Postgradualni doktorské studium biomediciny pfi UK a AV CR v Praze
1. 1ékaFska fakulta Univerzity Karlovy v Praze
Obor: Experimentilni chirurgie

Ptedseda oborové rady: Prof. MUDr. Jaroslav Zivny, DrSc.

PARAMETRY BIOKERAMICKYCH VRSTEV, POVLAKOVANI
IMPLANTATU HYDROXYAPATITEM MODIFIKOVANYM
ZIRKONEM A VYHLED K OKAMZITEMU ZATIiZENIi

ZUBNIHO IMPLANTATU

MUDr. Zuzana Teuberova

Praha 2006



Stomatologicka klinika 1. LF UK a VFN Praha

Ptednosta: Prof. MUDr. Jifi Mazanek, DrSc.

Skolitelka: Prof. MUDTr. Tat’jana Dostalova, DrSc., MBA
Prednostka Détské stomatologické kliniky 2. LF UK

Fakultni nemocnice v Motole

150 06 Praha 5 — Motol, V Uvalu 84

Prohladuji, Ze tato prace byla vypracovana samostatné, jen s pouZitim

citované literatury a pod vedenim $kolitele.

V Praze dne 4. 12. 2006

............................



Disertaéni prace vznikla za velmi kvalitniho odborného vedeni a
konzultaci 3kolitelky Prof. MUDr. Tatjany Dostalové, DrSc., MBA, které si
dovoluji touto cestou podékovat. Za odborné i praktické rady a ochotnou pomoc
dékuji Doc. Ing. Miroslavu Jelinkovi, DrSc. a Ing. Tomasi Kocourkovi, Ph.D.
z Fyzikalniho ustavu Akademie véd Ceské republiky a také Prof. MUDr. Karlu
Smetanovi, DrSc. a RNDr. Barbote Dvofankové z Anatomického ustavu

1. 1ékatské fakulty Univerzity Karlovy v Praze.

Diserta¢ni prace vznikala v letech 2003 — 2006 za ptispéni grantového
projektu ,,VyuZiti parametri biokeramickych vrstev a bunéné terapie pfi

integraci dentalniho implantatu“ IGA MZ CR 8512-3, 2005 — 2007.



OBSAH

1. Piehled soucasného stavu problematiky........cccccovevimeinimniienieniencrnencnininnnnnne. 4
11 VO oo eesseeesssee s sseeessse s sas s sassssns s 4
1.2 Zubni implantat a jeho hiStorie...........ccovviviimiiiiinieiccee 4
1.3 Povlakovani zubnich implantatii ............cccceeverviininniinnenieecrtcecencenees 6
1.4 Druhy materialti k povIaKOVANI .......c.coceeviiiiiiiiiiiniiiceneeecececcecciiiaens 10
1. 5 Piehled metod vhodnych k povIaKovani ..........c.ccooueeiininniininneniienenncens 14

2. CHIE PIACE.....eeueeureueeeerieneieecerereectertetestessetesaeb s s b b e s e b b s sessesae s se bbb ennens 19

3. HYPOEZA. ...ttt 21

4. Material a metody povIaKOVANI .........coceerveerrciciiiniiiiiiiecreeee e 22
4.1 Pulsni 1aserova depozicCe ........cccevieeimiruimniiiininnirieee e 22
4.2 Metody OVEFOVANI Stability........cccevveerrceerrinniiiiinneiirrniree s seenees 31

4.2.1 Fyzikalni analyzy v1astnosti VIStEV ........cccccevviiriiiniiniienneniiineenecnneens 31
4.2.2 BiOIOGICKE tESLY ......uecurereeriereneereeterneetnsrenresinere s e bs s b s saesaees 37

5. VYSIEAKY ..ottt st 39
5.1 Depoziéni pOdmInNKY ........ccccevveeermeeereniriiniiininirnieetinnteseesessssne s snene 39
5.2 Experimentalni Udaje..........ccccooieeeiiniuiiiiiniiniinnienreeirest et 45
5.3 Fyzikalni analyza vzorki 1. skupiny (ZRO 1-13, ZHA 1-13) ..........cceee. 46

5.3.1 MéEFeni tIoOUuSTKY VISIEV ...c.iiviiiviineiiiieciiirccieierte e 46
5.3.2 Analyza morfologie povrchu..........ccoconiiiriiiiniiee 47
5.3.3 Analyza krystalinity pOVIChU ......cccoocoviimiiiii e 49
5.3.4 Ca/P POMET .....ocuiireiiieeeiereeniteeesetenesstssacsat e se s e ssssaes s ssrasse e ssssaneas 50
5.4 Fyzikalni analyza vzorku 2. skupiny (ZRO 14-24, ZHA 21-24) ................ 51
5.4.1 MéFeni tIOUSTKY VISIEV ...ccouveriiiciiiereccitincnncnre et 51
5.4.2 Analyza morfologie POVIChU.........cccovviriiiniiniieeecec e 52
5.4.3 Analyza krystalinity povrchu ... 55
5.4.4 Ca/P POMET .....cveueerereeeieienetecesetescsseneeesessstssessssnesssssssssassassassssansens 56
5.4.5 Testy PrINAVOSti .....cceeveererereiieceinieriiitcetie et eenee e 57
5.4.6 Méfeni kontaktniho Ghlu.........cccoveereniineriinniiiniieeeeeeene 60

6. DISKUSE ....veeeeeeeieeeiieeeteeetee et e et e s e e setesonas s bt s s basse b s e e s saa s e aasasas e s aeassans 62
6.1 VYhody pOVIAKOVAN ......c.covveerirreeiiniinieiiiiniiiiitiiee e eeesseeas 62
6.2 Nevyhody povIaKOVANL.........cccocverecerncniniiniiiinice et 64
6.3 Soucasny pohled na povlakovani implantatli ............cccecveiniinvennennnennnen. 66
6.4 Biomaterialy a jejich role v povIakovani ..........c.cocooviriiieniiiniinineniennnnen. 67
6.5 Vyhody a nevyhody dostupnych metod povlakovani v porovnani s PLD .. 72

T ZAVET .....eeeeveeeeereereeereeeeresveesaessee st e ees st s besat e eesabesas e s s s et s b e b e s s e bb et a e e e e b e b aan 77

SUIMIMATY ....ooveeiriieeteeeeeenteesee e eee s ceeeeseessee st enesssessssanessesassssessnessessasssassasssasssanns 79

| LTS3 ¢ 1101 - WO U UO OO O OROPPRPPPIOPPOPPR 80

Piehled publikaci autorky a védecka ocen€ni ..........c.ooomeemeeiiiiniiiiiiiens 85



1. PREHLED SOUCASNEHO STAVU PROBLEMATIKY

1.1 Uvod

V uvodni ¢&asti disertadni prace vymezuji téma historie a souasnosti
pouzivani zubnich implantatd, podavam piehled o technikich vyroby
povlakovanych implantatd a o materidlech, které jsou pro techniku povlakovani
vhodné, uvadim jejich charakteristiku véetné vyhod a nevyhod. DuleZitou &ast
prace jsem vénovala metodé pulsni laserové depozice, kterou byly experimentalné
vytvofeny vzorky pfedstavujici makety povrchi implantatu. T&ZiSté vlastni prace
je v kapitole 4 a 5, kde se zabyvam depozici zirkonu a hydroxyapatitu na substrat
z titanové slitiny. Podrobné rozebiram technické parametry, jejichZ ovlivnénim
se méni i struktura tenkych vrstev. V posledni kapitole hodnotim dosazené

vysledky a naznacuji dal$i moZny smér rozvoje této problematiky.

1.2 Zubni implantat a jeho historie

Obor dentalni implantologie se zabyva zavedenim biokompatibilniho
materidlu do kosti horni nebo dolni &elisti. Usilujeme o jeho dlouhodobé
zabudovani do kostnich struktur. Zubni implantat se nasledné stava soucasti
konstrukce pro definitivni fixni nebo snimatelné protetické feSeni za ucelem
komplexni estetické a funkéni rehabilitace pacienta [1].

Implantat se vhojuje do kosti v idealnim pfipadé ankylosou, a tak nema na
rozdil od zubu schopnost odolavat Zvykacimu tlaku pomoci pruzného periodoncia.
Cilem vyzkumu na poli implantologie je podpora dokonalého vhojeni implantatu

do kostnich struktur tzv. oseointegrace, a tim zaji$téni dlouhodobé stability



implantatu. Historie dentalni implantologie saha do dob starého Egypta, kdy lze
snad jen hovofit o poéatcich myslenek na nahradu chybgjiciho zubu. Tehde;jsi
stabilita zavedenych trni z drahych kovu nebyla nijak dlouhodoba. Rozvoj oboru
nastal az v 18. a 19. stoleti, kdy prukopnik Magiollo a jeho nasledovnici zacali
pouZivat zlato, slonovinu nebo porcelan jako nahradu chybéjicich zubl. Posun
v oboru nastal v roce 1938, kdy Strock upfednostnil S§roubovity tvar implantatu,
ktery uznavdme jako stabilni dodnes. Tyto implantaty  byly
z chromkobaltmolybdenové slitiny, o které nemiZeme hovofit jako o bioinertnim
materidlu. Na dlouhy &as se usidlila ve stomatologii myS$lenka a realizace
subperiostalnich implantatd, které byly zavadény mezi kost a periost, zname je
pod nazvem c&epelkové implantaty. Do praxe se roz$ifily v 60. a 70. letech 20.
stoleti. Nevyhodou byly jejich indikace na rozsahlé bezzubé tseky a také omezena
zivotnost. Cepelkovy implantat pomohl ve své dob& mnoha pacientiim, ale nebyl
tak pevné spojen s kostnimi strukturami, jako je tomu u dnesdnich Sroubovitych
nitrokostnich implantat, ¢astéji dochazelo k vazivovému propojeni tzv.
fibrointegraci, ktera byla pravé jednou z pfi¢in zkracené Zivotnosti.

Zasadnim objevem a posunem v dentdlni implantologii byl objev Pera
Ingvara Branemarka, ktery pojmenoval jev oseointegrace, tedy vhojeni implantatu
do kosti bez mezivrstvy vazivové tkané viditelné v optickém mikroskopu. V roce
1977 publikoval rozsahlou desetiletou klinickou studii, v niZ prokazal dlouhodobé
vysledky svych implantatud, a tim byl poloZen zaklad novodobé implantologie.

Dnes se =zabyvame otazkou, jak zkvalitnit povrchy S$roubovitych
implantatt a zkratit dobu vhojovani. Dostupné prameny ukazuji, Ze
technologickym pokrokem dochazime od klasického Branemarkova protokolu

zavadéni implantatu s dobou vhojovani 3 mésice v dolni Eelisti a 6 mésict v horni



Celisti, v indikovanych ptipadech i k metodam &asného zatizeni implantatu.
Pacient tak obdrzi provizorni protetické feSeni kotvené na zavedené implantaty
v horizontu tiech tydnd, nebo u okamzitého zatiZeni implantatu metoda umoziuje
esteticky a funk&né rehabilitovat pacienta do 48 hodin [2]. Zakladem vSech téchto
zkracenych pracovnich postupti je ale perfektni technologie vyroby nitrokostnich
implantati, kvalitni povrchova tprava fixtur, Setrné zavedeni implantatu do kosti
a presnost viech naslednych krokd vedoucich k protetickému feSeni véetné
zakladniho predpokladu, Ze pacient nesmi mit lokdlni ani systémové

kontraindikace pro chirurgicky zakrok [3].

1.3 Povlakovani zubnich implantati

V zédsadé bychom mohli rozdélit vlastnosti implantatd z hlediska
vhojovani na vlastnosti biologické a mechanické. Biologické vlastnosti implantatu
spocivaji v jeho biotoleranci a pajdu-li dale, zjistuji, Ze implantat by mél byt
bioinertni, jako napfiklad titan, a jes$té lépe bioaktivni, coZ znamena, Ze tkané
material aktivné pfijmou. Mezi takové materidly patfi napfiklad hydroxyapatit
(HA) [4]. Mechanické vlastnosti implantatu odraZeji odolnost proti opotiebeni,
pevnost, tepelnou expanzi materidlu. Tyto charakteristiky jsou vysledkem
kombinace pouZitych materiali.

Pii podrobnégjsi klasifikaci materiald popisujeme né&kolik hledisek.
Mechanicko-fyzikalni vlastnosti implantatu a jeho biologicka tolerance maji
presné urCena specifika. Alogenni implantat mize v Zivém organismu vyvolat
kaskadu imunologickych reakci i s moZznou kone€nou eliminaci implantatu.
Na rozhrani mezi implantatem a Zivou tkani dochazi k vzajemnému ovliviiovani,

materidl je rozpou$tén, podléha korozi, mizZe dojit k transportu mikrogastic



implantatu, a tim ke vzniku metalézy, ale i k ostitidé vedouci k resorpci kosti
alveolu [1].

Klinické i experimentalni zkuSenosti vyustily v zavér, ktery shrnujeme
do nékolika v8eobecnych pozadavki na vlastnosti implantatu:

1. Implantat musi byt pro tkan a cely organismus neSkodny -
nekarcinogenni, netoxicky, zbaveny antigend, neradioaktivni, nemél by
korodovat, ani by nemél byt chemicky ovliviiovan télnimi tekutinami.

2. Ma byt biologicky snasenlivy a stabilni. Nesmi naruSovat metabolismus
a zpusobovat resorpci kostniho liZka, vyvolavat reakci organismu na cizi téleso
nebo podléhat biodegradaci.

3. Musi minimalizovat spojeni mezi vnitinim a zevnim prostfedim — tedy
mezi subgingivalni krajinou a dutinou Gstni.

4. Implantat ma byt dostate¢né pevny a elektrochemicky staly. Vzhledem
ke kostnimu lizku by mél byt izoelasticky, aby nevyvolaval nadmérny tlak a
napéti v Celisti.

5. Mél by se pii vyrobé snadno odlévat a opracovavat.

6. Musi byt rentgenkontrastni a vyhovujici z hlediska estetiky 1 ustni
hygieny.

7. Opracovani a sterilizace by nemély €init technické obtize.

8. V3eobecné by nemél zpusobit zmény krve nebo poskodit plazmatické
proteiny [1, 5].

Zadny material, ktery se do Zivého organismu implantuje, neni absolutné
inertni. VSechny tyto materialy vyvoléavaji né&jaky stupefl imunologické odpovédi
hostitelskych tkani [6]. Biokompatibilitu materidlu pak definujeme jako schopnost

materialu chovat se v dané indikaci pfedvidatelné a uspokojivé [7].



Materialy pro dentalni implantologii délime na tfi zakladni skupiny —
biotolerantni, bioinertni a bioaktivni. Biologicka kvalita vétsinou nekoresponduje
s pozitivnimi mechanicko—fyzikalnimi vlastnostmi, ale jejich vztah byva Casto
nepiimo umérny [1]. Dal3i mozné déleni upfednostiiuje charakteristiku materialu
vzhledem k okolnimu prostfedi a uvazovaném ucelu aplikace. Pak rozliSujeme
tyti kategorie materiald — biologicky inaktivni a téméf inertni, porézni, bioaktivni
a resorbovatelné [6].

Pro biotolerantni materialy je obecné charakteristické, Ze jsou okolni tkéani
snaseny, ale pfi jejich vhojovani nevznika mezi povrchem implantatu a okolni
kosti novotvofena kostni tkan, ale vazivova tkan. Jedna se tedy o proces
fibrointegrace, ktery neni z dlouhodobého hlediska prognosticky vyhodny a mize
dokonce vést k odlouceni implantatu. Reprezentanty biotolerantnich materialt
jsou nékteré slitiny chromu, niklu, kobaltu, molybdenu, drahokovové slitiny a
slitiny obecnych kovii. Vyhodou této skupiny materialii je mechanickd odolnost,
pevnost, ktera neplati pro drahokovy, a ptesnost pfi odlévani nejriznéjsich tvaru.
Nevyhodou je koroze materidlu, moZzné toxické nebo iritatni plsobeni na
organismus, eventuadlné¢ i vznik metaléz. Implantaty této skupiny se u nas
uplatiiovaly zejména v sedmdesatych letech minulého stoleti [1]. V novém déleni
témét nemaji zastoupeni pro svoje nevyhody.

Bioinertni materidly jsou pro tkan biologicky akceptovatelné. Do této
skupiny fadime titan a jeho slitiny, tantal, aluminiumoxidovou keramiku,
zirkoniumoxidovou keramiku a uhlikové materialy. V soucasné dobé se nejcastéji
vyuziva titan a jeho slitiny. Pfi splnéni jistych ptedpokladi, jakymi jsou tvar,
forma, uprava povrchu a $etrna inserce, se vhojuji oseointegraci. Vznika tedy

pfimy kontakt povrchu implantatu s kosti bez jakékoliv mezivrstvy vazivové



tkané. Podle novéjsiho déleni bychom tuto skupinu materidlii oznacovali jako
biologicky inaktivni a téméF inertni, tkané na aplikaci téchto materidli reaguji
enkapsulaci [5].

Téméf vSechny zubni implantaty jsou v soucasnosti renomovanymi
vyrobci konstruovany na bazi titanu. Specifickou vlastnosti titanu je jeho
biokompatibilita, organismus jej obtizné identifikuje jako cizi material.
Pti vhojovani dochazi pravdépodobné k fyzikalné-chemickému spojeni.
Z hlediska dentalni implantologie rozliSujeme tfi skupiny bioaktivnich materiali —
hydroxyapatitovou keramiku, tri- a tetrakalciovou keramiku a bioaktivni
sklokeramiku [1].

Usilujeme o zvéteni povrchu a maximalni biokompatibilitu implantatu, ke
kterym dochazi bud’ mechanicky — zafezy [4], chemicky — leptanim tzv. etching,
pokrytim metodou plazmového napradovani, piskovanim nebo kombinaci dal$ich
technik. Zdrsnény a zvétSeny povrch implantatu zlepsuje oseointegraci [1].

Dentalni implantologie udélala velky pokrok, ale stile jeSt¢ nejsou
vyfeSena néktera uskali, jakymi jsou napi. optimalni povrchova uprava, zvlasté
pfi kombinaci materiald. Oblast mého z4jmu je zaméfena na techniku povlakovani
implantati, tedy zejména na vlastnosti mechanické. Povlakované implantaty se
poprvé objevily v roce 1984 diky kalifornské firmé Calcitek. Pocatecni klinické
testy byly povzbudivé, ale je zjevné, Ze samotny hydroxyapatitovy povlak na
titanové slitiné pottebuje dalsi vyzkum k osvétleni mnoha souvislosti [4].

Moznost €asnéjSiho zatiZzeni implantatu je divodem pro hledani novych
technik povlakovani a aprav povrchu titanovych fixtur. Pro pacienta je vyhodou
moznost zkraceného protetického oSetteni. B&Zzné pouZivanym materidlem

k povlakovani je HA, 1i8i se vSak techniky nanaSeni tenkého plasté. Ochrana



implantatu je tak zaloZena na adhezi HA povlaku k titanovému podkladu [8].
Kombinace titanu a HA je slibni, protoZe oba materidly jsou vysoce
biokompatibilni [9]. Po zavedeni je implantat fixovan v kosti pouze mechanicky,
tento stav oznaujeme jako primarni stabilitu implantatu [1]. Pfimy kontakt s
tvrdou tkani ma v této dobé podle histologickych vySetteni asi 25 — 85 % povrchu
fixtury [4]. Po vhojeni povlakovanych implantatd s HA se hodnoty histologickych
vyS$etfeni kontaktu kosti s implantatem 1i$i u riiznych autorti od 38 do 99,8 % [10].
Metoda méfeni se nazyvad BIC (bone—implant contact) a spoiva v posouzeni
mnozZstvi kosti, kterd je v pfimé vazb& na povrch implantitu. Zohledfiuje se i

kvalita kosti v okoli, a tak BIC podava velmi objektivni informace [10].

1.4 Druhy materiali k povlakovani

V soucasnosti se k vyrobé fixtur implantati nejéastéji vyuziva titan a jeho
slitiny. Titan byl objeven roku 1789. Je obsaZen pfedevsim v hlinitych a pis¢itych
horninach a pro svou dfive obtiZnou vyrobu byl do &tyficatych let minulého stoleti
vyuzivan pouze laboratorné. Rozvoj jeho vyuziti v letectvi a kosmonautice
podnitil dal$i vyzkum i v jinych oborech a v padesatych letech se za¢al uplatiiovat
1 v mediciné.

Nejcistsi titan se vyrabi z jeho jodidu, ale je velmi drahy a pouZiva se jen
v laboratofich [1]. Titan je stfibroleskly kov s vysokou teplotou tani - 1 670 °C,
Jeho mechanické vlastnosti jsou zavislé na pfitomnosti negistot (O, N, C) a ma
mnohem mensi hustotu nez béZzné pouzivané dentalni slitiny i pfes svou vysokou
pevnost a mechanickou odolnost [11]. Dostupnéjsi je technicky ¢&isty neboli cp Ti

(commercially pure titanium), ktery obsahuje 99 % titanu a pfimési kysliku,

dusiku a vodiku. Sam o sobé je titan velice reaktivni prvek a b&hem jedné
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milisekundy se na vzduchu pokryva vrstvou oxidi, a tak se jeho povrch stava
vysoce stabilni. Tento proces se nazyva pasivace. Kromé cp Ti se v mediciné
vyuZiva i titanova slitina Ti 6Al 4V. Vedle 90 % titanu obsahuje 6 % hliniku a
4 % vanadu, které tento material stabilizuji, a to pfedev§im ve smyslu unavové
pevnosti a tepelné zpracovatelnosti [1, 11].

