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RESUMO

A R-ficoeritrina (R-PE) é um pigmento fotossintético (ficobiliproteina) presente nas
macroalgas vermelhas, que possui amplas aplica¢fes industriais. A presenca de polissacaridos
na parede celular das macroalgas dificulta a extracdo do pigmento. Assim, ferramentas
biotecnologicas podem ser utilizadas para otimizar este processo. Desse modo, a localizacéo da
R-PE no talo, a extracdo e o efeito da celulase na extracdo de R-PE de macroalga Solieria
filiformis, uma espécie cultivada no litoral do Ceara, Brasil, foram avaliados. A microscopia
confocal a laser foi utilizada para identificar as células pigmentadas no talo e os efeitos da
concentracdo, temperatura e tempo da celulase sobre o rendimento e indice de pureza do
pigmento extraido foram avaliados. Apenas as células corticais do talo apresentaram a
fluorescéncia da R-PE. Foi observado que o congelamento como método de conservacao
causou modificagdes morfoldgicas do talo, contudo, a pigmentacao foi preservada. O maior
rendimento de extracdo de R-PE observado (0,1921 + 0,0086 mg g de macroalga hiimida)
ocorreu na presenca da celulase de Aspergillus niger a 200 U g de macroalga imida. A
concentracdo de enzima, temperatura e tempo influenciaram positivamente o rendimento da
extracdo de R-PE, mas influenciaram negativamente o indice de pureza do pigmento. A melhor
condicéo para extrair o R-PE foi 160 U g de macroalga Gimida, sob a temperatura de 35 °C por

6 h, atingindo 0,21 mg g* de macroalga imida, com um indice de pureza de 0,04.

Palavras-chave: Ficobiliproteina; R-FE; microscopia confocal a laser; extracdo enzimatica.



ABSTRACT

R-phycoerythrin (R-PE) is a photosynthetic pigment (phycobiliprotein) present in red
macroalgae, which has wide industrial applications. The presence of polysaccharides in the cell
wall of macroalgae hampers pigment extraction. Thus, biotechnological tools can be used to
optimize this process. Therefore, the R-PE localization in the thallus, the extraction and the
effect of the cellulase on the R-PE extraction from Solieria filiformis macroalga, a species
cultivated on the coast of Ceara, Brazil, were evaluated. Laser confocal microscopy was used
to identify the pigmented cells in the tallus. It was observed that freezing as a preservation
method caused morphological modifications of the thallus, however, the pigmentation was
preserved. The effect of the cellulase concentration, temperature and time were evaluated on
the yield and purity index of the pigment extracted. Only thallus cortical cells presented R-PE
fluorescence and the highest R-PE yield extraction observed (0.1921 + 0.0086 mg g* wet
macroalga) was in the presence of the cellulase from Aspergillus niger at 200 U g* wet
macroalga. The concentration enzyme, temperature and time positively influenced the R-PE
extraction yield, but negatively influenced the pigment purity index. The best condition to
extract the R-PE was 160 U g* wet macroalga, temperature 35 °C by 6 h, reaching 0.21 mg g*
wet macroalga, with a purity index of 0.04.

Keywords: Phycobiliproteins; R-PE; laser confocal microscopy; enzymatic extraction.
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1 INTRODUCAO

1.1 Algas Marinhas

O termo “alga” ¢ desprovido de valor taxonémico, uma vez que designa organismos
distintos entre si, quanto a sua organizacao, origem, morfologia e composi¢éo, e que possuem
representantes em dois dos trés dominios da vida, Eubacteria e Eukarya, estando as mais de
10.000 especies distribuidas nos reinos Bacteria, Plantae, Chromista e Protozoa (GUIRY, 2012,
2014; LOURENCO, 2006; REVIERS, 2002; STENGEL; CONNAN; POPPER, 2011).

As algas sdo definidas, de modo getal, como organismos fotossintéticos,
unicelulares ou pluricelulares, que possuem funcdes bioldgicas e ecoldgicas semelhantes as
plantas, mas diferem dessas na sua bioquimica e por ndo possuirem estruturas especializadas
como raizes, folhas, flores e tecidos sofisticados para transporte de agua, agucares e nutrientes
(KAISER et al., 2011; STENGEL; CONNAN; POPPER, 2011).

Como um grupo, as algas sdo organismos ubiquos, usualmente presentes em
sistemas aquaticos de agua doce ou salgada, enquanto que individualmente as diferentes
espécies ocupam habitats especificos. As algas podem estar fixadas ao substrato, como as
plantas, ou podem ser mdveis como animais, algumas espécies estdo simplesmente suspensas
na gua, e outras mais estao simbioticamente associadas a outros organismos, como aos fungos,
formando os liquens. Fatores fisicos (substrato, temperatura, qualidade e quantidade de luz,
atividade dindmica das marés, ventos e tempestades), quimicos (salinidade, pH, nutrientes,
gases e nivel de poluicdo) e bioldgicos (herbivoros, micrdbios, epifitas, endofitos, simbiontes,
parasitas e doencas) determinam a sua distribuicdo (BAWEJA et al, 2016). Assim, podem ser
encontradas em ambientes de extremas temperaturas, como as que vivem em neve, desertos e
fontes termais (ANDERSEN, 2013; EL GAMAL, 2010; EVERT; EICHHORN, 2013; GUIRY,
2014; LEE, 2008; LOURENCO, 2006).

As algas demonstram grande importancia ecoldgica, ndo somente pela producéo de
oxigénio para 0s outros organismos aquaticos, mas também atuam como produtores primarios
na cadeia alimentar, produzindo matéria orgéanica a partir de luz solar, diéxido de carbono e
agua, e contribuindo para o balanco global da fotossintese, além de serem capazes de remover
poluentes de efluentes agricolas e de esgoto (BOLD; WYNNE, 1985; GRAHAM; GRAHAM,;
WILCOX, 2009; LEE, 2008; LOURENCO, 2006; SAMARAKOON; JEON, 2012; TAYLOR;
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TAYLOR; KRINGS, 2009). Além disso, podem ser utilizadas como abrigo e area reprodutiva
para peixes, invertebrados, aves e mamiferos (BAWEJA et al, 2016).

A classificacdo desses organismos € complexa, fazendo-se uma divisao didatica em
microalgas e macroalgas, baseada na variedade de tamanho dos organismos, que podem medir
desde 0,2-2 um de diametro, os fitoplanctons, até 30-80 m, os gigantes kelps, 0s quais dao
origem a grandes florestas de algas do tipo Laminaria (BARSANTI; GUALTIERI, 2014,
EVERT; EICHHORN, 2013; MAKKAR et al., 2016)

As macroalgas podem ser classificadas, ainda, de acordo com a sua
pigmentacdo, componentes da parede celular e funcéo ecoldgica, resumidamente apresentados
na Tabela 1. Nesse sentido, por apresentarem origem polifilética, sdo atualmente distribuidas
em dois reinos: as macroalgas verdes e vermelhas pertencem ao reino Plantae, enquanto que as
macroalgas marrons pertencem ao Reino Chromista (LIN; QIN, 2014; MAKKAR et al., 2016).

Tabela 1 - Pigmentos, Componentes da Parede Celular e Funcao Ecoldgicas de Macroalgas
Marinhas Verdes, Marrons e Vermelhas

Principais
Gruno Pigmentos componentes Funcéo Principais
P fotossintéticos da parede ecoldgica géneros
celular
Produtores
Chlorophvta Celulose, primarios, as Ulva, Codium,
phy . algas calcarias
Clorofila a, b, carbonato de x Enteromorpha,
(Algas . o sdo fontes
carotenoides calcio em algas importantes de Chaetomorpha e
verdes) calcérias porta Cladophora
calcério nos
recifes de corais
Produtores Ascop_hyllgm,
Ochrophyta S Laminaria,
. primarios; séo os .
Clorofila a, c, Celulose, fincinais Saccharina,
(Algas xantofilas alginatos princip Macrocystis,
marrons) componentes das Nereocystis e
florestas de kelps
Sargassum
) Produtores
Clorofila a, Agar, primarios; as Pyropia,
Rhodophyta ficobilinas carragenana, | algas coralinas Porphyra,
(Algas (ficocianina, carbonato de sdo fontes Chondrus,
vermelhas) ficoeritrina), calcio em algas impor,ta_ntes de Palmaria e
carotenoides coralinas calcério nos Gracilaria
recifes de corais

Fonte: Modificado de Castro & Huber (2012).
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1.2 Importancia econdmica macroalgas marinhas

A diversidade de espécies de macroalgas e sua composi¢do bioquimica representam
extensa fonte de compostos bioativos para aplicagdes na industria agroalimentar, cosmética,
farmacol6gica e no campo da alimentacdo e quimica funcionais (HOLDT; KRAAN, 2011;
IOANNOU; ROUSSIS, 2009; MAYER et al., 2008).

As macroalgas séo fontes de matéria mineral (11-55% de peso seco, na forma de
cinzas), polissacarideos (15-76% de peso seco), proteinas (1-50% de peso seco), lipidios (0,3—
5% de peso seco), fito-hormdnios e pigmentos, bem como uma ampla variedade de metabélitos
secundarios (compostos fendlicos, terpenoides e compostos halogenados, derivados de enxofre
e derivados de nitrogénio), dentre outros (BEDOUX et al., 2014; KADAM et al., 2015).

Diante disso, o cultivo de macroalgas marinhas tem crescido nas ultimas décadas,
atingindo 32,4 milhdes de toneladas em 2018, o que representa 13,3 bilhdes de ddlares, com
significativa representacdo de macroalgas vermelhas (FAO, 2020). Nos ultimos anos, o Brasil
importou o equivalente a 79,45 milhdes de ddlares (20,3 mil toneladas), atingindo, em 2017,
14,64 milhGes de dolares (1,7 mil toneladas). Por outro lado, na mesma década, o pais exportou
2 mil toneladas a um valor total de 2,4 milhdes de dolares, sendo verificado em 2015 o seu
maior valor de exportacdo, 413.631 dolares referente a 142.604 Kg de biomassa algéicea
(DANTAS, 2018). A Tabela 2, a seguir, apresenta as aplicaces potenciais de algumas espécies

de macroalgas e seus bioprodutos.

Tabela 2 — Aplicacdes das macroalgas marinhas e de seu bioprodutos

Aplicacio | Geénero ou Espécie | Referéncia
Porphyra
Alimentacdo Undaria pinnatifida (EVERT; EICHHORN, 2013)
humana Saccharina japonica
Ulva

(MATHUR et al., 2015; OLIVEIRA,

Enteromorpha intentinalis 2017)

Biofertilizagao Gracilaria birdiae

Biorremediaga Ulva (TROELL et al., 2009)
0 Gracilaria
Kappaphycus alvarezii )
Producao de Solieria filiformis (ROBLEDO; FREILE-PELEGRIN,
carregenana Eucheuma isiforme, 2011)

Halymenia floresii
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Formulacéo

" Ulva lactuca (GRILLO et al., 2021)
cosmética
Produtos Laminaria digitata (PURCELL-MEYERINK et al.,
farmacéuticos Macrocystis pyrifera 2021)
Etanol Saccharina japonica (JANG et al., 2012)

Fonte: Elaborado pelo autor.

Merecem destaque o0s ficocoldides (alginatos, &gares e carragenanas),
polissacarideos localizados na parede celular de macroalgas vermelhas e marrons, que, quando
isolados, podem formar geis e estabilizar emulsdes em solugbes aquosas. Devido a essa
propriedade, os ficocoldides sdo de grande interesse, principalmente para a inddstria
alimenticia, mas também para as industrias farmacéutica, biotecnoldgica, cosmética, téxtil e de
papel (HOLANDA, 2016).

