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RESUMO

A nanotecnologia tem sido aplicada no controle de parasitos e hospedeiros intermediarios
de agentes etiologicos ddoencas globais e tropicais negligenciadas, como a
esquistossomose. O parastichistosoma manso@io agente etioldgico desta doencga no
Brasil, e caramujoBiomphalariaspp. atuam como hospedeimermediario O uso de
nanomateriais (NMs) como agente moluscicidasé promissor devido as suas
propriedades especificas que permitem a internalizacdo, maior reatividade e
especificidade ao caramujo, além da facilidade de producéo, e possibilidade de retirada
do ambienteNeste sentido, o objetivo deste tridmafoi avaliara potencialatividade
moluscicida das nanoparticulas de 6xido de ferro (NOFs) funcionalizadas com &cido
glucénico no caramujBiomphalaria glabratalnicialmente, uma analise bibliométrica
associada a uma revisao sistematica da liter&derdificou que diferentellMs foram
capazes de induzir estresse oxidativo, genotoxicidade, mutagenicidade,
embriotoxicidade, toxicidade reprodutiva e transgeracjonahunotoxicidade,
mortalidade e alteraces comportamentais em diferentes espécies de gastropodes. Em
relacdo aos bioensaios, ap0s exposicdo crbnica (28 did®) glabrataa diferentes
concentragdes de NOFs FeC} (1,0; 2,5; 6,2 e 15,6 mg), foi evidenciado alta
bioacumulacao de ferlasNOFs na massa visceral do caramujo em comparagao com 0S
ions de ferro e o grupo controle. Da mesma forma, obsee@lta frequéncia de
alteracdes de comportamento dos caramujos expodii3EEjuando comparadossaa
contrapartida ibnica e ao grupo contrdlenbas as formas de Fe reduziram a fecundidade
dos caramujgenquanto a mortalidade e a fertilidade reduzida foram observadas somente
apoés a exposicdas NOFsa 15,6 mg L. Os resultados gerais indicaratieragcdes
comportamentais e toxicidade reprodutiva associados a bioacumuéscB®O&=mB.
glabrata Este estudo enfatiza que as nanoparticulas a base de mepaltesdciais

agentes moluscicidas.

Palavraschave: Esquistossomose hospedeiro intermediario ecotoxicologia;

embriotoxicidadebiomarcadores.
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ABSTRACT

Nanotechnology has been applied to control parasites and intermediate letisiogic

agents ofneglected global and tropical diseases, such as schistosomiasis. The parasite
Schistosoma mansoris the etiological agent of this disease in Brazil, and snails
Biomphalaria spp. act as intermediate host. The use of nanomatdits) as
molluscicidal agents is promising due to their specific properties that allow
internalization, greater reactivity and specificity to the snail, in addition to the ease of
production, and the possibility of removal from the environment. In this senseintbé

this work was to ealuate the potential molluscicidal activity @fuconic acid-
functionalizediron oxide nanoparticlesiQNP9 in the snailBiomphalaria glabrata
Initially, a bibliometric analysis associated with a systematic review of the literature
identified that diferent NMs were able to induce oxidative stress, genotoxicity,
mutagenicity, embryotoxicity, reproductive and transgenerational toxicity,
immunotoxicity, mortality andehaviouralchanges in different species of gastropods.
Regarding bioassays, after chiomrexposure (28 days) dB. glabratato different
concentrations oflONPs and Fed (1.0; 2.5; 6.2 and 15.6 mg™, a high
bioaccumulation of iron byONPsin visceral mass of the snail compared to the iron ions
and the control grouwas observed.ikewise, there was a high frequencybehavioural
changes in snails exposed to IONPs when compared to their ionic counterpart and to the
control group. Both forms of Fe reduced fertility, while mortality and redeceda i | 6 s
fertility were observed only after prsure tdONPsat 15.6 mg LX. The general results
indicated behavioural impairments and reproductive toxicityassociated with the
bioaccumulation oflONPs in B. glabrata This study emphasizes that medtaked

nanoparticles are poteat molluscicidal gents.

Keywords: Schistosomiasis; intermediate host; ecotoxicology; embryotoxicity;

biomarkers.
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1. CAPCTULREMI SO DA LI TERATURA

1.1. Nanotecnologia

A nanotecnologia é uma ciéndmerdisciplinardo séculoXXl, que teve seinicio
e ascensdo por volta do fim da segunda guerra munchah estudos para o
desenvolvimento e miniaturizacdo de eletréni@@koi and Mody, 2009; Hullat al,

2015) Estaciéncia estuda os materiais em naszala(l a 100 nm), e suas novas
propriedades fisicas, quimicas, mecanicas, elétritas eutragLinsingeret al, 2012)

Um nanomaterial (NM) é definido pela Comissao Euroffeimopean Comission, 2011)

C 0 mo s e n cterial fmatunal oon manufaturado contendo particulas dispersas ou
agregadas, que apresentem distribuicdo de tamanho das particllasas&6s entre 1 a

100 nm em pel o menos Devidaaodeu pequenpdasando, altee n s » e S
area de superficie ergpriedades nanoespecificas, os NMs diferem do seu mesmo

material de composicdo em macro es¢hiasingeret al, 2012; Modyet al., 2010; Nel

et al, 2013) Assim, entender essas propriedades é fundamentaimtatazar NMs com

propriedades desejadas para aplicacdes destinadas aos mais diversos fins.

Atualmente a nanotecnologia é amplamente difundida nas areas da quimica, fisica,
biologia, engenharia e biotecnologia, através do estudo e aplicacdes dos NMs e das
nanoparticulagNP9 nos mais diversos setores da sociedade (Figura 1). Sua aplicacéo
vai desde a utilizag&o nos setores industriais e de tecnologia, por exemplo na fabricagbes
de eletrbnicos, ceramicas, plasticos, produtos da industria téxtil, a agricultura e
alimentacdo, @ exemplo através da producdo de agentes pesticidas, catalisadores de
processamento de alimentos, conservantes entre ¢8tdokqi et al, 2018; Tarafdaet
al., 2013; Tsuzuki, 2009Além disso, encontramos a utilizacdo da nanotecnologia nos
setores ambientais e da sautEndo como exemplo aplicagbes na remediacdo de
ambientes poluidg€orsiet al, 2018; Zowet al., 2016) no desewolvimento de produtos
para terapia, diagnosticos e tratamento de doencas, como por exemplo a producéo de
vacinas, farmaco§Gupta and Gupta, 2005; Mirzaei and Darroudi, 2017; Verma and
Kumar, 2019) a sua utilizagdo emergente no controle e combate de pa(Bsihedli,
2018a; Liet al, 2018; Moustafat al, 2018; TomiottePellissieret al, 2017)
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Figura 1. Principais aplicagdes das nanoparticulas inorganicaduzido e adaptado de
Tsuzuki (2009)

Os NMs podem ser divididos quaras suas dimensdes em trés categorigs
nanoplacas1 dimensdp?2) nanotubos2 dimensdesou 3) nanoparticulas (NPs3
dimensdegLinsingeret al, 2012) Além disso, 8 NMs podem ser classificados, quanto
a natureza quimica, morfologia, importancia comercial, modos de acao fisiolégicos,
dentre outrosGaillardet al. (2019)categorizaram os NMs pafins de regulamentacéo
em trés grupos principaist) (monotipos quando apresentam uma mesma composi¢cao
guimica ou estrutural;iif materiais com varios tipos de particulas ou multiplos
monotipos; iji) artigos e formula¢gdes, que compreendem materiaisotipicos ou de
multiplas composicées com formasiperficie ou composicao estrutural que determina

sua funcdo em maior grau que sua composi¢cao qu(fFigara 2)

22



Artigos e
Material com particulas Materiais com multiplos  formulagoes

monotipicas monotipos contendo
nanoparticulas

Particulas Particulas compostas Diferentestipos de particulas

® 960 O
‘ Q e @ ou
® 060 ¢

Core-shell Inclusses || Multi-
shell

LA X

Figura 2. Classificacdo dos diferentes tipos de particulas e materiais particulados para
fins de regulamentagcébonte:Gaillardet al (2019) com modificagdes.

Ainda sobre os materiais monotipicos, estes podem ser categorizados de acordo
comGaillardet al, (2019)quanto:

1 A sua composicdo quimica em: organicos, inorganicos, bioldgicos,
baseados em nanotubos de carbono, compostos por uma ou multiplas
camadas.

1 Quantoadispersibilidade estabilidade em: monodisperso, polidisperso,
disperso em meio aquoso, polar, ou materiais especificos.

1 As propriedades especificas: condutividade elétrica, propriedades

magnéticas, capacidade de adsorcéo e tipo de funcionalizacao.

1.2. Nanoparticulas de 6xidode ferro (NOFs)

As nanoparticulas de 6xido de ferté@F9 sdo amplamente conhecidas e muito
utilizadasdevido as suas propriedades magnétioas,ompatibilidade, alta capacidade
de adsorcéo e facilidade de sintese, além do baixo custo de predulgiga escal@am
relacéo a outros NMsomo por exemplo Ag NR#&rularasuet al, 2018; Kwonet al,
2018; Zhanget al, 2016) Elassdo aplicadaem diversos setores da inddstria, como na
producéo de eletrénicos, midias de gravacaojniisstriasde pigmentos e tintas, em

remediacdo ambiental para remocado de poluentes da a4gua, e também na area da saude
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como contrastes de ressonamegnética, tratamento de cancer por hipertermia, @ com
sistemas de entrega de farma@arnell, 2003; Gupta and Gupta, 2005; Zbal., 2016)
Existem cerca de 16 tipos de oxidos de ferro difereiikes sdo formados a
principio, naturalmente no ambientdravésda degradacdo de rochas magméticas por
mecanismos fisicos e quimicos do intemperismo e oxid&#autro ladoelaspodem
ser também sintetizados em laboratorios para diversogGomsell, 2003) Dentre os
guatro principais O0xidos magnéticos mais utilizados na producdd\dése para as
aplicagdes biomédicatevido a sua estabilidages t « 0  a -Refg)a magnetta ( U
(FeOs), a ma g h e-leiOf) @ wiktite (FeO), com destague pamagnetitae
maghemita devid@o seu pequeno tamanhosea biocompatibilidadem mamiferos
dependendo das propriedades fisicas e funcionaliZ&@laeira et al, 2013; Teja and
Koh, 2009Ling and Hyeon, 2013; Met al, 2012; Riva®t al, 2012; Waget al, 2018)
A Tabela 1 resume as principaaracteristicadestes 4 tipos de 6xidos magnéticos

Tabelal. Propriedades das principais hanoparticulas de 6xido de ferro (MaEprado
deCornell (2003)

Dimensoes

Nanoparticulas Morfologia celulares Densidade Tipo de

(NPs) cristalina Cor (nm) (g cntd) magnetismo
Hematita Antiferromagnéticc
( BeO3NPs) Hexagonal Vermelha 0,5x 13 5,26 ou ferrimagnético
Magnetita
(FesO4NPs) Cubica Preta 0,8 5,18 Ferimagnético
Maghemita Culbica ou Marrom
( #e03NPs) tetragonal avermelhadc 0,8 4,87 Ferrimagnético
Wistite
(FeO NPs) Cubica Preta 04 5,9 Antiferromagnéticc

A estrutura cristalina dos oxidos se ferro € formada por anions de oxigénio e
cations de ferro ligados de forma tetraédrica ou octaéghigara3). A magnetita possui
fons Fé* distribuidos aleatoriamente entre intersticios dos sitios octaédetaddricos,
eions Fé* entre os intersticios dos sitios octaédrid@ss ions sio responsaveis pela sua
magnetizacdo. A maghemita é muito similar a magneiite@m a principal diferenca é a

presenca de Bedisposto regularmente, constituindo cerca de 2/3 de toda sua estrutura,
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sendo seguidos por um local vago. No caso da maghemita suas propriedades magnéticas
dependem do tamanho da partiqi@éiveiraet al, 2013; Teja and Koh, 2009)

Figura 3. Estrutura cristalina das nanopatrticulas de 6xido de fs0d-s) A) Magnetita.
B) MaghemitaAdaptado d®liveiraet al (2013) Microscopia eletrénica de transmissao
(MET) de particulas de C) Magnetita e D) Maghentitante:Cornell (2003).

Para fins de aplicacdes biologicas e ambientais dos NMssefarcessario
compreender as propriedades das NPs, tais como comportamenteticcagamanho,
carga de superficie, diametro hidrodinamico (Dh), indice de polidisperséo (PDI) e o tipo
de funcionalizagdo, pois estas propriedades podem influenciar significativamente na
toxicidade e biodisponibilidade do NM dependendo do intuito daagéo(Lei et al,

2018; Mahmoudet al, 2009; Teja and Koh, 2009; Zhaagal,, 2019)

1.3. Propriedades das NOFs

1.3.1. Comportamento magnético
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Quando um campo magnético € aplicado sobre um mataralés da mudanca
nos polos magnéticpscorre una magnetizacdo ou momento magnétd). O atomo
de ferro tem um forte momento magnétilevido a quatro elétrons ndo pareados em seus
orbitais 3d. Quando um macrocristal € formado por atomos de é&grgeralmente se
divide em multiplosmomentos magnéticagigura 4A). Conforme esses cristais vao
diminuindo em escala nanométri@@x. nanoparticulgs ha atendéncia da formacain
monodominios magnéticpsliferindo assim do material emacroescalgFigura 4B)
(Laurentet al, 2008; Teja and Koh, 2009)
Conforme Teja e Koh (20099m metal magnético baseado em ferro pode
apresentar monodondos Figura4B):
1 Paramagnético: Os MM atémicos individuais sdo organizados de forma
aleatdria, e a magnetizacao € nula, caso nao haja um campo magnético que
alinhe esses MM.
1 Ferromagnético: Todoos MM s&o alinhados, mesmo sem um campo
magnético externo.
1 Ferrimagnético. Os MM sao alinhados em dois estados de forma
antiparalela, com magnitudes diferentes.
1 Antiferromagnético: Os MM sédo alinhados em dois estados de forma

antiparalela de mesma mamle.

A B BG C@

Ferromagnestismo
Superparamagnestismo

Antiferromagnestismo

Paramagnetismo

Multiplos dominios
magneéticos Ferrimagnestismo

Figura 4. Momentos magnéticos. Alacrocristal compostggor diferentes momentos
magnéticos. B) Monodomineos magnéticos. QYlonodomideos ferromagnéticos
constituem o superparamagnetisiAdaptado déeja e Koh (2009)
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ParaasNPsdemagnetita e maghemita esses monodominedes@magnéticos,
e quandopossuem untamanho < 20 nmapresentam um comportamento especial
conhecido comauperparamagnetisn{&igura4C). Quanto mais alinhados estao estes
domineos magnéticos, como é o caso dpegaramagnetismo, maior sera a
magnetizacdo geraho se aplicar um campo magnético em uma particula que ndo seja
superparamagnética, a tendéncia é restar um magnetismo residual, que pode ser
prejudicial em aplicacdes bioldgicas dentro do corpo, poasgsarticulas tendem a se
aglomerar, o que normalmente ndo ocorrem com particulas com domineos alinhados,
como € 0 caso das superparamagnéficasrentet al., 2008; Ling and Hyeon, 2013;
Teja and Koh, 2009)

1.3.2. Tamanho

Os NMs possuentamanhos variaveis e controlavafor exemplo, a caso das
NOFs, em geral esse tamanho é < 2Q angue as tornam interessantes por serem
equiparaveis, ou mesmo apreserdanensodes inferiores as células (1AL O 0 & m) ,
proteinas (5 50 nm)ou genes (2 nm de largura e1@00 nm de comprimento), o que
torna sua aplicacéo interessante pela possibilidade de transpassarem ou se ligarem a estas
unidadesbioldgicas, melhorar diodistribuicdo através dos tecidos, e poderem ser
direcionadas através da magnetizacéo ou funcionalif@gma and Gupta, 2005; Kwon
et al, 2018)

Estudos deaptacao celular das NOFsvitro em células do sistema de defesa
células tumorais demamiferos, indicam que o menor tamanho dessas NPs, implicaram
em uma maior captacao, distribuicdo e citotoxicidade, dependendo ainda do tipo de
funcionalizacdo que foi utilizadala carga de superfégidiametro hidrodinamico e o
indice de polidispersadgFenget al, 2018; Schweigeet al, 2012; Xiaoet al, 2011)
Portantoexplorar estas propriedades d&i’s é importante para comganderseu o
comportamento no meio de dispers@orucial para entender a interac@sNPs comas

células.
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1.3.3. Carga de superficie (potencial zeta)diametro hidrodinamico (Dh) e
indice de polidispersadqPDI)

O potenciaketa( ¢ ) -seeafcaga de superficie formada ao redd\d nos
diferentes meios de dispersdo. E a medida da magnitude da atracdo ou repulsdo
eletrostatica, ou cargas das particulas, e pdhientiar naestabilidade dessa suspenséao
levando ou ndo a agregacgfoculacioe sedimentacatessas particulas. Geralmente um
potencial zeta > [+ 30 mV] € ideal para que a particula permaneca em sugIemMSam
aquosdBhattacharjee, 2016 carga de superficie dependera dos grupos funcionais dos
materais utilizadogpara o revestimento (funcionalizagédo) té&s o que influenciara os
seus subsequentes comportamentne meio biologico. Geralmente NPs quee
apresentam altamente carregadas (positiva ou negativgmeai® massivamente
incorporadas pelas céluléSchweigeret al, 2012; Xiaocet al,, 2011)

NPs carregadas positivamente, séo incorporadas eficientemente através da
interacdo com glicocélix carregado negativamente e internalizadasipalmente via
endocitose adsortiyasendorelacionadas a um acumulo de membrana e concentracao
especifica de NRPdevando aum padrdo de absorcéo limitado (saturavel), estavel, mas
naclinear (Martin et al, 2008; Schweigeet al, 2012) Por outro ladg NPs carregadas
negativamentegendem a interagir com proteinas séricas, e formar uma camada de
proteinas chamadabrona,que sdo internalizadas \eadocitoseeomum,ou mesmo por
endocitose mediada por receppooteina especificiAlém dissg a captacéo parece ser
constante e ao longo do tempo, independente do acimulo de me(horzdgvistet al,

2008; Schweigeet al,, 2012)

O diametro hidrodindmic(Dh) de uma NRe a medida déamanho da particula
em sigpensdo, levando em conta também a carga supedmidérida pelo meio de
dispersdo em que a NP se encqontteamada de camada de solvata@&uattacharjee,

2016) Ja dindice de polispersao (PI) referese a variedade da distuicdo do tamanho

das particulas no meio de dispersdo, podendo ser classificadas como monodispersas,
moderadamente polidispersas, e polidispef@aanto mais homogénea a dispersao, mais
monodispersa. Este indice varia de 0 a 1, e geralmente uma dispersésiderada
altamente monodispersa quarRidl O  qBha&tacharjee, 2016; Mahbubul, 2018)

O didmetro hidrodinamico é um dos fatores mais importantes na determinacéo da
distribuicdo e liberagcdo d&#>s, uma vez que elas tendem a sapsionizagcadgadsorgcao

de proteinas plasmaticam suasuperficie), e aumentar seu tamanho origidaimar et
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al., 2011; Torrisket al, 2014) NOFscom diametre> 100 nm sdo rapidamente fagocitadas

pelas células do sistema de defesa e conduzidas ao sistema de depuracdo do organismo,
enquanto NOFsom diametre< 50 nm se beneficiam da opsonizacgéo e séo liberadas mais
lentamente(Kumar et al, 2011; Singhet al, 2006) Além dissg a uniformidade no
tamanho das NOHRsoderaafetar os resultados farmacocinéticos e de biodistribuicao,
sendo assim unPDlI O 0 mdhodigpersop mais desejavel para uma distribuicido

uniformein vivo (Schweigeeet al, 2012)

1.3.4. Funcionalizacao

A funcionalizagdo dablPsconferem diversas vantagens pauaconservagao
e aplicacdpcomoprevir sua oxidacdo pelo ar e aglomeracdo em meios de dispersao
(Bagheri and Julkapli, 2016; Wet al, 2008) fornecebiocompatibilidadgpor meioda
ligacdo de substancias inertes que visam minimizar sua reatiibawisi et al, 2014)
além depermiir o direcionament@ltamenteespecifico a uma célula ou tecido, através
da conjugacdo com enzimas, proteinas e anticqfpogta and Gupta, 2005; Ling and
Hyeon, 2013) Além disso, a funcionalizacgmermie a modificagdo dacarga ibnicae
confee caracteristicas hidrofilicas ou hidrofébicas para particglaes apresentam
propriedades iniciais diferentastes da funcionalizacd@/ei et al, 2011) Um exemplo
de substancia quenge ser utilizada como agente de funcionalizatz@BNOF% o 4cido

glucénico(Suiet al, 2012)

1.3.4.1Acido glucénico

O é&cido gluconic¢AGL) CeH1207 (Figurab), € um acido carboxilico derivado da
oxidacdo da glucoseque ocorrenaturalmenteem diversasespécies de plantas é
transformadatravés enzimas dangos e bactériagCarfieteRodriguezet al, 2016) E
ampdamente empregado conomnservante em comidas, cosmeéticos e outros produtos
farmacéuticog§CafieteRodriguezet al, 2016; Ramachandraet al, 2006) E um &cido
organico néo téxico, nao volatil, ndo corrosifaciimente biodegradavetjdrossolivel,
resistente a oxidacdo em meio agqyesapresenta propriedageelante a diversos metais,

dentre eles o ferro, formandeomplexos bastante estave{®ubChem, 2019;
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Ramachandraet al, 2006) Devido a todas essas propriedades, em especial pela sua
caracteristica hidrofilica a capacidade de se ligap ferroatravésdos atomos de
oxigénio dos radicais hidroxila (RH) presente em sua cadegya utilizacdo na
funcionalizacdalas NOFs para aplicagdesm ambientes aquaticésdesejaddSui et

al., 2012; Weiet al,, 2011)

A B
0§ /OH HO
H——OH OH
HO——H
HO
H——OH o
H——OH "o
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H

Figura 5. Formula estrutural do acido glugénimmlado (A) e d@&cido glucdnicq AGL)
ligado a um atomo de ferro através do oxigénio dos grupamentos hidrajalatadlo de
Ramachandraat al (2006) e Weet al (2011)

1.4. Mecanismos dexcao etoxicidade das NOFs

Apesar de amplamente utilizadas em aplicagbes biomédicambientaisa
toxicidade das NOF$oi relatada para diversos organismos, cdmactérias, fungos,
moluscos peixes e linhagens de células humar{asiffan et al, 2008; Diao and Y&,
2009; Qualhatet al, 2018, 2017; Sidiropouloet al, 2018; Villaciset al,, 2017; Wuet
al., 2010) A toxicidadeprovoca@ pelas NOFs ai desde o niveinolecular aacelulare
tecidual sendo que os principais danos destacados na literatura daalperiabilidade
celular, disrrupcdo da membrana plasmatica, alteragbes do citoesqueleto, danos
oxidativos, comprometimento da funcéo mitocondrial, danos ao DNA e apQpadiesn
etal, 2018; Patikt al, 2018) O principal mecanismo dexicidadedas NOF® oestresse
oxidativo por meio daroducado de espécies reativas de oxigBROS)

As NOFs podem ser internalizadas peléhiles de diversas maneiragor meio
de difusdo passiva, endocitose mediadalopreceptor clatring internalizagcdo por
claveoliva ou outros tipos de endocitogalependentesEm seguidaelaspodem ser

degradas pelas enzimas lisossémaasofrem dissolu¢éo devido ao pH &cido do interior
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dos lisossomo® libera os ions ferrosos Bequereagem com HO, presente nas
mitocondriagSinghet al., 2010)(Figurab).
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Figura 6. Mecanismos de internalizacdo das nanoparticulas de oxido de ferro (NOFs) e
geracao de espécies reativas de oxigénio. AdaptaBmgbet al (2010)

As reacdes de Fenton (Equacédo 1 e 2) e Reacdo de-Walies (Equacdo 3)
podem gerar espécies reativas de oxigénio, que afetardo diversas estruturas e organelas
celulares(Wang et al, 2013; Wuet al, 2014) Além dissg as NOFs podem se ligar
diretamente ao DNA ou a membrana plasmatica causando a ruptura dessas estruturas, e
se acumular em tecidos, prejudicando sua funcdo ou levando a morte (teifiitar et
al., 2018; Leiet al, 2018; Patikt al, 2018) Sendo assindiferentes estudos atribuem a
toxicidade das NOFs tantocapacidade de liberag&e ions metélicos e producéo de
EROs quanto as propriedades nanoespecificas como tamanho reduzido e afinidade por

tecidos, que podem levar a internalizagdo, bioacumulagéo e a toxicidade.

