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Streszczenie

Artykut dotyczy uszlachetniania powierzchni tyta-
nu powtokg diamentopodobng w celu zwiekszenia
Jego biotolerancji w organizmie ludzkim.

Na powierzchni probek z tytanu wytworzono ochron-
nq warstwe diamentopodobng, stosujgc metode im-
plantacji jonowej. Dokonano oceny jej wtasnosci me-
chanicznych oraz adhezji do podfoza metalowego.
Scharakteryzowano witasnosci uzytkowe implantéw
metalowych oraz stawiane im wymagania.
Omoéwiono metode jonowg IBAD formowania powtok
weglowych na materiatach metalowych, jak réwniez
metodyke badan wytrzymato$ci, mikrotwardo$ci,
szczelnosci i adhezji powtok do podfoza metalowego.
Przedstawiono wyniki badarn mechanicznych i adhe-
Zji do podfoza oraz zamieszczono sugestie odnosnie
kierunkéw dalszych badan.

Slowa kluczowe: implanty metalowe, tytan, po-
wtoka diamentopodobna, implantacja jonow, adhezja,
mikrostruktura, wtasciwosci mechaniczne.

[Inzynieria Biomateriatow, 56-57,(2006),1-11]

Wstep

Préby wykorzystania obcych materiatdw w organizmie
ludzkim siegajg praktycznie poczatkdw medycyny. W tym
celu stosowane byty rézne materiaty: drewno, kosci zwie-
rzat oraz metale szlachetne, takie jak ztoto i srebro. W la-
tach czterdziestych XX wieku przeprowadzono pierwsze
préby zastosowania tytanu i jego stopodw w chirurgii kost-
nej. O ich przydatnosci zdecydowata bardzo dobra odpor-
nos¢ korozyjna w srodowisku tkankowym. Nalezy podkre-
sli¢, Zze majg one mniejszy ciezar wkasciwy w poroéwnaniu
ze stopami na osnowie zelaza i kobaltu, co stanowi wazng
zalete tworzywa wykorzystywanego na endoprotezy stawo-
we. Stopy tytanu znalazty réwniez zastosowanie w protety-
ce stomatologicznej oraz kardiologii [1, 2].
Tytan i jego stopy znajdujg szerokie zastosowanie jako
wszczepy czasowe w postaci pretow, gwozdzi, grotow, dru-
tow, wkretdw i ptytek w rekonstrukcji ztaman kosci oraz jako
wszczepy trwate w postaci protez stawow lub ich czesci,
sztucznych zastawek serca, a takze w wielu wyrobach, ta-
kich jak stymulatory serca.
Niekiedy stosowane nazwy implantow nawigzujg do ich
konkretnego umiejscowienia. Mozna tu zaliczy¢ rézne ro-
dzaje implantéw pokazane na RYS. 1-7:
- implant ortopedyczny - stosowany by wspomoéc kosé,
chrzastke, wiezadta, sciegna lub powigzane z nimi tkanki,
albo zastepujacy lub uzupetniajgcy tymczasowo brak na
state tkanki (RYS. 5,6,7),
- implant czaszkowo-twarzowy - stosowany w obszarze
czaszkowo-twarzowym wytgczajgc obszar jamy ustnej, ktory
ma na celu poprawienie lub zastgpienie okreslonych tka-

MODIFICATION OF THE TITANIUM
SURFACE WITH A DIAMOND-LIKE
CARBON COATING
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RaJcHEL Bocustaw***, RaAkowski WIESLAW**
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Abstract

Modification of the surface of titanium alloy biomate-
rial with the diamond--like carbon coating (DLC) in
order to increase its biocompability in the human or-
ganism, its hardness and wear resistance were
analyzed.

The diamond-like carbon coatings were formed on the
titanium specimens, then their adhesion to the metal
substrate was evaluated. lon Beam Assisted Deposi-
tion method was used for improving the titanium sur-
face. The mechanical properties of the coating and
substrate and adhesion to the base metal were evalu-
ated.

Morphology of titanium and the diamond-like car-
bon films were examined under the Light and Scan-
ning Microscope. The microscopic examinations re-
vealed satisfying structural homogeneity on the coated
surface.

The results of microstructural and mechanical tests
as well as of those concerning the adhesion to the
base are given. The utilization properties of metal
implants and the requirements which are imposed onto
them were characteristed.

Keywords: metal implants, titanium, diamond-like
carbon coating (DLC), ion implantation, adhesion,

[Engineering of Biomaterials, 56-57,(2006),1-11]

Introduction

Attempts at introducing foreign materials to the human
organism practically date back to the beginnings of medi-
cine. To this end various materials, such as wood, animal
bones and precious metals were used. In forties of the 20th
century, first attempts at the application of titanium and its
alloys in bone surgery were made. Very good corrosion re-
sistance in the medium of the tissues decided about their
utility. It should be stressed that, compared with iron- and
cobalt-based alloys, they have lower mass density which is
an important advantage of the material used for
endoprostheses of joints. Titanium alloys also found appli-
cation in dental protectics and in cardiology [1,2].
Titanium and its alloys find extensive application as tempo-
rary implants in the form of bars, nails, wires, darts, screws
and plates for the reconstruction of fractured bones, and as
durable implants of the joint endoprostheses or parts of those
endoprostheses, artificial heart valves and numerous other
products, e.g. heart pacemakers.
Sometimes the names of the implants refer to their specific
location. Among various implants, the following ones can
be distinguished. (FIGs.1-7)
- orthopaedic implants - used to support bones, gristles,
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nek twardych lub miekkich, z wyjatkiem mdzgu, oczu i ucha
wewnetrznego (RYS. 2, 3),

- implant dentystyczny - to rodzaj implantu ustnego sto-
sowany do uzupetnienia ubytku zeba (RYS. 4).

Z biomateriatéw tytanowych wytwarzane sg rézne uzytko-
we postacie implantéw (RYS. 1) [3].

Pozostaje jednak nierozwigzany do konca problem, a mia-
nowicie: czy tytan jest catkowicie bezpieczny, czy tez zmieni
sie w srodowisku tkanek i z jakimi ewentualnymi konse-
kwencjami dla biorcy [4].

Metale i ich stopy stosowane w implantacji powinny cha-
rakteryzowac sie nastepujacymi cechami [5, 6, 7]:

- dobrg odpornoscig na korozje,

- biotolerancjg (nietoksycznosc),

- odpowiednim sktadem chemicznym i drobnoziarnistg struk-
tura,

- dobrg wytrzymatoscia,

- okreslonym stanem powierzchni,

- brakiem tendenciji do tworzenia zakrzepow,

- posiadaniem odpowiednich wiasciwosci elektrycznych oraz
magnetycznych,

- podatnoscig na obrobke mechaniczna.

Biotolerancja (biokompatybilno$¢, zgodnos¢ biologiczna)
jest jedng z najwazniejszych cech implantéw. Zwigzana jest
ona z podatnos$cig wszczepu na korozje lub biodegradacja,
a co z tym sie wigze - sklonnoscig do inicjowania reakcji
toksycznych i alergicznych, a takze mechaniczng reakcja
tkanek na obce ciato. Najwiekszy wptyw na stopieh zgod-
nosci biologicznej implantu majg odpornos¢ na korozje,
odpowiednie wtasciwosci elektryczne oraz odpornos¢ na
zuzycie cierne.

W celu zabezpieczenia implantéw metalowych przez koro-
Zja, ich powierzchnie pokrywa sie cienkg warstwg wierzch-
nig. Struktura i wlasciwosci warstwy wierzchniej w duzym
stopniu decydujg o zachowaniu sie wyrobéw w czasie ich
eksploatacji.

Zatem zadaniem na najblizszg przysztosc¢ jest stworzenie
podstaw umozliwiajacych projektowanie procesow wytwa-
rzania warstw powierzchniowych o okreslonych wtasciwo-
Sciach, stosownie do wymagan.

Wegiel jako podstawowy sktadnik struktury tkanek cztowie-
ka jest idealnym materiatem stanowigcym element implan-
téw stosowanych w medycynie. Wszystkie odmiany alotro-
powe wegla spetniajg wymagania stawiane wszczepom.
Diament (RYS. 8a) jest jedng z alotropowych postaci we-
gla. Charakteryzuje sie cennymi wtasciwosciami, ktére czy-
nig go przydatnym w wielu dziedzinach, a szczegdlnie w
medycynie. Diament odznacza sie bardzo duza trwatoscia,
odpornoscig na korozje, jest chemicznie nieaktywny, ma
bardzo duza przewodnos¢ cieplng, jest materiatem biozgod-
nym. Od ponad piec¢dziesieciu lat prowadzone sg badania
majace na celu opracowanie metod syntezy czgstek dia-
mentowych i warstw diamentowych. W ciggu ostatnich dwu-
dziestu lat do wytwarzania warstw diamentowych oraz dia-
mentopodobnych zastosowano techniki jonowe. Jedng z
technik jonowych zastosowano do zsyntetyzowania nano-
krystalicznych warstw weglowych. Wiasciwosci warstw
weglowych zalezg od sposobu ich wytwarzania. Stwarza to
problemy z ujednoliceniem opisu warstw o poszczegdlnych
cechach. Generalnie, w zaleznos$ci od struktury, wytwarza-
ny materiat weglowy mozna podzieli¢ na zasadnicze grupy
[8]:

Diament obejmujagcy warstwy diamentowe i warstwy poli-
krystalicznego diamentu sktadajgce sie z atoméw o hybry-
dyzacji elektronéw typu osp®.

Diament nanokrystaliczny, tetraedryczny lub amorficz-
ny - to nazwy uzywane dla podkreslenia tego, ze chociaz
prawie 100% atomow wegla posiada hybrydyzacje elektro-
néw typu ssp?, to jednoczesnie rozmiary krystalitow diamen-

ligaments, tendons or tissues connected with them, or to
replace or make up for a permanent lack of the tissues (FIGs.
5,6,7);

- skull-facial implants - used in the skull-facial area ex-
cluding oral cavity, which should improve or replace some
specific hard or soft tissues, except the brain, eyes and in-
ner ear (FIGs.2,3);

- dental implants - used in the oral cavity to make up for
the lacking teeth (FIG. 4).

Various usable forms of implants are made from titanium
biomaterials (FIG.1) [3].

There is still one problem not solved to the very end, namely
whether titanium is completely safe and whether it can get
transformed in the human tissues and with what possible
consequences for the recipient [4].

Metals and their alloys used in implantation should be char-
acterised by the following features [5, 6, 7]:

- high corrosion resistance,

- biocompability (atoxicity),

- required chemical composition and fine-grained structure,
- suitable strength,

- required surface condition,

- no tendency to formation of thrombi,

- suitable electric and magnetic properties,

- susceptibility to mechanical working,

- reasonable manufacturing costs.

Biocompability (biological comformity) is one of the most
important characteristic features of implants. It is connected
with the implant susceptibility to corrosion or biodegrada-
tion, and the related predisposition to the initiation of toxic
or allergic reactions and also with tissues response to the
presence of a foreign body. The most important influence
on the degree of biological compatibility have corrosion
resistance, electric properties, and abrasion wear resistance.
To protect metal implants against corrosion, their surface is
covered with a fine layer. The structure and properties of
the top layer decide to a large extent on the behaviour of
products during their performance.

The task for the nearest future of this field of science is
creating a background against which the processes ena-
bling manufacture of the surface layers characterised by
some specific properties tailored to the individual require-
ments can be successfully developed.

Carbon as a main component in the structure of the human
body tissues is an ideal material for implants used in medi-
cine. All allotropic forms of carbon meet the requirements
imposed onto implants.

Diamond (FIG.8a) is one of the allotropic forms of carbon.
It possesses a number of valuable properties, which make
it useful in many fields, especially in medicine. It is charac-
terised by very high durability and corrosion resistance, is
chemically inactive, and has very high thermal conductivity.
It is, moreover, biocompatible. Investigations aiming at the
elaboration of various methods of the synthesis of diamond
particles and diamond layers have been carrying out for
more than 50 years. In the last twenty years, ionic tech-
niques were applied to fabricate diamond or diamond-like
carbon layers. One of the ionic techniques was applied to
the synthesis of nanocrystalline carbon layers.The proper-
ties of carbon layers depend on the method of their fabri-
cation. There are problems with unification of the descrip-
tion of the layers with individual features. Generally, de-
pending on the structure, the produced carbon material can
be divided into the following main groups [8].

Diamond - containing diamond layers and layers of
polycrystalline diamond, composed of atoms with hybrid
forms of the osp® type electrons.

Nanocrystalline, tetrahedral or amorphous diamond -
are the terms used to stress the fact that although almost
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r‘j‘ Rodzaje implantow: oo 030 )
. (Types of implants)
e ortopedyczne
(orthopaedic)
e ustne

(maxillofacial)
czaszkowo-twarzowe
(skull-facial)
dentystyczne
(dental)

Wszczepy trwate:

(Solid (durable) implants)

* protezy stawdw

* (artificial limbs of joints
(acetabula)

e sztuczne zastawki serca

e (artificial heart valves)

» stymulatory serca
(heart pacemakers)

Wszczepy czasowe:
(Temporary implants)
 ptytki do rekonstrukcji ztaman
koi
» (plates for reconstruction of
fractured bones)
o wkréy
(screws)
* gwozdzie
(nails)
o druty
(wires)
e groty
(darts)

RYS. 1. Przyktady zastosowania materialow implantacyjnych w organizmie cztowieka [3].
FIG. 1. Examples of the application of implant materials in a human organism [3].
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RYS. 2. Mikroptytki stosowane w chirurgii czaszki RYS. 3. Plytka stosowana w chirurgii szczekowej ZI
[15]. [15].
FIG. 2. Mikroplates used in skull surgery [15]. FIG. 3. Plate used in the jaw surgery [15].
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RYS. 4. Implant
dentystyczny
[16].

FIG. 4. Dental
implant [16].

RYS. 6. Endoproteza stawu
biodrowego [18].

FIG. 6. Endoprosthesis of a hip
joint [18].

RYS. 5. Plytka taczaca elementy kregostupa [3].
FIG. 5. Plate binding the vertebrae [3].

RYS. 7. Endoproteza catkowita stawu kolanowego [18].
FIG. 7. Endoprosthesis of a knee joint [18].
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a) diament b) grafit
a) diamond b) graphite

RYS. 8. Odmiany alotropowe wegla [17].
FIG. 8. Allotropic forms of carbon [17].

RYS. 9. Schemat przebiegu procesu implantacji
jonow: 1-podioze, 2-powloka, 3-wigzka
"implantujaca”, 4-"rozpylana" tarcza pomocnicza
[9].

FIG. 9. A scheme representing the course of the
ions implantation process; 1 - substrate; 2 -
coating; 3 - "implanting" beam; "sputtering”
auxiliary shield [9].

c) fuleren
c) fulleren

d) nanorurki
d) nanotubes

RYS. 10. Mikrostruktura tytanu, pow..260x [19]
FIG. 10. Titanium microstructure (LM), mag.260x
[19].

RYS. 11. Powtoka DLC (SEM)[3].
FIG. 11. Diamond-like carbon coating (SEM) [3].
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RYS.12. Schemat testu zarysowania (scratch testu) wraz z rysa wykonana w probie [3].
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RYS. 13. Wyniki testu zarysowania powtoki wykonane na prébce z tytanu pokrytej powtoka diamentopodobng
[3].

FIG. 13. Results of the scratch test for a titanium test bar with diamond-like carbon coating [3].
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towych nie przekraczajg nanometrow.
Wegiel diamentopodobny (DLC) bedacy mieszaning
amorficznego lub superdrobnego wegla, w ktérym przy prze-
wadze wigzan osp®, wlasciwych dla struktury diamentu,
wystepujg wigzania osp?, wiasciwe dla grafitu (RYS.8b)) i
wigzania sp'. Czesto spotykana nazwa dla DLC jest wegiel
jonowy lub wegiel amorficzny zawierajacy wodoér.
Karbiny: «-karbin, ktéry zawiera wigzanie acetylenowe
(-C=C-) i dlatego moze by¢ okreslany mianem poliacetyle-
nu; B-karbin, ktéry zawiera wigzanie kumulenowe (=C=C=)
i dlatego moze byc¢ okreslany mianem polikumulenu.
Fulereny (RYS.8c)oraz nanorurki weglowe(RYS.8d), w
ktérych typowym wigzaniem jest tutaj, podobnie jak w gra-
ficie osp?;, wytworzone warstwy zawierajg zwykle miesza-
nine grafitu, fulerenéw i nanorurek.
Sktad diamentopodobnych powtok weglowych zwanych w
skrécie DLC (diamond like coating) nie jest jednolity, majg
one strukture amorficzng z obszarami mikrokrystalicznymi.
Ich wiasciwoséci réwniez nie sg okreslone w sposob jedno-
znaczny, ale mogq sie znacznie rézni¢ w zaleznosci od
metody uzytej do ich otrzymywania, poniewaz w zalezno-
Sci od sposobu wytworzenia powitoki zawiera ona atomy
wegla o rozmaitych kombinacjach wigzan.
Powtoki DLC sg mieszaning amorficznego lub superdrob-
nokrystalicznego wegla o hybrydyzaciji orbitali elektronowych
typu osp?, osp?, sp', a stosunek atoméw sp? i sp? w war-
stwach uzyskanych za pomocg tej samej metody silnie za-
lezy od przyjetych parametrow nanoszenia. Tak wiec wia-
snosci powtoki DLC zalezg nie tylko od metody wytworze-
nia, ale réwniez od parametréw nanoszenia stosowanych
w danej metodzie. Wiasciwosci te moga zmieniaé sie w
szerokich granicach [9].
Celem tej pracy byto wiec zmodyfikowanie powierzchni ty-
tanu, zmierzajace do zwiekszenia jego biotolerancji w or-
ganizmie ludzkim, poprzez wytworzenie powtoki diamento-
podobnej, a nastepnie dokonanie oceny jej wkasnosci me-
chanicznych oraz adhezji do podtoza metalowego.

Material i metodyka

Do wytworzenia powtok diamentopodobnych przeznaczo-
no trzy probki wykonane z tytanu. Probki po odpowiednim
odttuszczeniu powierzchni acetonem a nastepnie oczysz-
czeniu jej w ptuczce ultradzwiekowej, zostaty poddane im-
plantacji jonowej celem pokrycia powierzchni metalowej
powlokg diamentopodobng DLC.

Implantacja jonéw, jest procesem wprowadzania do ciata
statego obcych dla tego ciata zjonizowanych atoméw do-
wolnego rodzaju, dzieki duzej energii (od kilku do kilkuset
keV), jakiej nabywajg one w prozni, w przyspieszajacym i
formujacym jony w wigzke polu elektrycznym. (RYS.9.)[10]
Do wybicia z powierzchni ptaskiej ptyty grafitowej atomow
wegla uzyto wigzke jonéw Ar* o energii 25 keV. Wigzka ta
("rozpylajaca") bombardowata powierzchnie grafitu pod
katem 67.5° wzgledem normalnej do tej powierzchni. For-
mujacya sie powtoke bombardowano wigzkg jonéw C* o
energii 25 keV. Wigzka jonéw C* bombardowata powierzch-
nie formowanej warstwy prostopadle do niej (kat 0°).
Przed rozpoczeciem procesu formowania wigzke zognisko-
wano tak, ze jej obraz

w pfaszczyznie pokrywanego przedmiotu byt prostokatem
o0 wysokosci 100 mm i szerokosci 5 mm. Z tego powodu w
trakcie procesu formowania powtoki pokrywane prébki prze-
suwano kilkakrotnie w poprzek wigzki bombardujacych jo-
néw C* w celu ujednorodnienia formowanej powtoki.
Przed rozpoczeciem procesu formowania w komorze im-
plantacyjnej zapewniono préznie rzedu 10 mbara. W trak-
cie procesu formowania powtok mierzono prady obu wig-

100% of carbon atoms possess hybrid forms of electrons
of the osp type 3, the size of the diamond crystallites is
within the range of nanometres.

Diamond-like carbon (DLC) - being a mixture of amor-
phous or superfine carbon in which, with prevalence of the
osp® bonds characteristic of the diamond structure, some
osp? bonds, characteristic of the graphite (FIG.8b ), and sp1
bonds are present as well. The terms which are often used
for DLC are ionic carbon or amorphous carbon containing
hydrogen.

Carbines: «-carbine, which contains triple carbon bonds
(-C=C-) and due to this can be called polyacetylene,
R-carbine, which contains cumulene bonds (=C=C=C) and
for this reason is also known under the name of
polycumulene.

Fullerens (FIG.8c) and carbon nanotubes (FIG.8d), in
which the typical bond is similarly as in graphite, osp?; the
formed layers usually consist of a mixture of graphite,
fullerens and nanotubes.

The composition of diamond-like carbon coatings, called in
short DCL, is not uniform. They have amorphous structure
with microcrystalline areas. Their properties have not been
as yet defined in a clear manner, either; they can differ con-
siderably depending on the method used to produce them
because, depending on the method of making a coating, it
can contain the atoms of carbon in various bond combina-
tions.

DLC coatings are a mixture of amorphous or superfine crys-
talline carbon with hybridation of electronic orbitals of the
osp?, osp? and sp'type, where the sp?® to sp? atoms ratio in
layers produced by the same method depends to a large
extent on the adopted parameters of application. Thus, the
properties of a DLC coating depend not only on the method
of its fabrication, but also on the spreading parameters de-
termined by the method of its application. These properties
can vary to a large extent [9].

The aim of the investigations was modification of the tita-
nium surface to increase its biotolerance in the human or-
ganism due to the production of a diamond-like carbon coat-
ing and making next an evaluation of its mechanical prop-
erties and adhesion to the metal substrate.

Material and methodology

To produce diamond-like carbon coatings, three test bars
of titanium were designed. The test bars after a suitable
degreasing of their surfaces with acetone and the subse-
quent cleaning in an ultrasonic washer were subjected to
ionic implantation to cover the metal surface with a diamond-
like carbon coating (DLC).

Implantation of ions is the process of introducing to a solid
body ionised atoms of any type, foreign to this body, utilis-
ing the great energy (from several to a few hundreds of
keV) that they acquire in vacuum, in the electric field accel-
erating these ions and forming them into a beam. [10].

The diamond-like carbon coating was formed by a double-
beam IBAD method. A beam of ions Ar* with the energy of
25 keV was used to "knock out" carbon atoms from the sur-
face of a flat graphite plate. This "sputtering" beam was
bombing the graphite surface at an angle of 67.5° with re-
spect to a normal to this surface. Thus formed coating was
bombed with a beam of ions C* of the 25 keV energy. The
beam of ions C* was bombing the surface of the layer being
formed in direction perpendicular to this surface (angle 0°).
Before the beginning of the coating formation process, the
beam was focused in a way such that its image in the plane
of the coated object was forming a rectangle 100 mm high
and 5 mm wide. For this reason, during the process of the
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zek stosowanych w procesie IBAD.

W wyniku implantacji jondw, do przypowierzchniowego ob-
szaru materiatu implantowanego zostata wprowadzona
pewna liczba atoméw, tworzac przypowierzchniowag war-
stwe implantowang o grubosci 0,01+1um o innych wtasci-
wosciach fizykochemicznych niz materiat wyjsciowy.
Badania metalograficzne

Obserwacje struktury metalograficznej tytanu przepro-
wadzono przy pomocy mikroskopu optycznego Neophot 32,
stosujgc do trawienia zgtadu odczynnik Wecka. W wyniku
obserwacji w swietle spolaryzowanym, otrzymano struk-
ture tytanu, pokazang na RYS. 10.

Obserwacje powtoki DLC dokonano na mikroskopie ska-
ningowym Stereoscan 420, w wyniku czego uwidoczniono
na RYS. 11.

Badania mikrotwardos$ci, modutu sprezystosci oraz ad-
hezji do powierzchni tytanu

Badania wtasnosci mechanicznych powtok naniesionych
na probki z tytanu oraz adhezji powtok DLC do powierzchni
probek, przeprowadzono przy uzyciu urzadzenia Mikro-
Combi-Tester (MCT), wykonanego przez szwajcarska fir-
me CSEM, wyposazonego w system zbierania i archiwiza-
cji wynikdw pomiarowych. Urzgdzenie to spetnia wymaga-
nia norm ASTM dotyczacych mikrotwardosciomierzy i umoz-
liwia:

- okreslenie mikrotwardosci metodg Vickersa materiatow
metalowych oraz powtok
- wyznaczenie modutu sprezystosci materiatdow miekkich,
twardych, kruchych oraz plastycznych
- wykonanie testu zarysowania zwanego scratch-testem, w
ktérym mozna wyznaczy¢ obcigzenie normalne, site tarcia,
wspotczynnik tarcia, wielkos¢ sygnatu emisji akustycznej,
zwigzanego z poczatkiem pekania powtoki, gtebokos¢ pe-
netracji wgtebnika oraz profil toru rysy

Test zarysowania (scratch-test) polegat na zarysowaniu
powierzchni badanego materiatu wgtebnikiem Rockwella,
ktéry obcigzony byt okreslonym obcigzeniem (RYS.12).
Wartosci sity obcigzajacej i gtebokosci penetracji ostrza
wgtebnika byty rejestrowane w sposob ciaglty w czasie ca-
tego cyklu obcigzania i odcigzania.
Po wykonaniu testu na powierzchni prébki powstata rysa,
ktérg obserwowano pod mikroskopem optycznym, zainsta-
lowanym na urzadzeniu. Mierzone parametry geometrycz-
ne zarysowania, analiza mikroskopowa rysy, a takze sy-
gnaty emisji akustycznej, pojawiajace sie w przypadku pe-
kania kruchych warstw wierzchnich prébki byty zrodtem in-
formacji o charakterze zuzycia i wytrzymatosci badanego
materiatu.
Scratch-test jest skuteczng metoda okreslenia stopnia przy-
wierania powtok (warstw) do podtoza, ktérej miarg jest wy-
znaczana sita krytyczna L. Na podstawie wykreslonej krzy-
wej obcigzenia w funkcji przemieszczenia wyznaczane sg
takie wiasciwosci jak: twardosé, modut Younga, gtebokos¢
penetracji, odporno$¢ na kruche pekanie. Stosujac mini-
malne sity obcigzajace wgtebnik, mozliwe jest wykonanie
pomiaru na gtebokosciach ponizej 1um, co jest szczegol-
nie istotne podczas badania cienkich powtok, w przypadku
ktérych nalezy wyeliminowac wptyw odksztatcenia podtoza
na wyznaczane wiasciwosci.

Micro-Combi-Tester jest urzadzeniem umozliwiajgcym

wykonywanie pomiardéw twardosci klasycznymi i nowocze-
snymi metodami, poprzez:
- dynamiczne wgtebnikowanie - mikrotwardos¢ i modut
Younga sg automatycznie obliczane z krzywej gtebokosci
penetracji w funkcji obcigzenia przy zastosowaniu ustalo-
nego modelu obliczeniowego. Twardosc jest obliczana jako
stosunek maksymalnego obcigzenia wgtebnika do po-
wierzchni kontaktu wgtebnika z probkg po odcigzeniu.

coating formation, the coated test bars were shifted several
times crosswise the beam of the bombing C* ions to make
the deposited coating homogeneous.
Before the beginning of the coating-deposition process, in
the implantation chamber, the vacuum of 10 mbar was
produced. During the coating deposition process the cur-
rents of both beams used in the IBAD process were meas-
ured.
As a result of the ion implantation, to the near-surface area
of the implanted material some atoms were introduced, form-
ing a near-surface implanted layer of the thickness of
0.01+=1um, characterised by the physico-chemical proper-
ties different than those of the core material. The course of
the ion implantation process is schematically represented
in FIG. 9.
Metallographic examinations

The observations of titanium metallographic structure
were carried out under a NEOPHOT 32 optical microscope,
using Weck's reagent for etching of metallographic speci-
mens. As a result of observations in polarised light, the tita-
nium microstructure was revealed. It is shown in FIG.10.
Observation of the DLC coating was made under the scan-
ning microscope STEREOSCAN 420, the result of which is
shown in FIG. 11.
Examinations of microhardness, of the modulus of elas-
ticity gradient and of the DLC coatings adhesion to
titanium surface

Testing of the mechanical properties of coatings applied
to the surface of titanium test bars and of the adhesion of
DLC coatings to the test bar surface was carried out on a
Micro-Combi-Tester, made by CSEM in Switzerland. The
tester is equipped with a system for data collection and stor-
ing (FIG. 13). The device satisfies the requirements of ASTM
standards regarding microhardness testers and enables:
- determination of the microhardness of metallic materials
and coatings by Vickers method;
- determination of the modulus of elasticity gradient of the
soft, hard, brittle or plastic materials,
- conducting the scratch test in which the following param-
eters are examined: normal loading, friction force, coeffi-
cient of friction, the level of acoustic emission signal moni-
toring the initiation of cracks in coating, the depth of indenter
penetration, and profile of the scratch track.
The scratch test consisted in scratching the surface of the
tested material with Rockwell stylus under a specific load
(FIG.12). The values of the loading force and the stylus tip
penetration depth were recorded in a continuous manner
during the whole cycle of loading.
After the test, a scratch appeared on the surface of the test
bar; it was examined next under an optical microscope in-
stalled on the device. The measured geometrical param-
eters of the scratch, the microscopic analysis of the scratch,
and the signals of acoustic emission which appeared in the
case of cracks forming in the brittle top layers of the bar
were used as a source of information about the wear be-
haviour and strength of the tested material.
The scratch test is an effective method to determine the
coefficient of the coating layers adhesion to the substrate,
a measure of which is the determined critical load L. From
the loading curve plotted in function of displacement, prop-
erties such as: hardness, Young's modulus, penetration
depth, and fracture toughness are determined. Applying a
minimum stylus loading force, it is possible to take meas-
urements to the depth of less than 1um, which is of special
importance for testing of thin coatings in the case of which
any possible effect of substrate deformation on the meas-
ured properties should be eliminated.



- mikrotwardos¢ Vickersa - jest automatycznie obliczana
przez software MCT, ale moze by¢ rowniez wyznaczona
posrednio poprzez pomiar przekatnych odcisku pod mikro-
skopem urzadzenia i przeprowadzeniu dalszych obliczen
wiasnych.

Pomiary mikrotwardosci wykonano stosujac nastepujace
parametry[11]:

- maksymalne obcigzenie wgtebnika réwne 50mN,

- predkos$c¢ obcigzania i odcigzania réwna 50 mN/min

- czas dziatania maksymalnego obcigzenia 5s

Wyniki

Test zarysowania (scratch test)

Test zarysowania odbywat sie w trzech etapach:
- w pierwszej kolejnosci wgtebnik Rockwella o promieniu
200 ym, obcigzony sita 0,03N "skanowat" powierzchnie
probki w celu okreslenia jej profilu;
- nastepnie wykonywany byt ruch roboczy - wgtebnik obciag-
zany wzrastajaca liniowo sita az do wartosci 10N, na dro-
dze o dtugosci 2 mm, zarysowywat powierzchnie prébki,
ktora przesuwata sie ze statg predkoscig rowna 2 mm/min;
- koncowy etap polegat na powtérnym przejsciu wgtebnika
obcigzonego sitg 0,03N po torze rysy, w celu zarejestro-
wania jej profilu po odcigzeniu (Ry).
Przyktadowy wykres z badan w postaci zmian wartosci sity
normalnej, sity tarcia, wspotczynnika tarcia, gtebokosci pe-
netracji oraz profilu powierzchni przedstawiono na RYS. 13.
Wartos¢ obciazenia krytycznego L, okreslono na podsta-
wie pomiaru emisji akustycznej pojawiajacej sie podczas
pekania powtoki oraz optycznie, w wyniku obserwacji migjsc,
w ktérych nastapito jej zniszczenie (TABELA 1). Wyniki sta-
nowigce srednie arytmetyczne z badan mikrotwardosci HV,
modutu Younga E oraz zagtebienia wgtebnika Hm w préb-
ce z tytanu bez powtoki oraz w probce pokrytej powtoka
DLC znajdujg sie w TABELI 2.

Dyskusja

Na podstawie przeprowadzonych badan stwierdzono
wyrazny wzrost twardosci (HV) prébek z warstwg DLC w
stosunku do materiatu podtoza oraz nieznacznie wiekszg

Metoda
Method

Warto$
Sgednia

Pomiar
optyczna Z emisji
Measureme akustycznej
nt optical from
acoustic
emission

Lc Lc

Mean value
of critical
load

N

TABELA 1. Obciazenie krytyczne L_wyznaczone
metoda optyczng oraz z sygnalu emisji
akustycznej dla trzech pomiaréw, wykonanych na
préobce z tytanu.

TABLE 1. Critical load L_ determined by optical
method and from the signal of acoustic emission
for three measurements taken on titanium test
bars.

Measurement of microhardness and of the modulus of
elasticity gradient

The Micro-Combi-Tester is a device which enables taking
hardness measurements by means of the traditional and
modern methods through:

- dynamic penetration - microhardness and Young's modu-
lus gradient are automatically computed from the curve of
the penetration depth in function of loading, applying the
established model of computations. Hardness is computed
as a ratio between maximum stylus loading and area of
stylus contact with the test bar surface after the load has
been released;

- Vickers microhardness - is automatically computed by MCT
software, but it can also be determined directly by measur-
ing the diagonals of the indentantion under the microscope
of the apparatus and further computations done by the
person taking the measurement.

The measurements of microhardness were taken applying
the following parameters [11]:

- maximum stylus loading equal to 50nM;

- the rate of load application and release equal to 50 mM/
min,

- the duration of maximum load application 5 s.

Results

Scratch test

The scratch test was conducted in three sequences:
- sequence one - the Rockwell stylus of a 200 ym radius,
loaded with a force of 0.03 N, was "scanning" the test bar
surface to determine its profile;
- sequence two - a working movement of the stylus which,
loaded with the force increasing linearly up to a value of 10
N, was scratching the test bar surface along a distance of 2
mm, moving at a constant velocity of 2 mm/min;
- sequence three - the final stage of the test, which con-
sisted in the second movement of the stylus, loaded with a
force of 0.03 N, along the scratch track to register its profile
after the load had been released (R,).
Examples of the diagrams where the results of the tests are
plotted as changes of normal force, friction force, coeffi-
cient of friction, penetration depth and surface profile are
presented in FIG.13.
The value of the critical load L, was determined by the tech-
nigque of acoustic emission from the crack which appeared
in coating and optically as a result of visual inspection of

Mikro- Modut Gléoko
twardo& Younga profilu

Micro- Young's Penetration
hardness modulus  profile depth

Hm [nm]

577 £53

HV E [GPa]
136 +14

tytan 413 +61

DLC /tytan 747 +67 153 £16 461 +50

TABELA 2. Srednie wartosci wynikéw
pochodzacych z pieciu pomiarow:
mikrotwardosci HV, modutu Younga E oraz
zagtebienia wgtebnika Hm w probce z tytanu bez
powloki oraz w probkach pokrytych powtoka DLC.
TABLE 2. Mean values from the results obtained
on five measurements of microhardness HV,
Young's modulus E and stylus tip penetration
depth Hm in titanium test bars with and without
DLC coating.