Ha também grande atenc¢do sobre os pigmentos das macroalgas, principalmente das
vermelhas, como as ficocianinas e as ficoeritrinas. Tais pigmentos sdo denominados
ficobiliproteinas, os quais possuem alta fluorescéncia e podem apresentar coloracdo azul e
vermelha (Figura 1), tornando-se moléculas de potencial aplicacdo biotecnoldgica, sobretudo
porque ha uma busca de corantes naturais na industria (GLAZER, 1984; REIS et al., 1998;
SCHIOZER; BARATA, 2007). Tais se destacam em relacdo aos corantes sintéticos
principalmente porque sdo compostos atoxicos e ndo carcinogénicos (HEMLATA; FATMA,
2009). A ficoetrinina extraida de macroalgas Rhodophytas (R-Ficoeritrina), por exemplo, é
usada como corante natural vermelho e representa uma alternativa para a reducéo do uso de
pigmentos sintéticos na formulacdo de cremes e produtos de maquiagem (BEDOUX et al.,
2014). No que se refere a aplicacdo na industria farmacéutica, diversas atividades bioldgicas
das ficobiliproteinas ja foram relatas na literatura, tais como antioxidante (PALIWAL et al.,
2015; SONANI et al., 2017), imunomodulatéria (CHEN et al., 2014), anticAncer (PAN et al.,
2013), anti-inflamatoria (LEE et al., 2017), demonstrando o seu amplo campo de utilizag&o.

Apesar da ampla aplicacdo dessas proteinas e do grande volume de produgéo de
macroalgas no mundo, sobretudo as vermelhas para producdo de agar e carragenana, verifica-
se que as ficobiliproteinas desses organismos ainda sdo subaproveitadas. O baixo rendimento
dos processos de extracdo dessas biomoléculas pode ser um fator relevante. O fato é que elas
apresentam alto valor comercial atualmente, como pode ser observado na Tabela 3, sendo que
o mercado das ficobiliproteinas foi estimado em 112,3 milhGes de délares em 2018, com
projecdo de dobrar esse valor em 2028 (TAN et al., 2021). Além disso, o mercado de corantes

destinados a alimentos projetou 3,75 bilhdes de ddlares para 2022, com grande tendéncia e
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participacdo dos pigmentos naturais (ARYEE; AGYEI; AKANBI, 2018). Vale ressaltar que o
valor comercial de ficobiliproteinas esta correlacionado ainda com o grau de pureza e aplicacdo

desses pigmentos.

Figura 1 — Aspecto da coloragéo dos pigmentos
azul e vermelho purificados da macroalga
marinha Hypnea musciformis

R

Fonte: Costa (2016).

Portanto, para o aproveitamento méximo da biomassa macroalgécea o conceito de
biorrefinaria pode ser aplicado, sendo identificado como o caminho mais promissor para
indUstria baseada na biomassa, por adotar uma abordagem de producdo em cascata que visa a
recuperacao de varios compostos de algas, valorizando a biomassa completa e melhorando a
economia da cadeia de valores (BASTIAENS et al., 2017; TRIVEDI et al., 2015).

Tabela 3 - Valor comercial de ficobiliproteinas

, Prefix Valor .
Molécula 0 Marca (em US$.mg?) Referéncia
B Columbia 21,60 (BIOSCIENCES, 2022a)
Biosciences
Columbia
Cicceritring Biosciences 10,80 (BIOSCIENCES, 2022b)
(FE) R Sigma-Aldrich 197,00 (ALDRICH, 2022a)
Santa Cruz (SANTA-CRUZ-
R Biotechnolo 52,00 BIOTECHNOLOGY,
9y 2022)
R ThermoFisher 347,822 (THERMOFISHER, 2022)
Ficocianina R Columbia 21.60 (BIOSCIENCES, 2022¢)
(FC) _BIOSCIence_S
C Sigma-Aldrich 203,00 (ALDRICH,2022b)
. Columbia
Aloficocianina - Biosci 23,00 (BIOSCIENCES, 2022d)
(AFC) Biosciences
Sigma-Aldrich 474,00 (ALDRICH, 2022c)

Fonte: Elaborado pelo autor. Legenda: a — produto vendido em volume de 0,5 mL.
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Biorrefinar, segundo Agéncia Internacional de Energia (AIE) (do inglés,
International Energy Agency — IEA), é “o processamento sustentavel de utilizagdo de biomassa
em um espectro de produtos comercializaveis (alimentos, ragdes, materiais e produtos
quimicos) e energia (combustiveis, energia, calor)” (SONNENBERG; BAARS; HENDRICKX,
2007). A biorrefinaria, portanto, surge como um modo de diminuir 0s impactos negativos sobre
0 meio ambiente, criando-se produtos de maior valor agregado para se obter beneficios
econdmicos e ambientais. Essa abordagem é dita sustentavel porque reduz os desperdicios dos
processos, diminuindo a pressao sobre os ecossistemas. Assim, biorrefinarias de macroalgas
possuem um importante papel para a inser¢édo da bioeconomia (BALINA; ROMAGNOLLI;
BLUMBERGA, 2017a; KOSTAS et al., 2021).

Na literatura é possivel verificar esquemas de biorrefinaria descritos para
macroalgas vermelhas. Por exemplo, Baghel et al. (2015) utilizaram as macroalgas Gelidiella
acerosa e Gracilaria dura para extracao de ficobiliproteinas, fertilizante liquido, lipidio, agar
e celulose, que ap0ds hidrolise enzimatica seguida de fermentagdo, é produzido bioetanol.
Trivedi et al. (2016) utilizaram Ulva fasciata para a obtencdo de extrato liquido rico em
minerais, lipidios, ulvan e celulose, que também ap0s hidrdlise enzimética foi utilizada para a
producdo de bioetanol. Pefiuela et al. (2018) implantaram um sistema multitrofico para a
valorizacdo da biomassa de Solieria filiformis, obtendo um extrato rico em proteinas e
polissacarideos sulfatados, acidos graxos poli-insaturados e 1-carragenana pura.

Nessa perspectiva e visando mostrar a importancia ambiental e econdmica da
biomassa algacea e dos seus derivados € que 0 nosso grupo de pesquisa vem desenvolvendo
métodos de cultivo, prospectando, estabelecendo e otimizando processos de extracdo de
moléculas bioativas e desenvolvendo bioprocessos para obtencdo de quimicos e
biocombustiveis utilizando macroalgas presentes na flora marinha cearense. Lima (2012)
estabeleceu o cultivo de Solieria filiformis por esporulacéo natural no mar, enquanto que Alves
(2016) estabeleceu o cultivo de Gracilaria birdiae também no mar. Por sua vez, Holanda (2016)
e Maia (2016) desenvolveram cultivos de G. birdiae e Gracilaria cornea, respectivamente, sob

condi¢des de laboratorio.

1.3 Ficobiliproteinas

18



As ficobiliproteinas sdo pigmentos proteicos hidrossoliveis envolvidos na absorgdo
de luz, presentes em cianobactérias, glaucofitas e rodofitas (GLAZER, 1984; CHEN et al.,
2017; SEKAR; CHANDRAMOHAN, 2008). A sua cor e as suas caracteristicas espectrais sdo
decorrentes da presenca de grupos prostéticos lineares tetrapirrolicos (chamadas bilinas ou
ficobilinas) que estdo ligados covalentemente, via ligacOes tioéter, aos residuos de cisteina da
porcdo proteica (JIANG; ZHANG; LIANG, 1999; MANIRAFASHA et al., 2016). A ficobilina
é 0 pigmento fotossintético de fato, mas ele ndo apresenta funcdo biolégica se ndo estiver
associado a uma proteina (LOURENCO, 2006).

Essas proteinas, de acordo com a sua coloragdo, podem ser dividias em dois tipos:
aficoeritrina, de cor vermelha, e a ficocianina, de cor azul (O’CARRA; MURPHY; KILLILEA,
1980). Elas também podem ser classificadas em quatro classes distintas, de acordo com 0s seus
comprimentos de onda maximos (Amax) Na regido do espectro de absorcdo da luz visivel (Figura
2): ficoeritrina (FE) (Amax = 495-570 nm), ficoeritrocianina (FEC) (Amax = 575 nm), ficocianina
(FC) (Amax = 610-620 nm) e aloficocianina (AFC) (Amax = 650-655 nm) (APT; COLLIER;
GROSSMAN, 1995; BRYANT; GLAZER; EISERLING, 1976; GLAZER, 1984b).

Figura 2 — Espectro de Absorcdo dos Pigmentos Fotossintetizantes
Ficoeritrina, Ficociana e Clorofila a  presentes em Macroalgas

Vermelhas

Luz solar
atingindo ——y

a terra

Ficoeritrina

Ficocianina

Absorg¢do

<4— Clorofila a

1
300 400 500 600 700 800

Comprimento de Onda (nm)

Fonte: Adaptado de Nelson e Cox (2014).

As ficobiliproteinas fazem parte de uma eficiente cadeia de transferéncia de

radiacdo eletromagnética do espectro da luz visivel (Figura 3), sendo capazes de canaliza-la
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para o centro de reacdo do fotossistema Il, onde esta presente a clorofila a (GLAZER, 1989;
NELSON; COX, 2014a; SFRISO; GALLO; BALDI, 2018). O espectro de luz visivel
compreende a luz com comprimentos de onda na faixa de 400 a 700 nm, variando do violeta ao
vermelho, e é chamado de radiacdo fotossintética ativa. Os organismos fotossintetizantes
ajustam sua estrutura de captacdo de luz para absorver os varios comprimentos de onda de luz
desse espectro, que varia com a profundidade da agua (GRAHAM; GRAHAM; WILCOX,
2009; KAISER et al., 2011).

Figura 3 — Radiacao Eletromagnética

Tipo de

% Raios gama Raios X | UV Infra- | Micro-ondas Ondas de radio
radlacio vermelho
Comprimento <1nm 100nm <1 milimetro 1metro  Milhares de metros
de onda
Luz visivel
Amarelo
Violeta Azul  Anil  Verde Cor de laranja Vermelho
Comprimento 380 430 500 560 600 650 750
de onda (nm)
Energia 300 240 200 170

(kJ/einsteln)

Fonte: Nelson e Cox (2014).

As ficobiliproteinas absorvem luz numa regido do espectro em que a clorofila é
ineficiente (450-670 nm), o que permite que as algas, como as rodofitas, ocupem ambientes
aquaticos, como lagos e oceanos, nos quais, preferencialmente, a radiacdo de altos
comprimentos de onda é filtrada pela &gua — predominantemente a vermelha, tendo-se que as
algas que estdo na superficie possuem maior contato com a luz vermelha que aquelas que estao
em maiores profundidades. A agua, portanto, funciona como um filtro, gerando o processo
conhecido por aclimatagdo cromatica complementar. Tal processo produz dois tipos principais
de organismos fotossintetizantes aquaticos: aqueles que crescem em aguas rasas gque tendem a
conter ficobiliproteinas especializadas em absorver a luz amarela/vermelha (FC), e aqueles que
estdo em aguas mais profundas, os quais tendem a conter ficobiliproteinas especializadas em
absorver a luz verde/azul (FE), que é, relativamente, a luz mais abundante em altas
profundidades (GLAZER; STRYER, 1984; KEHOE, 2010; KEHOE; GUTU, 2006; NELSON;
COX, 2014a; RAMUS et al., 1976; SAGERT; SCHUBERT, 1995). A caracteristica que faz as
algas vermelhas serem capazes de se desenvolver e crescer abundantemente em aguas
profundas esta diretamente ligada ao alto teor de ficoeritrina presente em seus tilacéides, pois
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essa ficobiliproteina tem uma absorcédo eficiente da luz na faixa espectral de 450 a 570 nm
(WANG et al., 2015).

As ficobiliproteinas constituem um aglomerado proteico chamado ficobilissomo, o
qual, in vivo, apresenta-se na superficie da membrana do tilacdide — exatamente sobre o centro
de reacdo — das macroalgas vermelhas — e sdo constituidas pelas ficobiliproteinas e pelos
peptideos de ligacdo (Figura 4) (GLAZER, 1985; HURD et al., 2014; LOURENCO, 2006).

