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IZVEŠTAJ 

A. Prikaz sadržaja doktorske disertacije 

 

          Doktorska disertacija dr Violete Petrović pod nazivom ISPITIVANJE  

BIOLOŠKIH I FIZIČKIH SVOJSTAVA NANOSTRUKTURNIH 
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BIOMATERIJALA NA BAZI AKTIVNIH  KALCIJUMSILIKATNIH  

SISTEMA  I  HIDROKSIAPATITA je napisana na 159 strana i sadrži 8 tabela, 13 

garfikona, 31 sliku i 207 referenci iz savremene, značajne naučne literature. Tekst 

disertacije uključuje: sažetak na srpskom i engleskom jeziku, uvod, pregled 

literature, radne hipoteze, ciljeve istraživanja, materijal i metode, rezultate, 

diskusiju, zaključke i literaturu. 

          U Uvodu je predstavljena naučna problematika ove teze koja se odnosi na 

osnovne karakteristike aktuelnih biomaterijala koji se preporučuju za primenu u 

savremenoj endodonskoj terapiji zuba. Pored niza prednosti ukazano je na 

određena negativna svojstva  biomaterijala koja otežavaju njihovu kliničku 

primenu.  Ukratko su predstavljena dva nova nanostrukturna biomaterijala 

sintetisana inovativnom tehnologijom sa ciljem dobijanja materijala superiornih 

osobina u odnosu na dostupne komercijalne biomaterijale sličnog hemijskog 

sastava. 

          U Pregledu literature su navedena dosadašnja istraživanja o hemijskom 

sastavu, vezivanju, kao i fizičkim i biološkim svojstvima cemenata na bazi 

kalcijum silikata i kalcijum fosfata. Ukazano je na negativne karakteristike 

kalcijum silikatnih i kalcijum fosfatnih cemenata  i  pregledno su opisani 

dosadašnji pokušaji da se svojstva materijala unaprede. Navedena su takođe 

aktuelna ispitivanja mogućnosti  primene  biomaterijala u svojstvu silera za 

obturaciju kanala korena. Predstavljenja su i dosadašnja saznanja o osnovnim 

svojstvima  nanostrukturnih materijala  i njihovom ponašanju unutar živog 

sistema. 

          Novosintetisani materijali na bazi kalcijumsilikatnih sistema (CS) i 

mešavine hidroksiapatita i kalcijumsilikatnih sisitema (HA-CS) predstavljeni su sa 

aspekta sinteze, sastava i strukture. Ukazano je na tehnologiju koja je primenjena 

u sintezi materijala, a kojom su dobijeni nanostrukturni materijali izražene 

aktivnosti čestica koja rezultira brzim vezivanjem materijala, značajno kraćim u 

odnosu na aktuelne kalcijum silikatne cemente. Imajući u vidu da su  materijali 

dobijeni inovativnom tehnologijom, postavljena je radna hipoteza ove doktorske 

disertacije da su fizička i biološka svojstva nanostrukturnih materijala na bazi 

kalcijumsilikatnih sisitema i mešavine hidroksiapatita i kalcijumsilikatnih sistema  
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komparabilna sa komercijalnim cementima odnosno silerima, sličnog hemijskog 

sastava od kojih imaju značajno kraće vreme vezivanja. 

          Ciljevi istraživanja su jasno i precizno definisani: Ispitati rastvorljivost, 

poroznost, marginalnu mikropropustljivost i jačinu veze sa dentinom 

novosintetisanih nanostrukturnih biomaterijala CS i HA-CS u odnosu na 

komercijalni kalcijum silikatni cement; Ispitati rastvorljivost, poroznost i jačinu 

veze sa dentinom kanala korena silera CS i HA-CS u odnosu na konvencionalni 

siler na bazi kalcijum hidroksida; Ispitati citotoksičnost materijala CS i HA-CS i 

silera CS i HA-CS u in vitro uslovima u kulturi ćelija; Ispitati  biokompatibilnost i 

bioinduktivnost materijala CS i HA-CS u in vivo uslovima na animalnom modelu 

kunića. 

          U poglavlju Materijal i metode, u delu koji se odnosi na ispitivanje 

fizičkih svojstava materijala i silera CS  i HA-CS, detaljno je opisana priprema 

uzoraka i svi eksperimentalni postupci. Jasno je opisan postupak ispitivanja  

rastvorljivosti i poroznosti primenom standardnog testa, merenjem promena u 

masi materijala posle čuvanja  u veštačkom tkivnom fluidu. Opisan je postupak 

ispitivanja marginalne mikropropustljivosti primenom testa pasivnog prodora 

boje, nakon aplikacije materijala u eksperimentalno preparisane interradiksne 

furkacije ekstrahovanih zuba.  Detaljno je opisan postupak određivanja jačine 

veze materijala i silera sa dentinom kanala korena, primenom testa smicanja.  

          U delu koji se odnosi na ispitivanje bioloških svojstava materijala detaljno 

je opisana priprema  rastvora i izlužaka materijala, kao i sam postupak izvođenja 

MTT testa, primenjenog za utvrđivanje citotoksičnosti testiranih materijala u in 

vitro uslovima. U delu koji opisuje studije na životinjama jasno je opisana 

operativna procedura implantacije testiranih materijala u kanale korena kunića.  

Objašnjena  je procedura pripreme uzoraka za histološku analizu tkiva i  precizno 

su definisani kriterijumi za procenu dobijenih rezultata. U statističkoj obradi 

podataka, navedeni su racionalno upotrebljeni statistički testovi. 

          Rezultati su prikazani u dva odvojena poglavlja koja se odnose na rezultate 

ispitivanja fizičkih svojstava odnosno rezultate ispitivanja bioloških svojstava 

testiranih materijala. U prvom poglavlju su opisani rezultati ispitivanja 
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rastvorljivosti  i poroznosti, marginalne mikropropustljivosti i jačine veze 

testiranih materijala i silera sa dentinom kanala korena. U drugom poglavlju su 

opisani  rezultati ispitivanja bioloških svojstava materijala. Rezultati 

citotoksičnosti prikazani su u korelaciji sa  koncentracijom i pH vrednostima 

materijala, kao i sa trajanjem izluživanja materijala odnosno silera.  U rezultatima 

studije na animalnom modelu detaljno su izloženi analizirani histološki parametri 

u pogledu inflamacije kao i strukture, kontinuiteta i debljine novoformiranog 

kalcifikovanog tkiva, nakon implantacije testiranih materijala. 

          U Diskusiji su naučnom analizom dobijenih rezultata objašnjene dobijene 

vrednosti fizičkih svojstava testiranih materijala i silera. Ukazano je na razlike u 

fizičkim svojstvima ispitivanih materijala CS i HA-CS. Objašnjene su uočene 

razlike u fizičkim svojstvima CS i HA-CS silera u odnosu na kontrolni 

konvencionalni siler. Razmatrana je  zavisnost bioloških od fizičkih svojstava 

materijala.  Dat je bliži uvid u zavisnost citotoksičnih efekata od koncentracije ali 

i sastava, odnosno pH vrednosti materijala. Ukazano je na izrazitu 

biokompatibilnost, kao i na osteoinduktivni potencijal materijala CS i HA-CS. 

Dobijeni rezultati su diskutovani u odnosu na nalaze dosadašnjih istraživanja iz 

ove oblasti.  

          Na osnovu iznetih i diskutovanih rezultata izvedeni su Zaključci koji 

predstavljaju jasne odgovore na postavljene ciljeve. 

          Korišćena Literatura sadrži spisak od 207 referenci iz savremene i 

značajne naučne literature, koje su citirane u rukopisu disertacije.  

 

B.  Kratak opis postignutih rezultata 

          Dobijeni rezultati ukazuju na postojanje značajnih razlika u rastvorljivosti, 

poroznosti, marginalnoj mikropropustljivosti  između ispitivanih materijala. 

Najveća poroznost uočena je kod materijala HA-CS (25.87%). Poroznost 

materijala CS (9.96%) i kontrolnog materijala MTA (8.86%) bila je slična, i 

značajno manja u odnosu na HA-CS. Najveća rastvorljivost je izmerena kod 

materijala HA-CS (0.24 ± 0.03 mg/mm
3
), dok je rastvorljivost materijala CS (0.15 
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± 0.06mg/mm
3
) bila značajno manja i slična MTA-u (0.10 ± 0.02 mg/mm

3
). 

Poroznost silera CS (43.3%) i silera HA-CS (41.8%) bila je međusobno slična i 

značajno veća u odnosu na poroznost kontrolnog silera Acroseal. Nisu uočene 

značajne razlike u pogledu rastvorljivosti silera CS (16.6 mg/mm
3
) i silera HA-CS 

(18.6 mg/mm
3
), ali su oba eksperimentalna silera bila značajno rastvorljivija u 

odnosu na Acroseal. Najmanji marginalni  prodor boje izmeren je kod materijala 

CS (0.44 ± 0.54 mm), a slične vrednosti su izmerene i kod MTA (0.54 ± 0.76 

mm).  Marginalni prodor boje kod materijala HA-CS (2.00 ± 0.70 mm) bio je 

značajno veći u odnosu na materijale CS i MTA. Jačina veze sa dentinom kanala 

korena materijala CS (3.83 ± 2.86 MPa) i materijala HA-CS  (3.22 ± 1.35 MPa) 

nije se značajno razlikovala u odnosu na MTA (5.23 ± 3.22 MPa). Jačina veze sa 

dentinom kanala korena,  silera CS i HA-CS bila je međusobno slična i značajno 

manja u odnosu na jačinu veze sa dentinom kontrolnog silera Acroseal. Dobijeni 

rezultati su takođe ukazali na postojanje značajnih razlika u pogledu bioloških 

svojstava testiranih materijala. Rezultati  testa citotoksičnosti ukazali su na 

zavisnost toksičnosti  CS i MTA od  koncentracije materijala u rastvoru. 

