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Souhrn

PredloZena habilitani prace je souborem dvandcti praci, které se zabyvaji problematikou
biomateriali. Komentat k pracim jsem rozdé€lila do dvou €asti. V prvni ¢asti prezentuji ptipravu
bioaktivniho povrchu pomoci fosfore¢nanti vapenatych na bioinertnich kovech (Ti  a jeho
slitiny) a ve druhé ¢asti se zabyvam chovanim bioaktivnich a resorbovatelnych materialti

v pritbéhu testl in vitro a jejich vypovidaci hodnotou.

V dentalni chirurgii a ortopedii se vyuzivaji inertni kovové implantaty, které je nutné na
nékterych mistech opracovat tak, aby skosti vytvofily pevnou chemickou vazbu. Nové
pfipravend vrstva musi spliiovat pfisné pozadavky lékafi i samotnych vyrobcti. Ma dobie
reagovat s krevni plazmou, nesmi ménit rozmér implantitu a musi mit dobrou adhezi
k podkladu. Nami pfipravend vrstva amorfniho fosfore€nanu vapenatého (ACP) o tloust'ce
fadove desitek nanometrti je propojend se substratem nejenom mechanicky ale i chemicky.
Ptipravili jsme ji na povrSich Ti a Ti slitin tryskanim ¢asticemi Al2O3; (mechanickd prava)
a chemickymi upravami (leptanim v HCI a nasledné¢ v NaOH). Takto ptipravené povrchy Ti
a Ti slitin byly poté exponovany v roztocich ptfesycenych vici fosforeCnaniim vapenatym
za pomoci ultrazvukové 1azné. Postup piipravy ACP na povrsich Ti a Ti slitin byl doladén pro

ucely sériové vyroby (uzitny vzor) a nyni je v patentovém fizeni.

Druhé ¢ast publikaci se vénuje in vitro testim materiali v SBF (Simulated Body Fluid) pii
teplote 36,5°C za statickych, dynamickych i staticko-dynamickych podminek testu. Ukézalo se,
ze pufr TRIS (ISO norma 23317) neni inertni vici skelnym a sklokeramickym materidlim
(napf. apatit-wollastonitova sklokeramika). S Ca** ionty tvoii rozpustnou komplexni
slouceninu a piredpokladame 1 jeho chelatacni efekt. Tvorba komplexnich sloucenin vyznamné
urychluje rozpousténi skelného ¢i sklokeramického materidlu, coz nasledné iniciuje vznik
krystalického hydroxyapatitu (HAp') na povrchu materialu. Vysledky testl pro tyto vysoce

reaktivni materialy tak mohou byt falesné pozitivni.

Dalsi prace jsou zamétfené na hledani vhodnéjsiho pufraéniho systému (napi. pufr HEPES,
roztok DMEM) a podminek in vitro testu, jako je napiiklad vhodné nastaveni poméru povrchu
testovaného materialti a objemu testovaci kapaliny (S/V = pomér plochy vzorku k objemu

SBF).

Lvtextu i v publikacich pouZivdme zkratku HAp pro hydroxyapatit vytvofeny z roztoku SBF pfi testu in vitro a
zkratku HA pouzivame pro implantaéni material
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1. UVOD

Biomaterialy jsou syntetické ¢i pfirodni materialy, které¢ se pouZzivaji v lekatskych
aplikacich k opravé nebo k nahradé casti lidské tkané nebo organu poskozenym nemoci ¢i
urazem. Jsou schopné vytvaiet mezifazi s biologickym systémem za ucelem vyvoje, fixace
nebo nahrady jakékoliv tkang, organu nebo funkce v organizmu. Biomaterial nesmi byt toxicky
a nesmi zapfi€init zddné poSkozeni, at’ uz na urovni bunééné nebo na trovni celého systému.
Biomaterial je vzdy navrzen na zakladé potieby specifické aplikace a jelikoz je urcen
k interakci s Zivym organismem, hlavnim pozadavkem je biokompatibilita®. Biokompatibilita

materidlu je definovéana jako schopnost materidlu vhodné fungovat s tkani hostitele.

Tvrdé, neboli kostni tkan€, tvofené apatitem - Caio(PO4)s(OH): se lidském téle nachazi
v mnoha pozicich. Materialy, které je mohou nahradit, musi spliiovat rliznorodé pozadavky jak
mechanické tak chemické povahy. Materidly uréené k ndhradam tkani mizeme tedy rozdélit

podle:

a) interakce v zivém organizmu

b) typu materidlu

a) Interakce materiali v Zivém organismu

1. Resorbovatelné materialy v prubéhu Casu degraduji a postupné jsou nahrazovany ptirodni
tkani hostitele. Zakladni otdzkou je rychlost biologického a fyzikalniho rozkladu, které musi
byt v rovnovaze s mirou regenerace kosti. Mezi materialy degradovatelné v Zivém organismu

patii B-trikalciumfosfat (B-TCP), kopolymer kyselin polyglykolové a polymlécné.

2. Bioaktivni materialy produkuji specifickou biologickou odpovéd’ a tvoii interfacialni vazbu
s prilehlou tkani. Indukuji tvorbu kostni tkan¢ na povrchu implantatu a vytvaii kontinualni
ptechod zivé tkané na povrch implantatu. Timto procesem dojde k ukotveni implantatu bez
zapouzdreni materidlu mékkou tkani. Mezi materidly tvofici chemickou vazbu s tkanivem patii

napf. hydroxyapatit (HA), bioaktivni sklokeramika nebo biosklo (Bioglass®).

3. Inertni materialy nevytvaii chemickou ani biologickou vazbu s kostni tkani. Reakce
organismu na bioinertni material je zapouzdifeni daného materidlu vazivovou tkani, kdy

tloustka zavisi na stavu implantatu a okolni tkan¢€. Proto jsou bioinertni materialy aplikovany

2 Williams D.F.: On the mechanisms of biocompatibility. Biomaterials. 29(20): 2941-2953, 2008.
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v oblastech, kde jsou mechanicky fixovany pomoci Sroubti, hiebt, ptipadné kostniho cementu.
Dalsi moZnosti fixace je Gprava jejich povrchu tak, aby se na ném vytvofila bioaktivni vrstva.
Mezi bioinertni materialy patii hlavné kovy (titan a jeho slitiny), korozivzdorné slitiny (Co-Cr)

a keramika na bazi Al,O3, ZrO-.

b) Typy biomateriali

1. Polymery mohou byt pouzity jako ndhrady mékkych i tvrdych tkéni a tvofi nejvétsi skupinu
biomaterialll. Jsou vyuuZivany pro transport a uvoliiovani 1é€iv. Polymery mohou byt pfirodni

(kolagen, alginat sodny, celul6zy) nebo syntetické (silikonové pryz, PMMA, polyvinylchlorid).

2. Kovy (Ti a jeho slitiny, korozivzdorné oceli a Co-Cr slitiny) jsou vyuZivany jako implantaty
ve stomatologii a ortopedické chirurgii diky svym vynikajicim mechanickym vlastnostem
(pevnost). Jednou z nejbéznéjSich aplikaci titanu a jeho slitin je umély kycelni kloub, ktery se
sklada z kloubniho loziska (femoralni hlavice a jamka) a diiku (obr. 1). Dale jsou bé&zné

pouzivany pro nahrady kolenniho kloubu nebe jako implantaty ve stomatologii

A

Metalic Cup _w
\

Polymeric Cup

: Artificial Hip Joint

Femoral Head

Femur

Hip stem

Obr. 1: Umély kycelni kloub

3. Keramika se pouziva hlavné k vyplnim a regeneraci tvrdych tkéni, a to zejména
v nenosnych aplikacich nebo jako bioaktivni povlak na kovové implantaty. NejpouzivanéjSim
keramickym biomateridlem je keramika na bazi fosfore¢nanti vapenatych (Ca-P keramika), dale

oxidu hlinitého (Al>O3) a oxidu zirkonicitého (ZrOs).
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4. Sklo se vyuziva tam, kde nejsou vysoké naroky na pevnost, ale je nutna interakce s t€lnimi
tekutinami pro vytvoreni pevného spoje kost — implantat’. Bioaktivni skla jsou amorfni
materialy na silikatové bazi, které jsou biokompatibilni s Zivym organizmem. Véazou se na kost
a mohou dokonce stimulovat jeji rlst, zatimco samy se rozpoustéji nebo resorbuji. Proto maji
potencial obnovit nemocné ¢i poskozené kostni tkané (kostni regenerace). Bioaktivni sklo
vynalezené prof. L.L. Henchem o sloZeni 46.1 mol% SiO2, 24.4 mol% NaxO, 26.9 mol% CaO

and 2.6 mol% P>Os je zndmé pod obchodnim nazvem 45S5 Bioglass®*.

4.1 Sklokeramika ma lep$i mechanické vlastnosti nez sklo. Pfipravuje se ze skel fizenou
krystalizaci pii pfesné nastaveném teplotnim rezimu. Rizenou krystalizaci se ve sklech vyvola
rast krystalickych fazi jako jsou apatit a wollastonit (sklokeramika typu A-W (MgO—-CaO-
Si10,-P>0s) nebo apatit a flogopit (sklokeramika Bioverit® (vychozi slozeni Na,O-MgO—
Ca0-Al,03-Si02-P,05—F)).

5. Kompozity — kost sama o sob& predstavuje kompozitni material (je to nanokompozit)
s unikatnimi mechanickymi vlastnostmi. Nanostruktura je tvofena fibrilami kolagenu typu I, ve
kterych jsou vestavény hydroxyapatitové krystaly”. Synteticky pfipravené kompozitni
materidly vhodné spojuji vlastnosti obou materidli (kov-polymer nebo kov-(Ca-P) keramika)

[1]) aidedlni je také propojeni kovu s materialy na bazi skla ¢i sklokeramiky..

Obr. 2: Schéma roubového zavitu Ti dentalni nahrady s bioaktivni vrstvou Ca-P keramiky?®

3 Hench L.L., et al.: Bonding mechanisms at the interface of ceramic prosthetic materials. Journal of Biomedical
Materials Research 5 (6): 117-141, 1971.

4 Jones JR.: 12 Bioactive glasses, in Bioceramics and their Clinical Applications, ed. Kokubo T., Woodhead
publishing, p. 266-283, 2008.

5 Nudelman F., Sommerdijk N.A.J.M.: Biomineralization as an inspiration for materials Chemistry. Angewandte
Chemie International Edition. 51 (27): 6582-6596, 2012.

6 Liu X., Chu P.K., Ding C.: Surface modification of titanium, titanium alloys and related materials for biomedical
applications. Materials Science and Engineering. R: reports 47(3-4): 49-121, 2004.
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5.1. Propojeni vlastnosti obou skupin materiali do kompozitniho implantatu (¢asti totalni
endoprotézy nebo dentdlni ndhrady (viz.obr.2) se da docilit nanesenim nebo vysriaZenim

vapenato-fosforeénych vrstev (Ca-P) na povrch kovového substratu’ témato metodami:®

e  Plazmové nanaseni

e  Magnetronové naprasovani
e Elektro-sprejova metoda

e  Sol-gel metoda

¢ Biomimeticka metoda a prekalcifikace (srazeni Ca-P) z roztokt

5.1.1. Biomimetickda metoda a prekalcifikace povrchu

Tyto metody se jevi jako jedny z nejslibnéjSich, protoze jsou to jednoduché, levné a ufinné
cesty pro pifipravu Ca-P vrstvy. Zjednodusené je postup tvorby Ca-P vrstvy na povrchu
inertniho kovu shrnuty do téchto krokl: povrch kovu se upravi mechanickou (tryskani)
a chemickou cestou (Gpravami v HCI nebo NaOH)®, nasledovanymi tzv. prekalcifikaci

(precipitaci fosfore¢nani vapenatych (Ca-P) z piesycenych roztoki).

Ptiprava dobfe interagujici, bioaktivni Ca-P vrstvy na povrchu kovovych materiald (Ti
a Ti6Al4V slitina) s dokonalou adhezi byla pfedmétem bakalafskych a diplomovych praci
mych studentl a vyustila do tvorby uzitného vzoru a podaného patentu. Piipravend amorfni Ca-
P vrstva (ACP) mé odhadovanou tloustku v fadu desitek nm, takze nijak neovliviiuje findlni
rozmér implantatu a adheze je zaruCena chemickou vazbou piimo s povrchem Ti nebo jeho
slitin (EPMA). Pii srovnavacich testech in vitro v SBF se ukézalo, Zze tvorba HAp
se iniciuje okamzité po vlozeni implantatu do roztoku. Vzhledem k amorfnimu charakteru

vrstvy neni piredpoklad, ze by byla pro bunky cytotoxicka.

Druhé ¢ast praci je vénovana roztoku SBF (Simulated Body Fluid) a uspofadani testu

dle ISO normy. Testy in vitro ptedchazi testim in vivo a maji za cil ,,vytiidit“ nadéjné

7 Narayanan R, et al.: Calcium-phosphate based coatings on titanium and its alloys. J. of Biomedical materials
Research 7 (3) 1-23, 1973.

8 Best S.M., Porter A.E., Thien E.S., et al: Bioceramics, Past, present and for the future. J. Europ. Ceram. Soc. 28;
1319-1327,2008.

% Jondaova L., et al.: Biomimetic apatite formation on chemically treated titanium. Biomaterials 25 (7) 1187-
1194, 2004.



biomateridly od materiald nereaktivnich. Vyhodou in vitro testi je jednoduchost,
kontrolovatelnost a relativné nizka cena. Jejich zavedeni do praxe rapidné snizilo vyuziti zvitat

pro ucely testu.

In vitro testy v simulované télni tekutiné SBF se vyuzivaji pro testovani materialt
prakticky od doby, kdy bylo prof. Henchem!® vyvinuté sklo Bioglass® (od po¢atku 70tych let
20tého stoleti). ISO norma 23317'! (Implants for surgery — In vitro evaluation for apatite-
forming ability of implant materials) sestavena na zakladé praci prof. Kokuba'? je zaloZen4 na
expozici materidlu v SBF (Simulated Body Fluid). Testovaci roztok SBF obsahuje pouze
anorganickou ¢ast krevni plazmy s né€kterymi odchylkami oproti redlné krevni plazmé (viz.
Tab.1). K udrZeni pH tohoto modelového roztoku se vyuziva pufr TRIS - tris (hydroxymethyl)

aminomethan.

Tab. 1: Slozeni SBF a anorganické ¢asti lidské krevni plazmy [mmol.dm™]

Na* K' Ca>* Mg» Cr (HCO3) (HPO4)> (SO4)*
Plasma | 142,0 3,6-5,5 2,1-2,6 1,0 95-107 27,0 1,0 0,7-1,5
SBF | 1420 50 25 1,0 1260 4.2 1,0 1,0

Obecné je pfijiman nazor, ze tvorba apatitu na povrchu biomateriald v pribéhu expozice
v simulované t&lni tekutingé je dikazem biologické aktivity materidlu'>. ISO norma tedy
stanovuje jako nejdulezitéjSi ukazatel budouci mozné bioaktivity materialu tvorbu
hydroxyapatitu (HAp) na povrchu testovaného materialu. Zmény koncentrace Ca** a (PO4)*
iontll ve vyluzich se obecné nesleduji, pficemz tyto vyborné odrazi reaktivitu testované¢ho
materiadlu (rychlost odc¢erpavani biogennich iontl z SBF, rozpousténi materidlu a kinetiku
tvorby nové vrstvy) a pomahaji nastavit podminky budouciho in vitro testu (napt. pomér S/V

a délku trvani testu) tak, abychom pochopili chovani materialu hlavné v kritické periodé na

pocatku expozice.

0 Hench L.L.: Bioceramics, J Am. Cer. Soc. 81 (7) 1705-1728, 1998.

11150 23317(2014) Implants for surgery — In vitro evaluation for apatite-forming ability of implant materials,
Geneva, Switzerland, 13 p.

12 Kokubo T., Takadama H.: How useful is SBF in predicting in vivo bone bioactivity. Biomaterials 27 (15): 2907-
2915, 2006.

13 Kokubo T., Takadama H.: How useful is SBF in predicting in vivo bone bioactivity, Biomaterials 27 (15): 2907-
2915, 2006.



Kinetika rozpousténi skleného nebo sklokeramického materialu v SBF je, podle vysledk testt,
siln¢€ ovlivnéna ptitomnosti pufru TRIS. Ale i zde mizeme uplatnit obecné platny mechanizmus
rozpousténi skelného materidlu. Iniciaénim d&jem je difuze alkalickych iontl (zde Na* a Ca®")
z krystalické faze materialu do roztoku vyménou za H" (H30)" ionty, coz vede k rozpousténi
materidlu a okamzité precipitaci novych fazi (hydroxyapatit (HAp), amorfni fosfore¢nany

vapenaté (ACP) nebo kiemicitany vapenaté (CS)).

To, Ze pufr TRIS ovliviiuje vysledky in vitro testd, ukazaly testy A-W sklokeramiky v mé
diserta¢ni praci vedené prof. Hlava¢em. Druhym klicovym bodem bylo setkani s profesorem
Boccaccinim na Imperial College London a diskuse na téma ,,nosic¢e* bioaktivnich vlastnosti
ve sklokeramickém scaffoldu, inspirované ¢lanky skupiny prof. Henche'®. Nage testy ukézaly,
ze pufr TRIS méni pohled také na sklokeramické materialy s krystalickou fazi combeit NayO.

2Ca0.3Si0z - ptipraveny na Imperial College London z bioaktivniho skla Bioglass®).

V publikacich jsme dale diskutovali tato zjisténi:

1. pufr TRIS neni inertni pfi testech vysoce reaktivnich anorganickych materialti
a napomaha krystalizaci HAp

2. podminky doporu¢ené ISO normou vyhovuji pouze omezené Ccasti testovanych
materidli (jiné S/V vyzaduji celistvé vzorky a jiné vzorky ve formé granuli (HA nebo

B-TCP) nebo také vysoce reaktivni materidly jako je sklo nebo sklokeramika.

Clanky vénované tématu in vitro testd maji velky ohlas a je patrné, Ze jsme inspirovali mnoho
dalSich védct k zamysleni se nad zpisobem testovani reaktivity materidl (neboli mozné
bioaktivity). Cilem dalSich praci v této tématice je nalezeni vhodnéjsiho, inertniho pufrovaciho
systému a nastaveni podminek in vitro testu tak, aby vyhovovaly danému ucelu a materiélu.

Dalsim cilem je studium interakce TRIS-Ca a potvrzeni chelata¢nich vlastnosti TRISu.

14 Filho O.P., La Torre G.P, Hench L.L: Effect of crystallization on apatite-layer formation of bioactive glass 45S5.
Journal of Biomedical Materials Research, 30; 509-514, 1996.



2. KOMENTAR K PREDLOZENYM PUBLIKACIM

2.1. Ca-P vrstvy pripravené na Ti nebo Ti slitiné a jejich reaktivita in vitro

Cilem prace [1] bylo na povrchu slitiny Ti-6Al-4V vytvofit celistvou vrstvu fosfore¢nanu
vapenatého a optimalizovat podminky tzv. prekalcifikace z pfesycenych roztokti SCS1 az 3
s rozdilnou koncentraci Ca*" a (POs)* iontl. Slitina byla pfed samotnym povlakovanim
chemicky upravena pomoci HF, coz se pozd¢ji ukédzalo jako ne zcela vhodny zplisob z divodu
pomérmné masivniho rozpousténi slitiny — hlavng uvoliiovani Al a V. Uprava povrchu pomoci
NaOH (10 M roztok) je vSak pro biomimetické upravy nezbytna, protoze se na povrchu vytvoii
amorfni faze titani¢itanu (dle XRD - sodného), ktery nejenomze enormné zvétsuje povrch, ale
zvySuje 1 pH samotného povrchu (pH méfeno dotykovou sklenénou elektrodou).
Nejvhodnéjsim pro prekalcifikaci se jevil roztok SCS2 (4 mmol.dm™ Na*, 5 mmol.dm> Ca*" a
2,5 mmol.dm™ (PO4)*). Prekalcifikaéni roztok je silné piesyceny vii¢i fosfore¢nantim
vapenatym (Ca-P) a pomérné rychle se ochuzuje o biogenni prvky v disledku jejich precipitace.
Proto musi byt pfipravovan vzdy Cerstvy. Mechanicky a chemicky upraveny kovovy substrat
ma na povrchu zvysené pH a nové faze prednostné precipituji pravé na ném. Vzniklé vrstvy
fosfore¢nanu vapenatého (OCP) o tloustce az 50 pm byly podrobeny testtim in vitro v SBF. Pti
srovnani s povrchem bez této vrstvy se jednoznaéné potvrdilo, ze prekalcifikace urychluje

precipitaci HAp z roztoku SBF.

Na ptedchozi praci navazuje prace [2], ve které jsme problematickou kyselinu fluorovodikovou
nahradili HCI. Struktura povrchu slitiny po leptani pomoci HCI byla mnohem jemné;jsi, povrch
se mnohonasobn¢ zvétsil (az 1000x oproti ptivodnimu — méteno BET), a navic nedochazelo
k tak enormnimu ubytku materialu slitiny. Pomoci XRD bylo zjisténo, ze nove¢ vznikajici faze
z prekalcifikacniho roztoku byly fosforeCnany vépenaté: okta kalcium fosfat OCP
(CagH2(PO4)6.5H20) a brushit (CaHPO4.2H>0). Testy v SBF probihaly na rozdil od
predchozich testii za dynamickych podminek, tj. s permanentni cirkulaci ¢erstvého SBF. Prutok
roztoku byl odhadnuty a nastaveny na 48 ml.den!. Precipitaci HAp se potvrdil pozitivni efekt
tzv. prekalcifikace povrchu, ¢im se predpoklada také zkraceni doby vhojovani dentalniho nebo

ortopedického implantatu.

V dalSich testech se ukézalo, Ze tvorba krystalické faze OCP s deskovitymi krystalky

tloust'’ce vrstvy az 10 a vice um na povrchu Ti nebo jejich slitin negativné ovlivnila cytotoxicitu
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(zivotaschopnost bunéénych fad). Proto jsme se zaméfili na ptipravu amorfni Ca-P vrstvy [3].
Série testi vyustila do vytvofeni Uzitného vzoru ¢.28285 [4], ve kterém jsou uvedeny
specifikace tvorby vrstvy amorfnich fosfore¢nant vapenatych (ACP) na povrSich kovovych
implantatl. Z divodi probihajiciho patentového fizeni nebyla tato problematika Siroce
publikovana. Avsak nadale v této oblasti pracuji a spole¢né s Ustavem kovovych materiali
a korozniho inzenyrstvi pfipravujeme dalsi zplisoby piipravy bioaktivnich povrchi (tentokrat
nanaSeni vrstev skelnych a sklokeramickych material s bioaktivnimi vlastnostmi) na
poréznich Ti slitinach (TiSi5). Roztok SBF pufrovany TRISem ve vyse uvedenych ptipadech
slouzi k relativnimu srovnani pfipravenych vrstev. Testy in vivo sice rozdil od ne-
prekalcifikovanych vzorkl nepotvrdily, ovSem testované implantaty byly vyjmuté z kosti pst
az po dvoumésicni expozici. Nami navrzené Gpravy povrchu by mély fungovat hlavné v prvnich
hodinach po implantaci, kde by prekalcifikovany povrch mél okamzité iniciovat tvorbu nového
HAp (osseointegrace) a zabranit tak nebezpe¢nému zapouzdieni implantatu mekkymi tkanémi.
Obohaceni povrchu bioinertniho kovového substrdtu o biogenni prvky ma jednoznacné

pozitivni efekt na indukci vzniku pevné vazby implantat — kost.

2.2. Resorpce fosfore¢nani a siranii vapenatych v SBF

Pro posouzeni resorpce a bio-reaktivity synteticky pripravenych fosforecnanti vapenatych (HA,
B-TCP — dle angl. tri-kalcium fosfat) ve formé granuli jsou testy in vitro nezbytné. Ve
nasledujicich pracich bylo oproti ISO normé nutné upravit jak pomér S/V, tak uspotfadani testu.
Je zfejmé, ze smyslem in vitro testii by mélo byt nejenom konstatovani, ze se vytvofila nova
faze HAp, ale také detailni sledovani procesu z analyz vyluhi SBF (analyzy Ca*" (AAS)
a (PO4)* spektrofotometrie) a vlastnosti vznikajici fize (pomoci XRD, SEM/EDS a BET). Tyto
vysledky je poté mozné vyuzit pro sledovani kinetiky tvorby HAp. Testy resorpce prumysloveé
ptipravenych fosfore¢nanti vapenatych (B-TCP a HA) [5] ve form¢ granuli v podminkach
podobnych v Zivém organizmu simulované dynamickym testem — kontinualnim pratokem SBF
a pomérn¢ dlouhou dobu testu — 14 dni, mély ukazat, do jaké miry se tyto materialy opravdu
transformuji (resorbuji do nové vytvorené HAp faze). Idedln¢ by se synteticky pfipravené
materialy mély organizmem postupné kompletné resorbovat. Jak se ukazalo v praci [5], oba
materidly jsou v prostfedi SBF vysoce reaktivni a jejich reaktivita zavisi nejen na povaze
testovaného fosforecnanu véapenatého (B-TCP nebo HA), ale logicky na jejich granulometrii

(tedy velikosti povrchu) a na ,,zaplnéni* testovaci cely (byla zaplnéna z % objemu (1/4 V) nebo



zcela vyplnénd testovanym materidlem (1V)). Zde jsme sledovali vznik HAp faze
z od¢erpavani Ca?" a (PO4)* iontil z roztoku SBF i finalni hmotnosti vytvoiené vrstvy. Ukézalo
se, ze rychlost od¢erpavani (PO4)* iontil a z n&j vypodtené teoretické mnozstvi vzniklého HAp
(po dvoutydennim dynamickém testu) byly ve velmi dobré korelaci s pfirtistkem materidlu
zjisténym vazenim. Toto platilo pro oba materidly. Zajimavym zjiSténim bylo, Ze pokud byly
cely zcela vyplnéné materidlem, proces tvorby nové faze byl pomalejsi, oproti zaplnéni cely
z Y4 objemu. Rychlostni konstanta pro vznik HAp byla cca dvojndsobna pro synteticky HA
oproti B-TCP v obou ptipadech zaplnéni cely. Diivodem byl mnohem vyssi specificky povrch
HA (cca 30 x vysSi). Noveé vytvofend faze HAp vznikala konstantni rychlosti. Ani po
dvoutydenni expozici nebyl proces tvorby HAp ukoncen, otdzkou ovSem ziistava, jestli se
vychozi syntetické Ca-P materidly viibec resorbovaly. SpiSe se pfiklanime k tomu, ze okamzita
tvorba HAp faze na povrchu ¢astic vytvoii bariéru vici dalSimu rozpousSténi pivodniho
materidlu a brani tak (nebo zpomali) jejich dalsi resorpci. Pomoci XRD bohuZel nebylo mozné
odlisit nové vytvofenou HAp fazi od plvodni z divodu jejich identické struktury. Je
pravdépodobné, Ze v prostiedi redlné krevni plazmy (bez pufru TRIS) by materialy asi tak

bouflivé nereagovaly a zUstal by tak prostor na jejich pozvolné rozpousténi.

V dalsi praci [6] jsme se zaméfili na reaktivitu synteticky pfipraveného a bovinniho HA, které
se neliSily chemicky ani krystalograficky, mirn¢ odlisné byly specifické povrchy materiali.
Testované materialy reagovaly odli$né€ jiz na pocatku in vitro testu. Z porovnani odcerpanych
(PO4)* iontii a piiriistku hmotnosti pevné faze se ukazalo, Ze u bovinniho HA byly tyto
vysledky v dokonalé¢ shodé€, tj. vSechen odCerpany fosfor se spotieboval na tvorbu
stechiometrického HAp. U syntetického HA od poc¢atku expozice az do 28. dne mirné
pievazovalo mnozstvi HAp zjisténé vazenim nad mnoZstvim zjisténym z odéerpanych (PO4)*
iontll. Zde se pravdépodobné tvofil amorfni, nestechiometricky fosfore¢nan vépenaty (ACP),
coz mohlo zkreslit vysledek pifi uvazované tvorbé stechiometrick¢ faze HAp. Tomu by
nasvédcovala 1 odlisSna krystalinita (SEM/EDS) vznikajictho HAp. Druhym moznym
vysvétlenim zkresleni vysledku je intenzivngj$i rozpousténi syntetického HA do SBF, ¢imz se
zdanlivé koncentrace (PO4)* iontll v roztoku navysila (mensi rozdil koncentrace (PO4)* iont
oproti ptivodni hodnot¢€). Toto podporuje i zjisténi, ze s delsi dobou interakce s roztokem SBF

reagovala pouze nov¢ vznikajici HAp faze.

V ¢lanku [7] jsme studovali kompozitni materidly na bazi sddry (vyuZzivané jako kostni cement)
a n¢kolik typti PVA (polyvinylalkohol) a jejich kopolymert, které mély vylepsit mechanickou
pevnost sadry. Vzorky sadry byly exponovany v roztocich standardniho SBF (1 SBF) a roztoku



s navySenou koncentraci biogennich slozek (1,5 SBF). Ukazalo se, Ze pfitomnost polymeru
v sadfe zvysila mechanickou pevnost materiadlu exponovaného v roztocich SBF. Sadra se silné
rozpoustéla, cemuz nasvédcovala rostouci koncentrace Ca** i (SO4)* iontii ve vyluzich SBF.
Na povrchu vzorkl byly po 14-ti denni expozici detekovany apatitové krystalky velikosti 200
nm, které tvorily sférolity o velikosti cca 2 um. U silné pfesyceného roztoku 1,5 SBF pokryvaly
cely povrch vzorkli. Kompozit sadra — PVA polymer se zd4d byt vyhodnym propojenim
rozpustné faze, ktera iniciuje vznik HAp a polymeru, ktery je nositelem pevnosti materialu pro

ucely kostniho cementu.

Vysledky praci [5-7] mohou byt ovlivnéné pfitomnosti pufru TRIS v roztoku SBF. Je ziejmé,
7e okamzita interakce materialu s SBF, kterd se projevila vyznamnym poklesem Ca?" i (PO4)*
iontl v prvnich hodinéch testi mize souviset s interakci material-pufr TRIS, coz je diskutovano

v nasledujicim textu.

2.3. Vliv pufru TRIS na vysledky in vitro testi sklokeramickych materiala

Jiz pfi prvnich testech sklokeramického materidlu (s obsahem krystalickych fazi apatit,
wollastonit a whitlockit a zbytkové skelné faze) in vitro v SBF se ukazalo, ze sklokeramicky
materidl se za ptitomnosti pufru TRIS silné€ rozpousti [8]. Toto je patrné ze zmén koncentrace
Si02, ktery postihuje rozpousténi materialu. Podobné zmény koncentrace byly zaznamenany
1 pro vapnik, avSak Ca se zaroven i zpétné srazi. Hodnota pH ve vyluzich vzrostla ze 7,5 pfi
laboratorni teploté na cca 8 v roztoku pufrovaném TRISem (na hodnotu 8,5 u roztoku SBF bez
pufru). Navic, pufr TRIS neudrZel pH roztoku na poZadované neutralni hodnoté. Vysledky testl
ukézaly, ze TRIS je komplexotvorné ¢inidlo a s Ca?* (i dal$imi s kationty — napt. Mg?") tvori
rozpustné komplexni slouceniny. Zdalo se, Ca’>" vdzany do komplexni slou¢eniny nebude
k dispozici pro tvorbu HAp. Rychlost louzeni ionti  ze skelného
a sklokeramického materidlu souvisi spH roztoku a rychlost tvorby HAp je
z termodynamického pohledu funkci relativniho piesyceni S = (1/K)"!8. Predpokladali jsme, Ze
komplex TRIS-Ca snizi relativni pfesyceni vii¢i HAp na piiblizné¢ polovinu piivodni hodnoty
¢imz se zpomali precipitace HAp. Tato domnénka pravdépodobné plati v ptipad¢ statickych in
vitro testli a pokud se z testovaného materialu neuvoliiuje do roztoku Ca®". V roztoku SBF

s koncentraci Ca?" iontii (2,5 mmol.dm™) a TRIS s koncentraci 50 mmol.dm™

se vyvaze
pravdépodobné veskery Ca* obsazeny v SBF do rozpustného komplexu a stejné mnozstvi Ca>*

se do roztoku uvoliuje v prvnich hodinach testu ze sklokeramického materidlu [9-11].
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V piipadé vzniku rozpustného komplexu je Ca*" k dispozici pro tvorbu HAp nebo 1jiné
vapenaté faze. Jak bylo diskutovano vyse [5-6], u in vitro testt HA a B-TCP keramiky za
dynamickych podminek (s pfisunem ,Cerstvého* SBF), rychlost pfirGstku hmoty nové

vytvoiené fize HAp byla v souladu s rychlosti odéerpavani Ca?* a (PO4)* iontii z roztoku.

Na vyse uvedené vysledky navézala prace [9], kde jsme pozorovali pfi statickych in vitro
testech sklokeramického materidlu pfipravené¢ho ze skla Bioglass® (sklo s obsahem cca 45
hm% Si0; 24,5 hm% Nay0, 24,5 hm% CaO a 6 hm% P>Os metodou ,,green body*) stejny efekt.
Castice bioskla o velikosti do 5 pm byly smichany s roztokem kyseliny poly (D-mlééné)
a vznikla suspenze byla nanesena na polyuretanovy nosi¢. Nosi¢ byl ve formé porézni pény,
coz zabezpecilo vzniklému scaffoldu findlni tvar. VysuSené vzorky byly vypaleny pfi teploté
1100°C po dobu péti hodin. Vznikla porézni struktura sklokeramického materialu, tvofena
hlavni krystalickou fazi combeit (Na>xO.2Ca0.3S102) — deskovité krystalky, ktery obsahuje
prakticky veskery vapnik a dal$i minoritni krystalické faze (odhadujeme max. 5 % materialu)
ve formé jehlicek - buchwaldit (NaCaPOs4) a wollastonit (Ca0.S10z). Zbytkova skelna faze
naproti tomu obsahuje prakticky veSkery P. Byly provedeny jak statické in vitro testy bez
vymény roztoku SBF, tak in vitro testy za dynamickych podminek s kontinudlni vyménou
kapaliny, které trvaly dva tydny. Pfi ovéfovani reaktivity v roztocich s pufrem TRIS
(SBF+TRIS), bez pufru TRIS (SBF), ve vod¢ 1 v roztoku samotného pufru (TRIS) se potvrdilo,
ze ptitomnost TRISu az dvojnasobné urychluje rozpousténi materidlu oproti roztokim bez
pufru TRIS. Dale se ukazalo, ze krystalickd forma HAp se tvotila pouze v roztocich, kde byl
ptitomny TRIS. V roztoku SBF (bez TRIS) se tvofila pouze amorfni faze fosfore¢nanu
vapenatého (pravdépodobné nanocastice HAp). Zajimavé bylo, Ze 1 v roztoku H>O+TRIS se
vytvofilo malé, ale detekovatelné mnozstvi hydroxyapatitu z iontli, které byly uvolnéné ze
samotného materidlu. HAp tedy vznikl, i kdyz pfesyceni celého objemu roztoku viici HAp jisté
nedosahovalo potfebné hodnoty. Uvahy o precipitaci novych fazi je nutné vztdhnout k okoli
jednotlivych ¢astic, na kterych se pravdépodobné vytvoii difuzni vrstvicka nehybné kapaliny
s limitovanou tloustkou. Vrstvicka kapaliny obalujici ¢astice se pravdépodobné rychle presyti
viiéi HAp. Vlivem TRISu se material dobie rozpousti a ionty Ca®" i (PO4)* difundujici z
materidlu tuto vrstvu roztoku velmi rychle ptesyti. Pokud TRIS vytvofil s Ca rozpustnou
komplexni slouceninu (a je pravdépodobné i1 chelata¢nim ¢inidlem), nebranilo to tomu, aby Ca
byl nasledné vyuZity pro precipitaci HAp. Zaroven se zvysi pH diky uvolfiovani ionti Na® (a
systém TRIS-HCI neni schopen tak velky nartist koncentrace OH™ iontll pufrovat), coz jsou

idealni podminky pro precipitaci HAp. Dale se ukézalo, ze v samotné¢ demineralizované vodé
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se krystalické faze scaffoldu témét nerozpoustely, ale naopak rozpustila se zbytkova skelna
pojivova faze, coz je kiemicito-fosfore¢né sklo o slozeni 24,8 hm% SiO», 26,5 hm% P>0Os a
48,5 hm% NaxO. Proto se scaffold v DEMI vod¢ zcela rozmélnil. Z prace vyplynulo, ze pufr
TRIS pfi testu reaktivniho sklokeramického materidlu nedostateéné plnil tlohu pufrovaciho
¢inidla (pH ve vSech pfipadech strmé rostlo do alkalické oblasti) a navic pusobil jako
katalyzator rozpousténi sklokeramického materidlu, coz je v souladu se zavéry predchoziho
¢lanku [8]. Diky rychlému rozpousténi krystalické faze scaffoldu se porusi rovnovaha
v metastabilnim roztoku SBF a prakticky okamzité se tvoii nova faize HAp. Vznika tak falesné

pozitivni ndhled na tento druh biomateriala a predikce jejich bioaktivity.

2.4. Hledani vhodného pufrovaciho systému pro in vitro testy

Zajimalo nas, jestli by se dala SBF nahradit jinou, komer¢né dostupnou kapalinou, ktera neni
pufrovana TRISem. Mnozi autofi vyuZzivaji i dalsi kapaliny typu Ringeriiv roztok nebo roztoky
s organickou fazi HBSS™ a HBSS™. My jsme pro test vybrali tzv. DMEM roztok (Dulbecco’s
Modified Eagle’s Medium) bez piidanych pufri TRIS nebo HEPES, ktery se b&zné vyuziva
pro rast tkdnovych kultur [10]. Tento synteticky roztok se vyznacuje tim, ze kromé anorganické
casti krevni plazmy obsahuje 1 jeji organickou ¢ast (aminokyseliny, proteiny). Roztok byl
obohacen bovinnim sérem a oSetfen antibiotiky. Cely experiment se musel vést ve sterilnim

rezimu, coZ ho zna¢n& komplikovalo. Anorganicka ¢ast roztoku méla nizsi koncentraci Ca®*

3 3

iontl — pouze 1,9 mmol.dm™ oproti 2,5 mmol.dm™ v plazmé, a naopak velmi vysokou
koncentraci HCOj3™ iontli (az 44 mmol.dm™), coz témé&f dvojnidsobné pievysovalo hodnotu
v lidské plazmé a 7x v standardnim SBF. Pro pochopeni funkce organickeé ¢asti roztoku DMEM
jsme piipravili roztok I-solution, ktery kopiroval anorganickou ¢ast DMEM a neobsahoval
organické latky ani pufr TRIS. Testy jsme provedli na stejném materialu, jako v pfedchozim
ptipadé — na sklokeramickém scaffoldu. Pro lepsi pochopeni tvorby nové HAp faze jsme zvolili
tzv. staticko-dynamicky typ testu, kde jsme kazdy den vyménovali roztok za Cerstvy (50 ml.den
) — podobné jako byl nastaven pritok u dynamického testu. Staticko-dynamicky test ndm
umoznil podrobné studovat nejenom zméeny koncentrace iontl v roztoku, ale i zmény materidlu
pomoci XRD, XRF, SEM/EDS nebo BET analyzy. I kdyZz rozpousténi materidlu probihalo ve
vyse uvedenych roztocich mirn€ odliSnym mechanizmem (dle vysledki analyz vyluhil) na
povrchu scaffodlu se netvofil hydroxyapatit (HAp) ale uhli¢itan vapenaty (kalcit). Toto zjisténi

dobte koresponduje s vyssi koncentraci HCOj;™ iontti. Dal$i vznikajici fazi byl amorfni
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fosforeCnan vapenaty (zjiSténo pomoci EDS — zvySend koncentrace Ca a P na povrchu
materialu). Organické ¢ast plazmy tedy nepotlacuje precipitaci novych fazi, jak se domnivali
nékteti autofi'®, ale je mozné, Zze nové vzniklé faze, které precipituji na povrchu materialu,
omezuji prekotné rozpousténi sklokeramiky. Opét se potvrdilo, ze nepiitomnost pufru TRIS
vedla ke vzniku pouze amorfni Ca-P faze (ACP). Zajimavy byl pokus s vyuZzitim albuminu
v praci [8], kde se koncentrace Ca ve vyluhu ménila stejnym zplsobem, jako tomu bylo

v roztoku SBF+TRIS. V piipadé DMEM se tento trend ovSem nepotvrdil.

Pro bézné in vitro testy je roztok DMEM nevhodny, proto jsme se rozhodli prozkoumat
moznosti dalSich pufrt [11]. Do skupiny tzv. Goodsovych pufrii patii i aminokyselina (2-[4-(2-
hydroxyethyl)piperazin-1-yl]ethansulfonic acid) zkracené HEPES. Tento pufr se také vyuziva
v mikrobiologickych laboratofich pro udrzeni neutrdlniho prostfedi roztok pro péstovani
tkanovych kultur. Testy byly opét provedeny na sklokeramickém scaffoldu (detaily jsou
uvedeny v ¢lanku [9]) za staticko-dynamickych podminek a porovnali jsme dva roztoky: SBF,
kde jsme nahradili pufr TRIS pufrem HEPES (SBF+HEPES) a roztok samotného pufru
(D+HEPES). Nastaveni vhodné koncentrace samotného pufru pfedchazela série testl, ze
kterych jsme se rozhodli pro koncentraci 37,5 mmol.dm™ v obou roztocich. Vysledky ukézaly,
ze pufr HEPES se také siln€ podili na rozpousténi scaffoldu ihned od zacatku experimentu. Jiz
prvni hodiny (8 hod) po expozici se koncentrace vapenatych iontl ve vyluhu zdvojnasobila
oproti pivodni hodnoté v SBF a v samotném roztoku HEPESu dosdhla hodnot kolem 130
mg.dm>. Tyto zmény byly doprovazené i riistem pH, az k hodnotdm kolem 7,9 a to v obou
piipadech. Druhy a tfeti den koncentrace iontl ve vyluzich, stejné jako pH klesly na hodnoty
blizké piivodnim. Pfi analyze materidlu jsme zaznamenali, Ze 1 obsah Na>O klesl z 24,5 hm%
na 1 hm%. Z materidlu se tedy vylouZzily prakticky veskeré alkalické slozky (CaO i Na2O)
a zaroven se zacal tvofit HAp. Na konci testu, po 11. dni byl materidl scaffoldu prakticky
resorbovan a faze HAp s amorfnim fosfore¢nanem véapenatym (ACP) tvotila 80 % materialu.
Zbytek byl tvoren SiO; siti. Podobny mechanizmus byl sledovan i v samotném roztoku pufru,
kde faze HAp faze tvortila 40 % hmoty. Pufr HEPES, stejné jako TRIS bezpochyby ovliviluji
kinetiku rozpousténi sklokeramického materidlu a tim 1 vysledek in vitro testu. Prozkoumali
jsme 1 dal§i mozné pufrovaci systémy ze série Goodsovych pufri (TES, BES a MOPS) a je

ziejmé, ze 1 tyto rozpousténi sklokeramického, ale i1 skelnych materidli urychluji, ale ne

15 Theodorou 0.M., Goudouri E., Kontonasaki X., et al.: Comparative bioactivity study of 45556 and 58S bioglasses
in organic and inorganic environment. Bioceramics, edit. Kim S. 2009,22, 391-394.
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v takové intenzité jako TRIS a HEPES. Zde se ukazal taky dal$i zajimavy efekt — a to souvislost

kinetiky rozpousténi a krystalinity (velikosti, tvaru) vznikajici faze.

