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Resumo

RESUMO

O processamento de camardo gera um residuo formado pela cabeca e
carapaca do crusticeo. Este residuo apresenta um grande potencial para
agregacdo de valor mediante a extracdo da fracdo carotenoidica da
matéria-prima. O método de extracdo usado para a obtencdo de
compostos a partir de uma matéria-prima natural é critico para a
definicdo da qualidade do produto final. Desta forma, o objetivo deste
trabalho é estudar o aproveitamento do residuo de processamento de
camardo rosa (P. brasiliensis e P. paulensis) para a obtencdo de extratos
de alto valor agregado, avaliando a técnica de extracdo, atividade
bioldgica dos extratos e 0 seu encapsulamento. A matéria-prima, obtida
no mercado pulblico de Florianopolis/SC/Brasil, foi submetida a
diferentes pré-tratamentos como tratamento térmico, secagem e
moagem, sendo que estes métodos combinados apresentaram a melhor
recuperacdo  da  fracdo  carotenoidica da  matéria-prima.
Subsequentemente, foi estudada a eficiéncia de extracdo de carotendides
de sistemas a baixa pressdo. Como tecnologia alternativa de extracdo de
carotenoides foi aplicada a extracdo supercritica (ESC) nas condicGes de
313.15 e 333.15 K e de 100 a 300 bar, empregando CO, puro como
solvente. Como modificadores do CO, foram utilizados
hexano:isopropanol (50:50) e 6leo de girassol (2% e 5%, m/m). A
cinética e a modelagem da ESC foram avaliadas com diferentes vazdes
de CO, e umidades da matéria-prima. Os resultados foram avaliados
guanto ao rendimento de extracdo, o perfil quali/quantitativo de
carotenoides, o rendimento em astaxantina, o perfil espectrofotométrico
UV-Visivel e no infravermelho médio (FTIR), o perfil de acidos graxos
e as atividades antioxidante, anti-obesidade e hipolipemiante dos
diferentes extratos. Finalmente, foi realizada a co-precipitagdo de
astaxantina em polimeros por tecnologia supercritica utilizando CO,
como anti-solvente pelos métodos Anti-Solvente Supercritico (SAS),
onde foi investigado o efeito de varidveis do processo no tamanho,
distribuicdo do tamanho e morfologia das particulas precipitadas, e SAS
de emulsdo (SFEE). A composicao dos extratos obtidos a baixa presséo
indicou a acetona e a solucdo hexano:isopropanol como os solventes de
maior eficiéncia na extracdo de carotendides. A eficiéncia da ESC de
carotenoides aumentou com o aumento da massa especifica do CO; e 0
maior rendimento em astaxantina foi a 333.15 K/300 bar, usando CO,
puro. A analise de custos do processo sugere 0 emprego de um
equipamento de 2 x 400 L e tempo de 25 min para um processo mais
lucrativo. Maiores atividades antioxidantes foram obtidas para o0s
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extratos alcodlico e cetdnico, dentre os sistemas a baixa pressdo. Os
extratos apresentaram alto conteldo de acidos graxos poli-insaturados,
especialmente ®-3 EPA e DHA, e de compostos fendlicos. O extrato
ESC (333.15 K/300 bar) a 50 mg/kg.d apresentou os melhores efeitos
anti-obesidade (79-84 %) e hipotrigliceremiante. Os extratos Soxhlet
promoveram as maiores reducdes nos niveis de colesterol sérico. A
eficiéncia do encapsulamento do extrato em Pluronic F127 através de
SAS foi de até 74 %. Nano-emulsbes processadas por SFEE
apresentaram o melhor desempenho de encapsulamento e o menor
tamanho de particula. Todas as particulas produzidas por SAS e SFEE
apresentaram melhor preservacdo de cor quando comparadas com o
extrato ndo processado.

PALAVRAS-CHAVE: carotenotides; astaxantina; cinética; capacidade
antioxidante; atividade hipolipemiante; co-precipitagdo.
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ABSTRACT

The processing of shrimp generates a waste formed by crustacean head
and carapace. This residue presents a high potential for aggregating
value by the extraction of carotenoidic fraction from this raw material.
The extraction procedure applied to obtain compounds from natural raw
materials defines the product quality. Therefore, the objective of this
study is to evaluate the use of pink shrimp (P. brasiliensis and P.
paulensis) processing waste to obtain extracts with high aggregate
value, comparing different extraction methods, biologic activity and
encapsulation. The raw material was provided by a local market
(Floriandpolis/Brazil), and it was submitted to different pre-treatments,
as heat treatment, drying and milling, being that the combination of all
methods showed the best carotenoid recovery from raw material.
Subsequently, it was studied the efficiency of carotenoid extraction of
solvent systems. Alternatively, the supercritical fluid extraction (SFE)
was applied as alternative technique on operational conditions of 313.15
and 333.15 K, and of 100 to 300 bar, using CO, as solvent. As CO,
modifiers, it was applied hexane+isopropanol (50:50, v/v) and
sunflower oil (2 % and 5 %, w/w). The kinetics and the modeling of the
SFE curves were evaluated considering different solvent flow rates and
raw material moisture content. The results were evaluated through the
extraction yield, qualitative and quantitative carotenoid profile,
astaxanthin yield, UV-Vis and infrared spectrophotometry profiles, fatty
acid profile and antioxidant, anti-obesity and hypolipidemic activities of
different extracts. Finally, the co-precipitation of astaxanthin in
polymers through supercritical technology using CO, as anti-solvent
was studied by the methods Supercritical Anti-Solvent (SAS),
considering the effect of process variables on size, size distribution and
morphology of precipitated particles, and and SAS from emulsion
(SFEE). The composition of low pressure extracts indicated acetone and
hexane+isopropanol (50:50) solution as the solvents with higher
efficiency on carotenoid extraction. The SFE efficiency was optimized
with the increasing of the CO, specific mass and the higher astaxanthin
yield was obtained at 300 bar/333.15 K, using pure CO,. The process
costs results suggest that employing a 2x400 L unit during 25 min is the
most lucrative process. Higher antioxidant activities were observed in
alcoholic and cetonic extracts, among low pressure systems. The shrimp
residue extracts showed higher content of polyunsaturated fatty acids,
specially the ®-3 EPA and DHA, and phenolic compounds. The SFE
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(333.15 K/300 bar) extract at 50 mg/kg.d showed the best anti-obesity
(79-84 %) and hipotriglycerimiant effects. Soxhlet extracts promoted the
highest reductions on serum cholesterol levels. The extract
encapsulation efficiency in Pluronic F127 by means of SAS was up to
74 %. Nano-emulsion processed by SFEE presented the highest
encapsulation performance and the lowest particle size. All particles
produced showed better color preservation compared to the crude
extract.