Nerazblaženi i razblaženi  izlušci materijala CS i HA-CS pokazali su značajno 

manju toksičnost u odnosu na MTA u svim testiranim vremenskim intervalima. 

Posle 21-dnevnog izluživanja, izlušci materijala HA-CS bili su manje toksični od 

izlužaka materijala CS. Razblaženi izlušci svih testiranih materijala bili su 

značajno manje toksični u odnosu na nerazblažene izluške. Citotoksičnost silera 

CS i HA-CS bila je slična toksičnosti osnovnih formulacija materijala. U in vivo 

studiji, na animalnom modelu nisu uočene značajne razlike u pogledu 

inflamatornog odgovora nakon implanatacije materijala CS i HA-CS, kao ni 

između eksperimentalnih materijala i MTA. U većini uzoraka, inflamatorna 

reakcija je ocenjena kao blaga do umerena. Novoformirano kalcifikovano tkivo 

uočeno je u svim uzorcima svih testiranih materijala, ali je bilo deponovano u 

većoj količini kod materijala CS (>150µm) i HA-CS (>250 µm) u odnosu na 

MTA (<150 µm). Najbolje organizovano kalcifikovano tkivo uočeno je nakon 

implanacije materijala HA-CS. 

          Celokupni rezultati ove doktorske disertacije ukazuju da su fizička svojstva 

novosintetisanog nanostrukturnog materijala CS komparabilna sa komercijalnim 

kalcijum silikatnim cementom, a da su po biološkim svojstvima materijali CS i 
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HA-CS superiorni u odnosu na MTA. Modifikacije osnovnih formulacija 

materijala u cilju dobijanja materijala osobina kanalnih silera nisu negativno 

uticale na biološka svojstva, ali su rezultirale slabijim fizičkim svojstvima 

eksperimentalnih silera u odnosu na osnovne formulacije materijala kao i u 

odnosu na konvencionalni kontrolni siler. 

 

C. Uporedna analiza doktorske disertacije sa rezultatima iz 

literature 

          Rezultati ove doktorske disertacije, proistekli iz eksperimentalnih in vitro i 

in vivo studija, pokazali su da hemijski sastav, struktura i način sinteze materijala 

utiču na njihova fizička i biološka svojstva. Kod svih materijala ispitivanih u 

ovom istraživanju uočeno je upijanje tečnosti i posledično uvećanje mase 

materijala, čime je potvrđena hidrofilna priroda svih testiranih materijala. 

Najizraženije upijanje tečnosti zabeleženo je posle prvih 24h od potapanja 

uzoraka u veštački tkivni fluid, a dobijeni rezultati su saglasni sa podacima iz 

literature (Camilleri i sar. 2008 i Formosa i sar. 2013). Sorpcija tečnosti 

evidentirana u ovom istraživanju ukazuje na inicijalno poroznu strukturu svih 

ispitivanih materijala. Poroznost kalcijum silikatnih cemenata poput MTA i njemu 

sličnih materijala u literaturi je detaljno dokumentovana (Coomaraswamy i sar. 

2007, Gandolfi i sar. 2012, Formosa i sar. 2013, Gandolfi i sar. 2014) i pripisuje 

se specifičnoj strukturi cemenata izgrađenoj od pora i kapilara (Fridland i Rosado 

2003). Poroznost materijala CS bila je komparabilna sa MTA-om što bi se moglo 

objasniti vrlo sličnim hemijskim sastavom ovih materijala. Poroznost HA-CS bila 

je značajno veća  u odnosu na materijale  CS i MTA, a dobijeni rezultati su u 

skladu sa nalazima Vitti i sar. (2013) koji su ispitujući različite formulacije 

eksperimentalnih kalcijum silikatnih cemenata utvrdili  da dodavanje 

hidroksiapatita  kalcijum silikatnom cementu značajno povećava njegovu 

poroznost. Veća poroznost rezultira većom rastvorljivošću materijala (de Souza i 

sar. 2013) što je potvrđeno i u ovom istraživanju obzirom da je najveća 

rastvorljivost uočena kod materijala HA-CS. Sličan hemijski sastav, rezultirao je 

sličnom rastvorljivošću materijala CS i MTA, a dobijene vrednosti su saglasne sa 
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rezultatima drugih istraživača (Gandolfi i sar. 2013). Kako je glavna solubilna 

frakcija kalijum silikatnih materijala  kalcijum hidroksid, pretpostavka je da će u 

kliničkim uslovima aplikovani materijali postati izvor kalcijum hidroksida, 

odnosno da će vlažna sredina obezbediti konstantnu disocijaciju jona (Fridland i 

Rosado 2003, Gandolfi i sar. 2012). Ipak, iako veća rastvorljivost rezultira većim 

oslobađanjem jona, balans između oslobađanja jona  i rastvorljivosti je neophodan 

u cilju očuvanja integriteta materijala, što je naročito važno neposredno nakon 

aplikacije, a pre potpunog vezivanja materijala (Cavenago i sar 2014). S tim u 

vezi, značajno kraće vezivanje novosintetisanih materijala u odnosu na MTA, 

moglo bi sprečiti odnosno umanjiti ispiranje i dezintegraciju materijala. 

          Rezultati ispitivanja silera CS i HA-CS ukazali su na značajno veću 

rastvorljivost i poroznost eksperimentalnih biokeramičkih silera u odnosu na 

konvencionalni siler, Acroseal. Minimalna rastvorljivost Acroseal-a dobijena u 

ovom istraživanju u skladu je sa nalazima  iz literature (Poggio i sar. 2010, Grga i 

sar. 2011, Azadi i sar. 2012). Razlog minimalne rastvorljivosti Acroseal-a bi 

mogao bi mogla biti epoksi smola u sastavu silera,  koja je poznata po svojoj 

nerastvorljivosti. Eksprerimentalni sileri CS i HA-CS su pokazali izraženiju 

rastvorljivost i u odnosu na osnovne formulacije materijala CS i HA-CS te je 

očigledno da su hemijske modifikacije materijala u cilju unapređenja fluidnosti 

imale negativan uticaj na rastvorljivost. Pregledom literature, takođe se uočava 

izrazita rastvorljivost biokeramičkih silera, kako eksperimentalnih tako i 

komercijalnih, kao i to da su nove formulacije silera rastvorljivije od MTA i 

drugih sličnih kalcijum silikatnih cemenata  (Borges i sar. 2011, Faria-Júnior i sar. 

2013, Vitti i sar. 2013).          

          Kod materijala CS i MTA dobijene su značajno manje vrednosti marginalne 

mikropropustljivosti u odnosu na HA-CS. Osim prodora boje, u većini uzoraka 

materijala HA-CS, uočena je i dezintegracija materijala. Obzirom na poroznost i 

rastvorljivost hidroksiapatita koji čini veći deo materijala HA-CS ovakvi rezultati 

su očekivani i saglasni sa nalazima iz literature  (Tsatsas i sar. 2007, Sanghavi i 

sar. 2013). Kalcijum silikatni cemente odlikuje kvalitetnije rubno zaptivanje u 

odnosu na većinu aktuelnih dentalnih materijala (Torabinejad i Parirokh, 2010). 

Ipak, uočeno je da MTA i slični materijali nemaju sposobnost apsolutnog 
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hermetičnog zaptivanja (Tsatsas i sar. 2005, De Deus i sar. 2006, 2007, Parirokh i 

sar. 2009) što je u skladu sa rezultatima ovog istraživanja. Značajno je 

napomenuti da je u ovom istraživanju osim boje detektovane  na spoju materijala i 

zubnih struktura, uočeno prebojavanje samog materijala, o čemu su pisali i 

Tobón- Arroyave i sar. (2007), do čega je mogla dovesti sama struktura cemenata  

koja je mogla dovesti do apsorpcije boje unutar samog materijala.  

          Izmerena jačina veze eksperimentalnih materijala CS i HA-CS bila je slična 

jačini veze MTA sa dentinom kanala korena. Vrednosti jačine veze MTA dobijene 

u ovom istraživanju u skladu su sa podacima iz literature (Formosa i sar. 2013, 

EL- Ma’aita i sar. 2013). Dobijeni rezultati bi se mogli objasniti sličnim načinom 

vezivanja testiranih materijala za zubne strukture. Biokeramički materijali 

ostvaruju vezu sa dentinom  depozicijom hidroksiapatita na površini materijala 

usled postepenog rastvaranja materijala i reakcije oslobođenog kalcijuma sa 

fosfatima iz tkivnih fluida (Sarkar i sar. 2005). Analizom fraktura nakon 

dislokacije materijala kod  CS i HA-CS uočene su frakture kohezivnog i 

kombinovanog tipa dok su kod MTA dominirale kombinovane frakture. Dobijeni 

rezultati su  u skladu su sa nalazima Formosa i sar. (2013) i EL- Ma’aita i sar. 

