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IMPACTO POTENCIAL DESTA PESQUISA

Esta pesquisa contribui para o desenvolvimento de materiais de baixo custo e com potencial
para auxiliar no controle de sangramentos e infecgdes. O emprego de residuos como matéria-
prima também representa uma alternativa mais sustentavel, ampliando as perspectivas de

futuras aplicagoes na satude, inclusive no sistema publico.

POTENTIAL IMPACT OF THIS RESEARCH

This research contributes to the development of low-cost materials with the potential
to assist in the control of bleeding and infections. The use of waste materials as raw
materials also represents a more sustainable alternative, expanding the prospects for future

healthcare applications, including in the public healthcare system.
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“Posso conviver com a duvida, a incerteza e o desconhecimento. Acho muito mais
interessante viver sem saber do que ter respostas que talvez estejam erradas.”

— Richard P. Feynman



Resumo

Esta tese teve como objetivo desenvolver materiais silicatos para aplicacoes biomédicas,
com foco na obtencao de agentes hemostaticos e materiais multifuncionais. A partir de
duas abordagens distintas, porém complementares, foram investigadas estratégias para
controlar as propriedades fisico-quimicas desses materiais e relaciona-las ao seu desempe-
nho biolégico. O primeiro estudo explora o potencial hemostatico de silicatos de calcio
sintetizados a partir de residuos de biomassa inorganica rica em Ca*" (cascas de ovos
de galinha). A utilizagdo de agentes direcionadores de estrutura (SDAs) orgénicos, es-
pecificamente aminas quaternarias (TEA - OH, TPA-OH e TBA - OH), demonstrou ser
uma estratégia eficiente para controlar a formacao das fases cristalinas e modular as
propriedades texturais dos materiais obtidos, em especial a area superficial especifica.
No segundo estudo, a modificacao de zedlitas do tipo Faujasita por meio de troca ionica
com diferentes metais (Ag®, Ba®", Ca®" e Mg®") permitiu investigar a influéneia da com-
posicao quimica sobre suas propriedades hemostaticas e antimicrobianas. Os resultados
demonstram que a incorporagao de espécies metalicas impacta nao apenas a atividade
antimicrobiana, mas também a acao hemostatica dos materiais, evidenciando que a adogao
de um desenho experimental integrado é fundamental em estudos dessa natureza, uma
vez que modificagoes quimicas podem afetar simultaneamente diferentes funcionalidades
de interesse, especialmente no contexto de materiais multifuncionais. De forma geral, os
resultados obtidos nos dois estudos reforcam a ideia de que materiais silicatos podem ter
suas propriedades estruturais, texturais e quimicas ajustadas por diferentes estratégias de
sintese e modificacao, permitindo direcionar seu comportamento para aplicagbes biomédicas
especificas. A combinacao entre rotas sustentaveis de obtencao, como o uso de biomassa
inorganica, e estratégias de funcionalizacao quimica amplia as possibilidades futuras de de-

senvolvimento de materiais multifuncionais voltados ao controle de hemorragias e infecgoes.

Palavras-chave: Silicatos; Propriedades fisicas e quimicas; Hemostaticos; Anti-infecciosos;

Economia circular.



Abstract

This thesis aimed to develop silicate materials for biomedical applications, with a focus
on hemostatic agents and multifunctional materials. Two distinct yet complementary
approaches were employed to investigate strategies for controlling the physicochemical
properties of these materials and correlating them with their biological performance. The
first study explores the hemostatic potential of calcium silicates synthesized from Ca*"-
rich inorganic biomass waste (chicken eggshells). The use of organic structure-directing
agents (SDAs), specifically quaternary ammonium compounds (TEA - OH, TPA - OH, and
TBA - OH), proved to be an effective strategy for controlling crystal phase formation and
tailoring the textural properties of the resulting materials, particularly their specific surface
area. In the second study, Faujasite-type zeolites were modified through ion exchange
with different metal species (Ag™, Ba?", Ca?", and Mg2+) to investigate the influence
of chemical composition on their hemostatic and antimicrobial properties. The results
demonstrate that the incorporation of metal species affects not only the antimicrobial
activity but also the hemostatic performance of the materials, highlighting the importance
of adopting an integrated experimental design in studies of this nature, as chemical modi-
fications may simultaneously influence multiple functional properties, particularly in the
development of multifunctional materials. Overall, the findings of the two studies reinforce
the concept that the structural, textural, and chemical properties of silicate materials can
be tailored through different synthesis and modification strategies, enabling the design of
materials for specific biomedical applications. The combination of sustainable synthesis
routes, such as the use of inorganic biomass, with chemical functionalization strategies
expands future opportunities for the development of multifunctional materials for the

control of hemorrhage and infection.

Keywords: Silicates; Physical and chemical properties; Hemostatics; Anti-infective

agents; Circular economy.
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Capitulo 1

Introducao Geral

Hemorragias constituem um importante problema de satde publica, figurando entre as
principais causas de mortalidade associadas a traumas, acidentes e procedimentos médicos.
Embora existam mecanismos fisiologicos capazes de promover a interrup¢ao do sangramento
por meio do processo conhecido como hemostasia, em casos extremos ou em pacientes com
condigoes clinicas subjacentes, perdas sanguineas severas podem exceder a capacidade
natural de resposta do organismo, demandando interven¢ao médica. Como consequéncia, o
desenvolvimento de materiais destinados ao controle rapido e eficiente de hemorragias tem
se consolidado como uma importante area de pesquisa, impulsionada tanto pela demanda
clinica quanto pelo avanco das técnicas de sintese e caracterizacdo de materiais, que
permitem a modulagao de propriedades fisico-quimicas como composicao, area superficial,
porosidade e carga superficial.

Historicamente, os agentes hemostaticos evoluiram de materiais passivos, cuja ac¢ao
se limitava a absorcao de fluidos e obstrucao mecanica, para sistemas capazes de interagir
diretamente com os mecanismos bioldgicos envolvidos na coagulacao sanguinea. Entre esses
materiais, destacam-se aqueles a base de silica (SiO;), conhecidos de forma genérica como
silicatos, que desde a virada do século XXI figuram entre os sistemas mais investigados para
aplicagoes hemostaticas devido a sua capacidade de adsor¢ao e de promover a concentragao
local de plaquetas e fatores de coagulacao. Além de sua eficiéncia e versatilidade, silicio
e oxigénio representam dois dos elementos mais abundantes da crosta terrestre, o que é
particularmente relevante no contexto de biomateriais, em que o custo de producao pode
constituir um fator determinante para sua ampla utilizacao.

Paralelamente, a busca por processos mais sustentaveis tem impulsionado o apro-
veitamento de residuos como matérias-primas para a sintese de materiais de alto valor
agregado. No caso de materiais destinados ao controle de hemorragias, residuos ricos
em calcio despertam interesse particular devido ao papel fundamental desempenhado
por esse elemento na cascata de coagulacao. Assim, a utilizacao de residuos representa
nao apenas uma alternativa ambientalmente favoravel, mas também uma oportunidade
para a obtencao de materiais com propriedades potencialmente relevantes para aplicagdes
hemostaticas.

Entretanto, é preciso salientar que a hemostasia representa apenas a primeira
etapa da resposta fisiologica desencadeada apds uma lesdo. A progressao adequada do

processo de cicatrizacao depende de uma série de eventos subsequentes, incluindo o controle
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de infecgoes, fundamental para a manutencao de um ambiente favoravel a regeneracao
tecidual. Nesse contexto, a crescente preocupacao com a resisténcia microbiana tem
estimulado a busca por alternativas aos antibioticos convencionais. Entre elas, destaca-se
o emprego de metais com atividade antimicrobiana: ao contrario dos antibiéticos, que
normalmente atuam sobre alvos especificos, os metais podem afetar simultaneamente
diferentes componentes celulares, dificultando o surgimento de microrganismos resistentes.

Além disso, processos bioldgicos raramente ocorrem de forma isolada. A contencao
do sangramento, o controle de infecgoes e a regeneracao tecidual constituem etapas interli-
gadas da resposta do organismo a uma lesao. Essa interdependéncia conduz naturalmente
ao conceito de multifuncionalidade, que tem se consolidado em diferentes areas da ciéncia
de materiais como uma estratégia para integrar multiplas propriedades em um tnico
sistema. No contexto biomédico, a combinac¢ao entre hemostasia e agao antimicrobiana
surge como uma abordagem promissora para o desenvolvimento de materiais destinados
ao tratamento emergencial de ferimentos.

Com essas consideracoes, esta tese de doutoramento estd organizada em trés
capitulos principais. No Capitulo 2, apresentamos a fundamentacao tedrica necessaria para
contextualizacao do estudo desenvolvido, abordando conceitos relacionados a hemorragias,
agentes hemostaticos, ciéncia de materiais, controle de infecgoes e materiais multifuncionais.
Os Capitulos 3 e 4 apresentam dois artigos cientificos publicados por nosso grupo de
pesquisa durante a execucgao deste projeto. No Capitulo 3, exploramos a sintese de silicatos
de célcio a partir de residuos de casca de ovos empregando diferentes agentes direcionadores
de estrutura, discutindo a influéncia dessas moléculas sobre as fases cristalinas obtidas e
suas propriedades hemostaticas. No Capitulo 4, investigamos a modulagao quimica de
zeodlitas do tipo Faujasita por meio de troca i6nica com metais de interesse biomédico,
buscando integrar agao hemostatica a agdo antimicrobiana. Por fim, sdo apresentadas as

conclusoes gerais obtidas a partir dos resultados discutidos ao longo da tese.




Capitulo 2

Fundamentacao Tedrica

Como mencionado, o primeiro capitulo desta tese de doutoramento apresenta a funda-
mentacao tedrica necessaria para contextualizar os temas abordados ao longo do trabalho.
Inicialmente, serao apresentados os conceitos de hemorragia e sua relevancia estatistica
como problema de satide, bem como a hemostasia enquanto mecanismo fisiolégico res-
ponsavel pelo controle do sangramento. Em seguida, exploraremos algumas classes de
materiais com potencial hemostatico, suas propriedades fisico-quimicas e a forma com que
essas caracteristicas se relacionam com o desempenho biologico observado. Os materiais
silicatos, especialmente zedlitas e argilas, serao discutidos com mais afinco, por estarem
mais fortemente relacionados aos materiais explorados em nosso grupo de pesquisa e nos
trabalhos expostos nos capitulos seguintes.

Considerando que processos biologicos raramente ocorrem de maneira isolada, dis-
cutiremos como a hemostasia se integra as etapas subsequentes da resposta fisiologica
desencadeada por uma lesdao. Serda abordada a importancia do controle de populagoes
patogénicas no sitio lesionado para garantir a progressao adequada do processo de cica-
trizacao e favorecer a regeneracao tecidual. A partir dessa perspectiva, serao apresentados
materiais com potencial antimicrobiano, seus principais mecanismos de acao, propriedades
e aplicacoes atualmente exploradas na literatura.

Por fim, discutiremos brevemente como o conceito de multifuncionalidade tem se
consolidado em ciéncia de materiais e como ele se aplica ao desenvolvimento de materiais
para aplicacoes biomédicas. Sera dada atencao especial a integracao entre atividade
hemostatica e atividade antimicrobiana, as estratégias empregadas para sua obtencao e
aos desafios e oportunidades que atualmente orientam a evolucao desse campo de pesquisa.
Assim, a discussao apresentada neste capitulo busca contextualizar os materiais, aplicacoes
e conceitos que motivam os estudos descritos nos capitulos subsequentes.

Cabe ressaltar que os aspectos biologicos discutidos aqui nao tém a pretensao de
constituir uma revisao aprofundada dos mecanismos fisiolégicos envolvidos. Em vez disso,
eles serdo apresentados de forma panoramica, com o objetivo de contextualizar os desafios

clinicos que motivam o desenvolvimento dos materiais abordados nesta tese.
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2.1 Hemorragia

Quadros hemorréagicos sao caracterizados pela perda de sangue em decorréncia de lesoes
no sistema circulatério. Sua severidade esta diretamente relacionada ao volume sanguineo
perdido, podendo variar desde sangramentos de baixa relevancia clinica até condigoes
potencialmente fatais. Embora possam ocorrer de forma aparentemente espontanea em
decorréncia de alteragoes fisiolbgicas subjacentes (e.g. hemofilia, hipertensao arterial e
aneurismas), hemorragias geralmente estao associadas a uma causa primaria identificivel,
como traumas e complicagoes cirirgicas, frequentemente demandando intervencao médica
imediata® ®. De fato, estima-se que cerca de 35% da mortalidade associada a traumas
seja decorrente de hemorragias, sendo que entre 33 e 56% dessas mortes ocorrem antes
do atendimento hospitalar?. E importante destacar, entretanto, que a relevancia clinica
das hemorragias nao se restringe ao contexto traumatico. Como ilustrado na Figura 2.1,
complicagoes hemorragicas figuram entre as principais causas de mortalidade em diferentes

cendrios clinicos, incluindo complicacdes pés-parto e doencas do trato gastrointestinal®.

Pés-parto Trato gastrointestinal Traumas

4%

1% _—

® Hemorragia @ Faléncia de 6rgaos @ Trombose @ Sepse
@ Outros

Figura 2.1: Principais causas de morte associadas a complicagoes pos-parto,
complicagoes no trato gastrointestinal e em decorréncia de traumas fisicos. Fonte:
Adaptacao de Brenner et al.’

A perda de grande volume de sangue produz efeitos imediatos sobre diversos
processos fisiologicos, uma vez que o sistema circulatério desempenha papel central na
manutencao da homeostase. A entrega de sangue aos tecidos, por exemplo, depende de
um regime adequado de perfusdo. Para meios isotrépicos, esse regime pode ser descrito
pela Lei de Darcy, que relaciona a permeabilidade do meio (k), a viscosidade dindmica do

fluido (1) e o gradiente de pressio (VP) & velocidade superficial do fluido (@)% ™:

i- - sp (2.1)
0
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Observa-se, pela Equacao 2.1, que o vetor velocidade superficial (velocidade média
do escoamento em um meio poroso) possui mesma diregao, sentido oposto e médulo direta-
mente proporcional ao gradiente de pressao. No contexto de hemorragias, as consequéncias
dessa relagdo desenrolam-se de forma direta: a redugdo do volume sanguineo pode levar a
uma queda da pressao intravascular; a diminuicao do gradiente de pressao entre os meios
intravascular e intratissular causa uma diminui¢do (em mddulo) da velocidade superficial;
por fim, o comprometimento da entrega de sangue aos tecidos resulta em hipoperfusao
tecidual®.

Além de limitar a entrega de oxigénio aos tecidos, a hipoperfusao reforca esse
comprometimento por uma segunda via. E sabido que o transporte de oxigénio do
sangue para os tecidos ocorre majoritariamente por difusao, processo descrito pela Lei
de Fick, segundo a qual o fluxo difusivo de oxigénio (j ) é diretamente proporcional ao
gradiente de concentracao (ﬁC’) entre duas regides’. Quando o suprimento sanguineo
de determinada regiao torna-se insuficiente, a concentracdo de oxigénio nos capilares
locais diminui gradualmente em razao do consumo celular continuo. Como consequéncia,
reduz-se a diferenca de concentracao entre o sangue e o tecido, tornando o gradiente
vC progressivamente menor. Como esse gradiente constitui a for¢a motriz da difusao, o
fluxo de oxigénio tende a diminuir (f — 0), podendo resultar em hipéxia tecidual local®.
Quando os efeitos da perda de sangue tornam-se sistémicos, manifestando-se, por exemplo,
por meio de hipotensao arterial e hipoperfusao generalizada, estabelece-se o quadro clinico
conhecido como choque hipovolémico, condi¢cao grave que demanda controle imediato do
sangramento e, em muitos casos, reposicao volémica ou transfusao sanguineas’ 10,

Paralelamente, a perda de grande volume de sangue pode induzir o organismo a
um estado de choque, no qual a perfusao de érgaos vitais é priorizada em detrimento de
funcdes fisiologicas consideradas menos criticas. Como consequéncia, pode ocorrer uma
desaceleragao global do metabolismo celular e um comprometimento da distribuicao de
calor, favorecendo o desenvolvimento de quadros de hipotermia. A reducdo da temperatura
corporal, por sua vez, prejudica diversos processos bioquimicos envolvidos na coagulagao
sanguinea, estabelecendo um ciclo de retroalimentacao positiva que tende a agravar o
quadro hemorrégico (a chamada “triade letal”: hipotermia, acidose e coagulopatia)nfl?

Diante das consequéncias fisioldgicas associadas a perda sanguinea, a rapida con-
tengao do sangramento torna-se fundamental para a manutencao da homeostase. Essa
funcao é desempenhada por um conjunto de mecanismos biolégicos especializados conheci-

dos coletivamente como hemostasia.

2.2 Hemostasia

Hemostasia é o nome dado ao conjunto de processos fisioldgicos desencadeados apos uma

lesao vascular com o objetivo de limitar a perda de sangue e restabelecer a integridade
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do sistema circulatorio. O resultado final desse processo é a formacao de um coagulo,
constituido por uma rede tridimensional de fibrina que atua como suporte estrutural para o
aprisionamento de células sanguineas, incluindo plaquetas, hemacias e leucécitos'. Dessa
forma, o coagulo atua como uma barreira fisica capaz de reduzir a perda de sangue até
que o vaso lesionado seja reparado.

Atualmente, dois modelos principais sdao empregados para descrever o processo

15,16 No modelo

hemostatico: o modelo de cascata de coagulacao e o modelo celular
classico de cascata, a coagulagao é apresentada como uma sequéncia de eventos bioquimicos
interdependentes, frequentemente descrita de forma linear. Ja o modelo celular enfatiza
a participacao coordenada de diferentes tipos celulares e reconhece que diversas etapas
da coagulacao ocorrem simultaneamente e de forma integrada. Embora o modelo celular
represente uma descricao mais moderna e fisiologicamente mais proxima da realidade, o
modelo de cascata permanece amplamente utilizado por sua simplicidade conceitual e
valor didatico.

Considerando que os estudos apresentados nesta tese se limitam majoritariamente
a experimentacao in vitro, a descricao da coagulacao sanguinea por meio da cascata de
coagulacao representa uma aproximagao adequada para a discussao dos resultados obtidos.
Por essa razao, a apresentacao tedrica desenvolvida nas proximas sec¢oes sera baseada nesse

modelo.

2.2.1 Cascata de coagulacao

O modelo de cascata de coagulacao foi proposto em 1964 em dois artigos cientificos
publicados independentemente por Davie e Ratnoff'” e Macfarlane'®. Nesse modelo, a
coagulacao sanguinea é interpretada como uma sequéncia de eventos bioquimicos inter-
dependentes, em que a ativagao de um componente desencadeia a ativagao do préximo,
em um mecanismo frequentemente descrito como “efeito domin6”. Embora tenha sido
refinado ao longo das décadas para incorporar novos conhecimentos sobre a fisiologia da
coagulacdo, sua estrutura conceitual permanece amplamente preservada'®. No modelo de
cascata, a hemostasia ¢ tradicionalmente dividida em duas etapas: hemostasia primaria e
hemostasia secundéria.

Assim como no modelo celular, a coagulacao é descrita com base na participacao de
fatores de coagulacao e cofatores, muitos dos quais circulam no plasma sanguineo na forma
de proenzimas e sdo convertidos para suas formas ativas apés o inicio da hemostasia®.
Convencionalmente, esses componentes sao identificados por algarismos romanos (e.g. fX,
referente ao fator X). A Tabela 2.1 apresenta os principais fatores de coagulacao e suas
respectivas funcoes, para fins de contextualizacao.

A hemostasia primaria inicia-se imediatamente apds a lesdo vascular. Nesse estagio,

ocorre vasoconstri¢cao local, reduzindo o fluxo sanguineo para a regiao afetada. Parale-
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Tabela 2.1: Fatores de coagulacao, seus nomes alternativos e descrigoes, para fins de

clareza.
Fator Nome Alternativo Descricao
e Proteina solavel convertida em fibrina pela
I Fibrinogénio .
trombina
11 Protrombina Proenzima convertida em trombina
Fator Tissular (fT . . , ..
111 ator Z1ssu ar.( ), Glicoproteina presente nas células subendoteliais
Tromboplastina
v Tons Ca?t Cofator essencial para varias etapas da coagulacao
A% Fator 1labil Cofator que atua junto ao fator Xa
VI - Designacao original do fator Va
VII Proconvertina Ativado pelo fator Tissular; inicia a via extrinseca
VIII Fator anti-hemofilico A Cofator do fator IXa; deficiéncia causa hemofilia A
X Fator de Christmas; fator Atua com o fator VIIIa; deficiéncia causa hemofilia
anti-hemofilico B B
X Fator de Stuart_Prower Ativado por vias extrinse@ e intrinseca; ativa a
trombina
Antecedente d
XI ! ece' ente ca L. Ativa o fator IX; deficiéncia causa hemofilia C
tromboplastina plasmética
Ati fator XI; i
XI1 Fator de Hageman tiva o E.L 9r ; 1mPortante .em.test'es
laboratoriais, mas nao essencial in vivo
XTI Fator estabilizador da. fibrina Realiza ligacoes cruzade.ts. entre mt?leculas de fibrina
para estabilizar o coagulo

Fonte: Adaptacio de Park e Park?!

lamente, o fator de von Willebrand (fvW), uma proteina multimérica presente tanto no
plasma quanto no subendotélio, promove a adesao de plaquetas ao colageno exposto da
matriz extracelular por meio de receptores especificos presentes em sua superficie?> 2!, Esse
evento desencadeia a ativagao plaquetaria, processo caracterizado por alteracoes estruturais,
funcionais e bioquimicas que convertem as plaquetas de componentes circulantes passivos
em participantes ativos da resposta hemostética®”.

E importante ressaltar que, em condic¢oes fisiolégicas normais, o colageno subendo-
telial permanece inacessivel aos componentes sanguineos. Isso ocorre porque o endotélio
vascular atua como uma barreira entre os meios intravascular e extravascular, impedindo
o contato direto das plaquetas com estruturas capazes de desencadear sua ativagao. Dessa
forma, a adesao plaquetaria ao colageno é uma consequéncia direta da lesdo vascular. A
Figura 2.2 apresenta uma representacao esquematica da estrutura de um vaso sanguineo

para melhor visualizacao de alguns dos componentes envolvidos nesse processo.
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Tecido conjuntivo

Tecido muscular

Tecido conjuntivo
subendotelial

Interior do vaso

Endotélio

Figura 2.2: Representacao esquematica em corte transversal da parede de um vaso
sanguineo. Fonte: Adaptacio de Jouda, Murillo e Wang?®.

A hemostasia secunddaria ocorre em seguida e corresponde a etapa em que o0s
fatores de coagulagao sao progressivamente ativados, culminando na formacao da rede
de fibrina que estabiliza o codgulo. Tradicionalmente, essa etapa é dividida em trés vias
denominadas intrinseca, extrinseca e comum. Inicialmente, acreditava-se que as vias
intrinseca e extrinseca constituiam processos independentes. Entretanto, em 1977 essa
interpretacao foi revisada apds a demonstracao de que o complexo fT:fVIla é capaz de
ativar nao apenas o fX, associado a via extrinseca, mas também o fIX, tradicionalmente
atribuido & via intrinseca®’. Essa observacio evidenciou a existéncia de interacoes entre
ambas as vias. Ainda assim, por razoes didaticas, elas serdo apresentadas separadamente
nas secoes seguintes. A Figura 2.3 apresenta um esquema simplificado da cascata de
coagulacao e das etapas envolvidas até a formacao do coagulo de fibrina.

A via extrinseca é iniciada quando o fator tecidual (fT), uma proteina transmembra-
nar presente no tecido subendotelial e exposta apds uma lesdo vascular, associa-se ao fVII
circulante ou & sua forma ativa, fVIIa®’. No plasma, o fVII encontra-se predominantemente
na forma de proenzima, embora pequenas quantidades de fVIIa também estejam presentes.
A interacao entre fT e fVII promove sua ativacdo por protedlise limitada, resultando em
uma serina protease constituida por duas cadeias ligadas por ponte dissulfeto®. Diferente-
mente de outras serina proteases da coagulacao, o fVIIa livre apresenta relativa resisténcia
aos inibidores plasmaticos, embora sua origem in vivo ainda nao seja completamente
compreendida®. O complexo fT:fVIIa, conhecido como tenase extrinseco, ancora-se a
superficie de membranas fosfolipidicas, onde atua como um potente iniciador da coa-
gulacao®. Nesse contexto, fons Ca®" exercem papel fundamental ao estabilizar o complexo
por meio da formacgao de pontes entre residuos carboxilato negativamente carregados do

fVIla (R—COQO ") e a membrana fosfolipidica, também carregada negativamente devido a
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Figura 2.3: Esquema geral da hemostasia secundaria com base no modelo de cascata de
coagulacdo. Fonte: Adaptacdo de Hoffman e Monroe®, e Smith, Travers e Morrissey™’.

presenca de grupos fosfato que encontram-se desprotonados em pH fisiolégico (PO43*).
Como consequéncia, o complexo fT:fVIIa torna-se capaz de promover a conversao do X
em fXa por protedlise limitada, estabelecendo a conexao entre a via extrinseca e a via
comum?.

A via intrinseca, também denominada via de contato, é iniciada pela ativagao
do fXII em um processo que envolve ainda o cininogénio de alto peso molecular (HK) e
a pré-calicreina plasmatica (PK)** . O contato do sangue com superficies carregadas
negativamente induz alteragoes conformacionais no fXII, resultando na formacao de
pequenas quantidades de fXITa** **. O fXIIa converte a PK em calicrefna, que por sua vez
promove a geragao adicional de fXITa. A ativacdo reciproca entre essas espécies estabelece
um ciclo de retroalimentacio positiva responsavel pela amplificaco inicial da resposta®.
O fXIIa entao converte o fXI em fXIa, que subsequentemente promove a ativacao do fIX.
Em associacdo ao fVIIIa, uma superficie fosfolipidica e fons Ca®", o fIXa forma o complexo
tenase intrinseco, responsavel pela conversiao do fX em fXa?.

A geracao de fXa marca a convergéncia das vias intrinseca e extrinseca para a
denominada via comum. Inicialmente, o fXa promove a ativagdao de pequenas quantida-
des do fV, que passa a atuar como cofator na formacdo do complexo protrombinase®.
Constituido por fXa, fVa, Ca*" e uma superficie fosfolipidica carregada negativamente,

esse complexo catalisa a conversao da protrombina (fIT) em trombina (fIla). A trombina
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ocupa posicao central na cascata de coagulacao por amplificar sua propria geracao através
da ativacao dos fatores V, VIII e XI, além de converter o fibrinogénio em monomeros
de fibrina® ¢. Esses mondémeros polimerizam-se espontaneamente, formando filamentos
insoliveis que constituem a estrutura basica do codgulo. Por fim, a trombina promove a
ativacdo do fXIIT em fXIIIa na presenca de Ca*". O fXIIIa catalisa a formacao de ligacoes
cruzadas covalentes entre moléculas adjacentes de fibrina, estabilizando a malha formada

e consolidando o codgulo no local da leséao®’.

2.3 Agentes Hemostaticos

Conforme discutido nas secoes anteriores, a rapida contencao do sangramento é um fator
determinante para a sobrevivéncia em casos de hemorragia severa. Embora o organismo
disponha de mecanismos fisiologicos capazes de promover a hemostasia, a velocidade e a
eficiéncia dessa resposta nem sempre sao suficientes para evitar complicagoes decorrentes
da perda excessiva de sangue. Nesse contexto, agentes hemostaticos sao materiais desen-
volvidos com a finalidade de auxiliar ou acelerar o processo de coagulacao, desempenhando
papel importante em procedimentos cirtargicos, atendimentos de emergéncia, medicina
militar e aplicacoes de primeiros socorros® .

Os agentes hemostaticos mais simples atuam por mecanismos essencialmente fisicos,
como absor¢ao de fluidos e obstrucdo mecanica da lesdo. Entretanto, o aprofundamento do
conhecimento acerca dos mecanismos fisiolégicos da coagulagao permitiu o desenvolvimento
de materiais capazes de interagir diretamente com diferentes etapas do processo hemostatico,
favorecendo a adesao e ativagao plaquetaria, concentrando fatores de coagulagao por
absorc¢ao de fluidos, fornecendo componentes diretamente envolvidos na formacgao do coagulo
ou combinando multiplos mecanismos de acdo em um mesmo sistema*’. Como consequéncia,
uma ampla variedade de materiais tem sido explorada para essa finalidade, incluindo
polimeros naturais e sintéticos, proteinas, cerdmicas, argilas, silicatos e compésitos*'. A

Figura 2.4 ilustra alguns exemplos de agentes hemostaticos comercializados atualmente.

QuikClot HemCon Gelfoam
L Py v
) — )
¢ . )
LHEMCOL : St
g &

%
T X625 oy

" ey

ChitoGauze XRZ P

1

\

“J

Figura 2.4: Exemplos de agentes hemostaticos comerciais baseados em diferentes classes
de materiais: zedlitas e argilas (QuikClot), quitosana (HemCon) e gelatina (GelFoam).
Fonte: Autoria prépria.
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Figura 2.5: Classes de materiais hemostaticos e alguns de seus principais representantes.
Fonte: Adaptacido de Gheorghits et al.*®

Sob a perspectiva do mecanismo de agdo, agentes hemostaticos sao frequentemente
classificados como ativos, passivos ou hibridos*?. Os agentes ativos contém componentes bi-
ologicamente funcionais, como trombina ou fibrinogénio, capazes de participar diretamente
das etapas da coagulacio sanguinea e acelerar a formacio do codgulo®™ ** Em contraste,
agentes passivos dependem predominantemente de suas propriedades fisicas para promover
a hemostasia, atuando por mecanismos como absorc¢ao de fluidos, concentracao local de
plaquetas e fatores de coagulagio, e tamponamento mecinico da lesao® *7. Os agentes
hibridos combinam caracteristicas de ambas as abordagens, buscando integrar diferentes
mecanismos de a¢do em um unico material.

Outra forma comum de classificacao baseia-se na natureza quimica dos materiais
empregados. Sob essa perspectiva, agentes hemostaticos podem ser agrupados em materiais
organicos e inorgénicos (Figura 2.5). Embora essa divisdo seja simplificada, ela é particular-
mente util para discutir as relagoes entre composicao quimica, propriedades fisico-quimicas
e mecanismos de atuagdo. Nas secoes seguintes serdao apresentadas algumas das principais
classes de agentes hemostaticos organicos e inorganicos descritas na literatura, com énfase

naquelas mais diretamente relacionadas aos materiais investigados nesta tese.

2.3.1 Agentes hemostaticos organicos

Os agentes hemostaticos organicos sao representados majoritariamente por materiais
poliméricos. Assim, é preciso, inicialmente, fazer uma distin¢ao entre os polimeros naturais
e os polimeros sintéticos, uma vez que suas propriedades fisico-quimicas e interagdo com o

ambiente biologico dependem diretamente de sua origem e estrutura quimica.
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Figura 2.6: Estrutura quimica dos monoémeros da quitina e da quitosana. Fonte:
Adaptacdo de Alemu, Getachew e Mondal®”.

