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Silva ECA. Reacgdo tecidual e potencial bioativo de cimentos bioceramicos
reparadores e endoddnticos em associacdo ou ndo a substancias antimicrobianas
[tese de doutorado]. Araraquara: Faculdade de Odontologia da UNESP; 2024.

RESUMO

Materiais bioceramicos sdo desenvolvidos em funcdo do potencial biolégico e
bioativo. O controle da infec¢cdo endoddntica nos canais radiculares € essencial para
0 éxito do tratamento endodontico. A associacdo de cimentos endodonticos com
agentes antimicrobianos e Oleos essenciais pode potencializar a acgéo
antimicrobiana. Artigo 1: Analise da reacéo inflamatoria e potencial bioativo do novo
cimento endodontico bioceramico NeoSealer Flo em comparacdo ao Bio-C Sealer e
AH Plus. Artigo 2: Avaliacdo da reacdo tecidual de bioceramico reparador
recentemente desenvolvido (Neoputty) em comparacdo ao Bio-C Repair e MTA
Repair HP. Artigo 3: Analise da biocompatibilidade e potencial bioativo dos
bioceramicos endodonticos (NeoSealer Flo) e BioRoot ™ RCS com ou sem adigao
de cetramida a 1%. Artigo 4: Avaliacdo da reacdo tecidual e potencial bioativo
provocada pelos materiais: MTA HP Repair e Bio-C Repair com ou sem adi¢cdo do
Thime Essential Oil (TEO). A reacéo tecidual foi avaliada apos implantacéo de tubos
de polietilenos preenchidos com os respectivos materiais no subcutaneo de ratos. A
analise incluiu contagem de células inflamatéria e de fibroblastos, estimativa do
contetdo de colageno e imunoexpressado de osteocalcina apos 7, 15, 30 e 60 dias.
O método de von Kossa e luz polarizada foram realizados. Os dados foram
avaliados por ANOVA two-way seguido do teste de Tukey, com nivel de significancia
de 5%. Os dados da OCN foram submetidos ao teste de Kruskal-Wallis e ao teste
post hoc de Dunn e Friedman e Nemenyi. Artigo 1: NeoFlo mostrou menor
biocompatibilidade do que Bio-C Sealer e maior recrutamento de células
inflamatorias quando comparado ao AH Plus. Além disso, tanto o NeoFlo quanto o
BC foram capazes de estimular a imunoexpressao de OCN nas capsulas, bem como
permitir a deposicado de calcita amorfa, sugerindo um potencial bioativo. Artigo 2:
NeoPutty é biocompativel, embora o potencial irritante deste material bioceramico no
tecido conjuntivo seja maior do que o do Bio C Repair e do MTA HP. Além disso, a
imunoexpressao da osteocalcina pelas células do tecido conjuntivo, assim como as
estruturas positivas para von Kossa e os depositos birefringentes, sao parametros
sugestivos de que o NeoPutty apresenta potencial bioativo. Artigo 3: A adicédo de
cetrimida aos cimentos bioceramicos NeoSealer e BioRoot RCS induziu um maior
recrutamento de células inflamatorias. No entanto, a reducéo na reacao inflamatoria
foi acompanhada por um aumento gradual nos fibroblastos e no teor de coldgeno ao
longo do tempo, indicando, portanto, que esses materiais sao biocompativeis.
Estruturas birrefringentes e imunoexpressdo de OCN sugerem o potencial bioativo
do NeoFlo puro e do BROOT, bem como desses cimentos com adicao de 1% de
cetrimida. Artigo 4: A adicdo de Thime Essential Oil ao cimento Bio-C reduziu o
recrutamento de células inflamatérias, indicando que este Oleo atenuou a reagdo
inflamatéria causada pelo Bio-C Repair. A significativa reducdo na reacgao
inflamatoria, associada ao aumento evidente no numero de fibroblastos e no teor de
colageno nas capsulas ao redor dos materiais apoia a ideia de que esses materiais
sdo biocompativeis. Além da biocompatibilidade, os resultados também sugeriram
gue os materiais bioceramicos experimentais apresentam potencial bioativo. Em
conclusdo, NeoFlo e NeoPutty inicialmente mostraram potencial inflamatorio
superior, porém essa resposta diminuiu com o tempo, revelando também potencial
bioativo. A inclusdo de cetramida levou a um maior recrutamento de células



inflamatorias, enquanto a adicdo de Thime Essential Oil em cimentos reparadores
teve o efeito oposto, reduzindo a resposta inflamatoria.

Palavras Chaves: Teste de materiais. Endodontia. Imuno-histoquimica.



Silva ECA Tissue reaction and bioactive potential of repair and endodontic
bioceramic cements in association or not with antimicrobial substances [tese de
doutorado]. Araraquara: Faculdade de Odontologia da UNESP; 2024.

ABSTRACT

Bioceramic materials are created considering their biological potential. Controlling
endodontic infection in root canals is crucial to the success of endodontic treatment.
Although mechanical instrumentation of root canals significantly reduces endodontic
microbiota, complete eradication of microorganisms is not always possible. Thus, the
combination of endodontic cements with antimicrobial agents and essential oils can
enhance the antimicrobial action. Article 1: Analysis of the inflammatory reaction and
bioactive potential of the new bioceramic endodontic sealer NeoSealer Flo compared
to Bio-C Sealer and AH Plus. Article 2: Evaluation of tissue reaction of recently
developed repair bioceramic (Neoputty) in comparison to Bio-C Repair and MTA
Repair HP. Article 3: Analysis of the biocompatibility and bioactive potential of
endodontic bioceramics (NeoSealer Flo) and BioRoot™ RCS with or without addition
of 1% cetramide. Article 4. Assessment of the tissue reaction and bioactive potential
caused by the materials: MTA HP Repair and Bio-C Repair with or without the
addition of Thime Essential Oil (TEO). The tissue reaction was evaluated after
implanting polyethylene tubes filled with the respective materials into the
subcutaneous tissue of rats for 7, 15, 30 and 60 days. The following parameters were
analysed in the capsules: thickness of the capsules, number of inflammatory cells
(IC) and of fibroblasts (Fb), content of birefringent collagen, immunohistochemistry
for detection of osteocalcin (OCN), von Kossa method and analysis of unstained
sections under polarized light. Data were evaluated by two-way ANOVA followed by
Tukey's test, with a significance level of 5%. The OCN data were subjected to the
Kruskal-Wallis test and the Dunn and Friedman and Nemenyi post hoc test. Article
1: NeoFlo showed lower biocompatibility than Bio-C Sealer and greater recruitment
of inflammatory cells when compared to AH Plus. Additionally, both NeoFlo and BC
were able to stimulate OCN immunoexpression in the capsules, as well as allow
deposition of amorphous calcite, suggesting bioactive potential. Article 2. NeoPutty
Is biocompatible, although the irritant potential of this bioceramic material in
connective tissue is higher than that of Bio C Repair and MTA HP. Additionally,
osteocalcin immunoexpression by connective tissue cells, as well as positive von
Kossa structures and birefringent deposits, are suggestive parameters that NeoPutty
exhibits bioactive potential. Article 3: The addition of cetrimide to the bioceramic
sealers NeoSealer and BioRoot RCS induced greater recruitment of inflammatory
cells. However, the reduction in inflammatory reaction was accompanied by a gradual
increase in fibroblasts and collagen content over time, indicating that these materials
are biocompatible. Birefringent structures and OCN immunoexpression suggest
bioactive potential of pure NeoFlo and BROOT, as well as these sealers with the
addition of 1% cetrimide. Article 4: The addition of thyme oil to Bio-C cement
reduced recruitment of inflammatory cells, indicating that this oil alleviated the
inflammatory reaction caused by Bio-C Repair. The significant reduction in
inflammatory reaction, associated with a noticeable increase in the number of
fibroblasts and collagen content in capsules around the materials, supports the idea
that these materials are biocompatible. Besides biocompatibility, the results also
suggest that the experimental bioceramic materials present bioactive potential. In
conclusion, NeoFlo and NeoPutty initially exhibited superior inflammatory potential,
however, this response decreased over time, also revealing a bioactive potential. The



inclusion of cetrimide led to a higher recruitment of inflammatory cells, while the
addition of thyme oil in reparative cements had the opposite effect, reducing the
inflammatory response.

Keywords: Materials testing. Endodontics. Immunohistochemistry.
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1 INTRODUCAO

Cimentos a base de silicato tricalcico, também denominados de bioceramicos,
séo o resultado da combinacao entre silicatos de calcio, apresentando propriedades
bioldgicas adequadas, biocompatibilidade, bioatividade e auséncia de citotoxicidade.
Estes materiais promovem a formacéao de hidrato de silicato de célcio e hidroxido de
célcio em contato com a agua, proporcionando selamento em condi¢cdes de
umidade®?, o que possibilita ampla aplicacéo clinica.

Os cimentos reparadores sao indicados para capeamento pulpar, pulpotomia,
tratamento de dentes com &pice aberto e reparo de perfuracdo?. Estes sé&o
classificados de acordo com sua funcionalidade clinica apresentando variadas
composigoes.

O NeoPutty (NuSmile, Houston, TX, EUA) é um novo cimento reparador
pronto para uso composto por um pdé inorganico extremamente fino de silicato
tricalcico e silicato dicélcico em meio organico, que segundo o fabricante foi
projetado para tomar presa in vivo na presenca de umidade. Suas indicagbes
incluem capeamento pulpar direto e indireto, pulpotomia e apicigénese, além de
reparo de perfuragdes, reabsorcao, retrobturacéo e apicificagdo. O Neoputty exibe
maior biocompatibilidade do que o EndoSequence BC RRM em células fibroblasticas
e células-tronco pulparest. No entanto, estudos in vivo ndo foram relatados até o
momento. Quando comparado ao NeoMTA Plus e MTA HP, o MTA exibiu liberagéo
de ions de calcio significativamente maior em relagdo ao NeoPutty e NeoMTA Plus.
Em células de polpa dentaria humana, o NeoPutty mostrou citocompatibilidade?. Até
0 momento, as evidéncias cientificas sobre as propriedades bioldgicas do NeoPutty
permanecem limitadas.

O Bio-C Repair (Angelus, Londrina, PR, Brasil) € um material de reparo
bioceramico pronto para uso. Um estudo in vitro comparou a citocompatibilidade de
Bio-C Repair, Biodentine e ProRoot MTA e revelou um alto indice de viabilidade de
células de polpa dentaria humana (hDPCS) expostas a esses cimentos. Além disso,
nenhuma alteracdo do citoesqueleto foi observada em hDPCS, que estavam
aderidas aos cimentos de reparo3. Ao ser avaliado em subcutaneo de ratos o

material apresentou biocompatibilidade e sugeriu um potencial bioativo?.
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Outro cimento reparador, o MTA Repair (Angelus, Londrina, PR, Brasil), foi
lancado na forma de um material bioceramico com alta plasticidade visando manter
as propriedades biolégicas do MTA, melhorando suas propriedades quimicas e
fisicas através da adicdo de um plastificante organico a agua destilada. Acerca do
MTA Repair, estudos indicam que o plastificante inserido na formulacdo liquida
favoreceu a reducdo do tempo de presa e proporcionou um aumento do pH, sendo
entdo considerado como parametro para outros materiais reparadores, apresentando
ainda biocompatibilidade*®.

Visando melhorias nas propriedades dos cimentos reparadores, a adicdo do
Oleo essencial de tomilho (TEO), um liquido oleoso aromatico complexo utilizado
para prevenir e tratar doencas humanas devido as suas propriedades anticancer,
antioxidantes, anti-inflamatérias e antimicrobianas’ pode resultar no aumento da
atividade antibacteriana essencial para o sucesso clinico. O 6éleo essencial de
tomilho, ou Thyme Essential Oil (TEO), pode resultar no aumento da atividade
antibacteriana. O TEO apresenta atividade antimicrobiana e propriedades
antifingicas, antiinflamatérias e antibacterianas®. TEO inibe efetivamente
microrganismos resistentes como C. albicans®. TEO demonstra acédo antibacteriana
e antibiofilme em cremes dentais contra bactérias associadas a doencas bucais,
aumentando a eficiéncia dos dentifricios contendo clorexidina’®.

Os cimentos obturadores devem permitir o selamento do sistema de canais
radiculares de forma biocompativel e idealmente favorecer o processo de
reparacaolol,

O NeoSealer Flo (NuSmile, Houston, TX, EUA) é um novo material
bioceramico de preenchimento radicular pronto para uso composto de silicato
dicélcico e tricalcico com aluminato de calcio, aluminato tricalcico e tantalita.
Segundo o fabricante, este selante apresenta capacidade de formagédo de
hidroxiapatita, biocompatibilidade, estabilidade dimensional e agc&o antimicrobiana.
Além disso, atendeu aos padrbes quimicos e fisicos exigidos e liberou ions
biologicamente relevantes, como célcio e fosfato®. Porém, até o momento, ndo
existem pesquisas in vivo sobre o NeoSealer Flo quanto a biocompatibilidade e
bioatividade.

O BioRoot ™ RCS (Septodont, Saint-Maur-des-Fossés, Franca) é um cimento
obturador que apresenta base mineral em forma de pdé/liquido. A composi¢cédo do po

consiste principalmente em silicato tricalcico, 6xido de zirconio e povidona. A parte
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liguida é uma solucédo aquosa de cloreto de calcio com policarboxilato, altos valores
de de Ca 2" e OH - em solucdes de PBS e maior resisténcia de unido!3. Colombo et
al.'2 descrevem que BioRoot RCS apresenta uma atividade antibacteriana discreta,
demonstrando a necessidade de melhorias em sua composicao e de estudo in vivo
gue avaliem suas propriedades biolégicas.

A cetrimida € um surfactante catiénico, que tem demonstrado eficacia contra
bactérias gram-positivas e gram-negativas. E pouco irritante e reduz a tensédo
superficial dos liquidos, favorecendo sua entrada em locais de dificil acesso, como
0s tdbulos dentindrios. Estudos demonstram que a cetrimida apresenta a
capacidade de erradicacdo de microrganismos apés um minuto de exposicdo®34,
Estas caracteristicas justificam sua associacdo ao cimento obturador, sendo
necessario estudos in vivo.

O cimento obturador Bio-C Sealer (Angelus, Brasil) € um cimento endodéntco
bioceramico pronto para uso com pH alcalino, baixa alteracdo volumétrica demonstra
biocompatibilidade e potencial bioativo™®.

A biocompatibilidade de materiais refere-se a capacidade de um material
interagir de forma segura com sistemas biolégicos, como células, tecidos e
organismos vivos, sem causar danos ou respostas adversas. A avaliacdo da
biocompatibilidade e potencial bioativos dos materiais endodénticos € essencial,
devido ao intimo contato destes com os tecidos periapicais e pode ser realizada
através do estudo em tecido subcuténeo de ratos. Um material € considerado
biocompativel quando sua resposta inflamatéria apresenta redugdo com o decorrer
do tempo!®>'’. A biocompatibilidade de um cimento endodontico depende
diretamente de seus componentes, de seu tempo de presa e de sua solubilidade?!®.
Por sua vez, um material bioativo é aquele que tem a capacidade de interagir de
forma benéfica com sistemas bioldgicos, como células e tecidos vivos, promovendo
respostas especificas que favorecem a regeneracéo ou reparo tecidual.

O estudo em tecido conjuntivo subcutaneo de ratos € uma metodologia
controlada recomendada pela Fédération Dentaire International e International
Standard-ISO como indicativo para comparar o grau de irritabilidade dos materiais
odontologicos, apresentando a capacidade de avaliar de forma precisa a reacao
causada pelo material e proporcionando a descri¢cdo do tipo, extenséo de leséo e a

duracdo. Ainda, estudos utilizando tecido subcutaneo de ratos demonstram
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resultados importantes sobre os efeitos de diferentes materiais endodénticos sobre
marcadores de inflamacéo e biomineralizacao.

A avaliacdo de formacéo de estruturas contendo calcio € obtida por meio de
técnicas histoquimica como o método de von Kossa, baseado na detecc¢édo de calcio
em cortes de material incluido em parafina, que pode ser associada a deteccdo
imuno-histoquimica de proteinas ndo coldgenas encontradas nos tecidos
mineralizados, dentre elas a osteocalcina, osteopontina, osteonectina*%1l, A
osteocalcina € um peptideo secretado pelos osteoblastos e odontoblastos durante a
formacao da matriz 6ssea e da matriz de dentina, respectivamente.

A avaliacdo da reacdo tecidual e do potencial bioativo dos cimentos
endodobnticos bioceramicos é fundamental para compreender 0s mecanismos
envolvidos na reparacdo e regeneracao dos tecidos periapicais, bem como para
aprimorar o desempenho clinico desses materiais. Diante do exposto, tornam-se
relevantes os estudos que avaliem as propriedades bioldgicas dos novos materiais

endodonticos.
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2 PROPOSICAO

Avaliar in vivo o comportamento biologico e o potencial bioativo dos materiais

bioceramicos reparadores e obturadores associados ou nao a antimicrobianos.

2.1 Objetivos Especificos

Avaliar a reacdo inflamatoria e potencial bioativo dos cimentos endodénticos
bioceramicos: NeoSealer Flo e Bio-C Sealer em comparagao ao AH Plus.

Avaliar a reacao inflamatéria e potencial bioativo dos materiais reparadores:

Neoputty em comparacéo ao Bio-C Repair e MTA Repalir.

Verificar in vivo a reacdo inflamatéria e potencial bioativo dos materiais

bioceramicos NeoSealer e BioRoot ™ RCS com adicao de Cetramida.

Analisar in vivo a reacdo tecidual e potencial bioativo dos materiais MTA
Repair e Bio-C Repair com adi¢cao do Thime Essential Oil (TEO).
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3 PUBLICACOES

Nessa sessdo é realizada a apresentacdo dos artigos elaborados durante a
realizacdo da tese de doutorado. Durante esta sessdo, sdo demonstrados os

resultados, metodologias utilizadas e conclusfes alcancadas ao longo do estudo.

3.1 Artigo 1*

Biocompatibility and bioactive potential of bioceramic endodontic sealer:
Neosealer Flo

ABSTRACT

Introduction: NeoSealer Flo (NeoFlo, NuSmile, Houston) is a new ready-to-use
bioceramic sealer. The aim of this study was to evaluate the biocompatibility and
bioactive potential of the NeoFlo in comparison to Bio-C Sealer (Angelus, Londrina)
and AH Plus (Dentsply DeTrey GmbH). Methods: The tissue reaction provoked by
materials in the rat subcutaneous tissues was evaluated after 7, 15, 30 and 60 days
of implantation. The number of inflammatory cells (IC), fibroblasts and the cells
immunolabelled for osteocalcin (OCN) was obtained. von Kossa method and
polarized light were used to identify amorphous calcite. Data were evaluated by two-
way ANOVA followed by Tukey's test, with a significance level of 5%. OCN data were
submitted Kruskal-Wallis test and the Dunn and Friedman and Nemenyi post hoc test
for analysis over time. Results: Although NeoFlo showed higher values of IC than
BC and AHP (P < 0.05), the capsules of NeoFlo presented a moderate inflammatory
reaction, similarly to the AHP at 15, 30 and 60 days. Moreover, significant reduction
in the number of IC and an increase in the fibroblasts and in the amount of
birefringent collagen was observed in the capsules around over time.
Immunoexpression of OCN was only observed in the capsules of NeoFlo and BC
specimens, but the capsules of BC showed the highest values in all periods (P
<0.05). Conclusion: In the present study, NeoFlo showed lower biocompatibility than
Bio-C Sealer cement and similar inflammation intensity to AH Plus and presents

bioactive potential in connective tissues.

* Artigo segue as normas de formatagédo do periodico Journal of Endodontics no qual foi submetido.
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INTRODUCTION

Hydration of calcium silicate materials promotes calcium silicate hydrate and
calcium hydroxide responsible for biological properties. These products, also named
bioceramics, have wide clinical application and can be used as ready-to-use
materials that setting with moisture in dentin and adjacent tissues®?3. Resulting in the
continuous development of new endodontic sealers based on calcium silicate based
on its excellent biological properties*.

NeoSealer Flo (NeoFlo, NuSmile, Houston, TX, USA) is a ready-to-use
bioceramic root filling material composed of dicalcium and tricalcium silicate with
calcium aluminate, tricalcium aluminate and tantalite!. According to the manufacturer,
this sealer presents hydroxyapatite formation capacity, biocompatibility, dimensional
stability, and antimicrobial action. Furthermore, it has been proposed that NeoFlo
complies with chemical and physical standards and can release biologically effective
ions such as calcium and phosphate!. However, there is still no in vivo study on
NeoFlo regarding biocompatibility and bioactivity.

