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Quantity of patients with pyoinflammatory processes
of odontogenic etiology underwent treatment in Clinic for
Maxillofacial diseases in 2000 — 2005 in 2" Department of
Cranio-maxillofacial Surgery of «City Clinic Ne9» remains
considerable and composes 2520 patients. At the same
time, quantity of patients with serious extended phlegmons
of head and neck increases. Inflammatory processes af-
fected some cellular spaces, 32 patients had complications
of odontogenous mediastinitis. In 30 cases it was anterior ce-
phalic neck mediastenitis. Inflammatory process spreading
on the neck that in anterior mediastinum we observed during
extended phlegmons of mouth floor and root of tongue se-
quent the break of internal layer of neck fascia overcoming
barrier of hyoid bone and inflammatory exudation penetrat-
ing in near trachea cellular tissue of neck between parietal
and visceral layers of 4" fascia. Pyoinflammatory process
was spreading in anterior mediastinum by fissure between
trachea and fascia sheath of neurovascular fascile of neck
for some patients. Pyoinflammatory process spreading from
anterior near pharynx space into its posterior part along
artery and nerves through diaphragm Geonesko was also
observed. When patients had posterior mediastenitis, inflam-
matory process was spreading into posterior mediastinum
from neck trachea cellular tissue what was accompanied
with extended tissue necrosis as well as fascia. That is
why purulent exudation having broken integrity of visceral
layer of 4" fascia of neck, was spread on periesophageal
fiber and posterior mediastinum fiber was also involved into
pyoinflammatory process. We had one case when pyoin-
flammatory process spread from peritanzilar space into near
pharynx space, pterygomandibular space and into posterior
mediastinum finally by prevertebral cellular spaces.

Odontogenous contact mediastinitis characterize not only
by hard development, but different symptoms with distinc-
tive anatomic and physiological features of mediastinum.
At the beginning of disease patients felt ill and were seating
in forced position with head turned down. Some patients
were in euphoria at the beginning because of intoxication.
Common state was not appreciated adequately neither by
patient nor by doctor. Patients with contact mediastinitis had
temperature 39 - 40°C, pulsation was 140 — 150 beating per
minute and was arrhythmic. Breathlessness was typical syn-
drome. Quantity of respiratory movements consisted 45 — 50
per minute. Respiration was superficial, breath too much
short, outward breath longer in 2-3 times. Typical mediasti-
nal symptom as retrosternal pain becoming stronger when
patient turned down head and they tapot chest (Gerke’s
symptom). Pain appears when neurovascular fascicle shifts
to the top of the neck (lvanov’s symptom). Jugular cavity
becomes drawn when breathing (Ravitch-Tzerbo’s symp-
tom). Permanent tussiculation because of pharynx, larynx,
mouth floor edema and hypersecretion of slime due to vagus
nerve irritation and violation of catchment of bronchial tree
(Popov’'s symptom). Increase of retrosternal pain, breath-

lessness and dysphagy at the time of passive trahea removal
(Rutenburg-Revutsky’s symptom). Pulsing pain in thorax,
irradiating into interscapular region and increasing when to
press on the spinous process of thoracic vertebra is char-
acteristic for posterior mediastenitis (Tcherbo-Shteinberg’s
symptom). Rigidity of long muscle of back with reflex trait
(RavitchTcherbo-Shteinberg’s symptom). Very often inflam-
matory process passes from soft tissues of maxillofacial
region and neck to the mediastenum without symptoms. It is
necessary to pay attention that 2-3 or 6-7 days at maximum
pass from the beginning of the disease(tooth treatment or
its extraction). At that patients had no dense infiltration and
symptoms of fluctuation in soft tissue of mouth floor and
neck. Inflammatory edemas were spreading from cell space
of maxillofacial area on the neck and mediastinum then.
If first surgical d-bridement of suppurative focus was un-
equal, we saw supposed amelioration of patient when he
felt better. Diagnosing odontogenic mediastinitis it is neces-
sary to take into consideration indices by O.P. Chudakov
(1979), indicating that 2 days after phlegmon of oral cavity
development there is change of cellular tissue mediasti-
num typical for serous mediastinitis. So, all patients with
spread phlegmon of the mouth floor and neck had radiation
examination of neck and mediastinum in three projections in
order to diagnose disease in earlier terms. Having a little of
symptoms of mediastinitis, patients underwent computer to-
mography (KT) of neck and mediastinum. Examination was
done twice and third time when it was necessary. KT semiot-
ics of acute mediastinitis depended on process localization,
its spread level and degree of development. Inflammatory
infiltration of near gullet cellular tissue had round form and
unequal contour of fluid density. Abscess of mediastinum
had round or oval form with unequal or careless contours
of fluid density and gas inclusions (FIG.1).
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FIG.1. KT of patient with total inflammatory
mediastinitis.

It gave to diagnose acute odontogeniz mediastinitis
in earlier terms for all patients, do first adequate surgical
treatment of suppurative focus with front top-neck mediasti-
notomy by V.I.Razumovskiy and catchment of mediastinum
with system of active tube drainage (FIG.2). When patients
had posterior mediastinitis, we reached posterior medi-
astinum through the neck doing mediastinotomy operation
by Nassilov [4]. At the same time, maxillofacial specialists
meet the problem when trachea intubations are hampered.
Patients individual characteristics and pyoinflammatory
processes with apparent intoxication could cause it. There
is a risk of general anesthesia for those patients [2,3].
The main problem for anaesthetist is to provide patency
of airways because every anesthetic provokes relaxation
of cross-striated muscle. It is not possible to make lower
jaw to take necessary position because of its inflammatory
contracture. Not always the airway helps to cope with pat-
ency of airways violation. Situation could be complicated
by real tissue edema intensity that it was determined when
examination of patient’s fauces, superficies of submandibu-
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FIG.2. Patient after first surgical treatment of sup-
purative focus of neck and front mediastinotomy
by V.l.Razumovskiy.

lar region and neck. When patient is in consciousness and
has spontaneous breathing, relatively successful breathing
and respiratory metabolism can become worse suddenly at
the beginning of general anesthesia course and stopping of
independent breathing. Compensated patency of airways
violation turns into critical breathing disorder. Patient’s status
becomes worse rapidly. Trachea intubations can be inef-
fective in result of pharynx edema and entering into larynx.
Direct laryngoscopy or fiber-optic bronchoscope application
is impossible [1]. In those cases critical hypoxia expects
tracheotomy application immediately what is also difficult
due to increase of neck tissues edema. It is necessary to
take into consideration that augmentation of laryngopharyn-
geal reflexes is independent from process localization in an
anatomy region and can provoke laryngospasm. Reflexes
of vagus nerve, larynx and trachea irritation combined with
hypoxemia can lead to heart rate violation: extrasystole,
ventricle fibrillation, asystole. In this connection, first we
performed tracheostomy and intubations through it. Intu-
bations were done under loco-regional anesthesia with
fiber-optical control for 12 patients. Standard therapy course
was performed postoperatively combined with rheology of
blood. 29 patients left clinic 30-40 days after operation for
out-patient treatment.

Conclusion

It is evident clinical outcome of mediastinitis depends on
its diagnostic in earlier terms, adequate first surgical treat-
ment, optimal anesthesia, complex treatment combined
with modern methods.

References

[1] Bogdanov A.B. Intubations of trachea. Publ. house: Dialekt,
MEDpress, 2004.- 183 p.

[2] Pohodenko-Chudakova I.O., Yanovitch G.V., Rudaya E.V. Opti-
mization of intubation for patients with pyoinflammatory processes
in maxillofacial region//Bul. of articles «Medicine of critic states.
Perspectives, problems, decisions». Ekaterinburg: MZ Sverdlov-
skoy obl., NPRZ «Bonumy, 2006.- P. 111 — 115.

[3] Savva D. Prediction of difficult trachea intubation //Brit. J. Ana-
esth. 1994.- Vol.73.- P. 149 — 153.

[4] Surgical infections: guideline /Under red. I.A.Erohin, B.R.Gelfand,
S.A.Shliapnikov. STp: Piter, 2003.- 864 p.

THE ANALYSIS OF THE
INFLUENCE OF UHMWPE
MODIFICATION

ON THE WEAR RESISTANCE

R. SEDLACEK, J. VONDROVA

CzecH TECHNICAL UNIVERSITY IN PRAGUE,

FacuLty oF MECHANICAL ENGINEERING,

LABORATORY OF BiomecHANICS, PRAGUE, CzeEcH REPUBLIC
RADEK.SEDLACEK(@FS.CVUT.CZ

[ENGINEERING OF BIOMATERIALS, 63-64, (2007), 2-4]

Introduction

No known surgical implant material has ever been shown
to be completely free of adverse reactions in the human
body. However, long-time clinical experience of use of the
biomaterials has shown that an acceptable level of biologi-
cal response can be expected, when the material is used
in appropriate applications. This article deals with very
specific wear resistance testing of the bio-compatible and
bio-stable materials used for surgical implants. This type of
testing is very important for appreciation of new directions
at the joint replacement design (for example in total knee
replacement). The aim of this work is to evaluate the influ-
ence of modification of UHMWPE (Ultra High Molecular
Weight Polyethylene) on the wear resistance. The special
experiments were carried out in collaboration with company
MEDIN ORTHOPAEDICS Inc. - developing and producing
bone-substitute biomaterials and implants.

Materials and methods

The special wear resistance tests, called “Ring On
Disc”, were completely carried out with a lot of pairs (FIG.1)
of different biomaterials. The experiments were executed
according to ISO 6474:1994(E). This International Standard
deals with evaluation of properties of biomaterials used for
production of bone replacement. The standard requires
a long-time mechanical testing at which a complete volume
of worn material is evaluated. The test conditions, require-
ments on the testing system and specimens’ preparation
are closely determined. For the specimens treatment and
their evaluation, a procedure is assessed which ensures
the testing objectivity.

-

FIG.1. One pair of tested specimens.



The method is based on loading and rotating two pieces
from biomaterials. The FIGURE 2 shows the schematic
diagram of the test. Aring is loaded onto a flat plate from
different material. The axial load that is applied on the ring
is all the time constant and equal 1500+10 N. The ring is
rotated through an arc of +25° at a frequency of (1£0.1) Hz
for a given period of time (100£1) hours. There is distilled
water using as the surrounding medium.

F

FIG.2. Schematic diagram.

The outer diameter of the ring is 20 mm, inner diameter is
14 mm. Thickness of the ring is 6 mm. The diameter of the
disc is 25 mm and thickness is 6 mm. There is the geom-
etry of ring and disc test pieces with definition of necessary
dimensions on the picture (FIG.3).

The special jigs were used for fixing both specimens
during testing. These jigs have to be able to undergo oscil-
latory rotation of the ring specimen about fixed axis using
a sinusoidal or near-sinusoidal rate of change of angle.
The disc-holding device is equipped with the especial joint to
ensure the plane of the disc surface coincides with the plane
of the ring surface at all times during the test. To control the
test, a program was developed using the TestWare software,
which, according to set limit values, reacts immediately on
their reaching, or crossing, by an action selected in advance.
The control program stores, in the data files, data concern-
ing the time, the pressing force, the piston vertical position,
the rotation angle, the torque, the number of cycles and
the distilled water temperature. During the test, it comes,
due to the specimen'’s friction, to heating and evaporation
of water. Therefore, to supply the liquid into the space
of the make-up piece, the PCD 21 peristaltic pump,
adjusted to a minimum velocity for reaching dosing of about
0.025 ml/min, was used.

As a measure of wear resistance is determined and
used volume of the wear track on the disc. The wear track
cross-sectional area is analysed from measured profile for
each disc alone. The volume is calculated from this area.
After that the average volume is calculated for one group of
specimens. The profile measurements of the tested speci-
mens (FIG.4) were carried out using a specially adapted
assembly. To determine the vertical position of points on
the disc was used the digital drift sight MAHR EXTRAMESS
2001, with the sensitivity of 0.2 um, placed in a sufficiently
stiff stand. A positioning cross-table (ZEISS), containing
a make-up piece (in which the disc was inserted), served
for the disc shifting. The cross-table is movable in two axes
by means of two micrometric screws. The shifting sensitiv-
ity is 0.01 mm. Measured data were registered in a table
prepared in advance.

The Experiments were carried out on the top quality
testing system MTS 858 MINI BIONIX placed in “Labora-
tory of Biomechanics” at the Czech Technical University
in Prague, Faculty of Mechanical Engineering, Department
of Mechanics, Biomechanics and Mechatronics.

Results

The evaluation of the wear resistance was addict on the
pertinence of different type of biomaterials and modification
of UHMWPE. Totally the tests were executed in “Labora-
tory of Biomechanics” with 6 groups of specimens from
different materials. There were 5 tested pairs in each group
(means 5x5x100 hours of testing). The final parameters
obtained in these tests - the wear volumes - were calculated

Surface quality representative
of implant e.g. acetabular cup

(TABLE.1). The comparison of differ-
ent combinations of biomaterials used
for implants can be implemented from
this analysis.
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Conclusions

We obtained the objective infor-

mation about wear resistance for

RO1 . [G]6.001 @ 252005
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+0 [ of implant e.g. ball
@ 20-01 P 3

6 combinations of different biomateri-
als and their modifications. The result-
ing wear volume indicates the amount
of elements that are loosening during
loading of the bone substitute implant

FIG.3. Geometry of ring and disc test pieces with dimensions.

in human body and describes one from
the mechanical properties.

3

BI® MATERIALS



4

BI® MATERIALS

FIG.4. The UHMWPE disc No. 1 after finishing
the test.

Wear
Material of RING Material of DISC volume
[mm?]
Zirconia ceramics : ;
(Y-TZP) Alumina ceramics 0.16
Vitalium alloy Irradiated UHMWPE 4.78
(Co-Cr-Mo) (crosslink) - 100 kGy :
Vitalium alloy UHMWPE 551
(Co-Cr-Mo) (no crosslink) '
Alumina ceramics | pressed UHMWPE 5.62
(AI,05)
Titanium alloy
(TigAlLV) with DLC UHMWPE 6.61
Zirconia ceramics | PEEK (PolyEtherEther- 759
(Y-TZP) Ketone) :

TABLE 1. Final parameters of mechanical testing.

We found out the worn volume on the UHMWPE modified
by crosslink is less than on the UHMWPE without modifi-
cation and less then other combinations of biomaterials
too. The results show the modification by crosslink is for
UHMWPE material useful. Only wear resistance of combi-
nation ceramics x ceramics is better, but this combination
is only theoretical and is used for comparison. For next
development it is purposeful to finish tests with other bone-
substitute materials and increase the database with wear
resistance evaluation.
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Introduction

The problem on developing bone substitutes consists
in difficult imitation of a chemical composition, micro- and
macrostructure as well as in provision of physical-mechani-
cal, electrical, and other properties of a material that would
promote the renewal of normal metabolism processes in
living cells. At present endoprosthetics uses various materi-
als but their properties much differ from those of the bone
[1, 2]. Use of the bone tissue itself as an implant is not
always possible because of the protein biocompatibility.
As a result of this, the transplanted implant is rejected
and loses its mechanical properties [3]. However, a new
approach is possible to search and develop an artificial
implant. It means the preparation of a biocompatible,
slowly resolved material and its replacement by the living
bone tissue due to natural regeneration of the cells of bone
substance. Optimal compositions and the structure of such
materials are being sought at the Research Centers of some
countries and Belarus too. The present work is devoted to
preparing a porous grafting ceramic material and to perform-
ing medical-biological experiments on it.

Methods

Samples of porous implants were fabricated from natural
compounds containing calcium and phosphate as well as
magnesium phosphate and calcium carbonate admixtures.
Heat treatment was made within a special step-by-step
regime involving isothermal annealing. Moulding and
mechanical processing were conducted at certain stages.
For the influence of the heat treatment temperature on the
structure and properties of porous ceramics to be studied,
the implant samples were annealed in air over the tempera-
ture range 300-1400°C, their crystal and porous structures
as well as the physicochemical and mechanical properties
were examined. The X-ray and IR spectroscopic meth-
ods were adopted to investigate the phase composition.
The morphology of the sample surface was studied with
the use of the scanning electron microscope and the sec-
tions of the bone and muscle tissue dyed with hematoxylin
and eosin, with the use of the optical microscope.
The physicochemical and mechanical properties were de-
termined by the standard methods.

Results

As observed in the IR spectroscopic and X-ray phase
analysis, the porous ceramic material annealed at 1000°C
is a complex calcium-phosphate compound containing
OH-groups. When thermally treated, the porous structure
of calcium-phosphate ceramics and its properties change.
After heat treatment of the material within 300-700°C the



pore sizes are 500-1000 ym, and as the annealing tem-
perature increases up to 1200-1400°C they decrease up
to 40-300 um. The porous structure of the dividing walls
between the macropores changes, too. The electron micro-
scopic study of the microstructure of the material surface
shows that deep micropores are present in the dividing
walls between the macropores of the samples having an
annealing temperature of 700°C. At 900°C the spherical
particles, i.e. globules are formed, followed by the formation
of micropores. As the temperature elevated up to 1000°C
the globules sintered into elongated conglomerates and
the macropores were formed. After 1200°C annealing the
material represented the sintered particles with a developed
surface and slotted pores.

The mechanical and physical-chemical properties of
the material changed depending on the heat treatment
temperature (500-1100°C). The density increased from 1.0
to 2.0 g/cm?®, the strength under compression increased
3.5-4 times while the porosity decreased from 70 to 45% and
specific surface - from 52 to 1.5 m?/g, respectively.

To perform medical-biological studies the porous calcium-
phosphate samples were chosen, from which experimental
implants were fabricated in the form of 6x4x2 mm plates,
whose strength was not below 6-10 MPa and whose poros-
ity amounted to 37-40%. The implant samples were trans-
planted into the defect places drilled in the rabbit's mandible.
In control group the bone defects were filled with blood clot.
In7, 14, 21, 30 days and 6 months the animals were taken
out of experiment, and bone and soft tissue near and inside
the defects were examined.

Discussion

The obtained results have revealed that the implant
is characterized by two levels of pores: macropores
300-400 pum in size in the material volume as well as by
micro- and transient pores up to 100 nm located over the
material surface of the dividing walls. The experiments
have supported that in 14—21 days at the implant - cortical
or spongy bone boundary the muscle and bone tissue
gradually germinates into the implant holes.

FIG.1. Microstructure of block material - 1,
granule - 2, wall between macropores in block - 3
and in granule - 4, (SEM images: 1 and 2 — 500x,
3 and 4 — 10000x).

FIG.2. The porous implant into bone defect (dark
part in center) - 1, and protein substance into
macropore of implant - 2.

(SEM-images: 1 — 75x, 2 — 1000x).

The formation of protein substance in the samples
of the calcium-phosphate implants being in contact with
the bone for 21 days developed so intensely that it was
impossible to separate the implant from the bone, not
disturbing its completeness. New formations on the ce-
ramic material side and vessel fragments were seen on
the bone side. After decalcification some part of the implant
dissolved, the albuminous substance and forming
trabeculas of the bone were preserved on the implant
surface and in its porous volume. The study of the samples
transplanted into the rabbit’s mandible and being there
for 30 days pointed not only to the presence of contact
but also to the formation of a new bone at a place where
the implant is transplanted. No inflammation at the contact
place of the bone and the implant was observed for all
experimental times. In 6 months, a new bone tissue
was formed in the rabbit's mandible at the defect place,
and the implant was resolved partially. This fact was
confirmed by the results of the visual and microscopic
investigations.

Conclusions

The developed grafting material is compatible and pro-
motes the bone regeneration process.
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Abstract

This paper deals with a simulation by means of
finite element method of a natural lower limb after
a knee joint arthroplasty in a full extension. Our last
static model serving as a starting point for our future
dynamic analysis is presented now. Aside a total knee
endoprosthesis Medin Modular provided by MedinOr-
thopedics, a.s., two long bones, femur and tibia were
used. Compared with our former results, this model
gives reduced stress and contact pressures values
which were given by more realistic ankle and hip joint
definition. Their distributions also correspond better
the experimental findings.

[ENGINEERING OF BIOMATERIALS, 63-64, (2007), 6-7]

Introduction

In this paper we publish our last finite element model
dealing with a total knee joint replacement under a load in
a full extension (a one leg stance). It follows our previous
published research [1-3].

Finite element (FE) is commonly used in mechanics
but in biomechanics, using FEA means to undergo many
compromises and simplifications. All these simplifications
have to be reasonable and must take into account as many
tissue characteristics as possible. With respect to this fact
we are trying to set up a valuable finite element analysis
serving for total knee joint development and verification.
A next step is already to introduce a dynamic model driven
by forces in main lower extremity muscles.

As for the presented work, some differences between the
former and the current model are evident. The first one is
a replacement size and the second one is changes in bound-
ary conditions. These modifications are necessary due to
our goal to create a complex model of a lower limb with the
implanted total knee replacement [4]. This complex model
would serve to analyze the current knee replacements and
also to keep on development of zirconia femoral component
already designed, implanted and tested (even in vivo experi-
ences have been made) [5].

Materials and methods

For our nonlinear static analyses, solved in Abaqus
CAE, a size 76 of a knee endoprosthesis Medin Modular
(produced by Medin Orthopedics, a.s.) have been chosen
to fit the best a femoral and a tibial bone of a male cadaver
reconstructed from CT scans provided by a National Library
of Medicine, Visible Human Project [4,6]. For future analyses
we also implemented into the model a pelvic bone. It has
been taken from a model library of the BEL Repository, man-
aged by the Istituti Ortopedici Rizzoli, Bologna, Italy [7]. The
collected model served for designing the mechanical axis
of the leg. It was positioned regarding positions of several
anatomic points (FIG.1). This assembly served for a mesh
generation in presented model.

FIG.1. Lower limb geometric model.

The Medin Modular endoprosthesis itself is made up
of several parts to cover several operation demands but
for our model we used only its three main components,
i.e. a metal femoral component and a tibial component,
which consists of a plastic tibial plateau and a metal tibial
tray (FIG.2).

FIG.2. Analyzed assembly of the TKR.

Position of the TKR on the corresponding bones has been
made on the basis of the formerly designed mechanical axis.
We respected producer’s recommendations to a surgeon
concerning an endoprosthesis implantation which arise in
fact from the mechanical axis direction.

Having already the replacement well positioned on the
mechanical axis as well as on the bones we used the me-
chanical axis for a load application.

Despite of some mechanical tests made in our laboratory
with all common materials used for the TKR production,
former isotropic homogenous material models remain the
same as before [1-3] in order to be able to see the difference
between the analyses results (TABLE 1). The metal com-
ponents behave according to Hook’s low; the tibial plateau
is defined as an ideal elasto-plastic material.

As mentioned above, some changes were applied in case
of boundary conditions. The main modification compared
to previous models is a use of so called reference points
which were placed approx. in centers of a hip joint and an
ankle, lying on the mechanical axis. These points allowed
a more realistic definition of boundary conditions. Aside the
proximal-distal shift allowed already in former models, there
was allowed the rotation of the femoral component around
the anterio-posterial axis going through the reference point
in the center of the femoral head and the rotation around the
mechanical axis, the tibial component could rotate around
the mediolateral axis defined in the center of the ankle. Since
there were not yet implemented muscles and ligaments into
the current FE analysis, the mechanical axis (represented
by both reference points defined on its proximal and lateral
end) served also for a load direction definition; the force of
2100 N was applied in a center of a “femoral head”, in the
reference point in fact, already specified.

There was defined only one contact in the analysis.
Between the both articulating parts of the knee joint re-
placement the contact was solved as a “hard-contact” with
a coefficient of friction equaled to 0.1. There was defined
in fact another contact; it was the one between the tibial
plateau and the tibial tray which was supposed to be a tied
contact.



Young's modulus /

elasto-plastic model POISS?” >
o _gnn ratio
definition
[MPa] / [MPa] [%]
Femoral component 113000 0,342
|l Tibial plateau 820/0=21.6=0,0=35..c=3 | 0,44 ||
|l Tibial tray 113000 0342 ||
[l Bones 14000 036 ||

TABLE 1. Material properties.

Amash was created semi-automatically using tetrahedral
elements. See a FIGURE 3 for detailed view of the TKR
assembly.
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FIG.3. Detailed view of the mesh of the TKR
assembly.

Results

As the weakest part of the endoprosthesis using UH-
MWPE plateau is the plateau itself, only results for a tibial
plateau are published; it means contact pressure between
tibial and femoral component and stress field on the pla-
teau are presented. Magnitudes of contact pressures and
stresses and even their distributions can significantly change
a lifespan of the replacement.

Firstly, the contact pressure results between a femoral
and a tibial component can be seen in the FIG.4. As for a
magnitude, maximum value of approx. 46 MPa occurred on
a medial side. The value corresponds with our experimental
findings (using special contact films). In comparison to our
former analyses, this magnitude is lower due to different
boundary conditions matching better the reality.

In the matter of stress values and distributions (FIG.5), the
highest value (28.5 MPa), slightly under the contact surface,
was calculated under an impact of a lateral condyle, but as
well as for the contact stress there is not a big difference
between the results on the lateral and the medial side.
The maximal values on both condyles are slightly under
the contact surface.

At first glance, the contact area which occurred on the
medial side of the lateral condyle could seem quite strange
but a specially designed shape of the contact surface in this
region (as well as the lateral area of the medial condyle)
serves for better stabilization of the artificial knee lacking
some important natural ligamentous stabilizers.

FIG.5. Stress distri-
bution (HMH) on the
surface.

FIG.4. Contact pres-
sure results between
the femoral component
and the tibial plateau
[MPa].

Conclusions

Since Laboratory of Biomechanics participates among
others on a development of a zirconia knee joint endopros-
thesis, already constructed and even implanted, our aim
is to introduce a valuable complex lower limb model serving
for farther innovation of this implant.

Main advantages of a presented model are obvious.
Since there are not yet any muscles and ligaments in the
model, simplified model showed the right choice of a use of a
mechanical axis for boundary condition definitions. A femoral
and a tibial part could move around the corresponding refer-
ence points defined on both ends of the axis independently.
These findings will be useful soon as well as results of the
presented analysis. Dynamic model of the lower limb, taking
into account the influence of muscles and ligaments is being
prepared and it will be compared with these simpler models.
In our opinion, no relevant comparison of the finite element
analysis (FEA) results could be done with other authors
analyzing the knee endoprosthesis by means of the FEA
because of different design of the replacements.
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Introduction

Last years, quantity of acute pyoinflammatory diseases in
maxillofacial area is increasing, complications become more
frequent, as a result specialized clinics functioning is very
intensive [6]. This pathology consists 27,2%-61% of total
amount of patients [3] and 10-20% of patients in special-
ized clinics [2,9]. According to the information presented by
Chair of Cranio-Maxillofacial Surgery [4,5] they performed
5063 operations during 2000-2005 years, 78,7% opera-
tions performed in case of emergency. Considerable part
of urgent operations was presented by phlegmons — 36%
(mouth floor - 25%, peripharyngeal space - 5%, neck sides
- 6%), mediastenitis - 1%. Augmentation of patients quan-
tity with inflammatory complications is paradoxically when
quantity of specialists in stomatology increases, conditions
for working become better, quality of materials and toolware
becomes better, new medicines and modern technologies
are applying [7,8].

Last decades, acupuncture was acknowledged by physi-
cians of different specialties and scientifically proved to be
widely used by public health services as well as in cranio-
maxillofacial surgery [1,10]. Acupuncture treatment is effec-
tive, harmless, can be complementary with other medicines
or replace pharmacotherapy and physical therapy.

Facts above confirm is necessary detailed studying
of acupuncture effects on pyoinflammatory diseases de-
velopment in human organism and maxillofacial region
particularly.

Aim of research

is to analyse histological results of acupuncture applica-
tion in complex treatment of acute pyoinflammatory proc-
esses of soft tissues in experiment.

Objects and methods

Experimental model of pyoinflammatory processes of
soft tissue after operation was formed on 20 guinea pigs
of the same weight, sex and age divided into two groups.
I group consisted of 10 animals, underwent antibacterial
therapy course and was group of control. Il group consisted
of 10 guinea pigs underwent antibacterial therapy course
combined with acupuncute treatment. First variant of brake
method was used for acupoint Gl4 irritation by needle

Ne5. Exposure time was 40 minutes and treatment course
consisted of 10 sessions performed every day. Every day
we were taking care of experimental animals and check-
ing postoperative wounds conditions. Tests for histological
examinations were taken 24 and 48 hours postoperatively,
3,7,21 days later.

Results

According to the clinical state of the 1st group of animals,
inflammatory process was significantly weaker and finished
by 7-8 day. The same results were achieved by 3-4 day for
the animals of the 2nd group. Wounds cicatrix of the ani-
mals in the 2nd group were better aesthetically by 21 day
after operation, there was no eschar, inflammation finished.
A the same time, 40% of animals of group of control had
inflammatory processes and eschar of the wound had 20%
of animals.

There was difference between results of examinations
with microscope 3 days after operation for animals of the |
(FIG.1a) and Il groups. (FIG.1b).

FIG.1. Morphological picture 3 days after opera-
tion. Stain with hematoxylin-eosin.
Magnification x 125.

Wound chamber was cleaned from neucrotic dendrite, its
edges were closer, a little of purulent discharge was found on
the wound edges for the |l-nd group of animals. Practically,
there was no wound canal and it was a defect on the top
part of the wound by 7 day for the 1l-nd group of animals.
Scar tissue inside and epithalamus outside of the wound
were forming (FIG.2a). Regarding the group of control,
canal of the wound was reduced but its depth remained at
the same time. Epithalamus was formed on the edges of
the wound. There was a lot of neucrotic dendrite inside of
the wound (FIG.2b).

FIG.2. Morphological picture 7 days after opera-
tion. Stain with hematoxylin-eosin.
Magnification x 125.



By the 21 day, wound canal was closed and epithalamus
restored for the animals of the Il group. There was no hair fol-
licle at the place of the wound. The scar was not determined.
At the place of the wound the coverlet was regenerated
(FIG.3a). At the same period of time, the canal of wound
was absent and epithalamus appeared on the wound edges
in the group of control. Considerable quantity of neucrotic
dendrite was on the surface of the wound, inflammatory
reaction inside (FIG.3b).

FIG.3. Morphological picture 21 days after opera-
tion. Stain with hematoxylin-eosin.
Magnification x 125

Conclusion

Acupuncture has positive influence on the clinico-mor-
phological characteristics of pyoinflammatory processes
development in soft tissues. Acupuncture treatment could
be advised for wide use in treatment of patients with septic
complications in cranio-maxillofacial region.
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Introduction

Last decades, method of dental implantation is widely
used as well as other methods of special dental care applied
by cranio-maxillofacial surgeons and orthopedist in Belarus
[8,10]. Osteointegration is a process undergoing changes
and not something stable [2]. Many factors influence on im-
plant osteointegration: state of bone, implant characteristics,
operation itself, quality of prosthesis in the future. In special
medical literature they say that all processes taking place in
head, neck regions, oral cavity influence on quantitative and
qualitative indices of oral fluid [3,11,12]. Latrogenic injury of
bone tissue has place during operation for dental implanta-
tion as well as aseptic inflammation which activate regenera-
tion processes or can provoke tissue lyses [4,9]. Meanwhile,
the longer and well-defined postoperative inflammatory
process, the better direct and long-terms results for dental
implantation operation [13]. At the same time inflammatory
and destructive processes of the oral cavity influence on
the change of pH level of biological medium of the oral fluid
[5]. Achievements of modern medicine let to form more
favorable conditions for broken bone tissue regeneration
with medicines, treatment by laser and acupuncture [7,11].
But there is no information in special medical literature about
results of laser acupuncture influence on pH of oral cavity
after operation of dental implantation in experiment.

