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Queiroz MB. Reacao tecidual e bioatividade de materiais endoddnticos bioceramicos
reparadores em subcutaneo de ratos [tese de doutorado]. Araraquara: Faculdade de
Odontologia da UNESP; 2022.

RESUMO

O objetivo foi avaliar a reagédo tecidual e o potencial bioativo causado por materiais
biocerdmicos implantados no tecido conjuntivo do subcutdneo de ratos adultos. Para isso,
tubos de polietileno preenchidos com um dos materiais ou vazios (grupo controle, GC) foram
implantados no subcutaneo de ratos (n=8/grupo por periodo). Apés 7, 15, 30 e 60 dias, os
implantes e os tecidos circundantes foram removidos e processados para inclusdo em
parafina para analise dos seguintes parametros: numero de células inflamatdrias (Cl) e de
fibroblastos (Fb), espessura das capsulas (EC), quantidade de colageno birrefringente, imuno-
histoquimica para detecgéo de interleucina-6 (IL-6) e osteocalcina (OCN), a reagao de von
Kossa e analise de cortes ndo corados sob luz polarizada. Os dados foram submetidos ao
ANOVA two-way seguido pelo teste de Tukey (p<0,05). Publicagdo 1: Avaliar a
biocompatibilidade e o potencial bioativo de um material reparador experimental a base de
silicato tricalcico com 30% de tungstato de calcio (TCS + CaWOQ4) em comparagao ao MTA
Repair HP (MTA HP; Angelus, Brasil) e ao Bio-C Repair (Bio-C; Angelus, Brasil). Em todos os
periodos, nao houve diferengas significantes no numero de CI, nimero de células IL-6-
imunopositivas e no conteudo de colageno entre os materiais bioceramicos (p>0,05). De 7
para 60 dias, ocorreu uma redugao significante no numero de Cl, na imunoexpresséao de IL-6
e na EC, acompanhada por um aumento significante no numero de Fb e na quantidade de
colageno. Estruturas positivas ao von Kossa e birrefringentes, além de células imunopositivas
a OCN foram observadas nas capsulas ao redor de todos os materiais, exceto no GC. O TCS
+ CaWO., é biocompativel e apresentou potencial bioativo. Publicagcdo 2: Comparar a
resposta tecidual dos materiais a base de silicato tricalcico Bio-C Pulpo (Angelus, Brasil),
Biodentine (Septodont, Franga) e MTA branco (WMTA; Angelus, Brasil). Aos 7 e 15 diasa EC
dos materiais Bio-C Pulpo e Biodentine foram iguais e ndo houve diferenga significativa
(p>0,05), sendo maiores em comparagéo ao WMTA (p<0,05); as capsulas ao redor de todos
os materiais foram significantemente mais espessas em comparagao ao GC (p<0,05). Aos 30
e 60 dias, a EC ao redor dos materiais ndo apresentou diferencas significantes em
comparacao a do GC. Apesar do maior numero de Cl observado aos 7 dias nas capsulas do
Biodentine em comparagdo ao Bio-C Pulpo e WMTA espécimes (p<0,05), diferengas
significantes nao foram observadas entre os grupos contendo os materiais (p>0,05), nos
periodos de 15 e 30 e 60 dias. De 7 para 60 dias, ocorreu uma redugéao significante na EC,
no numero de Cl e de células IL-6-imunopositivas que foi acompanhada por um aumento
significante no numero de Fb e na quantidade de colageno nas capsulas de todos os grupos.
As capsulas ao redor de todos os materiais apresentaram estruturas von Kossa-positivas e
birrefringentes, e células OCN-imunopositivas, enquanto que estas estruturas bem como
células imunopositivas a OCN ndo foram encontradas no GC. O Bio-C Pulpo,
semelhantemente ao Biodentine e WMTA, é biocompativel e permite a reparagéo do tecido
conjuntivo, além de induzir a imunoexpressdo de osteocalcina e a deposi¢cdo de calcita
sugerindo que este material deve apresentar um potencial bioativo. Assim, o Bio-C Pulpo pode
ser uma alternativa de material reparador em diferentes procedimentos clinicos de pulpotomia,
capeamento pulpar direto e indireto, em dentes decididuos e dentes permanentes jovens.

Palavras chave: Endodontia. Teste de biocompatibilidade. Imuno-histoquimica.
Interleucina-6. Osteocalcina.



Queiroz MB. Tissue reaction and bioactivity of bioceramic endodontic repair materials
in subcutaneous tissue of rats [tese de doutorado]. Araraquara: Faculdade de
Odontologia da UNESP; 2022.

ABSTRACT

The aim was to evaluate the tissue reaction and the bioactive potencial caused by bioceramic
materials implanted in the subcutaneous connective tissue of adult rats. For this, polyethylene
tubes filled with one of the materials or empty (control group, CG) were implanted into the
subcutaneous tissue of rats (n=8/group per period). After 7, 15, 30 and 60 days, the implants
and surrounding tissues were removed and processed for embedding in paraffin to evaluate
the following parameters: number of inflammatory cells (IC) and fibroblasts (Fb), capsule
thickness (CT), amount of birefringent collagen, immunohistochemistry detection of interleukin-
6 (IL-6) and osteocalcin (OCN), von Kossa reaction and analysis of unstained sections under
polarized light. Data were submitted to two-way ANOVA followed by Tukey's test (p<0.05).
Publication 1: To evaluate the biocompatibility and bioactive potential of an experimental
repair material containing 70% tricalcium silicate and 30% calcium tungstate (TCS + CaWOQ4)
compared to MTA Repair HP (MTA HP; Angelus, Brazil) and Bio- C Repair (Bio-C; Angelus,
Brazil). In all periods, there were no significant differences in the number of IC, number of IL-
6-immunolabelled cells and in the collagen content among the bioceramic materials (p>0.05).
From 7 to 60 days, there was a significant reduction in the number of IC, in the
immunoexpression of IL-6 and in CT accompanied by a significant increase in the number of
Fb and the amount of collagen. von Kossa-positive and birefringent structures, besides to
OCN-immunolabelled cells were observed in the capsules around all materials, except in the
CG. TCS + CaWO4. is biocompatible and showed bioactive potencial.

Publication 2: To compare the tissue response of Bio-C Pulpo (Angelus, Brazil) with
Biodentine (Septodont, France) and White MTA (WMTA; Angelus, Brazil) tricalcium silicate-
based materials. At 7 and 15 days, significant difference was not found in the CT around Bio-
C Pulpo and Biodentine specimens, but the CT of these groups was greater than in WMTA
(p<0.05); the CT around materials was significantly higher than in CG specimens (p<0.05). At
30 and 60 days, significant difference in the CT was not detected among the groups, including
the CG. Despite the higher number of IC observed at 7 days in Biodentine capsules than in
Bio-C Pulpo and WMTA specimens (p<0.05), no significant differences were observed among
bioceramic materials (p>0.05) at 15 and 30 and 60 days. From 7 to 60 days, there was a
significant reduction in the number of IC, number of IL-6-immunopositive cells and CT, which
was accompanied by a significant increase in the number of Fb and the amount of collagen in
the capsules of all groups. The capsules around all materials showed von Kossa-positive and
birefringent structures, and OCN-immunopositive cells, while these structures as well as OCN-
immunopositive cells were not found in the CG. The Bio-C Pulpo, similarly to Biodentine and
WMTA, is biocompatible and allows the connective tissue repair. Moreover, Bio-C Pulpo
induces the immunoexpression of osteocalcin and the deposition of calcite suggesting that this
material may have a bioactive potential. Thus, the Bio-C Pulpo can be an alternative repair
material in different clinical procedures of pulpotomy, direct and indirect pulp capping, in
deciduous teeth and young permanent teeth.

Keywords: Endodontics. Biocompatibility test. Immunohistochemistry. Interleukin-6.
Osteocalcin.
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1 INTRODUGAO

Um material reparador endodéntico ideal deve tem a capacidade de selar as
vias de comunicagdo entre o sistema de canais radiculares e seus tecidos
circundantes, deve ser ndo téxico, ndo carcinogénico, ndo genotdxico, biocompativel,
insoluvel em fluidos teciduais e dimensionalmente estavel. Os materiais reparadores
sdao amplamente utilizados em pulpotomias, protecdes pulpares, processos de
regeneracdo pulpar, barreiras apicais, perfura¢gdes radiculares e obturacéo
retrograda’-?. Esses materiais apresentam silicato de calcio em sua composigdo sendo
considerados como bioativos?.

O Mineral Triéxido Agregado (MTA) foi desenvolvido por Torabinejad, em
1993, e recomendado como material reparador, o primeiro a ser desenvolvido foi o
MTA cinza3. Em 1998, o ProRoot MTA cinza (ProRoot MTA cinza; Denstply, Tulsa,
OK, USA) foi introduzido no mercado. Este material continha na sua composi¢céo
53,1% de silicato tricalcico, 22,5% de silicato dicalcico, 21,6% de 6xido de bismuto
(Bi203) e vestigios de sulfato de calcio*®. Inicialmente a razao para a introdugao do
MTA branco como substituto do MTA cinza foi fornecer uma tonalidade mais proxima
da cor dos dentes, em oposic¢ao a cor cinza contrastante’. Os elementos de transigéo
tardia como por exemplo Cr, Mn, Fe, Cu tém elétrons d-livres (elétrons ndo envolvidos
na ligagcéo) por isso, exibem cores fortes quando em suas formas de Oxido, ja os
oxidos de elementos que ndo possuem elétrons facilmente excitados como Mg, Al, Si,
P, S, K, Ca e Titendem a ser incolores ou brancos, em contra partida o elemento mais
pesado Bi tem um oOxido amarelo®. O MTA branco da Angelus (WMTA; Angelus,
Industria de Produtos Odontologicos S/A, Londrina, PR, Brasil), comegou a ser
comercializado em Margo de 2002, € considerado um material biocompativel e possui
capacidade de selamento e bioatividade®. A principal diferenca na composicao
quimica entre o MTA cinza (ProRoot; Denstply, Tulsa, OK, USA) e o MTA branco
(MTA; Denstply, Tulsa, OK, USA), € uma diminuigédo significativa na quantidade de
ferro e outros elementos metalicos quando comparado ao cinza'®.

O MTA (Angelus, Industria de Produtos Odontologicos S/A, Londrina, PR,
Brasil) foi denominado como material “hidraulico” a base de silicato de calcio'. A
denominagdo de cimento “hidraulico” ocorreu em 2005'>'! pois esse cimento
necessita de agua para a sua reagao de presa (por meio de uma reagao de

hidratagdo). Assim, este material pode ser empregado em ambientes umidos
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contendo sangue, fluido tecidual, solugées irrigadoras e materiais restauradores'. Ha
formacédo de carbonato de calcio quando esses materiais estdo em contato com o
sangue'3, em obturagbes retrogradas’, na utilizagdo como material de barreira em
procedimentos reparadores'®, e formacédo de apatita quando o material & utilizado
como cimento endodéntico em contato com a dentina’® e em terapias de polpa vital'’.

O MTA é fabricado a partir do Cimento Portland (CP), utilizado na fabricagao
de concreto para a construgdo civil, tanto o ProRoot MTA*512'8 quanto o MTA
Angelus’'. Portanto, o MTA apresenta CP como componente principal’®.
Atualmente a empresa afirma que o MTA ¢é produzido apenas a partir de produtos
sintetizados. Pois, uma desvantagem seria que no estudo realizado com cimento
Portland branco, cimento Portland cinza, GMTA e MTA, mostrou que esses materiais
apresentavam contaminagdo por metais pesados como arsénio, cromo, cadmio,
cobre, ferro, manganés, niquel, bismuto, zinco e chumbo?. Em um estudo com duas
marcas comerciais de MTA (MTA branco; Denstply, Tulsa, OK, USA e MTA branco;
Angelus, Industria de Produtos Odontoldgicos S/A, Londrina, PR, Brasil) mostrou que
estes materiais contendo silicato de calcio apresentaram nivel de contaminagao
semelhante ao CP, onde levando em considerag¢ao que o MTA é constituido por 80%
em peso do cimento, o nivel de contaminagao por ions metalicos é considerado alto
em comparagéo ao CP?".

Com o intuito de eliminar esta desvantagem do MTA, devido aos efeitos
adversos que esses metais pesados podem causar no organismo?®?, biomateriais
contendo silicato tricalcico sintetizado puro tém sido pesquisados?®22, Sendo assim, a
Angelus substituiu o CP industrial por misturas sintéticas de silicato de calcio, por
causa da preocupagao com a lixiviacado de ions de aluminio, detectados em varios
orgaos periféricos e que também estéo associados ao estresse oxidativo no cérebro?*-
31, Além disso, metais pesados toxicos como cromo, arsénico e chumbo sao
encontrados nos CP comerciais, resultantes do uso de matérias-primas e residuos
naturais impuros?'. Com isso, atualmente os cimentos a base de silicatos de calcio
sintéticos sao produzidos em laboratérios com a utilizagdo de matérias-primas mais
puras e com processos de fabricacdo apropriado a fim de evitar essas
contaminagdes’®.

Além da possibilidade de contaminagao pelos metais pesados, a presenga do
oxido de bismuto (Bi2O3) como radiopacificador no MTA provocava aumento na

porosidade®? e na solubilidade®, diminuigédo na sua resisténcia a compress&o®32, além
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da possivel redugao na liberagao de hidroxido de calcio, prejudicando a estabilidade
dimensional do material®®. Além disso, diversos estudos demonstraram a
citotoxicidade®*3® e a reacdo inflamatéria mais intensa provocada pelo 6xido de
bismuto em comparacao a outros radiopacificadores, dentre eles o 6xido de zircénio3%-
39 6xido de nidbio3849 e tungstato de calcio*'42.

A presenca do 6xido de bismuto no MTA da Angelus também foi associada
com a alteragdo de cor das estruturas dentais*®. A alteragdo de cor é atribuida a
interagéo entre o 0xido de bismuto com estruturas dentarias duras*® e o hipoclorito de
sodio utilizado como solugéo irrigadora durante o tratamento*44°. O radiopacificador
oxido de bismuto interage com a dentina e outros componentes, resultando na
migragao de ions para a dentina, causando assim uma alteragdo da coloragdo do
dente*34446_ O dxido de bismuto € um bom agente radiopacificante devido ao seu alto
peso molecular (465,96 g/mol), pois requer pequenas quantidades para um nivel ideal
de radiopacidade (ou seja, 3 mm de Al — norma ISO 6876/2012) em comparagao com
radiopacificadores alternativos, como o tungstato de calcio com 287,92 g/mol e o 6xido
de zircénio com 123,21 g/mol de peso molecular®’.

Os cimentos a base de silicato tricalcico tém sido amplamente utilizados para
terapia endoddntica desde a década de 90, quando o MTA foi introduzido*®. Ha
evidéncias de que o uso de silicato tricalcico fornece propriedades adequadas de
manipulagao, tempo de presa, solubilidade, pH alcalino ao microambiente e liberagédo
de ions calcio, escoamento e porosidade, além de boas propriedades bioldgicas?*
29,49,50_

Os cimentos a base de silicato tricalcico apresentam biocompatiblidade e
estes materiais tem demostrado também potencial bioativo?”51:52. A hidratagcdo do
silicato tricalcico apos reagdo com agua forma silicato de calcio hidraulico hidratado e
hidréxido de calcio®. Viola et al.>* (2012) avaliaram a resposta tecidual por meio de
tubos de polietileno implantados no subcutaneo de ratos e preenchidos com os
materiais MTAS (material experimental MTA Sealer), MTA Angelus e CP. Os autores
encontraram que ocorreu um processo inflamatorio moderado nas capsulas que foi
observado em todos os grupos nos periodos de 7 e 14 dias. Apos 60 dias, verificaram
a reducéo significativa do numero de células inflamatérias em relagdo aos periodos
iniciais, porém nao houve diferengas significantes entre os grupos. A imunomarcagéo
de osteopontina (OPN) foi observada no citoplasma dos fibroblastos das capsulas

proximas aos implantes. Estruturas positivas para o de von Kossa foram também
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observadas nas capsulas adjacentes a todos os materiais implantados. Os resultados
indicaram fortemente que o MTAS, MTA e o CP apresentaram biocompatibilidade e
podem ser empregados como materiais reparadores endodénticos.

A Angelus, em virtude dos diversos estudos que apontavam a citotoxicidade do
oxido de bismuto®*3% em 2018, alterou sua formulagdo substituindo este
radiopacificador pelo tungstato de calcio (CaWO4). O CaWO4 associado ao CP,
promoveu maiores valores de pH e de liberacdo de ions calcio quando comparado ao
MTA da Angelus®®, aumento da resisténcia a compressao e diminuigao da solubilidade
do CP%%%, Além disso, ndo alterou as propriedades mecanicas e o tempo de presa
final do cimento CP puro®. Quando o CaWO foi associado ao CP, o material manteve
a sua propriedade antimicrobiana®, além de n&o ser citotdxico%e.

A associacdo ao CP na proporcdo de 20% de CaWOas, proporcionou ao
material a radiopacidade equivalente a 3,11 mm Al*’. A associagdo de 20% de CaWO4
ao cimento de silicato de calcio apresenta potencial bioativo semelhante ao do WMTA
Angelus, contendo ainda o 6xido de bismuto como agente radiopacificador®®, além de
baixa solubilidade e fornecer um pH alcalino ao meio?®. A associagdo de 30% de
CaWO4 ao cimento de silicato de calcio também resultou num cimento com adequadas
propriedade fisico-quimicas tais como radiopacidade, tempo de presa, solubilidade,
além de manter a liberagcdo de hidroxila (OH"), proporcionando uma alcalinizagdo do
meio e também apresentou viabilidade celular nos ensaios em cultura de células
SAQOS-2 de MTT (Metiltetrazolio), NR (vermelho neutro) e potencial bioativo devido a
inducdo de formacdo de nddulos de mineralizagdo e aumento da expressdo de
fosfatase alcalina?8-0.

O MTA Repair HP (MTA HP; MTA Repair High Plasticity; Angelus, Industria
de Produtos Odontoldgicos S/A, Londrina, PR, Brasil) € um material a base de silicato
tricalcico que apresenta as mesmas indicagdes e 0 mesmo radiopacificador quando
comparado ao WMTA Angelus (com o tungstato de calcio), de acordo com o
fabricante. Porém, uma diferenca encontrada, € a sua consisténcia na manipulagao.
Uma das principais desvantagens do MTA Angelus e do ProRoot MTA (Dentsply,
Tulsa Dental, Tulsa) é a sua consisténcia de manipulacdo e sua dificuldade de
insergdo e condensacgio clinica®®'. Com isso o MTA HP foi desenvolvido a fim de
melhorar essa caracteristica. MTA HP & composto por silicato tricalcico, silicato
dicalcico, aluminato tricalcico, 6xido de calcio e tungstato de calcio (CaWOa4) em seu
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p6 enquanto o liquido contém agua e plastificantes, de acordo com o fabricante
(Angelus, MTA Repair HP). A presenga de plastificantes em seu liquido melhorou a
capacidade de manipulagdo desse material, ja que o WMTA Angelus apresenta uma
consisténcia arenosa e de dificil insercao%2. Ha evidéncia de que a cultura de células
de fibroblastos L929 na presenga de MTA Angelus contendo 6xido de bismuto
mostrou-se mais citotoxica em comparagédo ao MTA HP®%2. Além disso, o MTA HP
implantado no tecido conjuntivo do subcutdneo de ratos apresentou
biocompatibilidade, além de resultados que apontam para uma possivel bioatividade
deste material®?2,

Outro radiopacificador utilizado em materiais reparadores a base de silicato
de calcio é o 6xido de zircdnio (ZrO2) que mostrou ser “inerte”3, desde que nao alterou
as propriedades do material a base de silicato de calcio®%3%4, A associagdo de ZrO-
ao material a base de silicato de calcio n&o interferiu na liberagdo do ions calcio?*3,
e na capacidade de alcalinizar o meio, além de manter o potencial bioativo do
material®>36. Além disso, este radiopacificante ndo sofre lixiviagdo quando imerso em
agua ou HBSS?*. Quando o silicato de calcio hidraulico estd associado ao
radiopacificador ZrO., apresenta um tempo de presa semelhante ao do MTA Angelus
(contendo o 6xido de bismuto), baixa solubilidade, radiopacidade superior a 3 mm Al,
além de proporcionar um pH alcalino ao meio?3¢. O ZrO. microparticulado ou
nanoparticulado associado aos cimentos a base de silicato de calcio, proporcionou
adequadas propriedades fisico-quimicas de radiopacidade, tempo de presa, pH
alcalino ao meio e resisténcia a compressao, além de promover uma menor reagao
inflamatdria em comparacéo ao 6xido de bismuto®.

