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“And if you listen very hard

The tune will come to you, at last
When all are one and one is all
To be a rock and not to roll”

Stairway to Heaven — Led Zeppelin
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Resumo geral

Uma crescente demanda na utilizagdo de nanomateriais tem ocorrido nos ultimos anos
abrangendo produtos como cosméticos e farmacos. No entanto, as informagdes sobre a
toxicidade dos produtos advindos das nanotecnologias ainda sdo limitadas. As
nanoparticulas de prata sdo utilizadas como bactericida e se fazem presentes em
farmacos, materiais cirurgicos, curativos, tecidos, entre outros. Dentre eles temos o
Acticoat Flex 3, um curativo utilizado em ferimentos como queimaduras e, segundo o
fabricante Smith e Nephew, ¢ elaborado a base de prata nanocristalina. Apds a
utilizagdo destes produtos, o descarte de maneira incorreta pode causar efeitos
toxicologicos nos organismos presentes no ambiente. Visando avaliar a potencial
periculosidade ambiental deste curativo, foi escolhido como organismo teste
Caenorhabditis elegans, nematoide de vida livre que mede cerca de 1 mm. Nos ensaios
foram utilizadas placas de 24 pogos contendo 4 tamanhos diferentes de recortes do
curativo, para obtencdo de distintas concentragdes onde animais em estagio larval L1 e
L4 foram expostos. Estes recortes estiveram dispostos entre 2 camadas de agar durante
3 dias e entdo a bactéria Escherichia coli (cepa OP50) foi adicionada como alimento
para os vermes. Apos o periodo de exposi¢do, foram avaliados o crescimento, a
reproducdo, a fertilidade e a concentragdo de espécies reativas de oxigénio (ERO) no
verme. No curativo foram realizadas andlises de microscopia eletronica de varredura e
de transmissdo, além de andlises de prata liberada no meio, do potencial zeta, da
liberagdo i6nica e do poder antibacteriano em duas cepas bacterianas (Pseudomonas
aeruginosa e Staphylococcus aureus). Foi verificado o poder antibacteriano do curativo
para as duas cepas testadas, e a caracterizacdo do curativo mostrou nanoparticulas
heterogéneas; Resultados como maior concentracdo de ERO, redug¢do no crescimento,
fertilidade e reprodugao no verme indicam o potencial toxico deste produto.

Palavras chave: Nanotecnologia, Antibacteriano, Estresse oxidativo, Toxicidade,
Nanoparticulas de prata
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Abstract

There has been growing demand for nanomaterials has occurred in recent years
covering products such as cosmetics and pharmaceuticals. However, information on the
toxicity of nanotechnology products is still limited. Silver nanoparticles are used as a
bactericide and are present in drugs, surgical materials, dressings, tissues, among others.
Inside them are Acticoat Flex 3, a coated dressing used on wounds such as burns and,
according to manufacturer Smith and Nephew, is made of nanocrystalline silver. After
the use of these products, improper disposal may cause toxicological effects on
organisms in the environment. To evaluate the potential environmental hazard of this
dressing, the Caenorhabditis elegans test organism, a free-living nematode measuring
about 1 mm, was chosen as a test organism. The tests were performed in 24-well plates
containing 4 different sizes of coated dressing to obtain different concentrations where
L1 and L4 larval stage animals were exposed. These cutouts were placed between 2
layers of agar for 3 days and then the Escherichia coli bacteria (strain OP50) was added
as food for the worms. After the exposure period, growth, reproduction, fertility, silver
concentration in the medium, and the concentration of reactive oxygen species (ROS) in
the worm were evaluated. Scanning and transmission electron microscopy analyses
were performed, as well as analysis of zeta potential, ionic release and antibacterial
power in two bacterial strains (Pseudomonas aeruginosa and Staphylococcus aureus).
The antibacterial power of the dressing was verified for all two strains tested, and the
characterization of the dressing showed heterogeneous nanoparticles. Results such as
the higher concentration of ROS, reduction in growth, fertility, and reproduction
indicate the toxic potential of this product.

Keywords: Nanotechnology, Antibacterial, Oxidative Stress, Toxicity, Silver
Nanoparticles
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Introducio Geral

A nanociéncia ¢ um ramo do conhecimento voltado ao estudo de moléculas e
estruturas no seu principio fundamental. Um nandémetro ¢ uma medida correspondente a
bilionésima parte do metro (10”), e os nanomateriais sio considerados aqueles com,
pelo menos, uma dimensao nesta faixa de tamanho (Ratner et al., 2003) (Figura 1). Na
escala nanométrica, os materiais podem apresentar caracteristicas quimicas e fisicas
distintas daquelas apresentadas pelo mesmo em escala superior (ISO 27.628/2007). As
nanoparticulas podem ocorrer de maneira natural ou antropogénica e, quando
fabricadas, podem ser classificadas em diferentes grupos, como nanoparticulas
inorganicas ndo metalicas, nanoparticulas metéalicas como as nanoparticulas de prata,
nanomateriais a base de carbono como os nanotubos de carbono, dentre outras

classificagdes (Future Markets, 2015).
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Figura 1. Escala de comparagdo de tamanhos da escala nanométrica & milimétrica. Imagem retirada do
site https://nanomateriais.wordpress.com/2015/09/14/nanomateriais/

Realizando uma analise do contexto atual e no futuro préximo, € incontestavel o

papel fundamental desempenhado pelas nanotecnologias, no entanto esta area cientifica
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multidisciplinar requer uma regulamentacao para ser utilizada com seguranga (Ferreira
et al., 2015). Ao longo dos tultimos anos observou-se uma crescente aplicagdo das
nanotecnologias em uma vasta gama de produtos, gerando um aumento da produgdo de
nanomateriais, o que de um ponto de vista econdomico impulsionou o mercado (Oliveira

etal., 2015).

Em uma breve pesquisa efetuada entre os dias 29/05/2019 e 09/06/2019 em
algumas plataformas de indexagdo de artigos cientificos como a Pubmed e a Web of
Science, podemos observar um crescente interesse dentro dessa area nos ultimos 20

anos, usando como palavras chave: “nanotechnology” (Figura 2).

Nanotechnology
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Figura 2. Publica¢des nas areas de nanotecnologia, ao decorrer dos tltimos 20 anos, nas plataformas de
indexacdo de artigos cientificos Web of Science (WoS) ¢ Pubmed. Pesquisa efetuada entre os dias
29/05/2019 e 09/06/2019

Os dados relacionados a patentes respondem exponencialmente, quando
pesquisados com a palavra-chave “nanomaterial”, como mostra pesquisa realizada no

site Patentscope (banco de dados Globais), realizada em junho de 2019 (Figura 3).
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Figura 3. Patentes que fazem wuso de nanomateriais, indexadas no site Patentscope
(https://patentscope.wipo.int/search/pt/search.jst)

Observando o atual contexto em que se encontram as nanotecnologias, ¢
inegavel o papel que as mesmas tém desempenhado no desenvolvimento econdmico
mas, ao mesmo tempo, o Brasil ndo possui legislacdo que regulamente o uso seguro
destes materiais. Existem alguns tramites juridicos envolvendo a regulamentacdo da
Nanotecnologia como o projeto de lei PL 5.076/2005 que dispde sobre a pesquisa € o
uso da nanotecnologia no Pais, cria a Comissdo Técnica Nacional de Nanosseguranca -
CTNano, institui o Fundo de Desenvolvimento de Nanotecnologia - FDNano e da
outras providéncias, mas que atualmente encontra-se arquivado. Outro projeto visando
a regulamentacdo da nanotecnologia ¢ o projeto de lei PL 5.133/2013, em tramitagao,
que regulamenta a rotulagem de produtos que fazem uso da nanotecnologia. Além dos

projetos citados, outros encontram-se arquivados (Ferreira et al., 2015).

