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1.UvoD

Dentalni implantologie se zabyva zavedenim biokompatibilniho materidlu
na povrch kosti nebo do kosti horni &i dolni &elisti. Cilem je dokonala integrace
implantovaného materidlu zajistujici dlouhodoby létebny efekt [1].

Snaha o rekonstrukci chrupu pomoci alogenniho materidlu je stara n€kolik
tisic let, v dfivéjSich dobach viak &asto konéila nezdarem. Implantologii limituji
tfi z4sadni problémy, které se podafilo isp&$né zvladnout aZ v posledni dobg. Jsou
to: inkorporace materialu jako ciziho t&lesa, rekonstrukce periodoncia a nihrada
dentogingivalniho uponu [2]. Diky oseointegrovanym implant4dtim je inkorporace
materidlu vyfeSena. Periodoncium, ani kvalitni dentogingivalni dpon v3ak zatim
nahradit sou€asnd implantologie neumi. Spojeni ustni sliznice s implantitem se
tedy st4va nejslab3im mistem soutasné implantologie.

O nejvyznamnéj$i prelom v dentélni implantologii se zapti¢inil Svéd Per-
Ingvar Brdnemark, ktery okolo roku 1952 jako mlady védecky pracovnik objevil
pfi studiu krevnich bun&€k viceméné nahodny jev, ktery byl pozdé&ji nazvéan
osteointegrace (bude vysvétleno mZe). Zactatkem 80. let 20. stoleti ovladly
osteointegrované implantity téméf celou dentdlni implantologii. Jedinou
vyznamnéj$i novinkou bylo zavedeni hydroxyapatitového povlaku na titanovy
povrch implantitu (1984).

Biomateridly obecné jsou definoviny jako syntetické materialy, které
navodi specifickou biologickou aktivitu. Dfive se biokompatibilnim materidlem
nazyval takovy material, ktery vyvolal minimalni biologickou odpovéd’. Nyni je
biokompatibilita popsdna jako schopnost materidlu chovat se uspokojivé
v poZzadovanych aplikacich. Biokompatibilni materidl musi splfiovat nékolik

zékladnich podminek - musi odoldvat korozi a chemickym vlivim ve



fyziologickych tekutinach, vydrZet mechanicky stres, ktery je na n&j béhem jeho
Zivotnosti vynakladan, dale musi byt jednoduse formovatelny do poZadovaného
tvaru, nesmi vyvolavat alergickou &i toxickou reakci a nesmi interferovat
s imunitnim systémem a krevnimi elementy zejména ve smyslu zvy3ené
srazlivosti [3].

Vzhledem k implantatim je mozZno rozdélit biomateridly do ctyfech
zakladnich kategorii [3, 4, 5]:

1. biologicky inaktivni — okolni tkaf reaguje tak, Ze je zaobali do

neadherujici fibrosni tkan¢ (enkapsulace), sem patfi chromkobalt, chromnikl,
Al,O3 keramika, polyethylen a dalsi.

2. porézni — umoziiuji vristani tkané do poru (biologicka fixace), sem
patfi: hydroxyapatit a hydroxyapatitem povlakované kovy.

3. bioaktivni — vaZou se k tkanim (biologicka fixace diky chemické vazbé
mezi implantitem a kosti). Bioaktivni material vyvola specifickou biologickou
odpovéd, kterd vede posléze ke vzniku de novo tvofené mineralizované kosti.
Tato skupina zahrnuje: denzni kalciumfosfatovou keramiku, bioaktivni sklo,
bioaktivni sklo-keramiku a dalsi.

4. resorbovatelné — ty jsou postupné ¢asem nahrazovany tkani: napf.
trikalciumfosfat.

Titan disponuje vynikajicimi parametry fyzikalnimi, ale z hlediska
biologickych vlastnosti zname materialy vyhodné;si. Jako perspektivni se ukazal
postup, ktery predstavila vroce 1984 kalifornska firma Calcitek, kdy
zkonstruovala kovové jadro implantatu z titanové slitiny a metodou plasmového

napra$ovani ji pokryla tenkou vrstvou hydroxyapatitu [2]. Kfehka struktura HA



vybizi k naneseni tohoto materialu na vice odolny substrat jako je titan &i titanova
slitina Ti6Al4V [6].

Kalcium hydroxyapatit (HA), Ca;o(POs)s(OH);, neboli hydratovany
kalciumfosfét je svoji strukturou podobny minerdlnimu sloZeni kosti a zubi.
Hydroxyapatitova keramika se uZiva v medicinskych aplikacich pro jeji rychlou a
pfimou vazbu na kostni tkan [6]. Je nositelem zédkladnich znakid bioaktivity —
osteokondukce a moZnd i osteoindukce [7]. Osteokonduk&nimi vlastnostmi
rozumime schopnost slouZit osteoblastim a osteocytim jako miizka pro
pfeklenuti tkatiového defektu pti postupujici novotvorbé kosti. Tato vlastnost tvofi
zédklad vyuZiti tohoto materidlu k povlakovani v ortopedii a v dentdlni
implantologii [7]. Osteoindukce pak znamena podporu tvorby nové kostni tkdné
prostfednictvim chemického agens. Schopnost vazat kostni tkéf je pravé unikatni
vlastnosti bioaktivni keramiky. Analyzy na rozhrani implantit-kost prokazaly
pfitomnost hydroxyapatitu jako kli€¢ového pro vznik mezivrstvy [8]. Chemicka
interakce mezi HA a kostni tkani umozZituje asp&ch terapie [7].

Povlakovam je ztechnologického hlediska velmi obtizny ukol. Bylo
vyvinuto né€kolik technik k povlakovani: plasma napraSovani, iontové napraSovani
nebo depozice pomoci elektroforézy [7]. Nejvic komeréné pouZivanou technikou
je pravé vyse zminéna technika plazmového naprasovani. Nejslibné&jsi technikou
pfi nanéSeni tenkych vrstev na kovové jadro se jevi pulzni laserova depozice,
ktera dokaZe nanaset velmi tenké vrstvy krystalického HA [7].

Pfednosti povlakovani byly prokazany histologickymi,
histomorfometrickymi a biomechanickymi studiemi a jsou vieobecné uznavéany
[2]. Vhojeni bioaktivniho hydroxyapatitu do kosti (biointegrace) je kvalitn&jsi

spojem neZ osteointegrace a podle mnohych autori mé& dokonce povahu



chemickou [2]. Probih4 pfiblizn& dvakrat rychleji, coZ dovoluje pak u
povlakovaného implantitu zkratit vhajovaci obdobi. Povlakované implantéty jsou
zaroveii podstatné tolerantn&j$i k nepfesnostem vzniklych pfi preparaci kostniho
loZe.

V recentnich studiich autofi prokazali, Ze krystalické vrstvy nanesené
pomoci PLD jsou schopné vytvofit pevnou vazbu s okolni kostni tkani [9, 10].

Mnozi autofi povazuji hydroxyapatitem povlakované implantaty z hlediska
dlouhodobé stability za kontroverzni a jsou pfedmétem mnoha kritik. Ve studii
Siminek et al. (2005) byla prezentovina 3estiletd retrospektivni studie, kde
hydroxyapatitem povlakované implantity ve srovnam s implantéty
nepovlakovanymi dosahly srovnatelné vysledky [11]. Pfedmétem z4jmu v3ak byla
i ztrdta marginilni kosti, kde bude v3ak tfeba dlouhodob&j$i pozorovéni.
Celosvétové stile nebyl upfesnén vliv krystalinity hydroxyapatitu na
osteointegraci vlastniho implantdtu. Oh et al. ve studii na potkanech prokazali
vétsi silu vazby na povrch implantitu a rozséhlej$i obsah kosti u implantat

povlegenych hydroxyapatitem s vétsi krystalinitou [12].

Studium adheze a proliferace bunék na povrch implantdtu umozZni zjistit
cytokompatibilitu uZitého materialu [13]. Mechanismus, kterym tvrdé tkané
interaguji s implantdtem, je komplexni d& a zahrnuje mnoho procest.
Modifikovany povrch implantatu podnécuje okolni buriky k sekreci matrix, buiiky
se poté za€nou diferencovat v osteoblasty. Kalcifikace pak prob&hne za 3-6 dni a

kost se za¢ina remodelovat za 21 dni [13].



2.CILDISERTACNI PRACE

Byl vyvinut novy typ implantitu z titanové slitiny Ti6Al4V se specialni
upravou povrchu - laserov€ nanesenou tenkou vrstvou krystalického
hydroxyapatitu s mezivrstvou zirkonu.

Cilem mé disertaéni prace bylo otestovat tento novy povrch implantatu z
hlediska biologické snasenlivosti. Mym ukolem bylo pfedev§im provést zakladni
testy cytotoxicity a na jejich zaklad¢ pokralovat v biologické charakteristice
povrchu implantitu. Bylo nutno vybrat vhodné buriky ke kultivaci a ptisluiné
metodiky in vitro a s jejich pomoci zaroveri zhodnotit, zda lze tento material
spliiuje zakladni kritéria k provadéni testli in vivo, které by mohly do budoucna

vést k jeho vyuZiti v klinické praxi.



3. TEZE DISERTACNI PRACE

Pfimé zatiZeni implantatu je stale vice Zadanou metodou o3etieni.
Abychom mohli implantat pfimo zatiZit, je nutné zejména dosdhnout dobré
primérni stability implantatu a mit takovy povrch implantatu, ktery umoZni
rychlej$i osteointegraci.

Povlakovani implantatu je jednou z moZnosti, jak vylepsit vlastni povrch
implantatu, pulzni laserovd depozice umoZiluje vytvofit tenkou vrstvu
vysoce denzniho krystalického hydroxyapatitu.

Nejeast&j$im a zaroveit nejslibn&j$im materidlem se jevi hydroxyapatit.
Krystalicky hydroxyapatit vykazuje dobré osteokondukéni vlastnosti.
Hydroxyapatit se d4 na jadro implantatu nanést riiznymi zptisoby — pulzni
laserova depozice je jednou z metod.

Pro zlepSeni adheze hydroxyapatitu na jadro lze vyuZit zirkonu, ktery je

v tenké mezivrstv&. Vylepsi tak relativné slabou mechanickou vazbu mezi
hydroxyapatitem a vlastnim substratem.

Biologicka evaluace hraje kli¢ovou roli, chceme-li v budoucnu vyuZit dany
materidl pro klinické pouZiti. Zakladni in vitro testy — test cytotoxicity, test
adheze, proliferace bun€k a produkce extracelularni matrix prokaZi
zakladni biologické vlastnosti nové vytvofeného typu implantitu, nebot
zejména adheze bun€k na povrch materidlu ma vyznamny vliv na
biologickou integraci materialu.

Fibroblasty lze dobfe vyuZit k biologickym in vitro testim, nebot’ v mnoha
jiz provedenych studiich prokadzali velmi podobné vlastnosti jako
osteoblasty. Jsou to zdroveti hlavni buitky volné pojivové tkan¢ a hraji

dulezZitou roli v procesu hojeni rany.



4LITERARNIi PREHLED
4.1 Primé zatiZeni
ZatiZzeni implantatu lze rozdélit na pfimé (imediatni), Casné (early
functional loading) a na tzv. odloZené, tj. provedené ve druhé fazi. Chirurgicka
faze zavedeni implantatu nabizi dv& zdkladni metody — metodu dvoufizovou (tzv.
two-stage surgical protocol) a jednodobou implantaci (tzv. one-stage surgical

procedure) [14, 15].

Klasicky je tzv. two-stage protocol dle Branemarka (publikovany v roce
1977), jehoZz cilem je odloZené zatiZeni. B&hem prvni chirurgické faze se
implantuje pouze endoseélni &ast implantatu (tzv. fixtura). Druha operace, ktera se
provadi béhem vhojovaciho obdobi, které v maxile trvd asi 6 mésici a
v mandibule zhruba 3-4 mésice, je nutna k zavedeni vhojovaciho véletku do
vnitiniho zavitu fixtury, kolem kterého se za 2-3 tydny vytvofi slizni¢m manZeta.
V dal$i etap¢ se nahrazuje vhojovaci valeCek abutmentem (zubnim pilifem).
Nasledn¢ se nasazuje suprastruktura a tim implantat miZe byt zatiZzen [2, 16].
Mezi hlavni divody této klasické metody patfi zejména minimalizovani rizika
infekce, prevence fibrosniho vhojeni implantatu a sniZeni rizika neusp&chu
&asného zatiZeni [14]. Mnozi autofi uvadégji, Ze implantat by mél byt zanofen pod
mékkymi tkdn€mi a po zavedeni by rana neméla byt insultovana po nejmén¢ 3—6
mésici. Doba klidu ma napomahat k neruSenému zhojeni rany a zlepsit
osteointegraci implantatu [17, 18, 19]. MoZné mikropohyby implantatu (viz dale)
zpusobené funk&nimi silami mezi kosti a implantatem mohou pfi brzkém zatiZeni

indukovat vznik fibrosni tkané (fibrointegrace) misto Zadouci osteointegrace [17].