BI™MATERIALtOW



10

MATERIALOW

-

warto$¢ modutu Younga (E). Twardos¢ warstwy DLC zmie-
rzona przy gtebokosci penetracji wgtebnika ok. 500nm wy-
nosi 750 HV (ok. 7,36 GPa) i jest mniejsza w poréwnaniu z
danymi literaturowymi (10-25 GPa) [11,12,13]. Prawdopo-
dobnie twardos¢ warstwy, jak rowniez modut Younga w przy-
powierzchniowych warstwach sg znacznie wieksze, lecz
duza chropowato$¢ powierzchni (wynikajgca z chropowa-
tosci powierzchni podtoza) uniemozliwia pomiary przy mi-
nimalnym zagtebieniu wgtebnika. Ponadto przy gtebokosci
penetracji 500nm i grubosci warstwy mniejszej od 1 mm,
wptyw na mierzone wartosci mikrotwardosci HV i modutu
Younga E warstwy, ma lokalne uplastycznienie miekkiego
podioza. Niewielka twardo$¢ oraz modut Younga badanej
warstwy DLC moze by¢ spowodowana réwniez tworzeniem
sie miekkich obszaréw o strukturze charakterystycznej dla
polimeréw.

Procesowi niszczenia warstwy w tescie zarysowania towa-
rzyszy emisja sprezystej fali akustycznej, ktorej zrodtem sag,
mikropekniecia oraz deformacja materiatu. Zatem na pod-
stawie analizy sygnatu emisji akustycznej mozna okresli¢
site, ktéra w tym samym czasie powoduje zniszczenie war-
stwy. W wykonanych testach zarysowania warstwy DLC na
podtozu tytanu, sygnat emisji akustycznej (AE) zarejestro-
wano po przekroczeniu obcigzenia 5N, pomijajgac wczesniej-
sze przypadkowe, pojedyncze piki AE (RYS.12). Wartosé
obcigzenia krytycznego L.=5,3N okreslono na podstawie
analizy sygnatu AE oraz obserwacji miejsc, w ktérych wy-
stapito jej zniszczenie. W miejscach wystepowania znisz-
czenia warstwy, zauwazy¢ mozna charakterystyczne wy-
tarcia, poczatkowo na brzegach bruzdy, nastepnie w jej
srodkowe;j strefie, az do przerwania (przetarcia) powtoki do
podtoza. Generalnie stwierdzono dobrg adhezje warstwy
do podtoza, a w poréwnaniu z wynikami literaturowymi,
wyznaczona wartos¢ obcigzenia krytycznego L. stanowi
zadawalajgcg wartos¢ [14].

Prébka posiada dobrg sprezystos¢, a pomimo duzego od-
ksztatcenia przy obcigzeniu, obserwuje sie znaczny powrot
sprezysty prébki po odcigzeniu. W poczatkowym zakresie
(do obcigzenia F,=0,15N) po odcigzeniu jest to powrét cat-
kowity, przy sile F, ok. 5N gtebokos$¢ penetraciji ostrza (Pd)
wynosi ok. 8 um, a gteboko$¢ pozostajgca (R,) po odcia-
zeniu odpowiednio 4 um. Wspétczynnik tarcia utrzymuje sie
na niskim poziomie ok. 0,1 do momentu przerwania war-
stwy i styku ostrza wgtebnika z podtozem, osiggajac mak-
symalng wartos¢ 0,2 w badanym zakresie.

W celu szerszej interpretacji wynikow badan wiasciwosci
mikromechanicznych cennym uzupetnieniem bytoby wyko-
nanie analizy struktury warstwy, zwlaszcza okreslenie cha-
rakteru i proporcji wigzan weglowych.

Whioski

Z dotychczasowych wstepnych badan tytanu przepro-
wadzonych w ramach niniejszej pracy wynika, ze metoda
wytwarzania powtok diamentopodobnych technikg implan-
tacji jonowej daje zadowalajgce wyniki wkasnosci mecha-
nicznych i adhezji do podtoza, pod warunkiem bardzo sta-
rannego przygotowania powierzchni podtoza .
Przeprowadzone badania pozwolity na sformutowanie ogol-
nych wnioskéw:

1. Modyfikacja warstwy wierzchniej probek wykonanych z
tytanu, ochronnymi powtokami diamentopodobnymi (DLC),
przyczynita sie do utworzenia na prébkach, nowej jakosci
szczelnych warstw wierzchnich, majacych na celu zwiek-
szenie biotolerancji materiatu, w poréwnaniu z tradycyjny-
mi implantami metalowymi.

2. Uzyskane powloki diamentopodobne wykazaty dobrg
adhezje do podtoza metalowego oraz korzystne zmiany

the places where the coating failed (TABLE 1). The results,
calculated as an arithmetic mean from the measurements
of microhardness HV, Young's modulus gradient E, and
penetration depth Hm on a titanium test bar with and with-
out the DLC coating, are given in TABLE 2.

Discussion of results

Basing on the results of the carried out tests, a consider-
able increase in the hardness [HV] of the test bars with a
DLC layer compared to the substrate material was stated,
while the value of the Young's modulus gradient was only
slightly higher. The hardness of the DLC layer measured
with the stylus tip penetration depth of 500 nm amounts to
750 HV (about 7.36 GPa) and is lower when compared with
the data given in literature (10-25GPa) [11, 12, 13]. Prob-
ably, both hardness and the Young's modulus gradient in
subsurface layers are much higher, but very rough surface
(resulting from the substrate roughness) makes the meas-
urements with minimum stylus tip penetration impossible.
Moreover, with the penetration depth of 500 nm and the
layer thickness below 1 mm, the measured values of
microhardness HV and Young's modulus E are affected by
the soft substrate forming local plastic areas. Low values of
hardness and Young's modulus in the tested DLC layer may
also be due to the formation of soft areas with structure
typical of polymers.

The process of the layer destruction in the scratch test is
accompanied by the emission an elastic acoustic wave, the
source of which are microcracks and material deformation.
So, by analysing the signal of acoustic emission, one can
also determine the force which causes the destruction of
the layer. In the performed tests of scratches made on the
DLC layer deposited on titanium substrate, the signal of
acoustic emission (AE) was recorded after exceeding the
loading of 5 N, omitting earlier, accidental, single peaks of
the signal of this emission (FIG.12).

The value of the critical load L, = 5.3 N was determined
from analysis of the signal of acoustic emission and basing
on visual inspection of the spots where failures occurred. In
the places in which the layer suffered destruction, one can
observe characteristic worn-out marks, appearing first on
the edges of the groove, and next in its central part until
complete breaking (wearing down) of the coating running
to the substrate. Good adhesion of the layer to the substrate
has generally been stated and, compared with the results
published in literature, the determined value of the critical
load Lc is quite satisfactory [14].

The test bar has good elasticity, and in spite of the consid-
erable deformation during loading, a distinct elastic spring
back of the test bar after release of loading can be observed.
In the initial range of the loading values, i.e. up to F, = 0.15
N, the spring back after load release is complete; with the
force F, reaching approx. 5 N, the stylus tip penetration depth
(P4) amounts to about 8 ym, and the depth remaining (R,)
after load release is 4 um. The coefficient of friction remains
at a low level of about 0.1 till the moment when the layer
breaks completely and the stylus tip touches the substrate;
then it reaches the value of 0.2, i.e. the maximum within the
tested range.

To enable a more comprehensive interpretation of the re-
sults of the tests of micromechanical properties, a very valu-
able supplement would be an analysis of the layer struc-
ture, and specially the determination of the character and
proportion of carbon bonds.



wtasnosci mikromechanicznych powierzchni, a mianowicie:
nastgpit istotny wzrost mikrotwardosci powtoki w stosunku
do mikrotwardo$ci podtoza oraz wzrost odpornosci na zu-
zycie badanych prébek.

3. Obserwacje mikroskopowe wykazaty zadowalajaca jednorod-
nosc¢ strukturalng na powierzchni oraz na grubosci powtoki.

4. W przyszitosci, wykonujac powtoki metodg implantacji
jonowej nalezy zwrdci¢ uwage na koniecznos¢ bardzo pre-
cyzyjnego przygotowania (mycia i czyszczenia) powierzch-
ni metalu przed implantacja.

5. Technologia implantacji jonéw, majgca mozliwos¢ implan-
towania dowolnym pierwiastkiem w niskiej temperaturze,
pozwolita na zachowanie niezmiennosci ksztattu i wymia-
row elementéw obrabianych.

Podziekowania

Badania mikrostrukturalne tytanu zostaty wykonane w
Instytucie Odlewnictwa w Krakowie, powfoka diamentopo-
dobna DLC na prébkach z tytanu zostata wytworzona w
Instytucie Fizyki Jadrowej w Krakowie, a badania adhezji
powfoki DLC do powierzchni tytanu wykonano na Akade-
mii Gérniczo-Hutniczej w Krakowie, w Zaktfadzie Konstruk-
¢ji i Eksploatacji Maszyn.
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Conclusions

From the initial studies of titanium, which have been car-
ried out so far within the framework of this work, it follows
that the method of manufacturing diamond-like carbon coat-
ings by means of ions implantation gives satisfactory re-
sults as regards the mechanical properties and adhesion to
the substrate, providing that the substrate surface has been
very carefully prepared.

The investigations carried out so far allowed formulating
the following conclusions:

1. The modification of a top layer on test bars made of
titanium and protected with diamond-like carbon coatings
(DLC) contributed to the formation on these test bars of the
tight top layers of a new quality, increasing the material
biotolerance in comparison with the traditional metal im-
plants.

2. The obtained diamond-like carbon coatings showed good
adhesion to the metal substrate and advantageous changes
of micromechanical properties of the surface, i.e. an essen-
tial improvement of substrate microhardness and increased
wear resistance of the tested bars.

3. The microscopic observations revealed a satisfactory
homogeneity of structure on the coating surface and accross
its thickness.

4. In the future, when making coatings by the method of
ionic implantation, attention should be paid to the necessity
of very careful preparation (washing and cleaning) of the
metal surface before implantation.

5. The technology of the ionic implantation, which offers the
possibility of implanting any element at low temperature,
allows maintaining unchanged the shape and dimensions
of the treated objects.
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Abstract

This paper describes the results of applying of
pulsed cathodic-arc plasma (PCAP) method forma-
tion in vacuum biocompatible and thromboresistant t-
a carbon coatings on the components of artificial heart
valves (AHV).

The special pulsed arc plasma source was used for
evaporation of the graphite cathode to form pulsed
accelerated carbon plasma flows and deposited them
on polished samples of titanium alloys and compo-
nents AHV made of the same alloys. Influence of the
initial voltage of cathode arc discharge in range of
100+450V and temperature of substrate during the
deposition in the range 293+773°K on structure, phase
composition, hardness and biomedical properties coat-
ings were investigated .

The results of investigation of biomedical properties
t-a carbon films deposited by PCAP method have
shown that the best biocompatibility and
thromboresistivity have the nanostructural carbon
coatings with cluster size 10-20nm and thickness
0,08+0,1 microns. The artificial heart valves with de-
posited nanostructural t-a carbon coatings were im-
planted on ten animals (dogs). The obtained results
have shown that the passing of blood through AHV
leads to moderate activation of coagulation processes.

[Engineering of Biomaterials, 56-57,(2006),12-16]

Introduction

Nowadays biological and mechanical artificial heart
valves (AHV) are successfully used to treat heart valve func-
tion disorders. Comparison of there two kinds of AHV has
discovered, that biological prosthesis causes less
thrombogenity but it has shorter mechanical durability and
life period. It wears out rather quickly, valve insufficiency is
developed, the valve doesn't close property. Mechanical
AHV has longer mechanical durability and is resistant to
wear [1]. Its life period is more that 30 years. However it
injures blood elements shapes, causes blood coagulation
process activation, that results in developing of
thromboembolitic complications.

The problem of creating biomaterials for artificial human
organs, especially artificial heart valves, arises from a
number of specific requirements connected to their influ-
ence on living body. A material should not be toxic, allergic,
traumatizing living tissue, it should be resistant to wear and
mechanical destruction and should not cause hemoles and
blood coagulation, change its structure and surface con-
figuration, transform chemically or decompose [2, 3]. Such

metals and alloys as stainless steel, Ti, Ta, Co-Cr and oth-
ers have received the greatest spreading as biomaterials
for medical purposes. But side by side with such merits of
these materials as high strength, long life, good technology
of treatment, they have great shortcomings, such as bio-
logical incompatibility, not sufficient resistance to the influ-
ence of biological environment, and excite allergy. This prob-
lem can be solved by protection of an implant surface with
special coatings [4, 5].

Methods of preparation and examination
DLC coatings

The special pulsed are plasma source was used for
evaporation of the graphite cathode to form accelerated
pulses carbon plasma flows and to deposit them on pol-
ished titanium alloys samples and AHV components. The
deposition conditions were as follows: initial voltage of arc
discharge 100+350V, arc current amplitude 2000+3500A,
pulse energy 10+150J, pulse frequency 5+8Hz, pressure of
the vacuum chamber~10-°Pa, substrate temperature
293+673°K.

Transmission electron microscope (TEM) JEM 200CX
was used to investigate structure of the DLC films.

Raman and X-ray photoelectron spectroscopies were
employed to characterize the chemical atomic bond and
composition of the DLC coating. The photoelectron
spectrometer EC-2401 with Mg-Ka radiation (hw=1253.6 eV)
was used.

Nanohardness was measured by Scanning Probe Mi-
croscope and nanotribology was determined by Digital Scan-
3100 (both made of Digital Instruments).

Medical tests were carried out with blood of ten dogs
which had implanted AHV with DLC coating.

Results and discussion

Contact of an alien material with blood leads to forma-
tion of a blood plasma albumen layer on the material sur-
face, the dynamic of composition and structure alteration of
which to a great extend determines physicochemical and
biocompatible properties of an implant surface. As itis shown
by results of scientific research and practical surgery with
organs implantation the best biocompatible and medico-bio-
logical properties have the surfaces with minimal value of
interface free energy of implant's surface and biological
habitat which are composed of interchanging hydrophile and
hydrophobe domains with size less than 10-50nm (i.e.
nanostructural surfaces). If such conditions are observed
the surface absorbs a minimal albumen quantity easily in-
terchangeable with blood plasma albumen what results in
the rise of bio- and hemocompatibility of the implant. The
DLC coatings are the more preferable [6-11]. Carbon coat-
ings don't have general toxic, allergenic and carcinogenic
influence and they aren't histotoxic. These coatings are
thromboresistive, biocompatible with blood sells don't make
influence on blood plasma albumen and don't change ac-
tivity of plasma enzymes.

We produces biocompatible thromboresistant DLC coat-
ings manufactured from pulsed flows of carbon plasma by
the method of pulsed cathodic-arc deposition. The results
of DLC coatings deposition in vacuum on the AHV compo-
nents from titanium alloy VT16 are presented. The influ-
ence of the initial voltage of cathode arc discharge in the
range of 100-450V and the temperature of AHV compo-
nents during the deposition in the ranges of 293 -773°K on
structure, phase composition, adhesion, tribology and hard-
ness of DLC coatings were investigated. The deposited



particles in our process are usually high energetic ions (car-
bon is once ionized at 98%). High ionization takes place
due to a very high power density presenting at the surface
of the feedstock material, i.e. carbon in the case of dia-
mond-like carbon. Deposition by high energetic ions has
two advantages. The first advantage is that the ions react
more likely with the substrate than with neutral atoms and
molecules and the second advantage is that usually at im-
pact of high energy ions, which embed partially into substrate
surface. As a result dense, inorganic coatings with an ex-
cellent adhesion can be deposited virtually on any material.
All our pulsed plasma processes were executed in a vacuum
chamber with a base pressure of about 10-3Pa. The pulsed
plasma discharge was formed by a short-time electrical arc
erosion of cathode material by extremely hot microspots of
a vacuum arc discharge. In addition the plasma can be ac-
celerated with a Hall-type plasma accelerator and directed
towards the substrate where a coating is deposited.

The generation of the pulsed plasmoids is obtained by
short-term electrical erosion of cathodic material by hot ca-
thodic microspots of pulsed vacuum arc, burning on the in-
tegral "cool" surface. The plasma flows or plasmoids, peri-
odically generated by the Hall's arc accelerator, were ac-
celerated and directed onto the substrate, fixed in the
substrate holder. As a result of condensation of the plasmoid
material thin films and coatings are formed on the substrate
surfaces.

A new Hall's pulsed accelerator of electroerosive plasma
for technological purpose has been designed and devel-
oped to realise the pulsed method [12]. The plasma source
gives a possibility to obtain the thin films and coatings on
the base of metals, their allows and combinations of nitrides,
carbides etc, and also of diamond-like carbon.

The scheme of without contact ignition plasma source is
presented in the FIG.1. The plasma source has ignition sys-
tem which to use a localised electrical contact between cath-
ode 1 and the thin film conductor 2, deposited on the sur-
face of an insulator 6. In our plasma source the above lo-
calised contact moves from pulse to pulse by the cathode
1. A such technical design provide a high discharge ignition
probability and practically avoid the erosion of an insulator,
providing a long life of the ignition system.

The plasma source consists from three main units: a
cathode unit, an anode unit and a discharge ignition unit.
The cathode unit has the main plasmaforming expendable
electrode - the cylindrical cathode 1 which is fixed on the
end of cooling cathode holder 3. There is a bellows which
allow to move the cathode in the plasma generation zone

FIG. 1. Schematic illustration of the Hall's
plasma accelerator used for pulsed arc
deposition DLC coatings.

after its partial evaporation. This gives the constant diagram
of distribution of accelerated plasma flows. In the plasma
source the discharge ignition is executed by a discharge
between the ignition electrodes 4 and 5, having the contact
with thin film conductor 2 deposited on a dielectric 6. The
solenoid 7 is used to increase the discharge stability igni-
tion. The plasma source anode unit is composed by an an-
ode 8 and a focusing solenoid 9. The assembly of genera-
tor units is effected by the clamps 10. A control semicon-
ductor valve 11 is used for discharges commutation. The
ignition capacitor 12 of 10-20pF is discharged by this valve.
The pulse arc discharge is made by energy of capacitors
battery 14 having a capacity of 2-4 thousand of microfarads.

The generator works in the next consecution. After ob-
taining in the vacuum chamber on which is fixed the gen-
erator the pressure less than 10-3 Pa, the capacitor bank
12 is charged up to a voltage of 500 - 800V, and the capaci-
tors batteries 13 and 14 is charged up to 150-400V. The
control signal going on the valve 11 perform the discharge
of the capacitor bank 12. The appearing current pulse evapo-
rates the film conductor 2 and creates the appearance of
initiating plasma in the area of the localised electrical con-
tact on the electrode 5 and cathode 1. The plasmoid cre-
ates a conductivity channel between the cathode 1 and the
ignition electrode 5. This is excite the discharge of the ca-
pacitor13 and forming of the cathode spots. The material of
evaporated in the cathode spot is almost fully ionised. The
plasma jets expend in all directions and some fraction of
the plasma makes contact with anode.

The further development of the initiating discharge bring
to filling of the space between the cathode 1 and the anode
8 by the plasma what due to the beginning of a main dis-
charge by the energy accumulated in the capacitors battery
14. The solenoid 9 create a magnetic field to focus and
accelerate plasma. It is generate plasma flows of cathode
material. The necessary coating is formed from deposited
plasma flows on the surface of manufacturing articles.

The FIG.2 presents the oscillograms of alteration of dis-
charge current between the plasma source electrodes in
the process of one pulse. The curve 1 shows the discharge
current alteration between the ignition electrodes (unit scale
100 A), the curve 2 shows the main discharge current al-
teration between the cathode and the anode (unit scale
1000A). The time of the ignition pulse is 25 ys, the time of

FIG. 2. Oscillogram of the parameters disharge
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the main erosion pulse is 200 ps. The integral current be-
tween the cathode and the anode is determined by the curve
3.

The current of plasma going through Longmur probe
sensor (the curve 4) is measured during the discharge. The
contribution of ion current in the plasma flow is approxi-
mately 10% of the arc current. Electrons of plasma reach
the probe in 8 ps after main pulse beginning and ions of
plasma reach the probe only after 240us. The electrical
current is provided by a flow of electrons from the cathode
to the anode which is significantly faster than the velocity of
the ions. The electron velocity was 1.5%x107cm/sec and the
ion velocity was 0.5x10° cm/sec, difference 30 times.

Diamond
films CVD

70-90

Properties

Microhardness (GPa)

Hydrogenized films

a-C:H

the deposited DLC films have the same chemical composi-
tion as the graphite cathode. The DLC films have carbon
98% and oxygen 2%, but the graphite cathode has a little
more oxygen.

The films have a low content of impurities. The total
amount of impurities is ~3% on layers surface of a thick-
ness of 5nm, and in deeper layers it is less than 2%. The
main impurity was oxygen and while secondary impurity ion
mass spectroscopy analysis showed the presence of traces
of Cr,Fe,Ni, which probably concerns the sputtering of
vacuum chamber parts.

The results of electron microscopy and diffraction analy-
sis indicate that the quasiamorphous disordered phase con-

Diamond

(Type I1)

Arc plasma deposition films
ta-C
40-100

Young's modulus (GPa) 986-1050

450-600

Density (g/cm®) 3.5

2.4-3.4

Friction coefficient, up to 0.05

0.05

Resistivity (OhmGm) up to 10™

10%-10°

Thermal conductivity (W/mEK) 600-1800

559

Refraction index (A=583nm) 2.4-2.45

TABLE 1. Properties of diamond and DLC films.

Our experiments have shown that the deposited DLC
films have a good adhesion with different materials of
substrate. The DLC films exhibited a density mass up to 3.4
g/cm?, electrical specific resistance at different conditions
is from 10* up to 10° Ohmxcm, the temperature of struc-
tural transformation to graphite was higher than 673°K [13].
TABLE 1 shows the results of comparison of some proper-
ties of DLC films with natural diamond and carbon films pre-
pared by using other methods.

For explain the film properties we have conducted com-
plex studies of their structure, chemical and phase compo-
sition by electron microscopy, Raman and photoelectron
spectroscopies, nanohardness and nanotribology [13].

DLC films deposited on surface AHV components have
thickness 0.5+0.2um. therefore for measurement of hard-
ness it's necessary to use nanohardness. The result of
measurements were shown that DLC films hardness de-
pends from condition of deposition and achieves hardness
of natural diamond up to 100GPa.

Chemical composition investigation performed by means
of X-ray photoelectron spectroscopy method has shown that

FIG. 3. TEM image and a diffraction pattern of
nanostructure of the DLC film.

2.4-2.7

tains crystalline inclusions of different carbon modifications,
with size 5+15 nm (FIG. 3). At the same time one can see
larger crystalline inclusions with diamond structure. Crys-
talline inclusions have a comparatively small volume in films,
therefore the quasiamorphous phase has the main influ-
ence on DLC-films properties.

The electron diffraction patterns of the quasiamorphous
phase in carbon films exhibits from two to six diffusive rings
which may differ by their position, intensity and shape in
various samples and can be described by that of small clus-
ter models. It was found that DLC films deposited from
pulsed vacuum plasma flows represent a nanostructural
condensate with ordered nanoclasters of a size of about
0.5-2.5 nm with coherently dispersed electrons (FIG. 4) and
have a diamond structure which organize clusters more lar-
der sizes 5+15 nm. Between these nanoregions there are
carbon atoms located in disorder.

Different DLC films properties are due to different corre-
lation of sp, sp? and sp®atomic bonds [14-16]. It was shown
that possible changing the deposition conditions to obtain

bk
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FIG. 4. The dependence of Csp® atomic bonds and
Lc area size of coherent electron scattering on
main discharge voltage Ud for substrate
temperature of 293°K and 573°K.



Control
group

After an AHV implantation

Indices

n=10

1-3 days

1 month

1 group
(n=14)

2 group
(n=10)

1 group
(n=9)

2 group
(n=7)

Time of coagulation in non siliconized test-tube

491.0+12.1
(sec)

347.2+13.8

660.0xI1.6

366.0+23.2

432.0+6.7

Time of coagulation in siliconized test-tube

688.5+12.5
(sec)

412.2+80.8

780.0+8.9

532.0+66.2

794.0+£18.5

Autocoagulogramme 8 min 13.8410.3

15.2+0.9

13.0+0.6

12.0+0

20.6+0.6

16.740.3

15.6+1.2

14.0+l.2

12.3+0.8

24.6+0.8

86.3+3.2

94.4+3.7

96.5+14.1

89.3+4.9

78.2+4.6

96.6+4.7

I Fibrinogen A (mg)

296.0+35.9

126.6+1.0

371.6+35.6

123.0+4.7

|TOIerance of plasma to heparine (sec) 231.0+3.2

112.0+10.8

188.0+22.0

100.0+56.3

147.4+6.2

IThrombus time (sec) 28.3+£1.9

27.4+0.9

29.0%l.2

21.8+1.4

25.0+1.7

|Fibrono|isis euglobuline (sec) 3324433

3442+48

3090+17

3412+41

2620101

45.0+0.9

I Hematocryte

47.8+5.2

41.0+0.6

48.3+4.2

40.4+1.0

here: P — truth of data comparison after 1-3 days and data of control group

P, - truth of data comparison after 1 month and data of control group

P,- truth of data comparison after 1 month and 1-3 days after operation

TABLE 2. Coagulation data of the peripheral blood
of dogs after implantation AHV with the DLC
coating.

DLC films with the predominance of tetrahedral (sp3-dia-
mond) types of bonds between carbon atoms. Determina-
tion of bonds between carbon atoms C-C sp® and C-C sp?
is realized using X-ray photoelectron and Raman
spectroscopy. For example FIG. 4 shows the correlation of
the number of sp® bonds on main discharge voltages for
different substrate temperatures. One can see that this de-
pendence has a non-linear behavior. Diamond type sp?
bonds are most prevalent with main discharge voltage of
300V. It was ascertained that the properties of both DLC-
films prepared by pulsed vacuum arc plasma deposition and
all DLC film-titanium substrate samples have high chemi-
cally inert and biocompatible.

On the base of investigations of DLC coatings property
dependence on deposition conditions there were chosen
optimal parameters of cathodic-arc evaporation of graphite
target with formation of carbon plasma flows and their con-
densation on surface of substrates from titanium alloys VT-
16 and on components of AHV made of VT-16 alloy. The
investigation results have shown that the deposition of DLC
coatings increase considerably wear resistance and chemi-
cal fastness of researching alloys. DLC coatings of 0.08-
0.1um thickness were deposited on AHV components at
different deposition modes and than was executed a medico-
biological testing of AHV to determine their thrombogenity
and biocompatible.

Comparative experiments with dogs were executed to
discover the effectiveness of DLC-coating details AHV [17].
The AHV "PLANEX" was implanted to 14 dogs (1 group)
and AHV "PLANEX" with DLC coatings was implanted to
10 dogs (2 group). For both groups autocoagulography co-
agulation period was defined in 8 and 10 minutes to deter-
mine the first hemostasia phase. The protrombin index, fi-
brinogen A level, the prothtrombin period of spontaneous
and euglobulin fibripoliosis were defined to determine the
second hemostasia phase.

The data of venous and aortic coagulography peripheric
blood as well upper and bellow the AHV implantation were
analyzed to expose the AHV influence on hemostasia sys-
tem. TABLE 2 demonstrates the results of the investiga-
tions.

A month later after the implantation a well-noticeable

hypercoagulation and increased level of fibrinogen A were
observed in the peripheric blood of the dogs (group 1). Co-
agulation indexes approached the normal in the dogs (group
2) which were implanted AHV with DLC coatings. The co-
agulation period was increased, PTI index came back to
initial state, the number of fibrinogen A and hematocritis
figures were decreased. Thus brightly expressed
thrombogenios influence of AHV "PLANEX" without DLC
coatings on the blood coagulation system on both local and
systematic levels was preserved for a month.

Conclusion

According to results of thrombogenity investigations there
were optimized the conditions of DLC- coatings deposition
on AHV components and there were prepared AHV which
were implanted to animals. For determine the thrombogenity
of AHV the blood for analysis was taken before and after
implanted AHV. Coagulogramme was studied during one
month. The obtained results have shown that the passing
of blood through AHV leads to moderate activation of co-
agulation processes. The AHV with DLC coatings which
prepared by pulsed cathodic arc plasma deposition have
vastly less thrombogenity than the AHV without DLC coat-
ings.

AHV with DLC coatings influenced much less expres-
sively hypercoagulating on the central and peripherical blood
stream starting with the first month in the body. Taking into
consideration, all the above mentioned should be recom-
mended preferably to apply in clinical practice.
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Abstract

Several reactions of C-nucleophiles with the chlo-
rinated surface of two types of diamond were imple-
mented. Detonating nanodiamond "UDA-SF" and syn-
thetic diamond "DALAN" have been employed in the
above procedures. The incorporation of butyl and ni-
trile groups has been achieved. However the incor-
porating of phenyl groups via reaction with PhLi is still
a problem. For the first time NMR-H1 spectroscopy of
suspension was used for elucidating structure of graft-
ing compound was proposed.

Keywords: nanodiamonds; grafting compounds;
surface chemistry; chemical functionalization.

[Engineering of Biomaterials, 56-57,(2006),16-19]

Introduction

There is an escalating interest in diamond chemistry to

nanoscale diamonds in recent years [1]. It is due to several
reasons. The first is that nanodiamonds (ND) became com-
mercially available only in last ten years [2]. The second
and obviously the most significant ones are their unique
properties which combine mechanical, termic, radio and
chemical stability of diamond as well as lability of functional
cover of surface. The latter is determined by large value of
specific surface area in ND. In various patterns of NDs spe-
cific surface area is about 300 m?/g or less whereas in the
case of natural or synthetic diamonds powders the value of
specific surface area usually is about several metres per
gram. Such large value of specific surface area of NDs sub-
stantially increases possibilities of their further chemical
modification and moreover enlarges the field of potential
application of diamond materials. Among the most attrac-
tive utilizations of NDs are biomedical applications
(nanoparticles for drug carry in vivo) and development of
new chromatographic materials, especially for HPLC.

Also stable hydro- and organosoles of NDs are required
for many technological applications. Therefore the problem
of chemical modification of ND particle surface is of current
importance. Besides modification of ND surface is attrac-
tive as a technique for unification of surface chemical state.

Notwithstanding the fact that NDs is a promising mate-
rial the number of works concerning chemical modification
of its surface is rather modest [3,4,5]. Therefore investiga-
tions on controlled chemical creation of grafting compounds
on the ND's surface are of fundamental and technological
importance.

Experimental

In the present work two types of diamond were employed:
detonation nanodiamond "UDA-SF" and synthetic diamond
powder "DALAN". "UDA-SF" is typical nanodiamond with
the size of aggre-gates no more then 0.04 ym and specific
surface area 245 m?/g (BET measurement). Synthetic dia-
mond powder "Dalan" used represents itself a polydisperse
powder with the size of particles from 5 nm up to 10 mi-
crons with a specific surface area of 22 m?/g (BET meas-
urement).

Chemical state of diamond particles was characterized
using Fourier-transform spectroscopy (IR200
Thermonicolet), NMR-H1 - spectroscopy (Bruker-Avance-
400).

Results and discussions

Itis necessary to mention that in native state the surface
of diamond powder is covered by different oxygen contain-
ing groups (for ex. alcohol, carboxyl, carbonyl and others
that is firmly confirmed by infrared spectra [6,7]), i.e. the
surface is polyfunctional. And this fact complicates any fur-
ther chemical reactions on the diamond surface due to
nonselectivity of their passing. Consequently the
polyfunctionality arises the problem of unification of diamond
surface in order to make reactions that are carried out on it
to be selective.

The most common procedure of unification, and moreo-
ver the only one, consists in hydrogen stream treatment of
diamond at 1073 or 1173 K for 4 or 5 hours. These condi-
tions are sufficient to modify the diamond surface in a way
of hydride group's layer formation (Scheme, FIG.1).

It should be noted that specific surface area of diamond
powder is slightly affected by this treatment as determined
by BET analysis. So, after such treatment we obtained a
fully hydrogenated diamond surface that is confirmed by
IR-spectra presented (FIG.2).

As we can see from spectra, after such treatment stretch-
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formation.

Speaking of chlorinated diamond powder one shouldal- ® ® @ ® ® ¢ o

ways keeps in mind that "fully chlorin-ated" doesn't mean
that all surface bonded hydrogen atoms are substituted by
chlorine. It only means that no further chlorination is possi-
ble under described conditions and that is due to steric hin-
drance or repulsion between chlorine atoms on the surface.

Further reactions of chlorinated of both types of diamonds
were carried out after an exhaustive vacuum evaporation
of the reaction mixture. The chlorinated diamond powder
was then treated with n-BuLi (2.5M solution in hexane). The
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FIG. 2. FTIR spectra: a, c - pristine "DALAN" and
"UDA-SF", b, d - the same diamonds after
hydrogen stream treatment at 800°C for 5 h.

ing vibration related to C=O-group disappeared whereas
two stretching vibrations of CH - bonds appeared. In the
case of "UDA-SF" (FIG.3 spectra ¢ and d) very strong ad-
sorption of hydroxyl groups (3400-3500 cm™) is present even
after hydrogen treatment.

By the way with the loss of polyfunctionality of the dia-
mond surface we also have lost its reac-tion capacity within
the formation of the CH-bonds on the surface.

