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Vitrificagc&o de tecido ovariano de zebrafish (Danio rerio) encapsulado em
hidrogel de alginato de sédio

Autor: Thaiza Rodrigues de Freitas
Orientador: Danilo Pedro Streit Jr.
Co-orientadora: Andrea Gianotti Galuppo

Resumo: O zebrafish (Danio rerio) € um importante modelo animal e tem se
destacado na pesquisa biomédica por sua homologia fisiolégica e genética aos
humanos. Com isso, diversas linhagens e animais de grande valor genético tém sido
desenvolvidos, possuindo assim, grande necessidade de sua preservacdo. NO
entanto, a criopreservagdo de oocitos de peixe ainda € limitada e necessita
aprimoramento. O hidrogel de alginato de sodio além de fornecer suporte para as
células, tem demonstrado ser um potencial crioprotetor. Portanto, o objetivo deste
estudo foi avaliar a eficiéncia da técnica de encapsulamento em hidrogel de alginato
de sodio durante o procedimento de vitrificacdo do tecido ovariano de zebrafish. No
Experimento 1, foram avaliados a forma de encapsulamento (imersdo ou em 30 pL de
alginato), o momento de exposi¢ao ao crioprotetor (antes ou apos o encapsulamento)
e a temperatura de aquecimento (28, 37 e 50°C) e foi avaliada a integridade da
membrana pela coloracdo azul de tripan. Os dados mostraram que o tecido ovariano
encapsulado por imerséo, exposto ao crioprotetor apds o encapsulamento e aquecido
a 28°C, apresentou maior integridade de membrana em todas as fases de
desenvolvimento dos odcitos (PG: 37.71 + 3.86 %; CA: 29.93 + 4.18 %; Vtgl: 18.61 £
4.69 %) e foi utilizado no Experimento 2. No Experimento 2 foram avaliados quatro
grupos vitrificados (VS: Metanol 1,5 M + Me2SO 5,5 M + sacarose 0,5 M; VS1-A:
Metanol 1,5 M + Me2SO 5,5 M + sacarose 0,5 M - encapsulado em alginato; VS2-A:
Metanol 0,75 M + Me2SO 2,75 M + sacarose 0,25 M - encapsulado em alginato; VA:
encapsulado em alginato) e foram avaliados a integridade da membrana (SYBR-
14/Pl), morfologia (histologia — HE), atividade mitocondrial (MTT) e peroxidacao
lipidica (TBARS). O tratamento VA demonstrou menor percentagem de integridade de
membrana, enquanto VS demonstrou maior integridade de membrana no qual nédo
diferenciou do tratamento VS1-A. A atividade mitocondrial foi maior no tratamento ndo
encapsulado (VS) e os tratamentos encapsulados tiveram menor valor. O tratamento
VA obteve o maior nivel de peroxidacao lipidica, enquanto VS1-A e VS obtiveram os
menores valores no qual VS nao se diferenciou do tratamento VS2-A. Os resultados
obtidos neste trabalho demonstram que a técnica de encapsulamento em hidrogel de
alginato de sodio ndo teve acado crioprotetora e ndo permitiu a reducdo da
concentracdo de crioprotetores. No entanto, a partir de observagdes durante os
experimentos, foi encapsulamento dos fragmentos de tecido ovariano em hidrogel de
alginato, possibilitou suporte e evitou perda de células durante o processo de
vitrificacao.

Palavras-chave: Alginato; Tecido ovariano; Zebrafish; Criopreservacao; Odcito de

peixe.
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Vitrification of zebrafish (Danio rerio) ovarian tissue encapsulated in sodium
alginate hydrogel
Author: Thaiza Rodrigues de Freitas
Advisor: Danilo Pedro Streit Jr.
Co-supervisor: Andrea Gianotti Galuppo

Abstract: Zebrafish (Danio rerio) is an important animal model and has stood out in
biomedical research for its physiological and genetic homology to humans.
Thereby, several lines and animals of great genetic value have been developed, thus
having a great need for their preservation. However, the cryopreservation of fish
oocytes is still limited and needs improvement. The sodium alginate hydrogel, in
addition to providing support for the cells, has been shown to be a potential
cryoprotectant. Therefore, the aim of this study was to evaluate the efficiency of the
sodium alginate hydrogel encapsulation technique during the zebrafish ovarian tissue
vitrification procedure. In Experiment 1, were evaluated the encapsulation form
(immersion or 30 pL alginate bead), the moment of exposure to vitrification solution
(before or after encapsulation) and the warming temperature (28, 37 and 50 °C) and
was evaluated the membrane integrity by trypan blue stain. Data showed that ovarian
tissue encapsuled by immersion, exposed to vitrification solution after encapsulation
and warmed at 28°C, had higher membrane integrity of all oocyte developmental stage
(PG: 37.71 = 3.86 %; CA: 29.93 £ 4.18 %; Vtgl: 18.61 £+ 4.69 %) and was used in
Experiment 2. In Experiment 2 were evaluated four vitrified groups (VS: 1.5M Methanol
+5.5M Me2SO + 0.5M sucrose; VS1-A: 1.5M Methanol + 5.5M Me2SO + 0.5M sucrose
— encapsulated in alginate; VS2-A: 0.75M Methanol + 2.75M Me2SO + 0.25M sucrose
— encapsulated in alginate; VA: encapsulated in alginate) and were evaluated the
membrane integrity (SYBR-14/PI), morphology (histology — HE), mitochondrial activity
(MTT), and lipid peroxidation (TBARS). The VA treatment showed a lower percentage
of membrane integrity, while VS demonstrated a higher membrane integrity in which it
did not differ from the VS1-A treatment. Mitochondrial activity was greater in the non-
encapsulated treatment (VS) and the encapsulated treatments had less value. The VA
treatment obtained the highest level of lipid peroxidation, while VS1-A and VS obtained
the lowest values in which VS was not different from the VS2-A treatment. The results
obtained in this study demonstrate that the sodium alginate hydrogel encapsulation
technique did not have a cryoprotective action and did not allow the reduction of the
CPA concentration. However, the encapsulation of the fragments of ovarian tissue in
alginate hydrogel, enabled support and prevented loss of cells during the vitrification
process.

Key words: Alginate; Ovarian tissue; Zebrafish; Cryopreservation; Fish oocyte.
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1. INTRODUCAO

O zebrafish (Danio rerio) € um organismo modelo importante em diversos
campos de pesquisa (Kalueff et al., 2014), uma vez que seu genoma €
aproximadamente 70% semelhante ao dos humanos (Howe et al., 2013). Além disso,
laboratorios em todo o mundo produziram diversas linhagens zebrafish mutantes,
transgénicos e selvagens na ultima década (Hagedorn & Carter, 2011). A preservagao
desses valiosos genotipos € particularmente importante e apresenta desafios
significativos e urgentes e para isso, a criopreservacao de tecidos e gametas tem se
mostrado uma ferramenta eficiente capaz de suprir essa demanda. Particularmente
em peixes, a criopreservacdo de gametas € uma biotecnologia promissora para a
conservacdo de material genético que também pode ser aplicada a espécies
ameacadas de extingdo e espécies de importante valor comercial. Protocolos de
criopreservacédo de espermatozoides tém sido amplamente estudados para muitas
espécies de peixes diferentes, principalmente para salmonideos de agua doce e
ciprinideos, tornando a criopreservacado de gametas masculinos bem estabelecida e
comercializada (Asturiano et al., 2017). Porém, a criopreservacdo espermatica
preserva apenas o genoma paterno o que ndo € suficiente para manter a diversidade
genética, que também depende do genoma de origem materna (Zhang et al., 2007).
Estudos anteriores mostraram que a criopreservacdo de fragmentos de tecido
ovariano é uma alternativa promissora para a conservacao de odécitos de peixes (
Marques et al., 2015; Luji¢ et al., 2017; Marques et al., 2018; Marques et al., 2019). A
principal vantagem da criopreservacao do tecido ovariano € a maior permeabilidade
da membrana oocitaria quando comparada ao embrido, que possui um corion
totalmente formado (Zhang et al.,, 2005 Tsai et al., 2009b). Recentemente, foi
demonstrado que a vitrificacdo foi mais eficiente do que o congelamento lento na
prevencdo de danos mitocondriais, além de evitar 0 estresse oxidativo no tecido
ovariano do zebrafish (Marques et al., 2019). A vitrificacdo é uma técnica de
criopreservacao a partir de resfriamento ultrarrapido, que evita a formacao de cristais
de gelo por meio de alta concentracéo de agentes crioprotetores (CPAs) (Rall & Fahy;
1985). Durante o procedimento de criopreservacao, o CPA tem o papel de proteger
as células de danos por congelamento (ou seja, devido a formagcdo de gelo). No
entanto, de acordo com Best (2015) os crioprotetores podem ser considerados

toxicos, principalmente quando usados em altas concentracdes e em condigdes nao
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ideais, 0 que pode causar ruptura ou dano as membranas celulares, redugcdo da
funcdo mitocondrial, dano a proteinas ou outras macromoléculas entre outros efeitos
toxicos. Para superar esses problemas, a vitrificagdo com baixa concentracao de CPA
precisa ser explorada para a criopreservacao de células e tecidos.

Na tentativa de promover maior protecéo em relacdo aos danos causados pelos
procedimentos de criopreservacao de células e tecidos, o encapsulamento celular em
biomateriais como o hidrogel tem se mostrado capaz de reduzir o uso de altas
concentracbes de CPAs sem comprometer os resultados na vitrificacdo (Weng &
Beauchesne, 2020). O alginato de sodio é um polissacarideo aniénico produzido pela
alga marrom que, quando em contato com os ions célcio, é reticulado, formando o
hidrogel de alginato. Suas caracteristicas incluem biodegradabilidade,
biocompatibilidade, ndo toxicidade e capacidade de absorver grande quantidade de
agua (Leong et al.,, 2016), além disso esta substancia apresenta propriedades
antioxidantes. (Krdl et al., 2017). A reticulacdo ibnica de alginato apresenta vantagens
como a baixa quantidade de sal necessaria para formar o gel e o controle da
reticulacdo pela concentracdo de alginato (Devolder & Kong, 2012). A estrutura
semelhante a um gel dentro do hidrogel de alginato permite que as células
encapsuladas tenham um ambiente semelhante a uma matriz extracelular (ECM)
(Gattazzo et al., 2014). O encapsulamento em hidrogel de alginato, mantém a
estrutura celular in vitro que morfologicamente se assemelha ao ambiente in vivo, com
melhor porosidade, proliferacdo celular e resisténcia mecanica (Kreeger et al., 2006).
O hidrogel de alginato é utilizado em engenharia de tecidos (SAROIA et al., 2018),
estrutura para cultura de células (WEST et al., 2007) e transplante de células / tecidos
(Poels et al., 2016).

Estudos utilizando hidrogel de alginato para criopreservacdo de células de
mamiferos, demonstraram que, a encapsulacédo em hidrogel de alginato pode reduzir
significativamente a concentracao e até mesmo eliminar os CPAs. O encapsulamento
de células-tronco mesenquimais de camundongo em hidrogel de alginato pode reduzir
a concentracdo de dimetilsulfoxido (Me2SO) para 1,5 M para vitrificagcdo, resultando
em 88,9 = 2,9% da integridade da membrana (Zhang et al., 2010). Um estudo com
vitrificacdo de células-tronco embrionarias murinas e ceélulas-tronco derivadas de
tecido adiposo humano encapsuladas em hidrogel de alginato, apresentaram pelo
menos 80% de integridade de membrana, utilizando 1,5 M 1,2-propanodiol (PROH) e
0,5 M trealose para microcapilares de quartzo e 2 M PROH e trealose 1,3 M para
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palheta de plastico (Huang et al., 2015). Fibroblastos humanos encapsulados em
hidrogel de alginato criopreservado por resfriamento lento, na auséncia de CPA,
exibiram uma atividade metabdlica semelhante aos fibroblastos tratados com Me2SO
e trealose (Mohanty et al., 2016). Recentemente, um estudo realizado com vitrificacédo
de tecido ovariano de zebrafish utilizando solucdo de alginato de sodio (sem
encapsular) sem crioprotetores internos, resultou entre 40 e 60% de integridade de
membrana do total de o0citos do tecido ovariano (todos o0s estagios de
desenvolvimento) (Gomes, 2020). No entanto, ndo ha estudo utilizando o
encapsulamento em hidrogel de alginato de sbédio em células de peixes
criopreservadas.

Portanto, o objetivo deste estudo foi avaliar a eficiéncia da técnica de
encapsulamento em hidrogel de alginato de sddio na vitrificacdo de fragmentos de

tecido ovariano de zebrafish, visando aprimorar o protocolo de vitrificagao.



12

2. REVISAO BIBLIOGRAFICA

2.1 Criopreservacao

A criopreservacao foi desenvolvida a partir dos conhecimentos da criobiologia,
ciéncia que estuda a vida em baixas temperaturas, que tem como objeto de estudo
qualguer material biolégico submetido a uma temperatura abaixo de sua variagdo
fisiolégica. A criopreservagcdo preserva a viabilidade das células ou dos tecidos
armazenados em baixas temperaturas, em estado de quiescéncia, induzindo a
interrupcdo das reacdes enzimaticas, possibilitando, apds o aguecimento do sistema,
a restauracdo da atividade metabdlica (Mazur, 1977). Geralmente, os materiais
biolégicos sédo estocados em gelo seco (-80 °C), em ultra freezer (-80 °C), suspensos
em vapor de nitrogénio liquido (abaixo de -130 °C) ou imersos em nitrogénio liquido (-
196 °C). Nessas temperaturas os niveis de energia cinética sdo demasiadamente
baixos para permitir o movimento molecular (Grout et al., 1990), e qualquer atividade
bioldgica, incluindo reagbes bioquimicas que levariam ao envelhecimento e morte
celular sao efetivamente paralisadas (Mazur, 1984). Uma das primeiras pesquisas que
obtiveram sucesso na criopreservacao de gametas foi relatada por Polge et al. (1949),
com espermatozoides de galo. A primeira criopreservacdo de sémen de peixes bem
sucedida foi em 1953, utilizando arenque (Blaxter, 1953). Whittingham (1972) e Wilmut
(1972) foram os primeiros a criopreservar embrides de camundongos e Trounson
(1983) embrides humanos. Desde entdo, a criopreservacdo de gametas e tecidos,
vem sendo estudada por inUmeros pesquisadores devido ao seu potencial no
tratamento da infertilidade humana, estocagem de DNA de animais de alto valor
zootécnico, transgénicos ou espécies em perigo de extingao (Taylor et al., 2019). Para
a célula ou tecido alcancar a baixas temperaturas, ocorrem reacdes bioquimicas que
podem causar a morte celular, sendo deste modo, importante estudar os mecanismos
fisicos e biolégicos relacionados a lesé@o celular oriundos do resfriamento. A partir
deste contexto, o principal objetivo do processo de criopreservacdo € minimizar a

lesdo do tecido por baixas temperaturas abaixo de zero (Shaw & Jones, 2003).