Aim of the work

is to study laser acupuncture influence on pH of natural
biological medium of oral cavity after dental implantation.

Objects and methods

Rabbits were chosen for experimental model.
We observed 40 males at the age 7-8 months, weight
2,8-3,2 kg. Experiment consisted of two runs, 20 animals
per run. Dental implantation was performed after right
central lower incisor extraction for all animals. Transplant
bed was formed with drill point of increasing diameter in the
alveolar socket of the extracted tooth. Drill point was cooled
with salt solution. Than tap was screwed and titan implant
Verline was fixed. The wound was treated with 0,05%
solution of chlorhexidine bigluconate and closed with poly-
glycolipid 4-0 layer by layer. Sutures were treated with 1%
solution of brilliant green. Operations were performed with
general anesthesia application of 10% solution of thiopental
sodium intra-abdominaly and infiltration anesthesia applica-
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tion in soft tissues of the operative field with Sol. Lidocaini
2% - 2 ml.). Animals underwent antibacterial therapy course
with 30% lincomycine solution during 5 days postoperatively.
Immediately after operation, they done injection of Analgi-
num 50% - 2 ml. + Dimedrolum 1% - 1 ml. First run consisted
of 21 animals. Antibacterial therapy treatment combined with
laser acupuncture course by acupuncture needle (patent
of Republic of Belarus Ne 924) which irritate acupoint and
do mechanic influence at it at the same time was applied
for animals. Acupoint LI4 was irritated. Acupuncture treat-
ment course consisted of 10 sessions performed ever day.
Consistence of luminous flux was no more than 5 mW/cm_,
time of exposure 10 seconds. Second run consisted of 21
rabbits received antibacterial therapy course only. It was run
of control. pH level of habitat of oral cavity of experimental
animals was examined with test-paper (Lachema, Prague).
Test-paper was put into rabbit oral cavity for 30 seconds,
than it was compared with standard (pH from 0 to 12).
Examinations were performed before operation, 7,14,21
days and 2 months after operation.

Results

We have studied normal pH level of oral fluid for rabbits
immediately before operation. Indices of pH were in range
between 7,5 - 9, average indices were 8,2+0,2. Seven
days later, rabbits of the first run had pH level 7,8+0,3, rab-
bits of the control run had that indices as 7,5+0,1. Rabbits
of the control run had tissue inflammation in 100% of cases
and 15% of tissue inflammation for rabbits of the first run.
pH indices of oral fluid of the run of control were 7,3+0,1,
rabbits of the first run - 7,9+0,2 (p<0,01), by 14 days.
But, graft rejection had place for 10% of rabbits of the con-
trol run and there was no rejections for the first run rabbits.
That indices was 7,6+0,2 for rabbits of the control run and
8,4+0,4 (p<0,05) for the rabbits of the first run, 21 days
postoperatively. That time, only 5% of rabbits of the first run
had tissue inflammation. Graft rejection had place for 15%
of the control run and there was no rejections for the first
run rabbits by 21 days after operation. We received the
same results two months later. Dynamics of pH of oral cavity
for experimental animals see on the FIG.1.

pH changes of oral cavity of experimental animals

8,6

84 A

8.2
o 8 ._’_,_-‘/ —#=—run Nr1
2 7,8
E 7.6 B— —=—run Nr 2 (control)
- 7.4 —standard
s 7,2

7
6,8
6,6

14 days 21 days 2
months

7 days

terms

FIG.1. Dynamics of pH of oral cavity for experi-
mental animals.

Therapeutic effect after laser acupuncture application
could be explained by common and local reactions of
the human body. Increasing of nonspecific humor factors
of protection, common leucocytes reaction, phagocytal
activity of micro- and macrophage systems, stimulation
of marrowy blood circulation consisted common effect.
Local effect is influence of radiation on the main elements

of inflammatory reaction: exudation, alteration, proliferation,
and on metabolism intensity, biosynthetic processes, cells
resistance when damage. Laser acupuncture is positive
for membrane structures, increase tissue ferments activity:
acid and alkaline phosphatase, lactate dehydrogenase,
L-glycerophosphatedehydrogenase; accelerate oxidation-
reduction reactions, extend functional activity of protein,
stimulate glycogen synthesis. Its activate process of injured
tissues vascularization, provide tissues with nutrients and
oxygen, prevent stagnation formation. Lymphoid tissue
is activating, granulation is growing. Perifocal inflamma-
tion is becomes weaker, oxygen consummation increases.
Those mechanisms correspond to the Ahmetov’s (1991)
and Naumovitch’s (2000) works [1,6].

Conclusion

Results we received confirm necessity and expediency
for further study of laser acupuncture influence on homeosta-
sis of oral cavity and osteofusion in the system jaw — dental
implant in experiment and clinic.
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Introduction

Last years quantity of traumatic fractures of lower jaw
increased and is in range from 67,4% to 85% as well as
quantity of that bone neoplasm [4,10]. In spite of successful
cranio-maxillofacial operations for tumor defects of lower jaw
replacement with allogenic orthotopic transplants, problem
of graft rejection while and after treatment and rehabilita-
tion procedures, remain actual [1,8]. It deals with patients
whose lower jaw was to be restored after gunshot wound
and transplantation is to be performed when scars of soft
tissue changed and blood flow is also changed. We found
informations in special medical issues that human body
resistance level is very important for effectives prophylaxis
procedures of described above complications as well as
patients providing with goods conditions for posttraumatic
reparative bone tissue regeneration [11].

Ordinary treatment of pathology mentioned above is im-
possible because of allergization of population, increasing
number of cardiovascular diseases, not wide application of
physiotherapy procedures. So, is necessary to elaborate
new system of rehabilitation procedures for those patients.
Special medical literature says that acupuncture treatment
could be used for normalization of homeostatic balance of
human body for patients with somatic and cranio-maxil-
lofacisl diseases [5,7].

Our days, great attention is paid for studying of human
body medium (blood serum, oral fluid) in osteogenesis.
According to different articles, misrocrystallization of oral
fluid is more informative index of homeostasis. Many
researchers fixed that index change for patients with cranio-
maxillofacial diseases [2,9]. Facts above confirm subject
of this research is important.

Aim of research

is to study how microsrystallization indices of oral fluid
for patients with acquired defects of lower jaw are chang-
ing while postoperative treatment combined with acupunc-
ture.

Objects and methods

We examined 35 patients at the age of 27-48 years old
with acquired defects of lower jaw, the bone was broken.

All patients were subjected into plastic operation with al-
logenic transplant. Patients of the | group (18 patients) have
got ordinary treatment course postoperatively. Postoperative
treatment of the patients of the Il group (17 patients) was
combined with acupuncture procedures. Group of control
consisted of 30 healthy persons at the same age. All patients
have got treatment course with antibacterial and anesthetic
medicines, had careful dental care. The wound was pricked
all round with solution which consists of suspension of
30 mg hydrocortisone, 30% lincomycin solution — 2 ml,
2% lidicain solution - 2 ml. Patients were treated with
«Osteogenoney 7 days after operation. After intermaxillary
rubber tie is taken off, mechanotherapy was applied for lower
jaw and temporomandibular joint care. We have stimulated
the following acupoints for the patients of the Il group: 1)
general acupoints - L14, L110, LI11, St36, TH1, TH5, GB20,
GV14, GV20, GV25, GV26, CV24; 2) local acupoints —LI118,
St5, St6, St7, St44, SI18, SI19, TH4, GB37, GB40, GV1,
GV28 and extrameridional acupoint PC18 [6]. Acupuncture
procedures were applied for: 1) anesthesia course during the
operation; 2) postoperative acupuncture course consisted
of 10-12 sessions performed every day. Second sedative
method was used for acupoints stimulation. Microcrystal-
lization level was performed by methods of P.A.Leus (1977)
[3]. First examination was performed when patients went in
clinic, 2-nd — during firs day postoperatively, 3-rd - 7 days
after operation, 4-th - 14 days after operation, 5-th — 21
days after operation, 6-th - 1 month later, 7-th -6 months
postoperatively. Indices we collected during examinations
were processed with method of calculus of variations.

Results

According to the received results we have concluded
that indices of microcrystallization for patients of the
I (2,2+0,2) and Il groups (2,1+0,1) were different (p<0,02)
from control indices (1,5+0,2). Positive changes of indices
1,8+0,1 (p<0,05) were fixed by 21 day of treatment for 56%
of patients receiving ordinary treatment course. There was
no change of health for 44% of patients (FIG.1). Positive
changes of indices of microcrystallization 1,6+0,1 (p<0,001)
for Il group patients was fixed by 14 days for 75 % of patients,
by 21 days — 1,5240,1 (p<0,05) it consisted 89% (FIG.2).
Clinical tests confirmed marked indices.

First day after operation all patients had edema of soft
tissue of cheek, parotic-masticatory and submandibular
regions. We used drainage to get ichor from the wound.
Bone and transplant mobility were not identified. Negative
results had 44% of patients of the | group. These patients
had tissue infiltration in the region of the wound by 7-10
days. There was ichor of big quantity in scar tissue than
graft was rejected. Results were confirmed by indices of
tests of microcrystallization in 100% of cases. Patients of
the Il group had no complications mentioned above what
corresponded to indices of tests of microcrystallization in
89% of cases. These was no edema of soft tissue for that
patients by 21 days and 1 month. Bone and transplant
mobility were not identified.

Conclusion

Complex treatment including acupuncture stimulation is
effective for patients with acquired defects of lower jaw after
operation with allogenic orthopical transplant. Acupuncture
treatment could be advised for wide use in maxillofacial
surgery.
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Results of standard postoperative treatment | group 21 days
after operation

100%,
80%

A44%, ®m no changes

= positive changes
60%
40%
20%

0%

FIG.1. Ordinary postoperative treatment for pa-
tients of | group according to the misrocrystalliza-
tion indices of oral fluid by 21 days.

Results of complex treatment with acupuncture

m no changes

60% £ 100% m positive changes

14 days 21 days

FIG.2. Postoperative treatment combined with
acupuncture for patients of Il group according to
the misrocrystallization indices of oral fluid by
14, 21 days.
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Introduction

Last decades, diagnostics and treatment of odontog-
enous sinusitis of maxillary sinus are studying and improv-
ing. Aetiology, pathogeny, clinical characteristics and treat-
ment methods are lighted well in medical literature. In spite
of that quantity of patients with odontogenous sinusitis is not
reducing. That disease makes up 3-7% of the total amount
of surgical pathologies of maxillofacial area [8] and 5-12%
of patients in stomatological surgical clinics [1].
Odontogenous sinusitis of maxillary sinus is its mucous
tunic inflammation appearing from nidus of chronic
odontogenous infection when patient has apex
periodontium of upper bicuspid and bicuspid. Bone tissue is
destroying for many patients with this disease and its layer
between root apex of mentioned teeth and maxillary sinus
become weak. Those circumstances as well as individual
anatomic structure do the base for mouth floor perforation
during operation on tooth extraction. Sometimes, they press
the fang into maxillary sinus or under mucous tunic what
form 33,1% of all sinusitis of maxillary sinus. 1.O.Pohodenko-
Chudakova and A.Z.Barmutskaya (2007) [7] analysed
146 cases histories for patients treated during 2005 — 2006
for iatrogenic complications. It is to underline foreign
bodies of maxillary sinus were found for 81 patients.
Filling material was found in 51,1% of cases, teeth and
fangs - in 43,2%, implants - in 3,4%, drainage — in 2,3%.
Infected foreign body in maxillary sinus causes chronic
inflammatory process with polypus proliferation of mucous
tunic in 54,4% of cases [9]. Sensitization of human body
to the nidus of chronic odontogenous infection, allergic
reaction and reducing of common body resistance provoke
disease. At the same time, hard tooth tissues, maxillary
bone tissue, soft mouth tissues are in dynamic balance with
oral fluid. Arising and developing diseases of maxillofacial
area can break human homeostasis what is confirmed
by quantitative and qualitative indices of oral fluid,
physical indices — microcrystallization. Many authors
say about positive changes of microcrystallization
indices during treatment of maxillofacial diseases [3,6].
In some manuscripts they say that test is informative for
prediction of pyoinflammatory diseases development
of odontogenous aetiology [2]. But there is no informa-
tion regarding compative appreciation of effectiveness for
integral leukocyte and microcrystallization indices
application for prediction of development of chronic
odontogenous sinusitis maxillary sinus.



Aim of research

is to appreciate effectiveness of different methods
prediction of chronic odontogenous sinusitis of maxillary
sinus development.

Objects and methods

We have taken care of 60 patients at the age of 19 - 40
years old with chronic odontogenous sinusitis of maxillary
sinus. Group of control consisted of 25 healthy persons
of the same age. All patients had antiphlogistic course
consisted of antibacterial, antihistaminic, nonsteroid
antiphlogistic medicines, polyvitamins and physiotherapy
courses. Doing examinations we have taken into considera-
tion that common status of patients, some aspects of oral
cavity could influence into biophysical indices of oral fluid.
All patients had middle caries intensity, they had no dis-
eases and traumas which demand rehabilitation course.
There was no pathology of mucous tunic of oral cav-
ity, palatine tonsil. Method by Leus (1977) [4] was used
for specimens of oral fluid preparing. Leucocyte indices
of intoxication by V.K.Ostrovskiy (LIIO) [5] and nuclear indi-
ces (NI) of intoxication G.A.Dashtajantz [10] were fixed for
all patients. Those indices were studied in some exami-
nations passed in different time: 1 examination — when
patients went for the assistance; 2 examination — three
days after beginning of treatment course; 3 examination —
at the end of the treatment course. Method of variation
statistics was used to check indices received during
examinations.

Results

Indices received during examinations showed authen-
tic differences of integral leucocytes indices and indices
of microcrystallization in respect of control. Stable positive
changes were revealed during the treatment course for all
indices. Changes of LIIO were authentic during 3¥examina-
tion 2,2+0,1 (p<0,001) to compare with initial indices 3,1+0,2.
Changes were also authentic of NI during 2" 0,1+0,01
(p<0,001) and 3™ examinations 0,07+0,02 (p<0,001)
in correspondence to the indices of the 1t examination
0,15+0,01. The same indices were for microcrystallization
of oral fluid for 2" 2,3+0,02 (p<0,001) and 3™ 2,1+0,1
(p<0,001) examinations in correspondence with the initial
indices 2,51£0,06. Comparative appreciation of indices
showed correlation of oral fluid indices microsrystallization
and leucocytes indices of intoxication. No stable changes
were evident for 24% of patients under examination
after antiphlogistic therapy. Later those patients had radical
surgery of maxillary sinus. Positive changes of microcrystal-
lization of oral fluid were confirmed by LIIO for 12 patients
(86%) and by results of NI for 13 patients (93%) during the
2 examination (FIG.1).

Conclusion

Test of microcristallization of oral fluid is very informative
for prediction of chronic odontogenous sinusitis development
of maxillary sinus. That method is noninvasive, easy to be
performed, cheap and is not necessary to have special
knowledge, reproduced many times during the day long.

Indices of correspendence for test of misrosrystallization of oral fluid
to the indices LIIO and IN

7%

B correspondence to the
‘ microcrystallization
indices

NI 93%

Lo 86% M

0% 20% 40% 60% 80% 100%

O no correspondence with
microsrystallization
indices

indices

results of correspondence

FIG.1. Indices of correspondence for test of mic-
rocristallization of oral fluid to the indices LIIO
and IN.
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Relations between synthesis conditions, structure and
sorption-desorption properties of polyvinylpyrrolidone cross-
linked copolymers have been investigated.

The development of drugs prolonged and directed re-
lease systems is one of main directions in pharmaceutical
and medical branches. Such systems allows to transfer
medical substance directly to the active medium, as well
as essentially reduces its one-time therapeutic doze [1].
Polymeric hydrogel carriers based on cross-linked copoly-
mers of polyvinylpyrrolidone (PVP) with methacrylic esters,
2-hydroxyethylmethacrylate (HEMA) namely, are used for
above-mentioned purposes. They are able to swell in water
and physical solutions but are insoluble in such media and
have controlled sorption-desorption properties due to the
presence of different functional groups in their structures.

There are two researching directions concerning de-
velopment of drugs prolonged release systems based on
polymeric hydrogels at Department of Chemical Technol-
ogy of Plastics Processing of Lviv Polytechnic National
University. The first direction is covering of solid parts by
polymeric hydrogel envelope (capsulation). The second one
is development of granular forms operating by the following
scheme: sorption of drug by polymer — drug release in the
organism.

Synthesized copolymers are cross-linked compounds
consisting of PVP molecules with grafted polyHEMA
chains. They have functional groups with different polari-
ties: C=0 and —OH groups of monomer and N—C=0 group
of PVP. Moreover, in agueous media PVP chain links may
be in ketonic forms or forms with nitrogen cationic atom.
Depending upon structure of initial mixture and synthesis
conditions hydrogel composition and structural parameters
may be varied (TABLE 1) [2]. All mentioned factors affect
the sorption and diffusive-transfer properties of synthesized
(co)polymers.

Initial mixture

Copolymer com-

BI® MATERIALS

composition, position,
mass parts mass parts
polyH PVP
1. 90 10 53 5 94,7 53
2. 80 20 52 10 89,6 10,4
Che 80 20 538 11 89.4 10,6
4%, 80 20 49 | 10 90,2 9.8
5. 70 30 38 11 88.6 11,4
6", 70 30 42 138 87,4 12,6
BP - benzoyl peroxide; f - PVP graft effectiveness; P - graft degree;
* —for T=343 K; ** — for T=353 K; *** — [BP]= 0,75 mass %.

TABLE 1. Graft parameters and copolymer com-
positions (T = 348 K, [BP] = 1 mass %).

Copolymers so synthesized in the form of membranes
were effective capsulated agents of solid drugs. In dry state
while storing they act as protective envelope but while
operation they are able to swell in the physical solution and
become permeable. The scheme of components transfer
from capsulated particles is following: copolymer swelling,
molecular diffusion inside the capsule, mass transfer through
polymeric membrane and mass delivery into ambient
solution (FIG.1).

Spent capsule is removed out of organism by natural way
without detriment to it.

In order to forecast the duration of drug removal from
capsulated particle, as well as its end concentration in the
solution, the model of mass transfer from globular particle
enveloped with polymeric hydrogel has been developed
(FIG.2).

The thickness of hydrogel envelope while swelling will
change by following dependence:
o= 8n[1 +amax(1'eK1)]
where: §,, 6 — thickness of dry and swelled hydrogel
envelope,[m]; t — swelling time,[s]; K — swelling rate
constant, [s"]; a,,..— maximal value of swelling coefficient.
Concentration in the solution C is:

C=4n(p:- C,)(r*-3Rr>+3Rr?)/3W
If r=R, then C=C,,,,.=4n(p:- Cs)R/3W

The change of particle mass at 8<<R is equal to:
-dM/dt=4rP>(c.-c,)/(B'+rD, '+ 8D, ")
where: M — particle mass, [kg]; D,,D,— diffusion coefficients
in the solution inside the capsule and polymer, respectively,
[m?/s]; R — particle radius, [m]; p, - solid particle density,
[kg/m?], c,- concentration of the substance over the particle
surface, [kg/m®]; r —reduction of particle radius; B — mass-
transfer coefficient, [m/s]; W — liquid volume, [mq].

Maple v6.01 mathematical pack was used for the model
numerical realization. Results so obtained allow to forecast
the duration of drug removal from the particle, as well as its
end concentration in the solution.

Investigated polymers also have been used for the
development of drug delivery systems of another type, so
called granular copolymers. Sorption properties of such co-
polymers are determined with net structural parameters and
presence of different functional groups in the copolymer.

Initial mix design and kinetics investigation were fulfilled,
what gave the possibility to substantiate the synthesis
regimes of granulated copolymers and establish the ef-
fect of main factors on the granulometric composition
and polymer properties [3]. The synthesis principles of
PVP — HEMA granular copolymers have been developed.
Such copolymers have controlled sizes of particles (from
0.1 to 2.0 mm) and polydispersity.

In order to establish the practical aptitude of copolymers
so synthesized, the sorption and desorption processes
were investigated using sodium diclofenac. This drug is
used as resolvent, analgesic and febrifuge, which is con-
tra-indicated under stomach ulcer. Moreover, its long-term
usage changes blood formula. Therefore, the development
of prolonged systems, which essentially decrease the drug
effective part and minimize its negative operation to the
mucous membrane of gullet and stomach, is matter of great
importance.

The experimental results show that homopolymers on
the HEMA basis (FIG.3a, curve 1) have the least sorption
ability. Effective sorption takes place during 6-8 h. and then
practically does not change. The introduction of PVP links
into the copolymer increases the sorption rate, as well as
boundary amount of sorbed drug. Mentioned facts are
caused, obviously, by introduction of additional functional
groups of another nature into the copolymer composition
(>N-C=0) and increase of granule porosity [4].



FIG.1. The scheme of components transfer from capsulated particles.
1 - drug; 2 - solid polymer envelope; 3 — swelled cross-linked gel;

4 — drug prolonged release; 5 — spent capsule.

We also examined the drug release by spherical particles
because they model the behavior of prolonged drug while
operation.

Synthesized copolymers were desorbed for 24 h. till 40%
of maximum sorbed sodium diclofenac was achieved. The
rest amount did not release under experimental conditions,
except granules based on polyHEMA (FIG.3b, curve 3).
Perhaps, in such a case sodium diclofenac is sorbed only
due to the physical interacting forces which are weak and
can not hold drug for a long time. In the presence of PVP
functional groups in the copolymer structure both physical
and chemical interaction forces take part in the sorption-
desorption process. It should be noted that amount of de-
sorbed sodium diclofenac was in the range of therapeutic
dozes in all cases.

Thus, we established the relationship between synthesis
conditions, structure and sorption-desorption properties of
PVP cross-linked copolymers, what offers the challenge of
their application as carriers for the systems of drugs direc-
tional and controlled release.

FIG.2. The scheme of mass transfer from solid
particle with hydrogel envelope.
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FIG.3. Kinetic curves of sodium diclofenac sorption (left) and desorption (right) by polymeric hydrogels,
[HEMA]:[PVP], mass parts: 1-10:0 (d,=0,90mm; PDI=1,27); 2-8:2 d,=0,64mm; PDI=1,24); 3-7:3 (d,=0,73mm;

PDI=1,15).
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Introduction

Biodegradable aliphatic polyesters such as polylac-
tide (PLA) and polyglycolide (PGA) have attracted much
attention as biomaterials due to the biocompatibility and
degradability. These polymers have been used for temporary
therapeutic applications such as sutures, osteosynthetic
devices, sustained drug delivery devices, and scaffolds in
tissue engineering [1-3]. Hydrophilic poly(ethylene glycol)
(PEG) blocks have been incorporated into PLA back-
bones to make copolymers with suitable hydrophilicity and
degradability. PEG presents outstanding physicochemical
and biological properties, and is able to form a palisade
avoiding protein adsorption and subsequent non-specific
uptake by the reticuloendothelial system (RES) after intra-
venous injection [4].

PLA/PEG block copolymers have been widely inves-
tigated as drug carriers in the form of microparticles,
nanoparticles, and hydrogels [5-8]. The aim of this work was
to investigate the micellization properties of water soluble
PLA-PEG-PLA triblock copolymers, which should be of great
interest for applications in the field of drug delivery.

Materials and methods

PLA-PEG-PLA triblock copolymers were prepared using
ring-opening polymerization of L- or D-lactide, in the pres-
ence of PEG (M,=4600) and zinc lactate (0.1 wt%) [9].

PLLA-PEG-PLLA or PDLA-PEG-PDLA copolymers were
dissolved in distilled water to yield homogeneous micellar
dilute solutions. The two solutions with equal molar con-
centrations were then mixed to obtain a micellar solution
by self-assembling.

Polymeric micelles containing paclitaxel were prepared
as follows: polymer (50mg) and paclitaxel (10mg) were
dissolved in 1-methyl-2-pyrrolidone (1ml), the solution was
dropwise added to 5ml phosphate-buffered saline (PBS, pH
7.4) under supersonic stirring to obtain a microemulsion.
The solution was then centrifuged (1000rpm, 30min) to
remove the unincorporated paclitaxel.

Paclitaxel-loaded micellar solution was added in a dialysis
bag (MWCO=7000) which was then placed in 100ml of PBS.
In vitro drug release was allowed to proceed at 37°C.

Proton nuclear magnetic resonance ("H NMR) spectra
were recorded at room temperature with a Bruker spec-
trometer operating at 250MHz by using DMSO-d, as sol-
vent. Differential scanning calorimetry (DSC) thermograms

were registered with a Perkin-Elmer DSC6 instrument,
the heating rate being 10°C/min. Surface tension of
PLA/PEG dilute solutions was determined with a Kruss
tensiometer K100. Dynamic light scattering (DLS) was
measured using a commercial laser light scattering spec-
trometer (Malvern Autosizer 4700, Malvern Instrument,
Worcs, UK). High-performance liquid chromatography
(HPLC) was performed with a LC-10A apparatus (Shimad-
zu) equipped with a UV detection (SPD-10A, Shimadzu)
and a 218MR54 column (4.6x250mm, C,;, Vydac, USA).
The mobile phase was acetonitrile/water (55:45 v/v) with
a flow rate of 1.0 ml/min.

Results and discussion

TABLE 1 presents the molecular and thermal charac-
teristics of the copolymers as determined by 'H NMR and
DSC. For the sake of simplicity, triblock copolymers were
named as L,LEO,L, or D,EO,D, where L, D, and EO repre-
sent PLLA, PDLA, and PEG blocks, respectively, x and y
representing the number-average degree of polymerization
of corresponding blocks.

It is well known that polymeric micelles can be formed
only when the polymer concentration is higher than the
critical micellar concentration (CMC) which characterizes the
micelle stability [14]. The CMC values were obtained from
surface tension (y) measurements of the micellar solutions.
FIGURE 1 shows the vy vs. IgC plot of L,,EO,,,L;, aqueous
solutions. The intersection point at 0.050g/l is estimated
to be the CMC of this copolymer. D,;EO,,, D,, exhibits
the same CMC as L,,EO,qL,,. However, the mixed
solution of L,,EO,yL,, and D,;EO,,D,; presents a lower
CMC = 0.040g/I, thus confirming that mixed micellar solu-
tion is more stable than separate ones due to stronger
interactions between PLLA and PDLA blocks. These values
appeared remarkably lower than those of low molar mass
surfactants, indicating that micelles formed from PLA/PEG
copolymers as drug carriers are susceptible to retain thermo-
dynamic stability without dissociation even after intravenous
injection which induces severe dilution.

CMC measurements were performed in 0.1M NaCl
aqueous solutions and at 37°C to simulate physiological
conditions. As shown in TABLE 2, there is no significant
difference between the CMC values of the copolymers in
pure water or in NaCl solutions. The insensitivity of the
CMC to electrolyte addition is probably due to the non-ionic
nature of the polymers, in agreement with literature data
[10]. In contrast, the CMC values at 37°C appeared slightly
lower than those at 20°C. This finding could be attributed
to the increase in hydrophobicity or loss of polarity of PEG
at elevated temperatures, thus leading to dehydration of
PEG chains and a subsequent decrease in the CMC [11].
On the other hand, chain mobility is improved with increasing
temperature, the probability for hydrophobic PLA segments
to meet each other and further assemble to form the inner
core of micelles is enhanced. Similar findings have been
reported in literature [11,12].

DLS measurements were performed to determine the
size and size distribution of the micelles. Average diameters
of 115.1nm and 108.5nm were obtained for micelles from
L,EO,qL,, and mixed aqueous solutions at a concentration
of 1.0 g/l. The polydispersity factors were fairly low (0.2-0.3),
indicating a narrow size distribution. It has been reported that
micelles less than 200nm can prevent spleen filtering and
tend to accumulate at the tumor sites due to the facilitated
extravasation [13,14]. The small size of PLA/PEG micelles
should enable them to safely achieve the disease site.
On the other hand, the micelle size of the mixed solution



L1,EO104Lss 4.2(3.0)° 104 24 6330 55.7 96.7 -46.8 -26.2
D1sE0;0.D15 4.1(3.0) 104 26 6470 54.2 97.8 -47.1 325
PEG4600 - 104 - 4600 67.5 170.8 - -

2 Calculated from the integration of NMR bands belonging to PEG blocks at 3.6 ppm and to PLA blocks at 5.2 ppm. ® DPggg
= M, pec/44. ©DPpy = DPpee/(EO/LA). M, = DPpee-44 + DP,,-72. ¢ Data in parentheses corresponding to EO/LA ratios in feed.
f Obtained from the first heating. 9 Obtained from the second heating.

TABLE 1. Molecular Characteristics and Thermal Properties of PLA/PEG Block Copolymers.

50.5

50.0

49.0 4

T
16
I9C {g/)

-2.0 -1.8

FIG.1. Surface tension changes of L,,EO,,L,,
solutions as a function of concentration.
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FIG.2. Paclitaxel release profile from polymeric
micelles of L12EO104L12 aqueous solutions.

appeared smaller than that of the separated one, which is
assigned to the more compact structure due to stronger
interactions between PLLA and PDLA blocks.

Paclitaxel is regarded as one of the most successful
anticancer drugs. It has been widely applied to treat various
cancers, especially breast and ovarian cancer. FIGURE 2
shows the cumulative release curve of paclitaxel from the
micelles in vitro. A biphasic release profile is observed. In
the first 12 hours, 35% of paclitaxel were rapidly released.
Afterwards, the release rate slowed down and nearly 45%

cMC(gl)

Copolymer EO/LA Water 0.1M NaCl Water
(20°C) (20°C) (37°C)

L,EO; oL+ 4.2 0.050 0.046 0.045
D;EO;¢sDy5 41 0.050 0.052 0.045
mixed? 0.040 0.048 0.037

2mixed micellar solution of PLLA/PEG and PDLA/PEG
copolymers

TABLE 2. CMC Values of PLA/PEG Triblock Copo-
lymers and Mixed Solution at 20°C, in 0.1M NaCl
aqueous solutions and at 37°C.

of paclitaxel were released within 12 days. Compared
with the release profile of paclitaxel from PLA-PEG-PLA
nanoparticles obtained by solvent extraction/evaporation
method in which a total of 49.6% paclitaxel was released
within 1 month,15 the micelles in our work exhibited faster
release rate. This facilitated release can be ascribed to the
less compact structure of the dynamic micelles prepared by
self-assembly in aqueous solutions.