A estrutura dos ficobilissomos (Figura 5) funciona como uma antena capaz de
absorver energia a qual é diretamente transferida para o centro de reacgéo fotossintético 11, com
eficiéncia de captacdo e transferéncia de energia proximos a 100%, in vivo (GLAZER, 1989;
MURAMATSU; HIHARA, 2012). O fluxo de transferéncia de energia se da na disposi¢ao
espectral em que os pigmentos sdo encontrados, isto &, a energia absorvida pela ficoeritrina é
transmitida para a ficocianina, em seguida para a aloficocianina, e, enfim, para a clorofila a do
centro de reacdo, por transferéncia de éxcitons (GLAZER; HIXSON, 1975; HURD et al., 2014;
NELSON; COX, 2014a; PARMAR et al., 2011).

Figura 4 — Representacdo da Membrana do Tilacdide e dos

Ficobilissomos

Superficie Luminal do Tilacéide

a E a E a E Membrana do Tilacoide

@ PSII + local de fixagdo do ficobilissomo

O PSI, citocromo, subunidade CF,

e £ Aloficocianina
Ficobilissomo
PG mm Ficocianina, ficoeritrina

Fonte: Adaptado de Dumay et al. (2014). Legenda: CF — Fator de acoplamento; PS — Fotossistema.

As ficobiliproteinas tém como segunda fungdo atuarem como reserva de nitrogénio,
em que, em situacdes de estresse, as proteinas que as compdem sdo degradadas, liberando
nitrogénio para os processos metabdlicos essenciais. Tal processo, que € reversivel, ocasiona
uma mudanca da coloracdo da alga, a qual assume um aspecto esverdeado (LOURENCO,

2006).
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Figura 5 — Representacdo da Estrutura do Ficobilissomo

LUZ

480-570 nm 550-650 nm

Transferéncia de
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—— @ Ficoeritrina, ficoeritrocianina ou ficocianina

Hastes — . Ficoeritrina ou ficocianina Q Aloficocianina
i - Ficocianina

Fonte: Adaptado de Dumay et al. (2014).

A morfologia dos ficobilissomos varia de acordo com organismo, sendo que, em
macroalgas vermelhas assume uma estrutura hemi-elipsoidal, compondo-se de duas
subestruturas bem definidas: as hastes e o nucleo. As hastes sdo constituidas pelos pigmentos
ficoeritrina e ficocianina, de tal modo que a ficoeritrina, de maior energia, encontra-se nas
extremidades das hastes, e a ficocianina, de menor energia, localiza-se na base das hastes. O
nucleo, por sua vez, é composto pela aloficocianina (DUMAY et al., 2014; GLAZER et al.,
1983; GLAZER, 1984).

As conexdes entre as hastes, o nucleo e a membrana do tilacdide se ddo pelos
peptideos de ligacdo, sendo que, dependendo da espécie, representam cerca de 15% do total de
proteinas do ficobilissomo (DE MARSAC, 1977). Sua principal funcédo, devido ao seu carater
hidrofobico, é fixar o ficobilissomo na membrana do tilacoide. Além disso, esses peptideos
estabilizam a estrutura dos ficobilissomos e asseguram a coesdo das ficobiliproteinas na
estrutura (DUMAY et al., 2014). Os polipeptidios de ligacao sdo classificados em trés tipos de
acordo com sua massa molecular: o peptideo de ligacdo do nucleo a membrana (Lcm) com
massa molecular que varia de 70 a 120 kDa e tem por funcdo ligar o nacleo do ficobilissomo a
membrana do tilacéide, e, também, atuar como receptor final de éxcitons contribuindo para a

transferéncia dessa energia para o centro de reacéo; o peptideo de ligacdo Lc (9-12 kDa) que
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tem por finalidade montar e fixar o nicleo do ficobilissomo; e, por fim, o peptideo de ligacéo
Lrc (25-35 kDa) que tem por fungdo estabilizar a estrutura da ficobiliproteina e fazer a conexao
da haste do ficobilissomo ao seu nicleo (DUCRET et al., 1998; GLAZER, 1984).

As ficobiliproteinas sdo constituidas de duas subunidades diferentes (o e ) € uma
terceira subunidade (y), encontrada nas ficoeritrinas, atuando como peptideo de ligacao
(GALLAND-IRMOULLI et al., 2000a; GLAZER; HIXSON, 1975). As subunidades formam

discos hexamericos, como mostra a Figura 6.

Figura 6 — Formacdo dos Discos Hexaméricos das Ficobiliproteinas

Subunidades Monomero (o) Trimero (afy); Hexamero (of3)s
B
0000 D === mn
a

Fonte: Adaptado de Dumay et al. (2014).

A ficoeritrina é encontrada tanto na forma hexamérica com as subunidades a e e
v [(apB)sy], assim como sem a subunidade gama y [(af)s], variando de acordo com o tipo de
ficoeritrina isolada; a ficoeritrocianina pode ser encontrada tanto na forma trimérica [(af)s],
como na forma hexamérica [(ap)s]; a ficocianina é encontrada, no pH 5-6, na forma hexamérica
[(ap)e] €, no pH 7, na forma trimerica [(ap)s3] e a aloficocianina € comumente encontrada na
forma trimérica [(off)3] (DUMAY et al., 2014; GLAZER, 1984; WANG et al., 2015).

H& uma ou mais ficobilinas ligadas, pelos residuos de cisteina, a cada subunidade,
dividindo-se em quatro diferentes tipos: ficoeritrobilina (PEB, Amax = 560 nm), ficourobilina
(PUB,Amax = 450 nm), ficocianobilina (PCB, Amax = 620-650 nm) e ficoviolobilina (PXB, Amax
= 575 nm) (DUMAY et al., 2014; GLAZER, 1985, 1984; ISAILOVIC; LI; YEUNG, 2004;
ZHAO et al., 2015). Suas estruturas quimicas estdo representadas na Figura 7.

PEB é encontrada nas C-Ficoeritrinas, R-Ficoeritrinas, B-Ficoeritrinas e
ficocianinas, PUB é encontrada nas R-Ficoeritrinas e B-ficoeritrinas, PCB é encontrada nas
ficocianinas, aloficocianinas e ficoeritrocianinas, e PXB é encontrada nas ficoeritrocianinas,
fazendo com que os tipos de ficobilinas presentes nos organismos variem de espécie para
espécie, conservando os locais de ligacdo das ficobilinas (APT; COLLIER; GROSSMAN,
1995; ISAILOVIC; LI; YEUNG, 2004; NIU; WANG; TSENG, 2006).
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Figura 7 — Estruturas Quimicas das Ficobilinas

N
M.M—H—Cys—c—mw W—H—Cys—c—ww

Ficoeritrobilina (vermelho) Ficourobilina (azul turquesa)
PEB PUB

Fonte: Dumay et al. (2014), traducdo nossa.

1.3.1. Ficoeritrinas

As ficoeritrinas sdo 0s pigmentos majoritarios encontrados nas macroalgas
vermelhas, constituindo um grupo variado de ficobiliproteinas devido as suas caracteristicas
espectroscopicas (DUMAY et al., 2014; GLAZER, 1994). Elas também sdo conhecidas por
representarem a classe das ficobiliproteinas mais dindmicas, devido aos seus picos de absor¢do
e a sua emissdo de fluorescéncia (em torno de 575 nm) (SUN et al., 2003), permitindo a
sobrevivéncia a adaptacdo das macroalgas vermelhas em ambientes adversos e frente as
alteracbes ambientais (KAWSAR et al., 2011; RODRIGUEZ et al., 1991).

De acordo com as suas propriedades de absor¢do de luz e com a espécie da alga, as
ficoeritrinas podem ocorrer em diferentes formas, quais sejam: B-Ficoeritrina (B-FE) (Amax =
565 nm, 545 nm, e um ombro a 499 nm), presente em Bangiales; b-Ficoeritrina (b-FE) (Amax =
545 nm, e um ombro a 565 nm) e C-Ficoeritrina (C-FE) (Amax = 560 nm), presentes em
cianobactérias; e R-Ficoeritrina (R-FE) (Amax = 565 nm, 498 nm e um ombro/pico a 545 nm),
presente em Rhodophyta (BRYANT, 1982; ISAILOVIC; LI; YEUNG, 2004; SUN et al., 2009).

A CU-Ficoeritrina (CU-FE) (Amax = 498 nm, 540 nm e/ou 565 nm) por possuir croméforos e
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caracteristicas de absorcdo semelhantes a R-Ficoeritrina, é geralmente classificada como R-FE
(STADNICHUK, 1995).

As diferencas espectrais de absorbancia entre os tipos de ficoeritrina se devem a
quantidade de ficobilinas presentes na sua composicdo. B-FE e R-FE sdo compostas por
subunidades a, B e y, sendo descritas como complexos hexaméricos (af)sy, enquanto b-FE e C-
FE sé@o formados por (o) sem a subunidade y (Figura 8) (GLAZER et al., 1983; ISAILOVIC,;
LI; YEUNG, 2004; SUN et al., 2009).

As subunidades o, B e y que compdem a R-FE possuem em torno de 18, 20 e 35
kDa, respectivamente, e formam complexos hexaméricos (af3)6y, de 240 kDa. A subunidade y
se encontra no centro da molécula e é responsavel pela ligacdo de dois trimeros (af)3,
conferindo maior estabilidade para a estrutura do pigmento (CHANG et al., 1996; DUMAY et
al., 2014; ISAILOVIC; LI; YEUNG, 2004; WANG et al., 2015).

Apenas duas ficobilinas estdo presentes na estrutura das ficoeritrinas:
ficoeritrobilinas (PEB) e ficourobilinas (PUB), que juntas realizam a transferéncia de energia
de ressonancia por fluorescéncia (FRET) [PUB para PEB], resultando no pico de emissao
méaximo de fluorescéncia a 575 nm (JIANG; ZHANG; LIANG, 1999).

Figura 8 — Estruturas das Ficoeritrinas

b-Ficoeritrina (b-FE) C-Ficoeritrina (C-FE)
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PUB: :PEB

Fonte: Dumay et al. (2014), traducao nossa.
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Nas R-Ficoeritrinas, cada subunidade o contém duas ficobilinas do tipo PEB ligadas
por residuos de cisteina especificos (C82 e C139); nas subunidades B estdo ligados trés
ficobilinas, duas do tipo PEB, ligadas por residuos de cisteinas especificos (C82 e C158), por
ligagdo do tipo tioéter e uma do tipo PUB ligado a cisteina C50/61; por fim, nas subunidades y
estdo ligadas duas ficobilinas do tipo PEB e duas ficobilinas do tipo PUB (APT; COLLIER;
GROSSMAN, 1995; CHANG et al., 1996; JIANG; ZHANG; LIANG, 1999; KLOTZ;
GLAZER, 1985; ZHAO et al., 2015).

Contreras-Martel et al. (2001) determinaram a estrutura tridimensional
cristalogréfica da R-Ficoeritrina da macroalga vermelha Gracilaria chilensis, em que
evidenciou os cromdforos ligados as subunidades a (Figura 9a) e p (Figura 9b), além de
determinar as estruturas trimérica (Figura 9c) e hexamérica (Figura 9d) formadas por essas
subunidades. Ha relatos de cristais de R-Ficoeritrina de outras macroalgas. Por exemplo, Chang
et al. (1996) determinaram a estrutura cristalografica R-FE da macroalga vermelha
Polysiphonia urceolata e Miyabe et al. (2017) evidenciaram a estrutura cristalografica da

ficoeritrina da macroalga vermelha Palmaria palmata.

