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Souhrn 

Předložená habilitační práce je souborem dvanácti prací, které se zabývají problematikou 

biomateriálů. Komentář k pracím jsem rozdělila do dvou částí. V první části prezentuji přípravu 

bioaktivního povrchu pomocí fosforečnanů vápenatých na bioinertních kovech (Ti    a jeho 

slitiny) a ve druhé části se zabývám chováním bioaktivních a resorbovatelných materiálů 

v průběhu testů in vitro a jejich vypovídací hodnotou.  

V dentální chirurgii a ortopedii se využívají inertní kovové implantáty, které je nutné na 

některých místech opracovat tak, aby s kostí vytvořily pevnou chemickou vazbu. Nově 

připravená vrstva musí splňovat přísné požadavky lékařů i samotných výrobců. Má dobře 

reagovat s krevní plazmou, nesmí měnit rozměr implantátu a musí mít dobrou adhezi 

k podkladu. Námi připravená vrstva amorfního fosforečnanu vápenatého (ACP) o tloušťce 

řádově desítek nanometrů je propojená se substrátem nejenom mechanicky ale i chemicky. 

Připravili jsme ji na površích Ti a Ti slitin tryskáním částicemi Al2O3 (mechanická úprava)         

a chemickými úpravami (leptáním v HCl a následně v NaOH). Takto připravené povrchy Ti      

a Ti slitin byly poté exponovány v roztocích přesycených vůči fosforečnanům vápenatým          

za pomoci ultrazvukové lázně. Postup přípravy ACP na površích Ti a Ti slitin byl doladěn pro 

účely sériové výroby (užitný vzor) a nyní je v patentovém řízení.  

Druhá část publikací se věnuje in vitro testům materiálů v SBF (Simulated Body Fluid) při 

teplotě 36,5oC za statických, dynamických i staticko-dynamických podmínek testu. Ukázalo se, 

že pufr TRIS ( ISO norma 23317) není inertní vůči skelným a sklokeramickým materiálům 

(např. apatit-wollastonitová sklokeramika). S Ca2+ ionty tvoří rozpustnou komplexní 

sloučeninu a předpokládáme i jeho chelatační efekt. Tvorba komplexních sloučenin významně 

urychluje rozpouštění skelného či sklokeramického materiálu, což následně iniciuje vznik 

krystalického hydroxyapatitu (HAp1) na povrchu materiálu. Výsledky testů pro tyto vysoce 

reaktivní materiály tak mohou být falešně pozitivní.   

Další práce jsou zaměřené na hledání vhodnějšího pufračního systému (např. pufr HEPES, 

roztok DMEM) a podmínek in vitro testu, jako je například vhodné nastavení poměru povrchu 

testovaného materiálů a objemu testovací kapaliny (S/V = poměr plochy vzorku k objemu 

SBF). 

                                                           
1 v textu i v publikacích používáme zkratku HAp pro hydroxyapatit vytvořený z roztoku SBF při testu in vitro a 
zkratku HA používáme pro implantační materiál 
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1. ÚVOD 
 

Biomateriály jsou syntetické či přírodní materiály, které se používají v lékařských 

aplikacích k opravě nebo k náhradě části lidské tkáně nebo orgánu poškozeným nemocí či 

úrazem. Jsou schopné vytvářet mezifázi s biologickým systémem za účelem vývoje, fixace 

nebo náhrady jakékoliv tkáně, orgánu nebo funkce v organizmu. Biomateriál nesmí být toxický 

a nesmí zapříčinit žádné poškození, ať už na úrovni buněčné nebo na úrovni celého systému. 

Biomateriál je vždy navržen na základě potřeby specifické aplikace    a jelikož je určen 

k interakci s živým organismem, hlavním požadavkem je biokompatibilita2. Biokompatibilita 

materiálu je definována jako schopnost materiálu vhodně fungovat s tkání hostitele.  

Tvrdé, neboli kostní tkáně, tvořené apatitem - Ca10(PO4)6(OH)2 se lidském těle nachází 

v mnoha pozicích. Materiály, které je mohou nahradit, musí splňovat různorodé požadavky jak 

mechanické tak chemické povahy. Materiály určené k náhradám tkání můžeme tedy rozdělit 

podle: 

a) interakce v živém organizmu 

b) typu materiálu 

a) Interakce materiálů v živém organismu 
 

1. Resorbovatelné materiály v průběhu času degradují a postupně jsou nahrazovány přírodní 

tkání hostitele. Základní otázkou je rychlost biologického a fyzikálního rozkladu, které musí 

být v rovnováze s mírou regenerace kosti. Mezi materiály degradovatelné v živém organismu 

patří β-trikalciumfosfát (β-TCP), kopolymer kyselin polyglykolové a polymléčné. 

2. Bioaktivní materiály produkují specifickou biologickou odpověď a tvoří interfaciální vazbu 

s přilehlou tkání.  Indukují tvorbu kostní tkáně na povrchu implantátu a vytváří kontinuální 

přechod živé tkáně na povrch implantátu. Tímto procesem dojde k ukotvení implantátu bez 

zapouzdření materiálu měkkou tkání. Mezi materiály tvořící chemickou vazbu s tkanivem patří 

např. hydroxyapatit (HA), bioaktivní sklokeramika nebo biosklo (Bioglass®). 

3. Inertní materiály nevytváří chemickou ani biologickou vazbu s kostní tkání. Reakce 

organismu na bioinertní materiál je zapouzdření daného materiálu vazivovou tkání, kdy 

tloušťka závisí na stavu implantátu a okolní tkáně. Proto jsou bioinertní materiály aplikovány 

                                                           
2 Williams D.F.: On the mechanisms of biocompatibility. Biomaterials. 29(20): 2941-2953, 2008. 
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v oblastech, kde jsou mechanicky fixovány pomocí šroubů, hřebů, případně kostního cementu. 

Další možností fixace je úprava jejich povrchu tak, aby se na něm vytvořila bioaktivní vrstva. 

Mezi bioinertní materiály patří hlavně kovy (titan a jeho slitiny), korozivzdorné slitiny (Co-Cr) 

a keramika na bázi Al2O3, ZrO2. 

b) Typy biomateriálů 
 

1. Polymery mohou být použity jako náhrady měkkých i tvrdých tkání a tvoří největší skupinu 

biomateriálů. Jsou vyuužívány pro transport a uvolňování léčiv. Polymery mohou být přírodní 

(kolagen, alginát sodný, celulózy) nebo syntetické (silikonová pryž, PMMA, polyvinylchlorid). 

2. Kovy (Ti a jeho slitiny, korozivzdorné oceli a Co-Cr slitiny) jsou využívány jako implantáty 

ve stomatologii a ortopedické chirurgii díky svým vynikajícím mechanickým vlastnostem 

(pevnost). Jednou z nejběžnějších aplikací titanu a jeho slitin je umělý kyčelní kloub, který se 

skládá z kloubního ložiska (femorální hlavice a jamka) a dříku (obr. 1). Dále jsou běžně 

používány pro náhrady kolenního kloubu nebe jako implantáty ve stomatologii  

 

 

 

Obr. 1: Umělý kyčelní kloub  

 

3. Keramika se používá hlavně k výplním a regeneraci tvrdých   tkání,    a   to       zejména                   

v nenosných aplikacích nebo jako bioaktivní povlak na kovové implantáty. Nejpoužívanějším 

keramickým biomateriálem je keramika na bázi fosforečnanů vápenatých (Ca-P keramika), dále 

oxidu hlinitého (Al2O3) a oxidu zirkoničitého (ZrO4). 
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4. Sklo se využívá tam, kde nejsou vysoké nároky na pevnost, ale je nutná interakce s tělními 

tekutinami pro vytvoření pevného spoje kost – implantát3. Bioaktivní skla jsou amorfní 

materiály na silikátové bázi, které jsou biokompatibilní s živým organizmem. Vážou se na kost 

a mohou dokonce stimulovat její růst, zatímco samy se rozpouštějí nebo resorbují. Proto mají 

potenciál obnovit nemocné či poškozené kostní tkáně (kostní regenerace). Bioaktivní sklo 

vynalezené prof. L.L. Henchem o složení 46.1 mol% SiO2, 24.4 mol% Na2O, 26.9 mol% CaO 

and 2.6 mol% P2O5 je známé pod obchodním názvem 45S5 Bioglass®4. 

4.1 Sklokeramika má lepší mechanické vlastnosti než sklo. Připravuje se ze skel řízenou 

krystalizací při přesně nastaveném teplotním režimu. Řízenou krystalizací se ve sklech vyvolá 

růst krystalických fází jako jsou apatit a wollastonit (sklokeramika typu A-W (MgO–CaO–

SiO2–P2O5) nebo  apatit a flogopit (sklokeramika Bioverit® (výchozí složení Na2O–MgO–

CaO–Al2O3–SiO2–P2O5–F)). 

5. Kompozity – kost sama o sobě představuje kompozitní materiál (je to nanokompozit)                  

s unikátními mechanickými vlastnostmi. Nanostruktura je tvořena fibrilami kolagenu typu I, ve 

kterých jsou vestavěny hydroxyapatitové krystaly5. Synteticky připravené kompozitní 

materiály vhodně spojují vlastnosti obou materiálů (kov-polymer nebo kov-(Ca-P) keramika) 

[1] ) a ideální je také propojení kovu s materiály na bázi skla či sklokeramiky.. 

 

Obr. 2: Schéma šroubového závitu Ti dentální náhrady s bioaktivní vrstvou Ca-P keramiky6  

                                                           
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. Propojení vlastností obou skupin materiálů do kompozitního implantátu (části totální 

endoprotézy nebo dentální náhrady (viz.obr.2) se dá docílit nanesením nebo vysrážením 

vápenato-fosforečných vrstev (Ca-P) na povrch kovového substrátu7 těmato metodami:8  

• Plazmové nanášeni  

• Magnetronové naprašování  

• Elektro-sprejová metoda  

• Sol-gel metoda  

• Biomimetická metoda a prekalcifikace (srážení Ca-P) z roztoků  

 

 5.1.1. Biomimetická metoda a prekalcifikace povrchu 

Tyto metody se jeví jako jedny z nejslibnějších, protože jsou to jednoduché, levné a účinné 

cesty pro přípravu Ca-P vrstvy. Zjednodušeně je postup tvorby Ca-P vrstvy na povrchu 

inertního kovu shrnutý do těchto kroků: povrch kovu se upraví mechanickou (tryskání)                  

a chemickou cestou (úpravami v HCl nebo NaOH)9, následovanými tzv. prekalcifikací 

(precipitací fosforečnanů vápenatých (Ca-P) z přesycených roztoků).  

Příprava dobře interagující, bioaktivní Ca-P vrstvy na povrchu kovových materiálů (Ti                  

a Ti6Al4V slitina) s dokonalou adhezí byla předmětem bakalářských a diplomových prací 

mých studentů a vyústila do tvorby užitného vzoru a podaného patentu. Připravená amorfní Ca-

P vrstva (ACP) má odhadovanou tloušťku v řádu desítek nm, takže nijak neovlivňuje finální 

rozměr implantátu a adheze je zaručena chemickou vazbou přímo s povrchem Ti nebo jeho 

slitin (EPMA). Při srovnávacích testech in vitro v SBF se ukázalo, že tvorba HAp                           

se iniciuje okamžitě po vložení implantátu do roztoku. Vzhledem k amorfnímu charakteru 

vrstvy není předpoklad, že by byla pro buňky cytotoxická. 

 

Druhá část prací je věnována roztoku SBF (Simulated Body Fluid) a uspořádání testu 

dle ISO normy. Testy in vitro předchází testům in vivo a mají za cíl „vytřídit“ nadějné 

                                                           
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. 
9 Jonášová L., et al.: Biomimetic apatite formation on chemically treated titanium. Biomaterials 25 (7) 1187-
1194, 2004. 
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biomateriály od materiálů nereaktivních. Výhodou in vitro testů je jednoduchost, 

kontrolovatelnost a relativně nízká cena. Jejich zavedení do praxe rapidně snížilo využití zvířat 

pro účely testů.  

In vitro testy v simulované tělní tekutině SBF se využívají pro testování materiálů 

prakticky od doby, kdy bylo prof. Henchem10 vyvinuté sklo Bioglass® (od počátku 70tých let 

20tého století). ISO norma 2331711 (Implants for surgery – In vitro evaluation for apatite-

forming ability of implant materials) sestavená na základě prací prof. Kokuba12 je založená na 

expozici materiálu v SBF (Simulated Body Fluid). Testovací roztok SBF obsahuje pouze 

anorganickou část krevní plazmy s některými odchylkami oproti reálné krevní plazmě (viz. 

Tab.1). K udržení pH tohoto modelového roztoku se využívá pufr TRIS - tris (hydroxymethyl) 

aminomethan.  

Tab. 1: Složení SBF a anorganické části lidské krevní plazmy [mmol.dm-3]  

 Na+ K+ Ca2+ Mg2+ Cl- (HCO3)- (HPO4)2- (SO4)2- 

Plasma 142,0 3,6-5,5 2,1-2,6 1,0 95-107 27,0 1,0 0,7-1,5 

SBF 142,0 5,0 2,5 1,0 126,0 4,2 1,0 1,0 

 

Obecně je přijímán názor, že tvorba apatitu na povrchu biomateriálů v průběhu expozice 

v simulované tělní tekutině je důkazem biologické aktivity materiálu13. ISO norma tedy 

stanovuje jako nejdůležitější ukazatel budoucí možné bioaktivity materiálu tvorbu 

hydroxyapatitu (HAp) na povrchu testovaného materiálu. Změny koncentrace Ca2+ a (PO4)3- 

iontů ve výluzích se obecně nesledují, přičemž tyto výborně odráží reaktivitu testovaného 

materiálu (rychlost odčerpávání biogenních iontů z SBF, rozpouštění materiálu a kinetiku 

tvorby nové vrstvy) a pomáhají nastavit podmínky budoucího in vitro testu (např. poměr S/V  

a délku trvaní testu) tak, abychom pochopili chování materiálu hlavně v kritické periodě na 

počátku expozice. 

                                                           
10 Hench L.L.: Bioceramics, J Am. Cer. Soc. 81 (7) 1705-1728, 1998. 
11 ISO 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. 
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Kinetika rozpouštění skleného nebo sklokeramického materiálu v SBF je, podle výsledků testů, 

silně ovlivněna přítomností pufru TRIS. Ale i zde můžeme uplatnit obecně platný mechanizmus 

rozpouštění skelného materiálu. Iniciačním dějem je difuze alkalických iontů (zde Na+ a Ca2+) 

z krystalické fáze materiálu do roztoku výměnou za H+ (H3O)+ ionty, což vede k rozpouštění 

materiálu a okamžité precipitaci nových fází (hydroxyapatit (HAp), amorfní fosforečnany 

vápenaté (ACP) nebo křemičitany vápenaté (CS)).  

To, že pufr TRIS ovlivňuje výsledky in vitro testů, ukázaly testy A-W sklokeramiky v mé 

disertační práci vedené prof. Hlaváčem. Druhým klíčovým bodem bylo setkání s profesorem 

Boccaccinim na Imperial College London a diskuse na téma „nosiče“ bioaktivních vlastností 

ve sklokeramickém scaffoldu, inspirované články skupiny prof. Henche14. Naše testy ukázaly, 

že pufr TRIS mění pohled také na sklokeramické materiály s krystalickou fázi combeit Na2O. 

2CaO.3SiO2  - připravený na Imperial College London z bioaktivního skla Bioglass®).  

 

V publikacích jsme dále diskutovali tato zjištění:  

1. pufr TRIS není inertní při testech vysoce reaktivních anorganických materiálů                     

a napomáhá krystalizaci HAp 

2. podmínky doporučené ISO normou vyhovují pouze omezené části testovaných 

materiálů (jiné S/V vyžadují celistvé vzorky a jiné vzorky ve formě granulí (HA nebo 

β-TCP) nebo také vysoce reaktivní materiály jako je sklo nebo sklokeramika. 