(2013), koji takođe testirajući različite kalcijum silikatne cementte uočavaju  

kohezivne i kombinovane frakture u većini uzoraka. Nedavno je demonstrirano da 

mineralni kristali prodiru i u dentinske tubule doprinoseći boljoj adhezivnosti 

materijala (Han i Okiji 2013), odnosno da veličina čestica ima značajnu ulogu u 

vezi materijala sa dentinom . Imajući u vidu da su CS i HA-CS testirani u ovom 

istraživanju, nanostrukturne prirode, čestice materijala su obzirom na svoju 

veličinu mogle penetrirati u dentinske tubule, što je moglo rezultirati kohezivnim 

frakturama unutar samog materijala.  

         Ispitujući jačinu veze testiranih silera sa dentinom kanala korena kroz dva 

metodološki različita pristupa, uočeno je da bolja hidratacija silera značajno 

poboljšava  vezu sa dentinom kanala korena. Ipak,  u  oba eksperimenta, najjača 

veza je  izmerena kod Acroseal-a, dok je veza biokeramičkih silera CS i HA-CS 

sa dentinom bila značajno slabija. Kod biokeramičkih silera dominirale su 

kombinovane i kohezivne frakture unutar materijala dok su kod Acroseal-a 

dominirale adhezivne frakture materijala i kohezivne frakture dentina, koje se 
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uobičajeno povezuju sa hemijskim sastavom,  odnosno polimerizacionom 

kontrakcijom materijala (Ersahan i sar.i Formosa i sar. 2013)   Vrednosti jačine 

veze za Acroseal  komparabilne su sa rezultatima iz literature (Rosa i sar. 2012).  

Vrednosti jačine veze biokeramičkih silera CS i HA-CS slične su rezultatima 

drugih istraživanja u kojima su biokeramički sileri takođe pokazali značajno 

slabiju vezu sa dentinom u odnosu na konvencionalne, a naročito epoksi silere 

(Ersahan i sar. 2010, Shokouhinejad i sar. 2011, Sagsen i sar. 2011).  

          Ispitivanje citotoksičnosti rastvora materijala ukazalo je da razblaživanje 

rastvora materijala CS rezultira skoro linearnim porastom preživljavanja ćelija u 

kulturi. Slični rezultati dobijeni su i za rastvore MTA, što je u skladu sa nalazima 

Hakki i sar. (2009) koji su ukazali na zavisnost toksičnosti kalcijum silikatnih 

cemenata od koncentracije materijala u rastvoru. Suprotno tome, razblaživanje 

rastvora HA-CS nije dovelo do značajnijih promena u preživljavanju ćelija. 

Razlog tome bi mogle biti različite inicijalne vrednosti pH rastvora testiranih 

materijala, a koje su posledica prisustva hidroksiapatita u materijalu HA-CS i 

posledično nižem pH. Na bazi rezultata citotoksičnosti izlužaka vezanih materijala 

uočava se da su svi testirani materijali redukovali preživljavanje ćelija u određenoj 

meri, čime je potvrđeno da se joni mogu izlužiti i iz vezanih materijala 

(Torabinejad i sar. 1995).  Izraženija toksičnost MTA u odnosu na CS, mogla bi 

se objasniti određenim razlikama u sastavu materijala i posledičnim  izluživanjem 

različitih jona u medijum. CS je čist, laboratorijiski  sintetisan cement sa 

dodatkom barijum sulfata, rendgen kontrasnog sredstva koje se rutinski koristi u 

medicinskoj praksi. Dok se barijum sulfat u kalcijum silikatnim cementima 

ponašao kao punioc, bizmut  oksid prisutan u MTA, učestvuje  u procesu 

hidratacije MTA, ulazeći u sastav  kalcijum silikatnog hidrata (Camilleri 2010), 

odakle se izlužuje zajedno sa kalcijum hidroksidom, što je moglo usloviti veću 

toksičnost MTA. Veća toksičnost MTA bi se mogla pripisati i činjenici da su u 

komercijalnim kalcijum silikatnim cementima detektovani teški metali (Bramante 

i sar. 2008), sa sadržajem arsena preko granice propisane ISO standardom 

(Schembri i sar. 2010). Manja toksičnost materijala HA-CS u poređenju sa 

materijalom  CS, i naročito MTA-om, mogla bi se pripisati drugačijem hemijskom 

sastavu materijala, različitoj kinetici oslobađanja jona i nižim vrednostima pH. 

Visoko preživljavanje ćelija nezavisno od koncentracije rastvora materijala u 
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skladu je sa rezultatima istraživanja Huang i  Chang-a (2009) koji  su dobijene 

rezultate objasnili činjenicom da kod ovih materijala ne dolazi do značajnijih 

promena u vrednostima pH, usled potrošnje kalcijum hidroksida za formiranje 

kalcijum CDHA tokom hidratacije materijala. Obzirom da je preživljavanje ćelija 

nakon izlaganja silerima CS i HA-CS bilo slično ili veće u odnosu na osnovne 

formulacije materijala CS i HA-CS, može se zaključiti da dodati modifikatori 

fluidnosti nisu imali negativan uticaj na toksičnost materijala. 

           Implantacija eksperimentalnih materijala CS i HA-CS u kanale korena 

kunića rezultirala je blagom do umerenom zapaljenskom reakcijom, slično  

reakciji nastaloj nakon aplikacije MTA, što upućuje na dobru toleranciju 

aplikovanih materijala od strane tkiva domaćina. Dobijeni rezultati su u skladu sa 

brojnim nalazima iz literature koji upućuju na dobru biokompatibilnost kalcijum 

silikatnih odnosno kalcijum fosfatnih cemenata  (Accorinte i sar. 2008, Zarrabi i 

sar. 2010, da Silva i sar. 2011). Novostvoreno kalcifikovano tkivo je uočeno 

nakon aplikacije svih testiranih materijala, čime je potvrđeno da pored 

biokompatibilnosti testirane materijale odlikuje bioaktivnost i bioinduktivnost. 

Kontinuirano oslobađanje Ca
2+

 jona, što je svojstveno testiranim materijalima, 

smatra se ključnim za indukciju formiranja čvrstog tkiva (Gandolfi i sar. 2012). 

Materijali koji oslobađaju kalcijum indukuju proliferaciju periodontalnih 

fibroblasta (Bonson i sar. 2004), proliferaciju i diferencijaciju ćelija pulpe (Takita 

i sar. 2006), osteoblasta i ćelija nalik osteoblastima (Gandolfi i sar. 2008), kao i 

cementoblasta (Hakki i sar. 2013). Procesi mineralizacije tkiva povezuju se takođe 

i sa oslobađanjem hidroksilnih jona iz materijala i posledično visokim pH 

(Sangwan i sar. 2013). Visoke (alkalne)  vrednosti pH izmerene su u ovom 

istraživanju kod svih testiranih materijala. Takođe u sastavu svih materijala nalaze 

se i Si joni, kojima se takođe pripisuje značajna uloga u mineralizaciji tkiva 

(Gough i sar. 2004, Pietak i sar. 2007). Aplikacija oba eksperimentalna materijala 

rezultirala je intezivnijim formiranjem kalcifikovanog tkiva u odnosu na MTA, 

što može biti posledica samog načina sinteze eksperimentalnih materijala. 

Materijali su dobijeni sol-gel metodom a prema podacima iz literature takvi 

materijali su bioaktivniji u odnosu na materijale istog sastava koji su dobijeni 

drugim metodama (Li i de Groot, 1994). Najbolje organizovano novostvoreno 

kalcifikovano tkivo uočeno je nakon aplikacije materijala HA-CS. Kako veći deo 
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ovog materijala čini hidroksiapatit, do ovakvih rezultata su mogli dovesti i 

fosfatni joni kojih nema u CS-u i MTA-u. Dobijeni rezulati su u skladu sa 

nalazima Zarrabi i sar. (2010) i Zhang i. sar (2013) koji su takođe uočili izraženiju 

mineralizaciju tkiva nakon aplikacije materijala na bazi kalcijum silikata i 

kalcijum fosfata u odnosu na čiste kalcijum silikatne cemente.  

D. Objavljeni radovi 

Petrović V, Opačić-Galić V, Jokanović V, Jovanović M, Basta-Jovanović G, 

Živković S. Biocompatibility of a new nanomaterial based on calcium silicate 

implanted in subcutaneous connective tissue of rats. Acta Veterinaria 

2012;62:697-708 

 

Opačić-Galić V, Petrović V, Živković S, Jokanović V, Nikolić B, Knežević-

Vučković J, Mitić-Ćulafić D. New nanostructural biomaterials based on active 

silicate systems and hydroxyapatite: characterization and genotoxicity in human 

peripheral blood lymphocytes. Int Endod J 2013;46:506-16 

 

E. Zaključak (obrazloženje naučnog doprinosa) 

 

          Doktorska disertacija „Ispitivanje bioloških i fizičkih svojstava 

nanostrukturnih biomaterijala na bazi aktivnih kalcijumsilikatnih sistema i 

hidroksiapatita” dr Violete Petrović predstavlja značajan i originalan  naučni 

doprinos u istraživanjima novih nanostrukturnih biomaterijala i rastvetljavanju 

problematike vezane za uticaj hemijskog sastava, strukture i načina sinteze na 

fizička i biološka svojstva biomaterijala. U radu su primenjene savremene 

eksperimentalne metode za ispitivanje navedenih svojstava. Izabranim naučnim 

metodom dat je bliži uvid u fizička i biološka svojstva  novih nanostrukturnih 

biomaterijala i ukazano je na njihove prednosti u odnosu  na aktuelne 

biomaterijale.  
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         Ova doktorska disertacija je urađena prema svim principima naučnog i 

eksperimentalnog istraživanja, sa precizno definisanim ciljevima, originalnim 

naučnim pristupom, savremenom metodologijom rada, adekvatno prikazanim i 

diskutovanim rezultatima i jasno uobličenim zaključcima. 