Um material que apresenta ZrO, em sua composicdo € o Biodentine
(Septodont, Saint Maur des Fossés, Franga), que € um biomaterial a base de silicato
de célcio com indicagdes como material reparador semelhantes as do MTAS67° porém
este material apresenta melhor consisténcia em comparagido ao WMTA"". Biodentine
consiste em um pé que contém silicato tricalcico e dicalcico, carbonato de calcio, além
do ZrO2 como agente radiopacificante. O liquido é composto por cloreto de calcio e
redutor de agua em solugdo aquosa com mistura de um superplastificante a base de
policarboxilato®”8%. A hidratagdo do MTA é mais lenta que a do Biodentine e do silicato
tricalcico associado a 20% de ZrO2, devido a menor quantidade de silicato tricalcico
presente no material®®>. O Biodentine possui um tempo de presa inicial de

aproximadamente 16,2 minutos e final de aproximadamente 35,4 minutos, menor que
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o do MTA Angelus que possui tempo de presa inicial de aproximadamente 24 minutos
e final de aproximadamente 209 minutos. O Biodentine possui radiopacidade de
aproximadamente 2,79 mm de Al, sendo considerada abaixo do valor da norma ISO
6876/200272. Células Saos-2 cultivadas com extratos de Biodentine e de MTA
apresentaram indices de viabilidade celular dentro de padrdes que permitiram sugerir
que estes materiais sdo citocompativeis. Biodentine e de MTA adicionados a cultura
de células Saos-2 transfectadas com o gene que codifica a proteina morfogenética
ossea-2 (BMP-2) mostraram resultados sugestivos de que estes materiais devem
apresentar bioatividade’®. Perfuragbes de furca em molares de ratos selados com
Biodentine ou MTA (com 6xido de bismuto) promoveram uma redugéo significante no
infiltrado inflamatorio, na imunoexpressao de interleucina-6 (IL-6) e de osteoclastos,
além de favorecerem o aumento significante de fibroblastos, osteoblastos e colageno
no ligamento periodontal, indicando que os materiais favoreceram a reparagdo dos
tecidos periodontais’. O Biodentine também induziu a formagdo de tecido
mineralizado pelas células do periodonto em dentes de cdes com perfuragcdo de
furca®®. Implantes de Biodentine no tecido conjuntivo do subcutdneo também
apresentou capsulas com estruturas positivas ao von Kossa nos periodos de 1,4 e 8
semanas, além da detecgdo de precipitados superficiais nos implantes contendo
calcio e fésforo apds a realizagdo de microscopia eletrbnica de varredura e
espectroscopia de raios X por dispersao de energia (SEM/EDX), sugerindo o potencial
bioativo deste material”. A presenca de calcificagéo distrofica foi observada apds 15
dias em capsulas formadas em resposta ao MTA e ao Biodentine, bem como
impregnacao de prata pelo método de von Kossa nas estruturas, indicando o inicio do
processo de mineralizagdo. Na analise de luz polarizada, as capsulas ao redor do
WMTA e Biodentine, apés 30 e 60 dias, apresentaram estruturas birrefringentes
proximas a abertura dos tubos, indicando a formacéo de estruturas mineralizadas’®.
O Bio-C Repair (Angelus, Industria de Produtos Odontologicos S/A, Londrina,
PR, Brasil) € composto por silicatos de calcio, aluminato de calcio, 6xido de calcio,
oxido de zircénio, oxido de ferro, dioxido de silicio e agente de dispersédo, que se
apresenta pronto para uso e com indicagdes semelhantes ao MTA. Benetti et al.”’
(2019) avaliaram a citotoxicidade, a biocompatibilidade e a biomineralizacdo dos
materiais MTA, MTA HP e Bio-C Repair, por meio da exposicdo de células de
fibroblastos L929 aos extratos dos materiais, bem como por meio de implantes em
subcutaneo de ratos por 7 e 30 dias. A analise das culturas das células L929 revelaram
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qgue todos os materiais apresentaram citocompatibilidade apds 48 horas de exposi¢cao
aos extratos em todas as diluicées. Apds 7 e 30 dias aos implantes no subcutaneo, os
materiais causaram uma resposta inflamatoria moderada e leve, respectivamente, e
todos apresentaram capsulas contendo estruturas positivas ao von Kossa e
birrefringentes, sugerindo potencial para induzir biomineralizagao.

Lopés-Garcia et al.”® (2019) demonstraram as propriedades bioldgicas do cimento Bio-
C Repair, onde apresentou valor de pH alcalino e maior viabilidade celular, adesdo
celular e maiores taxas de migragéo celular em células da polpa dentaria humana
(hDPCS), quando comparado ao Bio-C Sealer. Ghilotti et al.”® (2020) avaliaram a
citoxicidade do Bio-C Repair e o Biodentine em hDPCS, por meio da analise da
viabilidade celular (ensaio MTT), morfologia celular (ensaio de imunofluorescéncia) e
fixagdo celular (ensaio de citometria de fluxo), e a caracterizagdo dos elementos
quimicos dos materiais foi realizada por microscopia eletrénica de varredura (MEV) e
analise de energia dispersiva de raios X (SEM-EDX); os autores observaram que o
Biodentine era composto principalmente por calcio, carbono e oxigénio (entre outros
elementos), enquanto que o Bio-C Repair evidenciou uma baixa concentracéo de
calcio e a maior concentracdo de zircénio, na analise de MEV houve uma adesao
adequeda das células da polpa aos materiais sem alteracdes no citoesqueleto nos
eluatos dos materiais; o Bio-C Repair apresentou excelente citocompatibilidade
semelhante ao Biodentine. Oliveira et al.®% (2020) analisaram a descoloragao,
radiopacidade, pH e liberacao de ions calcio de Biodentine, Bio-C Repair e Bio-C temp
e seus efeitos biologicos nas células da polpa dental humana (hDPCs); os autores
concluiram que o Bio-C Repair apresentou maior radiopacidade e menor alteracédo de
cor do que os demais materiais avaliados e viabilidade celular maior que 80%, porém
todos os materiais proporcionaram valores de pH alcalino ao meio de imersao.

O Bio-C Pulpo (Angelus, Brasil) € um material bioceramico que contém o
radiopacificador ZrO2> em sua composicdo. Ele € composto por silicato tricalcico,
silicato dicalcico, calcio aluminato, hidroxido de calcio, 6xido de zircdnio, fluoreto de
calcio, dioxido de silicone e 6xido de ferro e seu liquido apresenta agua destilada,
plastificante, cloreto de calcio e metilparabeno. Este material possui propriedades
fisico-quimicas adequadas no que se refere a radiopacidade, tempo de presa,
escoamento, alteracdo dimensional, além de proporcianar uma alcalinizagdo ao
meio®!. O Bio-C Pulpo € um material biocompativel e induz a imunoexpressdo de

osteocalcina (OCN), osteopontina (OPN) e sialoproteina éssea (BSP) no tecido
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conjuntivo do subcutaneo de ratos, semelhantemente ao MTA (Angelus) com o éxido
de bismuto como radiopacificador®?. Bio-C Pulpo, MTA HP e MTA (com tungstato de
calcio) quando implantados no subcutdneo de ratos induziram inicialmente uma
reacao inflamatéria moderada que reduziu gradativamente com o decorrer do tempo.
Além disso, o Bio-C Pulpo, semelhantemente ao MTA HP e ao WMTA, promoveu a
deposigao de estruturas positivas ao von Kossa, além de estruturas birrefringentes
sugerindo que estes materiais bioceramicos possam ter um papel indutor na
biomineralizacdo. Esta hipdtese foi reforcada pela presencga da fosfatase alcalina em
células adjacentes as estruturas von Kossa-positivas. Além disso, a analise histolégica
de cortes do figado e analises bioquimicas das enzimas hepaticas glutamico-
oxaloacético transaminase (GOT) e glutédmico-piruvico transaminase (GPT) também
indicaram que estes materiais ndo induzem alteragées no figado®2.

Estudos prévios avaliando as propriedades fisico-quimicas, biolégicas e
antimicrobianas de materiais a base de silicato tricalcico puro (Mineral Research
Processing, Meyzieu, Franga) associado aos radiopacificadores ZrO,, CaWO4 e o
MTA HP demonstraram que esses materiais apresentaram adequadas propriedades
fisico-quimicas no que se refere ao tempo de presa, solubilidade, pH e radiopacidade.
Os materiais apresentaram citocompatibilidade quando expostos as células Saos-2,
além de estimular a expressdo génica para fosfatase alcalina e deposigdo de
estruturas positivas ao vermelho de alizarina, sugerindo um potencial bioativo destes
materiais. Os cimentos de TCS associados ao ZrO2 ou CaWO4 bem como o MTA HP
apresentaram efetividade contra as bactérias E. faecalis. Esses dados sugerem que
o cimento de TCS puro associado aos radiopacificadores ZrO2, CaWO4 sao
semelhantes ao MTA HP e apresentam boas propriedades para serem utilizados
como biomateriais reparadores na Endodontia?®%. O TCS + CaWQ4 apresentou os
maiores valores de radiopacidade (4.61 mm Al), a menor solubilidade (0,81%) e pH
alcalino em todos os periodos avaliados (3 horas, 12 horas, 24 horas, 7 dias, 14 dias
e 21 dias). Os resultados obtidos com células Saos-2 cultivadas com extrato do TCS
+ CaWOg4 sugeriram que este material € citocompativel; no ensaio de gPCR (PCR real
time) ocorreu a estimulagcdo da maior expresséo génica para fosfatase alcalina (ALP),
além disso houve a deposi¢éo de estruturas positivas ao vermelho de alizarina (ARS),
sugerindo um potencial bioativo deste material. No teste de contato direto com células
planctonicas do E. faecalis ndo foram detectas unidades formadoras de colbnias

(CFU), sugerindo o potencial anti-microbiano deste material. Diante desses resultados
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promissores do material TCS associado a 30% de CaWO, obtidos no estudo in vitro?®
e diante da norma ISO 10993-6/2006 que preconiza que os materiais sejam avaliados
in vivo, particularmente a sua biocompatibilidade, foi idealizado o modelo experimental
do presente estudo. As avaliagdbes de biocompatibilidade e bioatividade sao
importantes, desde que os materiais reparadores endoddnticos entram em intimo
contato com os tecidos periapicais®®3. Dentre os diferentes métodos para avaliar a
bicompatibilidade de materiais, a analise da reagdo inflamatéria assoaciada a
espessura da capsula sdo parametros indicativos da intensidade bem como da
extensdo do processo inflamatério induzido pelos materiais endoddnticos284-86, A
deteccdo imuno-histoquimica de interleucinas (IL) pro-inflamatdrias, dentre elas a IL-
1 e IL-6, constitui-se em parametros que fornecem maior suporte aos resultados
quantitativos da reagéo inflamtoria®28487. A IL-6 € produzida por uma variedade de
células que incluem macrofagos, linfocitos, plasmdécitos, células endoteliais,
fibroblastos e mastécitos® 8. Ha indicios de que essa citocina seja responsavel pela
manutencdo da reacdo inflamatdria, maturagcdo dos plasmécitos e ativacdo e
diferenciagdo das células T%%°. A reducéo significante na imunoexpressdo da IL-6
que ocorre concomitante a regressdo do processo inflamatério, aponta para uma
importante participagdo desta interleucina na cascata de eventos induzidos pelos
materiais dentarios implantados no tecido conjuntivo do subcutaneo de ratos,
contituindo-se numa metodologia indicada para a avaliagdo do processo
inflamatdérip52.8386,87.90,

O potencial bioativo dos materiais endodénticos implantados no tecido
conjuntivo do subcuténeo tem sido avaliado por diferentes metodologias, dentre elas
a deteccdo de osteocalcina (OCN)>'9277  osteopontina®*192 e sialoproteina
0ssea®82 proteinas da matriz 6ssea que sdo secretadas pelos osteoblastos. A
deteccao de fosfatase alcalina, enzima envovlida com o processo de mineralizagao
dos tecidos, também tem sido utilizada como uma das ferramentas sugestivas do
potencial bioativo dos materiais endodénticos®?8%. O método de von Kossa para
detectar a deposigdo de calcio/fosfato® nas capsulas ao redor dos implantes tem sido
amplamente utilizado como um método sugestivo do potencial bioativo dos materiais.
Frequentemente, a este método associa-se a analise sob luz polarizada de cortes sem
coloragéo para avaliar a presenga de estruturas birrefrigentes, que sdo indicativas de

calcita amorfg52:62.77.86,94.95
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Diante dos resultados in vitro favoraveis obtidos com o cimento experimental
a base de silicato tricalcico (TCS) contendo 30% de CaWQ4?8, no presente estudo foi
avaliado in vivo a reacgéo tecidual e a bioatividade deste material experimental (70%
de TCS + 30% do CaWO4) em comparagéo ao Bio-C Repair e MTA HP. No segundo
artigo, nosso proposito foi comparar a resposta tecidual dos materiais bioceramicos
reparadores que também podem ser indicados para pulpotomia, Bio-C Pulpo em
comparacao ao Biodentine e WMTA.
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2 PROPOSICAO

2.1 Objetivo Geral

No presente estudo, foi avaliado a reagado tecidual causada por materiais
bioceramicos implantados no tecido conjuntivo do subcuténeo dorsal de ratos adultos.
A biocompatibilidade dos materiais foi avaliada por meio da descricdo morfoldgica e
morfométrica da reacao inflamatéria, espessura das capsulas, imunoexpressao de
interleucina-6, presenga de fibroblastos e colageno nas capsulas. A bioatividade dos
materiais foi investigada a partir do von Kossa, presencga de calcita birrefringente e
imunoreatividade a osteocalcina. A pesquisa foi dividida em duas partes, com os
seguintes objetivos especificos de cada artigo:

2.2 Objetivos Especificos

Artigo 1- Avaliar a biocompatibilidade e o potencial bioativo de um material
reparador experimental contendo silicato tricalcico puro (TCS) associado ao
radiopacificador tungstato de calcio (CaWO4), em comparagdo ao MTA Repair HP
(Angelus, Industria de Produtos Odontologicos S/A, Londrina, PR, Brasil) e ao Bio-C

Repair (Angelus, Industria de Produtos Odontologicos S/A, Londrina, PR, Brasil).

Artigo 2- Comparar a reagdo tecidual induzida pelos materiais a base de
silicato tricalcico Bio-C Pulpo (Angelus, Industria de Produtos Odontologicos S/A,
Londrina, PR, Brasil), Biodentine (Septodont, Saint Maur des Fossés, Franga) e MTA

branco (Angelus, Industria de Produtos Odontolégicos S/A, Londrina, PR, Brasil).
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3 PUBLICAGOES

3.1 Publicagéao 1*

Abstract

Aim To evaluate the tissue reaction of a tricalcium silicate-based repair material associated with 30%
calcium tungstate (TCS + CaWOs) in comparison to Bio-C Repair (Bio-C; Angelus, Brazil) and to MTA
Repair HP (MTA HP; Angelus, Brazil).

Methodology Polyethylene tubes filled with one of the materials or empty (control group, CG) were
implanted into the subcutaneous tissues of rats for 7, 15, 30 and 60 days (n=8/group per period). The
implants with surrounding connective tissue were removed and prepared for paraffin-embedding. The
capsule thickness, number of inflammatory cells and the amount of collagen were measured. Interleukin-
6 (IL-6) and osteocalcin (OCN) immunohistochemistry reactions were performed and the number of
immunolabelled cells was computed. von Kossa reaction and analysis of unstained sections under
polarized light were also carried out. Data were submitted to two-way ANOVA analysis followed by
Tukey post-hoc test (p<0.05).

Results In the periods of 7, 15 and 30 days, no significant differences in the number of inflammatory
cells, number of IL-6-immunopositive cells and in the collagen, content were observed among TCS +
CaWOys, Bio-C and MTA HP materials (p>0.05). At 60 days, no significant difference was observed in
the number of inflammatory cells and in the immunoexpression of IL-6 among bioceramic materials and
CG specimens (p>0.05). From 7 to 60 days, a significant reduction in the number of inflammatory cells,
number of IL-6-immunopositive cells and in the capsule, thickness was accompanied by a significant
increase in the collagen in the capsules of all groups. OCN-immunolabelled cells, von Kossa-positive
structures and amorphous calcite deposits were observed in the capsules around all materials. In contrast,

these structures and immunoexpression of OCN were not seen in the CG specimens.

* O artigo segue as normas do periédico International Endodontic Journal, ao qual foi submetido € esta
em revisao.
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Conclusions These findings indicate that the experimental material (TCS + CaWOys) is biocompatible
and has a bioactive potential, similarly to the MTA HP and Bio-C Repair, and suggest its use as a root

repair material.

INTRODUCTION

White mineral trioxide aggregate (WMTA, Angelus, Londrina, Brazil) is indicated for several
clinical procedures including pulp capping, root repair, retrograde filling, and apexification due its
physicochemical and biological properties (Cintra et al. 2017, Tanomaru-Filho et al. 2017, Lee et al.
2018, Benetti et al. 2019, ElReash et al. 2019, Ferreira et al. 2019). However, the composition and
manufacture of MTA has undergone modifications over time in an attempt to reduce its drawbacks such
as granular consistency, long setting-time, difficulty in handling, and change in tooth colour (Marciano
et al. 2017, De Souza et al. 2018, Ferreira et al. 2019, ElReash et al. 2019). Although the tooth
discoloration seems to be solved by replacing bismuth oxide (radioapacifier) by calcium tungstate
(CaWO,), the WMTA-Angelus is a material manufactured from Portland Cement (PC) and contains
tricalcium aluminate, besides di- and tricalcium silicate (Camilleri 2020). On hydration reaction, in
addition to the calcium silicate hydrate and calcium hydroxide, WMTA gives also rise to a calcium
aluminate phase associated with un-reacted powder (Camilleri 2011).

Tricalcium silicate (TCS) is manufactured by the sol-gel method using calcium oxide and silicon
oxide as pure raw materials (Din ef al. 2009, Camilleri 2011). The X-ray diffraction analysis showed
that TCS was 99% pure while the Portland cement contained only 68% of tricalcium silicate. In addition,

the pure TCS provided a greater deposition of hydroxyapatite after immersion in physiological solution

than the PC (Camilleri 2011). Thus, experimental TCS materials have been proposed as alternative
materials to the WMTA-Angelus (Camilleri et al. 2013, Grech et al. 2013, Camilleri et al. 2014a,
Barbosa et al. 2021, Queiroz et al. 2021a and 2021b, Taha et al. 2021). Several agents, such as niobium
oxide, zirconium oxide and calcium tungstate, have provided adequate radiopacity to the calcium
silicate-based materials for use as endodontic repair filling material (Silva et al. 2014 and 2015, Bosso-

Martelo et al. 2016, Barbosa et al. 2021, Queiroz et al. 2021b).
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Calcium tungstate (CaWOy) associated with TCS-based cements has shown, in accordance with
the ISO standard 6876/2012, adequate physical-chemical properties including the solubility, radiopacity,
setting time, alkaline pH (Bosso-Martelo ef al. 2016, Queiroz et al. 2021b), flowability, film thickness
and porosity (Marciano ef al. 2016). In a previous study, an experimental TCS-based cement (70% TCS
with 30% CaWQ,) exhibited low cytotoxicity to the human osteoblastic cells (Saos-2). Alkaline
phosphatase (ALP) activity was greater in Saos cells exposed to cement extracts of 70% TCS with 30%
CaWO, than those containing TCS + niobium oxide and MTA Repair HP. Exposure of Saos-2 to the
70% TCS + 30% CaWO4 cement extracts showed an overexpression of ALP mRNA and an accentuated
amount of mineralized nodules. Moreover, this experimental material (70% TCS+30% CaWO,), in
direct contact with planktonic E. faecalis, exhibited antibacterial effectivity (Queiroz et al. 2021b).