2.2 Crioinjarias

Os danos causados pelo processo de criopreservacdo sdo chamados de

crioinjurias, sendo que sua origem pode ser pela exposicdo aos crioprotetores e a
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reducdo de temperatura e posterior aguecimento da amostra (Gosden, 2011),
causando danos celulares estruturais e metabdlicos. Uma outra definicdo quanto a
origem das crioinjarias, foi definida por Fickel et al., (2007) que relacionam a interacéo
entre as mudancas biofisicas, bioquimicas e ambientais ocorridas durante o processo
de criopreservacéao.

As células e tecidos sdo ocupadas em grande propor¢ao por agua, assim a
transicdo da agua no estado liquido para o estado solido é a preocupacédo central
durante o processo de criopreservacao (Bakhach, 2009). Quando a temperatura
diminui e atinge o ponto de congelamento, ocorre 0 processo de nucleacdo da agua e
formacéo de cristais de gelo (John morris & acton, 2013). A formacédo de cristais de
gelo no meio intracelular, € um dos principais causadores de dano no processo de
criopreservacao, ocasionando rompimento de membrana e morte celular (Kopeika et
al,, 2015). O gelo intracelular acomete as cristas e a matriz mitocondrial (Bonetti et al.,
2011; Mazoochi et al., 2008), fato que pode prejudicar seriamente 0 metabolismo
celular (Shahedi et al., 2013). Assim, o0s protocolos de criopreservacao visam
desidratar o espaco intracelular, consequentemente, minimizando a formacao de gelo
intracelular, mantendo a concentracdo de soluto baixa (Smith & Silva, 2004). De
acordo com os conceitos classicos de Criobiologia definidos por Mazur (1977) os
cristais de gelo intracelulares podem ser inofensivos se o seu tamanho for controlado.
Porém, o mesmo autor observa, que o0s cristais de gelo sdo instaveis em um
aguecimento lento e podem agregar-se, formando cristais maiores (nucleacdo). O
resultado final, de acordo com Mazur (1977), é o crescimento de cristais de gelo
através dos canais aquosos na membrana plasmatica, que ocorrem devido aos

cristais de gelo extracelulares.

Os cristais de gelo extracelulares séo causados devido ao aumento da pressao
osmoética no espaco extracelular, criando um gradiente osmoético através da
membrana plasmatica, o que resulta em agua fluindo para fora da célula e congelando
externamente (Mazur, 1984). Essa formacdo de gelo extracelular pode gerar lesbes
mecanicas nas células e aumenta a concentragcéo do soluto extracelular, resultando
em desequilibrio entre o meio intracelular e a solucdo extracelular ainda né&o
congelada, com isso, a célula desidrata e ndo congela (Mazur, 1984). A desidratacdo

celular pode levar a cristalizacdo de sais tampdes que resulta em importantes
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variacdes de pH com a consequente desnaturagdo irreversivel de certas proteinas
(Karow & Webb, 1965).

As baixas temperaturas também podem produzir danos as células, chamada
de leséo por frio, que de acordo com Levitt (1980) € definida como estresse de baixa
temperatura na auséncia de congelamento. Uma mudanca brusca de temperatura
(choque térmico) durante o resfriamento pode resultar em lesdes nas membranas
celulares, mesmo na auséncia de formacao de cristais de gelo (Farrant & Morris,
1973). O dano também pode ser causado quando as células sdo mantidas em
temperaturas criticas abaixo de sua temperatura fisiolégica. De acordo com Watson &
Morris (1987) a lesdo por frio € um dos fatores limitantes para alcancar a
criopreservacao ideal, e neste caso produz danos termotrépicos as membranas
celulares, produzindo em desequilibrios metabdlicos e mudancas na fluidez da
membrana.

Durante o resfriamento, a transicdo da fase lipidica da fase liquido-cristalina
para a fase gel resulta no vazamento de solutos através das membranas (Watson &
Morris, 1987), danificando a célula. Este fendmeno pode ser constatado no estudo de
Rauen et al. (1999), observando que devido ao rapido resfriamento dos tecidos
animais, as mitocondrias das células tornaram-se mais permeaveis e resultam em
danos celulares. Por outro lado, Liu (2000) afirmou que a taxa de resfriamento mais
rapida produz tensdo aumentada para uma dada reducdo de temperatura. Apos a
transicao de fase, muitas propriedades bioldgicas da membrana séo alteradas, o que
leva a alteracdo das atividades da membrana, proteinas e enzimas associadas a
membrana (Cossins, 1983). Devido a variacdo de temperatura, ocorre o distlrbio do
equilibrio homeostatico, resultante dos diferentes efeitos do frio sobre os processos
enzimaticos e ndo enzimaticos no interior da célula. Esta condicdo resulta em:
desnaturacdo de proteinas (Lattman et al., 1994) e induz ao estresse oxidativo,
levando a producdo de espécies reativas de oxigénio (Mckersie et al., 1990;
Scandalios, 1993; Tsang et al., 1991). E como resultado final, pode causar a
desnaturacao de proteinas, peroxidacéo de lipideos e apoptose celular (Prasad, 1996;
Wood & Youle, 1995).

O processo de criopreservacdo (resfriamento e aquecimento) aumenta a
producdo de Espécies reativas a oxigénio (ERO) e causa alteracées no metabolismo
oxidativo (Dowling & Simmons, 2009). Este processo esta relacionado aos estresses
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resultantes das mudancas de volume e consequentes alteragdes nas concentracoes
de ions e eletrolitos das solugdes crioprotetoras intra e extracelulares (Stornelli et al.,
2005). As ERO podem causar danos ao DNA, lipideos, proteinas e acucares (Evans
et al., 2004), que por consequéncia afetam o desenvolvimento e sobrevivéncia da
célula. Além disso existem os fatores fisicos, como a manipulacdo e mudancas de
pressao que podem estar envolvidos na destruicdo das células (Ashwood-Smith et al.,
1988; Schneider & Mazur, 1987).

2.3 Crioprotetores

Para evitar os possiveis danos no processo de criopreservacao sao utilizados
crioprotetores (CPAS), que sdo compostos quimicos naturais ou sintéticos. Entre as
funcBes dos crioprotetores, a principal € remover e/ou substituir o liquido intracelular
(Ebertz & Mcgann, 2004) e assim, reduzir a quantidade de gelo formado no processo
de criopreservacdo. O crioprotetores Sa0 hecessarios para aumentar a
permeabilidade da membrana e a desidratacéo parcial da célula, diminuindo o ponto
de congelamento, e reduzindo assim a formacéo de cristais de gelo intracelulares
(Rosato & laffaldano, 2013). Para este objetivo, existem dois tipos de crioprotetores,

0S permeaveis e ndo permeaveis (Borini et al., 2006).

2.3.1 Crioprotetores permeaveis

Os crioprotetores permeaveis sao substancias quimicas de alta solubilidade e
de baixo peso molecular capazes de se difundir através da membrana plasmatica e
desempenhar sua acdo crioprotetora por todo o citoplasma e organelas (Hubalek,
2003). Os crioprotetores intracelulares mais comumente utilizados séo: etileno glicol
(EG), Me2SO, metanol, propileno glicol e o glicerol (Elliott et al., 2017). Esses
crioprotetores tém a capacidade de reduzir a concentragdo de solutos prejudiciais,
aumentar a fragcdo descongelada e reduzir a desidratacao durante o congelamento e
o descongelamento (Mazur, 2004). Os crioprotetores permeaveis entram nas células
em resposta as moléculas de agua que saem das células devido a formacéao de gelo
extracelular. Isso diminui consideravelmente o ponto de congelamento, resultando na
prevencéo da formacéo de gelo intracelular (Shepard et al., 1976).

O Me2SO0 é o crioprotetor mais utilizado na criopreservacao de ampla variedade

de tipos de células, tem peso molecular 78 g/mol e passa rapidamente através das
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membranas (Hubdlek, 2003), substituindo rapidamente a agua que saiu da célula,
impedindo a desidratacéo e formacao de gelo intracelular. O etileno glicol e propileno
glicol, devido a sua alta viscosidade, promovem pequena cristalizacdo granular e
solidificacdo amorfa em baixas temperaturas, diminuindo a quantidade de agua dentro
das células e reduzindo a formacao de gelo intracelular (Wu & Lee, 1996). O metanol,
devido ao seu baixo peso molecular (32 g/mol), tem uma alta taxa de permeabilidade,
superando significativamente o Me2SO (Zhang et al., 2005). No entanto, o uso de

alcoois monovalentes é pouco frequente, devido a sua alta toxicidade.

2.3.2 Crioprotetores ndo permeaveis

Os crioprotetores ndo permeaveis sdo normalmente acucares ou polimeros de
cadeia longa e de alto peso molecular e, portanto, ndo conseguem penetrar no interior
das células (Hubalek, 2003). A sacarose, glicose e frutose sdo os acglUcares mas
utilizados como crioprotetor ndo permeavel. O leite em pd e a gema de ovo também
sdo exemplos de crioprotetores ndo permeaveis mais utilizados, no qual sao fontes
ricas em proteinas e lipideos. Os crioprotetores ndo permeaveis exercem gradiente
osmotico, fazendo com que a agua intracelular migre para o ambiente extracelular
(Kopeika et al., 2005), resultando na reducéo da formacéo de gelo intracelular durante
o congelamento. Por serem compostos hidrofilicos, eles se ligam as moléculas de
agua, aumentando a viscosidade da solu¢éo e diminuindo a formacao de cristais de
gelo extracelular (Fahy, 2007). Além disso, os crioprotetores ndo permedaveis também
melhoram a vitrificacdo das solucfes, estabilizam proteinas e membranas e evitam a

formacdao progressiva de gelo (Fahy et al., 1984; Fahy, 1986; Takahashi et al., 1986).

Os crioprotetores ndo permeaveis geralmente sdo utilizados em combinacao
com crioprotetores permeaveis. Para suportar os crioprotetores permedaveis na
vitrificacdo, agucares séao adicionados para contribuir para a viscosidade e tonicidade
do meio de vitrificacdo, permitindo o uso de concentracbes mais baixas de
crioprotetores permeaveis e, assim, diminuindo os efeitos de choque osmético e
citotéxico (Best, 2015). Os crioprotetores ndo permedveis induzem a desidratacéo e o
encolhimento osmdético da célula, diminuindo o risco de cristalizacdo intracelular do
gelo. Além de ajudar a controlar a reidratacédo celular durante o aquecimento (Yavin
et al., 2009).
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2.3.3 Toxicidade dos crioprotetores

Embora os crioprotetores protejam as células dos danos causados no processo
de criopreservacao, eles podem causar danos quando usados em altas concentracdes
(Fahy, 1986), podendo resultar na ruptura ou danos as membranas celulares, reducao
da funcdo mitocondrial, danos as proteinas ou outras macromoléculas entre outros
efeitos toxicos (Best, 2015). A adicdo e remocao dos crioprotetores causam um
estresse osmotico inevitavel a célula e suas membranas (Armitage, 1987). Os
crioprotetores toxicos podem causar danos nas proteinas por desidratacdo, ao se
ligarem a moléculas de agua, impedindo que as mesmas hidratem adequadamente
proteinas e outras macromoléculas (Clegg et al., 1982). Talvez este fato explique que
cada crioprotetor tem seu préprio mecanismo de toxicidade, apresentam diferentes

efeitos fisico-quimicos e osmoéticos (Fahy et al., 2004).

A toxicidade dos diferentes crioprotetores pode ser mais ou menos intensa para
diferentes células, tecidos ou organismos. O metanol afeta as membranas celulares,
interagindo com fosfolipidios e desestabilizando a bicamada lipidica das membranas
(Hoetelmans et al., 2001). No entanto, 0 metanol € menos toxico para embrides de
zebrafish (Zhang et al., 1993), odcitos (Plachinta et al., 2004), foliculos ovarianos
isolados (Tsai et al., 2009a; Zampolla et al., 2008) e espermatozoides de varias
espécies de peixes (Lahnsteiner et al., 1997). O Me,SO pode aumentar a
concentracdo de ions calcio no citoplasma, causando diferentes respostas
metabdlicas, como despolimerizacdo e montagem do citoesqueleto (Yamamoto,
1989), além de poder causar deformacdo da membrana e desnaturacao de proteinas
(Parkes & Smith, 1953). Ja o propileno glicol, é caracterizado por uma baixa
toxicidade, sendo considerado um composto nao-genotoxico ou carcinogénico (Aye et
al., 2010).

s

A toxicidade dos crioprotetores € um dos maiores obstaculos da
criopreservacao de células e tecidos. Estratégias, como o uso de crioprotetores menos
toxicos e/ou a combinagcdo de dois ou trés crioprotetores, tem sido sugeridas nos
procedimentos de criopreservacao (Vajta & Nagy, 2006). Outra alternativa sédo as
tentativas de otimizar, as taxas de resfriamento e aguecimento ou o tempo de adi¢céo

de crioprotetores individuais durante o resfriamento (Best, 2015).
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2.4  Vitrificacéo

Os protocolos de criopreservagcdo podem ser classificados em dois grandes
grupos: lentos (congelamento lento) e super-rapidos (vitrificacdo). Se diferem de
acordo com a curva de resfriamento e concentracdo de crioprotetores utilizados
(Rosato & laffaldano, 2013). Independente do protocolo de congelamento adotado,
lento ou super-rapido, ambos, baseiam-se nos mesmos principios, proteger as células
dos danos devido a formagéao de gelo intracelular, da desidratacéo celular excessiva
e das altera¢gdes nas concentracdes de solutos. Os protocolos de criopreservacao séo
constituidos basicamente pela exposicdo a solucdo crioprotetora; resfriamento e
reducdo gradual da temperatura (congelamento lento) ou reducdo rapida da
temperatura (vitrificacao); estocagem em nitrogénio liquido (NL); descongelamento ou

aguecimento e remocao da solugéo crioprotetora (Santos et al., 2008).