Pfi jednodobé implantaci (one-stage surgical procedure) se abutment

k fixtufe pfipoji ihned po implantaci. ZatiZeni tak miZe byt okamzZité [2] nebo



Casné. Podobné vysledky o3etfeni ve srovnani s klasickym protokolem publikoval
Astrand a Buser. Vé&tSina implantiti byla zavedena do bezzubych &elisti a
zatiZena rozsahlym fixnim mistkem. Ten byl b&hem vhojovaci inicidlni féze
podlozen mé&kkym podklddacim materidlem, &imZ doSlo ke kontrolovanému
zatizeni [14]. Jinou metodu kontrolovaného zatizeni se 100% uspéchem
publikovali Henry a Rosenberg vroce 1994. Zavedli 30 Brdnemarkovych
implantiti péti pacientim. KaZdy pacient obdrZel 6 implantatd, z nichz 4 byly
zatiZeny imedidtng a 2 byly ponechany v kosti s ohledem na moZny netsp&ch
ptimého zatiZeni. Thned byla nasazena provizorni snimatelna néhrada, ktera byla i
nad nezatiZenymi vnofenymi implantity, po 7 tydnech byla vyménéna za fixni
miustek. Zpo&atku méla konstrukce minimdlni rozsah, extenze prob&hla aZ druhy

rok [16].

O &asné zatiZeni se jedna pfipadé, kdy je implantéat bez zatiZeni asi 10 dni
po zavedeni. V této dobé& se o&ekava zhojeni mé&kkych zubnich tkdm. Poté mize
byt na 10 dni nasazena provizorni nahrada pfed odevzdénim nédhrady definitivni.
Doba bez zatiZeni (u této metody) tedy celkové nepiekroci ¢asovy horizont 20 dni
[14]. Casné zatiZeni metodou one-stage s referenéni skupinou (two-stage protocol)
bylo pfedmétem studie Ericsson et al. [14]. Zavedeny byly opét Brinemarkovy
fixtury do interforamindlni oblasti. Tato klinickd studie ukdzala, Ze titanové
fixtury mohou byt ¢asné& zatizeny rozsahlym fixnim mistkem a Ze zmé&na Grovné
margindlni kosti hodnocenad radiograficky je u obou sledovanych skupin
srovnatelna (v ¢asovém useku 0-18 mésici u sledované skupiny 0,4 mm a u
referen¢ni 0,8 mm, dale pak v rozpéti 18-60 mésicti u sledované skupiny 0,2 mm
a u referen¢ni skupiny 0,0 mm). MiZe se tedy jednat o novy posun v oSetfeni

bezzubé dolni &elisti.



Snaha o pfimé zatiZeni pfichazi zejména s ohledem na nutnost zkréceni
1é¢by, a tim i zjednoduseni 1é&ebného protokolu, sniZeni diskomfortu pacienta a
v neposledni fad€ i z diivodi estetickych, &asovych a finanénich [20, 21, 22].
Prvni studie pfimého zatiZeni Brénemarkovych implantatd byla publikovéna
Schnitmannem et al. v roce 1990. Zavedeno bylo 5 nebo 6 implantati do pfedni
¢asti mandibuly kaZdého pacienta a zaroveii 2 fixtury distolinqualn& od foramen
mentale. Imediatn€ zatiZeny byly uvedené 2 distolingualn& zavedené fixtury a 1
fixtura interforamindlni. Ostatni fixtury byly uZity jako kontrolni skupina, kde
bylo umoZnéno klasické vhajovaci obdobi. Vysledky stejné studie z roku 1997
ukédzaly ztrdtu 4 z28 imediatn& zatiZenych fixtur u &tyf pacientld, zatimco

v kontrolni skupiné k Zadné ztrat& nedoslo [16].

Za nejvice kontroverzni u techniky pfimého zatiZeni lze povaZovat
pochybnost, zda pfi této metodé dochazi k fibro - &i osteointegraci. Mnoho studii
dokazuje, Ze k fibrointegraci dochédzi, jiné studie zase naznacuji opak.
Fibrointegraci oznatujeme vytvofeni vazivové mezivrstvy v mikroprostoru mezi
implantdtem a pfilehlou kosti. N&kdy je tato vrstva nazyvdna pseudo-
periodonciem. Jedna se o selhani stabilni nitrokostni regenerace. Vazivova tkan je
obklopena nezralou pletivovou kosti — jizevnatou bariérou, kterd implantét
obklopuje. Tento stav se nepovaZuje za uspéS$ny vysledek implantace.
Fibrointegrace je obzvla$t’ typicka pro biotolerantni materidly a jejich slitiny (Cr,
Co, Mo, Ni) [2]. Brdnemark (1983) uvadi, Ze fibrointegraci miiZe zpusobit trauma

pfi chirurgickém zavadéni implantatu nebo je-li implantat pfili§ brzy zatiZen [19].

Podstatou osteointegrace je pfimy kontakt povrchu implantatu s kosti bez
jakékoliv mezivrstvy, dfive oznafovano Schroederem (1976) jako ankylotické

ukotveni. Jedna se tedy o pfimy adhesivni kontakt Zivé kosti s anorganickym



materidlem [2, 19]. Tento kontakt vznik4 pravé diky povrchu implantitu &i jeho
povrchové upravé [23]. ['Jspé§né integrovany implantat je ten, u n€hoZ se vytvofi
pfimy nezprostiedkovany kontakt Zivé kosti s vrstvou kovu nebo jeho povrchovou
upravou, at je zjakéhokoli materidlu. Mezi klasické faktory ovlivitujici
osteointegraci fadime eliminace mikropohybti implantatu (viz dale) a pravé
dostate¢né &asové obdobi, po které nebude implantit zatiZen [19, 24, 25].
Histologické studie provedené na vypreparovanych implantatech, které byly
pfimo zatiZeny, potvrdily vysoké procento kontaktu na rozhrani implantat-kost.
Na tomto rozhrani nebyly pfitomny Z4dné mezery ¢&i fibrosni tkand. Studie

prokazaly osteointegraci u pfimo zatiZenych povlakovanych implantati [26].

4.2 Reakce kostni tkiané na implantéit

Proces vhojovani implantdtu v pfedem vypreparované kavité je
srovnatelny s hajenim kostni rdny, a sice dochazi k fyziologické zané&tlivé
odpovédi organismu, kterd je modifikovana pfitomnosti implantatu. V prvnich
hodinach se povrch implantatu pokryje krevnimi elementy, zejména trombocyty a
fibrinem. Vhojovam za¢in4 zanétlivou odpovédi organismu hned, jak je implantat
zaveden. Velmi brzy se na povrchu implantatu vytvafi afibrilarni kalcifikovana
vrstvi¢ka srovnatelna s lamina limitans kosti (pozorovano jak in vitro, tak in vivo)
a dochazi k sorpci proteini krevni tekutiny. Tato vrstvi€ka je silnd asi 0,5 um a je
bohatd na vapnik, fosfor, osteopontin a sialoprotein. Pravé tyto proteiny reguluji
adhezi bun€k a vazbu minerali. JiZ béhem prvniho dne adheruji na implantét diky
afibrilairm  kalcifikované vrstvi¢éce mezenchymadlni buriky, preosteoblasty a
osteoblasty, aby produkovaly kolagenni fibrily osteoidni tkan€. B&hem n&kolika

dni od implantace jiZ vlaknita a tram¢itd kost s kostnimi trabekulami ohrani¢uje
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§iroké prostirky kostni dfené bohaté na cévy a mezenchymdlni buiiky.
Osteogeneze v bezprostfedni blizkosti implantitu probiha jednak smérem z kosti
k implantétu, tzv. vzdalena osteogeneze, a jednak od povrchu implantitu smérem
ke kosti, tzv. kontaktni osteogeneze. Tram&ita kost sloZzena z kolagennich vldken
rizné velikosti a sméru uspofdddm obsahuje vice glykosaminoglykant
s navazanou sulfatovou skupinou neZ kost lamelérni. Findln€ se pak pfestavi na
vyzrdlou lamelérni kost, kterd je charakteristicka pro vlastni osteointegraci
implantatu. Bylo prokzéno u riiznych typt implantatii, Ze po tfech mésicich od
implantace se v okoli implantatu objevi kost sloZen4, tj. sloZena jak z tram¢ité, tak
lamelarni kosti. AvSak jiZ ve vzdalenosti 1 mm a vice od povrchu implantitu se
nachazi zcela jiny charakter kosti, kde probihd jak osteogeneze, tak resorp&ni

pochody [23].

4.3 Faktory ovliviiujici vhojeni implantitu oseointegraci
Vhojovani implantatu oseointegraci a jeji rozsah je proces, na ktery piisobi
mnoho faktorl jak ze strany pfijemce, tak ze strany vlastniho materidlu. Mezi

zasadni faktory vhojeni implantitu oseointegraci patfi [14, 18, 24, 26, 27] :

e Charakter pacienta — celkovy zdravotni stav, anatomie &elisti,

bruxismus
e Design implantatu — tvar, velikost a povrchova Gprava

e Chirurgické zavedeni implantatu — atraumatick4 technika, stabilita

implant4tu, mikropohyby

e Charakter kosti — kvalita a kvantita
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e Protetické oSetfeni — dlahovani (splinting - do&asné, trvalé,

snimatelné, fixni).

Z uvedeného tedy vyplyv4, Ze rozdilné druhy implantiti indikované
v riznych situacich a v rozdilnych typech &elisti potfebuji jinou dobu na fadné

vhojeni [14].

4.3.1 Charakter pacienta

Z celkového pohledu se jedna zejména o zdravotni stav pacienta a
anatomii jeho &elisti. Kontraindikace v dentalni implantologii bychom v podstaté
mohli rozdélit na vieobecné medicinské, psychicky podminéné, intraorédlni a na

dodasné [2, 28].

Nejcastdj$im problémem je nedostateény objem alveolarni kosti (viz dale).
Moderni chirurgické metody (fizend tkafiova regenerace, sinus lift, pfenos
kostniho $tépu, atd.) v8ak umoZiluji tyto pfekaZky pfekonat. Alveolarni kost musi
byt zhojend (napf. po extrakci), parodontitis pfelééend bez aktivnich
parodontélnich chobotli. Z parafunkci je nebezpeény pfedeviim bruxismus.
Diikladna indikani rozvaha je nutna u pacientd ozafenych v orofacidlni oblasti.
Zde hrozi nejen primarni selhéni, ale téZ radioosteomyelitis [2]. Za velmi rizikové
se povazZuje iradiace v celkové davce vyssi neZ 55Gy [29]. Koufeni pfedstavuje
kontroverzni otazku implantologie, nad 15 vykoufenych cigaret denné bychom

meéli implantaci zvaZovat [2].

Mezi dolasné piekdZky implantace se fadi akutni febrilni onemocnéni,

gravidita, nékteré uZivané 1éky (imunosupresiva, kortikoidy) [2].
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S psychicky podminénymi kontraindikacemi se setkdvime u
nespolupracujicich pacientl, at’ uZ z diivodu organické nemoci (maniodepresivni
psychoza, t€Zk4 mentélni retardace, drogova zdvislost) nebo u pacientti velmi

¢asové€ zaneprazdnénych, kdy byva témé&f nemoZna dispenzarni pé&e [2].

Mezi ptekédZky vieobecn& medicinské patfi vek, nizkd zruénost pacienta ve
smyslu udrZzovéni dostatedné stni hygieny a né€ktera celkova onemocnéni. VEk je
didlezitym limitujicim faktorem ve smyslu minimalni v€kové hranice, ktera je
déana ukon¢enim ristu &elisti. U dévéat je to kolem 16. roku, u chlapct kolem 18.
roku v&ku. Implantujeme-li dfive, fixtura miZe v &elisti putovat a postupem &asu
se tak stat proteticky nevyuZitelnou [2]. Ze studie Sennerby et Rasmusson (2001)
vyplyva, Ze v€k (neni-li poru$ena minimalni vékova hranice), ani pohlavi nemaji
Zadny vliv na usp&Snost implantace, je-li uZito one- nebo two- stage techniky
zavedeni implantatu [29]. Mezi celkova onemocnéni branici implantaci patfi
diabetes mellitus, hepatopatie, nefropatie, systémova kostni onemocnéni (ostitis
deformans, osteogenesis imperfecta). Dekompenzovany diabetes mellitus je
absolutni kontraindikaci, kompenzovanému diabetikovi se s moZnym rizikem
implantovat miiZe. Diskutovanou problematikou je postmenopauzalni osteoporosa
prajevujici se na ortopantomogramu profidlou kostni strukturou. Je vSak nutno
Fici, Ze téZka osteoporosa malokdy postihuje bradovou krajinu dolni &elisti [2].
Sennerby et Rasmusson (2001) uvedli, Ze oetfeni pfimym zatiZenim implantatu u
pacienta s osteoporosou lze povaZovat za potenciondlni riziko, nebot’ primarni
stabilita implantitu neni jista [29]. Nebyly provedeny Zadné dlouhodobgjsi studie
pfimého zatiZeni u pacientd s diagnostikovanym diabetem,
hyperparathyroidismem, ani u pacientd zifenych, & u kufdkd. Metabolické

poruchy mineralizace &elistnich kosti po implantaci pfi onemocnéni traviciho
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stroji hlavn€ z hlediska poruch stfevni resorpce, endokrinni poruchy vyjadfené
mimohrani¢nimi hodnotami alkalické fosfatdzy v séru a hlavn& zvySena hladina
kalciurie, mohou byt jednim z voditek pfi pochybnostech o celkovém zdravotnim
stavu ve vztahu ke kvalité &elisti pfed implantaci [28]. U v3ech t&chto rizikovych

skupin pacientl se stile preferuje klasicky two-stage protocol s vhojovaci fézi

implantatu [17].