KEY-WORDS: carotenoids; astaxanthin; kinetics; antioxidant activity;
hypolipidemic activity; co-precipitation.
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Abs = absorbancia/absorbance
Ac = acetona/acetone

ANOVA = anélise de variancia/analysis of

variance

ATP = adenosine trifosfato

ASES = sistema de extracdo de solvente
em aerossol

BHA = butylated hydroxytoluene

BHT = butylated hydroxyanisole

bi = parametro ajustavel do modelo de
Martinez et al. (2003)

CER = etapa constante de
extragdo/constant extraction rate

CG-FID = gas chromatography-flame
ionization detector

CLAE = cromatografia gasosa de alta
eficiéncia

CO; = dioxide de carbono/carbon dioxide

COL = custo de operadores/labor cost

COM = custo de
manufatura/manufacturing cost

CRM = custo de material-prima/raw
material cost

CUT = custo de utilidades/utilities cost

CWT = custo de tratamento de
residues/waste treatment cost

Dag = difusividade do extrato no CO,
supercritico/diffusivity of extract in the
supercritical CO;

D = difusividade do soluto na matriz
solida/diffusivity

dp = didmetro de particula/particle
diameter

DHA = &cido
docosahexandico/docosahexanoic acid

DSC = differential scanning calorimetry

DPPH = 1,1-difenil-2-picrilidrazina/1,1-
diphenyl-2-picrylhydrazil

DTGS = deuterated triglycine sulfate

ECso = concentragdo das amostras
necessaria para captar 50 % do radical
livre/effective concentration at 50 %

EM =espectrometria de massas

EPA = 4cido
ecosapentandico/eicosapentaenoic acid

EqGA = equivalente acido galico

ESC = extragdo supercritica

EtOH = etanol/ethanol

EY = extraction yield

FER = etapa de extracdo
descrescente/falling extraction rate
period

FI = fragéo investimento/investment
fraction

FTIR = espectroscopia no IR com
transformada de Fourier/mid-Fourier
transform infrared spectroscopy

GAS = gas anti-solvente

GRAS = general recognized as safe
solvent

H = comprimento total do leito

h = coordenada axial

HDL- = high density lipoprotein-

HLB = balanco hidrofilico-
lipofilico/hydrophilic-lipophilic balance

HPLC = high performance liquid
chromatography

Hx = hexano/hexane

Hx:IPA = mistura de hexane+isopropanol
(50:50)/hexane-+isopropanol mixture
(50:50)

IPA = isopropanol

IR = infravermelho/infrared

J(X,Y) = fluxo de transferéncia de massa
interfacial

kya = coeficiente de transferéncia de
massa na fase fluida/mass transfer
coefficient in the fluid phase

kxa = coeficiente de transferéncia de
massa na fase sélida/mass transfer
coefficient in the fluid phase

LATESC = Laboratorio de
Termodinamica e Extracdo Supercritica

LDL- = low density lipoprotein-

Mext = Massa de extrato

m; = massa inicial de amostra

m¢= massa final de amostra

mo = massa inicial de soluto

MAC = maceragdo/maceration

mgGAE = mg equivalente de acido
galico/mg equivalent of gallic acid

MEV = microscopia eletrdnica de
varredura

Mcer = mass transfer rate in the CER
period

MSE = mean square error
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n = ndmero inteiro

N = massa de s6lido inerte

OilC = extragdo com oleo a frio/cold oil
extraction

OilH = extragdo com oleo a quente/hot oil
extraction

OSA = octenyl succinic anhydride

PEO-PPO-PEO = poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene
oxide)

PCA = precipitagdo com anti-solvente
comprimido

PGSS = particulas a partir de solugdes
saturadas de gas

PUFAs = polyunsaturated fatty acids

Qcoz = vazio de CO,/CO; flow rate

Re = nimero de Reynolds/Reynolds
number

RESS = répida extensédo de solugdes
supercriticas

SAS = anti-solvente
supercritico/supercritical anti-solvent

SEDS = dispersdo da solugdo aumentada
por fluidos supercriticos

SEM = scanning electronic microscopy

SFEE = SAS de emulsdo/supercritical
fluid extraction from an emulsion

Sc = nimero de Schmidt/Schmidt number

SFE = supercritical fluid extraction

Sh = ndmero de Sherwood/Sherwood
number

SOX = Soxhlet

SSP =single plate model (Gaspar et al.,
2003)

TCC = total carotenoid content

t=time

tcer = time of CER

trer = time of FER

tmi = parametro ajustavel do modelo de
Martinez et al. (2003)

TPC = total phenolic content

UE = ultrassom/ultrasound extraction

UFSC = Universidade Federal de Santa
Catarina

UV-Vis = ultravioleta-visivel/ultraviolet-
visible

UVA = Universidad de Valladolid

v = interstitial velocity of the solvent on
the SFE bed

Xo = rendimento global/global yield

Xo = extractable solute in the solid

Xcer = Mass ratio of extractable solute in
the solid on the CER period

Xp = initial mass of non-extractable
material in intact cells

Xi= initial mass of extractable material in
intact cells

Y* = solubilidade do extrato na fase
solvente/solubility of the extract in the
solvent phase

Ycer = solvent phase solute mass ratio at
bed outlet in the CER period

YM = yeast malt extract agar

pa = Massa especifica aparente/apparent
solid specific mass

ps = massa especifica real/real solid solid
specific mass

pcoz = massa especifica do CO,/CO2
specific mass

¢ = porosidade do leito/bed porosity

& = meia espessura das particulas (placas)

Mcoz = viscosidade do CO,/CO, viscosity

%AA = capacidade
antioxidante/antioxidant activity
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Cap. 1: Introdugdo

CAPITULO 1: INTRODUCAO

Os processos de desenvolvimento, producdo e utilizacdo de
compostos naturais com propriedades bioativas sdo muito importantes,
especialmente devido as inumeras aplicacbes nas industrias de
alimentos, farmacéutica e de cosméticos. Dentre 0s compostos bioativos
derivados de produtos naturais estdo os carotentides, com importantes
propriedades tecnoldgicas e bioldgicas.