In order to activate the surface in terms of electrophile center
creation it was subjected to chlorination. Chlorination was per-
formed in two ways. In case of "DALAN" chlorination was car-
ried out by treating sample with sulfurylchloride in the pres-
ence of azobisisobutyronitrile (AIBN) in benzene in Ar ambi-
ent at 50-60°C. Photochemical chlorination by molecular chlo-
rine dissolved in carbon tetrachloride was employed in case of
"UDA-SF". As it was found by elemental analysis this treat-
ment resulted in the ultimate chlorinated diamond surface for-
mation. Itis worth to point out that further treatment of "DALAN"
with sulfurylchloride is yielded in sulfonylchloride group's layer
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FIG. 3. FTIR spectra of butyklated samples of
»DALAN” and ,,UDA-SI”.

butylation was carried out by stirring the suspension at 25°C
for 24 h under an argon atmosphere. It should be noted that
initially reaction mixture was subjected to ultrasonic treat-
ment (50 Wh, 35+10% KHz) for 1.5 hours. The reaction
was then terminated by adding water to the solution. The
powder was then repeatedly washed with acetone, ether
and water to remove LiCl and other organic by-products,
and was dried in vacuum (<1 mm Hg.) for several hours
and then characterized by FTIR spectroscopy.

This makes it possible to incorporate n-butyl groups onto
the diamond surface which clearly seen from IR-spectra
presented (FIG.3).

As it can be obviously seen from spectra presented the
new vibrations appeared in the region of 3000-2800 and
1500-1300 reciprocal centimeters that are related to stretch-
ing and bending vibra-tions in alkyl chains, i.e. in butyl groups
bonded to the diamond surface. Also frequencies assigned
to stretching and bending vibrations of alcohol groups ap-
peared too.

IR spectroscopy supplies us only with qualitative data.
We can only see appearance or disap-pearance of certain
bands in spectrum but very little can be gathered about the
structure of grafted sub-stance. In order to precisely deter-
mine the structure of surface groups we have proposed a
simple tech-nique utilizing NMR-H1 spectroscopy. We have
collected NMR-H1 spectrum of suspension of n-Bu-UDA-
SF in CDCIl, (FIG.4). And it clearly indicates the presence
of n-Bu group on the diamond sur-face.

Reaction of phenyl lithium (1.2M solution in Et,0) with
chlorinated diamond surface of "DALAN" was carried out in
the same manner as with butyl lithium. FTIR spectra pre-
sented bellow (FIG.5).

But unfortunately the interpretation of IR-spectra of
phenylated diamond surface isn't so vivid as with butylated
diamond surface. For instance none of CH-bond stretching
vibrations can be observed in spectra whereas bending vi-
brations (1488 and 1431 cm”, 1504 and 1434 cm™) are
pre-sent. Thus in this case direct evidence of Ph-group graft-
ing on to the diamond from IR-spectra cannot be obtained. In
order to prove phenyl groups bonding to the diamond sur-
face we treated phenylated diamond "Dalan" with nitrating
mixture (hydrogenated diamond was also treated in the same
way for comparison). In the case of phenylated diamond a
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FIG. 4. Utilization of NMR-H1 spectroscopy of
modified diamond suspension for elucidation
structure of grafting compounds (by ex. of
butylated UDA-SF).
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FIG. 5. FTIR spectra of phenylated ,,DALAN”: a -
sample was treated with SO,CI, for 22 hours and
then treated with PhL obtained via exchange
reaction n-BuLi+PhBr in Et,0; b - sample was
treated with SO,CI, for 8 hours and then treated
with PhLi obtained via reaction of met. Li with
PhBr in Et,0.

new adsorption at 1536 and 1347 cm™ has appeared and
these are due to antysimmetrical and symmetrical vibrations
in NO, - group in -C4H,-NO, - fragments formed during nitra-
tion (FIG.6). No adsorption at 1536 and 1347 cm! was found
in the case of hydrogenated diamond.

Thus we get an indirect evidence of incorporation of phe-
nyl groups onto the diamond surface.

Our attempts to incorporate phenyl groups onto the "UDA-
SF" surface via reaction with PhLi obviously have failed.
On FIG.7 one can see FTIR spectra for the pristine, hydro-
gen treated and subjected to phenylation "UDA-SF".
Phenylation was performed by adding a solution of PhLi in
Et,O (obtained via exchange reaction: n-BuLi + PhBr) to
photochemically chlorinated for 24 hours "UDA-SF". FTIR
spectra of treated sample clearly indicates that no phenyl
groups are incorporated onto the surface at appreciable
concentration. The only result of such treatment is only ad-
ditional hydroxylation of diamond surface.

Nitrile group on the diamond surface is very attractive
due to various possible ways of its trans-formation. So as to
incorporate cyanide groups on to the surface of "DALAN"
and "UDA-SF" a solution of sodium cyanide in anhydrous
dimethylsulfoxide was added to chlorinated diamond pow-
der. The reaction was carried out by stirring the suspension
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FIG. 6. FTIR spectra of phenylated ,,DALAN” and
the same sample subjected to nitration by mixture
of HNO, and H,SO,.
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hydrogen treated, c-’phenylated”.
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FIG. 8. FTIR spectra: a-NC-DALAN, b-NC-UDA-SF.

at room temperature for 24 h. The powder was then filtered,
repeatedly washed with water and acetone, dried and char-
acterized by FTIR spectroscopy (FIG.8). In both cases FTIR
spectra showed strong disappearance of the CH-bond
stretching vibrations but only in "UDA-SF's" spectrum new
frequency ascribed to CN-group vibrations have appeared
at 2223 cm™'. The most evident reason explaining this fact
is low concentration of nitrile groups on the surface of
"DALAN" which has comparatively small specific surface

area (22 m?/g).
Conclusion

Reactions of several C-nucleophiles with chlorinated dia-
mond surface were investigated and new modified diamonds
with n-butyl and nitrile groups were obtained. For the first
time NMR-H1 spectroscopy of suspension was proposed
to elucidate structure of grafting compounds that can be
helpful for fast and precise determination of organic func-
tional groups on the surface.
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Abstract

Due to unique physico-chemical properties and
good biocompatibility are carbon layers considered
to be promising material for wide field of biomedical
applications. In this study, carbon films were
manufaktured in microwave and radio frequency
plasma reactor using dual frequency method (MW/
RF PCVD - microwave and radio frequency plasma
chemical deposition). Four various processes of depo-
sition were used for preparation layers on substrates
of medical stainless steel AISI 316 L. On samples of
all four processes, growth and adhesion of cells were
observed.

[Engineering of Biomaterials, 56-57,(2006),19-21]

Experimental details

Materials and deposition procedure

In the present study we have studied carbon coatings
(NCD) prepared in microwave and radio frequency plasma
reactor using dual frequency method MW/RF PCVD - mi-

crowave and radio frequency plasma chemical vapour depo-
sition. Parameters of the deposition were optimised to get
uniform films on the stainless steel AISI 316L. Stainless
steel substrates used in the present study were shaped as
2,5 mm thick circular discs with diameter of 8 mm. Substrates
were machined, electropolished, ultrasonically cleaned in
methanol and dried. Prior to NCD deposition, the surface
were cleaned in an argon inert plasma in the vacuum cham-
ber for 10 minutes. [1] Four various processes of deposi-
tion were used TAB. 1. In present paper, coated samples
were named after number of deposition process, uncoated
were just AISI 316L.
Cells and cultures conditions

Coated and uncoated samples were sterilized in steam
autoclave by temperature 120°C for 20 minutes, immersed
in tissue water. All samples were placed into polystyrene
multidishes (Costar, 24 wells, diameter 15 mm) and seeded
with human osteosarcoma cell line MG 63 and Dulbecco
medium at the initial density 30 000 cells/well. Glass
coverslips and the polystyrene dish as control materials were
used. Cells were cultured for one, three and seven days in
the temperature of 37°C in atmosphere containing 5% of
CO,. On day one and three after seeding, the cells were
rinsed in phosphate-buffered saline (PBS), fixed with 70%
cold ethanol (-20°C, 5 min), vizualized by propidium iodide
(5ug/ml, 5min). Their morphology was evaluated and docu-
mented using epifluorescence microscope IX 50 equipped
with a digital camera DP 70 (Olympus, Japan). Fluorescent
cell linker kit PHK 26 RED and propidium iodide for better
vizual representation, were used. The number of adhering
MG 63 cells was counted in 10-16 randomly selected mi-

Pressure  Time

Methane  Bias Power

PROCESS

TABLE 1. Parameters of deposition processes.

Cell population density on day 7
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FIG. 1. Number of initially adhered osteoblast-like
MG 63 cells on tissue culture polystyrene
(Cult.dish), on glass coverslips (Glass), uncoated
sample AISI 316 L, Sample 1, 2, 3, 4 on day 7 after
seeding. Average *SEM from 10-16
measurements, statistical significance in
comparison with values obtained on culture dish.
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FIG. 2. Number of initial adhered osteoblast-like
MG 63 cells (A) growth curves of these cells from
day 0-7 (B) the population doubling time DT
between days 3 and 7 after seeding on tissue
culture polystyrene (Cult.dish), on glass
coverslips (Glass), uncoated sample AISI 316L
and coated Sample 1, 2, 3, 4.
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FIG. 3. Morphology of osteoblast-like MG 63 cells
on day 1 after seeding, stained with propidium

iodide or red fluorescent cell linker,
epifluorescence (A) culture dish polystyrene (B)
glass coverslips (C) sample 1 (D) sample 2 (E)
sample 3 (F) sample 4, (G) AISI 316 L, (H) native
cells in medium on culture dish.

croscopic fields (20x objective, 1 and 3 day after seeding).
On day 7 after seeding, when the cell counting in micro-
scopic field was disabled by a high cell population density
and formation of multi-layered areas, the cells were detached
by trypsin-EGTA for 5 min at 37°C and counted in a Birker
homeocytometer (18 measurements for each sample). [2,3]

Results

On day 1 after seeding, the number of cells initialy ad-
hered on all samples was lower than found on conventional
tissue culture polystyrene dishes and than on glass
coverslips. In comparison with uncoated sample AlSI 316 L
was the number of cells on coated samples significantly
higher. Morphology of osteoblast-like MG 63 cells on day 1
after seeding is represented in FIG.3. From day 1 to 3 after
seeding, the cell number on all samples incresased in the
following order: Polystyren > Glass > Sample 1 >AISI| 316 L
> Sample 4 > Sample 3 > Sample 2. On day 1 and 3 after
seeding, clear preference of cell growth on edges of sam-
ples was observed. Clusters of cells on edge areas of sam-

ples were detected, but in the middles of samples only iso-
lated cells were found. On day seven the higher prolifera-
tion activity of cells on the all coated samples in compari-
son to uncoated sample was observed. The most number
of adhering cell were on polystyrene culture dish and on the
glass coverslips. Non of our samples has better cell adhe-
sion. In comparison with coated samples has higher number

of cells the Sample 3 than Sample 2, Sample 1 and AlSI
316L (FIG.1). Average cell numbers were compiled as
growth curvers (FIG. 2A). The population doubling time DT
of MG 63 cells between day 3-7 was shortest for Sample 3
(FIG. 2B), followed with Sample 2, Culture dish, Glass, Sam-
ple 4, Sample 1 and AISI 316L. Statistic data were pre-
sented as means + S.E.M. from 10-16 measurements ob-
tained from 1 sample for each experimental group. Statisti-
cal significance was evaluated by the Student's t-test in
comparison with values obtained on polystyren culture dish.

SEM observation were performed in VEGA TS 5130
scanning electron microscope. The results of observation

' ~-

FIG. 4. SEM micrographs of surfaces of coated
samples; photo on left side presents edge of
sample, right is the middle of the sample (A)
sample 1 (B) sample 2 (C) sample3 (D) sample 4




were presented in the FIG.4. Different surface morphology
of layers on samples could be one of the reasons to growth
preference of cells on individual samples. It may be the
cause of the growth preference of cells on the edge areas
of samples with comparison to the middle areas of sam-
ples, where on day 1 and 3 after seeding rather isolated
cells were found.

Conclusion

In this study growth and proliferation of osteoblast-like
cells MG 63 on four carbon films deposited under different
process conditions in MW/RF reactor were investigated. In
this paper the comparison of cell growth on coated,
uncoated, glass and tissue culture polystyren was per-
formed. We have noticed potential dependence of cell ad-
hesion on surface morphology on edges and in the middle
of sample. This study may be helpful in a selection of coat-
ing conditions in MW/RF reactor to create suitable carbon
films for biological application.
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Abstract

Electric potentials, established in water and human
blood serum, of the electrodes made of platinum,
graphite, Ti6AI4V alloy, TiN, AISi316L steel, oxidized
steel and the materials coated with diamond like car-
bon layer (DLC) and a nanocrystalline-diamond layer
(NCD) were determined. The values of the potentials
of non-coated materials increased with increasing
electron work function (@) of investigated materials
in reasonable accordance. The difference between the
potentials measured in serum and in water was as-
cribed to the differing molecular electron structure of
the proteins in contact with the electrodes. Electrode
potentials of different materials coated with the same
thin dielectric carbon layer varied significantly depend-
ing on the @ value of the substrate. In this way the
selection of a substrate material permits influencing
on the interaction between NCD (DLC) coating and
serum compounds. The potential of an electrode has
appeared to be a simple but sensitive indicator of the
phenomena that take place on the biomaterial sur-
face.

Keywords: electrode potential, electron work func-
tion, Pt, TiN, carbon, Ti6AI4V, AISI316L, DLC, NCD.

[Engineering of Biomaterials, 56-57,(2006),21-24]

Introduction

The bulk biocompatibility of implant materials (i.e., the
similarity of their mechanical, magnetic etc. properties to
the properties of the human body) can be evaluated in the
macro-scale in a quite simple way by in vitro examinations.
The interaction between the surface of the implant material
and the tissues, blood and cells is usually examined in vitro
by observing the phenomena in the microscopic scale us-
ing biological methods. The specific drawback of the bio-
logical methods carried out in vitro lies in the necessity of
using certain additional substances, absent in the living or-
ganism, that ensure the stability of the specimen. Moreo-
ver, the results of biological examinations obtained by vari-
ous investigators are difficult to compare. Simple physico-
chemical methods suitable for estimating macroscopically
the biocompatibility of the implant surface are scarce. They
primarily include corrosion examinations and tracing the
presence of the markers of selected bio-chemical processes
that proceed in blood.

M.J. Jones et al. [2], who examined the haemocompatibility
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of Ti, TiC, TiN and DLC, combined a macroscopic physical
measurement (surface tension in respect to water) and a
chemical measurement (haemoglobine release into plasma)
with microscopic biological examinations (platelets attach-
ment). These three methods yielded similar results as to
the ordering of the biocompatibilities of the materials exam-
ined. The measurement of the surface tension was the sim-
plest and absolutely 'non-invasive'. Similar attempts at re-
lating the surface tension with the haemocompatibility were
made by J.A. McLaughlin et al. [3], X. Wang et al [4], and
B.J. Hunt et al [5]. The relation between the hardness and
the surface biocompatibility was studied by L.A. Thomson
et al. [6].

In our previous work [1] we made an attempt to relate
the electric potential of an electrode immersed in water (e,
with its electron work function (®,,). The preliminary results
showed a reasonable agreement between ¢, and @,
although the spread of the values was quite wide.

The present study was concerned with an attempt at uti-
lizing the electric potential of an electrode made of the bio-
material examined as the indicator of the interaction be-
tween the components of a given biological medium and
the electrode surface. Contrary to the common
electrochemical corrosion investigation we only considered
the effects of the electron transfer from the electrode into
molecules of the surrounding medium. The materials whose
ions passed into water were not examined, chiefly because
they may be toxic for a living body. Therefore we did not
used the equilibrium equation between a metal and its ion
expressed as

u]
¢M _¢R =IJ MzFu = +¥Ina

where p - electrochemical potential, F - Faraday number, a
- activity

but we solely measured the contact potential V (Volta volt-
age) related to the electron work function (d,,) of the bio-
material and to the charge neutrality level (CNL) of the mol-
ecule, given by

®,, = E; +electron surface states
V =®, -CNL

The contact potential between solids has been described
for electronic purposes using the band model theory (7). The
same theory was used for describing the solid-molecule con-
tact [8]. Although the band structure of a molecule differs
from the band structure of a solid, it has been proved that the
effects that occur at the solid-molecule contact are analo-
gous to those that take place between two different solids.
When examining the Au-perylene-tetra-carboxylic-
dianhydride molecule contact, these authors observed a
broadening of molecular bands at the contact with the metal
and ascribed this to the electron hopping interaction ®, s
®,.,- The mechanism associated with the formation of Me-
Molecule interface barrier involves the charge transfer be-
tween the two materials due to a weak chemical interaction.
As a result an electrostatic interface dipole is formed, which
tends to align the metal Fermi level and the molecule charge
neutrality level.

For example, J.Ristein et al [9] described the contact
potential of an H-terminated diamond surface with H,O at
pH6 to be a result of the electro-chemical potentials of the
two bodies becoming equilibrated. Since, under these con-
ditions, C- H shows a negative electron affinity, diamond
functions as an electro-donor in this contact.

I Investigated biomaterial Ay [ev] WReferences,

[ Piatinum 5,32-6,35 |
I[Graphite 4.0-4,7 |
llasiz16C Fe-4,31 |
|[Tieaiav Ti-3,9 |
I Fe, 03 3,8 I
| 3,75 |
I[NcoibLc 3,0 |
| Investigatedfluid ||
e ———————1—1
Srerum
TABLE 1.
Experiments

Measuring method

The potential of the electrode in the liquid examined was
determined by measuring the voltage established between
the reference electrode, which was an EK602 calomel
minielectrode of a potential of +223 +5 mV, with respect to
the potential of the saturated chinhydron electrode consid-
ered to be equal to zero according to the Geneva Conven-
tion.

The voltage was measured using a MERAU722A elec-
tronic voltemeter with the inner resistance R,,=10°Q2 and a
sensitivity of 10mV.]

Materials

The liquids examined were de-ionized water and a fresh
human blood serum obtained from drug-free volunteers, at
pH=7.2 and a temperature of 300K.

The examinations included biomaterials whose signifi-
cance seemed prospective for the applications where the
implants were to be in contact with blood. Polymer materi-
als were omitted, chiefly because their effectiveness de-
pends on the 'micro-architecture' of the implant made of
them [10]. The electrode materials used in the experiments
are given in TABLE 1.

TiN was formed on a Ti6Al4V alloy substrate by subject-
ing it to glow discharge assisted d.c. nitriding in nitrogen at
a temperature of 1123K, as described in [13]. Diamond-
like carbon (DLC) was produced on a Ti6Al4V alloy substrate
by the pyrolysis of methane in an r.f.-frequency plasma at a
temperature of 573K. The nanocrystalline diamond (NCD)
layer was produced on a Ti6Al4V alloy substrate using the
pyrolysis of methane in an r.f.-frequency plasma at a tem-
perature of 873K as described in [14]. The AISI316L steel
was oxidized by heating at 728K in air as described [11].

Results and discussion

FIG. 1 shows the results of measurements of the elec-
trode potentials in H,O (g,..,) and the values of the electron
work function (®) of the non-coated materials. The results
classify the materials according to growing &, as follows:
Pt>graphite>oxidized steel>TiN. The same sequence is true
when ordering according to increasing ®.

The Ti6AI4V alloy and AISI316L steel differed from the
other materials. The value of their ¢,,,. depended strongly
on the time for which the electrode was immersed in water
(FIG. 2). This observation seems to suggest that the metal-
lic ions have passed to the water and confirms that
electrochemical corrosion occurs in both materials [11,12].
ewater Of OXidized steel remained constant, which confirms
the results obtained by Chun-Che Shih et al. [11]. The meas-
urement of g, permitted us to reveal, quickly and immedi-



ately, any metal dissolution, an effect very undesirable when
dealing with biomaterials.

The values of non-coated electrode potentials in serum,
Eeerum» @re shown in FIG. 3. When immersed in serum, the
electrodes behaved in a similar way as in water. Although
the electric potentials ¢, of the individual electrode mate-
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FIG. 1. Electrode potentials in water ¢ and
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FIG. 2. Electrode potentials in water ¢ of:
a)Ti6Al4V, b)AISI316L.
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FIG. 3. Electrode potentials in serum ¢ of

serum

noncoated materials.

rials were changed, the sequence according to growing eqerm
followed the increase of ® and e, values.

The potential difference e ,m - &.aer ShOUld be an expres-
sion of the phenomena that occur at the biomaterial-serum
components boundary. As shown in FIG.4, the electrodes
made of various materials differed in their ey, - €aer Value
roughly in accordance with the increase of their ¢, The
difference (Ecerum-Cwater) Of Pt Was the largest. The (gerum- Ewater)
of graphite and TiN were smaller, but almost the same, and
did not follow the ¢, Sequence. Therefore, TiN appeared
to be an exceptionally surface-active biomaterial.

The results may be described in terms of the existence
of the contact potential at a solid-protein junction and the
space charge built of negatively charged ions similar to the

(mV)

350 356
400

300
200
100

0

AlSi316L Pt
oxidised

Graphite TiN

FIG. 4. ¢ -c

serum water

of noncoated materials.

(mV)

600 -
500 4 [ 421 A
400 + H
300 + H
200 + I
100 + g

0

AlSi316L + TiN + NCD Ti6AlI4V +
NCD NCD

(mV)

180 +
160 +
140 4 117
120 +
100 +
80 +
60 -

20 + —‘

AlISi316L + TiIN + NCD Ti6AI4V +
NCD NCD

(mV)

360 341
340
320
300
280
260

AISi316L + TiN + NCD Ti6AI4V +
NCD NCD

FIG. 5. Electrode potentials of carbon NCD layer
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FIG. 6. Electrode potentials of carbon DLC layer
coated materials: a)e ___ of DLC, b)¢ of DLC,
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water serum
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Helmholtz-Stern layer.

The electrodes made of the metals coated with thin di-
electric layers (NCD, DLC) behaved in different way as the
non-coated electrodes (FIG. 5, 6). Their ¢ depended first of
all on the kind of the substrate materials in particular on its
@ and not on the @ value of NCD, DLC. So it appeared,
that a selection of a substrate metal permits changing the
interaction between NCD, DLC layer surface and serum
components.

Conclusion

The measurements of the electric potential e of various elec-
trodes immersed in water and human serum show that this
parameter () is sensitive to the dissolution of the metal and to
the electron energy structure of the solid-molecule contact.
Therefore, the value of e seems to be a quick and simple pre-
liminary indicator of the biocompatibility of a material.

The measurements of ¢ of thin dielectric carbon layers
(DLC, NCD) deposited on various conducting materials
show, that the surface biocompatibility of NCD, DLC coat-
ings can be affected by electron properties of their
substrates.
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Introduction

Dental caries or mechanical injuries can result in sub-
stantial loss of hard tissues of the tooth crown. Teeth with
partially or completely destroyed coronary structure can still
function in the oral cavity provided they undergo root canal
treatment and prosthodontic reconstruction with posts and
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FIG. 1. Kit of carbon fibre posts for tooth

cores and prosthetic crowns [9,12]. Endodontically treated
teeth may be restored with prefabricated posts made of
stainless steel, gold, titanium, nickel-chromium-cobalt or irid-
ium-platinum alloys, ceramics or custom-made cast posts
produced in the prosthetic laboratory [1,12].

For the last two years, new carbon fibre-based systems
for restoration of lost hard tissues in endodontically treated
teeth have been available on the market as an alternative
to metallic and ceramic post and cores [2,3,8,10].

These posts contain reinforcing carbon fibres embed-
ded in an epoxy resin matrix, which keeps them together.
The fibres have similar physical properties as the dentin.
The content of carbon fibers constitutes approximately 40-
65% of the post depending on different manufacturer. When
inserted into the root canal of the tooth they adjust to the
root's work in the alveolar bone during mastication (10).

The objective of the study

The objective of the study was SEM evaluation of
Carbonite carbon fibre post adhesion using universal resin
cementation system - Cement-It.

Material and methods

Fifteen human teeth - maxillary and mandibular canines
and incisors extracted for periodontal reasons and stored
in 10% formalin solution - were evaluated in the study. The
teeth were divided into 3 groups, each one consisting of 5
teeth, according to the size and width of the root: group A
with maxillary lateral incisors, group B with maxillary cen-
tral incisors, and group C with mandibular canines. Dental
crowns, after removing carious lesions, were cut off 1-2mm
above the cemento-enamel junction. The root canals of teeth
were instrumented with K-files and next irrigated using 15%
sodium versenate, 5.25% sodium hypochloride, and finally
distilled water. Teeth divided into groups were prepared with
special fibre post reamers (Harald Nordin S.A., Switzerland)
according to the canal width and adjusted to the size of the
carbon fibre post, Carbonite, (Harald Nordin s.a., Switzer-
land), to be used. The root canals prepared with reamers
were irrigated once again with endondontic irrigants and
distilled water, dried and checked for post fitting in root ca-
nals. Then, the dentinal surface was etched with 37% phos-
phoric acid, prior to adhesion of the bonding system. The
acid was rinsed with 5ml of distilled water and root canals
dried with paper points. Resin cementation system (Pentron,
Wallington, USA) consisting of one-component bonding
resin, Bond 1, and a composite cement, Cement-It, was
used to fix carbon fibre posts. Root canal instrumentation
and post surface preparation were carried out according to
the manufacturer's recommendations. After post insertion,
each tooth was additionally light-cured for 40s to bond com-
pletely the material in the root canal. The filled teeth were
stored in physiological saline and incubated for 72 hours at
37°C.

In order to qualitatively assess specimens they were
ground to half their thickness in the labio-lingual direction
and coated with gold layer of several dozen nanometers.
The prepared specimens were viewed in the Hitachi S-

FIG. 2. Longitudinal section of the restored tooth
with the carbon fibre post (a) and a magnified
fragment of the post (b).

3000N SEM.

The evaluation of sealing was performed in the apical
part of the post by determining the width of the gap be-
tween the carbon fibre post and the resin cement, as well
as the post and the root canal dentin.

For the obtained results, arithmetic mean and standard
deviations were calculated. To verify the formulated hypoth-
eses the parametric test of significance based on small sam-
ples was used.

Additionally, the analysis of the carbon fibre post struc-
ture was performed in the light microscope basing on longi-
tudinal sections and cross-sections of the posts.

Results

The general view of the restored tooth is presented in
FIG.2a, while FIG.2b shows a magnified fragment of the
carbon fibre post.

The results of gap width measurements in the examined
teeth restored with carbon fibre posts are depicted in TA-
BLE 1.

In the teeth studied the adhesion between the post and

Gap width [pum]
resin cement—carbon fibre post ~ Dentin-resin cement
Mean Standard Mean Standard
deviation _ deviation

Type of the post

Large - 9 1.5 mm
Medium-¢ 1.35 mm
Small - 1.2 mm

TABLE 1. Gap widths in restored teeth.

the resin cement as well as between the resin cement and
the dentin was very good (FIG. 3). Only in same places, the
presence of a few-micrometer gaps was sporadically ob-
served (FIG. 4).

Photomicrographs of longitudinal sections and cross-
sections of carbon fibre posts are demonstrated in FIG. 5.

FIG. 3. Adequate adhesion of the post-restored
tooth system: a) resin cement-dentin, b) resin
cement-carbon fibre post.
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FIG. 4. A gap in the post-restored tooth system:
a) resin cement-dentin, b) resin cement-carbon
fibre post.

FIG. 5. The structure of carbon fibre posts:
a) longitudinal section, b) cross-section.

Discussion of the results

Carbon fibre posts, Carbonite, have smooth walls and
are similar in shape to a pin with a tapered end. They are
available in 3 sizes adjusted to different sizes of the root
canal.

Carbonite posts, in compliance with the manufacturer's
certification, contain approximately 65% of longitudinal car-
bon fibres with braided plait arrangement in an epoxy resin
matrix. However, SEM investigations (FIG.5) have revealed
that fibre content is lower, and they are not arranged in the
form of braided plait but parallel

In reconstruction of the endodontically compromised teeth
with posts, besides the type of the material used, shape of
the post, the amount of the removed root canal dentin and
more precisely the amount of the dentin left after canal
preparation have a significant impact on vertical fractures.
The greater amount of the removed dentin while
instrumenting the canal, the higher risk of endodontically
compromised tooth fracture. The highest stresses occur in
tooth tissues prepared for a post and core but not restored
with a post [7]. The material with higher resistance i.e., chro-
mium-cobalt or chromium-nickel alloys, reduces stresses
induced in tissues of the tooth reconstructed with
prosthodontic appliance. However, when we use the mate-
rial whose Young module is lower than that of the dentin,
then stresses generated in the root are higher than in the
dentin of the healthy tooth [7]. Thus, the higher the Young
module in the material, the lower stresses appear in the
tooth restored with the post. As regards the post shape, it is
known that optimal distribution and the least stress values
occur when the root segment of a post is taper-shaped and
has parallel walls in relation to root canal walls [4]. Dejak
and Miotkowski in their study have revealed that stresses
in the vicinity of the tooth cervix decrease along with the
increase in the thickness of the metallic post, while thinner
and longer posts, by 2/3 of root length, do not reduce
stresses around the dental cervix but generate higher
stresses in the apical region [5]. The above considerations
indicate that the most optimal post would be the one made
of metal with a high Young module e.g., chromium-cobalt,
chromium-nickel, of a medium size in relation to the root

size and taper-shaped with walls parallel to root walls as
ideal adhesion to the dental root surface [4, 5, 7]. Also, elas-
ticity (flexibility) of the post used is as important. Carbon
fibres and adhesive system have elasticity parameters close
to dentin properties [3, 10]. Since carbon fibres and the epoxy
resin matrix are elastic, stresses are transmitted to the den-
tal tissues.

Subsequently, the next problem arises which is associ-
ated with the materials used for post cementation inside
the root. These materials are less resistant than those metal
cast posts are made of. Lack of precision in fabricating a
post causes production of stresses in the root while biting
and chewing, which leads to chipping off resin cement and
negatively affects resistance of the remaining tooth struc-
ture [6].

The most crucial element of prosthetic restoration with a
post is adhesion between the post, cement and root dentin
to form an integral whole.

Failure resulting in lack of seal in teeth with composite or
prosthetic crowns can be caused by iatrogenic errors dur-
ing both endodontic treatment and prosthetic build-up due
to marginal leakage of the reconstructed tooth crown. This
microleakage is of considerable importance in necrotic teeth
after the endodontic procedure, and particularly in the case
of teeth subject to root canal retreatment [11].

Due to lack of sealing, bacteria pass to hard dental tis-
sues and induce secondary caries i.e., bacterial infection,
subsequently leading to further complications. Microleakage
permits wet oral environment to contact with the inside of
the already filled root canal. Such a situation can become
the reason for failure of endodontic and prosthodontic treat-
ment and makes the clinicist retreat the tooth endodonti-
cally. However, retreatment is often difficult or impossible
to perform so the clinicist is forced to carry out an endodon-
tic surgical procedure, which, when fails, can in consequence
lead to tooth loss. That is why, sealing is of great signifi-
cance in adhesive dentistry used for reconstruction of en-
dodontically treated teeth.

In the teeth studied the presence of small, a few-microm-
eter gaps was only sporadically observed. They occurred
at the dentine/resin cement and resin cement/post inter-
faces. The maximal gap size was 5 ym. Lack of sealing in
root canals can result from rapid bonding of the resin ce-
ment used to fix the post. In most cases there was no dis-
continuity in the specimens studied.

Thus, we can presume that the use of post and cores
reinforced with carbon fibres embedded in epoxy matrix and
cemented in the root canal with adhesive techniques ena-
bles the tooth to maintain its durability and functioning in
the masticatory system.

It can be concluded that the applied method of non-vital
tooth restoration will be satisfactory as far as sealing and
protection against microbial penetration into the dental tis-
sues are concerned.

Conclusion

Carbon fibre post system with adhesive techniques can
be an alternative to restoration of endodontically treated
teeth.
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Abstract

This study concerns modifications of Si - c-BN in-
terface (with and without dielectric underlayer). c-BN
films produced on p-type <100> Si substrates by
means of Radio Frequency (RF) CVD process. Sili-
con nitride and oxynitride were deposited by Plasma
Enhanced Chemical Vapour Deposition technique and
used as a dielectric underlayer. MIS devices were fab-
ricated to allow electrical characterisation. Moreover,
the influence of underlayers on adhesion of c-BN to
silicon substrate was examined.

[Engineering of Biomaterials, 56-57,(2006),27-29]

Introduction

Several properties of cubic boron nitride (c-BN) like wide
bandgap width, good thermal stability, good thermal con-
ductivity, or chemical and mechanical resistance make this
material, in combination with other wide bandgap materi-
als, the potential candidate for certain microelectronics and
optoelectronics applications, particularly in the field of high-
temperature and high-power devices [1-3].

Experiment

The silicon substrates used in these experiments were:
p-type <100>, 4-7Qcm. Substrates were cleaned by the
RCA method before the experiments. Then different dielec-
tric underlayers were deposited by PECVD technique on
two samples: sample 1 - silicon nitride, sample 2 - silicon
oxynitride. After their deposition, samples were transferred
to the (RF) CVD reactor and on top of them c-BN films were
produced. Additionally, for the purpose of comparison, c-
BN films were also deposited directly on silicon. The pa-
rameters of the processes are presented in TABLE 1. The
thicknesses of the obtained c-BN/dielectric underlayer were
measured elipsometrically by Gaertner L117B, A=632,4 nm.

In order to enable electrical characterisation of the ob-
tained system, round dot metal electrodes (Al) were evapo-
rated on top of the structures and thus metal-insulator-semi-
conductor (MIS) capacitors were obtained. Subsequently
their capacitance-voltage (C-V) and current-voltage (I-V)
characteristics were measured. C-V characteristics allowed
extraction of the basic parameters (effective charge density
(Qq), flat band voltage (Ugg) or mid-bands interface trap
density (D;.)) Of investigated systems.

At the end, adhesion of c-BN films to silicon was exam-
ined, as well as the influence of the underlayer on this pa-
rameter. The mechanical scriber technique was used to
perform these investigations. Typical method of improving
the adhesion is deposition of thin h-BN layer between Si

PECVD RF CVD

Numbetr .
of parameters thlc[lzv]ess

sample

thickness
arameters
2 [

Underlayer - SizN4
Power - 10W
Pressure - 45 Pa,
Time - 30s,
Flows:

SiH; — 95scecm

NH; — 60sccm Time - 45s
Underlayer - Pressure - 30 Pa
SiON, Flow:
Power - 10W N,=20sccm
Pressure - 65 Pa Source of boron:
Time - 20s (C,Hs)sB
Flows:
SiH,; — 150sccm
NH; — 32sccm
N,O — 16sccm

Voltage - 105V

TABLE 1. Process' parameters and thickness of
layers used in the experiments.

and c-BN film[4-5]. The application of Si;N, and SiO,N,
interlayers was investigated in this work.