Články věnované tématu in vitro testů mají velký ohlas a je patrné, že jsme inspirovali mnoho 

dalších vědců k zamyšlení se nad způsobem testování reaktivity materiálů (neboli možné 

bioaktivity). Cílem dalších prací v této tématice je nalezení vhodnějšího, inertního pufrovacího 

systému a nastavení podmínek in vitro testu tak, aby vyhovovaly danému účelu    a materiálu. 

Dalším cílem je studium interakce TRIS-Ca a potvrzení chelatačních vlastností 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. 
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2. KOMENTÁŘ K PŘEDLOŽENÝM PUBLIKACÍM 
 

2.1. Ca-P vrstvy připravené na Ti nebo Ti slitině a jejich reaktivita in vitro 
 

Cílem práce [1] bylo na povrchu slitiny Ti-6Al-4V vytvořit celistvou vrstvu fosforečnanu 

vápenatého a optimalizovat podmínky tzv. prekalcifikace z přesycených roztoků SCS1 až 3 

s rozdílnou koncentrací Ca2+ a (PO4)3- iontů. Slitina byla před samotným povlakováním 

chemicky upravena pomocí HF, což se později ukázalo jako ne zcela vhodný způsob z důvodu 

poměrně masivního rozpouštění slitiny – hlavně uvolňování Al a V. Úprava povrchu pomocí 

NaOH (10 M roztok) je však pro biomimetické úpravy nezbytná, protože se na povrchu vytvoří 

amorfní fáze titaničitanu (dle XRD - sodného), který nejenomže enormně zvětšuje povrch, ale 

zvyšuje i pH samotného povrchu (pH měřeno dotykovou skleněnou elektrodou). 

Nejvhodnějším pro prekalcifikaci se jevil roztok SCS2 (4 mmol.dm-3 Na+, 5 mmol.dm-3 Ca2+ a 

2,5 mmol.dm-3 (PO4)3-). Prekalcifikační roztok je silně přesycený vůči fosforečnanům 

vápenatým (Ca-P) a poměrně rychle se ochuzuje o biogenní prvky v důsledku jejich precipitace. 

Proto musí být připravován vždy čerstvý. Mechanicky a chemicky upravený kovový substrát 

má na povrchu zvýšené pH a nové fáze přednostně precipitují právě na něm. Vzniklé vrstvy 

fosforečnanu vápenatého (OCP) o tloušťce až 50 µm byly podrobeny testům in vitro v SBF. Při 

srovnání s povrchem bez této vrstvy se jednoznačně potvrdilo, že prekalcifikace urychluje 

precipitaci HAp z roztoku SBF.  

Na předchozí práci navazuje práce [2], ve které jsme problematickou kyselinu fluorovodíkovou 

nahradili HCl. Struktura povrchu slitiny po leptání pomocí HCl byla mnohem jemnější, povrch 

se mnohonásobně zvětšil (až 1000x oproti původnímu – měřeno BET), a navíc nedocházelo 

k tak enormnímu úbytku materiálu slitiny. Pomocí XRD bylo zjištěno, že nově vznikající fáze 

z prekalcifikačního roztoku byly fosforečnany vápenaté: okta kalcium fosfát OCP 

(Ca8H2(PO4)6.5H2O) a brushit (CaHPO4.2H2O). Testy v SBF probíhaly na rozdíl od 

předchozích testů za dynamických podmínek, tj. s permanentní cirkulací čerstvého SBF. Průtok 

roztoku byl odhadnutý a nastavený na 48 ml.den-1. Precipitací HAp se potvrdil pozitivní efekt 

tzv. prekalcifikace povrchu, čím se předpokládá také zkrácení doby vhojování dentálního nebo 

ortopedického implantátu.  

V dalších testech se ukázalo, že tvorba krystalické fáze OCP s deskovitými krystalky        

tloušťce vrstvy až 10 a více µm na povrchu Ti nebo jejich slitin negativně ovlivnila cytotoxicitu 
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(životaschopnost buněčných řad). Proto jsme se zaměřili na přípravu amorfní Ca-P vrstvy [3]. 

Série testů vyústila do vytvoření Užitného vzoru č.28285 [4], ve kterém jsou uvedeny 

specifikace tvorby vrstvy amorfních fosforečnanů vápenatých (ACP) na površích kovových 

implantátů. Z důvodů probíhajícího patentového řízení nebyla tato problematika široce 

publikována. Avšak nadále v této oblasti pracuji a společně s Ústavem kovových materiálů         

a korozního inženýrství připravujeme další způsoby přípravy bioaktivních povrchů (tentokrát 

nanášení vrstev skelných a sklokeramických materiálů s bioaktivními vlastnostmi) na 

porézních Ti slitinách (TiSi5). Roztok SBF pufrovaný TRISem ve výše uvedených případech 

slouží k relativnímu srovnání připravených vrstev. Testy in vivo sice rozdíl od ne-

prekalcifikovaných vzorků nepotvrdily, ovšem testované implantáty byly vyjmuté z kostí psů 

až po dvouměsíční expozici. Námi navržené úpravy povrchu by měly fungovat hlavně v prvních 

hodinách po implantaci, kde by prekalcifikovaný povrch měl okamžitě iniciovat tvorbu nového 

HAp (osseointegrace) a zabránit tak nebezpečnému zapouzdření implantátu měkkými tkáněmi. 

Obohacení povrchu bioinertního kovového substrátu o biogenní prvky má jednoznačně 

pozitivní efekt na indukci vzniku pevné vazby implantát – kost. 

 

2.2. Resorpce fosforečnanů a síranů vápenatých v SBF 
 

Pro posouzení resorpce a bio-reaktivity synteticky připravených fosforečnanů vápenatých (HA, 

β-TCP – dle angl. tri-kalcium fosfát) ve formě granulí jsou testy in vitro nezbytné. Ve 

následujících pracích bylo oproti ISO normě nutné upravit jak poměr S/V, tak uspořádání testu. 

Je zřejmé, že smyslem in vitro testů by mělo být nejenom konstatování, že se vytvořila nová 

fáze HAp, ale také detailní sledování procesu z analýz výluhů SBF (analýzy Ca2+ (AAS)               

a (PO4)3- spektrofotometrie) a vlastností vznikající fáze (pomocí XRD, SEM/EDS a BET). Tyto 

výsledky je poté možné využít pro sledování kinetiky tvorby HAp. Testy resorpce průmyslově 

připravených fosforečnanů vápenatých (β-TCP a HA) [5] ve formě granulí v podmínkách 

podobných v živém organizmu simulované dynamickým testem – kontinuálním průtokem SBF 

a poměrně dlouhou dobu testu – 14 dní, měly ukázat, do jaké míry se tyto materiály opravdu 

transformují (resorbují do nově vytvořené HAp fáze). Ideálně by se synteticky připravené 

materiály měly organizmem postupně kompletně resorbovat. Jak se ukázalo v práci [5], oba 

materiály jsou v prostředí SBF vysoce reaktivní a jejich reaktivita závisí nejen na povaze 

testovaného fosforečnanu vápenatého (β-TCP nebo HA), ale logicky na jejich granulometrii 

(tedy velikosti povrchu) a na „zaplnění“ testovací cely (byla zaplněná z ¼ objemu (1/4 V) nebo 
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zcela vyplněná testovaným materiálem (1V)). Zde jsme sledovali vznik HAp fáze 

z odčerpávání Ca2+ a (PO4)3- iontů z roztoku SBF i finální hmotnosti vytvořené vrstvy. Ukázalo 

se, že rychlost odčerpávání (PO4)3- iontů a z něj vypočtené teoretické množství vzniklého HAp 

(po dvoutýdenním dynamickém testu) byly ve velmi dobré korelaci s přírůstkem materiálu 

zjištěným vážením. Toto platilo pro oba materiály. Zajímavým zjištěním bylo, že pokud byly 

cely zcela vyplněné materiálem, proces tvorby nové fáze byl pomalejší, oproti zaplnění cely 

z ¼ objemu. Rychlostní konstanta pro vznik HAp byla cca dvojnásobná pro syntetický HA 

oproti β-TCP v obou případech zaplnění cely. Důvodem byl mnohem vyšší specifický povrch 

HA (cca 30 x vyšší). Nově vytvořená fáze HAp vznikala konstantní rychlostí. Ani po 

dvoutýdenní expozici nebyl proces tvorby HAp ukončen, otázkou ovšem zůstává, jestli se 

výchozí syntetické Ca-P materiály vůbec resorbovaly. Spíše se přikláníme k tomu, že okamžitá 

tvorba HAp fáze na povrchu částic vytvoří bariéru vůči dalšímu rozpouštění původního 

materiálu a brání tak (nebo zpomalí) jejich další resorpci. Pomocí XRD bohužel nebylo možné 

odlišit nově vytvořenou HAp fázi od původní z důvodu jejich identické struktury. Je 

pravděpodobné, že v prostředí reálné krevní plazmy (bez pufru TRIS) by materiály asi tak 

bouřlivě nereagovaly a zůstal by tak prostor na jejich pozvolné rozpouštění. 

V další práci [6] jsme se zaměřili na reaktivitu synteticky připraveného a bovinního HA, které 

se nelišily chemicky ani krystalograficky, mírně odlišné byly specifické povrchy materiálů. 

Testované materiály reagovaly odlišně již na počátku in vitro testu. Z porovnání odčerpaných 

(PO4)3- iontů a přírůstku hmotnosti pevné fáze se ukázalo, že u bovinního HA byly tyto 

výsledky v dokonalé shodě, tj. všechen odčerpaný fosfor se spotřeboval na tvorbu 

stechiometrického HAp. U syntetického HA od počátku expozice až do 28. dne mírně 

převažovalo množství HAp zjištěné vážením nad množstvím zjištěným z odčerpaných (PO4)3- 

iontů. Zde se pravděpodobně tvořil amorfní, nestechiometrický fosforečnan vápenatý (ACP), 

což mohlo zkreslit výsledek při uvažované tvorbě stechiometrické fáze HAp. Tomu by 

nasvědčovala i odlišná krystalinita (SEM/EDS) vznikajícího HAp. Druhým možným 

vysvětlením zkreslení výsledku je intenzivnější rozpouštění syntetického HA do SBF, čímž se 

zdánlivě koncentrace (PO4)3- iontů v roztoku navýšila (menší rozdíl koncentrace (PO4)3- iontů 

oproti původní hodnotě). Toto podporuje i zjištění, že s delší dobou interakce s roztokem SBF 

reagovala pouze nově vznikající HAp fáze.  

V článku [7] jsme studovali kompozitní materiály na bázi sádry (využívané jako kostní cement) 

a několik typů PVA (polyvinylalkohol) a jejich kopolymerů, které měly vylepšit mechanickou 

pevnost sádry. Vzorky sádry byly exponovány v roztocích standardního SBF (1 SBF) a roztoku 
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s navýšenou koncentrací biogenních složek (1,5 SBF). Ukázalo se, že přítomnost polymeru 

v sádře zvýšila mechanickou pevnost materiálu exponovaného v roztocích SBF. Sádra se silně 

rozpouštěla, čemuž nasvědčovala rostoucí koncentrace Ca2+ i (SO4)2- iontů ve výluzích SBF. 

Na povrchu vzorků byly po 14-ti denní expozici detekovány apatitové krystalky velikosti 200 

nm, které tvořily sférolity o velikosti cca 2 µm. U silně přesyceného roztoku 1,5 SBF pokrývaly 

celý povrch vzorků. Kompozit sádra – PVA polymer se zdá být výhodným propojením 

rozpustné fáze, která iniciuje vznik HAp a polymeru, který je nositelem pevnosti materiálu pro 

účely kostního cementu. 

Výsledky prací [5-7] mohou být ovlivněné přítomností pufru TRIS v roztoku SBF. Je zřejmé, 

že okamžitá interakce materiálu s SBF, která se projevila významným poklesem Ca2+ i (PO4)3- 

iontů v prvních hodinách testů může souviset s interakcí materiál-pufr TRIS, což je diskutováno 

v následujícím textu. 

 

2.3. Vliv pufru TRIS na výsledky in vitro testů sklokeramických materiálů 
 

Již při prvních testech sklokeramického materiálu (s obsahem krystalických fází apatit, 

wollastonit a whitlockit a zbytkové skelné fáze) in vitro v SBF se ukázalo, že sklokeramický 

materiál se za přítomnosti pufru TRIS silně rozpouští [8]. Toto je patrné ze změn koncentrace 

SiO2, který postihuje rozpouštění materiálu. Podobné změny koncentrace byly zaznamenány     

i pro vápník, avšak Ca se zároveň i zpětně sráží. Hodnota pH ve výluzích vzrostla ze 7,5 při 

laboratorní teplotě na cca 8 v roztoku pufrovaném TRISem (na hodnotu 8,5 u roztoku SBF bez 

pufru). Navíc, pufr TRIS neudržel pH roztoku na požadované neutrální hodnotě. Výsledky testů 

ukázaly, že TRIS je komplexotvorné činidlo a s Ca2+ (i dalšími s kationty – např. Mg2+) tvoří 

rozpustné komplexní sloučeniny. Zdálo se, Ca2+ vázaný do komplexní sloučeniny nebude 

k dispozici pro tvorbu HAp. Rychlost loužení iontů ze skelného                                                                    

a sklokeramického materiálu souvisí s pH roztoku a rychlost tvorby HAp je 

z termodynamického pohledu funkcí relativního přesycení S = (1/K)1/18. Předpokládali jsme, že 

komplex TRIS-Ca sníží relativní přesycení vůči HAp na přibližně polovinu původní hodnoty 

čímž se zpomalí precipitace HAp. Tato domněnka pravděpodobně platí v případě statických in 

vitro testů a pokud se z testovaného materiálu neuvolňuje do roztoku Ca2+. V roztoku SBF 

s koncentrací Ca2+ iontů (2,5 mmol.dm-3) a TRIS s koncentrací 50 mmol.dm-3 se vyváže 

pravděpodobně veškerý Ca2+ obsažený v SBF do rozpustného komplexu a stejné množství Ca2+ 

se do roztoku uvolňuje v prvních hodinách testu ze sklokeramického materiálu [9-11]. 
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V případě vzniku rozpustného komplexu je Ca2+ k dispozici pro tvorbu HAp nebo        i jiné 

vápenaté fáze. Jak bylo diskutováno výše [5-6], u in vitro testů HA a β-TCP keramiky za 

dynamických podmínek (s přísunem „čerstvého“ SBF), rychlost přírůstku hmoty nově 

vytvořené fáze HAp byla v souladu s rychlostí odčerpávání Ca2+ a (PO4)3- iontů z roztoku. 

Na výše uvedené výsledky navázala práce [9], kde jsme pozorovali při statických in vitro 

testech sklokeramického materiálu připraveného ze skla Bioglass® (sklo s obsahem cca 45 

hm% SiO2 24,5 hm% Na2O, 24,5 hm% CaO a 6 hm% P2O5 metodou „green body“) stejný efekt. 