Os polimeros naturais mais amplamente empregados em aplicagoes hemostaticas,
de forma geral, sao os polissacarideos e proteinas estruturais, como o colageno. Os
polissacarideos sao particularmente atrativos devido a sua biocompatibilidade, baixa
toxicidade e biodegradabilidade, caracteristicas que motivaram sua utilizacao em diversas
aplicagoes biomédicas, incluindo curativos, peles artificiais, suturas absorviveis e sistemas
de liberacdo controlada de farmacos®® 5

Dentre os polissacarideos com potencial hemostatico, a quitosana aparece como
um dos materiais mais extensivamente estudados®®. Trata-se de um polimero obtido a
partir da desacetilacao parcial da quitina, ambos constituidos por unidades repetitivas
conectadas por ligacoes glicosidicas 3-(1,4). Enquanto a quitina é composta exclusivamente
por residuos de N—acetil-d-glucosamina, a quitosana contém uma fracao desses grupos
convertida em residuos de d-glucosamina, em proporc¢oes que tipicamente variam entre
aproximadamente 55 — 100% (Figura 2.6)°".

Embora os mecanismos responsaveis pela acdo hemostatica da quitosana ainda
nao sejam completamente compreendidos, evidéncias experimentais indicam que suas
propriedades cationicas desempenham papel central nesse processo™ °®. Diferentemente
da maioria dos polissacarideos naturais, a quitosana apresenta grupos amino protonaveis,
o que a torna um dos poucos polimeros naturais cationicos amplamente disponiveis® .
Em contrapartida, é sabido que as superficies de eritrécitos e plaquetas apresentam carga
liquida negativa devido a presenca de grupos anidnicos em glicoconjugados, como residuos
de 4cido sidlico, e em fosfolipidios de membrana®'™®. A interacdo eletrostética entre essas
superficies favorece a formacao de ligagoes cruzadas com os eritrocitos, resultando na
formacao do que é comumente denominado na literatura como uma “barreira mucoadesiva”,
contribuindo para a reducio do sangramento® %. De fato, diversos estudos demonstraram
que o aumento do grau de desacetilacao da quitosana resulta em maior densidade de
carga positiva e, consequentemente, em maior capacidade de agregacao de eritrocitos e

plaquetag®® 4 67,
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Figura 2.7: Estrutura quimica do alcool polivinilico (PVA). Fonte: Autoria prépria.

Ainda vale destacar como polimeros naturais de interesse para aplicacoes he-
mostaticas a celulose, o acido hialurdénico, o alginato, o colageno e a proépria fibrina
suplementada®®.

Dentre os polimeros sintéticos explorados no contexto da hemostasia e dos bioma-
teriais em geral, podemos citar o polietileno glicol (PEG), o poliuretano (PU), o alcool
polivinilico (PVA), a policaprolactona (PCL) e o éxido de polietileno (PEO)*®. Cabe desta-
car que a maioria dos polimeros sintéticos nao apresenta atividade hemostatica intrinseca.
Em vez disso, sao frequentemente empregados como matrizes, suportes estruturais ou
agentes de reticulacdo em sistemas hemostéticos mais complexos®®.

Os materiais a base de PVA (Figura 2.7), por exemplo, constituem uma das classes
mais exploradas para aplicagoes biomédicas. Este polimero foi obtido pela primeira vez

18 em 1924 a partir da hidrélise do acetato de polivinila em meio

por Herrmann e Haehne
alcodlico alcalino e, atualmente, materiais hemostéaticos a base de PVA sao frequentemente
projetados na forma de esponjas, explorando suas propriedades hidrofilicas e sua elevada
capacidade de absorcao de fluidos®® %.

Além disso, muitos desses materiais podem ser processados na forma de hidrogéis
apos a selecao de um agente reticulante adequado. A pectina, por exemplo, é um
polissacarideo aniénico abundantemente encontrado em cascas de frutas citricas que tem
sido explorado em aplicacoes biomédicas™ ™. Sua estrutura é composta majoritariamente
por residuos de acido galacturonico ligados por ligagoes glicosidicas a-(1,4), cujo grau
de metoxilagao influencia diretamente suas propriedades fisico-quimicas. Pectinas de
baixo grau de metoxilagao (low methoxyl pectin, LDM), por exemplo, apresentam elevada
densidade de grupos carboxila que se encontram predominantemente desprotonados em pH
fisiologico (pKa ~ 3.5)75. Essa caracteristica permite sua reticulagao por cations divalentes
ou trivalentes, que interagem com residuos de acido galacturonico formando zonas de
juncéo conhecidas como “egg-box”, como ilustrado na Figura 2.8 . O resultado é a
formagao de uma rede tridimensional capaz de reter grandes quantidades de agua, isto é,
um hidrogel. Materiais dessa natureza nao somente atuam na hemostasia, mas também sao
particularmente interessantes para aplicagoes em cicatrizacao devido a sua capacidade de
manter um ambiente imido e mimetizar, em certa medida, aspectos da matriz extracelular,
favorecendo adesdo celular, ancoragem tecidual e recrutamento celular®.

E importante notar que parametros como massa molar, grau de reticulagao e
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Figura 2.8: Representacao esquematica do modelo de reticulacao “egg-box” entre
moléculas de pectina e fons divalentes de célcio (Ca*"). Fonte: Adaptacao de
Vigneswararajah, Thavarajah e Fernando®

caracteristicas estruturais especificas de cada polimero, como o grau de desacetilagao no
caso da quitosana, podem influenciar significativamente suas propriedades fisico-quimicas
e, consequentemente, sua resposta bioldgica. Dessa forma, tais pardmetros devem ser cui-
dadosamente ¢ onsiderados durante o desenvolvimento de materiais destinados a aplicagoes

biomédicas.

2.3.2 Agentes hemostaticos inorganicos

Diversos materiais inorganicos tém sido investigados no contexto da biomedicina, ainda
que, de forma geral, possam ser agrupados em categorias como ceramicas cristalinas,
biovidros e alétropos de carbono. Em comparacao com materiais organicos, destacam-se
por sua elevada estabilidade quimica e por sua resisténcia a degradac¢ao microbiologica,
caracteristicas que frequentemente resultam em maior durabilidade e manutencao de suas
propriedades ao longo do tempo.

O uso medicinal de argilas remonta a antiguidade, sendo documentado em dife-
rentes civilizagoes para finalidades terapéuticas diversas, incluindo aplica¢oes cutaneas
e tratamento de feridas®®. Ainda assim, a introducdo de materiais inorganicos como
agentes hemostaticos comerciais ¢é relativamente recente. Um marco importante ocorreu
no inicio do século XXI com a introdugdo do QuikClot®, um agente hemostatico granular
cuja formulacao original era baseada em zedlitas do tipo LTA (Linde Type A; Figura
2.9). O material foi desenvolvido para o controle emergencial de hemorragias traumaticas,
particularmente em cendrios militares. De fato, ha relatos na literatura acerca da utilizacao

pratica do QuikClot durante a Guerra do Iraque (2003), evidenciando sua eficicia no
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Figura 2.9: Representacao do framework da zedlita LTA, principal componente da
formulagao original do agente hemostéatico comercial QuikClot. Fonte: International
Zeolite Association (IZA)**

controle de sangramentos graves em condicoes de campo™.

A acdo hemostatica das zedlitas esta associada a diversas de suas propriedades
fisico-quimicas. A primeira caracteristica a se destacar é sua elevada capacidade de
adsorcao de agua. Algumas espécies zeoliticas sao extremamente hidrofilicas e atuam
como peneiras moleculares, adsorvendo rapidamente moléculas de agua no local da lesao.
Como consequéncia, ocorre um aumento local da concentragao de fatores de coagulacao,
plaquetas e eritrécitos, favorecendo a formacao do codgulo e acelerando a hemostasia® 7,
Adicionalmente, com o avanco dos procedimentos de sintese, tornou-se possivel a obtencao
de zedlitas em escala nanométrica, ampliando ainda mais a ja significativa reatividade desses
materiais. Isso ocorre porque a reducao do tamanho das particulas aumenta naturalmente
a razao entre atomos de superficie e atomos internos, maximizando a interface de interacao
entre o material e o meio biolgico®”. Vale destacar ainda que a presenca de fons extra-rede
possibilita a realizacao de procedimentos de troca ionica relativamente simples, como serd
discutido na Secao 2.4.1. Dessa forma, zedlitas podem ser moduladas para atuar como
reservatérios de fons de interesse biolégico, como Ca®", adicionando novos mecanismos de
acdo e possibilitando a otimizacdo de sua atividade hemostatica®’.

Outra caracteristica relevante desses materiais diz respeito a sua carga superficial.
De fato, Ostomel et al.®® observaram em 2006 que éxidos bésicos, como o ZnO, cujo
ponto isoelétrico encontra-se acima do pH fisiolgico do sangue (pH ~ 7.4), tendem a
apresentar comportamento anticoagulante. Em contrapartida, éxidos acidos, como a silica
e diversas zeodlitas, cujo ponto isoelétrico encontra-se abaixo do pH sanguineo, tendem
a exibir comportamento pré-coagulante®®, embora os mecanismos responséaveis por esse
fendmeno nao fossem completamente compreendidos a época. Recentemente, Shang et
al.® propuseram que a acao hemostética de superficies zeoliticas negativamente carregadas

estava relacionada ao conceito de proteina corona. Nesse fenomeno, proteinas plasmaticas
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Figura 2.10: Ilustracao esquematica da proteina corona. Circulo menor corresponde a
“Hard Corona” e circulo maior corresponde a “Soft Corona”. Fonte: Adaptacao de
Garcia-Alvarez e Vallet-Regi®!

interagem com a superficie do material por forcas eletrostaticas. Essa camada pode ser
subdividida em uma regiao mais fortemente ligada & superficie (“Hard Corona”) e outra
mais dindmica e fracamente associada (“Soft Corona”), como representado na Figura
2.10%.

No caso das zedlitas, foi observado que a adsorcao proteica favorece a organizacao
dos fatores Xa e Va na forma do complexo protrombinase, responsavel pela conversao
de protrombina em trombina, sobre a superficie zeolitica. Curiosamente, a atividade
catalitica desse complexo mostrou-se superior a observada quando sua montagem ocorre
sobre superficies plaquetarias, efeito atribuido a alteragoes conformacionais induzidas pela
interacdo com a superficie do material®. Sob essa perspectiva, foi proposto que as zedlitas
podem servir como verdadeiras “plaquetas inorganicas”, capazes de participar ativamente
da coagulacao sanguinea.

Apesar do potencial das zedlitas na aceleracdo da coagulacdo sanguinea, a principal
limitagao de seu uso estd relacionada ao calor liberado durante a adsorcao de agua. Como
demonstrado por Ostomel et al.”?, o calor de hidratacdo da zeélita LTA ¢é da ordem de
680 J g1, fazendo com que a hidratacio completa do material possa elevar a temperatura,
local para valores préximos a 100 °C. Em aplicagoes hemostaticas, esse aquecimento pode
causar danos térmicos aos tecidos adjacentes®” %> 9. Isso motivou o desenvolvimento de
novas formulacoes e, atualmente, o QuikClot® emprega materiais argilosos, especificamente
o caolim, em substituicdo as zedlitas originalmente utilizadas®. Devido & sua baixa
porosidade, o caolim nao atua através da adsorcao de agua e concentracao dos fatores
de coagulagao, mas sim através da interagao direta com o fXII, proteina responsavel por
iniciar a via intrinseca da cascata de coagulacao” .

Os materiais argilosos foram usados pela primeira vez em contexto militar, devido

a sua acao proé-coagulante e a combinagao de propriedades favoraveis, como estabilidade
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Figura 2.11: Estrutura da argila montmorilonita. A montmorilonita possui estrutura
lamelar, sendo cada camada constituida por duas folhas de silica em coordenacgao
tetraédrica, e uma folha central de alumina em coordenagao octaédrica. Agua e cations de
superficie penetram entre camadas adjacentes, causando a expansao do material. Fonte:
Adaptacao de Sachs-Barrable, Darlington e Wasan'%

fisico-quimica, facilidade de producao e auséncia de componentes de origem humana ou

1977

animal”” *. Diversos produtos hemostaticos baseados em minerais argilosos receberam

aprovacao da Food and Drug Administration (FDA) nas ultimas décadas para utilizacao
em primeiros socorros no campo de batalha”® %.

Algo interessante a se destacar acerca das argilas é que algumas delas apresentam
capacidade de expansdo apés absorcao de dgua, como ocorre com a montmorilonita'®® 1,
Esse comportamento esta relacionado a sua estrutura lamelar e a presenca de carga
negativa permanente nas camadas, resultante da substitui¢ao isomoérfica de fons de maior
valéncia por fons de menor valéncia na rede cristalina. Em particular, substituicées de AI**
por Mg®" ou Fe*™ em sitios octaédricos, bem como de Si*™ por AI*" em sitios tetraédricos,
geram um excesso de carga negativa que precisa ser compensado por cations localizados
entre as lamelas, como Na®, KT e Ca?"'%2. Como esses cdtions encontram-se relativamente
fracamente ligados a estrutura, moléculas de agua podem penetrar na regiao interlamelar,
causando uma expansao (Figura 2.11)'%2. Essa capacidade de inchamento favorece a
absorcao de fluidos e pode contribuir para sua acdo hemostéatica'®®.

Por fim, cabe mencionar brevemente os alétropos de carbono. Foi demonstrado por
Semberova et al.'® que nanotubos de carbono de parede tinica podem promover agregacio
plaquetaria, interagir com multiplos fatores de coagulacao e reduzir o tempo necessario

1 106

para formacao de coagulos. Em um estudo posterior, Sokolov et a observaram que

nanotubos funcionalizados com grupos carboxilicos reduziam significativamente o tempo
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de coagulacdo do plasma pobre em plaquetas. Entretanto, esse efeito desaparecia em
plasma deficiente no fator XI, sugerindo que sua agao estava associada principalmente a
ativacdo por contato da cascata de coagulacio, e ndo a agregacao plaquetaria’®®. Mais
recentemente, nanofibras de carbono super-hidrofébicas também foram investigadas como
agentes hemostéticos'®”. Diferentemente de materiais que atuam por absorcao de fluidos,
essas estruturas parecem acelerar a formacao de fibrina sem promover a concentragao
local dos componentes sanguineos. Adicionalmente, seu carater hidrofébico reduz a adesao
bacteriana, contribuindo para a prevencio de infeccoes'®.

Nesta tese de doutoramento daremos enfoque aos silicatos, principal classe de mate-
riais explorada em nosso grupo de pesquisa. Suas caracteristicas estruturais, propriedades

e métodos de obtencao serao discutidos nas se¢oes seguintes.

2.4 Silicatos

Os silicatos constituem a classe mais abundante de minerais da crosta terrestre, correspon-
dendo a aproximadamente 60% de sua composi¢do em massa. Representam uma das mais
amplas e versateis classes de materiais, sendo definidos pela presenca de unidades estru-
turais formadas por tetraedros de silicio e oxigénio, [SiO4]* ' "°. Nessa configuracao,
cada tetraedro é composto por um atomo central de silicio coordenado a quatro atomos
de oxigénio dispostos em geometria tetraédrica, como ilustrado na Figura 2.12. Apesar
da simplicidade dessa unidade estrutural, diferentes formas de conectividade entre os
tetraedros originam uma enorme diversidade de estruturas cristalinas e propriedades fisico-

quimicas, conferindo aos silicatos grande relevancia em aplicagoes industriais, tecnoldgicas
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Figura 2.12: Representacio esquematica do tetraedro [SiO4)*", unidade estrutural
fundamental dos silicatos. Fonte: Adaptacdo de Shamiryan et al.''°

e biomédicas

Do ponto de vista estrutural, os silicatos sao tradicionalmente classificados de
acordo com o grau de compartilhamento de vértices entre tetraedros adjacentes. Essa

classificacdo dé origem a diferentes subclasses mineralogicas, descritas a seguir.

o Nesossilicatos: Constituem a subclasse estruturalmente mais simples dos silicatos.
Sao caracterizados pela presenca de tetraedros [8104]47 isolados, nos quais os atomos

de oxigénio permanecem coordenados exclusivamente ao atomo central de silicio. A
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estabilidade estrutural é garantida pela interacao eletrostatica entre esses tetraedros
e fons como Mg*", Fe?™, Ca®" e AI>", que ocupam posicdes intersticiais na rede

cristalina!'®’.

e Sorossilicatos: Caracterizam-se pela presenca de pares de tetraedros conectados
por um dtomo de oxigénio compartilhado, formando a unidade estrutural [Si,O;]°"
(Figura 2.13). Diferentemente das subclasses mais polimerizadas, essas unidades
permanecem isoladas entre si e sao conectadas estruturalmente por espécies iOnicas,

de maneira andloga ao observado nos nesossilicatos®.

Figura 2.13: Unidade estrutural [Si,07]®  caracteristica dos sorossilicatos, formada pelo
compartilhamento de um atomo de oxigénio entre dois tetraedros adjacentes. Fonte:
Adaptacao de Klein e Dutrow'"

o Ciclossilicatos: Apresentam unidades estruturais organizadas na forma de anéis
fechados de tetraedros conectados pelo compartilhamento de vértices. Dependendo
do ntmero de tetraedros participantes, podem formar estruturas do tipo [81309]6*,
[Si4015]® ou [SigOys]™? ", todas caracterizadas pela razdo atéomica O/Si = 3 (Figura
2.14)109. A ligacao entre anéis adjacentes é promovida por espécies i6nicas que atuam

como elementos de estabilizacao estrutural.

Figura 2.14: Exemplo de arranjo ciclico caracteristico dos ciclossilicatos. Os circulos
azuis representam atomos de silicio e os circulos vermelhos representam atomos de
oxigénio. Fonte: Adaptacéo de Klein e Dutrow'"

o Inossilicatos: Sao caracterizados pela formacao de cadeias extensas de tetraedros

geradas pelo compartilhamento de dois ou trés atomos de oxigénio por unidade
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estrutural (Figura 2.15). Essas cadeias podem ocorrer na forma simples, tipica dos
piroxénios, ou dupla, caracteristica dos anfib6lios. Em ambos os casos, a coesao
entre cadeias vizinhas é promovida pela presenca de espécies ionicas localizadas entre

elas'®.

Cadeia simples

Figura 2.15: Arranjos em cadeia observados em inossilicatos, resultantes da
polimerizagao de tetraedros por compartilhamento de atomos de oxigénio. Os circulos
azuis representam atomos de silicio e os circulos vermelhos representam atomos de
oxigénio. Fonte: Adaptacéo de Klein e Dutrow"

o Filossilicatos: Correspondem aos chamados sheet silicates, caracterizados pela
formagao de estruturas lamelares bidimensionais (Figura 2.16). Nesses materiais,
cada tetraedro compartilha trés de seus vértices com tetraedros vizinhos, originando
folhas extensas compostas por anéis poligonais interconectados. A interacao entre
camadas adjacentes ocorre por meio de espécies ionicas e grupos hidroxila presentes

na estrutura, conferindo a esses materiais seu cardter lamelar caracteristico'®.

o Tectossilicatos: Apresentam o mais elevado grau de polimerizacao dentre os silicatos.
Nesses materiais, todos os vértices de cada tetraedro podem participar do comparti-
lhamento com tetraedros adjacentes, resultando em uma rede tridimensional continua
denominada framework. As zedlitas, um dos grupos de tectossilicatos de maior re-
levancia industrial, consistem em materiais inorganicos cristalinos cuja estrutura
aberta e porosa é formada pela polimerizacdo de unidades [SiO4] e [AIO4] 1% 112,

Dentre as subclasses descritas, os filossilicatos e tectossilicatos merecem atencao
particular no contexto deste trabalho. E a essas classes que pertencem as argilas e as
zellitas, materiais amplamente explorados em aplicagoes biomédicas e que serao discutidos

em maior profundidade nas se¢oes seguintes.
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Figura 2.16: Exemplo de arranjo lamelar caracteristico dos filossilicatos, resultante da
polimerizacao bidimensional dos tetraedros estruturais. Os circulos azuis representam
atomos de silicio e os circulos vermelhos representam atomos de oxigénio. Fonte:
Adaptacao de Klein e Dutrow'®

2.4.1 Zeolitas

O primeiro mineral zeolitico, a estilbita, foi descrito em 1756 por Axel Fredrik Cronstedst,
mineralogista sueco que observou a liberagao de vapor quando o mineral era submetido a
aquecimento. Esse fendmeno decorria da dessorcao da agua previamente retida em sua
estrutura, levando Cronstedt a cunhar o termo “zedlita”, derivado das palavras gregas zeo
(ferver) e lithos (pedra), em alusdo ao aparente comportamento de “ebulicio” apresentado
pelo material quando aquecido™®. Atualmente, mais de 200 estruturas cristalinas zeoliticas
distintas ja foram identificadas, das quais aproximadamente 40 ocorrem naturalmente,
enquanto as demais sdo obtidas por métodos sintéticos® ', Entre as espécies naturais
mais conhecidas destacam-se a clinoptilolita e a chabazita, ao passo que, entre as sintéticas,
podemos citar as zedlitas A, X e Y34 115116

As zedlitas apresentam a polimerizacao tridimensional tipica dos tectossilicatos e
sao tradicionalmente descritas como aluminossilicatos cristalinos microporosos. A presenca
de aluminio advém da substitui¢ao isomoérfica de atomos de silicio por aluminio, razao pela
qual seus tetraedros constituintes sdao frequentemente representados pela notacao TO,, em
que T corresponde a um &tomo de Si ou Al (como a distribui¢ao dessas substitui¢oes na
rede cristalina é, em geral, aleatéria, os tetraedros de aluminio costumam ser omitidos

)117. Cabe destacar, entretanto, que nao ha na literatura

nas ilustragoes estruturais
uma definicao tnica e universalmente aceita de zedlitas. Ha, por exemplo, zedlitas
sintéticas e naturais compostas exclusivamente por tetraedros de silicio™® °. Embora
nao contenham aluminio, esses materiais ainda sao classificados como zedlitas em virtude
da caracteristica que melhor define essa classe de materiais: a presenca de uma estrutura
cristalina tridimensional aberta e porosa. Para compreender a origem dessa porosidade, é
necessario analisar a forma como os tetraedros se organizam na rede cristalina.

Nas zedlitas, os tetraedros TO, associam-se formando arranjos geométricos recorren-



Capitulo 2. Fundamentacao Teérica 42

tes denominados unidades secundérias de construcio (Secondary Building Units; SBUs)™°.
Essas unidades podem assumir diferentes configuragoes estruturais, incluindo anéis simples,
anéis duplos, poliedros e arranjos mais complexos, que se conectam de diferentes maneiras
para originar sistemas tridimensionais de canais e cavidades (note que a célula unitari de
uma zedlita contém sempre um niimero inteiro dessas unidades estruturais)*'”. Atualmente,

sdo reconhecidos 23 tipos distintos de SBUs (Figura 2.17)%,

3 4 6 8 12
(5) (71) (51) (24) (5)
Spiro-5 4-4 6-6 8-8
(2) (4) (10) (3)
41 4-[1,1] 1-4-1 4-2
(13) (5) (7) (23)
=1 4-4- 4-4=1
3 (4) (3)
5-1 5-[1,1] 1-5-1 -
(25) (2) (4) (10)
6-2 2-6-2 6*1
(16) (16) (4)

Figura 2.17: Unidades secundarias de construgao (SBUs) que compoem estruturas
zeoliticas. Fonte: Adaptacdo de Moshoeshoe, Nadiye-Tabbiruka e Obuseng'”

A combinacao dessas unidades é responsavel pela formagao da rede porosa carac-
teristica das zedlitas (Figura 2.18). De fato, o nimero de tetraedros que compode um
determinado anel influencia diretamente as dimensoes das aberturas formadas, de modo
que anéis constituidos por um maior niimero de tetraedros tendem a originar poros de
didmetro maior'?! 122,

Voltando a composicao quimica das zedlitas, uma consequéncia direta da substi-
tuicdo de Si*"T por AI*" diz respeito ao balanco de cargas da estrutura. Devido ao menor
numero de oxidacao do aluminio em relagao ao silicio, os tetraedros de aluminio apresentam
carga liquida negativa (—1e). Essa carga negativa é compensada pela presenca de espécies
cationicas que ocupam os poros e cavidades da estrutura, denominadas cations de com-
pensacdo ou fons extra-rede (por exemplo, Na*, K, NH, " HT, Ca?", Sr*T e Mg2+)123’ 124
De forma analoga, a incorporacao de elementos com ntimero de oxidag¢ao superior ao do
silicio, como o fésforo (P™°) poderia, a principio, levar a formacao de estruturas com
carga positiva, demandando a presenca de espécies anionicas de compensacao. Esses fons,

embora participem da estabilizacao eletrostatica da estrutura cristalina, encontram-se
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Figura 2.18: Unidades estruturais resultantes de combinacoes entre as SBUs e
estruturas zeoliticas formadas. Fonte: Adaptacio de Weitkamp'?°

fracamente ligados a rede e podem ser facilmente substituidos por outras espécies ionicas
por meio de processos denominados troca iénica (Figura 2.19)"4 129,

Considere, por exemplo, a zedlita Faujasita. Nessa estrutura, ocorre frequentemente
a substituicao isomoérfica de Si por Al, e a razao entre esses elementos determina a
classificagdo de seus andlogos sintéticos como zedlita X (1.0 < % < 1.5) ou zedlita Y
(3 > 1.5)"*". Considerando que o ntimero N; de cétions de compensacdo (NOX = z;) é

diretamente proporcional ao niimero de dtomos de aluminio na rede (N4;), de forma que
ZZzNz = NAl; (22)

conclui-se que zedlitas com maior teor de aluminio apresentam maior densidade
de carga negativa na rede cristalina e, consequentemente, maior capacidade de troca
ionica. Dessa forma, a zedlita X tende a apresentar maior sensibilidade a processos de
troca ionica quando comparada a zedlita Y, caracteristica que influencia diretamente
suas propriedades fisico-quimicas. Note que, apesar da substitui¢ao de Si por Al ser a
mais comum em materiais zeoliticos, ela nao é a tnica possibilidade. De fato, existem na
literatura estruturas em que outros elementos ocupam posigoes tetraédricas da rede (e.g.
Titt, B3, Qadt)128 129,

Com relagao as propriedades elétricas de superficie, materiais zeoliticos tendem a
apresentar carga liquida negativa em ampla faixa de pH, conforme discutido na sec¢ao 2.3.2.
A primeira vista, poderia ser tentador atribuir essa carga exclusivamente a substituicao

isomorfica de Si por Al. Entretanto, como discutido anteriormente, a carga negativa do
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Figura 2.19: Representacao esquematica de troca idnica em zedlita Faujasita. Fonte:
Adaptacéao de Tekin e Bac'®

framework é compensada pela presenca de cations extra-rede, de modo que sua contri-
buicao direta para a carga superficial liquida nao seja imediatamente evidente (ainda que
potencialmente haja uma contribui¢cao devido a mobilidade desses ions, o que pode gerar
desbalancos de carga)'®. Na verdade, este comportamento é geralmente atribuido & pre-
senca de grupos silanol (Si—OH) de superficie, que podem sofrer desprotonacao originando
sitios Si— O 113 Evidéncias nesse sentido podem ser encontradas no comportamento
eletrocinético do quartzo, por exemplo (apesar de ser um tectossilicato denso, e ndo uma

135 observaram

zeblita). Ao investigarem seu potencial zeta, Vidyadhar, Kumari e Bhagat
valores negativos mesmo em pH préximo de 2. Como o quartzo consiste essencialmente em
SiO, e nao apresenta substituicdo isomérfica significativa, a origem desse potencial elétrico
deve estar associada aos grupos quimicos presentes na superficie. Embora a extrapolagao
para materiais zeoliticos deva ser feita com cautela, esse resultado sugere que a quimica
superficial desempenha papel importante na determinacao das propriedades eletrostaticas
de silicatos. Cabe destacar, entretanto, que a acidez desses grupos depende fortemente
de seu ambiente quimico local, nao sendo possivel estabelecer um tnico valor de pK,
representativo para todas as estruturas zeoliticas. Embora existam relativamente poucos
estudos dedicados a caracterizagao acido-base desses sitios (em silicatos cristalinos, de
forma geral), Horvath e Dolnik'®% identificaram, na superficie do quartzo, grupos silanol
acidos (pK, = 2.5), neutros (pK, = 6.4) e levemente béasicos (pK, = 8.8).

Em virtude de suas caracteristicas estruturais e quimicas, os materiais zeoliticos
encontram aplicagoes em diversos setores, incluindo agricultura, catalise, separacao de
gases, remediacdo ambiental e, obviamente, biomedicina'* 71 Algumas topologias,
entretanto, destacam-se por sua ampla utilizacao tecnolégica e relevancia econdmica. Essas
estruturas sao frequentemente agrupadas sob a denominacao Big Five, expressao utilizada
para designar cinco das topologias zeoliticas mais exploradas comercialmente: FAU (e.g.
Faujasita), MOR (e.g. Mordenita), BEA (e.g. Beta), FER (e.g. Ferrierita) e MFI (e.g.
ZSM-5) (Figura 2.20)™*!
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Figura 2.20: Representacao das topologias zeoliticas frequentemente agrupadas sob a
denominacgao Big Five devido a sua ampla utilizacao tecnolégica e comercial. A topologia

BEC é apresentada como modelo estrutural relacionado a zedlita Beta. Fonte: Adaptacgao
de Baerlocher, McCusker e Olson®.

2.4.2 Argilas

As argilas sao filossilicatos tradicionalmente descritos como aluminossilicatos, assim como
as zeodlitas. No entanto, é importante distinguir o papel desempenhado pelos atomos
de aluminio em cada uma dessas classes. Enquanto nas zedlitas sua presenca decorre,
predominantemente, da substituicao isomorfica de dtomos de silicio nos tetraedros da
rede, nas argilas o aluminio encontra-se, em geral, compondo folhas octaédricas da prépria
estrutura cristalina (Figura 2.21). Assim, embora ambas sejam constituidas essencialmente
por silicio, oxigénio e aluminio, esses elementos desempenham fungdes estruturais distintas
em cada material. Note, entretanto, que isso nao significa que fenémenos de substituicao
isomorfica estejam ausentes em argilas. Assim como ocorre em zedlitas, atomos de Si*"
podem ser substituidos por AI*" nas folhas tetraédricas, enquanto cations como Mg?",
Fe*™ ou Fe*™ podem substituir parcialmente o aluminio nas folhas octaédricas. Essas
substituicoes alteram o balanco de cargas da estrutura e estao diretamente relacionadas
a presenca de cargas permanentes nas lamelas, bem como a capacidade de troca ionica
apresentada por diversos minerais argilosos!*® 143,

A estrutura cristalina das argilas é formada, essencialmente, pela associagao
periddica de dois tipos de unidades “bidimensionais”: folhas tetraédricas (T'), constituidas
pelos tetraedros de SiO, (como se esperaria para filossilicatos), e folhas octaédricas (O),
compostas por cations como AT, Mg®™ ou Fe* coordenados a seis 4tomos de oxigénio

e/ou grupos hidroxila. O oxigénio “livre” de cada tetraedro estabelece a ligagao entre
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Figura 2.21: Atomo de aluminio em coordenacgao octaédrica, como observado em
minerais argilosos. Fonte: Adaptacio de Selvamohamed et al.'**

ambas as folhas, originando as unidades lamelares caracteristicas desses materiais'*® 45,
Dependendo da sequéncia de empilhamento dessas folhas, dois arranjos estruturais princi-
pais definem a regiao intralamelar: 70 (1:1) e TOT (2:1), conforme ilustrado na Figura
2.22.