A vitrificagdo surgiu como uma alternativa ao congelamento lento, como a
primeira criopreservagao “livre de gelo”, utilizando embrido de camundongo (Rall &
Fahy, 1985). E uma técnica que possui a taxa de resfriamento extremamente rapida
(>20.000 °C/min ou superior) (Vajta, 2013), no qual utiliza solu¢des aquosas contendo
altas concentracdes de crioprotetores (Rall & Fahy, 1985). A alta concentracdo de
crioprotetores aumenta a viscosidade do meio e as células apresentam algumas
caracteristicas semelhantes ao estado liquido e outras préprias de um sélido cristalino
(Yamaki et al., 2002). Consequentemente, a agua passa do estado liquido para o
vitreo, sem exposicdo ao estagio cristalino (Rall & Fahy, 1985). Assim, as taxas de
resfriamento ultrarrapidas reduzem as lesdes decorrentes do resfriamento, da por¢céao
lipidica das membranas celulares e do citoesqueleto, por passar rapidamente pelas
zonas térmicas criticas (Vajta & Kuwayama, 2006).

O método de vitrificagao, além de ser um procedimento extremamente rapido,
apresenta a vantagem do custo reduzido, ja que néo requer a utilizacado por exemplo
de equipamentos como freezer de congelamento programavel (Yavin et al., 2009). No
entanto, o uso de altas concentracdes de crioprotetores permedveis requer atengao,
pois aumenta a ocorréncia de lesdes toxicas e osmoticas. Portanto, a vitrificacdo com
baixa concentracao de crioprotetores precisa ser explorada para a criopreservacgéo de

células e tecidos.
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2.5 Hidrogel de alginato de sédio

O alginato de sodio € um polissacarideo aniénico produzido por algas marinhas
pardas e portanto, € uma substancia biodegradavel, biocompativel e néo téxico
(Leong et al., 2016). Além disso, esta substancia apresenta potencial (propriedades)
antioxidantes (Krdl et al., 2017) e possui capacidade de reter grandes quantidades de
liquidos (Josef, 2010). O hidrogel de alginato de sodio é obtido através da reticulacao
entre o alginato e alguns cations divalentes ou trivalentes, onde os cations mais
comuns sdo o Ca?*, Ba?* e Sr?* (Day et al., 2000; Day & Harding, 2008). A reticulagcéo
ibnica do alginato traz vantagens como a baixa quantidade de sal necessaria para a
formacgéo do gel, a ndo toxicidade do sal para as células e o controle da reticulagao
pela concentracdo do alginato e do sal (Devolder & Kong, 2012). Soma-se ainda o fato
de ser um biomaterial de facil manipulacéo, sendo possivel a producdo de esferas
(beads), a temperatura ambiente, sem a necessidade de equipamentos complexos,
apenas com o0 uso de béqueres e seringas podendo ser realizado em qualquer
laboratorio (Leong et al., 2016).

O encapsulamento de células animais em hidrogel de alginato de sodio teve
inicio final dos anos 1980, com as llhotas de Langherans e hepatdcitos, visando
prevenir a rejeicdo imunolégica no transplante dessas células (Bruni & Chang, 1989;
Mazaheri et al., 1991; O’shea & Sun, 1986). Nesses estudos foi descoberto que o
hidrogel de alginato permite a difusdo de pequenas moléculas e metabdlitos para
dentro e para fora das células transplantadas. Com isso, 0 encapsulamento das
células e tecidos em hidrogel de alginato tem sido muito aplicado em engenharia de
tecidos, como uma estrutura 3D para células em suspenséo, permitindo a passagem
dos nutrientes do meio de cultura para as células. O hidrogel de alginato foi utilizado
como estrutura para apoiar o crescimento in vitro de foliculos isolados de tecido
ovariano humano (Yin et al.,, 2016), e mais recentemente na criopreservacao de
células de mamiferos (Benson et al.,2018). Na tentativa de promover maior protecao
em relacdo aos danos causados pelos procedimentos de criopreservagédo de células
e tecidos, o encapsulamento celular em biomateriais de hidrogel tem se mostrado
capaz de reduzir o uso de altas concentracdes de crioprotetores sem comprometer os
resultados de vitrificagdo (Mohanty et al., 2016; Weng & Beauchesne, 2020). Soma-
se ainda, vantagens para a manipulacdo das células no processo de criopreservacao
(Camboni et al., 2013).
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Estudos utilizando hidrogel de alginato para criopreservacdo de células de
mamiferos, demonstraram que o encapsulamento em hidrogel pode reduzir
significativamente a concentracdo e até mesmo eliminar os crioprotetores tradicionais.
O encapsulamento de células-tronco mesenquimais de camundongo em hidrogel de
alginato usando concentracado de Me2SO 1,5 M para vitrificagao resultou em 88% da
integridade da membrana, enquanto as células ndo encapsuladas, com a mesma
concentracdo de crioprotetores, resultaram em apenas 42% (Zhang et al., 2010). Um
estudo com vitrificacdo de células-tronco embrionarias murinas encapsuladas e
células-tronco humanas derivadas do tecido adiposo em hidrogel de alginato
resultaram em 80% de integridade de membrana utilizando uma concentragao 4 vezes
menor de crioprotetor, onde o autor notou que as células encapsuladas tiveram um
grande impacto na inibicdo da formacéo de gelo intracelular durante o aguecimento
(Huang et al., 2015). O congelamento lento de fibroblastos humanos encapsulados
em hidrogel de alginato, na auséncia de crioprotetores, resultou em uma atividade
metabdlica semelhante a dos fibroblastos criopreservados com Me2SO e trealose
(Mohanty et al., 2016).

O encapsulamento em hidrogel de alginato de foliculos ovarianos humanos
permitiu, além de uma estrutura para os foliculos em suspensao, auxiliar como
crioprotetor em conjunto com outros crioprotetores convencionais. Um estudo
conduzido por Camboni et al. (2013) com congelamento lento de foliculos primordiais
humanos encapsulado em hidrogel de alginato junto com 1,4 M Me,SO + 2% Albumina
sérica humana (HSA), os autores obtiveram 93,2% de integridade de membrana
(avaliada com sondas fluorescentes). Foliculos pré-antrais humanos encapsulados
em hidrogel de alginato por Bian et al. (2013) foram vitrificados com 40% Etileno Glicol
(EG), 0,6 mol/l sacarose, e 20% HSA e apresentaram 81,25% de integridade de
membrana quando avaliados por marcadores “live” (calceina-AM) e “dead”
(homodimero de etidio-1). No entanto, foliculos pré-antrais bovinos encapsulados e
vitrificados juntamente com 15% Me2S0O, 15% EG, 0,5 M sacarose, apresentou menor
integridade de membrana (45,9%) quando comparado com foliculos néo
encapsulados e vitrificados com a mesma solucao de vitrificacao (87,5%), em que o
autor cita que a vantagem do uso do alginato seria para auxiliar na manipulagéo dos
foliculos (Bus et al., 2018).

Os resultados descritos evidenciam que o encapsulamento celular em hidrogel

de alginato de sodio ndo apenas pode substituir ou reduzir os crioprotetores
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tradicionais, como também pode aprimorar protocolos junto com 0s crioprotetores e
dar suporte para as células em suspensdo no processo de criopreservacdo. No
entanto, ndo ha estudos de células de peixes encapsuladas em hidrogel de alginato

sodio e criopreservadas até 0 momento.

2.6  Estagios de desenvolvimento dos odcitos de peixes teledsteos

Devido a grande variedade de espécies de peixes e estudos sobre estes,
diversas terminologias para descrever a fase reprodutiva e estagios de
desenvolvimento dos gametas foram descritas. Isso tornou dificil para cientistas e
gestores de recursos se comunicarem e fazer comparagdes entre os estudos, e com
isso, Brown-Peterson et al. (2011) padronizou as terminologias sobre o
desenvolvimento reprodutivo de peixes.

A oogénese ¢é iniciada a partir da oogbnia, uma vez que iniciam a meiose,
entram em estagio de desenvolvimento do nucléolo da cromatina, sdo considerados
odcitos (Lowerre-Barbieri et al., 2011). Os desenvolvimento dos od6citos sdo descritos
em Crescimento primario (CP ou PG em inglés) e Crescimento secundario (CS ou SG
em inglés). Quando a meiose é interrompida e ha o desenvolvimento do corpusculo
de Balbani os odcitos sédo caracterizados como 00citos em crescimento primario (CP)
(Gier et al., 2009). O crescimento secundario € composto pelos estagios alvéolo
cortical (CA) e vitelogénicos (Vtg) (Brown-Peterson et al., 2011). A oogénese temina
na maturacédo e ovulacao.

Os odcitos CA estdo em estagio previtelogénico em que 0s o6citos aumentam
de tamanho e, muitas vezes, adquirem goticulas de 6leo (Lowerre-Barbieri et al., 2011)
(Fig. 1), sua formacéo depende de gonadotropina (Lubzens et al., 2010). Ja o estagio
vitelogénico é dividido em trés fases, vitelogénico primario (Vtgl), vitelogénico
secundario (Vtg2) e vitelogénio terciario (Vtg3) (Fig.1). Os odcitos Vtgl apresentam
pequenos granulos de vitelo na periferia do odcito e ndcleo, e possuem goticulas de
lipideo. Os odcitos Vtg2 possuem granulos de vitelo maiores por todo o citoplasma e
possui goticulas de lipideos. E no odécito Vtg3 o acumulo de vitelo esta basicamente
completo, com numerosos globulos de vitelo e grandes preenchendo todo o
citoplasma com goticulas de 6leo envolvendo o nucleo (Matsuyama et al. 1990; Murua
et al. 1998).
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A maturacao dos odcitos € dividido em quatro estéagios (Fig. 2): Migracdo de
vesicula germinal (GVM); Coalescéncia do vitelo (YC); Quebra de vesicula germinal

(GVBD); Hidratac&o. Apds a ovulacao ha a formacéao do foliculo pos ovulatorio (POF).

Vig3

Oocyte development

Figura 1. Estagios de desenvolvimento dos odcitos de truta marinha pintada
Cynoscion nebulosus. Adaptado de Lowerre-Barbieri et al., 2011.

Post-GVBD
GVM Late GVM with YC ~ GVvBD . hydration ~ Ovulation

Oocyte maturation

Figura 2. Fases da maturacao dos o0citos de truta marinha pintada Cynoscion
nebulosus. Adaptado de Lowerre-Barbieri et al., 2011

2.7 Criopreservacao de oo6citos de peixe

Protocolos de criopreservacdo de espermatozoides foram desenvolvidos em
mais de 200 espécies de peixes até ano 2000, das quais aproximadamente 40 sao
espécies marinhas (Tiersch & Mazik, 2000). Recentemente Asturiano et al. (2017)
relacionou estudos sobre criopreservagdo de espermatozoides de mais 44 espécies
de peixes publicados desde o0 ano 2000. A criopreservacdo dos gametas paternos e
maternos forneceria uma fonte confiavel de material genético de peixes para fins

cientificos e para a aquicultura, bem como para a conservacao da biodiversidade (Tsai
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et al., 2009a). A criopreservacado do genoma materno é importante, pois preserva o
DNA mitocondrial e os mMRNAs que determinam o0s estagios iniciais do
desenvolvimento embrionario (Tsai et al., 2010). No entanto, a criopreservacédo de
oocitos e embrides de peixes ainda ndo esta bem estabelecida. Estudos mostraram
que existem varios obstaculos a criopreservacao de embrides de peixes: (a) o grande
tamanho dos embrides de peixes, resultando em uma baixa area de superficie em
relacdo ao volume, o que reduz a taxa de movimentacdo de agua e crioprotetores
durante a criopreservacdo; (b) o complexo sistema de membrana e a baixa
permeabilidade dos embrides de peixes ndao permitem a desidratacdo celular
suficiente nem a penetracdo de crioprotetores, resultando na formacdo de gelo
intracelular que € letal para as células; e (c) os embrides de peixes tém um alto
conteudo de vitelo associado a sua alta sensibilidade ao frio, tornando-0s mais
suscetiveis a lesdes durante a exposi¢do a temperaturas abaixo de zero (Zhang et al.,
2008).

Em comparacdo aos embrides, os odécitos sdo menores em tamanho,
oferecendo uma area de superficie mais vantajosa em relacao ao volume e possuem
uma estrutura muito mais simples, sua tolerancia a toxicidade dos crioprotetores é
muito maior (Plachinta et al., 2004), e as membranas de o4citos de peixes sdo mais
permedveis a agua e aos crioprotetores (Zhang et al., 2005). Porém, inimeros estudos
foram realizados sobre a criopreservacédo de foliculos ovarianos isolados de peixes
em diferentes estagios, e todos levam a uma viabilidade baixa e comprometedora.
Estudos demonstrando a criopreservacao oécitos de zebrafish em estagio vitelogénico
primario (Vtgl) com o método de congelamento lento e obtiveram viabilidade,
utilizando a coloragao de azul de tripan, entre 14,9 e 46,2% ( Zhang et al., 2008; Guan
et al.,, 2008a; Zampolla et al.,, 2012) . Por outro lado, Tsai et al. (2009a)
criopreservaram o0citos em estagio de crescimento primario (CP) e alvéolo cortical
(CA) de zebrafish e obtiveram resultados de viabilidade por coloracdo de fluorescéncia
com diacetato de fluoresceina combinados com iodeto de propidio de 50,7%. Por
outro lado, por apresentarem um menor tamanho CP e CA em relagédo ao Vtgl, resulta
em uma maior relacdo superficie/volume e, portanto, podem ser mais permeéveis a

agua e solutos, aumentando as chances de sobrevivéncia durante a criopreservacao.
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O método de criopreservagdo utilizado na maioria das pesquisas foi o de
congelamento lento controlado. Nos primeiros estudos que investigaram a eficiéncia
da vitrificacdo na criopreservacao de oocitos de estagio Vtgl de peixes, 0s autores
relataram perda da viabilidade folicular apos o aquecimento (Guan et al., 2010; Godoy
et al., 2013). Um provavel motivo para a perda de viabilidade, é explicado por Gosden
(2011) que relaciona a exposicdo dos olcitos aos crioprotetores, a reducdo de
temperatura e o posterior aquecimento da amostra criopreservada, que podem
ocasionar danos celulares estruturais e metabdlicos. No estudo conduzido por Guan
et al., (2010) a viabilidade (coloracdo de azul de tripan) dos foliculos ovarianos logo
apos o descongelamento foi superior a 80%. Os fragmentos de tecido ovariano
contendo odcitos em estagio Vtgl vitrificado por Godoy et al. (2013), apresentaram
integridade da membrana de 59,9%. Porém os autores observaram que a viabilidade
diminuiu apds duas horas de incubacéo a temperatura ambiente e o nivel de ATP nos
foliculos ovarianos diminuiu  significativamente  imediatamente apds o

descongelamento.

