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RESUMO

Nas ultimas décadas, houve acentuado aumento da demanda de novos biomateriais,
com potencial terapéutico para substituir o tecido 0sseo e propiciar a adequada
reparacdo de lesdes O0sseas, em especial de grande magnitude. Desse modo, um
biomaterial ideal deve ndo apenas servir como substitutos 0sseo, mas atuar
efetivamente no processo de reparagdo e regeneracdo 0ssea. Assim, deve ocorrer
sua completa absorcdo e atuacdo no processo de neoformacdo Ossea. Neste
contexto, apesar da vasta variedade de materiais organicos e sintéticos disponiveis
no mercado, ndo ha um material que atenda a todos os requisitos desejados. Portanto,
a incorporacao de nanocristais na estrutura molecular de biovidro, é inovadora, tendo
em vista que eventualmente amplia a potencialidade de iniUmeras propriedades fisica,
quimicas e bioldgicas. Logo, ha necessidade de uma melhor compreensdo da
interacdo desses nanobiocomposto com o sistema bioldgico. No estudo, foi avaliada
a resposta imunoinflamatéria, local e sistémica, de biovidros nanoestruturados com
ions prata, por meio da implantacdo desses biocompostos no tratamento de defeito
0sseo nas calvarias de ratas. Foram utilizadas diferentes concentracfes (percentual
de massa - % wt): Ag - 0,00 (biovidro puro); Ag - 0,25 % wt; Ag - 0,50 % wt; Ag - 0,75
% wt; Ag - 1,00 % wt; Ag - 1,25 % wt; Ag - 1,5 % wt. Os resultados apontam significativa
atuacao dos biovidros nanoestruturados na modulacao da resposta imunoinflamatoria,
durante o processo de cicatrizagdo 6ssea, tanto local, como sistémico. O biovidro, por
si sO, mostrou-se eficaz na imunomodulacdo, cuja eficacia foi potencializada ou
regulada por nanocristais de prata, abrindo perspectivas para diversas aplicacdes
além da regeneracdo Ossea e imunomodulacdo. Portanto, esses biovidros
nanoestruturados podem ser Uteis em outras areas, como no controle de
microrganismos e no fortalecimento da resposta imune contra patégenos especificos.
No entanto, estudos adicionais sado necessarios para validar essas demais

capacidades destes biomateriais.

Palavras-Chave: Resposta Imune; Inflamacgé&o; Biovidro; Nanotecnologia; Reparagao
Ossea.



ABSTRACT

In recent decades, there has been a sharp increase in demand for new biomaterials,
with therapeutic potential to replace bone tissue and provide adequate repair of bone
injuries, especially of large magnitude. Thereby, an ideal biomaterial should not only
serve as bone substitutes, but act effectively in the process of bone repair and
regeneration. Thus, its complete absorption and action in the process of bone
neoformation must occur. In this context, despite the wide variety of organic and
synthetic materials available on the market, there is no one material that meets all the
desired requirements. Therefore, the incorporation of nanocrystals into the molecular
structure of bioglass is innovative, considering that it eventually expands the potential
of numerous physical, chemical and biological properties. Therefore, there is a need
for a better understanding of the interaction of these nanobiocompounds with the
biological system. In the study, the local and systemic immune-inflammatory response
of nanostructured bioglasses with silver ions was evaluated through the implantation
of these biocompounds in the treatment of bone defects in the calvaria of rats. Different
concentrations were used (mass percentage - % wt): Ag - 0.00 (pure bioglass); Ag -
0.25% wt; Ag - 0.50% wt; Ag - 0.75% wt; Ag - 1.00% wt; Ag - 1.25% wt; Ag - 1.5% wit.
The results indicate a significant role for nanostructured bioglasses in modulating the
immune-inflammatory response during the bone healing process, both locally and
systemic. Bioglass, by itself, proved to be effective in immunomodulation, whose
effectiveness was enhanced or regulated by silver nanocrystals, opening perspectives
for several applications beyond bone regeneration and immunomodulation. Therefore,
these nanostructured bioglasses can be useful in other areas, such as controlling
microorganisms and strengthening the immune response against specific pathogens.
However, additional studies are needed to validate these other capabilities of these

biomaterials.

Key words: Immune Response; Inflammation; Bioglasses; Nanotechnology; Bone
Repair.
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1. INTRODUCAO

Em lesGes com grande perda da integridade tecidual, é habitualmente notada
capacidade limitada de regeneracéo, principalmente quando ocorre destruicdo da
matriz extracelular (KOPEC, 2022; MARIN, et al., 2020). Diante de uma incidéncia
cada vez maior de traumas, defeitos congénitos e doencas degenerativas, a
engenharia de tecidos e a medicina regenerativa, tem buscado desenvolver novas
terapias biologicas, para muitas doencas, atualmente consideradas incuraveis. Assim,
esse tipo de pesquisa, na grande maioria dos casos, visa colaborar no processo de
regeneracao, estimulando o préprio potencial de cura natural do paciente ou,
alternativamente, criando tecidos biol6gicos e/ou matérias sintéticos para substituir

partes ou segmentos do corpo (XUE, et al., 2022).

1.1Biomateriais e regeneracdo 6ssea

Nessa  perspectiva, inumeros substitutos 60sseos veem sendo
desenvolvimentos, mas até o momento ndo hd um biomaterial ideal, que cumpra
adequadamente todos os requisitos. Neste contexto, nas uUltimas décadas houve um
consideravel aumento da demanda de biomateriais e do nimero de estudo, em vista
a determinar o potencial clinico desses novos biocompostos. Em especial, agueles
com potencial de uso no reparo e/ou regeneracao 6ssea (LIMMER & WIRTZ, 2017,
MINARDI et al., 2016; XIE et al., 2020, XUE et al., 2022).

Deste modo, um biomaterial ideal, deve propiciar ndo apenas o preenchimento
do defeito ésseo, mas deve atuar efetivamente no processo de regeneracao 0Sseo,
em que ocorra sua gradual reabsor¢cdo, com presenca de neoformacao e completa
reparacao da lesdo (AMBROSIO et al., 2021; SUWARDI et al., 2022).