Visando uma melhor padronizacao foi em criado em 2013 o Projeto NANoREG
que trata da regulamentagdo internacional em nanotecnologia. No ano seguinte o Brasil

oficializou sua participacdo. Segundo o site do NANoREG:

Com o objetivo de fornecer as agéncias reguladoras e aos legisladores do Brasil
as ferramentas necessarias para que se tenha uma regulamentagdo em

nanotecnologia embasada em conhecimentos cientificos, em consonancia com
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a regulamentacdo mundial e que dé seguranga a trabalhadores, consumidores ¢

ao meio ambiente (MCTTI).

Segundo Navarro e colaboradores (2008), ha inumeras formas de aplicagdo
destes nanomateriais que, aliados a sua mobilidade, possuem uma maneira facilitada de
chegar até o ambiente, podendo entdo exercer algum tipo de dano. Dentre os
nanomateriais mais pesquisados, as nanoparticulas de prata se destacam, pela sua
aplicabilidade, ligada a produ¢dao de farmacos, cosméticos dentre outros (Niska et al.,

2018).

Pesquisando “Silver Nanoparticle” como palavra-chave em plataformas de
indexacdo de artigos cientificos, ¢ possivel observar um crescente interesse e aplicagao
do produto, assim como também ¢ observado o resultado exponencial quando se trata de

nanotecnologia e nanomateriais (Figura 4).

Silver Nanoparticle
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Figura 4. Publicacdes relacionadas a nanoparticulas de prata, ao decorrer dos ultimos 20 anos, nas
plataformas de indexag@o de artigos cientificos Web of Science (WoS) e Pubmed. Pesquisa efetuada entre
os dias 29/05/2019 e 09/06/2019.

A prata tem suas caracteristicas antimicrobianas conhecidas hd muitos anos, seu

uso na desinfec¢ao de feridas estd documentado desde o século XVIII, durante o qual

foi utilizado nitrato de prata (AgNO3) no tratamento de ulceras mas, com a descoberta
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da penicilina, o uso da prata como bactericida entrou em declinio (Klasen, 2000; Chopra
et al., 2007). Nos ultimos tempos, devido ao surgimento de cepas bacterianas com
resisténcia a antibidticos convencionais, a prata novamente ganhou foco no meio
cientifico com o objetivo de desenvolver novos bactericidas eficientes (Chopra et al.,

2007; Gurunathan et al., 2014).

Com base no ja conhecido poder antimicrobiano da prata, a mesma em escala
nanométrica, tem ganhado aten¢do entre os nanomateriais aplicados a industria, o que
ocasionou um aumento na utilizagdo de nanoparticulas de prata. H4 uma gama de
materiais que utilizam nanoprata como matéria prima, incluindo curativos para feridas,
instrumentos cirurgicos, dentre outros (Bosetti et al., 2002; Cohen et al., 2007; Chen et

al., 2008).

Os curativos hoje disponiveis no mercado internacional e também no Brasil tem
presente em sua composi¢ao variados niveis de concentragdo de prata, como exemplo o
Acticoat (Smith e Nephew) e Actisorb (Johnson e Johnson) (Chopra et al., 2007,
Paladini, et al., 2013). Rigo et al. (2012) realizou um estudo comparando a eficacia
antibacteriana em uma cepa resistente Acinetobacter baumannii, onde dentre os
bactericidas selecionados, estavam a sulfadiazina de prata e o ACTICOAT, sendo que o

curativo apresentou maior eficécia antibacteriana.

Entre as vantagens relacionadas ao uso de prata nanocristalina em curativos,
encontram-se 0 maior poder de eliminacdo de bactérias, facil utilizacdo, melhor
cicatrizagdo e liberagdo prolongada, o que permite trocas de curativos com menor
frequéncia, gerando menor desconforto para o paciente e um efeito antimicrobiano mais

eficiente e prolongado (Khundkar et al., 2010).

11
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O curativo ACTICOAT FLEX 3

A empresa Smith e Nephew, que é a responsavel pela fabricacdo do curativo
Acticoat Flex, comercializa 0 ACTICOAT® FLEX 3 (ntimero de registro na ANVISA:
80804050025) e 0 ACTICOAT® FLEX 7, com diferengas na concentragdo maxima de
prata declarada (1,64 mg/cm?> e 2,0 mg/cm? respectivamente). Os produtos
ACTICOAT® FLEX 3 e ACTICOAT® FLEX 7 funcionam como barreira
antimicrobiana ativa no minimo durante 3 e 7 dias, de acordo com as especificagdes do

fabricante.

1] r
3 | ACTICOA
FLEX 3

Figura 5. A imagem mostra o curativo ACTICOAT FLEX 3 em sua respectiva embalagem e sendo
manuseado, onde é possivel observar elasticidade no material.
https://schaanhealthcare.ca/collections/wound-care/wound-care_dressings
http://www.saavedra.com.br/produtos/feridas-crOnicas/4/acticoat/17

Segundo o fabricante o produto possui as seguintes especificacdes que estdo

contidas em sua bula:

Poliéster flexivel

Fornecedor: APEX Mills Corp.

Composigao: 100% poliéster flexivel

12
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Tipo do produto:

XA42C

Peso de Base:

0.663 — 0897 g/100 cm2

Largura: 40 +20%

Espessura: 0.378 mm — 0.511 mm

Comprimento: 58 +20%

Bioburden: <=1000 CFU* (NAMSA)*

Cfu* — colony-forming units (unidade formadora de colonias): nimero de células microbianas viaveis

coletadas para uma dada amostra. NAMSA* - organizagio de pesquisa médica

Prata

Fornecedor: Academy Group

Composig¢ao: 99.99% ou 0.9999

Tipo do produto: Prata

Bi <5 ppm (método Dynatec ALAP0258/ALAP0032/ALAPO119)*

Cu <100 ppm

Fe <10 ppm

Pb <10 ppm

Pd <10 ppm

Se <5 ppm

Impurezas Te <5 ppm

Perpendicularidade Pontas sao usinadas dentro de 0.2 mm para

minimizar as pontas entre os “tiles”

Tamanho do Grao <500 microns em todos os planos com
distribui¢ao uniforme (Método sulzer
Metco AP — 1089)

Nivelamento 0.8 mm / m linear)

Témpera Anelado para uma témpera suave

Consultando o site da ANVISA
(https://consultas.anvisa.gov.br/#/saude/25351714474201331/) € possivel encontrar os
seguintes dados: Consulta ANVISA 26/05/2019

13
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Consultas / Produtes para Saude / Produtos para Saude

Detalhes do Produto

Nome da Empresa Smith & Nephew Comércio de Produtos Médicos Ltda.
CNPJ 13.656.820/0001-88 Autorizagao 8.08.040-5
Produto CURATIVO ANTIMICROBIANG ACTICOAT FLEX

Modelo Produto Médico

ACTICOAT FLEX 3 - 66800396 / 66800398 / 66800399 / 66800409 / 66800419 / 66800432/ 66800435, ACTICOAT FLEX 7 - 66800395 / 66800397 / 66800420 / 66800400 /
66800401

Nome Técnico Curativo

Registro 80804050025

Processo 25351.714474/2013-31

Origem do Produto * FABRICANTE: SMITH & NEPHEW MEDICAL LIMITED - INGLATERRA (REINO UNIDO)

Classificacdo de Risco II1- ALTO RISCO

Vencimento do Registro  24/01/2026

Produtos como esses em questdo, apds sua utilizagdo, acabam por se tornar lixo
hospitalar em potencial. A Resolugcdo do CONAMA 358/2005 trata da disposicao
adequada desses residuos, mas, no entanto, a complexidade organizacional do lixo de
instituigdes da saude pode representar sérios problemas para seus gestores (Camargo,
2009). Caso a gestao do lixo hospitalar for inadequada, esta situagdo pode causar sérios
impactos ambientais, ¢ a inser¢do de novos materiais, ainda pouco conhecidos em
termos de sua toxicidade, poderia agravar essa situagdo (Cafure e Patriarcha-Graciolli,

2014).