Biocompatibility is the ability of a material to promote a biological response
that point to an evident reduction in the inflammatory reaction culminating with the
structural and functional tissue repair. In turn, a bioactive material can interact with
living tissues, resulting in the formation of an apatite layer at the material-tissue
interface?. The evaluation of the biocompatibility and bioactivity properties is required
for endodontic sealers, due to the contact of these materials with the periapical
tissues and the influence on the repair process!>67.

Thus, the aim of this study was to evaluate the biocompatibility and bioactive
potential of the NeoFlo bioceramic sealer in comparison to Bio-C Sealer and AH
Plus. The null hypothesis was that the difference among the composition of the

materials would not interfere with the tissue reaction induced by the different sealers.

MATERIALS AND METHODS

The research protocol was approved by the Ethical Committee for Animal
(Protocol # 19/2021). Twenty-four male Holtzman rats (Rattus norvegicus albinus)
were distributed into 4 groups (n = 6/group) The materials evaluated in this study,
their manufacturers, compositions, and proportions are shown in Table 1.
Polyethylene tubes (Embramed Ltda., S&o Paulo, Brazil) were filled with one sealer

or left empty (control group). The animals were anaesthetized with ketamine
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hydrochloride (80 mg/kg, Virbac do Brasil Industria e Comércio Ltda., Sdo Paulo, SP,
Brazil) and xylazine chloride (8 mg/kg, Unido Quimica Farmacéutica Nacional S/A,
Sdo Paulo, SP, Brazil). Subsequently, 4 tubes were implanted in the connective
tissue of dorsal subcutaneous. After 7, 15, 30 and 60 days, the animals were
euthanized with anesthetic overdose and the implants with adjacent tissues were

removed.

Table 1: The Endodontic Sealers Used.

Sealers Composition Manufacturers Proportion

Dicalcium and tricalcium silicate
NeoSealer  with calcium aluminate, tricalcium NuSmile, Ready to
Flo (NeoFlo) aluminate and tantalite and Houston, TX use

thickening agent

Tricalcium silicate, dicalcium

' silicate, tricalcium  aluminate, Angelus,
Bio C- Sealer _ _ _ _ _ _ Ready to
calcium oxide, zirconia oxide, Londrina, PR,
(BC) . . . use
silicon oxide, polyethylene glycol, Brazil

and iron oxide

Paste A: epoxy bisphenol-A resin

and epoxy bisphenol-F, calcium

_ _ Dentsply
tungstate (CawO4), zirconium
AH Plus . - . . DeTrey GmbH, lglg
oxide (Zr0O2), silica, and iron oxide
(AHP) ) o Konstanz, (paste/paste)
Paste B: dibenzyl-diamine,
Germany

aminoadamantane, CaWOa4, ZrO2,

silica, and silicone

Histologic Procedures

After 7, 15, 30 and 60 days, the implants and adjacent tissues were removed
and immersed for 72 hours in a 4% formaldehyde buffered with 0.1M sodium
phosphate at pH 7.2. After fixation, the specimens were then dehydrated, cleared,

embedded in paraffin, and longitudinal sections (6 um thick) were obtained. Non-
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serial sections were stained with hematoxylin-eosin (H&E) to estimate the capsule

thickness, and the number of inflammatory cells and the fibroblasts in the capsules.

Thickness of capsules

In each implant, the thickness of the capsules (TC) was estimated in three
H&E-stained non-serial sections of each specimen. Capsule thickness was estimated
in the middle portion from its surface adjacent to the material to its boundary with

adjacent tissues?’8°,

Numerical density of inflammatory cells and fibroblasts

The number of inflammatory cells (IC) and fibroblasts (Fb) was evaluated
using the Image-Pro Express 6.0 Olympus program. In each section, a standard area
of 0.09 mm? of the capsule adjacent to the opening of the implanted tubes was
captured. In each implant, the number of IC (neutrophils, lymphocytes, plasma cells
and macrophages) and Fb was obtained from 3 sections, totalling an area of 0.27
mm? per implant. At the end, the mean value per group and period was obtained.

After obtaining of IC number, the inflammation reaction intensity was classified
according to the following parameter’®: mild inflammatory reaction (capsule
containing until 25 1C/field), moderate inflammatory reaction (capsule containing from
26 until 125 IC/field), and severe/intense inflammatory reaction (capsule containing
over 125 IC/field).

Content of collagen in the capsules

To evaluate the amount of birefringent collagen, three non-serial sections per
specimen were stained with picrosirius red solution and analyzed under polarized
light (BX51, Olympus)>®. The amount of birefringent collagen was computed using an
image analysis software (ImageJ; National Institutes of Health; Bethesda, USA). The
birefringent collagen was estimated considering the standardized hue definitions:
red/orange (2-23 and 230-256), yellow (39-51) and green (52-128). The amount of
birefringent collagen was calculated and expressed as the percentage of the number

of pixels occupied by collagen.
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Immunohistochemical detection of OCN

Sections were incubated with rabbit anti-OCN antibody (1:150, code
SAB1306277; Sigma-Aldrich, St Louis, MO). After a period of 16 hours in a
humidified chamber, the sections were then incubated in streptavidin-biotin kit
(Universal Dako LSAB, KO0675). After buffer washes, peroxidase activity was
revealed by 3,3'-diaminobenzidine chromogen (ImMmPACTTM DAB) and sections
were counterstained with Carazzi's hematoxylin. Using an image analysis system
(Image Pro-Express 6.0), the OCN-immunostained cells were counted in a
standardized area (0.09 mm?) at x695.

von Kossa reaction and analysis under polarized light

The sections were immersed in a 5% silver nitrate solution and subsequently
incubated in a 5% sodium hyposulfite solution. After washing, the sections were
stained with picrosirius red and mounted in resin medium.

Unstained sections were analyzed under a light microscope (Olympus, BX51)
equipped with polarization filters to investigate the presence of birefringent structures
in the capsules?3,

Statistical analysis

With the aid of the Sigma Stat 2.0 program (Jandel Scientific, Sausalito, CA,
USA) the data were evaluated by two-way ANOVA followed by the Tukey test, with a
significance level of p <0.05. Osteocalcin data were submitted to the Kruskal-Wallis
non-parametric test and Dunn's post hoc multiple comparison test for comparison
between groups, and Friedman's test and Nemenyi's post hoc test for analysis over

time.

RESULTS

At 7 days, the capsules around all specimens showed several IC and few
collagen fibres (Figs. 1A-1D). However, an intense inflammatory reaction was
observed in the NeoFlo specimens while in BC and AHP specimens the capsules
exhibited a moderate inflammatory reaction (Table 2). After 15 days, a moderate
inflammatory reaction was present in the capsules adjacent to the materials (Figs.
1E-1G; Table 2). At 30 and 60 days, the capsules of NeoFlo (Figs. 11 and 1M) and
AHP (Figs. 1K and 10) materials exhibited moderate inflammatory reaction (Table 2)
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while in the BC few IC were present (Figs. 1J and 1N), characterizing a mild
inflammatory reaction (Table 2). In all periods, a mild inflammatory reaction was seen

in the capsules of CG specimens (Figs. 1D, 1H, 1L, 1P and Table 2).

Thickness of the capsules

As shown in Table 2, significant difference in the TC was not observed
between NeoFlo and AHP showed while BC presented highest value at 7 days. After
15, 30 and 60 days, no difference was seen between NeoFlo and BC specimens. At
60 days, the AHP specimens showed greater TC than in NeoFlo, BC and CG
specimens. Moreover, no significant difference was detected among NeoFlo, BC and
CG at 60 days (P > 0.05). Significant reduction in the TC was seen in all specimens
over time. However, at 60 days the mean TC values were still greater than 150 pm in
the NeoFlo and AHP specimens.

Numerical density of ICs and Fb

The quantitative analyses (Table 2) revealed that the greatest values of IC
were seen in the NeoFlo specimens in all time points. No significant difference in the
number of IC was detected between BC and AHP specimens at 7 days, but the
number of IC was significantly reduced in the BC specimens in comparison with AHP
at 15, 30 and 60 days. In all periods, no significant difference was observed in the
number of Fb among NeoFlo, BC and AHP specimens, except at 15 days. In this
period, the number of Fb was significantly greater in the AHP than in NeoFlo and BC
specimens, but no significant difference was seen between AHP and CG specimens.
In all groups, a significant reduction in the number of IC and a significant increase in

the number of Fb was observed over time.

Content of collagen in the capsules

At 7 days, the capsules contained few birefringent materials, which showed a
significant increase over time (Table 2). In all periods, the capsules around AHP
presented the lowest values. Although the NeoFlo had lower birefringent collagen
than in capsules of BC at 7 days, no significant difference (P > 0.05) was observed

between two groups at 15, 30 and 60 days (Table 2).
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Figure 1 — HE-stained sections
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Figure 1: Photomicrographs of sections showing portions of capsules adjacent to the implanted tubes

(T) after 7 (A-D), 15 (E-H), 30 (I-L) and 60 days (M-P). Arrows, inflammatory cells; Fb, fibroblasts; CF,
collagen fibers; BV, blood vessels. Bars = 18 uym.

Immunohistochemical detection of OCN

OCN-immunolabelled cells were only observed in the capsules around NeoFlo
and BC specimens (Figs. 2A-2P). According to Table 2, the number of OCN-
immunolabelled cells was significantly greater in the BC specimens than in NeoFlo in



all periods (P<0.05).

From 7 to 60 days,

a significant

increase in
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the

immunoexpression was observed in the capsules around NeoFlo and BC specimens.

Table 2 — Thickness of the capsules (TC), number of inflammatory cells (IC), number
of fibroblasts (Fb), number of OCN-immunolabelled cells, content of collagen (CF)
and intensity of inflammatory reaction in the capsules around the NeoSealer Flo
(NeoFlo), Bio-C Sealer (BC), AH Plus (AHP) and Control group (CG) at 7, 15, 30 e

60 days of implantation.

[%2]
.§ NeoFlo BC AHP CG
&
TC (um) 360 + 4621 485 + 261 349 + 6531 149 + 86°1
IC/mm? 1570 + 2431 720 + 461 797 + 7301 251 + 35¢1
% Fb/mm? 104+21 a1 128 + 2131 104 + 1231 168 + 1031
E CF (%) 13.4+531 21.8+301 3.4+2¢1 16.4 £ 231
OCN/mm? 11.11(11.11)*1 33.33(33.34)>' 0.00 (0.0)* 0.00 (0.0) ¢t
Inflammatory intense moderate moderate mild
reaction
TC (um) 363 + 4231 386 + 3131 242 + 2002 189 +11¢1
" IC/mm? 1252 + 2231 579 + 27°2 636 + 94¢2 231 + 1591
= Fb/mm? 151+2131 158 + 1631 202 + 2152 236 +21°2
3 CF (%) 20.6+3 32 22,8 +2%1 11.5+ 42 28.9 + 3232
- OCN/mm?2 2222 (22.22)%2 33.33(33.34)"! 0.00 (0.0)¢* 0.00 (0.0) ¢t
Inflammatory moderate moderate moderate mild
reaction
Tgrfn“r;nz) 281 + 47%2 2164119 22924% 1070401
" Fb/mm? 933 + 67"""2 262 + 27°.'3 453 + 39b,§ 176 + 25"*.2
= CF (%) 231+09 &2 221 + 932 203 + 1022 310 + 2353
g OCN/mm? 25.8+1 a3 28.2+ 142 20.9 £ 323 26.8+2 32
® 22.22 (22.22)%2  44.44 (33.34)  0.00 (0.0) ¢t 0.00 (0.0) ¢t
Inflammatory b2 .
reaction moderate : moderate mild
mild
TC (um) 190 + 4933 146 + 633 240 + 4352 104 + 2021
" IC/mm? 486 + 4023 189 + 74 352 + 904 68 + 1193
= Fb/mm? 360+23 33 329 + 2733 308 + 1233 391 +23b3
g CF (%) 29.9+2 a3 27.8 132 23.8+ 103 29.4 + 132
© OCN/mm? 33.33(22.22)®* 55.56 (33.34)  0.00 (0.0)¢* 0.00 (0.0) ¢t
Inflammatory moderate b:3 moderate mild
reaction mild

The comparison between groups in the same period is indicated by superscript letters in the lines;

same letters = no significant difference.

The comparison between periods in the same group is indicated by superscript numbers in the
columns; same numbers = no significant difference. Tukey test (p < 0.05).
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OCN: Values expressed as median and interquartile range. Analysis between groups in each period:
Kruskal-Wallis followed by the Dunn test; analysis of each group over time: Friedman followed by the
Nemenyi test (p < 0.05).

Figure 2 — Immunohistochemistry for osteocalcin detection

Bio-C Sealer

Figure 2: Photomicrographs of sections showing portions of capsules adjacent to the implanted tubes
after 7 (2A-2D), 15 (2E-2H), 30 (2I-2L) and 60 days (2M-2P). The sections were subjected to the
immunohistochemistry for OCN detection and counterstained with hematoxylin. OCN-immunolabelled
cells (arrows) are seen in the capsules of NeoFlo and BC sealers. Bars =18 um.

von Kossa Reaction and Analysis under Polarized Light
The capsules around NeoFlo, BC and AHP specimens presented von Kossa-

positive structures in all periods (Figs. 3A-3F). In all periods, birefringent structures
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were observed in the capsules around NeoFlo and BC specimens (Figs. 3G, 3H, 3J
and 3K); in the AHP specimens, birefringent structures were only seen in the
innermost surface of the capsules (Figs. 31 and 3L). von Kossa-positive or

birefringent structures were not observed in the CG specimens (data no shown).

Figure 3 — von Kossa and birefringent structures in unstained sections

NeoFlo BC AH Plus
u) 8
>
m -
T
[
w
o)
@©
s o B
(=)
o
w
>
(1]
o
~
w
>
@©
gl
o
©

Figure 3: Photomicrographs of sections showing portions of capsules adjacent to the opening of the
implanted tubes subjected to the von Kossa reaction (3A-3F) after 7 and 60 days. Capsules of NeoFlo
(3A, 3D), BC (3B, 3E) and AHP (3C, 3F) exhibit von Kossa-positive structures (black/brown color).
Figs. 3G-3L: unstained sections analyzed under polarized light. Birefringent structures are seen in the

capsules. Bars = 36 um.
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DISCUSSION

The tissue reaction and bioactive potential of NeoFlo were compared to BC
and AHP sealers after implantation in the subcutaneous connective tissue of rats.
NeoFlo sealer induced greater recruitment of inflammatory cells than BC and AHP,
leading to the maintenance of a moderate inflammatory reaction that lasted up to 60
days of subcutaneous implantation. On the other hand, NeoFlo was able to stimulate
OCN immunoexpression and induce phosphate/calcium deposition, suggesting that
this sealer has bioactive potential. Therefore, the null hypothesis was rejected due to
differences in tissue reactions between sealers.

Although NeoFlo and BC have tricalcium and dicalcium silicate as their main
component, their composition differs in other components. The BC material has
calcium oxide, iron oxide, silicon dioxide and, as a radiopacifier, zirconium oxide.
NeoFlo, on the contrary, presents calcium sulfate, grossite and tantalite, in addition to
a thickening agent whose composition is not described by the manufacturer. Thus, it
is possible that chemical composition of thickening agent may be related to different
tissue reactions and the fact that at 7 days NeoFlo presented an intense
inflammatory reaction, unlike BC and AHP, which promoted a moderate inflammatory
process. This biological response may be also explained, at least in part, to the high
solubility of NeoFlo.!

While a gradual reduction in the number of ICs around NeoFlo samples was
observed over time, the capsules showed a mild inflammatory reaction within 60
days. In contrast, after 60 days, the capsules around the BC sealer showed a mild
inflammatory reaction. The initial inflammatory reaction of BC is due to its high pH,
which stimulates the recruitment of ICs and the production of cytokines.? The
capsules of the CG specimens, on the other hand, showed a mild inflammatory
process that may be related to the surgical procedure.?

Okamu et al.1° also observed that the Bio-C Sealer demonstrates excellent
healing of the periapical tissues. Lopez-Garcia et al.'! demonstrated better
cytocompatibility in terms of cell viability, migration, cell morphology, cell adhesion
and mineralization ability for Bio-C Sealer in comparison to AH Plus.

AH Plus is an endodontic sealer based on epoxy resin, considered the gold
standard for its physical properties and high bond strength to dentin. Tolosa-Monfa et
al.'? evaluated the effects of sealer on fibroblasts and concluded that it had severe

cytotoxicity, the inflammatory potential found is justified by its composition. However,
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Alves-Silva et al.? demonstrated that in subcutaneous tissues of rats at 60 days, the
sealer is biocompatible, but does not have bioactive potential.

Endodontic sealers, including NeoFlo, can release irritating substances,
especially during setting, promoting an inflammatory response in the connective
tissue. Thus, the long setting time of NeoFlo (around 1344 minutes)! compared to
Bio-C (around 220 minutes)*® may also be responsible, at least in part, for the
difference in the inflammatory reaction intensity induced by these sealers.

In all groups, significant reduction in the number of ICs was observed
concomitantly with the gradual increase in the number of fibroblasts and in the
content of birefringent collagen in the capsules around the NeoFlo, BC and AHP
sealers. These findings support the concept that these endodontic sealers allow the
connective tissue repair °.

However, in NeoFlo and AHP capsules the rearrangement may take longer
than in BC sealer capsules, as these capsules contained a moderate inflammatory
infiltrate at 60 days. Furthermore, capsules adjacent to NeoFlo and AHP specimens
were thick, while around BC thin capsules were observed at 60 days. The cytotoxicity
of AH Plus has been mainly associated with the release of its amine and epoxy resin
components.'4

The chemical composition of endodontic materials plays an important role in
biocompatibility, which explains the results found in the present study. The chemical
reactions and properties of materials are directly related to their formula. Variation in
the composition of calcium silicate-based materials can lead to differences in their
clinical behavior.

Liu et al.l’® developed a sealer based on tricalcium aluminate and
demonstrated that it showed biocompatibility and bioactive potential in fibroblastic
cells. Calcium aluminate is mainly formed by three different phases, one of which is
grossite.

NeoMTA Plus contains tantalum oxide in its composition as a radiopacifier and
exhibited biocompatibility and bioactive potential when evaluated in the
subcutaneous tissue of rats.'® Tantalum oxide and tantalite are based on the same
component, tantalum, however tantalite has a higher amount of tantalum which can
cause different tissue reactions.

Neoputty is a repairing sealer that has the same composition as NeoSelaer

Flo. Lozzano-Guillén et al.l” described that this material caused a decrease in cell



30

viability in higher dilutions. Periodontal ligament cells when cultured with NeoMTA 2
presented reduced cell viability. Although Ca?* is an essential regulator of several
intracellular processes, excessive intracellular Ca?* accumulation and high alkalinity
may be related to mitochondrial dysfunction and consequently reduced cell viability*8.

Endodontic sealers based on calcium silicate have been shown to be involved
in osteoblastic differentiation.’® OCN is a small glycoprotein, preferentially expressed
by osteoblasts, mainly in the late stages of their differentiation, and consequently its
presence can be considered as an indicator of the ability to form mineralized tissue
28192021 "OCN binds strongly to calcium and therefore this no collagenous protein
seems to be involved in the regulation of matrix mineralization.

Here, OCN-immunolabelled cells were only observed in the capsules of
NeoFlo and BC sealers, where BC presented the highest values at 60 days. BC
sealer can contribute to the mineralization process of periapical tissues, as they
demonstrate bioactive potential.?

In addition to the OCN immunoexpression, the capsules around these sealers
also exhibited von Kossa-positive structures, indicating the salt deposits (calcium
and/or phosphate)??. In the AHP specimens, birefringent structures were observed
only on the innermost surface of the capsules, in agreement with other studies that
demonstrated lower release of calcium ions for AH Plus than that promoted by
bioceramic sealers2'>%, Our results obtained from von Kossa combined with
birefringent structures suggest a bioactive potential of NeoFlo like the BC sealer. The
reaction process of calcium ions and carbon dioxide leads to the formation of calcite
amorphous, birefringent structure that is considered as a parameter suggestive of the
bioactive potential of an endodontic material?223 24,

Biocompatibility and bioactive potential are necessary properties for
endodontic materials, since these materials can have direct contact with periapical
tissues and, consequently, interfere with the repair of periapical tissues, a process
that aims at the success of endodontic treatment?222526.27  Qur findings confirm that

NeoSealer Flo presented inferior biocompatibility when compared to Bio-C Sealer.

CONCLUSION
In the present study, NeoFlo showed lower biocompatibility than Bio-C Sealer
sealer and greater recruitment of inflammatory cells when compared to AH Plus.