Conclusion

Bioresorbable polymeric micelles were prepared from
aqueous solutions of PLA-PEG-PLA triblock copolymers.
The micellar solutions exhibited very lower CMC values,
the mixed micellar solution of PLLA/PEG and PDLA/PEG
copolymers appearing more stable than separate ones
due to stronger interactions between PLLA and PDLA
blocks. CMC measurements in the presence of salt and
at 37°C indicated that the polymeric micelles could keep
good stability under physiological environment. The size of
micelles was around 100nm with a narrow size distribution.
The release profile of paclitaxel from the micelles shows
a biphasic pattern with 45% of drug released within
12 days. Therefore, PLA/PEG micelles are of great
interest as injectable drug carriers because of the
advantages as compared to most drug-delivery systems,
especially easier formulation and absence of toxic
organic solvents. Further studies are underway to investigate
the degradation properties of the micelles and the effects
of copolymer composition on the drug encapsulation and
drug release.
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Researches of high-hydrophilic and tromboresistive dialy-
sis membranes have been carried out and possibility of their
creation using polyvinylpyrrolidone has been confirmed.

Development of hemodialysis membranes, cardiovas-
cular implants and other artificial organs put forward the
problem of thromboresistive materials creation [1]. One of
the effective ways of thromboresistance increase is immo-
bilization of heparin, which is blood natural anticoagulant,
over material surface. The main problem of heparin immo-
bilization by polymeric membranes is its permanent minimal
desorption at a contact with blood.

Researches concerning medical polymers syntheses and
application are carried out at the Department of Chemical
Technology of Plastics Processing of Lviv Polytechnic Na-
tional University. These researches are directed mainly on
the synthesis of new and modification of already existent
polymers. Polyvinylpyrrolidone (PVP) was chosen as a base
initial product after the protracted approbations. Original-
ity of PVP properties and application is stipulated by its
structure and physico-chemical properties. The presence of
carbamate group favors high selective-sorption properties,
complexation with iodine and other compounds and the
formation of macromolecules ionic form in aqgueous medium
[2]. In addition to the foreseen PVP physiology activity and
functional ability, it positively affects the kind of polymeriza-
tion reaction at the synthesis of its copolymers.

Netted copolymers of oxyalkylenmethacrylates with
polyvinylpyrrolidone [3] are perspective compounds for the

production of dialysis membranes. The presence of PVP
ionogenic groups in the composition of mentioned copoly-
mers assumes the expansion of biochemical and sorption
characteristics and obtaining of membranes with additional
functions on their basis.

Hydrogel membranes were obtained by graft polym-
erization of 2-hydroxyethyl methacrylate (HEMA) over PVP
(molecular mass was 10-50-10%) in agueous medium, what
allowed to combine the synthesis stage and membrane
swelling. Before the researches membranes were washed
with the distilled water during 48 hours for the removal of
unreacted products. The permeability of the synthesized
hydrogel membranes in the dialysis process for the aqueous
solutions of sodium chloride was determined at the special
dialyzer with peristaltic pump. The saturation of membranes
with heparin was realized in glycerin buffer solution (1M
glycerin solution, pH=2,7), which contained 250000 units of
heparin in 1 I. The amount of sorbed and desorbed heparin
was determined by photocolorimetry, based on quantitative
determination of heparin and methylene blue complex.

Synthesized hydrogel membranes with PVP links have ad-
vanced immobilization ability relative to heparin (TAB.1).

Increased content of heparin on membranes with PVP
is assigned, to our opinion, by the formation of ionic con-
nections between heparin and PVP macromolecules. Also
it should be taken into account that PVP link may exist
as ketoform or in the form that contains nitrogen cationic
atom [2]:
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In spite of the fact that part of cationic form is insignificant
[2], mentioned links connect heparin anions efficiently. As a
result, PVP-heparin complex is so strong, that heparin does
not precipitated for 24 hours (see TABLE 1) at membranes
keeping in solutions with different pH (glycin buffer solu-
tion with pH=2,7, physical solution with pH=7 and solution
of sodium tetraboric acid with pH=9,1). Here the selec-
tive-transport characteristics of membranes are changed
insignificantly. As for membranes based of polyHEMA and
modified cellulose, there is an insignificant precipitation of
anticoagulant in acid and neutral media, while in alkaline
medium it grows to 80...95%.

We have established that the presence of —-OH and
N—C=0 hydrophilic groups in the composition of membrane
copolymers increases their sorption ability which is charac-
terized with water content (TABLE 2). The increase of PVP
content multiplies dialysis permeability (KNaCl) of hydrogel
membranes based on HEMA-PVP, but their strength falls
down (TABLE 2). Hence, changing hydrogel chemical struc-
ture it is possible to change permeability of membranes on
the basis of HEMA-PVP copolymers.

High-hydrophilic membranes synthesized on the basis
of HEMA-PVP copolymers sorb plenty of water and form
polymeric hydrogels, possessing high elasticity. All these
factors also create additional preconditions of successful
coexistence with biological tissues similar to the physical



Heparin sorption,

Material of membranes

Heparin desorption for 24 hr., [%] Kiacr 10%,

[10° u/m?] [mole'm2-h"]
1. PHEMA 115 8 80 212/242*
I 2 PVP-gr-PHEMA 550 0 2 848/865* [
B Methy! cellulose [4] 126 5 95 -
|| Kyaci IS @ permeability coefficient for NaCl; * - for heparinized membranes ||
TABLE 1. Heparin immobilization by membranes surface and their permeability (membrane thickness is
200mcm).
Membrane tensile Water content, Kiaci»
strength,[MPa] [mole'm2-h-"]
1 100 — 0,53 40 127
2. 91 9 0,46 45 293
3. 82 18 0,40 48 412
4 77 23 0,31 59) 506
5 69 31 0,22 61 611
Kyaci IS @ permeability coefficient for NaCl

TABLE 2. - Properties of hydrogel membranes based on HEMA-PVP, (membrane thickness is 200mcm).

Composition of PA6-PVP mixtures, [% mass.] Membrane tensile Water content, Kyaci' 103,
strength, [MPa] [mole'm2-h"]
1 99 1 21,0 22 0,36
2 98 2 15,7 32 1,07
3.* 98 2 14,3 25 2,25
4. 98 2 13,9 35 0,54
53 95 5 15,4 32 0,96
6. 90 10 14,1 33 4,65
* solvent evaporation temperature 382 K; ** PA6/PVP:HCOOH: H,0=7,2:77,6:15,2.

TABLE 3. Properties of membranes based on PA6-PVP mixtures (PA6/PVP:HCOOH:H,0=7,2:79,0:13,8;
solvent evaporation temperature 353 K; membrane thickness is 20 mcm).

state. At the same time they have low strength sharply
limiting their application.

It has been established that strength of hydrogels can be
increased by introduction of additional polyfunctional mono-
mers [5] to the initial composition, but in such a case their
permeability and elasticity diminish substantially. Moreover,
there is another strange fact. The introduction of monomers
in some cases decreases mechanical strength of hydrogels.
Therefore, the creation of membranes based on polyamides
modified with PVP seems more perspective.

High hydrophily and also complex of valuable proper-
ties (high mechanical strength, in particular) assign per-
spective usage of polyamide-6 (PA6) for the obtaining of
dialysis membranes. Membranes based on PA6 have high
operational characteristics but unsatisfactory permeability,
especially relative to water. PA6 hydrophysics is among
the methods, which favors the considerable improvement
of membranes permeability [6]. It is also necessary to
pay attention to insufficient bio- and hemocompatibility of
polyamides [7].

Membranes from PA6-PVP mixtures with high hydroph-
ily were formed using solutions in the formic acid — water
diluent system. Then prepared watering solutions were
poured off [8].

We have established the possibility of ultrafine mem-
branes formation on the basis of PA6-PVP mixtures with
high hydrophily and permeability. We have confirmed the
possibility of the controlled adjustment of membranes sorp-
tion ability and dialysis permeability by selection of initial
polymeric mixture composition and membranes formation
conditions (TABLE 3). High-hydrophilic membranes obtained
on the basis of PA6-PVP are characterized with high strength
(TABLE 3) which depends upon mixture composition, as well
as the diluent system composition.

Previous medical researches confirmed the high throm-
boresistance of the synthesized high-hydrophylic PVP-con-
taining membranes at their contact with blood.

Conclusion

Conducted researches confirm the formation of high-
hydrophylic PVP-containing dialysis membranes based of
HEMA-PVP and PA6-PVP systems. They are able to immo-
bilize heparin on the surface and have the wide spectrum
of selective-diffusive and strength characteristics. Heparin,
adsorbed by membranes surface, is resistant to the action
of physical solution for a long time, what foresees stable
antithrombogenic properties. These properties together with
high permeability and separating ability intend membranes
effective application in the hemodialysis processes.
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Abstract

Surface properties of poly(L-lactide-co-glycolide)
(PLG), and two reference materials: hydrophobic
polystyrene (PS) and hydrophilic tissue culture poly-
styrene (TCPS) were modified by collagen adsorp-
tion. The morphology of the obtained collagen film
was observed by using atomic force microscopy.
On PLG and TCPS collagen layer was uniform,
while on PS collagen formed isolated patches.
The differences in supramolecular organization of
collagen were due to differences in surface wettability.
The behaviour of L929 fibroblasts incubated on
all raw and collagen-modified surfaces was then
evaluated. The best adhesion and spreading of cells,
as expected, were observed on TCPS. Collagen
adsorbed on PLG and PS considerably improved
adhesion and spreading of fibroblasts.

[ENGINEERING OF BIOMATERIALS, 63-64, (2007), 20-23]

Introduction

Surface chemistry plays an important role in biomaterial
design, because biological response to many implanted
material is dependant on interactions between the im-
plant material’s surface atoms / molecules with the bio-
logical milieu (water molecules, ions, lipids, proteins, etc.).
Within seconds upon implant exposure in vivo the
material’s surface is coated with a heterogeneous biologi-
cal film, which is related to material’s surface chemistry. In
turn it determines how cells that arrive later interact with the
implanted surface [1]. The biomaterials can be classified in
two groups as regards contact with cells: i) cell conductive,
e.g. promoting cell adhesion, proliferation and differentiation,
due to adsorption of extra cellular matrix (ECM) proteins
from serum at sufficient density and accessibility to permit
cell receptor specific interaction with the surface; and,
ii) cell resistant, e.g. passively adsorbing non-ECM pro-
teins (e.g. albumin, globulins, lipoproteins), which prevent
adsorption of ECM components, thus limiting cell receptor
recognition [2].

Most clinically approved polymeric biomaterials possess
attractive bulk properties (modulus, elasticity, strength,
degradation rate), but frequently they are not cell conduc-
tive. Cell conductivity is necessary for tissue engineering
applications, where a spontaneous and rapid cell integra-
tion and colonization of the scaffold are advantageous.
Thus, transforming the surface properties of these clinically
interesting biomaterials with surface modification techniques
using cell-recognition ligands (ECM proteins) seems to be
a very promising approach.

Collagen is the ECM protein of particular interest,
involved in tissue structuring and cell recognition proc-
ess. Type | collagen is a semi-flexible triple helix (molar
mass about 300,000g/mol), about 300nm long and 1.5nm
in diameter, with globular bulges at both ends of the mol-
ecules [3]. It is known to possess associative properties
resulting in fibril formation in vivo and in vitro [4].

Collagen type | has been used as a coating of cell culture
dishes to improve cell adhesion and proliferation in vitro.
It was also used to coat titanium alloy implants to pro-
mote cell adhesion and integration with bone tissue [5].
In the recent study, it was shown that supramolecular
assemblies of adsorbed collagen on two polymer surfaces
(polystyrene and polystyrene modified with oxygen plasma)
affect adhesion of endothelial cells [6].

The aim of this study was to examine the effect of
the adsorbed collagen layers on the adhesion of cells.
Collagen was adsorbed on poly(L-lactide-co-glycolide)
(PLG), polystyrene (PS) and tissue culture polystyrene
(TCPS), dried and its supramolecular organization was
evaluated by using atomic force microscope (AFM).
As a model system, fibroblasts originating from the cell
line L929 were used in this study, because fibroblasts are
involved in inflammatory reaction and healing, they deposit
collagen and produce ECM. The adhesion of L929 cells
after 4-hour contact with PLG, PS and TCPS was then
investigated.

Materials and methods

Polymer substrates

Poly(L-lactide-co-glycolide) (PLG) (molar ratio of the
comonomers 85:15, M,=80 kDa, d=1.9; from CPCM,
PAN, Zabrze) and polystyrene (PS) (M,=140 kDa, d=1.8;
from Sigma-Aldrich, Germany) were dissolved in meth-
ylene chloride (POCh, Gliwice), and slip-casted on glass
Petri dishes. After air and vacuum drying, polymeric films
(170 um in thickness) were produced. As a reference ma-
terial tissue culture polystyrene (TCPS, originating from
24-well Nunclon multidishes, Denmark) was used.

Collagen adsorption

Collagen type | (from calf skin; Sigma, Germany)
was received as an aqueous solution (1mg/mL, pH=3).
Dilution to 40ug/mL was done in phosphate buffered sa-
line (PBS) (137mM NaCl, 6.44nM KH,PO,, 2.7mM KClI,
8.0 mM Na,HPO,, all chemicals from POCh, Gliwice).
PLG or PS samples were placed in cell culture wells and
2mL of collagen solution at 37°C was added. The collagen
solution was also poured into the empty well (TCPS).
The adsorption was performed for 10 min. Rinsing of the
samples was preformed 10 times with ultra-high quality
water (UHQ-water, produced in UHQ-PS apparatus from
Elga, UK) without complete removal of the solution,
by pumping 1.5mL of the liquid and adding 1.5mL of UHQ-
water. Then the samples were dried by flushing with a gentle
nitrogen flow for about 10s and stored in a desiccator prior
to use.

Substrates characterization

Before and after collagen adsorption water contact angle
of the substrates was measured by sessile drop method
(DSA 10 Mk2, Kruss, Germany). The UHQ-water droplet was
0.2uL and each determination was obtained by averaging
the results of 8 measurements.

Topography measurements of the films were performed
with an Explorer atomic force microscope (ThermoMicro-
scopes, Vecco, USA). Contact mode topographic images



were recorded using Si;N, tips with a spring constant of
0.05 N/m and a nominal radius of curvature of 20nm
(Vecco NanoProbe™ Tips, model MLCT-EXMT-A). The
images were recorded with a scan area of 5um x 5um for
three randomly chosen places (300 x 300 data points) and
with scan rate of 3 lines/s. All images were flattened using
a third-order polynominal algorithm provided with the instru-
ment. Based on the software SPMLab602 topographical
parameters for each scan area were measured: average
roughness (R,), root-mean square roughness (Rgys) and
average height (H,,).

Cell culture and evaluation of cell adhesion

For cell culture studies the polymeric films were sterilized
with UV radiation (1h on each side) and placed in 24-well
dishes (Nunclon, Denmark). L929 fibroblasts were seeded
on the polymeric materials with and without contact with
collagen at the initial density of 3x10* cells per well in
1ml of RPMI 1640 culture medium (Sigma, Germany)
supplemented with 10% fetal bovine serum (ICN, USA),
1% L-glutamine (Sigma, Germany) and antibiotics: penicil-
lin (1001U/ml), streptomycin (100ug/ml) (Sigma, Germany).
The cells were incubated 4h at 37°C.

To evaluate cell morphology the samples were rinsed with
PBS, fixed in 4% formaldehyde in PBS for 5 min, stained
with Gill's hematoxylin for 5 min, aqueous eosin Y for 2 min.
(all chemicals from Sigma, Germany) and the cells were
observed under optical microscope. The adhesion of cells
was measured by crystal violet test (CV) [7]. The samples
were rinsed with PBS, fixed in 2% formalin for 1h at 21°C
and stained with crystal violet (0.5% in 20% methanol,
Sigma, Germany) for 5 min. After washing with water and
drying in air absorbed stain was extracted in 100% methanol
(POCh, Gliwice, Poland). Finally, the optical density (O.D.)
was measured at 570nm with Expert Plus spectrophotom-
eter (Asys Hitach, Austria).

Results

The surface properties of the polymeric materials
were characterized before and after protein adsorption
using AFM and contact angle measurements (TABLE 1).
The lowest contact angle among all raw materials was
measured on TCPS, while the highest on PS. Incubation in
collagen solution resulted in a significant decrease of contact
angle in case of PLG and TCPS, indicating an increase in
surface hydrophilicity. On PS a decrease of contact angle
was much lower, and the results of contact angle were of
low reproducibility (reflected in standard deviation).

o) R, (nm) Reus (NM) — H,, (nm)
PLG 723(1.8) | 06(0.1) | 0702 |37 (05
PLG+coll 60.5(2.5) | 23(1.1) | 3.0¢15 | 126(5.9)
PS 87.2(1.9) | 1.5(08) | 19(11) |85 (24)
PS+coll 839(4.2) | 56(20) |80(4) | 260 (17)
TCPS 585(2.3) | 51(3.1) |663B7) |22 @
TCPS+coll 50.4 (2.5) | 3.0(22) |44@7) | 145 ()

O - water contact angle, R, - average roughness, Rgys - root-mean
square roughness, H,, - average height; average and standard devia-
tions, n=10(®) or n=3(R,,Rrus,;Ha)-

TABLE 1. Surface properties of polymeric
materials before and after collagen adsorption.

FIG.1 presents AFM topographical images of the raw
polymer surfaces before and after collagen adsorption.
The PLG surface was the most smooth, as revealed by
the low R,, Rgys and H,, (TABLE 1). On the TCPS surface
scratches were detected which resulted in increases of
surface roughness and average height. In the case of PLG
and TCPS after contact with collagen solution continuous
layers of protein were observed, while on PS collagen
formed discontinuous patches .

L929 fibroblasts were incubated on the studied substrata
for 4 h, and the morphology of adhering cells as well their
adhesion were evaluated (FIG.2). On PS the cells were
round and weakly spread. On PGLA the cells were better
spread and contacting the material with larger surface area.
On TCPS the cells were well spread and polygonal in shape.
Cells incubated on PGLA and TCPS coated with collagen
were much better spread than those incubated on PS after
collagen adsorption.

The number of adhering mass of cells was also studied
by crystal violet absorption and extraction (FIG.3). On the
native polymer substrata cell adhesion decreased in the
order TCPS > PLG > PS. Collagen adsorbed on polymeric
materials considerably enhanced adhesion of fibroblasts.
The highest increase of cell adhesion was measured on
PLG surface coated with protein layer, indicating that im-
mobilization of collagen is a very effective way of improving
cell behaviour.

Discussion

Copolymer of L-lactide and glycolide (PLG) has attrac-
tive bulk properties such as tensile strength, degradability
and resorbability, but its surface is not the most appropriate
for cell adhesion. Therefore in this study, its surface was
modified by collagen, the ECM protein having cell-recogni-
tion ligands. For comparison two model surfaces, e.g cell-
resistant polystyrene (PS) and cell-conductive polystyrene
treated with oxygen plasma (TCPS) were also modified
in the same manner. It was found that on PLG and TCPS
continuous protein layers were visible, while on PS collagen
formed isolated patches. Different organization of adsorbed
collagen was influenced by the hydrophobicity of the surface
as already reported [8]. Presence of collagen on the surface
resulted in decrease of water contact angle.

L929 fibroblasts suspended in the medium supple-
mented with serum were then incubated for 4 hours on all
non-modified and collagen-modified polymeric materials.
Among all raw polymers the best adhesion of cells was
observed on TCPS, as expected. TCPS is the material
preferentially binding ECM proteins from the serum designed
to optimally culture cells in vitro [2]. Adsorption of collagen
on TCPS practically did not influence adhesion of cells
(FIG.2C, FIG.3). The lowest cell adhesion was observed on
raw PS, because on its hydrophobic surface, preferential
adsorption of albumin from serum prevented adsorption of
ECM-proteins, thus inhibiting cell adhesion [9]. Once the PS
surface was at least partially covered with collagen (FIG.1E),
cells had better conditions to adhere and spread (FIG.2E,
FIG.3). Similar results were already reported in the work of
Z. Keresztes et al. [6] who found that polystyrene coated with
smooth collagen film increased endothelial cells (HUVECSs)
adhesion and spreading. In our study, on the raw PLG the
adhesion of fibroblasts was significantly higher than on PS
and significantly lower than on TCPS, locating this mate-
rial between cell-resistant and cell-conductive substrata.
Collagen adsorbed on PLG significantly improved adhe-
sion and spreading of fibroblasts, making PLG surface
cell-conductive.
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FIG.1. AFM topographical images (5umx5um, z=8nm, or 17nm, or 40nm) of polymeric surfaces before (A, B, C)
and after collagen adsorption (D, E, F).
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FIG.2. Morphology of L929 fibroblasts incubated on polymeric surfaces before (A, B, C) and after collagen
adsorption (D, E, F); optical microscope, H-E staining.
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FIG.3. L929 fibroblasts adherence on polymeric
surfaces before and after collagen adsorption.

In summary, adsorption of collagen on polymeric materi-
als is an effective method considerably improving adhesion
and spreading of fibroblasts.
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Streszczenie

W pracy oceniono wptyw zelu wybielajgcego zawie-
rajgcego 20% nadtlenek mocznika na powierzchnie
szkliwa zeba ludzkiego. Przy uzyciu mikroskopu sit
atomowych (AFM) zarejestrowano obrazy topogra-
ficzne szkliwa z powierzchni policzkowej zeba bez
kontaktu jak i po kontakcie z zelem wybielajgcym.
Badania wykazaty, Ze 48-godzinne wybielanie nie
wplywa w istotny sposéb na topografie szkliwa i jego
chropowatos$¢. Parametry topograficzne takie jak:
Srednia chropowato$¢ powierzchni, chropowato$¢
skuteczna i $Srednia wysoko$c elementéw topograficz-
nych szkliwa po procesie wybielania byty podobne do
parametrow probki kontrolnej.

[INZYNIERIA BiomATERIALOW, 63-64, (2007), 24-27]

Wstep

Wybielanie zebéw metodg domowa, naktadkowg przy
uzyciu nadtlenku mocznika zostato wprowadzone po raz
pierwszy w 1989 roku [1] i jest ono obecnie jedng z naj-
popularniejszych metod przyzyciowego wybielania zebow.
Efekt wybielajacy zalezy bezposrednio od czasu zabiegu
i stezenia srodka wybielajgcego. W wiekszosci dotychcza-
sowych badar opisywano brak uszkodzen szkliwa po zasto-
sowaniu preparatow wybielajacych [2, 3]. Wyniki uzyskane
w naszych poprzednich badaniach in vitro wykazaty,
ze zastosowanie zeli wybielajacych z 10% i 20% nadtlenkiem
mocznika przez 12 dni, 4 godziny dziennie, nie wptywa
znaczaco na mikrotwardos¢ szkliwa [4], jego sktad che-
miczny [5] i mikrostrukture [6]. Istniejg jednak réowniez
doniesienia wskazujace, iz wysokie stezenia nadtlenku
wodoru lub kwaséw powodujg wyrazne uszkodzenie struk-
tury szkliwa. Hegedus i wsp. na podstawie badan AFM
stwierdzili wystepowanie zmian na powierzchni szkliwa po
28 h wybielania 10% nadtlenkiem mocznika i 30% nadtlen-
kiem wodoru [7].

Mikroskop sit atomowych (AFM) jest skutecznym
narzedziem zaprojektowanym do bezposredniej obser-
wacji powierzchni réznych materiatéw z rozdzielczoscig
rzedu nanometréw. W przeciwienstwie do mikroskopu
skaningowego elektronowego (SEM), nie wymaga on
specjalnego przygotowania probek, a wiec pokrywania
ich powierzchni przewodzacg warstwg ztota lub wegla.
Zatem obrazy otrzymane za pomocg AFM s3a blizsze
rzeczywistosci, gdyz sa pozbawione artefaktow zwigzanych
z procedurami przygotowania probek.

AN ATOMIC FORCE MICROSCOPY
STUDY ON THE EFFECT

OF CARBAMIDE PEROXIDE
BLEACHING GEL ON ENAMEL
SURFACE
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Abstract

The effect of bleaching gel containing 20% car-
bamide peroxide on human enamel surface was
evaluated. Topography images of the control and test
samples located on the buccal surface of the same
tooth were recorded with the use of an atomic force
microscope (AFM). AFM evaluation demonstrated that
48-hour bleaching did not significantly affect topog-
raphy and roughness of the enamel. Topographical
parameters such as average roughness, root mean
square roughness and average height were similar
for both control and test surfaces of the enamel.

[ENGINEERING OF BIOMATERIALS, 63-64, (2007), 24-27]

Introduction

Teeth nightguard vital bleaching technique using hy-
drogen peroxide have been introduced in 1989 [1], and
it has become more and more popular in dentistry. In this
technique the effect of whitening is directly related to the
time of exposure and concentration of the chemical used as
a bleaching agent. Most studies have reported insignificant
alterations of the enamel structure following exposure to
bleaching chemicals [2,3]. Our previous in vitro studies
demonstrated, that application of gels containing 10% and
20% carbamide peroxide for 12 days, 4 hours daily, did not
have unfavourable effects on enamel microhardness [4],
chemical structure [5] and microstructure [6]. Even though,
there are reports claiming that high level of hydrogen
peroxide or acids cause enamel structural alteration.
Hegedus et al. described surface changes using atomic
force microscopy after 28h of bleaching with 10% carbamide
peroxide and 30% hydrogen peroxide [7].

Atomic force microscopy (AFM) is a powerful tool de-
signed for direct observation of the surface with nanometer
resolution. Contrary to scanning electron microscopy (SEM),
it requires minimal sample preparation, without necessity to
coat the surface with a conductive layer of gold or carbon.
Therefore, AFM images are more likely to represent natural
surfaces, without any alterations connected with sample
preparation.

The aim of this study was to get a further insight into
the microstructure and topography of the enamel after
application of gel containing 20% carbamide peroxide. To
this end, atomic force microscopy was used to evaluate
topography and measure topographical parameters, e.qg.
surface roughness.



Celem niniejszej pracy byto uzyskanie dalszych informacii
na temat mikrostruktury i topografii szkliwa zeba wybie-
lonego przy pomocy zelu zawierajgcego 20% nadtlenek
mocznika. Do oceny topografii i chropowatosci zastosowano
mikroskop sit atomowych.

Materiat i metoda

Do wybielania zastosowano preparat Opalescence 20%
PF (Ultradent Products Inc., USA), o sktadzie: 20% nadtlenek
mocznika, karbopol, woda, azotan potasu, 0,11% zwigzek
fluoru (pH=6,5). Powierzchnie policzkowg zeba (nieuszko-
dzony procesem prochnicowym, ludzki zab przedtrzonowy,
usuniety ze wskazan periodontologicznych u pacjenta
w wieku lat 60-ciu) przecieto na dwie czesci (probka kontrol-
na i prébka badana) przy uzyciu obrotowej tarczy diamento-
wej. Obie czesci przemyto woda destylowana. Wybielaniu
poddawano potowe powierzchni wargowej, a druga czesé
tej powierzchni stanowita kontrole. Po osuszeniu naktadano
na powierzchnie szkliwa 0,2 ml zelu wybielajacego. Probke
badang wybielano 4h dziennie przez 12 dni (tacznie 48h).
Pomiedzy zabiegami, probke przetrzymywano w 0,9% soli
fizjologicznej w temperaturze 37°C. Prébke kontrolng zeba
przetrzymywano przez caty czas trwania doswiadczenia
w soli fizjologicznej, w temperaturze 37°C.

Po 12 dniach wybielania okreslono kolor prébki kontrolnej
i badanej przy uzyciu kolornika Esthet X (Dentsply DeTrey),
zgodnie z metoda opisang poprzednio [4,5] oraz wykonano
zdjecia aparatem cyfrowym (Nicon Coolpix 995).

Po wysuszeniu probek dokonano obserwacji powierzchni
szkliwa przy uzyciu mikroskopu sit atomowych (Explorer,
ThermoMicroscopes, Vecco, USA). Obrazy topograficzne
zarejestrowano w trybie kontaktowym za pomocga sondy z
Si;N, o statej sprezystosci 0,05 N/m i Srednim promieniu
krzywizny 20 nm (Vecco NanoProbe™ Tips, model MLCT-
EXMT-A). Obrazy zarejestrowano dla trzech przypadkowo
wybranych miejsc i dwdch obszaréw skanowania: 20um x
20um i 50pum x 50um, przy rozdzielczosci 300x300 pikseli i
przy szybkosci skanowania 3 linie/s. Za pomocg oprogra-
mowania SPMLab602 wyznaczono chropowatos¢ srednig
(R,), chropowatos¢ skuteczng (Rgys), Srednig wysokosé ele-
mentdéw topograficznych (H,,) i maksymalny zakres zmian
wysokosci elementow topograficznych (MaxR). Obliczono
wartosci srednie, odchylenia standardowe i przeprowadzono
analize statystyczng wynikow z wykorzystaniem t-testu.

Wyniki i dyskusja

Na RYS.1 przedstawiono dwie czesci zeba: kontrolng i
po wybielaniu przez 48 godzin. Po zabiegu kolor badanej
probki ulegt znacznemu rozjasnieniu. Zgodnie z 18-stop-
niowg skalg wg. kolornika Esthet X (Dentsply DeTrey) [4,5]
kolor badanej probki ulegt zmianie ze stopnia 17 na stopien
4. Osiagnieto zatem poprawe koloru az o 13 stopni.

Obrazy topograficzne powierzchni szkliwa prébki kontrol-
nej i po kontakcie z zelem wybielajgcym zostaty przedsta-
wione odpowiednio na RYS.2i RYS.3. Na obrazach szkliwa
zarejestrowanych dla wiekszych obszaréw skanowania (50
pmx50um) (RYS.2a,3a) widoczne sa jego pofalowania no-
szgce nazwe perikymatow. Struktury te mozna obserwowac
takze za pomocg mikroskopdw optycznych i mikroskopow
skaningowych elektronowych, ktore jednak nie stwarzajg
mozliwosci pomiaru ich giebokosci [6]. Perikymaty sg to
poprzeczne prazki, bedace zakonczeniami linii wzrostowych
szkliwa, tzw. linii Retziusa i odzwierciedlajg tygodniowe cykle
mineralizacji szkliwa [8]. Glebokos¢ perikymatow mierzona
za pomocg AFM dla prébek kontrolnych i badanych miescita
sie w zakresie od 2 do 4 ym. Odlegtos¢ pomiedzy periky-
matami wynosita 30pm.

Materials and methods

Tooth bleaching gel (Opalescence 20% PF, Ultradent
Products Inc., USA) containing: 20% carbamide proxide,
carbopol, water, potassium nitride, fluoride compound
0.11%) of pH= 6.5, was used in this study. The buccal sur-
face of the tooth (non-carious human premolar, extracted
for periodontic reason, patient age 60 years) was divided
in two parts (control and test) with the use of a high-speed
diamond rotary. Both parts were rinsed with distilled water
and placed in separate tubes containing 0.9% physiologi-
cal saline at 37°C until use. Subsequently, 0.2 mL drop of
Opalescence was deposited on the enamel surface. The test
sample was treated with the bleaching agent applied 4 hours
daily for 12 days (48h in total). During time intervals between
gel applications, the sample was kept in physiological saline
at 37°C. The control sample was incubated in physiological
saline at 37°C for the whole experimental period.