Organismo modelo: Caenorhabditis elegans

O verme de vida livre Caenorhabditis elegans encontrado em solos Uimidos
(fragdo liquida) é um nematdide encontrado em todo mundo (Riddle et al., 1997). E um
organismo amplamente aplicado em estudos experimentais em fun¢do de possuir um
ciclo de vida curto, ser transparente e de tamanho pequeno, e de facil cultivo além de ser

muito sensivel as alteracdes do meio, podendo assim apresentar alteracdes na sua

14
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reproducgao, ciclo de vida, além da vérias outras respostas ao chegar na fase adulta, na
qual pode atingir 1,5 mm de comprimento (Brenner, 1974; Brenner, 1988).

Os individuos sdo em sua maioria hermafroditas e se autofecundam. Quando
gravidos, liberam seus ovos, que apds eclodirem, passardo por 4 estagios larvais (L1,
L2, L3, e L4) passando logo para jovem adulto e, finalmente, entrar em sua fase adulta
(Figura 6) e assim dar origem a uma nova progenia (Gonzalez-Moragas e Laromaine,
2015). O ciclo de vida na cepa selvagem N2 Bristol dura aproximadamente 21 dias

(Raizen et al., 2008) (Figura 7).

O verme se alimenta de bactérias, especialmente da Escherichia coli (viva ou
morta) (Liu et al., 2012). Quando induzido a situagdes de estresse, como falta de
alimento, variagdo de temperatura ou alta densidade populacional, os nematoides que se
encontram em estagio L1, podem entrar em um estagio de diapausa denominado Dauer

(Riddle, 1997) (Figura 7).

Figura 6. Imagem de um verme adulto, onde é possivel observar a transparéncia do animal. Extraido de
http://www.socmucimm.org/overview-model-organism-c-elegans/

Gonzalez et al. (2015) salientam os aspectos positivos da utilizacao da espécie
C. elegans aplicada da area das nanociéncias e sua importdncia em estudos que

envolvam nanotoxicidade, trazendo respostas como a compreensdo da interagdo dos

15
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nanomateriais com diferentes superficies biologicas, dentre outras. Ainda, ¢ importante
salientar que esta espécie foi, de fato, uma das selecionadas como organismo teste na

iniciativa NanoReg (NanoReg, 2017).

Como descrito anteriormente, dados demonstram que a exposicdo as
nanoparticulas podem ocasionar estresse afetando a sobrevivéncia do organismo.
Segundo Koojiman (2010), o estresse pode desencadear uma adaptagdo metabolica,
como por exemplo, a realocagdo de energia do crescimento e reprodugdo para evitar que

nao seja subtraida energia da manutencao basal do animal.
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Figura 7. Imagem extraida WormAtlas onde é mostrado o ciclo de vida do verme C.elegans.

Toxicidade das nanoparticulas de prata

A prata, como bactericida, ¢ utilizada em variados produtos, onde as

nanoparticulas (AgNPs) deste agente se apresentam impregnadas nas superficies destes
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produtos, podendo levar a liberagdo da ions de prata (Ag"), a qual é associada com a
eficacia antimicrobiana (Wijnhoven et al., 2009).

Assim como acontece com outras nanoparticulas, as AgNPs, apresentam
diferente toxicidade de acordo com sua relagdo tamanho/superficie. Assim, quanto
menor a particula, maior sua toxicidade, ja que particulas menores atravessam mais
facilmente as membranas celulares. Devido ao seu tamanho pequeno e elevada
superficie relativa, a interagdo com organelas se torna facilitada (Liu et al., 2010; Wang
et al., 2013; Gliga, 2014). Quando as nanoparticulas chegam até as células podem entrar
nas mesmas por duas principais vias: membrana plasmatica (através de canais de
membrana ou de maneira direta) e/ou por endocitose (Singh et al., 2009). Diversos
estudos tém mostrado citotoxicidade de nanoparticulas de prata para linhagens de
células humanas, gerando espécies reativas de oxigénio (ERO), dano oxidativo, e
afetando a viabilidade celular (Arora et al., 2008; Greulich et al., 2009; Kawata et al.,
2009). Também foram vistos os mesmos efeitos para células de diversos outros
mamiferos (Ahamed et al., 2010). Para melhor visualizagdo da toxicidade que as
nanoparticulas de prata podem causar em uma célula, a Figura 8, adaptada de AshaRani
et al. (2009), resume de maneira clara as vias pelas quais as particulas interagem com a
célula. A partir da imagem € possivel observar que as nanoparticulas podem ingressar
na célula via endocitose, difusdo ou pelos canais de membrana. Uma vez no interior, as
moléculas se acumulam no exterior na mitocondria, levando a geragio de ERO. E
possivel também que as AgNPs interajam com as organelas, gerando dano oxidativo de
proteinas, membrana e DNA. Outro possivel mecanismo, ilustrado na Figura 8, envolve
a interagdo das nanoparticulas e os ions de prata, na liberagdo de Ca*" no citoplasma.
Essa liberagdo desencadeia cascatas de sinalizagdo celular que ativam enzimas

catabdlicas, como fosfolipases, proteases e endonucleases, levando ao dano nas
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membranas mitocondriais € no citoesqueleto que pode culminar na morte celular

programada (Orrenius et al, 1992).
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Figura 8. Mecanismos de citotoxicidade induzida por nanoparticulas de prata. Imagem adaptada de
AshaRani et al. (2009).

Ja em estudos realizados in vivo foram detectados diversos efeitos adversos,
para modelos ndo mamiferos como o nematoide Caenorhabditis elegans, € o peixe
Danio rerio incluindo prejuizos na reproducdo e indugdo de estresse oxidativo (Choi et
al., 2010; Roh et al., 2009). Moon (2019), traz em seu trabalho, dados que mostram que
C. elegans, expostos a uma faixa de concentragdo de 5 mg AgNPs/kg no solo podem
inibir o crescimento do verme e induzir a defeitos reprodutivos. Alguns dados
demonstram que a exposicao do C. elegans a nanoparticulas de prata acarreta em uma

reducdo de sua taxa de crescimento, onde concentragdes de 0,01 mg AgNPs/L ja
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apresentavam diferencas significativas em seu tamanho comparado a grupos sem
exposicdo ao nanomaterial ou em concentragdes menores desta (Kim et al., 2017).
Contreras et al. (2014) traz em seu estudo dados que mostram que a fertilidade
do C. elegans ¢ afetada pela exposicdo a AgNP, e esta ¢ inversamente ao tamanho das
nanoparticulas de prata (menores particulas, maior toxicidade em relagdo a
fertilidade). Estudos como o de Roh et al. (2009) mostram que concentragdes de 0,1 mg
AgNP/] causam severos danos a reprodu¢do do C. elegans, tendo reducdo de até¢ 70% de
no numero de descendentes, com apenas 24 h de exposi¢ao.
Estes dados demonstram a potencial toxicidade das nanoparticulas de prata, em
diferentes organismos, toxicidade esta que segundo autores como Contreras et al (2014)

pode ser maximizada por particulas com menor tamanho.
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Objetivo Geral

Com base nas informagdes apresentadas na Introducio, o objetivo geral desta
Dissertacdo foi avaliar a toxicidade potencial do curativo ACTICOAT FLEX 3 no

organismo modelo Caenorhabditis elegans.

Objetivos Especificos

1. Caracterizar o curativo em nivel quimico e fisico, para avaliar seus possiveis

mecanismos de acgao.