Furthermore, NeoFlo as well as BC was able to stimulate the immunoexpression of
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OCN in the capsules as well as allowing the deposition of amorphous calcite

suggesting a bioactive potential.
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3.2 Artigo 2*

Inflammatory reaction and bioactive potential of NeoPUTTY Calcium Silicate-

based sealer: An in vivo study in rats

Aim: To evaluate the inflammatory reaction and the ability to induce the biological
activity of a new repair material, NeoPUTTY (NPutty; NuSmile, USA), in comparison
with Bio-C Repair (BC; Angelus, Brazil) and MTA Repair HP (MTA HP; Angelus,
Brazil).

Methodology: Polyethylene tubes were filled with materials or left empty (control
group, CG) and implanted subcutaneously in rats for 7, 15, 30, and 60 days (n =
6/group). Capsule thickness, number of inflammatory cells (ICs), fibroblasts, collagen
content, von Kossa technique, and unstained sections under polarized light were
evaluated in conjunction with immunohistochemistry for osteocalcin (OCN). Data
were subjected to two-way ANOVA followed by Tukey's test (P < 0.05), except for
OCN. Data were submitted to two-way ANOVA followed by Tukey's test (P < 0.05),
except for OCN. OCN data were submitted to Kruskal-Wallis and Dunn and Friedman
post hoc tests followed by the Nemenyi test at a significance level of 5%.

Results: At 7, 15, and 30 days, thick capsules containing numerous ICs were seen
around the materials. At 60 days, a moderate inflammatory reaction was observed for
NPutty, BC while MTA HP presented thin capsules with moderate inflammatory cells.
In all periods, NPutty specimens contained the highest values of ICs (P < 0.05). From
7 to 60 days, the number of ICs reduced significantly while an increase in the number
of fibroblasts and birefringent collagen content was observed. At 7 and 15 days, no
significant difference in the immunoexpression of OCN (P > 0.05). At 30 and 60 days
NPutty showed the lowest values of OCN (P < 0.05). At 60 days, similar
immunoexpression was observed for BC and MTA HP (P > 0.05). In all time intervals,
capsules around NPutty, BC, and MTA HP showed von Kossa-positive and
birefringent structures.

Conclusions: Despite the greater inflammatory reaction promoted by NeoPutty

compared to BC and MTA HP, the reduction in the thickness of capsules, the

* Artigo formatado segundo as normas do periodico International Endodontic Journal no qual foi
submetido e aceito.
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increase in the number of fibroblasts, and the reduction in the number of ICs indicate
that this bioceramic material is biocompatible Furthermore, our findings suggest that

NeoPutty presents the ability to promote biological interaction with tissue.

INTRODUCTION

Calcium silicate-based materials are commonly used to promote pulp regeneration
and hard tissue repair, such as pulp capping, pulpotomy, apexification, perforation
repair, and retrograde filling. Chemical composition and physical properties of
endodontic materials can interfere with the cellular response promoting tissue repair
(Silva et al. 2017, da Fonseca et al. 2019; Delfino et al. 2021, Queiroz et al. 2023).
Bioceramic materials induce the formation of a bioactive layer at the material/tissue
interface, thus stimulating biomineralization. It has been demonstrated that calcium
silicate-based materials promote an increased deposition of hydroxyapatite over time,
which is associated with a regenerative/reparative response (Silva et al., 2020; Alves-
Silva et al. 2020, Queiroz et al. 2023).

NeoPUTTY (NPutty; NuSmile, Houston, TX, USA) is a new ready-to-use repair
cement composed of fine inorganic powder of tricalcium silicate (<25) and dicalcium
silicate (<10) in an organic medium, designed to set in the presence of moisture.
NPutty indications include direct and indirect pulp capping, cavity lining, and base,
pulpotomy, and apicogénese, as well as perforation repair, retrofilling, and
apexification. NPutty exhibits greater citocompatibility than EndoSequence BC RRM
putty on fibroblastic cells and pulpal stem cells (Sun et al. 2021). NPutty in a study
using cultured human dental pulp cells (hDPCs) showed cell viability like NeoMTA
Plus and MTA-Angelus (Lozano-Guillén et al. 2022). However, NPutty presented a
lower release of calcium ions than NeoMTA Plus and MTA-Angelus (Lozano-Guillén
et al. 2022). Algahtani et al. (2023) demonstrated that NeoPUTTY® showed
comparable success to mineral trioxide aggregate in primary molar pulpotomies over
12 months. However, the tissue reaction of the material has not yet been evaluated in
the subcutaneous tissue of rats.

MTA Repair HP (MTA HP; Angelus, Londrina, PR, Brazil), a calcium silicate-
based material, presents setting time, solubility, and radiopacity according to the ISO
6876/2012 standard (Queiroz et al. 2022). MTA HP is a bioceramic material with an
organic plasticizer added to distilled water to improve plasticity (EIReash et al. 2019,

Ferreira et al. 2019). Histological studies have shown that MTA HP implanted in the
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subcutaneous tissue is biocompatible and has bioactive potential (Delfino et al. 2021,
Queiroz et al. 2023, Inada et al. 2023).

Bio-C Repair (BC, Angelus, Londrina, PR, Brazil) is a ready-to-use repair
bioceramic cement composed of calcium silicates, tricalcium silicate, in addition to
dicalcium silicate, calcium aluminate, calcium oxide, zirconium oxide, iron oxide,
silicon dioxide and dispersing agent (Queiroz et al. 2023, Inada et al. 2023). Despite
moderate cytotoxicity due to reduced cell viability (Klein-Junior et al. 2021), BC is
biocompatible, and this material shows bioactivity in subcutaneous connective tissue
(Queiroz et al. 2023, Inada et al. 2023).

Studies using implantation of dental materials into subcutaneous tissues in
rats is a methodology recommended by the Fédération Dentaire International and
International Organization for Standardization (Silva et al. 2021). This methodology is
useful for comparing the degree of injury caused by dental materials (Anderson et al.
2008, Silva et al. 2017, Fonseca et al. 2019, Delfino et al. 2020).

The present study aimed to evaluate the inflammatory reaction and the
bioactive potential of the new NPutty repair in comparison to BC and MTA HP
materials. The null hypothesis was that tissue response induced by the NPutty
bioceramic material would not be different from BC and MTA HP materials when

implanted in the subcutaneous connective tissue of rats.

MATERIALS AND METHODS
Experimental procedure
The manuscript of this animal study has been written according to Preferred
Reporting Items for Animal Studies in Endodontology (PRIASE) 2021 guidelines
(Nagendrababu et al. 2021). The PRIASE 2021 flowchart is represented in Figure 1.
This study was approved by the Animal Research Ethics Committee (Protocol N°.
19/2021) in compliance with national legislation 11.794/08 on the use of animals.
Twenty-four male Holtzman rats (Rattus norvegicus albinus) weighing £ 250-300 g
were distributed into 4 groups (n = 6/group) filled with the respective sealers (Table
1) and control group (GC; empty polyethylene tubes). The sample size was estimated
according to previous study (Silva et al. 2020) to detect a 50% difference among the
experimental groups, considering a variability of 20%, test power of 90%, and an
alpha error of 0.05 to recognize a significant difference. Thus, 5 rats per group was

required at each period. Considering the possibility of animal loss, one animal was
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added to each group. The animals were distributed randomly using a rotation system
according to the periods: 7, 15, 30, 60 (Figure 1).

Ethics Committee of the Faculty of
—  Dentistry of Araraquara (CEUA,
Protocol # 19/2021).

The authors deny any conflict of
interests to this study.

Twenty-four male Holtzman rats (Ratfus
norvegicus albinus).

4 polyethylene tubes per rat divided into
4 groups.

| | Polyethylene tubes containing material (n = 6/group)

or empty were implanted in the dorsal |

subcutaneous tissues for 7, 15, 30 and
60 days

NeoPutty, Bio-C Repair, MTA Repair
HP and group control.

NeoPUTTY based on Calcium Silicate

Inflammatory reaction

Inflammatory reaction and bioactive potential of cement

Quantification of inflammatory cells
and fibroblasts, measurement of capsule
thickness and collagen analysis.

— Histological analysis

Bioactive Potential

Von kossa and analysis under polarized
light, Immunohistochemistry for
detection of osteocalcin.

ANOVA followed by Tukey's test (P <
0.05).

— Statistical analysis

Osteocalein: Kruskal-Wallis and Dunn
and Friedman post hoc tests followed by
the Nemenyi test at a significance level
of 5%.

Figure 1 - Flowchart showing experimental design and analyses used to assess biocompatibility and

bioactive potential.

The animals were housed in polyethylene cages (40 x 30 x 15 cm) with white
pine shavings and maintained in the room under a light-dark 12:12 cycle at controlled
temperature (23 +2°C) and humidity (55 £ 10%), with food (Guabi rat chow,

Paulinia, SP, Brazil) and water provided ad libitum.
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The materials (Table 1) were inserted into polyethylene tubes (10.0 mm in
length and 1.6 mm in diameter) and subsequently implanted in the subcutaneous
dorsum of the animals. Four tubes were inserted per animal, one from each group, in
a quadrant rotation (1ISO-10993-6, 2007). MTA Repair HP was mixed according to the
manufacturer's instructions and inserted into the tubes while the ready-to-use
sealants were inserted directly, totaling 0.04 g of sealant per tube. Then, these were
carefully shaken to avoid failures and the ends were cleaned with gauze to remove
excess. When necessary, more material was introduced.

The animals were anesthetized with ketamine hydrochloride (80 mg/kg of body
weight; Virbac do Brasil Industria e Comércio Ltda., Sdo Paulo, SP, Brazil) and
xylazine hydrochloride (8 mg/kg of body weight; Unido Quimica Farmacéutica
Nacional S/A, Sao Paulo, SP, Brazil) by intraperitoneal route using insulin syringe.
The dorsal skin was shaved and disinfected with 5% iodine solution, and an incision
(measuring about 2 cm) was made in the cranio-caudal plane. After divulsion, the
polyethylene tubes were placed in the dorsal subcutaneous pocket and, immediately,
the skin was sutured with simple stitches using 4-0 silk thread (Ethicon Inc., S&o José
dos Campos, S&o Paulo, Brazil).

After 7, 15, 30, and 60 days, the animals were euthanized with anesthetic
overdose, and the portions of skin containing the implants were removed and

processed for light microscopy (Figure 1).

Table 1: The Endodontic Sealers Used

Sealers Composition Manufacturers Proportion

Dicalcium and tricalcium silicate,
tantalite, grossite, tricalcium NuSmile,

NeoPutty _ _ _ Ready to use
aluminate, calcium sulfate in an Houston, TX

organic medium.

Calcium Silicates, Calcium
_ _ ) ) Angelus,
Bio-C Aluminate, calcium oxide, .
_ _ _ o _ - Londrina, PR, Ready to use
Repair zirconium oxide, iron oxide, silicon _
o . _ Brazil
dioxide and dispersing agent.
MTA Powder: Tricalcium silicate; Angelus, 1g powder:

Repair HP  Dicalcium  silicate;  Tricalcium  Londrina, PR, 300 pL liquid
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aluminate; Calcium oxide; Calcium Brazil
Tungstate.

Liquid: Water and plasticizer.

Histological procedures

The implanted polyethylene tubes surrounded by tissues of the subcutaneous were
removed and immediately immersed in a 4% formaldehyde solution (freshly prepared
from paraformaldehyde) buffered with 0.1 mol/L sodium phosphate at pH 7.2 at room
temperature. After 48 h, the samples were dehydrated, treated with xylene, and
immersed in liquid paraffin at 60°C for 4 h. The samples were embedded in paraffin
to obtain longitudinal sections (6 pum thick), which were obtained using a rotary
microtome (Leica, model RM2125 RST) and disposable stainless-steel knives (Leica,
model 818). Non-serial sections were stained with hematoxylin and eosin (HE) for
morphological and morphometrical analyses (number of inflammatory cells and
fibroblasts in the capsules, and the capsule thickness). Other sections were also
subjected to the picrosirius-red, von Kossa method, and osteocalcin

Immunohistochemistry reactions.

Thickness of capsules

The thickness (in um) of the capsules adjacent to the implanted tubes was measured
in three non-serial HE-stained sections of each specimen. Using a camera (DP-71,
Olympus - Japan) coupled to a light microscope (Olympus, BX-51, Japan), the
images of capsules were obtained at x55 magnification. Capsule thickness was
estimated in the middle portion from its surface adjacent to the material to its
boundary with adjacent tissues using an image analysis program (Olympus Image-
Pro Express 6.0 program, Olympus, Tokyo, Japan). After obtaining the values, the
average value was calculated from the measurements obtained in the three sections
of each specimen. This measure was obtained in all specimens (n = 6 per group) and
in all time points (Delfino et al. 2021, Silva et al. 2020, Queiroz et al. 2023). Capsules
exhibiting a thickness greater than 150 um are classified as thick while capsules with
measurements below 150 um are classified as thin (Yaltirik et al. 2004, Delfino et al.
2021, Queiroz et al. 2023).
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Numerical density of inflammatory cells and fibroblasts

Quantitative analysis of inflammatory cells and fibroblasts was performed in the
capsules of all implants. In each specimen, the analysis was performed in three non-
serial HE-stained sections at x545 magnification. The number of inflammatory cells
and fibroblasts was computed using the Olympus Image-Pro Express 6.0 program in
a standard field of 0.09 mm? of the capsule adjacent to the opening of the implanted
tubes. The inflammatory cells (neutrophils, lymphocytes, plasma cells, and
macrophages) and fibroblasts were recognized according to morphological
characteristics. Inflammatory cells were identified as rounded or ovoid cells
containing kidney-shaped nuclei (macrophages), dense nuclei (lymphocytes),
nucleus eccentrically located (plasma cells), or multilobulated nuclei (neutrophils)
whereas fusiform cells with elliptical nucleus were identified as fibroblasts. In each
specimen, the number of inflammatory cells and fibroblasts was computed in a total
field of 0.27 mm? (Silva et al. 2021, Queiroz et al. 2023).

Intensity of inflammatory reaction

After obtaining the number of inflammatory cells in the standardized field (x40
objective lens), the intensity of the inflammatory reaction was classified according to
the following parameters: mild (capsule containing up to 25 inflammatory cells/field),
moderate (capsule containing from 26 to 125 inflammatory cells/field) and
severe/intense (capsule containing more than 125 inflammatory cells/field)

inflammatory reaction (Yaltirik et al. 2004, Delfino et al. 2021).

Content of collagen in the capsules

The collagen in the capsule was evaluated in sections stained in 0.1% Sirius-red
dissolved in picric acid-saturated solution and analyzed under a light microscope with
polarisation filters (Silva et al. 2017, Delfino et al. 2023, Queiroz et al. 2023). In each
specimen, three non-serial sections were captured at x695 magnification with
rigorously standardized parameters (light intensity, diaphragm opening, condenser
position, and exposure time). Afterward, the content of birefringent collagen in the
capsules was estimated using image analysis software (ImageJ; National Institutes of
Health). The definition of hue considered in birefringence was the following:
red/orange, 2-38 and 230-256; yellow, 39-51; and green, 52-128 (de Pizzol-Janior
et al. 2018, Queiroz et al. 2023). Thus, the amount of collagen was represented by
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the percentage of birefringent areas of the total area and calculated using an image

analysis program.

Osteocalcin detection

For osteocalcin detection, rabbit anti-mouse osteocalcin antibody (Sigma-Aldrich Co.,
Saint Louis, Missouri, USA; code SAB1306277) diluted at 1:150 was used. After
dewaxing and hydration, the slides were immersed in 0.001 M sodium citrate buffer
at pH 6.0 and subjected to microwave treatment at 96-9811C. After cooling, the slides
were washed in 0.01 M PBS buffer (pH 7.2) and then immersed in a 5% aqueous
solution of hydrogen peroxide. The sections were again washed and incubated with
2% bovine serum albumin (Sigma-Aldrich Co., Saint Louis, Missouri, USA). Then, the
sections were incubated overnight in a humidified chamber at 4°C with an anti-
osteocalcin rabbit antibody. After washing in 0.01 M PBS buffer, the sections were
incubated for 1 hour in the Labeled StreptAvidin-Biotin kit (Universal Dako LSAB,
Dako Inc., Carpinteria, CA, USA; K0675) at room temperature. After washing, the
peroxidase activity was revealed by 3,3'-diaminobenzidine chromogen (ImmPACTTM
DAB Vector, Burlingame, CA, USA), and the sections were counterstained with
Carazzi's hematoxylin. As a negative control, sections were incubated with non-
immune serum instead of primary antibody.

The number of immunopositive cells (brown-yellow color) was computed in a
standardized field (0.09 mm?) using an image analysis program (Image-Pro Express
6.0, Olympus, Tokyo, Japan). The number of osteocalcin-immunolabelled cells was
performed in all specimens (6 specimens per group at each time point). Thus, the
number of immunopositive cellssmm? of the capsule was estimated for each

specimen.

von Kossa reaction and analysis under polarised light

Three non-serial sections were submitted to the von Kossa reaction for the detection
of calcium/phosphate deposits in the capsules. After hydration, the sections were
immersed in a cold 5% silver nitrate solution for 1 hour under an incandescent lamp
(100 W). The slides were quickly washed in distilled water and then immersed in a
5% sodium hyposulfite solution for 5 min. After washing in distilled water, the sections

were stained with picrosirius-red.
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Considering that calcite deposits present birefringence (Holland et al. 1999,
Benetti et al. 2019, Delfino et al. 2020, Queiroz et al. 2023), unstained sections were
deparaffinized, mounted in resin medium, and analyzed under polarised illumination
(BX-51, Olympus).

Statistical analysis

Statistical analysis was performed using the GraphPad Prism 9.02 software
(GraphPad software). The data showed a standard normal variate Quantile-Quantile
plot (Q—Q plot). Differences amongst the groups in each period and the differences of
each group over time were evaluated by two-way ANOVA analysis followed by the
Tukey post-test (GraphPad Prism 5.0 software) at significance level of P<.05. All
data were presented as mean and standard deviation. OCN data were subjected to
the non-parametric Kruskal-Wallis test and Dunn's post hoc multiple comparisons
test to compare between groups at each time point, while Friedman's test and

Nemenyi's post hoc test were used in the analysis throughout. of time.

RESULTS
Morphological findings, capsule thickness, number of inflammatory cells and
fibroblasts, and birefringent collagen content
HE-stained sections revealed that capsules around the implanted materials contained
inflammatory cells, mainly lymphocytes and macrophages, blood vessels, fibroblasts,
and collagen fibres. Although the incidence of inflammatory cells and collagen fibres
varied according to material and time point, a predominance of inflammatory cells in
comparison with fibroblasts was seen in the capsules of all materials at 7 and 15
days (Figs. 2a-2h). At 30 and 60 days, an evident reduction in the inflammatory cells
was observed in capsules around the implants (Figs. 2i-2p). At 60 days, the capsules
around BC and MTA HP specimens (Figs. 2n and 20) contained marked content of
collagen bundles and fibroblasts similarly to the CG specimens (Fig. 2p). In contrast,
evident presence of inflammatory cells was still observed in the capsules of NPutty
specimens (Fig. 2m).

At 7 days, inflammatory reaction induced by materials culminated with thick
capsules measuring about 300 um around repair materials (Table 2). According to
Table 2, no significant difference was observed in the capsule thickness among

NPutty, BC and MTA HP at 7 days. However, the capsules around NPutty were
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significantly thicker than in BC and MTA HP at 15, 30 and 60 days. In these periods,
significant differences were not observed between BC and MTA HP in the capsule
thickness. In all time points, the capsules of CG specimens were thinner than those
around the materials. From 7 to 60 days, significant reduction in the thickness of
capsules was seen in all groups. However, the capsules around NPutty specimens
measured around 198 pum while in the BC and MTA HP the capsules measured
about 146 um and 132 um, respectively.

The quantitative analysis (Table 2) revealed that, in all periods, the capsules
around NPutty specimens contained a greater number of inflammatory cells than in
other groups (P < 0.0001). At 7 and 15 days, the number of inflammatory cells was
significantly greater in the BC than in MTA HP specimens (P < 0.0001) whereas, at
30 and 60 days, significant differences between these groups were not seen. A
significant reduction in the number of inflammatory cells was observed in all groups
over time. Regarding fibroblasts (Table 2), capsules around NPutty exhibited the
lowest values of fibroblasts in comparison with BC and MTA HP in all time points,
except at 15 days. In this period, significant difference in the number of fibroblasts
was not seen between NPutty and BC (P > 0.05). A gradual and significant increase
in the number of fibroblasts was found in the capsules of all the groups over time. In
all periods, the number of fibroblasts was significantly greater in the CG specimens
than in capsules around bioceramic materials.

In all time points, picrosirius red-stained sections analysed under polarised
illumination revealed birefringent collagen fibres in the capsules of all groups (Figs.
3a-3p). In all periods, significant differences were not found in the content of
birefringent collagen among NPutty, BC and MTA HP. The highest percentage of
birefringent collagen was observed in the capsules around CG specimens, in all time
points (Table 2).