Equacaol. Reacao de R#on
Fe*+H0,Y PB'e OH + -OH ou Fe (IV) + HO

Equacéo2. Reacdo semelhante a de Fenton
FE+H.0.Y Fe GOH'

FeOOH'Y FE'e HO.:

Fe'+H.0,Y PB'er OH + -OH
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Equacao3d. Reacao de Habeéweiss
FE*'+ O Y F'eO
Fe'+ H.O.Y PF'e OH + -OH

1.5. Transformacdo das NOF:0 ambiente aquatico

A toxicidade das NOFs depende do seu comportamento e destino no ambiente
aquatico (Lekt al, 2018).Diversos fatores podem contribuir para a toxicidadeNdaFs
no ambiente aquatico. Estes fatores estéo relacionddtsrés fisicostransformacdes
guimicas, e interacdes bioldgicas das NOFs no amhisoge capacidade dissolucéo,
interacdo com macromoléculas, deposig@o formacdo de agregadas degradacao

através deeacoes dexirreducadLei et al, 2018; Lowryet al, 2012)(Figura?).
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Figura 7. Potenciais transformacfes daasnoparticulas de 6xido de ferrd@F9 no
ambienteaquatico Adaptado dé.ei et al. (2018)

1.5.1. Transformacdes fisicas

Ao serem liberadas no ambienés NOFs podem sofrer agregacapaaticulas
similaresformando homoagregadosu com outras substancias orgéanicas e inorganicas

constituindo heteroagregadd@Bigura 7A). Esta formacdo de agregados interfere na
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diretamente naarea de superficie das NOFsa sua mobilidadee capacidade de
permanecer em Suspso, € consequentemente na sua reatividade e no potencial de
toxicidade(Batleyet al, 2013; Dwivedet al, 2015)

O tamanho da particula concentracdo da dispersaégH, aforca ibnica meio,
presenca de matéria organica nat(k4ON) e a funcionalizacdo sao fatores decisivos
para a formacéo de agrega@osstabilizacdo das particulasi et al, 2018) Em geral,
guanto menor a parti@ajimaior a tendéncia da formacdo de homoagregados devido alta
energia superficial Por outro lado, particulas muito grandes tendem também a
apresentarem maior forca magnética e se agreg@erat al, 2008; Kharisowet al,

2012) Concentracdes altas da dispersao reswtaram maior numero de colisbes das
particulas em movimentbrownianoe contribuem para uma maior agregacao quando
comparados a dispersfes menos concent(Buesedi et al, 2015)

O pH e a forga idnica estéo relacionados com a regulacdo da carga superficial das
NOFs, sendo que quanto mais digés estiverem da car@aotencial zetajle ponto zero
do NM, melhor sergpara a dispersao ddP a levando a repulsao eletrostat{€arner
and Keller, 2014)

A funcionalizacdo vem como uma estratégia para minimizar a agregacao das
particulas, e normalmente é feita com particulas poliméricas anidnicas, que interagem
com os cations de ferro e formam uma adm superficial eletricamente negativa que
permite uma maior repulsao eletrostéatica e contribui para melhorar a digisrsdal.,

2012; Weiet al, 2011) A escolha do agenfmra funcionalizacdo depende do interesse
da aplicacéo desejadaimportante considerar alguns fatores como o tipo de ligacéo entre
eles, fotosensibilidade e durabilidade, uma vez que apésatios no ambiente estao
sujeitos a dessorcao caso encontrem outro ligante de maior afinidade-oaidaizio
devido aos raios UV e a biodegradacaoagC) (Lei et al, 2018)

A presenca dMON e outros materiais em suspens@aneio aquaticaaiscomo
algas, bactérias, acidos organicosjicages, proteinas, lipidios e argilas, leva a
heteroagregacdo das NOFs e normalmente conferem uma camadeolemento
chamada Coronque pode contribuir tanto para estabilizacdo das NOFs ao dificultarem
a agregacao delas com outras particulas, quanto podem levar a deposi¢ao dessas particulas
se este acumulo de MON for alBhattacharjee, 2016; Leit al, 2018; Lowryet al,

2012)
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1.5.2. Transformac@es quimicas

As transformacdes quimicas das NOFs ocorrem através de reacdes de oxidacéo,
reducdo, dissolucdo e adsor¢cdo de macromoléclukaset al, (2018) relata como
processo mais significativo de transformacédo quimica, das NOFs zero valentes (ZV) o
processo de envelhecimento, que danificam sua estrutura e promovem a perda da
reatividade assim como ilustrado riagura 7B. Outras NOFs baseados em ferranoco
FeO,2-Fe0s e FesO4 sdo comparativamente mais resistentes a reagdes redox no meio
ambientgKim et al, 2012; Yaret al,, 2013)

As NOFs ZV, sdo muito utilizadas na remediacdo ambiental, para a adsor¢do de
outros metais pesadopesterior remog¢ao por magnetizacdo no ambiente aqBi@o
and Yao, 2009; Zoat al, 2016) As NOFs ZV séo constituidas por um ndcleo contendo
Fe® e uma camada superficial de Oxidpse elas adiquirematuralmenteapds serem
sintetizadasdevido ao processo de oxidac@ssacomposicdo nucled camada de
superficie € normalmente chamadaQtee-Shell (Zou et al, 2016) A medida que a
camada de oxido se torna mais espessa devido ao envelhecimento e as transformacfes
guimicas, o nucleo esférico de ferro desaparece, e essas particulas perdem sua funcao
inicial (Lei et al, 2018; Wanget al,, 2010).

Em geral a corrosédo das NOFs ZV ocorrem através de um processo eletroquimico
apos a dissolulgcdo de Fe a reducdo da camada superfi¢al shel). Esse processo
depende pncipalmente da presenca de oxigénio dissoly@D) na agua, que forma Fe
gue se difundem do nucleo para a supertjae pode ser descrito pela equacaaldm
disso na auséncia de oxigénio, também pode ocorrer a formacat dedfexila e gas
hidrogénio em reacdo com a agua (equaca@.é&i) et al, 2018) Dependendo das
condi¢cdes ambientais Feode setransformadem FeOs, -FeOse FeOOH (Lefevre
et al, 2016)

Equacédo4. Formacao de F& a partir de F€em neio contendo OD

2F )+ 4H aq)+ Qoaq)Y 2 F4€2H0)

Equacédo5. Formacdo de F& a partir de F€ emreacéo com a dgua

2F@ st 2H00 Y 2 2'FHe (g)+ 20H (ag)
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Outros processos de transformacdo quimica inclugmesenca de anions e
cations no ambiente aquati&m geral a presencga de anions cadiio SO ' e Bf ajuda
a previnir o evelhecimento das NOFs ZV pelo fato de contribuirermreggrabra do filme
oxido da superfice, enquanto que os catiiMg?*, Mn?*, Cc*, Ni%*, Zr?*, Cw#
contribuem para a degradacéo e envelhecimento H&Emschet al, 2010; Suret al,
2016)

A formacéio de ions P& leva a discussdo sobre o aumento da toxicidade desses
NMs, contudo esta questdo € ainda incerta, com alguns estudos demonstrando que a
prensenca do ion leva o aumento da toxicidade e outros que a toxicidade é proveniente
das proprias NPs ou que nao existdiferencas significativas da toxicidade entre o ion
soluvel e as NP&henet al, 2013; Keenaret al, 2009; D. Wanget al,, 2016)

1.5.3. Transformacgdes bioldgicas

Enquanto na &guas principais mecanismos de oxiceducaajuimicadependem
da presenca de oxigénio, as transformacdes biologgegdes de oxidoeducdo podem
ocorrer tanto em condi¢des Oxicas, quanto anoxicas por bactédbEage anaerdbicas
(Lei et al, 2018; Roden, 2003)

Nas reacoes de bioxidacd&igura7D), as bactériaoxidantes de ferro (BOF)
oxidam Fe?*em Fe** através daloacio delétrons do ferroo que acelera a corrosio e
pode prejudicar a vida atil das NOfESmersonet al, 2010) Se isto ocog por meio
bactérias aerébicas o oxigénio sempre funciona como aceitador de eletrons do ferro
durante a respiracdo celular, j& se ocorre por meio de bactérias anaerébicas a perda de
elétrons do ferro pode ser acoplada ao oxigénio dppGObactérias fotasntetizantes
ou através de nitratos (N® por bactérias quimiolitotréficad ei et al, 2018; Roden,

2003) Exemplos de BOF fotossintetizant€hlorobium ferrooxidans, Rhodolm
robiginosum, Rhodopseudomonas paluseiBOFs quimiolitotréficas Thiobacillus
denitrificans, Geobacter metallireduceft¢edrichet al, 2011; Webeet al, 2006)

Nas reacbes de ferro reducdo (Figid), o que ocorre € o oposto Fe&
biotransformado enfre?* por bactérias redutoras de ferro (BRf)avés do ganho de
elétrons. Areducao do F& & Fe** pode ser considerada benéfica no sentido de aumentar
a longevidade a reatividade departiculas em estado de oxidagdmnsformando

particulas em processo de envelhecimento em particulas sélidas mais fstaees.,
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2018; Parket al, 2010; Xieet al, 2017) As BRF reduzem o ferro através da docéo de
elétrons de atomos @arbono e hlrogéniosob condigdes andxicas durante a respiracéo
celular, através da transferéncia externa direta de elétrons, via citocromos da membrana
celular ou através da formacao de pili condutékes et al, 2018; Rchteret al, 2012;
Weberet al, 2006)

1.6. Nanotecnologia aplicada a@ontrole de parasibs e hospedeiros intermediarios

Estudos utilizando as NOFs e outros NMs tém sido desenvolvidos como uma
estratégia promissora no controle doencas globais e tr@piegligenciadas, causadas
por virus, bactérias, fungos, protozoarios e helmintos, seja através do controle de
hospedeiros intermediarios, dos proprios agentes etiologicos ou a partir do
desenvolvimento de vacinas e melhoria no sistemas entrega de fa(éadains2009;
Benelli, 2018a; Tomiottd ellissier et al, 2017) As NOFs e outros NMs foram
empregadas por exemplo, no controldmuenzaspp, Staphylococcuspp, Candida
spp.(Adair, 2009; Siddiget al, 2018) contra o protozoari®lasmodiunsp. e larvas de
mosquitos do génerdnophelegBenelli, 2018a; Pimentelt al, 2007) Como sistema de
entrega do farmaco Anfotericina B contteishmania donované contra larvasie
flebotomineos do génetaitzomyia(Benelli, 2018a; Kumaet al, 2017) No corirole de
carrapatos associados a transmissaRidkettsiaspp.(Benelli et al, 2017) e também
contra diversos estagios de desenvolvimento do pa@sittansoné seus hospedeiros
intermediarios, caramujos do gén®&iomphalaria(Tomiotto-Pellissieret al., 2017)

Agui n6s fizemos uma revisdo sistematica da literatura com aagéilizdos NMs

em caramujos como sistema modelo para avaliacdo da toxicidade e ecotoxicidade dos
nanomateriaigNMs), e que poderia também, ser empregada no controle de vetores e Hi
de doencas parasitarias, ja que @0sartigos analisados 21 espécies deatamujos
encontradas nesta revisao, todas elas participam do ciclo de transmisséo de algum parasito
de interesse médico ou veterinario. Os resultados serdo apresentados de forma mais

detalhadano capituldl.

1.7. Esquistossomose

A esquistossomose, uma dasnpipais doencadropicais negligenciadas do

mundo, € um complexo de infeccbes aguda e crbnica causadas por espécies de
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Schistosomaparasitos intravasculares dos seres humd#Btanchard, 2004) Esses
helmintos pertencem a subclasse Digewsaquais precisam de dois hospedeiros para
completar o ciclae vidg normalmente, humanos e caramujos de agua(@emmann

et al, 2006; Workuet al, 2014) Nas Américas, apenas uma espécie constitui problema
importante de salde public&chistosoma mansgnénquanto na Africa, além dessa
espécie, ha tambérgchistosomahaematobiuma destacar e, menos frequentemente,
Schistosomantercalatum(Colley et al, 2014)

Até o ano de 2012m todo omundo cerca d890 milhdes de pessoas agam
infectadas polS mansoni enquanta800 milhdes permanem sob risco de infeccao
(WHO, 2013) Para o ano de 20, estimase ainda que 24@ilh6es de pessoas em todo
0 mundo estéo infectas, 218 milhdes requerem tratamento preventivo imediato e mais de
700 milhBes de pessoas ainda estdo em areas déwikicd, 2019) Além dissomais de
2,2 bilhdes de pessoas ainda ndo possuem acesso a saneamento basico, sendo que 627
milhdes praticam defecacdo em localrd@VHO/Unicef, 2019)

Atualmente, asquistossomose afeta mais de 30 mil pessoas por ano no Brasil
(DATASUS, 2019) a estimativa de pessoas infectadas é de aproximadamente 1,5 milhdes
entre os anos de 2000 a 2017 com ocorréncia em média de 513(Bhatsis 2019)

Devido aos altos indices de morbidade e mortalidade, a esquistossomoses¢ornou
problema de saude publica, e sua transmigsdoais intensa numa faixa de terras
continuas ao longo de quase toda a costa litoranea. Aldasde a regido Nordeste, a

partir do Rio Grande do Norte em direcdo ao Sul, incluidas as zonas quentes e Umidas
dos estados da Paraiba, Pernambuco, Alagoas, Sergipe e Bahia, onde se interioriza
alcancando Minas Gerais, no Sudeste (Fi@yraho todo, sdo 9 Unidades Federadas

comocorrénciada doencéBrasil, 2019)
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Figura 8. Mapa do Brasil ilustrando a taxa de ocorrénteaesquistossomospor
municipio, nos estados de Alagoas, Bahia, Espirito Santo, Maranhdo, Minas Gerais,
Paraiba, Pernambuco, Rio Grande do Norte, no periodo compreendido enir@e@DD9

(Brasil, 2019).

1.8. Ciclo de vida e transmissao d&chistosoma mansoni

No ciclo deS. mansoni(Figura9), os caramujgshospedeiros intermediarios

pertencem ao géneBiomphalarig os quais sao infectadqaando os ovos embrionados,

|l i berados

]

unt ament e

com

as

f ee»d eisacidobu ma nas ,

(larva ciliada) eclode davo, e penetra em suas partes moles. O miracidio intramolusco

diferenciase em esporocisto primario e esporocistos secundarios, produtores de

cercarias, as quais deixam o organismo do caramujo e constifoema infectante para

o homem e outros vertelo@s. Ao entrar em contato com a agua contaminada com

cercarias, humanos sao infectados através da pele ou mucoddb. &ocercarias se

diferenciam em esquistossomulos, ganham a circulagdo chegando aos pulmdes e depois

ao figado onde se diferenciam emmes adultos machos e fémeas. O acasalamento

resulta na maturacéo sexual da fépm@asequéncia migram do figado para as vénulas do

intestino, onde a fémea ovipde em torno de 300 ovos por dia. Alguns ovos chegam, via

circulagéo, a varios tecidos e ficamides nestes (figado e baco, por exemplo). Uma

enzima produzida pelo miracidio em desenvolvimento se difunde através dos poros dos
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0Vvos e, juntamente com a pressao exercida pela postura continuada e pelo espinho dos
ovos, facilitam a passagem através dassvmesentéricagd\lém disso, ocorre necrose do
tecido das vénulas o que facilita a passagem dos ovos para luz intestinal, os quais sao
eliminados juntamente com as fezes, dando continuidade ao ciclo biolo@analwsoni
(Coelhoet al., 2008; Gryseelst al, 2006; Pilaet al,, 2017)
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Esporocistos secundario

Figura 9. Ciclo de vida deschistosoma mansor{iLl) Os miracidios presentes nos ovos
liberados juntamente com as fezes humanas, em contato com a agua doce, eclodem e
nadam em circulos em busca de caram@msnphalaria spp. (2). Nos tecidos do
caramujo, os miracidios diferenciese em esporocisfarimario (3) que, por reprodugéo
assexuada produz esporocistos filf¥os quais multiplicanse e resultam ecercrias

(5), que saem do caramujo através do tegumento. No ambiente aquatico, as cercarias
livres natante$6) podem infectar humanos através da pelenogosag7). Ao penetrar

na pele humana as cercarias perdem a cauda bifurcada e diferencia emsssguisis

(8) que via circulagdo chegam até o figado onde se tornam vermes adultos machos e
fémeaq9). Apds acasalase migram para as vénulas do intastionde a fémea deposita

seus ovog10) os quais podem ganhar a luz intestinal ou migrar para varios tecidos. Os
ovos presentes na luz intestinal sdo eliminados juntamente com as fezes e o ciclo
recomecaAs cores azuis, verde, e marrom representam o ciclo de vida do parasito na
agua, no caramujo e no ser humano respectivanfsadptado deéPilaet al (2017).

1.9. Caramujos do géneroBiomphalaria

O termoBiomphalaria[bis (latim) = duas vezes; omphalos (grego) = umbigo]
referese aos dois lados daoncha serem fundos, como um duplo umbigjaprata

[glabra (latim) = liso] referese ao fatale asuperficie da concha ser lidastes caramujos
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sdo classificados taxonomicamente filo Mollusca, classe Gastropodsiipeordem
Hygrophilae familia Plandrsidae(MolluscaBase, 2018; Paraense and Deslandes,.1962)

A andlise filogenética de 23 espéciesBiemphalaria(16 neotropicais e sete
africanas) tem indicado a origem iakmed i gquaa a,
produziu doze espéxs africanas ha cerca de cinco milhdes de @wJonget al, 2001)

Nas Américas e Africa s&o referidas 37 espécie®idephalarig das quais nove
espécies sdo consideradas susceptiveis, oito infeet@ranperimentalmenéas demais

ndo foram estudadas quanto a susceptibilidaddeacdo porS. mansoni(Paraense,
2004) No Brasil, asespéciesBiomphalaria straminea(Dunker 1848),Biomphalaria
tenagophila(Orbigny 1835) eBiomphalariaglabrata (Say, 1818)sdo naturalmente
infectadagGoveiaet al, 2018) Das trés espécies hospedeiras natuBaiglabrataé a

mais importanteem relacdo a epidemiologia da doenca, por apresentar maior
susceptibidade aoS mansoni maior producdo de cercérjamaior distribuicdo
geograficaalém de maior fertilidade e fecundida@énight et al, 2000; Scholtest al,
2012)

B. glabrata inicialmente foi descritcomoPlanorbis glabratugpor Thomas Say
em 1818, a partir de estudos de sua concha. Em 1819, pesquisadores alemédes em uma
expedicdo cientifica no Brasil, estado da Bahia, também com base em estudos
conquiologicos, classificaram algumas espécies de caramujosRianarbis olivaceus
(concha olivacea). ferrugineugconcha de cor ferruginosd), nigricans(concha de
coloracéo scura),P. albescengconcha esbranquicada)Pe viridis (concha esverdeada
pela acdo de algas). Estudos posteriores revelam semelhancas nas descricdes das conchas
destas espécies a descrita por Say (1818) (Par&t#). Variacbes de conchas em
diferentes populagdes e anomalias podem levar a identificagdes du\idesziga de
Souza and Lima, 1997Portantg a morfologia interna dos moluscos € de importancia

fundamental para a sistematica dos megiRasaense, 2008)

1.9.1. Anatomia externa e internado caramujo
Anatomicamenteg corpo docaramujoB. glabrataé formado pela concha e por

partes moles como massa cefalopsa e a massa viscer@igura 10) (Paraense and
Deslandes, 1962)
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Tentaculo

Concha Giro

5 mm

Figura 10. Anatomia externa (A) e interna (B) do caramBjomphalaria glabrataan

anus; c: cabecga; cl: crista dorsolateral; cm: colar do manto; cp: cavidade pulmonar; ct:
crista retal; et: estbmago; ga: glandula de albumen; gd: glandula digestiva; ia: intestino
anterior; im: intestino médio; ip: intestino posterior; mc: musculo cdammf: mufla;

ms: massa cefalopodal;, om: orificio genital masculino; ot. ovoteste; p: pé, pn:
pneumdéstoma; ps: pseudobranquia; rt: reto; te: tentaculo; tr: tubo renal; vp: veia
pulmonar; vr: veia renal) Fonte: o autorEscala 5 mmB) Fonte:Paraense (2008)

Na parte superior da massa cefalopediosa estéo os olhos situados na base do par
de tentaculos que sao filiformes e possuem funcao tatil. A massa visceral é envolta pelo
manto que é responsavel pela produgédo da conchaigaesua formag¢ao nos primeiros
estagios de desenvolvimento do molusco e seu crescimento € mais ou menos continuo
durante toda a vid@bankset al, 2010) O deslocamento dos caramujos é feita\ads
de contracdes musculares do pé oblongo. Apresentam glandulas quelaecretam
muco sobre o0 qual o animal mese e prendse ao substrat@araense and Deslandes,

1955)

A glandula digestiva contém varios tubulos terminados em fundo cego, revestidos
por epitélo colunar, cujas células sdo altas e apresentam microvilosidades na regido
apical Este 6rgao apresenta varias func¢des, incluindo a digestéo intra e extracelular, além
de atuar como reservatoério de lipidios, glicogénio e minerais. Atua como princigal font
na producédo de enzimas digestivas, absor¢cdo e armazenamento de nutrientes e excrecao
Na glandula digestiva ocorre armazenamento e excregdo de reservas inorganicas, como
por exemplo, do ion célciaceciet al, 1988; Farcet al, 2013; Zarakt al, 2011) A
respiracacé feita através do saco pulmonar, pseudobranquias e tegumento. O coragdo

constituido por um atrio e um ventriculo, esta contido no pericardio, e o principal érgao
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de excrecao é o rim, sendo que a urina é eliminada pelo meato do ureter. O sistema
nervoso entral é formado por pares de ganglios bucais, cerebrais, pleurais, pedais,

parietais e um ganglio visceral, que formam um anel em torno do esofago, atrds do saco
bucal. O sistema digestério é completo, compreendendo a massa bucal, glandulas

salivares, edago, estdbmago, glandula digestiva, intestino e 8ifasaense, 1975)

1.9.2. Reproducaoe desenvolvimento dosaramujos

Os caramujosB. glabrata §o hermafroditas, no entanto, a reproducdo por
fecundacéo cruzada é preferencial. O sistema genital € composto por érgdos genitais
masculinos e femininos, tendo como 6rgaos hewddafs, o ovotestérgadoprodutor de
Ovulos eespermatozoides,o ovispermiduto (canal para passagem dos gametas). Os ovos
de cor amarela sdo envolvidos por uma substancia gelatindide muito transparente, o
conjunto adquire um aspecto de capsula amarejadase denomina massa ovigera
(Figura 11). O numero de ovos em cada massa ovigera varia de um a ngfis Ale
eclosdo dos ovos normalmente se inicia sete dias apos a postumacerca de 30 dias
caramujoBiomphalariapodem alcancar a maturidade e comecam a ovipor, podendo um
s6 individuo produzir em poucos meses milhares de descen(leatega de Souza
Lima, 1997)

/ Substancia

-
Embria \’ o \/perivitelinica
\ e N )
L

Membrana____—— . N
externa ‘\ }'
/ A @ ) 5
\\\ = .
Substancia 1 mm
coloidal

Figura 11. Massa ovigera dgiomphalaria glabrataFonte: O autar

Em relagdo ao desenvolvimento embrionario, ocorre através de sucessivas

clivagens espirais, divididas em cinco estadios sequenciais classificados em blastula,
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gastrula, trocofora, véliger e Ip estalio (Kawanoet al., 2008)(Figural2). A blastula,

ocorre aproximadamente entre a 102 e 232 hora apos a primeira clivagem, e as divisbes
mit6ticas sem aumento de volume celleawanoet al, 2008) A gastrula compreende

o periodo de&24 a 39 horas ap0s a primeira clivagem do ovo, que caracteriza pelo fim da
clivagem e inicio do crescimento, diferenciacdo e movimentacdo celulestdio
trocofora ocorre mtre 402 e 892 hora ap0s a primeira clivagem, € identificada como a
primeira fase larval. Nesta fase inksa a movimentacdo do embrido, a qual inicia
lentamente coma progressaale movimentos rapido§Camey and Verdonk, 1969;
Kawanoet al, 2008) Os dois ultimos esti#os sao classificados como véliger (120 horas)

e hipgo estalio (144 horas de idadefgm véliger ocorre dormacao e enrolamento da
concha, que comeca a cobrir uma parte do corpo, desenvolvimento maior do pé, formacao
dos olhos, aumento do tamanho dos tentaculos. Nm lgtalio ocorre a formacéao
completa do embrido e inicio da eclogawanoet al, 2008; Tallariccet al, 2014)

&
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Figura 12 Fases do desenvolvimento B®mphalaria glabratee os periodos em horas
apos a primeira clivagem.)&mbrides em blastula (102 e 232 h)eBibrides em gastrula
(242 a 392 h); Xembrides em trocofora (402 e 892 h);dnbrides em véliger (120 h)) E
embrides em Ippo estalio (144 h); B caramujos recém eclodido&nimais obtidos no
Setor de Malacologia do Biotério do Instituto de Patologiapital e Saude Publica
(IPTSP) da Universidade Federal de Goias (UFG). Fonte: o &doa de escala 500
mm.
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1.10. Utilizacdo de noluscicidasno controle da esquistossomose

O controle dos caramujos hospedeiros intermediariosSSa@stosomaspp.,
compreende uma importante medida utilizada nos programas de controle da
esquistossomodq&ing and Bertsch, 2015Essa pratica teve inicio no Japdo em 1618
desde1920, aos dias atuais, milhares de substancias séo testadas quanto a atividade
moluscicida, como por exemplo, o sulfato de cobrgue teve suas propriedades
moluscicidas descobertas sendo utilizado no Egito. Na década de 1940, a cianamida e
célcica pataclorofenato de sddio também foram utilizadas como moluscicdan
1959, a niclosamidéC13HsCi2N2O4) (Baylucide, Bayer, Leverkusen, Alemanha) tornou
se 0 moluscicida de primeira esco{h@obayeet al, 2014) sendo nos dias atuatsinico
moluscicida comercialmente disponivel recomendado pela Organizacdo Mundial da
Saude (OMS) para uso em larga escala em programas de controle da esquistossomose.

No Brasil, a niclosamidé utilizada principalmente no controle do caramsijo
glabrata, principal hospedeirde S. mansoni por apresentar atividade toxica em todos os
estagios de vida do caramyibeiroet al, 2009) Contudo, ha relatos de caramujos que
vem sofrendoselecdo artificial e propagando linhagens resisterié&sm disso, a
niclosamida apresenta um gramagacto ambiental, atingindo outras espécies ndo,alvos
e problema de solubilidade em agdadrewset al., 1982; Buddenborgt al, 2018; Dai
et al, 2014; Schalkt al, 2001; Zhanget al, 2015) Sendo assim &usca por novas
substancias com potencial moluscicida visam@or espeificidade ao caramujdyaixa
toxicidade ambientalalém da possibilidade de retirada do ambiente por meio do
magnetismo, como é o caso das NOFs, e que sejamomicamente viaveipodera
contribuir para o controle da esquistossomose em areas endéunmtasiente com
outros métodos de controle.