K povlakovani titanovych implantat se uZiva nékolika chemickych latek,
hydroxyapatit (HA), beta-tricalciumfosfat (TCP), tetrakalciumfosfat, biosklo [1,

4] a stale vice nachazime publikace o kombinaci se zirkonem [1, 5, 12, 13, 14,

Vibec nejlastéji citovanym materialem k povlakovani je hydroxyapatit, je
to latka chemicky definovana jako Ca;o(POs )6(OH),, asi z 60 % je soucasti kosti,
z 50 vah. % a ze 70 obj. % [5]. VyuzZiva se také k augmenta¢nim postupim [1].
Samostatny HA je velmi kfehky a neunese protetické zatiZeni, proto jeho dobrych
vlastnosti nemiizeme vyuzit k vyrobé samostatnych, nosnych implantatd, ale jen
k jejich povlakovani [16]. HA je pfi neutralnim pH jen té€Zce rozpustny, naopak v
kyselém, zanétlivém prostfedi jeho rozpustnost vzristd. HA vykazuje
osteokondukéni a osteoindukéni vlastnosti. Osteokondukce spoéiva ve schopnosti
slouzit osteocytiim a osteoblastim jako mfiZka pro pieklenuti tkariového defektu
pii postupujici novotvorbé kosti. Osteoindukéni vlastnosti se projevuji v podpofe
tvorby nové kostni tkané. Problémem se tedy stava stabilita HA povlaku v
biologickém prostiedi [4].

Beta-tricalciumfosfat a tetrakalciumfosfat jsou materidly s vyte¢nymi
bioaktivnimi u¢inky, ale vstiebavaji se rychleji nezZ HA a jsou méné stabilni.

Jejich vyuziti se posunuje spise do roviny augmenta¢nich materialu.

11



Bioaktivni sklokeramika neboli biosklo patfi mezi materidly s vysokou
biokompatibilitou, ale nevykazuje pfili§ velkou pevnost pfi vyuZziti pro upravu
implantata [1, 4].

Zirkon je chemicky definovan jako ZrO,, byl objeven na konci 18. stoleti
zahfivanim drahych kamend. Zirkon snizkou kvalitou je pouZivan jako
abrasivum, vysoka tepelna vodivost preduruje pouziti zirkonu v elektrolytech
palivovych ¢lanki a kyslikovych senzorech.

Zirkonova keramika pouzivana v mediciné, napf. v zubni protetice, ma
mnoho vyhodnych vlastnosti zavislych na mikrostruktufe. Zkoumalo se nékolik
forem zirkonu riznych krystalickych struktur. V posledni dobé se vyvoj zamétuje
zejména na zirkon—-yttriovou keramiku charakterizovanou jemnozrnnou
strukturou, znamou jako Tetragonal Zirkonia Polycrystals (TZP), ktera je v centru
z4jmu implantologie a jsou sni rozsahlé klinické zkuSenosti pfi implantacich
v ortopedii [17].

RozliSujeme zirkonova vldkna a Gastice, oboji ve formé oxidu zirkonu.
Pfidanim zirkonu do povlaku nastane vyrazné zpevnéni, a tim i vy$$i odolnost
vuci opotfebeni [5].

Mechanické vlastnosti zirkonové keramiky typu TZP vydrzi zatiZeni
n€kolikrat vétsi nez je fyziologickd mez. TZP forma zirkonu byla podrobena
stabiliza¢nim zkou$kam v riznych prostfedich a teplotach. Zavér experimentd
podavéa dikaz o dobrych mechanickych vlastnostech TZP a stabilit¢ ve vlhkém
prostiedi pfi teploté¢ 37 °C po dobu ofekdvané zivotnosti implantatu, kriticka je
teplota 200 - 300 °C. Stabilni zastupci TZP keramiky existuji i ve vlhkém

prostfedi [17].
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Vseobecné zavéry vsak vtuto chvili délat nemohu, protoZze chovani
zirkonu je pfizna¢né pro urcitou technologii pfipravy materialu. Stejné tak mira
opotfebovani materialu v riznych médiich neni jen zaleZitosti laboratornich
zkoumani, ale i souhry mnoha faktord zahrnujicich roztoky, jednoduché
laboratorni testy a kloubni simulatory. Biologicka bezpeénost se zkoumala
studiemi in vivo — prvni byla v roce 1969 a predb&hla experimentalni data ziskana
z buné¢nych kultur o celych 21 let. In vitro studie byly provedeny pomoci testl
chromozomovych aberaci a Amesova testu, pozdé&ji byly provedeny testy
cytotoxicity, proliferace a MTT test s riznymi bunéénymi liniemi. Tyto testy
potvrzuji nepfitomnost znaka cytotoxické reakce. Testy in vivo byly provedeny
s riznymi chemickymi typy zirkonu v rozli¢énych formach, implantace zirkonu
prob&hly u opic, kralikd, psa a krys [17]. Testy cytotoxicity a proliferace ZrO; na
titanovych ter¢ich s povlakem HA jsme provedli i v nasi laboratofi s podobnymi
vysledky [18]. Pozdéji jsme je doplnili i 0 MTT test, ktery neprokazal negativni
ovlivnéni buné¢ného metabolismu [19].

V zirkonu se objevuji i radioaktivni necistoty, nebot’ zirkon se v ptirodé
nevyskytuje v ¢istém stavu, ale jako oxid (ZrO;) nebo silikat (ZrSiOys), tyto formy
se objevuji s U*®, U®, Th*>*. MiiZe byt pFitomna i vysoka hladina radioaktivnich
prvkd, ale je moZzné je vycistit. Jako purifikované formy se pouzivaji oxidy a
silikaty zirkonu pro vyrobu TZP keramiky. Jejich specificka aktivita je pak nizsi
nez u lidské kosti.

Nasledujici vysledky podporuji vyuZiti zirkonu jako biomaterialu [9]:
1. Nebyly detekovany lokalni ani systémové neZzadouci reakce, které by byly

v souvislosti s materialem, ani cytotoxické efekty pfimo na zirkonovou

keramiku nebo na jeji prekurzory. To vse i pfes zna¢nou §ifi testovanych
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materiali a pouzitych metod testovani (rizné bunééné linie i zvifeci

modely).

2. Mechanické vlastnosti jsou zavislé na prekurzorech a na procesu vyroby
komponenta.
3. Vyroba TZP keramického biomaterialu vyZaduje pouZiti vysoce chemicky

a radionuklidove &istych prekurzort, protoZe jeding gistota materidlu miiZze

zarudit urovefi hydrotermalni stability, ktera je nutna pro vyuziti TZP ve

specifickych aplikacich.

Nabizi se tedy moZnost vyuziti kombinace vyhodnych vlastnosti HA a
zirkonu. Vysoce &isty HA miZeme modifikovat pfidanim rizného podilu ZrO,.
Bod tani ZrO, je 2 680 °C a HA je 1 570 °C pii pH20 500 mm Hg a Ca/P poméru
1,67 vHA. Pfi pouZiti metody plazmového napraSovani se ptidanim ZrO,

signifikantné zvySuje vazebna sila mezi HA filmem a titanovou slitinou [12, 13,

Studie zirkonu jako keramického biomaterialu se koncentruji na zlepSeni
role TZP pro pouziti v ortopedii [17]. Nové aplikace zirkonu nachazime také ve

stomatologii [12].

1. 5 Prehled metod vhodnych k povlakovani
Mezi hlavni metody povlakovani zubnich implantatd zatfadil Lacefield
nasledujici: plazma naprasovani, sol-gel a dip coating metody, tepelné izostatické
stlatovani, elektrolytické postupy, iontové napraSovani a pulsni laserovou
depozici [20], dale Mihailescu udava i magnetronové naprasovani, laser cladding

a biomimetickou depozici [5].
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Zde uvadim struény popis jednotlivych metod s hlavnimi vyhodami a
nevyhodami. Pulsni laserova depozice, ktera je pfedmétem naseho vyzkumu, bude
diskutovana je$té podrobnéji v kapitole 4.1.

Plazma naprasovdni je komeréné nejroziifen&j$i metodou povlakovani
dentalnich implantatd. Principem je pouZiti nosného ionizovaného plynu, ktery
vytvofi plasmu a rozehfeje napif. ¢astice HA, ty se Castedné rozpusti a jsou
pohanény k povlakovanému substratu. Typické jsou povlaky o tloustce
50 - 100 pm [4, 20], Mihailescu udava az 200 pum [5]. Povrch je drsny,
nepravidelny a porézni. Vyhoda metody se jevi v moZnosti zvyseni apozice kosti
ve vzniklych makroporozitach. Dokaze deponovat povlaky na rozsahlé plochy.
Nevyhodou je slaba kohezivni a vazebna sila, velmi nepravidelnd morfologie a
rozsahly podil amorfniho povlaku [5].

Sol-gel a dip coating zpracovani

Tato metoda se vyuZivd hlavné pro vytvafeni tenkych povlakd a super
vodivych filmi pro elektronicka zafizeni. Zakladem metody je vloZeni prekurzoru
vysledného povlaku do roztoku, stejné tak je ponofen i povlakovany implantat.
Zahtivanim se vytvafi na implantatu povlak. Proces se opakuje az do dosaZeni
pozadované vrstvy [20], kterd se vét§inou pohybuje okolo 1 pum [5]. Vznikly
povlak je vétSinou hruby, nékdy porézni. Vyhodou je moznost tvorby povlaki
pfi relativné nizké teploté na rizné tvary substrati. Dochazi ale k poruseni
celistvosti povlaku a jeho mikrostruktury [5].

Tepelné izostatické stlacovani

Pfi pouziti této metody se vyuziva jak zahfivani, tak tlaku ke zvy3eni
hustoty keramického prasku. Jakmile se prasek zahusti do pevné hmoty, spoji se

ve stejny okamzik simplantitem. Vznika tak solidni keramicky povlak na
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titanovém implantatu o tloustce od 20 do 100 pm. Vyhodou je prace za nizsi
teploty, pokud nedochazi ke zvy3eni tlaku, coZz dovoluje zachovani mechanickych
vlastnosti implantatu. Mezi nevyhody se zafazuje potencidlni kontaminace
povlaku [20].

Elektrolytické postupy

Elektrolyza a elektroforéza jsou dva postupy, kterymi je mozné deponovat
HA. Metoda je vhodna zejména pro porézni materidly, kde se vytvafi
elektrolyticky homogenni vrstva snaze. Principem je pfenos HA zkatody na
implantat (anodu). Tloustka vytvoiené vrstvy dosahuje od 10 do 40 pum [20].
Struktura povrchu je hruba. Vyhodou je efektivni povlakovani slozit&j$ich tvari i
s kavitami. Povlak ale nema vysokou vazebnou silu a dochazi k jeho sraZeni a
praskani [5].

Magnetronové naprasovani

Vytvati povlaky o tloust’ce do 2 um, povrch je jednolity, hladky. Vyhodu
vidim ve vysoké hustoté a adherenci povlaku. Magnetronové naprasovani dokéaze
vytvofit kompaktni povlak téméf jakéhokoliv tvaru, ale pfi aplikaci HA je jeho
Ca/P pomér nad 1,67.

Laser cladding
Metoda spoiva v nanaSeni velmi silnych povlaka, fadové 300 az 400 pm
v prostiedi inertniho plynu na podklad. Vznika hladky povlak, ktery velmi dobte
adheruje na titan. Nevyhodou je vznik amorfniho povlaku.

Biomimetickad depozice
Metoda spodiva v apozici povlaku v simulované télni tekutin€. Vznika vrstva
tloustky né€kolika desitek mikrometri. Vyhodou je moZna variabilita ve

stechiometrickych pomérech aplikovaného materialu, a tim formovani povlaku
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s ur¢itym Ca/P pomérem. Nevyhodou je nizka adheze k substratu, ktery se musi
pted upravou modifikovat [5].

lontové naprasovani

Vyuziva se rutinné v elektronice, vytvafeji se tak v prostfedi vakua hladké
povrchy s vysokou adhezi, ale s neuspofadanym, beztvarym povrchem. Iontové
napraSovani je zaloZeno na vzniku usméméného vyboje v prostiedi nizkotlaké
argonové atmosféry Gcinkem elektrického napéti. PH vyboji dochazi k ionizaci
plynu a vznikl€é ionty jsou pfitahovany ke katodé, ktera je obkrouZena prstencem
z napraSovaného materialu. Urychlené ionty z n&j vyrazZeji ¢astice kovu, které se
pfi své pouti prostorem napra$ovacky rozptyluji srazkami s dal§imi molekulami a
ionty plynu, takZe vznikne prostorovy mrak, ktery obali povrch preparatu tenkou
vrstvi¢kou substratu [5].

Pulsni laserova depozice

Tato metoda vyuZiva pro vytvofeni tenké vrstvy obvykle excimerovy laser
KrF (generuje na vinové délce A=248 nm) nebo ArF (A=193 nm). Laserové zafeni
je centrovano na ter¢ (HA, ZrO,, aj.), ze kterého je emitovan material ve formé
plazmy. Odpafovany materiadl se kondenzuje na substrat v tenkém filmu [20].
Zménou depozi¢nich podminek (hustota energie laserového zafeni na ter¢i, tlak,
energie paprsku, vzdalenost HA ter¢iku od implantatu a sloZeni okolniho prostiedi
atd.) Ize ménit sloZeni a krystalickou strukturu naristajici vrstvy [21, 22]. Pracuje
se v ochranné atmosféfe inertniho plynu a smési vodnich par. Vytvoieny povlak je
dle nastaveni parametri depozice hladky nebo hruby. Vyhodou je univerzalnost
metody, vysoka hustota a krystalinita povlaku, pfesné stechiometrické hodnoty, a

tim 1 dobfe kontrolovatelny pomér Ca/P, skvéla adheze, ¢isty proces depozice bez



pfimési a moZné nastaveni pokojové teploty pfi depozici plasté. Nevyhodou je

limitovany povrch na mensi plochy a relativné mala tloustka povlaku [5].
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2. CILE PRACE

V disertaéni praci jsem se zaméfila na oblast aplikaci laserové techniky

ve vyvoji novych depoziénich metod tenkych vrstev pro dentalni implantaty. Cile

prace jsou v oblasti experimentalni, v realizaci a ovéfeni vlastnosti tenkych vrstev

hydroxyapatitu (HA) a oxidu zirkoni¢itého deponovanych na substrat ze slitiny

titanu (Ti 6Al 4V). Depozice vrstev a fyzikalnich testi jsem se zucastnila

na Fyzikdlnim ustavu Akademie v&d Ceské republiky pod vedenim

Doc. Ing. Miroslava Jelinka, DrSc.

Cile prace jsem rozdélila do nékolika oblasti:

Ptiprava experimentu pulsni laserovou depozici s cilem zlep3eni
mechanickych vlastnosti deponované vrstvy pifi zachovani
optimalnich biokompatibilnich vlastnosti.

Studium depozi¢nich parametri zminéné technologie pro
povlakovani titanového substratu. Jedna se o zohlednéni
tyzikalnich parametrti na vlastnosti vyrobku - hustoty vykonu
laserového zareni nutného pro ablaci slozek terée, tlak a sloZeni
okolniho prostfedi, ohfev podlozky pro realizaci amorfnich nebo
krystalickych struktur a kombinace jejich vlivu na poZadované
parametry vrstev.

Zkoumani fyzikalnich vlastnosti povlakovanych substrati
vyrobenych z titanové slitiny, které simuluji povrch nitrokostni
¢asti implantatu, tzv. fixtury. Povlak obsahuje vrstvu oxidu zirkonu
a hydroxyapatitu. Popis vyhod a nevyhod sendviGové struktury

(HA na mezivrstvé zirkonu), stejné jako jednotlivé samostatné
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vytvofené vrstvy na titanovém teréi s ohledem na morfologii a
pomér Ca/P v deponované vrstvé HA.

Vyhodnoceni  krystalinity =~ vzorki  metodou  rentgenové
difraktometrie (XRD), ktera je u HA uréujicim faktorem
pro uspésné vhojovani implantatu procesem oseointegrace.
Mechanickymi zkouskami — vrypovou a vpichovou metodou je

nutné ovéfit adhezi mezivrstvy oxidu zirkoniéitého k podkladu.

20



3. HYPOTEZA

Pulsni laserovou depozici mizeme vytvaiet tenké vrstvy materiali na
titanové podloZce, kterd simuluje povrch zubniho implantatu. Soustfedime se na
vytvofeni sendvi¢ovych povlakii titanové slitiny s mezivrstvou oxidu
zirkoniditého a vrstvou hydroxyapatitu, u kterého chceme dosahnout krystalické

struktury pro zlepSeni vhojeni pfi procesu oseointegrace.
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4. MATERIAL A METODY POVLAKOVANI

4.1 Pulsni laserova depozice

Metoda pulsni laserové depozice (PLD) se objevila v 90. letech 20. stoleti
a zdhy konkurovala jinym metodam depozic tenkych vrstev pro své moznosti
nanaSeni bioaktivnich, biokompatibilnich, pevné adherujicich, uniformng tenkych
vrstev Siroké 3kaly materidli pozivanych v implantologii a chirurgii. PLD je
veelku univerzalni, efektivni, bez tvorby odpadi diky pouZziti laserového paprsku.
Pfi vhodném geometrickém uspofadani experimentu umozfiuje deponovat vrstvy i
na sloZit&jsi realné tvary, tedy i na implantaty se zafezy [5]. Vlastnosti povlaku
jsou pfimo zavislé na depozi¢nich podminkach, l1ze tedy vytvofit keramicky film
,»ha miru“ [8].

Zékladni experimentalni uspofadani PLD tvofi vakuova depozi¢ni komora
(obr. 4.1.1), drzak substratu umoZfiujici i jeho ohfev a pfesné méfeni teploty,
material ter¢e a laser (obr. 4.1.2). Pfednim oknem sledujeme proces depozice za

pouziti ochrannych bryli.
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Obr. 4.1.1: Depozicni komora KrF laseru pro vytvoreni tenkych povlaku metodou
pulsni laserové depozice.

Obr. 4.1.2: Pohled do depozicni komory KrF laseru okénkem depozicni komory
zobrazujici driak substrdatu a ter¢ z HA.

Depozi¢ni parametry nastavujeme experimentalné. Jedna se o teplotu a
tlak v depozi¢ni komofe pted depozici a v dobé nanaSeni tenkych vrstev,

eventudlné o chemické sloZzeni ochranné atmosféry, energii laseru, frekvenci a tim
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i velikost stopy na ter¢i, poCet pulsi reguluje tloustku deponovaného filmu, dale
nastavujeme hustotu energie laseru a vzdalenost podlozky terle a substratu i jeho
ptipadny ohiev na teplotu v rozmezi 20 az 800 °C.

Laser pouZity pro ablaci materidlu zterée umozZni kondenzaci E&astic
vzniklého plazmatického oblaku na substratu, ktery je umistén v drzdku nad
terem (obr. 4.1.2). MiZeme deponovat i na nékolik substrati najednou, stejné
jako lze kombinovat nanaseny film zné&kolika riznych teréd, a vytvofit tak
multivrstvové systémy. Tenka vrstva je v dobfe volenych podminkich shodna
s materialem terce, je moZné zachovat stechiometricky pomé&r prvku [23].

Vyhodou depozice je umisténi laseru mimo komoru. S rozvojem znalosti
o metod¢ PLD byla postupné experimentalni zafizeni upravovana a
zdokonalovana s ohledem na ur¢ity druh depozic. Schéma depozice je na obr.

4.1.3.a a obr.4.1.3.b.

topny stolek
s podlozkou

karusel s teréi

vakuovy ¢erpaci systém

Obr. 4.1.3.a Schéma pulsni laserové depozice KrF laserem.
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topny stolek

se 4 podlozkami
’—_\

Obr. 4.1.3.b: Schémapulsni laserové depozice ArF laserem.

Proces pfipravy vrstvy miZeme struéné popsat ve tfech krocich. Nejprve
dochazi k absorpci fotonii laserového svazku v teréi a k odpafovani povrchové
vrstvy terée, vypafené Castice jsou pak transportovany kolmo k povrchu terce
smérem k podloZzce ve formé& plazmového oblacku, ktery reaguje s okolnim
prostfedim. Nakonec &astice kondenzuji na povrchu podlozky a vrstva homogenné
narusta.

Vlastnosti deponovanych vrstev ovliviiujeme nasledujicimi parametry —
vinovou délkou, délkou a frekvenci pulst laseru, prostfedim depozi¢ni komory,
vzdalenosti substratu od terée, parametry substratu a depoziéni rychlosti. V3echny
veli¢iny na sebe vzajemné pusobi, proto hledame optimalni nastaveni parametri
depozice v zavislosti na pozadovanych vlastnostech.

Depozi¢ni komory i optické soustavy jsou originalnim vytvorem vzniklym
na zakladé navrht pracovnikii Fyzikalniho ustavu AV CR. Zkoumali pouziti
riznych lasert, ale nakonec byl zakoupen excimerovy KrF laser (obr. 4.1.4),

ktery je dostate¢né vykonny (700mJ, 20ns v impulsu, A=248 nm). Neustale se



zdokonaloval vakuovy systém, depoziéni komory i systém ohfevu substrati.

V experimentu pfedstavuji soustavu tfeti generace pro PLD.

Obr. 4.1.4.a: Excimerovy laser.

odvod plynu do vakuové pumpy

zadni zrcadlo napajeci zdroj
a méfic
energie
halogenovy
fiitr vystupni optika

chladici voda laserovy svazek

zasobnik plynt
tepelny vyménik
valcovy ventilator »*

modul fizeni plynu

vstupy plynu
Kr, F, Ne

Obr. 4.1.4.b: Schéma excimerového laseru.
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Excimerovy KrF laser (obr. 4.1.4), ktery jsme vyuzZili i pro popisovany
experiment, je plynovy laser a pracuje na principu zesilovani optického zafeni
v disledku stimulovanych pfechodii excimerid z vazaného stavu do stavu
zékladniho. Excimerové lasery vétinou plnime plynnou smési (napf. Kr + F +
He + Ne) na tlak 2 — 4 atmosféry v objemu 40 — 60 1, pfi¢emzZ asi 88 — 99 %
naplné tvoti buffer plyn (Ne, He). Zivotnost naplné je &asové omezena spotiebou
halogenu (neéistotami z vyboje) a je asi 5.10° vybojii (nebo asi 1 tyden provozu).
Excimerové lasery jsou lasery simpulsnim provozem. Byvaji buzeny
silnoproudym svazkem rychlych elektronii nebo elektrickym vybojem [23].