Immunohistochemical detection of osteocalcin (OCN)

The sections subjected to the immunohistochemistry for OCN detection revealed
cytoplasmic immunolabelling (in brown yellow colour) in some cells of capsules
around NPutty, Bio-Repair and MTA HP materials (Figs. 4a-c, 4e-g, 4i-4k, 4m-40). In
contrast, immunolabelling was not seen in the capsules of CG specimens (Figs. 4d,
4h, 4i, 4p). None immunolabelled cell was found in the sections used as negative

control (data not shown).
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Quantitative analysis (Table 2) revealed that no significant difference in the
number of OCN-immunolabelled cells was observed among NPutty, BC and MTA HP
specimens. Although at 30 days significant difference in the immunoexpression of
OCN in the capsules of NPutty and BC was not observed, after 60 days of
implantation, the number of immunolabelled cells was significantly greater in the BC
and MTA HP than in NPutty specimens (P < 0.0001). Moreover, no significant
difference between BC and MTA HP was detected at 60 days. The capsules around
all materials showed gradual increase in the number of OCN-immunolabelled cells

over time.
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Figure 2 — HE-stained sections
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Figure 2: Light micrographs showing portions of sections of capsules adjacent to the implanted tubes
(T) after 7 (a-d), 15 (e-h), 30 (i-), and 60 days (m-p). Arrows, inflammatory cells; Fb, fibroblasts; CF,
collagen fibers; BV, blood vessels. NPutty (NuSmile, USA), BC (Angelus, Brazil) and MTA HP
(Angelus, Brazil). GC (group control). Bars: 18 um.



46

Figure 3: Sections stained with picrosirius Red.
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Figure 3 - Light micrographs showing portions of sections of capsules adjacent to the implanted tubes

7 davs

15 days

30 days

60 davs

after 7 (a-d), 15 (e-h), 30 (i-I), and 60 (m-p) days of implantation. Sections were stained with
picrosirius-red and photographed under polarised light. Birefringent collagen fibers are mainly seen in
red color. NPutty (NuSmile, USA), BC (Angelus, Brazil) and MTA HP (Angelus, Brazil). GC (group

control). Bars: 20 ym.
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Table 2 - Capsule thickness (CT, um), number of inflammatory cells (IC) and fibroblasts per mm? and
number of osteocalcin-immunolabelled cells per mm? (OCN/ mm?), percentage of collagen (CF) and
inflammatory reaction intensity (IR) in the capsules around the NPutty, BC, MTA HP and Control
Group (GC) after 7, 15, 30 and 60 days. Mean (standard deviation).

Periods NPutty BC MTA HP CG
CT (um) 331 +12%A 312 + 263 A 307 £ 22%A 149 + 86" A
7 days IC/mm?2 1389 + 2434 972 +13%A 689 + 30%A 251 + 35%A
Fb/mm? 91+14%A 128 + 117 A 104 + 1204 168 + 104
CF (%) 19+11&A 21.8 £ 334 22 £ 434 25.9 + 30A
OCN/mm? 12.12(12.12)%A  11.11(11.11)*A  11.11(11.11)*A  0.00(0.0) ™A
IR intense intense moderate mild
CT (um) 311 £ 22%A 282 + 1178 241 + 208 189 + 11%4
15 days IC/mm? 1153 + 1438 862 + 30> A 590 + 22¢B 231 + 15%A
Fb/mm? 106 £ 68 178 £ 1634 203 £ 2B 236 2198
CF (%) 20 +83 A 22 + 2% A 23 + 4% A 31+558
OCN/mm? 19.19(19.19)%A  11.11(11.11)%A  22.22(22.22)&A  0.00 (0.0)SA
IR intense moderate moderate mild
CT (um) 301 +17%A 206 + 11»B 209 + 2408 107 + 04%4
30 days IC/mm? 933 +22&C 372 +37"8B 309 +12%¢ 176 + 25%8B
Fb/mm? 233+09%°¢ 302 +90B 304 +102¢ 381 +23¢¢
CF (%) 23 +63 A 23 £ 13A 25+ 33A 31.9+ 308
OCN/mm? 19.19(19.19) A  22.22(22.22) %A  44.44 (33.34)"B  0.00 (0.0)¢A
IR intense moderate moderate mild
CT (um) 198 + 11%8B 146 + 65 °C 132 + 220 ¢C 104 + 20%4
60 days IC/mm? 590 + 23% ¢ 246 + 42" C 198 + 27¢%P 68 +11%4°¢
Fb/mm? 318+23a0P 429 + 275 C 488 +12"P 583 + 23¢P
CF (%) 27 +53 B 28 + 1A 29.8+1%8 33.4+19%A
OCN/mm? 22.22(22.22)%B  44.44(22.22)P"B 5556 (33.34)»B  0.00 (0.0)%A
IR moderate mild mild mild

Mean (standard deviation).

The comparison between groups in the same period is indicated by superscript letters in the lines,
same letters = no statistically significant difference.

The comparison between periods in the same group is indicated by superscript numbers in the
columns; same numbers = no statistically significant difference. Tukey test (p < 0.05).

OCN: Values expressed as median and interquartile range. Analysis between groups in each period:
Kruskal-Wallis followed by the Dunn test; analysis of each group over time: Friedman followed by the
Nemenyi test (p < 0.05)
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Figure 4 — Immunohistochemistry for osteocalcin detection.

NPutty MTA HP

Figure 4 - Light micrographs showing portions of capsules adjacent to the implanted tubes after 7 (a-

d), 15 (e-h), 30 (i-l), and 60 days (m-p). Sections were submitted to immunohistochemistry for OCN
detection and counterstained with hematoxylin. OCN-immunolabelled cells (arrows) are seen in the
capsules of NPutty, BC, and MTA HP. NPutty (NuSmile, USA), BC (Angelus, Brazil) and MTA HP
(Angelus, Brazil). GC (group control). Bars: 18 um.
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von Kossa reaction and analysis under polarised light

von Kossa-positive structures (black/brown colour) were present in the capsules
around NPutty, BC and MTA HP materials (Figs. 5a-5c; 5i-5k). Furthermore,
unstained sections analyzed under polarised light revealed birefringent structures in
regions compatible with the results obtained with von Kossa (Figs. 5d-5f; 5m-50). von
Kossa-positive structures and birefringent deposits were not found in the CG

capsules (data not shown).

Figure 5: von Kossa and birefringent structures in unstained sections.

60

Figure 5 - Photomicrographs of sections showing portions of capsules subjected to the von Kossa
reaction after 7 (a-c) and 60 days (g-i). von Kossa-positive structures (black-brown color) are observed
in the capsules of NPutty, BC, and MTA HP specimens. NPutty (NuSmile, USA), BC (Angelus, Brazil)
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and MTA HP (Angelus, Brazil). GC (group control). Unstained sections analyzed under polarized light

demonstrate birefringent structures in the capsules after 7 (d-f) and 60 (i-) days. Bars: 36 um.

DISCUSSION

In the present study, histological analyses were used to assess the initial
inflammatory response the regression of this process, and the bioactive potential
promoted by repair materials for up to 60 days. The null hypothesis was rejected
because NPutty repair material presented the highest inflammatory potential
compared to BC and MTA HP materials in the connective tissue of rats
subcutaneously.

Calcium silicate-based materials implanted in the subcutaneous connective
tissue initially stimulate the recruitment of inflammatory cells next to the materials
(Silva et al. 2015, Delfino et al. 2021, Silva et al. 2021, Queiroz et al. 2023). The
degree of inflammatory reaction induced is associated with the chemical composition
and physical properties of materials. NPutty induced recruitment of several
inflammatory cells than BC and MTA HP in all time points. The recruitment of
inflammatory cells is usually associated with alkaline pH provided by bioceramic
materials in contact with tissue fluids and, the release of calcium and other
substances, as dispersing agents. Saber et al. (2023) demonstrated that the pH of
Neoputty decreases over time (pH between 8 and 9) and is lower than that of
Biodentine. The pH of MTA HP is around 9.3 (Queiroz et al. 2021) while BC showed
7.0 (Oliveira et al. 2021). Therefore, our findings suggest that other substances could
be responsible for different patterns in the recruitment of inflammatory cells by NPutty
in comparison with BC and MTA HP.

The inflammatory reaction caused by NPutty until on 30" may be related to some
substance present in the “organic medium”. Although the components of “organic
medium” were not reported by the manufacturer, often the plasticizer agents contain
calcium chloride and methylparaben. It has been suggested that methylparaben, one
of the substances in the liquid of BC (Lima et al. 2020) might be responsible for the
initial damage caused by this repair material in comparison with MTA HP (Queiroz et
al. 2023). Although organic substances improve the plasticity of the repair materials
(Silva et al. 2016, Guimaraes et al. 2018, Tomas-Catala et al. 2018, Benetti et al.
2019, EIReash et al. 2019, Ferreira et al. 2019), these substances may be initially

irritant to cells and tissues. Moreover, the plasticizers may also interfere with the
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setting time of the materials increasing the period of releasing substances in the
microenvironment culminating in prolonged injury to the tissues and, consequently,
delaying the tissue repair. This hypothesis is supported by the highest values of
inflammatory cells and the lowest number of fibroblasts observed in the capsules
around NPutty specimens at 60 days.

NPutty induced an intense inflammatory reaction and promoted the formation of
thicker capsules than BC and MTA HP after 60 days of implantation. Moreover, the
greater number of inflammatory cells was accompanied by a lower number of
fibroblasts in the capsules around NPutty, supporting the hypothesis that NPutty
repair material caused a delay in the reestablishment of structural integrity of
connective tissue. In human dental pulp cells (hDPCs), NeoPUTTY demonstrated
lower cell viability than MTA Angelus and the control group, suggesting low
cytocompatibility (Lozano-Guillén et al. 2022).

Despite the delay in the rearrangement of connective tissue around the NPutty,
the reduction in the number of inflammatory cells and thickness of capsules
concomitantly to the increase in the number of fibroblasts are suggestive parameters
of regression in the connective tissue damage over time (Delfino et al. 2021, Queiroz
et al. 2023). In fact, from 30 to 60 days a significant reduction in the number of
inflammatory cells in the capsules around NPutty specimens culminated in the
characterization of a moderate inflammatory reaction.

NPutty has tantalum oxide (Ta20s) as a radiopacifying agent. It is known that
radiopacifying agents may interfere with the chemical and physical properties of
dental materials (Silva et al. 2015, Lozano-Guillén et al. 2022). However, NeoMTA
Plus, a calcium silicate-based material that contains tantalum oxide as a radio
pacifier, presented biocompatibility and bioactive potential (Hoshino et al. 2021).

Tricalcium silicate-based materials are used for regeneration and repair
procedures in endodontics due to their bioactivity. The bioactivity is related to the
hydration reaction of tricalcium and dicalcium silicates, promoting the formation of
calcium silicate hydrate and calcium hydroxide (Silva et al. 2020, Camilleri, 2020,
Queiroz et al. 2023). Calcium hydroxide dissociates into Ca*?> and OH" promoting an
alkalinization of the microenvironment (Niu et al. 2014). Furthermore, calcium
supersaturation in the extracellular fluid can result in calcium precipitation stimulating
apatite nucleation (Bonewald et al. 2003, Ding et al. 2009). In phosphate-containing

solutions, bioceramic materials promote the formation of amorphous calcium
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phosphate (ACP). ACP has biological importance as it represents the main precursor
phase of calcium phosphate that precedes the biological formation of apatite in
osteogenesis (Niu et al. 2014).

The calcium phosphate precipitation is under the control of several mediators
such as alkaline phosphatase (ALP), bone sialoprotein, osteopontin, and OCN. ALP
is an enzyme highly expressed during the differentiation of matrix-producing cells
from mineralized tissues (Zordan-Bronzel et al. 2019, Delfino et al. 2021, da Silva
Sasso et al. 2021, Zordan-Bronzel et al. 2021) and participates in the phosphate (Pi)
production from pyrophosphate (Bellows et al. 1991, Register et al. 1986, Daltoé et
al. 2016). ALP-immunolabelled cells in close juxtaposition to von Kossa-positive
structures were observed in the capsules around Bio-C Pulpo, MTA AH, and MTA-
Angelus suggesting the bioactive potential of these bioceramic materials (Delfino et
al. 2021).

Another protein synthetized by cells of mineralized tissues is OCN which
constitutes one of the main non-collagenous components of the bone matrix (Nefussi
et al. 1997, Sodek & Mckee, 2000). Since osteocalcin interacts with calcium from
hydroxyapatite, it has been suggested that this protein has an essential role in the
alignment of apatite crystals with the collagen fibrils (Manolagas, 2020) controlling
therefore the growth of hydroxyapatite (Moreira et al. 2013). In the present study,
OCN-immunolabelled cells were observed in the capsules of bioceramic materials
suggesting a bioactive potential of the materials evaluated. However, a varied pattern
in the immunoexpression of osteocalcin was seen among the bioceramic materials,
particularly, in the NPutty in comparison with BC and MTA HP specimens at 60 days.
In this period, immunoexpression of OCN was reduced in the capsules of NPutty
suggesting that delay in the regression of inflammatory reaction and the repair of
connective tissue may interfere with the bioactivity of bioceramic materials. Moreover,
it is possible that the new bioceramic material — NeoPUTTY - releases slower
calcium ions and, consequently, exerts a subtle inducing role in connective tissue
cells compared to other bioceramic materials. In addition to immunoexpression of
OCN, von Kossa structures were also seen in the capsules around bioceramic
materials, including the NPutty, suggesting the presence of calcium/phosphate
deposits in these capsules (Viola et al. 2012, Silva et al. 2015, Hoshino et al. 2021,
Delfino et al. 2021, Queiroz et al. 2023).
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Calcium silicate-based materials release calcium ions during setting reactions
(Niu et al. 2014, Silva et al. 2015, Bosso-Martelo et al. 2016; Camilleri, 2020). A
bioactive material promotes an environment compatible with osteogenesis and
tissues through the development of an interface between living and non-living
materials (Niu et al. 2014).

Therefore, von Kossa-positive structures were observed in the capsules around
the bioceramic materials implanted in the subcutaneous connective tissue. However,
the presence of birefringent deposits detected by polarised illumination from
unstained sections strongly suggest the formation of amorphous calcite (calcium
carbonate), which originates from reaction of calcium released by bioceramic
materials with carbonate dioxide of tissue fluids (Holland et al. 1999, Camilleri et al.
2014, Cintra et al. 2017, Bueno et al. 2019, Delfino et al. 2021; Queiroz et al. 2023).

The von Kossa histochemical method promotes a reaction with phosphate in
calcium deposits, which may be associated with cations other than calcium.
However, significant amounts of calcium ions are released by calcium silicate-based
materials. Calcium ions released into the microenvironment may be responsible, at
least in part, for the bioactive behavior of these materials (Queiroz et al. 2023).
Therefore, the immunoexpression of OCN, von Kossa-positive structures, and the
presence of amorphous calcite are suggestive that bioceramic NPutty material
presents bioactive potential. Additional studies of the biological properties of

Neoputty are needed, in addition to clinical studies.

CONCLUSION

The findings taken together indicate that NeoPutty is biocompatible, although the
irritant potential this bioceramic material in the connective tissue is higher than the
Bio C Repair and MTA HP. Moreover, the immunoexpression of osteocalcin by
connective tissue cells as well as von Kossa-positive structures and birefringent

deposits are suggestive parameters that NeoPutty exhibits bioactive potential.
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3.3 Artigo 3*

Biocompatibility and bioactive potential of bioceramic sealers associated with

Cetramide

ABSTRACT

NeoSealer Flo (NeoFlo - NuSmile, Houston) is a new ready-to-use endodontic
bioceramic sealer. Cetrimide (CTR) has an antimicrobial effect and can be added to
endodontic sealers to increase antimicrobial activity. The study evaluated
biocompatibility and bioactive potential of BioRoot ™ RCS (BROOT - Septodont,
France) and NeoFlo and their associations with 1% CTR. The tissue reaction was
evaluated after implantation of tubes with the materials into subcutaneous connective
tissue for 7, 15, 30 and 60 days. Number of inflammatory cells (ICs), fibroblasts,
osteocalcin (OC)-immunostained cells were evaluated. von Kossa reaction was
performed. Data were evaluated by two-way ANOVA followed by Tukey's test, with a
significance level of 5%. The OCN data were submitted to the Kruskal-Wallis test and
the Dunn and Friedman and Nemenyi post hoc test for analysis over time. Cls was
significantly higher for NeoFlo CTR than for NeoFlo at 7 and 60 days (p < 0.05).
There was a reduction in the thickness of the capsules and the number of ICs from 7
to 60 days and a significant increase in the number of fibroblasts and birefringent
collagen for all specimens. NeoFlo showed immunoexpression of OCN in all periods,
while NeoFlo CTR, BROOT and BROOT CTR only at 60 days. Von Kossa structures
were observed in the capsules around all materials at all periods. Addition of
cetrimide promoted a greater inflammatory reaction, but the reduction of inflammatory
cells and rearrangement of connective tissue suggests biocompatibility. Amorphous

calcite deposits and OCN immunoexpression suggest bioactive potential.

Keywords: Biocompatible materials, Root canal filling materials, rats, osteocalcin.

* Artigo formato segundo as normas do periddico Brazilian Oral Research para o qual foi submetido.
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Introduction

Controlling endodontic infection in the root canal system is essential for the
success of endodontic treatment. Although mechanical instrumentation of root canals
considerably reduces endodontic microbiota, microbial elimination cannot be
achieved!.

The antimicrobial activity is desirable for repair cements and root canal filling
materials and may collaborate for the disinfection of contaminated dentine?3. Thus,
the incorporation of antimicrobial agents into endodontic materials can improve their
effect against remaining microorganisms. Cetrimide (CTR) is a cationic surfactant,
which has demonstrated efficacy against gram-positive and gram-negative
bacteria®3. CTR added to a tricalcium silicate-based cement improved the antibiofilm
activity of the cement without compromising its physicochemical properties such as
setting time, pH, and solubility®. However, in vivo studies are needed to evaluate
whether CTR impairs the tissue response when added to the endodontic sealers.

Endodontic sealers should ideally be biocompatible and have bioactive
potential to stimulate periapical repair*°. BioRoot™ RCS (BROOT; Septodont, Saint-
Maur-des-Fossés, France) is a calcium silicate-based bioceramic sealer in
powder/liquid composition. The biocompatibility of BioRoot RCS has been reported in
several in vitro studies, where the effects on cells depend on the dilution of their
extracts and time of exposition*®. Chlorhexidine improved the antibacterial activity of
bioceramic sealers such as BioRoot, but decreased cell viability, in addition to
affecting their physicochemical properties . Therefore, the association of bioceramic
sealers with antimicrobial agents aiming for better antimicrobial activity is beneficial,
as if does not alter physicochemical and biological properties.

NeoSealer Flo (NeoFlo, NuSmile, Houston, TX, USA) is a new ready-to-use
bioceramic root sealer composed of dicalcium and tricalcium silicate. This bioceramic
sealant met the standards required by ISO (9917-1) demonstrating adequate
radiopacity, setting time, film thickness and a pH of 8 up to 28 days, in addition to
exhibiting the formation of a thin layer of phosphate phase calcium’.

This study aimed to evaluate the biocompatibility and bioactive potential of
BioRoot™ RCS and NeoSealer Flo and and their associations with the antimicrobial
cetrimide (CTR). The null hypothesis is that the addition of cetrimide will not interfere

with the tissue reaction and bioactive potential of the sealers.
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Methodology

Ethical approval (Protocol #19/2021) was obtained for a study involving 30
Rats (Rattus norvegicus albinus), divided into Sealers (Table 1) and a Control Group
(CG). The animals were kept in plastic cages with controlled temperature, humidity
and light cycles and access to food and water ad libitum. The ARRIVE (Animal
Research: Reporting of In Vivo Experiments) guidelines were followed by the
authors.

The animals were anesthetized with ketamine chloride (80 mg/kg, Virbac do
Brasil Industria e Comércio Ltda., Brazil) and xylazine chloride (8 mg/kg, National
Pharmaceutical Chemical Union, Brazil) administered by intraperitoneal. After 7, 15,
30, and 60 days the animals were sacrificed with anesthetic overdose implants with
adjacent tissues were removed and the samples were fixed with 4% buffered
formaldehyde at pH 7.2. After 48 h, the samples were dehydrated, treated with
xylene, immersed in liquid paraffin, and embedded in paraffin to obtain longitudinal
sections of the implants surrounded by capsules. Serial sections were obtained for
hematoxylin &amp; eosin (HE), picrosirius-red, von Kossa reaction staining, and

immunohistochemistry for the detection of osteocalcin (OCN).

