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RESUMO

Os cimentos de polialcenoato de vidro ou Cimentos de lon6mero de Vidro (CIV), tém
se mostrado os materiais mais apropriados para estar em contato com a Dentina
Afetada por Cérie (DAC). Contudo, a baixa liberacdo de ions importantes para a
remineralizacdo da DAC demanda a exploracéo formulac¢des de CIV’s contendo vidros
bioativos, para melhorar as propriedades mecanicas, antibacteriana e liberacéo iénica.
Esse estudo tem por objetivo explorar o efeito da adicdo de uma vitroceramica
bioativa (Biosilicato® 23,75Na20- 23,75Ca0-48,5Si02 —4P20s) nas propriedades
fisico-mecanicas e biolégicas de um CIV restaurador convencional de baixa
viscosidade (Maxxion R) e um de alta viscosidade (Fuji IX GP). O Biosilicato® foi
incorporado em diferentes concentracdes (5%, 10% e 15% P/P) aos diferentes CIVs.
A caracterizacdo da superficie (n=3) foi feita por MEV (n=3), EDS (n=3) e FTIR (n=1).
Os tempos de presa e trabalho (T/P) (n=3), e a resisténcia a compresséao (RC) (n=10)
foram avaliados de acordo com a ISO 9917-1:2007. A liberacdo de ions foi
determinada e quantificada por ICP-OES e por UV-Vis para Ca, Na, Al, Si, P, F (n=6).
Para verificar a citotoxicidade, células tronco da papila apical (SCAP) foram expostas
a eluatos desses cimentos (n=3 e relacdo area superficial/meio = 1,8 cm?/mL) e
analisadas 24 h apds a exposicao. A atividade antimicrobiana contra Streptococcus
mutans (ATCC® 25175, NCTC 10449) foi analisada por contato direto do in6culo com
o material por 2 h (n=5). Os dados foram submetidos aos testes de normalidade e
lognormalidade de Shapiro-Wilk. ANOVA(one-way) e teste de Tukey foram aplicados
nos dados dos tempos T/P, RC e liberacdo de ions. Os dados de citotoxicidade e
atividade antimicrobiana foram submetidos ao teste de Kruskal-Wallis e de Dunn como
teste post-hoc. Todos os testes estatisticos foram aplicados considerando alfa=5%. A
analise das caracteristicas de superficie foi feita por anéalise qualitativa. Os resultados
mostraram que entre todos os grupos, aqueles com 5% (peso) de Biosilicato®
apresentaram melhor qualidade superficial. Os dados de FTIR mostraram uma boa
interacdo entre o Biosilicato® e a matriz do CIV. Apenas Maxxion com 5% de
Biosilicato apresentou tempos de T/P comparavel ao material original (p=0,7254 e
p=0,5912). A RC foi mantida em todos os grupos Maxxion (p>0,0001) e diminuiu nos
grupos experimentais Fuji (p<0,0001). A liberacdo de Na, Si, P e F foi
significativamente aumentada para todos os grupos Maxxion e Fuji (p<0,0001). A

citotoxicidade foi aumentada apenas para Maxxion com 5% e 10% de Biosilicato®. A



maior inibigdo do crescimento de S.mutans foi observada para Maxxion com 5% de
Biosilicato® (menos de 100 UFC/mL), seguido de Maxxion com 10% de Biosilicato®
(p=0,0053) e Maxxion sem a vitroceramica (p=0,0093). Maxxion R e Fuji IX
apresentaram comportamentos diferentes quanto a incorporacao do Biosilicato®, com
0 Maxxion R apresentando as maiores discrepancias. Os impactos nas propriedades
fisico-mecanicas e biologicas foram diferentes dependendo do tipo do CIV, mas a

liberacdo de ions terapéuticos foi aumentada para ambos os materiais.

Palavras-chave: Cimento de polialcenoato. Cimento de iondbmero de vidro.

Biomateriais. Ceramica vitrea.



ABSTRACT

Glass lonomer Cements (GIC), also known as glass polyalkenoate cements, are the
most appropriates materials for to be in contact with Caries Affected Dentin (CAD).
However, the low release of crucial ions for CAD remineralization in GICs necessitates
the exploration of alternative formulations of GICs. The incorporation of bioactive
glasses has been suggested as a means of enhancing the mechanical, antibacterial,
and ion release properties of GICs. This study aims to explore the effect of adding a
bioactive glass-ceramic (Biosilicate® 23.75Na20- 23.75Ca0-48.5Si02 —4P20s) on
the physical-mechanical and biological properties of a conventional (Maxxion R) and
in a high viscosity (Fuji IX GP) GICs. Biosilicate® was incorporated by weight (5%,
10% and 15%) in the GICs. Surface characterization was performed by SEM (n = 3),
EDS (n=3)and FTIR (n =1). Setting and working times (S/T) (n = 3), and compressive
strength (CS) (n = 10) were evaluated according to ISO 9917-1:2007. lon release was
determined and quantified by ICP-OES and by UV-Vis for Ca, Na, Al, Si, P, F (n = 6).
To verify cellular cytotoxicity, Stem Cells from Apical Papilla (SCAP) were exposed to
eluates (n=3 and 1.8 cm?/mL ratio) and analized 24h after exposure. Antimicrobial
activity against Streptococcus mutans (ATCC® 25175, NCTC 10449) was analyzed
by direct contact for 2 h (n=5). The data were submitted to normality and lognormality
tests. One-way ANOVA and Tukey's test were applied to WT/ST, CS and ion release
data. Cytotoxicity and antimicrobial activity data were submitted to the Kruskal-Wallis
and Dunn tests as a post-hoc test. Among all groups, those with 5% of Biosilicate®
showed better surface quality. The FTIR data showed a good interaction between
Biosilicate® and the GIC matrix. Only Maxxion with 5% of Biosilicate® presented W/S
times comparable to the original material (p=0.7254 and p=5912). CR was maintained
in all Maxxion groups (p > 0.0001) and decreased in the experimental Fuji groups
(p<0.0001). The release of Na, Si, P and F was significantly increased for all Maxxion
and Fuji groups (p<0.0001). Cytotoxicity was increased only for Maxxion with 5% and
10% Biosilicate®. The greatest inhibition of S.mutans growth was observed for
Maxxion with 5% Biosilicate® (less than 100 CFU/mL), followed by Maxxion with 10%
Biosilicate® (p=0.0053) and Maxxion without the glass-ceramic (p=0.0093).The
impacts of adding Biosilicate® into Maxxion and Fuji IX over its physical-mechanical
and biological properties were different depending on the GIC, but the release of

therapeutic ions was increased for both materials.



Keywords: Glass polyalkenoate cement. Glass ionomer cement. Glass ceramic.

Bioactive glass. Antibacterial agents.
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1 INTRODUCAO

Os cimentos de polialcenoato de vidro, popularmente conhecidos Cimentos de
lonémero de Vidro (CIVs) s&o materiais restauradores amplamente utilizados, devido
a capacidade de se aderir quimicamente ao dente, liberar fluoreto, apresentar
coeficiente de expanséo térmico similar ao da dentina e biocompatibilidade (1). S&do
cimentos que podem ser considerados multiuso devido a vasta aplicabilidade, tais
como: base e forramento de cavidades, restauracdes provisdrias e permanentes,
selantes de fossulas e fissuras, cimentacao e para fixacdo de braquetes ortodonticos
2.

Diferentes tipos de CIVs encontram-se comercialmente disponiveis, tais
como cimentos de iondmero de vidro convencionais, fotopolimerizaveis ou hibridos.
Os convencionais podem ser classificados de alta viscosidade ou de baixa
viscosidade a depender da proporgéo de pdé/liquido (P/L) e a quantidade de ions Ca*
e AP+ (3). Os CIVs de baixa viscosidade apresentam uma proporcéo P/L de 1.5/1
(peso/peso), baixas propriedades mecéanicas e séo indicados para restauracoes
provisorias. Enquanto os CIVs de alta viscosidade, apresentam propor¢éao P/L 3.6/1
(peso/peso), o que reflete em melhores propriedades mecénicas e indicacdes clinicas
mais longevas, como restauracdes permanentes em regides de grande carga
mastigatoria (4).

Algumas limitacbes especificas desse material podem ser apresentadas
dependendo do fabricante, como a sensibilidade a umidade durante os estagios
iniciais da presa, alta suscetibilidade a varia¢cées nos tempos de trabalho e presa,
baixa resisténcia ao desgaste, baixas propriedades mecéanicas (5). Um CIV com
finalidade restauradora deve apresentar resisténcia a compressao a partir de 100
MPa, adequada microdureza (70 KNH), resisténcia a erosdo acida (>0.17mm) de
acordo com a ISO 9917-1:2007, o que ndo é atingido por grande parte dos CIVs
comercialmente disponiveis (6). A liberacdo de flior € uma das principais vantagens
desse material, e varia de acordo com a marca e a propor¢cdo P/L do CIV (7).
Entretanto, ainda ndo ha evidéncia clara sobre o quanto de liberacéao de fluor pelos
CIVs seria necessario para se obter beneficio clinico (1).

A composicdo do pé e do liquido varia de acordo com o fabricante, e
consequentemente as propriedades do material também (5, 6). Esses materiais

passam por constante aprimoramento na composi¢cdo, no tamanho das particulas de
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vidro e nos tipos de &cidos empregados, o que lhes confere diferentes propriedades
fisicas e mecéanicas, bem como clinicas (5, 8, 9). Entretanto, € comum que o0 po6 de
vidro seja composto por particulas de calcio-fluoro-aluminossilicato e a fase liquida,
por uma solucdo aquosa de poliacidos (1).

