30 mins (for the reactive atmosphere of N,+air
- 20%vol.) pressure in the working chamber: 1.5 hPa.

The glow discharge oxynitriding is performed in a single
technological cycle, ie. immediately after nitriding it changes
into a reactive atmosphere introducing 20% of air (by vol-
ume) in the mixture of nitrogen and oxygen in an amount
of 10% by volume in the mixture with nitrogen. The use of
oxygen, or air, in the mixture with nitrogen and the process
time significantly affects the morphology of the titanium
dioxide layers that are produced titanium nitride - TiN and
titanium dioxide - TiO, (rutile), and can change their struc-
ture, thickness and topography of the surface (FIG. 1).

25.0 nm

0.0 nm *

RYS. 1. Obrazy AFM warstw wytworzonych na powierzchni stopu Ni50,8 Ti49,2 w procesach jarzeniowych w
atmosferze N,+0, (10% obj.): A— warstwa azotowana i B — warstwa tlenoazotowana. Powiekszenie —1 ym x 1 pm.
FIG. 1. AFM images of the nitride (A) and oxynitride (B) layers formed through glow discharge treatment on the
surface of the Ni50,8 Ti49,2 alloy in the N,+0O, atmosphere (10 vol.%). Zoom -1 ym x 1 ym.

Klamry z pamiecig ksztattu po azotowaniu jarzeniowym
uzyskaty rownomierng jasno-zo6ttg barwe, natomiast klamry
po tlenoazotowaniu jarzeniowym barwe niebiesko-fioletowg
(RYS. 2).

Po azotowaniu i tlenoazotowaniu nastgpito wyrazne
podwyzszenie temperatur odzysku ksztattu klamer w po-
réwnaniu do temperatur odzysku ksztattu klamer w stanie
wyjsciowym, po pasywacji w autoklawie w parze wodnej, o
temperaturze 134°C, w czasie 30 minut (RYS. 3).

The staples after glow discharge nitriding obtained light
yellow color while the staples after oxynitriding were blue
(FIG. 2).

After nitriding and oxynitriding a distinct increase in tem-
perature the shape recovery of staples as compared to the
shape recovery temperature of staples in the initial state
after passivation in steam autoclave, at a temperature of
134°C, for 30 minutes (FIG. 3).
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RYS. 2. Klamry NiTi z pamiecig ksztaltu do zespolen
ztaman kosci: A - po azotowaniu jarzeniowym, B - po
tlenoazotowaniu jarzeniowym.

FIG. 2. NiTi shape memory staples for bone fracture
fixation: A - after glow discharge nitriding, B - after
glow discharge oxynitriding.

Podsumowanie

_| -4 Glow discharge nitriding and oxidation

v Pasivation '
—#— Glow discharge nitriding and oxidation

Summary

The research into the effects

Przeprowadzone badania
wptywu warunkéw techno-
logicznych proceséw azo-
towania i tlenoazotowania
jarzeniowego (1j. temperatury,
ci$nienia w komorze roboczej,
sktadu mieszaniny gazowej,
czasu obrébki) zaréwno na
potencjalne katody, jak i w
plazmie, wykazaty, ze jedno-
rodne warstwy azotku tytanu
TiN, jak tez warstwy TiO,+TiN

-
o
o

—m— Pasivation
|—®— Glow discharge nitriding
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of technological processes of
the glow discharge nitriding
- | and oxynitriding (i.e. temper-
ature, pressure in the working
chamber, composition of the
7| gas mixture, treatment time)
on both the potential cathodes
and in plasma, showed that
a uniform layers of the TiN
titanium nitride, as well as the
TiO,+TiN layers with the thick-

o grubosci powyzej 20+30nm 60 40
oraz warstwy TiO, otrzymuje

Temperature [°C]

T T

0 20 ness of more than 20+30 nm

and TiO, layers are obtained by

sie prowadzgc procesy na
potencjale katody [6]. Wyko-
rzystanie zjawiska rozpylania
katodowego do podwyzszenia
aktywacji warstwy wierzchniej
obrabianego stopu NiTi umoz-
liwia wytwarzanie warstw azot-
ku tytanu juz w temperaturach
okoto 300°C oraz przebieg reakcji utleniania w kontakcie
z aktywng chemicznie niskotemperaturowg plazmg. To-
pografie powierzchni warstw TiO,+TiN mozna ksztaltowaé
zaréwno sposobem przygotowania powierzchni stopu NiTi
(szlifowanie lub polerowanie), jak tez poprzez wykorzysta-
nie zjawiska rozpylania katodowego, a takze odpowiedni
dobdr mieszaniny reaktywnej. Opracowane sposoby azo-
towania i tlenoazotowania wykorzystano do modyfikacji
powierzchni klamer NiTi z pamiecig ksztattu do zespolen
ztaman kostnych. Klamry azotowane uzyskaty jasnozottg
barwe natomiast klamry tlenoazotowane jednorodng barwe
niebieskg. Stwierdzono, ze po obrébce jarzeniowej nastg-
pito korzystne podwyzszenie temperatury odzysku ksztattu
klamer w poréwnaniu z temperaturg odzysku ksztattu klamer
po pasywacji w autoklawie. Jest to zwigzane z obnize-
niem zawartosci niklu w osnowie stopu z powodu procesu
wydzielania czgstek Ni,Ti; podczas obrdbki jarzeniowej
w temperaturze powyzej 300°C.

towaniu jarzeniowym.

Podziekowania

W pracy wykorzystano wyniki badan finansowanych ze
Srodkéw Narodowego Centrum Badan i Rozwoju w ramach
projektu nr INNOTECH-K1/IN1/46/157239/NCBR/12.
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RYS. 3. Krzywe odzysku ksztaltu klamer NiTi po pa-
sywacji w autoklawie oraz po azotowaniu i tlenoazo-

FIG. 3. Shape recovery curves of pasivated staples
and staples after nitriding and oxynitriding.

carrying out the processes on
the potential of the cathode [6].
The use of cathode sputtering
to increase the activation of the
surface layer of the processed
NiTi layer enables the manu-
facture the layers of titanium
nitride at about 300°C, and
oxidation in contact with a chemically reactive low temper-
ature plasma. Surface topography of TiO,+TiN layers can
be formed both by the preparation of the NiTi alloy surface
(grinding or polishing), and also by using cathode sputtering
as well as an appropriate choice of a reactive mixture. The
developed nitriding and oxynitriding methods are used to
modify the surface of the NiTi shape memory clamps for
the fixation of bone fractures. The staples that were nitrided
were light yellow while the staples after oxynitriding were
blue. It was found that the shape recovery temperature of
the staples after the glow-discharge treatment is increase
with comparisson to the shape recovery temperature of the
passivation staples. It is related to the reduction of nickel in
the matrix of the alloy due to precipitation process of Ni,Ti,
particles during glow-discharge treatment at about 300°C.
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[Inzynieria Biomateriatow, 128-129, (2014), 61-63]

Wprowadzenie

Ludzka skora stanowi kompleksowg tkanke sktadajgcy sie
z kilku heterogenicznych warstw, epidermy, dermy i hipoder-
my, z ktérych kazda posiada unikalng strukture i funkcje [1].
Skéra poddana dziataniu naprezenia zachowuje sie jak
niehomogeniczny, anizotropowy, nieliniowy lepko-sprezysty
materiat [2]. Wtasciwosci mechaniczne skory silnie zalezg
od topografii, czynnikéw ryzyka, wieku, gatunku, $rodowi-
skowych czynnikéw fizyko-chemicznych, tj. temperatura,
ci$nienie osmotyczne, pH i szybkosci odksztatcenia [3,4].

Anizotropia skory zostata rozpoznana w 19-stym wiku
przez Karla Langera, ktory oznaczyt naturalne linie napiecia,
ktére pojawiajg sie w obrebie skoéry [5]. Linie te pojawiajg
sie, kiedy skora zostanie punktowo nacisnieta przez okragte
urzadzenie. W tym przypadku witdkna kolagenowe stajg
sie rownolegte do kierunku najmniejszego napiecia skory,
w koncu prowadzgc do powstania eliptycznych szczelin.
Kierunek tych szczelin odpowiada liniom Langera. Witdkna
elastyny i kolagenowe wzdtuz linii Langera sg bardziej roz-
ciggliwe niz prostopadte do tych linii. Dlatego, rozciggliwosc¢
skory jest nizsza (i stgd wyzsza sztywnos$¢) w kierunku tych
linii [2,6].

Celem badan byta ocena podstawowych wiasciwosci
mechanicznych skory swini domowej, w zaleznosci od
kierunku pobrania prébek. Analiza literatury pokazuje, ze w
wiekszosci badan in vitro skéry wykorzystuje sie substytuty
w postaci skory $wini, ktéra charakteryzuje sie podobnymi
wiasciwosciami mechanicznymi do skory ludzkiej lub sub-
stytuty syntetyczne, {j. silikon lub poliuretan [2,4,7].

Materialy i metody

Probki do badan skory zostaty pobrane z grzbietu swini
domowej (wiek 6 miesiecy) w trzech kierunkach (po 5
sztuk): wzdtuznym, poprzecznym i skosnym w stosunku
do obwodu ciata. Wszystkie probki miaty wymiary: 100 mm
dtugosci i 10 mm szerokosci, natomiast réznity sie gruboscia,
srednia jej wartos¢ wyniosta 1,89+0,10 mm. Przed testami
probki byty przechowywane (nie dtuzej niz 12 godzin) w
0,9% roztworze soli fizjologicznej w temperaturze 4°C. Dla
prébek skéry oznaczono wiasciwosci mechaniczne przy
statycznym rozcigganiu z predkoscig 5 mm/min na maszynie
wytrzymatosciowej MTS Insight 50. Baza pomiarowa probki
wynosita 40 mm.

ANISOTROPIC MECHANICAL
PROPERTIEC OF A PIG’S SKIN

SyLwia LAGAN*, ANETA LIBER-KNEC

Krakow UNIVERSITY OF TECHNOLOGY,

DivisioN oF ArpLIED MECHANICS, DiviSION OF EXPERIMENTAL
MEcHANICS AND BIOMECHANICS,

24 \WaRszawskA STREET24, 31-155 Krakow

*E-MAIL: SLAGAN@MECH.PK.EDU.PL

Keywords: skin, animal specimens, mechanical
properties, anisotropy, Langer’s lines
[Engineering of Biomaterials, 128-129, (2014), 61-63]

Introduction

The human skin is a complex tissue which consists of
several heterogeneous layers: the epidermis, the dermis,
and the hypodermis. Each layer has a unique structure and
function [1]. The skin subjected to stress behaves like a
non-homogeneous, anisotropic, and non-linear viscoelastic
material [2]. The mechanical properties of the skin strong-
ly depend on the topography, risk factors, age, species,
physical and chemical environmental factors such as tem-
perature, osmotic pressure, pH, and on the strain rate [3,4].

The anisotropy of the human skin was identified in the
19th century by Karl Langer who mapped the natural lines of
tension which occur within the skin [5]. These lines appear
when the skin is punctured by a round instrument. In this
case, the collagen fibers of the mesh become aligned paral-
lel to the direction of the least extensibility, eventually leading
to elliptical clefts. The direction of these clefts corresponds
to Langer’s lines. The elastin and collagen fibers along
Langer’s lines are more stretched than those perpendicular
to these lines. Therefore, the extensibility of skin is lower
(thus its higher stiffness) in the direction of these lines [2,6].

The aim of the research was an evaluation of the basic
mechanical properties of a pig’s skin depending on the di-
rection of sample taking. A professional literature analysis
shows that substitutes like a pig’s skin (which has similar
mechanical properties to the human skin) or synthetic sub-
stitutes , e.g. silicon or polyurethane are used in the majority
of in vitro skin tests [2,4,7].

Materials and methods

The samples for skin examinations were taken from the
back of a 6-month old domesticated pig in three directions:
parallel, perpendicular, and oblique (45°) in the reference to
the short axis of the body (minimum 5 samples). All samples
had the same dimensions: the length 100 mm and the width
10 mm, but different thicknesses. The average thickness
was equal to 1.89+ 0.10 mm. Until time of examination (no
longer than 12 hours) samples were stored at 4°C in 0,9%
normal saline. The mechanical properties under static ten-
sion were determined with the use of the MTS Insight 50
testing machine extended samples at the speed of 5 mm/
minute. The measurement base of the sample was 40 mm.
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Na podstawie zarejestrowanych krzywych sita—wydtuze-

® @ @ o @ ® o nje 0znaczono podstawowe wtasciwosci mechaniczne sko-

ry, tj.: wytrzymato$¢ na rozcigganie (cmax), modut Younga
(E) oraz odksztatcenie dla sity maksymalnej (¢). Wartos¢
modutu Young’a zostata obliczona dla dwoéch zakresow
krzywej rozciggania: poczatkowego o niskim nachyleniu
(E,), w ktérym obcigzenia sg przenoszone przez widkna
elastyczne [9] oraz $rodkowego prostoliniowego (E,), dla
ktérego za przenoszenie obcigzen odpowiadajg witdkna
kolagenowe [9].

Wyniki i dyskusja

Skéra pobrana w trzech kierunkach wykazuje rézne
wartosci wytrzymatos$ci na rozcigganie, warto$¢ naprezenia
dla kierunku pobrania wzdtuznego wyniosta 15,72+0,54
MPa, poprzecznego 7,92+2,23 MPa i skosnego 3,01+£0,93
MPa (RYS. 1). Wartos¢ modutu Young’a, analogicznie jak
warto$¢ wytrzymatosci na rozcigganie jest najwyzsza dla
prébek wzdtuznych, dla poczgtkowego zakresu préby roz-
ciggania wartos¢ modutu (E,) wyniosta 3,97+0,48 MPa, a
dla liniowego odcinka krzywej rozciggania (E,) 62,76+0,99
MPa. Dla kierunku pobrania probek skosnego i porzecznego
warto$ci modutdéw sg na poréwnywalnym poziomie (RYS. 2).

Przeglad literatury wskazuje, ze wtasciwosci biomecha-
niczne skory oznaczane sg zaréwno w badaniach in vivo jak
i in vitro [2]. Poréwnujac wyniki badan, zaréwno z wynikami
dla skory swinskiej, jak i ludzkiej mozna zauwazy¢ duze
réznice w oznaczonych wartosciach parametrow wytrzy-
matosciowych [2,4,7]. Wynika to z czynnikdw opisanych
we wstepie.

prostopadte/perpendicular

rownoleghe/paralel

On the basis of the recorded curves of the force—ex-
tension, basic skin mechanical properties, i.e. the tensile
strength (omax), Young’s modulus (E), and the strain for a
maximum force (€) were determined. For the calculations,
a rectangular cross section of the sample was taken. The
value of Young’s modulus was calculated for two ranges
of the tension curve: the initial one with a low slope (E,)
in which loads are carried by elastic fibers [9], and the
middle-rectilinear (E,) in which loads are transported by
collagen fibers [9].

Results and discussion

The skin taken in three directions reveals various values
of tensile strength. The value of the stress for the parallel
direction of taking (in the reference to the short axis of the
body) equalled 15.72 + 0.54 MPa, perpendicular 7.92+2.23
MPa, and oblique 3.01+£0.93 MPa (FIG.1).

The value of Young’s modulus, analogically to the value
of tensile strength, is the highest for the parallel samples.
For the initial stage of the tensile test, Young’s modulus
(E1) equalled 3.97 £ 0.48 MPa, and for the linear segment
of the tensile curve (E2) it was 62.76 £ 0.99 MPa. For the
oblique and perpendicular directions of sample taking, the
values of the determined moduli are comparable (FIG. 2).

The literature review shows that the biomechanical
properties of skin have been measured by both in vivo and
in vitro tests [2]. No standard exist, thus study comparisons
are difficult. While comparing the obtained test results to
both the results for a pig’s skin and for the human skin,
great differences in the determined values of the strength
parameters can be noticed [2,4,7]. This is due to the factors
described in the introduction.

I

45 stopnifds degrees

orientacjalorientation

prostopadte/perpendicular

rownolegte/paral el

45 stopni'45 degrees

orie ntacjalorientation

RYS. 1. Srednie wartosci wytrzymatosci na rozciaganie (cmax) i odksztalcenia (g) w

zaleznosci od kierunku pobrania.

FIG. 1. The average tensile strength values (omax) and strain (€) depending on the

direction of sample taking.
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Otrzymane wartosci
wytrzymatosci i modutu
sprezystosci dla prébek

skory pobranych wzdiuz 401

kregostupa swini roznig 60 -

sie znacznie od otrzy- 50 -

manych dla skéry swini | =

przez Zakiwsp. [4], nato- | § 40

miast w pewnym zakresie ;f: 30

wartosci wytrzymatosci | 5 I
na rozcigganie pokrywajg 27}

sie z otrzymanymi przez 10

Lim, Hong i wsp. [7]. 0 -

Przebieg jednoosiowego
rozciggania probek skory

prostopadie/perpendicular

wzdiuzne /parallel

Orientacja/Orientation

The obtained val-
E2 ues of strength and
modulus of elasticity
for the skin samples
taken along the pig’s
spine differ significant-
ly from the values ob-
tained for the pig’s
skin by Zak et al. who
I tested skin samples
excised from different
regions of the body
[4]. However, the ten-
sile strength values
are equal in a certain

45 stopni/45 degrees

Swini zgadza sie dobrze z
probkami skory ludzkiej.
Jednoczesnie otrzymane
zakresy warto$ci parame-
tréw wytrzymatosciowych
skory $winskiej korespon-
dujg z wartosciami wy-
trzymatosci skory ludzkiej oznaczonej przez Ni Annaidh i
wsp. [2] oraz Silver i wsp. [10].

kierunku pobrania prébki.

direction of sample taking.

WhiosKi

Odpowiedz skéry na obcigzenia mechaniczne wykazuje
wyraznie jej lepko-sprezysty charakter. Energia dyssypa-
cji, energia pochtaniania, energia zniszczenia, korelacja
pomigdzy czynnikami reologicznymi, jak rGwniez poznanie
parametrow mechanicznych skory jest kluczowym dla oceny
bezpieczenstwa organdw i tkanek wewnetrznych, ktére
skodra chroni przed urazami [10]. Obecnie opracowuje sie
matematyczne modele procesu wzrostu tkanek [11], czy
ich regeneracji. Badania parametréw mechanicznych skory
pokazaty, ze wyniki znaczaco zalezg od orientacji wtdkien
kolagenowych. Réwniez sposoby, miejsca pobrania i przy-
gotowania materiatu badawczego wptywajg na otrzymywane
rezultaty [9,11]. Dane uzyskane w niniejszych badaniach
dostarczajg podstawowych informaciji dla sformutowania
strukturalnego modelu konstytutywnego skory.
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RYS. 2. Srednie wartosci modutu Younga (E, i E,) w zaleznosci od

FIG. 2. The average Young’s modulus (E, and E,) depending on the

range with the values
obtained by Lim, Hong
et al. [7].

The uniaxial tensile
behavior of pig’s skin
obtained in this study
agrees well with that
of human skin. The stress versus strain curve up to maximal
force is J-shaped, although slope of the curve may differ
from species to species. The obtained ranges of strength
parameter values of a pig’s skin correspond with the strength
value of the human skin determined by Ni Annaidh et al. [2]
and Silver et al. [10].

Conclusions

The response of the skin to the mechanical loads clearly
reveals its viscoelastic character. Dissipation energy, ab-
sorption energy, destruction energy, correlation between
rheological factors, as well as researching skin mechanical
parameters are crucial for the evaluation of the safety of
the internal organs and tissues which are protected against
injury by the skin [10]. From the point of view of an analogy
between the human skin and a pig’s skin mathematical
models of a tissue growth process [11] or tissue regeneration
are worked out in mechanics. In order to achieve this goal
both quantitative and qualitative experimental research is
necessary.

The methods, the spots from where the skin was taken,
and the preparation of the researched material influence
the obtained results [9,11]. The data obtained in this study
will provide essential information for model the skin using
a structural constitutive model.
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Streszczenie

W ramach pracy wykorzystano metode RF PE-
CVD (Radio Frequency Plasma Enhanced Chemical
Vapour Deposition) do wytworzenia powfok TiO,-Ag.
Domieszkowanie ditlenku tytanu srebrem miato na
celu intensyfikacje wtasciwosci fotokatalitycznych i
bakteriobojczych wykazywanych przez ten materiat.
Zwigzkiem wyjsciowym jondw srebra byt acetyloace-
tonian srebra. Kontrola jego temperatury umozliwita
wytworzenie na podfozach krzemowych powtok o roz-
nej zawarto$ci srebra. Ze wzgledu na to, ze korzystny
wptyw jonéw srebra na powfoke TiO, wystepuje przy
ich niskim stezeniu, sterowano temperaturg sublima-
tora w taki sposob aby zawarto$¢ Ag w powtoce nie
przekraczata kilku procent. Tak wytworzone powfoki
zbadano na spektrometrze EDX (Energy Dispersive
X-Ray) pod katem sktadu chemicznego. Analiza wy-
nikéw dostarcza informacji o wprost proporcjonalnym
wzro$cie udziatu atomow Ag do wzrostu temperatury
ich zwigzku wyjsciowego. Po naswietleniu powfok
Swiattem z zakresu UV okreslono warto$¢ fotozwil-
zalno$ci przez wode oraz przezywalnoSci bakterii
E. coli na ich powierzchni. Z badan kata zwilzania
wynika, ze zaledwie kilkuminutowe naswietlanie
promieniowaniem UV moze wystarczy¢ do uzyskania
przez powtoke wiasciwosci superhydrofilowych. Najsil-
niejszg zwilzalno$¢ powierzchni wykazuje powtoka o
najmniejszej zawartosci srebra (0,03%). W przypadku
badan bakteriobojczych czas naswietlania (2 lub 4
min.) promieniowaniem UV nie wptywa w sposéb
istotny na warto$¢ przezywalnos$ci bakterii. Bardziej
istotnym czynnikiem jest zawarto$¢ srebra w powfo-
ce - zbyt duza ilo$¢ powoduje obnizenie wtasciwosci
bakteriobojczych.

Stowa kluczowe: ditlenek tytanu, srebro, bakte-
riobéjczo$¢, RF PECVD

[Inzynieria Biomateriatow, 128-129, (2014), 64-66]

Wprowadzenie

Powtoki antybakteryjne posiadajg wiele zastosowan
wplywajgcych istotnie na poprawe warunkow higienicznych
a tym samym zdrowie ludzkie. Sg one stosowane m. in.
do pokrywania narzedzi medycznych, podtdg, armatury
tazienkowej czy tkanin. Jednymi z najpopularniejszych
czynnikéw bakteriobdjczych sg: TiO,, Ag, SiO,, ZnO oraz
nanorurki weglowe [1].

Srebro jest znane jako materiat bakteriobdjczy od ok. 6000
lat. W przesztosci srebrne naczynia stuzyty do przechowy-
wania wody czy wina, wykonywano z niego réwniez sztuéce.

ANTIBACTERIAL ACTIVITY OF Ag
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Abstract

In present work RF PECVD (Radio Frequency
Chemical Vapour Deposition) technique was used to
prepare TiO,-Ag coatings. The purpose of preparing
silver doped titanium dioxide coatings was to step
up photocatalytic and antibacterial properties of this
substance. Silver acetylacetonate was the precursor
of silver ions. Thanks to temperature control it was
possible to prepare coatings of different Ag contain at
silicon substrates. The temperature was controlled so
that not to exceed a few percentage amount of silver
in the coating, because its favourable influence on
TiO, coatings exists when concentration of silver ions
is low. Coatings were examined under EDX (Energy
Dispersive X-Ray) spectrometer to check atomic con-
tain of elements. The results show that the percentage
of Ag atoms increases directly proportionally to the
temperature increase of its precursor. After exposition
to UV radiation the water photo hydrophillic and bac-
tericidal properties of coatings were measured. The
water contact angle measurements have shown that
super hydrophillic properties were obtained just after
few minutes of UV radiation exposition. The coating of
lowest silver contain (0,03%) exhibit the lowest water
contact angle. In case of bactericidal studies the time
of UV radiation (2 or 4 minutes) does not influence
much the bacteria survival rate. Silver content is a
more important factor - to big amount causes decre-
asing of antibacterial properties of the coating.

Keywords: titanium dioxide, silver, antibacterial
properties, RF PECVD technique

[Engineering of Biomaterials, 128-129, (2014), 64-66]

Introduction

There are many applications for antibacterial coatings
that significantly improve hygienic conditions, what is im-
portant to human life. Such coatings ate used in covering
medical instruments, floors, bathroom fittings or fabrics. One
of the mostly used bactericidal agents are: TiO,, Ag, SiO,,
ZnO and carbon nanotubes [1].

Antibacterial properties of silver have been known for
about 6000 years. In the past silver vessels were used to
store water and wine, cutlery was also made of silver. Hip-
pocrates used silver to heal wounds [2]. In a contact with
bacteria silver acts as catalyst which suppress the act of
enzymes that are in charge of cellular respiration [3].

Titanium dioxide (TiO,) exists in three polymorphic forms
of which anatase is the one that exhibits very strong bacte-
ricidal properties. Under UV radiation a pair of electron and
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Hipokrates stosowat srebro do opatrywania ran [2]. Pierwia-
stek ten w kontakcie z bakterig dziata jak katalizator hamu-
jacy dziatanie enzymow umozliwiajgcych jej oddychanie [3].

Ditlenek tytanu (TiO,) wystepuje w trzech odmianach po-
limorficznych, z ktérych anataz prezentuje wyjgtkowo silne
dziatanie antybakteryjne. Pod wptywem promieniowania UV
tworzy sie para elektron — dziura elektronowa. Ich reakcja z
wodg lub tlenem skutkuje powstaniem na powierzchni wol-
nych rodnikéw, ktére moga przerwac tancuch DNA komorki
bakteryjnej i tym samym doprowadzi¢ do jej Smierci [4].

Domieszkowanie srebrem ditlenku tytanu prowadzi do
zwigkszenia jego aktywnosci fotokatalitycznej poprzez two-
rzenie putapek elektronowych spowalniajgcych proces re-
kombinacji pary elektron —dziura elektronowa [5]. Niniejsza
praca obejmuje wytworzenie powtok TiO, domieszkowanych
srebrem z wykorzystaniem techniki RF PECVD, a nastepnie
ich zbadanie pod katem sktadu atomowego, fotozwilzalnosci
oraz bakteriobdjczosci.

Materialy i metody

Powtoki TiO,-Ag naniesione zostaty na podtoza krze-
mowe z wykorzystaniem metody RF PECVD przy mocy
wytadowania jarzeniowego réwnej 300 W i czasie procesu
60min. Zrédtem tytanu byt ciekly czterochlorek tytanu (TiCl,)
znajdujacy sie w temperaturze 0°C. Jako gazu nosnego dla
tego zwigzku uzyto argonu w ilosci 1,5 sccm. Tlen wprowa-
dzony zostat do komory w postaci gazu w ilosci 70 sccm.
Jako zrodto srebra uzyto zwigzku statego acetyloacetonianu
srebra, ktérego temperatura dla poszczegoélnych proceséw
wynosita 40, 60, 80, 100 lub 120°C. Cisnienie w komorze w
trakcie procesow wynosito 0,24 Torr.

Pomiar atomowej zawartosci poszczegolnych pierwiast-
kow w powtokach TiO,-Ag, w zaleznosci od temperatury
acetyloacetonianu srebra), wykonano za pomocg spektro-
metru EDX.

Pomiar kata zwilzania dla powtok o réznej zawartosci
srebra wykonany zostat na prébkach nienaswietlanych.
Nastepnie pomiaru dokonywano co 5 minut na prébkach
naswietlanych lampg UV o natezeniu 16 mW/cm?2. Ciecza
zwilzajgcg byta woda destylowana.