O aproveitamento de residuos de processamento de alimentos
representa uma fonte alternativa a obtencdo de insumos para a industria
de alimentos, farmacéutica, cosmética e de racdes para animais,
permitindo a agregacdo de valor ao produto obtido do residuo da
agroindistria. O camardo ocupa lugar de evidéncia na economia
pesqueira mundial, com destaque no Brasil para o litoral do estado de
Santa Catarina, onde particularmente o camarao rosa (P. brasiliensis e
P. paulensis) apresenta producdo de grande relevancia. O camaréo,
guando industrializado, normalmente gera como residuo o cefalotdrax e
0 exoesqueleto, que juntos chegam a compreender 70% do peso da
matéria-prima (SIMPSON e HAARD, 1985). Uma possivel alternativa
para a agregacdo de valor para este material ¢ a sua utilizacdo para
extracdo de pigmentos carotenoides, devido ao potencial de aplicacdo
destes compostos em diversas areas.

Comparados aos corantes sintéticos, os carotendides naturais sdo
mais resistentes ao calor, aos processos de congelamento e apresentam
eficiéncia, em termos de propriedades de cor, mesmo quando aplicados
nos alimentos em pequenas quantidades (SKULBERG, 2004). A
astaxantina, principal pigmento encontrado em crustaceos, apresenta
grande potencial como corante (MEYERS e BLIGH, 1981; SIMPSON
et al., 1998; GUILLOU et al., 1995), mas também oferece atividade
biolégica como antioxidante (SHIMIDZU et al., 1996), protetora dos
efeitos da radiagdo UV, entre outras (HU et al., 2006).

Dentre os métodos tradicionalmente usados para a recuperacdo de
carotendides de fontes naturais estdo as extracdes com solventes
organicos e com 6leos vegetais. A extragdo com solvente organico tem
como principais restricbes a possivel contaminacdo ambiental, a co-
extracdo de compostos indesejaveis, aumentando o custo de purificacdo
e diminuindo o rendimento dos compostos de interesse, a necessidade de
remocdo do solvente e, ainda, a presenga no extrato de residuos do
solvente empregado. Esta Ultima desvantagem reduz a qualidade do
produto devido a toxicidade de muitos solventes utilizados nas
extracoes.
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Assim, se faz necessario o desenvolvimento de técnicas de extracao
alternativas com melhor seletividade e eficiéncia. Neste contexto, a
extracdo com fluido supercritico explora as propriedades dos solventes
acima de seus pontos criticos, tais como alta massa especifica,
difusividade intermediaria e baixa viscosidade. Utilizando didxido de
carbono (CO,;) como solvente, a extragcdo supercritica (ESC) ¢é
reconhecida como uma tecnologia limpa. O CO, tem como vantagens
possuir uma temperatura critica amena (304,25 K), ser atdxico, ndo
inflaméavel e altamente disponivel, principalmente como subproduto de
outras inddstrias como as que empregam fermentacdo (REVERCHON,
1997; FERREIRA et al., 1999).

O micro-encapsulamento é um processo fisico no qual um filme fino
ou camada polimérica é aplicada para envolver sélidos ou liquidos,
isolando-0s e protegendo-os de fatores ambientais como luz, ar e
umidade. Na dltima década, houve um grande progresso no
desenvolvimento de compostos microencapsulados, mas os dados
presentes na literatura ainda sdo limitados para o encapsulamento
efetivo de compostos corantes e antioxidantes.

Devido a estrutura molecular e a alta taxa de insaturacdo dos
carotenoides (presenca de ligacdes duplas em suas estruturas), fatores
como calor, luz e &cidos ocasionam isomerizagdo destes compostos com
perda e/ou diminuicdo da cor e de suas propriedades. Assim, visto que a
astaxantina sofre rapidamente oxidagdo quando exposta ao ar, perdendo
valor nutritivo, propriedades biologicas e tecnoldgicas, torna-se
necessario o estudo de sua estabilizagdo como, por exemplo, através de
seu encapsulamento em polimeros.

1.1 Objetivo Geral

O objetivo geral deste trabalho é estudar o aproveitamento do
residuo de processamento de camardo rosa (Penaeus brasiliensis e
Penaeus paulensis) na obtencdo de produto com alto valor agregado,
avaliando a eficiéncia de técnicas de extracdo, a qualidade dos extratos e
0 encapsulamento destes usando a tecnologia supercritica.

1.2 Objetivos Especificos

a) Awvaliar a influéncia das técnicas de pré-tratamento da matéria-prima
(tratamento térmico, secagem e/ou moagem) do residuo de camaréo
rosa a fim de disponibilizar os compostos carotendides para a sua
extracao;
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b)

f)
9)

h)

)

Avaliar o efeito do solvente e do método de extracdo a baixa
pressdo na recuperacdo de carotendides do residuo de
processamento de camardo rosa;

Projetar e construir uma unidade de extracdo supercritica para
operar com pressdes de até 400 bar;

Avaliar a cinética de extracdo e a modelagem matematica de curvas
da ESC de extratos carotenoidicos do residuo de processamento de
camarao rosa;

Avaliar as condicGes operacionais de ESC para a extracdo de
carotenoides do residuo de camarao rosa;

Selecionar e avaliar a aplicacdo de co-solventes ao CO, no processo
de ESC do residuo de camardo rosa;

Selecionar e avaliar a aplicacdo de 6leos vegetais como co-solventes
ao CO, supercritico a fim de produzir um produto oleoso com alta
concentracdo de carotendides do residuo de camardo rosa;

Realizar a estimativa de custos do processo de ESC de compostos
carotenoidicos do residuo de processamento de camardo rosa;
Caracterizar 0s extratos obtidos pelos diferentes sistemas de
extracdo com relacdo ao perfil de carotendides, os perfis espectrais
nas faixas do UV-Visivel e infravermelho médio;

Avaliar a capacidade antioxidante dos extratos de residuo de
camardo através das técnicas do radical DPPH e sistema [-
caroteno/acido linoléico;

Avaliar o conteldo em acidos graxos e de compostos fendlicos dos
extratos de camarao obtidos por diferentes tecnologias;

Avaliar as atividades hipolipemiante e anti-obesidade in vivo de
extratos de residuo de camardo;

Avaliar a eficiéncia do processo de co-precipitagdo/encapsulamento
do extrato de residuo de camardo em polimeros empregando
dioxido de carbono como anti-solvente.