A incorporacdo de medidas de combate ao caramujo HI, faz parte do plano de
diretrizes para o controle da esquistossomose, juntamente com tratamento de doentes, 0
investimento em infraestruturas de saneamentodasi educacdo em saffdéng and
Bertsch, 2015; Savioli and Daumiere, 20123ta medida é considerada uesdratégia
eficaz, viavel, e com efetividade a curto prazo para interromper o ciclo de transmisséo da
doenca emréas endémicas com alto risco de infeccdo, contribuindo assim para reducéo
da morbidad€Li et al, 2019; Secor and Colley, 2018; Sokoletal, 2016)

Nesse sentido, a naniotecnologia @ uso NPaplicadasaocontrole de doencas

parasitariagem sido umaestratégia de grande valia para o tratamento, diagndstico,

44



monitoramento e controle dos parasitos e seus hospedeiros intermddidaioget al.,
2012) A utilizacdo de nanosistemas se mostrou eficaz na otimizacdo de vacinas e
guimioterapicos aplicados ao combate da malaria e a toxoplaghAsssdiniet al, 2017;
Pimentelet al, 2007) bemcomopara o reposicionamento de drogas e uso de novos
produtos farmacéuticos no combatesguistossomogd@omiotto-Pellissieret al,, 2017)

Além disso a atividade moluscicida tis, tais como Ag NPs, Au NPs, G
NPs e ZnO NPs foi demonstrada paspécies do géneRiomphalarig tais como;B.
alexandrina(Attia et al, 2017; Fahmyet al, 2014; Moustafat al, 2018) PLA NPs
paraB. pfeifferi (Omobhudeet al, 2017) e Ag NPs e CdTe NPs paB glabrata
(Oliveira-Filho et al, 2019; Vasconcelod_.imaet al, 2019) Outros efeitos de toxicidade
de NMs, tais como;genotoxicidade, mutagenicidade, toxicidade reprodutiva e
transgeracional, alteracdes de comportamento, alteracfes metabdliddsadsteioram
verificadasem 21 espécie@quaticas e terrestredp gastropodes HI de importancia
médica e/ou veterinaria, apds a exposicao a 18 diferentes tipos dedtivisesultados
apresentados em detalhes no capitulg ¢l que suscita a importanai@ investigacao

desses NMs como uma nova geracao de agentes moluscicidas.
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2. JUSTI FI CATI VA

A esquistossomose € uma doenca tropical negligenciada que afeta Btarsitle
pessoas no Brasil por afbataSUS 2019)e mais240 milhdes de pessoam mundo
Além dissomais de 200 mil mortderamregistradas por ano em todo o mufd¢HO,

2019) emais der00milhBespessoas estao em areas de rikcmfeccaoAlémdisso2,2

bilhdes de pessoas ainda ndo possuem acesso a saneamento basico e 627 milhdes praticam
defecacéom local abertdWHO/Unicef, 2019)indicando que controle desta doenca

requer um conjunto de ac¢fes integradatatamento de doentes, a educagdo em saude

para a prevencae o investimento em infraestruturas de saneamento ls@si@ssenciais

para a erradicacdo da doencantudo,demandam alto custilnanceiro etempopara
implementagdosendoo desenvolvimento de moluscicidasma estratégia viavel e
imediatapara interromper o ciclo de transmissdo da doemggreas endémicasm
efetividade a curto praZ&ing and Bertsch, 2015)

O desenvolvimento de novos agentes moluscigigstfica-se pelo fato do Unico
moluscicida presente no mercado atualmenteidsamida recomendada pela OMS
desdel960), apresentaalta toxicidade a biodiversidade aquatica, solubilidadgada
em aguae por haver diversos relatos sobre o surgimento de linhagens de caramujos que
vem sofrendo selecao artificialagoropaggdode inhagengesistentegAndrewset al,

1982; Buddenborgt al, 2018; Daiet al, 2014; Zhanget al., 2015)

Por apresentar ampla incidéncia de distribuicao, elevada populacéo, e por ser mais
suscetiveh infeccdo poiSchistomosoma mansao apresentar maior taxa de infeccéo,
menor resisténcia imunologica e maior producdo de cercBi@sphalaria glabrataé
considerada a principal espécie hospedeira intermediaria do parasito n@iBrigsit et
al., 2000; Scholtet al, 2012) Por este motivo foi escolhida como modelo experimental
paraavaliacdo de agentes moluscicidas baseaddsMsan

Os NMs apresentam propriedades altamente interessantes para o desenvolvimento
de agentes moluscicidas, como a possibilidade do direcionamento altamente especifico a
um oOrgéao ou tecido, através da funciiegao ou conjugacao com proteinas, anticorpos,
lipideos, enzimas e até mesmo farmacos, além do processo de fabricacdo relativamente
simples e de apresentar um alto rendimé¢kitgon et al, 2018; Moustafat al, 2018;
Tomiotto-Pellissieret al, 2017) Apesar disso, estudos basicos ainda sdo necessarios para

inferir sua toxicidade e potencial atividade moluscicida.
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A utilizacdo de nanoparticulas de ferro (NOFs) para o desenvolvimento de
compostos moluscicidas justificsz tanto pelas suas propriedades nspeeificas, como
pequeno tamanho, alta area de superficie que permitiria 0 acesso aos tecidos bioldgicos,
além da sua propriedade magnética, que permitiria a retirada do ambiente através da
magnetizaca@Corsiet al, 2018; Leiet al, 2018) Neste sentido, as NOFs apresentam
vantagens em relacdo as AgNPs (que ndo apresentam propriedades magnéticas), aléem de
apresentar um menor custo parproducao(Kwon et al, 2018; Siddigiet al, 2018)

Além disso, estudos anteriores mostraram toxicidade das NOFs no caramujo terrestre
Cornu aspersune aos seus embrioéBesnaciet al, 2019, 2016; Sidiropouloet al,

2018) Apesar disso, estudos sobre a toxicidade das NOFs em caramujos ainda sao
bastante limitados.

Sendo assim, estudos basicos para se conhecer a toxicidade das NOFs em
caramujos, a fim de possibilitar o desenvolvimento de novos agentes moluscicidas e
contribur para o avanco de estudos posteriores sdo altamente necessarios. Neste sentido
0 estudo da toxicidade reprodutiva das NOFs, por meio de uma exposi¢ao cronica, poderia
contribuir para uma melhor compreenséo do efeito da toxicidade dessas NPs a longo
prazo no caramujo, bem como, caso venha a apresentar efeito, ser implementada como

uma substancia para o controle da populacdo dos caraBgtabrata
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3. OBJETI VO GERAL E OBJETI VOS ESPECCEFI

3.1. Objetivo geral

Avaliar a potencial toxicidade reprodutiva e a respostade multiplos
biomarcadores eBiomphalaria glabrataapds exposicdo cronica aanoparticulas de
oxido de ferro(NOFs) funcionalizadas com acido glucéniesn comparacdo com sua

contrapartidadnica(cloreto férrico- FeCg).

3.2. Objetivos especificos

1) Realizaruma analise bibliométrica e umeevisdosistematicada literaturasobre a
toxicidade e atividade moluscicidins nanomateriaifNMs) em diferentes espécies de

gastropodes

2) Sintetizar e aracterizar as NOF&incionalizadas com acido glucéniguanto ao
diametro individual potencial zeta e tamanho hidrodindmico através das técnicas de
microscopia eletrénica deansmissagMET), e espalhamento de laletrofokético (ELS)

e espalhamento de luz dinamico (DLS).

3) Analisar se &xposicao cronica (28 diadps caramujos adultd glabrataas NOFs
eaoFeCkinduz abioacumulacéo de ferro na massa visceral e concha dos caraaujos
meio da técnica de digestdo &cida do tecido e quantificagdo por espectrometria de

absorcao atbmica.

4) Determinarse a exposicao crénica dos caramujos ad@tagabrataasNOFs eao
FeCkinduz alteracdes na resposta de multifdmsnarcadorestais comona taxa de
mortalidade biometria (taxa de crescimento, indice de condicdo corporal, indice
gonadossomaticolteraces no comportament fecundidade (niumero de massas

ovigeras/caramujos e ovos/massas)

5) Avaliar se a exposicao crénica dos caramujos adBltgtabrataasNOFse ao FeGl

induz atoxicidade transgeracionpbr meio dacoletade massas ovigeras e anaties
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embrides dssecaramujostendo comdiomarcadoreq(i) taxa de mortalidad@i) taxa

de eclosae (iii) frequéncia datrasos nalesenvolvimento dos embrides

49



4. METODOLOGI A DETALHADA

Os resultados do presente trabalho foram divididos em dois afigwsneiro artigo
foi uma bibliometria associada a uneaisacsistematica da literatumatituladofToxicity
of engineered nanomaterials to aquatic and land snaikciantometric and systematic
reviewd. O segundo artig@onsistiuem um estudcexperimentglo qual foi intitulado
fAilron oxide nanoparticles and ferric chloride induce bioaccumulation, behavioral
impairments and reproductive toxicity to Biomphalaria glabrata (Say 1818) after chronic
exposure. A metodologia geral e detalhada destes artigos sera apresaqiatiaforma

conjunta.

4.1. Metodologia do artigo de revisao

Uma revisdo cientométrica e sisteméatica da literatura foi realizada usando o banco
de dados Thomson Reuters ISI Web of Science, ScienceDirect, PubMed, Scopus e Scielo.
As palavraschave "nanoparticles” e "nanomaterials" foram combinadas com "snail" e
"gastoprods, de forma singular e plural, para recuperar as informac¢des nas bases de
dados.1873 artigos foram encontrados com os termos de busca,lgpids eritérios de
insercéo e eliminacdo foram empregadteses académicas, relatorios técnicos, artigos
de revisdo e resumos de eventos cientificos foram excluidos desta revisdo. Foram
selecionadoassim, 750 artigos para leitura dos titulos e resunB@sagtigos publicados
de 2010 (primeiro registro) a dezembro de 28tEhderam o critério de inclusdo. Este
artigos foram lidos na integra,em seguida analisadsistematicamente e resumidos de
acordo com o0s seguintes parametrjsarfo de publicacéoii] coordenadas geogréficas
onde o estudo foi realizado (a origem de cada estudo foi identificada exegmgara
correspondéncia do primeiro autori); )(espécies e habitabs caramujgs(iv); tipo de
NMs (v) condi¢cdes de exposicdo, como tempo e concentragdogrgdo ou tecido
analisado;\(ii) bioacumulacgéo er{ii) multiplas respostas de biomarcador®leculares,
bioquimicos, celulares, teciduais, sisttmicos e a nivel de organismo, coRfocmaet
al. (2017, 2015)Figura B). Os NMs foram classificados em trés categorias (inorganica,

organica e polimérica), de acordo c@uaillardet al (2019)
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Figura 13. Niveis de organizacao biologica e asrbarcadores de toxicidade analisados
em caramujos expostos a diferentes nanomateriais atravéssidao sisteméatica da
literatura.SOD (superoxiddismutasg CAT (Catalase), GST (Glutationat@nsferase),
GPx (Glutationgeroxidase)l.PO (Peroxidacdo lipidiga

4.2. Metodologia do artigo expeimmental

4.2.1. Sintese daf®NOFs

As NOFs funcionalizados com acido glucénico (AGL) foram preparados por co
precipitacdo alcalinao Laboratério d&uimica de Materiais e Modelagem Molecular
Universidade Estadual de Goi@$EG), com base nos métodos descritos \Mai et al.

(2011 e Sui et al (2012 com modificagcdes. Resumidamente, uma solugdo aquosa de
0,1296 mol de cloreto ferroso (Fe@H.O) e 0,2591 mol de cloreto férrico
(FeCk.6H.0), com uma raz&o molar de’Fé F& * = 2, foi adicionada a 400 mL de agua
purificada eletrodeionizada ASTM tipo Il. Em seguida, foram adicionados 600 mL de
NH4OH a 2 mol [* sem agitacdo e um precipitado preto foi formado instantaneamente.
O precipitado foi entdo decantado magneticamente com um ima de neodimio e lavado
varias \ezes com agua até o sobrenadante atingir pH 7,0. Uma solucédo aquosa de 2,3
mmol de sal de acido glucénico de sédigHGNaG;) e 12,5 mmol de NaOH em agua
purificada (100 mL) foi adicionada ao precipitado de NOFs e mantida sob agitacao
magnética a 80 ° Cgp 4 horas. O precipitado resultante foi purificado por centrifugacéao
usando etanol a 70% como solvente de lavagem até o sobrenadante atingir pH 7,0.

Posteriormente, o material foi seco em um forno a vacuo a 60 ° C por 4 horas, até a
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formacdo de um po6 se¢bigura ¥). A equacdo 6 descreve a reacao de formacédo das
NOFs(Wei et al, 2011)

Equacéob. Reacao de formacéo das NOF:

FeCh+ 2 FeCt+ 8 NHWOH Y FesOs + 8 NHiCl + 4 HO

CeH, NaO, +

A NLOH H,0 /7—\
S © 600 I e , NaOH

Enxague

FeCl, +FeCl,
400 mL
- .
o Retirada
= § daH,0
NOFs até pH 7.0

Resuspenséio e
aquecimento (4 h)

Centrifugagio Enxague
até pH 7.0 Secagem a vacuo

(4h)

Material seco

Figura 14. Esquema ilustrativo representando a sintese das nanoparticulas de 6xido de
ferro e a funcionalizagcdo com acido glucénico (AGA} dimensdes sdo meramente
ilustrativas.Fonte: o autor.

Uma dispersado estogqdas NOFs 40000 mg L foi preparad@magua ltrapura
(Milli-Q). Posteriormenteguatro concentraces (1,0; 2,5; 6,2; e 15,6 iy foram
preparadas em aguastéoradgpara utilizacdo no bioensaio de toxicidade, acrescendo ao
procedimento a sonicacao da dispersao estoquEpoin em banhalltrassomantes da

A di | was-digpersdes de menor concentracao.

4.2.2. Caracterizacdodas NOFs

A morfologia e o diametro individual das NOFs foram caracterizados por
Microscopia Eletrénica de Transmissdo (MEWY Laboratorio Multiusuario de
Microscopiade Alta Resolucéo (LabMIEdo Instituto de Fisica da Universidade Federal

de GoidaJUFG). Uma gota da solucéo estoqueNi®Fs(0,3 mg L) foi depositada em
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uma grade de malha de cobre revestida com uma camada de carbono e seca a temperatura
ambiente (25 ° I As micrografias eletronicas foram obtidas em um microscépio JEOL
(JEM-2100), utilizando o software Scandium da Olympus Soft Imaging Solutions GmbH.

O diametro individual ds NOFgn = 250 particulas) foi determinado usando o software
ImageJ (National Istitute of Health, EUA). A carga superficial (potencial zeta) e o
didmetro hidrodinamicoh) das NOF<0,3 mg L'Y) em agua ultrapura (dgua Mild) e

agua desclorada (meio de exposic¢ao) foram analiget@spalhamento dindmico de luz

(DLS) e disperséoluz eletroforética (ELS), respectivamente, usando um Malvern
ZetaSizer (Nan@S90) no Laboratério Central Analitica do Instituto de Quimica da

UFG. Para essas analises, a solucabl@€sfoi previamente sonicada por 10 minutos,

como relatado paQualhateet al (2017)

A funcionalizacdodas NOFspelo AGL foi confirmada por espectroscopia no
infravermelho em pastilha de KBr RBR) no Laboratério de Andlise Instrumenidd
UEG. As pastilhas d&lOFsforam preparadas com amostras de (p / p) em brometo de
potassio (KBr). Os espectros foram registrados na faixa correspondente a regidao do
infravermelho médio (406 4000 cm') com uma resolugdo de 4 @musando o
espectrémetro FTR (PerkinElmer). Além dsso,asNOFs empo foram caracterizados
por difracdo de raios X (DRX)o Instituto de Geociéncias da Universidade de Brasilia
(UnB), usando um difratbmetro de raios X modelo Rigaku D /& C com radiacao
CuKa (I =1,54184 A), operando a 15 mA e 35,Kmarredura velocidade de 2,0 ° mjn
com dados medidos a cada 0,01 ° na faixa de 10 ° + 2 ° A8MNOFstambém foram
caracterizags por espectroscopia MdssbauoerLaboratério de Ciéncias de Materiais do
Instituto de Fisica da UB) usando um espectréimo Wissel. As medicdes de transmissao
de Mossbauer foram realizadas usando uma fonte de radi@gfina matriz de rédio
(Rh). As medidas foram realizadas em temperatura ambiente (25 °C), conforme
recomendado pddutraet al (2017)

4.2.3. Cloreto férrico (FeCl)

O cloreto férrico (FeG 6H20) (CAS n° 10025/7-1) foi obtido comercialmente
da empresa Labsynth Produtos para Laboratorios Ltda (S&o Paulo, Brasil). Uma solucao

estoque de 10000 mglifoi preparada com agudtrapura (Milli-Q). A seguir, quatro
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concentracgdes (1,0; 2,5; 6,2; e 15,6 mf) foram diluidas a partir da solugdo estoque

para utilizacao no bioensaio de toxicidade.

4.2.4. Obtencédo dos animais

CaramujosadultosBiomphalariaglabratacom 4 mesesle vida (peso totaD.28
+ 0.04 g edidmetro da conchde 10 + 2 mrputilizados neste estudo foram obtidos no
Setorde malacologia d@iotério do Instituto de Patologia Tropical e Saude Publica
(IPTSP)daUFG. Os caramujos eram mantidos sotwadi¢des laboratoriais controladas
conforme JannottiPassoset al, (2008) e recomendacdes darganizagcdo para a
Cooperacédo e Desenvolvimento Eéanico (OECD)guidelinen® 243(OECD, 2016)Os
animais eram mantidos em tanquesn capacidadde 40 L preenchidos com 30 L de
4gua desclorada (aramujod_?) sob fotoperiodo controlado (12 h claro / 12 h escuro),
temperatura (25 + 1 °C) e pH (7,0 £ 1). Os caramujos eram alimertddibdumcom
folhas de alface organichagctuca sativa

4.2.5. DesingExperimental

Os caraujos foram expostos sa NOFs funcionalizados comAGL e sia
contrapartidadissolvida (FeCk) em diferentes concentragdes de ferro (1,0, 2,5, 6,2 e 15,6
mg L) emaquariosde vidro & 3 L (19,5 x 9,5 x 14,5 cm) contendo 2 L de disperséo /
solucéofinal (10 animais poaquario; 5 caranujosL™), em conjunto com um grupo
controle mantido em agua @bdorada, durante 28 dias. A exposicdo foi realizada em
triplicata (10caramujogor réplica, 3@aramujogor grupo experimentaljinantidosob
condi¢des ambientais controladas (temperatura: 25 + 1 °C e 12/12 h ciclo claro / escuro).

O meio de exposigéo ifdrocado a cada trés dias conpesicdodas duas
concentracfes de ferf@ECD, 2016; Oliveirdilho et al, 2016) Os carmujosforam
alimentados com folhas de alfade ¢ativg (100 mg poicaramuj a cada trés dias
resduos alimentares e fecd@am removidos em cada troca de meio

As concentracoes ddOFsutilizadas estdo de acordo com a concentragao de ferro
detectada no ambiente aquatico (até 5 My e acordo com o Conselho Nacional do
Meio Ambiente (CONAMA), Resolucéo n° 3%Brasil, 2005) as quantidades de ferro
permitidas @ra descate deefluentes no Brasil (até 15 mgt), Resolu¢io CONAMA n°
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430 (Brasil, 2011) Nos baseamos ainda emstudos prévios que analisaram
concentracfes semelhantes durante a exposi¢cdo aguda e a longo prazo de organismos
aguaticoexpostos as NOR&Kaloyianniet al, 2020; Oliveirafilho et al, 2016; Villacis

et al, 2017)

Para adlise dainfluéncia das NOFs n&producdalos caramujqaum pedaco de
isopor (5 x 10 cm) foi colocado na superficie dos aquanuassas dgeradoram coletas
durante o periodo de exposi¢cdo , como relataddparteet al (2015) Analsies da
mortalidade,comportament, biomarcadoresomaticos (taxa de crescimento, indice de
condicao, indice gonadossoméatiocmyeproducédo (fencundidade) de cangosadultos e
o desenvolvimento de seus embrides (fertilidade) foram realizados diariamente durante
28 dias Ao final do periodo de exposic&®8 dias) foi analisada bioacumulacdo de
metal nos caranujos A Figura B descreve de modo resumido o delineamento

experimental e as andlises realizadas no presente estudo.

: exposicdo 28d Conclia |

1

1

| BT
1

1

(FeCly) 10000 mg L-1 (NOFs)

/1;
| e

=. 1,0; 2,5; 6,2; 15,6 é |
) sUs &5 0,45 5 — Coleta e 7- estudos
Controle: H,O declorinada ; dessecacio emolinfa
L

4

Taxa de mortalidade

Taxa de fecundidade

Taxa de crescimento

Indice gonadosomatico (IGS)
Indice de condigo (IC)
Altera¢des no comportamento
Parametros fisicoquimicos

(= .j\\(\ Triplicata
U

Analises didrias
durante 28 dias

Massas ovigeras
embrides (24h)

= .
Coletadas %/ Renovagio do meio

a cada acada 3d ! i

4d
Figura 15. Esquema ilustrativo representando o delineamento experinpangahnalise
da toxicidade reprodutiva eesposta de mdultiplos biomarcadores no caramujo
Biomphalaria glabrataap6s exposicéo cronica (28 dias) as nanoparticulas de 6xido de
ferro (NOFs) funamnalizadas com acido gluconico esontrapartida dissolvida (Fefl
As cores e dimensdes sdo meramente ilustrativas. Fonte: o autor.

Taxa de mortalidade
Taxa de eclosdo
Atrasos no desenvolvimento

———————
[
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4.2.6. Bioacumulacéo

Tecidos moles e conchas de caramaphgdtosforam coletados ao final do periodo
de exposicéo (28 dias), lavados em agua ultrapura e divididospamls3cadapools
contendo 3 caramujos; 9 caramujos por condicdo experimeAtlamostras foram
desidratadas &0 °C por 48 h pulverizados com almoff e pistilo e tamizado com uma
peneira de malha de 80esh(0,18 mm) conform&ilva et al (2010) De cada amostra
utilizou-se0,03 g do pulverizado, os quaferamsubmetidas a digestdo acida em 1 mL
de acido nitrico (HNg) e 100mL de HO.em tubo de ensaio do tipo DQO a 150 °C em
um bloco digestor por 30 min com a tampa do tubo fechada. Apés a completa digestéao,
0s tubos foram abertos até a evaporacao do acrimrtoximo a secura. Os tubos foram
entdo lavados varias vezes com agua ultrapura e seu conteudo transferido para um balédo
de 25 mL para afericdo do volumA. concentracdo de ferro foi determinada por
espectrometria de absorcdo atdmica e uma curva pashd@icsada com diferentes
concentracdes de ferro (0,125, 0,25, 0,5, 1, 2, 4, 8 ppm) de metal de referéncia certificado
(PA Fe 1000 ppm, Qhemis High Purity NIST Test: # 822 / 2781897As concentracdes
de ferroforam expressas em pg mgle peso seco (miédmais desvio padrdo de cada
conjunto de triplictes). As vidrarias utilizadas neste experimento foraraviamente
preparadas da seguinte forma: Submersas em soldtBos 10 % por 24 h,
posteriormente lavadas em agua deionizada e colocadas para setanpETratura

ambiente

4.2.7. Mortalidade

A taxa de mortalidade acumulativa (TM) dos caramujos adultos foi determinada

diariamente durante os 28 dias de exposi¢ao de acordo com a equagéo (7) (OECD, 2016):

Equacéao7. Formula para o célculo da taxa de mortalidade:

"YO —x100

onde TM ¢ a taxa de mortalidade acumulativa, CVI o nUmero de caramujos Vivos iniciais,

e MC é a mortalidade acumulativa. Como critérios de mortalidade dos caramujos foram
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utilizados osseguintes parametros: evidente estado de decomposicao, liberacdo de
hemolinfa, e quando recluso auséncia de batimentos cardiacos, assim como realizado por
Oliveirafilho et al. (2010, 2016), Rapadet al (2011)e Melo et al. (2019).

4.2.8. Biomarcadores somaticos

No inicio do experiment¢T= 0) e ap6s 15 e 28 dias de exposicao, a taxa de
crescimento (TC) foi calculada pela diferenca entre o diametro inicial da concha e o
diametro final. Além disso, o indice de condig@oporal(ICC) foi calculado de acordo
com equagéas, sendo PC = peso corpbtatal (g) e DC = didmetro da concha (mm) aos
28 dias da exposica@Avila-Poveda, 2013)O indice gonadossomatico (IGS) dos
caramujos foi calculado usando equacao 9, sendo PG= Peso da gonada (g) e PC = peso

corporal total (g)(Devlaminget al., 1982)

Equacao8. Formula para o calculo do indice de condigémrporal

VOO0 —wpmm

Equacao9. Formula para o célculo do indice gonadossomatico

~

DO,
OO0Y>—wp
LO

4.2.9. Alterages nocomportamento

As alteragcbes comportamentais dos caramujos adultos foram analisadas
diariamente durante o periodo de exposic¢ao (28 dias), no periodo da manh&j@stes
procedimentos de rotina, com® remo¢do de massas ovigeras, troca de agua ou
alimentacaoA observacdo comportamental foi feita em cada aquario, aproximadamente
1 minuto por individup totalizando 10 min por réplica e 30 min por condicao
experimental A frequéncia (%) das seguintes alteragcbes comportamentais foi
determinada: nadara superficie da agua, reclusdo na concha, evitar a agua, letargia e
desprender por completo da conskguido de mort@ig .16)(Jurberget al,, 1988; Pieri
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and Jurberg, 1981)0s resultados foram apresentados como a média semanal dessas

alteracdes comportamentais.

@
(@
O.

Nadar na superficie da dgua

Fora da dgua: ou constantemente saindo dela,
massa cefalopediosa exposta e comportamento
de fuga

Evitar a agua:

Fora da dgua; recluso, concha com opérculo
voltado para cima e aderida a parede do aquério

Reclusao:
Dentro da dgua; massa cefalopediosa reclusa

dentro da concha

Letargico:

Dentro da dgua; massa cefalopediosa exposta,
resposta lenta a estimulos mecanicos.

Habitual:
Dentro da dgua; forrageando nas paredes ou fundo do aqudrio, na superficie da dgua ou
ovipondo. Rapida resposta de reclusfo frente a estimulacdo mecanica.

Figura 16. Alteracdes no comportamento dos caramujos adBitwsphalaria glabrata
avaliados durante 28 dias de exposicdo as NOFs e ag FeCl

4.2.10.Fecundidade

A fecundi

dade

® def

inida pelo teste de

reprodutiva real de organismosiedida pelo nimero dmassas ovigerasu ovo®,

enquantoa fertilidade ou reproducdo a partir dapr odu- «o de f i
parentai s dur an(OECDg20)6eSchniidab 20403 Nesse sentidoo

as massasvigerasdos careujosdos paentais(geracado b expostas asuas formas

hot es

ferro, e aos grupos controle durante 28 diasam coletadas diariamente e analisadas em

estereomicroscopio (Zeiss, Stemi DV4&r® osseguintes paramesonumero de massas

ovigeragorcaramujo vivgqF1), numero de ovos por massageragF2). A fecundidade

foi determinada usando as equacdes 10 (OECD, 2016), os dados foram apresentados

como valor acumutavo.
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Equacaol0. Férmula para o calculo do nUmero de ovos por caugo Vivo:
0 wo W
D0 0w

Equacdoll Férmula para o célculo do nimero de ovos por massa ovigeras:
0 "YOO0
O0 0w

sendo CV = numero de caramujos vivos, MO = massas ovigeras produzidas, NTO =
numero total de ovos (viaveis e inviaveis), TOI = totalodes inviaveis e tx = valores

no dia de exposi-«o0 0AXo.