Folha tetraédrica

Folha tetraédrica
Folha octaédrica

Folha octaédrica
Folha tetraédrica

TO )

TOT

Figura 2.22: Estrutura lamelar de minerais argilosos 70O (1:1) e TOT (2:1). Fonte:
Adaptacio de Sivakugan'*®

Nos minerais do tipo TO, cada folha tetraédrica encontra-se fortemente ligada a
uma folha octaédrica por ligages de hidrogénio na regiao interlamelar. Como consequéncia,
praticamente nao ocorre intercalacao de dgua ou de espécies quimicas entre as lamelas,
conferindo baixa capacidade de expansao e reduzida capacidade de troca idnica. A caulinita
(Figura 2.23) constitui o exemplo mais representativo dessa classe!".

Nas argilas do tipo T'OT, por outro lado, cada folha octaédrica encontra-se “prensada”
entre duas folhas tetraédricas. As interacoes entre lamelas adjacentes sao significativamente
mais fracas e, comumente, ocorrem por meio de cations de compensac¢ao presentes no
espaco interlamelar. Essa caracteristica permite a intercalagao de moléculas de agua e de
diferentes espécies quimicas, possibilitando expansao da estrutura, fenémeno conhecido
como inchamento (swelling)143’ 17 Observe que a presenca desses ctions de compensacio
pressupde que cada lamela possua carga permanente negativa, que originaria-se justamente
da substituicao isomérfica de Si** por fons de menor valéncia (e.g. AlI**, Fe*™) nas folhas
tetraédricas, ou mesmo de substitui¢oes andlogas nas folhas octaédricas (e.g. AP —

Mg®t, APt — Fe?™).
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Figura 2.23: Estrutura cristalografica da caulinita, evidenciando seu carater lamelar. Os
tetraedros de silicio estao representados em azul, e os a&tomos de aluminio em coordenacao
octaedrica em azul claro. Os atomos de hidrogénio estao representados em amarelo, e as
pontes de hidrogénio em linhas pontilhadas. Fonte: Elaborado pelo autor utilizando o
software VESTA a partir do arquivo CIF obtido de Grazulis et al.'®.

A montmorilonita pode ser citada como um dos principais representantes desse
grupo (Figura 2.11). Pertencente a familia das esmectitas, sua estrutura apresenta
substitui¢oes isomoérficas tanto nas folhas tetraédricas quanto nas octaédricas, gerando
carga negativa permanente nas lamelas. Essa carga é compensada por cations, como Na™
e Ca’", localizados na regido interlamelar, os quais permanecem relativamente fracamente
ligados & estrutura e podem ser facilmente substituidos por outras espécies idnicas'*®. De
maneira analoga ao discutido para as zedlitas, a presenca desses ions de compensacao
confere & montmorilonita alta capacidade de troca i6nica (de até 1500 mmol, kg™ ")'** %1,

Além disso, a presenca de cations de compensacao na regiao interlamelar confere a
essa regiao carater hidrofilico, devido a interagao eletrostatica entre a carga positiva desses
ions e o dipolo permanente das moléculas de dgua. A hidratacdo dessas espécies promove a
expansao das lamelas e aumenta o espacamento basal do material®®. Essa caracteristica ¢
amplamente explorada por meio de processos de intercalacao, nos quais diferentes espécies
quimicas, como sais inorganicos, fons metélicos, aminas quaternarias, polimeros, farmacos,
aminoacidos, proteinas e surfactantes, sao introduzidas entre as lamelas com o objetivo
de aumentar o espagamento basal, modificar propriedades fisico-quimicas ou possibilitar
a liberacao controlada de moléculas de interesse!™ 171, Cabe destacar, entretanto, que
a intercalagdo nao é uma caracteristica exclusiva das esmectitas. Argilas do tipo TO,
como a caulinita, também podem ser submetidas a esse tipo de modificacao, embora a

forte rede de ligacoes de hidrogénio entre suas lamelas possa demandar estratégias mais
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elaboradag!®3 199 156,

Em argilas do tipo TOT que nao apresentam substitui¢ao isomorfica significativa,
as lamelas sao eletricamente neutras e, portanto, nao hé cations de compensacao ocupando
o espago interlamelar. Nessas condigoes, a interagao entre lamelas adjacentes ocorre predo-
minantemente por forcas de van der Waals. Esse é o caso do talco (MgsSigOy(OH)y)™ .
A baixa intensidade dessas interagoes facilita o cisalhamento entre as lamelas, resultando
em baixo coeficiente de atrito e dire¢oes preferenciais de deslizamento, caracteristicas que
justificam seu emprego tradicional como lubrificante sélido"®.

Podemos notar, portanto, que o comportamento das argilas ¢ fortemente influenci-
ado por sua estrutura cristalina e pelas interacoes decorrentes de sua organizacao estrutural.
O arranjo em camadas, as substituicoes isomorficas e a presenca de cargas estruturais
determinam propriedades como a capacidade de troca ionica, a interacdo com moléculas e
ions, a hidratacao interlamelar e capacidade de expansao. Essas caracteristicas, associadas
a elevada area superficial, boa biocompatibilidade, baixa toxicidade e possibilidade de
modificacdo quimica, tornam esses materiais particularmente atrativos para aplicagoes
farmacéuticas e biomédicas, incluindo sistemas de liberacao controlada de farmacos, en-
genharia de tecidos, agentes antimicrobianos e materiais hemostéticos!*® 147 152 159, 160,
Convém destacar que os parametros apresentados nesta secao representam apenas carac-
teristicas gerais dos principais grupos de minerais argilosos e sao suficientes para estabelecer
uma visao comparativa de suas propriedades. Entretanto, o comportamento de um material
especifico pode ser influenciado por diversos outros fatores estruturais, como a distribuicao
e a natureza das substitui¢coes isomorficas, a presenca de vacancias cristalinas, defeitos

estruturais, e etc.

2.5 Sintese de silicatos

Nas se¢oes anteriores foram discutidas as principais caracteristicas estruturais e fisico-
quimicas dos silicatos, com énfase nas zedlitas e argilas. Também foi mostrado, na secao
2.3.2, que esses materiais apresentam amplo potencial para aplicacoes biomédicas, além
de encontrarem utilizacao consolidada em diferentes setores industriais. A consolidacao
dessas aplicagoes esta diretamente relacionada ao desenvolvimento de métodos sintéticos
capazes de produzir materiais com composi¢ao, estrutura cristalina, densidade de defeitos,
porosidade e morfologia controladas, uma vez que essas caracteristicas determinam, em
grande medida, suas propriedades fisico-quimicas e, consequentemente, seu desempenho
em cada aplicacdo de interesse 8% 161163,

Os primeiros estudos sistematicos sobre a sintese de silicatos foram conduzidos por

14 1o final da década de 1940, por meio da transformacéo hidrotermal de fases

Barrer
minerais em presenca de diferentes sais para preparo de zedlitas'®. Poucos anos mais

tarde, Breck et al.'® revolucionaram esse campo ao substituir precursores minerais por
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géis altamente reativos e condi¢oes brandas de cristalizagao, estratégia que possibilitou a
sintese de diversas novas estruturas zeoliticas, incluindo as zedlitas A e X, e estabeleceu as
bases da sintese moderna desses materiais'®® 1%

Embora silicatos possam ser obtidos por diferentes rotas sintéticas, incluindo
processos no estado sélido'® e sintese assistida por micro-ondas'™, métodos de quimica sol-
gel seguidos por cristalizacao hidrotérmica permanece como uma das principais estratégias
para a obtencao de silicatos cristalinos (Figura 2.24)1717173. De forma geral, esse processo
consiste na dispersao em meio aquoso dos precursores de silicio assim como os outros
reagentes que comporao o meio reacional, originando um sistema coloidal (sol) que evolui,
por sucessivas reacoes de hidrolise e condensacao, para uma rede tridimensional continua

162
(gel)™.
amorfo cuja composicao quimica, grau de polimerizag¢ao e organizacao local influenciam

No contexto da sintese de zedlitas, esse gel silicatico constitui um precursor

diretamente a nucleacdo e a cristalizacio'®" %2, A cristalizacio ocorre comumente através
de tratamento hidrotérmico (Figura 2.24), processo que consiste na cristalizacao de espécies
silicaticas em meio aquoso, com fornecimento de energia via calor e, frequentemente, em

sistemas fechados nos quais a pressao autdgena favorece a dissolucao, reorganizacao e

crescimento das fases cristalinas'®® 1™,
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Figura 2.24: Etapas de um tipico processo de sintese hidrotermal via quimica sol-gel.
Fonte: Adaptacdo de Derbe, Temesgen e Bitew!™

O produto obtido depende simultaneamente de diversos parametros experimentais,
incluindo a composicao do gel de sintese, a natureza das fontes de silicio e aluminio, o pH
do meio reacional, a concentracao de agentes mineralizantes, a temperatura, o tempo de
cristalizagdo e o envelhecimento do gel precursor. A interacao entre esses fatores determina
tanto a fase cristalina formada quanto propriedades como tamanho de cristal, grau de
cristalinidade, composicdo quimica e defeitos estruturais > 193, Dentre os diversos fatores
envolvidos na sintese hidrotermal de silicatos, dois merecem destaque especial no contexto
desta tese. O primeiro corresponde ao emprego de agentes direcionadores de estrutura,
fundamentais para o controle da cristalizacdo e da topologia obtida. O segundo diz respeito
ao desenvolvimento de rotas sintéticas ambientalmente mais sustentaveis, motivadas pela
crescente busca por processos capazes de reduzir custos, consumo energético e impacto
ambiental sem comprometer as propriedades dos materiais obtidos. Esses aspectos serdao

discutidos nas secoes seguintes.
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2.5.1 Agentes direcionadores de estrutura

Dentre os diversos parametros capazes de influenciar a cristalizacdo de materiais silicatos,
o emprego de agentes direcionadores de estrutura (Structure-Directing Agents; SDAs)
representa um dos fatores mais importantes na determinacao da topologia cristalina
obtida ao final da sintese. Em termos gerais, os SDAs consistem em espécies quimicas,
frequentemente organicas, capazes de interagir com as unidades silicaticas presentes no
gel de sintese e direcionar sua organizacao durante o processo de nucleagao e crescimento.
Reforcando o que foi mencionado na sec¢ao anterior, esse fendmeno de direcionamento
estrutural ndo atua de forma isolada, mas em conjunto com outros parametros do meio
de sintese!™®. Também cabe ressaltar que, dentre os materiais silicaticos, a denominacio
SDA é empregada predominantemente na literatura de zedlitas, embora existam relatos de
sua utilizacdo na sintese de materiais lamelares, por exemplo'’". Daremos destaque nessa
secao, portanto, a literatura de materiais zeoliticos.*

Historicamente, a utilizagao de moléculas organicas como agentes direcionadores
representou um marco no desenvolvimento de silicatos sintéticos. Embora os primeiros
estudos sobre sintese de silicatos remontem aos trabalhos pioneiros de Barrer'®®, foi somente
em 1961 que Barrer e Denny'™ demonstraram o emprego de aminas quaternarias durante
a sintese de zedlitas, estabelecendo uma estratégia que permanece como um dos principais
fundamentos da sintese moderna desses materiais'™® '™,

Os SDAs podem atuar por diferentes mecanismos durante a cristalizagao. Um
dos mais importantes consiste na complementaridade estereoquimica e energética entre
a molécula orgénica e a estrutura em formacao, de modo que o SDA estabiliza prefe-
rencialmente determinadas cavidades e unidades estruturais, fenémeno tradicionalmente
associado ao denominado template effect'™. Como consequéncia, essas espécies favorecem
a formacao de topologias especificas, influenciando caracteristicas como a conectividade da
rede cristalina e as dimensées dos poros'™.

A eficiéncia com que um SDA exerce essas fungoes depende de suas caracteristicas
moleculares, incluindo geometria, tamanho, carga, rigidez conformacional, polaridade e
hidrofobicidade. Esses parametros governam as interacoes entre a molécula orgéanica e
as espécies presentes no gel precursor, afetando tanto a nucleagao quanto o crescimento
cristalino. Dessa forma, o desenvolvimento racional de novos agentes direcionadores tornou-
se uma estratégia fundamental para acessar estruturas inéditas ou de dificil obtencao, bem
como para controlar as propriedades estruturais dos silicatos sintetizados'®! 182,

Um exemplo ilustrativo do efeito direcionador dessas moléculas pode ser observado
na sintese do material zeolitico SAPO-37, um silicoaluminofosfato que cristaliza na topo-

83

logia FAU'®. Como demonstrado por Saldarriaga, Saldarriaga e Davis'®, esse material

*Na sintese de argilas, essas espécies quimicas sdo comumente utilizadas como intercaladores, exercendo
papel distinto.
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Figura 2.25: Sintese do material zeolitico SAPO-37 (FAU) utilizando a estratégia de
co-templating: moléculas de TPA™ direcionam a formacdo das supercages, enquanto
moléculas de TMA™ direcionam a formacdo das gaiolas sodalita. Fonte: Pour e Sebakhy

185
pode ser obtido por meio da estratégia denominada co-templating, na qual dois ou mais
agentes direcionadores atuam de maneira cooperativa durante a cristalizacao, favorecendo
simultaneamente a formacao de diferentes unidades secundérias de construgao (SBUs) que
compodem a estrutura final. Durante a sintese, os autores empregam simultaneamente os
cations TMA™ (tetrametilamonio) e TPA™ (tetrapropilaménio) como agentes direciona-
dores (Figura 2.25). Devido as diferengas em suas dimensoes moleculares, cada espécie
apresenta maior afinidade por uma cavidade especifica da estrutura FAU. O cétion TPA™T,
de maior volume molecular, favorece a formacao das supercages, enquanto o cation TMA™,
significativamente menor, direciona preferencialmente a formacio das gaiolas sodalita'®?,
Dessa forma, a arquitetura tridimensional caracteristica da topologia FAU emerge da

atuacgao cooperativa desses dois agentes direcionadores. Essa seletividade também se

manifesta na cristalizacdo em relagdo a composicao do meio reacional. Em particular, a

TMAT
TPAT

nessa razao faz com que o sistema passe a favorecer a cristalizacao de outras fases, como

razao molar constitui um parametro critico para a obtencdo do SAPO-37. Variagoes

SAPO-20 e SAPO-5, evidenciando que pequenas alteragdes na natureza ou na concentracao
dos SDAs podem modificar significativamente o caminho de cristalizacio'®*.

A presenca de agentes direcionadores organicos também mostrou-se indispenséavel
para a obtencao de zedlitas com elevadas razoes %. Como esses cations apresentam menor
densidade de carga do que os pequenos cations inorganicos, eles sao menos eficientes em
compensar as cargas negativas na estrutura. Assim, a cristalizacao tende a favorecer
estruturas que requerem menor compensacao eletrostatica, o que resulta em uma menor
incorporacio de d&tomos de Al na rede cristalina'®! %% 16 Esge efeito pode ser ilustrado pela
evolucao da familia LTA. Na sintese dessa zedlita, a utilizacao de cations tetrametilamonio
(TMA™) permitiu elevar a razio % de 1 para 3, indicando que a incorporagao de aluminio
a rede cristalina é reduzida na presenca do SDA organico'®”. Posteriormente, substituindo

parte do TMA™ por cations tetraetilamonio (TEA™), de maior volume molecular, foi
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possivel elevar essa razao para aproximadamente 9, originando a zedlita UZM-9'7. A
influéncia dos SDAs sobre a composi¢ado quimica da rede tornou-se ainda mais evidente
com a obtencao da zedlita I'TQ-29, uma LTA de puro silicio (% — 00), sintetizada por
meio da utilizacdo de um SDA supramolecular 5.

Como mencionado, os SDAs também podem ser empregados para controlar as
dimensoes dos poros produzidos durante a cristalizacao. As zedlitas convencionais sao
materiais intrinsecamente microporosos (didmetro de poro < 2nm), caracteristica que
frequentemente limita sua aplicacdo em processos envolvendo moléculas grandes'®®. Dessa
forma, a obtencao de zeédlitas contendo poros largos e extralargos, formados por anéis
de 14T, 18T, 20T, 28T e 30T, tornou-se uma das principais estratégias para contornar
essas limitacoes 159191,

Uma das maneiras de racionalizar a propriedade “porogénica” de um SDA consiste
em relacionar seu tamanho com sua composicao quimica. No caso de aminas quaternarias,
por exemplo, uma estimativa inicial pode ser obtida pela razdo entre o niimero de atomos
de carbono e o nimero de atomos de nitrogénio (%) Investigando a sintese de germanossi-
licatos, Jiang et al.'®? observaram que SDAs relativamente pequenos (ou mesmo de grande
tamanho, mas flexiveis) tendem a direcionar a formacao das chamadas estruturas padrao
(default structures), como Beta, ITQ-7 e ITQ-17. Em contrapartida, & medida que SDAs
mais rigidos e progressivamente maiores foram empregados, estruturas significativamente
mais abertas passaram a ser obtidas. Enquanto os menores SDAs estudados (% =13 ¢ 14)
produziram exclusivamente as estruturas Beta, ITQ-7 e ITQ-17, moléculas de dimensoes
ligeiramente superiores, ainda com % = 14, direcionaram a cristalizacao da zeédlita ITQ-
21, cuja densidade estrutural (framework density; FD = %) é inferior a da ITQ-17
(FD = 11.6 e 14.6, respectivamente). O aumento adicional do tamanho molecular do SDA
levou a obtencao da zedlita ITQ-44 (% = 15; FD = 10.9), caracterizada por um sistema
de poros extragrandes constituido por anéis 18 T x 12T x 12T. Utilizando outro SDA
com a mesma razao % = 15, foram obtidas simultaneamente as zedlitas I'TQ-44, ITQ-15,
contendo poros 14T x 12T, e a nova zedlita meso-microporosa [TQ-43, caracterizada
por um sistema de poros 28 T x 12T x 12T. Finalmente, o maior SDA investigado pelos
autores (% = 17) direcionou a cristalizacao da zedlita mesoporosa ITQ-37 2,

E importante destacar que, apesar dos avancos no entendimento dos mecanismos
envolvidos no direcionamento estrutural e do desenvolvimento de modelos capazes de
orientar de forma cada vez mais racional o planejamento das rotas sintéticas'®, a predicio
do efeito de um determinado SDA (assim como da interagdo entre os diversos pardmetros
envolvidos na cristaliza¢ao) ainda permanece, em grande medida, baseada em procedi-
mentos empiricos de tentativa e erro. Isso evidencia que, embora importantes progressos
tenham sido alcancados, o desenvolvimento de novas estruturas zeoliticas e de novas rotas

sintéticas continua representando um dos principais desafios da quimica de materiais.
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2.5.2 Emprego de biomassa na sintese de silicatos

A sintese de materiais envolve ndo apenas aspectos relacionados a composicao quimica e a
estrutura cristalina obtida, mas também questoes associadas ao consumo energético, a
utilizacao de matérias-primas renovaveis, a disponibilidade de recursos minerais e a geragao
de residuos ao longo do processo de producao. De fato, a sintese de silicatos a partir de
residuos de biomassa tem recebido aten¢ao crescente nas tltimas décadas, sobretudo por
possibilitar a substituicao parcial ou total de reagentes convencionais por fontes naturais,
promovendo a valorizacao de residuos agroindustriais e contribuindo para os principios
da economia circular. Além dos beneficios ambientais associados & reducgao da disposicao
de residuos em aterros ou a sua queima indiscriminada, essas estratégias podem reduzir
significativamente o custo dos precursores empregados na sintese.

De maneira geral, entende-se por biomassa toda matéria de origem bioldgica,
vegetal, animal ou microbiana, incluindo residuos provenientes da agricultura, da industria
alimenticia, da silvicultura e até mesmo de atividades urbanas'® ®*. Em razao de sua
ampla disponibilidade e renovabilidade, biomassa tem sido amplamente investigada como
fonte alternativa de energia, combustiveis, materiais carbonaceos e precursores inorganicos
de interesse tecnolégico % 195 196 Egstima-se, inclusive, que sua contribuicdo para a matriz
mundial de energia renovavel continue crescendo nas préximas décadas, impulsionando o
desenvolvimento de tecnologias capazes de converter residuos de baixo valor econémico em
produtos de maior valor agregado %% 197,

Trazendo essa abordagem para a sintese de materiais avancados, diferentes tipos de
biomassa podem atuar como fontes naturais de elementos constituintes de materiais silicatos,
ainda que, atualmente, a maior parte dos estudos concentra-se na obtencao de silica amorfa
a partir de residuos vegetais ricos em silicio. A utilizagdo de biomassa como fonte de silicio
fundamenta-se na capacidade de diversas espécies vegetais de absorver acidos silicicos
(H4S104) presentes no solo e acumula-los em seus tecidos durante o crescimento. Esse silicio
desempenha importante papel fisiologico nas plantas, aumentando sua resisténcia ao ataque
de patogenos, ao estresse salino, & toxicidade por metais e & deficiéncia hidrica '*®. Apés
tratamentos térmicos controlados, a fracdo organica pode ser removida, permanecendo
apenas a cinza rica em SiO,, frequentemente na forma amorfa, que pode potencialmente
ser empregada diretamente como precursor em sinteses hidrotérmicas ou submetida a
etapas adicionais de purificacao'®.

Diversos residuos agricolas tém sido explorados para essa finalidade, como a casca
de arroz, sabugo de milho, folhas de bambu, bagaco de cana-de-a¢ticar e casca de coco
2007203 Entre eles, a casca de arroz representa um dos exemplos mais estudados, uma vez
que corresponde a aproximadamente 20% da massa do grao e, apds combustao controlada,
origina uma cinza contendo aproximadamente 85 — 98% de SiO,, dependendo das condicoes

de calcinacio e da composicao original da biomassa®®®. A temperatura de combustio exerce
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influéncia direta sobre a reatividade desse precursor. Em geral, temperaturas inferiores
a aproximadamente 600°C preservam a silica predominantemente amorfa, enquanto
temperaturas mais elevadas favorecem sua cristalizacao, reduzindo sua solubilidade em
meio alcalino e, consequentemente, sua reatividade durante a sintese hidrotermal 2%°.
Adicionalmente, tratamentos de lixiviacao acida sao frequentemente empregados para
remover impurezas metdlicas e elevar a pureza da silica para valores superiores a 99% 2%,
A maior reatividade da silica amorfa em relacdo ao quartzo estd associada a sua estrutura
desordenada, que apresenta maior energia livre e maior susceptibilidade a dissolucao,

favorecendo a formacio de espécies reativas durante procedimentos de sintese®’.

Diversos trabalhos demonstram a viabilidade dessa abordagem. Ng et al.?"

) por
exemplo, obtiveram cinzas de folhas de bambu contendo aproximadamente 99.4% de SiOs
apos tratamentos acido e térmico, empregando esse material como tinica fonte de silicio
para a sintese hidrotérmica da zedlita A. Os autores verificaram que parametros como
composicao do gel, temperatura e tempo de cristalizacao influenciaram significativamente a
pureza da fase obtida, a morfologia e a distribuicdo de tamanho dos cristais >°". Em outro

1'208

exemplo, He et a converteram cinzas volantes (fly ashes; produzidas a partir da queima

1209) no material zeolitico sodalita por sintese hidrotérmica, obtendo um

de carvao minera
adsorvente com capacidade significativamente superior para remoc¢ao de metais pesados
quando comparado ao residuo original, demonstrando o potencial de agregacao de valor a
residuos industriais®*®.

Note que o potencial da biomassa nao se restringe a obtencao de silica. Diferentes
residuos naturais podem atuar como fontes de outros elementos constituintes dos silicatos.
Um exemplo representativo foi apresentado por Anjaneyulu e Sasikumar®'’, que sintetiza-
ram wollastonita (CaSiO3) empregando cascas de ovos como fonte de célcio e glicina como
combustivel em uma rota sol-gel seguida por calcinagao, obtendo um material monofasico
constituido por particulas nanométricas®'’. Estratégias dessa natureza evidenciam que
residuos biolégicos podem substituir simultaneamente diferentes reagentes convencionais,
ampliando o potencial da sintese sustentével de silicatos para além da simples substituicao
das fontes de silicio.

Apesar das vantagens apresentadas, a utilizacao de biomassa ainda impde desafios
relevantes. A composicao quimica desses residuos pode variar significativamente em fungao
de sua origem, dos processos bioldgicos envolvidos em sua formagao e dos tratamentos
aplicados antes de sua utilizagdo. Essa variabilidade pode dificultar a reprodutibilidade das
rotas sintéticas quando se deseja obter materiais de composicao rigorosamente controlada,
especialmente em sistemas em que a cristalizacao é particularmente sensivel a composicao
do meio reacional. Nesses casos, pequenas quantidades de espécies imprevistas podem
interferir na especiacdo em soluc¢ao, na cinética de nucleag¢ao, no crescimento cristalino
e, consequentemente, favorecer a formacao de impurezas. Ainda assim, a literatura

atual demonstra que o aproveitamento de biomassa representa uma das estratégias mais
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promissoras para o desenvolvimento de rotas sustentaveis de sintese, conciliando redugao de
impactos ambientais, valorizacao de residuos e producao de materiais avancados destinados

as mais diversas aplicagoes tecnoldgicas e biomédicas.

2.6 Cicatrizacao: Processos pds-hemostasia

A formagao do coagulo ndo marca o fim da resposta fisioldgica a uma lesdo, mas o inicio de
uma série de eventos coordenados destinados ao restabelecimento da integridade tecidual.
Uma vez estabelecida a hemostasia, inicia-se o processo de cicatrizacao, tradicionalmente
dividido em trés etapas: inflamagao, proliferacdo e maturacao. Como ilustrado na Figura

2.26, essas fases nao ocorrem de forma estritamente sequencial, havendo periodos de

concomitancia®'!.
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Figura 2.26: Etapas do processo de cicatrizacao. Fonte: Adaptacdo de Przekora®!!

A fase inflamatoria (Figura 2.27) constitui a primeira etapa do processo de ci-
catrizacao e dura aproximadamente de 1 — 6 dias. Nesse periodo, células do sistema
imune, como neutroéfilos e mondcitos, sao recrutadas para o local da lesdo em resposta a
citocinas pré-inflamatérias e quimiocinas liberadas por plaquetas e células danificadas®'?.
Os neutrofilos atuam inicialmente na remocao de restos celulares e microrganismos por
fagocitose. Em seguida, os mondcitos diferenciam-se em macréfagos, que dao continuidade
a esse processo e passam a secretar fatores de crescimento, como o fator de crescimento
derivado de plaquetas (PDGF) e o fator de crescimento transformador beta (TGF-{3),
preparando o microambiente para a fase proliferativa?!?,

A fase proliferativa (Figura 2.27) ocorre aproximadamente entre 4 — 21 dias apés a
lesao e caracteriza-se pela formagao do tecido de granulacao. Nesse estagio, fibroblastos,
queratinocitos e células endoteliais sao ativados por fatores de crescimento, como o fator
de crescimento endotelial vascular (VEGF) e o TGF - p*? 4 Os fibroblastos migram

para a regiao lesionada e iniciam a sintese de colageno tipo III e de outros componentes da

matriz extracelular. Paralelamente, a angiogénese, mediada principalmente pelo VEGF,
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Figura 2.27: Representagao simplificada das fases do processo de cicatrizacao. Fonte:
Adaptacio de Gushiken et al.?!?

promove a formacao de novos vasos sanguineos, assegurando o suprimento de oxigénio e
nutrientes necessarios & intensa atividade celular caracteristica dessa fase?'".

[ sabido que fons Zn*" desempenham papel relevante ao longo de todo o processo de
cicatrizacdo, participando da modulacao da resposta inflamatoria e da atividade de diversas
enzimas antioxidantes. Entretanto, sua atuacao torna-se particularmente importante
durante a fase proliferativa. Esses fons participam da ativagao e proliferacao de fibroblastos
e queratindcitos e atuam como cofatores de enzimas envolvidas na replicacao de DNA e
na sintese proteica, processos fundamentais para a proliferacao celular?'® ?'7. Além disso,
o zinco regula a atividade das metaloproteinases da matriz (MMPs), responsaveis pela
remodelacao da matriz extracelular e pela criacao de condigoes favoraveis ao crescimento
celular®”. Como consequéncia, deficiéncias desse elemento podem comprometer a sintese
de colageno, retardando a formacao de tecido de granulacao e a reepitelizacao.

A fase de maturacao (Figura 2.27), também denominada fase de remodelacao,
corresponde a etapa final do reparo tecidual. Inicia-se aproximadamente 21 dias apds a
lesao e pode se estender por meses ou até anos. Durante esse periodo, o coldgeno tipo III
inicialmente depositado é gradualmente substituido por colageno tipo I, que confere maior
resisténcia mecénica ao tecido?'®. Simultaneamente, a matriz extracelular é remodelada
pela acao das MMPs, enquanto miofibroblastos promovem a contracao da ferida. O
excesso de vascularizagao ¢é progressivamente reduzido e o tecido cicatricial adquire suas

caracteristicas finais®'®,

2.7 Controle de infeccoes

Como discutido anteriormente, o processo de cicatrizacdo consiste em uma sequéncia

coordenada de eventos bioldgicos que envolvem inflamacao, proliferagdo e maturagao. A
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presenca de microrganismos no sitio lesionado pode interferir diretamente nessas etapas,
uma vez que a resposta inflamatéria desencadeada pela infec¢ao tende a permanecer ativa
por periodos prolongados, levando a producao excessiva de espécies reativas, enzimas
proteoliticas e mediadores inflamatérios que comprometem a migracao celular, a deposicao
de matriz e a reorganizacao do tecido recém-formado. Dessa forma, além do dano
inicial causado pela propria lesao, a colonizagao microbiana pode transformar o processo
regenerativo em um estado inflamatério persistente, retardando o fechamento da ferida e
favorecendo o desenvolvimento de feridas cronicas®'? 22°.

Via de regra, os mesmos ferimentos abertos associados a hemorragias sao parti-
cularmente suscetiveis a contamina¢ao microbiana, uma vez que a ruptura da barreira
epitelial expoe tecidos internos a microrganismos presentes no ambiente. De fato, toda
ferida torna-se contaminada logo apods sua formacao. Entretanto, a simples presenca
de microrganismos nao implica, necessariamente, o estabelecimento de uma infeccao. A
evolucao do estado microbiologico da ferida é atualmente descrita pelo conceito de wound
infection continuum, que estabelece uma progressao continua desde a contaminacao até a
infeccao sistémica??" ?*2. Durante as fases iniciais, os microrganismos permanecem restritos
a superficie da lesdo e coexistem com o hospedeiro sem provocar resposta inflamatoéria
significativa. Contudo, com o avanco da colonizacao microbiana inicia-se a invasao tecidual
e surgem manifestagoes clinicas de infec¢ao, como eritema, secrecao purulenta e atraso
na cicatrizagao. Caso esse processo nao seja controlado, a infeccao pode disseminar-se
para tecidos adjacentes ou alcangar a circulacao sanguinea e linfatica, distribuindo-se pelo
corpo todo?3722%,

Embora avancos significativos tenham sido alcangados no controle de agentes infecci-
osos por meio do desenvolvimento de terapias antimicrobianas, a eficicia desses tratamentos
tem sido progressivamente comprometida pelo aumento da resisténcia microbiana. Segundo
a Organizagdo Mundial da Saude (OMS), a resisténcia antimicrobiana representa uma das
principais ameacas a saude global, uma vez que microrganismos anteriormente suscetiveis
a determinados agentes terapéuticos passaram a apresentar suscetibilidade reduzida ou

resisténcia completa aos tratamentos disponiveis®2.

