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Streszczenie

W pracy przedstawiono wyniki badan cytotoksycz-
nosci i odpowiedzi tkankowej nowych elastomeréw
poli(estrowo-eterowo-estrowych) (TEEE). Materiaty
te byty dodatkowo modyfikowane hydroksyapaty-
tem (HAP). Stwierdzono, ze polimery zawierajgce
hydroksyapatyt spiekany (HAP Ill) wykazujg lepsza
biozgodnos$¢ komorkows, wplywajg na mniejszy od-
setek komérek apoptycznych oraz powodujg lepsza
odbudowe kosci w poréwnaniu do polimeru zawiera-
jacego hydroksyapatyt niekalcynowany (HAP |).

[Inzynieria Biomateriatéw, 76, (2008), 2-5]

Wprowadzenie

Poszukiwanie nowych materiatéw do rekonstrukcji tkanek
miekkich i twardych prowadzi do opracowywania materiatéw
hybrydowych, polimerowo-ceramicznych, fgczgcych zalety
poszczegdlnych komponentéw: elastycznosé i wytrzyma-
to$¢ polimeréw oraz wysokag biozgodno$¢ ceramiki, ktore
w zaleznosci od rodzaju tkanki, wykazujg pozgdany profil
degradacji, elastycznosci lub twardosci.

Jednym z komercyjnie dostepnych biomateriatéw do
rekonstrukcji tkanek jest Polyactive®, bedgcy kopolimerem
poli(glikolu etylenowego) (PEG) i poli(tereftalanu butylenu)
(PBT), o wzorze strukturalnym jak na RYS. 1.

Polyactive® o zawartosci 70% wagowych PEG i 30%
wagowych PBT jest biozgodnym polimerem [1]. Moze by¢
zastosowany jako substytut chrzgstki, powiezi w postaci
siatki, sztucznej skory [2] lub materialu do rekonstrukciji
kosci [3]. Materiat ten ulega szybkiej biodegradacji, dlatego
stosowany jako skafold umozliwia jednoczesne wnikanie
komorek kostnych do wnetrza poréw polimeru podczas
jego degradacji [4,5]. W przypadku zastosowania go do
rekonstrukcji kosci nie powoduje jej przebudowy, a jedynie
stymuluje powstawanie tkanki widknistej [4].

Alternatywg dla szybko degradujgcego materiatu, takiego
jak Polyactive®, ktory nie zawsze spetnia wymogi stabil-
nosci mechanicznej stawiane substytutom wymagajgcym
dtuzszego czasu degradacji moze by¢ nowy terpoli(estro-
etero-ester) (TEEE), zawierajgcy oprocz blokéw PEG i PBT,
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RESPONSE TO NEW
TERPOLY(ESTER-ETHER-ESTER)
ELASTOMERS (TEEE)
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Summary

In this work, the results of cytotoxicity and tissue
response to new terpoly(ester-ether-ester) (TEEE)
elastomers are presented. The materials were ad-
ditionally modified with hydroxyapatite. It has been
found that polymers containing sintered hydroxyapatite
(HAP Ill) showed better cell compatibility and induced
lower number of apoptotic cells with simultaneous
better bone regeneration as compared to polymers
with non-calcined hydroxyapatite (HAP |).

[Engineering of Biomaterials, 76, (2008), 2-5]

Introduction

Development of new materials for soft and hard tissue
reconstruction leads to preparation of hybrid polymer-
ceramic materials, bringing together advantages of single
components: elasticity and strength of polymers with excel-
lent biocompatibility of ceramics, and depending from the
type of tissue, they show desired profile of degradation,
elasticity or hardness.

One of commercially available biomaterials for tissue
reconstruction is Polyactive®, a segmented copolymer of
poly(ethylene glycol) (PEG) with poly(ethylene terephtha-
late) (PBT), with a structure as depicted in FIG. 1.

0 0
0 0.
bt Ot~y Ol
< L < >

segment gietki (PEG)  segment sztywny (PBT)

RYS. 1. Wzér strukturalny multiblokowego kopoli-
meru PEG/PBT.
FIG. 1. Chemical structure of PEG/PBT copolymer.

Polyactive® containing 70wt% PEG and 30wt% PBT
shows good biocompatibility [1]. It can be used as cartilage
substitute, surgical mesh, artificial skin [2] or material for
bone reconstruction [3]. Polyactive® degrades rapidly there-
fore if used as a scaffold, it enables penetration of bone cells
into material’s pores during subsequent degradation [4,5].



hydrofobowy blok zbudowany z estru dimeryzowanego
kwasu tluszczowego, zwanego kwasem dilinoleinowym
(DLA) [6]. Dodatkowo, modyfikacja TEEE nanometrycz-
nym hydroksyapatytem [7], pozwala otrzyma¢ materiaty
hybrydowe o doskonatych wiasciwosciach mechanicznych
i kontrolowanej biodegradacii.

Celem pracy byto zbadanie biozgodnosci komérkowej
i odpowiedzi tkankowej nowych terpolimerow i materiatow
hybrydowych.

Materiaty

Do badan wykorzystano nowe terpoli(estro-etero-estry)
o zawartosci 45% wagowych segmentéw sztywnych PBT,
19% wagowych segmentow gietkich tworzonych przez DLA
i 36% wagowych segmentdw gigtkich tworzonych przez PEG
o ciezarze czgsteczkowym 1000 Da [6]. Zsyntezowano poli-
mer bez stabilizatora termicznego (TEEE) oraz zawierajgcy
witaming E jako stabilizator (TEEE/VE). Do polimeréw TEEE
wprowadzono na drodze polikondensaciji in situ ceramike
hydroksyapatytowg w ilosci 0,5% wag. Uzyto hydroksyapa-
tyt niekalcynowany (HAP |) oraz hydroksyapatyt spiekany
(HAP IIl) [7]. Z syntezowanych polimeréw przygotowano
cienkie filmy (o grubosci 0.5 mm) metoda prasowania na
goraco, z ktérych nastepnie wycinano krazki i pateczki
o wymiarach podanych w nastepnym paragrafie.

Metody

Zawiesing komorek linii 3T3 mysich fibroblastéw nanie-
siono na krazki polimerowe o srednicy 14 mm umieszczone
w 26-dotkowych ptytkach hodowlanych. Komorki hodowano
przez 5 dni (120 godzin) w medium RPMI-1640 w obecno-
sci 10% surowicy ptodowej bydlecej, L-glutaminy (0.125
mM), streptomycyny (100 pg/ml) i penicyliny (100 1U/ml)
(wszystkie odczynniki z Sigma-Aldrich, St.Louis, MO, USA)
w wilgotnosci 95%, temperaturze 37°C i stezeniu CO, wy-
noszacym 5%. Po inkubacji zywotnos¢ komoérek oceniono
na cytometrze przeptywowym stosujgc prosty test z jodkiem
propydyny. Komorki zywe nie ulegaja wybarwieniu (usuwaja
jodek propydyny z wnetrza), komoérki martwe i apoptotycz-
ne barwig sie jodkiem propydyny. Proliferacje oceniano
liczac komorki na powierzchni polimeru pod mikroskopem
odwréconym w 5 dniu trwania doswiadczenia. Wynik poda-
wano jako wartos¢ wzgledng w odniesieniu do kontroli w
momencie zaktadania hodowli (100000 komorek / krazek
polimeru /1 ml pozywki).

Z polimeréw wykonano pateczki o dtugosci 10mm do
12mm, szerokosci od 3mm do 5mm oraz grubosci od 0,6
mm do 0,8 mm. Probki sterylizowano tlenkiem etylenu w
sterylizatorze firmy 3M Steri-Vac5. Jako zwierzeta doswiad-
czalne wykorzystano 30 szczurow rasy Wistar ptci meskiej o
wadze od 200g do 220g. Pierwszej dziesigtce wszczepiono
do lewego uda podokostnowo polimer TEEE I. W celu oceny
reakcji kosci na uraz operacyjny u kazdego z tych zwierzat z
kosci udowej prawej ztuszczono okostng bez wszczepiania
polimeru. Drugiej dziesigtce wszczepiono do uda lewego
polimer TEEE lll. Trzeciej dziesigtce szczurdw wszczepiono
do uda prawego silikon.

Operacje wykonywano wstrzykujgc domiesniowo pre-
parat ketaminy — Narkamon w dawce 120mg/kg m.c. Po
znieczuleniu golono skoére w okolicy obu ud i nacinano
odstaniajgc miesnie, a po ich rozwarstwieniu odstaniano
kos¢ udowa. Nastepnie ztuszczano okostng i umieszczano
na kosci udowej polimer. W celu wszczepienia probki do
miesni rozwarstwiano na tepo miesien i wprowadzano do
wytworzonej kieszeni pasek polimeru. Rang zamykano
dwoma szwami skérnymi.

When used in bone tissue engineering, it stimulates forma-
tion of fibrous tissue rather than bone remodeling [4].

An alternative to fast-degrading material, such as Polyac-
tive®, which is not always fulfilling the requirements of higher
mechanical stability during longer degradation time, can be a
new terpoly(ester-ether-ester) (TEEE), containing PEG and
PBT as in Polyactive®, and additionally hydrophobic unit con-
taining dimer of unsaturated fatty acid (DLA) [6]. Moreover,
modification of such system with nanometer hydroxyapatite
[7], allows to obtain hybrid materials with excellent mechani-
cal properties and tailored biodegradation.

The aim of this work was to investigate cell biocompat-
ibility and tissue response of TEEE and hybrid materials.

Materials

New terpoly(ester-ether-ester)s containing 45wt% PBT
hard segments, 19wt% DLA soft segments and 36wt% PEG
soft segments with a molecular weight 1000Da were used
[6]. TEEE without thermal stabilizer and terpolymer contain-
ing vitamin E (TEEE/VE) were prepared. Hydroxyapatite
ceramic was added into TEEE during in situ polyconden-
sation in amount of 0.5wt%. Two different hydroxyapatites
were used: non-calcined (HAP I) and sintered (HAP Ill). Thin
polymer films (0.5mm thick) were prepared by hot press and
then samples in a form of discs and sticks were cut off.

Methods

The suspension of mouse fibroblast 3T3 cell line was
poured on polymer discs in 26-well plastes. Cells were
cultured for 5 days (120 hours) in RPMI-1640 medium sup-
plemented with 10% fetal bovine serum, L-glutamine (0.125
mM), streptomycin (100 pg/ml) and penicillin (100 1U/ml) (all
chemicals from Sigma-Aldrich, St.Louis, MO, USA) in 95%
humidity, 37°C, 5% CO,. After the incubation, the viability of
cells was assessed by simple, propidium iodide exclusion
test. Living cells remove propidium iodide while apoptosis
and dead cells do not. Proliferation was assessed by count-
ing cells during observation under an inverted microscope
on day 5 of experiment. Results were given as a ratio of cell
number in day 5 in relation to number of cells in day 0 equal
to 100000 cell / polymer disc / 1 ml of medium.

Small polymer sticks 10 to 12 mm long, 3 to 5 mm wide,
and 0.6 to 0.8 thick were prepared. Samples were EtO
sterilized with 3M Steri-Vac5 apparatus. Polymer rods were
implanted into 30 Wistar rats weighing 200-220 g. TEEE |
polymer was implanted into left thigh subperiostealy into 10
rats. In order to evaluate bone response to surgical proce-
dure, the periosteum was peel out from the right thigh. TEEE
Il polymer was implanted into next 10 rats in a similar way.
Silicone elastomer was implanted into third group of rats.

Surgical procedure was performed with the use of keta-
mine (Narkomon) injections at dose of 120 mg/kg of b.w.
Animal observations were performed for 180 days, and
then sacrificed with sodium pentobarbital in amount 200
mg/kg b.w. The structure of bone and fibrous capsule were
analyzed followed the preparation of tissues with implanted
polymers.

Tissue samples were fixed in 10% buffered formalde-
hyde, decalcified and microscopic slides were prepared
and stained with hematoxylin and eosin. Atrophic changes
and osteoblastic reactions were assessed by 12 subse-
quent measurements of cortical bone. The mean value of
bone thickness was calculated. The structure of bone was
also analyzed by means of changes of cancellous bone to
trabecular bone and callus formation over the implanted
polymer sample.
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Obserwacje zwierzat kontynuowano przez 180 dni. Po

® o o o o o o yptywie 180 dni zwierzeta usmiercano podajgc domiesnio-

wo pentobarbital sodu w dawce 200mg/kg m.c. i pobrano
tkanki do badan.

Po wypreparowaniu tkanek razem z wszczepionymi
polimerami zbadano wyglad kosci poszukujac zanikow
tkanki kostnej. Oceniono wyglad otoczek tgcznotkankowych
powstatych dookota wszczepdw.

Prébki tkanek z wszczepionymi polimerami utrwalano
w 10% zbuforowanej formalinie, odwapniano a nastepnie
wykonywano z nich preparaty mikroskopowe stosujgc
barwienie hematoksyling i eozyng (HE). Oceniajac tkanke
kostng poszukiwano zanikdw lub pogrubienia kosci. Ocene
przeprowadzono wykonujgc 12 pomiarow grubosci kosci ko-
rowej a nastepnie obliczano $rednig dla danego preparatu.
Badano budowe mikroskopowg kos$ci zwracajgc uwage na
powstate zmiany przejscia kosci drobnowtdknistej w kosé
grubowidknistg oraz powstate ogniska kostniny pokrywajgce
wszczep.

Wyniki i dyskusja

Wyniki badan cytotoksycznosci nowych polimeréw TEEE
oraz TEEE zawierajgcych hydroksyapatyt (HAP | i HAP III)
przedstawiono na RYS. 2i 3. Polimer TEEE nie zawierajgcy
stabilizatora termicznego wykazat wyzszg proliferacje komo-
rek w poréwnaniu do materiatu zawierajgcego VE i dodatkowo
zmodyfikowanego HAP | (RYS. 2a). Zastgpienie hydroksy-
apatytu niekalcynowanego (HAP |) hydroksyaptytem spieka-
nym (HAP IIl) spowodowato znaczny wzrost ilosci komérek,
wskazujgc na lepszg biozgodnosé komérkowa (RYS. 2b).

Potwierdzeniem dobrej biozgodnosci polimeru TEEE
zawierajgcego HAP Ill sg réwniez wyniki pomiaru ilosci ko-
morek martwych i apoptycznych przedstawione na RYS. 3.
llo$¢ komérek apoptycznych dla tego polimeru nie przekro-
czyta 5% (RYS. 3b), podczas gdy dla TEEE zawierajgcego
HAP |, ilo$¢ komorek martwych i apoptycznych przekroczyta
25% (RYS. 3a).
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FIG. 3. Number of dead and apoptotic cells.

Results and discussion

The results of cytotoxicity of new TEEE polymers and
TEEE modified with hydroxyapatite (HAP | and HAP Ill)
are presented in FIGs. 2 and 3. TEEE polymer synthesized
without thermal stabilizer showed higher cell proliferation as
compared to TEEE containing VE, and additionally modified
with HAP | (FIG. 2a). By changing the type of hydroxyapatite
from HAP | to HAP Il (sintered HAP), the cell proliferation
was significantly higher, thus indicating better cell compat-
ibility (FIG. 2b).
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RYS. 2. Wyniki testow cytotoksycznosci komor-
kowe;j.
FIG. 2. Results of cytotoxicity tests.

Good biocompatibility of TEEE containing HAP Ill was
also confirmed by the results of measurements of dead
and apoptotic cells, respectively (FIG. 3). The number of
apoptotic cells for this material was not higher as 5% (FIG.
3b), while for TEEE modified with HAP |, the number of dead
and apoptotic cells was above 25% (FIG. 3a).

All animals subjected to implantation tests survived well
the observation period (no changes in animals’ behavior,
appearance and activity were noticed). No changes around
the soft tissue were detected. Fibrous tissue capsule around
implant was thin and weak (FIG. 4). No fluid was detected
in a thin a weak capsule.

Thickness of bones and type of changes in its structure
was assessed microscopically (TABLE 1). Analysis of the
influence of new polymers on thickness and remodeling of
bone as well as on amount of fibrous tissue revealed that
polymer TEEE Il with hydroxyapatite had the best proper-
ties.
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RYS. 4. Otoczka tacznotkankowa dookota polimeru
zawierajacego a) HAP | i b) HAP Il (pow. 200x).
FIG. 4. Fibrous capsule around polymer containing:
a) HAP |, and b) HAP Il (magn. 200x).

Wszystkie zwierzeta poddane testom implantacji przezyty
okres obserwacji. Rany wygoity sie przez rychtozrost. Nie
stwierdzono zmian w wygladzie, zachowaniu i aktywnosci
zwierzat. W ocenie makroskopowej tkanek miekkich nie
stwierdzono zmian naciekowych lub zanikowych w otoczeniu
wszczepdw. Widoczne na przekrojach poprzecznych otoczki
tacznotkankowe dookota polimeru (RYS. 4) byly cienkie i
wiotkie. Nie stwierdzono obecnosci ptynu w otoczce.