2. Avaliar o poder antibacteriano do curativo em diferentes cepas bacterianas.

3. Avaliar a toxicidade do curativo no verme C. elegans, no nivel bioquimico
(concentracao de espécies reativas de oxigeénio) e fisiologico (crescimento, reprodugdo e

fertilidade).
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Abstract

There has been a growing demand for nanomaterials in recent years due to the
production of cosmetics and pharmaceuticals, among other products. Even with this
high demand and use, information on the toxicity of nanomaterials is still limited. Silver
nanoparticles are used as a bactericide and are present in drugs, surgical materials,
coated dressings, tissues and other products. Improper disposal of these items after use
may cause toxicological effects on organisms in the environment. To evaluate the
potential environmental hazard of nanosilver-coated dressings, the nematode
Caenorhabditis elegans was chosen as a test organism. The assays were conducted in
24-well plates that contain four different sizes of coated dressing to obtain different
concentrations. L1 and L4 C. elegans larval stages were exposed to these nanosilver
concentrations. Dressing cutouts were arranged between two layers of agar for 3 days
and Escherichia coli (OP 50 strain) was added as food source for the worms. After the
exposure period, growth, reproduction, fertility, silver concentration in the medium and
the concentration of reactive oxygen species (ROS) in the worms were evaluated.
Scanning and transmission electron microscopy analyses were performed on the coated
dressings, as well as analyses of zeta potential, ionic release and antibacterial power in
two bacterial strains (Pseudomonas aeruginosa and Staphylococcus aureus). It was
verified the antibacterial power of the coated dressing, in both bacteria strains tested.
Characterization of the coated dressing indicated heterogeneous nanoparticles, as well
as distinct zeta potentials for the medium in water and saline medium (0.9 % NaCl). L1
larval worms exposed to nanosilver-coated dressing showed a high ROS concentration
and reductions in growth, fertility and reproduction. Worms exposed to the coated
dressing during the L4 stage showed almost no response. Overall, the obtained results

indicate the potential environmental hazard of nanosilver-coated dressings.
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1. Introduction

The antimicrobial properties of silver are well-known, indeed its use in wound
disinfection has been documented since the 18th century (Klasen, 2000). Silver nitrate
(AgNOs) has been widely used in the treatment of ulcers but, with the discovery of
penicillin, its application as bactericide has declined (Klasen, 2000; Chopra et al.,
2007). In recent times, however, due to the emergence of bacterial strains with
resistance to conventional antibiotics, silver has again gained attention as an alternative
for developing new efficient bactericides (Chopra et al., 2007; Gurunathan, 2014).
Based on the same evidence, the development of new nanotechnologies has led to an
increase in the use of silver nanoparticles (AgNPs). There is a range of materials that
use nanosilver as a raw material, including wound coated dressings, surgical
instruments and many other goods and products (Bosetti et al., 2002; Cohen et al., 2007;
Chen et al., 2008). The currently available coated dressings contain varying silver
concentration. Some examples are Acticoat (Smith and Nephew) and Actisorb (Johnson
and Johnson) (Silver et al., 2006). Silver, as a antibacterial, is used in various products;
the AgNPs impregnate the surfaces of them, like coated dressing, leading to the release
of silver ions (Ag"). This release is associated with the antimicrobial efficacy
(Wijnhoven et al., 2009).

Smith and Nephew manufactures the Acticoat Flex coated dressing. It markets
ACTICOAT® FLEX 3 (registered in Brazil by national agency ANVISA through
number 80804050025) and ACTICOAT® FLEX 7, with differences in the maximum

silver concentration (1.64 mg/cm? and 2.0 mg/cm?, respectively). ACTICOAT® FLEX

24



488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

3 and ACTICOAT® FLEX 7 act as active antimicrobial barrier for at least 3 and 7 days,
respectively (Smith & Nephew Medical Ltd.)

Like other nanoparticles, AgNPs exhibit toxicity related to the size/surface
relationship, where the smaller the particle, the greater its toxicity. Smaller particles
more easily cross cell membranes and, because of their high relative surface, interaction
with organelles is easier (Liu et al, 2010; Wang, 2013; Gliga, 2014). The entry of
nanoparticles into cells occurs either through the plasma membrane (diffusion or
membrane channels) or endocytosis (AshaRani et al., 2009; Singh et al., 2009). Once
inside, molecules accumulate outside the mitochondria, and promote reactive oxygen
species (ROS) generation. AgNPs can also interact with organelles to cause oxidative
damage to proteins, membranes, and DNA. Another possible mechanism involves the
interaction of nanoparticles and silver ions in Ca*’ release in the cytoplasm. This release
triggers cell signalling cascades that activate catabolic enzymes including
phospholipases, proteases, and endonucleases, all of which damage the mitochondrial
membranes and cytoskeleton that can culminate in programmed cell death (Orrenius et
al., 1992; Orrenius et al., 2015).

The namatode Caenorhabditis elegans is widely applied in experimental studies
due to its short life cycle, small size and easy cultivation. It is also as it is very sensitive
to environmental changes (Hope, 1999; Leung et al., 2008; Rodriguez et al., 2013). The
worm feeds on bacteria, especially living or dead Escherichia coli (Liu et al., 2012).
This species was, in fact, one of the selected test organisms in the NanoReg initiative
(NanoReg, 2017). Based on data from the scientific literature cited above, this study
aimed to evaluate the potential toxicity of the ACTICOAT FLEX 3 coated dressing on

the model organism C. elegans.
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2. Materials and methods

2.1. Coated dressings acquisition

Acticoat Flex 3 coated dressings from Smith and Nephew were purchased via the
internet. To perform the tests, there were used the coated dressings of lots 1715, 1647,

1616, and 1819.

2.2. Observation of silver crystals by Scanning Electron Microscopy

Small cutouts of the coated dressing were dried by the Autosamdri-815 (Sample
Drying at the critical point) and then visualized by a High-Low Low-Vacuum Scanning
Electron Microscope (SEM), Jeol, JSM - 6610LV, with EDS probe to analyse the
presence of silver on the surface of the coated dressing fibers. With the aid of the free
image editing software ImagelJ, the crystals were measured and obtained the frequency

size distribution.

2.3. Observation of silver crystals by Transmission Electron Microscopy

Pieces of the coated dressing were placed in 2 different solutions, one with
MilliQQ water and the other in 0.9 % NaCl saline solution. After 3 days, drops of these
solutions were transferred to carbon grids for electron microscopy for 10 min and then
were placed on filter paper to dry for 24 h. The analyses were performed with a Jeol

JEM-1400 120 keV Transmission Electron Microscope, coupled with an EDS probe.

2.4. Zeta potential measurement
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Pieces of the coated dressing were inserted into deionised water and 0.9% saline
over 3 d, and the solutions were sonicated at 10% of the total 400 W power of the

Bonitech Branson sonicator and then analysed on the equipment (Litesizer 500).

2.5. lonic release of silver from nanoparticles

To perform the release of Ag" ions from silver dressing, four pieces (each one of
1 cm?) were included in 15 mL of distilled water. An aliquot of 0.5 mL of media was
replaced at each time (1, 2, 6, 12, 24, 36, 48, 60, 72 h). Aliquots were evaluated using a
VGP 210 atomic absorption spectrophotometer (BuckScientific, East Norwalk, CT,

USA) by electrothermal atomization using pyrolytic graphite furnace.

2.6. Silver concentration in the coated dressing

To obtain the total silver concentration contained in the coated dressings at cm?
of the coated dressing, four pieces of coated dressing (1 cm?) were mineralized using 9
mL of nitric acid (96%) and 1 mL of hydrogen peroxide (100%). The mixture was then
heated using a micro digester (mls 1200 mega). The silver content was measured by

atomic absorption spectroscopy as described above.

2.7. Silver in the NGM medium

The Nematode Growth Medium (NGM) that was used to wrap the coated
dressing was removed after 3 days and placed in an eppendorf tube and stored in a
freezer. After that, samples were melted at 90 °C and analysed by atomic absorption

spectroscopy, as described previously.
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2.8. Antibacterial power of coated dressing

To evaluate the antimicrobial potential of Actinoflex 3 against Pseudomonas
aeruginosa (ATCC 15442) and Staphylococcus aureus (ATCC 12598), an agar
diffusion-based method was used as follows: 15 ml of Mueller Hinton agar medium was
added to a Petri dish (90 x 15 mm); after solidification of the medium, a MacFarland 0.5
bacterial suspension (1.5x10% UCF/mL) of each strain was prepared and plated onto the
entire surface of the medium using a swab. Then a portion of the circular impregnated
bandage (50 mm in diameter, 1.64 mg / cm?) was placed centrally on the surface of the
culture medium containing the seeded bacteria. The plates were incubated at 37 °C for
24 h and, after the diameter of the inhibition zone was measured. The experiment was
performed in triplicate.