Částice bioskla o velikosti do 5 µm byly smíchány s roztokem kyseliny poly (D-mléčné)                

a vzniklá suspenze byla nanesena na polyuretanový nosič. Nosič byl ve formě porézní pěny, 

což zabezpečilo vzniklému scaffoldu finální tvar. Vysušené vzorky byly vypáleny při teplotě 

1100oC po dobu pěti hodin. Vznikla porézní struktura sklokeramického materiálu, tvořená 

hlavní krystalickou fází combeit (Na2O.2CaO.3SiO2) – deskovité krystalky, který obsahuje 

prakticky veškerý vápník a další minoritní krystalické fáze (odhadujeme max. 5 % materiálu) 

ve formě jehliček - buchwaldit (NaCaPO4) a wollastonit (CaO.SiO2). Zbytková skelná fáze 

naproti tomu obsahuje prakticky veškerý P. Byly provedeny jak statické in vitro testy bez 

výměny roztoku SBF, tak in vitro testy za dynamických podmínek s kontinuální výměnou 

kapaliny, které trvaly dva týdny. Při ověřování reaktivity v roztocích s pufrem TRIS 

(SBF+TRIS), bez pufru TRIS (SBF), ve vodě i v roztoku samotného pufru (TRIS) se potvrdilo, 

že přítomnost TRISu až dvojnásobně urychluje rozpouštění materiálu oproti roztokům bez 

pufru TRIS. Dále se ukázalo, že krystalická forma HAp se tvořila pouze v roztocích, kde byl 

přítomný TRIS. V roztoku SBF (bez TRIS) se tvořila pouze amorfní fáze fosforečnanu 

vápenatého (pravděpodobně nanočástice HAp). Zajímavé bylo, že i v roztoku H2O+TRIS se 

vytvořilo malé, ale detekovatelné množství hydroxyapatitu z iontů, které byly uvolněné ze 

samotného materiálu. HAp tedy vznikl, i když přesycení celého objemu roztoku vůči HAp jistě 

nedosahovalo potřebné hodnoty. Úvahy o precipitaci nových fází je nutné vztáhnout k okolí 

jednotlivých částic, na kterých se pravděpodobně vytvoří difuzní vrstvička nehybné kapaliny 

s limitovanou tloušťkou. Vrstvička kapaliny obalující částice se pravděpodobně rychle přesytí 

vůči HAp. Vlivem TRISu se materiál dobře rozpouští a ionty Ca2+ i (PO4)3- difundující z 

materiálu tuto vrstvu roztoku velmi rychle přesytí. Pokud TRIS vytvořil s Ca rozpustnou 

komplexní sloučeninu (a je pravděpodobně i chelatačním činidlem), nebránilo to tomu, aby Ca 

byl následně využitý pro precipitaci HAp. Zároveň se zvýší pH díky uvolňování iontů Na+ (a 

systém TRIS-HCl není schopen tak velký nárůst koncentrace OH- iontů pufrovat), což jsou 

ideální podmínky pro precipitaci HAp. Dále se ukázalo, že v samotné demineralizované vodě 
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se krystalické fáze scaffoldu téměř nerozpouštěly, ale naopak rozpustila se zbytková skelná 

pojivová fáze, což je křemičito-fosforečné sklo o složení 24,8 hm% SiO2, 26,5 hm% P2O5 a 

48,5 hm% Na2O. Proto se scaffold v DEMI vodě zcela rozmělnil. Z práce vyplynulo, že pufr 

TRIS při testu reaktivního sklokeramického materiálu nedostatečně plnil úlohu pufrovacího 

činidla (pH ve všech případech strmě rostlo do alkalické oblasti) a navíc působil jako 

katalyzátor rozpouštění sklokeramického materiálu, což je v souladu se závěry předchozího 

článku [8]. Díky rychlému rozpouštění krystalické fáze scaffoldu se poruší rovnováha                    

v metastabilním roztoku SBF a prakticky okamžitě se tvoří nová fáze HAp. Vzniká tak falešně 

pozitivní náhled na tento druh biomateriálů a predikce jejich bioaktivity. 

 

  2.4. Hledání vhodného pufrovacího systému pro in vitro testy 
 

Zajímalo nás, jestli by se dala SBF nahradit jinou, komerčně dostupnou kapalinou, která není 

pufrována TRISem. Mnozí autoři využívají i další kapaliny typu Ringerův roztok nebo roztoky 

s organickou fází HBSS+ a HBSS-. My jsme pro test vybrali tzv. DMEM roztok (Dulbecco´s 

Modified Eagle´s Medium) bez přidaných pufrů TRIS nebo HEPES, který se běžně využívá 

pro růst tkáňových kultur [10]. Tento syntetický roztok se vyznačuje tím, že kromě anorganické 

části krevní plazmy obsahuje i její organickou část (aminokyseliny, proteiny). Roztok byl 

obohacen bovinním sérem a ošetřen antibiotiky. Celý experiment se musel vést ve sterilním 

režimu, což ho značně komplikovalo. Anorganická část roztoku měla nižší koncentraci Ca2+ 

iontů – pouze 1,9 mmol.dm-3 oproti 2,5 mmol.dm-3 v plazmě, a naopak velmi vysokou 

koncentraci HCO3
- iontů (až 44 mmol.dm-3), což téměř dvojnásobně převyšovalo hodnotu 

v lidské plazmě a 7x v standardním SBF. Pro pochopení funkce organické části roztoku DMEM 

jsme připravili roztok I-solution, který kopíroval anorganickou část DMEM a neobsahoval 

organické látky ani pufr TRIS. Testy jsme provedli na stejném materiálu, jako v předchozím 

případě – na sklokeramickém scaffoldu. Pro lepší pochopení tvorby nové HAp fáze jsme zvolili 

tzv. staticko-dynamický typ testu, kde jsme každý den vyměňovali roztok za čerstvý (50 ml.den-

1) – podobně jako byl nastaven průtok u dynamického testu. Staticko-dynamický test nám 

umožnil podrobně studovat nejenom změny koncentrace iontů v roztoku, ale i změny materiálu 

pomocí XRD, XRF, SEM/EDS nebo BET analýzy. I když rozpouštění materiálu probíhalo ve 

výše uvedených roztocích mírně odlišným mechanizmem (dle výsledků analýz výluhů) na 

povrchu scaffodlu se netvořil hydroxyapatit (HAp) ale uhličitan vápenatý (kalcit). Toto zjištění 

dobře koresponduje s vyšší koncentrací HCO3
- iontů. Další vznikající fází byl amorfní 
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fosforečnan vápenatý (zjištěno pomocí EDS – zvýšená koncentrace Ca a P na povrchu 

materiálu). Organická část plazmy tedy nepotlačuje precipitaci nových fází, jak se domnívali 

někteří autoři15, ale je možné, že nově vzniklé fáze, které precipitují na povrchu materiálu, 

omezují překotné rozpouštění sklokeramiky. Opět se potvrdilo, že nepřítomnost pufru TRIS 

vedla ke vzniku pouze amorfní Ca-P fáze (ACP). Zajímavý byl pokus s využitím albumínu 

v práci [8], kde se koncentrace Ca ve výluhu měnila stejným způsobem, jako tomu bylo 

v roztoku SBF+TRIS. V případě DMEM se tento trend ovšem nepotvrdil.  

Pro běžné in vitro testy je roztok DMEM nevhodný, proto jsme se rozhodli prozkoumat 

možnosti dalších pufrů [11]. Do skupiny tzv. Goodsových pufrů patří i aminokyselina (2-[4-(2-

hydroxyethyl)piperazin-1-yl]ethansulfonic acid) zkráceně HEPES. Tento pufr se také využívá 

v mikrobiologických laboratořích pro udržení neutrálního prostředí roztoků pro pěstování 

tkáňových kultur. Testy byly opět provedeny na sklokeramickém scaffoldu (detaily jsou 

uvedeny v článku [9]) za staticko-dynamických podmínek a porovnali jsme dva roztoky: SBF, 

kde jsme nahradili pufr TRIS pufrem HEPES (SBF+HEPES) a roztok samotného pufru 

(D+HEPES). Nastavení vhodné koncentrace samotného pufru předcházela série testů, ze 

kterých jsme se rozhodli pro koncentraci 37,5 mmol.dm-3 v obou roztocích. Výsledky ukázaly, 

že pufr HEPES se také silně podílí na rozpouštění scaffoldu ihned od začátku experimentu. Již 

první hodiny (8 hod) po expozici se koncentrace vápenatých iontů ve výluhu zdvojnásobila 

oproti původní hodnotě v SBF a v samotném roztoku HEPESu dosáhla hodnot kolem 130 

mg.dm-3. Tyto změny byly doprovázené i růstem pH, až k hodnotám kolem 7,9 a to v obou 

případech. Druhý a třetí den koncentrace iontů ve výluzích, stejně jako pH klesly na hodnoty 

blízké původním. Při analýze materiálu jsme zaznamenali, že i obsah Na2O klesl z 24,5 hm% 

na 1 hm%. Z materiálu se tedy vyloužily prakticky veškeré alkalické složky (CaO i Na2O)            

a zároveň se začal tvořit HAp.  Na konci testu, po 11. dni byl materiál scaffoldu prakticky 

resorbován a fáze HAp s amorfním fosforečnanem vápenatým (ACP) tvořila 80 % materiálu. 

Zbytek byl tvořen SiO2 sítí. Podobný mechanizmus byl sledován i v samotném roztoku pufru, 

kde fáze HAp fáze tvořila 40 % hmoty. Pufr HEPES, stejně jako TRIS bezpochyby ovlivňují 

kinetiku rozpouštění sklokeramického materiálu a tím i výsledek in vitro testu. Prozkoumali 

jsme i další možné pufrovací systémy ze série Goodsových pufrů (TES, BES a MOPS) a je 

zřejmé, že i tyto rozpouštění sklokeramického, ale i skelných materiálů urychlují, ale ne 

                                                           
15 Theodorou O.M., Goudouri E., Kontonasaki X., et al.: Comparative bioactivity study of 45S56 and 58S bioglasses 
in organic and inorganic environment. Bioceramics, edit. Kim S. 2009,22, 391-394. 
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v takové intenzitě jako TRIS a HEPES. Zde se ukázal taky další zajímavý efekt – a to souvislost 

kinetiky rozpouštění a krystalinity (velikosti, tvaru) vznikající fáze.  

2.5. Hodnocení testů in vitro 
 

Zjištění, že pufr TRIS mění pohled na sklokeramické materiály ve falešně pozitivním smyslu 

nás přivedlo k úvahám o smyslu in vitro testů a jejich uspořádání [12]. Dnes bychom se měli 

při zjišťování reaktivity (ne bioaktivity – ta se dá zjistit pouze in vivo testy) materiálů řídit ISO 

normou 23317 (2014). Jak je v celé práci patrné, pokud bychom ji chtěli pro naše testy striktně 

dodržet, některé důležité informace by nám zůstaly skryté. Použití pufru TRIS pro testy skel      

a sklokeramických materiálů je diskutabilní, ale i samotný roztok SBF, který má reprezentovat 

anorganickou část krevní plazmy má až 5 x sníženou koncentraci HCO3
- iontů, nebo naopak 

velmi vysokou koncentraci Cl-.  Připravili jsme roztok SBF se správnou koncentrací HCO3
- 

iontů a ukázalo se, že koncentrace těchto iontů ovlivňuje kinetiku rozpouštění scaffoldu. Vliv 

na krystalinitu vznikající fáze publikovali Helebrant et al.16 a Müller et al.17. Dalším 

požadavkem je omezení tvaru testovaného materiálu na kompaktní hranol. Tvar hranolu je 

nemožné dodržet například při testech granulovaných materiálů. Ve snaze vytvořit z nich 

hranol, bychom změnili vlastnosti testovaného materiálu, a navíc získali data, která by nám 

nepodala pravý obraz o jeho chování při samotné aplikaci. S tím samozřejmě souvisí i poměr 

S/V (plocha vzorku/objem SBF). Tento poměr je v normě nastaven na hodnotu 0.1 cm-1, což 

znamená, že objem kapaliny (v ml) by měl být desetinásobkem plochy vzorku (v cm2). 

V případě jemnozrnných materiálů (např. bovinní HA), který má specifický povrch cca 95 m2 

na 1 g vzorku bychom museli použít úctyhodných 950 m3 roztoku nebo pro 100 ml SBF použít 

pouze 10 µg vzorku. ISO norma se omezuje na tzv. statické testy – tedy testy bez výměny 

kapaliny po dobu 28 dní. Díky analýzám výluhů (které nejsou v normě doporučeny) jsme 

zjistili, že reaktivnější materiály odčerpají biogenní prvky na tvorbu HAp již v řádech hodin     

a další expozice v roztoku již nemá smysl. Nám se osvědčily dynamické nebo staticko-

dynamické testy s každodenní výměnou kapaliny. Staticko-dynamické testy navíc umožňují 

analyzovat jak výluhy, tak materiál a sledovat i vznik nové fáze na povrchu materiálu v každé 

fázi testu. Vznik hydroxyapatitu (HAp) na povrchu matriálu je dalším ze sporných požadavků. 

In vitro test materiálů určených k náhradám kostních tkání je soustředěn na vznik krystalické 

                                                           
16 A.Helebrant, L. Jonášová, L. Šanda, The influence of Simulated body fluid composition on carbonated 
hydroxyapatite formation, Ceramics-Silikáty 46 (1): 9-14, 2001.  
17 L. Müller, F.A. Müller, 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 požadavek může být zavádějící i díky používanému pufru TRIS. Mnohem 

důležitější se jeví sledování chování materiálu v průběhu celé interakce se simulovanou tělní 

tekutinou. Dovede nás to k pochopení jednotlivých dějů či mechanizmů, získáme i detailní 

přehled o kinetice procesu. Navíc, v případě látek, které nejsou živému organizmu přirozené 

(dopování skel prvky jako Nb nebo Cu a další) by bylo vhodné zjistit kinetiku jejich uvolňování 

z materiálu, vliv množství uvolněné složky na okamžitou možnou toxicitu a nejenom, jestli se 

na testovaném materiálu vytvoří vrstva HAp. 
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ZÁVĚR 
 

 

Nejdůležitější výsledky v oboru biomateriálů a in vitro testů je možné shrnout do těchto bodů: 

1. do aplikačního stádia (užitný vzor a patentové řízení) byla připravena precipitace vrstvy 

amorfního fosforečnanu vápenatého s bioaktivním chováním na Ti nebo Ti slitinách  

2. byla zjištěno, že úplná resorpce syntetického a bovinního HA nebo β-TCP není možná, 

následkem rychle se tvořícího HAp na jejich povrchu (v přítomnosti pufru TRIS) 

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

sklo) následkem tvorby rozpustného komplexu s Ca2+ ionty  

4. bylo zjištěno, že krystalická forma HAp vzniká pouze v přítomnosti pufru TRIS  

5. pufr HEPES (i další z Goodsových pufrů) vykazuje stejné chování jako TRIS, není tedy 

vhodnou náhradou pufru TRIS v SBF 

6. organická část krevní plazmy v modelové kapalině DMEM nepotlačuje růst nové fáze 

7. za zvýšené koncentrace HCO3
- iontů se v DMEM (i SBF) přednostně tvoří kalcit 

(CaCO3) 

Z uvedených výsledků plyne, že je nutná revize ISO normy 23317 a nový přístup (použití 

jiné pufrovací soustavy a variabilní nastavení podmínek in vitro testu) k testování reaktivity 

anorganických biomateriálů. 
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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 HCl and NaOH) at the first step. After
this chemical treatment a thin TiO2 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 Ca2+ as well as
(PO4)3- 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 Ca2+ and
(PO4)3- as well as the presence of NaHCO3 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 10×10×0.7 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-1

(S = sample surface (cm2), V = volume of soaking solu-
tion (cm3)).
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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 Ca2+ and (PO4)3- ions and compared with the non-precalcified sample. The results of Ca2+ and (PO4)3-

analysis indicate that precalcification step accelerates the consumption of both Ca2+ and (PO4)3- 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/dm3) 4.0 Na+, 5.0 Ca2+, 10.0 Cl-, 2.5 H2PO4

- and 1.5 HCO3
-. 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-1, 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.



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, NaHCO3, MgSO4, CaCl2 a KH2PO4

into demineralized water and buffered at pH = 7.3 with
TRIS [tris(hydroxymethyl)aminomethan] and HCl 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 S/V = 0.5 cm-1 for 14-20 days and precalcified
ones at S/V = 0.5 cm-1 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 Ca2+ ions concentration were per-
formed at λ = 442 nm by AAS. The KCl releasing buffer
with concentration of 4000 ppm was added to each sam-

ple. The (PO4)3- 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 µm 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 µm. EDS
analyses detected small amount of Na+ ions in the sur-
face (table 3). The amorphous character of TiO2 layer
was confirmed by WAXS-GI XRD method.
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Table 1.  The ion concentration of the SCS solutions
(mmol/dm3).

solution Na+ Ca2+ Cl- H2PO4
- HCO3

-

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

Table 2.  The ion concentrations of SBF compare to inorganic part of blood plasma (mmol/dm-3).