Porém, estes biomateriais devem atender a um requisito minimo, denominado
biocompatibilidade. Esta consiste na capacidade do biomaterial de realizar a tarefa
terapéutica desejada, sem causar efeitos locais ou sistémicos indesejados. Assim,
deve propiciar uma resposta celular ou tecidual mais benéfica possivel para a clinica
e otimizacdo da atividade terapéutica (MARIN, et al., 2020).

Neste contexto, espera-se que apds a administracdo, ocorra uma interacédo
entre o sistema imunoldgico do hospedeiro e o biomaterial implantado, resultando em
uma resposta celular inespecifica ao biomaterial (LIMMER & WIRTZ, 2017). Apesar

do grande numero de materiais organicos e sintéticos capazes de substituir o tecido
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0sseo ou estimular a osteogénese reparadora, ainda ndo existe um material que
atenda a todos os requisitos desejados (MARIN, et al., 2020; SZCZESNY et al., 2022).

1.2 Biomateriais nanoestruturados

Os biomateriais nanoestruturados tém a capacidade de substituir com precisao
a composicao e a arquitetura do osso, permitindo a recapitulacado de caracteristicas
cruciais de seu meio bioquimico (MINARDI et al., 2016). Isso se traduz em uma
capacidade aprimorada de envolver as células imunes e progenitoras do hospedeiro,
conferindo resultados aprimorados (CHENG et al., 2013). Portanto, os biomateriais
nanoestruturados, apresentam efeitos promissores no processo de reparacdo 0sseo,
embora ainda existam poucos estudos (KIM et al., 2020; MINARDI et al., 2016; XIE et
al., 2020; XUE et al., 2022).

1.30steoimunologia e sua Relagdo com Biomateriais

A osteoimunologia, consiste em uma nova teoria baseada em descobertas
recentes na biologia dssea, que postula as respostas imunes um papel importante na
formacao e homeostase 6ssea. Muitas proteinas funcionais, moléculas de sinalizacéo
e citocinas foram confirmadas como participantes sincronos em eventos imunes
reativos e na osteogénese. Assim, as vias de sinalizacdo imune estdo intimamente
relacionadas com a formacéo 6ssea (ARRON & CHOI, 2000; KIM et al., 2020).

Logo, a imunomodulagéo induzida por biomateriais pode repercutir no processo
de crescimento e maturacdo de osteoblastos, durante a fase de reparo e remodelacao.
Assim, nasceu a teoria da osteoimunologia, como uma area que surgiu ha cerca de
40 anos, que estuda a interface entre o sistema esquelético e 0 sistema imune
(LORENZO et al., 2008; TAKAYANAGI, 2005).

A osteoimunologia também estuda 0s componentes e mecanismos

compartilhados, incluindo ligantes, receptores, moléculas de sinalizacao e fatores de
transcricdo (TAKAYANAGI, 2007). Portanto, a grande contribuicdo da
osteoimunologia relaciona-se aos avancos e descobertas dos mecanismos de
modulacdo de resposta imunoinflamatéria, em especial aquelas inerentes a interacao
desses biomateriais com 0s sistemas biolégicos.

A principal contribuicdo do estudo da osteoimunologia na engenharia de
materiais, refere-se a descricdo de certas propriedades biologicas do tecido 0sseo,

em que os biomateriais sdo capazes de modular no ambiente imunolégico local,
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promovendo a osteointegracdo do implante e a osteogénese reparacional (CHEN et
al., 2016).

1.4Papel das Células Imunes na Fisiologia Ossea

As células imunes desempenham um papel importante tanto na fisiologia
0ssea, com em caso de doengas, produzindo substancias quimicas reguladoras, que
influenciam na osteogénese. As células imunoldgicas mais importantes sado 0s
macrofagos (LORENZO et al., 2008), pois desempenham papel crucial nas reacdes
imunoinflamatérias de longo prazo, induzidas mediante a implantacdo desses
biomateriais.

Apos a implantacdo, ocorre uma interacdo entre o sistema imunologico do
hospedeiro e o biomaterial implantado, desencadeando uma resposta celular
especifica do biomaterial (AL-MAAWI et al., 2017; XUE et al., 2018). As proteinas
desempenham um papel fundamental na mediacdo da interagéo entre biomateriais e
células ou tecidos. Consequentemente, a absor¢cdo de proteinas na superficie do
material, representa a fase inicial dessa interacdo, um determinante critico para
processos subsequentes, incluindo proliferagéo celular, diferenciacéo e formacao da
matriz extracelular (OTHMAN et al., 2018).

Por conseguinte, os macrofagos respondem a detritos de células mortas, bem
como a infec¢cBes externas, sendo importantes células fagocitarias (LORENZO et al.,
2008; TAKAYANAGI, 2005). Sabe-se que macréfagos possuem alta plasticidade
intrinseca e atividade de polarizacdo flexivel nos subtipos M1 e M2. Esses dois
subtipos de macrofagos, sdo classicamente distinguidos com base em varias

propriedades funcionais, marcadores de superficie e indutores (XUE et al., 2018).

1.5 Citocinas e Fatores da Regulacdo Ossea

A remodelacdo 6ssea € um processo fisiologico natural regulada por ciclos
continuos de reabsorcao e formacgéo 0ssea, que depende de uma intrincada interacao
entre osteoblastos e osteoclastos (BAHT et al., 2018; XUE et al.,, 2018). Os
osteoclastos sédo responsaveis pela reabsorcédo do tecido 6sseo. Estes exercem um
papel fundamental tanto na remodelacédo dssea normal, como na resposta a lesbes
ou doencas 6sseas (XUE et al., 2018).

Neste contexto, a IL-6 surge como um mediador inflamato6rio que exerce a sua

influéncia na ativacdo dos osteoclastos, tendo atuacdo na reabsorcdo 0ssea. Em
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cenarios inflamatorios, niveis elevados de IL-6 podem aumentar a atividade dos
osteoclastos, potencialmente levando a perda 6ssea excessiva (HOTCHKISS et al.,
2016; MARIANI et al., 2019; YAN et al., 2020).