4.2.11.Toxicidade no desenvolvimento da primeira geracagertilidade)

No inicio do experimento e a cada quatro dias (4, 8, 12, 16, 20 e 24 dias), massas
ovigeras(n = 3 por réplica; n = 9 por condicdo eximental) de caramujos parentais
(expostos a ferro e grupo controle) foram coleta(fagura b), transferidas para
microplacas de 12 pocos (1 masségeras por pogaontendo 5 mL de 4guasidorada
e mantidas sob condi¢des controladas de temperatitad s °C), umidade (75 %)

e fotoperiodo (12hclara 12h / escuro) utilizandama incubadora BOD (SR24). As
massavovigerasforam analisadas diariamente usando um microscopio (Leica DM750)
associado a camera Leica modelo ICC50 HD e ao softwaBHA Os biomarcadores
para toxicidadedo desenvolvimento forantaxa de mortalidade embrionariaxa de
eclosace inibicaonos estagis de desenvolvimento

A taxa de mortalidade embrionaria (%) determinadale acordo com a equacao
12 (OECD, 2016de OliveiraMelo et al, 2019).Sendo TME a taxa de mortalidade dos
embrides, CM os caramujos mortos ao fim de 144BVEo total de embriGesivos
iniciais, na massa ovigera. Embrides mortos foram identificados de acordolc@ina-
filho et al (2010} formas embrionarias em desintegracdo, embrido sem movimentos

rotacionais, sem movimentos dos pés ou com auséebi@imentos cardiacos.
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Equacéol2 Férmula do célculo da taxa de mortalidade dos embrides

YO O —x 100

A taxa de eclos&a(TE) (%) foi determinadale acordo com a equaca®, $endo
CE= caramujoseclodidos ap6s 144 & EVI = total de embrides vivos inicia(l®ECD,
2016; de OliveiraMelo et al, 2019). Os estagios iniciais diesenvolvimento foram
classificados conforme descrito g@apadcet al. (2013)e Melo et al (2019):blastula,
gastrula, trocoéfora, véliger, hipoedi@d e animais eclodidosHigura12), e a fregiéncia
relativade cada estagio de desenvolvimgmo massa ovigeffai determinada.

Equacaol3. Férmula para o calculo da taxa de ecloséo:

YO —x 100

4.2.12 Analises estatisticas

As analises estatiticas foram conduzidas no softR&wridio (RStudio team,
2015) Testes de normalidade e homocedasticidade foram realizados utilizando o teste de
ShapireWilk e Levene, respectivamente. Para os parametros IC, IGBredidadgF1
e F2) os dados foram paramétricos portanto, foi executado anmvaray com teste
posteriori de Tukey. Para a andlise de TC, foi realizado o teste ndo paramétrico de
Kruskall Wallis. Para os parametros mortalidade, bioacumulat&acidade no
desenvolvimento da primeira geracdo e biomarcadores comportamentiasys foram
ndo paramétricos, sendo assim foi realizado o teste ANOVA Robusta de dois fatores
(Kloke & McKean, 2015com o teste gosterioride Dunn(Fig.17) Os resultados séo
apresentados como média e desvio padréo das réplicas de cadi@exip e o nivel de

significancia dep < 0,05 foi adotado para todas as analises
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Anova two-way

lestes (606 ([0 @ e e e ) 3

paramétricos

Tukey
Teste de normalidade
e homocedasticidade
Shapiro-Wilk ¢ Levene < Taxa de crescimento } Kruskall Wallis
%

n Bioacumulagdo
) Testesnao |

paramétricos
Mortalidade (adultos)
- Anova Robusta

Comportamento A
Dunn

Mortalidade, eclosdo, atrasos no
desenvolvimento embrionario

Significincia de p < 0,05

Figura 17. Esquema ilustrativo representando as analises estatisticas realizadas para cada
biomarcadodo caramujd@iomphalariaglabrata ICC (indice de condi¢&o corporal), IGS
(indice gonadossomatico).
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Highligths
Stateof-the-art review of the nanomaterial (NM) toxicity in snails.

Mechanism of action and toxicity of NMs in snails are revised.

NMs as potential molluscicide.

= =/ =4 -4

Snail as suitable model system to assess the NM toxicity.
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ABSTRACT

The emerging groth of nanotechnology has attracted great attention due to its
application in the parasite and intermediate host control. Howevemtdrest useof
nanomaterials (NMs) in the snail control is just starting, while the knowledge concerning
their mechanisnof action (MoA) and toxicity to snails remain unclear. In this context,
the present study revised the historical use of snails as experimental models in
nanotoxicological studies and summarized the MoA and toxicity of NMs in aquatic and
land snails. The da concerning the bioaccumulation, reproductive and transgenerational
toxicity, embryotoxicity, genotoxicity and potential molluscicidal activity of NMs were
revised. Furthermore, the data about the experimental conditions, such as exposure time,
concentréions, cell and tissuspecific responses, snail species and nanoparticle types are
discussed. Revised data showed that the toxic effects of NMs were reported for 21 snail
species withmedical, veterinary and ecological importantie toxicity of NMs to mail

is dependent on the physical and chemical properties of NMs, as well as their
environmental transformation and experimental design. The bioaccumulation of NM on
snails was related to several toxic effects, such as reactive oxygen species (ROS)
producton, oxidative stress, following by oxidative damage to DNA, lipids and protein,
while the NM metabolism in snails remain unknown. Futhermsigmificant research

gaps and recommendations for future researches are indi€ategresent study is the

first scientometric and systematic review concerning the toxic effects NMs to snalil

species and confirms that snails are suitable model system to assess the nanotoxicity.

Key-words: nanotechnology; nanotoxicology; nanoparticle; molluscicide; ecotoxicity;
biomaker.
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5.1. Introduction

A nanomaterial (NM) is defined as fdna nat
disseminated or aggregated particles with a particle size distribution according with > 50
% cases between 1 to 100 nm in one dimensio
Currently, NMs are used in various industries and society sectors, such as the textile,
agricultural, construction and electronic businesses, notably in healthcare companies with
extensive applications, such as the development of several therapy, disepsesis,
prevention, and treatment technologies, vaccines and drugs progress and cosmetics with
antimicrobial propertie€Corsiet al., 2018; Gupta and Gupta, 2005; Tarafkelzal., 2013)

Due to the increasing application of NMs in human health and in various segments
of society, numerous studies on toxicity and ecotoxicity okeéhBMs have gained
scientific distinction, mainly related to human and environmental h@altaturvedi and
Dave, 2018; Fadeet al, 2018; Nelet al, 2013) The toxicity of NMs to vertebrate and
invertebrate models have been revieW&nharal et al, 2019; Bondarerket al, 2013;
Pereiraet al, 2019; Rocheet al, 2015; Wu and Tang, 2018)hile the knowledge
concerning the mechanism of action (MoA) and toxicity of NMs on snails is scarce. Snails
(Gastropoda) anavertebratesrom terrestrial and aquatic haligavith an ecological and
economicimportance such as a food sour¢Reshand Rosenberg, 2015; Stroagal,

2007) However, some snail species have been considered agricultural pests and
intermediate hosts (IH) gfarasites ofmedical and veterinanymportanceBarker, 2002;
Dunn, 2018; Feshchenlat al, 2019; Luet al,, 2018)

Parasites belonging to the Digenea subdash asSchistosomapp.(Colley et
al., 2014) Fasciolaspp.(Sabaet al, 2004) AscocotylgPhagicolg longa (Alda et al,

2015) Clonorchis fensis (Dietrich et al, 2018) and Clinostomum complanatum
(Simseket al, 2018) havesnails as the firstdst in their biological cycl€éCribb et al,

2003) For the metastrongiloids and rabditids from tite/lum Nematode, snails are
intermediate hosts from at least 61 nematode species which develop an infective larval
stage transmissible to vertebrategith 49 species are Metastrongyloidea (Order:
Strongylida), and of the 47 species that use snails as defihiists, 33 belong to the
Order: Rhabditida Chitwood, 193&rewalet al, 2003) Accordingly, nematodes from

the Metastrongyloidea superfamily, before reaching the vertebrate host, develop their

initial larval stages in terrestrial and/or freshwater gastropod givalek, 2018)
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Several NMs have been indicated tatrol parasites and IH of global infections
and neglected tropical diseases caused by helminths, protozoa, fungi, viruses and bacteria
(Adair, 2009; Benelli, 2018a, 2018b; Bendtial, 2017; Kumaret al, 2017; Siddigiet
al., 2018; TomiottePellissieret al, 2017) In this context, the aim of this study was to
evaluate the use of gastropod snails as experimental models in the nanotoxicity and to
summarize the MoA and toxicity of NMs in aquatic and land snails. This review
summarizes thdata available in the scientific literature concerning the bioaccumulation,
reproductive and transgenerational toxicity, embryotoxicity, genotoxicity and potential
molluscicidal activity of NMs. Furthermore, the data about the experimental conditions,
suchas exposure time, concentrations, cell and tisgpeeific responses, snail species
and nanoparticle types are discussed, as well as significant research gaps and

recommendations for future researches are indicated.

5.2. Methodological approach

A scientometic and systematic review was carried using the Thomson Reuters ISI
Web of Science database, ScienceDirect, PubMed, Scopus and Scielo. The keywords
"nanoparticles" and "nanomaterials" were combined with "snails" and "gastroprods",
singular and plural formto save information in the databases. Some insertion and
elimination criteria was employed, and academic theses, technical reports, review articles
and scientific events summaries were excluded from this review. A total of 60 papers
published from 2010 (fst record) to December 2019 were selected, systematically
analyzed and summarized according to the following parameteyeaf of publication;
(if) geographical coordinates where the study was perforthedofigin of each study
was identified from thenailing address of the first authp(iii ) snail species and habitat;
(iv); type of NMs ¥) exposure conditions, such as time and concentratigmorgan or
tissue analyzedyv{i) bioaccumulation;\{ii) multiple biomarker responses. NMs were
classified into three categories (inorganic, organic and polymeric) accord®ajltard
et al (2019)

5.3. Snails as model system

The gastropods have been indicated as suitable invertebrate-systigh to

assess the toxicity and ecotoxicity of NfAsnorim et al, 2019; Kaloyiannet al.,, 2020;
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Oliveira-Filho et al, 2017; Salmet al, 2017; Zlanget al, 2012) specially dueo their
advantages, such aasy to obtaining and keeping under laboratory conditions, small size,
high egg productiorshort life cycle adaptation to different environmensgime species

have transparent embryos and described genome, sensitive to water and sediment
contaminationhigh susceptibility to anthropogenic factanggh distributionworldwide,

and the possibility of analysing multiples biomarkers. Furthermore, smads ethically
acceptable alternative animal model and regulatory biochemical pathways homologous
to vertebrate system@uft et al, 2007; OECD, 2016; Oliveit&ilho et al, 2017,
Ottaviani, 2015; Rupperet al, 2017) Snails weae also used as a model system in
immunology studiegBoisseawet al, 2018, 2017; Coustaet al, 2015; Matozzo and
Gagné, 2016yeproductive and developmental bioldghangarot and Das, 2010; Pirger

et al, 2018) neurobiology, especially in learning and memory formation (g/gnnaea
stagnalig (Gainutdinova et al, 2005; Kandel, 2001; Youngt al, 2017) In
neurophysiology and behaval ecologyHelix pomatia,Aplysia californica terrestrial

and marine species, were used as models, respectivebnard and Lukowiak, 1986;
Willows, 1973; Zaitseva, 1994)

Terrestrial gastropods are considered agricultural pests, causing economic losses
by attacking horticulture, ornamental plants and forestry, while several snail species have
medical and veterinary importance because they act as intermediary hosts oidlad cy
parasitic helminths that cause various diseases in humans and other animals. Among the
parasitesransmitted by snails, several helminthiases are caused by representatives of the
subclass Digenea, such as schistosomiasis, which has as an interimestiahails of the
genus Biomphalarig Fasciola sp. transmitted byLymnaeaspp., as well as other
parasitosess: Fasciolasfglda et al, 2015) Clonorchiasis(Dietrich et al, 2018)
Clinostomiasis(Simsek et al, 2018) in addition to the nematodangiostrongylus
transmitted by terrestrial and freshwater snédsummaieret al, 2019; Howeet al,

2019; TunholAlves et al, 2019) The Table 1. Snail species analysed in this review

study and their medicar@eterinaryimportance as welltheimportance as a pest species

in agriculture or as food resourgesummarizes all species of snails found in this review

and their relation with human iroptance like transmission of parasites of medical or
veterinary relevance, and also ités importa

utilization.
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Table 1. Snail species analysed in this review study and their medicaterinaryimportance as welltheimportance as a pest species in

agriculture or as food resource.

Snail species Family Importance”  Main parasites species Reference
Freshwater species
Trichobilharziaspp.(T), Fasciola ,
Hu R cevag
Ampullaceana balthicfLinneaus,1758)* Lymnaeidae M, V spp.(T), Echinostomapp.(T) (2012)
Moliniella ancepqT),
Diplostomunspp (T),
o . ) McClelland and
Lymnaea stagnali@.inneaus, 1758) Lymnaeidae M, V, A Echinostomaspp(T). Bourns (1969)
Aziz and Raut
(1996);
. . McClelland and
Lymnaeasp.Lamark 1799 Lymnaeidae M,V, A Echinostomaspp.(T) Bourns (1969)
Schistosomapp (T), Fasciola
spp.(T), _
. . . Aziz and Raut
Racesina luteolgLamarck,1822)* Lymnaeidae M, V, A Echinostomaspp (T) (1996)
Trichobilharziaspp(T)., Fasciola
) . . Hu R ceva$
Radixsp.Montfort, 1810 Lymnaeidae M, V spp(T)., Echinostomapp.(T) (2012)
. . . . . . DeJonget al
Biomphalaria alexandringdEhrenberg, 1831 Planorbidae M Schistosoma mansofhl) (2001)
. . . . Morganet al
Biomphalaria glabratgSay, 1818) Planorbidae M Schistosoma mansofii) (2001)
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Biomphalaria pfeiffer(Krauss, 1848)

Physella acutdDraparnaud, 1822)

Physellasp.Haldeman, 1842

Potamopyrgus antipodaruf@Gray, 1843)

Bellamya aeruginoséReeve, 1863)

Bellamya purificatg Heude, 1890)

Planorbidae

Physidae

Physidae

Tateidae

Viviparidae

Viviparidae

Cipangopaludina cathayengsleude, 1890) Viviparidae

Cipangopaludina chinensis
(Gray, Griffth and Pidgeon, 1833)

Estuarine species

Peringia ulvag(Pennant, 1777)

Viviparidae

Hydrobiidae

Schistosoma mansofT)
Angiostrongylus cantonengi),

Echinostoma revoluturfT)

Angiostrongylus cantonengil)

Microphallusspp.(T),

Angiostrongylus cantonengiN)

Angiostrongylus cantonengiN)

Aspidogaster conchicol@)

Echinostomainetorchis(T)

Maritremaspp.(T)

Morganet al
(2001)

Li et al (2018)

Lu et al (2018)

Jokela and Lively

(1995)

Shanet al (2008)

Li et al (2018)
Alveset al
(2015); Kohleret
al. (2012)

Li et al (2018)

Rothschild (1941
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Marine species

Seaman and
Littorina littorea (Linneaus, 1758) Littorinidae M, V Cryptocotyle lingudT) Briffa (2015)
Land species
. . . . .. . GraeftTeixeira
Lissachatina fulicgBowdich,1822)* Achatinidae M, V, A Angiostrongyluspp.(N) (2007)
.. i Grewalet al
Cornu aspersunMuller, 1774)* Helicidae M,V, A F Angiostrongyluspp.(N) (2003)
. . . .. . . Mas-Coma and
Eobania ermiculata(Michelotte, 1840) Helicidae V,AF Dollfusinus frontaligT) Montoliu (1987)
. .. s . . Baker and
Theba pisandéMuller, 1774) Helicidae V, A Miilerius capillaris (N) Vogelzang (1988

*Scientific names were updated according to MolluscaBase (http://www.molluscabaséorgiliiaceana balthicgbeforeRadix balthicd, Physella acutgbefore

Physa acutp Racesinduteola(beforeLymnaea luteolg Cornu aspersurnfbeforeHelix aspersj Lissachatina fulicgbeforeAchatina fulicg,
# M= Medical importance (The snalil is the intermediate host of parasites that the man is the definitive or accide#t&®l=hgsteinary importance (The snail is the
intermediate host of parasites that cause economic losses (diseases or death) in species of veterinary interest, lsingh asrfisimmals). #F= The snail is used for

feeding . #A= Agricultutal pest.

+ (N) = Nematoda, (T) = Trematoda
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5.4. Historical perspective

The absolute and cumulative number of studies concerning the toxicity of NMs in
snail species are iRig. 1 The studiesisingsnails as a model system to assesitis
(eco}oxicity are recent and correspond &3(3 %) of the studies reviewed in Table 2
while the number of studies aimed at the development ofldbéd molluscicides
correspondsnlyto (11.8%). The first studywas conducted in 2010, usirige freshwater
snail Physella acutaxposed to different sediment spiked métad s e d -alNifina, ( U
o-alumina, and Ti@NPs) showd the usability of thigastropodn NMs ecotoxicological
assessment, through the sensibility on the reduction of the hatching rate and induction of
developmental alteratiomm®m embryos othese snaik after 96 h of exposur@luseeet al,

2010)

The first study prposing to use NMs for snail control was conducted in 2015,
using AgNPs 30 ppn) on the land snalEobaniavermiculata(considered a crop pest),
and showed a reduction of 20% in snail viability, besides to tissue dgmdget al,

201%). In 2016, the Organisation for Economic-Operation and Development (OECD)

published the guideline n® 24titledfiLymnaea stagnalis e pr o d u c(OECDh t est 0O
2016) which described the procedures for assess the effects oficalteron the

reproduction and survival of the freshwater snhil stagnalis confirming their

importance in the reproductive toxicology.

Furthermore, the genome of tBéomphalariaglabrata was sequenced in 2017
(Ademaet al,, 2017) indicating the possibility of futre studies on molecular and genetic
changes induced by NMs on snails. Although the increasing number of articles on snalil
NM toxicity has grown exponentially, the absolute number of articles has remained
similar over the yearsF{g. 1) probably due to # new research area and the few
researches grougRecently a protocol for the isotopic marking of NMs for environmental
and biological screening in aquatic organisms (snhails and mussels) was published by
Zhanget al (2019) which supports the need to establish appropriate procedures for

studies on NM toxicity, due to its risks to human angironmental health.
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607 3 Absolute number

@ Cumulative number

Number of papers

Figure 1. Number of studies (absolute and cumulative) concerning the toxicity of
nanomaterials (NMs) to snails until December 2019
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Table 2. Toxic effects of nanomaterials (NMs) to snails according to species, type of nanomaterial andemtpedasign.

Species Nanomaterials Exposure conditions Cell/ Accumulation Effects’ Reference
tissue’ e
Type?  Cap Size Dh Concentration © Time
ping (nm) (nm)
layer
b
Freshwater
species
Ampullaceana Cso nd 100- 200 nd 3egllL 21d S na No mortality, reproduction, feeding and BAF. LopezDoval
balthica * NPs The grazing activity was affected on first weet €t (2019)
Bellamya AgNPs nd 20, 40 nd 1, 10 and 100rg g'ps 14d DG, DG > Go = gyOxidative stress, §i( Baoetal
aeruginosa and 80 Go, M, VM > M Go, VM), ZPOD (DG), (2018)
VM yCAT (DG, Go, VM, M) ,
NP size.
CuO nd 416+ nd 180 g g 28d DG DG>Go>M; 9yOxidative stress, y¢ Maetal
NPs 4.6 Go,M CuSG>CuO Toxicity was time dependent. NP had specific (2016)
NPs > CuO effect compared to Cu ions.
MP
TiO2 116+ nd TiO2NPs 1 g kg' bs 21d DG Cdon DG at5 TiO2 NPs: no effect. Ma et al
NPs,  nd 2.4 mg Kg't Cd NPs: ¢ LPR-ATRaBeCONAZ  (2017)
Damage.
CdNPs nd nd nd Cd 5 and 25 mg Kgos
Bellamya CeQ nd 25 103 60 mg Lt 15d S S Snail showed high bioaccumulation factor due Zhanget al
purificata, NPs their feeding mode. No mortalityas observed (2012)
Biomphalaria Ag nd nd nd 3-100 ¢lg Molluscicide, cercaricide, and amtarasitic Moustafaet
alexandrina NPs, 24h S, M, na effect. Modulation angrevention of the al. (2018)
nd Ce, infectivity of cercariae and miracidia. k&
Au nd nd 100-2 00 ¢'g AgNPs (91 8< cehgudMiRs (O1
NPs
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3- 36

Molluscicidal effect to the S Attia et al
Sio, nd 80 nd 50,100, 200, 400,600 h S, EM na and EM. LGo: snails (590 ppm/6 h), nen (2017)
NPs 800, 1000, 1200 ppm embryonated egg masses (1400 ppm/24 h),
embryonated prbaatched one (1450 ppm/12 h)
ZnO nd 175 71.11 25-600ngy mL? 24 h S, H, na Molluscicidal activity (LGo= 145 and LGo = Fahmyet al
NPs VM 2,700mg mLY). Morphological alterations. (2014)
7 and 35ng mL?t 21d g MDA, 9¢NO, ZGSH, ZGS
(LC10ana 2} ZAI'b, gtL, 9Ch, ypAST,
stress. 9CAT in VM
concentratioiresponse dependent.
Biomphalaria Ag PVP 11517 % 1.0,25and50mgL 30d S,VM VMevenafter LCsogri 1857 mgll. ZReproduct Olvera
glabrata NPs 55.57 +35 35depuraton ZEgeregg masses, ZEgg F"(ggf;;‘"
(depur per snail.
ation)
2-FeOs DMS 5.7 46.4 + 1.0,10,100 mgt 10d S, EM In VM, No effect on fecundity, fertility, mortality, of ~ Oliveirafilho
A 8.8 eliminated adults neither hatchability of eggs, nor etal (2016)
28d after 30d malformation in embryos.
depuration
CdTe nd 3 nd 1.2,25,5,10,and20 24 h S, EM, DG yMal formati ons and m Vasconcelos
NPs nM (embryos) H adult snailsiepending on the concentration. - "'&"gg)al
50, 100, 200, 400 nM yCytotoxicity (hem
(adults)
Biomphalaria PLA nd 2840+ 0.166 21.88, 87.5, 350,175, 96h S, EM na Molluscicidal effect. LGo: EM hippostage
Pfeifferi + Cur 17.9  +0.03 ppm (EM), (1072.7 ppm), juvenile (277.9 ppm), adult (339 Og}"(g%“ld;ft
Nis 7d(S) ppm). ZEgg hatchabi ’
Cipangopaludi  FLG nd 60- 590 158 + 6 ug L* 72 h S FLG > FLG + The interaction of graphene with alginate
na cathayensis x 1.05- (With or without 5 mg ALG increased NM stabilization and increased the S(;gig)'
4.05 LTALG) in Gut exposure and absorption by snails. Snail acts :

Static exposure

vector by transferring FLG into aquatic
environments via food chras.
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Cipangopaludi Ag NPs CT; 20-60 nd 20 and-'60 14d S TT gyBi oaccumul ation on Parket al
na chinensis PVP ecological receptors and food chains. (2018)
TiO2 nd 5-10, nd 1818.72 ¢ 17d S TiO2 NPs > Bioaccumulation through trophic transfer durin ~ Yeo and
NPs, TiO2NTs plant consumption. §u Nam(01)
7-9x2 (T
TiO2 nd X 6 nd
NTs
TiO2 nd 10- 20 nd 2and 6 mg B 14d S TT Biomagnified through aquatic foazhains. )
NPs shows greater movement in the sedimel (K'g(‘)fé;""'
than in the water in a simplified food chain.
ybi oaccumul a-statioexposition.
Lymnaea Ag HA, 13+3 nd Whb: 0.61 87 nMand1 24h VM Efficiently in  For both exposure routes, uptake rates were fe Croteatet al
stagnalis NPs CT 175 -72nM, Db: 17 a 187 (Whb) 2 both Wb and for Ag* than for Ag NPs. (20112)
nMgland 7-250 nM  and 4 Db exposure
gt h (Db)
Ag PVP 10.3 + nd 25 nM L 24 h VM AgNO3z>Ag The presencelAy upt ake AgNPs
NPs and 3.4 NPs PVP > Ag  with cysteine but dischot eliminate uptake of 25 L“c(’ggﬁ%t)a"
PEG 128+ NPs PEG nM L1 Ag as AgNQ, PVP AgNPs or PEG
4.4 AgNPs.
Ag PVP 114+ 36+1 412a586nMYreosy 2-4h S, VM, ¥ Ag up Agwasefficiently assimilated from the PVRg Oliver et al
NPs 2.6 F VM with NPs mixed with the diatoms. The water hardne (2014
dietary and humic acids has no influence on the dieta
exposure uptake of PVPAg NP by snails.
concentrations
Ag PVP 113+ 34+2 1to 100 nM 24 h VM Dependent of  Bioaccumulation isffected by transformation  Stoiberet al
NPs and 2.6 Ag form and factors that alter bioavailability. Aggregation, (2015)
PEG (PVP) 44 transformation  dissolution and other uptake factors should b
and 12.5 considered in environmental studies.
+3.6
(PEG)
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Ag nd 100 nd 5, 10 & 5 72h S na gMe mor y f or ma?l. Blacks méniofyy Youngetal
NPs f or mat i o¥. Ménoly reealyis dontext (2017)
specific, thussnails trained in Ag NPs do not
exhibit memory when tested in AgN@nd vice
versa.
CuO nd 7 77+5 Db:4-50 efmamd 3-5h VM, F Db > Wb Bioaccumulation associated to toxicity. Toxicity Croteatetal
NPs 50-175 nmol ¢ (Db) exposure Db exposures > Wb exposure. (2014)
Wh: 4-16 nM to 31 24
e M (Wb)
ZnO nd 20-70 nd 10 and 1000 mg+£ 3and S TF Bioaccumulation. Damage Croteatet al
NPs 4 (Db) digestion: snails ate less, defecated less ant (2011b)
h;7d inefficiently processed the ingested food.
(Wb)
ZnO nd 2-125 245 Db: 10- 5000 mg L 3and S VM The stable enriched isotopic technique is high Dybowskaet
NPs 4 h sensitive to determine the rate of Zn uptakk.in al. (2011)
stagnalis
Physella acuta  Ag nd 24-190 nd 0.001, 0.01,0.1,1,10, 96h S, EM na gyMortality; Sur Bemotand
* NPs 100 “sandao0l, and28 was greater in the presence of sediment¢L.C B'a(gg'ig;’“rg
0.01,0.05,0.1,05,antc d wi t hout sedi ®thantinits
1 9 L absence (L&> 10 Ne;g Zlegg pr
Zsnai |l tydpmductianBehdviour s
changes.
Ag CB 1.07 nd 0.03 antd 24 h S na Nonlethal concentrations affect animal behavic Justice and
NPs 10.0 measured even in absence of predator. (Bzeor;‘g)‘
Ag 100 nd 2000 to 10 96h S na Exposure media influenced on NPs size anc Goncalvest
NPs nd toxicity effect.Molluscicidal effects. L&in al. (2017)
37-120 &g 13d EM APW: embr y o, jugesild (158.1 ¢