Results

FIG.1 shows exemplary C-V characteristics of BN films
directly deposited onto silicon substrate. The curves were
measured in two directions: from inversion to accumulation
("I-A" - see FIG.1) and from accumulation to inversion ("A-
I"). The hysteresis loop could be a result of big amount of
charge that is collected in a c-BN film. Table 2 shows basic
electrophysical parameters that were extracted from C-V
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-2,44 V]

- 0,266 [V]
(O] 2,41 E+11
Dimp 4,66 E+11

TABLE 2. Basic electrophysical parameters of the
c-BN layer extracted from the C-V measurements.

FIG. 1. Exemplary high-frequency (1 MHz) C-V
curves of the c-BN/silicon structure.

1Al

FIG. 2. Current-voltage characteristics of MIS
structures with c-BN produced directly on the
silicon substrate.
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FIG. 3. Current-voltage characteristics of MIS
structures with ultrathin dielectric undelayer and
c-BN.

curve. The parameters of investigated layers are situated
in typical range for this material (depending on method and
parameters of deposition [6-8]).

The current-voltage (I-V) characteristics c-BN/silicon sys-
tem are presented on the FIG. 2. There are two groups of

curves. The first group represents structures, that have a
break-down for quite low voltage values and high leakage
The second group represents structures with a very good
isolating properties (see FIG.2).

Next diagram (FIG. 3) shows |-V characteristics of the
structures with ultrathin dielectric underlayer. In both cases
it can be noticed that after use of ultrathin dielectric
underlayer, |-V characteristics look more reproducible.
Moreover, silicon oxynitride makes the dual dielectric sys-
tem more effective as an insulator - there is a visible change
in a current flow.

As it was mentioned above, part of this study was the
investigation of adhesion. In order to perform these exami-
nations, the samples with and without ultrathin dielectric
underlayer were used.

FIG. 4 presents scratches on the c-BN surface which
were made using the same weight for all investigated sam-
ples. Even without any particular load (it was used only the
weight of a diamond scribe holder only) there is a notice-
able scratch reaching almost to the silicon substrate. From
these figures the following conclusion can be drown: the
dielectric undelayer did not improve adhesion of c-BN film
to the silicon substrate. Further research focused on im-
proving adhesion, for example high temperature annealing
of dielectric film, will be necessary.

a) b) c)

FIG. 4. Pictures of investigated layers - influence
on adhesion a. BN without underlayer; b. BN with
Si,N, underlayers; c. BN with SiOxNy underlayer.

Conclusions

C-BN films were grown on the p-type <100> silicon
substrates at the same technological process conditions. Ul-
trathin dielectric layers were introduced to the dielectric/semi-
conductor system. Boron nitride film was also deposited di-
rectly onto silicon substrate, for comparison. Although hyster-
esis loop is significant, interface state density value (in the
middle of forbidden silicon band) do not exceed 4,66e10" for
the c-BN/silicon system. The current-voltage characteristics
became more repeatable and more stable after the introduc-
tion of ultrathin dielectric underlayer introducing.

The c-BN/silicon oxynitride/silicon system indicates also
a small decrease in current flow, comparing to c-BN/silicon
system. Introducing dielectric underlayer did not improve ad-
hesion of boron nitride films to the silicon substrates. Further
technological process will be necessary.
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Abstract

Macrophages remove foreign material from the
body and are recruited to sites were there are parti-
cles present. Multinucleate giant cells form by the fu-
sion of macrophages. In the presence of particles,
macrophages produce various chemical mediators,
known as cytokines, as well as enzymes. Some of
the cytokines are pro-inflammatory ( for example, IL183,
IL6 and TNF«) while others promote giant cell forma-
tion (GM-CSF, M-CSF, TGF). The presence of these
cellular products can be shown by examining tissue
sections with immunohistochemistry and by western
blotting. The message (mRNA) for the synthesis of
these molecules can be demonstrated by in situ hy-
bridization and the polymerase chain reaction.

Macrophages process ingested material and
present it as antigen to lymphocytes. Antigen-present-
ing macrophages play an important part in the initia-
tion of metal sensitization. Surface receptors and their
counterligands are expressed on macrophages and
lymphocytes during antigen presentation.

The patrticles present in tissues around joint pros-
theses have been isolated and characterized. Over
95% of these are less than 1 micron (ECD) in size.
Transmission electron microscopy has revealed
nanoparticles of metal in the range 15-20 nm. Such
particles are too small to be phagocytosed. Hydroxya-
patite, diamond-like carbon (nano-diamond) and metal
particles are being studied and results compared with
those of particles in the micrometre range. There is a
different response to different nanoparticles.

Key words: Macrophage; lymphocyte; particles;
cytokines; immunity; sensitization; nanodiamond.

[Engineering of Biomaterials, 56-57,(2006),29-31]

Introduction

After the acute phase of inflammation, macrophages and
multinucleate giant cells (MNGC) are responsible for remov-
ing foreign material, micro-organisms and dead tissue from
the body. MNGC are formed by fusion of macrophages.
Both of these cells are recruited to sites were there are par-

ticles, for example, wear debris around prosthetic joints.
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Macrophages are derived from circulating monocytes, mi- ® ® @ @ ® @ o

grating from vessels. In the presence of particles,
macrophages and MNGC produce chemical mediators,
known as cytokines. These can be demonstrated in situ
and their production can be induced in cell culture when
macrophages are incubated with particles.

It is clear from in vitro studies that macrophages are in-
duced to produce these factors when they phagocytose (en-
gulf) particles. Recognition of foreign material depends on
a variety of mechanisms including surface receptors for the
Fc component of immunoglobulin and for complement. The
particles found adjacent to prosthetic joint components are
derived mainly from the load-bearing surfaces and shed into
the synovial fluid. It is likely that particles in the body be-
come rapidly coated with proteins, including albumin, globu-
lins, and complement components.

An important function of some macrophages is the
processing of ingested material and its presentation as an-
tigen to lymphocytes, the specific mediator cells in immune
responses. Antigen-presenting macrophages are found in
relation to particles in vivo, and these cells play an impor-
tant part in the initiation of the process of sensitization to
metal. Surface receptors and counterligands are expressed
on macrophages and lymphocytes and can be detected in
cell culture and in tissue sections. Macrophages and MNGC
also contain nitric oxide synthase (iNOS) which gives rise
to nitric oxide, a signalling molecule, and superoxide
dismutase (SOD), involved in oxygen free radical produc-
tion. Acid phosphatase (AcP) and non-specific esterase
(NSE) play a part in the breakdown of ingested biological
material, though there is no intracellular mechanism for in-
tracellular breakdown of particles of man-made materials,
such as metal or polyethylene.

The particles present in tissues around joint prostheses
have been isolated and characterized. While there are oc-
casional large shards visible by light microscopy, over 95%
of particles are less than 1 micron (ECD) in size [1-3]. Trans-
mission electron microscopy has also revealed the pres-
ence in some samples of nanoparticles of metal, in the range
15-20 nm. Such particles could not be taken into the cells
by the usual phagocytosis process and might be
pinocytosed. The study of the effects of nanoparticles on
inflammatory cells is at a preliminary phase. Hydroxyapa-
tite, diamond-like carbon (nanodiamond) and metal parti-
cles are being studied and results compared with those of
particles in the micrometre range.

Materials and methods

Detailed materials and methods are not provided here in
this short review. The effect of micro- and nanoparticles on
macrophages has been studied in tissue retrieved from man
after revision surgery for prosthesis loosening and from
animals after experimental procedures. Cell culture studies
use primary monocytes and lymphocytes derived from pe-
ripheral blood (PBM, PBL) as well as cell lines. Methods of
investigation include immunocytochemistry (IHC) with
monoclonal antibodies (mab), western blotting, in situ
hibridisation (ISH), polymerase chain reaction (PCR) and
reverse transcriptase PCR (RT-PCR) as well as ELISA, bio-
chemical assays (eg citrulline- arginine for iINOS) and en-
zyme histochemistry (eg for AcP and NSE).

Results and discussion

Macrophages and MNGCs
Examination of tissue sections from patients undergoing
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revision surgery for aseptic loosening, shows the presence
of a cellular infiltrate composed of macrophages, MNGCs
and lymphocytes [4-6], though there are also mast cells,
fibroblasts and endothelial cells forming new blood vessels.
This description will concern itself only with the phagocytic
cells and their relationship to lymphocytes. The
macrophages and MNGCs can be labelled with mab CD68.
When activated, these cells express HLA-DR and integrins
(CD11a,b,c) at their surface membrane [7-9]. Double-label-
ling fluorescence immunocytochemisty shows that these
activated cells contain a number of cytokines. Such cytokine
production can be demonstrated in functional studies of
PBM and the human monocyte/ macrophage cell line U937,
using IHC and western blotting to demonstrate each cytokine
in tissue and cells, ELISA to show the levels of cytokine
released into tissue culture fluid and PCR for the mRNA of
each cytokine in cells either in culture or in tissue. The vari-
ous cytokines known to be produced on microparticle phago-
cytosis in culture or in vivo are shown in FIGURE 1 [9-17].
Some of these promote the inflammatory process (IL18R,
IL6, TNF«), some are anti-inflammatory (IL10), yet others
promote MNGC or ostoeoclast formation (GM-CSF,M-
CSF,TGF« -directly; IL1, TNF -indirectly).

Macrophage-lymphocyte interactions

The presence of lymphocytes intermingled with the
macrophages and MNGCs was reported over a decade ago
[18]. Accumulating evidence points to an immunologically
mediated process in the reaction to wear particles [18-21].
There is clinical evidence of metal sensitization in some
cases, while others with aseptic loosening show features of
a T cell mediated process on immunohistological examina-

ACTIVATED
MACROPHAGE

FIG.1. Cytokines and
other mediators
produced by actived
macrophages.

IL1Ib TNFa Prostaglandins
IL2 TGFa iNOS

IL6 TGFb
IL8 GM-CSF
IL10 M-CSF
IL11  PDGF
1115 EGF
IL17 VEGF
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tion and cell culture. An important function of phagocytic
cells is presentation of antigen to lymphocytes. Markers of
antigen-presenting cells have been demonstrated on inter-
face macrophages in aseptic loosening (RFD1, CD8O0,
CD86) with the counterligand (CD28) found on the accom-
panying T helper (CD4) lymphocytes [21-24]. Other ligands
and counterligands (HLA-DR, TCR; CD40, CD40L; ICAM,
LFA-1) known to be expressed in antigen-presentation are
present on the macrophages and lymphocytes associated
with particles in situ [25]. Furthermore, the interaction be-
tween macrophages phagocytosing particles and T
lymphocytes has been modelled in cell culture experiments.
T lymphocyte activation and proliferation requires the pres-
ence of IL2 or IL15. The latter is present abundantly in the
particle-related macrophage infiltrate and its production can
be stimulated on phagocytosis of particles in cultured U937
cells [7, 26, 27].

Microparticles and nanoparticles

The studies described above refer to microparticles
(>0.1um diam). However, nanoparticles of titanium (15-20
nm diam) have been noted in cells from the implant inter-
face by transmission electron microscopy in our own labo-
ratory and by researchers in the USA. Little is known of

how these nanoparticles enter the cell or of their effect on
cell function, which has prompted our preliminary studies in
this area. A recently reported experiment showed that
nanoparticles of hydroxyapatite (nanoHA) increased the
proliferation of Jurkatt T cells when cocultured with U937
cells. This effect was not due to IL15 production by U937
cells. More recent collaborative research has compared the
effects of microparticles of CoCr alloy (1.3-2.4um) with three
different nanodiamond particles (0.15-0.81um; 0.5-1.2um
aggregates; 0.2-0.6um aggregates) on culture with U937
cells. The expression of HLA-DR, a sign of activation, and
CD80, CD86 and CD40, indicators of antigen presentation,
were measured using a FACS method. Positive control was
provided by lipopolysaccharide (LPS) and negative control
by culturing the cells in culture medium alone. CoCr, dia-
mond particles (D1,DB) caused HLA-DR expression. CD86
was expressed with one of these diamond particles and
CoCr. There was insignificant HLA-DR or CD86 expression
the smallest diamond (D2). The results for CD40 are shown
in FIGURE 2. All values are the means with standard errors
(3 replicates for each macrophage stimulant). There was
expression of CD40 by cells incubated with CoCr and the
largest diamond particles (DB) after 24 hrs. This was re-
spectively 3 and 4.5 times greater than CD40 expression in
positive controls. There was much less CD40 expression in
the case of the D1 and D2 nanodiamond particles. The re-
sults are normalized to the mean value for the negative
controls, which contained no added particles or LPS.

Conclusions

Particles in the micrometre range (0.1-2.5um) are phago-
cytosed by macrophages and cause activation of these cells
on the evidence of tissue examination and cell culture stud-
ies. Some macrophages fuse to form giant cells (MNGC).
Macrophages and MNGC produce numerous mediators and
present antigen to lymphocytes upon activation. Particles
in the nanometre range (<100nm) are also found in
macrophages in tissue. Relatively little is known of their ef-
fects on cells but evidence is presented from preliminary
studies that macrophage activation and antigen presenta-
tion is less with nanoparticles than that seen with
microparticles.

24 hr CD40 expression
0.35
0.3 - T
0.25
02
i
0.15
01- |
ool = O
positive DA D2 DB CaCr
Stimulant

FIG. 2. Expression of CD 40 by U937 cells after
incubation with different particles for 24 hrs. CoCr,
cobalt chromium; DB, D1, D2, diamond; positive,
LPS.
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Abstract

Determination of corrosion parameters of AISI 316
L with nanocrystalline diamond (NCD) layers depos-
ited by means of new Microwave / Radio Frequency
Plasma Enhanced Chemical Vapor Deposition (MW/
RF PECVD) method in testing solution 0.5 M NaCl
was a basic aim of presented work. We measured
corrosion potentials, potentiodynamic characteristics,
breakdown and repassivation potentials, corrosion
resistance and impedance characteristics of AISI 316
L samples with- and without NCD layers. Summariz-
ing obtained results it can be stated that NCD layers
improve corrosion features of AISI 316 L and that sur-
face preparation techniques have insignificant influ-
ence on these features.

Keywords: biomaterials, austenitic steel AISI 316
L, NCD layers, electrochemistry, corrosion

[Engineering of Biomaterials, 56-57,(2006),31-34]

Introduction

Since 1986 S. Mitura and co-workers from Technical
University in Lodz have produced nanocrystalline diamond
(NCD) layers on different substrates by means of Radio
Frequency Plasma Enhanced Chemical Vapor Deposition
Method (RF PECVD) [1-3]. In 2004 a new dual frequency -
Microwave and Radio Frequency PECVD method was there
applied for NCD layers deposition [4]. Dual frequency
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method was in details described by L. Martinu et al. [5] for
deposition of P-SiOx films, J. E. Klemberg-Sapieha et.al.
[6] for silicon nitride (P-SiN) and amorphous hydrogenerated
silicon (a-Si:H) films, and A. Raveh et. al. [7] and P. Reineke
et. al. [8] for amorphous diamond-like carbon layers. This
method was used also in Technical University of Lodz for
NCD layers deposition onto AlSI 316 L stainless steel. AISI
316 L has good mechanical properties. That's why it is one
of the most frequently used materials as bone-implants
placed for short time [9,10]. The improvement both mechani-
cal and corrosion features as result of using NCD layers
was mentioned by S. Mitura in earlier publications [11] and
in details described by J. Marciniak [9]. Corrosion param-
eters are different in a lot of publications. The reason lies in
preparation processes of samples' surface.

The aim of this work is to presentation of corrosion meas-
urement results of austenitic AlISI 316 L prepared by me-
chanical polishing with abrasive paper SiC and additionally
with ALLO;, with and without NCD layers. NCD layers were
deposited by means of a new MW/RF PECVD method. The
following corrosion measurement's results are presented in
this work: corrosion potential E., in open circuit (OCP), po-
larization resistance R, using Stern-Geary method, break-
down E, and repassivation E,, potentials and impedance
characteristics (EIS) in 0.5 M NaCl solution.

Experimental methodology

The investigated AISI 316 L samples had cylindrical
shapes with 8 mm diameter and ca. 3 mm height. The sam-
ples were prepared in two different ways. One part of sam-
ples was polished with abrasive paper SiC from 500 to 2000
grit only, rinsed with distilled water and ethanol, and dried
with argon (99.999). The other part of samples was addi-
tionally polished with ALLO; and next rinsed with distilled
water and ethanol, and dried with argon. The surfaces of
samples were controlled using optical metallographic mi-
croscope.

On such prepared samples' surface NCD layers using
MW/RF PECVD method were deposited. Deposition proc-
ess of NCD layers consisted of two steps: 1) surface etch-
ing (power of MW=150 W and RF= 120 W, autopolarization
potential V,=-700V and duration of t=3 min,); 2) NCD lay-
ers deposition (MW=150 W and RF=120 W, V,=-700V, flow
of CH, 50 sccm, and duration of =2 min). According to above
given parameters can estimate a thickness of NCD layers
atca. 1um.

Electrochemical corrosion measurements were carried
out in a glass electrolytic cell (volume ca. 2cm?) in
potentiostatic conditions using potentiostat / galvanostat
PGSTAT 30 (EcoChemie AUTOLAB). Internal diameter of
rubber ring gasket was a 0.6 cm and hence the active sur-
face area (in contact with solution) was ca 0.28cm?. During
the measurements. temperature was 25°1°C and the so-
lution was mechanically stirred and deoxidized with argon.
Special miniature calomel electrode in saturated NaCl so-
lution (standard potential E°=0.243 V) was used as refer-
ence electrode - all potentials in this work are given versus
this electrode. All measurements were carried out in cycle
described in [12]. This cycle consisted of following steps: 1)
corrosion potential measurement Ecor in open circuit po-
tential (OCP) method, 2) current - potential characteristic
measurement in potential range from E_,-0.020V to
E...+0.020V according to Stern-Geary method with scan rate
0.5 mVes, 3)impedance characteristic measurement at E .,
potential in frequency range from 0.04Hz to 10* Hz using
sinusoidal signal with E,.=5mV, 4) potentiodynamic char-
acteristic measurement with scan rate 1 mVes™' from start

potential E.,, - 0.200V to potential in which the measured
current reached to programmed value. Then the scan di-
rection was inversed and the measurement was carried out
to the start potential. Steps from 1 to 3 were repeated in
post-corrosion and fresh solutions.

Optical metallographic microscope was used for investi-
gation of corroded samples. Scanning electron microscopy
HITACHI S-3000N with an X-Ray microprobe analyzer EDX
THERMO NORAN was used for structure and elements
composition measurements.

Results

Corrosion potentials E_,,

For each sample we measured potential E vs time t. A
final stable potential was considered as corrosion potential
E... Average values of E_,, and standard deviation are pre-
sented in TABLE 1.

It can be stated that E.., values of AISI 316 L without
NCD layers are independent from preparation method. A
potential E.,. of AlISI 316 L samples with NCD layers is more
anodic in comparison with AISI 316 L samples without NCD
layers. This potential depends on preparation technique and
can be attributed with changes, which take place in struc-
ture of layer's surface during NCD deposition. After anodic
polarization (designated "After corrosion") Ecor potentials
did not monotonically change. The interpretation of observed
E.. changes is difficult. The most significant is a compari-
son of E., values in the same conditions i.e. before and
after corrosion in fresh solution. Post-corrosion solutions
can have different concentrations of corrosion products for
each examined sample, which lead to large results disper-
sion (higher standard deviation). These results can be helpful
with analysis of AISI 316 L implant's behavior in contact
with human body - products of corrosion can accumulate in
tissue nearby implant and cause situations close to second
period of presented measurement.

Breakdown potentials E, and repassivation potentials
Erep.

The preparation technique of AISI 316 L surface had a
negligible influence on its potentiodynamic characteristics.
F1Gg.1 present example of potentiodynamic characteristics
of samples (prepared with SiC abrasive papers) with and
without NCD layers. It is important to notice that breakdown
potentials E, were difficult to detect from these characteris-
tics - increase of measured current was not so sharp as for
example in corrosion processes of Ti in KBr solutions [13].
Crevice and pitting corrosion occurred simultaneously near
rubber gasket and it is a reason of this current - potential
characteristic shape. That's why there is a great possibility
to make error by determining the E, value.

FIG. 2 shows fundamental difference between features
of both samples - pits which emerged on surface of AlSI
316 L without NCD developed in wide range of polarization
potential up to potential close corrosion potential E.,. In con-

After corrosion
(in fresh
solution)
EEDT AE&Q![ Ecnr AEEDT[ EEDT AEEDT[

M v M V] DM V]

Before

e After corrosion

Sample  Preparation

SiC
SiC + ALO
SiCc

SiC + Al,O3

TABLE 1. Corrosion potentials E_ of investigated
samples.
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FIG. 1. Potentiodynamic characteristics for a) AlSI
316 L and b) AISI 316 L with NCD layers; samples
polishing with SiC.

trary - pits which emerged on surface of AISI 316 L with
NCD layers repassivated in potential ca. 0.2 V that is more
cathodic than breakdown potential E,,. The same behavior
is observed for AISI 316 L samples after polishing with Al,O,.
E, and E,, potentials are more positive for AISI 316 L with
NCD layers in the range from 0.7V to ca. 1V than AISI 316L
without NCD. These potentials depend little on preparation
technique (FIG.2). It means that possible differences of lay-
ers' surface connected with the different preparation tech-
nigue, which were mentioned with corrosion potential analy-
sis, have no influence on pits creation. Crevice and pitting
corrosion were detected by microscopic investigations of
samples' surface.

leor lcor

R, AR, A
[Qcm? [Q cm?] Acm? [Acm?]

Sample Preparation

AlSI Sic

AlSI SiC + Al,Og

AISI with Sic
NCD

AISI with
NCD

SiC + Al,O3

TABLE 2. Polarization resistance R and
corrosion current icor before anodic polarization.

sample surface has influence on both values - R is higher
for samples, which are polished with Al,O, in comparison
with samples, which are polished with SiC. It is connected
with surface roughness - after polishing with SiC there are
a large quantity of scratches on sample's surface, which
enlarge an "electrochemical" surface. This fact has high in-
fluence on corrosion processes. Rp resistance of samples
with NCD layers decreases drastically after anodic polari-
zation independently of surface preparation technique.

Impedance characteristics

Impedance characteristics of AISI 316 L without and with
NCD layers after polishing with abrasive papers SiC and
additionally with Al,O, before anodic polarization as Bode
plot shows FIG.3a. Electrical equivalent circuit used for fit-
ting the experimental characteristics is presented in FIG.3b.

All presented characteristics in FIG.3a. are similar and
therefore they are not designated. Electrical equivalent cir-

1.5 17 Ebr Erep I\ —& -Eb
A
, e 4
1.0 7
2 R —
7/ /* *
/
7/ //
/
0.5 & 4
% ,,,,, /
/
/
/
0.0 7 /
L |
-0.5
without NCD without NCD with NCD with NCD
(SiC) (SiC+AIl,03) (SiC) (SiC+Al,03)

FIG. 2. Breakdown E, and repassivation E_
potentials vs. samples preparation and NC
layers presence.

Corrosion resistance Rp and corrosion current icor

The R, resistance and corrosion current icor were calcu-
lated from Stern-Geary linear characteristics (see TABLE
2).

Analyzing obtained results it can be stated that before
anodic polarization of AlSI 316 L with NCD layers the po-
larization resistance R, is 1.5+2.0 times higher than the re-
sistance R, of the same samples without NCD. A corrosion
current icor behaves reversely. A preparation technique of

10°
10°k
—10°F
—10°k
10"k
100: poovvil v el vl v eel vl 1o nm
102 10" 10° 10" 10® 10° 10*
Frequency (Hz)
-90
©-60
-g:_) -
4.:_30 [
O I 1ol 1ol Ll Lol Ll R
102 10" 10° 10" 10® 10° 10*
Frequency (Hz)
b)
Rg CPE1
R1

FIG. 3. Impedance characteristics of AISI 316 L
without and with NCD layers;

a) Bode plots (see text), b) electrical equivalent.
circuit.
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cuit contains uncompensated electrolyte resistance, i.e. the
resistance of electrolyte between working electrode and ref-
erence one, Rs7.4+8.2 W:cm?, constant phase element
CPE1-T"(5.5+8.8)-10°, CPE1-P"0.89+0.94 and reaction
resistance R17(0.4+1.9):10* Q-cm?2. Constant phase element
corresponds to the double layer capacity (CPE1-P is close
1) and includes information about the surface roughness.

Conclusions

Summarizing results presented above it can be stated
that NCD layers: 1) shift a corrosion potential E.,, in more
positive values but surface preparation method has negligi-
ble influence on E, potential; 2) shift breakdown E, and
repassivation E,,, potentials in more anodic values and de-
crease a potential range in which occurs pitting corrosion;
3) increase polarization resistance R, and decrease corro-
sion current icor in corrosion potential E., but R, and i,
values depend on surface preparation; 4) have no influence
on impedance characteristics. In final conclusions it can be
stated that NCD layers improve corrosion features of AISI
316 L and that surface preparation techniques have insig-
nificant influence on these features.
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Abstract

A new dual-mode microwave / radio frequency
(MW/RF) plasma reactor for deposition of
nanocrystalline diamond (NCD) coatings has been
developed in Technical University of Lodz. In this work
we present the results of investigations concerning
influence of NCD layers deposition method on corro-
sive features of Ti in Tyrode's solution. NCD layers
were produced by means of Radio Frequency and Mi-
crowave / Radio Frequency Plasma Chemical Vapor
Deposition (RF PCVD and MW/RF PCVD).
Electrochemical investigations show that both NCD
coatings improve some corrosive features of Ti. How-
ever obtained results show that pitting corrosion did
not occur on Ti/NCD RF samples, but it occur on Ti/
NCD MW/RF despite of thicker NCD layers.

Keywords: Ti; nanocrystalline diamond (NCD);
NCD deposition methods; RF PCVD; MW/RF PCVD;
electrochemical measurements; corrosion parameters.
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Introduction

Ti and its alloys play an important role in medical appli-
cations as implants [1]. Materials used in human body, as
medical implants, must be characterized by: good
biocompatibility, chemical stability, biostability, good adhe-
sion and excellent mechanical characteristics [2]. In order
to enhance mechanical properties, corrosion resistance and
biocompatibility of biomaterials a deposition of different car-
bon coatings is used. Diamond-like carbon (DLC) and
nanocrystalline diamond (NCD) are the most often used
carbon coatings. DLC films contain 80% sp®-bonded car-
bon [3,4]. NCD coatings, as Mitura reported in [5], have a
thickness of about 0.5-1 ym and are composed of 97% dia-
mond. One of the latest works about Microwave Plasma
Chemical Vapor Deposition (MPCVD) technique signalizes
a possibility of producing a new form of diamond film called
ultrananocrystalline diamond (UNCD) which consist of crys-
talline grains of 95% sp®-bonded carbon that are 3-5 nm in
size [4]. DLC, NCD and UNCD layers are produced in dif-
ferent chemical vapor deposition processes: Radio Fre-



quency Plasma Chemical Vapor Deposition (RF PCVD) [5],
Microwave Plasma Chemical Vapor Deposition (MPCVD)
[4] and Microwave / Radio Frequency Plasma Chemical
Vapor Deposition (MW/RF PCVD) [6-8].

In Technical University of Lodz are available RF PCVD
and MW/RF PCVD methods for NCD layers deposition. The
aim of this study was to compare an influence of these depo-
sition methods on corrosive features of Ti in Tyrode's solu-
tion, especially an oxidation of sp?-bonded carbon, break-
down potential, repassivation potential, polarization resist-
ance, corrosion rate and type of corrosion. Obtained differ-
ences in corrosive features may be joined with changing of
surface layers different for used deposition techniques

Eiperimental

All measurements were done using cylindrically shaped
samples of Ti (99.99 - Aldrich) with a diameter of 6.35 mm.
Preparation of Ti electrodes consisted of sequential wet
polishing with 1000 and 2000 grit SiC paper, polishing with
diamond gel 1 pm and chemical etching in Kroll's solution
(HF:HNO;:H,O in volume ratio 1:3:5 respectively). Finally,
the samples were rinsed with distilled water and dried in
argon. The surface appearance was verified using optical
metallographic microscope. Such prepared Ti samples were
covered by NCD using two different methods: RF PCVD
and MW/RF PCVD. RF generator was connected to work-
ing electrode with Ti samples. MW power was applied
through a quartz tube mounted in opposite to working elec-
trode [8]. The main parameters of NCD deposition proc-
esses are shown in TABLE 1.

According to parameters given in TABLE 1 a thickness
of NCD layers can be estimated at ca. 0.5 ym for RF PCVD
and even four-times higher for MW/RF PCVD.

Electrochemical measurements were carried out in a
glass electrolytic cell with a volume of ca. 2 cm?® [9]. All cor-
rosion measurements were carried out in a typical three-
electrode system. Calomel electrode in saturated NaCl so-
lution was used as a reference electrode. Tyrode's solution
(0.8 g NaCl, 0.02 g CaCl,, 0.02 g KCI, 0.1 g NaHCO,, 0.1 g
D-glucose, 0.1 MgCl,, 0.005 g NaH,PO, and H,O in 100
cm? solution) [10] was prepared from chemical reagents
POCh S.A. (Polish Chemical Reagents) and Aldrich - with
purity "for analysis" - without additional purification. Follow-
ing electrochemical methods were used in corrosion meas-
urements according to [11]: open-circuit potential (OCP) for
corrosion potential E_,, detection, Stern-Geary's method for
polarization resistance R, and corrosion rate CR detection,
potentiodynamic curves for breakdown potential E, and
repassivation potential E, detection and electrochemical
impedance spectroscopy (EIS) which allowed to determine
properties of phase boundary electrolyte solution / sample
[12].

The surface appearance before and after the corrosion
process was verified using optical metallographic micro-

Parameters RF PCVD MW/RF PCVD
Gas
Bias voltage
RF power
MW power
Time of etching
Gas
Bias voltage
RF power
MW power
Gas stream velocity
Time of deposition

lon etching

Deposition of
NCD layers

TABLE 1. The main parameters of NCD deposition
processes.

T -0.383+0.026

TIINCD (RF PCVD)

TI/NCD (MW/RF
PCVD)

0.165+0.001

0.065+0.040

TABLE 2. Corrosion,
repassivation potentials.

breakdown and

scope. Surface structure and elements composition analy-
sis of samples after corrosion process were performed us-
ing scanning electron microscopy with X-ray analysis (SEM-
EDX) method.

Results and discussion

Electrochemical measurements

Values of open circuit potential E vs. time t were col-
lected for each sample. Time of registration was from 2000s
till 6000s. Stabilized electrode potential was established as
corrosion potential E,,.. Averaged values and standard de-
viations of E_, are presented in TABLE 2. Potentiodynamic
characteristics dependence of current density j=I/A (I - meas-
ured current [A], A - sample surface [cm?]) versus polariza-
tion potential E [V] are presented in FIG.1. Breakdown po-
tential E, and repassivation potential E, values obtained
from these characteristics are also presented in TABLE 2.
In case of Ti electrodes with NCD layers deposited by RF
PCVD method pitting corrosion did not occur, and therefore
E, and E,,, values were impossible to detect.

Analyzing data presented in TABLE 2 it can be stated
that NCD layers cause increase of corrosion potential Ecorr
form -0.383 V to 0.165 V (ca. 0.45 V) in case of RF PCVD
and form -0.383 V to 0.065 V (ca. 0.55 V) in case of MW/RF
PCVD deposition methods. In case of Ti without NCD and
Ti with NCD layers deposited using plasma vapor deposi-
tion method with radio frequency (called Ti/NCD RF) there
was no breakdown in Tyrode's solution. Oxidation peak
current was observed in potential range 1-3 V on the ob-
tained potentiodynamic characteristics for Ti/NCD RF. This
oxidation peak was joined with intensive gas bubbling on
sample surface, and it can be attributed to presence of
graphitic (sp?) material on deposited NCD layers [13]. For
Ti samples with NCD layers deposited using dual frequency
plasma vapor deposition method (called Ti/NCD MW/RF)
breakdown potential E, was close to 3.4 V. Repassivation

1E-02 4 jia/em?]
8E-03 -

6E-03 4 TINCD MW/RF

/

4E.03 | TINCD RF

2E-03 A

0E+00 ~

-2E-03 T T T T T T T T T T T 1

FIG. 1. Potentiodynamic characteristics of
investigated electrodes in Tyrode's solution.
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I Sample CR [mmPY Rp [Mohm-cm’) I
Ti

(5.65+0.46)10" 4.0+0.3
(3.49+0.18)110°
(4.18+0.66)[10°

Ti/NCD (RF PCVD)

64.7+3.6
54.6+8.6

Ti/NCD (MW/RF PCVD)

TABLE 3. Averaged values of corrosion rate CR
and polarization resistance R .

-40000u 1

-300000 10

N 102 10" 10° 100 107 10° 10*
-200000 Frequency (H2) Rs R1 R2

-100000 |- ] so| &

0 0
0 100000 2000C 102 107 10° 100 102 10° 10°
z Frequency (Hz)

FIG. 2. Nyquist (a) and Bode (b) plots for Ti (o), Ti/
NCD RF () and Ti/NCD MW/RF (+); electrical
equivalent circuit (c).

Sample CPE2-T CPE2-P

Rs R1 R2
[ohm-cm? [ohm-cm?] CRI=AT CF‘E]"P[ohmcmz]
Ti 853010 5.28M10° [1.77010°

TiI/NCD RF 5.63010°F 5.11010° [8.3710°

2.96M10°F 4.4810° [1.0610°

TABLE 4. Elements' values of electrical equivalent
circuit.

FIG. 3. SEM picture of Ti without NCD (a), optical
microscope images of Ti/NCD RF (b) and Ti/NCD
MWI/REF (c).

FIG. 4. Pitting corrosion on Ti/NCD MW/RF: optical
microscope image (a), SEM picture (b).

Point 1 Point 2 Point 3
Atom % El.Wt.% Atom % El. Wt.% Atom % EL Wt. %

5.02 2.06 d b 6.46 2.67

1.65 1.30 1.65 1.30
0.84 0.70 = = 0.86 0.72
0.90 0.95 = = 1.18 1.25
4.56 5.54 = = 4.00 4.87

I Ca 171 2.34 = = 211 291 I

TABLE 5. SEM-EDX element composition of Ti/
NCD MW/RF surface after corrosion.

potential E..p was ca. 3.2 V for these samples. Oxidation
peak was not observed on these samples. That's why the
presence of graphitic (sp?) material on surface of Ti/NCD
MW/RF may be negligible.