1.4 A macroalga marinha Solieria filiformis e sua importancia

A macroalga marinha Solieria filiformis (Kutzing) Gabrielson é uma espécie
pertecente ao filo Rhodophyta, classe Florideophyceae, ordem Gigartinales e familia
Solieriaceae. Na sua fase vegetativa, a S. filiformis, de talo filamentoso cilindrico ramificado,
apresenta zonas cortical e medular claramente distintas entre si. Seu cortex apresenta quatro
camadas de células altamente pigmentadas, enquanto que sua medula apresenta grandes células
despigmentadas (PERRONE; CECERE, 1994). E uma espécie vastamente distribuida, sendo
encontrada em varias regides do planeta: Ilhas Canarias, Europa (Franga, Espanha, Italia, Reino
Unido), América do Norte (Florida, Georgia, México), Caribe, Américo do Sul (Brasil,
Coldémbia, Venezuela), Africa (Gabao, Gana, Senegal), dentre outras (GUIRY; GUIRY, 2020).
Com destaque para o Brasil, é uma espécie encontrada especialmente na costa da regido
Nordeste (SILVA etal., 1987), tendo seu cultivo por esporulacéo natural estabelecido por Lima
(2012), no litoral do Ceara.

A biomassa dessa macroalga tem sido utilizada para diversos fins. Pefiuela et al.,
(2018) realizaram um estudo multitréfico para a producéo de biomassa de S. filiformis com o

objetivo de estabelecer uma biorrefinaria, obtendo-se, como citado anteriormente, um extrato
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rico em proteinas e polissacarideos sulfatados, acidos graxos poli-insaturados e -carragenana
pura. Além disso, Abreu et al. (2018) determinaram o efeito antidepressivo de uma lectina de
ligacdo a manana, extraida e purificada da macroalga S. filiformis, em modelos animais.
Também foram estabelecidos métodos de extracdo e purificacdo para a R-ficoeritrina dessa
macroalga, bem como determinada sua atividade antioxidante e sua estabilidade frente a
variacOes de temperatura e pH (BASTOS FILHO, 2016; BRITO MONTEIRO, 2017; LOPES,
2018).

Figura 9 — Estrutura Tridimensional das Subunidades a e 8, do Trimero e do Hexamero da R-

Ficoeritrina da Macroalga Vermelha Gracilaria chilensis
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Fonte: Adaptado de Contreras-Martel et al. (2001). Legenda: (a) estrutura da subunidade o
ligada a duas ficobilinas; (b) estrutura da subunidade B ligada a trés ficobilinas; (c) estrutura

trimérica da R-Ficoeritrina (off)s; (d) estrutura hexamérica da R-Ficoeritrina (af)e.

Essa alga € fonte de 1-carregenana, uma galactana sulfatada linear economicamente
importante encontra de diversas macroalgas vermelhas. Sua estrutura quimica € formada por
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subunidades alternadas de —3-B-D-galactose-4-sulfato ¢ —4-3,6-anidro-a-D-galactose-2-
sulfato (MURANO et al., 1997; SOUSA et al., 2016). Foram relatadas atividades bioldgicas
desse polissacarideo presente na parece celular da macroalga Solieria filiformis, tais como:
antioxidante, gastroprotetora e antinociceptiva (DE ARAUJO et al., 2011b; SOUSA et al.,
2016). As caracterizacdes reoldgicas e estruturais dessa galactana sulfatada também foram
estudadas (HOLANDA, 2007), alem disso, o gel de 1-carregenana de S. filiformis demonstrou
possuir melhor firmeza, gomosidade e mastigabilidade que o os géis formados pela 1

carregenana comercial (LIMA et al., 2013).

1.4.1 R-ficoeritrina obtida da macroalga Solieria filiformis cultivada no litoral cearense

Por se tratar de um pigmento proteico, métodos classicos de extracéo e purificagdo
foram estabelecidos para a obtencdo de R-ficoeritrina da macroalga S. filiformis, almejando a
cada processo maiores valores de recuperacéo desse pigmento. O aspecto visual desse pigmento

puro sob luz branca e luz azul pode ser observado na Figura 10.

Figura 10 — Coloracdo e Fluorescéncia da R-Ficoeritrina de Solieria

filiformis

Fonte: Bastos-Filho, 2016. Legenda: A — Coloracdo da R-FE sob luz branca; B —

Fluorescéncia da R-FE sob luz azul.

A partir da homogeneizagao por agitacdo mecanica combinada a cromatografia de
troca idnica — apos etapas de otimizacdo — foram atingidos 62,32% de recuperacdo do R-PE,
mostrando-se um processo mais efetivo frente aos anteriormente estudados pelo nosso grupo
de pesquisa (Tabela 4) (LOPES, 2018).
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Tabela 4 — Historico do Rendimento e Recuperacdo da R-Ficoeritrina da macroalga marinha

vermelha Solieria filiformis

Rendimento de R-FE (mg/g) * Recuperacéo de R-FE (%)
Etapas Bastos- Brito Lopes Bastos-Filho | Brito Lopes
Filho (2016) | (2017) | (2018) (2016) (2017) (2018)
Extragéo 0,14 0,16 0,17 100 100 100
Precipitacdo em 0,06 0,14 - 48,27 86,55 -
sulfato de
amonio
Cromatografia 0,03 0,06 0,11 21,82 42,91 62,32
de Troca I6nica
Ultrafiltracéo - - 0,06 - - 37,69
em Vivaspin

Fonte: Adaptado de Lopes (2018). Legenda: *Calculado com base na massa Umida da macroalga S. filiformis;

- Etapa ndo adotada na metodologia.

Além disso, as caracteristicas espectroscopicas da R-FE pura, obtida da macroalga
vermelha S. filiformis, foram relatadas por Bastos-Filho (2016). Os picos de absorgédo a 495 e
564 nm, o0 ombro de absor¢do a 540 nm e o pico de fluorescéncia a 575 nm quando excitada a
495 nm foram observados. Também foi contatado pelo mesmo trabalho que essa
ficobiliproteina é composta por subunidades o, B e y de massas 18, 20 e 37 kDa,
respectivamente.

Também foi observado que a R-PE dessa macroalga manteve sua estrutura estavel sob
temperaturas de até 60 °C, apresentando alteraces somente a partir de 70 °C, em que foi
possivel constatar alteracbes na sua estrutura, no seu perfil espectroscopico e na sua
concentracdo. Além disso, foi observado que esse pigmento mantém suas caracteristicas
espectroscopicas e estruturais estaveis no pH de 6,5, sofrendo precipitagdo quanto menor o pH,
e total perda de coloragdo quanto maior o valor (BASTOS FILHO, 2016; BRITO MONTEIRO,
2017). A R-FE de S. filiformis também demonstrou alta capacidade antioxidante (LOPES,
2018). Foram realizados trabalhos para a melhoria da estabilidade desse pigmento pelo método
de encapsulamento (FERREIRA, 2021; PEIXOTO, 2020). A Figura 11 apresenta micrografias

da R-FE encapsulada. Por fim, foi realizada uma anélise sensorial visual da aplicacdo desse
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pigmento em iogurte branco, com o fito de simular a substituicdo de corantes utilizados pela
industria (BRITO MONTEIRO, 2017).
Figura 11 — Micrografias do encapsulamento de R-PE

C

Fonte: Adaptado de Peixoto (2020). Legenda: (a-b): Microscopia confocal e
microscopia eletrbnica de transmissdo de microcapsulas de R-FE obtidas por
atomizacdo; (c-d) Microscopia confocal e microscopia eletronica de transmisséo de R-

PE encapsulada obtida por liofilizacao.

1.5 Métodos de extracdo de R-ficoeritrina

A R-ficoeritrina é um pigmento economicamente importante, com alto valor de
mercado, variando seu preco de acordo com a pureza (Tabela 3), possuindo diversas patentes
registradas nos bancos internacionais de propriedade intelectual, resumidamente apresentadas
na Tabela 5. No banco de dados EPO (European Patent Office) foram encontradas
aproximadamente 5,5 mil patentes para a palavra-chave “R-phycoerythrin”, distribuida entre
métodos obtencdo desse pigmento e suas aplicacBes em diversas areas, tais como: industria
quimica, alimenticia, nutracéutica, farmacoldgica, biomédica, dentro outras. A mesma busca
realizada no banco de patentes World Intellectual Property Organization (WIPO) resultou em
aproximadamente 77 mil patentes. Esses numeros elevados demonstram a demanda por
diversos setores da industria de se obter essa biomolécula, sendo importante cada vez mais

diferentes fontes e novos métodos de extracdo. Assim, foi realizada também uma busca
30



combinada dos termos “R-phycoerythrin” e “Solieria filiformis” e foi constatado que n&o

existem registros de patentes para o pigmento vermelho obtido dessa macroalga, evidenciando

a importancia de inclui-la no rol de fontes de R-PE.

Tabela 5 — Patentes encontradas para R-ficoeritrina em trés banco de dados

Numero de ) o )
_ Aplicacéo Espécie Referéncia
registro
Medicamento para
CN1325729A ) - LI, 2001

fototerapia de tumor
Aditivo fluorescente

WOO03099039A1 - KEILLER, 2003

para bebidas

P104069846A2 Método de extragdo

Galaxaura oblongata
Halymenia ceylanica
Heiminthocladia australis

Porphyra dentata

LU etal., 2004

Kit diagnostico

CHIUEH CHUANG-CHUN;
CHAN ERR-CHENG; SHEN
CHIA-RUI, 2005

LIU; YUZHONG, 2006

Porphyra yezoensis

ZHOU; MING, 2010

DAVID etal., 2011

SCHOLL, DAVID, R;

BROWN, JAMES, L.;

JOLLICK, JOSEPH;
LOLLAR, 2012

Gracilaria verrucosa

BING et al., 2015

Grateloupia turuturu

(MOFFITT; DELIC,;
FLYNN, 2015)

JUNLING, 2018

US2005009117A1
tumoral
CN1271085C Método de extragdo
CN101750482A Sonda fluorescente
Biomarcador
US20140148350 circulante para
doencas
Imunoensaio para
EP2419734A1 .
deteccdo viral
CN104292316A Método de extragdo
Aditivo fluorescente
W02015065887A1 )
para bebidas
Deteccdo de acido
CN108037103A )
nucleico
WQ02021195708 Corante alimenticio

RAYNES et al., 2021
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CN113321716A Método de extragdo ~ Gracilaria lemaneiformis JUN, 2021

Deteccdo do virus da
KR102265441B1 i . - EUN, 2021
gripe aviaria

Produto para

Tratamento/Prevenca ZHAO; OWEN; WILKINS,
W02022096901 ) -
0 da Hipertenséo 2022
Arterial Pulmonar
Detecgdo de acido BROUGHTON, JAMES;
W02022061166A1 -
nucleico CHEN, 2022

HERMES, TASHA,; LIPKIE,
TRISTAN; SHYAMALIE
SENARATNE-LENAGALA,
2022

Corante alimenticio
W02022047389A1 em substituto de -

carne

Fonte: Elaborado pelo autor. Legenda: (-): dado néo fornecido.

Assim, tendo em vista que a R-FE € um composto intracelular, sdo necessarios
métodos de rompimento da parede celular das macroalgas para a sua liberacdo durante o
processo de extracdo (MITTAL et al., 2017). H& diversos métodos relatados na literatura, tais
como: maceracdo em nitrogénio liquido e/ou moinhos (SUDHAKAR et al., 2015a),
ultrasonicagdo (WANG et al., 2015), homogeneizacdo (HARNEDY; FITZGERALD, 2013) e
também a combinacao de dois ou mais métodos, a fim de se melhorar o rendimento do pigmento
(LE GUILLARD et al., 2015).