1.3 Estrutura do documento

Este trabalho encontra-se organizado da seguinte forma: o Capitulo

1, como ja visto, apresenta a introducéo e objetivos da presente tese de
doutorado. No Capitulo 2 estd apresentada a revisdo bibliografica a
respeito da matéria-prima utilizada, de compostos carotendides, de
técnicas de extracdo e encapsulamento de compostos, modelagem
matematica e estimativa de custos da extracdo supercritica. O Capitulo 3
apresenta os materiais e métodos utilizados nas atividades experimentais
realizadas. O Capitulo 4, juntamente com o Anexo |, oferece um
relatorio referente a construcdo do equipamento de alta pressdo. Os
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Capitulos 5, 6, 7 e 8 apresentam, na forma de artigos, os trabalhos
produzidos nesta tese, sendo que: o Capitulo 5 refere-se ao estudo de
técnicas de pré-tratamento da matéria-prima e das técnicas a baixa
pressdo de extracdo de carotendides do residuo de processamento de
camardo rosa; o Capitulo 6 descreve o estudo da tecnologia supercritica
aplicada a extracdo de carotendides do residuo de processamento de
camardo rosa; no Capitulo 7 é mostrada a avaliacdo das atividades
antioxidante, anti-obesidade e hipolipemiante dos extratos do residuo de
processamento de camardo rosa obtidos pelas diferentes técnicas de
extracdo; e o Capitulo 8 considera o estudo de co-precipitacdo do extrato
de camardo rosa em polimero utilizando dioxido de carbono como anti-
solvente. Por fim, o Capitulo 9 apresenta as conclusdes gerais e, ao final
deste documento estdo apresentadas as publicacGes ja realizadas (Anexo
I1), de acordo com os resultados obtidos neste trabalho.
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CAPITULO 2: REVISAO BIBLIOGRAFICA

2.1 Industrializacdo do camarao e residuos produzidos

A pesca de captura marinha teve uma producdo de 79,9 milhdes de
toneladas em 2009 (FAO, 2010). No Brasil, a regido Sul é a maior
produtora de pescado por meio da pesca extrativa marinha, com valor
total estimado de R$ 238.088.825,00 em 2007. No ano de 2006 o estado
de Santa Catarina foi 0 maior produtor da pesca extrativa marinha, com
producdo de 127.164 t. Neste estado a producdo de crustaceos
apresentou um crescimento de 39 %, principalmente devido a producédo
do camardo sete-barbas (Xiphopenaeus kroyeri), alcancando 498 t (um
aumento de 102,5 %), seguido da producdo de camardo rosa (Penaeus
brasiliensis e Penaeus paulensis) com 305 t (IBAMA, 2008).

O camardo marinho ocupa lugar de destaque no contexto da
economia pesqueira mundial, quer pelo grande volume de captura e
ampla distribuicdo geografica, ou pelo seu alto valor nutritivo (ABCC,
2000).

Quando o camardo ndo € comercializado in natura sua
industrializacdo para obtencdo de produtos sem cabega gera como
residuo o cefalotérax, enquanto os produtos descascados tém como
residuo o cefalotérax e exoesqueleto. O cefalotérax compreende entre
30 % a 40 % da matéria-prima e o exoesqueleto em torno de 37 %;
juntos chegam a representar cerca de 70 % do peso da matéria-prima
(SIMPSON e HAARD, 1985; CTTMAR-UNIVALI, 2000). Esses
residuos constituidos basicamente de cefalotérax, exoesqueleto, visceras
e restos musculares contribuem para o aumento da polui¢cdo ambiental
guando descartados indevidamente (FAMINO et al., 2000; SHAHIDI e
SYNOWIECKI, 1991).

A cabeca de camardo, com baixissimo valor comercial, € uma fonte
de poluicdo ambiental, além de gerar custos adicionais durante seu
descarte, reduzindo a margem de lucro do sistema de produgéo. De 2004
a 2007, o Brasil produziu aproximadamente 50.000 t de camardo
descabecado. No caso especifico do L. vannamei, o cefalotérax constitui
aproximadamente 33% da massa corporea, dependendo do tamanho dos
animais (NUNES, 2001), os quais geralmente continuam sendo
descartados pelas unidades beneficiadoras, sem qualquer tipo de
aproveitamento tecnolégico (OGAWA et al., 2007).

Os residuos sdo definidos como subprodutos e/ou sobras do
processamento de alimentos de valor econémico relativamente baixo. O
aproveitamento dos residuos industriais representa fonte potencial para
obtencdo de ingredientes para 0 processamento de racdo animal e de
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alimentos. A necessidade de implantar sistemas de aproveitamento de
residuos industriais é embasada em fatores econdmicos e ambientais
através da otimizacdo dos processos e também do desenvolvimento de
novos produtos a partir dos residuos liquidos ou s6lidos provenientes
das etapas de processamento (ORNUM, 1992).

O residuo do camardo é basicamente constituido de proteina, quitina,
minerais, e carotendides, essencialmente a astaxantina, cujos percentuais
variam conforme a espécie, as partes constituintes, o local da pesca, do
tratamento térmico ou do método de desidratacdo usado
(MANDEVILLE et al., 1992), além da variacdo sazonal das espécies
(BATAILLE e BATAILLE, 1983; SAHIDI e SYNOWIECKI 1991;
SYNOWIECKI e AL-KHATEEB, 2000).