Currently, MTA Repair HP (MTA HP; Angelus Industria de Produtos Odontologicas S/A), a
tricalcium silicate-based material containing CaW Oy as radiopacifier, is available on the market. MTA
HP has setting time, solubility and radiopacity according to ISO standard 6876/2012 (Guimaraes ef al.
2018, Queiroz et al. 2021b), 14,96 % of water sorption (Guimaraes et al. 2018), provides an alkaline pH
(around 10) to the microenvironment (Queiroz et al. 2021b), releases calcium ions (Guimaries et al.
2018) and presents antibacterial activity against E. faecalis (Queiroz et al. 2021b). MTA HP was not
cytotoxic to Saos-2 cells and induced the formation of mineralized nodules similar to white MTA
Angelus (Cintra et al. 2017, Tomas-Catala et al. 2017). Morphological and immunohistochemistry
findings revealed that MTA HP implanted into subcutaneous tissues is biocompatible and has a bioactive
potential (Delfino ef al. 2021), suggesting that this material may be an alternative for clinical use.

Bio-C Repair (Bio-C; Angelus) is a new ready to use bioceramic repair material. Bio-C has
indications similar to MTA Angelus and is composed of calcium silicates [tricalcium silicate (Ca3SiOs),
besides dicalcium silicate (Ca,Si04)], calcium aluminate, calcium oxide, zirconium oxide (ZrO,), iron
oxide, silicon dioxide and dispersing agent. Bio-C Repair co-cultured with L929 fibroblasts presented
cytotoxicity similar to the MTA HP and white MTA Angelus (Benetti ef al. 2019). An in vitro study
comparing the cytocompatibility of Bio-C Repair, Biodentine and ProRoot MTA revealed a high

viability index of human dental pulp cells (hDPCS) exposed to these cements. Moreover, no
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cytoskeleton change was observed in hDPCS, which were adhered to repair cements (Ghilotti et al.
2020).

However, dispersing agents and plasticizers added to Bio-C Repair and MTA HP can alter
the biological response of materials (Lima et al. 2020) since these plasticizers may contain resins that
inhibit cell viability and proliferation, and could promote possible systemic damage (Bakopoulou et al.
2009, Delfino ef al. 2021).

In the present study, we evaluated the inflammatory reaction and the presence of osteocalcin
and structures indicative of calcite deposits induced by an experimental pure TCS associated with 30%
CaWO,, used as radiopacifier agent, in comparison with Bio-C Repair and MTA Repair HP. The null
hypothesis would be that the tissue response induced by the experimental bioceramic material would
not be different from that Bio-C Repair and MTA Repair HP materials when implanted in the

subcutaneous tissue of rats.

MATERIALS AND METHODS
Animals

This study was approved (protocol # 03/2019) by the Ethical Committee for Animal Research
of XXXXXX (XXXXXXX) in compliance with XXXX national law on animal use. Animal care was
described according to Preferred Reporting Items for Animal Studies in Endodontology (PRIASE) 2021
guidelines (Nagendrababu et al. 2021).

Thirty-two adults male Holtzman rats (Rattus norvegicus albinus), weighing an average of 220
gr were used in this study. The animals were kept in the room under a light-dark 12:12 cycle at controlled
temperature (23 £ 2°C) and humidity (55 £ 10%) and with food and water provided ad libitum. The
animals were housed in polyethylene cages (40x30x15 cm) with white pine shavings bedding. The
animals were randomly distributed in according to the sacrifice period, as followed: 7, 15, 30 and 60
days after implantation into subcutaneous tissues (8 animals in each period). In each animal, four
polyethylene tubes (one from each group) were implanted into the subcutaneous tissues. The groups
were named as follows: TCS + CaWOy (Tricalcium silicate cement + 30% Calcium Tungstate), Bio-C

Repair (Bio-C; Angelus, Londrina, Brazil), MTA HP (MTA Repair HP; Angelus, Londrina, Brazil) and
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Control Group (CG, empty polyethylene tubes). The chemical composition and trade were described in
Table 1. In each animal, the four polyethylene tubes (one of each group) were randomly positioned in
the subcutaneous tissues.

The sample size estimation was based in previous study, which has also evaluated the
biocompatibility of bioceramic materials implanted into the subcutaneous tissues (Delfino et al. 2021).
In the present study, the sample size (n=7) was calculated for detection of a 30% difference among
materials considering a 15% variability using 90% test power and an alpha error of 0.05 to recognize
significant differences. Considering the possible animal loss during experiment or sample loss during
histological procedures, 8 animal per material were used in each period (Figure 1). However, the
morphological, morphometrical and immunohistochemical analyses were conducted with 7 samples of
each group per period.

Materials handling

The experimental material (TCS + CaWOQs) was previously prepared using a ratio of 70% TCS
(Mineral Research Processing, Meyzieu, France) and 30% calcium tungstate (CaWOs; Sigma Aldrich,
St Louis, MO, USA) by weight. This experimental material was mixed at a ratio of 1g of powder and
330 pl of distilled water during 60 seconds when the material exhibited a putty consistency. The Bio-C
Repair is provided by manufacturer in a syringe ready to use; this material exhibits a creamy consistency.
MTA HP was prepared using a powder/liquid mixing ratio of 1g : 340 pl of vehicle (water and
plasticizer) for 40 seconds, obtaining a cement similar a modeling clay. All materials were prepared for
used as retrograde filling. The materials were manipulated inside a laminar flow chamber under aseptic
conditions, with sterile glass plate and spatula, and inserted into the sterile polyethylene tubes with the
aid of an amalgam presser. After that, the tubes containing the materials were immediately inserted into
the animals subcutaneous.

Surgical procedures

The animals were anesthetized with a solution containing 0.08mL of 10% ketamine
hydrochloride (Virbac do Brasil Industria e Comércio Ltda, Sao Paulo, Sdo Paulo, Brazil) and 0.04mL
of 2% xylazine hydrochloride (Unido Quimica Farmac€utica Nacional S / A, Sdo Paulo, Sido Paulo,

Brazil) per 100 g of body weight administered with a syringe and insulin needle by intraperitoneal route.



25

After sedation, the animals had the dorsal region shaved and the antisepsis was made with a 5% iodine
solution; subsequently, a 2 cm incision was made in the cranio-caudal plane with the aid of a n°® 15
scalpel blade (Fibra Cirargica, Joinville, Santa Catarina, Brazil). The skin was divulsed with blunt-ended
scissors and, subsequently, the polyethylene tubes (Embramed Industria e Comércio Ltda., Sao Paulo,
Sdo Paulo, Brazil) measuring 10 mm length x 1.5 mm diameter were inserted into subcutaneous
connective tissue. In each animal, four polyethylene tubes (one tube per group) were placed in the dorsal
subcutaneous tissue. One hundred and twenty-eight polyethylene tubes were implanted in thirty-two
animals (four implants in each animal). The incised skin site was sutured with simple stitches using 4-0
silk thread (Ethicon Inc., Sao José¢ dos Campos, Sao Paulo, Brazil). After 7, 15, 30 and 60 days of
implantation, eight animals (in each time point) were euthanized with anesthetic overdose and the
implants were removed with the surrounding tissues.
Histological processing

The tissues surrounding the implanted polyethylene tubes were removed and immediately
immersed in a 4% formaldehyde solution (prepared from paraformaldehyde) buffered with 0.1 M
sodium phosphate with pH 7.2 at room temperature. After 48 hours, the samples were dehydrated,
treated with xylene and immersed in liquid paraftin at 60°C during 4 hours. The samples were embedded
in paraffin for obtaining longitudinal sections of implants. Using a rotating microtome (Leica, model
RM2125 RST, Heidelberg, Germany) and disposable stainless-steel knives (Leica, model 818,
Heidelberg, Germany), forty 6-um-thick sections were adhered onto glass slides. Five slides containing
two non-serial sections were stained with haematoxylin and eosin (HE) for morphological analysis and
estimation of the number of inflammatory cells in the capsules. In sections adhered to silanized slides
with 4% 3-aminopropyltriethoxysilane (Sigma-Aldrich Co., Saint Louis, Missouri, USA),
immunohistochemistry reactions for detection of interleukin-6 (IL-6) and osteocalcin (OCN) were
carried out.
Biocompatibility assays
- Morphological and quantitative analyses in HE-stained sections

The main constituents of capsules such as cell types (inflammatory cells and fibroblasts),

presence of collagen fibers, blood vessels, and extension of inflammatory reaction were analyzed.
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To estimate whether the adjacent tissues were damaged and the extent of inflammatory reaction,
the capsule thickness was measured. In each specimen, the thickness of capsule was measured from
three HE-stained non-serial sections (distance between the sections around 100 um). In each section, the
image was captured at 65x magnification and the measuring was made from the capsule surface to the
adjacent tissues (Saraiva et al. 2018, Delfino ef al. 2021) using an image analysis system (Image-Pro
Express 6.0, Olympus). Thus, the capsule thickness was obtained from the average value of the three
measurements made in each specimen. According to Yaltirik ez al. (2004), the capsules measuring until
150 um were categorized as thin, while those with thickness greater than 150 pm were considered thick.

The degree of the inflammatory infiltrate was also estimated in three non-serial sections (with
minimum interval between sections of 100 um) per specimen. In each section, a standardized field (0.09
mm?) of the capsule adjacent to the opening of the implanted tubes was captured at X695 magnification.
In each specimen, the number of inflammatory cells and fibroblasts was computed in a total field of 0.27
mm?. The number of inflammatory cells (neutrophils, lymphocytes, plasma cells and macrophages) was
computed using an image analysis system (Olympus Image-Pro Express 6.0 program, Tokyo, Japan).
Morphological features such as: multilobed nucleus (neutrophils), rounded cell with round and
basophilic nucleus (lymphocytes), elliptical cells with nucleus eccentrically located in the basophilic
cytoplasm (plasma cells), irregularly shaped cells with indented nucleus (macrophages) were used to
identify the inflammatory cells (Silva et al. 2014, da Fonseca et al. 2016, Delfino et al. 2020). The
fibroblasts were identified by elliptical/fusiform shape. Thus, the number of inflammatory cells and
fibroblasts per mm?” was estimated in each specimen. This analysis was performed in all specimens of
all groups and periods.

- Immunohistochemistry for detection of IL-6

For detection of IL-6, the mouse monoclonal anti-IL-6 antibody (Abcam Inc., Cambridge, MA,
USA; code: ab9324) was used. The immunohistochemistry for IL-6 detection was performed in all
specimens (n = 7 samples per group/period). After dewaxed and hydration, the slides were immersed in
0.001 M sodium citrate buffer with pH 6.0 and the sections were heated in a microwave for 30 min at
94-98 °C for antigen recovery. After cooling-off, the sections were washed in 0.05 M Tris-HCI buffer

with pH 7.4 and, then, immersed in 5% aqueous hydrogen peroxide solution for 20 min to block
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endogenous peroxidase. After washings, the sections were incubated in 2% bovine serum albumin
(BSA; Sigma-Aldrich Co., Saint Louis, Missouri, USA) for 30 minutes at room temperature. Then, the
sections were incubated overnight (16 to 18 hours) in a humid chamber at 4°C with mouse anti-IL-6
primary antibody at 1:100 dilution. Afterwards, the sections were incubated for 1 hour at room
temperature with labelled polymer-HRP (EnVision + Dual Link System-HRP, Dako Inc., Carpinteria,
CA, USA; code: K4061). Subsequently, the sections were washed in TRIS buffer, and peroxidase
activity was revealed by the 3,3'-diaminobenzidine chromogen (DAB; Dako Inc., Carpinteria,
California, USA; code: K3468) for 3 min. The sections were counterstained with Carazzi's hematoxylin.
As negative controls, sections were submitted to all steps, except the incubation with primary antibody,
which was replace by non-immune serum.

The number of immunostained cells (brown/yellow colour) was computed in the capsules of all
specimens. Using a digital camera (DP-71, Olympus, Tokyo, Japan) coupled to a light microscope (BX-
51, Olympus, Tokyo, Japan), a standard area of 0.09 mm? of the capsule adjacent to the opening of the
tube was captured, at x695 magnification. The number of IL-6-immunolabelled cells was computed with
the aid of an image analysis system (Image Pro-Express 6.0, Olympus). Thus, the number of
immunolabelled cells per mm? of capsule was calculated in each specimen, and the average per group
in each time point was calculated.

- Amount of collagen in the capsules

The collagen in the capsules was quantified in sections subjected to the 0.1% picrosirius-red
solution and analyzed under polarized light microscope (BX-51, Olympus). In each specimen, three
non-serial sections (minimal distance between sections of 100 um) were used. Using a digital camera
attached to the light microscope equipped with polarized filters, a field of the capsule was captured at
x695 magnification with rigorously standardized parameters (light intensity, diaphragm aperture,
condenser position and exposure time).

The Image]® image analysis software (http://rsbweb.nih.gov/ij) was used to estimate the
birefringent collagen content in the capsules. The hue definition considered in the birefringence was as
follows: red/orange, 2—38 and 230-256; yellow, 39-51; and green, 52—128 (Koshimizu et al. 2013, de

Pizzol-Junior et al. 2018). Thus, the amount of collagen was represented by the percentage of
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birefringent areas (from hue choice) of the total area (expressed in pixels) calculated by image analysis

program (Silva et al. 2017).

Immunoexpression of osteocalcin (OCN), presence of von Kossa-positive and birefringent
structures
- Immunohistochemistry for detection of OCN

After dewaxing, the antigen recovery was obtained by immersion of sections in 0.001 M sodium
citrate buffer at pH 6.0 heated in microwave at 94 °C for 10 min. After cooling, the sections were washed
in sodium phosphate buffer (50mM PBS + 200mM NaCl, pH 7.3), and the endogenous peroxidase was
inactivated by treatment in 5% aqueous hydrogen peroxide solution for 30 min. After washings, the
sections were incubated with 2% BSA, for 30min at room temperature and, subsequently, the sections
were incubated overnight at 4 °C with rabbit anti-osteocalcin primary antibody diluted 1:500 (Sigma-
Aldrich Co., Saint Louis, Missouri, USA; code: SAB 1306277 -40TST). The sections were washed and
incubated for 1 hour with labelled polymer-HRP (EnVision + Dual Link System-HRP, Dako Inc.,
Carpinteria, CA, USA; code: K4061) at room temperature. After washing in buffer, the reaction was
reveled with DAB (Dako Inc., Carpinteria, California, USA; code: K3468) and the sections were
counterstained with Carazzi’s haematoxylin. As negative control, sections were incubated with non-
immune serum instead of primary antibody.

The immunohistochemistry for osteocalcin detection was performed in all specimens. A
standardized field was captured at x40 magnification (final magnification: x695) in the middle portion
of the capsule in juxtaposition to the tube opening. Using an image analysis system, the cells exhibiting
immunolabelling in their cytoplasm (in brown/yellow colour) were computed in a standardized area (in
the middle portion). Thus, the number of OCN-immunolabelled cells per mm? was calculated in each
specimen.
von Kossa reaction and birefringent structures

In each specimen, three non-serial sections were subjected to the von Kossa reaction for
detection of calcium/phosphate deposits (Meloan & Putcher 1985) in the capsules. After hydration, the

sections were immersed in the cold 5% silver nitrate solution for 1 hour under an incandescent lamp
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(100 Watts). The slides were quickly washed in distilled water and, then, immersed in 5% sodium
hyposulfite solution for 5 min. After washing in distilled water for 5 min, the sections were stained with
picrosirius-red (Viola et al. 2012, Delfino et al. 2020) and mounted in resinous medium (Permount®,
Fisher Scientific, New Jersey, USA).

To confirm the presence of calcium deposits, unstained sections were dewaxed, mounted in
resinous medium and analyzed under polarized illumination (BX-51, Olympus, Tokyo, Japan) to verify
if birefringent structures were present in the capsules.

Statistical analysis
The data were evaluated by two-way ANOVA analysis followed by the Tukey post-hoc test

(Prism 6.0 software; GraphPad, San Diego, CA, USA) at significance level of p<0.05.

RESULTS

Biocompatibility assays

-Morphological findings and thickness of capsules

The general view of HE-stained sections (Figure 2a-2p) revealed that the inflammatory reaction
induced by materials was located in the connective tissue in close juxtaposition to the opening of
polyethylene tubes. None inflammatory infiltrate was observed in the adjacent loose connective and
muscle tissues. Moreover, after 60 days, the capsules were apparently thinner than those of the initial
time point.

As shown in Figure 2q, at 7 and 15 days, the capsules thickness of TCS + CaWO, specimens
was significantly higher than those of the other groups (p<0.05) whereas no significant difference was
detected between Bio-C and MTA HP. In these periods, the lowest values were observed in the CG
specimens (p<0.05). After 30 days, no significant difference was detected between TCS + CaWO, and
CG, TCS + CaWO; and MTA HP as well as between Bio-C and MTA HP specimens. However, the
capsules of TCS + CaWO4 was thinner than those of Bio-C (p=0.0481) whereas the thickness of capsules
in Bio-C (p=0.0017) and MTA HP (p=0.0025) was significantly greater than CG specimens. At 60 days,

no significant difference was observed among groups; all groups exhibited thin capsules (from 70 to
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149 pm). In all groups, a significant reduction in the thickness of capsules was observed from 7 to 60

days.

-Inflammatory reaction and number of fibroblasts

At 7 days, the specimens of all groups were invariably surrounded by capsules containing
numerous inflammatory cells, mainly macrophages, plasma cells and lymphocytes (Figure 3a-3d).
Despite the marked presence of inflammatory infiltrate in the capsules after 15 days, fibroblasts
dispersed among blood vessels, macrophages and thin collagen fibers were observed (Figure 3e-3h). At
30 (Figure 3i-31) and 60 (Figure 3m-3p) days, the capsules of all groups exhibited connective tissue with
fibroblasts between bundles of collagen fibres; few inflammatory cells were observed.

Concerning numerical density of inflammatory cells (Figure 3q), the highest values were
observed in all groups at 7 days. At 7 and 15 days, no significant difference was detected (p>0.05) in
the number of inflammatory cells among TCS + CaWQ4, Bio-C and MTA HP specimens (p>0.05); in
these groups, the number of inflammatory cells were significantly higher than in CG group (p<0.05).
After 30 and 60 days, significant differences in the number of inflammatory cells were not observed
among the TCS + CaWO4, Bio-C, MTA HP and CG groups (p>0.05). In all groups, a significant
decrease in the number of inflammatory cells was observed in the capsules from 7 to 60 days (p<0.05).

Regarding the number of fibroblasts (Figure 3r), significant differences were not observed
among the groups, except at 30 days. In this period, the capsules of Bio-C contained a greater number
of fibroblasts than the capsules of CG (p=0.0076) and TCS + CaWO4 (p=0.0208). From 7 to 60 days, a
significant increase in the number of fibroblasts was detected in the capsules of all groups.
-Immunohistochemistry for detection of IL-6

Sections subjected to the immunohistochemistry for detection of IL-6, a pro-inflammatory
cytokine, exhibited immunoreactivity (brown-yellow colour) in the cytoplasm of inflammatory cells,
fibroblasts and vascular cells in the capsules of all groups and in all periods (Figure 4a-4p). At 7 days,
an enhanced IL-6 immunoexpression was observed in all groups (Figure 4a-4d). A gradual reduction in

the immunoexpression was also observed in the capsules of all groups over time (Figure 4a-4p). At 60
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days, the immunoexpression was seen mainly in the fibroblasts and vascular cells (Figure 4m-4p). In
the sections of negative control, no IL-6-immunolabelled cell was observed (data not shown).

The quantitative analysis of IL-6-immunolabeled cells (Figure 4q) showed no significant
difference among TCS + CaWOy4, Bio-C and MTA HP specimens at 7, 15 and 30 days. In these periods,
the capsules around the bioceramic materials contained a greater number of IL-6-immunolabelled cells
than in CG capsules (p<0.05). However, at 60 days significant differences in the number of IL-6-
immunolabelled cells were not observed among TCS + CaWOs, Bio-C, MTA HP and CG groups. From
7 to 60 days, a significant reduction in the number of IL-6-positive cells was observed in all groups
(p<0.05).