Badania przezywalnos$ci bakterii przeprowadzono na
bakterii Escherichia coli ze szczepu DH5a. Zawiesine bakte-
ryjng w ilosci 20 pl naniesiono na powtoki, ktore naswietlone
zostaty nastepnie promieniowaniem UV o natezeniu 16 mW/
cm?. Dla kazdego stezenia srebra w powtoce naswietlanie
trwato 2 oraz 4 minuty.

Wyniki i dyskusja

W pomiarze skfadu elementarnego wykryto obecnos¢
takich pierwiastkow jak srebro, tytan, tlen, wegiel i chlor. Na
podstawie tych danych ustalono stosunek atomowej zawar-
tosci tlenu do tytanu, ktory wyniost od 1,62 dla temperatury
sublimatora 40°C do 2,74 dla 120°C. Z badan wynika, ze
zawartos¢ tlenu i chloru w powloce jest stata niezaleznie
od procesu i wynosi odpowiednio ok. 58% i 2 %. Zgodnie z
oczekiwaniami wraz ze wzrostem temperatury sublimatora
ro$nie zawarto$¢ srebra w powtoce i wynosi 0,03; 0,67;
1,1; 3,8 oraz 7,56%. Tgq samg zalezno$¢ wykazujg atomy
wegla (wartosci od 4,7 do 10,2%). Zmiana zawartosci
srebra i wegla w powtoce jest niwelowany przez zawarto$¢
atomow tytanu.

Zmiany kata zwilzania w czasie naswietlania Swiattem UV
dla powtok TiO,-Ag przy trzech réznych stezeniach srebra
przedstawiono na RYS. 1.

electron hole is created. Their reaction with water or oxygen
creates free radicals, which are able to kill the bacteria by
breaking its DNA structure [4].

Silver doping of titanium dioxide increases its photo-
catalytic activity by creating electron traps which increase
recombination time of the electron - electron hole pair [5].
In current work silver doped TiO, coatings were prepared
by RF PECVD technique. Their atomic content, photo
hydrophillicity and bactericidal properties were measured.

Materials and methods

TiO,-Ag coatings were deposited on silicon substrates by
RF PECVD (Radio Frequency Chemical Vapour Deposition)
technique at 300 W of glow discharge power and process
duration of 60 minutes. Liquid titanium tetrachloride (TiCl,)
at the temperature of 0°C was the source of titanium. As a
carrier of this compound, argon in the amount of 1,5 sccm
was used. The oxygen flow rate was 70 sccm. A constant
state silver acetylacetonate was used as a source of silver.
lts temperature was 40, 60, 80, 100 or 120°C depending
on the process. The pressure in the reactor chamber during
processes was 0,24 Torr.

Atomic content of elements in the TiO,-Ag coatings,
prepared in processes of different silver acetylacetonate
temperature, was measured by EDX (Energy Dispersive
X-Ray) spectrometer.

For coatings of different silver amount which were kept
in the dark, water contact angle was measured. The next
measurements were made every 5 minutes of UV radiation
of the intensity of 16 mW/cm?2. As a damping liquid a dehy-
drated water was used.

The bactericidal studies were conducted with the use of
Escherichia coli bacteria, strain DH5a. A suspension of bac-
teria in the amount of 20 ul was put on the coatings, which
were later radiated by UV light of the intensity of 16 m\W/cm?.
The radiation took 2 and 4 minutes for each coating of
different silver content.

Results and discussions

Atomic content studies have shown that such elements
as: silver, titanium, oxygen, carbon and chloride are present
in the coatings. On the basis of the results, an atomic content
of oxygen to titanium was determined. It equals from 1.62
for 40°C to 2.74 for 120°C sublimator temperature. The
content of oxygen and chloride in the coating is constant
for every process and equals ca. 58% and 2% respectively.
As expected, an increase of sublimator temperature caus-
es an increase of atomic content of silver in the coating,
which equals: 0.03; 0.67; 1.1; 3.8 and 7.56%. The same
dependency is observed in case of atomic content of carbon
(values from 4.7 to 10.2%). Changes in silver and carbon
atoms content is equalized by the content of titanium atoms.

Water contact angle values, for TiO2-Ag coatings of
different silver content, in function of UV radiation time are
shown on FIG. 1.

The water contact angle of not radiated coatings varies
from 90 to 100 deg depending on the process. The highest
increase of photo hydrophillicity in case of all coatings was
obtained during first 5 minutes of radiation. After 35 minutes
of radiation the coating of the lowest silver content became
super hydrophilic. For the other coatings the water contact
angle decreased under 20 deg after 30 minutes.

Values of an average survival rate of bacteria after radi-
ation for coatings of three different silver content is shown
on FIG. 2.
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RYS. 1. Wplyw czasu naswietlania UV na wartos¢
kata zwilzania dla réznych stezen srebra w powtoce
TiO,-Ag.

FIG. 1. An effect of UV radiation on water contact
angle for different silver content in TiO,-Ag coating.

Kat zwilzania powtok nienaswietlanych wynosi od 90
do 100 deg w zaleznosci od procesu. Najwiekszy wzrost
hydrofilowosci dla wszystkich powtok uzyskano w przeciggu
pierwszych 5 minut naswietlania. Catkowite rozptyniecie
kropli uzyskano dla powtoki TiO, o najmniejszej zawartosci
srebra po uptywie 35 minut od rozpoczecia naswietlania.
Dla pozostatych powtok kat ten osiggnat warto$¢ ponizej
20 deg po uptywie 30 minut.

Zalezno$¢ zmian przezywalnosci bakterii po naswietlaniu
powiok o trzech réznych stezeniach srebra przedstawia
RYS. 2.

Najnizszg przezywalnos¢ wykazaty powtoki TiO,-Ag o
zawartosci srebra wynoszacej 0,03 i 1,1%. Przezywalnosé
bakterii na nich wyniosta ponizej 45%. Przezywalnos¢ dla
zawartosci srebra 1,1% byta niemal dwukrotnie nizsza niz
dla 3,80% zawartosci tego pierwiastka w powtoce. Wydtuze-
nie czasu naswietlania z 2 do 4 minut nie wptyneto znaczgco
na poprawe efektu bakteriobojczosci.

Whnioski

Wyniki przeprowadzonych badan pozwalajg na sformu-
towanie nastepujgcych wnioskow:

- mozliwe jest wykonanie domieszkowanych srebrem
powtok TiO, wykazujgcych wiasciwosci fotokatalityczne i
bakteriobojcze za pomoca techniki RF PECVD z wykorzy-
staniem zwigzku statego jako zrédta domieszki.

- temperatura sublimatora wptywa bezposrednio na ilo$¢
domieszki w powtoce.

- pomimo antybakteryjnych wtasciwosci srebra najsilniej-
szy efekt bakteriobodjczy zaobserwowano dla niskiej jego
zawartosci w powtoce (0k.1%).

Podziekowania

Badania przedstawione w niniejszej pracy byty finanso-
wane przez Narodowe Centrum Nauki w ramach grantu No
N 508 482 638.

RYS. 2. Przezywalnos¢ bakterii E. coli po 2 i 4 mi-
nutach naswietlania UV na powtokach TiO, o ré6znej
zawartosci srebra.

FIG. 2. An average survival rate of E. coli bacteria
after 2 and 4 minutes of UV radiation on silver doped
TiO, coatings of different Ag content.

TiO,-Ag coatings of 0.03 and 1.1% silver content exhibit
the lowest survival rate of bacteria (lower than 45%). The
survival rate for 3.8% content of silver was almost twice as
big as for 1.1%. An increase of the radiation time from 2 to
4 minutes did not influence much the bactericidal effect.

Conclusions

From the results presented above the following conclu-
sions are to be drawn:

- With the help of RF PECVD technique and use of
constant state compound as a dopant source, it is possible
to prepare silver doped TiO, coatings characterized with
photocatalytic and bactericidal properties.

- The temperature of sublimator effects directly an amount
of dopant in the coating.

- The strongest antibacterial activity was observed for low
content of silver in the coating, although silver is known as
a strong bactericidal element.
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PODATNOSC MODYFIKOWANYCH
POWLOK SiO, NA ZASIEDLENIE
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Streszczenie

Zasiedlanie przez bakterie powierzchni réznych
materiatbw moze by¢ zaréwno zrédiem infekcji jak
rowniez stanowi¢ przeszkode dla prawidtowego
funkcjonowania niektérych konstrukcji i urzgdzen
biomedycznych. Wytwarzanie powtok antybakteryj-
nych moze by¢ skuteczng metodg zabezpieczania
powierzchni przed ich kolonizacjg przez bakterie.
W niniejszej pracy modyfikowane powtoki SiO, wy-
twarzano metodg zol-zel na podtozach szklanych i
stalowych. Zole przygotowano na bazie tetraetoxysi-
lanu (TEOS), modyfikujgc ich wiasciwos$ci za pomocag
methyltrimethoxysilanu (MTMS) i domieszki azotanu
cynku. Wtasciwosci antybakteryjne powtok sprawdzo-
no poprzez zbadanie ich podatnos$ci na kolonizacje
przez bakterie Escherichia coli. Stwierdzono, Zze doda-
tek antybakteryjny w postaci azotanu cynku ogranicza
podatnosc na zasiedlanie bakterii a hydrofobowosc
nie ma zasadniczego wptywu na poziom zasiedlenia
bakterii E.coli.

Stowa kluczowe: powtoki SiO,, zol-zel, domiesz-
kowanie Zn, powtoki antybakteryjne, powfoki hydro-
fobowe.

[Inzynieria Biomateriatow, 128-129, (2014), 67-71]

Wprowadzenie

Wiegkszos$¢ powierzchni dotykowych moze by¢ zrodiem
drobnoustrojow i sprzyja¢ ich tatwemu przenoszeniu.
Adhezja mikroorganizmoéw do powierzchni materiatéw jest
wstepnym warunkiem ich kolonizacji. Wynikiem kolonizacji
powierzchni przez bakterie moze by¢ rozwinigcie sie biofil-
mu bakteryjnego, stanowigcego zrodto oportunistycznych
infekcji towarzyszace stosowaniu tych materiatéw [1]. Po-
nadto bakterie kolonizujgce powierzchnie materiatdbw mogag
powodowaé problemy w prawidtowym funkcjonowaniu kon-
strukgcji inzynierskich, zwtaszcza biomedycznych [1]. Dlatego
tez bardzo pozgdane jest uzyskanie takiej antybakteryjnej
powierzchni, ktéra bytaby w stanie zapewnic sterylnosc¢ i w
znacznym stopniu zminimalizowac¢ problem zakazen, ktore
spowodowane sg tworzeniem sie biofilmu bakteryjnego na
réznych powierzchniach.

Przyktadem tego typu antybakteryjnych powierzchni
moga by¢ modyfikowane powtoki krzemionkowe. Powtoki
te mogg pomdc w walce ze wzrastajgcg iloscig problemow
zdrowotnych spowodowanych niekontrolowang i niechciang
iloscig drobnoustrojow w otoczeniu.

Powtoki SiO, mogg by¢ wytwarzane za pomocg wielu
technik jak np. metody CVD i PVD [2], lecz takze za po-
mocg metody zol-zel, ktora cieszy sie coraz wigkszym
zainteresowaniem. Metoda zol-zel jest prosta (tatwe
domieszkowanie), ekonomiczna (niski koszt wyposaze-
nia) oraz efektywna - mozemy uzyskiwac¢ powtoki wy-
sokiej jakosci bez koniecznosci wygrzewania powtok.

THE SUSCEPTIBILITY OF
MODIFIED SiO, COATINGS TO
BACTERIAL COLONIZATION

KATARZYNA PoOREBSKA, WiTOLD JAKUBOWSKI,
ANNA SoBczYk-GuzenDA, BozeNA PIETRzYK*

THE INSTITUTE OF MATERIALS ENGINEERING,

Lobz UNIVERSITY OF TECHNOLOGY

1/15 STEFANOWSKIEGO STR., 90-924 Lobz, POLAND
*BOZENA.PIETRZYK(@P.LODZ.PL

Abstract

Colonization of surfaces of materials by bacteria
can be a source of infection, as well as an obstacle
for the proper functioning of some of the biomedical
equipment. Preparation of anti-bacterial coating may
be an effective method of protecting of the surface
prior to colonization by the bacteria. In this paper, mo-
dified SiO, coating have been prepared by the sol-gel
method on glass and stainless steel substrates. As the
precursor of sols tetraethoxysilan (TEOS) was used.
The properties of sols were modified using additives
of methyltrimethoxysilan (MTMS) and zinc nitrate.
Antibacterial properties of coatings were determined
by examining of their susceptibility to colonization by
the bacteria Escherichia coli. It was found that the
addition of zinc nitrate reduces the risk of bacterial
colonization and hydrophobicity is not essential to the
level of E. coli colonization.

Keywords: SiO, coating, sol-gel, Zn doping, anti
-bacterial coatings, hydrophobic coatings.

[Engineering of Biomaterials, 128-129, (2014), 67-71]

Introduction

Most of the touched surfaces can be a source of micro-
organisms and can promote their easy transfer. Adhesion of
microorganisms to the surface of materials is a prerequisite
for their colonization. The result of bacterial colonization of
the surface may be a bacterial biofilm development, acting
as a source of opportunistic infections associated with the
use of these materials [1]. Moreover, bacteria which exist
on surfaces of materials can cause problems in proper
functioning of engineering structures, especially biomedical
[1]. Therefore, itis very desirable to obtain such antibacterial
surface that would be able to ensure sterility and substan-
tially minimize the problem of infections, which are caused
by the formation of bacterial biofilm on various surfaces.

An example of this type of antimicrobial surface may be
modified silica coatings. These coatings can help in the fight
against the growing number of health problems caused by
uncontrolled and unwanted amount of microorganisms in
the environment.

SiO, coatings can be produced using a number of tech-
niques, such as CVD and PVD [2], as well as sol-gel method,
which is becoming more and more popular. Sol-gel method
is simple (easy doping), economic (low cost equipment)
and effective — high quality coatings can be obtained even
without annealing process.

Sol to produce coatings are prepared by mixing the
precursor with a solvent and a catalyst. The preparation
of the sol occurs by a process: hydrolysis of the precursor
and condensation of the hydrolysis products leading to the
formation of Si-O-Si [3]. The condition for the success of the
synthesis is a very thorough mixing of all components of [4].
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Zol do wytworzenia powtok przygotowuje sie przez zmie-
szanie prekursora z rozpuszczalnikiem i katalizatorem.
Wytworzenie zolu zachodzi w wyniku proceséw: hydrolizy
prekursora i kondensacji produktéw hydrolizy prowadzgce;j
do wytworzenia wigzan Si-O-Si [3]. Warunkiem powodze-
nia syntezy jest bardzo doktadne wymieszanie wszystkich
sktadnikéw [4]. Nastepnym etapem jest nanoszenie
otrzymanego zolu na podtoze. Na powierzchni, w wyniku
procesow zelowania, uzyskuje sie jednorodng powitoke,
ktéra poddawana jest suszeniu w temperaturze pokojowe;j.

Wiasciwosci antybakteryjne powtok mozna zapewnié¢ po-
przez dodatek atomoéw cynku. Wiasciwosci cynku koncentru-
ja sie na dziataniu przeciwzapalnym, antybakteryjnym, an-
tygrzybiczym oraz tagodzgcym efekty podraznien. Ponadto
potwierdzono jego role w procesach regeneracji uszkodzen
tkanek powstatych wskutek ekspozycji na promieniowanie
UV lub kontaktu ze substancjami o wlasciwosciach toksycz-
nych. Wykorzystywany jest takze w organizmie w ochronie
przed wolnymi rodnikami [5]. Cecha, ktéra moze wptywac na
wiasciwosci antybakteryjne jest takze hydrofobowos¢. Wiek-
sza hydrofobowo$¢ moze powodowac fatwiejsze usuwanie
bakterii, wptywajgc przez to na zmniejszenie adhezji bakterii
do roznych materiatdw biomedycznych [6,7]. Modyfikacja
powierzchni materiatdw prowadzgca do ograniczenia ich
podatnosci na zasiedlenie bakteriami pozwoli na poprawe
wiasciwosci uzytkowych materiatéw.

Materialy i metody

Przygotowano nastepujgce rodzaje zoli krzemionkowych:

a) Zol A wykonano poprzez rozpuszczenie tetraetoxysi-
lanu (TEOS) w alkoholu etylowym i dodanie jako kataliza-
tora hydrolizy kwasu solnego HCI (36%). Stosunki molowe
sktadnikow TEOS/C,H;OH/HCI to 1:20:0,6.

b) Zol Ahydr wykonano poprzez dodanie methyltrime-
thoxysilanu (MTMS) do zolu A, tak by stosunek molowy
TEOS/ MTMS wynosit 1:0,64. Przed dodaniem MTMS do
zolu rozpuszczono go w matej ilosci etanolu.

c¢) Zol AZn wykonano poprzez dodanie 0,5% azotanu
cynku do zolu A

d) Zol AhydrZn wykonano poprzez dodanie 0,5% azotanu
cynku do zolu Ahydr

Procent domieszki azotanu cynku byt wyliczany przez
ustalenie procentowego stosunku wagowego azotanu cynku
do ogdlnej masy zolu.

Przed nanoszeniem powtok zole starzono w temperaturze
pokojowej przez pie¢ dni. Powtoki osadzono metodg wynu-
rzeniowg (dip-coating) poprzez zanurzenie podtoza w zolu,
a nastepnie wynurzanie go ze statg predkoscig 0,2 mm/s.
Po natozeniu powtoki zostawiano do wysuszenia w tempe-
raturze pokojowej. Jako podtoza uzywane byty podstawowe
szkietka mikroskopowe oraz krgzki ze stali austenitycznej
316L o srednicy 15 mm i grubosci ok. 4 mm, ktére poddane
zostaly szlifowaniu, a nastepnie polerowaniu. Wszystkie
podtoza przed procesem osadzania powtoki poddano myciu
w alkoholu etylowym w myjce ultradzwigkowe;.

Chropowatos¢ powierzchni badano poprzez okreslanie
parametrow Ra za pomocg profilometru Hommel Tester z
detektorem Waveline -20. Pomiar prowadzono na odcinku
pomiarowym 4,8 pym.

Kat zwilzania powtok okreslano za pomocg urzadzenia
Kruss Easy Drop Contact Angle System. Kat zwilzania
definiowany jest jako kat utworzony pomiedzy ptaszczyznag
szkta, na ktérym osadzono krople wody, a powierzchnig
styczng do kropli w punkcie jej zetkniecia z powierzchnig
szkia [8].

The next step is the application of sol on the substrate. Due
to gelation processes on the surface, the uniform coating is
obtained which is subjected to drying at room temperature.

Antibacterial properties of coatings can be achieved by
the addition of zinc atoms. Function of zinc consist on an
anti-inflammatory, antibacterial, and antimycotic effect as
well as on mitigating of irritation. In addition, its role was con-
firmed in the regeneration of tissue damage resulting from
exposure to UV radiation or contact with substances which
are toxic [5]. The feature which can affect the antimicrobial
properties is also hydrophobicity. Increased hydrophobicity
may result in easier removal of bacteria, thereby affecting
the reduction of bacterial adhesion to various biomedical
materials [6,7]. Surface modification of materials leading
to reduce their susceptibility to colonization of bacteria will
improve the performance of materials.

Materiats and methods

The following types of silica sols were prepared:

a) Sol A was prepared by dissolving tetraetoxysilanu
(TEOS) in ethanol and adding hydrochloric acid HCI (36%)
as hydrolysis catalyst. Molar ratios TEOS/C2H50H/HCI
was 1:20:0.6.

b) Sol Ahydr was made by adding of methyltrimethox-
ysilan (MTMS) to sol A, so that the molar ratio of TEOS/
MTMS was 1:0.64. MTMS was dissolved in a small amount
of ethanol before adding to the sol

c) Sol AZn was made by adding 0.5% the nitrate zinc
to sol A

d) Sol AhydrZn was prepared by adding 0.5% zinc nitrate
for sol Ahydr.

The percentage of zinc nitrate admixture was calculated
by determining the percentage weight ratio of zinc nitrate to
the total weight of the sol.

Before deposition of coatings sols were aged at room
temperature for five days. The coatings were deposited by
dip-coating method. The substrate was immersed in the sol,
and then emerged from it at a constant speed of 0.2 mm/s.
After deposition the coating was allowed to dry at room
temperature.As substrates glass microscope slides were
used as well as a discs of 316L austenitic stainless steel
with a diameter of 15 mm and a thickness of approx. 4 mm,
which were subjected to grinding and polishing. All of the
substrate prior to deposition of the coating was subjected
to washing in ethanol in an ultrasonic bath.

The surface roughness was investigated by determining
the parameters of Ra by profilometer Hommel Tester detec-
tor Waveline 20. The measurement was carried out at the
measuring section 4.8 microns.

The contact angle of the coatings was determined by
means of a Drop Easy Kruss Contact Angle System. The
contact angle is defined as the angle formed between the
plane of the glass, the deposited water droplet and the
surface tangent to the drop at the point of contact with the
glass surface [8].

Susceptibility to bacterial colonization Escherischia coli
has been studied for the coatings prepared from sols A,
Ahydr and for coatings with the corresponding sols modified
with additions of zinc nitrate (sol AZN and AhydrZn). Bacteria
in the amount of 2-10° cells were introduced into 200ml of
YPG medium. Sample with coating were immersed in the
medium and placed in the incubator (37°C) for 24 hours.
After removal of samples from the incubator, non adherent
bacterial cells were removed from the surface of samples by
gently rinsing with physiological saline. Then applied to the
surface of two kinds of fluorescent dyes (propydyne iodide
and bis-benzimidyne) in order to distinguish between live
and dead bacteria using a fluorescence microscope GX71.
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Podatnos¢ na zasiedlenie bakterii Escherischia coli bada-
no dla powtok wytworzonych z zoli A, Ahydr oraz dla powtok
z analogicznych zoli modyfikowanych domieszkami azotanu
cynku (zol AZn i AhydrZn). Bakterie w ilo$ci 2*10° komérek
wprowadzano do 200 ml pozywki YPG. Probki z powtokg
zanurzono w pozywce i wstawiono do cieplarki (37°C) na 24
godziny. Po wyjeciu z cieplarki usunieto niezaadherowane
komérki bakterii z powierzchni probek przeptukujgc delikat-
nie solg fizjologiczng. Nastepnie natozono na powierzchnie
dwa rodzaje barwnikéw fluorescencyjnych (jodek propydyny
i bis-benzimidyna) w celu rozréznienia bakterii zywych i
martwych z wykorzystaniem mikroskopu fluorescencyj-
nego GX71. Prébkami odniesienia byty odpowiednio stal
316L i szkto. Probke kontrolng stanowito podtoze ze stali
316L (stosowane jako standard dla prowadzonych badan
zasiedlania bakterii [9]).

Wyniki i dyskusja

Wyniki badan zdolnosci zasiedlania bakterii na po-
wierzchniach powtok osadzanych na podtozach szklanych
przedstawiono na RYS. 1. Badanie prowadzono dla powtok
wytworzonych z zoli Ahydr, AZn i AhydrZn w odniesieniu do
powierzchni czystego szkta. Prébke kontrolng stanowita
polerowana powierzchnia stali 316L.

W przypadku powtok osadzonych na szkle stwierdzono,
ze powierzchnia niepokrytego szkta jest mniej podatna na
zasiedlanie bakterii E. coli niz kontrolna powierzchnia stali,
a ilos¢ bakterii zaadherowanych do jego powierzchni wynosi
okoto 65% ilosci bakterii obserwowanych na powierzchni
stali. Na powierzchni prébki z powtokg wytworzong z zoli
A i Ahydr ilo$¢ zasiedlonych bakterii jest wyzsza niz na
powierzchni szkta bez powtoki (okoto 90%). Wzrost ilosci
bakterii na powtoce SiO, (powtoka z zolu A) w poréwnaniu
z podtozem szklanym, moze wynika¢ ze wzrostu chropowa-
tosci powierzchni Ra, ktéra wynosit dla szkta R,=0,014 ym,
natomiast dla wytworzonych powtok jest podobna i wynosi
R,=0,04 ym.

Stwierdzono, ze na powierzchni powloki wytworzonej z
dodatkiem Zn (zol AZn) ilo$¢ obserwowanych bakterii jest
nizsza w poréwnaniu do powtok bez dodatku Zn. Jednak
najnizszy poziom kolonizacji przez bakterie uzyskano dla
powitoki z zolu hydrofobizowanego i domieszkowanego
azotanem cynku AhydrZn (okoto 15% w odniesieniu do
kontroli). Zdolnos¢ zasiedlania powierzchni przez bakterie
wigzana jest z wieloma czynnikami w tym takze z oddziaty-
waniami hydrofobowy-

Reference samples were respectively 316L and glass. The
control sample was a 316L stainless steel substrate (used
as a standard for the study of bacterial colonization [9]).

Results and discussion

The results of the ability of bacteria to colonize surfaces
of coatings deposited on glass substrates are shown in
FIG. 1. The study was conducted for the coatings prepared
from the sols Ahydr AZN and AhydrZn with respect to the
surface of clean glass. The control sample was a polished
surface steel 316L.

In the case of coating deposited on the glass, it was found
that the uncoated surface of the glass is less susceptible
to the colonization of E. coli to the control surface of the
steel, and the amount of bacteria adhering to the surface
is approximately 65% of the number of bacteria observed
on the steel surface. On the surface of the sample with the
coating formed from the sol A and sol Ahydr the number of
adhered bacteria is higher than on the surface of uncoated
glass (approximately 90%). Increase in the number of bac-
teria on a SiO, coating (coating sol A) compared to the glass
substrate, may be due to the increase of surface roughness
Ra. The roughness of glass was R,=0.014 microns, while
the roughness of produced coatings was similar and amount
to R,= 0.04 microns.

It was found that on the surface of the coating formed with
the addition of Zn (sol AZn) number of bacteria observed
is lower compared to the coating without the addition of
Zn. However, the lowest level of colonization by bacteria
was obtained for the coating deposited using sol AhydrZn
(approximately 15% in relation to controls). The ability of
bacterial colonization of the surface result of many factors
among others including hydrophobic interaction also [10].
In the previously described studies was shown that the
level of wettability is not substantially affect the behavior of
bacteria on the surface of SiO, coating [1]. However, in the
case of Zn-doped SiO, coatings increase the hydrophobicity
improves the antibacterial properties. Results of contact
angle measurements coatings tested are shown in FIG. 2.

Regardless of the number of bacteria adhering to
the tested surfaces, it is also important to determine the
share of live bacteria compared of total amount present
on the surface. This is an indicator of toxic properties of
the surface in relation to existing thereon microorganisms.

mi [10]. Z przedstawio- 120
nych wczesniej badan
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poziom zwilzalnosci nie
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wu na zachowanie bak-
terii na powierzchni po- { so
wiok SiO, [1]. Jednak w
przypadku powtok SiO, ff 40
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wzrost hydrofobowo- § 20
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wosci antybakteryjne. | o
Wyniki pomiaréw kata
zwilzania badanych
powtok przedstawiono

Stal-kontrola / Steel-
control

Szkio / Glass

W Procentkontroli / Percentof Control

Zol AhydrZn / Sol
AhydrZn

ZolA /Sol A Zol Ahydr / Sol Ahydr ZolAZn / Sol AZn
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na RYS. 2.

RYS. 1. Liczba bakterii na powlokach wytworzanych z zoli A, Ahydr, AZn i AhydrZn w po-
réwnaniu do stalowego i szklanego podtoza.