          Na osnovu svega navedenog, i imajući u vidu dosadašnji naučni rad 

kandidata, Komisija predlaže Nastavno-naučnom Veću Stomatološkog fakulteta 

Univerziteta u Beogradu da prihvati pozitivan izveštaj Komisije za ocenu 

doktorske disertacije dr Violete Petrović i odobri njenu javnu odbranu. 

 

U Beogradu,   30.09.2014. 

 

Članovi Komisije: 

 

________________________________________ 

Prof. dr Đurica Grga 
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Prof. dr Jelena Sopta 

 

________________________________________ 

Dr sci Dragana Mitić-Ćulafić 
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Abstract

Opačić-Galić V, Petrović V, Živković S, Jokanović V,

Nikolić B, Knežević-Vukčević J, Mitić-Ćulafić D.

New nanostructural biomaterials based on active silicate

systems and hydroxyapatite: characterization and genotoxicity in

human peripheral blood lymphocytes. International Endodontic

Journal, 46, 506–516, 2013.

Aim To characterize and investigate the genotoxic

effect of a new endodontic cement based on dical-

cium- and tricalcium-silicate (CS) with hydroxyapatite

(HA) on human lymphocytes.

Methodology Hydrothermal treatment was applied

for synthesis of CS and HA. The final mixture HA-CS,

with potential to be used in endodontic practice, is

composed of CS (34%) and HA (66%). Human lym-

phocytes were incubated with HA, HA-CS and CS for

1 h, at 37 °C and 5% CO2. Cell viability was deter-

mined using the trypan blue exclusion assay. To eval-

uate the level of DNA damage comet assay (single cell

gel electrophoresis) was performed. For the statistical

analysis ANOVA and Duncan′s Post Hoc Test were used.

Results The SEM analysis indicated that CS con-

sisted mostly of agglomerates of several micrometers

in size, built up from smaller particles, with dimen-

sions between 117 and 477 nm. This is promising

because dimensions of agglomerates are not compara-

ble with channels inside the cell membranes, whereas

their nano-elements provide evident activity, impor-

tant for faster setting of these mixtures compared to

MTA. Values of DNA damage obtained in the comet

assay indicated low genotoxic risk of the new end-

odontic materials.

Conclusion The significantly improved setting

characteristics and low genotoxic risk of the new

material support further research.

Keywords: comet assay, dicalcium- and tricalcium-

silicate, genotoxicity, hydroxyapatite, lymphocytes.
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Introduction

Ceramics for bone replacement is one of the most

active areas of biomaterial research. Biomaterials

are biocompatible and bioactive and are intended to

interact with biological system to restore function of

defective tissue and/or organs in the human body.

A material can be considered bioactive if it evokes a

positive response from the host; it must be able to

elicit a biological response at the interface and induce

the formation of a bond between tissue and the mate-

rial (Theiszová et al. 2005, Gandolfi et al. 2010).

Bioactivity is closely correlated with the ability to

exchange information within a biological system; this

means that a bioactive material reacts chemically
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with body fluids in a manner compatible with the

repair processes of the tissue (Wahl & Czernuszka

2006, Bohner & Lemaitre 2009, Gandolfi et al.

2010). One of the main characteristics of bioactive

materials is their ability to form a layer similar to

apatite on its surface, when they are in contact with

tissue fluids. In addition to biocompatibility, the mate-

rials for endodontic use must be bio-inducers that

protect the health of the pulp or periodontal tissue

and stimulate regeneration of tissue mineralization

(Bose et al. 2002, Braz et al. 2006).

For many years, Mineral Trioxide Aggregate (MTA)

has been available in two forms, grey (GMTA) and

white (WMTA). MTA has been identified as biocompati-

ble, hard tissue inductive and conductive and therefore

has been accepted as a gold standard in endodontic

practice (Moretton et al. 2000, Parirokh & Torabinejad

2010a). Despite its biocompatibility and satisfactory

biological properties, difficult clinical manipulation due

to its long setting time, as well as its high price, has

prompted researchers to design alternative materials.

New nanostructure materials based on calcium sili-

cates and hydroxyapatite (HA) with advanced proper-

ties of setting time and decreased price have been

developed recently (Asgary et al. 2008, Takenaka et al.

2008, Parirokh & Torabinejad 2010b). The choice of

such chemical composition and structural design was

made with assumption that their chemical and miner-

alogical properties should enable biological responses

similar to MTA and other biological cements, as well as

adequate antimicrobial response in an aqueous envi-

ronment due to their high pH (11 - 13).

Recently, a new nanodesigned biomaterial has been

developed by combination of two techniques/hydrother-

mal sol-gel and self-propagating combustion waves, pro-

viding high activity and short setting time (Jokanović

et al. 2006, 2008). This material, based on calcium

silicates (tricalcium and dicalcium silicate) and HA,

are highly active due to their nanostructure, and

provide more rapid binding and consequently shorter

setting time in comparison to MTA. In addition, these

materials have better rheological properties and easy

handling (Jokanović et al. 2008).

Only a few studies have evaluated the genotoxicity

of calcium silicate materials, including MTA (Ribeiro

et al. 2005a,b, 2006, Camargo et al. 2009, Ding et al.

2010). Besides, none of these reports included analy-

sis of a range of concentrations and/or several donors.

Additionally, the materials developed by Jokanović

et al. (2006, 2008) have been synthesized for the

first time.

The aim of this study was to characterize and

investigate the genotoxic effect of a new endodontic

cement (HA-CS), based on dicalcium- and tricalcium-

silicate (CS) with HA added. To evaluate the magni-

tude of DNA damage, comet assay (the single cell gel

electrophoresis) was performed in human peripheral

blood lymphocytes.

Materials and methods

Synthesis and characterization methods of obtained

inorganic phases

For synthesis of calcium silicates, CaCl2 9 5H2O

(Merck, Germany) and silica sol obtained by hydrother-

mal treatment were used. The stoichiometric quantities

of CaCl2 9 5H2O (42.41 g) and silica sol (15 g of

30% sol solution), corresponding to the ratio trical-

cium/dicalcium (C3S/b-C2S) = 2 : 1, were used to

obtain silicate active phase. Al (C2H3O2) was added to

the mixture to provide the production of small

amount (3.01%) of active C3A phase. Ammonium

nitrate (NH4NO3), as an oxidation agent, and citric

acid (C6H8O7 9 H2O), as a fuel, were added to the

mixture to cause a combustion reaction.

The mixture of silica sol and CaCl2 9 5H2O was

dried at 80 °C to obtain a gel, and then heated to

150 °C to remove free and weakly bounded water

amongst the silica particles. In the next stage, the

increase of temperature up to 180 °C led to the igni-

tion of the gel. Afterwards, the gel turned into a

foam and a strong self-propagating combustion reac-

tion produced large volume of gases. Black ashes

were obtained after auto-ignition. Rapid release of

large volumes of the gaseous products during the

combustion dissipated the heat and limited the

temperature rise. This consequently reduced the

possibility of premature local partial sintering

amongst the primary particles, which is important

for maintenance of the final powder activity. After

high-temperature self-propagating thermal treatment,

the samples were quickly cooled using copper plates,

providing low crystallinity and high reactivity of

obtained b-C2S and C3S phases. The resulting black

powder contained some carbon residues and was fur-

ther calcined in air at 650 °C for 4 h to obtain the

desired products with small crystallite sizes. After

thermal treatment, this powder was additionally

milled and final silicate phases were obtained. The

HA, produced by a hydrothermal method of synthesis

(Jokanović et al. 2006, 2008), was added to produce
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the final mixture (HA-CS), composed of CS (34%)

and HA (66%).

Dicalcium- and tricalcium-silicate, with or without

addition of HA, were mixed with water (water-

to-powder ratio 1 : 2) and compacted using a stainless

steel plunger into cylindrical polyethylene containers

with diameter of 10 mm and height of 15 mm. Both

cements were allowed to set up to 28 days at 37°.
Each sample was analysed after 1, 3, 7 and 28 days

of setting time. The beginning and the end of the set-

ting time was determined using Vicat needle in agree-

ment with ASTM C191 standard (Hsieh et al. 2009).

The synthesized products were identified by X-ray dif-

fractometry, XRD (Philips PW 1050, Almelo, the

Netherlands), using Ni–filtered Cu-Ka1.2 radiation.