- Amount of collagen in the capsules

At 7 days, the capsules of all groups showed few birefringence (Figure 4a-d) in comparison with
60 days (Figure Se-5h). After 60 days, thick bundles of birefringent collagen irregularly arranged were
seen in the capsules (Figure 5e-5h).

The quantitative analysis (Figure 5i) revealed that the lowest values of birefringent collagen
content were observed in all groups at 7 days. A gradual and significant increase of collagen content
was observed in the capsules of all groups over time. Significant differences among the groups were not
observed at any period, except at 7 days. In this period, the collagen content in the TCS + CaWO4 group
was greater than in MTA HP (p=0.0096).

Immunoexpression of osteocalcin (OCN), presence of von Kossa-positive and birefringent
structures
-Immunohistochemistry for detection of OCN

At 7 and 15 days, few OCN-immunolabelled cells were observed in the capsules around TCS +
CaWOy (Figure 6a and 6¢), Bio-C (Figure 6b and 6f) and MTA HP (Figure 6¢ and 6g). An apparent
increase in the immunoexpression was seen in the capsules adjacent to the bioceramic materials at 30
(Figure 6i-6k) and 60 (Figure 6m-60) days. No immunolabelled cell was observed in the capsules of CG
specimens (Figure 6d, 6h, 61 and 6p). OCN-immunolabelled cells were not observed in the sections used

as negative controls (data not shown).
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As shown in Figure 6q, the number of OCN-immunolabelled cells was significantly greater in
the capsules around TCS + CaWOs, Bio-C and MTA HP specimens than in CG, in all periods. Moreover,
no significant difference in the immunoexpression of OCN was found among the bioceramic materials
in all time points. From 7 to 60 days, significant increase in the number of OCN-immunolabelled cells
was detected around the TCS + CaWOys, Bio-C and MTA HP specimens, while in CG no significant
difference was detected from 7 to 60 days.

-von Kossa-positive and birefringent structures

Sections subjected to the von Kossa histochemical method showed black/brown structures, i.e.
von Kossa-positivity, in capsules around TCS + CaWO; (Figure 7a and 7¢), Bio-C (Figure 7b and 7f)
and MTA HP specimens (Figure 7c and 7g). No von Kossa-positive structure was observed around CG
specimens (Figure 7d and 7h). The careful analysis under polarized illumination of unstained sections
revealed birefringent and irregular structures in the capsules around TCS + CaWOQj4 (Figure 7i and 71),
Bio-C (Figure 7j and 7m) and MTA HP (Figure 7k and 7n). Birefringent structures were not found in

the capsules of CG specimens (data not shown).

DISCUSSION

Biomaterials containing synthesized tricalcium silicate (TCS) have been proposed as repair
materials due to their good biological properties (Camilleri et al. 2013, Camilleri et al. 2014a, Taha et
al. 2021). Here, no significant differences were observed in the tissue response induced by experimental
TCS, Bio-C and MTA HP, either in the biocompatibility or in the ability to stimulate osteocalcin
synthesis and deposition of calcite structures in the connective tissue of rat subcutaneous.

In the present study, the morphological and quantitative analyses revealed that TCS + CaWOsa,
Bio-C and MTA HP caused initially a moderate inflammatory reaction in the connective tissue of
subcutaneous. At 7 and 15 days, the inflammatory infiltrate, observed in the capsules around the repair
materials, was significantly greater than in CG specimens, indicating that substances released by these
materials may be responsible, at least in part, for tissue damage. Here, the materials were placed in the

subcutaneous tissue immediately after insertion into the polyethylene tubes. Considering that initial
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setting time of materials is approximately 17 minutes (Ferreira et al. 2019) to 32.5 minutes for MTA HP
(Queiroz et al. 2021b), 61.78 minutes for TSC + CaWOs (Queiroz et al. 2021b) and 7 minutes
(Koutroulis et al. 2019) to 12 minutes for Bio-C Repair (Lima et al. 2020), it is reasonable to suggest
that substances released during setting time were harmful to host tissue. Furthermore, one reaction
product of calcium silicate-based is the hydroxyl (OH), which provides an alkaline pH to the
microenvironment. At first hours, the pH in the medium containing the TCS + CaWOQy is around 9.5
(Queiroz et al. 2021b), in Bio-C Repair is around 7 (Oliveira et al. 2021) and MTA HP is around 9.3
(Queiroz et al. 2021b). It is known that alkaline pH stimulates the recruitment of leukocytes (Scheller
et al. 2011, Silva et al. 2015, Ferreira et al. 2019, Hoshino ef al. 2021) that migrate from blood vessels
towards the materials surface, causing capsule thickening as observed at initial time points. However, a
significant reduction in the number of inflammatory cells around the calcium silicate-based materials
observed over time indicates a suppression in the tissue injury caused by these materials. In fact, no
significant difference was found in the number of inflammatory cells between the capsules around
calcium silicate-based materials and CG specimens at 30 and 60 days, reinforcing the concept that, after
final setting time, the recruitment of inflammatory cells decreases significantly culminating with the
formation of thin collagenous capsules.

Immunohistochemistry for detection of IL-6, an interleukin that acts as a proinflammatory
cytokine, revealed also a significant reduction in the number of IL-6-immunolabelled cells in capsules
around all groups over time. IL-6 is a cytokine produced by a variety of cells including macrophages,
lymphocytes, plasma cells, endothelial cells, fibroblasts and mast cells (Scheller ef a/. 2011, da Fonseca
et al. 2016, de Oliveira et al. 2017). There is evidence that this cytokine is responsible for the
maintenance of inflammatory reaction since IL-6 plays a role in the maturation of plasma cells as well
as in the T cell activation and differentiation (Scheller ef al. 2011, Tanaka et al. 2014). Elevated levels
of IL-6 have been detected in chronic inflammatory disorders such as rheumatoid arthritis (Tanaka et
al. 2014), periodontal disease (de Oliveira et al. 2017) and apical periodontitis (Schweitzer et al. 2021).
The number of IL-6-immunolabelled cells in the capsules seems to be directly associated with degree
of inflammatory reaction induced by endodontic materials (da Fonseca ef al. 2016, Saraiva et al. 2018,

Delfino et al. 2020 and 2021, Hoshino et al. 2021). In the present study, no significant difference in the
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immunoexpression of IL-6 among the calcium silicate-based materials was observed in all periods,
similarly to the results regarding the numerical density of inflammatory cells, indicating that connective
tissue injury caused by TCS + CaWOy, Bio-C and MTA HP is transient.

It is important to emphasize that the reduction in the inflammatory reaction was accompanied
by a significant increase in the number of fibroblasts and amount of collagen fibers in the capsules
around all specimens over time. In all periods, significant differences in the number of fibroblasts in the
capsules were not seen among the groups, except at 30 days, when the number of fibroblasts was
significantly greater in Bio-C than in TCS + CaWOQO4 and CG specimens. Significant differences in the
collagen content were only found between TCS + CaWO4 and MTA HP at 7 days. In this period, the
capsules around TCS + CaWOQj4 contained a greater content of collagen than in MTA HP specimens. In
general, several inflammatory cells and few fibroblasts were seen in the capsules at 7 days while, in the
period of 60 days, the fibroblasts were the main cell type observed in the collagen-rich capsules.
Moreover, thin capsules measuring approximately 150 pm were found around all specimens at 60 days,
reinforcing the idea that there was a regression of inflammatory reaction over time (Saraiva et al. 2018,
Delfino et al. 2020). It has been suggested that ionic dissolution products of dicalcium silicate material
may stimulate proliferation and differentiation of MG63 osteoblast-like cells since these cells exhibited
a marked increase in alkaline phosphatase (ALP) and type I collagen (COLI) mRNA expression (Sun et
al. 2009). Here, it is conceivable to suggest that ionic dissociation from calcium silicate materials may
induce fibroblast proliferation, culminating with connective tissue repair as observed in the capsules
around the TCS + CaWOs, Bio-C and MTA HP specimens after 60 days. Therefore, our findings showed
clearly that fibroblasts and collagen fibers, typical components of healthy connective tissue, replaced
the inflammatory reaction initially induced by calcium silicate materials. These results taken together
indicate that the TCS + CaWOys, Bio-C Repair and MTA HP materials are biocompatible.

The TCS + CaWOs experimental material was manipulated with distilled water and has handling
consistency similar to MTA Angelus, while MTA HP has an organic plasticizer in its liquid, which
seems to increase its push-out bond strength when compared to white MTA Angelus (Ferreira et al.
2019). MTA HP liquid contains polymers, which improve the plasticity of the repair material (Silva et

al. 2016, Guimarides et al. 2018, Tomas-Catala et al. 2018, Benetti et al. 2019, ElReash et al. 2019,



35

Ferreira et al. 2019) and promote greater flow than white MTA Angelus (Ferreira et al. 2019). Bio-C
Repair is a bioceramic repair material “ready to use” with similar indications to MTA and composed of
calcium silicates [tricalcium silicate (Ca3;SiOs) and dicalcium silicate (CaxSiO4)], calcium aluminate,
calcium oxide, zirconium oxide (ZrO), iron oxide, silicon dioxide. The liquid of Bio-C Repair contains
methylparaben and plasticizer with distilled water and calcium chloride (Lima et al. 2020). The addition
of plasticizer improves the material handling.

Besides biocompatibility, our findings suggest that the TCS + CaWOs, Bio-C Repair and MTA
HP materials may express a bioactive potential in the connective tissue of rat subcutaneous. In the
present study, von Kossa-positive structures were seen around TCS + CaWO,, Bio-C and MTA HP
specimens suggesting the presence of calcium deposits in the capsules (Viola et al. 2012, Silva et al.
2015, Hoshino et al. 2021). Although von Kossa histochemical method reacts with phosphates in
calcium deposits, it has been demonstrated that phosphate can be also associated with cations other than
calcium (Meloan & Puchtler 1985). However, there are several studies showing that high amount of
calcium ions are released by calcium silicate-based materials (Niu ef al. 2014, Silva et al. 2014 and
2015, Bosso-Martelo et al. 2016). Calcium ions released in the microenvironment may be responsible,
at least in part, for the bioactive behaviour of these materials (Gandolfi et al. 2010 and 2011, Bosso-
Martelo et al. 2016). Calcium peaks in prismatic-cubic crystals, likely calcite, were detected by scanning
electron microscope connected with energy dispersive X-ray analysis (SEM-EDX) of MTA discs
immersed in phosphate-buffered saline (Gandolfi et al. 2010). Calcium supersaturation in the
extracellular fluid may result in precipitation of calcium phosphate that could culminate in the nucleation
of apatite and, together with other factors and molecules (osteocalcin, osteopontin, ALP), promotes an
increase in the amount of apatite as well as in the growth of these crystals (Anderson 1995, Bonewald
et al. 2003, Ding et al. 2009). In fact, it is expected that a bioactive material should stimulate the
formation of hydroxyapatite (Gandolfi ez al. 2011), whose identification requires further analyses such
as Fourier transform infrared (FTIR) microspectroscopy and dark field electron microscopy
(Katchburian et al. 2001, Bonewald et al. 2003, Gandolfi et al. 2011). Here, the examination of
unstained sections of capsules around the calcium silicate materials revealed birefringent structures,

which are suggestive of amorphous calcite (Holland et al. 1999, Cintra et al. 2017, Benetti et al. 2019,
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Bueno et al. 2019, Delfino ef al. 2020 and 2021). It is known that when calcium silicate materials are
hydrated, calcium ions are released (Camilleri et al. 2014b, Gandolfi et al. 2014, Niu et al. 2014, Silva
et al. 2014 and 2015, Bosso-Martelo et al. 2016) and react with carbonate dioxide from the interstitial
liquid giving rise to calcium carbonate (Seux ef al. 1991, Camilleri et al. 2014Db), a birefringent structure
(Holland ef al. 1999, Cintra et al. 2013, Delfino et al. 2020 and 2021, Silva et al. 2021).

Among the mineralization markers, the ALP, osteocalcin (OCN), osteopontin (OPN) and bone
sialoprotein appear to have important participation in different phases of biomineralization (Bonewald
et al. 2003, Ding et al. 2009). In the present study, the OCN was immunohistochemically evaluated in
the capsules around the implants. The capsules of TCS + CaWQs, Bio-C and MTA HP were
immunoreactive to OCN, a glycoprotein synthetized by cells of mineralized tissues such as osteogenic
cells lineage (Benetti et al. 2019). Although OCN-immunolabelled cells were observed in the capsules
in all periods, a significant increase in the immunoexpression was observed in the capsules around
calcium silicate materials over time. These findings indicate that TCS + CaWOs, Bio-C and MTA HP
may promote the precipitation of “calcified” structures stimulating the OCN production by
mesenchymal-derived cells of subcutaneous connective tissue. It has been suggested that extracellular
calcium promotes an increase in the OPN mRNA levels in pulp cells (Rashid et al. 2003). OPN is a non-
collagen protein found in the mineralized tissues that, similarly to OCN, plays a role in the
mineralization process (Sodek & McKee 2000, Bonewald et al. 2003). Human dental pulp cells (hDPCs)
cultured with elevated calcium ions concentration expressed high levels of OPN and OCN mRNA,
indicating that the calcium ions concentration interferes in the expression of ossification related genes
(An et al. 2012). Therefore, it is conceivable to suggest that calcium released by silicate calcium-based
materials could stimulate the connective tissue cells to produce OCN. This hypothesis is supported by
the fact that von Kossa-positive and birefringent structures as well as OCN-immunolabelled cells were
not observed in the capsules of CG.

Thus, our findings revealed that plasticizers and other substances present in the Bio-C Repair
and MTA Repair HP did not promote significant injuries to the connective tissue when compared with
TCS + CaWOy4. During the choice of a repair material, it is important to have in mind that the products

of reaction of the material will be in direct contact with the tissues (Peters 2013, Collado-Gonzalez et
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al. 2019). Thus, the recruitment of inflammatory cells induced by materials may be transient, and the
repair material may stimulate the proliferation of resident cells as well as induce the secretion of
structural components of healthy tissues. Here, our findings, taken together, indicate that the
experimental material is biocompatible, induces the repair of connective tissue and probably may exhibit
bioactivity. Further studies are needed to evaluate the biointeraction of the TCS + CaWOQs4 and
confirm whether this experimental material is able to stimulate the differentiation and activity of

mineralized tissue producing cells.

CONCLUSION

The TCS + 30% CaWOj constitutes an alternative as repair material since this bioceramic
material allows the fibroblasts proliferation and collagen formation over time. Moreover, this
experimental bioceramic material allow the precipitation of calcite crystals and stimulate the production

of osteocalcin, suggesting that this material has bioactive potential.
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Table 1 — Bioceramic materials, manufacturer, chemical composition and proportions.

Materials

Composition

Ratio

TSC +30% CaWOsy
(TCS, Mineral Research
Processing, Meyzieu, France
and CaWQs,, Sigma Aldrich, St
Louis, MO, USA)

BIO-C Repair
(Angelus, Londrina, Brazil)

MTA Repair HP

Powder: 70% pure tricalcium silicate
(TCS) + 30% calcium tungstate
(CaWOs)

Liquid: distilled water

Calcium silicates, calcium aluminate,
calcium oxide, zirconium oxide, iron
oxide, silicon dioxide and dispersing

agent (ready to use).

Powder: tricalcium silicate, dicalcium

(Angelus, silicate, tricalcium aluminate, calcium oxide

Londrina, Brazil)

and calcium tungstate (CaWOy).

Liquid: water and plasticizer

Powder: 1g (70%
TSC + 30%
CaWOs)
Liquid: 330 pl of

distilled water

Syringe
(ready to use)

Powder: 1g
Liquid: 340 pl of

vehicle
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32 adult male Holtzman rats (Ratfus norvegicus albinus), weighing around 250g (75-
day-oldrats). Animal Ethics Committee approval (Protocol# 03/2019).
I
In each rat, 4 polyethylene tubes filled with TCS+CaWO,, Bio-C, MTA HP or empty
(CG) were implanted into subcutaneous tissues for 7, 15, 30 and 60 days.
|
At 7,15,30and 60 days: in each time point, 8 rats were killed and the implants with
surrounding tissues were removed. The samples were processed for paraffin-

embedding.
|
| |
Biocompatibility evaluation Bioactive potential
HE-stained sections: thickness of capsule, von Kossa histochemical reaction.
number of inflammatory cells and Unstained sections+polarization
number of fibroblasts. microscope.
IL-6 immunohistochemical detection. Immunohistochemistry reactions for
Picrosirius-red+polarization microscope. detection of OCN.
I |
|
@ Statistical analysis: two-way ANOVA followed by Tukey’s test.

Figure 1 - Flowchart showing the experimental design and methodologies used to evaluate the

biocompatibility and bioactive potential of an experimental bioceramic material.
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Figures 2a-2p — Light micrographs of sections of capsules of TCS + CaWO4 (2a, 2e, 2i and 2m), Bio-
C Repair (2b, 2f, 2j and 2n), MTA HP (2c, 2g, 2k and 20) and CG specimens (2d, 2h, 21 and 2p) after 7,
15, 30 and 60 days of implantation.

Light micrographs show a general view of capsules (C) around the implants (T). At 7 and 15 days, the
capsules around TCS + CaWO;4 (2a and 2e), Bio-C Repair (2b and 2f) and MTA HP (2c and 2g) are
thick in comparison to CG specimens (2d and 2h). In all groups, thin capsules are seen at 30 (2i-21) and
60 (2m-2p) days. M, muscle tissue; T, space of implanted polyethylene tube. HE. Bars: 900 um. Figure
2q — Capsule thickness (in um) of TCS + CaW s, Bio-C Repair, MTA HP and CG groups. Superscript
letters indicate the comparison among the groups; different letters = significant difference. Superscript
numbers indicate the analysis of each group over time; different numbers = significant difference.