Os poliacidos (alquendico) sdao homopolimeros ou copolimeros de monémeros
de acidos mono, di ou tri-carboxilicos insaturados, como &cido acrilico, acido maleico,
acido itacénico e acido 2-butenol,2,3 tricarboxilico (10). A composi¢cdo, 0 peso
molecular e a arquitetura dos poliacidos influenciam diretamente na manipulacéo e
nas propriedades mecéanicas dos CIVs (10, 11, 12, 13). O acido tartarico, por exemplo,
€ comumente co-polimerizado ao acido acrilico, e atua como um acelerador que
auxilia na extracao de ions do vidro aluminossilicato e facilita sua ligagédo as cadeias
de polianions (14).

O CIV é resultado da reacdo de neutralizagdo entre a solucdo aquosa de acido
polimérico (acidos polialcendicos / acidos carboxilicos) e o p6 de vidro de carater
basico (1). Os ions calcio e sodio ndo fazem parte da rede tridimensional do vidro,
porém encontram-se dispersos nesta rede. Por isso e pela natureza bivalente do
calcio (Ca?*) e univalente do sédio (Na*), essa reacdo inicia preferencialmente por
esses elementos, formando carboxilato de célcio (ou estréncio) e carboxilato de sédio
imediatamente (10, 15). A degradacdo do vidro continua pela hidrolizacdo das
ligagbes de aluminossilicato (Al-O-Si) da rede de vidro e liberando cations de aluminio,
formando ligacGes cruzadas com 0s grupos carboxilatos (carboxilato de aluminio), o
gue ira conferir boas propriedades mecéanicas ao material (16, 17).

O cimento em si, resulta em uma quantidade substancial de particulas de vidro
parcialmente reagidas, que atuam como carga de reforco na matriz polimérica. De
acordo com a norma ISO 9917-1:2007, o tempo minimo de trabalho para este tipo de
material deve ser de 1,5 minutos e o tempo de presa de 6 minutos. O mecanismo de
adesdo quimica a estrutura dentaria ocorre através da quelacdo dos ions Ca?* do
esmalte/dentina pelos grupamentos carboxilicos livres na matriz polimérica. Logo, o
CIV deve ser aplicado na cavidade ainda enquanto apresenta grupos carboxilicos
livres, caracterizado pelo brilho superficial da mistura, para garantir o beneficio da
adesao quimica ao dente (18).

O uso dos CIV's tem sido amplamente defendidos em tratamentos
minimamente invasivos, como na Remocéo Seletiva de Carie (RSC) e no Tratamento

Restaurador Atraumatico (ART) (19, 20). O ART foi originalmente desenvolvido para
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cuidados preventivos em &reas que carecem de recursos, como eletricidade ou
equipamentos de alta/baixa rotacdo. Nessa técnica, apenas instrumentos manuais
sdo usados para remover o tecido cariado, tendo alta adesdo pelos pacientes
pediatricos, porque esta associado a reducdo da dor, desconforto e evita a
necessidade de anestesia local (5). Mesmo com as limitagBes estéticas e mecéanicas
do material, restauracdes com esse material no substrato de dentina afetada por carie,
apresentaram taxa de sobrevivéncia similar a de restauracdes em resina composta e
em amalgama apdés 3 anos de observacéo (21, 22).

As caracteristicas do remanescente cariado sao desafiadoras para se manter
a estabilidade da restauracdo, uma vez que este substrato apresenta alto teor de
agua, alto conteudo bacteriolégico, superficie irregular e baixas propriedades
mecanicas, comparada ao tecido higido (23). Porém, deve-se considerar que além do
alto conteudo bacteriolégico presente na dentina remanescente, apés o ART ou RSC,
mesmo apés o vedamento da cavidade, o tecido dentinario permanece em
degradacdo durante um periodo de 3 meses, periodo maximo investigado até o
presente momento (24).

Dessa forma, a busca continua por melhorias na atividade antimicrobiana e nas
propriedades mecanicas desses materiais tém ocorrido desde a sua concepcao.
Diferentes materiais com propriedades antimicrobianas tém sido incorporados aos CIV
tais como: compostos naturais (25, 26) clorexidina e antibibticos (27, 28, 29, 30),
nanotubos de dioxido de titanio (31) e nanoparticulas de prata (32). No entanto, a
incorporacao de de tais aditivos tém reduzido a resisténcia & compressao e estendido
o tempo de presa do CIV (26, 27), enquanto nanoparticulas de titanio e prata tém
demostrado que além de melhorarem o efeito antimicrobiano, melhoraram as
propriedades mecanicas de CIVs de alta viscosidade (33, 34).

Além da busca pela melhoria da atividade antimicrobiana e das propriedades
mecanicas, elevar a bioatividade desse material tem sido muito almejada para a
remineralizacdo da dentina afetada por carie (35, 36). Nesse contexto, aditivos
inorganicos bioativos como hidroxiapatita (37, 38, 39, 40), fluorapatita (41) e biovidros
(42) tém sido incorporados aos CIVs como possibilidade elevar a bioatividade e
atuarem como particulas de reforgco. Porém, no geral ndo promoveram melhora
significativa na resisténcia a compressao e causaram aumento no tempo de presa (42,

43, 44) com excecao de algumas formulagdes de biovidros livres de sédio e contendo
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aluminio que mostraram néo afetar a presa e aumentaram as propriedades mecanicas
(45).

Os biovidros ou vidros bioativos, tém sido amplamente utilizados nas diversas
especialidades odontoldgicas, para regeneracdo 6ssea, capeamento pulpar, terapias
endodonticas, tratamento da hipersensibilidade dentinaria, remineralizacdo de
esmalte e de dentina, e, com isso, tém sido frequentemente incorporados aos
materiais restauradores e sistemas adesivos (46). Larry L. Hench foi pioneiro no
desenvolvimento do biovidro. Enquanto pretendia criar um material de enxerto que
nao causasse rejeicao pelo hospedeiro, desenvolveu o Bioglass® 45S5, um vidro do
sistema quaternario que interage e se adere aos tecidos vivos pela inducdo da
formacdo de uma camada de apatita (47).

Desde entéo diferentes formulacdes foram investigadas. A composi¢ao basica
dos biovidros pode conter de 40-52% SiO2, 10-50% CaO e 10-35% Na20. Também
podem estar presentes em alguns biovidros 2—8% P20s, 0—25% CaF2 e 0—-10% B203
(32%). Quando em solucao aquosa, o material é capaz de precipitar a patita e também
de se aderir aos tecidos duros e moles sem rejei¢ao (48).

Segundo Larry L. Hench, ocorrem basicamente cinco estagios que antecedem
a precipitacdo da apatita quando em contato com o biovidro: (estagio 1) troca idnica
entre a superficie do biovidro e o meio (aquoso/fluido corporal), havendo a substituicdo
de ions alcalinos e alcalinos terrosos da estrutura do vidro por H* e H3O*; (estagio 2)
o0 pH é elevado e ocorre a ruptura das ligacbes Si-O-Si, assim o silicio é liberado no
fluido em forma de silandis, [Si(OH)a4]; (estagio 3) em pH<9,5, os grupos silandis se
condensam sobre a particula do biovidro, formando uma camada de gel de silica. A
troca ibnica continua ocorrendo nesta camada superficial, principalmente recrutando
o ions Ca?* e PO4%;(estagio 4) formacdo de uma camada de célcio e fosfato amorfo
sobre o gel de silica. Com o aumento da espessura dessa nova camada inicia-se a
cristalizacao da apatita carbonatada (estagio 5) (49).

Esses materiais agregam a funcionalidade bioativa (formacdo de apatita) e
antimicrobiana devido a sua alcalinidade, por isso promovem a remineralizacdo do
esmalte e da dentina, e apresentam efeito antibacteriano contra os microorganismos
envolvidos na atividade da lesdo cariosa. No tecido dentinario, forma-se uma ligacéo
entre as particulas do biovidro e a dentina (50). Isso ocorre devido a comprovada

afinidade do biovidro pelo colageno tipo | (51). Abuna et al. (52) incorporaram
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nanoparticulas de biovidro a um sistema adesivo, que in vitro resultou na reducéo da
degradacéo enzimatica e remineralizacao da dentina afetada por cérie.

Especificamente na dentina desmineralizada, a adigcdo de biovidro ao CIV
promoveu maior formacao de fluorapatita na superficie da dentina, e néo interferiu na
resisténcia adesiva do CIV a esse substrato (53). Apesar de suas excelentes
propriedades bioativas, as principais desvantagens dos vidros bioativos sédo a baixa
resisténcia mecanica (54). Sabe-se que o método de processamento do biovidro
impacta diretamente na capacidade de formacéo da apatita (55). A taxa de formacao
de hidroxiapatita carbonatada (HAC) in vitro diminui significativamente a medida que
a fracdo de volume cristalizado aumenta, indicando que o ganho nas propriedades
mecanicas, com a cristalizacdo, implicara na diminuicdo da bioatividade (47, 56, 57,
58).

Nesse contexto, o Biosilicato® [23,75Na20- 23,75Ca0-48,5Si02 —-4P20s5 (%
em peso)] € um material vitrocerdmico bioativo totalmente cristalino que pode ser
obtido com uma (BS-1P) ou duas fases cristalinas (BS-2P): silicato de sédio-calcio
(Na2CaSi206) ou ambos Na2CaSi2Os € uma solucdo de sodio— fases de fosfato de
célcio (NaCaPOa) (59). Essa vitroceramica apresenta indice de bioatividade maior que
o da hidroxiapatita e 99,5% de cristalinidade (47), atingido por meio do processo de
cristalizacdo controlada (58). Assim, Biosilicato® exibe propriedades mecanicas
distintas dos biovidros, apresentando-se mais tenaz na forma monolitica e maior
usinabilidade (47).

Alguns trabalhos como o de Saran et al 2020, reportaram aumento significativo
das propriedades mecanicas com a incorporacédo de 10% em peso de pds ceramicos
aos CIVs. A composicao especifica dos pés ceramicos muitas vezes ndo € clara,
porém sabe-se que o 6xido de zirconia € um dos principais constituintes. Devido ao
ganho substancial nas propriedades mecénicas, os CIVs contendo pds ceramicos
geralmente s&do conhecidos como “Zircbmero” ou “Amalgama branco” (60).
Nomenclatura esta, fortemente criticada, uma vez que por definicdo “amalgama” sdo
ligas de mercurio (61).