W badaniu mikroskopowym oceniono grubos$é kosci
oraz rodzaj zmian zachodzacych w jej obrebie (TABELA 1).
Poréwnujac wplyw nowych polimeréw na pogrubienie i prze-
budowe kosci oraz zawartos¢ tkanki tgcznej stwierdzono,
ze najlepszymi wiasciwosciami charakteryzowat sie TEEE
Il zawierajgcy hydroksyapatyt spiekany.

Whioski

Na podstawie przeprowadzonych badan mozna wnio-
skowaé, ze nowe terpolimery o strukturze segmentowej
i hydrofilowo-hydrofobowych wtasciwosciach odznaczajg
sie bardzo dobrg biozgodnoscig w stosunku do komérek
fibroblastow. Wprowadzenie do struktury polimeréw nano-
czastek hydroksyapatytu spiekanego (HAP lll) dato lepsze
wyniki biorgc pod uwage pogrubienie i przebudowe kosci
w poréwnaniu do polimeru zawierajgcego hydroksyapatyt
niekalcynowany (HAP I).

Podziekowania

Autorzy (M. El Fray) dziekujg Pani Prof. A. Slésarczyk
(Akademia Goérniczo-Hutnicza im. St. Staszica w Krakowie)
Z probki hydroksyapatytow.
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TABELA 1. Zestawienie wynikéw pomiaru grubosci
kosci i intensywnosci wytworzenia tkanki taczne;j.
TABLE 1. The results of bone thickness and intensity
of bone tissue formation.

Grubos¢é

Pogrubienie Przebudo-  Tkanka
Materiat kosci wa kosci* taczna
Material , . Bone Bone re- Connective
i thickening modeling* tissue
[mm]
Zdrowa
okostna
Healthy 0,665 3+/2++ 3+ 3+/2++
bone
TEEE | 0,641 1+ - 4+/1++
TEEE IlI 0,657 2+/1++ 2+ 6+/1+++
Silikon
Silicone 0,665 3+ 3+ 2+4/2++/3+++

* Przebudowa: zmiana struktury z kosci uporzgdkowanej
drobnowtdknistej, blaszkowatej na koS¢ nieuporzadko-
wana, grubowlioknista, splotowatg (wyglad jak w Swiezym
zroscie kostnym). Oznaczenia: kolejne cyfry oznaczajg
ilos¢ stwierdzonych przypadkéw w grupie 10 badanych
zwierzat; znaki + odnoszg sie do intensywnosci zmian:
+ nieznaczne, ++ $rednie, +++ intensywne.

* Remodeling: change of bone structure from oriented
and lamellar thin fiber to non-oriented bone with thick
fibers. Notations: consequent numbers correspond to
the number of animals from the group of 10 animals
where changes were detected; symbol + correspond
to the intensity of changes: + discrete, ++ moderate,
+++ intense.

Conclusions

As presented in results and discussion, new terpolymers
of segmented structure and mixed (two component) hard
segments showed very good cell proliferation and low
percentage of dead and apoptotic cells. Incorporation of
sintered hydroxyapatite (HAP ) into polymer structure gave
better results for bone remodeling as compared to polymer
containing non-calcined HAP .
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Streszczenie

W niniejszej pracy badano profil i kinetyke uwal-
niania leku w warunkach in vitro z tabletek o r6znym
sktadzie procentowym mieszaniny aTCP-HAp (98%
mas. aTCP — 2% mas. HAp; 94% mas. aTCP — 6%
mas. HAp; 90% mas. aTCP — 10% mas. HAp) do
medium o pH 7.4 oraz z tabletek o takim samym
sktadzie procentowym mieszaniny aTCP-HAp (98%
mas. aTCP — 2% mas. HAp) do medium o réznym
pH (5, 7.4, 10). Pentoksyfilina (PTX) — lek przyjety
za modelowy zostat rozmieszczony homogenicznie
w implancie bioceramicznym i uwalniat sie z dowol-
nego jego miejsca. PorowatoSc catkowita badanych
biomateriatéw wynosita okoto 32-38%. Przeprowa-
dzony eksperyment miat rowniez na celu okre$lenie
mechanizmu uwalniania PTX z badanych nosnikow
z zastosowaniem modelu Korsenmeyera — Peppasa
oraz opis tego procesu za pomocg modelu Higu-
chiego. Wyniki badan wykazaty, ze im wiekszy byt
udziat procentowy proszku hydroksyapatytowego
w wyjSciowym sktadzie tabletek, tym szybciej zacho-
dzito uwalnianie PTX. Najszybciej lek ten uwalniat
sie z tabletek aTCP-HAp do medium o pH 5, nato-
miast najwolniej do $rodowiska o pH 10. Korzystajgc
Z modelu Korsenmeyera — Peppasa okreslono dla
badanych no$nikow mechanizm uwalniania badanego
leku. Otrzymane warto$ci wyktadnika dyfuzyjnego n
(charakteryzujgcego mechanizm uwalniania leku),
byty réwne lub wieksze od 1, co $wiadczy o tym, ze
uwalnianie PTX zachodzito zgodnie z mechanizmem
zerowego lub super zerowego rzedu. Na podstawie
modelu Higuchiego wyznaczono state szybkosci
uwalniania PTX. Z praktycznego punktu widzenia
stata szybkos¢ uwalniania substancji leczniczej utrzy-
mujgca sie przez dtuzszy okres czasu jest pozgdana
w dtugotrwatej farmakoterapii.

Stowa kluczowe: implanty bioceramiczne, no$niki
leku, modele matematyczne

[Inzynieria Biomateriatow, 76, (2008), 6-12]
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Summary

In the work, profile and kinetics of in vitro drug
release from the tablets composed of aTCP-HAp
mixtures containing various amounts of constituents
(98 wt. % aTCP— 2 wt.% HAp,; 94 wt.% aTCP— 6 wt. %
HAp; 90 wt.% aTCP — 10 wt.% HAp) to the medium
of pH = 7.4 as well as from the tablets with constant
amounts of aTCP and HAp (98 wt % aTCP — 2 wt %
HAp) to the media of different pH values (5, 7.4, 10)
were studied. Pentoxifylline (PTX), a model drug in
the investigations, was distributed homogeneously in
the bioceramic implants and released from the whole
of their volume. Total porosity of the materials studied
was in the range of 32-38%. The aim of the experiment
was also to determine the mechanism of PTX release
from the carriers using Korsenmeyer— Peppas model
as well as to describe this process by Higuchi model.
The results showed that the rate of PTX release grew
as the proportion of hydroxyapatite powder in the ma-
terials increased. The drug release from aTCP-HAp
tablets was the fastest into the medium of pH=5 and
the slowest into that of pH=10. Using Korsenmeyer
— Peppas model the mechanism of the drug release
was determined. The values of diffusion exponent n
(factor determining the mechanism of drug release)
were equal to or higherthan 1, which proved that PTX
was released according to zero-order or super-zero
order mechanism. Based on Higuchi model, the rate
constants of the process were calculated. From practi-
cal point of view, constant rate of drug release over a
long time is desired in the long-term therapy.

Keywords: bioceramic implants, drug carriers, mat-
hematical models

[Engineering of Biomaterials, 76, (2008), 6-12]



Wprowadzenie

W ostatnich latach szczegdlne zainteresowanie w
medycynie i farmacji zyskaty biozgodne i bioaktywne
fosforanowo-wapniowe materiaty implantacyjne (CaPs)
wytwarzane w oparciu o ceramike hydroksyapatytowg
(HAp) — Ca,(PO,)s(OH),, whitlockitowg (BTCP) - BCa,(PO,),
i aTCP - aCa,(PO,),. Tworzywa te z uwagi na duzg kruchosé
wykorzystywane sg jako materiaty wypetniajgce ubytki tkanki
kostnej w miejscach nie przenoszacych znacznych obcigzen
mechanicznych. Dzieki swoim wiasciwosciom fizykoche-
micznym i biologicznym bioceramika fosforanowo-wapniowa
od kilku lat badana jest w aspekcie zastosowania jej w do-
celowych systemach dostarczajgcych leki gléwnie do kosci,
tzw. skeletal drug delivery system. Stosowanie materiatéw
bioceramicznych, zawierajgcych dtugotrwale uwalniajgca sie
substancje leczniczg, moze zapewniaé przez dtuzszy okres
czasu terapeutyczne stezenie leku w miejscu zatozenia
implantu. W konsekwencji prowadzi to do znacznie wigkszej
efektywnosci leczenia w poréwnaniu z doustnym, a nawet
dozylnym podawaniem niektorych lekow. Skutecznosé te-
rapeutyczna substanciji leczniczych zalezy nie tylko od ich
dziatania farmakologicznego, ale takze od odpowiedniego
stezenia w poblizu receptora, czyli w biofazie [3,4,6]. Stad
stezenie leku we krwi, a posrednio i w miejscu dziatania,
zalezy w znacznym stopniu od sposobu jego dawkowania.
Istnieje wiele mozliwych drog podania leku, a dobor wias-
ciwej jest waznym elementem procesu leczenia chorego.
Stosowanie biomateriatéw jako nosnikow lekéw umozliwia
kontrole oraz stabilno$¢ uwalniania substancji leczniczej
w organizmie. Opracowanie i zastosowanie modeli matema-
tycznych pozwala natomiast na petne scharakteryzowanie
kinetyki uwalniania leku z danego implantu [7]. W ostatnich
latach badania w tym zakresie dotycza takich lekow jak:
antybiotyki, cytostatyki, niesteroidowe leki przeciwzapalne,
hormony i biatka. llo$¢ uwalnianego leku jest funkcjg czasu,
a szybkos¢ tego procesu i w konsekwencji mechanizm
uwalniania zalezy od mikrostruktury i sktadu fazowego bio-
materiatu oraz od wtasciwosci fizykochemicznych substanc;ji
leczniczej. Istotng role petni réwniez sposob rozmieszczenia
leku w implancie (uktad homogeniczny lub heterogeniczny)
[5,13-16]. Podstawowe znaczenie w doborze odpowiednie-
go modelu matematycznego do profilu uwalniania leku ma
zaréwno jego postac, jak rowniez sposob inkorporowania
w matrycy. Kinetyke procesu uwalniania substancji lecz-
niczej z nosnikéw ceramicznych, w ktérych lek zostat roz-
mieszczony homogenicznie mozna przedstawi¢ za pomocag
modelu Higuchiego, opisanego rownaniem (1) [8-11]:

2
M, =AM, |:Cs (%](2 C, - Css}tJ (1)
T
zaktadajac, ze: )
2
K, =AM, {cs [D'El(z c,- C, s)} (2)
T
otrzymuje sie réwnanie 3:
! (3)
M, =K, t2
gdzie:

M, - ilo$¢ uwolnionego leku po czasie t

M, - poczgtkowa ilos¢ leku

D, - wspotczynnik dyfuzji leku

A - powierzchnia catkowita ksztattki (tabletki)
C, - rozpuszczalnos¢ leku

C, - stezenie leku w roztworze

1 - kretos¢ poréow

€ - porowatosé

t-czas

Ky - stata Higuchiego

Introduction

In recent years, biocompatible and bioactive calcium
phosphate implant materials (CaPs) based on hydroxya-
patite (HAp) — Ca,,(PO,)s(OH),, whitlockite (BTCP) -
BCa,(PO,), and aTCP - aCa,(PO,), have received particular
interest in medicine and pharmacy. Due to their brittleness,
these materials are used as fillers of bone tissue losses in
the sites not carrying high mechanical loads. Since CaP
ceramics exhibit advantageous physico-chemical and bio-
logical properties, for several years they have been studied
in view of their uses as skeletal drug delivery systems.
Application of bioceramic materials from which a sustained
drug release occurs, can provide its therapeutic level in the
site of implantation for a long time. This results in significantly
higher efficiency of the treatment with respect to those in
which medical preparations are administered orally or even
intravenously. Therapeutic effect of a drug depends not only
on its pharmacological action but also on its appropriate
concentration in the environment of the receptor, i. e. in the
so-called biophase [3,4,6]. Drug levels in the blood and in
the target site are influenced to a high degree by the way of
its administration. There are numerous ways possible and
the choice of the optimum one is an important factor in the
treatment process. Use of biomaterials as carriers makes
it possible to control and stabilize medicament release
into the organism. On the other hand, development and
application of mathematical models allows to fully charac-
terize the kinetics of drug release from a given implant [7].
In recent years, investigations in this area are focused on
such drugs, as: antibiotics, cytostatics, non-steroidal anti-
inflammatory drugs, hormones and proteins. The amount
of the drug released is a function of time, whereas the rate
as well as the mechanism of this process depend on the
microstructure and phase composition of the biomaterial
and on physico-chemical properties of the active substance.
The method of drug loading within an implant (homogene-
ous or heterogeneous system) plays also an important role
[5,13-16]. In the selection of the appropriate mathematical
model for a given drug release profile, form of the medica-
ment as well as the way of its incorporation in the matrix
are the most significant factors which should be taken into
account. Kinetics of the drug release from ceramic carriers
with homogeneous drug distribution can be described using
Higuchi model by equation (1) [8-11]:

M, =AM, [cs (%](2 C,- C, s)tT (1)
T

Assuming that:

1
2
K, =AM, {c,[nisj(zcd -C, s)} )
T
equation (3) is obtained:
1 3)

M, =K, t?
where:

M, - amount of the drug released after time t

M - initial drug amount

D, - drug diffusion coefficient

A - total area of the formulation (tablet)

C, - drug solubility

C, - drug concentration in the solution

1 - tortuosity of pores

€ - porosity

t - time

K, - Higuchi constant
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Jak wynika z powyzszego réwnania ilos¢ uwolnionej

® o e o o o o substangji jest funkcjg pierwiastka kwadratowego z czasu.

Zgodnie z modelem Higuchiego proces dyfuzji leku przez
pory jest czynnikiem kontrolujgcym uwalnianie leku z bio-
materiatu. Szybko$¢ procesu uwalniania leku w tego typu
uktadzie w poczatkowym okresie jest wysoka, nastepnie
maleje i pozostaje stata przez pewien okres czasu.

Mechanizm uwalniania leku z implantu moze by¢ takze
opisany réwnaniem zaproponowanym przez Korsenmeyera
i Peppasa, ktére dla ukltadu homogenicznego przyjmuje
posta¢ (4) [1,2,7]:

L (4)
. M
gdzie: -

M, - ilo$¢ uwolnionego leku po czasie t

M., - poczgtkowa ilo$¢ leku

K - stata szybkosci

t-czas

n - wyktadnik dyfuzyjny

Réwnanie to jest stuszne przy zatozeniu, ze analiza kine-
tyki procesu obejmuje czas, w ktdrym uwolnione zostato 60%
substanciji. Warto$¢ wyktadnika n moze by¢ stosowana do
scharakteryzowania zaréwno penetracji rozpuszczalnika
przez pory biomateriatu jak i uwalniania leku. Peppas zapro-
ponowat, ze dla n = 0.5 kinetyka uwalniania leku zachodzi
zgodnie z kinetyka dyfuzji wg Ficka (Fickian diffusion), a dla
0.5 < n < 1 ma charakter anomalny (anomalous transport)
i jest rozny od dyfuzji Ficka. Dla wartosci n = 1 stanowi
szczegolny przypadek, w ktérym mechanizm transportu
uwalniania zmierza do zerowego rzedu i okreslony zostat
w pi$miennictwie jako przypadek Il (case Il transport), na-
tomiast dla n > 1 okreslany jest jako super zerowego rzedu
(super case Il transport) [12].

Materialy i metody

Do wytworzenia tabletek jako no$nikow lekéw wykorzy-
stano: ortofosforan (V) wapnia (aTCP) — aCa,(PO,), oraz
hydroksyapatyt (HAp) — Ca,,(PO,)s(OH),. Wyj$ciowe proszki
otrzymano metodg mokrg w Katedrze Technologii Ceramiki
i Materiatdw Ogniotrwatych WIMIC Akademii Gérniczo-
Hutniczej w Krakowie. Sktad fazowy proszkéw okreslono
za pomocg analizy rentgenowskiej przeprowadzonej przy
uzyciu dyfraktometru rentgenowskiego X'Pert Pro firmy
Philips. Tabletki (RYS. 1) sktadajgce sie z 1 g mieszaniny
aTCPiHAp (TABELA 1), 50 mg PTX oraz 0.6 ml 3% roztwo-
ru Na,HPO, wykonano w tabletkarce uderzeniowej Erweka
z sitg kompres;ji 35 kN. Pole czynnej powierzchni uwalniania
leku w tabletkach wynosito 4.55 cm?. Porowato$¢ catkowita
badanych prébek wynosita od 32 do 38%. Otrzymane w ten
sposoéb tabletki stanowity uktad homogeniczny (lek réw-
nomiernie rozproszony w catej masie tabletki uwalniat sie
z dowolnego jej miejsca).

aTCP + HAp PTX

RYS. 1. Ceramiczne nosniki leku aTCP-HAp.
FIG. 1. Ceramic aTCP-HAp drug carriers.