The patterns were registered in the 2h range 9–67°
with a scanning step size of 0.02°. The morphology

and the agglomerate size distribution of the milled

powders were studied using scanning electron micros-

copy, SEM (JEOL, JSM-5300, Tokyo, Japan) under a

vacuum pressure of 1.33 9 10�3 Pa and voltage of

20 kV. Energy dispersive analysis (EDS) measure-

ments were performed to detect chemical homogene-

ity of the phases and ratio of Ca and Si in various

areas of silicate active phase. In addition, the com-

pressive strength of the materials was analysed using

Instron machine model 4204 loading frame (Instrom

corp. Norwood, MA, USA). The samples were pre-

pared by polishing with 600 and 1200 grit sandpaper

on an automated rotary grinder under gently running

tap water and dried with adsorbent paper.

Genotoxic assays

The genotoxic potential of HA was evaluated in

human lymphocytes from three donors, whilst the

genotoxic potential of CS and HA-CS was evaluated in

human peripheral blood lymphocytes from five donors.

Blood sampling

A total number of five young, healthy donors (male,

avg. 22 years of age) were used. Smokers, those with

history of cancer, previous exposure to radio or chemo-

therapy and diagnostic X-rays in last 6 months, high

alcohol consumption or use of therapeutic drugs were

excluded. All blood donors were acquainted with the

study and signed the informed consent. The research

was reviewed and approved by the ethical board of

School of Dental medicine, University of Belgrade.

The lymphocytes were isolated on Ficoll Plaque

(Amersham, Uppsala, Sweden) gradients according to

the technique described by Fenech (2000) with slight

modifications.

Cell viability

Cell viability was measured using the trypan blue

exclusion test. A 40 lL of 0.4% trypan blue was mixed

with 10 lL of cell suspension for 5 min and spread

onto microscopic slide. Non-viable cells appeared blue

whilst viable cells were colourless (Freshney 1987).

Cell treatment

The cells were treated with different concentrations of

the test materials dissolved in sterile distilled water for

1 h, at 37 °C in 5% CO2. After treatment, the cells

were washed by centrifugation for 5 min at 800 rpm,

and re-suspended in PBS buffer. Non-treated cells

served as negative control, whilst cells exposed to

t-butyl hydro peroxide (t-BOOH, CAS No. 75-91-2,

Sigma-Aldrich) were positive control. Cells were

exposed to 0.5 mmol L�1 t-BOOH for 20 min at 4 °C.

Comet assay

The assay was performed as described by Singh et al.

(1988) and Tice et al. (2000). Cell suspension (30 lL)
was added to 70 lL of 1% LMP (low melting point) aga-

rose and placed on slides covered with a layer of 1%

NMP (normal melting point) agarose. The slides were

lysed with 2.5 mol L�1 NaOH, 0.1 mol L�1 EDTA,

0.01 mol L�1 Tris and TritonX-100, pH 10, for 1 h at

4 °C, transferred into electrophoresis solution

(300 mmol L�1 NaOH, 1 mmol L�1 EDTA, pH 13) for

20 min to allow DNA unwinding, and electrophoresed

for 20 min at 25 V and 300 mA. Finally, the slides

were neutralized with 0.4 mol L�1 Tris buffer (pH 7.5),

stained with ethidium bromide (5 lg mL�1) and analy-

sed using fluorescence microscope (Leica, DMLS,

Vienna, Austria) with an excitation filter of 510–

560 nm, barrier filter of 590 nm, at 4009 magnifica-

tion. Image analysis software (Comet Assay IV, Percep-

tive Instruments, Haverhill, UK) was used for

interpretation of the results. Fifty nuclei per experimen-

tal point in each of the three independent experiments

were analysed, and the percentage of fluorescence in the

comet tail was scored as a reflection of DNA damage.

Statistical analysis

For the results of the comet assay, one-way analysis

of variance (nonparametric ANOVA, Mann–Whitney

U-test) was used to analyse differences between the

treatments within each experiment. Duncan′s Post
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Hoc Test was used to compare median values of the

percentage of fluorescence in comet tail; P < 0.05

was considered as statistically significant.

Results

Materials characterization

XRD analysis

X-ray diffraction patterns for C3S and b-C2S phases of

the given CS system is shown in Fig. 1. The peaks at

angles [11.7° plane (202), 23.6° plane (�114), 29.8°
plane (1002), 32.5° plane (�114), 32.8° plane

(224), 33.4° plane (�424), 34.6° plane (1004),

41.7° plane (�626)] corresponded to C3S phase,

whilst peaks at angles [23.3° plane (012), 29.7°
plane (120), 32.3° plane (�121), 33° plane (121),

34.6° plane (103), 34.6° plane (103), 38.9° plane

(222), 41.6° plane (031), 43.2° plane (222), 46.9°
plane (024), 48° plane (222), 51.9° plane (310),

56.8° plane (�303), 60.2° plane (303) and 62.7°
plane (043)] corresponded to b-C2S phase. Based on

the Sherrer equation calculation (measured for highly

pronounced planes at 32.1° (plane �121) for b-C2S
and (plane �715) for C3S, the obtained values of

crystallite sizes of these phases were about 19.9 nm.

Scanning electron microscopy and energy dispersive

analysis

The structure of CS (Fig. 2) consisted mostly of

agglomerates of several micrometers in size, built up

from smaller particles, with dimensions between 117

and 477 nm. These particles were preferentially of

spherical or ellipsoidal shape, more or less elongated

along one direction. EDS (Fig. 3) revealed that the

chemical composition of calcium silicates (Ca 22.21,

Si 8.22, O 69.7 in atomic%) corresponded to the ratio

Ca/Si equal to approximately 2.7 (atomic%). This

ratio was obviously close to the CaO/SiO2 ratio corre-

sponding to C3S/b-C2S = 2 : 1, showing homogenous

distribution of both phases within the sample. Com-

paring values for the particle sizes by SEM and crys-

tallite sizes obtained from XRD spectra, it was clear

that these particles consisted of smaller building ele-

ments (crystallites), showing a significant activity of

the system.

Mechanical strength and setting time

Setting time was measured for CS phases and their

mixture with HA (HA-CS). Setting time for CS began

3 min after addition of deionized water and was com-

pleted in 10 min. For HA-CS, these values were

5 and 15 min, respectively. Compressive strength for

CS was 3.5 MPa (24 h after), 4.4 MPa (3 days after),

4.8 MPa (7 days after) and 5.4 MPa (28 days after),

and for HA-CS 2.8 MPa (24 h after), 3.2 MPa

(3 days after), 3.5 MPa (7 day after s) and 4.1 MPa

(28 days after).

Genotoxic potential

The genotoxic potential of HA, CS and HA-CS was

tested by comet assay, performed on human lympho-

cytes. In preliminary screening with trypan blue

assay, no cytotoxic effects of the concentration ranges

occurred (data not shown). To correctly assess the

genotoxicity, t-BOOH was used as a positive control.

t-BOOH is the latent donor of reactive oxygen species

(ROS) that induces oxidative DNA damage, and its

Figure 1 X-ray diffractometry spectra of calcium-silicate

phases.

Figure 2 Typical appearance of calcium-silicate agglomerates

and particles.
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high genotoxic potential was confirmed (Urios &

Blanco 1996).

The genotoxic potential of HA was tested in the

concentration range 0.05–50 mg mL�1, using lympho-

cytes from three donors. The results showed some incon-

sistency and are presented in Fig. 4. After the treatment

of lymphocytes originated from donor 1, HA exhibited

statistically significant genotoxicity (P < 0.05) at all

Figure 3 Energy dispersive analysis spectra of calcium-silicate phases.

Figure 4 Genotoxic effect of HA in human lymphocytes. The level of DNA strand breaks is expressed as the percentage of

DNA in the comet tails. As a positive control, 0.5 mmol L�1 t-BOOH was used. Fifty cells were analysed per experimental point

in each of the three independent experiments. *Significantly different (amongst median value) from the untreated group,

P < 0.05.
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tested concentrations in comparison with negative con-

trol. However, HA did not induced DNA damage in the

two other donors; moreover, the percentage of DNA

damage in HA-treated cells was decreased (the donor 2:

conc. 5 mg mL�1; the donor 3: conc. 5, 10 and

50 mg mL�1) comparing to control cells.

The genotoxic effect of CS, a newly synthesized

material, was tested on lymphocytes from five donors

(two donors were added), and the results are pre-

sented in Fig. 5. CS had no genotoxic effect on lym-

phocytes from donor 2, but exhibited strong

genotoxic effect in lymphocytes from donor 1 (con-

centrations 1–10 mg mL�1). On the contrary, CS

induced the opposite effects and decreased the

percentage of DNA damage in lymphocytes from

donors 3–5, but only at highest tested concentrations

(5 and 10 mg mL�1).

After the testing of partial components, the geno-

toxic effect of a corresponding mixture that could be

used in endodontic practice (HA-CS) was tested. The

results are presented in Fig. 6. The induction of DNA

damage under the influence of HA-CS was not

observed in lymphocytes obtained from donors 1, 4

and 5. However, HA-CS at all tested concentrations

except the lowest (0.01 mg mL�1) induced DNA dam-

age in lymphocytes from donor 2. Interestingly, the

highest tested concentration of HA-CS (10 mg mL�1)

reduced the percentage of DNA damage in lympho-

cytes obtained from donor 3.

Discussion

Understanding the mechanisms of interaction

between biological fluids or cell constituents with end-

odontic materials are essential for avoiding premature

clearance of material used in diagnosis and therapy,

as well as for avoiding adverse reactions to the mate-

rials used as implants (Fenoglio et al. 2011). To

achieve successful regeneration of damaged bone, it is

important to synthesize materials that have the quali-

ties biocompatibility, bioactivity and biodegradability.