Os impactos desse fendmeno sao
particularmente relevantes em ambientes hospitalares, nos quais a alta concentracao de
pacientes imunocomprometidos, a realizacao frequente de procedimentos invasivos e a
utilizagao de dispositivos médicos favorecem a disseminagao de patégenos. Como con-
sequéncia, infecgoes associadas ao atendimento hospitalar (Healthcare-Associated Infections;
HAIs), incluindo infecgdes relacionadas a implantes, cateteres e feridas cirturgicas, sao
frequentemente responsaveis por complicagoes clinicas, prolongamento das internagoes e
aumento dos custos hospitalares®*" 228,

Desde a descoberta da penicilina em 1928 por Alexander Fleming, o controle de
infecgoes esteve fortemente associado ao emprego de antibidticos, moléculas capazes de

interferir em processos essenciais para a sobrevivéncia bacteriana, como sintese da parede
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celular, replicacdo do DNA, sintese proteica e metabolismo energético®®”. Entretanto, o uso
intensivo e, muitas vezes, indiscriminado desses compostos exerceu forte pressao seletiva
sobre populag¢oes microbianas, favorecendo a sele¢ao e disseminac¢ao de mecanismos de
resisténcia. Em geral, antibioticos convencionais de baixa massa molecular sao projetados
para atuar sobre um unico alvo molecular ou uma tunica via bioquimica essencial ao
microrganismo®". Esse mecanismo de acdo altamente especifico, baseado em um tnico
alvo molecular os torna particularmente vulneraveis ao surgimento de resisténcia, uma
vez que alteragdoes em um Unico alvo molecular podem ser suficientes para comprometer
sua atividade. De fato, a primeira observacao de resisténcia a penicilina foi relatada em
1940 por Abraham e Chain®*!, apenas doze anos apés sua descoberta e antes mesmo de
sua ampla introducdo na pratica clinica®’. A resisténcia foi identificada em uma cepa da
bactéria B. coli, e foi atribuida a producao de uma enzima que a época recebeu o nome
pouco criativo de penicilinase, capaz de hidrolisar a penicilina. Poucos anos depois, cepas
hospitalares de Staphylococcus aureus resistentes a penicilina j& haviam sido identificadas®?,
marcando o inicio de um problema que se intensificaria nas décadas seguintes. Atualmente,
estima-se que a resisténcia antimicrobiana seja responsavel por aproximadamente 700 mil
mortes anuais e que esse nimero possa atingir 20 milhoes de mortes por ano até 2050,
caso medidas efetivas nio sejam adotadas®? 2%,

Além do surgimento de resisténcia antimicrobiana, muitas terapias antimicrobianas
convencionais apresentam limitacoes relacionadas a dificuldade de alcancar populacoes
bacterianas organizadas em biofilmes ou microrganismos sequestrados no interior das
células hospedeiras®®. Para fins de contextualizacdo, biofilmes consistem em comunidades
estruturadas de microrganismos aderidas entre si e a uma superficie, envolvidas por uma
matriz extracelular composta por polissacarideos, proteinas, lipidios e acidos nucleicos
extracelulares?®” 23®. Embora possam ser constituidos por uma tnica espécie, sao frequen-
temente formados por comunidades microbianas multiespécies®’. Essa organizacio confere
aos microrganismos um microambiente protetor que dificulta a difusao de agentes antimi-
crobianos, reduz sua suscetibilidade a agdo do sistema imune e favorece o estabelecimento
de infecgoes persistentes.

Diante desse cendrio, diversos compostos vém sendo investigados como alternativas
ou complementos aos antibidticos convencionais, dentre os quais podemos destacar os

metais?i® 241,

2.7.1 DMetais

Os ifons metalicos desempenham papel fundamental nos processos biolégicos de pratica-
mente todos os organismos vivos. Em bactérias, enzimas contendo sitios metalicos catali-
sam aproximadamente metade de todas as reagoes bioquimicas, tornando indispensavel

a manutencao da homeostase desses elementos em uma estreita faixa de concentracao:
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suficientemente alta para suprir as demandas metabdlicas, mas baixa o bastante para evitar
efeitos téxicos**2. Embora o conhecimento acerca da participacio dos metais nos processos
celulares permaneca em constante evolugao, sabe-se atualmente que os metais de transicao
da primeira série (manganés (Mn), ferro (Fe), cobalto (Co), niquel (Ni), cobre (Cu) e zinco
(Zn)) sao essenciais para a maioria dos organismos 243 Essa dependéncia é tao marcante que
o proprio sistema imunologico do hospedeiro a explora como mecanismo de defesa contra
infec¢oes por meio da modulacao da disponibilidade desses elementos, fen6meno conhecido

12447

como imunidade nutricional®** ?*". Um exemplo é a proteina lipocalina, responsével por

dificultar a aquisicao de ferro pelas bactérias ao sequestrar os sideréforos utilizados para

248 De forma semelhante, a calprotectina promove a

capturar esse metal no ambiente
restricao de manganés nos sitios de infecgéoMg, enquanto mecanismos adicionais, como a
quelacao extracelular e o transporte intracelular desse elemento, também contribuem para
reduzir sua disponibilidade ao redor das bactérias invasoras®** 2°°.

A estreita relagdo entre metais e metabolismo microbiano faz com que esses elemen-
tos sejam explorados terapeuticamente hé milhares de anos®'. No inicio do século XX, por
exemplo, o composto arsenical Salvarsan tornou-se o primeiro tratamento efetivo para a
sifilis, doenca bacteriana causada por Treponema pallidum®?. Da mesma forma, compostos
a base de antimoénio vém sendo empregados ha séculos no tratamento da leishmaniose,
permanecendo os antimoniais pentavalentes [Sb(V)] como uma das principais opgoes te-
rapéuticas para essa doenca®?® 2>, Esses exemplos ilustram que a utilizacdo de metais com
finalidade antimicrobiana antecede em muito o desenvolvimento dos antibiéticos modernos
e continua despertando interesse no desenvolvimento de novos agentes terapéuticos. A di-
versidade de metais atualmente investigados para aplicagoes antimicrobianas é apresentada
na Figura 2.28, que destaca os elementos presentes em compostos submetidos ao programa
CO-ADD (Community for Open Antimicrobial Drug Discovery) até o ano de 2020.

De maneira geral, a atividade antimicrobiana dos metais distingue-se por seu carater
multifacetado. Diferentemente da maioria dos antibioéticos convencionais, cuja acao esta
associada a inibicdo de um alvo molecular especifico, espécies metélicas sdo capazes de
interferir simultaneamente em diferentes processos celulares, comprometendo a integridade
estrutural da célula, o metabolismo energético e a estabilidade de biomoléculas essenciais.
Como consequéncia, a aquisicdo de resisténcia torna-se significativamente mais complexa,
uma vez que a sobrevivéncia bacteriana passa a depender da adaptacao simultanea a
multiplos mecanismos de toxicidade®.

Dentre os diversos metais investigados para aplicacoes antimicrobianas, a prata
merece destaque tanto sob a perspectiva historica quanto em aplicagoes biomédicas

256-259

contemporaneas Atualmente, compostos a base de prata sao empregados em

uma ampla variedade de produtos médicos, incluindo curativos, pomadas, cateteres e

60

revestimentos para dispositivos biomédicos?®®. Embora a prata possa ser incorporada

sob diferentes formas quimicas, considera-se que sua atividade antimicrobiana decorra
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23 24 25 26 30 31

V| Cr Fe i Zn | Ga
50941 | 51996 | 54,938 ! , 65,38 69,72

44 45 [ 47 48 50
R Pd | Ag | Cd Sn
107,87 118,69

73 74 75 7 78 9 83

18095 | 18385 | 18621 192,22 | 19509 | 19697 | 200,59 208,98

63 64

Eu | Gd

151,96 157,25 167,26 173,04 174,97

Figura 2.28: Tabela periddica destacando os metais presentes em compostos que foram
submetidos ao CO-ADD até 2020. Fonte: Adaptacao de (FREI et al., 2020).

predominantemente da liberacdo de fons Ag™. Nesse contexto, diferencas observadas
na eficiéncia de nanoparticulas de prata em funcao do tamanho, da morfologia ou das
caracteristicas superficiais sao atribuidas, principalmente, as alteracoes na cinética de
liberacdo desses fons, e ndo as nanoparticulas propriamente ditas®®.

Apesar de décadas de investigagdo, o mecanismo exato pelo qual a prata promove
a morte bacteriana ainda nao foi completamente compreendido. As evidéncias atual-
mente disponiveis indicam que sua atividade resulta da atuacao simultanea de diferentes
mecanismos, cuja contribuicao relativa depende da forma quimica em que a prata é ad-
ministrada. De maneira geral, quatro mecanismos principais sao descritos na literatura:
(i) danos a parede celular e a membrana plasmatica; (ii) interacdo com o DNA; (iii)
inibi¢do de enzimas e outras proteinas essenciais; e (iv) indugdo da formagao de espécies
reativas de oxigénio (ROS)*% #** 292 Embora a participacio das ROS permaneca objeto
de discussao?®*6°_ diversos estudos apontam que o estresse oxidativo desempenha papel

importante na atividade antimicrobiana da prata. Nesse sentido, Park et al.?%

propuseram
que fons Ag™ promovem a formacio de radicais superéxido (O, ) ao comprometer enzimas
da cadeia respiratéria bacteriana. Segundo os autores, esse efeito decorre, muito prova-
velmente, da elevada afinidade dos ions de prata por grupos sulfidrila (—SH) presentes
nessas proteinas, resultando em sua inativagao e, consequentemente, na desregulacao do
metabolismo energético da célula bacteriana.

Além da prata, o cobre destaca-se como outro metal de reconhecida atividade
antimicrobiana, cuja utilizacdo remonta & antiguidade®°. Atualmente, continua sendo
empregado em diferentes aplica¢oes tecnoldgicas, incluindo revestimentos anti-incrustacao

para embarcacgoes e superficies de contato com atividade antimicrobiana, sendo o tinico
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Figura 2.29: Mecanismos de a¢ao antimicrobiana de nanoparticulas de cobre. Fonte:
Adaptacdo de Salah, Parkin e Allan®*"

material sdlido registrado pela U.S. Environmental Protection Agency (EPA) como possui-
dor de propriedades antimicrobianas intrinsecas®®’. Na érea biomédica, materiais & base de
cobre também vém despertando interesse crescente para o desenvolvimento de curativos e
revestimentos para dispositivos médicos, havendo relatos de formulagdes com desempenho
antimicrobiano superior ao de materiais analogos contendo prata®®®.

Assim como observado para a prata, a atividade antimicrobiana do cobre resulta
da atuacao simultanea de diferentes mecanismos de toxicidade. Entre os principais
mecanismos descritos na literatura destacam-se danos a membrana celular, inibicao de
proteinas e enzimas essenciais, desregulacao da homeostase redox e inducao da formacao
de espécies reativas de oxigénio, os quais atuam de forma complementar comprometendo
a integridade estrutural e o metabolismo bacteriano®® 29, Além disso, diversos estudos
demonstram que espécies cupricas podem atuar de forma sinérgica com antibiéticos e
agentes antifungicos, potencializando sua atividade antimicrobiana e ampliando o espectro

210272 Os principais mecanismos propostos para explicar a

de acao desses compostos
atividade antimicrobiana de nanoparticulas de cobre sao apresentados na Figura 2.29.
Apesar da eficacia apresentada por espécies metdalicas, é importante reconhecer
que elas também estao sujeitas aos processos evolutivos que conduzem ao surgimento de
tolerancia microbiana. No caso do cobre, estudos genéticos demonstram que bactérias
podem responder a exposi¢ao prolongada por meio da ativagao de sistemas especificos de
transporte, homeostase e efluxo, capazes de reduzir a concentragao intracelular do metal
e, consequentemente, sua toxicidade?™. De forma semelhante, mecanismos de tolerancia
também ja foram descritos para a prata, embora a ocorréncia de resisténcia a espécies

metalicas permaneca significativamente menos frequente do que aquela observada para
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antibidticos convencionais®™®. Esses resultados nao reduzem o potencial dos metais como
agentes antimicrobianos, mas evidenciam que o desenvolvimento de novos materiais deve
considerar nao apenas sua atividade bioldgica imediata, como também estratégias capazes
de modular a disponibilidade e a liberagdo dos ions metalicos, conciliando elevada eficacia
antimicrobiana com menor pressao seletiva sobre as populagdes microbianas.

Por fim, é importante ressaltar que nenhum agente antimicrobiano conhecido
pode ser considerado completamente imune ao surgimento de resisténcia microbiana. A
evolucao constitui uma consequéncia inerente da pressao seletiva exercida sobre populagoes
bacterianas, independentemente da natureza do agente utilizado. Nesse contexto, a
principal vantagem dos materiais metélicos nao reside na impossibilidade de selecao de
cepas resistentes, mas no fato de sua acao multifacetada elevar substancialmente a barreira
evolutiva necessaria para o desenvolvimento de mecanismos adaptativos. Dessa forma, o
desenvolvimento de novos materiais antimicrobianos deve concentrar-se nao apenas na
maximizacao da atividade bioldgica, mas também em estratégias capazes de reduzir a
pressao seletiva exercida sobre os microrganismos, conciliando elevada eficacia com maior

robustez frente aos processos evolutivos.

2.8 Materiais multifuncionais

A ciéncia dos materiais se baseia na premissa de que a composicao quimica, a estrutura e
a microestrutura de uma substancia podem ser manipuladas de forma controlada para
produzir materiais com propriedades fisico-quimicas especificas, visando desempenho
superior em determinada aplicagdo. Nas ultimas décadas, entretanto, a simples otimizagao
de uma propriedade isolada deixou de constituir o principal objetivo de muitos projetos de
materiais. Em seu lugar, surgiu o conceito de materiais multifuncionais, sistemas capazes
de reunir, em uma tnica plataforma, diferentes fungoes que atuam de forma complementar
para atender simultaneamente a miltiplas demandas de uma aplicacao®"® 2™ E importante
notar que a presenca simultanea de diferentes propriedades nao garante, por si s6, um
comportamento multifuncional eficiente. O desempenho do sistema passa a depender
também das interagoes existentes entre os diferentes mecanismos de atuagao, que podem
ocorrer de forma cooperativa ou antagonica. Dessa forma, a avaliacao de materiais
multifuncionais exige uma abordagem integrada, na qual o comportamento do conjunto
nio pode ser previsto apenas a partir das propriedades individuais de cada componente®”".

Esse conceito tem sido explorado em diferentes areas da ciéncia dos materiais.
Em catalise, por exemplo, podemos citar sistemas que combinam atividade catalitica
com propriedades magnéticas e capacidade de monitoramento remoto de temperatura,
enquanto outros integram diferentes tipos de sitios cataliticos ativos em um mesmo soélido,
permitindo a realizacdo de reacoes em cascata®® ?™. No contexto biomédico, entretanto,

a incorporacao de multiplas fungoes torna-se particularmente relevante em virtude da
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complexidade dos sistemas biologicos.

Como discutido anteriormente, a regeneracao tecidual, por exemplo, envolve uma
sequéncia coordenada de eventos fisiologicos, na qual diferentes processos ocorrem de ma-
neira simultanea e interdependente. Em consequéncia, materiais destinados ao tratamento
de lesGes raramente precisam desempenhar apenas uma unica fungao. Além de controlar
possiveis infecgoes, esses materiais frequentemente devem favorecer a proliferagao celular,
estimular a angiogénese, modular a resposta inflamatdéria, absorver exsudatos e manter um
ambiente adequado para a regeneracao do tecido lesionado. A integracao dessas diferentes
funcionalidades em um tnico material constitui, portanto, uma estratégia particularmente
promissora para aplicacoes em engenharia de tecidos e cicatrizacao de feridas®® 2!,

Diversos trabalhos ilustram essa abordagem. Merrell et al.?®?, por exemplo, pre-
pararam nanofibras de policaprolactona (PCL) contendo curcumina, reunindo em um
tinico sistema propriedades antioxidantes, anti-inflamatérias e antimicrobianas®?. Em
outro estudo, Nasef et al.?®® desenvolveram uma membrana de hidrogel baseada em PVA
e quitosana contendo nanoparticulas de prata e vitamina E. Nesse caso, a prata conferiu
atividade antimicrobiana, enquanto a vitamina E contribuiu para minimizar o estresse
oxidativo, resultando em um material com propriedades promissoras para aplicacoes como
curativo®?® 24,

Outro exemplo do conceito de multifuncionalidade sao os chamados materiais te-
randsticos (theranostic materials), projetados para integrar, em uma unica plataforma,
fungoes terapéuticas e diagndsticas. Nesses sistemas, além de atuar diretamente no trata-
mento da doenca, o material fornece informagoes sobre seu estado ou sobre a evolugao

1.2 por

do processo patolégico, permitindo monitoramento em tempo real. Mingot et a
exemplo, desenvolveram uma espuma de poliuretano funcionalizada com nanoparticulas
core/shell de ouro-quitosana (Au/CS) ou prata-lignina fenolada (Ag/PL), recobertas por
um hidrogel termossensivel, constituindo uma plataforma terandstica para o monitora-
mento e o tratamento de infec¢bes bacterianas. A funcao diagnostica foi baseada na
deteccao in situ de biofilmes bacterianos por Espectroscopia Raman Amplificada por
Superficie (Surface-Enhanced Raman Spectroscopy; SERS), utilizando moléculas repérteres
imobilizadas sobre as nanoparticulas metalicas. A funcao terapéutica foi obtida pela
combinacao da atividade antimicrobiana intrinseca das nanoparticulas com a ablag¢ao
fototérmica induzida por irradia¢do no infravermelho préximo (NIR), que potencializou
significativamente a eliminacao de Escherichia coli e Staphylococcus aureus sem promover
aquecimento macroscépico do dispositivo. Os autores destacam que essa estratégia permite
integrar a detecgao e a erradicacao bacteriana em uma tinica plataforma, representando uma
abordagem promissora para o tratamento de infecgoes associadas a implantes biomédicos.

1.%%¢ propuseram um nanocompésito hibrido

No campo dos materiais zeoliticos, Vilaca et a
constituido por uma zedlita NaY funcionalizada com nanoparticulas superparamagnéticas

de magnetita (Fe30,), visando o desenvolvimento de uma plataforma para aplicagoes
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terandsticas. Nesse sistema, as nanoparticulas de magnetita atuaram como agentes de con-
traste para ressonancia magnética, enquanto a zeélita foi empregada como uma plataforma
com reconhecida capacidade de encapsulamento e liberacao de farmacos, previamente
demonstrada na literatura. Embora o trabalho tenha validado experimentalmente apenas
a funcionalidade de imageamento por MRI, os autores propuseram que a combinagao dessa
capacidade diagndstica com o potencial de entrega de farmacos e de hipertermia magnética
conferiria ao material caracteristicas promissoras para futuras aplica¢oes terandsticas.
Em sintese, a estratégia de desenvolvimento de materiais multifuncionais amplia
significativamente o espaco de projeto de novos sistemas, ao mesmo tempo em que evidencia
a necessidade de compreender e controlar as interacoes entre diferentes fun¢oes em um

mesmo material.
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Artigo I: De biomassa a materiais hemostaticos

Neste capitulo é apresentado um trabalho publicado por nosso grupo de pesquisa em
setembro de 2025 na revista Furopean Journal of Inorganic Chemistry. O artigo aborda um
problema ainda pouco explorado na literatura: o desenvolvimento de materiais silicatos ricos
em calcio obtidos a partir de residuos de biomassa inorganica para aplicacao como agentes
hemostaticos. Embora o emprego de materiais inorganicos na contencdo de hemorragias ja
seja conhecido, inexistiam, até onde foi possivel verificar, estudos demonstrando a sintese
de silicatos cristalinos de célcio derivados de casca de ovo e avaliando sistematicamente a
relagcdo entre sua estrutura, propriedades fisico-quimicas e desempenho na promocao da
coagulacao sanguinea. O trabalho busca preencher essa lacuna, conciliando sustentabilidade,
baixo custo e funcionalidade. Tons Ca* desempenham papel fundamental na coagulacao
sanguinea, como discutido na sec¢ao 2.2.1, tornando esses materiais candidatos promissores
para essa aplicacao.

A estratégia adotada para obtencao de rotas vidveis para sintese hidrotermal desses
materiais foi o uso de moléculas organicas conhecidas por sua acao direcionadora de
estrutura na cristalizagao de silicatos (vide se¢ao 2.5). No presente artigo, as moléculas
em questao sao os hidréxidos das aminas quaterndrias tetraetilamonio (TEA - OH), tetra-
propilamonio (TPA - OH) e tetrabutilaménio (TBA - OH).

Como sera discutido ao longo do capitulo, determinadas condi¢oes de sintese con-
duziram a formagao de fases pouco promissoras para aplicacoes hemostaticas, enquanto
outras favoreceram a cristalizacdo da rhodesita. Um dos principais resultados do trabalho
foi demonstrar que a utilizacdo de moléculas direcionadoras de estrutura possibilita obter
variantes desse silicato com caracteristicas texturais substancialmente distintas daquelas
descritas para a rhodesita convencional. Embora esse mineral seja tradicionalmente consi-
derado um material nao poroso, os materiais sintetizados apresentaram mesoporosidade
e areas superficiais significativamente superiores as previamente reportadas para essa
fase cristalina. Esse resultado evidencia que a estratégia sintética empregada modifica
nao apenas a fase obtida, mas também sua organizacao estrutural, produzindo materiais
potencialmente mais eficientes para aplicagoes que dependem de elevada area superficial.

Além da caracterizagao estrutural, morfolégica e textural dos materiais sintetizados,
o trabalho avaliou seu desempenho por meio de diferentes ensaios de coagulagao sanguinea.
Os resultados obtidos permitiram correlacionar propriedades fisico-quimicas dos materiais

com sua performance hemostatica, evidenciando o potencial de calcio-silicatos cristalinos
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derivados de residuos como agentes hemostéticos de baixo custo e elevado valor agregado.

O material suplementar submetido junto ao artigo esta disponivel nesta tese no

Apéndice A.
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Abstract: Uncontrollable hemorrhage is a major cause of mortality in accidents, trauma,
and medical procedures, highlighting the need for effective hemostatic agents. Zeolites
and similar materials are promising due to their adsorption properties and ability to
concentrate coagulation factors. This study reports the synthesis of calcium-silicates
from chicken eggshell waste using TEA -OH, TPA-OH, and TBA-OH as templates.
TPA - OH and TBA - OH directed the formation of rhodesite, a fibrous calcium-silicate,
while TEA - OH resulted in quartz. Materials synthesized with TPA - OH and TBA - OH
had surface areas of 53.3 — 100.3m? g~! and mesopores ranging from 5.7 — 27.7 nm with
pore volumes of 0.018 — 0.11 cm?®g™!. in wvitro coagulation assays (PT, aPTT) revealed
that CaZ-3 and CaZ-4 activate factors within the contact system. The recalcification
assay showed a significant reduction in clotting time, indicating action via the intrinsic
pathway. Thromboelastographic analysis confirmed high hemostatic performance: the
material prepared with TBA - OH showed a shorter clot formation time (R = 1.8+0.5 min)
and higher maximum clot strength (MA = 52.1 £+ 1.3 mm) than QuikClot, demonstrating

its potential as an effective, waste-derived hemostatic agent.
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3.1 Introduction

Hemorrhage, defined as uncontrolled and excessive bleeding, is a condition that may be cau-
sed by physical traumas, surgical complications, or underlying physiological abnormalities.
It constitutes a critical medical emergency, demanding immediate attention and effective
intervention® ®. The complexities inherent in managing hemorrhagic events arise from
the intricate interplay of various physiological systems, such as the coagulation cascade,
platelet function, and vascular dynamics, which collectively contribute to the delicate

287 Despite

balance between clot formation and bleeding control in the human body
advances in surgical techniques and medical interventions, managing hemorrhage continues
to present significant hurdles, particularly in scenarios where conventional methods are

2% In these cases, hemostatic agents can be employed to

insufficient or impractical®
promote coagulation, helping to control the bleeding. In a broader context, hemostatic
agents must fulfill criteria such as prompt action, non-antigenicity, ease of application
and removal, cost-effectiveness, stability, transportability, and minimal side effects. Over
the past decades, comprehensive reviews detailing the action mechanisms, functionality,
mode of delivery, and clinical studies of available topical hemostatic agents have been
published in the literature®” ?%°. Topical hemostatic agents can be categorized into three
classes: mucoadhesive agents, procoagulant supplementers, and factor concentrators. Due
to their adsorption properties and ability to concentrate coagulation factors and platelets
in hemorrhaging blood, zeolites stand out as excellent hemostatic agents.

Over the past two decades, various inorganic biomaterials, including zeolites, have
been developed. Zeolites are crystalline aluminosilicates with a porous structure that
promotes water adsorption, thereby concentrating platelets and clotting factors at the
application site?”. Additionally, their negatively charged surface can activate positively
charged factor XII, initiating the endogenous coagulation cascade®. Recent studies have
elucidated additional molecular mechanisms, such as the capability of calcium-exchanged
zeolites to serve as a solid-phase scaffold for the formation of prothrombinase-like comple-
xes by interacting with coagulation factor Xa, leading to the production of significantly
elevated levels of thrombin in comparison to platelet-based activation®” ?*!. Although
the mechanisms of zeolite-induced hemostasis are not fully comprehended yet, these
unique characteristics led to the development of the first commercial zeolite-based he-
mostatic product, introduced in 2002 as first-aid equipment for the U.S. military under
the tradename QuikClot®. More recently, other inorganic materials, such as mesoporous
silica, graphene oxides (GO), graphene/montmorillonite composite sponges (GMCS), and
graphene-immobilized montmorillonite (MMT), have been synthesized and systematically
investigated for their hemostatic properties®® 87. Nevertheless, it is important to note that
these hemostatic agents based on inorganic biomaterials have advantages and disadvan-

tages, as widely discussed in the literature®® 2922 Tt has been pointed out that there
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are challenges in the preparation of active inorganic-based biomaterials with enhanced
hemostatic properties, taking into consideration both functional and application aspects®?.
Inorganic biomaterial-based hemostatic agents present both advantages and limitations,
with challenges persisting in the design of functionally optimized materials for clinical
use. Although not addressed in this study, emerging tools such as artificial intelligence
(AI) and machine learning (ML) may, in future research, support the rational design of
inorganic nanostructures with improved biocompatibility and hemostatic efficacy®® 7.

Historically, a challenge in employing zeolites as hemostatic agents has been the
exothermic reaction that can raise the temperature in the vicinity of the application site
by as much as 90 °C, potentially causing severe tissue damage (such as burns). Techniques
that have been employed to overcome this problem include pre-hydrating the zeolite to
decrease the exothermicity of water absorption®”” ?*®_ the incorporation of other minerals
such as bentonite®” or phyllosilicates (smectite300, kaolin®, halloysit6301), or reducing the
zeolite particle size to the nanometric scale, thereby minimizing heat generation”®. The
human blood coagulation system is a complex network of interconnected glycoproteins that,
upon activation, initiate a cascade of enzymatic reactions culminating in the formation
of fibrin. This process, known as hemostasis, is essential for the cessation of bleeding.
Hemostasis exemplifies a molecular machinery paradigm, where the orchestrated assembly
of substrates, enzymes, protein cofactors, and calcium ions on a phospholipid interface
drastically accelerates coagulation rates®’?.

Calcium ions play a pivotal role in triggering the coagulation cascade, as illustrated
in Figure 3.1?%°. At a molecular level, hemostasis entails a sequence of events primarily
governed by serine proteases within the coagulation cascade, ultimately resulting in the
conversion of fibrinogen to fibrin by thrombin. Upon vessel injury, extravasated blood
encounters abundant tissue factor (TF) within the surrounding tissues. TF, acting as a
cofactor, forms a complex with factor VIla, initiating the extrinsic pathway of coagulation.

Although there are around 258 zeolites with different frameworks that confer unusual
and interesting topologies and structures of channels and cavities®, only five of them
are produced in large amounts for a wide range of applications. This group of zeolites is
known as the “Big Five” (FER, MOR, MFI, FAU, and BEA)*®, with only FAU zeolites
having been used as hemostatic agents®®® 3% despite the small quantity of extra-framework
calcium cations, when compared to the natural counterpart. However, calcium-rich zeolites
such as wairakite, scolecite, and gismondine occur worldwide as major constituents of
submarine volcanic sediments and as alteration products of volcanic glass in low-grade
metavolcanics and metaclastics®®. These natural calcium zeolites have been known since
the early years of the twentieth century, with several reports having described their
crystallographic structures, thermodynamic behaviors under different synthesis conditions,
and industrial applications®"".

It is also interesting to notice that in the Database of Zeolite Structures®, none of
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the listed calcium zeolites have been synthesized utilizing biomass waste as the calcium
source®® 30639 Therefore, the present investigation addresses two crucial questions: Is
it possible to synthesize zeolite-analogue calcium-silicate materials using an abundant
inorganic biomass (in this case, chicken eggshell waste) as a source of calcium cations? If
so, how would these materials perform in hemostatic applications compared to the ones
already available in the market and currently used in hospitals and emergency centers?
Numerous reports in scientific literature have explored the diverse applications of

310,311 T environmental applications, eggshell waste

eggshell waste across several fields
is used for organic compound adsorption, as well as the adsorption of nitrogen, fluoride,
phosphate, soil pollutants, and radioactive metals. It also aids in sludge solubilization,
biomass production, and the fabrication of magnetic eggshell adsorbents. In engineering,
eggshells are incorporated into plastics, material applications, and nanoparticle synthesis.
In chemical processes, they are employed in the development of plant growth promoters
for fertilizers, enhancement of food processing and production, sourcing of active calcium
and carbon, extraction of soluble proteins, and sourcing of organic calcium and ultrafine
active calcium carbonate, with additional roles in biodiesel oil catalysis. In the biomedical
domain, eggshell waste has emerged as a versatile precursor for the synthesis of calcium-
based compounds such as calcium lactate and calcium phosphate. Moreover, it has been
effectively employed in the fabrication of regenerative scaffolds, targeted drug delivery
systems, and electrochemical biosensors®'? 316,

Nonetheless, to the best of our knowledge, the synthesis of porous crystalline
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calcium-silicate materials prepared with chicken eggshell waste, for application as a topical
hemostatic agent, is a previously unexplored field of research, which is addressed by the

findings of this study.

3.2 Experimental Section

Synthetic Procedures

Chemicals. The preparation of the calcium-silicates employed the following chemicals:
distilled water (H20), sodium hydroxide pellets (NaOH), calcium carbonate (CaCOs),
Ludox-40, tetraethylammonium hydroxide solution (TEA - OH, 20 wt.% in HyO), tetra-
propylammonium hydroxide solution (TPA - OH, 1.0 M in H,0O), and tetrabutylammonium
hydroxide solution (TBA - OH, 40 wt.% in H,O). CaCOj3 was obtained from empty chicken
eggshell waste, collected from the Dogura bakery in Sao José do Rio Preto (Sao Paulo state,
Brazil). The eggshells were washed with warm tap water to remove unwanted material
adhered on the surface, rinsed thoroughly with distilled water, and dried in a hot air oven
at 100°C for 24 h. The eggshells were then finely crushed using a blender and passed

through a 60 pm mesh sieve.