Néplit ArF laseru, ktery generuje zafeni na vinové délce 193 nm, tvofi
smés argonu, fluoru a neonu. Parametry jsou obdobné jako u vy$e uvedeného KrF
excimerového laseru.

Kvalita vystupniho laserového svazku je zna¢éné ovlivnéna konfiguraci
vybojovych elektrod a homogennim vybojem mezi elektrodami. Elektrody jsou
konstruovany pro jeden typ naplné. Svazek ma obdélnikovou aperturu a jeho

divergence je asymetricka. Tvar svazku je na obr. 4.1.5.

Obr. 4.1.5: Tvar svazkového excimeru.
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Typicka divergence je pro delsi osu 4,5 mrad a pro kratsi osu 1,5 mrad.
Apertura svazku je obvykle asi 2 x 3 cm’.

Pro depozici ZrO, vrstev u vzorkli ZRO-1 az ZRO-24 a naslednou depozici
HA u ZHA-22 az ZHA-24 (tab. 1, 3, 4) jsme pouzili excimerovy laser Lumonic
PM 842 vyzatujici na vinové déice 248 nm. Délka pulsu laseru je 20 ns a jeho
maximalni vystupni energie 700 mJ). Opakovaci frekvenci je mozné volit
vrozsahu 1 — 30 Hz. Apertura vystupniho svazku ma rozméry 12 x 25 mm’ a
jeho divergence je 1 x 3 mrad. Pro depozici HA povlakd u vzorki ZHA-1 az
ZHA-13 (tab. 2) jsme pouzili Ar/F laser. Pfehled tabulek uvadim niZe v textu
u konkrétnich depozi¢nich podminek.

Pred depozici vyhfivame komoru na vysokou teplotu, abychom vypalili
necistoty uvnitf, nasledn¢ ¢erpame vzduch k vytvofeni vakua. Cerpéni vzduchu
zajiSt'uje dvoustupriové rotaéni a turbomolekularni vyvéva. Béhem depozice se na
stény usazuji €astice, které se rozptyluji z terde, proto musime mezi jednotlivymi
depozicemi (istit okno, kterym do komory prochazi laserovy paprsek, jinak
dochazi ke znatelnym ztratdm energie [23].

Adhezi keramického filmu nejvice ovliviluje teplota titanového implantatu
nebo v experimentalnich podminkach teplota titanového substratu. Se vzristajici
teplotou nosi¢e klesa adhezivni sila, z &ehoZ vyplyva, Ze teplota nosi¢e by méla
byt co nejniz8i. Dal$im duilezitym parametrem je sloZeni ochranné atmosféry,
ktera by méla obsahovat vysoky tlak vodnich par se smési argonu. Vyhodna je i
nizka energie laserového paprsku a mald vzdilenost mezi teréikem a
zhotovovanym vzorkem v fadu nékolika cm. Zmény energie laserového paprsku a
jejich disledky dokumentuji na obr. 4.1.6 a obr. 4.1.7 a, b. Jedna se 0 zménu

tvaru oblacku plazmy, ktery je v ptipadé obr. 4.1.6 vytvofen pfi energii laserového
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paprsku 150 mJ a na obr. 4.1.7 je situace pti energii 50 mJ. Na obr. 4.1.7 b vidime
navic i situaci, kdy ¢ast HA podléha v lascrovém paprsku stejnému procesu a tvofi
se kolem ni oblacek plazmy. Vyhodngjsi pro depozici tenkych vrstev je
uspofadani kapkovitého tvaru, kterym se material zterée dostava cilenéji na
povrch substratu. Tvar oblacku zavisi na vinové délce laseru, hustoté vykonu
laserového zafeni, velikosti stopy laserového zateni na ter¢i atd. Oblacek je vzdy

kolmy k povrchu terce [23].

Obr. 4.1.6: Oblacek plazmy ve tvaru kapky vystupujici z HA terce smérem na
titanovy substrat 150 mJ.
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Obr. 4.1.7.a: Obldcek plazmy ve tvaru stromu vystupujici z HA terce smérem na
titanovy substrat 50 mJ, pri nizsi energii je vétsi rozptyl plasmy v prostoru.

Obr. 4.1.7.b: Oblacek plazmy ve tvaru stromu vystupujici z HA terce smérem na
titanovy substrat 150 mJ, drobné exploze ve sméru laserového paprsku. V cesté
laserového paprsku jsou drobné kousky HA, které prochdzeji stejnym déjem a je
kolem nich oblacek plazmy.

Jak jsem jiz zminila, nékteré faktory plisobi protichidné. Potfebujeme

nizkou teplotu nosice, ale s rostouci teplotou vzristd pomér krystalické slozky
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oproti amorfni, coZ je Zadouci. Jako vhodné depoziéni podminky se ukazuji pro
HA teplota v rozmezi 400 — 780° C v prostfedi smési argonu a vodnich par a
hustotou energie laserového paprsku 3 J.cm? se vzdalenosti HA od kovového
nosice 6 - 7,5 cm [21]. Timto procesem vznikly implantat ma vy$s$i odolnost viici
korozi a resorpci vrstvy keramiky. Cytotoxicita a resorbovatelnost povrchu vzorku
zavisi na fyzikalnich vlastnostech biokeramiky na titanovém nosici [18, 19, 24].
Vyzkumy ukazuji, Ze pfitomnost slabého mista ve spajeni HA se slitinou
je spiSe v selhani vazby uvnitf povlaku nez ve ztraté pfipojeni mezi HA a

povrchem kosti [14].

4.2 Metody ovéiovani stability
Vhodné fyzikalni a mechanické vlastnosti jsou jednim ze zékladnich
faktor ovliviiujicich délku funkéniho obdobi implantatu stejné jako je dilezité
chemické sloZeni vytvofenych povlakii a jejich struktura. Jednotlivé typy
titanovych nosi¢ti povlakovanych biokeramickou vrstvou podrobujeme komplexu

mechanickych a biologickych zkousek [21].

4.2.1 Fyzikalni analyzy vlastnosti vrstev

Nedilnou soucdasti optimalizace depozi¢niho procesu je charakterizace
mechanickych a fyzikalnich vlastnosti, které by mély odpovédét na otazku, jaké
parametry jsou z hlediska depozi¢nich podminek nejdilezitéjsi. V uvahu musime
brat teplotu kovového nosice, prostiedi depoziéni komory, hustotu energie
laserového paprsku a vzdalenost kovového nosi¢e od HA ter¢iku.

Metody uZivané pro analyzu vlastnosti materidli rozdélujeme podle

riznych hledisek:
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e metody pro méfeni tloustky vrstev (napf. opticky mikroskop,
a — step)

e metody pro studium morfologie povrchii vrstev (napf. opticky
mikroskop, elektronovy mikroskop)

e metody pro studium stechiometrie vrstev (napf. WDX — vlnové
disperzni rentgenova analyza)

e metody kvantitativniho i kvalitativniho méfeni sloZeni latky (napf.
XRD - rentgenova difraktometrie)

e studium mechanickych vlastnosti (napf. mikrotvrdost, test
pfilnavosti, mechanické pnuti)

e daldi (studium biochemickych, chemickych a elektrickych
vlastnosti, studium chemickych vazeb, méfeni optickych vlastnosti

atd.) [5, 23, 25].

Principy jednotlivych pouZitych metod.

Metoda rentgenové difrakce (XRD) spodiva v méfeni periody miizky
v krystalu, ktera obecné¢ fadové odpovida vinové délce rtg zafeni, proto pfi
prichodu rtg zafeni krystalickou mfiZkou dochazi k jeho ohybu a interferenci. Rtg
zafeni dopadajici na atomy krystalu rozkmita elektronové obaly atomt a ty se pak
stavaji zdrajem rozptyleného koherentniho zafeni o vilnové délce shodné
s vinovou délkou dopadajiciho zafeni. Paprsky difraktované rovnobé&znymi
rovinami spolu za uritych podminek interferuji a vytvareji difrakéni obrazce.
Vznikly difraktogram odpovida geometrickym rozloZenim difrak¢énich maxim a
minim a pfimo souvisi s prostorovym uspofadanim hmotnych &astic v krystalu.

Kazda chemicka latka ma své specifické usporadani d&astic, a tedy i svij
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specificky difrakéni zdznam, coZ umozZiiuje kvalitativné rozliSovat mezi
jednotlivymi latkami. Difrakéni zdznamy latek se uchovavaji v databazi, ktera
v dnes$ni dobé &itd n&kolik desitek tisic zdznami jednoduchych anorganickych
slouCenin i krystalickych bilkovin. Difrakéni zdznam zkoumané latky
porovnavame sjiZ znamymi ziznamy zdatabaze. Navic jsou k dispozici
softwary, které vyhledavani znamych difrakénich zdznam@ zna¢né& ulehcuji.
Metodu XRD fadime mezi objemové metody, to znamen4, Ze métime cely objem
vrstvy. Nevyhodou je, Ze u velmi tenkych vrstev miZe dojit k ,,prosvitani
podkladu, kdy se na difraktogramu objevi vrcholy odpovidajici materidlu
podlozky [26]. Ke studiu krystalové struktury deponovanych vrstev jsme pouZili
XRD méfteni (300 mA, 55 kV, CukK alfa zafeni) [19].

Povrchovou strukturu materiali zkoumame pomoci rastrovaci elektronové
mikroskopie (SEM). Tato metoda je jednou z nejuniverzalngj$ich pro analyzu
mikrostrukturalnich charakteristik a je zaloZena na principu interakce svazku
primarnich elektrondi s hmotou vzorku. Analyzujeme emitované sekundarni
elektrony pro studium morfologie nebo primarni odraZzené elektrony pti zaméfeni
na sloZeni materialu. Svazek primarnich elektrond je zméfen na urité misto,
na némzZ dochazi k pfenosu energie, a jsou uvoliiovany elektrony ze zkoumaného
vzorku.Tyto dislokované elektrony (tzv. sekundarni elektrony) jsou pfitahovéany
ke kolektoru sekundarnich elektront, kde jsou pfevedeny na signal. Zachyceny
signal se pfena$i na pozorovaci obrazovku. Svazek primarnich elektroni je
civkami vychylovan tak, Ze fadek po fadku pfejizdi vymezenou plochu vzorku.
Cim je thel dopadu primarniho svazku vzhledem k norméle pozorované plosky
mensi, tim je emise sekundarnich elektroni silnéjsi a ploska na obrazovce se jevi

svétlejsi. Pristroje rastrovaci elektronové mikroskopie obvykle uzivaji
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urychlovaciho napéti 10 — 50 kV, maji rozlifovaci schopnost 7 — 10 nm a je
mozné dosahnout zvétSeni az 300 000x. ZvétSeni je dano pomérem délek stran
obrazovky a rastrovaciho obdélniku na vzorku [26]. Morfologie vrstev byla
zjiStovana skenovaci elektronovou mikroskopii (JEOL JXA 733, Kanada)
vyuzivajici svazek elektronti o napéti 15 kV [19].

Metodu vlnové disperzni rentgenové analyzy (WDX) vyuZivame
k identifikaci prvkového sloZeni vzorku nebo k uréeni podilového sloZeni prvki
ve vzorku. Na vzorek dopada elektronovy svazek, ktery vyraZi elektrony
z vnitfnich hladin na volnou vngji hladinu, pfi¢emZ vznikla vakance je okamzité
zaplnéna elektronem z vy33i vnitini energetické hladiny a pfebytek energie se
uvolni ve forme rtg zafeni. Rentgenova spektra vzorki bombardovanych rychlymi
elektrony vykazuji uzka ostra maxima pfi vinovych délkach charakteristickych
pro material vzorku. Rentgenové zifeni je rozloZeno na jednotlivé vinové délky
difrakci na monokrystalu. Intenzita spektralnich ¢ar se méfi proporcionalnim
detektorem pfevadéjicim kvanta rentgenového zafeni na elektrické impulsy.
Nejcastéji se zjistuji koncentrace téZzkych atomid. Pfi analyze lehkych prvki
proniké zafeni hloubé&ji do vrstvy a u tenkych vrstev se tak miiZze projevit vliv
podlozky. Stanovovali jsme pomér Ca/P HA vrstev pomoci WDX pfistrojem
JEOL JXP 733 (Kanada) [19].

U deponovanych vzorki je vZdy velmi dilezita dostateCna adheze vrstvy
k podlozce. Ptilnavost povlaku k podkladu zavisi na generaci smykovych napéti a
na mikrostruktufe povlaku v oblasti rozhrani. Na rozhrani mezi podkladem a
povlakem mohou byt pfi€inou vzniku smykovych napéti rozdilné hodnoty
pruznosti povlaku a podkladu, rozdilné hodnoty teplotnich sou€initeli délkové

roztaznosti povlaku a podkladu nebo vnitini napéti generované v povlaku b&hem
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jeho rustu. Pfilnavost povlaku k podloZce je jednim ze zakladnich parametri
ovliviujici Zivotnost povlaku. V nasi studii jsme vybrali zkousku pfilnavosti
vpichem (indentation test) a zkousku pfilnavosti vrypem (scratch test) [26].

Pti zkou3ce pfilnavosti vpichem se do povrchu povlaku vtladuje rostouci
silou diamantova kuli¢ka, ocelova kalena kulicka nebo diamantovy indentor dle
Rockwella. Pokud je zat¢Zzova sila mala, deformuje se povlak spole¢né
s podlozkou. V pripadé rostouci hodnoty zat&€Zné sily dojde postupné
k odlupovani povlaku. Silu odpovidajici po¢atku odlupovani povlaku povaZujeme
za kritickou hodnotu pfilnavosti. Provadime kvalitativni vyhodnoceni pfilnavosti
porovnanim s normovanou stupnici nebo kvantitativni vyhodnoceni pfilnavosti
méfenim poloméru postrannich trhlin §ificich se podél rozhrani a v okoli plastické
deformace pfi vpichu diamantového hrotu. Zkousku jsme v naSem pripadé
provedli dle Rockwella sdiamantovanym hrotem tvaru kuZele s vrcholovym
thlem 120° [26].

Pfi zkouSce prilnavosti vrypem je diamantovy indentor dle Rockwella
tvaru kuzele svrcholovym uhlem 120° a vrcholovym polomérem 0,2 mm
posouvan po povrchu zkoumané vrstvy definovanou rychlosti (v nasem ptipadé
10 mm/min). Pfitla¢na sila na diamantovy indentor roste bud’ skokové po 5 az
10 N, nebo plynule definovanou rychlosti (100 N/min). Hodnotu pfilnavosti
potom chapeme jako silu, pfi které je povlak proSkrabnut aZ na podlozku. Tento
okamzik uréujeme mikroskopickym pozorovanim vrypové stopy [26].

Goniometrické méfeni kontaktniho thlu charakterizuje povrchovou
smacivost, ktera je jednim zkritérii pro sorpci proteini umoZiujici bunéénou
kolonizaci a adhezi. Kontaktni uhel jsme méfili kapkovou metodou s pouZitim

specialniho pfistraje vyrobeného pro tyto tucely na Masarykov€ univerzité
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(Surface Energy Evaluation System Device, Brno, Ceska republika), ktery pracuje
s pfesnosti + 5° Jako testovaci tekutinu jsme pouzili destilovanou vodu pfi
pokojové teploté. Na povrch vzorku jsme kapli destilovanou vody o objemu 10 pl
(automaticka pipeta, BRAND, Némecko) (obr. 4.2.1). Pfed testovanim jsme
titanové vzorky vycistili acetonem a etanolem. Vsechny vzorky jsme po méfeni
vlozili na 2 hodiny do H-MEM média (UMG CSAV, Praha, Ceska republika).
Nasledné jsme vzorky omyli destilovanou vodou a zméfili kontaktni uhel na

povrchu zménéném médiem [27].

Obr. 4.2.1: PFistroj na méfeni kontakiniho uhlu.
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4.2.2 Biologické testy

Jednim ze zékladnich kritérii pro kvalitu povrchu implantitu je
biotolerance a biokompatibilita biokeramiky.

Biokompatibilita zirkonu byla sledovana testy in vitro a in vivo. In vitro
testy byly provedeny na riiznych materialech (praskovych, kompaktnich, rizna
sloZeni s riznymi stupni pfimési vzorku), stfidaly se typy bunék (fibroblasty,
PHA stimulované lymfocyty) i prostiedi. Vysledky po provedenych testech
cytotoxicity, proliferace a MTT testech byly vzhledem k biokompatibilite
pozitivni. Negativni vysledky se objevily jako nasledek degradace struktury
biomaterialu [17].

Vysledky testd in vivo na riznych animalnich modelech neukézaly
nezadouci reakci, 1 kdyZ se uzivalo rozdilnych materiald, tvari a forem vzorki
[17]. Buniky podobné osteoblastim (MGG3) odpovidaji na HA slou€eny se
zirkonem (ZrO,) do 40 obj. %, ktery byl modifikovan pfimési CaF,, jako na Cisty
HA, coz sledoval Kim pomoci proliferaéniho testu [25].

Lemons [28] prokazal, Ze material a biomechanické vlastnosti pfimo
ovliviiuji tkafiovou odpovéd okoli. Usp&sné vhajeni implantatu do kosti zavisi
na dostate¢ném mnozZstvi kosti v okoli implantatu a na jeho pfesném zavedeni.

Histologicka pozorovani titanovych implantatd s laserov€ deponovanou
vrstvou HA sledovana u vepii Minnesota ukazuji, Ze oseointegrace prob&hla
u viech implantath a u Zidného ze vzorki nebyly pozorovany osteoklasty,
makrofagy nebo regresivni zmény. Histologicky byla pozorovana také nové
tvofena kost kolem vsech vzorki [8]. V dalsi studii Himmlova uvadi vysledky
test pfi nezatizené oseointegraci implantatl, kdy implantat obsahoval vrstvu

o tlout’ce 1 um HA. Implantaty o délce 12 mm a priméru 3,5 mm byly zavedeny
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do dolni Celisti miniprasitek. Jako kontrolu autofi pouzili &ist& titanové
implantaty. Novotvorba kosti byla téméf bez pritomnosti fibrosniho vaziva [29].
Byla sledovana i zatizena oseointegrace titanovych implantatd s HA vrstvou
pfipravenou pomoci KrF excimerového laseru. Implantaty byly zavedeny do dolni
Celisti a po 16 tydnech hojeni bez zatiZeni byly nacementovany metalokeramické
korunky a po pillro¢nim zatizeni zhodnoceny vysledky. Pozorovana byla nové
vytvofena kost kolem vSech zavedenych implantatd. U vzorkd s laserove
nanesenou vrstvou je vidét vrstva fibrosniho vaziva pouze zfidka, u kontrolnich,
Cisté titanovych implantaty, je vrstva fibrosniho vaziva ¢astéjsi, ale signifikantni
rozdil nebyl pozorovan [29].

Biologické testy uvadim pouze v ptehledu jako nutny dopln€k fyzikalnich

a chemickych analyz. V diserta¢ni praci se jimi podrobnéji nezabyvam.
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5. VYSLEDKY

Vytvofili jsme metodou pulsni laserové depozice dvé skupiny vzorki:
1 — 13 a 14 - 24. BliZe jsme vzorky ozna¢ili dle nanesenych vrstev na podlozku
z titanové slitiny: ZRO 1 — 13 (zirkonova vrstva), ZHA 1 — 13 (zirkonova
mezivrstva s vrstvou HA), ZRO 14 - 24 (zirkonova vrstva) a ZHA 21 — 24
(zirkonova mezivrstva s vrstvou HA). Jednotlivé vzorky jsme postupné zkoumali.
Depozi¢ni podminky udavam niZe v tabulkach 1 aZ 4. Charakteristika vzorkd,
popis depozi¢nich podminek a vysledky prvnich testii (vzorky ZRO 1 - 13, ZHA
1 — 13 vtabulce 1 a 2) byly zdkladem pro definitivni nastaveni depozi¢nich
podminek v druhé &asti experimentu. Detailné jsme prozkoumali zirkonové
vrstvy, které jsou nosnou plochou pro HA film, a tim pro novou sendviovou
strukturu s ofekavanymi dobrymi mechanickymi i biologickymi vlastnostmi.
Dtraz klademe na zachovani pozitivnich biokompatibilnich vlastnosti HA se

zlepSenou adhezi k titanové slitiné pomoci mezivrstvy zirkonu.

5.1 Depozi¢ni podminky
Nejprve jsme vytvofili zkuSebni vrstvu na kiemikové podloZce o velikosti
2 x 2 cm?, pfi tlaku 3.107 Pa a teploté 20 °C. Na ni jsme ovéfili, zda dosihneme
poZadované tloustky vrstvy a zda jsou vhodné nastavené zakladni depozi¢ni
podminky. Tento postup je vhodné opakovat vzdy pfed souborem novych
depozic, ukazuje aktudlni nastaveni a pfipadné ndm pomiZe vyladit jednotlivé
parametry. Cast kiemikové podlozky jsme tedy pred depozici zakryli, abychom

mohli proméfit tloustku vrstvy po celé délce vzorku. Tloustku vrstev jsme
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promé&fovali mechanickym profilometrem ALPHA STEP 500 (TENCOR
Instruments, Kanada).