Muitos estudos foram realizados quanto ao aproveitamento destes
residuos, sob diversas formas, a saber: farinha de camardo (NUNES et
al., 1978); elaboracdo de produtos flavorizantes, quitina e quitosana
(HOLANDA, 2004). Uma possivel alternativa de grande agregacéo de
valor para este material é a sua utilizacdo para extracdo de pigmentos
carotendides, por existir potencial e demanda pelas indUstrias de
alimentos, farmacéutica e de racdo (OGAWA et al., 2007).

O aproveitamento do residuo do camardo, assim como dos residuos
de outros crustaceos deve-se principalmente ao seu elevado contetdo de
quitina. Porém, existe também interesse na recuperagdo de outros
componentes do residuo de camardo como proteina, carotendides e
componentes flavorizantes (MEYERS, 1986). Uma vez recuperada, a
astaxantina, o principal carotendide presente em crustaceos, pode ser
incorporada em racBes destinadas a salmonideos e crustdceos para
promover a pigmentacdo caracteristica destas espécies (CHEN e
MEYERS, 1982; MEYERS, 1986; GUILLOU et al., 1995).

Pesquisas relacionadas aos lipidios de camardo tém tratado,
principalmente, do contetdo de colesterol e do perfil do total de acidos
graxos. As pesquisas indicam que as espécies deste crustaceo
geralmente apresentam perfil de Aacidos graxos semelhantes, com
pequenas variagdes no conteldo de colesterol. A variagcdo sazonal na
concentracdo destes compostos tem sido atribuida a fatores como
temperatura da 4gua, nutricio e estdgio de desenvolvimento
(BRAGAGNOLO e RODRIGUES-AMAYA, 2001). Embora o camardo
seja uma rica fonte de proteina, é um alimento com alto teor de
colesterol (127 + 9 mg/100 g para camardo rosa — BRAGAGNOLO e
RODRIQUEZ-AMAYA, 1997), e isto é preocupante porque doencas
cardiovasculares sdo as principais causas de morte no Brasil e em
muitos outros paises. Por outro lado, alimentos marinhos, incluindo o
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camardao (BOTTINO et al., 1979), sdo ricos em &cidos graxos poli-
insaturados que sdo considerados anti-hipercolesterolémicos. Os &cidos
graxos poli-insaturados de origem marinha sdo provenientes de plantas
marinhas, como fito plancton e algas, que fazem parte da cadeia
alimentar e sdo incorporadas aos lipidios dos animais marinhos
(DYEBERG, 1986).

2.2 Carotendides: definicdo, estrutura e biossintese

Carotendides sdo pigmentos lipossolUveis amplamente distribuidos
na natureza, sendo encontrados em fungos, em bactérias e em todos os
tecidos de plantas verdes e também em animais (SIMPSON e
CHICHESTER, 1981). Apresentam ampla utilidade para o homem
devido ao seu poder corante, que pode variar do amarelo ao vermelho.
S&o corantes naturais de frutas, legumes e de algumas espécies de peixes
e Crustaceos.

Os carotendides sdo isoprenoides sintetizados por todos os
microrganismos fotossintéticos (incluindo plantas, algas e ciano
bactérias) e também por algumas bactérias nédo-fotossintéticas e fungos.
(BOTELLA-PAVIA e RODRIGUEZ-CONCEPCION, 2006).

A maioria dos carotenoides sdo tetraterpenos (Cy4) constituidos por 8
unidades isoprenoides ligadas de tal forma que a molécula é linear e
simétrica, com a ordem invertida no centro. A estrutura bésica aciclica
C4o pode ser modificada por hidrogenagdo, desidrogenacdo, ciclizacéo,
ou oxidacdo. A caracteristica de absorcao de luz destes pigmentos da-se
devido a cadeia de duplas ligacfes conjugadas que atua como
cromdforo. S8o necessarias, aproximadamente, sete ligacGes duplas
conjugadas para que o carotendide apresente coloracdo. O sistema de
duplas ligagBes conjugadas também confere a estes pigmentos alta
reatividade quimica, podendo ser facilmente isomerizados e oxidados
(OLIVIER e PALOU, 2000). A Figura 2.1 apresenta a estrutura de
alguns carotenoides.

2.3 Carotenodides: propriedades e funcdes

Os carotendides sdo corantes naturais responsaveis pelas cores
amarela, laranja e vermelha, muito empregados nas indUstrias
alimenticia, farmacéutica, de cosméticos e de racdo animal. Existem
aproximadamente 600 carotendides encontrados na natureza, os quais
sdo divididos em dois grandes grupos: (1) carotenos, que consistem em
hidrocarbonetos puros, e (2) xantofilas, que sdo hidrocarbonetos que
possuem grupos funcionais oxigenados (HAEGELE et al., 2000).
Desses dois grupos, cerca de 70 podem ser encontrados nos alimentos,
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dentre os quais o B-caroteno, o a-caroteno, a luteina, a zeaxantina, o
licopeno e a astaxantina (GOMES, 2007).
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Fonte: SILVA, 2004
Figura 2.1 Estrutura quimica dos principais carotenoides: Xantofilas -
(a) zeaxantina, (b) luteina, (c) criptoxantina e (d) astaxantina; Carotenos
— (e) neurosporeno, (f) licopeno, (g) B-caroteno e (h) a-caroteno,
respectivamente.

Nas indastrias de alimentos, os carotendides sdo utilizados
principalmente como corantes com 0 objetivo de repor a cor perdida
durante o processamento e armazenamento, além de dar cor aos
alimentos incolores e de uniformizar a coloragdo de alguns produtos
alimenticios. Neste sentido, sdo amplamente utilizados para conferir ou
intensificar a cor em sucos de frutas, pastas alimenticias, bebidas, doces,
margarinas, queijos, salsichas e outros. Ainda, indiretamente, através da
dieta, servem para intensificar a cor de alimentos, como por exemplo, da
gema do ovo, da pele do frango, da musculatura de salmonideos e do
exoesqueleto de crusticeos (OMARA-ALWALA et al., 1985;
GUILLOU et al., 1995; WATHENE et al.,, 1998; AKSU e EREN,
2007).

Por fim, podem também ser usados para colorir capsulas de
medicamentos e cosméticos (KLAUI e BAUERNFEIND, 1981; NIIZU,
2003). Os carotendides sdo também precursores de muitos compostos
guimicos importantes, responsaveis pelo aroma de alguns alimentos,
fragrancias de algumas flores (SANCHEZ-CONTRERAS et al., 2000),
coloragdo especifica e foto prote¢do (MARASCO e SCHMIDT-
DANNERT, 2003).