2.5. Hodnoceni testu in vitro

Zjisténi, ze pufr TRIS méni pohled na sklokeramické materialy ve faleSné¢ pozitivnim smyslu
nas piivedlo k ivaham o smyslu in vitro testl a jejich uspotadani [12]. Dnes bychom se méli
pti zjistovani reaktivity (ne bioaktivity — ta se da zjistit pouze in vivo testy) materialt fidit ISO
normou 23317 (2014). Jak je v celé praci patrné, pokud bychom ji chtéli pro nase testy striktné
dodrZzet, n&které dulezité informace by nam ziistaly skryté. Pouziti pufru TRIS pro testy skel
a sklokeramickych materialt je diskutabilni, ale 1 samotny roztok SBF, ktery ma reprezentovat
anorganickou ¢ast krevni plazmy ma az 5 x sniZenou koncentraci HCO3 iontli, nebo naopak
velmi vysokou koncentraci Cl. Pfipravili jsme roztok SBF se spravnou koncentraci HCO3-
ionta a ukdzalo se, Ze koncentrace téchto iontl ovliviiuje kinetiku rozpousténi scaffoldu. Vliv
na krystalinitu vznikajici faze publikovali Helebrant et al.!® a Miiller et al.!’. Dal§im
pozadavkem je omezeni tvaru testovaného materidlu na kompaktni hranol. Tvar hranolu je
nemozn¢ dodrzet napiiklad pii testech granulovanych materidlti. Ve snaze vytvofit z nich
hranol, bychom zménili vlastnosti testovaného materidlu, a navic ziskali data, kterd by nam
nepodala pravy obraz o jeho chovani pfi samotné aplikaci. S tim samoziejmé souvisi i pomé&r
S/V (plocha vzorku/objem SBF). Tento pomér je v normé nastaven na hodnotu 0.1 cm™, coz
znamend, 7e objem kapaliny (v ml) by mél byt desetindsobkem plochy vzorku (v cm?).
V piipadé jemnozrnnych materialdi (napf. bovinni HA), ktery ma specificky povrch cca 95 m?
na 1 g vzorku bychom museli pouzit ictyhodnych 950 m? roztoku nebo pro 100 ml SBF pouzit
pouze 10 pg vzorku. ISO norma se omezuje na tzv. statické testy — tedy testy bez vymény
kapaliny po dobu 28 dni. Diky analyzdm vyluha (které nejsou v normé doporuceny) jsme
zjistili, ze reaktivnéj$i materidly odCerpaji biogenni prvky na tvorbu HAp jiz v fadech hodin
a dalsi expozice v roztoku jiz nema smysl. Nam se osvédCily dynamické nebo staticko-
dynamické testy s kazdodenni vyménou kapaliny. Staticko-dynamické testy navic umoziuji
analyzovat jak vyluhy, tak material a sledovat i vznik nové faze na povrchu materialu v kazdé
fazi testu. Vznik hydroxyapatitu (HAp) na povrchu matridlu je dal§im ze spornych pozadavka.

In vitro test materialii urenych k nahradam kostnich tkéni je soustfedén na vznik krystalické

16 A Helebrant, L. Jonasova, L. Sanda, The influence of Simulated body fluid composition on carbonated
hydroxyapatite formation, Ceramics-Silikaty 46 (1): 9-14, 2001.

7L, Miller, F.A. Miiller, Preparation of SBF with different HCO3™ content and its influence on the composition of
biomimetic apatites, Acta Biomaterialia 2; 181-189, 2006.
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formy HAp. Tento pozadavek muze byt zavadéjici 1 diky pouzivanému pufru TRIS. Mnohem
tekutinou. Dovede nas to k pochopeni jednotlivych déji ¢i mechanizmil, ziskame i detailni
piehled o kinetice procesu. Navic, v ptipad¢ latek, které nejsou zivému organizmu piirozené
(dopovani skel prvky jako Nb nebo Cu a dalsi) by bylo vhodné zjistit kinetiku jejich uvoliovani
z materidlu, vliv mnozstvi uvolnéné slozky na okamzitou moznou toxicitu a nejenom, jestli se

na testovaném materialu vytvoii vrstva HAp.
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ZAVER

1.

wewvr

do aplika¢niho stadia (uzitny vzor a patentové fizeni) byla pfipravena precipitace vrstvy
amorfniho fosfore¢nanu vapenatého s bioaktivnim chovanim na Ti nebo Ti slitinach
byla zjiSténo, Ze uplna resorpce syntetického a bovinniho HA nebo B-TCP neni moZzna,

nasledkem rychle se tvoticiho HAp na jejich povrchu (v pfitomnosti pufru TRIS)

. byl potvrzen vliv pufru TRIS na kinetiku rozpousténi sklokeramického scaffoldu (i na

sklo) nasledkem tvorby rozpustného komplexu s Ca** ionty

bylo zjisténo, Ze krystalickd forma HAp vznika pouze v pfitomnosti pufru TRIS

pufr HEPES (i dalsi z Goodsovych pufrtl) vykazuje stejné chovani jako TRIS, neni tedy
vhodnou nahradou pufru TRIS v SBF

organicka ¢ast krevni plazmy v modelové kapaliné DMEM nepotlacuje rist nové faze
za zvySené koncentrace HCO;s™ ionti se v DMEM (i SBF) piednostné tvofi kalcit

(CaCOs)

Z uvedenych vysledki plyne, ze je nutnd revize ISO normy 23317 a novy pfistup (pouziti

jiné pufrovaci soustavy a variabilni nastaveni podminek in vitro testu) k testovani reaktivity

anorganickych biomateriali.
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The aim of this paper was to study the influence of precalcification process on the nucleation as well as growth of calcium-
phosphates crystals (Ca-P) on the surface of Ti alloy. Ti alloy was precalcified by the calcification solutions (SCS1-3) with
different content of Ca’* and (PO,)* ions and compared with the non-precalcified sample. The results of Ca®* and (PO,)*
analysis indicate that precalcification step accelerates the consumption of both Ca’* and (PO,)* ions from simulated body
fluid (SBF) solution. The deposition of Ca-P phase was completed approximately 6 days earlier when compared it with the
non-treated samples. Analytical measurements as well as the surface observation enable to find optimal calcification solution
marked as SCS2 containing (mmol/dm’) 4.0 Na*, 5.0 Ca’*, 10.0 CI, 2.5 H,PO, and 1.5 HCOj5. The influence of S/V ratio (sur-
face area / volume of soaking media) changes on the nucleation and thickness of Ca-P layer formed in the SCS2 solution has
been studied in the second part of this work. It was found out that 4 days immersion in SCS2 solution at S/V ratios at 0.1 and
0.5 cm’, respectively, is enough time for complete deposition by Ca-P phase on the alloy surface. The changes of the S/V ratio
allow adjusting the thickness of Ca-P layer on the surface.

INTRODUCTION

Materials based on calcium-phosphate, such as
hydroxyapatite, have been shown to enhance bone
apposition to orthopedic implants; they do not form
fibrous tissues, but instead an extremely thin, epitaxial
bonding layer with existing bone. These materials have
an excellent bioactive behavior but due to their low
mechanical properties they are mostly used as coatings
on implant surfaces of substrates such as Ti6Al4V and
other medical alloys [1]. Biomimetic coating processes
overcome many of the shortcomings of conventional
vapor phase coating techniques and are designed to
mimic biomineralization processes based on using of
the calcification solutions [2-4]. Uniform coatings can
be applied to any surface that has access to an aqueous
solution. The process involves controlled crystal nucle-
ation and growth. All surfaces within a porous implant
can be uniformly coated without dogging or filling the
implant.

Titanium materials have been used successfully in
orthopedic and dental surgery due to their good
mechanical properties for many years. However, in
order to successful bonding to hard tissue the Ti alloy
surface has to be treated before applying by strong acid
and base (HF or HCI and NaOH) at the first step. After
this chemical treatment a thin TiO, gel-like layer with
presence of Na' ion is formed on the alloy surface. Pres-
ence of this layer gives bioactive properties to Ti [5-6].
Chemical analysis of the supersaturated solutions with

the time of exposure of tested materials confirmed con-
tinuous but very slow consumption of Ca*" as well as
(PO,)* ions [7]. The objective of this work was to
choice the more advantageous supersaturated calcifica-
tion solutions (SCS1-3) and the second part of work was
focused on calcium-phosphate growth in SCS2 solution
depending on S/V ratio (surface area / volume of soak-
ing media). The quality of calcium-phosphate layer
depends on the concentration and ratio of both Ca** and
(PO,)* as well as the presence of NaHCO; in the role of
buffer in SCS. Subsequent in vitro testing in SBF indi-
cated an acceleration of new calcium-phosphate form-
ing (probably hydroxyapatite).

EXPERIMENTAL

Chemical treatment: The Ti6Al4V alloy surfaces
with the dimension of 10x10x0.7 mm (figure 1) were
etched in HF (1:10) for 1 min, 5-times washed by dem-
ineralized water. Pre-treatment continued by soaking in
10M NaOH solution at 60°C for 24 hours with subse-
quent (5-times) gentle rinsing by demineralized water
(figure 2).

Precalcification: The samples were precalcified in
supersaturated calcification solutions (SCS1-3) (table 1).
The Ti alloy samples were soaked in SCS solutions under
static condition at 37°C for 7 days at S/V = 0.5 cm’
(S = sample surface (cm?®), V' = volume of soaking solu-
tion (cm?)).
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Table 1. The ion concentration of the SCS solutions
(mmol/dm?®).

solution Na* Ca* Cl H,PO, HCOy
SCS1 6.5 5.0 10.0 5.0 1.5
SCS2 4.0 5.0 10.0 2.5 1.5
SCS3 4.0 10.0 20.0 2.5 1.5

Exposition in SBF: The effect of Ti alloy pre-treat-
ment and precalcification on calcium phosphate forma-
tion was examined in simulated body fluid (SBF) which
simulates inorganic part of human blood plasma (table 2).
The SBF solution was prepared by dissolving reagent
grade KCl, NaCl, NaHCO,, MgS0,, CaCl, a KH,PO,
into demineralized water and buffered at pH = 7.3 with
TRIS [tris(hydroxymethyl)aminomethan] and HCI at
37°C. The samples were exposed into SBF solution
under static conditions in a biological thermostat at
37°C. The sample without precalcification was soaked
in SBF at §/V'= 0.5 cm™ for 14-20 days and precalcified
ones at S/V'=0.5 cm” for 7-14 days.

Analytical measurement: Sample-solution interac-
tions were quantified on the basis of solution analysis.
To evaluate the ability and rate of Ca-P formation, the
concentration of phosphates and calcium ions in the
solution were performed by spectrophotometric meas-
urement and atomic absorption spectroscopy (AAS),
respectively.

The analysis of Ca* ions concentration were per-
formed at A = 442 nm by AAS. The KCl releasing buffer
with concentration of 4000 ppm was added to each sam-

ple. The (PO,)* analyses were performed by spectro-
photometric method. The analysis was based on deter-
mination of phosphate ions on the yellow form at
460 nm. Reproducibility of results was 5-10 %. Error
bars in time dependences represent maximum differen-
ce for 2 independent measurements.

pH measurement: Value of pH was measured at
25°C by glass electrode.

Analysis of sample surface: Ti alloy surfaces after
chemical treatment and exposure in precalcification and
subsequently in SBF solution were observed by scan-
ning electron microscope Hitachi S4700 (SEM-EDS)
and by optical microscopy using image analysis with
software LUCIA. The thickness of the calcium-phos-
phate layers was observed on the cross section of the
samples fixed in resin and subsequently polished by
3 um grains of diamond paste. WAXS-GI XRD methods
confirmed crystal character of newly formed layers.

RESULTS AND DISCUSSION

Figure 2 shows the morphology of Ti alloy surface
changed by chemical treatment. Leaching of titanium
alloy in NaOH results in the formation of a hydrated
titanium oxide gel layer containing alkali ions in its sur-
face. This interlayer has thickness up to 5 pm. EDS
analyses detected small amount of Na* ions in the sur-
face (table 3). The amorphous character of TiO, layer
was confirmed by WAXS-GI XRD method.

Table 2. The ion concentrations of SBF compare to inorganic part of blood plasma (mmol/dm?).

Na* K Ca> Mg* Cr HCOy HPO/> SO
plasma 142.0 3.6-5.5 2.1-2.6 1.0 95.0-107.0 27.0 0.7-1.5 1.0
SBF 142.0 5.0 2.5 1.0 131.0 5.0 1.0 1.0

5 ;
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S4700 10.0kV 12.4mm x5.00k SE(U

Figure 1. SEM micrograph of Ti alloy original surface.

Figure 2. SEM micrograph of Ti surface after treatment in HF,
NaOH (detail of the structure in the corner).
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Table 3. Chemical composition of the surface before and after chemical treatment.

Method of analyses Surface treatment Ti (at.%) Al (at.%) V (at.%) Ti/Al Ti/V Al/V Na (at.%)
SEM-EDS before 83.5 12.1 4.4 6.9 19.0 2.8 -
SEM-EDS HF, NaOH 30.0 1.7 0.9 18.2 34.9 1.9 5.5

Analysis of the SCS1-3 solutions
after precalcification process

Results of SCS1-3 solutions were published and
discussed in [7]. The significant decrease of the Ca*" and
(PO,)* ions was detected already after the first day of
the exposure in SCS1-2 solutions. The ions consump-
tion stopped after the 4th day of the exposition. We can
assume that the nucleation period of the Ca-P precipita-
tion started in the first minutes of the samples exposi-
tion and Ca-P phase formed continuously till the solu-
tion is supersaturated to precipitated calcium-phos-
phate. The solution named SCS3 was unstable and cal-
cium-phosphates precipitated before exposition of the
Ti-alloy sample.
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S 80 <
(o] \\\
€ ~~o
o -
40 h ¢
0 T T T 1
0 5 10 15 20
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In vitro test (exposition in SBF solution)

In vitro test compares results of the precalcified
samples with the non-precalcified sample in SBF solu-
tion. Analysis confirmed that precalcified samples
(figures 3b-d) had absorbed Ca** and (PO,)> ions imme-
diately after immersion till the 7" day of exposition
in SBF. In the case of the non-precalcified sample
(figure 3a) this phenomenon had occurred on the 6" day
after immersion and finished till the 14" day. The resi-
dual concentration of the both ions was about
40-50 mg/dm’ and subsequently the Ca-P precipitation
stopped.

Analysis of SBF solutions after exposure of Ti
alloy samples had only informative character (figures
3a-d). In spite of this fact, there is evident phenomenon
- shortening of incubation period of forming Ca-P if the
samples were precalcified.
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Figure 3. Time dependence of Ca’ and (PO4)* concentrations a) of the non-precalcified sample in SBF (20 days) and precalcified
ones in b) SCS1 (7 days), ¢) SCS2 (7 days), d) SCS3 (7 days) solutions with subsequent exposure in SBF (14 days).
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Study of Ca-P layer on the surface
after exposure in SBF

The quality and thickness of the formed layers
seems different (figures 4-5). Ca-P spherulites formed
on non-precalcified surface are distributed non-homo-
genously on the sample surface containing of Ca-P layer
(figure 4). This fact was confirmed by SEM-EDS [8].
However, only 7 days of exposition in SBF in the case
of precalcified sample (SCS2) is enough time for com-
plete covering of the sample surface by homogenous
Ca-P layer (figure 5). This layer shows the crystalline
character. Needle-like crystals are spherically seated.

Thickness of the Ca-P layer was approximately
5 um after 20 days in the case of non-precalcified sam-
ple and 13 pum on the precalcified surface after 14 days
in SBF, respectively (both under static conditions). Stu-
dying of the layers by optical microscopy after immer-
sion in SBF confirmed that precalcification treatment
had positive influence on the Ca-P growth. The analyti-
cal measurement (figures 3a-d) confirmed the layer
observations (figures 4-5).

2 J » DU £ ISR

Figure 4. Optical micrograph of the surface of non-precalcified
sample after soaking in SBF (20 days).

i

Optical micrograph of the precalcified surface in
SCS2 (7 days) with subsequent exposure to SBF (7 days).

Figure 5.

It has been concluded that using SCS2 solutions
can help to precipitate of the Ca-P phase in SBF solu-
tion. Consequently, the Ti alloy surface with nucleated
Ca-P phase is good base for next growth of crystalline
Ca-P phase in SBF as well as human plasma solutions.

The effect of S/V ratio on the thickness
and quality of Ca-P layer

The SCS2 solution was chosen as the base for the
precalcification process with the aim to study the in-
fluence of S/V ratio on nucleation and growth of
Ca-P layer. Ti alloy samples were immersed in SCS2
solution under static condition at 37°C for 7 days and
at S/V=20.1; 0.3 and 0.5 cm™.

Results of precalcification analysis
for various aspect of the S/V

The results of analysis confirmed (figures 6a-c),
that the ions consumption with time of exposure have
analogous trend for each S/V ratio in SCS2 solution. The
absorption of ions was stopped on the range of about
160-170 mg/dm’ for Ca*" and 140-150 mg/dm’ for
(PO,)* after the 4™ day of exposure in SCS2 solution
independent on S/V ratio. Measurement of pH value
confirmed that pH decreased continuously from 6.4 to
5.8 in all cases. It means that SCS2 solution had become
under saturated to Ca-P which is formed on the surface
on the 4" or 7" day, respectively. The optimum time for
Ca-P phase formation seems to be the 4" day of expo-
sure, when the Ca/P molar ratios (calculated from con-
sumed amount of ions) achieved 1.72; 1.81 and 1.67
(1.67 is the theoretical value for hydroxyapatite) for S/
0.1; 0.3 and 0.5 cm™, respectively (figure 6d).

Study of the Ca-P layers (thickness and morphology)
after precalcification process by optical microscopy

Ti alloy surfaces are completely covered by fine
grain minerals of Ca-P phase at S//'=0.1 cm™ as well as
0.5 cm (figure 7). Differences are in thickness and
probably quality of this layer. The thicknesses continu-
ously grow from 25 pum (S/V = 0.5 cm”) to 50 um
(S/V'=0.1 cm™). Figures 7 and 8 demonstrate the thick-
ness of the layer (cross section) on surface after the
7™ days of exposure at S/V = 0.1 and 0.3 cm’', respective-
ly. Spherulites formed in SCS2 solution at S/V'= 0.3 cm™
do not covered of the sample surface completely. The
diameter of these spherulites is approximately of 30 pm
(figure 8).
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Figure 6. Time dependence of changes in Ca* and (PO,)* concentration after exposition in SCS2 solution - a) S/V = 0.1 cm’,
b) S/V=10.3 cm’, ¢) §/V' = 0.5 cm, d) calculated Ca/P molar ratio of consumed ions under various S/V.

Figure 8. Optical micrograph, cross section of the spherulit.

Figure 7. Optical micrograph, cross section of the layer formed
in SCS2.
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CONCLUSION

1) Precalcification process has significant influence on
shortening of incubation period of Ca-P precipitation
in SBF, resulting Ca-P layer is twice thicker com-
pared to the non-precalcified samples.

2) The thickness of the Ca-P layer nucleated by precal-
cification depends on S/V ratio and can be predicted.

3) Precalcification process is finished where the solution
became under saturated for formation of Ca-P and in
our experiments it was on the 4" day, consequently
static conditions for in vitro testing are not satisfying
because of quick consumption of Ca*" and (PO,)* ions
as well as decrease of pH value in supersaturated
solutions.
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PRIPRAVA KALCIUMFOSFATU NA Ti SLITINE
PREKALCIFIKACNIM PROCESEM ZA STATICKYCH
PODMINEK

RENATA HORVATHOVA, DANA ROHANOVA,
ALES HELEBRANT

Ustav skla a keramiky,
Vysoka skola chemicko-technologickd v Praze
Technicka 5, 166 28 Praha 6

Bioaktivnim materidlem v souvislosti s nahradami kostni
tkané rozumime material, ktery je schopen za dostate¢né krat-
kou dobu vytvorit s kostni tkani pevnou vazbu. Titanové mate-
ridly (Ti6Al4V) vyuzivané k ortopedickym nebo dentdlnim
nahradam jsou materialy inertni. Chemickou upravou jejich
povrchu pomoci silnych kyselin a zasad se docili pokryti
povrchu tenkou vrstvickou TiO, gelu. Nasledné nékolikadenni
expozici v presycenych roztocich ozna¢enych SCS1-3 (vysoky
obsah Ca** a (PO,)* iontll a vhodné pH) se na povrchu gelu nuk-
leuje a srazi dostateéné silnd vrstva kalcium-fosfatu. Pfitom-
nost této rozpustné kalcium-fosfatové vrstvicky nasledné
urychlil cca 0 6 dnil proces tvorby kalcium-fosfatu pfi in vitro
testech v statickém usporadani. Prekalcifikace tak mtze urych-
lit proces vyhojovani. Druha ¢ast prace byla zamétena na vliv
poméru S/V (plochy vzorku ku objemu kapaliny (SCS2)). Z
meéteni koncentrace iontd Ca* a (PO,)* vyplynulo, Ze nejveétsi
zmény se v prekalcifikacnim roztoku odehrdvaji 1. den po
vloZeni vzorku a prakticky ukoncuji do 4. dne od zaatku
expozice. Roztok prestava byt presycen vuci kalciumfosfatu,
ktery se na povrchu vysrazel od¢erpanim Ca* i (PO,)* iontd a
snizenim jeho pH. Tloustka i velikost vzniklych jehlicovitych
krystalkd sféroliticky uspotfadanych je zavisla na poméru S/V.
Odcerpané mnozstvi Ca i P a jejich pomér se jiz po 4. dnu blizi
teoretickému poméru v HAp. Z namétenych dat také vyplyva,
ze k testovani bioaktivnich material je vhodngjsi tzv. dynam-
ické uspotadani testu, kde bude zarucen pfivod Cerstvého roz-
toku SBF (simulated body fluid) po celou dobu testovani
materilu.
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Abstract. This paper performs a new way of a resorbable surface on Ti alloy preparation.
Precalcification of a chemically treated Ti or Ti alloy surface by a supersaturated calcification
solution - SCS2 (high content of Ca®" as well as (PO4)3' ions) allows to short of an induction
period in SBF solution (practically immediate reaction stats a hydroxyapatite precipitation). Soluble
octacalcium phosphate (CagH,(PO4)s. SH,O was detected by RTG on the surface after calcification.
Presumption is: a healing time of the calcified Ti alloy could be shortened.

Introduction

Ti alloy regarded its excellent mechanical properties as biomaterial for bones and teeth implants.
Naturally it is an inert material in body environment and so it has to be mechanically and
chemically treated before implantation to achieve a good roughness and reactivity. Bioactive
surface on Ti alloy can be prepared by subsequent etching and leaching in HCl and NaOH
according to Kokubo and Jonasova procedure [1, 2]. Formed porous TiO; gel contains Na' ions
coming from a previous treatment. A surface enhanced pH value (near 8) ensures a calcium
phosphate preferential precipitation directly on the Ti alloy sample. The aim of our study was to
increase the surface bioactivity by two-step process, when etching of the surface was followed by
exposition in SCS2 (supersaturated calcifying solution) [3, 4] in order to prepare resorbable calcium
phosphate layer.

Materials and Methods

Chemical treatment. The Ti6Al4V alloy samples with the diameter of 9 mm x1 mm were etched
in HCIl (concentrated) for 90 min and 4-times washed by demineralized water. Pre-treatment
continued by soaking in 10M solution of NaOH at 60 °C for 24 hours with subsequent (5-times)
gentle rinsing by demineralized water .

Calcification. The samples were calcified in supersaturated calcifying solutions (SCS2) (table 1).
The Ti samples were soaked in SCS2 solutions under static condition at 20°C for 3, 6, 24 and 72
hours at S/V =0.1 cm™ (S = sample surface [cmz], V = volume of soaking solution [cm3 D.

Table 1. Composition of the SCS2 solution (mmol.dm'3).

solution Na® Ca®* CI' H,PO, HCO, Ca/P
SCS2 40 5.0 10.0 2.5 1.5 2

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the
written permission of the publisher: Trans Tech Publications Ltd, Switzerland, www.ttp.net. (ID: 147.33.1.151-18/09/07,14:06:14)
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Test of bioactivity in SBF (simulated body fluid) under static and dynamic conditions. The
effect of Ti alloy pre-treatment and precalcification on HAp formation was examined in simulated
body fluid (SBF) which simulates inorganic part of human blood plasma (table 2). The SBF
solution was prepared by dissolving reagent grade KCl, NaCl, NaHCO3, MgSO,, CaCl, a KH,PO4
into demineralized water and buffered at pH = 7.3 with TRIS [tris(hydroxymethyl)aminomethane]
and HCI at 37°C. The samples were exposed into SBF under static (S/V = 0.1 cm'l) and dynamic
conditions with flow 48ml SBF per day (S/F= 0.2 cm™). The cells with samples were placed into
a biological thermostat at 37°C. The continual flow of the SBF solution was maintained by a
peristaltic volume pump. The total time of testing was 7 days in both cases.

Table 2. The ion concentrations in SBF (mmol.dm™).

Na* K" Ca®t Mg CI HCO;, HPO SO

SBF 142.0 5.0 2.5 1.0 131.0 5.0 1.0 1.0

Analytical measurement in solutions. To evaluate the ability and rate of Ca-P formation, the
concentration of phosphates and calcium ions in the solution were determined by spectrophotometry
and atomic absorption spectroscopy (AAS), respectively.

The analysis of Ca>" ions concentration were performed at A = 442 nm by AAS. The KCl releasing
buffer with concentration of 4000 ppm was added to each sample. The (PO,)* analyses were
performed by spectrophotometry method. The analysis was based on determination of phosphate
ions on the blue form at 830 nm. Reproducibility of results was 5-10 %. Error bars in time
dependences represent maximum difference for 2 independent measurements.

pH value measurement. Value of pH was measured at 25°C by the glass electrode and pH on the
sample surface by the glass electrode with a plate diaphragm

Optical microscopy of sample surface. Ti surfaces after chemical treatment and SCS2 or/and
subsequently in SBF solution were observed by optical microscopy using image analysis with
software Lucia. The calcium-phosphate layers were observed on the samples cross section fixed in
resin.

XRD microanalysis. Diffraction patterns were collected with a PANalytical X'Pert PRO
diffractometer equipped with a conventional X-ray tube (Co K, radiation, 40 kV, 30 mA, point
focus) and a multichannel detector X'Celerator with an anti-scatter shield. X-ray patterns were
measured in the range of 4 to 100° 2 ® with step of 0.0167° and 1050 s counting per step. In this
case we used the conventional Bragg-Brentano geometry with 0.02 rad Soller slit, 0.25° divergence
slit, 0.5° anti-scatter slit, and 10 mm mask in the incident beam, 5.0 mm anti-scatter slit, 0.02 rad
Soller slit and Fe beta-filter in the diffracted beam. XRD patterns were not pre-treated before
interpretation as no background correction was-needed.

Results and discussion

Mechanical treatment of the Ti alloy surface enhanced the adhesion properties of formed surface.
Acid etching by HCl make up a fine surface porosity and following leaching in NaOH solution
increased pH value (up to 8) on the sample surface. Higher pH value ensures preferential
precipitation of calcium phosphate on the Ti alloy surface However HAp layer precipitated in SBF
did not cover surface completely (non-calcified sample).

Using precalcification by soaking the samples in fresh SCS2 solution, octacalcium phosphate
(CagHy(PO4)s.5H,O - OCP) precipitated as a main phase on Ti surface. Octacalcium phosphate
formed the needle like crystals shaped spherically into rosettes after 1 day exposition in SCS2. Also
the big plate crystals of dicalcium phosphate (CaHPO,4. 2H,0 - DCPD) were detected using XRD
diffraction in 7 days old solutions. (Figure 1 and 2).
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Figure 1. Ca/P phases formed in SCS2 | Figure 2. XRD analysis of crystals formed in SCS2
solution (OCP and DCPD)

Properties (crystalinity, thickness...) of newly formed Ca/P phases depended on the arrangement of
the precalcification step. Thickness of a new layer depends on S/V ratio (surface of sample/ volume
of solution) as well as duration of calcification process. Calcium phosphate has not visibly
precipitated on the surface at short time exposition (3 hours). However shortly exposed surface in
the SCS2 reacts similarly to the surfaces visibly covered by the Ca/P amorphous or crystal phases in
SBF. Calcium and phosphate ions were soaked into a porous gel like TiO, layer probably. The
longer exposition time (6 and 24) shows precipitation of an amorphous phase on the sample surface.
Crystallization of Ca/P phase starts 24 hours after immersion into SCS2 solution Figure 3. Both
static and dynamic in vitro tests showed that the HA phase was precipitated on the calcified surfaces
immediately after immersion into SBF contrary to non-calcified sample (0 h SCS) (figure 4).
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Figure 3. The OCP on Ti alloy surface | Figure 4. The PO4 ions outflow from SBF
formed in SCS2 solution after 24 exposition | solution indicates the HAp precipitation
(dynamic condition)

Already very short-time exposition in SCS2 solution (a several hours) ensure shortening of initial
time of HAp precipitation compared to the non-calcified samples. This fact could positively affect
healing time of implanted Ti alloy. Toxicity of precalcified sample will be tested on living cell (ex
vivo test) in future.
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Conclusions

1. Inert surface of Ti can be convert to bioactive or resorbable by precalcification in SCS2
solution;

2. soluble octacalcium phosphate (OCP) as dominant phase is formed on the surface;

3. Presumption: using SCS2 solution could shorten the healing time
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Abstract An inert titanium surface was treated with the so-called BIO treatment (developed
ov the company Lasak, s.r.0.), i.e. its surface area was increased by mechanical and chemical
rreatment with blasting and exposure to HCI and NaOH. The treated surface was provided
with thin layers of calcium phosphate OCP (octacalcium phosphate) or ACP (amorphous
calcium phosphate) by means of precalcification under static conditions (using an
oversaturated SCS2 solution). In vitro tests in SBF (Simulated Body Fluid) under dynamic
conditions have shown that precalcified OCP layers have the ability to induce development of
HAp (hydroxyapatite) on the surface much faster than BIO surfaces without such layers. OCP
crystals develop during 24 hours of precalcification (under static conditions in SCS2
Supersaturated Calcifying Solution) and they are up to 20 pum thick. The layers are well
adhesive but cytotoxicity tests have shown that a bioactive layer prepared in this manner is
shightly toxic. Therefore a very thin interlayer was prepared from SCS2 ultrasonically. The
zmorphous calcium phosphate prepared in this manner is incorporated directly into the TiO,
2=l and thus does not increase implant’s dimension. During in vitro tests in SBF under
dvnamic conditions the layer induces growth of HAp at the same rate as the thicker layer of
OCP crystals, while the thinner layer is not toxic.

Introduction

In order to ensure bioactive behaviour of an otherwise inert material — titanium (Ti) or its
zlloy (Ti6Al4V) it is necessary to increase its reactive surface as much as possible (by
creating layers of TiO; gel). The so-called BIO treatment, i.e. mechanical treatment (blasting)
end chemical treatment (etching in HCl and NaOH), increase the surface area up to 1000
mmes [1]. The principle of bioactivity of many giass- and ceramics-based materials consist in
their ability to release biogenic elements Ca and P (the basic building units of HAp) into their
sroximity. Hydroxyapatite precipitation starts on the implant surface immediately after a local
mcrease of HAp supersaturation on the surface of the material. Therefore it is desirable to

= body fluids dissolves easier than HAp as such. The prepared interlayer shall meet not only
=:zh requirements for adhesion to the substrate but also requirements for dimensional stability
¢ the implant. One of the simple and cheap methods to prepare bioactive (resorbable)
meerlavers is a method of surface precalcification [2, 3]. In earlier works published by our
‘zhoratory we used mechanically and chemically treated surfaces to prepare OCP layers by
srzczlcification from SCS2 solution. OCP forms little tabular crystals arranged in spherulites
2= 1t is a convenient precursor for nucleation and crystallization of HAp [4]. If placed freely
=0 SCS2 solution a layer of OCP or ACP (shorter exposure) spontaneously precipitates on
2z sample surface within several hours. The objective of the submitted work was to prepare a
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layer of calcium phosphate on a Ti substrate surface, whose bioactivity was to be comparable
with that of OCP layer, but without significantly changing the implant dimensions, and whose
preparation was to be reproducible. Therefore we used an ultrasonic bath for the
precalcification, as the ultrasonic waves support incorporation of elements (Ca and P) into the
previously prepared TiO, gel (BIO treatment).The ability of the layer ( identified as 1 SCS -
UTZ) to induce formation of HAp was tested with an in vitro test in SBF under dynamic
conditions (which simulate the conditions in a living organism better) and its behaviour was
compared with (ACP and OCP) layers prepared under static conditions for periods of 6 or 24
hours in SCS2 (identified as 6 SCS and 24 SCS). The reference sample was a BIO treated Ti
(0 SCS). The prepared layers were tested for cytotoxicity. The cytotoxicity in vitro tests are
conducted on live cells (mice) and they represent the next level of evaluation for the potential
application of tested samples.

Materials and Methods
Ti in form of disc 9 mm (or 15 mm diameter x 1 mm height, with BIO surface treatment,
made by Lasak Ltd was used. The Ti surface was sandblasted with 250 pm Al,O; particles
and treated with HCI and then with NaOH (4M solution) , i.e. the so-called BIO treatment.
The sample was identified as 0 SCS.
Precalcified Ti surface with BIO treatment was exposed for 6 hours (sample 6 SCS) or 24
hours (sample 24 SCS) to a SCS2 solution at a laboratory temperature. Another sample was
prepared by means of exposure to SCS2 solution for one hour in an ultrasonic bath (sample 1
SCS - UTZ). The S/V ratio was in all cases 0.1cm™, while the sample area was calculated
from geometric dimension of the Ti disc. The composition of SCS2 is shown in Table 1
Table 1: Supersaturated Calcifying Solution (SCS2) designed by Li et al. [3]

SCS2  Na' Ca~ ClI'  H,POy HCO5

mmolI’ 4.0 5.0 10.0 2.5 L. 5
Experimental methods
Simulated body fluid (SBF) was buffered with TRIS (tris (hydroxyethyl) aminomethane), pH
7.4 at 37°C under dynamic conditions (with a continual flow of fresh SBF solution).
Table 2: Ion concentrations of corrected SBF (mmol.dm'3 ) [5].

Na" K Ca** Mg®  CI HCO, HPO> SO

SBF 1420 5.0 2.3 1.5 148. 0 4.2 1.0 0.5

The testing conditions were as follows:

Temperature: 37 +/- 0.5°C

Duration: 10 days

Flow rate of the solution: 48ml/day

Testing cell volume: 5.5 ml or 15 ml (cm®)

The parameters related to the samples are as follows: The surface area of Ti (9 mm or 15 mm
in diameter) in testing cell was 9 cm’ (without the BIO treatment effect).

Analytical methods

The concentration of Ca was measured at A = 442 nm by AAS. KCl was added to each sample
as a releasing buffer in the concentration of 4000 ppm. Acetylene and N,O were used as a
carrier gas. (PO4)* ions concentration was measured with spectrophotometry. The analysis
was based on the determination of the concentration of phosphate ions at A = 830 nm.

Weight increases were monitored both after precalcification and after in vitro tests in SBF by
weighing on analytical scales Mettler Toledo AG 204.

SEM/EDS - the samples were examined with an electro raster microscope Hitachi S 4700
with energy-dispersive spectroscopy. The acceleration voltage of the primary electrons was
15 kV and the working distance was 11.9 mm.
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X-ray microdiffraction: Microdiffraction experiments were conducted on PANalytical
X PertPRO equipped with CoKalfa X-ray tube (voltage 40 kV, current 30 mA) and semi-
conductor detector X’'Celerator. The measurements were performed in the Institute of
Inorganic Chemistry of the Czech Academy of Science in ReZ u Prahy.

The cytotoxicity test monitored toxic effects of extracts from the solid material on a cell line
of mice fibroblasts NIH 3T3 or Balb/c 3T3 in the cell culture under EN ISO 10933 and 7405.
The cytotoxicity tests were performed in the Laboratory of Cell Cultures at the Medical
Faculty of the Palacky University in Olomouc. The tests were contracted by the company
Lasak, s.r.0.

Results and Discussion
BIO treated samples were precalcified for 6 and 24 hours under static test conditions (without
stirring or agitation). An amorphous layer of Ca-P (ACP) developed on the surface of the
sample 6 SCS. After 24 hours of precalcification (24 SCS) the X-Ray micro diffraction
method detected crystals of OCP on the Ti surface and, as a minority phase, also DCPD
(brushite). The thickness of the layer was 20 pm [6]. The appearance of small tabular OCP
crystals arranged into spherulites is well visible in Figure 1 showing an SEM image.
Precalcification in an ultrasonic bath for one hour produced a layer of amorphous nature or
nanocrystalline particles of amorphous calcium phosphate (ACP) (Figure 2), which has been
zlso confirmed by X-ray microdiffraction.

i

i f

oy
S4700 15.0kV 14.0mm x5.00k SE(M) 10.0um

Figure 1: OCP crystals on the surface of the | Figure 2.: An ACP layer on the surface of the
24 SCS sample after precalcification, | 1 SCS — UTZ sample after precalcification
measured by SEM (SEM)

Tests of reproducibility of precalcification were performed by weighing of the samples before
and after the precalcification process. The weight increases were used to calculate the rate of
the precalcification process. The results indicate that the precalcification solution SCS2 gets
quickly exhausted and the rate of Ca-P formation on the surface decreases with longer
orecalcification times (Table 3). The table also indicates the total quantity of the Ca-P phase
formed by precalcification under the specified conditions.

Table 3: Quantities of the Ca-P phase formed by precalcification and growth rates of the Ca-
P phase on Ti samples

Sample Increase Ca-P (mg.cm'z) Rate (mg.cm'z.hour'l)
1 SCS-UTZ 0.0312 0.0312

6 SCS 0.1633 0.0272

24 SCS 0.2990 0.0125

The prepared layers were tested using in vitro cytotoxicity and dynamic tests (continual flow
of fresh SBF solution) and a BIO- treated Ti surface was used as a reference sample

identified as 0 SCS).
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The cytotoxicity tests suggested a slight toxicity of the crystalline layer (OCP) developed on
the sample 24 SCS. On the contrary, the amorphous layer created by means of an ultrasonic
bath (1 SCS-UTZ) was evaluated as non-toxic.

Analyses of Ca and (PO4)’ in effluents (Figures 3 and 4) have shown that the amorphous
layer, spontaneously developed after six hours in SCS2 (6 SCS), behaves differently from the
amorphous layer developed ultrasonically (1 SCS-UTZ). The dissolving rate of the
amorphous layer on 6 SCS at the beginning of its exposure (increase of concentration of Ca
and (PO4)> above the original levels in SBF) is higher than the rate of HAp formation. On the
contrary, the samples 24 SCS and 1 SCS-UTZ indicate that both the surfaces induce HAp
formation immediately and at the same rates, although the nature of the two layers is totally

different (crystalline OCP versus amorphous layer).

Ca (P°4)&

130 ‘ 120

¢ 6SC5 ~=—@=24S5CS ~A-1SCS-UTZ ~----CainSBF "0 65CS =—@=245(S ~a=1SCS-UTZ --~-(PO4)3-in SBF

120 | ; 110 |

¢ {mg.dnr?)
¢ (mg.dm3)

time {hours)

time (hours)

Figure 3: Concentration of Ca in the efﬂuent- Figure 4: Concentration of (PO4)” in the
dynamic test in SBF effluent - dynamic test in vitro in SBF

This fact has been confirmed also by the weight increase of HAp found after the dynamic in
vitro test and the subsequently calculated rate of Ca-P phase formation per day. The
calculated rate of HAp formation on the Ti sample with a BIO-treated surface (0 SCS) was
0.0134 mg.cm™.day”. For samples 6 SCS, 24 SCS and 1 SCS-UTZ the rates of HAp
formation were ten times higher (0.1301, 0.1148 and 0.111 mg.cm™.day” respectively). A
higher increase of HAp on the 6 SCS sample is probably due to a higher quantity of
amorphous Ca-P phase developed after precalcification (see Table 3).

Conclusions

A layer of amorphous calcium phosphate has been created ultrasonically, with the following
characteristics:

a/ the layer was incorporated into the TiO, gel layer, it did not alter the sample dimensions

b/ the ultrasonically prepared amorphous layer (1 SCS-UTZ) was different from the
amorphous layer on the sample 6 SCS

¢/ the preparation of bioactive layers on Ti surfaces by precalcification in an ultrasonic bath
was simple and reproducible

d/ during in vitro tests (in SBF) of 1 SCS-UTZ the layer demonstrated the same behaviour as
the crystalline OCP layer 20 um thick (24 SCS)

References

[1] D. Rohanova, D.M. Yunos et al: Poster on: Ceramics, Cells and Tissues, 12 Seminar,
Faenza, Italy, May 2009.

[2] B. Feng, J. Y. Chen: Biomaterials, 23 (2002) p 173-179

[3] F. Li, Q. L. Feng, F.Z. Cui et al: Surface and Coating Technology, 154 (2002) p 88 - 93

[4] D. Rohanové, A. Helebrant et al: Key Engineering Materials, 361 — 363 (2008) p 701- 703
[5] T. Kokubo, H. Takadama: Biomaterials 27 (2006) 2907 - 2915

[6] D.Rohanova, J. Strnad et al: poster on 8th WBC, Amsterdam, the Netherlands, May 2008.

Acknowledgements This work was supported by the grant MSM 604 613 7302

— 256 —




Prace [4]

Nezikova A., Kolafova M., Strnad J., Strnad Z., Rohanova D., Helebrant A.: Nitrokostni

implantat s bioaktivni povrchovou upravou, Lasak s.r.o. Praha 9, CZ, VSCHT Praha.
z 11.6.2015. Uzitny vzor pod ¢islem: 28285.

Podil: 30%: vyvoj metodiky, laboratorni prace, vyhodnoceni analyz a odladéni metody pro

provozni ucely



CESKA REPUBLIKA
URAD PRUMYSLOVEHO VLASTNICTVI

Josef Kratochvil

/

predseda .
Utadu pramystovéha viastnictvf




Utad primyslového vlastnictvi

zapsal podle § 11 odst. 1 zékona €. 478/1992 Sb., v platném znéni, do rejstiiku

UZITNY VZOR

28285

na technické feSeni uvedené v pfilozeném popisu.