From the above equation it follows that the amount of the
drug released is a function of square root of time. According
to Higuchi model, drug release from the biomaterial is control-
led by its diffusion through the pores of the carrier. The rate
of the release process in such system is high in the initial pe-
riod, then it decreases and remains constant for some time.

Mechanism of drug release from the implant can be also
described using the equation proposed by Korsenmeyer
and Peppas, which for the homogeneous system is given
by expression (4) [1,2,7]:

t _ r
M. Kt @)

where:

M, - amount of the drug released after time t

M., - initial drug amount

K - rate constant

t - time

n - diffusion exponent

This equation is valid when the kinetics of the process
within the time period during which 60% of the active sub-
stance has been released is considered. Value of exponent
n can be used to characterize both, solvent penetration
through the pores of the biomaterial and drug release.
According to Peppas, for n = 0.5 kinetics of drug release
follows that of Fickian diffusion, whereas for 0.5 < n < 1
the anomalous transport, different from Fickian diffusion,
is operating. The value of n = 1 is a special case in which
the transport mechanism approaches the zero order, in the
literature often referred to as case |l transport, whereas for
n > 1 itis frequently denoted as super case |l transport [12].

Materials and methods

Calcium orthophosphate (V) (aTCP) — aCa,(PO,), and
hydroxyapatite (HAp) — Ca,o(PO,)s(OH), were used to obtain
tablets of drug carriers. The starting powders were prepared
by the wet method in the Department of Department of
Ceramics and Refractory Materials of Faculty of Materials
Science and Ceramics, AGH-University of Science and
Technology in Krakow. The phase compositions of the pow-
ders were determined by X-ray diffractometry using a X’Pert
Pro Philips diffractometer. Tablets (FIG. 1) containing 1 g of
aTCP - HAp mixture (TABLE 1), 50 mg of PTX and 0.6 ml of
3% Na,HPO, solution were fabricated using excentric press
EK-0 Erweka at the compression strength of 35 kN. Active
surface area of drug release from the tablets was equal to 4.55
cm?. Total porosity of the samples studied was in the range
of 32-38%. The carriers thus obtained constituted a homo-
geneous system (the drug uniformly distributed in the whole vol-
ume of the tablet was released from the whole of their volume).

TABELA 1. /| TABLE 1.

Porowatos¢
catkowita

Symbol
tabletki Sktad

Gestos¢
pozorna
Apparent
density [g/cm?]

Pellet Composition Total

symbol porosity [%]

98% mas. aTCP +
2% mas. HAp
98 wt.% aTCP +
2 wt.% HAp
94% mas. aTCP +
6% mas. HAp
94 wt.% aTCP +
6 wt.% HAp
90% mas. aTCP +
10% mas. HAp
90 wt.% aTCP +
10 wt.% HAp

T1 37.62 1.58

T2 38.02 1.55

T3 32.27 1.72
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Pentoksyfilina (PTX) - lek z grupy syntetycznych pochod-
nych metyloksantyn jest biatym, krystalicznym, bezwon-
nym proszkiem o charakterze stabej zasady i stosunkowo
stabych wiasciwosciach lipofilnych. PTX bardzo dobrze
rozpuszcza sie w wodzie i w etanolu, a w srodowisku o pH
7.4 jest nieznacznie zjonizowana. Jednym z najnowszych
zastosowan PTX jest stosowanie jej w chorobach kosci
takich jak osteoporoza oraz choroba Sudecka.

Badane tabletki aTCP—HAp zawierajgce PTX umieszcza-
no w kolbach okragtodennych zawierajgcych po 50 ml ciekte-
go medium, ktére stanowity roztwory buforu fosforanowego
o pH 5i 7.4 i buforu weglanowego o pH 10. Eksperyment
przeprowadzono w temperaturze 37°C w termostatowanej
tazni wodnej z wytrzgsaniem przy czestotliwosci ruchow
60/min. W okreslonych odstepach czasu z kolbek pobiera-
no po 3 ml roztworu, po czym ich zawartos¢ uzupetniano
buforem do statej objetosci 50 ml zapewniajac w ten sposéb
warunki sink. Dla kazdego typu tabletki wykonano po trzy
oznaczenia. Stezenie PTX w badanych prébkach oznacza-
no metodg spektrofotometryczng (spektrofotometr Helios3
UV-VIS, Unicam) z detekcjg UV przy analitycznej dlugosci
fali 275 nm z wykorzystaniem sporzgdzonych wczesniej
krzywych wzorcowych. W zakresie stezen 1-30 pg/ml wyka-
zano w kazdym przypadku liniowe zaleznosci absorbancji w
funkciji stezenia leku (R?> 0.99). W obliczeniach stosowano
programy Microsoft Excel oraz WinNonlin (Pharsight Corp.,
Mountain View, CA).

Wyniki i dyskusja

Kinetyke procesu uwalniania badanego leku z danego ro-
dzaju tabletki aTCP-HAp oceniano na podstawie ilosci uwol-
nionej PTX w czasie do okreslonego medium. NaRYS.2i3
przedstawiono zaleznosci ilosci uwolnionej PTX (wyrazonej
w procentach) w czasie.

Jak wynika z RYS. 2 przebieg krzywych ilosci uwolnione;j
PTX w czasie do buforu fosforanowego o pH 7,4 dla wszyst-
kich trzech typdw tabletek (T1, T2, T3) byt podobny. Funkcje
osiggnety plateau po ok. 170 h trwania eksperymentu, a po
czasie 216 h ze wszystkich badanych nosnikéw uwolnito sie
100% leku. W przypadku uwalniania PTX z tabletki T1 do
medium o réznym pH (RYS. 3) obserwowano wyrazne réz-
nice w profilu uwalniania leku. Funkcje osiggnety plateau po
ok. 120, 170 oraz 190 h, odpowiednio dla pH 5, 7.4 i 10.

Na RYSUNKACH 4 i 5 przedstawiono szybko$¢ uwal-
niania PTX z badanych materiatéw w funkcji czasu. Anali-
zujgc RYS. 4 mozna zauwazy¢, ze najwolniej lek uwalniat
sie z tabletki T1 o najnizszej procentowej zawartosci HAp,
a najszybciej z tabletki T3, przy czym poczgtkowo (przez
ok. 50 h) szybko$¢ uwalniania PTX z tabletki T3 byta
zdecydowanie wieksza w poréwnaniu do pozostatych.
Maksymalne szybkosci uwalniania leku wynosity: 0.45,
0.55i0.75 mg/h, odpowiednio dla tabletek T1, T2i T3, a po
uptywie ok. 180 h trwania eksperymentu warto$ci szybko-
Sci uwalniania PTX ze wszystkich nosnikdw ustality sie na
statym poziomie wynoszacym ok. 0.30 mg/h. Na kinetyke
procesu uwalniania rowniez miato wptyw srodowisko do
ktorego nastepowato uwalnianie leku. Szybkos$¢ uwalnia-
nia PTX byta najwieksza dla pH 5 (maksymalna szybkos$¢
0.71 mg/h), a najmniejsza dla pH 10 (maksymalna szybkos$¢
0.34 mg/h) (RYS. 5).

Analize stezeh uwolnionego leku z badanych tabletek do
odpowiedniego medium przeprowadzono zgodnie z mode-
lem Higuchiego. Wyniki przedstawiono na RYSUNKACH 6
i 7 oraz w TABELI 2. Przebieg otrzymanych krzywych miat
charakter sigmoidalny, przy czym w okreslonych przedzia-
tach czasu byt prostoliniowy.

Pentoxifylline (PTX) — a drug belonging to a group of
synthetic methyloxantine derivatives, is a white, crystalline
odourless powder showing weak basic and relatively weak
lipophilic properties. PTX dissolves very well in water and
ethanol; in the medium of pH = 7.4 it is slightly ionized.
Its application in the treatment of bone diseases, such as
osteoporosis or Sudeck disease is one of the most recent
uses of this drug.

aTCP-HAp tablets studied, containing PTX were placed
in round-bottomed flasks filled with 50 ml of the liquid medi-
um (solutions of phosphate buffer of pH 5 and 7.4 or carbon-
ate buffer of pH 10). The experiment was conducted at the
temperature of 37°C in the thermostated water bath shaken
at the frequency of 60 strokes per minute. In the given time
intervals, 3 ml aliquots were withdrawn from the solutions
which were then filled with the buffer solution to maintain the
constant volume of 50 ml. In this way, the sink conditions
were ensured. For each tablet, three determinations were
performed. PTX concentration in the studied samples was
analysed by spectrophotometric method (Heliosp UV-VIS
spectrophotometer, Unicam) at the analytical wavelength
of 275 nm using previously determined calibration curve.
Dependence of the absorbance on the drug concentration In
the concentration range of 1-30 ug/ml was linear (R? > 0.99).
In the calculations, Microsoft Excel and WinNonlin (Pharsight
Corp., Mountain View, CA) software packages were used.

Results and discussion

Kinetics of the studied drug release process from a given
type of the aTCP-HAp tablet was evaluated based on the
amount of PTX released into a given medium as a function
of time. In FIG. 2 and 3 dependences of the amounts of PTX
released (in %) on time are shown.

As can be seen from the curves presented in FIG. 2, the
amounts of PTX released into the buffer solution of pH=7.4
were similar for all three types of tablets (T1, T2, T3). Func-
tions reached plateau after ca. 170 hours of the experiments
and after 216 hours 100 % of the drug was released from all
the carriers. In the case of PTX release from the T1 tablet
into media of various pH (FIG. 3) distinct differences in the
drug delivery profile were observed. Functions reached
plateau after ca. 120, 170 and 190 hours for pH = 5, 7.4
and 10, respectively.

In FIGURES 4 and 5 the rate of PTX release from the
materials studied is plotted as the function of time. When
FIG. 4 is examined, it can be noticed that the slowest drug
release was in the case of the T1 tablet, containing the
smallest amount of HAp, and the fastest in the case of the
T3 tablet. During the beginning of the experiment (for ca.
50 hours) the rate of PTX release from the T3 tablet was
significantly higher than that observed for the other ones.
Maximum rates of medicament release were the following:
0.45, 0.55 and 0.75 mg/h for the T1, T2 and T3 tablets,
respectively. After ca. 180 hours of the experiments, values
of PTX release from all the carriers stabilized at a constant
level of ca. 0.30 mg/h. Kinetics of the process was also in-
fluenced by the medium into which the drug was released.
The rate was the highest for pH = 5 (maximum rate of
0.71 mg/h), and the lowest for pH=10 (maximum rate of
0.34 mg/h) (FIG. 5).

Analysis of the concentrations of the drug released from
the tablets into the investigated media was conducted us-
ing Higuchi model. Results are presented in FIGURES 6
and 7 as well as in TABLE 2. The curves showed sigmoid
course, but within some time intervals linear functions were
obtained.
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RYS. 2. llos¢ uwolnionej PTX [%] w czasie z tabletek
T1, T2, T3 do buforu o pH 7.4.

FIG. 2. Amount of released PTX [%] versus time
from tablets T1, T2, T3 into the buffer solution of
pH =7.4.

RYS. 3. llos¢ uwolnionej PTX [%] w czasie z tabletki
T1 do buforéw o réznym pH (5, 7.4, 10).

FIG. 3. Amount of released PTX [%] versus time from
the tablet T1 into the buffer solutions of various pH
(5, 7.4, 10).
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RYS. 4. Szybkos¢ uwalniania PTX [mg/h] w czasie z
tabletek T1, T2, T3 do buforu o pH 7.4.

FIG. 4. Rate of PTX release [mg/h] from T1, T2, T3
tablets into the buffer solution of pH = 7.4 as the
function of time.

RYS. 5. Szybkos¢ uwalniania PTX [mg/h] w czasie z
tabletki T1 do buforéw o réznym pH (5, 7.4, 10).
FIG. 5. Rate of PTX release [mg/h] from the T1 tablet
into the buffer solution of various pH (5, 7.4, 10) as
the function of time.
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RYS. 6. llo$¢ uwolnionej PTX [mg] w funkcji pierwi-
astka kwadratowego z czasu z tabletek T1, T2, T3 do
buforu o pH 7.4.

FIG. 6. Amount of PTX released [mg] from T1, T2,
T3 tablets into the buffer solution of pH = 7.4 as the
function of square root of time.

RYS. 7. llos¢ uwolnionej PTX [mg] jako funkcja
pierwiastka kwadratowego z czasu z tabletki T1 do
buforéw o réznym pH (5, 7.4, 10).

FIG. 7. Amount of PTX released [mg] from the T1
tablet into the buffer solution of various pH (5, 7.4,
10) as the function square root of time.




TABELA 2. Wartosci statej Higuchiego obliczone na
podstawie réwnania (3)*.

TABLE 2.Values of Higuchi constant calculated
based on equation (3)*.

TABELA 3. Wartosci parametrow opisujacych
mechanizm uwalniania PTX zgodnie z rownaniem
(4) Korsenmeyera i Peppasa.

TABLE 3. Values of parameters describing the
mechanism of PTX release in equation (4) proposed

tSymbol SR | S e [y by Korsenmeyer and Peppas.
worzywa Hofthe  Higuchi constant K
Symbol of the pH of the iguchi constant K,
material e [mg/h*] ! Mecrlwa_niz_m
medium . uwalniania
pH of the n(SE) K(SE)[h7] Release
T1 5 8.6732 0.9864 e medium mechanism
super
T1 7.4 5.8390 0.9986 T 5 1.519 0.01840 |zerowego rzedu
(0.09340) | (0.00039) | super case |l
t rt
1 10 5.6148 0.9980 e
super
T 74 1.356 0.00229 |zerowego rzedu
T2 74 6.0003 0.9986 : (0.02239) | (0.00016) | super case Il
transport
super
T3 74 6.2332 0.9926 - - 1273 | 0.00199 |zerowego rzedu
(0.04160) | (0.00031) | super case Il
* W obliczeniach statej brano pod uwage $rednie dane uzyska- transport
ne w przedziale czasu, w ktérym zaleznos¢ pomiedzy iloscig super
uwolnionego leku [mg], a pierwiastkiem kwadratowym z czasu T2 74 1.218 0.00458 | zerowego rzedu
byta prostoliniowa. : (0.02408) | (0.00032) | super case Il
* In the calculations, the mean values obtained for the time inter- transport
val in which the dependence of the amount of drug released and 0.967 0.01549 |Z€rowego rzedu
i i i T3 7.4 S : case |l
the square root of time was linear were taken into account. (0.01401) | (0.00057) transport

W TABELI 2 zebrano warto$ci statej Higuchiego charaktery-
zujgcej szybkos¢ uwalniania leku oraz wspotczynniki korelacji
prostych bedgcych zaleznosciami pomiedzy iloscig uwolnio-
nej PTX, a pierwiastkiem kwadratowym z czasu (réwnanie 3).

Jak wynika z powyzszej tabeli, biorgc pod uwage tabletki
o réznym skfadzie uwalniajgce do medium o pH fizjologicz-
nym wynoszgcym 7.4, lek najszybciej uwalniat sie z tabletki
T3 (pomimo jej nizszej w stosunku do pozostatych porowa-
tosci), natomiast najwolniej z tabletki T1. Dla tabletek o tym
samym sktadzie (T1), a uwalniajgcych PTX do srodowiska
o roznym pH, uwalnianie zachodzito najszybciej przy pH 5
(najwyzsza stata Higuchiego réwna 8,6732 [mg/h'3), a naj-
wolniej do medium o pH 10 (stata Higuchiego na poziomie
5,6148 [mg/h'2]).

Celem okreslenia mechanizmu uwalniania badanego
leku, korzystajgc z otrzymanych zaleznosci ilosci uwolnionej
PTX od czasu, obliczono dla wszystkich badanych no$nikéw
parametry rownania Korsenmeyera i Peppasa (rownanie 4).
Wyniki zebrano w TABELI 3.

Otrzymane wartosci wyktadnika dyfuzyjnego (n) cha-
rakteryzujgcego mechanizm penetracji rozpuszczalnika
i uwalniania leku wykazaty, ze uwalnianie PTX z tabletek
aTCP-HAp miato charakter okreslany jako super zerowego
rzedu (super case Il transport, n > 1) z wyjgtkiem uwalnia-
nia leku z tabletki T3 do medium o pH 7.4. W tym ostatnim
przypadku uwalnianie zachodzito zgodnie z mechanizmem
zerowego rzedu (case Il transport, n = 1).

Whioski

1. W badaniach in vitro stwierdzono stosunkowo powolne
uwalnianie zawartej w materiatach aTCP-HAp substancji
leczniczej. R6znice w procentowej zawartosci obu kompo-
nentow, tzn. aTCP i hydroksyapatytu w tabletkach wptywaty
na szybkos¢ uwalniania zawartego w nich leku.