7

A criopreservacdo de fragmentos de tecido ovariano é uma alternativa
promissora para a preservacao de o00citos, pois apresentam como principais
vantagens para a criopreservacao a presenca de multiplos foliculos imaturos. Dentre
as vantagens, possuem tamanho reduzido e, portanto, alta taxa de relacdo de
superficie/volume, maior permeabilidade de membrana do que embribes, e auséncia
de um cérion completamente formado ( Zhang et al., 2005; Tsai et al., 2009a). Essas
caracteristicas garantem a reducéo no indice de danos que seriam causados durante
0 processo de criopreservacdo, mesmo havendo formacao de cristais de gelo, ndo
haveria lesbes de estruturas complexas, como no caso de odécitos maduros. A
criopreservacéo do tecido ovariano foi proposta pela primeira vez em zebrafish por
Zampolla et al., (2011), em que foi utilizada a técnica de congelamento lento, apds: e
subsequente avaliacdo da viabilidade utilizando azul de tripan e sondas fluorescentes.
Os autores concluiram, que os fragmentos ovarianos contendo odécitos nos estagios
CP e CA (imaturos) eram menos sensiveis a criopreservacao do que o0 00cito ovariano
de estégio Vtgl (vitelogénico). Estudos posteriores, seguindo esta linha de pesquisa
tem obtido resultados positivos para as criopreservacdes de tecido ovariano de peixes
( Marques et al., 2015; Luji¢ et al., 2017; Marques et al., 2018; Marques et al., 2019).

Um elevado percentual de oocitos imaturos com membranas integras foi obtido por
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Marques et al. (2015), p6s-vitrificagao de fragmentos de tecido ovariano de zebrafish
(76% no estagio CP e 43% no estagio CA). Em outro estudo conduzido por Marques
et al. (2018), foi utilizado o mesmo protocolo de vitrificacdo de odcitos de zebrafish em
Piaractus mesopotamicus e os foliculos imaturos mostraram 70% de integridade de
membrana. No estudo de Luji¢ et al. (2017) os autores demonstraram uma vitrificacao
bem sucedida de tecido ovariano de salmonideos, sendo obtido\descrito 40,34% de
integridade de membrana. A comparacao das técnicas de criopreservacao utilizando
tecido ovariano de Zebrafish foi o objetivo de Marques et al. (2019) que concluiram
ser a vitrificacdo mais eficiente que o congelamento lento, onde o método de
vitrificacdo foi o mais eficiente, pois obteve menor valor de Espécies reativas a
oxigénio (ERO), capacidade antioxidante (FRAP) e maior atividade mitocondrial pela

analise de MTT, quando comparado ao método de congelamento lento.

Com a criopreservacdo de foliculos ovarianos em estagio inicial, s&o
necessarios procedimentos de maturacéo in vitro para posterior fertilizacdo. Alguns
protocolos vém sendo desenvolvidos para a maturacao de odcitos de zebrafish, porém
poucos estudos registram testes em odcitos criopreservados. Neste caso, podemos
citar o estudo de Tsai et al. (2010) que relataram diferenciacdo de odcitos em estagio
CP em estagio CA e odcitos em estagio CA em estagio Vigl em foliculos néo
criopreservados de Zebrafish e a cultura in vitro de o6citos em fragmentos de tecido
ovariano de zebrafish e foliculos em estagio CP e estagio CA, por 24 h a 28° C por
Anil et al. (2018). Cabe ressaltar que os autores nao apresentaram crescimento

guando os odcitos foram criopreservados.

2.8 Métodos de avaliacdo da qualidade dos od4citos pés criopreservacao

A avaliacdo da qualidade dos odcitos pos criopreservacdo € uma questao
importante, pois determinara se o protocolo de criopreservacao foi bem sucedido e
possibilitara identificar os danos estruturais causados. A exposi¢ao aos crioprotetores,
a reducdo de temperatura e o posterior aquecimento da amostra criopreservada
ocasionam danos celulares estruturais e metabolicos ( Kopeika et al., 2005; Vajta &
Kuwayama, 2006; Gosden, 2011). Existem diferentes tipos de avaliacdes para
determinar a qualidade do odcito, dependendo do seu modo de acao: avaliacdo de
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integridade da membrana plasmatica, atividade mitocondrial, estresse oxidativo e
dano de DNA.

A ruptura da membrana da célula é uma das principais causas de morte celular
no processo de criopreservagcao, que ocorre em grande parte devido a formacao de
cristais de gelo. Para aferir a extenséo dos danos celulares provocados pelos cristais
de gelo apds o processo de criopreservagdo, uma variedade de coloragfes tem sido
utilizada. A coloracdo com azul de tripan é amplamente utilizada para avaliar a
integridade da membrana das células (Zampolla et al., 2011). O azul de tripan cora as
células de azul com membrana rompida e as células que ndo sdo coradas, sdo
consideradas com membrana integra. No entanto, Hudson & Hay (1980) ponderou
gue a exposicao prolongada a coloracdo de azul de tripan pode ser imprecisa, pois 0
namero de células coradas de azul aumenta com o passar do tempo. Marcadores
fluorescentes, como o diacetato de fluoresceina (FDA) e o iodeto de propidio (PI),
mensuram as atividades metabdlicas e a integridade da membrana (Tsai et al., 2009a;
Zampolla et al., 2009). Neste caso, o FDA € um corante de inclusédo e Pl é um corante
de exclusdo. O FDA passa pelas membranas plasméaticas e € hidrolisado por
esterases intracelulares que produzem fluoresceina livre. Em contraste, o Pl passa
pelas membranas celulares danificadas e intercala-se com DNA e RNA para formar
um complexo fluorescente (Edidin, 1970; Krishan, 1975). Assim, as células da
membrana intactas sdo coradas em verde brilhante com FDA e as células danificadas
na membrana sdo coradas em vermelho brilhante com PI. Um estudo com odcitos de
zebrafish, relatou que a coloracdo FDA+PI era mais sensivel que a coloracgéo tripan
blue (Zampolla et al., 2008). No entanto, a presenca de esterases no meio extracelular
e/ou altas concentracdes de FDA podem fornecer uma coloracéo de fundo elevado,
podendo gerar resultados falso positivo (Boyd et al., 2008). Outra sonda fluorescente
que permite avaliar a integridade da membrana é o SYBR-14®, um corante
lipossoluvel, que ao entrar na célula perde o grupo acil e se liga a fita dupla de DNA
das células vivas, e emite luz verde fluorescente (Garner & Johnson, 1995). Podendo
ser também, associado aos corantes Brometo de Etideo ou lodeto de Propidio
(fluorescéncia vermelha) para indicar as células com membranas danificadas.

A avaliagdo morfologica por meio da histologia permite observar e quantificar
danos estruturais causados pela criopreservacdo, podendo ser avaliados
gualitativamente e em alguns casos quantitativamente, dependendo do tamanho do

fragmento e do nimero de odcitos observados. E possivel identificar danos na
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membrana, alteracfes na superficie celular (Borrelli et al., 1986), volume celular (Laiho
et al., 1971) e também permite identificar danos causados ao nucleo, com queda da
densidade do nucleo (Fotakis & Timbrell, 2006) e picnose nuclear, indicando apoptose
celular. Para uma avaliagdo mais detalhada dos danos e alteracdes nas organelas, €
utilizado a microscopia eletrénica de transmissao (MET), que tem um poder de
resolucado mil vezes superior ao da microscopia de luz (Salehnia et al., 2002). Em um
estudo recente de Marques et al. (2018) com vitrificacdo de tecido ovariano imaturo
de P. mesopotamicus, foi possivel observar o nucleo esférico e centralizado, os
nucléolos na periferia do nucleo, as organelas distribuidas uniformemente por todo o
citoplasma e as mitocondrias.

As mitocbndrias sdo organelas responsaveis por produzir maior parte da
energia celular através da respiracéo celular, produzindo energia na forma de trifosfato
de adenosina (ATP). Desse modo, o ATP é aceito como marcador de células viaveis
(Knoll-Gellida & BABIN, 2007). O ensaio de ATP € um método que utiliza luciferase e
a reacao que gera fétons de luz. Este ensaio de ATP foi utilizado por Zampolla et al.,
(2011) e relataram que a criopreservagcao causou decréscimo do nivel de ATP de
fragmentos de tecido ovariano contendo odcitos em estagios CP, CA e Vtgl. Outra
forma de determinar a atividade mitocondrial € o ensaio de MTT (3-(4,5-dimetiltiazol-
2yl)-2,5-difenil brometo de tetrazolina). Sendo este um teste de alta precisdo e
confiavel, que tem como principio o fato da mitocondria reduzir o MTT em cristais de
formazan na cor roxa, através da enzima desidrogenase succinica ( Shokrgozar et al.,
2007). Dessa forma, quanto mais células vidveis mais cristais de formazan sao
produzidos e esses cristais sdo dissolvidos e medidos em espectrofotémetro.

O estresse oxidativo € um fator importante a ser avaliado com relacdo aos
danos causados pela criopreservacao (Tatone et al., 2010), no qual, aumenta a
producédo de ERO e causa alteragdes no metabolismo oxidativo (Dowling & Simmons,
2009). O estresse oxidativo ocorre devido ao desbalanco de ERO e outras espécies
pré-oxidantes e as defesas antioxidantes enzimaticas e nao-enziméaticas. Existem
inUmeros ensaios para a determinacdo das ERO, podendo ser classificados em
meétodos diretos e indiretos. Os métodos indiretos sdo medidos através da formacao
de produtos finais especificos de oxidacdo das reacdes das ERO com lipideos,
proteinas ou &cidos nucleicos (Mrakic-Sposta et al.,, 2017). Diacetato de
diclorodihidrofluoresceina (DCFH-DA), é um exemplo de método direto para deteccéo

de espécies reativas, sendo a sonda mais amplamente usada (Kalyanaraman et al.,
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2012). Um método indireto de avaliacdo do status antioxidante, relativamente simples
e muito utilizado, € o ensaio do poder antioxidante redutor de ferro (FRAP). Neste caso
a atividade antioxidante € mensurada quanto ao poder de reducdo do Ferro (Benzie
& Strain, 1996). O ensaio de produtos reativos ao acido tiobarbitarico (TBARS) se
baseia na mensuracao por espectrofotometria da concentragao dos produtos oriundos
da peroxidagao dos lipidios, como aldeidos (malondialdeido - MDA) (Sanocka &
Kurpisz, 2004), no qual é considerado um marcador de dano oxidativo a lipidios.
Dentre os métodos indiretos para determinacdo da ERO mais utilizados estdo: a
avaliacdo da atividade enzimética da superoxido dismutase (SOD); catalase;
glutationa peroxidase (GSH-Px); glutationa redutase (GSH- Rd) e glutationa reduzida
(GSH) (Franca et al., 2013).

O processo de criopreservacdo pode resultar em fragmentacdo do DNA,
mesmo na auséncia de deformacéo da morfologia celular. Recentemente um estudo
com criopreservacao de tecido ovariano de zebrafish, mostrou que a criopreservacao
resultou em fragmentacdo do DNA (Marques et al., 2019). A fragmentacdo do DNA
em altos niveis é a principal caracteristica da apoptose celular, sendo utilizada como
marcador de apoptose (Majtnerova & Rousar, 2018). No entanto, se a fragmentacao
do DNA for baixa, ela pode ser reparada pelos mecanismos de reparacao celular e do
organismo. Os principais métodos de avaliacdo da fragmentacdo de DNA sao: ensaio
de escada de DNA, Ensaio TUNEL e ensaio cometa. Esses ensaios permitem
avaliacdo da célula individualmente.

Além desses métodos, uma forma importante para a determinacdo da
qualidade dos odcitos seria a fertilizacdo. Porém, como é possivel apenas
criopreservar odcitos imaturos seria necessario realizar maturacao in vitro ou in vivo
(transplante) desses od0citos, para posterior fertilizacdo. A maturacéo de odécitos ainda
€ um campo pouco explorado em peixes e quando criopreservados nao foi possivel
observar crescimento e maturacdo dos odécitos (Anil et al., 2018; Tsai et al., 2010).

O uso de varios métodos € sugerido para validar com preciséo a qualidade dos
oocitos, especialmente para procedimentos de criopreservacao e cultura de células
(Fauque et al., 2007; Kortner & Arukwe, 2007; Guan et al., 2008b).

2.9 Zebrafish (Danio rerio)
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O zebrafish (Danio rerio) é um teledsteo tropical de agua doce, pertencente a
familia Cyprinidae e é caracterizado pelo pequeno tamanho, podendo atingir em torno
de 4-5 cm de comprimento (Spence et al., 2007). Possui dimorfismo sexual, sendo
gue os machos sao delgados e em forma de torpedo, com brilho dourado na barriga,
nadadeira ventral, nadadeiras pélvicas e nadadeiras peitorais. E as fémeas sdo mais
prateadas e arredondadas na regido ventral (Figural), o que é mais evidente no
periodo préximo da desova. Tem ovarios em formato de cacho de uva e assincronos
(Figura 2), contendo foliculos em todos os estagios de desenvolvimento e por isso,
procriam durante todo o ano. A maturidade sexual € atingida por volta de 10-12
semanas de vida e as fémeas podem desovar a cada 2-3 dias, sendo que cada desova
pode conter centenas de odcitos (Lawrence, 2007). No entanto, visando a viabilidade
maxima de embrides e ndo esgotar os animais € recomendado a procriagdo em
intervalos de 10 dias (Niimi & Laham, 1974; Selman et al., 1993). O zebrafish
apresenta diversas vantagens em relagdo a outros modelos de peixes, como pequeno
porte, facil manutencéo, baixo custo de criacdo, além de completar sua embriogénese
em 72 h e possuir intervalo curto entre geracdes.

O zebrafish é considerado um organismo modelo para outras espécies de
peixes, pois sdo pequenos, podem desenvolver-se rapidamente e ser facilmente
criado em laboratério (Rugh, 1948). Também é um importante modelo experimental
para estudos de biologia do desenvolvimento, fisiologia e genética (Squire et al.,
2008). A semelhanca genética entre humanos e zebrafish € de 70%, apresentando
12.719 genes em comum (Howe et al., 2013), sendo um modelo importante para a
compreensao do desenvolvimento humano, doencas e toxicologia (Menke et al.,
2011). O zebrafish é utilizado para a identificacao e determinacéo de funcfes de genes
identificados no genoma humano, devido a facilidade em realizar modificacdes em seu
gene, criando inimeros modelos de zebrafish para o estudo de doencas humanas
como cancer, doengas cardiacas, Alzheimer, Parkinson e distrofia muscular (
Whitfield, 2002; Zon &Peterson, 2005; Lieschke & Currie, 2007). Além disso, séo
considerados um excelente modelo para estudar a genética do comportamento social,
pois sdo animais naturalmente sociais que demonstram preferéncia pela presenca de

membros da mesma espécie (Norton & Bally-Cuif, 2010).
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Figura 3. FEmea (acima) e macho (abaixo) de zebrafish (Danio rerio) (Figura adaptada
de: https://pascalaquariumsnaturels.com/reproduction-danio-rerio/)

- 1 |

Figura 4. Ovario de zebrafish (Danio rerio).
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3 HIPOTESES E OBJETIVOS

3.1 Hipotese

o O encapsulamento de fragmentos de tecido ovariano de zebrafish (Danio rerio)
em hidrogel de alginato de sédio aumenta a prote¢do contra as crioinjurias causadas
no processo de vitrificagéo;

o O encapsulamento do tecido ovariano de zebrafish (Danio rerio) em hidrogel de
alginato de sodio permite a redugéo da concentracdo ou a remocéao dos crioprotetores

tradicionais no processo de vitrificacao.