O Biosilicato® foi inicialmente idealizado como um material bioativo para a
utilizagcdo no tratamento da hipersensibilidade dentinaria, e mostrou-se efetivo (62).
Desde entdo, ampliaram-se as aplicagbes do material, foram realizados estudos in

vitro e in vivo, mostrando significativa inducado na osteogénese em culturas celulares
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(63), materiais para protecao pulpar (64), na osseointegracdo de implantes (65) e na
reducdo da desmineralizacdo do esmalte causada pelo clareamento dental (62, 64).
O efeito antimicrobiano do Biosilicato® também é uma grande vantagem ao se
considerar sua incorporacdo ao CIV. A vitroceramica mostrou-se efetiva quando
testada em contato direto com 23 patdgenos aerébicos e anaerdbicos relacionados a
carie e a infeccdes endodonticas (66). A atividade antibacteriana do Biosilicato® se da
pela alteracdo no pH, que em meio aquoso aumenta de 5,0 para 8,7, em 35 minutos.
Essa mudanca promove significativa alteracdo no meio osmatico, sendo prejudicial
aos microorganismos. A alcalinizacdo do meio pode inativar algumas enzimas
produzidas pelas bactérias (63), e a despolarizacdo da membrana celular impactara
nos processos do metabolismo celular, como a falta de ATP, e no transporte de
nutrientes (67, 68). Contudo, essa vitroceramica ainda néo foi incorporada aos CIVs.
A adicédo do Biosilicato® ao CIV representa uma possibilidade de melhorar o
potencial de remineralizacdo da dentina, pelo aumento na liberacdo de ions
terapéuticos que também podem atuar no efeito antimicrobiano. Nesse contexto, o
Biosilicato® foi incorporado em peso, em concentracdes 5,10, e 15% aos dois tipos de
CIVs, sendo um CIV convencional de baixa viscosidade (Maxxion R) e o outro de alta
viscosidade (Fuji X GP). Dessa forma, o objetivo deste trabalho é investigar o efeito
da adicdo de Biosilicato® nas propriedades fisico-mecanicas, liberacdo de ions,
citotoxicidade e atividade antimicrobiana contra Streptococcus mutans. As hipoteses
sdo: a adicao de diferentes concentracdes de Biosilicato® aos CIVs impacta o tempo
de presa e o comportamento mecanico (l); Biosilicato® aumenta a liberacao de ions

nos CIVs (Il); diminui a citotoxicidade (Ill) e eleva a atividade antimicrobiana (1V).
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2 ARTIGO: Effect of Biosilicate® addition on the physical-mechanical and
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Abstract: This study investigated the influence of Biosilicate® on the physico-
mechanical and biological properties of glass ionomer cements (GIC). This bioactive
glass ceramic (23,75Na20- 23,75Ca0-48,5Si02 —-4P20s) was incorporated by weight
(5%, 10%, or 15%) into commercially available GICs (Maxxion R and Fuji IX GP).
Surface characterization was made by SEM (n = 3), EDS (n = 3), and FTIR (n = 1).
Setting and working (S/W time) times (n = 3) and compressive strength (CS) were
analyzed (n = 10) according to ISO 9917-1:2007. lon release (n = 6) was determined
and quantified by ICP OES and by UV-Vis for Ca, Na, Al, Si, P, F. To verify cell
cytotoxicity, stem cells from the apical papilla (SCAP) were exposed to eluates (n = 3
and ratio 1.8 cm?/mL) and analyzed 24h post-exposure. Antimicrobial activity against
Streptococcus mutans (ATCC 25175, NCTC 10449) was analyzed by direct contact of
2h (n = 5). Data were submitted to normality and lognormality tests. One-way ANOVA
and Tukey’s test were applied for working and setting time, compressive strength, and
ion release data. Data from cytotoxicity and antimicrobial activity were submitted to
Kruskal-Wallis’ test, and Dunn’s as a post-hoc tests (a = 0.05). Among all experimental
groups, only those with 5% (wt) of Biosilicate® showed better surface property.Only
M5% showed a comparable W/S time to the original material (p = 0.7254 and p =
0.5912). CS was maintained for all Maxxion R groups (p > 0.0001) and declined for
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Fuji IX experimental groups (p < 0.0001). The Na, Si, P, and F ion releases were
significatively increased for all Maxxion R and Fuji IX groups (p < 0.0001). Cytotoxicity
was increased only for Maxxion R with 5% and 10% of Biosilicate®. A higher inhibition
of S.mutans growth was observed for Maxxion R with 5% of Biosilicate® (less than 100
CFU/mL), followed by Maxxion R with 10% of Biosilicate® (p = 0.0053) and Maxxion
R without the glass ceramic (p = 0.0093). Maxxion R and Fuji IX presented different
behavior regarding Biosilicate® incorporation. The impacts on physico-mechanical and
biological properties were different depending on the GIC, but therapeutic ion release

was increased for both materials.

Keywords: glass ceramic; Biosilicate®; glass ionomer cement; ion release; bioactivity;

antimicrobial; biocompatibility.
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1. Introduction

Glass-ionomer cements (GICs) have been extensively employed as the material
of choice for some minimally invasive dental procedures, such as atraumatic
restorative treatment (ART) [1,2], demonstrating high durability and good clinical
performance over several years [3]. Fluoride release, chemical adhesion to tooth,
biocompatibility, and a thermal expansion coefficient close to that of dentine are well-
known beneficial properties of GICs. [4]. The normal setting reaction of GIC results
from the neutralization of an aqueous polymeric acid solution and a glass powder [5].
This reaction initially produces calcium polyacrylate (or strontium polyacrylate),
followed by aluminum polyacrylate [6]. A significant amount of unreacted glass
particles serves as reinforcing fillers in the polymeric matrix. The setting reaction
typically lasts between 2 and 6 minutes [7].

The fluoride release from these materials, which provides an anti-cariogenic
effect by inhibiting plaque formation [8-11], is insufficient to remineralize remaining
caries-affected dentin after an ART procedure [4]. Since their introduction, GICs have
undergone several improvements to the glass particle and polyacids used [4,12,13].
Bioactive materials such as hydroxyapatite, chitosan, bioglass, and even processed
bovine dentin have been incorporated into GIC [14]. These bioactive materials have
been studied to develop a restorative material that can provide remineralization,
antimicrobial activity, and chemical interaction to restore challenging cavities, such as
dentin affected by caries in deep caries lesions and cervical lesions [15,16].

BAG (Bioactive Glasses) was invented by Dr. Larry Hench in 1969 [21]. BAG
incorporated into GICs have demonstrated the capability of inducing dentin
remineralization [17-20]. Despite their excellent bioactive properties, bioactive glasses
present low mechanical properties [22], for that reason bioactive glass ceramics have
been created to overcome BAG’s poor mechanical properties. However, as the
crystallized volume fraction increases, the rate of apatite formation in vitro decreases
significantly. The crystallization of this glass rendered it an inert substance.

Within this context Biosilicate® (BioS 23,75Na.O- 23,75Ca0-48,5Si02 —
4P20:5) is a fully crystalline bioactive glass-ceramic that can be obtained with one (BS-
1P) or two crystalline phases (BS-2P): sodium—calcium silicate (Na2CaSi2Os) or both
Na2CaSi20s and a sodium-calcium phosphate (NaCaPO4) phases [23]. Biosilicate®,
on the other hand, is a type of bioactive glass ceramic produced by controlled

crystallization, which allows leads to high crystallinity (higher mechanical properties)
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without compromising its bioactivity [24]. This material is highly bioactive,
osteoconductive, osteoinductive, non-cytotoxic and non-genotoxic, and it shows
antibacterial properties. [23]. Biosilicate® has been used successfully for medical and
dental applications, such as the treatment of dentine hypersensitivity [25], enamel
remineralization agent [26], and antimicrobial agent in intracanal pastes [27], over the
past two decades. Biosilicate® is a fully crystalline bioactive glass ceramic; therefore,
it may be possible to incorporate it into GICs to increase their bioactivity and
therapeutic ion release without compromising their mechanical properties.

The primary objective of this study is to investigate the effects of incorporating
Biosilicate® into commercially available conventional and high viscosity GIC on setting
behavior, mechanical properties, ion release, cytotoxicity, and antimicrobial activity
against S.mutans. Thus, the research hypotheses tested are: (I) Different
concentrations of Biosilicate® into GIC will affect their setting time and mechanical
properties; (l) Biosilicate® incorporation into GIC increases their ion release, (llI)

cytotoxicity, (IV) and antimicrobial activity.

2. Materials and Methods
2.1. Formulation of experimental restorative materials and group assignments
Biosilicate® microparticles (D50= 5 um) were synthesized by melting followed
by a heat treatment, as described by Martins et al., (2011). Two glass ionomer cements
were investigated: Maxxion R (FGM, Joinville, Santa Catarina, Brazil) and Fuji XI GP
GC Corporation, Tokyo, Japan). Table 1 shows the manufacturers and compositions
of the materials used in the study. Biosilicate® and the powders portions of each GIC
were weighed using a 0.1mg analytical balance (Chyo Balance JK 180; Chyo Corp.,
Tokyo, Japan). Then, Biosilicate® was manually incorporated into Maxxion R and Fuji
IX powders in concentrations of 5, 10, or 15% by weight. Table 2 shows the group
distributions, formulations, and powder/liquid (P/L) ratios used on this study. Maxxion
R (M0%) and Fuji IX (FO%) without Biosilicate® were used as control groups. M0%
and F0% were manipulated following each GIC manufacturer’s instructions. For
experimental groups F5%, F10%, and F15%, the P/L ratio was 1.8/1 (wt/wt) to improve
handling conditions (when touched or drawn apart, these cements formed strings/fibrils
that prevented proper handling). The P/L ratio for Maxxion R groups was kept as 1.5/1
(wt/wt).