Prvni uceleny soubor vzorkii vznikal depozici s ArF a KrF excimerovymi
lasery. Zirkonové vrstvy jsme pfipravili excimerovym KrF laserem (LUMONICS
PM 842, Kanada) generujicim na vinové délce 248 nm, pti opakovaci frekvenci
10 Hz a vystupni energii 450 mJ, jehoZ paprsek prochazi pfes optickou soustavu
gotek do depoziéni komory (obr. 4.1.3.a). Vzorky byly uchyceny ve vzdalenosti
4 c¢m od titanové slitiny tvaru ploché kruhové podlozky o pruméru 10 a 12 mm a
tloustce 2 mm. Depozice zirkonu probihaly pti teplot&¢ 20 °C (tab.l). Pfed

depozici byly vzorky o€istény v acetonu, toluenu a etylalkoholu.
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Tab.1: Depozicni podminky pFi tvorbé zirkonovych vrstev KrF laserem

Ener- | Stopa | Vzdéle-

Vzorek | Ter® | PodloZka Pt¥i depozici Potet | Frekvence | gie | na terdi nost

tislo Tlak | Teplo- | pulsi [Hz] lase- | |[mm’| | terle
|Pa] | ta|°C]| ru a

[mJ] podloZ-
ky

Jem]
ZrO-1 | ZrO2 SiO2 3.10° [ ~20 2000 10 450 | 4,2x1,8 4
ZrO-2 | ZrO2 | Ti6Al4V | 7.10%7 [ ~20 4000 10 450 | 4,2x1,8 4
ZrO-3 | ZrO2 | Ti6Al4V 6.10° | ~20 4000 10 450 | 4,2x1,8 4
ZrO -4 | Z102 | TibA4V 6.107 | ~20 4000 10 450 | 4,2x1,8 4
ZrO -5 | ZrO2 | Ti6Al4V 6.10° | ~20 4000 10 450 | 4,2x1,8 4
ZrO-6 | ZrO2 | Ti6Al4V 6.10° [ ~20 4000 10 450 | 4,2x1,8 4
ZrO-7 | ZrO2 | Ti6Al4V 6.107 | ~20 4000 10 450 | 4,2x1,8 4
ZrO-8 | ZrO2 | Ti6Al4V 6.107 | ~20 4000 10 450 | 4,2x1,8 4
ZrO -9 | ZrO2 | Ti6Al4V 6.10° [ ~20 4000 10 450 | 4,2x1,8 4
ZrO-10 | ZrO2 | Ti6Al4V 3.10% | ~20 4000 10 450 | 4,2x1,8 4
ZrO-11 | ZrO2 | Ti6Al4V 6.10° [ ~20 4000 10 450 | 4,2x1,8 4
ZrO-12 | ZrO2 | Ti6Al4V 6.107 | ~20 4000 10 450 | 4,2x1,8 4
ZrO-13 | ZrO2 | Ti6Al4V 6.10% [ ~20 4000 10 450 | 4,2x1,8 4

V dal$im kroku jsme deponovali HA vrstvy na titanovou slitinu pokrytou
vrstvou oxidu zirkoni¢itého. HA vrstvy jsme vytvofili ArF laserem pfi teploté
600 °C. Pfed vlastni depozici jsme vy&erpali z komory vzduch a vytvofili jsme tak
podtlak v hodnotich 107 Pa a nasledné jsme promisili atmosféru z vodnich par a
argonu, ktera dosahovala tlaku 50 Pa. Soubor vzorki jsme deponovali pfi
frekvenci 50 Hz, vystupni energii 300 a 330 mJ a hustoté energie 6 Jem™. Substrat

jsme umistili ve vzdalenosti 3 cm od HA terce (tab. 2) [15].
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Tab. : Depozicni podminky pFi tvorbé

vrstev rF laserem

Vzorek
&islo

Teré | PodloZka

PFi depozici

Tlak | Teplo
[Pa| ta
I°Cl

Polet
pulsu

Frek-
vence
|Hz|

Energie
laseru
ImJ|

Stopa
na ter&i
[mm’|

Vzdile-
nost terée
a
podloZky
[em]|

ZHA-2

Ti 6A1 4V
+ZrO2
(Zr0-2)

HA

50 ~ 600

300 000

50

330

1,5x3,5

ZHA-3

Ti 6Al14V
+Zr0O2
(ZrO-3)

HA

50 ~ 600

300 000

50

330

1,5x3,5

ZHA-4

Ti 6A14V
+2r02
(Zr0-4)

HA

50 ~ 600

300 000

50

330

1,5x3,5

ZHA-S

Ti 6A14V
+Zr02
(ZrO-5)

HA

50 ~ 600

300 000

50

330

1,5x3,5

ZHA-6

Ti 6Al 4V
+Zr02
(ZrO-6)

HA

50 ~ 600

365000

50

330

1,5x3,5

ZHA-7

Ti6Al 4V
+Zr02
(ZrO-7)

HA

50 ~ 600

365000

50

330

1,5x3,5

ZHA-8

Ti 6A1 4V
+Z102
(ZrO-8)

HA

50 ~ 600

365000

50

330

1,5x3,5

ZHA-9

Ti 6Al 4V
+Zr02
(ZrO-9)

HA

50 ~ 600

365000

50

330

1,5x3,5

ZHA-10

Ti 6Al 4V
+Zr02
(Zr0-10)

HA

50 ~ 600

280000

50

300

1,5x3,5

ZHA-11

Ti 6Al 4V
+Zr0O2
(Zro-11)

HA

50 ~ 600

280000

50

300

1,5x3,5

ZHA-12

Ti 6A1 4V
+ZrO2
(2r0-12)

HA

50 ~ 600

280000

50

300

1,5x3,5

ZHA-13

Ti 6Al 4V
+Zr0O2
(ZrO-13)

HA

50 ~ 600

280000

50

300

1,5x3,5

Depozice povlakii u dal§iho souboru probihala za nizkého tlaku (tab. 3) ve

zbytkové atmosfére.
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Tab. : Depozicni podminky pFi tvorbé zirkonovych vrstev KrF laserem

Vzdéle-
PFi depozici Frek Stopa nost
Vzorek | rere| Podiozka Podet "] Energie na | terlea
tislo Tlak | Teplota pulsé vei;lce laseru [mJ| terdi | substra-
IPal | rcl Ihz) ookl e
ZRO-14 | ZrO, Sio2 3.10-2 ~20 10000 10 450 3,7x2,0 4
ZRO-15 |ZrO,| Ti6Al4V | 7.10° ~20 10000 10 450 3,7x2,0 4
ZRO-16 |ZrO,| Ti6Al4V | 7.10° ~20 10000 10 450 3,7x2,0 4
ZRO- 17 |ZrO, | Ti6A14V | 7.10° ~20 10000 10 450 3,7x2,0 4
ZRO-18 |ZrO,| Ti6Al4V | 4.10° ~20 15000 10 450 3,7x2,0 4
ZRO-19 .
G ks) ZrO,| Ti6Al4V | 9.10° 400 20000 10 450 3.7x2,0 A
ZRO-20 .
ZRO-21 .
(@ ks) ZrO, | Ti6Al4V | 2.10° | ~20 15000 10 300 3.2x12 .
-22 ]
Z&?(S) ZrO, | Ti6Al4V | 3.10° ~20 15000 10 300 3.2x1,2 4
RO-23 ]
2(4 ) Zr0,| Ti6Al4aV | 2.10° ~20 15000 10 300 3.2x1,2 4
RO-24 .

Vrstvy jsme opét nanaleli na ploché kruhové podlozky ze slitiny
Ti 6A1 4V a o priméru 10 nebo 12 mm a tloustce 2 mm, které jsme pted depozici
ocistili v acetonu, toluenu a etylalkoholu [19].

Vzduch v depoziéni komote jsme od¢erpali na tlak v fadu 10> Pa. Hustota
energie cilena na ter¢ ZrO, dosahovala 4 J.cm™. Teplota vzorki pti depozici
vrstev byla 20 °C, 400 °C a 700 °C (tab.4). Zirkonovou mezivrstvu jsme
na titanovy vzorek deponovali pouze pii pokojové teploté (tab. 3) a ve vzdalenosti
terée 4 cm od substratu. Vrstvu z HA jsme vytvofili na ZrO,/Ti 6Al 4V vzorcich
rovnéZz pomoci excimerového laseru, ale pfi niz8i hustot€ energie - 4 Jem? a
ve vzdalenosti 6 cm mezi titanovym vzorkem a HA teréem. Depozice probéhly
v pracovni atmosféte H,O:Ar pfi tlaku 40 Pa (pomér 22:18) (tab. 4). Depozici
vzorkli o priméru 10 mm jsme provadéli po 4 kusech najednou, u vzorki
o priméru 12 mm po tfech kusech najednou. Piesné depozi¢ni podminky jsou

uvedeny v souhrnu v tabulce ¢. 4 [19].
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Tab.

: Depozi¢ni podminky pFi tvorbé

vrstev KrF laserem

. - Vzdéle-
Pti depozici nost terde
Frek- Stopa a
Vzorek |Terd| PodloZzka Tlak |Pa| Pof:l; vence |, EnergleJ tnaé. substrétu
Teplo- | PUS | jpgz) | faseralmil | terld | jomi
tislo ta|°C| |m
ZHA-21 Ti 6Al 4V 40(18 Pa Ar, | 600 [ 20000 | 10 300 3,6x1,4
aks) | HA | *Z0: | o b W20 6
(4 ks (ZRO-21) a H20)
ZHA-22 | HA | Ti6A14V [40 (18 PaAr,| 600 | 20000 | 10 300 3,6x1,4
(4 ks) +ZrO, | 22Pa H,0) 6
(ZRO-22)
ZHA-23 | HA | Ti6A14V [40 (18 PaAr, | 600 | 20000 | 10 300 3,6x1,4
(4 ks) +Zr0, | 22 Pa H,0) 6
(ZRO-23)
ZHA-24 | HA | Ti6Al14V [40 (18 PaAr,| 600 | 20000 | 10 300 3,6x1,4
(4 ks) +ZrO, | 22 Pa H,0) 6
(ZRO-24)




5.2 Experimentilni udaje
V piehledu uvadim jednotlivé analyzy a méfeni pro dvé skupiny vzorki

s ohledem na jejich odli$nou strukturu a depoziéni podminky (tab. 5).

Tab. 5: Typy provedenych fyzikdlnich testii

Analyza Metoda/ pFistroj Skupina vzorki

1-13 14-24

Mg&Feni tloust’ky vrstev Alpha Step 500 tab. 6 tab. 8
obr. 5.3.1.1 obr. 5.4.1.1

obr.5.3.1.1

Analyza morfologie SEM obr. 5.3.2.1 obr. 5.4.2.1
povrchu obr.5.3.2.2 obr. 5.4.2.2
obr.5.4.2.3
Analyza krystalinity XRD obr.5.3.3.1 obr. 5.4.3.1
obr.54.3.2

Ca/P pomér wDX tab. 7 tab. 9

Testy pFilnavosti Vrypova metoda neméfeno tab. 10
povlaki obr. 5.4.5.1
obr. 5.4.5.2
obr. 5.4.5.3
Vpichova metoda neméfeno obr.5.4.5.4
obr.5.4.5.5
obr. 5.4.5.6
M¢éteni kontaktniho Kapkova metoda neméfeno obr. 5.4.6.1

thlu




5.3 Fyzikalni analyza vzorki 1. skupiny (ZRO 1-13, ZHA 1-13)
5.3.1 Méreni tloust’ky vrstev
Tloustku vrstev jsme analyzovali mechanickym profilometrem Alpha Step
500. Naméfené hodnoty jsem zaznamenala v tab. 6. Vysledky méfeni zobrazuje i
graf (obr. 5.3.1.1).

Tab. 6: Hodnoty méFeni tloustky vrstev

Vzorek Tlou$t'’ka vrstvy
zirkonu [nm]

ZRO-2 80

ZRO-13 50

Posun vzorku [pm]

Obr. 5.3.1.1: MéFeni tloustky vrstvy oxidu zirkonicitého na titanové slitiné
profilometrem, vzorek ZRO-2.

Méfeni tloustky vrstev HA a oxidu zirkoni€itého na sendvi€¢ovém vzorku ZHA-13

ukazuje graf na obr. 5.3.1.2. Vrstvy dosahuji hodnot tloudtky 6 -12 um.
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Obr. 5.3.1.2: Meé¥eni tloustky vrstvy hydroxyapatitu na oxidu zirkonicitém a
titanové slitiné profilometrem, vzorek ZHA-13.

5.3.2 Analyza morfologie povrchu

Prvni soubor vzorkti ZRO 1 — 13, ZHA 1 — 13 jsme testovali s ohledem
na krystalickou strukturu. Provedli jsme analyzu povrchu vzorkGi pomoci
skenovaciho elektronového mikroskopu (JOEL JXA 733, Japonsko). Povrch
vzorku pokrytého jen vrstvou zirkonu obsahoval jemné kapitky rozsahu

1 az 5 pm (obr. 5.3.2.1).
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Obr. 5.3.2.1: SEM analyza zirkonové vrstvy ZRO-13 (zvétSeni 400x).

Deponovana vrstva HA sendvi¢ového vzorku s vrstvami zirkonu a HA

byla hladka s jemnymi kapkami HA velikosti 5 — 20 um (obr. 5.3.2.2).
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Obr. 5.3.2.2: SEM analyza vzorku ZHA-13 (zvétseni 400x).

5.3.3 Analyza krystalinity povrchu
XRD analyza prokéazala amorfni povrch zirkonovych povlaki a polykrystalickou

strukturu HA filmi (obr. 5.3.3.1).
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Obr. 5.3.3.1: XRD vzorku ZHA-13. Spektrum HA vrstvy na substrdtu zirkonu a
titanové slitiny prokazuje pFitomnost HA v krystalické formé.

5.3.4 Ca/P pomér
Ca/P pomér jsme méfili na kapkich materidlu a ve vrstvé. Naméfené hodnoty
poméru Ca/P dosahly hodnot 2,53 a 2,68 (tab. 7). V pfirozené formé je hodnota

Ca/P u HA 1,67.

Tab. 7: Hodnoty méfeni Ca/P poméru u vzorku ZHA 13

vzorek W%(P) | W%(Ca) | A%(P) | A%(Ca) | Ca/P pomé&r

ZHA-13 kapky 12,87 41,96 11,69 29,54 |2,53

ZHA-13 vrstva 12,43 42,95 11,29 30,24 | 2,68
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5.4 Fyzikalni analyza vzorki 2. skupiny (ZRO 14-24, ZHA 21-24)
5.4.1 Méfeni tloust’ky vrstev

Tloudt’ku vrstev jsme analyzovali mechanickym profilometrem Alpha Step
500. Nejprve jsme proméfili tloustku zkuebni vrstvy, podle niz byly nastaveny
depozi¢ni podminky pro vyrobu dalsich vrstev ze ZrO,.

Tloudtka zkuSebni vrstvy dosahuje v priméru 220 nm. RozloZeni po
celém povrchu neni oviem homogenni. Lze tedy pfedpokladat, Ze tloustka vzorki
ZRO-15 az ZRO-17 se pohybuje okolo 250 nm a vzhledem k mensi plo3e
jednotlivych vzorkd ji miZeme povaZovat za relativné homogenni. Déle jsme
zmé&fili tloustky vrstev vzorki ZRO-18b, ZRO-19b a ZRO-20b, které jsme
vytvofili za jinych depozi¢nich podminek. Vzhledem k tomu, Ze dané vzorky jsme
deponovali vét$im po¢tem pulsd, je podle olekavani jejich tlouStka vEtSi neZ u

ptedchozich. Pfesné naméfené hodnoty uvadim v tab. 8.

Tab. 8: Méreni tloustky vrstev

Vzorek Tlou$t’ka vrstvy [nm]
ZRO-14 166
ZRO - 18 272
ZRO-19 361
ZRO-20 332

Na obr. 5.4.1.1 je zobrazena &ast profilu vrstvy vzorku ZRO-18. Povrch je
relativné nerovny. S rostouci teplotou pfi depozici u vzork pozorujeme hrubg;si
povrch vrstev. Proto je v&tdinou obtizné ur€it primérou tlouStku vrstev a

naméfené hodnoty jsou spiSe orienta¢ni.
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Obr. 5.4.1.1: Mé¥eni tloustky zirkonové vrstvy vzorku ZRO-18.

Tloustka zirkonovych vrstev, jejichZ fyzikélni vlastnosti jsme zkoumali,
byla od 166 do 332 nm. V dalsi skuping sendvi€ovych vzorki méla zirkonova

mezivrstva tloustku od 50 do 100 nm a HA vrstvy vykazovaly hodnoty kolem 600

5.4.2 Analyza morfologie povrchu
Morfologii vrstev jsme studovali rastrovacim elektronovym mikroskopem

s elektronickym svazkem 15 kV pfi riznych zvét3enich. Celkové je vrstva hladka,

s kapitkami velikosti jednotek mikrometrt (obr. 5.4.2.1).
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Obr. 5.4.2.1: SEM ZRO-18, detail poviaku zirkonu (zvétseni 400x).

Ve vétsim piiblizeni (obr. 5.4.2.2) mizeme studovat tvar kapitek, které jsou
vétdinou kruhové nebo ovalné. Zietelngji se téZ tvofi jamky, které pravdépodobné
vznikly odpadnutim nékterych vétSich kapi&ek. Struktura jamky i kapek je vice

ziejma z detailniho pohledu (obr. 5.4.2.3).
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Obr. 5.4.2.2: SEM ZRO-18, detail povlaku zirkonu (zvétseni 1000x).

Obr. 5.4.2.3: SEM ZRO-15, detail povlaku zirkonu (zvétseni 4000x).



5.4.3 Analyza krystalinity povrchu
SloZeni vrstev jsme studovali metodou rentgenové difrakce (XRD).
Vysledky neukazaly zadny vyskyt krystalické struktury. U viech analyzovanych

vzorkl ZRO-18, ZRO-19 a ZRO-20 jsou vystupni grafy stejné (obr. 5.4.3.1) a

vykazuji amorfni strukturu.

500
|ZRO-18]
400 -

300 -

200 -

nzita

100 -

| A

T ] 1 1
15 20 25 30 35 40 45

Obr. 5.4.3.1: XRD spektrum podlozky Ti 6Al 4V s vrstvou ZrO; (ZRO-18). Popis
vrcholii neni vyznacen, protoZe neodpovida krystalickému uspoFddani vzorku a je
odrazem titanové podlozky.

Na obr. 54.3.2 je znazornéno XRD spektrum HA vrstvy na mezivrstvé
oxidu zirkoni¢itého a Ti 6Al 4V, vzorek ZHA-23. Méfenim jsme potvrdili

krystalickou strukturu vzorku.
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angle 23 [°]

Obr. 5.4.3.2 XRD spektrum HA vrstvy na mezivrstvé oxidu zirkonicitého a Ti
6Al 4V, vzorek ZHA-23.

5.4.4 Ca/P pomér

Metodou WDX jsme sledovali mnozZstvi vyskytu zirkonu a titanu
na ruznych mistech povrchu vrstvy. Nejvétsi obsah zirkonu byl zjistén
v kapickach, o néco mensi byl pozorovan na hladké vrstvé. Naopak slabou odezvu
jsme zaznamenali v misté jamky.

Hodnoty stechiometrické analyzy u vzorkd se sendvi€ovou strukturou

uvadim v tabulce 9.

Tab. 9: Hodnoty méFeni Ca/P poméru u vzorkiu ZHA 21 a 23

vzorek | W%(P) | W%(Ca) | A%(P) | A%(Ca) | Ca/P pomér

ZHA-23 18.74 40.79 13,86 23,34 1,68

ZHA-21 19.32 39.84 14,25 22,66 1,59
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5.4.5 Testy pFilnavosti

Vzorky ZRO-18, ZRO-19 a ZRO-20 jsme testovali vrypovou a vpichovou

metodou. Vysledky testu jsou uvedeny v tab.10.

Tab. 10: Mé¥eni kritické sily vrypovou metodou

Vzorek F. INj

ZRO-18 3

ZRO-19| 95

ZRO-20| 72

Nejvétsi hodnotu kritické normalové sily 9,5 N vykazuje vzorek ZRO-19,

ktery jsme deponovali pti teploté 400 °C (obr. 5.4.5.1).

200 um

Obr. 5.4.5.1: Vrypovd metoda — vzorek ZRO-19.

Na druhé strané nejmen$i hodnota 3 N byla zjistna u vzorku ZRO-18

deponovaného pii pokojové teploté (obr. 5.4.5.2).
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Obr. 5.4.5.2: Vrypova metoda — vzorek ZRO-18.

Vzorek ZRO-20, deponovany pfi teploté¢ 700 °C, dosahl kritické hodnoty 7,2 N

(obr. 5.4.5.3).

Obr. 5.4.5.3: Vrypova metoda — vzorek ZRO-20.

Vpichovou metodu kuZelovym hrotem jsme provedli pfi zatizeni 1417 N.
U vzorku ZRO-18 jsme nepozorovali v okoli vpichu Zadné praskliny, pouze

deformace (obr. 5.4.5.4).
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Obr. 5.4.5.4: Vpichova metoda — vzorek ZRO-18.

U vzorku ZRO-19 se objevily praskliny ve formé soustfednych kruznic (obr.

5.4.5.5), u vzorku ZRO-20 vznikly praskliny v radialnim sméru (obr. 5.4.5.6).

Obr. 5.4.5.5: Vpichovad metoda — vzorek ZRO-19.
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Obr. 5.4.5.6: Vpichova metoda — vzorek ZRO-20.

S.4.6 Méreni kontaktniho ghlu

Hodnoty kontaktniho Ghlu uddvdam na obr. 5.4.6.1 v grafu, ktery
porovnava vzorky nejprve olisténé, poté po ovlivnéni médiem. Tyto vysledky
jsme statisticky zpracovali pomoci Studentova t-testu na hladiné
pravdépodobnosti 0,05. Signifikanci na hlading 0,05 jsme zjistili pro vzorky ¢isté
titanové slitiny a modifikované médiem viéi kontrole i pro Cisty titanovy vzorek
s povlakem zirkonu pfed i po pouziti média vici kontrole.

Kontaktni uhly u kombinovaného vzorku Ti/ZrO,/HA a titanové slitiny
jsou vrozmezi optima pro sorpci proteini. Vzorky Ti/ZrO/HA a Ti/ZrO,
vykazuji vys$$i hodnoty nez vzorky bez povlaki. VSechny hodnoty kontaktniho
Ghlu poklesly pfi vloZeni teréiki do média H-MEM, které obsahuje proteiny.
Nepozorovali jsme zmé&ny hodnot kontrolniho tkafiového polystyrenu, ktery je
v3eobecné bran jako idealni povrch pro bunéénou kultivaci. Pokles kontaktniho

Gihlu je znamkou proteinové sorpce na povrchu vzorku.
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Obr. 5.4.6.1: MéFeni kontaktniho uhlu
Ti - titanova slitina Ti 6Al 4V
Ti/ZrO; - titanova slitina Ti 6Al 4V s poviakem zirkonu
Ti/ZrOy/HA - titanova slitina Ti 641 4V s mezivrstvou zirkonu a
povlakem hydroxyapatitu,
Signifikantni udaje jsou oznaceny hvézdickou.