Tukey’s test (p<0.05).
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Figures 3A-3P — Light micrographs of sections of capsules of TCS + CaWO4 (3a, 3e, 3i and 3m), Bio-
C Repair (3b, 3f, 3j and 3n), MTA HP (3¢, 3g, 3k and 30) and CG specimens (3d, 3h, 31 and 3p) after 7,
15, 30 and 60 days of implantation. At 7 (3a-3d) and 15 (3e-3h) days, several inflammatory cells
(arrows) are dispersed throughout the capsules. Numerous inflammatory cells (arrows) are seen in close
contact with the Bio-C Repair (3f) and MTA HP (3g) after 15 days. At 30 (3i-31) and 60 (3m-3p) days,
fibroblasts (Fb) are present between collagen fibres (asterisk) and few inflammatory cells (arrows). T,
space of implanted polyethylene tube; BV, blood vessel; thick arrow, material particle. HE. Bars: 30
um. Figures 3q and 3r — Number of inflammatory cells per mm?* (2q) and number of fibroblasts (2r)
per mm? in the capsules of TCS + CaWOs, Bio-C Repair, MTA HP and CG. Superscript letters indicate
the comparison among the groups; different letters = significant difference. Superscript numbers indicate

the analysis of each group over time; different numbers = significant difference. Tukey’s test. (p<0.05).
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Figures 4a-4p — Light micrographs of sections of capsules of TCS + CaWOs (4a, 4e, 41 and 4m), Bio-
C Repair (4b, 4f, 4j and 4n), MTA HP (4c, 4g, 4k and 40) and CG specimens (4d, 4h, 41 and 4p) after 7,
15, 30 and 60 days of implantation. Sections were subjected to immunohistochemistry for detection of
IL-6 (brown-yellow colour) and counterstained with haematoxylin. IL-6-immunolabelled inflammatory
cells (arrows) and some fibroblasts (Fb) are seen in the capsules of all groups. BV, blood vessels; CF,
collagen fibres. Bars: 22 um. Figure 4q - Number of IL-6-immunolabelled cells in the capsules of TCS
+ CaWOs, Bio-C Repair, MTA HP and CG groups at 7, 15, 30 and 60 days. Superscript letters indicate
the comparison among the groups in each time point; different letters = significant difference.
Superscript numbers indicate the analysis of each group over time; different numbers = significant

difference. Tukey’s test (p<0.05).
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Figures S5a-5h — Light micrographs of sections of capsules of TCS + CaWOs (5a and 5e), Bio-C Repair
(5b and 5f), MTA HP (5c¢ and 5g) and CG specimens (5d and 5h) after 7, 15, 30 and 60 days of
implantation. The sections were stained with picrosirius-red and photographed under polarized
illumination. At 7 days (5a-5d), few birefringent collagen fibres (orange/red colors) are seen in the
capsules. At 60 days (5e-5h), an evident increase in the birefringence is observed in the capsules of all
groups. T, space of implanted polyethylene tube. Bars: 20 um. Figure 5i — Birefringent collagen content
(in percentage) in TCS + CaWOQ,, Bio-C Repair, MTA HP and CG groups at 7, 15, 30 and 60 days.
Superscript asterisk indicates significant difference between the TCS + CaWO4 and MTA HP groups at
7 days. Superscript numbers indicate the analysis of each group over time; different numbers =

significant difference. Tukey’s test (p<0.05).
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Figures 6a-6p — Light micrographs of sections of capsules of TCS + CaWOs (6a, 6e, 61 and 6m), Bio-
C Repair (6b, 6f, 6j and 6n), MTA HP (6¢c, 6g, 6k and 60) and CG specimens (6d, 6h, 61 and 6p) after 7,
15, 30 and 60 days of implantation. Sections were subjected to immunohistochemistry for detection of
OCN (brown-yellow colour) and counterstained with haematoxylin. In 6a-6¢, 6e-6g, 6i-6k and 6m-60,
some cells exhibiting cytoplasmic immunolabelling are seen in the capsules around the materials. In 6d,
6h, 61 and 6p (CG), OCN-immunolabelled cells are not observed. Bars: 20 pm. Figure 6q — Number of
OCN-immunolabelled cells in the capsules of TCS + CaWOs, Bio-C Repair, MTA HP and CG groups
at 7, 15, 30 and 60 days. Superscript letters indicate the comparison among the groups in each time
point; different letters = significant difference. Superscript numbers indicate the analysis of each group

over time; different numbers = significant difference. Tukey’s test (p<0.05).
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Figures 7a-7h — Light micrographs of portions of capsule juxtaposed to the opening of the polyethylene
tubes after 7 (7a-7d) and 60 (7e-7h) days of implantation into the subcutaneous. The sections were
subjected to von Kossa histochemical reaction (black colour) and counterstained with picrosirius-red
(red colour). von Kossa-positive structures (in black colour) are seen in the capsules of TCS + CaWOs4
(7a and 7e), Bio-C Repair (7b and 7f) and MTA HP (7c and 7g). No reactivity is observed in the capsules
of CG specimens (7d and 7h). Figs. 7i-7n — Light micrographs of portions of capsules of unstained
sections under polarized light. Birefringent material with granular aspect is seen in the capsules of TCS
+ CaWOs4 (71 and 71), Bio-C Repair (7j and 7m) and MTA HP (7k and 7n). T, space of implanted

polyethylene tube. Bars: 120 pm.
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Abstract

To evaluate the tissue reaction and bioactive potential of Bio-C Pulpo (Angelus, Brazil) in
comparison with Biodentine (Septodont, France) and White MTA (WMTA; Angelus, Brazil).
In thirty-two rats, 148 polyethylene tubes filled with Bio-C Pulpo, Biodentine or WMTA, and
empty (CG, control group) were implanted into subcutaneous tissues for 7, 15, 30 and 60 days.
The samples were removed and embedded in paraffin. The capsule thickness, numerical density
of inflammatory cells (IC) and fibroblasts (Fb), amount of collagen, immunohistochemistry
detection of interleukin-6 (IL-6) and osteocalcin (OCN), von Kossa and analysis of unstained
sections under polarized light were performed. Data were subjected to two-way ANOVA
followed by Tukey’s test (p < 0.05). At 7 and 15 days, the capsules around Bio-C Pulpo were
thicker than in WMTA while no significant difference was found between Bio-C Pulpo and
Biodentine (p=0.8987). At 30 and 60 days, significant differences in the thickness of capsules
were not observed among the groups. Although at 7 days the number of IC was greater around
Biodentine than in Bio-C Pulpo (p=0.0046) and WMTA (p=0.0139), no significant difference
was detected among the materials in other periods. At 7, 15 and 30 days, a greater number of
IL-6-immunostained cells was found in Bio-C Pulpo and Biodentine than in WMTA specimens
while, at 60 days, no significant difference was detected among the groups. In all groups, the
number of Fb and collagen content increased significantly over time. In all periods, the capsules
around materials exhibited von Kossa-positive and birefringent structures, and OCN-
immunostained cells whereas, in the CG, these structures and immunolabelled cells were not
observed. Bio-C Pulpo, similarly to Biodentine and WMTA, is biocompatible and allows the
connective tissue repair as well as induces the immunoexpression of osteocalcin and deposition

of calcite suggesting that this material may present a bioactive potential.

KEYWORDS

Bioactive material, tissue reaction, immunohistochemistry, interleukin-6, osteocalcin,

bioceramic materials, repair materials
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1 INTRODUCTION

The success of pulpotomy treatment is directly influenced by the biological properties
of the endodontic material, which must be biocompatible and induce the differentiation of cells
able to synthesize proteins of mineralized tissues, such as dentine and bone!->3. The tricalcium
silicate-based materials, including the White MTA (WMTA; Angelus Industria de Produtos

Odontologicas S/A, Brazil), are biocompatible*>

and induce the hard tissue bridge
formation”%1%, Thus, WMTA Angelus is a tricalcium silicate-based material considered the
gold standard for the pulpotomy treatment!!'>!3, WMTA exhibits good physicochemical
properties such as radiopacity, solubility, setting time, as well as provides an alkaline pH to the

microenvironment® and releases calcium ions!4:13:16:17

. The replacement of its radiopacifying
agent (bismuth oxide) by calcium tungstate seems to avoid tooth discoloration™!®, being
indicated as a repair material in the treatment of pulpotomy vital pulp treatment'®, in addition
to maintaining its biocompatibility and bioactive potential®.

Biodentine TM (Septodont, Saint Maur des Fossés, France) was developed in 2009,
being indicated as a repair material in the treatment of pulpotomy and acting as a substitute for
dentine?’2!22, Biodentine is a tricalcium silicate-based material containing zirconium oxide as

25,26,27,28,29 and

radiopacifier agent?>*, This tricalcium silicate-based material is biocompatible
stimulates the fibroblast proliferation and formation of collagen fibers, leading to connective
tissue repair?’. Moreover, it has been demonstrated that Biodentine presents fast setting time,
ease of handling and insertion into cavities and no dental discoloration®’. The alkaline pH
provided by Biodentine (approximately 10) has been associated with antimicrobial activity
against E. faecalis planktonic cells and capacity to induce the production of mineralization
nodules®!. An in vivo study has demonstrated that Biodentine induced the formation of
mineralized tissue in the teeth of dogs with furcation perforation?”. Moreover, the Biodentine

implanted into subcutaneous tissues induced the precipitation of calcium in the capsules®?32 a

S
well as the presence of calcium and phosphorus were detected by scanning electron microscopy
and spectroscopy X-rays by energy dispersion (SEM/EDX), supporting the concept that
Biodentine has bioactive potential®.

Bio-C Pulpo (Angelus Industria de Produtos Odontolégicas S/A, Brazil) has been
developed by Angelus for the treatment of pulpectomy, lining cavity and protecting the pulp-
dentine complex. Bio-C Pulpo is a bioceramic material containing tricalcium and dicalcium
silicate, calcium aluminate, calcium hydroxide, calcium fluoride, silicon dioxide, iron oxide,

and zirconium oxide in its powder whereas the liquid contains distilled water, plasticizer,
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calcium chloride (catalyst), and methylparaben °!33435 Thus, the mixture of powder/liquid

provides a material with consistency similar to “modelling putty”:!8

, which facilitates handling
and insertion into dental cavities, an advantageous feature of Bio-C Pulpo compared to WMTA.
Studies comparing Bio-C Pulpo with WMTA have demonstrated that Bio-C Pulpo, besides
alterations in its chemical composition, maintains the biocompatibility and bioactive potential,
expected features from a bioceramic material®!8. Moreover, no change in the structural integrity
of liver as well as in the serum glutamic-oxaloacetic transaminase and glutamic-pyruvic
transaminase levels, biochemical parameters of liver function, indicates that Bio-C Pulpo does
not promote systemic changes®.

In the present study, the tissue response induced by Bio-C Pulpo was compared with
Biodentine and WMTA, focusing on the inflammatory reaction, connective tissue repair and
bioactivity of the bioceramic materials. The null hypothesis was that Bio-C Pulpo would induce

intense tissue injury when compared with Biodentine and WMTA after implantation in the

connective tissue of rat subcutaneous.

2 MATERIALS AND METHODS
2.1 Experimental design

The research was approved by the Ethical Committee for Animal Research of Sao Paulo
State University (UNESP/FOAr, SP, Brazil).

Thirty-two male Holtzman rats (Rattus norvegicus albinus) aged 3 months, weighing
220-250 g, were maintained in the room at a controlled temperature (23 + 2°C) and humidity
(55 = 10%) under a light-dark 12:12 cycle. The animals were housed in polyethylene cages
(40x30x15 cm) containing a layer of white pine shavings, and were provided with water and
food ad libitum.

After anesthesia with a solution containing 80 mg ketamine hydrochloride (Virbac
do Brasil Industria e Comércio Ltda, Sdo Paulo, Sdo Paulo, Brazil) and 8 mg xylazine
hydrochloride (Unido Quimica Farmacéutica Nacional S / A, Sdo Paulo, Sido Paulo, Brazil) per
100 g of body weight via the intraperitoneal route, the animals had the dorsal region shaved.
After antisepsis of dorsal region with a 5% iodine solution, a 2 cm incision was made in the
cranio-caudal plane using a n° 15 scalpel blade (Fibra Cirurgica, Joinville, Santa Catarina,
Brazil). With blunt-ended scissors, a pocket was created in the subcutaneous, and the
polyethylene tubes (measuring 10 mm length x 1.5 mm diameter) filled with Bio-C Pulpo
(Angelus, Londrina, Brazil), Biodentine (Septodont, Saint Maur-des-Fosses, France) or WMTA
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Angelus (White MTA Angelus, Londrina, Brazil) were implanted (Table 1). Polyethylene tubes
without material were used as control group (CG). In each animal, four implants (one of each
material and one empty polyethylene tube) were placed in the subcutaneous pocket. After 7,

15, 30 and 60 days, eight animals were killed in each time point, totaling thirty-two animals.

2.2 Histological processing

The implants and surrounding tissues were removed and fixed in a 4% formaldehyde
solution (prepared from paraformaldehyde) buffered with 0.1 M sodium phosphate with pH 7.2
at room temperature. After 48 hours, the specimens were dehydrated in graded concentrations
of ethanol, treated with xylene and immersed for 4 hours in liquid paraffin. Forty longitudinal
sections (6 um thick) were obtained of each implant. From non-serial sections stained with
haematoxylin and eosin (HE), the histopathological description and quantitative analyses were
carried out. The amount of collagen in the capsules was measured using sections stained with
picrosirius-red and analyzed under polarized illumination. The von Kossa histochemical
reaction and analysis of unstained sections with polarization microscope were performed to
evaluate the presence of calcite crystals in the capsules. The sections were also subjected to the
immunohistochemistry reactions for detection of interleukin-6 (IL-6), a pro-inflammatory

2636 and osteocalcin (OCN), a glycoprotein involved in the mineralization process®’.

cytokine
2.2.1 - Histopathological and quantitative analyses

The capsules adjacent to the polyethylene tube opening were analyzed according to the
following parameters: predominant cell types (inflammatory cells or fibroblasts), collagen
fibers and blood vessels as well as structural integrity of adjacent tissues (muscular tissue and
loose connective tissue) to the capsules. All morphological and quantitative analyses were
performed by a blinded examiner.

The extension of the inflammatory reaction promoted by implants was estimated
measuring the thickness of capsules. To measure the thickness of capsules, three HE-stained
non-serial sections (the smallest distance between the sections was 100 pm) of each specimen
was used. In each section, the image was captured at x40 using a digital camera attached to a
light microscope (BX-51, Olympus, Tokyo, Japan). Using an image analysis program (Image-
Pro Express 6.0, Olympus), the thickness of capsule was measured from the capsule surface
until the adjacent tissues®® and the average value of the three measurements was calculated for
each specimen. The capsules measuring until 150 um were categorized as thin while capsules

measuring over 150 pm were considered thick®3%-7,
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In addition, to evaluate the inflammatory infiltrate degree and whether the bioceramic
materials induce the connective tissue repair, the number of inflammatory cells and fibroblasts
was obtained in the capsules. In each specimen, three non-serial HE-stained sections (with
minimum interval between sections of 100 pum) were used to estimate the number of
inflammatory cells and number of fibroblasts. In each section, a standardized field (0.09 mm?)
of the capsule adjacent to the implanted tube opening was captured using x40 objective lens
(x695 final magnification). Using an image analysis program (Olympus Image-Pro Express 6.0
software, Tokyo, Japan) the inflammatory cells (neutrophils, plasma cells, mast cells,
macrophages and lymphocytes) and fibroblasts were identified according to morphological
characteristics?6-27-363840  The total number of inflammatory cells and fibroblasts computed
from three fields per specimen was divided by total area (0.27 mm?) and, the number of
inflammatory cells and fibroblasts per mm? was obtained in each specimen. This analysis was

performed in all specimens in the different periods.

2.2.2 - Detection of IL-6 and OCN

Sections adhered to the slides treated previously with 3-aminoprpyl-triethoxysilane
(Sigma-Aldrich Chemie, GmbH, Steihenheim, Germany) were deparaffinized and hydrated.
For antigen retrieval, the slides were immersed in 0.001 M sodium citrate buffer with pH 6.0
and heated at 94-98° C in microwave oven for 30 min. The sections were washed in 0.05 M
Tris-HCI buffer at pH 7.4 and immersed for 20 min in 5% aqueous hydrogen peroxide solution
to inactivate the endogenous peroxidase. After incubation in 2% bovine serum albumin (BSA;
Sigma-Aldrich Co., Saint Louis, Missouri, USA) for 30 minutes at room temperature, the
sections were incubated overnight at 4 © C with the primary antibodies: mouse monoclonal anti-
IL-6 antibody (Abcam Inc., Cambridge, MA, USA; code: ab9324; 1:100 dilution) and rabbit
anti-osteocalcin antibody (Sigma-Aldrich Co., Saint Louis, Missouri, USA; code: SAB
1306277-40TST; 1:500 dilution). After washings in Tris-HCl buffer, the sections were
incubated for 1 hour at room temperature with HRP-labelled polymer (EnVision + Dual Link
System-HRP, Dako Inc., Carpinteria, CA, USA; K4061). The sections were washed in buffer
and the peroxidase activity was revealed by the 3,3'-diaminobenzidine chromogen (DAB, Dako
Inc., Carpinteria, California, USA) for 3 min, and counterstained with Carazzi's haematoxylin.
In the negative controls, the primary antibodies were replaced by mouse or rabbit non-immune
serum.

The number of IL-6- and OCN-immunostained cells (yellow/brown colour) was counted

in all specimens. In each specimen, a standardized field of capsule adjacent to the polyethylene
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tube opening was captured at x40 magnification (area of 0.09 mm?). Using an image analysis
program (Image Pro-Express 6.0, Olympus), the immunolabelled cells were counted and the

number of IL-6- and OCN-immunostained cells per mm? was calculated®26-8,

2.2.3 - Birefringent collagen in the capsules

To estimate the amount of collagen in the capsules, three non-serial sections per
specimen were stained for 1 hour with 0.1% picrosirius-red solution. After washing, the sections
were dehydrated and mounted in resinous medium (Permount®, Fisher Scientific, New Jersey,
USA). In each section, a standardized field was captured at x40 magnification using a light
microscope equipped with polarized filters. All images were captured based on rigorously
standardized parameters (light intensity, diaphragm aperture, condenser position and exposition
time).

The amount of birefringent collagen in the capsules was measured using an image
analysis software (ImageJ®; http://rsbweb.nih.gov/ij), which was adjusted according to the hue
following parameters: red/orange, 2-38 and 230-256; yellow, 39-51; and green, 52—1284:42,
The amount of collagen in each specimen was equivalent to the percentage of birefringent areas

in the total area (expressed in pixels) provided by image analysis program?.

2.3 von Kossa reaction and birefringent calcite structures

In each specimen, three-serial sections were subjected to the von Kossa reaction for
detection of calcium/phosphate deposits in the capsules. After hydration, the sections were
incubated for 1 hour in 5% silver nitrate solution, washed in distilled water and immersed in
5% sodium hyposulfite solution for 5 min. Afterwards, the sections were stained with
picrosirius-red®3%#3 and analyzed using light microscope Olympus (BX-51, Olympus, Tokyo,
Japan).

4,6,14,36,37.44 sections were dewaxed and mounted

As calcite crystals exhibit birefringence
in resinous medium. These unstained sections were analyzed under polarized illumination (BX-

51, Olympus, Tokyo, Japan) to evaluate the presence of birefringent structures in the capsules.

2.4 Statistical analysis

The data were subjected to the two-way ANOVA analysis followed by the Tukey post-
hoc test (Prism 6.0 software; GraphPad, San Diego, CA, USA). Significance level was set at
5% (p<0.05).
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3 RESULTS
3.1 - Morphological and quantitative analyses: HE-stained sections

The morphological analysis revealed thick capsules of all groups at 7 and 15 days. In
these periods, an evident inflammatory reaction was seen in the capsules adjacent to the opening
of the polyethylene tubes. Numerous inflammatory cells, identified by strong basophilia, were
seen particularly in the Biodentine specimens (Figs. 1B and 1F). Otherwise, no change was
observed in the adjacent loose connective and muscular tissues (Figs. 1A-1H). At 30 and 60
days, the implants were surrounded by a thin capsule (Figs. 11-1P).

According to Figure 1Q, there was no significant difference in the thickness of capsules
between Biodentine and WMTA (p=0.7988) after 7 days. At 7 and 15 days, no significant
difference was also detected between Bio-C Pulpo and Biodentine specimens (p=0.8987). At
15 days, the capsules around WMTA were significantly thinner than Bio-C Pulpo (p=0.0358)
and Biodentine (p=0.0047). At 30 and 60 days, significant differences in the thickness of
capsules were not observed among the groups (p>0.05).

The morphological analysis of HE-stained sections under high magnification revealed
that, at 7 and 15 days, the capsules of all groups contained several mononuclear inflammatory
cells (Figs. 2A-2H). In the Biodentine specimens, some necrotic areas containing cells with
accentuated basophilia were observed in the capsules in close juxtaposition to the material
surface, particularly at 7 days (Fig. 2B). After 30 and 60 days, the capsules of all groups
contained mainly fibroblasts among collagen fibers (Figs. 2I-2P). The quantitative analysis
(Fig. 2Q) revealed that the greatest density of inflammatory cells was found in the capsule of
all groups at 7 days. In this period, the number of inflammatory cells was significantly greater
around Biodentine specimens than Bio-C Pulpo (p=0.0046) and WMTA (p=0.0139). However,
no significant difference was detected among Bio-C Pulpo, Biodentine and WMTA at 15, 30
and 60 days (p>0.05). There was no significant difference in the number of inflammatory cells
between Bio-C Pulpo and CG specimens at 15 (p=0.0794), 30 (p=0.8725) and 60 (p=0.3429)
days. WMTA and CG specimens had no significant difference in the intensity of inflammatory
reaction at 30 (p=0.2043) and 60 (p=0.9717) days. Only on 60" day, Biodentine specimens
showed no significant difference in the number of inflammatory cells in comparison with CG.