Na+ K+ Ca2+ Mg2+ Cl- HCO3
- HPO4

2- SO4
2-

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

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).



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 Ca2+ and
(PO4)3- 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.

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 Ca2+ and (PO4)3- ions imme-
diately after immersion till the 7th day of exposition
in SBF. In the case of the non-precalcified sample
(figure 3a) this phenomenon had occurred on the 6th day
after immersion and finished till the 14th day. The resi-
dual concentration of the both ions was about
40-50 mg/dm3 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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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
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Figure 3.  Time dependence of Ca2+ and (PO4)3- concentrations a) of the non-precalcified sample in SBF (20 days) and precalcified
ones in b) SCS1 (7 days), c) 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 µm after 20 days in the case of non-precalcified sam-
ple and 13 µm 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).

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 = 0.1; 0.3 and 0.5 cm-1. 

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/dm3 for Ca2+ and 140-150 mg/dm3 for
(PO4)3- after the 4th 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 4th or 7th day, respectively. The optimum time for
Ca-P phase formation seems to be the 4th 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/V
0.1; 0.3 and 0.5 cm-1, 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/V = 0.1 cm-1 as well as
0.5 cm-1 (figure 7). Differences are in thickness and
probably quality of this layer. The thicknesses continu-
ously grow from 25 µm (S/V = 0.5 cm-1) to 50 µm
(S/V = 0.1 cm-1). Figures 7 and 8 demonstrate the thick-
ness of the layer (cross section) on surface after the
7th days of exposure at S/V = 0.1 and 0.3 cm-1, respective-
ly. Spherulites formed in SCS2 solution at S/V = 0.3 cm-1

do not covered of the sample surface completely. The
diameter of these spherulites is approximately of 30 µm
(figure 8).

Horváthová R., Rohanová D., Helebrant A.
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Figure 4.  Optical micrograph of the surface of non-precalcified
sample after soaking in SBF (20 days).

Figure 5.  Optical micrograph of the precalcified surface in
SCS2 (7 days) with subsequent exposure to SBF (7 days).
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Figure 6.  Time dependence of changes in Ca2+ and (PO4)3- concentration after exposition in SCS2 solution - a) S/V = 0.1 cm-1,
b) S/V = 0.3 cm-1, c) S/V = 0.5 cm-1, d) calculated Ca/P molar ratio of consumed ions under various S/V.
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Figure 7.  Optical micrograph, cross section of the layer formed
in SCS2.

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



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 4th day, consequently
static conditions for in vitro testing are not satisfying
because of quick consumption of Ca2+ and (PO4)3- ions
as well as decrease of pH value in supersaturated
solutions.
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PØÍPRAVA KALCIUMFOSFÁTU NA Ti SLITINÌ
PREKALCIFIKAÈNÍM PROCESEM ZA STATICKÝCH

PODMÍNEK

RENÁTA HORVÁTHOVÁ, DANA ROHANOVÁ,
ALEŠ HELEBRANT

Ústav skla a keramiky,
Vysoká škola chemicko-technologická v Praze 

Technická 5, 166 28  Praha 6

Bioaktivním materiálem v souvislosti s náhradami kostní
tkánì rozumíme materiál, který je schopen za dostateènì krát-
kou dobu vytvoøit s kostní tkání pevnou vazbu. Titanové mate-
riály (Ti6Al4V) využívané k ortopedickým nebo dentálním
náhradám jsou materiály inertní. Chemickou úpravou jejich
povrchu pomocí silných kyselin a zásad se docílí pokrytí
povrchu tenkou vrstvièkou TiO2 gelu. Následnì nìkolikadenní
expozicí v pøesycených roztocích oznaèených SCS1-3 (vysoký
obsah Ca2+ a (PO4)3- iontù a vhodné pH) se na povrchu gelu nuk-
leuje a sráží dostateènì silná vrstva kalcium-fosfátu. Pøítom-
nost této rozpustné kalcium-fosfátové vrstvièky následnì
urychlil cca o 6 dnù proces tvorby kalcium-fosfátu pøi in vitro
testech v statickém uspoøádání. Prekalcifikace tak mùže urych-
lit proces vyhojování. Druhá èást práce byla zamìøena na vliv
pomìru S/V (plochy vzorku ku objemu kapaliny (SCS2)). Z
mìøení koncentrace iontù Ca2+ a (PO4)3- vyplynulo, že nejvìtší
zmìny se v prekalcifikaèním roztoku odehrávají 1. den po
vložení vzorku a prakticky ukonèují do 4. dne od zaèátku
expozice. Roztok pøestává být pøesycen vùèi kalciumfosfátu,
který se na povrchu vysrážel odèerpáním Ca2+ i (PO4)3- iontù a
snížením jeho pH. Tloušt’ka i velikost vzniklých jehlicovitých
krystalkù sféroliticky uspoøádaných je závislá na pomìru S/V.
Odèerpané množství Ca i P a jejich pomìr se již po 4. dnu blíží
teoretickému pomìru v HAp. Z namìøených dat také vyplývá,
že k testování bioaktivních materiálù je vhodnìjší tzv. dynam-
ické uspoøádání testu, kde bude zaruèen pøívod èerstvého roz-
toku SBF (simulated body fluid) po celou dobu testování
materiálu.
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Tialloy,resorbablesurface,precalcification


 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 upersaturated alcification
olution  SCS2 (high content ofCa2+ aswell as (PO4)3   ions) allows to short of an induction
periodinSBFsolution(practicallyimmediatereactionstatsahydroxyapatiteprecipitation).Soluble
octacalciumphosphate(Ca8H2(PO4)6.5H2OwasdetectedbyRTGonthesurfaceaftercalcification.
Presumptionis:ahealingtimeofthecalcifiedTialloycouldbeshortened.




Tialloy regarded itsexcellentmechanicalpropertiesasbiomaterial forbonesand 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 toKokubo and Jonášová procedure [1, 2]. Formed porousTiO2 gel containsNa+ ions
coming from a previous treatment. A surface enhanced pH value (near 8) ensures a calcium
phosphatepreferential precipitationdirectlyon theTi alloy sample.The aimofour studywas to
increasethesurfacebioactivitybytwostepprocess,whenetchingofthesurfacewasfollowedby
expositioninSCS2(supersaturatedcalcifyingsolution)[3,4]inordertoprepareresorbablecalcium
phosphatelayer.




TheTi6Al4Valloysampleswiththediameterof9mmx1mmwereetched
in HCl (concentrated) for 90 min and 4times washed by demineralized water. Pretreatment
continuedbysoaking in10MsolutionofNaOHat60°C for24hourswith subsequent (5times)
gentlerinsingbydemineralizedwater.
Thesampleswere calcified in supersaturatedcalcifyingsolutions (SCS2) (table1).
TheTisamplesweresoakedinSCS2solutionsunderstaticconditionat20°Cfor3,6,24and72
hoursatS/V=0.1cm1(S=samplesurface[cm2],V=volumeofsoakingsolution[cm3]).


Table1.CompositionoftheSCS2solution(mmol.dm3).







solution Na+ Ca2+ Cl H2PO4
 HCO3

 Ca/P

SCS2 4.0 5.0 10.0 2.5 1.5 2
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      The
effectofTialloypretreatmentandprecalcificationonHApformationwasexaminedinsimulated
body fluid (SBF) which simulates inorganic part of human blood plasma (table 2). The SBF
solutionwaspreparedbydissolvingreagentgradeKCl,NaCl,NaHCO3,MgSO4,CaCl2aKH2PO4
intodemineralizedwaterandbufferedatpH=7.3withTRIS[tris(hydroxymethyl)aminomethane]
andHClat37°C.ThesampleswereexposedintoSBFunderstatic(S/V=0.1cm1)anddynamic
conditionswithflow48mlSBFperday(S/F=0.2cm1).Thecellswithsampleswereplaced into
abiological thermostat at 37°C. The continual flow of the SBF solution was maintained by a
peristalticvolumepump.Thetotaltimeoftestingwas7daysinbothcases.


Table2.TheionconcentrationsinSBF(mmol.dm3).


 Na+ K+ Ca2+ Mg2+ Cl HCO −
3  HPO −2

4  SO −2
4 

SBF 142.0 5.0 2.5 1.0 131.0 5.0 1.0 1.0


    To evaluate the ability and rate of CaP formation, the
concentrationofphosphatesandcalciumionsinthesolutionweredeterminedbyspectrophotometry
andatomicabsorptionspectroscopy(AAS),respectively.
TheanalysisofCa2+ionsconcentrationwereperformedatλ=442nmbyAAS.TheKClreleasing
buffer with concentration of 4000 ppm was added to each sample. The (PO4)3 analyses were
performedby spectrophotometrymethod.The analysiswas based on determination of phosphate
ions on the blue form at 830 nm. Reproducibility of results was 510 %. Error bars in time
dependencesrepresentmaximumdifferencefor2independentmeasurements.
ValueofpHwasmeasuredat25oCbytheglasselectrodeandpHonthe
samplesurfacebytheglasselectrodewithaplatediaphragm
     Ti surfaces after chemical treatment and SCS2 or/and
subsequently in SBF solution were observed by optical microscopy using image analysis with
softwareLucia.Thecalciumphosphatelayerswereobservedonthesamplescrosssectionfixedin
resin.
  Diffraction patterns were collected with a PANalytical X´Pert PRO
diffractometer equipped with aconventional Xray tube (Co Kα radiation, 40kV, 30 mA, point
focus) and a multichannel detector X'Celerator with an antiscatter shield. Xray patterns were
measuredintherangeof4to100°2Θwithstepof0.0167°and1050scountingperstep.Inthis
caseweusedtheconventionalBraggBrentanogeometrywith0.02radSollerslit,0.25°divergence
slit,0.5°antiscatterslit,and10mmmaskintheincidentbeam,5.0mmantiscatterslit,0.02rad
Soller slit and Fe betafilter in the diffracted beam. XRD patterns were not pretreated before
interpretationasnobackgroundcorrectionwasneeded.



Mechanical treatmentof theTialloysurfaceenhancedtheadhesionpropertiesofformedsurface.
Acid etching byHClmake up a fine surface porosity and following leaching inNaOH solution
increased pH value (up to 8) on the sample surface. Higher pH value ensures preferential
precipitationofcalciumphosphateontheTialloysurfaceHoweverHAplayerprecipitatedinSBF
didnotcoversurfacecompletely(noncalcifiedsample).
Using precalcification by soaking the samples in fresh SCS2 solution, octacalcium phosphate
(Ca8H2(PO4)6.5H2O  OCP) precipitated as a main phase on Ti surface. Octacalcium phosphate
formedtheneedlelikecrystalsshapedsphericallyintorosettesafter1dayexpositioninSCS2.Also
thebigplatecrystalsofdicalciumphosphate(CaHPO4.2H2ODCPD)weredetectedusingXRD
diffractionin7daysoldsolutions.(Figure1and2).
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Figure 1. Ca/P phases formed in SCS2
solution

Figure2.XRDanalysisofcrystalsformedinSCS2
(OCPandDCPD)



Properties(crystalinity,thickness...)ofnewlyformedCa/Pphasesdependedonthearrangementof
theprecalcificationstep.ThicknessofanewlayerdependsonS/Vratio(surfaceofsample/volume
of solution) as well as duration of calcification process. Calcium phosphate has not visibly
precipitatedonthesurfaceatshorttimeexposition(3hours).Howevershortlyexposedsurfacein
theSCS2reactssimilarlytothesurfacesvisiblycoveredbytheCa/Pamorphousorcrystalphasesin
SBF. Calcium and phosphate ions were soaked into a porous gel like TiO2 layer probably. The
longerexpositiontime(6and24)showsprecipitationofanamorphousphaseonthesamplesurface.
Crystallization ofCa/P phase starts 24 hours after immersion into SCS2 solution Figure 3.Both
staticanddynamicinvitrotestsshowedthattheHAphasewasprecipitatedonthecalcifiedsurfaces
immediatelyafterimmersionintoSBFcontrarytononcalcifiedsample(0hSCS)(figure4).


AlreadyveryshorttimeexpositioninSCS2solution(aseveralhours)ensureshorteningof initial
timeofHApprecipitationcomparedtothenoncalcifiedsamples.Thisfactcouldpositivelyaffect
healingtimeofimplantedTialloy.Toxicityofprecalcifiedsamplewillbetestedonlivingcell(ex
vivotest)infuture.
















    
























Figure 3. The OCP on Ti alloy surface
formedinSCS2solutionafter24exposition

Figure 4. The PO4 ions outflow from SBF
solution indicates the HAp precipitation
(dynamiccondition)
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1. Inert surface of Ti can be convert to bioactive or resorbable by precalcification in SCS2
solution;

2. solubleoctacalciumphosphate(OCP)asdominantphaseisformedonthesurface;
3.Presumption:usingSCS2solutioncouldshortenthehealingtime
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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: β-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 (¼ 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, Ca10(PO4)6(OH)2) 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 β-tricalcium phosphate (β-TCP, 
Ca3(PO4)2) [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 
β-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 β-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 β-tricalcium 
phosphate (β-TCP, Ca3(PO4)2), called Poresorb®-TCP 
was supplied in form of white granules (1-2 mm) with 
the specific weight 2 900-3 100 kg.m-3 and it contained 
macro (100-200 μm) and micro (1-5 μm) pores. In 
the work it is identified as TCP. The second material 
was hydroxyapatite (HA, Ca10(PO4)6(OH)2), 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 

reagents: KCl, NaCl, NaHCO3, MgSO4, CaCl2, K2HPO4, 
the value pH = 7.45 and was buffered with a solution of 
(Tris-hydroxymethyl aminomethan) and HCl [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 ¼V 
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 
¼V 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 (PO4)3- 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 N2 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-N2O 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 λ = 830 nm, in conformity 
with ČSN 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 β-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 ¼V TCP and 1V TCP). 
 The increase of weight of the TCP material was 
higher for partial filling of the cell with the sample 
(¼V 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 

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

       Ionic concentration (mmol l-1)
 Solution Na+ K+ Ca2+ Mg2+ Cl– HPO4

2- HCO3
- SO4

2-

 SBF 142.0 5.0 2.5 1.0 131 1.0 5.0 1.0
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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.

 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. 

 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 (¼V 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 (¼V 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 μm (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, 

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

                       Partly filled testing cell ¼V TCP
            Weight (g)                     Increase
 Before After Δ (g) Δ (%)
 1.00 1.04 0.04 4

                Completely filled testing cell 1V TCP
            Weight (g)                     Increase
 Before After Δ (g) Δ (%)
 4.00 4.08 0.08 2
* The average value of weights of the materials for two parallel expe-
riments

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

 TCP  Specific surface (m2g-1)

 Original    0.15*
 ¼V TCP 1.79
 1V TCP 1.35
* measured in Kr

Figure 3.  Surface of the 1V TCP material (completely filled 
testing cell) after the exposure to SBF.

Figure 2.  Surface of the material ¼V TCP (partly filled testing 
cell) after the exposure to SBF with the newly formed HAp 
phase.

Figure 1.  Surface of the original TCP material before the 
exposure.
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which are much smaller (up to 5µm) 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 (¼V TCP and 1V TCP) have 
shown that the ratio Ca/P is not significantly different 
from that before the exposure. 