4.3.2 Tvar, velikost a povrchov4 iiprava implantitu

Povrchové charakteristika biomaterialu, ktera bude podobna povrchovym
vlastnostem kosti (minéno zejména velikosti zrn v fadech nanometrti) nepochybné
pfisp&je k novotvorbé kosti na rozhrani kosti a biomateridlu [27]. Zdrsnéni
povrchu implantitu pravé n&kterou ztechnik povlakovani miZe urychlit
osteogenezi pravé .diky ovlivnéni metabolické aktivity osteoblasti a buné&iné

adheze [30].

S pfichodem modernich materidli, kde se velikost zrna pohybuje do
100 nm je nyni moZné vytvofit takovy material, ktery simuluje povrchové

vlastnosti kosti [27].

Nejeastéji pouZivanymi implantaty z hlediska tvaru jsou implantaty
titanové valcové. Prevladd ndzor, Ze pro kvalitni osteointegraci je vyhodné&jsi
hrubsi povrch snerovnostmi o rozméru 1,0 — 1,5 pm. Voli se mezi dv€éma
zakladnimi skupinami technologii, jak povrch implantatu upravit. Jednak je to tzv.
subtraktivni metoda, kdy se z ptivodn¢ hladkého povrchu hmota ubira (sem patti
zejména piskovani a leptam kyselinou) a dale tzv. aditivni metoda, kdy se naopak

pfidava dal$i material (plasma sprejovani, pulzni laserova depozice) [2]. Touto
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metodou nazyvanou povlakovam (coating) vzniknou povlakované implantity

(coated implants).

Povlakované implantaty vznikly ze snahy vyrab&t implantaty z vice
biokompatibilnich materiali. Biologick4 odpov&d’ na material, jak in vivo, tak in
vitro testech, se li§i dle materidlu a je ovlivnéna povrchovymi vlastnostmi
materidlu [31]. Jako velmi vyhodny materidl se dle mnoha studii jevi
hydroxyapatit, ktery ma i vlastnosti osteokonduk&ni, tj. ma schopnost vést
osteogenezi uritym smérem. Vlastni mechanismus, kterym kalciumfosfatova
keramika zlepSuje kvalitu vazby kosti, neni zcela zndm. Je vSak znamo, Ze
bioaktivita keramiky mé vztah k mife rozpustnosti materialu a Ze hraje roli vramci
brzké buné&éné odpovédi. Odpovéd’ bunék a tkani na rozhrani keramika-kost byly

zkoumany jak na bun&&nych a tkafiovych kulturach, tak in vivo [31].

Hydroxyapatitové povlaky, stejné tak jako povlaky kalciumfosfatové, byly
velmi intenzivné zkouméany v 80. letech 20. stoleti. Gottlander (1984) shrnul
veskeré poznatky zin vitro a kratkych in vivo studii na zvifatech. Tyto studie
prokazaly rychlej$i odpovéd’ okolni kosti a vznikla tak moZnost pro budouci

klinické vyuZiti zejména v kosti o niZ$i kvalité [32].

Prvni klinické studie povlakovanych implantati byly velmi povzbuzujici,
ukazovaly velké procentudlni isp&chy i tam, kde nabidka kosti v mist€ implantace
nebyla velikd. Avsak po delsi dob& od implantace se objevilo mechanické selhani
na rozhrani HA-kovové jadro. Hydroxyapatitovd vrstva se rozpoustéla, nebot
pouzity HA byl amorfni & velmi malo krystalicky [6]. Tato tenka vrstva miiZe byt
stabilizovana depozici tenké vrstvy vysoce denzniho a krystalického HA [6].

Trisi et al. se domniva, 2¢ pozorované vymizeni HA miZe byt nasledkem

lokalizovaného procesu kostni remodelace. B&hem remodelace kosti lokalné&
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aktivované osteoklasty tvofi kavity od 50 do 70 um na povrchu kosti, pravé tam
pak osteoblasty novotvofi kost. MnoZstvi ztrsty HA povlaku pak miiZe byt
umérné mnoZstvi remodelované kosti na rozhrani implantat-kost [30].

Mezi &asto zmitiované nevyhody tenkého povlaky HA na jadfe implantatu
patfi tendence tohoto materidlu fragmentovat [7]. Uvolnéni partikuli materilu
muZe zplsobit neptiznivou reakci okolni tkan&, kterd miiZze byt podobn4 situaci
jako kdyby fragmentoval polymetymetakrylat & polyetylen [7]. Mnoho typi
studii prokazalo, Ze zmé&na fyzikélnich vlastnosti, &i krystalické formy, jsou

kritickou determinantou biologické odpovédi na HA ¢&i tricalciumphosfat [7].

Dle poznatki Trisi et al. [30], ktery provedl histologickou verifikaci
pfitomnosti HA na cylindrickych implantatech povleCenych HA po deseti letech
zatizeni vyplyvaji velmi pozitivni vysledky. Histologické vyS3etfeni potvrdilo
pfitomnost vrstvy lamelarni kosti na rozhrani HA povlaku. Ztrata povlaku
implant4tu nedosahla ani 25% celého povrchu implantatu. Potvrdil tak poznatky
z pfedeslych studii [30]. Je velmi duleZité, %e tento rozsah ztrity povlaku

nezabranil oseointegraci.

Pulzni laserova depozice byla poprvé pfedstavena vroce 1992 [33]. U
PLD velmi rychle kondenzuji pary hydroxyapatitu na kovové jadro jako tenka
vrstva a mikro&astice v ten samy &as [31]. Zme&na parametrti laserového paprsku
ma vliv na velikost a distribuce mikrodastic. To umoZiiuje tvorbu keramickych
povlakd, které jsou naneseny velmi t&sn& na povrch a maji pfedem definovanou
krystalinitu, morfologii i skladbu. Povrchové vlastnosti bioaktivnich materiald
jsou tedy dany zpisobem vlastni pfipravy povlaku [31]. PLD je schopna vytvafet

povlaky, které jsou v podstaté velmi hust& zkomprimovanymi mikro€asticemi.
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U techniky plasma sprejovani zavisi konené vlastnosti povlaku na
vlastnostech kalciumfostatu jako vstupniho prasku, kdy musi byt predem

nadefinovéna velikost &astic a krystalinita [31].

Implantit se Sroubovym zavitem vykazuje v&tdi mechanickou retenci,
minimalizuje mikropohyby, zlepSuje inicidlni stabilitu, zv&tSuje povrch
implantatu. Je proto vieobecné pfijimédno pouZivat tyto implantaty k pfimému
zatizeni. Naproti tomu hladky povrch se jevi pro pfimé zatiZeni jako
kontraindikovany kvili niZ§i primarmni stabilit® a mensi odolnosti ve vertikalnim

sméru pohybu [1

Délka implantatu ovliviiuje také vysledky usp&Sného imediatniho zatiZeni.
Bylo publikovano (Misch 1999), Ze zkraceni cylindrického implantitu o 3 mm
zmen3uje plochu o 20-30%. Vétsina studii se shoduje na tom, Ze teprve implantaty
o délce 10 mm a vice dosahuji uspokojivych vysledki. Chiapasco et al. (1997)
povaZuji za vhodné rozméry implantatu deldi nez 14 mm véetné a v priméru 4

mm a vice [17].

4.3.3 Chirurgické zavedeni implantitu

V prvé fadé se jednd o 3etrnou techniku zavedeni ze strany operatéra.
Trauma zptsobené implantaci a pfehfati pfi preparaci miZe zpisobit osteonekrosu
a vést tak k fibrosni enkapsulaci implantatu. Bylo dok4zéno, Ze teplota vy33i neZ
47°C po dobu 1 minuty zplsobi v kosti tepelnou nekrosu [17]). Z vlastnosti
ovlivitujicich primérni stabilitu implantatu se zdiraziluje zejména jeho tvar a
povrchové uprava [24, 29]. N&které povrchové upravy (napf. oxidovéni) snizuji

riziko ztraty stability [21].



Stabilita implantatu se jevi jako velmi dileZity faktor, ktery je rozhodujici
pfi vhojovani [15, 17, 34]. Fibrointegrace je typick4 pro implantaty, které
vykazuji mikropohyb. Otézkou je, jaky mikropohyb je jeit& tolerovatelny a jaky
Skodlivy pro stabilitu. Mikropohyb mezi 150-500 pm siln& naruuje oseointegraci,
pohyb o velikosti 50-150 pm se jevi jako kriticky. Jako tolerovatelny se tedy
hodnoti pohyb do 50 pm [24]. Stejn& jako se v parodontologii hodnoti pohyb zubu
klinickym vyS3etfenim, bylo by vhodné hodnotit také primérni stabilitu implantatu
n&jakym neinvazivnim testem. Jednim ztakovych testi je RFA (Resonance
Frequency Analysis) zaloZen4d na teorii, Ze vlastnosti implantitu na rozhrani
s kosti miZeme hodnotit dle toho, jak vibruje, je-li zatizen [34]. RFA technika
analyzuje resonan¢ni frekvenci malym snimatem pfiloZenym na implantat nebo
abutment. Resonantni frekvence je uUmérna stabilit¢ implantitu, ¢im vy33i
hodnoty dosdhneme, tim je implantat stabiln&j3i. Stabilitu tak miZeme méfit ihned
po implantaci, ale i b&hem vhajovaciho obdobi u klasického two - stage

protocolu.

Primarni stabilita implantatu je determinovéna kvalitou a kvantitou kosti,
tvarem a délkou implantatu a technikou preparace [15, 35, 36]. Friberg (1999) se
domniv4, Ze v kosti o niZ3i kvalitg, je tieba pfedvrtat mensi otvor pro implantat,
neZ je pro dany typ implantitu vieobecn& doporutovéno. Tento krok pomiZe

Zlep&it primérni stabilitu implantatu a tim i zlepsit dlouhodobé vysledky [32].

4.3.4 Kvalita a kvantita kosti

Hodnota, kter4d udava kvalitu kosti, je jeji denzita. Tuto hodnotu pfesné

zZjistime pouze histomorfometricky. Operatér musi kvalitu kosti zhodnotit

18



subjektivné b&¢hem preparace kostniho loZe. V&tina povzbuzujicich vysledku u
dlouhodobych studii stability implantati skryva fakt, e tyto implantity byly
zavedeny prav€ do kosti vyborné kvality [32]. Je totiZ zndmo, %e implantace do
regiond s niZ8i kvalitou kosti nedava tak dobré vysledky. Pravé tento fakt vedl ke

zmén€ povrchovych uprav implantétd, které by vedly ke zlepSeni osteointegrace

v regionech s niZ3i kvalitou kosti [32].

Nejvice pouZivana klasifikace kvality kosti poch4zi od Leckholma a Zarba
(1985), vroce 1990 byla modifikovana Mischem. Kvalita se zde hodnoti stupni
D1 az D4. Kvalita kosti a tvar &elisti jsou dva nejvice zmifiované momenty,

dojde-li ke ztrat€ implantatu [29].

D1 je kost tvofena témé&f vyhradn& kompaktou, tato kvalita vSak pfinasi
nejvy$§i riziko primarniho selhdni (tepelné poskozeni, redukované krevni
zasobeni), ale vhoji-li se implantdt, lze jej nejvice zatiZit suprakonstrukci.
Nachézime ji nej¢ast&ji v dolni frontélni krajin& pfi atrofovaném alveolu. Kvalitu
D2 reprezentuje silnd kompakta s kvalitni spongiosou. Byva to nejéast&ji v celé
dolni &elisti a frontdlni krajing &elisti horni. Tato kvalita se zd4 byt idedlni pro
implantaci. Denzita D3, kam nejéast&ji patfi frontélni a lateralni ¢ast horni &elisti a
laterdini partie Celisti dolni, reprezentuje tenkd4 kompakta s kvalitni spongiosou.
Zde se doporutuje postupné zatiZeni implantatu. Posledni jednotkou je kvalita D4
— tenkd kompakta snekvalitni spongiosou, nejéast&ji oblast tuber maxillae.
Vhodnost implantace se zde jevi jako spornd [2]. Pfimé zatiZeni je v této oblasti
povaZovano za kontraindikované [29]. Glauser et al. (2001) provedl prospektivni
studii pfimého zatiZeni v horni i dolni &elisti v rozdilnych typech kvality a
kvantity kosti. Zkonstatoval, Ze pfimé zatiZeni je redlnou mozZnosti oSetfeni v

riznych oblastech Celisti s vyjimkou posteriorni ¢4asti maxilly [15]. Dalsi jeho
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studie ukazuje, Ze stabilita vkvalit® kosti D3 muZe byt ovlivnéna tvarem
implantétu a technikou preparace [35]. Randow et al. ve své prospektivni studii u
16 bezzubych dolnich &elisti doSel k zavéru, Ze¢ Branemarkovy titanové fixtury

implantované do interforaminalni oblasti mohou byt imedi4tng zatiZeny fixnim

mustkem [14].