22

Table 1. Manufacturers and composition of the materials used.

Material

(manufacturers) Composition

Biosilicate® (LaMaV-CeRTEV, Séo 23,75Na20- 23,75Ca0-48,5Si02 —4P20s
Carlos, SP, Brazil) (%wt), microparticles (Dso=5 pm).
Powder: aluminofluorosilicate glass and

calcium fluoride (10 g). Liquid: polycarboxylic
acid, tartaric acid, and water (8 g).

Maxxion R, Shade A2 (FGM, Joinville,
Santa Catarina, Brazil)

Fuji IX GP, Shade A2 (GC Corporation, Powder: aluminofluorosilicate glass,
Tokyo, Japan — authorized by South polyacrilic acid. Liquid (4 mL): polyacrylic
America GC, SP, Brazil) acid, water.

Table 2. Groups of experimental formulations by %wt and P/L ratios.

Groups Formulations (% wt) Ratio P:L (wt/wt)
M0% 100% Maxxion R 1.5/1
M5% 95% Maxxion R + 5% Biosilicate® 1.5/1
M10% 90% Maxxion R + 10% Biosilicate® 1.5/1
M15% 85% Maxxion R + 15% Biosilicate® 1.5/1
FO% 100% Fuji IX 3.6/1
F5% 95% Fuji IX + 5% Biosilicate® 1.8/1
F10% 90% Fuji IX + 10% Biosilicate® 1.8/1
F15% 85% Fuji IX + 15% Biosilicate® 1.8/1

2.2. Scanning Electronic Microscopy (SEM) and Energy-dispersive X-ray
Spectroscopy (EDS)

The powders of each material (Fuji IX GP, Maxxion R, and Biosilicate®) were
individually applied onto a carbon-tape mounted on plastic stubs using a plastic rod,
and sputter-coated with gold (MED 010, Balzers, Liechtenstein) [28] to evaluate
particle morphology. In addition, cylindrical molds (4.0 mm in diameter and 3.0mm in
height) were fabricated. The cements were manipulated, inserted into the molds (n=3),
and stored for 24h in relative humidity (100%). Following, the cylindrical specimens
were split-off using a chisel and a hammer, finished and polished using #320 and #400

sandpaper with 99° ethanol, and stored for 24 h in a desiccator (Pyrex, Sdo Paulo, SP,
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Brazil) at 37°C. The specimens were mounted on the stubs, as previously described.
A Scanning Electron Microscope was used (JSM-5600LV; Jeol, Tokyo Japan) and
images were taken in magnifications of 1,000x, 5,000x, operating at 15 kV, ray width
25—-30 nm, and working distance of 10—15 mm. Energy-dispersive x-ray spectroscopy
(EDS) was performed to qualitatively estimate the amount of ions (Ca, P, Si, Al, Na, F)
on the cross-section (as previously described) of the cylindrical specimens (n=3). The
specimens were fixed on a carbon tape over a plastic stub, coated with carbon (MED
010, Baltec), and analyzed using 15 kV, working distance of 10 mm, spot size of 25
mm, and x500 magnification. The images obtained in the SEM were used for
gualitative analysis of the GIC surfaces, as well as the spectra obtained by the EDS

evaluation.

2.3. Fourier Transform Infrared spectroscopy (FTIR)

To investigate GICs setting dynamics FTIR spectra were collected over time
(n=1). The cements were mixed, immediately placed and kept in the spectrometer,
obtaining curves after 1, 5, and 60 minutes [29]. The analysis was performed with a
spectral resolution of 4 cm™' in the region between 4000 to 400 cm™ (Perkin Elmer,
Spectrum GX. DE), though only the spectral range of interest (1800 to 900 cm™) was
represented. FTIR spectra were baseline-normalized using a specific software
(Spectragryph Software, Germany, version 2.16.1) and plotted in a statistical software
(GraphPad, Prism, version 9.5.0). The peaks of interest were searched in the range of
1700 to 1715 cm™ for poly-carboxylic acid and 1400 to 1640 cm™ for poly-carboxylates
salts [29-32].

2.4. Working and setting time

The working and setting times of evaluated GICs were measured by using
Gilmore needles [33,34], n = 3. The cements were mixed and placed in metallic molds
of 8.00 mm x 10.00 mm x 5.00 mm, on top of an aluminum foil. A large diameter needle
(2.12 mm) with a weight of 113 g was applied and the working time was determined as
soon as the needle no longer indented the surface. Then, a small diameter needle
(1.06 mm) with 453.6 g of mass was positioned perpendicularly to the cement surface
for 5 s. The indentations were repeated every 30 s in different spots until the needle
failed to make a completely circular indentation, determining the setting time and it was

obtained in seconds.
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2.5. Compressive Strength (CS)

Eighty (80) cylindrical specimens (n=10) were prepared according to ISO 9917-
1:2007 using custom silicone molds (4.00 mm in diameter and 6.00 mm in height).
Cements were mixed and placed into molds between two glass slides protected by a
transparent polyester film (Mylar®). Specimens were removed from the molds after 30
min and stored in 100% relative humidity in an incubator at 37°C for 24 h. The tests
were carried out at a speed of 0.75 mm/min under and 50 N/min load using a universal
testing machine (Model 5544, Instron, Canton, MA, USA). The compressive strength
(CS) was calculated (MPa) according to the formula:

where p represents the load (Newton) exerted by the load cell until the sample failure,
and D is the diameter of each specimen (mm), measured using a digital caliper

(Mitutoyo, Japan).

2.6 lon release by Inductively Coupled Plasma Optical Emission Spectrometry (ICP
OES) and Ultraviolet-Visible Spectrometry (UV-Vis)

Forty-eight (48) cylindrical specimens (n=6) were made as previously described
for CS and stored in an incubator at 37 °C for 1 h. The specimens were removed from
the molds and placed in 20 mL of deionized water (DI) in plastic tubes (surface
area/mL, 1 cm?/mL) [35]. The determination of Ca, Na, Al, Si, P and F ions in eluates
were made using an Inductively Coupled Plasma Optical Emission Spectrometry (ICP
OES), using iCAP 6000 (Thermo Fischer Scientific, Madison, WI, USA) and Ultraviolet-
Visible Spectrometry, Uv-Vis. Quantifying and detection limits were respectively 0.050
and 0.015 ppm for Ca, Na, Al, Si, and P ion. Ultraviolet-Visible Spectrometry (UV-Vis)
(DR/2500, HACH, Ames, lowa, USA) was used to determine F ion release, according
to Standard Methods for the Examination of Water and Wastewater (SMWW) — 4500
— F D. — SPANDNS. To quantify and detect F ions the limits considered were 0.100
and 0.030 ppm, respectively. To calculate the cumulative concentration of the
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respective ions, the limit values of quantification and detection of the analysis methods

used were normalized.

2.7 GIC cytotoxicity

The cytotoxicity was measured as part of the biocompatibility assessment.
Twenty-four specimens (n=3) of 5.00 mm in diameter and 1.00 mm in thickness were
made using polyvinylsiloxane (PVS) molds and allowed to set for 1 h at 37°C.
Subsequently, specimens were added to 300 L of cell culture media for 24 h at 37°C
(surface area/mL was 1.8 cm?/mL) [36]. The Promega CellTox™ Green assay was
performed to assess the cytotoxicity of GICs on Stem Cells from Apical Papilla— SCAP,
RP-89 cell line (donated by University of Texas Health Science Center Dental School,
San Antonio, TX, USA). Cells were seeded at 10,000 cells/well in a black opaque-
walled 96-well plate and maintained in ao-MEM (Gibco, Grand Island, NY)
supplemented with 10% fetal bovine serum (Gemini, West Sacramento, CA), 1% L-
glutamine and 1% penicillin/ streptomycin (Sigma-Aldrich, St Louis, MO) at 37°C and
5% COo. After 24 h, the cell culture media was replaced by GIC-conditioned media.
Cytotoxicity was evaluated by using the Promega CellTox Green® assay at 24 h post-
exposure as per the manufacturer protocol. Fluorescence was read on a Spark®
multimode microplate reader (Tecan, USA) with excitation/emission wavelengths of
485 nm / 520 nm. Cell exposed to the provided lysis buffer were considered positive
control, while cells incubated in cell culture media alone were the negative control.
Data were reported as percentage of dead cells in a population, relative to the positive

control set arbitrarily to 100%.

2.8 Antimicrobial activity — Direct contact with disk surfaces

Forty specimens (n=5) of 15.00 mm in diameter and 1.00 mm in thickness were
made using custom PVS molds. After 1 h setting at 37°C, each specimen was placed
into a well of a 6-well plate and sterilized under UV light for 20 minutes per
side. Streptococcus mutans Clarke (ATCC 25175, NCTC 10449) was inoculated in
BHI broth (BD Difco™, Becton, Dickinson, and Company, Sparks, Maryland, USA) and
incubated at 35°C + 2°C supplemented with 5% CO:2 for 24 h. Then, the overnight

inoculum was centrifuged and resuspended to an optical density at 600 nm (ODeoo) =
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1.0, approximately 1 x 10° colony-forming units/ml (CFU/mI) in dilute BHI (1:500 BHI
in sterile DI water). Bacterial suspension was diluted 100-fold and 50 uL of the diluted
bacterial suspension was added to each specimen surface (approximately 5.0 x 10°
CFU/specimen). Then, a UV-sterilized plastic coverslip (15.00 mm in diameter) was
aseptically placed onto each disk and incubated at 100% relative humidity at 25°C +
2°C. After 2 h of direct contact, 950 L of sterile phosphate-buffered saline (PBS) was
added to each specimen/well and the plate was placed on an orbital shaker (Orbit™
1000, Labnet International Inc., Edison, New Jersey, USA) at 150 rpm for 2 min to
remove bacteria from the surface of the specimen. Then, liquid from each well (1 mL)
was collected and serially diluted for plating onto BHI agar. Plates were incubated in a
aerobic environment (tissue culture incubation conditions) at 35°C + 2°C for 48h. The
colonies formed were counted using a Colony Counter (Bantex® 920A, American
Bantex Corp, Burlingame, California, USA) and CFU remaining after surface exposure

was calculated.