For the determination of the susceptibility profile of the evaluated strains, a
second batch of experiments was carried out with antibiotics, where P. aeruginosa was
exposed to Ciprofloxacin (5 pg), Ceftazidime (30 pg), Gentamicin (10 pg),
Piperacycline-Tazobactam (100mcg-10mcg), and Meropenem (10 pg), and S. aureus to
Ciprofloxacin (5 pg), Penicillin (10U), and Tetracycline (30 pg). The tests and the
interpretation of the results were performed following the Performance Standards for

Antimicrobial Susceptibility Testing protocol (CLSI M100).

2.9. Animal model and maintenance

Animals of strain N2, Bristol (wild strain) were cultured in Petri cell culture
(medium and large) with nematode-appropriate NGM culture medium (NGM: nematode
growth media) (3.0 g of NaCl/L; 5.0 g of peptone/L; 5.0 mg of cholesterol/L, 1 mmol of
CaCly/L; 1 mmol of MgSO4/L; 25 mmol of KH2PO4/L; and 17 g of agar/L dilutedin 1 L

of autoclaved Milli Q water at pH 6.0 after preparation) and kept under temperature-
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controlled by incubator set at 20 °C. The plates were seeded with Escherichia coli
bacteria, non-pathogenic strain OP50, with optical density 1.0 at 600 nm, as a food
source for C. elegans, according to the traditional maintenance procedures described by

Brenner (1974).

2.10. Preparation of animals for experiments

To develop the experiment, it was necessary to obtain a population of synchronized
animals with the same larval stage. Ovate animals were removed by washing the culture
plates using M9 buffer (3.0 g KH,PO4, 6 g NaHPO4, 5 g NaCl and 1 mL 1 M MgSO4
diluted in 1 L of sterilized Milli Q water, pH 6) using Pasteur pipettes and then
accommodated in 50 mL Falcon tubes for centrifugation 1000 g for 10 min, at 20 °C
and pellet formation of animals and disposal of supernatant containing NGM and E. coli
residues. Then, the bleaching procedure was performed using a caustic solution (NaOH
10 M and 2.5% sodium hypochlorite) in which the ovated animals are lysed, releasing
their fertilized eggs. At the end of this procedure only the eggs remain alive, being
separated by centrifugation (150 g for 15 min at 20 °C with a 30% sucrose solution).
Finally, the eggs were transferred to Petri dishes containing M9 medium and incubated
at 20 °C for 14 h until the animals hatched and reached their first stage of larval
development (L1). The entire synchronization procedure follows the protocol proposed
by Stiernagle (2006), which was originally formulated to remove fungal and bacterial

contamination from C. elegans cultures.

2.11. Plate preparation

29



607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

All the experiments were performed in triplicate using true independent replicates.
To assemble the plates, the coated dressings were cut in circles with a 1 cm-diameter
and placed in a 24-well plate. To obtain different coated dressing concentrations, it was
assumed that the silver concentration was uniform over the entire coated dressing area.
The following silver concentrations were selected: 1.64 mg/cm? (whole puddle
equivalent = 1/1 or 100%), 1.23 mg/cm? (three-quarter puddle equivalent = 3/4 or 75%),
0.82 mg/cm? (half-puddle equivalent = 1/2 or 50%), and 0.41 mg/cm? (quarter-puddle
equivalent = 1/4 or 25%) and CTRL for control group with animals exposed only to
NGM and E. coli OP50. (Fig.1 Supplementary Material)

CTRL for animals exposed to coated dressings that were released for 6 days, 3 days
releasing on the agar, after the agar is removed and the coated dressing washed with
autoclaved Milli Q water, after they were put back in the agar for 3 more days. Then the
plate was incubated at 37 °C, simulating human body temperature for 3 days, another
group of plates was incubated at 20 °C, also for 3 days. This time was selected as this is
indicated by the manufacturer for material release, with the bottom of the plate facing
up so that the silver released by the coated dressing could be available to the animals on
the surface of the NGM during the exposure period. It was observed a darker coloration
in the NGM that was in contact with the cuttings that had a larger size (higher
concentrations). At the end of the third day of incubation, the exposure plates were
removed from the 37 °C incubator and cooled to 20 °C (exposure temperature).
Immediately after, 50 uL of E. coli OP50 was pipetted as a food source. Following, C.
elegans in larval stage L1 (an average of 20 animals per puddle) were introduced into
the puddles.

The average number of animals introduced into each pool was reached by estimating

10 aliquots with a volume of 10 pL of a C. elegans suspension in the liquid medium,
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which was performed by counting. The total number of animals among all aliquots was
divided by the estimated aliquots to determine the volume to be pipetted into each pool
at the time of exposure (Solis and Petrascheck, 2011).

After incubation, the plates were kept in an incubator at 20 °C for 96 h, the
necessary time for the animals to complete their developmental cycle through the larval
stages L1, L2, L3, and L4 and reach the adult stage, so they are able to grow and
reproduce, giving rise to the first progeny (Hope, 1999). Then, their evaluation of
growth, fertility rate, and reproduction was performed.

In the case of animal exposure in L4, the plate assembly procedures were
repeated, with incubation modifications, where it occurred only at 20 °C (both during
the dressing release period and during the 3-day exposure), using only a pool with a
nominal concentration of 1.64 mg/cm? (100%).

All the analyses performed in this work were based on the international standard
ISO 10872: 2010 adopted as reference for the toxicity tests evaluated by NANoREG.
For the analysis, photos were taken of the puddles, using a magnifying glass coupled
with a camera (Leica, model S§ APO). All analyses were performed with the help of
free image editing software Imagel. For better visualization of the animals in the
evaluation of growth, reproduction, and fertility, the photo acquisition procedures were

performed after staining of the animals with Rose Bengal dye.

2.12. Growth assessment

After taking the pictures of the adult animals stained with Rose Bengal, the subjects
were measured with the Image] software. The growth rate (in mm) was measured by

subtracting adult animal size from L1 larval stage animal size.
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2.13. Fertility assessment

In order to calculate the fertility percentage, the presence or absence of eggs within
the body of adult animals was observed individually. An animal was considered
pregnant (fertile) if the number of eggs within its body is > 1. After counting the
number of pregnant hermaphrodite worms and subtracting the number of male worms
from the total adult animals, the fertility percentage was calculated by dividing the

number of fertile animals by the number of adult animals and multiplying by 100.

2.14. Reproduction assessment

To proceed with the reproduction calculation, the number of L1 larval stage animals
counted in each pool was divided by the number of adult fertile animals in the

respective pool. Results were expressed as the number of larvae per exposed adult.

2.15. Reactive oxygen species concentration (ROS) dosage

It was performed via fluorescence microscopy using the whole worm exposed to the
probe H:DCF-DA (SIGMA), according to Biichter et al. (2013). After 1 h- incubation,
photos were taken with the Dino-Lite microscope (AM4115T-GFBW). Subsequently,
using the ImageJ software, the area of the animals was measured, together with
fluorescence intensity and, around the animals, the background was also measured and
the following expression calculated: ROS = (FI-BG)/A, where FI stands for worm
fluorescence intensity, BG for background and A for the animal area.