FIG. 1. The number of bacteria on coatings produced with sol A, Ahydr, AZn i AhydrZn
compared to steel and glass substrates.
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Also, in the case of coating of
the sol AhydrZn deposited on a
steel substrate, it was found that
the level of colonization by the
bacteria was significantly lower
compared to the steel reference
sample and amounted approxi-
mately 45%. Contribution of live
bacteria on the coating is also

RYS. 3. Katy zwilzania otrzymanych powtok.
FIG. 3. The contact angles of produced coatings.

Takze w przypadku powtoki z zolu AhydrZn osadzonej na
podtozu stalowym stwierdzono, ze poziom zasiedlenia przez
bakterie jest znaczgco nizszy w poréwnaniu do stalowej
prébki wzorcowej i wynosi okoto 45%. Udziat bakterii zywych
dla tej powtoki jest rowniez nizszy niz dla stali 316L, co za
tym idzie poziom toksycznosci tej powtoki jest wyzszy niz
dla niepokrytej stali austenitycznej 316L. Wyniki tych badan
przedstawiono na RYS. 3.

Podsumowanie i wnioski

W artykule przedstawiono badania dotyczgce poziomu
kolonizacji przez bakterie powtok krzemionkowych mo-
dyfikowanych za pomocg domieszkowania atomami Zn
oraz dodatkéw zwiekszajacych hydrofobowos$c powtoki.
Stwierdzono, ze:

» Wzrost hydrofobowosci powloki SiO, nie ogranicza
poziomu adhezji bakterii do powierzchni .

* Dodatek Zn (0,5%) obniza ilo$¢ bakterii na powierzchni
w poréwnaniu z powtokami bez domieszki Zn.

* Najlepsze efekty ograniczenia ilosci bakterii uzyskano
dla powtok hydrofobowych z dodatkiem Zn (0,5%). Wptyw
energii powierzchniowej na wtasciwosci antybakteryjne
powtok powinno by¢ przedmiotem dalszych badan.

« Efekt ograniczenia ilosci bakterii zaadherowanych do
powierzchni powtok SiO, domieszkowanych Zn zaobserwo-
wano na obu typach badanych podfozy

less than on the surface of 316L
stainless steel, thus the toxicity
of the coating is higher than
that of the uncoated 316L steel.
The results of these tests are shown in FIG. 3.

Summary and conclusion

The article presents a study on the level of colonization
by bacteria of silica coatings modified by doping Zn atoms
and by additives that increase the hydrophobicity of the
coating. It was found that:

* An increase in the hydrophobicity of the coating of
SiO2 does not restrict the level of adhesion of bacteria to
the surface.

+ Addition of Zn (0.5%) lower the amount of bacteria on
the surface when compared to coatings without dopant Zn.

 The best results of reduction the amount of bacteria
on the surface was achieved on hydrophobic coatings
containing Zn (0.5%). The influence of surface energy on
the antibacterial properties of coatings should be the subject
of further studies.

* The effect of limitation the amount of bacteria zaadhe-
rowanych to the surface of Zn-doped SiO, coatings were
observed on both types of substrates examined
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Wstep

Kolagen to jeden z najwazniejszych biopolimerow. Wyste-
puje w skérze, kosciach, miesniach i wielu innych organach.
Jest podstawowym skalnikiem macierzy zewngtrzkomorkwe;j
(ECM) wiekszosci tkanek tgcznych zapewniajgc im wytrzy-
matos¢ mechaniczng. Biatko to jest takze, dobrze znane
ze wzgledu na inne wtasciwosci, np. nietoksycznosé, bioz-
godnos¢ z wiekszo$cig zywych organizméw i stosunkowo
tatwg dostepnos¢. Te cechy sprawiajg, ze kolagen znajduje
szereg zastosowan w medycynie, farmac;ji i inzynierii tkan-
kowej [1-3].

Sieciowanie jest metodg pozwalajgcg na modyfikowanie
wiasciwosci fizykochemicznych materiatéw biatkowych.
Przez wiele lat przetestowano réznorodne czynniki sieciu-
jace, jednakze badacze nadal poszukujg nowych, bardziej
efektywnych, a przede wszystkim bezpieczniejszych re-
agentow. Kwas skwarynowy to zwigzek posiadajgcy charak-
ter aromatyczny. W jednej z form rezonansowych, ma dwa
elektrony 1 i ujemny fadunek na kazdym z karbonylowych
atoméw tlenu. W zwigzku z tym, kwas ten tatwo ulega re-
akcjom z grupami aminowymi, co sprawia, ze wykazuje on
doskonate wtasciwo$ci sieciujgce [4,5].

Celem badan byto okreslenie wptywu dodatku 5%, 10%
i 20% kwasu skwarynowego na wiasciwosci materiatow
kolagenowych.

THE USE OF SQUARIC ACID FOR
CROSS-LINKING OF COLLAGEN
MATRICES

JoANNA SKkopriNskA-WISNIEWSKA'*, JOANNA KUDERKO',
ANNA BAJEK?, ALINA SIONKOWSKA'

'NicoLaus CorerNicus UNIVERSITY, FAcuLTY oF CHEMISTRY,
7 GAGARINA STR., 87-100 ToruN, PoLAND,

°NicorLaus CorPerNicus UNIVERsITY, CoLLEGIUM MEDICUM,
24 KarLowiczA STR., 85-092 Bybcoszcz, PoLAND
*E-MAIL: JOANNA@CHEM.UNI.TORUN.PL

[Engineering of Biomaterials, 128-129, (2014), 71-73]

Introduction

Collagen is one of the most important natural polymer.
It is present in our skin, bones, muscles and other organs.
It is @ main component of extracellular matrix most of the
connective tissues and provides them mechanical strength.
This protein is widely known for its biological properties like
non-toxicity, biocompatibility with all living organisms and
easy availability. These attributes make the collagen ideal
for many applications in medicine, pharmacy and tissue
engineering [1-3].

The cross-linking is well known method of improving the
physicochemical properties of protein materials. For many
years various cross-linking factors have been tested. How-
ever, researcher still are looking for new, more secure reac-
tants. Squaric acid, also called quadratic acid, is a molecule
that has significant aromatic character. In one resonance
form it has two 1 electrons and a negative charge on each
of the carbonyl oxygen atoms, therefore the squaric acid
willingly reacts with amino groups [4,5].

The main aim of our work was to determine the influence
of 5%, 10% and 20% addition of squaric acid on the prop-
erties of collagen materials.
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Materialy i metody

Z kolagenu wyizolowanego ze sciegien ogonowych
mtodych szczuréw albinoséw sporzadzono roztwérw 0,1 M
kwasie octowym. Do prébek 1% roztworu kolagenu dodano
odpowiednio 5%, 10% i 20% wagowych kwasu skwaryno-
wego. Roztwory poddano dializie w tubach dializacyjnych
wzgledem wody dejonizowane;j [3].

Materials and methods

The solution of collagen from tail tendons of young albi-
no rats in 0,1M acetic acid was obtained in our laboratory.
The 5%, 10% or 20% (weight percent based on the dry
weight of the protein) of the squaric acid to 1% of collagen
solution was add. Then the every mixture was poured into
dialysis bag and neutralized during dialysis process against
deionised water [3].

Wyniki i dyskusja
3500 -
Sieciowanie przy uzyciu kwasu skwa-
rynowego w znaczgcy sposob wptywa na
wiasciwosci mechaniczne otrzymanych zeli
kolagenowych. W wyniku tego procesu ob-
nizeniu ulega warto$¢ modutu sprezystosci
(TABELA 1). Najnizszg sztywnos¢ wykazujg
prébki zawierajgce 20% kwasu skwaryno-
wego, jednakze obserwowane zmiany nie
sg wprost proporcjonalne do ilosci zastoso-
wanego czynnika sieciujgcego.
Otrzymane materiaty wykazujg zdolnos¢
chtoniecia duzej ilosci buforu fosforano-
wego (RYS. 1). Niemodyfikowane hydro-
zele kolagenowe absorbujg okoto 3000%
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20 40 60 80 100 120
Time of icubation [h]

jednak zaznaczyc, ze stopien specznienia
wszystkich sieciowanych materiatow jest
podobny, niezaleznie od ilosci zastosowa-
nego czynnika sieciujgcego.

Wiasciwosci powierzchniowe materiatow kolagenowych
takze ulegajg zmianie na skutek sieciowanie przy uzyciu
kwasu skwarynowego (TABELA 2). Warto$¢ swobodne;j
energii powierzchniowej oraz jej sktadowej dyspersyjnej
wzrasta po dodaniu 5% i 10% czynnika sieciujgcego.
Najwyzszg warto$¢ sktadowej polarnej swobodnej energii
powierzchniowej zanotowano dla niemodyfikowanego
hydrozelu, gdyz sieciowanie obniza polarnos¢ powierzchni
badanych materiatéw kolagenowych.

TABELA 1. Wartosci modutu $ciskania (E) dla hy-
drozeli kolagenowych.
TABLE 1. The values of compressive modulus (E)
for collagen hydrogels.

Specimen/Prébka E [kPa]
Coll 1.5286 + 0.2770
| Coll + 5% SqAc 1.0599 +0.3219 |
| Coll + 10% SgAc 14176 + 05737 |
| Coll + 20% SgAc 09993105228 |

TABELA 2. Wartosci swobodnej energii powierzch-
niowej (IFT) i ich sktadowych, polarnej i dyspersyj-
nej, dla materiatléw kolagenowych.

TABLE 2. The values of surface free energy (IFT)
and its dispersive and polar components of colla-
gen samples.

Specimen/Prébka IFT(s) IFT(s,D) IFT(s,P)

Coll 31.26 20.93 10.32
| coll+5%sSqAc | 33.87 25.79 808 |
| Coll + 10% SqAc | 34.04 24.54 95 |
| coll+20% sqAc | 308 23.24 756 |

RYS. 1. Stopien specznienia E, [%] zeli kolagenowych.
FIG. 1. The swelling degreeE, [%] of collagen gels.

Results and discussion

The cross-linking by squaric acid significantly affects
mechanical properties of the obtained collagen hydrogels.
Unexpectedly, cross-linking process reduces the values of
compression modulus (TABLE 1). The sample containing
20% of squaric acid exhibits the lowest stiffness. However,
the changes are not directly proportional to the squaric acid
content in the sample.

The obtained materials are capable of absorbing a large
quantity of phosphate buffer (FIG. 1). The unmodified colla-
gen hydrogel absorbs around 3000% of liquid. The addition
of squaric acid causes significant decrease of swelling de-
gree of the hydrogels. It is worth to notice, that the swelling
ability of all cross-linked samples are similar, regardless of
the amount of applied squaric acid.

The surface properties are modified by the cross-linking
using squaric acid (TABLE 2). The surface free energy
(IFT(s)) increases with the addition of 5% and 10% of the
reagent, as well as the dispersive component of the IFT. The
polar component of surface energy has the largest value in
the case of pure collagen. The addition of the squaric acid
cause a reduction of the surface polarity.
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Whnioski

Przeprowadzone badania wykazatly, ze na skutek sie-
ciowania przy uzyciu kwasu skwarynowego wiasciwosci
hydrozeli kolagenowych ulegajg znacznej zmianie. Obnize-
niu ulega zdolno$c¢ pecznienia oraz polarnos¢ powierzchni.
Jednoczes$nie, sieciowanie nie powoduje sztywnienia
otrzymywanych zeli.
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Conclusions

The our study showed that the properties of collagen
gels were changing due to cross-linking by squaric acid.
The swelling ability and the polarity of the surface decrease
after cross-linking, but at the same time, the gels do not
became stiffer.
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Streszczenie

W pracy przedstawiono wstepne wyniki badan nad
otrzymywaniem i charakterystykg bioresorbowalnych
mieszanek polimerowych L-laktydu-co-glikolidu z
oligomerem bursztynianu butylu o zawartosci 10, 20
lub 40 %w. Poréwnano wtasnoSci termiczne, mecha-
niczne oraz parametry pamieci ksztattu otrzymanych
mieszanek jak i samego kopolimeru. Na podstawie
przedstawionych wynikéw badan okres$lono, Ze do-
datek oligomeru prowadzi do obnizenia temperatury
zeszklenia oraz zmniejszenia sztywnosci materiatu,
oraz poprawienia wiasnoSci pamieci ksztattu.

[Inzynieria Biomateriatow, 128-129, (2014), 73-76]
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Abstract

The paper presents preliminary results on the pre-
paration and characteristic of bioresorbable polymer
blends of L-lactide-co-glycolide with oligo(butylene
succinate) in ratios of 10, 20 and 40 %wt. Compared
the thermo-mechanical properties and shape memory
parameters of obtained copolymer and blends. On the
basis of the results were determined that the addition
of oligomer lead to reduction in glass transition tem-
perature and to reduce the stiffness of the material,
and to improve shape memory properties.

[Engineering of Biomaterials, 128-129, (2014), 73-76]
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Wprowadzenie

Kopolimer L-laktyd-co-glikolid (PGLA) jest klasycznym
materiatem, o doskonale poznanej biokompatybilnosci,
stosowanym powszechnie w chirurgii matoinwazyjne;j.
Gtéwna niedogodnoscig tego materiatu jest stosunkowo
wysoka temperatura wymagana do zainicjowania proce-
su powrotu do ksztattu pierwotnego, co mocno ograni-
cza zastosowania tych polimerow w medycynie [1,2,3].
Poli(bursztynian butylenu) jest réwniez poliestrem alifatycz-
nym w petni biodegradowalnym i biokompatybilnym [4].
W pracy przedstawiono mozliwos¢ otrzymania mieszanek
PGLA z oligomerem bursztynianu butylenu (oBS), ktére
wykazujg interesujgce wtasnosci fizykochemiczne, szcze-
golnie w zastosowaniach tego materiatu w kontrolowanym
uwalnianiu lekéw, czy formowaniu bioresorbowalnych im-
plantéw o duzej elastycznosci.

Materialy i metody

Metoda syntezy opartej na polimeryzacji otwarcia
pierscienia (ROP) kopolimeru PGLA (85/15) w obecnosci
niskotoksycznego inicjatora Zr(acac), oraz otrzymywania
oligomeru oBS polegajgca na transestryfikacji diestru me-
tylowego kwasu bursztynowego z 1,4-butandiolem zostata
przedstawiona w naszych wczesniejszych pracach [5,6].
Wykorzystujgc PGLA otrzymano jego mieszaniny polimero-
we z oligomerem oBS metoda wirysku za pomocg mikro-wy-
ttaczarki Haake MiniLab IS (zestaw $limakéw stozkowych
wspotbieznych 100 obr./min, temperatura wyttaczania
180°C, cisnienie wtrysku 300-600 bar). Sktad otrzymanych
mieszanek oznaczono na podstawie pomiaréw protono-
wego rezonansu jgdrowego NMR (Bruker Avans 600Mhz,
rozpuszczalnik deuterowany chloroform). Analize termiczna
dokonano za pomocg réznicowej kalorymetrii skaningowe;j
DSC (Du Pont1090B, kalibracja galem i indem, szybkos$¢
grzania 20°C/min). Badania mechaniczne wytrzymatosci na
rozcigganie materiatow przeprowadzono na maszynie wy-
trzymatosciowej Instron 4200 (szybkos$¢ rozciggania 20 mm/
min, rozstaw szczek 50 mm). W celu scharakteryzowania
parametrow efektu pamieci ksztattu mierzono czas powrotu
ksztattki do ksztattu pierwotnego (tg) oraz stopien powrotu
(RR). Ksztattki rozciggano o 100% dtugosci w temperatu-
rze zeszklenia materiatu. Ksztatt przejSciowy utrwalany byt
poprzez ochtodzenie w temperaturze pokojowej. Po ponow-
nym umieszczeniu ksztattki w tazni wodnej, w odpowiedniej
temperaturze obserwowano przebieg procesu powrotu do
ksztattu permanentnego.

Wyniki i dyskusja

Zatozeniem pracy byto sprawdzenie wptywu dodatku
oligomeru oBS na wtasciwosci termomechaniczne oraz
parametry pamieci ksztattu kopolimeru PGLA. W tym celu
scharakteryzowano otrzymany oligomer oBS jak i kopolimer
PGLA a nastepnie mieszaniny PGLA z oligomerem stosujgc
dodatek 10, 20 i 40%. Wtasciwosci termiczne wyznaczone za
pomocg DSC dla oligomeru oBS przedstawionow TABELI 1.
Poliester ten wykazywat duzg semikrystalicznos¢. Na pod-
stawie widma '"H NMR, w wyniku analizy grup koncowych,
wyznaczono mase molowg oligomeru, rowng 4000 Da.

Kolejno otrzymano mieszanki polimerowe PGLA z
dodatkiem 10, 20 i 40% wag oligomeru BS, ktorych skiad i
wiasciwosci zebrano w TABELI 2. Rzeczywisty sktad mie-
szanek wyznaczono na podstawie analizy widm 1H NMR.

Introduction

A copolymer of L-lactide-co-glycolide (PLGA) is a classic
material with excellent biocompatibility, is commonly used
in minimally invasive surgery. A major disadvantage of this
material is relatively high temperature required to initiate the
process to return to the programed shape, which severely
limits the use of these materials in medicine application
[1,2,3]. Poly(butylene succinate) is fully biodegradable and
biocompatible aliphatic polyester too [4]. The paper presents
the possibility of obtaining polymeric mixtures of PLGA with
oligo(butylene succinate) (oBS), which exhibit interesting
physico-chemical properties, especially in applications for
controlled release of drugs, or the formation of bioresorbable
implants with high flexibility and shape memory behavior.

Materials and methods

Copolymer PGLA (85/15) was obtained on the ring
opening polymerization way in presence of low toxic initia-
tor Zr(acac), according to the method described previously
[5]. Oligomer oBS was synthesized by transestrification of
succinic acid methyl di-ester with 1,4-butanediol which was
described detailed too [6]. The polymeric blends of PLGA
with oligomer oBS was formed by extrusion with the device
type Haake MiniLab IIS (synchronous conic screws 100 obr/
min, temperature of extrusion 180°C, pressure of injection
300-600 bar). Composition of obtained blends was deter-
mined based on nuclear magnetic resonance measurements
(Bruker Avans 600Mhz, deuterated chloroform solvent).
Thermal analysis of formed materials was specified with
using differential scanning calorimetry (DSC apparatus Du
Pont1090B, calibration of gallium and indium, heating rate
20°C/min). Mechanical test of tensile strength was done on
Instron 4200 (rate of stretching 20 mm/min, grip distance
50 mm). In order to determine the shape memory behavior
basic parameters such as; time of returning to the original
shape (tz, and shape recovery ratio (RR) were assigned.
Before measurements, the blends in the form of dumbbells
were stretched 100% in length at their glass transition tem-
perature. Then temporary shape of samples was fixed by
cooling at room temperature under constant stress. Return
to the permanent shape was conducted in a water bath at
suitable temperature.

Results and discussions

Objective of presented study was to examine the effect of
the oligomer oBS addition on thermomechanical properties
and shape memory parameters of PLGA copolymer. The
resulting polyester oBS demonstrated high semi-crystallinity
degree (TABLE 1). On the basis of the 1H NMR spectra, by
analysis of end groups, molar mass of synthetized oligomer
equal 4000 Da was determined.

Subsequently PLGA polymer blends was prepared with
10, 20 and 40 wt% oligomer BS, the composition and prop-
erties was listed in TABLE 2.

The second heating runs at 20°C/min after rap-
id cooling from melt (FIG. 1), shows glass transition
temperature (TABLE 2). The actual glass transition
temperatures are higher than the values calculated the-
oretically from the Fox equation [7]. The reason for this
difference is the presence hydrogen bonding interactions
between PLGA and oBS (which was confirmed by FTIR
analysis). Single glass transition temperature which
decreases with increasing amounts of added oligomer
was shown by blends PLAGA with 10 and 20% oBS.
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TABELA 1. Charakterystyka termiczna oligomeru BS.
TABLE 1. Characteristics of oligomer BS.

AH [J/g]

-27,5 115,6 79,2

Analizujgc 1l przebieg DSC prowadzony z szybkoscig
grzania probki 20°C/min, po jej uprzednim stopieniu i
szybkim ochtodzeniu (RYS. 1) wyznaczono temperatury
zeszklenia otrzymanych materiatow (TABELA 2). Wartosci
T, wyznaczone za pomocg DSC sg wyzsze od obliczonych
teoretycznie na podstawie réwnania Fox’a [7]. Powodem
takiej roznicy jest wystepowanie, potwierdzonych badania-
mi FTIR oddziatywan typu wigzania wodorowe
pomiedzy PGLA a oBS. Blendy z dodatkiem 10
i 20% oBS wykazujg jedng temperature zeszkle-

In the case blend of a PLGA 60% wg. with oBS 40% wg.

two glass transition temperature was observed, whichmay © @ @ @ @ o o

indicate that the resulting polymer mix is no longer fully
compatible. In addition, this blend has a tendency to form
the crystalline domains, which size increase with contain
of butylene succinate. TABLE 2 shows also the mechan-
ical properties of these materials. Mechanical tests were
carried out at room temperature and body temperature
of rabbits (39°C) - an animal model in the planned further
studies in vivo.

Based on conducted studies it was found the flexibilizing
effect of the oligomers addition. With increasing its quantities
in blends, decrease of the Young’s modules of the material
and increase of maximal elongation was observed.

nia, ktéra odpowiednio spada ze wzrostem ilosci
dodanego oligomeru. W przypadku mieszanki
PGLA/oBS 60/40 wystepujg dwie temperatury ze-
szklenia co moze wskazywac na to, ze otrzymana
mieszanka polimerowa o tej zawartosci 0o-PBS nie
jestjuz w petni kompatybilng. Dodatkowo materiat
ten ma tendencje do krystalizacji zwigzanej z
obecnoscig tworzacych sie domen krystalicznych
zwigzanych z zwiekszong iloscig bursztynianu
butylenu. W TABELI 2 przedstawiono takze wia-
Sciwosci mechaniczne omawianych materiatow.
Testy mechaniczne prowadzono w temperaturze
pokojowej oraz w temperaturze ciata krolikéw

Heat Flow (m)

PGLA/oBS 100/0

PGLA/oBS 9010

PGLA/oBS 80/20

PGLA/oBS 60/40

(39°C) — modelu zwierzecego w planowanych
dalszych badaniach in vivo. Dla badanych miesza-
nek stwierdzono uelastyczniajgcy wptyw dodatku
oligomeru PBS, wraz ze wzrostem jego ilosci w
mieszance zanotowano zmniejszanie modutéw
Younga tego materiatu oraz naprezen w punkcie
maksymalnego obcigzenia.

T
60

Temparaure {°C}

RYS. 1. Poréwnanie drugich przejs¢ otrzymanych z DSC dla mie-
szanek PGLA/oBS. Szybkos¢ ogrzewania 20°C/min.

FIG. 1. DSC second scans of PGLA/oBS blends with different
composition at a heating rate of 20°C/min.

TABELA 2. Charakterystyka oraz wltasnosci mechaniczne mieszanek polimerowych PGLA/oBS.
TABLE 2. Characteristic and mechanincal properties of obtained blends.

Composition of blend /

Skiad blendy 9, [Cl

Tg, [°C]

Ter [°C]

E,s [MPa] Eso [MPa] O3 [MPa]

PGLA/oBS 100/0 56.5 - 24801160 [ 2020430 58+0.1
I PGLA/oBS 90/10 52.5 - 45.3 1968+117 72+0.9 14641205 42+0.6 I
I PGLA/oBS 80/20 47.0 - 35.4 1645+328 52+7.7 460+200 14+1.2 I
I PGLA/0BS 60/40 -17.3 37.2 17.2 1504+11 49+2.3 25530 14+0.9 I
TABELA 3. Charakterystyka oraz wlasnosci mechaniczne mieszanek polimerowych PGLA/oBS.
TABLE 3. Characteristic and mechanincal properties of obtained blends PGLA/oBS.
Composition of blend / o o o ® g
Skiad blendy Tr [°C] t: [°C] R, [%] Vr [%/s] IRT [°C]
PGLA/OBS 48 2760 97.8 0.03
(o]
100/0 52 420 98.8 0.23 45
56 30 99.8 3.33
PGLA/OBS 42 3000 95.8 0.03
(o]
90/10 47 1320 96.0 0.07 38
52 120 99.9 0.83
PGLA/OBS 39 1800 54.0 0.03
(o]
80/20 42 900 77.8 0.09 36
47 540 86.7 0.16
PGLA/OBS 28 3000 21.5 0.01
(o]
60/40 33 1680 26.6 0.02 27
38 1200 37.7 0.03
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Parametry charakteryzujgce pamie¢ ksztattu otrzyma-

® e o o o o o nych mieszanek przedstawiono w TABELI 3. Dodatek oBS

do kopolimeru PGLA ma znaczny wptyw na zachowanie
pamieci ksztattu. Dla wszystkich materiatéw najszybszy
powrot do zaprogramowanego ksztattu jak i jego najwiekszy
stopien zachodzi w temperaturze zblizonej do temperatury
zeszklenia badanego materiatu. Im wiekszy dodatek oBS
tym znacznie spada poczatkowa temperatura powrotu
ksztattu (IRT). W przypadku kopolimeru PGLA IRT wynosi
45°C a dodatek 20% oligomeru powoduje spadek tej tempe-
ratury do 36°C co jest bardzo korzystne z punktu widzenia
zastosowan medycznych. Obecnos¢ oligomeru umozliwia
takze utatwienie w nadawaniu ksztattu tymczasowego,
deformacje probki mozna prowadzi¢ w nizszych tempera-
turach, nawet ponizej temperatury otoczenia, wobec czego
mozliwym sig staje uzyskanie wysokich wartosci naprezen
podczas powrotu materiatu do zaprogramowanego ksztattu.

Whnioski

Na podstawie przedstawionych wynikow wstepnych
badan mozna okresli¢, ze dodatek oligomeru oBS do ko-
polimeru PGLA ma znaczny wptyw na temperature zeszkle-
nia, sztywnos$¢ materiatu oraz parametry pamieci ksztattu.
Sposrdd przebadanych mieszanek, jako perspektywiczne w
zastosowaniach biomedycznych sg materiaty PGLA/oBS o
sktadzie 90/10 oraz 80/20. Mieszanki te wykazujg kompaty-
bilnos¢ sktadnikoéw, wykazujg jedng tempereture zeszklenia,
a obserwacje mikroskopowe nie wykazujg wystepowania
wyraznych granic poszczegodlnych faz. Zaobserwowane
wyzsze temperatury zeszklenia w poréwnaniu do temperatur
wyznaczonych z klasycznego réwnania Fox'a zwigzane sg z
silnymi oddziatywaniami miedzyczasteczkowymi pomiedzy
sktadnikami mieszanki, ktorych istnienie potwierdzity nie
przedstawione w tej pracy badania FTIR.
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The parameters characterizing the shape memory ob-
tained blends are shown in TABLE 3. Addition oBS to PLGA
copolymer has a significant impact on the shape memory
behavior. For all obtained blends, the fastest time of restoring
the permanent shape and greatest shape recovery from the
temporary stage occurs at a temperature close to the glass
transition temperature. The larger addition of o0BS decreases
significantly the initial recovery temperature (IRT). In the
case of PLGA copolymer IRT is 45°C, the addition of 20%
of the oligomer resulted of the temperature decrease to
36°C which is very advantageous from the point of view of
medical applications. The presence of the oligomer in blend
facilitates of deformation of the sample and forming a tempo-
rary shape can be carried out at lower temperatures, even
below the ambient temperature, so that it becomes possible
to achieve a high stress during the return of the material to
the permanent and previously programmed shape.