Ideally, endodontic materials should exhibit the same

properties as real bone and should also be biocompati-

ble with existing tissue.

HA is one of the most widely used calcium phos-

phate based bioceramics, which comprise osteocon-

ductive ability. As its structure is similar to bone

mineral, it can form direct bonds with bone. HA has

several advantages; it is well tolerated and integrated

into the host tissue, providing the base for new bone

growth (Suwanprateeb et al. 2012). It does not con-

tain any protein and does not cause any allergic or

immune reaction (Hu et al. 2011). However, HA has

intrinsically poor mechanical properties (Arun et al.

2011), which can be improved by combining it with

newly synthesized nanomaterials. To improve its

characteristics and produce the new endodontic mate-

rial, the mixture of HA with CS was formulated. In

production of CS a hydrothermal sol-gel method was

used along with the method of self-propagating com-

bustion waves, which provide a high activity and a

short setting time in the materials. The characteriza-

tion of HA-CS indicated that the setting time of CS

and HA-CS ranged from 10 to 15 min, what is signif-

icantly shorter in comparison with the setting time of

MTA, which is approximately 4–6 h (Jokanović et al.

2008). Structures built on three hierarchical levels

(agglomerates, particles and crystallites) may be

promising because they are not biologically destruc-

tive (dimensions of agglomerates are not comparable

with channels inside the cell membranes), whereas

their nano-elements (nano-crystallites) provide evident

activity, important for fast setting of these mixtures in

endodontic therapy.

Biomaterials should not only have good physical

qualities, but also be safe. As the tested materials are

nanostructured and the penetration of nanoparticles

into the cell nucleus correlated with the number of

harmful effects on nuclear structure and function

(inhibition of replication, transcription and cell prolif-

eration), additional attention was recommended

(Chen & Von Mikecz 2005). However, according to

the SEM images, particle size between 117 and

477 nm for CS and similar values for the agglomer-

ates of HA had almost negligibly harmful effects on

the cell structure.

Furthermore, the assessment of the genotoxic

potential of new biomaterials is an imperative. Briefly,

the alkaline comet assay is a method used to measure

both single and double strand breaks and alkali-labile

sites. It is a quick and simple assay, recommended for

the evaluation of the genotoxic potential of materials.

One reason for the increasing interest in using the

method is the low number of cells required to mea-

sure DNA lesions. Different laboratories use different

end points (i.e.%DNA in tail, tail moment, tail length)

when reporting the results, but regardless of the mea-

sured endpoint, comet assay is frequently performed

method for estimating DNA damage (Collins 2004,

Azqueta et al. 2009, Gaivao et al. 2009, Johansson

et al. 2010). However, although the comparison of

results obtained from in vitro and in vivo genotoxicity
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assays indicates that the comet assay gives relevant

information, it is important to emphasize that in vitro

assays do not take into consideration the complex

homoeostatic situation that occurs in vivo (Ribeiro

2008, Liuyun et al. 2009). The genotoxic effect of CS

and HA separately, as well as of corresponding mix-

ture (HA-CS), was evaluated by comet assay with

human lymphocytes.

Figure 5 Genotoxic effect of CS in human lymphocytes. The level of DNA strand breaks is expressed as the percentage of DNA

in the comet tails. As a positive control, 0.5 mmol L�1 t-BOOH was used. Fifty cells were analysed per experimental point in

each of the three independent experiments. *Significantly different (amongst median value) from the untreated group,

P < 0.05.
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According to the literature HA exhibits strong cyto-

toxic effects in the murine fibroblast cell line NIH-3T3

(Gomes-Filho et al. 2009). It was not mutagenic in

bacterial assay (Jantova et al. 2008, Hassan & Swami-

nathan 2011), and not genotoxic in scaffold MG63

and mesenchymal stem cells (MSCs) (Liuyun et al.

2009), as well as in leucemia L1210 cells (Jantova

et al. 2008). However, results from the current study

suggested a genotoxic effect of HA, at least under

some conditions and for some individuals. It can be

assumed that this is due to induction of DNA damage,

obtained with HA in lymphocytes from donor 1. On

Figure 6 Genotoxic effect of HA-CS in human lymphocytes. The level of DNA strand breaks is expressed as the percentage of

DNA in the comet tails. As a positive control 0.5 mmol L�1 t-BOOH was used. Fifty cells were analysed per experimental point

in each of the three independent experiments. *Significantly different (amongst median value) from the untreated group,

P < 0.05.
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the contrary, HA decreased the level of DNA damage

in lymphocytes from donors 2 and 3, probably due to

possible cytotoxic effects. Although no cytotoxic effect

was obtained in preliminary study performed with the

trypan blue exclusion assay, the possible toxicity

obtained in this experiment is not excluded. Moreover,

the literature suggests that difference between cell

lines and test system and experimental conditions can

result in variated cytotoxicity results (Scudiero et al.

1988, Gomes-Filho et al. 2009, Scelza et al. 2012).

Furthermore, the decreasing of basal genotoxicity lev-

els in genotoxicity testing is usually interpreted as a

toxic effect of test substance.

Diverse sensitivity of cells obtained from different

donors could be the result of the different genetic

backgrounds of donors, and consequent difference in

their DNA repair capacities. The confirmation of dif-

ferent sensitivity of lymphocytes from different donors

was also noticed when CS, HA-CS, as well as t-BOOH

(positive control) were tested. To quantify this differ-

ence, a comparison of negative control (untreated

cells) by themselves and the same comparison after

the t-BOOH treatment was conducted (Fig. 7). The

difference between individuals and variation within

one individual can be expressed as the coefficient of

variation (CV). In the current study, the mean CV for

non-treated control cells was about 34%, whilst for

t-BOOH-treated cells it was up to 80.6%; such high

values of CV indicated high variability of tested

cells. Although there are no statistically significant

differences between untreated cells, when the

response of different donor cells to t-BOOH treatment

was compared, significant difference in amounts of

induced DNA damage were obtained. Lymphocytes

from donor 2 exhibited the highest sensitivity to

t-BOOH treatment (tail intensity 66%), whilst sensitiv-

ity of donor 3 lymphocytes was the lowest one (tail

intensity 22%). This difference indicated various

inductions of DNA repair enzymes in different donors

and is consistent with data reported by Hazra et al.

(2007), who showed high variability of genes

involved in base excision repair of DNA (BER) and

nucleotide excision repair of DNA (NER) in lympho-

cytes from healthy subjects. As t-BOOH induces ROS,

which cause DNA lesions predominantly repaired via

BER pathway (except double strand breaks), the

results from the current study probably indicate the

difference in BER capacities of donors.

Overall, CS was not genotoxic in the tested concen-

tration range, with the exception of the lymphocytes

from donor 1, where high induction of DNA damage

was obtained. HA-CS was genotoxic only in lympho-

cytes acquired from donor 2, whilst no significant

increase of DNA damage was obtained in cells from

the other four donors. Inconsistency in genotoxic

response in cells exposed to different endodontic mate-

rials is not surprising; other studies have also shown

a wide range of genotoxic responses (Brzović et al.

2009, Camargo et al. 2009, Zeferino et al. 2010,

Zhang et al. 2010, Kalmodia et al. 2011). Therefore,

research on gene polymorphism from case–control

studies has become a common practice.

More than one concentration of tested materials

was used. The appropriate concentration range that

should be tested depends on the substance absorption

in biological fluids and cells, and its metabolism

within the cells. To correctly estimate the values of

tested concentration ranges, it is important to note

that cell treatment was performed in suspension.

Some evidences suggest the higher exposure of sus-

pended cells to the test substance, than cells growing

in monolayer (Mitić-Ćulafić et al. 2009). Accordingly,

it can be assumed that lymphocytes in suspension

were more exposed to testing material then cells

in dental and periodontal tissues would be, and fur-

thermore, that tested concentrations significantly

exceeded the dose that would be absorbed regularly in

vivo.

Obtained values of DNA damage amplification

clearly indicated that HA-CS exhibited lower genotox-

ic potential as compared with HA and CS separately.

As HA has already been in use in dental practice and

its genotoxic potential is confirmed as low, it appears

that HA-CS would be safe for human application. The

Figure 7 DNA damage induced with t-BOOH in lymphocytes

obtained from different donors. *Statistically significant dif-

ference, P < 0.05.
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results obtained from the current study are encourag-

ing for further research.

Conclusion

A new endodontic material using a combination of

two promising technologies, hydrothermal sol-gel

process and self-containing synthesis using combus-

tion waves, was prepared. This material is important

because it exhibits significantly improved setting char-

acteristics (several times faster setting) as compared to

MTA. Taking into account, the lack of currently

available data, the assessment of the potential geno-

toxicity of new endodontic material is justified.

Results obtained by comet assay in human lympho-

cytes indicated that all materials (HA, CS and HA-CS)

had a low genotoxic potential; HA-CS exhibited the

lowest genotoxicity. Taking together the improved

setting characteristics and results suggesting low

genotoxic risk, the new material is considered as a

potentially good candidate for further research about

possible endodontic use.
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The aim of the study was to investigate rat connective tissue
response to a new calcium silicate system 7, 15, 30 and 60 days after
implantation.