2.16. Statistics

Data were expressed as mean + 1 standard error of the mean (SEM). L1 worm

growth, reproduction, fertility, and ROS concentration data were analysed by a mixed
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model analysis of variance (ANOVA), being the random factor, the different plates
employed in the independent experiments and fixed the factor was nanosilver
concentration (Searle et al., 2006). Previously, normality and homoscedasticity
assumptions were evaluated through Shapiro-Wilks and Levene tests, respectively, and
mathematical transformations applied if at least one of these was violated (Zar, 1984).
The same procedure was employed to analyse L4 worms data. Statistical differences
among means treatment were performed using the post-hoc test of Newman-Keuls. In

all cases, a significance level (o) of 0.05 was adopted.

3. Results and discussion

3.1. Physico-chemical results

3.1.1. Characterization of silver-coated dressing

Through SEM analysis, it was possible to observe the structure of the dressing
with the entangled polyester fibers (Fig. 2a and b). there were particles randomly
dispersed and impregnated in the dressing fibers (Fig. 2¢ and d). To perform a size
distribution analysis, silver nanoparticles from the coated dressing samples were
analysed through TEM (Fig. 3) From the EDS analysis performed on the ACTICOAT
FLEX 3 coated dressing, it was possible to detect the following compounds: silver

(75.4%), oxygen (18.5%) and carbon (5.78%) (Fig. 4 Supplementary Material).

The coated dressings immersed in the 0.9% saline solution showed greater
agglomeration than the ones immersed in Mili Q water. Measurements performed with
Image] software demonstrated that the particles immersed in the 0.9% saline solution
had a larger size (mean of c.a. 80 nm) than the particles that were immersed in MilliQ

water (mean of c.a. 40 nm), which were much less crowded (Fig. 3 and 4). Reports
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including Doty et al. (2005) and Michaels et al. (2000) revealed that high NaCl
concentrations cause AgNPs to aggregate. The zeta potential of the nanoparticles
immersed in 0.9% saline solution averaged -17.8 mV, whereas those immersed in
deionised water averaged -25 mV. Some guidelines show that zeta potential values
between + 20-30 mV are moderately stable (Patel et al., 2011; Bhattacharjee, 2016).
Thus, the obtained results indicated that the nanoparticles released by the coated
dressing in saline solution have a tendency to be less stable than those in deionised
water. This data is consistent with the TEM results. Interestingly, the manufacturer’s
use instructions state that the coated dressing must be moistened in potable water and
not in saline, an advisory that once again corroborates our results.

AgNP toxicity towards bacteria was reported in several studies (Lok et al., 2006;
Choi et al., 2008; Choi and Hu, 2008). Pal et al. (2007) evaluated the effects of
bactericidal activity in different exposure media. The authors observed that exposure in
agar presents greater toxicity compared to liquid medium. The use of silver is
advantageous when compared to other classes of antibiotics because microorganisms, in
general, do not show resistance to this compound (Romero-Urbina et al., 2015;
Sangappa and Thiagarajan, 2015). Baker et al. (2005) and Panacek et al. (2006)
presented data on the antimicrobial capacity of silver against E. coli and Staphylococcus
aureus. Baker (2005) found that particles with a higher surface-to-volume ratio provide
a more efficient means for antibacterial activity against E. coli, and Panacek et al.
(2006) found similar results, where 25 nm sized-AgNPs show greater antimicrobial and
bactericidal activities compared to larger particles including against highly multidrug-
resistant strains such as methicillin-resistant S. aureus. Mohan et al. (2014) also
reported a high antimicrobial activity of AgNPs against Pseudomonas aeruginosa. The

AgNP antibacterial capacity was also observed in the present work, is that there is
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evidence that silver diffuses in the medium and that there is an antimicrobial action
against these two microorganisms that we evaluated, because there is a halo of

inhibition (Tables 1 and 2 of Supplementary Material).

3.1.2. Ionic release of silver

The total silver content of the dressing was 1.44 mg/cm?. The coated dressing
analysed in this study presented a controlled silver release over time. Indeed, 34% of the
total silver content of the dressing was released after 72 h (Figure 5). It is worth to
mention that the release of the bactericide agent is required to achieve antimicrobial
activity in wound dressings (Mebert et al., 2016). AgNP have the ability to release silver
ions, and this property contributes to the bactericidal effect already provided by silver
(Morones et al., 2005). In recent work using C. elegans, it was found that also the shape
of agNP (nanoparticles, nanowires and nanoplates) influences toxicity (Moon et al.,

2019).

3.2. Toxicity evaluation in C. elegans.
3.2.1. Reactive oxygen species concentration (ROS) dosage

The Fenton reation, ion release and ROS generation occur on the surface of
nanoparticles, thus very small molecules (< 30 nm) have a relatively large surface area
and then, also have higher toxic effects than the larger ones (Auffan et al., 2009). With a
highly variable particle distribution, as seen in Fig. 3, it can be inferred that at a
concentration of 100% there should provide enough small nanoparticles to induce
higher ROS concentration in worms, as shown in Fig. 6D. The obtained results agree

with Yang et al. (2018), who found high ROS concentration in C. elegans exposed to
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commercial AgNPs and explained that oxidative stress is the main toxic mechanism
generated by these particles. The augmented ROS concentrations could affect the
metabolism of energy in C. elegans, since oxidative chemicals as in this case results to
be the coated dressing, generate mitochondrial malfunction, and consequently, the
oxidative stress in the cytoplasm may increase inducing cell apoptosis (Luo et al.,

2017).

3.2.2. Physiologic parameters

Kim et al. (2017) evaluated the effect of AgNPs on C. elegans growth and
reported that concentrations of 0.01 mg/L already induces significant differences,
reducing size. Data from Contreras et al. (2014) showed that concentrations between 1
and 10 mg AgNPs/L significantly reduce in C. elegans growth, however, after
continuous exposure through several generations, growth return to normal. Then, a
pattern of acclimatisation was evidence when worms are exposed to 100 mg AgNP/L.
The C. elegans fertility is also affected by AgNPs, where smaller particles induce the
greatest toxicity effects. Roh et al. (2009) provided data where concentrations of 0.1 mg
AgNPs/L impairs C. elegans reproduction, and reduces the number of offspring by up to
70% after a 24 h-exposure. In this study, we verified that all evaluated physiological
parameters were compromised when the organisms were exposed to the coated dressing
(Fig. 7). The data from in this study corroborate those already found in the literature,
where exposure to silver nanoparticles also reduced the size of adults and reduced
fertility and reproduction of worm C. elegans.

Stage L4 was less prone to show toxic effects after nanosilver-coated dressing
exposure than the L1 (Table 1). The obtained results may indicate that stage .4 is more

resistant than the initial L1 larval stage. Chaweeborisuit et al. (2016) exposed all C.
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elegans larval stages to plumbagin (a nematicide). These authors reported that L4 is
least sensitive, while L1 shows the highest sensitivity. Chu and Chow (2002) also
observed that L1 animals are more susceptible when exposed to different cadmium
concentrations than animals at more advanced stages. Overall, the use of the L1 stage
offers greater sensitivity to observe potential deleterious effects of chemical stressors.
C. elegans has a cuticle that is a layered internal structure with surface specializations
and is known to undergo changes in its composition and structure during the life stages
of the worm (Kramer, 1997). Probably the permeability in L4 is lower due to its thicker
cuticle (Chaweeborisuit et al., 2016).

As previously mentioned, to obtain different exposure concentrations, the
dressings were cut into different sizes. The data showed that there was high variability
among same-sized dressings with regards to the silver concentrations released into the
NGM, this can be easily observed by the high standard deviation of the samples (Fig.
8), especially in the 100% cut (1.64 mg silver/cm?). This finding could indicate that the

silver is not homogenously distributed in the coated dressing.

The dressings that released their contents for 3 days in the NGM, were washed
and added to a new NGM medium, and they still released silver, as verified by atomic
absorption spectroscopy (211.33+33.64 ng/g). However, no toxic effects were observed

in worms exposed to these dressing (See Table 3 of Supplementary Material).