Conclusions

On the basis of obtained results it can be concluded that
the addition of oligomer oBS to copolymer PLGA has major
influence on glass transition temperature (Tg), stiffness of
material and shape memory parameters. From examined
blends, the materials PLGA/0BS of composition 90/10 and
80/20 are promising in biomedical application. The blends
show compatibility of components, single Tg and additionally
microscopic observations don’t indicate the occurrence of
clear boundaries individual phases. Higher glass transition
temperatures, which were observed, in comparison with
temperatures calculated with classic Fox equation, are
associated with strong intermolecular interaction between
components of blends, which existence was confirmed by
FTIR.
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Alloyed silver-gold nanoparticles recently raised
an interest in biomedicine as potential antibacterial
and surface-functionalized agents for imaging, drug-
delivery, and tumor thermo-therapy [1,2]. The here
synthesized alloyed AgAu nanopatrticles with different
compositions of silver and gold, as determined by
atomic absorption spectroscopy (AAS), were prepared
by reduction with citrate and tannic acid in aqueous
media and subsequently functionalized by the addition
of polyvinylpyrrolidone (PVP) [3]. UV spectroscopy
confirmed that the particles consisted of alloyed
Ag:Au and are not of a separate core-shell structure.
The resulting nanoparticles were monodisperse and
had a uniform size of ~6 nm, except pure Ag and
Ag:Au-90:10, as shown by differential centrifugal
sedimentation (DCS) and transmission electron micro-
scopy (TEM). By means of X-ray powder diffraction
(XRD) and use of Rietveld refinement [4], the precise
lattice parameters, crystallite size and microstrain
were determined. Based on the results by XRD,
DCS and TEM it was shown, that the nanoparticles
were not twinned, except pure Ag and Ag:Au-90:10.
Additionally, a distinct deviation from Vegard'’s linear
rule of alloy mixtures for the lattice parameter was
found for the nanoparticles. This effect was also
found for AgAu bulk materials, but was much more
pronounced in the nanostate. Further investigations
of the crystal structure of the alloyed nanoparticles
by means of synchrotron radiation might be helpful to
gain more information about the interactions of silver
and gold atoms.

[Engineering of Biomaterials, 128-129, (2014), 77]
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[Engineering of Biomaterials, 128-129, (2014), 77-78]

Introduction

Many synthetic drug molecules have their targets sites
inside the cells. Typically, large molecules are not able to
cross the cell membrane on their own and in order to bring
them across it, an efficient carrier is needed [1]. We have
loaded calcium phosphate nanoparticles with different syn-
thetic drug molecules, i.e. a polyfunctional anionic polymer,
a cationic calixarene dimer and a molecular tweezers.
A polyfunctional anionic polymer was developed for selective
inhibition of lysozyme as a model of enzyme inhibition [2].
A calixarene dimer due to its chemical and topological char-
acteristics has the ability to specifically bind to the major
groove of the DNA molecule that result in cell death [3].
Molecular tweezers inhibit the specific protein-protein
interactions that lead to the formation of amyloidogenic
aggregates inside the cells[4]. These aggregates are the
cause of multiple incurable diseases, for example, Alzheim-
er’s disease, Parkinson’s disease and type-2 diabetes [9].
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Materials and methods

Calcium phosphate nanoparticles were prepared
by rapid precipitation, followed by functionalization
with drug molecules. The polyfunctional anionic pol-
ymer and the cationic calixarene dimer were highly
charged and therefore able to colloidally stabilize
the nanoparticles. In the case of the molecular twee-
zers, first the cationic polymer polyethyleneimine
(PEI) was adsorbed onto the nanoparticle surface,
and then the molecular tweezers themselves.
Afterwards, all particles were ultracentrifuged to
separate them from dissolved counter-ions and
non-adsorbed molecules and subsequently redis-
persed in pure water.

All nanoparticle dispersions were characterized
by dynamic light scattering (DLS), nanoparticle
tracking analysis (NTA), and scanning electron
microscopy (SEM). By means of quantitative UV
spectroscopy the amount of the fluorescing synthet-
ic molecules on the nanoparticles was estimated.

The cell experiments were carried out on the
HelLa cell line. The cells were incubated with the
drug-loaded nanoparticles as well as with controls
(the same concentration of the drug molecules
dissolved in water, but without calcium phosphate
nanoparticles). For quantifying the viability of the

CaP/polymer

Polymer alone

CaP/calixarene dimer

Calixarene dimer alone

CaP/PEI-FITC/tweezers

PEI-FITC/tweezers alone

Channel 1
(DAPI)

Channel 2
(Cell Mask™)

Channel 3

(FITC) Overlay

»

cells after incubation the MTT test was performed.
Light and fluorescence microscopy along with
confocal laser scanning microscopy were used to
determine the uptake efficiency.

FIG. 1. Confocal laser scanning microscopy micrographs of HeLa
cells after 3 h incubation with functionalized calcium phosphate
nanoparticles and with the dissolved drug molecules. The blue
channel represents the cell nucleus (DAPI) and the polymer,

the red channel represents the cell membrane stained with Cell

Results

MaskTM, and the green channel represents the calixarene dimer

and FITC-PEl/tweezers. Scale bar is 5 pm.

The functionalized nanoparticles had spherical
morphology with the size of 150-200 nm. The UV-spec-
troscopy data showed that, the amount of adsorbed drug
molecules on the nanoparticles was between 22 and 51%
of the initially present amount of drug molecules. The MTT
test showed no toxic effects for the cells after interaction
with the drug-loaded nanoparticles as well as with dissolved
molecules, except for the ones with calixarene dimer. These
results are in accordance to the purpose of the used mole-
cules. The results of the uptake investigations (FIG. 1) had
shown that together with calcium phosphate nanoparticles,
all three drug molecules were easily detectable inside the
cells, whereas the synthetic molecules alone were not taken
up by cells [6].

Conclusions

We have shown the loading of calcium phosphate na-
noparticles with three chemically different synthetic drug
molecules. Fluorescence microscopy and confocal laser
scanning microscopy showed that the functionalized calcium
phosphate nanoparticles were easily taken up by Hel a cells
after three hours incubation, whereas the dissolved drug
molecules were not able to penetrate the cell membrane. We
conclude that drug-loaded calcium phosphate nanoparticles
represent a suitable carriage system for such molecules
into the cell where they can exert their therapeutic action.
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Introduction

Therapy with risperidone (RSP) is one of the frontline
treatments for most psychotic disorders. It should be noted
that RSP is administrated mainly in oral formulations, i.e.,
tablets and orodispersible tablets, capsules or solutions.
Recently, implantable formulations with prolonged release
have been proposed to improve the efficiency of current
therapies. The most popular solutions are based on aliphatic
polyesters, i.e., poly(lactide-co-glycolide) (PLGA) with vari-
ous content of lactidyl and glycolidyl segments, and different
configurations of lactide. Nowadays, only one medicinal
product with RSP based on D,L-PLGA 75:25 microspheres
is available on the market. There are various opinions on
the efficiency of this product and the rationale for its admin-
istration, pointing to both advantages and disadvantages. It
should be noted that microspheres cannot be removed in
the event of clinical complications.

In this study, an alternative solution has been devel-
oped. A basic research on solid formulation obtained from
terpolymer material, i.e., L-lactide—glycolide-trimethylene
carbonate (PLLAGATMC) terpolymer has been performed.
The use of terpolymer may open a broader possibility of
obtaining a solid formulation with optimized mechanical
properties and release profile.

Materials and methods

The matrices (10 mm diameter) were obtained from
PLLAGATMC terpolymer in the molar ratio of termonomers
56.7:18.1:25.2. Terpolymer was synthesized at the Centre
of Polymer and Carbon Materials of Polish Academy of
Sciences in Zabrze in bulk with the use of Zr(Acac), as a
low toxic initiator. Matrices were prepared with the use of
the solution casting method. RSP (Teva Kutno S.A.) was
introduced in the amount of 0.11 g to 1 g of terpolymer matrix.

The matrices were incubated in a PBS buffer (pH 7.4)
under constant agitation (240 revs per minute) at the tem-
perature of 37°C. Before measurements, the matrices were
air dried at room temperature in a laminar box and then
under reduced pressure.

The amount of released RSP was determined by
high-performance liquid chromatography using Elite
LaChrom HPLC system (VWR Hitachi, Merck) with UV
absorbance detector (Diade Array Detector L -2355, VWR
Hitachi, Merck) set at 280 nm.

The changes in terpolymer composition and chain
microstructure (the average length of L-lactidyl, glycolidyl
and trimethylene carbonate blocks were determined by 'H
and ®C nuclear magnetic resonance (NMR) spectroscopy.
"H NMR spectra were recorded at 600 MHz and *C NMR
at 125 MHz with AVANCE Il Ultra Shield Plus, Bruker 600
MHz spectrometer and a 5-mm sample tube. DMSOd6 was
used as solvent.

Thermal characteristics of terpolymer matrices were
assessed with DSC, using the TA DSC 2010 apparatus (TA
Instruments, New Castle, DE) at a heating rate of 20°C/min,
in the range from -20°C to +200°C, under nitrogen atmos-
phere (flow = 50 mL/min). The instrument was calibrated
with high purity indium and gallium.

Glass transition temperature (Tg) was taken as the mid-
point of the increase of the specific heat associated with
the transition.

The matrices’ morphology was assessed with a SEM
(Quanta 250 FEG, FEI Company, USA). The micrographs
were obtained under low vacuum. The samples stuck to
the microscopic stubs with a double-sided adhesive carbon
tape.

Results and discussions

The profile representing the cumulative release of RSP
from terpolymer matrix showed a sigmoidal shape. Moreo-
ver, a burst effect was not noted.

The NMR study revealed changes in the composition for
L-LA and GA during 127 days. The increase of L-LA with
the decrease of GA was noted, i.e., from 56.7 to 63.0 and
from 18.0 to 13.0, respectively. The least intense changes
were found with respect to TMC.

The changes in the microstructure of the chain were
also observed. The shortening of lactidyl blocks from 3.9
to 3.5 was noted during 127 days. The average length of
the glycolidyl and trimethylene carbonate blocks remained
unchanged (i.e., 1.1 and 1.5, respectively).

The DSC measurement shows to the changes in Tg
from 39.9°C to 29.0°C during 127 days of degradation. This
decrease demonstrated a gradual tendency.

SEM revealed the solid nature of native matrices with-
out a differentiated morphology. Moreover, no pores were
observed. Matrices degradation enhanced the diversity.
However, no radical changes were noted.

The presented study exhibits a stable process of deg-
radation. No intense changes in the analyzed parameters
were shown. Moreover, a sigmoidal character of the curve
showed RSP release without a burst effect, indicative of a
great potential to obtain solid formulations obtained from
PLLAGATMC terpolymer.

Conclusions
The results reveal the potential of PLLAGATMC in drug

technology for the obtaining of an implantable biodegradable
formulation for a prolonged release of RSP.
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Abstract

Antimicrobial biocides are commonly used to pre-
vent the growth of bacteria on surfaces and within
materials. They are typically added in small quantities
to many applications to prevent bacterial growth on
the treated object. Silver is increasingly used in many
applications due to the aim to replace organic chemical
agents by inorganic additives. Examples of applica-
tions are bacteriostatic water filters for household use
or swimming pool algaecides and numerous devices,
ranging from consumer commodities like mobile
phones, refrigerators, and clothes to medical devices
like catheters, implant surfaces, and plasters. To meet
the diversity of application types, many different forms
of silver compounds have been developed to serve this
market. In particular, there is little information on the
types of transformations that silver nanopatrticles will
undoubtedly undergo in real, complex environments
during long-term aging, and the impact of these trans-
formations on their distribution in the environment,
bioavailability, and toxicity potential.

The biocidal action results from the interaction of
silver ions with bacteria. The most potent compounds
for a high silver release are soluble silver salts like
silver nitrate or silver acetate. These are fully water
soluble with a high silver ion release rate. Therefore
they are often used as control in cell experiments to
elucidate the biological effect of silver nanoparticles.
However, in the case of free silver nanoparticles the
interactions can be more complex and catalytic reac-
tions on the particle surface which depend on the size
and shape of the nanopatrticles can render the system
very complex.

If AgNOQ, is used as control, it is tacitly assumed,
that the free silver ion concentration is the same as
that in the added AgNQ,. This obviously cannot be true
because of the presence of a whole set of proteins,
biomolecules and inorganic ions like CF and H,PO, in
the biological medium. These will react with the silver
ions in one or the other way.

We report on experiments on the behaviour of
silver ions in biologically relevant concentrations in
different media, from physiological salt solution over
phosphate-buffered saline solution to cell culture
media. For dissolution and immersion experiments
PVP-coated silver nanoparticles were synthesized
by reduction with glucose in the presence of PVP.
The final silver concentration in all dispersions was
determined by atomic absorption spectroscopy.

The dissolution of silver nanoparticles was followed in
long-term experiments out of a dialysis tube which was
permeable only for silver ions. In case of immersion
experiments, the nanoparticles and all precipitates
were isolated by ultracentrifugation, redispersed in
pure water and again subjected to ultracentrifugation.
The particles were analyzed by scanning electron
microscopy, energy-dispersive X-ray spectroscopy
and X-ray powder diffraction.

The dissolution requires the presence of dissolved
oxygen. If no oxygen is present, only a very small frac-
tion of silver is dissolved, possibly by traces of oxygen
in the experimental setup. An oxidizing agent like H,O,
clearly enhances the dissolution. The presence of
NaCl, either in pure form or as PBS, strongly slows
down the dissolution, probably due to silver chloride
formation. Cysteine has a clearly inhibiting effect
with almost no dissolution of the silver nanoparticles
whereas glucose has a decelerating effect but leads
to a similar final dissolved fraction. This suggests that
cysteine adsorbs onto the silver nanoparticle surface
with its thiol group and prevents the oxidation. In con-
trast, glucose slows down the dissolution, but clearly
did not prevent the oxidation on a longer time scale.

We have extended the studies by mixing silver
nanoparticle dispersions with different media of incre-
asingly biological nature. The solutions/dispersions
were stirred for equilibration and then subjected to
ultracentrifugation. All precipitates and nanoparticles
were isolated by this way and then analyzed. The
results show that both initially present silver ions
and released silver ions are mainly precipitated as
AgCl if chloride is present. Only in the absence of
chloride, glucose is able to reduce Ag* to Ag’. The
initially present silver nanoparticles were recovered in
all cases. Silver phosphate was not observed in any
case, probably due to the moderate pH (around 7) at
which phosphate is mostly protonated to hydrogen
phosphate and dihydrogen phosphate.

We can conclude that released silver ions preci-
pitate mostly as AgClI in biological media, and that
most cell culture studies where silver ions are used
as control are in fact studying the effect of colloidal
silver chloride on the cells. To prove this assumption,
human mesenchymal stem cells (hMSC) were cultu-
red in the presence of silver chloride nanoparticles
(diameter 120 nm), and the viability of the cells was
analyzed by fluorescence microscopy. In general, we
clearly observed that pure silver nanoparticles have
lower toxicity to hMSC compared to silver chloride
nanoparticles with a comparable total silver dose.
Silver acetate in the biological medium had a com-
parable toxicity to h(MSC compared to silver chloride
nanoparticles with the same total silver dose.

[Engineering of Biomaterials, 128-129, (2014), 80]
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The biomimetic MultiSpiked Connecting Scaffold
(MSC-Scaffold) is the essential innovation in fixation tech-
nique of the components of the resurfacing arthroplasty (RA)
endoprostheses providing theirs entirely non-cemented and
bone tissue preserving fixation in the periarticular trabecular
bone — invented by Rogala [1-3] and designed, manufac-
tured and tested in our research team [4-7]. The spikes of the
MSC-Scaffold were designed to mimic the interdigitations of
the periarticular subchondral bone and for this reason it is
a biomimetic structure and it can be manufactured only in
one of Direct Metal Manufacturing (DMM) technology. This
fixation technique of RHA endoprosthesis components in
surrounding bone preserves the femoral head blood vessels
and the near-physiological regional blood supply and circu-
lation. Consequently, the proper remodeling potential of the
trabecular bone of femoral head can be preserved. In this
way, the near-physiologic biodynamics and remodeling of
bone tissue around the implant will be ensured and the de-
sired promotion of bone tissue ingrowth into the MSC-Scaf-
fold can be reasonably expected.

The presented here pre-prototypes of the MSC-Scaffold
were comprehensively designed as fragments of the cen-
tral part of the TRHA endoprosthesis femoral component
(see FIG.1b), for various tasks of the research project (no.
NN518412638, Polish Ministry of Science), i.e.: the electro-
thermochemical modification of theirs spikes’ surfaces con-
tacting with bone [8], the optimization of the MSC-Scaffold
general design on the basis of: the preliminary preclinical
in vivo evaluation on animal models and the biological
evaluation with human osteoblasts cultures [9] and also
the biomechanical push-in tests performed to evaluate the
implant push-in force [10].

Our attempts to manufacture the MSC-Scaffold pre-pro-
totypes using various technologies from group of the DMM
technologies, like Selective Laser Sintering (SLS) or Elec-
tron Beam Melting (EBM), despite referred in literature good
potential to manufacture titanium porous structures or bone
scaffolds [11-12], were not satisfying, because of disqualify-
ing defects found in the interspike space of the MSC-Scaf-
fold, as well as, in its microsections (high corrugation of the
lateral surface of the MSC-Scaffold, the large quantity of the
unmelted and unremovable powder granulates accumulated
between the spikes’ bases in case of EBM, the high number
of discontinuity and microcracks revealed at their surface
and in microsections in case of SLS). The DMM technology
experimentally chosen for manufacturing our MSC-Scaffold
preprototypes — the Selective Laser Melting (SLM) — also
revealed some limitations, but was judged to have best
potential to manufacture the MSC-Scaffold preprototypes in
comparison to EDM or SLS. The variety of the CAD models
of the biomimetic MSC-Scaffold pre-prototypes arranged
as they were set up in one CAD file and then transferred
into one STL file is presented in FIG.2a; in FIG.2b there is
shown the screen presenting the pre-processing step — the
formation of supports for all pre-prototypes of the MSC-Scaf-
fold to be generated in SLM technology, while in FIG.2c
the exemplary pre-prototype of the MSC-Scaffold is shown
as seen directly after manufacturing with support to be cut
out. The SLM machine (Realizer Il 250, MTT Technologies,
Germany) and the stages of the manufacturing process of
the MSC-Scaffold pre-prototypes are presented in FIG.3: (1)
selective laser melting of the first layer of TiAI6V4 powder,
(2) selective laser melting of one of last layers of TiAI6V4
powder, (3) cleaning of the working chamber of not melted
TiAl6V4 powder and (4) the set of the MSC-Scaffold pre-
prototypes fixed to the platform pedestal via supports to be
later cut out.

In FIG.1a there is presented the 3D
diagram of articular hyaline cartilage
and subchondral bone with interdig-
itations interlocking with trabeculae
of cancellous bone. In FIG.1b there
is showed the prototype of the stem-
less and entirely cementless total
resurfacing hip arthroplasty (TRHA)
endoprosthesis with the MSC-Scaf-
fold manufactured in Selective Laser |a

‘\-IJ

lc -l/l/

Melting (SLM) technology. In FIG.1c
there is demonstrated the femoral
head component of our prototype
of innovating THRA endoprosthesis
— designed to preserve the subcap-
sular arteriae retinaculares: superior
(3), and inferior (4); (1) — a.circum-
flexa femoris lateralis, (2) — ramus
ascenens of (1).

FIG. 1. a) The 3D diagram of articular hyaline cartilage and subchondral bone
with interdigitations interlocking with trabeculae of cancellous bone; b) the
prototype of the stemless and entirely cementless total resurfacing hip arthro-
plasty (TRHA) endoprosthesis with the multispiked connecting scaffold (MSC
-Scaffold) manufactured in Selective Laser Melting (SLM) technology; c) the
femoral head component of our prototype of innovating THRA endoprosthesis
— designed to preserve the subcapsular arteriae retinaculares: superior (3), and
inferior (4); (1) — a.circumflexa femoris lateralis, (2) — ramus ascenens of (1).
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The major purpose of the present-

the MSC-Scaffold design to improve
the inter-spike structural osteocon-
ductive potential of the MSC-Scaffold
and, having regard to technological
limitations of the SLM, to provide the
key information about the necessary
modification in CAD model design of
the MSC-Scaffold taking into account
the adjustments of the appeared
technological limitations in this case.
Before the essential research there had
to be also worked out and performed
the additional non-standard techno-
logical tasks, like removing of the
supports from the SLM-manufactured
MSC-Scaffold pre-prototypes, thread-
ing of the special grips in case of some
specific MSC-Scaffold specimens, and
the glass pearl blasting treatment which
is useful in removing the powder aggregates from the
lateral surface of MSC-Scaffold’s spikes.

The applied SLM post-processing treatment is
indispensable before the surface modification of the
MSC-Scaffold’s spikes, but still requires the improve-
ment or alternative post-treatment process to be
worked out. The change in the MSC-Scaffold prototype
design (i.e.: optimal enlarging of the distances between
the spikes base edges) is expected to increase the
effectiveness of the glass pearl blasting of spikes
surface of the MSC-Scaffold prototypes and cleaning
this region from the metallic remains from SLM man-
ufacturing process. The review of the most important
technological issues of the additive manufacturing of
the MSC-Scaffold will be presented in series of photos
in our poster at the PSB Conference 2014.
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-Scaffold directly after manufacturing with support to be cut out.

FIG. 3. The SLM machine (Realizer Il 250, MTT Technologies,
Germany) and the main stages of the manufacturing process
of the MSC-Scaffold pre-prototypes.

[8] Uklejewski R., Winiecki M., Toklowicz R.: Effect of the process
parameters of electrochemical cathodic deposition of Ca-P on the
modified surface properties of multispiked connecting scaffold pro-
totypes for non-cemented resurfacing arthroplasty endoprostheses
— submitted to the journal ‘Engineering of Biomaterials (Inzynieria
Biomateriatow).

[9] Uklejewski R., Rogala P., Winiecki M., Kedzia A., Ruszkowski P.:
Preliminary results of implantation in animal model and osteoblast
culture evaluation of prototypes of biomimetic multispiked connec-
ting scaffold for noncemented stemless resurfacing hip arthroplasty
endoprostheses. BioMed Research International, 2013 (2013), 10
pages, doi:10.1155/2013/689089.

[10] Uklejewski R., Winiecki M., Toktowicz R., Kowalski S., Musielak
G., Rogala P.: Mechanical behaviour of preprototypes of MSC
-Scaffold for non-cemented stemless joints endoprostheses during
push-in tests into periarticular cancellous bone. Work in progress.
[11] Van Bael S., Chai Y.C., Truscello S., Moesen M., Kerckhofs
G., Van Oosterwyck H., Kruth J-P. and Schrooten J.: The effect of
pore geometry on the in vitro biological behavior of human perio-
steum-derived cells seeded on selective laser melted Ti6AI4V bone
scaffolds, Acta Biomater, 8, 2012, 2824—2834.

[12] Liu F.H., Lee R.T., Lin W.H., Liao Y.S.: Selective laser sintering
of bio-metal scaffold. Procedia CIRP 5, 2013, 83-87.

Z 0 © 00000 0000000000000 00000000000000000060000

Ll



DEVELOPMENT OF GRAPHENE-
BASED BIOSENSOR FOR
MEDICAL DIAGNOSTICS

P.SosoLewski', K.PeEnkALA?, J.PoboLski®, E.MiuowskA?,
M.EL Frav!

"PoLYMER INSTITUTE, DEPARTMENT OF BIOMATERIALS

AND MICROBIOLOGICAL TECHNOLOGIES,

WEsT PoMERANIAN UNIVERSITY OF TECHNOLOGY,

SzczeciN, PoLAaND

2FACULTY OF SYSTEMS, SIGNALS AND ELECTRONICS ENGINEERING,
DEPARTMENT OF ELECTRICAL ENGINEERING,

WEsT PoMERANIAN UNIVERSITY OF TECHNOLOGY,

SzczeciN, PoLAanD

3SNZOZ MebpiTEST DI1aGNoSTIC MEDICINE,

14D BRONIStAWY STREET, SzCZECIN, POLAND

“DivisioN oF NANOTECHNOLOGY, DEPARTMENT OF CHEMICAL EN-
GINEERING, WWEST POMERANIAN UNIVERSITY OF TECHNOLOGY,
SzczeciN, PoLAND

Abstract

The explosion of information provided by the
“-omics,” (genomics, proteomics, etc.) has resulted
in a pressing need to develop matching diagnostic
technologies, so-called biosensors. Rapid, sensitive,
selective, and cost-effective analysis of different
biomolecules and microorganisms is crucial in cli-
nical diagnosis and efficient treatment of patients.
Further, there is a growing demand for decentralized
laboratory methodologies that can be implemented
in doctor’s office, emergency room or in the field for
the analysis of such analytes as DNA, RNA, proteins,
antibodies, bacteria, viruses, small compounds eftc.
Lab-on-a-chip platforms and miniaturized point-of-care
devices based on biosensors fulfill these demands
and are foreseen to revolutionize the future of medi-
cal diagnostics. Because of excellent electric and
optical properties, graphene has recently found to be
highly attractive in biosensing applications and may
thrust new possibilities into the field of miniaturized
medical diagnostic devices. The main objective of
this project is to develop a multifunctional graphene
biosensor for effective electrochemical detection of
specific DNA microbial targets in biological samples.
Novel nanocomposites consisting of chitosan and
nanoparticle-modified graphene will be combined with
locked nucleic acid molecular beacons with the goal
of producing “ink” for ultrasonic non-contact printing of
electrical circuits. The developed technology will allow
fabrication of low cost, highly sensitive biosensors for
point-of-care diagnosis.

[Engineering of Biomaterials, 128-129, (2014), 83]
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Introduction

Chemical purity is the crucial property of polymers for
biomedical applications. All materials before in vitro testing
and especially clinical studies needs to be purified and char-
acterized with respect to potential leachable substances.
The characterization pathway is described in PN-EN ISO:
10993 12:2009 standard, part 12, 13 and 18 1-3 and PN-
83/P-04607 4.

In this research project new multiblock copolymer are
developed, as potential materials for producing elements
of extracorporeal heart assisting devices. Currently used
polyurethanes (PU) possess following advantages: blood
compatibility, transparency and easy processing, but their
main drawbacks are poor mechanical stability and number
of significant chemical changes on the polymer surface 5.
Due to the disadvantages of commercially available PUs we
proposed new multiblock copolymer consist from poly(eth-
ylene terephthalate) (PET) hard segments and ethylene
ester of dilinoleic dimer acid as soft segments (DLA).
The aim of this work was to establish purification methodolo-
gy of new PET-DLA copolymer and evaluate their chemical
purity ,as potential materials for blood contacting product.
A detailed characterization of physical and chemical prop-
erties of aqueous and non- polar extracts, as well as the
purified product was performed.

Experimental
Materials

PET-DLA copolymer with the 50:50 hard:soft segments
ratio (wt%) was obtained by two step polycondensation
method. Briefly, transesterification between dimethyl
terephthalate and ethylene glycol was carried out at the
temperature range 150-190°C, then dimer fatty acid (DLA)
was added and polycondensation reaction was carried at
p=0,4mbar and temperature 255-260°C. a-Tocopherol was
used as natural thermal stabilizer. The intrinsic viscosity of
0,724 dl/lg was measured, and the melting temperature of
198°C was determined. The proposed chemical structure
is demonstrated in FIG. 1.

o]

e} (o]
1] I} 1l C—0-CH;~CH;j
0-C C—0-CH; CH; o-C i
DP’ o

Hard segments

soft segments

FIG. 1. Chemical structure of PET-DLA copolymer; DP - degree of
polymerization for 50:50 copolymer 2,98.
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Methods

Organic solvent extraction

Different alcohols: ethanol, methanol and isopropanol
were examined as polar solvents. As a non-polar solvent
for leachable substances, we used petroleum ether (boiling
temperature 40-60°C). The extraction was carried out in
Soxhlet apparatus according to the PN/P-04607:1983 and
PN-EN ISO 10993-12: 2009 standards.