3.2 Objetivos
3.2.1 Objetivo geral

Avaliar a eficiéncia da técnica de encapsulamento em hidrogel de alginato de
sédio na vitrificacdo de fragmentos de tecido ovariano de zebrafish (Danio rerio),

visando aprimorar o protocolo de vitrificagao.

3.1.2 Objetivos especificos

o Avaliar o efeito da forma de encapsulamento do tecido ovariano em hidrogel de
alginato sédio, do momento da exposicao da solucao de equilibrio e vitrificacdo (antes
ou apos o encapsulamento) e da temperatura de aquecimento, sobre a integridade de
membrana, por meio da coloracéo de azul de tripan;

o Avaliar se a técnica de encapsulamento do tecido ovariano em hidrogel de
alginato de sédio reduz os danos causados pela vitrificacdo, sobre a integridade de
membrana, morfologia celular, peroxidacao lipidica e atividade mitocondrial;

o Avaliar se a técnica de encapsulamento do tecido ovariano em hidrogel de

alginato de sodio permite a redugédo/remocao da concentracdo dos crioprotetores.
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SODIUM ALGINATE HYDROGEL ENCAPSULATION AS A HANDLING AND
VITRIFICATION TOOL FOR ZEBRAFISH (Danio rerio) OVARIAN TISSUE

ABSTRACT

The aim was to evaluate the efficiency of the sodium alginate hydrogel encapsulation
technique during the zebrafish ovarian tissue vitrification procedure. In Experiment 1,
were evaluated the encapsulation form (immersion or 30 pL alginate bead), the
moment of exposure to cryoprotectants (before or after encapsulation) and the
warming temperature (28, 37 and 50°C). The treatment encapsulated by immersion,
exposed to cryoprotectants after encapsulation and heated to 28°C showed greater
membrane integrity in all oocyte stages (PG: 37.71 + 3.86 %; CA: 29.93 + 4.18 %;
Vigl: 18.61 = 4.69 %), so it was chosen to be used in Experiment 2.In Experiment 2
were evaluated four vitrified groups: non-encapsulated (VS); encapsulated with
cryoprotectants (VS1-A); encapsulated with half the concentration of cryoprotectants
(VS2-A); encapsulated without cryoprotectants (VA). The variables evaluated were
membrane integrity, morphology, mitochondrial activity and lipid peroxidation. VA
treatment showed a lower membrane integrity percentage, while VS demonstrated a
higher membrane integrity in which it did not differ from the VS1-A. Mitochondrial
activity was greater in the non-encapsulated treatment (VS) and the encapsulated
treatments had the lowest values. VA treatment obtained the highest lipid peroxidation
level, while VS1-A and VS obtained the lowest values in which VS was not different
from the VS2-A treatment. These results showed that, alginate hydrogel did not have
a cryoprotective action on membrane integrity and did not promote a greater
mitochondrial activity. However, the encapsulation allowed oocytes support, which
helped in ovarian tissue handling and reduced the loss of oocytes during vitrification

process.

1.Introduction

Zebrafish (Danio rerio) is an important model organism in different research
fields, like biomedicine and biology [16] since its genome is approximately 70% similar
to the human genome [15]. Several wild-type, mutant, and transgenic strains of
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zebrafish are available in laboratories around the world for research [13]. The
preservation of these valuable genotypes is particularly important and presents
significant and urgent challenges, for this, tissues and gametes cryopreservation has
proved to be an efficient tool capable of supply this demand. Previous studies have
shown that the cryopreservation of ovarian tissue fragments is a promising alternative
for the conservation of fish oocytes [24-27]. The main advantage for ovarian tissue
cryopreservation is the greater permeability of oocyte membrane when compared to
embryo that has a fully formed chorion [42,47]. Authors showed that vitrification was
more efficient than slow freezing in preventing mitochondrial damage and avoid
oxidative stress on zebrafish ovarian tissue [27]. Vitrification is an ultra-fast cooling
cryopreservation that prevents the ice crystals formation using high concentration of
cryoprotective agents (CPAs) [17]. However, cryoprotectants can be considered toxic,
especially when used in high concentrations, which can cause disruption or damage
to cell membranes, reduced mitochondrial function, damage to proteins or other
macromolecules among other toxic effects [2]. To overcome these problems, low-CPA
vitrification needs to be explored for cell and tissue cryopreservation.

In an attempt to promote greater protection in relation to the damages caused
by the cryopreservation procedures to cells and tissues, cell encapsulation in hydrogel
biomaterials has been shown to be able to reduce the usage of high CPAs
concentration without compromising the vitrification outcomes [29,45]. Sodium alginate
is an anionic polysaccharide produced by brown seaweed, when it is in contact with
calcium ions it is crosslinked, forming the alginate hydrogel. The main advantages of
alginate hydrogel are biodegradability, biocompatibility, non-toxicity and capacity of
absorbing large amount of water [22], in addition this substance has antioxidant
properties [21]. Alginate ionic crosslinking has advantages such as the low amount of
salt required to form the gel and the control of crosslinking by the concentration of
alginate [7]. The gel-like structure within the alginate hydrogel allows encapsulated
cells to have an environment similar to an extracellular matrix (ECM) [9]. Alginate
hydrogel encapsulation, maintains cell structure in vitro that morphologically resembles

in vivo ambient, with improved porosity, cell proliferation and mechanical strength [19].
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Alginate hydrogel is usually used in tissue engineering [38], cell culture structure [46]

and cell/tissue transplantation [33].

Studies using alginate hydrogel for cryopreservation of mammalian cells, have
demonstrated that, encapsulation in hydrogel can significantly reduce the
concentration and even eliminate the CPAs. Encapsulation of mouse mesenchymal
stem cells into alginate hydrogel using 1.5 M Me2SO concentration for vitrification,
resulted in 88.9 £+ 2.9% of membrane integrity, while non-encapsulated cells, with the
same CPA concentration, resulted in 42.0 + 4.4% of membrane integrity [23]. A study
with vitrification of encapsulated murine embryonic stem cells and human adipose-
derived stem cells in alginate hydrogel showed 80% membrane integrity using 1.5 M
1,2-propanediol (PROH) and 0.5 M trehalose (approximately 4-times lower
concentration) and encapsulated cells had a major impact on inhibiting intracellular ice
formation during warming [14]. The slow freezing of human fibroblasts encapsulated
in alginate hydrogel in the absence of CPAs showed a metabolic activity similar to that
of cryopreserved fibroblasts with Me2SO and trehalose CPAs. [29]. Thus, this results
evidence that cell encapsulation in alginate hydrogel can be an alternative to replace
or reduce the CPAs in cryopreservation process. Recently a study carried out with
zebrafish ovarian tissue vitrification using non-crosslinked sodium alginate without
CPAs, showed similar membrane integrity results to vitrified ovarian tissue with 1.5 M
methanol + 5.5 M Me2SO + 0.5 M sucrose [10]. However, there is no study using the

crosslinked alginate encapsulation in cryopreserved fish cells.

Therefore, the aim of this study was to evaluate the sodium alginate hydrogel
encapsulation technique efficiency on vitrification of zebrafish ovarian tissue

fragments.

2. Materials and methods

2.1 Fish care and sample collection

Mature female zebrafish (1 - 2 years old) were maintained in filtered and aerated
40 L aquariums (stock density 7 fish / L) at 27°C £ 2°C, under a photoperiod 14/10 h
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(light/dark), pH between 7.2+ 2, zero levels of toxic ammonia and nitrite. Fish were fed

with TetraMin® dry flake fish food (Tetra, Germany) three times a day.

The females (average weight 1.490 + 0.390 g) were euthanized with a lethal
dose of tricaine methane sulfonate (0.6 mg/mL, pH 7.4) [28], followed by decapitation.
The ovaries (average weight 0.249 = 0.103 g) were collected and placed in 90%
Leibovitz L-15 medium (pH 9.0). The average gonadosomatic index (GSI = [ovaries
weight/body weight] x 100) was 0.1566 + 0.0577. Fragments were dissected from the
ovaries and cut into slices (3x3 mm) using syringe needles. Ten to 12 fragments were
collected from each female and randomly distributed among treatments.

The study was conducted in accordance with the Conselho Nacional de
Controle e Experimentacdo Animal - CONCEA (National Council for Control and
Animal Experimentation and approved by the Ethics Committee of the Federal

University of Rio Grande do Sul. Project number: 38864

2.2 Experimental design

The objective of Experiment 1 was to define the encapsulation technique for the
zebrafish ovarian tissue in alginate hydrogel. Two groups were tested, in group 1 the
fragments were encapsulated in 30 pL of sodium alginate hydrogel (Fig. 1a), in which
was the sufficient volume to envelop the fragment of ovarian tissue. In group 2 the
fragments were encapsulated by immersion in alginate (Fig. 1b). The moment of
exposure to cryoprotectants (CPA) (before or after encapsulation) and the warming
temperature (28, 37 or 50°C) were also tested (Figure 2). The warming temperature of
28°C was according to vitrification protocol of zebrafish ovarian tissue [27]; 37°C
warming temperature was according to cryopreservation protocols with alginate
hydrogel encapsulated mammalian cells [3,6]; and 50°C warming temperature was
obtained in a previous test, which we evaluated the temperature that defrosts 30pl
alginate bead in 60 s.

Ovarian tissue fragments from 9 females were randomly distributed into thirteen
experimental groups; One fresh control and twelve treatment groups combining the
parameters described above (VA1-VA12) (Fig.2). Eight replicates were performed for

each group (vitrified treatments and control/fresh ovarian tissue) and membrane
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integrity was analyzed by trypan blue staining. The encapsulation form, the moment of
exposure to CPA and warming temperature, which presented the highest percentage

of membrane integrity, were used in Experiment 2.

Figure 1. Sodium Alginate encapsulation form. (a) Zebrafish ovarian tissue
fragment encapsulated in 30 pL of sodium alginate hydrogel (b) Zebrafish ovarian
tissue fragment encapsulated by immersion in sodium alginate hydrogel. Scale Bars:

1 mm

The aim of Experiment 2 was to evaluate the alginate hydrogel as a
cryoprotectant or as auxiliary cryoprotectant along with traditional cryoprotectants.
Ovarian tissue fragments from 19 females were randomly distributed into five
experimental groups; One fresh control and 4 treatment groups (VS: 1.5M Methanol +
5.5M Me2SO + 0.5M sucrose; VS1-A: 1.5M Methanol + 5.5M Me2SO + 0.5M sucrose
— encapsulated in alginate; VS2-A: 0.75M Methanol + 2.75M Me2SO + 0.25M sucrose
— encapsulated in alginate; VA: encapsulated in alginate) (Fig.2). Membrane integrity
were analyzed by SYBR-14 and propidium iodide (SYBR-14/Pl), histology by
hematoxylin and eosin (HE) stain, lipid peroxidation by thiobarbituric acid reactive
substances (TBARS) and mitochondrial activity by MTT assay, that was analyzed
immediately after warming and 120 min after in 90% Leibovitz L-15 medium. Eight
replicates were performed for each analysis.
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bead; CPA before encapsulation; 28°C warming temperature); VA2 (30 uL alginate
bead; CPA before encapsulation; 37°C warming temperature); VA3 (30 pL alginate
bead; CPA before encapsulation; 50°C warming temperature); VA4 (30 pL alginate
bead; CPA after encapsulation; 28°C warming temperature); VA5 (30 pL alginate bead;
CPA after encapsulation; 37°C warming temperature); VA6 (30 pL alginate bead; CPA
after encapsulation; 50°C warming temperature); VA7 (Immersed in alginate; CPA
before encapsulation; 28°C warming temperature); VA8 (Immersed in alginate; CPA
before encapsulation; 37°C warming temperature); VA9 (Immersed in alginate; CPA
before encapsulation; 50°C warming temperature); VA10 (Immersed in alginate; CPA
after encapsulation; 28°C warming temperature); VA1l (Immersed in alginate; CPA
after encapsulation; 37°C warming temperature); VA12 (Immersed in alginate; CPA
after encapsulation; 50°C warming temperature); Fresh/control = fresh ovarian tissue
fragments; (*) Treatment chosen for experiment 2. Experiment 2: VS (1.5 M Methanol
+ 5.5 M Me,SO + 0.5 M sucrose); VS1-A (1.5 M Methanol + 5.5 M Me2SO + 0.5 M
sucrose — encapsulated in alginate); VS2-A (0.75 M Methanol + 2.75 M Me2SO + 0.25
M sucrose — encapsulated in alginate); VA (encapsulated in alginate); Fresh/control =

fresh ovarian tissue fragments.
2.3 Ovarian tissue encapsulation in alginate hydrogel

The sodium alginate solution was prepared at 2% concentration in 90%
Leibovitz L-15 medium (pH 9), the solutions were kept under agitation until complete
solubilization at room temperature (22°C). For ovarian tissue encapsulation in 30 pL
sodium alginate (VA1, VA2, VA3, VA4, VA5 and VA6 groups), the ovarian tissue
fragment was gently placed in a 1/8 plastic teaspoon (Fig. 3a), was added 30 pL of
alginate solution and then, for crosslinking, the spoon with the fragment and alginate
solution were immersed in 4% calcium chloride solution for 60 s (22°C), forming a bead
(Fig. 3b). For the experimental groups encapsulated immersed in alginate (VA7, VAS,
VA9, VA10, VA1l and VA12 groups), the fragment was immersed in sodium alginate
solution with the aid of a 1ml syringe with curved needle (Fig. 3c) and then immersed
in 4% calcium chloride solution (22°C), forming a thin film of sodium alginate hydrogel

around the ovarian tissue fragment (Fig. 3d).
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Figure 3. Ovarian tissue encapsulation in sodium alginate hydrogel. (a) 1/8 plastic
teaspoon used for 30 pL bead ovarian tissue encapsulation; (b) Ovarian tissue
encapsulation in 30 pL alginate bead; (c) Syringe used for encapsulation by immersion
in alginate (arrow) curved needle; (d) Ovarian tissue encapsulation by immersion in

alginate.
2.4 Vitrification procedure

Ovarian tissue fragments were transferred to 2 mL cryotubes containing 300 uL
of equilibrium solution (ES1: 1.5 M methanol + 2.75 M Me,SO - vitrified treatments of
Experiment 1 and VS, VS1-A of Experiment 2; or ES2: 0.75 M methanol + 1.375 M
Me,SO - VS2-A treatment) for 7 min (4°C). Then, the samples were exposed to 300
ML of vitrification solution for 90 s (1.5 M methanol + 5.5 M Me,SO - vitrified treatments

of Experiment 1 and VS, VS1-A of Experiment 2; or 0.75 M methanol + 2.75 M Me,SO
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- VS2-A treatment). After that time, the vitrification solution was removed, the samples
with alginate were encapsulated and the cryotubes was directly plunged at the liquid
nitrogen. The protocol and solutions used on experiment 1, VS and VS1-A treatments
were according to Marques et al. [25], with modifications. After 7 days, the cryotubes
were warmed in a water bath for 60 s at 28, 37 or 50°C in Experiment 1 and for 60 s at
28°C in Experiment 2, while the samples were exposed to the first warming solution
containing 1 M sucrose, then to a second solution containing 0.5 M sucrose for 3 min,
and finally to a third solution of 0.25 M sucrose for 5 min. The samples were washed
three times in 90% L-15 medium (pH 9.0, 22°C) and then primary growth (PG), cortical
alveolar (CA) and primary vitellogenic (Vtgl) oocytes - according to Brown-Peterson
et al. [4] classification - were analyzed using the following methodologies. Secondary
vitellogenic (Vtg2) and tertiary vitellogenic (Vtg3) were not evaluated because they

were all with damaged membranes.