Thickness of capsules around implants

In each specimen, the thickness of capsules was estimated from three HE-
stained non-serial sections. The thickness of the capsules was measured in the
middle portion from its innermost surface adjacent to the material until its limit with
adjacent tissues®®. According to thickness, the capsules were characterized as thin

when measured below 150 um and thick those exhibiting values above 150 pm?.

Numerical density of inflammatory cells and fibroblasts

The number of inflammatory cells (IC) and fibroblasts (Fb) was computed
using the Image-Pro Express 6.0 Olympus software. The quantitative analysis was
performed in the capsules of all implants. In each section a standard field of the
capsule adjacent to the opening of the implanted tubes (measuring 0.09 mm?) was
captured at x40. The number of IC and Fb was obtained from 3 sections/implant in
each time point, as previously described®®.

The intensity of inflammatory reaction was estimated according to number of

IC per field®19, the inflammatory reaction was classified as mild (containing until 25
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IC/field), moderate (containing from 26 to 125 IC /field) and severe/intense

(containing more than 125 IC /field).

Table 1: The Endodontic Sealers Used.

Sealers and

Manufacturers

Proportion Composition

NeoSealer
Flo (NeoFlo)/
NuSmile, Houston
(USA)

+ CTR 1% (cetrimide, #
(Sigma-Aldrich, USA)

Ready to use

Dicalcium and tricalcium silicate
with calcium aluminate, tricalcium
aluminate, and tantalite and
990 mg of sealer thickening agent.
NeoSealer and 10
mg CTR

BioRoot RCS/
Septodont (Saint-Maur-

des-Fossé, France).

+ CTR 1% (cetrimide, #
(Sigma-Aldrich, USA)

1 portion of dust and
5 drops of liquid
according to the

manufacturer, with o -
Powder: Knitting silicate,
measurement on a _ _ _ _
zirconium oxide, and povidone.
scale o _ _ _
Liquid: dihydrate calcium chloride,

sand, purified water
990 mg of already

manipulated sealer
BioRoot and 10 mg
CTR

Content of collagen in the capsules

In each specimen, the amount of birefringent collagen was analyzed from

three non-serial sections stained with 0.1% picrosirius-red solution. Using a polarized

light microscope, a field of the capsule was captured (at x40 objective lens) with

rigorously standardized parameters (light intensity, diaphragm aperture, condenser

position and exposure time). The birefringent collagen was computed using an image

analysis software (ImageJ; National Health Institutes; Bethesda, USA)%:12,
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Immunohistochemical detection of OCN

The deparaffinized sections were immersed in sodium citrate and heated at
98° C in a microwave oven for 30 min. After washings, the sections were immersed in
5% aqueous hydrogen peroxide solution, and they were incubated with 2% bovine
serum albumin (Sigma-Aldrich, USA). The sections were incubated in a humidified
chamber at 4° C with rabbit anti-OCN primary antibody diluted 1:150 (Sigma-Aldrich,
USA. Code # Sab1306277). The sections were washed and incubated for 1 hour in
the Labelled StreptAvidin-Biotin Kit (Universal Dako LSAB, Dako Inc.). After
washings, the peroxidase activity was revealed by 3.3'-diaminobenzidine chromogen
(Dako Inc.; code: K3468) and counterstained with Carazzi's hematoxylin.

The number of immunolabelled cells/mm? of capsule was obtained with help of
an image analysis software (Image-Pro Express 6.0, Olympus, Japan). In each
specimen, a standardized field (at x40 objective lens) was captured using a digital
camara (DP-71, Olympus) attached to a light microscope (Olympus, Japan). The
number of immunolabelled cell (in brown/yellow colour) was computed by a blinded
examiner in each image previously captured. Thus, the number of OCN-

immunolabelled cellsfmm? was estimated.

von Kossa reaction and analysis under polarized light

Dewaxed sections were immersed in the 5% silver nitrate solution for 1 hour
under incandescent light. After washings, the slides were immersed for 5 min. in 5%
sodium hyposulfite solution. Afterwards, the sections were stained with 0.1%
picrosirius-red solution and mounted.

Sections near the those subjected to von Kossa reaction were dewaxed,
dehydrated, and mounted; these unstained sections were analyzed under a light

microscope equipped with polarization filters (Olympus, BX51).

Statistical analysis

The data were evaluated by two -way ANOVA followed by the Tukey test, with
a level of significance of P <0.05. Osteocalcin data were subjected to the non-
parametric Kruskal-Wallis test and Dunn's Multipson Post Hoc test for groups

comparison and Friedman's test and Nemenyi's post hoc test for analysis over time.
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Results
Morphological findings, capsule thickness and numerical density of IC and Fb

At 7 and 15 days, thick capsules containing numerous IC were seen around
the implanted materials (Figs. 1A-1D and 1F-1I). After 30 days of implantation (Figs.
1K-10), thick capsules with dense IC population were still observed juxtaposed to the
NeoFlo CTR material (Fig. 1L). At 60 days, the capsules around all specimens were
characterized by well-defined layer of connective tissue (Figs. 1P-1T). The measuring
of capsules (Table 2) revealed that, at 7 days, all materials were surrounded by thick
capsules, but the highest values were observed in the NeoFlo CTR and BROOT
CTR. At 7 and 15 days, the thickness of the capsules around the NeoFlo was
significantly lower than in other materials. At 30 days, no significant difference among
NeoFlo, BROOT and BROOT CTR. At 60 days, no significant difference was
observed between the materials.

At high magnification revealed massive presence of macrophages and
lymphocytes (Figs. 2A-2D). These capsules exhibited an intense inflammatory
reaction, except in the BROOT specimens that presented a moderate inflammatory
reaction (Table 2). At 15 days, an intense inflammatory reaction was found in the
capsules of NeoFlo and NeoFlo CTR specimens (Figs. 2F and 2G) while, BROOT
and BROOT CTR specimens exhibited moderate reaction (Figs. 2H-2I and Table 2).
At 30 (Figs. 2K-2N) and 60 (Figs. 2P-2S), although the IC were more sparsely
distributed in comparison with the periods of 7 (Figs. 2A-2D) and 15 (Figs. 2F-2I)
days, the capsules around all materials still showed a moderate inflammatory
reaction (Table 2).

Regarding to numerical density (Table 2), the number of IC was significantly
greater in NeoFlo CTR than in NeoFlo at 7, 30 and 60 days (p < 0.05) while, at 15
days, the number of IC was significantly lower in the NeoFlo CTR specimens. In all
time points, a greater number of IC was found in the capsules around BROOT CTR
than in BROOT specimens, The number of ICwas significantly lower in BROOT CTR
than in NeoFlo specimens at 15, 30 and 60 days (p < 0.05). In all periods, capsules
around BROOT material contained lower number of IC (p < 0.05) than in NeoFlo,
NeoFlo CTR and BROOT CTR materials.

At 7 days, the number of Fb was greater in the capsules of NeoFlo and
BROOT materials than in NeoFlo CTR and BROOT CTR (p<0.0001), respectively
whereas no significant difference was seen between NeoFlo CTR and BROOT CTR
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specimens. After 15 days of implantation, no significant difference was observed
among NeoFlo, BROOT and BROOT CTR specimens. At 30 and 60 days, capsules
around NeoFlo had greater number of Fb than other capsules adjacent to the

materials.

Content of collagen in the capsules

As shown in the Table 2, few bundles of birefringent collagen were seen in the
capsules of all specimens at 7 days (Figs. 3A-3E). However, in all specimens a
significant increase in the amount of birefringent collagen was observed over time
(Figs. 3A-3P; Table 2).

At 7 days, the content of collagen was lower significantly in the BROOT CTR
than in BROOT (p<0.0001), NeoFlo CTR (p<0.0001). After 15 days, no significant
difference was seen between CG with NeoFlo and with BROOT (p > 0.05) which
showed the highest values of collagen. In contrast, the lowest values were found in
the NeoFlo CTR and BROOT CTR specimens. At 30 days, the percentage of
collagen was greater significantly in the NeoFlo, BROOT and CG specimens than in
NeoFlow CTR and BROOT CTR specimens. At 60 days, significant differences were
not observed between NeoFlo and NeoFlo CTR, NeoFlo and BROOT, and NeoFlo
CTR and BROOT.

Immunohistochemical detection of OCN

The immunoexpression of OCN was observed in the capsules surrounding the
NeoFlo samples in all periods (Figs. 4A-4F). Otherwise, OCN-immunolabelled cells in
NeoFlo CTR, BROOT and BROOT CTR specimens were only observed at 60 days
(Figs. 4F-41). OCN-immunolabelled cells were not seen in the capsules around CG
specimens (Figs. 4E-4J; Table 2). As shown in Table 2, at 60 days NeoFlo showed
the highest values of OCN-immunolabelled cells, while no significant difference was
observed between BROOT and BROOT CTR.
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Figure 1 — HE-stained sections
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Figure 1: Photomicrographs show a general view of capsules (C) adjacent to the opening of the tubes
implanted (T). M, muscle tissue; LC, loose connective tissue. Scale bars: 900 pm.
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Figure 2— HE-stained sections
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Figure 2: Photomicrographs of sections of portions of capsule adjacent to the implanted tubes (T)
after 7 and 60 days. Arrows, inflammatory cells; Fb, fibroblasts; CF, collagen fibers; BV, blood vessels;
GC, giant cell. Scale bars: 18 um.
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Figure 3: Sections stained with picrosirius Red
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Figure 3: Photomicrographs of sections showing portions of capsule adjacent to the implanted tubes
after 7 (3A-3E), 15 (3F-3J), 30 (3K-30) and 60 (3P-3T) days of implantation. Sections were stained
with picrosirius-red and analyzed under polarised light. Scale bars: 20 pm.
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Figure 4: Immunohistochemistry for osteocalcin detection
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Figure 4: Photomicrographs showing portions of capsules adjacent to the implanted tubes after 7 (4A-
4E) and 60 days (4F-4J). Scale bars: 18 um.
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Table 2 — Thickness of capsules (TC), number of inflammatory cells (ICs), number of
fibroblasts (Fb), number of OCN-immunolabelled cells, content of collagen (CF) and
inflammatory reaction intensity (IR) in the capsules around the NeoSealer Flo
(NeoFlo), NeoSealer Flo + Cetrimide (NeoFlo CTR), BioRoot (BROOT), BioRoot +
Cetrimide (BROOT CTR) and Control group (CG) at 7, 15, 30 e 60 days of

implantation.

Periods Analyses NeoFlo NeoFlo CTR BROOT BROOT CTR CG
TC (um) 366 + 431 733 + 2401 489 + 25¢1 772 +25"1 168 + 1391
ICs/mm? 1569 + 2731 1650 + 151 971 +19¢1 1555 + 2231 249 + 3241
Fb/mm? 104421 31 93 +16°1 129 + 1631 80 + 91 168 +10°¢!
7 days CF (%) 13.1+4 31 9.7+ 10t 149 £ 2¢1 59+1¢  16.4+23!
OCN/mm? 11.11(11.11)* 0.00(0.0) ** 0.00(0.0)**  0.00(0.0)®  0.00 (0.0)
IR intense intense intense intense bl
mild
TC (um) 323 + 4031 491 *+ 26°2 439 + 20! 504+ 18¢2 181 +11%1
ICs/mm? 1429 + 2131 1324 + 12°2 902 + 10%1 1012 + 2692 233 + 1481
Fb/mm? 15142132 114 + 1202 141 + 631 130 £ 9232 236+ 212
15 days , _ . . .
CF (%) 20.6+3 32 16.9 132 18.5+ 22 14.8+2M2 289+ 322
OCN/mm? 22.22(22.22)#2  0.00(0.0)** 0.00(0.0)®*  0.00(0.0)»*  0.00(0.0)
IR intense intense intense intense bil
mild
TC (um) 279 + 4132 304 + 2203 246 + 2432 276 +£20%% 111 +03¢!
ICs/mm? 990 + 2132 1103 + 223 684 + 22¢2 804 + 1793 175 + 26°72
Fb/mm? 231409 23 190 + 93 196 + 1052 180 + 1358 313+ 14°¢8
30 days CF (%) 25.8+1 a3 19.3+133 20.9 + 333 16.6 + 102 26.8+2 &2
OCN/mm? 22.22(22.22)32  0.00(0.0) ¥* 0.00(0.0)»*  0.00(0.0)®*  0.00(0.0)
IR moderate moderate moderate moderate bl
mild
TC (um) 215 + 4532 237 + 24%4 223 + 2332 247 +13%% 101 + 10!
ICs/mm? 503 + 2433 611 + 154 297 + 233 401 + 1594 67 + 1183
Fb/mm? 360+23 &4 243 £ 1054 268 + 1653 232+6%% 341 +1638
60 days , _ _ . .
CF (%) 29.9+2 &3 26.8 132 232+ 103 20.1£453 294+ 132
OCN/mm? 33.33(22.22) @3 22.22(22.22)P2 11.11(11.1)¢? 11.11(11.11)  0.00(0.0)
IR moderate moderate moderate €2 a1
moderate mild

The comparison between groups in the same period is indicated by superscript letters in the lines,
same letters = no statistically significant difference.

The comparison between periods in the same group is indicated by superscript numbers in the
columns; same numbers = no statistically significant difference. Tukey test (p < 0.05).

OCN: Values expressed as median and interquartile range. Analysis between groups in each period:
Kruskal-Wallis followed by the Dunn test; analysis of each group over time: Friedman followed by the
Nemenyi test (p < 0.05).
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von Kossa reaction and analysis under polarized light

The capsules around all sealers exhibited von Kossa-positive structures in all
time points (Figs. 5A-5H). Moreover, the analyses under polarized light of unstained
sections revealed birefringent structures diffused by capsules adjacent to the
materials (Fig 5I-5P). Either von Kossa-positive or birefringent structures were not

seen in the CG specimens (data not shown).

Figure 5: von Kossa and birefringent structures in unstained sections

BROOT CTR

Figure 5: In 5A-5H - Photomicrographs of sections showing portions of capsule subjected to the von
Kossa reaction at 7 (5A-5D) and 60 days (5E-5H). Figs. 5I-5P: Photomicrographs showing unstained
sections analyzed under polarized light. Scale bars: 36 pm.
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Discussion

The present study evaluated the biocompatibility and bioactive potential of
BioRoot ™ RCS and NeoSealer Flo sealers with the addition of CTR. The addition of
CTR to bioceramic sealers promoted greater recruitment of IC, which culminated with
the maintenance of moderate inflammatory reaction until 60 days after subcutaneous
implantation. Therefore, the null hypothesis was rejected because the addition of
CTR interfered directly in tissue reaction.

The physical and antimicrobial properties of bioceramic sealers, along with the
biological properties, are promising and can potentially improve the clinical success
of treatment'#. Thus, the addition of antimicrobials to endodontic sealers aims to
improve their antibacterial activity and maintain the sterile nature of the root canal
prepared. CTR is a cationic surfactant with excellent antibacterial activity'25 that has
a strong ability to reduce bacterial adhesion?, justifying the choice for its addition to
the materials in the present study. Moreover, 1% or 0.5% CTR did not cause
significant changes in the setting time, flow, solubility and radiopacity when added to
the AH'® Plus. However, no in vivo study evaluating tissue reaction of CTR added to
the bioceramic sealers was found.

An important goal of endodontic therapy is the complete elimination of all
microorganisms from the root canal system. Unfortunately, it appears to be
impossible in certain clinical circumstances since root canal biofilm is the main
reason for endodontic treatment failure®>>. However, the use of endodontic sealers
with antibacterial properties can help reduce or eradicate bacteria. However, low
antibacterial effectiveness of BROOT was demonstrated by agar diffusion and direct
contact assays against E. faecalis®. Moreover, BROOT was not able to prevent the
formation of different stages of biofilm'°. Regarding NeoFlo there are still no studies
that have evaluated its antimicrobial activity.

In the present study, the addition of 1% CTR to NeoFlo or BROOT caused
greater damage to connective tissue than these pure sealers. The CTR addition to
NeoFlo and BROOT recruited the greatest number of IC, culminating in the
maintenance of the inflammatory reaction for a prolonged time. CTR added to V79
Chinese hamster cells caused high rate of cell death demonstrated by MTT,
clonogenic and micronucleus assays®®. It has been suggested that CTR promotes

disruption of cell membrane lipids, resulting in cell lysis*®.
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Our findings also revealed that, the capsules around all materials exhibited a
moderate inflammatory reaction, indicating that endodontic sealers induced a
prolonged injury to the structural arrangement of connective tissue of the
subcutaneous. However, the significant reduction in the number of IC and in the
capsule thickness observed over time, suggests that NeoFlo and BROOT sealers as
well as the experimental sealers are biocompatible. On the other hand, the highest
degree the tissue injury initially induced by sealers containing CTR leads us to raise
the idea that perhaps the best sealer will depend on the degree of infection of the
root canal. Thus, usage of bioceramic sealers associated with CTR would be
indicated for teeth with infection in the canal system, justifying the addition of the
antimicrobial agent despite its greater irritating potential than pure sealers.

Although CTR added to the BROOT sealer caused greater tissue injury than
pure BROOT, it is important to emphasize that damage promoted by BROOT CTR
decreased more quickly in comparison with NeoFlo. BioRoot RCS (BROOT;
Septodont, Saint-Maur-des-Fossés, France) was developed as a calcium silicate-
based root canal sealer. This bioceramic sealer is composed of a powder that
contains tricalcium silicates, zirconium oxide and povidone, while the liquid contains
polycarboxylate and calcium chloride. There is evidence that BROOT releases
calcium, has alkalizing activity and induces the apatite formation*. Although NeoFlo
presents calcium sulfate, grossite and tantalite, this difference in composition may
explain the different pattern of tissue reaction between these two root sealers.

The higher values of IC culminating in intense inflammatory process in the
initial period can be also explained by alkaline pH and high solubility presented by
NeoFlo and BROOT sealers*’. BROOT presents pH around 8.7 at 28 days, in turn
AH Plus displays values close to 7, while BROOT's solubility at 7 days is 14.2%,
compared to 0.8 for AH Plus®.

Despite intense inflammatory reaction, the high values of Ca?* and OH?
release by these bioceramic sealers may provide a suitable microenvironment to
induce the differentiation of mesenchymal cells into cells with the typical phenotype of
producing-mineralized-tissue cells??>. Here, the NeoFlo sealer induced the OCN
iImmunoexpression by cells of subcutaneous connective tissue in all time points. OCN
is a small glycoprotein, expressed by differentiating osteoblasts'”18, Studies have
shown that calcium silicate-based endodontic materials induce the OCN

immunoexpression suggesting that these materials may stimulate the differentiation
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of mesenchymal cells into cells able to produce proteins of mineralized tissues'’ 8.
Therefore, it is conceivable to suggest that CTR may initially inhibit the mesenchymal
cell differentiation, since OCN-immunolabelled cells in NeoFlo CTR capsules were
only seen at 60 days. The addition of 0.12% CHX gluconate, an antimicrobial agent,
to the ProRoot ® MTA induced macrophages and fibroblasts apoptosis indicating that
this antimicrobial agent may cause a delay in the tissue repair and, consequently,
may possibly interfere with bioactive potential of the materials?3.

In contrast, von Kossa-positive structures were observed in the capsules
around all sealers in all time points. Considering that von Kossa reaction is a
histochemical method that detects calcium?°, these findings suggest that these
sealers can promote the precipitation of calcium in the connective tissues. The
formation of calcium carbonate either as calcite or aragonite was demonstrated on
the surface of NeoFlo sealer after Hanks balanced salt solution immersion for 28
days and analyzed under micro-Raman spectroscopy’. Few von Kossa-positive
areas were also demonstrated in the culture of BROOT-grown A4 cells, which were
associated with calcium deposits probably derived from leakage and diffusion of
repair material®*. Therefore, our results indicated that pure sealers or associated with
CTR allowed the deposition of calcite amorphous in the connective tissue.

The composition of endodontic sealers plays an important role in their
biocompatibility and bioactive potential. Cetrimide directly influenced the
inflammatory reaction of the materials, leading to greater recruitment of inflammatory
cells. Despite tissue damage, all sealers evaluated induced a response in connective

tissue suggestive of bioactive potential.

Conclusion

The addition of cetrimide to NeoSealer and BioRoot RCS bioceramic sealers
induced greater recruitment of inflammatory cells. However, the reduction in the
inflammatory reaction was accompanied by a gradual increase in the fibroblasts and
collagen content over time, indicating therefore, that these sealers are biocompatible.
Birefringent structures and OCN immunoexpression suggest bioactive potential of

pure NeoFlow and BROOT as well as these sealers with addition of 1% cetrimide.
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3.4 Artigo 4*

Biocompatibility and bioactive potential of repair materials with the addition of

Thyme Essential Oil in the subcutaneous tissues of rats

Aim: Thyme Essential Oil (TEO) has antibacterial effect, including resistant
microorganisms and, therefore, its addition to the repair materials could improve the
biological properties of bioceramic materials. This study evaluated the tissue reaction
and bioactive potential of MTA Repair HP (MTA HP) and Bio-C Repair (BC) with the
addition of TEO.