Kvantitu kosti 1ze rozdélit do p&ti stupiti A aZ F dle Lekholma a Zalba
(1985). Ttida A je charakteristickd zachovalym alveol4rnim hfebenem. T¥idu B
tvofi alveol s mirnou resorbci, je-li alveol zcela zlikvidovan, jedna se tfidu C. U
tfidy D je pfitomna poéinajici resorbce i bazalni &4sti alveolarniho vyb&Zku a tfida

E je jiZ extrémni resorbce bazalni &asti [2].

Z uvedeného rozdé&leni je zfejmé, Ze denzita kosti bude hrat dileZitou roli
v usp&$nosti pfimého zatiZeni. Implantace v misté s vy$$i denzitou ma vetsi
pravdépodobnost_primarni stability [17, 18]. Cela fada studii o imedi4tnim
zatiZeni implantatu byla limitovéna pravé pouze na implantaci do interforamindlni

oblasti, tedy do oblasti, kde je kvalita kosti zpravidla nejvy$si [20].

Dle studii je rozhodujici, do jak kvalitni kosti je implantovano. Mnoho
studii se zabyva implantaci do kosti s dobrou denzitou, proto nemiZeme né€které
vysledky povaZovat za relevantni. O" Sullivan (2000) zjistil podobnou primé&mou
stabilitu implantatu v denzité D2 a D3 bez ohledu na povrchovou upravu. Dosel
také k zavéru, Ze zavity u Sroubového implantitu maji vét$i dileZitost neZ

povrchova tprava v denzité kosti D4 [17].
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4.3.5 Protetické oSetfeni

Faktem je, Ze implantity vystavené imediatnimu nebo &asnému zatiZeni
nejsou v té€ dobé jest€ osteointegrovany, ale jsou drZeny v &elistech mechanicky.
Av3ak zdlahovani cestou rigidni suprastruktury vede k Fadné osteointegraci
fixtury. To dokazuji studie autord Schnitmann et al., Bashi et Wolfinger [14].
Zdlahovani minimalizuje mechanicky stres vyvijeny na implantat a vyrazn& zvysi
stabilitu protetické konstrukce [24]. Tarnow et al. ve vysledku shrnul, 2e imediétni
zatiZeni viceletnych implantatd, které jsou rigidng zdlahovany, miZe byt dalsi

alternativou o3etfeni bezzubé &elisti [23].

Dézovani sil pfi funkénim zatiZeni je jeden ze zékladnich krokl pfi
pfimém zatiZeni implantitu. Sagara et al. (1993) popsal vé&tsi ubytek kosti
alveolarniho vybé&zku u implantati pfimo zatiZenych nez u klasického two-stage
protokolu. Casné zatiZeni implantitu béhem vhojovaci faze miZe interferovat se
schopnosti nahradit nekrotickou kost na rozhrani implantat/kost novotvofenou
kosti. Vertikélni sily piisobici b&éhem Zvykam jsou povaZovany za méné Skodlivé
vzhledem ke stabilité¢ implantatu neZ sily $ikmé a horizontélni, z &ehoZ vyplyva,
Ze u pacientd trpicich bruxismem, kde dochazi pravidelné k plisobeni téchto
rudivych sil, je ptimé zatieni povaZovano za relativné kontraindikované. Pti
nejmen$im je nutné pacienta informovat 0 moZzném nedspéchu. V dne3ni dobé
viak stile neexistuje dostatek studii popisujicich usp&ch &i neuspéch pfimého

zatiZeni u pacientt s parafunkcemi [17].

Autofi se shoduji, Ze je-li nasazena provizorni proteticka ndhrada, neméla
by byt b&hem vhojovaci faze odstranéna, aby nedoSlo k nechténému pohybu
implantatu [17]. Chow ve své studii zavedl a pfimo zatiZil 56 Brdnemarkovych

fixtur u 14 pacientd. Nejprve byla nasazena provizorni proteticka prace,
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podloZena desinfikovanou gumou k ochrané rény. Findlni protetickd préce byla
odevzdana u vSech pacientli do 8 tydni po implantaci. Po 12 mé&sicich nedoslo ke

ztraté  Z4dného implantitu, primém4 ztrata kosti alveolarniho hfebene byla
0,64 mm [22].

ZatiZeni, které neni aplikovano v podélné ose zubu, je zodpovédné za
Cast&)j3i selhdni a moZné komplikace pti vhojovéani implantatu [37]. Diskutovanou
otazkou je, zda se mohou pouzZit volné nepodpofené &leny u miistkové konstrukce

(cantilever) [17].

Lze shrnout, Ze u pfimého zatiZeni bychom se mé&li vyhnout pohybim
zpusobenych ndhradou. Pedlivd okluzilni analyza a zhodnoceni parafunkci je

nutné [17].

Autofi dévaji nésledujici podminky pro usp&$né pfimé zatizeni implantatu

[38):

= P¥#mé zatiZeni miZeme pouZit u vybranych pacienti, kde muZeme
zaroveii dosdhnout oboustranné dlahovani u min. péti (dolni &elist)
a osmi (horni &elist) implantati optimaln& rozmisténych v &elisti —

u zcela bezzubého alveolarniho vyb&zku.
= Délka pfimo zatiZenych implantati by méla byt min. 8,5 mm.

=  Pouze implantaty s dobrou primérni stabilitou mohou byt imediatng

zatiZeny.

= Pasivn® upevn®nia S$roubovand provizorni nahrada s rigidni
kovovou konstrukci je pravdépodobn& tou nejlepsi variantou

provizorniho oSetfeni.



Je nutné se zcela vyvarovat volnym &lentim v provizorni protetické
praci.
* Provizomni nihrada by neméla byt odstrangna po celé vhojovaci

obdobi (4 mé&sice v dolni a 6 mé&sicti v horni &elisti).

Teoreticky optimalizaci kterékoliv vy%e uvedené podminky miiZeme

dospét k lep3im klinickym vysledkiim [32].

4.4 Indikace piimého zatiZeni
Technika pfimého zatiZeni se da teoreticky vyuZit u vSech typt indikaci
implantatu. Mezi hlavni indikace patfi ztrita jednoho zubu, velkd mezera,

zkraceny zubni oblouk a zcela bezzuba &elist [2].

Ztrata jednotlivého zubu se miZe nahrazovat bud’ ve viditelné ¢&asti
chrupu, nebo v oblastech lateralnich. Zejména vhomim frontdlnim useku
dominuji naroky estetické. Anatomické podminky zde nejsou nejpfiznivéjsi,
vestibularng je alveolarni vyb&Zek &asto atrofovany. Dlouhé osa korunky nebyva
gasto shodna sosou fixtury a riziko selhdni implantitu z pfetiZeni je vy33i.
Implantaci v misté hornich molart a druhych premolédrii vétSinou brani recessus
alveolaris sinus maxillaris. Je tfeba vyuZit augmentaénich postupt. Tato indika¢ni
skupina je relativné nejmén& spolehliva a vZdy existuje alternativa klasického

protetického feSeni [2].

U mezery po ztraté dvou a vice sousedicich zubi (long span) miZeme
vyuzit mistek kotveny bud’ jen na samotnych implantatech, nebo mustek, ktery je

nesen zuby i implantity (combination bridge). Zkraceny zubni oblouk patfi
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k nejéastéji feSenym ukolim implantologa, dopln&ni oblouku zbavi pacienta

snimatelné protézy [2].

Bezzuba &elist skytd implantologovi asi nejvice prostoru k uplatném.

Protetické o3etfeni miize byt dvoji - hybridni nahrada nebo fixni mistek [2].

Mal6 et al. (2000) prezentoval retrospektivni klinickou studii u 94
imediatn€ zatiZenych implantatd (Nobel Biocare). Implantaty byly lokalizovany
v estetické oblasti obou &elisti v kvalit®¢ kosti D2. Nasazeny byly jednotlivé

korunky i kratké mustky. Ztrata kosti po 1 roce &inila v priméru 0,9 mm [20].

Rocci et al. (2000) provedli studii imedi4tniho zatiZeni ve viech oblastech
maxilly véetn€ laterdlnich Gsekd v kvalit® kosti D3. Zavedeno bylo 97 Mk IV
implant4ti Brdnemarkova systému u 46 pacientl (38 nekufaki, 8 koufilo vice neZ
10 cigaret denn€). Devét implantati u 8 pacienti vykazovalo po 8 tydnech po
zatiZeni pohyb; byla provedena reimplantace s klasickym two-stage protocolem.
U péti pacienti z osmi do3lo ke ztraté 1 zavedeného implantatu. U viceZetnych
zavedenych implantati dva pacienti ztratili 1 implantat, jeden pacient viechny (v
tomto pfipadé 2). Tento pacient mé&l §patnou kvalitu i kvantitu kosti. Usp&%nost u
dastednych nahrad byla 94,2% a u rekonstrukce 1 zubu 81,4%. Primé&ma ztrata
alveolarni kosti &inila 0,9 mm. Vysledky tedy ukazuji, Ze pfimé zatiZeni je i v této

indikaci moZnosti oSetfeni [20].

Velka studie Brinemark et al. (1999) byla provedena se systémem
Branemark Novum u 50 bezzubych pacienti (primérny v&k 64 let), zavedeno
bylo 150 fixtur nejéastji do kvality kosti D2 a kvantity skupiny B. U 47 z 50
pacientd se implantaty integrovaly Usp&n€ a mustek byl stabilni. Resorbce

alveolarni kosti byla po 1 roce 0,9 mm, po 2 letech 1,0 mm [16]. Technika
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Brinemark Novum mi vSak sv4 urlitA omezeni. Anatomie kosti musi
korespondovat s prefabrikovanymi komponentami, moZnost vytvotit individualng
tvarovanou nosnou konstrukci a pak findlni mistek je omezena, v n&kterych
ptipadech je nutné extensivni roziifeni margindlni &asti dolni &elisti [39].
Podobnou studii s touto technikou provedl Hatamo a stejné jako Branemark et al.
zkonstatoval, Ze k selhdni implantatu dochdzi b&hem nékolika prvnich mésici.

Toto obdobi 1ze tedy povaZovat za nejvice kritické vzhledem ke ztrat& implantéitu

[39].

4.5 Kontraindikace pFimého zatiZeni
Nejdfive musime vzit v tvahu kontraindikace, kterd brani implantaci

obecné (viz vy3e), zde nepfichazi pftimé zatiZzeni v Gvahu.

U ptimého zatiZeni bychom dile méli zvaZovat, jaky druh implantitu
uZijeme a do jak kvalitni kosti budeme implantovat. Jak jiZ bylo zmin€no vy3e,
hladky povrch implantitu se kwvili moZnym mikropohybim jevi jako
kontraindikovany [17]. Implantace v posteriorni &isti maxilly je diskutabilni
otazkou u implantace klasickym Branemarkovym zpiisobem, pfimé zatizeni zde je

odmitino v8eobecné [15].

4.6 Pulzni laserova depozice
Pulzni laserova depozice (PLD) pouiva laser pro ablaci materidlu z ter&e,
pfi¢em2 pary materidlu kondenzuji na podloZce a vznik4 tenka vrstva, ktera je
témé&f shodn4a s materidlem terée. Dfive se pro depozici vyuZivaly kontinudlni i

impulsni lasery, dnes se setkdvame pfedeviim s impulsnimi lasery, u nichZ je
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mozné dosdhnout vétdiho gradientu teploty v materidlu terde, a tim zlepit
stechiometricky pfenos materialu. Metodou pulzni laserové depozice je moZné
nanaSet fadu riznych materidli, napf. vysoce kvalitni tenké vrstvy kovd,
polovodi®d a izolantd pro ochrany pokryti, vrstvy pro optické aplikace,
dielektrické, feroelektrické, neline4rn& optické, piezoelektrické, supravodivé,
magnetické, magnetooptické, fotovoltaické a polovoditové komponenty, sloZité
multivrstvy, vrstvy s nerovnovaZnymi féazemi, stejné tak i tenké vrstvy
organickych materiali.

Vlastnosti deponovanych vrstev jsou ovlivnény nasledujicimi depozi¢nimi
parametry — vlnova délka, délka pulsu a frekvence pulsi laseru, dile hustota
vykonu a velikost stopy laserového svazku, materidlové vlastnosti terée, prostfedi
v depozi¢ni komofe, vzdalenost substritu od terte, parametry substritu a
depozi¢ni rychlost. Jednotlivé parametry ovliviiuji rizné vlastnosti a naopak
jednotlivé vlastnosti jsou ovliviiovany riznymi parametry, proto je tfeba najit
optimalni nastaveni parametri v zavislosti na poZzadovanych vlastnostech.