Contudo a presencga de grandes concentracdes de polissacarideos na parede celular
das macroalgas vermelhas dificulta a eficiéncia dos processos de extracdo e purificagéo, sendo
necessarias varias operacdes unitarias para se alcancar um alto rendimento e eficiéncia,
ressaltando que o acréscimo dessas operagdes € inversamente proporcional ao rendimento final
do produto. Além disso, esses polissacarideos presentes na parede celular dessas algas
encontram-se entrelagados entre si, formando uma matriz complexa a qual confere rigidez a
parede celular e dessa forma reduz a capacidade de extracdo de biomoléculas intracelulares
(Figura 12) (DUMAY et al., 2013; KULA; KRONER; HUSTEDT, 1982; MITTAL et al.,
2017).
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Figura 12 — Esquema da estrutura da parede celular das

macroalgas vermelhas

\EZ{A%

= Celulose

—— Agar ou carragenana

Glucomanano

Xilogalactana sulfatada

L)

y © Proteinas
\/\fﬁ QQO \\‘
\ W4 \

Fonte: Adaptado de Kostas et al. (2021).

Por ser uma molécula hidrossolivel, a R-ficoeritrina € comumente extraida em
solventes aquosos, sendo o tampéo fosfato o mais utilizado (SUDHAKAR et al., 2015a), a
partir de diferentes estados da matéria-prima, podendo ser alga imida (SENTHILKUMAR et
al., 2013a; SUDHAKAR et al., 2015a; WANG et al., 2015), alga congelada (NI1U; WANG;
TSENG, 2006) e alga liofilizada (GALLAND-IRMOULLI et al., 2000a; MUNIER et al., 2014).
A Tabela 6 apresenta detalhadamente as algas e os métodos utilizados para obtencéo de R-FE

e 0S seus respectivos rendimentos.

Tabela 6 - Métodos de extragdo e rendimentos de R-ficoeritrina de macroalgas vermelhas

] Rendimento ]
Espécie Meétodo Referéncia
(mg/g)
) _ GALLAND-IRMOULI et al.,
Palmaria palmata Homogeneizacao 1,002

2000.

o Extracdo solido-
Gracilaria verrucosa o ) 1,10° WANG, 2002.
liqguido em &gua

Polysiphonia Descongelamento
2,65° LIU et al., 2005.
urceolata em tampéao
Polysiphonia Extracdo solido-
o N 1,57° NIU; WANG; TSENG, 2006.
urceolata liguido em tampao
Heterosiphonia )
Ultrasonicacao - SUN et al., 20009.

japonica
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Hidrolise

Gracilaria verrucosa o 6.25°¢ MENSI et al., 2012
enzimatica
Gracilaria Congelamento-
_ ) 1,73°¢ NIU et al., 2013.
lemaneiformis descongelamento
o Aquecimento +
Portieria
- Congelamento- 1,23°¢ SENTHILKUMAR et al., 2013.
hornemannii
descongelamento
Homogeneizagao +
Palmaria palmata Hidrdlise 12,36 2 DUMAY etal., 2013
enzimatica
Polysiphonia )
Ultrasonicacao - WANG et al., 2015.
urceolata
Sonicagéo +
Bangia fusco- Congelamento-
- WU et al., 2015.
purpurea descongelamento +
Homogeneizacao
] Extracéo sélido-
Grateloupia turuturu ) 528% MUNIER et al., 2015.
liguido em tampéo
Gracilaria crassa Maceracéo 0,50 ¢ SUDHAKAR et al., 2015
) _ Congelamento-
Halymenia floresia 1,36 ¢ MALAIRAJ, et al., 2016.
descongelamento
Hidrolise
Mastocarpus stellatus o 1,994 NGUYEN etal., 2017
enzimatica
Centroceras o
Homogeneizacao 0,20 ¢ NAIR et al., 2018.
clavulatum
o _ Hidrolise MITTAL; RAGHAVARAO,
Gelidium pusillum o 0,30
enzimatica 2018
) _ PUNAMPALAM; KHOQ; SIT,
Bangia atropurpurea Sonicacao 157°¢
2018
Solieria filiformis Homogeneizagao 0,17°¢ LOPES, 2018
Furcellaria Hidrolise 300 SALURI; KALDMAE;
lumbricalis enzimatica ’ TUVIKENE, 2019
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Trituracdo em

Kappaphycus o GANESAN; SHANMUGAM,
~ nitrogénio liquido -
alvarezii o 2020
+ Homogeneizagao
] ] Hidrolise
Pyropia yezoensis o 6,932 WANG et al., 2020
enzimatica

Homogeneizagdo +
Congelamento- 0,19° ZHAO et al., 2020

descongelamento

Gracilaria

tenuistipitata

Fonte: Elaborado pelo autor. Legenda: a — mg de R-Ficoeritrina /g de alga seca; b — mg de R-Ficoeritrina / g de

alga congelada; ¢ — mg de R-Ficoeritrina / g de alga Umida; (-): dado ndo fornecido.

Como pode ser observado, os estudos realizados com a utilizacdo de enzimas na
extracdo de R-FE demonstraram maiores rendimentos comparados as demais técnicas
encontradas na literatura, sendo portanto uma alternativa aos meétodos tradicionais e
explicitando a importancia das enzimas no processo de rompimento da parede celular mas
macroalgas, o que auxilia a extracdo de biomoléculas intracelulares, como a R-FE (NGUYEN
etal., 2017).

E importante observar que a eficiéncia desse método depende da composicéo da
macroalga em estudo, 0 que determina a escolha dos tipos de enzimas aplicadas (FLEURENCE,
1999). Dumay et al. (2013), por exemplo, utilizaram xilanase de Trichoderma longibrachiatum
para a extracdo de R-FE de P. palmata devido a presenca de polimeros de xilano presentes na
parece celular dessa alga. Mittal e Raghavarao (2018), por sua vez, demonstraram que 0
consorcio das enzimas Xilanase, celulase e agarase para a obtencao de melhor rendimento de R-
FE, a partir da degradacdo da parece celular de Gelidium pusillum, foi mais eficiente,
observando-se também a composicao da alga em questdo.

A aplicacdo de enzimas como método de extracdo de R-ficoeritrina de S. filiformis
tem como fundamento a desestabilizacao da estrutura rigida da parede celular dessa macroalga.
Uma vez que a parede celular dessa macroalga é composta primordialmente de carragenana e
celulose, a escolha de enzimas celulases para esse processo pode estar associada a concepcao
de biorrefinaria, em que se utilizam estratégias de maior aproveitamento da biomassa algacea
para obtencao de diferentes compostos, tendo em vista que os residuos de extracdo de R-PE por
métodos tradicionais apresentam coloracdo vermelha intensa (Figura 13) (BALINA,;
ROMAGNOLI; BLUMBERGA, 2017; LANGE et al., 2020). Assim, além de se obter maiores

rendimentos de pigmento ou de outros bioativos intracelulares dessa macroalga, é possivel
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aproveitar o seu residuo de extracdo rico em ti-carragenana, um polissacarideo sulfatado
economicamente importante, o qual possui métodos de extracdo eficientes para a sua
recuperacgéo relatados na literatura, além de ter suas caracteristicas fisico-quimicas e reoldgicas
e atividades bioldgicas descritas (ALBA; KONTOGIORGOS, 2018; ANDRADE et al., 2017;
DE ARAUJO et al., 2011a; HOLANDA, 2007; LIMA et al., 2013; PENUELA et al., 2018;
SOUSA et al., 2016).

Figura 13 — Aspecto visual do residuo de extracéo

de R-FE de Solieria filiformis por homogeneizacéo

Fonte: Elaborado pelo autor.

A celulose ¢ um polissacarideo encontrado na parede celular de diversos
organismos, dentro ao quais as macroalgas. Trata-se de uma cadeia linear constituida de
mondmeros de D-glicose formando ligacdes glicosidicas do tipo B1->4 (Figura 14a). Ha
também ligacdes de hidrogénio intra e intercadeias (Figura 14b), o que promove a maior
estabilidade e rigidez, formando complexos supra moleculares denominadas fibrilas de celulose
(Figura 14c). Dentro destas fibrilas, encontram-se regides em que as cadeias de celulose estdo
dispostas numa estrutura altamente ordenada (cristalina) e regides que estdo desordenadas
(amorfas) (Figura 14d). Com isso, é possivel utilizar as enzimas celulases para a otimizacao da
extracdo de R-PE, uma vez que essa enzimas hidrolisam ligacoes glicosidicas 14 presentes
na celulose, desestabilizando a sua estrutura cristalina (MOON et al., 2011; NELSON; COX,
2014b; YANG et al., 2019)
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Figura 14 — Ligacdo glicosidica, ligacdes de hidrogénio e

estrutura das fibrilas de celulose

a HO OH OH o ¢
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Unidades de o-glicose ligadas por ligagoes (81—4)
b \
o Q}o
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g $018-
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@ ’Co’"‘:’b
. ol
d Cadeias de celulose Regido amorfa

Regides cristalinas

Fonte: Adaptado de Kuhad et al. (2016); Moon et al. (2011); Nelson e Cox
(2014a).

Celulase é um termo genérico para denominar trés tipos de enzimas que hidrolisam
a celulose: endoglucanases, exoglucanases e B-glucosidases. As endoglucanases atacam
preferencialmente as regides amorfas presentes das fibrilas de celulose por serem alvos mais
acessiveis e faceis de hidrolisar, aumentando a exposic¢do superficial da regido cristalina e
gerando celo-oligossacarideos. As exoglucanases (celobiohidrolases e celodextrinases) atuam
rompendo as terminacdes redutoras e nao redutoras das cadeias, formando dimeros de
celobiose. Por fim, as B-glucosidases atuam rompendo a celobiose em duas moléculas de
glicose. Essas celuloses podem atuar isoladamente ou em consorcio, 0 que gera um efeito
sinergico que teoricamente facilita a degradacédo da celulose (Figura 15) (KUHAD et al., 2016;
PATEL et al., 2019; YANG et al., 2019). O mecanismo de acdo da hidrdlise celulasica se da
por catalise acido-base geral que se da quando celulose € ligada ao sitio ativo da enzima, em
que € um residuo atua como &cido e inicia uma cadeia de transferéncia de elétrons, protonando
0 oxigénio presente na ligacdo O-glicosidica, rompendo essa ligacdo, ao passo que o eletrons
presentes no oxigénio sdo transferidos para outro residuo do sitio ativo, atuando como base
(nucledfilo) (KUHAD et al., 2016).
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Figura 15 — Efeito sinérgico das enzimas celulases para a hidrolise
de celulose
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Fonte: BON; GIRIO; PEREIRA (2008).

Tendo em vista a dificuldade para a obtencdo de R-PE pelo processo de extracao
utilizando métodos tradicionais de rompimento celular, o presente trabalho prope a utilizacdo
de enzimas celulases combinadas ao método fisico (homogeneizacdo) para otimizar o
rendimento de extracdo do pigmento de Solieria filiformis, uma espécie nativa e cultivada no
litoral do estado do Ceard e que demonstra sua importancia como fonte de diversas

biomoléculas.
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2. PERMISSAO LEGAL

A atividade de acesso ao Patrimoénio Genético/CTA dessa dissertacdo de mestrado
esta cadastrada no Sistema Nacional de Gestdo do Patrimdnio Genético e do Conhecimento
Tradicional Associado (SisGen), em atendimento ao previsto na Lei n® 13.123/2015 e seus
regulamentos, protocolado sob nimero: A482D49 - Uso de algas marinhas na busca por novas

fontes de produtos naturais: isolamento, caracterizacgéo estrutural e suas aplicagoes.
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ABSTRACT

R-phycoerythrin (R-PE) is a photosynthetic pigment (phycobiliprotein) present in red
macroalgae, which has wide industrial applications. The presence of polysaccharides in the cell
wall of macroalgae hampers pigment extraction. Thus, biotechnological tools can be used to
optimize this process. Therefore, the R-PE localization in the thallus, the extraction and the
effect of the cellulase on the R-PE extraction from Solieria filiformis macroalga, a species
cultivated on the coast of Ceara, Brazil, were evaluated. Laser confocal microscopy was used
to identify the pigmented cells in the tallus. It was observed that freezing as a preservation
method caused morphological modifications of the thallus, however, the pigmentation was
preserved. The effect of the cellulase concentration, temperature and time were evaluated on
the yield and purity index of the pigment extracted. Only thallus cortical cells presented R-PE
fluorescence and the highest R-PE yield extraction observed (0.1921 + 0.0086 mg g* wet
macroalga) was in the presence of the cellulase from Aspergillus niger at 200 U g* wet
macroalga. The concentration enzyme, temperature and time positively influenced the R-PE
extraction yield, but negatively influenced the pigment purity index. The best condition to
extract the R-PE was 160 U g* wet macroalga, temperature 35 °C by 6 h, reaching 0.21 mg g

wet macroalga, with a purity index of 0.04.