Methodology: Polyethylene tubes filled with one of the materials (BC; MTA HP;
BC+TEO; MTA+TEO) or empty tubes (control group) were implanted into
subcutaneous tissues for 7, 15, 30 and 60 days. After fixation, the implants
surrounded by adjacent tissues were embedded in paraffin. Morphological and
quantitative analyses were carried out in sections stained with haematoxylin and
eosin. Collagen content was estimated in picrosirius red-stained sections. Bioactive
potential was investigated using von Kossa method, analysis of unstained sections
under polarized light, and immunohistochemistry for osteocalcin (OCN) detection.
The data were subjected to ANOVA and Tukey tests, with a significance level of 5%.
OCN data were submitted to Kruskal-Wallis and Dunn and Friedman post hoc tests
followed by the Nemenyi test at a significance level of 5%.

Results: At 7 days, BC+TEO and MTA+TEO revealed lower inflammatory cells
compared with BC (p< 0.0001), but no significant differences were observed amongst
the materials after 30 and 60 days. At 15, 30 and 60 days, the BC+TEO and
MTA+TEO materials showed greater amount of collagen fibers compared to BC and
MTA HP. In all periods, the number of fibroblasts was greater in the capsules of
BC+TEO and MTA+TEO than in BC and MTA HP specimens. von Kossa-positive
and birefringent structures, suggestive of amorphous calcite, were seen in the
material capsules at all time points, but OCN immunoexpression was only observed
in the capsules around BC+TEO and MTA+TEO after 60 days. Moreover, the highest
values were observed in MTA HP while the lowest values in BC+TEO specimens.

* Artigo formatado segundo as normas do periédico International Endodontic Journal para o qual
pretende-se submeter.
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Conclusions: The addition of TEO did not harm the biocompatibility of Bio-C Repair
and MTA HP Repair. Furthermore, considering the immunostaining for OCN and
presence of amorphous calcite in the capsules, it is conceivable to suggest that all
materials may have bioactive potential.

INTRODUCTION

Repair materials should present adequate characteristics to be used in different
clinical applications (Parirokh, Torabinejad, 2010). Antimicrobial action is important to
collaborate with the disinfection of the contaminated and provide an increase in
treatment success rates (Ruiz-Linares et al. 2014). It was already demonstrated that
antibacterial properties of calcium silicate-based materials are enhanced by the
addition of different substances or changing on their powder-to-liquid ratio (Parirokh,
Torabinejad, 2010; Lima et al. 2021). However, these modifications might adversely
affect other properties of the material, such as, biocompatibility (Parirokh,
Torabinejad,2010).

Essential oils (EOs) are defined as volatile secondary metabolites of plants
that give the plant a distinct smell, taste, or both, and are generally obtained because
of hydrodistillation, steam distillation, dry distillation, or cold mechanical pressing of
plants (Ruiz-Linares et al. 2014). Thyme and its volatile oil have long been used for
the treatment of upper respiratory tract infections, symptoms of bronchitis, parasitic
infections, pruritus associated with dermatitis, bruises, and sprains. It exerts
antibacterial effect on Gram-positive and Gram-negative bacteria together with
antifungal, anti-inflammatory properties. The main components of thyme EO are
thymol (36-55%) and p-cymene (15-28%) (Zhang et al. 2015). Schott et al. (2017)
described those essential oils of Thymus species presented antibacterial activity
against S. mutans. Another study demonstrated that thyme oil can be used as an
agent in the treatment of biofilm associated with C. albicans and C. tropicalis
infections (Jafri, Ahmad, 2020). Thyme Essential Oil (TEO), can result in increased
antibacterial activity, effectively inhibiting resistant microorganisms such as C.
albicans (Zhang et al. 2015) and has demonstrated antibacterial and antibiofilm effect
in toothpastes against bacteria associated with oral diseases (Ruiz-Linares et al.
2014).
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Bio-C Repair (BC, Angelus, Londrina, PR, Brazil) is a ready-to-use bioceramic
repair material. An in vitro study compared the cytocompatibility of Bio-C Repair,
Biodentine and ProRoot MTA and revealed a high viability index of human dental
pulp cells (hDPCS) exposed to these sealers. Furthermore, no cytoskeletal changes
were observed in hDPCS, which were adhered to repair cements (Klein-Junior et al.
2021). When evaluated in the subcutaneous tissue of rats, the material showed
biocompatibility and suggested a bioactive potential (Queiroz et al. 2023; Inada et al.
2023).

MTA Repair (MTA HP, Angelus, Londrina, PR, Brazil), has been introduced as
a bioceramic material featuring elevated plasticity to preserve the biological
characteristics of MTA. This improvement in chemical and physical attributes is
achieved by incorporating an organic plasticizer into distilled water. Research
suggests that the inclusion of the plasticizer in the liquid composition contributes to a
reduction in the setting time and leads to an elevation in pH. This factor is regarded
as a benchmark for other restorative materials, further confirming its biocompatibility
in both vitro and in vivo studies (Lozano-Guillén et al. 2022; Queiroz et al. 2023).

The present study aimed to evaluate the inflammatory reaction and the
bioactive potential of Bio-C Repair and MTA Repair bioceramic materials with
addition of TEO. The null hypothesis is that the association of TEO would not play
any role in the inflammatory reaction and in the bioactive potential of the Bio-C
Repair and MTA Repair.

MATERIALS AND METHODS

Experimental procedure

This study was approved by the Animal Research Ethics Committee (CEUA, Protocol
# 19/2021) in compliance with Brazilian national law on animal use. Thirty-two male
Holtzman rats (Rattus norvegicus albinus) weighing £ 250-300 g were distributed into
5 groups (n = 6/group) filled with the respective sealers (Table 1) and control group
(CG; empty polyethylene tubes)

The sample size was estimated using previous study (Silva et al. 2021) for the
detection of a 50% difference between the experimental groups, considering a
variability of 20% and test power of 90% and an alpha error of 0.05 to recognize a
significant difference. Thus, a sample of 5 rats per group was required at each time

point, considering the possibility of loss of animals, one animal was added to each
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group. Thus, a sample of 5 rats per group was required at each time point,
considering the possibility of loss of animals or samples during histological
processing, one sample of each group was added to each time point. The study has
been written according to Preferred Reporting Items for Animal studies in
Endodontology (PRIASE) 2021 guidelines (Nagendrababu et al. 2021). The PRIASE
2021 flowchart is represented in Figure 1.

The materials (Table 1) were inserted into polyethylene tubes (10.0 mm in
length and 1.6 mm in diameter) and subsequently implanted in the subcutaneous
dorsum of the animals. Four tubes were inserted per animal, one from each group, in
a quadrant rotation (ISO-10993-6, 2007). The animals were anesthetized with
ketamine hydrochloride (80 mg/kg of body weight; Virbac do Brasil Industria e
Comércio Ltda., Sao Paulo, SP, Brazil) and xylazine hydrochloride (8 mg/kg of body
weight; Unido Quimica Farmacéutica Nacional S/A, Sdo Paulo, SP, Brazil) by
intraperitoneal route using insulin syringe. The dorsal skin was shaved and
disinfected with 5% iodine solution, and an incision (measuring about 2 cm) was
made in the cranio-caudal plane. After divulsion, the polyethylene tubes were placed
in the dorsal subcutaneous pocket and, immediately, the skin was sutured with
simple stitches using 4-0 silk thread (Ethicon Inc., Sdo José dos Campos, Sdo Paulo,

Brazil).

Table 1: The Endodontic Cements Used.

Cement and Proportion Composition
Manufacturers
Bio-C Repair (BC; Ready to use Calcium silicates, calcium aluminate,
Angelus, Brazil) calcium oxide, zirconium oxide, iron

oxide, silicon dioxide and dispersing

agent.
Bio-C Repair (BC; 990 mg of BC sealer Calcium silicates, calcium aluminate,
Angelus, Brazil) + TEO 1% and 10 yl TEO calcium oxide, zirconium oxide, iron
Sigma-Aldrich) (BC+ TEO) oxide, silicon dioxide, dispersing

agent and Thymol.
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MTA Repair HP (MTA; 1g powder: Powder: Tricalcium silicate;
Angelus, Brazil) 300 pL liquid Dicalcium silicate; Tricalcium
aluminate; Calcium oxide; Calcium

Tungstate; Liquid: Water and

plasticizer.
MTA HP (Angelus, Brazil) 990 mg of sealer MTA Powder: Tricalcium silicate;
+ TEO 1% (Sigma-Aldrich) and 10 yl TEO Dicalcium silicate; Tricalcium
(MTA+ TEO) aluminate; Calcium oxide; Calcium

Tungstate; Liquid: Water and

plasticizer.

After 7, 15, 30, and 60 days, the animals were euthanized with anesthetic
overdose, and the portions of skin containing the implants were removed and
processed for light microscopy.

The implanted polyethylene tubes surrounded by tissues of the subcutaneous
were removed and immediately immersed in a 4% formaldehyde solution (freshly
prepared from paraformaldehyde) buffered with 0.1 mol/L sodium phosphate at pH
7.2 at room temperature. After 48 h, the samples were dehydrated, treated with
xylene, and immersed in liquid paraffin at 60°C for 4 h. The samples were embedded
in paraffin to obtain longitudinal sections (6 um thick), which were obtained using a
rotary microtome (Leica, model RM2125 RST) and disposable stainless-steel knives
(Leica, model 818). Non-serial sections were stained with hematoxylin and eosin
(HE) and Masson’s trichrome for morphological and morphometrical analyses. Other
sections were also subjected to the picrosirius-red, von Kossa method, and
osteocalcin immunohistochemistry reactions.

The analyses were performed using a light microscope (BX51, Olympus,
Tokyo, Japan) and an image analysis software (Image Pro-Express 6.0, Olympus,
Tokyo, Japan). The quantitative analyses were performed by one calibrated and

blinded examiner and the measurements were repeated (in duplicate).
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Figure 1: Diagram illustrating the experimental design and methodologies employed for evaluating
both biocompatibility and bioactive potential.
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Thickness of capsules

The thickness of capsules was estimated from three non-serial HE-stained sections
per specimen. In each section, using a digital camera (DP-71, Olympus — Japan)
attached to the Olympus microscope, one image of the capsule adjacent to the
polyethylene tube opening was captured with an objective lens at x4 magnification.
The thickness of the capsule was estimated from the inner portion of the capsule
(adjacent to the tube opening) to its interface with adjacent tissues (muscle tissue,
loose connective tissue) using image analysis software (Olympus), as previously
described (Alves-Silva et al. 2020; Queiroz et al. 2023). The capsule thickness was
estimated in all specimens (n=6 per group) and at various time points. Capsules were
categorized as thick when measured over 150 um and as thin when measured up to
150 um (Yaltirik et al. 2004; Queiroz et al. 2023).

Numerical density of inflammatory cells

The number of inflammatory cells (IC) was computed using the Image-Pro Express
6.0 Olympus program. Images were captured using a digital camera attached to a
light microscope with objective lens at x40. In each section, a standard area of 0.09
mm? of the capsule adjacent to the opening of the implanted tubes was captured.
The number of IC was obtained from 3 sections of each implant, totaling an area of
0.27 mm? per implant. The number of IC (neutrophils, lymphocytes, plasma cells and
macrophages) was computed considering the morphological characteristics. In each
area, the number of IC was calculated, obtaining the number of IC and fibroblasts per
mm? of each sample. At the end, the average value per group and period was

obtained.

Numerical density of fibroblasts

In every sample, the count of fibroblasts (Fb) was evaluated within the capsules
using Masson trichrome-stained sections. Three non-sequential sections were
examined in each specimen. Within each section, a standardized area (0.09 mm?) at
the central region of the capsule, near the opening of the implanted tube, was
captured at a magnification of x695. The fibroblasts, characterized by their
elongated/fusiform morphology, were quantified within the standardized field.

Consequently, for each specimen, the fibroblast count per square millimeter of the
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capsule was determined by dividing the total number of fibroblasts by the total

capsule fields (0.27 mm2).

Content of collagen in the capsules

The collagen content in the capsules was quantified in sections stained with 0.1%
picrosirius-red solution and examined using a polarized light microscope (BX-51,
Olympus). For each sample, three non-consecutive sections were utilized. Using a
digital camera connected to the light microscope with polarized filters, a field of each
capsule was captured with the objective lens at x40 magnification (final magnification:
x695). To evaluate the content of birefringent collagen, the images were carefully
obtained using rigorously standardized parameters such as light intensity, diaphragm
opening, condenser position, and exposure time. The birefringent content in the
capsules was assessed using image analysis software (ImageJ; National Institutes of
Health). Birefringence was defined based on the following hue parameters:
red/orange, 2-38 and 230-256; yellow, 39-51; and green (Delfino et al. 2021;
Queiroz et al. 2023). Consequently, the collagen quantity was expressed as the
percentage of birefringent area occupied in the total area.

Immunohistochemical detection of osteocalcin

For detection of osteocalcin, rabbit anti-mouse osteocalcin antibody (1:150; Sigma-
Aldrich Co., Saint Louis, Missouri, USA; code SAB1306277) was used. After
dewaxing and hydration, the slides were immersed in 0.001 M sodium citrate buffer
at pH 6.0 and subjected to microwave treatment. After cooling, the slides were
washed in 0.01 M PBS at pH 7.2 and then immersed in a 5% aqueous solution of
hydrogen peroxide. The sections were washed and incubated with 2% bovine serum
albumin (Sigma-Aldrich Co., Saint Louis, Missouri, USA). Then, the sections were
incubated overnight in a humidified chamber at 4° C with anti-osteocalcin rabbit
antibody. After washing in 0.01 M PBS buffer, the sections were incubated for 1 hour
in the Labeled StreptAvidin-Biotin kit (Universal Dako LSAB, Dako Inc., Carpinteria,
CA, USA; K0675) at room temperature. After washing, the peroxidase activity was
revealed by 3,3-diaminobenzidine chromogen (ImMmPACTTM DAB Vector,
Burlingame, CA, USA) and the sections were counterstained with Carazzi's
haematoxylin. As negative control, sections were incubated with non-immune serum

instead of anti-osteocalcin antibody. The number of immunopositive cells was
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calculated using an image analysis software (Image-Pro Express 6.0, Olympus,
Tokyo, Japan). Thus, the number of immunopositive cellssfmm? of capsule was

obtained for each implant.

von Kossa Reaction and analysis under polarised light

Sections of capsules were subjected to the von Kossa technique to identify calcium
deposits. Following deparaffinization and hydration, the sections were immersed in a
5% silver nitrate solution for 1 hour under an incandescent lamp (100 Watts).
Subsequently, the slides were rinsed in distilled water for 3 minutes and immersed in
a 5% sodium hyposulfite solution for 5 minutes. The sections were then once again
rinsed in distilled water for 5 minutes and subsequently stained with picrosirius-red

and mounted in a resin medium.

Statistical analysis

Statistical analysis was conducted using GraphPad Prism 9.02 software (GraphPad
Software). The data exhibited a Quantile-Quantile plot for the standard normal variate
(Q—Q plot). Variations among the groups at each time point and the changes within
each group over time were assessed through two-way ANOVA analysis, followed by
the Tukey post-test (GraphPad Prism 5.0 software) with a significance level set at
p<.05. All presented data were expressed as mean and standard deviation.
Osteocalcin data underwent the non-parametric Kruskal-Wallis test, and Dunn's post
hoc multiple comparisons test was employed to compare between groups at each
time point. Friedman's test and Nemenyi's post hoc test were utilized for the analysis

across different time points.

RESULTS

Morphological findings, capsule thickness, number of inflammatory cells and
fibroblasts

The analysis of sections stained with Masson’s trichrome revealed well-defined
capsules around the implanted tubes in all time points (Figs. 2a-2t). In all periods, the
capsules of BC+TEO and MTA+TEO specimens were significantly thinner than those
around the BIO-C and MTA HP. Moreover, no significant differences were observed

in the thickness of capsules around the BIO-C and MTA HP specimens in all time
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points. At 60 days, no significant difference was observed in capsules measurements
among BC+TEO, MTA+TEO, and CG specimens (Table 2).

The analysis in higher magnification of HE-stained sections revealed that, at 7
and 15 days, the capsules surrounding all implanted materials presented a moderate
inflammatory reaction with predominance of lymphocytes and macrophages
intermingled with evident blood vessels, fibroblasts, and collagen fibers. At 7 and 15
days, there was a predominance of inflammatory cells over fibroblasts in the
capsules of all tubes filled with materials (Figs. 3a-3d and 3f-3i). At 30 and 60 days,
the capsules around the implanted materials exhibited an evident reduction in cell
population and an increase in extracellular matrix components, particularly, in
collagen fibers (Figs. 3k-3n and 3p-3s). After 60 days of implantation, the capsules
invariably showed the predominance of fibroblasts and collagen fibers, besides blood
vessel (Figs. 3p-3t).

As shown in Table 2, the number of IC was significantly greater in the
capsules around the BIO-C than in BC+TEO and MTA+TEO specimens at 7 and 15
days (p < 0.0001). At 7 days, no significant difference in the number of IC was seen
between BC+TEO and MTA+TEO specimens (p = 0,1376), but at 15 days the
number of IC was significantly reduced in the BC+TEO capsules compared to the
MTA+TEO specimens (p = 0.0222). In these periods, the capsules around the MTA
HP exhibited lower number of IC than in MTA+TEO (p = 0.0002) specimens. At 30
and 60 days, significant differences in the number of IC were not observed amongst
BC+TEO, BIO-C, MTA+TEO and MTA HP specimens. In all periods, the lowest
values of number of IC were found in the CG capsules. A significant reduction in the
number of IC accompanied by significant increase in the number of Fb was observed
in the capsules of all groups over time. In all time points, the number of Fb was
significantly greater (p < 0.0001) in the capsules around the BC+TEO and MTA+TEO
than in BIO-C and MTA HP specimens, respectively, as shown in Table 2. In all
periods, significant differences in the number of Fb were not seen between BIO-C
and MTA HP specimens. The capsules of CG specimens exhibited the highest
values of Fb, in all periods.
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Figure 2: General view of capsules
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Figure 2: Light micrographs show a general view of capsules (C) adjacent to the opening of the tubes
implanted (T). M, muscle tissue; LC, loose connective tissue. Masson’s Trichrome. Scale bars:
900 pm.
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Figure 3: HE sections.
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Figure 3: Light micrographs showing portions of sections of capsules adjacent to the polyethylene

tubes (T) after 7 (a-e), 15 (f-j), 30 (k-0) and 60 days (p-t) of implantation. Arrows, inflammatory cells;
Fb, fibroblasts; CF, collagen fibres; BV, blood vessels. Bars: 18 um.
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Birefringent collagen content

The analysis of picrosirius red-sections under polarized light revealed that the
capsules around all implants exhibited collagen fibres in red/orange/green colours in
all periods (Figs. 4a-4t). At 7 days BC+ TEO showed the highest values when
compared to the other materials (p < 0.05). At 15 and 60 days, the capsules around
the BC+TEO and MTA+ TEO materials contained a higher amount of collagen fibres
than in Bio-C Repair and MTA HP specimens (p < 0.05) while no significant
difference was observed between BIO-C and MTA HP specimens. At 30 days,
significant differences in the collagen content were not seen amongst BC+TEO, BIO-
C, MTA+TEO and MTA HP specimens. The highest percentage of birefringent
collagen was observed in the capsules surrounding the CG specimens at all time
points (Table 2).

Figure 4. Sections stained with picrosirius Red.
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Figure 4: Light micrographs showing portions of sections of capsules adjacent to the polyethylene
tubes (T) after 7 (a-e), 15 (f-j), 30 (k-0) and 60 days (p-t) days of implantation. Sections were subjected
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to the picrosirius-red method and photographed under polarised light. Birefringent collagen fibers are
mainly seen in red colour. Bars: 20 pym.

Immunohistochemical detection of osteocalcin

Few cells in the capsules around implanted materials exhibited cytoplasmic
immunostaining (yellowish-brown colour) for osteocalcin. At 7, 15 and 30 days, OCN-
immunolabelled cells were only observed in the capsules around BIO-C and MTA-HP
specimens (Figs. 5b and 5d; Table 2). Immunoexpression of OCN was present in the
capsules around all materials after 60 days, except in CG specimens (Figs. 5e-5j). In
the sections used as negative control, OCN-immunolabelled cells were not observed
(data not shown).