Polarization resistance R, and corrosion rate CR were
calculated from Stern-Geary's characteristics using
CorrView program. The Stern-Geary's characteristics were
registered with scan rate 0.5 mV/s in potential range from
E.. -20 mV to E.,, +20 mV. Averaged values of these pa-
rameters are presented in TABLE 3.

Analyzing data presented in TABLE 3 it can be stated
that NCD layers deposition on Ti causes more than ten-
times increasing of R, values. Corrosion rates for Ti with
NCD layers, independent of deposition method, are order
of magnitude smaller than for Ti without NCD.

Impedance characteristics EIS were registered at Ecorr
potential in wide frequency range from 10 kHz to 40 mHz,
with a harmonic signal E,. =5 mV. Examples of character-
istics for investigated samples and electrical equivalent cir-
cuit fitting obtained experimental data are presented in FIG.2.

The circuit was the same for all investigated samples. It
contained uncompensated electrolyte resistor Rs, two iden-
tical branches CPE1 || R1 and CPE2 || R2 connected in
series. The first branch CPE1 || R1 describes impedance
characteristics in high frequency range, while the second
branch CPE2 || R2 describes them in low frequency range.
CPE1-T element corresponds to differential double layer
capacity of phase boundary solution / sample, while CPE1-
P values corresponds to surface roughness. Resistance R1
describes corrosion processes. R1 value significantly in-
creases after NCD layers deposition, what can be joined
with decreasing of corrosion reaction rate. Simultaneously
decreases differential double layer capacity (CPE1-T).
Physicochemical meaning of CPE2 and R2 is equivocal -
these elements may correspond to phase boundary tita-
nium oxide / titanium features [14].

Microscopic measurements - surface structure and el-
ements composition analysis

SEM picture of Ti without NCD and optical microscopes
images for Ti with NCD layers are presented in FIG.3.
Changes caused by pitting corrosion on Ti/NCD MW/RF
are shown in FIG. 4. Elements composition for three points
of corroded surface marked on FIG.4b are presented in
TABLE 5.

On Ti surface without NCD layers and after NCD layers
deposition the crystallites of the substrate are clearly visible
(FIG. 3). NCD layers deposited using RF PCVD method
change the sample color form metallic-silver to yellow (FIG.
3b), while layers deposited by means MW/RF PCVD method
give blue color (FIG. 3c). FIG.4a shows that corrosion proc-
esses for TIINCD MW/RF take place on whole crystallites
surface with preferable orientation (areas out of focus). This
effect is confirmed by SEM picture (FIG. 4b). Elements com-
position data from TABLE 5 show that Ti, O and C are present
in any point of this surface. Moreover the presence of other
elements such as Na, Mg, P, Cl and Ca was found in points
1 and 3 and it may be joined with corrosion processes in
Tyrode's solution. Smooth region with point 2 is a region of
crystallites which did not corrode. Making a comparison of C
contents in analyzed points it can be found that in points 1
and 3 the contents of C are unexpectedly higher than in point
2. This fact can be explain by the appearance of C from glu-
cose existing in Tyrode's solution.

Summary and conclusions

Electrochemical investigations show that both NCD coat-
ings improve some corrosive features of Ti. In case of Ti



with NCD layers the shift of corrosion potential was observed
in more positive values. Moreover the corrosion rates of Ti
with both NCD layers are order of magnitude smaller than
for Ti without NCD. The both NCD coatings have compara-
ble values of corrosion rate and polarization resistance. In-
vestigated samples with different NCD coatings have simi-
larimpedance characteristics and the same equivalent elec-
trical circuit.

Obtained electrochemical results show different corrosive
features of NCD layers deposited on Ti using two different
techniques - pitting corrosion did not occur on Ti/NCD RF
samples, but it occur on Ti/NCD MW/RF despite of thicker
NCD layers. Microscopic investigations made for Ti/NCD MW/
RF show that localized corrosion process is joined with sur-
face microstructure - pitting corrosion take place on whole
crystallites surface with preferable orientation. These differ-
ences in corrosive features may be joined with changing of
surface layers different for used deposition techniques. In
electrochemical aspect the new method MW/RF PCVD (de-
spite of existing breakdown at 3.4V) is better in comparison
with RF PCVD, because there is no anodic peak in potential
range 1-3V. Therefore it can be supposed that the presence
of graphitic (sp2) material on NCD layers deposited by MW/
RF PCVD method is smaller.

Summarizing obtained results can be stated that MW/
RF PCVD technique requires subsequent improvement of
the main parameters of NCD deposition processes on Ti so
that the breakdown will be eliminate or the breakdown po-
tential will be shifted to maximum value.
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Abstract

The DLC (diamond-like carbon) and NCD
(nanocrystalline diamond) layers coat made implants
of medical steel 316 L, titanium and titanium alloys
[1]. These layers have excellent properties such as:
high hardness, good biocompatibility to various types
of cells, good adhesion to implants [2], wheres im-
plants with diamond layer have good corrosion resist-
ance in body fluids. Result received for these materi-
als are encourage to modification other materials for
example shape memory alloy NiTi. Nitinol is often used
material in interventional cardiology, orthodontics and
urology [3]. Shape memory alloy charackterizes of
return to designed shape, superelasticity,
thermomechanical behavior [3]. This phenomenons
are proceeded thanks to the martensite transforma-
tion. Modification in high temperature perhaps cause
failure martensite transformation which influence on
the material properties change.

Key words: nitinol, diamond layer, RF PCVD
method

[Engineering of Biomaterials, 56-57,(2006),37-39]

Introduction

Nitinol - equatomic shape memory alloy is often used
material to production of vascular stents, filters, implants in
orthopedics and orthodontics [3]. NiTi is characterized by
an unique combination of properties, superelasticity,
thermomechanical behavior, low density and shape
memory. These are very favourable phenomenons taking
into account the difference of size of blood-vessels where
the implants are predicted to be introduced. Phenomenons
in NiTi are proceeded thanks to martensitc transformation.
The term martensitic phase transformation describes the
formation during cooling or during loading with an external
stress of the austenite high temperature phase [9]. In this
phenomenon occurs atoms re-organise. This transforma-
tion dose not change the chemical composition. Results of
this transformation are new crystal lattice.

All materials, which are implanted, should fulfill many
factors, they could not cause allergic response or inflam-
matory reaction. They must exhibit biocompatibility - the
ability of the human body to endure the implants without
destruction of the tissue. They must have a specific system
of mechanical properties - good adhesion, good corrosion
resistance in body fluids.

Although studies have demonstrated the good corrosion
resistance and biocompatibility of Nitinol [4], but the high
nickel content at this alloy (54,5 to 57% weight) makes pos-
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sible dissolution by corrosion and it still remains a concern.
The corrosion ions caused failure cells and allergic response.
In this emergency implants is rejected.

Due to assure biocompatibility implants on NiTi investiga-
tions over modification NiTi [3] are conducted. Our investiga-
tion qualifies NiTi properties after coated it them with
nanocrystalline diamond layer manufactured by RF PCVD
(Radio Frequency Plasma Chemical Vapour Deposition)
method [5]. Idea of this method has consists in the process
of activated of dense plasma in methane in a radio frequency
filed 13,56 MHz. Manufacturing process of diamond layers
consisted of two stages: ion etching of surface NiTi and dia-
mond layer deposition on this surface.

NCD layer manufactured by RF PCVD is biocompatibility
[6]. It does not cause allergic reactions and it does not con-
tribute inflammation. Implants with NCD layer have good
corrosion resistance in body fluids.

Materials and methods

In these tests were used NiTi samples delivered by
Memory Metalle (Germany) such as:
- disks (diameter = 4,6 mm and thickness - 2 mm)
- ribbons (thickness - 0,63 mm, width -3,34 mm and lenght
- 40 mm). Surface ribbons preparation dark grey oxide.

On this samples were manufactured diamond layer by
RFPCVD (Radio Frequency Plasma Chemical Vapour
Deposition) method [5]. Parameters of coating process
shows TABLE 1. Before the RF PCVD process samples
were mechanical polished and ultrasonic cleaned.

Samples' surface and structure after test was observed on
the metallographic microscope and scanning electron micro-
scope SEM. The microhardness of pure NiTi and NiTi with dia-
mond layer were also examined. It was bending strength meas-
urement pure NiTi and NiTi coated diamond layer.

Results and discussion

Before and after the NiTi samples coating by diamond
layer X-ray analysis were made samples surface were ob-
served by SEM.

FIG. 1a. shows results of clear disks analysis and in the
table is range of content of elemenets. It can be seen that
Ni and Ti are principals elements of this alloy. Surface of
NiTi disk shows FIGURE 1b.

FIG. 2a. shows results of clear ribbons analysis and in
the table is range of content of elemenets. It can be seen
that Ni and Ti and O are principals elements of this alloy.
Surface of NiTi ribbon shows FIGURE 2b.

FIG. 3a. shows analysis results of disks with diamond
layer and in the table is range of content of elemenets. Sur-
face of NiTi disks with diamond layer shows FIGURE 3b.

FIG. 4a. shows analysis results of ribbon with diamond layer
and in the table is range of content of elemenets. Surface of
NiTi riboon with diamond layer shows figure 4b. It can be seen
that diamond layers is constant and uniformity.

NiTi structure

Structure of NiTi disks and ribbons was observed by
metallographic microscope.

The view of pure NiTi disk structure shows FIG.5a. On

I ETCHING COATING I

Potential Time Potential Time Flow of gas
t process

i cm/min |

NiTi disks 840-860

NiTi ribbons

TABLE 1. Parameters of RF PCVD process.

FIG. 1. Clear NiTi disks :a) results of X-Ray
analysis, b) SEM view.
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FIG. 2. Clear NiTi ribbon: a) results of X-Ray
analysis, b) SEM view.

Ti b)

FIG. 3. NiTi disk with diamond layer: a)result of
X-Ray analysis, b) SEM view.
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FIG. 4. NiTi ribbon with diamond layer: a)result of
X-Ray analysis, b) SEM view.

the FIG. 5b was showed structure of NiTi disk after RF PCVD
process. It can be seen that diamond layer on the NiTi rib-
bon is constant.

The view of NiTi disk structure pure ribbon shows FIG.6a.
On the FIG.6b was showed structure of NiTi ribbon after RF
PCVD process.

Pictures show that structure of disks and ribbon after
coating changed.

Microhardness

Was mesurement before and after RF PCVD process
microhardness of NiTi.. Microhardness was made on the 6
clear NiTi samples and 6 samples with diamond layer. Re-
sults of these tests are shown in TABLE 2. It can be seen
that microhardness after coating changed. During the RF
PCVD process followed strengthen material.

Bending

Clear NiTi ribbon and NiTi ribbon with diamond layer were
bending. FIG.7,8 show results of these test. It can be seen
that NiTi samples after RF PCVD process did not return to
original shape. Structrue of NiTi change. RF PCVD proc-
ess makes the plasticity properties lower.

Differential Scaning Calorimetry

On the clear NiTi and NiTi with diamond layer were made
differential scanning calorimetry (DSC). Measurements were
made in range temperatures from -50 to 250°C. The flow
gas in the time test was 50ml/min. FIG.9 shows curve DSC




FIG. 5. View of NiTi disk structure- metallographic
microscope - magnification 275x: a)clear NiTi, b)
NiTi with NCD.

A

FIG. 6. View of NiTi ribbon with diamond layer
structure - metallographic microscope -275x:
a)clear ribbon, b) ribbon with NCD.

L

clear NiTi under heating and cooling. It can be seen that
temperatures transformation Ap upon heating to amount
10°C and temperature transformation Mp upon cooling to
amount 20°C.

F1G.10 shows NiTi curve DSC with diamond layer under
heating and cooling. It can be seen that temperature trans-
formation Ap upon heating to amount 30°C and tempera-
ture transformation Mp upon cooling to amount 10°C.

I Microhardness NiTi— average for 6 samples I

| Before RF PCVD After RF PCVD 1

I 291 HV 370 HV I
TABLE 2. Microhardness NiTi- average for 6
samples.

Conclusions

Investigations results show that modification by Radio
Frequncy Plasma Chemical Deposition method NiTi does
not satisfy expectations. Modification NiTi caused lower me-
chanical properties instead high them. The SEM images of
diamond layer on the NiTi surface shows that layer is homo-
geneous and coats surface of NiTi samples very good but
structure tests of NiTi shows that RF PCVD process caused
material's change. High temperature during the process coat-
ing that's the problem, which destroits shape memory. phe-
nomenon. Test DCS showed that RF PCVD process changes
transformation temperatures upon heating an upon cooling.
This is very unfavourably phenomenos. Material after RF
PCVD does not good shape memory and superelasticity.

-

FIG. 7. Clear NiTi after

FIG. 8. NiTi with
bending. diamond layer after
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FIG. 9. Curve DSC clear NiTi.
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FIG. 10. NiTi DSC curve after RF PCVD process.
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Streszczenie

Niniejsza praca stanowi przeglad literaturowy me-
tod, sposobow, a takze materiatow stosowanych oraz
bedacych sferze badan do konstrukcji protez do re-
generacji obwodowego uktadu nerwowego. Zawiera
réwniez opis anatomicznych i fizjologicznych proce-
SOw przebiegajgcych podczas regeneracji nerwow, a
takze zestawienie ich wtasnosci biomechanicznych.

Stowa kluiczowe: regeneracja nerwéw, technika
operacyjna, biomateriaty

[InZzynieria Biomateriatow, 56-57,(2006),40-53]

Wstep

Urazowe uszkodzenia nerwow obwodowych sg powaz-
nym problemem zaréwno z punktu widzenia klinicznego jak
i spotecznego. Stosowane obecnie metody leczenia, w tym
operacyjnego, pozwalajg na uzyskanie wzglednie dobrych,
lecz zwykle nie do konca zadowalajacych wynikéw lecze-
nia. Leczenie jest zmudne i czesto obarczone konieczno-
Scig pobrania innego zdrowego nerwu skérnego dla napra-
wy uszkodzenia. Urazowe uszkodzenia obwodowego ukfa-
du nerwowego sg przyczyng duzej ilosci interwenciji chirur-
gicznych.

W 1995 roku w Stanach Zjednoczonych przeprowadzo-
no ponad 50,000 operacji z powodu urazowych uszkodzen
nerwow obwodowych [1]. Liczba zabiegdéw wykonywanych
w Kilku osrodkach w Polsce wynosi ponad 100 rocznie w
kazdym z nich [2]. Urazy z reguty dotyczg osob w dwdch
grupach wiekowych: mtodziez do 15 lat oraz oséb w wieku
30-50 lat [3]. Prowadzi to do znacznej absencji chorobowej
a niekiedy stanowi przyczyne powaznego kalectwa.

Jedng z gtéwnych trudnosci w operacyjnym leczeniu ura-
zowych uszkodzen nerwow obwodowych jest wykonanie
zespolenia przerwanego nerwu w przypadkach z duzym
ubytkiem pomiedzy przecietymi koncami [3,4]. Trojwymia-
rowe materialy uzywane obecnie jako skafoldy dla regene-
racji tkanek mogq zastgpi¢ obecnie stosowang w takich
przypadkach klasyczng metode, jaka jest zespolenia kiku-
téw nerwu z zastosowaniem allograftow lub autograféw
pobranych nerwoéw skoérnych [5]. Metoda klasyczna jest
zwigzana z szeregiem ograniczen takich jak dostepnosc¢ i
dtugos¢ pobranego nerwu celem przeszczepienia, odner-
wienie pola skérnego zaopatrywanego przez pobrany nerw,
drugie miejsce operacyjne, ryzyko infekcji w miejscu po-
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Abstract

The work presents the state of the art in the area of
methods and materials used in peripheral nerve
treatmend. Anatomical and physiological aspects of
peripheral nerves their biomechanical properties and
their treatment are presented.

Keywords: nerve regeneration, operation proce-
dure, biomaterials

[Engineering of Biomaterials, 56-57,(2006),40-53]

Introduction

Peripheral nerve injuries are serious clinical and social
problems. Current applied treatment methods, including
operative, ones give relatively good, however not fully
satisfacting effects. Treatment is long lasting and often har-
vesting of healthy cutaneus nerve is necessary. Traumatic
peripheral nervous system injuries are the reason of great
number of surgical interventions. In 1995, there were more
than 50,000 peripheral nerve repair procedures performed
in USA [1]. Number of surgical procedures performed in
several centers in Poland is over 100 a year in every one of
them [2]. Patients are typically in two age groups: young
people till the age of 15 and middle-aged between 30 and
50 [3]. It causes significant disease absence and even may
lead to serious disability.

One of the major problems in surgical treatment of the
peripheral nerve injuries is ends coaptation in the case of
large loss of nerve tissue [3,4]. Three dimensional materi-
als in the form of scaffolds for tissue regeneration may re-
place currently applied classical technique, namely nerve
coaptation with the use of cutaneous nerve allo and auto-
graphs [5]. There are many disadvantages of classic method
such as limited availability and length of donor nerve tis-
sue, skin denervation in area related to harvested nerve,
second operative location, and risk of infection in the region
of nerve harvesting [6]. Several types of materials have been
proposed as peripheral nerve substitutes, for example: syn-
thetic materials such as silicon, polylactic acid and
polyglicolic acid, natural polymers such as chitosan,
alginates, collagen, laminin, fibronectin, and others [7].

Anatomical and physiological aspects
of peripheral nerve regeneration

Peripheral nerve consists of bunches of nerve fibers con



brania nerwu [6]. Szereg materiatéw moze mie¢ potencjal-
ne zastosowanie dla uzupetnienia ubytkdw nerwéw, np.:
materiaty syntetyczne takie jak silikon, poliglikolid, polilak-
tyd, naturalne polimery jak chitozan, alginiany, kolagen, la-
minina oraz fibronektyna i inne [7].

Anatomiczne i fizjologiczne aspekty
regeneracji nerwéw obwodowych

Nerw obwodowy zbudowany jest z grup witdkien nerwo-
wych potaczonych warstwami ostonek tgcznotkankowych.
Wibkno nerwowe tworzy wypustka komorki nerwowej po-
kryta ostonkg mielinowag wytworzong przez specjalne ko-
morki zwane komoérkami Schwanna.

Nerwy, ze wzgledu na charakter przewodzonych bodz-
cOw nerwowych, dzielg sie na ruchowe - przewodzgce im-
pulsy ods$rodkowe i czuciowe - przewodzace impulsy do-
srodkowe z receptorow czuciowych. Ponadto w obrebie
nerwow przebiegajg widkna uktadu autonomicznego. Wiek-
szo$¢ nerwow ma charakter mieszany, przewodza widkna
nerwowe wszystkich typow.

Komorki nerwowe, ktorych wypustki tworzg nerwy ob-
wodowe, lezg w obrebie rogéw przednich rdzenia krego-
wego oraz w zwojach miedzykregowych. Wytwarzane przez
nie widkna nerwowe po opuszczeniu kanatu kregowego
grupuija sie tworzac nerwy rdzeniowe.

W poczatkowym przebiegu nerwy te z reguty taczg sie
tworzac sploty, w obrebie ktorych dochodzi do wymiany
wiokien nerwowych pomiedzy poszczegdlnymi pniami ner-
wowymi. Ze splotéw wychodzg nerwy, ktére unerwiajg wia-
sciwe dla nich miesnie, skore, sciegna, stawy. Nerwy ob-
wodowe majg ksztatt walca, przebiegajg czesto wspdlnie z
naczyniami krwionosnymi.

Widkna nerwowe grupujg sie tworzac peczki. Peczki
pokryte sg ostonkg facznotkankowg - perineurium. Prze-
strzen pomiedzy poszczegdlnymi widbknami wypetniona jest
luzng tkankg - endoneurium. Peczki stanowig wewnetrzng
makroskopowg architekture nerwu, przebiegajg spiralnie i
w sposoéb sfatdowany. Taki uktad pozwala na swobodne
wydtuzenie sie nerwu w czasie jego rozciggania [8]. W ob-
rebie jednego nerwu przebiega z reguty kilka peczkow.
Pokryte sg one wspdlna ostonkg - epineurium, z ktérg sg
luzno zwigzane. Stanowi ona zewnetrzng ostone nerwu.
Posredniczy ona miedzy wewnetrznymi strukturami nerwu,
a srodowiskiem zewnetrznym, chroni jego wnetrze przed
urazami mechanicznymi, przewodzi wiekszg czes¢ napre-
zenh podczas naciggania nerwu [8].

Dla prawidlowego funkcjonowania nerwu konieczna jest
ciggtos¢ anatomiczna widkien nerwowych oraz sprawne po-
taczenie synaptyczne widkna nerwowego z jego efektorem.
Wyrézniane sg trzy gtdwne stopnie uszkodzenia nerwu:

- Neurapraxis - przejsciowe zablokowanie funkcji nerwu
spowodowane np. jego ucisnieciem i niedokrwieniem

- Aksonotmesis - przerwanie widkien nerwowych bez uszko-
dzenia ostonek fgcznotkankowych

- Neurotmesis - catkowite przeciecie nerwu.

W stopniu pierwszym i drugim regeneracja zachodzi
spontanicznie z dobrym rokowaniem dla wynikow leczenia.
W stopniu trzecim niemozliwa jest spontaniczna regenera-
cja, dla uzyskania powrotu funkcji nerwu konieczna jest in-
terwencja chirurgiczna i zespolenie przecietych kikutow
nerwu.

Regeneracja nerwu roézni sie zasadniczo od proceséw
gojenia sie charakterystycznych dla wszystkich innych tka-
nek. Dla przywrdécenia funkcji nerwukonieczna jest regene-
racja ("odrosniecie") wtdkna nerwowego od miejsca uszko-
dzenia az do efektora i odbudowaniez nim potgczenia sy-
naptycznego.

nected by connective tissue-sheets. Nerve fiber is created
by nerve cell process covered with myelin sheet produced
by special cells called Schwann cells.

Nerves, depending on the type of conducted nerve im-
pulses, are divided into motional - conducting anterograde
impulses, sensational - conducting retrograde impulses from
sensory receptors. A nerve also consists of fibers of auto-
nomic system. Most of the nerves are mixed, they consist
of nerve fibers of all types.

Nerve cells creating processes for peripheral nerves
fibers are located in the front horns of spinal cord or in in-
tervertebral ganglions. Nerve fibers after leaving vertebral
canal group and create spinal nerves. Proximal parts of
nerves connect and build the structures called nervous
plexus, where fibers exchange between particular nerves
takes place. Nerves leaving these structures innervate char-
acteristic muscles, skin, tendons and joints. Peripheral
nerves are cylinder in shape, they often run together with
blood vessels.

Nerve fibers group into structures called fascicles. Fas-
cicles are covered with connective tissue sheath - perineu-
rium. Space between the fibers is filled with lose connec-
tive tissue - endoneurium. Fascicles are internal macro-
scopic nerve architecture with spiral and fold molding. Such
a shape enables the nerve elongation during its stretching
[8]. In one nerve there are usually few fascicles. They are
covered with common sheath - epineurium, loosely con-
nected with. It is an external nerve cover. It mediates be-
tween internal nerve structures and external environment,
protects nerve internal structures from mechanical injury
and conducts biggest part of tension during nerve tighten-
ing [8].

Normal nerve functioning requires anatomic integrity of
nerve fibers and functioning synaptic connection of nerve
fiber with its efector. There are three main types of nerve
injuries:

- Neurapraxis - transient block of nerve function inflicted by
for example pressure and nerve blood flow dysfunction

- Aksonotmesis - nerve fibers disruption without damage of
connective tissue sheaths

- Neurotmesis - complete nerve cut

At the first and the second stage of injury nerve regen-
eration occurs spontaneously with good treatment progno-
sis. At the third stage of injury spontaneous regeneration is
impossible, surgical intervention and nerve end coaptation
is necessary for nerve function restoration.

Nerve regeneration greatly differs from healing processes
characteristic for all other tissues. For nerve function resto-
ration nerve fibers regeneration ("regrowth in") is neces-
sary from injury site to efector and rebuild of synaptic con-
nection.

Nerve regeneration process runs in few phases. During
the first phase multiple pathophysiologic events occur de-
scribed as Wallerian degeneration. This process is con-
nected with myelin sheaths and nerve fibers break up that
greatly depends on cells called macrophages. These cells
besides phagocytic properties play an important role in sup-
porting nerve fibers reconstruction process, called regen-
eration. They produce multiple substances called cytokines.
Cytokines, for example REG 1, stimulate Schwann cells
proliferation and also production of neurotrofic substances
such like NGF (Nerve Growth Factor). These substances
with retrograde axonal transport reach cell body and stimu-
late expression of genes responsible for protein production
for axonal regeneration. Schwann cells build characteristic
bands or tubes of Biingner, within of which regrowing axons
growths in. [9,10].

Without anatomic nerve fiber reconstruction from injury
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nych okreslanych jako degeneracja Wallera. U podstawy
tych zjawisk lezy rozpad ostonek mielinowych oraz wypu-
stek nerwowych, w ktérych istotng role odgrywajg komorki
zwane makrofagami. Komorki te oprocz wtasciwosci zer-
nych odgrywajg réwniez wazng role we wspomaganiu pro-
cesu odbudowy wtdkien nerwowych, ktory okreslamy rege-
neracjg. Wytwarzajg one szereg substancji zwanych cyto-
kinami. Cytokiny, np. cytokina REG 1, stymulujg komorki
Schwanna do proliferacii, jak réowniez do produkcji substanciji
neurotroficznych takich jak NGF (Nerve Growth Factor).
Substancje te drogg wstecznego transportu aksonalnego
docierajg do ciata komdrkowego i pobudzajg ekspresje ge-
now odpowiedzialnych za produkcje biatek koniecznych dla
regeneracji aksonu. W tym czasie komérki Schwanna wy-
twarzajg charakterystyczne pasma lub rurki Blingnera, w
ktére wrastajg odrastajgce aksony. Proces regeneracji kon-
czy sie momentem wytworzenia potaczen synaptycznych
oraz ostonek mielinowych wokét odrastajagcych aksonow
[9,10].

Bez anatomicznego odbudowania wtdékna nerwowego od
miejsca urazowego przeciecia do narzadu docelowego,
wytworzenia z nim funkcjonalnej synapsy i odbudowania
ostonki mielinowej niemozliwy jest powrét funkcji nerwu.
Stosowane metody leczenia, zaréwno klasyczne jak i eks-
perymentalne daza do wykorzystania powyzszego proce-
su celem uzyskania jak najskuteczniejszego wyniku rege-
neracji nerwu. Zespala sie kikuty nerwu koniec do konica,
co stwarza warunki by odrastajgce widkna nerwowe z kiku-
ta proksymalnego mogty wrosng¢ w kikut dystalny. W przy-
padkach urazéw, w ktérych dochodzi do ubytku nerwu ko-
nieczne jest wypetnienie ubytku przeszczepami nerwow. W
ostatnich latach prébuje sie wykorzystywac w tym celu inne
materiaty pochodzenia sztucznego.

Wiasnosci biomechaniczne nerwow
obwodowych

Nerwy obwodowe zbudowane sg z widkien nerwowych
oraz ostonek nerwowych zbudowanych z tkanki tgcznej o
réznych wiasciwosciach mechanicznych. Ze wzgledu na
rozmieszczenie tkanki tgcznej oraz cylindrycznej konfigu-
racji wiokien nerwowych, nerwy obwodowe posiadajg wia-
snosci anizotropowe. W przypadku nerwéw trudno jest osza-
cowac ich odpowiedz na dziatanie sit zewnetrznych ze
wzgledu na ich skomplikowang budowe. Gtéwnym elemen-
tem sktadowym nerwéw obwodowych odpowiedzialnym za
ich elastycznos¢ oraz wytrzymatos¢ na rozcigganie jest
epineurium [11]. Warstwy epineurium nie ulegajg przerwa-
niu w jednym, konkretnym punkcie na powierzchni nerwéw,
ale wzdtuz nerwu na pewnym jego odcinku. Dlatego tez
uszkodzenie nerwéw obwodowych na skutek rozciggania
nie jest zjawiskiem zlokalizowanym [12]. Materiaty, ktére
znajdujg zastosowanie w regeneracji nerwéw obwodowych
muszg charakteryzowac sie dostateczng wytrzymatoscig na
rozcigganie oraz odpornoscig nha obcigzenia dynamiczne
tak, aby zdolne byty przeciwdziata¢ sitom dziatajgcym w
Srodowisku "in vivo". Badania nad wtasno$ciami mechanicz-
nymi sg niezbednym krokiem w dalszym rozwoju materia-
téw stosowanych dla regeneracji nerwéw obwodowych [7].
Wiasciwosci mechaniczne takie jak naprezenie i odksztat-
cenie graniczne, wydtuzenie graniczne, modut Younga, pra-
ca zniszczenia sg niezbedne do dokonania charakterystyki
materiatdw przeznaczonych na implanty.

Dla nerwéw piszczelowych krélika wytrzymatosc na roz-
cigganie oraz odksztatcenie graniczne wynosi odpowied-
nio 11,7+0,7MPa i 38,5+2,0%. Osiggniecie "gérnej granicy

to target organ, synaptic connection reconstruction and re-
construction of myelin sheath nerve function restoration is
impossible. Actually applied treatment methods, classical
and experimental utilize this process to achieve an optimal
nerve regeneration effect. Nerve stumps reconnection cre-
ates conditions for regrowing axons from the proximal stump
to growth into the distal stump. In cases of great nerve tis-
sue loss reconstruction with nerve autografts is necessary.
Recently, for this purpose synthetic materials are being ex-
plored.

Biomechanical properties of peripheral
nerves

A peripheral nerve consists of nerve fibers and connec-
tive tissue of different mechanical properties. Because of
the arrangement of connective tissue and the tubular con-
figuration of nerve fibers, the nerves are anisotropic and
almost transversely isotropic. It is difficult to estimate the
response of nerves to external forces due to their small size
and complicated architecture. The main peripheral nerve
component responsible for the elasticity and tensile strength
of an intact nerve is epineurium [11]. The epineurial sheath
does not rupture at one given point in the nerve, but rather
along the nerve over some distance. Therefore, stretch in-
juries to peripheral nerve may not be localized phenom-
enon [12]. The materials used for supporting peripheral
nerve regeneration have to have sufficient tensile strength
and mechanical toughness to withstand in vivo mechanical
forces. Investigation of tensile properties is a requisite step
in the further development of peripheral nerve substitutes
[7]. The mechanical parameters like ultimate stress and
strain, ultimate elongation, Young's modulus, work to fail-
ure, viscoelastic behavior are necessary to evaluate such
characteristics of any material designed for implantation in
patients.

For rabbit tibial nerve, the tensile strength and ultimate
strain are found to be 11,7+0,7 MPa and 38,5%+2,0%, re-
spectively. The strain at the "elastic limit" ranged from 8%
to 20%, and the maximal strain at failure was approximately
30%. These ranges of variation were thought to be due to
the nonhomogenous structure of nerve trunks, which con-
sist of a complex variety of elements with different strength
and elasticity [12]. The rabbit tibial nerve has an ultimate
elongation of 16,3+0,7mm and ultimate load of 9,52+0,47N.
For human ulnar nerves the ultimate load is reported to be
65 to 155 N human median nerve 73 to 220N [12,13].

Peripheral nerves exhibit highly nonlinear stress-strain
behavior. The nerve may stretch up to 15% strain under
minimal stress of internal structures.

These mechanical properties of peripheral nerve are
determined by special interal nerve architecture that ena-
bles an optimal tensile stress load. Inside epineurium fasci-
cles run freely and are loosely connected with it. They run
in a spiral, wavy way along to longitudinal nerve axis. Thus,
there is an excess of length of fascicles in relation to epineu-
rium. During nerve stretching tensile stress is transferred
by epineurium and fascicles straightening. Further stretch-
ing may cause epi, perineurium and nerve fibers disruption
[8,12]. These data are similar to in vivo observations of in-
traneural blood flow in the rabbit tibial nerve. During gradual
stretching venular blood flow significantly decreases when
nerve is stretched to 8% beyond in vivo length. Complete
intraneural ischemia was induced at 15% beyond in vivo
length [1,11,12].

The estimated mean Young's modulus of the rabbit sci-
atic nerves in the transverse direction was 66.9+8.0 kPa,
and the longitudinal direction was 580+150kPa [7,11]. The



elastycznosci" nerwéw ma miejsce przy odksztatceniu od
8% do 20%, a maksymalne odksztatcenie do zniszczenia
oszacowane zostato na okoto 30%. Rozbieznosci w warto-
sciach odksztatcenia moga by¢ spowodowane brakiem
homogenicznosci w strukturze pnia nerwu, ktéry zawiera
ztozone sktadniki charakteryzujace sie odmienng elastycz-
noscig oraz wytrzymatoscia [12]. Dla nerwow piszczelowych
krolika wydtuzenie graniczne wynosi 16,3+0,7mm, a obcig-
zenie graniczne 9,52+0,47N. Dla ludzkich nerwow tokcio-
wych obcigzenie graniczne jest oszacowane pomiedzy 65N,
a 155N, a dla nerwow posrodkowych od 73 do 220N [12,13].

Nerwy obwodowe wykazujg silng nielinearng charakte-
rystyke naprezenie-odksztatcenie. Nerw moze byc¢ rozcig-
gany do 15% wartosci odksztatcenia przy minimalnym na-
prezeniu struktur wewnetrznych.

Powyzsze wiasciwosci mechaniczne nerwu sg determi-
nowane specjalng budowg wewnetrzng nerwu, ktora za-
pewnia najoptymalniejsze przenoszenie naprezen. W ob-
rebie epineurium peczki sg utozone swobodnie i luzno z
nim zwigzane. Ich przebieg jest pofatdowany w stosunku
do osi dtugiej nerwu. Daje to nadmiar dtugosci peczkéw w
stosunku do dtugosci epineurium. Podczas rozciggania
nerwu dochodzi do powstawania naprezen, ktére w wiek-
$z0$Ci sg przenoszone na epineurium i prostowania pecz-
kéw. Dalsze rozcigganie moze spowodowac przerwanie
ostonek epi i perineurium oraz rozerwanie wtdkien nerwo-
wych [8,12]. Wyniki tych badan potwierdzajg obserwacje in
vivo przeptywu krwi w naczyniach nerwu. Ukrwienie nerwu
krolika znaczaco spada przy zwiekszeniu przyzyciowym dtu-
gosci 0 8%. Kompletne zatrzymanie krazenia w nerwie na-
stepuje przy rozciagnieciu powyzej 15% [1,11,12].