Hlavni vyhodou pulzni laserové depozice je jednoduchost a vysoka
univerzilnost metody. Libovolny material 1ze stechiometricky pfenést z terée na
podloZku, rychlost depozice je vysokd. Metoda umoZiiuje epitaxni rist vrstvy, do
vrstvy je mozné pfenést i stopové prvky & dopanty. Depozini proces je velmi
disty.

Na druhé stran& se mezi nevyhody PLD fadi tvorba kapitek na povrchu
vrstvy a nemoznost homogenniho pokryti velkych ploch. Problémy této metody
jsou neustéale zkoumany, a proto je jiZ dnes mozné naptiklad zlepsit povrchovou

strukturu vrstvy optimalizaci depozi¢nich parametru.
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4.7 Adheze bunék

Adheze bun€k k substrétu je prvnim krokem v procesu interakce mezi
butikou a povrchem a ovliviluje bun&&nou a tkatiovou odpovéd..

V ptipad€ dentlnich implantatd interakce mezi formujicimi se osteoblasty
a substratem ovlivni rozhrani kost/implantit a tim ve vysledku determinuje
dlouhodobou stabilitu implantatu. In vitro studie prokazuji, Ze osteomorfogeneze
je zce spjata s chovanim bun&k (adheze, proliferace) a Ze depozice kosti ptimo
na implantétu se d&je pouze na povrchu, ktery neni cytotoxicky [11].

Adheze bunék k biomateridlu je dynamicky proces, ktery se d4 studovat
riznymi metodami. Po odvolnéni bun&k zmateridlu se daji buitky pogitat
v Biirkerové komirce, & pomoci spektrofotometru nebo scintilatoru. Dal$im
zpusobem je scanovaci mikroskop [40].

Fenomén adheze bun&k, zejména adheze k danému substratu, byl a je
pfedmétem zajmu bun&&nych biologii po mnoho let. Regulace bunéné adheze je
zékladnim faktorem v mnoha procesech jako napf. v embryonilnim vyvoji,
imunitni odpovédi, ale i pfi obnové a hojeni tkim a ran [13]. Mechanismus vyvoje
danych bun&k zivisi nejen na chemickém sloZeni média, ve kterém buiiky
kultivujeme, ale také na vSech rozhranich, kterd jsou v bezprostfednim okoli
buriky. Jestlize buiika proliferuje na jednom povrchu, nemusi tomu tak byt u
povrchu odli$ného. Jestlize pak buitka neni schopné proliferace a nemiZe se

pohybovat, nebude potom i v n&kterych ptipadech se schopna délit [41].

V somatickych buiik4ch, stejn& tak i v bunéénych kulturach, zamezi dané
buiice v pohybu kontakt sbufikou jinou — tzv. fenomén kontaktni inhibice.
Mechanismus kontaktu buiiky s jinymi, stejné tak jako adheze na n&jaky povrch je

vSak d&j velmi komplexni.
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JestliZe vloZime cizi materiél do téla, reaguji buitky tkam zcela odli¥n& neZ
na materidl, ktery je t€lu vlastni. Je to déno tim, Ze jeho chemické i fyzikalni
vlastnosti jsou zcela odli¥né od bunék tkém [41]. Jak jiz bylo zminéno vySe,
procesy po zavedeni implantétu do t&la, jsou podobné hojeni rany. V podminkéch
in vivo jsou prvnimi buitkami, které doputuji k mistu implantace, osteoblasty a
mezenchymalni buiiky, které maji schopnost se nediferencovat v buiiky produkujici
kostni tkall [42]). Mezenchymélni bufiky a fibroblasty maji mnoho spole&nych
znaki, pfestoZe nereprezentuji stejny bun&&ny typ. Pfesto fibroblastoidni buiiky se

zdaji byt prvnimi buitkami, které dorazi k implantitu a jsou schopny produkovat

extracelularni matrix.

4.8 Extracelulérni matrix
Extracelularni matrix se skldd4 z makromolekul, které jsou vyluCovany
buitkami do jejich nejbliz&iho okoli. Tyto makromolekuly pak tvofi spajovaci
oblast mezi butikami. Tato hmota je tvofena zejména z kolagenu, proteoglykanti a
mnoZstvi glykoproteinovych molekul jako jsou fibronektin a laminin. Tyto
objemné glykoproteiny jsou zodpov&dné za formovéni matrix a vlastnich bun€k

do uspoféddanych struktur.

Extracelularni matrix je dileZitd pfi tvorb& tkéni, kdy adheze musi byt
velmi siln4, déle hraji vyznamnou roli pfi migraci bun&k, &asto t€Z slouZi i jako
podklad, ke kterému mohou buiiky dobfe adherovat, ddle napoméhd sméru
pohybu bun&k atd. [43]). Extracelularni matrix m4 mnoho funkci, a to jednak pfi
tvorbé tkani, kdy slouZi jako podklad, ke kterému mohou butiky adherovat;
zéroveti hraje vyznamnou roli pfi migraci bun€k, kde miZe uréovat smér pohybu

[43].



Fibronektin je multifunkéni proteinova struktura, kterd se nachézi v
riznych Castech organismu. Jedna se velky (460 kDa) glykoproteinovy dimer
syntetizovany riznymi butikami, ktery je schopny se vazat diky své Arg-Gly-Asp
sekvenci k daldim strukturdm [27]. K jedné z jeho funkci patti to, Ze slouZi jako
zékladni adhezivni molekula, poji buiiky k sob& navzijem a i k podkladu. Ma
n&kolik odli¥nych vazebnych mist a pravé jejich interakce s odpovidajicimi

molekulami vyusti ve vlastni pfipojeni se buriky k extracelularni matrix [43].
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S5.MATERIAL A METODY

5.1 Test cytotoxicity

Test cytotoxicity se vyuziva pfi posuzovani biokompatibility materidlu.
RozliSujeme dva testy cytotoxicity, test pfimy a neptimy. V pfimém testu jsou
buriky kultivovany v pfitomnosti zkoumaného materialu. U nepfimého testu se
material vylouhuje do kultivaéniho média a dané buiiky se kultivuji ve vzniklém
fluatu. V naSem hodnoceni jsme pouzili pfimy test cytotoxicity.

Zakladni metodou sledovani proliferacni aktivity dané buné¢né populace
je stanoveni poCtu bunék. Pogitani bunék se provadi napf. v Biirkerové komiirce.
Jedna se o mfiZku ve skle, tvofenou vrypy s pfesné definovanym objemem.
Bunééna suspenze se nanese mezi mfizku a kryci sklo a bunky v jednotlivych

polich se pocitaji pod optickym mikroskopem (Obr. 1).

Obr. 1 Burkerova komirka se suspenzi 3T3 mysich fibroblasti, sledovano

v inverznim svételném mikroskopu Olympus (Olympus, Japonsko), zvétSeno
100krat.

Zkoumanym vzorkem byl titanovy teréik o priméru 10 mm a celkové

tloustce 2 mm Ti6Al4V slitiny povleeny laserové nanesenou tenkou vrstvou
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krystalického hydroxyapatitu o tloustce 6-12 um s mezivrstvou ZrO, o tlouitce

100 nm (Obr. 2).

Obr. 2 Testovany vzorek konstruktu pro implantat — titanova slitina
laserové povlecena hydroxyapatitem s mezivrstvou zirkonu.

Vzorky vznikly metodou pulsni laserové depozice. Zirkonové vrstvy jsme
ptipravili excimerovym KrF laserem (LUMONICS PM 842, Kanada) generujicim
na vinové délce 248 nm, pfi opakovaci frekvenci 10 Hz a vystupni energii 450 mJ.
Depozice zirkonu probihaly pfi teploté 20 °C. Pred depozici byly vzorky ocistény
v acetonu, toluenu a etylalkoholu. Tloustka této vrstvy ¢inila 100 nm (4000
laserovych pulsi).

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. Pied vlastni depozici jsme vyc&erpali z komory vzduch a vytvofili jsme tak
podtlak v hodnotach 10™ Pa a nasledné jsme promisili atmosféru z vodnich par a
argonu, ktera dosahovala tlaku 50 Pa. Soubor vzorkdl jsme deponovali pfi
frekvenci 50 Hz, vystupni energii 300 a 330 mJ a hustoté energie 6 Jem™.

Pozitivni kontrolou byly ter¢iky z keramiky Nori Take. Negativni kontrolu

tvofily vzorky cytotoxické &ervené pryze (Vegum, Gumarne Dolné Vestenice),
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kterd se pouZiva v laboratofi, a tertiky z pryskyfice Superpont C+B, vyrobené s
pfebytkem monomeru v poméru 3 g prasku a 5 ml tekutiny proti obvyklému stavu
1:1.

Ve viech pfipadech jsme provedli kultivaci stejného po&tu bun&k bez
ptitomnosti jakéhokoliv materidlu, a k tomuto po&tu byly pak vztaZeny podty
bun€k kultivovanych v ptitomnosti ter&ikd. Pouzili jsme dva typy bun&k: mysi

liniové fibroblasty (3T3) a lidské fibroblasty (LF) ziskané ze zbytkové kiZe
lidskych darci.

Do 6-jamkovych kultivaénich desek s primérem jamky 3,5 cm (NUNC,
Roskilde, Déansko) jsme nasadili 25 000 bun&k resuspendovanych ve 3 ml média

do kazdé jamky.

Bylo pouZito kultivaéni médium vhodné pro péstovani fibroblasti H-
MEMd (minimal essential medium) (Vyrobna médii UMG AVCR, Praha, CR)
s ptidavkem antibiotik — gentamycinu ve vysledné koncentraci v médiu 10 pg/ml
a penicilinu ve vysledné koncentraci 200 U/ml, déle glutaminu (Sevapharma

Praha) v koncentraci 0,3 mg/ml a 10% bovinniho séra (ZVOS Hustopece, CR).

Butiky jsme kultivovali v inkubatoru pfi 37°C za tenze CO; 3,3% a
100% vlhkosti. Po 24 hodinové kultivaci jsme vloZili do pfisludnych jamek
vysterilizované teréiky zpovlakovaného titanu, keramiky (Nori Take),
polymetylmetakrylatu a &ervené pryZe. Teti a &tvrty den jsme pfidavali vZdy 1,5
ml &istého média. Staré médium jsme neodstrafiovali. P4ty den byl pokus
ukonten. Buriky byly ode dna uvoln&ny smési 0,25% roztoku trypsinu (SIGMA,
USA) a 0,02% roztoku EDTA (Vyrobna médii UMG AVCR, Praha, CR)
vpoméru 1:1 a nesuspendovany ve 3 ml média. Bufky byly spocitany

v Burkerové komiirce (Obr. 1).
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5.2 Barveni bunék
Rist bungk, jejich hustotu i morfologii jsme v pribshu kultivaci
kontrolovali mikroskopicky, prohliZenim v inverznim mikroskopu (Olympus,
Japonsko). Pro lepSi vyhodnoceni jsme n&které bun&né porosty po ukonéeni

kultivace a fixaci metanolem obarvili &inidly May Griinwald a Giemsa

Romanowski.

5.3 Test adheze
Adheze bunék k cizimu povrchu m4 z4sadni vliv na bun&&nou integraci
implantatu. Po sterilizaci teréikid byly vzorky umistény do jamek 24-jamkové
kultivatni desky NUNC s priimérem jedné jamky 16 mm. Ke kazdému teréiku
bylo nasazeno 100000 lidskych fibroblastli (osméa pasaZ) ziskanych z lidské

dermis. Tyto buiiky byly resuspendovéany v 1 ml kultiva¢niho média H-MEMd.

Buriky byly kultivovany po dobu 24 hodin v inkubatoru pfi 37°C, 3,3%
tenzi CO, a 100% vlhkosti. Po 24 hodinich byl ter& pfenesen do nové jamky a
buriky byly odvoln&ny z jeho povrchu smési 0,25% trypsinu (SIGMA, Praha, CR)
a 0,02% EDTA v poméru 1:1. Zvladt’ byly odvolnény zbytkové buiiky na dné
kultivadni jamky. Trypsinizace prob&hla v inkubatoru pfi 37°C po dobu 10 minut.
Butiky byly poéitany v optickém mikroskopu v Biirkerové komiirce — obr. 1,
zv14$t potet bungk adherovanych na samotny povrch teréiku a déle okoli teréiku
v jamce. Jako kontroly byly zvoleny jamky bez nasazenych terlikd s identickym

po&tem bunék na jednu jamku.
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5.4 Test proliferace

Tertiky byly pfipraveny stejnym zptsobem jako v pfedchozim testu.
V laminirim boxu byly steriln& preneseny povlakované titanové terdiky do
jamek 24-jamkové kultivatni desky a k nim nasazeny taktéZ lidské fibroblasty
(osma pasaz), ale v po€tu 20 000 bun&k v 1 ml suspenze kultiva&niho média. Jako

kontroly byly zvoleny op&t jamky bez teréikii se stejnym po&tem bun&k

Vv suspenzi.

Kultivace bun€k probehla po dobu 96 hodin v inkubatoru pti 37°C , tenzi
CO; 3,3% a 100% vlhkosti, kdy bylo po 48 a 72 hodinich vymé&n&no
zmetabolizované H-MEMd kultiva&éni médium za &erstvé. Ctvrty den byl ukon&en
test proliferace stejnym zplisobem jako pfedely test adheze. Po&ty bun&k
proliferujicich na teréiku, v okoli ter&iku v jamce a v kontrolnich jamkach byly

spocitany v Burkeroveé komiirce v optickém mikroskopu.