4. Conclusions
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It was observed that in water the particles were less agglomerated and more
stable as verified in zeta potential, unlike the saline medium (0.9 % NaCl), where the
particles were more agglomerated, which is expected situation under those
physiological conditions. Results indicated that Acticoat Flex 3 has an antibacterial
effect as do antibiotics in the strains tested (P. aeruginosa and S. aureus). Nanosilver-
coated dressing impaired reduced reproduction, growth and fertility and induced higher
ROS concentration in L1 larval stage animals, unlike L4 stage animals, which showed
lower susceptibility or no changes in the measured parameters Finally, the obtained
results suggest that improper disposal of this coated dressing has the potential to cause
damage to organisms, including C. elegans, and this finding highlights its

environmental hazard.
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Figure captions

Figure 2. Scanning electron microscopy (SEM) images of the nanosilver-coated
dressing. White arrows indicate the silver particles impregnated in the coated dressing

fibers.

Figure 3. Transmission electron microscopy (TEM) images of the nanosilver-coated

dressing immersed in saline solution (0.9% NacCl; a and b) or MilliQ water (c and d).

Figure 4. The frequency size distribution of nanosilver-coated dressing immersed in

0.9% NacCl saline solution (a) or in MilliQ water (b).

Figure 5. Silver (Ag) release versus time. (a) Ag release expressed as a percentage (Ag
in solution/Ag in the coated dressing). (b) Ag release expressed as the Ag concentration

(mg/ml).

Figure 6. Reactive oxygen species (ROS) concentration measured through fluorescence
emission using the HoDCF-DA probe, where greater fluorescence intensity indicates a

higher ROS concentration. (a) Caenorhabditis elegans exposed to a coated dressing
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with 1.64 mg silver/cm? at stage L1. (b) C. elegans from control group. (c) Fluorescence
intensity in C. elegans stage L1 for the different treatments: 1.64 mg silver/cm?* (whole
puddle equivalent = 1/1 or 100%), 1.23 mg silver/cm? (three-quarter puddle equivalent
= 3/4 or 75%), 0.82 mg silver/cm? (half-puddle equivalent = 1/2 or 50%), 0.41 mg
silver/cm? (quarter-puddle equivalent = 1/4 or 25%) and the control group (Ctrl). Values
are expressed as mean + 1 standard error. Equal letters indicate the absence of

significant differences (p > 0.05).

Fig. 7. Physiological responses in Caenorhabditis elegans after 3-day exposure to the
following treatments: 1.64 mg silver/cm? (whole puddle equivalent = 1/1 or 100%), 1.23
mg silver/cm? (three-quarter puddle equivalent = 3/4 or 75%), 0.82 mg silver/cm? (half-
puddle equivalent = 1/2 or 50%), 0.41 mg silver/cm? (quarter-puddle equivalent = 1/4 or
25%) or control (Ctrl). Data for (a) growth, (b) fertility and (c) number of larvae
generated by an adult are shown. Values are expressed as mean + 1 standard error.

Equal letters indicate the absence of significant differences (p > 0.05).

Figure 8. Silver concentration in the NGM medium for the different coated dressing
concentrations. All the cutouts presented statistically significant differences compared
to the control. Values are expressed as mean + 1 standard error. Equal letters indicate

the absence of significant differences (p > 0.05).
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Table 1. Evaluation of the physiological parameters of L4 larval stage worms.

L4 Stage
Physiological parameters Mean and Standard Error
Control 100%
Growth 1.05+0.01* 1.05 £0.02°
Fertility 96.67 + 1.76* 98.99 +1.01°
Reproduction 41.52 +£0.72% 36.15 +2.30°
ROS Concentration 33670.94 + 1730.08* 33882.73 £ 984.47%

100% refers to worms exposed to 1.64 mg / cm2 (whole puddle equivalent = 1/1 or
100%) for 3 days. Growth is expressed in millimeters, fertility is expressed as a
percentage of fertile animals, reproduction expressed by the ratio of larvae to adult
animals. ROS is expressed by the fluorescence intensity using the H-DCF-DA probe.
Values are expressed as mean + 1 standard error. Equal letters indicate no significant

differences (p> 0.05) for each physiological variable.
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Fig.2. Pseudomonas aeruginosa (ATCC 15442) was exposed to Ciprofloxacin,

Ceftazidime, Gentamicin, Piperacycline-Tazobactam, Meropenem, and Staphylococcus

aureus (ATCC 12598) to Ciprofloxacin, Penicillin, and Tetracycline.
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Fig. 4. Pseudomonas aeruginosa (ATCC 15442) exposed to ACTICOAT FLEX 3
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Base(1)_pt3 11.47 88.53

Atom % Error (+/- 2 Sigma)

K 0-K Al-K Ag-L

Base(1) ptl +/-0.97 +/-6.83 +/-1.64

Base(1) pt2 +/-0.58 +/-2.78 +/-0.49 +/-2.30

Base(1) pt3 +/-3.53 +/-4.96
Formula

Base(1)_pt1 C 0] Ag

Base(1) pt2 C 0 Al Ag

Base(1) _pt3 0] Ag
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Weight %
C-K 0-K Al-K Ag-L
Base(1) ptl 2.38 8.65 88.97
Base(1) pt2 0.60 1.60 0.32 97.48
Base(1) pt3 1.89 98.11
Weight % Error (+/- 2 Sigma)
C-K O0-K Al-K Ag-L
Base(1) pti +/-0.18 +/-1.71 +/-2.77
Base(1) pt2 +/-0.07 +/-0.47 +/-0.14 +/-2.65
Base(1) pt3 +/-0.58 +/-5.49
Normalized Wt. %
C-K O-K Al-K Ag-L
Base(1) ptl 2.38 8.65 88.97
Base(1) pt2 0.60 1.60 0.32 97.48
Base(1) pt3 1.89 98.11

Fig. 5. Qualification of the existing silver in the dressing performed through

energy dispersion spectroscopy (EDS).



1297

1298

1299

1300

1301

1302
1303

1304

1305

1306

1307

1308

1309

1310

Table 1. Antibacterial power against Pseudomonas aeruginosa of different antibiotics.
The values refer to the diameter in mm of the generated halo. Data of three independent
assays are shown, as well as the mean and standard error of the mean (SEM). The
interpretation of the results obtained in the antibiogram followed the Performance

Standards for Antimicrobial Susceptibility Testing protocol (CLSI M100).

Pseudomonas aeruginosa (ATCC 15442) Halo - Diameter (mm)

Antibiotic Plate 1 Plate 2 Plate 3 Mean = Susceptibility
SEM Profile

Ciprofloxacin 39 40 38 39.0+0.58 Susceptible
Ceftazidime 0 0 0 0 Resistant
Gentamicin 30 31 31 30.7+£0.33 Susceptible
Piperacycline- 38 38 33 36.3+1.67 Susceptible
Tazobactam

Meropenem 34 35 31 33.3+£1.20 Susceptible
Acticoat Flex 3 84,5 83,5 - 84.0+0.71 Susceptible
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Table 2. The table shows data regarding the action of antibiotics in relation to bacteria
Staphylococcus aureus. The values expressed refer to the diameter in mm of the
generated halo. Data of three independent assays are shown, as well as the mean and

standard error of the mean (SEM).