Twenty Wistar albino male rats received two tubes half-filled with a
new calcium silicate system (NCSS) or MTA in subcutaneous tissue.
The empty half of the tubes served as controls. Five animals were
sacrificed after 7, 15, 30 and 60 days and samples of the subcutaneous
tissue around implanted material were submitted to histological
analysis. The intensity of inflammation was evaluated based on the
number of inflammatory cells present. Statistical analysis was
performed using one way ANOVA and Holm Sidak's multiple
comparison tests.

Mild to moderate inflammatory reaction was observed after 7, 15
and 30 days around a NCSS while mild inflammatory reaction was
detected after 60 days of implantation. In the MTA group, mild to
moderate inflammatory reaction was found after 7 and 15 days while
mild inflammatory reaction was present after 30 and 60 days. There was
no statistically significant difference in the intensity of inflammatory
reactions between the tested materials and control groups in any
experimental period (ANOVA p>0.05). Regarding the intensity of
inflammatory reactions at different experimental periods, a statistically
significant difference was observed between 7 and 30 days, 7 and 60
days and 15 to 60 days for both materials. For the controls, a statistically
significant difference was found between 7 and 60 days and 15 and 60
days of the experiment (Holm Sidak<p 0.001).

Subcutaneous tissue of rats showed good tolerance to a new
calcium silicate system. Inflammatory reaction was similar to that
caused by MTA.

Key words: biocompatibility, calcium silicate cements, MTA,
subcutaneous tissue
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INTRODUCTION

Several new obturation materials have been developed recently. In the past
20 years, the greatest attention has been given to mineral trioxide aggregate
(MTA) material. Previous studies have demonstrated its biocompatibility, good
chemical and physical properties, good sealing ability and antimicrobial effect
(Parirokh and Torabinejad 2010a; Torabinejad and Parirokh, 2010). MTA has been
recommended for a number of clinical indications, such as direct pulp capping,
pulpotomy, iatrogenic perforations, formation of the apical plug in teeth with
necrotic pulp and open apex, apexification and closing apex after apical surgery
(Pararirokh and Torabinejad, 2010b).

MTA is a mixture of tricalcium silicate, dicalcium silicate, tricalcium
aluminate, calcium sulfate (gypsum) and bismuth oxide (Camilleri et al., 2005). An
important property of this material is that it can set in the presence of humidity.
However, one of its disadvantages is the setting time longer than 3 hours (Parirokh
and Torabinejad, 2010a). There have been attempts to add various accelerators to
speed up the setting time of MTA (Kogan et al., 2006; Huang et al., 2008),
however, they were found to adversely affect the mechanical properties of this
cement (Oki and Yoshiba, 2009). Therefore, the research aimed to find a material
that will have similar physical properties and biocompatibility as MTA, but a
shorter setting time is still actual (Tay et al., 2007; Takenaka et al., 2008; Asgary
2008; Chen et al., 2009; Scarparo et al., 2010; Gandolfi et al., 2011; Lin et al.,
2011).

A new nano-material based on calcium silicate system was synthesized at
the Institute for Nuclear Research - Vinca by V. Jokanovi}. This material was
obtained by combining hydrothermal sol-gel method and the method of self
combustion waves. It consists of dicalcium and tricalcium silicate (60%), gypsum
(20%) and barium sulfate (20%). The material includes agglomerates of a few
micrometers built of 117-477 nm particles. The particles consist of smaller
elements- crystallites, 20 nm in size. This material structure composed at three
hierarchical levels (agglomerates, particles and crystallites) does not cause
biological tissue destruction since the size of agglomerates is not comparable to
the pores of cell membranes. On the other hand, particle size is the main factor
that affects the degree of cement hydration and consequently its hardness and
setting time. Smaller size of particles provides a larger surface area available for
hydration speeding up the setting of the material (Asgary et al., 2009). In this
regard, the new nanostructure of calcium silicate system provides a distinct
activity important for fast setting. The setting time of the new material begins 3
minutes after the addition of distilled water and ends after 10 minutes. This
characteristic is important for its potential clinical application.

The aim of the study was to investigate rat connective tissue response to a
new calcium silicate system 7, 15, 30 and 60 days after implantation.

698 Acta Veterinaria (Beograd), Vol. 62, No. 5-6, 697-708, 2012.
Petrovi} Violeta et al.: Biocompatibility of a new nanomaterial based

on calcium silicate implanted in subcutaneous connective tissue of rats



MATERIALS AND METHODS

The study was approved by the Ethical Committee of the School of
Dentistry, University of Belgrade, Serbia (Protocol No. 36/5, 12/04/2012). Twenty
Wistar albino male rats, 2-3 months old and the average weight of 350 g were
obtained from the kennel of the Faculty of Biology (Belgrade, Serbia). A new
calcium silicate system (NCSS) was prepared according to the recipe of V.
Jokanovi} (Institute for Nuclear Research, Vinca, Serbia), mixed with distilled
water in 2:1 ratio and compared with MTA (Solucoes Odontológicas Angelus,
Londrina, Brazil).

Animals and Study Design
The animals received intraperitoneal injection of 75 mg/kg ketamine and

5 mg/kg of body weight of diazepam. After shaving, the skin on the backs of
animals was disinfected by iodine tincture. Two incisions, 15 mm in length, in
head-tail direction (one on either side of the spinal cord) were created using the
the scalpel blade. Two pockets 15 mm deep were prepared by blunt dissection.
Freshly mixed materials were placed in sterile polyethylene tubes 10 mm long and
1 mm inner diameter. Each half of the tubes was filled with the tested material,
while the other half was left empty and served as the control. The tubes were
implanted subcutaneously and the incisions were sutured using single resorbable
sutures. Each animal received two tubes, one filled with MTA (to the left of the
spine) and one with a new calcium silicate system (the right of the spine). The
animals were housed (two animals in one cage) under standard conditions with
controlled diet and professional daily care. Health condition check-ups were
performed three times a day during the experiment.

Animals were sacrificed using a large dose of anesthetic in groups of five
after 7, 15, 30 and 60 days. After shaving and disinfecting the skin on their backs,
the tubes were removed along with surrounding connective tissue. Samples were
fixed in 10% formalin solution. The tissue was cut in 4 micrometers thick sections,
stained with hematoxylin and eosin and submitted to histological analysis.
Quantitative assessment of inflammatory cells (lymphocytes, granulocytes,
monocytes and histiocytes) was performed under light microscope OLYMPUS BX
51 (New York, USA) at magnification of 200× and 400× by a trained observer. The
average value for each sample was obtained from the sum of cells counted in five
fields. For each material the average value of cells was obtained from five animals
for each experimental period.

The intensity of inflammation was evaluated based on the following criteria
(Lotfi et al. 2009):

0 – no inflammation (no inflammation cells),
1 – mild inflammatory response (the number of cells),
2 – moderate inflammatory reaction (the number of cells 25-125),
3 – strong inflammatory response (125 inflammatory cells).
Statistical analysis was performed using one-way ANOVA and Holm-Sidak's

test for multiple comparisons.
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RESULTS

The results are shown in Table 1, Graph 1 and Figures 1-8.

Table 1. Average inflammatory score and standard deviation for the tested materials
and controls after 7, 15, 30 and 60 days of the experiment

7 days 15 days 30 days 60 days

NCSS 1.80± 0.45 1.40± 0.55 1.20± 0.45 1.00± 0.00

MTA 1.60± 0.55 1.40± 0.55 1.00± 0.00 1.00± 0.00

Control 1.60± 0.55 1.40± 0.55 1.00± 0.00 1.00± 0.00

After 7 days the mean inflammatory score for the NCSS group was 1.80 ±
0.45 (mild to moderate infiltration of inflammatory cells). The mean inflammatory
score for the MTA and the control group was 1.60 ± 0.55, suggesting a mild to
moderate inflammatory reaction, as well. There was no statistically significant
difference between the tested materials and the control group (p>0.05). Both
materials showed initial necrosis in the subcutaneous tissue (Figure 1-2).

After the experimental period of 15 days, the mean inflammatory score for
each material and the control was 1.40±0.55, which corresponded to mild to
moderate inflammatory reaction. There was no statistically significant difference in
the intensity of inflammatory reactions between the tested materials and the
control group (p>0.05).

In the experimental period of 30 days, the mean inflammatory score for the
NCSS group was 1.20 ± 0.45, corresponding to mild to moderate inflammatory
reaction (Figure 3). The mean inflammatory score for the MTA group and the
control group was 1.00 ± 0.00, which corresponded to mild inflammatory reaction
(Figures 4-5). Statistical analysis revealed no significant difference within
experimental groups and between the tested materials and the control group
(p>0.05).
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Graph 1. Average inflammatory score for the tested materials after different experimental
periods
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Figure 1. Histological image of the tissue in the control group after 7 days, tissue necrosis,
magnification 10×

Figure 2 Histological image of the tissue in the MTA group after 7 days, tissue necrosis,
magnification 20×

Figure 3. Histological image of the tissue in the NCSS group after 30 days, mild
inflammatory reaction (score 1), magnification 200×
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Figure 4. Histological image of the tissue in the MTA group after 30 days, mild inflammatory
reaction, (score 1), magnification 200×

Figure 5. Histological image of the tissue in the control group after 30 days, mild
inflammatory reaction, (score 1), magnification 200×

Figure 6. Histological image of the tissue in the NCSS group after 60 days, mild
inflammatory reaction, (score 1), magnification 200×



After 60 days, the mean inflammatory score for both materials and the
control group was 1.00±0.00 which corresponded to mild inflammatory reaction
(Figures 6-8). There was no statistically significant difference between the tested
materials and the control group (p>0.05).