0O cisty
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6. DISKUSE

Rychlejsi vhojeni povlakovaného implantatu a jeho aktivni za€lenéni

v procesu oseointegrace dava nadéji na dalsi zkraceni vhojovaci faze implantatu a

potencidln€é miZe naznalovat cestu k pifimému zatizeni povlakovaného

implantatu, které umoziiuje zkratit terapeuticky postup.

6.1 Vyhody povlakovani
U implantatd s povlakem HA je biointegrace dvakrat rychlejsi nez
oseointegrace a navic je pfitomny efekt ,gap healing capacity”, kdy
novotvofena kost pieklene mezeru az 1 mm S$irokou a soucasné tim
podstatné klesaji poZadavky na imobilitu fixtury b&hem vhojovaci faze.
U titanovych implantati nedojde k oseointegraci jiZ pfi velikosti mezery
(inkongruenci) 0,3 mm. Povlakované fixtury jsou daleko tolerantnéjsi

k nepfesnostem vzniklym pfi preparaci kostniho loze [4].

Zhodnoceni oseointegrace po zatiZeni u dentalnich titanovych implantatt
s vrstvou HA deponovanou KrF laserem dospéla Himmlova
k povzbudivym vysledkim. Povrchy vSech nanesenych vrstev byly
hladké, pouze s malym mnoZstvim kapének typickych pro technologii
pulsni laserové depozice. Adheze HA povlaku ke struktufe povrchu
titanového podkladu je silna, a tak povrch tvofi homogenni Cast
implantatu chranici kov pfed korozi. Povlak je rovnomérny bez zavislosti
na tvaru implantatu [29], lze tedy s vyhodou pouZit na Sroubovity

implantat..
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Pfi histologickém pozorovani Himmlova potvrzuje, Ze biokeramicky
povlak usnadiioval hojeni v oblastech bez primarniho kontaktu mezi
implantatem a kosti, proto bylo vazivo mezi implantatem a kosti &astdji

pfitomno u nepovlakovanych kontrolnich vzorki [30].

Po simulacich v laboratofi Chou popisuje nalez niz3iho stupeft degradace
ve vazebné sile HA s10 hm. % zirkonového plasté neZ pouze u
povlakovani HA [13, 17]. N&ktefi autofi pozorovali in vivo pfimy kontakt
kosti s keramikou. Nicméné v potate€nich stadiich byly pojivové tkané
pfipojeny vazivovou tkam. Pavod tkang&, ktera hraje hlavni roli
v distribuci v ranych stadiich zat€7e kosti, vychazi ze vztahu mezi
materidlem a tkani (biokeramikou a kosti). Ovlivnéni mizZe nastat v&tsi
mérou na stran& implantatu, protoZe osteogenicka aktivita medularni

kavity je velmi nizka v porovnani s periostem a endostem [17].

Tvorbu koagula na titanovych implantatech pokrytych a nepokrytych
vrstvou HA sledoval Steinberg a zjistil, Ze na mikrofotografiich je témé&f
cely povrch naneseného HA na implantatu pokryt fibrinem, popfipadé
plazmovym proteinem, kdeZto povrch titanovych implantati prosvita

[31].

Oseointegrace nezavisi pfimo na samotném tvaru implantatu, ale na shodé

odpovidajicich povrchii implantatu a vypreparovaného lizka. Pevnost
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implantitu i jeho mechanicka odolnost zavisi na velikosti plochy

oseointegrace, proto je snaha zajistit co nejvétsi povrch implantatu [32).

V poloving 90. let zesilily namitky proti povlakovani implantati a doslo
k odmitnuti povlakovani. V sou¢asné dobé je implantologicka odborna vefejnost

ovliviiovana Casto protichiidnymi nazory na tuto problematiku [4].

6.2 Nevyhody povlakovani
I pfes podstatné vyhody povlakovanych implantata je jejich dlouhodoba
uspésnost zpochybiiovana. Nelze vylougit, Ze negativni hodnoceni povlakovanych
implantath ma i vyrazny komeréni podtext [4]. Nejradikaln€jsi odpurci
povlakovani namitaji, Z¢ HA je v biologickém prostiedi trvale nestabilni a Ze

neustale probiha vyména iontd mezi povlakem a kosti.

e Mezi pti€iny selhani implantatt fadime i 3patny vybér materialu
k povlakovani implantitu nebo nedokonalou adhezi okolnich tkani
na vlastni implantait, zplsobenou napf. rozsahlej$im preparatnim

traumatem [29].

e Resorbovatelnost materialu uzce souvisi s cytotoxicitou. Zména kvality
povrchu po provedeni testu cytotoxicity byla méfitkem hodnoceni
resorbovatelnosti materialu [12], stejné jako degradaéni produkty

nevhodné pouZitého materialu [17].



* Proces vhojovani probiha u povlakovanych implantati prvnich 6 mésicl
rychleji a dosahuje vétiiho kontaktu s kosti neZ u &ist& titanovych fixtur.
Na druhé stran¢ pokud u titanovych implantéti nedojde po dvouleté zat&zi
ke ztrat€ kosti, je pravdépodobné, Ze budou i v dalSich letech stabilni.
V piipadé zkouméni povlakovanych implantéti toto pravidlo ale neplati a
proces se projevuje typickou kontinualni ztratou kosti [4]. Vy3e citovany
nazor ale vyvraci Blind a osvétluje tato negativni tvrzeni argumentem, Ze
autofi ve svych kritikich nezohlednili amorfni strukturu HA plasté, ktera
mohla byt vysvétlujici pfi¢inou dlouhodobého neuspéchu. Dlouhodobé
studie byly &asto provedeny s povlakovanymi implantaty zhotovenymi
metodou plazma naprafovani, u které je amorfni struktura jako jednou

z hlavnich nevyhod, stejné jako nizka mechanicka odolnost povlaku [9].

e Castym problém je zpochybitovani zejména biologické stability
implantatu. Povlak neni tvofen vZdy jen krystalickym HA, ktery je vysoce
odolny vi¢i desintegraci, ale je pfitomna &ast amorfnich nestabilnich
sloZek. Alternativnim vysvétlenim poklesu buné&né aktivity amorfni faze
HA je uvolnéni Ca a P, dochazi tak k zaniku bun&k [22]. Pfesny postup
biodegradace neni zndm, udava se, Ze ke zten¢eni povlaku dochazi béhem
3 mésich az 8 let [4]. Jisté zten¢eni povrchu viak miZe naopak znamenat
aktivni integraci implantatu do organismu, pfestavéni kosti a ziroves i
povrchu povlaku implantdtu. Namitkdm se snaZi nelsp&3né &elit metoda
plazma napralovani, kdy vysoka teplota plazmového hofdku narusuje
mikrostrukturu HA, vznik4 tak vnitfni napéti a pfipadny vznik trhlin uvnitf

materidlu, v extrémnim pfipadé dochazi k oddéleni povlaku od jadra. Pti
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posuzovani kolonizace povrchu implantatu je dulezity poznatek, Ze
bakterie vnikaji hrubym povrchem do mikrostruktury a je tudiZz touto

cestou mozné vysvétleni pro vznik periimplantitidy [4].

¢ Degradace materialu se zirkonem miiZe byt zpiisobena na zakladé reakce,
kdy vznikaji Zr-OH a Y-OH vazby na povrchu TZP-Y po chemické
adsorbcei vody. Tato reakce je jasnou degradaci materialu. Dalsim Gdajem
o probihajici materidlové degradace je vznik ytriovych iontd

pozorovanych v testech in vitro, ale nedetekovanych in vivo [17].

6.3 Soucasny pohled na povlakovani implantati

V poslednich letech témé&f jednoznané preferujeme Sroubovité tvary
implantati, které se zavadéji pomoci predvrtdvati do kosti, kdy velikost
implantatu souhlasi s velikosti kostnich frézek. Po zavedeni méfime primarni
stabilitu implantatu periotestem [1], nové&ji resonan¢ni frekvenéni analyzou
(RFA). Principem metody RFA je hodnoceni vibraci na rozhrani implantatu s
kosti a dle vysledkii miZeme posoudit, jestli je moZné a vhodné implantat zatiZit
[33]. Vyborna primarni stabilita je jednou z nezbytnych podminek usp&ného
vhojeni implantatu.

Studie za pomoci periotestu prokazaly, Ze povlakovani HA ma lepsi
vlastnosti pfi vhojovani a titanové implantaty prokazuji vé&tSi dlouhodobou
stabilitu [34]. V literatufe se objevuje i tvrzeni, Ze implantity s povlakem HA se
rychleji vhojuji, ale snaze desintegruji, po deldi dob&é maji horsi biologickou

stabilitu a nastava resorpce. Budoucnost povlakovani implantatd je naznatena v
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novych zpisobech nanieni HA v tenkych vrstvach a v redukovaném pokryti
fixtury [8, 23, 29].

Stale nevyfeSenou otazkou je rychlost desintegrace HA vrstvy. Nové
techniky se snaZi tento problém vyfesit a zabranit mu zvySenou odolnosti povlaku
a také vy38i adhezi HA k titanovému implantatu. Nicmén& Trisi ve své praci
uvadi, Ze povlakované implantdty maji pfi porovnani objektivnich parametrd,
jejichz souhrnem je index BIC, vyrazn& dobré klinické zkuSenosti podloZené i
histologickym vy3etfenim mandibuly s implantditem povlakovanym HA po 10
letech funkce [10].

Histologické nalezy prokéazaly vynikajici vhojeni titanu do kostni tkané a
jeho schopnost t€sného kontaktu s okolni kosti. Elektronovym mikroskopem se
podafilo odhalit pouze né€kolik nanometri silnou amorfni mezivrstvu. Pravou
chemickou vazbu kosti simplantitem popisuji néktefi autofi pouze u HA
povlakovaného implantatu. Vazba je vysledkem tzv. biointegrace, procesu
charakteristického pro bioaktivni materidly, které davaji pfedpoklad

k osteokonduk&nim procesiim aktivni stimulaci kosti [1].

6.4 Biomateridly a jejich role v povlakovani
Hydroxyapatit byl podroben detailnimu vyzkumu a nasledn€ se zatalo
vzhledem k jeho kiehkosti uvaZovat o zvyseni odolnosti pfidanim dalSich latek,
mezi nimi je mimo jiné i zirkon. Vysledky jsou v literatufe bohat&
dokumentovany u metody plazma naprasovani [12, 13] a v posledni dobé€ i
u metody pulsni laserové depozice [S, 9, 15, 21, 35]. Mé&feni ukazuji, Ze vazebna

sila pro sendvitové uspofadani povrchu se zirkonem a HA je nejvy3si a hned
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za nim nasleduje povrch s kombinaci HA a zirkonu ve smési, nejslabsi vazbu
vykazuje povrch z gistého HA [12].

Krystalicka struktura je jednim z ptedpokladii uspéchu povlakovaného
implantatu [36] a pfi metodé PLD je v pfimé ndvaznosti na teplotu vzorku [9)].
Krystalinita byla optimélni u HA vzorki deponovanych PLD pii teploté 600°C
(tab. 2, 4), jak je patrno z grafu XRD (obr. 5.2.7.3, 5.2.3.1). Tato skute¢nost
koresponduje s vysledky, které ve své studii uvadi Cotell. Poukazuje na konverzi
amorfniho HA na krystalicky pfi teplot¢ 575°C. Vyznamnou ulohu v celém
procesu hraje tenze vodnich par [37].

Vysledky naSich experimentd dokladam skenovaci elektronovou
mikroskopii (SEM). Typicky hladky povrch s drobnymi kapi¢kami jsme zjistili
u HA i u zirkonovych vrstev. Primér kapi¢ek byl u vrstev se zirkonem pfiblizné
stejny v rozsahu 1 — 5 um a u sendvi¢ovych povlaki 5 — 20 pm. Hustota kapek
byla niZ8i na povrchu zirkonovych vrstev. Kapi¢ky pevné adheruji k podkladu
tvofeném homogennim filmem. Rychlost, se kterou dopadaji na povrch, je natolik
vysoka, Ze nehrozi odloudeni kapi¢ek od povrchu. Naopak by jistd drsnost mohla
napomoci vhajovani svym zvét§enym povrchem.

Dal§i podnétem k vyzkumu je i povrch vytvofené vrstvy. Hladky
rovnomérny povrch méa mensi tendenci k praskani neZ vrstva nestejnomérné sily.
K drsn&j§imu povrchu lépe adheruji kostni builky, k hladkému povrchu spiSe
nasedaji fibroblasty [21]. Povrch vytvofeny metodou pulsni laserové depozice se
svymi nerovnostmi, které vpodob& drobnych kapi¢ek velikosti nékolika
mikrometrtl nasedaji na homogenni vrstvu implantatu, by nemél Cinit klinické
obtize, dovoluji si tvrdit, Ze vzhledem k vySe uvedenym argumentiim by naopak

mél byt pro osteoblasty atraktivni.
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Testovali jsme pfilnavost zirkonové vrstvy vzorki u ZRO 18 - 20.
Uréovali jsme kritickou normalovou silu, coZ je sila, pti které dochazi
k delaminaci vrstvy od podlozky. Testy ptilnavosti ukazaly, e pro ZRO-18 je
kritickd normélova sila 3,0 N a pro ZRO-20 je 7,2 N. Maximalni normélova sila
9,5 N byla naméfena u vzorku ZRO-19, ktery byl deponovan pfi teplot& 400 °C.
Pfi vrypové zkousce jsme nepozorovali Z4dné trhliny na zirkonovych vrstvach
vytvofenych za pokojové teploty. Vrstvy vytvofené pfi 700 °C vykazovaly
paprskovité trhliny a vzorky ze 400 °C ukazovaly soustfedné kruhy kolem
vtlateni. Souhrnem lze tedy fici, Ze pokojova teplota se jevi z pohledu zkousek
ptilnavosti pro depozici zirkonu jako optimalni. Zkouskami pfilnavosti povlaki
jsme se snazili zjistit vzdjemnou vazebnou silu povlaki. Tyto vazebné sily mohou
byt charakteru van der Waalsovych sil, elektrostatickych sil a nebo chemickych
vazebnych sil, které pisobi v oblasti existujiciho rozhrani. Pfilnavost povlaku
k podloZce je jednim ze zdkladnich parametrd ovlivitujicich Zivotnost povlaku a je
siln€  ovlivnéna  charakterem deponovaného  materialu, morfologii,
mikrostrukturou a zbytkovym napétim vytvofenym pfi jeho nand3eni. Mé&feni a
interpretace vysledki jsou ale znalné& problematické. NemiZeme dobfe srovnavat
jednotlivé vysledky testd u riznych méfeni, protoZze kritickd sila namé&fena
u vrypovych a vpichovych zkousek muze kolisat i ve stejné vrstvé [S]. Podobné
poznatky uvadi ve své studii i Blind [9]. Jednotlivé vysledky tedy hodnotim jako
relativni a bude je tfeba pro daldi posuzovani porovnat s vysledky vzorkd
vytvofenymi stejnym postupem. Publikované studie toto srovnani nenahradi [S].

Pomér Ca/P jsme méfili pomoci WDX. Primémy pomér Ca/P
u vytvofenych HA vrstev u vzorki ZHA 21 — 24 byl 1,65. Tato hodnota se

pomalu blizi hodnot¢ stechiometrického poméru Ca/P pfirodniho HA, ktera je
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1,67. PfibliZeni k optimalnimu pomé&ru Ca/P HA vrstev jsme ziskali pfi teploté
podlozky 600°C a pfi pracovni atmosféte obsahujici vodni pary a argon (tab.2).
Vzrustajici stupefi krystalinity zlepduje stabilitu a bun&inou aktivitu [8].
Z experimentd vyplyva, Ze dochézi k difuzi oxidd vapniku v zirkonu b&hem
splynuti HA/zirkonovych komponent [9]. Krystalové defekty, jako jsou ne&istoty,
mezery nebo rozruSeni, maji vliv na difuzni jevy ovliviujici miru rozpustnosti
[38], ale metoda PLD zabrafiuje béhem povlakovani titanu vnikdm neéistot do
povlaku praci ve vakuu nebo vochranné atmosféfe [23]. Ve nasvédEuje
skute¢nosti, Ze sniZeni rozpustnosti vede ke zvy3eni krystalového ristu [14].

Kontaktni thly kombinovaného vzorku Ti/ZrO,/HA a titanové slitiny jsou
v rozmezi optima pro sorpci proteint [15]. Vzorky Ti/ZrO,/HA a Ti/ZrO; ukazuji
vy$8i hodnoty kontaktniho whlu neZ vzorky bez povlaki. VSechny hodnoty
kontaktniho tihlu poklesly pfi vloZeni ter¢ikti do média H-MEM, které obsahuje
proteiny. Nepozorovali jsme zm&ny hodnot kontrolniho tkafiového polystyrenu,
ktery obecné povaZzujeme za idedlni povrch pro bun&tnou kultivaci. Pokles
kontaktniho hlu je zndmkou proteinové sorpce na povrchu vzorku.

Jednim zvelmi diskutovanych témat je u povlakovanych implantati
mozZnost resorpce HA povrchu. Vysoce krystalické povrchy vytvofené pomoci
PLD nejsou jednoduse resorbovatelné a nékteré studie dokonce dokazuji, Ze HA
krystaly na povrchu implantitu mohou i stimulovat kostni apozici [26]. Nyni se
fesi problém krystalinity tenkych vrstev.

Pfimé&si a krystalinita v HA jsou zodpovédné rozhodujici mérou za
rozpous$téni materialu [4]. Ovlivnéni této vazby HA k podkladu zavisi na poméru
mezi krystalickym a amorfnim HA, krystalicka struktura je daleko odoIngjsi [9].

To ma vliv jak na biologické vlastnosti povlaku, tak na chemickou rozpustnost,
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ktera je zavisla jednak na pomé&ru Ca/P [19] a na typu pouZité metody nanadeni.
Vlastnosti HA lze tedy modifikovat ptidanim chemickych slou€enin, riznymi
pracovnimi postupy, jedna se naptiklad o pouziti zirkonu, F, CaF, [25]. Cilem
modifikace HA je zvy3eni spolehlivosti povlaku [5]. Relevantni hledisko stability
materidlu v biologickém prostfedi je obsah skelné faze zastoupené SiO,, AlOs,
TiO; a CaO ptitomnych v netistotach vazanych v zrnech. Tyto nedistoty mohou
pochazet z chemickych prekurzord, z frézovacich ptistrojd a mohou byt pfidany
do prasku pfi sintrovani. Jejich ptitomnost vede ke ztrat& stability. Mechanické
vlastnosti nezaviseji pouze na mikrostruktufe, ale také na celém pracovnim
postupu a pouZité metodé povlakovani.

Povlakovanim také implantat chranime proti korozi, ktera je
v intraosedlnim prostfedi minimalni, ale byla prokazana in vitro, stejné jako
signifikantni sniZeni koroze po adsorpci povlaku HA plazmovym napraSovanim
[38]. Rezistence ke korozi je popisovana vzdy pro konkrétni material v uritém
prostfedi. Titan dokaZe korodovat bud’ extrémné rychle, nebo velmi pomalu
v zavislosti na prosttedi [26]. Ochranny povlak z HA fixturu trvale izoluje
od kostnich struktur. V titanové slitin€ jsou i prvky Al a V, které jsou sice
spojovany s moZnymi neurologickymi obtiZemi, ale pravé jejich pfitomnost ma
pozitivni vliv na mechanické vlastnosti [21].

Povrch titanu i titanové slitiny miZe byt pfi inserci implantitu nebo
pozd&ji &astetné poskozen. Tato skutetnost zpusobuje i drobnou destrukci
ochranného filmu z oxidu titanu a samotné jadro je nachyln&jsi
k elektrochemickym procesim iv vivo [26]. Na druhé strané Fischer uvadi, Ze
&isty titan je jednim z nejvice korozi rezistentnim a biokompatibilnim materidlem

[39]. Diivodem je rychly vznik pasivaéniho oxidu titanu na jeho povrchu, udava
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se, Ze vznika vrstva asi 4 nm v &asovém tseku n&kolika milisekund [26]. Oxid
titanu se rychle obnovuje pti lokalni destrukci naptiklad mechanickym
pisobenim. V3eobecné feteno miizeme nahliZet na tenké povlaky implantatu jako
na materidl, ktery pfiznivé komunikuje s biologickym prostfedim a chrani
implantat za predpokladu vysoké adheze k substratu. Potencialng existuje totiZ i
riziko vzniku prasklin na pfechodu jednotlivych materiald. Povlak musi také
odolavat zat€Zi a nesmi poskozovat implantat. Pro titan to znamena napf. Setrné
zahfivani pfi n€kterych technikach depozice vrstev, disledné dodrZovani Eistoty
prostfedi proti vniknuti necistot, které by mohly zménit vlastnosti povrchu. [26].
Zakladni materidl - jadro implantatu - tedy musi vydrZet zatéz a povrch by mél
napomoci integraci implantatu do hostitelského organismu.

Titan je usp&$ny biomaterial. Dalsi vyvaj ale nastifiuje modifikaci jeho
povrchu a tim cilené ovlivnéni procesu vhojovani. Pokud pozname biologické
reakce na ur¢ity druh povlakovani, mizeme predpokladat kaskadu biologickych

reakci spiSe neZ jen Cekat na adsorpci proteind pfi oseointegraci [26].