Water extraction

Water extraction was carried out on material previously
purified by solvent extraction. Polymer granules were im-
mersed in water at 37°C for 3, 7, 14, 21 and 28 days in shak-
ing incubator. As reference material, commercially available
thermoplastic elastomer polycarbonate polyurethane (PCU)
was used. Water extracts were used for determination of
total organic carbon (TOC), turbidity, conductivity and total
dissolved solids.

Results and discussion

Four different solvents were used for Soxhlet extraction,
and UV-Vis spectra of model solutions reflecting the main
components of new polymers (thermal stabilizer, a-tocoph-
erol, and dimethyl terephthalate, DMT) and the extracts are
presented in FIG.2.

ethanol T,=78,4°C
methanol T, =64,7°C
—— izopropanol T,=82,5°C
14— petroleum ether T =40-60°C

absorbance

T T T T T T
320 300 260 260 240 220

wave lenght [nm)]

carbon content (mg/dm’)

PET-DLA as recieved PET-DLA purfied

&

absorbance [a.u.]

The absorbance spectra of all solutions shows maximum
between 200 and 300 nm (200, 240, 280nm). This absorb-
ance region is characteristic for - T absorption in aromatic
compounds. The analysis of the polymer composition sug-
gests that polymer extract contains unreacted DMT or short
oligomers and/or a-tocopherol (FIG. 2b).

Total carbon (TC) analysis was carried out on purified and
the neat materials and TC values were calculated according
the equation: TC=TOC+IC, where: TC- total carbon amount
(mg/dm?), TOC- total organic carbon (mg/dm?), IC- inorganic
carbon (mg/dm?), respectively. The results of total dissolved
solids (TDS) and the conductivity of water extracts are
presented in FIG. 3.

The obtained results allow to draw the following con-
clusions:

* Purification of new PET-DLA materials was successfully
performed in different media (solvents), including petrole-
um ether commonly used for purification of medical-grade
polymers;

* The chemical composition of PET-DLA copolymer were
unchanged after Soxhelet extraction

* The parameters of water extracts were comparable with
thofor commercially available PCU
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Introduction

Reconstruction of bone defects lost due to trauma, can-
cer, or congenital defects is a major issue in orthopedic sur-
gery [1]. Calcium phosphate (CaP) ceramics are widely used
in bone regeneration. Excellent biocompatibility, bioactivity
and biodegradability make CaP an ideal starting material
for bone tissue engineering applications [2,3].

The aim of this work was to produce 3-D bioengineered
composites of collagen and calcium phosphates (Col/CaP)
by deposition of calcium phosphate within collagen matrix.
The objective of the current study is the preliminary inves-
tigation of the in vitro cytotoxicity of a biomimetic collagen—
calcium phosphate scaffold for orthopaedic.

Materials and methods

The high porous scaffolds were produced from a collagen
solution using a freeze—drying technique. Collagen solutions
with concentrations 2% (w/w) was prepared from lyophilized
collagen in deionized water. Then, calcium phosphate for-
mation in collagen scaffold was achieved. Collagen scaffolds
were into a solution containing sodium ions for 3h, then
were immersed into a calcium chloride solution for 3h. The
next step were freezing and lyophilizing of scaffolds. After
drying scaffolds were briefly washed in deionized water
and freeze-dried.

Mouse fibroblast cell line 3T3 were seeded in the number
of 1x108 cells/1 cm? and incubated for 7 days. After incu-
bation, MTT assay was performed to assess the viability
of 3T3 cells.

FIG. 2. Image of Col/CaP
material after in vitro
test and MTT assay.

FIG. 1. Image of Col/CaP
material.

Results

In FIG. 1. image of 3D Col/CaP material is presented
and FIG. 2 shows a photograph of this material after in
vitro testing.

The qualitative analysis of color intensity resulting from
MTT assay showed that Col/CaP sample was quite well tol-
erated by the cells. As can be seen the cells were distributed
only on the surface of the scaffold. Although the structure
of the material was porous, the fibroblasts did not migrate
into the material. The results from this study suggest, that
calcium phosphate is precipitated primarily on the surface
of the collagen matrix. Moreover, there may be a closing
of pores in the material during the precipitation of the inor-
ganic particles. These conditions are not conducive to cell
adhesion and proliferation into collagen matrix.

Conclusion

In conclusion, our method allows to obtain 3D, porous
Col/CaP materials. However, calcium phosphate was pre-
cipitated most of all on the surface of this material. Results
concerning cell viability/proliferation evaluated by MTT as-
say showed viable cells on the surface of Col/CaP material.
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Abstract

The nanocomposite material based on chitosan was
obtained and characterized. Commercially produced
biopolymer at 85% deacetylization degree was used.
The biopolymer matrix was modified with carbon nano-
fillers such as graphite oxide (GO), carbon nanotubes
(CNTs) and nanontubes with the surface affected by
carboxyl groups (CNT-COOH). The obtained nanocom-
posites were formed by means of two methods: casting
(fo manufacture nanocomposite foils) and liofilization
(to manufacture porous nanocomposite materials).
Their electrical properties and microstructure were
examined. The tests proved that adding the carbon
nano-filler results in high resistivity (graphite foils,
carbon nanotubes) and also the average size of pores
in liofilized materials. Additionally, the electric potential
of the materials may be improved by surface proces-
sing (EPD- electrophoretic deposition). The described
materials are an alternative to polymer nerve implants
e.g. tubes or hydrogels which are already present on
the market and applied to regenerate nerves.

Keywords: nanocomposites, chitosan, carbon
fillers, guided nerve regeneration (GNR)

[Engineering of Biomaterials, 128-129, (2014), 86-87]

Introduction

Peripheral nervous system disorders (OUN) are a serious
social problem, as approximately 2-5% of patients never
fully recover from the damage and most of them (about 3%)
are considered disabled. Both neurosurgery and neurology
have proven that peripheral nerves display a potential for
recovery. Biomaterials engineering focusing on designing
specific materials may also facilitate the process of nerve
regeneration. Guided nerve regeneration (GNR) means
creating paths to direct the axons’ growth. Such implants are
most often manufactured from pure and modified polymers.
Their objective is to provide the proper durability of the ma-
terial in vivo conditions, efficient mechanical and functional
properties, and such a microstructure that will facilitate the
migration of growth factors and nutrients. Using degradable
products means that a patient does not have to be reoperated
on to remove the unnecessary material.

The in vivo durability of the material might be modified
both by the type of the material and its po-

Another desirable feature is high electrical conductivity
of the implant that will stimulate the regeneration of the
damaged nerves. The conductivity phenomenon is present
in every animal tissue. Unfortunately, it is often neglected in
the process of designing nerve implants.

There are two methods to improve the electrical prop-
erties of the implant. One method involves the necessity to
use piezoelectric polymers, such as PVDV (polydifluorovi-
nylidene), PTFE (polytrifluoroethylene) or their copolymers,
that are able to generate the surface charge under the
influence of slight mechanical stresses. In the other method
a certain number of carbon fillers is introduced into the pol-
ymer matrix in order to cross the percolation threshold and
induce electrical conductivity of the material [1]. In the latter
method carbon nanotubes (CNT), graphite (GR) and, as of
late, graphene (G) are used. Since the volume modification
is often not efficient enough, the electrophoretic deposition
method (EPD) is used to increase the material’'s electrical
conductivity. In this procedure carbon particles are introduced
to improve electrical properties of the surface [2].

This paper presents the implant designed for guided
nerve regeneration. The implant is made of two different
materials: the outer chitosan membrane and the scaffolding
filling. The chitosan membrane is modified in volume by
means of CNT,GR,G, whereas its surface is modified with
different carbon nanoforms (CNT). The porous scaffolding
constitutes the filling of the membrane; its role is to facilitate
the axial pathfinding.

In our work nanocomposite chitosan membranes were
obtained by casting and their structure was modified by
depositing the layer of carbon nanotubes (EPD). The porous
scaffolding was obtained through liofilization, using various
forms of carbon (GR, CNT) as fillers.

The microstructure of the porous background was ex-
amined using SEM imaging. It was also established how
different types of modifiers affect the shape and size of pores.
Electrical properties of the surface were tested both for initial
nanocomposite chitosan membranes and the EPD-modified
ones. The most advantageous material composition was
selected, which is the scaffolding with the highest porosity
and the most resistive membrane.

Materials and method

The base polymer was chitosan (CS) of viscosity 200-
800cT and 75-85% degree of deacetylation (purchased
from Sigma-Aldrich). The carbon fillers were: commercially
available carbon nanotubes (purchased from NanoAmor,
US), graphite oxide (AO-4, from Graphene Supermarket)
and graphene (Graphene Supermarket). Producent date
showed TABLE 1. The porous background with 2%wt filler
was prepared in the shape of cylinders measuring 0.9x1cm.
3% acetic acid was used as a solvent. The membranes con-
tained 1%wt of nano-filler. Both forms of the nanocomposite
were air-dried. Then the materials were observed using a
scanning miscroscope (Nova NanoSEM). The electrical
properties of nanocomposite membranes were established
with a multimeter (EAT 200). Both the volume-modified foils
and the volume- and surface-modified foils were tested.

TABLE 1. Producent date of nanofillers.

rosity (the more porous material, the faster
degradation). That is why the most popular

polymers applied in GNR techniques are:

polylactides (PLA), polyglicolides (PGA),

their copolymers (e.g. PLGLA) and nat-
ural biopolymers such as chitosan (CS).

MWCNT (Nano Amor) d=2-5 [nm], I=10-12 pm 450-560
MWCNT-COOH (NanoAmor) |d=0,7-2 [nm], I=15-30 ym 660
A6 (Graphen Supermarket) d=6nm, a=2-3 um 120
AO-4 (Graphene Supermarket) d=60 nm, a=3-7 um <15
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Results and discussion

Adding the nano-filler to the chitosan matrix changes the
electrical potential of the material in a significant way. Using
1%wt of unmodified nanotubes set the material resistivity
at the level of 350-78 kQ, while the CNTs modified with
carboxyl groups increased the value to 8-9 MQ. It was es-
tablished that additional surface modifications with different
forms of carbon increase the resistivity of the system only
if the modified material is carbon nanotubes. However, this
change is rather slight, as compared to the initial material’s
value in the applied conditions (increase by 15-20% only).
Meanwhile, the presence of fillers has a strong influence
on the shape and size of pores in the liofilized systems.
Introducing the carbon nanotubes results in elliptical and
irregular pores. Introducing graphene and graphite oxide
makes the pores more circular and homogenous (FIG. 1).

HV det |s

HFW 300 pm ;
*118.00kv|6.8 mm 350 xILVD| 4.0 1853 um

*118.00kV|5.2 mm 350

Conclusions

The proposed nanocomposite systems: active electrical
foil and porous fulfilling nanocomposite material seem to
meet the requirements for material used in guided nerve
regeneration concerning damages in the peripheral nervous
system.
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Abstract

The work focuses on polymeric cartilage/bone pins
(pegs) that were manufactured and tested to assess their
application in meniscus injuries. The bone pins measuring
1,2 and 4 mm in diameter were produced from certified
resorbable PLDLA by means of hot pressing (at 126°C).
In order to establish the material characteristics, tests of
mechanical properties, structural testing and stability tests
were performed in vitro (an immersion medium: water/
PBS buffer). It was established that after three months of
incubation the initial implant’s bending strength (120 MPa)
decreased by 35%, whereas its tensile strength (52 Pa)
weakened by 60%. The degree of degradation did not
affect the pH of the immersion fluid. The observed physical
changes of the implant, such as: the mass decrease, the
change of shape, the increase of crystallinity (DSC/TG),
the number of polymer terminal groups (-OH, -COOH),
proved the advanced degradation process of PLDLA pins.
Implants of particular behaviour were inoculated into the
tibia of a New Zealand rabbit. In vivo tests were conducted
to confirm the changes observed in vitro. Monitoring of the
degradation process was performed after three months
following the implantation by means of control X-ray and
computed microtomography (uCT).

Keywords: meniscus, bone pins, polylactide,
regeneration

[Engineering of Biomaterials, 128-129, (2014), 87-89]

87

© 0000 000000000000 000000000600 00000000000000_ -~ mmm

Ll



88

Introduction

Meniscus injuries concern mainly young and physically
active people. Doing competitive and amateur sports may
result in meniscal tears. Injury to the meniscus occurs
during the sudden bend-and-twist motion of the knee. Un-
fortunately, meniscal tears often happen at the same time
other components of the knee are injured - a common injury
among athletes involves simultaneously the anterior cruciate
ligament (ACL) and the posterior cruciate ligament (PCL).
Apart from the trauma-induced injuries, the congenital knee
deformities (such as dysplasia or deviation of the knee joint)
as well as degenerative process contribute to the incidence
of meniscal injuries. The methods of treatment depend on
the location of the injury, i.e. whether the injured area is well
or poorly supplied with blood. In the first case the suture is
usually recommended, using stitches, pins or staples made
of plastic. The disadvantage of this method is the patient’s
longer immobilization and recovery time in comparison to
meniscectomy (the surgical removal of all or part of a torn
meniscus). In particular cases the faulty meniscus may be
replaced by allogenic graft (from Tissue Banks) or the scaf-
folding implant. The porous material improves regeneration
of the injured meniscus and may be applied in surgery. When
the injured area is with the good blood supply, the preferable
treatment is meniscectomy. The materials used in meniscus
surgery are mainly polyhydroxy acids, among which the most
popular ones are polylactide and polydioxanone (PDS). This
polymer, depending on the isomer type (right or left, isomer
mixture L/DL), is characterized by various time of durability
and differentiation of mechanical properties tested in vitro/in
vivo (strength, Young’s modulus). Additionally, the thermo-
plastic material may be formed by means of heat treatment
used in the polymer technology (injection moulding, drawing,
blow moulding). Thus it is possible to form pins, pegs, sta-
ples, scaffolds or membranes used in surgical procedures
of meniscus. The well recognized products on the market
such as RigidFix pin, Steinman pin are manufactured mainly
from polylactide due to its high endurance and crystallinity.
In order to expand the implant/tissue interface, the pins
are often roughened (Steinman pin). The main problem
indicated by orthopaedists is migration of the pin during the
recovery time and long degradation of polylactide (over two
years). Because of the possibility of combining the menis-
cus treatment with the ligaments reconstruction, it seems
advantageous to apply the material suitable for the soft
tissue/bone interface. Thus the tested pin was made from
poly-L/DL-lactide (80:20, L/DL), whose durability tested in
vitro is 12-14 months, according to the manufacturers. The
material is approved by FDA for medical applications and
the proposed processing does not affect its biocompatibility.
The aim of this work was to verify the material both in vivo
and in vitro after three months. To assess its durability the
following properties were tested in vitro: mechanical, thermal
and structural (FTIR), and macroscopic (shape/mass). For in
vivo testing an animal model was used — a PLDLA pin was
implanted into the tibia of a New Zealand rabbit. Monitoring
of the degradation process was performed by means of
control X-ray and X-ray computed microtomography (uCT).

Materials and method

Polymer implants (PLDLA, by PURAC Biochem) were
manufactured by means of hot pressing (at 160°C). Three
types of the nozzle were used measuring respectively: 1,
2 or 4 mm in diameter. All the implants had 2cm in length.

The prepared implants were measured, paying special at-
tention to the mass and shape. The immersed medium were:
PBS and water (1:100). Every month the pH and conductivity
values were registered to establish the degradation rate.
The mechanical bending and tension tests were performed
first on the initial implants and after three months of in
vitro incubation (37°C/water/PBS buffer) using Zwick 1435
machine. The initial values of tensile and bending strength
were established. The thermal properties of the implant were
measured in the atmosphere of nitrogen using the Netzsch
thermal analyzer STA 449F3. The degradation rate of the
material was established by means of analyzing the crys-
tallinity alterations. The structural changes of polymer were
monitored by means of FTIR-ATR (FTS 3000 Excalibur, Bio-
Rad) equipped with a diamond ATR (PIKE Technology). This
method made it possible to follow the changes taking place
on the surface of the material (penetration depth of 2 pm).

In vivo testing was conducted on three groups of New
Zealand rabbits. Under general anaesthesia (using xylazine
5 mg/kg and ketamine 25mg/kg) a lateral approach to the
stifle joint was made in sterile conditions. Following lateral
arthrotomy and medial patellar luxation, the femoral trochlea
was visualized. A cylindrical hole (2 mm in diameter, 4 mm
in depth) was drilled in the trochlear groove to imitate the
osteochondral defect. Then the defect was filled with an
implant using press-fitting method. The joint capsule, fascia
and skin were closed in a routine manner. After the operation
all rabbits were allowed to move freely in cages without any
splints. The animals were sacrificed after three months of
implant loading. The femoral trochleas were harvested,
fixed in 4% paraformaldehyde solution and submitted to
further analysis.

Skyscan 1174 system equipped with the dedicated con-
trol software (Bruker microCT, Belgium) was used for X-ray
microtomography analysis. During scanning the sample
was rotated within angular range of 0°+180° with a step of
0.7°. After each step, three photographs were taken in order
to average the exposure levels. In total, 257 photographs
were taken. To eliminate possible artefacts, the sample
was randomly moved for each projection. An aluminium
0.25 mm-thick filter was used at the source to reduce beam
hardening effect. The images were then reconstructed into
cross-sections using NRecon software (Bruker microCT,
Belgium). After the reconstruction, the isotropic voxel size
for the set of images was 18.3 mm in each axis. The set
was then analyzed to establish geometrical measurements,
using CTAn software (Bruker microCT, Belgium).

Results and discussion

The pins had the same measurements in diameter and
length (TABLE 1) and the mass of the implants was also
comparable, which confirms the possibility to achieve the
statistically homogeneous group for further research. The
applied degradation time does not affect the pH values
or the conductivity of the immersion medium (water/PBS
buffer). A slight change is noted in the shape of implants,
especially noticeable in pins initially measuring 1 and 2 mm
in diameter. Yet such a change concerns only 10% of the
tested pins. As for the 4- mm pins, no change of shape or
mass was noted. The tests assessing mechanical properties
of the thin pins (¢=1; =2 mm) revealed the tensile strength
decrease by 60% and the bending strength fall by 35% in
comparison to the initial implant (TABLE 2). The pins of =4
mm do not record strength decrease (following the applied
degradation time). Additionally, the analysis of the curves
in the force-deformation system shows that the implant
material becomes brittle after three months of incubation.
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TABLE 1.
Size d=0.85-1.05 d=1.95-2.12 |d=3.75-4.15
mm mm mm
Size
after d=0.98-1.26 d=1.97-2.15 |d=3.83-4.05
durability mm mm mm
test

TABLE 2. Mechanical properties of pins after du-
rability test.

Pin ¢=2 122+2.11 2,12+0.5
Pin ¢=2
after durability 41.242.62 0.95+0.7
test

The reason for such a significant decrease in durability is the
growing crystallinity value — from the initial 18% up to 38%
after three months of incubation. The advanced degradation
of the implant is also visible in the analysis of FTIR spec-
troscopy data. In the range of wavelengths characteristic for
the groups -OH (3200-3600 cm') and -COOH (1240-1380
cm™) there is the increase in intensity. It confirms their in-
creased concentration in the implant signifying the molecular
weight decrease (groups -OH i -COOH are the terminals
of the polymer chain PLDLA). The X-ray images of rabbits’
bones taken three months after the surgery showed a visible
outline of the implant. No negative changes were noticed in
the implantation area. The three-month clinical observation
of the rabbits did not reveal any pathology concerning the
rabbits’ knees, all the animals moved ably. The uCT con-
firmed the in vitro results — firstly the bone implant swells as
the degradation proceeds (the pin’s diameter changes from
1,78 to 1,94 mm). None of the implanted pins underwent the
disintegration (FIG. 1). Probably the degradation process in
vitro is faster than the one in vivo, which might be connected
with the immediate surroundings of the implant. In the tissue
the implant is press-fitted, while in the immersion fluid the
penetration is unlimited and happens all over the surface.

FIG. 1. Place of implanted pin in uCT photographs.

Conclusions

To conclude the preliminary research on the durability
of polymeric pins, it may be assumed that in vitro testing
does not entirely reveal the changes taking place in the pin
implanted in the tissue. Still such a testing “in glass” is a
probable prediction concerning the degradation rate and the
stages of the process. The presented results prove PLDLA
to be a material of high mechanical potential and relatively
short degradation time. The particular properties of the
implant’'s material seem to recommend it for a bone pin.
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Introduction

Structure of segmented polyurethanes (PU) determines
their widespread properties. PU/B-tri-calcium phosphate
(B-TCP) open-celled foams may be used as three-dimension-
al scaffolds which successfully support cell adhesion, prolifer-
ation, angiogenesis, nerve and bone tissue regeneration [1].
The aim of this study was to investigate the influence of vary-
ing PEG/PCL ratios on properties of polyurethane hierarchical
foams. Poly(ethylene glycol) (PEG) is an uncharged, hydro-
philic and nonimmunogenic polymer used as component of
blood-contacting devices [2]. Poly(e-caprolactone) (PCL) is
widely used in regenerative medicine due to good mechan-
ical properties, nontoxicity and biocompatibility [3]. Li et al.
developed hemocompatible PEG/PCL based PU which sup-
ported attachment, growth and proliferation of rat glial cells.
The research carried out by Li et al. showed potential of PU
based on PCL and PEG as nerve regeneration scaffolds [4].
PU synthesized by Gong et al. exhibited higher hydrophilicity
with increasing PEG content. On the other hand higher PCL
content prolonged degradation time [5]. This study focused on
the relationship between composite structure and properties.

Materials and methods

B-TCP microparticles (with particle size ca 150 pm) were
produced by Fluka Chemie GmbH. Composites were man-
ufactured with different mass fractions of B-TCP (0, 20, 40,
60 and 80%). 4,4’- diphenylmethane diisocyanate (MDI),
poly(ethylene glycol) (PEG) of average molecular weight
(Mw) of 2000, poly(e-caprolactone) diol (PCL) of Mw amount-
ing to 2000 and 1, 4-butanediol (BDO) were purchased from
Sigma Aldrich. Sulphonated castor oil (SCO) from Fluka
Chemie GmbH and calcium stearate (CS) from POCH S.A.
One-step synthesis was performed by mixing all the above
mentioned substrates. SCO and CS were used for better
porosity control and to obtain open porous systems. SCO
played role of surfactant.

Fourier transform infrared (FTIR) spectra of the compos-
ites were obtained with a BIO-RAD FTS60V FTIR spectrom-
eter in the middle infrared range with samples mixed with
the KBr powder (about of 0.1-2% of the KBr amount) and
pressed into pellets. The contact angles were measured
by the sessile drop method using an automatic drop shape
analysis system DSA 10 Mk2 (Kruss, Germany). Ultra high
quality (UHQ) water droplets with a volume of 0.2 pl were
placed on each sample surface and the contact angles were
obtained by averaging the results of ten measurements.
Compressive tests were carried out with the aid of a me-
chanical testing machine Zwick on dry samples.

Results and discussions

The structure of obtained polyurethane was confirmed by
FTIR method. The FTIR spectra (FIG. 1) revealed structure
changes occurring by different PEG/PCL ratio. Characteristic
absorptions corresponding to functional groups in PEG and
PCL differ from each other. This allows to detect structural
changes with aid of infrared spectroscopy.

W PEG/PCL

y  —100/0
\ s —50/50
WM /L 0/100

3d'00 24'00 14'00 400
Liczba falowa/Wavenumber [cm™1]

FIG. 1. FTIR spectra for PU/B-TCP composite sam-
ples containing 80% B-TCP.
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FIG. 2. Contact angle values measured on surface
of the composites containing 80% -TCP.

The characteristic peak at 1100 cm' corresponds to the
ether linkage C-O-C present in PEG. The absorbance at
1730 cm~' corresponds to the ester carbonyl linkage present
in PCL. The band located at 3330 cm™ proves presence of
N-H stretching vibrations and band at 2934 and 2850 cm' is
assigned to asymmetric and symmetric vibrations of group
CH,. Backbone vibrations causing stretch of the C-C binding
within aromatic ring absorb radiation in range 1600-1585
cm and 1500-1400 cm-'. Stretching vibration C-N, in turn,
absorbs radiation of wavenumber 1222 cm-'. The band at
1535 cm™ is assigned to bending vibrations of N-H group.
The bands at 570 cm™" and 600 cm™' are assigned to the
O-P-0 bending mode in 3-TCP.

Contact angle was measured on surface of the samples
to assess the contribution of PEG into hydrophilicity. The
measured values are shown in the FIG. 2.

The values are average of measurements from 10 read-
ings for each sample. The above results indicate that PEG
is more hydrophilic than PCL. The increasing PCL content
caused higher contact angle. This complies with previous
research [6]. Different PEG/PCL ratios may be used to ma-
nipulate hydrophilicity of the composite samples. Additionally
B-TCP influenced hydrophilic nature of the surface. Pure PU
surface is more hydrophobic in comparison with composites
containing B-TCP microparticles.
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FIG. 3. Modulus of composite samples.

Compressive tests were carried out on dry samples.
The modulus was calculated on basis of force-strain rela-
tionship curvatures. The results are shown in the FIG. 3.

The above results show an increase of modulus with
increasing PCL and B-TCP content. These results comply
with previously carried out research [7]. Both PCL and 3-TCP
can be used to manipulate mechanical properties. However
the values are much lower than in case of cancellous bone
of which Young’s Modulus amounts to 60-260 MPa [8].

Conclusions

Porous composite materials containing bioactive ceram-
ics were synthesized and characterized. They have potential
to be applied as injectable biomaterials. However there is
still need to investigate their properties considering tissue
engineering application.
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Abstract

In the present work, the samples were subjected to
a comparative analysis of the titanium alloy Ti6AI4V
prepared by various methods. The research included
a comparison of the following properties of manufactu-
red elements: microstructure, phase composition and
surface roughness. The test results clearly showed
that these properties are different when using different
method of casting. These changes allows the use of
prepared elements in medicine.

Keywords: biomaterials, titanium alloy Ti6AI4V,
massive amorphous alloy

[Engineering of Biomaterials, 128-129, (2014), 91-92]

Introduction

Long-term studies lasting over metallic materials suita-
ble for biomedical applications have shown, that a group
of alloys based on titanium is safe to implant applications.
Since the forties of the last century there are attempts se-
lecting the ideal chemical composition of the alloy, which
would be completely neutral to the human body. One of the
most widely used implant material is titanium alloy Ti6AI4V,
although that alloy doesn’t have only advantages [1,2].
Currently, studies are carried out of the attempt to obtain
amorphous materials based on titanium, thereby resulting
in improved mechanical properties, more developed sur-
face, higher biochemical resistance. Obtaining materials
with such properties allows the injection method, which the
liquid is injected into the metallic copper mold cooled with
a suitable rate [3,4].

Materials and methods

The first test sample was cut by waterjet from purchased
rod made of titanium alloy Ti6AI4V, the second was produced
by a novel method of injection. The chemical composition
of materials tested are given in TABLE 1.

Samples were subjected to microscopic analysis, qual-
itative X-ray analysis, assessment of surface topography.