2.5 Membrane integrity assay

Two membrane integrity staining protocols were used after warming of vitrified
and fresh/control oocytes: Trypan blue in experiment 1; SYBR-14 and propidium iodide
(SYBR-14/Pl) in experiment 2. Trypan blue is a dye exclusion method based on the
principle that cells with damaged membranes are dead, in which they are stained in
blue. The oocytes were gently separated using syringe needles in 90% Leibovitz L-15
medium, were incubated in 0.4% trypan blue solution for 3 min and then washed three
times in 90% L-15 medium. The fragments were observed under light microscope
(Nikon Eclipse E200, Tokyo, Japan 40x objective lens). SYBR-14/PI staining is a
fluorometric method to assess membrane integrity, which SYBR-14 is an inclusion dye
and Pl is an exclusion dye. SYBR-14/PI is a more sensitive method for determining
membrane integrity than trypan blue staining. SYBR-14 passes through plasma
membranes and loses the acyl group and binds to the double stranded DNA of living
cells, and emits green fluorescent light. In contrast, Pl pass through cell damage
membrane. Thus, intact membrane cells are bright green stained with SYBR-14 and
membrane damage cells are bright red stained with PI. The fragments were incubated
with 100 pL of PBS with 4 yL of SYBR-14 (0.02mM) for 4 min and 1.5 L of PI (4.8mM)

for 1 min in the dark at room temperature (22°C) and analyzed under fluorescence
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microscope (Carl Zeiss, AxioVert, Germany, 20x objective lens). The percentage of
membrane integrity each oocyte phase (PG, CA and Vtgl) within the fragments was
calculated as follows: (Membrane integrity (%) = [Number membrane damage

oocytes/Total number of oocytes] x 100).
2.6 Histological analysis

Ovarian tissue fragments were fixed in Karnovsky's solution (2%
paraformaldehyde + 2.5% glutaraldehyde + phosphate buffer solution, pH 7.5 — 7.8) for
24 h, then were dehydrated in an increasing series of alcohol (70%, 80% and 95%)
embedded in Leica historesin (methacrylate glycol) and 3 um sections were obtained
on a Leica RM2245 microtome with glass knives and stained with Hematoxylin and
Eosin (HE). Morphological integrity of oocytes (phase PG, CA, Vtgl, Vtg2 and Vtg3)
were evaluated with a light microscope (Nikon Eclipse E200, Tokyo, Japan 10x and
40x objective lens). The evaluation of the fresh/control group and the vitrified ovarian

tissue was descriptive.
2.7 Mitochondrial activity

Mitochondrial activity was assessed by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium) assay [23], based on the action of the mitochondrial enzyme
succinyl dehydrogenase, that promotes the reduction of MTT to formazan crystals,
which is active only in living cells. MTT was evaluated immediately after ovarian tissue
fragments warming and 120 min later - incubated in 90% L-15 medium pH 9.0 at 28°C.
The ovarian tissue fragments were incubated in 400 pyL of MTT (5 mg/mL) for 120 min
at 28°C. The supernatant was carefully removed and then, dimethyl sulfoxide (400 pL)
was added to solubilize the formazan crystals, resulting in a purple solution. Next, 100
ML of the colored solution was transferred in 96 well microplate and the absorbance

were read at 570nm on a SpectraMaxe 250 Microplate Spectrophotometer. Each

sample was analyzed in triplicate.

2.8 Lipid peroxidation
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The thiobarbituric acid reactive substances (TBARS) levels are indicative of
lipid peroxidation, which starts in the presence of reactive oxygen species (ROS). The
ovarian tissue fragment was homogenized in cold (4°C) 150uL of phosphate buffered
saline solution (PBS), pH 7.4 and centrifuged for 10 min at 3000 x g [35]. The low-
speed supernatant was used to determine the proteins quantification and the sample
volume that corresponds 50 pg of proteins was calculated [36]. Then, the samples
were incubated with Trichloroacetic acid (TCA) 20% + Thiobarbituric acid (TBA) 0.5%
(150pL) and water (50pL) at 100°C for 30 minutes. The species reactive to
thiobarbituric acid (TBARS) were determined by spectrophotometry at 532 nm as
described by Sachett et al. [37]. Lipid peroxidation was expressed by nmol MDA / mg

of protein.

3. Statistical analysis

All data are presented as mean values * standard error (mean + SD).
Homogeneity (Levene's test) and normality (Shapiro-Wilk, Kolmogorov-Smirnov and
D’Augostino & Pearson) tests were performed. When necessary, the data were
transformed (LOG) and the outliers were excluded. For Experiment 1, in the evaluation
of membrane integrity, the data were analyzed using three-way analysis of variance
(Three-Way ANOVA), considering the effect of the alginate encapsulation, the moment
of exposure to CPAs, the heating temperature of the samples, and the interaction
between these effects. When a significant effect was observed for one of the factors,
the groups were compared using the Tukey or Bonferroni test. For Experiment 2, the
membrane integrity data (SYBR-14/Pl) and TBARS, were analyzed using Kruskal-
Walllis analysis, followed by Dunn's test. The MTT test was analyzed by means of two-
way analysis of variance (Two-Way ANOVA), considering the experimental groups
(cryopreservation protocols), the timing of the MTT test (immediately and 120 minutes
later) , and the interaction between these factors. When a significant effect was
observed for one of the factors, the groups were compared using the Tukey or
Bonferroni test. The data analyzed by ANOVA are presented in bar graphs (mean and
standard deviation) and the data analyzed by Kruskal-Wallis analysis are presented in

Box and Whiskers type graphs (Median, maximum and minimum). Analyzes were
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performed using Statistical Analysis System v.9.4 (SAS) software and GraphPad Prism
7.0.

4. Results

4.1 Experiment 1

All parameters (Encapsulation form; Moment of exposure to CPA; Warming
temperature) had a significant effect on PG, CA and Vtg oocytes membrane integrity
after warming on experiment 1 (Fig.4). The exposure of ovarian tissue encapsulated
in 30 uL bead to the CPA after encapsulation in alginate hydrogel, resulted in greater
damage to PG, CA, and Vitgl oocytes membranes. Ovarian tissue fragments
encapsulated immersed in alginate hydrogel before or after cryoprotectant exposure,
showed higher PG, CA and Vtgl oocyte membrane integrity when warmed at 28°C.
Vtgl oocyte membrane integrity was best preserved when the fragments were
encapsulated by immersion in alginate, exposed to CPA before encapsulation and
warmed at 28°C (VA7: 18.61 + 4.69 %) and it was numerically greater for PG (VAT:
37.71 = 3.86 %) and CA (VA7: 29.93 + 4.18 %). So, the encapsulation form by
immersion in alginate, the exposure to CPA before encapsulation and the 28°C
warming temperature (VA7) were chosen for Experiment 2.
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Figure 4. Membrane integrity by trypan blue. PG oocytes: Temperature effect (p =
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<0.0001), CPA exposure effect (p <0.0001), encapsulation effect (p <0.0001),
Temperature x CPA exposure effect (p <0, 0001), Temperature x Encapsulation effect
(p <0.0001), CPA Exposure x Encapsulation effect (p <0.0001) and Temperature X
CPA Exposure x Encapsulation effect (p = 0.0026); Vtgl oocytes: Effect of temperature
(p <0.0001), effect of exposure to CPA (p = 0.0002), effect of encapsulation (p
<0.0001), effect Temperature x Exposure to CPA (p <0.0001), Temperature X
Encapsulation effect (p = 0.0558), CPA Exposure x Encapsulation effect (p = 0.4110)
and Temperature x CPA Exposure x Encapsulation effect (p = 0.2581); Different capital
letters indicate a difference in the form of encapsulation (bead and immersed), within
the same warming temperature and the form of exposure to CPA. Lower case letters
indicate difference between warming temperatures (28, 37 and 50 °C), within the same
form of encapsulation and exposure to CPA. Asterisk (*) indicates when there is a
difference between the moment of exposure to CPA (before or after), within the same
warming temperature and in the same encapsulation form. Data presented as mean +
SD.

4.2 Experiment 2

The membrane integrity measured by SYBR-14/PI stain for PG and CA oocytes
was significantly higher in the VS experimental group (PG: 54.57 + 12.28 %; CA: 23.66
+ 9.95%), compared to the VS2-A (PG: 16.35 £ 5.53 %; CA: 5.44 + 4.19%) and VA
groups (PG: 1,21 £1.40 %; CA: 0.33 £ 0.62 %) (Fig. 5). The VS1-A experimental group
(PG: 33.01 £5.47 %; CA: 17.69 £ 8.31%) differed only from the VA group. For oocytes
in Vtgl stage, the highest membrane integrity was observed in the VS (12.65 + 5.06
%) and VS1-A groups (12.85 + 7.87 %), which differed statistically from the other

groups.
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Figure 5. Membrane integrity after vitrification by SYBR-14 / Pl. VS (1.5 M
Methanol + 5.5 M Me,SO + 0.5 M sucrose); VS1-A (1.5 M Methanol + 5.5 M Me2SO +
0.5 M sucrose — encapsulated in alginate); VS2-A (0.75 M Methanol + 2.75 M Me2SO
+ 0.25 M sucrose — encapsulated in alginate); VA (encapsulated in alginate); Fresh =
fresh ovarian tissue fragments. PG (p <0.0001); CA (p <0.0001) and Vtg1l (p <0.0001).
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Data presented as mean + SD. Different letters indicate a difference between the
experimental groups.

The histological analysis showed in all vitrified treatments (VS, VS1-A, VS2-A
and VA) that CA and vitellogenics oocytes (Vtgl, Vtg2 and Vtg3) presented
cytoplasmic alterations, with apparent rupture of the cortical alveoli and nucleus
degeneration (Fig. 6 n, k, h, e). However, no membrane damage was in vitellogenics
oocytes. On the other hand, in PG vitrified oocytes membrane damage, nucleus
fragmentation and the formation of vacuums in the cytoplasm were frequently
observed (Fig. 6 o, I, I, f).
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group; g-i) VS1-A group; j-I) VS2-A group; m-0) VA group. Primary growth stage (PG).

Cortical alveolus stage (CA). Primary vitellogenic stage (Vtgl). Secondary vitellogenic
stage (Vtg2). Nucleoli (n). Rupture of the cortical alveoli (asterisks). Intact cortical
alveoli (x symbol). Nucleus fragmentation (double arrow). Intact nucleus (arrowhead).
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Cytoplasm with vacuole formation (black arrow). Follicular membrane rupture (hollow

arrow) intact follicular membrane layer (thick arrow). Scale Bars: 30 ym; Stain: H.E.

Mitochondrial activity by MTT showed no effect alteration for fragments
analyzed immediately or 120 min after warming (p = 0.2262) (Fig. 7). Samples
analyzed immediately after warming, showed greater mitochondrial activity in the VA
(43.37 £ 17.91) and VS groups (36.41 + 15.48), which differed statistically from the
VS1-A group (14.26 £ 5.06). For the analyzed samples 120 min after warming, we
observed greater mitochondrial activity in the VS groups (62.24 + 28.62), which differed

from the other groups.
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Figure 7. Mitochondrial activity (AU / g) by thiazolyl blue tetrazolium bromide
(MTT). Effect of experimental groups (p <0.0001), effect of the moment of analysis
(p=0.2262), effect of interaction (p <0.0001). VS (1.5 M methanol + 5.5 M Me,SO + 0.5
M sucrose); VS1-A (1.5 M methanol + 5.5 M Me,SO + 0.5 M sucrose; encapsulated in
alginate hydrogel); VS2-A (0.75 M methanol + 2.75 M Me,SO + 0.5 M sucrose;
encapsulated in alginate hydrogel); VA (Encapsulated in alginate hydrogel); Fresh =
fresh ovarian tissue fragments. Data presented as mean + SD. Different lower-case
letters indicate difference between the experimental groups at the same moment of the

analysis.
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Lipid peroxidation by TBARS assay values was higher in VA group (124.7 +
7.86) and did not differ from VS2-A group (63.58 = 3.13). The lowest lipid peroxidation
value was in VS1-A group (39.39 + 4.36) that did not differ from VS group (40.5 £ 3.31)

(Fig. 8).
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Figure 8. Thiobarbituric acid reactive substances (TBARS) analyzed after
vitrification. VS (1.5 M Methanol + 5.5 M Me,SO + 0.5 M sucrose); VS1-A (1.5 M
Methanol + 5.5 M Me2SO + 0.5 M sucrose — encapsulated in alginate); VS2-A (0.75 M
Methanol + 2.75 M Me2SO + 0.25 M sucrose — encapsulated in alginate); VA
(encapsulated in alginate); Fresh = fresh ovarian tissue fragments. Significant
difference (p <0.0001) by the Kruskal-Wallis analysis. Data presented as mean + SD.
Different letters indicate difference between treatments by Dunn's test.