2.9 Data analysis

Statistical analysis was performed using GraphPad Prism 9 version 9.5.0
(November 2022). The Shapiro-Wilk test was utilized to examine the normality and
lognormality of cell viability data with a significance level of 0.05. The Compressive
Strength and lon Release presented normal distribution, and the data were submitted
to one-way ANOVA followed by a Tukey’s multiple comparisons test. Due to the non-
normal distribution of cell viability and antimicrobial data (p < 0.05), Kruskal-Wallis’ test
was recommended to detect differences in group medians (p < 0.05). The multiple
comparisons post-hoc test developed by Dunn was used to identify differences

between experimental groups.

3. Results
3.1. SEM and EDS analyses

Figure 1 depicts the particle shape and size of Fuji IX (Figure 1A), Maxxion R
(Figure 1B), and Biosilicate® (Figure 1C). All materials were observed to have non-
uniform particle sizes. As seen in SEM images, Fuji IX particles are more sphere-like
(octahedron shape), whereas Maxxion R particles have sharp edges (hexahedron

shape). Small Biosilicate® particles have a sphere-like form and are clustered on large
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particles (hexahedron shape), indicating a greater particle size distribution. The

particles were categorized based on their shapes [37].

)
9

XS, 888 SMm S, 806

Figure 1. SEM analysis of GIC and Biosilicate® powders. A: Fuji IX GP; B: Maxxion
R; C: Biosilicate®.
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Figure 2. Representative SEM micrographs from each group and EDS histogram of
the main ions present on their internal surface (%wt) as determined by EDS. A-D:
Maxxion R groups; E-H: Fuji IX groups.
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Figure 2 depicts the surface morphology of specimens. All groups presented
crack lines on their specimens’ surfaces. However, Fuji IX groups were observed to
have smoother surfaces, with less apparent porosity and fewer cracks than Maxxion R
groups. All experimental cements exhibited clusters of unreacted small particles whose
number increased with increasing Biosilicate® concentration (white arrows). Figure 2
also shows histograms and the EDS spectra (%wt): calcium (Ca), phosphorus (P),
silicon (Si), aluminum (Al), sodium (Na), fluorine (F), in the final mixture for each

cement.

3.1. FTIR

Figure 3 depicts the FTIR spectrum of cements at 1, 5, and 60 minutes after
initial mixing. Data from the FTIR of all samples showed absorption bands in 1715,
1560, 1455, 1415, 1170, 1060, and 940 cm™. As the materials set, the intensity of the
—COOH groups of polyacrylic acid (1715 cm™) decreases and reorganizes as COO-
(polycarboxylate salts) groups (1400-1640 cm?), as indicated by the dashed lines. The
loading graph reveals that these two bands vary significantly at 1, 5, and 60 minutes
of setting. The neutralization reaction appeared at 1170 (Si-O), 940 (O-H) cm, and
with the silica gel (Si-OH) at 1060 cm™.
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Figure 3. Data from the FTIR of Maxxion R (A, B, and C) and Fuiji IX groups (D, E, and

F)at 1, 5, and 60 minutes.

3.3. Setting and Working time

Figure 4 shows the working and setting times for cements. M10% exhibited the

longest working time for Maxxion R (Figures 4A and 4B), whereas M15% exhibited the

shortest. M0% and M5% showed similar working and setting time, and no significant
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differences were found (p = 0.7254 and p = 5912). There was no significant difference
in working time between M5% and M10% (p = 0.1314). M15% working and setting
times were significantly shorter than M0% (p = 0.0072 and p = 0.0071). All
experimental groups for Fuji IX (Figures 4C and 4D) had significantly longer working
and setting times than FO%. F5% had the longest working time, followed by F15% and
F10%, while FO% had the shortest. F15% did not differ significantly from F5% (p =
0.1150) and F10% (p = 0.9017) regarding working time. However, F15% had the
shortest setting time, followed by F5% and F10%, which were similar (p = 0.8043).
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Figure 4. Working and setting times of GICs, in seconds. Error bars represent standard
deviations. One-way ANOVA and Tukey’s, performed separately for working and
setting time. Different letters indicate significant differences between mean values of
working and setting times (p < 0.0001).

3.5. Compressive Strength (CS)

Figure 5 depicts the results for compressive strength. The addition of
Biosilicate® to Maxxion R (Figure 5A) did not compromise the CS. No significant

differences were found between the Maxxion R groups. In contrast, for Fuji IX groups
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(Figure 5B), the compressive strength decreased by approximately 30% for F5%, 37%
for F10%, and 43% for F15% compared to F0%. (p < 0.0001). The F10% group did not
differ from the F5% and F15% groups. However, F5% was significantly higher than
F15% (p = 0.0126). Fuji IX groups exhibited a higher compressive strength than
Maxxion R, with a maximum value of 149 MPa compared to 75 MPa for Maxxion R.
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Figure 5. Compressive strengths of GICs. Figure 5A: Maxxion without Biosilicate® ®
(M0%), M5%, M10% and M15%. Figure 5B: Fuji XI without Biosilicate® (F0%), F5%,
F10% and F15%. Error bars represent standard deviations. Different lowercase letters
indicate significant differences among mean values of compressive strength (MPa) in
groups (p<0.0001).

3.1. lon release

Figure 6 depicts ions released (ppm) by GICs after 24 h of soaking. In general,
for Maxxion R and Fuji IX groups the higher concentration of Biosilicate® was added,
the greater amount of the studied ions released, except for Al ion released by Maxxion
(3.1.3).

3.1.1 Caions

Compared to Fuji IX groups, Maxxion R (Figure 6A) released a greater amount
of Ca ions. M15% released the highest amount of calcium (31 ppm), followed by M10%
(12 ppm). M5% and M0% did not differ statistically and released approximately 9 ppm
of Ca ions. Group FO% exhibited a release of zero ppm of Ca ions. F5% and F10% did
not differ significantly and released a small amount of Ca, approximately 0.5 ppm, as

shown in Figure 6G. F15% released a significantly higher amount (3 ppm).
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3.1.2 Naions

All Maxxion R groups (Figure 6B) differed significantly from one another: M15%
(290 ppm) > M10% (180 ppm) > M5% (120 ppm) > M0% (80 ppm). For Fuji IX (Figure
6H), F15% released a higher amount of 100 ppm, followed by F10% and F5%, which
were statistically similar (12 ppm) (p = 0.2086). FO% released the lowest amount (3

ppm).

3.1.3 Alions

M15% released an average of 60 ppm of Al ions, whereas M5%, M0%, and
M10% did not differ statistically, releasing approximately 100 ppm. The highest Al
release for Fuji IX groups (Figure 61) was observed for F15% (8 ppm), followed by
F10% (2 ppm). FO% and F5% did not differ statistically and presented the lowest Al

release.

3.1.4 Siions

M15% released significantly more Si ions than the other Maxxion R groups (38
ppm; see Figure 6D). M5% and M10% released about 28 ppm, and they were not
sgnificantly different (p = 0.9981). M0% released the lowest amount fo Si ions (19
ppm). For Fuji IX (Figure 6J), all groups were significantly different from each other (p
< 0.0001): F15% (25 ppm) > F10% (7 ppm) > F5% (4 ppm) > FO% (1 ppm), with a

decreasing amount of Si ions released as the concentration decreased.

3.1.5Pion

M15% released the most significant amount of P ions (40 ppm), whereas M0%
released the lowest amount (11 ppm). M5% and M10% were not statistically different
(approximately, 30 ppm) (Figure 6E). No P ions was detected or quantified F0%. The
P ion release by F5%, F10%, and F15% was made possible by incorporating
Biosilicate®. F5% (0.5 ppm) did not differ statistically from F0% (p = 0.4751). F10%
(1ppm) was statistically higher than FO% and F5% (p < 0.0001). F15% released the
highest amount of P ions among Fuji IX groups (9 ppm) (Figure 6K).

3.1.6 Fion
The incorporation of Biosilicate® to Maxxion R increased F ion release by a
factor of 4, and by a factor of 2.5 for Fuji IX. M15% released the highest amount of F
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ion (40 ppm), followed by M10% and M5% (35 ppm), that did not differ statistically
between them. M0% presented a significant lower (5 ppm) F ion release (Figure 6F).
Fuji IX by itself (FO%), showed the lowest amount of fluoride release, at 2.5 ppm. F5%
released a significant higher amount (5.7 ppm) compared do F0% (p < 0.0001). The
highest amount was observed for F15% (7 ppm), which not differ statistically (p =
0.8187) from F10% (6.3 ppm) as shown in Figure 6L.
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Figure 6. Concentration of ions released in 24 h. Na, Al, Si, P, and Ca determination
on the eluates by ICP OES, and F by UV-Vis. Different letters indicate significant
differences in the amount (ppm) of the ion released by each group (Maxxion R: Figure
6A-F; Fuji IX: Figure 6G-L).

3.4 Cytotocixity
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Figure 7 depicts the percentage of cell death relative to positive control. The
percentage of dead cells was calculated relative to lysis buffer (positive control) set to
100%. M5% presented a significantly higher percentage of dead cells compared to
M0% (p < 0.0001) and M15% (p < 0.0001). M5% appears to be the most cytotoxic
since it was the only treatment significantly different from the negative control (p =
0.0009). The next most cytotoxic group was M10%, which did not differ from M5% (p
> 0.9999). Among those Maxxion R groups with Biosilicate®, only M15% did not differ
from the M0% (p = 0.0541). A tendency toward decreased cytotoxicity when
concentrations above 5% of Biosilicate® have been incorporated was observed. In the
Fuji IX groups (Figure 7B), Biosilicate® incorporation did not have an impact on the
material cytotoxicity, as F0%, F5%, F10%, F15%, and CCM groups showed were not
significantly different (p > 0.9999).
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Figure 7. Cytotoxicity at 24 h. Percentage of cell death relative to the lysis buffer (100%
of death), while the negative control cells were exposed only to the cell culture medium.
Different letter represents statistical differences on the charts.