O TNF-a & um mediador inflamatorio, que desempenha um papel fundamental
na conducdo da ativacdo dos osteoclastos. Promove a diferenciacdo de células
precursoras em osteoclastos ativos e aumenta a atividade de reabsorcdo Ossea
(MARIANI et al., 2019; YAN et al., 2020). Por outro lado, o IFN-y € uma citocina pro-
inflamatdria, que tem o potencial de impactar diretamente na atividade dos
osteoclastos, regulando a expressdo de moléculas, que influenciam efetivamente na
sua funcéo. Ha relatos da sua interacdo com outros mediadores e células do sistema
imunolégico, que interferem no turnover 6sseo, em cenarios inflamatorios, ou seja, no
equilibrio entre a formacédo e a reabsor¢cdo O0ssea (LAQUERRIERE et al., 2003;
MARIANI et al., 2019; YAN et al., 2020; XUE et al., 2018).

Os osteoblastos sdo células responsaveis pela formacao da matriz 6ssea, sao
encarregados de sintetizar citocinas e fatores de crescimento, que regulam a atividade
e a funcdo dos osteoclastos. Entre eles, o ativador do receptor do ligante Kappa B do
fator nuclear (RANKL) e o fator estimulador de colénias de macrofagos (M-CSF),
desempenham papéis fundamentais na inducdo da osteoclastogénese. Além disso,
em seu papel de modular a resposta imune, 0s osteoblastos interagem com as
citocinas anti-inflamatérias IL-4 e IL-10. Essas citocinas estimulam a diferenciacdo e
a atividade dos osteoblastos, promovendo assim a geragdo de tecido 6sseo recém
formado, ajudando no equilibrio entre a formacéo e a reabsorcéo 6ssea (GAO et al.,
2018; YAN et al., 2020).

De forma geral, a pesquisa e o desenvolvimento de materiais osteogénicos
tradicionais tém se concentrado principalmente no preenchimento direto do defeito
0sseo, atentando apenas aos principios fisicos, mecanicos e quimicos. Assim, ocorre
apenas a restauracdo do defeito, obtendo bom suporte mecéanico, similares as do
tecido 6sseo natural. No entanto, esta abordagem ignora o fato de que o reparo do
defeito 6sseo € um processo fisiolégico dinamico, que envolve um intenso processo
imunoinflamatério, com a participacdo de uma ampla variedade de células e citocinas
pré e anti-inflamatérias (PAJARINEN et al., 2019).
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1.6 Biovidros — Reparacéo e Regeneracio Ossea

A implantacdo de substitutos 6sseos sempre altera 0 microambiente 0sso, em
que alguns substitutos 0sseos podem promover alteracbes da resposta
imunoinflamatéria (ZHAO et al., 2020). Estudos demonstraram que a cicatrizagdo
O0ssea pode ser controlada, mediante a alteragdo da composi¢cdo quimica (ions
metalicos, proteinas e drogas de moléculas pequenas) e as propriedades fisicas
(tamanho das particulas, porosidade, tamanho dos poros e topologia) dos biomateriais
(WANG, 2019).

Nesta perspectiva, os biovidros tem sido cada vez mais estudados, no que
tange o processo de reparacao e regeneracado 0ssea (CURTIS et al., 2010; MA et al.,
2017). Os biovidros ndo apenas exibem biocompatibilidade e bioabsorcdo, mas
também estabelecem fortes conex8es com os tecidos, devido a sua reatividade
quimica nos fluidos corporais. Este biomaterial possui a capacidade Unica de
desenvolver uma camada de hidroxiapatita, ao entrar em contato com fluidos
bioldgicos (CATTEAUX et al., 2013).

Assim, os vidros bioativos encontram ampla aplicacdo na engenharia de
tecidos para regeneracdo 0ssea. A sua semelhanca estrutural com o tecido natural e
a sua capacidade de estimular a regeneracdo 6ssea torna esse tipo de biomaterial
altamente valioso (BALAMURUGAN et al., 2006).

1.7 Ineditismo — Processo de Sinteses Biovidros

Neste sentido, o biovidro surge como um promissor candidato a atuar como
protagonista no processo de cicatrizacdo de defeitos dsseos e fraturas complexas.
Sendo amplamente pesquisado em aplicacbes médicas e odontoldgicas, gracas a sua
excepcional biocompatibilidade e osteocondutividade (AL-MAAWI et al., 2017;
MOGHANIAN et al., 2018; XUE et al., 2018).

Nesta perspectiva, a incorporacdo de nanocristais na estrutura molecular de
biovidros € inovador, o que possibilita a intensificagdo de diversas propriedades
fisicas, quimicas e bioldgicas, as quais precisam ser melhor caracterizadas nas
diversas aplicagdes clinicas. Deste modo, no estudo foi avaliada a resposta
imunoinflamatéria local e sistémica, com uso de modelo experimental de leséo 6ssea
nas calvarias de ratas, tratada com biovidros puro e nanoestruturados, com diferentes

concentracdes de ions prata.
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2. JUSTIFICATIVA

Apesar da variedade de materiais organicos e sintéticos capazes de substituir
o tecido 6sseo ou estimular a osteogénese reparacional, ainda ndo foi desenvolvido
um material que atenda a todos os requisitos desejados. O biovidro representa uma
inovacgao promissora na area dos biomateriais, trazendo consigo uma fuséo fascinante
entre a ciéncia dos materiais e as aplicacfes biologicas.

Nessa perspectiva, a incorporacédo de nanocristais na estrutura molecular do
biovidro é inovadora, o que visa intensificar diversas propriedades, que precisam ser
melhor caracterizadas, em vista a determinar o potencial clinico desses novos
biocompostos. Em particular, a resposta imunoinflamatoria, resultado de ativacao
osteoimunomoduladora, inerentes a implantacdo destes novos biovidros puro e

nanoestruturados.
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3. HIPOTESE

Nossa proposta é que o biovidro nanoestruturado, devido as suas propriedades
fisicas, quimicas e bioldgicas intensificadas pela presenca de nanocristais de prata
em diferentes concentracdes, demonstrard uma resposta imunoinflamatoria
controlada e uma capacidade superior de promover a regeneracdo 6ssea quando
comparado ao biovidro puro.
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4. OBJETIVOS
4.4 Objetivo Geral

Avaliar a resposta imunoinflamatdria local e sistémica, frente a implantacdo de
biovidros puro e nanoestruturados com ions de prata no sistema vitreo SNCP (SiOz2-
Na20-CaO-P20s), no tratamento de lesdes 6sseo nas calvarias de ratas.