458 % gdult(53609560 e g

76



Gand nd 20- 50, nd 0.005,0.05,0r0.5gkc 96h S, EM na ZEmbryo growth rate Museeet al
> 80- 400, 1ps 28d gdeformities for U a (00
alumina 40- 60, 7 changes (avoid sediment). H@nd GTiO2: no
; C- -11 effects.
TiO2,
M-TiO2
CeQ uc 50 nd 200 mg mL! 10 m S TFand TT Biomagnification of Ce@NPs through the food Zhaoetal
NPs web. BAFS. borealis> C. japonica> P. (2017)
stratiotes> C. fluminea> O. latipes> D. magna
>P. acuta
Physellasp. CeQ nd 3.8+1.1; 20 19.23 mg 1x week 9m S plants>snail>i Accumulation, transport, transformation, Geitneret al
and NPs 185+60 and during 9 m. nsects bioavailability and trophic transfer was patrticle (2018)
Lymnaeasp. >100 250 L BO size dependent showing great results to sma
NPs.
Potamopyrgus Ag NPs PVP nd 54,5 + 0.10-1000 *e g 28d S na ZReproducti on was c o Volkeretal
antipodarum 0.35 (ECi 5. 57EGe g 115, AgN@sin @019
|l ow concentratiens
ethynylestradiol activity.
CuO nd 61 nd 0, 30, 60, 120 and 240 8 wk S,F CuONPs6nm ZGr owt h rate, Zfeedin Pangtal
NPs ny g'os >CUaCuO Y bioaccumul ation high (2012)
NPs 100 nm > or aqueous copper.
CuO MPs.
CuO nd 6 and 19and 0, 30, 60,120 and 240 2-8 S S, Sh, VM ZJuvenile growt h. Bi o Pangetal
NPs 100 204 ng g-tos wk CuO (100 nm) copper form. (2013)
1
CuO nd Sph: 7+ nd 240y glos 9 wk S ¥ G ZReproduction and Zgr Ramskoet
NPs 1. CuO NPs in Feeding wasnodét a al. (2014)
Ro:8+1 VM (Sph and
x40 + Pl), Sh (PI)
10.
Pl: 1.14 +
0.24 x
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270+ 50

x 30+ 10
CuO nd Sph: 7+ nd 207ngy glps 1l4d S,Sh, Nodifferences ZGrowt h rate for Cu Ramskovet
NPs 1. VM between The form of Cu did not affect either Cu al. (2015)
Ro: 8 £1 shapes, or accumulation into VM or Cu sorption to the Sk
x40 form No depuration.
10. accumulation
Pl: 1.14 in Sh orvM
0.24 x
270+ 50
x 3010
Racesina Ag nd 324+ 2605 1,5,10,20,40,60anc 96 h S na Molluscicidal effect. LG= 4 8 . 1,0 & Ali(2014a)
luteola * NPs 2.6 + 26 100 &g L ZCAT (l ower concentra
4.01,12.03and 24.05 96 h H concentration); 2G¢
eg L concentration, but it slightly increased at highe
concentration; gyLPO;
(dose and time dependent).
Ag nd 324+ 260.5 4.01, 12.03 96 DG na LC5s096 h: 48B. YOxd g alt i Ali etal
NPs 2.6 +26 24.05 and? §CAT: ZGSH; (2014)
ZGST; ZGPx; 9MDA; |
CuO nd 435+ 1942 1,10, 30, 60,120,and 96 h DG na Molluscicidal effect (LGo = 83.6 g L2). Ali and Ali
NPs 15 +14 240ny Lt gOxidative stress; 2z (09
ySOD (|l ower concentr
7 and 21 g 2 5d days). ZCAT (2 days)
concentration)DNA damage mediated by
oxidative stress.
MgO nd 3540 154+ 10,20,40,80,120anc 96 h S na Molluscicidal effect. EGo= 66.8 ug mL™. Ali etal
NPs 6.0 200 ny mL*! Yy MDA, 9GPx, ZGSH (1 (2016)
4d DG g GS T ni rbLY);

0,17, 34, 5hg mL!

ZCAT, Z@emLY(.34oxi dat
ygenotoxicity.
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TiO2 nd 341+ 190.5 5, 15, 30, 60, 120,0or 96 h S na Molluscicidal effect. LGo:112my mL™. Ali (2014a)
NPs 2.7 +34 200ngy mL? ZGSH, ZGST, ¢§MDA,
9 and 28 pg mtt 7d DG ZCAT (9Y) Ogym@AT ®28
gyOxidative stress in
time dependent.
TiO2 nd 34.1+ 1905 5,15,30,60,120,0or 96h S na Molluscicidal effect. LGo:112ng mLL.  Z GS Alietal
NPs 270  £34 200mg mL* ZGST, 9Oxidative st (20150
Japoptosis, ycytoto
28, 56, 84 pg mtt 96 h H
SWCN nd <1.2-17 nd 0.05,0.1,0.3,0.5,1.0, 96h S na Molluscicidal effect. LGo: 0.61 mg L. Ali etal
Ts 1.2,and 1.5 mgt Behaviouc hanges. ZGSH, z (0159
4d DG yCAT, YDNA damage,
0.05, 0.15, 0.30, 0.46
mg L?
S na Molluscicidal effect. LGo: 42.67 pgmtl, Z G Alietal
Zno nd 22 2648 0,5,10,20,40,60,80 96h ZGST, ZGPx, 9§MDA, g (012
NPs and 100mg mL*t DG mediated by oxidative stress.
10, 21 and 32g mL?! 96 h
Radix spp. AgNPs PVP 6.0+1.7 26.7% 500ngy L ! 90d S TT Surface layer of sediment was the main sink ¢ Jianget al
25 Ag originating from both AgNPs and AgNQAg (2017)
accumulation. Changes in the nitrogen cycle
Estuarine
species
Peringia ulvae Ag CT 165+ 32+2 1.25-200ny L* 24 h S, VM nd Uptake from both Ag forms demonstrated Khanet al
NPs 4.5 -339 + saturation at the higher exposure concentratio ~ (?0%2)
6 20-50ng L* 21d Biphasic loss dynamics revealed the faster
elimination of Ag from Ag NPs at the start of
depuration, but similaglow efflux rate constants
Ag CT 189+ 79 150ng L? 6 and VM nd Uptake isachieved via multiple pathways. NP Khanetal
NPs 5.1 13 24 h uptake via different endocytic pathways. (2014)
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Cds OA 3.1+ 04 nd 50, 100, 200 and 400 12 h of S CdS NPs ZFeeding rate. QD upt Khanetal
Cdse 42+0.8 ng gt feedin in VM distinct from those of Gd indicating an NP (2013b)
NPs g specific influence. Availability, persistence anc
possible accumulation, toxicity and food web
transfer.
Zn0O nd 78+12 384+ 20nyg L? 7d S(VM, ZnObuk>Zn I nflux rate was Z i n Khanetal
NPs 0.7 Sh) >7Zn0O NPs NPs NP aggregation i (20133)
prevent Zn release.
Bioaccumulation is dependent of Zn dissolutio
Marine
species
Littorina Ag nd 59 + 19 nd 10 and®20 5d S, F Head, Gill Ag is most available in agueous form than NP Lietal
littorea NPs Accumulation: Wb > Diexposure. Ag was only (2919
detected in the head and gill in one treatmen
suggests the association may well be a physic
(adherent).
Land species
Cornu CdSe nd nd nd 3.6 and! 7 2d DG NA 9§ GST, 9CAT, §MDA, 7 Salmietal
aspersum * NPs (injection with micro- mitochondri al swel | i @00
syringe) Oxidative stress.
IONPs, nd a 20 nd 0.05 and 1 mg mit 20d H H. IONPs> gyOxidative stress, y Sidropoulou
IONPZ IONPZ ZDNA integrity ¢a (018
IONPs nd nd nd 1.25, 1.5, 12d EM At the back of YyEmbryotoxicity, ¢ M Besnacetal
(Fe05) 2 mg mLt egg Deformation of egg membrane (2016)
IONPs  nd 26 nd 1, 2, 3mg g? (food) 6w S na gOxidative stress, ¢ ( Beshacetal
(Fex0s) ZCAT Renal tissi @019
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ZnO nd 59.10 nd 500, 1000, 5000, 28d S na ZGrowt h, ZBody and s Nedoudet
NPs 10000, 15000 pgy (LOEC = 500M0EQ =t10 & (019
(food)
ZnO nd 59.10 nd 500, 1000, 5000, 28d S nd ZShell growth, Zwei gl Nedoudet
NPs 10000, 15000 ugy rate,behaviourathanges al. (2017)
(food)

TiO2 uc 25.0+ 500 mg kg (sail) 10d F, M, No No mortality, soil consumption, uptake or Vijayaraj et
NPs 5.7 Terrestrial Mc VM accumulation. al. (2018)

Eobania AgNPs nd 6-38 nd 30 ppm 5d DG, K K>DG XNiability, 9histol ogi Alietal

vermiculata and digestive gland. (2015c)
Lissachatina Ag PVP 148+ 47.1+ 0.80to 250 mgg(Db) 4h S Db>Wbfor ZKu, 9§Ke for Ag NPs Chenet al

fulica * NPs 4.0 4.3 Ag NPs Db uptake is the dominant route for Ag (2017)

0.5-20 mg L (Wb) 8h accumulation in the case of Ag NP exposure
compared to AgN@
CeQ nd 6.9+04 402+ 1.2,55and11mgy 7d S gJAssi mi |l ation efficier Maetal
NPs 7.2 (plant) and GD>F >VM the trophic transfer than in direct exposure. ~ (2018)
30d Biotransformation of Ce (IV) for Ce (lll) occur
only in DG.

Theba pisana AgNPs nd 2.18- nd 1 mM (food) 2w H na goxi dative stress, yL Radwaetal

19.87 | mmunot oxi ci t yabnogniges,| (2019

ZPhagoc
ZPO, I

yHemocyanin,
ZLMS,, ZDPOD,

* Scientific names updated as MolluscaBaskp(//www.molluscabase.org/mpullaceana balthicgbeforeRadix balthicd, Physella acutgbeforePhysa acutg Racesina
luteola (beforeLymnaea luteolp Cornu aspersunibeforeHelix aspersg Lissachatina fulicgbeforeAchatina fulicg.

2 Cgo (fullerene),CurNis (curcumiri nisin entrapped), CTiO, (commercial TiQ), FLG (“C-labeled fewayer graphene), IONPs (oxide iron nanoparticles), IONPZ (oxide
iron nanopatrticles incorporated into zeolite), NPs (nanopartitN@sjNanotubes)SWCNTs (single walled carbon nanotubes)TKD, (modified TiG), PLA (polylacticacid),

TiO2-NT (TiOz nanotubes)
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b CB (Carboxyfunctionalized, CT (citrate),G (gelating, DMSA (mese2, 3 dimercaptosuccinic acid), HA (humic acia),(not described)QA (oleic acid), PEG (polyethylene
glycol), PVP (polyvinylpyrrolidong UC (Uncoated)

¢ ALG (alginate), DS (dry sediment), Db (dietbomposurg LC (lethal concentrationMc (microcosm), PI (platelets), Ro (rods), Sph (spheres) Wb (waterbrposurg

dCe (Cercariae), DG (Digestive gland cells, Hepatopancreas), EM (Egg massessF, (e (Gonad), H (Hemocyte cells, hemolymph), K (Kidney), M (Muscle, foot muscle),
Mi (Miracidia), S (Whole snail), Sh (Shell), VM (Visceral mass, soft mass).

¢ Db (dietborneexposurg DG (digestive gland celldiepatopancreasizo (gonad) M (muscle, foot muscle) MPs (microparticles),na (not analysed)nd (not described)S
(whole snail) TF (bioaccumulationtroughfeeding),TT (bioaccumulationhrough trophic transfgrVM (visceral mass, soft mas$yb (waterbornexposurg

f9 (1 ncr eas edecrease,d.oss)t Albdpurpin), AP( @kaline phosphatase) ALTa@nine aminotransferase), APVertfficial pond water), AST (aspartate
aminotransferase), BAbipaccumulation factors), Casaspase)CAT (catalase), Choholesterol) DG (digestive gland celldiepatopancreasPNA (deoxyribonucleic acid),
EC (effective concentrationM (egg masses)Go (@onad) GPx @lutathione peroxidase), GRl(tathione reductase), GSHltathione), GST dlutathioneS-transferase)
(hemocyte cells, hemolymphiX (kidney), Ke @imination coefficient), Ku (uptake coefficient).C (lethal concentration), LMSIysosomal membrane stability) LPGp{dic
peroxidation) M (Muscle, foot muscleMDA (malondialcehyde), MPsrticroparticles), NOffitric oxide), PC (protein carbonylation), P@henoloxidase), POD (peroxidase),
ROS ¢eactive oxygen species), SOfyperoxide dismutase), tigtal lipids), tPTN {otal proteins), Ub (ubiquitin conjugate$)M (visceral nass, soft mass)
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The frequency of studies concerning the NP toxicity to snails worldwide is shown
in Fig. 2.The data revealed that the largest number of publications and snail species used
is in the European continent (28.3 %), with emphasis on the United Kingdom (UK) (11.6
%), and Denmark (6.6 %)nd inthe Asian continent (28.3 %) with the largest number
of publications in China (15 %) and Saudi Arabia (11.6 %). On the African continent (20
%), most studies were conducted in Egypt and Algeria (8.3 % equally). In American
continent (18.3 %), the United States of America (USA) stands out (11.6 %) while in
Oceania the only country was Republic Korea (5 %). Studies of the NM toxicity to snails
were carried out in 18 countries, namBignmark(6.6 %9 France(1.6 %9, Germany(1.6
%), Greecd1.6%), Portugal {.6 %9, Spain(3.3 %)and UK (L1.6 % (in Europe)China
(15 %),India (1.6 %),Saudi Arabig11.6%) (in Asia),Algeria (8.3 %9, Egypt(8.3 %9,
Nigeria(1.6 %9, South Africa(1.6 %)(in Africa), Brazil (5 %), Canad41.6 %)and USA
(11.6 %)(in America) and Republic Kore& ¢0) (in Oceania)The revised datehewed
the need to further nanotoxicological studies in countries with high snail biodiversity and

areas with high prevalence of sneglated diseases.
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Figure 2. Worldwide distribution of studies involvinganomaterialendsnails and the
distribution of thesespecies according to the first authaafiliation research place
Circles indicate terrestrial species, freshwater hexagons, estuarine environment triangle,
and saltwater square
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5.5. Snail species

The Dxic effects of NMs were investigated in 21 snail species (Tab. 1 and Fig.
3A). L. stagnalisR. luteolaandC. aspersunare themoststudied species (13.1 %, 13.1
and 11.4 % respectively), following B antipodarun(8.1 %) and?. acuta(8.1 %). The
family Lymnaeidae, in particular the speciestagnalisandR. luteolaare composed by
freshwater hermaphrodite species, widely distedwver the world, occurring in Asia,
Europe, New Zealand, North Africa and North Amer{édli and Grosell, 2016)L.
stagnalisis the key intermediate hostBésciola hepaticawhich is considered a snail of
medical and veterinary imp@ance(Kendall, 1949)but it is also considered a kepecies
showing ecological importance for participating in the diet of fish, amphibians, birds and

mammalgAmorim et al,, 2019)
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Figure 3. Number of papers about toxicity of nanomaterials (NMs) according to snail

specieqA) and environment (B) until December 2019

L. stagnalishas been widely used in the study of toxicity and toxicokinetic of
NMs, being a standard model for the study of reproductive toxicity, embryotoxicity and
evaluation of endocrine disruptofdmorim et al, 2019; Mazuret al, 2013; OECD,
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2016) L. stagnalisP. antipodarunandP. acutahave also beewidely applied in studies
of reproductive toxicity, embryotoxicity and evaluation of endocrine pollutants disruptors
(Bernotet al, 2005; Ducrott al, 2014; Duftet al, 2007) Furthermore, both species are
also considered invasive species with global distribution and have medidak and
veterinary importance, acting as IH of parasites (Tab(@lbyechtet al, 2009; Alonso
and CastreDiez, 2014; Guet al, 2009; Kerangt al, 2005)

C. aspersums an herbivorous terrestrial shanative in the UK and western
Europe, considered an invasive spsewth some medical, veterinary and agricultural
I mportance, al so used as a food source
vector of the funguBhytophthora citrophthoravhich causes plant cancer and acts as an
intermediate host ohngiostrongylluspp (Alvarezet al, 2009; Grewaét al,, 2003) In
studies using NM<C. aspersunhas the thirdhighestnumber of publications (11.4 %). It
is also used as a bioindicator for evaluation of heavy sé@takoil and food, using
feasibility tests, alteration of energy metabolism, genotoxicity, embryotoxicity and
histopathologyBesnacket al., 2019, 2016; Nedjouet al, 2017, 2015; Salnst al., 2017;
Sidiropoulouet al, 2018; Vijayaragt al, 2018)

Studies involving NMs and snails were conducted mainly with freshwater species
(73.3 %) when compared to the land spedizsaépersuniL. fulica, E. vermiculatand
T. pisand (18 %), estuarine specieP¢dringia ulvag (6.5 %), and marine species
(Littorina littorea) (1.6 %) (Fig. 3B), demonstrating that further studies with land,
estuarine and marine species are need to evaluated NMsrardpotlutants in these

environment using gastropod as experimental model.

5.6. NM properties and experimental design

5.6.1. Types of NMs

The potential moluscicidal activity was investigated for 18 types of NMs (Fig.
4A). 93.7 % of studies were performed usingrgamic NMs, while 4.6 % used carbon
based NMs and 1.6 % polymeric ones (Big). Among the inorganic NMs, Ag NPs were
the most studied (34.4 %), following by CuO NPs, ZMNPs and ZnO NPs (each NM
with 10.9 %). Due to their antifungahtibacterigl anthelmintic inseticide and

tickicideproperties, Ag NPs have been applied in personal care and nadiesdrinary
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products(Abbasiet al, 2014; Ahameet al, 2010; Benelli, 2018c; Benekit al., 2017;
Chaloupkaet al, 2010) The revised data indicated the potential use of Ag NPs in the
control of snail intermediate hog#sig. 4A, Table 2).
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Figure 4. Number of papers about toxicity of nanomaterials (NMs) using snail species
according to typeA) and categories of NM8] until December 2019. IONP: iron oxide,
Cso (fullerene), FLG t*C-labeled fewlayer graphene), PLA (polyttic-acid), SWCNTs
SWCNTs (single walled carbon nanotubes).

CuO NPs has been used in the biomedical application, such as electrochemical
sensors for the diagnosis of diabetes and nervous system disorders as Parkinson's and
Alzheimer's(Khedekar and Bhanage, 2016; Yaeidal, 2016; Zhanget al, 2011) in
cancer therapyTisato et al, 2009)and as an antimicrobial agent in ointments and
dressinggAhamedet al, 2014; Reret al, 2009; Verma and Kumar, 2019)i0O2> NPs is
mainly used in the cosmetics industry, especially in taeufacture of sunscreens, paints
and electronic devicd€hen and Mao, 2007; Gupta and Tripathi, 20%#)ile ZnO NPs
have been used in the biomedical area as a bactericidal, fungicdlabketicideagens,
as well as treatment and diagnosis of dise@8kEsihumithaet al, 2016; Mirzaei and
Darroudi, 2017; Selkhatimet al, 2015)
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5.6.2. Exposure time

Nanotoxicological studies with snails were conducted mainly under short time
exposure compared to long time exposure (B)g.In general, the adults snails were
analyzed after short time exposure to NMs-(14 days; 55.84 %), whileong time
exposure (3471 > 180 days; maximum 10 mont(ighaoet al, 2017)) represents 46.16
%. On the other hand, the experiments using snail embryos were conducted dufing 1
days (Fg. 5, Table 2), indicating that the exposure time to NMs depeamd snail
developmental stage. Beside, the revised data showed that the toxic effects of NMs to
snails depends on the exposure time, as reported for other invertebrate and vertebrate
specieqAli, 2014b; 2014a; Ali and Ali, 2015; Amarat al, 2019; Pereirat al, 2019;
Rochaet al,, 2017, 201k

Short time exposure Long time exposure
(55.84%) (44.16 %)
251
27 %

Number of papers

d D D D D DD
SN A>T WD & ﬁa R

>N @ 7
7 a7 a

Exposure period (Days)

Figure 5. Number of papers about toxicity of nanomaterials (NMs) using snail species
according to exposuretméh e exposure period was classi fi
14 days) and lontjme exposure (> 14 days).
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5.6.3. Experimental design

The nanotoxicological studies using snails as model system have been conducted
by differents approaches (Fi®): (i) Snail embryotoxicity test (SET) (10.4 %i)})( Acute
toxicity test with newhatching snails (3.9 %)iii() multigeneration exposure (328); (iv)
direct exposure of adult snails using different environment (freshwater, estuarine and
land) (57.1 %); \{) dietary exposure of adult snails (15.6 %)) (nicro and mesocosm
exposure (9.1 %). Furthermore, different snail developmental stagebéavaised in
nanotoxicological studies, such as embryos (11.4 %) and adults (84.3 %), while the
knowledge concerning the toxic effects of NMs to Aeatching snails (4.3 %) remain

scarce (Table 2).

Snail embryotoxicity test (SET) Direct exposure (adult snail)

Freshwater Estuarine Land

e =8t = @y

v W

Acute toxicty test (new-hatching snail) Dietary exposure (adult snail)
[ ] o

s = & s~ @

Multigeneration exposure Micro and mesocosm exposure

) = E_, S tu

Figure 6. Scheme of different approaches used to study the toxicity of NMs on snall
species.This scheme was organized from revised data (Table 2). The color, size and
proportions are illustrative and cannot be compared.

The SET consists of the exposure of snailbeyos at the early stage of
development (i.e. blastula stage) to NMs during 1 to 13 d, while the mortality rate,
hatching rate and morphological changes frequency are monitatea et al, 2017,
Bernot and Brandenburg, 2013; Besretcal, 2016; Goncgalvest al, 2017; Museest
al., 2010; Oliveirafilho et al, 2016; Omobhudet al, 2017; VasconcelosLima et al,
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2019) The SET has been used to characterizate the toxicity of watkrtgmis,
pharmaceutical drugs, plants extracts and (f#ésnaciet al, 2016; Mazuet al,, 2013;
Oliveira-Filho et al, 2017; Rapadet al,, 2011;Tallarico, 2016)In similar way, in the
acute toxicity test with nesMaatching snails, snails after hatching are exposed to NMs
during shorttime exposure (1 to 4 dsoncalvest al, 2017; Pangt al, 2013)

In the multigeneration exposure, the NM effects over multiple generations were
studied by exposing of parentalasis and the effects over the next generations were
studied. The continuous exposure to NMs over a period of multiple generations induce
several generational impairments, such as reproductive toxicity, deformations and death
of the embryo, delays in embnyic development, hatching rate reduction and alteration
of somatic biomarkers (growth rate, condition index, gonadossomatic i(e&jot et
al., 2014; OECD, 2016; Ruppest al, 2017; Sarraude, 201,%uch as reported for Ag
NPs, iron oxides nanoparticles (IONPs) and CuO (#esnot and Brandenburg, 2013;
Nedjoudet al, 2017; OliveiraFilho et al, 2019; Oliveirafilho et al, 2016; Pangt al,

2012)

The direct exposure of adults to NMs depeoa the exposure medium, specially
because different environment factors changed the NM transformation and toxicity, such
as salinity, pH, temperature, photoperiod, sediment granulometry, presence of natural
organic matter, among othefdseeet al, 2010; Aliet al, 2012; Ali 2014a; Ramskov
et al, 2014, 2015; Alet al, 2015; Maet al,, 2017) In the dietary exposure, the food (e.g.
lettuce or diatoms) is pwiously exposed to NMs and thenailsare feeding. . This
method allows the analysis of the trophic transfer of NMs to the snails. However, few
studies investigated the trophic transfer and biomagnifictaion of NPs using snail species
(Geitneret al, 2018; Kimet al,, 2016; Parlet al, 2018; Yeo and Nam, 2013; Zhabal.,

2017)

Finally, the micro and mesocosm exposure consists in the exposure of multiple
species to NMs at environmehtarelevant conditions during lortyme period (1 to 10
months). In general, the micro and mesocosm containing aquatic and terrestrial
compartments rad organism from different trophical levels, such as phytoplankton,
zooplankton, plants, invertebrates and vertebrates. This aprroaches was used to analyze
the bioaccumulation and toxicity of Ag NRBanget al, 2017) CeQ NPs(Geitneret al,

2018; Zhacet al, 2017) CuO NPgqPanget al, 2013; Ramskoet al, 2014) TiO> NPs
(Kim et al, 2016; Yeo and Nam, 2018hd ZnO NPg¢Dybowskaet al, 2011)(Table 2)
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5.7. Bioaccumulation and toxicokinetics of NMs in snails

The bioaccumulation and toxicokinetic of NMs in snaikrgvinvestigated for Ag
NPs, CdS NPs, CuO NPs, CelPs, IONPs and ZnO NPs (Fig). The uptake and
bioaccumulation of NMs on snails depend on the properties and environmental
transformations of NMs, snail species and exposure condi@able 2). The
agglomeration and sedimentation of NMs in the aquatic environment decreased their
bioavailability, but it does not prevent their uptake and bioaccumulation. After the
sedimentation, the NM agglomerates were available for ingestion by @tlage et al,
2013b)
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Figure 7. General scheme of the bioaccumulation and tissue distribution of nanoparticles
(NPs) in the snailThis scheme was organized from revised data (Table 2). The colour,
size and proportions are illustrative and cannot be compared.