Oszacowana warto$¢ modutu Younga dla nerwéw kul-
szowych krolika w kierunku poprzecznym wynosi
66.9+8.0kPa, natomiast w kierunku podtuznym 580+150kPa
[7,11]. Znajomos¢ parametrow mechanicznych nerwdw ob-
wodowych jest konieczna z punktu widzenia ochrony pecz-
kéw nerwoéw, a takze zachowania ich prawidtowej funkcji
fizjologicznych. Tkanka tagczna spetnia réwniez bardzo waz-
na funkcje w utrzymaniu odpowiedniego srodowiska w ob-
rebie srodnerwia poprzez utrzymanie bariery dyfuzji dla r6z-
norodnych makroczasteczek. Zmiany w parametrach dyfu-
zZji oraz uszkodzenia struktury powstate na skutek napre-
zen rozciggajacych, mogg powodowac diugotrwate, a na-
wet state, uposledzenie funkcji nerwu [12].

Metody leczenia

W przypadku przeciecia nerwu konieczna jest interwen-
cja chirurgiczna celem odtworzenia anatomicznej taczno-
$ci miedzy kikutami przerwanego nerwu. Stosowang obec-
nie metoda z wyboru jest zespolenie operacyjne nerwu ko-
niec do konca.

Zespolenie nerwu pod napieciem znaczaco pogarsza
wynik regeneracji, dlatego w urazach przebiegajacych z
ubytkiem nerwu konieczne jest jego uzupetnienie [9,14].
Autoprzeszczepy nerwdw sg obecnie najbardziej powszech-
ng procedurg operacyjng stosowang przy naprawie ubytku
nerwéw. Mostowanie defektu nerwu za pomoca autogenicz-
nego nerwu dawcy ma szereg stron ujemnych, takich jak
dodatkowe miejsce operacyjne, pobranie zdrowego nerwu,
ktérego rezultatem sg zaburzenia czucia, ryzyko powsta-
nia bolesnego nerwiaka [9,14,15,16,17].

Dlatego dazy sie do lepszego poznania procesow steru-
jacych regeneracjg nerwéw oraz znalezienia materiatéw
alternatywnych dla przeszczepoéw autogennych.

mechanical properties of peripheral nerve are important for
protection of nerve fascicles and the integrity of their physi-
ological functions. Connective tissue of nerves has an im-
portant function in maintaining specific environment of the
endoneural space by acting as a diffusion barrier against
several macromolecular substances. Changes in its diffu-
sion properties or structural damage caused by stretching
may lead to chronic or even permanent impairment of nerve
function [12].

Treatment procedures

In the cases of nerve transection surgical intervention
for anatomical nerve stumps coaptation is needed. Actu-
ally, a method of the first choice is end to end coaptation
with few stitches binding epineurium.

Tension after nerve coaptation greatly deteriorates re-
generation effect, therefore nerve injuries with nerve tissue
loss require tissue defect supplementation. [9,14]. Nerve
autografting is the most common surgical procedure cur-
rently used for repair of nerve injuries with nerve tissue
loss defects. Bridging the defect with an autologous donor
nerve is associated with several disadvantages, including
an extra incision for harvesting of a healthy sensory nerve
ultimately resulting in a sensory dysfunctions, risk of painful
neurinoma formation [9,14,15,16,17].

For these reasons processes regulating nerve regenera-
tion and alternative to the autologus nerve grafts artificial
materials are still being investigated.

Requirements for artificial nerve guides
implants

Ideal implant for nerve substitute should have the follow-
ing characteristics:
1. biocompatibility;
2. bioresorbability;
3. potential for stimulating nerve regeneration;
4. material with an ability for | incorporation of nerve growth
factors;
5. should have an appropriate mechanical properties de-
scribed by Young's module;
6. easy for intraoperative handling;
7. inexpensive [18,19].

Regeneration process in nerve tube implant

One of the main research directions in peripheral nerve
regeneration are experiments with membranes creating iso-
lated environment for regenerating nerve tissue. Classic
model of nerve tissue loss regeneration relates to empty
tube-shape implants. The tube implant connects nerve ends
and creates between them isolated environment for free
tissue reconstruction.

Regeneration process in empty tube implant occurs in
several subsequenty stages. Within the first hours after im-
plantation implant's lumen tills-in with acellular fluid origi-
nating from nerve stumps inserted in tube. It is rich in
nerothrophic and nerve regeneration stimulating agents. In
the next stage, fluid is exchanged with loose, acellular ex-
tracellular matrix formed mainly by fibrin. After 7 days the
fibrin is longitudinally organized lengthwise long implant's
axis creating bridge between the nerve stumps, with hour-
glass-shape with the narrowest part located closer to distal
nerve stump. Nerve bridge diameter is much thinner than
tube [20]. Longitudinal fiber organization is regularly disor-
ganized by arch-like bending of fibers creating in transver-
sal section the characteristic arches with bases directed to
the implants center [21].
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Wymagania stawiane przed sztucznymi
implantami nerwowymi

Idealny implant, ktéry moze by¢ uzyty do uzupetnienia
ubytkéw nerwéw obwodowych powinien charakteryzowac
sie nastepujacymi wtasnosciami:

1. biozgodnosc¢;

2. bioresorbowalnosc;

3. stymulacja regeneracji nerwu

4. zdolny do generowania grup funkcyjnych na swojej po-
wierzchni, pozwalajgcych na inkorporacje czynnikéw mo-
dyfikujacych regeneracje widkien nerwowych

5. o0 zblizonych do nerwéw obwodowych wiasciwosciach
mechanicznych okreslanych przez modut Younga;

6. porecznos¢ chirurgiczna;

7. tani; [18,19]

Procesy regeneracji zachodzace w implancie

Gtéwnym nurtem badan prowadzonych w celu zastgpie-
nia przeszczepow z nerwow obwodowych materiatem
sztucznym sg projekty zwigzane z budowg membran two-
rzacych odizolowane srodowisko dla regenerujacej tkanki
nerwu. Modelowym przyktadem pozwalajgcym na pozna-
nie sekwencji zdarzen majacych miejsce podczas regene-
racji/rekonstrukcji przez organizm ubytku nerwu sg bada-
nia z zastosowaniem pustych implantéw w ksztatcie rurki.
taczy ona kikuty nerwu zapewniajac pomiedzy nimi odizo-
lowane srodowisko, w ktérym mozliwa jest swobodna od-
budowa tkanki.

Procesy regeneracji nerwu zachodzace w pustym wsz-
czepie na bazie rurki przebiegajg w kilku nastepujacych po
sobie etapach. W ciggu kilku godzin po implantacji swiatto
implantu wypetnia sie ptynem bedacym przesaczem z ki-
kutéw nerwu. Jest on bogaty w czynniki neurotroficzne i
stymulujace regeneracje nerwéw. W nastepnym etapie ptyn
wewnatrz implantu wypetnienia sie luzng, bezkomorkowa
macierzg pozakomorkowg zbudowang gtéwnie z fibryny. Do
7 doby po zabiegu witdknik organizuje sie linijnie wzdtuz osi
dtugiej implantu tworzac wewnatrz rurki pomost taczacy ki-
kuty nerwu. Jego ksztatt przypomina rozciagnietg klepsy-
dre z przesunietym najwezszym punktem w kierunku kiku-
ta dystalnego. Srednica pomostu jest z reguly ciensza od
srednicy rurki. W obrebie macierzy widoczne sg pojedyn-
cze erytrocyty, ktorych ilos¢ spada ku srodkowi implantu[20].
Ukfad linijny wzdtuz osi dtugiej rurki jest regularnie zabu-
rzony przez tukowate ugiecie sie witdkien tworzac na prze-
kroju poprzecznym charakterystyczne tuki podstawg skie-
rowane do srodka implantu [21]

Na tak przygotowane srodowisko wrastajg komorki, po-
czatkowo sg to elementy pozanerwowe. Jako pierwsze,
okoto 4-7 dnia, pojawiajg sie fibroblasto-podobne komorki
wywodzace sie z unerwia. Zwykle pokrywajg one najpierw
zewnetrzng Sciane regeneratu, a nastepnie wypetniajace
takze Swiatto rurki. Za nimi postepujg komérki Schwanna w
formie fancuchoéw oraz kolejno naczynia. W czasie formo-
wania sie bezkomorkowej macierzy wewnatrz implantu do-
chodzi do wzbudzenia i namnazania sie komérek Schwan-
na w kikutach nerwu, w wiekszym stopniu w kikucie dystal-
nym niz proksymalnym. Poczgwszy od okoto 4-7 doby za-
czynajg one migrowac¢ w swiatto implantu, najpierw od stro-
ny kikuta dystalnego[20,21,22]. Uktadaja sie linijnie, wzdtuz
osi okreslonej przez uktad witdkien fibryny. Proces odbudo-
wy komorkowej zachodzi najszybciej wzdtuz Scian, a na-
stepnie postepuje koncentrycznie do $rodka implantu. Od
strony proksymalnej w swiatto implantu wrastajg aksony,
ktére pojawiajg sie pod koniec pierwszego tygodnia[20].
Towarzyszg im komorki Schwanna z kikuta proksymalne-
go budujace ostonke w miare wydtuzania sie aksonu. Ko-

Matrix is then colonized by cells, initially by extra neural
elements extraneural. Between 4 and 7 day, fibroblast-like
cells originating from perineurium appear. These cells typi-
cally first cover internal wall of the implant, followed by colo-
nization at lumen. Fibroblasts are followed by Schwann cells
forming bunds of Bunger and successively blood vessels.
During acellular matrix formation Schwann cells in nerve
stumps arouse and start to proliferate, more effective in distal
than in proximal stump. Since 4-7 day Schwann cells start
to migrate into tube lumen, beginning from distal stump
[20,21,22]. They arrange longitudinally along an axis cre-
ated by fibrin fibers arrangement. The most effective cellu-
lar reconstruction proceeds along the tube walls and sub-
sequently concentrically to the implant centre. Axons growth
into the implant, from proximal side, begins from the end of
first week [20]. It is accompanied by Schwann cells from
proximal stump that are creating axons myelin sheet as it
elongates. During axon regeneration Schwann cells in the
front or behind of growth cone are found. However, it is
known, that Schwann cells are capable to colonize implant
independently of contact with axon [20,22,23]. Regenera-
tion process greatly enhances from 9 day after tube im-
plantation [21]. After connection of proximal and distal re-
generation parts (for implants 10 mm long it takes about
16-17 day, while for 25 mm long 21 day) digit-like proc-
esses take place with transiently disorganizing local longi-
tudinal orientation [15,21]. After 7 days axons penetrate
distal part of implant and elongate using support provided
by Schwann cells originating from distal stump. The distal
stump is reached after 21-28 days [20,21,24]. Growth of
axons in distal part of implant is now oriented by longitudi-
nal Schwann cell orientation. Direct contact of distal
Schwann cells with axon stops their proliferation. If distal
and proximal aspects of regeneration process are not con-
nected, Schwann cells from distal stump and axons from
proximal stump, after short migration (about 4-5 mm), usu-
ally stop to migrate. Schwann cells create cup-like struc-
tures covering distal stump [10,15,21,25,26]. Myelinization
process between 14 - 36 day and advances from proximal
to distal stump [20,22]. Simultaneously extracellular matrix
created by fibroblasts maturates providing mechanical sup-
port for growing tissue. Excessive connective tissue or even
cicatrice formation takes place in areas related to foreign
body such as silicon or fibers of non-absorbable treads.
Connective tissue greatly disturbs orientation of fibrin fila-
ments and hampers cells and axons migration [21]. In late
phases of regeneration number of counted axons in distal
stump is greater than in proximal one. It is explained by the
fact that the growth cones produce few independently re-
generating processes that extend into the distal stump. This
process increases chances of successful regeneration for
particular single axon [21,22]. During the second week blood
vessels start to grow into the implant, both from proximal
and both distal stump. Vessels follow the front of migrating
cells and axons. By the end of third week the vessels from
stumps meet in the central regeneration zone nourishing
about 10 mm tissue section [20,21]. Elimination of blood
flow from nerve stumps makes impossible nerve tissue re-
generation [23,27].

Regenerated nerve fibers are thinner; both axons and
myelin sheaths [10,15,20,21,22,25,26,28]. During tissue
maturation number of axons decreases while diameter of
myelin sheahs increases [22,29,30]. Some implants, like
silicone, show tendency to stimulate parietal connective tis-
sue creation. This tissue tightens and narrows the nerve
space inducting degenerative processes in regenerated
nerve tissue. Nerve fibers are damaged showing morpho-
logical tissue image comparable with multiple crush injury
[22]. This process greatly differs from aging process of re-



morki Schwanna w trakcie postepowania regeneracji akso-
nu sa stwierdzane przed lub za stoZzkiem wzrostowym, przy
czym wiadomo, ze komérki Schwanna majg zdolnos¢ kolo-
nizowac powstajacy regenerat niezaleznie od kontaktu z
aksonami [20,22,23]. Proces regeneracji tkanki nerwu ule-
ga wyraznemu przyspieszeniu od 9 doby po zabiegu [21].
Po zetknieciu sie czota obu tych procesow (przy implancie
dtugosci 10 mm nastepuje to okoto 16-17 dnia, przy dtugo-
$ci 25 mm okoto 21 dnia) dochodzi do ich palczastego na-
chodzenia sie i przej$ciowego zaburzenia osiowej orienta-
cji w miejscu przejscia [15,21]. Po okoto 7 dniach aksony
przechodzg do dystalnej czesci regeneratu i wykorzystujac
podpore komérek Schwanna pochodzacych z kikuta dystal-
nego, osiggajac okoto 21-28 dnia kikut dystalny [20,21,24].
Ich wzrost nastepuje teraz wedtug kierunku okreslonego
przez uktad tych komoérek (przypomina to wrastanie w ka-
naty Biingera). Powoduje to zatrzymania namnazania sie
komérek Schwanna pochodzgcych z kikuta dystalnego.
Jezeli nie dochodzi do potaczenia sie obu proceséw ko-
morki Schwanna w kikucie obwodowym, aksony w kikucie
proksymalnym, po przejsciu pewnego odcinka (okoto 4-5
mm) przestajg migrowac¢. Komérki Schwanna tworzg struk-
ture na ksztatt "czapeczki", ktéra pokrywa kikut dystal-
ny[10,15,21,25,26]. Poczatek mielinizacji postepujacy od
kikuta proksymalnego w kierunku dystalnym obserwuje sie
miedzy 14-36 dniem [20,22]. Jednoczes$nie dojrzewa sub-
stancja pozakomérkowa budowana przez fibroblasty dajac
mechaniczng podpore powstajacej tkance. Nadmierne po-
wstawanie tkanki tacznej, a nawet bliznowacenie ma miej-
sce w okolicach pokrywajgcych powierzchnie ciata obce-
go, np. jakim jest sylikon lub wtdkna uzytych szwéw nie-
wchatanialnych. Tkanka tagczna w istotny sposéb zaburza
w tych rejonach orientacje widkien fibryny oraz utrudnia
migracje komorek i aksonéw [21]. W pdzniejszych fazach
regeneracji w kikucie dystalnym stwierdza sie zdecydowa-
nie wiekszg ilo$¢ aksondw niz jest obecna w kikucie prok-
symalnym. Jest to zwigzane z wytwarzaniem przez stozki
wzrostowe kilku niezaleznie wzrastajacych widkien, ktére
regenerujg poprzez kikut dystalny. Zwieksza to szanse po-
wodzenia regeneracji pojedynczego aksonu [21,22]. W okre-
sie drugiego tygodnia zaczynajg w implant wzrasta¢ naczy-
nia krwionosne, poczatkowo od proksymalnego kikuta, na-
stepnie od dystalnego. Postepujg one za czotowg strefg
migracji komorek aksondéw. Pod koniec trzeciego tygodnia
naczynia spotykaja sie w srodkowe;j strefie regeneratu una-
czyniajgc 10 mm odcinek tkanki [20,21]. Odciecie ukrwie-
nia pochodzacego od kikutéw nerwdw praktycznie uniemoz-
liwia regeneracje [23,27].

Zregenerowane witdkna nerwowe sg ciensze, zarowno
aksony jak i ostonki mielinowe [10,15,20,21,22,25,26,28] Z
czasem dochodzi do zmniejszania sie ilosci aksonéw oraz
pogrubiania sie ostonek mielinowych [22,29,30]. Pewng,
specyfikg implantow sylikonowych jest tendencja do powsta-
wania wtoknienia przysciennego. Prowadzi to do zacisnie-
cia nerwu i wzbudzenia procesow degeneracyjnych w po-
wstatej tkance nerwu. Niszczg one wtdkna nerwowe dajac
obraz morfologiczny tkanki porownywalny z wielokrotnym
urazem zmiazdzeniowym [22]. Znaczgco réznig sie on od
procesow starzenia sie zregenerowanego nerwu czy doj-
rzewania powstatych wtdkien nerwowych i resorpcji niepo-
trzebnych bocznych gatezi pojedynczego aksonu [29,30].

Formowanie macierzy pozakomérkowej, a nastepnie
tkanki regeneratu jest zalezne od $rednicy i dlugosci zasto-
sowanej rurki i ubytku [27].

generated nerve or from maturation of regenerated nerve
fibers and resorption of collateral needles branches of sin-
gle completely regenerated axon [29,30].

Extracellular matrix formation and subsequent tissue re-
generation depend on diameter and length of implanted tube
and nerve tissue defect [27].

Membranes and fibers with potential application for
peripheral nerve regeneration

Polymers membranes

Both biostable as well as biodegradable polymers are
used as the carrier materials for regeneration of peripheral
nerve. Most popular stable polymer materials are epoxy
resins, polytetrafluoroethylene, polyimide and first of all sili-
con rubber. These polymers are biocompatible, electrically
insolating and stable. To improve biocompatibility of poly-
mer- based implants their bulk and surface properties can
be modified in wide range[18].

Classic example of artificial implant used in surgery for
many years are silicone tubes. Investigations of this mate-
rial provided several important informations about nerve re-
generation process [31,32]. Silicone tubes provide an "ex-
trinsic" closed space within of which a spontaneously formed
fibrin matrix allows for ingrowth of axons and non-neuronal
cells [33]. One of silicone implants drawback is mismatch-
ing mechanical properties to those of tissue. Moreover, sili-
cone material strongly stimulates fibrous tissue formation,
and by consuming tube space limits or even inhibits regen-
eration, migration of axons from proximal to distal stump
[34].

Actually biodegradable materials are being examined, in
order to eliminate necessity of second operation for nerve
guide removal after nerve regeneration is completed [35].

Several biodegradable synthetic materials, in the form
of simple hollow conduits, have been shown to support nerve
regeneration. Biodegradable polymers used as membranes
or channel to regeneration of peripheral nerve are poly-I-
lactide acid (PLLA), poly-glycolic acid, copolymer poly-I-
lactide-co-glycolic acid (PGLA), chitosan, collagen and poly-

RYS. 1. Rurka silikonowa.
FIG. 1. Silicone tube.

Polyesters, such as polylactic acid (PLA), polyglycolic
acid (PGA), poly-lactide-e-caprolactone and PLGA have
been used extensively due to their availability, processability
and low inflammatory response [36]. A suitable material
should be biocompatible, probably bioresorbable, benefi-
cial to nerve regeneration and maturation, resistant to scar
invasion, and clinically applicable. PLLA, and polyglycolid
acid (PGA) offer several advantages including their biode-
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Membrany i wiokna mogace znalez¢ zastosowanie jako
implanty do uzupetniania ubytkéw w nerwach obwo-
dowych.

Membrany polimerowe

Polimery, zarowno stabilne jak i biodegradowalne, sg
najbardziej obiecujgcymi materiatami do produkcji implan-
téw dla regeneracji nerwéw obwodowych. Najbardziej po-
pularnymi polimerami niebiodegradowalnymi sg zywice
epoksydowe, politetrafluoroetylen, poliimidy, a przede
wszystkim silikon. Wymienione polimery sg biozgodne, trwa-
te, a pod wzgledem elektrycznym sg izolatorami. Wiekszo$¢
wiasciwosci polimeréw moze by¢ w pewnym stopniu mo-
dyfikowana, takze powierzchnia polimeréw moze ulegaé
modyfikacji w celu poprawienia jej biozgodnosci [18].

Klasycznym obecnie przyktadem sztucznego implantu
sq rurki sylikonowe stosowane od wielu lat w chirurgii. Ba-
dania z ich uzyciem dostarczyty wielu danych o procesach
regeneracji zachodzacych w nerwach obwodowych [31,32].
Rurki silikonowe stanowig zamkniete srodowisko, wewnatrz
ktérego nastepuje samoistne formowanie sie macierzy fi-
bryny. Pozwala ona na wzrost aksonow, naczyh wtosowa-
tych i migracje komoérek podporowych [33]. Wadg implan-
téw silikonowych jest niedopasowanie ich wiasnosci me-
chanicznych z wtasnosciami mechanicznymi tkanek, z kto-
rymi implant jest potaczony, a takze fakt, ze jest to materiat
niebiodegradowalny. Ponadto materiat sylikonowy silnie
stymuluje powstawanie tkanki wtoknistej, ktéra przerasta-
jac swiatto rurki ogranicza badz wrecz uniemozliwia rege-
neracje, przerastanie widkien nerwowych z czesci proksy-
malnej do czesci dystalnej ubytku [34].

Obecnie dazy sie do zastosowania degradowalnych
materiatdow, aby unikng¢ potrzeby ponownej operacji w celu
usuniecia "nerve guide", gdy catkowita regeneracja nerwu
dobiegnie konca [35].

Wiele biodegradowalnych materiatéw syntetycznych w
formie prostych, wdrgzonych wewnatrz kanatéw jest wyko-
rzystywanych jako podpory dla regeneracji nerwéw. Poli-
mery bioresorbowalne stosowane do regeneracji nerwow
wystepujace w formie membran badz kanatéw to: polilak-
tyd (PLA), poliglikolid, kopolimer poli-I-laktydu z poliglikoli-
dem (PGLA), chitozan, kolagen, poli-3-hydroksybutyren
(PHB).

Poliestry takie jak polilaktyd (PLA), poliglikolid (PGA), poli-
e-kaprolakton i kopolimer laktydu z glikolidem (PLGA) sg
stosowane w szerokim zakresie poniewaz sa tatwo dostep-
ne, proste w obrobce i wywotujg niewielki odczyn zapalny
[36]. Odpowiedni materiat powinien by¢ biozgodny, ulegaé
bioresorpciji, podtrzymywac regeneracje nerwow i ich ksztat-
towanie, a dodatkowo by¢ poreczny chirurgicznie. Polilak-
tyd (PLA), poliglikolid (PGA) wykazuja sporo pozytywnych
cech takich jak: biodegradowalno$¢, biozgodnosc¢ oraz po-
rowatg strukture odpowiednig dla tworzenia sie naczyn
krwionosnych [1,37]

Kwas glikolowy jest tatwo dostepnym, biozgodnym ma-
teriatem o dobrych wiasciwosciach mechanicznych. Ulega
biodegradacji nie wytwarzajac toksycznych produktéw. Im-
plant zbudowany z rurki poliglikolidowej wypetnionej kola-
genem zostat zastosowany z powodzeniem dla uzupetnie-
nia 15 mm ubytku nerwu strzatkowego u psa [38]. Podobny
implant sktadajacy sie z rurki poliglikolidowej pokrytej kola-
genem i wypetnionej widknami kolagenowymi pokrytymi
lamining zastosowano dla uzupetnienia ubytku 80 mm ner-
wu strzatkowego réwniez u psa.

Implant mtaki zawiera wiekszos¢ znanych czynnikéw
wspomagajgcych regeneracje nerwu (ostone rurki, podpo-
re macierzy komorkowej, sekwencje sygnatowe btony pod-
stawnej dla komoérek Schwanna - laminina). Zastosowanie
takiego implantu pozwolito uzyskac powrét sity miesniowej

gradability, porous structure for vascularization and consist-
ency in design requirements [1,37].

Polyglycolic acid is easy available, biocompatible mate-
rial with good mechanical properties. It biodegrades with-
out any toxic products. Implant in the form of tube made of
polyglycolid tube filled with collagen sponge was used suc-
cessfully for bridging 15 mm peroneal nerve gap in dog
[38]. Similar implant, polyglycolid acid tube coated with col-
lagen and filled with laminin coated collagen fibers, was
used for bridging 80 mm gap in dog's peroneal nerve. Such
implant contains most of known factors stimulating nerve
tissue regeneration (tube wall protection, extracellular ma-
trix support, Schwann cell base membrane signal sequences
- laminin). This implant application allowed for dog's mus-
cle strength restoration adequate for normal walk without
weight support on that limb. During 12 months of observa-
tion number of axons counted in regenerated tissue de-
creased (degeneration of lateral processes of axon's that
successfully ended regeneration creating synaptic connec-
tion), an increase of myelin sheaths diameter, increase of
amplitude and decrease of signal latency in regenerated
tissue [39].

PGA implants were used in researches on humans. 43
digital nerves were connected. Final effect measured in two
point discrimination test was as follows: 43% results were
very good (S4 score British Medical Research Council) and
43% good (S3+ score BMRC). Treatment outcome was sta-
tistically better comparing to classic methods. Difference
was greater for short gaps (4 mm and less) than for long (8-
30 mm) [40]. In another study good results were indicated
also for long gaps with 3 cm length [24].

The most promising material for reconstruction of pe-
ripheral nerve was poly-3-hydroxybutyrate (PHB). PHB is a
natural biological polymer, manufactured as bioresorbable
sheets, which can be formed into tubes [41]. PHB is an
energy storage product of bacterias, occurring within the
cell cytoplasm as granules. It is available in the form of
bioabsorbable sheets, which are non-antigenic, easy to
handle and have good tensile strength. PHB undergoes hy-
drolytic degradation and is completely absorbed within 24-
30 months [42].

Chitosan is one of the most popular polysaccharides
found in nature [43]. Natural polysaccharide usually con-
tributes to cellular adhesion and inhibition of scar forma-
tion. Chitosan membranes and fibers have excellent
neurogial cell affinity. Such material may repair certain dis-
tant nerve injury, causing little or no immune reaction of the
body [44]. Chitosan is very hydrophilic allowing for its ex-
pansion in contact with water. However, its porous forms
are attempted to be used as the constructs at artificial ex-
tracellular matrix suitable for the growth of neural cells. The
molecular structure of chitosan is similar to that of
glycosaminoglican, which resides in the basal membrane
and extracellular matrix. It make it reacts with extracellular
adhesive molecular, such as laminin, fibronectin and colla-
gen IV, which promote cells to adhere, migrate and differ-
entiate [44,45].

Collagen belongs to the most often used materials for
nerve guide preparation due to its biocompatibility and de-
sirable tensile strength [46]. Collagen is the main protein of
connective tissue in animals and the most abundant pro-
tein in mammals, making up about 1/4 of the total proteins.
Over 3 year observation, with proved usefulness of colla-
gen implants for peripheral nerve gaps bridging [47,48].
Studies of regeneration processes in silicone and collagen
tubes revealed their similarity. Important factor is stimula-
tion of regeneration in prefilled tubes. Tubes are filled with
collagen type |, mixture of type | and IV or collagen bonded
with chondroityn sulphate [26]. Collagen implant durability



u psa umozliwiajacy zwierzeciu normalny chod. W czasie
12 miesiecznej obserwaciji stwierdzono zmniejszenie sie licz-
by aksonéw w regeneracie (degeneracja bocznych wypu-
stek aksondw, ktoére wytworzyly potaczenia) powiekszanie
sie $rednicy ostonek mielinowych, spadek latencji przewo-
dzenia sygnatow przez zregenerowany nerw [39].

Implanty na bazie PGA zostaty zastosowane w bada-
niach na ludziach. W jednym z badan wykonano zespole-
nie 46 nerwéw palcowych uzyskujac w badaniu czucia dwu-
punktowego po 43 % wynikéw bardzo dobrych (S4 wedtug
Britisch Medical Research Council) i dobrych (S3+ wedtug
BMRC). Wynik leczenia byt statystycznie lepszy w poréw-
naniu do metod klasycznych. Réznica byta bardziej widocz-
na dla bardzo krétkich ubytkéw (do 4 mm) niz dtuzszych (8-
30mm) [40]. Kolejne badania wykazaty dobre wyniki lecze-
nia dla ubytkéw o diugosci 3 cm [24].

Bardzo obiecujgcym materiatem dla regeneracji nerwow
obwodowych jest poli-3-hydroksybutyren (PHB). PHB jest
naturalnym polimerem, produkowanym jako bioresorbowal-
ne warstwy, ktére moga by¢ nastepnie przetwarzane w po-
stac rurek [41]. PHB w postaci granul wystepuje w sposéb
naturalny w cytoplazmie komérki bakterii jako substancja
magazynujgca energie. PHB jest dostepny jako bioresor-
bowalne warstwy, o niskiej antygenowosci, jest poreczny i
cechuje sie dobrg wytrzymatoscig na rozcigganie, PHB ule-
ga degradacji hydrolitycznej i jest catkowicie usuwany w
ciggu 24-30 miesiecy [42].

Chitozan jest jednym z najczesciej wystepujacych w
naturze polisacharydéw o tadunku dodatnim (chitozan jest
w catosci badz czesciowo otrzymywany przez deacetylacje
chityny) [43]. Naturalne polimery wykazujg wysokie zdol-
nosci adhezji komorek oraz inhibicji powstawania blizny.
Membrany oraz witdkna chitozanowe wykazujg doskonate
powinowactwo do komérek neurogleju, dzieki czemu ma-
teriat ten moze by¢ z powodzeniem wykorzystany do re-
konstrukcji uszkodzonych nerwdw. W niewielkim stopniu lub
nawet wcale wywotuje reakcje immunologiczng organizmu
[44]. Chitozan jest bardzo hydrofilny, co powoduje, ze wchta-
nia duze ilosci wody, jest wysoko porowatym materiatem,
przez co moze by¢ wykorzystany do konstrukcji sztucznej
macierzy zewnatrzkomorkowej odpowiedniej dla wzrostu
komodrek nerwowych. Struktura molekularna chitozanu jest
podobna do glikozaminoglikanow, ktére znajduja sie w bfo-
nie podstawowej oraz w macierzy zewnatrzkomorkowe.
Sprawia to, ze chitozan w tatwy sposéb oddziatuje z ze-
wnatrzkomérkowymi czastkami adhezyjnymi takimi jak la-
minina, fibronektyna oraz kolagen typu IV, ktére pobudzajg
komorki do adhezji, migracji oraz réznicowania sie [44,45].

Kolagen jest jednym z najczesciej stosowanych mate-
riatdbw do produkcji "nerve guide" z powodu jego biozgod-
nosci oraz pozadanej wytrzymatosci na rozcigganie [46].
Kolagen jest gtéwnym biatkiem tkanki tacznej zwierzat oraz
najczestszym biatkiem wystepujgcym u ssakow, stanowia-
cym okoto 1 wszystkich biatek. Ponad 3 letnia obserwacja
na naczelnych potwierdzita przydatnos¢ kolagenowych po-
mostow do uzupetniania ubytkdw nerwéw obwodowych
[47,48]. Kolejne badania wskazujg na identycznos¢ proce-
sOW regeneracyjnych na bazie kolagenu i rurek sylikono-
wych. Waznym aspektem jest stymulacja regeneracji w przy-
padku wypetnienia rurek. Stosuje sie macierze zaréwno z
czystego kolagenu typu pierwszego, jak i mieszanin typu | i
IV oraz kolagenu potgczonego z siarczanem chondroityny
[26]. Dla podniesienia wytrzymatosci implantu kolagenowe-
go stosuje sie obrébke przy uzyciu ultrafioletu, ogrzewania
lub poddanie wptywowi aldehydu glutarowego. Kolagen
poddany obrdbce termicznej ulega wchionieciu po 6 tygo-
dniach, jest dobrze unaczyniony, powstajgca na jego bazie
tkanka nerwowa jest podzielona w pseudopeczki z duzg
iloscig gestej tkanki bliznowatej. Materiat poddany obrébce

is modified using UV, heat treatment or glutar aldehyd. Heat
treated collagen is fully absorbed after 6 weeks, well vas-
cularised, nerve tissue is divided in pseudofascicles with
large quantity of dense cicatricle tissue. UV treated mate-
rial is poorly vascularised, nerve tissue maturates and after
12 weeks is comparable to autograft (number of myelined
axons, muscle evoked potentials) [49]. Glutaraldehyd cre-
ates strongly hydrophobic and cytotoxic surface that greatly
inhibits regeneration process [49,50]. Except of physical
features of implant such, as pore network, pore diameter,
three-dimensional canals localization, implant preparation
technique is also important, and may greatly change its re-
generative properties [49].

Previous studies have shown that collagen tubes cannot
be used to bridge nerve defects greater than 15mm, since
a long collagen tube can break and its lumen could col-
lapse due to movement. Sometimes a collagen tube with a
length of 20mm and an inner diameter of 1mm was coated
with polymer, for examples poly(l-lactide-co-glycolic acid)
(PLGA) to enhance its structural integrity and elasticity. The
polymer layer performs two roles: reinforces collagen mem-
brane and prevents collapse due to movement. On the other,
hand, it creates a highly porous structure, which is impor-
tant determinants for nutrient transport into the conduit .
The collagen layer also prevents surrounding tissue from
invading the tubes [51,52,53].

The polymers conduits are very often filled with fibers
materials like poly(l-lactide-co-glycolide) (PLGA) fibers, poly-
I-lactide acid (PLLA), alginian filaments and hydrogels, col-
lagen filaments, carbon filaments, bioglass fibers, chitosan
fibers or material with properties of hydrogel [44,54].

Collagen fibers can be used as scaffolds for axonal elon-
gation. Collagen is a major component of the extracellular
matrix and is known to promote cellular proliferation and
tissue healing. It has also been reported that the biological
properties of collagen make it a superior choice for the use
in conjunction with nerve tubes as a promoter of peripheral
nerve regeneration [37,55]. Nerve scaffold made of the col-
lagen filaments can be length from 20 to 30mm and 20pum
in diameter [56].