4.5 Objetivo Especifico

¢ Avaliar de forma semiquantitativa 0 nUmero de cristais remanescente nos cortes
histolégicos de calvarias de ratas dos grupos tratados com biovidro puro e
nanoestruturado, com diferentes concentragcfes de ions prata (percentual de massa -
% wt): Ag - 0,00 (Biovidro Puro); Ag - 0,25 % wt; Ag - 0,50 % wt; Ag - 0,75 % wt; Ag -
1,00 % wt; Ag - 1,25 % wt; Ag - 1,5 % wit.

¢ Avaliacao de forma semiquantitativa a presenca de infiltrado inflamatorio, no centro
(entre cristais) e na periferia da lesdo, para determinar o efeito dos biovidros

nanoestruturados na modulacao da resposta inflamatéria local.

e Analisar a capacidade de modulacdo da resposta sistémica imunoinflamatorio
desses biovidros nanoestruturados, com base na concentracdo de citocinas proé-
inflamatérias no soro/plasma, relacionadas ao processo de remodelamento 0sseo

(osteoclastos), com polarizacdo dos macréfagos para um perfil M1: IL-6, TNF-o, IFN-

Y.

e Determinar citocinas anti-inflamatorias relacionadas ao processo de formacao

0ssea (osteoblastos), com polarizacado dos macrofagos para um perfil M2: IL-4, IL-10
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APENDICE A (artigo cientifico)

IMMUNE AD INFLAMMATORY RESPONSES TO NANOSTRUCTURED
BIOGLASSES IN RAT CALVARIA BONE DEFECT REPAIR

ABSTRACT

This study assessed the immune and inflammatory system responses concerning
using silver nanostructured bioglasses in mending bone defects within the rat calvaria.
Notably, bioglasses profoundly impacted immune and inflammatory reactions within
the bone defect site. The distinctive nanostructure of the material facilitated targeted
interactions with immune system cells, leading to substantial modulations in the local
bone repair milieu. The outcomes revealed that nanostructured bioglasses effectively
stimulated an appropriate immune response, fostering the proliferation and
differentiation of cells crucial to bone regeneration. Furthermore, a notable mitigation
of excessive inflammatory responses was observed, contributing to a more efficient
resolution of the bone defect. Based on these promising results, nanostructured
bioglasses emerge as potential candidates for future deployment in bone repair
therapies, offering an advanced and efficacious approach to enhancing the healing
process of bone defects within clinical contexts. However, further investigation is
imperative to comprehensively explore the therapeutic potential of these biomaterials

and their applicability across diverse clinical scenarios pertinent to bone regeneration.

Keywords: Immune Response; Inflammation; Bioglasses; Nanotechnology; Bone
Repair
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INTRODUCTION

Bioglasses represent a promising innovation in the area of biomaterials, bringing
with them the fascinating fusion between materials science and biological applications.
These materials, also known as bioactive glasses or bioactive glasses, have the
unique ability to beneficially interact with the surrounding biological environment,
making them ideal for a variety of medical and therapeutic applications.

Since their discovery, bioglasses have attracted increasing interest and
attention from scientists and health professionals, thanks to their exceptional
properties. The ability to stably bind to bone tissue, stimulating cell growth and bone
repair, making them valuable materials in orthopedic treatments, bone reconstruction
and dental implants. Furthermore, the biocompatibility of bioglasses, that is, their ability
to harmoniously interact with biological systems, is a fundamental aspect that makes
them stand out as viable alternatives to other traditional materials, such as metal or
plastic. This significantly reduces the risk of rejection or adverse reactions, making
them safer and more efficient for medical applications [1,2].

The adequate regeneration of tissues in the human body is limited, especially
when there is a great loss of integrity and destruction of the extracellular matrix. Thus,
the development of bone substitutes has been a promising option, boosting research
in the area of biomaterials for bone regeneration. [1,2]. The ideal materials for bone
repair should not only act as substitutes, but also allow for complete resorption with
new bone formation. [3,6].

The implantation of materials in biological tissues requires biocompatibility, that
is, the ability of the biomaterial to perform a desired function without causing unwanted
effects, generated in a satisfactory cellular or tissue response. [2]. The interaction
between the host's immune system and the biomaterial triggers a nonspecific cellular
response. [7]. Despite the variety of organic and synthetic materials capable of
replacing bone tissue or stimulating repairing osteogenesis, a material that meets all
the desired requirements has yet to be developed. [2,8].

Bioglasses mimic the composition and architecture of bone at the nanoscale,
which improves interaction with host immune and progenitor cells, leading to better
outcomes. [9]. These biomaterials have promising effects on bone repair, although
there are few experimental studies available. [10]. Furthermore, osteoimmunology

suggests that immune responses play an important role in bone formation and
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homeostasis. Several proteins and cytokines participate in immunological events and
osteogenesis, showing a close relationship between immune signaling pathways and
bone formation. [11].

Advanced immunomodulatory biomaterials have the potential to promote
osseointegration and bone formation, preventing harmful imbalances related to bone
remodeling, which can lead to problems such as osteoarthritis, osteolysis and
osteoporosis. [12, 13]. In this perspective, the incorporation of nanocrystals in the
molecular structure of bioglass is innovative and allows the intensification of several
properties, which need to be better clarified. In particular, the immunoinflammatory
response, the result of osteoimmunomodular mechanisms inherent to the implantation
of these new nanostructured bioglasses.