TABLE 1. Chemical composition of titanium alloy
Ti6AI4V.

Chemical AV C

composition
% 6|4 |0,03| 0,1

0,15{0,01 (0,003 rest

91

ATERIALS

M

>

G |

© 0000 000000000000 000000000600 00000000000000_ -~ mmm

Ll



92

There are wide angle peaks forming
» | the typical backdrop of amorphous
_J samples, as well as occur peaks of
| the crystallite phase.

In order to determine the surface
topography, and its parameters
studies were carried out with using
a Hommel T1000 profilometer. De-
termination of surface roughness
- parameter R, made in contact with the
test surface by the engagement of the

v el needle with a differential measuring

FIG. 1. Microstructure of titanium alloy Ti6Al4V produced by: a) conventional

method, b) injection method.

arrangement. The results roughness
parameter R, are shown in TABLE 2.

Analyzing the arithmetic average
ordinates of profile R,, obtained dur-
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ing the study of surface geometry can
be stated that a smaller development
of the surface characterized samples
produced by conventional method as
compared to the samples produced
by injection method.

Conclusions

Microstructural observations al-

20[deg

21|deg|

s lowed the determination of the
structure depending on the method

FIG. 2. Diffraction patterns of titanium alloy Ti6Al4V produced by: a) conven-

tional method b) injection method.

TABLE 2. Summary of roughness parameter Ra of surface samples.

of production. Traditionally manufac-
tured titanium alloys have a crystal
structure, with regular arrangement
of grains, while the injection method
allow produce a massive amorphous
materials, with lack of regularity, this
material is present in only a long-

range ordering. Confirmation of the
structural test records are obtained
masurement || 3,21 | 0,02 | 1,86 | 0,19 | 1,71 | 3,21 || With a qualitative analysis of the dif
Conventional | _masurementll | 6,46 | 0,03 | 3,47 | 0,31 | 2,65 | 6,50 I;C;g;gx ;ﬁgfgj{‘;a;;‘;?eoi;:f:;e
method masurement Il| 2,24 10,01 [ 1,59 | 0,33 [ 0,99 | 2,56 | ments produced by the injection have
Average 3,97 10,02 [ 2,31 | 0,28 | 2,08 [ 4,09 || higher surface roughness, than the
masurement | 253 10,11 | 1,78 | 0,44 | 1,30 | 2,53 || same alloys produced by the conven-
Injection masurement || 2,48 | 0,08 | 1,40 | 0,34 | 1,50 | 2,48 || tional method, which from the point
method masurement Il | 2,96 | 0,09 | 1,74 [ 0,42 | 1,21 [ 2,81 || of view of application components
Average 266 | 009 | 1.64 | 04 | 1.34 | 2.61 such implants is very advantageous

phenomenon.

Results and discussion References

Samples were submitted for microstructure using an
optical microscope Axiovert. The resulting microstructures
are shown in FIG. 1.

Microstructural observations using light microscopy of
samples produced by two methods allowed for finding, that
the samples obtained by the conventional method have a
crystal structure typical of a two-phase materials. Material
produced by injection is characterized by a lack of regularity
and short-range ordering.

The samples were prepared by two methods was sub-
jected qualitative X-ray analysis, in order to determine the
phase composition. Graphical representation of the X-ray
studies show the diffraction patterns presented in FIG. 2.

The diffraction pattern of the titanium alloy produced
by the conventional method shows crystal structure, and
discloses the two peaks of the titanium phase. For sam-
ples produced through injection, diffraction pattern has a
characteristic waveform for the partly crystalline material.
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Abstract

Introduction: Aesthetic restorations also have
a significant impact on the success of prosthetic
treatment which recreates the proper functioning of
the teeth. Suitable aesthetic effect is determined by
the appropriate restoration of tooth shape and colour.
Selecting the proper colour of artificial teeth is difficult
and may suffer from many problems in everyday
dentistry. In addition, visual assessment for the help
of the unique is subjective and may give erroneous
results. On the market there are auxiliary device for
the instrumental assessment of the colour of teeth:
spectrophotometers, calorimeters, colour analyzers
computer. They are not commonly used in everyday
medical practice.

Goal: The aim of the study is to assess the appli-
cability of Sopro 717 intraoral camera in the correct
assessment of the colour of teeth.

Methods: The study was conducted based on the
evaluation of the natural tooth colour visually using the
unique “Lumin - Vacuum” by the patient’s dental and
medical students in natural light and using the intraoral
camera having their own source of light. The experi-
ment involved 40 people aged 22-46 years. The study
was conducted to assess the colour of the surface of
the cheek teeth 11 or 21 and 32 Takes into account a
number of factors affecting the proper assessment of
the colour of teeth such as colour space, light intensity,
eye fatigue investigator.

Results: The evaluation of the occurrence of diffe-
rences in colour of the teeth within the two mentioned
methods.

Conclusions: Intraoral camera helps us to cho-
osing the right colour of the tooth. Although this is still
a subjective method allows us to reduce the number
of errors made in the selection of the proper shade of
hard tissues of the tooth.

Keywords: selecting colour of teeth, intraoral
camera, shade guide
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Abstract

Carbon nanotubes are nanometric-sized materials
which possess a set of interesting features that favor
their applications in various fields of materials engi-
neering, including biomedical applications. However,
their usage as implants or in nanomedicine raises
many questions, regarding their potential cytotoxicity,
relative to their length, diameter, structure and func-
tional groups, present on their outer walls. The given
study presents a physiochemical and biological in vitro
(in accordance with EN-ISO 10993-5) evaluation of
thin carbon nanotubes films, deposited on the surface
of titanium, by means of the EPD process. Experi-
ments were carried out on commercially available, pre
-functionalized with OH groups, multi-walled carbon
nanotubes. The obtained material is proven to be
biocompatible, with no cytotoxic effect on the human
fetal osteoblast cell line. During the study, selectivity of
the EPD process was proven - performed experiments
revealed that the process favors deposition of CNTs
with chosen set of features from the stock solution.
Presented results point out that the EPD process can
be successfully applied as a method for fractioning the
CNTs, aimed to fabricate non-toxic layers that might
be considered for various biomedical applications.

Keywords: EPD, MWCNTs, thin layers,
biocompability

[Engineering of Biomaterials, 128-129, (2014), 93-94]

Introduction

Due to their extremely high mechanical properties [1] and
good electric and thermal conductivity [2], carbon nanotubes
are nowadays a widely considered material for various appli-
cations — either as a reinforcing phase in composites or as
electrodes for electrochemistry, supercapacitors and actua-
tors. However, in terms of their biomedical application, a real
potential lies within good biocompability and a possibility to
promote growth and differentiation of various tissues. These
promising features have already been proven by some of
the scientists and published in numerous reports, which
propose usage of the CNTs either in tissue engineering
[3], in nanomedicine [4,5] or as implantable electrodes that
would aid in treatment of assorted diseases [6].
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Despite many promising results presented independently

® e @ o o o o by scientists worldwide, a road towards actual biomedical

application of the CNTs is still bumpy, due to many contro-
versies regarding their potential cytotoxicity. In the literature,
one can find many contradictory results, with some scientists
pointing out adverse cytotoxic responses and others proving
very good biocompability. We believe that the reason of such
large discrepancy in the reported studies lies within hetero-
geneity of the studied materials, having different dimensions,
type and amount of functional groups or level of structural
perfection — all reported to be determinants of the outcome
CNTs toxicity, both in vitro and in vivo [7]. What is more, in
some of the cytotoxicity studies, very poor physiochemical
evaluation is performed and no connection between the
outcome cells response and properties is established.

The aim of the study was to fabricate thin layers of the
MWCNTs on the surface of biocompatible titanium, study
their physiochemical properties and perform cytotoxicity
evaluation in order to establish some of the very basic
correlations between physiochemistry and outcome cell’'s
reaction. In the study, EPD process was used as a fractioning
tool for obtaining dense layers of well adhered CNTs of uni-
form, strictly desired properties. The proposed method not
only allows for fabrication of the CNTs layers of well-defined
characteristics but also creates a vast possibility for further
modifications of the properties.

Materials methods

In the study, physiochemical evaluation of the stock MW-
CNTs, modified with OH groups, provided by the NanoAmor
(Stock#: 1249YJF), is performed by means of SEM, Raman,
XPS and goniometer. Next, the as-received CNTs are used
to create a stable suspension in ethanol and acetone (1:3),
which is consecutively applied in the EPD process. Layers
are obtained for two different times of deposition and their
physiochemical properties are evaluated. Finally, a thicker
layer, showing no titanium peaks in the XPS spectrum is
used in the in vitro both indirect and direct contact cytotox-
icity studies (in accordance with ISO 10993-5, using hFOB
1.19 cell line - normal human fetal osteoblasts), guaran-
teeing that only influence of the CNTs on cells is studied.

Results and discussions

Physiochemical evaluation of both stock MWCNTs and
the obtained layers proves that the EPD process favors
deposition of different kinds of tubes in the function of time.
The preliminary in vitro study indicates that by means of
the deposition, highly biocompatible material is obtained,
with even less-pronounced indirect contact cytotoxicity than
the negative control sample (PS of the culture well). During
direct contact cytotoxicity evaluation, no dead cells on the
surface of the material were observed, compared to very
little on pure titanium.

Conclusion

The applied EPD method was proven to be a good
fractioning tool for the CNTs containing different chemical
species on their surface. Preliminary in vitro biocompatibility
assessment revealed promising applicability of the method
for fabricating nontoxic layers of strictly desired, potentially
steerable properties, for various biomedical applications,
including implantable electrodes or scaffolds for tissue
engineering.
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Typical problems strictly connected with injuries of both
peripheral and central nervous system are sensor and motor
disabilities, and sometimes even paralysis. In addition, minor
nerve damage can cause a formation of benign tumors -
neuroma. The most common reasons for nerve injuries are
car and construction accidents, tumors and cancers and
iatrogenic side effects of many surgical procedures such
as orthopedic or dental.

The injuries of the peripheral nerves and the spinal cord
are treated differently. This is mainly due to the fact that
the peripheral nerves are capable of autoregeneration and
the interruption of the spinal cord triggers the formation of
the glial scar which prevents growth of axons. When the
peripheral nerve is disrupted, connection or bridging the
nerve stumps is used. To bring back the nerve function
transplant from other place in the body or nerve fibers
from another organism can be taken as well as synthetic
implant can be used. Synthetic implant, most often a tube
connecting nerve stumps, provides protective environment,
limits fibrous infiltration and enhances concentration of
locally produced growth factors. Nerve functions properly
when the anatomic continuity of nerve fibers and proper
synaptic connection is ensured between nerve fiber and
its effector. The success of the repair process depends on
the level of nerve damage. Regeneration of neural tissue
significantly differs from the healing process taking place
in the other tissues in the body. The spinal cord requires a
more comprehensive approach associated with the need
to inhibit glial scar formation and to provide a place of loss
scaffold to facilitate directed growth of axons.

In this study polymers that found application as a im-
plantable materials were chosen. Attention was focused
on a mixture of two polymers, namely, polyurethane an
polylactide, mixed with weight ratio 80/20. The choice of
that mixture was not made unintentional, material of that
composition shows good surgical handiness and posses
suitable mechanical properties for the needs of neurosurgery
and angioplasty. The thermal and surface properties were
characterized as well as tests in vitro on cells (fibroblasts
and mesenchymal cells) and in vivo on group of rats (for
peripheral nerve regeneration assessment), and geckos (for
spinal cord regeneration assessment) were done.

Polyurethane, produced by Bayer, built up of hexameth-
ylenediisocyanate and - oxycaproic (PCL of mass 530 Da)
segments was used. Isosorbitol was applied as a chain
extender. Poly(L-lacide-co-DL-lactide) consisting of 80% of
L-lactide and 20% of DL-lactide was purchased from Pu-
rac. Both polymers received medical certificate and can be
used in medical applications. Sodium and calcium alginate
(NaAlg and CaAlg, respectively) fibers, obtained by wet
method from alcohol solution, were produced in Department
of Man-Made Fibres on Faculty of Material Technologies
and Textile Design, £6dz University and Technology. Films
were prepared by dissolving polyurethane and polylactide
in dimethylformamid at temperature of ~45 °C, in order to
obtain 10% solution. Series of films with different weight
ratio of polyurethane to polylactide. Polymeric tubes were
manufactured by vertical immersing of mandrels in a poly-
mer solution or in their mixture. Polymer coated mandrels
were then placed into cold distilled water, where they were
allowed for 10-15 minutes, then tubes were slipped off the
mandrels and placed in vacuum dryer at temperature of
45-50°C for at least 48 hours.

When porosity was needed, suitable amount of porogen
was added to the polymeric mixture for manufacturing films
and tubes. Pentane, sodium phosphate, sodium chloride,
polyethylene glycol of different viscisities and different
molecular weights, were used as a porogenic substance.
To obtain a homogeneous mixture and to prevent sedimen-
tation the suspension was homogenized with the use of
ultrasounds. After evaporation of the solvent the porogen
was washed out form the polymer blend with ultrapure
distilled water.

The resulting mixture of polymer in the form of solid films,
porous films, sponges, microtubules, and various forms of
implants for spinal cord were subjected to comprehensive
material testing. Mechanical evaluation on tensile and
compressive strength, spectroscopic tests with using of
total internal reflection technique (ATR) in the range of
mid-infrared (500-4000 cm-"), wettability determination using
sessile drop method on DSA (Drop Shape Analysis) 10 Kruss
at ambient temperature in air, and surface roughness were
performed. The pore size distribution of the tested materials
PU/PLA was determined using a porosimeter PoreMaster
60, Quantachrome Instruments company. Porosity meas-
urements on small pores were made on the multi-function
automatic apparatus ASAP 2010, Micromeritics Company
with using of volumetric sorption of nitrogen method. The
microstructure of the PU/PLA films as well as tubes was
observed under a scanning electron microscope (SEM
Nano Nova 200, FEJ EUROPE Company, USA). The rate
of degradation was evaluated in the conductivity and pH
values changes of the incubated solution and on the basis
of cubes weight degraded during incubation. Materials used
in biological tests in vitro and in vivo were sterilized with
the use of peroxide cold plasma. In order to determine the
effect of the sterilization method on properties of a polymeric
material, ethylene oxide sterilization and ultraviolet radiation
in a laminar was also carried out.

The sterilized films were placed in 24-well plate (Nunclon,
Denmark), both surfaces of the films (top surface, i.g. air-
cured, and bottom surface, i.g. glass-cured) were tested and
as a control the bottom of the well tissue culture polysty-
rene-TCPS was used. NIH 3T3 mouse embryonic fibroblast
cells were cultured on the studied materials in DMEM (PAA,
Austria) supplemented with 10% FBS, 1% penicilin/strep-
tomycin at 37°C under 5.0% CO, atmosphere for 24 hours
and 7 days. MTT test was used for cells viability measure-
ments. Morphology of the cells was observed under fluores-
cence microscopy (Zeiss Axiovert, Carl Zeiss, Germany).
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The cultured cells were fixed in 4% paraformaldehyde for
1 h, then washed in PBS and stained with acridine orange
solution (1 mg/mL). Examination of the viability and pro-
liferative activity of stem cells was carried out using the
test Alamar Blue (Sigma Aldrich, Germany). To the culture
medium DMEM / F12 Ham’s with 10% bovine serum and
1% antibiotics was applied.

In vivo studies of peripheral nerve regeneration were car-
ried out on groups of male rats (Wistar, each approx. 300 g),
and the regeneration of the spinal cord was observed on a
group of leopard gecko after implantation in the animal’s tail.
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Introduction

Highly porous titanium dioxide (TiO,) scaffolds are very
interesting among other bone substitutes. TiO, is proved to
be fully biocompatible with bone tissue and it promotes prolif-
eration of bone cells [1]. TiO, scaffolds can be manufactured
by polymer sponge replication method, which enables ob-
taining materials with preferable pore architecture. However,
high porosity significantly reduces compressive strength of
the scaffolds [2]. In ceramics, a lot of defects are introduced
to the material during sintering, in which powder particles
are irreversibly fused into one piece. Any inhomogeneity in
green body can lead to formation of microstructural flaws
and reduction of mechanical strength of the material [3].
Pre-coarsening of the material can eliminate the smallest
pores and particles and allow obtaining more homogenous
and fine grained ceramics [4-6].

In the present study, pre-coarsening was used in order
to improve mechanical properties of the TiO, scaffolds
manufactured by polymer sponge replication method.

To this end four different dwelling times (2, 5, 10 or 30 h) at
1100°C were tested prior final sintering at 1500°C for 20 h.
The main goal of the study was to find out what is the most
preferable time of pre-coarsening treatment from the point
of view of increase in compression strength.

Materials and methods

Manufacturing of titanium dioxide scaffolds

TiO, powder (Kronos 1171, Kronos Titan GmbH, Lever-
kusen, Germany) was cleaned prior to use in order to re-
move phosphate ions from the surface of the particles. Raw
powder was soaked in 1M NaOH solution and then rinsed
several times with deionized water. After drying, powder
was sieved and particles between 0-100 um were collected
for further processing. For preparation of the slurry, 65 g
of cleaned TiO, powder was gradually mixed with 25 ml of
deionized water at low stirring rate (1000 pm). After 10 min
of initial homogenization, pH of the slurry was measured
and adjusted with 1M HCI solution to 1.5-1.7. Stirring
was continued for 2.5 h at 15°C and stirring rate of 5001
rpm. Polyurethane sponge (60 ppi, Bulbren S, Eurofoam
GmbH, Wiesbaden, Germany) was cut into cylinders
(10 mm in height and 12mm in diameter), washed and dried.
Templates were immersed in a slurry and compressed few
times. Excess slurry was removed by squeezing templates
between two polyurethane foam sheets using a self-made
device. Dried scaffolds were hated up at 0.5°C/min to 450°C
and kept for 1h in order to remove polymeric material. Then
scaffolds were heated up at 1°C/min to 1100°C, dwelled for 2,
5, 10 or 30 h (20 samples for each group) and cooled down
at -5°C/min. 10 samples from each group were withdrawn,
the remaining ones were sintered at 1500°C for 20 h.

Material characterization

In order to investigate the influence of pre-coarsening on
architectural parameters of the scaffolds, 5 sintered samples
from each group were examined using micro-computed
tomography (micro-CT). Samples were scanned using
desktop 1172 micro-CT imaging system (Skyscan, Kontich,
Belgium). Data were reconstructed using standard SkyScan
software (NRecon) and analyzed with standard SkyScan
software (CTan). The microstructure of the non-sintered and
sintered scaffolds was analyzed using scanning electron
microscopy (Hitachi TM3030, Hitachi High-Technologies
Corporation, Tokyo, Japan). The main interest was put in
compressive strength of the scaffolds. All of the samples
were examined using Zwicki (Zwick/Roell, Uim, Germany)
according to DIN EN ISO 3386. Statistical analyses were
performed using SigmaPlot 12.0 software (Systat Software
Inc., San Jose, United States of America).

Results and discussion

TABLE 1 presents selected architectural parameters of
the sintered scaffolds. No statistically significant differences
were found between different groups, which proves that
the pre-coarsening treatment does not affect architecture
of the scaffolds.

FIG. 1 presents microstructure of the selected samples.
In the case of non-sintered samples (upper panel), it can be
found that after 2 h of dwelling powder particles are barely
connected with each other, while after 5 and 10 h, necks
between particles are much wider. After 30 h initial sintering
of particles occurred. The microstructure of sintered samples
is very similar, with the presence of large and irregular grains
(lower panel). However, scaffolds heat-treated for 5 h at
1100°C seem to be more uniform than the others.
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TABLE 1. Selected architectural parameters of the sintered scaffolds dwelled at 1100°C for different period of

time and sintered for 20 h at 1500°C (n=>5).

Strut thickness [um]

Pore size

Closed porosity
[%]

Open porosity

[um] [%]

e 63.8+6.7 4377 0.91£0.28 90.1£1.0
o 61.6 3.1 427 +22 0.78 +0.29 90.3 £ 1.1
Jonan oo 61.4£8.1 434 + 11 123+0.39 90.1£1.0
o oo 62.0 £ 5.1 431+ 24 0.97 £ 0.29 89.7+1.0
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FIG. 1. SEM images of samples after pre-coarsening phase (upper panel) and corresponding samples after sin-

tering (lower panel).

Compressive strength after sintering
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Compressive strength of non-sintered scaffolds was very
similar for all groups, but in the case of sintered samples
significant differences were found (FIG. 2). The highest com-
pressive strength was measured for the samples dwelled at
1100°C for 5 h. One-way ANOVA confirmed that difference
between group pre-coarsened for 5 h and the other groups
was significantly higher with the probability level P<0.01.
No significant differences had been found between groups
dwelled for 2, 10 and 30 h.

Improved compressive strength of the scaffolds
pre-coarsened for 5 h at 1100°C resulted probably from more
uniform microstructure. Higher concentration of grain bound-
aries inhibited propagation of the cracks and strengthened
the material. When large grains were present, cracks were
more likely to propagate through the grains and they spread

more easily in the whole volume of the material.

FIG. 2. Comparison of compressive strength of
scaffolds after sintering (**P < 0.01 against all
other groups). The bottom and the top of the box
represent the first and third quartiles, the band
inside the box - the second quartile (median).
The whiskers stand for the minimal and maximal
values, excluding outliers (values lower than 3/2
of the first quartile or greater than 3/2 of the third
quartile, marked with dots).

What is noteworthy, closed porosity of the scaffolds
pre-coarsened for 5 h was slightly lower than in the other
samples, which indicates that densification of the material
and porosity reduction was the most successful after 5 h of
pre-coarsening. Increase in dwelling time could cause initial
sintering of particles, isolation of pores and in the end, might
preclude effective densification.
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Conclusions

Pre-coarsening did not affect architectural parameters of
the titanium dioxide scaffolds such as pore size or porosity.
However, it significantly improved the compressive strength
of the scaffolds. 5 h of dwelling at 1100°C followed by sin-
tering at 1500°C for 20 h was found as the most favorable
in terms of microstructural and mechanical properties of
the scaffolds.
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Abstract

The work presents in vitro and in vivo experiments
related to the evaluation of the biological properties
of the two groups of carbon fibrous (micro, nano)
materials. We investigated the carbon materials in
the form of a biomimetic scaffolds made from carbon
nanotubes and a composite membrane made from
carbon micro-fiber and biocompatible polymer to
induce regeneration of missing cartilage tissues. Eva-
luation of biological properties of both materials clearly
showed that carbon fibrous material is biocompatible
with cartilage cells and stimulates regeneration of
cartilage tissue.

Keywords: cartilage, chondrogenic materials,
tissue engineering, carbon fibrous composite

[Engineering of Biomaterials, 128-129, (2014), 98-99]

Introduction

Reconstruction of upper respiratory tract in case of
neoplasms, traumas (of mechanical, thermal or chemical
origin), as well as post-intubation and post-trauma sten-
oses is a medical problem, which still remains without a
solution. The materials used so far (autogenic as well as
plastic ones) fail to give results that would be satisfying for
patients as well as doctors, in early as well as late follow-up.
Developing a biologically active material for making up the
defects in upper respiratory tract shall allow to reconstruct
the defective structures, which occurred in patients due to
neoplasms, as well as in treatment of stenoses or traumas
of mechanical, thermal and post-intubation origin. As is it
evident from our previous studies and papers of other au-
thors, the carbonaceous material in fibrous forms (micro and
nano) were successfully applied in the treatment of defects
of cartilage. Numerous findings support the hypothesis that
fibrous carbon components due to their unique chemical and
physical properties (biomimetic form, functional groups on
the surface, electrical conductivity, thermal conductivity, me-
chanical properties) can act as chondrogenic materials [1-7].
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Materials methods

Our studies comprise in vitro and
in vivo assessment of carbon micro
and nano materials. The subjects
of the experiments are membranes
made of carbon fibers (micro-fibers
made from PAN precursor, carbon-
ized at 1100°C) and a biocompatible
polymer (PVDF- polyvinylidene fluo-
ride) — in vivo experiments. Carbon
nanotubes - based scaffold has been
prepared on a titanium substrate by
use EPD method (Multi-Walled Car-
bon Nanotubes -MWCNT, length: 1-2
microns; outside diameter: 10-30 nm;
were purchased from Nanostruc-
tured & Amorphous Materials, Inc.,
USA. MWCNT were chemically
oxidized in concentrated H,SO,
and HNO; acids mixture) - in vitro
tests. Human chondrocytes isolat-
ed from tissues of the larynx and
trachea, collected during surgical
procedures, were used for in vitro
study. These cells were seeded
with scaffolds prepared from carbon
fibrous materials for various periods
of time. In order to assess the impact
of carbon materials on the cultured
chondrocytes, cytotoxicity and
genotoxicity tests were carried out.
In vivo studies were carried out

FIG. 1. Chondrocytes adhering to the surface of the scaffolds made of carbon
nanotubes (acridine orange).

\Jig | : Cr

FIG. 2. Histological images of tissue formed in the presence of the implant (car-
bon fibers/biocompatibile polymer membrane), one month after implantation.
Proper construction of the tracheal wall: stratified columnar epithelium, visible
layer of active sero-mucous glands (G) and cartilage (C). Masson-Goldner
staining of (A) and PAS (B), magnification 10x.

using carbon fibers /polymer mem-

branes to rebuild experimentally

prepared defects of the trachea of animals (sheep). The
in vivo experiments were performed for various periods of
time, from one to nine months. FIG. 1 shows chondrocytes
adhering to the scaffolds made of carbon nanotubes, and
FIG. 2 presents the histological image of tissue formed in the
presence of the implant (carbon fibers/polymer membrane).

Results and discussions

The preliminary in vitro study indicates that all carbon
fibrous scaffolds are neither genotoxic nor cytotoxic.
The cells adhering to the scaffold made of carbon nanotubes
retain the shape characteristic for chondrocytes. Analysis
of tissue remodeling in contact with the composite; micro-
carbon fibers / polymer, revealed the chondrogenic prop-
erties of the material. Cartilage tissue in contact with the
carbon composite material includes elements such as the
natural tissue of a tracheal tissue.

Conclusion

The positive preliminary in vitro and in vivo assessment of
nano and microfibrous carbons indicates that such materials
provide structures which seem to be promising as scaffolds
for the treatment of cartilage.
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Abstract

The paper presents the preparation and charac-
terization of TiO, coating doped with Ca produced
by the sol-gel method using titanium alkoxide as the
precursor of titania as well as calcium nitrate as dopant
source. These coatings were used to modify the bio-
medical alloy M3ONW. Using the optical microscopy
and the atomic force microscopy the topography of
synthesized coatings was characterized. Whereas
using electrochemical methods the corrosion measu-
rements were carried out. Anticorrosion properties
of calcium-doped TiO, coating were determined in
PBS solution on the basis of corrosion potential Ecor,
polarization resistance Rp, corrosion rate CR, current
density in the passive range i0.5 and also breakdown
Eb and repassivation Erep potentials. Analogous cor-
rosion tests were also made for the uncoated alloy as
well as for alloy coated with pure TiO,coating.

It was stated that modification of MSONW alloy
surface by calcium-doped TiO, coating shows anticor-
rosion properties in PBS solution. These properties are
slightly lower compared to a pure TiO, coating. The
analysis of the topography of TiO,-based coatings
showed that calcium doping increases the surface
development and roughness of the obtained coatings.

Keywords: biomaterial, surface modification, sol-
gel method, doping, corrosion
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Introduction

Ceramic materials: carbides, nitrides, borides, silicides
and oxides are often used to modify the surface of metallic
biomaterials to improve their mechanical properties and
corrosion. Very good results are achieved through the use
of titanium dioxide (TiO,), which increases the resistance to
high temperatures, wear and corrosion of metals and alloys
[1-3]. Increased corrosion resistance amounts to increasing
the biocompatibility of biomaterials.