There was statistically significant difference in the intensity of inflammatory
reaction between the tested materials and the control group after different
experimental periods (ANOVA p<0.001). The significant difference in the intensity
of inflammation after 7 and 60 and after 15 and 60 days of the experiment was
found in the control group (Holm-Sidak's test p<0.001), as well as after 7 and 30
days, 7 and 60 days and 15 and 60 days of the experiment for both tested
materials (Holm-Sidak's test p<0.001).
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Figure 7. Histological image of the tissue in the MTA group after 60 days, mild inflammatory
reaction, (score 1), magnification 200×

Figure 8. Histological image of the tissue in the control group after 60 days,
mild inflammatory reaction, (score 1), magnification 200×



DISCUSSION

Subcutaneous implantation was performed to assess the biocompatibility of
the tested materials. Material implantation in the subcutaneous tissue of small
experimental animals and histological evaluation of the surrounding tissue
reaction is valid and frequently used as an in vivo test. Inert polyethylene tubes
stimulate clinical conditions, but also they provide material stabilization in place
and a standardized contact area between material and surrounding tissue (Yaltirik
et al., 2004; de Morais et al., 2006; Vosoughhosseini et al., 2008; Lotfi et al., 2009;
Scarparo et al., 2010; Khashaba et al., 2011; Parirokh et al., 2011).

At the experimental periods of 7 and 15 days, a higher number of
inflammatory cells in both materials and the control group were present
compared to other experimental periods. The presence of an early inflammatory
response may not necessarily be associated to the toxicity of materials, but to the
surgical trauma after tube implantation that leads to tissue disintegration and
consequent infiltration of inflammatory cells. These results are consistent with
findings of other authors who investigated the biocompatibility of different
formulations and new MTA endodontic cements (Parirokh et al., 2011; Khashaba
et al., 2011).

Given that the effects caused by material implantation after longer periods of
time are more significant than initially caused, the intensity of inflammatory
reaction was monitored for up to 60 days (Yaltirik et al., 2004; Lotfi et al., 2009;
Scarparo et al., 2010; Paririkh et al., 2011). The number of inflammatory cells was
significantly lower after 30 and 60 days as compared to 7 or 15 days of the
experiment for both materials. Successive reduction in the number of
inflammatory cells indicated a good biological potential of the tested materials.
These results are consistent with results of other researchers who examined the
biocompatibility of MTA (Vassoughosseini et al., 2008; Parirokh et al., 2011).

The presence of necrosis in the subcutaneous tissue was recorded after 7
days of implantation for both materials. The presence of necrosis after
subcutaneous implantation of MTA was detected by other authors (Yaltirik et al.,
2004; Parirokh et al., 2011). They found necrosis only in tissue samples after 7
days of implantation while in the later experimental periods (15, 30, 60 and 90
days) it was not recorded similarly to the results of the current study. Necrosis, as
an early tissue reaction to MTA, has been usually associated to high pH of freshly
mixed material. It is known that the products of the reaction between MTA and
water are calcium silicate hydrate and calcium hydroxide which explains the high
pH value (Torabinejad and Parirokh, 2010).

A fibrous capsule around implanted material was present in both tested
materials, as well as the control samples. The capsule was observed in the MTA
and in the control group after 7 days whereas in the new calcium silicate cement
group after 15 days of the experiment. The presence of fibrous capsule has been
considered a favorable result because it indicated the body's ability to limit the
inflammatory reaction to the implanted material and prevent further tissue
damage (Yaltirik et al., 2004; de Morais et al., 2006; Scarparo et al., 2010; Parirokh
et al., 2011).
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A new calcium silicate system caused tissue reactions very similar to those
in the control group or MTA, presenting the biological potential. Mild to moderate
inflammatory reactions seen after 7, 15 and 60 days of the experiment were rated
as mild in the presence of rare inflammatory cells and an almost normal
appearance of the tissue. A similar tissue response to MTA and a new calcium
silicate system could be explained by similar composition of these materials. The
main ingredients of both, a new cement and MTA are tricalcium and dicalcium
silicate. Materials differ by contrast additive. Barium sulfate was added to NCSS.
There are conflicting opinions regarding the biocompatibility of bismuth oxide
(added to MTA) (Yamamoto et al., 1998; Gandolfi et al., 2010). Furthermore,
bismuth oxide changes the hydration process of MTA and undermines its physical
properties. Since barium sulfate did not affect the hydration process of new
calcium silicate cement it could replace bismuth oxide in MTA (Camilleri et al.,
2010).

The results obtained after subcutaneous implantation of MTA and a new
calcium silicate system demonstrated their biocompatibility. There was no
difference in the intensity of inflammation between the MTA and the control group
in any experimental period in the current study. These results are consistent with
the findings of Scarparo et al. (2010) who also found a similar tissue response
after subcutaneous implantation both in MTA and the control group.
Vossoughosseini et al. (2008) reported the difference in the intensity of
inflammation of the examined tissue as the response to two formulations of MTA
and the control (empty tube) only after 7 days whereas in other periods (15, 30, 60
and 90 days) the difference in tissue reaction was not found.

Materials containing calcium exhibit good biological properties because of
their ability to release calcium ions (Oki and Yoshiba, 2009). Sarcar et al. (2005)
first reported the physical-chemical basis of MTA biological properties. These
authors described that products obtained by MTA hydration were calcium silicate
hydrate and calcium hydroxide (high pH of the material), and that the released
calcium ions reacted with phosphate groups in the tissue fluids forming
hydroxyapatite crystals on the surface of the material (Sarcar et al., 2005). Since
the ability to release calcium is a common feature of all calcium silicate cements, it
can be expected that the same physical-chemical reaction found in MTA will occur
when a new calcium silicate system is in contact with tissue fluids.

Bioactivity of a material depends also on the process of its synthesis. The
new calcium silicate system tested in this study was produced using new
technology, a combination of hydrothermal sol-gel method and the method of self
combusting waves. According to the literature, materials obtained by sol-gel
processes have better bioactivity compared to the materials of the same
composition, but synthesized by other methods (Li and de Groot, 1994).
Therefore, good results obtained after subcutaneous implantation of a new
material can be partially explained by the specific method of synthesis that
favored its bioactivity.
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CONCLUSION

A new calcium silicate system implanted in the subcutaneous tissue of rats
did not cause significant inflammatory reactions in any of the experimental
periods. The effects of a new calcium silicate system were similar to the effects of
MTA, as well as the histological response of surrounding tissue.
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ISPITIVANJE BIOKOMPATIBILNOSTI NOVOG NANOSTRUKTURALNOG
MATERIJALA NA BAZI KALCIJUM SILIKATNIH SISTEMA IMPLANTIRANJEM U

POTKO@NO TKIVO PACOVA

PETROVI] VIOLETA, OPA^I] GALI] VANJA, JOKANOVI] V, JOVANOVI] M,
BASTA JOVANOVI] GORDANA i @IVKOVI] S

SADR@AJ

Cilj ovog rada je bio da se ispita biokompatibilnost novog kalcijum silikat-
nog sistema nakon in vivo implantacije u potko`no tkivo pacova.

Istra`ivanje je obuhvatilo 20 Wistar albino pacova mu{kog pola. U svaku `i-
votinju implantirane su dve tube do pola ispunjene novim kalcijum silikatnim siste-
mom (NCSS) odnosno MTA-om. Prazne polovine tuba slu`ile su kao kontrola. Po
5 `ivotinja `rtvovano je nakon 7, 15, 30 i 60 dana, nakon ~ega su uzorci pot-
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ko`nog tkiva oko implantiranog materijala pripremljeni za histolo{ku analizu. In-
tezitet zapaljenske reakcije je procenjivan na osnovu broja prisutnih }elija zapa-
ljenja. Statisti~ka analiza je ura|ena ANOVA testom i Holm Sidak-ovim testom
vi{estruke komparacije.

U eksperimentalnim periodima 7, 15 i 30 dana u NCSS grupi je uo~ena
blaga do umerena zapaljenska reakcija, a nakon 60 dana samo blaga zapaljenska
reakcija. U MTA grupi, nakon 7 i 15 dana uo~ena je blaga do umerena zapaljenska
reakcija, a nakon 30 i 60 dana blaga zapaljenska reakcija. Nije bilo statisti~ki
zna~ajne razlike u intezitetu zapaljenske reakcije izme|u testiranih materijala i
kontrolne grupe ni u jednom eksperimentalnom periodu (ANOVA p>0.05).
Pore|enjem inteziteta zapaljenskih reakcija u razli~itim eksperimentalnim perio-
dima, uo~eno je postojanje statisti~ki zna~ajnih razlika kod oba testirana materi-
jala izme|u 7 i 30 dana, 7 i 60 dana kao i izme|u 15 i 60 dana, a kod kontrole
izme|u 7 i 60 dana i 15 i 60 dana eksperimenta (Holm Sidak p<0.001).

Novi kalcijum silikatni sistem je pokazao biokompatibilno pona{anje. Infla-
matorne reakcije potko`nog tkiva bile su sli~ne onima koje je izazvao MTA.
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