12 days after bleaching the colour of the test and con-
trol samples was compared to the Colour Standard Esthet
X (Dentsply DeTrey), according to the method described
previously [4,5], and both samples were photographed by
a digital camera (Nicon Coolpix 995).

The samples were air dried and the enamel was analysed
with the use of an atomic force microscope (Explorer, Ther-
moMicroscopes, Vecco, USA). Contact mode topographic
images were recorded using Si;N, probes with a spring
constant of 0.05 N/m and a nominal radius of curvature of
20 nm (Vecco NanoProbe™ Tips, model MLCT-EXMT-A).
The images were recorded for scan areas of 20pum x
20pm and 50um x 50um for three randomly chosen places
(300x300 data points), and with scan rate of 3 lines/s.
Based on the software SPMLab602, topographical parame-
ters for each scan were measured: average roughness (R,),
rot-mean square roughness (Rgys), average height (H,,)
and maximum range in z-direction (MaxR). The average
and standard deviation were calculated, and the statistical
analysis (a paired t-test) was made.

Results and discussion

FIGURE 1 presents two parts of the tooth: control and
after bleaching for 48h. After treatment a colour of the tooth
considerably improved. According to the Colour Standard
Esthet X (Dentsply DeTrey) and the assignment described
in our previous papers [4,5], a degree of colour for control
sample was 17, while after bleaching it dropped to 4. Thus,
an excellent improvement in 13 degree was achieved.

Topographical images of the enamel without and after
bleaching are presented in FIGURES 2 and 3, respec-
tively. At larger scan areas (e.g. 50um x 50um) (FIG.2a,3a)

RYS.1. Zdjecie zeba wykonane aparatem cyfro-
wym: a) czes¢ kontrolna, b) czes¢ wybielana
przez 48 godz.

FIG.1. Digital camera picture of the tooth:

a) control part, b) after bleaching for 48h.
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RYS.2. Obrazy topograficzne kontrolnej powierzchni szkliwa zarejestrowane za pomoca AFM dla réznych ob-
szaréow skanowania: a) 50um x 50pm, b) 20pm x 20pym. Wysokos¢ w kierunku z wynosi odpowiednio 3 pym (a)
i 1.5 ym (b).

FIG. 2. AFM topographical images of the control enamel for different scan areas: a) 50um x 50pym, b) 20um x
20pm. Note that z-range is equal to 3 um (a) and 1.5 ym (b).
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RYS.3. Obrazy topograficzne powierzchni szkliwa po wybielaniu zarejestrowane za pomoca AFM dla réznych
obszaréw skanowania: a) 50um x 50um, b) 20um x 20 pm. Wysokos¢é w kierunku z wynosi odpowiednio 4 pm
(a) i 1.5 pm (b).

FIG.3. AFM topographical images of the enamel after bleaching for different scan areas: a) 50um x 50um, b)
20pm x 20pm. Note that z-range is equal to 4 ym (a) and 1.5 pm (b).

Rews H,, MaxR
(nm) (um) (um)

Sample / Prébka R, (nm)

TABELA 1. Parametry topograficzne szkliwa bez i po
kontakcie z zelem wybielajacym. Wartosci srednie
Control / Kontrola | 390 (120) | 430 (90) | 1.6 (0.6) | 3.5(1.3) 'm‘i’;‘;ty'e“'a U ELC T CLEN & U o) U LT T

After bleaching / | 350 (80) | 480 (110) | 18(06) | 3721 | L o = 4 Topographical parameters of the ena-

po wybielaniu . ) :

mel without and after contact with bleaching gel.

w R, - average roughness / $rednia chropowatos¢, Rgys - root-mean square Averages and standard deviations in parentheses
L < roughness / chropowato$¢ skuteczna, H,, - average height / $rednia from 3 randomly selected places.

wysoko$¢, MaxR - maximum range in z-direction / maksymalny zakres

wysokosci w kierunku z.
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W obrazach AFM przy mniejszych obszarach skanowania
(20pmx20um) (RY'S.2b,3b) widoczne sg wyraznie pryzmaty
szkliwne o $rednicy od 4 do 6 um $rednicy i gtebokosci okoto
1,5 ym. Pryzmaty zbudowane sa z krysztatéw hydroksyapa-
tytow o $rednicy 70 nm [8]. Zaréwno w grupie kontrolnej, jak
i po wybielaniu pryzmaty miaty podobne wymiary.

Dla kazdego zarejestrowanego obrazu wyznaczono
parametry charakteryzujace topografie powierzchni szkliwa
takie jak: chropowatos$¢ srednia, chropowatos$¢ skuteczna,
srednia wysokos$¢ elementéw topograficznych i maksy-
malna wysokos¢ elementdw topograficznych w kierunku z.
W TABELI 1 przedstawiono wartosci srednie i odchylenia
standardowe wyliczone dla 3 losowo wybranych obszarow
(50 ymx50um) na kontrolnej powierzchni szkliwa i po-
wierzchni szkliwa po wybielaniu. Na podkreslenie zastuguje
wysoka wartos¢ odchylenia standardowego, co $wiadczy
o wysokiej niejednorodnosci powierzchni szkliwa.

Badanie szkliwa zeba za pomocg AFM nie wykazato istot-
nych réznic pomiedzy parametrami topografii powierzchni
szkliwa przed i po jego wybielaniu. Hegedus i wsp. opisali
zmiany powierzchni szkliwa widoczne w obrazie AFM po 28h
wybielania 10% nadtlenkiem mocznika i 30% nadtlenkiem
wodoru. Wyciagneli ono wnioski, ze struktura szkliwa po wy-
bielaniu staje sie mniej regularna, a bruzdy na powierzchni
bardziej nieréwne i gtebokie [7]. Trzeba jednak zaznaczy¢,
ze powyzsze wnioski zostaty wyciggniete na podstawie
obrazéw topograficznych zarejestrowanych dla bardzo
matych obszaréw skanowania, tj. 10pmx10um. Wnioskow
nie poparto gtebsza analiza chropowatosci i innych para-
metrow topograficznych. Nasze obrazy (RYS. 2a, 3a) do-
wodzg, ze na powierzchni szkliwa mozna rozrézni¢ obszary
o wiekszej chropowatosci, jak i powierzchnie bardziej
gtadkie, co pozwala na stwierdzenie, ze wnioskowanie
o zmianach topografii na podstawie niereprezentatywnych
obrazéw o wymiarach kilku mikrometréw, poréwnywalnych
z pojedynczymi pryzmatami i znacznie mniejszych od peri-
kymata, wydaje sie by¢ wysoce niewiarygodne.

Whnioski

Badanie potwierdzito bardzo wysoka skutecznos$é zelu
zawierajgcego 20% nadtlenek mocznika w wybielaniu
szkliwa zeba ludzkiego. Pomiary dokonane za pomocg mi-
kroskopu sit atomowych wykazujg, ze 48-godzinny zabieg
wybielania nie wpltywa znaczaco na topografie i chropowa-
tos¢ powierzchni szkliwa.

Pismiennictwo

[1] V.B. Haywood, H.O. Heymann. Nightguard vital bleaching.
Quintessence Int 1989;20:173-6.

[2] D.F. Murchison, D.G. Charlton, B.K. More. Carbamide peroxide
bleaching: effects on enamel surface hardness and bonding, Ope-
rative Dentistry 1992;17:181-185.

[3] A. Joiner. The bleaching of teeth: A review of the literature. J
Dentistry 2006;34:412-419.

[4] D. Koscielniak, M. Chomyszyn-Gajewska, E. Pamula. In vitro
effect of carbamide peroxide gel bleaching agents on the microhar-
dness of human enamel, Eng Biomaterials 2004;38-42:47-50.

grooves called perikymata are clearly seen. They can be
easily observed under optical or scanning electron micro-
scopy, as previously reported, but their depth cannot be
measured with the use of those methods [6]. Perikymata are
concentric lines being the end of incremental growth lines
(striae of Retzius) marking the position of the developing
enamel at approximately weekly intervals [8]. The depth
of the perikymata measured from AFM images for both
control and bleached samples was in the range of 2-4 pm.
The distance between the grooves was 30 pm.

As follows from FIGURES 2b and 3b at lower scan areas
(e.g. 20um x 20um) enamel prisms (4-6 pm in diameter
and 1.5 ym in depth) are clearly distinguished. The prisms
are build of apatite crystallites with a diameter of 70 nm [8].
The prisms in both control and bleached samples were of
similar depth and size.

Topographical parameters including roughness, average
height of the topographical features, and maximal range
in z-direction were evaluated for all scanned areas. Data
obtained for 3 randomly chosen places (50um x 50um in
size) for enamel without and after bleaching are gathered
in TABLE 1. It is interesting to note that standard deviation
value is quite large, indicating that the enamel surface is
not homogenous. The statistical analyse (a paired t-test)
showed no significant differences between bleached and
control samples.

The AFM topography results of human enamel show
that there is not statistically significant difference between
topographical parameters of the enamel without and after
bleaching. Hegedus et al. described surface changes using
atomic force microscopy after 28h of bleaching with 10%
carbamide peroxide and 30% hydrogen peroxide. It was con-
cluded, that the enamel structure became more irregular and
surface grooves became rougher and deeper after bleaching
[7]. However it must be pointed out, that such conclusions
was drawn only on topography pictures recorded for very
small scan areas of 10um x 10um in size. The findings were
not supported by deeper analysis of roughness and other
topographical parameters. Our pictures [FIG. 2a, 3a] prove
that on the surface of the enamel one can find the regions
which are more rough, and also those which are more
smooth. Thus, it seems to be inaccurate to draw conclusions
on non-representative pictures having the x-y size of few
micrometres, comparable to the size of individual prisms
and much lower than perikymata.

Conclusions

The study confirmed a very good efficiency of gel contain-
ing 20% of carbamide peroxide in whitening of the human
tooth. Atomic force microscopy evaluation demonstrated that
48-hour bleaching did not significantly affect topography and
roughness of the enamel.
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Streszczenie

Przeprowadzono badania dtugoczasowej koro-
zji dwéch biomedycznych stopéw typu Fe-Cr-Mo:
Rex 734 i Panacea P558 w roztworach 0.5 M NaCl
i Tyrode’a, w temperaturze ciata ludzkiego 37°C
(310 K). Czas kontaktowania sie probek stopéw z roz-
tworami wynosit 84 dni (ok. 3 miesigce). Stwierdzono,
ze dla wszystkich badanych probek zaréwno poten-
cjaty korozyjne, opory polaryzacyjne jak i szybkoSci
korozji stabilizujg sie w koricowych 40. dniach. Inaczej
zZmieniajq sie w czasie eksperymentu charaktery-
styki impedancyjne. Wyniki atomowej spektroskopii
absorpcyjnej roztworow korozyjnych pokazaty, ze
korozja badanych stopoéw w swobodnym potencjale
korozyjnym zachodzi rbwnomiernie.

[INZYNIERIA BIOMATERIALOW, 63-64, (2007), 28-31]

Wprowadzenie

Stopy Rex 734 i Panacea P558 stosowane sg do wy-
twarzania implantéw kostnych krétko- i Srednio- czasowych
[1]. Stopy te charakteryzujg sie dobrg wytrzymatoscig me-
chaniczna, matym zuzyciem, dobrg odpornosciag korozyjng
i relatywnie niskimi kosztami. Sktad chemiczny obydwu
stopow przedstawiony jest w TABELI 1 [2,3].

Jak wida¢ podstawowg roznicg charakteryzujaca te
stopy jest zawartos¢ Ni - bezniklowy stop Panacea P558
dedykowany jest pacjentom majgcych alergie na Ni.
Badania elektrochemiczne i korozyjne obydwu stopow
w réznych roztworach opisane zostaty przez U.l. Thomanna
i P.J. Uggowitzera [3], J. Pan i wsp. [4], L. Reclaru i wsp.
[2], oraz G. Rondelli’'ego i wsp. [5]. Obecnie nie znajduje
sie w literaturze doniesien poswieconych systematycznym
i porownawczym badaniom korozji dtugoczasowej tych
stopdw.

Celem tej pracy jest przedstawienie wynikéw badan
dtugoczasowej korozji stopéw Rex 734 i Panacea P558
w dwaoch podstawowych roztworach korozyjnych - roztworze
0.5 M NaCli roztworze Tyrode’a, symulujgcym rzeczywiste
roztwory fizjologiczne. Czas kontaktowania sie prébek
z roztworami korozyjnymi wynosit 84 dni (ok.3 miesiace).
Na podstawie przeprowadzonych badan okreslono zmiany
potencjatu korozyjnego, oporu polaryzacyjnego i impedan-
cji w funkcji czasu kontaktowania sie probek z roztworami
korozyjnymi. Po zakonczeniu badan elektrochemicznych
wykonano analize roztwordw korozyjnych metodg atomowej
spektroskopii absorpcyjnej (ASA) i uzyskane wyniki poréw-
nano ze skltadem chemicznym badanych stopdw.

LONG-TIME CORROSION OF REX
734 AND PANACEA P558 ALLOYS
IN 0.5 M NACL AND TYRODE’S
SOLUTIONS
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Abstract

Long-time corrosion of two biomedical Fe-Cr-Mo
alloys: Rex 734 and Panacea P558 was investigated
in 0.5 M NaCl and Tyrode'’s solutions at human body
temperature of 37°C (310 K). Samples of alloys were
in contact with corrosion solutions within 84 days
(ca. 3 months). It was stated that for all investigated
samples both corrosion potentials, polarization re-
sistances and corrosion rates were stabilized in last
40 days. In a different manner impedance character-
istics changed during experiment. Results of atomic
absorption spectroscopy of corrosion solutions after
84 days showed that corrosion processes at free
corrosion potentials proceed as uniform corrosion.

[ENGINEERING OF BIOMATERIALS, 63-64, (2007), 28-31]

Introduction

Rex 634 and Panacea P558 are used for the manufac-
ture of short- and middle-time bone implants [1]. These
alloys have a good mechanical strength, acceptable wear
and high corrosion resistance and relatively low cost.
Chemical composition of both investigated alloys is pre-
sented in TABLE 1 [2,3].

As can be seen from TABLE 1 primary difference between
this two alloys is Ni content - nickel-free Panacea P558
alloy is dedicated for patients with Ni allergy. Electrochemi-
cal and corrosion investigations of both alloys in different
solutions were reported by U.l. Thomann and P.J. Uggow-
itzer [3], J. Pan et al. [4], L. Reclaru et al. [2], and also
G. Rondelli et al. [5]. At present, there are no available
literature data on systematic and comparative investigations
of long-time corrosion processes of Rex 734 and Panacea
P558 alloys.

The purpose of this study is to present results of long-
time corrosion investigations of Rex 734 and Panacea P558
alloys in two basic corrosion solutions - 0.5 M NaCl solution
and Tyrode’s simulated physiological solution. Investigated
samples were in contact with corrosion solutions within 84
days (ca.3 months). On the basis of performed investigations
there were determined the changes of corrosion potential,
polarization resistance and impedance versus contact time
of samples with corrosion solutions. After electrochemical
test termination corrosion solutions were analyzed using
atomic absorption spectroscopy (AAS) and then obtained
results were compared to chemical composition of inves-
tigated samples.



Pierwiastek /
Element
Rex 734 max. max. 2.00 max. max. 19.5 9.0 2.0 max. 0.25 0.25 reszta
(1505832/9) | 0.08 | 075 | <425 | 0025 | 001 | 220 | 110 | «30 | 025 | <050 | +0.80 | rest
| Panacea P558 | 0.2 043 | 1018 | 001 | 001 | 1735 | 008 | 309 | 004 | 048 | 005 rf_:z:a ||

TABELA 1. Skiad stopow Rex 734 i Panacea P558 (%wag.).
TABLE 1. Composition of Rex 734 and Panacea P558 alloys (%wt.).

Materiaty i metodyka badan

Probki Rex i Panacea miaty ksztatt walcéw o $redni-
cach odpowiednio 28 mm i 30 mm. Powierzchnie prébek
byty szlifowane, polerowane mechaniczne i oczyszczane
w myjce ultradzwiekowej [6,7]. Badania elektrochemiczne
wykonywano w szklanym naczyinku pomiarowym, w ktérym
elektrodg roboczg E,, byta prébka, elektrodg pomocnicza E,
folia Pt, a elektrodg odniesienia E, elektroda kalomelowa
w nasyconym roztworze NaCl. Wszystkie potencjaty w tej
pracy podawane sg do stosowanej elektrody kalomelowej
(E;=0.236 V wzgl. NEW). Powierzchnia robocza kazdej
prébki wynosita ok. 3.14 cm?2. Pomiary korozyjne prowa-
dzono na 3. prébkach w roztworze 0.5 M NaCl i roztworze
Tyrode’a (0.8 g NaCl, 0.02 g CaCl,, 0.02 g KCI, 0.1 g NaH-
CO,, 0.1g MgCl,, 0.005 g NaH,PO, i 100 cm? 3-krotnie de-
stylowanej H,O). Catkowity czas kontaktowania sie probek z
roztworami korozyjnymi w kontrolowanej temperaturze 37°C
(310 K). Pomiary wtasciwosci korozyjnych przeprowadzano
w0, 1, 3, 7 i 14 dniu od zamontowania probek i nastgepnie
co 14 dni. Kazdorazowo wykonywano pomiary swobodnego
potencjatu korozyjnego E_, prébki w otwartym obwodzie,
oporu polaryzacyjnego R, metodg Stern - Geary’ego
i elektrochemicznej spektroskopowej charakterystyki
impedancyjnej (EIS) z uzyciem potencjostatu / galwano-
statu PGSTAT 30 (EcoChemie Autolab). Po zakonczeniu
pomiaréw roztwor korozyjny z jednej z prébek analizo-
wano metodg ASA. Dla pozostatych prébek wykonywano
pomiary charakterystyk potencjodynamicznych w szerokim
zakresie polaryzacji anodowej i pomiary charakterystyk
EIS w wybranych potencjatach polaryzacji. Powierzchnie
wszystkich badanych prébek analizowano stosujgc meta-
lograficzny mikroskop optyczny oraz skaningowy mikroskop
elektronowy Hitachi S 3000-N.

Wyniki i podsumowanie

Przebieg zmian swobodnego potencjatu korozyjnego
E... W funkcji czasu kontaktowania sie prébek z roztwo-
rami korozyjnymi pokazany jest dla badanych stopéw na
RYS.1. Zmiany potencjatu E_,, obydwu stopéw w roztworze
0.5 M NaCl sg podobne - potencjat ten w ciggu pierwszych
7 dni wzrasta od poczatkowych ujemnych wartosci do
wartosci dodatnich ok. 0.26 V dla Rex 734 i ok. 0.16 V dla
Panacea P558 i nastepnie wykazuje tylko oscylacje wokot
tych wartosci. Inaczej zmienia sie potencjat korozyjny Ecor
w roztworze Tyrode’a. W ciggu pierwszych 7 dni poten-
cjat ten ros$nie do wartosci bliskich zeru, lecz w kolejnych
dniach obniza sig tak, ze ok. 40. dnia osigga state wartosci
ok. -0.15V dla Rex 734 i ok. -0.12 V dla Panacea P558.
Przebieg potencjatu w pierwszych dniach kontaktowania
sie probek z roztworami korozyjnymi jest zgodny z wyni-
kami wczesniej przeprowadzonych badan [6]. Przyczyn
takiego zachowania sie potencjatu korozyjnego w roztworze
Tyrode’a mozna szukaé w specyficznej adsorpcji jonu HCO,
na powierzchni probek.

Materials and methods

Rex 734 and Panacea P558 alloys were discs with
a diameter of 28 mm and 30 mm, respectively. Samples’
surfaces were grinded, mechanically polished and cleaned
in ultrasonically bath [6,7]. Electrochemical investigations
were carried out in glass electrolytic cell containing working
electrode E, (sample), counter electrode E, (Pt foil) and
reference electrode E,; (calomel electrode in saturated NaCl
solution). All potentials in this paper are given versus used
calomel electrode (E,=0.236 V vs. SHE). Working area of
each sample samples was ca. 3.14 cm?. Corrosion inves-
tigations were performed on 3 samples in 0.5 M NaCl and
Tyrode’s solutions (0.8 g NaCl, 0.02 g CaCl,, 0.02 g KCl,
0.1 g NaHCO;, 0.1g MgCl,, 0.005 g NaH,PO, and 100 cm?
3-times distilled H,0). Total contact time of samples with
corrosion solutions at controlled temperature 37°C (310 K).
Measurements of corrosive features were performed at 0,
1st, 3rd, 7th and 14th day after mounting the samples and
then every 14 day. Each measurement cycle consist of
measurement of free corrosion potential E., in open circuit,
polarization resistance R, according to Stern - Geary’s
method and electrochemical impedance spectroscopic char-
acteristic (EIS) using potentiostat / galvanostat PGSTAT 30
(EcoChemie Autolab). After these measurements corrosion
solution from one of three investigated samples was ana-
lyzed using atomic absorption spectroscopy AAS. For others
samples were measured potentiodynamic characteristics in
wide anodic polarization and EIS characteristics in selected
polarization potentials. Surfaces of all investigated samples
were analyzed using metallographic optical microscope and
scanning electron microscope Hitachi S 3000-N.

Results and conclusions

Dependence of free corrosion potential E,, versus con-
tact time of samples with corrosion solutions is shown for
investigated alloys in FIG.1. The changes of E_, potential
of both alloys in 0.5 M NaCl solution are similar - in first
7th days this potential increases from initial negative to
positive values ca. 0.26 V for Rex 734 and ca. 0.16 V for
Panacea P558 and next it only oscillates around these val-
ues. Corrosion potential E_, in Tyrode’s solution changes
in different manner. During 7th first days this potential in-
creases close to zero, but in next days it decreases and from
40th day it reaches stable values ca. -0.15 V for Rex 734
and ca. -0.12 V for Panacea P558. The potential course in
the first days of contact of samples with corrosion solutions
corresponds to earlier presented our results [6]. The reason
for such behavior can be explain by specific adsorption of
HCO; ions on samples’ surface.

Dependence of polarization resistance R, versus time
is shown in FIG.2. Polarization resistances Rp of all in-
vestigated samples increase during first 14 or 28 days
and then stabilize. Increase of R, values in comparison
with values in the mounting day amount to ca. 10 times.
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RYS. 1. Zaleznos¢ E_, od czasu dla stopow
Rex 734 i Panacea P558 w roztworach 0.5 M NaCl
i Tyrode’a.
FIG. 1. Dependence of E_, vs. time for Rex 734 and
Panacea P558 alloys in 0.5 M NaCl and Tyrode’s
solutions.

Przebieg zmian oporu polaryzacyjnego R, w funkcji cza-
su przedstawiony jest na RYS.2. Opory polaryzacyjne R,
wszystkich prébek wzrastajg w czasie pierwszych 14 lub 28
dni i pdzniej sie ustalajg na statych wartosciach. Zwiekszenie
sig wartosci R, w poréwnaniu do dnia zamontowania prébek
wynosi ok. 10 razy. Ustalone wartosci R, zawierajg sie mig-
dzy ok. 0.8-10% ohm-cm? a 1.1-10” ohm-cm? i nie wykazujg
zadnej zaleznosci zaréwno od typu stopu jak i od rodzaju
roztworu korozyjnego.

Z wynikéw pomiaréw metoda Stern - Geary’ego wyzna-
czono gestosci pradéw korozyjnych icor dla kolejnych dni
kontaktowania sie prébek z roztworami korozyjnymi. Dla
wyznaczonych wartosci icor obliczono wartosci szybkosci
korozji CR w oparciu o norme ASTM G 102-89 (Reapproved
2004) [8]. Dla obliczenia EW uwzgledniono tyko skfadniki
stopu, ktérych zawartos¢ jest nie mniejsza od 1 %. Przebieg
szybkosci korozji CR od czasu przedstawiony jest na RYS.3.
Jak wida¢ szybkos¢ korozji CR po ok. 14 - 28 dniach osigga
state wartosci praktycznie takie same dla badanych stopow
w obu roztworach korozyjnych réwne ok. 3-10° mm-rok.

Przyktadowe charakterystyki impedancyjne dla stopu
Rex 734 w roztworze 0.5 M NaCl pokazane sg na RYS.4
w postaci diagramow Bode. Strzatki wskazujq kierunek
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RYS.3. Zaleznos¢ szybkosci korozji CR od czasu
dla stopéw Rex 734 i Panacea P558 w roztworach
0.5 M NaCl i Tyrode’a.

FIG.3. Dependence corrosion rate CR vs. time for
Rex 734 and Panacea P558 alloys in 0.5 M NaCl
and Tyrode’s solutions.

RYS. 2. Zaleznos¢ R, od czasu dla stopéw
Rex 734 i Panacea P558 w roztworach 0.5 M NaCl
i Tyrode’a.

FIG. 2. Dependence of R, vs. time for Rex 734 and
Panacea P558 alloys in 0.5 M NaCl and Tyrode’s

Stabilized Rp values are within ca. 0.8:10° ohm-cm? and
1.1:10” ohm-cm?, and they do not depend on both type of
alloy and corrosion solution.

Corrosion current densities icor for consecutive days of
contact of samples with corrosion solutions were determined
on the basis of Stern-Geary’s characteristics. Values of
corrosion rates CR were calculated from icor according to
ASTM standard G 102-89 (Reapproved 2004) [8]. In cal-
culation of equivalent weight were taking into account only
elements, which percentage in alloys was not less than 1%.
Dependence of corrosion rate CR versus time is presented in
FIG.3. As can be seen corrosion rate CR after 14 or 28 days
reaches stable value ca. 3:10-°° mm-yr" for all investigated
samples in both corrosion solutions.

Examples of impedance characteristics of Rex 734 in
0.5 M NaCl solution are presented as Bode diagrams in
Fig. 4. Arrows indicate how change versus time the parame-
ters characterized impedance. Modulus |Z| stabilizes quickly,
while phase angle © changes during all time of experiment.
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RYS.4. Przyktadowa zaleznos$¢ impedanciji od cza-
su dla stopu Rex 734 w roztworze 0.5 M NaCl.
FIG.4. Exemplary dependence of impedance vs.
time for Rex 734 in 0.5 M NaCl solution.
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zmian parametréw charakteryzujacych impedancje w funkcji
czasu. Modut impedanc;ji |Z| szybko osigga statg wartos¢,
natomiast kat przesuniecia fazowego © zmienia sie przez
caly czas eksperymentu. Elektryczny obwdd zastepczy skta-
da sie z potgczonych ze sobg szeregowo oporu elektrolitu
Rs i dwoch réwnolegtych poduktadow CPE i R, z ktérych
pierwszy okresla witasciwosci granicy roztwor korozyjny
/ warstwa tlenkowa, drugi - granicy warstwa tlenkowa /
materiat stopu.

Wyniki analiz atomowej spektroskopii absorpcyjnej (ASA)
roztworow korozyjnych po 84 dniach pokazaty, ze procento-
wa zawartosé metali Fe, Cr, Ni, Mn i Mo w tych roztworach
korozyjnych jest taka sama jak chemiczny sktad badanych
stopéw. Swiadczy to jednoznacznie o tym, ze korozja tych
stopow przebiegajaca przy swobodnym potencjale korozyj-
nym jest korozjg rownomierna.

Podsumowujac krétko uzyskane wyniki mozna stwierdzié,
ze dtugoczasowa korozja stopdw Rex 734 i Panacea P558
jest korozjg réwnomierng w potencjale swobodnej korozji
i zarébwno parametry charakteryzujgce korozyjne witasci-
wosci obydwu stopdw jak i kierunki ich zmian sg do siebie
bardzo podobne. Tym samym mozna postawi¢ hipoteze,
ze wilasciwosci korozyjne tych stopéw determinowane sg
przede wszystkim obecnoscig Fe i Cr, natomiast obecnos¢
Ni - ktory rowniez koroduje - w stopie Rex 734, nie ma
wplywu na te wtasciwosci.
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Electrical equivalent circuit consists of connected in series
uncompensated electrolyte resistance Rs and two circuits
CPE and R which are connected in parallel. The first circuit
CPE||R determines properties of corrosion solution / oxide
layer boundary, and the second one describes oxide layer
/ bulk material boundary.

Results of atomic absorption spectroscopy AAS analyses
of corrosion solutions after 84 days show that percentages
of Fe, Cr, Ni, Mn and Mo elements in analyzed solutions are
the same as chemical composition of investigated alloys.
These results testified that corrosion processes at free cor-
rosion potentials proceed as uniform corrosion.

Summing up obtained results it can be stated that
long-time corrosion at free corrosion potential of Rex 734
and Panacea P558 alloys is a general corrosion.
Both parameters characterized corrosive features and
directions of their changes are very similar for investigated
alloys. So a hypothesis can be proposed that corrosive
features of studied alloys are first of all determined by
influence of such elements as Fe and Cr, while influence
of Ni in case of Rex 734 in negligible.
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Wprowadzenie

Proszek diamentowy ma wiasciwosci antyoksydacyj-
ne i przeciwzapalne w kontakcie z organizmem zywym.
Ten mechanizm jest prawdopodobnie oparty na reakcji
pomiedzy powierzchnig diamentu zbudowang z nanocza-
stek i molekutami w Zzywym organizmie odpowiedzialnymi
za toksyczne procesy [1]. Proszki diamentu i grafitu pod-
dano badaniom fizykochemicznym i badaniu biologicznemu
na krwinkach biatych (leukocytach).

Metodyka i wyniki

Do badan zostat wykorzystany proszek grafitowy oraz
proszek diamentowy. Proszek grafitowy uzyskano przez
roztarcie elektrody grafitowej. Proszek diamentowy zostat
wytworzony metodg detonacyjng i metodg RF PACVD
(Radio Frequency Plasma Activated Chemical Vapour
Deposition). Aparature, na ktorej wytworzony zostat pro-
szek diamentowy metodg RF PACVD przedstawia RYS.1,
natomiast parametry procesu, podczas ktérego uzyskano
ten proszek przedstawia TABELA 1.

Przeptyw
metanu / Czas /
Flow of Time
methane
[V] [sccm] [min]

Potencjat /

Potential

Proces RF PACVD

Process RF PACVD 200 =20 60

TABELA 1. Parametry procesu RF PACVD.
TABLE 1. Parameter of RF PACVD process.

Badania fizykochemiczne obejmowaty morfologie prosz-
kow przy uzyciu mikroskopdw (optycznego i skaningowego
mikroskopu elektronowego - SEM) oraz ocene jakosciowg
i ilosciowg przy wykorzystaniu metody rentgenowskiej
XPS.

Morfologia proszkéow

Proszki obserwowano pod mikroskopem optycznym
i skaningowym mikroskopem elektronowym SEM.
Wyniki obserwacji proszku grafitowego przedstawia RYS.2,
RYS.3 przedstawia obraz proszku diamentowego wytwo-
rzonego metodg RF PACVD, natomiast obraz proszku
diamentowego detonacyjnego przedstawia RYS 4.
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Introduction

Diamond Powder Particles is the new antioxidant and
anti-inflammatory factor in living organism. This mechanism
is probably based on the reaction between the surface of
diamond in nanoparticles and molecules in living organism,
which are responsible for toxic processes [1].