Regarding to the number of fibroblasts (Fig. 2R), a significant increase was observed in
the capsules of all groups over time. In Bio-C Pulpo specimens, the number of fibroblasts was
significantly lower in comparison to WMTA at 15 days (p = 0.0061). In all periods, no

significant difference in the number of fibroblasts was detected between Bio-C Pulpo and
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Biodentine. At 30 and 60 days, significant differences in the number of fibroblasts were not

observed among all specimens, including the CG specimens.

3.2 - Immunoexpression of IL-6

The capsules around all specimens contained IL-6-immunostained cells (brown-yellow
colour) in all periods. However, an evident reduction in these cells was seen in all specimens
over time (Figs. 3A-3P). No immunolabelling was seen in the negative controls (data not
shown). As shown in Fig. 3Q, the number of IL-6-immunolabelled cells was significantly
greater in the capsules of Bio-C Pulpo and Biodentine than in WMTA specimens at 7, 15 and
30 days. Moreover, significant differences were not observed between Bio-C Pulpo and
Biodentine at 7 (p=0.2988), 15 (p=0.9957), 30 (p=0.7914) and 60 (p=0.9994) days. At 7, 15
and 30 days, the CG specimens showed a reduced immunoexpression in comparison with Bio-
C Pulpo, Biodentine and WMTA specimens (p<0.0001). Otherwise, no significant difference

was detected between bioceramic materials and CG specimens at 60 days.

3.3 - Birefringent collagen in the capsules

In all groups, the capsules contained few and thin birefringent collagen fibers in the
period of 7 days (Figs. 4A-4D). At 60 days, an apparent increase in the birefringence was
observed in the capsules around all specimens (Figs. 4E-4H). In all time points, no significant
difference was found in the amount of collagen among the implants of bioceramic materials. At
15, 30 and 60 days, there no was significant difference between Bio-C Pulpo and CG specimens
(p>0.05). At 60 days, significant differences in the amount of birefringent collagen were not

observed (p>0.05) among the bioceramic materials and CG specimens (Fig. 4I).

3.4 - OCN detection

Although OCN-immunolabelled cells were found in the capsules around bioceramic
materials in all periods, a more intense immunolabelling was observed at 30 and 60 days (Figs.
5A-5C, 5E-5@G, 51-5K and 5M-50). In all time points, OCN-immunolabelled cells were not
observed in the capsules of CG (Figs. 5D, 5H, 5L and 5P).

The quantitative analysis (Fig. 5Q) revealed a significant increase in the number of
OCN-immunolabelled cells in the capsules around bioceramic materials over time. In all
periods, no significant difference in the immunoexpression of OCN among bioceramic

materials was observed.
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3.5 - von Kossa reaction and birefringent calcite structures

Sections of Bio-C Pulpo, Biodentine and WMTA specimens exhibited von Kossa-
positive structures (in black or brown colour) while no von Kossa-positive structure was seen
in the CG specimens (Figs. 6A-6H).

Deparaffinized unstained sections analyzed under polarized illumination revealed
birefringent irregular structures dispersed through the capsules around Bio-C Pulpo, Biodentine
and WMTA (Figs. 61-6N). Birefringent structures were not observed in the capsules of CG

specimens (data not shown).

4 DISCUSSION

In the present study, the implantation of Bio-C Pulpo and Biodentine materials in the
subcutaneous connective tissue induced initially (at 7 and 15 days) the formation of thick
capsules in comparison with those around CG specimens. At 15 days, the thickness of capsules
around Bio-C Pulpo and Biodentine was also significantly greater than in WMTA specimens.
The thickness of capsules has been widely used as a parameter to estimate the extent of the
inflammatory reaction and, consequently, the tissue injury caused by materials®*-8, Although
the capsules around Bio-C Pulpo and Biodentine measured 2 to 3 folds more than in the CG
specimens, the inflammatory reaction was only seen around Bio-C Pulpo and Biodentine
materials i.e., no inflammatory reaction was noted in the muscular and loose connective tissues.
The evident reaction initially promoted by these bioceramic materials was reduced gradually
culminating in the capsules with similar thickness to those found in the WMTA and CG
specimens at 30 and 60 days.

The quantitative analysis concerning the inflammatory cells revealed that, at 7 days,
Biodentine induced a greater recruitment of inflammatory cells than Bio-C Pulpo and WMTA,
whereas significant differences in the number of inflammatory cells were not detected between
Bio-C Pulpo and WMTA. An accentuated irritant potential of Biodentine has been
demonstrated after implantation into subcutaneous tissues?®27#°, Tissue injury initially caused
by Biodentine has been attributed, at least in part, to the calcium chloride and/or
polycarboxylate (hydrosoluble polymer) present in its liquid*®**8, High pH provided by
Biodentine during its setting time may also be responsible for the recruitment of inflammatory
cells since alkaline pH stimulates the recruitment of inflammatory cells?64%49% In fact,
Biodentine provides a pH about 10.8 to the microenvironment after 7 days*! while the pH
medium with Bio-C Pulpo vary from 8.5 (at 24 hours) to 8.4 (at 28 days) and with WMTA from
7.9 (at 24 hours) to 7.9 (at 28 days)*. However, the irritant effect exerted by Biodentine seems
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to occur for short time since a significant reduction in the number of inflammatory cells was
observed at 15 days in the capsules around this repair material. Thus, no significant difference
in the degree of inflammatory infiltrate was found among bioceramic materials after 15, 30 and
60 days. It is possible that the high pH provided by Biodentine’! may be at least in part
responsible for necrosis areas seen in the capsules around this material, at 7 and 15 days.
Furthermore, Biodentine also showed greater calcium leaching than TCS + 20% ZrO,, and
calcium hydroxide is formed as a by-product of the hydration reaction of the material®'.
Calcium hydroxide on dental pulp causes an inflammatory reaction as well as a necrosis in the
surface of pulp tissue2.

Although no significant difference was detected in the number of inflammatory cells in
the capsules around Bio-C Pulpo, Biodentine and WMTA at 15, 30 and 60 days, the
immunohistochemistry for detection of IL-6 revealed significant differences among the groups.
At 7, 15 and 30 days, the number of IL-6-immunolabelled cells was significantly greater around
Bio-C Pulpo and Biodentine specimens than in WMTA specimens. However, it is important to
emphasize that IL-6 is a pro-inflammatory cytokine detected in endothelial cells, fibroblasts

and inflammatory cells®%-27->3

. In the present study, immunoexpression of IL-6 was computed in
different cell types (inflammatory cells, endothelial cells and fibroblasts). From an in vitro study
that evaluated the cell viability of Saos-2 using the MTT method after 24 hours of exposure to
the Biodentine extracts showed that this material is cytocompatible in dilutions greater than 1:8,
1:16 and 1:32, being cytotoxic in the initial dilutions of 1:1, 1:2 and 1:4 when compared to the
control samples?!. Bio-C Pulpo and WMTA showed similar cytocompatibility when fibroblasts
were co-cultured with extracts of these materials for 24 hours>. Thus, in vitro studies have been
suggested that these bioceramic materials induce a similar cellular response. Here, our findings
indicate that Bio-C Pulpo and Biodentine promoted a similar tissue damage after subcutaneous
implantation in rats. Besides the differences found in the initial tissue response to Bio-C Pulpo
and Biodentine in comparison with WMTA, our results suggest that irritant potential of Bio-C
Pulpo and Biodentine may be transient since, no evident difference was seen in the
inflammatory reaction (number of inflammatory cells and IL-6 imunoexpression) among these
materials and WMTA at 60 days.

Despite the highest values of IL-6-immunostained cells detected in Bio-C Pulpo and
Biodentine at 7, 15 and 30 days, the significant reduction in the immunoexpression of this
cytokine in these groups over time points to a regression in the inflammatory reaction since IL-
6 plays an important role in the recruitment of inflammatory cells from the bloodstream>*>,

Several studies have demonstrated that IL-6 is responsible for the maintenance of inflammatory
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reaction and, the reduction of this cytokine is associated with tissue connective remodeling,
allowing the formation of extracellular matrix components and fibroblasts
proliferation?”-36-38:33-56 Tn fact, no significant difference in the number of IL-6-immunostained
cells and inflammatory cells was observed among the groups, including in the CG specimens,
at 60 days, indicating that bioceramic materials are biocompatible.

Besides the reduction in the inflammatory infiltrate and in the pro-inflammatory
cytokine (IL-6), the significant increase in the number of fibroblasts verified in the capsules of
all groups over time supports the concept that the bioceramic materials allow the healthy
connective tissue neoformation. The quantitative analysis of birefringent collagen in the
capsules revealed a significant increase in the amount of collagen in parallel to the increase in
the number of fibroblasts, indicating the formation of fibrous capsules around bioceramic
materials. The fibroblast proliferation accompanied by collagen formation suggests that Bio-C
Pulpo, Biodentine and WMTA may allow the connective tissue repair.

Our findings revealed von Kossa-positive structures around the bioceramic materials
suggesting, therefore, the presence of calcium/phosphate deposits in the capsules. It is known
that during the hydration of tricalcium silicate-based materials, the release of calcium ions takes
place!®3757:38; these ions may react with carbonate dioxide from tissue fluids, giving rise to
calcium carbonate!%>%%0, Moreover, the birefringent structures seen in the unstained sections

are suggestive of amorphous calcite®%149

. von Kossa-positive deposits and birefringent
amorphous calcite structures has been demonstrated around bioceramic materials, such as
WMTA”!'7, MTA Repair HP*®37 and Biodentine***. Since the calcium carbonate may act as a
nucleus of mineralization®, the calcium ions released by materials may be responsible, at least

in part, for the bioactivity of these bioceramic cements®’-!

. Immunoexpression of alkaline
phosphatase, an enzyme involved with the mineralization process, was detected in cells closely
juxtaposed to von Kossa-positive structures in capsules around Bio-C Pulpo, WMTA and MTA
Repair HP, pointing to a bioactive potential of these bioceramic materials®. In vivo studies have
demonstrated the formation of mineralized tissues in perforated pulp chamber floor of rat
molars filled with WMTA® and dog teeth?*%2, Here, our findings reinforce the concept that this
new Bio-C Pulpo material, similarly to Biodentine and WMTA, may present bioactivity.
However, the bioactivity of a dental material is assured by its ability to induce the formation of

29,33,63

hydroxyapatite crystals , which can be evaluated using Fourier transform infrared (FTIR)

microspectroscopy and dark field electron microscopy®*6>-66,
In addition to von Kossa-positive structures and birefringent deposits, OCN was also

seen in Bio-C Pulpo, Biodentine and WMTA specimens. OCN is a no-collagen protein present
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in the extracellular matrix of mineralized tissues and, therefore, is synthetized by their own
cells®’. Considering that OCN has high binding affinity for hydroxyapatite crystals and seems
to play an important role in the growth of these crystals®®, this protein has been pointed as
essential in the mineralization process®. Therefore, the immunoexpression of OCN in the
connective tissue around bioceramic materials indicates that this protein could have a
participation in the formation of birefringent amorphous calcite. Moreover, our findings clearly
showed an increase in the immunoexpression of OCN over time in the bioceramic materials
specimens. In contrast, no immunoexpression was seen in the capsules of CG specimens,
indicating that Bio-C Pulpo, Biodentine and WMTA materials stimulate the production of OCN
by the connective tissue cells. These results, taken together, support the concept that these
bioceramic materials present bioactive potential.

Our findings indicate that the changes made in Bio-C Pulpo and Biodentine to improve
the handling of bioceramic materials may be responsible for highest immunoexpression of IL-
6 pro-inflammatory cytokine initially detected in the connective tissue in comparison with
WMTA. However, significant reduction of immunoexpression of IL-6 and in the inflammatory
reaction around Bio-C Pulpo and Biodentine parallel to the increase in the number of fibroblasts
and in the amount in the collagen fibers, indicate that these bioceramic materials are
biocompatible as well as may allow the connective tissue repair. Furthermore, the presence of
von Kossa-positive deposits, birefringent calcite structures and osteocalcin-immunolabelled
cells suggest that Bio-C Pulpo and Biodentine may present bioactive potential. Thus, the Bio-

C Pulpo may be used as an alternative repair material.
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TABLE 1 Bioceramic materials, manufacturers, chemical composition and proportions.

Materials Composition Ratio
Powder/Liquid
Bio-C Pulpo Powder: tricalcium silicate,  0.17g : 3 drops
(Angelus, Londrina, Brazil) dicalcium silicate, calcium aluminate,

calcium hydroxide, zirconium oxide,
calcium fluoride, silicon dioxide and
iron oxide. Liquid: distilled water,

plasticizer, calcium chloride and

methylparaben.
Biodentine Powder: tricalcium silicate, 1 capsule : 5
(Septodont, Saint-Maur-des- zirconium oxide, calcium oxide, drops
Fosses, France) calcium carbonate, yellow pigment,

red pigment and brown iron oxide.
Liquid: Calcium chloride dihydrate,

Areo and purified water.

White MTA (Angelus, Powder: tricalcium silicate, 1g:300 pl
Londrina, Brazil) dicalcium silicate, tricalcium
aluminate, calcium oxide, calcium

tungstate. Liquid: distilled water.
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Figures 1A-1P - Light micrographs showing a general view of capsules (C) of Bio-C Pulpo,
Biodentine, WMTA and CG specimens at 7, 15, 30 and 60 days. At 7 days (Figs. 1A-1D), the
thick capsules (C) exhibit evident inflammatory reaction (intense basophilia). At 15 days, the
inflammatory reaction is particularly evident in the capsules around Bio-C Pulpo (Fig. 1E) and
Biodentine (Fig. 1F). Figures 11-1P (30 and 60 days) — thin capsules are seen. M, muscle; T,
space of implanted polyethylene tube. Bars: 900 pm. HE.

Figure 1Q - Thickness of capsules (um) of Bio-C Pulpo, Biodentine, WMTA and CG groups
at 7, 15, 30 and 60 days. Different superscript letters denote significant difference between
among in the period. Different superscript numbers denote significant difference in a group
over time. Tukey’s test (p<0.05).
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Figures 2A-2P - Light micrographs showing portions of capsules (C) of Bio-C Pulpo,
Biodentine, WMTA and CG specimens at 7, 15, 30 and 60 days. Inflammatory cells (arrows),
fibroblasts (Fb), collagen fibres (asterisks) and material particles (empty arrows) are seen in the
capsules. In Fig. 2B, nuclei strongly stained by haematoxylin (arrowheads) and acidophilic and
amorphous material (N) suggesting necrosis areas. T, space of implanted polyethylene tube;
BV, blood vessel. Bars: 30 um. HE.

Figures 2Q and 2R - Numerical density of inflammatory cells (Fig. 2Q) and of fibroblasts (Fig.
2R) in the capsules of Bio-C Pulpo, Biodentine, WMTA and CG specimens at 7, 15, 30 and 60
days. Different superscript letters denote significant difference among groups in the period.

Different superscript numbers denote significant difference in a group over time. Tukey’s test
(p<0.05).
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Figures 3A-3P — Light micrographs of sections showing portions of capsules (C) of Bio-C
Pulpo, Biodentine, WMTA and CG groups. The sections were submitted to
immunohistochemistry for IL-6 detection (brown-yellow colour) and counterstained with
haematoxylin. Inflammatory cells (arrows) exhibit strong immunolabelling in their cytoplasm;
some IL-6-immunostained fibroblasts (Fb) are also observed. Note scarce immunolabelling in
capsules of CG specimens. BV, blood vessels; T, space of implanted polyethylene tube. Bars:
22 pum.

Figure 3Q — Number of IL-6-immunolabelled cells in the capsules of Bio-C Pulpo, Biodentine,
WMTA and CG groups at 7, 15, 30 and 60 days. Different superscript letters denote significant
difference among groups in the period. Different superscript numbers denote significant
difference in a group over time. Tukey’s test (p<0.05).
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Figures 4A-4H - Light micrographs showing portions of capsules of Bio-C Pulpo, Biodentine,
WMTA and CG specimens at 7 and 60 days. The sections were subjected to the picrosirius-red
and analyzed under polarized illumination. Birefringent collagen fibres (orange/red/yellow
colours) are seen in the capsules. T, space of implanted polyethylene tube.

Figure 41 - Amount of birefringent collagen (in percentage) in the capsules of Bio-C Pulpo,
Biodentine, WMTA and CG groups at 7, 15, 30 and 60 days. Different superscript letters denote
significant difference among groups in the period. Different superscript numbers denote
significant difference in a group over time. Tukey’s test (p<0.05).
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Figures SA-5P — Light micrographs of sections showing portions of capsules (C) of Bio-C
Pulpo, Biodentine, WMTA and CG groups. The sections were submitted to
immunohistochemistry for OCN detection (brown-yellow colour) and counterstained with
haematoxylin. OCN-immunolabelled cells (arrows) are present in the capsules around
bioceramic materials. Note absence of OCN-immunolabelled cells in capsules of CG
specimens. BV, blood vessels; T, space of implanted polyethylene tube. Bars: 22 um.

Figure 5Q — Number of OCN-immunolabelled cells in the capsules of Bio-C Pulpo,
Biodentine, WMTA and CG groups at 7, 15, 30 and 60 days. Different superscript letters denote
significant difference among groups in the period. Different superscript numbers denote
significant difference in a group over time. Tukey’s test (p<0.05).
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Figures 6A-6H - Light micrographs showing portions of capsule of Bio-C Pulpo, Biodentine,
WMTA and CG specimens at 7 and 60 days. The sections were subjected to von Kossa
histochemical reaction (black colour) and counterstaining with picrosirius-red (red colour). The
capsules around Bio-C Pulpo, Biodentine and WMTA exhibit von Kossa reactivity in black
colour structures. Note that in CG specimens (Figs. 6D and 6H), no positive structure is present.
Figures 61-6N — Light micrographs of unstained sections under polarized light. Birefringent
material is dispersed through the capsules around the materials. T, space of implanted
polyethylene tube. Bars: 120 pm.
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4 DISCUSSAO

O TCS puro foi associado a 30% de tungstato de calcio (CaWOa), usado como
radiopacificador, uma vez que essa associagao forneceu 4,61 (mm de aluminio) de
radiopacidade®®, portanto, em conformidade com a norma ISO (International
Organization for Standardization) 6876/2012. A radiopacidade €& importante para
distinguir o material endodéntico das estruturas anatomicas adjacentes®’.
Biomateriais contendo silicato tricalcico sintetizado puro tém sido propostos?328, a fim
de evitar a presenca de contaminantes.

As analises morfolégica e quantitativa revelaram que o TCS + CaWOg4 induziu
uma reacdo inflamatéria moderada, semelhante ao Bio-C e MTA HP, quando
implantados no tecido conjuntivo do subcutaneo. Aos 7 e 15 dias, o infiltrado
inflamatoério observado nas capsulas ao redor dos materiais de reparo, foi
significativamente maior do que nos espécimes do GC, indicando que substancias
liberadas por esses materiais podem ser responsaveis, pelo menos em parte, pelo
dano tecidual. Além da composicdo quimica dos materiais, as suas propriedades
fisico-quimicas devem também exercer influéncia na resposta tecidual, dentre elas o
tempo de presa, solubilidade e pH parecem ter uma intima associacdo com a
biocompatibilidade dos materiais. O MTA HP apresenta tempo de presa inicial de
aproximadamente 17 minutos® a 32,5 minutos?®, enquanto que o tempo de presa
inicial do TCS + CaWO4 foi aproximadamente de 61,78 minutos?®. Em contraposicao,
o Bio-C apresenta tempo de presa inicial de aproximadamente 7 minutos® a 12
minutos®®, onde podemos sugerir que as substancias que foram liberadas durante o
tempo de presa podem ter sido prejudiciais ao tecido. Com relagao ao pH, os materiais
apresentaram valores de pH alcalino, sendo que nas primeiras horas, o pH do TCS +
CaWO4 foi de aproximadamente 9,58, o Bio-C Repair de aproximadamente 7' e o
MTA HP de aproximadamente 9,3%%. Sabe-se que o pH alcalino estimula o
recrutamento de leucocitos??8588.9% exercendoportanto um papel importante na
resposta inflamatoria em resposta aos materiais. A solubilidade e a radiopacidade dos
materiais apresentaram valores de acordo com a norma ISO 6876/2012, que
preconiza que a solubilidade do material esteja a baixo de 3% e a radiopacidade seja
de no minimo 3 mm Al.