2. O profilu uwalniania PTX, a co z tym idzie o szybkosci
uwalniania leku w czasie z biomateriatdbw ceramicznych,
decydowato takze pH $rodowiska. Analizujgc kinetyke
uwalniania PTX z badanych biomateriatéw stwierdzono, ze
szybkos$¢ uwalniania leku byta tym wieksza im mniejsza byta
zawarto$¢ HAp w tabletce i im nizsze byto pH $rodowiska.

In TABLE 2 values of Higuchi constant which character-
izes the rate of the drug release as well as coefficients of
the straight lines obtained for the dependences between
the amounts of PTX released and the square root of time
(equation 3) are collected.

As can be concluded from the data in TABLE 2 when
the tablets of various compositions releasing the drug into
the medium of physiological pH equal to 7.4 are compared,
PTX release was the fastest from the T3 tablet (in spite of its
lower porosity with respect to the other ones) and the slow-
est from the T1 tablet. In the case of the tablets of the same
composition (T1), but releasing the drug into the solutions
of various pH, the fastest PTX release was observed at pH
= 5 (the highest Higuchi constant equal to 8,6732 [mg/h"?),
and the slowest at pH = 10 (Higuchi constant at the level
of 5,6148 [mg/h'?]).

In order to determine the mechanism of the studied
drug release, parameters of the Korsenmeyer and Peppas
equation (equation 4) for all the investigated carriers were
calculated based on the obtained dependences of the
amounts of PTX released on time.

The obtained values of the diffusion exponent (n) which
characterizes the mechanism of solvent penetration and
drug release, showed that the PTX release from aTCP-HAp
tablets followed the super case Il transport (n > 1), with
drug release from the T3 tablet into the medium of pH =
7.4 being the only exception. In this case, the release was
in accordance with case |l transport (n = 1).

Conclusions

1. In vitro experiments confirmed a relatively slow release
of the therapeutic substance contained in the investigated
aTCP-HAp tablets. Differences in the proportions of aTCP
and HAp in the materials affected the rate of this process.

2. The release profile and, consequently, the rate of drug
release from ceramic carriers were also influenced by the
pH of the surrounding medium. When the kinetics of PTX
release is analyzed, it should be noted that the rate of this
process increases with the decrease in both, HAp content
in the tablet and pH value of the medium.
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3. Prawie w kazdym przypadku uwalnianie leku zacho-

® o @ @ o o o (zitlo zgodnie z mechanizmem super zerowego rzedu (super
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case |l transport).

4. Opracowanie nowej generac;ji wielofunkcyjnych bioce-
ramicznych nosnikow leku, ktore z optymalng szybkoscig
i na okreslonym poziomie terapeutycznym uwalniatyby
dany lek, stwarza realng szanse uzyskania skutecznosci i
bezpieczenstwa leczenia ré6znych schorzen kosci.
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Streszczenie

Artykut prezentuje wyniki wstepnych badan
przeprowadzonych na przestrzennych porowatych
strukturach bioceramicznych - rusztowaniach hydro-
ksyapatytowych - wykonanych metodg ,Robocasting”.
Badaniom poddano probki o réznych wariantach
geometrii strukturalnej przy zachowaniu tych samych
wymiarow zewnetrznych. Wtasnos$ci wytrzymatoscio-
we wyznaczono w probie trojpunktowego zginania.
Ztozong mikro i makro strukture pokazano na zdjeciach
wykonanych przy uzyciu mikroskopu skaningowego
i optycznego. Wykonano testy w srodowisku SBF.

Analiza wynikow pokazata, ze pomimo niskich wfas-
no$ci wytrzymatosciowych drukowane struktury prze-
strzenne mogg stuzy¢ do zastosowar medycznych.
Wystarczajgca sztywnos¢, odpowiednia porowatosc,
a takze biozgodno$c, pozwala na ich zastosowanie
Jjako rusztowarn dla komérek — skafoldow.

Stowa kluczowe: HAp, robocasting, rusztowania

[Inzynieria Biomateriatéw, 76, (2008), 13-16]

Wprowadzenie

Oczekiwania rynku medycznego zwigzane z zastoso-
waniem porowatych biomateriatéw ceramicznych doprowa-
dzity do poszukiwania nowych technologii produkcyjnych.
Opracowano wiele technik umozliwiajacych wytwarzanie
takich materiatow. Zalicza sie do nich: spiekanie ziaren,
spienianie chemiczne i mechaniczne, odwzorowanie poro-
watej matrycy, liofilizacja [1]. Jedng z nowatorskich metod,
opatentowang i udoskonalang w ostatnich latach, pozwa-
lajgca kontrolowac ksztatt, wielko$¢ i makroporowatos¢ jest
drukowanie przestrzenne, wystepujgce czesciej pod nazwg
.Robocasting” [2]. Podjeto préby jej adaptacji do zastosowan
w przetworstwie proszkéw ceramicznych [3], a w szczegol-
nosci bioceramicznych [4,5]. Pierwsze badania miaty na celu
opracowanie technologii przygotowania materiatu budulco-
wego, opartego na proszku ceramicznym i przeprowadzenia
go do postaci pasty, poniewaz tylko w ten sposéb mozliwe
jest uzycie hydroksyapatytu jako budulca w omawianej
metodzie. Przygotowano caly proces technologiczny (dru-
kowanie, suszenie, spiekanie) do wyrobu przestrzennych
struktur hydroksyapatytowych o kontrolowanej porowatosci
[5,6]. Jedng z wielu zalet tej technologii, warstwowego
ksztattowania przyrostowego, poza minimalnymi naktadami,
praktycznie zerowym odpadem i szybkos$cig produkcji jest
mozliwo$¢ dowolnego formowania wytwarzanego obiektu.
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Abstract

Preliminary results on three-dimensional porous
bioceramic structures - hydroxyapatite scaffolds -
are presented in this article. “Robocasting” was used
as a fabrication method. Sets of prepared samples
had the same outer diameter but different structure
of macroporosity. 3-pts bending test was applied to
reveal mechanical properties. Optical microscope and
scanning electron microscope (SEM) pictures were
taken for structural analysis of printed and sintered
samples. Biological activity was tested in simulated
body fluid (SBF).

Analyses show that low mechanical properties of
three-dimensional porous structures are not decisive
and do not exclude such structures from medical ap-
plications. Sufficient stiffness, appropriate porosity
and biocompatibility allow using them as scaffolds
for bone cells growth.

Keywords: HAp, robocasting, scaffolds

[Engineering of Biomaterials, 76, (2008), 13-16]

Introduction

Global medical market puts a big pressure on new
porous bioceramic materials discovering and elaborat-
ing along with new fabrication techniques. Many novel
methods were elaborated e.g. powder sintering, chemical
and mechanical foaming, liofilization, foam replication [1].
One of the most recent, discovered and patented a few
years ago, being still developed is “Robocasting” known
also as three-dimensional printing [2]. There were trials
to adapt it for ceramic powders processing [3], especially
for bioceramics [4,5]. Early research led to a feedstock
material preparation — paste/ink, which is necessary
for “Robocasting” process. Complete manufacturing chain
(printing, drying, sintering) for 3D bioceramic structures
with controlled porosity was elaborated [5,6]. One of many
advantages of additive layer-by-layer forming among low
production costs, short production time and almost none
scraps is its aptitude for arbitrary object shaping. CAD-CAM
environment is used to transfer and convert data (geometry,
size and shape, macrostructure). This technology is almost
perfect for cooperation with computer tomography (CT).
In the near future it will be possible to use digitalized data
for “personalized” implant design and fabrication especially
for an individual patient.
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je sie do wspoipracy np.: z tomografem komputerowym.
Dzieki temu w niedalekiej przysztosci mozliwe bedzie przy-
gotowanie ksztattki do indywidualnego przypadku - pacjenta.
Dlatego dazy sie do uzupetnienia tej technologii produkcyjnej
0 petng charakterystyke wytwarzanych obiektow i mozliwe
najszybszego wprowadzenia jej do uzytku klinicznego.

Materiaty

Celem pracy byto wstepne przebadanie i opisanie
wiasnosci fizycznych, mechanicznych i biologicznych po-
rowatych rusztowan hydroksyapatytowych wykonanych
metodg ,Robocasting”. Materiatem budulcowym byta
pasta oparta na bazie proszku hydroksyapatytowego
(Trans-Tech, Adamstown, MD). Sredni wymiar czgstek
proszku wynosit 2,3um, powierzchnia swobodna 3,57m?/g.
Artykut opisujgcy technologie wytwarzania prébek opubli-
kowano w ,Engineering of Biomaterials” [6].

Metodyka badan

Charakterystyka prébek

Przygotowano zestawy drukowanych prébek porowatych
i drukowanych prébek litych o jednakowych wymiarach ze-
wnetrznych (25x2,5x5mm3). Do drukowania prébek porowa-
tych uzyto dyszy drukujacej o srednicy wewnetrznej 410um.
Warstwy zorientowano wzgledem siebie pod katem 90°.
Réznice w strukturze osiggnieto poprzez zmiany odlegtosci
pomiedzy drukowanymi liniami, a doktadniej ich wzdtuznymi
osiami symetrii. Odlegtos¢ ta wynosita odpowiednio: 1,6mm
dla siatki rzadkiej (RYS. 1a) i 0,82mm dla siatki gestej
(RYS. 1b). Poniewaz wydrukowane probki, bezposrednio
po wypalaniu, zostaly uzyte do testow (gtdéwne zatozenie
prowadzonych badan — brak obrébki wykanczajacej) juz na
etapie ich projektowania uwzgledniono przyszty 12% skurcz
termiczny w procesie spiekania (3h/1200°C). Jego wielko$¢
zostata empirycznie wyznaczonaw poprzednich badaniach [4].

Gotowe prébki (po spiekaniu) poddano obserwacjom
pod mikroskopem optycznym (Stereo Discovery V8,
Zeiss) w celu dokonania pomiaréw ich geometrii. Srednica
pojedynczej linii wynosita =350um. Dla pojedynczego ma-
kroporu zmierzono nastepujgce wymiary: dla siatki rzadkiej
- dlugos¢ boku: =0,72mm, przekgtna: =1,0mm, wysokosc:
(przyjeto $rednig podwojong grubos¢ pojedynczej linii/war-
stwy) =0,7mm; dla siatki gestej - dtugos¢ boku: =0,33mm,
przekatna: =0,47mm, wysokos$c¢: =0,7mm. Na tej podstawie
obliczono przyblizong objetos¢ pojedynczego makroporu,
ktora wyniosta odpowiednio: dla siatki rzadkiej =0,326mmé,
dla siatki gestej =0,076mm?.

W przypadku drukowanych prébek litych zastosowano
dysze o $rednicy wewnetrznej 1,37mm, a odlegto$é pomie-
dzy pojedynczymi liniami ustalono na 2,6mm. Uzyskano
w ten sposob spojng warstwe sktadajacy sie ze scisle przyle-
gajacych do siebie linii. Po utozeniu pigciu kolejnych warstw
w stos otrzymano drukowang probke litg (RYS. 1c¢).

Materials and experimental techniques

The purpose of this preliminary research was to inves-
tigate and describe physical, mechanical and biological
properties. As a feedstock material hydroxyapatite paste
based on hydroxyapatite powder (Trans-Tech, Adamstown,
MD) was applied. Grain size 2,3um, surface area 3,57m?/g.
Samples preparation procedure was published in “Engineer-
ing of Biomaterials” [6].

There were two sets of porous and one set of bulk ma-
terial samples prepared. In all cases outer diameters were
the same (25x2,5x5mm?3). For porous samples printing
410pm nozzle was used. Layer to layer orientation - angle
between layer’s grids - was 90°. Difference in the macrpo-
rosity’s structure was achieved by different distance between
single rods. For the coarse grid 1,6mm (FIG. 1a), for the
fine grid it was 0,82mm (FIG. 1b). After printing, drying and
sintering samples were directly used for mechanical testing.
That is why at the designing stage future 12% thermal
shrinkage (when sintered 3h/1200°C) was taken under
consideration. Its quantity was experimentally determined
in previous research [4].

Sintered samples were observed and their geometry
was measured under optical stereo-microscope (Stereo
Discovery V8, Zeiss). Single macropore diameters were
as follow: for the coarse grid - side length =0,72mm, diago-
nal =1,0mm, height =0,7mm; for the fine grid - side length
=~0,33mm, diagonal =0,47mm, height =0,7mm. Volume of
single macropore was calculated on the basis of this data.
For the coarse grid it was 0,362mm?3 and for the fine grid
it was 0,076mm?.

Bulk material samples were printed with 1,37mm
inner diameter nozzle and spacing 2,6mm was applied.
Acoherent layer was achieved. Five layers were printed one
on the top of the other. As a result bulk material sample was
printed (FIG. 1c).

Mechanical properties

For mechanical properties testing rectangular bars
with three different types of macrostructures were printed
and taken under investigation: the coarse grid, the fine
grid and the bulk material. European norm (PN-EN 843-1
and PN-EN 843-2) determined their size and shape.
The aim of the testing was to measure the strength and
Young modulus. Up to five samples were tested to obtain
average values. Universal testing machine “Zwick 1435” was
used to evaluate the 3-pts bend strengths (o) and Young
modulus (E). Crosshead speed of 2mm/min and the span
20mm was applied. Results are inserted in TABLE 1.

Comparing to the natural bone (E=3+25 GPa, 0=50+150
MPa) printed samples have rather low values of ¢ and E,
hence they can not be used as stabilizers or anastomosis
plates. Analyses show that low mechanical properties
are not decisive and do not exclude such structures from
medical applications. Sufficient stiffness, appropriate
porosity and biocompatibility allow using them as scaffolds
for bone cells growth.

RYS. 1. Wydrukowane i spieczone probki uzyte do badan: a) siatka rzadka, b) siatka gesta, c) lita.
FIG. 1. Printed and sintered samples used in research: a) dense grid, b) coarse grid, c) bulk material.



Wiasnosci mechaniczne

Do badan wtasnosci mechanicznych uzyto prébek
o geometrii wynikajgcej z wymogow stawianych w normach
dotyczgcych trojpunktowego zginania (PN-EN 843-1
i PN-EN 843-2) [7,8], poddanych wykanczajgcej obrébce
termicznej. Badania przeprowadzono na maszynie wytrzy-
matosciowej ,Zwick 1435”. Odlegto$¢ miedzy podporami
wynosita 20mm. Predkos¢ przesuwu trawersy ustalono na
2mm/min. Na podstawie testéw mechanicznych wyzna-
czono wytrzymato$é na zginanie (o) i modut Younga (E).
Otrzymane wyniki zestawiono w TABELI 1.

W poréwnaniu z wkasnosciami mechanicznymi naturalnej
kosci (E=3+25GPa, 0=50+150MPa) badane prébki cechujg
sie stosunkowo niskimi warto$ciami E i 0. Z tego powodu
hydroksyapatytowe struktury przestrzenne wykonane
metodg ,Robocasting” nie mogg petni¢ funkc;ji stabilizatoréw,
ptytek zespalajacych czy tez bezposrednio samodzielnie
zastepowac kosci. Mimo to, wystarczajgca sztywnos¢
ksztaltek pozwala na zastosowanie ich jako rusztowan
komérkowych, na ktérych tkanka kostna bedzie mogta
narasta¢ przyjmujgc tym samym ich ksztatt.

Badania strukturalne

Prébki poddano obserwacji pod mikroskopem optycznym
stereoskopowym (Stereo Discovery V8, Zeiss) i skaningo-
wym (Hitachi S-4300SE/N, FEI Nova Nano SEM). Analiza
zdje¢ jednoznacznie pokazata doskonatg homogenicznosé
struktury réwniez w miejscach potgczenia warstw (RYS. 2).
Nie stwierdzono peknie¢ lub innych defektéw. Przypuszcza
sie, ze uwidoczniona mikrostruktura (RYS. 3) moze mie¢
korzystny wplyw na adhezje i proliferacje komoérek, a takze
mie¢ znaczenie w przypadku jej nasgczania (np.: nosnik
leku), gdzie liczy sie kontrolowane uwalnianie danego
skfadnika(éw). W celu potwierdzenia stawianej tezy pla-
nowane sg dalsze badania ukierunkowane na odpowiedz
komérkowa.

Przeprowadzono testy na dyfraktometrze rentgenow-
skim (Siemens D500). Ich celem byto sprawdzenie sktadu
chemicznego wytworzonych prébek. Pozytywne wyniki
potwierdzity petng zgodnosé z zatozeniami. Otrzymany
materiat to hydroksyapatyt (RYS. 4).
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RYS. 4. Dyfraktogram rentgenowski badanych
rusztowan.
FIG. 4. X-Ray diffraction diagram.