Syntheses of the Calcium-—silicates. Four different materials were synthesized in
this work, according to the same synthesis procedure, but with differences in terms of
the structure-directing agent (SDA). The materials were named CaZ-1 (no SDA), CaZ-2
(TEA - OH as SDA), CaZ-3 (TPA-OH as SDA), and CaZ-4 (TBA-OH as SDA). The
reagents used for the syntheses were calcium carbonate (CaCOj) from pristine chicken
eggshells, sodium hydroxide (NaOH), Ludox-40 (source of silica), TEA - OH, TPA - OH,
TBA - OH, and distilled water (H,O). In a typical synthesis, 3.9g of NaOH, 0.42g of
CaCOs, 17.4 g of Ludox-40, and 26.7 g of H,O were added to a Teflon flask and stirred until
obtaining a clear homogeneous solution. Addition was then made of 10.6 g of TEA - OH
(for CaZ-2), 14.2g of TPA - OH (for CaZ-3), or 9.1g of TBA - OH (for CaZ-4), and the
mixture was left under stirring for 1 h. The clear homogeneous gel formed was transferred
to a Teflon-lined autoclave and heated under autogenous pressure for 72h at 200°C in a
hot air oven. The product was washed with deionized water, collected by vacuum filtration,

and dried in an oven at 80°C for around 24 h.

Physicochemical Characterization

X-Ray Diffraction. X-ray diffractograms of the synthesized materials were acquired
using a MiniFlex II diffractometer (Rigaku) equipped with a graphite monochromator

and a rotary anode source consisting of a flat plate in Bragg-Brentano geometry. The
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instrument was operated with Cu K« radiation (wavelength = 1.5418 A), at 40kV and
15mA. The diffractograms were recorded in the 26 range 3 — 50°, at a scan speed of
2°min~! (20).

Scanning and Transmission Electron Microscopy (SEM and TEM). SEM images
were obtained using a FESEM JSM-7401F instrument (JEOL). Due to the non-conductive
nature of the calcium-silicates, the samples were coated with a thin layer of gold prior
to the analyses. Scanning electron microscopy (SEM) images were recorded using FEI
Magellan 400 L and Philips XL-30 FEG instruments, both coupled to energy dispersive
X-ray (EDS) analyzers and operated with adjustable electron beam voltages from 5 to
25kV. Prior to the analysis, a thin coating of gold was deposited on the samples. TEM
images were acquired with an FEI Tecnai G2 F20 instrument. HRTEM images and
corresponding EDX maps were obtained using an FEI Tecnai G2 F20 instrument equipped
with an energy-dispersive X-ray spectrometer (EDX) with a super ultra-thin window
(SUTW). The experiments were carried out at the Structural Characterization Laboratory

of the Federal University of Sao Carlos (LCE/DEMa/UFSCar).

Solid State NMR-MAS. Magic-angle spinning (MAS) solid-state (SS) NMR spectra of
2981317 were obtained at the Sdo Carlos Institute of Physics, University of Sdo Paulo, using
a Bruker Avance spectrometer operating with a static field of 9.4T. The instrument was
equipped with a 7mm double resonance Jackobsen design probe head, with a pneumatic
sample rotation system, providing frequency stability greater than 2Hz. Single-pulse
excitation experiments under MAS (*?Si SPEMAS) were performed at 6 kHz MAS frequency,
using a recycle delay of 20's to achieve more quantitative 2°Si spectra. Experiments with
"H-Si cross-polarization (‘H-*Si CPMAS) were performed with a power ramp (80 —
100%) in the 'H radiofrequency channel, MAS frequency of 6 kHz, and 5s recycle delay. In
both CPMAS and SPEMAS experiments, "H decoupling was achieved using a SPINAL-64
decoupling pulse sequence, with a field of 60 kHz, during an acquisition time of 15 ms.
Zirconia rotors were used in all the experiments, with the absence of background signals
confirmed by measuring empty rotors. The 2°Si chemical shifts were calibrated using

kaolinite as an external reference.

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). ICP-
OES elemental analysis was performed using a Spectro Arcos spectrometer. Sample
digestion was carried out with concentrated hydrofluoric acid, followed by heating on a

digester block to ensure complete dissolution of the material.

Phase constrast microscopy. Phase contrast images were obtained using a BX60

microscope (Olympus, New York, USA). For these analyses, 170 pL of whole blood, collected
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in tubes containing sodium citrate (4% v/v), was mixed with 10 pL of an aqueous 0.2 M
CaCl; solution to counteract the anticoagulant effect of calcium chelation effect induced
by sodium citrate. Subsequently, 0.25 mg of each calcium-silicate material was introduced
into the blood, and an aliquot of this mixture was deposited onto glass microscope slides.

The slides were then immediately placed under the microscope for structural assessment.

Fourier-Transform Infrared Spectroscopy (FTIR). FTIR spectra were acquired

! with resolution

using a Shimadzu IRTracer-100 spectrometer, in the range 400 — 4000 cm™
of 4cm™!, step size of 1ecm™!, and averaging of 64 scans. The samples were prepared as

KBr pellets containing about 10% by weight of the test material.

Textural Characterization. Textural characterization of the synthesized calcium—
silicates was performed using a Micromeritics ASAP 2020 Plus automatic adsorption
apparatus (Accelerated Surface Area and Porosimetry System). Prior to determination
of the adsorption isotherm, the samples (approximately 0.1g) were outgassed for 12 —
16 h at 150°C, until the residual pressure was lower than 5.0 pm Hg. Since the samples
presented microporosity, a second stage of outgassing with heating was applied after
transfer to the instrument port for analysis, to ensure that the micropores were free from
moisture or contamination with other vapors. The specific surface area (S) values were
calculated according to the Brunauer-Emmet-Teller (BET) model*'®. Close to partial
pressure P% = 1, N5 condenses in the entire available pore volume (at the end point), so
the isotherm provides an indication of the total pore volume. To determine the mesopore
scale pore size distribution, the Barret-Joyner-Halenda (BJH) mathematical model was
applied, based on the Kelvin equation®. For the micropore scale, the average diameter
was determined using the Horvath-Kawazoe (H-K) method, which was developed to
determine the pore size distribution of graphitic cracks in microporous carbons, using Ns

adsorption measurements at 77 K32

Thermogravimetry (TGA/DTG). Thermogravimetric analyses were performed
using a TGA-51 thermobalance (Shimadzu, Japan), under a dynamic air atmosphere
(50 mLmin~'), with the sample (12 — 17mg) placed in a platinum pan and heated at a
rate () of 10°C min~!.

Differential Scanning Calorimetry (DSC). DSC analyses employed a DSC Q20
analyzer (TA Instruments), with the sample placed in an aluminum pan and heated from
25 to 400°C, at 5°Cmin~!, under a flow of nitrogen.

Zeta Potential ((). Zeta potential data were obtained using a Nano ZS instrument

(Malvern Instruments, Herrenberg, Germany). The zeta potential values were inferred
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from the electrophoretic mobility measurements with application of the Smoluchowski

88,133,321 Approximately 2mg portions of the prepared calcium-silicates were

equation
suspended in 2mL of 2.5mM calcium nitrate solution (1 wt.%) at pH ranging from 1 to

12 (adjusted with 0.25 M solutions of NaOH and HNO3).

Thromboelastographic Assays

Thromboelastography assays were conducted using a TEG® 5000 system (Haemonetics,
Niles, IL, USA) with volunteers who were physically healthy and had no history of
blood disorders. This analysis was performed to obtain in vitro clotting parameters for
whole human blood exposed to the synthesized calcium-silicate hemostatic materials. All
participants provided informed consent prior to blood donation. The study was approved
by the Research Ethics Committee of FAMERP (Sao José do Rio Preto Medical School)
under protocol number CAAE 48358215.9.0000.5415. For each assay, a 20 nL aliquot of an
aqueous 0.2 M CaCl; solution was added into the TEG sample cup. Separately, 340 nL. of
whole blood was mixed with 0.5mg of each calcium-silicate material. The mixture was
directly introduced into the TEG sample cup containing the 0.2 M CaCl, solution. The
test was then conducted under standard conditions, with coagulation parameters recorded

alongside the corresponding TEG curves.

in vitro evaluation of coagulant activity

CaZ-3, CaZ-4, and Quickclot were dissolved in Tyrode buffer (137 mM NaCl, 2.7mM KCI,
3.0mM NaH,PO,, 10mM HEPES, 5.6 mM dextrose, 1 mM MgCl,, 2mM CaCl,, pH 7.4)
at the concentration of 1mgmL™". Evaluation of coagulant activity was based on the
degree of shortening or prolongation of clotting times of prothrombin time (PT, WAMA,
Brazil), activated partial thromboplastin time (aPTT, WAMA, Brazil), or recalcification
time of pooled citrated human plasma?*2. For PT assays, aliquots of 50 uL of the plasma
sample were incubated with 50 pLi of material suspension or vehicle control (Tyrode buffer,
negative control), incubated at 37°C for 2 min; following incubation 100 uL of PT reagent
was added, and the clotting time recorded. For the recalcification time, aliquots of 50 pL
of the plasma sample were incubated with 50 uL. of material suspension or vehicle control
(Tyrode buffer, negative control), incubated at 37°C for 2 min; following incubation, then
50nL of 25 mM CaCly, was added, and the clotting time recorded. For aPTT assays,
aliquots of 50 uLL of the plasma sample were incubated with 50 pL. of material suspension
or vehicle control (Tyrode buffer, negative control) and 50 pL. of aPTT reagent; following
incubation at 37°C for 3min, 50 uL. of 25 mM CaCl, was added and the clotting time
recorded. Clotting times were determined in a coagulometer Coagmaster 2.0 (WAMA,

Brazil), and recorded up to a maximum of 200 s.
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Statistical Analysis

Descriptive statistical analysis of the synthesized materials was conducted using mean
values and standard deviations. For inferential statistical analysis, one-way ANOVA was
employed to compare the mean values of each group at a significance level of p < 0.05.
When statistically significant differences were identified, multiple comparisons were carried

out using the Tukey-Kramer post hoc test.

3.3 Results and Discussion

The X-ray diffractograms for CaZ-3 and CaZ-4 (Figure 3.2) showed Bragg reflections
in the 26 range 7.5° — 35.6°, which closely matched those of rhodesite (JCPDS 22-
1253). Rhodesite, a known natural fibrous calcium-silicate, has the chemical formula
(Ca, Nag, K3)sSi040 - 11 HoO and an orthorhombic unit cell (a = 23.8 A b=654A, c=

7.05 A, B =90°). The experimental results were consistent with the data reported by Gard

1323 and Hesse et al.>**. There are only a few reports in the literature of the synthesis

I 325

et a
of a rhodesite-like calcium-silicate, such as in the work of Rocha et al.°*°, who described
the synthesis of “AV-2” using calcium nitrate as a calcium source. The diffractograms for
CaZ-3 and CaZ-4 matched those reported by Rocha et al., where rhodesite was considered
to consist of silicate double layers, chains of edge-sharing [Ca(O, OHy)s] octahedra, and
potassium cations and water molecules within the pores of the silicate double layers®?% 327,
However, to the best of our knowledge, until now there have been no reports in the literature
of synthesis routes to obtain rhodesite using CaCO3 derived from chicken eggshells. It
is well known that TEA - OH, TPA - OH, and TBA - OH can direct the crystallization of
several zeolites with different topologies, such as ETR, MFI, BEA, SZR, and MEL?*.
At the present stage of the research, it is not possible to know precisely how TPA - OH
and TBA - OH affected the crystallization process and favored the formation of rhodesite.
Unlike TPA - OH and TBA - OH, the TEA - OH organic template (used for CaZ-2) did
not effectively contribute to rhodesite synthesis, with the material obtained using this
organic molecule being ascribed to a quartz phase (JCPDS 46-1045) and a calcite phase
(JCPDS 05-0586). Synthesis in the absence of any organic template led to the formation
of a material (CaZ-1) corresponding to calcite (JCPDS 05-0586). Some reflections in the
diffractograms for CaZ-1 and CaZ-2, mainly those at 20 lower than 25°, could not be
assigned to any known phases, according to searches in the JCPDS database.

Some reflections in the diffractograms for CaZ-1 and CaZ-2, mainly those at 26
lower than 25°, could not be assigned to any known phases, according to searches in the
JCPDS database. See Supplementary Material (Figure B3.1) for all materials’ XRD data.

The SEM and TEM analyses of the materials provide comprehensive insights into
their morphological and structural characteristics. The SEM micrographs (Figure 3.3)
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Figure 3.2: X-ray diffraction (XRD) pattern of CaZ-4, compared with the simulated

diffractogram of natural calcium-silicate rhodesite, based on the JCPDS database. The
y—axis represents intensity in arbitrary units.

illustrate that CaZ-4 comprises well-defined microcrystals with a pronounced needle-like
(acicular) morphology, exhibiting lengths varying from approximately 3 pm to 20 pm. This
morphology closely mirrors that of rhodesite crystals, as previously documented by Gard

1323 and Hesse et al.***. Micrographs of CaZ-3 display similar crystal morphologies.

et a
Conversely, the materials CaZ-1 and CaZ-2 predominantly consist of plate-like microcrystals
interspersed with substantial quantities of debris, indicative of a comparatively lower degree
of crystallinity. See Supplementary Material (Figure B3.2) for all SEM images.

The TEM investigation of CaZ-4 (Figure 3.3B-C) substantiates its structural resem-
blance to rhodesite, confirming the presence of a framework comprising double layers of
vertex-sharing SiO,4 tetrahedra. This observation aligns with the well-established crystal
structure of rhodesite, a microporous tectosilicate characterized by alternating layers of
double silicon tetrahedra (SiO4) and intercalated cationic sheets. These sheets predomi-
nantly consist of calcium (Ca®t) and potassium (K*), with water molecules occupying the
intracrystalline cavities, as reported by Hesse et al.***, Rocha and Anderson®", Ferraris et
al.*2% 3% and Geng et al.**'. In conclusion, the SEM and TEM analyses unequivocally
confirm that the morphological and structural attributes of CaZ-4 closely align with those
of rhodesite, reaffirming the consistency of its crystalline framework with the microporous
tectosilicate structure described in the literature. The observed disparities in morphology
and crystallinity between CaZ-4 and the other materials (CaZ-1, CaZ-2, and CaZ-3)
underscore the critical influence of synthesis conditions on their structural evolution.

The 'H-2Si CPMAS and the deconvoluted single-pulse excitation under magic
angle spinning (*’Si SPEMAS) spectra of CaZ-4 are presented in Figure 3.4A-B. The
deconvolution reveals three distinct resonance signals centered at 6 = —108 ppm, 6 =

—96.2 ppm, and 6 = —95.1 ppm, each with a linewidth of 0.9 ppm. These signals correspond
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Figure 3.3: Electron micrographs of CaZ-4. (A) Scanning electron microscopy (SEM)
image; (B) transmission electron microscopy (TEM) image; (C) selected area electron
diffraction (SAED) pattern corresponding to the region marked with a red circle in (B).

to three non-equivalent Si sites in CaZ-4, exhibiting relative populations in a 1 : 2 : 1 ratio.
This distribution aligns closely with findings reported by Rocha et al.***. Specifically, the
resonance at —96.3 ppm is attributed to Si(1) sites, which constitute two-thirds of the
total population, while the signal at —95.1 ppm corresponds to Si(3) sites, representing
the remaining one-third. Rocha et al.**® describe these Si(1) and Si(3) sites as belonging
to [Si0y] tetrahedra that share three of their vertices with adjacent [SiOy] tetrahedra and
one vertex with a [Ca(O, OHy)g] octahedron. The third signal, centered at —108.0 ppm,
is assigned to Si(2) sites, which represent [SiOy4] tetrahedra sharing all four vertices with
adjacent [SiOy] tetrahedra. These results reinforce the structural understanding of CaZ-4
and provide further evidence for the arrangement of its silicon sites, consistent with the
crystalline framework previously described in the literature3?* 327 329, 330

Figure 3.5 shows the FTIR spectra for CaZ-4. Absorption bands in the wavenumber
range 400 — 1200 cm™! were associated with the vibrational modes of TO,, the basic
tetrahedral units that form zeolite frameworks, where T represents a silicon or aluminum
atom®? 3% A strong absorption band at 694 cm ™! corresponded to a bending mode of
O-Si—0, while a broad band at around 1000 — 1200 cm ™! could be assigned to symmetric
stretching of Si—O—-Si. A band at 433 cm ™! was attributed to an O—Ca—O non-bridging

bending mode®** 3% Bands at around 877, 1430, and 2530 cm~!, which were more
337

Y

prominent for CaZ-1, were associated with the vibrational modes of calcium carbonate
probably corresponding to a fraction of calcium carbonate that was not consumed during
the syntheses. This corroborated the Bragg reflections associated with calcite in the X-ray

diffractograms (Figure 3.2), which also indicated a remaining calcite phase. Bands at
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Figure 3.4: Solid-state NMR spectra of CaZ-4: (A) cross-polarization magic angle
spinning ("H-?Si CPMAS) spectrum; (B) single-pulse excitation magic angle spinning
(*Si SPEMAS) spectrum with peak deconvolution.

around 3600 and 1634 cm ™! were related to the water molecules present in the samples,
either as structural HoO or as moisture deposited onto the sample surfaces, with the band
at 1634 cm~! attributed to H-O-H bending®*® and the one at 3600 cm~" assigned to
O H stretching vibrations*’. See the Supplementary Material (Figures B3.3 and B3.4)
for the full range (4000 — 400 cm™") and inset FTIR spectra of all synthesized materials.

Elemental analysis by ICP-OES, focusing on the mass contributions of silicon,
calcium, and sodium, revealed silicon (Si) as the predominant component in the chemical
composition of CaZ-4, comprising 32.0 £ 0.04% of its total mass — a characteristic
feature of silicate materials. Calcium (Ca) accounted for 10.1 £ 0.1%, while sodium (Na)
contributed 3.3 & 0.1%, yielding a molar ratio of 1.0Ca : 4.6Si : 0.6Na. This stoichiometry
aligns with that typically observed in calcium-silicates such as rhodesite. Similar results
were reported for the rhodesite-analogous material “AV-2” by Rocha et al.**"3** who
determined (through ICP-AES) a “calcium: sodium” molar ratio of 1.0Ca : 0.6Na, closely
matching the proportions found in CaZ-4. Furthermore, Rocha et al.**® described “AV-2”

as having an ideal chemical formula of HKCag—SigOqg - 6 HoO, which yields a molar ratio
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Figure 3.5: FTIR spectrum of CaZ-4, with magnified view of the 1800 — 400 cm ™ region
highlighting key vibrational bands.

of 1.0Ca : 4.0Si, further corroborating the present findings.

Considering the textural properties of the synthesized materials, the nitrogen
adsorption—desorption isotherms obtained after calcination at 800 °C were classified as
type IV according to the IUPAC classification, characteristic of mesoporous materials,
although some microporosity was also observed. The H1-type hysteresis loops suggest
capillary condensation in uniform mesopores. Figure 3.6 shows the N5 adsorption isotherms
and corresponding pore size distributions for CaZ-4. Surface areas for CaZ-2 (53.3m?g™!),
CaZ-3 (72.2m?g™ '), and CaZ-4 (100.3m?g™!) are consistent with those reported for
related synthetic zeolitic and layered materials. In contrast, CaZ-1, synthesized without
the use of an organic template, exhibited a substantially lower surface area of 2.9m?g~!.
Across all synthesized samples, the predominant pore volume was associated with pores
centered around D,,,, = 20 A, and the total pore volume remained relatively constant,
averaging 0.10 cm® g=! (see Supplementary Material, Figures B3.5 — B3.7 and Table B3.1).

Despite confirmation of the rhodesite framework through XRD, TEM, and *Si NMR
analyses, the observed mesoporosity is not intrinsic to the ideal crystalline structure but
rather arises from the synthetic methodology. Unlike natural rhodesite, which crystallizes

slowly under hydrothermal equilibrium to form dense, compact crystals, the materials
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Figure 3.6: Nitrogen adsorption—desorption isotherm of CaZ-4.

synthesized here likely experienced rapid nucleation and kinetic growth. These conditions
might have favored the formation of nanocrystalline aggregates and incomplete densification,
resulting in interparticle mesoporosity while maintaining the local rhodesite lattice at
the atomic scale. This hierarchical organization — crystalline at the unit cell level but
porous at the mesoscale — is well documented in synthetic mineral chemistry under
non-equilibrium synthesis conditions** 342,

Comparatively, the surface areas reported here exceed those observed for the
AV-2 material synthesized without organic templates by Rocha et al.(14 m? g_1)325’ 340,
Although the precise mechanistic role of TPA - OH and TBA - OH in influencing rhodesite
crystallization remains to be fully elucidated, their presence likely facilitates the formation
of a more open aggregate structure with enhanced surface area, a feature potentially
beneficial for applications requiring rapid fluid absorption or hemostatic functionality.
While the surface areas of these calcium-silicate materials are lower than those typically
reported for ion-exchanged zeolite A (280 — 650 m? g~ 1)**, they align well with the textural
properties of layered clay-based hemostatic agents such as kaolin, montmorillonite, pillared
montmorillonite, saponite, and hydrotalcite, all of which have demonstrated effective
biomedical performance.

While the precise influence of TPA-OH and TBA-OH on the crystallization
process and the formation of rhodesite remains uncertain, their presence likely fosters
the development of rhodesite with enhanced surface area, potentially augmenting the
hemostatic properties of the material. Despite the lower surface areas of the calcium—
silicates compared to those reported for ion-exchanged zeolite A (LTA) by Stucky et
al.”?, falling within the range of 280 — 650m? g~ !, they align with the surface areas of
various layered clay-based hemostatic agents such as Kaolin, Montmorillonic, Pillared

Montmorillonite, saponite, and hydrotalcite, as well as thromboelastographic parameters
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reported in the literature”.

The TG and DTG curves for the synthesized calcium-silicates revealed differences
in the thermal decomposition profiles. Figure 3.7 shows the thermal decomposition curve
of CaZ-4. See Supplementary Material (Figures B3.8 — B3.10) for all TG and DTG curves.
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Figure 3.7: Thermogravimetric (TG, blue line) and derivative thermogravimetric (DTG,
red dotted line) curves of CaZ-4.

The DTG curves showed two initial events between 23 and 95°C, corresponding to
the release of free water present in all four samples. The TG curve for CaZ-3, synthesized in
the presence of TPA - OH, was indicative of slower thermal decomposition and, consequently,
greater thermal stability, compared to the other materials. The TG curves showed that CaZ-
2, prepared with TEA - OH, presented the lowest thermal stability, while similar thermal
stabilities were observed for CaZ-1 (no SDA) and CaZ-4 (prepared with TBA - OH). In
the 25 — 600 °C temperature range, where most of the thermodynamic events occurred for
all the materials, CaZ-1 displayed a mass loss of approximately 16%, while CaZ-2, CaZ-3,
and CaZ-4 presented mass losses ranging from 13.2% to 13.9% (Table S1). These values
corresponded to the stages of dehydration and thermal decomposition of the structure-
directing agent, as well as some organic impurities from the chicken eggshells used as the
CaCOj source. For all samples, the TG/DTG curves showed a distinct mass loss between
600 and 850 °C, due to the thermal decomposition of CaCQOs, resulting in the release of
COs,. Based on the %CO; released, stoichiometric calculations (CaCO3 — CaO + CO,)
were performed to determine the amount of CaCOs3 present in each material (Table ST2).

The other parameters determined were the temperature at the extrapolated begin-
ning of the thermal decomposition of CaCOg, obtained from the TGA curve (Tonset-TGA),
and the peak temperature in the DTG curve, indicating the point at which the mass
loss rate was at a maximum (Tpeak-DTG). The calculated amount of CaCOj3 increased

proportionally with the molar masses of the structure-directing agents used in the synthesis
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of the materials. Table B3.2, which can be found in the Supplementary Material, provides
the full data extracted from the TG/DTG curves of the samples.

In the first heating, the DSC curve of CaZ-1 showed two endothermic events between
80 and 150 °C, related to dehydration. However, CaZ-2, CaZ-3, and CaZ-4 only showed
endothermic events above 250 °C. For all the materials, the second heating curve showed
an endothermic peak below 120 °C, which could be attributed to the disruption of Nj
derived from the gaseous atmosphere adsorbed when the sample was cooled, since the
DSC curve showed an exothermic event. The DSC curves were obtained up to 400 °C,
which meant that it was not possible to observe the enthalpic event related to the thermal
decomposition of CaCOsz. The DSC curves for all the materials can be found in the
Supplementary Material (Figures B3.11 — B3.14).

Among other physical properties, the surface electrical potential of a solid hemostatic
agent is fundamental for its application as a procoagulant or anticoagulant material. It is
known that solids with a net negative surface charge promote coagulation by a process
known as the “glass effect”, whereby polar surfaces activate the intrinsic pathway of the
blood clotting cascade by contact activation®*®. The autocatalytic activation of clotting
factors XII, XI, prekallikrein, and high molecular weight kininogen is initiated by exposure
of blood to a polar surface, which in turn activates the feedback mechanisms responsible
for the association of thrombin and the polymerization of fibrin®** ***, Surface area is also
a crucial parameter in the chemical dynamics for immobilizing participants of surface-
dependent clotting reactions and Ca®" ions, which are cofactors that help to orientate
protein assemblies and enzymes responsible for fibrin production®®.

Several zeolites are used for hemostatic applications, due to their ability to maintain
a net negative surface charge when immersed in blood®. Many factors can influence the
net surface charge of a solid particle, including the pH of the medium. At high pH (high
OH  concentration), many of the silanol groups present on the surfaces of these solid
silicate particles may be deprotonated, with the resulting SiO~ groups conferring a net
negative surface charge. In low pH media (high H* concentration), these groups are more
likely to be protonated, resulting in a net positive surface charge®. At the isoelectric
point, defined as the pH at which there is a balance between the positive and negative
charges, the material has a neutral surface with null electrical potential. Although zeta
potential is not a direct measurement of the surface electrical potential, it provides valuable
insights into particle surface charge and its behavior under different pH conditions.

As shown in Figure 3.8, all the synthesized materials presented a net negative
charge across a very broad pH range. In fact, the isoelectric points (0.0 mV zeta potential)
for CaZ-3 and CaZ-4 were at pH 1.0, while those for CaZ-1 and CaZ-2 were slightly below
the pH range tested, although data extrapolation indicated that they would present a
neutral surface at pH 0.0 — 1.0. In the pH range 1.5 — 12.0, all the materials presented

net negative surface charges, with all of them showing the most negative zeta potential
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values at pH 3.0 (—21.94+ 1.8, —19.5 + 2.3, —34.5 + 1.8, and —35.3 £ 1.3 mV for CaZ-1,
CaZ-2, CaZ-3, and CaZ-4, respectively). At pH 7.0 (approximately the pH of blood), the
zeta potential values were —17.2 + 1.4 mV (CaZ-1), —18.5 £ 0.9 mV (CaZ-2), —16.2 £ 0.6
mV (CaZ-3), and —15.6 £ 0.5 mV (CaZ-4). The zeta potentials were similar for CaZ-1
and CaZ-2, as well as for CaZ-3 and CaZ-4. This was consistent with the XRD and FTIR
results showing clear similarity between CaZ-1 and CaZ-2, as well as between CaZ-3 and

CaZ-4. Detailed zeta potential data are provided in Supplementary Material (Table B3.3).
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Figure 3.8: Zeta potential (mV) of CaZ-1, CaZ-2, CaZ-3, and CaZ-4 as a function of pH.

The in vitro hemostatic properties of CaZ-3 and CaZ-4, synthetic analogs of rhode-
site, were initially assessed using blood plasma to elucidate their coagulation activation
pathway. The first stage of evaluation focused on determining whether these materials
exert a direct coagulant effect on citrated human plasma. For this assay, 50 uL of the
plasma sample was incubated with 100 uL of material suspension or vehicle (control) at
37°C, and the clotting time was recorded. None of the materials (QuikClot, CaZ-3 or
CaZ-4) induced clot formation in plasma sample under these conditions within the 200s
limit when compared to control, indicating no direct coagulant activity under low calcium
concentrations. Thereafter, the recalcification time test was used to evaluate the procoa-
gulant activity of materials under higher CaCl, concentration conditions (8 mM CaCl,,
final concentration). Table 3.1 shows that all three materials exhibited coagulant activity,
as evidenced by the reduction in the clotting time in comparison with the vehicle. Among
the materials, QuikClot exhibited the highest procoagulant activity (=~ 65% reduction in
the clotting time), followed by CaZ-4 (=~ 51% reduction) and CaZ-3 (= 47% reduction).
However, if prior to adding 8 mM CaCl,, plasma was preactivated with the aPTT reagent
(ellagic acid and phospholipids), the reduction in clotting time was less pronounced (11 —
17% reduction) for all materials. Similar results were observed when the materials were

preincubated with plasma, followed by the addition of the PT reagent (thromboplastin
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and calcium) was added.

Table 3.1: Coagulation data obtained for recalcification time, prothrombin time (PT)
and activated partial thromboplastin time (aPTT). The Control corresponds to blood
plasma incubated with Tyrode buffer.

Material Recalcification time (s) PT (s) aPTT (s)
Control 167.5 £ 10.4 16.5£0.6 41.2+19
QuikClot 57.8+0.9 14.8 £ 0.0 33.8+£0.3
CaZ-3 89.5 £ 0.8 14.1+0.1 36.4£0.5
CaZ-4 824+1.1 14.8 £0.3 34.4+£0.5

Results are representative of duplicate experiments.

Since the most significant reduction in clotting time was observed in the recal-
cification time assay, rather than in PT or aPTT assays, these findings indicate that
all materials primarily activate coagulation factors through the intrinsic pathway of the
coagulation cascade. This is consistent with previously reported data on silicate materials
in the literature®® 2% 292,

To further assess the coagulant action of the synthesized materials, the in wvitro
hemostatic activities of the zeolitic materials were evaluated by thromboelastography
(TEG), which provides a global estimation of hemostasis by quantitatively measuring
the viscoelastic changes in whole blood during the coagulation process, where the main
parameters considered are R, a, K, and MA. The time until the curve of the clot strength
splits, R, represents the time for initial detection of clot formation. The a parameter is the
angle between the tangent to the rising curve and the horizontal. The K parameter is related
to the rate of coagulation, while MA is the maximum amplitude of the viscosity curve
split, representing the maximum clot strength. The tests showed that all the synthesized
calcium-silicate materials were able to promote faster clot formation (R = 1.8 min) and
higher maximum clot strength (MA = 52.1 mm), compared to the commercial QuikClot
material (R = 2.7min, MA = 47.5mm; p < 0.05). Figure 3.9 shows the TEG plots for all
the calcium—silicates prepared in this study. The thromboelastographic parameter values
are shown in Table 3.2.

The values obtained for R and MA were superior to, or close to, those reported
in the literature for topical hemostatic agents based on zeolites and other inorganic
materials (Table 3.3). The initial clot formation time (R parameter) was consistent
with previous observations for hemostatic agents based on faujasite zeolite®” 3¢ LTA

4

zeolite”®, mesoporous silica spheres®!”, and mesoporous silica nanoparticles®®®. Similarly,

the maximum clot strength (MA parameter) values for the calcium-silicates prepared here

were within the range reported for other hemostatic agents based on zeolites®” 9% 346,
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Figure 3.9: Thromboelastography (TEG® 5000, Haemonetics, Niles, IL, USA) curves of
human blood after contact with QuikClot and calcium silicate materials CaZ-1, CaZ-2,
CaZ-3, and CaZ-4. The control curve corresponds to human blood without exposure to

any hemostatic agent.