Diamond and graphite powders have been investigated
by physicochemical research and biological tests with used
of white blood cells (leukocytes).

Experimental and results

Diamond and graphite powder particles have been
tested. Graphite powder particles were obtained by pulping
graphite rod. Diamond powder particles were manufactured
by detonation method and RF PACVD (Radio Frequency
Plasma Activated Chemical Vapour Deposition) method.
FIG.1 presents apparatus used to obtain diamond powder
RF PACVD and TABLE 1 shows process parameters.

}.g:

RYS.1. Reaktor plazmochemiczny RF PACVD [2].
FIG.1. Plasmochemical reactor RF PACVD [2].

The physicochemical tests included powders morphol-
ogy by microscopes as well as quantitative and qualitative
estimations by used XPS method.

Powders morphology

Powders were observed on optical and SEM (scanning
electron microscope) microscopes. Results of the observa-
tions of graphite and diamond powders are presented on
FIG.2, 3 and 4.
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RYS.2. Proszek grafitowy:

a) mikroskop optyczny, 400x ; b) SEM, 200x.
FIG.2. Graphite powder particles:

a) optical microscope, 400x; b) SEM, 200x.

Rentgenowska Spektrosko-
pia Elektronowa — XPS [3].

Metoda ta pozwolita okresli¢
jakosciowy i ilosciowy rodzaj
wigzan w proszku grafitowym
i diamentowym. Widmo XPS
proszku grafitowego przedsta-
wia RYS.5a, proszku diamen-
towego RF PACVD przedstawia
RYS.5b a proszku diamentowe-
go detonacyjnego przedstawia
RYS.5¢

RYS.3. Proszek diamentowy RF PACVD:

a) mikroskop optyczny, 400x ; b) SEM, 200x.
FIG.3. RF PACVD diamond powder particles:
a) optical microscope, 400x; b) SEM, 200x.

X-ray Photoelectron Spectros-
copy — XPS [3].

Presented method was per-
formed to identify qualitative and
quantitative bondings character
in graphite and diamond pow-
ders. XPS spectrum of graphite
and diamond powder is pre-
sented on FIG.5a, b, c.

RYS.4. Proszek diamentowy detonacyjny:
a) mikroskop optyczny, 400x ; b) SEM, 200x.
FIG.4. Detonation diamond powder particles:

a) optical microscope, 400x; b) SEM, 200x.
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RYS.5. Widmo XPS: a) proszku grafitowego, b) proszku diamentowego RF PACVD, c) proszku diamentowego

detonacyjnego.

FIG.5. XPS spectra: a) graphite powder, b) RF PACVD diamond powder, c) detonation diamond powder.

Pomiar chemiluminescencji (CL)

Pomiar CL wykonywano chemiluminometrem 1251 Bio-
Orbit potgczonym z komputerem IBM PC. Test prowadzono
w 37°C. Chemiluminescencja byta wzmacniana luminalem
(rozcienczonym w 0.4% roztworze NaOH do stezenia
5mg/ml) i badana przy uzyciu receptorowo zaleznego
stymulatora, ktérym byt opsonizowany zymosan — (OZ;
0,3 mg/ml). Opsonizacje wykonano poprzez zawieszenie
zymosanu w PBS (phosphate buffered solution) i wymie-
szaniu z autologiczng plazma 1:1. Nastepnie prébka byta
inkubowana przez 30 min w 37°C, nastepnie odwirowana,
przemyta i zawieszona w stezeniu 10 mg/ml.

Kazda prdobka badana w chemiluminometrze zawierata
2x10° neutrofiléw w 180ul PBS, 20ul luminolu i i 30ul OZ
w prébce stymulowanej. Objetos¢ prébki doprowadzano do
1ml przy uzyciu PBS. Pomiar byt wykonany niezwtocznie po
dodaniu granulocytéw do medium. Kazdy pomiar prowadzo-
ny jest podwdjnie w czasie 30 min. Warto$¢ CL okreslona
jest polem pod krzywg emisji Swiatta w funkcji czasu —
obliczana w ciggu 30 min. To pole odzwierciedla catg emisje
Swiatta przez neutrofile w trakcie pomiaru [4].

Measurement of chemiluminescence (CL)

The measurement of CL was performed with a LU-
MINOMETER 1251 BioOrbit linked to an IBM PC AT.
The test was conducted at 37.0+£0.1°C. The neutrophil CL
was enhanced with luminol (diluted with 0.4% solution of
NaOH to a concentration of 5 mg/ml) and tested using
receptor dependent stimulator: opsonized zymozan (OZ,
0,3 mg/ml). The opsonisation of zymosan was performed
by suspending zymosan in PBS and mixing it with autologi-
cal plasma 1:1 (v/v). Then, the samples were incubated at
37.0°C for 30 min and centrifuged. After washing, zymosan
was suspended in PBS at a concentration of 10 mg/ml.

Each of the studied samples contained: 2x10° neu-
trophils in 180ul of PBS, 20ul of luminol and 30ul of OZ.
The samples were brought to a final volume of 1ml with PBS.
The analysis was performed immediately after the addition
of granulocytes to the medium. Each measurement was
conducted in duplicate during 30 min. The CL was defined
as the area under the light emission curve as the function of
time, calculated during 30 min. The area reflects the entire
emission of light by the cells during the measurement [4].

33

L
==
(D ‘)

®© 0 0000000000000 0000006000000000000000000 000  =umm

Ll



34

Whioski

BI® MATERIALS

1. Proszki weglowe ogladane w mikroskopie optycznym
i skaningowym roznig sie struktura ziaren.

2. Proszki diamentowe wytwarzane metodg plazmoche-
miczng majg 23% wigzan sp® w poréwnaniu z proszkami
diamentowymi wytwarzanymi metodq detonacyjna, ktére
majg 80% wigzan sp® mierzonych metodg XPS.

3. W badaniach biologicznych obserwujemy réznice
w aktywnosci i zywotnosci ludzkich neutrofili w obecnosci
proszkéw diamentowych wytwarzanych réznymi metodami.
Proszek grafitowy jest prawdopodobnie obojetny dla ludz-
kich leukocytow.
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Conlusions

1. Carbon Powders Particles have different shapes and
structures on SEM picture and optical microscope.

2. RF PACVD Diamond Powders Particles have less sp®
bondings (about 23%), than Detonation Diamond Powder
Particles (about 80 %) measuring by XPS method.

3. In biological research we observed differences
between activity and viability of neutrophils in presence
Diamond Powder Particles manufacturing by various
methods. Graphite powder is probably neutral for human
neutrophils.
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Wstep

Charakterystyczne wtasnosci stopu NiTi takie jak efekt
pamieci ksztattu, nadsprezysto$¢ i dobra biokompatybilnosé
powoduja, iz jest on doskonatym materiatem medycznym
do zastosowan w ortopedii, technice dentystycznej, chirurgii
naczyniowej i organéw. Jednakze duza zawartos$¢ niklu
w stopie NiTi oznacza mozliwo$¢ uwalniania toksycznych
dla cztowieka jonéw niklu [1]. Aby zmniejszy¢ to zagroze-
nie i poprawi¢ biologiczng odporno$¢, powierzchnie stopu
NiTi pokrywane sg warstwg ochronng. Warstwy weglowe,
zwlaszcza warstwy diamentopodbne (DLC), sg dobrym
materiatem na tego rodzaju pokrycia ochronne, ktére wy-
starczajgco dobrze ochronig ludzkie ciato [2,3]. Badania
dowodzag, iz warstwy DLC majg lepsza biokompatybilnosé
niz warstwy sktadajgce sie z grafitu [4].

W niniejszej pracy badania skoncentrowane byty na
okresleniu struktury fazowej warstw weglowych osadzonych
na podtozu NiTi metodg chemicznego osadzania z par
wspomaganego wyftadowaniami plazmowymi o radiowe;j
czestotliwosci (RFPECVD).

STRUCTURE OF THE CARBON
LAYERS ON NiTi SHAPE
MEMORY ALLOY
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Introduction

The characteristic properties of NiTi alloy like shape
memory effect, superelasticity and good biocompatibility,
make possible to use it as an excellent biomaterial for
orthopaedics, dental application, vascular and organ
surgeries. However, high nickel content in NiTi alloy and
potential nickel ions, causing toxic reactions in humans [1].
To decrease this menace and improve the biological
resistance, surface of NiTi alloy has been covered by a protec-
tive layer. Carbon covers has been found as a good candidate
for the layer, which sufficiently protect human body, especially,
a diamond-like carbon layer (DLC) [2,3]. The investiga-
tions show that DLC layer have better biocompatibility than
graphite-like carbon layer [4].

In the present work the studies were focused on structure
of the carbon layers deposited on the NiTi alloy using radio
frequency plasma enhanced chemical vapour process.

Experimental

The Ni(50.6at%)Ti shape memory alloy was used as
a substrate for the carbon layer deposition. First, a surface of
NiTi plates was mechanically polished to ensure good adhesive
properties of the layers. Part of the samples was passivated
by autoclaving in water steam at 130°C for 30 minutes.



Materiat i metodyka badan

Jako podtoze dla warstw weglowych uzyto stopu z pa-
miecig ksztattu Ni(50.6at%)Ti. Najpierw powierzchnie ptytek
NiTi wypolerowano mechanicznie, aby zapewni¢ dobrg ad-
hezje warstw. Cze$¢ probek zostata wstepnie spasywowana
w autoklawie przy uzyciu strumienia pary wodnej o tempera-
turze 130°C w czasie 30 minut. Warstwy osadzono metodg
chemicznego osadzania z par wspomaganego wytadowa-
niami plazmowymi o radiowej czestotliwosci (RFPECVD)
w $redniej temperaturze 150°C w czasie 5 i 20 minut
w Instytucie Technologii Eksploatacji w Radomiu.

Grubosé, chropowatos¢ powierzchni i granicy miedzyfa-
zowej, gestos¢ warstwy weglowej jak réwniez fazy macie-
rzystej podtoza wyliczano z pomiaréw reflektometrycznych
promieniowania rentgenowskiego. Do analizy sktadu
chemicznego uzyto spektroskopii Augera. Identyfikacje fa-
zZowg przeprowadzono przy pomocy wysokorozdzielczego
mikroskopu elektronowego JEM 3010.

Wyniki badan

The layers were deposited using radio frequency plasma
enhanced chemical vapour process (RFPECVD) at average
temperature 150°C for 5 and 20 minutes (the layers were
deposited in Institute for Sustainable Technologies, National
Research Institute in Radom).

The thickness, surface roughness, interface roughness
and density of the carbon layers as well as the metal matrix
were calculated from the X-ray reflectivity measurement.
The Auger spectroscopy was used for chemical analyses.
The phase identification of the layers was done using the
high resolution electron microscopy JEM 3010.

Results

In order to observe the structure of the layers and their
coherency with the NiTi matrix thin foils for TEM were
prepared from the cross-section of the flat specimens.
The TEM images show the high roughness of the layers
(FIG.1). Inside the layers the nanocrystalline particles were
observed in the amorphous matrix. The size of those
particles is several nanometers. Basing on the inter-planar
distances calculated from the FFT pattern obtained from
the high resolution image

W celu obserwacji struktury otrzy-
manych warstw oraz ich potgczenia
z podiozem z NiTi preparaty do badan
mikroskopowych wykonywano metodg
przekrojow poprzecznych. Obserwa-
cje mikroskopowe wykazaty duzg chro-
powatos¢ warstw (RYS.1). Strukture
warstw tworzg nanoczagstki o wielko-
$ci kilku nanometrow rozmieszczone
w amorficznej osnowie. Na podstawie
odlegtosci miedzy ptaszczyznowych
obliczonych przy pomocy transforma-
ty Fouriera z obrazéw wysokorozdziel-
czych, dokonano identyfikacji fazowe;j
(FIG. 1c). Wykazano, iz nanoczastki
te tworza: diament, TiC oraz TiO, [6].
Zwiekszenie czasu osadzania warstw
weglowych wptywa na ich grubosé
oraz wielko$¢ nanoczastek. Warstwy
weglowe zawierajg w dalszym ciggu
duzg ilos$¢ fazy amorficzne;j.

Badania przeprowadzone przy
pomocy reflektometrii rentgenowskiej
potwierdzajg i uzupetniajg wyniki uzyskane przy pomocy
transmisyjnego mikroskopu elektronowego (TABELA 1).
Wyniki te ukazuja, iz cienka warstwa tlenku tytanu po-
wstata podczas procesu pasywacji na wypolerowanej
powierzchni zwieksza grubo$¢ osadzonej warstwy. Konse-
kwencjg tego jest wieksza bariera dla dyfuzji jonéw niklu.

spasywowane;.

surface (b,c).

Powierzchnia NiTi /

Surface of NiTi

NiTi

RYS.1. Obrazy TEM warstw weglowych osadza-
nych: a) w czasie 5 minut na wypolerowanej po-
wierzchni; b,c) w czasie 20 minut na powierzchni

FIG.1. TEM images of carbon layer deposited for 5
minutes on mechanically polished surface (a) and
deposited for 20 minutes on previously passivated

(FIG.1c), the phase iden-
tification was carried out.
It has been found that the
nanoparticles were cre-
ated from the diamond,
TiC and TiO, phases [6].
The increase of deposi-
tion time of the carbon
layer influences on the
thickness and size of the
nanoparticles. Inside the
carbon layer, there is still
large amount of the amor-
phous phase.

The TEM observations
are compatible with the
results obtained from the
X-ray reflectivity measure-
ments (TABLE 1). These
results show that the thin
titanium oxide layer cre-
ated during passivation
process on the mechanically polished surface [5] increases
the thickness of the deposited carbon layer. In conse-
quence, it creates thicker barrier against of nickel ions dif-
fusion. Lower amount of the nickel ions in the bottom part
of the carbon layer deposited on the passivated surface
were found basing on the Auger spectroscopy (TABLE 2).

Grubos¢ / Chropowatos¢ /
Thickness Surface roughness
[nm] [nm]

= 13.4

Gestosc /
Density
[g/cm?]

6.147

polerowana mechanicznie /

Warstwa weglowa /

mechanical polished 32.1 8.2 3.245
Carbon layer
NiTi - 9.44 6.413
polerowana mechanicznie oraz pasywowana / Warst | /
mechanical polished and passivated arstwa weglowa 57.33 49.14 4.826

Carbon layer

TABELA 1. Wyniki reflektometrii dla warstw weglowych osadzanych w czasie 20 minut.
TABLE 1. The results of the XRR measurements of carbon layers deposited for 20 min.
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Powierzchnia NiTi /

Surface of NiTi

Trawienie jonowe /
lon sputtering

Sktad chemiczny / Chemical composition, % at.
Cc i (0]

polerowana mechanicznie / I 1.1 77,9 25 18,3 -
mechanical polished I 1,6 49,8 6,8 257 158 ||
polerowana mechanicznie oraz pasywowana / [ 0,8 55,6 12,8 30,6 -
mechanical polished and passivated I - 58,9 6,8 25 9 ||

TABELA 2. Skiad chemiczny warstw weglowych osadzanych w czasie 20 minut.
TABLE 2. Chemical composition of the carbon layers deposited for 20 minutes.

Nizsza zawartos¢ jonow niklu w dolnej czesci warstwy we-
glowej osadzonej na pasywowanej powierzchni zostata po-
twierdzona przy pomocy spektroskopii Augera (TABELA 2).
Wyniki wykazujg réowniez zwiekszong zawartos¢ tytanu
i tlenu pod powierzchnig warstwy weglowej. Stosunek sktadu
atomowego tych pierwiastkow wskazuje na zawartos¢ TiO,
w strukturze tej czesci warstwy. Dalsze trawienie jonowe
wykazuje obecnos¢ atomoéw niklu w dolnej czesci warstwy.
Metoda przygotowania powierzchni przed procesem osa-
dzania warstwy weglowej wptywa, wiec na ilos¢é niklu w jej
dolnej czesci. Obecnos¢ warstwy tlenkowej, otrzymanej
w wyniku procesu autopasywacji po mechanicznym polero-
waniu, odgrywa w tym mechanizmie pomniejsza role.

Szczegdétowa analiza gtéwnych pikow wegla na spektrach
Augera pokazuje, iz dla gérnej czesci warstwy dominujace
sg stany energetyczne swiadczace o konfiguracji elektrono-
wej typowej dla wigzania sp®. Zidentyfikowana, tg metoda,
warstwa diamentopodobna (DLC) zawiera dodatkowo grafit
i diament.

Whioski

- Warstwy weglowe osadzone na powierzchni NiTi przy
pomocy metody chemicznego osadzania z par wspoma-
ganego wytadowaniami plazmowymi o radiowej czestotli-
wosci (RFPECVD), posiadajg strukture nano-kompozytu.
W osnowie warstwy DLC stwierdzono obecno$¢ nanocza-
stek diamentu i grafitu.

- Wysokie stezenie tlenu i tytanu w Srodkowej czesci war-
stwy, uzyskanej na spasywowanej w autoklawie powierzch-
ni, skutkuje obecnoscig w tej czesci warstwy nanoczastek
TiO, oraz TiC.

- Warstwy weglowe pokrywajace stop NiTi eliminujg
obecnos¢ jondw niklu na powierzchni.

- Cienkie amorficzne warstwy tlenku tytanu powstate
podczas pasywowacji w autoklawie w strumieniu pary
wodnej zmniejszajg migracje jonéw niklu do dolnej czesci
warstwy weglowe;.
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These results show the higher amount of titanium and
oxygen under the surface of the carbon layer produced
on the passivated layer. The ratio of the atomic concentra-
tion of these elements indicates that the TiO, oxides are
present in the structure of this part of the layer. Further ion
etching shows the presence of nickel atoms in the bottom
part of the layer. The method of surface preparing before
the deposition of carbon layer influence the quantity of the
nickel in the layer. The presence of oxide layer, as an effect
of autopassivation process after mechanical polishing, plays
in this process minor role.

The detailed analysis of the main peaks of carbon on
the Auger spectra revealed that the electronic states of
the layer top has the DLC type with the dominant electron
configuration sp® type bounding [6]. The identified DLC layer
is inhomogeneous in respect of the phase. Moreover, in the
DLC structure the diamond and graphite phases appear
simultaneously.

Conclusions

— The carbon layers deposited on NiTi surface, applying
radio frequency plasma enhanced chemical vapour depo-
sition process (RFPECVD), posses the nano-composite
structure. In the diamond-like (DLC) matrix the nanoparticles
of diamond and graphite were identified.

— The layer obtained on the passivated surface by autoclav-
ing contains, in the middle part, high amount of titanium and
oxygen. Due to that the nano-particles of the TiO, and TiC
phase were created.

- The carbon layers covering the NiTi alloy eliminate the
presence of the nickel ions on the surface.

— The thin amorphous layer of titanium oxides created
during passivation by autoclaving in water steam re-
duces migration of nickel atoms to the bottom part of the
carbon layer.
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DYNAMIKA ZMIAN WLASCIWOSCI
POWIERZCHNIOWYCH POD
WPLYWEM ROZTWORU FIZJO-
LOGICZNEGO W BIOSZKLACH
OTRZYMANYCH Z ZELU
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Streszczenie

Szkta i amorficzne materiaty silnie réznig sie
wtasciwosciami dynamicznymi od ich krystalicznych
odpowiednikow. W krysztatach typowymi ekscytonami
sg fonony. Nieuporzgdkowanie struktury w szktach ob-
niza $rednia droge swobodng wszystkich fonondw.

W tej pracy przedstawiono model pasmowy
dielektryka, w ktérym znajdujq sie dodatkowe pasma
emisyjne. Zrédtem tych pasm sg defekty powstajgce
w wyniku oddziatywania roztworu fizjologicznego.
Te badania wskazuja, ze roztwor fizjologiczny wptywa
nie tylko na powierzchniowg warstwe biomateriatu, ale
takze na strukture poziomow energetycznych.

[Inzynieria Biomateriatow, 63-64, (2007), 37-39]

Wstep

Shi w swojej ksigzce [1] formutuje pytanie, czy sg pod-
stawowe zalezno$ci miedzy strukturg sieciowg materiatéw
i bioaktywnoscia? Zgodnie z definicjg Hencha [2] bioaktyw-
ny materiat powoduje specyficzng biologiczng odpowiedz
w miejscu zetkniecia sie materiatu z tkanka, w wyniku cze-
go tworzy sie wigzanie na tej miedzypowierzchni. Obecnie
do materiatéw bioaktywnych zalicza sie niektore fosforany
wapnia, bioaktywne szkta, oraz bioaktywne pokrycia nato-
zone na podtoza ceramiczne lub metale. W temperaturze
ciata, tylko dwa rodzaje fosforanéw wapnia sg stabilne, gdy
biomateriat jest poddany dziataniu roztworu fizjologicznego.
Jednym z nich jest bruszyt, drugim hydroksyapatyt (HA).
Biologiczne apatyty sg podobne do syntetycznego HA, ale
roznig sie od HA sktadem, stechiometria, oraz fizycznymi
i mechanicznymi wiasciwosciami. Biologiczne apatyty majg.
z reguty niedobor wapnia powstajacy w wyniku réznych
podstawien w regularnej strukturze HA [1].

Powierzchnia materiatu implantacyjnego moze by¢
mocno zmieniona w wyniku procedury otrzymywania ma-
teriatu oraz zewnetrznych czynnikdw. W pracy przebadano
wptyw roztworu fizjologicznego na wiasciwosci powierzch-
niowe bioszkiet otrzymanych metodg zol-zel, nieznacznie
réznigcych sie sktadem chemicznym. Celem badan byto,
potwierdzenie bioaktywnos$ci poprzez sprawdzenie za
pomocg mikroskopu sit atomowych (AFM) i metod absorp-
cyjnych czy i jak szybko warstwa hydroksyapatytu powstaje
na powierzchni tych szkiet podczas przetrzymywania ich
w réznych czasach w roztworze fizjologicznym.

Preparatyka prébek

Zgodnie z wczesniejszymi badaniami [3,4] otrzymano
2 typy bioszkiet o zatozonym sktadzie: 36Ca0, 60Si0,,4P,0,
(mol%). Otrzymano zel z nastepujacych sktadnikéw: TEOS,

SURFACE DYNAMIC
PROPERTIES UNDER
PHYSIOLOGICAL SOLUTION
INFLUENCE OF GEL-DERIVED
BIOGLASS

STANISLtAWA SZARSKA!, AGATA W6Jcik?, BoGDAN BARWINSKI®,

" INsTITUTE OF PHYsics, WRoctAw UNIVERSITY OF TECHNOLOGY,
WRoctAw, PoLAND

2|nsTITUTE OF PHYsics, UNIVERsITY oF OpoLE, PoLAND

3 INsTITUTE OF PHysics, UNIVERsITY oF WRoctAw, PoLAND

Abstract

Glasses and amorphous materials strongly differ
in their dynamic properties from their crystalline coun-
terparts. In crystal the typical excitations are phonons.
In glasses disorder reduces the mean free path of
all phonons. Typical for glasses are- coexisting with
the long wavelength phonons- additional low energy
excitations: tunneling and relaxations.

In this paper presented the dielectrics band model
an addition emission centers took place. The source of
this addition levels was the defected influence of physi-
ological solution. These investigations indicate that the
solution influence not only for surface of biomaterials,
but also on structure of their energy levels.

[Engineering of Biomaterials, 63-64, (2007), 37-39]

Introduction

Shi in his book [1] formulates a question: are there fun-
damental relationships between materials lattice structures
and bioactivity? According to Hench [2] a bioactive mate-
rial caused a specific biological response at the interface
of the material which results in the formation of a bond
between the tissues and the material. At present, bioactive
materials include some calcium phosphate compounds,
bioactive glasses, bioactive coating deposited on ceramic
or metal substrates. At body temperature, only two calcium
phosphates are stable when the biomaterial is in contact in
physiological solution. One of them is brushite, the second
is hydroxyapatite (HA). Biological apatites are usually cal-
cium-deficient as a result of various substitutions at regular
HA lattice points.

The surface of implant materials may be highly variable
as a result of preparative procedure and external agent.
The aim of the investigations was to confirm the bioactivity
of the biogel glasses by checking, using AFM and absorp-
tion method whether a layer of hydroxyapatite is formed on
the surface of these glasses while they are kept in various
time on physiological solution.

Experimental procedures

In agreement with earlier investigation [3,4] 2 types of
biogel glasses with the nominal compositions was 36Ca0O,
60Si0,,4P,0; (mol%) were obtained.

The basic gel has been prepared from the mixture
of: tetraethoxysilane TEOS - Si(OC,H;),; calcium nitrate
tetrahydrate Ca(NO;),-4H,0O dissolved in distilled water;
triethylphosphate OP(C,H;0),, ethanol C,H;OH as or-
ganic solvent, hydrochloric acid HCL as catalyst of the
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Ca(NO,),-4H,0 rozpuszczony w wodzie destylowanej;
trietanalan fosforu OP(C,H;0),, alkohol etylowy C,H;OH,
kwas solny HCI jako katalizator reakcji hydrolizy. Stosunek
objetosci TEOS: C,H;OH:HCI wynosit 10:20:0,04 (prébka J);
10,2:11,53:0,48 (prébka L). Ten hydrolizat mieszano 2
godziny. Metoda zanurzeniowg naktadano zel na szkietka
podstawkowe. Tak otrzymane probki przetrzymywano
w temperaturze pokojowej przez 3-6 tygodni. Nastepnie
prébki byty suszone w temperaturze 120°C, a potem
wygrzewane w piecu z szybkoscig 5C°/min do 450°C
i przetrzymane w tej temperaturze 1 godzine. Symulowany
roztwor fizjologiczny (SBF) otrzymano zgodnie z procedurg
zaproponowang przez Kokubo [5].

Wyniki i dyskusja

Zmiany na powierzchni materiatéw otrzymanych z zelu
powstajace w wyniku oddziatywania roztworu fizjologicz-
nego zostaty okreslone za pomoca obserwacji morfologii
materiatu w mikroskopie sit atomowych (AFM). Wzrost
warstwy powierzchniowej w wyniku oddziatywania SBF
z powierzchnig bioszkla powoduje naruszenie réwnowagi
jonowej, uwodnienie szkieletu krzemianowego i powsta-
wanie grup Si-OH. kaczka i in. [4] ustalita, ze materiat
otrzymany z zelu w poréwnaniu do odpowiedniego materiatu
otrzymanego z wytopu ma na pewno znacznie bardziej che-
micznie reaktywna strukture ze wzgledu na jego porowato$¢
i znacznie bardziej rozwinietg powierzchnie. Ta porowata
powierzchnia otrzymana metodg zol-zel jest okoto 80 razy
wieksza, niz odpowiednia powierzchnia szkta z wytopu.

Na RYS.1A,B mozna zaobserwowa¢ charakterystyczne
pory, w ktdrych rozpoczyna sie proces wzrostu warstwy
hydroksyapatytu. RYS.1C przedstawia dynamiczne zmiany
topografii pora w czasie dziatania roztworu fizjologicznego
przez okres 75 minut. Poréwnujgc probki J i L (nieznacznie
réznigce sie skladem chemicznym matrycy), wida¢, ze
warstwa J jest bardziej rownomiernie pokryta porami niz
probka L. Najwieksze zmiany narostu warstwy hydroksyapa-
tytu obserwujemy w ciggu pierwszych 3 minut po zanurzeniu
prébki w roztworze.

W TABELI 1 przedstawiono $rednig warto$¢ wysoko-
Sci i szerokosci wybranych poréw A,B,C widocznych na
RYS.1.

Gwattowne obnizenie sie transmisji fali elektromagne-
tycznej w czasie pierwszych godzin oddziatywania SBF na
wytopione szkia, wskazujg na najwigksze zmiany w struk-
turze powierzchni [6,7]. Szkta krzemianowe zawdzieczajg
widmo absorpcji w obszarze UV dwom czynnikom: jednym
jest absorpcja matrycy (absorpcja podsta-
wowa), drugim czynnikiem jest absorpcja
spowodowana domieszkami. Neutralny
wakans tlenowy jest najbardziej rozpo-
wszechnionym defektem, poniewaz jest
energetycznie najbardziej korzystny. Pasmo
absorpcji w obszarze 5,2eV, odpowiadajace
temu defektowi w krzemionce nosi nazwe J
B,, podobny defekt obserwujemy zaréwno
dla probek szkia J, jak i L (okoto 230nm)

Probka /
Sample

Average pore height

reaction of hydrolysis. Volume ratio of TEOS: C,H;OH:HCI
was 10:20:0,04 (J sample);10,2:11,53:0,48 (L sample).
These hydrolyzed mixed about 2 hours. By spin-coating
method, the coated k9 glass substrates gelations have
been obtained. Then these films were pulled out from gel
and aged at room temperature for a 3-6 weeks. After them,
these samples were moved into an oven at 120°C for 7
days. The dried gels were heated in air at 5°C/min speed
to 450°C and kept it about 1 h. Simulated Body Fluid (SBF)
was prepared agree Kokubo method [5].

Result and discussion

Changes on the surface of gel-derived materials as the
result of contact with SBF were determined by surface
morphology observations of the materials with atomic force
microscope (AFM). The increase of surface layer, as a result
of contact SBF with surface of glass of CaO- SiO,-P,0;
system, was the result of an ionic equilibrium disturbance in
the solution due to hydration of the silicate framework and
formation of Si-OH groups. Laczka et all [4] established,
that the gel-derived material compared with that observed in
the corresponding melt-derived material, was undoubtedly
due to the more chemically reactive structure of gel-derived
materials because of their porosity and increased surface
development. This is supported by the fact that the specific
porous surface of gel-derived glass was about 80 times
greater than the melt derived.

On FIG.1A,B it occurred the characteristic pore (A, B, C),
on which it started HA crystallite growth. FIG.1C presented
the dynamic changes of topography of bioglass during 75
min. soaking in SBF. In comparison J and L (slightly dif-
ferentiates in chemical composition) samples, we showed
that J film is more homogeneously than L film. The most
change of pore profile we observed in first minutes during
soaking in SBF (FIG.1C).

In TABLE 1 are presented the average value height and
size of investigated films. The height of J film is 3 times
more than the L film.