V Praze dne 11.6.2015 Za spravnost:

"',‘ -
\\\\

Ing. Jan Mrva
vedouci oddéleni rejstiiki



Cislo zapisu: 28285 Datum z4pisu: 11.06.2015

Cislo pfihlasky: 2015-30767 Datum piihlaseni: 20.02.2015
MPT: A 61 C8/00 (2006.01)
A61F2/02 (2006.01)
A61F2/30 (2006.01)
A 61 F 2/44 (2006.01)
Nazev: Nitrokostni implantét s bioaktivni povrchovou Gpravou
Majitel: LASAK s.r.0., Praha 9 - Hloubétin

Vysoka skola chemicko- technologicka v Praze, Praha 6

Puavodce: Ing. Alzbéta Nezikova, Hostivice
Ing. Martina Kolafova, Praha 3
Ing. Jakub Strnad, Ph.D., Ri¢any
doc. Ing. Zdenék Strnad, CSc., Praha 6
Ing. Dana Rohanové, Ph.D., Unhost’
prof. Ing. Ales Helebrant, CSc., Pétihosty

Utad primyslového vlastnictvi v zapisném fizeni nezjituje, zda pfedmét uzitného vzoru
spliiuje podminky zpiisobilosti k ochrané podle § 1 zak. &. 478/1992 Sb.



IZITNY VZOR

(21) Cislo prihlasky: 2015-30767
(22) Prihladeno: 20.02.2015
(£7) Zapsano: 11.06.2015

(11) Cislo dokumentu:

28 285

(13) Druh dokumentu: U1
(51) Int. Cl.:

A61C 8/00
AGIF 2/02
AG6IF 2/30
AGIF 2/44

(2006.01)
(2006.01)
(2006.01)
(2006.01)

W

"

L AS4X sro. Praha 9 - Hloubgtin, CZ
W wsoiz Swola chemicko- technologick4 v Praze,
P 6. CZ

Piwadice

imz AlEnéa Nezikova, Hostivice, CZ

Img Mazminz Kolafova, Praha 3, CZ

Img Jakub Strnad, Ph.D., Ri¢any, CZ

Zoc Img Zdengk Strnad, CSc., Praha 6, CZ
‘=z Danza Rohanova, Ph.D., Unhost, CZ
zrof Inz. Ales Helebrant, CSc., Pétihosty, CZ

)

&) Tiapee
‘=z Marie Smrckova, patentovy zastupce, Ing.
Mzme Smrckova, Velflikova 10, 160 00 Praha 6
- Niz=w w2nného vzoru:

Nitrokostni implantit s bioaktivni
povrchovou dpravou

Utad pramyslového vlastnictvi v zépisném Fizeni nezjidtuje, zda predmét uzitného vzoru
spliiuje podminky zpusobilosti k ochrané podle § 1 zak. ¢. 478/1992 Sb.



CZ 28285 Ul

Nitro kostni implantit s bioaktivni povrchovou tpravou
Oblast techniky

Technicke feSeni se tyka nitrokostniho implantatu s bioaktivni povrchovou tpravou substratu na
o2z titanu. Povrchové tprava piedstavuje povrchovou bioaktivni vrstvu s osseokondukénimi
viastnostmi.

Dosavadn{ stav techniky

Pro nahradu kostni tkiné€ je zndma fada materiald, zejména ze skupiny kovovych materiéli, plas-
tickych polymernich latek, keramickych materialii a jejich kompoziti. PouZitelnost jednotlivych
materiall pro implantace do Zivého organismu zaleZi na jejich vlastnostech, zejména na tkanové
biokompatibilit€, enzymatické a hydrolytické stabilit€, chemickych, fyzikalnich, mechanickych
2 dalsich vlastnostech.

Biokompatibilita kazdého implantatu je urovéna predevs§im vzijemnou interakci mezi tkani
hostitele a implantatem. Organismus se snazi kazdé cizi téleso izolovat od okolni tkan€, vytvaii
kolem né€j demarkaCni vazivovy obal a snaZi se jej z téla vyloucit. Tloustka stény pouzdra kolem
implantitu indikuje snaSenlivost implantdtu s tkani. Tenka sténa pouzdra charakterizuje dobrou
snasenlivost materiélu, silnd signalizuje vysoky stupeti odmitavé reakce. Samoziejmym pozadav-
kem na kompatibilni latky je, Ze nesmi pisobit toxicky, vyvolévat tkéfiové nekrozy a zanétlivé
reakce.

V¥voj materiali pro kostni nahrady vede jednoznaéné od materiali biotolerantnich (napt., ocel)
pfes bioinertni (napf., korund, titan) k materidlim bioaktivnim (napf., kalcium-fosfatova kera-
mika, bioaktivni titan), které doznavaji Sirokého uplatnéni v klinické praxi. Tvorba vice nebo
mene silného vazivového pouzdra, které se vytvaii mezi bioinertnim povrchem implantatu a tkani
pfinasi nemal€ obtiZe pfi fixaci implantati v organizmu. Zejména pfi zatiZeni takto vhojeného
implantétu mize dochazet ke vzniku neZzddoucich lokéalnich napéti na rozhrani kosti a implantatu,
coz mlZe vést aZz k jeho vyloudeni. Bioaktivni materialy naproti tomu jsou schopny vytvéret
s tkani pevnou vazbu bez intermedialni vazivové vrstvy, coZ pfispiva k rovnomémému rozloZeni
nap€ti v kostnim lizku u zatizeného implantatu. Vyznamnou charakteristikou bioaktivnich mate-
riala je jejich schopnost vytvafet na svém povrchu tenké vrstvy obohacené o véapnik a fosfor,
které jsou vysledkem interakce mezi implantitem a télni tekutinou. Tato vrstva, z polatku
amorfni, se s Casem méni na polykrystalickou vrstvu apatitovych aglomeratii chemicky a krysta-
lograficky totoZnych s kostnim apatitem. Je pfedpokladano, Ze takto vznikla apatitové vrstva mé
kli¢ovou tlohu pfi vzniku vazby povrchu implantatu s Zivou kostni tkani [1].

Pro hodnoceni bioaktivity implanta¢nich materiali se pouZivaji testy in vitro, kdy se sleduje
schopnost materiélu indukovat precipitaci hydroxyapatitu na jeho povrchu pii jeho expozici
v roztoku modelujicim téIni tekutinu (SBF, Simulated Body Fluid). Test se provéadi podle platné
mezinarodni normy ISO 23317 [2].

Dalsi ¢asto pouzivana metoda in vivo pro stanoveni bioaktivity spo¢iva ve stanoveni podilu pri-
mého kontaktu nové vytvorené kostni tkané k celkovému povrchu implantatu (BIC% Bone Im-
plant Contact) pii jeho implantaci na zvifecim modelu v zavislosti na dobé [3].

Bioaktivita miZe byt také vyjadiena jako bioaktivni index I,=100/tic-s0%) [d"], kde t je pocet
dni, kdy pfimy kontakt nové vytvofené kostni tkané doséhne padeséti procent celkového povrchu
implantatu.

Bioaktivita kiemicitych skel, pFipadné gelii, v zavislosti na sloZeni, mize byt také odhadnuta na
zakladé zjednoduSené strukturni predstavy polymerniho charakteru téchto materidli
(0°+0"’=20") [4] a pro prvni piibliZzeni pomoci Stevelsovych strukturdlnich parametri Y a X
[5]. které vyjadfuji stfedni pocet miistkovych (O°) a nemistkovych (O") kyslikd na jeden polyedr
zesiténé struktury. Strukturni parametry Y(O°) =2Z-2R a X(O")= 2R-Z jsou uréeny z molarniho
sloZeni skla, kde Z je stiedni pocet vSech kyslikii na polyedr, a R je pomér celkového poétu
kyslikd k celkovému poétu sitotvofi¢i. Z kladné korelace mezi bioaktivitou (I,) a stfednim
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po¢tem nemiistkovych kysliki (O") pro sodnovapenatokiemiéita skla byly uréeny hodnoty X(0")
>1,5 a Y(0°)<2,5, kdy skla za¢inaji jevit bioaktivitu, kterd roste se sniZujicim se pomérem
Si0,/(CaO+Na,0) a rovnovédha O°+O"" - 20" je posunuta ve prospéch nemustkovych kysliki
(©).

Titan, v souasné dobé Casto pouZivany biomaterial s vynikajicimi mechanickymi vlastnostmi, se
v8ak na rozdil od bioaktivnich materidlt jevi v interakci s kostni tkani jako bioinertni material,
ktery za béZnych podminek nevytvaii pfimou vazbu s kosti, jako je tomu u bioaktivnich materi-
ali. Pfi nedokonalé kongruenci mezi kostnim lizkem a titanovym implantdtem nebo pii nizké
primarni stabilit¢ implantatu dochazi k vmezefeni vazivové tkané v disledku nizkych osseokon-
dukenich vlastnosti, a tim k obtiZngj§imu, méné kvalitnimu a déle trvajicimu vhojeni implantéatu.

Proto je povrch titanovych implantatii upravovan nanaSenim bioaktivnich povlaku, nejastéji
vysokoteplotnimi postupy jako je nanaseni hydroxyapatitu (HA, Ca;o(PO4)s(OH),), plazmou.
Nevyhody tohoto postupu spo¢ivaji v tom, Ze takto vytvofena vrstva apatitu nevykazuje vzdy
dostate¢nou stabilitu mechanickou ¢i chemickou, je nehomogenni slozenim i morfologicky
a v télnim prostiedi se ¢asto resorbuje, zejména v kyselém prostiedi pfi zanétu tkang, pripadné
dochézi k delaminaci povrchové vrstvy. Vsechny tyto nedostatky zamezuji zejména dlouhodo-
bému, pevnému ukotveni implantatu v kosti [6], [7], [8], [9].

Dale jsou zndmy nizkoteplotni postupy nandseni bioaktivnich vapenatofosforecnanovych povlakii
jako jsou napiiklad postupy chemické depozice a biomimetické metody, metody sol-gel, nebo
metody elektro-depozice. Tyto metody nanaSeni bioaktivnich vépenato-fosfore¢nanovych po-
vlaki jsou v3ak charakteristické tim, Ze vytvéreji diskrétni kalcium-fosfatovou vrstvu na povrchu
titanového substratu (aditivni metoda), coZ pfinasi obdobné nevyhody, jaké pozorujeme u povr-
chovych vrstev, vytvafenych plazmatickym nanaSenim z hlediska jejich nestability, limitované
pfilnavosti k titanovému substratu, nejednotnosti povlaku a nékdy i naroénosti a nakladnosti su-
rovin a zafizeni pro primyslovou vyrobu.

Biomimetické metody jsou relativné jednoduché procesy nevyZadujici Zadné specialni vybaveni &i
vysokoteplotni zpracovéni. Pro pfipravu povlaki lze pouzit roztok SBF (simulated body fluid),
ktery je soucasti normy ISO 23317:2012 [2] pro hodnoceni bioaktivity materidld in vitro [10].
Pifpadné je moZné vyuzit roztoky, u nichZ je koncentrace SBF nebo nékterych jejich komponent
upravena z divodi urychleni depozice [11], [12]. I pfes zvySovéani koncentrace iontii v roztoku
SBF je depozice povlakii ¢asové naro¢na. Je to dano také tim, Ze roztok SBF obsahuje Mg2+
a HCO;' ionty, které plsobi jako inhibitory krystalového rastu [12], [13]. Nedostatena rychlost
tvorby vrstev v prostiedi SBF je jednou z vaZnych nevyhod metody.

V patentu US 6,344,061 [14] byly k vytvofeni vrstvy vapenato-fosfore¢nanové faze pouZity kal-
cifika¢ni roztoky, jako je Hanksiv vyvéaZzeny solny roztok HBSS (Hanks’ balanced salt solution)
nebo rychly kalcifikaéni roztok FCS (fast calcification solution), pfip. FCS s ptidavkem bovin-
niho sérového albuminu. V prostiedi roztoku HBSS se na povrchu brousenych a lesténych titano-
vych slitin béhem 16-denni expozice vytvofila amorfni vrstva apatitového typu, jejiz morfologie
se ménila v zavislosti na pouzitém materialu i aplikované povrchové upravé. Pomoci rastrovaci
elektronové mikroskopie (SEM) byla tloustka vrstvy stanovena na 5 um, podle XPS (rentgenové
fotoelektronové spektroskopie) 90 nm. Analyza povrchu pomoci elektronové spektroskopie pro
chemickou analyzu (ESCA, ptip. XPS) odhalila pozvolny pfechod definované vapenato-fosfo-
reCnanové vrstvy v intermediarni vrstvu TiO, na povrchu titanové slitiny.

Li et al. [15] pouzili k prekalcifikaci titanu presycené kalcifikaéni roztoky SCS1-3 (Supersatura-
ted calcification solution). Prekalcifikace byla provadéna ve tiepalce pii teploté 37°C po dobu 24
hodin. V piipadé vzorki prekalcifikovanych v roztoku SCS3 se na substratu béhem expozice
vytvofila uniformni 30-40 um silna vrstva hydroxyapatitu. Vrstva vytvofend v SCS1 obsahovala
vedle hydroxyapatitu v mensi mife i brushit DCPD (dikalcium fosfét dihydrat) CaHPO,2H,O.
V piipad€ roztoku SCS2 byl povrch pokryt jednotlivymi globulemi hydroxyapatitu.

Rohanova et al. [16] exponovala v SCS2 titan, na kterém byla vytvorena gelova vrstva TiO,
leptanim v HCI a nasledné v NaOH. V prvnich hodinach se Ca®" a PO4* ionty inkorporovaly do
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gelové vrstvy, po Sesti hodinach na povrchu byla patrnéd amorfni vrstva. Jeden den po expozici
byl na povrchu nalezen oktakalcium fosfat (OCP, Cag(HPO4),(PO4)4.5H,0) ve formé jehlicovi-
tych krystalkt orientovanych do riizic a n€kolik velkych krystalid DCPD. Prekalcifikace vedla ke
zna¢nému zkraceni doby precipitace hydroxyapatitu v SBF, pfi naslednych testech vsak byla
zjisténa lehka cyrotoxicita pripravenych vrstev.

Dal$im zndmym zpisobem pro nanaSeni povlaki na titan je metoda sol-gel [17], [18]. Sol je ko-
loidni suspenze, vznikld smichanim alkoxidd kovi s alkoholem a vodou v piitomnosti kyselého
¢i bazického katalyzatoru. Po odpafeni rozpoustédel a kondenzaci hydrolyzovanych molekul
vzniké gel, ktery je nasledné suSen. Takto ziskany povlak je zna¢né porézni, Casto amorfni se
slabou prilnavosti. Musi byt proto podroben nasledné teplotni upraveé, ¢imz dochazi ke zhutnéni,
krystalizaci a zlepSeni adheze vrstvy, avsak tato tepelna uprava znané zvySuje riziko vzniku
trhlin. Nékteré vstupni suroviny (alkoxidy kovi) jsou nakladné. Tato metoda je Casové pomérné
naro¢nd, a velmi citlivd na podminky nanaseni, nebot’ i mald zména muize zpisobit odchyleni od
o¢ekavaného vysledku.

Vépenato-fosfore¢nanové povlaky lze také nanaset elektrolytickou depozici ¢i elektroforézou.
V prvnim piipadé se jedna o proces, ktery pfedstavuje nanaseni vapenato-fosfore¢nanovych po-
vlaki z roztoku elektrolytu s obsahem Ca’" a (PO4)* ionti [19], [20], [21], v druhém pfipade je
povlak nanéSen ze suspenze (nejCastéji HA). Zésadnim rozdilem, vyplyvajicim ze zptisobu pfi-
pravy, je tloustka vytvorenych povlakl. V ptipadé elektroforézy se miZe jednat aZ o stovky mi-
krometril [22], a takto silné vrstvy vyZaduji ndsledné slinovani pfi vysokych teplotach, které zvy-
$uje riziko vzniku trhlin.

Je popséana uprava povrchu titanovych implantat [24], ktera se provadi tak, Ze opiskovany nebo
strojné opracovany povrch se moii 20 az 150 minut pfi teploté 30 az 60 °C v inertni atmosféie
kyselinou chlorovodikovou, s vyhodou 35 az 37 % hmotn., nebo sirovou, s vyhodou 3 az
4 mmol.I". Tento povrch se nasledné lepta 1 aZ 24 hodin pHi teploté 40 az 70 °C ve vodném
roztoku hydroxidu alkalického kovu, s vyhodou 1 az 10 mmol.I" hydroxidem sodnym. Takto
chemicky opracovany povrch se poté louzi pod ultrazvukem v deionizované vodé pfi teploté 18
az 40°C po dobu 2 az 40 minut. Vyhodou tohoto feSeni je dosaZeni texturovaného a
hydratovaného submikroporézniho povrchu titanovych implantati. Nevyhodou feSeni miiZze byt,
Ze inkorporace iontli Ca a P do narokované povrchové struktury titanovych implantatii probiha az
v t€lnim prostredi, v némz lze predpokladat, Ze dochazi k adsorpci proteint, kterd miize zpomalit
az utlumit transport a inkorporaci Ca a P iontli do této povrchové struktury, ¢imz miize byt
zpomalen proces tvorby pfimého spojeni implantatu s kosti.

Podstata technického feSeni

Uvedené nevyhody se odstrani nebo podstatné omezi nitrokostnim implantatem podle tohoto
technického feSeni, jehoZ podstata spociva v tom, Ze nitrokostni implantat je piipravitelny po
mechanickém opracovéani povrchu neporézniho bioinertniho substratu na bazi titanu morfenim
v nejméné jedné anorganické kyselin€ v inertni atmosfére a naslednym leptanim ve vodném roz-
toku nejméné jednoho hydroxidu alkalického kovu pro ziskani hydrofilni, porézni, nanostruktu-
rované, vychozi vrstvy, kterd je podrobena kalcifikaci pro ziskani hydrofilni, porézni, nano-
strukturované, bioaktivni kone¢né vrstvy s inkorporovanymi vapenatymi a fosforeénanovymi
ionty, pfipadné s jejich krystalickym a/nebo amorfnim vapenato-fosforenanovym depozitem.
Tloustka koneéné vrstvy nepfesahuje tloustku vychozi vrstvy. Vychozi i kone¢na vrstva vyka-
zuji velikost mérmého povrchu minimalng 80 mm®*/mm’ a hel smadeni mensi nez 90°, s vyhodou
45°,

Hlavni vyhodou tohoto technického feSeni je ziskani bioaktivniho materialu s mechanicky a che-
micky upravenym bioaktivnim povrchem substratu na bazi titanu s vysokou velikosti mérného
povrchu a pfiznivym uhlem smaceni konecné vrstvy. Nitrokostni implantdt je chirurgicky
implantovatelny do Zivé kostni tkané. Vysoky mérny povrch konetné vrstvy zvySuje plochu
kontaktu mezi nitrokostnim implantatem a okolni tkani, coZ napomaha zaji§téni primarni stability
po implantaci a zvySuje plochu pro interakci s t€lnimi tekutinami a buitkkami. Vysoka smacivost
kone¢né vrstvy umoziuje dobry kontakt s té€lnimi tekutinami. Mémy povrch kone¢né vrstvy

-3



10

20

25

30

35

40

45

50

CZ 28285 Ul

miZe dosahovat i vy$3i hodnoty neZ narokované, napf. i 200 mm” na 1 mm?, piipadné se tato
hodnota bé&zné pohybuje kolem 500 az 800 mm*/mm’ i vy3e. Cim vys je tato hodnota mérného
povrchu kone¢né vrstvy, tim lze oéekéavat jeji vy$§i mikroporozitu a tim i pfiznivéjsi proristani
tkan€ pfi jeji aplikaci. Nitro kostni implantat s povrchovou tpravou vykazuje velmi pfiznivé bio-
aktivni a osseokondukéni vlastnosti, coZ urychluje vhojeni implantatu a zajistuje vznik stabilniho
a funk¢niho rozhrani mezi povrchem implantatu a kostnim lazkem. Ziskani koneéné vrstvy podle
tohoto technického feSeni je Casové i finanéné nenaroéné a lze ho aplikovat i na sloZité tvary
implantabilnich prostredki, zejména v téch indikacich, kde dochézi k vysokému mechanickému
zatiZeni nebo aplikovany klinicky postup vyZaduje urychlené vhojeni implant4tu a jeho ¢asnou
fixaci v kostnim loZi.

Vychozi/ kone¢nou vrstvu v tomto feSeni je myslena, nikoliv pevnéa vrstva s jasnym a danym
rozhranim mezi povrchovou vychozi/koneénou vrstvou a substratem. Vychozi/ koneénou vrstva
v tomto feSeni je vrstva, kterd nemé ostré rozhrani na povrchu se substratem, ale mé pozvolny
pfechod mezi neporéznim a nehydrofilnim substratem na bazi titanu, a mezi pfevazné hydrofilni,
mikroporézni vychozi /konenou vrstvu nanostrukturovaného charakteru. Vychozi/ kone¢na
vrstva pozvolna prechézi do substratu a je v podstaté soucasti jeho povrchu, coz vyplyvé i z po-
vahy chemického zpracovani substratu. Vychozi/konetna vrstva jsou porézni, pfiemz jejich
porozita klesd smérem do hloubky, aZ pfechazi k neporéznimu kovovému substratu na bazi ti-
tanu. Tloustka vychozi/kone¢né vrstvy je fFadové piiblizné v nanometrech ¢&i jednotkach mikroni.

Mechanickym opracovanim se zisk4 makrostrukturovany povrch substratu na bazi titanu, ¢imz se
ziska povrch o vhodném reliéfu a rozte¢ich, jednotlivych nerovnosti, ktery je vhodny pro dalsi
chemické pravy ve dvou zékladnich technologickych krocich. Prvnim krokem chemické tpravy
je ziskani nanostrukturované vychozi vrstvy ve formé titani¢itanového gelu na substratu na bazi
titanu. Druhym krokem chemické upravy je ziskani porézniho hydrofilniho a nanostrukturova-
ného kone¢ného povrchu se zvySenymi bioaktivnimi vlastnostmi. Prvnim krokem chemické
Upravy je nejprve moifeni makrostrukturovaného povrchu substrdtu na bazi titanu v nejméné
jedné anorganické kyseliné a nésledné leptani v hydroxidu alkalického kovu, ¢imZ dochazi ke
vzniku vychozi vrstvy titani¢itanového gelu, obsahujici ionty alkalického kovu dle druhu uZitého
louhu alkalického kovu. Jednim z principl tohoto technického feseni je, aby vétsina ionth alka-
lického kovu, jako jsou v tomto pfipadé s vyhodou sodné ionty, byla nahrazena ionty vapena-
tymi. Ve druhém kroku chemické wpravy je ziskany vychozi povrch podroben kalcifikaci, pfi niz
je ziskéna kone¢na vrstva obsahujici vapenaté a fosfore¢nanové ionty, ptipadné s jejich krystalic-
kym a/nebo amorfnim vépenato-fosfore¢nanovym depozitem. Ziskany kone&ny povrch je bioak-
tivni, coz je prokazovano nejcastéji tvorbou uhli¢itanového apatitu, k jehoZ tvorbé dochézi vli-
vem hydratovanych gelii TiO, na povrchové kone&né vrstvé pfi testech v prostiedi simulované
télni tekutiny. Ti-OH skupiny hydratovanych titani¢itych geli u bioaktivniho titanu, jsou pova-
Zovany za nuklea¢ni centra pro precipitaci uhli¢itanového apatitu. Je pfedpokladano, Ze zvyseni
bioaktivity je dosahovano inkorporaci vépenatych iontii do struktury zesiténych gelé TiO, sniZe-
nim stupné€ polymerace a riistem koncentrace nemistkovych kysliki O', které generuji nukleaéni
centra pro precipitaci uhli¢itanového apatitu. Vapenaté a fosfore¢nanové ionty jsou v nanostruk-
turované, porézni povrchové konecné vrstvé chemicky vazany. A jelikoZ nevytvaii diskrétni va-
penato-fosfore¢nanovou vrstvu, nedochézi k fragmentaci & lokélni degradaci, jako je tomu
u jinych metod depozice vapenato-fosfore¢nanovych povlakii.

Je vyhodné, kdyZ zdrojem pro mofeni mechanicky opracovaného substratu na bazi titanu kyseli-
nou je kyselina chlorovodikova o koncentraci 35 aZ 37 % hmotn. nebo kyselina sirova o koncen-
traci 3 az 4 mmol.l". Kyselina chlorovodikova nebo sirova jsou bézné kyseliny, snadno dostupné
a finan¢n€ dostupné a ekologicky neskodlivé, pokud se dodrzuje technologicky postup. Je mozno
uzit i jinych kyselin, napt. kyseliny fluorovodikové nebo i smési kyselin.

Déle je vyhodné, kdyZ zdrojem pro nésledné leptani je vodny roztok hydroxidu sodného o kon-
centraci 1 a 10 mmol.l". Hydroxid sodny je téZ b&Zny chemicky prostiedek. Je mozno vyuzit
i hydroxidu draselného.
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Pro postupnou kalcifikaci vychozi vrstvy je vyhodné, kdyZz zdrojem vapenatych iontl je roztok
chloridu vapenatého o koncentraci 20 az 800 mmol.I"a zdrojem fosfore¢nanovych iontii zfedéna
kyselina fosfore¢n4 o koncentraci 0,23 az 100 mmol.I" nebo vodny roztok dihydrogenfosforeg-
nanu sodného o koncentraci 1 az 100 mmol.1".

Pro kalcifikaci miZe byt zdrojem véapenatych a fosfore¢nanovych ionti presyceny kalcifikaéni
roztok o iontovém sloZeni: 4 a7 5 mmol.I" Na'; 4 a7 6 mmol.I" Ca®*; 9 az 11 mmol.l" CI; 1,5 az
3.5 mmol.I" HyPO, ; a 0,5 az 2,5 mmol.I" HCO;". Také tyto pouZité chemické prostiedky pro
kzlcifikaci jsou dostupné chemické prostredky, zvolené v optimalni koncentraci pro dany ucel.
Substratem na bazi titanu muize byt technicky Cisty titan nebo jeho slitiny, které obsahuji alespoii

jeden prvek ze skupiny, zahrnujici hlinik, vanad, zirkonium, niob, hafnium, cin, Zelezo a tantal.

Konetna vrstva miiZe obsahovat jeden nebo vice kationtli ze skupiny zahrnu%'ici H', Na', K",
Mgz a jeden nebo vice aniontl ze skupiny zahrnujici OH, CI,(CO5)*, (SO4)*, NOs, které do-
provazi pouzité chemické suroviny, a které lze v podstaté povaZovat za technické ekvivalenty
nzrokovanych chemikalii.

Pokud se kalcifikace se provadi v ultrazvukové lazni, probihd intenzivnéji. Od prebyteénych
chemikalii se kone€n4 vrstva se oplachuje v ultrazvukové 14zni, v deionizované vode€ nebo v eta-
zolu, nebo v deionizované vodé a poté v etanolu, nebo v etanolu a poté v deionizované vodé.
Obwvykle pii teploté okoli az 65 °C po dobu 2 az 80 minut.

Konetna vrstva se po omyti susi volné nebo pfi teploté okoli az 125 °C.

Prehled obrazki na vykresech

Lepsi porozuméni riznym aspektim tohoto technického feSeni se ziska v nasledném podrobném
popisu nékterych neomezujicich konkrétnich piikladi provedeni, s odkazem na pfipojené ob-
razky 1 az4.2.

Provedeni technického feSeni, popsaném v piikladu 1, je blize patrné z obr. 1 az 1.2, z nichz uka-
zuje
obr. 1: vyvoj koncentrace vapniku a fosforu po jednotlivych technologickych operacich;

obr. 1.1: SEM (rastrovaci elektronovou mikroskopii) povrchu vzorku exponovaného v roztoku
CaCl; a nasledn€ H;POy; a

obr. 1.2: precipitaty hydroxyapatitu, vzniklé po 7-denni expozici v SBF (simulované t€Ini teku-
uiné - simulated body fluid) na povrchu vzorku, exponovaného v roztoku CaCl, a nasledné
H;PO..

Provedeni technického feSeni dle piikladu 2 je osvétleno blize na obr. 2.1 az 2.9, kde znazoriiuje
obr. 2.1: SEM povrch vzorku s vychozi vrstvou;

obr. 2.2: SEM koneéné vrstvy vzorku exponovaného v piesyceném kalcifikaénim roztoku;

oor. 2.3: EDX analyzu (energiové disperzni spektroskopie) exponované kone¢né vrstvy vzorku
v pfesyceném kalcifikaénim roztoku;

obr. 2.4: GD-OES hloubkovy profil prvkil (optickd emisni spektroskopie s doutnavym vybojem)
vzorku s vychozim povrchem;

obr. 2.5: GD-OES hloubkovy profil prvki koneéné vrstvy vzorku, exponované v piesyceném
xzlcifikacnim roztoku;

br. 2.6 ESCA (elektronova spektroskopie pro chemickou analyzu) spektra s vychozi vrstvou na

Q 9

orazku dole a s kone¢nou vrstvou vzorku exponovaného v ptesyceném kalcifikaénim roztoku na
nrazku nahoie;

obr. 2.7: SEM koneéné vrstvy vzorku exponovaného v presyceném roztoku po 7 dnech v SBF;

-]
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obr. 2.8: vyvoj koncentrace Ca’" jontii v roztoku SBF béhem testu bioaktivity vzorku s vychozi
vrstvou a vzorku kone¢nou vrstvou, exponovaného v piesyceném kalcifikaénim roztoku; a

obr. 2.9: vyvoj koncentrace PO,> iontii v roztoku SBF b&hem testu bioaktivity vzorku s vychozi
vrstvou a vzorku s kone¢nou vrstvou exponovaného v presyceném kalcifikaénim roztoku.

Provedeni technického feseni dle ptikladu 3 je patrné z

obr. 3: schematicky znazoriiujicim p¥i¢ny svisly fez zkuSebnich implantéti ve tvaru valetkd im-
plantovanych do tibii zkusebnich psii plemene bigl;

Provedeni technického feSeni dle Piikladu 4 odkazuje na obr. 4.1 a% 4.2, z nichZ ukazuje

obr. 4.1 SEM kone¢né vrstvy vzorku z titanové slitiny exponovaného v roztoku CaCl, a nasledné
H;PO, ; a

obr. 4.2: EDX analyzu (energiové disperzni spektroskopie) koneéné vrstvy vzorku z titanové
slitiny exponovaného v roztoku CaCl, a nasledné H;PO,.

Priklady provedeni technického feseni
Piiklad 1
(Obr.1az1.2)

Pro vyrobu zubniho nitrokostniho implantéatu byly vyrobeny z technicky &istého titanu (Grade 4)
vzorky substrétu ve tvaru diski o priméru 8 mm a tloustce 0,5 mm. Tyto disky byly mechanicky
upraveny zdrsnénim povrchu piskovanim praskem korundu o stfedni velikosti zrn 200 az 250 um
pii tlaku 600 az 700 kPa, &¢imZ se ziskd makrostrukturovany neporézni povrch substratu
o tloustce fadové v mikrometrech &i nanometrech, a se stiednimi rozte€emi nerovnosti fadové
v nanometrech ¢i mikrometrech, v desitkdch pm. Naslednéa chemicka tiprava povrchu diskd byla
provedena mofenim v 37% kyselin€ chlorovodikové, v inertni atmosféfe argonu pii teploté 40 °C
po dobu 130 minut. Povrch diskii byl potom ogi§tén od zbytki kyseliny mytim v ultrazvukové
lazni v deionizované vod¢, nasledné omyt v ethanolu a poté susen pti teplot& 105 °C. Povrch
vzorkl byl déle leptan ve vodném 5 mmol.I" roztoku hydroxidu sodného pfi teploté 60 °C po
dobu Ctyf hodin. Touto mechanickou a néslednou chemickou tipravou povrchu u viech vzorki
bylo dosaZeno nanostrukturované, porézni, hydrofilni vychozi vrstvy vzorku s mérnym povrchem
504 mm?/mm” a thlem sméag&eni 27,2°.

Vzorky s vychozi vrstvou gelovité struktury byly po vyjmuti z NaOH ihned ponofeny do roztoku
0,45 mmol.I" chloridu vapenatého pfi teploté 60 °C po dobu 4 hodin, a nasledné myty dvakrat
v deionizované vodé po dobu 4 minut v ultrazvukové 1azni. Takto ziskané vzorky byly dale expo-
novéany ve zfedéné kyseling fosfore¢né 0,06 mmol.I" pii pokojové teplot& po dobu 1 minuty. Poté
byly myty v ultrazvuku dvakrat v deionizované vodé po dobu 4 minut a poté 2 minuty v ethanolu
a nasledné suseny pfi teploté 105 °C. Upravou podle tohoto technického feseni byla ziskana ko-
necna vrstva na substratu z ¢istého titanu, u niz byl naméten mérny povrch 420 mm?*/mm? a thel
smaceni 31°.

Vychozi/ kone¢nou vrstvou se rozumi vrstva bez ostrého rozhrani na povrchu se substratem,
kterd pozvolna prechazi do substratu a je v podstaté soudasti jeho povrchu. Vychozi i koneéna
vrstva jsou porézni, jejich porozita klesd smérem do hloubky, aZ prechdzi k neporéznimu kovo-
veému substratu na bézi titanu. Tloustka vychozi/kone¢né vrstvy je fadové piiblizné v nanome-
trech ¢i mikrometrech.

U vychozi vrstvy i kone¢né vrstvy substratu byl méfen jejich mérny povrch a hel smaceni.

Meémy povreh, vyjadfeny v mm” a vztaZeny na 1 mm> plochy, byl méfen metodou BET (Braun-
Emmett-Teller) na pfistroji ASAP 2020 (Micromeritics). Metoda méfeni BET je zaloZena na
fyzikélni adsorpci molekul plynu (Kr).
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U=zl smaceni (neboli kontaktni Ghel) je uhel, ktery svird te€na k povrchu kapky (destilované
wocy ). vedena v bodé styku kapky s rozhranim a vyjadfuje smacivost materidlu. V ptipadé, Ze je
“hel smaceni <90°, lze povrch oznadit za hydrofilni (smécivy).

S_omeina vrstva pro nitrokostni implantat dle tohoto technického feseni byla analyzovéana pomoci
—zsirovaci elektronové mikroskopie (SEM, Vega 11 LSU, Tescan) s analyzatorem energiové dis-
o=z spektroskopie (EDX, Bruker). Kvantitativni vyhodnoceni EDX analyzy provedené v jed-
=otiivich technologickych krocich piipravy konecné vrstvy vzorkli podle tohoto technického
s=ieni dokumentuje inkorporaci Ca a P v povrchové nanostrukturované vrstvé a jejich hydroly-
micwou stabilitu béhem myti, jak je znazornéno na obr. 1. Na obr. 1.1 je zndzornéna SEM konecné
s=stvy vzorku dle tohoto technického feSeni. Morfologie této kone¢né vrstvy a pfitomnost vap-
=ik 2 fosforu, zaznamenana pomoci EDX analyzéitoru indikuje, e Ca>" a (PO,)* ionty, piipadné
s = ich krystalickym a/nebo amorfnim depozitem, jsou inkorporovany do vychozi nanostrukturo-
wane vrstvy, priCemz kone¢nd vrstva nepresahuje tloustku nanostrukturované vychozi vrstvy. To
~=né ze konecna vrstva predstavuje nanostrukturovanou vychozi vrstvu titani¢itanového
Swdrogelu, v podstaté bez iontl, nebo s minimem iontd alkalického kovu (Na") a obohacenou
o vzpenaté a fosforeCnanové ionty, pfipadné s jejich depozitem. Bioaktivita koneéné vrstvy
zorku dle tohoto technického feseni byla testovana v roztoku SBF dle ISO 23317. Na obr. 1.2 je
somoci SEM znazornéna konecna vrstva dle vynalezu po 7 dnech expozice roztoku SBF. Béhem
w0 doby se na povrchu vytvorila celistva vrstva biologického hydroxyapatitu, indikujici Zadouci
':‘ ozktivitu kone¢né vrstvy. Pfitom pro srovnani, apatit na vzorku s vychozi vrstvou nebyl po
T denni expozici v roztoku SBF prokazan.

Prikiad 2

Pro ziskani nitrokostniho implantatu, vhodného jakozto zubni implantat nebo spinalni implantat,
=wlv vvrobeny z technicky Cistého titanu (ISO 5832-2) vzorky ve tvaru diskil o priméru 16 mm
zwvvice 1 mm. Vzorky byly mechanicky upraveny piskovanim praskem korundu o stfedni
welikosti zrn 180 az 250 pm pii tlaku 600 az 650 kPa. Nasledné byl povrch vzorkii chemicky
zpraven morenim v 35%ni kyselin€ chlorovodikové, v inertni atmosféte argonu pii teploté 45 °C
oo dobu 100 minut. Povrch diskd byl potom ocistén od zbytkd kyseliny mytim v ultrazvukové
lZzni v deionizované vodé€ a poté v ethanolu. Nasledn€ byly vzorky suseny pfi teploté 105 °C po
dobu 15 minut. Povrch vzorkd byl dale leptan ve vodném 4 mmol.l” roztoku hydroxidu sodného
o1 teploté 60 °C po dobu 4 hodin, a potom o€istén od zbytkh NaOH mytim v deionizované vodé
z etznolu v ultrazvukové lazni. Mechanickou a naslednou chemickou upravou povrchu u vsech
vzorki bylo dosaZeno nanostrukturované, porésni, hydrofilni vychozi vrstvy na substratu z Cis-
:2ho titanu s mérnym povrchem 412 mmz/mm a thlem sméceni 25°.

Tuanové disky s gelovitou vychozi vrstvou titani¢itanového hydrogelu byly déle exponovéany
v rozioku, presyceném vici vapenatym a fosfore¢nanovym iontdm, o iontovém sloZeni:
£ mmol.l” Na'; 5 mmol.l" Ca®"; 10 mmol.l" CI; 2,5 mmol.I" H,PO4; a 1,5 mmol.I" HCO; [15]
oo dobu jedné hodiny v ultrazvukové lazni. Po ukonceni expozice v tomto roztoku byly vzorky
wmuty a omyty absolutnim etanolem v ultrazvukové lazni po dobu osmi minut a suSeny pfi
=0 *C. Touto tpravou dle tohoto technického feseni byla ziskana na titanovém substratu kone¢na
s=stva pro nitrokostni implantét, u niZ byl naméfen mémy povrch 297 mm*/mm? a thel smaceni

&NcC
E- |

Tzt0 koneéna vrstva vzorku miiZe obsahovat v minimalnim mnoZstvi jakoZto doprovodné prvky
souzitych chemikalii kationty, jako jsou napi. H', Na’, K* a Mg®" a anionty, jako jsou napf. OH,
CT. (COs)%, (SO4)*, NO;. Tyto doprovodné kationty &i anionty v podstaté vétsinou spliiuji stej-
=ou nebo obdobnou chemickou funkcei a chemickou vazbu v koneéné vrstvé jako pouzité chemi-
wilie

v zorky s kone¢nou vrstvou dle tohoto technického feSeni byly charakterizovany metodami povr-
chové analyzy, SEM (Vega 11 LSU, Tescan) s EDX analyzatorem (Bruker), optickou emisni
spekiroskopii s doutnavym vybojem (GD-OES, GD-Profiler 2, HORIBA Jobin Yvon) a elektro-
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novou spektroskopii pro chemickou analyzu (ESCA, ESCA Probe P, Omicron NanoTechnology).
Bioaktivita byla testovéana v roztoku SBF dle ISO 23317 po dobu 7 dni pfi teploté 37 °C. Po
testu bioaktivity byla kone¢né vrstva vzorkd pozorovana pomoci SEM. Za téelem sledovani vy-
voje koncentraci vapenatych a fosfore¢nanovych iontii byly v prib&hu testu provadény odbéry
roztoku SBF. Koncentrace vapniku byla stanovovana metodou atomové absorp¢ni spektrometrie
(AAS, SpectrAA 330, Varian). Koncentrace fosforednani byla métena UV spektrofotometrii
(UV-1201, SHIMADZU). Jako reference byly vzdy pouzity disky s vychozi vrstvou. Na kone&né
vrstve dle tohoto technického feseni byl rovnéZ proveden test cytotoxicity formou extraktu. Tes-
tovani bylo provedeno dle platné normy CSN EN ISO 10993 (2009) a CSN EN ISO 7405 (2009).

Na obr. 2.1 je zobrazena SEM analyza vychozi vrstvy. Na obr. 2.2 je znazornéna SEM analyza
kone¢né vrstvy vzorku dle tohoto technického feSeni. Ze srovnéni je patrné, Ze expozici v presy-
ceném kalcifikanim roztoku nedoslo k morfologickym zménam ¢&i k vytvofeni silné vIstvy va-
penato-fosfore¢nanové faze na porésnim povrchu. Prestoze precipitaty vapenato-fosforeénanové
faze nebyly pozorovéany, pfitomnost vpniku a fosforu byla zaznamenana pomoci EDX analyza-
toru, jak je znazornéno na obr. 2.3.

Ze srovnani hloubkovych profili GD-OES, a to kone¢né vrstvy vzorku dle tohoto technického
feSeni, jak je zndzornéno na obr. 2.5, a vychozi vrstvy vzorku dle obr. 2.4, je ziejmé, Ze pii expo-
zici v pfesyceném kalcifikaénim roztoku doslo k vyméné Na” iontd, véazanych ve vychozi vrstvé
ve formé titaniitanu, za Ca’* ionty z kalcifikaéniho roztoku.

Obr. 2.5 ukazuje metodou GD-OES méfeny hloubkovy profil prvki koneéné vrstvy vzorku, ex-
ponovaného v presyceném kalcifikaénim roztoku. Vysoké intenzita signalu véapniku a fosforu
v pocatku odpraSovéni a jejich plynuly pokles naznaéuji, ze Ca,” a (PO4)* ionty byly inkorporo-
vany do nanostruktury titani¢itanového hydrogelu vychozi vrstvy. Doklad4 to i profil titanu
s podobnym priibéhem jako v pfipadé vychozi vrstvy, jak je znazornéno na obr. 2.4.

Inkorporace iontli do porésni struktury byla podpofena pouZitim ultrazvukové 1azné pro upravu
konecné vrstvy dle tohoto technického feseni. Jako oplachové médium byl zvolen etanol, ktery
nevymyvé Ca,” a (PO,)* ionty z povrchu, a zabranuje vzniku krystalickych vépenato-fosfore¢na-
novych precipitétl a stabilizuje amorfni vépenato-fosfore¢nanovou fazi [23]. Povrch byl charak-
terizovan metodou ESCA, znézornénym na obr. 2.6. Mé&fena byla spektra z povrchu koneéné
vrstvy z hloubky 2 az 5 nm a po péti minutach odpraeni do hloubky 10 nm, z hloubky 12 az
15 nm. Na obou vzorcich byl detekovan titan v oxidaénim stavu IV+ jiz na povrchu. Vazebna
energie vapniku na vzorku dle tohoto technického feseni odpovidala vapniku v oxida&nim stavu
II+ vazanému na kyslik. RovnéZ byla potvrzena piitomnost fosfore¢nanovych aniontti. Na rozdil
od vychozi vrstvy nebyl na kone¢né vrstvé vzorku dle vynalezu detekovén sodik. Béhem upravy
dle tohoto technického feseni totiz doslo k vyméné sodnych iontii za vépenaté, coz doklada i ana-
lyza povrchii metodou GD-OES, jak je zn4dzornéno na obr. 2.4.

Kvantitativni analyza jednotlivych prvki v atomovych % metodou ESCA, provedena na povrchu
a po odpraseni povrchu, cca do hloubky 10 nm, z hloubky 12 aZ 15 nm pro vychozi povrch a pro
kone¢ny povrch nanostruktury vzorku, je prehledné znazornéna v nasledujici Tabulce 1.