Thus, the present study evaluated the immunoinflammatory response at the
local and systemic level, inherent to the implantation of these nanostructured

bioglasses with silver ions in a bone defect in the calvaria of rats.
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MATERIAL AND METHODS

Synthesis and Characterization of Nanostructured Bioglasses

The synthesis of nanostructured bioglasses in the SNCP vitreous system was
carried out by the melting method, between 1000 and 2000 °C, after mixing the
reagents: silicon dioxide (30-60%), sodium carbonate (10-40%), sodium carbonate
sodium and calcium (10-40%), phosphorus oxide (1-10%). Then, to obtain the
nanostructured bioglasses, the pure bioglass was doped with silver oxide
nanoparticles (0.25-1.5%). The method and application of these silver nanostructured
bioglasses is in the process of applying for a patent (Process INPI: BR 10 2023 000062
2).

Animals and Experimental Design

The study was carried out in accordance with international guidelines, as
recommended in the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health, obtaining approval from the Ethics Committee (CEUA/UNIUBE -
n° 017/2019).

To evaluate the effect of nanostructured bioglasses with silver ions on a bone
lesion, 80 Wistar albino rats (Rattus Norvegicus), 140-160g, housed in standard cages,
in a bioterium with room temperature set at 22 =+ 2 ° C, air humidity at 55 + 5%, light-
dark cycles of 12 h, and free access to water and chow (Nuvilab CR-1, Colombo, PR,
Brazil).

A Bone defect in the rat calvaria was created in the frontal bone, on the right
side of the median sagittal suture, using a 4mm trephine drill adapted to the contra-
angle of a micromotor, with 20,000 rpm. Complete perforation of the bone plate was
performed, maintaining the integrity of the cranial meninges and creating a spherical
defect measuring 4 mm in diameter and 1.5 mm in depth.

The animals were randomly divided into eight groups (n=10 per group): Control
(C): the bone defect was maintained with natural filling by the blood clot; Bioglass (AQ)
- the bone gap was filled with bioglass nanostructured with silver ions, in seven different
mass percentage concentrations (% in weight): Ag - 0.00 (Pure Bioglass);
Nanostructured Bioglasses: Ag - 0.25, Ag - 0.5, Ag - 0.75, Ag - 1.0, Ag - 1.25, Ag - 1.5.
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The animals were euthanized at the end of 4-week postoperative period, induced by

50 mg/kg of xylazine hydrochloride intraperitoneally.

Histopathological Evaluations

After euthanasia, samples of the rats' calvaria were collected and subjected to
histological processing. Histological analysis was performed semiquantitatively using
standard light microscopy (Olympus BX41®). The number of remaining crystals and
the intensity of the inflammatory infiltrate within the bone defect were determined by 3
independent evaluators: around the crystals and on the periphery of the bone defect.
The following criteria were adapted from GEORGIANNOS et al., 2003 [14]: O - absence
of inflammatory infiltrate or crystals; 1 - discrete presence of inflammatory infiltrate or
rare crystals; 2 — moderate presence of inflammatory infiltrate or number of crystals; 3
- intense presence of inflammatory infiltrate or intense amount of crystals. Due to the
low frequencies in the crossings between the variables of interest, the sum of two of
them was considered: levels 0 and 1 were added (0: absent, 1: mild) and levels 2 and
3 (2: moderate and 3 : intense). Thus, these were considered as mild or absent (0 + 1)

and moderate and intense (2 + 3), respectively.

Immunological Evaluations

The systemic immunomodulatory effects were evaluated by the quantification of
plasmatic cytokines, in which blood collections were performed through open cardiac
puncture. The tubes were heparinized, kept at -80°C until the moment of dosage.
Cytokine levels were determined by ELISA (BD Biosciences, San Jose, CA, USA),

following the manufacturer's instructions. Cytokine levels were expressed in pg/ml.

Statistical analysis

Data were tabulated in excel and exported to GraphPad Prism 8.1. The
D'Agostino-Pearson test was used to assess normality. In cases of non-Gaussian
distribution, the non-parametric Mann-Whitney test was applied. Multiple comparisons
of median values for more than two groups were performed using the non-parametric

Kruskal-Wallis test followed by the Dunn test. When the distribution was considered
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normal and the variance homogeneous, parametric tests, ANOVA with Tukey's post-
test of multiple comparisons were used. Differences were considered statistically

significant when p < 0.05.
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RESULTS

A mean concordance between the three evaluators, Kappa index, of 97.46 *
4.07% (mean £ standard deviation) was detected in the semiquantitative analyzes of
the number of remaining crystals and inflammatory infiltrate. Moderate and intense
levels (2+3) of remaining crystals were observed in 84.7 = 12.1% of the samples
(Figure 1 A-D). Specifically, in each group containing silver nanostructured bioglasses,
the following mean percentages were detected: Pure Bioglass - Ag - 0.00 (71%), Ag -
0.25 (78%), Ag - 0.50 (72%), Ag - 0.75 (88%) %), Ag - 1.00 (84%), Ag - 1.25 (100%)
and Ag - 1.50 (100%).

It is important to emphasize that in control group, the filling of the bone defect
occurred naturally only by the blood clot. Therefore, the presence of remaining crystals
was observed in groups nanostructured with silver ions (p < 0.001) with concentrations
greater than 0.75, that is, in Groups: Ag - 0.75, Ag - 1.00, Ag - 1 .25, Ag - 1.50. The
group with the lowest percentage was the Ag - 0.50 (p < 0.001), followed respectively
by the groups: Ag - 0.00 and Ag - 0.25 (Figure 1E).

The presence of inflammatory infiltrate was evaluated between the crystals (BC)
and in the periphery of the bone defect (DB). It is important to emphasize that in the
control group, repair by secondary intention was observed in the periphery with the
presence of a bone defect in the center of the lesion. Thus, during the surgical
procedure, the natural filling of the bone defect was performed, only by the blood clot.
Thus, in the control group, mild or absent inflammatory infiltrate (0+1) was observed in
the periphery of the lesion in 80% of the samples.

In the treated groups, a mild or absent (0+1) level of inflammatory infiltrate was
also observed between the crystals in 80.9 + 16.0% of the samples and at the periphery
of the bone defect in 82.1 £ 24.1% of the cases. samples. With the exception of Ag -
0.00 (Pure Bioglass), in which a moderate and intense presence was observed on the
periphery of the lesion (2+3) in 72% of the samples, with a light and absent level
between the crystals in 57% of the samples.