Badania biologiczne

Do badan biologicznych wykorzystano takie same prob-
ki, jakich uzyto do testéw mechanicznych. Przygotowany
zestaw prébek poddano badaniom aktywnosci biologicznej
w SBF. Zestaw 7 prébek inkubowano przez 14 dni w temp.
37+1°C przy jednoczesnym monitorowaniu pH $rodowiska.
Po 8 dniach inkubacji na powierzchni probek zaobserwo-
wano pojawienie sie kalafiorowatych struktur apatytowych
(RYS. 5b), a dodatkowo po 14 dniach narosty krysztaty
chlorkowe (RYS. 5¢). W trakcie trwania testu pH srodowiska
ulegato niewielkim wahaniom w przedziale 6,6+7,4.

TABELA 1. Whasnosci wytrzymatosciowe uzyskane
w prébie trojpunktowego zginania.
TABLE 1. Mechanical properties — 3pts bending test.

Drukowana Drukowana Drukowana

siatka rzadka siatka gesta lita

Printed Printed fine Printed bulk
coarse grid grid material

Fmax [N] 16,75 ,
|lo IMPa] 5,41 9,76 20,43

E [GPa]

modut Younga 1,85 2,8 2,83

Young modulus

Structural observations

Samples were observed under optical stereomicro-
scope (Stereo Discovery V8, Zeiss) and scanning electron
microscope (Hitachi S-4300SE/N, FEI Nova Nano SEM).
Not only macro- but also microporosity was revealed.
Analyses of microphotographs indicate that printed samples
have homogenous microstructure including layer-to-layer
contact areas (FIG. 2). No defects, bonding or other imper-
fection in the macrostructure were found. It is supposed
that such microstructure (FIG. 3) might be advantageous
because of cells adhesion and proliferation. Also it might be
useful for drug delivery systems.

RYS. 2. Jednorodnos¢ struktury w miejscu potaczenia
warstw.

FIG. 2. Homogenous structure revealed in
layer-to-layer contact areas.

RYS. 3. Uwidoczniona struktura: a) makroporowatosc¢
(x24), b) mikroporowatos¢ (x3000).

FIG. 3. Scaffold’s structure. a) macroporosity (x24),
b) microporosity (x3000).

X-Ray diffraction

X-ray diffraction profile of printed samples was recorded
(Siemens D500). Diagram shows that material obtained
is in fact HAp and no transitions occurred during fabricating
process (FIG. 4).

In vitro evaluation

For biological activity testing an acellular simulated body
fluid (SBF) was used. Set of 7 samples was incubated
for 14 days at 37+1°C. In the same time pH was monitored.
After 8 days of incubation some small cauliflower-like
apatite structures appeared on the samples’ surface (FIG. 5b).
In addition, after 14 days little cubical chloride crystals grew
(FIG. 5c). During incubation small fluctuation of pH in range
6,8-7,4 was observed.

15



16

SEL

¥
i _ -

RYS. 5. Wyniki testow w SBF: a) probka odniesienia (0 dni), b) po 8 dniach inkubaciji (strzatkami pokazano narosniete
struktury apatytowe), c) po 14 dniach inkubac;ji (strzatkami pokazano krysztaty chlorkowe). Powiekszenie x5000.
FIG. 5. Samples incubated in SBF: a) reference, b) after 8 days (arrows show apatite structures formed on the samples’
surface), c) after 14 days (arrows show chloride crystals). Magnification x5000.

Whioski

Na podstawie analizy uzyskanych wynikéw stwierdzono,
ze metoda ,Robocasting” nadaje sie do wytwarzania
przestrzennych rusztowan hydroksyapatytowych o kon-
trolowanej porowatosci. Stosujgc tg metode, a takze
wykorzystujgc dane dotyczace witasnosci mechanicznych
poszczegolnych wariantéw geometrii strukturalnej, mozliwe
jest zaprojektowanie i wykonanie ksztattki, ktdra bedzie indy-
widualnie dopasowana do petnionego przez implant zadania
np.: o ksztatcie dostosowanym do przebiegu linii najwigk-
szych/najmniejszych naprezen, ze wzmocnionym rdzeniem
czy odpowiednio dobranym gradientem makroporowatosci.
Analiza rentgenowska jednoznacznie potwierdzita zaktada-
ny sktad chemiczny. Wynika z tego, ze w trakcie procesu
technologicznego nie dochodzi do niepozgdanych przemian.
Dlatego, z punktu widzenia biozgodnosci, wytwarzane
rusztowania mogg by¢ bez obaw poddane dalszym testom
biologicznym i klinicznym.

Rusztowania wykonane opisang metodg doskonale
wpisujg sie w obszar tematyczny zwigzany z wypetnieniami
ubytkéw kostnych np.: pourazowych czy tez zwigzanych
z resekcjg czesci tkanek kostnych wykazujgcych nieod-
wracalne zmiany nowotworowe. Stanowig bardzo dobrg
alternatywe do autoprzeszczepdw dotychczas stosowanych
w tego typu przypadkach.

Udzielenie jednoznacznej odpowiedzi dotyczgcej zasto-
sowania wytwarzanych rusztowan jako materiatu implanta-
cyjnego wymaga przeprowadzenia dalszych badan. Bedg
one nastawione na testy in vitro (toksycznos¢, odpowiedz
komorkowa), a takze in vivo (odpowiedz organizmu, zarasta-
nie i przerastanie, gojenie). Dzieki temu uzyskana zostanie
petna charakterystyka przygotowanego materiatu.
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[5] P. Miranda, E. Saiz, K. Gryn, A.P. Tomsia: ,Sintering
and robocasting of B-tricalcium phosphate scaffolds for
orthopedic applications”; Acta Biomaterialia, Vol. 2, Issue
4, July 2006, 457-466.

Conclusions

All tests and analysis have proven that “Robocast-
ing” method is suitable for three-dimensional hydroxya-
patite structures with controlled macroporosity fabrication.
Shape and size of the scaffold may be individually fitted.
Data obtained form 3-pts bending test might be used for
designing and manufacturing scaffolds assigned for par-
ticular tasks or specific function e.g. maximum load/stress
direction, with reinforced core or with graded macroporosity.
XRD test showed that chemical content does not change
during processing and no transitions appeared.

There are many hard tissue diseases like trabecular
(cancellus) bone, osteoporosis, osteoarthritis or traumatic
defects. In this field “Robocasting” method has a lot to offer.
Specially designed and printed scaffolds are alternatives to
allografts and autografts commonly used in such cases.

To find out if the assumptions are right more research
should be done. They will be focused on in vitro (toxicity
and cell response) and in vivo tests (body reaction, real
proliferation and adhesion, healing). Hence, full description
of such material will be prepared.

Acknowledgement

We thank A.P.Tomsia and E.Saiz of Lawrence Berkeley
National Laboratory, California for the support and
facilities available in their laboratory, especially Robocast-
ing printer.

This work was supported by research project:
0408/R/2/T02/06/01.

References

[6] K. Gryn, J. Chitopek, E. Saiz, A.P. Tomsia: ,Sposob
wytwarzania materiatéw o kontrolowanej porowatosci
z hydroksyapatytu przy wykorzystaniu metody Robocasting”;
Engineering of Biomaterials, No. 62, Vol.X, June 2007,
26-29.

[7] Norma europejska PN-EN 658-3: ,Techniczna ceramika
zaawansowana — Mechaniczne wtasnosci kompozytéw
ceramicznych w temperaturze pokojowej — Czes¢ 3: Ozna-
czenie wytrzymatosci na zginanie”; sierpien 2002.

[8] Norma europejska PN-EN 843-1: ,Techniczna ceramika
zaawansowana — Wtasnosci mechaniczne ceramiki mono-
litycznej w temperaturze pokojowej — Czes¢ 1: Oznaczenie
wytrzymatosci na zginanie”; grudzien 2006.

Z ommm® 0 00000 0000000000000 0000000000000000000000

L



STUDY ON MECHANICAL
ASPECTS OF THE
STRUCTURAL MODIFICATION
OF e-POLYCAPROLACTONE
WITH THE WOLLASTONITE
NANOPARTICLES

J. PobPoRska, E. Socrtysiak, M. Brazewicz*

DEPARTMENT OF BIOMATERIALS,

FacuLTY oF MATERIALS SCIENCE AND CERAMICS,
AGH - UNIVERSITY OF SCIENCE AND TECHNOLOGY,
KRrakOW, PoLAND

* E-MAIL: MBLAZEW(@UCI.AGH.EDU.PL

Abstract

Following the request for novel composite bioma-
terials for bone tissue engineering, nanocomposites
consisted of e-polycaprolactone and wollastonite,
were prepared. Primary mechanical properties were
examined and it was shown that the presence of
wollastonite nano-particles affects significantly the
Young’s modulus, tensile strength, fracture stress and
work-of-fracture of the polymer matrix.

Keywords: polymer nanocomposites, nanowollastoni-
te, bone implants, composite processing, mechanical
properties, bioactivity

[Engineering of Biomaterials, 76, (2008), 17-19]

Introduction

Since the discovery of nano-composite structure of the
bone, the design of materials for hard tissue regeneration
focuses on this specific group of materials [1-4]. Nanocom-
posites based on resorbable polymers and bioceramics
shows superior mechanical and bioactive properties in
comparison to conventional materials (metals, ceramics and
polymers). Such materials are characterized by bioactive
features that leads to forming apatite layer on their surface
and therefore to form chemical bond between implant and
host tissue. They can also improve protein adsorption and
adhesion of osteoblasts to the implant surface [5,6].

Up till now polymer nano-composites containing hy-
droxyapatite (collagen/HAp, PLA/collagen/HAp, alginates/
collagen/HAp, chitozan/Hap, gelatine/HAp, PCL/HAp,
PLA/Hap), bioglasses and B-tricalcium phosphate are
subject of interest of many researchers. Wollastonite is
another bioactive and biocompatible material, which due
to its good mechanical properties and excellent bioactive
features may be an interesting alternative to hydroxyapatite
and bioglasses [7-17].

In this study our aim was to obtain a biodegradable
polymer (PCL)/ceramic (wollastonite) nanocomposite and
to investigate its mechanical and surface properties de-
termined in view of possible medical applications as bone
implant materials.

Materials and Methods

Commercially available poly-e-caprolactone delivered
by Sigma-Aldrich (Mn=80.000) was used for preparation
of composites. Granules of the polymer were dissolved in
dichloromethane (POCH) in concentration of 10wt.%.

Wollastonite powders were obtained by the controlled
pyrolysis of organosilicone precursors (Lukosil 901, Lucebni
Zavody, Kolin, Czech Republic) with active fillers (Ca(OH),,
SiO,) as previously described, and milled to nano-grain size
in attrition mill [18-20]. To define the average grain size and
the grain size distribution of milled powders, Nanosizer-ZS
(Malvern Inc.) was used.

It is assumed that the formation of apatite layer on bio-
materials surface is precondition of their osteoinductivity.
Wollastonite has the ability to restructure its morphology and
to induce nucleation of apatite when immersed in simulated
body fluid (SBF), whose ion concentration is similar to those
in human body plasma (27 mM HCO;", 2.5 mM Ca?*, 1.0 mM
HPO,*, 142 mM Na*, 125 mM CI-, 5 mM K*, 1.5 mM Mg?,
and 0.5 mM SO,*). In this study the aqueous solution of
SBF was obtained according to Kokubo and collaborators
experiment and buffered at pH 7.25 [21]. From wollastonite
ceramics bars were formed, sintered at 1200°C and soaked
for 7 days at 37°C in SBF solution. After the test, surface of
the samples was examined by the Scanning Electron Micro-
scope (SEM), Jeol Nano SEM with the EDS analysis.

In the next step, polymer nanocomposites with different
content of ceramic powders (0,5wt.%, 1wt.%, 2wt.%, 4wt.%
and 6wt.%), were prepared by the solvent evaporation
method. One sample without wollastonite was prepared
as the reference material. Wollastonite nano-powder was
suspended in dichloromethane and as received suspension
was mixed with the solution of polycaprolactone. In order to
obtain high dispersion of nanoparticles in the polymer and to
avoid agglomeration effect, the solution was homogenized
with use of ultrasonic homogenizer. Produced mixtures
were poured onto Petri dishes to form thin foils. Solvent
was removed during two-step process: 24 hours drying in
air, and 48 hours in a vacuum drier.

Mechanical properties of nanocomposites were exam-
ined by the universal testing machine ZWICK 1435. Samples
with dimensions 0.5 x 7 cm were subjected to uniaxial tensile
stress. Five specimens of each type were tested and the
results were expressed as mean values and standard devia-
tion (SD). The Young’s modulus, tensile strength, fracture
stress and work-of-fracture of obtained nanocomposites
have been investigated.

Results and discussion

Wollastonite ceramic

FIG. 1 presents histogram of grain size distribution.
Obtained wollastonite-containing powders are well defined,
grain size is distributed in nanometric scale and the mean
grain size oscillates around 100nm.

FIG. 2 and 3 shows the SEM micrographs of wollas-
tonite-containing ceramics surface before and after im-
mersion in SBF fluid for 7 days. Sintered ceramics shows
very good bioactivity. The entire surface was well covered
by the crystalline layer, with morphology characteristic for
calcium apatite. Additionally, chemical point analysis (EDS),
confirmed presence of phosphorus and calcium. Ca/P ratio
can indicate the presence of hydroxyapatite.
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Results showed that wollastonite ceramics obtained ac-

® e @ o o @ o cording to the previously described method leads to mate-

rial characterised by very good bioactivity. It can be easily
processed to the nanometric form. That makes it useful in
preparation of biodegradable polymer-based nanocompos-
ites. During the biodegradation process of such materials,
polymer matrix dissolves and simultaneously becomes a
source of bioactive nano-wollastonite. The presence of
such particles leads to formation of new bone by formation
of hydroxyapatite layer on their surface which enhances
bone tissue regeneration.

Statistics Graph | 4 measurements)

1000 10000

FIG. 1. The grain size distribution of wollastonite
powder.

1.00 200 3.00 400 500 6.00 7.00 8.00 9.00keV

FIG. 2. SEM micrograph and EDS analysis of sintered
wollastonite containing ceramics (1200°C) before
immersion in SBF.
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FIG. 3. SEM micrograph and EDS analysis of sintered
wollastonite containing ceramics (1200°C) after 7
days of immersion in SBF.

Nanocomposite;
PCL/wollastonite ceramic — mechanical properties

The results of mechanical properties examination are
summarized in TABLE 1.

Evaluation of mechanical properties of the obtained
nanocomposites shows, that small addition of wollastonite
significantly affects these properties by increasing Young’s
modulus, tensile strength, maximum strain-to-fracture and
work-of-fracture. The highest values of all investigated
parameters were observed at the lowest content of
wollastonite nanopowder: 0,5 and 1wt.%. With increasing
amount of the nanoparticles, all mechanical characteristics
systematically decreased. Such behaviour indicates that
with lower content of wollastonite powder particles are well
dispersed in the polymer and form chemical bonds with
the matrix. This fact has decisive effect on increasing of
the mechanical properties. However, the amount of active
sites in polymer structure is limited, therefore the content
of reinforcing filler larger than 1 wt.% degrades the com-
posite properties, since it occupy all possible active sites.
After formation of all possible chemical bonds, remaining
ceramics nanoparticles tend to aggregate and such
aggregates act as microstructure defects which significantly
reduce the mechanical properties of the composite.
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Conclusions

Intensive nucleation of calcium phosphates on the sur-
faces of obtained wollastonite ceramics indicates very good
bioactive properties of this material.

Bioactive wollastonite ceramic processed to form of
nanometric powder modifies polycaprolactone matrix at
the molecular level, affecting its mechanical properties.
The best properties were obtained with modifier content
in the range between 0.5 and 1 wt.%. After further
investigations, PCL\nanowollastonite composite may be the
suitable candidate in manufacturing of 3D porous scaffolds
for regenerative medicine and bone tissue engineering
application.
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Abstract

Carbon layers thanks to their advantages (high
biocompatibility, good wear resistance, high corrosion
resistance) found the application in medicine. The aut-
hors of presented work have obtained improvement of
above-mentioned properties (high hardness) with use
of hybrid RF PACVD method. Carburizing of the AISI
316L stainless steel is connected with risk of decrease
of corrosion resistance which is caused by Cr,,C,
formation on the grain boundaries. In the presented
work corrosion parameters of the modified elements
was investigated. The substrate material used in
this work was AISI 316L stainless steel. The hybrid
process was performed by RF PACVD method and
consisted in carburizing of the sample at the beginning
and afterwards carbon film synthesis. The corrosion
resistance investigation was conducted using saline
solution at similar to human body temperature (37°C),
the duration of the investigation was two weeks. Cor-
rosion investigation of modified elements proved that
suitable choice of carburizing parameters during the
hybrid process doesn’t cause lowering of corrosion
resistance of AISI 316L steel. Moreover microscope
observations of the modified materials’ structures
didn’t show any track of carbide disengagements on
the grain boundaries.