 RTG difractograms of the TCP material (Ref. Code: 
01-070-2065) after its exposure to the SBF solution 
(¼V 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 Ca2+ 
and (PO4)3- concentrations in SBF in the course of the 
material exposure for both types of filling (¼V 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 
(PO4)3- 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 (PO4)3- ions 
from the beginning of the exposure (equations (1)-(3)). 
A substantial decrease of the (PO4)3- 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) – m TCP(initial )) / t             (1)

 From the decrease of concentration of (PO4)3- ions: 

c (PO4)
3-

 = k HAp  t                           (2)

 Relative rate of the precipitation:

R´HAp = R HAp / m TCP(initial)                    (3)

where R HAp is the rate of formation of the new HAp 
phase, calculated from the increased weight; m TCP(final, 

initial) are weights of TCP after and before the exposure, 
respectively; c (PO4)

3- is the concentration of phosphate 
ions in SBF leachates; k HAp is a constant determined from 
the line slope (Fig. 6); R´HAp is the rate of precipitation 
of the new HAp phase related to a unit of weight; t is the 
time of exposure.

 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 
Ca2+ ions in the solution increases within 2 hours while the 
concentration of (PO4)3- 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 

Figure 6.  Weight increases of TCP calculated from decreases 
of concentration of (PO4)3- ions for partial (¼V TCP) and 
complete (1V TCP) filling of the testing cells.

Figure 5.  Concentrations of phosphate ions in the SBF solution 
for partial (¼V TCP) and complete (1V TCP) filling of the 
testing cells.

Figure 4.  Concentration of calcium ions in the SBF solution 
for partial (¼V TCP) and complete (1V TCP) filling of the 
testing cells.

Table 4.  Rate of precipitation of the HAp phase on the surface 
for ¼V TCP and 1V TCP in SBF.

 Filling of the cell RHAp kHAp R´HAp

 with the TCP material (mg hour-1)    (mg hour-1)  (mg hour-1g-1)

 ¼V TCP - 1 g  0.129 0.128 0.129
 1V TCP - 4 g  0.258 0.209 0.065
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for both types of cell filling) a stable removal of Ca2+ 
and (PO4)3- ions from the SBF solution occurred, i.e. a 
stable precipitation of HAp. The diagram indicates that 
in the partly filled cell (¼V TCP) the removal of Ca2+ 
and (PO4)3- 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 (¼V 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 (¼V 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 (¼V HA).

 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. 

 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 
(¼V 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 (¼V HA). Rod-shaped crystals were 
found on the surface which formed bigger agglomerates 
(up to 4 μm). 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. 

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

                       Partly filled testing cell ¼V HA
            Weight (g)                     Increase
 Before After Δ (g) Δ (%)
 0.5 0.6 0.1 20

                Completely filled testing cell 1V HA
            Weight (g)                     Increase
 Before After Δ (g) Δ (%)
 1.83 2.0 0.17 9.2
* The average value of weights of the materials for two parallel expe-
riments

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

 HA Specific surface (m2 g-1)

 Original  70.79
 ¼V TCP 61.34
 1V TCP 67.05

Figure 7.  Surface of the original hydroxyapatite (HA) material 
before the exposure.
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 Again, the diffractogram ¼V 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 Ca2+ and (PO4)3- 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 (¼V HA and 1V HA), calculated from the 
decrease of (PO4)3- 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 ¼V 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 (¼V HA) the 
concentration of Ca2+ 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. 

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

Figure 8.  Surface of the ¼V HA material (from the partly filled 
testing cell) following the exposure to SBF.

Figure 12.  Weight increases of HA (i.e. new HAp phase) for 
partial (¼V HA) and complete (1V HA) filling of the testing 
cell.

Figure 11.  Concentrations of phosphate ions in the SBF 
solution in the partially (¼V HA) and completely (1V HA) 
filled testing cells.

Figure 10.  Concentrations of calcium ions in the SBF solution 
in the partially (¼V HA) and completely (1V HA) filled testing 
cells.

-
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 In the case of (PO4)3- 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 
(PO4)3- ions decreased substantially (from 95 mg l-1 to 
19 mg l-1). Subsequently, the removal of ions stabilized 
and practically all (PO4)3- 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-1.g-1) 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-1] 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. 

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 (¼V). 

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 Ca2+ and (PO4)3- 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 (¼V) 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 Ca2+ and (PO4)3- 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 from the concentration of (PO4)3- 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 
(Ca10(PO4)6(OH)2) 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 β-TCP (Ca3(PO4)2) [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 

options include 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-
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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, Ca10(PO4)6(OH)2) 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, Ca10(PO4)6(OH)2) 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 plasma; 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: KCl, NaCl, NaHCO3, MgSO4.7H2O, CaCl2, 
KH2PO4 in appropriate ratios. SBF was buffered with 
TRIS (Tris-hydroxymethyl aminomethane) and HCl to 
achieve pH = 7.45. Azide (NaN3) 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 
¼ 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 Ca2+ and (PO4)3- 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 (CuKα 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 2θ 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, Řež 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 N2; temperature 
60 - 200°C, heating rate 10°C/min, time at temperature 
600 - 2000 min.
 The concentration of Ca2+ ions in the leachate was
analyzed by atomic absorption spectrometry using 
VARIAN - Spectr AA 300. Atomization was performed 
in acetylene-N2O flame. The wavelength used for absor-
bance measurements was 422.7 nm. The content of 
(PO4)3- ions was analyzed on UV-VIS Spectrophotometer 
UV1601 at λ = 830 nm under ČSN 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 Ca2+ 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 (PO4)3- 
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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 (Rm, equation (3)) and 
from the decrease of the (PO4)3- concentration in SBF 
leachates from the beginning of the interaction (Rc). It is 
assumed that all (PO4)3- ions removed from SBF are used 
for the formation of HAp phase.
                   ∆m´ = [(mt – m0)∙100]/m0 (%) (1)
                     ∆S´ = [(St – S0) ∙100]/S0 (%) (2)
                    Rm = (mt – m0)/t (mg·hour-1) (3)
mc(t) = (c0 – ct) ∙ (MHAp/6∙M(PO4)3-) ∙ F ∙ ∆t + mc(t-∆t) (mg)(4)
                      A HA–S = m0 HA–S ∙ S0 HA–S (m2) (5)
                      A HA–B = m0 HA–B ∙ S0 HA–B (m2) (6)
where mt, m0 are the weights of the material at the time t 
and at the beginning of the interaction respectively, rm´ 
is a change of the weight of the material at the time t in 
percentages, t is the time of the interaction of the material 
with SBF, St, S0 are the specific surfaces of the material 
at the time t 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, rt is the time 
between two collections of SBF leachate samples, Rm is 
the rate of formation of the new HAp phase calculated 
from the increase of the material weight, ct, c0 are the 
concentrations of (PO4)3- ions in SBF at the time t and 
at the beginning of the interaction respectively, mc(t), 
mc(t-rt) is the weight of the newly formed HAp calculated 
from the quantity of (PO4)3- ions at the respective time, 
MHAp, M(PO4)3- are the molar weights of HAp and (PO4)3- 
respectively, F is the flow rate of SBF (48 ml.day-1), Rc 
is calculated from tangent of the linear fit of mc(t) 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 %.

 Changes on the surface of the HA–S material after 
the interaction with SBF are visible in Figures 1b-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 1c) 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-e). 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 µm) 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. 

	 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 Ca2+ and 
(PO4)3- 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 mg∙l-1) and phosphate 
ion (from 93 to 17.5 mg∙l-1) 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. 

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

                      Weight (g)
 before after ΔmHA–S Δm´HA–S

Material interaction interaction (g) (%)

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

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 (m2∙g-1)
 before after ΔSHA–S ΔS´HA–S

Material interaction interaction (m2 g-1) (%)

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
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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.

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.

e) after 56 days f) new HAp phase

c) after 28 days d) after 42 days

a) before interaction-origin b) after 14 days



Horkavcová D., Rohanová D., Kuncová L, Zítková K, Zlámalová Cílová Z., Helebrant A.

74 Ceramics – Silikáty  58 (1) 70-78 (2014)

 Table 3 provides precipitation rates of the new 
HAp phase calculated from the growing weight of the 
material (Rm HA–S) and from the decrease of phosphate ion 
concentration in SBF (Rc HA–S) and their ratio (Rm HA–S/
Rc HA–S). The rate constants for the time periods were 
calculated using linear regression equations provided in 
(Figure 3).

	 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 Rm HA–S and Rc HA–S between day 14 and 28 
was greater than 1. After 42 - 56 days the values of  
Rm HA–S and Rc HA–S, obtained by two different methods 
of measurement (Rm HA–S from weight of HA–S and 
Rc HA–S from concentration of (PO4)3- ion in SBF) stabilized
and they were nearly identical (the ratio (Rm/Rc) was 
close to 1). The assumption that all (PO4)3- 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 %. 

	 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 2.  Concentrations of a) Ca2+, b) (PO4)3- 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 (PO4)3- ion during interaction with SBF.
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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 Rc HA–S Rm HA–S/Rc HA–S

Material (mg∙hour-1) (mg∙hour-1)

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

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 ΔmHA–B Δm´HA–B

Material interaction interaction (g) (%)

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
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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. 

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.

e) after 56 days f) new HAp phase

c) after 28 days d) after 42 days

a) before interaction-origin b) after 14 days
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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 m2.g-1 to 52.4 m2∙g-1, i.e. to values 
similar to that of HA–S (50.9 m2∙g-1).

	 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 Ca2+ and (PO4)3- 
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 (PO4)3- ion it dropped nearly to zero. 
After 7 days the concentration of Ca2+ stabilized, the 
concentration of (PO4)3- after the initial dramatic decrease 
gradually grew and the trend persisted until the end of 
the experiment. Changes of concentrations of Ca2+ and 
(PO4)3- 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.

	 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 (Rm HA–B) and from the decrease of (PO4)3- ions 
concentration in SBF leachates (Rc HA–B) and their ratio 
(Rm HA–B/Rc HA–B). 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 (Rm HA–B) slightly decreases with time. 
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Figure 6.  The weight of the new HAp phase on HA–B calcula-
ted from concentrations of (PO4)3- ions during interaction with 
SBF.
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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 (m2∙g-1)
 before after ΔSHA–B ΔS´HA–B

Material interaction interaction (m2 g-1) (%)

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 52.4 –42.0 –44.5
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Values of the rates (Rm HA–B and Rc HA–B) for bovine HA–B 
were obtained by two different methods: the change of 
weight of HA–B and from concentration of (PO4)3- ions 
in SBF. From the beginning of exposure these values 
were nearly the same. The assumption that all (PO4)3- 
removed from SBF were used to form HAp has been 
confirmed.

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 (A HA–S = 36.1 m2, 
A HA–B = 35.4 m2). When comparing synthetic and bovine 
hydroxyapatites in terms of their changing weights, ∆m´ 
(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 28th day of exposure.

 A more significant difference between the tested 
materials was observed for the specific surface. The 
percentage change ΔS´ of HA–S was smaller than that 
of HA–B (Tables 2 and 5). However, the trends of the 
ΔS´ decrease were again the same for both the materials 
(Figure 7). 
	 The assumption that all (PO4)3- ions removed 
from the SBF are consumed for the formation of HAp 
(according to Rc 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 Rm/Rc 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 (A) and the bulk density (materials 
filled exactly ¼ 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 (PO4)3- 
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 42th 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. 

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-1) (mg∙hour-1)

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
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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.
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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 Ca2+ and PO4
3� 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

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
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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�1/2H2O) (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); PIII.

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 � 2.5 cm � 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 INDÜSTRIEWERKE,

Germany) at a crosshead speed of 0.56 � 10�4 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 2.0 cm � 2.0 cm � 2.0 cm were

immersed in 100 cm3 SBF solution and kept at 37 8C for 2

weeks.Aliquot of 1.5 cm3was collected fromeach solution every

day to be analyzed for Ca2+, and PO4
3� 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 SBF. 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

Ca2+, andPO4
3� ionswere carried out on the collected aliquots by

spectrophotometry and atomic absorption spectroscopy (AAS),

respectively. Analysis of Ca2+ ions concentration was performed
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at l = 442 nm by AAS using VARIAN-Spectr AA 300 using

acetylene with N2O gases. The KCl 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 PO4
3� ionswas performed using aSHIMADZU

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 u–u), with a step size of 0.028, counting time of 0.3 s/step

and a scan range from 58 to 658 2u. A Cu Ka tube operated at

40 kV 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

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 Ca2+ 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 Ca2+ 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 � 2 min was found of all composites.

Fig. 3a shows the variations in the concentrations of Ca2+

and PO4
3� ions in SBF, as a result of soaking gypsum and its

Table 1

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

Concentration (mM)

Na+ K+ Ca2+ Mg2+ HCO3
� Cl� HPO4

2� SO4
2�

Blood Plasma 142.0 5.0 2.5 1.5 27.0 103.0 1.0 0.5

SBF 142.0 5.0 2.5 1.0 5.0 131.0 1.0 1.0

1.5 SBF 213.0 7.5 3.75 1.5 7.5 196.5 1.5 1.5

Fig. 1. Compressive strength of gypsum–polymer composites as a function of

[polymer] in wt%.
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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 Ca2+ and PO4
3� 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

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.

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.

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/PIII

SBF 2.9 4.2 4.3 2.4

1.5 SBF 22.9 15.7 15.8 14.3
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[27]. On the contrary, an increase in the Ca2+ 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 theweight 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

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

[Ca2+] 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 (–SO3
�) 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 (–SO4
�)

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

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).

Table 3

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

Type of composite [Polymer] (%) Setting time (min s) Compressive strengtha (MPa)

Neat gypsum 0.0 30 00 18.2 � 1.2

Gypsum/PI 1.0 33 15 28.5 � 0.1

Gypsum/PII 1.2 33 00 23.2 � 0.3

Gypsum/PIII 4.0 27 15 21.0 � 0.2

a Measurement taken after curing for 7 days at 37 8C.
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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 2u value of 31.88.
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 SEMmicrographs 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 X1, X2, 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

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 Ca2+ 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 Ca2+ 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 (–

COOCH3) 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 Cl in the polymer structure may also be considered a

point of attraction to the positively charged Ca2+ ions from

solution. Deposition of apatite on the ester (–COOCH3) 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

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.

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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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 mm, 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

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.
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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 [Ca2+] 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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[11] A. Çolak, Characteristics of aqcrylic latex-modified and partially epoxy-

impregnated gypsum, Cem. Concr. Res. 31 (2001) 1539–1547.

[12] S. Eve, M. Gomina, J. Hamel, G. Orange, Investigation of the setting of

polyamid fiber/latex filled plaster composites, J. Eur. Ceram. Soc. 26

(2006) 2541–2546.
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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 exposures at 37 ° C. The solutions were 

cmalyzed for· Ca and Si02 and the evolution of both concentrations with time was examined in comparison 
with the CaO/SiD2 ratio. A considerable increase in the rate of leaching was found in buffered solutions due 

to the effect of TRJS on the conditions for the deposition of a hydroxyapatite protective layer on the leached 
surface. 

INTRODUCTION 

Bioactive glasses and glass-ceramics can become at
tached to the bone 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 ions 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 is 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, Papfrenska 
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granular specimens were prepared of 0.315-0.50 mm 
grain size, equivalent to a surface area of approx. 110 
cm2 /g and exposed to the leaching attack of the sim
ulated body fluid (SBF) having the following compo
sition: 142,0 Na+ , 5.0 K+ , 1.5 Mg2+ , 2.5 Ca2+ , 148.0 
c1-, 4.2 HC03 - and 1.0 HP04

2-(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 HCl to 
7.45 (room temperature) or 7.25 (37 °C). All of the 
leaching exposures were carried out at 37 °C. The so-

5 1) 

Hp+TRIS 

SBF+TRLS 

"6 � 
tme [days] 

Fig. 1. Si02 concentration in the solution after leaching of 

the glass-ceramics in a buffered and a non-buffer·ed SBF, 

and in distilled water. 
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lutions were than analyzed using AAS for Ca and the 
silicon-molybdate photometric method for Si02. 