3.4 Antimicrobial activity

Data were analyzed by Kruskal-Wallis and Dunn’s multiple comparisons test.
After S. mutans specimen exposure a 1-log reduction in surviving bacteria was
observed for all Maxxion groups compared to the N group (no specimen, only bacteria).
M5% consistently reduced S. mutans by 4- to 5-logs compared to all other groups. No
colonies (zero) were observed on the plates, meaning less than 100 CFU/mL remained
after direct contact with M5% (indicated by the black diamond on Figure 8A). Therefore,
statistical analysis was run comparing M0%, M10%, M15%, and N groups. Only M0%
(p = 0.0053) and M10% (p = 0.0093) showed statistically reduced CFU after exposure
compared to N group, although, there was no significant difference among M0%,
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M10%, and M15%. No significant reduction in CFU was found for all Fuji IX groups

when compared to each other nor when compared to N group (Figure 8B).
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Figure 8. S. mutans remaining after 2 h of direct contact with Maxxion groups (8A) and
Fuji groups (8B). Black diamond () indicates less than 100 CFU/mL recovered (limit
of detection). Different letters indicate significant differences among groups (p <
0.0001).

The percentage of survival of S. mutans after 2 h of direct contact was
calculated using N group as 100% of survival as reference. Overall, Maxxion R and
Fuji IX groups showed substantial differences in overall S. mutans survival. As shown
in Figure 9A, M5% presented 0% (z 0.0) of survival rate, followed by M0% at 1.2% (+
2.7), M10% at 4.7% (x 0.8), and M15% at 12.5% (+ 5.3). M5% consistently differ from
M15% (p = 0.0046). Regarding Fuiji IX groups (Figure 9B), no significant differences
were observed on survival rate for F0%, F5%, F10%, and F15% (p > 0.0001). Fuji 5%
trended towards being the most effective in antimicrobial effect among Fuiji IX groups,
presenting 29.4% (x 10.7) of survival compared to no specimen. FO% and F10%
presented an intermediate percentage of survival, respectively 29.4 (= 14.9) and 60.9
(= 5.3). F15% increased S. mutans survival in 8.1% (x 5.9), but none of these

differences reached statistical significance.
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Figure 9. Percentage of survival of S. mutans compared to no disk group (only
bacteria) for Maxxion groups (figure 9A) and Fuji groups (figure 9B). No disk was
considered 100% survival. Different letters indicate significant differences among
groups.

4. Discussion

The purpose of this exploratory study was to assess the impact of incorporating
different concentrations of bioactive glass ceramic (Biosilicate® 23,75Na20-
23,75Ca0-48,5Si02—4P20s) into a conventional (Maxxion R) and a high viscosity (Fuji
IX) glass ionomer cement. The first research hypothesis was accepted because the
addition of Biosilicate® into GICs affected their setting times and mechanical behavior.
For conventional GIC (Maxxion R), only M5% demonstrated comparable
setting/working times to M0%. However, adding 10% Biosilicate® to Maxxion resulted
in a significant increase in setting time, whereas adding 15% Biosilicate® resulted in
shorter setting times. However, previous studies showed that the amount of bioglass
or ceramic powders added to GIC increases proportionally their setting time [17,18]
which was the opposite observed in M15% setting behavior. For the GIC with a high
viscosity (Fuji IX), all experimental groups demonstrated significantly increased
working/setting times. In addition, no significant differences in compressive strength
(CS) were observed between Maxxion R groups; however, CS of the experimental Fuiji
IX cements decreased.

Comparing the obtained peaks to the setting mechanism of conventional glass
lonomer cement, as reported by other authors, the FTIR spectrum revealed very minor
structural changes [32,38,39]. What stands out in the FTIR spectrum is the constant
formation of polysalts and the inversional behavior of polyacrylic acid (~COOH) with
time, indicating that there is an interaction between the Biosilicate® and GIC. The

polycarboxylate salts in the range of 1400 to 1640 cm™ [31] were also observed in the
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present study (clearly indicated between dashed lines in Figure 3. This range is
associated to calcium carboxylate (—COOCa?*) at 1409 cm*, aluminum carboxylate (—
COOAIRY) at 1459 cm™t, and sodium carboxylate (-COONa?*) at 1552 cm-* [29,30,32].

It must be considered that, due to the use of different GICs with different powder
and liquid phase compositions, different behaviors on the analyzed properties are to
be anticipated. Fuji IX's powder contains fluoroaluminosilicate glass particles and
lyophilized PAA, meaning that water must first dissolve PAA in the powder in order to
initiate an acid/base reaction. Maxxion's powder contains fluoroaluminosilicate and
calcium fluoride, and the liquid contains polycarboxylic acid, tartaric acid, and water.
Concerning Fuji experimental groups, the presence of Biosilicate may have hindered
the hydration of polyacrylic acid (PAA), reducing PAA ionization and, as a result,
reducing the leaching of cationic ions by the acid attack on the glass, reducing the
formation of crosslinks in the matrix, and also increasing the working time.

Additionally, the P/L ratio was altered from 3.6/1 to 1.8/1 (wt/wt) to improve
handling conditions. It is well-known that the P/L ratio, the concentration of the
polyacid, and the particle size of the powder influence not only the working and setting
times, but also the mechanical properties. [14,44]. In this sense, the addition of
Biosilicate® did not affect the compressive strength of Maxxion groups because the
P/L ratio remained unaltered. However, for Fuji IX experimental groups (F5%, F10%,
and F15%) the P/L ratio seems to be critical for CS. Thus, a decrease in CS for these
groups were expected.

In addition to differences in the powder compositions of Maxxion R and Fuji IX,
it is important to mention that the brand-specific polyacid type can influence the
physico-mechanical properties of the GICs [40]. The polyacids used in conventional
glass ionomers, such as Maxxion R, are less concentrated and less viscous than those
used in high viscosity GICs, such as Fuji IX [7,41]. The concentration and molecular
weight of polycarboxylic acid have a significant effect on mechanical properties [12,41].
This may explain why Fuji XI exhibited superior overall mechanical properties
compared to Maxxion R (Figure 6).

It has been reported that certain formulation of bioglass containing AI3*
increased the CS of GICs in comparison to formulation without Al®* [42]. In addition,
sodium-containing bioglasses showed a degrading effect on GICs, whereas sodium-
free formulations did not compromise setting or mechanical properties [17,19,43].

Biosilicate® contains sodium oxide (23.75% by wt), and no aluminum. Following the



41

partial replacement of GIC powder with bioactive glass ceramic, the amount of
aluminum cations (AI**) was reduced. AI** is a major contributor to strength because it
forms three-dimensional and stronger bonds than Ca?* in the GIC matrix [44]. Any
imbalance in this process or interference with the glass degradation can influence the
cement's setting and, consequently, its mechanical properties. [45].

Certain bioactive glasses with a high sodium content can release Na* during the
acid-base reaction, interfering with the cement setting reaction, negatively impacting
mechanical properties, and extending the setting time [4,42]. In addition, the Al:Si ratio
of approximately 1:2 in glass is essential for a satisfactory setting reaction rate,
hydrolytic stability, and the ability of glass to form cements [46-48]. It is also possible
that an unbalanced Al:Si ratio occurred in those cements, which was not directly
measured in this study after the Biosilicate® was incorporated by %owt.

According to ISO 9917-1:2007, this material must have a minimum working time
of 1.5 minutes and a maximum setting time of 6 minutes. Only FO% demonstrated
setting time in accordance with 1ISO 9917, indicating that M0% falls short of the
specifications. In addition, only FO% and F5% exhibited CS values greater than 100
MPa as required by ISO 9917-1:2007, whereas Maxxion groups fell below the
requirement, indicating that adjustments must be made to those experimental
cements. For improved setting behaviors and mechanical properties, it would be
beneficial to test the reaction of various polyacids with bioglass or bioglass ceramic
containing GIC. In conventional GIC, the initial setting reaction involves the
neutralization between the aqueous polyacid and the glass powder. [5]. This reaction
forms calcium (or strontium) polyacrylate immediately, with aluminium polyacrylate
forming slightly later [6].

As Biosilicate® is a rich in Ca and Na, the abundance of these ions bound to the
polymer chains may induce charge repulsions, thereby reducing Al®* binding [12,43],
thereby affecting setting behaviors and mechanical properties. The potential primary
reason is that polyacrylic acid (PAA) has only one carboxyl group per repeating unit
[49,50], whereas Poly (vinylphosphonic-co-acrylic acid) which is used as a rate-
modifier in a few commercial brands [13], has a phosphonic acid group in addition to
the carboxyl group. This allows more protons to attack the glass, but also promotes
the formation of more ionic cross-links between metallic cations such as AI** and the
polymeric acid, thereby enhancing the hydrolytic stability and mechanical properties of

cements [38].
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All experimental groups presented crack lines, unreacted particles, and rough
surfaces. Small particle clusters of Biosilicate® were also observed in the experimental
cements. These concerns are commonly observed for bioglass-containing GICs [20].
Still, Fuji IX groups exhibited the smoothest surface, fewer pores, and fewer crack lines
than Maxxion R groups. It may be due to differences in the composition, particle size,
and P/L ratio of these GICs [51,52]. Lower concentrations (F5% and M5%) of the
bioactive glass ceramic induced fewer microstructural disturbances in the GICs.