Table 3.2: Clotting kinetic parameters (R, K, «, and MA) for human blood using the
hemostatic agents QuikClot and the synthesized calcium-silicate materials. The control
corresponds to human blood not exposed to the hemostatic agents.

Material R (min) K (min) Alpha Angle (°)
Control 74+0.8 3.3£0.5 48.5 £ 6.6

QuikClot 2704 3.6 0.3 54.6 £6.8
CaZz-1 45+£0.7 3.2+£0.6 595.0£5.9
CaZ-2 3.8£0.3 3.6 0.2 04.9£5.7
CaZ-3 27+04 2.6+0.2 60.3 £6.1
CaZ-4 1.8+0.5 28+04 56.8 £ 5.7

MA (mm)

46.6 £2.4
475+0.9
492 £1.7
449+ 3.3
51.5+£2.0
521+ 1.3

Table 3.3: Comparison of thromboelastographic parameters reported in the literature for

inorganic hemostatic agents.

Material
FAUY
Nano-FAU®"
CaO/Sodium dodecyl sulfate (SDS) + 1% NaY?**
Ca0/Sodium dodecyl sulfate (SDS) + 5% NaY>*
Ba-Exchanged LTA Zeolite”

Sr-Exchanged LTA Zeolite”

R (min)
3.2+0.7
24+£06
72+£09
6.2+£0.3
1.8+£0.2

21+£0.2

MA (mm)
53.6 £2.6
61.2+2.3
52.1+14
53.9£1.38
76.9+£1.2

73.7+2.6
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Pure Mesoporous Silica Spheres (MSS)** 3.6+04 | 58.7X£1.7
AgCaMSS (MSS doped with silver and calcium)®*” 294+0.2 | 66.0=+3.3
Mesoporous Silica Nanoparticles (MSN)3# 6.9+03 | 67.3+2.1
CaMSN (MSN doped with calcium)®*® 45+03 | 73.5+3.6

CaZ-4 (prepared with chicken eggshell waste in this study) | 1.8 £ 0.5 | 52.1+1.3

Phase-contrast microscopy was utilized to assess the interaction between red blood
cells and CaZ-4, the calcium-silicate material synthesized in this study that exhibited
the highest coagulant efficiency. Figure B3.15A (See Supplementary Material) depicts
red blood cells in pure whole blood prior to the addition of CaZ-4, displaying their
characteristic morphology, including a circular shape, biconcave structure, and a diameter
of 6 — 8 pm®". Following exposure to CaZ-4, the red blood cells aggregate, forming a dense
clot that appears as a solid mass of blood cells, as illustrated in Figure B3.15B. This
observation confirms clot formation, underscores the capacity of calcium-silicate materials
to accelerate blood coagulation, and corroborates the findings from thromboelastographic

assays.

3.4 Conclusions

e Under specific physicochemical conditions, utilizing TBA -OH and TPA-OH as
organic templates, chicken eggshell waste can serve as a precursor for synthesizing

rhodesite calcium-silicate;

e When TEA -OH was employed under the same sol-gel conditions, the resulting

material consisted of quartz and unidentified crystalline phases;

o BET-N, analysis of the calcium-silicates synthesized with TBA - OH and TPA - OH
revealed surface areas of 100.3 and 72.2m? g~!, pore volumes of 0.11 and 0.10 cm® g *,

and pore diameters of 57.1 and 67.4 A, respectively;

o Rhodesite synthesized using TBA - OH as an organic template exhibited a sixfold
increase in surface area compared to the rhodesite synthesized by Rocha et al.in the

absence of an organic structure-directing agent;

e in vitro PT and aPTT assays demonstrated that CaZ-3 and CaZ-4 primarily activate
coagulation factors within the contact system, consistent with silicate-based materials.
The pronounced reduction in clotting time observed in the recalcification assay

suggests that their hemostatic action is driven by the intrinsic coagulation pathway;
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e The thromboelastographic parameters for the material synthesized using TBA - OH
were: R = 1.8 min (latency time for initial fibrin formation at 2mm clot amplitude),
K = 2.8 min (time for clot growth to 20 mm), o = 56.8° (rate of thrombin generation
and fibrin formation), and MA = 52.1 mm (maximum clot strength reflecting fibrin

elasticity and platelet adhesion);

o These thromboelastographic values surpassed those of the commercially available
zeolite-based hemostatic agent QuikClot (R = 2.7min, K = 3.6 min, o = 54.6°,
MA = 47.5mm), highlighting superior hemostatic performance;

o The results demonstrate the feasibility of synthesizing calcium—silicate materials
from chicken eggshell waste, offering a sustainable approach for developing effective

and safe hemostatic agents.




Capitulo 4

Artigo II: Hemostasia e acao antimicrobiana

Neste capitulo é apresentado um trabalho publicado por nosso grupo de pesquisa em abril
de 2026 na revista Chemistry — An Asian Journal. O artigo explora o conceito de materiais
multifuncionais aplicados a biomedicina, partindo da premissa de que processos fisiologicos
raramente ocorrem de forma isolada. Conforme discutido na secao 2.8, a resposta do
organismo a um ferimento envolve uma sucessao de eventos parcialmente sobrepostos
(vide se¢ao 2.6), sendo a hemostasia apenas a etapa inicial. As fases subsequentes
da cicatrizacao dependem de um ambiente favoravel a regeneragao tecidual, tornando
igualmente importante o controle de infecgoes. Nesse contexto, o desenvolvimento de
materiais capazes de atuar simultaneamente na contencao do sangramento e na prevencao da
proliferacdo microbiana representa um dos principais desafios da pesquisa em biomateriais
para tratamento emergencial de ferimentos.

Os materiais investigados neste estudo sao zedlitas nanométricas do tipo Faujasita
(X) submetidas & troca idonica com diferentes metais de relevancia biomédica. Embora
diversos trabalhos relatem a atividade hemostatica ou antimicrobiana de materiais zeoliticos,
essas propriedades sao frequentemente avaliadas de forma independente, dificultando
compreender como modificagoes quimicas destinadas a otimizar uma funcao afetam a outra.
O principal objetivo deste trabalho foi preencher essa lacuna por meio de uma investigacao
sistematica da influéncia da troca ionica sobre a estrutura, as propriedades superficiais e a
resposta biologica desses materiais. Mais do que comparar diferentes ions, o estudo busca
estabelecer relagoes entre composicdo quimica, propriedades fisico-quimicas e bioatividade,
fornecendo uma base racional para o projeto de biomateriais multifuncionais.

Como sera discutido ao longo do capitulo, a troca i6nica mostrou-se uma estratégia
simples e versatil para modular o comportamento biolégico das zedlitas, revelando que
diferentes cations promovem respostas distintas e, por vezes, antagonicas. Enquanto a
incorporacao de calcio intensificou a atividade hemostatica, a troca com prata conferiu
expressiva atividade antimicrobiana, porém a custa da reducao da eficiéncia na coagulacao
sanguinea. Esses resultados evidenciam que a otimizacdo de materiais multifuncionais
exige o equilibrio entre diferentes mecanismos de atuagdo, e ndo a maximizacao isolada de
uma unica propriedade.

Além da caracterizacao estrutural, morfoldgica, textural e superficial dos materi-
ais, o trabalho combinou ensaios de coagulacao sanguinea, atividade antimicrobiana e

citotoxicidade para correlacionar as modificacbes promovidas pela troca idnica com suas

88
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consequéncias biolégicas. Embora limitado a experimentos in vitro, o estudo estabelece
principios de projeto para o desenvolvimento de biomateriais capazes de integrar multiplas
funcionalidades, oferecendo diretrizes para futuras investigacoes in vivo e para a concepcao
de sistemas terapéuticos mais complexos.

O material suplementar submetido junto ao artigo esta disponivel nesta tese no
Apéndice B.
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Abstract: Integrating antimicrobial functionality with the intrinsic clot-promoting proper-
ties of zeolites represents a promising strategy for next-generation wound-care materials,
where rapid hemorrhage control must be coupled with infection prevention. Here, we
investigate nanocrystalline Faujasite (NanoFAU) and its ion-exchanged derivatives to
elucidate how extra-framework cation identity governs the balance between hemostatic
and antimicrobial performance. NanoFAU samples exchanged with Ag®, Ba®", Ca®",
and Mg*" were comprehensively characterized by XRD, SEM/HRTEM/EDS, AFM, BET
surface area analysis, 2°Si MAS NMR and FT-IR spectroscopy, confirming preservation
of the FAU framework and successful cation substitution. All ion-exchanged materi-
als exhibited isoelectric points below physiological blood pH, consistent with negatively
charged, procoagulant surfaces. Thromboelastography revealed that Ca®"-exchanged Na-
noFAU (NanoFAU-Ca) achieved the most pronounced hemostatic response (R = 1.1 min;
K = 1.2min; MA = 60.3mm), whereas Ag"-exchanged NanoFAU (NanoFAU-Ag) provided
strong antimicrobial activity against Staphylococcus aureus (ATCC 25923) and Candida,
albicans (ATCC 90028), displaying bactericidal and fungistatic effects, respectively. Impor-
tantly, NanoFAU-Ag maintained cell viability above the ISO 10993-5 cytotoxicity threshold
in HaCaT keratinocytes. These findings demonstrate that ion exchange enables rational
tuning of nanocrystalline Faujasite to achieve complementary hemostatic and antimicrobial
functionalities while preserving cytocompatibility, establishing NanoFAU as a versatile
inorganic platform for multifunctional wound management and supporting future in vivo

evaluation.
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4.1 Introduction

Zeolites are crystalline aluminosilicates composed of periodic three-dimensional frameworks
of cages and channels with molecular-scale dimensions. Owing to their well-defined porosity,
high surface area, and tunable framework chemistry, zeolites are extensively employed in
industrial applications as catalysts, adsorbents, and ion exchangers. In parallel, zeolite thin
films and nanostructured forms have attracted considerable interest for advanced technolo-
gies, including selective membranes, chemical sensors, and microelectronic devices®?3%2,
Structurally, zeolites are constructed from corner-sharing [SiO4] and [AlOy] tetrahedra
interconnected via oxygen bridges, generating extended nanoporous networks with large
internal voids and interconnected channels. This distinctive topology underpins their high
sorption capacity and ion-exchange versatility?* 3%,

In recent years, zeolites have also gained increasing attention in the biomedical field,
motivated by their intrinsic biocompatibility, structural stability under physiological condi-
tions, and capacity to host and release functional species in a controlled manner!?® 30% 354,
Among these applications, dehydrated zeolite powders have been widely explored as topical
hemostatic agents for the rapid management of severe hemorrhage. A notable example is
QuikClot®, a zeolite-based material deployed during the Iraq War in 2003 for emergency
bleeding control®’. Acting as molecular sieves, zeolites rapidly adsorb water from blood
at wound sites, thereby concentrating clotting factors, platelets, and erythrocytes and
accelerating activation of the coagulation cascade. This effect can be further modulated
by the release of biologically relevant cations, such as Ca*", which play a central role in
multiple steps of the coagulation process®® 3597357,

Beyond water adsorption-driven mechanisms, accumulating evidence suggests that
zeolites may actively participate in coagulation at the molecular level. Owing to their
negatively charged surfaces — originating from framework Al substitution and deprotona-

ted silanol groups with low pK, values®*®

— zeolites can function as so-called “inorganic
platelets” upon contact with whole blood at physiological pH (~ 7.4). These negatively
charged interfaces promote the assembly of prothrombinase complexes in a manner ana-
logous to the phospholipid surfaces of activated platelets, enhancing the conversion of
prothrombin to thrombin and accelerating fibrin formation® %,

A key advantage of zeolites lies in the tunability of their physicochemical properties
through framework composition and post-synthetic modification. Isomorphic substitution
of Si*" by AI*' within the tetrahedral framework generates a permanent negative charge
that is compensated by extra-framework cations. Although these cations are an integral
part of the crystallographic structure, they can be readily replaced by alternative ions

via ion-exchange processes'>*.

While ion exchange is generally straightforward from a
synthetic perspective, it can profoundly alter surface chemistry, hydration behavior, and

biological response, often in complex and non-linear ways. For example, exchange of zeolite
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LTA-5A with Ag™ not only imparts pronounced antimicrobial activity but also significantly
reduces the enthalpy of hydration — from approximately 680Jg~! to 420 Jg~! — thereby
mitigating excessive heat release during water adsorption, a critical safety consideration
for topical hemostatic applications”®. Although direct temperature-rise measurements were
not performed in the present study, prior calorimetric analysis and the altered hydration
dynamics of nanometric zeolites support the expectation that nanoscale systems may
further attenuate localized thermal effects due to enhanced heat dissipation and modified
water adsorption behavior®?.

In biomaterials research, ion exchange has been widely exploited to introduce
antimicrobial functionality into inorganic matrices through incorporation of metal ions
such as Ag™ and Cu*", which can be released in a controlled fashion upon exposure to
physiological fluids®**® %3 Zeolite-based antimicrobial materials have demonstrated efficacy
against a broad spectrum of clinically relevant microorganisms, including Staphylococcus
aureus, Escherichia coli, and Candida albicans®®® 354737 The renewed interest in metal-
based antimicrobials is driven by the accelerating global crisis of antibiotic resistance, as
metal ions typically exert antimicrobial activity through multiple, non-specific mechanisms
— such as membrane disruption, protein inactivation, and oxidative stress induction —
therefore reducing the likelihood of resistance development compared to conventional
antibiotics that target specific biochemical pathways®® 268,

However, the simultaneous integration of hemostatic and antimicrobial functionali-
ties within a single inorganic platform presents significant physicochemical and biological
challenges. Metal ions that confer antimicrobial activity — particularly Ag™ — can
interfere with coagulation processes by interacting with plasma proteins, altering fibrin
polymerization, or perturbing platelet-fibrin interactions. Moreover, antimicrobial ion
release must be sufficient to inhibit microbial growth while remaining below cytotoxic
thresholds for mammalian cells. Changes in surface charge, hydration behavior, and ion
mobility introduced during ion exchange may therefore enhance one biological function
while inadvertently suppressing another. Achieving a balanced multifunctional profile
thus requires careful control of ionic identity and framework chemistry, rather than simple
incorporation of antimicrobial species.

In this work, we investigate the concurrent hemostatic and antimicrobial properties
of nanocrystalline Faujasite (FAU) zeolites before and after ion exchange with Ag",
Ba?", Ca®", and Mg*". These cations were selected based on their documented roles

89, 369371 ' Hemostatic performance was

in coagulation pathways or antimicrobial activity
quantitatively assessed by thromboelastography, while antimicrobial efficacy was evaluated
using minimum inhibitory concentration (MIC) assays against Staphylococcus aureus and
Candida albicans, two clinically relevant pathogens frequently associated with wound
infections. The results presented herein provide a structure-function framework for

understanding how ion exchange modulates the dual biological activity of FAU nanozeolites
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and establish a foundation for future in vivo studies aimed at evaluating their performance

under physiological conditions.

4.2 Experimental Section

Synthesis and Physicochemical Characterization of the Nanocrys-

talline Zeolites

Synthesis of Nanocrystalline Faujasite (NanoFAU). Nanocrystalline Faujasite
zeolite (NanoFAU) was synthesized following the procedure reported by Zhan et al.',
with minor modifications. In a typical synthesis, sodium hydroxide was first dissolved in
deionized water under continuous stirring. Sodium aluminate was then added gradually to
the alkaline solution, and the mixture was stirred at room temperature for 15 min until a
clear and homogeneous solution was obtained. Subsequently, fumed silica was introduced
as the silica source, yielding a viscous suspension that was maintained under constant
agitation at 60 °C for 48 h to promote nucleation and crystallization of the FAU framework.
After crystallization, the solid product was recovered by centrifugation at 13400 rpm,
thoroughly washed with deionized water until neutral pH was achieved, and dried in a
convection oven at 40 °C for 16 h. The overall molar composition of the synthesis gel was
5.5Nay0 : 1.0Al505 : 4.0Si05 : 190H,0.

Ion Exchange with Metal Ions. Ion exchange of the as-synthesized NanoFAU was
carried out using aqueous solutions of copper nitrate, magnesium chloride, and silver
nitrate (0.5M). The procedure was adapted from Vasconcellos et al.®™. In a typical
experiment, 1.0g of NanoFAU was dispersed in 30 mL of the corresponding metal salt
solution in a Teflon-lined vessel and maintained at 90 °C for 12 h under gentle magnetic
stirring to promote cation exchange. After completion of the exchange process, the solid
products were recovered by centrifugation at 13 400 rpm, washed repeatedly with deionized
water (three cycles) to remove non-incorporated ions, and dried in a convection oven at

40°C for 16 h. The resulting materials are hereafter denoted as metal-exchanged NanoFAU.

X-ray Diffraction (XRD). Powder X-ray diffraction (XRD) patterns of the synthesized
materials were recorded on a Rigaku MiniFlex II diffractometer (Rigaku Corporation,
Tokyo, Japan) operating in Bragg—Brentano reflection geometry with a flat-plate sample
holder. The instrument was equipped with a CuKea radiation source (A = 1.5418 A)
and operated at 40kV and 15mA. A graphite monochromator was employed to ensure
monochromatic radiation. Diffraction data were collected over a 26 range of 3 — 50°, using

a step size of 0.02° (26) and a counting time of 10s per step.
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Scanning / Transmission Electron Microscopy (SEM and TEM) and Energy-Dis-
persive X-ray Spectroscopy (EDS). The morphology and particle size distribution
of the zeolite samples were examined by scanning electron microscopy (SEM) using a
Philips XL30 FEG microscope operated at accelerating voltages between 5 and 25kV.
Prior to imaging, the samples were sputter-coated with a thin gold layer to minimize
surface charging. SEM analyses were carried out at the Structural Characterization Labo-
ratory of the Federal University of Sdo Carlos (LCE/DEMa/UFSCar), Sdo Carlos, Brazil.
Elemental composition and ion-exchange efficiency were evaluated by energy-dispersive
X-ray spectroscopy (EDS) using an EVEX EDS detector coupled to the SEM system at
LCE/DEMa/UFSCar. For quantitative analysis, the relative atomic percentages obtained
by EDS were used.

High-resolution transmission electron microscopy (HRTEM) images were acquired
using an FEI Tecnai G2 F20 microscope operated at 200kV at the Structural Characteriza-
tion Laboratory of the Federal University of Sdo Carlos (LCE/DEMa/UFSCar), Sao Carlos,
Brazil. The oxide compositions reported in Table 4.1 were calculated from the atomic
percentages obtained by EDS. Considering that the concentration of charge-compensating
extra-framework cations is stoichiometrically related to the number of framework [AlO,]~
units, the compositions were normalized with respect to AloO3. This normalization enabled
quantitative estimation of the ion-exchange degree by comparing the Na™ content of the
exchanged samples with that of the parent NanoFAU. The exchange degree was thus

expressed as the percentage of Na® removed relative to the original material.

Atomic Force Microscopy (AFM). Atomic force microscopy (AFM) analyses were
performed using an NX-10 scanning probe microscope (Park Systems) operated in tapping
mode under ambient conditions. Measurements were conducted using a PPP-CNDH
silicon cantilever (Park Systems) with a nominal resonance frequency of approximately
320kHz and a spring constant of 42 Nm~!. For sample preparation, the zeolite powders
were dispersed in distilled water, drop-cast onto freshly cleaved mica substrates, and dried
under high vacuum prior to analysis. AFM images were processed and quantitatively
analyzed using Gwyddion software (32-bit version). All AFM measurements were carried
out at the National Nanotechnology Laboratory (LNNano), Brazilian Center for Research
in Energy and Materials (CNPEM), Campinas, Brazil.

Determination of the Isoelectric Point by Zeta Potential Analysis. The isoe-
lectric point (IEP) of the synthesized nanozeolites was determined from zeta potential
measurements using a Malvern Zetasizer Nano ZS instrument. The experimental protocol
was adapted from Ostomel et al.%®. This analysis was performed to evaluate the surface
charge behavior of the zeolitic materials and to infer their procoagulant or anticoagulant

tendencies based on the pH value corresponding to the IEP. Due to the colloidal com-
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plexity and heterogeneous composition of whole blood, direct in situ measurements of
zeta potential are not feasible. Consequently, surface charge characteristics were assessed
indirectly through electrophoretic mobility measurements in aqueous media, which provide
a well-established and widely accepted proxy for probing the electrostatic properties of
solid-liquid interfaces under controlled conditions®”. For zeolitic systems in particular,
zeta potential analysis has been shown to be sensitive to framework composition, extra-
framework cation identity, and pH, thereby enabling meaningful comparison of surface
charge behavior across different ion-exchanged materials®™*. To approximate physiological
ionic conditions, measurements were conducted in the presence of CaCly as a supporting
electrolyte, reproducing calcium ion concentrations representative of blood serum®”®. The
presence of divalent cations is especially relevant, as Ca>" plays a central role in both
coagulation cascades and surface-mediated protein adsorption processes: previous studies
have demonstrated that calcium-containing zeolites exhibit distinct surface charge cha-
racteristics and protein interaction patterns that can modulate contact activation and
thrombin generation® 3737 For each analysis, approximately 2mg of zeolite sample was
dispersed in 60mL of a 0.03mol L=! aqueous CaCl, solution and sonicated for 10 min to
ensure homogeneous dispersion. Zeta potential values were recorded as a function of pH
over the range of 2 — 12. pH adjustments were performed by titration with standardized
0.25mol L=t HC1 and NaOH solutions. The IEP was determined as the pH at which the

zeta potential crossed zero.

Textural Characterization by N, Adsorption—Desorption. Nitrogen adsorption—
desorption measurements were carried out to evaluate the textural properties of the
synthesized zeolites, including specific surface area, total pore volume, micropore volume,
and pore size distribution. Adsorption isotherms were recorded at 77 K (liquid nitrogen
temperature) using a Quantachrome Nova 2000e surface area analyzer. Prior to analysis, the
samples were degassed under vacuum at 150 °C for 4 h to remove physisorbed moisture and
residual surface species. Degassing conditions were selected to ensure complete desorption
of weakly bound species while preserving the structural integrity of the FAU framework.
The specific surface area was calculated using the Brunauer-Emmett—Teller (BET) method
within the relative pressure (P%) range consistent with BET applicability criteria. The total
pore volume was determined from the amount of nitrogen adsorbed at P% ~ 0.99. Micropore
volume was estimated using the Saito—Foley (SF) method, while mesopore volume and pore
size distribution were evaluated using the Barrett—Joyner-Halenda (BJH) model applied to
the adsorption branch of the isotherm. Textural parameters were calculated in accordance
with TUPAC recommendations for gas physisorption analysis®™® **°. All measurements
were performed at the Center for Ceramic Coatings (CRC), Federal University of Sao
Carlos (UFSCar), Sao Carlos, Brazil.
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29Gi Magic Angle Spinning Nuclear Magnetic Resonance (??Si MAS NMR)

Solid-state nuclear magnetic resonance (NMR) spectroscopy was employed to investigate
the local silicon environments in the synthesized zeolitic materials. *°Si MAS NMR
experiments were performed on a Bruker Avance III 400 spectrometer operating at a
magnetic field strength of 9.4 T, corresponding to a Larmor frequency of 79.5 MHz for 2°Si
nuclei. The spectrometer was equipped with a 4 mm double-resonance MAS probe suitable
for broadband heteronuclear experiments. Samples were packed into 4 mm zirconia rotors
fitted with Kel-F caps and spun at a magic angle spinning (MAS) frequency of 10 kHz
under ambient conditions. The MAS frequency and angle were calibrated using the "Br
resonance of a KBr standard, and magnetic field homogeneity was optimized by minimizing
the linewidth of the spinning sidebands. When required, the probe configuration allowed
stable spinning at frequencies up to 15kHz. Time-domain signals were Fourier transformed
into frequency-domain spectra using SpinWorks software. Owing to the high operational
costs and significant spectrometer time associated with solid-state NMR measurements,
2931 MAS NMR experiments were performed selectively on representative samples rather

than on the complete sample set.

Coagulation Evaluation

Thromboelastography (TEG). The coagulation performance of the zeolitic materials
was evaluated by thromboelastography (TEG) using a Haemoscope TEG 5000 thrombelas-
tograph. TEG provides a dynamic and quantitative assessment of the viscoelastic evolution
of whole blood during clot initiation, propagation, and stabilization. The method enables
extraction of key kinetic and mechanical parameters of the coagulation cascade, including
the reaction time (R), corresponding to the onset of fibrin formation; the clot formation
time (K); the a-angle, reflecting the rate of fibrin polymerization and clot strengthening;
and the maximum amplitude (MA), which represents the ultimate clot strength determined
primarily by platelet-fibrin interactions. Citrated whole blood was employed to prevent
premature coagulation. For each assay, a 20 nL aliquot of an aqueous 0.2 M CaCl, solution
(for recalcification) was added into the TEG sample cup. Separately, 340 pL of citrated
whole blood was mixed with 0.5 mg of each zeolitic material. The mixture was then directly
introduced into the TEG sample cup containing the 0.2 M CaCl, solution. Measurements
were conducted under standard operating conditions for whole-blood TEG analysis. Each
assay was performed in triplicate and repeated across three independent experimental runs
to ensure reproducibility and statistical robustness. The thromboelastograph continuously
recorded viscoelastic changes throughout clot formation, producing characteristic TEG
tracings that were used for quantitative comparison of clot initiation kinetics and mecha-
nical stability among the different zeolitic formulations. All procedures involving human

blood samples were conducted in accordance with established ethical standards and were
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approved by the Research Ethics Committee of the Sao José do Rio Preto Medical School
(FAMERP) under protocol number CAAE 48358215.9.0000.5415.

Phase-Contrast Microscopy. Phase-contrast optical microscopy was employed to
qualitatively assess the interaction between the zeolitic materials and whole blood, with
particular emphasis on fibrin network formation and cellular aggregation phenomena.
Imaging was performed using an Olympus BX60 optical microscope operated in phase-
contrast mode. For each experiment, 170 pL of citrated whole blood (collected in tubes
containing 4% v/v sodium citrate as anticoagulant) was deposited onto a clean glass
microscope slide. Coagulation was reinitiated by the addition of 10 uL of a 0.2mol L}
CaCl, saline solution, restoring calcium ions previously chelated by citrate and reactivating
calcium-dependent steps of the coagulation cascade. Subsequently, 0.25 mg of the respective
zeolite material was introduced into the recalcified blood sample and gently mixed to
ensure homogeneous contact. The prepared samples were immediately examined under
phase-contrast illumination to monitor the early stages of clot development. Particular
attention was given to fibrin strand formation, platelet and erythrocyte aggregation,
and the spatial organization of blood components in proximity to the zeolitic particles.
Phase-contrast microscopy was selected as it enables visualization of unstained biological
specimens, thereby preserving native clot morphology and minimizing sample perturbation.
All microscopy analyses were performed at the Multiuser Center for Microscopy and
Microanalysis, IBILCE/UNESP, Sao José do Rio Preto, Brazil.

Antimicrobial Activity of Nanozeolites

Minimum Inhibitory Concentration (MIC) Determination Against ATCC
Strains. The antimicrobial activity of NanoFAU and its ion-exchanged derivatives
with silver and magnesium (NanoFAU-Ag and NanoFAU-Mg) was evaluated against
Staphylococcus aureus (ATCC 25923) and Candida albicans (ATCC 90028). Minimum
inhibitory concentration (MIC) assays were performed using the broth microdilution
method in sterile 96-well microplates, following the recommendations of the Clinical
and Laboratory Standards Institute (CLSI) guideline M27-S4**!. All experiments were
conducted in triplicate to ensure reproducibility. For each material, aqueous suspensions
were prepared at three concentrations (0.1g, 0.01g, and 0.001 g), followed by sonication
for 30 min to ensure homogeneous dispersion of the zeolitic particles. Aliquots (100 pL)
of each suspension were transferred to individual wells, and RPMI 1640 culture medium
(Sigma®) was added to achieve the final assay volume. Each row of the microplate
corresponded to a single zeolite concentration and formulation (NanoFAU-Ag or NanoFAU-
Mg), tested in triplicate, and included appropriate sterility controls (medium only) and

growth controls (inoculated medium without zeolite). Microbial inocula were prepared
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from fresh 24 h cultures grown at 36.5°C and standardized to the turbidity of a 1.0
McFarland standard. Subsequently, 100 pLi of the standardized inoculum was added to
each well, and the plates were incubated at 36.5°C for 24h under aerobic conditions.
Following incubation, microbial metabolic activity was assessed by the addition of 20 pL
of a 2,3,5—triphenyltetrazolium chloride (TTC) solution (0.1g dissolved in 5nL sterile
distilled water) to each well as a redox indicator. Colorimetric changes were visually
monitored to evaluate cell viability. To further confirm microbial inhibition or survival,
aliquots from each well were subcultured onto Mueller-Hinton agar plates (Sigma®) and
incubated at 36.5°C for an additional 24 h.

Minimum Inhibitory Concentration (MIC) of NanoFAU and NanoFAU-Ag
Against ATCC Strains. The antimicrobial activity of NanoFAU and its silver ion-
exchanged derivative (NanoFAU-Ag) was evaluated against Staphylococcus aureus (ATCC
25923) and Candida albicans (ATCC 90028). Minimum inhibitory concentration (MIC)
assays were performed in sterile 96-well microplates using the broth microdilution method
in accordance with the Clinical and Laboratory Standards Institute (CLSI) guideline
M27-S4%8! " All experiments were conducted in triplicate. Microbial inocula were prepared
from fresh 24 h cultures grown at 36.5°C and adjusted to a turbidity equivalent to a 1.0
McFarland standard. The standardized suspensions were subsequently diluted in RPMI
1640 culture medium to obtain the working inoculum concentration recommended for
broth microdilution assays. Serial two-fold dilutions of NanoFAU and NanoFAU-Ag were
prepared in RPMI medium, resulting in final concentration ranges of 500 — 3.90 mg mL ™!
for NanoFAU and 1.00 — 0.007mgmL~" for NanoFAU-Ag. In each well, 100 uL of the
zeolite suspension was combined with 100 pL of the standardized microbial inoculum,
yielding a total reaction volume of 200 pL per well. Microplates were incubated at 36.5°C
for 24 h under aerobic conditions. Following incubation, microbial metabolic activity was
assessed by adding 20 uLi of a 2,3,5—triphenyltetrazolium chloride (TTC) solution (0.1g
dissolved in 5 mL sterile distilled water) to each well as a redox indicator. The absence
of color development was interpreted as inhibition of microbial metabolic activity. To
confirm growth inhibition, aliquots from each well were subcultured onto Mueller—Hinton
agar plates and incubated for an additional 24 h at 36.5°C.

Agar Diffusion Assay for Zeolitic Inhibition of S. aureus and C. albicans.
The antimicrobial activity of selected ion-exchanged zeolites was further assessed using
the agar well diffusion method as a complementary qualitative assay. Suspensions of
NaFAU-Mg and NaFAU-Ag were prepared in sterile aqueous medium at a concentration
of 0.4mgmL™". Microbial inocula of Staphylococcus aureus (ATCC 25923) and Candida
albicans (ATCC 90028) were obtained from fresh 24 h cultures and adjusted to a turbidity

equivalent to a 1.0 McFarland standard. The standardized inocula were uniformly spread
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onto Mueller-Hinton agar plates using the spread-plate technique with a Drigalski loop
to ensure homogeneous bacterial or fungal lawns. Wells were then aseptically cut into
the agar surface, and defined volumes of the zeolite suspensions were introduced into
each well. The plates were incubated at 36.5°C for 24 h under aerobic conditions, after
which the diameters of the inhibition zones were measured. In a second set of experiments,
NaFAU, NaFAU-Ca, NaFAU-Ag, and a physical mixture of NaFAU-Ca and NaFAU-Ag
were evaluated against S. aureus at zeolite concentrations of 0.4 and 0.8 mg mL ™. Sample
preparation, inoculum standardization, agar inoculation, incubation, and inhibition zone
measurements were performed following the same procedure described above. It is noted
that, for insoluble particulate materials such as zeolites, inhibition zones in agar diffusion
assays primarily reflect the diffusion of released ionic species rather than the migration of
solid particles. Accordingly, the agar diffusion method was employed here as a qualitative
tool to visualize antimicrobial effects and to complement the quantitative MIC results

obtained by broth microdilution.