In general, the metddased NMs were less bioavailable to snails when compared
to dissolved metal, but both metals forms were bioaccumulated in the snail tissues (Table
2). TheL. stagnalisexposed to citratéunctionalized Ag NPs (16.5 + 4.5 nm; 1.2800
e g Alpganddissolve Ag for 24 h in 17 salinity water showed uptake ritg 6f 0.35
+0.01 and 1.1 + 0.1tg'd?, respectivelfKhanet al, 2012) Similarly, the ZnO NPs
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(7.8+1. 2 nm; 2 6howeedlowkun(0.042 .1gtd?t) compared to dissolved Zn
(0.074 Lt gt d?) and ZnO bulk (0.085 tgtld?) in P. ulvaeafter 7 days of exposure
(Khanet al, 2013b)

Multiple pathways have been indicated for uptakBlMs by snails. Clathrinand
caveolaemediated endocytosis was indicated as main uptake pathway of -citrate
functionalized Ag NPs7?)pyP8ulvakaftet 245h.oflexpasore 150 ¢
(Khanet al, 2014) NMs can interact with the shell and foot of snails, and after the uptake,
distributed to different cells like haemocytes and some organs sute awantle,
digestive gland and ovotestis (Fi). The Ag NP bioaccumulation was reported in the
shell, foot, mantle and kidney of tliee aeruginosaC. chinensisk. vermiculataandL.
stagnalis( Ali et al, 2015; Bacet al, 2018; Croteatet al, 2011; Oliveret al., 2014; Park
et al, 2018) while the CuO NPs were observed in the shell, mantle, foot and digestive
gland ofB. aeruginosa L. stagnalisandP. antipodarun{Croteauet al., 2014; Maet al,

2016; Panget al, 2013, 2012; Ramskaet al, 2015)

The digestive gland, mantle and foot were considered also the main organs for CeO
NP accumulation i8. purificata,P. acutaandL. fulica ( Geitneret al, 2018; Maet al,
2018; Zhanget al, 2012a; Zhaet al, 2017a) The ZnONP accumulation was reported
in the shell and foot of thie. stagnalisandP. ulvae(Croteauet al, 2011a; Dybowskat
al., 2011; Kharet al, 2013a) Oleic acidcoated CdS NPs were found in gut epithelial
cells and mantle d?. ulvaeafter diet borne exposu(&hanet al, 2013b) Only IONPs
were observed by transmission electron microscopy in the haemocyte€oaspersum
after 20 ays of exposuréSidiropoulouet al, 2018) In this sense, the revised data
showed that the bioaccumulation and tesdistribution of NMs in different snail species

deserve further studiesspecially from different habiwffreshwater, estuarine and land).

5.8. Mechanism of action and toxicity

The main MoA and toxicity of NMs on snalils is in F&).Revised data indicated
that the toxicity of NMs has been associated mainly with ion release from oxidative
dissolution of NMs, ROS production, following by oxidative damage (i.e. itipid

peroxidation- LPO, DNA and protein damage) (Table 2).
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Figure 8. General scheme of the effects of nanomaterials (NMs) on the snail and their
main mechanisms of actiorROS (Reactive oxygen species), SOD (Superoxide
dismutase), CAT (Catalase), GPx (Glutathione peroxidase), LPO (Lipid peforigat
DNA (Deoxyribonucleic acid)Organic and inorganic molecul€¥), Proteins(2), Lipid
monolayerg3 and 4) Lipid bilayers(5), Anions(6), Cations(7), Antibodies(8).
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5.8.1. Oxidative stress

The oxidative stress in snails induced by NM exposureraaarted for several
types of NMs (Ag NPs, Cd NPs, CuO NPs, IONPs, MgO NPs, SWCNTs,NKS and
ZnO NPs) and snail speciesjch asB. aeruginosgBao et al, 2018; Maet al, 2017,
2016) B. alexandringFahmyet al, 2014) R. luteola(Ali et al, 2012; Ali, 2014a, 2014b;

Ali et al, 2014; Aliet al, 2015a, 2015b; Alet al, 2016; Ali and Ali, 2015}).. stagnalis
(Luomaet al, 2016)and the terrestrial snall. aspersuniBesnaciet al, 2019; Salmet
al., 2017; Sidiropouloet al, 2018) andT. phisanaRadwaret al, 2019)(Table 2).

Oxidative stress was the main toxic effect induced by NMs in gastropods$;(Fig.
Table 2). NMsincreased the ROS production, changed the antioxidant defence system,
such as superoxide dismutdas8OD, catalase CAT, glutathione peroxidaseGPx, and
glutathiones-transferas& GST, and increased LPO (i&li, 2014b; Ali et al,, 2012; Al
and Ali, 2015; Baeet al,, 2018; Maet al, 2016) (Table 2).Furthermore, NMs can also
induced protein carboxylatio(Ma et al, 2017) reduced the total protein content,
increased the total lipids and aspartate aminotransferase (AST), alanine aminotransferase
(ALT) and alkaline phosphatase (ALP) (Fahray al, 2014), ubiqiin and caspase
(Sidiropoulouet al, 2018) inhibited the N&K* ATPase(Ma et al, 2017) induced
mitochondrial damage and reduced lysosomal membrane stability ((R48jvaret al,

2019; Salmet al, 2017) DNA damag€Ali, 2014b, 2014a; Alet al, 2014; Ali and Ali,
2015; Maet al., 2017; Radwaset al, 2019; Sidiropouloet al, 2018)and apoptosifAli,
2014b; Radwaset al, 2019)

Toxic effects in snails induced by NMs were dependent on NM size, NM
aggregation capacity, and target cell and tiqSable 2).In general, small NMs have
high superficial area and high dissolution potential, as well as the ability to enter the cell
membane and cause oxidative stréldsu et al, 2017; Roch&t al, 2015) On the other
hand, small particles may also have a greater tendency to agdidgateal., 2008) or
to be more easily adsorbed by organic matter or sediment present in the environment
(Hotzeet al, 2010; Leiet al, 2018; C. Wangt al, 2016) For example, the toxicity of
larger Ag NPs (sizes 40 and 80 nmpBtoaeruginosavas higherthansmall Ag NPs (20
nm) after 14 day¢Baoet al, 2018) In oppsite,Geitneret al (2018)reported that the
small CeQ NPs (3.8 vs 185 nm) induced high accumulation rate and trophic transfer
potential,since thasmall NPswere more bioavailable in the water colummereaghe

larger NPs remained associated with sediment.

93



The oxidative damage induced by NM exposure in snails also was dependent on
the concentration and exposure time, such as reported for Ag NPsSNEsOTiQ NPs,
SWCNTs and ZnO NPs (Table 2). In general, longer exposure time and high
concentration of NMs induced higher oxidative damage, such as observed in the digestive
gland and gonad of th& aeruginosa@xposed to 180y g* CuO NPs in dry sediméfor
28 daygMa et al, 2016) and in the visceral massBf alexandrinaexposed to ZnO NPs
(7 and 35 ug mt) for 21 daygFahmyet al, 2014). Similarly, the chronic exposure of
C. aspersunto ZnO NP (28 days) increased the mortality, reduced growth rate, body
weight andieed ratgNedjoudet al, 2017, 2015)

Cell and tissue specific responses to oxidative damage induced by NMs were
reported for snails (Table).ZThe digestive gland was the main organ analysed in studies
concerning oxidative stress induced by NM due to its higher accumulation capacity and
role in the metal detoxification. The digestive gland ofBh@eruginosaxposed to Ag
NPs (40 and 80 nnt.10 and 100wy LY, 14 days) was more susceptible to oxidative
stressthan to gonads, visceral mass and foot/mugBlao et al, 2018) Similar tissue
specific response also was observel.iaeruginosaxposed to CuO NPs (41.6 nm; 180
g g*; 28 daysMaet al, 2016) Additionally, the role of the digestive gland in the metal
detoxification was indicated irLissachatina fulicaafter dietary exposure, in a trophic
transfer study of Ce£NPs (6.9 m; 1.2, 5.5 and 11 mg¥y (Maet al, 2018)

The hemocytes are immune cells of snails and constitute the principal line of
defence against external stress factors. The hemocytes represent the second most studied
cellsto assess theffect of oxidative stress caused by NMs (Table 2). The hemocytes of
B. alexandrinaexposed to ZnO NPs (17.5 nm; 7 and@ mL%;, 21 days) showed
oxidative stress after exposure to both concentratwhgsreashe visceral mass response
was observed only in the highest concentraffemhmyet al, 2014) indicating that the
hemocytes are suitable cells to assess the toxicity of NMs, suchasedefor bivalve
molluscs(Canesket al, 2012; Rochat al, 2015)

The oxidative stress induced by NMo was associated to DNA damage and
apoptosis (Table 2). The sn&il luteolaexposed td.2 - 24 g L of Ag NPs (32.4 nm)
showed LPO, apoptosis and DNA damage associated to ROS produdtjaz014a)
Different NMs induced oxidative stress in hemocytes by altering detoxification enzymes
system, increasing LPO and ROS, such as reporteld. flmteolaexposed to TIQNPs
(34 nm, 9 and 28 g mt; 96 h)(Ali et al, 2015b) C. aspersunexposed to IONPs (20

94



nm, 0.05 and 1 mg 1; 20 days)Sidiropoulouet al, 2018)andT. pisanaexposed to Ag
NPs (2.18 19 nm; 1 mM; 2 weekgRadwaret al, 2019) On the other hand, the revised
data indcated that the oxidative damage to carbohydrates ireXpbsed snails needs to

be investigated in future studies.

5.8.2. Genotoxicity and mutagenicity

DNA damage is an important biomarker of NM toxicity in sn@igy. 8, Table
2). DNA damage is frequently asssed by the alkaline singtell gel electrophoresis
assay, mainly using the hemocytes and digestive gland cells. Given the importance of
DNA in the maintenance of cellular homeostasis and the transmission of genetic
information between generations, thé&l® damage could interferm the survival and
reproduction of snails, especially when this damage is permanent. One way of assessing
permanent DNA damage and making ngemotoxic analysis in a more realistic way is
integrating the comet assay (DNA damage) with mutagenicity techniques
micronucleus testis MN test, and hemocyte nuclear abnormalitiedNA), as previously
reported for other invertebrate and vertebrate spe@esaral et al, 2019; Qualhatet
al., 2017; Rochat al, 2015)

Genotoxic effects induceby NM exposure in snails were reported for Ag NPs
(Ali, 2014a; Aliet al, 2014; Luomaet al., 2016; Radwaet al.,, 2019) CuO NPgAli and
Ali, 2015) , IONPs(Sidiropoulouet al, 2018) MgO NPs(Ali et al, 2016) TiO2 NPs
(Ali, 2014a; Aliet al, 2015b) ZnO NPqAli et al, 2012)and SWCNT(AIi et al, 2015a)
However, only two studieanalysedhe mutagenic effects induced by NMs in sndils.
glabrataexposed to CdTe NPs (3 nm; 5200 nM) for 24 h sh@ed increased frequency
of micronuclei, binucleated nuclei and apoptotic hemocf¥@sconcelos Lima et al,
2019) while T. pisanaafter dietary exposure to Ag NPs (2.19.8 nm; 1 mM) for 14
days showed high frequency of hemocytes WitN, binucleated nuclei ahkidney
shaped nucleus, jointly with reduced DNA content, ROS production and increased LPO
(Radwaret al, 2019)

Genotoxicity was dependent on NM type, exposure time, concentration, snalil
specie and cell/tissue (Table 2). For exaniplduteolashowed higher susceptibility to
Ag NPs (32.4 nm; 4.0436.8 p L'; 96 h) evidenced by DNA damage in hemocytds
2014a)and digestive glan(Ali et al, 2014)at low concentrationthanother NMs, such
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asCuO NPs (43.5 nm; 721 p L' 12() (Ali and Ali, 2015) SWCNTs (< 1.2 17 nm;
50-460eg L% 96 h)( Ali et al, 2015a) TiO2(34.1 nm; 9 84 x10°eg L%, 120 h)(Ali,
2014a; Aliet al, 2015b) MgO NPs (35 nm; 751 x 10°sg L%; 96 h)(Ali et al, 2016)
and ZnO NPs (22 nm; 282 x10%sg L; 96 h)(Ali et al, 2012)

In mog cases, the DNA damage induced by NPs increased in a time and
concentratiordependent manner, and digestive gland was the most studied Rssue.
luteolad i gesti ve gl andds sTiOaNPs (B4.1min;@R8exriGesge nsi t i v
L -1 120 h)(Ali, 2014b)thanhemocytes exposed to Ti@34.1 nm; 28 84) x10°s g ~ L
1 96h )(Ali et al, 2015b) demonstrating the need further studies to understand the
biodynamics and toxicity of NMs in different tissues.

The nanogenotoxic effects were also confirmed in hemocytes of the terrestrial
snailC. aspersunexposed to IONPs (20 nm; 0.05 and 1 mg*n20 d), whichshowed
that the DNA damage induced by NM was tiependent. These genotoxic effects were
associated with NP internalization, ROS production and apoptosis demonstrated by
protein carboxylation (Sidiropouloet al, 2018). Revised data indicated that the
genotoxicity induced by NM was related to increased ROS, oxidative stress, or metal ions
release and the direct interaction of NPs with nuclear proteins or DNA. On the other hand,
the specific mechanism of genotoxicity of NMs (direct or indirect) in snatisg

remains uncertain.

5.8.3. Developmental toxicity

Several NMs induced toxic effects during the early developmental stages of snails
(Table 2), such a&g NPs, SiQ NPs,Ualumina and-alumina and F€s NPs. The first
embryotoxicity study showed that tllémercaptosuccinic acid (DMSAunctionalized
FeOs NPs (25 to 250 mg '} did not induced embryo mortality, morphological
alterations and hatching inhibition due to their physical properties and limited
internalization in the egglutches(Oliveirafilho et al, 2016) In contrastC. aspersum
embryos exposed to F&; NPs (1.25 to 2 mg mt) showed morphological alterations
(malformation of membrane) reduced egg size aaldr changes, jointly with NM
accumulation in the eggutches during the exposure for 12 dégesnaciet al, 2016)

The comparative embryotoxicity of Ag NPs (3.75 to 120 ffyand its dissolved
counterpart AgN@(0.94 to 15 pg I}) was analysed fd?. acuta and results showed that
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the Ag NPs81.6 pg L'Y) induced low embryotoxic effegtthanAgNOs (LCso> 15 pg L
B, This low toxicity of Ag NPs was related to its environmental transformation
(aggregation/agglomeration, sedimentation, oxidative dissolution and surface alteration)
in agueous mediurfGoncalvest al, 2017) In contrast, th&. pfeifferiembryos exposed
to curcuminnisin polylactic acid NPs with exposure (284.0 + 19 21.88 at 350 ppm)
for 96 h showed hatching inhibition and deformed embryos. In addition, embryos at
blastula stage (L= 4279.5 ppm) were less susceptible to NM toxicity wbempared
to embryos at hippstage (LGo= 1072.7 ppmjOmobhudeet al, 2017) confirming that
the toxicity induced by NM is dependent on snail developaletages

Hydrophilic nanosilica (8ahm; 50 to 1200 ppm; 48 h) induced embryotoxic
effects inB. alexandrinawith LCso =590 ppm at 6 h and 980 ppm at 4@Alttia et al,
2017) demonstrating timeependent effects (Attiet al, 2017). Similarly, the exposure
of the B. glabrataembryos to CdTe NPs (3 nm; 1.20 nM) fa 24 h decreased the
hatching rate and induced morphological alterations, specially reduced growthetLima
al., 2019). These embryotoxic effects was related to the NM interaction with embryos,
changes in the animal metabolism and subsequent energy sippries hatching and
developmen{Vasconcelos Limaet al, 2019)

The multigenerational exposure of snails to NMs also induced developmental
toxicity. P. acutaadults exposed to-alumina and-alumina NPs (0.0050.5 g kg for
28 days showed reduced growth, decreased hatching rate and developmental inhibition
(Museeet al, 2010) These effects were related to reduced peroxidase activity that can
eliminate ROS in adult snails. SimilarRy, acutaexposed to Ag NPs (24190 nm; 0.001
1 ng L) for 28 daygBernot and Brandenburg, 2018)dB. glabrataexposed to PVP
functionalized Ag NPs (115.17 + 55.57 nm; % mg %) for 30 days showed reduced
eggclutch production and low number of embrymsr eggclutches(Oliveira-Filho et
al., 2019)

5.8.4. Immunotoxicity

The gastropod immune system is a sensitive target for assessing NM toxicity.
Hemocytes are circulating cells in the hemolymph responsible for sesefahce
mechanisms, such as phagocytosis and ROS production, and for transport and metabolism
of the xenobiotis (Boisseawet al, 2017; Loker, 2010; Matozzo and Gagné, 20T6e
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immune response of snhails to NMs depended on the concentration, exposure time, type
of NM, as well the snail species. For example, the exposure loteolato Ag NPs (32

nm; 4.01- 24.05eg L) for 96 h induced a reduction of hemocyte viability and increased
apoptosis and necrosis in a thdependent concentratiqAli, 2014a) Similar results

were reported for TIiONPs (34.1 nm, 2884 ug mL?*; 96 h), which decreased circulating
hemocytes and increasgubgtosis irR. luteolain a concentratiofime dependent pattern

(Ali et al, 2015b)

Chronic exposure of th€heba pisando Ag NPs (2.18 19 nm; 1 mM) for 2
weeks decreased the phagocytic astiand LMS, induced the formation of nuclear
alterations in hemocytes, such as micronuclei, binucleated and Kidleayclei, as well
as decreased lectin level, phenoloxidase and peroxidase activities, and increased
hemocyanin leve{Radwanet al, 2019) B. alexandrinaexposed t&nO NPs (17.5 nm;

7 and 3519 mL?) for 21 d also showed biochemical changes in the hemolymph, such as
reduction of totaproteins and albumin, high lipid and total cholesterol levels, as well as
increased aminotransferase (alanine aminotransferaséALT and aspartate
aminotransferase AST) and ALP activities, indicating tissue toxicity changes in the
iImmune systenfFahmyet al, 2014)

IONPs (20 nm; 0.05 and 1 mg*)Lalso induced cytotoxicity ifC. aspersum
hemocytes after chronic exposure (20 days), such as increased protein carboxylation,
ubiquitin conjugate level and caspase actiyiydiropoulouet al, 2018) Revised data
indicated that the main immune response of snails to NMs was related to increased ROS
production and alteration of antioxidagnizymes, leading to the DNA damage, nuclear
alterations and cell death. Furthermore, NMs can also alter the phagocytic activity of
hemocytes, which may reduce the snail immune response to other external agents and
pathogens (Table 2). However, the sus@y of NM-exposed snails to parasites needs

to be further studied, especially due to its importance as an IH (Table 1).

5.8.5. Behavioral impairments

NMs also changed the nervous system of snails and induced seebealiour
alterations (Table 2). Revised data demonstrated that behavioural changes in snails

induced by NM exposure, such as reduced memory development and ability to detect
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predators mayfect snail survival strategies, feeding rate, individual energy balance,
growth and reproduction, reducing the snail population.

Ag NPs (100 nm; 50g L% 72 h) reduced memory formation and learnind.in
stagnalisafter 72 h of exposur@’ounget al, 2017) Carboxyunctionalized Ag NPs (1
-10 nm; 0.03 and 36y L; 24 h) inhibited the ability to assess prediction risR odicuta
to the natwmal predator pumpkinseed sunfishepomis gibbosys(Justice and Bernot,
2014) indicatirg that NMs can alter the chemoreception of snails. ZnO NPs (110 nm; 10
and 1000 mg £; 4 h) induced damage to the digestive system sfagnalisafter dietary
exposure to NRontamined diatoms, resulting in a lower consumption rate, defecation
and abiity to process food ingestgroteauet al, 2011a) In addition, the snaiC.
aspersunafter dietary exposed to food (wheat flour) contamined by ZnO NPs (59 nm;
500- 15000 pg ¢f) showed a reduction in the feeding rate and behavioural changes, such
as inactivity and high refuge behaviour in the first 2 weeks of exposure, with the tendency
for behaviour to disappear at the end of exposure time (4 widkdjoudet al, 2017)

SWCNTs (<1.2- 1.7 nm; 0.05 1.5 mg L) induced esape and swam at the

surface of the water behaviour I luteolaafter 96 h of exposure (Akt al, 2014).
Similar behavioumlterations were observedi acutaexposed to Ag NPs (24190 nm;
0.001- 1 £g LY for 28 daygBernot and Brandenburg, 2013hebehaviourf avoiding
the sediment surface was also observee. iacutaexposed tdJ}alumina and-alumina
(20- 50/ 80- 400 nm; 0.05 g kg for 96 h and 28 day®useeet al, 2010) Oleic acid
functionalized CdS quantum dots (3 nm;-3M0 pg ¢'; 12 h) decreased the feeding rate
of the P. ulvaein a concentratiomlependent patterfKhan et al, 2013b) CuO NPs (6
nm, 30- 240ng Cu g* dry sediment; 8 weeks) also reduced the feeding rate d¥.the
antipodarum(Panget al, 2012) On the other hand, thebehaviouralmpairments were
not observed in thB. antipodarumexposed to different forms of CuO NPs at 207g g
sediment for 14 days and at 2#§g* sediment for 9 weefRamskovwet al., 2015, 2014)
Cso NPs (fullerene) (100200 nm; 3 ug [; 21 days) also reduced the foraging activity
of the inA. balthicaduring the first week of exposure, but no significant alteration effect

was observed in the feeding rét®pezDoval et al,, 2019)
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5.9. EMN as new generation of molluscicide

Molluscicidal effects have been reported for Au NBgTe NPs, CuO NPs, MgO
NPs, SiQ NPs, SWCNTs, TiONPs, ZnO NPs and Ag NPbesideto thar genotoxic,
mutageit, immunotoxic, embryotoxic, and behaviogffects,that significantly affect
the snail survival and reproductioithe molluscicidal activity varied according to NM
type, concentration, exposure time, snail species and experimental design (Table 2).

B. alexandrinawas moresusceptibleto Ag NPs, presenting the lowest lethal
concentration (LC) (L&,2an= 9.68 pug mLt) (Moustafaet al, 2018)when compared to
SiOz2 NPs (LGo.36h= 590 pg mL?h) (Attia et al, 2017) ZnO NPs (LGo .24 = 145 ug mL
1) (Fahmyet al, 2014) and Au NPs (L€24n= 133.7 ug mL") (Moustda et al, 2018)
Similarly, R. luteolaalso was more sensitive to Ag NPs ¢@sn= 0.0481 ug mt) (Ali,
2014a; Aliet al, 2014) thanTiO2NPs (LGo,esh= 122 pg mL?') (Ali, 20144a; Aliet al,
2015b) MgO NPs (EGo,96h= 66.8 pg mL?) (Ali et al, 2016) ZnO NPs (LG o6n= 42.67
ug mL?) (Ali et al, 2012) SWCNTs (LGo,sn= 0.61 pg mL™Y) (Ali et al, 2015a)and
CuO NPs (LGo,06h= 0.0836 pg mt?) (Ali and Ali, 2015) confirming the potential use
of Ag NPs as molluscicide. On the other hahe, role of functionalization on the Ag NP
toxicity to snails remains unknown.

Molluscicidal effects were also recorded for CdTe NPB.iglabratg with 100 %
mortality at 400 nM after 24 (Vasconcelos Lima et al, 2019. Similar effect was also
observed foC. aspersunafter dietary exposure @nO NPs (59.1 nm; 50015000 mg
g?) for 28 days (NOEC = 1000 mg'd- OEC = 5000 mg @) (Nedjoudet al., 2015)
However, different concentrations of DMSanctionalized IONPs (1 to 100 mg').had
no effect on thd. glabratasnail after chronic exposure (28 dayd)iveira-filho et al,
2016) confirming that the molluscicidal activity of NM#epend on their composition
and functionalization.

Among the species exposed to Ag NPsacutawas themostsusceptiblespecis,
presenting the lowest LG 96n= 0.0028ngy mL* via waterborne exposur@ernot and
Brandenburg, 2013)in addition to inorganic NPgurcumirnisin polylactic acid NP
(284 nm; 21- 175 mg mLY) showed a molluscicidal effect for all developmental stages
of the snaiB. pfeifferi(LCso= 1072.7ngy mL* for hypo-stage embryos, L= 277.9ny
mL*for juvenile snails after 96 h of exposure, andd-€339.1ng mL?! after 7 days of
expaure) (Omobhudeet al, 2017) showing the potential use of polymeric NPs as

molluscicide. However, for the purpose of applying NMs as molluscicidal agents, there
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are still a big number of issues that need to be evaluated and answer, such as the chemical,
physical and biological trafmmations of NPs in the environment, as well as the

interaction with the exposure medium.

5.10. Conclusions

Nanobiotechnology is a emergent science with wide application for the control of
parasites and intermediate hosts, such as snails. In this contexteseat study is the
first reviewof a decade of studie®ncerning the potential usesfails @ suitable model
system to assess the toxic effects of NMsxd the potential usas molluscicide.
Accordindly to World Health Organization (WHO), "mollusdes are chemicals, of
synthetic or biological origin, used primarily to kill various species of molluscs, including
intermediate host snails". However, this concept does not yet contemplate NMs as
molluscicide. In this sense, the present study indicatesuthent need to revise and
includeNMs in the concept of molluscicide.