Rapid decrease of transmittance value for the first hours
of SBF interaction for melted bioglass indicate on most inten-
sive changes in surface structure [6,7]. Silicate glasses owe
their absorption spectrum in UV region to two factors: one is
absorption by the matrix (the fundamental absorption), the
other is absorption by the impurities. Neutral oxygen vacancy
is the most common intrinsic defect since it is energetically
favored. The absorption bands attributed to this defect in
silica are the B,, around 5,2¢V, the similar defect are as well
J as L glass sample
we observed (about
230 nm absorption
band) (FIG.2). The

Srednia szeroko$é
poru /
Average pore size
[um]

Srednia wysoko$é
poru /

[um]

(RYS.2). Krawedz absorpcji dla bioszkta
otrzymanego z zelu obserwujemy w ultrafio-
lecie okoto 310 nm dla szkta J i 330nm dla
szkfa L. Przesuwanie sie krawedzi absorpcji
w wyniku oddziatywania roztworu fizjologicz-
nego mozna wigzac z przeptywem tadunku
miedzy jonami wapnia i ligandami matrycy
szklanej. W przypadku warstwy zelu struk-
tura szklista powstaje, gdy jony wapnia
znajdujq sie wewnatrz wiezby szklistej

Typ poru / Typ poru / absorpltion gdge of

Pore type Pore type gel derived bioglass

A B C A B c || was observed in

UV region around

Jedry’ 06 | 06303565 40 | 20 (| 310nm (J sample)

J po 1h w SBF and 330nm (L). The
J after 1h in SBF N 25 shifting of absorp-
L tion edge during

L “dry” Uz | bk ) 22 i . SBF soaking can be

L po 1h w SBF explained as charge
L after 1h in SBF U | 02 . e 1.7 ) transfer between

TABELA 1. Srednie wartosci profilu poréw na po-
wierzchni bioszkiet otrzymanych z topografii AFM.

TABLE 1. Average height profile of surface structure
of bioglasses obtained by AFM topography.
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RYS.1.A), B) obraz powierzchni bioszkiet otrzymanych za pomoca mikroskopu sit atomowych; C) Dynamiczne zmiany
topografii pora podczas oddzialywania roztworu fizjologicznego
FIG.1. A), B) The AFM images of gel-derived bioglass film after 1 hour soaking in SBF; C) The dynamic changes of

topography of bioglass during 75 min soaking in SBF.

i stad otaczajgce je atomy nie sg w stanie zmniejszy¢ pustek
w strukturze, dzieki czemu utozenie jonéw jest tatwiejsze.
Oddziatywania chemiczne na powierzchnie sg zawsze
zwigzane z mechaniczng jej rekonstrukcjg. W przypadku
bioszkiet otrzymanych z Zelu prowadzi to do jednoczesnego
uwalniania sie i rekombinac;ji tadunkéw powierzchniowych.
Ten proces sprzyja bioaktywnos$ci materiatu.

is formed when the calcium ions are already inside the
matrix, and therefore, the atoms are not constricted to fill
available positions, but accommodation of ion is easier.
Chemical surface interactions are always connected
with mechanical reconstruction of the surface. In the case
of gel-derived bioglass there is a simultaneous separation
or recombination of charg_;es.
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RYS.2. Widma absorpcji: a) prébki L, b) probki J, dla réznych czaséw oddziatywania SBF.
FIG.2. Absorption spectra of: a) sample L, b) sample J, for different time of SBF exposure.
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Wstep

Stopy NiTi wykazujace efekt pamieci ksztattu sg
powszechnie znane z zastosowan w medycynie.
Jednakze w literaturze nadal dyskutowana jest ich
biokompatybilnos¢ i odpornos¢ na korozje zwtaszcza
w przypadku implantéw dtugoterminowych [1-2].
W celu zabezpieczenia przed dyfuzjg niklu ze stopu
NiTi liczne metody modyfikacji powierzchni byty propono-
wane. Pokrycie azotkami, tlenkami czy diamentopodobne
wydajg sie by¢ skuteczne do stworzenia bariery, ktéra
dostatecznie redukuje korozje stopow NiTi [3]. Jednakze
zbyt gruba czy tez za sztywna warstwa moze prowadzi¢
do zablokowania efektu pamieci ksztattu. Oprécz rodzaju
warstwy wazng role odgrywa technologia naktadania.
Wiekszos¢ stosowanych technologii prowadzona jest
w relatywnie wysokiej temperaturze powodujac powstanie
niekorzystnych wydzielen. Jednym ze sposobdw uniknie-
cia tworzenia sie wydzielen jest dodanie zamiennie za
nikiel trzeciego pierwiastka stopowego. Szczegdlng uwage
zwrocono na miedz. Rondelli [4] i Wen [5] badali wptyw
dodatku miedzi do NiTi na odpornos$¢ korozyjna. Stwierdzili,
ze stop NiTiCu wykazuje wyzszg odpornos¢ korozyjng
niz NiTi. Dlatego moze on by¢ traktowany jako potencjal-
ny kandydat do zastosowan medycznych. Jednakze dla
dtugoterminowych implantéw nadal wymagane jest
stworzenie bariery ochronnej przed dyfuzjg pierwiastkéw
szkodliwych. Byto to inspiracjg do pokrycia stopu NiTiCu
cienkg warstwg platyny. Celem prezentowanej pracy
byto zbadanie struktury warstwy i jej wptywu na przebieg
przemiany martenzytycznej.

Czes¢ eksperymentalna

Z pierwotnie otrzymanego wytopu o namiarowym
sktadzie 25% at. Ni, 50 %at. Ti oraz 25% at. Cu odlano
tasme stosujac metode szybkiego schtadzania z fazy cie-
ktej w uktadzie podwojnego bebna chtodzacego (TRC) [6].
Parametry procesu technologicznego podano w TABELI 1.
Z tasmy wycieto prébke o ksztatcie prostokata (70mm
x 20mm), ktérej obie strony pokryto warstwg platyny
w napylarce magnetronowej. Charakterystyczne tempera-
tury przemiany martenzytycznej wyznaczono z krzywych
grzania i chtodzenia uzyskanych z réznicowego kalorymetru
skaningowego (DSC). Strukture warstwy zbadano stosujac
transmisyjny mikroskop elektronowy oraz technike dyfrakgiji
rentgenowskiej — statego kata padania wigzki pierwotnej
(GIXD).

PLATINUM LAYER FOR NiTiCu
SHAPE MEMORY STRIP
PROTECTION
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[Engineering of Biomaterials, 63-64, (2007), 40-42]

Introduction

NiTi shape memory alloys have been known from
their medical application. However, there is still discus-
sion about their biocompatibility and corrosion resistivity in
long term implants [1-2]. In order to prevent nickel
diffusion from NiTi shape memory alloys, various surface
modification have been proposed. Coating with nitrides
or oxides, or carbides seems to be an attractive way
to create a barrier, which sufficiently reduces corrosion
of NiTi alloys [3]. However, too thick and/or stiff layer
may spoil shape memory effect. Also, a key role plays
coating technology. Most of them are applicable in
elevated temperature, in which precipitates appear.
In aim to avoid of precipitation, nickel is substituted
by a third alloying element. Especial, attention was paid
to copper addition. Rondelli at all [4] and Wen at all [5]
studied the effect of copper addition to NiTi on the cor-
rosion resistance. They have stated that the corrosion
resistance of NiTiCu alloys is better than that one
measured in binary TiNi. Thus, the NiTiCu alloy appears
as a potential candidate for medical application.
However, it still requests of protection against element
diffusion for long period implants. It was an inspiration
to cover the NiTiCu alloy with thin platinum layer and
the aim of presented work was study of platinum layer
structure and its influence on behavior of the martensitic
transformation.

Experimental

From previously cast bulk, with a nominal composition
of Ni 25at.%, Ti 50at% and Cu 25at.%, the shape memory
strip was produced using the twin roll casting technique
(TRC) [6]. Processing parameters are given in TABLE 1.
The rectangular sample (70mm x 20mm) was cut from
the strip. Both surfaces of the sample were covered
with platinum using magnetron sputtering technique.
The characteristic temperatures of the martensitic
transformation were determined from cooling/heating
curves obtained in differential scanning calorimeter (DSC).
Structure of the layers was studied applying transmission
electron microscopy and X-ray grazing incident beam
diffraction (GIXD).
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Temp. kapieli / Materiat Predko$¢ obrotu bebnéw /  Ciénienie wirysku / Odlegto$é bebnéw / Srednica dyszy / Grubos¢ / Szerokos¢ / eo0eo0o0000
Melt temp. obreczy / Roller’s velocity Ejection pressure Pre-set gap Nozzle hole Thickness Width

[°C] Rim material [ms] [MPa] [um] [mm] [um] [mm]

Cu-Be-Co

TABELA 1. Parametry procesu technologicznego wytwarzania tasmy Ni,5Ti;,Cu,; oraz jej wymiary.
TABLE 1. Processing parameters and dimension of the Ni,5Ti;,Cu,; strip.

M, [’C] M, [°C] M; [’C] A, [°C] A[°C]
n o
Stan wyjsciowy / 483 45.8 426 13.16 48.2 52.3 54.6 13.17
As-cast
[ kryci
0 pokryciu 465 44.6 415 8.7 48.6 51.0 53.1 8.81
/Covered

TABELA 2. Wyniki otrzymane z termograméw DSC.
TABLE 2. The results obtained from the DSC measurements.
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RYS.1. Dyfraktogramy zarejestrowane dla tasmy: a) w stanie wyjsciowym w geometrii Bragg-Brentano oraz
b) dla tasmy pokrytej platyna stosujac technike GIXD.

FIG.1. X-Ray diffraction patterns registered for the strip: a) as-cast in Bragg-Brentano geometry and

b) after Pt sputtering using GIXD technique.
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RYS.2. Obraz uzyskany przy pomocy elektronowego mikroskopu transmisyjnego warstwy platynowej (a)
oraz jej elektronogram (b).
FIG.2. Plan-view TEM image of platinum layer (a) and electron diffraction pattern (b).
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Wyniki i ich dyskusja
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W celu zbadania przebiegu przemiany martenzytycz-
nej zarejestrowano termogramy DSC dla tasmy w stanie
wyjsciowym oraz pokrytej warstwag platyny. Z termogramow
wyznaczono temperatury poczatku i konca przemiany
martenzytycznej jak réwniez i odwrotnej przemiany
martenzytycznej (M., A, M;, A), a takze ich entalpie (AH).
Wyniki poréwnano w TABELI 2. Z poréwnania zmierzo-
nych wartosci temperatur dla taSmy w stanie wyjsciowym
jak i pokrytej platyng wynika, ze zastosowana technologia
pokrycia nie wptyneta znaczaco na temperatury przemian.
Uzyskane rdznice dla odpowiednich temperatur nie przekra-
czaty 1.5 stopnia. Jednakze wartosci entalpii wyznaczone
dla pokrytej tasmy byty nizsze w poréwnaniu z tasmg
w stanie wyjsciowym. Powodem réznicy byta mniejsza ilo$¢
fazy ulegajacej przemianie (w przypadku pokrytej tasmy)
w tej samej objetos¢ badanego materiatu.

Identyfikacja dyfraktogramu zarejestrowanego dla
tasmy w stanie wyjsciowym w klasycznej geometrii
Bragg-Brentano, w temperaturze pokojowej, wskazuje ze
przemiana martenzytyczna konczy sie uformowaniem mar-
tenzytu rombowego o strukturze typu B19 (RYSUNEK 1a).
Identyfikacje fazowaq cienkiej warstwy przeprowadzono
na podstawie dyfraktogramu zarejestrowanego metodg
GIXD przy statej wartosci kata padania wigzki pierwotnej
0.5 stopnia.

Potozenia linii dyfrakcyjnych wskazujg na fakt, ze war-
stwa sktada sie tylko z platyny (RYSUNEK 2). Obserwacje
przeprowadzone za pomocg transmisyjnego mikroskopu
elektronowego potwierdzajg otrzymane wyniki z badan
rentgenowskich (RYSUNEK 2). Ponadto ujawnity, ze
warstwa utworzona jest z nanokrystalicznych ziaren.

Podsumowanie

Przeprowadzone badania wykazaty, ze natozenie
nanokrystalicznej warstwy platynowej na tasme nie blokuje
odwracalnej przemiany martenzytycznej, ktéra zachodzi
jednoetapowo pomiedzy fazg macierzystg B2 a marten-
zytem rombowym B19. Z tego punktu widzenia platynowa
warstwa napylana magnetronowo jest atrakcyjnym mate-
riatem ochronny stopu NiTiCu wykazujgcego efekt pamieci
ksztattu w przypadku jego zastosowania w medycynie czy
weterynarii.
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Results and discussion

In order to study of martensitic transformation behav-
ior the DSC cooling/heating curves were registered for
the as-cast strip and for the strip covered with platinum.
From the curves, start and end temperature of forward
and reverse martensitic transformation was determined
(M, A, M;, A, respectively) as well as enthalpy (AH)
of the martensitic transformation. Results are compared
in TABLE 2. It can be clearly seen that differences in
characteristic transformation temperatures, for the as-cast
and covered strip, are smaller than 1.5 degree. How-
ever, enthalpy determined for covered strip is lower than
that one in the as-cast. It is due to the fact that the same
measured volume of the covered strip contains less amount
of transformable phase than in the as-cast one.

The X-ray diffraction pattern registered at room tem-
perature, using Bragg-Brentano geometry, for the as-cast
strip reveals that the transformation is completed by forming
the B19 orthorhombic martensite (FIG.1a). The structure
of the thin layer was studied using GIXD technique, where
the incident beam was set at angle of 0.50 to the sample
surface. The X-ray diffraction pattern shows that the layer
is formed only from the crystalline platinum (FIG.1b).
Observation carried out using electron transmission micro-
scope confirms that the layer consists of platinum (FIG.2).
Moreover, it was revealed that nanocrystalline grains
were formed.

Summary

It was stated that the nanocrystalline platinum layer does
not limit martensitic transformation in the covered strip,
which reveals one step reversible martensitic transformation
between the B2 parent phase and the B19 orthorhombic
martensite. From this point of view magnetron sputtered
platinum can be promising material for protection layer
when is used NiTiCu shape memory alloy for medical or
veterinary applications.
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Wstep

Materiat przeznaczony do implantacji w tkanki zywego
organizmu powinien by¢ biozgodny i biofunkcjonalny. Jesli
taki nie jest, cialto moze zareagowac na ,intruza” réznymi
typami reakcji miejscowej. Reakcje zapalne mogg sie ob-
jawia¢ np. odrywaniem sie czgstek materiatu z powierzchni
implantu na skutek tarcia lub nacisku. Innym zjawiskiem
wystepujacym w odpowiedzi na wprowadzenie biomateriatu
do srodowiska biologicznego zaréwno in vitro, jak i in vivo
jest wytworzenie biofilmu na jego powierzchni [1].

Zjawiska zachodzace w organizmie
zywym po wprowadzeniu implantu

Procesy zachodzace na granicy faz implant-organizm
majg charakter molekularny i dotycza najmniejszych cza-
stek, takich jak woda lub wiekszych, takich jak proteiny.
Srodowisko biologiczne wywiera wptyw na powierzchnie
implantu m.in. poprzez swoj sktad chemiczny oraz pH [2]
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BORDER

BEATA SWIECZKO-ZUREK

TecHNICAL UNIVERSITY OF GDANSK,

FacuLTYy oF MECHANICAL ENGINEERING,
NaruTowicza 11/12 sTR., 80-952 GDAKSK,
E-MAIL: BSWIECZKO@MECH.PG.GDA.PL

[Engineering of Biomaterials, 63-64, (2007), 43-44]

Introduction

The material designer for implant into a body should show
biological and a functional compatibility. If it is not such, the
body may react to the implant in different ways. Inflammation
reactions may be the following: breaking off some parts of
material from the surface layer due to friction or pressure.
Another phenomenon which results from introducing bio-
material into the biological environment both in vitro and in
vivo is the formation of biofilms on its surface [1].

The phenomena undergoing in the body
after introducing an implant

The processes undergoing on the implant-body border
are of molecular type and they concern the smallest parts,
such as water or bigger like proteins. The biological environ-
ment affects the implant surface for example by its chemical

(RYS.1). s

Implantowany biomateriat e
w srodowisku tkankowym jest naj-
czesciej pokryty cienkg warstwg
makrofagoéw przylegajacych do im-
plantu, gesto upakowang warstwag,
kolagenu o grubosci ok. 100 ym
oraz zewnetrzng, luzng warstwg
naczyn krwionosnych. Molekuta,
by przedostac¢ sie do powierzchni
implantu musi te warstwy pokonaé¢
[3].

Waznym problemem zwigzanym
z wszczepianiem implantéw jest
niebezpieczenstwo infekcji. Na od-
powiedz organizmu na wszczepie-
nie obcego ciata wywierajg wptyw
zarowno czynniki ogolnoustrojowe,
jak i lokalne. Tak wiec odpowiedz
uktadu immunologicznego na im-
plant moze by¢ zmieniona przez
obecnos¢ bakterii oraz biofilméw na

A

)

oy e B anli

|+ Dyfuzja tleou i atoméw metalu

® Dyfuzja tlenu 1 wodoru

composition as well as pH [2]
(FIG.1).

The implanted biomaterial
in tissue environment is most
frequently covered by macrof-
ages layer sticking to the im-
plant, thickly packed collagen
layer reaching the thickness

Utlenianie

Formowanic wodortlenkow

P atoméw z elektrolitu do tlenku

Fragmentacja i modyfikacja
> biomolekut

P
E.
EQyi'uzjzl mineralnych jonéw lub X
N
U

powierzchni implantu [2]. Powsta-
nie biofilmu ukazuje RYSUNEK 2.

Rozmieszczenie i grubos¢ bio-
filmu zalezg od wtasciwosci po-
wierzchni, gtéwnie takich jak: sktad
chemiczny, topografia, energia po-
wierzchniowa i fadunek elektryczny.
Moze on tworzy¢ warstwy jednorodne i rbwnomiernie roz-
mieszczone, nieregularng sie¢ lub wyspy. Rozrastanie sie
warstwy biofilmu jest mozliwe dzieki powstawaniu bocznych
potaczen miedzy tancuchami biatek. Skfad, rozmieszczenie
i grubos$¢ biofilmu zmienia sie w czasie kontaktu materiatu
z organizmem [5].

RYS.1. Schemat proceséw molekularnych zacho-
dzacych na granicy implant-organizm [2].
FIG.1. The presentation of molecular processes
occurring on the implant-organism border [2].

of 100 ym and outside layer
of veins. To reach the implant

OO Molekuty wody T the molecule must penetrate

OO S KJ the layers [3].
@Adsomq—a T T A In case of an implant the
o R NI body is in danger with infec-
00 O K| tion. The response of the
~a ] A ] body toimplantis influence by
_.Q_,Dmmja biomaterialu () both entire system and local
N W factors. Thus the response
Q v of immunity system to an

implant may be modified by
bacteria presence as well
as biofilms on the implant
surface [2]. The formation
of biofilms is presented in
FIGURE 2.

The location and thickness
of biofilms depend on: chemi-
cal composition, topography,
the surface energy and the

electric charge. It can create a homogeneous layers and
equally located, irregular net or islands. Increasing the
biofilm layer is possible owing to forming protein connec-
tions. The composition, location and thickness of biofilm
undergo a change during the contact of the material with
the body [5].
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RYS.2. Powstawanie biofilmu: a) powstawanie
mikrokoloni bakterii, b) rozwoj mikrokoloni,

c) koegzystencja réznych typow bakterii,

d) migracja bakterii do nowych siedlisk [4].
FIG.2. The formation of biofilm: a) formation of
bacteria microcolony, b) the development of the
colony, c) coexistence of different bacteria types,
d) migration of bacteria to new environments [4].

Uszkodzenie warstwy pasywnej implantu powoduje,
ze dochodzi do bezposredniego kontaktu komoérek z po-
wierzchnig materiatu. Z biomateriatu sg wowczas uwalniane
do srodowiska otaczajacego biomateriat sktadniki stopu.
Zmiany korozyjne zachodzace na powierzchni materiatu
nasilajg reakcje zapalna, a jej konsekwencjag jest $mieré
jednych i proliferacja innych komorek, co z kolei przyczynia
sie do przebudowy (remodeling) tkanek stykajacych sie z
biomateriatem [6].

W przypadku materiatéw metalicznych dochodzi do
biokorozji, i w efekcie tego zjawiska, do pojawienia sie¢ w
obrebie kontaktujgcej sie z implantem tkanki jonoéw metali
w duzej koncentracji (RYS.3) [7].

Podsumowanie

Kontakt biomateriatu z organizmem ludzkim powoduje
tworzenie sie warstwy pasywneji prowadzi do odktadania sie
na jej powierzchni biatek macierzy pozakomérkowej. Skfad
i ich ilos¢ sg efektem reaktywnosci biologicznej implantu, a
szczegolnie wiasciwosci powierzchni. Biatka wptywajg na
procesy adhezji komorek i bakterii, aktywnos$¢ biologiczng,
komarek oraz aktywacje reakcji zapalnych [2].

Zrédtem zagrozen moga byé réwniez mikroskopijnych
rozmiaréw pozostatosci narzedzi chirurgicznych powstajace
w wyniku mechanicznego oddziatywania narzedzia z tkankg,
i zimplantem lub ze zuzycia implantu. Zle dobrane materiaty
i zte wykonanie narzedzi oraz btedy operatora mogg by¢
zrodtem niespodziewanych reakgji alergicznych i zapalnych
ale tez moga by¢ przyczyna powazniejszych w skutkach
efektéw cytotoksycznych a nawet kancerogennych [7,8].
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RYS.3. Zmiany korozyjne zachodzace na
powierzchni materiatu [4].

FIG.3. The corrosion changes occurring on
the biomaterial surface [4].

Damaging of the passive surface layer causes a direct
contact between cells and the surface of the material.
The biomaterial releases the alloy components into the
environment surrounding the biomaterial. The corrosion
changes occurring on the material surface intensify the
inflammation reaction. Its consequence is dieing out of
some cells and proliferation of others, which in turn results
in remodeling the tissue sticking to the biomaterial [6].

The metallic materials undergo biocorossion and it
results in presence, in a high concentration, of metallic ions
in tissues surrounding the implants (FIG.3) [7].

Summary

The contact between the biomaterial and human body
causes the formation of passive layer and gathering mother
out-cell proteins on its layer. The composition and the
amound of protein are the result of biological reactivity of
implant, and particularly its surface. The protein has impact
on adhesis process of cells and bacteria, the biological
activity of cells as well as the reactivity of the inflammation
reactions [2].

Microscopic size remains of surgical devices, created as
a result of mechanical interaction of the device with tissue
and with implant, and also particles produced by an implant
wear, are often underestimated source of risk. Wrongly
selected materials and badly made devices combined with
operator’s mistakes can be a reason of unexpected aller-
gic reactions and inflammables, but also can be a reason
of much more serious cytotoxic and even malignant
effects [7,8].
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Streszczenie

Prowadzgc terpolimeryzacje ROP cyklicznych:
laktydu, glikolidu i trimetylenoweglanu, iniciowang
niskotoksycznym acetylacetonianem cyrkonu (1V)
otrzymano z dobrg wydajno$ciq szereg wysoko-
czgsteczkowych bioresorbowalnych tréjpolimerow.
Otrzymane polimery pomimo obecno$ci w strukturze
fancucha duzej ilo$ci dtuzszych sekwencji laktydylo-
wych byty amorficzne. Wszystkie wykazywaty pamiec
ksztaftu. Czas powrotu do ksztattu permanentnego
byt bardzo krotki i nie przekraczat kilku sekund.
Temperatura w ktorej nastepowato to zjawisko byta
nieco wyzsza od temperatury ciata ludzkiego.

Stowa kluczowe: polimeryzacja, pamie¢ ksztafttu,
biodegradowalne, biokompatybilne

[Inzynieria Biomateriatow, 63-64, (2007), 45-47]

Wstep

Pamiecig ksztattu nazywamy wtasnos¢ materiatéw
polegajacq na zdolnosci do powrotu z ksztattu przejscio-
wego (“zamrozonego”) otrzymanego w wyniku mechanicz-
nej deformaciji, do wczesniejszego pierwotnego ksztattu,
wywotywang zdefiniowanym bodzcem, ktdrym najczesciej
jest temperatura. Pierwszymi poznanymi materiatami cha-
rakteryzujacymi sie tymi wkasnosciami sg réznorodne stopy
metaliczne (SMAs), takie jak stopy TiNi, CuZnAl czy FeNiAl.
W 1960 ukazata sig pierwsza publikacja opisujaca istnienie
efektu pamieci ksztattu polietylenu naswietlanego promie-
niowaniem jonizujgcym [1,2]. Dopiero nieco pozniej, w latach
osiemdziesigtych ubiegtego wieku pojawity sie doniesienia
o mozliwosci syntezy innych polimerow majacych w petni
wltasnos¢ zapamietania ksztaltéw (SMPs), nie tylko na
drodze sieciowania radiacyjnego lecz rowniez chemicznego
[1]. Polimery SMPs cechujg sie wieloma zaletami w porow-
naniu do stopéw SMAs, sa lzejsze, wykazujg lepszg sta-
bilnos¢ ksztaltu, oraz wieksza mozliwosé dostosowywania
temperatury powrotu do ksztattu pierwotnego. Sg réwniez
stosunkowo fatwo przetwarzalne i generalnie tansze [1,3,4].
Termoplastyczne SMPs, najbardziej interesujace ze wzgledu
na tatwe przetworstwo, charakteryzowane sg jako liniowe
kopolimery zawierajgce w swojej strukturze tancucha sztyw-
ne i elastyczne segmenty. Generalnie materiat taki mozna
dowolnie ksztattowa¢ poprzez ogrzanie do temperatury
zblizonej do temperatury miekniecia domeny zbudowanej
z segmentow sztywnych. Ten pierwotny ksztatt moze byc¢
zapamigtany po schtodzeniu polimeru, w wyniku fizycznego
miedzyczgsteczkowego oddziatywania segmentow sztyw-
nych, co tworzy powstanie efektu zblizonego do fizycznego

BIORESORBABLE LACTIDE/
GLYCOLIDE/TRIMETHYLENE
CARBONATE TERPOLYMERS
WITH SHAPE RECOVERY
PROPERTIES
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Abstract

ROP terpolimerization of cyclic monomers: lactide,
glycolide and trimethylene carbonate, initiated with
zirconium (IV) acetylacetonate was conducted. The
terpolymerization resulted in obtaining a series of
highmolecular bioresorbable terpolymers. In spite of
relatively large amount of longer lactidyl sequences
present in the terpolymer’s chain structure, all of
the terpolymers were amorphous. All the obtained
materials revealed shape memory properties too.
The recovery time was relatively short and valued
several seconds. The temperature at which the
starting of the phenomenon was observed was
close to the temperature of human body.

Keywords: polymerization, shape memory, biodegra-
dable, biocompatible polymers.

[Engineering of Biomaterials, 63-64, (2007), 45-47]

Introduction

Shape memory in materials is the ability to return to
a predefined initial form from a temporary transient shape,
obtained as a result of mechanical deformation. Itis triggered
by a certain stimulus, usually temperature. The first known
materials characterized with these properties were various
metallic alloys (SMAs), such as TiNi, CuZnAl or FeNiAl. In
1960, the first paper regarding the shape memory effect
was issued, describing the phenomenon for polyethylene
exposed to ionizing radiation [1,2]. In 1980s, first mentions
of the possibility to synthesize other polymers with full
shape memory abilities (SMPs) not only on the way of ra-
diative, but also chemical cross-linking [1] appeared.
Many features of SMPs advocate their application instead of
SMAs, such as: less weight, better shape stability, more pos-
sibilities of adjusting the temperature of returning to the initial
shape, etc. The processing of these materials is relatively
easy and they are generally cheaper [1,3,4]. Thermoplastic
SMPs, most interesting because of easy processing, are
described as linear copolymers containing both rigid and
elastic segments in their chain microstructure. Generally,
such materials can be shaped to any desired form by means
of heating the material to the temperature similar to tempera-
ture of softening of the domain built up of rigid segments.
The initial shape may be remembered after cooling down
the polymer, which happens due to physical intermolecular
interactions in the rigid segments, which causes the effect
similar to physical chain cross-linking. Then, if the material
is subjected to mechanical deformation at the temperature
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sieciowania fancuchoéw. Jesli nastepnie materiat ten ulegnie
deformacji mechanicznej w temperaturze nizszej od tempe-
ratury miekniecia segmentow sztywnych, otrzymuje ksztatt
przejsciowy. Powrot do pierwotnego ksztattu moze nastapié¢
po podgrzaniu materiatu powyzej temperatury zeszklenia
segmentéw elastycznych, ale nizszej od temperatury miek-
niecia segmentow sztywnych. Efekt pamieci ksztattu mozna
uzyskac zaréwno w polimerach semikrystalicznych, jak i
amorficznych, pod warunkiem uzyskania wspomnianego
specyficznego efektu sieciowania liniowego tancucha. Bar-
dzo obiecujacym polem do zastosowan polimeréw SMPs
jest medycyna, gdzie materiaty te pozwolg na rozwoj wielu
matoinwazyjnych technik chirurgicznych i gdzie znajda wiele
nowych zastosowan w postaci narzedzi takich jak: samo-
zaciskajace sie klamerki, szpilki chirurgiczne czy r6znego
rodzaju samorozprezajace sie stenty [5,6]. Polimery te moga
w wielu wypadkach zastgpi¢ dotychczas stosowane stopy
metaliczne SMAs pod jednym warunkiem — stosowane do
ich formowania SMPs muszg by¢ biozgodne i bioresorbo-
walne, a dzieki temu nie bedg wymagac¢ usuwania — ulegng
po ustalonym czasie resorbcji w organizmie pacjenta. Takimi
polimerami, powszechnie uznanymi za biokompatybilne i
biodegradowalne sg alifatyczne poliestry, homo- i kopoli-
mery otrzymywane najczesciej z laktydow, e-kaprolaktonu
i cyklicznych weglanow.

Wyniki

W procesie terpolimeryzacji mieszaniny cyklicznych
monomeréw L-laktydu, glikolidu i trimetylenoweglanu (TMC)
inicjowanym niskotoksycznym acetylacetonianem cyrkonu
(IV), uzyskano z duzg wydajnoscia szereg wysokoczastecz-
kowych terpolimeréw o zaplanowanym sktadzie (TABELA 1).
Z pomocg badan *C i '"H NMR okreslono budowe fancucha
i sktad terpolimerow (RYS.1).

Jak wykazaly badania kalorymetrii skaningowej DSC,
pomimo duzej liczby dtugich sekwencji laktydylowych,
wystepujacych w tancuchach kilku terpolimerow (RYS.1,
probki 2,4) wszystkie otrzymane materiaty byty amorficzne
i nie zaobserwowano wystepowania separacji faz.

Wiasnosci zapamietywania ksztattéw byly wstepnie ba-
dane poprzez obserwacje zmian ksztattu ptaskiej ksztattki
poddanej cyklicznym zmianom ksztattu w dwéch wybranych
temperaturach. W wyzszej temperaturze otrzymywano
ksztatt przejsciowy poprzez rozciagniecie ksztattki o 100%
diugosci, a nastepnie szybko w nizszej temperaturze (TL)
,zamrazano” ten ksztatt. Dla kazdego terpolimeru, wyzsza
temperatura (TU) wynosita 10°C powyzej temperatury
zeszklenia T, a nizsza (TL) byta temperaturg mniejsza o
10°C od temperatury T,. Zaobserwowano, ze wszystkie ter-
polimery wracaty do ksztattu pierwotnego, gdy umieszczano

lower than the rigid segments softening temperature, it
gains its transient form. The return to the initial shape may
occur after heating the material up to a temperature higher
than the elastic segments glass transition temperature,
but lower than the rigid segments softening temperature.
The effect of shape memory may be obtained in either
semicrystaline or amorphous polymers, provided that the
mentioned specific phenomenon of linear chain cross-linking
occurs. Medicine seems a promising field of application for
SMPs, as the materials can advance the development of
minimally invasive surgical techniques and find a number of
application possibilities in the manufacturing of tools such as:
self-clamping clips, surgical pins or various self-expanding
stents [12, 13]. These polymers might successfully replace
metallic SMAs under one condition — SMPs used for forming
the devices must be biocompatible and bioresorbable, thus
not require deletion, as they will be resorbed after defined
time. The polymers commonly considered fully biocompat-
ible and biodegradable are aliphatic polyesters, homo- and
copolymers obtained usually of lactides, e-caprolactones
and cyclic carbonates.