Em formulagBes comerciais, os carotendides utilizados podem ser de
dois tipos: extratos naturais e corantes sintéticos idénticos aos naturais.
A grande demanda gerada pelas indUstrias e a crescente procura por
produtos naturais tém resultado em um aumento nas pesquisas referentes
a producdo e extracdo de carotendides. Além da conotacdo “natural”, os
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produtos obtidos por extragdo e mesmo através de producdo microbiana
podem ser obtidos em curto prazo, em qualquer época do ano
(TATSCH, 2008).

Além de colorir, os carotendides possuem atividades bioldgicas
importantes destacando-se a prevencdo de doencas inflamatdrias e
neurodegenerativas onde as espécies reativas apresentam papel
fundamental, e.g., arteriosclerose, catarata, esclerose multipla, cancer,
mal de Alzheimer, degeneracdo macular e doencas cardiovasculares
(MOELLER et al., 2000; NIIZU, 2003; BHOSALE, 2004;
MALDONADE et al., 2007; AKSU e EREN, 2007). Assim, mais
recentemente, os carotendides também tém sido adicionados aos
alimentos devido as suas atividades bioldgicas, a fim de enriquecer o
produto alimenticio.

Estudos associaram uma baixa ingestdo de frutas e vegetais com alto
teor de carotendides com o aumento do risco de cancer (BLOCK et al.,
1992; SOUTHON, 2000; ZIEGLER, 1989). A combinagdo de resultados
de estudos epidemioldgicos com ensaios in vivo e in vitro demonstrou a
protecdo dos carotendides em relagdo a cancer de prostata, de es6fago,
de pulmdo e de mama (ASTORG, 1997; RAO e AGARWAL, 1999;
ROCK, 1997). Os carotendides tém demonstrado importantes efeitos na
prevencdo de cancer e na reducdo do risco de ataques cardiacos
(SHEKELLE et al.,, 1981; KARDINAAL et al, 1993, SUM e
TEMELLLI, 2006).

O mecanismo mais citado pelo qual o carotendide confere esta
protecdo é o da acdo antioxidante (EDGE et al., 1997; PAIVA e
RUSSEL, 1999). A capacidade antioxidante dos carotendides deve-se ao
longo sistema de ligagdes duplas conjugadas (MATOS et al., 2000;
YOUNGE e LOWE, 2001), as quais “sequestram” os radicais livres e,
assim, interrompem a pato fisiologia de varias doencas crénicas (SUM e
TEMELLI, 2006). Outros possiveis mecanismos sdo a modulacdo do
metabolismo de carcindgenos, a inibicdo da proliferacdo celular, o
aumento da diferenciacdo de células através dos retindides, a
estimulacdo da comunicacdo intercelular e o aumento da resposta
imunoldgica (OLSON, 1999; TROSKO, 2001).

Devido & alta taxa de insaturacdo, fatores tais como o calor, a luz e
acidos ocasionam isomerizagdo dos carotendides trans, que é a forma
mais estavel na natureza, a forma cis, promovendo ligeira perda de cor e
da atividade pré-vitaminica. Os carotenodides sdo também susceptiveis as
oxidacdes enzimaticas ou ndo enzimaticas, que dependem da estrutura
do carotenoide, disponibilidade de oxigénio, presenca de enzimas,
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metais, pré-oxidantes e antioxidantes, alta temperatura e exposicao a luz
(JOHNSON e SCHROEDER, 1995).

2.3.1 Astaxantina

A astaxantina é um pigmento encontrado em animais aquéticos, tais
como lagosta, siri e camardo. Este pigmento apresenta importante
atividade biol6gica, principalmente protegendo sistemas contra espécies
reativas, peroxidacdo lipidica oxidacdo dos &cidos graxos poli-
insaturados essenciais, luz UV-b, entre outros (HU et al., 2006).

Astaxantina (3,3 -dihidroxi-g S-caroteno-4,4’-diona) é  um
oxicarotendide de férmula C4Hs,04 € peso molecular 596,86 g/mol. Na
forma cristalina e pura, aparece como um po6 fino de coloragdo escura
violeta amarronzada. Seu ponto de fusdo é de aproximadamente
497.15 K. E insolivel em solugdo aquosa, podendo ser dissolvida &
temperatura ambiente em diclorometano, cloroférmio, acetona,
dimetilsulféxido e outros solventes ndo polares. Seu espectro de
absor¢do representa um polieno conjugado, com Amz de 489 mm em
cloroférmio, 478 nm em etanol e 480 nm em acetona (JOHNSON e AN,
1991).

Um crescente interesse no uso de astaxantina na avicultura e na
piscicultura tem se desenvolvido (OMARA-ALWALA et al., 1985;
GUILLOU et al., 1995; WATHENE et al., 1998; PANGANTIHON-
KUHLMANN et al., 1998) uma vez que este pigmento ndo é sintetizado
por animais, devendo ser adicionado as ra¢fes de forma a se obter uma
coloracdo atraente para os consumidores. Assim, a astaxantina de
origem natural tem sido avaliada como uma fonte pigmentante em
alguns estudos, administrada as dietas de diferentes espécies de
camardes - Penaeus japonicus (CHOUBERT e LUQUEST, 1983),
copépodos, C. Finmarchicus, krill, Euphasia sp. (LAMBERSTEN e
BREKKAN, 1971) - a fim de que estes desenvolvam maior pigmentagédo
de seus tecidos, agregando valor as biomassas de uso comercial. Aliado
a isso, estudos investigam também a presenca de astaxantina em
exoesqueleto de camardo, lagosta, caranguejo e outros crustaceos
(GUILLOU et al., 1995; SIMPSON et al., 1998; CHEN ¢ MEYERS,
1982; MEYERS e BLIGH, 1981). Wathene et al. (1998) observaram
aumento de intensidade da coloracdo em salmdo utilizando dieta
contendo astaxantina. Pangantihon-Kuhlman et al. (1998), avaliando
dieta para camardo suplementada com astaxantina, observaram
resultados semelhantes.