Specifically, the following percentages were observed for the other groups: Ag
- 0.25 (BC= 78%; BD= 88%), Ag - 0.50 (BC= 86%; BD= 72%), Ag - 0, 75 (BC= 67%;
BD= 89%), Ag - 1.00 (BE= 100%; BD= 100%), Ag - 1.25 (BE= 100%; BD= 100%) and
Ag - 1 .50 (BE=78%; BD=100%).
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The groups with the highest percentage of inflammatory infiltrate among the
crystals were Ag - 1.0 and Ag - 1.25. And the groups with the lowest percentage were
Ag - 0.00 (Pure Bioglass) and Ag - 0.75 (p < 0.001) (Figure 2C). In the periphery of the
bone defect, a higher percentage was observed in the groups: Ag - 1.0, Ag - 1.25 and
Ag - 1.50. And lower percentage (p < 0.001): Ag - 0.00 (Pure Bioglass) and Ag - 0.50
(Figure 2D).

The cytokines that participate in the osteogenesis process were quantified. It
was observed that the production of IL-4 was significantly positively modulated by pure
bioglass (Ag-0.00) and also by bioglass Ag-1.5, when compared to the other
concentrations of Ag and to the control. When comparing the Ag-1.5 bioglass with the
pure bioglass, we verified a significant increase in the production of IL-4 in the Ag-1.5
bioglass (Figure 3A). Regarding IL-10, there was a significantly higher production in
the Ag-1.5 bioglass when compared to all other groups (including control and other Ag
concentrations) (Figure 3B).

Regarding IL-6, there was a significant increase in the pure bioglass group (Ag-
0.00) in relation to all other groups (Figure 4A). The production of TNF-a showed a
different production pattern than the other cytokines. In the bioglass conjugated with
Ag-1.0 and Ag-0.25, there was a significant increase in the production of TNF-a in
relation to the control group and the groups of bioglass conjugated with Ag in the
following concentrations: pure bioglass, Ag-1.25 and Ag-1.5. The Ag- 0.75 bioglass
induced significantly higher production in relation to all conditions, except for the Ag-
0.5 bioglass, which showed a significant increase in relation to all other groups, as
observed in figure 4B. Modulation of IFN-y production was only demonstrated in the
Ag-0.25 bioglass and Ag-0.75 bioglass groups, the latter with significantly higher
production than the Ag-0.25 bioglass (Figure 4C).
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DISCUSSION

In general, biomaterials have been shown to be able to modulate the immune
response, either positively or as a way of suppressing the immune response. The
ability of most biomaterials to trigger an inflammatory response occurs because the
body perceives the biomaterial as a foreign body and reacts in an attempt to eliminate
or isolate it. Inflammation is a natural immune system response to injury and invading
pathogens. Consequently, this inflammation can lead to increased production of
cytokines, which are proteins produced by immune system cells in response to an
infection or inflammation. Cytokines are important mediators of the immune response,
as they regulate the migration and activation of immune system cells [15].

In the present study, the pure and nanostructured bioglasses with silver per se
were able to modulate the production of IL-4, having its effect potentiated by the
presence of silver. In the modulation of the immune response, after the implantation of
biomaterials, the polarization of the macrophages for an M2 profile is necessary,
avoiding an exacerbated production of inflammatory cytokines, regulating and
guaranteeing that the rejection process of this graft is smaller [16]. Gao et al. (2018)
demonstrated that nanotubes coated with TiO2 can modulate this response in bone
grafts, showing that initially there is production of pro-inflammatory molecules, but then
IL-4 levels increase, remaining high in the following days. to the graft [17]. The use of
IL-4 to modulate the environment has been increasingly used, the approach of
conjugating IL-4 to biomaterials, in one study, IL-4 was conjugated with titanium
dioxide nanotubes (TNTSs) using polydopamine, this strategy caused the inflammatory
markers (TNF and IL-18) to have a lower expression in the IL-4 conjugated TNTs, and
concomitantly the anti-inflammatory markers (IL-4 and IL-10) had a significant
increase, polarizing an M2 profile with inhibition of M1 profile polarization, which is
shown to be effective and necessary to inhibit the inflammatory response and
effectively promote tissue repair and regeneration [18].

Our study demonstrated that silver nanostructured bioglasses have the ability
to modulate the cytokine IL-10, with positive and negative modulation occurring. It is
known that biomaterials can modulate IL-10 production in different ways, depending
on the type of material and clinical application. Some biomaterials can induce the
production of IL-10 by cells of the immune system, such as macrophages and

lymphocytes. For example, bioactive materials such as hydroxyapatite and bioactive
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glass can activate the Toll-like receptor 4 (TLR4) signaling pathway in macrophages,
leading to the production of IL-10. Other biomaterials can control the release of
immunomodulatory drugs, such as transforming growth factor beta (TGF-beta) and
interferon-gamma (IFN-gamma), which can regulate the production of IL-10 by cells of
the immune system. In the cicatricial process, the participation of the cytokine IL-10 is
essential, where macrophages polarize to the “M2” phenotype, secreting anti-
inflammatory cytokines such as IL-10, thus learning the capacity of reduction and
phagocytosis of these cells and enhancing remodeling activity tissue, also inducing the
migration and front of fibroblasts leading to effective tissue healing [19]. IL-10 also
demonstrates the ability to inhibit the production of IL-6 and TNF-a after phagocytosis
of polymethylmethacrylate particles by monocytes/macrophages [20].

Regarding the modulation of the so-called inflammatory cytokines that
orchestrate this initial immune response after implantation or injection of biomaterials,
a rapid immune response, similar to what occurs in the presence of microbiological
threats or other acute threats characterized by high levels of interleukin IL-1B, IL -6
and TNFa. We verified in relation to these cytokines that the bioglass was able to
effectively modulate the production of IL-6, one of the cytokines that participate in this
response. IL-6 is modulated in different ways by biomaterials. Hotchkiss et al. (2016)
demonstrated that the production of pro-inflammatory cytokines in the first hours after
the implantation of biomaterials is extremely necessary. Among these cytokines is IL-
6, which, like other pro-inflammatory cytokines, has greater production in the first hours
in response to the implant. However, these levels need to be reduced and a
polarization of M2 macrophages occurs. It has already been demonstrated that a
titanium disk with greater roughness had the ability to reduce IL-6 production and
increase concomitantly with the increase of anti-inflammatory cytokines [21].