Keywords: Phycobiliproteins; R-PE; Laser confocal microscopy; enzymatic extraction
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1 INTRODUCTION

The phycobiliproteins present in red marine macroalgae (Rhodophyta) are water-
soluble protein pigments present in the photosynthetic system, involved in light absorption
(GLAZER, 1984b). The phycobiliproteins are structurally organized in supramolecular protein
complexes called phycobilisomes, which are located in the external membrane of the
thylakoids, facing the stroma of cortical cells (APT; COLLIER; GROSSMAN, 1995; GANTT,
1980). Phycobilisomes constitute efficient transfer chains of electromagnetic radiation of the
visible light spectrum, being able to absorb it at wavelengths (450-670 nm) in which chlorophylI
a is inefficient and thus channel it to the reaction centre of photosystem Il, in which this
chlorophyll a is present (GLAZER, 1989; SFRISO; GALLO; BALDI, 2018). Their colour and
spectral characteristics arise from the presence of linear tetrapyrrolic prosthetic groups (bilins
or phycobilins) that are covalently linked, via thioether bonds, to the cysteine residues of the
protein (JIANG; ZHANG; LIANG, 1999). However, the phycobilin is the photosynthetic
pigment itself and has no biological function if it is not coupled to a protein (LOURENCO,
2006).

According to their colouring, these phycobiliproteins can be divided into two types:
phycoerythrin and phycocyanin, which are red and blue, respectively (O’CARRA; MURPHY;
KILLILEA, 1980). They can also be classified into four distinct classes, according to their
maximum wavelengths (Amax) in the visible light absorption spectrum region: phycoerythrin
(PE) (Amax = 495-570 nm), phycoerythrocyanin (PEC) (Amax = 575 nm), phycocyanin (PC) (Amax
= 610-620 nm) and allophycocyanin (APC) (Amax = 650-655 nm). Phycobiliproteins are
composed of two different subunits (o and B) and a third subunit (y), found in phycoerythrins,
acting as a binding peptide (BRYANT; GLAZER; EISERLING, 1976). There are one or more
phycobilins bound in each subunit and four different types can be found: phycoerythrobilin
(PEB, Amax = 560 nm), phycourobilin (PUB, Amax = 450 nm), phycocyanobilin (PCB, Amax =
620-650 nm) and phycoviolobilin (PXB, Amax = 575 nm) (BRYANT; GLAZER; EISERLING,
1976; GLAZER, 1984b).

Phycoerythrins, specifically, can be subdivided into four groups according to the
organisms from which it originates: B-phycoerythrin (B-PE) (Amax = 565 nm, 545 nm, and a
shoulder at 499 nm) for Bangiales; b-phycoerythrin (b-PE) (Amax = 545 nm, and a shoulder at
565 nm) and C-phycoerythrin (C-PE) (Amax = 560 nm) for Cyanobacteria; R-phycoerythrin (R-
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PE) (Amax = 565 nm, 498 nm, and a shoulder/peak at 545 nm) for Rhodophyta (BOGORAD,
1975; BRYANT; GLAZER; EISERLING, 1976). Their absorbance spectral differences are due
to the number of phycobilins present in their composition. B-FE and R-FE are composed of a,

B and y subunits, being described as hexamer (af})ey complexes, while b-FE and C-FE are
formed by (of) without the y subunit (GLAZER et al., 1983; SUN et al., 2009).

In addition to its reddish colouration, the R-phycoerythrins are fluorescent and
show high biotechnological, technological and diagnostic potential (ALTUG et al., 2022;
CESANA etal., 2022; DAGNINO-LEONE et al., 2022). In industrial products, these pigments
emerge concerning synthetic dyes mainly because they are non-toxic, non-carcinogenic and
present biological activities such as antioxidant, antidiabetic, immunosuppressive,
antihypertensive and anticancer (DUMAY et al., 2014). The R-FE represents an alternative for
the reduction of synthetic dyes in the formulation of creams of makeup products (BEDOUX et
al., 20140; MANIRAFASHA et al., 2016).

Despite the wide application of these proteins and the large volume of macroalgae
production in the world, reaching production of 32.4 million tonnes ($13.3 billion) in 2018
(FAQ, 2020), the R-FE extraction methods are inefficient, presenting low yields of the pigment
in extract and still coloured wastes. Then physic and biochemical methods have been proposed
to increase the extraction yield of the R-PE from red macroalgae (AUNG; KIM; EUN, 2022;
MITTAL; SHARMA; RAGHAVARAO, 2022; SATHUVAN et al., 2022). In addition, the
purification steps contribute to the high price of the R-PE with high purity index, which was
demonstrated by the phycobiliproteins market in 2018, which reached a value of USD 112.3
million, with expectations of doubling it in 2028 (TAN et al., 2021b). Only the market of dyes
intended for food projects USD 3.75 billion by 2022, with a large trend and share of natural
pigments (ARYEE; AGYEI; AKANBI, 2018).

Considering that R-PE is an intracellular compound, cell wall disruption methods
are required for its release during the extraction process. Several methods are reported in the
literature, such as maceration, ultrasonication, and homogenization (GALLAND-IRMOULI et
al., 2000b; NAIR et al., 2018; SUDHAKAR et al., 2015b; WANG et al., 2015) and the
combination of two or more methods to improve the extraction yield and pigment purification
(LE GUILLARD et al., 2015). However, the presence of large concentrations of
polysaccharides in the cell wall of red macroalgae hinders the efficiency of the extraction and

affects the purification steps, requiring several unit operations to achieve a high yield and
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efficiency (DUMAY et al., 2013; MITTAL et al., 2017), noting that the addition of these
operations is inversely proportional to the final yield of the product. The use of enzymes in the
extraction step of R-PE from red macroalgae demonstrates the efficiency of this method in
terms of increasing the yield in extract, being an alternative to traditional methods. The enzymes
acted by breaking the cell wall of the Grateloupia, Gelidium and Palmaria macroalgae genus
and others, facilitating the extraction of R-PE (DUMAY et al., 2013; LE GUILLARD et al.,
2015; MENSI et al., 2012; MITTAL; RAGHAVARAO, 2018; SALURI; KALDMAE;
TUVIKENE, 2019; WANG et al., 2020).

The red macroalgae Solieria filiformis, (Solieriaceae, Gigartinales), is an
economically important specie due to the presence of pure hydrocolloid iota-carrageenan in its
composition (MURANO et al., 1997). In its vegetative phase, S. filiformis, with a branched
cylindrical filamentous thallus, presents cortical and medullary zones distinct from each other,
with its cortex composed of four pigmented layers and its depigmented medulla. The cell wall
of this alga is composed of a non-fibrillar amorphous matrix rich in 1-carrageenan and, as it
belongs to the Florideophyceae class, by cellulose microfibrils (DE ARAUJO et al., 2011a;
KLOAREG et al, 2021; PERRONE; CECERE, 1994; STIGER-POUVREAU;
BOURGOUGNON; DESLANDES, 2016). From this, strategies aiming at the maximum use of
the biomass of S. filiformis can be implemented, since the 1-carrageenan is present in the

residues of R-PE extractions, promoting the concept of biorefinery.

Therefore, knowing the economic potential of the red macroalgae S. filiformis, this
work proposes to evaluate the localization of the R-PE in the macroalga thallus, the extraction
and effect of the cellulase on yield and purity index of the pigment extracted from this specie.
A brief micrographic analysis was carried out regarding the influence of freeze-thawing on this

alga.
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2 MATERIALS AND METHODS

2.1 Algal Biomass

The red seaweed Solieria filiformis (Kitzing) Gabrielson was harvested from
farming structures kept by Associacdo de Produtores de Algas de Flecheiras e Guajiru
(APAFG), located approximately 200 meters from the shore in the Flecheiras beach (03° 13'
06" S and 39°16' 47" W), Trairi, Ceara, Brazil. The macroalga was transported in black plastic
bags to the laboratory, where it was thoroughly washed with fresh water to remove epiphytes,

salt, and sand. Then it was washed with distilled water and stored at -20° C until its use.

2.2 Chemicals

The analytical grade phosphate salts were acquired from Synth. Cellulase from
Aspergillus niger (C1184), which is endoglucanase, and the Cellic CTec2 (SAE0020), a
cellulase enzymes blend which is composed of R-glucosidases and different types of cellulases,
were acquired from Sigma-Aldrich. All other reagents used in the study were of analytical grade

and obtained from standard commercial suppliers.

2.3 Laser confocal microscopy of S. filiformis thallus

The Solieria filiformis thallus before and after thawing was cut transversally with a
razor. Soaked in saline solution, the sections were arranged on slides and covered with
coverslips. Subsequently, observations were immediately made under the Zeiss® Laser 543
1633 Confocal Optical Microscope, available at the UFC Analytical Centre. The R-PE found
in the macroalga S. filiformis cells was excited at 488 nm and 633 nm, and the fluorescence
emission peak was detected by the filters at 493-591 nm and 647-721 nm. The fluorescence of

R-PE was represented in green colour.
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2.4 R-PE enzymatic extraction from S. filiformis

Different concentrations of cellulase from A. niger (40, 60, 80, 120, 160, and 200
U g'* wet macroalga) from weighing, and Cellic CTec2 (5, 10, 20, 30 40, 60, 80, 120, 160, and
200 U gt wm) from pipetting were evaluated. The wet macroalga (wm) was thawed, ground in
an electric mill and then transferred to 50-mL falcon tubes with 25 mM phosphate buffer, pH
6.5 at a proportion of 1/26 (w/v), for each concentration of each enzyme. The reaction mixtures
were incubated at 25 °C under stirring in a shaker incubator protected from light at 100 rpm for
6 h. The fixed conditions were selected following preliminary data about the stability of this
pigment from this macroalga and its extraction productivity, and other reports in the literature.
Subsequently, the material was centrifuged at 17,000 x g, 4 °C for 30 min. The content of R-
PE and the pigment purity index were determined in supernatants. The negative control was

performed without the addition of an enzyme. All reactions were performed in triplicate.

2.5 Optimization of the R-PE enzymatic extraction from S. filiformis

The effects of enzyme concentration (X1), temperature (X2), and reaction time (Xz)
on the R-PE yield (Y1) and R-PE purity index (Y2) were evaluated. A 2° Central Composite
Rotational Design (CCRD), with 17 assays (8 factorial points, 6 axial points and 3 replicates in
the central point) was performed for each enzyme, cellulase from A. niger (CCRD-A) and Cellic
CTec2 (CCRD-B). Each factor in the designs was studied at three different levels (-1, 0 and
+1), as shown in Table 1, as performed by Dumay et al. (2013), with modifications, to
determine the best conditions for R-PE yield (Y1) and purity index (Y2). The range of the
variable was defined by the preliminary assay (2.4) and from other reports in the literature. In
the end, the material obtained in all reactions was centrifuged at 17,000 x g, 4 °C for 30 minutes.
The supernatant obtained was evaluated as to the content of R-PE, and as the pigment purity

index.