The molluscicidal activity of NMs to snail is dependent on the physical and
chemical properties of NMs, as well as their environmental transformation. Data showed
the need to developiasdard protocols for ass@sgthe toxic effects of NMs on aquatic
and land snail species. Furthermore, revised data indicated some research gaps in order
to improve the use of NMs as molluscicid@:field studies and environmentally relevant
approachearerequired; (i) analyze the comparative effects of NMs between native snail
species and those that act as intermediate has{s;agsessment of toxicokinetics,
specially the tissue distribution, metabolism and detoxification process of NMs in snails;
(iv) OMICs technologies, such as transcriptomics, proteomics and metabolomics, may
help in understanding the mechanism of action and toxicity of NMs to snails, but studies
on the genome description of important snail species are needednglysedthe
comparative toxicity of NMs during the all developmental stages of sfa)lg)vestigate
the NM toxicity in infected snailsy(i) study the toxic effects NMs on parasites inside
snails; viii) studies concerning the toxicity of NMs throughout tifie-cycle of parasites

that have snails as intermediate hosts.
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Parental exposure to IONPs decreased the fecundity and fertility of snails.
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ABSCTRACT

Iron oxide nanoparticles (IONPs) have been applied in several sectors in the biomedical
field and its use in the control of parasites and intermediate hosts of neglected tropical
diseases is emerging. However, few studies have explored the molluscitidééaand
toxicity of this nanomateria]NM) after chronic exposure. The present study aimed to
analysethe chronic toxicity of gluconic acitunctionalized IONPs and their dissolved
counterpart (FeG) to freshwater snaiBiomphalaria glabrata intermeliate host of
Schistosoma mansomONPs were synthesized and characterized by multiple techniques,
and the snails were exposed to both Fe formsi(1L8.6 mg L) for 28 days in semi

static systems. During the exposure period, the bioaccumulation, ityoetd , behaviour
impairments, morphological alterationggcundity (production of egglutches and
embryos) and fertility (mortality rate, hatching and delayed embryo developaieh®
snailswereanalysedResults showed that the IONPs induced high bioaccumulation

in the whole soft tissue compared to iron ions and control group. Similarly, high
frequency ofbehaviouralterations was observed in the snails exposed to IONPs when
compared to its dissolved counterpart and the unexposed ones. Botimgeeduced the
fecundity, while the mortality and reduced fertility was observed only after the exposure
to IONPs at 15.6 mg Lt Overall results indicated theehaviouralimpairments and
reproductive toxicity associated to bioaccumulation of IONPHi@Bt glabrata This

study emphasizes th#DNPsare potenal molluscicidal agentand have an advantage
over otheNMs due to their magnetic properties, that could allow the withdraw from the

environment

Keywords: Schistosomiasis; molluscicide; nanotechnology; biomarkers.
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6.1. Introduction

Iron oxide nanoparticles (IONPs) have been applied in several fields of society,
ranging from the production of materials in the industry and incorporation into
commercial products, such as paints, ceramics, porcelain, and elect@uoriasll, 2003;

Teja and Koh, 2009)Furthermore, these engineered nanoparticlese beerusedas
contrast agent for magnetic resonance ima@fapl et al, 2003; Shert al, 2016; Yan
et al, 2018) in cancer treatment dyyperthermigArularasuet al, 2018; Rivast al,
2012) assystems for drug deliveiffKumaret al, 2017; Maet al, 2012) in food analysis
(Caoet al, 2012; HernandekBernandezt al, 2017)and in other fields of human and
environmental healthsuch in  effluent decontaminatiorand withdraw from the
environmentthrough the magnetigifipong et al, 2019; Zhanget al, 2016; Zouet al,
2016),,, and

Due to its small size, high surface ratio, magnetic properties, and the possibility
of highly specific targeting to organs or cells through functionalization or conjugation to
drugs, proteins, enzymes, antibodies and nucleof@epta ad Gupta, 2005; Ling and
Hyeon, 2013) the IONPs have gained special prominence in biomedical applications
(Figuerolaet al, 2010; Gupta and Gupta, 2005; Kwenhal, 2018) For example, the
IONPshave beerapplied as drugdelivery systemsagainstvisceral leishmaniasis and
schistosomiasigkumar et al, 2017; TomiottePellissieret al, 2017)besides to show
molluscicida] embryotoxicand genotoxic effecten the landsnail Cornu aspersum
(Mdaller, 1774)(Besnaciet al., 2016, 2019; Kaloyianret al, 2020; Sidiropoulowet al,
2018)

The toxicity of metabased NPs to snail species has been associated to their high
uptake and bioacumulation in snail tissg@soteatet al, 2014, 2011a; Dybowslet al,

2011; Oliver et al, 2014) inducing oxidative stress, lipid peroxidation, protein
carbonilation, DNA damag@li et al, 2015, 2016, 2012; Met al, 2016; Sidiropoulou
et. al 2018)andNa’/K* ATPase inhibition(Ma et al, 2017). Several freshwater snail
species have been used in the nanotoxicologsdarchessuch aBellamya aeruginosa
(Reeve, 1863Racesina luteol@_amarck, 1822), Lymnaea stagnalidinneaus, 1758)
Physella acutgDraparnaud, 1822hnd Potamopyrgus aipodarum(Lamarck, 1843)
These species are exposedifferentnanomaterial${Ms) like; Ag NPs, CeO NPs, CuO
NPs, TiQ NPs, MgO NPs andZnO NPs, resulting in genotoxic, immunotoxic,

embryotoxic and molluscicidal effects, as well behaviorgdairmentsaandreproductive
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toxicity (Museeet al, 201Q Ali et al, 2012, 2015, 2016, Croteat al, 2014, 2011,
Ramskovet al, 2015; Maet al, 2016, 2017)Despite hat, the knowledge about the
chronic toxicity and the mechanism of actitMoA) of IONPs in snails remain limited
(Besnacket al, 2019, 2016; Kaloyianrat al, 2020; Sidiropouloet al, 2018) especially
in the freshwater snaBiomphalariaspp.(Oliveirafilho et al, 2016)

Biomphalaria spp, especially Biomphalaria glabrata (Say 1818), isan
intermediate hos{IH) of Schistosoma masoi@ambon 1907, the etiologic agent of
schistosomnasis(Scholteet al, 2012) Schistosomiasis affects around 200 million people
worldwide and more thar00 million are in aimffectionrisk area(WHO, 2013) Besides
that, 2.2 billion peoplewordwild still lack access to basic sanitatiand 627 million
practice outdoor defecation which contributes to the parasite and disease spread
(WHO/Unicef, 2019)The incorporation of measures to coribee Hl snail is a plan part
guideline for schistosomiasis control together with patients treatment, funding in basic
sanitation structures, and health educatignKing and Bertsch, 2015; Savioli and
Daumiere, 2012)Thismeasure is considered an effective and viable strategy, with short
term effectiveness to interrupt the parasite transmission cycle in endemic areas with high
infection rategLi et al, 2019; Secor and Colley, 2018; Sokol@wal.,, 2016)

The occurrence of the snBiomphalariaspp. was highly correlated with disease
incidence in Braziappearingn 19 of the 27 stateand affecing at least30 thousand
people per yegiDataSUS, 2019; Schol&tal., 2012)Although it represents a species of
interest in public healttBiomphalariaspp. has been identified as a potential biomonitor
of environmental quality due to its sensitivity to pollutafisllarico, 2015; Oliveira
Filho et al, 2017) Multiple reproductive and developmental biomarkers of the
Biomphalariaspp. has been used in the ecotoxicological assessment of traditional and
emerging pollutantgDucrot et al, 2014 Tallarico, 2015 OECD, 201§, such as
nanomaterialg¢Oliveira-Filho et al,, 2017, 2019)

Accordingly, the present study aimed to evaluate the bioaccumulation, mortality,
reproductive and developmental toxicity of IONPs using the freshwateBsrgdbrata
as model systenafter chronic exposure to differemnvironmentally relevant iron
concentration, comparing IONPs to their dissolved counterpart {F-&Nen the recent
advances in nanotechnology in the control of intermediate hosts and vectors of
neotropical diseasg8enelli, 2018b; Benellet al, 2017; P. Liet al, 2018; Norouzi,
2017; TomiottePellissieret al, 2017) the hypothesis of this study was that the IONPs

couldalterthesurvival,reproductiondevelopment anldehaviourof the snaiB. glabrata
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and consequentlcontribute to reducing thenailspopulation. The proposal of IONPs
application in HI control,(if it shows some effe§t has the advantage of could be
withdrawn from the environment by magnetizatiannimizing environmental impacts
(Corsiet al, 2018; Zowet al, 2016) lower production cost about other NMs such as Ag
NPs(Arularasuet al, 2018; Kworet al, 2018; Zhangt al, 2016) and the possibility of
targeting specific species through functionalizati

To the best of our knowledge, this is the first study concerning the comparative
reproductive toxicity of IONPs and FeQh B. glabratasnail after chronic exposure.
Gluconic acid was chosen as a functionalizing agent due to its hydrophilic prdperty,
ensuring greater stability to IONPs in suspension, and for being dorigcnacid
(PubChem, 2019; Ramachandretnal., 2006; Suiet al, 2012) Knowing the specific
toxicity effects of IONPs, further studies will be able to explore other types of
functionalizationspeciesspecific.

6.2. Material and methods

6.2.1. IONP synthesis

Gluconic acid (GLA)functionalized IONPs were prepared by alkaline co
precipitation based on the methods described byeSaii (2012) and Weet al (2011)
with modifications. Briefly, an agueous solution of 0.128Bnol ferrous chloride
(FeCb.4H0O) and 0.2591 mol ferric chloride (Fe¢€6H.0), with a molar ratio of
Fe'/Fe#* = 2, was added to 400 mL of ASTM type Il electrodeionized purified water.
Then 600 mL of Mmol L** NH4OH was added without stirring and a black precipitate
was instantaneously formedrhe precipitate was then magnetic decanted with a
neodymium magnet and rinsed several times with water until the supernatant reached pH
7.0. An aqueous solution of 2Mmol sodium gluconic acid salt {8::NaGy) and 12.5
Mmol NaOH in purified wate(100 mL) was added to the IONP precipitate and kept
under magnetic stirring at 80 °C for 4 hours. The resulting precipitate was purified by
centrifugation using 70 % ethanol as a rinsing solvent until the supernatant reached pH

7.0. Subsequently, the matdrwas dried in a vacuum oven at 60 °C for 4 hours.

6.2.2. IONP characterization
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The morphology and individual diameter of IONPs were characterized by
Transmission Electron Microscopy (MET). A drop of the IONP stock solution (0.3 mg L
1y was deposited onto aash copper grid coated with a carbon layer and dry at room
temperature (25 °C). The electron micrographs were obtained in a JEOL2(EN
microscope, using the software Scandium da Olympus Soft Imaging Solutions GmbH.
The individual diameter (wm) of IONPs (n = 250 particles) was determined using the
software ImageJ (National Institute of Health, USA). The surface charge (zeta potential)
and hydrodynamic diameter (dh) of IONPs (0.3 myin ultrapure water (MilkQ water)
and dechlorinated water (expwe medium) were analysed by Dynamic Light Scattering
(DLS) and Electrophoretic Light Scattering (ELS), respectively, using a Malvern
ZetaSizer, (Nan@ZS90). For these analyses, the IONP solution was previously sonicated
for 10 min, such as reported Qualhatoet al (2017)

The IONP functionalization by the GLA was confirmed using the infrared
spectroscopy in KBr pellet (HRBR). The IONP pellets were prepared with 1 % (w/w)
samples in potassium bromide (KBr). The spectra wererdedoin the range
corresponding to the miahfrared region (406 4000 cmt) with a resolution of 4 crh
using the FAIR spectrometer (Perkiklmer). Furthermore, the powder IONPs were
characterized by Xay diffractions (XRD) using X-ray diffractometemodel Rigaku
D/Max-22/C with CuKa radiation ([ = 1.54184 A), operating at 15 mA and 35 Kv, sweep
speed of 2.0° mik, with data measured every 0.01° in the range¢1@§ ¢ 80°. The
IONPs were also characterized by Moéssbauer spectroscopy using a Wissel spectrometer.
The Mdssbauer transmission measurements were performed 8%ayadiation source
in rhodium (Rh) matrix. Measurements were performed at room temperatii@)(2s
recommended bRutraet al (2017)

6.2.3. Animals

Fourmonthold snailsB. glabrata(total weight: 0.28 + 0.04 g; shell diameter: 10
+ 2 mm) were obtained in thed®ding stock from Institute of Tropical Pathology and
Public Health in the Federal University of Goias (Goiania, Goias, Brazil) and maintained
in laboratory conditions according to Organisation for Economieoration and
Development (OECD) guideline 243 (OECD, 2016) Snailswere maintained in 40 L

tanks filled with 30 L of dechlorinated water (3 snait¥) lunder controled photoperiod
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(12h:12h, light/dark cycle), temperature (25 + 1 °C) and pH (7.0 £ 1). Snails wera fed

libitum with organic lettuce leave&dctuca sativa

6.2.4. Experimental design

Snails were exposed to GLiinctionalized IONPs and their dissolved
counterpart (FeG) at different iron concentrations (1.0, 2.5, 6.2 and 15.6 HgrL.3 L
glass tanks (19.x 9.5 x 14.5 cm) containing 2 L of final dispersion/solution ¢t8ils
pertank; 5 snail (%), jointly with a control group kept in declorinated water, during 28
days. The exposure was conducted in triplicate (10 spailgeplica, 30 snailger
experimental group) under controlled environmental conditions (temperature: 25 £ 1 °C
and 12/12 h light/dark cycle). The exposure medium was changed every three days with
redosing of the both iron concentratig@ECD, 20160liveira-Filho et al,, 2016) Snails
were fed with lettuce leaves.(sativg (100 mgper snail) every three days. The food
remains wereemoved at each medium exchange and the food replacement was done
along with the replenishment of the exposure medium.

The IONP concentrations used are in accordance with the concentration of iron
detected in the aquatic environment (up to 5 i}y hccoding to Conselho Nacional do
Meio Ambiente (CONAMA), Resolution No. 3%Brasil, 2005)and the quantities of iron
authorized to discharge effluents in Brazil (up to 15 iy CONAMA Resolution No.
430(Brasil, 2011) Furthermore, prewaus studies analyzed similar concentrations during
the acute and lonterm exposure ofand and freshwater snaibnd fishto IONPs
(Kaloyianniet al., 2020; Oliveirafilho et al, 2016; Villaciset al., 2017)

To analyze the reproduction and collection of eggsses during the exposure
period, a piece of styrofoam (5 x 10 cm) was placed on the surface of tanks for
oviposition, such as reported Quarte et al (2015) Mortality, somatic biomarkers
(growth rate, condition index, gonadossdin index), behavior and reproduction
analyzes (fencundity) of adult snails and the development of their embryos (fertility) were
performed daily during 28 days, while the metal bioaccumulation in snails was analyzed

at the end of the exposure period (28/s).
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6.2.5. Bioaccumulation

Whole soft tissues and shells of snails were collected at the end of exposure period
(28 days), washed in ultrapure water, divided into 3 pools (each pool containing 3 snails;
9 snailsper experimental condition), dried (70 °C for 48 h), and digestettiit acid
(HNOs) at 150 °C for 30 min. The iron concentration was determined by atomic
absorption spectrometry and a standard curve analyzed with different iron concentrations
(0.125, 0.25, 0.5, 1, 2, 4, 8 ppm) of certified reference metal (PA Fe 100Qt@mis
High Purity NIST Test: #822/27519@7). The iron concentrations are expressedws

mg? of dry weight (mean plus standard deviation of each pool triplicates).

6.2.6. Mortality

Cumulative mortality rate (MR) was determined daily during the exposuiedper
(28 days) using the following equation (OECD, 2016): MR = (LSS/GM)e LSS is the
number oflive snails at the start of exporuaed CM is thecumulative mortalitydaily.
Dead snails were identified according to the follow parameters: animal in destion,
release of hemolymph, and when reclused into the shell with absence of héhfdteat
et al, 2019; Rapadet al, 2013)

6.2.7. Somatic biomarkers

At the beginning of the experiment (T0) and after 15 and 28 days of exposure, the
growth rate (GR) was calculed by diferrence between initial diameter of the shell and
final diameter. Furthermore, the condition index (Cl) was calculed acoording to fajlowin
equation: Cl = (BW/SD) x 100, were BW is the body weilgfhand SD is shell diameter
(mm) at 28 days of the exposufavila-Poveda, 2013)The gonadosomatic index (GSI)
of snails were calculed using the equation: GSI = (GW/ BW) x 100, @&/e= gonad
weith (g) and BW =dtal body weigth (gjDevlaminget al., 1982)
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6.2.8. Behavioral imparments

Behavioral impairments were analyzed daily during the exposure period (28
days), in the morning, before any interference (removal ofneggses, water exchange
or feeding), during Ininute for each experimental tatdtaling 10 min per replica and
30 min per experimental conditiohe frequency (%) of following behavioral changes
were determined: swim on the water surface, reclusion into the shell, water avoiding,
lethargy and detacfrom the shell as previosly describ@drberget al,, 1988; Pieri and
Jurberg, 1981)Results were presented as mean of the weekly frequency (%) and standard

deviation of the total of altered behaviors, and of each individual behavior.

6.2.9. Fecundity

Fecundity is defined by OECQ ui del i ne repr oduactaali on t es
reproductive rate of organisms, measured by the numberofdggut ches or eggsa©o
fertitily or reproductive output aloffspring production by parental animals within the
test period (OECD, D16; Schmitiet al, 2010) In this senseeggmasses from parental
snails (kb-generation) exposed to both iron forms and control groups during 28 days were
collected dialy and analyzed in a stereomicroscope (Zeiss, Stemi DV4) by following
parameters:umber of egg masses per live snail (F1), number of ggaeggmass (F2).

The fecundity was determined using the Equations 1 and 2 (OECD, 2016), the data were

presented as cumulative value:

@ — (1)

Q@ — )

Where LS = number of live snails, EM = egg mass produced, TNE = total number of eggs

(viable and unviable), and tx = values on "x" exposure day
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6.2.10.Developmental toxicity in the first generation (fetility)

At the beginning of the experiment (TO) and every four days (4, 8, 12, 16, 20 and
24 days), the egglutches (n = Jerreplica; n = 9per experimental condition) from
parental snails (exposed to both iron forms and control group) were colkeatederred
to 12wells microplates (1 egglutcheper well) containing 5 mL of declorinated water
and maintained under controlled conditions of the temperature (27 £ 0.5 °C), humidity
(75 =5 %) and photoperiod (12h:12h ligth/dark cycle) using the B@Dbiator (SE
224). Eggclutches were analyzed daily using a microscope (Leica DM750) associated
with the Leica model ICC50 HD camera and the LAS EZ software.

The embryo mortality rate (EM) (%) was calculated dividing the number of
inviable embryos by the&otal embryos x 100 (OECD, 2016; Meéd al, 2019). Dead
embryos were identified according tliveira-filno et al (2010) disintegrating
embryonic forms, embryo with no rotational movements, no foot movements or abstence
of heartbeat. The hatching rate (%) (HR) was determined dividing the number of hatched
snails by the total embryg@ereggclutches after 144 h (OECD, 20Melo et al., 2019),

The early developmental stages were classified as descritiRaplayglcet al., (2013)and
(Melo et al., 2019) blatulae, gastrulae, trochophore, veliger, hippo stage and hactied
the frequency (%) of each developmental stages was determined.

6.2.11. Statistical analysis

Statistical analyzes were conducted in RStudio soft{lR&tudio team, 2015)
Tests of normality and homoscedasticity were performed using the Shéjlir@and
Levene test, respectively. For the parameters Cl, IGS anddigF1 and F2) the data
were parametric, so it was performed Fway Anova with Tukey's posteriori test. To
GR Kruskall Wallis normparametric test was performed. For parameters MR,
bioaccumulation, EM, HREDS and behavior the data were nparametric,and the
Robusta ANOVA test was performed. The results are presented as mean and standard
deviation of the replicates of each experiment and the significance level of p < 0.05 was

adopted for all analyzes (Kloke & McKean, 2015) with the Dunn a postersbri te
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6.3. Results and discussion

6.3.1. NP characterization

TEM results showed IONPs with cuboid shape, monocrystalline nature (well
defined edges and corners) (Fig. ‘BN and individual diameter of 7.5 £ 3.2 nm (Fig. 1
C). Similar morphology and size was reported in previous stwsen et al, 2018;
Qualhatoet al, 2017; Weiet al, 2011) demonstrating high reprodbdity in the
synthesis method lglkaline ceprecipitation. The DLS and ELS analyses demonstrated
that the IONPs presented higher hydrodynamic diameter and lower negative surface
charge in dechlorinated water (671.9 + 18R; -19.7 £ 3.87 mV) when comped to
ultrapure water (156.7 £ 3.1 nm47.8 + 5.42 mV) (Fig. 1 D), confirming that the GLA
functionalization confer a negative surface charge in both agueous medium. These results
corroborates with the chemical structure of gluconic acid, which in agssgution tends
to deprotonate the hydroxyl groufWei et al, 2011) This increase of the surface charge
in dechlorinated water can be explained by the presence of cations, suéhasi®adg",
which partially overcome and neutralize the negative charge provided by the
deprotonated hydroxyl grou@Bhattacharjee, 2016; Qualhatt al, 2017) The IONPs
were moderately polydisperse with a polydispersity index (Pdl) of Ga2@50.263 in
dechlorinated and ultrapure water, respectively. The agglomeration and consequent
sedimentation of IONPs in the exposure medium (dechlorinated) was similar to that
previously reported for IONRQualhatecet al, 2017; Weiet al., 2011)
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Figure 1. Transmission Electron Microscopic (TEM) images of gluconic -acid
functionalized iron oxide (maghemite) nanoparticle (IONPs) (A and B), the individual
diameter histogram of IONPs obtained from TEM figuresadtodynamic diameter in
ultrapure anddechlorirated water by Dynamic Light Scattering (DLS) (Sgale bar =

50 nm (A) and 5 nm (B).

The vibrational absorption spectrum in the IR region of the uncoated IONP and
GLA-functionalized IONPs is in Figure 2A. The absorption band at 34TqkDNP and
GLA-IONP) was attributed to symmetrical stretching efi®onds from water molecules
incorporated into the crystal structure, from hydroxyls on the surface of particles and
hydroxyl groups of GLA. The peak at 1626 ¢filONP and GLAIONP) is due to the
angular @éformation of the @H bonds of water molecules, and the asymmetric stretching
of the GLA carboxylate group bonds (COThe low absorption at 1382 ¢niGLA-

IONP) was attributed to the symmetrical stretching of the carboxylate group that overlaps
the waging deformation of €4 in CH,. At 1082 cm' the GO strain of GLA is observed,
confirming that the IONPs were functionalized with GLA (8tial, 2012; Weiet al,

2011). The absorptions at 630, 580, and 440 carrespond to the vibrational modes of
Fe O bonds in the samples. The peak at 580" evas associated with the mode of

stretching the bonds at the tetrahedral and octahedral sites of the inverse spinel structure
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and at 440 crhrelated to the mode of stretching the octahedral sites of the magnetit
crystal lattice (F€a4), and also their oxidized form, the maghemgé&&0s). The peak

at 630 cmt corresponds to the mode of stretching of maghemite b(dsita and
Chirita, 2013; Gat &t al, 2009; Ishiiet al, 1972; Stoiat al, 2016; Sukt al, 2012; Wei

et al, 2011) These results confirmed that the synthesized IONPs were composed of

particles of magnetite partially oxidized to maguemite functionalized with GLA.
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Figure 2. A) Vibrational absorption spectra in the infrared region of the uncoated IONP
and gluconic acid (GLAjunctionalized IONPs. B) Xay diffractogram of the GLA
functionalized IONP compared to magnetite and maghemite stan@rtédssbauer

spectra obtained fromluconic acid (GLA)functionalized ONP.

XRD results (Fig. 2 B) showed the presence of inverse spinel structure forming a
typical centered face cubic network of magnetites(ze and / or-Fe@ guemit e
compared to larganic Crystal Structure Database (ICSD 26410 and 87119) magnetite
and maghemite, respectively), witly Biffraction peaks = 30.3°, 35.6°, 43.3°, 53.7°,
57.3°,62.9° referring to the reflections of the crystalline planes (220), (311), (400), (422),
(511)and (440) (Chest al, 2009; Dutreet al, 2017; Kimet al, 2012). As shown in the
reference standards, magnetite and maghemite have nearly identical diffraction patterns,
and their phases are very difficult to differentiate by XRD. Thus, the Mdssbauer
spectroscopy was used as a complementary technique to ehaeatwo phases present
in the GLAIONPs (Fig.2Cand Table 1).

128



Table 1. Least square fitted at room temperature Mdssbauer parameters obtained for
gluconic acid (GLAYfunctionalized IONP.

Sample Site IS / mmst QS / mmg Bri/ T Al%
S, 0.31738 0.02123 48.40105 11.143
(0.00759) (0.01525) (0.09525)
IONP- S 0.32299 -0.01684 45.98169 o .o
GLA (0.00917) (0.01842) (0.16334) '
0.36741 -0.03343 41.01368
Ss (0.01461) (0.02555) (0.33260) 2801
0.28521 0.35687
D (0.02070) (2.32295) } 29.996

S = sextet; D = doublet;B= hyperfine magnetic field; IS = isomeric shift/Fe; Q¢S
guadrupolar displacement; A = relative area
Figure 2C shows room temperatutdéssbauer spectra obtained from IGNP

GLA sample, and the least square fitted room temperature parameters are given in table
1. The spectra were fitted with three magnetic sextets and one doublet. The least square
fitted parameters values obtained from #lofusted parameters for the samples differ to
the in relation to the bulk of the stoichiometric magnetite parameters. These differences
are related to obtaining nestoichiometric magnetite, due to the partial oxidation &f Fe
- F€e, giving rise to norstoichiometric maghemiteThe sextet 1 and 2 samples were
attributed to the presence of the octahedral sites, containitigafé Fé* ions, and
tetrahedral sites containing ¥éons, respectively, for the magnetite phase. The sextet 3
corresponds to the aghemite phaseThe presence of a doublet is due to the
superparamagnetic character with a hyperfine magnetic field equal to 0 and the reduction
of the crystallite diameter that was confirmed in the XRD, indicating the presence of some
particles below theritical size for superparamagnetic relaxation in the measurement time
scale. The Mdssbauer spectroscopy results corroborate the FTIR and XRD data,
indicating that the OM phase in the hybrids are formed by the magnetite and maghemite
phasegDutraet al, 2017; Netcet al, 2018; Weiet al,, 2011)
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6.3.2. Bioacumulation

The chronic exposure to both iron forms induced iron accumulation in thdBsnail
glabrata, with high accumulation in the visceral mgBgy. 3 A) compared to she(Fig.
3 B). The snail exposed to IONPs for 28 days showed @higim concentratiostarting
from 6.2 mg L} in the visceral mass when compared to control group and those exposed
to iron ions (p < 0.05; Fid3), while similar iron concentration in théeall was observed

in the snails exposed to both iron forms compared to control grouB(Big.
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Figure 3. Iron concentrationng mg1 dry weight) in the whole soft tissues and shell of
the freshwater snaBiomphalaria glabratafrom control group and after exposure to
IONP and FeClI3 for 28 days. Different uppercase letters indicate statistieatnce (p

< 0.05) between theame concentrations of IONPs and FeDiferenttlowercasdetters
indicate statisticatlifference (p < 0.05between the concentration gradient of the same
experimental group. (#) Significative difference between same concentration of different
tissuesf < 0.05). (*) Belowof detection level (< 0.0&g/mL 7 limit detection).