5. Discussion

One of the main damages that occur in the cryopreservation process is the
intracellular ice formation, which causes membrane damage and, consequently, cell
death [18]. In Experiment 1, the exposure to cryoprotectants after ovarian tissue
encapsulation in 30 uL alginate hydrogel bead resulted in low membrane integrity of
all developmental oocyte stage, this indicates that 30 pL alginate hydrogel bead can
hinder or at least slow down the penetration of the CPA in the cell, because of its
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greater thickness. Insufficient permeation of cryoprotectants may affect oocyte survival
[30,34]. Previous studies have reported that alginate hydrogel granules with a larger
diameter resulted in less membrane integrity of Leydig testicular cells [32]. According
to these authors, larger granules have a small proportion between surface and volume
and difficult temperature transfer with liquid nitrogen [32]. In the present study, when
the ovarian tissue was exposed to cryoprotectants before being encapsulated by
immersion in alginate hydrogel and warmed to 28°C, the membrane damage of the
Vtgl and CA oocytes was significantly lower. On the other hand, the integrity of the
PG oocyte membrane did not differ in both moments of exposure to cryoprotectants.
During maturation, fish oocytes become less permeable [39] and the exposition to
cryoprotectant after encapsulation may affect more CPA penetration in CA and Vtgl
oocytes. The temperature around 28°C is considered ideal for zebrafish maintenance
[43] and itis the recommended temperature for warming fragments of zebrafish ovarian

tissue following vitrification[25,27].

In Experiment 2, membrane integrity of all oocytes stage assessed by SYBR-
14/PI stain showed no difference between vitrified ovarian tissue encapsulated with
cryoprotectants (VS1-A) and the vitrified ovarian tissue not encapsulated with the same
cryoprotectants (VS). This result suggests that the encapsulation in alginate hydrogel
did not increase oocytes membrane damage. Bian et al. [3] without reducing the
concentration of cryoprotectants, obtained 81.25% membrane integrity after
vitrification alginate-encapsulated human preantral follicles. However, bovine pre-
antral follicles encapsulated and vitrified with cryoprotectants (15% Me20, 15% EG,
0.5 M sucrose) showed less membrane integrity (45.9%) when compared to non-
encapsulated and vitrified follicles with same cryoprotectants concentration (87.5%)
[5]. Our results showed a lower integrity of the oocyte membrane after the ovarian
tissue was vitrified encapsulated in alginate hydrogel with half CPA (VS2-A) and
without CPA (VA). Therefore, the reduction and removal of CPA in encapsulated
ovarian tissue increased damage to oocytes. This result is not in agreement with
Mohanty et al. [29], which in human fibroblasts encapsulated in alginate hydrogel, was
observed that 2% alginate concentration reduces/eliminates the need of CPAs of the
encapsulated cells during freezing using Mr. Frosty. The alginate bead structure may
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not prevent the encapsulated cells from cryopreservation damages at non-optimal
conditions [12]. These results illustrate that the protocol for the vitrification of
encapsulated ovarian tissue in alginate hydrogel needs to be adjusted, with regard to
the concentration of sodium alginate. Furthermore, the size of the fragments may have
interfered negatively, considering that, most of the studies with cells encapsulated in
sodium alginate hydrogel and cryopreserved, were carried out using a cell suspension
[3,6,29], where the entire cell was involved with the hydrogel. Thus, it would be
interesting to use smaller fragments of ovarian tissue.

During cell cryopreservation, cryoprotectants have both protective and
toxic effects [49]. Methanol has been considered to be the least toxic cryoprotectant
to zebrafish oocytes compared to Me2SO [49]. Me2SO is one of CPA most utilized for
cryopreservation, but its toxicity limits its usage. It was observed that Me2SO have
toxicity effects on zebrafish oocytes [50] and can increase the concentration of calcium
ions in cytoplasm, causing a variety of metabolic responses [51]. The RNA splicing
may also be affect by Me2SO [52]. Although the cryoprotective response observed in
oocyte membrane integrity of the ovarian tissue fragments encapsulated in alginate
hydrogel with the half of CPA concentration (VS2-A), was significantly lower when
compared to the treatment with VS (16.35 and 54.57% for PG, respectively), probably
these cells suffered less exposure to CPA and its toxic effects, especially Me2SO. In
further studies, it would be interesting to evaluate, if the decrease of CPAs
concentration in ovarian tissue fragments encapsulated in sodium alginate hydrogel
allows a better development of oocytes and less molecular damage.

The damages observed in vitellogenics and CA vitrified oocytes (VS, VS1-A,
VS2-A and VA) on histology analysis are in agreement with other study that vitrified
zebrafish ovarian tissue [25], which were also observed the coalescence of cortical
alveoli and may have been caused by the formation of intracellular ice crystals.
Pyknosis (reduction of cellular volume and chromatin condensation) and nuclear
fragmentation (karyorrhexis), were some characteristics of cell apoptosis [20]. In the
present study, nucleus fragmentation in all developmental stages of vitrified ovarian
were observed, indicating the occurrence of cellular apoptosis. Autophagic cell death
is morphologically characterized by an accumulation of cytoplasmatic autophagic
vacuoles [11]. In PG oocytes vitrified were possible to observe presence of vacuoles
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in cytoplasm, which may represent the dissolution of the organelles and autophagic
cell death. Follicular membrane rupture of vitrified PG oocyte was observed, and is one
of the main damages caused by the cryopreservation process [18]. However, no
membrane damage was observed on vitellogenics oocytes. Mature female zebrafish
have asynchronous ovaries, containing follicles of all stages of development [31], and
in histology sections of small size ovarian tissue was not possible to observe large
number of each developmental oocyte stage. Then, some characteristics may not have
been possible to observe.

Membrane integrity alone are not as informative as the number of cells that have
survived the cryopreservation and warming procedures, followed by a functional test,
which evaluates metabolic activity [12]. In this study were evaluated the mitochondrial
activity immediately and after 120 min in L-15 culture medium (28°C). The results
showed no effect for moment of the analysis, suggesting that there are no changes in
mitochondrial activity after 120 min on culture medium. However, the encapsulated
ovarian tissue in alginate hydrogel treatments (VS1-A, VS2-A and VA) analyzed 120
min after warming, showed lowest mitochondrial activity when compared to non-
encapsulated and vitrified ovarian tissue (VS). The concentration of alginate used in
this study may have affected the passage of nutrients from the culture medium. High
alginate concentration reduce the pore size and porosity, and can prevent the transport
of oxygen and nutrients to the cells and, consequently, contributed to reduced

metabolic activity of cells [29].

Oxidative stress is caused when the physiological balance between reactive
oxygen species (ROS) production and antioxidant defenses is not efficient [46], it can
cause damage to DNA and induce lipid peroxidation which adversely affects
membrane structure, fluidity and function [8]. Cryopreservation and freeze—thaw
stress, can damage the antioxidant enzymes which protect against lipid peroxidation
[48]. Sodium alginate is a rich source of antioxidant compounds [21] and it has recently
been reported to prevent lipid peroxidation in cryopreserved buffalo sperm by slow
freezing [31]. The vitrified ovarian tissue encapsulated in alginate hydrogel without
CPA (VA) showed the highest levels of lipid peroxidation and membrane damage
(SYBR-14/Pl), while the ovarian tissue encapsulated with CPA (VS1-A) had the lowest
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levels and membrane integrity similar to non-encapsulated vitrified tissue (VS). The
freeze-thaw process is known to promote lipid peroxidation of the membrane so that
cell membranes lose their permeability barriers at a faster rate than cell membranes
not treated with CPA, thus shortening cell life [1]. In this sense, the addition of
cryoprotectants has a peroxidative protective action. In our study, one of the
cryoprotectants used was Me2SO which is described as being able to reduce the
rigidity of the membrane, contributing to the reduction of mechanical and osmotic
stress during cell swelling and shrinkage [44]. Therefore, although CPAs have toxic
effects, they have important benefits during the cryopreservation process. The non-
encapsulated vitrified ovarian tissue, but containing CPA (VS), did not differ from the
encapsulated vitrified ovarian tissue with half the CPA concentration (VS2-A). This
information suggests that the decrease in CPA in encapsulated and vitrified samples
did not result in an increase in lipid peroxidation. During the cryopreservation process,
the high content of lipids tends to increase the production of free radicals that induce
lipid peroxidation, which leads to cell death [8,41]. Considering the high lipid content of
CA and vitellogenic oocytes, it is particularly important that there is no increase in the

levels of lipid peroxidation.

In the present study, the sodium alginate hydrogel did not have a cryoprotective
action on the integrity of the oocyte membrane and did not promote a greater
mitochondrial activity of the oocytes obtained from vitrified and encapsulated zebrafish
ovarian tissue. In contrast, the levels of lipid peroxidation of the encapsulated and
vitrified samples with half the concentration of CPA (VS2-A) did not differ from the non-
encapsulated vitrified ovarian tissue (VS). An important observation made in the study
was that the use of the alginate hydrogel encapsulation technique reduced the loss of
oocytes during the manipulation of fragments of ovarian tissue. Zebrafish ovaries have
a morphology like bunches of grapes in which the oocytes are easily detached from
the tissue. Therefore, alginate hydrogel promoted greater support for oocytes,
consequently, encapsulation in alginate hydrogel limited the consequences of
mechanical stress. Given these results, an interesting alternative would be the oocyte
maturation of ovarian tissue encapsulated in alginate hydrogel both in vitro and in vivo

by transplantation, promoting oocytes support. However, it is important to note that this
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is the first study reporting the cryopreservation of fish ovarian tissue encapsulated in

sodium alginate hydrogel, thus providing the first information of this technique.
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CONSIDERACOES FINAIS

Os dados obtidos apoés vitrificacdo dos fragmentos de tecido ovariano de
zebrafish encapsulados em hidrogel de alginato de sédio sugerem que a técnica de
encapsulamento néo foi capaz de fornecer agéo crioprotetora para as membranas dos
odcitos ou de reduzir a concentracdo de crioprotetores. No entanto, é importante
ressaltar que este é o primeiro trabalho relatando a criopreservacéao de tecido ovariano
de peixe encapsulado em hidrogel de alginato de sdédio, fornecendo assim, as
primeiras informagfes sobre essa técnica. Portanto, mais estudos sédo necessarios
para avaliar os efeitos da técnica de encapsulamento de tecido ovariano de zebrafish
em hidrogel de alginato na criopreservacdo, como a utilizacdo de diferentes
concentracbes de alginato, outros crioprotetores e método de criopreservacao

(congelamento lento).

A anatomia do ovario de zebrafish tem formato de cacho de uva, no qual os
oocitos se desprendem facilmente, e isso se intensifica nos fragmentos de tecido.
Durante a execucdo dos experimentos observou-se que O encapsulamento em
hidrogel de alginato de sodio funcionou como um suporte para as células, evitando
perda de odcitos durante a adicdo e remocdo de solucdes. Portanto, a técnica de
encapsulamento de tecido ovariano de zebrafish em hidrogel de alginato de sddio, se
mostrou vantajosa nesse sentido, e pode ser utilizada para o cultivo de tecido ovariano
de zebrafish, pois proporcionou maior seguranca durante a manipulacao da amostra.
Considerando que a vitrificacdo de tecido ovariano de zebrafish é capaz apenas de
preservar odcitos imaturos, € necessario o desenvolvimento de um protocolo efetivo
de maturacéo in vitro ou in vivo para que possa ser feito a fertilizacdo desses odécitos.
Sendo assim, a utilizacdo do encapsulamento do fragmento de tecido ovariano em
hidrogel de alginato pode ser uma alternativa para auxiliar e aprimorar 0os protocolos
de maturacdo dos oocitos de zebrafish, que até o momento sdo precarios e

necessitam de aprimoramentos.
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guide you through the process of writing for research and going through peer review. Feel free
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Submission

Our online submission system guides you stepwise through the process of entering your article
details and uploading your files. The system converts your article files to a single PDF file used
in the peer-review process. Editable files (e.g., Word, LaTeX) are required to typeset your
article for final publication. All correspondence, including notification of the Editor's decision
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Submission address
Please submit your article via http://ees.elsevier.com/cryo

Peer review

This journal operates a single blind review process. All contributions will be initially assessed
by the editor for suitability for the journal. Papers deemed suitable are then typically sent to a
minimum of two independent expert reviewers to assess the scientific quality of the paper. The
Editor is responsible for the final decision regarding acceptance or rejection of articles. The
Editor's decision is final. More information on types of peer review.

Use of word processing software

It is important that the file be saved in the native format of the word processor used. The text
should be in single-column format. Keep the layout of the text as simple as possible. Most
formatting codes will be removed and replaced on processing the article. In particular, do not
use the word processor's options to justify text or to hyphenate words. However, do use bold
face, italics, subscripts, superscripts etc. When preparing tables, if you are using a table grid,
use only one grid for each individual table and not a grid for each row. If no grid is used, use
tabs, not spaces, to align columns. The electronic text should be prepared in a way very similar
to that of conventional manuscripts (see also the Guide to Publishing with Elsevier). Note that
source files of figures, tables and text graphics will be required whether or not you embed your
figures in the text. See also the section on Electronic artwork.
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To avoid unnecessary errors you are strongly advised to use the 'spell-check' and 'grammar-
check' functions of your word processor.

Manuscripts must be prepared in double or triple line spacing and lines must be numbered.
Pages should be numbered in consecutive order.

LaTeX

You are recommended to use the latest Elsevier article class to prepare your manuscript
and BibTeX to generate your bibliography.

Our Guidelines has full details.

Subdivision

Regular papers will describe experimental findings, techniques, or theory. They will consist of
an abstract that summarizes the objective of the study, the methods used, and the conclusions
reached.

Brief Communications should not be divided into sections.

Introduction
The Introduction will contain a statement of the purpose of the work, the problem that
stimulated it, and a brief summary of relevant published investigations.

Material and methods

Provide sufficient details to allow the work to be reproduced by an independent researcher.
Methods that are already published should be summarized, and indicated by a reference. If
quoting directly from a previously published method, use quotation marks and also cite the
source. Any modifications to existing methods should also be described.

Results
Results should be clear and concise.
Avoid redundant tables and figures illustrating the same data.

Discussion

This should explore the significance of the results of the work, not repeat them. A combined
Results and Discussion section is often appropriate. Avoid extensive citations and discussion
of published literature.

Essential title page information
« Title. Concise and informative. Titles are often used in information-retrieval systems. Avoid
abbreviations and formulae where possible.