Higher Biosilicate® concentrations resulted in greater ion release from GICs,
thus supporting the acceptance of the second research hypothesis. Overall, the
release of Na, Si, P, and F increased with increasing Biosilicate® concentration.
However, for Ca ion releasing, only F15% for Fuji IX and M10% and M15% for Maxxion
R were significantly higher. Also, Al release was significant lower in M15%, indicating
that somehow Biosilicate® in this concentration decreased Al release. The profile of
ion release in descending order for Maxxion R groups was Na>Al>Si=P=F>Ca, and for
Fuji IX was Na>Si>Al=P=F>Ca. Figure 6 clearly depicts that Maxxion R groups
released a greater quantity of all evaluated ions than Fuji IX groups.

One of the most notable variations was the range of Al released by Maxxion R
groups (60 to 105 ppm) versus Fuji IX groups (< 1 to 8 ppm), which can be attributed
to the different compositions of the two cements (i.e., Maxxion R presents CazF and
NaF in its composition, while Fuji IX does not). It has been reported that larger cations,
such as Ca and Na, disrupt the glass network more effectively, resulting in a decrease
in oxygen density (expanded glass network) and allowing a greater amount of small
cations (e.g., Al) to diffuse through the glass. Thus, it is hypothesized that the Al in Fuji
powder was crosslinked via carboxylate salts and entrapped within the GIC matrix,
resulting in a low Al release once the Biosilicate®-derived Ca is available to react and
IS released.

As mentioned previously, the release of fluoride ions is one of the primary
benefits of using GICs [7,8]. Fluoride increases the acid resistance of teeth by inhibiting
demineralization and enhancing remineralization, and it inhibits the growth and
metabolism of bacteria by inhibiting the activities of enzymes such as enolase and
ATPase. [10,11]. In this regard, the addition of Biosilicate® increased the fluoride
release by a factor of 4 for Maxxion R and 2.5 for Fuji IX (Figures 6F and 6L).

Therapeutic ion release increased proportionally with Biosilicate® addition for both
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GICs, suggesting that these materials may be effective for remineralizing enamel and
dentin.

The third research hypothesis, that Biosilicate® improves biocompatibility, was
disproved as we observed no difference in cytotoxicity among the Fuji IX groups, while
the rate of cell death in M5% and M10% was significantly higher than in M0%. For Fuiji
IX, this can be partially attributed to the high alkalinity of Biosilicate®, which indicates
that the glass ceramic likely compensates the acidity in those groups with a 1.8/1 ratio
(g/g), making them similar to FO% [ratio 3.6/1 (wt/wt)]. The low amount of ions,
particularly Al ions, released by Fuji IX groups may also be a factor in the lack of
cytotoxicity.

In contrast, the amount of realeased ions, primarily Al and Na, was substantial
in the Maxxion R groups. M5%, which released 105 ppm of Al, tends to exhibit the
most cytotoxic effect. It has been demonstrated that as Al concentration increases (4.5
ppm, 45 ppm, and 450 ppm), the percentage of live cells in a population decreases,
while the percentage of early apoptotic cells, late apoptotic cells, and dead cells
increases [53]. The primary mechanism of Al toxicity is the induction of oxidative stress
by excessive production of reactive oxygen species (ROS) [54], which disrupts
signaling processes, inhibits cell growth, promotes DNA damage [55,56], destroys
phospholipidic membranes, and induces cellular apoptosis [57].

The fourth research hypothesis that the higher the amount of Biosilicate® added
to GIC, the greater the inhibition of S. mutans, was also rejected. Figure 4A clearly
demonstrates that only M5% consistently killed S. mutans to levels below our limit of
detection (less than 100 CFU/mI). M0% and M10% also significantly killed S. mutans
compared to the No Disk control (N), but this killing was not significantly different than
that of M15%. As previously stated, a greater amount of Al was released by M5% (105
ppm), and so there is likely a higher amount of Al free in the M5% surfaces which may
have contributed to the antimicrobial killing measured by the direct contact assay.

It is well known that Al can act synergistically with fluoride increasing the
bactericidal effect on S. mutans by inhibiting ATPase [58]. The possible mechanism of
the combined action of fluoride and aluminum to inhibit ATPase may involve the
formation of an ADP-AI-F3 complex in the enzyme’s catalytic site [59,60]. ATPase plays
an important role in the maintenance of the intracellular pH by pumping out protons;
inhibition of this enzyme disrupts the bacterial metabolism and the aciduric capability
of S. mutans [61].
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A significant reduction in S. mutans (NCTC 10449) growth after exposure to F~,
Al®*, and SiOs?7, at respective concentrations 8.6 ppm, 6.8 ppm, and 9.7 ppm has been
reported previously [63]. It has been reported a significant reduction in S.mutans
(NCTC10449) growth after exposure to F-, AIF*, and SiOs3?>", at respective
concentrations 8.6 pp , 6.8 ppm, and 9.7 ppm [63]. In the same study, it was
demonstrated that as the concentration of all ions increased, the inhibitory effect
tended to increase. In this study M5% released 30 ppm of F~, 105 ppm of Al**, and 19
ppm of SiOs?". It is possible that the combination of these ions promoted increased
bactericidal activity against S. mutans, with Al being the primary contributor to the
antimicrobial effect observed on the surface of M5%, and F and Si being minor
contributors.

Lastly, this was a prospection and comprehension study designed to better
comprehend the potential benefits of the interaction between Biosilicate® and two
distinct GICs. In this study, the manufacturer-provided composition and the lack of
information regarding the amount of each element in the matrix were insufficient to
comprehend the interaction between the studied elements. This lack of compositional
information required a surface analysis via energy-dispersive X-ray spectroscopy
(EDS).

Despite the encouraging developments presented in this article for the
enhancement of the ion-releasing and antimicrobial effects of GICs, additional studies
employing various glass ceramic compositions are required to investigate this topic in
greater depth. For instance, by increasing the amount of aluminum and decreasing the
amount of calcium and sodium; by adding uniformly smaller Biosilicate®; and by
employing different methods for incorporating glass ceramic into GIC (such as molar
ratio instead of %wt, including automated methods for better homogenization of

powders and different formulations of polyacid with co-polymers in place of PAA.
5.Conclusion

The bioactive glass ceramic Biosilicate® used in this study did not significantly
affect the setting and mechanical properties of Maxxion R when incorporated at a 5%
(%wt), and it provided benefits such as therapeutic ion release and antimicrobial
activity. Fuji IX's cytotoxicity was unchanged with the addition of Biosilicate®, and the

release of therapeutic (Si, P, Na, and Ca) ions was increased. However, Fuji IX's
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setting behavior was altered, and its mechanical properties were diminished, due to

changes in P/L ratio and Biosilicate® addition.
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3 CONCLUSAO

Esse estudo explorou o comportamento fisico-mecéanico e biolégico de um CIV
de baixa viscosidade e de um CIV de alta viscosidade, quando da adicdo de
Biosilicato®. Para ambos CIVs, quando o Biosilicato® foi adicionado em baixa
concentracdo (5%) observou-se melhor qualidade superficial comparada as
concentracfes mais altas. No CIV de baixa viscosidade (Maxxion R), a adicdo de 5%
de Biosilicato® agregou beneficios como elevacéo da liberacdo ibnica e do potente
efeito inibidor do crescimento de S. mutans, sem afetar as propriedades fisico-
mecanicas. Porém, apresentou-se como uma das concentra¢gfes mais citotoxicas.

Para o CIV de alta viscosidade (Fuji IX GP), observou-se diminuicdo das
propriedades fisico/mecanicas, nao alterando a citotoxicidade do material e
aumentando a liberacédo de ions terapéuticos (Si, P, Na, Ca e F), porém sem aumentar

o efeito antimicrobiano.
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APENDICES
Apéndice 1 — llustracdo esquematica da analise de liberacéo idbnica por ICP OES e

por Espectroscopia UV-Vis.

Preparo dos eluatos F

Anélises dos eluatos e do blanc (UV-vis)

1/2h 5,5h 18h

& </ i g 15mL ’ ' CaNaAlSieP

20ml E1 E3 MO ~<' - (ICP OES)

(dH20) (blanc) =

Os espécimes foram imersos em 20mL de dgua deionizada e ap6s 1/2h foram
transferidos para outro tubo plastico contendo agua deionizada onde permaneceram
por 5 horas e meia. Decorrido esse tempo, os espécimes foram transferidos
novamente para outro tubo plastico com 20 mL de agua deionizada e ap0s 18 horas
foram retirados. Restando 3 eluatos por espécime, correspondentes aos tempos de
1/2h (E1 — eluato 1), 5, 5h (E2 — eluato 2) e 18h (E3 — eluato 3). A determinacéo e
guantificacdo idnica de fluor foi realizada por Espectroscopia UV-Vis. Os ions calcio,
sédio, fosforo, silicio e aluminio foram determinados e quantificados por ICP OES. Os
valores de quantificacdo de cada eluato foram normalizados de acordo com o limite
de quantificacdo dos equipamentos para cada elemento. Apés a normalizacéo, as
concentragfes por elemento foram somadas, resultando na concentracdo cumulativa

de cada elemento em 24h.
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Apéndice 2 — llustrac@o esquemética do teste de citotoxicidade dos CIVs.