Iron concentration in visceral mass of snails exposed to IONPs at 6.2 and 15.6 mg
Lt was higher (5.7and 7.4fold; p = 0.01 and 0.04, respectively) compared to the control
group and increased in a concentrati@pendent pattern (y .1004 + 0.8575x; R=
0.607, p <0.01, F = 20.1). On the other hand, the bioaccumulation in theesipaited
to iron ions at 2.5 and 6.2 mgtlwas higher compared to unexposed snails (4.3 and 4.7
times; p = 0.04 and 0.05 respectively), but this bioaccumulation did not have a
concentratiordependent increase. The sediment foraging habit in the snail avay h
contributed to the bioaccumulation of both iron forms, since both iron forms formed
precipitates at the bottom of the aquarium. Similarly, the metal bioaccumulation in the
freshwater snailymanea stagnaliagfter dietary exposure to CuO NPs (7 nm) Wwigber

when compared to waterborne expos@eteauvet al, 2014) such as observed for Ag
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NPs (13 nm)Croteauet al, 2011b)and ZnO NPs (20 70 nm)(Croteauet al, 2011)
indicating that NP accumulation in snails is dependent on type of $ffesiesand
experimentbconditions, especially route of exposure.

NPs are usually internalized in snail cella endocytosigDombuet al, 2010)
receptormediated endocytos(®ecuzzi and Ferrari, 20079r phagocytosiéAnselmoet
al., 2015) while iron ions enters the cell by conventional cation uptake facilitated by the
clathrin recefor on the apical membrange and Richardson, 2002Yhe high iron
accumulation induced several cellular damages in the snails, such as reactive oxygen
species (ROS) production, oxidative stress, lipid peroxidation (LPO), arseqoently
protein and nucleic acids degradation, and cell d€a#ffon et al, 2018; Le and
Richardson, 2002)These toxic effets induced by NP exposure may lead to changes in
the reproduction and development of snails, as observed for Bnglabrataexposed
to GLA-functionalized IONPs.

6.3.3. Mortality

During the exposure period (28 days), a gradual decrease in survival rate (SR) was
observed in snails exposed to IONPs (p < 0.05;4AY, while similar SR was identified
in the snails exposed to iron ions when compared to control groa®.Qb; Fig. 4B).
The snails exposed to IONPs at 15.6 migiar 28 days showed reduced SR (37 + 12%)
when compared to iron ions (20 = 20 %) and the control groups (17 £ 5.8 and 23 £ 5.7
%) (p < 0.01).Conversely no mortality was reported the snBil glabrataexposedo
mese2,3-dimercaptosuccinic acid (DMSAunctionalized IONPs (5.7 nm; 110000 mg
LY for 4 weeks(Oliveira-Filho et al, 2016) indicating that the GLAunctionalized
IONPs induced high mortality in th& glabratawhen compared to DMSAuctionalized
IONPs. The GLA is a biocompatibt®mpoundthat has been used as an endosomolytic
agent in multdrug drug delivery systems because it improves solubility by providing a
hydrophilic fraction that facilitatesetl uptake (Pack et al, 2004, 200Q) probably
facilitating the internalization and toxic effects of IONPs. Similar results have also been
reported for other invertebrate species, such as increased mortdligpimia magna

(Crustaceabaphnidag exposed to Mn conjugated to GL(&illanpaaet al., 2003)
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Figure 4. Survival rate (%) of adult snaiBiomphalaria glabratdrom control group and
after exposure to IONPs and Fe@uring 28 days.

The mortality in snails exposed to IONPs was associated with its high
accumulation in snail tissues (FB), which may induce ROS production, oxidative stress
and oxidative damage, such as reported for other (it al, 2016, 2012; Baet al,

2018; Maet al,, 2017, 2016)Similarly, the land snalCornu aspersuraxposed to ION®

(20 nm; 0.05 and 1 mgt;, 20 d) (Sidiropoulowet al, 2018) and to IONPs (26 nm:3l

mg g*; 42 d)(Besnaciet al, 2019)showed ROS production, oxidative stressyéased
antioxidant enzymes, oxidative damage (i.e. LPO and protein carbonylation), increased
level of ubiquitin conjugates, increased caspase activity, and DNA dafBageaciet

al., 2019; Sidiropoulotet al, 2018) confirming the toxic effects of IONPs on aquatic

and land snails.

6.3.4. Somatic biomarkers

Snail exposed to both iron forms showed similar biometric parameters (shell
diameter, body weight, GR and IGS ) when compared to those unexpese@fp Table
2). These results indicated that the IONPs did not interfere with theatso or
reproductive parameters of snails. On the other hand, previous studies showed that several
metatbased NPs decreased the growth rate and the energetic metdBblisnal, 2015;
Bernot and Brandenburg, 2013; Paag al, 2013, 2012; Ramskoet al, 2015)
indicanting that the effects of NPs to somatic parameters are dependent on type of NPs,

experimental design and snail species.
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Table 2. Biometric parameterishell diameter (SD), total weight (W), growth rate (GR), gonadosomatic index (GSI) and condition index (Cl)] of
freshwater snailBiomphalaria glabratgrom control group and after exposure to Fld IONPs during 28 days. Results are presented as mean
and standard deviation of total surviving snails after 28 days. *No significative difference was observed for all parameters.

Groups IONPs FeCk

SD (mm) W (g) GR (mm) GS IC SD (mm) W (g) GR (mm) GS IC
Control 121+0.90.29+0.07 0.02+0.02 0.03+£0.02 244+04 11.7+1.2 0.26+£0.08 0.05+0.010.04+0.022.15+0.4
1 mg Lt 126+0.80.31+0.06 0.03+0.03 0.04+£0.01 244+04 11.8+1.6 0.26+0.1 0.07+0.020.05+0.02 2.12+0.5
25mglL! 125+1.10.32+0.08 0.04+0.02 0.04+0.02 253+0.5 11.6+1.0 0.29+0.06 0.07+0.02 0.05+0.052.19+0.4
6.2mglL! 11.9+1.30.27+0.09 0.04+0.02 0.04+0.02 2.28+0.5 11.6+1.3 0.26 £0.07 0.09 £0.02 0.04 +0.02 2.15+0.4
156 mg ! 13.1+0.90.36+0.1 0.04+0.03 0.05+0.03 2.71+0.6 11.4+0.7 0.22+0.04 0.05+0.01 0.04 +£0.02 1.88 +0.3
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6.3.5. Behavioral impairment

Behavioral alterations in snails are excellent biomarkers for toxic stressors present
in water, in addition to potential indicators of substances with a molluscicidal effect
(Bernotet al, 2005; Lurling, 2012; O. S. Pieri and Jurberg, 1981)addition, changes
in behavior can affect snail survival and reproduction strategies, contributing to the
reduction or maintenance of the population, for example leading to greater susceptibility
to predatorgJustice and Bernot, 2014; Youagal, 2017)or survival in an unfavorable
environmeni{Mizrahi et al, 2012; ePah,201% Es k a

Snails exposed to both iron forms at 15.6 migshowed an increase in the total
behaviorbhchangesTBC) after7 days compared to the control group (p < 0.05; table
IONPs induced an increase in ACT5(fold) compared to control in the first week of
exposure. However, similar behavidrBC ) was observed in the IONéposed snails
comparel to control group over the remaining weeks (p > 0.05). Furthermore; &eCl
15.6 mg L induced an increase IFBC after the second and fourth week of exposure

compared to the control group3.3 fold and 5.2 fold, respectivelyp < 0.05; table3).

Table 3. Behaviaur alterations (%) in adult freshwater sn&ismphalaria glabratdrom

control group and after exposure to ION#Psl Fed during 28 days. SWS: swim on the
water surface; SR: shell reclusion; WA: wadagoiding; L: lethargy; DS: Detach from the
shell. Different uppercase letters indicate statistical difference (p < 0.05) between the
same concentrations of IONPs and ReOifferent lowercase letteiadicate statistical
difference (p < 0.05petween the concentration gradient of the same experimental group
respectively. Superscript numbers indicate a significant difference of the same
concentration over the weeks. The numbers 1, 2, 3 and 4 referresiiective weeks.
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IONPs (mg LY

FeCls (mg L%

1'Week
Behaviour NC 1 2.5 6.2 15.6 NC 1 2.5 6.2 15.6
SWS 05+12 1.4+38 05+12 3.3+55 39+6.0 09+16 0.53+1.4 0.9+16 0.9+25
SR 05+1.2 1.4 +£3.8 0.9+25 05+1.2 77294 15%+39 2.0+x4.0 15+34 3.3+x6.4 05+1.2
WA 2.0x3.2 1.4+£1.8 05+1.2 2543 05+1.2
L 05+1.2
Total 29+42°3 43+6.9° 1.9+471034 43+6.9° 142+12.6% 2.4+532 2.5+ 4 484 1.5+9.394 43+6.72% 2.0+383234
2"\Week
SWS 14+29 24+£44 09+£25 14+38 14+18 1.2+3.1 7.4+£8.3
SR 05+£1.2 24+£35 14+29 09+£25 3.0zx57 3.0+£46 1.7+4.4 24+£4.1 1.0+£2.6 1.8+4.7
WA 52+6.0 05+£14 29+34
L 05%£1.3 09x25
DS 0.6+1.6
Total 7.1+6.12 5.4 +5.3% 5.2 +6.2 24+4.2%% 568894 3.0+4.6" 1.7 +4.4%4 3.6 +4.4%% 1.0+2.6%3 10.2+9.721
39 Week
SWS 57+7.8 15+£3.1 3.8+6.8 3.8 +5.66 2950 1.1+30 1.8+3.2 34+56 3.6+6.0 9.9+11.7
SR 49+77 1.4+£29 58+7.0 1.9+4.14 32+85 65+7.0 2.8+5.2 2649 2053 1.5+£39
WA 3.8 5.7 3.0+58 44+6.1 2944 2540 16zx33 1.4+4.4 3644
L 05+14
Total 14.4+8%1 65+7.5% 14+10.59! 8.6+7.3% 87+1233 93+97 6.2 +8.8% 6.0+7.7% 56+85%2 150+ 124!
4 Week
SWS 1.1+£18 21+54 775 3.3+8.9 379 0718 3+5.6 45+7.3 3.8+6.3 3+54
SR 2.3+£5.0 2.1+£3.6 1.5+3.0 3.8+£5.9 6.2+10.3 3.1£59 3+6.3 2.3+6.1 05+14 16.8 £ 19.€
WA 57+£5.8 4.8 7.7 7.3+£9.1 4.3x5.6 59+£59 25+54 6.5+£85 46164 1.1+3.0 7.1 £10.9
L 05+1.2 05+14 0.8+21
DS 1+25
Total 9.5+10.82 8.9+10.689! 16.3+12.822 11.4+10.82% 16.8+17.1% 6.2+ 11" 125+156%°12 11.4+11.3%12 55+76Y 26.9=+17.8al
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After exposure to both iron forms for 28 days, the most frequent behavioral
alterations observed wessvim on the water surface (SWS), shell reclusion (SR), water
avoiding (WA) and lethargy (L) (Tabl®), confirming its potential neurotoxic effects to
freshwater snailsPhysicochemical changes in the aquatic environment caused by NMs
and heavy metals can often interrupt or alter the ion channel receptors form the gastropod
neuronal membranes and lead them to reduce the ability to assess predafi®ernisk
and Brandenburg, 2013; Justice and Bernot, 2014, l-Boesal et al, 2019)

The behaviouraklterations induced by both iron forms, such as SWS and WA,
have been reported for severabmpoundswvith potential molluscicidal activityLake-
Thompson and Hofmann, 2019; Sarqiisl, 1997; Schideet al, 2004) and may lead
to increased predation risk. On the other hamel,SRbehaviourconsists of a defensive
response of the snail by decreasing the surface area of exposure with the medium.
However this behaviour can compromise the energy balance, the aptitude for
reproduction, feeding and breathing activities and lead to death after lon@enmetet
al.,, 2005; Pieri and Jurberg, 1981l addition, the lkthargy is a esponse to
neuromuscular changes caused by metals, which can interfere Witttapaure and
muscle contractions, also leading to a higher risk of predation and to compromise in the
snail's survivalDobranskyteet al, 2006, 2004; Niyoget al, 2014; Pyatet al, 2002)

Interestingly, after exposure to IONPs 8.6 mg L* for 2 and 3 weeks, the

frequency othe snaitletackedfrom the shell increased compaationto thecontrol (0.6
and 1 %, respectively). Thizxhaviouiis rare and characterized by the disengagenfent o
the animal from its shell and maintenance of locomotion and feeding activities, followed
by death after 48 h (Fi$). IONPs can interfere in the electrostatic current of the organic
matrix of the mantle, formed by various acidic mucopolysaccharideshwvi@lp in the
capture, stabilization artdomineralizationof C&* (Bielefeldet al, 1993; Marxeret al,
2003; Marxen and Becker, 2000) even that they interfere with the W&* pump
leading to an increase in membrane permeability to ions (mairflfy @aolved in the
intensification of muscle activity followed bgontraction as well as in artelminthic
drugs.
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Figure 5. Snail detacadfrom the shell after 12 days of exposure to IONPs at 15.6'mg L
! Snail still alive after 24h, swimming under the glass aquarium wall.

6.3.6. Fecundity

The fecundity parameters of snails during chronic exposure to IONPs and FeCl
are in Fig.6. After 28 days of exposure, both iron forms reduced the number of egg
clutchesper snails when compared to control groups, with high effects of iron ions
compared to IONPs. Snails exposed to IONPs at 1.0, 2.5, 6.2 and 15.6 shgwed
decreased number of eglutches compared to control group ¢1.2.1-, 1.4 and 1.2i
fold) (Fig. 6A), whereas those exposed to Fefit the same concentrations presented
reduced the number of egtutches in 1.3 1.5, 2.8fold, respectively (FigeC). On the
other hand, only the FeCat 2.5, 6.2 and 15.6 mg'ireduced the number of eggs per
eggclutches when compared to control groups (1.6, 1.4 antbld8 p < 0.05; Fig.6D).
Conversely no effect of DMSAfunctionalized IONP$5.7 nm) at 1.0, 10 and 100 mg L
lwas observed in the fecundity Bf glabrataafter chronic exposure (28 day§)liveira
filho et al, 2016) confirming that the reproductive toxicity of IONPs is dependent on its
functionalization. In addition, previous studies using the snd@btamopyrgus
antipodarumandother metabased nanoparticles, such@sO NPs (7 40 nm;240ny
g% 9 wk) (Ramskowet al, 2014)andAg NPs PVPRcoated (54.5nm; 0.:0000eg L*;

28 d)(Volker et al, 2014) demonstrated that the reproductive toxicity induced by NPs

also was dependent on exposure time, NP morphology and presence of other poluttants.
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Figure 6. Production of eggnasses (A and C) and number of eggs per egg masses (B
and D) of the freshwater snaliomphalaria glabratafrom control group and after
exposure to IONPs (A and B) and Fe(@T and D) during 28 day®ifferent uppercase

and lowercase ladrs indicate statistical difference (p < 0.05) between the same
concentrations of IONPs and FeGind between the concentration gradient of the same
experimental group, respectively.

6.3.7. Developmental toxicity in the first generation(fertility)
6.3.7.1 Embryotoxicity and hatching rate

The embryo mortality and hatching rate in the first generation of snails after
parental exposure to both iron forms are in Fi§-B. Overall results showed differential
embryotoxicity of both iron forms in a time exposure and concentration dependent
paterns. IONPs induced high mortality and hatching delay inBhglabratawhen
compared to iron ions. After 8, 16 and 24 days of exposure, the IONIBs6amng L
increased the embryo mortality (5.4, 3.7, efdld, respectively) compared tbe control
group (p < 0.05; Fig7A). Similarly, IONPsat 15.6 mg ! reduced the hatching rate
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compared to control after 8 (6f6ld), 16 (0.7#fold) and 24 (6&old) days of exposure (p
< 0.05; Fig.7A). On the other hand, the iron ions at 15.6 myihduced significant
embryo mortality and hatching delay only after 20 days of exposure (p < 0.08)Fig
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Figure 7. Mortality and hatching rate (%) of embryos from parental snails of the control
group and after exposure toNPs (A) and FeGI(B) during 28 daysConti control,
*Egg masses were not produced. # statistical difference (p < 0.05) from the control group
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The embryotoxicity of metabased NPs in snail species has been associated to
ROS production, oxidative stress and oxidative damage, such as obser@GaifoNPs
(3 nm; 1-20 nM; 24 h)n B. glabrata(Vasconcelos Limaet al, 2019) Ag NPs (24 nm;
0.00% 100¢ d-"x 96 h)(Bernot and Brandenburg, 2018)d U-alumina and-alumina
NPs (2680 nm; 0.005 0.5 g Kg* of dry sediment96 h) in Physella acut{Museeet
al., 2010) The ROS production and the stress oxidative induced by IONPs also were
reported for terrestrial snail such @srunu aspersur(Besnaciet al, 2019; Kaloyianni
et al, 2020; Sidiropoulowet al, 2018)and other aquatic organisms such as bivalve and
fish (Kadaret al, 2010; Qualhat@t al, 2017; Villaciset al, 2017), confirming their

potential embryotoxic effect mediated by oxidative stress.

6.3.7.2Developmental stages

The frequency (%) of the embryonic developmental stages aftendi#$ post
fertilization (predicted period of hatching) was evaluated in embmara fidult parental
snails exposed to IONPs (Fi8A) and Fed (Fig. 8B) during 24 days. The exposure of
the parental snails to IONPs Hi.6 mg L*for 8, 20 and 24 days reduced the frequency
of embryos in hippo stage (1.1, 1dnd 2.2fold) whencompared to control group (p <
0.05). Developmental delays were predominantly interrupted at the trocophore and
veliger stages. On the other hand, similar frequency of hippo stage was observed snails
exposed to iron ions or to IONPs at low concentratiof (@ 6.2 mg ') compared to
control group (p > 0.05), confirming the high embryotoxicity of IONPs compared to its
dissolved counterpart.

The snail developmental inhibition induced by direct-elygches exposure to
metatbased and inorganic NPs hasbereported td®. acutaexposed to Ag NPs
(Gongalveset al, 2017) Biomphalaria pfeifferiexposed to curcuminisin polylactic
acid NP{Omobhudeet al., 2017) Biomphalaria alexandrinaxposed to SiQNPs(Attia
et al, 2017)andB. glabrataexposed to @Te NPs(Vasmoncelos- Lima et al, 2019)
However, this is the first study concerning the effects of parental exposure to IONPs on
development in the first generation. The mechanism of action and toxicity of IONPs for
aquatic organisms was related to oxidative stress by the production of RO®x&Ety,
lipid peroxidation, proteolysis, protein carbonylation and consequently, apoptosis and
necrosigKaloyianniet al, 2020; Sidiropoulowet al, 2018; Villaciset al., 2017) Other

studies have also associated the toxicity of IONPs and their ionic form to the differences
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in the mechanisms of uptake, internalization, transferengioavailability and
biotransformation of iron inside the c¢Kadaret al, 2010; Kadaet al, 2010) which
corroborates ours findings of the differential toxiaifylONPs and FeGlusing multiple

biomarker responses.
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Figure 8. Frequency (%) of the early developmental stageBiofmphalaria glabrata
from parental snails of the control group and after exposure to IONPs (A) arngd(BeCl
by their adult parentsCont. i control. *Egg masses was not produced. # statistical
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6.4. Conclusion

The chronic exposure to both iron forms induced differential bioaccumulation,
behavioral impairments and reproductive toxicity in the freshwater Bnaglabrata
IONPs induced high bioaccumulation, mortality rate and behavioral alterations when
comparedto its dissolved counterpart. The main behavioral impairments induced by
IONPs wereavoiding watershell reclusion andwim on the water surface. Similarly,
both iron forms reduced the fecundity and fertility, as well as the parental exposure
induced @vdopmental delays in the first generation. Overall results showed that the
potential toxicity of gluconieacid functionalized IONPs to freshwater sriilglabrata
indicating their potential use for control of snail that acts as intermediateohost
Schisbsoma mansoniNew studies with nomarget species, and coverirgpecific
functionalization tohe snail should be explored, since the IONPs had advantages over
other MNs due to the low cost of production and the possibilityittfidrawingfrom the
environment, thus being able to be applied in the control of schistosomiasis and

minimizing environmental impacts.
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7. CONCLUSI ES E PERSPECTI VAS

Este foi o primeiro estudo a realizar ubibliometria e umaeviséo sistematica da
literatura sobre a toxicidade dos nanomateriais NBM gastropodesquéticos e
terrestres, gambém o primeiro aavaliar comparativamente a toxicidade crénica das
nanoparticulas de 6xido de ferro (NOFs) funcionalizadas com acido glu¢d@to e
sua contrapartida ionica (Fel;Ino caramujd@iomphalaria glabrata

Os resultados da revisdo sistematica indicaram uai tte 60 estudosntre o
periodo de 2010 (primeiro registro) a dezembro de 2@#f,a aplicacdo de 18 tipos de
NMs em 21 espécies de gastropodes, terrestres e aquaticos, utilizados como sistema
modelo para avaliar a toxicidade destes NMs. Todas as iespée gastropodes
encontradas, foram associadas sua importancia epidemioldgica, atuando como
hospedeiros intermediarios de parasittenfatoidese nematoidesye importancia
médica e/ou veterinaria, mesmo que embora 0s estudos néo estivtiszemloosNMs
com a finalidade de controle do caramujo.

Os NMs foram capazes de induzir a bioacumulacdo, estresse oxidativo,
genotoxicidade, mutagenicidade, embriotoxicidade, toxicidade reprodutiva e
transgeracional, imunotoxicidade, mortalidade e alteracOespa@bamentais nas
diferentes espécies de gastropodidizadas. A partir destes efeitopudemos concluir
gue os NMg(embora pouco explorados com essa finalijjagieresentam resultados
promissores para sua utilizagcdo como agentes moluscicidas. Aémadi caramujos
foramconsideradoam sistema modelo adequado para avaliar os efeitos toxicos dos NMs
a partir de diferentes biomarcadores e formas de exposicao.

Algumas lacunas na pesquisa pamapliaro conhecimento e a utilizacé@®e NMs
como agentes moluscicidas foram indicadas con realizar estudos de campo e
abordagens de concentragcfes ambientalmente relevanjegindlisar os efeitos
comparativos dos NMs entre espécies nativas de caramujos e aquelas que atuam como
hospedeiros intermediariosjii() avaliara toxicocinética, especialmente a distribuicdo
tecidual, metabolismo e processo de desintoxicagdo de NMs em caramivjostiizér
de tecnologias OMICs (como transcriptdomica, protedmica e metaboldmica) parasajudar
entender o mecanismo de acao e toxicidade dos NMs para caramujos. Alénvilisso
avaliara toxicidade comparativa dos NMs durante todos os estagios de desenvolvimento

dos caramujos &) analisar doxicidade dos NMs em caramujos infectad®sm como
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(vii) verificar efeitos toxicos NMs para os parasitos dedtve caramujos €viii) estudar
a toxicidade dsNMs ao longo do ciclo de vida de parasigue tenham canaujoscomo
hospedeiros intermediariosao aspectosimportantespara o desenvolvimentoed
moluscicidas baseados em NMs.

Em relacdo a toxicidaderbnica das NOFsfuncionalizadas com AGle sua
contrapatida i6nica (FeG) (1,07 15,6 mg 1), nos caramujo8iomphalaria glabrata
efeitos diferenciais para as duas formas de ferro fobeervados e estdo
esquematicamente resumidos na Figuga Ambas as formas de Fe induziram a
bioacumulacao, alteragdes no comportamento e reduziram a fecundidade do cBramujo
glabrata, em termos da reducdo na producdo de ovos e massas ovigeras rpajocara
apos exposicao de 28 di&ontudq efeitos mais expressivos par@ioacumulacéo as
alteracdes no comportamento foi verificado para as N@tegianto maior efeito sobre a
toxicidade reprodutiva associada a idnica do Rpenas as NOFs induziram a
mortalidade dos caramujos adultos e a reducéao da fertilidadéermos do aumento da
taxa de mortalidade, reducéo da taxa de eclosdo e aumento da frequéncia de atrasos de
desenvolvimento dos embrides maior concentracdo de exposicdq§ibg LY). Efeitos
sobre os biomarcadores somaticos (taxa de crescimento, indice de condigdo corporal e

indicegonadossomatico) ndorbomevidenciads para nenhuma das formas de ferro.

Bioacumulagio " il I:I Indugdo
Mortalidade dos (adultos) 1 X
Biomarcadores somaticos X X N ~ Em relagao
(TC, IC, IGS) - Redugao - ao controle
AlteragOes no comportamento 1 1
Fecundidade (massas/caramjos) -- Sem efeito_
Fecundidade (ovos/massas) X _
Taxa de mortalidade embrides 111 11 1 ou | Quantidade de concentragdes

(ou tempo) que apresentaram

Taxa de atrasos no desenvolvimento 11 X

Il
-
=

Il
=)

Total de respostas aos biomarcadores n

Resposta das concentracdes ou tempo n=18 n=14

Figura 18 Resposta a diferentes biomarcesono caramujoBiomphalaria glabrata
apos exposicao cronica (28 dias) as NOFs funcionalizada&oio gluconicoAGL e

ao FeC. TC (taxa de crescimento), IC (indice de condi¢do corporal), IGS (indice
gonadossomatico).
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Estudosobrealteracdes no metabolismo energétiedteracdes histopatologicas nas
gbnadas e glandula digestiva do caramBjo glabrata desta exposicdo as NOFs
funcionalizadas com AGL e ao Fe(#stdo sendo realizados para melhor se compreender
0S mecanismos de acgéaoxicidade do Fe no canajo. Tendo em vista os efeitos de
aumento da mortalidade na concentracdo de 15.6 tngak NOFs e os efeitos da
toxicidade reprodutiva associada ao ferro, este estadoadmo perspectiva utilizacao
dasNOFs como agente malaicida para o controle da esquistossomose, jd@aeordo
com os parametros estabelecidos pela OMS, a atividade moluscicida de um composto &
reconhecida em concentragdes abaixo dem@®@* (WHO, 1993) Futuras investigacdes,
avaliando outrasconcentragfes, tipos de funcionalizacdo e diferentes estagios do
desenvolvimento do caramujo, bem como caramujos infegtadogequeridos para se
constatar a susceptibilidade do caramujo das N®para o avancto conhecimento da
utilizacdo deste NM aoo agente moluscicida e/ou de controle da populacdo de

caramujosB. glabrataaliados ao controle da esquistossomose.
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