Staphylococcus aureus (ATCC 12598) Halo - Diameter (mm)

Antibiotic Plate 1 Plate 2 Plate 3 Mean and  Susceptibility
SEM Profile

Ciprofloxacin 38 33 39 36.7+1.86 Susceptible
Penicillin 39 40 40 39.7+0.33 Susceptible
Sulfametoxazol- 38 33 38 36.3+1.67 Susceptible
Trimeptoprima

Tetracycline 30 33 33 32.0+1.00 Susceptible
Acticoat Flex 3 80,3 81,6 81,1 81.0 +0.65 Susceptible
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Table 3. L1 animals exposed to dressing controls, where there was no statistical

difference compared to control group (0 %).

ctl 100%  ctl 75% ctl 50% ctl 25% 0%
Growth (mm) 0.86 + 0.86 + 0.87 + 0.86 + 0.87 +
0.004 0.006 0.013 0.005 0.008
Reproduction ~ 45.12 + 44.06 £ 45.02 £ 45.53 £ 4519 +
(n larvae/adult) 0.855 2.057 1.502 1.758 1.625
Fertility (%) 96.67 + 99.33 £+ 100.00 £ 97.44 + 99.33 +
2.722 0.544 0.000 2.094 0.544
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Discussao Geral

Diversos produtos que contém nanoparticulas de prata estdio em ampla
disponibilidade no mercado. Por exemplo, o curativo ACTICOAT FLEX 3 foi
adquirido com facilidade através de compra via internet e, como ja mencionado,
encontra se autorizado a ser comercializagdo pela ANVISA. Foi possivel constatar que
este produto atendeu a hipotese inicial desta pesquisa, demonstrando toxicidade ao

organismo C. elegans.

O curativo, que ¢ recortavel, quando adquirido para uso doméstico pode ndo ser
usado na sua totalidade, e pedacos ainda impregnados com os nanocristais de prata
podem acabar sendo descartado em lixo comum. Desta forma existe a possibilidade de o
curativo atingir diferentes compartimentos ambientais onde podera exercer sua
toxicidade. Como mencionado na Introducio, j4 foi comprovada a toxicidade das
nanoparticulas de prata ao verme mencionado por inimeros autores como Roh et al

(2009) que corroboram com os resultados obtidos neste estudo.

Para elucidar o que realmente havia na malha do curativo, foi realizada a
microscopia eletronica de varredura, onde foi possivel observar as particulas. Logo
apos, com microscopia eletronica de transmissdo foi possivel medir os nanocristais de
prata e encontrar uma gama variada de tamanhos destas. A lavagem do curativo em
solugdo salina (0,9 % de NaCl) mostrou uma tendéncia a aglomerar. Este fato foi
refor¢ado pelos valores encontrados no potencial Zeta, de -17,8 mV em solugdo salina e
-25 mV em agua deionizada respectivamente. Alguns autores mostram que os valores
do potencial zeta entre = 20-30 mV sdo moderadamente estdveis (Patel et al., 2011;

Bhattacharjee, 2016).
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Esta aglomeracdo era esperada ja que que o NaCl, no meio, gera esta tendéncia
(Michael, 2000; Doty et al., 2005). O que pode nos levar a inferir, que dependente do
meio onde o produto ¢ descartado, este fator pode influenciar na disponibilidade deste
material. Autores como Auffan et al. (2009) indicam que particulas menores que 30 nm
sdo mais toxicas, fato associado com a area de contato, gerando maior interagdo. Isto
nos leva a efetuar uma segunda inferéncia: pelo fato das particulas aglomeradas
apresentarem um maior tamanho, poderiam elas serem menos danosas, do que as

liberadas em dgua deionizada, onde estariam mais dispersas

Cientes de dados que demonstravam a participacdao nao s6 da toxicidade das
nanoparticulas de prata, mas também dos ions de prata (Morones et al., 2005), foi
quantificado a liberacdo destes ions do curativo, verificando uma liberacdo de 34 %
durante 72 h, algo esperado em funcdo da atividade antimicrobiana apresentada pelo

produto (Mebert et al., 2016).

Para verificar a concentragdo que ¢ teoricamente liberada com uso se optou por
utilizar uma metodologia que simulasse o efeito topico do curativo através da insercao
do produto em meio NGM, sendo este processo efetuado a 37 °C e a também 20 °C
(temperatura 6tima para o verme). Em ambas as temperaturas houve liberacdo de prata

se mostrando uma estratégia apropriada para expor ao organismo alvo.

Os diferentes recortes de curativos liberaram diferentes concentragdes de prata.
Visto que os curativos foram cortados em quatro tamanhos proporcionais era esperado
resultados gradativamente maiores em relagdo ao tamanho do curativo. As diferentes
concentragdes obtidas nessas analises poderiam indicar diversas hipdteses, entre elas,
maior liberacdo em fungdo da metodologia de recorte, mas também, poderia indicar que

a concentracao dos nanocristais ndo ¢ homogénea na malha.
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Uma preocupagdo encontrada era se ap6s os trés dias de uso o produto poderia
ainda conter prata. Desta forma foi feito um teste onde, apds os trés dias de liberagdo, o
meio NGM rico em prata foi removido e um novo foi acrescentado. Foi possivel
observar com isso que apos mais 3 dias em um NGM novo, ainda houve liberagdo de
prata, o que a principio ¢ um achado problematico do ponto de vista ambiental, toda vez

que o produto podera continuar liberando prata no local onde for descartado.

De modo a medir ndo s6 a prata liberada, mas também a prata total presente no
curativo foi realizada uma andlise onde o curativo foi mineralizado e foi avaliada a prata
total via espectroscopia atdmica de absorcdo. Foi verificada uma concentragdo de prata,
muito proxima ao indicado pelo fabricante o que de novo traz questionamentos a sua

seguranca ambiental apoOs seu descarte.

Visando avaliar o poder bactericida, cepas bacterianas foram expostas ao
curativo, confirmando entdo a eficdcia da atividade antimicrobiana, ja que ele

apresentou halos assim como os dos obtidos com antibioticos especificos.

Pelo viés ambiental, o material estudado, tem potencial de causar dano ao
organismo teste aqui utilizado, mas que pode levantar a hipotese de ser extrapolado a
outros organismos, levando em consideracdo que o nematoide em questdao, possui 60-
80% dos genes humanos tém um ortdlogo no genoma de C. elegans (Kaletta e
Hengartner, 2006). Autores como Contreras et al. (2014), observam em seus estudos
redu¢do do crescimento do C. elegans, quando expostos a nanoparticulas de prata,
outros autores, também observam danos na reproducao e fertilidade (Roh, 2009; Kim, et
al., 2017), dados estes também observados neste estudo, onde desde os menores recortes
no caso de reproducdo e fertilidade, demonstraram danos ao organismo. Yang et al.

(2018) explica que um dos mecanismos das nanoparticulas de prata ¢ uma maior
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producdo de espécies reativas de oxigénio, o que também foi encontrado no caso dos
vermes expostos ao curativo, onde a concentragdo de 100% apresentou uma acentuada

fluorescéncia.

Para se aproximar de um cenério ambiental, além dos vermes em estagio L1,
vermes em um estdgio larval mais avancado, o L4, também foram expostos, e estes
demonstraram maior resisténcia a toxicidade, nao demonstrando diferenca dos seus
controles, sugerindo uma menor permeabilidade a prata no estdgio L4 devido a sua

cuticula mais espessa (Chaweeborisuit et al., 2016).

Conclusao

Os resultados indicaram que o ACTICOAT FLEX 3 tem um efeito
antibacteriano nas cepas testadas (Pseudomonas aeruginosa e Staphylococcus aureus).
O curativo revestido com nanocristais de prata induziu redugdo na reprodugao,
crescimento ¢ fertilidade e maior concentragao de ERO nos animais em estagio larval
L1, diferentemente dos animais em estagio L4, que apresentaram menor suscetibilidade
e nao apresentaram alteracoes. Com os resultados obtidos, podemos inferir que o
descarte inadequado deste curativo revestido tem o potencial de causar danos a
organismos como C. elegans, apontando para o risco ambiental, e levantando algumas
questdes como: Quanto tempo o curativo pode liberar seu conteido no ambiente? Em
meio liquido a liberagdo poderia ser maior? Os animais em L4 que foram expostos por
96 h, ndo sofreram toxicidade, expostos por mais tempo sofreriam? Os ovos dos animais
caso expostos, teriam a viabilidade comprometida? E os animais que estdo ou ja
passaram por fase dauer, teriam uma suscetibilidade diferenciada dos L1, assim como os

L4 tiveram?
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