No estudo 2, o Bio-C Pulpo, um material bioceramico contendo silicato tricalcico

e dicalcico, aluminato de calcio, hidroxido de calcio, fluoreto de calcio, didbxido de
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silicio, 6xido de ferro e 6xido de zircdnio em seu pd, enquanto o liquido contém agua
destilada, plastificante, cloreto de calcio (catalisador) e metilparabeno®8299.101" foj
comparado ao Biodentine e ao WMTA (Angelus). O Bio-C Pulpo foi manipulado na
proporcao de 0,17 g de po para 3 gotas de liquido por aproximadamente 60 segundos,
quando o cimento adquiriu a consisténcia de uma massa homogénea, de consisténcia
semelhante a massa de modelagem. A manipulacédo e insercdo deste material foi
relativamente simples e facil. Apesar do Biodentine também ser de facil manipulacéo,
pois a sua mistura é feita no dispositivo amalgamador, a desvantagem é que este
material € disponibilizado em capsulas (com aproximadamente 1g), que apos a
mistura apresenta um tempo de trabalho relativamente curto, o que pode levar a perda
do material’”®>. O WMTA (Angelus) apds a manipulagdo apresenta uma consisténcia
de aspecto arenoso e, portanto, ha uma dificuldade de inser¢gdo deste material em
cavidades®62,

Como esperado, nos periodos iniciais (7 e 15 dias), os materiais reparadores
(Bio-C Pulpo, Biodentine e WMTA) estimularam o recrutamento de células
inflamatodrias no tecido conjuntivo adjacente a abertura dos tubos de polietileno
implantados no subcutaneo. Nestes periodos, as capsulas que envolviam os materiais
Bio-C Pulpo e Biodentine apresentaram-se mais espessas em comparagiao aquelas
adjacentes ao WMTA. A evidente reacéo inicialmente promovida por esses materiais
bioceramicos foi reduzida gradativamente culminando nas capsulas com espessuras
semelhantes as encontradas nos espécimes WMTA e CG aos 30 e 60 dias. A analise
quantitativa das células inflamatérias revelou que, aos 7 dias, Biodentine induziu um
maior recrutamento de células inflamatorias do que Bio-C Pulpo e WMTA, enquanto
que nao foram detectadas diferencgas significativas no numero de células inflamatdrias
entre Bio-C Pulpo e WMTA. Um acentuado potencial irritante de Biodentine foi
demonstrado apds a implantagdo em tecidos subcutaneos37483, A injuria tecidual
causada inicialmente pelo Biodentine tem sido atribuida, pelo menos em parte, ao
cloreto de calcio e/ou policarboxilato (polimero hidrossoluvel) presente em seu
liquido'%21%4_ O pH elevado proporcionado pelo Biodentine nas primeiras horas, em
torno de 11.7%, que durante seu tempo de presa também pode ser responsavel pelo
recrutamento de células inflamatérias, uma vez que o pH alcalino estimula o
recrutamento de células inflamatdrias3¢:83.85.105 No entanto, o efeito irritante exercido
pelo Biodentine parece ocorrer por pouco tempo, uma vez que uma redugao

significativa no numero de células inflamatorias foi observada aos 15 dias nas
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capsulas ao redor desse material de reparo. Assim, ndo foi encontrada diferenca
significante no grau de infiltrado inflamatdrio entre os materiais bioceramicos apos 15,
30 e 60 dias. Aos 7 e 15 dias, Biodentine apresentou areas de necrose nas capsulas
ao redor do material. O hidroxido de calcio contido nos materiais bioceramicos inclui
inflamacgéo e necrose da superficie da polpa'®.

Os materiais foram colocados no tecido subcutaneo imediatamente apos a
insercdo nos tubos de polietileno, portanto, € razoavel sugerir que as substancias
liberadas durante o tempo de presa foram prejudiciais ao tecido. Além disso, um
produto da reagdo a base de silicato de calcio € a hidroxila (OH), que proporciona um
pH alcalino ao microambiente. Sabe-se que o pH alcalino estimula o recrutamento de
leucocitos*?-8588.9% que migram dos vasos sanguineos em diregdo a superficie dos
materiais, causando espessamento das capsulas como observados nos periodos
iniciais. No entanto, uma redugao significativa no numero de células inflamatoérias ao
redor dos materiais a base de silicato de calcio foi observada ao longo do tempo
indicando uma supresséo da injuria tecidual induzida por esses materiais.

A imuno-histoquimica para detecc¢ao de IL-6, uma interleucina que atua como
citocina pro-inflamatéria, revelou também uma redugéo significativa no numero de
células imunomarcadas com IL-6 em capsulas ao redor dos materiais TCS + CaWOsg,
Bio-C e MTA HP ao longo do tempo. A IL-6 € uma citocina produzida por uma
variedade de células, incluindo macrofagos, linfocitos, plasmaocitos, células
endoteliais, fibroblastos e mastdcitos®388, Ha evidéncias de que esta citocina é
responsavel pela manutencdo da reacdo inflamatéria, uma vez que a IL-6
desempenha um papel na maturacdo de plasmécitos, bem como na ativagao e
diferenciagdo das células T8%®°. Portanto, o nimero de células imunomarcadas com
IL-6 nas capsulas parece estar diretamente associado ao grau de reacgédo inflamatéria
induzida pelos materiais endodonticos®#4887  Nao foi observada diferencga
significativa na imunoexpresséo de IL-6 entre os materiais Bio-C Pulpo, Biodentine e
WMTA em todos os periodos, assim como os resultados referentes a densidade
numeérica de células inflamatorias, indicando que os danos no tecido conjuntivo
causado por TCS + CaWOs, Bio- C e MTA HP s&o transitorios. Apesar dos maiores
valores de células imunomarcadas com IL-6 detectados em Bio-C Pulpo e Biodentine
aos 7, 15 e 30 dias, a redugéo significativa na imunoexpressao desta citocina nestes
grupos ao longo do tempo aponta para uma regressao na reagéao inflamataria.
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Em relagdo ao estudo 2, o numero de células imunomarcadas a IL-6 foi
significativamente maior em torno de espécimes Bio-C Pulpo e Biodentine em
comparacdo as dos espécimes do WMTA, aos 7, 15 e 30 dias. E importante ressaltar
que a redugao da reagao inflamatoria foi acompanhada por um aumento significante
no numero de fibroblastos e quantidade de fibras colagenas nas capsulas ao redor de
todos os espécimes ao longo do tempo. Em geral, varias células inflamatérias e
poucos fibroblastos foram observados nas capsulas aos 7 dias enquanto, no periodo
de 60 dias, os fibroblastos foram o principal tipo celular observado nas capsulas ricas
em colageno, reforcando a ideia de que houve regressao da reagdo inflamatoria ao
longo do tempo®+86, Portanto, nossos achados mostraram claramente que fibroblastos
e fibras colagenas, componentes tipicos do tecido conjuntivo saudavel, substituiram a
reacao inflamatdria inicialmente induzida por materiais de silicato de calcio.

Além da biocompatibilidade, nossos achados sugerem que TCS + CaWO4, Bio-
C Repair e MTA HP, Bio-C Pulpo, Biodentine e WMTA expressam potencial bioativo
no tecido conjuntivo do subcutaneo de ratos. No presente estudo, estruturas positivas
de von Kossa foram observadas ao redor dos espécimes indicando precipitacdo de
calcio nas capsulas*®5487_A analise de cortes ndo corados das capsulas formadas em
resposta aos revelou estruturas birrefringentes, que sdo sugestivas de calcita
amorfa®26277.86.9495 Sghe-se que quando os materiais de silicato de calcio sdo
hidratados, os ions calcio s&o liberados?#3640.107.108 ¢ reagem com o carbonato didxido
do liquido intersticial dando origem ao carbonato de calcio®*'%, uma calcita amorfa
birrefringente®286.90.94  Além disso, as capsulas de TCS + CaWQs, Bio-C e MTA HP
foram imunorreativas a osteocalcina, uma glicoproteina sintetizada por células de
tecidos mineralizados, como linhagem de células osteogénicas’’. Embora células
imunomarcadas com OCN tenham sido observadas nas capsulas em todos os
periodos, um aumento significativo na imunoexpresséo foi observado nas capsulas ao
redor de materiais de silicato de calcio ao longo do tempo. Esses achados indicam
que TCS + CaWOQy, Bio-C e MTA HP, O Bio-C Pulpo, o Biodentine e o WMTA podem
promover a precipitagdo de calcio estimulando a produgdo de OCN por células
mesenquimais derivadas do tecido conjuntivo subcutédneo. Esta hipotese é
corroborada pelo fato de que estruturas von Kossa positivas e birrefringentes, bem
como células imunomarcadas com OCN, ndo foram observadas nas capsulas do GC.
Esses resultados, em conjunto, sustentam o conceito de que esses materiais

bioceramicos apresentam potencial bioativo.
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A escolha de um material de reparo, é importante ressaltar que os produtos de
reagdo do material entram em contato direto com os tecidos''"''2. Nossos achados
indicam que o material experimental TCS + CaWOQO4 e os demais materiais MTA HP,
Bio-C, Bio-C Pulpo, Biodentine e WMTA sao biocompativeis e induzem o reparo do
tecido conjuntivo quando implantados no subcutdaneo de ratos. Além disso, os
materiais TCS + CaWO4, MTA HP, Bio-C Pulpo, Biodentine e WMTA parecem exercer
potencial bioativo no tecido conjuntivo. Porém, futuras pesquisas devem ser
conduzidas para confirmar se o material experimental TCS+ CaWO4 é capaz de
estimular a diferenciacéo e atividade de células produtoras de tecidos mineralizados.
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5 CONCLUSAO

O TCS + 30% CaWOs constitui uma alternativa como material de reparo, pois
este material bioceramico permite a proliferagdo de fibroblastos e a formacédo de
colageno ao longo do tempo. Além disso, este material bioceramico experimental
permite a precipitacao de cristais de calcita e estimula a producado de osteocalcina,
sugerindo que este material possui potencial bioativo.

As alteragoes feitas no Bio-C Pulpo e Biodentine para melhorar o manuseio de
materiais bioceramicos possivelmente devem ser responsaveis, pelo menos em parte,
pela acentuada imunoexpressdo da citocina proé-inflamatéria IL-6 inicialmente
detectada no tecido conjuntivo. No entanto, a redugao significante da imunoexpresséo
de IL-6 e da reacao inflamatéria ao redor de Bio-C Pulpo e Biodentine paralelamente
ao aumento do numero de fibroblastos e da quantidade nas fibras de colageno,
indicam que esses materiais bioceramicos sdo biocompativeis e também podem
permitir o reparo do tecido conjuntivo. A presenca de depdsitos positivos ao von
Kossa, estruturas de calcita birrefringentes e células imunomarcadas a osteocalcina

sugerem que Bio-C Pulpo e Biodentine apresentam potencial bioativo.
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APENDICE A - METODOLOGIA EXPANDIDA DOS ARTIGOS 1 E 2

Animais

O projeto foi aprovado pelo Comité de Etica no Uso de Animais (CEUA) da
Faculdade de Odontologia de Araraquara — FOAr/UNESP (Processo n° 03/2019 —
ANEXO A).

Foram utilizados 64 ratos Holtzman machos e adultos (Rattus norvegicus
albinus), pesando em média 220 g. Os animais foram mantidos em ambiente sob ciclo
claro-escuro 12:12 horas, com temperatura (23 + 2°C) e umidade (55 = 10%)
controladas, e com ragao e agua fornecidas ad libitum. Os animais foram alojados em
gaiolas de polietileno (40x30x15 cm) forradas com uma camada de aparas de pinho
branco (maravalha); em cada gaiola foram colocados quatro ratos. Os animais foram
distribuidos em oito grupos, sendo 4 grupos para cada pesquisa. Pesquisa 1: TCS +
CaWO4 (cimento de silicato tricalcico + 30% de tungstato de calcio), Bio-C Repair (Bio-
C Repair, Angelus, Londrina, Brasil), MTA HP (MTA Repair HP, Angelus, Londrina,
Brasil) e Grupo Controle (GC, tubos vazios de polietileno). Pesquisa 2: Bio-C Pulpo
(Angelus, Londrina, Brasil), Biodentine (Septodont, Saint Maur-des-Fosses, Franga),
MTA Branco Angelus (Angelus, Londrina, Brasil) e Grupo Controle (GC, tubos vazios
de polietileno). A Tabela 1 descreve a procedéncia, composi¢gao quimica e proporgéo

utilizada no preparo dos materiais.



Tabela 1- Materiais bioceramicos, fabricante, composi¢géo quimica e proporgao.
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Materiais Composicgao Proporgao
TCS + 30% CaWO4 Po6: 70% silicate tricalcico puro (TCS) 19 : 330 pl
(TCS, Mineral + 30% tungstato de calcio (CaWOa).
Research Liquido: agua destilada. (Pd/Liquido)
Processing, Meyzieu,
Franca e CaWOsa,
Sigma Aldrich, St
Louis, MO, USA)
Bio-C Repair Silicatos de calcio, aluminato de calcio, Seringa
(Angelus, Londrina,  ©0xido de calcio, 6xido de zirconio, oxido (pronto para
Brasil) de fgrro, diéxido de silicio e agente uso)
dispersante (pronto para uso).
MTA Repair HP Pa: silicato tricalcico, silicato dicalcico, 19 : 340 pl
(Angelus, aluminato tricalcico, 6xido de calcio e (Pé/Liquido)

Londrina, Brasil)

Bio-C Pulpo
(Angelus, Londrina,
Brasil)

Biodentine
(Septodont, Saint
Maur-des-Fosses,

Francga)

MTA Branco
Angelus
(Angelus,

Londrina, Brasil)

tungstato de calcio.
Liquido: agua e plastificante.

P&: silicato tricalcico, silicato dicalcico,
calcio aluminato, hidroxido de calcio,
6xido de zirconio, fluoreto de calcio,
dioxido de silicone e 6xido de ferro.
Liquido: agua destilada, plastificante,

cloreto de calcio e metilparabeno.

Po: Silicato tricalcico, éxido de zircdnio,
oxido de calcio, carbonato de calcio,
pigmento amarelo, pigmento vermelho e
oxido de ferro marrom.

Liquido: Cloreto de calcio dihidratado,
Areo e agua purificada.

Po: Silicato tricalcico, silicato dicalcico,
aluminato tricalcico, 6xido de calcio,
tungstato de calcio.

Liquido: agua destilada.

0,17g: 3 gotas
(Pé/Liquido)

1 capsula : 5
gotas
(Pd/Liquido)

1g:300ul
(Pé/Liquido)

Fonte: Elaboragao prépria do autor
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Manipulagao dos materiais

O material experimental (TCS + CaWO4) foi previamente preparado na
proporcao de 70% de TCS (Mineral Research Processing, Meyzieu, Franga) e 30%
de tungstato de calcio (CaWOs; Sigma Aldrich, St Louis, MO, EUA) em peso. Este
material experimental foi misturado na propor¢do de 1g de p6 e 330 ul de agua
destilada durante 60 segundos, quando o material apresentava consisténcia de
massa. O Bio-C Repair é fornecido pelo fabricante pronto para uso; este material exibe
uma consisténcia cremosa. O MTA HP foi preparado na propor¢cao de mistura po /
liquido de 1 g: 340 ul de veiculo (agua e plastificante) por 40 segundos, obtendo-se
um cimento semelhante a uma argila de modelagem. O Bio-C Pulpo é também
fornecido pelo fabricante pronto para uso; esse material apresenta consisténcia
viscosa. O Biodentine foi preparado com o auxilio de um aparelho amalgamador digital
(Ultramat-S SDI; SDI Brasil Industria e Comércio LTDA), com agitacdo de 15
segundos, na propor¢do de uma capsula para cinco gotas do liquido, exibindo
consisténcia levemente arenosa. O MTA Branco Angelus foi manipulado com 1g de
p6 para 300 yl de agua destilada, apresentando consisténcia arenosa. Todos os
materiais foram preparados para serem utilizados como materiais reparadores. Os
materiais foram manipulados dentro de uma camara de fluxo laminar em condig¢des
asseépticas, com placa de vidro e espatula esterilizados. Os materiais foram inseridos
em tubos de polietileno (Figuras 1 e 2; Embramed Industria e Comércio Ltda., S&o
Paulo, SP, Brasil), previamente esterilizados em 6xido de etileno’?. Os tubos de
polietileno usados no experimento continham 1,5 mm de didmetro e foram cortados

com 10 mm de comprimento.
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Tubos com os materiais da pesquisa 1
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Figura 1- Tubos de polietileno estéreis contendo os materiais utilizados (TCS +
CaWOs., Bio-C Repair e MTA HP) e tubos sem material (GC).
Fonte: Propria do autor.

Tubos com os materiais da pesquisa 2

Figura 2- Tubos de polietileno estéreis contendo os materiais utilizados (MTA Branco
Angelus, Biodentine e Bio-C Pulpo) e tubos sem material (GC).
Fonte: Propria do autor.
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Procedimentos cirurgicos

Os animais foram anestesiados com uma solugdo contendo 0,08 mL de
cloridrato de cetamina 10% (Virbac do Brasil Industria e Comércio Ltda, Sdo Paulo,
Sao Paulo, Brasil) e 0,04 mL de cloridrato de xilazina 2% (Unido Quimica
Farmacéutica Nacional S / A, Sdo Paulo, Sdo Paulo, Brasil) por 100 g de peso
corporal, administrado com seringa e agulha de insulina por via intraperitoneal (Figura
3A). Apos a sedacéo, foi realizada a tricotomia na regiao dorsal e a antissepsia feita
com solucgdo de iodo a 5% (Figura 3B). Apos a assepsia, foi realizada uma inciséo de
2 cm no plano crénio-caudal (Figura 3C) com auxilio de uma lamina de bisturi n® 15
(Fibra Cirurgica, Joinville, Santa Catarina, Brasil). A pele foi divulsionada com tesoura
de ponta romba (Figura 3D) e, a seguir, os tubos de polietileno foram inseridos no
tecido conjuntivo subcutaneo (Figura 3E). Em cada animal, quatro tubos de polietileno
(um tubo de cada grupo) foram colocados na bolsa criada no subcutaneo de cada
animal (Figura 3F) de maneira que sua posi¢éo fosse alternada nos animais, ou seja,
a implantagao dos tubos foi realizada no sistema de “rodizio” (Figuras 5 e 6).

Duzentos e cinquenta e seis tubos de polietileno foram implantados em
sessenta e quatro animais (quatro implantes em cada animal). O local da pele incisada
foi suturado (Figura 3G) com pontos simples com fio de seda 4-0 (Ethicon Inc., Sdo
José dos Campos, S&o Paulo, Brasil). Apos 7, 15, 30 e 60 dias de implantacgéo, oito
animais em cada periodo foram anestesiados e os implantes com os tecidos
adjacentes foram removidos (Figura 4). Subsequentemente, os animais foram

sacrificados com uma overdose de anestésico.



Sequéncia cirurgica de insergao dos tubos
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Figura 3- Imagens do procedimento cirurgico de insercdo dos implantes no
subcutaneo dorsal do rato. A- Anestesia do animal. B- Tricotomia e antissepsia feita
com solucdo de iodo a 5%. C- Incisdo craniocaudal com a lamina de bisturi. D-
Divuls&o da pele usando uma tesoura de ponta romba. E e F — Inser¢cédo do implante
na bolsa criada no subcutaneo. G- Sutura.

Fonte: Propria do autor.
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Amostra

Figura 4- Amostra de um implante com os tecidos adjacentes que foi
retirada do animal.
Fonte: Propria do autor.

Esquema de Alternancia de implantacao do tubos da pesquisa 1
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Figura 5- Organograma ilustrando os locais de implantacado no dorso de cada
animal e a alternancia no sitio de implantacao de cada material da pesquisa 1.
Fonte: Propria do autor.
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Esquema de Alternancia de implantacao do tubos da pesquisa 2
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Figura 6- Organograma ilustrando os locais de implantacdo no dorso de cada
animal e a alternancia no sitio de implantacao de cada material da pesquisa 2.
Fonte: Propria do autor.