An important feature of biomaterials is their bioactivity.
The formation of biologically active apatite, whose struc-
ture is similar to that of the human bone, is decisive for
the integration between the implant and the bone (osseo-
integration). Studies carried out on titanium implants have
shown that the process of spontaneous formation of the
apatite layer can be accelerated by modifying the surface
of titanium, for example by implanting calcium ions into its
surface [4]. In a similar way it is possible to increase the
bioactivity of the titanium dioxide layers applied to modify the
steel implants [5]. Such modification can be carried out by
various methods. In this study, a sol-gel method was used,
both as coating and modification method. It shows many
advantages compared to other commonly used coating
methods: very good control of stoichiometry, homogeneity,
purity and chemistry of produced coatings.

The main objective of this study was to determine the
effect of calcium ions doping on anticorrosion properties
of titanium dioxide coating obtained by the sol-gel method
on surface of biomedical alloy M3ONW. Corrosion meas-
urements were carried out in PBS solution. Anticorrosion
properties of TiO, and Ca/TiO, coatings were specified
based on the determined values of corrosion potential
E..» polarization resistance Rp, corrosion rate CR, current
density in passive range i0.5 and also breakdown E, and
repassivation E,, potentials.

Materials and methods

The single-layer titanium dioxide coatings were applied on
the surface of biomedical alloy M30ONW (AUBERT & DUVAL,
France) by the sol-gel method using the dip-coating tech-
nique. The samples of alloy, which meets the requirements of
ISO 5832-9 standard [6], had the shape of discs with a diam-
eter of 22 mm and a thickness of about 3 mm. Prior to modi-
fication alloy samples were ground and polished according to
the procedure described in [7]. For pure and calcium-doped
TiO, coatings titanium tetraisopropoxide was used as the
precursor, hydrochloric acid as catalyst, 2-propanol as
solvent, and calcium nitrate (1.33 mol/l) as dopant source.
The amount of added calcium nitrate solution was chosen
so that the molar ratio of Ti/Ca was 20. The composition of
sols used for TiO, coatings are summarized in TABLE 1.

TABLE 1. The chemical composition of sols with a
molar ratio of the reagents.

| | | |
TiO,
Ti[OCH,(CH,),l, | C;HgO HClg, H,O
V [ml] 1.256 16.92 0.18 0.1597
Molar ratio 1 52 0.5 2
CalTio,
Ti[OCH,(CH,),l. | C;HgO HCly.; | Ca(NO;),
V [ml] 1.256 16.92 0.18 0.1597
Molar ratio 1 52 0.5 0.05

In the final step, TiO, and Ca/TiO, coatings was subjected to
a heat treatment at temperature of 400°C for 1 hour.

Microscopic analysis of surface of obtained TiO, and Ca/
TiO, coatings was carried out using a metallographic micro-
scope MMT800BT (Mikrolab) and atomic force microscope
Dimension Icon (Bruker).

Corrosion measurements were carried out in deoxy-
genated PBS (Phosphate Buffered Saline) solution with
a pH 7.4 and temperature of 37°C, that simulates the hu-
man body fluid environment. A potentiostat - galvanostat
PGSTAT 30 (Autolab) were used for the measurements.
With the use of electrochemical measurement techniques
following corrosion parameters were calculated: corrosion
potential, polarization resistance, corrosion rate, breakdown
potential, repassivation potential, passive current density.
All potentials reported in this paper are given versus calomel
electrode (E°=0.236 VSHE). Working area of each sample
was ca. 0.64 cm?.

Results and discussions

The TiO, coatings obtained showed a very good
adhesion to the substrate of biomedical alloy M30ONW.
There were no cracks or delamination of coatings.
Titanium dioxide coating had a golden color and had
a thickness of ca. 30 nm regardless of the doping.
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0.1 nm
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FIG. 1. AFM 3D images of TiO, and Ca/TiO, coatings.

It was found that doping of calcium ions increases the
surface development and roughness of the obtained TiO,
coatings (FIG. 1). RMS determined from AFM measure-
ments for the undoped coating is 0.26 nm while doping of
Ca?* increases its value to 0.726 nm. Differences in RMS
are due to the spherical cavities with a diameter of ca. 100
nm and a depth of 2 nm visible on the surface of Ca/TiO,
coating (FIG. 2).

2.7 nm

FIG. 2. AFM 2D image and cross section of Ca/TiO,
coating.

TABLE 2 presents the values of parameters characteriz-
ing the corrosive properties of the investigated alloy M30ONW
both uncoated and coated with TiO, coatings: corrosion
potential E.,,, polarization resistance R, and corrosion rate
CR. The values of corrosion rate were calculated based on
determined values of Rp, according to the assumptions of
standard ASTM G 102-89 [8], that the corrosion processes
at Ecor potential occurs as uniform corrosion.

TABLE 2. Values of corrosion parameters of M30NW
alloy in PBS solution.

. R, CR >
coating Eor (V) (Mohm cm?) (mm/yr) A1)
uncoated | -0.117+0.011 3.4+0.5 |[(6.1£0.9)x10° -
TiO, 0.21340.019 | 39.6+6.3 |(5.3+0.8)x10°|8.8+1.3
CalTiO, | 0.232+0.026 | 26.2+8.4 |(8.5+2.5)x10°|14.1+4.2

Surface modification of M3ONW by TiO, coating signif-
icantly improves its corrosion resistance in PBS solution
- coated alloy shows higher values of corrosion potential
and polarization resistance, as well as ca. 10-times lower
values of corrosion rate. Whereas the calcium ions doping
procedure causes a slight deterioration in anticorrosion prop-
erties of TiO, coating - in case of Ca/TiO, - coated alloy the
corrosion rate is higher compared to pure TiO, - coated alloy.

Results of electrochemical measurements were also used
to determine the porosity of the coatings, which is calculated
as a ratio of Rp for uncoated alloy and Rp for coated alloy,
and it is expressed in percentage. Calcium doping of TiO,
coatings increases the thus calculated porosity from ca.
9% to ca. 14% (TABLE 2), which in case of biomaterials is
advantageous and desirable effect, because higher porosity
of the surface promotes osseointegration.

Surface modification of M3ONW alloy by TiO, coating
results in a significant change in the shape and position
of the potentiodynamic characteristics in wide range of
anodic polarization recorded in PBS solution. Based on
potentiodynamic characteristics gathered in wide range of
anodic polarization (FIG. 3) following quantities were de-
termined: current density in the passive range (at arbitrary
chosen potential E=0.5V) i0.5, breakdown potential E, and
repassivation potential E.,. The values of these quantities
are collected in TABLE 3.

In the case of alloy samples coated with TiO, the current
density in the passive range at a potential equal to E=0.5V is
about 3 orders of magnitude lower than for the uncoated alloy.

102,
E | (Alcm?)
10’3§
104
10°5E
10
107E
,gi
10 3 —— uncoated
10-9; —T|02
S I carTio,
1010
E (V)
10-11|\\|\\||||\\|1|||\\\\|J|||\
-1.0 -0.5 0 0.5 1.0 1.5 2.0

FIG. 3. Potentiodynamic characteristics in anodic
range of polarization (scan rate of 1 mV/s).
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TABLE 3. Values of corrosion quantities determined
from potentiodynamic characteristics.

uncoated | (4.3+£0.4)x 10 | 1.047 £ 0.006 | 0.948 + 0.001
TiO, (6.7+1.1)x10° | 1.585 + 0.067 | 0.759 + 0.053
CalTiO, | (3.4+1.0)x10° | 1.598 £ 0.013 | 0.732 £ 0.001

Also, the breakdown potential values are significantly shifted
toward the anodic direction, which confirms the protective
properties of titanium dioxide coatings against pitting corro-
sion. These properties remain unchanged also after doping
with calcium ions. Furthermore, for Ca-doped TiO, coating
the average value of current density read at a potential of
0.5V is even lower, which is a beneficial effect.

Conclusions

Sol-gel method allows to obtain homogeneous coating of
titanium dioxide from organic precursor. It is also possible
to modify the synthesized sol-gel coating by calcium ion
doping using calcium nitrate solution. The doping does not
affect the thickness of the coating, but it affects the surface
development and roughness of the coating. Synthesized
TiO,-based coatings exhibit anticorrosion properties in PBS
solution both at corrosion potential as well as during the
anodic polarization. The studies carried out at corrosion
potential show that coatings containing calcium ions have
a slightly weaker anticorrosive properties compared to pure
TiO, coatings. Whereas no significant effect of doping were
stated during anodic polarization.
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Abstract

Major goals of contemporary regenerative medi-
cine focus on improvement of irreversible damage
of multiple organs and tissues by employing several
approaches including recent achievements of cell-
based therapies and tissue engineering.

Several types of stem cells (SCs) such as bone
marrow (BM)- derived mesenchymal stem cells
(MSCs), hematopoietic stem cells (HSCs) as well as
SCs with multi- and pluripotent characteristics (PSCs)
have been postulated as potential source of cells for
therapy. Recently, embryonic stem cells (ESCs) and
so called induced pluripotent stem cells (iPS cells)
representing “genetically induced” SCs with high dif-
ferentiation potential, have brought great hope to the
field of regenerative medicine and clinical applications.
When combined with modern accomplishments of
tissue engineering including biocompatible carriers
and scaffolds, SCs become leading targets for cell
-based regenerative applications.

Although the variety of stem/ progenitor cells have
been applied in experimental therapies of several
organs injuries, there is still no agreement in scientific
and clinical world which subpopulation/s of cells would
be the most efficient in such treatment. Moreover, mul-
tiple obstacles needs to be overcome prior to optimal
application of SCs in regeneration including optimiza-
tion of ex vivo isolation and expansion conditions or
limiting vast adverse features of some SC fractions
such as teratogenic potential of ESCs and iPS cells.

Recently, stem cell- derived bioactive components
such as cellular microvesicles (MVs) are postulated
to play important role in mediating SC activity fol-
lowing transplantation. MVs representing bioactive
components carrying SC- derived transcripts (MRNA,
miRNA), proteins, enzymes and receptors may parti-
cipate in tissue regeneration via stimulation of endo-
genous repair mechanism by activating endogenous
target cells in damaged organs.

Thus, the newest trends in regenerative medicine
would focus not only on combined applications of bio-
compatible materials with SC subpopulations, but also
with their bioactive acellular components including
microvesicles. Unquestionably, successful applica-
tions of stem/ progenitor cells and their derivatives in
regenerative medicine would need to be safe, ethically
acceptable and therapeutically efficient. Sources and
application protocols for such optimal stem cell therapy
are still being optimized and need scientific discussion.

[Engineering of Biomaterials, 128-129, (2014), 102]
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Abstract

The aim of this study is to develop a new method
of synthesis of functional (co)polycarbonates by ring
-opening polymerization of ethyl 5-methyl-2-oxo-1,3-
dioxane-5-carboxylate (MTC-Et), benzyl 5-methyl-
2-oxo-1,3-dioxane-5-carboxylate (MTC-Bz) and their
copolymerization with 1,3-trimethylene carbonate
(TMC) with potential application in the formation of
bioresorbable scaffolds for living cells and drug deli-
very, systems for achieving controlled drug release.
(Co)polymerizations were conducted in bulk, in the
presence of low toxic lanthanum acetylacetonate -
La(acac);xH,O as catalyst. All synthesized materials
were obtained at 120°C.

The results are very promising. A series of (co)
polymers were obtained with high conversion and
relatively high molecular weights. The composition
of the comonomers and their sequence lengths were
determined by means '"H NMR and *C NMR measu-
rements. Higher reactivity during the investigated
copolymerizations presented carbonates with pending
ethyl or benzyl group than 1,3-trimethylene carbonate.
The thermal properties obtained (co)polymers were
characterized by differential scanning calorimetry.

Keywords: bioresorbable polymers, cyclic carbo-
nates (co)polymerization, 1,3-trimethylene carbonate,
functional polymers

[Engineering of Biomaterials, 128-129, (2014), 103-106]

Introduction

Copolymers based on 1,3-trimethylene carbonate
are promising materials for medical and pharmaceutical
applications due their high elasticity, biocompatibility and
susceptibility to biodegradation. Copolymers of TMC with
glycolide [1-2], lactide [3-4] and e-caprolactone [5-6] have
been described in numerous publications. However, in other
applications, polymer materials with specific functionalities
are desirable. Functional synthetic polymers are significant,
for example, as components for injectable gels [7], systems
for targeted drug delivery [8] and materials for specific in-
teractions with biological systems [9]. Therefore, the need
for suitable methods for the preparation of a wide variety
of functional biomaterials, seem to be pressing problem.

In this work, we present a new method of synthesis of
functional (co)polycarbonates by ring-opening polymeri-
zation of ethyl 5-methyl-2-oxo-1,3-dioxane-5-carboxylate
(MTC-Et), benzyl 5-methyl-2-oxo-1,3-dioxane-5-carboxylate
(MTC-Bz) and their copolymerization with 1,3-trimethylene
carbonate (TMC). Lanthanum acetylacetonate, compound
simple in structure, stable and low toxicity, was used as
catalyst.

Develop of a new methods of synthesis of functional (co)
polycarbonates allows to obtain biomaterials with potential
application in the formation of drug delivery systems for
achieving controlled drug release and in tissue engineering
as materials for forming bioresorbable scaffolds with novel
properties such as hydrophilicity control, flexibility, as well
as with bioactivity and possibility to curing of proteins or
peptides on the surface.

Materials and methods

Monomers and initiators

Monomer: 1,3-trimethylene carbonate (TMC) was
obtained from FORUSORB (Huizhou Foryou Medical
Devices Co., Ltd, China). It was purified by re-crys-
tallization from dried ethyl acetate and then dried in a
vacuum oven at room temperature. Both: benzyl 5-me-
thyl-2-oxo-1,3-dioxane-5-carboxylate (MTC-Bz) and ethyl
5-methyl-2-oxo-1,3-dioxane-5-carboxylate (MTC-Et) were
synthesized in our laboratory according to the previously
published procedure [10]. The commercially available cat-
alyst: Lanthanum (lIl) acetylacetonate hydrate, La(acac),x-
H,O (Sigma-Aldrich) was used as received.

|
o7 @

ethyl 5-methyl-2-oxo-
-1,3-dioxane-5-carboxy-
late (MTC-Et)

benzyl 5-methyl-2-oxo-
-1,3-dioxane--5-carboxy-
late (MTC-Bz)

Polymerization and copolymerization procedure

The ring-opening (co)polymerization was carried out in a
glass flask equipped a magnetic stirrer, using La(acac),xH,O
as catalyst. Selected amounts monomer(s) and catalyst
were introduced in argon atmosphere into a flask. The flask
was immersed in an oil bath at 120°C. After the selected
reaction time, the flask was quenched to room temperature.
The resulting (co)polymers were purified by dissolving in
chloroform and dropwise to cold methanol. Finally, the pu-
rified material was dried in a vacuum at room temperature.

Measurements

The conversion of the monomers and the microstruc-
ture of the obtained copolymers were determined by 'H
and *C NMR spectroscopy. The '"H NMR spectra were
recorded at 600 MHz using a Avance |l Bruker TM at 25°C.
Dried dimethyl sulfoxide-d6 (DMSO-d6) was used as the
solvent, and tetramethylsilane (TMS) was applied as the
internal standard. The '"H NMR spectra were obtained with
64 scans, 2.65s acquisition time, and 11 us pulse width.
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FIG. 1. '"H NMR spectrum (in DMSO-d6) of equimolar TMC/ MTC-Et copolymer obtained with La(acac),xH,0.
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FIG. 2. '"H NMR spectrum (in DMSO-d6) of equimolar TMC/ MTC-Bz copolymer obtained with La(acac), xH,0.

The *C NMR spectra were recorded at 150 MHz with 19500
scans, 0.91s acquisition time, and 9.1 us pulse width.

The weight-average molar masses and dispersity indexes
of the homopolymers and copolymers were determined
by gel permeation chromatography (GPC) with a Viscotek
RImax chromatograph. Chloroform was used as the eluent,
and the temperature and the flow rate were 35°C and 1mL/
min, respectively. Two PL Mixed C columns with a Viscotek
model 3580 refractive index detector were used. The mo-
lecular weights were calibrated with polystyrene standards.

Thermal properties (T, T,, and AHm) were examined
by differential scanning calorimeter with a DuPont 1090B
apparatus, calibrated with gallium and indium (heating and
cooling rate of 20°C/min in the range from -100°C to 220°C).

Results and discussions

Ring-opening polymerization of ethyl 5-me-
thyl-2-oxo-1,3-dioxane-5-carboxylate (MTC-Et) and benzyl
5-methyl-2-oxo-1,3-dioxane-5-carboxylate (MTC-Bz) and
their copolymerization with 1,3-trimethylene carbonate (TMC)
were conducted in bulk in the presence of La(acac),xH,O
as catalyst. The results are summarized in TABLE 1 and 2.

A series of copolymers 1,3-trimethylene carbonate with
MTC-Et were obtained with high conversion 99% (TABLE
1, run 1-4). The time required to obtain a full conversion
ranged from 24 to 28 hours in case of copolymerization
of equimolar mixture of TMC with MTC-Et (FIG. 3). The
composition of the copolymers were determined by '"H NMR
spectrum (FIG. 1). The area of the signal of [CH,-CH,-CH,]
group of TMC unit at (6=1.84-1.98 ppm) and the signals of
[CH,Q] group of MTC-Et unit at (6=4.16-4.28 ppm) were
employed to calculate the composition of the copolymers.
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TABLE 1. Properties of 1,3-trimethylene carbonate/ MTC-Et copolymers with various composition?.

(TMC: . (TMC:
No. MTC-Epe me Comv. o e M Lm0 Tn

[% mol] [h] r%l [% mol.] [Cl [Cl
1. 100 : 0 2 100 | 100:0 | 56,6 | 2.1 - - 134 | - -
) 80:20 | 24 99 | 80:20 | 60,9 | 15 | 7.4 18 | 76 | 41 54
3. 50:50 | 28 99 | 49:51 | 271 | 33 | 42 44 | 123 | 30 8,2
4, 20:80 | 24 99 | 21:79 | 757 | 15 | 2.3 59 | 32 | 424 95
5. 0:100 3 97 | 100:0 | 143 | 13 - - 05 | 297 75

a(Co)polymerizations were performed at 120°C with the La(acac); x H,O to monomer ratio (I/ M ) averaged 1 : 1000
Where: (TMC:MTC-Et)°— initial feed molar fraction TMC and MTC-Et, Conv. - total conversion of copolymerization,
(TMC: MTC-Et)N — feed molar fraction of TMC and MTC-Et, M,,— weight-average molecular weight were determined
by GPC and calibrated with polystyrene standards, D=M,,/M, — dispersity, Liuc, Lurc.et - average length of carbonates
microblock, calculated with NMR, T, — glass-transition temperature, T, — melting temperature of the crystalline phase,
AH,- heat of melting of the crystalline phase
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FIG. 4. Dependence of the TMC and MTC-Et conver-
sion on the total conversion of the copolymerization
(TMC/ MTC-Et molar ratio was of 1:1)

FIG. 3. The rate of conversion of monomers as a
function of copolymerization time (copolymeriza-
tion of equimolar mixture of TMC with MTC-Et).

TABLE 2. Properties of 1,3-trimethylene carbonate/ MTC-Bz copolymers with various compositionZ.

1. 100:0 2 100 100:0 56,6 2,1 - - -13,4 - -
2. 80:20 2 ~100 80:20 33,7 10,5 8,5 2,2 16,2 - -
3. 50:50 2 ~100 43:57 23,6 14,7 8,0 10,7 21,2 - -
4. 20:80 2 ~100 15:85 31,1 9,6 2,0 11,2 17 - -
5. 0:100 3 97 0:100 36 7,6 - - 4,1 42 15,2

Where: (TMC: MTC-Bz)° - initial feed molar fraction TMC and MTC-Bz, Conv. - total conversion of copolymerization,
(TMC: MTC-Bz)" — feed molar fraction of TMC and MTC-Bz, M,,— weight-average molecular weight were determined
by GPC and calibrated with polystyrene standards, D=M,,/M, — dispersity, Liuc, Lurc.s; - @average length of carbonates
microblock, calculated with *C NMR, T, — glass-transition temperature, T, — melting temperature of the crystalline
phase, AH,,- heat of melting of the crystalline phase

a(Co)polymerization was performed at 120 °C with the La(acac), x H,O to monomer ratio (I/ M) averaged 1 : 1000

The mole compositions of copolymers were in accordance
with the monomers feed ratio. The resulting copolymers
were characterized by relatively high molar masses Mw.
High dispersion of copolymers containing 20 and 79 mole%
MTC-Et (TABLE 1, row 2,4), indicates relatively strong
intermolecular transesterification of functional carbonate
(MTC-Et) ester bonds.

During the investigated copolymerization, MTC-Et co-
monomer presented higher reactivity than 1,3-trimethylene
carbonate (FIG. 4), contrary to the case of TMC/ 2,2-di-
methyltrimethylene carbonate copolymerization conducted
with the use of Zn(acac),xH,0O, described in a previous
publication [11].
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The thermal properties of the copolymers of 1,3-tri-

® o o o o o o methylene carbonate with MTC-Et were verified by DSC
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analysis. All obtained copolymers are semi-crystalline. We
observed that the glass-transition temperature (T;) and
melting temperature decreases with increasing content of
TMC in copolymer.

Other hand, the copolymerization of 1,3 trimethylene car-
bonate/ MTC-Bz has proceeded faster and the time required
to achieve complete conversion was only 2 hours (FIG. 5).

100 a

Eomersion [%)

u Time Tl

FIG. 5. The rate of conversion of monomers as a
function of copolymerization time (copolymeriza-
tion of equimolar mixture of TMC with MTC-Bz).

The copolymer composition was characterized by 'H
NMR spectrum (FIG. 2). The area of the signal of [CH,-
CH,-CH,] group of TMC unit at =1.79-1.97 ppm) and the
signals of [CH,O] group of MTC-Bz unit at (6=4.96-5.16
ppm) were employed to calculate the composition of the
copolymers. The molar masses (Mws) were determined for
soluble fraction only since gel fraction was present in the
products. High dispersion indicates relatively strong intermo-
lecular transesterification of functional carbonate (MTC-Bz)
ester bonds, also in the case of 1,3-trimethylene carbonate/
MTC-Bz copolymers (TABLE 2, row 2, 3, 4),

For the copolymerization of 1,3-trimethylene carbonate
/ MTC-Bz the higher reactivity observed for the carbonate
with benzyl group (MTC-Bz) relative to TMC (FIG.6).

The thermal analysis showed that copolymers of 1,3-tri-
methylene carbonate with MTC-Bz, irrespective of the com-
position, are completely amorphous whereas poly(MTC-Bz)
is semi-crystalline.
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FIG. 6. Dependence of the TMC and MTC-Bz conver-
sion on the total conversion of the copolymerization
(TMC/ MTC-Bz molar ratio was of 1:1).

Conclusions

Lantanum (lll) acetylacetonate was shown to be effective
catalyst for homopolymerization both functional carbonates
and their copolymerization with 1,3-trimethylene carbonate.
The preliminary results are very promising. We obtained of a
new (co)polymers with high conversion and relatively high
molecular weights.

Received copolymers, especially semi-crystalline 1,3-tri-
methylene carbonate/ MTC-Et copolymers, are promising
materials for forming scaffolds used in tissue engineering
or carriers in controlled drug release systems.
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Introduction : N COOH*

Chitosan is a natural polysaccharide that is nontoxic, TS ULA oopoymer
biodegradable, biocompatible, and has antimicrobial prop- +EDC catalyst
erties. Due to the presence of amine groups, chitosan is
amenable to chemical modification, which can widen the J -
range of potential applications. o

In our previous work, we modified chitosan obtaining — OH 0 —
chitosan-fatty acid derivatives with improved physical and A ([COOH [COCH )
antimicrobial properties. The aim of this work was to in- |!| e 'ED_C] [COO_EQCI - -EDC}
vestigate the blood compatibility of the chitosan-fatty acid i __ PET-DLA copolymer
derivatives.

: + Chitosan-FA solution

Experimental :

-

Materials and coating preparation
Chitosanr-FA— Chitesan-FA
( Cconw Chitosan-FA  conn

i CONH
PET-DLA copolymer

Chitosan-fatty acid derivatives were obtained by N-ac-
ylation of low molecular weight chitosan (CH) (ChitoClear |V
4300 — hqg10, Primex) with linoleic acid (LA), a-linolenic )
acid (ALA) (Sigma-Aldrich), and dilinoleic acid (DLA) (Cro-
da, The Netherlands), natural hydrophobic compounds,
intended to improve the physical and biological properties
of chitosan. Synthesis details and characterization of anti-
bacterial properties of the derivatives, CHLA, CHALA and

FIG. 1. Coating process.

CHDLA, are described elsewhere [1], [2]. Coatings were

prepared by dip-coating activated polyester (copolymer [e/L] Hemolysis [g/L]

of poly(ethylene terephthalate) and dilinoleic acid blocks, :

PET/DLA). Before coating, the surface of polyester disks 15

was treated with argon plasma and oxygen flushing (FIG. 1,

step 1) to create functional groups on the surfaces. Next, 1 { .
disks were dipped in aqueous EDC (step Il), in order to 05 - I I I I |
activate carboxylic groups. Carbodiimide catalyst promotes

the reaction of carboxylic groups with the amine groups of o ‘ ‘ ‘ ‘ T ‘
chitosan in the next step (step Ill), the dip-coating in CH or negativecont’ET/DLA  CH  CHLA  CHALA CHDLA

Chitosan-FA solutions (in 1% acetic acid).
FIG. 2. Concentration of free hemoglobin released
Hemocompatibility tests into the plasma.
The study was conducted with human whole blood

(HWB), from the Regional Blood Center in Katowice, stored
in citrate/phosphate/dextrose/adenine (CPDA). Flat discs %] haemolyticindex [%]
(8 mm diameter) were rinsed in deionized water, dried, and kS "
sterilized with ethylene oxide, followed by contact with HWB '1 < (D
for 24 h at 37°C. The two test groups were: negative control, (@] 1
HWB without contact with the test materials, and material i )
group, samples contacted with the HWB. Hemocompatibility 0,6 ) <
was evaluate by measuring: 04 | pla : ©—
1. free hemoglobin concentration in plasma, fHGB (g/L); 0,2 :i — z D:
measured using a spectrophotometer 0 - : : ; ‘ ‘ , — LlJ
2. morphological parameters of blood and red blood cell negative cont. PET/DLA CH CHLA  CHALA  CHDLA o
indices; measured with a hematology analyzer w I_
3. blood cell morphology FIG. 3. The index of hemolysis for negative control, w
4. the degree of hemolysis; determined by calculating referenced materials PET/DLA and chitosan and its
the index of hemolysis (IH) derivatives coating. = E
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Results and discussion

The free hemoglobin concentration in plasma from HWB
exposed to uncoated PET/DLA samples, chitosan, and
chitosan-ALA coatings was similar to that of the negative
control. Samples coated with chitosan-DLA and chitosan-LA
resulted in the higher concentrations of fHGB, around 1,0-
1,1g/L (FIG. 2).

The Index of Hemolysis for all material is summarized
in FIG. 3. The calculations were performed according to
standard ASTM F 756-00. On the basis of the IH value, the
degree of hemolysis was considered to be:

I. IH = 0-2% : not hemolytic,

II. IH = 2-5% : slightly hemolytic,

. IH> 5% : hemolyzing.