Tabulka 1 - Kvantitativni analyza prvki metodou ESCA provedena na povrchu a z hloubky 12 az
15 nm

o At %
Vzorek C O Ti Na Ca P
Vychozi vrstva z hloubky 2 — 5 nm 32,2 (481 (182 |0,7 0.8 -
Vychozi vrstva z hloubky 12 - 15 nm | 14,6 | 59.0 252 |06 0,9 -
Koneéna vrstva z hloubky 2 - 5 nm 245 1499 4,0 - 126 |90

Konecna vrstva z hloubky12 - 15 nm | 5,0 58,9 | 12,8 | - 19.68 7.7
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Z kvantitativniho vyhodnoceni dat z ESCA je patrné, Ze po odpréaseni vrstvy asi 10 nm povrchu,
z hloubky 12 aZ 15 nm, se zvysil obsah titanu a mirné narostlo zastoupeni vapniku, zatimco
mnozstvi fosforu kleslo. Béhem tpravy dle tohoto technického feseni nejdiive doslo k uvolnéni
sodnych iontu z nanostrukturované negativné nabitych Ti-OH skupin. Nasledné byly z kalcifikad-
niho roztoku navazany kladné vépenaté ionty a po pievladnuti pozitivniho néboje na povrchové
wrstve doslo k navézani zapornych fosfore¢nanovych ionti. Vysledkem téchto elektrostatickych
imterakei byl vznik chemické vazby iontové povahy v této povrchové koneéné vrstvé.

Sioakuivita kone¢né vrstvy vzorku dle tohoto technického feSeni byla testovana v roztoku SBF
2= ISO 23317. Na obr. 2.7 je znazornéna SEM kone&né vrstvy vzorku dle tohoto technického
“=8cmi po 7 dnech v SBF, a béhem této doby se na povrchu vytvofila celistvéa vrstva hydroxyapa-
“mx Nz obr. 2.8 je zobrazen vyvoj koncentraci Ca,” a (PO4)* iontd v roztoku simulované t&lni
“=wuimy SBF. V roztoku SBEF, ve kterém byl exponovan vzorek s koneénou vrstvou dle tohoto
“scamickeho feSeni, doslo k poklesu koncentrace iontli spojenému s precipitaci hydroxyapatitu.
W pfipacde vzorku s vychozi vrstvou koncentrace stanovovanych iontl v roztoku SBF oscilovala
okolo vichozich hodnot.

Frowedeny test cytotoxicity potvrdil, Ze konedna vrstva vzorku dle tohoto technického Fedeni
m=vvkazuje cytotoxické chovani v celém rozsahu testovanych koncentraci.

Uwedeny priklad ilustruje inkorporaci Ca®* a (PO,)* iontd do amorfni struktury titani¢itanového
Swrogelu expozici v presyceném kalcifikaénim roztoku v ultrazvukové lazni. Ca® a (PO,)™
somty jsou v konedné vrstve€ vazany chemickou vazbou s iontovym charakterem, coZ bylo doka-
==m0 pomoci ESCA a GD-OES. Morfologie titani¢itanového hydrogelu zistala po tipravé dle
soboto technického feseni zachovana, a Ca>™ a (PO,)™ ionty jsou vazany uvnitf, a pfitom nevytva-
= navic diskrétni vapenato-fosfore¢nanovou vrstvu na titani¢itanové vrstvé hydrogelu.

Priklad 3

Fro nitrokostn{ implantét podle tohoto technického feSeni, vhodny zejména pro dentalni &i spi-
=2ini aplikace, byl vyroben substrat, a to z technicky ¢&istého titanu (ISO 5832-2). Bylo vyrobeno
32 ks zkusebnich nitro kostnich implantatl ve tvaru vale¢kd o priméru 3,1 mm a vyice 6 mm, se
SvEma drazkami po jejich obvodu o hloubce 0,6 mm a §ffce 1 mm, jak je zndzornéno na obr. 3.
Ziuiebni implantaty byly mechanicky upraveny piskovanim praskem korundu o stfedni velikosti
== 100 az 250 um pfi tlaku 600 az 700 kPa. Nasledna chemické tprava povrchu zkusebnich
mplantati byla provedena mofenim v 37% kyseliné chlorovodikové, v inertni atmosféte argonu
o teploté 40 °C po dobu 90 minut. Povrch zkuSebnich implantétii byl potom o€istén od zbytki
syseliny mytim v ultrazvukové lazni napfed v deionizované vodg, poté v ethanolu a nésledné
suien pii teploté 120 °C. ZkuSebni implantaty byly dale leptany ve vodném 6 mmol.l” roztoku
Sydroxidu sodného pfi teploté 65 °C po dobu ¢tyt hodin, potom v ultrazvuku o&istény od zbytki
N20H mytim v deionizované vodé a naslednym oplachem v etanolu. Mechanickou a naslednou
chemickou upravou viech 32 zkuSebnich implantati bylo dosaZeno nanostrukturované, porésni,
Swdrofilni vychozi vrstvy, které vykazovala mérny povrch 137,8 mm?/mm? a tihel smadeni 28°.

§ »
+ B

15 ks zkuSebnich implantatd se ziskanou vychozi vrstvou gelovité struktury bylo dale expono-
vano v pfesyceném kalcifika¢nim roztoku vapenatych a fosfore¢nanovych iontt, a to o iontovém
sloeni: 4 mmol.I" Na'; 5 mmolI" Ca®™; 10 mmol.I" CI; 2,5 mmol.I"; H,PO,; a 1,5 mmol.I"
HCO™ [15] po dobu 1 hodiny v ultrazvukové lézni. Po ukonéeni expozice v tomto kalcifika¢nim
sozioku byly zkuSebni implantaty vyjmuty, poté v ultrazvukové 14zni omyty absolutnim etanolem
po dobu 10 minut a vysuSeny v susarné pii 65 °C. Touto ipravou bylo dosaZeno koneéné vrstvy
smémym povrchem 114 mm’mm’ a thlem sméadeni 30°. Zbyvajicich 16 ks zkuSebnich
mmplantata s vychozi vrstvou bylo pouZito jako referenéni vzorky pfi hodnoceni bioaktivity a os-
seokondukenich vlastnosti na zvifecim modelu.

16 ks zkuSebnich implantati s kone¢nou vrstvou dle tohoto technického feseni a 16 kusti refe-
renénich zkuSebnich implantéti s vychozi vrstvou bylo zaimplantovano do tibii psii plemene bigl.
Studie na zvifecim modelu byla povolena etickou komisi a Ustfedni komisi na ochranu zvifat
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proti tyrani pfi Ministerstvu primyslu a obchodu Ceské republiky. Obr. 3 schematicky znazor:
fiuje pricny svisly fez zkuSebnich nitrokostnich implantati ve tvaru valeckt o priméru 3,1
s vyznaCenim drazek ¢arkovanou ¢arou o hloubce 0,6 mm a $ifce 1 mm. V drazkach, vyznac
nych ¢arkované na obr. 3, byl vyhodnocovan kontakt nové vytvofené tkané s povrchem impla
tatu (BIC% kontakt mezi implantatem a kosti (bone-implant contact) v tibiich zkuSebnich p

plemene bigl.

Osseokondukéni vlastnosti povrchii implantétid byly hodnoceny histomorfometrickym stanov
nim pfimého kontaktu nové vytvofené kosti v drazce implantati dle obr. 3, po 2 a 8 tydnech
implantace pomoci optické mikroskopie.

Piimy kontakt nové vytvorené kosti na povrchu implantatu (BIC% - bone implant contact) byl
vytvoren na tficeti ¢tyfech procentech povrchu implantati s kone¢nou vrstvou (BIC% = 34,4 +
15,3) a na dvaceti sedmi procentech povrchu implantatti s referenéni vychozi vrstvou (BIC% =
27,7 £ 14,7), v obou piipadech po dvou tydnech od implantace. Po osmi tydnech od implantace
pfimy kontakt nové vytvofené kosti s povrchem implantati s kone¢nou vrstvou a referenénich
implant4t s vychozi vrstvou nevykazal statisticky vyznamny rozdil. Pro implantaty s koneénou
vrstvou byl zjistén BIC% = 51,5 + 25,8 a pro referenéni implantaty s vychozi vrstvou BIC% =
47,8 £ 20. Vysledky dokumentuji zvySenou bioaktivitu a osseokondukéni schopnost titanovych
implantat s kone€nou vrstvou, ve srovnani s referenénimi implantaty s vychozi vrstvou, uplat-
fujici se zejména v pocatcich vhojovani nitrokostniho implantatu.

Piiklad 4
(Obr. 4.1 az4.3)

Pro nitrokostni implantat byly vyrobeny vzorky z titanové slitiny Ti6Al4V, a to disky o priméru
15mm a vySce 1 mm. Tyto vzorky byly mechanicky upraveny piskovanim praskem korundu
o stiedni velikosti zrn 250 um pii tlaku 600 kPa. Nésledné byl povrch vzorkl chemicky upraven
moienim v 37 % kyselin¢ chlorovodikové, v inertni atmosféfe argonu pfi teploté 40 °C po dobu
130 minut. Disky byly potom o¢istény od zbytki kyseliny mytim v ultrazvukové 1azni v deioni-
zované vode, poté v ethanolu a nésledné suSeny pfi teploté 105 °C. Disky byly dale leptany ve
vodném 5 mmol.I" roztoku hydroxidu sodného pii teploté 60 °C po dobu &tyi hodin. Touto
mechanickou a naslednou chemickou tpravou vsech diskii bylo u nich dosaZeno gelovité,
hydrofilni, nanostrukturované, porésni vychozi vrstvy s mémym povrchem 439 mm?*mm? a Gh-
lem sméceni 33°.

Vzorky s vychozi vrstvou byly po vyjmuti z NaOH ihned ponofeny do roztoku 0,45 M chloridu
vapenatého pii 60 °C po dobu 60 minut a poté lehce oplachnuty destilovanou vodou. Nésledné
byly vzorky exponovény v ultrazvukové lazni ve zfedéné kyseling fosforeéné 0,38 mmol.l" po
dobu 2 minut. Potom byly vzorky myty v ultrazvuku, a to dvakrat v deionizované vodé po dobu
4 minut a nasledn€ 2 minut v ethanolu, a po vyjmuti byly vysuSeny pii teploté¢ 105 °C. Touto
upravou dle tohoto technického feSeni byla ziskdna na substratu z titanové slitiny kone¢na vrstva
s mémym povrchem 416 mm?*/mm” a tthlem smaceni 35°.

Ziskand konecnd vrstva byla analyzovana pomoci rastrovaci elektronové mikroskopie (SEM,
Vega 11 LSU, Tescan) s EDX analyzatorem (Bruker). Morfologie kone¢né vrstvy je znazornéna
na obr. 4.1. Pfitomnost vapniku a fosforu byla zaznamenana pomoci EDX analyzatoru, jak je
znézornéno na obr. 4.2, z néhoZ je zfejmé, 7e Ca’" a (PO4)* ionty jsou inkorporovany do nano-
strukturovaného titani¢itanového hydrogelu a nedoslo k morfologickym zménam ¢i k vytvoieni
silné vrstvy vapenato-fosfore¢nanové faze.

Tento piiklad ilustruje inkorporaci Ca*" a (PO4)* ionti do vychozi vrstvy, kdy materialem pou-
Zitym pro zhotoveni substratu pro implantabilni prostfedek je titanova slitina Ti6A14V.

Predchozi popis se nutn¢ netyké jen vyhodnych vysledki, kterych je mozno dosdhnout nebo kte-
rych je tfeba dosahnout pouzitim mechanického a chemického opracovani povrchu substratu pro

nitrokostni implantaty podle popisu tohoto technického feSeni, ale pouze ilustruje piikladné vy-
hody, které mohou byt mozné v uréitych konkrétnich aplikacich.

-10 -
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Uvedené piikladnd provedeni nitrokostnich implantati, konkrétni popsané mechanické a che-
mické postupy, konkrétni chemikélie ve zvolenych rozmezich, jsou pouze ilustrativni a nejsou
omezujici pro daldi mozné alternativni ptiklady nitrokostnich implantati podle tohoto technic-
keho fedeni, zde neuvedené, které je mozno aplikovat v rozsahu patentovych naroki tohoto tech-
mickeho fedeni.

Prumvslova vyuzitelnost

Nirokostni implantaty s povrchovou upravou podle tohoto technického feSeni vykazuji zvySené
miozkiivni a osseokondukéni vlastnosti a jsou uréeny pro vyrobu dentalnich, ortopedickych, spi-
=zinich a jinych kostnich implantati.

Seznam zkratek a symboli:

SIC kontakt mezi implantatem a kosti (bone-implant contact)

DWCPD dihydrat hydrogenfosforecnanu vapenatého - brushit (CaHPO4.2H,0)

EDX energiové dispersni spektroskopie

ESC A elektronova spektroskopie pro chemickou analyzu

FCS rwehly kalcifikaéni roztok (Fast calcification solution)

=D-OES optické emisni spektroskopie s doutnavym vybojem

= % hwdroxyapatit (Ca;o(PO4)s(OH),)

=5SS kalcifikalni roztok (Hank‘s balanced salt solution - Hankstv vyvazeny solny roztok)

'

> mdex bioaktivity
okzzkalcium fosfat (Cag(HPO,),(PO,4)4.5H,0)

SF simulovana télni tekutina (Simulated body fluid)

o
e

[’

S8 kalcifikaéni roztok (Supersaturated calcification solution)

(K]

M rastrovaci elektronové mikroskopie

%S renigenova fotoelektronové spektroskopie

NAROKY NA OCHRANU

1. Nitrokostni implantét s bioaktivni povrchovou Upravou substratu na bazi titanu s bioaktiv-
== nanostrukturovanym povrchem, majicim osseokondukéni vlastnosti a obsahujici vapenaté
fosforeinany, je piipravitelny po mechanickém zdrsnéni povrchu substratu do neporézni mak-
sostrukturované vrstvy, poté mofenim v nejméné jedné anorganické kyselin€ v inertni atmosfére
z naslednym leptanim ve vodném roztoku nejméné jednoho alkalického kovu do ziskéni hydro-
Zini. porézni, nanostrukturované, vychozi vrstvy, ktera je podrobena kalcifikaci do ziskani hyd-
=ofilni. porézni, nanostrukturované, bioaktivni kone¢né vrstvy s inkorporovanymi vapenatymi

osfore¢nanovymi ionty, piipadné s jejich krystalickym a/nebo amorfnim vapenato-fosfore¢na-
movvm depozitem, a po nejméné jednom oplachovani naslednym susenim, pfi¢emz

- louitka konelné vrstvy nepiesahuje tloustku vychozi vrstvy a
- wwchozi 1 koneéna vrstva vykazuji velikost mé€rného povrchu minimalné 80 mm*/mm’,

2hel smadeni mensi nez 90°, s vyhodou 45°
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2. Nitrokostni implantat podle naroku 1, vyznacujici se tim, Ze kyselinou prc
mofeni je kyselina chlorovodikova o koncentraci 35 aZ 37 % hmotn. nebo kyselina sirova o kon-
centraci 3 az 4 mmol.I".

3.  Nitrokostni implantat podle naroku 1, vyzna€ujici se tim, Ze alkalickym lou-
hem pro leptani je vodny roztok hydroxidu sodného o koncentraci 1 az 10 mmol.1".

4. Nitrokostni implantat podle néroku 1 az3, vyznacujici se tim, Ze pro postup-
nou kalcifikaci je zdrojem vépenatych iontii roztok chloridu vapenatého o koncentraci 20 az
800 mmol.l" a zdrojem fosfore¢nanovych ionti zfedéna kyselina fosforetnd o koncentraci
0,23 az 100 mmol.I" nebo vodny roztok dihydrogenfosfore¢nanu sodného o koncentraci 1 az
100 mmol.I™.

5.  Nitrokostni implantat podle naroku 1 a2 3, vyzna&ujici se tim, Ze pro kalcifi-
kaci je zdrojem vapenatych a hofetnatych iontl piesyceny kalcifikaéni roztok o iontovém slo-
Zeni:

az 5 mmol.I" Na';
az 6 mmol.l" Ca’™’;

az 11 mmol.I"' CI';

1,5 az 3,5 mmol.lI" H,POy;
0,5 az 2,5 mmol.I"" HCOj..

6.  Nitrokostni implantat podle naroku 1, vyznadujici se tim, Ze substratem na bazi
titanu je technicky &isty titan nebo jeho slitiny, které obsahuji alespoii jeden prvek ze skupiny,
zahrnujici hlinik, vanad, zirkonium, niob, hafnium, cin, Zelezo a tantal.

/8 Nitrokostni implantét podle nékterého z naroki 1 az4, vyzna&ujici se tim, Ze
kone¢na vrstva obsahuje jeden nebo vice

kationtii ze skupiny zahrnujici H', Na’, K*, Mg”" a

aniontti ze skupiny zahrnujici OH, CI',(CO3)*, (SO4)”, NOs..

8 vykrest



Koncentrace prvki na povrchu vzorku dle vynalezu v
jednotlivych technologickych krocich
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The submitted work examined kinetics of formation of a newly formed phase of hydroxyapatite (HAp) on two synthetically
prepared bone regenerating materials: f-tricalcium phosphate (TCP) and porous hydroxyapatite (HA). In vitro tests with
simulated body fluid (SBF) were performed under a continual flow of fresh SBF solution in partly and fully filled testing
cells. It has been found out that in the case of testing cells partly filled (Y of the volume) with TCP and porous HA the
contact between the material and SBF was better and thus also the precipitation of the new phase HAp was faster. The BET
method identified a ten times increase of the (originally very small) TCP surface in both cases of cell filling, which indicates
precipitation of the HAp phase. For porous HA the newly formed phase (HAp) cannot have been identified with SEM/EDS
or RTG diffraction as its character was the same as that of the tested material. However, the BET analysis demonstrated a
decrease in the size of the specific area of the porous HA after its exposure in the SBF solutions in both test arrangements,
which indicates covering of the material surface with a newly formed HAp phase. Precipitation of the new phase was also
confirmed by the increased weight of tested porous HA. The tested materials were not completely covered with the new HAp

phase after 13 days of testing and their surface thus remained accessible for further resorption.

INTRODUCTION

Hydroxyapatite (HA, Ca,,(PO,);(OH),) is, in terms
of its chemical composition, similar to the inorganic part
of bone tissue. It has been used for regeneration of bone
tissue in dental and maxillofacial surgery for defects
resulting from bone resorption, extraction or removal of
tumors, in treatment of periodontal defects, filling of bone
defects in orthopedics, but also in neurosurgery, e.g. as a
material filling the vertebral bodies or for replacement of
intervertebral discs. Further, it has been applied in form
of coatings on inert materials (Ti and its alloys) for the
purposes of implants, where higher compression strength
is required from the material (hip joint replacements,
dental implants) [1-5]. The resorbable materials induce
formation of new bone tissue by their dissolving, which
results in supersaturation of the blood plasma in respect to
hydroxyapatite that starts precipitating in that particular
location [1,4]. The biodegradation is also affected by the
size of particles and porosity of the material. The ability
of interaction of a synthetically prepared HA therefore
also depends on the method of its preparation - its
sintering phase. It has been found out that kinetics of the

formation of the bone apatite decreases with the growing
sintering temperature of the synthetically prepared HA
[6].

Apart from HA, other materials based on calcium
phosphates have been tested for bone replacements. One
of the most important is B-tricalcium phosphate (B-TCP,
Cay(PO,),) [7-9].

The initial tests for any material with anticipated
clinical use are in vitro tests. In vitro tests put the
materials in contact either with a simulated body fluid
(SBF), simulating the inorganic part of blood plasma, or
with other testing solutions (e.g. Ringer’s solution) [2,
6,7,9-11]. The resulting reactions include dissolution,
precipitation and ion exchange accompanied by
absorption and incorporation of biological molecules
[7]. Two models have been proposed to explain
dissolution of calcium phosphates: the first model is
dissolution, where the phenomenon controlling the
process is the transport of mass — diffusion model (the
driving force is a concentration gradient in the Nernst
diffusion equation), and the second model, in which
the phenomenon controlling the process is the surface
reaction (the driving force is the gradient of potentials
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between the surfaces of apatite crystals and the solution).
Kinetics of the dissolution depends on many parameters,
particularly on the pH value, temperature, exposure time
and saturation of the surrounding solution with calcium
and phosphate ions [4,5,12]. In the first model the rate
of dissolution is therefore controlled by transport of
chemical reagents, while the other model uses the rate
of the chemical reaction on the apatite surface as the
limiting factor [5].

The knowledge of behavior of hydroxyapatite and
B-tricalcium phosphate in contact with simulated body
fluid is useful for methods of their application as bone
tissue replacements. An important question is e.g. the
granulometry and the best way of cavity filling with the
resorbable material so that it transforms into the new
bone tissue as much as possible. The question is whether
the entire volume of the cavity should be filled in or only
a part of it. It should be also considered which size of
particles is the most suitable to ensure good reaction
of the filing material with blood plasma so that the
resorbable material is completely transformed into the
new HAp phase.

The objective of the work was to monitor kinetics
of HAp formation on surfaces of synthetically prepared
resorbable materials. Porous hydroxyapatite (HA) and
porous B-tricalcium phosphate (TCP) were exposed to
SBF solution under dynamic conditions at two levels of
filling of testing cells. In the first case one quarter of the
cell volume was filled and in the second case the cell was
filled in completely.

EXPERIMENTAL

The tested materials were prepared by Lasak
spol. s.r.o. The first material - resorbable B-tricalcium
phosphate (B-TCP, Ca,(PO,),), called Poresorb®-TCP
was supplied in form of white granules (1-2 mm) with
the specific weight 2 900-3 100 kg.m™ and it contained
macro (100-200 pum) and micro (1-5 pum) pores. In
the work it is identified as TCP. The second material
was hydroxyapatite (HA, Ca,((PO,);(OH),), called
OSSABASE®-HA and it was supplied in form of white
granules (1-2 mm) with submicro pores and macro
pores. In the work it is identified as HA. For verification
of their bioactivity a model simulated body fluid (SBF)
was used, which simulates the inorganic part of human
blood plasma with the chemical composition shown in
Table 1. The solution was prepared from the following

Table 1. Composition of the simulated body fluid (SBF) [13].

Ionic concentration (mmol 1)
Ca®™ Mg* CI' HPO/ HCO, SO/”
142.0 50 25 1.0 131 1.0 50 1.0

Solution Na* K*
SBF

reagents: KCl, NaCl, NaHCO,, MgSO,, CaCl,, K,HPO,,
the value pH = 7.45 and was buffered with a solution of
(Tris-hydroxymethyl aminomethan) and HCI [13].

The first group of testing cells had one quarter of
their volumes filled, for which 1g of TCP material was
sufficient. In this work the cells are identified as 4V
TCP. The second group of testing cells contained 4g
TCP each - identified as 1V TCP. Similarly, one group of
testing cells had one quarter of their volumes filled with
the 0.5g of the HA material and they were identified as
¥4V HA and the second group of testing cells was filled
completely with 1.83g HA each and identified as 1V HA.
The volume of each testing cell was 5.5 ml. Throughout
the test duration (13 days) a peristaltic pump was used to
ensure continual flow of fresh SBF (50 ml per day). The
temperature of SBF was maintained with a thermostat at
36.5 + 0.5°C. In selected time intervals small portions of
leachate were collected and analyzed for concentrations
of calcium and (PO,)* ions and pH value. Experiments
were conducted always in two parallel cells for both
types of filling and materials.

Surfaces of the samples before and after the exposure
were examined with the electron microscope HITACHI
S-4700 with EDS analyzer with the accelerating
voltage 15kV. RTG diffraction analysis was measured
on the diffractometer PANalytical X Pert PRO at the
accelerating voltage 40kV. The specific surface of the
granules before and after the exposure was determined
with the BET method on the ASAP 2020 device made by
Micromeritic, using Kr and N, gases. The concentration
of calcium ions in the leachates was analyzed with
atomic absorption spectrometry using VARIAN-Spectr
AA 300. Atomization of samples was performed by
means of acetylene-N,O flame. The absorbance of
Ca was measured at the wavelength of 422.7 nm. The
content of phosphates was analyzed on the UV-VIS
Spectrophotometer UV1601 at L =830 nm, in conformity
with CSN 830540. The pH value was measured with the
inoLab pH-meter, with a combined glass electrode at the
laboratory temperature.

RESULTS AND DISCUSSION

Material Poresorb®-TCP:
porous B-Tricalcium Phosphate (TCP)

Measurements of weights of the material before and
after the experiment (Tab. 2) have shown that the weight
of TCP material increased for two types of cell filling
(both %4V TCP and 1V TCP).

The increase of weight of the TCP material was
higher for partial filling of the cell with the sample
(“aV TCP), up to two times (4%), in comparison with
the completely filled cells (1V TCP) where the weight
increased by 2%. This effect can be explained as follows:
The smaller quantity of the material was washed with

Ceramics — Silikaty 54 (4) 398-404 (2010)
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SBF more evenly and thus better conditions were ensured
for the development of a new (probably HAp) phase on
the surface of TCP granules.

Table 2. Average* weights of the TCP material before and after
its exposure to SBF.

Partly filled testing cell ¥4V TCP

Weight (g) Increase
Before After A(g) A (%)
1.00 1.04 0.04 4
Completely filled testing cell 1V TCP

Weight (g) Increase
Before After A(g) A (%)
4.00 4.08 0.08 2

* The average value of weights of the materials for two parallel expe-
riments

The values of specific surface of the TCP material
before and after the exposure were measured with the
BET method and they are shown in Table 3.

Table 3. Specific surfaces of the TCP material before and after
the exposure v solution SBF.

TCP Specific surface (m’g™)
Original 0.15%
VaV TCP 1.79
1V TCP 1.35

* measured in Kr

The results confirm a substantial increase of the
surface of the TCP material after the exposure to the
SBF solution for both types of filling. The specific
surface in the partially filled cell (*4V TCP) increased in
comparison with the original value up to twelve times.
In the completely filled testing cell (1V TCP) the specific
surface increased by the factor of nine.

The following images from the electron microscope
show the surface of the TCP material before (Figure 1)
and after (Figures 2, 3) its exposure to the SBF solution.

The images (Figures 2, 3) indicate that the surface
of the TCP material was after 13 days of exposure to
the SBF solution covered with small crystals of calcium
phosphate - probably HAp. In the case of the partial filling
of the testing cell (*4V TCP) we suppose a better contact
of the material with the SBF solution, which has been
confirmed by formation of plate-shaped nano-crystals
of HAp. Nano-crystals are arranged into spherulites
with the size of 5-10 um (Figure 2). Spherulites are
formed preferentially on convex locations, which are
energetically more favorable for crystallization of the
new phase. In the second case, when the testing cells
were completely filled with the material (1V TCP), we
suppose that the contact of the material with the SBF
solution was imperfect. An image from SEM (Figure 3)

demonstrates that only a small quantity of the new phase
has developed and the crystals of calcium phosphate are
distributed on the TCP surface very unevenly. The plate-
shaped nano-crystals are again grouped into spherulites,

Figure 1.
exposure.

Surface of the original TCP material before the

Figure 2. Surface of the material %4V TCP (partly filled testing
cell) after the exposure to SBF with the newly formed HAp
phase.

S$4700 15.0kV 12.3mm x1.50k SE(M)

Figure 3. Surface of the 1V TCP material (completely filled
testing cell) after the exposure to SBF.
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which are much smaller (up to Spm) than those formed
in the case of partially filled testing cells. Also in this
case the spherulites formed preferentially on convex
locations.

EDS analyses of the surface of the TCP material
after its exposure to SBF (Y4V TCP and 1V TCP) have
shown that the ratio Ca/P is not significantly different
from that before the exposure.
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Figure 4. Concentration of calcium ions in the SBF solution
for partial (%4V TCP) and complete (1V TCP) filling of the
testing cells.
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Figure 5. Concentrations of phosphate ions in the SBF solution
for partial (%4V TCP) and complete (1V TCP) filling of the
testing cells.

RTG difractograms of the TCP material (Ref. Code:
01-070-2065) after its exposure to the SBF solution
(“aV TCP and 1V TCP) were not different from those of
the original material. This has been probably due to the
small quantity of the newly formed phase in comparison
with the original material.

Figures 4 and 5 show the time dependence of Ca*
and (PO,)* concentrations in SBF in the course of the
material exposure for both types of filling (“4V TCP and
1V TCP). Figure 6 shows weight increases of TCP (i.e.
the weight of the new HAp phase) in the course of the
exposure, calculated from decreases of concentration of
(PO,)* ions in the leachates.

Table 4 contains precipitation rates of the HAp
phase on the TCP surface which were calculated from
the actual weight increases and decreases of (PO,)* ions
from the beginning of the exposure (equations (1)-(3)).
A substantial decrease of the (PO,)* ions in the leachate
from the beginning of the exposure (up to 2 hours)
actually indicates immediate precipitation of the new
HAp phase.

From the weight of the new phase:

R HAp — (m TCP(final) — 7 TCP(initial )) It (h
From the decrease of concentration of (PO,)* ions:
c (PO4)3_: k Hap ! (2)

Relative rate of the precipitation:
R,HAp =R HAp/ M 1CP(initial) (3)

where R y,, is the rate of formation of the new HAp
phase, calculated from the increased weight; m rcpgsina,
initiaty ar€ weights of TCP after and before the exposure,
respectively; ¢ (Po4)3' is the concentration of phosphate
ions in SBF leachates; & 1,4, is a constant determined from
the line slope (Fig. 6); Ry, is the rate of precipitation
of the new HAp phase related to a unit of weight; # is the
time of exposure.

Table 4. Rate of precipitation of the HAp phase on the surface
for %4V TCP and 1V TCP in SBF.

—A— %V TCP in SBF
—— 1V TCP in SBF

120 160 200 240 280 320

Exposition time (hours)

Weight of new HAp phase (mg) on TCP
N
o

Figure 6. Weight increases of TCP calculated from decreases
of concentration of (PO,)* ions for partial (*4V TCP) and
complete (1V TCP) filling of the testing cells.

Filling of the cell Ryinp Kiiap Ry,
with the TCP material (mg hour) (mghour") (mghour'g™")
WTCP-1g 0.129 0.128 0.129
y =0.2093x IVTCP-4g 0.258 0.209 0.065

Analyses of SBF solutions (Figures 4 and 5) have
suggested that the TCP material dissolves significantly
from the very beginning of the test: the concentration of
Ca?"ions in the solution increases within 2 hours while the
concentration of (PO,)* ions decreases. Those contrary
trends suggest that after its exposure TCP dissolves
immediately and this causes a substantial supersaturation
of the SBF solution in respect to HAp and, at the same
time, the new HAp phase precipitates from the SBF
solution. Within a short period of time (within 24 hours
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for both types of cell filling) a stable removal of Ca**
and (PO,)* ions from the SBF solution occurred, i.e. a
stable precipitation of HAp. The diagram indicates that
in the partly filled cell (*4V TCP) the removal of Ca**
and (PO,)* ions is less intense than in the completely
filled cell (1V TCP). This phenomenon corresponds well
with the overall quantity of the tested material inside the
cell. The weight of the sample in a partly filled cell is
one quarter of that in a completely filled cell (Tab. 2)
and therefore the increase of a newly forming HAp phase
is higher in the case of the partly filled cell (*4V TCP)
than in the completely filled cell (1V TCP) (Tab. 4). The
values of pH of the SBF solution for both types of filling
did not differ significantly.

The diagram showing dependence of weight
increases of the TCP material (Fig. 6) indicate that the
weight increase during the 13 days of exposure to SBF
is linear. The rate of formation of the new HAp phase
is calculated from the beginning of the exposure. The
relative rate of HAp precipitation in the partly filled
cell (*4aV TCP) is twice higher when compared to the
completely filled cell (1V TCP). The results indicate the
new apatite layer on the TCP material is formed more
readily in the cell which was only partly filled with the
material. However, a question remains whether the fast
formation of HAp on the TCP surface is a desirable
process from the viewpoint of its resorbability. If the
surface is covered too fast the further resorption of the
material may significantly slow down or stop completely.

Material OSSABASE®-HA:
porous hydroxyapatite (HA)

The dynamic conditions, under which an interaction
between porous hydroxyapatite and SBF was monitored,
were the same as with the previous material. The
weight of materials was determined before and after the
experiment for two parallel measurements and it was
found out that also in case of porous hydroxyapatite
(HA) its weight after the experiments increased
(Tab. 5). Similarly as with TCP, we observed a twice
higher increase of the new phase in respect to the initial
weight for the partially filled cell (*4V HA).

Table 5. Weight of HA before and after the exposure to SBF*.

Partly filled testing cell 4V HA
Weight (g) Increase
After A(g) A (%)
0.5 0.6 0.1 20

Before

Completely filled testing cell 1V HA

Weight (g) Increase
Before After A(g) A (%)
1.83 2.0 0.17 9.2

* The average value of weights of the materials for two parallel expe-
riments

Equally as with the previous material (TCP), this
significant difference can be explained for the porous
hydroxyapatite (HA) by a better contact of the SBF
solution with the smaller quantity of the material.

The values of the specific surface of the porous
hydroxyapatite before and after the exposure in the SBF
solution were measured with the BET method and they
are shown in Table 6.

Table 6. Specific surfaces of the porous HA before and after the
exposure in the SBF solution.

HA Specific surface (m? g)
Original 70.79
V4V TCP 61.34
1V TCP 67.05

The results indicate a decrease in the values of the
specific surface after the exposure to the SBF solution
for both test arrangements. A higher decrease (up to
13.4 %) was found for the material in a partly filled cell
(YaV HA), which suggests formation of a bigger quantity
of the new nano-crystalline HAp phase.

The following images from the electron microscope
show the HA surface before (Figure 7) and after (Figu-
res 8, 9) its exposure to the SBF solution.

The comparison of images from SEM have shown
that the surface of the porous hydroxyapatite partly
changed after its exposure. Figure 8 shows a strongly
broken relief of the hydroxyapatite in the case of the
partly filled cell (*4V HA). Rod-shaped crystals were
found on the surface which formed bigger agglomerates
(up to 4 um). In the completely filled cell (1V HA) the
quantity of agglomerates was lower (Figure 9).

The results from the EDS analysis did not show a
significant difference in the composition of the hydroxy-
apatite surface before and after the exposure to the SBF
solution.

o ff‘il Ijl

[ I I |

S$4700 15.0kV 12.5mm x70.0k SE(M) 500nm

Figure 7. Surface of the original hydroxyapatite (HA) material
before the exposure.
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: LS F F : - A 3
S$4700 15.0kV 10.9mm x70.0k SE(M) 500nm
Figure 8. Surface of the 4V HA material (from the partly filled
testing cell) following the exposure to SBF.

Figure 9. Surface of the material 1V HA (completely filled
testing cell) after the exposure to SBF.

Again, the diffractogram 4V HA was not different
from the original hydroxyapatite (Ref. Code: 01-089-
6439), which is logical considering the composition
of the expected new phase - the hydroxyapatite. In the
completely filled cell 1V HA a small difference was
found in the stoichiometry of the newly formed HAp
(Ref. Code: 01-089-6438) in comparison with the tested
porous HA, which suggests formation of a defective
HAp.

Figures 10 and 11 show of Ca®" and (PO,)* con-
centrations in SBF during the exposure.

Figure 12 shows the linear dependence of the growth
of weight of the tested porous hydroxyapatite in both test
arrangements (%4V HA and 1V HA), calculated from the
decrease of (PO,)* ions. Table 7 contains precipitation
rates of the new phase (HAp) on the porous HA surface,
as calculated from the slope of the lines for 4V HA and
1V HA.

Figure 10 indicates that concentrations of calcium
ions in SBF are similar at the beginning of the exposure
for individual types of test arrangements, as it was in

the case of TCP. For the partly filled cell (*4V HA) the
concentration of Ca®" decreased immediately from the
very beginning which indicates that the precipitation
of the new HAp phase from the SBF solution is faster
in comparison with the dissolution of the porous phase
HA. In the case of the completely filled cell (1V HA) the
concentration of calcium ions increased at the beginning
(within 24 hours) which suggests a massive dissolution
of the HA material.
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- 1V HAin SBF
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Figure 10. Concentrations of calcium ions in the SBF solution

in the partially (*4V HA) and completely (1V HA) filled testing
cells.
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Figure 11. Concentrations of phosphate ions in the SBF
solution in the partially (*4V HA) and completely (1V HA)
filled testing cells.
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Figure 12. Weight increases of HA (i.e. new HAp phase) for
partial (*4V HA) and complete (1V HA) filling of the testing
cell.
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In the case of (PO,)* ions (Figure 11) their concent-
rations at the beginning of the exposure decreased for both
test arrangements. The decrease was more significant in
the fully filled cell (1V HA) where the concentration of
(PO,)* ions decreased substantially (from 95 mg 1" to
19 mg I'). Subsequently, the removal of ions stabilized
and practically all (PO,)* ions contained in SBF were
continually removed. After approximately 60 hours the
rates of ion removal and the precipitation of the new
phase became stable in both test arrangements.

Relative precipitation rates (mg.hour'.g") shown
in Table 7 indicate a high reactivity of the HA surface
with the simulated body fluid. A higher quantity of the
precipitated HAp phase in [mg.hod'] in the case of the
HA material has been achieved thanks to the enormously
large specific surface of HA in comparison with TCP.
The surface of HA per one gram is up to 470 times larger
than that of TCP.

Table 4. Precipitation rates of the HAp phase on the surface
for 4V HA and 1V HA in SBF.

Filling of the cell Ryjap Fap Ry
with the HA material  (mg hour') (mg hour') (mg hour)
WVHA-05¢g 0.320 0.287 0.640
1IVHA-183¢g 0.545 0.328 0.174

* The symbols are explained in the section on TCP (Table 4)

CONCLUSION

1. For both the HA and TCP materials it was found out
that the precipitation of the new HAp phase is more
intense in case of partial filling of the cell with the
material (Y4V).

2. The precipitation rate of new HAp phase allows to do a
conclusion that the precipitation proceeds continually
for both types of materials.

3. Analyses of Ca*" and (PO,)* ions in SBF leachates
for both materials clearly show that the processes of
dissolution and precipitation of the new phase became

stable after 24 hours of the exposure for TCP and after
60 hours of exposure for HA.

4. The tests have shown that the materials were not
completely covered with the new (nearly insoluble)
HAp phase after 13 days of the experiments and
therefore the resorption process may continue.

5. Further experiments will seek to identify conditions
for the maximum resorption of the materials, by
extending the experiment duration or by changing the
set-up conditions of the dynamic test.
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Hydroxyapatite materials prepared by two methods: synthetic (HA-S) and bovine (HA-B) granules were exposed to a long-
term in vitro test under dynamic conditions. Testing cells, filled up to one fourth (%V) of their volume with the tested
material, were exposed to continuous flow of simulated body fluid (SBF) for 56 days. The objective of the experiment was to
determine whether reactivity of the biomaterials (hydroxyapatites), prepared by different methods but identical in terms of
their chemical and phase composition, in SBF were comparable. Analyses of the solutions proved that both materials were
highly reactive from the very beginning of interaction with SBF (significant decrease of Ca’* and (PO,)* concentrations in
the leachate). SEM/EDS images have shown that the surface of bovine HA-B was covered with a new hydroxyapatite (HAp)
phase in the first two weeks of the test while synthetic HA—S was covered after two weeks of the immersion in SBF. At the end
of the test, day 56, both materials were completely covered with well developed porous HAp phase in form of nano-plates. A
calculation of the rate of HAp formation firom the concentration of (PO,)* ions in SBF leachates confirmed that all removed
ions were consumed for the formation of the HAp phase throughout the entire testing time for bovine HA-B and only during

the second half of the testing time for synthetic HA-S.

INTRODUCTION

Bioactive materials based on calcium phosphates
have been widely used in medicine, particularly in dental
surgery. The materials may be in form of micro- or macro-
porous granules, scaffolds, cements etc. After their
implantation biochemical reactions occur at the interface
between the implant and bone tissue which result in
formation of a mechanically strong interconnection with
a layer of precipitated hydroxyapatite - the so-called
bioactive fixation [1-4]. The bioactive materials include
glass, bioactive glass ceramics and ceramics based on
calcium phosphates. The material most frequently used
in calcium-phosphate ceramics is hydroxyapatite HA
(Ca,((PO,)¢(OH),) because its chemical composition
is similar to the mineral part of bone and teeth tissue.
Another calcium-phosphate ceramics used in practice
is tricalcium phosphate B-TCP (Ca,(PO,),) [1-4]. Much
attention has been paid to the synthesis of calcium
phosphates, particularly hydroxyapatite, while seeking
preparation of a high-purity nano- to micro-crystalline
product, which is stable in solutions with pH above 4.2.
Basic methods of preparation of synthetic hydroxyapatites
include chemical precipitation through aqueous solution
[5-8], sol-gel method [9-11], mechanochemical process
[8, 12, 13] or solid-state sintering process [14]. Other

optionsinclude preparation of bovine hydroxyapatite from
natural bovine bone by a sequence of thermal processes
[15] or by annealing and sintering of bovine bone [16, 17].
An important feature of the prepared hydroxyapatites
is their resorption and kinetics of solubility in water
solutions. The processes can be described with several
mechanisms [18], mainly a diffusion model (transport
of mass) and reaction on the hydroxyapatite surface
[19, 20]. Kinetics of the dissolution is affected primarily
by pH and oversaturation of the solution.

Bioactivity of materials can be tested in vivo (in
live organisms) or in vitro (by means of model body
fluids). The tests result in formation of a biologically
active hydroxyl-carbonate apatite layer on the surface
of bioactive implants [1, 2]. Model solution used most
frequently for in vitro testing is the so-called simulated
body fluid (SBF) designed by Kokubo [21]. Ion
composition of SBF is similar to the inorganic component
of blood plasma and its pH is maintained by means of the
TRIS buffer (tris-hydroxymethyl aminomethane) [22].
In vitro tests (monitoring kinetics of formation of the
apatite phase in simulated body fluid) may be affected
both by the material itself (its granulometry, porosity,
firing temperature) and by the testing conditions (static
or dynamic exposure of the material to SBF, pH value)
[23-27]. Essential factors for incorporation of calcium-

70

Ceramics — Silikaty 58 (1) 70-78 (2014)



Comparison of reactivity of synthetic and bovine hydroxyapatite in vitro under dynamic conditions

phosphate-ceramics-based bioactive materials include
not only the rate of intergrowing with the surrounding
tissue but also the level of their transformation into a
new form of hydroxyapatite phase (HAp).

The first objective of the submitted paper was to
compare HAp growth kinetics on the surface of synthetic
(HA-S) and bovine (HA-B) micro- and macro-porous
granulated hydroxyapatites in the course of their long-
term interaction with simulated body fluid under dynamic
conditions. The measured increases of weight of the
materials and relevant concentrations of phosphates in
leachates were used to calculate the growth rate of the
new HAp phase. The second objective was to monitor
the level of resorption of the tested materials into the
new phase of the hydroxyapatite (HAp).

EXPERIMENTAL PART

The micro- and macro-porous apatite materials used
in the tests were designed for replacement of bone tissue
and made by Lasak Ltd. and by Geistlich Pharma AG. In
the former case (Lasak Ltd.) the material was synthetic
hydroxyapatite (HA-S, Ca,,(PO,);(OH),) in the form of
white granules with the diameter of 1 - 2 mm. Porosity
of the granules ranged from 60 to 70 %. In the latter case
(Geistlich Pharma AG.) the tested bovine hydroxyapatite
(HA-B, Ca,(PO,){(OH),) was prepared from a mineral
component of bovine bone in the form of spongious bone
granulate, with the granule size of 1-2 mm. The materials
were identified as follows: HA-S 14d, HA-B 14d, HA-S
28d, HA-B 28d, HA-S 42d, HA-B 42d and HA-S 56d,
HA-B 56d.