Condicionamento do meio de cultura por 24h a 37°C

@5mm

a-MEM

Tmm |
condicionado

n=3

Vortex

a-MEM Aspiragao

e e — 0.3mL
Esterelizagdo luz UV
vz (20 min/lado)

Anilise da citotoxicidade
Fluorescéncia espectro 485nm/520nm
Tratamento das células com o meio condicionado Y epe

(24h, 37°C)

D5 @ e

LN

Promega CellTox™
reen

Substituicdo do meio pelo DMEM a-MEM condicionado
condicionado (0.1mL/pogo)

Apos a confeccao dos espécimes, estes foram esterilizados em luz ultravioleta
por 20 minutos cada lado. Em seguida o condicionamento do meio de cultura a-MEM,
feito através da imersdo dos espécimes em 300uL de a-MEM. Apés 24h de
armazenamento a 37°C, os tubos plasticos contendo o espécime e 300 uL de a-MEM,
foram agitados e, em seguida, aspirados. Foi realizada a substituicdo do meio de
cultura em que as células foram cultivadas, pelo meio condicionado pelos cimentos.
Apbs 24h de armazenamento a 37°C, o protocolo do Kit Promega CellTox Green® foi
realizado conforme instrucdes do fabricante. As células expostas a Lysis Buffer
(reagente citotoxico do Kit Promega), representadas pelos pocos coloridos em
vermellho, foram considerados o controle positivo (C+: 100% morte celular). As células
expostas somente ao a-MEM representam o controle negativo (C-). Os pocos da
coluna 1 (coloridos em azul), foram preenchidos com agua, para evitar a evaporacao
dos meios de cultura nos demais pocos. A analise da citotoxicidade foi realizada pela
andlise de fluorescéncia pelo leitor de microplacas multimodo Spark® (Tecan, EUA)
com comprimento de onda de excitagdo/emissdo 485nm/520nm. Os dados foram
reportados em porcentagem de células mortas em uma populacéao, relativo ao controle

positivo normalizado como 100%.



Apéndice 3 — llustracdo esquematica do teste de atividade antimicrobiana.
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2h de contato direto

S. mutans

(1009 UR)

Lavagem (950 uL PBS) e
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Contagem de UFC
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(48h)

Apos a esterilizacdo dos espécimes em luz ultravioleta, os discos de CIV foram

colocados em placas estéreis de 6 po¢os. Em segui

da, 50 pL do indculo foi colocado

diretamente sobre os discos e no poco sem disco (C-). Em seguida, filmes plasticos

(15 mm @) estéreis foram colocados sobre o inéculo

in6culo por toda a superficie do disco. Apos 2 horas

para garantir o espalhamento do

de armazenamento em 100% de

umidade relativa a 25°C + 2°C, os poc¢os foram lavados com 950 pL de PBS e agitados

por 2 min (150 RPM) e uma agitadora orbital. O sobrenadante foi aspirado, e a dilui¢cdo

em série foi realizada. Os in6culos diluidos foram

recultivados em BHI &gar, pelo

método de espalhamento sobre a placa (Spread plate), por 48h em ambiente aerdbico.

Apds esse tempo a contagem de Unidades Formadoras de Col6nias (UFC) foi

realizada manualmente.



ANEXOS
Anexo 1 — Curvas de calibragéo Al, Ca, Na, Sie P.

Flexible Report By Sample

Author:
Published: 27/03/2023 09:23:53
Method Name: Curva Ca, Na, Si, Al, P (1)
45K Element Name: Al
40K Element Wavelength: Al 396.152 nm
a5k Concentration Units: ppm
Date of Calibration: 18/07/2022 15:30:48
30K ~
Date of Fit: 18/07/2022 15:30:48
3 sk Type of Fit: Linear
= 20K - Correlation: 0.9994
15K s AQ (Offset): 121.3
10K = A1 (Gain): 8,200
5K = A2 (Curvature): 0.0000
oK ' n (Exponent): 1.000
0 1 2 3 4 -]
Reslope QC Normalize
Slope: 1.000 Slope factor: 1.000
Concentration Y Int: 0.0000 Offset: 0.0000
Standard Name Stated Found Diff % Diff (S)IR Stddev Emphasis
Blank 0.0000 -0.00002215  -0.00002215 0.0000 121.2 5.214 1
P1 0.05000 0.06520 0.01520 30.40 655.9 5.559 1
P2 0.1000 0.09872 -0.001277 -1.277 930.8 16.23 1
P3 0.2500 0.2782 0.02824 11.30 2,403 10.38 1
P4 0.5000 0.5168 0.01683 3.367 4,359 18.08 1
P5 1.000 1.030 0.03025 3.025 8,569 9.027 1
P6 2.500 2.464 -0.03644 -1.457 20,322 109.8 1
P7 5.000 4.947 -0.05281 -1.056 40,687 129.6 1



160K
140K
120K
100K
£ sk
[N
60K
40K
20K -
-
0K
0 2 3 4 5
Concentration
Standard Name Stated Found Diff
Blank 0.0000 -0.00008376 -0.00008376
P1 0.05000 0.1110 0.06097
P2 0.1000 0.1062 0.006221
P3 0.2500 0.3291 0.07910
P4 0.5000 0.5384 0.03842
P5 1.000 1.054 0.05359
P6 2.500 2.472 -0.02775
P7 5.000 4.789 -0.2105
12K
E
10K
8K
£ e
9 -
aK
2K
L]
oK™=
0 2 3 4 5
Concentration
Standard Name Stated Found Diff
Blank 0.0000 0.0001225 0.0001225
P1 0.05000 0.004872 -0.04513
P2 0.1000 -0.009725 -0.1097
P3 0.2500 0.1735 -0.07649
P4 0.5000 0.4236 -0.07641
PS5 1.000 0.9306 -0.06939
P6 2.500 2.508 0.008331
P7 5.000 5.369 0.3688

Element Name:

Element Wavelength:
Concentration Units:

Date of Calibration:

Ca
Ca 393.366 nm

ppm
18/07/2022 15:30:48
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Date of Fit: 18/07/2022 15:30:48
Type of Fit: Linear
Correlation: 0.9939
A0 (Offset): 1,718
A1 (Gain): 27,952
A2 (Curvature): 0.0000
n (Exponent): 1.000
Reslope QC Normalize
Slope: 1.000 Slope factor: 1.000
Y Int: 0.0000 Offset: 0.0000
% Diff (S)IR Stddev Emphasis
0.0000 1,715 23.47 1
121.9 4,820 91.71 1
6.221 4,687 14.81 1
31.64 10,917 16.15 1
7.685 16,768 22.58 1
5.359 31,168 54.27 1
-1.110 70,823 45.43 1
-4.211 135,595 87.81 1
Element Name: Na
Element Wavelength: Na 588.995 nm
Concentration Units: ppm
Date of Calibration: 18/07/2022 15:30:48
Date of Fit: 18/07/2022 15:30:48
Type of Fit: Linear
Correlation: 0.9881
A0 (Offset): 219.6
A1 (Gain): 2,030
A2 (Curvature): 0.0000
n (Exponent): 1.000
Reslope QC Normalize
Slope: 1.000 Slope factor: 1.000
Y Int: 0.0000 Offset: 0.0000
% Diff (S)IR Stddev Emphasis
0.0000 219.8 10.96 1
-90.26 2294 13.52 1
-109.7 199.8 14.62 1
-30.59 571.9 9.198 1
-15.28 1,080 29.84 1
-6.939 2,109 6.063 1
0.3332 5,313 49.03 1
7.376 11,121 29.75 1



320
280
240
200
£ 160
(22
120
80
40 —
-
Py
0 2 3 4 5
Concentration
Standard Name Stated Found Diff
Blank 0.0000 -0.00009894  -0.00009894
P1 0.05000 0.1505 0.1005
P2 0.1000 0.09771 -0.002288
P3 0.2500 0.2553 0.005267
P4 0.5000 0.5000 -0.000006819
P5 1.000 0.9744 -0.02563
P6 2.500 2.558 0.05806
P7 5.000 4.864 -0.1359
5000
4000
3000
o
2
2000
1000
-
-
o
[} 2 3 4 5
Concentration
Standard Name Stated Found Diff
Blank 0.0000 -0.00003856  -0.00003856
P1 0.05000 0.05774 0.007740
P2 0.1000 0.1083 0.008287
P3 0.2500 0.3590 0.1090
P4 0.5000 0.5345 0.03454
P5 1.000 1.078 0.07818
P6 2.500 2.489 -0.01114
P7 5.000 4.773 -0.2266

Element Name:

Element Wavelength:
Concentration Units:

P
P 177.495 nm
ppm
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Date of Calibration: 18/07/2022 15:30:48
Date of Fit: 18/07/2022 15:30:48
Type of Fit: Linear
Correlation: 0.9891
A0 (Offset): 1.970
A1 (Gain): 58.84
A2 (Curvature): 0.0000
n (Exponent): 1.000
Reslope QC Normalize
Slope: 1.000 Slope factor: 1.000
Y Int: 0.0000 Offset: 0.0000
% Diff (S)IR Stddev Emphasis
0.0000 1.964 0.3451 1
201.0 10.83 0.3855 1
-2.288 7.720 0.2290 1
2.107 16.99 0.2161 1
-0.001364 31.39 0.3936 1
-2.563 59.30 0.5405 1
2.322 152.5 0.1061 1
-2.718 288.2 0.8431 1
Element Name: Si
Element Wavelength: Si 251.611 nm
Concentration Units: ppm
Date of Calibration: 18/07/2022 15:30:48
Date of Fit: 18/07/2022 15:30:48
Type of Fit: Linear
Correlation: 0.9964
A0 (Offset): 67.97
A1 (Gain): 955.7
A2 (Curvature): 0.0000
n (Exponent): 1.000
Reslope QC Normalize
Slope: 1.000 Slope factor: 1.000
Y Int: 0.0000 Offset: 0.0000
% Diff (S)IR Stddev Emphasis
0.0000 67.93 7.367 1
15.48 123.2 4.967 1
8.287 171.5 1.628 1
43.59 411.0 1271 1
6.908 578.8 1.710 1
7.818 1,098 5.347 1
-0.4457 2,447 7.113 1
-4.532 4,630 4.349 1
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Anexo 2 — Curva de calibragcdo do fluoreto por Espectrometria Uv-Vis (método

SPANDS).
Concentracao mg Fluoreto/L
Pontos (mg/L) Absorbancia (Calculado)
Branco 0.000 3.083 0.000
P1 0.100 3.023 0.121
P2 0.250 2.970 0.227
P3 0.500 2.842 0.485
P4 1.000 2.587 1.000
Curva de Calibracao - Fluoreto
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Anexo 3 — Relatorio de similaridade

Tese Gabriela
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