6.5 Vyhody a nevyhody dostupnych metod povlakovini v porovnéni

s PLD
Zadna zdostupnych metod neprodukuje automaticky HA povlaky
s vysokou krystalinitou a pfilnavosti. Krystalinita se zvySuje modifikaci parametr
jednotlivych technickych metod, v popfedi je témét u vSech, krom& plazma
napra$ovam, zahfivani titanového implantétu [20].
Garcia-Sanz ve své srovnavaci studii mezi PLD a plazma napraSovanim
potvrdil rozdily v morfologii HA povlaku v ptimé souvislosti s depozinimi

podminkami [40]. Plazma napra$ovani negativng€ ovliviiuje krystalické uspofadam
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vzorku a navic je vrstva &asto amorfni [16, 22). PHi studiich povrchii vytvofenych
prave technikou plazma napradovani Chou zjistil, Ze pokud se na titanovou slitinu
vrstvi smés oxidu zirkonu s HA, dochézi pak b&hem depozice k difuzi Ca ionti
z HA povlaku do zirkonové vrstvy, coZ by mohlo znamenat zesileni povlaku [14].
HA keramiku v3ak muZeme deponovat na vrstvu zirkonu v sendvitovém
uspofdaddm. Jsou popsany experimenty, kdy b&hem sintrovani HA a zirkonu
probiha difize CaO do ZrO,, coz zplsobuje prechod z tetragonalni do stabilni
kubické faze. I maly pfidavek ZrO, (napt. 2 mol. %) miZe vyrazné zlepsit
mechanické vlastnosti [17]. Tento nazor podporuje i Chou, ktery ale zkoumal vliv
zirkonu jako mezivrstvy mezi titanem a HA a porovnaval tento stav s plazmovym
napra$ovanim smési HA a zirkonu. Pozitivngjsi vysledky pfineslo vrstveni [12].
Nedaji se sice srovnavat vysledky riznych metod, ale vy$e uvedené poznatky
ukazuji na moZnou cestu. Povlak HA by byl odoln&j§i wvici degradaci
pfi vhojovani, protoZe by s mensi pravdépodobnosti nastala situace odtrZeni
naneseného plasté od povrchu titanové fixtury [18, 19].

Od plazma napra3ovani se pomalu upousti, kromé& amorfniho povlaku je
dalim negativnim rysem i nizSi adheze plast¢ k povrchu implantatu [9, 20].
Pro dostatednou primarni stabilitu implantatu poZadujeme Sroubovity tvar, ktery
ale vyluduje povlakovani metodou plazma napra$ovani, protoZe v zafezech neni
HA film kvalitni, touto metodou se povlakuji pfedevsim valcové implantaty [4].

U povlakovani implantath zavisi na metodé naneseni plasteé a
na jednotlivych technickych faktorech, které &asto pusobi protichidné [21].
Nejprve se zkoumalo chovam HA a nasledné byly vzaty do vyzkumu i latky, které

by mohly vlastnosti HA zlepsit. Mezi nimi je i zirkon. Kohezivni a adhezivni sily
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HA povrchu vytvofeného plazma napra$ovanim byly potencovany pfidanim ZrO,
dastic[12].

Svou pozomost jsem zaméfila na moZnost povlakovani implantatd HA
zirkonem. Na titanové slitiné miZeme vytvofit samostatnou vrstvu HA, nebo
v kombinaci s mezivrstvou ze zirkonu eventualng vytvofit povlak ze smési HA a
zirkonu. Vyhodou je, Ze pfidanim zirkonu se zlep$i mechanické vlastnosti a
povlak je pevné&jsi [17]. Tuto skute€nost dokazuji i nade experimenty [18, 19].

Existuje 1 metoda rekrystalizace amorfniho HA. Probihd mezi teplotami
500 — 700 °C a toto rozmezi je také zavislé na obsahu hydroxylovych iontd
vpovlaku a vlhkosti b&hem Zihani. Sucha atmosféra zvy$uje rekrystalizaci
nad 600 °C [22], proto je vyhodné vyuZit ochrannou atmosféru pifi depozici
povlaku doplnénou o vodni pary [5]. Rekrystalizované vzorky maji vy3$i aktivitu
neZ nepfeZihané vzorky. Na t&chto povrSich maji butiky lépe organizovany
cytoskelet [22].

Nadim cilem proto bylo vytvofeni tenkych, dobfe adherujicich
krystalickych vrstev. V prvnim uceleném souboru u vzorki ZHA 1 — 13 byla
vrstva HA mnohem silngj3i neZ u druhého souboru ZHA 21 — 24. Vys3i vrstva
obsahuje pro metodu PLD v&t3i nahromadéni HA kapicek a povrch je tudiZ vice
nerovny. Prakticky dasledek jsme pfi kultivaci bunék na t&chto povrsich
nezaznamenali [18, 19]. Zirkon a titan se ale velmi malo uvoliluji do télesnych
tekutin, daleko méné nez zlato [41].

Pokud podrobnéji nahlédneme do problematiky PLD, miiZeme osvétlit jeji
objektivni vyhody a nevyhody. Zéakladni pfednosti aplikace laseru je mozZnost

modifikace materialu bez mechanického kontaktu s vyrobkem, opracovani t&€zko
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dostupnych mist, vnaSem ptipadé aplikace povlaku i v zafezech implantatu.
Vyhody laserové depozice miZeme shrnout do nasledujicich bodi:
e docileni stechiometrického poméru pfenosu materialu z terée na podlozku,
a to i pro pfipad viceslozkovych materiala
e vysoka rychlost rustu vrstvy
¢ jednoduchost a vysoka univerzalnost metody
¢ lze deponovat za velmi nizkého i velmi vysokého tlaku okoli
e depoziéni proces je velmi ¢isty (ter¢ je ohfivan laserovym svazkem pouze
bodové), velmi mala spotfeba materialu terée, ostfe definovana oblast
emise materidlu zterfe, snadna pfiprava tere, ter¢ malych rozméri
(primér ~ 1 cm)
e do vrstvy lze z terle pfenést i stopové prvky
e Ize deponovat v reaktivnim okolnim plynném prostfedi
e deponované vrstvy maji vysokou hustotu materialu, dobrou morfologii a
Casto preferenéni krystalovou orientaci
e zafizeni slaserem mimo depozi¢ni komoru je relativné jednoduché a
finan¢né pfijatelné
Hlavni nevyhody laserové depozice jsou nasledujici:
e na povrchu se vytvareji kapicky
e plocha deponované vrstvy je pomé&mé mala, obvykle 1 —2 cm
Jednim z problémi depozice tenkych vrstev je tedy nerovnost povrchu vrstvy.
V zavislosti na depozi¢nich podminkach nachazime na povrchu vrstvy nebo ve
vrstvé rizné nehomogenity, které maji nejeasté&ji tvar kulicek, kapicek, jehlicek,
fragmenti atd. Mechanismus tvorby kuliek zcela nezname, ale experimentalné se

podafilo sniZit jejich hustotu pouZitim lesténych povrchi teréd, vysokou hustotou

75



terCl, volbou vhodné vinové délky laseru, depozici tenkych vrstev 100 az 200 nm,
vét§im rozmérem stopy na ter¢i, depozici ve smé&si argonu a vodnich par pro HA a
dal$imi podminkami [23].

Kritickd mista povlakovanych implantati jsou na rozmezi HA a kosti,
uvnité plochy povlakované vrstvy a na rozmezi HA a titanové slitiny [12, 14].
Cilem celého procesu hledani a experimentalniho ové&fovani novych metod je

urychleni vhojovani implantatu se stabilnim povrchem [23].
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7. ZAVER

Cilem vyzkumu bylo vytvofit novy technologicky postup pro zhotoveni
biokeramické vrstvy pevné adherujici ke kovovému podkladu slitiny titanu
s krystalickym, neresorbovatelnym povlakem v tenké vrstvé. Z fyzikalnich analyz
vzorkl vyplyva, Ze sendvi€ovy povrch z oxidu zirkonigitého a hydroxyapatitu
vytvofeny pulsni laserovou depozici na titanové sliting tyto podminky spliiuje.
Z mechanického hlediska je samostatny hydroxyapatit velmi kfehky a nemiZeme
ho pouzit jako nosnou &ast implantatu. Zirkon ma bezpochyby lepsi mechanické
vlastnosti nez ostatni biomateridly (jako Ti 6Al 4V, CoCr slitina) a jeho
biokompatibilita je také zfejma. P pouziti implantatd pokrytych HA byla
pozorovana rychlejdi a kvalitn&j§i oseointegrace implantatu. Celistvda HA vrstva
na titanovém implantatu zvy$uje stabilitu implantatu a biointegraci do kostni
tkané.

Nasimi studiemi jsme prokazali u sendviéovych i u zirkonovych vrstev
typicky povrch s drobnymi kapi¢kami. Pramé&r kapi¢ek byl u povlaki se zirkonem
pfibliZzné stejny v rozsahu 1 — 5 um a u sendvi¢ovych povlaki se zirkonem a
HA byla velikost kapek 5 — 20 um. Relativni nerovnost povrchu vzorki je v pfimé
souvislosti s technikou pulsni laserové depozice. Tato skute¢nost by mohla mit
pozitivni vliv na vhojovani povlakovaného implantatu.

V3echny zirkonové povlaky jsme shledali pfi riznych depozi¢nich
podminkach jako amorfni. Vrstvy HA vytvofené ArF laserem jsme popisujeme
jako krystalické, zatimco vrstvy vytvofené KrF byly amorfni nebo jen Casteéné
krystalické. Divodem neni pouze jina vinova délka pouzitého laseru, ale i hustota

energie a atmosféra v depozi¢ni komofe.
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Testem pfilnavosti povlakd jsme prokazali kritické hodnoty v rozmezi
3,0 - 95 N. Za depozitni teploty 20 °C nebyly ptitomné Zadné praskliny
v zirkonové vrstv&. Tyto hodnoty napovidaji, Ze dalsi depozice zirkonové vrstvy
k vytvofeni sendviového povlaku bychom méli provadét pti pokojové teploté.

Primérny pomér Ca/P u vytvofenych HA vrstev byl u vzorki ZHA 21-24
1,65. Tato hodnota se blizi hodnot& stechiometrického poméru Ca/P pfirodniho
HA, ktera je 1,67. Optimalni pomér Ca/P HA vrstev lze ziskat pfi teploté
podlozky 600 °C a pti pracovni atmosféte obsahujici vodni pary a argon.

Kontaktni thly u sendvi€ového vzorku a titanové slitiny jsou v rozmezi
optima pro sorpci proteini. VSechny hodnoty kontaktniho thlu poklesly pfi
vloZeni ter¢ikli do média H-MEM, které obsahuje proteiny. Nepozorovali jsme
zmény hodnot kontrolniho tkafového polystyrenu, ktery je vSeobecné bran jako
idealni povrch pro bunéénou kultivaci. Pokles kontaktniho uhlu je znamkou
proteinové sorpce na povrchu vzorku.

Zavérem muzeme konstatovat fakt, Ze zirkonova vrstva dostateéné silné
adheruje k titanové slitiné a umoziiuje depozici krystalického HA, a tak zajidtuje
vhodné materidlové podminky pro moZnou oseointegraci implantatu, protoze
krystalicka struktura hydroxyapatitu je odoln&j§i a neméla by podléhat
desintegraci. Zirkonovou mezivrstvu je vhodné deponovat za pokojové teploty,
hydroxyapatit za zvy3ené teploty 600 °C. Nastaveni kombinace depozi¢nich
podminek uvedenych v tabulkach se jevi vyhodné.

Predpokladame, Ze vyuziti titanovych implantati s hydroxyapatitovou
vrstvou povede k rychlej$imu funkénimu a estetickému oSetfeni pacientd v
disledku zkraceni doby od zavedeni implantatu az do celkové protetické

rekonstrukce.
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SUMMARY

PHYSICAL PROPERTIES OF BIOCERAMIC LAYERS,
ZIRCONIA/HYDROXYAPATITE IMPLANT COATING AND ITS CONSEQUENSES
TO THE DIRECT IMPLANT LOADING

Dental implantology is a branch, which has started a rapid evolution over
the last years. All of the experts dealing with implantation are focused on
extending indications for the application of the used materials to reduce the time
period of therapy. Coating of the implants is a possible way how to treat patients
in a shorter time period with the similar results as following the classical
Branemark protocol.

Hydroxyapatite is one of the most attractive materials for human hard
tissue implants because of its close resemblance to the bone and the teeth. Its
positive influence on the healing process called osseointegration is obvious.
Hydroxyapatite is of a brittle nature and limits the applications as the main solid
material for the dental implants. Zirconia ceramics have several advantages such
as the high strength and it is frequently used to reinforce other ceramics. The
concept of adding zirconia as the second phase to hydroxyapatite significantly
increased the bonding strenght.

In the dissertation pulsed laser deposition is shown as one of the coating
method. The bioceramic zirconia samples were characterized by methods for thin
solid film analysis such as X-ray diffraction, morfology investigation by electrone
microscope and measurement of the film thickness. Afterwards we examined the
mechanical properties of titanium alloy samples with the buffer layer from
zirconia and the coating from hydroxyapatite. We measured crystallinity,
morphology characteristics, wettability and Ca/P ratio of the hydroxyapatite layer.
The methods used for physical evaluation were electron microscopy, X-ray
diffraction, goniometric measurement of contact angle and wavelength dispersive
X-ray analysis.

The physical tests summarized good mechanical properties and a
satisfactory adhesion to a titanium core modified with zirconia and
hydroxyapatite. Pulsed laser deposition was found to be a promising method of

applying thin films to a metal core for dental implants.
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Abstract—Coating dental implants with hydroxyapatite (HA) may give certain advantages such as active
encouragement of new bone growth, a lower rejection rate, and an improved long-term prosthesis fixation. This
study examined the mechanical and biological properties of titanium alloy implant cores with an interlayer of
zirconia and a coating of HA created using pulsed layer deposition (PLD). The thickness of the zirconia layer
was 50-100 nm, and that of the HA layer was ~600 nm. The crystallinity, morphology, wettability, and Ca/P
ratio of the HA layer were investigated by electron microscopy, X-ray diffraction, goniometric measurement of
contact angle, and wavelength dispersive X-ray analysis. The physical tests indicated adequate mechanical
properties and a satisfactory adhesion to a titanium core modified with zirconia and HA. Cell proliferation and
metabolic activity of human embryonal lung fibroblasts were determined using counting of harvested cells and
providing an MTT assay. It was demonstrated that none of the samples were cytotoxic and their surfaces pro-
moted cell colonization. PLD was found to be a promising method of applying coatings to a metal core for den-
tal implants, and the in vitro biological tests suggest that the crystalline HA coating can improve the biological

properties of titanium covered with zirconia.
PACS numbers:
DOI: 10.1134/S1054660X0701 @@@@

INTRODUCTION

A promising method to produce implants with suit-
able mechanical, physical, and biological properties is
to cover metal or metal-alloy substrates with a thin film
of biocompatible material [1]. The preferred coating for
a substrate is hydroxyapatite (HA), [Ca,¢(PO,)s(OH),]
as one of the best known bioceramics [1]. Although HA
has good biocompatibility, its mechanical strength is
inferior to that of metal [2]. The brittle nature of HA
requires it to be coated onto more resistant substrates
such as titanium or titanium alloy [TicAL V] [3]. Modi-
fying the surface of a dental implant gives many advan-
tages: improved osseointegration, enlargement of its
surface area, better retention, and the permanent isola-
tion of the metal core, protecting it from corrosion.
Implants can be modified chemically by etching [4] or
mechanically by cutting [5]; however, the most
advanced way is to modify the surface of the implant
with a thin layer of biocompatible material. Obtaining
the required film thickness depends on the chosen dep-
osition method, because there are some limitations with
regard to the layer thickness and deposition time [1].

Depositing a thin film of a ceramic material onto metal
is done routinely in the electronics industry [6]. There
are several methods of coating implants: plasma spray-
ing, magnetron sputtering, pulsed laser deposition
(PLD), etc. The advantage of PLD is that it gives a finer
control over layer thickness, crystallinity, and composi-
tion. The research into PLD is directed toward the cre-
ation of crystalline apatite films at a low substrate tem-
perature [3]. This usually requires heat treatment in a
controlled atmosphere to attain a high crystallinity [6].
The vacuum deposition technique creates high-quality
coatings with effective bonding to either smooth or
rough titanium surfaces [7]. The bonding at the
HA/titanium interface can be improved by an interme-
diate layer such as zirconia (ZrO,) between the HA
coating and the titanium substrate [8, 9].

The aim of the study was to demonstrate the
mechanical and biological qualities of PLD-created
HA/zirconia coatings for use in implantology. We com-
pared three types of samples: titanium alloy, titanium
alloy coated with zirconia, and titanium alloy with an
interlayer of zirconia and a coating of HA. All the lay-
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peposition conditions

Sample Target | Substrate Pre]s>saure, Tempera- | Number Laser c]isellles:%))', Tar%frt;t?b-

ture, °C | of pulses | energy, mJ P cm'z’ Distance, cm

7RO—15, 16, 17 Zr0, Ti 7% 1073 ~20 10000 450 4 4
7JRO—I18 Z10, Ti 4x1073 ~20 15000 450 4 4
ZRO—19 Zr0, Ti 9x 1073 400 20000 450 4 4
7R0—20 Zr0, Ti 2x 1072 700 20000 450 4 4
7HA—1,2,3,4 Zro, Ti 3x103 ~20 15000 300 4 4
7HA—1,2, 3,4 HA Zr0,/Ti 40 600 20000 300 3 3

ers were created by PLD. We characterized the surfaces
of different substrates for their biological qualities. We
tested colonization, subsequent proliferation, and met-
abolic activity of human embryonal lung fibroblasts on
the substrates. We had previously confirmed that these
samples are not cytotoxic [10].

MATERIALS AND METHODS
Sample Preparation

Zirconia oxide films were created using KrF exci-
mer laser (LUMONICS PM 842) of a wavelength of
248 nm, a frequency of 10 Hz, and output energy of
450 mJ. Disks made of titanium alloy [TizAl,V] of
diameter 10 mm or 12 mm were used as substrates.
Laser energy density on the target was 4 J cm™. Layers
were fabricated at three different substrate tempera-
tures (T;) of 20°C, 400°C, and 700°C (table). The zirco-
nia films acting as buffer layers between the HA coat-
ing and the titanium alloy were only deposited at room
temperature (20°C) (table). HA thin films were created
on ZrO,/TigAl,V substrates using a KrF excimer laser
(LUMONICS PM 842) of wavelength 248 nm, repeti-
tion rate 10 Hz, and output energy 300 mJ. The deposi-
tion took place in an H,0 and Ar (ratio 22:18) atmo-
sphere at a pressure of 40 Pa (table). Laser energy den-
sity on the target was 3 J cm™.

Physical Properties

Film thickness was measured by a mechanical pro-
filometer Alpha Step 500 Surface Profilometer (TEN-
COR Instruments). Film morphology was observed by
scanning electron microscopy (SEM) (JEOL JXA 733)
using a 15-kV electron beam. The crystalline structure
of the deposited films was characterized by X-ray dif-
fraction (XRD). Parallel beam optics geometry with a
Huber two-circle diffractometer powered by a rotating
anode generator X-ray source (300 mA, 55 kV, CuK
alpha radiation) was used. The Ca/P ratio of HA films
was analyzed by wavelength dispersive X-ray analysis
(WDX) by JEOL JXA 733.

Goniometric Measurement

Contact angle characterizes the surface wettability
is one of the criteria for the protein sorption which pro-
motes cell colonization and adhesion. The contact
angle was measured using a surface energy evaluation
system device (Masaryk University, Bmo, Czech
Republic) to an accuracy of +5 degrees. Distilled water
at room temperature was used as a test liquid. Drop vol-
ume was 10 pl (dosed by an automatic pipette,
BRAND, Germany). Titanium samples were cleaned
using acetone and ethanol prior to measurement. All
samples were left in an H-MEM medium for two hours
after measurement. After this procedure, they were
washed with distilled water and measured again.

Biological Evaluation

A cell line of human embryonal lung fibroblasts was
used for the biological testing (LEP,y) (Sevapharma,
Czech Republic). Cell proliferation on the surface of
the samples was evaluated by cell counting and by a
MTT assay. The sterile samples were placed into 24-
well plates (NUNC, Roskilde, Denmark). Fibroblasts at
a density of 22000 cells/cm? were seeded into each well
in 1 ml of culture medium (EPL—Sevapharma, Prague,
Czech Republic). Each sample had its own control—
tissue-culture-grade polystyrene without any sample
present. Cultivation proceeded for 120 hours at 37°C,
5% CO,, and 100% humidity. After 48 hours, the
medium was changed. On the fifth day, the cells were
harvested from the sample’s surface by 0.15% trypsin
(SIGMA, Prague, Czech Republic). The fibroblasts
were counted in the Burker chamber in the optical
microscope (Nikon, Japan). The metabolic activity of
the cells growing in the cultures was shown by MTT
assay [11]. The culture medium was removed, and to
each well we added 1 ml of 2 mM solution of Thiazolyl
Blue Tetrazolium Bromide (3-(4,5 dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide — SIGMA, Pra-
gue, Czech Republic) in serum-free H-MEM medium.
The cells were cultured for two hours at 37°C and 5%
CO,. The samples were transferred to new wells and the
blue precipitate on their surface was diluted with 1.2 ml
of isopropylalcohol. In the wells used as controls, the
No. 1 2007
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solution of MTT was removed and the same volume of
isopropylalcohol was added. The absorbance of the
formed blue solution was measured using an EL 800
Universal Microplate Reader (Bio-tek Instruments,
Highland Park, United States) at 570 nm. The results
were statistically evaluated using Student’s t-test at a
probability level of 0.05.

RESULTS AND DISCUSSION

In the PLD method, the temperature of the substrate
is an important factor [2]. It has been well documented
that plasma-sprayed coatings suffer from low adhesion
between coating and substrate, as well as low cohesion
within the coatings [2]. On the other hand, vacuum dep-
osition techniques produce high-quality coatings with
good bonding to either smooth or rough titanium sur-
faces but usually require a heat treatment in a controlled
atmosphere to attain high crystallinity [6]. XRD analy-
sis shows that the crystalline HA is present in the sam-
ples created at a temperature of 600°C (Fig. 1).

The film thickness of the zirconia layers used for
studying its physical properties ranged from 200 nm to
400 nm. Buffer layers of zirconia ranged from 50 nm to
100 nm. The thickness of the HA layers was approxi-
mately 600 nm.

Scanning electron microscopy (SEM) was used to
study film morphology. A smooth surface covered with
small droplets was observed for both HA and zirconia
layers. The diameters of the droplets were similar for
both HA and zirconia films (Fig. 2) and ranged in size
from 1 pm to 5 pm. The density of the droplets was
lower on the zirconia films.