Cytotoxicity of the Nanozeolites

Cytotoxicity Assessment of Silver-Exchanged Zeolite. The in vitro cytocompatibi-
lity of the silver-exchange zeolite was evaluated using an extract-based assay in accordance
with established biomaterials testing principles and consistent with ISO 10993-5 guidelines
for biological evaluation of medical materials. An extraction protocol was employed to
assess the potential cytotoxic effects of soluble species released from the material, inclu-
ding silver ions, under physiological-like conditions. Zeolite extracts were prepared by
incubating 1 mg of the material in 1 mL of Dulbecco’s Modified Eagle Medium (DMEM),
corresponding to an extraction ratio of 1 mgmL ™", at 37°C for 24 h under sterile conditions.
Following incubation, suspensions were centrifuged to sediment particulate matter, and the
supernatants were collected and filtered through a 0.22 pm membrane to ensure complete
removal of residual solid particles. The resulting conditioned medium was considered
the stock extract (1 mg mL_l) and was subsequently serially diluted in complete culture
medium to obtain final test concentrations ranging from 1000 to 3.9 pgmL™". Cell culture
and viability assays were performed following the protocol described by Mena-Silva et al.**?,

383 widely used as

with adaptations. Immortalized human keratinocytes (HaCaT cell line)
an epithelial model for skin-contact biomaterials, were cultured in DMEM supplemented
with 10% fetal bovine serum and 1% antibiotic/antifungal solution. Cells were maintained
at 37°C in a humidified atmosphere containing 5% CO,. For viability testing, cells were
seeded into 96-well plates at a density of 7 x 10® cells per well and allowed to adhere
for 24 h to reach logarithmic growth phase. The culture medium was then replaced with
medium containing the zeolite extracts at the specified concentrations, and cells were

incubated for an additional 24 h. Cell metabolic activity was quantified using the MTS
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assay (CellTiter 96®AQueous One Solution Cell Proliferation Assay, Promega®), which
measures mitochondrial enzymatic reduction of the tetrazolium compound to a soluble
formazan product. After 24 h exposure, 20 pl. of MTS reagent was added to each well,
and plates were incubated at 37°C for 1h according to the manufacturer’s instructions.
Absorbance was measured at 450 nm using a Multiskan microplate reader. All experiments
were performed in triplicate and repeated independently to ensure reproducibility. Cell
viability was calculated as a percentage relative to the negative control (untreated cells),
which was defined as 100% viability. According to ISO 10993-5 criteria, materials are
considered non-cytotoxic when cell viability remains above 70% of the negative control.
Statistical analysis was performed using one-way analysis of variance (ANOVA) followed
by Dunnett’s post hoc test to compare treated groups with the control. Differences were

considered statistically significant at p < 0.05.

4.3 Results and Discussion

Structural Analysis by X-Ray Diffraction

The structural properties of the synthesized materials were primarily evaluated by powder
X-ray diffraction (XRD). Figure 4.1 displays the diffraction patterns of the sodium form
of nanocrystalline Faujasite (NanoFAU) and its ion-exchanged derivatives. The pristine
NanoFAU sample exhibits a diffraction pattern fully consistent with the Faujasite (FAU)
framework, in excellent agreement with reference data reported for nanocrystalline NaX-
type materials'. The characteristic Bragg reflections observed at 26 ~ 6.1°, 9.9°, 11.7°,
15.3°, 20.0°, 23.3°, 26.5° and 31.1° confirm the successful formation of the FAU structure
and indicate a high degree of crystallinity despite the nanometric crystal size.

Ion exchange with divalent magnesium (NanoFAU-Mg) did not induce detectable
changes in peak positions, indicating preservation of the FAU lattice parameters. The
diffraction pattern remains essentially identical to that of the parent NanoFAU, apart
from a moderate and systematic reduction in peak intensities. A similar behavior was
observed for the calcium-exchanged sample (NanoFAU-Ca). In both cases, the attenuation
of Bragg intensities can be attributed to increased X-ray scattering disorder associated
with partial replacement of Na™ by divalent cations, as well as subtle changes in electron
density distribution within the supercages, rather than to framework collapse. These
results indicate that exchange with alkaline-earth cations of moderate ionic radius and
hydration energy preserves the long-range crystallographic order of the FAU framework.

In contrast, ion exchange with silver (NanoFAU-Ag) resulted in pronounced mo-
difications of the diffraction pattern. Several characteristic reflections, notably those at
20 ~ 9.8°, 11.6°, 15.3°, 20.0°, and 26.6°, are severely attenuated or no longer discernible,

accompanied by a substantial decrease in the intensity of the remaining peaks. This
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behavior indicates a significant loss of long-range crystalline order, consistent with partial
amorphization or increased structural disorder at the nanocrystal scale. The disruption
induced by Agt exchange is likely associated with the high polarizability, distinct coor-
dination preferences, and strong framework—cation interactions of silver ions, which can
locally distort the aluminosilicate lattice and destabilize periodic ordering.

A comparable, albeit less pronounced, effect was observed for the barium-exchanged
sample (NanoFAU-Ba), which exhibits attenuation or loss of reflections at 26 ~ 9.8°,
15.3°, and 20.0°, together with a general reduction in diffraction intensity. Given the large
ionic radius and lower hydration energy of Ba®*' relative to Ca*" and Mg*", these results
suggest that steric effects and reduced mobility within the FAU supercages contribute to
framework strain and partial loss of crystallographic coherence.

Overall, the XRD results demonstrate that the structural stability of NanoFAU
upon ion exchange is strongly dependent on the nature of the compensating cation. While
exchange with Mg®" and Ca®" preserves the FAU framework with only minor reductions
in crystallinity, incorporation of Ag™ and Ba?" induces significant disruption of long-range
order. Importantly, the persistence of residual FAU reflections in the latter samples
indicates that the framework is not completely collapsed, but rather transformed into a
more disordered or defect-rich state, a feature that may have direct implications for ion

release behavior and biofunctional performance discussed in subsequent sections.
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Figure 4.1: Powder X-ray diffraction (XRD) patterns of nanocrystalline Faujasite in the
sodium form (NanoFAU) and its ion-exchanged derivatives (Mg®", Ca*", Agt, and Ba*").
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FTIR Analysis

Fourier-transform infrared (FT-IR) spectroscopy was employed to examine the framework
integrity of nanocrystalline Faujasite in its sodium form (NanoFAU) and after ion exchange
with different cations. The FAU structure consists of interconnected TO, tetrahedra
(T = Si or Al), whose vibrational modes generate characteristic absorption bands in the
mid- and far-infrared regions. These vibrations are commonly classified as internal modes
of the TOy4 tetrahedra and external modes associated with framework linkages and ring
structures®?.

The fundamental framework vibrations of aluminosilicate zeolites occur predo-
minantly in the 1300 — 400 cm™! region, which defines the structural fingerprint of the
FAU topology®* ?*. In this range, the most prominent bands correspond to asymmetric
T—O-T stretching vibrations (typically 1250 — 950 cm™!), symmetric stretching modes
(approximately 820 — 750 cm™1!), and bending or linkage vibrations in the 650 — 420 cm™*
region. External vibrations associated with double six-membered rings and pore-opening
structures are generally observed below 600 cm133% 384,

As shown in Figure 4.2, the FT-IR spectra of NanoFAU and its ion-exchanged
derivatives display well-defined absorption bands at approximately 980, 750, 670, 560, and
460 cm~t. The band centered near 980 cm™! is attributed to asymmetric stretching of
T-O-T linkages, while features at 750 — 670 cm ™! arise from symmetric stretching modes
of the tetrahedral units. The bands at ~ 560 cm ™! and ~ 460 cm ™! are characteristic of
double-ring vibrations and T—O bending modes, respectively, confirming preservation of
the FAU framework?3? 384,

Broad absorption bands observed at 1630 — 1650 cm™! and 3400 — 3500 cm™!
correspond to H-O—H bending and O—H stretching vibrations of physisorbed and intra-
crystalline water molecules confined within the zeolitic cavities. The persistence of these
bands is consistent with the hydrophilic character of the aluminosilicate framework.

Importantly, ion exchange with Mg*", Ca*", Ag™, and Ba®t did not induce signifi-
cant shifts in the principal framework vibration frequencies within the accessible spectral
range (400 — 4000 cm ™), indicating that the tetrahedral aluminosilicate skeleton remained
largely intact after cation substitution. The low-frequency region below 400 cm ™!, where
cation—framework interactions and extra-framework metal-oxygen vibrations are typically
observed, was not accessible under the present experimental conditions®** ***. Nonetheless,
a systematic attenuation of band intensities was noted for certain exchanged samples,
particularly NanoFAU-Ag, suggesting increased structural disorder or modification of local
electronic environments, in agreement with the XRD results.

All NanoFAU samples, including the sodium form and ion-exchanged derivatives,
exhibited an additional absorption feature in the 1400 — 1490 cm ™! region. This band is

not commonly reported for microcrystalline Faujasite materials. A similar unassigned
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Figure 4.2: Fourier-transform infrared (FT-IR) spectra of nanocrystalline Faujasite in
the sodium form (NanoFAU) and its ion-exchanged derivatives (Mg®t, Ca*", Ag®, and
Ba®").
feature has been described for nanometric FAU-type zeolites (NanoX) by Azizi et al.*®.
In the present case, this band may be tentatively attributed to surface-related species,
possibly associated with an increased density of silanol (Si—OH) and aluminol (Al-OH)
groups resulting from the high surface-to-volume ratio characteristic of nanocrystalline
zeolites. Alternatively, weak contributions from residual carbonate species adsorbed from
atmospheric COy cannot be completely excluded. Further investigation would be required

to definitively assign this feature.

Morphology and Elemental Composition

To investigate the morphology, particle size, and compositional characteristics of the
synthesized materials, scanning and transmission electron microscopy (SEM/HRTEM),
atomic force microscopy (AFM), and energy-dispersive X-ray spectroscopy (EDS) were
employed in a complementary manner.

Representative SEM and HRTEM images of the as-synthesized nanocrystalline
Faujasite (NanoFAU) are presented in Figure 4.3. SEM analysis (Figure 4.3a-b) reveals

that the material consists of secondary aggregates ranging from approximately 0.3 to
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Figure 4.3: SEM (a,b) and HRTEM (c,d) images of nanocrystalline Faujasite
(NanoFAU). SEM reveals aggregated assemblies composed of primary nanocrystals.
HRTEM shows well-resolved lattice fringes (d ~ 0.82nm) characteristic of the FAU

framework, while dark-field TEM indicates representative particle size of approximately
52nm, corroborating the data reported by Zhan et al.' when first describing the synthetic
route adopted in this work.

1 um, formed by the assembly of primary nanocrystals. Higher-magnification SEM images
clearly show that the aggregate surfaces are composed of discrete nanosized domains with
estimated diameters in the 30 — 80 nm range, confirming the nanometric nature of the
synthesized zeolite.

High-resolution TEM analysis (Figure 4.3¢) further demonstrates well-defined lattice
fringes, indicating high crystallographic order at the nanoscale. The measured interplanar
spacing of approximately 0.82 nm is consistent with characteristic lattice planes of FAU-
type zeolites, such as the (331) or (220) reflections, confirming preservation of the Faujasite
framework after nanocrystal formation. The absence of amorphous regions supports the
high structural integrity of the material. Furthermore, particle size analysis from TEM
images (Figure 4.3d) shows individual crystals with diameters centered around ~ 50 nm
(representative particle: 52.32nm), corroborating the data reported by Zhan et al.' when
first describing the synthetic route adopted in this work.

Complementary AFM analysis (Figure C4.1, See Supporting Information) provides
additional insight into the surface topography of the NanoFAU aggregates. The AFM

height maps reveal densely packed nanocrystals with relatively smooth surface features at
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the micrometer scale. Although AFM can, in principle, resolve fine surface details, the
extensive agglomeration observed in both SEM and AFM images limits the extraction of
individual particle boundaries and precise surface roughness parameters. Nevertheless, the
AFM data are fully consistent with the particle size and aggregation state inferred from
electron microscopy.

Elemental composition and ion-exchange efficiency were assessed by energy-dispersive
X-ray spectroscopy (EDS). Figure 4.4 and Table 4.1 summarize the atomic percentages
and normalized oxide compositions of NanoFAU and its ion-exchanged derivatives. As
expected, all samples exhibit aluminum and silicon as the principal framework-forming
elements, confirming the integrity of the aluminosilicate FAU backbone. Sodium is detected
in the parent NanoFAU sample as the charge-compensating extra-framework cation, in
agreement with the alkaline hydrothermal synthesis conditions employed.

Although EDS is inherently surface-sensitive, compositional bias is not expected to
significantly affect the present analysis for two reasons: (i) the high surface-to-volume ratio
of the nanoparticles ensures that near-surface composition is representative of the bulk,
and (ii) the electron beam penetration depth is comparable to the particle dimensions,
enabling effective sampling of the entire nanocrystal volume. Consequently, EDS provides
a reliable semi-quantitative assessment of cation exchange in these materials.

To enable a chemically meaningful comparison of ion-exchange efficiency among
different samples, oxide compositions were normalized to Al,O3(Table 4.1). This normali-
zation is justified because the number of extra-framework charge-compensating cations is
directly proportional to the number of framework [A1O4]  units. The normalized compositi-
ons clearly reveal a systematic decrease in NayO content accompanied by the incorporation
of the corresponding exchange cations (Ca®", Mg, Ba*", or Ag"), confirming the success
of the ion-exchange process.

Among the exchanged samples, NanoFAU-Ag exhibits complete replacement of Na*
by Ag", corresponding to 100% exchange efficiency within experimental uncertainty. This
behavior is consistent with the well-documented high selectivity of Agt toward zeolitic
frameworks, attributed to its strong polarizing power and high affinity for negatively

386,387 " In contrast, partial exchange is observed for divalent

charged framework sites
cations, with exchange efficiencies of approximately 84.6% for Ca®", 61.5% for Mg®", and
92.3% for Ba®". These differences reflect the combined influence of ionic radius, hydration
energy, and mobility within the FAU supercages.

Notably, the apparent deviation from ideal charge compensation observed for
NanoFAU-Mg suggests a more complex distribution of Mg*" species, potentially involving
partial hydration or heterogeneous site occupancy. This behavior will be further discussed
in the context of the zeta potential and isoelectric point measurements, where surface

charge effects become particularly relevant.
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Figure 4.4: Elemental composition (atomic %) of nanocrystalline NaX and its
ion-exchanged derivatives, as determined by energy-dispersive X-ray spectroscopy (EDS)
within the analyzed region.

29Si MAS NMR and Framework Integrity

Figure 4.5 presents the solid-state *Si magic-angle spinning (MAS) NMR spectra of
nanocrystalline Faujasite in its sodium form (NanoFAU) and after ion exchange with Ca*",
Mg*", Agt, and Ba*". In all samples, the spectra are dominated by multiple resonances
characteristic of silicon atoms in different local aluminosilicate environments within the
FAU framework. The observed chemical shifts are in excellent agreement with those
reported for Faujasite-type zeolites in the literature®® %,

For the parent NanoFAU sample, five distinct resonances are clearly resolved. The
signal centered at approximately —84 ppm is assigned to Si atoms coordinated to four
aluminum neighbors through oxygen bridges, denoted as Si(0Si, 4 Al). Peaks at —89,
—94, —99, and —103 ppm correspond to Si(1Si, 3 Al), Si(2Si, 2 Al), Si(3Si, 1 Al), and fully
siliceous Si(4 Si, 0 Al) environments, respectively. The presence of this full distribution of
Q*(nAl) species confirms the characteristic aluminum ordering of the FAU framework and
indicates the absence of framework dealumination during synthesis.

Upon ion exchange, the overall spectral features remain largely preserved for
NanoFAU-Ca, NanoFAU-Mg, and NanoFAU-Ag. No significant changes in the number
of resonances or their relative positions are observed, indicating that substitution of
Na™ by these cations does not perturb the tetrahedral coordination of silicon or the
long-range framework connectivity. This observation corroborates the XRD and FT-IR
results, collectively demonstrating that ion exchange proceeds without disruption of the
aluminosilicate skeleton.

A slight but systematic upfield shift (approximately 1 — 2 ppm) is observed for
NanoFAU-Ba, with resonances appearing at —86, —90, —95, —100, and —104 ppm. These
subtle changes are attributed to the influence of Ba>" cations on the local electronic

environment of the framework oxygen atoms, which indirectly affects the shielding of
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Table 4.1: Compositional data extracted from the EDS spectra. The oxide formulas
were normalized to Al,O3. Exchanged Na®™ was determined from the normalized oxide
formulas and represents the proportion of Na™ ions removed in the ion-exchanged samples
relative to the original NanoFAU.

Sample Na | Al Si Ca | Mg | Ba | Ag Oxide formula Exchanged Na™
NanoFAU | 355 | 267|378 | — | — | — | — | 1.0ALO; : 2.85i0, : -
1.3Na20
NanggAU' 70 | 342|456 | 13.1 | - - — | 1.0A1,05 : 2.7Si0, : 84.6%
0.2Na50 : 0.8Ca0
Nanl\%FAU' 1381200393 — [ 179 — | — | 1.0ALO;: 2.7SiO, : 61.5%
& 0.5Nas0 : 1.2MgO
Nan];l;AU' 43 | 348|461 | — | - | 148| - | 1.0AL,Os:2.65i0, : 92.3%
0.1Na»O : 0.9BaO
NanXZAU' 12901380 - | — | - ]330/ 1.0AL,O;: 2.65i0, : 100.0%

neighboring silicon nuclei. Given the large ionic radius and lower hydration energy of Ba*"
relative to Ca®" and Mg?", stronger electrostatic interactions with framework oxygen
atoms are expected. Importantly, the magnitude of these shifts is small and does not
indicate framework rearrangement, dealumination, or changes in silicon coordination.
Overall, the ?°Si MAS NMR results unequivocally demonstrate that the FAU
framework remains structurally intact after ion exchange with all investigated cations.
The persistence of well-resolved Q*(nAl) environments confirms that cation substitution
primarily affects extra-framework sites, while the tetrahedral aluminosilicate network is
preserved. These findings provide a critical structural basis for interpreting subsequent

variations in surface charge, textural properties, and biological performance.

Textural Properties, Hierarchical Porosity, and Surface Charge

Nitrogen adsorption—desorption isotherms of NanoFAU (Figure C4.2, See Supporting
Information) exhibit a Type IV profile according to TUPAC classification, characterized by
a distinct hysteresis loop at intermediate-to-high relative pressures (P%). This behavior
indicates the presence of mesoporosity in addition to the intrinsic microporosity of the
FAU framework. The hysteresis loop is consistent with interparticle mesopores formed by
aggregation of nanocrystals, as observed in SEM and AFM analyses.

Although classical Type I uptake associated with purely microporous zeolites is not
sharply resolved, this does not indicate loss of intrinsic FAU microporosity. Rather, the
dominant mesoporous contribution reflects the nanocrystalline nature of the material and
the formation of intercrystallite voids. The preservation of the aluminosilicate framework
microporosity is independently confirmed by XRD and 2*Si MAS NMR, which demonstrate
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Figure 4.5: Solid-state *’Si magic-angle spinning (MAS) NMR spectra of nanocrystalline
Faujasite (NanoFAU) in the sodium form and its ion-exchanged derivatives (Ca®*, Mg®*,
Ba’", and Ag™).

structural integrity and absence of framework collapse or dealumination.

BJH pore size distribution analysis (Figure C4.3, See Supporting Information)
reveals a broad distribution with a significant contribution in the 20 — 50 nm range,
attributable to interparticle mesopores. A pronounced feature centered at an apparent
pore radius of ~ 1.7nm is also observed. This contribution arises from the convolution of
framework-defined micropores with narrow interparticle voids, characteristic of aggregated
nanocrystals. The resulting architecture can therefore be described as hierarchical micro—
mMesoporous.

From a functional perspective, such hierarchical porosity is advantageous for blood-
contacting applications. The combination of intrinsic micropores and mesoscopic inter-
particle voids facilitates rapid fluid uptake, high accessible surface area, and enhanced
adsorption of plasma proteins and clotting factors, while maintaining the capacity for

controlled release of exchangeable cations.

Surface Charge and Isoelectric Behavior

Surface charge density critically governs the interaction between inorganic materials and
biological systems, particularly in the context of blood coagulation. The electrostatic
behavior of the materials was evaluated through zeta potential measurements as a function
of pH in CaCl, solution (Figure 4.6), approximating physiological ionic conditions.

In zeolitic systems, surface charge arises from protonation—-deprotonation equilibria
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Figure 4.6: Zeta potential profiles of nanocrystalline Faujasite in the sodium form
(NanoFAU) and its ion-exchanged derivatives (Ca®t, Mg®t, Ba™, and Ag™) as a function
of pH, measured in CaCl, solution, highlighting their respective isoelectric points.

of surface silanol and aluminol groups. At pH values above the isoelectric point (IEP),
deprotonation leads to negatively charged SiO~ and AlO™ sites, whereas at pH values
below the IEP the surface becomes neutral or positively charged®® 3™, The relative
position of the IEP with respect to physiological blood pH (~ 7.4) is particularly relevant
for predicting hemostatic behavior®® 3%,

All ion-exchanged samples exhibit a downward shift of the IEP relative to the parent
NanoFAU (IEP = 3.2). Specifically, the IEP values are approximately 2.5 (NanoFAU-
Ca),2.3 (NanoFAU-Mg), 3.1 (NanoFAU-Ba), and 1.5 (NanoFAU-Ag). Consequently, under
physiological conditions all materials possess a net negative surface charge, favoring
electrostatic interactions with positively charged domains of coagulation factors.

It is worth noting that NanoFAU-Mg displays relatively more positive zeta potential
values across a broad pH range. This behavior is consistent with its non-ideal charge
compensation inferred from normalized oxide composition (1.0Al;03 : 2.7SiOs : 0.5Nas0 :
1.2MgO), which implies an effective excess of extra-framework cationic charge. This excess
likely contributes to partial surface charge neutralization and modifies the electrokinetic
profile.

Collectively, these results demonstrate that ion exchange not only preserves the
structural integrity of the FAU framework but also modulates both hierarchical porosity
and surface charge characteristics. These physicochemical modifications provide the
mechanistic foundation for the distinct hemostatic and antimicrobial behaviors observed

among the NanoFAU derivatives.

Thromboelastographic Evaluation

The hemostatic performance of nanocrystalline Faujasite (NanoFAU) and its ion-exchanged

derivatives was systematically evaluated by thromboelastography (TEG), a technique that
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provides real-time, quantitative assessment of the viscoelastic evolution of clot formation
in whole blood. Citrated whole blood without zeolite addition was used as the control,
enabling direct comparison with samples treated with NanoFAU, NanoFAU-Ca, NanoFAU-
Mg, NanoFAU-Ba, and NanoFAU-Ag. Representative TEG tracings are shown in Figure
4.7, and the corresponding quantitative parameters are summarized in Table 4.2.

The analyzed TEG parameters included the reaction time (R), reflecting the
latency to initial fibrin formation; the clot formation time (K), associated with clot
propagation kinetics; the a-angle, indicative of the rate of fibrin network growth; and the
maximum amplitude (MA), which reflects the final clot strength arising from fibrin—platelet
interactions.

Relative to the control, all zeolitic materials significantly accelerated the initiation
of coagulation, as evidenced by a pronounced reduction in R values. Pristine NanoFAU
reduced the R time from (8.6 +0.7) min (control) to (2.4+£0.1) min, confirming its intrinsic
procoagulant activity. This effect was further modulated by ion exchange. Among the
derivatives, NanoFAU-Ca exhibited the most pronounced acceleration of clot initiation,
with an R value of (1.1+£0.2) min, approaching the lower limit of the physiological reference
range and well below the threshold considered critical for rapid hemorrhage control.

NanoFAU-Mg also demonstrated enhanced coagulation kinetics, with reduced R
((2.1 £0.2) min) and K ((1.1 & 0.2) min) values and an increased a-angle ((76.5 £+ 2.2)°),
indicating efficient fibrin build-up. However, a modest reduction in MA ((53.5 £ 5.7) mm)
suggests that, although clot initiation and propagation were accelerated, the final clot
strength was not proportionally enhanced. A similar trend was observed for NanoFAU-Ba,
which displayed slightly prolonged R values ((2.7 £ 0.2) min) relative to NanoFAU-Ca
and NanoFAU-Mg, combined with reduced Ma ((50.9 + 3.4) mm), indicating weaker clot
stabilization.

In contrast, NanoFAU-Ag induced the most substantial impairment of clot forma-
tion. This sample exhibited prolonged R ((3.4 4+ 0.5) min) and K ((2.5 & 0.6) min) times,
accompanied by a marked decrease in a-angle ((60.0 £ 2.4)°) and a pronounced reduction
in MA ((42.4 £ 6.4) mm). The significant decrease in MA indicates compromised clot
mechanical integrity, likely arising from disrupted fibrin polymerization and weakened
platelet—fibrin interactions. These findings suggest that, although silver ion exchange
confers strong antimicrobial functionality, it negatively interferes with the coagulation
cascade.

Statistical analysis by one-way ANOVA revealed highly significant differences in R
values among all treated samples relative to the control (p < 0.0001), with NanoFAU-Ca
exhibiting the most pronounced effect. Significant differences were also observed for K
and a-angle (p < 0.005). In contrast, despite clear numerical trends, MA differences did
not reach statistical significance, reflecting the larger variability inherent to clot strength

measurements.
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Importantly, the thromboelastographic findings were corroborated by phase-contrast
microscopy, which provided direct qualitative evidence of clot formation at the cellular level.
As shown in Figures C4.4 — C4.6 (See Supporting Information), whole blood exposed to
NanoFAU and its ion-exchanged derivatives exhibited pronounced red blood cell aggregation
and the formation of fibrin-rich clot structures, in clear contrast to the control. These
microstructural observations confirm that the accelerated coagulation kinetics detected by
TEG arise from genuine fibrin network formation and cellular organization, rather than
from purely physicochemical alterations of blood viscoelasticity.

The strong clot-accelerating behavior observed here is consistent with the growing
body of evidence that inorganic surfaces can be “functionally procoagulant” when enginee-
red for rapid, localized contact activation and factor enrichment at the wound interface.
Recent reviews emphasize that next-generation hemostats increasingly leverage high surface
area, tailored surface charge, and hierarchical porosity — features shared by nanozeolites,
mesoporous silicas, and certain clay/mineral platforms — to concentrate proteins and
promote intrinsic pathway activation without relying on biological coagulants® 292 390, 391,
It is already well established that polar inorganic surfaces, such as oxides and silicate-based
materials, can accelerate blood coagulation via the so-called “glass effect”®® 29237 Tp
this context, negatively charged surfaces act as contact activators for coagulation factor
XIT (FXII), initiating the intrinsic pathway. FXII activation occurs through electrostatic
interactions between negatively charged surfaces and positively charged residues on the
heavy chain of the zymogen, inducing conformational changes that promote autoactivation
and subsequent proteolytic cleavage®®® 376 377,

Beyond the traditional description of “negatively charged surface + Ca** supple-
mentation”, protein adsorption (and subsequent corona formation) and surface-mediated
assembly of coagulation complexes are now also recognized as decisive contributors to the
hemostatic response of calcium-containing inorganic materials®?% 3. Recently, Shang et
al.® reported that Ca-exchanged Y zeolite surfaces can “mimic” certain platelet functi-
ons by serving as platforms for prothrombinase complex assembly, effectively acting as
“inorganic platelets”. Notably, the zeolite-assembled prothrombinase complexes displayed
enhanced activity, and the presence of Ca*" was essential for efficient complex formation,
consistent with its established physiological role in coagulation. Further adding to the
complexity of these systems, several studies have shown that metal ions can directly
modulate coagulation protein interactions and contact activation®’?. Mutch, Waters, and
Morrissey®™®, for instance, demonstrated that divalent metal ions immobilized on surfaces
strongly interact with FXI, FXII, and high-molecular-weight kininogen, affecting activation
of the contact pathway.

These concepts align with our findings that ion identity (e.g., Ca" vs. Ag") can
enhance early clotting kinetics while also modulating clot mechanics, highlighting the

need to treat “procoagulant performance” as a coupled outcome of porosity-driven factor
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concentration and ion/surface-regulated protein interactions®” 294, 390,

Taken together, the combined thromboelastographic and microscopic evidence
demonstrates that nanocrystalline Faujasite exhibits strong intrinsic hemostatic activity,
which can be further tuned by ion exchange. Among the tested materials, NanoFAU-Ca
emerged as the most promising candidate for rapid hemorrhage control, combining ac-
celerated clot initiation with preserved clot strength. Conversely, NanoFAU-Ag, while
advantageous for antimicrobial purposes, significantly compromises coagulation perfor-
mance, underscoring the need to balance hemostatic and antimicrobial functionalities in
the rational design of multifunctional wound-care materials.

It is important to distinguish intentional, localized procoagulant activity designed
for topical hemostasis from broader systemic hemocompatibility requirements. According
to ISO 10993-4, comprehensive hemocompatibility evaluation of blood-contacting materials
includes assessment of hemolysis, platelet activation, coagulation pathway perturbation,
and complement activation, particularly for devices intended for prolonged intravascular

393 In the present study, the materials are intended for topical application,

exposure
where controlled surface-mediated coagulation at the wound interface represents a desired
therapeutic outcome rather than an indicator of pathological thrombogenicity. While
dedicated hemolysis and platelet activation assays represent important next steps toward
full translational validation, the absence of abnormal thromboelastographic signatures
and the preservation of physiologically relevant clot strength parameters indicate that the

materials do not induce uncontrolled coagulation under the investigated conditions.

Table 4.2: Thromboelastographic (TEG) parameters of citrated whole blood in the
absence of zeolite (control) and after treatment with nanocrystalline Faujasite (NanoFAU)
and its ion-exchanged derivatives (NanoFAU-Ca, NanoFAU-Mg, NanoFAU-Ba, and
NanoFAU-Ag). Reaction time (R), clot formation time (K), a-angle, and maximum
amplitude (MA) were extracted from TEG tracings and are reported as
mean + standard deviation (n = 3).