The model fluid used for in vitro testing has an ion
composition is similar to the inorganic component of
blood plasmay; this is a frequently used one as designed
by Kokubo [21-23]. The simulated body fluid (SBF)
was prepared by mixing of solutions of the following
reagents: KCI, NaCl, NaHCO,, MgS0,.7H,0, CaCl,,
KH,PO, in appropriate ratios. SBF was buffered with
TRIS (Tris-hydroxymethyl aminomethane) and HCI to
achieve pH = 7.45. Azide (NaN;) was added to prevent
bacteria growth in the solution [25, 26] during the long-
term test.

The long-term interaction of the materials with
SBF was monitored under dynamic conditions in order
to simulate as close as possible the flow conditions of
extracellular fluid in a human organism and the materials
were continually exposed to “fresh” SBF. Both the
materials were weighed into individual testing cells to fill
Y4 of their volumes. Previous work [26] has shown that
this filling is optimal for the monitoring of interaction of
the material with the solution. The SBF is continually
pumped by a peristaltic pump from a supply bottle into
four testing cells (with volume 5.5 ml). The flow rate of
the solution was approximately at 48 ml per day.

The cells with the tested material were placed in
a thermostat set at 36.5 £ 0.5°C. Subsequently, SBF
leachates were collected from each of the cells in
accurately specified intervals to determine the con-
centrations of Ca®* and (PO,)* ion and to measure the pH
values. Every two weeks (on days 14, 28, 42 and 56) one
cell was disconnected and the material was examined.

EXPERIMENTAL

The surface of the tested materials before and after
the interaction was monitored with (SEM) Hitachi
S-4700 electron microscope with EDS analyzer
(NORAN D-6823) using the accelerating voltage of
15 kV. The material was coated with a layer of Au-Pd
for 80 s.

Diffraction patterns were collected with a PANaly-
tical X'Pert PRO diffractometer equipment with a con-
ventional X-ray tube (CuKo radiation, 40 kV, 30 mA,
point focus) and a position-sensitive PIXcel detector
with an anti-scatter shield. X-ray patterns were measured
in the 20 range of 10 - 100°, with steps of 0.0131° and
200 s counting per step. Quantitative analysis was
performed with the HighScorePlus software package
(PANalytical, the Netherlands, version 2.2.5), Diffrac-
Plus software package (Bruker AXS, Germany, version
8.0) and JCPDS PDF-2 database (International Centre
for Diffraction Data, Newtown Square, PA, USA) release
54,2004 (in the Institute of Inorganic Chemistry of the
Czech Academy of Science, ReZ u Prahy). The specific
surface of the materials before and after the interaction
was determined using the BET method using ASAP
2020 analyzer by Micromeritic, using N,; temperature
60 - 200°C, heating rate 10°C/min, time at temperature
600 - 2000 min.

The concentration of Ca®" ions in the leachate was
analyzed by atomic absorption spectrometry using
VARIAN - Spectr AA 300. Atomization was performed
in acetylene-N,O flame. The wavelength used for absor-
bance measurements was 422.7 nm. The content of
(PO,)* ions was analyzed on UV-VIS Spectrophotometer
UV1601 at2=830nnmunder CSN 830540. Concentrations
of both the ions were calculated using a calibration curve
from the measured absorbance values. pH values in
leachates were measured with inoLab pH-meter with a
combined glass electrode at the laboratory temperature.

Calculation of the rate of formation
of the new HAp phase on the surface
of synthetic and bovine hydroxyapatite

Due to the use of the TRIS buffer in SBF, which
can incorporate Ca’" ions into its structure [26, 27], the
calculation of the rate of formation of the new HAp phase
on the surface of both the materials used values of (PO,)*
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concentrations. The rate of precipitation of the new HAp
phase on the surface of HA-S, HA-B was calculated
from the actual increase of weight (R,,, equation (3)) and
from the decrease of the (PO,)* concentration in SBF
leachates from the beginning of the interaction (R,). It is
assumed that all (PO,)* ions removed from SBF are used
for the formation of HAp phase.

Am’ = [(m,— m,)-100]/m, (%) (D)

AS" = [(S,— S,) -1001/S, (%) 2)

R, = (m,— m,)/t (mg-hour") (3)

Moy = (Cp— ) My /6- M poys) - F - At +mg, o, (mg)(4)
Ayps=Myups Spuas (M) (5)

Ayps = Myyasp” Spuas (M?) (6)

where m, m, are the weights of the material at the time ¢
and at the beginning of the interaction respectively, rm’
is a change of the weight of the material at the time t in
percentages, ¢ is the time of the interaction of the material
with SBF, S, S, are the specific surfaces of the material
at the time ¢ and at the beginning of the interaction
respectively, rS” is a change of the specific surface of
the material at the time t in percentages, 17 is the time
between two collections of SBF leachate samples, R, is
the rate of formation of the new HAp phase calculated
from the increase of the material weight, c, ¢, are the
concentrations of (PO,)* ions in SBF at the time ¢ and
at the beginning of the interaction respectively, m,,
M.q is the weight of the newly formed HAp calculated
from the quantity of (PO,)* ions at the respective time,
M, Mpoys. are the molar weights of HAp and (PO,)*™
respectively, F is the flow rate of SBF (48 ml.day™), R,
is calculated from tangent of the linear fit of m,, time
dependence from Figure 4 (HA-S) or Figure 7 (HA-B),
A is the original surface area of the material.

RESULTS AND DISCUSSION
Synthetic hydroxyapatite HA-S

Table 1 shows the weight of material HA—S before
and after the interaction with SBF. The results indicate
that the weight of material slowly grows with the
growing time of interaction with SBF. By the end of the
interaction the weight increased in total by 69.4 %.

Table 1. The weights of material HA-S before and after 14, 28,
42 and 56 days of interaction with SBF.

Changes on the surface of the HA—S material after
the interaction with SBF are visible in Figures lb-e.
Figure 1a shows the material before the interaction.

Figures 1b-e show the changes of HA—S morphology

as a result of formation of a new hydroxyapatite phase
(HAp) on its surface. Formation of the new phase on
the surface of the original material is obvious as early
as after 14 days of interaction with SBF (Figure 1b) and
after 28 days of the interaction (Figure 1¢) plates of nano-
crystals of the new HAp phase can be observed. With the
growing time of interaction the newly formed HAp phase
becomes more developed (Figure 1d-¢). Using a detailed
image of a crack that developed due to drying (Figure 1f)
we were able to determine the thickness of the new HAp
phase (ca. 30 pm) after 56 days of interaction.
During the first 14 days of interaction with SBF there
was an obvious decrease of the specific surface HA-S
(Table 2). The trend was recorded throughout the entire
time of interaction. Measurements of specific surface
have confirmed that the newly developing HAp phase
filled the macro- and micro-pores of HA-S and gradually
covered the entire surface, as indicated by SEM images.
We estimate that after approximately 28 days the original
synthetic material HA—S no longer reacts with SBF but
probably the newly developed HAp phase.

Table 2. The values of the specific surface of material HA-S
before and after 14, 28, 42 and 56 days of interaction with SBF.

Specific surface (m*g™")

before after ASyas AS yas
Material interaction  interaction (m*g") (%)
HA-S 14d 72.1 64.3 -7.8 -10.8
HA-S 28d 72.1 57.9 —14.2 -19.7
HA-S 42d 72.1 54.7 -17.4 —24.1
HA-S 56d 72.1 50.9 -21.2 -29.4

Records from a powder X-ray diffraction analysis
(XRD) of HA-S were the same before and after
individual time intervals of interaction with SBF. This is
due to the chemical, as well as physical similarity of the
synthetic hydroxyapatite HA—S and the newly developed
phase HAp.

Figures 2 a-c show concentrations of Ca*" and
(PO,)* ions and pH values in SBF leachates depending
on the time of interaction with HA-S.

Concentrations of ions in leachates reflect changes
in behavior of the synthetic material almost immediately.
After 2 hours after of the exposition of HA-S in SBF
a sharp decrease of concentrations was observed for
calcium ion (from 98 to 28 mgl') and phosphate
ion (from 93 to 17.5 mg1") which suggests that the
material surface was highly active for the nucleation of
the new phase. Analyses of leachates have confirmed
that precipitation of the new HAp phase occurred from
the very beginning of the exposure. After 7 days the
interaction between HA—S and the solution stabilized.

Weight (g)

) before after Amyp g Am'y, s
Material interaction  interaction (2) (%)
HA-S 14d 0.500 0.612 +0.112 +22.4
HA-S 28d 0.500 0.698 +0.198 +39.6
HA-S 42d 0.500 0.761 +0.261 +52.2
HA-S 56d 0.500 0.847 +0.347 +69.4
72
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The reason may be the fact that it was mainly the newly
developed HAp phase that reacted with SBF, as it was
also observed on SEM images. The pH values were in
conformity with the resulting changes of concentrations
of ions analyzed in the leachates. After two hours of
interaction with the HA—S material, pH decreased from
7.6 to 7.27. The pH then settled at 7.7 + 0.3 and oscillated
around that value until the end of the test.

Figure 3 shows the rate of formation of the new
HAp phase on the surface of HA-S, i.e. relationship of
weight of the developed HAp according to the Equation
(4) on the interaction time. It is obvious that the rate of
formation of the new HAp phase was linear throughout
the entire time of interaction and nearly the same in all
testing cells.

f) new HAp phase

Figure 1. SEM images of the material HA-S: a) before interaction-origin, b) after 14 days in SBF, c) after 28 days in SBF, d) after
42 days in SBF, e) after 56 days in SBF, f) detail of thickness of new HAp phase after 56 days in SBF.
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Figure 2. Concentrations of a) Ca®, b) (PO,)* ions and c)
values of pH in SBF during interaction with HA-S.
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Figure 3. The weight of the new HAp phase on HA-S calculated
from concentrations of (PO,)* ion during interaction with SBF.

Table 3 provides precipitation rates of the new
HAp phase calculated from the growing weight of the
material (R, ;4_s) and from the decrease of phosphate ion
concentration in SBF (R, ) and their ratio (R, ya_s/
R. yass)- The rate constants for the time periods were
calculated using linear regression equations provided in
(Figure 3).

Table 3. Rate of precipitation of the new HAp phase on the
surface of HA-S after 14, 28, 42 and 56 days of interaction
with SBF.

Rm HA-S RL‘ HA-S Rm HA*S/RL‘ HA-S
Material (mg-hour™) (mg-hour™)
HA-S 14d 0.332 0.282 1.177
HA-S 28d 0.294 0.262 1.122
HA-S 42d 0.258 0.242 1.066
HA-S 56d 0.258 0.243 1.061

Values shown in Table 3 clearly indicate that HA—S
was reactive immediately after the beginning of the
interaction with SBF. However, gradually, as the surface
covered with the new phase, the rate of formation of
the HAp phase slightly decreased. The ratio between
the values R, ;4 s and R, ;. s between day 14 and 28
was greater than 1. After 42 - 56 days the values of
R, uas and R, . g, obtained by two different methods
of measurement (R, ;4 from weight of HA-S and
R_ua_s from concentration of (PO,)* ion in SBF) stabilized
and they were nearly identical (the ratio (R,/R.) was
close to 1). The assumption that all (PO,)*" ions removed
from SBF were used to form HAp phase after day 42 has
been confirmed.

Bovine hydroxyapatite HA-B

Also the weight of HA-B after the interaction with
SBF (Table 4) increased with the interaction time. After
56 days of interaction the weight of HA-B increased in
total by 76.5 %.

Table 4. The weights of material HA-B before and after 14,
28, 42 and 56 days of interaction with SBF.

Weight (g)
before after Amysg  Am'y, g
Material interaction  interaction (2) (%)
HA-B 14d 0.375 0.468 +0.093 +24.8
HA-B 28d 0.375 0.542 +0.167 +44.5
HA-B 42d 0.375 0.609 +0.234 +62.4
HA-B 56d 0.375 0.662 +0.287 +76.5

The original material before the interaction with
SBF is in Figure 4a. Figures 4b-f show the surfaces of
HA-B after specific periods of time of the interaction.
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Figure 4b indicates that as early as during the first
14 days the surface of HA-B covered with the new phase
made of nanocrystalline plates of hydroxyapatite (HAp).
The phase filled macro and micro pores of HA-B and
the nanocrystals gradually formed a continuous layer.
A cracked layer made up of globules of aggregated
nanocrystals, typical for the newly formed hydroxyapatite
(HAp), is well visible when a smaller resolution is used

(Figure 4f). The HA-B surface covered with the newly
formed HAp phase in a shorter period of time (14 days) in
comparison with the synthetic material HA—S, for which
it took approximately 28 days. A comparison of SEM/
EDS images of both the materials shows that the surface
of synthetic HA-S started to cover with nanoplates of
HAp on the day 14 of the interaction and on day 28 it was
covered completely.

Fe,

i o

e) after 56 da

f) new HAp phase

Figure 4. SEM image of the material HA-B: a) before interaction- origin, b) after 14 days in SBF, c¢) after 28 days in SBF, d) after
42 days in SBF, e) after 56 days in SBF, f) surface of new HAp phase after 56 days in SBF.
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After 14 days of exposure a decrease of the specific
surface (Table 5) was observed. After 56 days the specific
surface of bovine hydroxyapatite HA-B decreased from
the original 94.4 m>’.g"' to 52.4 m*g', i.e. to values
similar to that of HA-S (50.9 m*g™").

Table 5. The values of specific surface of material HA-B
before and after 14, 28, 42 and 56 days of interaction with SBF.

Specific surface (m*-g™)

) before after ASya s AN TN
Material interaction  interaction (m’g") (%)
HA-B 14d 94.4 75.9 —18.5 -19.6
HA-B 28d 94.4 63.7 -30.6 -32.4
HA-B 42d 94.4 56.9 -37.4 -39.6
HA-B 56d 94.4 524 —42.0 —44.5
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Figure 5. Concentrations of a) Ca®*', b) (PO,)* ions and
c) values of pH in SBF during interaction with HA-B.

The XRD method did not succeed to differentiate
between the original bovine hydroxyapatite HA-B and
the newly formed HAp phase. The reason (equally as
for the previous HA—S material) was their chemical and
phase similarity (Ref. Code: 01-074-0566).

Figure 5 show concentrations of Ca*" and (PO,)*
ions and pH values in SBF leachates depending on the
time of interaction with HA-B.

Two hours after the beginning of interaction a sharp
drop of concentrations occurred for both the ions, which
suggests an immediate reaction of the material with
SBF. In the case of (PO,)* ion it dropped nearly to zero.
After 7 days the concentration of Ca®" stabilized, the
concentration of (PO,)* after the initial dramatic decrease
gradually grew and the trend persisted until the end of
the experiment. Changes of concentrations of Ca*" and
(PO,)* ions with time in SBF for bovine hydroxyapatite
HA-B were similar those found in case of synthetic
hydroxyapatite HA—S. The pH values slightly increased
after two hours of interaction and remained nearly
constant until the end of the experiment.

Figure 6 shows the rate of formation of the new HAp
phase on the surface of HA-B throughout the entire 56
days of interaction with SBF (according to the equation
(4)). The rate of formation of the new HAp phase on the
surface of HA-B was nearly identical in all the testing
cells.

—o- HA=S 14d (y = 0.271x)
-o- HA-S 28d (y = 0.2456x)
—— HA-S 42d (y = 0.2349x)
—— HA=S 56d (y = 0.2222x)

E = T T T T T T
-% 0 200 400 600 800 1000 1200 1400
= Time of interaction (h)

Figure 6. The weight of the new HAp phase on HA-B calcula-
ted from concentrations of (PO,)* ions during interaction with
SBF.

Table 6 shows precipitation rates of the new HAp
phase on the surface of HA-B calculated, equally as
for the previous material, from the increased weight of
HA-B (R, ya5) and from the decrease of (PO,)* ions
concentration in SBF leachates (R, ,_5) and their ratio
(R, uap/R.uap)- The rate constants for the time periods
were calculated using linear regression equations
provided in (Figure 6).

Values shown in Table 6 indicate that bovine hyd-
roxyapatite HA-B is also highly reactive from the begin-
ning of exposure to SBF and the rate of formation of the
new HAp phase (R, yap) slightly decreases with time.
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Values of the rates (R,, ;4 and R, ;;4_) for bovine HA-B
were obtained by two different methods: the change of
weight of HA-B and from concentration of (PO,)* ions
in SBFE. From the beginning of exposure these values
were nearly the same. The assumption that all (PO,)*
removed from SBF were used to form HAp has been
confirmed.

Table 6. Rate of precipitation of the new HAp phase on the
surface of HA-B after 14, 28, 42 and 56 days of interaction
with SBF.

Rm HA-B RC HA-B Rm HA*B/RC HA-B
Material (mg-hour™) (mg-hour™)
HA-B 14d 0.279 0.271 1.029
HA-B 28d 0.248 0.246 1.008
HA-B 42d 0.232 0.232 1.000
HA-B 56d 0.213 0.222 0.959

Comparison of synthetic
and bovine hydroxyapatite

For the comparison of relative coverage of HA-S
and HA-B materials with the new HAp phase it is
necessary to take into account their original weights
and original specific surfaces according to equations
(5) and (6). It is obvious that, due to the different initial
weights and specific surfaces, the surfaces area of the
materials were nearly the same (4 ;45 = 36.1 m’
A ypp=35.4 m*). When comparing synthetic and bovine
hydroxyapatites in terms of their changing weights, Am’
(Tables 1 and 4), we can conclude that the trends found
for both the materials were similar. In this comparison
(Figure 7) bovine HA-B seemed slightly more reactive
than synthetic HA-S. The weight of HA-B grew almost
linearly from the beginning of exposure. For synthetic
HA-S we observed a slight slowdown of formation of
the new phase after the 28" day of exposure.

100
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] 3 50 ©
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301 130 £
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101 —= HA-S —= HA-B |10 *
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Figure 7. Comparison of the weight and the specific surface
difference of material HA—S and HA-B during interaction with
SBF.

A more significant difference between the tested
materials was observed for the specific surface. The
percentage change AS” of HA—S was smaller than that
of HA-B (Tables 2 and 5). However, the trends of the
AS’ decrease were again the same for both the materials
(Figure 7).

The assumption that all (PO,)” ions removed
from the SBF are consumed for the formation of HAp
(according to R, calculation) was found correct for
HA-S after day 42 and from the very beginning of the
interaction for HA-B. It is probable that either non-
stoichiometric HAp or amorphous calcium phosphate
(ACP) develops on synthetic HA-S during the interval
of 0 - 42 days. After day 42 the ratios R,/R, were nearly
the same (value 1) for both materials. For clinical using
could be interesting information that 0.5 g of synthetic
HA-S and 0.375 g of bovine HA-B material provide the
same surface area (4) and the bulk density (materials
filled exactly Y4 of the testing cell volume). This study
indicates that the both HA materials cause the formation
of the Ca-P phase immediately after application. The
newly formed phase has amorphous character (probably
ACP) in the case of the synthetic HA-S. Gradually,
HAp crystals are formed on the HA-S surface (28 days
after interaction). The crystalline HAp was formed on
the surface of the bovine HA-B from the beginning of
the exposition and the crystals very quickly covered
the original surface. The newly formed crystalline layer
could reduce further remodelling of the bovine HA-B.

CONCLUSION

The SEM/EDS measurements have shown that
granules of synthetic HA-S started covering with the
newly formed HAp phase ca. 14 days later than granules
of bovine HA-B. Both materials were completely
covered with the new well developed HAp phase and
also the rates of its formation were similar on the day 42
of the immersion in SBF. Therefore SBF further reacted
probably only with the newly developed HAp phase on
the surface of the both materials under our experimental
conditions. Our model, which assumes that all (PO,)*
ions removed from SBF precipitated on the tested
material surface to form HAp, can be used for bovine
HA-B throughout the entire time of interaction and for
the synthetic HA-S after the 42" day of interaction. It
is probable that, at the beginning of the exposure, an
amorphous calcium phosphate phase (ACP) develops on
the surface of synthetic HA—S instead of HAp phase. The
tested materials were identical hydroxyapatites, in terms
of their chemical composition, crystallinity and even
with the same reaction surface area. In spite of different
way of preparation, the weight and the specific surface,
the granules of synthetic and bovine hydroxyapatites
react very similar with SBF in second period of our
experiment.
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Abstract

Gypsum is a bioresorbable material that has been used in many applications such as tissue regeneration. Mechanical properties of gypsum have
limited its applications to non-load bearing sites. The current study aimed at studying the compressive strength and behaviour of gypsum—polymer
composites in protein-free simulated body fluids (SBF). Polymers studied were poly(vinyl alcohol) (PVA) and its copolymers with vinyl acetate
and itaconic acid in addition to vinyl acetate and vinyl chloride. Composites with the highest compressive strength results were chosen for the
preliminary in vitro evaluation in protein-free SBF solutions. Changes in the concentrations of Ca>* and PO4>~ ions, weight loss and morphology of
the solid samples were monitored after soaking them in SBF and 1.5 SBF solutions. Results showed resorption of gypsum, concurrently with
deposition of apatite in all composites, including polymer-free gypsum. Mechanical integrities of all samples were maintained, suggesting their

stabilities when used as bone cements.
© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Gypsum; Hydroxyapatite; Biomimetic; Microstructure; Compressive strength

1. Introduction

Gypsum is considered a highly biocompatible material that
is one of the simplest synthetic bone graft materials with the
longest clinical history, spanning more than 100 years [1]. It is
classified as a bioresorbable material, whose resorption
products integrate with the different cycles in the human body.
It has been successfully used to treat periodontal disease,
endodontic lesions, alveolar bone loss, and maxillary sinus
augmentation [1]. It has been used as a binder to facilitate
healing and prevent loss of grafting materials, which is also
attributed to its tissue compatibility [2]. Gypsum-containing
biomaterials have also exhibited promise as grafts in a
preclinical repair model of interabony periodontal defects, as
well as in clinical reports for sinus augmentation and treatments

* Corresponding author. Permanent address: Department of Ceramics,
National Research Centre, Cairo, Egypt. Tel.: +971 50 2338203;
fax: +971 3 7671291.
E-mail address: y.afifi@uaeu.ac.ae (Y.E. Greish).
! Permanent address: Department of Ceramics, National Research Centre,
Cairo, Egypt.

of femoral shaft nonunions [3,4]. Plaster of Paris, which is
considered a gypsum precursor, was previously shown to
improve the setting reactions of a biodegradable calcium
phosphate cement [5]. Due to their chemical composition and
porous structure, these gypsum-containing cements combined
both the resorbability and osteoconductivity [6]. Sato et al.
further indicated the promising characteristics of gypsum after
mixing it with apatite particles, based on the relatively fast
absorption of gypsum without interfering with the process of
bone healing [7]. In an attempt to use gypsum as a bone graft
substitute for lumbar spinal fusion, however, gypsum showed
unsuccessful results because of its rapid resorption [8]. Plaster
of Paris was also added to a calcium phosphate cement,
producing a biodegradable bone cement that was used for bone
reconstruction [9]. The advantage of bioresorption of gypsum
was utilized in a composite involving plaster of Paris and a
nanocrystalline hydroxyapatite, that was successfully used for
the delivery of antibiotics in bone infections [10].

Despite the advantage of bioresorption of gypsum that
makes it an attractive candidate for certain applications, its
relatively low mechanical properties have limited its scope of
application as a bone replacement implant or even as a bone

0272-8842/$36.00 © 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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cement. Different classes of materials were mixed with
gypsum in order to improve its mechanical properties.
Blending gypsum with polymers has been considered one of
the successful approaches to modulate the mechanical
properties of gypsum [11-13]. The presence of certain
functional groups on these polymers, such as hydroxyl and
carboxyl groups, is mostly favoured. These were found to bind
with the calcium sites along the set gypsum products. Polymers
that do not have these groups are usually passive throughout the
setting reaction of gypsum. However, the mechanical inter-
locking of these polymers with the set gypsum crystals
improves the overall mechanical performance of the produced
composites. For biomedical applications, polymers used with
gypsum should be biocompatible to avoid rejection by the
human immune system. Different polymers could be used in
this regard, ranging from bioactive to bioinert, depending on
the type and site of application. The current study investigated
the formation of gypsum composites with poly(vinyl alcohol)
(PVA) and its copolymers with different vinyl moieties. The
bioactivity of PVA and its different copolymers was previously
investigated and was attributed to the presence of certain
functional groups along the neat polymer as well as its
copolymers [14—17]. Both hydroxyl (-OH) and carboxylic (—
COOH) groups were showed to help in the mineralization of
polymers containing these groups, a process that is similar to
the mineralization of collagen in nature [18]. Studies on the
mineralization of polymers bearing these groups were carried
out in solutions containing ions with type and concentrations
similar to those existing in the human body, called simulated
body fluids; SBF. The ability to induce formation of apatite
coatings on composites containing these polymers indicates
the strong potential of these composites to bind with natural
bone if used as an implant or cement [19]. Although a
conclusion of the suitability of a new biomaterial cannot be
solely based on using these protein-free SBF solutions, it is still
considered a valid approach to preliminary evaluate new
biomaterials [19]. This has to be followed by detailed in vitro
and in vivo studies. [20]. The bioactivity of the starting
materials used in the current study has been previously
established, both in vitro and in vivo. Gypsum was found to
grow an apatite layer on its surface in SBF as well as in vivo
[21]. In a recent study, PVA substrates coated with apatite
showed enhanced an enhanced fibroblast cells adhesion and
proliferation compared to uncoated PVA substrates [22]. The
current study, therefore, investigates the performance of their
combinations in SBF solutions. Composites containing
optimum concentrations of the three investigated polymers
were subjected to the SBF evaluation experiments. Selection of
these optimum composites was made based on the mechanical
properties of composites containing different proportions of
each of the three polymers. Changes in the solution chemistry
of these solutions as a result of the immersion of gypsum and its
composites in SBF for up to 2 weeks were followed
concurrently with the investigation of changes in the weights
of the studied samples. Moreover, morphologies and phase
composition of the immersed samples after different periods in
the SBF solutions were monitored.

2. Materials and methods

Starting materials used in the current study included plaster
of Paris (CaSO4-1/2H,0) (BPB Formula Gmbh, Germany),
poly(vinyl alcohol) (Aldrich); PI, poly(vinyl alcohol-co-vinyl
acetate-co-itaconic acid) (Aldrich); PII, and poly(vinyl
chloride-co-vinyl acetate-co-vinyl alcohol) (Aldrich); PIIIL.
Analysis of the plaster starting material revealed a purity of
96% [23]. Composites were made by blending a powder
mixture of the plaster of Paris and the solid powder with water.
Powder-to-liquid ratio was decided based on a previously
determined normal consistency of 46% of neat plaster [23].
Based on preliminary experiments, the following powder
mixtures containing plaster of Paris and all polymers were
investigated for their mechanical properties:

(a) Plaster of Paris + PI at percentages of 0.25, 0.5, 1.0, 2.0, 3.0,
and 4.0 by weight.

(b) Plaster of Paris + PII at percentages of 0.2, 0.4, 0.6, 0.8, 1.0,
1.2, 1.4, 1.6, and 2.0 by weight.

(c) Plaster of Paris + PIII at percentages of 1,2, 3,4, 6, and 8 by
weight.

Compressive strength measurements were carried out on
cubic samples of both neat gypsum and gypsum-—polymer
composites with dimensions 2.5 cm x 2.5 cm X 2.5 cm. Sam-
ples cured at ambient conditions for 7 days were investigated
for their compressive strength using a universal testing machine
(FPZ100/1, HECKERT/THURINGER INDUSTRIEWERKE,
Germany) at a crosshead speed of 0.56 x 10~* m/s. The mean
value of five measurements for each sample was recorded.
Composites with optimum compressive strengths were chosen
for the SBF evaluation studies.

For the preliminary in vitro evaluation, two types of protein-
free simulated body fluids (SBF and 1.5 SBF) were prepared as
was previously described [24]. The composition of these
solutions is given in Table 1. Two types of treatments were
carried out for both neat gypsum and gypsum-—polymer com-
posites. In the first set of experiments, pre-weighed rectangular
samples with dimensions 2.0cm X 2.0 cm x 2.0 cm were
immersed in 100 cm® SBF solution and kept at 37 °C for 2
weeks. Aliquot of 1.5 cm? was collected from each solution every
day to be analyzed for Ca**, and PO~ ions. Measurements of
these ions were carried out in triplicates (n = 3), and the average
was recorded. In the second set of experiments, the pre-weighed
samples were soaked in SBF solution for a week, followed by
soaking in 1.5 SBF for another week. At the end of each of the
treatments, solid samples were collected, flushed with acetone,
completely dried then weighed to determine weight change, if
any, and to investigate its morphology changes as a result of
immersion in SBE. Microstructural features of Au-Pd alloy-
coated samples were investigated by scanning electron micro-
scopy (SEM) (Hitachi, S-4700) equipped with an energy-
dispersive X-ray (EDX) unit. Determinations of variations in the
Ca**,and PO,>~ ions were carried out on the collected aliquots by
spectrophotometry and atomic absorption spectroscopy (AAS),
respectively. Analysis of Ca®* ions concentration was performed
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Table 1

Ton concentrations of SBF and 1.5 SBF solutions compared with those of human blood plasma.

Concentration (mM)

Na* K* Ca>* Mg HCO;~ cr- HPO,>~ SO~
Blood Plasma 142.0 5.0 25 27.0 103.0 1.0 0.5
SBF 142.0 5.0 2.5 5.0 131.0 1.0 1.0
1.5 SBF 213.0 75 3.75 75 196.5 15 1.5

at A =442 nm by AAS using VARIAN-Spectr AA 300 using
acetylene with N,O gases. The KCI releasing buffer with
concentration of 4000 ppm was added to each sample.
Reproducibility of results was relatively 5-10%. On the other
hand, analysis of PO, ions was performed using a SHIMADZU
UV-1201 spectrophotometer at a wavelength of 830 nm. Error
bars in time dependences represent maximum difference for 2
independent measurements. Changes in the pH of SBF solutions,
in which samples were soaked for 2 weeks, were followed by
measuring it on the sample surface by a pH-meter.

Phase composition of both neat gypsum and gypsum-—
polymer composites were also studied by X-ray powder
diffraction (XRD) using an automated diffractometer (X’Pert
PRO 6-9), with a step size of 0.02°, counting time of 0.3 s/step
and a scan range from 5° to 65° 26. A Cu Ka tube operated at
40kV and 20 mA was used for X-rays generation. XRD
patterns were manipulated and interpreted using the ‘“‘High
Score Plus’ software package.

3. Results and discussion

Compressive strength results of all tested composites
compared to polymer-free samples, after curing at ambient
conditions for seven days, are shown in Fig. 1. Previous findings
showed a progressive increase in the compressive strength of all
samples with curing, achieving maximum values after seven
days [23]. This was attributed to the completion of hydration of
plaster of Paris and its conversion into gypsum as well as the
full evaporation of the extra water that was added to improve
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Fig. 1. Compressive strength of gypsum—polymer composites as a function of
[polymer] in wt%.

the workability of the paste. In presence of polymers, all
composites showed an overall improvement in their compres-
sive strengths. Comparing composites to each other, the
improvement followed the order: Gypsum-PI > Gypsum-—
PII > Gypsum-PIII. These differences may be explained in
terms of the solubility of the original polymers, where PI is
totally soluble, PII is slightly soluble, while PIII is insoluble in
water. The presence of polymer in solution is thought to
facilitate the reaction with the Ca”* ions that are present in the
medium during the process of dissolution of plaster and its re-
precipitation as gypsum. The formation of calcium salt
polymers containing —OH, —-COOH, and —COOR groups is
known to improve the mechanical properties of composites
containing them [25]. On the other hand, the presence of —-OH
and —COOR groups along the completely insoluble PIII is still
thought to be involved in the formation of salts with Ca** ions
in solution through direct reaction with the —OH groups and the
hydrolysis of the -COOR groups and the consequent formation
of Ca-salts [26]. Due to the insolubility of PIII, the impact of
these reactions on the compressive strengths of the obtained
composites was not pronounced. Fig. 2 shows SEM micro-
graphs of fractured surfaces of gypsum and its composites after
curing for 7 days at ambient conditions. Gypsum is
characterized by its high crystallinity and appears as long
needles with an average aspect ratio of 7. Strength of polymer-
free gypsum samples arises from the mechanical interlocking
among the gypsum fibers within the sample, as shown in
Fig. 2a. Adding a polymer to these fibers, as shown in Fig. 2b—d,
seems to augment them through adsorption on their surfaces.
This adsorption, as discussed above, takes place through
chemical interaction between each of the polymers and the
gypsum fibers. The overall augmented structure, therefore,
explains the improvement in the mechanical properties of the
composites compared to polymer-free gypsum samples. A
closer look at the compressive strength results indicates the
progressive enhancement of compressive strength of compo-
sites with increasing the polymer in all composites. However, it
appears that the presence of excessive amounts of each of the
polymers is not recommended as a decrease in the compressive
strength values was noticed. Based on these findings,
composites containing the optimum concentrations of these
polymers were chosen for the preliminary in vitro evaluation in
protein-free SBF solutions. Those compositions together with a
summary of their optimum final setting times and compressive
strength values are given in Table 3. An average setting time of
30 4+ 2 min was found of all composites.

Fig. 3a shows the variations in the concentrations of Ca**
and PO~ ions in SBF, as a result of soaking gypsum and its
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Fig. 2. Scanning electron micrographs of the fractured surfaces of (a) neat gypsum, (b) gypsum-PI, (c) gypsum—PII, and (d) gypsum—PIII composites after curing at

ambient conditions for 7 days.
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Fig. 3. (a) Total concentrations of Ca and P in SBF solutions after immersing
gypsum and gypsum—polymer composites for different time periods. (b)
Variations in the pH of SBF solutions as a result of immersing gypsum and
gypsum—polymer composites for different time periods.

composites for up to 2 weeks. Concentrations were expressed as
total Ca and P in these solutions. A pronounced increase in the
concentration of calcium, and a concurrent decrease in the
concentration of phosphate, was observed. Deposition of
apatite on substrates containing certain functional groups, such
as silicates and carboxylates, was previously observed [27].
This process mimics a similar process that takes place in nature,
where mineralization of collagen takes place via attracting
calcium and phosphate ions from the surrounding body fluids
[28-29]. Formation of apatite nuclei is usually followed by
growth of these nuclei into apatitic nanocrystals [29].
Mineralization of collagen is attributed to the presence of
carboxylic and amino groups along their chains [28]. The
currently investigated polymers contain (-COOH) groups
along its structures as well as (-OH) and (-COOR) groups. The
presence of these groups in the investigated composites are thus
considered the sites on which apatite was deposited. Deposition
of apatite takes place by consuming Ca®* and PO, ions from
solutions, which are known to be supersaturated with respect to
apatite. Apatite deposition was thus expected to lead to a
decrease in the concentrations of both ions from their solutions

Table 2
Weight loss (%) of gypsum and gypsum—polymer composites after immersion
in SBF and 1.5 SBF solutions.

Gypsum Gypsum/PI Gypsum/PII Gypsum/PIIT
SBF 29 42 43 2.4
1.5 SBF 229 15.7 15.8 14.3
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Fig. 4. Scanning electron micrographs of (a) neat gypsum, (b) gyspum after treatment in SBF followed by 1.5 SBF solutions for a week in each, (c) same as in (b) at a
higher maginification. (d) Energy-dispersive X-ray analysis of the spot marked by (X) in micrograph (c).

[27]. On the contrary, an increase in the Ca’* concentration in
the tested solutions was observed. This is, therefore, attributed
to the resorption of gypsum from the investigated composite
samples. This trend indicates that the rate of gypsum resorption
is higher than the rate of apatite deposition on all surfaces. This
was also confirmed by measuring changes in the weight of these
samples as a result of the SBF treatment for 2 weeks. Table 2
shows the weight loss observed in all samples, confirming the
previous finding that the weight loss due to resorption of
gypsum is more pronounced than the weight gain due to
deposition of apatite. The rate of resorption, however, is shown
to decrease after 4 days, and continued in the same fashion until
the end of experiments. These findings were also confirmed by
pH measurements where an increase in the solution pH was
observed over time, as shown in Fig. 3b. The slow rate of
gypsum resorption after 4 days was also reflected in a less
pronounced change in the pH of the solutions, achieving a
plateau of pH 7.7 & 0.05 after 4 days in all samples. Despite the
absence of polymers in the neat gypsum samples, similar trends
were observed and were confirmed by SEM analysis. Fig. 4a—c
shows SEM micrographs of a blank untreated polymer-free
gypsum sample as well as polymer-free gypsum samples aged
in SBF then 1.5 SBF for a week in each. Fig. 4b shows the
formation of a coating on gypsum crystals causing them to
agglomerate. Fig. 4c shows a higher magnification of the
coating appearing as apatitic spherolites. An elemental analysis
of these spherolites was carried out by EDX. The presence of

Table 3

Ca and P in these spherolites is evident, indicating the chemical
composition of the coating. The presence of S in the EDX
pattern may be attributed to the underlying highly crystalline
gypsum crystals. The agglomeration of gypsum crystals as a
result of soaking it in SBF and 1.5 SBF solutions may be
attributed to the fusion of the gypsum crystals as they undergo
degradation. The concurrent precipitation of apatite, therefore,
enhanced the gelling of gypsum crystals together. Deposition of
apatite on gypsum crystals may be attributed to the increase of
[Ca®*] ions in SBF as a result of the resorption of gypsum. As
mentioned before, this increase in a solution that is readily
supersaturated with respect to apatite should lead to its
deposition on the existing surfaces. The SEM/EDX results are
thus in accord with those given in Fig. 3a and b for polymer-free
gypsum samples. Among the functional groups, that were
shown to help in the nucleation of apatite from SBF solutions, is
the sulfonate (—SO; ) group [30]. Previous work by Chan et al.
[21] also indicated the formation of apatite from SBF solutions
on neat gypsum samples, which is, therefore, in accordance
with our current findings, and indicates that sulphate (—SO, ")
groups could also act as nucleating sites for apatite deposition.

Development of phase composition of all samples was
followed by X-ray diffraction. Fig. 5 shows XRD patterns of
polymer-free gypsum and gypsum composites containing the
studied polymers. All patterns showed a complete conversion of
plaster of Paris to gypsum, since no peaks of the former phase
were detected. Due to the high crystallinity of the gypsum

Setting time, and compressive strength values for gypsum and gypsum-—polymer composites.

Type of composite [Polymer] (%)

Setting time (min s) Compressive strength® (MPa)

Neat gypsum 0.0
Gypsum/PI 1.0
Gypsum/PII 1.2
Gypsum/PIIT 4.0

30 00 182+£1.2
3315 28.5+0.1
33 00 232+03
27 15 21.0+£0.2

# Measurement taken after curing for 7 days at 37 °C.
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Fig. 5. Phase compositions of gypsum and gypsum—polymer composite solids
after immersion I SBF and 1.5 SBF solutions for a week in each.

crystals, its characteristic peaks dominated all patterns, making
it difficult to find an evidence for the formation of apatite
deposits. However, a closer look at the patterns shows the
presence of traces of the 2 1 1 peak of HAp at 20 value of 31.8°.
This peak was found in all samples, with relatively different
intensities after treatment in SBF and 1.5 SBF solutions.

The extent of deposition of apatite on polymer-containing
composites was variable, depending on the type and structure of
the polymer as well as the immersion periods in SBF and 1.5
SBF. Fig. 6a—c shows SEM micrographs of gypsum composites
containing the three polymers after 2 weeks of soaking in SBF
solutions. The well-known spherolitic morphology of the
apatite grown from SBF [31] can be observed in the three
Micrographs in Fig. 6a—c and marked by X, X5, and X3. The
elemental composition of these spherolites was also confirmed
by EDX analysis, as shown in Fig. 6d for those grown on
gypsum—PII composite. It is evident from the micrographs that

H.F. El-Maghraby et al./Ceramics International 36 (2010) 1561-1569

the extent of apatite deposition was more pronounced in
gypsum/PII composites compared to gypsum/PI composites.
The presence of —OH groups, as those found along PI chains,
are known to bind Ca** ions from solutions [22]. Therefore, it
was expected to see more apatite deposition in gypsum/PI
composites than what was actually shown in Fig. 6a. This could
be attributed to the high solubility of PI (PVA) in water. The
presence of PVA in solution is thought to result in less polymer
surfaces that can grow apatite from solution on them. Despite
these facts, apatite deposition took place, and was confirmed by
EDX. This could be attributed to the deposition of apatite on the
PVA thin films immobilized on the formed gypsum crystals,
which takes place via bonding to the Ca** ions in solution that
result from the conversion of plaster of Paris into gypsum. On
the other hand, the presence of two (-COOH) groups and one (—
COOCHj3;) group in addition to the (<OH) group per monomer
of PII rendered the polymer slightly soluble, thus increased the
extent of apatite deposition on these active sites. In addition,
those groups collectively participated and favoured a higher
extent of apatite deposition than composites containing PVA
(PI). The presence of apatite deposition on the gypsum
composite containing PIII, which is insoluble in water, supports
the assumption that both OH and ester groups along the
polymer chains participated in the formation of apatite deposits.
Additionally, the presence of a highly electronegative atom
such as CI in the polymer structure may also be considered a
point of attraction to the positively charged Ca®* ions from
solution. Deposition of apatite on the ester ((COOCH;) sites
could be related to the local basic hydrolysis of these groups
during the conversion of plaster of Paris into gypsum. Similar
findings were observed during the treatment of a polypho-
sphazene, that contains ester groups along its chains, in SBF
[26]. Apatite deposition on composites containing PIII,
therefore, took place in a slightly different fashion where it
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Fig. 6. Scanning electron micrographs of gypsum composites containing (a) polymer I, (b) polymer II, and (c) polymer III after immersion in SBF solutions for 2
weeks, (d) energy-dispersive X-ray analysis of the spot marked by (X) in micrograph (b).
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Fig. 7. Scanning electron micrographs of gypsum composites containing (a) polymer I, (b) polymer II, and (c) polymer III after immersion in SBF for 1 week,
followed by 1.5 SBF for another week. (d) Energy-dispersive X-ray analysis of the spot marked by (X) in micrograph (b).

Fig. 8. Scanning electron micrographs of (a) apatite spherolites grown on a gypsum/polymer III composite, and (b) detailed ultrastructure of a spherolite grown on

gypsum/polymer III composite.

appeared as continuous layers. Its composition was also
confimed by EDX analysis to be apatitic in nature.
Biomimetically deposited apatite spherolites, on solid
surfaces, are known to grow if soaked in a highly concentrated
SBF solution, in this case called 1.5 SBF [27]. Fig. 7a—c shows
SEM micrographs of gypsum—polymer composites after the
second treatment in 1.5 SBF solutions for 1 week. Formation of
more apatite deposites is evident in all composites compared to
those treated in SBF solutions only. Comparing the three
composites with each other, the least extent of apatite
deposition was found in gypsum—PI composites, while
gypsum—PIII composites were found to develop a continuous
layer of apatite on their surfaces. Fig. 7d shows an EDX pattern
of those spherolites grown on gypsum-PII composites, as an
example, confirming the chemical composition of those
spherolites to be apatitic in nature. Although apatite deposition
on gypsum-PII composites did not take place in the form of
layers, the extensive presence of apatite spherolites was
reflected in higher intensity Ca and P EDX peaks with lower S
peak. Detailed ultrastructure of apatite spherolites grown on
gypsum-PIII composites is shown in Fig. 8. The average
spherolite size is 2 um, and each spherolite is made of

nanoapatite crystallites with an average dimension of 200 nm.
The presence of bridges between the apatite spherolites, shown
in Fig. 8a, explains the formation of a continuous apatitic layer
on gypsum-PIII composites where apatite spherolites are
grown side-by-side on the polymer-coated gypsum crystals.