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 i the interaction of the specimens 
with the liquid occurred, under static conditions, with 
a surface to volume ratio of 1.1-1.5 cm- 1

. 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 D!SCUSSJON 

The silica concentrations in solution in terms of 
time are shown in Fig. 1. The results for distilled wa
ter depend very considerably on the presence of TR[S, 
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 Si02 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 distilled water was higher by 
an order of magnitude in the presence of TRIS. Sim
ilarly, the release of Ca into buffered SBF was mo:re 

extensive and high values of Ca concentration in the 
solution were attained continuously, whereas in non
buffered SBF a lower constant concentration level was 
established. 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 fprmed 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 film 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 Si02 ) 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 Ca2. 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 Si02 in the solution after 
leaching, the solubility product for hydroxyapatite, 
and finally, the amount of CaO which can be bound 
into the complex with TRIS. 

The CaO/Si02 weight ratio in the solution is shown 
in Fig. 3 where CaO is expressed as the change 
of its concentration in comparison with the actual 
one in the case of SBF. In non-buffered solutions, 
the CaO /Si02 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 CaO /Si02 indicate that congruent dissolution 
does not 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 /Si02 ratio with the concentration 
changes of Ca and Si02 : 
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on a widely accepted mechanism of leaching which 
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During interaction of silicate materials with aque

ous solutions a leached layer is fprmed 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 film 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 Si02 ) 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 Ca2. 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 Si02 in the solution after 
leaching, the solubility product for hydroxyapatite, 
and finally, the amount of CaO which can be bound 
into the complex with TRIS. 

The CaO/Si02 weight ratio in the solution is shown 
in Fig. 3 where CaO is expressed as the change 
of its concentration in comparison with the actual 
one in the case of SBF. In non-buffered solutions, 
the CaO /Si02 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 CaO /Si02 indicate that congruent dissolution 
does not 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 /Si02 ratio with the concentration 
changes of Ca and Si02 : 
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Fig. 3. The weight ratio of CaO to Si02 in the solutions

after leaching ( !:). CaO relatefi 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 /Si02 remains
constant and the Ca concentration does not show
any great change - see Figs. 1-3).

b) In SBF without TRIS, the CaO /Si02 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).

c) The increase in the Ca0/Si02 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 1 18 

Ceramics - Silikaty c. 3-4, 1994 

[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), 
pi = 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% (pi= 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 c�n be attributed to the 

s' 400 -------r-----..-----.. 

� 
--350 0 
(.) 

200 

5 1J E 
time [ooys] 

Fig. 4. Calcium ion concentration in the solution aft,r 

leaching of the glass-ceramics in buffered SJJF and in SHF 

+ albumin.



The Effect of Tris-Buffer on the Leaching . . . 121 

�3 

2 

1 

coryuent 
dissdutoo 

o.,_ ____________ ---4 

-1
/·-----+ 

+-+� 

S8F 

-2 -----"'----�-------'
5 1) '6 3)

tine [ooys]

Fig. 3. The weight ratio of CaO to Si02 in the solutions

after leaching ( !:). CaO relatefi 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 /Si02 remains
constant and the Ca concentration does not show
any great change - see Figs. 1-3).

b) In SBF without TRIS, the CaO /Si02 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).

c) The increase in the Ca0/Si02 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 1 18 
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[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), 
pi = 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% (pi= 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 c�n be attributed to the 
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tests described above, at least for the type of material 
examined in the present study. 

CONCLUSIONS 

Tl1e presence of TRIS-buffer in the solution can 
co11si<lerably increast' the rate of leaching of bioac
tive glass-ceramics of the apatite-wollastonite type 
by aqueous solutio11s. 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 HELEBfl.ANT 

Ustav skla a keramiky, Vysoka skola 
chemicko-technologicka Technicka 5, 166 28 Praha 6 

Bylo studovano louzeni bioaktivni sklokeramiky apatit
wollastonitoveho typu ve vode a v simulovane telni kapa
line (SBF) za pouziti statickych testu se standardni drti, 
s expozid na 37 ° C. Ve vyluzich byl pak stanoven obsah 
Ca2+ a Si02 a vypoctem pomer CaO /Si02. 

Byl nalezen podstatny rozdil mezi vysledky ziskany
mi v nepufrovanych roztodch a v roztodch obsahujidh 
pufr TRIS (tris-hydroxymethyl-arninornethan). Z vysled
ku plyne, ze pfitornnost TRISu muze podstatne zvysit 
rychlost louzeni sledovane sklokeramiky ve vodnych roz
todch (viz obr. 1-4). Vliv TRISu je pficitan tomu, ze vaze 
vylouzeny vapnik do rozpustneho komplexu a tim urnezuje 
tvorbu hydroxyapatitoveho povlaku. Soucasne se udrzuje 
pH pufrovaneho roztoku na nizsi hodnote, coz vzhledem 
k silne zavislosti soucinu rozpustnosti pro hydroxyapatit 
rovnez redukuje tendenci roztoku k precipitaci HA. Oba 
tyto efekty zvysujf rychlost louzeni tim, ze ornezuji tvorbu 
vrstvy, jez ma z hlediska vyluhovani a rozpousteni ochran
ny ucinek. 

Obr. 1. I( oncentrace Si02 ve vyluhu ze sklokeramiky 
V pufrovanem a nepufrovanem SBF, a V destilovane 
vode. 

Obr. 2. I< oncentrace vapnfku ve vyluhu v pufrovmiem 
a nepufrovanem SBF, a v destil. vode. 

Obr. 3. Hmotnosti pomer Ca0:Si02 ve vyluhu ( obsah CaO 
uveden jako rozd{l od pu.vodn{ koncentrace v roztoku). 

Obr. 4. I< oncentrace vdpenatych ion tu ve vyluhu v pufro
vanem SBF a v SBF s pfidavkem albuminu. 
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a b s t r a c t

The paper deals with the characterisation of the bioactive phenomena of glass–ceramic scaffold derived
from Bioglass� (containing 77 wt.% of crystalline phases Na2O�2CaO�3SiO2 and CaO�SiO2 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.

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].

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 Na2O�2CaO�3SiO2

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�1). 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

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

Acta Biomaterialia 7 (2011) 2623–2630

Contents lists available at ScienceDirect

Acta Biomaterialia

journal homepage: www.elsevier .com/locate /actabiomat



Author's personal copy

TRIS) using the ratio SA/V �0.1 cm�1 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-Regí et al.
[11] was oriented at studying the effects of P2O5 present in the ma-
trix of the basic glass on the bioactivity of the material. The authors
found that the presence of P2O5 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 Ca2+ 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 lm in size) with an aqueous solution
of poly-DL-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 (Na2O�2CaO�3SiO2)
and a minor phase (CaO�SiO2) 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 P2O5. 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
(CaO�SiO2) is low and can be assumed to behave similarly to the
main phase (Na2O�2CaO�3SiO2).

The specific surface area was measured by the BET method in
nitrogen and a value of 1.6 m2 g�1 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 HCl alone
(labelled as TRIS) and in demineralised water (labelled as H2O).

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, MgSO4, CaCl2, KH2PO4.
The TRIS buffer was completed with an admixture of HCl 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. NaN3 (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
�

(100 wt.%)
Na2O�2CaO�SiO2

(77.4 wt.% of scaffold)a
Residual glass phase
(22.6% of scaffold)

SiO2 45.0 50.9 24.8
Na2O 24.5 17.4 48.5
CaO 24.5 31.7 –
P2O5 6.0 – 26.5

a The crystalline phase CaO�SiO2 is included.
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bit possible bacteria formation. The ion composition of SBF (as
SBF5 according to Müller and Müller [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–N2O. Ca concentrations were measured
at k = 422.7 nm, silicon concentrations were measured at k =
251.6 nm and sodium concentrations at k = 589 nm.

2.3.2. Spectrophotometry
The concentrations of (PO4)3� ions were determined at k =

830 nm (blue form) with a UV 1601 ultraviolet–visible spectropho-
tometer, in conformity with ČSN 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 X́Pert

PRO diffractometer equipped with a conventional X-ray tube (Cu
Ka 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 2H 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, Řež 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�1) 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 (PO4)3� 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�3 solution of TRIS only), indicating the dissolution of the
calcium-containing phase (Na2O�2CaO�3SiO2 and CaO�SiO2) 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 H2O), which confirms that the crystal-
line phase practically does not dissolve in solutions without the
TRIS buffer (Fig. 1).

The variation of (PO4)3� ion concentration with time was differ-
ent in the individual solutions. As mentioned above, the entire con-
tent of phosphate oxide (P2O5) is in the residual glass phase of the
scaffold material after thermal exposure. In the SBF + TRIS solution,
the TRIS buffer solution and the H2O, the dissolution of the residual
glass phase was obvious, as the concentration of (PO4)3� 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)3� 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
H2O. 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-

Table 2
Ion composition (mmol dm�3) of SBF [17,18].

Na+ K+ Ca2+ Mg2+ Cl� HCO3�
HPO2�

4 SO2�
4

142.0 5.0 2.5 1.0 131 5 1.0 1

Fig. 1. Concentration of Ca in leachates from SBF + TRIS, SBF, TRIS and H2O under
dynamic test conditions.
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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 H2O) 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).

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 (H2O), 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: Na2O�2CaO�3SiO2 (combeite) and a small
amount of CaO�SiO2 (Fig. 6a). After 17 days of exposure to the
SBF + TRIS solution a new crystalline phase was found (HAp). Nei-
ther Na2O�2CaO�3SiO2 nor CaO�SiO2 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. 6c). 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 (H2O) contained the original
crystalline phases, Na2O�2CaO�3SiO2 and CaO�SiO2, 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 (CaO�SiO2)), 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-

Fig. 2. Concentration of (PO4)3� ions in leachates from SBF + TRIS, SBF, TRIS and
H2O under dynamic test conditions.

Fig. 3. Concentration of silicon ions in leachates from SBF + TRIS, SBF, TRIS and H2O
under dynamic test conditions.

Fig. 4. Concentration of sodium ions in leachates from TRIS and H2O under
dynamic test conditions.

Fig. 5. Variation of pH value in SBF + TRIS, SBF, TRIS and H2O solutions under
dynamic test conditions.
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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 SiO2 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
(Na2O�2CaO�3SiO2 and CaO�SiO2), but the residual glassy phase also

Fig. 6a. XRD of the original scaffold material, indicating the presence of two crystalline phases (combeite and CaO�SiO2).

Fig. 6b. Scaffold after 17 days of exposure to the SBF + TRIS solution. The XRD pattern detected only the HAp phase.
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partly dissolved. In the solutions which did not contain any TRIS
buffer (SBF and H2O) 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�1; in
demineralised water it was 0.1 wt.% h�1). 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,

Fig. 6d. XRD pattern of a scaffold after 17 days of exposure to the TRIS solution indicate HAp phase.

Fig. 6c. XRD pattern of a scaffold after 17 days of exposure to the SBF solution.
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Fig. 7b. Large globule formed by small HAp crystals after 17 days of scaffold
exposure to SBF + TRIS solution.

Fig. 7a. SEM image of the original glass–ceramic scaffold material. Two crystal
phases are visible: tabular combeite and needle-like CaO�SiO2.

Fig. 6e. XRD pattern of a scaffold after 17 days of exposure to H2O. The original crystalline phases of the scaffold remained.

Fig. 7c. Globules of amorphous calcium phosphate phase formed after 17 days of
scaffold exposure to SBF solution.

Fig. 7d. Scaffold residual phase (composed mainly by SiO2) and newly formed HAp
after 17 days of exposure to TRIS solution.
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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 (H2O 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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Is non-buffered DMEM solution a suitable medium
for in vitro bioactivity tests?

Dana Rohanová,*a Aldo Roberto Boccaccini,b Diana Horkavcová,a

Pavĺına Bozděchová,a Petr Bezdičkac and Markéta Častorálovád

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

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

for bioactivity tests of glass-ceramic materials due to its low concentration of Ca2+ ions, high

concentration of HCO3
� ions and the necessity to maintain sterile environment during the test.

1. Introduction

The rst 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.1 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 Ca2+ ions or potentially also
(PO4)

3�, Na+ and Si ions in a controlledmanner); “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 uid (SBF)
has been used for bioactivity tests for many years.2 Unlike human
blood serum, the original SBF3 contains no organic components;
it has a higher content of Cl� ions and a lower content of HCO3

�

ions (4 mmol dm�3 versus 27 mmol dm�3 in real human serum).
The pH of SBF ismaintained at around 7.3 (at 37 �C) by using Tris

(NH2C(CH2OH)3), tris-[(hydroxymethyl)aminomethane]. In blood
serum, the pH is partly buffered by hydrogen carbonate ions and
by partial pressure of CO2. The pH value is critical for the
formation of HAp. According to de Aza et al.,4 the ideal pH for
precipitation and crystallization of HAp is in the alkaline region
(pH ¼ 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 aer 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 aer exposure to SBF.5,6 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 justied to ques-
tion if this information is sufficient for bioactivity assessment?
Indeed for a rst indication of potential bioactivity of biomate-
rials, it probably is. As we have found out in our previous work,7

Tris buffer, which is a part of SBF, reacts with the tested material
(in our case with 45S5 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, Ca2+ ions bind with Tris
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Chemical Technology Prague, Technická 5, 166 28 Prague 6, Czech Republic. E-mail:

dana.rohanova@vscht.cz
bDepartment of Materials Science and Engineering, Institute of Biomaterials,

University of Erlangen-Nuremberg, 91058 Erlangen, Germany
cInstitute of Inorganic Chemistry of the ASCR, v.v.i., 250 68 Husinec-Řež, Czech
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buffer to form a soluble complex which had been described
elsewhere8,9 and which may distort the results of in vitro tests.

Other authors3 have reported on preparation of SBF solutions
whose concentrations of HCO3

� 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 ormodied 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 modied SBF27 solution
(concentration of HCO3

� was 27 mmol dm�3) and demonstrated
formation of carbonate hydroxyapatite (CHAp). In another
investigation,12 collagen spongious Ap-CaP whiskers and CaSO4

doped with calcium hydrophosphate (CaHPO4 monetite) were
exposed to a solution of Tris-SBF-27 mmol dm�3. All the
mentioned materials induced formation of nanoporous apatite
in the solution, with the exception of CaSO4 alone, which crum-
bled in the solution into powder.

In a relevant investigation involving bioactive glasses, Can-
nillo et al.13 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�3 Ca2+ in HBSS+ compared to 2.5 mmol
dm�3 in SBF). A magnesium phosphate phase developed on the
surface of MG45 glass in SBF which means that also glass
signicantly dissolved in SBF and that SBF was in this case
supersaturated with respect to magnesium phosphate.

In other published articles,14–16 attempts to substitute SBF
with the commercially available DMEM solution, which is
primarily designed for growing andmaintaining tissue cultures,
have been reported. The solution is available in many variants –
non-buffered or buffered with Tris, and with another buffer –
HEPES (C8H18N2O4S), 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.17 have found that as early as aer three days of immersion
in DMEM solution, the amorphous apatite phase developed at
certain locations on silicate glass (Bioactive glass 45S5) 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.17 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.18

studied the transformation of brushite into OCP (octacalcium
phosphate) in various DMEM derived solutions. Solutions
without organic phase did not have any SO4

2� ions and

solutions with organic phases as lactic acid and Tris buffer
contained SO4

2� ions. None of the solutions were able to
maintain the pH at 7.4, even during the rst 24 h. Brushite
crystals were transformed into a biphasic mixture of OCP and
CDHA (Ca-decient 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.19 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 rst 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 Ca2+ ions of the solution by the
HEPES buffer at the Ca/P molar ratio of 1.99 and could reduce
the concentration of free Ca2+ 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 Ca2+ and high concentration
of HCO3

� 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.20 The initial material for preparation
of a glass suspension was 45S5 bioactive glass (45S5 BG) powder
with a mean particle size <5 mm. 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 le to dry for 12 hours at room
temperature and were then subjected to thermal treatment
consisting of ring at 400 �C per 1 hour to burn-out the PUR
template and further sintering at 1100 �C for 5 hours.20

The scaffold had an open porous structure with the pore size in
the range of 510–720 mm and porosity of approximately 90%.
The material contained crystalline and residual glass phases.
Their contents before and aer the crystallization, according to
a previous publication,20 are shown in Table 1.