R (min) K (min) Alpha Angle (°) MA (mm)

Reference value 5-10 1-3 45 - 74 54 — 62
Control 8.6 0.7 3.5£0.6 49.7 £ 6.8 3.6 £24
NanoFAU 24+£0.1 1.24+0.0 73.9+£0.5 61.2+1.6
NanoFAU-Ca 1.1+0.2 1.2+0.1 75.1+2.3 60.3 £ 1.6
NanoFAU-Mg 21=x0.2 1.14+£0.2 76.5 £2.2 93.5 £5.7
NanoFAU-Ba 2.7+0.2 1.0+0.1 75.6 £0.3 50.9 £ 34
NanoFAU-Ag 3.4+£05 25+£0.6 60.0 £ 2.4 424 +£64

Another practical motivation for nanoscale inorganic hemostats is mitigation of heat-

related tissue injury historically associated with strongly exothermic water adsorption in
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Figure 4.7: Thromboelastography (TEG) curves of citrated whole blood before zeolite
addition (control) and after treatment with nanocrystalline Faujasite (NanoFAU) and its
ion-exchanged derivatives (NanoFAU-Ca, NanoFAU-Mg, NanoFAU-Ba, and
NanoFAU-Ag).

dehydrated zeolite powders. While direct temperature-rise measurements were outside the
scope of this work, prior calorimetric evidence shows that ion exchange can substantially
reduce hydration enthalpy in zeolitic systems, supporting a materials-design pathway

to lower heat release during use®” %2

. More broadly, the field is converging on porous
inorganic architectures (including mesoporous silica microspheres) that combine rapid
fluid uptake with improved thermal handling, reinforcing the translational relevance of

nano-/mesoporous designs for emergency hemostasis®”'.

Antimicrobial Activity and Cytocompatibility

The antimicrobial performance of nanocrystalline Faujasite (NanoFAU) and its ion-
exchanged derivatives was systematically evaluated against Staphylococcus aureus and Can-
dida albicans using broth microdilution (MIC), agar diffusion assays, and post-incubation
subculturing to discriminate between bacteriostatic/fungistatic and bactericidal effects.

Unmodified NanoFAU exhibited no detectable antimicrobial activity against either S.
aureus or C. albicans at concentrations up to 0.1g (Table 4.3), confirming that the sodium
form of the zeolite framework is biologically inert with respect to microbial inhibition.
Similarly, NanoFAU-Mg showed no inhibitory effect at any tested concentration, indicating
that magnesium incorporation does not confer antimicrobial functionality under the present
experimental conditions.

In contrast, silver-exchanged NanoFAU (NanoFAU-Ag) displayed pronounced anti-
microbial activity against both microorganisms. In the microdilution assay (Table 4.4),
NanoFAU-Ag inhibited S. aureus growth at concentrations as low as 1.0 and 0.5 mgmL ™",

representing a reduction of more than two orders of magnitude relative to the concen-
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trations required for growth inhibition by unmodified NanoFAU (250 — 500 mgmL™").
Subculturing aliquots from inhibited wells onto Mueller-Hinton agar yielded no colony
growth, demonstrating that the antibacterial effect of NanoFAU-Ag against S. aureus is
bactericidal.

For C. albicans, NanoFAU-Ag also inhibited growth at 1.0 and 0.5 mgmL ™" in the
microdilution assay. However, subsequent subculturing revealed colony formation at all
concentrations, including those initially showing inhibition. This behavior indicates a
fungistatic effect, whereby fungal proliferation is suppressed only during direct contact
with the silver-exchanged zeolite. The absence of irreversible growth inhibition highlights

a pathogen-dependent response to silver ion release.

Table 4.3: Antimicrobial activity of NanoFAU and its ion-exchanged derivatives
(NanoFAU-Ag, NanoFAU-Cu, and NanoFAU-Mg) at concentrations of 0.1g, 0.01 g, and
0.001 g against Staphylococcus aureus and Candida albicans.

Inhibitory concentration (g)

Material S. aureus C. albicans
NanoFAU NI NI
0.1 0.1
NanoFAU-Ag 0.01 0.01
0.001 0.001
NanoFAU-Mg NI NI

NI: No inhibition

Table 4.4: Inhibitory concentrations of zeolites against S. aureus and C. albicans
observed in the microdilution antimicrobial susceptibility test.

Inhibitory concentration (mg)
Material S. aureus C. albicans
500 NI
NanoFAU
250 NI
1 1
NanoFAU-Ag
0.5 0.5

NI: No inhibition

The antimicrobial activity was further corroborated by agar diffusion assays (Figures
4.8 and 4.9). NanoFAU-AgAg was the only material that produced clear inhibition halos
against both microorganisms. Against C. albicans, NanoFAU-Ag generated a halo of
19.8 mm (Figure 4.8a), whereas all other materials — including NanoFAU, NanoFAU-
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Mg, NanoFAU-Zn, and NanoFAU-Cu — showed no detectable inhibition. For S. aureus,
NanoFAU-Ag produced a pronounced inhibition zone of approximately 25 mg (Figure 4.9b).
Additional assays conducted at two zeolite concentrations (0.4 and 0.8 mgmL™") confirmed
that NanoFAU-Ag consistently inhibited S. aureus, with inhibition halos ranging from 22
to 23mm (Figure 4.9). A physical mixture of NanoFAU-Ca and NanoFAU-Ag exhibited
inhibition halos comparable to NanoFAU-Ag alone, whereas NanoFAU-Ca by itself showed
no antibacterial effect. These results demonstrate that the antimicrobial activity of the
composite formulation arises exclusively from the silver-exchanged component and is

largely independent of the zeolite concentration within the investigated range.
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Figure 4.8: Representative inhibition halos observed in agar diffusion assays using
nanometric zeolite suspensions (4mgmL™"). (a) Antifungal activity against Candida
albicans: NanoFAU-Zn (no inhibition), NanoFAU-Mg (no inhibition), NanoFAU-Ag
(inhibition halo: 19.8 mm), NanoFAU-Cu (no inhibition), and growth control (CT). (b)
Antibacterial activity against Staphylococcus aureus: NanoFAU-Zn (no inhibition),
NanoFAU-Mg (no inhibition), NanoFAU-Ag (inhibition halo: 25 mm), NanoFAU-Cu (no
inhibition), and growth control (CT).

The observed antimicrobial activity of NanoFAU-Ag can be directly attributed to
the presence of silver ions within the Faujasite framework. Zeolites act as reservoirs for
Ag™ ions, which can be gradually released via ion exchange with competing cations present

in biological medialtls 360, 394, 395

Once released, silver ions exert antimicrobial effects
through multiple, non-specific mechanisms, including disruption of membrane integrity,
inactivation of essential thiol-containing enzymes, interference with nucleic-acid replication,
and induction of oxidative stress via reactive oxygen species generation!!! 359 3967398
Beyond simple ion release, the antimicrobial efficacy of NanoFAU-Ag reflects the
zeolite acting as a release-modulating matrix under ionic competition, enabling sustained
local Ag™ availability rather than an uncontrolled burst dose. Contemporary mechanistic
studies emphasize that Ag-zeolite activity arises from the interplay between (i) Ag™ release
kinetics governed by ion-exchange equilibria and hydration behavior, and (ii) multi-target
microbial damage pathways, including membrane disruption, enzyme inactivation, nucleic-

acid interference, and oxidative stress processes?® 30% 36839 " Trmjportantly, recent work
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Figure 4.9: Antibacterial activity of zeolite-based materials against Staphylococcus
aureus evaluated by the agar diffusion method. (a) At 0.4mgmL™": NanoFAU (no
inhibition), NanoFAU-Ca (no inhibition), NanoFAU-Ag (inhibition halo: 23 mm), and
NanoFAU-Ca + NanoFAU-Ag (inhibition halo: 24mm). (b) At 0.8 mgmL™": NanoFAU
(no inhibition), NanoFAU-Ca (no inhibition), NanoFAU-Ag (inhibition halo: 22 mm), and
NanoFAU-Ca + NanoFAU-Ag (inhibition halo: 22 mm).

also supports a role for ROS-associated oxidative activity in Ag-exchanged zeolites under
aerobic conditions, with measurable coupling between oxidative processes and antimicrobial
efficacy that depends on zeolite structure, Ag loading, and environmental conditions®**.
In parallel, antibiofilm activity has been documented for Ag-ion-exchanged zeolites in
contemporary microbiological models, reinforcing their relevance for wound-infection
control, where biofilm formation represents a major clinical barrier®6% 3947397 399,

The pathogen-dependent response observed in this study — bactericidal against
Staphylococcus aureus and fungistatic against Candida albicans — is consistent with previ-
ous reports indicating that microbial susceptibility to silver-based materials is influenced by
differences in cell wall architecture, metabolic activity, and oxidative stress tolerance®** 3%,
The robust antimicrobial response of NanoFAU-Ag, combined with the absence of activity
in sodium- and magnesium-exchanged zeolites, confirms that silver incorporation is both

necessary and sufficient to impart antimicrobial functionality to nanocrystalline Faujasite.

Cytocompatibility Assessment

The cytotoxicity of NanoFAU-Ag was evaluated in human keratinocyte (HaCaT) cells after
24 h exposure using the MTS assay. As shown in Figure 4.10, cell viability remained above
70% across all tested concentrations (1000 to 3.9 pg mL '), with no statistically significant
differences relative to the negative control (one-way ANOVA followed by Dunnett’s post
hoc test, p > 0.05).

According to ISO 10993-5, materials that reduce cell viability below 70% are
classified as cytotoxic. Under the conditions investigated here, NanoFAU-Ag did not meet

this criterion, indicating a favorable in vitro biocompatibility profile toward epithelial cells.
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Figure 4.10: Cell viability (%) of HaCaT cells after 24 h exposure to silver-exchanged

zeolite at concentrations ranging from 1000 to 3.9 g mL~". Data represent mean 4+ SD

(n = 3). Statistical analysis was performed using one-way ANOVA followed by Dunnett’s

post hoc test. ns: not significant (p > 0.05). The dashed line represents the 70% viability
threshold according to ISO 10993-5.

Given that HaCaT keratinocytes are a well-established model for human epidermal tissue,
these results support the suitability of silver-exchanged Faujasite for applications involving

direct contact with skin or wound environments.

4.4 Conclusions

Nanocrystalline Faujasite (NanoFAU) and its ion-exchanged derivatives were demons-
trated to constitute a tunable inorganic biomaterial platform capable of integrating
hemostatic and antimicrobial functionalities within a single framework. Structural cha-
racterization confirmed preservation of the FAU lattice upon ion exchange, while surface
charge analysis revealed physiologically relevant negative surface potentials consistent with
contact-activation-mediated coagulation.

Thromboelastographic evaluation identified calcium exchange as the most effective
strategy for enhancing clot initiation and propagation, with NanoFAU-Ca exhibiting
rapid clot formation (R = 1.1min) and preserved clot strength (MA = 60.3mm). In
contrast, silver exchange conferred potent antimicrobial activity, producing bactericidal
effects against Staphylococcus aureus and fungistatic inhibition of Candida albicans, while
maintaining cytocompatibility above ISO 10993-5 thresholds. These findings highlight
a cation-dependent trade-off between maximal coagulation efficiency and antimicrobial
potency, underscoring the importance of ion identity in governing multifunctional per-
formance. Overall, ion exchange emerges as a straightforward and effective strategy for

rationally tailoring the biological behavior of nanocrystalline Faujasite. By decoupling
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and selectively optimizing coagulation and antimicrobial responses, NanoFAU derivatives
represent promising candidates for advanced topical hemostats requiring simultaneous
hemorrhage control and infection mitigation. Future studies focusing on in vivo validation

and controlled ion-release kinetics will be critical for translational development.




Capitulo 5

Conclusoes Gerais e Perspectivas Futuras

Ao longo desta tese foram investigadas diferentes estratégias para o desenvolvimento de
materiais silicatos destinados a aplicagdes biomédicas, tendo como objetivo principal com-
preender como modificagdes estruturais, texturais e quimicas influenciam seu desempenho
biologico, especialmente no contexto da hemostasia e da atividade antimicrobiana. Embora
os estudos apresentados tenham seguido abordagens distintas, ambos foram conduzidos a
partir de uma mesma premissa: a de que o desempenho desses materiais é o resultado de
um conjunto de propriedades fisico-quimicas que podem ser racionalmente controladas por
meio da sintese e da modificacdo de sua estrutura.

No primeiro estudo, foi demonstrado que a utilizacao de residuos de biomassa
inorganica representa uma alternativa viavel para a obtencao de silicatos de calcio com
potencial aplicacao como agentes hemostaticos. Mais do que evidenciar a possibilidade
de empregar uma matéria-prima de baixo custo e maior apelo ambiental, os resultados
mostraram que a escolha dos agentes direcionadores de estrutura exerce influéncia direta
sobre a formacao das fases cristalinas e sobre propriedades texturais, como area superficial
e porosidade, refletindo-se no desempenho observado nos ensaios de coagulacao. Até onde
pode-se verificar, esse trabalho representa o primeiro estudo reportado na literatura em que
residuos de biomassa inorganica ricos em célcio, especificamente cascas de ovos de galinha,
foram utilizados na sintese de materiais silicatos ricos em calcio destinados a aplicac¢oes
biomédicas. Os resultados reforcam a importancia do controle das condicoes de sintese como
ferramenta para o desenvolvimento racional de biomateriais, evidenciando que pequenas
modificagoes no processo podem produzir alteragoes significativas nas propriedades finais
do material.

De maneira complementar, o segundo estudo demonstrou que a composicao quimica
dos silicatos também pode ser explorada como um parametro de projeto. A modificacao de
zeolitas do tipo Faujasita por troca idnica permitiu modular as propriedades hemostaticas e
antimicrobianas, evidenciando que a incorporacao de diferentes espécies metalicas constitui
uma estratégia versatil para atribuir novas funcionalidades a um mesmo sistema. Ainda
que a modulagao através de troca ionica seja uma técnica ja amplamente consolidada em
ciéncia de zedlitas, o trabalho propoe a avaliacdo em um mesmo desenho experimental
das propriedades hemostaticas e antimicrobianas dos materiais, possibilitando estabelecer
correlagoes diretas entre as modificagoes quimicas introduzidas e o desempenho funcional

obtido em ambas as frentes de aplicacao “simultaneamente”. Nesse contexto, os resultados
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obtidos sugerem que a multifuncionalidade pode ser alcan¢ada nao apenas pela combinagao
de diferentes materiais, mas também pelo ajuste criterioso de sua composi¢ao quimica,
preservando sua estrutura cristalina e explorando as possibilidades oferecidas pela prépria
arquitetura zeolitica.

Naturalmente, os resultados obtidos também evidenciam que diversas questoes
permanecem em aberto. Os ensaios realizados permitiram estabelecer correlagdes impor-
tantes entre propriedades fisico-quimicas e comportamento biolégico in vitro; entretanto, a
compreensao dos mecanismos moleculares responsaveis por essas respostas ainda demanda
investigacao adicional. Da mesma forma, estudos envolvendo modelos biol6gicos mais
complexos, incluindo avaliagoes in vivo, tornam-se etapas fundamentais para validar o
potencial translacional dos materiais desenvolvidos e compreender aspectos relacionados a
biocompatibilidade, biodegradacao, resposta inflamatoéria e regeneracao tecidual.

Além disso, as estratégias exploradas ao longo desta tese representam apenas uma
fracao das possibilidades atualmente disponiveis para o desenvolvimento de biomateriais
silicatos. A combinagao entre diferentes rotas de sintese, agentes direcionadores de estrutura,
processos de funcionalizagdo quimica e incorporacao de novas espécies metalicas constitui
um espaco de investigacao ainda amplamente inexplorado. Particularmente promissora
parece ser a integracao dessas diferentes abordagens em um mesmo sistema, permitindo
controlar simultaneamente estrutura cristalina, propriedades texturais, composi¢ao quimica
e liberacao de espécies bioativas. Essa perspectiva abre caminho para o desenvolvimento
de materiais capazes de atuar nao apenas no controle imediato de hemorragias e infecgoes,
mas também nas etapas subsequentes do processo de cicatrizagao, contribuindo para a
regeneracao adequada do tecido lesionado.

Por fim, entendemos que a principal contribuicao desta tese nao reside na proposicao
de um tunico material para aplicacdao biomédica, mas na demonstracao de duas estratégias
de desenvolvimento de biomateriais. A primeira consiste na utilizacdo de biomassa
inorgadnica como matéria-prima para a sintese de silicatos de calcio com potencial aplicacao
hemostatica; a segunda, na demonstracdo de que modificagdes quimicas promovidas
por troca ionica podem ser empregadas para modular simultaneamente propriedades
hemostaticas e antimicrobianas em materiais zeoliticos. Ao estabelecer relagoes entre
processamento, estrutura, composicao e funcionalidade, este trabalho contribui para a
compreensao de como diferentes estratégias de sintese e modificacdo quimica influenciam o
desempenho desses materiais, oferecendo fundamentos para o desenvolvimento de novas

plataformas voltadas ao controle de hemorragias e infecgoes.
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Apéendice A
Trabalhos publicados em coautoria

Os trabalhos apresentados neste apéndice foram publicados ao longo do periodo de
desenvolvimento desta tese e representam parte das atividades de pesquisa realizadas
durante o doutoramento. Embora nem todos estejam diretamente relacionados aos temas
centrais discutidos nos capitulos principais, esses estudos estao inseridos no contexto mais
amplo da ciéncia de materiais e apresentam relacao com a linha de pesquisa desenvolvida,
especialmente no que se refere a (i) sintese, modificagao e caracterizagdo fisico-quimica
de materiais silicatos, incluindo a investiga¢ao de parametros de sintese e estrutura, e (ii)
desenvolvimento e avaliacao de materiais destinados a aplicagoes biomédicas.

Em conjunto, esses trabalhos evidenciam a formacao cientifica adquirida ao longo
do doutoramento, bem como a diversidade de problemas investigados e de contribuic¢oes

realizadas em colaboracao com diferentes pesquisadores e grupos de pesquisa.
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Covalent Immobilization of Laccase on Mesoporous Bismuth Sili-
cate for High-Performance Biodegradation of Contaminants
European Journal of Inorganic Chemistry; Published: 20 February 2026

DOLI: 10.1002/ejic.202500419

Erick Paiva Cancellal”, Guilherme de Paula Guarnieril, Yuriy B. Lipisal’, Fabio Rogério

de Moraes!”, Adriano de Vasconcellos!” | Giselle Maria Maciel*!? and José Geraldo Nery*[®!

[a] Department of Physics, Sdo Paulo State University, Sdo José do Rio Preto, Sao Paulo, Brazil.
* geraldo.nery@unesp.br

bl Department of Chemistry and Applied Biosciences, ETH Ziirich, Zurich, Switzerland.
[l Department of Chemistry and Biology, Federal University of Technology — Parans (UTFPR),

Curitiba, Parand, Brazil. * gmmaciel@Qutfpr.edu.br

Abstract: Bismuth silicate (BiSi-ext) was synthesized hydrothermally using tetrapropy-
lammonium bromide (TPA - Br) as an organic structure-directing agent at 200 °C under
autogenous pressure for 7 days. Soxhlet extraction of the template yielded phase-pure
bismuth silicate, indexed to an orthorhombic unit cell (a = 23.234 A b= 171094,
c=3.897A), consistent with a highly anisotropic, layered framework. The material exhibi-
ted a high specific surface area (310m? g~') and mesopore volume (0.36 cm?® g=*). Covalent
immobilization of Myceliophthora thermophila laccase onto the silanized, glutaraldehyde-
activated support produced Lac-GA-APTES-BiSi-ext. Bioinformatic modeling revealed
that immobilization at Lys188 expanded the active-site pocket volume from 342 to 423 Ag,
enhancing substrate accessibility. The biocatalyst demonstrated improved thermal stability,
reusability, and catalytic efficiency, achieving complete decolorization of Tectilon Blue
4R-01 and ~ 73% degradation of ibuprofen within 2h at 40 °C. Mechanistically, laccase
performs single-electron oxidation at the dye’s secondary amine to generate N-centered
radicals and —OH; these species — directly or via in situ HyOy/Cu-assisted Fenton-like
chemistry — drive aromatic hydroxylation, ring opening to muconic-type/polycarboxylated
intermediates, and stepwise decarboxylation. These results establish Lac-GA-APTES-BiSi-
ext as a robust, scalable, and eco-friendly platform for advanced wastewater remediation

targeting pharmaceutical residues and recalcitrant dyes.
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Synthesis and physicochemical characterization of a novel bismuth
silicate templated by tetrapropylammonium bromide and polydi-
allyldimethylammonium chloride

Journal of Materials Science; Published: 03 November 2025

DOLI: 10.1007/s10853-025-11732-6

Erick Paiva Cancellal”, Guilherme de Paula Guarnieri®”, Nader de Sousa Amadeul,
Martin Radtke”, Rodrigo Henrique Garcial?, Eduardo Ribeiro de Azevedold, Ivana Conte

Cosentino[[?, Yvonne Primerano Mascarenhas! and José Geraldo Nery*

[ Department of Physics, Sdo Paulo State University (UNESP), Campus of Sao José Do Rio
Preto, Sao José Do Rio Preto, SP 15054-000, Brazil. * geraldo.nery@unesp.br

] Division 1.3 Structure Analysis, NMR Spectroscopy, BAM Federal Institute for Materials
Research and Testing, Richard Willstaetter Str. 11, 12489 Berlin, Germany.

[l S50 Carlos Institute of Physics, University of Sao Paulo, Sao Carlos, SP 13566-590, Brazil.
[l Nuclear and Energy Research Institute (IPEN), Av. Prof. Lineu Prestes 2242, Sao Paulo, SP
05508-000, Brazil.

Abstract: A bismuth silicate (BiSi-1) was hydrothermally synthesized using tetrapropy-
lammonium bromide (TPA - Br) as the organic structure-directing agent and shown by
multi-scale characterization to be distinct from known Bi-silicates. Powder X-ray diffraction
is indexable with an orthorhombic metric (@ = 23.234 A, b = 17.109 A, ¢ = 3.897 A), con-
sistent with a highly anisotropic, possibly layered framework. High-resolution TEM/SAED
reveals nanocrystalline, plate-like domains assembled into sub-micrometric aggregates with
locally oriented lamellae; lattice fringes (0.27 — 0.32 nm) match the strongest XRD spacings.
Solid-state NMR establishes a silica-rich network with a dominant Q4 population (77%)
and minor Q3 (11%) and Qy (12%) sites; the contact-time dependence of 'H to *’Si cross-
polarization is consistent with increasing proximal-proton density from Q4 to Q.. Aging
to 24 h sharpens the 2Si lineshape, while calcination progressively removes the OSDA and
vicinal hydroxyls; at 750°C, *Si spectra indicate framework densification /rearrangement.
XANES/EXAFS places bismuth predominantly as Bi** in an oxide-like environment with
a pronounced Bi—O first shell and no detectable Bi® or Bi—Br contributions. ICP-OES
yields a reproducible Bi/Si atomic ratio of 1 : 3. Thermogravimetry shows stepwise
desorption, dehydroxylation, and template removal, with thermal stability maintained to
750 °C. Nitrogen sorption confirms mesoporosity in the as-made and Soxhlet-extracted
solids (the latter exhibiting the highest surface area), whereas high-temperature calcination
reduces porosity. Collectively, BiSi-1 emerges as a nanocrystalline, anisotropic Bi-silicate
whose connectivity, local Bi—O environment, and accessible texture are tunable by aging
and post-treatments, positioning it as a promising platform for heterogeneous catalysis

and environmental remediation.
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An adsorption agent based on chitosan—zeolite composite: envi-
ronmental and radioactive liquid waste remediation

Environmental Science: Advances; Published: 30 January 2023
DOLI: 10.1039/D2VA00148A

Leandro Goulart de Araujo*®, Vinicius Litrenta Medeiros!!, Guilherme de Paula Guarnieri,
Danilo Antonio da Silval’), Tamires Watanabel®, Julio Takehiro Marumoal® and José
Geraldo Nery!”

[a] Nuclear and Energy Research Institute (IPEN), Av. Prof. Lineu Prestes 2242, Sao Paulo, SP,
Brazil. * Igoulart@alumni.usp

(bl Department of Physics, Institute of Bioscience, Letters and Exact Sciences, Sdo Paulo State
University (UNESP), Campus of Sao José do Rio Preto, SP, Brazil.

Abstract: In this article, we present a chitosan—zeolite composite, which was synthesized
and used as an adsorbent material for caesium (Cs) removal from aqueous media and
real liquid radioactive organic waste (LROW). The compound was characterized by X-ray
diffraction, Fourier transform infrared spectroscopy, and scanning electron microscopy
techniques. The physicochemical characterization indicates the production of a composite.
Adsorption experiments were first performed using the prepared solutions contaminated
with Cs using full factorial design with two variables of interest: initial Cs concentration
(Csp) and adsorbent dosage (mgL~!). The results indicated a high caesium removal rate
with removal values above 93% and adsorption capacity of up to 10mgg~!. With the
best experimental conditions according to our experimental domain, time was evaluated
and equilibrium was reached in 180 min. Finally, the adsorbent material was tested as an
adsorbent for Cs, Am, and U from LROW. When in contact with LORW, the removal
rates (%) were 21.51 (**7Cs), 26.39 (**'Am), and 20.26 (U (total)). Although lower, this

material indicated that it has the potential to be used for multi-elemental adsorption.
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Syntheses of novel topical hemostatic agents based on pectin
biopolymer aiming hemorrhage control: Thromboelastographic
studies and non-homogeneous swelling effect

Materials Today Communications; Published: 24 November 2022

DOI: 10.1016/j.mtcomm.2022.104989

(6]

Oscar A.N. Santisteban!®, Guilherme M. Saccol®, Guilherme De Paula Guarnieril®, Moacir

Fernandes de Godoy!”, Eduardo Ribeiro de Azevedold and José Geraldo Nery*l!

[a] Department of Physics, Sao Paulo State University (UNESP), Sao José do Rio Preto, Séo
Paulo 15054-000, Brazil. * geraldo.nery@unesp.br

] Department of Cardiology and Cardiovascular Surgery, School of Medicine of Sdo José do Rio
Preto, Sdo Paulo 15054-000, Brazil.

[l S50 Carlos Institute of Physics, University of Sdo Paulo, Sdo Carlos, Sao Paulo 13566-590),

Brazil.

Abstract: Topical hemostatic agents based on pectin biopolymer were synthesized and
characterized by X-ray diffraction (XRD), Scanning Electronic Microscopy (SEM), Phase
Contrast Microscopy, Infrared spectroscopy (FT-IR), Differential Scanning Calorimetry
(DSC) and Solid State '*C MAS NMR. The pectin biofilms were crosslinked with CaCl,
using different concentrations of Ca®t solutions (4.5x 1072 M, 2.7x 10 M, 4.5x 10> M). '*C
MAS NMR and FT-IR data revealed that crosslinking with Ca®" was successfully achieved,
in line with the formation of egg-box type structures. The anti-hemorragic effect caused
by the interaction of the red blood cells with the pectin biofilm interface was showed in
details by phase contrast microscopy. The images showed that higher Ca** concentration
(0.45 x 10% M) positively favor the coagulation cascade by facilitating the migration and
an orderly stacking of the red blood cells into the pectin biofilm scaffold. The hemostatic
action of the prepared pectin biofilms were analyzed by Thromboelastography (TEG).
The results indicated that the hemostatic action of the biofilms is as effective as that of
the hybrid materials reported in the literature, indicating that these pectin biofilms have
potential to become safe topic hemostat. It was also observed a non-homogeneous swelling
effect caused by the interaction between the pectin biofilms interface and blood cells which

induced a rapid bending and a bucking instability that swollen the pectin network.
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Figure B3.1: XRD patterns of CaZ-1, CaZ-2, CaZ-3, CaZ-4 and their comparison to the
simulated diffractogram of the natural calcium-silicate rhodesite, according to JCPDS
database. y—axis corresponds to intensity in arbitrary units.
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Figure B3.2: SEM images of CaZ-1, CaZ-2, CaZ-3 and CaZ-4 with 5000x magnification.
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Figure B3.3: Full FTIR spectra obtained for CaZ-1, CaZ-2, CaZ-3, CaZ-4.
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Figure B3.4: Amplification of the FTIR spectra obtained for CaZ-1, CaZ-2, CaZ-3,
CaZ-4 in the region 1800 — 400 cm ™.
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Figure B3.5: N, sorption isotherm for CaZ-1.
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Figure B3.6: N, sorption isotherm for CaZ-2.
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Figure B3.7: N, sorption isotherm for CaZ-3.
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Figure B3.8: TG (blue line) and DTG (red dotted line) curves for CaZ-1.
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Figure B3.9: TG (blue line) and DTG (red dotted line) curves for CaZ-2.
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Figure B3.10: TG (blue line) and DTG (red dotted line) curves for CaZ-3.
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Figure B3.11: DSC curves for CaZ-1.
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Figure B3.12: DSC curves for CaZ-2.
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Figure B3.13: DSC curves for CaZ-3.
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Figure B3.14: DSC curves for CaZ-4.

Figure B3.15: Phase contrast microscopy images (20x magnification) of whole blood: A)
Control (pure blood); B) Blood after addition of CaZ-4.
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Table B3.1: Textural properties of the synthesized calcium silicates.
Material Sper (m?g™1) Viores (cm®g™1) Dpores (A) Doz (A)
CaZ-3 72.2 0.10 67.4 19.9
CaZ-4 100.3 0.11 57.1 18.6

Table B3.2: Mass variation (Amags - go0oc (%) and Amgo — 9000 (%CO3), amount of
CaCOg3 (%) present, onset temperature (Topset- e (°C)), and peak temperature
(Tpeak-prG (°C)) obtained from the TG and DTG thermal decomposition curves for all
the synthesized materials.

Material

CaZ-1
CaZz-2
CaZ-3
Caz-4

Amas —go0°C

(%)
15.9
13.3
13.3
13.9

Amigoo - 900°C

(%CO,)
16.4
7.1
14.7
19.5

CaCOy (%)

37.3
16.1
33.5
44.4

Tonseth G

(°C)
719
718
720
724

TpeakaTG

(°C)
775
741
773
77

Table B3.3: Detailed Zeta Potential data for all materials in the analyzed pH range.

Zeta Potential (mV)

pH
1.12
2.03
3.04
3.99
5.03
5.96
7.00
8.06
9.00
9.97
11.05
12.03

CaZ-1
—0.7+0.7
—0.5+1.2
—21.9+1.8
—-19.9+1.3
—18.3+1.7
—189+1.3
—172+14
—185+14
—-14.9+0.9
—182+14
—14.2+0.8
—15.7+ 1.8

CaZ-2
—-1.34+0.3
—4.5+£0.7
—19.5+2.3
—18.9+0.8
—18.0+0.8
—14.34+2.5
—18.5+£0.9
—18.0 £ 0.8
—17.0£1.0
—17.5+£0.8
-944+0.3
—11.7+£1.2

CaZ-3
0.2+1.0
—224+05
—345+£18
—16.1+0.5
—1544+0.7
—13.6+1.2
—-16.2+0.6
—-16.4+0.7
—16.9+£0.8
—-183+£04
—13.6 £0.8
—12.94+14

CaZ-4
0.1+£0.6
—6.7+0.5
—35.3+1.3
—-16.7£ 0.7
—16.2+1.1
—14.5+1.0
—15.6 0.5
—17.8+0.3
—16.1+0.6
—19.8+£0.5
—12.6 £ 0.7
—11.7+0.8
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Figure C4.2: Adsorption and desorption isotherms of nanometric Faujasite zeolite
(NanoFAU).
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Figure C4.3: Pore size distribution curve of the NanoFAU material.

Figure C4.4: Images of whole blood before the addition of zeolites obtained by
phase-contrast microscopy.
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Figure C4.5: Images of whole blood after the addition of NanoFAU zeolites obtained by
phase-contrast microscopy.

Figure C4.6: Images of whole blood after the addition of NanoFAU-Ca zeolites obtained
by phase-contrast microscopy.
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