The outlined strategy is always to try to reduce inflammatory cytokines, including
IL-6. Another study demonstrated the association of Icarin to titanium particles,
demonstrating that treatment with Icarin can reduce osteolysis and also decrease the
inflammatory response, including the reduction of IL-6, in a model of murine calvaria
[22] that was the same model used by our group.

We observed that there is an approach in which, using different types of nano-
CeO2 (ceria) introduced into the Ti surface coating, expression of the gene related to
IL-6 production similar to the control group in HGF fibroblasts is obtained, in addition

to in RAW macrophages, it had the ability to reduce IL-6 levels, acting on the restriction
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of translocation of the NF-kB/p65 subunit, inhibiting the activation of the inflammatory
cascade and consequently the production of pro-inflammatory cytokines [23].

Another cytokine related to this post-implantation production of biomaterials is
TNF-a. In the present study, pure and nanostructured bioglasses with silver were able
to modulate TNF production, in most of their conjugated silver concentrations, and this
modulation was frequently positive in relation to the control group. In the implantation
of biomaterials, the cells that act at the beginning are the macrophages, which react
by trying to phagocytize the biomaterial considered a foreign body, such as secreting
cytokines that direct an inflammatory and healing response to the biomaterial. Among
the cytokines is TNF, which is secreted in an increased form at the beginning of the
response [24].

One way of trying to control inflammation is to conjugate nanostructured
bioglasses with silver to some other substance or to modify its structure. In a study
using smooth titanium and hydrophilic titanium crude, it was demonstrated that smooth
titanium induces a greater production of pro-inflammatory cytokines, including TNF,
whereas hydrophilic titanium crude can induce macrophages to an M2 phenotype and
a consequent lower production of TNF [ 15]. In another study, a hybrid of gold
nanoparticles associated with nanocolloids performed by pulsed laser ablation was
used. In this study, the authors demonstrated that this biomaterial significantly reduced
the expression of the TNF gene, according to the concentration of the biomaterial [25].
This finding corroborates our results, and can be evidenced in the groups with
nanostructured bioglass with a higher concentration of silver ions (Ag-1.25 and Ag-1.5
/ Figure 4B).

Regarding IFN production, as observed, only two conditions were able to
modulate IFN-y production (Ag- 0.25 and Ag- 0.75 / Figure 4C). Little is known about
the role of IFN-y in reactions involving the implantation of biomaterials. owever, IFN-y
is known to have the known ability to activate macrophages and drive towards an M1
phenotype, which is known as a pro-inflammatory state, reflecting the ability to
upregulate the ability of antigen presentation, phagocytosis and production of pro-
inflammatory cytokines and effector molecules [26]. In the present study, the low
production of IFN-y in the plasma of rats corroborates what Chang et al. (2009) who
stimulated cultures of pure lymphocytes and monocytes, observed that over 10 days
there was no production of IFN-y, regardless of the type of biomaterial treated.

However, in indirect cultures there was a slight increase in production, but when
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adherent monocytes were placed in culture together with lymphocytes, IFN-y

production increased significantly according to the different types of biomaterials [27].
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CONCLUSION

Despite the extensive knowledge available on the influence of different
biomaterials on immunomodulation, it is essential to consider other important factors
such as the purpose of the biomaterial, its arrangement and physical state. In this
study, we demonstrate the use of nanostructured silver bioglasses in improving
specific aspects of immunomodulation. In addition, we used an established in-vivo
model for systemic evaluation. Bioglass alone proved to be effective in
immunomodulation, whose effectiveness was potentiated or regulated by silver
nanocrystals, allowing perspectives for several applications beyond bone regeneration
and immunomodulation. In short, our research shows that bioglass has the ability to
immunomodulate and regulate inflammation both locally and systemically. Therefore,
these nanostructured bioglasses can be useful in other areas, such as controlling
microorganisms and strengthening the immune response against specific pathogens.
However, additional studies are needed to validate these other capabilities of

biomaterials.
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Figure 1: Histological sections of the calvaria and graph of the number of remaining crystals .
A- Neoformed tissue in the region of the bone defect, showing abundant silver crystals (black)
surrounded by fibrous connective tissue (Hematoxylin-eosin, 400X). B- Bone occupying the
bone defect area with underlying fibrous connective tissue permeating the crystals
(Hematoxylin-eosin, 400X). C- Graph of percentage of crystals: moderate and intense
percentage (2+3). Ag represents the groups of nanostructured bioglasses with silver in
different concentrations, while the vertical bar represents the number of remaining crystals.
Different letters indicate presence of statistical difference, detected ANOVA with Tukey's
multiple comparisons post-test (p < 0.001).
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Figure 2: Histological sections and graphs of the percentage of inflammatory infiltrate. A-
Underlying the bone, in the region of the bone defect, there is a slight permeation of mature
lymphocytes (arrow) and dispersed crystals (Hematoxylin-eosin, 400X). B- Scattered mature
lymphocytes (arrow) and crystals underlying the bone at the periphery of the bone defect
(Hematoxylin-eosin, 400X). C- Graph showing the percentage of mild or absent inflammatory
infiltrate between the crystals (0+1). D- Graph showing the percentage of mild or absent
inflammatory infiltrate in the periphery of the bone defect (0+1). Different letters indicate
presence of statistical difference. ANOVA with Tukey's multiple comparisons post-test (p <
0.001).
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Figure 3: Concentration of anti-inflammatory cytokines, IL-4 (A) and IL-10 (B) in serum

(plasma) of Wistar rats.

Values represented as mean + standard error of mean. Statistical

analysis was performed using the Kruskal-Wallis test with Dunn's post-test, where different
letters represent a significant difference, with p value < 0.05.
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Figure 4: Concentration of the so-called pro-inflammatory cytokines, IL-6 (A), TNF-a (B) and
IFN-y (C) in the serum (plasma) of Wistar rats.. Values represented as mean + standard error
of mean. Statistical analysis was performed using the Kruskal-Wallis test with Dunn's post-

test, where different lett

ers represent a significant difference, with p value < 0.05.