Bioglass fibers are not only biocompatible and
bioresorbable, what are the fundamental requirements of
successful devices, but also amenable to bioengineering.
Such fibers have the potential for the use in the most chal-
lenging clinical cases, where there are long inter-stump gaps
to be bridged. Bioglass fibers can be used to deliver growth
factors and/or adherent cells within the lumen of a nerve
conduit. Bioglass fibers used as scaffolds for axonal regen-
eration consist of SiO;, Na,O, CaO and P,0O; and, their di-
mensions are 0,5cm long and 25um diameter. Scientists
from United Kingdom have applied bioresorbable bioglass
fibers as a scaffolds for axonal regeneration. 0,5cm frag-
ment at the sciatic nervesof adult rats was reconstructed.
The axonal regrowth was qualitatively and quantitively in-
distinguishable from that seen using an autograft [57].

Alginian based hydrogels are well recognized materials
both in experimental studies as well as in clinical applica-
tions [58]. It is natural polymer extracted from sea algae,
composed by turn of mannose and glucuronic acid. Ca ions
addition to water alginate solution cause ionic bonds crea-
tion between polymer chains. This process turns the solu-
tion into hydrogel, and its solidity can be controlled by con-
centration of Ca ions [59]. Lack of specific cell bonding sec-
tions makes alginate chains ideal ground for construction
of extracellular matrices. In order to facilitate material cell
colonization, alginate chains are modified with cell's bind-
ing signal sequences. The most common sequence is RGD
[69,60,61]. Alginates can be easing sterilized or modified
chemically in order to change their properties [59]. 10 mm
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UV jest stabo unaczyniony, jednak wstajgca wen tkanka
nerwowa szybko dojrzewa osiggajac po 12 tygodniach po-
sta¢ podobng do autoprzeszczepu [49]. Glutaraldehyd po-
woduje powstanie powierzchni o silnej hydrofobowosci oraz
cytotoksycznosci, co znacznie uposledza procesy regene-
racyjne wewnatrz takiego implantu [49, 50]. Oprécz wtasci-
wosci fizycznych implantu takich jak sie¢ poréw, ich $redni-
ca, utozenia przestrzenne kanatéw wazna jest technika przy-
gotowania implantu, ktéra moze znacznie wptyna¢ na jego
wiasciwosci [49].

Wczesniejsze badania wykazaty, ze rurki kolagenowe
nie mogg by¢ zastosowane do uzupetniania ubytku nerwu
wiekszego niz 15 mm, poniewaz moga ulega¢ ztamaniu,
badz zapadaniu w wyniku przemieszczen. W celu popra-
wienia elastyczno$ci i odpornosci struktury na zniszczenie,
rurki kolagenowe sg pokrywane polimerem takim jak kopo-
limer polilaktydu |z poliglikolidem. Powloka polimerowa spet-
nia dwie funkcje: po pierwsze wzmacnia jej $ciane oraz
zapobiega jej zapadaniu w trakcie ruchu, po drugie tworzy
wysokoporowatg strukture, ktéra jest bardzo wazna dla
transportu substancji odzywczych do wnetrza implantu.
Powtoki polimerowe na powierzchni rurek kolagenowych
zabezpieczajq takze przed wtargniecie tkanki zewnetrznej
do wnetrza rurki [51,52,53]. Ztacza polimerowe bardzo cze-
sto sg wypetniane materiatami widknistymi takimi jak wtok-
na z kopolimeru poli-ld-laktydu z poliglikolidem (dI-PLGA),
widkna z poli-I-laktydu (PLLA), wiékna alginianowe, kola-
genowe, weglowe, widkna z bioszkiet, widkna chitozanowe
a takze materiatem wypetniajacym moze by¢ hydrozel [44,
54].

Wibkna kolagenowe mogg by¢ uzywane jako podtoza
dla wzrastajacych wtdkien nerwowych. Dzieki odpowiednim
wtasnosciom biologicznym, widkna kolagenowe sg uzywa-
ne jako elementy wypetniajace polimerowe implanty ner-
wow, utatwiajgce ich regeneracje [37,55]. Podtoza dla re-
generacji nerwéw wykonane z wtdkien kolagenowych mogg
mie¢ dtugos¢ od 20 do 30mm i Srednice 20 pym [56].

Wibkna z bioszkiet sg biozgodne i bioresorbowalne, a
takze majg mozliwos¢ potencjalnego zastosowanie w wie-
lu stanowigcych wyzwanie dziedzinach, na przykfad do
mostowania dtugich przerw miedzy kikutami. Mogg by¢
zastosowane jako elementy do transportowania czynnikéw
wzrostu oraz/lub jako podpora dla wzrostu komérek nerwo-
wych. Widkna z bioszkiet stosowane jako podtoza dla rege-
neracji aksonéw zawierajg SiO,, Na,O, CaO i P,O., przy
wymiarach 0,5cm diugosci oraz 25um $rednicy. Naukowcy
z Wielkiej Brytanii zastosowali wtdkna z bioszkiet jako pod-
toze dla regeneracji aksonoéw dla 0,5cm ubytku nerwu kul-
szowego dorostego szczura - roznica pomiedzy parame-
trami odbudowanego aksonu, po zastosowaniu wtokien z
bioszkiet, a autoprzeszczepu byta praktycznie niedostrze-
galna [57].

Hydrozele skonstruowane na bazie alginianéw sg do-
brze poznanymi materiatami stosowanymi zaréwno w ba-
daniach doswiadczalnych jak i majgcymi uznane zastoso-
wanie w medycynie[58]. Jest to naturalny polimer izolowa-
ny z alg morskich, zbudowany z potozonych na przemian
jednostek kwasu manuronowego i guluronowego. Dodatek
jonoéw Ca do roztworu wodnego alginianéw powoduje po-
wstawanie wigzan jonowych pomiedzy tancuchami polime-
ru, co prowadzi do przechodzenia roztworu w posta¢ hy-
drozelu. Stopien upostaciowienia moze by¢ regulowany ste-
zeniem dodanych jonoéw Ca [59]. Ze wzgledu na brak spe-
cyficznych miejsc fgczenia z komérkami w fancuchach po-
limeru alginiany sq idealnym podiozem do konstrukcji
sztucznych macierzy pozakomaérkowych [59,60,61]. Alginia-
ny poddajg sie prostym procesom sterylizacji, sq tatwe w
modyfikacji chemicznej celem zmiany wiasciwosci [59].
Zastosowano gabki alginianowe jako pomosty dla regene-

alginate sponge implanted as a bridge for nerve regenera-
tion is absorber in 4 weeks. During that time axons manage
to pass the gap. Characteristic is fact, that ingrowth of tis-
sue into the implant starts with axons followed by Schwann
cells. Schwann cells produce fully valuable myelin sheath.
Simultaneously with proximal regeneration into the implant
Schwann cells migrate from distal stump and create tube-
routs for approaching axonal growth cones. After connec-
tion of these processes axons start to ingrowth into distal
part of regeneration and elongate using Schwann cell tubes.
This process proceeds off-centre, firsts taking place in pari-
etal, and secondly in central part of implant. This aspect of
regeneration is dependent on gel degradation preceded from
external part of implant, gradually creating looser, easer pen-
etrable environment for regenerating tissue. It points to fact
that, at lest for alginate, more important factor controlling
implant colonization are degradation processes than that of
pore diameter. Morphological analysis of the regenerated
tissue revealed of regenerated axon. The amount of such
axons the presence corresponded to the half of the number
at uninjured part of nerve, and electrophysiological analy-
sis proved existence at functional connections [30]. Axonal
elongation and creation of functional connections with tar-
get organ is possible for unmodified 50 mm alginate im-
plants [62].

Neurotrofic substances in artificial nerve implants

For improvement of neuroregeneration promoting prop-
erties polymers tubes prior implantation are filled with sev-
eral neurotrophic factors, which can promote early periph-
eral nerve regeneration. The most commonly used neurite-
promoting factors include collagen gel, laminin and
fibronectin [63,64] and the most extensively studied neuro-
trophic factor, nerve growth factor (NGF) [65]. The effect of
NGF grafted onto membranes indicates that the procedure
used in immobilization of NGF onto polymers membrane
may be beneficial for adhesion of Schwann cells on the
membranes. The immobilization NGF on polymer mem-
brane is following: polymer membranes were soaked in
chemical solution, for examples in 1-ethyl-3-(3
dimethylaminopropyl) carbodiimide (EDAC) solution and
then transferred to NGF solution. In this process NGF re-
acts with bonds existed on the surface of polymer mem-
branes [66].

Extracellular matrix fibers like laminin, fibronectin and col-
lagen play important role in every tissue regeneration proc-
ess [32]. Laminin is mainly produced by Schwann cells and
widely dispersed in the peripheral nervous system.
Fibronectin can be found in plasma, fibrous tissue, and base-
ment membrane. Fibroblasts and Schwann cells also pro-
duce significant amounts of fibronectin. Laminin, fibronectin
and collagen are major constituent of all extracellular matri-
ces. Prefilling of nerve tube implants with these fibers can
greatly enhance nerve regeneration processes in implant.

In order to improve peripheral nerve regeneration poly-
mers conduits are incorporating with allogenic Schwann cells
(SCs). The SCs are harvested, cultured to obtain confluent
monolayers and injected into the biopolymers conduits [1].
Schwann cells play a crucial role in regeneration of periph-
eral nerves due to their neurotrophic influence, mechanic
support and providing protection with myelin sheet. Schwann
cells produce and accumulate trophic factors for regenerat-
ing axons and thus are essential for axonal regeneration,
particularly for long gaps [44,67,68]. Schwann cells produce
basal lamina components, such as collagen |V, which pro-
vide the extracellular matrix for attachment of the regener-
ating axons [1,69,70,71]. Precolonization of the implant with
these cells shortens the time of regeneration by elimination
of the fibrin bridge and it's cellular colonization period. Allo,



racji ubytku nerwu o dtugosci 10mm i zaobserwowano ich
catkowite wchtoniecie w ciggu 4 tygodni przy jednoczesnej
regeneracji aksonéw. Charakterystyczny jest fakt, ze wra-
stanie tkanki w implant zaczyna sie od aksondw, za ktérymi
podazaja komérki Schwanna. Wytwarzajg one w petni war-
tosciowe ostonki mielinowe. Jednoczesnie od bieguna dy-
stalnego w obreb implantu napetzajg komoérki Schwanna
tworzac tory dla zblizajgcych sie stozkdéw regenerujacych
aksonow witdkien nerwowych. Po zetknieciu sie tych dwoch
procesow dochodzi do przejscia aksondéw z proksymalne-
go pola wzrostowego w dystalne i dalszy wzrost na bazie
utworzonego przez komérki Schwanna podtoza. Procesy
te zachodzg ekscentrycznie zajmujac najpierw obrzeze
implantu a nastepnie coraz bardziej centralne czesci. Jest
to zwigzane z procesami degradaciji zelu, ktory postepowat
stopniowo od zewnatrz do wewnatrz, tworzac srodowisko
tatwiej penetrowane przez regenerujacy tkanke. Wskazuje
to, ze przynajmniej w przypadku alginianéw, wazniejszym
czynnikiem kontrolujacych kolonizacje implantu przez tkan-
ke sg procesy jej degradacji niz wielko$¢ poréw. Badania
morfologiczne wykazujg obecnos$¢ zregenerowanych akso-
now w ilosci odpowiadajacych potowie ilosci obecnych po
stronie zdrowej, a badania elektrofizjologiczne wykazujg
wytworzenie funkcjonalnych potgczen [30]. Wedtug badan
mozliwe jest uzyskanie przechodzenia aksondw przez nie-
wzbogacone implanty alginianowe o dtugosci 50mm z wy-
tworzeniem funkcjonalnych potaczen [62].

Mozliwosci wykorzystania substancji neurotroficznych w
sztucznych implantach nerwowych

Dla zwiekszenia wtasciwosci neuroregeneracyjnych rur-
ki polimerowe stosowane jest wzbogacanie ich przed im-
plantacjg réznorodnymi czynnikami neurotroficznymi, dla
pobudzenia wczesnych faz regeneracji nerwéw obwodo-
wych. Najczesciej stosowanymi czynnikami neurotroficzny-
mi sg zel kolagenowy, laminina, fibronektyna [63,64], oraz
najlepiej poznany czynnik stymulujgcy neuroregeneracje -
czynnik wzrostu nerwu (NGF - nerve growth factor) [65].
Immobilizacja czynnika NGF we wnetrzu membrany poli-
merowej moze wspomagac¢ adhezje komoérek Schwanna.
Proces immobilizacji NGF do wnetrza membrany odbywa
sie nastepujgco: membrana polimerowa najpierw zanurzo-
na zostaje w roztworze chemicznym np. 1-ethyl-3-(3 dime-
thylaminopropyl) carbodiimide (EDAC), a nastepnie prze-
niesiona do roztworu NGF. W wyniku tego procesu NGF
reaguje z wigzaniami znajdujgcymi sie na powierzchni mem-
brany polimerowej [66].

W procesie regeneracji wszystkich tkanek istotny udziat
majg widkna macierzy pozakomaérkowej: laminina, fibronekty-
na oraz kolagen [32]. Laminina jest gitdwnie produkowana przez
komorki Schwanna, wystepuje w duzej ilosci w catym obwo-
dowym ukfadzie nerwowym. Fibronektyna jest obecna w pla-
zmie, tkance witdknistej oraz btonie podstawnej. W znacznej
ilosci produkowana jest przez fibroblasty oraz komarki Schwan-
na. Wypetnienie tymi materiatami implantowanych tub pozwala
na znaczng modyfikacje i przyspieszenie procesow regenera-
cji zachodzacych w implancie.

W celu przyspieszenia regeneracji nerwéw obwodowych
stosuje sie wzbogacanie implantéw komérkami Schwanna
(SCs) pochodzenia allogenicznego. Komoérki Schwanna sg
hodowane w celu uzyskania konfluentnej monowarsty, a
nastepnie wstrzykiwane do wnetrza implantu polimerowe-
go [1]. SC petnig decydujaca role w regeneracji nerwéw z
uwagi ich neurotropowe i neurotroficzne wtasciwosci. Sta-
nowig podpore mechaniczna dla regenerujgcych aksonow,
wytwarzajg oraz akumulujg czynniki odzywcze dla regene-
rujgcych sie aksonéw, co jest szczegdlnie wazne przy du-
zych ubytkach nerwu [44,67,68]. Komérki Schwanna pro-
dukujg takze skladowe blaszki podstawnej, takie jak kola-
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FIG. 2. Electrode scheme for nerves regeneration.

kseno i autogenic cells are used, pre or not predegenerated.
The best effects are found with autogenic, preinduced cells
[72,73].

Microelectrodes for nerve regeneration

Interesting investigation areas pertain to composite im-
plants used for stimulating nerve regeneration, passive ex-
tracellular matrix support and active electrical stimulation of
nerve regeneration. These systems consist of
microelectrodes placed on a sieve-shaped plate containing
long, narrow holes, round in shape. The microelectrodes
are situated close to the holes or constitute a part of the
hole wall [74]. The electrode array of via holes is adapted
into the expected path of the regenerating fibers in a fash-
ion that the nerve fibers are allowed to regenerate through
the perforations of the device. In order to assure the me-
chanical stability of all system, the electrodes are placed
between polymer channel connecting proximal nerve stump
with distal one.

The advantage of this approach is that the electrodes
are in near contact with the nerve fibers, thas allowing for
both accurate recording and efficient stimulation. The dis-
advantage of this method is that the nerve has to be cut in
order to regenerate through the implanted device. The suc-
cess of the whole operation can be assessed only several
weeks after implantation, when the axons have been re-
generated through the device. Sometimes, there is a possi-
bility that nerve fibers may be damaged by the mechanical
load imposed by the electrode or by the force within the via
holes, especially over long term implantation [74,75].

Various techniques and materials have been used to fab-
ricate the needed sieve electrodes. Some early electrodes
were realized by embedding 25mm-diameter hollow gold
cylinders into porous Teflon. Other was realized by mechani-
cally drilling 100mm-diameter holes into epoxy modules and
then embedding 77mm-diameter Teflon-coated silver wires
into the holes [76]. The material very often used in the con-
struction of regenerative electrodes is silicon. The silicon
electrodes with dimensions and number of via holes com-
patible with the characteristics of peripheral nerves were
used in axonal regeneration nerves of rat, and frog [19,21].
However, such silicon interfaces cause frequent signs of
axonopathy, and constitute a physical barrier that limits the
elongation of regenerating axons depending on the size of
the via holes [75,76]. Recently the silicon electrodes are
replaced by polyimide-based electrodes. Polyimide allows
to make a higher number of holes than silicon dice of the
same total area and to be micromachined in a variety of
designs suitable for implantation in different nerve models.
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gen typu IV czy laminina, ktére utatwiajg kontakt regeneru-
jacych widkien nerwowych z macierzg zewnagtrzkomaérko-
wa [1,69,70,71]. Wzbogacenie implantu tymi komérkami
skraca okres regeneraciji o czas potrzebny na uformowanie
pomostu fibrynowego i skolonizowanie go przez nadpeiza-
jace komorki Schwanna. Najkorzystniejsze wyniki daje za-
stosowanie autogennych wzbudzonych komérek Schwan-
na [72,73].

Mikroelektrody w regeneracji nerwow

Jednym z ciekawych podejs¢ badawczo-eksperymental-
nych sg badania z uzyciem kompozytowych implantéw
wykorzystujacych stymulujgce regeneracje wtokien nerwo-
wych wiasciwosci biernego podparcia tkanki i czynnej sty-
mulacji elektrycznej. Uktady te zbudowane sg z mikroelek-
trod umieszczonych na plytce w ksztatcie sita zawierajgcej
dtugie, waskie, okragte otwory. Mikroelektrody usytuowane
sg na brzegu otworéw badz sg czescig Scianek otwordw
[74]. Elektrody umieszczane sg w taki sposéb w ubytku
nerwu, aby regenerujace sie widkna nerwowe mogty prze-
chodzi¢ przez znajdujgce sie w niej otwory.

W celu zapewnienia mechanicznej stabilnosci catego
uktadu, elektrody usytuowane sg pomiedzy polimerowymi
kanatami tgczacymi kikut proksymalnym nerwu z kikutem
dystalnym.

Zaletg tego typu rozwigzania jest fakt, ze urzadzenie
znajduje sie w bliskiej odlegtosci od widkien nerwowych, co
pozwala na skuteczng ich stymulacje. Powodzenie opera-
cji moze zosta¢ ocenione w przeciggu kilku tygodni po im-
plantacji, kiedy wiékno nerwowe zdota zregenerowac po-
przez urzadzenie. Czasami widkna nerwowe moga ulec
uszkodzeniom w wyniku naprezerh mechanicznych pocho-
dzacych od elektrody badz przez sity dziatajace wewnatrz
otwordw powstate w wyniku ich zarastania, zwtaszcza przy
dtugim okresie implantaciji [74,75].

Réznorodne techniki oraz materiaty byty stosowne przy
konstruowaniu elektrod. Poczatkowo wykonywane byty po-
przez zatopienie ztotych, pustych wewnatrz cylindrow o sred-
nicy 25um w porowatym teflonie. Innym sposobem jest
mechaniczne wiercenie dziur o $rednicy 100um w elemen-
cie epoksydowym, a nastepnie umieszczenie wewnatrz nich
srebrnych drutéw pokrytych teflonem [76]. Materiatem uzy-
wanym najczesciej do konstrukcji elektrod do regeneracji
nerwow jest krzem. Elektrody krzemowe o odpowiednich
wymiarach i ilosci otworéw stosowane byty do regeneracji
aksonoéw nerwoOw u szczura oraz zaby [19,21].

Jednakze, krzem powoduje czesto objawy aksonopatii i
stanowi fizycznag bariere ograniczajaca wydtuzanie regene-
rujacych sie aksonéw [75,76]. Obecnie elektrody krzemo-
we zastepowane sg elektrodami na bazie poliimidéw. W
przypadku poliimidow istnieje mozliwos¢ wytworzenia wiek-
szej ilosci otwordw dla tej samej powierzchni catkowitej w
poréwnaniu z ptytkg krzemowa, a takze istnieje mozliwosé
stworzenie odpowiedniego modelu nerwu dopasowanego
do miejsca implantaciji. Elektrody na bazie poliimidu sg bio-
kompatybilne i stabilne zaréwno w warunkach "in vivo" jak i
podczas préb mechanicznych [79].

Nanomaterialy w regeneracji nerwéw

Obiecujgce wyniki zastosowania nanorurek weglowych
w badaniach na komdrkach osrodkowego uktadu nerwo-
wego pozwalajg na potencjalne ich zastosowanie w rege-
neracji obwodowego uktadu nerwowego. Odkryto, bardzo
interesujgce oddziatywanie pomiedzy neuronami, a mate-
riatami w skali nano, w wyniku ktérego nastepuje ostabie-
nie tworzenia sie tkanki bliznowatej rdzenia kregowego.

Polyimide-based electrodes have been shown to be
biocompatible and stable over several months of in vivo
implantation and testing [79].

Nanomaterials for nerve regeneration

Good results of research using carbon nanostructures in
central nervous system nerve cells cultures indicatestheir
potential for the treatment peripheral nervous system. Prom-
ising interactions are found between neurons and nanoscale
materials with potential minimalization of astrocytic spinal
cord scar tissue formation. Carbon nanofibers are particu-
larly attractive for the use in neural biomaterials not only
due to these special properties, but also due to their high
conductivity. Further investigation of carbon nanofiber ma-
terials is required to verify their properties as potential neu-
ral biomaterials [80,81,82].

Carbon nanotubes (CNT) are strong, flexible and con-
duct electrical current. Moreover, their biocompatibility and
stabi8lity in living organism have already been proved [80].
They can be functionalized with different biomolecules like
neuron growth factors and adhesion agents. These proper-
ties are useful in the formation of neuron hybrids. Such ca-
pabilities of carbon nanotubes make them potentially
suitablel candidates to form scaffolds to guide neurite out-
growth. Zhang at al., demonstrated the capability of
functionalized patterned vertical carbon nanotube arrays as
support platforms for guiding neurite growth and forming
synoptically communicative network. The study indicated
that neurons "in vitro" conditions created communicative
synaptic bridge between two nanotube patterns with a dis-
tance of separation of 20mm [83]. Telford et al., have cul-
tured nerve cells from the brain's hippocampus region on
substrates coated with network of carbon nanotubes, and
found a large increase in neural signal transfer between
cells. The data provided information on the supportive de-
vices for bridging and integrating functional neuronal net-
work "in vitro". [84].The results will impact on new tissue
engineering strategies, where functional reconnection
among neurons or the improvement in neural signal trans-
fer is the main target. There is strong demand for deeper
study on the properties of such materials and their physi-
ological interactions with neurons in culture. This will pro-
vide the base for more exhaustive evaluation on animal
models.

RYS. 3. Mikrofotografia przedstawiajaca
komunikujace sie miedzy soba sieci synaptyczne
na podtozu z nanorurek weglowych [83].

FIG. 3. Microphotograph of carbon nanotubes
support for forming synoptically communicative
network [83].



Nanowtékna weglowe sg atrakcyjnym biomateriatem sto-
sowanym jako implanty nerwow nie tylko z powodu szcze-
golnych wtasciwosci mechanicznych czy chemicznych, ale
takze z powodu ich wysokiej przewodnosci wtasciwej. Dal-
sze badania nad nanowtdéknami weglowymi sg konieczne,
aby zweryfikowac ich potencjalne zastosowanie jako bio-
materiatéw dla regeneracji nerwow [80,81,82].

Nanorurki weglowe (CNT) sg materiatem trwatym, giet-
kim, przewodzacym prad elektryczny, biozgodnym oraz nie
biodegradowalnym [80]. Moga by¢ sfunkcjonalizowane réz-
norodnymi biomolekutami takimi jak czynniki wzrostu neu-
ronéw. Takie wtasnosci nanorurek weglowych czynig z nich
potencjalnego kandydata do konstrukcji podtozy dla kiero-
wanego wzrostu aksonow. Zhang i wspot. z uniwersytetu z
Kaliforni zademonstrowali mozliwos$ci zastosowania mode-
lu (uktadu) z pionowo utozonych nanorurek weglowych jako
podpore dla kierowanego wzrostu aksonow, a takze dla
tworzenia sieci potaczen synaptycznych. W badaniach "in
vitro" zaobserwowano, ze neurony tworzg mostki synap-
tyczne pomiedzy dwoma nanorurkowymi uktadami (wzor-
cami) oddalonymi od siebie o okoto 20um [83].

Telford i wspétpracownicy opisujg szereg doswiadczen
z zastosowaniem komoérek nerwowych pobranych z mézgu
na specjalnym podtozu pokrytym $ciezkami z nanorurek we-
glowych. Stwierdzono znaczny przyrost wartosci impulséw
nerwowych wedrujacych pomiedzy komdorkami nerwowymi
[84].

Uzyskane wyniki mogg zosta¢ wykorzystane przy two-
rzeniu nowych strategii badan w inzynierii tkankowej maja-
cych na celu przywrdcenie potaczen pomiedzy uszkodzo-
nymi komérkami nerwowymi badz polepszenie przekazy-
wania sygnatow nerwowych. Niezbedne jest jednak posze-
rzenie aktualnej wiedzy na temat tego rodzaju materiatow
oraz ich oddziatywania z komdorkami nerwowymi w hodow-
lach "in vitro", przed zastosowaniem dla regeneracji uktadu
nerwowego zwierzat i ludzi.

Zakonczenie

Obecny stan wiedzy nad regeneracjg obwodowego ukia-
du nerwowego pozwala na uzyskanie pozytywnych wyni-
kéw regeneracji nerwu przy uzyciu sztucznych implantow.
Czesc¢ wykorzystywanych materiatéw dzieki wynikom rege-
neracji porownywalnym z przeszczepami z nerwow skor-
nych znajduje juz zastosowanie w leczeniu ludzi. Mimo to
konieczne sg dalsze badania weryfikujace dotychczasowy
stan wiedzy oraz pozwalajgce na poprawienie uzyskiwa-
nych obecnie wynikoéw leczenia.

Conclusion

Present state of knowledge on regeneration processes
of peripheral nervous tissue allows for achieving good re-
generation results with artificial implants. Some materials
tested on animal models are now verified in the treatment
of digital nerve injuries in humans. Consecutive investiga-
tions are however demanded for furtherr development of
knowledge relevant to nervous tissue regeneration.
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Streszczenie

Celem pracy byto okreslenie stopnia zrostu zwie-
rzecej kosci udowej w warunkach in vivo. Badania
przeprowadzono poprzez wykorzystanie metody ba-
dania stopnia sztywnosci w warunkach wzrostu war-
toSci sity w czteropunktowym ugieciu. Do badania za-
kwalifikowano grupe zwierzat doswiadczalnych rasy
krolik nowozelandzki (New Zeland Rabit). W pierw-
szej fazie badan jak wszczepy zastosowano materia-
ty kontrolne z PLA. Wyniki badan okre$lajg zarys
mozliwosci zastosowania w chirurgii kostnej materia-
tow na ubytki kostne wykonanych z resorbowalnych
struktur na bazie stopoéw magnezu. W pracy przed-
stawiono ponadto metodyke wytwarzania oraz kon-
trole jakos$ci procesu wytwarzania struktur magnezo-
wych z porami otwartymi z zastosowaniem na implanty
w chirugii kostnej. Tak okre$lone materiaty implanta-
cyjne zostang przebadane w drugiej fazie badan w
warunkach in vivo metoda okre$lenia stanu sztywno-
sci w czteropunktowym ugieciu. Badania umozliwig
petne okreslenie wptywu implantéw na czas i warunki
osteosyntezy.

Stowa kluczowe: ggbki magnezowe, metodyka
wytwarzania, kontrola jako$ci, badania w warunkach
in vivo, badania wtasnos$ci mechanicznych.

[InZzynieria Biomateriatow, 56-57,(2006),54-58]

Wstep

Zastosowanie nowych implantéw kostnych wytworzonych
na bazie stopdw magnezu stwarza nowe mozliwosci dla
leczenia ubytkéw kostnych. Stopy magnezu poprzez moz-
liwos¢ kontrolowanej resorpcji w warunkach pracy w pty-
nach fizjologicznych w najblizszej przysztosci znajdg za-
stosowanie kliniczne jako materiat na implanty czasowe
[1,2]. Implanty te po spetnieniu swojej funkcji stabilizacyj-
no-leczniczej zostajg w sposéb naturalny usuniete (resorp-
cja) z organizmu [3,4]. Powyzsza wtasciwos¢ stwarza oprocz
zalet zdrowotnych dla pacjenta takze oszczednosci finan-
sowe zwigzane z ominieciem zabiegu reimpaltacji[5]. Na
bazie materiatu resorbowalnego, jakim sg stopy magnezu
wytworzono strukture z porami otwartymi z zewnetrzng war-
stwa litg wzorujac sie na spongiozie i kortikalis kosci natu-
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Abstract

The purpose of the dissertation was to optimize the
casting method of producing the magnesium alloy im-
plants for the purpose of filling bone defects. Charac-
teristics of the resulting material structure were tested
using computer micro-tomography. Also the
mechanical properties were tested. The results ob-
tained had a direct impact on the design of the size of
pores and thickness of internal walls of the spongy
metallic materials. The dissertation also presents the
methodology and results of the testing adhesion of
the animal femoral bone in vivo. The evaluation of the
bone reconstruction was performed using the method
of four-point bending. The tests were carried out on
the New Zealand Rabbit experimental animals. First
stage of the tests concerned measuring of the stiff-
ness in vivo, in which the PLA control materials were
used. The research results obtained in vivo set out
the possibilities of designing resorbing structures
with open pores derived on the basis of magnesium
alloys for the purpose of the application in
the bone surgery as filling materials for bone defects.
Key words: magnesium sponges, manufacturing
method, quality control, in vivo research, mechanical
properties examination

[Inzynieria Biomateriatoéw, 56-57,(2006),54-58]

Introduction

Applying new osseous implants based on magnesium
alloys brings new possibilities in bone losses treatment. Due
to possibility of controlled resorption in physiologic fluids, in
the nearest future magnesium alloys will be applied as a
material for temporary implants [1,2]. These implants after
having fulfilled their stabilising and curing purpose, are natu-
rally removed (resorbed) from the organism[3,4]. This fea-
ture, apart from wholesome advantages for the patient, also
brings financial savings, due to avoiding the reimplantation
intervention[5]. Based on resorbing magnesium alloy, a
structure with open pores and solid outer layer was cre-
ated. This structure is patterned upon spongiosis and
kortikalis of the natural bone. To examine the influence of
the implanted material on the bone healing process, oste-
otomy interventions were carried out on shank bones of



ralnej. Aby zbada¢ wptyw zaimplantowanego materiatu na
proces leczenia kosci przeprowadzono u doswiadczalnych
osobnikow krélika zabieg osteotomii kosci podudzia (Tibiae)

experimental rabbit individuals with and without application
of the implant. The rigidity measurements were taken dur-
ing the whole process of healing in in vivo condidions. In

0 0000 0

the measurements force values were determined for four-
point deflection.

z udziatem implantu oraz bez udziatu implantu.

Pomiar sztywnosci wykonywano w czasie catego proce-
su leczenia w warunkach in vivo okreslajgc wartosci sit w
czteropunktowym ugieciu.

Materiat i metody

Metaliczne struktury z porami otwartymi wykonano me-
toda odlewnicza stosujac wypetniacz ceramiczny. Jako
wypetniacz zastosowano czgstki NaCl o wielkosci 250 i
500um. Jako materiatu infiltrujgcego zastosowano stopy
magnezu. Potgczenia materiatéw dokonano metoda odlew-
nicza infiltrujgc czastki soli ciektym metalem [6,7,8].

Otrzymany kompozyt: czastki ceramiczne w osnowie sto-
pu magnezu, przygotowano do nieniszczacych badan kon-
troli jakos$ci stopnia infiltracji. W tym celu wykonano cylin-
dryczne proby o wysokosci 10mm i $rednicy 8mm w se-
riach z odlewdw z pieciu stopdw magnezu. Otrzymane w
ten sposob cylindry przebadano metoda radiologiczng w
urzadzeniu uCT firmy Scanco Medical. W celu doktadniej-
szej kontroli jakosci wybranych cylindréw zastosowano me-
tode mikroskopii skaningowej Mikroskopem Firmy Jeol
przed i po chemicznym wyptukaniu fazy ceramiczne;.

Ocene wytrzymatosci mechanicznej porowatych struk-
tur przeprowadzono stosujgc metode Sciskania z jednostaj-
ng predkosciag zgniotu (aparatura f-my Zwick) (RYS.3).

U wybranych przedstawicieli zwierzat doswiadczalnych
wykonano zabieg osteotomii prawej kosci piszczelowej.
Zabieg osteotomii zostat przeprowadzony przy wspomaga-

Material and methods

Metallic structures with open pores were created using
founding methods with ceramic filling. The filling were the
NaCl particles of 250um and 500um size. The infiltrating
material was the magnesium alloy. The materials merging
was made with founding methods, infiltrating salt particles
with the liquid metal [6,7,8].

The obtained composite: ceramic particles In metallic
matrix has been prepared for nondestructive quality control
and the degree of infiltration. For this purpose, cylindric sam-
ples od 10 mm height and 8 mm diameter were manufac-
tured in series of casting of five magnesium alloys. The
obtained cylinders have been examined using radiologic
methods in the Sanco Medical uCT device. For more pre-
cise control of selected cylinders, a scanning microscope
method was applied with use of the JEOL microscope be-
fore and after chemical washing the ceramic phase out.

The mechanic strength of porous structures assessment
has been taken using the method of compression with
steady speed of deformation

On selected experimental animal individuals an osteotomy
intervention on right tibia bone was carried out. The interven-
tion was uniplanetary aided with internal stabilizers.

For measurements, the stabilizers hale been dismantled.
This allowed measuring the fracture during the entire proc-
ess of healing with no influence of external agent (external
stabilizer)

The aim of the research was to compare the influence of
bone implants based on magnesium alloys and PLA implants
on bone fracture healing. Until now, the research was car-
ried out on a group of experimental animals without implants
in osteotomy region and a group of animals with PLA
polyactide control bars. The group of animals with magne-
sium bar implants will be examined in the further stage of
research. First examinations were carried out 4 weeks after
the implantation. During 6-7 weeks, twice a week force meas-

RYS. 2. a) Obraz kompozytu metal-ceramika w
formie odlewniczej.

b) Obraz struktury z porami otwartymi.

FIG. 2. a) Metal-ceramic composite in casting
mould.

b) Open pore structure.
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RYS. 3. Gabka wykonana ze stopu magnezu w
poszczegolnych fazach badania odpornosci na
Sciskanie.artymi.