Keywords: hybrid carbon layer, corrosion resistance
of stainless steel, RF PACVD methods

[Engineering of Biomaterials, 76, (2008), 20-23]

Introduction

Carbon coatings, allowing on airtight covering of modi-
fied element surface, improve the properties (high hard-
ness, good corrosion and wear resistance, good adhesion,
effective thermal conductivity and high biocompatibility)
of treated elements and have found applications in ortho-
paedics, cardiovascular components, guidewires, etc [1].
However, as the carbon coatings are very thin, when they
are coated on soft material like austenitic stainless steel,
they can flake off. That is caused by plastic deformation
under high load [2,3]. The only way to avoid this kind of
damage is the substratum hardening, what is possible
due to the carburizing of the material. However, carburiz-
ing of the element made of the austenitic stainless steel
is connected with reduction of its corrosion resistance
caused by long influence of temperature above 550°C
(above this temperature the chromium carbides (Cr,;Cs)
are formed on the grain boundaries) [4]. In recent years
the low—temperature carburizing is very popular for stain-
less steel, because of the only 470°C process temperature.

Cao et al. proved that during the carburizing process carried
out in low temperature there are only Hagg carbides - Fe;C,
in the material [5-7].

Ueda et al. described duplex treatment of AIS| 304 auste-
nitic stainless steel, but it was carried out with use of two
separated equipment: for the DC power source apparatus
carburizing process, whereas manufacturing of DLC coat-
ing was realized with use of RF plasma CVD method [3].
Authors of presented work carburized and then coated the
AISI 316L stainless steel in one two stages process inside
the RF PACVD reactor chamber. The corrosion investigation
proved that good assorted parameters of hybrid process do
not cause reduction of corrosion resistance.

Materials and methods

As a substrate material the AIS| 316L stainless steel was
used. The stainless steel bars of 20mm diameter were cut
into 6mm pieces. The faces of the discs were ground.

The hybrid was made during one process consists of
two stages, inside the RF PACVD reactor chamber with
use of different reactive mixtures depending on the process
stage. First stage consisted in manufacturing of the diffusive
layer and it was carried out in the flow of two gas mixtures:
Ar+H,+CH, or Ar+CH,, in the second stage the adhesive
carbon layer was deposited using the CH,. The parameters
of the process are presented in TABLE 1.

TABLE 1. Parameters of hybrid process.

RF Carburizing

Carbon layer

process manufacturing
etching process etching process
Time [min] 30 150 - 300 10 3
Gas Ar+CH,,
mixture | ATH2 - | AR 3 CH, - CH,
Rﬁte”t'a' 800 | 600-1000 | 1000 | 800

The corrosion resistance investigation was conducted
using device showed on FIGURE 1. Investigated sample
was dipped in saline solution at similar to human body
temperature (37°C). The constant temperature was kept
with thermostat. The duration of the investigation was one
or two weeks, depending on the corrosion growth.

- — — —

—

FIG. 1. Device use to corrosion resistance investiga-
tion at similar to human body temperature.

The microstructures of treated layers were observed with a
scanning electron microscopy (SEM) after etching with use of
a solution composed of 10 ml of nitric acid, 20 ml of hydrofluo-
ric acid and 30 ml of glycerine. A sample surface after the
corrosion test was investigated using the optical microscopy.



Results and Discussions

Influence of the process parameters on the materials
structure
Diffusive layer in the material

On FIG. 2 are showed the cross sectionals micrographs of
the modified AISI| 316L stainless steel samples after etching.
On some of the photos (a,b,c) man can obtain tracks of the
grains fragmentation in the material. These are the thick-
est (45 um) and the best visible on the picture 2b because
the sample was etched by 30 minutes at 1000V and then
carburized by 5 hour at 1000V. Picture 2a shows the grains
fragmentation reach the depth of 6 um.

Good visible carburized layer show pictures 2e and 2f.
The thickness of this layers amounts 3 ym and 2,5 ym ac-
cordingly. Sample 5 was heated by 30 minutes and then car-
burized with use of Ar+H,+CH, mixture by 5 hours, sample
6 was not heated and was carburized with use of Ar+CH,
by 5 hour. The carburized layer is not visible in sample 4,
which was etched by 30 minutes in Ar+H, mixture and then
carburized by 5 hour in Ar+H,+CH,.

SE WDl e mm S0 kim)
! /
P, ~ TSy

Adhesive carbon films on the material surface

Picture 2a shows 2 ym thick adhesive film on the sample
surface, but in some places the layer tears off the surface.
On the pictures 2a and 2c the carbon layer is very thin.
The adhesive films of above — mentioned samples were
manufactured the same day as the carburizing process.
The authors think that it is the reason of the grains fragmen-
tation in the material.

There is a thick layer on the sample surface on d (2 ym)
and e (3 um) picture, but this layer isn’t strongly coherent.
The 0,5 um thin layer but good coherent is showed on pic-
ture f. The adhesive layer, of the sample number 4,5 and 6
samples was produced the next day after slow cooling of
the sample inside the reactor chamber. The authors think
that it is the reason why the grains fragmentation inside the
material in this case is not visible.

FIG. 2. Cross section of the treated sample:
a) sample no 1; b) sample no 2; c) sample no 3;
d) sample no 4; e) sample no 5; f) sample no 6.
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SO0000C TABLE 2. Saline immersion test result.

Immersion time

1h One week

; .. | Insignificant amount of corro- Numerous small pits —
1 Slightly yellow liquid sion products in test-tube investigation was stopped )
2 Intensive yellow A lots of corrosion products Pits on tr;%rvgggée_sample s )
liquid colour in test-tube

investigation was stopped

A little of small pits on the
sample surface — -

3 Liquid colour without |  Slightly yellow liquid, very

alteration little of corrosion products investigation was stopped
4 Liquid colour without Liquid colour without Liquid colour without Liquid colour without alteration,
alteration alteration alteration layer separations were visible
Liquid colour without Liquid colour without Liquid colour without P : .
5 alteration alteration alteration Liquid colour without alteration
Liquid colour without Liquid colour without Liquid colour without P : :
6 alteration alteration alteration Liquid colour without alteration

"

Influence of the process parameters on the corrosion § 5
properties .
Observation of liquid colour
An observation of the liquid’s colours and surface facies i ' -
of the samples during the one or two weeks-long corrosion - o
test was carried out. The duration of the test was depended Yo 4 \
on the corrosion progress, if there was an intensively yel- " :
low liquid and a lot of corrosion products in the test — tube, - . A
the test was stopped. The results of the observation are K e
presented in TABLE 2. In case of sample 2 there was well \ o o -
visible change of liquid’s colour after one hour incubation : ML ~
in the saline solution and after one day there were a lot of Y
corrosion products in the test - tube. The investigation was a}) b i A
discontinued after one week and on the sample surface AR e
were observed good visible pits. The examination was SRAST e
stopped after one week also in case of the samples 1 and v, S g
3, for the sake of changes in liquid colours and a few pits B AT S
on the surface. Without colour changes of was saline solu- : :
tion being in contact with the samples 4, 5 and 6 after two <
weeks of incubation. After this time there were visible layer ) e u
separations on the 4" sample surface. :
The microscopic observation confirmed the macroscopic
observation. There were well visible pits on the surface S
of samples number 1, 2 and 3 after one week long corro-
sion test (FIG. 3.). In case of sample 2 the whole surface ;
was covered by rust - coloured pits. Samples 1 and 3 had .
less of pits but these were also good visible. The authors
think that the high bias voltage and long time of the hybrid b)
process causes the grains fragmentation in the material.
Furthermore, it is considered that the high bias voltage
causes the material’s overheating and contributes to the
chromium carbides formation on the grains boundaries, what
is responsible for the reduction of corrosion resistance. :
The microscopic observation of the samples 4, 5 and 6 z
didn’t show any pits on the surface (FIG. 4.). It is thought -
that the reason of the better corrosion resistance of these
L m samples is the fact that the carbon layer was manufactured
o 1 next day after slow cooling of the sample inside reactor
chamber. The visible layer separation was visible only
< in case of sample 4 and 5. On the surface of sample

O —— number 6 no were observed. The authors think that the Q -<

= m essential influence on the layer separation has the surface : .3

—LLI preparation. C), : i

r

W — FIG. 3. Microphotographs of AISI 316L stainless

w steel surface treated in hybrid RF PACVD process
after one week long corrosion test: a) sample no 1;

= 2 b) sample no 2; c) sample no 3.
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a) "~ 500 um
_b) - ~ === 500um
C) ~ 500um |

FIG. 4. Microphotographs of AISI 316L stainless
steel surface treated in hybrid RF PACVD process
after two weeks long corrosion test: a) sample no 4;
b) sample no 5; c) sample no 6.

Conclusions

Conventional carburizing process of elements, which are
made of austenitic stainless steel, can induce their damage.
This endamagement is created by lowering of the corro-
sion resistance. The authors proved that it is possible to
manufacture the hybrid layer with use of RF PACVD method
on the AISI 316L stainless steel without reduction of their
corrosion resistance. The SEM investigation demonstrates,
that the hybrid process allows to manufacture the carburized
layer of 2,5 to 3 uym thickness, whereas the carbon layer
on the surface was in range of 0,5 to 3 um thick. Corrosion
investigations performed with use of saline solution proved
that elements, modified in hybrid process with well — chosen
parameters, didn’t lose their corrosion resistance.
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Streszczenie

Polietylen duzej gestosci (UHDPE - Ultra High
Density Polyethylene) jest jednym z najpopularniej-
szych polimeréw stosowanych w medycynie. Z mate-
riatem tym bardzo czesto mozemy sie spotkac¢ w kon-
strukcjach stawow biodrowych czy kolanowych, gdzie
nie bez znaczenia sgq ich odpowiednie witasciwosci
mechaniczne. W zastosowaniach, gdzie wymagany
Jjest niski wspotczynnik tarcia i wysoka odporno$c na
zuzycie, warstwy weglowe wydajg sie byc najlepszym
rozwigzaniem. Dodatkowo oprécz pozytywnego wpty-
wu warstw weglowych na wfasciwo$ci mechaniczne,
powfoki te wptywajg na poprawe biozgodnosci pokry-
wanych materiatow. Celem przeprowadzonych badan
byta charakteryzacja mechanicznych wtasciwosci
warstw weglowych wytworzonych na podfozu UHDPE
z uzyciem réznych metod CVD i PVD. Najistotniejszym
zagadaniem byto zbadanie zaleznosci pomigedzy
wspoiczynnikiem tarcia i odporno$cig na zuzycie a za-
stosowang metodg i parametrami wytwarzania warstw.
Badania trybologiczne zostaty wykonane metoda
pin-on-disc. Uzyskane wyniki wskazujg na mozliwosci
wykorzystania warstw weglowych na podfozu polimeru
UHDPE jako powfok poprawiajgcych odpornosc¢ na
zuzycie oraz zmniejszajgcych wspofczynnik tarcia.

Stowa kluczowe: UHDPE, warstwy weglowe, MW,
RF MS

[Inzynieria Biomateriatéw, 76, (2008), 24-27]

Wprowadzenie

Przed wspotczesnymi implantami stawiane sg coraz
wyzsze wymagdania odnosnie ich biozgodnosci, odpornosci
korozyjnej, a takze odpornosci na zuzycie mechaniczne.
Ostatnia z wymienionych wtasciwosci nabiera szczegdinego
znaczenia przy implantach, ktére wspotpracujg ze sobg lub
tkankami w specyficznych weztach tarcia. Takie implanty
mozemy spotka¢ w konstrukcjach endoprotez stawow
biodrowych czy kolanowych. Narazone na przyspieszone
zuzycie implanty moga nie tylko wymuszac koniecznos¢
przyspieszonej reimplantacji, ale takze wywotywac¢ reak-
cje alergiczne na toksyczne produkty ze zuzywajgcej sie
powierzchni implantu. Chcac jak najlepiej zabezpieczy¢
implant poszukuje sie¢ odpowiednich modyfikacji jego
powierzchni. Jeden z takich sposobow zostat zaprezen-
towany w tym artykule. W celu osiagnigcia zatozonych
celéw autorzy tej pracy postuzyli sie trzema plazmowymi
technikami modyfikacji powierzchni biomateriatow, ktore
taczyta mozliwosci uzyskiwania warstw na bazie wegla.
Jak podaje literatura wtasnie ten rodzaj warstw, a szcze-
golnie warstwy NCD (nanocrystalline diamond), sg w
stanie zapewni¢ wysokg odporno$é na zuzycie fgcznie
z dobrg biozgodnoscig i odpornos$cig korozyjng [1-4].
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Abstract

Ultra High Density Polyethylene (UHDPE) is one
of the most popular polymer materials widely used in
medicine. Very often UHDPE it utilised in hip joint and
knee constructions, were its perfect mechanical prop-
erties are very important. Carbon-based layers seem
to be very attractive material for many applications
where low friction coefficient and high wear resistant
are needed. Beside of positive mechanical properties
these layers improve biocompatibility of covered sur-
faces. The aim of the study was the characterization
of mechanical properties of different types of carbon-
based layers manufactured with use of CVD and PVD
methods on UHDPE. Precisely the purpose was to
find the correlation between obtained friction and wear
parameters and applied method and the deposition pa-
rameters. The friction coefficient and wear resistance
were measured by the pin-on-disc method. As a result
of the investigations it was noticed that hard carbon
layers deposited on Ultra High Density Polyethylene’s
surface noticeably improve its wear resistance and
ensure very low friction coefficient.
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[Engineering of Biomaterials, 76, (2008), 24-27]

Introduction

Modern implant materials have to be up to higher and
higher demands concerning their biocompatibility, corrosion
parameters and resistance against mechanical wear. The
last one is especially important in the case of implants, which
parts cooperate with other in specific friction couples. Such
implants can be found in hip and knee prosthesis construc-
tions. Implants exposed to intensified wear can cause not
only the necessity of earlier re-implantation but also the
allergic reactions induced by the toxic products from worn
out implant’s surface. For the best protection of the implant
still a new surface modifications are being worked out. One
of these is presented in this paper. To realize the established
purpose authors of his work used three plasmo-chemical
modification methods. All of them let for synthesis of carbon
based layers on the surface. As it is reported in world’s litera-
ture this kind of layers, especially the NCD (nanocrystalline
diamond) can assure good protection against wear together
with good biocompatibility and corrosion resistance [1-4].
Experiments concerning plasma modifications of polymers
widely discussed in the literature prove very high usability of
these techniques, especially in the case of biomaterials [5,6].
With use of these technologies it is possible to create the
most important surface properties of polymer materials and
make wider the previous area of their application [7-9].



Opisane w literaturze prace nad plazmowymi modyfika-
cjami powierzchni tworzyw sztucznych dowodzg bardzo
duzej przydatnosci tych technik, szczegélnie w przypadku
biomateriatéw [5,6]. Za pomoca tych metod mozna kreowaé
najwazniejsze wtasciwosci powierzchniowe polimerow
zwiekszajgc ich dotychczasowe obszary zastosowania
[7-9].

Materialy i metody

Do przeprowadzenia badan wykorzystane zostaty podto-
za z polietylenu duzej gestosci (UHDPE - Ultra High Density
Polyethylene) uksztattowane w postaci walcow o wymiarach
umozliwiajgcych przeprowadzenie testéw pin-on disc z
zastosowaniem trybotestera T-08 (RYS. 1). Powierzchnie
czotowe prébek szlifowano, czyszczono metanolem w tazni
ultradzwiekowej oraz suszono przed kazdym plazmowym
procesem modyfikacji powierzchni.

Wykorzystano trzy oddzielne systemy bedace na wy-
posazeniu Instytutu Inzynierii Materiatowej Politechniki
Lédzkiej (RYS. 2), czyli:

- system MW/RF PACVD

- system RF PACVD

- system RF PACVD/MS

Kazda z wykorzystanych metod umozliwia wytwarzanie
warstw na bazie wegla opierajgc sie na rozktadzie metanu w
plazmie wysokiej czestotliwosci przy cisnieniu od 20-200 Pa.

Materials and methods

The investigations were performed with the use of UH-
DPE (Ultra High Density Polyethylene) samples prepared in
the cylinder shape with dimensions which made it possible
to carry out the pin-on-disc tests with use of T-08 tribotester
(FIG. 1). Frontal surfaces of the samples were grinded,
cleaned with methanol in the ultrasonic cleaner and dried
out before the each modification process.

RYS. 1. Realizowany wezel tarcia trzpien — dysk.
FIG. 1. Realized friction couple in pin-on-disc method.

For the investigations three different modification systems
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were used. All of them are available in the Institute
of Materials Science and Engineering at Technical
University Lodz (FIG. 2):

- MW/RF PACVD

- RF PACVD

- RF PACVD/MS

Each of three used methods let to manufacture
carbon-based layers which consist in decomposi-
tion of methane in radio frequency plasma under

RYS. 2. Schematy systemow wykorzystanych w badaniach.