Além disso, a astaxantina é um poderoso antioxidante, com atividade
10 vezes superior a zeaxantina, luteina, cantaxantina e B-caroteno
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(SHIMIDZU et al., 1996). Ainda, apresenta propriedades antitumorais, 0
gue aumenta seu potencial de utilizacdo na area da salde (OGAWA et
al., 2007).

Atualmente, toda a producdo comercial de astaxantina é de forma
sintética através de fontes quimicas, com uma movimentacdo anual de
US$ 200 milhdes, gerando um preco de mercado de US$
2.000,00/KQastaxantine (ALGA TECHNOLOGIES, 2009). Estes altos
custos de sintese, aliado a crescente preocupagdo com a seguranca
alimentar ocasionada pelos aspectos negativos dos pigmentos sintéticos,
tem estimulado a busca de alternativas naturais para estes corantes.

A coloragcdo avermelhada contribui significativamente para a
imagem da carne dos salmonideos, e pode ter um grande valor, se
analisado como indicador de qualidade do produto (SYLVIA et al.,
1995). Esta caracteristica é distintiva desse grupo, o que contribui a dar
um selo de exclusividade a sua imagem, diferentes de outros produtos
alimenticios de origem animal que sdo julgados basicamente pelo seu
sabor, textura, entre outros fatores (PASSOS, 2001).

A determinacdo da concentragdo de astaxantina nos crustaceos varia
em funcdo do método de extracdo empregado e também da espécie
utilizada como matéria-prima. Oleos vegetais, como o de soja, e
solventes orgénicos sdo utilizados para sua extracdo, sendo o 6leo mais
comumente usado por ser considerado uma boa barreira contra oxigénio,
retardando a subsequente oxidacdo, além de ser utilizado como fonte de
energia (MEYERS e BLIGH, 1981; CHEN e MEYERS, 1982; CHEN et
al., 1998; NEGRO e GARRIDO-FERNANDEZ, 2000).

2.4 Recuperacao de carotendides de fontes naturais

A bioproducdo industrial de carotendides estd bem estabelecida e
vem se expandindo comercialmente. Porém, as operacOes de extracdo e
recuperacdo do produto, bem como a extracdo diretamente a partir de
matrizes vegetais consideradas fontes desses compostos estdo ainda em
fase de desenvolvimento. Além disso, esta etapa do processo contribui
para aumento dos custos da producdo, enfatizando a necessidade de
aprofundamento dos estudos nesta area.

No passado, carotendides eram extraidos especialmente com
solventes organicos. Entretanto, com o aumento das restri¢fes ao uso de
solventes por vezes toxicos, o interesse dos consumidores pelo uso de
produtos naturais e o recente desenvolvimento da tecnologia
supercritica, promoveu um crescente empenho na recuperacdo de
substancias biologicamente ativas de fontes naturais utilizando o CO,
supercritico (SUM e TEMELLI, 2006).
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2.4.1 Preé-tratamento da matéria-prima

Os carotentides sdo amplamente encontrados em diversas fontes
naturais (alimentos), entretanto com biodisponibilidades distintas, que
sdo afetadas principalmente por: (1) caracteristicas do préprio alimento
e da sua matriz; (2) binbmio tempo/temperatura de processamento; (3)
tipo de calor empregado no processamento; (4) presenca e/ou utilizagdo
de potencializadores absortivos dos carotendides, tais como os &cidos
graxos presentes em 6leos vegetais (GOMES, 2007).

Kaiser et al. (2007), a fim de facilitar a extracdo de carotendides
produzidos por Micrococcus luteus e Rhodotorula glutinis com a
minima degradacdo possivel, avaliaram um método em escala pequena
usando hidrélise enzimatica da biomassa. A metodologia avaliada
utilizou duas enzimas (lysozyme e lipase ou lyticase e lipase), seguido de
tratamento mecénico da biomassa com ciclos de sonicagdo e
congelamento e tratamento quimico com dimetilsulfoxido. Para a
extracdo 0s autores empregaram uma mistura de metanol e cloroférmio
estabilizados com hidroxitoluenobutilado (BTH) e a-tocoferol. Para a
avaliacdo da recuperacdo e reprodutibilidade do método de extracéo foi
utilizado padrdo interno de carotenos. O método avaliado se mostrou
uma ferramenta sensivel na determinagdo de carotendides oriundos de
microrganismos.

Perdigdo et al. (1995) estudaram a extracdo de pigmentos de
carapacas de lagosta, camardo e caranguejo. As matérias-primas
empregadas, com e sem tratamento térmico prévia por imersao em agua
fervente, foram secas em estufa com circulagdo de ar a 333,15K,
durante 5horas, e ftrituradas, sendo a granulometria de 2 mm
selecionada para as extracfes. Na sequéncia, as amostras foram
adicionadas de 6leo de soja refinado comercial numa proporcao de 1:1
(m/v) em banho-maria a 353,15 K, durante 30 min. O éleo enriquecido
de carotenoides foi separado da farinha por centrifugagéo e os teores de
carotenoides determinados. As amostras pré-tratadas com tratamento
térmico apresentaram maior teor de pigmentos, o que significa que este
pré-tratamento pode provocar uma quebra de ligacdo do complexo
caroteno-proteina, facilitando assim a extracdo. Neste mesmo estudo,
constatou-se que a lagosta vermelha (7,73 mg/100 g) apresentou uma
maior concentracdo de astaxantina em relacdo & lagosta verde
(5,50 mg/100 g); os camardes rosa e branco apresentaram teor de
carotenoides de 12,66 e 9,93 mg de astaxantina por 100 g de 6leo
pigmentado, respectivamente; enquanto o caranguejo aratu se mostrou
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com consideravel teor de astaxantina (17,7 mg/100 g), seguido do
caranguejo-uca (3,15 mg/100 g) e do guaiamum (2,11 mg/100 g).