Single zirconia films were tested for adhesion.
Scratch and indentation tests were made. The critical
normal force, which is the force when the coating is
scratched down to the substrate, was measured. Adhe-
sion tests showed that the critical normal forces were
3.0 N for the sample ZRO-18 and 7.2 N for the sample
ZRO-20 (see table). A maximum normal force of 9.5 N
was measured for the sample ZRO-19 deposited at
400°C. Indentation tests were made at 1470 N using a
Rockwell cone indenter. No cracks in the zirconia layer
were observed for the films created at 20°C. The films
deposited at 700°C exhibited radial cracks, and those
created at 400°C showed concentric circles around the
indentation.

There are several reasons for coating implants with
HA. From a mechanical point of view, HA is very brit-
tle, like most ceramics, and cannot be used as an
implant in a load-bearing application. There is no doubt
that zirconia ceramics have mechanical properties
superior to other biomaterials such as TigAl,V, CoCr
alloy, or alumina [12]. The use of HA-coated implants
has been reported to stimulate bone healing, resulting
in an improvement in the rate and strength of initial
implant integration [5]. Hence, the dense HA layer on
the top of a titanium substrate is mainly for biointegra-
No. 1 2007
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Fig. 1. XRD analysis show crystalline structure of HA layer
of the sample ZHA-3.

Fig. 2. Film morphology of the sample ZHA-2 (magn.
%x2000). The diameters of the droplets were similar for both
HA and zirconia films and ranged in size from I pm to
S pm.

tion to bone tissue and enhanced implant stability.
Thus, it is believed that the use of HA coatings on
metallic implants can speed the rehabilitation of
patients by decreasing the time from implant insertion
to final reconstruction [13].

The crystalline structure of the deposited films was
studied by X-ray diffraction. Parallel beam optics
geometry with a Huber two circle diffractometer pow-
ered by a rotating anode generator X-ray source
(300 mA, 55 kV, CuK alpha radiation) was used. The
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Contact angle [*]

Ti Ti/ZrO, TiZrO,/HA Polystyrene
Material

Fig. 3. Contact angle measurement, Ti—titanium alloy,
Ti/ZrO,—titanium alloy with zirconia layer, Ti/ZrO,/HA—
titanium alloy with the interlayer of zirconia and hydroxya-
patite coating. White columns indicate clean samples, black
ones after two hours in medium containing serum proteins
(*—significantly higher comparing clean samples and sam-
ples after two hours in serum containing medium, **—sig-
nificantly higher than control polystyrene). Columns with-
out any symbol above were neither significantly higher nor
lower.

Fig. 4. Example of formazane crystal formation in fibro-
blasts cultured on polystyrene before the dilution and mea-
surements in course of MTT test. Bar equates 250 um.

crystalline structure of the HA films was confirmed
(Fig. 2). XRD showed no crystallinity on the zirconia
films for temperatures from 20 to 700°C.

HA dissolves in body fluid when its crystallinity is
low. This means that amorphous HA has poor biocom-
patibility [14]. The influence of the ratio between crys-
talline and amorphous HA phases in the layer on the
biological properties of the coating and on the coating

properties to be used in various implants has been fre-
quently discussed [1]. The amorphous to crystalline
HA conversion is dependent on both temperature and
water vapor pressure [3].

The Ca/P ratio was measured by wavelength disper-
sive X-ray (WDX). The average Ca/P ratio of deposited
HA films was 1.68. This is close to the value found in
natural HA, which is 1.67. The optimal Ca/P ratio of
HA films could be obtained at a substrate temperature
of 575°C by depositing the film in a gas environment
containing water vapor. Increasing the degree of crys-
tallinity is important to improve stability and cell activ-
ity [3]. Experimental evidence shows that, during sin-
tering of HA/zirconia composites, the diffusion of cal-
cium oxide in zirconia takes place [12]. Diffusion of
calcium ions from the HA topcoat to the zirconia bond
coat occurred during the depositon of the plasma-
sprayed HA coating on the zirconia surface. The diffu-
sion should enhance the bonding at the HA/ZrO, inter-
face [8]. It has been shown that crystal defects such as
impurities, vacancies, or dislocations have an effect on
diffusion phenomena, thereby influencing the dissolu-
tion rate. It has been suggested that a decrease in solu-
bility occurs with increasing crystal growth [13].

The contact angle values for the samples are shown
in Fig. 3. The results were statistically evaluated using
Student’s t-test at a probability level of 0.05. The con-
tact angles of titanium/ZrO,/HA and titanium alloy
samples are in the optimal range for protein sorption
[15]. The titanium/ZrO,/HA and titanium/ZrO, sam-
ples showed higher values for the contact angle than the
uncoated titanium alloy samples. All the measured con-
tact angles decreased after the samples had been
immersed in the H-MEM media containing serum pro-
teins. No decrease was measured for the control of tis-
sue-grade polystyrene. This decrease in the contact
angle is an indication that protein sorption is taking
place on the surface of the samples. Both polystyrene
with a surface optimized for cell adhesion and prolifer-
ation and the tested titanium/ZrO,/HA exhibited favor-
able growth of cells (including their metabolic activity).
Both of these samples showed no and very low
decreases of contact angles after the preincubation with
media containing serum proteins. This observation can
indicate similarities of both surfaces from the stand-
point of surface properties.

The cells were able to grow in the presence of the
tested targets (direct test of cytotoxicity). The morphol-
ogy and proliferation rate of the cells were comparable
with the control polystyren (Fig. 4). None of the tested
materials were found to be cytotoxic and they all
allowed the growth of cells. The cells adhered to the
samples' surfaces, proliferated, and formed uniform
growth. The number of the cells growing on spot sam-
ples taken from the materials under test was statistically
higher than on spot samples taken from tissue grade
polystyrene (Fig. 5A). On the other hand, the metabolic
activity of cells was highest on tissue-grade polystyrene
Vol. 17  No. |
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Fig. 5. A—Proliferation test by counting after statistical
evaluation, y axis shows cell count per square cm. Image *
means that these results are significantly higher than control
samples. B—MTT assay after statistical evaluation, y axis
shows light absorbance in arbitrary units. Image * means
that the first two samples are significantly lower than con-
trol samples; columns without any symbol above were nei-
ther significantly higher nor lower. Ti—titanium alloy,
Ti/ZrO,—titanium alloy with zirconia layer, Ti/ZrO,/HA—
titanium alloy with the interlayer of zirconia and hydroxya-
patite coating.

control, which is an optimal material for cell cultures
(Fig. 5B). However, the highest metabolic activity of
cells on samples was reached on the Ti alloy-ZrO,-HA
sandwich, even though the absolute number of cells
was less (Fig. 5).

SPELL: OK
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CONCLUSIONS

We found that a titanium alloy substrate with an
interlayer of zirconia and a top coating of HA promotes
the growth of fibroblast cells and is a suitable material
for further development of dental implants. This mate-
rial was found to be non-cytotoxic and supported the
oxidative metabolism of studied cells. The HA coating
with a buffer layer of zirconia has adequate physical
and biological properties. The sandwich material could
be used in further studies in order to prove that HA
coating on a metal nucleus covered with a zirconia
bond coat promotes the healing process and opens the
possibility for the earlier rehabilitation of the patients.
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Biolo_gical properties of titanium implants covered with hydroxyapatite
and zirconia layers by pulsed laser: In vitro study
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The biological and physical properties of dental implants coated by the sandwich technique with a
thin layer of hydroxyapatite and an interlayer of zirconia were evaluated. The implant samples were
covered by pulsed laser deposition. The aim of our study is to evaluate the cytotoxicity and the
surface characteristics of the titanium targets modified with zirconia and hydroxyapatite. The
titanium substrates were analyzed physically by x-ray diffraction and scanning electron microscopy.
We used a direct test of cytotoxicity to compare the prepared samples with other reference materials.
No changes in the morphology or the proliferation rate of the cells used were found in the presence
of the modified titanium targets. The adhesion, proliferation, and fibronectin expressions of human
fibroblasts were also evaluated on the surface of the modified titanium targets. The results show that
the modified titanium samples are at least as attractive as the tissue grade polystyrene in promoting
fibroblasts’ adhesion and proliferation. The results show adhesion and cell proliferation, which in
turn implies that the studied material is not cytotoxic and is suitable for cell colonization. Titanium
modified with zirconia and hydroxyapatite can be beneficially employed in oral bone surgery.

© 2006 American Institute of Physics. [DOI: 10.1063/1.2158140]

L. INTRODUCTION

A successful implantation is the result of a suitable com-
bination of various parameters related to the implant such as
the properties of the material that it is made of as well as its
shape and size. The combination of these factors can influ-
ence the healing of the implant into the bone.'~ The nonload
healing period is the generally accepted condition for os-
seointegration. Previously it was suggested that specific bio-
logical responses of early loaded implants (fibrous repair or
osseointegration) were directly related to a specific combina-
tion of the bone-implant interface, implant design, and type
of the prosthetic reconstruction.”

There are many reasons to modify the surface of the
dental implant, such as to achieve enlargement of its surface,
quicker osseointegration, better retention as well as protec-
tion of the metal nucleus against corrosion, and in turn
permanent isolation. Implants can be modified chemically
by etching® or mechanically by cutting.5 however, the most
advanced view is to modify the surface of the implant by a
thin layer of biocompatible material. A necessary demand on
the implant and its loading is its perfect and quick osseoin-
tegration. That is why materials that could facilitate a direct
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0021-8979/2006/99(1)/014905/6/$23.00

99, 014905-1

structural and functional junction between the bone structure
and the implant are being developed.” The biocompatibility
and bioactivity are the main requirements for a coating ma-
terial.

Several methods have been employed for the fabrication
of a coating on implants such as plasma spraying, vacuum-
deposition techniques including ion-beam sputtering and
pulsed layer deposition (PLD), sol-gel and dip coating meth-
ods, hot isostatic pressing, and electrolytic processes such as
electrophoresis and electrolytic codeposition."

At present, the preferred method of coating implants is a
thin crystalline layer of hydroxyapatite (HA), chemically de-
fined as Ca,q(PO,4)s(OH);, which is an inorganic compound
of bone in the range from 60% to 67%. Hydroxyapatite
crystallized with hexagonal phase and its unit cell contains
six (PO,)* tetrahedral groups.® Plasma spraying enables the
fabrication of a relatively thick coating (50-200 um) with
an amorphous structure quite widely spread.” The disadvan-
tage of plasma spraying is its ncgative effect on the HA
crystallinity and thus on the healing process of thc implant.
The optimal composition of HA is high film stoichiometry,
porosity crystallinity, efficient attachment to the substrate,
and low level of decomposition.® Since its introduction in
1992 PLD has been routinely used as a fabrication technique
due to its capability to provide high-quality HA coalings.'°

© 2006 American Institute of Physics
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We assume that the material under study is not cytotoxic
and does not change the behavior and morphological struc-
wre of cells in surrounding tissue.This was tested by cultur-
ing fibroblat cells with the treated samples.

Il. MATERIAL AND METHODS
A. Sample preparation

The substrate made of titanium alloy (TigAl,V) with a
diameter of 10 mm and thickness of 2 mm was used as a
substrate for the deposition. These substrates were success-
fully coated by ZrO, interlayers with a thickness ranging
from 50 to 100 nm and 6- to 12-um-thick HA coatings us-
ing PLD.

B. Pulsed laser deposition

PLD of HA layers is usually performed with KrF or ArF
excimer lasers. PLD is a vacuum-deposition technique ca-
pable of producing such coatings with a thickness of the
order of a few micrometers and good bonding to either
smooth or rough titanium surfaces. However, to attain high-
crystallinity heat treatment in a controlled atmosphere is usu-
ally required.

The quality of the coatings obtained by PLD is directly
dependent on the deposition conditions such as laser power
density, target substrate distance, environment in the interac-
tion chamber, film growth rate, film thickness, substrate ma-
terial, the deposition regime, ec.!" It is possible to vary, via
the deposition conditions, the Ca/P ratio or calcium phos-
phate phases. This may be significant for implantation appli-
cations. The degree of bioresorbability of calcium phosphate
ceramics reportedly depends on the Ca/P ratio. Higher Ca/P
ratio leads to lower rates of bioresorbability."

The depositions of HA and ZrO, films were carried out
in two different deposition setups where KrF and ArF exci-
mer lasers were used. First ZrO, films were produced by a
KrF excimer laser (LUMONICS PM842) emitting at 248 nm
with a repetition rate of 10 KHz and an output energy of
450 mJ.

The substrate was fixed at a distance of 4 cm from the
ZrO, target. The trace of the laser beam on the target was
7.6 mm?. The energy density of the laser beam on the target
was 4 J cm~2. During the deposition, the oxygen pressure of
6% 1073 Pa was kept and the substrate temperature of 20 °C
was maintained. ZrQ, films with a thickness of 50-100 nm
were grown. An HA film was fabricated on the titanium sub-
strates coated with the ZrO, layers. The ArF excimer laser
emitting at 193 nm with a repetition rate of 50 Hz and an
output energy of 330 mJ was used for the deposition. The
trace of the laser beam was 5.3 mm>. The deposition was
proceeded in H,O atmosphere at the pressure of 50 Pa. The
target was fixed at distance of 3 cm from the HA substrate
and heated up to 600 °C. The growth rate of the HA films
was ~0.03 nm/pulse.

J. Appl. Phys. 99, 014905 (2006)

C. Physical tests
1. Analysis of the sample surface

The film morphology was observed using a scanning
electron microscope (SEM) (JEOL JXA 733, Japan) using a
15 kV electron beam and X400 magnification. On comple-
tion of all the biological tests the surface of the coated tita-
nium target was reassessed with the scanning electron micro-
scope {JSM 5500 LV (Joel, Japan)].

2. X-ray-diffraction and wavelength dispersive x-ray
(WDX) analyses

The films were structurally characterized by x-ray dif-
fraction (XRD). A parallel beam optic geometry with a Hu-
ber two circle diffractometer, powered by a rotating anode
generator x-ray source (300 mA and 55 kV), RIGAKU Ro-
taflex RU 300 was used. Film thickness was measured with
Alpha Step 500. The ratio of calcium to phosphorus (Ca/P)
in the film was studied by an electron microscope using
WDX.

D. Biological tests
1. Test of cytotoxicity

The coated samples were compared with positive and
negative controls in a direct test of cytotoxicity. The positive
reference was a ceramics target—Noritake (Noritake, Arling-
ton Heights, USA); the two ncgative controls a target of
artificial red rubber (Vegum, Gumarne Dolne Vestenice, Slo-
vakia) and a target of dental resin Superpont C+B (Dental
a.s. Prague, Czech Republic) made with an excess of mono-
mer: 5 ml of monomer and 3 g of polymer. The usual ratio
for the preparation of Superpont C+B is 1:1.

Two types of cell werc used for the biological testing:
3T3 murine line fibroblasts and human dermal fibroblasts.
The cells were seeded into six-well plates (NUNC, Roskilde,
Denmark) at 2500 cells/cm? and 3 ml of H-MEMd medium
(UMG CSAV, Prague, Czech Republic) was added into each
well. The H-MEMd medium with 0.3 mg/ml of glutamine
(Scvafarma, Prague, Czech Republic) and 10% bovine serum
(ZVOS, Hustopete, Czech Republic) was supplied with
antibiotics—gentamycin  [(10 ug/ml) and  penicillin
(200 U/ml)].

The cells were cultured in the incubator at 37 °C, 3.3%
CO,, and 100% humidity. After 24 h the titanium targets,
with HA and zirconia coatings, and the control reference
targets of ceramic, rubber, and dental resins were inserted
into the wells. An equal number of wells without targets but
seeded with cells and supplied with nutrient was cultured as
additional controls. On the third and fourth day of cultiva-
tion, 1.5 ml of medium was added to each dish. The mor-
phology of adherent cells was monitored using phase con-
trast microscope (Olympus, Prague, Czech Republic). The
cells were cultured for 5 days in the incubator. The samples
were removed and the cells were harvested using a mixture
composed of equal amounts of 0.25% trypsin and 0.02%
EDTA (SIGMA, Prague, Czech Republic). The same proce-
dure was used to remove the cells in the reference control
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six-well plates. To ensure a perfect release of the cells from
the six-well plates they were placed in an incubator at 37 °C
for 10 min.

The fibroblasts from the control wells and from wells
containing samples were counted in a Biirker chamber in
using an optical microscope (Olympus, Prague, Czech Re-
public). The results were evaluated using a Student’s r-test
for statistical significance.

2 Test of adhesion

After sterilization, the studied samples were placed into
24-well plates (NUNC, Roskilde, Denmark) with a dish di-
ameter of 16 mm. Each 24-well plate was seeded with
100 000 (eighth subculture) human dermal fibroblast cells
suspended in 1 ml of culture medium. An equal number of
well plates not containing a sample were seeded with cells
and medium and paired with a well plate containing a sample
as a control.

The cells were cultured in the incubator for 24 h under
the condition described above. The samples were then trans-
ferred into new wells and rinsed with phosphate buffer saline
(PBS). The cells were harvested from the target’s surface by
a mixture of 0.25% trypsin and 0.02% EDTA (SIGMA, Pra-
gue, Czech Republic) in the mixing ratio of 1:1. The cells
from the bottom of the control wells were subjected 1o the
same procedure for their detachment. For a perfect release of
the cells, the 24-well plates were put into the incubator for
10 min at 37 °C. The fibroblasts were counted in the Burker
chamber using the optical microscope. The cells obtained
from the target and from the corresponding control well were
counted separately.

3. Test of proliferation

The samples were prepared in the same way as for cell
adhesion: 20 000 human fibroblast cells were added to 1 ml
of culture medium in 24-well plates. Each sample had a con-
trol well plate paired with it.

Cultivation proceeded for 96 h at 37 °C, 3.3% CO,, and
100% humidity. At 48 h and at 72 h, the H-MEMd medium
was completely changed. Two samples were dried and deep
frozen for storage and later immunohistochemical study. Af-
ter 96 h the remaining cells were evaluated in the same way
as in the test of attachment described above.

4. Fibronectin expression

The fibronectin was detected by a monoclonal antibody
(Sigma-Aldrich, Prague, Czech Republic) diluted as recom-
mended by the supplier. FITC-labeled porcine antimouse se-
rum (SwWAM-FITC, AlScVa, Prague, Czech Rcpublic) was
used as the second step antibody. The control of the speci-
ficity of the reaction was proved by the prescnce of isotype
antibody against cytokeratins normally not occurring in fi-
broblast. This type of control is essential to exclude the non-
specific binding of the first step antibody via Fc receptors.
The samples were mounted in Vectashield (Vector Laborato-
ries, Burlingame, CA, USA). The fluorescence microscope
Optiphot-2 (Nikon, Prague, Czech Republic) cquipped with a
charge-coupled device (CDD) camera (Cohu) and computcr-
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FIG. 1. Film morphology of ZrO, sample (SEM) (magnitication of X400).
The structure of a created film is similar to the original hydroxyapatite.

assisted image analyzer LUCIA (Laboratory Imaging, Prague,
Czech Republic) were used for detection of the signal and
data storage.

lll. RESULTS AND DISCUSSION
A. Physical analysis

The SEM analysis showed that the HA film surface was
covercd with droplets with diamecters ranging from
5 to 20 wn (see Fig. 1).

The deposited HA layer was smooth (Fig. 2). The XRD
analyses confirmed amorphous layers of ZrO, and the poly-
crystalline structure of the HA films (Fig. 3). The Ca/P ratio
of natural HA is 1.67. The Ca/P ratio in one of the samples
was measurcd both in onc of the droplets and in the flatter
surface and was found to be in the range of 2.2-2.4.

There are several reasons to use HA as a coating mate-
rial. The HA crystals arc very fragile so HA cannot be used
as a raw material for a self-contained implant.* One of its
important qualities is its biocompatibility because HA is an
integral part of bone tissue. The HA coating on the metal
nucleus is known to facilitate the healing processes and to
allow the patient to use the prosthetic rehabilitation
carlier.”'? The presence of Ca and P ions was verified as
essential for bone apposition in immediate surroundings of
the implanl.° Hydroxyapatite and tricalcium phosphate are
usually considered as bone bioactive ceramics, because they
generally bond to the surrounding osseous tissue and en-
hance bone tissue formation."

One of the much debated topics is resorption of the HA
layer. The resorption of the HA layer may cause a ncw inter-
face to develop with the implant isolated and separated from
the surrounding bone tissue. The highly crystalline surfaces
produced by PLD arc not so easily resorbable. Some studies
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FIG. 2. SEM of the hydroxyapatite surface created by pulsed laser deposi-
tion on the interlayer of zirconia on the titanium target confirmed crystalline
structure (magpnification of X 1500). The images shows that the HA coating
is smooth and covered with droplets of diametres between 5 and 20 um.
The surface of the HA upper layer is homogeneous.

show that HA crystals stimulate bone apposition.M The in-
vestigation of a mixture of HA and zirconia in one film made
by plasma spraying shows positive results.'’

The problem in focus is to improve the technique for
thin layer coating with HA.®'® There is detectable evidence
of a positive relation of the laser ablation technique to the
thin layer of HA and zirconia. One of the most serious dis-
advantages of plasma spraying is their more or less amor-
phous structure.” Hydroxyapatite is a porous material im-
proving the osseointegration® but reducing the quality of the
coating and its attachment to the metal core of the implant.
At present, most of the commercially produced implants arc
made by plasma spraying which produces a fast coverage,

Hydroxylapatite/Ti-ZRO-13-SYM
HA - hydroxylapatite
S - substrate

25 30 35 40 45 50
29

FIG. 3. XRD spectrum of HA layers (ZrO,, 13 sample). It describes several
planes of crystal lattice. Calibrating was compared with standards. The
analyses of the target surface by the above-mentioned technique verified that
HA on the surface is crystalline.