FIG. 2. Schematics of the deposition system used in presented work.

Parametry przeprowadzanych proceséw plazmo-chemicz-
nych zostaty zoptymalizowane w celu uzyskania jednorodne;j
warstwy na powierzchni trzpienia wykonanego z UHDPE.
W przypadku systeméw MW/RF i RF modyfikacja po-
wierzchni zastosowanego polimeru zachodzita dwuetapowo:
wytwarzanie warstw weglowych poprzedzaty procesy trawie-
nia (usieciowienia) powierzchni. Natomiast przy modyfikac;ji
powierzchni z wykorzystaniem systemu RF/MS po trawieniu
ale przed wytwarzaniem warstw weglowych przeprowadza-
no proces rozpylania magnetronowego tytanu, zapewniajacy
powstanie adhezyjnej struktury od miedzywarstwy Ti do
gradientowej powtoki tytanu i wegla.

Do badan trybologicznych wykorzystany zostat trybo te-
ster T-08. Warunki testéw i wymiary probek zaprezentowano
na RYS. 1. Przedstawione parametry zostaty wytypowane
w celu, w miare mozliwosci urzgdzenia, odzwierciedle-
nia warunkéw panujgcych w stawie biodrowym podczas
normalnego chodzenia dorostego cztowieka. Obcigzenie
50 N gwarantowato naciski okoto 2,5 N na kazdy milimetr
kwadratowy trzpienia, a ustalona predkos¢ liniowa 5 cm/s
odpowiadata predkosci slizgania sie gtowki stawu biodro-
wego po panewce [10].

Przeprowadzone badania przebiegaty w warunkach
tarcia suchego bez jakichkolwiek ptynéw, co odbiega od
warunkéw naturalnych, ale testy te miaty za zadanie zin-
tensyfikowa¢ zachodzgce procesy zuzycia.

pressure of 20-200 Pa. Parameters of performed
plasmo-chemical processes were optimized to obtain
the uniform layer on the UHDPE pins’ surface. In the
case of MW/RF and RF systems the surface modifi-
cation was conducted through two stages: deposition
processes were preceded by etching in Ar plasma. During
the modification with use of RF PACVD/MS system after the
etching process but before the carbon layer deposition thin,
adhesion improving gradient Ti — C interlayer was deposited
with the use of reactive magnetron sputtering process.

For the tribological investigations a T-08 tribotester was
used. The test conditions and samples dimensions are
presented in FIG. 1. Applied test parameters were matched
to the conditions in femoral joint during normal walking of
adult human [10]. Load of 50 N guaranteed loads about
2.5 N on each square millimeter of the pin, and the sliding
speed 5 cm/s was equal to the sliding speed between the
femoral head and the cup.

Presented investigations were performed under dry fric-
tion conditions without any lubricants, to intensify the wear
processes occurred for the friction couple.

Results and Discussions

All of applied modification systems let to obtain the uni-
form coatings on whole samples’ surface. In FIG. 3 view of
the UHDPE samples, covered and uncovered with carbon-
based layer are presented. In plasma techniques deposition
of layers onto complicate shaped substrates is difficult. How-
ever in this case the adequately worked out process param-
eters let this phase of the investigations to be succeeded.
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Wyniki i dyskusja

Zastosowane plazmowe systemy wytwarzania warstw
umozliwity uzyskanie jednolitych pokry¢ na catej powierzchni
prébki. Dla przyktadu na RYS. 3 zaprezentowano widok
probki niepokrytej i pokrytej warstwami na bazie wegla.
W technikach plazmowych szczegdlnie duzo problemow
stwarza wytwarzanie warstw na nietypowych ksztattach
probek, jednak w opisywanym przypadku odpowiednio
dobrane parametry procesu pozwolity zakohczy¢ ten etap
badan powodzeniem.

Jednorodna warstwa na catej powierzchni jest podsta-
wowym kryterium, ktére muszg spetnia¢ pokrycia implantow.
Uzyskane w ten sposdb zmodyfikowane podtoza zostaty
poddane badaniom zwilzalnosci (RYS. 4). Okazalo sig, ze
wytworzone na powierzchniach polimeréow warstwy powo-
dujg podwyzszenie wartosci kata zwilzania, co sugeruje
zmiane ich wtasciwosci w strone hydrofobowa, przy czym
o wlasciwosciach hydrofobowych mozna méwi¢ jedynie
w przypadku modyfikacji powierzchni za pomocg plazmy
MWI/RF (RYS. 5).

UHDPE

RYS. 3. Widok prébki pokrytej i niepokrytej warstwami
weglowymi.

FIG. 3. View of the UHDPE samples: covered and non
covered carbon coatings.

Homogenous layer on the surface is the main criterion,
which has to be fulfilled by the coatings used for medical
implants protection. Such modified surfaces were subjected
to wettability investigations (FIG. 4). As the result of the
investigation it was noticed that layers manufactured on
the polymers’ surfaces increase the contact angle, which
means that after the modification the substrate properties
were changed into more hydrophobic direction, however the
hydrophobic nature of the coating was observed only for the
modification with the use of MW/RF plasma (FIG. 5).

RYS. 4. Kat zwilzania dla prébki UHDPE.
FIG. 4. Wetting angle of UHDPE sample.

Najwazniejszym badaniem charakteryzujgcym mecha-
niczng odpornos¢ wytworzonych warstw na bazie wegla
byty testy trybologiczne, ktérych wyniki zaprezentowano
na RYS. 6. Wszystkie zastosowane modyfikacje znaczaco
wptynety na wartos¢ wspotczynnika tarcia. Najbardziej
obiecujgce rezultaty uzyskano dla warstw wytworzonych
metodami MW/RF PA CVD oraz RF PA CVD/MS. Jak widaé
na wykresie 6 wspoétczynnik tarcia dla niezmodyfikowa-
nego UHDPE ksztattowat sie na poziomie okoto 0,42, po
modyfikacji wynosit od odpowiednio: okoto 2,2 dla warstw
weglowych wytworzonych metodg RF PA CVD oraz okoto
0,11 dla pozostatych modyfikaciji. Interesujacy jest przebieg
wspotczynnika tarcia dla warstw wytworzonych metodg
MW/RF PA CVD. W poczgtkowym okresie ro$nie on do
dos¢ znaczgcych wartosci aby po pewnym czasie spasc¢
dazac do statego poziomu okoto 0,11. Ten poczgtkowy skok
moze Swiadczy¢ o zachodzacych procesach docierania
sie trzpienia i dysku stalowego i nie ma on w pdzniejszym
przebiegu testu zadnego negatywnego wptywu. Analizujgc
przedstawione rezultaty, za najbardziej optymalng w wyko-
rzystanym wezle tarcia modyfikacje powierzchni UHDPE
nalezy uzna¢ modyfikacje warstwami na bazie wegla i
tytanu. Jak dowodzg nasze wczesniejsze badania warstwy
takie charakteryzujg sie znakomitymi wtasciwosciami trybo-
logicznymi [11], a takze stanowig doskonate zabezpieczenie
przeciwkorozyjne [12]. Mogg by¢ one doskonatg alterna-
tywg dla innych warstw wykorzystywanych do modyfikacji
powierzchni UHDPE.

Contact angle []

UHDPE/
RF PA CVD

UHDPE UHDPE/
MW/RF PACVD RF PACVDMS

UHDPE/

RYS. 5. Wyniki badan kata zwilzania.
FIG. 5. Contact angle investigation results.

The most important investigations which characterise
the mechanical resistance against wear of carbon-based
coatings were the tribological examinations, which results
are presented in FIG. 6. All applied modifications noticeably
influenced the friction coefficient value. The most promising
result was obtained for the layers manufactured with the
use of MW/RF PACVD and RF PACVD/MS methods. As it
is presented in FIG. 6 friction coefficient for non modyfied
UHDPE was about 0,42. After the modification it was 0.22
for the layers sythetised with the use of RF PACVD method
and 0.11 for the others respectively. Interesting course of
CoF was observed for the layers manufactured with the
use of MW/RF PACVD method. At the beginning its value
increased to a high value and next it decreased to a constant
level of 0.11. High Cof observed at the beginning of the test
seems to be a reason of the adaptation of the pin and steel
disc. The analysis of the obtained results indicates that as
the most optimal modification of UHDPE for this kind of
friction couple, layers based on Ti and C should be taken.
Our earlier works prove that titanium based carbon layers
manufactured with the use of hybrid RF PACVD/MS technol-
ogy present also a very promising anticorrosive features.
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RYS. 6. Wyniki badan wspoétczynnika tarcia uzyskane
metoda pin on disc.

FIG. 6. Friction coefficient vs. time of the test obtained
in pin-on-disc method.

Whioski

Przeprowadzone badania nad modyfikacjg powierzchni
UHDPE z wykorzystaniem technik plazmowych dowodzg
znakomitych wiasciwosci trybologicznych warstw na bazie
wegla. Jako najbardziej optymalne w zatozonym wezZle tar-
ciowym rozwigzanie wytypowano modyfikacje powierzchni
UHDPE warstwami na bazie wegla i tytanu. Niemniej
jednak réwnie obiecujgce wyniki uzyskano z modyfikacji
powierzchni polimeru metodg MW/RF PA CVD. Wszystkie
przedstawione wyniki stanowig bardzo wazne zrodto infor-
macji o mozliwosciach zastosowania warstw na bazie wegla
w produkcji nowoczesnych elementow stawdw biodrowych
czy kolanowych. Aktualnie prowadzone badania zmodyfi-
kowanych polimeréw majg da¢ jasng odpowiedz jaki wptyw
majg nowo stworzone kompozyty na nasz organizm. Dopie-
ro wykonane i przeanalizowane badania biologiczne mogag
definitywnie potwierdzi¢ ich przydatnosé w medycynie.
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Taking into consideration results of the investigation it can
be stated that the gradient carbon coatings a-C:H/Ti can
be a very good protection against wear [11] and corrosion
processes occured in agresive environment of human body
[12]. They can be an alternative for other technologies used
for modification of UHDPE surfaces.

Conclusions

Conducted examinations concerning modification of UH-
DPE surface with the use of plasma techniques prove very
good tribological properties of carbon-based layers. As the
optimal modification for this kind of friction couple titanium
and carbon based layers has been chosen. However also
very promising result was obtained for the MW/RF PACVD
modification method. All presented results of investigation
are a very important source of the information concerning
the possibilities of application of carbon-based layers in
production of modern elements of hip and knee prosthesis.
Actual examinations of modified polymers will give a clear
answer about what kind of the influence have the newly
designed composites on our organism. Biological exami-
nations and their interpretation will definitely confirm their
usability in medicine.
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Streszczenie

Tworzywa metaliczne stanowig szerokg game pro-
duktéw, ktére stuzg cztowiekowi w kazdym aspekcie
zycia. Odpowiednie wtasciwosci biologiczne oraz op-
tymalne parametry biomechaniczne sprawiajg, iz two-
rzywa metaliczne sg wcigz bardzo szeroko stosowane.
Sa to nie tylko wyroby o charakterze mechanicznym.
Réwnie istotne sg te wykorzystywane na biomate-
riaty, ktére posiadajg zespét cech zapewniajgcych
im jak najwiekszg biozgodnosc i biofunkcjonalnosc.
To wtasnie z biomateriatbw wykonuje sie produkty,
z ktérymi organizm ludzki ma kontakt bezposredni,
takie jak: implanty medyczne, narzedzia chirurgiczne,
czy wyroby jubilerskie, ktore bardzo powszechnie
ozdabiajg niemal kazdg czes¢ ludzkiego ciata. Bizu-
teria przeznaczona do zdobienia ciata to szczegolny
rodzaj tworzyw metalicznych.

Ozdoby, bedgce wyrobami metalicznymi, majg
bezposredni kontakt z zywg tkankg. Stanowig zatem
swego rodzaju biomateriaty, ktére powinny spetnia¢
wymogi im adekwatne. Jednak wstepne badania
i doniesienia literaturowe wskazujg, ze nawet bio-
materiaty, powszechnie uwazane za nietoksyczne
i bezpieczne dla organizmu, mogg uwalniac jony
pierwiastkow sktadowych podtoza, wptywajgc na
utrudniony proces gojenia sie ran, inicjujgc odczyny
alergiczne, mogq takze odktadac sie w narzgdach
wewnetrznych (metaloza) a przez to prowadzi¢ do
uposledzenia czynnosci komoérek organizmu.

Niniejsza praca jest krotkim przeglagdem stanu
wiedzy w zakresie wyrobdéw jubilerskich uzywanych
do zabiegéw zdobienia ciata oraz weryfikacjg oddzia-
tywania organizmu zywego na ozdoby z tworzyw me-
talicznych z powierzchnig modyfikowang powtokami
weglowymi.

Stowa kluczowe: jubilerskie tworzywa metaliczne,
biomateriaty, powtoki weglowe, badania in vivo

[Inzynieria Biomateriatow, 76, (2008), 28-32]

Wprowadzenie

Tworzywa metaliczne stanowig szeroka game pot-
produktow, z ktorych wytwarza sie gotowe wyroby do
zastosowan w niemal kazdej dziedzinie. Specyficzng
grupe materiatdw wykonywanych z tworzyw metalicznych
stanowig biomateriaty. Sg one wynikiem prac badawczych
interdyscyplinarnych zespotéw i stanowig efekt zaawan-
sowanych technologii. Badania nad rozwojem réznego
rodzaju metali i stopéw do zastosowan medycznych
zmierzajg w kierunku rozwigzan opartych na materiatach
coraz bardziej ztozonych, czy to na poziomie atomowym,
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Abstract

The metallic materials make a wide spectrum of
products, which are useful for people in any aspect
of life. Suitable biological properties and optimal bio-
mechanical parameters make, that metallic materials
are still very broadly applied. Those are not only
mechanical products. Also these, which are used as
a biomaterials, are very important for the sake of bio-
compatibility and bio-functionality. Articles staying in
a direct contact with living organism, like for example:
medical implants, surgical tools or jewellery, which
decorates almost each part of human body, should
be made of biomaterials. Jewellery is a special kind
of metallic materials. They have a contact with tissues
and thus constitute a special kind of biomaterials,
which should fulfil the requirements adequate for them.
The preliminary research and literature reports show
that even biomaterials, generally pointed as non-toxic
and safe, can release ions of background's elements
and thus influence the wound healing process making
it more difficult, initiate the allergic response or cause
the metalosis.

Present work is a short review of state of the art
in the range of jewellery being in use as materials for
body modification procedures. It is also a verification
of interaction between living organism and metallic
materials with carbon coating on the surface.

Keywords: jewellery metallic materials, biomaterials,
carbon coatings, in vivo investigation

[Engineering of Biomaterials, 76, (2008), 28-32]

Introduction

Metallic materials present a wide range of semi-finished
articles, which are used in order to produce finished products
almost in all disciplines. A very specific group of metallic
materials constitute biomaterials, which are a result of work
of interdisciplinary teams of scientists and constitutes effect
of advanced technologies.

The examinations of development of various kinds of met-
als and alloys for the medical application head for direction
of solutions based on more and more complex materials,
both at the atomic and macroscopic level. What's more, their
surfaces are modified by elements or compounds of metals
or non-metals, like the carbon, hydroxyapatite, titanium or
teflon coatings.

Biomaterials constitute a very specific group of materials
characterized by a various compound, build and proper-
ties outstanding a very specific features making that they
are acceptable by the human organism [1]. The system
biomaterial-tissue-body fluid should be comprehended as
a functional unity.



czy makroskopowym, ktorych powierzchnie modyfikowane
sg pierwiastkami lub zwigzkami z grupy zaréwno metali,
jak i niemetali, takimi jak np. powtoki weglowe, hydroksya-
patytowe, tytanowe czy teflonowe. Biomateriaty stanowig
charakterystyczng grupe materiatow o réznym skfadzie,
budowie i wtasciwosciach, wyrdzniajgcych sie ta specyficzng
cechg, ze sg akceptowane przez organizm ludzki [1]. Uktad
biomateriat-tkanka-ptyn ustrojowy powinien by¢ pojmowany
jako funkcjonalna jednosé.

W praktyce klinicznej zastosowanie biomateriatow wigze
sie zatem z rozwigzaniem takich problemdw i zagrozen, jak:
toksycznos¢, kompatybilnos¢ biologiczna, gojenie tkanek,
wiasciwosci mechaniczne i zmeczenie materiatow oraz
zagadnienia prawne. Od wtasciwosci biomateriatu zalezy
nasilenie odpowiedzi tkankowej i humoralnej organizmu
a w konsekwencji czas prawidtowego funkcjonowania
produktu.

Obecnie biomaterialy z tworzyw metalicznych wyko-
rzystywane sg w gtébwnej mierze w ortopedii, stomatologii,
chirurgii szczekowej, kardiochirurgii, neurochirurgii, chirurgii
plastycznej, laryngologii, na instrumentarium chirurgiczne,
jak réwniez do produkcji wyrobow jubilerskich.