FIG. 3. Sponge made of magnesium alloy in
several phases of compressive strength
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niu unipalnetarnym ze stabilizatorem zewnetrznym.

W czasie przeprowadzenia pomiaru zdemontowano sta-
bilizator. Umozliwiato to wykonanie pomiaru fraktury w cza-
sie catego procesu leczenia bez wptywu czynnika dodatko-
wego (stabilizator zewnetrzny).

Celem badania byto poréwnanie wptywu wszczepianych
implantéw kostnych wytworzonych na bazie stopéw magne-
zu i implantéw z PLA na leczenie fraktury kosci.

Do chwili obecnej badaniom poddano grupe doswiad-
czalnych zwierzat bez implantu w przedziale osteotomii oraz
grupe zwierzat z wszczepami pretéw kontrolnych wykona-
nych z polilaktydu PLA. Grupa zwierzat z wszczepami z
pretdw magnezowych zostanie przebadana w dalszym eta-
pie doswiadczen. Pierwsze badania przeprowadzono po 4
tygodniach od momentu zabiegu implantacyjnego. Przez
okres 6-7 tygodni dwa razy w tygodniu wykonywano bada-
nia pomiaru sity w czteropunktowej probie ugiecia.

Zwierzeta pod narkoza, lezaty w pozycji brzusznej na
zaadoptowanym do tego badania stole operacyjnym i pod-
dane zostaty zabiegowi osteotomii. Prawa konczyna dolna
zostata podtrzymana od stawu kolanowego do stawu bio-
drowego (RYS. 6).

Pomiar sit przeprowadzano dostosowujgc odpowiednie
obcigzenie przez przyrzad przenoszacy nacisk do pretéw
mocujacych stabilizator zewnetrzny, potozonych najblizej
miejsca osteotomii. Stanowisko pomiarowe umozliwiato
zmiane zadanego obcigzenia w przedziale co 25g. Na po-
czatku doswiadczenia maksymalne obcigzenie wynosito
100g. W ciggu dalszego procesu leczenia wielko$¢ obcia-
zenia wzrosta do 500g.

Wyniki pomiaru naprezen i wartosci ugiecia zostaty za-
rejestrowane dla kazdej z grup badanych zwierzat.

Wyniki

W procesie odlewniczym (RYS.7) otrzymano struktury
magnezowe o gradientowym roztozeniu por otwartych.

Kontrole jakosci otrzymanych struktur metalicznych na
bazie pieciu wybranych stopéw magnezu przeprowadzono
stosujgc dwie metody. W metodzie pierwszej do oceny wy-
tworzonych struktur z porami otwartymi uzyto metody okre-
$lenia naprezenia w stosunku do odksztatcenia Pierwsza
metoda badan kontroli jakosci otrzymanego wyrobu pole-
gata na scharakteryzowaniu struktur ggbczastych poprzez
wykreslenie zaleznosci krzywej wartosci odksztatcenia w
stosunku do warto$ci naprezenia metodg pomiaru wytrzy-
matosci na Sciskanie (RYS.8).

W kazdej z przeprowadzonych préb okreslono w prze-
dziale odksztatcenia 10-20% charakterystyczng wartosé
plato dla materialdéw porowatych niezalezng od uzytego

RYS. 7. Struktura z porami otwartymi przed
usunieciem wypetnienia ceramicznego z
zewnetrzna warstwa lita wykonana na wzor kosci
naturalnej.

FIG. 7. Structure with open pores before removing
the ceramic filling with solid outer layer, patterned
upon a natural bone.

RYS. 4.
FIG. 4.

RYS. 5. Schemat warunkéw przeprowadzenia
badan w czteropunktowym ugieciu.

FIG. 5. Scheme for conditions of four-point
deflection research.

RYS. 6.
FIG. 6.

urements in four-point deflection were made.

The anesthetized animals lying in ventral position on a
specially adapted operating table were subjected to oste-
otomy intervention. The right hindlimb was held from a knee
joint to a hip joint (FIG. 6).

Force measurement was carried out after adjusting the ap-
propriate load by the device transmitting the load to the bars
fixing the external stabilizer closest to the osteotomy region.
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RYS. 9. RYS. 10
FIG. 9. FIG. 10
materiatu.

Do badan uzyto stopéw wg ASTM czystego magnezu
oraz jego stopow: AM 20, AE 42, AM50, AM60.

Jako drugg metode kontroli jakosci, z uwagi na zalety
badan nieniszczacych jak i czas wykonania samego bada-
nia, wybrano metode mikrotomografii komputerowe;j.

Badaniu poddano odlew stopu magnezu z wypetniaczem
ceramicznym oraz odlew po usunieciu chemicznie wypet-
niacza (RYS. 9i 10).

Badanie mikro-CT pozwala na dokladne okreslenie za-
warto$ci wypetniacza ceramicznego w ggbce magnezowe;j.
Brak badan jakosciowych na tym etapie procesu wytwarza-
nia moze wykazac bezuzytecznos¢ produktu w czasie dal-
szych badan czasu resorpcji. Wypetienie ceramiczne NaCl
w roztworze wodnym prowadzi do lokalnych ognisk koro-
zyjnych dyskwalifikujgcych omawiany materiat jako wypet-
nienie ubytkow kostnych.

Z badan stanu sztywnosci (RYS.12 ) wynika, iz w czasie
leczenia osteotomii wartos¢ sztywnosci kosci wzrasta. Wi-
doczny jest rowniez zwigzek pomiedzy wartoscig sity a ugie-
ciem, dla niewielkich obcigzen o przebiegu liniowym.

Obliczenia wartosci sit ugiecia uzyskanych w dotychcza-
sowych badaniach jako funkcje wyznaczajace skutecznos$¢
leczenia ztamania wykazujg rozrzut wynikow

Wykreslajac linie trendu wedtug polynomu trzeciego stop-
nia widoczna jest nastepujaca prawidtowosc: wartosc sztyw-
nosci wzrasta by pozniej ulec stabilizacji a nastepnie zno-
wu wzrastac.

Dyskusja

Sposobem odlewniczym otrzymywano struktury porowa-
te na bazie stopéw magnezu. Optymalizacja procesu od-

The measurement station allowed changing the load
every 50 grams. In the beginning of the experiment, the
maximal load was 100 grams. During the healing process
the value of load raised up to 500 grams. Tension meas-
urement results and deflection values were recorded for
each of the examined animals group.

Results

In the casting process (RYS. 7) magnesium structures
of gradient distribution of open pores were obtained.

The quality control of the metallic structures based on
five magnesium alloys was carried out with the use of two
methods. In the first case, for assessment of the structures
with open pores a method of determining tension in relation
to distortion was used (FIG. 8).

In every test, within 10-20% distortion a characteristic value
of plateau for porous materials, independent on the material
used was determined. The following ASTM alloys were used:
AM 20, AE 42, AM50, AM60 and pure magnesium.

Due to advantages of non-destructive examinations, as
well as the short time of the very examination, a computer
assisted microtomography method has been chosen. The
method was applied for examining the state of the magne-
sium alloy with the ceramic filling and after removing the
filling. The CAmT examination allows precise determining
content of the ceramic filling in the magnesium sponge. Lack
of qualitive examinations in this stage of manufacturing may
cause the product to be useless during resorption time re-
search. Ceramic NaCl filling in water solution causes for-
mation of local corrosion centres, which disqualify the ma-
terial as a filling of bone losses.

The research on rigidity state (RYS. 11) reveals that dur-
ing the osteotomy healing the value of bone rigidity in-
creases. Also a relation between the force value and de-
flection for low linear loads is visible.

The calculations of deflection forces obtained in the up
to the present research as functions determining effective-
ness of healing of the fracture reveal results to be scat-
tered. After plotting the third degree polynomial trend line,
the following rule is wisible: The rigidity increases, then sta-
bilizes and finally increases again.

Discussion

Using foundry methods, magnesium alloy porous struc-
tures were obtained. Optimizing the foundry process as-
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RYS. 11. Wykres wartosci sity w stosunku do
wartosci osiagnietego ugiecia u krélika numer
316364 w okresie leczenia uszkodzenia kostnego.
FIG. 11. Force in relation to deflection. Rabbit No
316364 during healing the bone damage.

RYS. 12. Obliczenia wartosci sit ugiecia
uzyskanych w dotychczasowych badaniach jako
funkcje wyznaczajace skutecznos¢ leczenia
ztamania.

FIG. 12. Calculations of the forces of deflection
obtained on the up to present research as
functions determining effectiveness of healing the
fracture.
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lewniczego zapewnia powtarzalnosc¢ i wysoka jakos¢ uzy-
skanych ggbek magnezowych. Celem charakteryzacji otrzy-
manych gabek magnezowych materiat poddano badaniom
mechanicznym w prébie wytrzymatosci na sciskanie. Pré-
ba czesciowo symuluje warunki pozniejszej pracy gabek
magnezowych jako implanty na wypetnienia ubytkéw kost-
nych w organizmie. Kontrola jakosci wykonania implantéw
dzieki technice uCT pozwalajg na optymalizacje procesu
wykonania ggbek magnezowych.

Badania sztywnosci kosci metoda czteropunktowego
ugiecia wskazujg na wzrost wartosci sztywnosci u wszyst-
kich przebadanych zwierzat. Rozrzut wynikbw moze by¢
efektem réznic anatomicznych u poszczegdélnych osobni-
kéw. Ponadto zaobserwowano, ze przy blisko potowie prze-
badanych zwierzat z wszczepionymi pretami wykonanymi
z PLA wzrost wartosci sztywno$ci ugiecia nastepowat szyb-
ciej niz u zwierzat kontrolnych bez pretow z PLA. Powyz-
sze wyniki wskazujg na korzystny wptyw biodegradowal-
nych implantéw na proces zrastania sie kosci. Pozwala to
sqdzi¢, ze zastosowanie porowatych struktur metalicznych
na bazie stopdw magnezu jako implantéw czasowych be-
dzie wptywaé na znaczny wzrost wartosci sztywnosci kosci
a tym samym na przyspieszenie przebiegu leczenia.
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MAGNEZOWE STRUKTURY
HYBRYDOWE W ZASTOSOWANIU
NA LECZENIE UBYTKOW
KOSTNYCH
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Streszczenie

W pracy wykazano mozliwo$c wytwarzania hybry-
dowych struktur sktadajgcych sie z litego materiatu
oraz otaczajgcych jego powierzchnie ugrupowan z
materiatu porowatego z porami otwartymi wytworzo-
nych na bazie stopéw magnezu. Otrzymane w ten
Sposob struktury wytworzono metoda odlewnicza in-
filtrujgc wypetnienie ceramiczne. Przedstawiono ko-

sures repeatability and high quality of the obtained magne-
sium sponges. To characterize the obtained sponges, the
material has been subjected to mechanical compression
strength tests. The test in some way simulates conditions
of future sponge performance in the organism. Quality con-
trol of the implant allows, thanks to Cant, optimizing the
manufacturing process for the magnesium sponges.

The examination of rigidity with the use of four-point de-
flection marks the increase of rigidity in all cases of the ex-
amined animals. The scatter of the results may be the ef-
fect of anatomic differences of every individual. Moreover,
it has been observed, that for almost half of the animals
with the PLA bars implanted the rigidity increase was faster
than for the control animals without the PLA bars. The re-
sults presented above show positive influence of biodegrad-
ing implants on the process of bone healing. This allows
assuming, that applying porous metallic structures based
on magnesium alloys as temporary implants will influence
the significant increase of bone rigidity and thus hasting the
healing process.
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MAGNESIUM COMPOUND
STRUCTURES

FOR THE TREATMENT OF BONE
DEFECTS
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Abstract

The dissertation demonstrates possibilities of pro-
ducing one-phase compound structures on the basis
of magnesium alloys composed of solid material, par-
tially or wholly wrapped in the porous external layer.

Compound moulders were produced using the cast-
ing method with the application of ceramic filler (NaCl)
infiltration. Characteristics of the compounds obtained



lejne fazy wytworzenia struktur hybrydowych oraz ich
charakterystyke wykorzystujgc badania mikrostruktury
w elektronowej mikroskopii skaningowej (SEM - ska-
ning elektrony microscopy) oraz nienieszczace bada-
nia modelowe w skali 3D uzyskane dzieki zastoso-
waniu mikrotomografii komputerowey.

Cel wytworzonej struktury hybrydowej zostat okre-
Slony zaréwno jako wzmocnienie mechaniczne wy-
konane przez ksztattke z litego materiatu jak rowniez
przedtuzenie czasu resorpcji ksztattki w poréwnaniu
do wytwarzanych obecnie magnezowych materiatow
resorbowalnych o strukturze ggbczastej.

Zastosowanie tak wykonanych struktur hybrydo-
wych okre$lono jako nowe tworzywa w leczeniu ubyt-
kéw kostnych zaréwno w kosciach dtugich jak i pta-
Skich.

Stowa kluczowe: gabki magnezowe, hybrydowe
struktury porowate, metodyka wytwarzania, kontrola
Jakosci.

[Inzynieria Biomateriatow, 56-57,(2006),58-61]

Wstep

Zastosowanie nowych implantow kostnych wytworzonych
na bazie stopow magnezu stwarza nowe mozliwosci dla
leczenia ubytkow kostnych [1, 2].

Dzieki wiasciwoscig temporalnym ujawniajgcym sie pod-
czas pracy w warunkach "in vivo" stopy magnezu posiada-
ja potencjat kwalifikujgcy je na materialy na wypetnienia
ubytkéw kostnych. Jednakze poprzez nie zoptymalizowa-
ny czas resorpcji [3], [4] nie mogg do tej pory znalez¢ za-
stosowania w warunkach klinicznych. Jedng z drég popra-
wiajacych te niedogodnos$c¢ jest metoda wytwarzania struk-
tur hybrydowych. Struktury hybrydowe oparte na tym sa-
mym materiale wsadowym - stopie magnezu jako materia-
le jednofazowym powinny charakteryzowa¢ sie dobrymi
wiasciwosciami mechanicznymi. Istota jednofazowej struk-
tury hybrydowej polega na potgczeniu wigzaniem metalicz-
nym materiatu litego z materiatem otwarto porowatym. Dzieki
temu potaczeniu otrzymujemy materiat z wiasciwosciami
otwarto porowatymi pozwalajacymi na przeptyw ptynéw fi-
zjologicznych i fiksacje z naturalng koscig, materiat lity na-
tomiast daje wieksze mozliwosci w stworzeniu szkieletu do
przenoszen obcigzen utatwiajgc tym samym i wspomaga-
jac rozwoj naturalnego metabolizmu uktadu kostnegol[5], [6].
Stwarza to nowe mozliwosci dla zastosowania stopéw ma-
gnezu mogacych jako temporalne implanty zostac¢ uzyte na
wieksze systemy wypetnien ubytkow kostnych bedace nie
dostepne do tej pory dla gabek tylko o strukturze otwarto
porowatej. Wtasciwosci magnezu przedstawiono w TABE-
LI1.

Materiat i metody

Metaliczne struktury hybrydowe z porami otwartymi wy-
konano metodg odlewniczg z zastosowaniem wypetniacza
ceramicznego. Jako wypetniacza uzyto czastek NaCl o wiel-
kosci 250 i 500 um. Jako materialu inflitrujacego z uwagi na
wiasciwosci odlewnicze dla prekursora zastosowano stop
magnezu AZ91, sktadajacy sie z ok. 9% Al. i ok. 1% Zn.
Potaczenia materiatéw dokonano metoda odlewniczg infil-
trujac czastki soli wraz z elementami z tego samego stopu
oraz bez ciektym metalem AZ91.

Z otrzymanego kompozytu: czastki ceramiczne w osno-
wie stopu magnezu, usunieto w procesie chemicznego ptu-
kania [7] wypetniacz ceramiczny otrzymujac jednofazowq
strukture hybrydowa z magnezu.

Otrzymane w ten sposob materialy przebadano meto-

were tested using the scanning electron microscopy

SEM (analysis of microstructure) and non-destruct- ® © ® ® ® e o

ing 3D model analysis performed using computer mi-
cro-tomography.

The purpose of the compound structure was to
enhance properties through using of the solid mate-
rial and extending the resorption period of the moulder,
compared to the spongy resorbing magnesium mate-
rials currently produced.

Thus obtained compound structures can be used
as a new material in the treatment of the bone defects
both in the long and flat bones.

Key Words: magnesium sponges, porous hybrid
structures, manufacturing methods, quality control.

[Engineering of Biomaterials, 56-57,(2006),58-61]

Introduction

Application of new bone implants based on magnesium
alloys brings new possibilities in bone losses treatment [1],
[2]. Thanks to temporal properties, revealing during opera-
tion in vivo magnesium alloys can be qualified as a bone
loss filling material. Yet, due to not optimised resorption time,
they cannot be applied in clinical conditions. One of the
methods, improving this inconvenience is manufacturing
hybrid structures. These, based on the same core - on
magnesium alloy as a monophase material should be char-
acterized by fair mechanical properties. The idea of
monophase hybrid structure leans upon linking the solid
material with the open pore one with a metallic bond. Thanks
to this connection, an open pore properties are obtained.
These allow physiologic fluids flow as well as fixing with
natural bone. The solid material, in turn, brings greater pos-
sibilities of building the skeleton for load bearing, enhanc-
ing the development of natural metabolism of the osseous
system. [5], [6]. This brings new possibilities for applying
the magnesium alloys, which, as temporary implants may
be used in vast systems of bone fillings, not available for
sponges of only porous structure so far. Magnesium prop-
erties have been presented in TABLE 1.

Material and methods

Metallic hybrid structures with open pores were made
with use of foundry methods with application of ceramic fill-
ing. As a ceramic filling NaCl particles of 250um and 500um
size were used. As an infiltrating material, due to its casting
properties an AZ91 magnesium alloy has been used as a
precursor. This alloy consists of 9% Al and about 1% Zn.
Materials were fixed with casting methods by infiltration of
salt particles with and without the elements of the same
alloy with liquid AZ91 metal.

From the composite: ceramic particles in magnesium

Wytrzymato& na
rozcigganie
Strength
[MPa]

Masa molekularna E-Modul
Molecular mass E-Modulus
[g/mol] [GPa]

Materiat
Material

50000 , 28
Poly-L-lactid

100000 . 50

110-160

Kortikalis (&iskanie)

Magnesium 150

Steel 316L 400

TABELA 1.
TABLE 1.
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RYS.1. a) Ceramiczne wypetnienie formy przed
infiltracjg cieklym stopem magnezu NaCl, b)
Zgtad: material kompozytowy osnhowa

magnezowa wypetniona ceramicznym
wypetniaczem z NaCl, c) SEM: Material otwarto
porowaty po catkowitym usunieciu ceramicznego
wypetniacza.

FIG.1. a) NaCl ceramic mould filling before liquid
magnesium alloy infiltration, b) Microsection:
composite material. magnesium groundmass with
NaCl ceramic filling, c) Scanning microscope.
Open pore material after complete removal of the
ceramic filling.

da radiologiczng w urzadzeniu uCT firmy Scanco Medical.
(RYS.1c).

W celu doktadniejszej kontroli wybrane cylindry przeba-
dano metoda mikroskopii skaningowej Mikroskopem Firmy
Jeol przed i po chemicznym wyplukaniu fazy ceramiczne;j.

Celem otrzymania jednorodnego materiatu a tym samym
potaczenia metalicznego pomiedzy strukturg otwarto poro-
watg a materiatem litym wykonano formy solne wypetnione
wypetniaczem ceramiczny i uksztattowane aby zgromadzi¢
materiat lity schemat numer

W dalszym etapie badan uzyto réznego rodzaju ksztat-
tek odpowiedni z preparowanych celem usuniecia warstwy
tlenku magnezu i przygotowanych w podgrzanej formie
wypetnionej ceramicznym wypetniaczem.

’ J:_'. -,. ' l‘p

RYS. 4. Hybrydowy
materiat kompo-
zytowy przed usunie-
ciem wypetniacza
ceramicznego.

FIG. 4. Hybrid
composite material
before ceramic filling
removal.

Wyniki

W procesie odlewniczym, jak ukazuje RYS.5 wykaza-
no, iz mozliwe jest otrzymanie tg metoda jednofazowej struk-
tury hybrydowej. Mozna otrzymac struktury o gradientowym
roztozeniu poréw otwartych. Konieczne sa dalsze badania
w optymalizacji powyzszej metody celem dostosowania na
konkretne aplikacje.

RYS. 2. Ksztattki ze stopu AZ91 zatopione w
tworzywie otwarto porowatym ze stopu AZ 91.
FIG. 2. AZ91 shapes founded in open pore AZ91.

RYS. 3. Usytuowanie ksztaltek w formie z
wypetniaczem ceramicznym.

FIG. 3. Shape location in the mould with ceramic
filling.

alloy groundmass the ceramic filling has been removed in
chemical rinsing [7]. This way, a monophase magnesium
structure has been obtained. The obtained structures have
been examined with radiological methods in a uCT Scanco
Medical device (FIG.1c)

For more accurate control, selected cylinders were ex-
amined with the scanning Jeol microscope. The examina-
tion took place before and after the chemical rinsing.

In order to obtain a homogenous material, and thus link-
ing the solid metal with open pore structure, salt moulds
filled with ceramic filling were made. These were specially
shaped in order to gather the solid material (FIG.3).

In the further stage of research, different shapes were
prepared in a heated mould with ceramic filling, in order to
remove the magnesium oxide layer

Results

As it is shown in FIG. 5, the casting process revealed
that it is possible to obtain a monophase hybrid structure
with this method. It is also possible to obtain structures of
gradient distribution of the open pores. In order to adjust
the method described above for particular
applications,further research is necessary to be carried out.

The quality of the magnesium alloy casting with ceramic
filling has been examined with the use of Computer Aided
Micro-Tomography (CAuT). As it is shown in FIG. 5 (with
filling) and 8 (without filling), the CAuT allows precise deter-
mination of the ceramic filling content in the magnesium
sponge Lack of qualitive examinations in this stage of manu-
facturing may cause the product to be useless during
resorption time research. Ceramic NaCl filling in water so-
lution causes formation of local corrosion centres, which
disqualify the material as a filling of bone losses.

Discussion

The quality of the hybrid material has been derived from
the state of the solid material - open pore structure connec-
tion. it seems that the greatest problem is proper sealing of
the mould and properly chosen point of vacuum infiltration
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W metodzie drugiej dokonywano badarn metodg mikro-
tomografii komputerowej stanu odlewu stopu magnezu z
wypetniaczem ceramicznym, oraz po jego usunieciu che-
micznie ze stopu. Jak wykazujg RYS.5 odpowiednio z wy-
petieniem i bez, charakterystyka w mikro-CT pozwala na
dokladne okreslenie zawartosci wypetniacza ceramiczne-
go w ggbce magnezowej. Brak badan jakosciowych na tym
etapie procesu wytwarzania moze okazac bezuzytecznosc
produktu w czasie badanh czasu resorbcji. Wypetnienie ce-
ramiczne NaCl w roztworze H,O prowadzi do lokalnych
ognisk korozyjnych dyskwalifikujacych omawiany materiat
jako wypelnienie ubytkow kostnych.

Dyskusja

Jako$¢ wytworzonego materiatu hybrydowego okreslo-
no na podstawie stanu potgczenia materiatu litego ze struk-
turg otwarto porowata. Wydaje sie, iz najwiekszy problem
wigze sie w procesie jednoczesnego wytworzenia materia-
tu hybrydowego z odpowiednim uszczelnieniem formy i
odpowiednio dobranym miejscem infiltracji podcisnieniem
formy. W procesie odlewniczego zalewania ksztattek ma-
gnezowych tym samym stopem w formie wypetnionej cera-
micznym wypetniaczem trudnosci przysparza odpowiednie
pozbycie sie warstwy powierzchniowej tlenku magnezu na
ksztattkach mimo odpowiedniego przygotowania poprzez
mechaniczne Sciggniecie warstwy tlenku.

Rozwigzaniem kwestii pierwszej wydaje sie wykonanie
odpowiednio szczelnej formy, co ukazujg dalsze badania i
ich wyniki. Natomiast w kwestii pokrywania tlenkiem wyda-
je sie, iz wykonanie odlewu w atmosferze gazu ochronne-
go, przygotowanie ksztattek magnezowych i utrzymywanie
ich w odpowiedniej do procesu odlewniczego temperatu-
rze, blokujacej mozliwosci lokowania sie tlenkéw magnezu
poprzez stapianie warstwy powierzchniowej jest odpowied-
nim rozwigzaniem, co ukazuje niniejsza praca.
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of the mould in the process of simultaneous manufacturing
of the hybrid material.

In the mould pouring process for the magnesium shapes
with the same alloy in the mould with ceramic filling, it is a
certain difficulty to dispose of the surface layer of magne-
sium oxide from the surface of the shapes, despite proper
preparation by mechanical removal of the oxide layer

The first problem may be solved by manufacturing
enough hermetic mould, which is revealed by further re-
search. The problem of oxide layers, in turn, seems to be
solved by manufacturing the cast in the protective gas at-
mosphere, preparing the magnesium shapes and maintain-
ing them in appropriate for the casting process tempera-
ture, preventing the oxides from locating on the surface by
melting the surface layer.

Acknowledgements

The authors wish to tank for help and support to the
German Scientific Collectivity.

References

[4] Bach Fr.-W., Kucharski R., Bormann D.: Proceed. ofXXIl Con-
ference of Orthopaedics of Polish Armee, Bydgoszcz, 2005.

[5] Bach Fr.-W, Bormann D., Kucharski R., Wilk P.: Production nad
Propereties of Foamed Magnesium; Cellular Metals and Polymers,
Eds. R.F.Springer, C.Korner, V.Altstadt, H.Munstedt,
Prans.Tech.Publ., Zurich 2005, pp.77-80.

[6] Bach Fr.-W., Bormann D., Kucharski R.: November Colloquium
2005.

61

MATERIALtOW



V4
ececoe s0000000000000 BI@MATERIALOW e

Nazwa studium podyplomowego:

Biomaterialy — Materialy dla Medycyny

Organizator studium podyplomoweqo:

Akademia Gorniczo-Hutnicza
Wydziat Inz ynierii Materiatowej i Ceramiki
Katedra Biomateriatéw

Adres, telefon, fax, e-mail organizatora:

30 -059 Krakoéw, Al. Mickiewicza 30
tel. 12617 34 41, 12, 617 47 38
email; epamula@agh.edu.pl mblazew@uci.agh.edu.pl stodolak@agh.edu.pl

Charakterystyka studium:

Zajecia obejmujgce wyktady i seminaria, dotyczy¢ bedg kluczowych zagadnienh z dziedziny inzynierii bio-
materiatdéw. Program studiow obejmowac bedzie charakterystyke tworzyw wykorzystywanych w medycy-
nie: metali i ich stopdw, polimerdw, ceramiki oraz wegla syntetycznego i kompozytéw. Omoéwione zostang
przyktady zastosowan tworzyw syntetycznych w réznych dziedzinach medycyny a mianowicie ortopedii,
chirurgii kostnej, laryngologii, kardiologii, okulistyce i stomatologii i innych. Przedstawione zostang metody
projektowania i wytwarzania materiatéw spetniajgcych wymagania stawiane przez medycyne. Stucha-
czom studium zaprezentowane zostang metody fizykochemiczne stosowane zarbwno do charakterystyki
materiatu jak i przebiegu jego degradacji (w sztucznym i naturalnym $rodowisku biologicznym) oraz me-
tody biologiczne do analizy zjawisk zachodzgcych na powierzchni tworzyw implantacyjnych w kontakcie
z zywg komorkg i tkanka. Na zajeciach prezentowane bedg (w oparciu o konkretne przyktady) metody:
FTIR, SEM, AFM, mikroskopia optyczna oraz badania mechaniczne z uwzglednieniem badan parametréw
mechanicznych naturalnych tkanek oraz metody analizy fizycznych parametréw powierzchni (energia
powierzchniowa, twardos¢, chropowatos¢). Wyktady dotyczy¢ bedg badania biozgodnosci w warunkach
in vitro i in vivo, oméwienia normy ISO 10993 (Biologiczna ocena wyrobéw medycznych) oraz regulaciji
prawnych i aspektow etycznych zwigzanych z badaniami na zwierzetach. Dodatkowo oméwione zostang
sposoby organizacji, nadzoru i monitorowania badan klinicznych.Stuchacze studium zapoznani zostang
Z najnowszymi osiggnieciami inzynierii tkankowej, metodami wytwarzania podtozy tkankowych i konstrukcjg
bioreaktorow.

Kierownik: Czas trwania:
Drinz . ElZ bieta Pamuta Jeden semestr (letni 2006/2007)
Zasady naboru:

Zqgtoszenie pisemne z deklaracjgoptaty za studium.

Termin zgtoszen:
02.02. 2007

Opfaty:

1.800 PLN

Informacje dodatkowe:
Zajgia — 8 zjazdoéw 18 godzinnych
Przewidywana ilo& godzin -144. przewidywana data rozpoczgia 24.02. 2007.




y

62

MATERIALOW

-

Wskazowki dla autorow

Prace do opublikowania w czasopismie "Inzynieria Biomateria-
tow” bedg przyjmowane wytacznie z ttumaczeniem na jezyk an-
gielski.

Prosimy je nadsyta¢ na dyskietkach wytgcznie w formacie Word
6.x (lub wyzszy) wraz z jednym egzemplarzem kontrolnego wydru-
ku i kompletem rysunkow i zdjec.

Mozliwe jest réwniez dotaczanie ilustracji w ré6znych formatach
grafiki typu .eps, .jpg, .tif, .cdr, .cpt, .gif.

Rozmiar artykutu:

* przegladowego i pracy oryginalnej - do 10 stron standardowego
maszynopisu,

» komunikatu - do 5 stron,

* noty technicznej - do 3 stron

Obowigzuje uktad jednostek SI.

Rysunki, tabele i réwnania powinny by¢ kolejno ponumerowa-
ne.

Struktura artykutu:
streszczenie (do 200 stow),
+ stowa kluczowe (3-10 stéw),
* wprowadzenie,
« materiat i metodyka,
* wyniki,
+ dyskusja,
* wnioski,
pi$miennictwo (wg systemu Harvard).
Odnosniki literaturowe w tekscie nalezy podawac jako kolejne
liczby arabskie w nawiasach kwadratowych.

Pismiennictwo (zawierajace nazwiska autoréw i skréty ich imion,
tytut artykutu, tytut czasopisma, tom, rok w na wiasach okragtych
i strony) powinno by¢ zamieszczone na koncu artykutu. Skrotow
tytutdw czasopism nalezy unika¢ badz podawaé zgodnie z Chemi-
cal Abstract. Cytujac ksiazki nalezy podawa¢ numery odpowied-
nich rozdziatow.

Nie przewiduje sie wyptacania honorariéw autorskich.
Prace nalezy nadyta¢ na adres:

Redakcja “Inzynieria Biomateriatéw”

Akademia Goérniczo - Hutnicza

Katedra Biomateriatow

30-059 Krakoéw, al. Mickiewicza 30/A-3

fax. (48-12) 617-33-71

tel. (48-12) 617-22-39

e-mail: apowroz@uci.agh.edu.pl

Warunki prenumeraty

Wydawnictwo Polskie Stowarzyszenie Biomateriatow w Kra-
kowie przyjmuje zamdwienia na prenumerate, ktéra moze obej-
mowac dowolny okres, w ktérym wydawane sg kolejne zeszyty.
Zamawiajacy otrzyma zaprenumerowane zeszyty poczgwszy od
daty dokonania wptaty. Zamoéwienia wstecz bedg realizowane w
miare posiadanych zapaséw.

Realizacja zaméwienia
Warunkiem realizacji zamdwienia jest otrzymanie z banku po-
twierdzenia dokonania wptaty przez prenumeratora.

Konto
Polskie Stowarzyszenie Biomateriatow
30-059 Krakow, al.Mickiewicza 30/A-3
Bank Slaski S.A. O/Krakéw,
nrrachunku 63 1050 1445 1000 0012 0085 6001

Nalezy poda¢ swdj adres, tytut czasopisma, okres prenumera-
ty i liczbe zamawianych egzemplarzy.

Optata
Cena numeru 56-57- 40PLN

Instructions to authors

Contributions in English language version should be submitted
to:
Editorial Office

"Engineering of Biomaterials"

AGH University of Science and Technology

Department of Biomaterials,

Al. Mickiewicza 30/A-3, 30-059 Krakow, Poland

fax. (48-12) 617-33-71, tel. (48-12) 617-22-39

e-mail: apowroz@uci.agh.edu.pl

Texts should be delivered on a 3.5-inch diskette, accompanied
by a printout (with a double spacing) including drawings, photogra-
phs, tables etc. Recommended is IBM-compatible MS format, e.g.
Word 6.x (or higher). lllustrations can be enclosed on diskettes in
the formats: .eps, .jpg, -tif, .cdr, .cpt, .gif.

Advised paper length is:

* review papers and accounts of original unpublished research -
up to 10 pages (standard manuscript pages);

» short communications - up to 5 pages;

« technical notes - up to 3 pages.

Sl units should be used in the text.

Figures, Tables and Equations should be numbered in corre-
sponding consecutive series of the Arabic numbers.

Layout of the paper should be the following:

» Abstract (up to 200 words)
Key words (3-10 words)
Introduction

Materials and Methods

* Results

» Discussion

» Conclusions

» References

References should be made in the text by using consecutive
Arabic numbers in brackets. Full references (including author's sur-
name and abbreviated names, title of the paper, title of the journal,
volume, year in parenthesis and pages) should be given in a list at
the end of the paper. Abbreviations of journal titles should be avo-
ided or used in accordance with those listed in Chemical Abstracts.
Whenever a book is cited, the number of the relevant chapter sho-
uld be given.

The journal makes no page charges.

Subscription terms

Subscription orders should be addressed to the Polish Society
for Biomaterials in Krakow.

The ordered issues will be delivered consecutively starting from
the date of payment, acknowledged by the bank.

Earlier issues will be supplied if available.

Subscription rates:
Cost of number 56-57 - 40.00 PLN

Payment should be made to:
Polish Society for Biomaterials,
Al. Mickiewicza 30/A-3,
30-059 Krakow, Poland
Bank Slaski S.A. O/Krakéw,
account no. 63 1050 1445 1000 0012 0085 6001

It is requested to quote the subscriber's name, title of the
journal, desired subscription period and number of the ordered
copies.