Po 72 hodinich kultivace byly vybrany 2 vzorky k pozdé&ji provadénému
imunohistochemickému vy3etfeni. Tyto teréiky byly tfikrat oplachnuty PBS,

usu$eny v lamindrnim boxu a zmraZeny na -24°C.

5.5 Priikaz exprese fibronektinu
U vzorkt kolonizovanych fibroblasty byla po 72 hodinich studovana
exprese fibronektinu pomoci monoklonélni protilatky (Sigma-Aldrich, Praha)
fedéné podle pokyn dodavatele. Jako protilatka druhého kroku byly pouZity
prasedi proti my3i imunoglobuliny znatené FITC (SWAM-FITC, AlSeVa, Praha).
Kontrola specifity reakce byla provedena pomoci typové shodné protilatky proti

cytokeratinim, které se norméln& ve fibroblastech nevyskytuji. Vzorky byly
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montovany do media Vectashield (Vector Laboratories, Burlingame, CA, USA),
které zabrafiuje vysviceni signilu pH ozéfeni UV svétlem. K detekci
imunohistochemické reakce byl pouZit fluorescen¢ni mikroskop Optiphot-2
(Nikon, Praha, CR) vybaveny CCD kamerou (Cohu) a analyzitorem obrazu

LUCIA (Laboratory Imaging, Praha, CR).

5.6 Test proliferace, MTT
Buné&&nou proliferaci na povrchu vzorki jsme stanovovali pog&itanim bungk
a pomoci MTT testu, jehoZz hodnota je um&m4 nejen podtu bun&k, ale i jejich
metabolické aktivité. V tomto pfipadé jsme pouZili bun&nou linii lidskych

embryonalnich plicnich fibroblastt (LEP,¢) (Sevapharma, Cesk4 republika).

MTT test patfi mezi nejb&zn&jsi fotometrické metody sledovani proliferace.
Metoda se zaklad4 na pfemé&n& Zlut® zbarveného MTT (3-(4,5 dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromid) mitochondridlnimi enzymy Zivych bun€k na
intenzivn® modrofialovou sraZeninu (tetrazoliova sil). Cim v&t3i je poget Zivych
buné&k, tim v&tsi mnoZstvi modrofialového produktu vznika. Zavislost je v uritém

rozmezi zcela lineérni.

Testovali jsme tfi typy vzorki (terée o primé&ru cca 10 mm a vy3ce 2 mm):
titanovou slitinu Ti6Al4V, titanovou slitinu povleCenou zirkonem a titanovou
slitinu povledenou hydroxyapatitem s mezivrstvou zirkonu. Sterilni vzorky jsme
umistili do 24-jamkové desky. Do kaZdé jamky jsme nasadili fibroblasty o hustot&
22 000 bunék/cm?, a to v celkovém objemu 1 ml kultivatniho média (EPL -
Sevapharma, Cesk4 republika). Kazdy vzorek mél svoji kontrolu — tkaiové
upraveny polystyren bez pfitomnosti jakéhokoliv vzorku. Kultivace probihala po

120 hod pHi teploté 37°C, 5% CO; a 100% vlhkosti. Po 48 hod bylo médium
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vyménéno. Paty den jsme buiiky z povrchu vzorka sklidili pomoci 0,15% trypsinu.
Fibroblasty jsme pocitali v Biirkerové komiirce pomoci optického mikroskopu
(Nikon, Japonsko). Metabolickou aktivitu jsme prokazali pomoci MTT testu.
Odstranili jsme kultivaéni médium a do ka?dé jamky jsme ptidali 1 ml 2 mM
roztoku MTT (SIGMA, Praha, Cesk4 republika) v bezsérovém médiu H-MEM.
Buitky jsme takto kultivovali 2 hodiny pfi 37°C a 5% CO,. Poté jsme vzorky
pfenesli do novych jamek a vytvofeny modry precipitat jsme rozpustili v 1,2 ml
isopropylalkoholu. V kontrolnich jamkich jsme odstranili roztok MTT a pfidali
stejny objem isopropylalkoholu. Pomoci pfistroje EL 800 Universal Microplate
Reader (Bio-tek instruments, INC Highland Park, USA) pfi vlnové délce 570 nm

jsme proméfili absorbanci vytvofeného modrého roztoku.

V3echny vysledky jsme statisticky zpracovali pomoci Studentova t-testu

v hladin& pravdépodobnosti 0,05.
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6.VYSLEDKY

6.1 Test cytotoxicity

Cilem pfimého testu cytotoxicity bylo zjistit, zda model implantatu
ztitanov€ slitiny povledeny hydroxyapatitem s mezivrstvou zirkonu neni
cytotoxicky. K tomuto ucelu bylo pouzito mysich a lidskych fibroblasti, nebot’ ze
studii je patrno, Ze osteoblastim podobné buriky a dalsi burky, které pottebuji
pevny podklad pro svijj rist, jako napf. fibroblasty, vykazuji podobné chovani
[29]. Pocitani bunék probéhlo pod optickym mikroskopem v Biirkerové komiurce
(Obr. 1). Nezménéna morfologie lidskych fibroblasti po obarveni ¢inidly May

Griinwald a Giemsa Romanowski je patrna z obrazku 3.

Obr. 3 Morfologie bunék. Lidské fibroblasty (barveno May Griinwald a
Giemsa Romanowski) v bezprosttednim okoli modelu implantatu z titanové
slitiny s laserové deponovanym hydroxyapatitem s mezivrstvou zirkonu (zvétSeno
100krat).

Nejlepsich vysledkti dosahuje kultivace bunék, at’ mysich nebo lidskych,

v ptitomnosti teréikii z titanu modifikovanych hydroxyapatitem a mezivrstvou

zirkonu. Dle predpokladii je dal§im potencialné inertnim materidlem i keramika.
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Cervena pryZ je cytotoxicka a z kultivace pryskyfi¢nych teréiki s nadbytkem
monomeru miZeme potvrdit obecné zndmou skutetnost, Ze monomer pusobi
cytotoxicky a sniZuje poget kultivovanych bungk (Obr. 4, 5). Tabulky 1, 2 a 3

ukazuji vysledky po statistickém zpracovani. Symbol % znadi statisticky

vyznamnou zavislost.

Test cytotoxicity
mySsi fibroblasty

1000

500 kontrola

10°

200 —

100

Po e buné

vzorek

20
TiVHA/ZrO, pryz Kkeramika MMA

Material

Obr. 4 Test cytotoxicity — mys3i fibroblasty. Byl srovnavan pocet mysSich
fibroblasti s (&erné sloupce) a bez (bilé sloupce) pfitomnosti danych vzorku.
MMA — zkratka pro methylmetakrylat.

Logaritmicka transformace y = logjo( x + 10%) pro statistické zpracovani
hodnot. Studentiv t-test v hladingé pravdépodobnosti 0,05 byl vyuZit ke
zhodnoceni statistické vyznamnosti jednotlivych materiald.

38



Ti/HA/ZrO, pryz keramika MMA
Ti/HA/ZrO, Ti/HA/ZrO, %* * %*
pryz * pryZ
keramika * keramika
MMA X % MMA

Tab. 1 Test cytc.)toxicity — mysi fibroblasty, vzajemné porovnani jednotlivych
typt vzorkd vici sobé. ¥ znali rozdily statisticky vyznamné. Prazdna pole —

nebyla zji$téna statisticky vyznamna zavislost.

Ti/HA/ZrO, pryz keramika MMA
Ti/HA/ZrO, Ti/HA/ZrO, % t 3
pryz pry?
keramika X keramika
MMA % MMA

Tab. 2 Test cytotoxicity — mysi fibroblasty, porovnani jednotlivych typt vzorki
viiti kontrole. & znadi rozdily statisticky vyznamné. Prazdna pole — nebyla

zjisténa statisticky vyznamna zavislost.
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Obr. 5 Test cytotoxicity — lidské fibroblasty. Byl srovnavan pocet mysich
fibroblastd s (¢emé sloupce) a bez (bilé sloupce) pfitomnosti danych vzorku.
MMA - zkratka pro methylmetakrylat.

Ti/HA/ZrO, pryz keramika MMA
Ti/HA/ZrO, Ti/HA/ZrO, *x *
pryZ % pry %*
keramika %* keramika *
MMA * *x * MMA

Tab. 3 Test cytotoxicity — lidské fibroblasty, vzajemné porovnani jednotlivych
typt vzorka vici sob&. * znali rozdily statisticky vyznamné. Prazdna pole —

nebyla zji$téna statisticky vyznamna zavislost.
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Vychazeli jsme ze situace, kdy buiiky byly po 24 hodinové kultivaci jiz
adherované a poté k nim byly pfidany ter&iky. Po vloZeni ter¢ikt z povlakovaného
titanu (Obr. 6, 7a) a keramiky (Obr. 7b) nedoilo ke zméné morfologie
kultivovanych bunék, a to ani v bezprosttednim okoli vzorki. Fibroblasty i nadale
proliferovaly a vytvotily subkonfluentni az konfluentni porost — pozdéji
sledovano pomoci imunohistochemického barveni. Zcela zménénou morfologii
my§ich fibroblastd jsme pozorovali u vzorkl z ervené pryze, kdy se adherované
buriky v dusledku pritomnosti cytotoxického materidlu nejen nedélily, ale

apopticky hynuly a odlu¢ovaly se do média (Obr. 6, 7c).

Obr. 6 Vlevo - Mysi fibroblasty u kraje vzorku z ¢ervené pryZe (zvétSeno
40krat). Zménéna morfologie adherovanych mysich fibroblastd; buiiky jsou
daleko méné rozprostiené. Vidime  zakulacené odloucené buiiky volné plavajici
vmédiu.  Vpravo — nezménénd morfologie fibroblastii v bezprostfednim okoli
Ti/HA/ZrO, vzorku (zvétdeno 20krat). Kultivovano po dobu 72 hodin.
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Obr. 7 Morfologie bunék. Lidské fibroblasty v bezprostfednim okoli
titanového terCiku povleeného hydroxyapatitem (a) a ter¢iku z keramiky (b)
nevykazuji Zadné zmény morfologie. U vzorku pryZe (c) maji buniky v okoli nejen
zménénou morfologii, ale umiraji a odlucuji se ode dna kultivatni jamky
(zvétseno 100krat).

Rist bun€k v pfitomnosti jednotlivych ter¢iki bylo mozno kontrolovat i
makroskopicky zménou barvy kultivaéniho média. Velky pocet bun€k s velkou
metabolickou aktivitou znamena vétsi produkci oxidu uhli¢itého, coz s sebou
piinasi pokles pH média. Tam, kde byl velky pocet bunék se pivodné jasné
Cervené médium (indikator metylenova Cerven; pfechod Cervena — Zlutd) zmeénilo
na barvu oranZovou az Zlutou. V jamkach, kde jsme kultivovali ter¢iky z Cervené

pryZe a kde bylo velmi malo bunék, médium zistalo nacervenalé (Obr. 8).
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Obr. 8 Barevna zména média z ervené na Zlutou pfi zméné pH (indikator
metylenova Cerven) metabolizujicich bunék u vzorki keramiky (a), ¢ervené pryze
(b), methylmetakrylatu (c) a v kontrolnich jamkach (d, e, f).

5.2 Test adheze a proliferace
Jak test adheze, tak test proliferace fibroblasti patfi mezi testy
charakterizujici kvalitu povrchu. U testu adheze jsme pouZili koncentraci bunék
50 000 bunék/cm?, u testu proliferace pak koncentraci 10 000 bunék/cm?. Poget
bunék sklizenych z povrchu teréd byl srovnan z poétem bunék vyrostlych na
tkafiové upraveném polystyrenu vztaZzenych na jednotku plochy. Vysledky jsme
statisticky zpracovali pomoci Studentova t-testu na hladiné pravdépodobnosti 0,05

(Obr. 9).

43



Lidské fibroblasty

1000 ¢
kontrola
500 Il
=
>
= 200
£
@
:5 100 vzorek
50

Adheze Proliferace

Obr. 9 Adheze a proliferace lidskych fibroblasti na povrchu
modifikovaného titanu (erné sloupce) ve srovnani s tkafiové upravenym
polystyrenem (bilé sloupce).

5.3 Prukaz exprese fibronektinu
JelikoZ jsou dané terliky nepropustné pro svétlo, nemize rist bunék na
povrchu teréiki pozorovat pfi kultivaci pod optickym mikroskopem. PouZiti
imunohistochemickych metod nam dovoli vizualizovat rist bun€k na povrchu

zkoumanych vzorku.

Fibroblasty kultivované po dobu 72 hodin byly rovnomémé po podkladu
rozprostfeny a tvofily subkonfluentni porost. Buitky exprimovaly fibronektin do
cytoplazmy. Extracelularni produkce nebyla po této dob¢ kultivace pozorovana, jak

je ztejmé z obrazku 10.
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Obr. 10 Ptitomnost fibronektinu (zeleny signal) v cytoplazmé lidskych
fibroblastii na povrchu titanové slitiny se sendvi¢ové nanesenym hydroxyapatitem
a zirkonem. Modfe jsou zndzornéna jadra fibroblasti po barveni DAPI.