Taken together, these results clearly indicate the possibility
of growing apatite with bone-like morphology on gypsum and
its composites, suggesting their potential application as bone
cements after being subjected to thorough in vitro and in vivo
evaluations. Moreover, the presence of a bioresorbable gypsum
phase in these composites is further expected to result in the
formation of pores in a manner that can be synchronized with
tissue integration within the set cement after implantation to
facilitate the integration of these cements with the surrounding
bone tissues after.

4. Summary

Compressive strength was measured for gypsum and its
composites with PVA and its copolymers after curing at
ambient conditions for 7 days. All Composites showed
improved mechanical properties compared to polymer-free
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gypsum samples. Composites with highest compressive
strengths were further subjected to preliminary in vitro
evaluation in protein-free SBF solutions. Deposition of apatite
spherolites on gypsum—polymer composites was observed with
the three different types of polymers used. Moreover, an
evidence of the deposition of apatite on polymer-free gypsum
samples was also given. Deposition of apatite was concurrent to
the normal resorption of gypsum in all samples. Confirmation
of the deposition of apatite on all samples was carried out using
SEM and EDX techniques. Deposition of apatite on gypsum—
polymer composites was attributed to the presence of functional
groups along the polymer chains that are known to act as
nucleating sites for apatite. Our previous studies showed the
formation of chemical bonds between each of the used
polymers and gypsum during the process of conversion of
plaster of Paris into gypsum. Immobilization of the polymeric
chains on gypsum, as a result of their chemical interaction,
formed surfaces with nucleating sites for apatite deposition. A
water-insoluble copolymer, was, therefore, found to have the
greatest extent of apatite coating. On the other hand, the
unprecedented deposition of apatite on polymer-free gypsum
samples was related to the resorption of gypsum, that resulted in
an increase of total [Ca*'] ions in solution exceeding the
supersaturating limit of apatite in these solutions. This was
consequently followed by precipitation of gel-like apatitic layer
on the gypsum crystals, leading to their augmentation, as was
observed by the SEM micrographs of these samples and was
also supported by their analysis by EDX. Deposition of apatite
on the investigated samples indicates their high tendency to
bond with bone if used as a bone cement for bone construction.
Moreover, the presence of a resorbable fibrous ingredient;
gypsum, will provide channels for tissue integration and a
consequent enhanced bonding with the surrounding bone.
Further in vitro and in vivo studies are, however, required to
fully characterize these composites.
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THE EFFECT OF TRIS-BUFFER ON THE LEACHING BEHAVIOUR OF BIOACTIVE
GLASS-CERAMICS
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The leaching of bioactive glass-ceramics of the apatite-wollastonite type in water and in a simulated body
fluid was studied using standard tests with granular specimens and ezxposures at 37 ° C. The solutions were
analyzed for Ca and Si0, and the evolution of both concentrations with time was ezamined in comparison
with the Ca0/S10; ratio. A considerable increase in the rate of leaching was found in buffered solutions due
to the effect of TRIS on the conditions for the deposition of a hydrozyapatite protective layer on the leached

surface.

INTRODUCTION

Bioactive glasses and glass-ceramics can become at-
tached to the boune tissue due to the formation of
a joining layer of hydroxyapatite which results from
a chemical reaction at the interface between the bone
and the biomaterial. The blood plasma participates
on the reaction mechanism as a transport medium
and as a source of hydroxyapatite (HA) components
- mainly calcium and phosphorus. The release of cal-
cium 1ons into the body liquid by extraction from the
biomaterial increases their concentration beyond the
solubility limit and enables the precipitation and de-
position of HA. For this reason the leaching behaviour
of bioactive materials in a suitable simulated liquid
has been studied in vitro by many authors (1-7).

During the leach tests, the changing pH values of
the solution can affect the rate of the solid-liquid in-
teraction. There are several possibilities how to elim-
inate that effect: 1) by periodical or continuous ex-
change ot the leachant, 2) using pH stat titration
technique (8, 9) or 3) using suitable buffers. The last
method 1s the most simple and most common but in-
volves the possibility of affecting the leaching rate by
the chemical reactivity of the buffer (10, 11).

TRIS, i.e. tris(hydroxymethyl)aminomethane, has
been frequently used as a buffer in studies of the
leaching of bioactive glasses and glass-ceramics in so-
lutions simulating the composition of blood plasma
(simulated body fluid = SBF). The effect of TRIS on
Si and Ca release from a glass-ceramic material was
studied in this work.

EXPERIMENTAL

Leaching tests were performed with specimens of
bioactive glass-ceramics supplied by Lasak Co*. The
material was composed af apatite, wollastonite, whit-
lockite and the residual glass phase. The standard

*Lasak Co., producer of biomaterials, Prague 6, Papirenska
25
25

granular specimens were prepared of 0.315-0.50 mm
grain size, equivalent to a surface area of approx. 110
em?/g and exposed to the leaching attack of the sim-
ulated body fluid (SBF) having the following compo-
sition: 142,0 Nat, 5.0 K+, 1.5 Mg?*, 2.5 Ca%*, 148.0
C17,4.2 HCO3~ and 1.0 HPO42~ (mmol/1). TRIS was
added to the solution in the amount of 7,47 g/1 and
pH of the solution was adjusted by addition of HCI to
7.45 (rocom temperature) or 7.25 (37 °C). All of the

leaching exposures were carried out at 37 °C. The so-

mt™)
&

c(SiO7) [wg

time (days]

Fig. 1. SiO; concentration in the solution after leaching of
the glass-ceramics in a buffered and a non-buffered SBF,
and in distilled water.
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lutions were than analyzed using AAS for Ca and the
silicon-molybdate photometric method for SiOs.

Similar leaching experiments were performed in
SBF without any buffer addition and in distilled wa-
ter, again with or without the TRIS buffer. During all
leaching exposures, the interaction of the specimens
with the liquid occurred, under static conditions, with
asurface to volume ratio of 1.1-1.5 crn~!. Besides the
concentration changes, pH was measured after leach-
ing in the resulting solutions.
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Fig. 2. Calcium concentration in the solution after leach-
ing of the glass-ceramics in a buffered and a non-buffered

SBF, and in distilled water.

RESULTS AND DISCUSSION

The silica concentrations in solution in terms of
time are shown in Fig. 1. The results for distilied wa-
ter depend very considerably on the presence of TRIS,
the dissolution being more extensive in the buffered
solution, although the pH was changing only within
the range 7.45-8.1.

In the case of SBF, there was also a higher value
of dissolved SiOj in the presence of TRIS, with an
apparent trend to supersaturation. Both curves ap-
proached to a constant value which was higher about
two times in the buffered solution.

The concentration change of Ca is shown in Fig. 2.
The release of Ca into distilied water was higher by
an order of magnitude in the presence of TRIS. Sim-
ilarly, the release of Ca into buffered SBF was more

J. Hlavdcé et al.

extensive and high values of Ca concentration in the
sclution were attained continuously, whereas in non-
buffered SBF alower constant concentration level was
establishied. The original value of pH = 7.45 was in-
creased to 8.0 and 8.5 in buffered and non-buffered
SBF solutions, respectively.

According to common experience, the changes in
pH between 7.5 and 8.5 cannot be considered to be
a direct cause of the differences shown above; more-
over, they should act in the oposite direction. The fol-
lowing hypothetical explanation can be offered, based
on a widely accepted mechanism of leaching which
was confirmed to be valid also for the glass-ceramics
studied in the present paper (13):

During interaction of silicate materials with aque-
ous solutions a leached layer is formed on the surface
by selective extraction of cations which are trans-
ferred from the material into the solution by diffu-
sion through this layer of gradually increasing thick-
ness. This process can be accompanied by deposition
of a secondary filin on the reaction surface from the
suspersaturated solution [12, 14]. The film then re-
tards the diffusion as well as the surface dissolution
of silica. The two compounds followed in this work
(i.e. Ca and Si09) represent diffusing and dissolving
species, respectively.

The following mechanism of TRIS involvement
comes into consideration: TRIS is known as a com-
pound forming complexes with various cations includ-
ing Ca”. In the case od interaction between the bioac-
tive material and SBF, calcium ions released from the
material are strongly bound into a soluble complex so
that they are not available for deposition of a surface
layer exhibiting a protective effect.

Several aspects should be considered in this connec-
tion: the ratio of CaO to SiO, in the solution after
leaching, the solubility product for hydroxyapatite,
and finally, the amount of CaO which can be bound
into the compiex with TRIS.

The CaO/Si0; weight ratio in the solution is shown
in tig. 3 where CaO is expressed as the change
of 1ts concentration in comparison with the actual
one in the case of SBF. In non-buffered solutions,
the CaO/SiOy value is low and remains at an ap-
proximately constant level. A considerable increase
of the ratio occurs in buffered solutions. The val-
ues of Ca0/Si0; indicate that congruent dissolution
does 1ot occur in the systems followed and that, con-
sequently, depleted layers of different compositions
are formed in different solutions. The permeability
of these layers for diffusing species can also vary.

The following conclusions can be made from a com-
parison of the CaO/SiO, ratio with the concentration
changes of Ca and SiOy:

" Ceramics — Silikdty ¢. 3-4, 1994
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SBF+TRIS

—+ SBF
1 _+—+\/

0 5 0 2

Fig. 8. The weight ratio of CaO to SiO; in the solutions
after leaching (A CaO related to the original concentration
in the solution).

a) In distilled water (without TRIS), CaO remains
chemically bound in the surface as calcium phos-
phate or silicate (the silica concentration in the
solution increases whereas CaO/SiO; remains
constant and the Ca concentration does not show
any great change — see Figs. 1-3).

b) In SBF without TRIS, the CaO/SiO; ratio has
a negative, nearly constant value, probably as
a result of the CaO consumed in HA formation.
In agreement with this conclusion, the concentra-
tion of Ca decreases with time (see Fig. 2).

¢) The increase in the CaO/SiO3 ratio in terms of
time in TRIS-buffered solutions (in both distilled
water and SBF) corresponds with the continuous
increase of Ca (Fig. 2) and with the increase in
silica content to a supersaturated value followed
by a decrease to the final saturated limit (Fig. 1).
A steep increase in both concentrations at the
beginning of the interaction indicates that cal-
cium ions preferably enter the complex and are
not available for HA layer formation which would
otherwise suppress the leaching.

The deposition of hydroxyapatite layer on the re-
action surface represents an important process influ-
encing the leaching rate in a way associated with pH
of the solution: The rate of growth of HA layer is
a function of relative supersaturation S = (I/K)/!1%

[15] where I is the ion activity product and K the
solubility product in respect to hydroxyapatite. As-
suming that calcium in SBF is in the form of Ca2*
only and pK = 117.2 [16], then at 37 °C (pH = 7,3),
pl = 94.38 and S = 18.5. At pH = 7.9 the supersat-
uration is twice as high (pI = 89.1 and S = 36.4).
Unfortunately there is a lack of equilibrium data on
the TRIS-calcium complex but assuming that 50% of
calcium is bound in the complex, supersaturation de-
creases to approx. 66% (pl = 97.4 and S = 12.6). This
means that relatively small changes of the solution
pH result in a considerable change of suspersatura-
tion and consequently, the HA layer growth is slower
in the buffered solutions.

The results indicate that leaching of biomaterials in
simulated liquids brings about some doubt concerning
the reliability of leaching tests in vitro for conclusions
to be made on the bioactivity of various materials
in vivo. Moreover, the SBF used represents only the
inorganic part of the blood plasma. In order to find
out if albuminous compounds of the plasma can affect
the leaching behaviour, experiments were carried out
using the SBF enriched with albumin. The results
shown in Fig. 4 indicate that the leaching behaviour
of the material studied is very similar in both the
SBF+TRIS and SBF+albumin solutions. Therefore
a good prediction capability can be attributed to the

c(Ca) [ g mtT)

L0 5
time [days]

Calcium ion concentration in the solution aftcr

Fig. 4.
leaching of the glass-ceramics in buffered SBF and in SBF
+ albuman.
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tests described above, at least for the type of material
examined in the present study.

CONCLUSIONS

The presence of TRIS-buffer in the solution can
considerably increase the rate of leaching of bioac-
tive glass-ceramics of the apatite-wollastonite type
by aqueous solutionus. The effect of TRIS is based on
binding calcium ions into a soluble complex by a re-
action competitive with HA formation. In this way,
the buffer suppresses the deposition of a secondary
film on the leached surface exhibiting a protective ef-
fect. At the same time, the buffer keeps the pH of
the solution at a lower level which, owing to a strong
dependence of supersaturation on pH, results in a re-
duced tendency of the solution to HA precipitation.
Both effects act in the same direction, i.e. increase
the intensity of leaching.
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VLIV PUFRU TRIS NA LOUZENI BIOAKTIVNI
SKLOKERAMIKY

JAN HLAVAC, DANA ROHANOVA, ALES HELEBRANT

Ustav skla a keramiky, Vysokd skola
chemicko-technologickd Technickd 5, 166 28 Praha 6

Bylo studovano louzeni bioaktivni sklokeramiky apatit-
wollastonitového typu ve vodé a v simulované télni kapa-
liné (SBF) za pouziti statickych testl se standardni drti,
s expozici na 37 °C. Ve vyluzich byl pak stanoven obsah
Ca®t a SiO; a vypoctem pomér CaO/SiO;.

Byl nalezen podstatny rozdil mezi vysledky ziskany-
mi v nepufrovanych roztocich a v roztocich obsahujicih
pufr TRIS (tris-hydroxymethyl-aminomethan). Z vysled-
ki plyne, ze piitomnost TRISu muze podstatné zvysit
rychlost louzeni sledované sklokeramiky ve vodnych roz-
tocich (viz obr. 1-4). Vliv TRISu je pficitdn tomu, ze vdie
vylouzeny vapnik do rozpustného komplexu a tim unezuje
tvorbu hydroxyapatitového povlaku. Soucasné se udrzuje
pH pufrovaného roztoku na nizsi hodnoté, coz vzhledem
k silné zavislosti soucinu rozpustnosti pro hydroxyapatit
rovnéz redukuje tendenci roztoku k precipitaci HA. Oba
tyto efekty zvysuji rychlost louzeni tim, zZe omezuji tvorbu
vrstvy, jez ma z hlediska vyluhovani a rozpousténi ochran-
ny ucinek.

Obr. 1. Koncentrace SiO, ve vyluhu ze sklokeramiky
v pufrovaném a nepufrovaném SBF, a v destilované
vodé.

Obr. 2. Koncentrace vdpniku ve vyluhu v pufrovaném
a nepufrovaném SBF, a v destil. vodeé.

Obr. 3. Hmotnosti pomér Ca0:510, ve vyluhu (obsah CaO
uveden jako rozdil od pivodni koncentrace v roztoku).

Obr. 4. Koncentrace vdpenatych ionti ve vyluhu v pufro-
vaném SBF a v SBF s pridavkem albuminu.
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The paper deals with the characterisation of the bioactive phenomena of glass—ceramic scaffold derived
from Bioglass® (containing 77 wt.% of crystalline phases Na,0-2Ca0-3Si0, and Ca0-SiO, and 23 wt.% of
residual glass phase) using simulated body fluid (SBF) buffered with tris-(hydroxymethyl) aminomethane
(TRIS). A significant effect of the TRIS buffer on glass—ceramic scaffold dissolution in SBF was detected. To
better understand the influence of the buffer, the glass—ceramic scaffold was exposed to a series of
in vitro tests using different media as follows: (i) a fresh liquid flow of SBF containing tris (hydroxy-
methyl) aminomethane; (ii) SBF solution without TRIS buffer; (iii) TRIS buffer alone; and (iv) deminera-
lised water. The in vitro tests were provided under static and dynamic arrangements. SBF buffered with
TRIS dissolved both the crystalline and residual glass phases of the scaffold and a crystalline form of
hydroxyapatite (HAp) developed on the scaffold surface. In contrast, when TRIS buffer was not present
in the solutions only the residual glassy phase dissolved and an amorphous calcium phosphate (Ca-P)
phase formed on the scaffold surface. It was confirmed that the TRIS buffer primarily dissolved the crys-
talline phase of the glass—-ceramic, doubled the dissolving rate of the scaffold and moreover supported the
formation of crystalline HAp. This significant effect of the buffer TRIS on bioactive glass-ceramic scaffold
degradation in SBF has not been demonstrated previously and should be considered when analysing the
results of SBF immersion bioactivity tests of such systems.

© 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

In several bone tissue engineering strategies, bioactive materi-
als in the form of highly porous structures, termed scaffolds, are re-
quired [1,2]. Scaffolds should not only meet the condition of
bioactivity (ability to develop a firm bond with bone tissue), but
also be resorbed sufficiently quickly in the body (i.e. become com-
pletely dissolved after the new bone tissue has formed) [3,4]. Since
a new family of silicate glass—ceramic scaffolds has been proposed
for bone tissue engineering [5], the present research was designed
to investigate which of the phases (crystalline vs. residual glass)
influences the bioactivity of the prepared glass—ceramic scaffold,
and to what extent. In this context, the “bioactivity” of a material
developed for bone replacement can be evaluated based on the
ability of the material to form a hydroxyapatite (HAp) phase on
its surface in contact with simulated body fluid (SBF) [6], which
is considered to be related to the ability of the material to develop
a strong bond with bone tissue [7].

* Corresponding author. Tel.: +420 22 0 44 4221.
E-mail address: dana.rohanova@vscht.cz (D. Rohanova).

Many authors have published results showing that the com-
pound developing on the surfaces of glass—ceramic scaffolds upon
immersion in SBF was weakly crystalline HAp but no publication
has fully clarified the mechanism of its formation. In our previous
work [5] we reported that the bioactivity of the scaffolds is partly
affected by the presence of the crystalline phase Na,0-2Ca0-3Si0,
and that this phase does not inhibit the apatite growth in SBF, but
only slows it down. The mechanism of transformation of the crys-
talline phase into an amorphous one (Ca-P) was proposed by
Hench [7] to be based on the well-known mechanism of HAp for-
mation on amorphous Bioglass®. Moreover, the bioactivity of Bio-
glass® and of materials recrystallised from it was investigated by
Clupper et al. [8] directly in tris-(hydroxymethyl) aminomethane
(TRIS) buffer. The tests were performed on Bioglass® and glass-
ceramics prepared from Bioglass® at 800, 900 and 1000 °C. It was
found that a crystalline form of HAp developed on all forms of
the material after as little as 24 h of exposure to the TRIS buffer un-
der static conditions (at S/V =0.013 cm™'). However, the function
of the TRIS buffer in the formation of crystalline HAp was not dis-
cussed in detail by Clupper et al. [8]. The same authors [9] investi-
gated bioactivity of the material in SBF (probably buffered with

1742-7061/$ - see front matter © 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.actbio.2011.02.028
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TRIS) using the ratio SA/V ~0.1 cm~! and they found that a HAp
crystalline phase developed on the glass—ceramic surface in all
cases.

Crystallisation of hydroxycarbonated apatite, according to Fil-
ho et al. [10], seems to be in direct relation to the residual glass
phase, which controls the rate of ion exchange and formation of
Si-OH groups. The reaction rate (rate of HAp formation) for
glass—ceramics made of 45S5 Bioglass® is seven times faster than
for A/W (apatite-wollastonite) glass—ceramics. The findings are in
agreement with the solubility products (K) of the individual crys-
talline phases. The apatite phase has one of the highest solubility
products of the calcium phosphates (i.e. it is the least soluble
one).

An investigation of glass-ceramic scaffolds by Vallet-Regi et al.
[11] was oriented at studying the effects of P,Os present in the ma-
trix of the basic glass on the bioactivity of the material. The authors
found that the presence of P,0Os in the glass plays no significant
role in the bioactive behaviour. The difference in the mechanism
of formation of carbonate HAp in glasses without phosphorus is
associated with the fast formation of Si—OH (silanol) groups, which
attract Ca ions from the solution and form an amorphous Ca-P
phase. However, the time necessary for crystallisation of carbonate
apatite (CHAp) is relatively long. In glasses containing phosphorus
(P) the concentration of Si-OH groups is lower and the rate of for-
mation of the amorphous phase is slower. However, phosphate
nanocrystals present in the structure may serve as nucleation sites
for the growth of CHAp crystals.

For two decades bioactivity tests have been conducted in SBF, as
designed by Kokubo et al. [6]. However, in vitro tests to investigate
structural changes on surfaces of glass, glass-ceramics and ceram-
ics have been performed only in TRIS-buffered solutions. TRIS solu-
tion in combination with inorganic components of blood plasma
(SBF + TRIS), which was used in the study conducted by Kokubo
et al. [6], reproduces the in vivo changes in the structure of the
material surface more accurately. The SBF solution test has been
discussed in many papers and some controversy about its suitabil-
ity exists [12,13].

Recently, a new variant of the ISO standard has been published
[14], which is based on the Kokubo protocol [6]. Earlier studies
conducted by some of the present authors [15] investigated the ef-
fects of TRIS buffer on the surface reactivity of glass—ceramics dur-
ing in vitro tests (under static conditions), which were performed
on a glass—ceramic material containing apatite, wollastonite and
whitlockite phases. It was shown that the TRIS buffer forms a sol-
uble complex with Ca?* ions, which suppresses the deposition of a
HAp layer on the material surface and thus reduces the potential
protective effect of such a layer. The permeability of the layer for
diffusing elements decreases with immersion time. In this context,
the deposition of a HAp layer on the material surface represents a
significant process influencing the rate of leaching of components
from the material, which is closely associated with the pH of the
solution. It is assumed that a relatively small decrease in the solu-
tion’s pH will result in a significant change of supersaturation with
respect to HAp and subsequently the HAp layer would grow slower
from the solution [16].

It has become apparent that the test results are influenced not
only by the solubility of the material tested, but also by the compo-
sition of the test solution and by the experimental conditions em-
ployed [16,17]. In vitro tests of bioactivity in SBF with TRIS buffer
are mostly conducted under static conditions. Dynamic tests intro-
duce an additional dimension into the in vitro testing of bioactivity
of materials, i.e. by supplying fresh liquid to the sample they rep-
resent in vivo conditions more closely. Thus, dynamic testing con-
ditions were chosen for this work. This guarantees stable
concentrations of biogenic elements (Ca and P) and a stable pH
of the test solution, and the sample is also exposed to a liquid flow

(laminar flow). Low flow rates of a liquid around the material
might well simulate the conditions in the human body.

2. Materials and methods
2.1. Materials

The scaffolds were prepared from 45S5 Bioglass® powder by the
foam replica method following the procedure described in Ref. [5].
A slurry for the impregnation of polyurethane foams was prepared
by mixing glass particles (<5 pm in size) with an aqueous solution
of poly-pi-lactic acid. After drying, the porous precursor (the so-
called “green body”) was sintered at 1100 °C for 5 h. Partial crystal-
lisation of the glass occurred upon heat treatment. Bioglass®-based
glass—-ceramic scaffolds fabricated by the foam replica technique
exhibit one advantage for in vitro tests: after the thermal exposure
to densify the struts, a main crystalline phase (Na,0-2Ca0-3Si0;)
and a minor phase (Ca0-SiO;) usually develop, which in the ideal
case (100% crystallisation) should consume all the CaO present in
Bioglass®. The residual glass phase should therefore contain the
entire quantity of P,0s. Thus calcium and phosphorus, as elements,
could serve not only as indicators of the beginning of precipitation
of the Ca-P phase (HAp) but also as “markers* of dissolution of the
crystalline and glass phases in the test solutions. Under these con-
ditions, the interpretation of results could be very simple. Another
possible simplification of the dissolution behaviour of this system
is the assumption that the content of the second crystalline phase
(Ca0-Si0,) is low and can be assumed to behave similarly to the
main phase (Na,0-2Ca0-3Si0,).

The specific surface area was measured by the BET method in
nitrogen and a value of 1.6 m? g~! was determined. Table 1 shows
the composition of the starting 45S5 Bioglass® powder and of the
main phases of the scaffolds investigated.

2.2. Solutions for in vitro tests

In this study the behaviour of the scaffold was investigated by
exposing the materials to four types of water solutions: (i) solution
containing inorganic components similar to blood plasma in com-
bination with a buffer (SBF + TRIS), (ii) SBF solution without the
TRIS buffer, (iii) the TRIS buffer solution alone and (iv) deminera-
lised water.

The SBF buffered with TRIS and HCl is labelled as SBF + TRIS. The
SBF without the TRIS buffer is labelled as SBF. The pH value was the
one that developed after mixing all of the inorganic components of
SBF. The tests were also conducted in the TRIS buffer and HCI alone
(labelled as TRIS) and in demineralised water (labelled as H,0).

The basic SBF + TRIS solution was prepared based on a formula
found in the literature [16]. The solution was prepared from the
following reagents: KCl, NaCl, NaHCO3;, MgS0,4, CaCl,, KH,PO,.
The TRIS buffer was completed with an admixture of HCI to achieve
the required pH value at 37 °C. The pH value was set at 7.4-7.6 at
37 °C. The TRIS buffer concentration in the solution was 0.05
mol dm~3. NaN; (1 g dm~3) was added to the SBF solution to inhi-

Table 1
Compositions of Bioglass® and individual phases of the scaffold (wt.%).

Oxide 45S5 Bioglass~  Na,0-2Ca0-SiO, Residual glass phase
(100 wt.%) (77.4 wt.% of scaffold)®  (22.6% of scaffold)

Si0, 45.0 509 24.8

Na,0 245 174 48.5

Cao 24,5 31.7 -

P,0s5 6.0 - 26.5

¢ The crystalline phase Ca0-SiO, is included.
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Table 2

Ion composition (mmol dm~2) of SBF [17,18].
Na* K* Ca%* Mg?* cl- HCO*~ HPO2 so2-
142.0 5.0 2.5 1.0 131 5 1.0 1

bit possible bacteria formation. The ion composition of SBF (as
SBF5 according to Miiller and Miiller [17] and Helebrant et al.
[18]) is shown in Table 2.

2.3. Leachate analysis

2.3.1. Atomic absorption spectrophotometry

Concentrations of calcium in the leachate after glass—ceramics
exposure were measured by means of atomic absorption spectro-
photometry on a SpectrAA 880 spectrophotometer (VARIAN). To
determine the quantity of calcium, the so-called releasing agent
(KCl solution) was added into each sample. The flame used for
atomisation was acetylene-N,0. Ca concentrations were measured
at A=422.7 nm, silicon concentrations were measured at 1=
251.6 nm and sodium concentrations at 4 =589 nm.

2.3.2. Spectrophotometry

The concentrations of (PO,)*>~ ions were determined at A=
830 nm (blue form) with a UV 1601 ultraviolet-visible spectropho-
tometer, in conformity with CSN 83 05 40.

2.3.3. pH measurement

pH values of the solutions were measured after sample collec-
tion at ~32 °C (static test) and at the ambient temperature in the
leachate from the dynamic test using an inoLab pH meter with a
combined glass electrode.

2.4. Analysis of the scaffold material

2.4.1. Optical microscopy

The sample surface was analysed with a Jenapol optical micro-
scope using the NIS-Element AR 3.0 image analysis software in a
lateral incident light.

2.4.2. Scanning electron microscopy/energy-dispersive spectroscopy
(SEM/EDS)

The surface morphology was examined by SEM (Hitachi S-4700)
coupled with an EDS analyser (NORAN D-6823) and a silicon
drifted detector using an acceleration potential of 15 kV. Samples
were sputtered by Au/Pd.

2.4.3. X-ray powder diffraction analysis

Diffraction patterns were collected with a PANalytical XPert
PRO diffractometer equipped with a conventional X-ray tube (Cu
K, radiation, 40 kV, 30 mA, point focus) and a position-sensitive
PIXcel detector with an anti-scatter shield. X-ray patterns were
measured in the 2@ range of 10-100°, with steps of 0.0131° and
200 s counting per step. Qualitative analysis was performed with
the HighScorePlus software package (PANalytical, the Netherlands,
version 2.2.5), Diffrac-Plus software package (Bruker AXS, Ger-
many, version 8.0) and JCPDS PDF-2 database (International Centre
for Diffraction Data, Newtown Square, PA, USA) release 54, 2004 (in
the Institute of Inorganic Chemistry of the Czech Academy of Sci-
ence, ReZ u Prahy).

2.5. In vitro test under dynamic conditions

Dynamic in vitro tests enable a better simulation of the condi-
tions in a living organism [19]. The tested materials were supplied

with a “fresh” test liquid at a flow rate (48 ml day~') simulating
the flow of extracellular fluid in the bloodstream. A mass of
0.05 g of tested scaffold per one cell was used in the tests. The test
was conducted for a period of 10 or 17 days. Samples of the leach-
ate were collected after short periods of time (hours to days) to be
analysed for Ca, Si, Na and (PO,)>~ ions. The pH was also measured
in a cooled down leachate (at ambient temperature).

3. Results
3.1. Analyses of leachates

The concentration of calcium grew with time in the solutions
containing the TRIS buffer (i.e. in SBF+TRIS and in the 0.05
mol dm~2 solution of TRIS only), indicating the dissolution of the
calcium-containing phase (Na,0-2Ca0-3Si0; and Ca0-SiO;) of the
scaffold. In solutions without the TRIS buffer (SBF and deminera-
lised water) the concentration of calcium in the leachate decreased
or oscillated around zero (in H,0), which confirms that the crystal-
line phase practically does not dissolve in solutions without the
TRIS buffer (Fig. 1).

The variation of (PO,)?>~ ion concentration with time was differ-
ent in the individual solutions. As mentioned above, the entire con-
tent of phosphate oxide (P,0s) is in the residual glass phase of the
scaffold material after thermal exposure. In the SBF + TRIS solution,
the TRIS buffer solution and the H,0, the dissolution of the residual
glass phase was obvious, as the concentration of (PO,)*~ ions in-
creased during the first 24 h of immersion. The experiment in the
SBF + TRIS solution demonstrated the dissolution of the residual
glass phase, though 12 h later the concentration of (PO4)>~ ions de-
creased significantly as the rate of Ca-P phase precipitation was
higher than that of the dissolution of the residual glass phase. In
the SBF-only solution, the Ca-P phase precipitation started imme-
diately (Fig. 2).

It should be pointed out that silica is present in both the crystal-
line and residual glassy phases of the scaffold. The concentrations
of silicon in the leachates indicate that two processes can occur in
the solutions containing the TRIS buffer: the dissolution of the scaf-
fold material and the precipitation of hydrated calcium silicate
(CSH phase). After the initial period, when dissolution prevails,
approximately comparable rates of dissolution and precipitation
processes are achieved during longer interaction (Fig. 3).

It is also noted that sodium is contained in both the crystalline
and residual glass phases of the scaffold. Sodium was analysed in
leachates from solutions not involving SBF, i.e. in TRIS and in
H,O0. In the TRIS solution the curve of the sodium (Na) concentra-
tion is similar to that of calcium (Ca). After a week of exposure of
the sample, the leachate demonstrated a sudden decline in Na con-

Ca
140 = SBF+TRIS ® -SBF ——TRIS 4~ H20 e Cain SBF
120 X
100
E 80
o
g 60 o
“ a0
20
0 ——— et ———
0 40 80 120 160 200 240 280 320 360 400

time (hours)

Fig. 1. Concentration of Ca in leachates from SBF + TRIS, SBF, TRIS and H20 under
dynamic test conditions.
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Fig. 2. Concentration of (PO4)3— ions in leachates from SBF + TRIS, SBF, TRIS and
H20 under dynamic test conditions.
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Fig. 3. Concentration of silicon ions in leachates from SBF + TRIS, SBF, TRIS and H20
under dynamic test conditions.

Na
90

80
70
60 |
50
40
30 §
20
12 " + & * * *

0 40 80 120 160 200
time (hours)

——TRIS +-H20

¢ (mg.dm)

Fig. 4. Concentration of sodium ions in leachates from TRIS and H20 under
dynamic test conditions.

centration, probably due to the reduced dissolution of the scaffold.
In demineralised water the sodium concentration grew during the
first hours of the test. However, after 24 h no more sodium was re-
leased into the demineralised water. It is probable that this trend is
related to the dissolution of only the residual glass phase (Fig. 4).

In the in vitro tests under dynamic conditions (in SBF + TRIS and
in TRIS), the TRIS buffer keeps the pH value close to the initial level.
In solutions which do not contain any TRIS (SBF and H,0) the pH
value increases significantly due to the massive transport of so-
dium ions from the dissolving scaffold material. However, this
did not accelerate scaffold dissolution (Fig. 5).

pH
94 @ -SBF ——TRIS

—=—SBF+TRIS + - H20 oo pH in SBF
+

¢(mg.dm?)

120 160 200 240 280 320 360 400
time (hours)

0 40 80

Fig. 5. Variation of pH value in SBF + TRIS, SBF, TRIS and H20 solutions under
dynamic test conditions.

3.2. Weight variation of the scaffold samples

The significant reduction of material mass in the solutions con-
taining TRIS buffer confirms the accelerated dissolution of scaf-
folds, in comparison with solutions without TRIS buffer. Based on
the duration of the dynamic tests, it was observed that the sample
weight in solutions containing TRIS decreased by 50 or even 75% of
the original value. In demineralised water the weight of the scaf-
fold material decreased by 21.1 wt.% in 17 days. About half of this
reduction (i.e. 9.7 wt.%) was intercepted on a filter glass of the test
cell. Over the course of the test, the material disintegrated. When
exposed to water (H,0), the main dissolved component was the
residual glass phase, which in the glass-ceramic scaffold serves
as a binder.

Following exposure of the scaffold to the SBF solution (without
TRIS), the weight of the sample increased. After 9 days it increased
by ~3.5 wt.% under static conditions, and under dynamic condi-
tions it increased by 8.7 wt.% after 17 days. In this solution the
scaffold did not dissolve so rapidly and, in contrast, the precipita-
tion rate of the amorphous Ca-P phase was higher.

3.3. X-ray diffraction (XRD) analysis after the dynamic test

XRD analysis of the original material confirmed two crystalline
phases in the scaffold: Na;0-2Ca0-3SiO, (combeite) and a small
amount of Ca0-SiO, (Fig. 6a). After 17 days of exposure to the
SBF + TRIS solution a new crystalline phase was found (HAp). Nei-
ther Na,0-2Ca0-3Si0, nor Ca0-SiO, was detected. They had proba-
bly completely dissolved (Fig. 6b). In contrast, after 17 days of
exposure to the SBF solution without TRIS buffer, the original crys-
talline phases were detected and the crystalline HAp form was not
found (Fig. 6¢). In a sample exposed to TRIS solution only HAp was
detected and no other crystalline phase was found (Fig. 6d). Sam-
ples exposed to demineralised water (H,0) contained the original
crystalline phases, Na,0-2Ca0-3Si0, and CaO-SiO,, as expected
(Fig. 6e).

3.4. SEM/EDS characterisation after the dynamic in vitro test

The image of the original scaffold material (Fig. 7a) indicates the
presence of two crystalline phases (tabular (combeite) and needle
crystals (Ca0-Si0,)), as confirmed by XRD analysis. Fig. 7b shows
the scaffold after exposure to SBF + TRIS. The image exhibits a sin-
gle globule formed of very small crystals of HAp. The image of the
scaffold exposed to the solution without the TRIS buffer (SBF), in
Fig. 7c, is completely different. In comparison with the HAp globule
developed after the exposure to SBF + TRIS, this surface features
multiple smaller spherical formations, and represents the amor-
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Fig. 6a. XRD of the original scaffold material, indicating the presence of two crystalline phases (combeite and Ca0-SiO5).
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Fig. 6b. Scaffold after 17 days of exposure to the SBF + TRIS solution. The XRD pattern detected only the HAp phase.

phous (nanocrystalline) phase of calcium phosphate (as confirmed
by XRD). The EDS analysis confirmed high concentrations of cal-
cium and phosphorus. The original crystalline phases were selec-
tively dissolved from the material exposed to the TRIS solution
(Fig. 7d), which is in agreement with results of the leachate char-
acterisation and XRD analysis. The EDS analysis also showed that
the porous network consists mainly of silicon dioxide, probably
in the form of an SiO-, gel. Fig. 7e shows the scaffold structure after
leaching in water, where the residual glass phase was partly dis-
solved, and the image shows both crystalline phases and probably
a remnant of the glassy phase.

4. Discussion

Our dynamic tests have confirmed the effect of the TRIS buffer
on dissolution behaviour of the Bioglass®-based glass—ceramics
scaffold material. The scaffold is highly soluble in solutions con-
taining TRIS and therefore even a very small quantity of the mate-
rial in a test cell will disturb the metastable equilibrium of the test
solution and induce precipitation of the HAp crystalline phase. It
was found that in solutions containing the TRIS buffer (SBF + TRIS,
TRIS) the primarily dissolving phases were the crystalline phases
(Nay0:2Ca0-3Si0, and Ca0-Si0,), but the residual glassy phase also
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Fig. 6¢. XRD pattern of a scaffold after 17 days of exposure to the SBF solution.
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Fig. 6d. XRD pattern of a scaffold after 17 days of exposure to the TRIS solution indicate HAp phase.

partly dissolved. In the solutions which did not contain any TRIS
buffer (SBF and H,0) the only dissolving phase was the residual
glassy phase. These findings were confirmed by XRD data and
SEM/EDS measurements, and are in good agreement with the con-
centrations of elements found in the leachates after scaffold expo-
sure to various solutions.

Further, it was found that the presence of the TRIS buffer in
solutions doubles the dissolving rate of the material (in the TRIS
buffer the scaffold material dissolved at a rate of 0.2 wt.% h™!; in
demineralised water it was 0.1 wt.% h™!). This finding is in agree-

ment with the results of our previous studies [20], which identified
the same effect on dissolution of the crystalline form of B-trical-
cium phosphate. The specific effect of the TRIS buffer will be dis-
cussed in a future publication.

5. Conclusions

1. The glass—ceramic scaffold material prepared by crystallisation
of Bioglass® significantly dissolves in SBF + TRIS. It is obvious
that bioactivity is associated mainly with the crystalline phase,
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Fig. 6e. XRD pattern of a scaffold after 17 days of exposure to H,0. The original crystalline phases of the scaffold remained.

Fig. 7c. Globules of amorphous calcium phosphate phase formed after 17 days of

Fig. 7a. SEM image of the original glass-ceramic scaffold material. Two crystal
scaffold exposure to SBF solution.

phases are visible: tabular combeite and needle-like CaO-SiO,.

Fig. 7d. Scaffold residual phase (composed mainly by SiO,) and newly formed HAp

Fig. 7b. Large globule formed by small HAp crystals after 17 days of scaffold
after 17 days of exposure to TRIS solution.

exposure to SBF + TRIS solution.
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Fig. 7e. The original crystal phases of the scaffold survived after 17 days of
exposure to H,0.

which is readily soluble. The bioactivity of the scaffold is cer-
tainly affected by the crystalline high content (77 wt.%) in the
material. This statement applies for solutions containing the
TRIS buffer.

2. In solutions without TRIS (H,O and SBF), the only dissolving
phase is the residual glass phase.

3. The TRIS buffer, which has been used in standard bioactivity
tests for two decades (Kokubo solution), strongly influences
the test results. The dissolution of the scaffold in the presence
of TRIS buffer is twice as fast as in solutions containing no TRIS.
Moreover, the crystalline form of the newly developed apatite
phase (HAp) was found only on samples exposed to solutions
containing the TRIS buffer.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Fig. 6, is difficult to
interpret in black and white. The full colour images can be found
in the on-line version, at doi:10.1016/j.actbio.2011.02.028.
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Several laboratories had tested bioactivity of the materials in commercially available solution DMEM

(Dulbecco’s Modified Eagle's Medium) that is normally used for cultivation of cell cultures. The objective

of this work was to find out whether it is possible to replace TRIS-buffered SBF currently used for

bioactivity tests with the non-buffered DMEM solution. To understand the role of the organic part of the

DMEM solution in the process of crystallization, we have prepared non-buffered solution simulating only
its inorganic part (identified as I-solution). It was found that under static-dynamic test conditions calcite
(CaCO3) and the amorphous phase of calcium phosphate (ACP) formed on the surface of the glass-

ceramic (45S5 bioactive glass based) scaffold exposed to both solutions. Additionally, halite (NaCl)

formed at the beginning of exposure to DMEM. Hydroxyapatite phase was not detected on the surface in
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either non-buffered solution. Organic components contained in the DMEM solution failed to prevent

formation of crystalline phases. The present results indicate that it is not recommendable to use DMEM
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1. Introduction

The first tests usually performed on materials intended for
substitution of hard tissues are bioactivity tests, i.e. tests moni-
toring the formation of a layer of biologically active hydroxyl
carbonate apatite formed on the biomaterial surface.® Several
preconditions need to be met for biomineralization (osseointe-
gration) of the tested materials. The material must be dissolvable
in blood serum (it must release Ca®>" ions or potentially also
(PO,)*~, Na" and Si ions in a controlled manner); “fresh” solution
(blood serum) is supplied to the proximity of the material and
bone mineral hydroxyapatite (HAp) may crystallize on it due to
local supersaturation. The so-called simulated body fluid (SBF)
has been used for bioactivity tests for many years.” Unlike human
blood serum, the original SBF® contains no organic components;
it has a higher content of Cl™ ions and a lower content of HCO; ™
ions (4 mmol dm 2 versus 27 mmol dm ™ in real human serum).
The pH of SBF is maintained at around 7.3 (at 37 °C) by using Tris
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for bioactivity tests of glass-ceramic materials due to its low concentration of Ca®* ions, high
concentration of HCO3™ ions and the necessity to maintain sterile environment during the test.

(NH,C(CH,OH)y), tris-[(hydroxymethyl)Jaminomethane]. In blood
serum, the pH is partly buffered by hydrogen carbonate ions and
by partial pressure of CO,. The pH value is critical for the
formation of HAp. According to de Aza et al.,* the ideal pH for
precipitation and crystallization of HAp is in the alkaline region
(pH = 7.5-8.0). However, during static and dynamic tests of
dissolution of bioactive glasses, glass-ceramics and calcium-
phosphate materials (i.e. easily dissolving ones), the pH values in
Tris-buffered SBF do not remain in the neutral area. Several
hours after the material is exposed to SBF the pH value increases
towards the alkaline region. This pH increase results in forma-
tion of an ideal, but not realistic, environment for HAp forma-
tion. Some authors have questioned whether bioactivity of
materials can be predicted based only on development of a HAp
layer on their surface after exposure to SBF.>® This is because SBF
cannot simulate physiological conditions in a live organism
completely but it only substitutes its analytical components
(inorganic part of blood serum). Certainly it is justified to ques-
tion if this information is sufficient for bioactivity assessment?
Indeed for a first indication of potential bioactivity of biomate-
rials, it probably is. As we have found out in our previous work,”
Tris buffer, which is a part of SBF, reacts with the tested material
(in our case with 4555 bioactive glass-derived glass-ceramic). We
exposed the scaffold to a series of SBF solutions - Tris-buffered
SBF, SBF without Tris, Tris alone and water. The Tris buffer
supported dissolution of the crystalline phase of the glass-
ceramic scaffold and it was the principal component for crystal-
lization of the HAp phase. Moreover, Ca>* ions bind with Tris
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buffer to form a soluble complex which had been described
elsewhere®® and which may distort the results of in vitro tests.