Based on the above ranges of hemolysis, all of the tested
materials can be classified as not hemolytic, because the
IH did not exceed 2%.

Summary

In this study, we examined the hemocompatibility of
chitosan-fatty acid derivative coatings on plasma-activated
PET/DLA. In general, the hemocompatibility studies indicate
that the tested materials are not hemolytic; however, the ALA
derivative may be particularly promising for further testing.
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Abstract

Use of bioresorbable materials in bone surgery
opens up new possibilities in treatment of injuries
and orthopaedic illnesses. Lack of necessity for im-
plant removal surgery enables faster treatment and
substantial reduction in costs of treatment. In recent
years, these advantages have caused growing in-
terest in materials of this type. It must be noted that
bioresorbable materials in most cases are based on
macromolecular materials — polymers which have
completely different mechanical characteristics than
traditional materials used in bone surgery. Bioresor-
bable properties give enormous possibilities but also
present difficult challenges related to construction of
new types of implants based on materials of this type.

Full characteristics of new materials is indispensa-
ble in construction process, especially of mechanical
properties and surface properties. The latter is re-
sponsible for contact with biological environment and
bioactivity is determined on the basis of hydroxyapatite
precipitations amount on material surface. In case of
polymer based composites, influence of phases in
powder and fibre form on properties is fundamental
to be proved. Addition of particle modifier into polymer
matrix causes reduction in strength of polymer. This
phenomenon is mostly associated with homogenic
particle distribution difficult to be achieved in case of
higher filler content. However biological interplay is in-
sufficient by low filler contents. Therefore in the below
presented investigations different filler contents were
applied and their influence on mechanical properties
was investigated to achieve compromise between
mechanical properties and bioactive, antibacterial or
anti-inflammatory effect of the applied particles. Acqu-
aintance with these results allowed for elaboration of
full range of material and constructive solutions for
implants in bone surgery.

Biodegradable biopolymers have low mechanical
properties (Young’s modulus, strength, viscoelastici-
ty). Construction process of bioresorbable implants
requires to be completely changed in way of conduc-
tion. Computer simulation based investigations of
stress-strain characteristics is necessary to be carried
out in each stage of research. Bigger cross-sections
and different shapes of implants are required to achie-
ve suitable stiffness.

Application of bone screws made of resorbable
materials requires design of these elements from the
bottom up. Design of optimal shape of screw thread
and point of contact between screw head and bone
plate is particularly important.

9 different implants were designed within the
confines of conducted research — including for tibia,
humerus, radius, ulna, phalanges, clavicle, calcaneus,
pelvis and metatarsus. Stress values were determined
in analyzed implants. Acceptable loads were determi-
ned for individual types of plate.

Plates made of PLA can bear small loads and play
role mainly as grasping and holding bone element.
In most cases additional immobilization of operated
bone is required in order to prevent plate or screw
destruction. In case of stabilization function for re-
sorbable materials — as many screws as possible are
recommended — thanks to it, screws are less loaded
and the plate-bone system is more immobilized.

[Engineering of Biomaterials, 128-129, (2014), 108]
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Abstract

In the presented research sodium alginate modi-
fied by ionic and covalent crosslinking in the form of
hydrogel beads was examined. In the first step, sodium
alginate was ionically crosslinked by treatment with
calcium chloride. Different forms of crosslinked algi-
nate were obtained depending on the calcium chloride
concentration. The forms varied from shapeless gel to
dense agglomerated spheres. The optimal structure
were spherical beads separated from each other.
lonically crosslinked alginates were then subjected to
covalent crosslinking with epichlorohydrin. For additio-
nal reinforcement the crosslinked beads of alginate
were modified with cellulose nanofibers. The products
were compared in terms of water absorption in the dry
samples, their morphology was observed by scanning
electron microscopy. Calcium ions distribution in the
composites was evaluated by energy dispersive
spectroscopy analysis. In vitro biodegradation of the
crosslinked alginates was also investigated.

Keywords: hydrogels, alginate beads, crosslin-
king, cellulose

[Engineering of Biomaterials, 128-129, (2014), 109-110]

Introduction

Hydrogels are materials composed of hydrophylic
polymers, which have high ability to absorb and retain
water. Water absorption is essential property influencing
mechanical properties of the material, ability to release
drugs inside the organism and biocompatibility. Hydrogels
in order to maintain their structure and prevent dissolution
in the aqueous phase can be subjected to crosslinking pro-
cess, in which ionic or covalent crosslinks are formated [1].
Alginates are naturally occurred polysaccharides consisting
of B-D-mannuronic acid and a-L-guluronic acid linked to-
gether by glycosidic bond. Alginates are characterized by
their high biocompatibility, biodegradability and diversity
of processing. In the present work crosslinked alginate
hydrogel beads were obtained by the ionic and covalent
crosslinking. Covalent crosslinking which was implemented
as an additional process in ionically bonded alginates, is an
effective strategy to improve the alginate beads biostability
in physiological media [2,3].

Materials and methods

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

Sodium alginate was ionically crosslinked by treatment
with a calcium chloride solution. For this, sodium alginate
(1,5 g) was dissolved in 75 ml of a distilled water, and the
calcium chloride solutions of various concentrations, i.e.,
0,05, 0,075, 0,1,0,2,0,3, 0,5and 0,7 M, were prepared. The
sodium alginate solution was added to a calcium chloride
solution via syringe with the needle diameter of 0,9 mm.
Alginate beads were formed, and left over 24h in the solu-
tion. Finally the product was filtered, washed with distilled
water and dried at 45°C. The obtained alginate beads were
additionally crosslinked covalently with epichlorohydrin.
1 g of the alginate beads was immersed in 30 ml of the
ethanol/water mixture (60% v/v). Next 0,729 ml (2 eq) of
the epichlorohydrin were added to the reaction vessel.
A 1 M solution of sodium hydroxide was added dropwise
until pH of 13 was obtained. The reaction was stirred for 90
minutes at room temperature. Then concentrated nitric acid
was carefully added to decrease pH of the reaction mixture
to 7. Finally the product was filtered, washed with distilled
water and dried at 45°C. Cellulose modified alginates were
produced by addition of the specific additive during the ionic
crosslinking process. Cellulose nanofibers were introduced
into 75 ml of distilled water and stirred magnetically until uni-
form suspension was created. Then an appropriate amount
of sodium alginate was added and stirred until dissolved.
Weight ratios of cellulose to sodium alginate were: 25:75,
40:60, 50:50 and 70:30. Effectiveness of mixing the compo-
nents was gained by sonication with ultrasonic homogenizer
SONICS Vibra-Cell (Sonics and Materials, USA). The ionic
crosslinking using 0,1 M solution of calcium chloride, as well
as subsequent covalent crosslinking with epichlorohydrin
were carried out as described above.

Samples were characterized with scanning electron
microscopy analysis, performed with the use of Nova
NanoSEM 200 (FEI, Netherlands) and energy dispersive
spectroscopy analysis with EDS detector (EDAX, USA). In
vitro biodegradation was examined by incubating the sam-
ples in PBS at the temperature of 37°C in INE 400 incubator
(Memmert, Germany). Changes of pH and conductivity of
the solutions were measured periodically.

Results and discussions

All of the products of ionic crosslinking were varying in
their physical properties as a result of various concentra-
tions of calcium chloride solutions and the differences in
crosslinking densities. The alginate beads resulting from the
use of 0,05M calcium chloride solution formed a shapeless
gel while these from 0,7 M formed a block of agglomerated
spheres. Separate regular beads were produced for CaCl,
various concentrations in the range of 0,075-0,5M. The
amounts of the crosslinked products, though, were moderate
and decreasing with increasing the calcium chloride concen-
tration, while the crosslinking density and the hardness of
the beads increased. As ionic bonding is sensitive to polarity
of solvents, including water, additional covalent crosslinking
was performed. The chemical reaction in this case is based
on ring opening of oxirane group of epichlorohydrin cataly-
zed with sodium hydroxide. The reaction occurs at room
temperature. The yield of this process was high (up to 95%),
however, similarly as in case of ionic croslinking, it also
decreased with increasing calcium chloride concentration.
For additional mechanical reinforcement the alginate beads
were modified with cellulose nanofibers as described in the
chapter Materials and methods.
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The water absorption by a crosslinked material strongly

® @ o o o @ o depends on the crosslinking density. For the comparison,

all kinds of the obtained alginate beads were investigated
for water absorption by immersing them in distilled water for
24h and 48h. Water intake was determined by weight raise in
relation to initial mass of a dry product. For the lower calcium
chloride solution concentrations the water absorption was
decreasing with icreasing the CaCl, concentration, but for
the concentrations higher than 0,3 M the water absorption
was stabilized at similar level. This effect could be observed
in both ionically and covalently crosslinked beads and both
after 24h and 48h. The water was fastest absorbed at the
beginning and then the process rate was decreasing until
the saturation of the material. The water absorption is strictly
connected to the density of crosslinking. The higher CaCl,
concentration the higher density of crosslinking and the
lower water absorption. For cellulose reinforced alginate be-
ads the water absorption was decreasing with increasing the
amount of the additive. The relation between the time and
the mass of absorbed water was similar as for the materials
not containing cellulose. In case of ionically and covalently
crosslinked alginate beads a change in the highest range
of the concentration did not affect the yield of the process
so it was occurring only to some maximal degree.

Morphology of the surface of all alginate beads inde-
pendently on the crosslinking density was very similar. The
surface of the beads has high roughness. The flatness is
a result of contiguousness of the beads to each other or
to the substrate during drying. Reinforcment of the beads
with cellulose allowed to obtain the spheres of undisturbed
shape. Qualitative elemental analysis was obtained with the
energy dispersive spectroscopy. The ionically crosslinked
product still containes certain amount of sodium and chlo-
ride ions, while after covalent crosslinking the contents of
these elements were significantly lower, however calcium
content decrease can be also seen. It means that the ca-
tions are eliminated during the reaction of epichlorohydrin
with alginate molecules, and as a consequence it means
that carboxyl groups are involved in the reaction. The in
vitro biodegradation process was examined by incubating
200mg a sample in 20ml of PBS buffer for 14 days at the
temperature of 37°C. The pH value change is directly con-
nected with the degree of the biodegradation. The most
intense biodegradation occurred during the first day of the
incubation. Then the pH change were insignificant. For all
of the products the observations were very similar.

Conclusions

The beads possessing various hardness corresponding to
the degree of the crosslinking were fabricated. Crosslinking
was conducted by two ways - ionically and covalently. The
alginate beads were additionally reinforced by addition of
cellulose fibers. The water absorption in the products was
investigated. It strongly depends on the density of cross-
linking. For samples obtained in the CaCl2 solution of the
lowest concentration (0,1 M) the water absorption was
almost twice of the dry alginate mass while in the samples
obtained in the solutions of 0,3 M and higher concentration
it was three times lower. Analogically, the water uptake in
ionically bonded alginates was visibly higher than in this
additionally crosslinked by covalent intermolecular bonding.
The samples were characterized with scanning electron
microscopy and energy dispersive spectroscopy.
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Abstract

Electrospinning is a simple and universal way to
produce fibres from a variety of materials having
diameters ranging from submicrometers to nano-
meters. Such fibres can be formed from resorbable
and non-resorbable polymers, ceramics and their
different combinations containing nanoparticles. Such
a method has gained a great interest in medicine
due to its ability to form a fibrous space architecture,
similar to the natural extracellular matrix [1,2]. On the
other hand, due to a wide range of technical facilities
of electrospun fibers the method allows to create
directionally-dependent space architecture of nano-
fibres which mimic natural tissues [3]. Considering
the similarities between the microstructure created
by nanofibres and the extracellular matrix, nanofi-
brous materials made by ES technique seem to be
promising scaffolds to regenerate cartilage [4] and
neural tissue [5]. A material which is used for carti-
lage scaffolds should mimic native cartilage, which is
known to have an oriented structure associated with
its mechanical and physiological functions [5]. Scaffold
with a biomimetic-oriented architecture is an important
requirement for tissue-engineered cartilage.
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In this study, PLA oriented and non-oriented fibrous
scaffolds were manufactured. Selected properties of
the materials were analysed and dissussed in view
of the manufacture of optimal structure for cartilage
tissue engineering.

Keywords: electrospinning, nanofibrous scaffold,
cartilage

[Engineering of Biomaterials, 128-129, (2014), 110-111]

Acknowledgments

This work was supported by the National Science Centre,
PRELUDIUM 6 research program and project no. 2013/11/N/
ST8/01169.

References

[1] Spaddacio C., Rainer A., Trombetta M., Vadala G., Chello M.,
Covino E., Denaro V., Toyoda Y., Genovese J.A.: Poly-L-lactic acid/
hydroxyapatite electrospun nanocomposites induce chondrogenic
differentiation of human MSC. Annals of Biomedical Engineering
37 (2009) 1376-89

[2] Xin X., Hussain M., Mao J.: Continuing differentiation of human
mesenchymal stem cells and induced chondrogenic and osteogenic
lineages in electrospun PLGA nanofiber scaffold. Biomaterials 28
(2007) 316-25

[3] Jia S., Liu L., Pan W., Meng G., Duan C., Zhang L.: Oriented
cartilage extracellular matrix-derived scaffold for cartilage tissue
engineering. Journal of Bioscience and Bioengineering 113 (2012)
647-653

[4] Lia W.J., Tulia R., Okafora C., Derfoula A., Danielsonb K.G.,
Halla D.J., Tuan R.S.: A three-dimensional nanofibrous scaffold
for cartilage tissue engineering using human mesenchymal stem
cells. Biomaterials 26 (2005) 599-609

[5] Yang F., Qu X., Cui W., Bei J., Yu F,, Lu S., Wang S.: Manufac-
turing and morphology structure of polylactide-type microtubules
orientation-structured scaffolds. Biomaterials 27 (2006) 4923-4933

$-r
oS 7

e — e AT

FIG. 1. SEM images of fibrous scaffolds: (A) non-oriented PLA, (B) oriented PLA.

(Scale bars: (1) 100 pm, (2) 20 pm).
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Introduction

The progress in modern medicine would not have been
possible without advanced medical devices application,
basing on development of new biomaterials with improved
biocompatibility properties. The new elastomeric biomate-
rial have been developed as a part of WPTU PI BMT Dept.
study, dedicated to be used as a construction material of
polish pulsatile extracorporeal ventricular assist device
ReligaHeart EXT. The material is a co-polymer, basing on
poly(terephthalate ethylene) (PET) modified by dimerized
parts of fatty acids (DLA)- PET/DLA. The essential part
of the new biomaterial investigation is its biocompatibility
assessment in compliance with PN EN ISO 10993 [1]. The
PET/DLA biocompatibility evaluation was performed for two
biomaterial forms: the raw material and for the material tech-
nologically processed of high-pressure injection moulding.

Materials and Methods

The reaction of petroleum ether cleaned biomaterial
PET/DLA with red blood cell components and fibroblasts
was investigated in compliance with PN EN ISO 10993-
1,4-5 [1]. Biomaterial was assessed in two forms: granulate
before technological processing, and 8 mm diameter discs,
manufactured using high-pressure injection moulding pro-
cess. The biomaterial samples were prepared for study in
accordance with guidelines defined for applied investigation
technique, and in form representative for final medical device
shape. The sterilization process of the PET/DLA biomaterial
discs has been performed as 12 hours cycle of ethylene
oxide exposure at temperature of 30°C, utilizing sterilization
cabinet EOGas 4 series Andersen Products. After the ster-
ilization process, the biomaterial has been submitted to a
natural airing process for 28 days. The biomaterial granulate
was indirectly contacted with the biological medium, while
the biomaterial discs were tested using direct methods. The
blood haemolysis examinations have been performed after
biomaterial samples incubation with CPDA preserved Whole
Blood, with increased temperature and natural slow mixing
conditions, applied for period of 8 and 24 hours [1-4]. The
following parameters were analyzed: blood morphology,
concentration of free plasmatic haemoglobin (fHGB), red
cells osmotic resistance. The Haemolysis Indexes (IH) have
been calculated in compliance with ASTM 756 00. The cyto-
toxicity evaluation was performed on fibroblasts line - clone
929 L, treated with 5% CO, flow and temperature of 37°C
for 48h [1]. The propidium iodide coloured cells have been
investigated using fluorescence microscope.

Results

The free plasmatic haemoglobin (fHGB) concentration at
the blood after contact with PET/DLA was retained on the
level 0,5 g/L for both biomaterial forms: the raw material and
material after technological processing (FIG. 1). The red
blood cells parameters and osmotic resistance values were
close to the preserved Whole Blood value and oscillated
within referential values interval.
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FIG. 1. Concentration of free osmotic haemoglobin for PET/DLA which were contacted with the preserved Whole
Blood a) direct b) indirect. Legend: for the studied research groups:

* Whole Blood - the preserved Whole Blood; ¢ Blank — Whole Blood standing at room temperature for 8 and 24 h,
not subjected to the conditions of the experiment; * negative control - Whole Blood without contact with the
test materials, subjected to the conditions of the experiment for 8 and 24 h (subject to natural slow mixing);
* study group - tested biomaterials PET / DLA contacted with the preserved Whole Blood directly and indirectly,
at the experimental conditions for 8 and 24 h.
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The ASTM F 756-0 norm defines three intervals of
haemolysis levels: IH from 0 to 2% - haemolysis level =
non-haemolytic, IH from 2 to 5% - haemolysis level = slightly
haemolytic, IH > 5% - haemolysis level = haemolytic. The
Haemolysis Indexes of exanimated biomaterial have not
exceeded 2% (FIG. 2). Pursuant to IH values, the assessed
PET/DLA has been determined as non — haemolytic in both
forms: row biomaterial and injection moulding processed.

Summary of hemolytic index for PET /DLA before and
after the technological process / Zestawienie indekséw
hemolitycznych dla materiatu PET/DLA przed i po

procesie technologicznym
[%]

) _
N
PET/DLA before the technological

process / PET/DLA przed procesem
technologicznym

PET/DLA after the technological
process / PET/DLA po procesie
technologicznym

FIG. 2. Haemolysis Index for preserved Whole Blood
after a contact with the PET/DLA in forms: granules
(row material before technological process), and
disc samples (after technological process).

Observation of culture for both: cells supplemented
with extract of row material granulate, and cells after direct
contact with injected biomaterial discs, haven’'t show the
essential cytotoxicity feature. The number of necrotic cells
has remained at the level from 0 to 0,83%. The remaining
cells were positive in the presence of fluorescein diacetate
(FDA) and classified as alive. Most of alive cells shown
normal morphology, typical for fibroblasts. According to
cytotoxicity assessment scale of ISO 10993-5 standard,
there have been assigned: cytotoxicity level equal to 0 with
no reactivity for studied extracts of row biomaterial PET/DLA
before technological process, and cytotoxicity level equal to
1 with slightly reactivity for PET/DLA after the technological
process.

TABLE 1. Results of fibroblasts cytotoxicity eval-
uation within indirect contact of PET/DLA before
technological process (granulate of row material)
and within direct contact of PET/DLA biomaterial
injection moulded.

) ) Before After
ElemE Er el technological technological
PET/DLA 9 9
process process
Cytotoxity
Grade g L
I Reactivity None Slight I

FIG. 3. Fibroblasts sample image after cytotoxicity
tests for PET/DLA extract.

Conclusions

The performed initial biocompatibility investigations of
biomaterials, in accordance with the Polish standard PN-EN
ISO 10993, have shown that exanimated biomaterial PET/
DLA is biocompatible in aspect of blood haemolysis and
cytotoxicity - as well as a raw material and after techno-
logical process. Neither of investigated biomaterials have
not negatively affected on morphological blood elements
and have not caused cells cytotoxicity. The study will be
continued in order to carry out the complete biocompatibility
in vitro and in vivo evaluation of PET/DLA biomaterial after
a technological injection moulding process, to confirm the
full range of biomaterial biocompatible properties, essential
for its application in the construction of heart prosthesis.
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Introduction

Issues concerning surface modification techniques are
nowadays put in the context of biomaterials development
directions. Efficient surface modification of finished products
allows to increase their durability, corrosion resistance and
improve their frictional properties. Both the diamond-like
carbon coatings (DLC) and the low-temperature plasma
nitrided (LTN) diffusion layers are mainly known for their
good corrosion resistance [1-4] and excellent tribological
properties [1,4-7]. However, relatively little attention is
paid to matters concerning application of these layers in
high-chromium martensitic steels.

Given the above arguments, searching for appropriate
methods of surface modification of martensitic stainless
steels, which are extensively used in e.g. surgical instru-
ments manufacturing, seems reasonable. The aim of this
study was to determine the effect of plasma nitriding and DLC
coatings on corrosion characteristics of applied in surgical
tools manufacturing PN-EN X90CrMoV18 (AISI 440B) steel.

Materials and methods

The research was made to determine the effect of sur-
face modification on corrosion resistance of high-chromium
martensitic steel PN-EN X90CrMoV18 (AISI 440B, DIN
1.4112). Potentiodynamic polarization scans and open-cir-
cuit potential tests of metallic materials were carried out on
Radiometer analytical PGP201 potentiostat/galvanostat
equipped with VoltaMaster 4 software, which comprise as
an integral research kit. For the purposes of research the
examined steel surface was treated with DLC coating (DLC —
series 1). For comparison, analogous tests were carried out

The three-electrode electro-chemical cell consisted also of
platinum auxiliary electrode with a contact area of 128 mm?.
Working electrode circular area of 50.24 mm? was left to man-
tain contact with the testing solution. An open circuit potential
(Eocp) Was studied after two hours of immersion. The initial po-
tentiodynamic polarisation scan potential was Eycp-100 mV.

Once completed corrosion studies, microscopic observa-
tions were performed to determine the examined samples
surface topography. Observations were carried out on a
scanning electron microscope (SEM) Hitachi S-3000N
equipped with and X-ray microanalyzer (EDX).

Results and discussion

The analyzed PN-EN X90CrMoV18 steel samples Eyqp
change in time is presented in FIG. 1. Primarily, it can be
noted that the initial potential of diamond-like carbon coated
series (FIG. 1, series 1) is significantly more positive than
other samples potentials. This implies that only DLC layer
application allows refining the analyzed steel surface, mak-
ing it chemically stable in physiological saline solution. Such
properties are attributed to high density and low porosity
of diamond-like carbon layers, thus the detail surrounding
aqueous solutions and ions therein contained do not pene-
trate the surface layer [8]. Moreover, series 2 and 3 curves
almost coincide, starting the potential drop from 300£20 mV.
The observed for all series decrease in corrosion potential is
related to the equilibrium processes, in which the corrosive
dissolution is prevalent. Potentials stabilize after 80-100
minutes of immersion in physiological saline solution. What
is important, approximately after 30 minutes of immersion
first corrosion pits were visible on series 2 and 3 samples,
whereas no changes were observed for series 1.

Corrosion behaviour of AIS| 440B steel prepared samples
during anodic polarization is given in FIG. 2. As it is depicted
by the family of curves, there are significant differences
of E,, and i, values achieved by each series. Above all,
as in open-circuit potential measurement, series 1 curve
significantly differs from the others. Both decrease in i,
and corrosion potential shift towards positive values are ob-
served according to series 2 and 3. This means that applying
DLC layer allows considerable delay in corrosion processes
onset on finished product surface. In case of series 2 and 3,
cathodic branches overlapping can be seen; differences
between series are noted in anodic course. Course of
the third curve is mild, while for series 2 pitting potential
(-300 mV) can be noted. The occurrence of pitting potential
is in literature attributed to development of corrosion pits on
the anodically polarized sample.

for steel plasma nitrided (seres 2)
in 380°C (50% H, : 50% N,). The 0 20 40 60 80 100 120
reference sample was conven- 0
tionally treated steel, tempered -50
at 500°C (series 3). -100

Each open circuit potential 5

= -150

(Eocp) measurement and the At
potentiodynamic scan was per- 8 -200
formed in room temperature w -250
(21°C) 70 ml 0,9% NaCl,, solu- $ 300 -+
tion. Using the included in the W 350 | .
set software, the corrosion po- e —
tential (E,.), corrosion current -400 T
(ior), POlarisation resistance (R) -450 t [min]
and the corrosion rate were
determined. All values were de- = Series 1 Series 2 eeeee Series 3

termined with respect to a sat-
urated calomel electrode (SCE)
as the reference electrode.

FIG. 1. An open-circuit potential of PN-EN X90CrMoV18 steel; 0,9% NaCl,, solution.
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FIG. 2. Potentiodynamic curves of PN-EN X90CrMoV steel in 0,9% NaCl,, solution.

Conclusion

The obtained results suggest that DLC layers are prom-
ising coatings for use in manufacturing cutting surgical tools
made of high-chromium martensitic stainless steel PN-EN
X90CrMoV18. Unlike the low-temperature plasma nitrid-
ing, applying protective diamond-like carbon layer effects
in increase of surface passivity, and thus — delays corrosive
dissolution development. According to the authors, further
analyses of suggested layer are needed, paying special
attention to its friction properties and wear resistance
in cutting tools applications.

Acknowledgements

This scientific work was supported by the Faculty of
Mechanical Engineering, Biatystok University of Technology,
project No MB/WM/13/2014.

Author Magdalena t.epicka is a beneficiary of the project
“Scholarships for PhD students of Podlaskie Vovoideship”.
The project is co-financed by European Social Fund, Polish
Government and Podlaskie Vovoideship.

References

[1] Li C.X., Bell T.: Corrosion properties of plasma nitrided AISI
410 martensitic stainless steel in 3.5% NaCl and 1% HCI aqueous
solutions. Corrosion Science 48 (2006) 2035-2049.

[2]Hadinata S.S., Lee M. T., Pan S.J., Tsai W. T., Tai C.Y., Shih C.F.:
Electrochemical performances of diamond-like carbon coatings
on carbon steel, stainless steel, and brass. Thin Solid Films 259
(2013) 12-416.

[3] Wang L., Su J.F., Nie X.: Corrosion and tribological properties
and impact fatigue behaviors of TiN- and DLC-coated stainless
steels in a simulated body fluid environment. Surface & Coatings
Technology 205 (2010) 1599-1605.

[4] Xi Y., Liu D., Han D.: Improvement of corrosion and wear
resistances of AIS| 420 martensitic stainless steel using plasma
nitriding at low temperature. Surface & Coatings Technology 202
(2008) 2577-2583.

[6] Azzi M., Amirault P., Paquette M., Klemberg-Sapieha J.M.,
Martinu L.: Corrosion performance and mechanical stability of
316L/DLC coating system: Role of interlayers. Surface & Coatings
Technology 204 (2010) 3986-3994.

[6] Hauert R., Thorwarth K., Thorwarth G.: An overview on diamon-
d-like carbon coatings in medical applications. Surface & Coatings
Technology 233 (2013) 119-130.

[7] Love C.A., Cook R.B., Harvey T.J., Dearnley P.A., Wood R.J.:
Diamond like carbon coatings for potential application in biological
implants - a review. Tribology International 63 (2013) 141-150.

[8] Kim H.G., Ahn S.H., Kim J.G., Park S.J., Lee K.R.: Corrosion
performance of diamond-like carbon (DLC)-coated Ti alloy in the
simulated body fluid environment. Diamond & Related Materials
14 (2005) 35-41.

115

MATERIALS

G |

(]
[ J
[ J
(]
(]
(]
[ J
[ J
[ J
(]
(]
(]
(]
[ J
[
(]
(]
(]
(]
(]
[ J
[ J
[ J
[ J
(]
(]
[ J
(]
(]
(]
(]
[ J
(]
(]
(]
(]
(]
[ J
(]
[ J
[ J
(]
N

E



116