5.4 Proliferace LEP; 9, MTT
V této druhé sérii pokusu, kde byly pozity tii typy vzorku: titanova slitina
Ti6Al4V, titanova slitina povleCend zirkonem a titanova slitina povleCena
hydroxyapatitem s mezivrstvou zirkonu jsme ke kultivaci pouzili lidské

embryonalni plicni fibroblasty.

Nami pouzité fibroblasty byly schopné rist v pfitomnosti testovanych
vzorki. Morfologie i proliferaéni schopnost byla srovnatelna s kontrolnim
povrchem tkanové upraveného polystyrenu (Obr. 11). Zadny z testovanych
materiali nebyl cytotoxicky a umozZioval rist bunék. Buriky adherovaly k povrchu

vzorku a byly schopné na povrSich proliferovat .
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Obr. 11 Porost bunék LEP;9 v blizkém okoli terée se sendviovym
uspofadanim vrstev zvyraznény pfi MTT testu.V prib&hu MTT testu se vytvafi
v cytoplasmé bunék modra sraZzenina formazan.

Pocet bungk vyrostlych na povrchu zkoumanych vzorki byl statisticky
vy38i nez na kontrolnim povrchu (Obr. 12). Na druhé strané jsme zjistili vyssi
metabolickou aktivitu bunék na tkafiové upraveném polystyrenu, ktery je bran jako
optimalni material pro kultivaci bun&k (Obr. 12). Nejvétsi metabolické aktivity
vramci tfech typt testovanych vzorki jsme viak dosahli u vzorki povle¢enych HA

s mezivrstvou zirkonu, ackoli absolutni po&et bunék byl nizsi.
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Obr. 12 Proliferace bunék na povrchu terée — poéet buné&k a MTT po
statistickém zpracovani pomoci Studentova t-testu na hladiné pravdépodobnosti
0,05. Znaménko " znaéi, Ze dany pocet bunék je statisticky vy3§i neZ kontrola,
naopak ~ znai, Ze v téchto ptipadech je MTT statisticky niz8i neZ kontrola
(tkanove upraveny polystyren).
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T.DISKUZE

O ¢em se n€kdy velmi malo hovoti je skutetnost, Ze fyzikalni vlastnosti
daného povrchu jsou mnohdy vice dileZité ne? samotné chemické sloZeni
materialu, a to hlavng z hlediska pfilnavosti bunék [13, 40]. Design implantatu
s povichem podobnym fyziologickému sloZeni kosti nepochybn& napomaha
novotvorbe kosti na rozhrani tkang a vlastniho biomaterialu [27].

Aby mohl implantat dobfe splnit svoji funkci, musi byt organismem
dokonale akceptovan [44]. Tato vlastnost miZe byt pravé zlepdena povlakem,
ktery bude vkontaktu svlastni tkdm [44]. Je nékolik divodl, pro¢ je
k povlakovani pouZivan pravé hydroxyapatit. Krystaly hydroxyapatitu jsou velmi
kiehké a proto tedy nelze tuto slou€eninu vyuzit k vyrob& samotného implantatu.
Vyznamnou vlastnosti je viak biokompatibilita, nebot’ hydroxyapatit je integralni
soutasti kostni tkan&. Kalciumfosfatové povlaky zvy3uji sorpci proteini na
povrch a umoZiiuji tak aktivaci krevnich desti¢ek a vazbu fibrinu, coZ urychluje
hajeni [23]. Z jiZ publikovanych studiich vyplynulo, Ze hydroxyapatitovy povlak
na kovovém implantitu urychli rehabilitaci pacienta moZnosti v&asného
odevzdani finalni protetické prace [30, 45], nebot’ takovy implantit se rychleji
oseointegruje, usnadituje adhezi kostni hmoty a tim umoZiluje pfimy kontakt
s kosti ve srovnani s nepovlakovanymi implantaty [46].

K povlakovani implantati je moZno vyuZivat i jinych chemickych latek
jako napf. beta-tricalciumfostat, & keramiku upravenou Al,O; ¢i ZrO,. Mnoho
pfedchozich studii prokazalo, Ze implantity povletené HA vykazuji unikétni
vlastnosti co se tyka biokompatibility a Ze mohou slouZit jako tzv. osteokondukéni
material [7]. Cheung et al. dokonce referoval, Ze krystaly HA pusobi jako mitogen

pfidaji-li se ke psim synovidlnim burikdm v monokultufe. Vyrazn€ se v tomto
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pfipad€ zvysil poet bun&k, DNA syntéza a produkce proteint [47]. Porézni
struktura HA dovoli vrist kosti ptimo do implantatu, coZ zlep$i mechanickou
stabilitu a zaroveii biologickou odpovéd’ [48]. Dynamické rozhrani kosti a HA je
jeden z nejdileZit&j$ich momentd vazby keramického materidlu k Zivé tkani
v procesu osteointegrace implantatu. Pfitomnost Ca a P ionti se prokazala byt
jako esencidlni pro apozici kosti v t&sné blizkosti implantitu [27]. A to nejen
samotna pfitomnost té€chto iontd, ale i jejich vzdjemny pomér, kde se za idealni
povaZzuje pomér Ca/P 1,66 [6]. Kone&né vlastnosti keramického povlaku jsou do
velké miry téZ ovlivnény metodou depozice vrstvy [27].

Zirkonova keramika mé lep$i mechanické vlastnosti neZ jiné typy
keramiky pro lékafské ucely. Mechanické vlastnosti jsou zavislé na vstupnich
surovinich a na postupu vyroby komponent. In vitro biologické testy ukazaly, Ze
zirkonovy prasek nebo keramika nejsou cytotoxické. RovnéZ nebyly pozorovany
Zadné mistni &i systémové nezadouci reakce majici vztah k tomuto materialu [40].

Velmi kontroverzni otdzkou je dlouhodobéa stabilita a prognéza HA-
povlakovanych implantiti. HA povlakované implantity byly vyvinuty
k urychleni oseointegrace titanového implantatu a soucasné tak i pfekonat chabé
mechanické vlastnosti HA [49]. Vezmeme-li vpotaz skupinu tzv.
kalciumfostatové keramiky, kam zahrnujeme HA, tricalciumfosfét a
sklokeramiku, miZeme tvrdit, Z¢ novotvorba kosti je Uméma rozpustnosti
keramiky. Dokonce strukturalni charakteristika apatitu na tomto rozhrani se velmi
podoba krystalim nalezenych v kosti [50]. Dle Trisi et al. se domnivaji, Ze
vymizeni HA povlaku na nékterych mistech povrchu implantitu po 10 letém
zatiZeni miiZe byt pouze nasledek mistniho procesu remodelace kosti. Tento jev je

vysvétlovan tak, ¢ b&hem remodelace lokdln¢ aktivované osteoklasty tvofi
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v kosti jamky hluboké 50-70 pum, kde pak mohou osteoblasty produkovat novou
kostni matrix. KdyZ se pravé& toto stane na povrchu povlakovaného implantatu,
mohou byt pak néjaké &asti povrchu resorbovany a nahrazeny kosti. MnoZstvi
vymizelého HA tak pfimo koreluje sobjemem novotvofené kosti [30].
Kalciumfostatova keramika se fadi do skupiny bioaktivnich keramik, coZ jsou
materiély, které jsou schopné vézat okolni kostni tkafi a urychlit novotvorbu kosti.
Ve studii Klein ef_al. relativn® méng stabilni HA povlaky vykazovaly
men3i pfimou vazbu kosti v kontaktu s implantaty ve srovnani se stabilni mi HA
povlaky — naneseny plasma napraSovanim [51]. Byla také provedena osmileta
klinick4 studie, kdy HA-povlakované implantaty vykazovaly zprvu vys$i pfiZiti,
ale toto pfeZiti vyrazné pokleslo po 4 letech. Implantaty viak byly povledené op&t
metodou plasma napra$ovéani“[46]. Vé&tSina implantatt selhala kvili zédnétu. Ve
studii Trisi et al. po 10 letém funknim zatiZeni byly povlakované implantéty
klinicky zdravé a oseointegrované a cca 80% povlaku bylo zachovéano [30].
Povrchy s vysokou krystalinitou se povaZuji za mnohem vice odolné
vzhledem k moZné rozpustnosti neZ amorfni struktura HA [52], ale naproti tomu
bylo prokazano, Ze povrchy s vysokou krystalinitou mohou inhibovat riist bun€k
[53]. Zde zéroveii tkvi i hlavni rozdil mezi technikou plasma napralovam a
technikou pulzni laserové depozice. Zatimco u plasma napraSovam solubilita
kalciumfosfatu zavisi na vlastnostech piivodniho prasku (tzn. velikost ¢4steCek a
krystalinita), metoda pulzni laserové depozice v zavislosti na podminkéch dokéze
vytvofit tenky povrch o riznych vlastnostech [31]. Dle jiného autora se HA
rozpousti, je-li amorfni & velmi malo krystalicky. Naopak vysoce denzni a

krystalicky HA umozni pfimou vazbu ke kostni matrix [6].
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Nejvétsi rozdil mezi implantity povletenymi HA a implantaty &ist&
titanovymi je v tvorb& nekalcifikované amorfni vrstvigky s nékolika kolagennimi
vldkny mezi kosti a titanem, zatimco na HA umozni pfimé spojeni ke kosti.
Udévana tloustka mezivrstvicky u riznych autord kolisa, u v&tsiny se pohybuje

v hodnotach niZich nez 0,5 pm [49].

Fibroblasty jakoZto osteoblastim podobné buiiky jsem pouZili z toho
divodu, Ze vykazuji obdobné chovani jako osteoblasty [54], jak bylo prokézano
vmnoha studiich. Kvalitativni i kvantitativni studie bun&né morfologie
prokazaly, Ze osteoblasty a fibroblasty se chovaji na riznych povrsich obdobng
[13].

Testovani biokompatibility ur&itého materialu miZe prob&hnout jen na
zaklad¢ toho, Ze bude zjidt€no, Ze dany material neni cytotoxicky. In vitro
testovani je metodou prvni volby pfi testovani cytotoxicity materidlu [44].
Kvantitativni hodnoceni po&tu bun&k v jednotlivych jamkach ndm dovolilo zjistit
miru cytotoxicity danych materidli.V nasi studii jsme prokazali, Ze ter¢iky
ztitanové slitiny Ti6Al4V povlakované krystalickym hydroxyapatitem
s mezivrstvou zirkonu nejsou cytotoxické. Velmi podobnych vysledkt jako némi
testovany material dosahuji i teréiky z inertni keramiky (Noritake) b&Zne
pouZivané v zubnim lékafstvi ( Obr. 4, 5). Cervena pry? je absolutn& cytotoxické
(Obr. 4, 5) a uvoliujici se monomer u teréikii z metylmetakrylatu sniZuje
proliferaci bun&k a piisobi na fibroblasty také cytotoxicky.

V ndmi provedeném pfimém testu cytotoxicity jsme také pozorovali
rozdily v po&tu bunék mezi vzorky p&stovanymi s my3imi a s lidskymi fibroblasty
(Obr. 4, 5). Tento jev mize byt dén jednak odli¥nou reakci stejnych bunek

riznych Zivodidnych druhii na kultivani prostfedi, ale i rozdilnym



liniovych bun€k a bun&k ziskanych ptimo z tkang&. Jisté rozdily ve vysledcich
mohou byt také zplsobeny chybou pti fedéni suspenze malého po&tu bun&k do
relativn€ velkého objemu kultivaéniho média.

Fenomén adheze bun&k k substrdtu je predmétem z4jmu bun&nych
biologh po mnoho let. Schopnost bun&k Zit a rist v pfitomnosti n&jakého
materialu je dileZitym méfitkem funkeni schopnosti bunék. Adheze je nutnou
podminkou k biologické integraci materidlu [40]. Mezi dileZité varujici znaky
moZné cytotoxicity materidlu patii sniZend schopnost adheze, zménéna
morfologie bun€k [44]. Vyvoj kaZdé jednotlivé buiiky nezavisi pouze na médiu,
ve kterém burlky rostou, ale také na fyzikalnich reakcich, které probihaji na
materidlovém rozhrani, které dana buiika potka [41]. Butiky, které dobfe adheruji
k jednomu povrchu, nemusi adherovat k povrchu jinému [55]. Busher et al.
prokézali, e adheze a proliferace lidskych fibroblasti zavisi na chemickém
sloZeni a povrchovych vlastnostech podkladu [40].

Tvar bunék je vieobecn& velmi dileZity, nebot’ nAm umoZiiuje soudit i na
stadium diferenciace bungk [56]. Lidské i mysi fibroblasty v blizkosti ndmi
testovaného materidlu nevykazovaly zméné&nou morfologii.