Other authors® have reported on preparation of SBF solutions
whose concentrations of HCO;  are near to those in human
blood serum (27 mmol dm™3) and, apart from approaching the
real biological environment, they also anticipated an increased
buffering ability of the inorganic part of SBF alone. However, all
revised or modified SBF solutions still contain Tris buffer (revised
(r-SBF), corrected (c-SBF) and newly improved (n-SBF)). The
authors of ref. 10 and 11 used a modified SBF27 solution
(concentration of HCO; ™~ was 27 mmol dm~*) and demonstrated
formation of carbonate hydroxyapatite (CHAp). In another
investigation,'? collagen spongious Ap-CaP whiskers and CaSO,
doped with calcium hydrophosphate (CaHPO, monetite) were
exposed to a solution of Tris-SBF-27 mmol dm™>. All the
mentioned materials induced formation of nanoporous apatite
in the solution, with the exception of CaSO, alone, which crum-
bled in the solution into powder.

In a relevant investigation involving bioactive glasses, Can-
nillo et al.™ exposed two types of glasses (BG45 and MG45) not
only to SBF but also to commercial solutions HBSS+ and
HBSS—, designed for growing tissue cultures. HBSS solutions
were not buffered with Tris but they differed in the contents of
Ca and Mg ions. SBF solution was the most reactive one and it
induced formation of apatite on the surface of BG45 glass in a
shorter time than other solutions. The microstructure of the
crystallized apatite on the BG45 glass was identical both in
HBSS+ and in SBF. However, the reactivity (in the sense of
apatite formation) was higher in SBF and this was explained by
the authors in the presence of a higher concentration of Ca ions
in SBF (1.4 mmol dm* Ca®>" in HBSS+ compared to 2.5 mmol
dm ™ in SBF). A magnesium phosphate phase developed on the
surface of MG45 glass in SBF which means that also glass
significantly dissolved in SBF and that SBF was in this case
supersaturated with respect to magnesium phosphate.

In other published articles,**'® attempts to substitute SBF
with the commercially available DMEM solution, which is
primarily designed for growing and maintaining tissue cultures,
have been reported. The solution is available in many variants —
non-buffered or buffered with Tris, and with another buffer —
HEPES (CgH;3N,0,S), 4-(2-hydroxyethyl) piperazine-1-ethane-
sulfonic acid, (Sigma Aldrich, Invitrogen GIBCO USA). Apart
from the inorganic part of blood serum, this solution also
contains the organic component. For example, Theodorou
et al.’” have found that as early as after three days of immersion
in DMEM solution, the amorphous apatite phase developed at
certain locations on silicate glass (Bioactive glass 4555) and the
carbonated crystalline apatite (CHAp) phase was found on 58S
glass. It was discussed that development of the CHAp crystalline
phase is inhibited by the organic part of DMEM solution and
the authors explained it by the effect of the adsorption of
proteins on an amorphous Ca-P layer."” However, it is not clear
whether they used buffered or non-buffered DMEM solution
which is critical for interpretation of the results. Miller et al.*®
studied the transformation of brushite into OCP (octacalcium
phosphate) in various DMEM derived solutions. Solutions
without organic phase did not have any SO,>” ions and
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solutions with organic phases as lactic acid and Tris buffer
contained SO,> ions. None of the solutions were able to
maintain the pH at 7.4, even during the first 24 h. Brushite
crystals were transformed into a biphasic mixture of OCP and
CDHA (Ca-deficient HA), when soaked for 1 week in different
biomineralization solutions at 37 °C. The authors also noticed
that the extent of any hydrothermal transformation of DCPD
into OCP and CDHA strongly depended on the overall dimen-
sions or thicknesses (sizes) of the samples. Temizel et al.*® used
derived solutions of DMEM buffered with HEPES and solution
marked as BM-3 non-buffered with HEPES. When HEPES was
eliminated in BM-3, it became possible for the first time to
completely convert the DCPD crystals to OCP in less than 72 h at
36.5 °C. The effect of the presence of HEPES could be due to the
complexation of some of the Ca** ions of the solution by the
HEPES buffer at the Ca/P molar ratio of 1.99 and could reduce
the concentration of free Ca>* ions available for the DCPD to
OCP transformation. The experimental results showed that
increasing the temperature from 55 °C to 60 °C in a 1 h stirred
experiment increased the possibility of obtaining apatite-CaP
mainly due to the high solubility of DCPD. The optimum
temperature required to achieve a complete transformation to
OCP crystals was 75-80 °C. Evidently, the type of used solution,
buffering system and the arrangement of the test (e.g. S/V) and
temperature are very important for the interpretation of
obtained results.

The purpose of this research was to study the suitability of
non-buffered DMEM solution for bioactivity testing, consid-
ering its reduced concentration of Ca** and high concentration
of HCO; ™ ions, the fact that it contains organic components of
blood serum and, unlike SBF, it is not buffered with Tris.

2. Materials and methods
2.1. Materials

The material used for testing was silicate glass-ceramic in the
form of a highly porous structure (scaffold) prepared by the
foam replica technology.” The initial material for preparation
of a glass suspension was 45S5 bioactive glass (4555 BG) powder
with a mean particle size <5 pm. For scaffold preparation the
polyurethane (PUR) foam was immersed into the prepared
suspension, it was taken out 15 minutes later and the excessive
suspension was squeezed out. The created porous precursors,
the so-called green bodies, were left to dry for 12 hours at room
temperature and were then subjected to thermal treatment
consisting of firing at 400 °C per 1 hour to burn-out the PUR
template and further sintering at 1100 °C for 5 hours.”
The scaffold had an open porous structure with the pore size in
the range of 510-720 pm and porosity of approximately 90%.
The material contained crystalline and residual glass phases.
Their contents before and after the crystallization, according to
a previous publication,® are shown in Table 1.

2.2. Solutions for the in vitro test

The modified simulated body fluid with reduced concentration
of Ca*' ions and increased concentration of HCO;~ ions to

This journal is © The Royal Society of Chemistry 2014
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44 mmol dm~? (I-solution) was prepared by mixing solutions of
the following reagents: KCl, NaCl, NaHCO; MgCl,-6H,0,
CaCl,, Na,SO, and KH,PO, in respective ratios. Azide (NaN3)
was added to prevent bacterial growth in the solution.”** I-
solution was not buffered and the pH value was not adjusted.

Dulbecco’'s Modified Eagle's Medium (DMEM) is normally
used to grow tissue culture and it simulates the environment of
the human body because, in addition to inorganic ions, it also
contains organic substances, such as amino acids, glucose and
vitamins. A modified DMEM (mod-DMEM) was prepared for
testing in this study by enriching the standard DMEM (D1145,
Sigma-Aldrich) with fetal bovine serum (FBS, Invitrogen), vita-
mins (MEM, Invitrogen) and antibiotics (Sigma-Aldrich), A5955
Sigma Antibiotic Antimycotic solution (100x) stabilized with
10 000 units penicillin, 10 mg streptomycin and 25 pg ampho-
tericin B per mL, sterile-filtered, BioReagent.

The reason for the FBS and vitamin addition was to enrich
the organic part of the DMEM. Antibiotics protect prepared
solution against degradation during the test. Table 2 presents
the ion composition of I-solution and the inorganic part of mod-
DMEM in comparison with blood plasma (BP), as published in
the literature, the Ca/P molar ratio is presented.

2.3. Static-dynamic conditions of the in vitro test

To prevent the effect of exhaustion of ions from the solutions,
the so-called static-dynamic test was carried out in which,
although the testing solutions did now flow continually around
the sample as in dynamic tests, the solution was replaced on a
daily basis (50 ml per day), i.e. every 24 hours. The scaffolds
used for the static-dynamic arrangement of the in vitro test had
an average weight in the range of 0.045-0.055 g, they were
placed in platinum spirals and suspended in 50 ml plastic
bottles filled with I-solution or mod-DMEM. The bottles with
the samples were placed into a thermostat maintaining the
temperature at 36.5 + 0.5 °C. The interaction time was 15 days
and two samples were collected in selected time intervals (after
1, 3, 7,11 and 15 days), rinsed with demineralized water and left
to dry at laboratory temperature. In order to maintain a sterile
environment the replacement of the mod-DMEM solution was
performed in a “flow box”.

2.4. Analysis of the materials

2.4.1. Scanning electron microscopy/energy-dispersive
spectroscopy (SEM/EDS). The surface of tested materials before
and after the immersion tests was inspected with a Hitachi

Table 1 Composition of 4555 BG, crystalline and glass phases?®

View Article Online

Journal of Materials Chemistry B

S-4700 scanning electron microscope (SEM) equipped with an
EDS analyzer (NORAN D-6823) working at an accelerating
voltage of 15 kV. The samples were powder coated with an
Au-Pd layer during 80-100 s for SEM observations.

2.4.2. X-ray powder diffraction analysis. Samples were
ground in an agate mortar in a suspension with cyclohexane.
The suspension was then placed on a mylar film and fixed to a
transmission sample holder. After solvent evaporation a thin
layer of the prepared sample was covered with another mylar
film. The diffraction patterns were collected using a PANalytical
X'Pert PRO diffractometer equipped with a conventional X-ray
tube (Cug,, 40 kV, 30 mA, line focus) working in transmission
mode. An elliptic focusing mirror with divergence slit 0.5°, an
anti-scatter slit 0.5° and a soller slit of 0.02 rad were used in the
primary beam. A fast linear position sensitive detector PIXcel
with an anti-scatter shield and a soller slit of 0.02 rad was used
in the diffracted beam. All patterns were collected in the range
of 3 to 88 deg. 2 theta with the step of 0.013 deg and 600 s per
step producing a scan of about 4.5 hours. Qualitative analysis
was performed with a HighScorePlus software package (PAN-
alytical, The Netherlands, version 3.0e), a Diffrac-Plus software
package (Bruker AXS, Germany, version 8.0) and JCPDS-ICDD
PDF-2 database.”

2.5. Leachate analysis

All tests and analyses were performed using two parallel series
of samples.

2.5.1. Atomic absorption spectrophotometry. Concentra-
tions of Ca®" ions were analyzed in leachates from both types of
solutions with a VARIAN-SpectrAA 300. The so-called release
agent (KCl) was added to each sample to determine the quantity
of Ca. The leachate was atomized in acetylene-N,O flame. The
wavelength used for absorbance measurements was 422.7 nm.
Concentrations of Si were analyzed in leachates from both types
of solutions with a VARIAN-SpectrAA 880. The leachates were
atomized in acetylene-N,O flame. The wavelength used for
absorbance measurements was 251.6 nm.

2.5.2. Spectrophotometry. Concentrations of (PO,)*” ions
were analyzed in I-solution leachates with a UV-Vis spectro-
photometer UV1601 at wavelength 830 nm (CSN 830540). Ion
concentrations were calculated using a calibration line method
from the measured absorbance values.

2.5.3. Inductively coupled plasma-optical emission spec-
troscopy (ICP-OES). Concentrations of P in mod-DMEM leach-
ates were measured by ICP-OES with a Perkin Elmer-Optima

Oxides 45S5 BG (100 wt%) Na,Ca,Siz0q (77.4 wt% scaffold)” Residual glass phase (22.6 wt% scaffold)
Sio, 45.0 50.9 24.8

Na,O 24.5 17.4 48.5

CaO 24.5 31.7 —

P,0Os5 6.0 — 26.5

¢ The minority crystalline phases CaO-SiO, and NaCaPO, (buchwaldite) are included.

This journal is © The Royal Society of Chemistry 2014
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Table 2 lon composition (mmol dm™3) of mod-DMEM, I-solution BP,2 SBF?2 and Ca/P molar ratio

Na* K* Cca** Mg** cl” HCO;~ HPO,>~ S0, Ca/P
mod-DMEM 154.5 5.4 1.8 0.8 118.5 44.0 0.9 0.8 1.97
I-solution 142.0 5.0 1.8 1.0 91.6 44.0 1.0 0.5 1.80
BP 142.0 5.0 2.5 1.5 103.0 27.0 1.0 0.5 2.50
SBF orig. 142.0 5.0 2.5 1.0 148.8 4.2 1.0 0.0 2.50

2000DV instrument. The solution was vaporized with a Gem-
ConeTM nebulizer and the flow rate of the solution through the
nebulizer was 2.2 ml min~*. The produced fine aerosol was
carried with an argon stream into a plasmatic burner (1300 W).
The concentrations were measured at wavelengths 231.620,
214.917 and 178.221 nm.

2.5.4. pH measurement. pH values in I-solution and mod-
DMEM leachates were measured with an inoLab pH-meter with
a combined glass electrode at laboratory temperature.

3. Results
3.1. Interaction of scaffolds with mod-DMEM

3.1.1. Leachate analysis of mod-DMEM during interaction
with the scaffold. Fig. 1a and b show concentrations of Ca** and
(PO,)*” and pH in mod-DMEM leachates after the scaffold
exposure. The leachate analysis suggests that potential
processes of scaffold dissolution and precipitation of new
phases occurred at a stable rate practically throughout the
entire duration of the experiment. Concentrations of (PO4)*~
ions after 7 days of interaction slightly increased which means
that the process of scaffold dissolution started prevailing over
the precipitation of new phases. ICP could not be used to
determine concentrations of Si (which is a “marker” for scaffold
dissolution) in mod-DMEM leachates, because of the high error
of the measurement of the samples with low concentration of Si
(1-10 mg dm*). The mod-DMEM solution was not buffered
and the pH value increased from 7.45 to 8.90 soon after the
beginning of the exposure and it oscillated at around pH 8.90
until the end of the test (Fig. 1b). The pH changes can be
considered an indicator of ongoing processes of dissolution and
precipitation during scaffold exposure to mod-DMEM.

3.1.2. X-ray powder diffraction analysis of scaffolds before
and after interaction with mod-DMEM. Records from XRD
powder diffraction analysis of the scaffold before and after 3, 7,
11 and 15 days of interaction with mod-DMEM are shown in
Fig. 2.

XRD analysis before the exposure confirmed the presence of
the main crystalline phase Na,O-2CaO-3SiO, (combeite) and
two minority structurally isomorphic phases CaO-SiO, and
NaCaPO, (buchwaldite) in the original scaffold (Fig. 2). Crys-
talline phases of NaCl (halite) and CaCO; (calcite) developed
after three days of exposure (3D). The intensity of diffraction
lines for the halite phase decreased with increasing interaction
time (7-15D) and, in contrast, it increased for the calcite phase.
The XRD diffractograms indicate the growth of a nanocrystal-
line phase (indicated in the diffractogram as a broad diffusion
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maximum) approximately from the 7™ day of the test. It is
probably a phase consisting of a mixture of nanocrystalline-
amorphous calcium phosphate (ACP), which has been also
discussed in the literature for immersion in SBF.” The intensity
of the original crystalline phases of the scaffold remained
practically unchanged which means that they did not dissolve
in the mod-DMEM solution.

3.1.3. SEM/EDS characterization of scaffolds before and
after interaction with mod-DMEM. Changes on the surface of
the scaffolds after 3, 7, 11, 15 days of interaction with mod-
DMEM can be seen in the SEM images (Fig. 3b-e) and EDS
analyses (indicative measurement) are provided in Table 3. The
original morphology of the scaffold surface is shown in Fig. 3a.

Fig. 3a shows the surface of the original scaffold with small
tabular crystals of combeite and needle like crystals, likely
corresponding to buchwaldite as well as to the structural
isomorphic phase CaO-SiO,. The SEM/EDS analysis confirmed
that as early as after three days (3D) the scaffold surface was
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Fig.1 Concentrations of (a) Ca%* and (PO4)*>~ ions and (b) values of pH
in mod-DMEM during interaction with scaffolds.
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Fig.2 XRD patterns of the scaffold before and after 3, 7, 11 and 15 days
of interaction with mod-DMEM.

covered with ACP (amorphous calcium phosphate) (growing
content of Ca and P) and NaCl (Table 3, Fig. 3b, white crystal,
1 pm in size), which is in agreement with the XRD analysis
(Fig. 2). A phase with a high content of Ca developed after one
week (7D) (by XRD diffraction detected as CaCO;) and it can be
seen in images from SEM/EDS as white 1 pm globules (Fig. 3c).
After 11 days (11D) the phase with a high Ca content started
prevailing and quantities of Na and Cl on the scaffold surface
gradually decreased. The content of P remained unchanged
after the third day of interaction. At the end of the test (15D) the
scaffold surface was mostly covered with a phase having a high
content of Ca (according to XRD - CaCO;, Fig. 2) and with a
cauliflower-like structure (Fig. 3e and f) and also ACP was
detected on scaffold surfaces. The results of SEM/EDS
measurements were therefore in good agreement with the XRD
analysis.

3.2. Interaction of scaffolds with I-solution

3.2.1. Leachate analysis of I-solution during interaction
with the scaffold. Analyses of the I-solution leachates showed
that the scaffold significantly dissolved immediately after
exposure to the medium, which was well-documented by the
presence of Si in the leachates (Fig. 4a). 48 hours after the
beginning of exposure the rates of scaffold dissolution and
precipitation of the Ca-P phase stabilized, as documented by
concentrations of Ca>* and (PO,)*~ ions (Fig. 4b). The decrease
of Ca®" and (PO4)*~ concentrations indicates the precipitation
of the Ca-P phase. The pH value of non-buffered I-solution was
8.50 at the beginning and, due to scaffold dissolution and

This journal is © The Royal Society of Chemistry 2014
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(a) ORIGIN

Fig. 3 SEM images of scaffolds (a) before (combeite — the small
tabular crystals, buchwaldite and structurally isomorphic phase
Ca0-SiO; — needle-like crystals) and after (b) 3, (c) 7, (d) 11, and (e and
f) 15 days of interaction with mod-DMEM.

formation of the new phase, it increased to 9.20 and remained
around that value until the end of the test (Fig. 4c).

3.2.2. Si as a dissolution “marker”. The concentrations of
Siin I-solution leachates made it possible to calculate quantities
of the dissolved scaffold. The calculation was also possible
owing to the conditions of the static-dynamic test as it was
possible to use the current concentration of Si in a known
volume of leachate (every day precisely 50 ml) to calculate the
quantity of leached SiO,. The total quantity of leached SiO, was
subsequently converted to the weight of the dissolved scaffold,
based on an assumption that SiO, represents 45 weight% of the
scaffold. The fact that the leached SiO, originated both from the
crystalline and glass phases was neglected for reasons of
simplification (the crystalline phase contains ca. 7x more SiO,
than the residual glass phase). Thus assuming that the disso-
lution rates are identical for both scaffold phases our calcula-
tions indicate that 7.2 mg of SiO, leached in total from ca. 55 mg
of the exposed sample. This means that ca. 16 mg of scaffold
dissolved in 15 days of exposure to the I-solution, i.e. approxi-
mately 1/3 of the initial weight of the tested scaffold. If the
dissolved phase had been only the residual glass phase it would
have dissolved completely. We also tried to calculate quantities
of dissolved Ca and P, however, due to their re-precipitation and
formation of several different phases on the scaffold surface the
calculation would be very complicated and indeed quantita-
tively inaccurate.

3.2.3. X-ray powder diffraction analysis of scaffolds before
and after interaction with I-solution. Records from XRD powder
diffraction analysis of the scaffold before and after 1, 3, 7, 11
and 15 days of interaction with I-solution are shown in Fig. 5.
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Table 3 Chemical and crystalline composition of the original scaffold surface and the surface after its exposure to mod-DMEM [wt%] (by SEM/

EDS)

Time [days] 0o Na Mg Si P cl K Ca Probable phases”

Origin 39.4 20.3 — 20.9 1.6 — — 17.9 Na,Ca,Siz0q

3D 45.2 10.9 2.1 2.6 6.4 6.6 1.0 25.1 ACP, NaCl

3D - cube 49.3 14.0 2.6 — — 7.9 0.8 19.6 NacCl

7D 37.3 9.8 1.3 5.8 3.7 7.3 0.7 34.2 NaCl, ACP, CaCO;
11D 40.9 3.8 0.9 8.7 4.2 3.3 1.0 37.2 CaCO3, ACP, NaCl
15D 45.5 2.4 1.5 3.5 5.5 1.5 0.3 39.9 CaCOg3, ACP

“ Combeite: Na,Ca,Si;0q, halite: NaCl, calcite: CaCO;, ACP: amorphous calcium phosphate.
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Fig. 4 Concentrations of (a) Si and (b) Ca®* and (PO4)*>~ ions and (c)
values of pH in I-solution during interaction with scaffolds.

XRD diffraction confirmed formation of a calcite crystalline
phase (CaCO3) as early as after the first day (1D) of exposure to I-
solution (Fig. 5). After three days of exposure (3D), an increase
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in the content of the amorphous phase ACP (Amorphous
Calcium Phosphate) was recorded. No formation of the HAp
phase was observed, not even after 15 days of exposure to I-
solution. No halite (NaCl) was formed either, probably due to
lower concentrations of Na" and Cl~ ions in the I-solution in
comparison to mod-DMEM. The original phases of the scaffold
are visible in the XRD patterns until the end of the test (0-15D).
We assume that the main dissolved phase of glass-ceramic was
the residual glass phase of the scaffold.

3.2.4. SEM characterization of scaffolds before and after
interaction with I-solution. Changes on the scaffold surface
after 1, 3, 7, 11, 15 days of interaction with I-solution are shown
in Fig. 6b-f. The scaffold surface before the interaction is shown
in Fig. 6a.

Fig. 6b-f and results of EDS analyses in Table 4 confirm
conclusions from XRD analysis. Well-developed globules of
CaCOs; (Fig. 6b) with the diameter of ca. 1 pm were visible from
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Fig.5 XRD patterns of scaffolds before and after 1, 3, 7, 11 and 15 days
of interaction with I-solution.
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the very beginning of the interaction (1D). It was the same phase
that developed on the scaffold surface exposed to mod-DMEM.
Apart from the growth and agglomeration of the globules (3D)
(Fig. 6¢), there was a significant growth of the ACP phase (7-
15D) (Fig 6d), which has been also detected for immersion in
SBF.” NaCl was not detected, neither with XRD nor with SEM/
EDS. CaCO; globules covered by the ACP phase formed in I-
solution looked like hydroxyapatite at the first sight but XRD
analysis failed to confirm the presence of the HAp crystalline
phase.

4. Discussion

Analyses of leachates from 45S5 BG-based glass-ceramic scaf-
folds immersed in non-buffered mod-DMEM and non-buffered
I-solutions showed that pH values in those systems (because of
enormous dissolution of the tested scaffold) increased far into
the alkaline area (up to pH 9). We assume that at such pH values
the residual glass phase, which functions as a “binding agent”
in the glass-ceramic material, will significantly dissolve. This
fact has been confirmed by practical experience from the test as
the glass-ceramic material in non-buffered I-solution (but also
in mod-DMEM) disintegrated. XRD measurements after 15 days
of exposure in both cases confirmed the presence of the original
crystalline phases of the scaffold. The results indicate therefore
that the high concentration of HCO;~ ions (DMEM contains
approx. 160% HCO; ™~ (s) of that in human plasma) coupled with
CO, (g) from air does not have sufficient buffering capacity in
the tested solutions. The DMEM solution fails to contain

(a) ORIGIN - ~ [’e‘\ "(b) 1D
3

5.00 “ .
e

un
S

5.00 um

Fig. 6 SEM images of scaffolds (a) before (combeite — the small
tabular crystals, buchwaldite and structurally isomorphic phase
CaO-SiO;, — needle-like crystals) and after (b) 1, (c) 3, (d) 7, (e) 11 and (f)
15 days of interaction with I-solution. The fractures in the newly
developed layers were caused by drying of samples.
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Table 4 Chemical and crystalline composition of the original scaffold
surface and the surface after the interaction with I-solution [wt%]
(SEM/EDS)

Time [day] O Na Mg Si P Ca  Probable phase”

Origin 435 22.8 171 0  16.6 Na,Ca,Siz0,
1D 442 49 2.0 82 52 354 NayCa,Siz0o,
ACP, CaCO,
3D 361 1.6 — 2.0 4.4 56.0 ACP,CaCO,
7D 498 25 2.8 31 69 349 ACP,CaCO;
11D 455 2.6 27 — 7.0 422 ACP,CaCO;
15D 416 2.6 3.5 3.0 55 43.7 ACP,CaCO,

“ Combeite: Na,Ca,Siz0,, calcite: CaCO;, ACP: amorphous calcium
phosphate.

sufficient quantity of Ca®>" ions (only 70% of that in human
serum) and the Ca/P molar ratio is near 2 in contrast to human
plasma (2.5). Such an environment is not supersaturated with
respect to HAp but, it is preferentially supersaturated with
respect to the amorphous calcium phosphate phase and CaCOs.

After being exposed to both investigated solutions the newly
formed crystalline phase on the surface of scaffolds was mainly
calcite (CaCO;) (shaped into globules). In our previous study,’
we discussed that a visually identical phase that formed in SBF
without Tris buffer was amorphous ACP, and even after con-
ducting XRD analysis we were not able to prove the presence of
CaCO; after the scaffold exposure to SBF without Tris. The
quantity of CaCO; was very low and the most intense lines for
CaCO; overlapped with diffraction lines of the main crystalline
phase of the as-fabricated scaffold; i.e. combeite. However, we
have to take into account, that solution SBF without Tris from
our previous experiment had the concentration of HCO;™ ions
more than 10-times lower opposite to I-solution or mod-DMEM
used here. Based on the findings described above it is possible
to expand our knowledge on the in vitro behavior of these
particular 45S5 BG-derived scaffolds. In this study we found that
the amorphous phase containing Ca and P (ACP) precipitated in
both tested solutions on the scaffold surface, as it was antici-
pated on the grounds of consumed Ca and P in the non-buff-
ered I-solution leachates. In both cases the phase was detected
owing to the increased quantity of phosphorus on the sample
surface as detected by EDS. The presence of ACP was also
confirmed by the XRD results (the share of the amorphous
phase increased with the time of scaffold exposure to the
solutions). The ACP phase is probably in the form of nano-
spheres covering the CaCO; globules. Later, the amorphous
phase can transform into OCP crystals.>* As also shown in our
recent study,” crystallization of CaCO; on the glass-ceramic
surface in the non-buffered DMEM derived solution with
concentration of HCO;™ ions near to those of human plasma
(27 mM dm?) will prevail. Moreover, ACP was also found in 27-
SBF solution (without buffer Tris).>

We have not found evidence that the organic part of non-
buffered mod-DMEM suppresses crystallization of phases, as
calcite crystallized on the scaffold surface in both solutions.
Another phase, halite, crystallized at the beginning of the
immersion in mod-DMEM owing to higher concentrations of

J. Mater. Chem. B
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Na" and Cl™ ions (not only in comparison with I-solution but
also with blood serum) and the presence of Na' ions released
from the tested glass-ceramic scaffold. It has to be noticed that
halite is not the residue of mod-DMEM or I-solution. The same
treatment was applied on each glass-ceramic scaffold taken out
from testing solutions (see Section 2.3.). The transmission
geometry of the XRD measurement enabled finding the NaCl
phase covered later by the precipitated CaCO; phase. Probably,
halite crystals served as advantageous sites for CaCO; and ACP
nucleation.

The presence of the organic components in mod-DMEM
solution affects the rate of glass-ceramic dissolution; it is
possible that the tested scaffold dissolved more slowly in mod-
DMEM compared to I-solution: we estimated this based on
small changes of Ca and P concentrations in the mod-DMEM
leachates.

After completion of the test in I-solution the inert Pt spirals,
in which the scaffold samples were suspended, were covered
with a very thin layer. XRD analysis of the precipitate showed
that the layer consisted mainly of the NaCl phase and Ca-
defective carbonate apatite (CDHA). This phenomenon had no
influence on the conclusions of the present experiments but it
should be discussed in the context of establishing a suitable
setup and experimental conditions of bioactivity tests which is
the matter of current work.

5. Conclusions

1. Non-buffered mod-DMEM solution is not the ideal environ-
ment for the formation of a hydroxyapatite phase in bioactivity
tests of glass-ceramic material.

2. Exposure to non-buffered mod-DMEM and non-buffered I-
solutions resulted in crystallization of calcite and precipitation
of amorphous calcium phosphate (ACP) on the scaffold surface.
3. The organic part of mod-DMEM does not suppress crystalli-
zation of calcite, halite or precipitation of ACP; probably it
suppresses the glass-ceramic dissolution.

4. Considering the general goal of monitoring the growth of
hydroxyapatite phase (HAp) on the surface of materials as one of
the important factors determining the so-called “bioactivity”, a
highly critical question remains to be answered related to the
selection of the suitable buffering system to be commonly used
for SBF and to the determination of appropriate in vitro test
conditions.
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Abstract: An international standard (ISO: 23317:2014) exists for
the in vitro testing of inorganic biomaterials in simulated body
fluid (SBF). This standard uses TRIS buffer to maintain neutral
pH in SBF, but in our previous paper, we showed that the inter-
action of a tested glass-ceramic material with TRIS can produce
false-positive results. In this study, we evaluated whether the
HEPES buffer, which also belongs to the group of Goods buf-
fers, would be more suitable for SBF. We compared its suitabil-
ity in two media: SBF with HEPES and demineralized water
with HEPES. The tested scaffold (45S5 bioactive glass-based)
was exposed to the media under a static-dynamic arrangement
(solutions were replaced on a daily basis) for 15 days. Leachate
samples were collected daily for the analysis of Ca?" ions
and Si (AAS), (PO,)* ions (UV-VIS), and to measure pH. The
glass-ceramic scaffold was analyzed by SEM/EDS, XRD, and

WD-XRF before and after 0.3, 1, 3, 7, 11, and 15 days of expo-
sure. Our results confirmed the rapid selective dissolution of
the glass-ceramic crystalline phase (Combeite) containing Ca?*
ions due to the presence of HEPES, hydroxyapatite supersatu-
ration being reached within 24 h in both solutions. These new
results suggest that, like TRIS, HEPES buffer is not suitable for
the in vitro testing of highly reactive inorganic biomaterials
(glass, glass-ceramics). The ISO standard for such tests
requires revision, but HEPES is not a viable alternative to TRIS
buffer. © 2016 Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl
Biomater 00B: 000-000, 2016.

Key Words: in vitro test, simulated body fluid, HEPES buffer,
glass-ceramic scaffold, biomaterial
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INTRODUCTION

Recently, much work has focused on the development of
inorganic materials for use in bone tissue engineering, such
as glass™? and glass-ceramic scaffolds.** For such a material
to be classified as “bioactive,” it should first pass an in vitro
test in simulated body fluid (SBF), which models the inor-
ganic part of blood plasma. In vitro testing not only gives
indicative results for comparing the dissolution reactions of
different samples under specific conditions, but also aids
understanding of the behavior of a tested biomaterial dur-
ing the important first hours after exposure to solutions
similar to blood plasma. In the future, it may help in the
development of new inorganic biomaterials. Thus, an inert
buffer in SBF is necessary to maintain conditions close to
those in blood plasma. In accordance with ISO standard
23317, neutral pH in SBF is usually maintained using TRIS
buffer® While Bohner and Lemaitre® considered the

Correspondence to: D. Rohanova (e-mail: dana.rohanova@vscht.cz)

appropriateness of using protein-free SBE, as designed by
Kokubo and Takadama,” we are focused on the search for a
suitable buffer for SBF. As we reported recently,® TRIS buffer
used with a highly reactive glass-ceramic scaffold accelerates
the dissolution of the glass-ceramic crystalline phase (Com-
beite) and leads to the formation of hydroxyapatite (HAp).
Subsequently, we showed that non-buffered SBF alone is
equally unable to maintain neutral pH during the in vitro test-
ing of a soluble inorganic material, with pH either increasing
or decreasing due to material dissolution.®'° Consequently,
other alternatives to TRIS buffer are being sought for in vitro
testing.

One alternative is HEPES buffer, which has been widely
used in biochemistry and microbiology laboratories. Similar
to TRIS buffer, HEPES buffer (4-(2-Hydroxyethyl)piperazine)-
1-ethanesulfonic acid) belongs to the group known as “Good’s”
buffers.!! HEPES buffer is a standard part of one series of the

Contract grant sponsor: The Technology Agency of the Czech Republic within project TE01020390, Centre for development of modern metallic

biomaterials for medicinal implants

© 2016 WILEY PERIODICALS, INC.



TABLE I. Composition of 45S5 Bioglass®, Crystalline and
Glass Phases of Scaffolds Used in this Study®

45S5 Na,Ca,SizOg Residual
Bioglass® (77.4 wt % glass phase
Oxides (100 wt %) scaffold?) (22.6 wt % scaffold)
Sio, 45.0 50.9 24.8
Na,O 245 17.4 48.5
Ca0 245 31.7 -
P,0sg 6.0 - 26.5

@ Minority phases Ca0-SiO, and Buchwaldite (NaCaPQ,) are included.

commercially produced Eagle’s minimal essential medium
(MEM) and Dulbecco’s modified Eagle’s medium (DMEM) sol-
utions. These solutions are primarily used for the cultivation
and incubation of cell cultures for biochemical, pharmacologi-
cal, and toxicological studies. Despite this, Lelong and Rebel*?
expressed skepticism about the use of HEPES buffer in bio-
chemical studies: “The HEPES presence may strongly jeopar-
dize some studies linked to the ability of this compound to
interfere with numerous pharmacological parameters.” More-
over, Stellwagen et al.'® confirmed that DNA-buffer (HEPES)
interactions are very common, especially in neutral pH,
amino-based buffers.

As Tas'* pointed out in his review, MEM and DMEM sol-
utions are used with HEPES buffer for in vitro bioactivity
tests. For the in vitro testing of fluorine-doped bioactive
glass, Shah et al.'® prepared a non-buffered MEM solution
with Earle’s Salts (A-MEM) and three kinds of MEM media
with HEPES buffer. Their results showed that fluoroapatite
(a bioactivity indicator) preferentially formed in the non-
buffered A-MEM medium. Fluorine-doped bioactive glass
dissolved earlier (as was apparent from Si release) in MEM
with HEPES buffer than in A-MEM. The authors concluded
that media composition must be taken into account when
interpreting dissolution results or cell behavior studies.’®
Dezfuli et al.'® confirmed the effect of HEPES buffer on the
dissolution of a magnesium-based material in DMEM. HEPES
presence caused the local pH to increase on the sintered Mg
and, thus, led to greater degradation of the tested material.
The higher degradation rate at the surface formed cracks that
led to further dissolution of the Mg. On this basis, HEPES bulff-
er used in DMEM results in a corrosive environment.

Kim et al.'” described the stability of SBF with HEPES
buffer and a concentration of HCO; ions that corresponded
quite closely to blood plasma. Their prepared “revised” SBF
solution (R-SBF) was stable, with no spontaneous precipita-
tion of HAp observed for 4 weeks. In Oyane et al’s follow-
up works'®!® SBF stability was tested with HEPES buffer

and half of the normal concentration of HCO; ions in blood
plasma; in this case, solution stability extended to 8 weeks.
Lu and Leng®® used the aforementioned solutions for theo-
retical calculations of the driving force and nucleation rate
of calcium phosphate (Ca-P) precipitation in SBF with TRIS
buffer. However, the authors did not consider the possibility
that TRIS or HEPES buffer might interact with the tested
inorganic material.

In this study, we investigate the interaction of HEPES
buffer with a glass-ceramic scaffold during in vitro testing
to determine whether it could replace TRIS buffer in main-
taining a neutral pH in SBF during such tests. The glass-
ceramic scaffold was prepared by the foam replica method
using 45S5 Bioglass®.?! Crystallization of the 4555 Bioglass®
occurred upon heat treatment. A 45S5 Bioglass®-derived
glass-ceramic scaffold was chosen because it has certain
advantages for in vitro testing: the main crystalline phase
(Naz0-2Ca0-3Si03) and one of the minor phases (Ca0-Si0O;)
contain all the CaO present in 4555 Bioglass® while the resid-
ual glass phase contains the entire amount of P,0s. Thus, Ca
and P can serve not only as indicators of the beginning of
precipitation, but also as “markers” of crystalline and glass
phase dissolution in the testing solutions.

The in vitro testing of the scaffold was carried out under
static-dynamic conditions (solutions were replaced every
24 h) in the presence of HEPES buffer in two solutions: simu-
lated body fluid (SBF + HEPES) and demineralized water
(D + HEPES). The material was assessed using XRD, XRF, and
SEM/EDS. The interaction of the glass-ceramic scaffold with
demi water (Demi H,0) and non-buffered SBF (SBF) was dis-
cussed in our previous article.® In this article, we focus on the
interaction of HEPES buffer with a glass-ceramic scaffold,
demonstrating the effects of immersion for up to 15 days. Our
results contribute to a deeper understanding of the dissolu-
tion mechanism of a highly reactive silicate glass-ceramic
scaffold.

MATERIALS AND METHODS

Materials

The material used for the testing was silicate glass-ceramic in
the form of a highly porous structure (scaffold) prepared by
the well-known foam replica technology.?! The initial material
for the glass suspension was commercially prepared 45S5
Bioglass® powder with a mean particle size of <2 um. To pre-
pare the scaffold, polyurethane (PUR) foam was immersed
into the suspension. After 1 min, the foam was removed and
wrung to remove excess suspension. Then, the foam was dried
for 30 s and the whole process repeated. The porous precur-
sor, so-called green body, was left to dry for 24 h at 60°C

TABLE Il. lon Composition (mmol-dm 3) of the Investigated Solutions

Solution HEPES Na* K+ Cca?* Mg?* cl- HCO3™~ HPO,%~ S0,%~
SBF+HEPES 375 142.0 5.0 25 1.5 125.8 4.2 1.0 1.0
D-+HEPES 375 16,9 0 0 0 0 0 0 0
I-solution 23 0 142.0 5.0 1.8 15 103.0 44.0 1.0 0.5

2Na* ions were added to the HEPES buffer in the form of NaOH in order to achieve the neutral pH.

2 ROHANOVA ET AL.
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FIGURE 1. Concentrations of Ca?*, (PO,)* ions and Si in D + HEPES
during interaction with scaffold

before being subjected to thermal treatment that consisted of
firing at 400°C/1 h, burning-out the PUR template and sinter-
ing at 1050°C for 2 h. The scaffold exhibited an open porous
structure with a pore size in the range of 510-720 pm and a
porosity of approximately 90%. Samples containing the crys-
talline and residual glass phases were prepared with a dimen-
sion of 0.5 X 0.5 X 1 cm. Their compositions before and after
crystallization® are shown in Table 1.

Solutions for the in vitro tests

The interaction of HEPES buffer ((4-(2-Hydroxyethyl) pipera-
zine)-1-ethanesulfonic acid); CgH;gN,04S) with the glass-
ceramic scaffold was studied in protein-free SBF with HEPES
buffer (SBF + HEPES) and in demineralized water with
HEPES buffer (D + HEPES). The protein-free SBF solution
was prepared according to 1SO: 23317:2014° from the follow-
ing reagents: KCl, NaCl, NaHCO3;, MgS0,-7H,0, CaCl, and
KH,PO, (Table II). The buffer concentration in both solutions
(SBF + HEPES and D + HEPES) was 0.0375 mol-dm ™ (deter-
mined experimentally). To prevent bacterial growth in the sol-
utions, azide (NaN3) was added to the SBE. The pH value of
both solutions was adjusted with 1 M solution of NaOH to
pH = 7.3 £ 0.1. To prevent changes in the resulting concentra-
tion of Na* ions in SBF + HEPES, NaCl addition was lower
than in Kokubo and Takadama’s solution. Because this work
follows up our previous article,® for comparison purposes, the
same chemical composition was used for the protein-free SBF.
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FIGURE 2. Concentrations of Ca*, (PO,)* ions and Si in SBF + HEPES
during interaction with scaffold
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FIGURE 3. pH values in D + HEPES and SBF + HEPES during interaction
with scaffold (static-dynamic conditions)

Static-dynamic conditions of in vitro testing

To prevent ion exhaustion, the so-called static-dynamic in vitro
test, in which the solutions were replaced every 24 h, was car-
ried out The scaffold samples used for the static-dynamic in
vitro test weighed 0.050 = 0.005 g. They were placed in plati-
num spirals and suspended in plastic bottles filled with 50 mL
of the testing solution. The sample bottles were put into a bio-
logical thermostat at a temperature of 36.5 * 0.5°C. To measure
pH and analyze Ca?", (PO,)®~ and Si concentrations, leachate
samples were collected daily. Two samples were gently rinsed
three times with demineralized water, left to dry at laboratory
temperature and collected for WD-XRF, XRD, and SEM/EDS
measurements before and after 0.3, 1, 3, 7, 11, and 15 days.
The D + HEPES test had to be terminated as early as after 11
days due to enormous sample dissolution and disintegration.

Leachate analysis

All tests and analyses were performed on two parallel series
of samples. The diagrams do not show the deviations for
the individual curves as they were very small and would
have made the diagrams less transparent. The indicated
curves represent the average of two parallel measurements.

Atomic absorption spectrophotometry
The concentrations of Ca?® ions were analyzed by a
VARIAN-SpectrAA 300. The leachates were atomized with an
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FIGURE 4. Change of scaffold weight in SBF + HEPES and D + HEPES
during experiment

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH B: APPLIED BIOMATERIALS | MONTH 2016 VOL 00B, ISSUE 00 3



TABLE lll. Chemical Composition of Original Scaffold Before and After Exposure to D + HEPES [wt %] (WD-XRF), Normalized

to 100%.

Time [days] Na,O MgO SiO, P,05 SO; Cl K,0 CaO Ca0/P,05 ratio?
ORIGIN 24.5 0 43.7 5.4 0 0 0 26.3 4.87

0.3 14.4 0 56.5 7.7 0.1 0 0 21.1 2.74

1 5,9 0 63.7 12.8 0.1 0 0 17.3 1.36

3 1.0 0 65.0 16.3 0.2 0 0 17.1 1.05

7 0.5 0 63.4 18.5 0.1 0.1 0 14.4 0.78

1 1.2 0 54.8 23.6 1.8 0.2 0 18.0 0.76

15 Not analyzed®

2Hydroxyapatite - Caq9(PO4)s(OH),: theoretical CaO/P,0s ratio = 1.32
low amount of sample

acetylene-N,0 flame. The wavelength used for the absor-
bance measurements was 422.7 nm.

The concentrations of Si were analyzed by a VARIAN-
SpectrAA 880. The leachates were atomized with an acety-
lene-N,0 flame. The wavelength used for the absorbance
measurements was 251.6 nm.

Spectrophotometry

The concentrations of (P0,)®” ions were analyzed by a
UV-1601 UV-VIS spectrophotometer at a wavelength of
830 nm (CSN 830540).

pH measurement. The pH values were measured by an ino-
Lab pH-meter with a combined glass electrode at 33 =+ 2°C.