J. Appl. Phys. 99, 014905 (2006)

Cytotoxicity test
Murine fibroblasts

Controls

Samples

THAZO,  Rubber  Ceramics
Material

FIG. 4. Cytotoxicity test—murine fibroblasts. The growth of the murine
fibroblasts with (black columns) and without (white columns) tested mate-
rials was compared. Statistical significant differences between evaluated
samples and their controls are marked with asterisk. The best results were
obtained for the moditied titanium samples with zirconia and hydroxyapatite
(Ti/HA/ZrO,); MMA is the abbreviation for the methylmetacrylate sample.

high film thickncss (100-300 wum), high film porosity, and
high substrate attachment. The coating created by plasma
spraying is very granular but with low intergrain attachment.
The high film porosity improves the osseointegration but re-
duces the intergrain and metal-ceramic attachments. The
pulsed laser deposition has certain advantages. It creates a
crystalline layer with strong intergrain attachment. Hy-
droxyapatite bonds well to the metal surface and the coating
is evenly spread. However, the deposition of larger grains
has not been achieved. Nevertheless, it is necessary to de-
velop a high porosity coating for attachment to the bone.?

B. Cytotoxicity of the studied material

We have confirmed that the studied material with the
crystalline HA coating and the interlayer from zirconia is not
cytotoxic. The number of cells that were growing in the pres-
ence of the tested material was compared with the number of
cells in the control wells without the materials. For both
types of tested cells the best results were obtained with tita-
nium samples coated with HA and zirconia (Figs. 4 and 5).
As calcium hydroxyapatite is the most stable calcium phos-
phate in contact with the body, laser deposition research is
directed towards the crcation of crystalline HA." Zirconia
ceramic has a better mechanical quality than other types of
ceramics used for medical needs. The mechanical character-
istics depend on raw materials and on the procedures used in
component processing. Biological tests made in vitro show
that zirconia powder or ceramics are not cytotoxic. None of
the cytotoxic or _gencra] reactions were observed in relation
to this material,'” which support our outcomes.

Fibroblasts are known to quickly adhere to the bottom of
the culture well, so after 24 h of cultivation the targets could
be added to the cells. When the coated titanium and ceramic
targets were inserted, the morphology of the cells did not
changc [Figs. 6(a) and 6(b)] in their surroundings. Fibro-

Downloaded 31 Jan 2006 to 147.231.27.22. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Cytotoxicity test
Human fibroblasts
1000
Controls
bl .
o 100
10}
o ,
Qo
[ Samples
3
Zz

TVHA/ZrO, Rubber Ceramics MMA
Material

FIG. 5. Cytotoxicity test—human fibroblasts. The growth of the human
fibroblasts with (black columns) and without (white columns) tested mate-
rials was compared. Statistical significant differences between evaluated
samples and their controls are marked with asterisk. The best results were
obtained from modified titanium samples with zirconia and hydroxyapatite
(Ti/HA/ZrO,) and were comparable with ceramic samples. MMA is the
abbreviation for the methylmetacrylate sample.

blasts rapidly proliferated, resulting in subconfluent or al-
most confluent growth. In the surroundings of the rubber
samples not only did the cells fail to divide but also changed
their morphology and died and became detached from the
bottom [Fig. 6(c)]. Red rubber is absolutely cytotoxic and the
monomer released from the dental resin stunts the growth of
the cells.

FIG. 6. The human fibroblasts in the surroundings of the titanium sample (a)
coated by zirconia and hydroxyapatite grew confluently without any change
of morphology as well as fibroblasts in the surroundings of ccramic target
(b). Inactive human fibroblasts in the well with the red rubber sample (c),
not only the cells fail divide. but also they changed their morphology and
died, detaching from the bottom.

J. Appl. Phys. 99, 014905 (2006)

FIG. 7. (Color online) The color change of pH indicator (phenol red) by the
metabolization of the fibroblasts in the wells with the samples of ceramics.
resin, and red rubber and controls. Severe reduced metabolic activity in the
dish with the red rubber sample. The color of medium changed from red to
yellow [(a) ceramics, (b) red rubber, and (c) methylmetacrylate sample].

The increased metabolic activity of cellular proliferation
reduced the pH of the medium and changed the indicator
{(phenol red) from red to yellow. The differences in color of
the culture medium in the dishes with the ceramics, resin,
and red rubber samples are shown in Fig. 7. A severely re-
duced metabolic activity in the dish with the red rubber
sample is obvious (Fig. 7).

Statistical significant differences occur in both murine
and human fibroblasts in the samples from methylmetacry-
latc(MMA) and red rubber when compared with the controls.
The results obtained from the ceramic samples show no toxic
effects on the human fibroblasts which correspond well with
the use of ceramics in human medicine (Fig. 5). In contrast
to human fibroblasts the proliferation activity of the murine
fibroblasts decreases in the presence of ceramic targets (Fig.
5). Student’s t-test at probability level of 0.05 was used to
evaluate the differences of the component materials. In the
case of murine fibroblasts statistically significant differences
were found among all tested materials. On the other hand,
using human fibroblasts no statistically significant differ-
ences appeared between titanium and ceramic targets. These
outcomes show that any tested materials need to undergo an
assessment with cells of the species the material is intended
to be used in. The reaction of the cells to external material is
species specific. Therefore the surface quality tests were pro-
vided only with the human fibroblasts.

Human fibroblasts

1000
o Controls:
Tissue culture
: 500 ” polystyrene
200
®
o
:E, 100} I l Samples:
TVYHA/ZrO,
50%

Adhesion Proliferation

FIG. 8. Adhesion and proliferation of human fibroblasts on the surface of
modified titanium target (black columns). The results are compare well with
the growth of cells on tissue grade polystyrene (white columns).
Ti/HA/ZrO, marks titanium modified with zirconia and hydroxyapatite
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FIG. 9. (Color online) We confirmed the presence of fibronectin (marked in
green color) in the human fibroblasts on the titanium target modified by
zirconia and hydroxyapatit after 48 h cultivation (fluorescence microscope).
In the photo the blue color marks the DAPI staining of the fibroblast nuclei.

C. Surface quality tests: Test of adhesion
and proliferation

To test the characteristics of the titanium target’s surfacc
for cells we inoculated 50 000 human fibroblasts/cm? for
adhesion and 10000 human fibroblasts/cm? for prolifera-
tion. The quantity of cells harvested from the titanium target
was compared with the quantity obtained from the same area
of tissue grade polystyrene. Student’s r-test was used at a
probability level of 0.05. The test results show (Fig. 8) that
the titanium target modified with HA and zirconia is at least
as effective as the tissue grade polystyrene for adhesion and
proliferation of the fibroblasts. This fact promises a possible
way toward other research in dental implantology because
perfect adhesion and proliferation of the cells are necessary
for successful implantation. Our findings are in agrcement
with data published by Dion and Li, who used SEM to study
the attachment and spreading of the murine fibroblasts.'”

D. Fibronectin expression

The targets were impermeable to light so the growth and
morphology of the cells could not be monitored with an op-
tical microscope while being cultured. Using immunohis-
tochemical staining enabled us to visualize the cells’ growth
on the surface of the targets.

J. Appl. Phys. 99, 014905 (2006)

Fibroblasts cultured for 72 h were spread well and cre-
ated subconflucnt growth. They expressed fibroncctin in cy-
toplasm, which was stained a green color (Fig. 9). At that
time no extracellular deposition of fibroncctin was observed.

IV. CONCLUSION

Our main finding is that the surface quality test has
proven that the samples of an implant with HA and the in-
terlayer of zirconia produced by the pulsed laser deposition
are readily colonized by murine and human fibroblasts. No
cytotoxic effects have been found during our dircct test of
cytotoxicity.

The samples with various modifications could be used
for other rescarches as well as open the possibility of its
implantation into the bone. The pulsed laser deposition
seems to be a promising method of coating the thin layers of
zirconia and HA.
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Abstract

Thin films of ZrO, and hydroxyapatite/ZrO, were created by excimer laser ablation on Ti6Al4V. substrates. ZrO, layers were fabricated in
vacuum by KrF laser at various substrate temperatures and hydroxyapatite (HA) layers were fabricated in water vapor ambient by ArF laser and in
water vapor/argon ambient by KrF excimer laser. Film properties were evaluated by XRD, SEM and WDX methods. The test of mechanical
adhesion was proceeded on ZrO, films. XRD analysis proved the presence of amorphous or crystalline HA in the deposited films. SEM method
demonstrated smooth surface covered by droplets for both HA and ZrO, films. Ca/P ratio of the HA films is higher than that of the natural HA and is
within the range of 2.8-3.0. The HA/ZrO, and ZrO, samples were tested in vitro for cytotoxicity. The best results were received by the HA/ZrO,
samples in the test of cytotoxicity. Fibroblasts cultivating with HA/Z1O, samples exhibited subconfluent and confluent growth and showed

fibronectin homogenously.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Hydroxyapatite; Pulsed laser deposition; X-ray diffraction analysis

1. Introduction

Hydroxyapatite [HA; Ca;o(PO4)s(OH),] ceramics have been
recognized as substitute materials for teeth in dentistry for long
time. The method of pulsed laser deposition (PLD) was
successfully used to create HA coatings and these were studied
in vitro and in vivo (Jelinek et al., 1995, 1996; Dostélov4 et al.,
2001). HA-coated implants have shown good fixation to the
host bones and increased bone ingrowth into the implants.
However, there are still many concerns about the application of
HA coatings due to their poor mechanical stability. Some
previous studies have shown that mechanical properties of HA
coatings can be improved by adding ZrO,. One of the
approaches is to create HA/ZrO, composite coatings. HA
coating reinforced by zirconia shows better dissolution
behavior while tested in vitro than HA coating (Chang et al.,

* Corresponding author. Tel.: 4420 2 6605 2733; fax: +420 2 8689 0527.
E-mail address: jelinek @fzu.cz (M. Jelinek).

1389-0344/8 ~ sce front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.biocng.2006.05.019

1997). Alternatively, HA/ZrO, coatings are fabricated with the
ZrO, layer as a bond coat (Chou and Chang, 1999, 2002). -
Zirconia (ZrQ,) is used to strengthen the brittle materials
due to its good mechanical properties, especially strength,
toughness and high Young’s modulus. Zirconia at various forms
has been studied of biocompatibility by many authors. Several
reports evaluating zirconia in vitro were published (Piconi and
Maccauro, 1999). Calcium partially stabilized zirconia
(CaYPSZ) was studied by SEM in presence of 3T3 fibroblasts
(Tateishi et al., 1994). Adhesion and spreading of cells was
observed and a cell monolayer was created. By test of cell
viability and MTT assay, biocompatibility of zirconia and
yttrium partially stabilized zirconia (YPSZ) was examined
(Davidson et al.,, 1992; Li et al., 1993). In both cases ng
cytotoxic effect was analyzed. No toxic effects on cell cultures
of 3T3 fibroblasts were also shown while testing YPSZ in the
indirect contact, cell viability and MTT assay (Dion et al.,
1994). While cultivating YPSZ with human oral fibroblasts, ion
release was observed and toxicity was related to the release
(Bukat et al., 1990). In vivo, different zirconia materials in
many various physical forms such as pellets, bars or cylinders
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Prism ZeAXax = laser beam

B

vacuum

Fig. 1. Experimental set-up of ZrO, film deposition.

were implanted in bone or soft tissues (Piconi and Maccauro,
1999). In general, no adverse responses were analyzed. In the
early postoperative phase, connective tissue between bone and
ceramic was usually observed.

This contribution is oriented to study thin ZrO, and HA
layers created by PLD. Results of physical, mechanical and
biomedical in vitro tests in connection with deposition
conditions are presented.

2. Experimental details

For layer deposition ArF and KrF cxcimer lasers were used. Zirconia oxide
films were fabricated by KrF laser deposition (LUMONICS PM 842, repetition
rate of 10 Hz, output energy of 450 mJ). Target was fixed in the distance of 4 cm
from the substrate (Fig. 1). Laser energy density on the target was 4 J cm™2,
Layers were fabricated onto titanium alloy Ti6Al4V substrates (diameter of 10
or 12 mm and thickness of 2 mm) at three substrate temperatures: 20, 400 and
700 °C. Before the deposition the substrates were cleaned in acetone, toluene
and in ethylacohol. The ZrO, films, which were supposed to be buffer layers for

HA/ZrO; coatings, were fabricated only at room temperature. Thickness of
buffer layers was 100 nm (4000 laser pulses).

Two sets of HA layers were fabricated on Z1Oo/Ti6Al4V substrates ~ one set
of layers was created by ArF (193 nm output wavelength) and the second by
KrF (248 nm) laser deposition. The first set was created at repetition rate of
50 Hz, output energy of 330 mJ and energy density of 6 J cm™2 - see set-up in
Fig. 2. The deposition was proceeded in the H,O atmosphere at the pressure of
50 Pa. The target was fixed in the distance of 3 cm from the HA substrate and
heated up to 600 °C (Fig. 2). The second set of HA layers was fabricated by KrF
deposition again on ZrO,/Ti6Al4V substrates at 600 °C of substrate tempera-
ture. Energy density was 3J cm™2, target-substrate distance of 6 cm, and
argon + water pressure of 40 Pa (Ar/water = 0.8). -

Film thickness was measured by mechanical profilometer Alpha Step 500.
Crystalline structure of the deposited HA/ZrO, films was characterized by X-
ray diffraction analysis (XRD). Parallel beam optics geometry with a Huber two
circle diffractometer, powered by a rotating anode generator X-ray source
(300 mA, 55 kV, Cu Ka radiation) was used. Film morphology was observed by
scanning clectron microscopy (SEM) (JEOL JXA 733) using 15 kV electron
beam and 400x magnification. The Ca/P ratio was studied using an electron
microprobe and wavelength dispersive X-ray analysis (WDX). Single ZrO,
films were tested of adhesion by scratch and indentation tests. In the scratch test
the load was increasing from 0 to 50 N. The indentation test was carried out by a
Rockwell cone indenter at load of 1470 N.

3. Results and discussion
3.1. Physical and mechanical analysis

All ZrO, layers fabricated at three various substrate
temperatures were amorphous. Film surface was smooth
covered with small droplets (see Fig. 3). Adhesion, exhibited
as critical normal force, was in the range 3.0-9.5 N. Maximum
force was for samples deposited at 400 °C. Example of abrasion
trace is in Fig. 4. No cracks in ZrO, layers were observed for
films created at 20 °C. The film deposited at 700 °C exhibited
radial cracks and the indentation in films created at 400 °C
formed concentric circles around the puncture (Fig. 5).

The HA layers created by ArF excimer laser were crystalline
(see Fig. 6), and layers created by KrF laser-were amorphous
and only partly crystalline. The reason can be not only in laser
deposition wavelength, but also in energy density and ambient
atmosphere. Example of HA film morphology is in Fig. 7. The
Ca/P ratio of the films was ~-3.0. Content of calcium in droplets
was lower (Ca/P: ~2.8).

—_— ——

laser beam

Fig. 2. Experimental set-up of HA film deposition.
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iig. 3. Film morphology by SEM of ZrO, coating (magnification 400x }—
ample ZRO- 18 (ZRO- 18 deposited by KrF laser at the repetition rate of 10 Hz,
he output encrgy of 450 ml, the encrgy density of 4 J cm~? and the substrate
=mperature of 20 °C).

".2. Biological tests of HA/ZrO, coatings

Direct test of cytotoxicity was used to evaluate the
riocompatibility of HA/ZrO, samples. Mice line and human
ibroblasts were cultivated in the presence of different materials
ncluding the studied samples. The Noritake ceramics was used
s a positive control and two materials as a negative control—a
ample of red artificial rubber and a sample of dental resin
wuperpont C + B. The best results were reached for the HA/
'rO, samples. (Table 1) No morphology changes were
bserved during cultivation. The cytotoxicity of the HA/
'rO, samples was not proved.

In the test of attachment, amounts of attached fibroblasts
nto the surface of the sample and onto the bottom of the dish

ig- 4. Scratch test of ZrO, coating—sample ZRO-19 (ZRO 19 deposited by

rF laser at the repetition rate of 10 Hz, the output energy of 450 mJ, the
wergy density of 4 Jem™2 and the substrate temperature of 400 °C).

Fig. 5. Indentation test of ZrO, coating—sample ZRO-19.

Fig. 6. XRD spectrum of HA/ZrO, coating—sample ZRO-13 (ZRO-13 depos-
ited by ArF laser at the repetition rate of 50 Hz, the output energy of 330 mJ and
the energy density of 6J em™?),

Fig. 7. Film morphology of HA/ZrO; coating by SEM (magnification 400x )—
sample ZRO-13.
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Table 1

fest of cytotoxicity of HA/ZcO, coalings (samples 1-3 deposited by ArF laser at repetition rate of 50 Hz, output energy of 330 mJ and energy density of 6 J cm™2)

Malerial Proportional number of cells (%)
Mice fibroblasts Human fAbroblasts
Sample | Sample 2 Sample 3 Average value Sample 1 Sample 2 Sample 3 Average value
HA/ZrO 81 71 81 78 98 89 95 94
Red rubber 9 9 6 8 0 0 0 0
Ceramics 50 82 63 65 58 74 89 74
Resin 47 28 54 43 30 25 21 25
Table 2 of 5-20 jum in case of HA/ZrQ, films and of 1 or 2 um in case

Tests of attachment and spreading of HA/ZrO, coatings (sample deposited by
ArFlaser at repetition ratc of 50 Hz, output encrgy of 330 mJ and energy density
of 6J cm™?)

Test Count of cells (1000x)

Sample surface Control cultivation

Attachment 58.5 51.5 130.0
Spreading 333.0 378.0 713.0

Sample surroundings

were numbered in the Burker counting cella in an optical
microscope. Human fibroblasts were plated at a density of
1 x 10° cells per ml into the plates containing the HA/ZrO,
samples. The cells were cultivated in an incubator at the
temperature of 37 °C, at 3,.3% pressure of CO; and at 100%
humidity in H-MEMd medium. Dishes without samples were
used as control. After 24 h of cultivation, there were 53% of
cells attached onto the surface of the sample and 47% of cells
attached onto the bottom of the dish. Total amount of the
attached cells fits well with that of control cultivation (Table 2).

In the test of spreading, the human fibroblasts were
cultivated for 96 h. The fibroblasts were plated at the density
of 20,000 cells/ml in 1 ml volume of cultivating medium to the
HA/ZrO, samples. Cultivation proceeded for 96 h, at the
temperature of 37 °C, at 3.3% pressure of CO, and at 100%
humidity. Each test has its own control with no samples. There
was 47% growth of the cells on the surface of the sample and
53%-growth of the cells in the surroundings (Table 2), The sum
of the cells on the sample and in its surroundings is well
comparable with the number of cells in the control cultivation.

Two of the HA/ZrO, samples were separated after 72 h of
the cultivation processed in the test of spreading to study the
immuno-histochemical reaction. The fibroblasts created sub-
confluent and confluent growth.

1. Conclusions

Thin films of HA were grown by pulsed laser deposition on
he titanium alloy Ti6Al4V with intermediate ZrO, buffer
ayers. For HA deposition ArF and KrF excimer lasers were
ised. Films were crystalline or amorphous depending on
feposition conditions. Scanning electron microscopy demon-
itrated smooth surface covered by droplets with the diameters

of single ZrO;, films. The Ca/P ratio of crystalline HA films was
higher than that of natural HA and it differed within the range of
2.8-3.0. Single ZrO, films were tested of adhesion. In the
scratch test, maximum value of critical normal force was
measured for ZrO, film deposited at 400 °C. The indentation
test showed different reaction of the ZrO, samples. For ZrO,
film deposited at 20 °C no cracks were observed while for films
deposited at higher temperature the cracks were observed,
Biocompatibility of the HA/ZrO, films was the best of all tested
samples. After 24 h the test of attachment showed that 53% of
cells have attached on the surface of the sample and 47% of
cells have attached in the surroundings. The test of spreading
showed the 47% growth of the cells on the surface of the sample
and the 53% growth of the cells in the surroundings. The
fibroblasts created subconfluent and confluent growth and
showed fibronectin homogenously.

Acknowledgements

This project was supported by the GA ASCR, Project No.
A1010110 and IGA No. 8512-3. Our thanks should be also expr-
essed to CTU Research Project No. 6640770030 and No. 88/1.

References

Bukat, A., Fassina, P.,, Greco, E, Piantelli, S., Piconi, C., Zaghini, N., 1990. In:
Hulbert, J.E., Hulbent, S.F (Eds.), Bioceramics, vol. 3. Terre Haute, pp. 355.

Chang, E., Chang, WJ., Wang, B.C., Yang, C.Y., 1997. J. Malter. Sci. Mater.
Med. 8, 201.

Chou, B.Y,, Chang, E., 1999. Biomaterials 20, 1823.

Chou, B.Y., Chang, E., 2002. Surf. Coat. Technol. 153, 84.

Davidson, J.A., Mishra, A.K., Poggic, R.A., Wert, J.J., 1992. In: Proceedings of
the Transaction of 38th ORS. p. 404.

Dion, 1., Bordenave, L., Lefcbvre, F, 1994. J. Mater. Sci. Mater. Med. 5, 18.

Dostilovi, T., Himmlova, L., Jelinek, M., Grivas, C., 2001. J. Biomed. Opt. 6 (2)
239.

Jelinek, M., Olsan, V., Jatrabik, L., Studnicka, V., Hnatowicz, V., Kvitek, J.,
Havrinek, V., Dostilovd, T., Zergioti, 1., Petrakis, A., Hontzopoulos, E.,
Fotakis, C., 1995. Thin Solid Films 257, 125.

Jelinek, M., Dostdlovd, T., Fotakis, C., Studnicka, V., Jatrabik, L., Havrinek, V.,
Grivas, C., Hnatowicz, V., Kadlec, J., Patentalaki, A., Pefina, V., Pospichal,
M., 1996. Laser Phys. 6 (1) 144.

Li, J., Liu, Y., Hermansson, L., 1993. Clin. Mater. 12, 197.

Piconi, C., Maccauro, G., 1999. Biomaterials 20, I.

Tateishi, T., Hyodo, K., Kondo, K., Miura, K., 1994. Mater. Sci. Eng. Cl, 121.

BIOENG 270 1-4

165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182

183
184
185
186

187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206

367