Table 1 — Coded and actual values of the independent variables used in the experimental

designs for the optimization of the hydrolysis of Solieria filiformis biomass.
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Independent Coded and actual levels
Experimental Design ) Unit
Variables -1 0 +1

Enzyme concentration  Ug*wm 80 120 160

CCRD-A Temperature °C 25 30 35
Reaction time h 4 5 6
Enzyme concentration  Ug*wm 40 80 120

CCRD-B Temperature °C 25 30 35
Reaction time h 4 5 6

The experimental data sets of the CCRDs experiments were used to fit the second-
order equations (Eg. 1) by Response Surface Methodology, for each response variable, in which
Y represent the response variables (R-PE yield and R-PE purity index).

Kk Kk k-1 k
Y= B+ z BiX: + Z BuX? + Z z BijXiX; (1)
i=1 i=1 =1 j=ir1

Where o is the constant coefficient; XiX; is the independent variable that influences the
response variables Y; i is the linear coefficient relative to I; Bii is the quadratic coefficient
relative to I; Bjj is the interaction coefficient relative to ij; k is the number of factors. The quality
of the fit of the polynomial model equation was expressed as the coefficient of determination,
R? and adjusted coefficient of determination, R%gq (FERREIRA et al., 2021; SVETLIZKY et
al., 2022).

The hydrolysis reactions of the wet biomass were carried out in 50-mL falcon tubes
with 25 mM phosphate buffer, pH 6.5. The reaction mixtures were incubated under stirring in
a shaker incubator protected from light at 100 rpm. After that, the materials were centrifuged at
17,000 x g, 4 °C for 30 min. The content of R-PE and the pigment purity index were determined

in supernatants.

2.6 Spectroscopy

The concentration of R-PE of S. filiformis resulting from each hydrolysis reaction
was determined in a spectrophotometer (Amersham Biosciences Ultrospec 2100 pro), from

Equation 2 proposed by Sampath-Wiley and Neefus (2007):
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m
R —PE (F!l]) = 0,1247 [(A564 - A730)- 0,4583 (A618 - A730)] (2)
Where Asga, A730 € As1g Were the absorbances at 564, 730 and 618 nm, respectively.

Equation 3, proposed by Senthilkumar et al. (2013), was used for the purity index
calculations of R-phycoerythrin:

I A564 ;
"~ A280 ®3)

Where Ases € A2go Were the absorbances at 564 and 280 nm, respectively

The R-PE yield (mg g* wm) was calculated according to Equation 4:

R — PE,
Yo_pe = T (4)

Where R-PE. was the content present in the extraction supernatants (mg) and Sf was the mas

of the wet macroalga (wm) used at the extraction (Q).

The absorbances were measured in spectrophotometer Amersham Biosciences
Ultrospec 2100 Pro. The conversions from wet mass to dry mass were performed considering
that after thawing and grinding, the mass of the dry macroalga (dm) is 4.85 + 0.26 % (data

previously collected by the research group).

2.7 Statistical analysis

The results were expressed as means + SD. (Standard Deviation). To verify the
statistical differences between the groups, the method of analysis of variance (ANOVA) was
used, followed by Tukey's test of comparisons of means at a significance level of 95%. The
statistical analyses were performed with the GraphPad Prism software version 6.01 for
Windows, GraphPad Software (La Jolla, California, USA). The experimental designs for
CCRD and their analysis were carried out by using the software STATISTICA (version 14.0,
TIBCO Software Inc.). The regression coefficients (linear, quadratic and interaction) involved
in the models were investigated by the Pareto analysis of variance at a significance level of
95%.
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3 RESULTS AND DISCUSSION

3.1 Laser confocal microscopy of S. filiformis thallus

For the first time, it was possible to carry out a study on the influence of the freezing

preservation process of the macroalgae Solieria filiformis using laser confocal microscopy.

The laser confocal micrographs of the thallus from S. filiformis before and after
thawing were shown in Figure 1. The transverse section of the thallus from freshly harvested
macroalga shown in Fig. 1la presents the smooth cylindrical aspect of the thallus with the
fluorescence of the cortical cells evidencing the presence of the R-PE only in these cells, not
been observed the pigment in medullar cells of the thallus centre, as described by Perrone and
Cecere (1994). Figure 1b shows the integrity of the pigmentation along the cortex. The presence
of the R-PE and its fluorescence in the cortical cells were preserved (Fig. 1c), although the
freeze-thaw process caused wrinkles in the thallus surface and small depigmented regions (Fig.
1d).

Freezing is one of the most used methods to preserve macroalgae biomass for
phycobiliproteins extraction. The changes observed in the micrographs may have been caused
by the formation of ice that causes damage to the cellular structures, such as colour
modification, softening of the thallus and loss of intracellular material by dripping (LI; ZHU;
SUN, 2018). As they were stored at - 20°C, such as slow freezing, there was probably initial ice
formation in the intercellular spaces, causing the transport of intracellular water out of the cells
due to the osmotic gradient. For this reason, there was the formation of large extracellular ice
crystals, cell dehydration and thus their deformation, causing cell shrinkage and cell membrane
integrity loss, leading to cell death (REID, 1997; SCHUDEL; PRAWIRANTO; DEFRAEYE,
2021).

Thus, during thawing there is a decrease in the intracellular compounds, such as R-
FE, due to denaturation caused by the osmotic gradient and extravasation, which explains the
depigmented regions in the micrographs, and, therefore, causes a negative impact on the
recovery of this pigment (ALBERS et al., 2021; LI; ZHU; SUN, 2018).

Although there is a loss of intracellular material, it is known that the freeze-thaw

process can assist the process of biomolecules extraction. Thus, to circumvent this problem,
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combined biochemical and physical extraction methods, such as the application of enzymes
associated with homogenization, may be implemented to take better advantage of the algae
structure damaged by this preservation step. Therewith, larger quantities of R-FE can be
extracted, which can be associated with the optimization of the phycocolloid extraction, as the

iota-carrageenan that is present in the residue of the extraction of this pigment.

Figure 1- Laser confocal microscopy of cross-sections of the thallus from S. filiformis before

and after thawing

Source: Prepared by the author. Legend: a,b - transversal section of the fresh thallus of Solieria filiformis. c,d

- transversal section of the thallus of Solieria filiformis after the freeze-thaw process. White arrows indicate

wrinkling and depigmentation of the thallus.
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3.2 R-PE enzymatic extraction from S. filiformis

In the extraction of R-PE from S. filiformis performed with Enz-A, the minimum
and maximum yields found were 0.1371 + 0.0048 and 0.1921 + 0.0086 mg g™t wm, respectively,
which represented 21.5% and 70.2% more pigment than the concentration found in the without
enzyme extraction (0.1128 +0.0039 mg g* wm). Fig. 2 show that only the extraction performed
with 40 U g** wm did not significantly differ from the control. The concentration of 120 U g**
wm there was no significant difference among the concentrations 80, 160 e 200 U g™* wm and

reached 0.1719 +0.0150 mg g** wm, being 52.39% more than the control and the best condition

for extraction of R-PE.

Figure 2- Effect of Enz-A and Enz-B on the yield of R-PE

from S. filiformis
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Source: Prepared by the author. Legend: Bar in black - extraction
without enzyme. Bars in red — extraction performed with Enz-A. Bars
in blue — extraction performed with Enz-B. The results were analysed
by one-way ANOVA, followed by the Turkey test (p <0.05). All means
were calculated based on triplicates. Bars masked with asterisks and/or

equal letters showed no statistical difference.
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Figure 3 showshows purity index of R-PE from S. filiformis extracted with Enz-A.
The R-PE extracted without Enz-A presented a Pl of 0.5641 + 0.0827, being higher than the R-
PE extracted with Enz-A. The concentration of 40 U g-1 wm the Pl was 0.1041 + 0.0121, 5.4
times lower than the control. The addition of enzymes caused an increase in absorbance

measured at 280 nm.

Figure 3 - Effect of Enz-A and Enz-B on the purity index
of R-PE from S. filiformis
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Source: Prepared by the author. Legend: Bar in black - extraction
without enzyme. Bars in red — extraction performed with Enz-A. Bars
in blue — extraction performed with Enz-B. The results were analysed
by one-way ANOVA, followed by the Turkey test (p <0.05). All means
were calculated based on triplicates. Bars masked with asterisks and/or

equal letters showed no statistical difference.

The extraction of R-PE with Enz-B showed minimum and maximum yields of
0.1366 + 0.0124 and 0.1916 + 0.0068 mg g* wm respectively, which represented 21.08% and
69.79% more pigment than found in extraction without Enz-B (Fig. 2). Only the extraction
performed with 5 U gt wm, did not present a significant difference of the R-PE extraction
without enzyme. Following a similar profile to the extraction performed with Enz-A, the
concentration of 80 U g* wm, was not significantly different from the 40, 120, 160 and 200 U
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gt wm. Therefore, this concentration reached 0.1840 + 0.0127 mg g wm, being 63.12% higher
than extraction without Enz-B. However, 80 U g wm concentration was chosen as the best

condition for extraction of R-PE with Enz-B.

Regarding the PI of R-PE, the extractions carried out with Enz-B presented also a
significant reduction compared to the control, as shown in Fig. 3. However, differently from
the profile presented for the extraction with Enz-A, there was a gradual decrease with increasing
enzyme concentration, which stabilized in the concentration of 160 U g wm with a value of
0.0303 + 0.0027, 18.5 times lower than that achieved by the control.

Both enzymes, Enz-A and Enz-B, presented better yields of R-PE from S. filiformis
when compared with the control. However, it was necessary to use a lower concentration of
Enz-B to achieve a 7.03% higher yield of R-PE compared to the best concentration found for
Enz-A. This is because Enz-B is a mixture of cellulase enzymes of various types, which act
synergistically to break the cellulose glycosidic bonds, while Enz-A is composed of only one
type of cellulase, which proved to require a higher concentration to achieve a statistically

similar value.

The addition of both enzymes in the step of extraction of R-PE from S. filiformis
caused an increase in absorbance measured at 280 nm, reducing the purity of the extracts
because these enzymes are also proteins. This result was different from that found by Wang et
al. (2020). The authors observed that the use of agarese for extraction of R-PE from Pyropia
yezoensis increased the purity index of the pigment. This difference in results should be
evaluated together with the scope of the works and the polysaccharide composition of the
studied species. Wang et al. (2020) conducted a study that aimed to achieve the best yield of
R-PE using an enzyme that degrades agar. In the present work, the aim was to achieve better
yields of R-PE, preserving the structure of iota-carrageenan present in the extraction residues,
which can be used in a biorefinery conception for the best use of macroalgae biomass. For this

reason, only cellulase enzymes were used.

3.3 Optimization of the R-PE enzymatic extraction from S. filiformis

The yield and purity index of the R-PE extracted from S. filiformis obtained for the
conditions tested in CCRD-A are shown in Table 2. The highest yield of R-PE was achieved at
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160 U gt wm, 35 °C and 6 h (assay 8), being 0.2106 mg g™* wm (equivalent value to 4.3422 mg
gt dm) and PI of 0.0398. Already the highest PI was verified at 80 U g** wm, 35 °C and 6 h
(assay 4), being 0.0544. This implied that the combination of the three variables at their highest
levels led to a higher yield of R-PE, but with a low purity index, which may be due to the
presence of cellulase in the solution.