2.2. Solutions for the in vitro test

The modied simulated body uid with reduced concentration
of Ca2+ ions and increased concentration of HCO3

� ions to
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44 mmol dm�3 (I-solution) was prepared by mixing solutions of
the following reagents: KCl, NaCl, NaHCO3, MgCl2$6H2O,
CaCl2, Na2SO4 and KH2PO4 in respective ratios. Azide (NaN3)
was added to prevent bacterial growth in the solution.7,21 I-
solution was not buffered and the pH value was not adjusted.

Dulbecco's Modied 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 modied 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 (100�) stabilized with
10 000 units penicillin, 10 mg streptomycin and 25 mg ampho-
tericin B per mL, sterile-ltered, 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,22 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 ow 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 lled 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 (aer
1, 3, 7, 11 and 15 days), rinsed with demineralized water and le
to dry at laboratory temperature. In order to maintain a sterile
environment the replacement of the mod-DMEM solution was
performed in a “ow 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 aer the immersion tests was inspected with a Hitachi

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 lm and xed to a
transmission sample holder. Aer solvent evaporation a thin
layer of the prepared sample was covered with another mylar
lm. The diffraction patterns were collected using a PANalytical
X'Pert PRO diffractometer equipped with a conventional X-ray
tube (CuKa 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 soware package (PAN-
alytical, The Netherlands, version 3.0e), a Diffrac-Plus soware
package (Bruker AXS, Germany, version 8.0) and JCPDS-ICDD
PDF-2 database.23

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 Ca2+ 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–N2O ame. 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–N2O ame. The wavelength used for
absorbance measurements was 251.6 nm.

2.5.2. Spectrophotometry. Concentrations of (PO4)
3� ions

were analyzed in I-solution leachates with a UV-Vis spectro-
photometer UV1601 at wavelength 830 nm (ČSN 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

Table 1 Composition of 45S5 BG, crystalline and glass phases20

Oxides 45S5 BG (100 wt%) Na2Ca2Si3O9 (77.4 wt% scaffold)a Residual glass phase (22.6 wt% scaffold)

SiO2 45.0 50.9 24.8
Na2O 24.5 17.4 48.5
CaO 24.5 31.7 —
P2O5 6.0 — 26.5

a The minority crystalline phases CaO$SiO2 and NaCaPO4 (buchwaldite) are included.

This journal is © The Royal Society of Chemistry 2014 J. Mater. Chem. B
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2000DV instrument. The solution was vaporized with a Gem-
ConeTM nebulizer and the ow rate of the solution through the
nebulizer was 2.2 ml min�1. The produced ne 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 Ca2+ and
(PO4)

3� and pH in mod-DMEM leachates aer 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)

3�

ions aer 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�3). The mod-DMEM solution was not buffered
and the pH value increased from 7.45 to 8.90 soon aer 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 aer interaction with mod-DMEM. Records from XRD
powder diffraction analysis of the scaffold before and aer 3, 7,
11 and 15 days of interaction with mod-DMEM are shown in
Fig. 2.

XRD analysis before the exposure conrmed the presence of
the main crystalline phase Na2O$2CaO$3SiO2 (combeite) and
two minority structurally isomorphic phases CaO$SiO2 and
NaCaPO4 (buchwaldite) in the original scaffold (Fig. 2). Crys-
talline phases of NaCl (halite) and CaCO3 (calcite) developed
aer 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

maximum) approximately from the 7th 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.7 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
aer interaction with mod-DMEM. Changes on the surface of
the scaffolds aer 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$SiO2. The SEM/EDS analysis conrmed
that as early as aer three days (3D) the scaffold surface was

Table 2 Ion composition (mmol dm�3) of mod-DMEM, I-solution BP,22 SBF22 and Ca/P molar ratio

Na+ K+ Ca2+ Mg2+ Cl� HCO3
� HPO4

2� SO4
2� 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

Fig. 1 Concentrations of (a) Ca2+ and (PO4)
3� ions and (b) values of pH

in mod-DMEM during interaction with scaffolds.

J. Mater. Chem. B This journal is © The Royal Society of Chemistry 2014

Journal of Materials Chemistry B Paper

Pu
bl

is
he

d 
on

 2
3 

M
ay

 2
01

4.
 D

ow
nl

oa
de

d 
by

 C
en

tru
m

 in
fo

rm
ac

ni
ch

 sl
uz

eb
, V

SC
H

T 
Pr

ah
a 

on
 0

1/
07

/2
01

4 
13

:5
7:

01
. 

View Article Online



covered with ACP (amorphous calcium phosphate) (growing
content of Ca and P) and NaCl (Table 3, Fig. 3b, white crystal,
1 mm in size), which is in agreement with the XRD analysis
(Fig. 2). A phase with a high content of Ca developed aer one
week (7D) (by XRD diffraction detected as CaCO3) and it can be
seen in images from SEM/EDS as white 1 mm globules (Fig. 3c).
Aer 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
aer 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 – CaCO3, Fig. 2) and with a
cauliower-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 signicantly dissolved immediately aer
exposure to the medium, which was well-documented by the
presence of Si in the leachates (Fig. 4a). 48 hours aer the
beginning of exposure the rates of scaffold dissolution and
precipitation of the Ca–P phase stabilized, as documented by
concentrations of Ca2+ and (PO4)

3� ions (Fig. 4b). The decrease
of Ca2+ and (PO4)

3� 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

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
Si in 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 SiO2. The total quantity of leached SiO2 was
subsequently converted to the weight of the dissolved scaffold,
based on an assumption that SiO2 represents 45 weight% of the
scaffold. The fact that the leached SiO2 originated both from the
crystalline and glass phases was neglected for reasons of
simplication (the crystalline phase contains ca. 7� more SiO2

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 SiO2 leached in total from ca. 55mg
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 aer interaction with I-solution. Records from XRD powder
diffraction analysis of the scaffold before and aer 1, 3, 7, 11
and 15 days of interaction with I-solution are shown in Fig. 5.

Fig. 2 XRD patterns of the scaffold before and after 3, 7, 11 and 15 days
of interaction with mod-DMEM.

Fig. 3 SEM images of scaffolds (a) before (combeite – the small
tabular crystals, buchwaldite and structurally isomorphic phase
CaO$SiO2 – needle-like crystals) and after (b) 3, (c) 7, (d) 11, and (e and
f) 15 days of interaction with mod-DMEM.

This journal is © The Royal Society of Chemistry 2014 J. Mater. Chem. B
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XRD diffraction conrmed formation of a calcite crystalline
phase (CaCO3) as early as aer the rst day (1D) of exposure to I-
solution (Fig. 5). Aer three days of exposure (3D), an increase

in the content of the amorphous phase ACP (Amorphous
Calcium Phosphate) was recorded. No formation of the HAp
phase was observed, not even aer 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 aer
interaction with I-solution. Changes on the scaffold surface
aer 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 conrm
conclusions from XRD analysis. Well-developed globules of
CaCO3 (Fig. 6b) with the diameter of ca. 1 mm were visible from

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] O Na Mg Si P Cl K Ca Probable phasesa

Origin 39.4 20.3 — 20.9 1.6 — — 17.9 Na2Ca2Si3O9

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 NaCl
7D 37.3 9.8 1.3 5.8 3.7 7.3 0.7 34.2 NaCl, ACP, CaCO3

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 CaCO3, ACP

a Combeite: Na2Ca2Si3O9, halite: NaCl, calcite: CaCO3, ACP: amorphous calcium phosphate.

Fig. 4 Concentrations of (a) Si and (b) Ca2+ and (PO4)
3� ions and (c)

values of pH in I-solution during interaction with scaffolds.

Fig. 5 XRD patterns of scaffolds before and after 1, 3, 7, 11 and 15 days
of interaction with I-solution.

J. Mater. Chem. B This journal is © The Royal Society of Chemistry 2014

Journal of Materials Chemistry B Paper

Pu
bl

is
he

d 
on

 2
3 

M
ay

 2
01

4.
 D

ow
nl

oa
de

d 
by

 C
en

tru
m

 in
fo

rm
ac

ni
ch

 sl
uz

eb
, V

SC
H

T 
Pr

ah
a 

on
 0

1/
07

/2
01

4 
13

:5
7:

01
. 

View Article Online



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. 6c), there was a signicant growth of the ACP phase (7–
15D) (Fig 6d), which has been also detected for immersion in
SBF.7 NaCl was not detected, neither with XRD nor with SEM/
EDS. CaCO3 globules covered by the ACP phase formed in I-
solution looked like hydroxyapatite at the rst sight but XRD
analysis failed to conrm 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 signicantly dissolve. This
fact has been conrmed by practical experience from the test as
the glass-ceramic material in non-buffered I-solution (but also
in mod-DMEM) disintegrated. XRDmeasurements aer 15 days
of exposure in both cases conrmed the presence of the original
crystalline phases of the scaffold. The results indicate therefore
that the high concentration of HCO3

� ions (DMEM contains
approx. 160%HCO3

� (s) of that in human plasma) coupled with
CO2 (g) from air does not have sufficient buffering capacity in
the tested solutions. The DMEM solution fails to contain

sufficient quantity of Ca2+ 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 CaCO3.

Aer being exposed to both investigated solutions the newly
formed crystalline phase on the surface of scaffolds was mainly
calcite (CaCO3) (shaped into globules). In our previous study,7

we discussed that a visually identical phase that formed in SBF
without Tris buffer was amorphous ACP, and even aer con-
ducting XRD analysis we were not able to prove the presence of
CaCO3 aer the scaffold exposure to SBF without Tris. The
quantity of CaCO3 was very low and the most intense lines for
CaCO3 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 HCO3

� ions
more than 10-times lower opposite to I-solution or mod-DMEM
used here. Based on the ndings 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
conrmed 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 CaCO3 globules. Later, the amorphous
phase can transform into OCP crystals.24 As also shown in our
recent study,25 crystallization of CaCO3 on the glass-ceramic
surface in the non-buffered DMEM derived solution with
concentration of HCO3

� ions near to those of human plasma
(27 mM dm�3) will prevail. Moreover, ACP was also found in 27-
SBF solution (without buffer Tris).25

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

Fig. 6 SEM images of scaffolds (a) before (combeite – the small
tabular crystals, buchwaldite and structurally isomorphic phase
CaO$SiO2 – 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.

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 phasea

Origin 43.5 22.8 17.1 0 16.6 Na2Ca2Si3O9

1D 44.2 4.9 2.0 8.2 5.2 35.4 Na2Ca2Si3O9,
ACP, CaCO3

3D 36.1 1.6 — 2.0 4.4 56.0 ACP, CaCO3

7D 49.8 2.5 2.8 3.1 6.9 34.9 ACP, CaCO3

11D 45.5 2.6 2.7 — 7.0 42.2 ACP, CaCO3

15D 41.6 2.6 3.5 3.0 5.5 43.7 ACP, CaCO3

a Combeite: Na2Ca2Si3O9, calcite: CaCO3, ACP: amorphous calcium
phosphate.

This journal is © The Royal Society of Chemistry 2014 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 nding the NaCl
phase covered later by the precipitated CaCO3 phase. Probably,
halite crystals served as advantageous sites for CaCO3 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.

Aer 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
inuence 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 Good�s 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 Ca21 ions

and Si (AAS), (PO4)
3- 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 Ca21

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. VC 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 glass1,2 and glass-ceramic scaffolds.3,4 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.5 While Bohner and Lemaitre6 considered the

appropriateness of using protein-free SBF, as designed by
Kokubo and Takadama,7 we are focused on the search for a
suitable buffer for SBF. As we reported recently,8 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.8–10 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.11 HEPES buffer is a standard part of one series of the
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Contract grant sponsor: The Technology Agency of the Czech Republic within project TE01020390, Centre for development of modern metallic
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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 Rebel12

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.13 confirmed that DNA-buffer (HEPES)
interactions are very common, especially in neutral pH,
amino-based buffers.

As Tas14 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.15 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.15

Dezfuli et al.16 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 buff-
er used in DMEM results in a corrosive environment.

Kim et al.17 described the stability of SBF with HEPES
buffer and a concentration of HCO2

3 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 works18,19 SBF stability was tested with HEPES buffer

and half of the normal concentration of HCO2
3 ions in blood

plasma; in this case, solution stability extended to 8 weeks.
Lu and Leng20 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 BioglassV

R

.21 Crystallization of the 45S5 BioglassV
R

occurred upon heat treatment. A 45S5 BioglassV
R

-derived
glass-ceramic scaffold was chosen because it has certain
advantages for in vitro testing: the main crystalline phase
(Na2O�2CaO�3SiO2) and one of the minor phases (CaO�SiO2)
contain all the CaO present in 45S5 BioglassV

R

while the resid-
ual glass phase contains the entire amount of P2O5. 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 (SBF1HEPES) and demineralized water
(D1HEPES). The material was assessed using XRD, XRF, and
SEM/EDS. The interaction of the glass-ceramic scaffold with
demi water (Demi H2O) and non-buffered SBF (SBF) was dis-
cussed in our previous article.8 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.21 The initial material
for the glass suspension was commercially prepared 45S5
BioglassV

R

powder with a mean particle size of <2 mm. 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 foamwas 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 608C

TABLE I. Composition of 45S5 BioglassVR , Crystalline and

Glass Phases of Scaffolds Used in this Study8

Oxides

45S5
BioglassV

R

(100 wt %)

Na2Ca2Si3O9

(77.4 wt %
scaffolda)

Residual
glass phase

(22.6 wt % scaffold)

SiO2 45.0 50.9 24.8
Na2O 24.5 17.4 48.5
CaO 24.5 31.7 –
P2O5 6.0 - 26.5

aMinority phases CaO�SiO2 and Buchwaldite (NaCaPO4) are included.

TABLE II. Ion Composition (mmol�dm23) of the Investigated Solutions

Solution HEPES Na1 K1 Ca21 Mg21 Cl2 HCO3
2 HPO4

22 SO4
22

SBF1HEPES 37.5 142.0 5.0 2.5 1.5 125.8 4.2 1.0 1.0
D1HEPES 37.5 a16,9 0 0 0 0 0 0 0
I-solution 23 0 142.0 5.0 1.8 1.5 103.0 44.0 1.0 0.5

aNa1 ions were added to the HEPES buffer in the form of NaOH in order to achieve the neutral pH.
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before being subjected to thermal treatment that consisted of
firing at 4008C/1 h, burning-out the PUR template and sinter-
ing at 10508C for 2 h. The scaffold exhibited an open porous
structure with a pore size in the range of 510–720 mm and a
porosity of approximately 90%. Samples containing the crys-
talline and residual glass phases were prepared with a dimen-
sion of 0.5 3 0.5 3 1 cm. Their compositions before and after
crystallization8 are shown in Table I.

Solutions for the in vitro tests
The interaction of HEPES buffer ((4-(2-Hydroxyethyl) pipera-
zine)-1-ethanesulfonic acid); C8H18N2O4S) with the glass-
ceramic scaffold was studied in protein-free SBF with HEPES
buffer (SBF1HEPES) and in demineralized water with
HEPES buffer (D1HEPES). The protein-free SBF solution
was prepared according to ISO: 23317:20145 from the follow-
ing reagents: KCl, NaCl, NaHCO3, MgSO4�7H2O, CaCl2 and
KH2PO4 (Table II). The buffer concentration in both solutions
(SBF1HEPES and D1HEPES) was 0.0375 mol�dm23 (deter-
mined experimentally). To prevent bacterial growth in the sol-
utions, azide (NaN3) was added to the SBF. The pH value of
both solutions was adjusted with 1 M solution of NaOH to
pH57.36 0.1. To prevent changes in the resulting concentra-
tion of Na1 ions in SBF1HEPES, NaCl addition was lower
than in Kokubo and Takadama’s solution. Because this work
follows up our previous article,8 for comparison purposes, the
same chemical composition was used for the protein-free SBF.