Processamento histolégico

ApGs a remogéo, os implantes com os tecidos adjacentes foram armazenados
em cassetes com a identificacdo do grupo e periodo e, imediatamente, imersos em
solugéo de formaldeido a 4% (preparada a partir do paraformaldeido) tamponada com
fosfato de sd6dio 0,1 M com pH 7,2 a temperatura ambiente. Apos 48 horas, as
amostras foram desidratadas, diafanizadas com xilol (3 banhos de 1 hora e 30 min
cada) e imersas em parafina liquida a 60°C durante 4 horas, com 3 trocas de parafina.
Subsequentemente, as amostras foram incluidas em parafina sendo posicionada para
obtencao dos cortes longitudinais dos implantes (Figura 7). Apos a inclusao, o tubo de
polietileno foi cuidadosamente removido com auxilio de uma lamina de bisturi e 0 seu
espaco foi preenchido com parafina (Figura 8). Usando um microtomo rotativo (Leica,
modelo RM2125 RST, Heidelberg, Alemanha) e navalhas de ago inoxidavel
descartaveis (Leica, modelo 818, Heidelberg, Alemanha), quarenta cortes com 6 pm
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de espessura foram colados em Iaminas de vidro; em cada lamina foram colocadas
dois cortes. A adesé&o dos cortes as laminas de vidro foi realizada em estufaa 60° C
durante, aproximadamente, 45 min.

Cinco laminas contendo cortes n&o seriados foram coradas com hematoxilina
e eosina (HE) para analise morfolégica, mensuragcdo da espessura da capsula,
estimativa do numero de células inflamatérias e do numero de fibroblastos nas
capsulas (Figura 7). Trés cortes ndo seriados foram corados com picrosirius-red para
analise quantitativa do colageno birrefringente e trés cortes n&o seriados foram
submetidos ao von Kossa para avaliar a presenga de calcio nas capsulas. Ainda,
cortes foram desparafinizados e montados para analise sob luz polarizada. Os cortes
aderidos as laminas tratadas com 3-aminopropiltrietoxisilano 4% (Sigma-Aldrich Co.,
Saint Louis, Missouri, EUA) foram submetidos as reagdes de imuno-histoquimica para
detecgdo de interleucina-6 (IL-6) e osteocalcina (OCN).

Durante o processo de remocado dos implantes dos animais e de
processamento histolégico das amostras, algumas foram “danificadas” e dessa
maneira tivemos que definir o n do estudo como sendo n=7 (sendo utilizado 7

amostras de cada implante para cada periodo).
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Fluxograma do processamento histolégico das amostras

1. Extragdao da Amostra 2. FiXaga0 . urormaldeido 4 % 3. Lavagem

6. Diafanizagdo

[

Figura 7- Fluxograma ilustrando o processamento histologico das amostras e as
analises realizadas.
Fonte: Elaboracgéo prépria do autor.
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Figura 8- A- Imagens ilustrando o implante com os tecidos adjacentes removido do
animal. B- imagem mostrando um corte da amostra sem coloragédo. Note que o tubo de
polietileno (T) foi removido permanecendo o seu espago envolvido pelo tecido conjuntivo.
Em C- corte corado com HE, mostra a capsula (C) adjacente a abertura do tubo de
polietileno (T) que representa a regido de interesse nas analises morfologica,
histoquimica, morfométrica e imuno-histoquimica.
Fonte: Prépria do autor.

Avaliagao da biocompatibilidade

- Analise morfolégica dos cortes corados com HE

Na analise descritiva foram considerados os principais constituintes das

capsulas, como tipos de células (células inflamatdrias e fibroblastos), presenca de

fibras de colageno, vasos sanguineos e extensao da reacao inflamatéria. Para estimar

se os tecidos adjacentes foram danificados e a extensédo da reagao inflamatodria, a

espessura das capsulas foi mensurada. A analise e captura das imagens foram

realizadas com um microscopio Olympus (modelo BX 51, Olympus, Toquio, Japao)

com uma camera digital acoplada (DP-72, Olympus, Toquio, Japdo). As analises

quantitativas foram realizadas com o auxilio de um sistema de andlise de imagens

(Image-Pro Express 6.0, Olympus, Téquio, Japao). A analise foi realizada por um

examinador treinado e “cego” aos grupos.
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Mensuragao da espessura da capsula (EC)

XYimage-Pro Express - Control® 1b- 201 tif (171)
File Edit Acquire Sequence Enhance Process Measure Window Help

ZYControl™ 16 200 tir (171)

Figura 9- A figura mostra um print sreen da imagem capturada com a objetiva de 4x e
transferida para o programa de analise de imagem (Image-Pro Express 6,0, Olympus). Apés
a calibragdo do sistema, seleciona-se a ferramenta que se pretende usar (tela a direita;
Features). Nesse caso, seleciona-se a “linha” que permite mensurar distdncia de um ponto
ao outro. Uma vez selecionada a ferramenta apropriada, traca-se a linha desde a superficie
interna da capsula até o seu limite com os tecidos adjacentes e o programa fornece a
extensao da capsula (em micrémetros).

Fonte: Propria do autor.

- Mensuracédo da espessura das capsulas

Em cada amostra, a espessura da capsula foi medida a partir de trés cortes nao
seriados corados com HE (a menor distancia entre os cortes foi de 100 um). Em cada
corte, aimagem foi capturada com a objetiva de 4x (aumento final de 65x). As imagens
foram transferidas para um sistema de analise de imagens (Image-Pro Express 6.0,
Olympus) e, inicialmente foi realizado a calibracdo do sistema, considerando o
aumento da imagem. Com auxilio do sistema de imagem, uma linha foi tracada da
superficie da capsula adjacente a luz do tubo implantado até o limite com os tecidos
adjacentes®. Essa linha foi tragada considerando a porgéo central da capsula (Figura
9). O valor fornecido pelo programa foi registrado em micrémetros (um), em cada



122

corte. Em cada implante, a espessura da capsula foi calculada a partir da média dos
valores obtidos nos trés cortes. Em cada grupo, foi calculada a média em cada
periodo. As capsulas com até 150 ym foram categorizadas como finas, enquanto
aquelas com espessura maior que 150 um foram consideradas espessas®*.

- Estimativa do numero de células inflamatoérias e de fibroblastos

Em cada implante, o numero de células inflamatdrias e de fibroblastos foi
estimado em trés cortes n&o seriados (com intervalo minimo entre os cortes de 100
um) corados com HE. Em cada corte, um campo padronizado (0,09 mm?) da capsula
adjacente a abertura dos tubos implantados foi capturado com aumento de 695x.
Dessa maneira, em cada amostra, o numero de células inflamatdrias e fibroblastos foi
computado em um campo total de 0,27 mm?.

As imagens foram transferidas para o programa de analise de imagens (Image-
Pro Express 6.0, Olympus, Téquio, Japdo) e o numero de células inflamatérias
(neutrdfilos, linfécitos, plasmaocitos e macrofagos) bem como o numero de fibroblastos
foi computado. Caracteristicas morfologicas como nucleo multilobulado (neutréfilos),
célula arredondada com nucleo esférico com cromatina condensada refletindo numa
forte coloragdo pela hematoxilina (linfocitos), células elipticas com nucleo
excentricamente localizado no citoplasma (plasmdécitos) e células com nucleo irregular
(macrdéfagos) foram usadas para identificar as células inflamatoérias®®’. Com auxilio
do sistema de analise de imagens, as células identificadas como células inflamatdrias
foram computadas pelo operador e o sistema numera sequencial (Figura 10). Os
fibroblastos foram diferenciados das células inflamatdrias pelo seu formato
eliptico/fusiforme. Essas células também foram computadas com o auxilio do sistema
de analise de imagem (Figura 11). Assim, o numero de células inflamatorias e de
fibroblastos por mm? foi estimado em cada espécime. Esta andlise foi realizada em

todos os espécimes de todos os grupos e periodos.
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Figura 10- A figura mostra um print sreen da imagem capturada com a objetiva de 40x e
transferida para o programa de analise de imagem (Image-Pro Express 6,0, Olympus).
Apods a calibragédo do sistema, seleciona-se o icone Tag Points para iniciar a contagem de
células inflamatdrias que aparecem na imagem & esquerda. A medida que o operador clica
sobre a célula identificada, o programa registra a mesma com um circulo vermelho junto
ao numero computado sequencialmente.

Fonte: Propria do autor.
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Numero de fibroblastos
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Figura 11- A figura mostra um print sreen da imagem capturada com a objetiva de 40x e
transferida para o programa de analise de imagem (Image-Pro Express 6,0, Olympus).
Apods a calibracdo do sistema, seleciona-se o icone Tag Points para iniciar a contagem
de fibroblastos que aparecem na imagem & esquerda. A medida que o operador clica
sobre o fibroblasto, o programa registra a célula com um circulo vermelho junto ao nimero
computado sequencialmente.

Fonte: Propria do autor.

- Imuno-histoquimica para detecg¢éo de IL-6

Para a deteccao de IL-6, foi utilizado o anticorpo monoclonal de camundongo
anti-IL-6 (Abcam Inc., Cambridge, MA, EUA; cddigo: ab9324). Apds desparafinizagao
e hidratacao, as laminas foram imersas em tampao citrato de sédio 0,001 M com pH
6,0 e submetidas ao aquecimento em micro-ondas por 30 min a 94-98° C para
recuperagao antigénica. Apds o resfriamento, os cortes foram lavados em tampao
Tris-HCI 0,05 M com pH 7,4 e, a seguir, imersos em solu¢gao aquosa de peréxido de
hidrogénio a 5%, protegido da luz, por 20 min para bloqueio da peroxidase endogena.
Ap0ds as lavagens, os cortes foram incubados em albumina de soro bovino a 2% (BSA,
Sigma-Aldrich Co., Saint Louis, Missouri, EUA) por 30 minutos em temperatura
ambiente (Figura 12). Em seguida, os cortes foram incubados durante a noite (16 a
18 horas) em uma camara umida a 4° C (geladeira) com anticorpo anti-IL-6 na diluigao
de 1:100. Posteriormente, os cortes passaram por 4 lavagens (5 min cada) em tampao
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Tris-HCI por 20 min e, em seguida, os cortes foram incubados por 1 hora a
temperatura ambiente com anti-lgG de coelho e camundongo conjugado a polimeros-
HRP (EnVision + Dual Link System-HRP, Dako Inc., Carpinteria, CA, EUA; cddigo:
K4061). Posteriormente, os cortes foram lavados em tamp&o TRIS-HCI, e a atividade
da peroxidase foi revelada pelo cromégeno 3,3'-diaminobenzidina (DAB, Dako Inc.,
Carpinteria, California, EUA; codigo: K3468) por 3 min. Os cortes foram contracorados
com hematoxilina de Carazzi. Como controle negativo, os cortes foram submetidos a
todas as etapas exceto a incubagdo com anticorpo primario, quando os cortes foram
incubados com soro ndo imune.

Para verificar se havia diferengas entre os grupos e periodos, o numero de
células imunopositivas (em castanho) foi computado nas capsulas de todos os
espécimes. Utilizando uma cadmera digital (DP-71, Olympus, Téquio, Japao) acoplada
ao microscopio de luz (BX-51, Olympus, Toquio, Japao), uma area padrao de 0,09
mm? da capsula adjacente a abertura do tubo implantado foi capturada com a objetiva
de 40x (ampliagdo final de 695x). Usando o programa de analise de imagem (Image
Pro-Express 6.0, Olympus), as células imunopositivas a IL-6 foram computadas em
cada campo e o numero de células imunopositivas por mm? de capsula foi calculado
em cada amostra (Figura 13) e, posteriormente, a média por grupo em cada periodo

foi calculada®®’.



Incubagdo em BSA a 2%

Figura 12- Incubagao em albumina de soro bovino 2% (BSA; Sigma-Aldrich Co.,
Saint Louis, Missouri, EUA) por 30 minutos a temperatura ambiente.
Fonte: Propria do autor.

Quantificagao de células IL-6-imunopositivas
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Figura 13- A figura mostra um print sreen da imagem capturada com a objetiva de 40x e
transferida para o programa de analise de imagem (Image-Pro Express 6,0, Olympus).
Apods a calibragdo do sistema, seleciona-se o icone Tag Points para iniciar a contagem do
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numero de células imunopositivas & IL-6 (em castanho). A medida que o pesquisador
identifica a célula imunomarcada, com o mouse clica sobre a célula e o sistema registra,
marcando a célula com um circulo vermelho e o numero correspondente.

Fonte: Propria do autor.

- Quantidade de colageno nas capsulas

O colageno nas capsulas foi quantificado em cortes submetidos a solugéo de
picrosirius-red 0,1% e analisados em microscoépio de luz polarizada (BX-51, Olympus).
De cada implante foram utilizados trés cortes ndo seriados (distancia minima entre os
cortes de 100 uym), totalizando 21 cortes (7 amostras por implante) por grupo em cada
periodo.

Apos a desparafinizagao e hidratagao dos cortes, as laminas foram imersas na
solugéo de picrosirius-red por 1 hora. Subsequentemente a lavagem em agua corrente
(5 min.), os cortes foram desidratados, tratados com xilol e montados com meio
resinoso (Permount®, Fisher Scientific, New Jersey, USA).

Os cortes foram analisados ao microscopio Olympus (modelo BX-51) com os
filtros de polarizagdo. Apos selegcdo da regido de interesse (superficie da capsula
justaposta a abertura do tubo de polietileno na porgéo central da capsula), usando a
objetiva de 40x (ampliagdo final de 695x) e com parédmetros rigorosamente
padronizados (intensidade de luz, abertura do diafragma de campo, diafragma do
condensador, posi¢cdo do condensador e tempo de exposi¢c&o), a imagem polarizada
foi obtida com uma camera digital (DP 72, Olympus).

As imagens foram transferidas para o software de analise de imagem ImageJ®
(http://rsbweb.nih.gov/ij) que foi usado para estimar o percentual de area ocupada por
colageno birrefringente nas capsulas. A definicho de matiz considerada na
birrefringéncia foi a seguinte: vermelho/laranja, 2—-38 e 230-256; amarelo, 39-51; e
verde, 52—1288%°. Assim, a quantidade de colageno foi representada pela porcentagem
de area birrefringente ocupada na area total (expressa em pixels) calculada pelo

programa de analise de imagens'®.
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Potencial bioativo
- Imuno-histoquimica para detecg¢éo de osteocalcina (OCN)

ApOs a desparafinizagao, a recuperacéo antigénica foi obtida por imersao dos
cortes em tampéao citrato de sédio 0,001 M a pH 6,0 aquecido em micro-ondas a 94°C
por 10 min. Apds o resfriamento, os cortes foram lavados em tampao fosfato de sodio
(PBS 50mM + NaCl 200mM, pH 7,3), a peroxidase enddgena foi inativada pela
imersdao em solugdo aquosa de peroxido de hidrogénio a 5% durante 30 min, no
escuro. Apds as lavagens, os cortes foram incubados com BSA 2% por 30min a
temperatura ambiente. Os cortes foram ent&do incubados por 18 horas com anticorpo
primario anti-osteocalcina produzida em coelho diluido 1: 500 (Sigma-Aldrich Co.,
Saint Louis, Missouri, EUA; cédigo: SAB 1306277-40TST) a 4° C. No dia seguinte, os
cortes foram lavados e incubados por 1 hora com polimero conjugado com HRP
(EnVision + Dual Link System-HRP, Dako Inc., Carpinteria, CA, EUA; codigo: K4061)
em temperatura ambiente (Figura 14). Apos lavagem em tampdo, a reagao foi
revelada com DAB (Dako Inc., Carpinteria, Califérnia, EUA; codigo: K3468) e os cortes
foram contrastados com hematoxilina de Carazzi. Como controle negativo, cortes
foram incubados com soro ndo imune em substituicdo a incubagdo com o anticorpo
primario (anti-OCN).

Para verificar se havia diferengas entre os grupos e periodos, o numero de
células imunopositivas (em castanho) foi computado nas capsulas de todos os
espécimes. Utilizando uma cadmera digital (DP-71, Olympus, Téquio, Japao) acoplada
ao microscopio de luz (BX-51, Olympus, Toquio, Japao), uma area padrao de 0,09
mm? da capsula adjacente a abertura do tubo implantado foi capturada com a objetiva
de 40x (ampliagdo final de 695x). Usando o programa de analise de imagem (Image
Pro-Express 6.0, Olympus), as células imunopositivas a OCN (em castanho) foram
computadas em cada campo e o numero de células imunopositivas por mm? de
capsula foi calculado em cada amostra (Figura 15) e, posteriormente, a média por
grupo em cada periodo foi calculada3®”.
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Incubagao com anticorpo secundario

Figura 14- Incubagéao com sistema IgG (anti-mouse/rabbit)
associado a polimeros (marcado — HRP) por 1 hora
(EnVision + Dual Link System - HRP, Dako INC.,
Carpinteria, CA, EUA; K4061), em temperatura ambiente.
Fonte: Propria do autor.

Numero de células imunopositivas a OCN

Figura 15- A figura mostra um print sreen da imagem capturada com a objetiva de 40x e
transferida para o programa de analise de imagem (Image-Pro Express 6,0, Olympus).
Apods a calibragédo do sistema, seleciona-se o icone Tag Points para iniciar a contagem de
células imunopositivas a OCN. O sistema computa a célula reconhecida pelo pesquisador.
Fonte: Propria do autor.
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- Reagéo de von Kossa e estruturas birrefringentes

Em cada espécime, trés cortes ndo seriados foram submetidos a reacéo de von
Kossa que detecta depdsitos de calcio'"'?, em preto/castanho’ nas capsulas. Apos
a desparafinizagao e hidratagdo, os cortes foram imersos em solugao resfriada (a 4°
C) de nitrato de prata a 5% por 1 hora sob ldAmpada incandescente (100 Watts). As
ldaminas foram rapidamente lavadas em agua destilada e, a seguir, imersas em
solugao de hipossulfito de sodio a 5% por 5 min. Apds lavagem em agua destilada por
5 min, os cortes foram corados com picrosirius-red’” e montados em meio resinoso
(Permount®, Fisher Scientific, New Jersey, EUA). A reagéo histoquimica de von Kossa
foi realizada em todos os implantes de todos os grupos e periodos e analisadas ao
microscoépio de luz (Figura 16; Olympus, modelo BX-51).

Como controle positivo foi utilizado corte de falange de membro posterior (sem
descalcificagdo) de rato jovem (Figura 17), obtido junto ao arquivo da disciplina de
Histologia e Embriologia. No controle negativo, os cortes foram submetidos ao mesmo
tratamento, com excecao da incubagado em nitrato de prata a 5%.

Cortes desparafinizados (sem coloragédo) foram montados em meio resinoso e
foram analisados sob iluminagéo polarizada (BX-51, Olympus, Téquio, Japao) para
verificar se as capsulas continham estruturas birrefringentes, sugestivas de calcita

amorfa'3.14.15,



131

Analise da reacao de von Kossa
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Figura 16- A figura mostra um print sreen da imagem com a
objetiva de 4x do microscopio (Olympus, modelo BX-51) apos
reacdo de von Kossa.

Fonte: Propria do autor.

Reacao de von Kossa

Figura 17- Fotomicrografias de uma porgcao de corte ndo descalcificado do membro
posterior mostrando a falange média de rato jovem. O corte foi submetido ao von Kossa
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e, em seguida, corados pelo picrosirius-red. Note que as trabéculas 6ésseas em processo
de calcificagao sao observadas em preto/castanho escuro, ou seja, sdo positivas ao von
Kossa.

Fonte: Propria do autor.

Analise estatistica

Os dados obtidos nos experimentos foram adicionados ao programa GraphPad
Prism 6 (GraphPad Software), no qual foram submetidos os testes estatisticos de
ANOVA two-way seguido pelo teste de Tukey (Figura 18) com nivel de significancia
de 5% (p<0,05), no qual foi gerado também um grafico com os dados da estatistica
(Figura 18).
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Figura 18- A figura mostra um print sreen da imagem gerada apds a analise
estatistica para confecg¢édo do grafico do programa de analise estatistica GraphPad
Prism 6 (GraphPad Software).

Fonte: Propria do autor.
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