According to Table 2, no significant difference in the OCN immunoexpression
was seen between BIO-C and MTA HP specimens at 7 days. However, the number
of immunolabelled cells was significantly greater in the capsules around the MTA HP
than in BIO-C specimens at 15, 30 and 60 days (p < 0.0001). Although at 60 days the
capsules around all materials contained OCN-immunolabelled cells, a distinct pattern
in the immunolabelling was observed in the different groups. The highest values were
observed in the MTA HP while the lowest values were found in the BC+TEO
specimens. Furthermore, significant differences were not observed between
MTA+TEO and BIO-C specimens. Thus, the capsules around experimental materials
exhibited reduced number of OCN-immunolabelled cells in comparison with BIO-C
and MTA HP. In all time points, no immunolabelling was observed in the capsules of
CG specimens.
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Figure 5: Immunohistochemistry for osteocalcin detection.
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Figure 5: Light micrographs showing portions of capsules adjacent to the polyethylene tubes (T) after
7 (a-e), 15 (fj), 30 (k-0) and 60 (p-t) days of implantation. Sections were submitted to
immunohistochemistry for OCN detection and counterstained with haematoxylin. OCN-immunolabelled
cells (arrows) are seen in the capsules. Bars: 18 um.
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Table 2 - The thickness of capsules (TC), number of inflammatory cells (IC) and of
fibroblasts (Fb) per mmz2, number of osteocalcin-immunopositive cells per mmz2, and collagen
content (CF) in the capsules were assessed around the Bio-C Repair + Thymes (BC+TEO),
Bio-C Repair (BIO-C), MTA HP + Thymes (MTA+TEO), MTA HP (MTA HP), and Control
Group (CG) at 7, 15, 30, and 60 days. Results are presented as mean values with
corresponding standard deviations.

Periods | Analysis BC+TEO BIO-C MTA+TEO MTA HP CG

TC (um) 202 + 1231 312 + 261 212 + 0821 307 + 2201 149 + 32¢1
IC/mm? 885+ 15! 969 + 111 814 + 192! 693 + 27¢!1 248 + 1291
7 Days | Fb/mm? 163 + 123! 131 £ 1101 158 + 1231 110 + 1201 171 + 081
CF (%) 26 + 63! 22.8 + 3% 24 + 301 24 + 41 28.2 + 321

OCN  0.00(0.0)21 11.11(11.11)'  0.00 (0.0**  11.11(11.11)®1 0.00(0.0)**

TC (um) 196 + 2231 282 + 1152 198 + 081 241 + 2002 189 + 111
IC/mm? 624 + 1432 795 + 1202 725 + 22¢2 614 + 1232 236 + 1541
15
Fb/mm? 227 + 632 182 + 162 235+ 1232 203 + 202 246 £ 16°2
Days
CF (%) 30 422 24 + 201 31 £33 25 + 41 34 £ 5¢%2
OCN 0.00 (0.0)**  11.11(11.11)>*  0.00 (0.0)**  22.22(22.22)%%> 0.00 (0.0)**
TC (um) 128+ 732 209 + 903 134 + 1432 212 + 1852 104 + 4¢2
IC/mm? 395+ 1583 382 +18%3 391 + 20%% 379 £ 1233 176 + 25¢2
30
Fb/mm? 306+9 22 288 + 93 311 + 83 290 + 1003 331 +18¢3
Days
CF (%) 32 +6%1 26 + 1%2 32 232 26 + 3%1 34.6 + 302
OCN 0.00 (0.0)&1 2222 (22.22)>2  0.00 (0.0)**  44.44(33.34)% 0.00 (0.0)**
TC (um) 108 + 433 148 + 64 104 + 1233 129 + 1853 101 + 1222
IC/mm? 234 +13%* 242 + 2234 235 + 1234 232 + 27%4 68 £ 113
60
Fb/mm?  453+12%3 417 + 174 441 + 84 428 + 6°4 534 + 10%4
Days
CF (%) 35 +332 29 + 103 34 +£332 30.8 + 1°? 36.2 + 122

OCN 11.11(11.11)%2 2222 (22.22)"2 22.22(22.22)>2 55.56 (33.34)% 0.00 (0.0)%

The comparison between groups in the same period is indicated by superscript letters in the lines,
same letters = no statistically significant difference.

The comparison between periods in the same group is indicated by superscript numbers in the
columns; same numbers = no statistically significant difference. Tukey test (p < 0.05).

OCN: Values expressed as median and interquartile range. Analysis between groups in each period:
Kruskal-Wallis followed by the Dunn test; analysis of each group over time: Friedman followed by the
Nemenyi test (p < 0.05).
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von Kossa reaction and analysis under polarised light

Sections subjected to the von Kossa histochemical method exhibited brown and/or
yellow structures, i.e. von Kossa-positive structures in the capsules around all
materials (Figs. 6a-6h). Unstained sections analyzed under polarised light revealed
birefringent structures in regions of the capsules compatible with the von Kossa-
positive structures (Figs. 6i-6p). Either von Kossa-positive or birefringent structures

were not found in the CG capsules (data not shown).

Figure 6: von Kossa and birefringent structures in unstained sections.

MTA+TEQ MTA Repair
“a W y 5 ] 4

(m) (n)

Figure 6: Photomicrographs of sections revealing segments of capsules subjected to the von Kossa
reaction after 7 (a-d) and 60 days (h-i). Distinct von Kossa-positive structures (black-brown color) are
evident in the capsule’s specimens. Unstained sections, examined under polarized light, reveal
birefringent structures in the capsules after 7 (e-g) and 60 (j-m) days. Scale bars: 36 um.
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Discussion

This study evaluated the biocompatibility and bioactivity of Bio-C Repair and MTA HP
cements containing Thyme Essential Oil (TEO). These experimental materials
induced a lower recruitment of inflammatory cells than BIO-C repair. Furthermore, the
reduction in the inflammatory reaction accompanied by increase in the number of
fibroblasts and in the collagen in the capsules around all the materials observed over
time indicate that experimental materials are biocompatible. Although the addition of
TEO did not harm the biocompatibility of BIO and MTA HP materials, the presence of
immunoexpression of osteocalcin in the capsules around the BC+TEO and
MTA+TEO specimens only at 60 days suggests that this anti-inflammatory oil may
cause a delay in cellular differentiation. Thus, in the present study the null
hypothesis was partially accepted.

Studies have shown that the addition of natural oils provides an increase in
the antimicrobial effect without clearly compromising the physicochemical properties
of dental materials. The addition of natural oils butia or copaiba to experimental resin-
based endodontic cements enhanced the antibacterial activity without causing
significant damage to their physicochemical properties (Reiznautt et al. 2023). 5%
cinnamon essential oil incorporated into glass ionomer improved antimicrobial effects
against S. mutans and C. albicans, in addition to stimulating the fluoride release
without compromising its compressive strength (Sherief et al. 2020).

As expected, calcium silicate-based materials implanted in the
subcutaneous connective tissue initially stimulate the recruitment of inflammatory
cells, culminating in the formation of an inflammatory reaction in close juxtaposition to
the materials due to the alkaline pH, Bio-C Repair demonstrated a pH around 7
(Oliveira et al. 2021), in turn, MTA repair provides an alkaline pH around 9
(Guimaraes et al. 2018), this pH stimulates the recruitment of leukocytes. It is known
that surgical procedure may cause an injury to the subcutaneous connective tissue
(Viola et al. 2012, Alves-Silva et al. 2020) justifying, at least in part, the inflammatory
reaction observed in the CG specimens. However, the capsules around the
implanted materials contained approximately 2.7 to 3.9 folds more inflammatory cells
than in CG specimens due to irritant potential of these materials.

In the present study, Bio-C Repair initially induced a marked inflammatory

reaction compared to other bioceramic materials. The marked genotoxicity of Bio-C
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Repair when added to the culture of NIH/3T3 mouse fibroblasts in comparison to
MTA has been explained due to the presence of other components such as iron
oxide, in addition to the high amount of calcium ions released by Bio-C Repair in the
initial periods (Klein Junior et al. 2021). Maru et al. (2023) they also demonstrated
that Bio-C Repair released much more calcium (Ca) than MTA, influencing cell
viability. When compared to MTA and Biodentine, Bio-C Repair presented the longest
setting time and the greatest dimensional expansion, the prolonged effect of its
substances may justify superior irritating potential (Campi et al.2023).

Our findings point to a potent effect anti-inflammatory of TEO, particularly,
when this oil was added to the Bio-C Repair since this experimental material induced
a lower recruitment of inflammatory cells than the BIO-C. It has been attributed to the
thyme essential oil rich in carvacrol and thymol strong anti-inflammatory activity,
antimicrobial effectiveness antioxidant activity, a broad-spectrum antibacterial activity
against Gram-positive and Gram- (Ahmed et al. 2022).

However, both experimental materials allowed a gradual and significant
reduction in the inflammatory cells culminating in the formation of thinner capsules
than those around the BIO-C and MTA HP specimens. In fact, 30 days after
implantation, thin capsules were only found around the experimental materials
reinforcing the idea that this oil could reduce the irritant potential of these bioceramic
materials and, therefore, does not interfere with biocompatibility of BIO-C and MTA
HP materials. Besides biocompatibility presented by thyme oil added to the hydrogel
membranes, this oil has also demonstrated great potential for effective wound
treatment (Singh et al. 2022). A mild or moderate cytotoxic effect on fibroblasts 929
clone was only observed with elevate concentrations (at 1000 pg-mL 1) of thyme
essential oil (Berecht et al. 2020).

In the present study, the TEO added to bioceramic materials induced the
formation of capsules containing accentuated number of fibroblasts in comparison
with pure bioceramic materials indicating, therefore, that this oil stimulated the
proliferation of these cells. In fact, the capsules around experimental materials
contained elevated content of collagen in comparison with BIO-C and MTA HP
suggesting that these fibroblasts were responsible for production of extracellular
matrix components, particularly, the collagen fibres.

The association of thyme with propolis revealed the promising nature of the

pulp capping material. This assessment considered the antimicrobial properties and
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cytotoxicity exhibited by the compounds under investigation. The thyme and propolis
shows low cytotoxicity when added to culture of fibroblasts/ both at 24 and 72 hours
(Esmaeilzadeh et al. (2023). The main compounds in thyme oil can reduce the levels
of the cytokines IL-6 and TNFa and are even good candidates for use in preventing
neuroinflammation and neurodegeneration (Horvét et al. 2021).

In rats that thyme oil and thymol neutralize the hepatotoxicity of doxorubicin
(chemotherapy drug); thyme oil seemed more effective than thymol. This preventive
effect may be mediated by increasing cellular antioxidant defenses and modulating
inflammation and apoptosis (Ahmed et al. 2022)

The use of a cement with good biological and physical-chemical properties is
essential for the success of endodontic treatment. The content of bioactive
compounds in spice plants varies depending on the harvest time, type of processing,
drying and storage, which can also considerably affect their therapeutic properties.

Currently, materials based on tricalcium silicate are the preferred choice for
regeneration and repair procedures in endodontics, primarily due to their bioactivity.
This bioactivity is, at least in part, ascribed to the hydration reaction of tricalcium and
dicalcium silicates, which are the primary components of bioceramic materials. The
interaction of di- and tricalcium silicates with water results in the formation of calcium
silicate hydrate and calcium hydroxide (Camilleri 2020; Silva et al. 2021).

Calcium hydroxide undergoes dissociation, yielding Ca*? and OH-, causing
an increase in the pH resulting in the alkaline microenvironment (Niu et al. 2014).
Additionally, an excess of calcium in the extracellular fluid can lead to calcium
precipitation, and in conjunction with phosphate from tissue fluids, may initiate apatite
nucleation (Ding et al. 2009). The process of calcium phosphate precipitation is
regulated by various mediators, including alkaline phosphatase, bone sialoprotein,
osteopontin, and osteocalcin (Delfino et al. 2021, Queiroz et al. 2023). Among these
mediators, osteocalcin is a protein synthesized by cells of mineralized tissues and
constitutes one of the main non-collagenous components of the bone matrix. When
interacting with the calcium in hydroxyapatite, it has been suggested that this protein
may regulate the nucleation of apatite crystals (Manolagas 2020, da Silva Sasso et
al. 2023) as well as may have exert a role in the osteoblast differentiation (da Silva
Sasso et al. 2023).

In the present study, cells immunostained with OCN were observed in the

capsules of bioceramic materials, suggesting a bioactive potential of these materials
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as described in other studies (Delfino et al. 2021, Queiroz et al. 2023, Inada et al.
2023). Here, BIO-C and MTA HP showed immunostaining in all periods. In contrast,
the materials with the addition of essential oil induced the OCN-immunoexpression
only after 60 days, although there is evidence suggesting that essential oils have an
impactful bioactivity (Soji¢ et al. 2023). It has been suggested that the bioactive
potential of thyme oil is directly related to its chemical composition, which can be
influenced by the vegetative stage, seasonal variation in humidity, temperature,
harvest, and post-harvest factors such as drying and storage. In the production of
thyme essential oil, it is essential to guarantee the purity, efficacy, and safety of the
final product, however, even with quality control, variations can be caused
(Nascimento et al. 2020). Thus, it is possible that the delay in the immunoexpression
of osteocalcin by cells of connective tissue from capsules around these experimental
materials may be due to the partial loss of the proprieties of thyme oil. However,
further studies are needed to clarify this issue.

In constrast, von Kossa-positive structures were noticed in the innermost
portion of capsules around all materials, including experimental materials, in all time
points. von Kossa reaction is a histochemical technique able to reveal calcium
deposits in the tissues and/or organs (Viola et al. 2012, Delfino et al. 2021, Queiroz
et al. 2023). Therefore, the presence of von Kossa-positive structures in the capsules
juxtaposed to the implanted materials are indicative that these bioceramic materials
release the calcium ions. The presence of von Kossa-positive structures in the
capsules around BIO+TEO and MTA+TEO shows that thyme oil should not impede
the calcium release by Bio-C and MTA HP repair materials.

Additionally, birefringent structures found in the capsules around all
materials from unstained sections examined under polarised light, reinforce the
concept that these structures may constitute amorphous calcite derived from calcium
carbonate (Holland et al. 1999, Delfino et al. 2021, Queiroz et al. 2023). Bioceramic
materials when hydrated give rise to calcium hydroxide whose dissociation provides
calcium ions and hydroxyl (OH). Calcium ions react with carbonate dioxide present in
the tissue fluids give rising to amorphous calcium carbonate (Khalil, Naaman &
Camilleri, 2016, Camilleri, 2020). Considering that von Kossa and birefringent
structures were seen either in the capsules around the experimental materials or
BIO-C and MTA HP, it is conceivable to suggest that TEO did not interfere with

calcium release.
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As osteocalcin-immunolabelled cells, von Kossa-positive and birefringent
structures were not observed in the capsules around the CG specimens, our findings
taken together reinforce the concept that these materials present bioactive potential.
It has been suggested that deposition of amorphous calcite may stimulate the
mesenchymal cells to express phenotype of mineralized tissue-producing cells and,
therefore, these materials could favour the repair of periodontal tissues, including
alveolar bone and cementum. However, the interaction of TEO with BIO-C and MTA
HP needs be further investigated, since these associations caused a delay in the
Immunoexpression of osteocalcin by cells of connective tissue, which could interfere

with the mineralized tissues repair.

Conclusion

The addition of thyme oil to the Bio-C sealer reduced the recruitment of inflammatory
cells indicating that this oil alleviated the inflammatory reaction caused by Bio-C
repair. The marked reduction in the inflammatory reaction associated with evident
increase in the number of fibroblasts and in the content of collagen in the capsules
around experimental materials over time, support the idea that these materials are
biocompatible. Besides biocompatibility, our results also suggested that experimental

bioceramic materials present bioactive potential.
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4 DISCUSSAO

Os materiais a base de silicato de calcio implantados no tecido conjuntivo
subcutaneo inicialmente induzem o recrutamento de células inflamatérias, com o
grau de reacdo inflamatoria associado a composi¢cdo quimica e propriedades fisicas
dos materiais®!,

O NPutty demonstrou maior recrutamento de ceélulas inflamatorias que BC e
MTA HP, possivelmente devido a substancias organicas presentes em seu
componente liquido. De forma similar, o material NeoFlo demonstrou maior
recrutamento de células inflamatérias em comparacdo com o BC e o AHP,
resultando em uma reacao inflamatoria moderada que persistiu por até 60 dias apos
o implante. No entanto, tanto NPutty quanto o NeoFlo demonstraram capacidade de
estimular a expressdo de OCN e promover a deposicéo de fosfato/calcio, indicando
potencial bioativo.

Embora o NeoFlo e o Bio-C Repair apresentem silicato tricalcico e dicalcico
como principais componentes, suas composi¢cdes diferem em outros aspectos. O
NeoFlo possui sulfato de célcio, grossita e tantalita, além de um agente espessante
cuja composi¢ao ndo é especificada pelo fabricante, enquanto o BC contém o6xido de
célcio, 6xido de ferro, diéxido de silicio e 6xido de zircénio como radiopacificador.
Essas diferencas na composi¢ao quimica podem influenciar as reacdes teciduais.

O tempo de presa do NeoFlo (1344 minutos)®, mais longo em comparacao
com o BC (220 minutos)!®, e pode contribuir para a intensidade da resposta
inflamatéria induzida por esses cimentos. Apesar de uma reducdo gradual no
namero de células inflamatérias ao redor do NeoFlo ao longo do tempo, foi
observada uma reacdo inflamatéria persistente em 60 dias, enquanto o BC
apresentou uma reacao inflamatéria leve nesse periodo.

A composicdo quimica dos materiais a base de silicato de calcio pode
influenciar suas propriedades e reacdes teciduais. Estudos mostraram que cimentos
a base de aluminato tricalcico e Oxido de tantalo também apresentam
biocompatibilidade e potencial bioativo em diferentes contextos?2°. Apesar do atraso
no rearranjo do tecido conjuntivo ao redor do NPutty, houve uma regressao
significativa na reagdo inflamatdria ao longo do tempo, sugerindo que o material

causou danos iniciais, mas permitiu a recuperacao gradual do tecido.
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Foi demonstrado que os cimentos endodénticos a base de silicato de calcio
estdo envolvidos na diferenciacdo osteoblastica?l. A osteocalcina (OCN) é uma
glicoproteina  pequena, expressa preferencialmente pelos osteoblastos,
principalmente nos estagios finais de sua diferenciacdo, e consequentemente sua
presenca pode ser considerada como um indicador da capacidade formar tecido
mineralizado!%1121, OCN liga-se fortemente ao célcio e, portanto, essa proteina ndo
colagena parece estar envolvida na regulacdo da mineralizacdo da matriz.

Células imunomarcadas com OCN foram observadas nas capsulas dos
cimentos NeoFlo e BC, onde BC apresentou os maiores valores aos 60 dias. O
cimento BC pode contribuir no processo de mineralizacdo dos tecidos periapicais,
pois demonstra potencial bioativol®. Aos 60 dias a imunoexpressdo de OCN para
NPutty foi reduzida sugerindo que o atraso na regresséo da reacdo inflamatéria e no
reparo do tecido conjuntivo pode interferir na bioatividade dos materiais
bioceramicos.

Os materiais a base de silicato tricalcico séo utilizados em procedimentos de
regeneracdo e reparo endodoéntico devido a sua bioatividade, promovendo a
formacdo de silicato de calcio hidratado e hidroxido de calcio, que alcalinizam o
microambiente e estimulam a nucleacéo de apatita*10:11.22,

Além da imunoexpressdo de OCN, as capsulas ao redor desses cimentos
também exibiram estruturas positivas para von Kossa, indicando depositos de sal
(célcio e/ou fosfato)??2. Nas amostras AHP foram observadas estruturas
birrefringentes apenas na superficie mais interna das capsulas, concordando com
outros estudos que demonstraram menor liberacdo de ions calcio para AH Plus do
gue aquela promovida por selantes bioceramicos!®!!, Os resultados obtidos de von
Kossa combinados com estruturas birrefringentes sugerem um potencial bioativo do
NeoFlo, NPutty, BC e MTA HP. O processo de reacdo dos ions calcio e didxido de
carbono leva a formacdo de calcita, estrutura amorfa e birrefringente que é
considerada um parametro sugestivo do potencial bioativo de um material
endodénticol®1122,

Um material bioativo cria um ambiente compativel com a osteogénese e, em
alguns casos, compativel com tecidos moles, desenvolvendo uma interface de
ligacdo natural entre materiais vivos e néo vivos?3,

A CTR é um surfactante catiénico conhecido por sua atividade antibacteriana,

gue pode ser adicionado aos cimentos endoddnticos para melhorar sua eficacia
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antibacteriana!®. Apesar da intensa reacdo inflamatéria inicial, os cimentos com
adicdo de CTR mostraram reducao significativa no numero de células inflamatorias
ao longo do tempo, indicando biocompatibilidade. No entanto, a adicdo de CTR ao
cimento BioRoot™ RCS causou uma lesédo tecidual mais grave em comparagéo com
0 NeoSealer Flo, sugerindo que a escolha do melhor cimento pode depender do
grau de infeccéo do canal radicular.