Vzhledem k dokonalé nepropustnosti teréli pro svétlo lze zhodnotit
morfologii bun&k pouze v okoli terée (Obr. 7a, b). Zde pfitomné buiiky nebyly ve
srovnam s butikami p&stovanymi v kontrolnich jamkach morfologicky zmé&n&né.
Diky provedenym testiim (poditani bungk, MTT test) bylo dok4dzéno, Ze adheze a
proliferace bun&k na povrchu zkoumanych teréi byla srovnatelnd s adhezi a
proliferaci na tkaiovém polystyrenu. Diky imunofluorescenénimu barveni byly
buiiky na povrchu terée vizualizovany a prokézala se jejich schopnost produkovat

fibronektin (Obr. 10). Lze tedy konstatovat, Ze fibroblasty jsou schopné adherovat
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k povrchu studovanych vzorkd, proliferovat a vytvafet molekuly extraceluldrni
matrix.

Polet fibroblastd vyrostlyjch na povrchu zkoumanych vzorkd byl
statisticky vy33i neZ na kontrolnim povrchu — tkatfiov& upraveny polystyren (Obr.
12). Na druhé stran¢ jsme zjistili vy$$i metabolickou aktivitu pravé na tkafiové
upraveném polystyrenu, ktery je bran jako optimalni material pro kultivaci bun&k
(Obr. 12). Nejvétsi metabolické aktivity ze sledovanych vzorki jsme viak doséhli
u tertikd povleCenych HA s mezivrstvou zirkonu, alkoli absolutni potet bun¢k
byl niZz8i. Vy3$§i metabolicka aktivita bungk na sendvitov& uspofddaném vzorku
by mohla pfedpokladat i v&tsi tvorbu extracelularni matrix. Spojeni dvou metodik,
tj. potitani bung¢k a MTT testu, ktery zaroveit odraZi metabolickou aktivitu bunék,
ndm poskytlo daleko komplexng&jsi informace o stavu bung¢k na povrchu
jednotlivych materiéld.

Pomoci testd in vitro se prokazalo, Ze sledovany model titanového
implantatu povle&eny laserové deponovanou vrstvou krystalického hydroxyapatitu
s mezivrstvou zirkonu se zd4 byt perspektivnim materidlem vhodnym k daldim

podrobnéjsim testim a do budoucna moZn4 k vlastni implantaci.
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8.ZAVER

Cilem mé price bylo zhodnotit novy typ implantatu zhotoveny z titanové
slitiny Ti6Al4V povletené hydroxyapatitem s mezivrstvou zirkonu z hlediska
jeho biologickych vlastnosti. Jako srovndvaci material byl pouZit &isty titan, titan
povleeny vrstvou zirkonu a kultivagni standard - tkafiové& upraveny polystyren.

Dany materidl nejevi znamky cytotoxicity; u bun&k kultivovanych v jeho
ptitomnosti (dospé€lé i embryonalni fibroblasty) nedochéazi ke zmé&né& morfologie ¢i
ke sniZeni jejich proliferaini aktivity. Zaroveti jsou tyto butiky schopny
kolonizovat jeho povrch, proliferovat az do dosaZeni konfluentniho porostu a
vytvafet extraceluldrni matrix. DosaZené vysledky potvrzuji vhodnost
sendvi¢ového materidlu pro pouZiti v zubni implantologii.

Z literarnich udaji je znamo, Ze specialn& upraveny povrch zlepsi a hlavné
zrychli oseointegraci implantatu a urychli tak rehabilitaci pacienta. Proto by bylo
Z4douci pokradovat v testovani tohoto materidlu in vitro ve 3D experimentech a

nakonec i v in vivo testech.
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9. SUMMARY

Biological properties of hydroxyapatite coated titanium alloy in relation to

direct implant loading

Coating dental implants with hydroxyapatite may give certain advantages such as
active encouragement to new bone growth, a lower rejection rate and an improved
long-term prosthesis fixation. The biological 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 this study is to evaluate the cytotoxicity and the surface
characteristics of the titanium targets modified with zirconia and hydroxyapatite.
We used a direct test of cytotoxicity, tests of fibroblasts adhesion and proliferation
using counting of harvested cells and providing a MTT assay. No changes in the
morphology or the proliferation rate of the cells used were found in the presence of
the modified titanium targets. 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 crystalline hydroxyapatite
can improve the biological properties and so can be benefitially employed in oral

bone surgery.

Key words: implant, oseointegration, direct loading, cytotoxicity, fibronectin

Klitov4 slova: implantét, oseointegrace, pfimé zatiZeni, cytotoxicita, fibronektin
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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 modificd with zirconia and hydroxyapatite. The
titanium substrates were analyzed physically by x-ray diffraction and scanning elcctron 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 cxpressions 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]

I. 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 acccpted 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 surfacc,
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 ctching® or mechanically by cutting,” 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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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.

Scveral 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 clectrolytic processes such as
electrophoresis and electrolytic codcposition.°

At present, the preferred method of coating implants is a
thin crystalline layer of hydroxyapatite (HA), chemically de-
fined as Ca,4(PO4)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,)*" tetrahcdral groups.8 Plasma spraying cnables the
fabrication of a relatively thick coating (50-200 um) with
an amorphous structure quitc widely spread.” The disadvan-
tage of plasma spraying is its negative cffcct on the HA
crystallinity and thus on the healing process of the implant.
The optimal composition of HA is high film stoichiometry,
porosity crystallinity, efficient attachment to the substrate,
and low level of dccomposition.s Since its introduction in
1992 PLD has been routinely used as a fabrication technique
due to its capability to provide high-quality HA coatings.lu

© 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, etc.'' 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. ZrQO, 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?2. 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 negative 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 ccll were 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
(Sevafarma, 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 werc 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 (cighth subculture) human dermal fibroblast cells
suspended in I 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 to 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 Biirker
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 platc 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 sc-
rum (SWAM-FITC, AlSeVa, Prague, Czech Republic) was
used as the second step antibody. The control of the speci-
ficity of the reaction was proved by the presence 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 Vectashicld (Vector Laborato-
ries, Burlingame, CA, USA). The fluorescence microscope
Optiphot-2 (Nikon, Prague, Czech Republic) equipped with a
charge-coupled device (CDD) camera (Cohu) and computer-
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FIG. 1. Film morphology of ZrO- sample (SEM) (magnification of X400).
The structure of a created film is similar to the original hydroxyapatite.

assisted image analyzer LUCIA (Laboratory Imaging, Praguc,
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
covered with droplets with diameters ranging from
5 to 20 um (sce 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 measured 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 implam.(’ Hydroxyapatite and tricalcium phosphate are
usually considered as bone bioactive ceramics, because they
generally bond to the surrounding osscous tissue and en-
hance bone tissue formation."?

Onc of the much debated topics is resorption of the HA
layer. The resorption of the HA layer may causc a ncw inter-
face to develop with the implant isolated and separated from
the surrounding bone tissuc. The highly crystalline surfaces
produced by PLD arc not so casily resorbable. Some studics
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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 (magnification of X1500). The images shows that the HA coating
is smooth and covered with droplets of dianetres between S and 20 gom.
The surface of the HA upper layer is homogeneous.

show that HA crystals stimulate bone apposition.'* 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 osseointegralionH but reducing the quality of the
coating and its attachment to the mectal 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

(2.1)

FIG. 3. XRD spectrum of HA layers (ZrO,, 13 sample). It describes scveral
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

1000

Controls

Samples

TVHA/ZIO, Rubber
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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 madified titanium samples with zirconia and hydroxyapatite
(Ti/HA/Zr0,); MMA is the abbreviation for the methylmetacrylate sample.

high film thickness (100-300 um), 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 crcates 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
dirccted towards the creation 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. Nonc of
the cytotoxic or general reactions were observed in relation
to this material,'” which support our outcomes.

Fibroblasts are known to quickly adhere to the bottom of
the culturc 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
change [Figs. 6(a) and 6(b)] in their surroundings. Fibro-
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Cytotoxicity test
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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 difterences 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/ZrQ,) 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
thcir morphology and dicd and became detached from the
bottom [Fig. 6(c)]. Red rubber is absolutcly 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 ceramic 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, 0143905 (2006)

Al -~ B

FIG. 7. (Color online) The color change of ptt indicator (phenol red) by the
mctabolization 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 mcthylmetacry-
late(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 prolifcration activity of the murine
fibroblasts decreases in the presence of ceramic targets (Fig.
5). Student’s r-test at probability level of 0.05 was used to
evaluate the differences of thc 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 necd to undergo an
assessment with cells of the species the matcrial is intended
to be used in. The reaction of the cclls 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
@
£
Samples:
=) N
100 TWHA/ZIO.
50

Adhesion Proliferation

FIG. 8. Adhesion and proliferation of human fibroblasts on the surfacc of
modified titanium target (black columns). The results are compare well with
the growth of cells on tissue grade polystyrenc (white columns).
Ti/HA/ZrO, marks titanium modified with zirconia and hydroxyapatite
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FIG. 9. (Color onlinec) 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 surface
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 comparcd with the quantity obtained from the same arca
of tissue grade polystyrene. Student's -test was used at a
probability level of 0.05. The test results show (Fig. 8) that
the titanium target modificd 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 bccause
perfect adhesion and proliferation of the cells are necessary
for successful implantation. Our findings are in agreement
with data published by Dion and Li, who used SEM to study
the attachment and spreading of thec murine fibroblasts.'”

D. Fibronectin expression

The targcts 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-
tochcmical 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 cxpressed fibronectin in cy-
toplasm, which was staincd a green color (Fig. 9). At that
time no extracellular deposition of fibronectin 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
arc rcadily colonized by murine and human fibroblasts. No
cytotoxic cffects have been found during our direct 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—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
meta_bqllc 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,o(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 [TigAl,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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Deposition conditions

Sample Target Substrate Prc;sure, Temp%ra- Number Laser Eer:xeszg& Targte:a:tzub-

a ture, °C | of pulses | energy, mJ Jem=2 | Distance, cm
ZRO—15,16, 17 Z10, Ti 7% 1073 ~20 10000 450 4 4
ZRO—18 Zr0, Ti 4x1073 ~20 15000 450 4 4
ZRO—19 Zr0, | Ti 9%1073 400 20000 450 4 4
ZRO—20 Zr0, Ti 2x 1072 700 20000 450 4 4
ZHA—1,2,3,4 Zr0, Ti 3x 1073 ~20 15000 300 4 4
ZHA—1,2,3,4 HA ZrO,/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 [TigAl,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 (7,) 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,/TizAl,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,0O 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, Brno, 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,q) (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
Vol. 17 No. |
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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 um to 5 um. 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
ZR0O-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.
%2000). The diameters of the droplets were similar for both
HA and zirconia films and ranged in size from | pm to
5 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 [*]

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/ZrQ,/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. SA). On the other hand, the metabolic
activity of cells was highest on tissue-grade polystyrene

LASER PHYSICS Vol. 17 No. 1 2007
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Cells Proliferation

10

Absorbance, a.u.

MTT assay
0.50}

0.20
0.10

0.05

0.02

0.01

Ti Ti/ZrO,Ti/ZrO,/HA Control
Sample

Fig. 5. A—Proliferation test by counting afier 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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Abstract

Thin films of ZrO, and hydroxyapatite/ZrO, were created by excimer laser ablation on Ti6Al4V. substrates. ZrO; layers were fabricated in
vacuum by KIF 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/ZrO, 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; Dostalova 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.: +420 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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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 excimer 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 Ti6AI4V 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/Z1O; 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 ZrOxTi6AI4V 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 3 Jcm™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 SO 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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Fig. 3. Film morphology by SEM of ZrO; coating (magnification 400x)—
sample ZRO-18 (ZRO- 18 deposited by KrF laser at the repetition rate of 10 Hz,
the output encrgy of 450 mJ, the encrgy density of 4J ¢cm™? and the substrate
temperature of 20 °C).

3.2. Biological tests of HA/ZrO, coatings

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

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

Fig. 4. Scratch test of ZrO, coating—sample ZRO-19 (ZRO 19 deposited by
KrF laser at the repetition rate of 10 Hz, the output energy of 450 mJ, the
cnergy density of 4 Jcm™2 and the substrate temperature of 400 °C).

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

Hydroxylapati/Ti-ZRO-13-SYM
HA - hydroxyapatit
S - substrat

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 encrgy of 330 mJ and
the energy density of 6J cm™?).

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

Test of cytotoxicity of HA/ZrO, coatings (samples 1-3 deposited by ArF laser at repetition rate of S0 Hz, output cnergy of 330 mJ and cnergy density of 6 J cm™?)

Material Proportional number of cells (%)
Mice fibroblasts Human fibroblasts
Sample | Sample 2 Sample 3 Average value Sample | Sample 2 Sample 3 Average value
HA/ZO, 81 n 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

Tests of attachment and spreading of HA/ZrO, coatings (sample deposited by
ArF laser at repetition rate of 50 Hz, output energy of 330 mJ and energy density
of 6] cm™2)

Test Count of cells (1000x)

Sample surface  Sample surroundings  Control cultivation

Attachment  58.5 SLS 130.0
Spreading 3330 378.0 713.0

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.

4. Conclusions

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

of 5~20 um in case of HA/ZrO, films and of 1 or 2 pm in case
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.
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