Analysis of the materials

Scanning electron microscopy/energy-dispersive
spectroscopy. Before and after every test, the sample surfaces
were inspected by an Hitachi S-4700 scanning electron
microscope (SEM) equipped with an energy-dispersive
spectroscopy (EDS) analyzer (NORAN D-6823) working at an
accelerating voltage of 15 kV. The samples were powder coat-
ed with an Au-Pd layer for 80-100 s for SEM observation.

X-ray powder diffraction analysis. The samples were
ground in an agate mortar in a suspension with cyclohexane.
The suspension was then put on a mylar film and placed into
a transmission sample holder. After solvent evaporation, a
thin layer of the prepared sample was covered with another
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FIGURE 5. Ratios of scaffold components (% of oxides) in D + HEPES
(WD-XRF)
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mylar film. Diffraction patterns were collected using a PANa-
lytical XPert PRO diffractometer equipped with a conventional
X-ray tube (Cug, 40 kV, 30 mA, line focus) working in
transmission mode. An elliptical focusing mirror with a 0.5°
divergence slit, 0.5°anti-scatter slit and 0.02 rad Soller slit
were used in the primary beam. A PIXcel fast linear position
sensitive detector with an anti-scatter shield and a 0.02 rad
Soller slit was used in the diffracted beam. All patterns were
collected in the range of 3°-88° 2 theta; at steps of 0.013° with
600 s per step, the measurement took approximately 4.5 h.
Qualitative analysis was performed using HighScorePlus
software (PANalytical, the Netherlands, version 4.5.0),
Diffrac-Plus software (Bruker AXS, Germany, version 8.0) and
the JCPDS-ICDD PDF-2 database.??

WD-XRF

XRF analysis was carried out using a PerformX (Thermo Sci-
entific) sequential wavelength dispersive X-ray spectrometer
equipped with an X-ray lamp with a 4GN Rh anode and a
50 um thick Be end-window. The intensities of the spectral
lines of the elements were measured for 6 or 12 s in vacu-
um using OXAS software. The obtained intensities were
processed by UNIQUANT 5 software without the need to
measure standards. The analyzed powder samples were
compressed into binder-free 5 mm thick tablets with a
diameter of 40 mm. The measuring time for each sample
was approximately 15 min.

80
70
60
50 R,
awf
30

wt-Na20 - Si02 —#—P205 —e—Cal

wt %

time [day]

FIGURE 6. Changes of oxide representation [wt %] (up to 100% of the
material) in glass-ceramic scaffold during interaction with
SBF + HEPES (WD-XRF)
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TABLE IV. Chemical Composition of Original Scaffold Before and After Exposure to SBF + HEPES [wt %] (WD-XRF), Normal-

ized to 100%.

Time [days] Na,O MgO SiO, P,0s5 SO; Cl K20 CaO CaO/P,05 ratio®
ORIGIN 24.5 0 43.7 5.4 0 0 0 26.3 4.87
0.3 15.7 0.3 50.8 9.4 0.1 0 0 22.5 2.39
1 14.4 0.5 39.5 13.1 5.6 8.4 0.4 18.0 1.37
3 6.1 0.7 38.0 22.6 3.9 5.6 0.3 225 1.00
7 4.9 1.0 27.1 27.6 3.9 4.8 0.3 30.2 1.09
11 1.2 1.2 13.8 36.5 0.3 0.4 0.1 41.9 1.15
15 4.7 1.3 14.4 32.0 2.8 3.8 0.2 40.5 1.27

2Hydroxyapatite - Caq(PO4)s(OH),: theoretical CaO/P,0s ratio = 1.32

RESULTS

Scaffold dissolution—leachate analysis

The tested solutions were exchanged daily (static-dynamic
conditions) to maintain both the pH value and the Ca?* and
(PO4)3~ concentrations at their original levels during the
experiment. The obtained curves represent the average of
the two parallel experiments. The ion concentrations in the
leachates reflect the processes of material dissolution (in
D + HEPES, the concentrations of Si and Ca?*) and of the
precipitation of a new phase [in SBF + HEPES, the concen-
trations of Ca®" and (P04)®"]. As early as the first day there
was an extreme increase in the concentrations of Ca*" and
Si ions in both leachates (Figures 1 and 2). Within three
days, the Ca’™ concentration in the SBF + HEPES leachates
returned to approximately its original value (in D + HEPES
to 0). After 1 week of exposure, scaffold dissolution slowed
down significantly, as indicated by the Si concentrations in
both solutions. The major decrease in (P0,)®” ions identi-
fied on the first day, together with their stable low concen-
tration until the end of the test, confirmed that the
precipitation of the Ca-P phase occurred throughout the
entire experiment in SBF + HEPES.

The pH value in the leachates reflects the process of scaf-
fold dissolution (Figure 3). Due to the enormous release of Na™
and Ca®" ions at the beginning of the test, the pH value rapidly
increased. The pH value in both solutions (D + HEPES and
SBF + HEPES) stabilized around 7.3 after the third day due to
daily solution replacement and the fact that scaffold dissolu-
tion, and thus the release of Na* and Ca®" ions, slowed down.

100
90

——Ca0 —-—P205 --&-Si02

0,
moxide/mscaﬁotd [ /0]
[$))
o

0 & N L i L L s L L L s )

0 1 2 3 4 5 6 7 8 9 10 M
time [day]

FIGURE 7. Cumulative dissolution of scaffold components (oxides) in
D +HEPES (% of weight loss) showing that the scaffold dissolved
incongruently

Although the weights of the glass-ceramic scaffold samples
were very low and, thus, the resulting values may be influenced
by errors, significant sample weight loss is clear. Massive disso-
lution was recorded as early as after the first day of exposure,
by which time up to 55% of the scaffold had dissolved into the
D + HEPES solution. By day 11, >90% had dissolved, and by
the end of day 11, the scaffold had completely dissolved. The
formation of a new phase, later identified as the HAp phase, did
not have a significant effect on weight (Figure 4). As with
D + HEPES, it is obvious that the change in scaffold weight in
SBF + HEPES involved scaffold dissolution and a significant
increase in new phases (HAp and NaCl, as determined by XRD
and WD-XRF). In D + HEPES, scaffold weight decreased by 14
wt % after 8 h while SBF + HEPES was only 8 wt % after 24 h.
Although after 3, 7, and 11 days, the scaffold had lost 30% of
its initial weight, by the end of the test it had only lost ca. 18 wt
% (Figure 4). Collectively, these results confirm the formation
of the HAp phase in SBF + HEPES.

The WD-XRF results of analyses of the residual scaffold
material were in agreement with those of the leachate anal-
yses (Table III, Figure 5). At the beginning of the exposure,
there was a significant release of CaO and Na,0, as shown
by the decrease in their content. The increase in SiO, after
the first day of exposure is only ostensible as it represents
the ratios of scaffold components at a given time. Although
the D + HEPES solution did not contain the inorganic part
of blood plasma, the precipitation of Ca-P is obvious from
both the increasing ratio of P,0s5 and slower release of CaO

—— SBF+HEPES --&-- D+HEPES - |-solution

0o 1 2 3 4 5 6 7 8 9 10 M
time [day]

FIGURE 8. Cumulative dissolution of SiO, in SBF + HEPES, D + HEPES
and non-buffered I-solution 2 as calculated from material balance of
leached Si (see Note 1)
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FIGURE 9. XRD patterns of scaffold samples before and after 0.3, 1, 3 and 7 days of interaction with D + HEPES. The small amount of scaffold
remaining after 11 days of immersion consisted almost entirely of an amorphous phase (not shown in the diffractogram)

within the very first hours of the test. In combination with
the alkaline environment, the biogenic components released
from the scaffold created the ideal conditions for HAp
precipitation. After day 11 of the test, the Ca-P phase
represented up to 40% of the residual material.

After 8 h, the dissolution of the glass-ceramic scaffold in
SBF + HEPES was obvious from the reduced content of
Na,0 and CaO (Figure 6). The slight increase of SiO, in the
scaffold was only relative and associated with enormous
leaching of the alkaline components at the beginning of
exposure. Virtually none of the phosphorous in the residual
glass phase was released from the scaffold because the Ca-P
phase utilized the phosphorus present in the solution. By

6 ROHANOVA ET AL.

the end of the test, the Ca-P phase represented ca. 80% of
the analyzed material. WD-XRF also indicated a slight
increase in chlorine concentration; namely, the formation of
NaCl after the first day. Moreover, as the exposure time
increased, small concentrations of Mg, K, and S (from 0.1 to
3 wt %), which also precipitated from the SBF solution,
appeared in the scaffold (Table IV). However, for simplicity’s
sake, these elements are not indicated in the diagram.

DISCUSSION

With regards to our previous article® on the effect of TRIS buffer
on the dissolution of a tested scaffold, we should briefly point
out the mechanism of scaffold dissolution in demineralized

INTERACTION OF HEPES BUFFER WITH GLASS-CERAMIC SCAFFOLD
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FIGURE 10. XRD patterns of scaffold before and after 0.3, 1, 3, 7, 11 and 15 days of interaction with SBF + HEPES

water (Demi H,0) and in non-buffered SBF solution (SBF). In
that study, water (Demi H,0) caused the preferential dissolution
of the remaining glass part of the scaffold, as evidenced by an
increase in the concentration of (PO4)®~ ions. In the non-
buffered SBF solution,8 as in non-buffered I-solution,23 there
was no significant increase of Ca®" ions in the leachates; XRD
identified the Combeite phase in the scaffold even after 2 weeks
of exposure. In other words, whenever TRIS was not present, the
Combeite phase was only slightly dissolved.

The tests in this study have shown that the mechanism
by which HEPES buffer interacts with a glass-ceramics scaf-
fold is very similar to TRIS buffer®; namely, both of them
promote Combeite dissolution. Nearly three quarters of the

total quantity of CaO was released within 24 h of exposure
to D+ HEPES. SiO, and P,0s were released more slowly
during the first days of exposure, but by the end of day 11,
nearly 90% of CaO and P,0s, and 70% of SiO,, had been
released from the material into D + HEPES. Leachate analy-
ses confirmed our assumption of the preferential dissolution
of the Combeite, which contains all of the Ca0, in the pres-
ence of HEPES buffer. The development of the P,05 concen-
tration in the leachate indicated that the residual glass
phase, containing nearly all of the P,0s, started to dissolve
significantly on the third day of exposure. Thus, analyses of
both the leachates and the glass-ceramic scaffold have
shown that, as early as within the first hours of exposure,
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FIGURE 11. SEM images at two different magnifications of glass-ceramic scaffold: a) before exposure (combeite =the small tabular crystals;
buchwaldite and structurally isomorphic Ca0.SiO, phases =the needle-like crystals); b-f) after 0.3, 1, 3, 7 and 11 days of interaction with

D + HEPES, respectively

the scaffold dissolved significantly in the presence of the
HEPES buffer. The dissolution process is incongruent; most
alkaline ions (Na* and Ca®") are released from the material
during the first day of exposure (Figure 7)

When scaffold dissolution in the HEPES solutions
(D + HEPES and SBF + HEPES) is compared with dissolution
in similar buffer-free solutions [the so-called I-solution (see
details in Rohanovi et al.,®® Figure 4)], it is obvious that the
HEPES buffer significantly accelerated the dissolution of the
glass-ceramic scaffold (Figure 8). Scaffold dissolution in the
non-buffered I-solution occurred at a stable rate, four times
slower than in the solutions containing HEPES buffer. Rather
surprisingly, the presence of the inorganic part of blood plas-
ma (here identified as SBF) did not influence the interaction
of the HEPES buffer with the glass-ceramic scaffold. The scaf-
fold dissolved at the same rate and by the same mechanism
in both solutions (SBF + HEPES and D + HEPES). It is inter-
esting to note that even the newly formed HAp layer on the
scaffold surface failed to effectively prevent its dissolution,

8 ROHANOVA ET AL.

the rate of Si dissolution being the same in both solutions
(Figure 8).
Note 1: Cumulative dissolution of SiO;, calculation:

csi[mg - dm™?] by AAS €))
Csio, = MWSi/MWSiOz XCSi [mg . dm73] ] V=1 dm3 [2)
msio, solution = (csio, /V) Xdf[mg]; 3)

if Vieachant=0.05 dm?>; df=0.05/1

Wisio, = Misio, solution/ms;o, scaffold 4)
Zwt (%)Sjo2 = Zi(WiSioz) X100%;i= < 0-11 > (5)

where cg; and cSiO, are the concentrations [mg-dm 3], V is
the volume [dm?], mSiO, is the weight of the SiO, in the
leachant or glass-ceramic material, and Y wt %SiO; is the
cumulative mass [%] for each of the 11 days.

As the D + HEPES solution provided information about
scaffold dissolution, it was possible to compare the dissolution

INTERACTION OF HEPES BUFFER WITH GLASS-CERAMIC SCAFFOLD
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FIGURE 12. SEM images at two different magnifications of glass-ceramic scaffold: a) before exposure (combeite =the small tabular crystals;
buchwaldite and structurally isomorphic Ca0.SiO, phases =the needle-like crystals); b-f) after 0.3, 1, 3, 7 and 11 days of interaction with

SBF + HEPES, respectively

rates and weight changes during the tests and, thereby, to con-
firm that:

e on day 1 of interaction, the crystalline phase of the scaf-
fold (Combeite) completely dissolved in the presence of
the HEPES buffer

e from day 3 of the test, the Ca-P phase formed at a stable
rate (0.7 mg.day ') in SBF+HEPES

e based on the material balance and changes in calcium
and phosphorus concentrations, approximately 45 mg of
the new Ca-P (calculated as HAp) phase developed under
the static-dynamic conditions of the test in SBF+HEPES,
which is in perfect agreement with the leachate analyses
and the identified weight changes.

Newly formed phases on the scaffold surface

As with our work on TRIS buffer,? the original crystalline phases
of the scaffold, the main Combeite phase (Na,0-2Ca0-3Si0,) and
the minor CaO-SiO, and Buchwaldite (NaCaP0Q,) phases, were

only detected during the first day of exposure. Even in the
absence of the inorganic part of blood plasma, hydroxyapatite
(HAp) developed on the scaffold surface (Figure 9). Apart from
crystalline HAp, an increase in the XRD amorphous phase (resid-
ual SiO, phase and partly precipitated non-stoichiometric Ca-P
phase, as confirmed by WD-XRF) was observed from the very
first day of exposure.

XRD analysis also confirmed a significant decrease in the
crystalline phases of the glass-ceramic scaffold within 24 h
of interaction with SBF + HEPES. After day 1 of exposure,
XRD identified the formation of HAp and halite (NaCl),
which is in agreement with the WD-XRF results. XRD also
showed that from day 3 of exposure the amorphous phase
mainly consisted of the residual silica network (Si0;); again
this was confirmed by WD-XRF (Figure 10).

The interaction of the glass-ceramic scaffold with
D + HEPES was documented by SEM/EDS images of both
the original scaffold [Figure 11(a)] and the material after
exposure [Figure 11(b-f)]. On the surface, a newly
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developed layer of crystalline nano plates corresponding to
HAp is clearly visible, together with “roses” that probably
represent octacalcium phosphate (OCP)** [Figure 11(c)].
Under the thin crust, some residual original material, con-
sisting solely of SiO, can be seen.

The original surface of the glass-ceramic scaffold [Figure
12(a)] was visibly disrupted as early as after 8 h in
SBF + HEPES [Figure 12(b)]. After day 1, the surface “healed
up” with the newly formed HAp and NaCl phases. Within 3
days, globules of the HAp phase covered the scaffold surface
[Figure 12(d)]. After 7 days, the scaffold surface was
completely covered with a HAp layer The detail in Figure
12(d) shows the layer growth mechanism; the perpendicular-
oriented crystals (probably OCP, but not confirmed by XRD)
were gradually covered with HAp nano-crystals.

It is important to note that crystalline hydroxyapatite was
only formed in the presence of the TRIS® and HEPES buffers,
and not in that of the non-buffered solutions (SBF® and I-solu-
tion,?® see details in Rohanova et al.>® Figures 5 and 6). More-
over, HAp was observed in the D + HEPES and D + TRIS®
solutions without the presence of biogenic components (Ca
and P). However, biogenic elements were released from the
scaffold in such quantities that the leachates became super-
saturated with HAp. Thus, the “bioactivity” (HAp formation)
of the glass-ceramic scaffold was undoubtedly activated by
the TRIS or HEPES bulffer.

CONCLUSION

We have shown that, far from being inert, HEPES buffer
interacts with the tested glass-ceramic material under the
conditions of in vitro testing carried out in accordance with
ISO 23317:2014. As in our previous work with TRIS buffer,
HEPES buffer significantly increases the dissolution of the
material, meaning that neither is suitable for such tests.
These findings strongly suggest that the ISO norm requires
some revision. Our future work will be focused on the
behavior of other buffers (TES, BES, MOPS) in order to bet-
ter understand the mechanism of interaction between Goods
buffers and glass-ceramic materials in SBFE.
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This paper deals with non-standard in vitro testing of bioactive inorganic materials shaped as granules or scaf-
folds. The ISO 23317 standard describes the in vitro test arrangement of bulk bioactive materials under static con-
ditions. However, this norm has not dealt with bioactive materials shaped as granules (with large surface area)
that are commonly used in clinical practice. We found that in the case of highly reactive (bioactive) materials,
the biogenic elements were exhausted from simulated body fluid (SBF) solution very quickly (within hours)
under static conditions. In such exhausted SBF solution the formation of Ca-P layer (hydroxyapatite — HAp)

Keywords: . . . . .

Biomaterial; was stopped in agreement with the decrease of Ca and P concentrations. On the contrary, highly soluble materials
In vitro test; (glass-ceramic scaffold) induced the formation of a new mineral layer also on the walls of the PE container used.
Hydroxyapatite; For a non-standard shape of the tested materials the usage of dynamic or static-dynamic in vitro test arrange-

SBF; ment was confirmed to be a better option to test bioactivity. However, also for this type of arrangement it is
Dynamic arrangement essential to determine the S/V or S/F ratios (the surface area/volume or flow of SBF solution) very precisely.
For detailed understanding of the interaction between the tested material and SBF it is important to analyze
the leachates (monitoring Ca®*, (PO,)>~ and minor element concentrations) and to monitor the pH value. An ex-
pected result of the in vitro test (according ISO standard) is the formation of HAp on the surfaces of tested samples
in SBF. However, the formation of hydroxyapatite may not be the proof of their potential bioactivity necessarily
(e.g. due to the use of TRIS buffer).
© 2015 Elsevier B.V. All rights reserved.

1. Introduction [3] similarly note that “the use of SBF for bioactivity testing leads to
the positive and false negative results”.

In vitro testing seems to be an ideal method to quickly test the 2. Limitations to the bulk compact shape of an inorganic sample
chemical stability of newly developed materials in a solution similar to The description of the form and dimensions of test samples given in
human blood serum. Such materials must be capable of creating a the ISO standard is limited to compact samples with a defined S,/V
firm bond with bone tissue. Kokubo et al. prepared ISO standard ratio (sample surface area/ SBF volume). Rules for materials in the
23317:2014(E) [1]: “Implants for surgery — In vitro evaluation for apa- form of the grit, scaffolds and granules (with a large surface area)
tite-forming ability of implant materials”. While this standard describes used in ordinary clinical practice (e.g. HA, TCP, glass-ceramics) are

the chemical composition of an SBF solution in detail, certain critical missing.
aspects of in vitro tests need to be resolved in the near future: 3. Arrangement of in vitro test

The ISO standard only covers the static arrangement of an in vitro
1. SBF test, in which a limited volume of solution (SBF) is used and not

To simulate the conditions in living organisms, it is very important to
use a solution that contains the inorganic part of blood serum. The
ISO standard prescribes an acellular and protein free solution; name-
ly, simulated body fluid buffered with TRIS tris-(hydroxymethyl)
aminomethane [1]. However, we found [2] that, for example, TRIS
buffer used in SBF supports the dissolution of the crystalline phase
of glass-ceramics and the crystallization of HAp on its surface, there-
by leading to false positive in vitro test results. Bohner and Lemaitre
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0022-3093/© 2015 Elsevier B.V. All rights reserved.

changed during the test. Under such static conditions, the biogen-
ic elements (Ca or P) of SBF can be quickly exhausted. However,
inside a real living organism, SBF is never exhausted. Therefore,
to more closely resemble the conditions in an in vivo environ-
ment, the dynamic arrangement of an in vitro test has been used
[4-7].

. HAp formation

The ISO standard [1] requires that the in vitro test results in the
formation of hydroxyapatite on the surface of tested material.
However, this may not be the sole indicator of the behavior of
the material in the human body [8]. Ion release may be the other
appropriate indicator of the reactivity of a tested material.
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5. The term “bioactivity”
It has been used in a major part of the published works, in which
the material is tested only in vitro, probably because of the conve-
nience of the single word expression. In fact the term “bioactivity”
should be used only in connection with in vivo tests [9]. When
discussing results of in vitro tests, as carried out in the present
study, the term “reactivity” appears as more appropriate.

In this work, under various conditions, we perform in vitro tests on
silicate glass-ceramic scaffolds derived from 45S5 glass and calcium
phosphates (HA, p-TCP), and interpret results in relation to the
aforedescribed issues.

2. Experimental procedures
2.1. Materials

2.1.1. Glass-ceramic material

The silicate material used for testing was the a glass-ceramic (45S5
bioactive glass based) in the form of a highly porous structure (scaffold)
prepared by the foam replica technology [10]. The material contained
crystalline and residual glass phases as shown in Table 1.

2.1.2. Calcium phosphate materials

The tested materials (white granules, 1-2 mm) were prepared by
Lasak Ltd., Prague, Czech Republic. The first material - resorbable
B-tricalcium phosphate (Poresorb®-TCP, 3-Cas3(P0y,),), called TCP
with the specific weight 2900-3100 kg-m ™2 - contained macro (100-
200 pm) and micro (1-5 pm) pores. The second material was micro
and macro porous hydroxyapatite (OSSABASE®-HA, Ca;o(P0O4)s(0OH);)
called HA [11].

2.2. Solutions for the in vitro test

Modified simulated body fluids used for the tests are in Table 2.
2.3. Arrangements of the tests

The arrangements of the in vitro tests are presented in Table 3.
2.4. Analysis of the materials

2.4.1. Scanning electron microscopy/energy-dispersive spectroscopy
(SEM/EDS)

The surface of tested materials before and after the tests was
inspected with a Hitachi S-4700 scanning electron microscope (SEM)
equipped with an EDS analyzer (NORAN D-6823) working at an acceler-
ating voltage of 15 kV. The tested materials were powder coated with an
Au-Pd layer during 80-100 s for SEM observations.

2.4.2. X-ray powder diffraction analysis (XRD)

The tested materials were ground in an agate mortar in a suspension
with cyclohexane. The suspension was then placed on a mylar film and
fixed to a transmission sample holder. After solvent evaporation a thin
layer of the prepared sample was covered with another mylar film.

Table 1
Compositions of 45S5 bioactive glass and individual phases of the 45S5 bioactive glass
based scaffold (wt.%) [10].

Oxide 4555 Na,0-2Ca0-Si0, Residual glass phase
(100 wt.%) (77.4 wt.% of scaffold)? (22.6% of scaffold)

Si0, 45.0 50.9 24.8

Na,O 24.5 174 48.5

Ca0 24.5 31.7 -

P,0s 6.0 - 26.5

2 The minority crystalline phases Ca0O-SiO, and NaCaPO, (buchwaldite) are included.

The diffraction patterns were collected using a PANalytical X'Pert PRO
diffractometer equipment with a conventional X-ray tube (Cugq
40 kV, 30 mA, line focus) working in the transmission mode. An elliptic
focusing mirror with divergence slit 0.5°, an anti-scatter slit 0.5° and a
soller slit of 0.02 rad were used for the primary beam. A fast linear posi-
tion sensitive detector PIXcel with an anti-scatter shield and a soller slit
of 0.02 rad was used for the diffracted beam. All patterns were collected
in the range of 3 to 88° 2 theta with the step of 0.013° and 200 or 600 s
per step producing a scan of about 4.5 h. Qualitative analysis was
performed with a HighScorePlus software package (PANalytical, the
Netherlands, version 2.2.5 or 3.0 e), a Diffrac-Plus software package
(Bruker AXS, Germany, version 8.0) and JCPDS-ICDD PDF-2 database.

2.5. Solution analysis

All tests and analyses were measured using two parallel series of
samples.

2.5.1. Atomic absorption spectrophotometry (AAS)

The concentration of Ca?™ ions in the leachate from all types of solu-
tions was analyzed with a VARIAN-Spectr AA 300. The so-called release
agent (KCl) was added to each sample to determine the quantity of Ca.
Atomization was performed in acetylene-N,O flame. The wavelength
used for absorbance measurements was 422.7 nm.

2.5.2. Spectrophotometry

The concentration of (PO,4)>~ ions (except mod-DMEM) was ana-
lyzed with a UV-VIS Spectrophotometer UV1601 at X = 830 nm (CSN
830540). lon concentrations were calculated using a calibration line
method from the measured absorbance values.

2.5.3. Inductively coupled plasma-optical emission spectroscopy (ICP-OES)

The concentration of P in mod-DMEM leachates was measured by
ICP-OES with a PerkinElmer-Optima 2000DV instrument. The leachate
was vaporized with a Gem-ConeTM nebulizer and the flow rate of the
leachate through the nebulizer was 2.2 ml-min~'. The produced fine
aerosol was carried with an argon stream into a plasmatic burner
(1300 W). The concentrations were measured at wavelengths 231.620,
214917 and 178.221 nm.

2.5.4. pH measurement

The pH in all types of leachates was measured with an inoLab pH-
meter with a combined glass electrode at the laboratory temperature
(dynamic test) and at 36 4 1 °C (static and static-dynamic test).

3. Results and discussion
3.1. Solutions for the in vitro tests

The effort to define a relation between in vitro and in vivo tests has
resulted in development of testing solutions which simulate human
cellular fluid. To determine the ability to form apatite on the surface of
glass or glass-ceramics, some authors [12-14], have used TRIS buffer
alone, which is well known from biological laboratories. A turning
point in the development of solutions simulating in vivo conditions
were the solutions prepared by Kokubo et al. [15] and also by other
authors [16]. In the mentioned studies, in addition to TRIS buffer
(pH = 7.25 at 36.5 °C), the simulated solutions also contained ions
in concentrations close to the inorganic part of blood plasma, how-
ever the concentration of HCO3 was only 4.2 mmol-1~" instead of
27 mmol-1~". Holand, Vélksch et al. [16] explained the apatite phase
formation on the A-W glass-ceramics by reaction of the material and
by the effect of ions from the simulated solution. In 2001 Helebrant
et al. [17] and later Miiller and Miiller [18] tested a series of SBF solu-
tions with gradually increasing concentrations of HCO3™ ions, up to the
value close to blood plasma. They found that carbonate hydroxyapatite
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Table 2
Ton composition (mmol-dm~3) of modified solutions, SBF orig. and blood plasma (BP) [2,9,23,28].
Solution Na* K+ ca’t Mg?+ c- HCO3 HPOZ~ S0~ TRIS Ca/P
SBF-T 142.0 5.0 2.5 1.0 131.0 5.0 1.0 1.0 - 2.5
SBF+T 142.0 5.0 2.5 1.0 131.0 5.0 1.0 1.0 50.0 2.5
mod-DMEM 154.5 54 1.8 0.8 1185 44,0 0.9 0.8 - 2.0
[-solution 142.0 5.0 1.8 1.0 91.6 44.0 1.0 0.5 - 1.8
SBF 27 142.0 5.0 2.5 1.0 110.0 27.0 1.0 0.5 50.0 2.5
SBF orig. 142.0 5.0 2.5 1.0 148.8 42 1.0 0.5 50.0 2.5
BP 142.0 5.0 2.5 1.0 103.0 27.0 1.0 0.5 - 2.5

developed on the surface of tested materials but the thickness and crys-
tallinity of the layers differed, which indicated an important role of
HCO3 ions in nucleation and formation of the apatite layer. Moreover
Oyane et al. [19] tested a series of SBF solutions (r-SBF, i-SBF, m-SBF)
with ion concentration equal to or closer to those of blood plasma.
The m-SBF solution was evaluated as the most stable one and “optimal
for in vitro bioactivity assessment of artificial materials”. Further, Kim
et al. [20] presented the revised SBF (R-SBF), in which they increased
the concentration of HCO3  ions to the level present in blood plasma.
TRIS or HEPES buffers were used in all solutions to maintain pH, howev-
er, itis likely that, TRIS and HEPES buffers are unable to maintain neutral
pH in the SBF solution in the course of in vitro tests [2,21]. TRIS supports
dissolution of the crystalline phase of glass-ceramics and it also sup-
ports crystallization of HAp alone [2]. The use of various simulated solu-
tions naturally clearly influences the results of in vitro tests, as stated by
Varila et al. [22]. The results showed that “dissolution and layer formation
on glasses in different buffer solutions vary significantly and results
obtained in different buffer solutions cannot be directly compared” [22].
It was also found that even non-buffered DMEM solution containing
an organic phase, is not the right solution for in vitro tests [23]. In addi-
tion to the necessity of having an sterile environment during the test ex-
ecution, DMEM solution has a low concentration of Ca** ions and, on
the contrary, a too high concentration of HCO3 ions, which leads to pre-
cipitation of CaCOs instead of apatite [23].

3.1.1. In vitro test of glass-ceramic scaffold in various solutions

The results of this study show the in vitro tests of the glass-ceramic
scaffold (Table 1) in SBF solutions with TRIS (SBF+T) and without
TRIS (SBF-T), in mod-DMEM and in the simulated inorganic part of
DMEM (I-solution) (Table 2).

The arrangement of the tests in SBF solution with TRIS (SBF+T) and
without TRIS (SBF-T) was dynamic using a liquid flow rate F =
48 ml-day ™. The tests with mod-DMEM and I-solution were arranged
as static-dynamic with daily replenishment of liquid (V = 50 ml)
(Table 3). In all the cases the weight of the samples was 0.05 g +
0.005 g. At the beginning of the interaction the scaffold in SBF+T
significantly dissolved, (Fig. 1). On the other hand, in the solution with-
out buffer (SBF-T) the rate of Ca-P phase formation from the beginning
of interaction was higher than that of scaffold dissolution. This was also
reflected by the concentrations of (PO4)>~ ions. The pH value increased
even when TRIS buffer was used. In mod-DMEM solution (Fig. 1) the
Ca®* concentration at the beginning of the interaction slightly in-
creased; in I-solution (without organic phase) the process of precipita-
tion of a new phase clearly prevailed (removal of Ca®™ ions). The
increase of the pH was associated with the solubility of the tested
materials in the simulated solution and the high pH then accelerated
dissolution of the residual glass phase. An analysis of the surfaces with

XRD has confirmed [2] that crystalline HAp (Fig. 2a) developed in
SBF+T, while in the solution without TRIS buffer (SBF-T) the developed
phase was amorphous calcium phosphate (Fig. 2b). This phase was not
detectable with XRD and its formation was confirmed by SEM/EDS.
After 15 days of exposure to mod-DMEM and I-solution visually dif-
ferent phases of ACP (amorphous calcium phosphate) and CaCOs de-
veloped on the surface. The differences between the precipitates
developed in different solutions are well visible on SEM/EDS images
(Fig. 2c and d).

3.2. Testing conditions

3.2.1. Static test — determination of the S/V ratio

Results of in vitro tests are significantly influenced not only by the
size but also by the quality of the material surface and by the ratio of
the surface area of material to the volume of testing solution (S,/V).
The standard ISO 23317:2014(E) [1] recommends samples in form of
disks (d = 10 mm, v = 2 mm) or prisms sized ca. 10 x 10 x 2 mm.
For solid samples and static tests the standard recommends the follow-
ing ratios: S/V =10mm~'or 0.1 cm™".

Vallet-Regi et al. [24] used pressed disks made of glass particles
having sizes from 32 to 63 um. The S/V ratio was 0.07 cm ™. However,
it is possible to expect that during interaction of glass particles with
SBF (additionally buffered with TRIS) the specific surface (SS) of the
tablets will increase many times immediately at the beginning of the
interaction with SBF.

When testing samples in the form of grit or scaffolds a potentially in-
appropriate S,/V ratio may lead to several situations. One of them is an
enormous increase of pH as discussed by Greenspan et al. [25]. In case of
highly reactive systems, such as bioactive glasses and glass-ceramics,
the size of particles is linked to the rate of their dissolution in SBF [25].
Zhang et al. [26] found out that “the formation of layers (Si, Si + CaP
or CaP) on particles strongly depended on the particle size, glass compo-
sition and local environment around the particles”.

3.2.2. Duration of static tests

The ISO standard [1] recommends tests lasting up to 28 days. Analy-
ses of leachates after exposure of TCP and HA materials (0.5 g of sample,
100 ml SBF 27, static conditions, Tables 2 and 3), have shown that con-
centrations of biogenic ions (Ca®* and (PO,4)>~) immediately decreased
after placement of samples into SBF 27 and from the third day of expo-
sure the concentration does not change significantly (Fig. 3). The values
indicated the end of interaction between the tested material and simu-
lated fluid solution, which means that the solution was no more super-
saturated in HAp. A similar conclusion is published in [22] and [27].
Therefore tests under static conditions which are longer than one
week are not recommended.

Table 3

Arrangements of in vitro test.
Method Solution volume/hours Exchange of solution Flow of solution Solution Material Citation
Static 100 ml/336 No No SBF 27 HA, TCP granules None
Dynamic 48 ml/24 Continuously Yes SBF+T, SBF-T Glass-ceramic, scaffold, HA granules [2]
Static-dynamic 50 ml/24 Daily No [-solution, mod-DMEM Glass-ceramic scaffold [23]
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Fig. 1. Concentration of Ca>* ions in SBF+T, SBF-T solutions during dynamic and I-solution,
mod-DMEM during static-dynamic in vitro tests of glass-ceramic scaffold.

3.2.3. Dynamic tests

No ISO standard exists so far for this type of tests. Zhang et al. noticed
[5], “when testing bioactive glasses to fulfill particular medical needs, the
fluid circulation should be carefully adjusted to imitate the conditions in
the final application”. Ramila and Vallet-Regi [4] describe e.g. a dynamic
test with a flow of big volume of fresh SBF (1440 ml-day~!), which is one
of the possibilities keeping constant the pH value of SBF and to avoid the
high supersaturation in tests of highly soluble materials.

Zhang et al. [5] exposed samples of bioactive glasses in a flow
chamber using the SBF flow rate of 33 ml-min~'; it means that
there was a respectable volume of 47520 ml per day. Another type
of a dynamic test is the one with circulation of a large volume of SBF
(F =28 ml-s~!, V = 3000 ml) without replenishment [6]. In this
case there is the possibility of supersaturation and there is also the
issue of keeping the set-up the pH value which, however, was not mon-
itored in the quoted work.

The third type of tests has been used by our laboratory and it is a dy-
namic test with a flow of a very small volume of fresh SBF solution [7]. Real
values of the flow rate around the implants have not been published yet,
but in the case of a small volume of solution in the testing cell (5.5 ml)
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Fig. 3. Concentration of Ca>* and (PO4)>~ ions in 100 ml of SBF 27 during static in vitro
tests of 0.5 g TCP and 0.5 g HA.

the rate of replenishment of the solution has been estimated at
48 ml-day~ .

A modification of the last mentioned variant is the so-called static—
dynamic test in which the solution (50 ml) is replaced with fresh SBF
every day. The advantage of the test consists in the fact that it does
not require any sophisticated apparatus, which is necessary for the dy-
namic tests, exchanging samples in daily intervals is very convenient
and it is also possible to monitor the development of a layer on the ma-
terial surface or to interrupt the test for a few days.

It is apparent that dynamic or static-dynamic arrangements of the
tests were more suitable for simulation of real conditions in a living
organism in comparison to static tests. The optimum arrangement of
dynamic tests was somewhere between the mentioned variants.

3.2.3.1. Optimization of quantity of tested material for dynamic test. In pre-
liminary studies it was considered that the test arrangement with fresh
flowing SBF solution would resolve the problem of insufficient buffering
ability of TRIS. The first experiment under dynamic arrangement was fo-
cused on highly reactive glass-ceramic scaffold. Even in the case of a rel-
atively small quantity of tested material (0.2 or 0.5 g) in a flow testing

Fig. 2. (SEM) Surface of glass-ceramic scaffold after interaction with solutions: a) SBF+T, b) SBF-T, ¢) mod-DMEM and d) I-solution for 2 weeks.
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cell, several minutes after the test the pH of the solution (SBF+T) enor-
mously increased (glass-ceramic scaffold) or decreased (HA) (Fig. 4a).
The growth of the pH was closely associated with the release of alkali
ions (Ca®*, Na™) into the leachate (i.e. solubility of scaffold), while the
decrease of pH, Ca>* and (PO,4)>~ ions documented the precipitation of
Ca-P phase in the course of HA exposure (Fig. 4b).

Next experiment was arranged with a smaller quantity of tested
scaffold. The crystalline phase of 45S5 bioactive glass based scaffold
[10] contains practically all calcium while phosphorus is contained in
the residual minor glass phase, which is a key for the interpretation of
the results of the solution analyses. In case of a higher quantity of scaf-
fold in the flow cell (0.2 g) it is obvious that released Na™ and Ca?™"
ions (Fig. 5a) lead to an immediate increase of the pH (Fig. 5b) and, at
the same time, precipitation of HAp phase (confirmed by XRD). If the
sample weight is only 0.05 g then the pH of the solution is not main-
tained either, however the analysis indicates that the residual glass
phase dissolves immediately after the beginning of exposure, which is
confirmed by the increase of the concentration of (PO,)3~ (Fig. 5a). It
was interesting to find out that the pH values in the second half of the
test became similar for both tested samples. After a few days (between
the 4th-6th day) of testing the scaffolds partly dissolved and the SBF+T
solution further reacted with the newly created HAp layer on the scaf-
fold surfaces.

3.2.3.2. Supersaturation of SBF solution. As revealed by the experiments,
for a smaller sample of 45S5 bioactive glass based glass-ceramic scaffold
(0.05-0.1 g in 5.5 ml volume cell with the flow rate of 48 ml-day~') the
SBF+T solution was not significantly supersaturated in the test cell.
However a lager sample in the cell (0.25 g) resulted in supersaturation
of the solution even under dynamic test conditions. The strong
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Fig. 4. a: Values of pH in SBF+T during dynamic in vitro tests of 0.5 g HA and 0.2 g glass-
ceramic scaffold. b: Concentration of Ca>* and (PO,4)*~ ions in SBF+T during dynamic
in vitro tests of 0.5 g HA and 0.2 g glass-ceramic scaffold. Values over 100 mg-dm > indi-
cate that the rate of dissolving prevails.
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Fig. 5.a: Concentration of Ca>* and (PO,4)>~ ions in SBF+T during dynamic in vitro tests of
0.2 g and 0.05 g glass-ceramic scaffold. b: Values of pH in SBF+T during dynamic in vitro
tests of 0.2 g and 0.05 g glass-ceramic scaffold.

supersaturation of the solution caused precipitation of several crystal-
line phases and growth of layers even on the surface of the inert poly-
ethylene (PE) container. The container walls (the surface area was
16.6 cm?) were covered with a deposit of 0.022 g of precipitate during
10 days. The thickness of the deposited layer was 8.5 um. The rate of
layer growth was calculated to be 5.5.107% g-cm™2-h™ . X-ray diffrac-
tion analysis (XRD) confirmed the crystalline phases NaCl (large trans-
parent plates) and HAp (small globules). The precipitated layer also
included an amorphous phase, which contained silicon from dissolution
of the scaffold.

Precipitation of NaCl and development of CDHA (Ca defective
carbonate apatite) were detected also on inert Pt spirals used to attach
the tested scaffold during static—-dynamic tests in I-solution [23]. The
high solubility of glass-ceramic scaffold caused an increase in the
concentration of Na™ ions in close proximity of Pt spirals and the
I-solution became initially supersaturated in halite (NaCl). After Na™
and Cl~ ions were removed by precipitation of halite the solution in
close proximity of the spirals was supersaturated in CDHA (this was
confirmed by SEM/EDS and XRD) (Fig. 6). However, the I-solution in
the remaining volume was not primarily supersaturated to CDHA. Due
to the low concentration of Ca?* ions and high concentration of HCO3
ions (44 mmol-dm—3) the solution was supersaturated in CaCOs
which precipitated on the glass-ceramic scaffold. Preferred precipitation
of NaCl was observed also during other tests on glass-ceramic scaffold
for which SBF 27mod solution was used with an increased content of
HCO3 ions (27 mmol-dm™3) and reduced quantity of Ca®>* ions [28].

3.3. Evaluation of the obtained results

The results of the above-mentioned in vitro tests demonstrate that
the analysis of the solution (monitoring of the concentration of Ca®*
and (PO,)>~ ions and pH) is useful to reveal the reactivity of the tested
materials immediately after beginning of exposure. It is accepted that
the principal methods for evaluation of surfaces are XRD and SEM/EDS
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Fig. 6. Layers from Pt spiral: dark gray cracked layer — NaCl, white crystals — CDHA
(confirmed by XRD), static-dynamic conditions.

and, e.g. for comparison of similar materials, also BET and FTIR (in the
case of an amorphous phase). Without carrying out XRD analysis it is
possible to confuse ACP (Fig. 2b and d) or CaCOs (Fig. 2c) with HAp. Re-
cently Tas [29] had summarized in detail the use of various physiological
solutions for in vitro tests and he stated that all studies using the phys-
iological solutions or TRIS-buffered SBF have reported the formation of
X-ray amorphous CaP nanopowders instead of Ap-CaP or stochimetric
HAp.

Based on previous findings investigating in vitro behavior of inorgan-
ic materials we need to answer the following question: Is it really
necessary to create crystalline hydroxyapatite on the surface of a material
to determine its bioactivity? Our findings about interaction of TRIS buffer
with the tested glass-ceramic scaffold confirms the fact that evaluation
of reactivity of a particular material based on HAp detected on its sur-
face provides only partial information on the actual surface reactivity.
In our opinion it is more effective to focus on a suitable arrangement
of the in vitro test for the given material so that relevant information
(development of the concentrations and pH) can be obtained about its
reactivity in the inorganic part of human serum, particularly in the
early stages of the interaction (related e.g. to 1 ml of the employed solu-
tion or 1 cm? of material). A very important and completely neglected
area is in fact the release of other elements from the tested glass or
glass-ceramic material (Si, Na...), as well as the release of minor ele-
ments (e.g. in the case of ion-doped materials) [30]. Moreover, for
each material it is necessary to determine limit instantaneous concen-
trations and maximum concentrations of elements released into the
simulated solution and such concentrations shall be correlated to
values, which are acceptable to cells.

4. Conclusions

The results have shown that hydroxyapatite formation on the sur-
face of the tested biomaterials should not be the sole aim of a reactivity
test. We suggest that the key to understanding the behavior of the bio-
material in SBF is to monitor the changes in pH and in the concentra-
tions of Ca, P, Si as well as the minor elements released from the
tested material. Furthermore, the dynamic (static-dynamic) arrange-
ment of such in vitro testing should be used. Moreover, it is necessary
to update the ISO 23317 standard for bioactive materials in the granule
or scaffold form. In the context of the theme of the present paper, re-
cently (February 2015), members of the Technical Committee 4
(TCO4) of the International Commission on Glass (ICG) published a
new method (modified ISO standard) for testing bioactive glasses, par-
ticularly those of high surface area [31], based on a round robin study,
which is recommended to enable comparison of results from different
laboratories in the future.
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