Table 2 - Experimental matrix with the values (levels) of the dependent and independent

variables evaluated in the CCRD-A for the R-Phycoerythrin extraction from Solieria filiformis

Independent Variables Dependent Variable
nﬁ:ZZr Enzyme Temperature Time R-PE yield R-PE purity

Concentration (°C), X2 (h), Xs  (mgg*wm), Yy index,

(U gt wm), X1 Y2
1 80.0 25.0 4.0 0.1075 0.0429
2 80.0 25.0 6.0 0.1282 0.0464
3 80.0 35.0 4.0 0.1549 0.0476
4 80.0 35.0 6.0 0.1759 0.0544
5 160.0 25.0 4.0 0.1422 0.0255
6 160.0 25.0 6.0 0.1457 0.0271
7 160.0 35.0 4.0 0.1734 0.0326
8 160.0 35.0 6.0 0.2106 0.0389
9 52.7 30.0 5.0 0.1285 0.0529
10 187.3 30.0 5.0 0.1582 0.0271
11 120.0 21.6 5.0 0.1322 0.0323
12 120.0 38.4 5.0 0.1924 0.0415
13 120.0 30.0 3.3 0.1343 0.0327
14 120.0 30.0 6.7 0.1582 0.0370
15 120.0 30.0 5.0 0.1567 0.0370
16 120.0 30.0 5.0 0.1484 0.0336
17 120.0 30.0 5.0 0.1517 0.0345

Source: Prepared by the author. Data shown are the mean + SD, n = 3.

The R%and adjusted R?qj were determined for the two dependent variables being,
respectively, 0.95 and 0.90 for Y1, and 0.97 and 0.94 for Y, which indicated a good model fit
for extraction of the R-PE from S. filiformis in presence of the Enz-A. The regression equations
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5 and 6 represe the yield and purity index of R-PE extracted from S. filiformis in presence of
the Enz-A:

Y, =1.84x10" 1+ 613x 10" x X; — 1.38 x 106 x X? — 1.08 x 102 x X,
+1.79x107*x X2 +59x 1077 x X, X, —2.95x 107 ° x 5X;
+847x10"* x5X, — 5.09 x 1072 (5)

Y,=138x10"14+6.10x10*xX; —1.37x10°xX? —3.41x1073x X,
+440x107°x X2 +3.83x107%x X, X, —7.39x 107® x 5X,
+1.99x10"*x5X, — 2.60 x 1072 (6)

The three independent variables influenced positively the increase in R-PE yield
extratecnt (p < 0.05), with the temperature being the most determinant, as shown in the Pareto
chart (Fig. 4a). No interaction achieved a significant effect on the yield of pigment obtained.
There was also no significant influence of the interactions on the pigment purity index, except
for the quadratic effect of enzyme concentration (Fig. 4b). On the other hand, it was possible to
identify that the enzyme concentration influenced negatively the purity index (p < 0.05),
contrary to the effects of temperature and time. Thus, although higher yields were observed, the
presence of the enzyme in the extracts led to low rates of pigment purity. However, as it is a
step to obtain larger amounts of R-PE and consider economic factors and the final application
of the pigment, subsequent separation and purification steps may circumvent this effect
(DUMAY et al., 2015; GU et al., 2018; XU; WANG; HOU, 2020). It is important to mention
that the presence of polysaccharides in R-PE extracts by traditional methods results in solutions
with high viscosity, hindering the subsequent purification steps, such as ultrafiltration and
chromatography. It is suggested that the use of enzymes in the extraction of R-PE may reduce

the viscosity of the medium, improving the conditions of pigment purification.
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Figure 4 - Pareto standard graphs for the effects of the process parameters on the R-PE yield and R-PE purity index.
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purity index under a statistical significance of p<0.05.
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In the response surface graphs (Fig. 5), in which the influences of the interactions
of two factors are presented, fixing the third factor at level 0, it was also possible to visualize
the linear influence of the independent variables for both the yield and the purity index of R-
PE from S. filiformis, being that for the yield the highest levels tested (enzyme concentration:
160 U/g wet biomass; temperature: 35 °C; time: 6 h) reached better results (Fig. 5 a-c).
Meanwhile, for pigment purity, lower concentrations led to better values (Fig. 5 d-e), with

temperature and time more preponderant for obtaining better values for this response variable
(Fig. 5 d-f).

In turn, the yield and purity index of the R-PE extracted from S. filiformis obtained
for the conditions tested in CCRD-B are shown in Table 3. Similarly, the highest yield of R-PE
was achieved at 120 U g wm, 35 °C and 6 h (assay 8), being 0.2100 mg g** wm (equivalent
value to 4.3298 mg g dm) and PI of 0.0524. Already the highest Pl was verified at 40 U g
wm, 35 °C and 6 h (assay 4), being 0.0739. This implied that the combination of the three
independent variables at their highest levels led to a higher yield of R-PE, but with a low purity
index, which may be due to the presence of enzymes in the solution.

The regression equations 7 and 8 were for the yield and purity index of R-PE

extracted from S. filiformis in presence of the enzyme blend, respectively.:

Y, =7.74x107% +8.67x 10~ x X, + 2.27 x 107 x X? + 547 x 10~* x X,
—255x10°x X2 —9.79x 10 ® x X, X, — 7.51 x 107> x 5X;
+1.33x1073 x 5X, — 1,42 x 10! %

Y,=1.18x10"1 —826x 10~ x X; — 1.45x 102 x X, + 8.48 x 1076 x X, X,
+5.63x107°>x5X; + 486 x 10~ * x 5X,
—821x1072 @)

The values of R? and adjusted R?.qj were determined for the two response variables
being, respectively, 0.90 and 0.77 for Y1, and 0.87 and 0.71 for Y, which indicated for both
cases that the model adjusted to the variability data. However, it was reasonable concerning the
model improvement, but with values close to 0.80 (SVETLIZKY et al., 2022).

Figure 5 - Response Surface Graphs showing the interactions of the effects between two

variables on the R-PE yield and its purity index, for the model carried out with Enz-A.
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Source: Prepared by the author. Legend: a — the interactive effect of enzyme concentration and temperature on R-PE yield, b — the interactive effect of enzyme
concentration and time on R-PE vyield, ¢ - the interactive effect of temperature and time on R-PE yield, d - the interactive effect of enzyme concentration and

temperature on R-PE purity index, e - the interactive effect of enzyme concentration and time on R-PE purity index, and f — the interactive effect of temperature
and time on R-PE purity index.

Table 3 - Experimental matrix with the values (levels) of the dependent and independent
variables evaluated in the CCRD-B for the R-Phycoerythrin extraction from Solieria filiformis
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Independent Variables Dependent Variable

Assay
number Enzyme Temperature Time R-PE vyield R-PE purity

Concentration (°C), X2 (h), X3 (mgg*wm), Yy index,

(U gt wm), X1 Y,
1 40.0 25.0 4.0 0.0953 0.0573
2 40.0 25.0 6.0 0.1232 0.0476
3 40.0 35.0 4.0 0.1481 0.0671
4 40.0 35.0 6.0 0.1803 0.0739
5 120.0 25.0 4.0 0.1449 0.0200
6 120.0 25.0 6.0 0.1384 0.0261
7 120.0 35.0 4.0 0.1676 0.0434
8 120.0 35.0 6.0 0.2100 0.0524
9 12.7 30.0 5.0 0.1346 0.0570
10 147.3 30.0 5.0 0.1429 0.0246
11 80.0 21.6 5.0 0.0975 0.0280
12 80.0 384 5.0 0.1744 0.0444
13 80.0 30.0 3.3 0.1219 0.0316
14 80.0 30.0 6.7 0.1608 0.0462
15 80.0 30.0 5.0 0.1512 0.0326
16 80.0 30.0 5.0 0.1414 0.0322
17 80.0 30.0 5.0 0.1446 0.0338

Source: Prepared by the author. Data shown are the mean + SD, n = 3.

The Enz-B has in its composition cellulases and [-glucosidases, that act
synergistically to transform cellulose into smaller molecules. Nevertheless, inhibition processes
or even access problems of some of these enzymes to their respective substrates may have

occurred, which was also described by Mittal and Raghavarao (2018) for the cellulase assay.

The Pareto chart presented in Fig. 4c corroborates this information when it shows
a low positive influence of the enzyme concentration on the yield of R-PE extracted (p < 0.05).
Through Fig. 4c it was possible to verify that besides the enzyme concentration, temperature
and time also influenced positively the increase of R-PE yield. No interaction reached a
significant effect on the amount of pigment obtained. For the pigment purity (Fig. 4d), it was

possible to see that time did not present a significant influence, unlike the other linear variables.
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Similar to the profile seen for the design performed with the Enz-A, the enzyme concentration

negatively influenced the purity index (p < 0.05), contrary to the effect of temperature.

The response surface graphs (Fig. 6a-c) show the linear influence of the
independent variables on the R-PE yield, being the highest levels tested (enzyme concentration:
120 U g wm, temperature: 35 °C, time: 6 h) reached the best results. Meanwhile, for the purity
index, the time did not influence significantly (Fig. 6e-f), while it was possible to see the high
influence of temperature and enzyme concentration (Fig. 6d-f). For the concentration, it was
important that the lower its value, the better the purity indexes, on the other hand, for the

temperature, the higher values were more important for the purity of the pigment.

Similar R-PE yields were achieved in both models studied above, highlighting that
for the cellulase blend enzyme, higher purity was achieved than for Enz-A. However,
considering the R? and adjusted R%g; values, the extraction with Enz-B demonstrated the need
for adjustments, such as performing tests with other variables or even replacing the levels
studied. Therefore, the extraction in the presence of Enz-A showed better results, reaching an

optimization of 86.70% higher than the method without enzyme.

The temperature proved to be the most relevant variable for this study. Although its
value for ideal R-PE extraction is close to 25 °C (DUMAY et al.,, 2013; MITTAL;
RAGHAVARAO, 2018; WANG et al., 2020), for the present work higher temperatures (around
35 °C) proved to be more relevant, a value close to that found by Mittal and Raghavarao (2018)
(31 °C) for the assay performed with cellulase. The temperature is an important factor because
R-PE is a protein pigment that may suffer denaturation processes under thermal stress.
However, under the temperature of 35 °C, the R-PE from S. filiformis does not suffer

denaturation, according to preliminary data.

Various factors such as species, seasonality, depth of cultivation ropes at sea, and
other cultural conditions can directly influence the results (RAMUS et al., 1976; WANG et al.,
2020). The robust presence of polysaccharides in the cell wall of macroalgae is also a
preponderant factor. However, the present work demonstrated that it is possible to perform an
extraction method with the aid of enzymatic hydrolysis also for a carrageenophytic red alga
present and cultivated on the Brazilian Northeast coast. This promotes the importance of this
biomass to obtain various bioproducts under a concept of biorefinery since the Solieria

filiformis is a source of t-carrageenan, (which would be integrated into the residue of this
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extraction) as well as lectins and other biomolecules of interest. A relevant value of R-PE was

reached, including this species in the list of sources of this commercially important pigment.
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Figure 6 - Response Surface Graphs showing the interactions of the effects between

variables on the R-PE yield and its purity index, for the model carried out with Enz-B.
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4 Conclusions

In this study, it was possible to briefly visualize the influence of the freezing
preservation process on the integrity of the thallus of the macroalgae Solieria filiformis, while
still preserving the pigmentation of the cortical cells. The thallus presented deformation with
some depigmented regions because of the ice crystals formation. Further biochemical analyses
are suggested to elucidate quantitatively the modifications undergone by this conservation stage
on this macroalga. It was concluded that the presence of cellulase, either endoglucanase alone
or cellulase mixture, increased the extraction yield of R-phycoerythrin if compared to the results
with control. However, the cellulase mixture, composed of endoglucanase, exoglucanase and
beta-glucose, showed a better result, since it required lower concentrations with better purity
indices. Finally, it is also concluded that the extraction process with the addition of cellulase
enzymes was optimized, with temperature having the greatest influence on the best yields of R-
phycoerythrin in both designs, CCRD-A and CCRD-B. On the other hand, the enzyme
concentration influenced negatively the purity index in both delineations. For CCRD-B the
model showed to need adjustment, while for CCRD-A the model showed a good fit. Therefore,
in this study, CCRD-A was the design chosen as the best for the optimization of the extraction

process of R-phycoerythrin from Solieria filiformis.
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