Results

Terpolymers with different unit composition were obtained
by changing the monomer feed ratio. [Zr,...] was used as
an initiator for reaction, with I/M molar ratio as 1:1000 (TA-
BLE 1). By means of *C and proton NMR analysis, the chain
microstructure and terpolymer composition was determined.
The molar masses and glass transition temperature were
measured (FIG.1). The NMR signals were assigned to the
sequences present in the chain. Hence DSC measurements
indicate that all terpolymers are completely amorphous and
that there is not phase separation. The microblocks present
into samples are no long enough to enable glycolidyl or
lactidyl sequences to crystallize, however the amount of
long lactidyl sequences is relatively sizeable in many events
(FIG.1, sample 2,4). All terpolymers, except sample 1, which
contains the minor contents of lactidyl units and it is gener-
ally formed by random sequences, show segmental chain
microstructure. Their chain is mainly built of longer lactidyl
and glycolidyl microblocks and random glycolyl/carbonate
(-GT-) sequences. Shape memory properties of the terpoly-
mers were preliminarily investigated by thermally cycling
between two selected temperatures a piece of film. In order
to induce temporary shape, the terpolymer sample was
stretched at temperature about 10°C above Tg. Then the
obtained shape “was frozen” by rapid placement of sample
in bath at temperature considerably below the glass transi-
tion temperature. All terpolymers were manually stretched
to reach an elongation higher than 100%. It was observed

| 2 48 94 G37:L36:T27 53900 2.0 31 37
| 3 48 95 G25:1.53:T22 43500 2.1 39 45
[ 4 36 97 G35:1.52:T13 48400 2.0 42 50

Probki otrzymano w stopie, w 120°C, stosujac ilo$¢ inicjatora do komonomeréw w stosunku molowym jak 1:1000 ® wyniki z badarn NMR:
ktad oznaczono odpowiednio Gx: Ly: Tz gdzie X, y, z wskazuje na zawarto$¢ mol% Glikolidylu (G), Laktydylu (L) i Trimetyleno weglanu (T).
9 z badan GPC. © z badan DSC szybkos$¢ skanowania 20°C/min ?z badan DMTA rozcigganie (3Hz, 3°C/min), 9 DMTA zginanie — polimer

he samples obtained in bulk at 120°C, with initiator/comonomers ratio: as 1:1000 ®from NMR: the composition is labelled Gx: Ly: Tz where|

, ¥, z indicate the mol% of Glycolidyl (G), Lactidyl (L) and Trimethylene carbonate (T) units respectively.>® From GPC. ® From DSC heating
scan at 20°C/min. after melt quenching ? From DMTA in tensile mode (3Hz, 3°C/min), 9 DMTA performed in bending mode on polymer films|

|
umieszczony miedzy ptatkami folii aluminiowe;.
sandwiched between two aluminium plates.

TABELA. 1. Charakterystyka otrzymanych terpolimerow.
TABLE 1. Properties of obtained terpolymers.
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resonance lines

Sequences
Lactide sequences (methine carbon region)

TLT + TLLT + TLLLT + TLLG

GLLT + GLLLT

LLLL

7
2
3 TLLLL + LLLLT
4
5

LLGG

Carbonate sequences (Methylene carbons O-CH, region)

GGT'GG + TGT'GG

6
7 GGT'T
8 GT'GT + GGT'GT + LTT + TT'L

9 TITT + TT'T + TT'G

10 | TT'GG

14 TT'L + LT'T

15 LTL + LT"L

16 GGT"T

17 GGT"GG + GGT"GT TGT"GG + TGT"GT

Glycolide sequences (methylene carbons region)

11 TGGGT + TGGGL

T T T T LRS! LA L) A A AR T
70 69 68 67 66 65 64 63 62 61 60 59 58
Chemical Shift (ppm)

Chemical Shift (ppm)

12 TGT + TGGT + TGGL

13 GGGGT + TGGGT + LGGGT

18 | TGGT, TGGGG,

19 LLGG

20 | GGGG
T = -OCH,CH,CH,-OCO- T" = - OCH,CH,CH,-OCO-
G = -OCH, CO- L = -OCH(CH,)CO-

RYS.1. Widma *C NMR otrzymanych terpolimeréw, przyporzadkowanie pasm do sekwencji fancucha.
FIG.1. *C NMR spectra of the terpolymers, assignation of signals to the chains sequences.

je ponownie w temperaturze TU. Ksztattem permanentnym
byta spirala, otrzymana w temperaturze 100°C poprzez na-
winiecie uprzednio uformowanej ptytki wokét srubokreta, a
nastepnie wystudzenie w temperaturze pokojowej. Spirala
ta po pewnym czasie byta rozciggnieta do ksztattu ptytki w
temperaturze 48°C, a otrzymany tymczasowy ksztatt ptytki
zostat “zamrozony” poprzez szybkie ochtodzenie ponizej
temperatury zeszklenia. Kiedy ptytka zostata umieszczona
ponownie w temperaturze 48°C, materiat odzyskat doktadnie
pierwotny ksztatt spirali w przeciggu kilku sekund.

Zaobserwowana zdolno$¢ powrotu do ksztattu pierwot-
nego jest zwigzana ze zjawiskiem splatania tancuchow poli-
meru, powodujgcym utworzenie fizycznych odpowiednikow
weztéw sieci, umozliwiajgcych zaistnienie obserwowanej
wiasnosci zapamietywania ksztattu. W zjawisku tym niepo-
Slednig role biorg udziat rowniez zaobserwowane z pomocg
badan FTIR wigzania wodorowe pomiedzy wodorami grup
metinowych i metylowych a tlenem grupy karbonylowej lak-
tydylu, glikolidylu i jednostek weglanowych. Obecnosé tych
wigzan moze by¢ przyczyng obserwowanego relatywnie
bardzo krétkiego czasu powrotu do ksztattu pierwotnego,
W prowadzonych badaniach, sktad i budowa tahcuchéw
badanych terpolimerdw byty tak dobierane aby temperatura
w ktorej materiat ten powraca do pierwotnego ksztattu byt
bliski temperaturze ciata ludzkiego. Z tego powodu wiele
otrzymanych terpolimeréw wydaje sie szczegdlnie intere-
sujgcymi, jako bioresorbowalne materiaty do zastosowania
medycznego, do wykorzystania w formowaniu implantéw
i narzedzi wykorzystywanych w chirurgii matoinwazyjne;j.
Cenng wtasnoscig otrzymanych terpolimerow jest rowniez
krotki czas powrotu do ksztattu pierwotnego nie przekracza-
jacy 3-4 sekund, oraz dobre wtasno$ci mechaniczne.

Podziekowania
Praca prowadzona w ramach programu EU6FP-Excel-
lence-BIOMAHE FP-6-509232
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that all terpolymers are able to visually recover the initial
shape. This property strongly depends on the two combined
effects; of time and temperature.

The polymer with a spiral permanent shape was tested.
The spiral was then deformed (by sample unwinding) at
48°C, and the obtained temporary shape (straight strip) was
fixed by quickly cooling. When the deformed strip was dipped
again into the temperature at 48°C, the spiral permanent
shape was completely recovered in a matter of seconds.
The observed shape memory ability must be ascribed to the
existence of chain entanglements that act as cross-linking
points and allow the shape recovery. It can also be stated
that in this phenomenon, hydrogen bounds observed by
means of FTIR investigation between the hydrogen atoms
of methine and methyl groups, and the oxygen atom of the
carbonyl group of lactidyl, glycolidyl and carbonate units,
have significant influence. The recovery temperature is
located in the neighbourhood of human body temperature.
It is therefore concluded that, providing that a tuned and
accurate programming is used in order to avoid viscous
deformation of the material, the analysed terpolymers of
L-lactide, glycolide and trimethylene carbonate (having Tg
higher than room temperature) may find interesting clinical
applications as shape-memory implants.

Acknowledgements

The work was conducted in frame of EU FP6 - Excel-
lence-BIOMAHE FP-6-509232.

References

[4] Ping P, Wang W, Chen X, Jing X. Biomacromolecules
2005;6:587-92.

[5] Venkatraman SS, Yan Lay Poh, Joso Joe Ferry D., Boey YCF,
Wang X. Biomaterials 2006;27:1573-8.

[6] Ikada W, Chu CC. Wound Close Biomaterial and Devices. Boca
Raton, FL: CRC Press, 1992. p. 317-46

47

BI® MATERIALS



48

BI® MATERIALS

POLIMERY Z PAMIECIA
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Streszczenie

W pracy przedstawiono wyniki badan mikrostruktury
tanicucha bioresorbowalnych terpolimeréw LL-laktydu,
glikolidu i trimetylenoweglanu, wykazujgcych pamiec¢
ksztafttu. Polimery scharakteryzowano, wykorzystujgc
technike 'H i *C spektrometrii magnetycznego rezo-
nansu jgdrowego. Przeprowadzono analize zakresu
wegli metinowych laktydu oraz metylenowych glikolidu
i weglanu widma weglowego pod katem przyporzad-
kowania linii spektralnych odpowiednim sekwencjom.
Wyznaczono nastepujgce parametry: udziaty jedno-
stek oraz blokbw komonomerycznych, a takze udziat
segmentow beztadnych.

[Inzynieria Biomateriatéw, 63-64, (2007), 48-50]

Wstep

Syntetyczne bioresorbowalne materiaty polimerowe
otrzymywane z glikolidu, laktydu i trimetylenoweglanu
(TMC) sg obecnie szeroko wykorzystywane w medycynie
i farmaciji ze wzgledu na ich biokompatybilno$¢ i degradacje
do nietoksycznych produktéw przemiany materii. Z homo-
i kopolimerow w/w materiatéw produkuije sie nici chirurgicz-
ne, scaffoldy w inzynierii tkankowej, a takze réznego typu
implanty oraz systemy kontrolowanego uwalniania lekéw [1].
Wielorakos$¢ zastosowan powoduje koniecznos¢ opracowy-
wania materiatéw o nowych wtasciwosciach mechanicznych
i fizycznych. Jednym z obiektéw badan nad bioresorbo-
walnymi materiatami polimerowymi sg polimery z pamiecig
ksztattu (SMP). Polimery te charakteryzujg sie zdolnoscig
do powrotu z ksztaltu przejsciowego tzw. ,zamrozonego”
do ksztattu pierwotnego. Ksztatt przejSciowy uzyskuje sie
w wyniku mechanicznej deformacji, a czynnikiem powo-
dujacym przejscie do ksztattu pierwotnego moze by¢ np.
drastyczna zmiana pH, sity jonowej, pola magnetycznego.
Jednak najczesciej bodzcem stymulujgcym jest temperatura
[2]. Kluczowag role w powstawaniu efektu zapamietywania
ksztattu pierwotnego odgrywajq splatania tancuchéw lub
inne silne oddziatywania fizyczne pomiedzy odpowiednimi
segmentami tarncuchow [3].

Mozliwosc¢ zastosowania materiatdw z pamiecia ksztattu
w medycynie otwiera rozwdj wielu nowym technikom terapeu-
tycznym, w ktérych moga by¢ wykorzystane narzedzia wyko-
nane z SMP takie jak samozaciskowe klamry, szpilki chirur-
giczne czy réznego rodzaju samorozprezajace stenty [4,5].
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Abstract

This paper presents the results of investigation
of chain microstructure of bioresorbable LL-lactide,
glycolide and trimethylene carbonate terpolymers
exhibiting shape-memory behaviour. Polymers were
characterized by means of 'H and *C nuclear mag-
netic resonance spectroscopy. Detailed analysis of
lactide methine carbons as well as methylene glyco-
lide and carbonate carbon regions was performed
in order to assign the spectral lines to apropropriate
sequences. Following parameters were designated:
comonomeric unit, long block and mixed segments
contribution.

[Engineering of Biomaterials, 63-64, (2007), 48-50]

Introduction

Synthetic bioresorbable polymeric materials obtained
from glycolide, lactide and trimethylenecarbonate (TMC)
are nowadays in common use in medical field due to their
biocompability and degradation to non-toxic metabolic
products. Homo- and copolymers of aforementioned materi-
als are used in manufacturing sutures, scaffolds in tissue
engineering and different kinds of implants and controlled
drug delivery systems etc. [1]. Variety of application fields
evoke the need for elaborating materials that exhibit novel
mechanical and physical properties. One of new interest-
ing fields of investigation are shape-memory polymers
(SMP). Such polymers possess the ability to recovery from
intermediate shape, so called “frozen” to primal. The inter-
mediate shape is the result of mechanical deformation and
can be caused by e.g. severe change of pH, ionic strength,
magnetic field. However the most frequent stimulating
factor is temperature [2]. The essential in memorizing the
primal shape is entanglement of polymer chains or other
strong physical interaction between appropriate chains’
segments.

Possibility of utilizing shape-memory materials in medi-
cine allows the development of novel therapeutic methods,
where SMP-made instruments can be applied; for instance
self-clamping clips, surgical pins or different kinds of self-
expanding stents [4,5]. Such materials, when implanted
into body, can successfully replace hitherto used implants
of metallic alloys.

Physical and physicochemical polymer properties depend
on the microstructure of chains. Therefore, the scope of
our investigations is approach to determine the structure of



Wyroby te, implantowane do organizmu, moga zastapi¢
z powodzeniem dotychczas stosowane implanty ze stopéw
metalicznych pod warunkiem ich biozgodnosci.

Fizyczne i fizykochemiczne wtasciwosci polimerow
zalezg od mikrostruktury ich tancuchoéw. Dlatego tez celem
naszych badan jest proba scharakteryzowania mikrostruktu-
ry tancucha bioresorbowalnych terpolimeréw, wykazujacych
pamie¢ ksztattu, przy pomocy wysokorozdzielczej spektro-
skopii magnetycznego rezonansu jadrowego. Znalezienie
zaleznosci efektu pamieci ksztattu ze strukturg tancucha
polimerowego zapewne umozliwi sterowanie procesem
otrzymywania materiatu o odpowiednich parametrach
mechanicznych i odpowiedniej temperaturze (w zakresie
temperatury ciata ludzkiego) przejscia z ksztattu ,zamro-
zonego” do pierwotnego.

Materiat i metody

Przy pomocy wysokorozdzielczej spektrometrii mag-
netycznego rezonansu jadrowego przeprowadzono ba-
dania mikrostruktury tancucha terpolimeréw LL-laktydu,
glikolidu i TMC otrzymane na inicjatorze cyrkonowym
(Zr(acac),). Widma 'H i *C NMR zarejestrowano na 300
MHz spektrometrze Varian Unity lova w temperaturze
80°C. Jako rozpuszczalnik uzyto osuszony DMSO-d6
razem z tetrametylosilanem jako wzorcem wewnetrznym.
Liczba przejs¢ dla pomiaru 'H NMR to 32, czas akwizycji
3,74s i dtugos¢ pulsu 7ps. Dla widma *C NMR liczba przej$¢
wynosita 16500, czas akwizycji 1,8 s, dtugos¢ pulsu 9 ps.

Wyniki

W celu okreslenia mikrostruktury fancucha terpolimeru
LL-laktydu, glikolidu i TMC badaniom poddano probki
0 nastepujacych udziatach jednostek monomerycznych:
laktydylowych LL, glikolidowych GG i weglanowych T
(A: 35% mol. LL/ 20%mol. GG/ 45% mol. T; B: 35%mol. LL/
35% mol. GG/ 30% mol. T; C: 25% mol. LL/ 50% mol. GG/
25% mol. T). Przy pomocy techniki'H NMR okreslono udziat
poszczegodlnych jednostek monomerycznych.
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RYS.1. Widmo 'H NMR terpolimeru LL-laktydu,
glikolidu i TMC proébki C (zakres metylenowy
laktydu i metylowy glikolidu i TMC).

FIG.1. '"H NMR spectrum of LL-lactide, glycolide
and TMC terpolymer - sample C (region of methy-
lene carbons in lactide and methyl carbons in
glycolide and TMC).

Szersze spektrum informacji na temat struktury tancu-
cha terpolimeru uzyskano z widm *C NMR. Najbardziej
czutym obszarem widmowym, umozliwiajgcym doktadng
analize grup i sekwencji wystepujacych w tancuchu, okazat
sie zakres wegli metinowych laktydu oraz metylenowych
glikolidu i weglanu.

bioresorbable terpolymer chains, that show shape-memory
behaviour, by means of high-resolution nuclear magnetic
resonance spectroscopy. The elaboration of shape-mem-
ory dependence with polymer microstructure will probably
enable to coordinate the process of obtaining material
of appropriate mechanical parameters and temperature
(in the range of body temperature) of transition from “frozen”
state to primal.

Material and methods

The investigations of chain microstructure of LL-lactide,
glycolide and trimethylene carbonate terpolymers obtained
on zirconium initiator (Zr(acac),), were performed using
high-resolution nuclear magnetic resonance spectroscopy.
The 'H and *C NMR spectra were recorded at 300 MHz
with a Varian Unity lova Spectrometer at 80°C. Dried dime-
thyl sulfoxide-d6 was used as a solvent and tetramethylsi-
lane was used as the internal standard. The 'H NMR spectra
were obtained with 32 scans, a 3.74 s acquisition time, and
a 7ys pulse width. Number of scans for *C NMR spectra was
16500, acquisition time 1.8 s, pulse width was 9 ps.

Results

In order to determine the chain microstructure of
LL-lactide, glycolide and TMC terpolymer, samples with
following monomeric unit contribution were used: lactidyl
LL, glycolidyl GG and carbonyl T (A: 35% mol. LL/ 20%mol.
GG/ 45% mol. T; B: 35%mol. LL/ 35% mol. GG/ 30% mol.
T; C: 25% mol. LL/ 50% mol. GG/ 25% mol. T). By means
of '"H NMR method molar content of particular monomeric
units was determined.

Much more information about terpolymer’s chain micro-
structure was received from '*C NMR spectra. The most
sensitive spectral region, best for detailed analysis of groups
and sequences appearing in terpolymer’s chain, turned out
to be methine carbon region from lactide and methylene
carbon regions from glycolide and TMC.

Sequences

Lactide sequences (methine carbon region)

TLT + TLLT + TLLLT + TLLG

GLLT + GLLLT

LLLL

7
2
3 TLLLL + LLLLT
4
5

LLGG

Carbonate sequences (Methylene carbons O-CH, region)

GGT'GG + TGT'GG

6
7 GGT'T
8 GT'GT + GGT'GT + LT'T + TT"L

TTT + TT'T + TT'G

10 | TT'GG

14 | TTL + LT'T

resonance lines
©

15 | LT'L + LT"L

16 | GGT'T

17 | GGT"GG + GGT"GT TGT"GG + TGT"GT

Glycolide sequences (methylene carbons region)

11 | TGGGT + TGGGL

12 | TGT + TGGT + TGGL

13 | GGGGT + TGGGT + LGGGT

18 | TGGT, TGGGG,

19 | LLGG

20 | GGGG

T = -OCH,CH,CH,-OCO- T" = - OCH,CH,CH,-OCO-

TABELA 1. Przyporzadkowanie sekwencji, wyste-
pujacych w tancuchu terpolimeru w widmie '*C
NMR poli(laktydu/glikolidu/TMC).

TABLE 1. Assignment of sequences in *C NMR
spectrum of poly(lactide/glycolide/TMC).
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[ 18 [|1a20 RYS.2. Widma *C NMR
terpolimeru LL-laktydu,
glikolidu i TMC (zakres we-
gli metinowych laktydu oraz
metylenowych glikolidu
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FIG.2. *C NMR spectra of
LL-lactide, glycolide and
TMC terpolymer (methine
carbon region from lacti-
de and methylene carbon
regions from glycolide and
TMC).
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Na podstawie intensywnos$ci poszczegdlnych linii spek-
tralnych zbadano zalezno$¢ udziatu poszczegdlnych jedno-
stek monomerycznych na zawartos¢ dtugich blokéw oraz
sekwencji beztadnych w tancuchu polimerowym.

Long L blocks [%] Long G blocks [%] Long T blocks [%]

On the basis of the intensity of particular spectral lines,
contribution of appropriate monomeric units dependence
on the contribution of long blocks and mixed segments was
investigated.

Mixed GL segments [%] Mixed GT segments [%] Mixed LT segments [%]

A
B
Il ¢ 8

25 41 7 ||

TABELA 2. Udziat diugich blokéw komonomerycznych i segmentéw beztadnych.
TABLE 2. Contribution of long comonomeric blocks and mixed segments.

Whnioski

Analiza mikrostruktury terpolimerow laktydu, glikoli-
du i TMC jest mozliwa przy uzyciu spektroskopii NMR.
Na podstawie wynikéw 'H NMR okreslono udziat jednostek
komonomerycznych. Natomiast wyniki analiz *C NMR
umozliwity wyznaczenie takich parametréw jak procentowy
molowy udziat dtugich blokéw polimerowych i segmentéow
beztadnych. Stwierdzono, iz rézna zawartos¢ jednostek
monomerycznych wptywa na mikrostrukture tancucha
polimerowego.
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ZASTOSOWANIE SPEKTROSKOPII
W PODCZERWIENI DO BADAN
POLIMEROW Z PAMIECIA
KSZTALTU

BozeNA KaczmARczyK, Pi1oTR DoBRzYNSKI,
JaNusz KaspPerczyk, Macies BERO

CEeENTRUM MATERIALOW PoLiMEROwYCH | WEGLowycH PAN
w ZABRZU

Streszczenie

W pracy zaprezentowano wyniki badan nad
wykazujgcymi wiasciwo$ci pamieci ksztattu bioresor-
bowalnymi terpolimerami laktyd/glikolid/trimetyleno-
weglan. Celem wyjasnienia charakteru wystepujgcych
w tych terpolimerach oddziatywan, decydujgcych
o istnieniu ich zdolnosci do zapamietywania ksztaftu,
zastosowano do badan metode spektroskopii w pod-
czerwieni i drugie pochodne widm.

Stowa kluczowe: terpolimery laktyd/glikolid/trime-
tylenoweglan, materiaty bioresorbabowalne, wigzania
wodorowe

[Inzynieria Biomateriatéw, 63-64, (2007), 51-54]

Wstep

Najczesciej stosowanymi w biomedycynie syntetycznymi
polimerami bioresorbowalnymi sg poliestry i poliwegla-
ny alifatyczne otrzymywane z cyklicznych monomeréw
takich jak: laktyd, e-kaprolakton czy trimetyloweglan.
Szczegolnie interesujgce wydajg sie proby kopolimery-
zacji tych monomeréw prowadzone specjalnie w celu
otrzymywania nowego biodegradowalnego materia-
tu, ktéry oprocz biokompatybilnosci charakteryzuje
sie rowniez wiasnosciami zapamietywania ksztattu.
Wtasnos¢ ta, nazywana pamiecig ksztattu, polega
na zdolnosci do powrotu z ksztattu przejsciowego
(“zamrozonego”) otrzymanego w wyniku mechanicznej
deformaciji, do wczesniejszego pierwotnego ksztattu,
wywotywanej zdefiniowanym bodzcem, ktérym najczesciej
jest temperatura. Efekt ten zwigzany jest z warunkiem
uzyskania specyficznego chemicznego lub fizycznego
efektu sieciowania liniowego tancucha. W pracy przed-
stawiono wyniki badan nad oddziatywaniami typu wigzanh
wodorowych wystepujacych w terpolimerach laktyd/gli-
kolid/trimetyloweglan, ktére wykazujg pamie¢ ksztattu.
Oddziatywanie takie moze by¢ jedna z przyczyn wystepowa-
nia tej zaobserwowanej wtasnosci. Do badan tych wybrano
metode spektroskopii w podczerwieni. Metoda spektroskopii
w podczerwieni jest szeroko znang i stosowang technikg
do badan zaréwno struktury zwigzkéw polimerowych jak
i wystepujacych w polimerach oddziatywan. Rozwinie-
ta w ostatnich latach spektrometria pochodna pozwala
na obserwowanie nawet niewielkich zmian w widmie,
CO znacznie poszerza mozliwosci badawcze spektroskopii
w podczerwieni.

Materialy i metody

Do badan wybrano terpolimery otrzymane w reakcji
terpolimeryzacji I-laktydu, glikolidu i trimetylenoweglanu
inicjowanej acetyloacetonianem cyrkonu. Analizowano
probki o nastepujacym sktadzie (TABELA):

APPLICATION OF INFRARED
SPECTROSCOPY IN SHAPE
MEMORY POLYMERS STUDY

Bozena KaczmARczYK, Pl1oTR DoBRzYNSKI,
JaNusz KaspeErczYk, MAcieJ BERO

CEeNTRE oF PoLYMER AND CARBON MATERIALS PAS, ZABRzE

Abstract

This work presents results of the study of biore-
sorbable lactide/glycolide/trimethylene carbonate
terpolymers exhibiting the shape memory properties.
Infrared spectroscopy and second derivative spectra
were used to explain the character of appearing at
terpolymers interactions, which determine the possi-
bility of existence the shape memory ability of these
terpolymers.

Keywords: lactide/glycolide/trimethylene carbo-
nate terpolymers, bioresorbable materials, hydrogen
bonds.

[Engineering of Biomaterials, 63-64, (2007), 51-54]

Introduction

Aliphatic polyesters and polycarbonates synthesized
from cyclic monomers as: lactide, e-caprolactone or tri-
metylene carbonate are the most frequently used synthetic
bioresorbable polymers in medicine. The most interesting
seems the study of copolymerization of these monomers
led especially in the aim to obtain new bioresorbable mate-
rial, which besides biocompatibility would characterize also
shape memory properties. That property depends on capa-
bility of return from transient shape (“freezing”), obtained
as a result of mechanical deformation, to the early original
shape, caused by defined stimulus, the most frequently,
temperature. That effect is the condition of receiving the
specific chemical or physical effect of cross-linking of linear
chain. This work presents results of the study on hydrogen
bonding type interactions appearing in lactide/glycolide/tri-
methylene carbonate terpolymers, which demonstrate the
shape memory. Such interactions can be one of the reasons
of appearing that observed property. To investigate it infrared
spectroscopy method was used. Infrared spectroscopy is
well known technique as well as in the polymer structure
studies as in the investigations of interactions appearing
in polymers. Developed recently derivative spectroscopy
allow to observed even smaal changes in infrared spec-
trum, which remarkably broad the possibilities in infrared
spectroscopy studies.

Materials and methods

The terpolymers investigated were obtained in the ter-
polymeryzation reaction of I-lactide, glicolide and trimethyl-
ene carbonate using Zr acetylactonate as the initiator. The
following content samples were analyzed (see TABLE):

T1 T2 T3 T4
Glikolidyl / Glicolidyl 39% 38% 35% 34%
Laktydyl / Lactidyl 52% 50% 52% 20%
Weglan / Carbonate 10% 12% 13% 46%
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Prébki T3 i T4, réznigce sie zawartoscig |-laktydu i trime-

® o o o o o o tylenoweglanu sg amorficzne i wykazujg bardzo dobre witas-

BI® MATERIALS

nosci pamieci ksztattu. Prébka T2 czesciowo krystaliczna
réwniez wykazuje wtasciwosci pamieci ksztattu, natomiast
probka T1 o nizszej masie czasteczkowej, silnie blokowa,
krystaliczna nie wykazuje tych wtasciwosci.

Prébki badano w postaci pastylek w bromku potasu.
Widma w podczerwieni rejestrowano na spektrometrze
FTS-40 z fourierowska transformacjg firmy BIO-RAD
(obecnie Digilab) z rozdzielczo$cig 1cm™ i przy liczbie
skandéw réwnej 32 w atmosferze azotu. Widma w zakresie
temperatur od 20 do 250°C rejestrowano co 10°C przy szyb-
kosci grzania 1°C/min. stosujac przystawke temperaturowg,
firmy Carl Zeiss Jena.

Drugie pochodne widm obliczono stosujgc metode
Savitzky-Golay przy liczbie konwolucji 20 i stopniu wielo-
mianu 2.

Wyniki i dyskusja

Widma FTIR otrzymane dla badanych terpolimeréw
w temperaturze pokojowej w zakresie charakterystycznym
dla drgan rozciggajacych grupy estrowej C=0 oraz drgan
rozciggajacych i deformacyjnych grupy alifatycznej réznig,
sie od widma uzyskanego po zsumowaniu widm FTIR
poszczegolnych polimeréw w odpowiednich proporcjach.

Obserwowane zmiany w widmach sg niewielkie, nie
wskazujg wiec raczej na zmiany w strukturze chemicznej
i mogg Swiadczy¢ o zmianie oddziatywan miedzyczastecz-
kowych (np. wigzania wodorowe) lub zmianie uporzadko-
wania w prébkach.

Aby réznice wystepujace w widmach FTIR w/w zwigz-
kow byly bardziej widoczne obliczono drugie pochodne
tych widm.

W zakresie charakterystycznym dla drgan rozciagajacych
estrowej grupy karbonylowej, dla drugiej pochodnej widma
uzyskanego po matematycznym dodaniu widm czystych
polimeréw otrzymano pasmo z maximum przy 1748cm’
(RYS.1), podczas gdy dla prébki T1 w zakresie tym obser-
wuje sie szerokie pasmo z maximum przy 1756cm™ i widocz-
nym garbem przy ok. 1748cm-'. Wskazuje to na powstanie
w prébce terpolimeru innych oddziatywan miedzyczastecz-
kowych niz ma to miejsce w czystych polimerach.

W przypadku drugiej pochodnej widm probek T2 i T3,
posiadajacych identyczny sktad jak T1, obserwujemy
w tym zakresie jedno szerokie pasmo z maximum przy
1756cm™" a wiec silnie przesuniete w stosunku pasma
dla drugiej pochodnej widma sumy czystych polimerow.
Nalezy jednak zauwazy¢, ze pasma dla tych prébek réwniez
réznig sie od pasma dla prébki T1, co moze swiadczy¢
o innym charakterze oddziatywan w terpolimerze T1i moze
by¢ przyczyng braku wtasciwosci zapamietywania ksztattu
tego terpolimeru.

W zakresie charakterystycznym dla drgan deformacyj-
nych grupy alifatycznej dla probki T1 obserwuje sie jedno
pasmo przy 1458cm', podobnie jak to ma miejsce dla
pochodnej sumy widm. Dla probek T2 i T3, wykazujacych
wiasciwosci pamieci ksztattu, dodatkowo wystepuje pasmo
przy 1462cm-'. Obserwowane roznice w zakresie charakte-
rystycznym dla drgan grupy karbonylowej i alifatycznej moga
Swiadczy¢ o wystepowaniu oddziatywan pomiedzy tlenem
grupy karbonylowej a wodorem grupy alifatycznej, co moze
potwierdzac istnienie oddziatywan typu wigzan wodorowych
w prébkach T2 i T3. W przypadku prébki T1 réznice tylko
w zakresie charakterystycznym dla grupy karbonylowej
moga $wiadczy¢ o zmianie uporzadkowania w tym terpoli-
merze w stosunku do czystych polimerow.