* Author names and affiliations. Please clearly indicate the given name(s) and family
name(s) of each author and check that all names are accurately spelled. You can add your
name between parentheses in your own script behind the English transliteration. Present the
authors' affiliation addresses (where the actual work was done) below the names. Indicate all
affiliations with a lower-case superscript letter immediately after the author's name and in front
of the appropriate address. Provide the full postal address of each affiliation, including the
country name and, if available, the e-mail address of each author.

» Corresponding author. Clearly indicate who will handle correspondence at all stages of
refereeing and publication, also post-publication. This responsibility includes answering any
future queries about Methodology and Materials. Ensure that the e-mail address is given
and that contact details are kept up to date by the corresponding author.

* Present/permanent address. If an author has moved since the work described in the article
was done, or was visiting at the time, a 'Present address' (or 'Permanent address') may be
indicated as a footnote to that author's name. The address at which the author actually did the
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work must be retained as the main, affiliation address. Superscript Arabic numerals are used
for such footnotes.

Highlights

Highlights are optional yet highly encouraged for this journal, as they increase the
discoverability of your article via search engines. They consist of a short collection of bullet
points that capture the novel results of your research as well as new methods that were used
during the study (if any). Please have a look at the examples here: example Highlights.
Highlights should be submitted in a separate editable file in the online submission system.
Please use 'Highlights' in the file name and include 3 to 5 bullet points (maximum 85
characters, including spaces, per bullet point).

Abstract

A concise and factual abstract is required. The abstract should state briefly the purpose of the
research, the principal results and major conclusions. An abstract is often presented separately
from the article, so it must be able to stand alone. For this reason, References should be
avoided, but if essential, then cite the author(s) and year(s). Also, non-standard or uncommon
abbreviations should be avoided, but if essential they must be defined at their first mention in
the abstract itself.

Abstracts of Regular Papers should not exceed 250 words, abstracts of Brief Communications
should not exceed 150 words

Graphical abstract

Although a graphical abstract is optional, its use is encouraged as it draws more attention to
the online article. The graphical abstract should summarize the contents of the article in a
concise, pictorial form designed to capture the attention of a wide readership. Graphical
abstracts should be submitted as a separate file in the online submission system. Image size:
Please provide an image with a minimum of 531 x 1328 pixels (h x w) or proportionally more.
The image should be readable at a size of 5 x 13 cm using a regular screen resolution of 96
dpi. Preferred file types: TIFF, EPS, PDF or MS Office files. You can view Example Graphical
Abstracts on our information site.
Authors can make use of Elsevier's lllustration Services to ensure the best presentation of their
images and in accordance with all technical requirements.

Keywords

Immediately after the abstract, provide a maximum of 10 keywords, using American spelling
and avoiding general and plural terms and multiple concepts (avoid, for example, "and", "of").
Be sparing with abbreviations: only abbreviations firmly established in the field may be eligible.
These keywords will be used for indexing purposes.

Abbreviations

Define abbreviations that are not standard in this field in a footnote to be placed on the first
page of the article. Such abbreviations that are unavoidable in the abstract must be defined at
their first mention there, as well as in the footnote. Ensure consistency of abbreviations
throughout the article.

Use the latest version of the American Chemical Society Style Guide, available
at http://pubs.acs.org/styleguide/.

The preferred abbreviation for dimethyl sulfoxide is Me2SO rather than DMSO.

Acknowledgements

Collate acknowledgements in a separate section at the end of the article before the references
and do not, therefore, include them on the title page, as a footnote to the title or otherwise. List
here those individuals who provided help during the research (e.g., providing language help,
writing assistance or proof reading the article, etc.).



84

Formatting of funding sources

List funding sources in this standard way to facilitate compliance to funder's requirements:
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EPS (or PDF): Vector drawings, embed all used fonts.
TIFF (or JPEG): Color or grayscale photographs (halftones), keep to a minimum of 300 dpi.
TIFF (or JPEG): Bitmapped (pure black & white pixels) line drawings, keep to a minimum of
1000 dpi.

TIFF (or JPEG): Combinations bitmapped line/half-tone (color or grayscale), keep to a
minimum of 500 dpi.

Please do not:

* Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); these typically
have a low number of pixels and limited set of colors;

* Supply files that are too low in resolution;

» Submit graphics that are disproportionately large for the content.

Color artwork

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS (or
PDF), or MS Office files) and with the correct resolution. If, together with your accepted article,
you submit usable color figures then Elsevier will ensure, at no additional charge, that these
figures will appear in color online (e.g., ScienceDirect and other sites) regardless of whether
or not these illustrations are reproduced in color in the printed version. For color reproduction
in print, you will receive information regarding the costs from Elsevier after receipt of
your accepted article. Please indicate your preference for color: in print or online only. Further
information on the preparation of electronic artwork.

Figure captions

Ensure that each illustration has a caption. Supply captions separately, not attached to the
figure. A caption should comprise a brief title (not on the figure itself) and a description of the
illustration. Keep text in the illustrations themselves to a minimum but explain all symbols and
abbreviations used.

Tables

Please submit tables as editable text and not as images. Tables can be placed either next to
the relevant text in the article, or on separate page(s) at the end. Number tables consecutively
in accordance with their appearance in the text and place any table notes below the table body.
Be sparing in the use of tables and ensure that the data presented in them do not duplicate
results described elsewhere in the article. Please avoid using vertical rules and shading in
table cells.

References

Citation in text

Please ensure that every reference cited in the text is also present in the reference list (and
vice versa). Any references cited in the abstract must be given in full. Unpublished results and
personal communications are not recommended in the reference list, but may be mentioned
in the text. If these references are included in the reference list they should follow the standard
reference style of the journal and should include a substitution of the publication date with
either 'Unpublished results' or '‘Personal communication'. Citation of a reference as 'in press'
implies that the item has been accepted for publication.

Web references

As a minimum, the full URL should be given and the date when the reference was last
accessed. Any further information, if known (DOI, author names, dates, reference to a source
publication, etc.), should also be given. Web references can be listed separately (e.g., after
the reference list) under a different heading if desired, or can be included in the reference list.

Data references



86

This journal encourages you to cite underlying or relevant datasets in your manuscript by citing
them in your text and including a data reference in your Reference List. Data references should
include the following elements: author name(s), dataset title, data repository, version (where
available), year, and global persistent identifier. Add [dataset] immediately before the reference
so we can properly identify it as a data reference. The [dataset] identifier will not appear in your
published article.

References in a special issue
Please ensure that the words 'this issue' are added to any references in the list (and any
citations in the text) to other articles in the same Special Issue.

Reference management software

Most Elsevier journals have their reference template available in many of the most popular
reference management software products. These include all products that support Citation
Style Language styles (http://citationstyles.org), such as Mendeley
(http://Iwvww.mendeley.com/features/reference-manager) and Zotero (https://www.zotero.org/).
Using the word processor plug-ins from these products, authors only need to select the
appropriate journal template when preparing their article, after which citations and
bibliographies will be automatically formatted in the journal's style. If no template is yet
available for this journal, please follow the format of the sample references and citations as
shown in this Guide.

Users of Mendeley Desktop can easily install the reference style for this journal by clicking the
following link:
http://open.mendeley.com/use-citation-style/Elsevier(numericwithtitlessortedalphabetically)
When preparing your manuscript, you will then be able to select this style using the Mendeley
plug-ins for Microsoft Word or LibreOffice.

Reference style

Text: Indicate references by number(s) in square brackets in line with the text. The actual
authors can be referred to, but the reference number(s) must always be given.
Example: "..... as demonstrated [3,6]. Barnaby and Jones [8] obtained a different result ...."
List: The list of references is arranged alphabetically and then numbered (numbers in square
brackets).

Examples:

Reference to a journal publication:

[1] J. van der Geer, J.A.J. Hanraads, R.A. Lupton, The art of writing a scientific article, J. Sci.
Commun. 163 (2010) 51-59. https://doi.org/10.1016/j.5¢.2010.00372.
Reference to a journal publication with an article number:

[2] J. van der Geer, J.A.J. Hanraads, R.A. Lupton, The art of writing a scientific article, Heliyon
19 (2018) 00205, https://doi.org/10.1016/j.heliyon.2018.e00205.
Reference to a book:

[3] W. Strunk Jr., E.B. White, The Elements of Style, fourth ed., Longman, New York, 2000.
Reference to a chapter in an edited book:

[4] G.R. Mettam, L.B. Adams, How to prepare an electronic version of your article, in: B.S.
Jones, R.Z. Smith (Eds.), Introduction to the Electronic Age, E-Publishing Inc., New York,
2009, pp. 281-304.

Journal names should be abbreviated according to CAS (Chemical Abstracts
Service): http://www.cas.org/sent.html.

Video

Elsevier accepts video material and animation sequences to support and enhance your
scientific research. Authors who have video or animation files that they wish to submit with
their article are strongly encouraged to include links to these within the body of the article. This
can be done in the same way as a figure or table by referring to the video or animation content
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and noting in the body text where it should be placed. All submitted files should be properly
labeled so that they directly relate to the video file's content. In order to ensure that your video
or animation material is directly usable, please provide the file in one of our recommended file
formats with a preferred maximum size of 150 MB per file, 1 GB in total. Video and animation
files supplied will be published online in the electronic version of your article in Elsevier Web
products, including ScienceDirect. Please supply 'stills' with your files: you can choose any
frame from the video or animation or make a separate image. These will be used instead of
standard icons and will personalize the link to your video data. For more detailed instructions
please visit our video instruction pages. Note: since video and animation cannot be embedded
in the print version of the journal, please provide text for both the electronic and the print version
for the portions of the article that refer to this content.

Data visualization

Include interactive data visualizations in your publication and let your readers interact and
engage more closely with your research. Follow the instructions here to find out about
available data visualization options and how to include them with your article.

Supplementary material

Supplementary material such as applications, images and sound clips, can be published with
your article to enhance it. Submitted supplementary items are published exactly as they are
received (Excel or PowerPoint files will appear as such online). Please submit your material
together with the article and supply a concise, descriptive caption for each supplementary file.
If you wish to make changes to supplementary material during any stage of the process, please
make sure to provide an updated file. Do not annotate any corrections on a previous version.
Please switch off the "Track Changes' option in Microsoft Office files as these will appear in the
published version.

Research data

This journal encourages and enables you to share data that supports your research publication
where appropriate, and enables you to interlink the data with your published articles. Research
data refers to the results of observations or experimentation that validate research findings. To
facilitate reproducibility and data reuse, this journal also encourages you to share your
software, code, models, algorithms, protocols, methods and other useful materials related to
the project.

Below are a number of ways in which you can associate data with your article or make a
statement about the availability of your data when submitting your manuscript. If you are
sharing data in one of these ways, you are encouraged to cite the data in your manuscript and
reference list. Please refer to the "References" section for more information about data citation.
For more information on depositing, sharing and using research data and other relevant
research materials, visit the research data page.

Data linking

If you have made your research data available in a data repository, you can link your article
directly to the dataset. Elsevier collaborates with a number of repositories to link articles on
ScienceDirect with relevant repositories, giving readers access to underlying data that gives
them a better understanding of the research described.

There are different ways to link your datasets to your article. When available, you can directly
link your dataset to your article by providing the relevant information in the submission system.
For more information, visit the database linking page.

For supported data repositories a repository banner will automatically appear next to your
published article on ScienceDirect.

In addition, you can link to relevant data or entities through identifiers within the text of your
manuscript, using the following format: Database: xxxx (e.g., TAIR: AT1G01020; CCDC:
734053; PDB: 1XFN).
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Mendeley Data

This journal supports Mendeley Data, enabling you to deposit any research data (including raw
and processed data, video, code, software, algorithms, protocols, and methods) associated
with your manuscript in a free-to-use, open access repository. During the submission process,
after uploading your manuscript, you will have the opportunity to upload your relevant datasets
directly to Mendeley Data. The datasets will be listed and directly accessible to readers next
to your published article online.

For more information, visit the Mendeley Data for journals page.

Data in Brief

You have the option of converting any or all parts of your supplementary or additional raw data
into one or multiple data articles, a new kind of article that houses and describes your data.
Data articles ensure that your data is actively reviewed, curated, formatted, indexed, given a
DOI and publicly available to all upon publication. You are encouraged to submit your article
for Data in Brief as an additional item directly alongside the revised version of your manuscript.
If your research article is accepted, your data article will automatically be transferred over
to Data in Brief where it will be editorially reviewed and published in the open access data
journal, Data in Brief. Please note an open access fee of 600 USD is payable for publication
in Data in Brief. Full details can be found on the Data in Brief website. Please use this
template to write your Data in Brief.

Data statement

To foster transparency, we encourage you to state the availability of your data in your
submission. This may be a requirement of your funding body or institution. If your data is
unavailable to access or unsuitable to post, you will have the opportunity to indicate why during
the submission process, for example by stating that the research data is confidential. The
statement will appear with your published article on ScienceDirect. For more information, visit
the Data Statement page.

Online proof correction

To ensure a fast publication process of the article, we kindly ask authors to provide us with
their proof corrections within two days. Corresponding authors will receive an e-mail with a link
to our online proofing system, allowing annotation and correction of proofs online. The
environment is similar to MS Word: in addition to editing text, you can also comment on
figures/tables and answer questions from the Copy Editor. Web-based proofing provides a
faster and less error-prone process by allowing you to directly type your corrections, eliminating
the potential introduction of errors.
If preferred, you can still choose to annotate and upload your edits on the PDF version. All
instructions for proofing will be given in the e-mail we send to authors, including alternative
methods to the online version and PDF.

We will do everything possible to get your article published quickly and accurately. Please use
this proof only for checking the typesetting, editing, completeness and correctness of the text,
tables and figures. Significant changes to the article as accepted for publication will only be
considered at this stage with permission from the Editor. It is important to ensure that all
corrections are sent back to us in one communication. Please check carefully before replying,
as inclusion of any subsequent corrections cannot be guaranteed. Proofreading is solely your
responsibility.

Offprints

The corresponding author will, at no cost, receive a customized Share Link providing 50 days
free access to the final published version of the article on ScienceDirect. The Share Link can
be used for sharing the article via any communication channel, including email and social
media. For an extra charge, paper offprints can be ordered via the offprint order form which is
sent once the article is accepted for publication. Both corresponding and co-authors may order
offprints at any time via Elsevier's Author Services. Corresponding authors who have published
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their article gold open access do not receive a Share Link as their final published version of
the article is available open access on ScienceDirect and can be shared through the article
DOl link.

Visit the Elsevier Support Center to find the answers you need. Here you will find everything
from Frequently Asked Questions to ways to get in touch.
You can also check the status of your submitted article or find out when your accepted article
will be published
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