APENDICE B - DADOS SUPLEMENTARES

Tabela 1: Dados indice Kappa

42

Contro| Ag- Ag - Ag - Ag - Ag - Ag - Ag -
(%) (%) (%) (%) (%) (%) (%) (%)
5 —
g de Cristais 1000 | 954 | 856 | 892 | 964 | 100 | 100 | 100
emanescentes
Infiltrado
Inflamatoério 100,0 | 100,0 92,8 100,0 96,4 100 96 100
entre Cristais
Infiltrado
Inflamatoério 100,0 90,8 96,4 100,0 100 100 100 100
na Periferia
Média Geral 97,46 + 4,07 %
Tabela 2: Intensidade do nimero cristais remanescentes
— Ag - Ag - Ag - Ag - Ag - Ag - Ag -
o
N°de Cristais |~ irole| 000 | 025 | 050 | 075 | 1,00 | 1.25 | 1,50
Remanescentes | (%) (%) (%) (%) (%) (%) (%) (%)
Intensidade - 0 100 0 0 14 0 14 0 0
|ntensidade -1 0 29 22 14 11 0 0 0
|ntensidade _ 2 0 29 56 30 44 70 37 44
Intensidade - 3 0 42 22 42 44 14 63 56

Tabela 3: Intensidade do numero cristais remanescentes, somatéria: leve e ausente (0 + 1) e
moderado a intenso (2 + 3)

S Ag - Ag - Ag - Ag - Ag - Ag - Ag -
[o]
N®de Cristais | controle| 0,00 | 025 | 050 | 075 | 1,00 | 125 | 150
Remanescentes | (%) (%) (%) (%) (%) (%) (%) (%)
Intensidade
0+1) 100 29 22 28 11 14 0 0
Intensidade
2+ 3) 0 71 78 72 88 84 100 100
Tabela 4: Intensidade de infiltrado inflamatério no centro da leséo (entre cristais)
Infiltrado Ag - Ag - Ag - Ag - Ag - Ag - Ag -
Inflamatério | Controle| 0,00 0,25 0,50 0,75 1,00 1,25 1,50
Entre Cristais (%) (%) (%) (%) (%) (%) (%) (%)
Intensidade - 0 100 14 33 0 0 14 0 0
Intensidade - 1 0 43 45 86 67 86 100 78
Intensidade - 2 0 43 11 14 33 0 0 22
Intensidade - 3 0 0 11 0 0 0 0 0
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Tabela 5: Intensidade de infiltrado inflamatério no centro da leséo (entre cristais), somatoria:
leve e ausente (0 + 1) e moderado a intenso (2 + 3)

Infiltrado Ag - Ag - Ag - Ag - Ag - Ag - Ag -
Inflamatério  L.€ontrole| 0,00 0,25 0,50 0,75 1,00 1,25 1,50
Entre Cristais (%) (%) (%) (%) (%) (%) (%) (%)
Intensidade
0+ 1) 100 57 78 86 67 100 100 78
Intensidade
2 +3) 0 43 22 14 33 0 0 22
Tabela 6: Intensidade de infiltrado inflamatério na periferia da leséo
Infiltrado Ag - Ag - Ag - Ag - Ag - Ag - Ag -
Inflamatério |Controle| 0,00 0,25 0,50 0,75 1,00 1,25 1,50
na Periferia (%) (%) (%) (%) (%) (%) (%) (%)
Intensidade - 0 40 0 45 58 22 43 25 66
Intensidade - 1 40 28 33 14 67 57 75 44
Intensidade - 2 20 58 0 28 11
Intensidade - 3 0 14 22 0 0

Tabela 7: Intensidade de infiltrado inflamatério na periferia lesdo, somatoria: leve e ausente
(0 + 1) e moderado a intenso (2 + 3)

Infiltrado Ag- | Ag- | Ag- | Ag- | Ag- | Ag- | AgQ-
Inflamatério Controle| 0,00 0,25 0,50 0,75 1,00 1,25 1,50
na Periferia (%) (%) (%) (%) (%) (%) (%) (%)
Intensidade

0 +1) 80 28 88 72 89 100 100 100
Intensidade
(2 +3) 20 58 22 28 11 0 0 0
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ANEXO A - PARECER DE APROVACAO DO COMITE DE ETICA

st

Unlu be Comité de Etica em Experimenta¢io Animal

Oficio CEEA-004/2021 Uberaba, 12 de julho de 2021.

CERTIFICADO

Certificamos que o protocolo n°® 004/2021 relativos ao projeto intitulado “Osteointegragio e
dindmica da resposta imune de diferentes concentracdes de ions prata e diéxido de titdnio no
sistema vitreo SNCP luminescente (2Eu) no reparo de lesio experimental de furca em molar e
defeito dsseo na calvaria de ratas” que tem como responsavel a Prof®. Sanivia Aparecida de
Lima Pereira, esta de acordo com os Principios Eticos da Experimentagio Animal, adotados pelo

Comité de Etica em Experimentagio Animal (CEEA/UNIUBE) regido pela lei n°® 11.794/08.

CERTIFICATE

We hereby certify that the protocol n°® 004/2021 related to the project entitled “Osteointegration
and dynamics of the immune response of different concentrations of silver ions and titanium
dioxide in the luminescent vitreous system SNCP (2eu) in the repair of experimental molar
furcal lesion and bone defect in rat calvaria” under the supervision of Prof®. Sanivia Aparecida
de Lima Pereira, is in agreement with the Ethical Principles in Animal Experimentation, adopted
by the Ethics Committee in Animal Experimentation (CEEA/UNIUBE) according to the law n°
11.794/08.

Atenciosamente,

£

Profa. Joely Ferreira Figueiredo Bittar
Coordenadora do CEEA-UNIUBE

Hospital Veterinario de Uberaba — Avenida Tutunas, 720 — Campus Fazu, Bairro Tutunas, 38061-500, Uberaba-MG
(34)3319-8787 ceea@uniube.br
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