A diferenca na composicdo quimica dos cimentos pode explicar os padrdes
diferentes de reacédo tecidual observados. Enquanto o BioRoot™ RCS € a base de
silicato de célcio?*, o NeoSealer Flo contém sulfato de calcio, grossita e tantalita®, o
gue pode influenciar a liberacdo de ions e o pH do microambiente. Apesar da reacéo
inflamatéria, a liberacdo de ions pelos cimentos bioceramicos pode criar um
ambiente propicio para a diferenciacdo de células mesenquimais em células
produtoras de tecido mineralizado. A reducdo da reacdo inflamatéria foi
acompanhada por um aumento gradual no conteudo de fibroblastos e colageno ao
longo do tempo, indicando, portanto, que esses cimentos sdo biocompativeis.
Estruturas birrefringentes e imunoexpressdo de OCN sugerem potencial bioativo de
NeoFlo e BROOT puros, bem como destes cimentos com adicdo de 1% de
cetrimida.

Os materiais com TEO induziram um menor recrutamento de células
inflamatdérias em comparacdo com o Bio-C Repair puro. Apesar da adicdo de TEO
ndo prejudicar a biocompatibilidade dos materiais, a presenca deste 6leo pode
atrasar a diferenciagao celular, como indicado pela imunoexpressao de osteocalcina
observada apenas aos 60 dias.

A literatura tem demonstrado que a adicdo de Oleos naturais pode aumentar a
atividade antimicrobiana dos materiais odontolégicos sem comprometer suas
propriedades fisico-quimicas?®>?¢. No entanto, o Bio-C Repair demonstrou
inicialmente uma reacdo inflamatéria mais acentuada devido a liberacdo de ions
célcio e outros componentes.

O o6leo de tomilho, rico em carvacrol e timol, possui forte atividade anti-
inflamatéria e antimicrobiana, o que pode reduzir o recrutamento de células
inflamatorias. Além disso, a presenca de TEO estimulou a proliferacdo de
fibroblastos e a producéo de colageno, sugerindo um efeito benéfico na cicatrizacao.
Embora a adicdo de 6leo essencial de tomilho tenha induzido a imunoexpressao de

osteocalcina apenas apos 60 dias, a presenca de estruturas positivas para von
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Kossa nas capsulas ao redor dos materiais com 6leo sugere que este nao interfere

na liberacao de célcio.
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5 CONCLUSAO

De acordo com os resultados obtidos no presente estudo, conclui-se:

O NeoFlo mostrou menor biocompatibilidade do que o cimento Bio-C Sealer e
maior recrutamento de células inflamatérias quando comparado ao AH Plus. Além
disso, tanto o NeoFlo quanto o BC foram capazes de estimular a imunoexpressao de
OCN nas capsulas, bem como permitir a deposicao de calcita amorfa, sugerindo um

potencial bioativo;

Considerando os resultados em conjunto, indica-se que o NeoPutty é
biocompativel, embora o potencial irritante deste material bioceramico no tecido
conjuntivo seja maior do que o do Bio C Repair e do MTA HP. Além disso, a
imunoexpressdo da osteocalcina pelas células do tecido conjuntivo, assim como as
estruturas positivas para von Kossa e 0s depdésitos birrefringentes, sdo parametros

sugestivos de que o NeoPutty apresenta potencial bioativo;

A adicédo de cetrimida aos cimentos bioceramicos NeoSealer e BioRoot RCS
induziu um maior recrutamento de células inflamatérias. No entanto, a reducdo na
reacdo inflamatoria foi acompanhada por um aumento gradual nos fibroblastos e no
teor de colageno ao longo do tempo, indicando, portanto, que esses cimentos s&do
biocompativeis. Estruturas birefringentes e imunoexpressdao de OCN sugerem o
potencial bioativo do NeoFlo puro e do BROOT, bem como desses selantes com

adicao de 1% de cetrimida.;

A adicao de oOleo de tomilho ao cimento Bio-C reduziu o recrutamento de
células inflamatorias, indicando que este 6leo atenuou a reacéao inflamatoria causada
pelo Bio-C Repair. A significativa reducdo na reagdo inflamatoria, associada ao
aumento evidente no numero de fibroblastos e no teor de colageno nas capsulas ao
redor dos materiais experimentais ao longo do tempo, apoia a ideia de que esses
materiais sao biocompativeis. Além da biocompatibilidade, nossos resultados
também sugeriram que o0s materiais biocerdmicos experimentais apresentam

potencial bioativo.
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APENDICE A — METODOLOGIA DETALHADA

Animais

Os experimentos foram conduzidos de acordo com as leis nacionais que
regulamentam o uso de animais em pesquisa (CONCEA 26/2016). O protocolo da
pesquisa foi aprovado pelo Comité de Etica no Uso de Animais (CEUA) da
Faculdade de Odontologia de Araragquara — FOAr/UNESP (Processo n® 19/2021 —
ANEXO A).

Foram utilizados 100 ratos adultos Holtzman (Rattus norvegicus albinus) com
peso entre 220-250 g que foram mantidos em gaiolas de polietileno forradas com
maravalha. A maravalha foi trocada no minimo trés vezes por semana, juntamente
com a lavagem das gaiolas e bebedouros. Os ratos foram mantidos em salas do
biotério da FOAr com controle do ciclo de sob luz (12 horas de luz), da temperatura
(23 £ 2°C) e umidade (55 + 10%), com agua e alimento fornecidos ad Libitum. Os
ratos foram distribuidos equitativamente em grupos, de acordo com os subprojetos.
Subprojetol: NeoSealer Flo, Bioc-C Sealer, AH Plus e grupo controle. Subprojeto 2:
Neoputty, Bio-C Repair, MTA HP e grupo controle. Subprojeto 3: NeoSealer,
NeoSealer Flo + Cetramina, BioRoot ™ RCS, BioRoot ™ RCS + Cetramina e grupo
controle. Subprojeto 4: MTA Repair, MTA Repair + Thime Essential Oil (TEO), Bio-C
Repair, Bio-C Repair + Thime Essential Oil (TEO) e grupo controle. Os animais
foram anestesiados com 80 mg/kg de cloridrato de ketamina e 8 mg/kg de cloridrato
de xilazina que foi administrado com seringa e agulha de insulina por via
intraperitoneal. Apés tricotomia na regido do dorso, a pele foi desinfectada com
solugcéo de iodo a 5%. Em seguida, com uma lamina de bisturi foi realizada uma
incisdo no sentido cranio-caudal com 1 cm de extensdo e com uma tesoura de ponta
rombra os tecidos foram divulcionados, criando uma bolsa no subcutaneo.
Posteriormente, os tubos de polietiieno, de aproximadamente 10 mm de
comprimento e 1,6 mm de diametro, foram preenchidos com 0s respectivos
materiais. No grupo controle, os tubos de polietileno foram mantidos vazios.

Foram utilizados 288 tubos de polietilieno, Cada grupo periodo/material
apresentou o0 n=6, previamente esterelizados com o6xido de etileno.

Os tubos de polietiieno foram implantados no tecido conjuntivo do

subcutaneo, em forma de rodizio de quadrante (Figura Al). O local da pele incisada
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foi suturado com pontos simples. Apos 7, 15, 30 e 60 dias de implantacdo, os
animais foram eutanasiados com sobredose dos anestésicos, parte da pele do dorso
de cada rato foi removida, estirada sobre uma placa de parafina e separado os
implantes de acordo com os grupos. O implante de cada tubo foi aderido a um papel
de filtro, inserido num cassete histologico com a identificacdo do grupo e periodo e

imersos em formaldeido a 4% pelo periodo de 48 horas.

Figura Al- Procedimento cirdrgico
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ANTES DA SEDACAO ) : POS PROCEDIMENTO
CIRURGICO
ANIMAL SEDADO E PROCEDIMENTO CIRURGICO PARA
TRICROTOMIZADO INSERGAO DE 4 TUBOS DE
POLIETILENO

Figura Al: Etapas do procedimento cirdrgico, iniciado com o manejo do animal (1) que apds
sedacédo foi realizado a tricotomia de parte da regido dorsal (2). ApGs a assepsia, uma
incisdo paralela ao plano sagital foi realizada e os tecidos foram divulcionados com uma
tesoura de ponta rombra (3) para criagdo de uma bolsa no subcutaneo dorsal do rato para
colocacdo dos 4 tubos de polietileno (4). Apds a sutura, os animais foram acompanhados
para verificar o retorno da sedacéao.

Fonte: Elaboracé&o proépria.

Processamento histoldgico

A fixacdo dos tecidos circunjacentes aos tubos de polietileno implantados foi
realizada com solucédo de formaldeido a 4% tamponado com fosfato de s6dio 0,1 M
com pH 7,2, durante 48 horas. ApOs fixacdo, as pecas foram desidratadas com
solucBes crescentes de etanol, diafanizadas, embebidas em parafina liquida (60°C)
e incluidas em parafina, de maneira a permitir a obtencéo de cortes longitudinais dos
implantes. Com um micrétomo rotativo (Leica, modelo RM2125 RST, Heidelberg,
Alemanha) e navalhas descartaveis de aco inoxidavel foram obtidos cortes com 6

Mm de espessura. Alguns cortes foram corados com hematoxilina & eosina (HE)
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para a analise morfolégica, estimativa do numero de células inflamatoérias e de
fibroblastos nas capsulas. Cortes foram também aderidos a laminas de vidro
previamente tratadas com silano a 4%, para realizacdo da reacgdo imuno-

histoquimica para detecgéo de osteocalcina (Figura A2).

Figura A2- Demonstracdo do processamento histologico
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Figura A2: Remocao dos tubos de polietileno com os tecidos adjacentes. O processamento
histoldgico foi iniciado através da fixac&o por 48 horas, desidratacdo com solucdes de alcool
a 70%, 90% e alcool absoluto. Diafinizagdo com xilol, e infiltracdo e inclusdo em parafina
para obtencado dos blocos de parafina. Os blocos obtidos foram cortados em microtdmo para
obtencao de cortes em 20 laminas. Apds a obtencao dos cortes aderidos as laminas, esses
foram submetidos a diferentes metodologias para a realizacdo das andlises: quantificacdo
de células inflamatoria e de fibroblastos, mensuracao do conteddo de colagenos nos cortes
submetidos ao picrosirius-red, deteccdo de calcita (von Kossa e andlise de cortes nao
corados ao microscépio de polariza¢do) e deteccdo imuno-histoquimica de osteocalcina.

Fonte: Elaboracé&o proépria.
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Espessura das capsulas

A espessura (em pm) das capsulas adjacentes aos tubos implantados foi
mensurada. Usando uma camera (DP-71, Olympus - Japdo) acoplada ao
microscopio de luz (Olympus, BX-51, Japao) foram capturadas trés imagens de
cortes ndo seriados corados com HE de cada espécime. As imagens foram
capturadas com a objetiva de 4x. Usando o programa de analise de imagens (Image-
Pro Express 6.0, Olympus, Téquio, Japao), a espessura das capsulas foi estimada
na por¢cao meédia a partir de sua superficie adjacente ao material até o seu limite com
os tecidos adjacentes. Apos a obtencdo dos valores, foi calculado o valor médio a
partir das medidas obtidas dos trés cortes para cada espécime. Esta mensuracgéao foi
obtida em todos os espécimes (n=6 por grupo) e em todos os periodos. As capsulas
foram caracterizadas como espessas, quando exibia espessura acima de 150 ym e

delgadas/finas, com até 150 um de espessura.

Densidade numérica de células inflamatdrias

O numero de células inflamatéria (Cl) foi computado usando o programa
Image-Pro Express 6.0 Olympus. As imagens foram capturadas usando camera
digital acoplada ao microscopio de luz e objetiva de 40x. Em cada corte, foi
capturada uma area padrédo de 0,09 mm? da capsula adjacente a abertura dos tubos
implantados. O namero de CI (neutrdfilos, linfocitos, plasmaocitos e macréfagos) foi
computado considerando as caracteristicas morfolégicas. O numero de Cl e de
fibroblastos foi obtido a partir de 3 cortes de cada implante, totalizando uma é&rea de
0,27 mm? por implante. Em cada area, o nimero de células inflamatérias calculado,
sendo obtido o nimero de células inflamatérias por mm? de cada amostra. Ao final,
obteve-se o valor médio por grupo e periodo.

Apos a obtencdo do numero de células inflamatérias, a intensidade da reacao
inflamatoria foi classificada de acordo com 0s seguintes parametros: reacdo
inflamatéria leve (capsula contendo até 25 Cl/campo), reacédo inflamatoria moderada
(capsula contendo de 26 a 125 Cl/campo) e grave/intensa reacao inflamatoria

(cépsula contendo mais de 125 Cl/campo).
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Densidade numérica de fibroblastos

A quantidade de fibroblastos por mm2 nas capsulas adjacentes aos implantes
foi determinada por meio de cortes corados com tricromico de Masson. O numero
dessas células foi estimado a partir de trés cortes ndo seriados de cada implante,
mantendo-se um intervalo minimo de 100 pum entre os cortes. Utillizando uma
camera (DP-71, Olympus — Japao) acoplada ao microscopio de luz (Olympus,
modelo BX-51) com a objetiva de 40x (aumento final de 695x), foram capturadas
imagens do tecido adjacente aos materiais implantados. Posteriormente, com auxilio
de um programa de analise de imagens (Image-Pro Express 6.0, Olympus — Japdao),
realizou-se a contagem dos fibroblastos em cada corte, em uma area de teste de
aproximadamente 0,09 mm?2 da capsula.

Os fibroblastos foram identificados com base em sua morfologia,
considerando seu formato fusiforme ou eliptico. O total de fibroblastos em cada
espécime (obtido a partir das areas dos trés cortes/implante) foi dividido pela area
total (0,27 mm?), resultando em um valor de fibroblastos/mm?2. Ao final, foi calculada
a média para cada grupo em cada periodo. A analise foi conduzida por um

examinador calibrado e "cego" aos grupos e periodos.

Reacao imuno-histoquimica para deteccao de osteocalcina

Apés desparafinizagdo e hidratacdo, os cortes foram imersos em tampdao
citrato de sodio 0,001 M com pH 6,0 e submetidos ao aquecimento no micro-ondas
(96-98°C) por 15 minutos. ApOGs o resfriamento, as laminas foram lavadas em
tampdo PBS 0,01 M (pH 7,2) e, em seguida, imersas em solugcdo aquosa de
peroxido de hidrogénio a 5%. Os cortes foram lavados novamente e, entéo,
incubados com albumina do soro bovino a 2% (Sigma-Aldrich Co., Saint Louis,
Missouri, USA) e incubadas com anticorpo primario anti-osteocalcina produzido em
coelho (1: 150; Sigma-Aldrich Co., Saint Louis, Missouri, EUA) por 16 horas a 4°C
em camara umidificada. Subsequentemente as lavagens em PBS, as sec¢des foram
incubadas com polimero conjugado com HRP (EnVision + Dual Link System-HRP,
Dako Inc., Carpinteria, CA, EUA; cddigo: K4061) por 1 h a temperatura ambiente.
Apés as lavagens com tampédo, a atividade da peroxidase foi revelada pelo

cromogénio da 3,3-diaminobenzidina (ImMmPACTTM DAB Vector, Burlingame, CA,



Estados Unidos da América). As se¢des foram contrastadas com a hematoxilina de

Carazzi. Como controle negativo, as se¢fes foram incubadas com soro ndo imune

em vez de anticorpo primario. O numero de células imunopositivas foi calculado com

auxilio de um programa de analise de imagens (Image-Pro Express 6.0, Olympus,

Téquio, Japdo). Assim, o nimero de células imunopositivas/mm? de céapsula foi

obtido para cada implante (Figura A3).

Figura A3- Diagrama ilustrativo da rea¢do imuno-histoquimica para deteccdo de

osteocalcina
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Figura A3 - A reacdo de imuno-histoquimica foi realizada com a desparafinizagdo e
desidratacdo das laminas, com posterior recuperacdo antigénica realizada em micro-ondas
por 25 minutos, blogueio da peroxidase enddgena com peréxido de hidrogénio a 5%.
Incubagdo por vinte minutos com albumina de soro bovino e posterior incubacdo com
anticorpo primario. Apds 16 horas as laminas foram incubadas com anticorpo secundario. A

marcacao positiva é realizada nas células osteoblasticas e fibroblasticas.

Fonte: Elaboracao prépria.

Estimativa do contetdo de coladgeno birrefringente

Para avaliar a quantidade de colageno birrefringente, trés cortes nao seriados

por espécime foram corados com solucdo de picrosirius red e analisados sob luz

polarizada (BX51, Olympus). A quantidade de colageno birrefringente foi calculada

usando um software de analise de imagem (ImageJ; National Institutes of Health;
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Bethesda, EUA). O colageno birrefringente foi estimado considerando as definicdes
padronizadas de matiz: vermelho/laranja (2-23 e 230-256), amarelo (39-51) e verde
(52-128). A quantidade de colageno birrefringente foi calculada e expressa como a

porcentagem do numero de pixels ocupados pelo colageno birrefringente (Figura
Ad).

Figura A4 - Demonstracao da analise de contéudo de colageno
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A andlise do contéudo de coladgeno foi realizada com o auxilio do programa de analise de
imagens (Image-J), a fotomicrografia foi aberta e, apés calibracdo a porcentagem ocupada
pelos matizes (vermelho/alaranjado, amarelo e verde) foi calculada a partir do nimero de
pixels em cada faixa de matiz.

Fonte: Arquivo pessoal da autora.

Técnica de von Kossa

Cortes das cépsulas ao redor dos implantes no subcutaneo foram submetidos
a técnica de von Kossa, para detectar precipitacdo de fosfato no tecido adjacente ao
material. Apos desparafinizacdo e hidratacdo, os cortes foram imersos na solugéo de
nitrato de prata a 5%, durante 1 hora, sob a acdo de uma lampada incandescente

(100 Watts). As laminas foram lavadas em agua destilada por 3 min e em seguida,
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imersas em solucdo de hipossulfito de sodio a 5% por 5 min. Em seguida, os cortes
foram novamente lavados em agua destilada por 5 min e entdo corados pelo

picrosirius-red e montados em meio resinoso.

Andlise sob luz polarizada

Considerando que os cristais de calcita exibem birrefringéncia quando
submetidos a luz polarizada, cortes préximos aqueles submetidos ao von Kossa
foram desparafinizados, desidratados e montados. Os cortes sem coloragao foram
analisados ao microscopio de luz equipado com filtros de polarizacdo (Olympus,
BX51).

Analise estatistica

Os dados foram avaliados por ANOVA two-way seguido do teste de Tukey,
com nivel de significancia de 5%. Os dados da osteocalcina foram submetidos ao
teste de Kruskal-Wallis e ao teste post hoc de Dunn e Friedman e Nemenyi para

analise ao longo do tempo.
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ANEXO A — CERTIFICADO COMITE DE ETICA

UNIVERSIDADE ESTADUAL PAULISTA
Faculdade de Odontologia
Campus de Araraquara

Comissao de Etica no Uso de Animais - CEUA

CERTIFICADO

Certificamos que o prolocoks n° 192021 referentes 3 pesquisa “AVALIACAO DA BIOCOMPATIBILIDADE E POTENCIAL
BIOATIVO DE MATERIAIS BIOCERAMICOS ENDODONTICOS REPARADORES E OBTURADORES™ =ob a resporsabilidade
da Prof Dr* Juliane Maria Guerreiro Tanomaru e=ti de acordo com os Principios Eficos em Experimentacio Animal adotado
pela legslacio brasileira atualmente em vigor, tendo sido sprovado peda Comissiio de Elica no Uso de Aaimais (CEUA) da
Facuidade de Odonlologia de Araraquara-UNESP.

CERTIFICATE

We cartify that the protocol 1972021 referring 1o the research "EVALUATION OF BIOCOMPATIBILITY AND BIOACTIVE
POTENTIAL OF BIOCERAMIC REPAIR AND FILLING ENDODONTIC MATERIALS™ under responsibiity of Prof De* Juliane
Maria Guerreiro Tanomaru in agreement with the nowadays specific Braziian laws and was approved by the Araraquara Dentsl
School-UNESP Ethical Committee for Animal Research (CEUA)

Araraquara, 21 de junho de 2023.
S el A
unesp e wlamﬂ“
Prof. Dr. DEBORA SIMOES DE ALMEIDA COLOMBARI
Coordenadort da CEUAFOANUNESP




N&o autorizo a publicacdo deste trabalho antes de 27 de margo de 2026
(Direitos de publicagao reservado ao autor)
Araraquara, 27 de marco de 2024 .

Evelin Carine Alves Silva
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