The T3 and T4 samples, differing the content of |-lactide
and trimethylene carbonate, are amorphous terpolymers
exhibiting good shape memory properties. The T2 sample,
partly crystalline, also demonstrate shape memory proper-
ties, while lower molecular weight T1 one, strongly blocked
and crystalline does not exhibit such properties.

Samples were analyzed in a form of pellets in potassium
bromide. Infrared spectra were acquired on a DIGILAB
FTS-40A Fourier transform infrared spectrometer in the
range of 4000-400cm™" at a resolution of 1cm™ and for an
accumulated 32 scans. Spectra recorded at elevated tem-
peratures were obtained using Carl Zeiss Jena high-tem-
perature control equipment in the temperature range from
20 to 250°C. The samples were heated under nitrogen at the
rate of 1°C/min. and FTIR spectra were recorded by 10°C.

Second derivative spectra were calculated using the
Savitzky-Golay method, degree of polynomial: 2, number
of convolution points: 20.

Results and discussion

The FTIR spectra recorded for the terpolymers inves-
tigated at room temperature differ from the spectrum ob-
tained after adding the FTIR spectra of corresponding pure
polymers (polylactide, polyglycolide and trimethylcarbonate)
at a relative ratio mainly in the region characteristic for
the stretching vibrations of the C=0 ester group and the
stretching and deformation vibrations of aliphatic groups.
The differences observed are rather small and do not
indicate on the structure changes. They rather prove that
changes at intermolecular interactions (hydrogen bonding)
or changes at terpolymer ordering take place.

Considering that the differences observed for analyzes
samples are small, the second derivative spectra were
calculated.

In the region ascribed to stretching vibrations of the
ester carbonyl group in the case of the second derivative
spectrum of the sum of pure polymers spectra the band
at 1748cm™" (FIG.1) is obtained, while for the T1 sample
broad band with maximum at 1756cm™" and a shoulder at
1748cm is observed. This indicates that the different inter-
actions appears in terpolymer than in the pure polymers.

In the case of the second derivative spectra of the T2
and T3 samples, with the same chemical constitution as the
T1 one, only one broad band with maximum at 1756cm-"
is observed in that region. Thus, it is strongly shifted in
relation to the mathematical sum of pure polymers spectra.
It can be also noticed that spectra of these samples differ
from the spectrum of the T1 one and it could prove about
different interactions existence in the terpolymer T1 and it
could be a result of absence of shape memory poperties
in that case.

Similarly as for the sum of pure polymer spectra, in
the region corresponding to stretching vibrations of the
aliphatic groups one band at 1458cm™" appears for the T1
sample, while for the shape memory terpolymers T2 and T3
additionally the band at 1462cm-' is detected. These differ-
ences observed at the regions due to vibrations of the ester
carbonyl and aliphatic groups can suggest that the interac-
tions between the oxygen of carbonyl group and the hydro-
gen from aliphatic groups take place, which could confirm
the existence of hydrogen bond type interactions in the
case of the T2 and T3 terpolymers. The differences
observed for the T1 only for the carbonyl group can prove
about different ordering in that sample in relation to pure
polymers.
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Prébka T4 znacznie rézni sie sktadem od pozostatych,
co odzwierciedla sie w uzyskanym widmie i uniemozliwia
bezposrednie poréwnanie tego widma z widmami pozosta-
tych terpolimerow. Jednak i w tym przypadku wystepujg roz-
nice pomiedzy pochodng widma prébki a pochodng widma
sumy widm czystych polimeréw w odpowiednim stosunku.

Pasma wystepujgce w zakresie charakterystycznym
dla drgan rozciagajacych grupy alifatycznej dla probki T4
sq szersze i 0 nizszej intensywnos$ci niz dla sumy widm
czystych polimeréw.

W zakresie charakterystycznym dla drgah rozciggaja-
cych estrowej grupy karbonylowej w przypadku pochodnej
widma sumy obserwuje sie stosunkowo ostre pasmo przy
1746cm, a dla probki T4 szerokie przy 1750cm™ i z widocz-
nym garbem przy ok. 1760cm.

Ponadto obserwuje sie takze przesuniecia w zakresie
charakterystycznym dla drgan deformacyjnych grupy ali-
fatycznej. Pasmo wystepujace w pochodnej sumy widm
przy 1418cm™" przesuneto sie do 1427cm a pasmo przy
1383cm™' znaczaco zmniejszyto swa intensywnos¢. Pojawito
sie natomiast pasmo przy 1400cm', obserwowane réwniez
dla pozostatych terpolimeréw.

Opisane wiec powyzej roznice, podobnie jak dla terpo-
limeréw T2 i T3, moga wskazywacé takze na obecno$¢ od-
dziatywan typu wigzah wodorowych w tym terpolimerze.

The constitution of the sample T4 notably differs from that
of the other samples, which is reflected at obtained spectrum
and makes impossible direct comparing of that spectrum
with these of the other terpolymers. However also in that
sample differences between the T4 second derivative spec-
trum and that of the sum of pure polymers are noticed.

The bands appearing in the region characteristic for the
stretching vibrations of the aliphatic group for the sample
T4 are broader and lower intensity than these of the sum
of pure polymers.

In the region attributed to stretching vibrations of the
ester carbonyl group for the sum of pure polymer spectra
relatively sharp band with maximum at 1746cm™ is recorded,
while for the T4 sample broad band at 1750cm-' with
a shoulder at about 1760cm™" is detected.

Moreover also the shifts in the region associated with
deformation vibrations of aliphatic groups are observed. The
band appearing for the sum of polymer spectra at 1418 shifts
to 1427cm' and the band at 1383cm™' considerably diminish-
es its intensity. On the contrary appears the band at 1400cm-!,
which is also observed for the other terpolymers.

The differences ascribed above, similarly as for the T2
and T3 terpolymers, can indicate of the presence of the
hydrogen bond type interactions also in the case of that
terpolymer.
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Celem doktadniejszego zanalizowania tych oddziatywan

® o o o o o o wykonano widma poszczegodinych terpolimerow w wyzszych

BI® MATERIALS

temperaturach.

Dla wszystkich badanych prébek zmiany w zakresie
charakterystycznym dla drgan rozciggajacych grup alifa-
tycznych sg poréwnywalne. Wraz z wygrzewaniem probek
pasma przy 2962, 2921 i 2853cm przesuwajg sie w strone
wyzszych liczb falowych a ich intensywnos¢ sie zmniejsza.
Po schtodzeniu intensywnosci pasm wzrastajg i stajg sie
poréwnywalne z intensywnoscig w widmie otrzymanym
w 180°C. Podobnie z potozeniem pasm.

Wieksze roznice dla poszczegodlnych terpolimerow
obserwuje sie w zakresie charakterystycznym dla drgan
rozciggajacych estrowej grupy karbonylowej. Podczas
wygrzewania prébki T1 do 150°C pasmo to przesuwa
sie do 1760cm™ oraz zwieksza sie jego intensywnosé.
Natomiast garb przy 1748cm ! zmniejsza swa intensywnos¢.
Dalsze wygrzewanie powoduje dalsze obnizenie intensyw-
nosci tego pasma. Natomiast pasmo przy 1760cm-' przesu-
wa sie z powrotem w strone nizszych liczb falowych, lecz
w dalszym ciggu jego intensywnos$¢ rosnie. W 250°C widocz-
ne jest jedno pasmo przy 1754cm, ktére po schtodzeniu
przesuwa sie do 1757cm™, jeszcze bardziej zwiekszajac
swag intensywnos¢. Dla prébki T2 intensywnos¢ pasma
obserwowanego w temperaturze pokojowej przy 1756cm-
' podczas wygrzewania do 150°C nieco sie podwyzsza
a pasmo przesuwa sie do 1759cm™', po czym przesuwa sie
w strone nizszych liczb falowych osiagajac w 250°C poto-
zenie przy 1754cm'. Réwnoczes$nie pojawia sie garb przy
1750cm™'. Po schtodzeniu garb zanika, pasmo obserwuje
sie przy 1757cm™, lecz intensywno$¢ dalej sie zwiekszyta.
Podczas wygrzewania prébek T3 i T4 obserwuje sie jedy-
nie niewielkie zmiany w widmie w tym zakresie, co moze
by¢ ttumaczone amorficznoscig tych terpolimerow. Zmiany
obserwowane wiec dla prébki T1i T2 w tym zakresie moga
wynikac z krystalicznosci (T1) lub czesciowej krystalicznosci
(T2) tych probek.

Jednakze dla probek T2 i T3 obserwuje sie réwniez
zmiany w zakresie odpowiadajgcym drganiom deformacyj-
nym grup alifatycznych. Juz w temperaturze 40°C zanika
pasmo przy 1462cm' (RYS.2)i w 250°C obserwuje sie tylko
pasmo przy 1455cm™, ktére po schtodzeniu nieco zwieksza
swa intensywnos$¢ przesuwajac sie do 1447cm-', natomiast
pasmo przy 1462cm™ nie pojawia sie. Poniewaz opisane
zmiany w tym zakresie dotyczg zaréwno probki amorficznej
jak i czesciowo krystalicznej, mozna je wyttumaczyc¢ jako
zmiany zwigzane ze zrywaniem ,wigzan wodorowych”
obecnych w tych terpolimerach.

Podsumowanie

Wykorzystujgc metode spektroskopii pochodnej
w zakresie podczerwieni wykazano istnienie w badanych
terpolimerach oddziatywan zaréwno zwigzanych z uporzad-
kowaniem jak réwniez typu wigzan wodorowych. Wystepujace
w analizowanych zwigzkach wigzaniach wodorowe praw-
dopodobnie odgrywajg role w zdolnosci pamieci ksztattu
tych terpolimerow.

In the aim to more precise analyzing of these interactions
the spectra at elevated temperatures are recorded.

For the all samples investigated changes observed in
the region corresponding to stretching vibrations of the
aliphatic groups are comparable. During heating the bands
at 2962, 2921 and 2853cm™' shift to higher wavenumbers
diminishing theirs intensities. After cooling to room tem-
perature intensities increase being comparable with these
obtained at 180°C. Similarly with the positions of them.

More differences are observed in the region arising
from stretching vibrations of the ester carbonyl group.
During heating of the T1 sample to 150°C this band shifts to
1760cm increasing its intensity. On the contrast shoulder
at 1748cm™' decrease its intensity. Further heating causes
following increase in intensity of that shoulder, while the band
at 1760cm shifts back to lower wavenumbers although
its intensity is continuously increasing. At 250°C only one
band at 1754cm™ is detected, which after cooling shifts to
1757 cm™ increasing its intensity.

Intensity of the band observed for the T2 sample at room
temperature at 1756cm-'1 during heating to 150°C slightly
increases its intensity and the band shifts to 1759cm-'.
During further heating it shifts to lower wavenumbers
and at 250°C reaches 1754cm. Simultaneously appears
a shoulder at 1750cm™'. After cooling the shoulder disap-
pears and the band is observed at 1757cm-, although its
intensity further increases. During heating of the T3 and T4
samples only small changes in that region of the second
derivative spectra are detected. It can be explained by amor-
phous character of these terpolymers Thus, changes in that
region for the T1 and T2 samples can be a result of crystal-
line (T1) or partial crystalline (T2) character of them.

However for the T2 and T3 samples changes are also
observed at the region corresponding to deformation
vibrations of aliphatic groups. Already at 40°C the band at
1452cm-! disappears (FIG.2) and at 250°C only one band at
1455cm-' is recorded, which after cooling slightly increases
its intensity, shifting to 1447cm™'. The band at 1462cm™' does
not appear after cooling. Due to the fact that that ascribed
changes concern as well as the amorphous as partly crystal-
line samples it can be explain as the changes connected with
breaking of hydrogen bonds present in these polymers.

Summary

The second derivative spectroscopy method in infrared
region was used to demonstrate the existence in terpolymers
investigated interactions connecting as well as with poly-
mer ordering as with hydrogen bonding type interactions.
Appearing at terpolymers analyzed hydrogen bonds
probably plays role in shape memory ability of these
terpolymers.
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Streszczenie

Przy pomocy mikroskopu sit atomowych przepro-
wadzono analize topografii powierzchni materiatow
polimerowych w aspekcie badan adhezji i proliferacji
komorek chondrocytéw. Hodowle komdérkowe pro-
wadzono na ptytkach optaszczonych kopolimerami
laktydu z glikolidem Ilub laktydu z trimetylenowegla-
nem. Kopolimer statystyczny laktydu z glikolidem
85/15 otrzymany w kopolimeryzacji wobec inicjatora
cyrkonowego okazat sie obiecujgcym materiatem
o potencjalnym zastosowaniu jako nosnika chondro-
cytow w terapii defektéw tkanki chrzestnej.

[Inzynieria Biomateriatéw, 63-64, (2007), 55-59]

Wprowadzenie

Jednym z najwiekszych wyzwan w badaniach z zakresu
medycyny regeneracyjnej dotyczacych chrzastki szklistej
jest odtworzenie, w warunkach in vitro tkanki, ktérej macierz
pozakomédrkowa charakteryzowataby sie wiasciwosciami
biochemicznymi oraz biomechamicznymi zblizonymi do
tkanki natywnej. Waznym czynnikiem wptywajacym na
réoznicowanie sie komoérek do pozadanego fenotypu jest
dobdr biokompatybilnego nosnika o odpowiednich wtasci-
wosciach fizykochemicznych oraz strukturze przestrzenne;.
Wiasciwosci nosnika powinny sprzyjac zasiedlaniu go przez
komorki oraz ich namnazaniu i réznicowaniu do takiej
postaci, aby mogly petni¢ pozadane funkcje. Interakcje
z podiozem wptywajg na aktywnos$c¢ oraz fenotyp komorek,
a dobor materiatu z jakiego bedzie ono wykonane daje
mozliwosc¢ kontrolowania proceséw réznicowania chondro-
cytow oraz ich zachowania.

Celem pracy byta analiza topografii powierzchni nosni-
kow polimerowych w aspekcie zjawisk adhezji i proliferacii
komérek tkanki chrzestnej.

Materialy i metody

Chondrocyty izolowano z chrzestnego fragmentu zebra
3 letniego chtopca i umieszczono w pozywce MEM (Sigma)
z dodatkiem 10% FBS. Hodowle prowadzono w polistyre-
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Abstract

The analysis of the surface topography of
polymeric materials in aspect of chondrocyte adhesion
and proliferation was performed using atomic force
microscopy technique. Dishes coated with biodegra-
dable copolymers of lactide with glycolide and lactide
with trimetylenocarbonate were used in cell culture.
Random poly(L-lactide-co-glycolide) 85/15 obtained
in the copolymerization with zirconium initiator proved
the promising material, which can be used as the
carrier of chondrocytes in therapy of the cartilaginous
tissues defects.

[Engineering of Biomaterials, 63-64, (2007), 55-59]

Introduction

One of the greatest challenges of regenerative medicine
researches is the reconstruction in vitro of hyaline cartilage
with extracellular matrix characterized by biochemical
and biomechanical properties similar to the native tissue.
The most essential item is a selection of biocompatible cell
carrier with appropriate physicochemical properties and
the spatial architecture, stimulating cell differentiation and
acquisition of desirable phenotype. Properties of the carrier
should promote its colonization by cells and stimulate their
proliferation. Interactions of cells with the substrate influence
the activity and phenotype of cells. Selection of appropriate
material to prepare of the cell carrier gives ability to control
processes of differentiation and activity of chondrocytes.

The aim of the work was the analysis of the surface to-
pography of polymeric materials in aspect of the phenomena
of chondrocyte adhesion and proliferation.

Materials and methods

The cells were isolated from costal cartilage from a rib
of a three-year-old patient. Isolated cells were cultured in
polystyrene flasks at 37°C in 5% CO,, in MEM supplemented
with 10% fetal bovine serum. Chondrocytes were seeded
on cell culture dishes coated with copolymers of L-lactide,
glycolide and trimethylene carbonate. The first mate-
rial used was a copolymer of glycolide and L-lactide with
a molar ratio of monomers 85:15. The second copolymer
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nowych naczyniach w temperaturze 37°C, w atmosferze
95% powietrza i 5%CO,. Jako podtoza dla chondrocytéw
wykorzystano kopolimery glikolidu, laktydu oraz trimety-
lenoweglanu (TMC). Podtoze 1 wykonano z kopolimeru
L-laktydu z glikolidem o udziale molowym jednostek
komonomerycznych 85/15, a podtoze 2 wykonano
z kopolimeru L-laktydu z TMC o udziale jednostek komo-
nomerycznych 70/30. Prébe kontrolng stanowity chondro-
cyty rosngce na niemodyfikowanym plastikowym podtozu
polistyrenowym.

Topografia powierzchni podtozy oceniana byta przy po-
mocy mikroskopu sit atomowych TopoMetrix Explorer AFM,
pracujacego w trybie kontaktowym.

Oceny morfologii chondrocytéw dokonano po 96h
hodowli przy pomocy mikroskopu odwréconego OLYMPUS-
IX 70, za$ szybkos¢ proliferacji komérek badano z wyko-
rzystaniem zestawu CyQUANT Cell Proliferation Assay Kit.
Ten sam zestaw umozliwit ocene procesu zakotwiczania sie
chondrocytéw na badanych podtozach. Zasada testu opiera
sie na pomiarze fluorescencji emitowanej przez barwnik
CyQUANT GR, wigzacy sie z kwasami nukleinowymi ko-
morek. Ekspresje podjednostek integrynowych a5 oraz 1
badano z wykorzystaniem immunoblotingu.

Analize statystyczng przeprowadzono z wykorzystaniem
testu t-Studenta, przy uzyciu programu STATISTICA 6.0.

Wyniki i dyskusja

Kluczowe znaczenie dla wdrozenia nowych metod
leczenia ubytkdw tkanki chrzestnej ma opracowanie bioz-
godnych nosnikow, ktére mogtyby by¢ wykorzystywane do
wytwarzania tréjwymiarowych, resorbowalnych podtozy
o mikrostrukturze i wlasciwosciach sprzyjajacych zasied-
laniu ich przez komérki. Podtoze powinno takze zapewni¢
Srodowisko, w ktorym komorki moga utrzymac zréznicowany
fenotyp, syntetyzowa¢ wymagane biatka i molekuty macierzy
zewnagtrzkomorkowe;.

Wptyw na zachowanie i morfologie komorek ma nie tylko
skfad chemiczny podioza, ale takze jego cechy fizyko-che-
miczne, miedzy innymi topografia powierzchni i porowatos$c.
Komérki prawidtowe reaguja z bardzo duzg czutoscig na
rzezbe powierzchni, ktéra wptywa na stopien zakotwiczania
komoarek do podioza. Adhezja z kolei odgrywa istotng role
w wielu procesach takich jak: proliferacja, réoznicowanie
komorek, ich apoptoza, migracja, a nawet ekspresja genéw
i kurczliwos¢ komorek [1,2]. Tylko komorki przytwierdzone
do podioza podejmujg synteze DNA i proliferujg, natomiast
utrata tego kontaktu powoduje zahamowanie wzrostu
i w wielu przypadkach $mier¢ apoptyczna [3].

Kontrola nad réznicowaniem sie i proliferacjg komorek
jest niezwykle wazna w inzynierii tkankowej, dlatego celem
prezentowanej pracy byta ocena wptywu mikrostruktury
dwéch podtozy polimerowych, na
zdolnos¢ adhezji, proliferacje oraz jz
morfologie chondrocytow. s

Po 96h od zatozenia hodowli, ob- |
serwowano jak zastosowane podioza
wptywajg na morfologie dojrzatych
chondrocytéw, kitdére majg tendencje
do odrdéznicowywania sie w warun-
kach in vitro [4]. Tuz po uwolnieniu &
z tkanki chondrocyty przybieraty
postac kulistg swobodnie ptywajac
w pozywce, jednak w ciggu kilku
godzin ulegaty adhezji do podioza.
Zakotwiczone komorki ulegaty roz-
ptaszczeniu na dnie naczynia i tra-
city kulisty ksztatt (RYS.1), po czym

was 70:30 poly(L-lactide-co-trimethylene carbonate).
The control material was standard tissue culture polystyrene.
The surface morphology investigations of the polymeric films
were performed in air using the atomic force microscope
(TopoMetrix Explorer) in contact mode. The morphology
of cells was analyzed using the inverted OLYMPUS [X70
microscope. Cell proliferation and adhesion were quanti-
ficed by means of CyQUANT® Cell Proliferation Assay Kit
(Molecular Probes). The basis for this assay is the use of the
green fluorescent dye (CyQUANT GR dye), which exhibits
strong fluorescence enhancement when bound to cellular
nucleic acids. a5 and B1 integrin subunits expression was
measured by Western blotting.

Results and discussion

Finding new biocompatible carriers, which could be used
for production of three-dimensional, resorbable scaffolds with
the microstructure and properties supporting colonization by
chondrocytes is of crucial importance for implementation of
new procedures of therapy against cartilage defects. These
scaffolds should provide the environment in which the cells
can maintain differentiated phenotype, synthesize required
proteins and molecules of the extracellular matrix.

Apart from chemical composition of the substrate, its
physical features as well as the topography of surface and
its porosity can influence on the behavior and the morphol-
ogy of cells. The normal cells react with the great sensitivity
on the relief of surface, which influences on the amount of
cells anchored to the substrate. On the other hand adhe-
sion plays an essential role in many processes such as:
proliferation, differentiation, apoptosis, migration and even
contractility of the cells and gene expression [1,2]. Only the
cells attached to the substratum carry out the DNA synthesis
and proliferate, and loss of this contact causes inhibition of
growth and in many cases apoptotic death [3].

The precise control of differentiation and proliferation of
the cells is extremely important in tissue engineering, and
therefore, the aim of the presented work was the evaluation
of the impact of microstructure of two polymeric materials
on the adhesion, proliferation and morphology of human
chondrocytes.

After 96h from starting a culture, the influence of poly-
meric substrata on morphology of mature chondrocytes was
analyzed, the cells that have a tendency to dedifferentiate
during in vitro propagation [4]. After release of chondro-
cytes from tissue, they take spherical shape freely floating
in medium, however within few hours the cells underwent
the adhesion to the substratum. Attached cells underwent
flattening at the bottom of the cell culture dish. They lost
the spherical shape (FIG.1) and underwent proliferation.
The proliferation on the materials studied was only slightly

RYS.1. Obraz hodowli chondrocytéw po 96 godzinach inkubacji na podtozu
a) polistyrenowym, b) optaszczonym polimerem 1, c) optaszczonym poli-
merem 2 (powigkszenie x100).

FIG.1. Image of chondrocytes after 96 h of the incubation in culture on
a) polystyrene, b) 85:15 poly(L-lactide-co- glycolide), c) 70:30 poly(L-lactide-
co-trimethylene carbonate (100x enlargement).
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podejmowaty proliferacje. Proliferacja na zastosowanych
podtozach polimerowych byta tylko nieznacznie mniejsza
w poréwnaniu do jej szybkosci na powierzchni polistyre-
nowej (RYS.2a). Tak dobry wzrost chondrocytéw na tych
biomateriatach mozna ttumaczy¢ znaczna iloscig segmen-
tow laktydylowych tancucha kopolimerowego w podtozu.
Potwierdzajg to réwniez wyniki badan Pamuty i wsp. [5],
a takze Hondy i wsp. [6], ktorzy sugeruja lepszg kompatybil-
nos¢ polimeréw zawierajacych w swoim sktadzie tancuchy
polilaktydowe w poréwnaniu z innymi poliestrami.

Z kolei ilos¢ zaadsorbowanych chondrocytéow po 3 i 4
godzinach hodowli na podfozach polimerowych réznita sie
istotnie (RYS.2b). Na podiozu 1 liczba zakotwiczonych chon-
drocytow byta zblizona do ich liczby w hodowli kontrolnej
(RYS.2b). Natomiast na podtozu 2 zakotwiczanie komo-
rek zachodzito znacznie wolniej niz w kontroli (RYS.2b).

decreased compared to the polystyrene surface (FIG.2a).

Good growth of chondrocytes on these biomaterials can © @ @ e @ @ o

be explained by the abundance of lactide segments of
polymeric chains. The findings of Pamuta et al. [5] as well
as of Honda et al. [6] are generally in concordance with our
results, moreover these authors suggest the better com-
patibility of polymers containing polylactid chains in their
composition compared with the others polyesters.

On the other hand, the amount of attached chondrocytes
after 3 and 4 h incubation on the polymeric materials differed
significantly (FIG.2b). On the substratum 1 the amount of
attached chondrocytes was similar as in control (FIG.2b).
However, on the substratum 2 the anchoring of the cells
occurred much slower than in the control (FIG.2b). Strik-
ing differences in the surface topography of both substrata
could be an important factor influencing the rate of cell an-

A

100, 00%
90, 00%
B0, 00%
70,00%
B0, 00%
50, 00%
40,00%
30,00%
20,00%

N\

10,00%

0,00% T T
pl p2

B
120 U0% /i_ﬁ__“__

10000%

80,00%

60,00 %

4000%

2000%

0,00%

pl

p2

RYS.2. a) liczba chondrocytéw po 96 godzinach hodowli na poditozach polimerowych 1 oraz 2 (% kontroli),
b) liczba chondrocytow ktore uleglty adhezji (po 3 oraz 4 h inkubacji) do podioza polimerowego 1 oraz 2 w od-
niesieniu do hodowli kontrolnej na podtozu polistyrenowym (%).

FIG.2. a) Number of the cell after 96 h incubation on the polymer 1 and 2 (% of control), b) number of anchored
chondrocytes (3 and 4 h incubation) to the polymer 1 and 2 (% of control on polystyrene base)

Czynnikiem, ktory mégt mie¢ znaczacy wplyw na szybkosé
zakotwiczania sie komorek byly réznice w topografii obu
podiozy (RYS.3b,c). Chropowato$¢ w duzym stopniu wpltywa
na réznice w zdolnos$ci zakotwiczania sie chondrocytow [7].
Na zachowanie i wyglad komdérek majg wptyw nawet bardzo
drobne rysy powierzchni o gtebokosci 6 nm [8]. Podioze 1
charakteryzowato sie gtadkg powierzchnig z rzadka wyste-
pujacymi wgtebieniami (RYS.3b), natomiast na powierzchni
materiatu 2 widoczne byly stosunkowo plytkie lecz liczne
i ostre uwypuklenia i zagtebienia (RYS.3c). Niektorzy autorzy
sadzg, ze nieréwnosci podtoza o ostrych ksztattach mogg
mechanicznie uszkadzac¢ komorki [9]. Powierzchnia podtoza
2 wygladata jak naszpikowana ostro zakonczonymi stozkami
(RYS.3c ), co mogto utrudnia¢ komorkom zakotwiczenie
sie. Podtoze 1 ze wzgledu na swojg topografie (RYS.3b)
pozwolito najprawdopodobniej na wytworzenie wiekszej
ilosci potaczen miedzy jego powierzchnia, a integrynami
zakotwiczonymi w btonie komoérkowej chondrocytow. Biatka
te odgrywaja kluczowa role w procesach adhezji komorek.
Wiazg one biatka cytoszkieletu z biatkami substancji mie-
dzykomorkowej, co uruchamia kaskade reakcji wewnatrz-
komérkowych decydujacych o morfologii oraz aktywnosci
metabolicznej komoérek, tym samym wplywajgc na procesy
ich réznicowania.

Zdolnos$¢ adhezji do danego podifoza w duzej mierze
zalezy takze od sktadu poszczegdélnych podjednostek
integryn [10]. Integryny a5B1 odgrywajq istotng role w kon-

choring (FIG.3b,c). The roughness of surface significantly
influences the ability of chondrocytes to attach [7]. Even
slight scratches of the surface (6nm depths) can affect
behavior and morphology of the cells [8]. The substratum
1 was characterized by a smooth surface with sparsely
appearing hollows (FIG.3b). However, on the surface of
polymer 2 relatively shallow but numerous and sharp heights
and hollows were visible (FIG.3c). Some authors suggest
that the sharp irregularities of surface can mechanically
damage the cells (9). The surface of material 2 looked as
larded with sharp ended cones (FIG.3c), what could make
it difficult for cells to attach. The substratum 1 with regard to
its topography (FIG.3b) most probably permitted for larger
amounts of connections between its surface and integrins,
the integral plasma membrane proteins of chondrocytes,
than the material 2. These proteins act the key role in the
attachment of a cell to the extracellular matrix (ECM) and
in signal transduction from the ECM to the cell. They are
combining proteins of cytoskeleton with proteins of intercel-
lular substance, what is starting the cascade of intracellular
reactions crucial for morphology and metabolic activity of the
cells and influencing processes of differentiation. The ability
of the cell to adhere to the substrate largely depends on the
composition of individual subunits of integrins [10].
Integrins a5B1 play an essential role in the control of the
process differentiation of chondrocytes. Acting as mech-
anoreceptors they mediate the influence of mechanical
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RYS.3. Topografia powierzchni podtozy: a) polistyrenowego, b) polimer 1 (85 % L-Laktyd/ 15% Glikolid),
c) polimer 2 (70% L-Laktyd/30% TMC). Obraz uzyskany z mikroskopu sit atomowych.

FIG.3. Topology of bases surfaces: a) polystyrene, b) 85:15 poly(L-lactide-co- glycolide), c) 70:30 poly(L-lactide-
co-trimethylene carbonate). Atomic force microscope image.
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troli procesu réznicowania chondrocytow. Dziatajac jako
mechanoreceptory posredniczg one w oddziatywaniu
bodzcéw mechanicznych na fenotyp tych komérek [11].
W obecnej pracy wykazano, ze chondrocyty hodowane
na powierzchni badanych biomateriatéw utrzymywaty na
wysokim poziomie ekspresje podjednostek integrynowych
ob oraz B1

Biorgc pod uwage otrzymane wyniki mozemy stwier-
dzi¢ iz podtoze 1 (85:15 poli(L-laktydo-ko-glikolid) stanowi
obiecujgcy materiat, ktéry moze by¢ wykorzystany jako
nosnik chondrocytéw w leczeniu ubytkéw tkanki chrzest-
nej. Ponadto technika AFM jest uzytecznym narzedziem
w badaniu topografii podiozy hodowlanych wykonanych
z poliestréw alifatycznych.
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stimuli on the phenotype of these cells (11). In the current
work it was shown that the chondrocytes cultured on the
surface of investigated biomaterials had kept the expression
of integrin subunits a5 and 1 on the high level.

Considering received results we can conclude that poly-
mer 1 (85:15 poly(L-lactide-co-glycolide) is the promising
material, which can be used as the carrier of chondro-
cytes in therapy of the cartilaginous tissues defects.
Moreover, the AFM technique appeared as a useful tool
in the investigations of topography of the solid substrata
made from aliphatic polyesters.
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