Najpopularniejszym materiatem stosowanym na oz-
doby ciata jest stal medyczna, srebro, ztoto, tytan. Jednak
wobec braku precyzyjnych przepisow wykonawczych w
tej dziedzinie, na rynku spotka¢ mozna ozdoby wykonane
réowniez z cynku, miedzi z duzg zawartos$cig niklu [2],
powierzchniowo chromowane, ktdre wtasciwie nie spetniajg
zadnych norm biomedycznych.

Metale szlachetne jak ztoto (Au), srebro (Ag) czy platyna
(Pt) (réwniez inne platynowce: iryd, pallad, rod), dzieki swoim
wiasdciwosciom leczniczym znalazty zastosowanie rowniez w
medycynie. Srebro stosowane jest gtdéwnie w stomatologii
do wypetniania ubytkéw, ztoto w kosmetologii, za$ platyna
ma szerokie spektrum dziatania w onkologii [3].

Pomimo pozytywnego dziatania metale szlachetne lub ich
pochodne wykazuja réwniez zdolnosci toksyczne. Chociaz
znane sg ich wtasciwosci biostymulujgce, w wigekszosci
przypadkéw ich metaboliczna funkcja nie jest znana. Wia-
domym jest, iz ze zmniejszeniem zawarto$ci metali szla-
chetnych w stopach obniza sie ich odpornos¢ korozyjna.
Jednak wzgledy ekonomiczne sprawity, ze poza metalami
szlachetnymi wykorzystuje sie w jubilerstwie rowniez stopy
innych metali. W gtéwnej mierze sg to stale Cr-Ni-Mo
o strukturze austenitycznej oraz stopy tytanu. Stanowig one
alternatywe dla drogiego ziota czy tez platyny. Materiaty
te zaczerpniete zostaty z gamy stopdéw do zastosowan
w inzynierii biomedycznej, gdyz srodowsko pracy zaréwno
w przypadku implantéw medycznych jak i wyrobdw jubiler-
skich stanowi tkanka zywa oraz ptyny ustrojowe.

Wzgledy ekonomiczne decydujg rowniez o fakcie, ze w
praktyce jubilerskiej stopy tytanowe stosowane sg znacznie
rzadziej niz stopy metali nieszlachetnych typu Cr-Ni-Mo oraz
stopy kobaltu. Sposrod tanszych materiatéw stal chirurgicz-
na typu 316L jest najbardziej rozpowszechnionym materia-
tem na bizuterie do zabiegdéw modyfikac;ji ciata (z ang. body
art). Stal ta, powszechnie nazywana nierdzewng, charakte-
ryzuje sie jednak stabg odpornoscig korozyjng w obecnosci
agresywnego srodowiska ptyndw ustrojowych. Zawiera do$¢
znaczne ilosci niklu (w zaleznosci od typu zaw. Ni wynosi
odpowiednio od 13% do 15%), ktéry moze powodowaé
podraznienia po uwolnieniu w wyniku wystgpienia koroz;ji.

Prowadzone badania i doniesienia literaturowe wska-
zuja, ze nawet materialy powszechnie uwazane za nie-
toksyczne i bezpieczne dla organizmu mogg uwalnia¢
jony swoich pierwiastkéw sktadowych podfoza, wptywajac
na utrudniony proces gojenia sie rany, odktada¢ w na-
rzgdach wewnetrznych (metaloza), a przez to prowadzi¢
do uposledzenia czynnosci komoérek organizmu [4,5,6].

In the clinical practice the application of biomaterials is
connected with the solution of such problems and threats
as toxicity, biological compatibility, mechanical properties
and material fatigue and legal aspects. On the biomaterial‘s
properties depends the intensification of tissue and humoral
response of the organism and, as a result, the time of proper
product functionalisation.

At present, the biomaterials made of metallic materials
are used mainly in orthopaedics, dentistry, maxillary surgery,
cardio-surgery, neurosurgery, anaplasty, laryngology, for the
surgical tools and for the jewellery production as well.

The most popular material being applied for body deco-
ration is medical steel, silver, gold, titanium. Nevertheless,
taking into consideration the lack of executive regulations
precision in this domain, it is possible to buy on the market
decorations made of zinc, copper with a big amount of nickel
as well [2], which surfaces are coated by chromium, which
do not fulfil any biomedical standards.

Noble metals like gold (Au), silver (Ag) or platinum (Pt)
(also other platinoids like: iridium, palladium, rhodium),
thanks to their curative properties have found an application
also in medicine. Silver is applied mainly in dentistry in order
to fulfil the cavity, gold in cosmetology, while platinum has
a wide effect spectrum in oncology [3].

In spite of the positive effect, the noble metals and their
derivatives show also the toxic abilities. Although the bios-
timulating properties of the noble metals are known, in most
cases their metabolic function keeps still unknown. A low
content of noble metals in alloys reduces their corrosion
resistance. The economic aspects make that in jewellery
are used also alloys of other metals. To a large degree that
are austenitic Cr-Ni-Mo steels and titanium alloys. These
constitute an alternative for costly gold or platinum. These
materials were ladled out from the scale of alloys applied in
biomedical engineering for the sake of very similar working
environment.

The economical aspects decide also about the fact, thatin
jewellery practice the titanium alloy are applied more rarely
than the noble metals alloys type Cr-Ni-Mo and cobalt al-
loys. From among cheaper materials the AISI 316L stainless
steel is the most widespread material for jewellery using
for the body modification procedures (so called body art).
This steel, commonly called rust-proof, is characterized by
a weak corrosion resistance in the aggressive environment
of body fluids. Moreover it contains considerable amount of
nickel, which can cause irritation after releasing as a result
of corrosion.

Conducting examinations and literature reports point that
even materials, commonly pointed as non-toxic and safe,
can release ions of background's elements and thus influ-
ence the wound healing process making it more difficult,
accumulate in the internal organs (the metalosis) and thus
lead up to an defect of cells activity [4,5,6]. It is also known
that material can activate in cells the synthesis of inflam-
matory reaction’s transmitters. That makes impossible its
lasting stay in organism. This phenomenon can be also a
reason of inflammatory reaction development without the
infectious factors.

The PACVD techniques (Plasma Assisted Chemical
Vapour Deposition) are famous for the good adhesion of
coatings manufactured using these methods. Simultane-
ously, the exact parameters steerage let control both the
thickness of coatings and their structure. The specific physi-
ochemical and mechanical properties of carbon coatings
modifying the surfaces of metals and alloys make that they
are very useful material for application in industry, medicine
and bioengineering [7,8]. These coatings are one of the best
biocompatible materials introducing the least unfavourable
changes in living system. Moreover, the examinations in
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Wiadomo réwniez, ze materiat moze aktywowac¢ w komor-
kach synteze mediatoréw reakcji zapalnej, co uniemozliwia
jego dtugotrwate przebywanie w organizmie. Zjawisko takie
moze by¢ przyczyna rozwoju reakcji zapalnych bez udziatu
czynnikéw infekcyjnych.

Techniki PACVD (z ang. Plasma Assisted Chemical Vapor
Deposition) znane sg z tego, ze natozone warstwy posiadajg
doskonatg adhezje do podioza. Jednoczesnie dokladna
kontrola parametréw procesu pozwala na tatwe sterowanie
tak grubosciag warstw, jak i ich strukturg. Specyficzne wias-
ciwosci fizykochemiczne i mechaniczne powtok weglowych
modyfikujgcych powierzchnie metali i stopdw sprawiaja, iz
sg bardzo uzytecznym materiatem dla zastosowan w prze-
mysle, medycynie i bioinzynierii [7,8]. Warstwy te sg jednym
Z najlepiej tolerowanych materiatéw, wprowadzajgcym
najmniej niekorzystnych zmian w ustroju. Ponadto badania
w zakresie weglowych powtok ochronnych na implantach
medycznych dowodzg, iz mogg one stanowi¢ bariere dla
jonéw metali uwalnianych w procesach korozyjnych chro-
nigc tym samym przed ich przenikaniem do organizmu.
Dodatkowym atutem warstwy jest jej dekoracyjny charakter.
Powloki weglowe wydajg sie zatem byé doskonatym ma-
teriatem do rozwigzania probleméw powiktan zwigzanych
Z jubilerskimi tworzywami metalicznymi, co potwierdzity
wczesniejsze badania in vivo przeprowadzone na szczu-
rach laboratoryjnych z wykorzystaniem wyrobow jubilerskich
modyfikowanych metodami PA CVD [9].

Materiaty i metodyka

W badaniach jako podtoza uzyto austenitycznej stali
chirurgicznej AISI 316L. Wybor podtoza podyktowany byt
faktem, iz stal ta jest obecnie najbardziej rozpowszechnio-
nym tworzywem metalicznym do wyrobu 0zdéb uzywanych
w modyfikaciji ciata. Poza tym, jako ze od dawna stosowa-
na jest w medycynie, zostata dobrze poznana pod kgtem
zachowania w $rodowisku biologicznym. Probki stanowita
oryginalna bizuteria powszechnie uzywana do zabiegéw
ozdabiania ciata — kolczyki (typ: sztanga) o $rednicy kulek
6mm, $rednicy precika 1,6mm, dtugosci precika 30mm.

Do zmodyfikowania powierzchni bizuterii wykorzystano
dwie metody chemicznego osadzania z fazy gazowej:
RF PACVD wykorzystujgca wytadowanie wysokiej czestotli-
wosci oraz MW/RF PACVD z zastosowaniem plazmy dwu-
czestotliwosciowej MW/RF. Zastosowanie tych dwoch metod
dato mozliwos¢ regulacji wiasciwosci fizykochemicznych
nanoszonych warstw, a tym samym pozwolito na wskazanie
metody wiasciwej do tego typu zastosowan.

Do przeprowadzenia badan in vivo wykorzystano 100
dwumiesiecznych szczuréw pici meskiej o wadze 200+250 g
stada niekrewniaczego outbred o symbolu Imp. WIST.
Zwierzetom jednorazowo zaimplantowano bizuterie
metaliczng modyfikowang i niemodyfikowang w tkanke
podskorng grzbietowg okolicy miedzytopatkowej. Ekspery-
ment prowadzony byt w czterech interwatach czasowych:
24 godziny, 1 tydzien, 4 tygodnie i 26 tygodni, co pozwolito
na ocene skutkéw implantacji krétko- i dlugoterminowej
(zgodnie z normg PN-EN 30993-6). Po tym czasie wycinano
ozdoby wraz z otaczajgcg tkankg (RYS. 1a).

Po zakonczonym eksperymencie w modelu in vivo
wyjete ze szczurzych tkanek kolczyki (RYS. 1b) poddano
obserwacji uzywajgc elektronowej mikroskopii skaningowe;.
Oceniano morfologie powierzchni ozddb po réznych okre-
sach kontaktu ozddb ze srodowiskiem tkankowym.

the field of protective carbon coatings onto the medical
implants proof that they can constitute a barrier against
metal ions releasing in the corrosion processes. Contact
of body tissues with carbon coating means no metal ions
exempted and thus no metalosis nor allergic reaction. So
the carbon coatings seem to be a good material to solve
complications connected with jewellery, what the in vivo
tests had proofed [9].

Materials and methods

Earrings, applying in practice (the weight type), made of
316L stainless steel (balls diameter — 6 milimeters, stamen
diameter — 1,6 milimeters, length of stamen — 30 milimeters)
were modified by carbon coatings. The choice of such kind
of basis have taken a place because the statistical examina-
tions show that 316L stainless steel is still very commonly
apply in medicine as well as in body piercing salons.

Two methods of PACVD were used for this purpose: radio
frequency (RF) and microwave/radio frequency (MW/RF).
Application of these two methods gave a possibility of the
coated layers physiochemical properties control and thereby
let point a better method.

In order to conduct the in vivo test the population of 100
male rats of inbred farm, WISTAR stirps in age of 2 months
and weight about 210+220 grammes were used. The modi-
fied and non-modified jewellery was implanted into adult
male rats subcutaneously. Experiment was being conducted
for 24 hours, 1 week, 4 weeks and 26 weeks, what gave
a possibility to evaluate the results of short- and long-term
implantation (according to the norm EN-30993-6). After the
periods of test the implants with surrounding tissues have
been taken out (FIG. 1a).

After the end of in vivo experiment, the jewellery har-
vested from rats’ tissues (FIG. 1b) have been taken under
observation with use of scanning electron microscopy. The
morphology of jewellery’s surface was estimated.

RYS. 1. Zabieg pobrania tkanki okotoimplantowej
wraz z wyrobem jubilerskim (a), pobrany wyréb
jubilerski wraz z tkanka (b).

FIG. 1. The procedure of implant surrounding
tissue collecting (a), collected jewellery (b).
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Wyniki i dyskusja

Ocena powierzchni jubilerskich tworzyw metalicznych
wyjetych ze szczuréw pokazata wysoce zadowalajgce wyniki
w aspekcie oddziatywania organizmu zywego z naniesio-
nymi powtokami weglowymi. Powtoki weglowe nawet po
26 tygodniach przebywania w $srodowisku tkankowym nie
wykazywaty delaminacji ani sladéw korozji (RYS. 2b,c).
Na powierzchni ozdob bez powtok obserwowano liczne
wzery korozyjne, ktére pojawiaty sie juz po 1 tygodniu
przebywania w otoczeniu tkanki zywej (RYS. 2a). Wyniki
obserwacji przedstawiono na RYS. 2. Na powierzchniach
widoczne pozostatosci tkankowe.

Okreslenie skutkow oddziatywania jubilerskich wyrobow
metalicznych wykonanych ze stali AISI 316L ze $rodowi-
skiem biologicznym pozwolito na weryfikacje zagrozen
ptynacych z ich implantacji oraz uzytkowania. Otrzymane
wyniki dla 0zdéb bez naniesionych powtok poréwnano z wy-
nikami uzyskanymi przy zastosowaniu bizuterii z ochronng
powtokg weglowa, aby oceni¢ skuteczno$¢ zaproponowa-
nego rozwigzania.

Whioski

Powtoki weglowe zajmujg szczegdlne miejsce wsréd
materiatdbw o dobrej tolerancji biologicznej w Srodowisku
tkankowym, a ich biozgodnos¢ zostata szeroko opisana
w literaturze. Wytworzone na biomateriale w sposob opty-
malnie do niego dopasowany, pozwalajg uzyskac produkt
biokompatybilny oraz biofunkcjonalny, uzupetniajgc swoimi
wiasciwosciami liste wymagan, ktérych samo tworzywo
metaliczne nie jest w stanie w petni zagwarantowac.

Uzyskane wyniki dowodzg, iz powtoki weglowe sg dosko-
natym materiatem do rozwigzania probleméw zwigzanych
z negatywnym oddziatywaniem jubilerskich wyrobéw meta-
licznych na organizm. Spetniajg one swoje funkcje ochronne
réwniez przy zastosowaniach dtugoterminowych.

RETTRETRG Ao T e A o5

Results and Discussions

The estimation of surfaces of metallic jewellery harvested
from rats has shown very satisfactory results taking into
consideration the interactions between living organism and
carbon coatings. After 26 weeks of being in tissue environ-
ment, the carbon films did not reveal a delamination nor
corrosion traces (FIG. 2b,c). On the surface of decorations
without coatings numerous pits were observed. These have
showed up very fast - after one week staying in contact with
living tissue (FIG. 2a). The observation results presents
FIGURE 2. The tissues’ rests are visible on the samples’
surfaces.

Qualification of effects of jeweller’s metallic material made
of AISI 316L stainless steel on the biological environment
let estimate their implantation and use threats. The results
we have obtained for decorations without carbon coatings
were compared with results we’ve got for modified jewellery.
That let assess the effectiveness of proposed technological
solution.

Conclusions

The carbon coatings have a special position among
materials which show a good biological tolerance and their
biocompatibility was widely described in literature. Carbon
films manufactured onto the biomaterial in the perfectly
matched way let get the bio-functional and biocompatible
product, which complete the list of requirements the metallic
material is not able to assure.

The obtained results prove that carbon coatings are a
very good material in order to solve problems with negative
interaction of jeweller’s metallic materials with the organ-
ism. They keep their protective functions also in long-term
applications.

o A AT o
RYS. 2. Zdjecia SEM przedstawiajace po-
wierzchnie ozdoéb ze stali AlSI 316L bez powtoki
weglowej (a), z powloka weglowa naniesiong
metoda RF PACVD (b) oraz metodag MW/RF
PACVD (c) po 26 tygodniach przebywania w
tkance podskornej szczura.

FIG. 2. The SEM pictures of AlSI 316L stainless
steel jeweler’s surfaces after 26 weeks of test:
a) jewellery without carbon coating, b) jewel-
lery modified using the RF PACVD method,
c) jewellery modified using the MW/RF PACVD
method.
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