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 0.0506 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 36.56 0.58C. To measure
pH and analyze Ca21, (PO4)

32 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 D1HEPES 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 Ca21 ions were analyzed by a
VARIAN-SpectrAA 300. The leachates were atomized with an

FIGURE 1. Concentrations of Ca21, (PO4)
3- ions and Si in D1HEPES

during interaction with scaffold

FIGURE 2. Concentrations of Ca21, (PO4)
3- ions and Si in SBF1HEPES

during interaction with scaffold

FIGURE 3. pH values in D1HEPES and SBF1HEPES during interaction

with scaffold (static-dynamic conditions)

FIGURE 4. Change of scaffold weight in SBF1HEPES and D1HEPES

during experiment
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acetylene-N2O 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-N2O flame. The wavelength used for the absorbance
measurements was 251.6 nm.

Spectrophotometry
The concentrations of (PO4)

32 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 33628C.

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

mylar film. Diffraction patterns were collected using a PANa-
lytical X�Pert PRO diffractometer equipped with a conventional
X-ray tube (CuKa 40 kV, 30 mA, line focus) working in
transmission mode. An elliptical focusing mirror with a 0.58
divergence slit, 0.58anti-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 38–888 2 theta; at steps of 0.0138 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.22

WD-XRF

XRF analysis was carried out using a Perform�X (Thermo Sci-
entific) sequential wavelength dispersive X-ray spectrometer
equipped with an X-ray lamp with a 4GN Rh anode and a
50 lm 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.

FIGURE 5. Ratios of scaffold components (% of oxides) in D1HEPES

(WD-XRF)

TABLE III. Chemical Composition of Original Scaffold Before and After Exposure to D1HEPES [wt %] (WD-XRF), Normalized

to 100%.

Time [days] Na2O MgO SiO2 P2O5 SO3 Cl K2O CaO CaO/P2O5 ratioa

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
11 1.2 0 54.8 23.6 1.8 0.2 0 18.0 0.76
15 Not analyzedb

aHydroxyapatite - Ca10(PO4)6(OH)2: theoretical CaO/P2O5 ratio51.32
b low amount of sample

FIGURE 6. Changes of oxide representation [wt %] (up to 100% of the

material) in glass-ceramic scaffold during interaction with

SBF1HEPES (WD-XRF)
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RESULTS

Scaffold dissolution—leachate analysis
The tested solutions were exchanged daily (static-dynamic
conditions) to maintain both the pH value and the Ca21 and
(PO4)

32 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
D1HEPES, the concentrations of Si and Ca21) and of the
precipitation of a new phase [in SBF1HEPES, the concen-
trations of Ca21 and (PO4)

32]. As early as the first day there
was an extreme increase in the concentrations of Ca21 and
Si ions in both leachates (Figures 1 and 2). Within three
days, the Ca21 concentration in the SBF1HEPES leachates
returned to approximately its original value (in D1HEPES
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 (PO4)

32 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 SBF1HEPES.

The pH value in the leachates reflects the process of scaf-
fold dissolution (Figure 3). Due to the enormous release of Na1

and Ca21 ions at the beginning of the test, the pH value rapidly
increased. The pH value in both solutions (D1HEPES and
SBF1HEPES) 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 Na1 and Ca21 ions, slowed down.

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
D1HEPES 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
D1HEPES, it is obvious that the change in scaffold weight in
SBF1HEPES involved scaffold dissolution and a significant
increase in new phases (HAp and NaCl, as determined by XRD
and WD-XRF). In D1HEPES, scaffold weight decreased by 14
wt % after 8 h while SBF1HEPES 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 SBF1HEPES.

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 Na2O, as shown
by the decrease in their content. The increase in SiO2 after
the first day of exposure is only ostensible as it represents
the ratios of scaffold components at a given time. Although
the D1HEPES solution did not contain the inorganic part
of blood plasma, the precipitation of Ca-P is obvious from
both the increasing ratio of P2O5 and slower release of CaO

FIGURE 7. Cumulative dissolution of scaffold components (oxides) in

D1HEPES (% of weight loss) showing that the scaffold dissolved

incongruently

FIGURE 8. Cumulative dissolution of SiO2 in SBF1HEPES, D1HEPES

and non-buffered I-solution 23 as calculated from material balance of

leached Si (see Note 1)

TABLE IV. Chemical Composition of Original Scaffold Before and After Exposure to SBF1HEPES [wt %] (WD-XRF), Normal-

ized to 100%.

Time [days] Na2O MgO SiO2 P2O5 SO3 Cl K2O CaO CaO/P2O5 ratioa

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 22.5 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

aHydroxyapatite - Ca10(PO4)6(OH)2: theoretical CaO/P2O5 ratio51.32
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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
SBF1HEPES was obvious from the reduced content of
Na2O and CaO (Figure 6). The slight increase of SiO2 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

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 article8 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

FIGURE 9. XRD patterns of scaffold samples before and after 0.3, 1, 3 and 7 days of interaction with D1HEPES. The small amount of scaffold

remaining after 11 days of immersion consisted almost entirely of an amorphous phase (not shown in the diffractogram)
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water (Demi H2O) and in non-buffered SBF solution (SBF). In
that study, water (Demi H2O) caused the preferential dissolution
of the remaining glass part of the scaffold, as evidenced by an
increase in the concentration of (PO4)

32 ions. In the non-
buffered SBF solution,8 as in non-buffered I-solution,23 there
was no significant increase of Ca21 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 buffer8; namely, both of them
promote Combeite dissolution. Nearly three quarters of the

total quantity of CaO was released within 24 h of exposure
to D1HEPES. SiO2 and P2O5 were released more slowly
during the first days of exposure, but by the end of day 11,
nearly 90% of CaO and P2O5, and 70% of SiO2, had been
released from the material into D1HEPES. Leachate analy-
ses confirmed our assumption of the preferential dissolution
of the Combeite, which contains all of the CaO, in the pres-
ence of HEPES buffer. The development of the P2O5 concen-
tration in the leachate indicated that the residual glass
phase, containing nearly all of the P2O5, 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,

FIGURE 10. XRD patterns of scaffold before and after 0.3, 1, 3, 7, 11 and 15 days of interaction with SBF1HEPES
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the scaffold dissolved significantly in the presence of the
HEPES buffer. The dissolution process is incongruent; most
alkaline ions (Na1 and Ca21) are released from the material
during the first day of exposure (Figure 7)

When scaffold dissolution in the HEPES solutions
(D1HEPES and SBF1HEPES) is compared with dissolution
in similar buffer-free solutions [the so-called I-solution (see
details in Rohanov�a et al.,23 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 (SBF1HEPES and D1HEPES). It is inter-
esting to note that even the newly formed HAp layer on the
scaffold surface failed to effectively prevent its dissolution,

the rate of Si dissolution being the same in both solutions
(Figure 8).

Note 1: Cumulative dissolution of SiO2 calculation:

cSi mg � dm23
� �

byAAS (1)

cSiO25MWSi=MWSiO23cSi mg � dm23
� �

; V5 1 dm3 (2)

mSiO2solution5 ðcSiO2=VÞ3df mg½ �;
if Vleachant50:05 dm3; df5 0:05=1

(3)

wi SiO25miSiO2 solution=mSiO2 scaffold (4)
X

wt%SiO25
X

i
wiSiO2ð Þ3 100%; i5 < 0 – 11 > (5)

where cSi and cSiO2 are the concentrations [mg�dm23], V is
the volume [dm3], mSiO2 is the weight of the SiO2 in the
leachant or glass-ceramic material, and

P
wt %SiO2 is the

cumulative mass [%] for each of the 11 days.
As the D1HEPES solution provided information about

scaffold dissolution, it was possible to compare the dissolution

FIGURE 11. SEM images at two different magnifications of glass-ceramic scaffold: a) before exposure (combeite5 the small tabular crystals;

buchwaldite and structurally isomorphic CaO.SiO2 phases5 the needle-like crystals); b-f) after 0.3, 1, 3, 7 and 11 days of interaction with

D1HEPES, respectively
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rates and weight changes during the tests and, thereby, to con-
firm that:

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

� from day 3 of the test, the Ca-P phase formed at a stable
rate (0.7 mg.day21) in SBF1HEPES

� 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 SBF1HEPES,
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,8 the original crystalline phases
of the scaffold, the main Combeite phase (Na2O�2CaO�3SiO2) and
the minor CaO�SiO2 and Buchwaldite (NaCaPO4) 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 SiO2 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 SBF1HEPES. 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 (SiO2); again
this was confirmed by WD-XRF (Figure 10).

The interaction of the glass-ceramic scaffold with
D1HEPES 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

FIGURE 12. SEM images at two different magnifications of glass-ceramic scaffold: a) before exposure (combeite5 the small tabular crystals;

buchwaldite and structurally isomorphic CaO.SiO2 phases5 the needle-like crystals); b-f) after 0.3, 1, 3, 7 and 11 days of interaction with

SBF1HEPES, respectively
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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)24 [Figure 11(c)].
Under the thin crust, some residual original material, con-
sisting solely of SiO2 can be seen.

The original surface of the glass-ceramic scaffold [Figure
12(a)] was visibly disrupted as early as after 8 h in
SBF1HEPES [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 TRIS8 and HEPES buffers,
and not in that of the non-buffered solutions (SBF8 and I-solu-
tion,23 see details in Rohanov�a et al.23 Figures 5 and 6). More-
over, HAp was observed in the D1HEPES and D1TRIS8

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 buffer.

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 Good�s
buffers and glass-ceramic materials in SBF.
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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 bioactivematerials 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)
was stopped in agreementwith the decrease of Ca and P concentrations. On the contrary, highly solublematerials
(glass-ceramic scaffold) induced the formation of a newmineral layer also on the walls of the PE container used.
For a non-standard shape of the tested materials the usage of dynamic or static–dynamic in vitro test arrange-
ment was confirmed to be a better option to test bioactivity. However, also for this type of arrangement it is
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 Ca2+, (PO4)

3− andminor element concentrations) and tomonitor the pHvalue. An ex-
pected result of the in vitro test (according ISO standard) is the formation ofHAp 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

In vitro testing seems to be an ideal method to quickly test the
chemical stability of newly developed materials in a solution similar to
human blood serum. Such materials must be capable of creating a
firm bond with bone tissue. Kokubo et al. prepared ISO standard
23317:2014(E) [1]: “Implants for surgery — In vitro evaluation for apa-
tite-forming ability of implant materials”. While this standard describes
the chemical composition of an SBF solution in detail, certain critical
aspects of in vitro tests need to be resolved in the near future:

1. SBF
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

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

2. Limitations to the bulk compact shape of an inorganic sample
The description of the form and dimensions of test samples given in
the ISO standard is limited to compact samples with a defined Sa/V
ratio (sample surface area/ SBF volume). Rules for materials in the
form of the grit, scaffolds and granules (with a large surface area)
used in ordinary clinical practice (e.g. HA, TCP, glass-ceramics) are
missing.

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

4. 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, β-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
β-tricalcium phosphate (Poresorb®-TCP, β-Ca3(PO4)2), called TCP
with the specific weight 2900–3100 kg·m−3 – contained macro (100–
200 μm) and micro (1–5 μm) pores. The second material was micro
and macro porous hydroxyapatite (OSSABASE®-HA, Ca10(PO4)6(OH)2)
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)
equippedwith an EDS analyzer (NORAND-6823)working at an acceler-
ating voltage of 15 kV. The testedmaterials were powder coatedwith an
Au–Pd layer during 80–100 s for SEM observations.

2.4.2. X-ray powder diffraction analysis (XRD)
The testedmaterials were ground in an agatemortar 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 equipment with a conventional X-ray tube (CuKα

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 radwere 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 Ca2+ 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-N2O flame. The wavelength
used for absorbance measurements was 422.7 nm.

2.5.2. Spectrophotometry
The concentration of (PO4)3− ions (except mod-DMEM) was ana-

lyzed with a UV–VIS Spectrophotometer UV1601 at λ = 830 nm (ČSN
830540). Ion 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−1. 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
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 ± 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·l−1 instead of
27 mmol·l−1. Höland, Völksch 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 Müller and Müller [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

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

Oxide 45S5
(100 wt.%)

Na2O·2CaO·SiO2

(77.4 wt.% of scaffold)a
Residual glass phase
(22.6% of scaffold)

SiO2 45.0 50.9 24.8
Na2O 24.5 17.4 48.5
CaO 24.5 31.7 –
P2O5 6.0 – 26.5

a The minority crystalline phases CaO·SiO2 and NaCaPO4 (buchwaldite) are included.
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developed on the surface of testedmaterials 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 bufferswere used in all solutions tomaintain pH, howev-
er, it is likely that, TRIS andHEPES buffers are unable tomaintain 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 Ca2+ ions and, on
the contrary, a too high concentration of HCO3

− ions, which leads to pre-
cipitation of CaCO3 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 =
48ml·day−1. 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)3− ions. The pH value increased
even when TRIS buffer was used. In mod-DMEM solution (Fig. 1) the
Ca2+ 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 Ca2+ 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 CaCO3 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 (Sa/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 × 10 × 2 mm.
For solid samples and static tests the standard recommends the follow-
ing ratios: S/V = 10 mm−1 or 0.1 cm−1.

Vallet-Regí et al. [24] used pressed disks made of glass particles
having sizes from 32 to 63 μm. The S/V ratio was 0.07 cm−1. 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 Sa/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 dependedon theparticle 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 andHAmaterials (0.5 g of sample,
100 ml SBF 27, static conditions, Tables 2 and 3), have shown that con-
centrations of biogenic ions (Ca2+ and (PO4)3−) 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 2
Ion composition (mmol·dm−3) of modified solutions, SBF orig. and blood plasma (BP) [2,9,23,28].

Solution Na+ K+ Ca2+ Mg2+ Cl− HCO3
− HPO4

2− SO4
2− 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 5.4 1.8 0.8 118.5 44.0 0.9 0.8 – 2.0
I-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 4.2 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

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 I-solution, mod-DMEM Glass-ceramic scaffold [23]
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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”. Rámila and Vallet-Regí [4] describe e.g. a dynamic
test with a flow of big volume of fresh SBF (1440ml·day−1), 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−1; 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 = 2.8 ml·s−1, 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 notmon-
itored in the quoted work.

The third type of tests has been used by our laboratory and it is a dy-
namic testwith a flow of a very small volume of fresh SBF solution [7]. Real
values of theflow 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)

the rate of replenishment of the solution has been estimated at
48 ml·day−1.

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 solutionwould resolve the problemof insufficient buffering
ability of TRIS. Thefirst experiment under dynamic arrangementwas 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
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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 (Ca2+, Na+) into the leachate (i.e. solubility of scaffold), while the
decrease of pH, Ca2+ and (PO4)3− 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 Ca2+

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 (PO4)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 5.5ml volume cell with the flow rate of 48ml·day−1) 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

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 cm2) were covered with a deposit of 0.022 g of precipitate during
10 days. The thickness of the deposited layer was 8.5 μm. The rate of
layer growth was calculated to be 5.5.10−6 g·cm−2·h−1. 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 fromdissolution
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 Ca2+ ions and high concentration of HCO3

−

ions (44 mmol·dm−3) the solution was supersaturated in CaCO3

whichprecipitated 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 Ca2+ 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 Ca2+

and (PO4)3− 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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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 CaCO3 (Fig. 2c) with HAp. Re-
cently Tas [29] had summarized in detail theuse 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 previousfindings investigating in vitrobehavior 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 1ml of the employed solu-
tion or 1 cm2 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
(TC04) 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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