Gu et al. (2008) compararam trés pré-tratamentos (ultrassom,
moagem e adigdo de 3 mol/L de HCI 3 mol/L), o efeito da temperatura
(283,15 a 343,15 K), da razéo soluto: solvente (10 a 130, v/m) e do
tempo (10 a 130 min) no rendimento de extracdo de carotendides de R.
sphaeroides. Como resultado, a adi¢do de HCI foi 0 método mais efetivo
para a extracdo dos carotendides. Na etapa de otimizacdo, os melhores
resultados de extragdo de carotendides de R. sphaeroides foram
encontrados quando se utilizou a temperatura de 303,15 K, razdo 6tima
de soluto/solvente de 40 e a extracdo méaxima dos carotendides foi
obtida no tempo de 40 min.

Fox (1973 apud GUILLOU et al., 1995) somente alcangou extracdo
total dos pigmentos carotendides da casca de caranguejo com acetona ou
metanol, apo6s descalcificagdo da casca com acido acético. Omara-
Alwala et al. (1985) reportaram que o uso do &cido propidnico
aumentou em 35 % a recuperacdo da astaxantina do residuo de lagostim.
Guillou et al. (1995) obtiveram uma extra¢do 15 % maior de astaxantina
no residuo de camardo Pandalus borealis submetido a silagem &cida,
guando comparado a extracdo do residuo in natura.

A hidrolise enzimética tem sido considerada um método viavel como
pré-tratamento para a recuperacdo da astaxantina (CHEN et al., 1985;
GILDBERG e STENBERG, 2001). Holanda (2004) realizando extragédo
com solvente deste carotendide a partir de residuo de camardo obteve
uma extragdo duas vezes mais eficiente que a realizada com dleo, tanto
no residuo sem pré-tratamento como em fracdes sollvel e insolavel
obtidas apds hidrolise enziméatica. Na extragdo com solvente a
recuperacao foi de 17 % a 31 % superior ap6s a hidrolise enzimatica. A
maior recuperacdo foi de 12,01 mg astaxantina por 100 g de residuo
seco, quando utilizada hidrolise com alcalase, e a maior parte da
astaxantina (70 %) foi proveniente da fragdo insolivel obtida apos
hidrélise enzimatica.

Chen e Meyers (1982) observaram um leve aumento (de 3 % a 5 %)
na extracdo da astaxantina com o aumento do tempo de hidrélise do
residuo de camardo Solenocera melantho obtida empregando diversas
proteases comerciais. Segundo os autores, o aumento da extracdo
observado com o aumento da extensdo da hidrdlise e tendo em vista a
enzima utilizada deve-se, provavelmente, a habilidade diferencial destas
na quebra da ligacdo proteina-carotendide, permitindo a recuperacdo do
pigmento no 6leo ou no solvente organico.
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Em funcédo da forte associagdo dos carotendides com as células dos
microrganismos produtores e, no sentido de maximizar a extracdo dos
pigmentos, Valduga (2005) testou 11 métodos diferentes de rompimento
celular e de extracdo com solventes. Foi constatado que quando utilizada
a combinagdo nitrogénio liquido e dimetilsulfoxido para a ruptura
celular, seguida da extragdo com mistura de acetona e metanol (7:3,
v/v), obteve-se a maior recuperacdo de carotentides da levedura S.
salmonicolor cultivada em meio 4gar YM (Yeast Malt Extract Agar).

2.4.2 Técnicas de extracdo de carotendides

Para a extracdo e recuperacdo de carotendides, seja a partir de
biomassa de microrganismos produtores ou diretamente a partir de
matrizes vegetais que contém estas substancias, podem ser utilizados
como solventes O6leos vegetais, solventes organicos ou fluidos
supercriticos.

Alguns solventes organicos sdo permitidos para uso nas inddstrias de
alimentos, como acetona, alcool benzilico, acetato de etila, hexano,
isopropanol, metanol, metil-etil-cetona e etanol, sendo que 0 uso e suas
concentragGes dependem do tipo de alimento onde os mesmos serdo
empregados (FOOD AND DRUG REGULATION, 2005). Carotenoides
foram extraidos com sucesso a partir de ovas de peixe usando acetona
como solvente (LI et al., 2005) e de residuo de camardo Penaeus indicus
com isopropanol, acetona e hexano (SACHINDRA et al., 2006). Ainda,
Sachindra et al. (2006) relataram que o0 uso de uma mistura de solventes
polares e ndo-polares produz altos rendimentos (49,9 ug/g de residuo
utilizando hexano:isopropanol, 50:50) na extracdo de carotendides de
residuo de camardo Penaeus indicus devido ao fato de que as xantofilas
sdo extraidas com sucesso por solventes polares, enquanto que o0s
carotenos sdo melhor extraidos da matriz por solventes apolares.
Segundo Britton (1985) o uso de um solvente polar miscivel em agua,
como acetona, metanol ou etanol, se mostra efetivo na extragdo de
carotenoides de tecidos contendo agua. Por outro lado, o uso de
solventes apolares ndo é recomendado em tecidos com alto teor de agua
porque a penetracdo desses na parte hidrofébica que circunda os
pigmentos é limitada (DELGADO-VARGUS et al., 2000).

A extracdo com solventes organicos se firma no emprego de altas
temperaturas de operacdo e das interagcbes entre 0s solventes e 0s
componentes presentes na matéria-prima, em funcdo da afinidade
guimica existente entre eles (MARKOM et al., 2007). Carotendides séo
compostos de baixa polaridade e, portanto, sollveis em solventes de
baixa polaridade como o hexano. Entretanto, essas moléculas organicas
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possuem uma parte polar solivel em solventes polares e uma parte
apolar, aumentando o espectro de solventes organicos com utilidade na
extracdo destes.

Quando um solvente organico é utilizado em sua temperatura de
ebulicdo, a tensdo superficial e viscosidade do solvente sdo muito
reduzidas quando comparadas a uma temperatura inferior. Assim, o
solvente pode alcangar com maior facilidade os espagos da matriz que
contém solutos, solubilizando uma maior quantidade e variedade de
compostos (MARKOM et al., 2007).

A recuperacgdo do solvente é a etapa crucial no processo de extracao
com solventes organicos devido principalmente aos fatores de seguranga
operacional, ambientais e econdmicos. Por outro lado, a extragdo com
solventes organicos apresenta como principais desvantagens a possivel
degradacgdo térmica do extrato, a eliminacdo incompleta do solvente, é
um processo lento e a baixa seletividade do processo (REVERCHON e
DE MARCO, 2006).

A extracdo com solvente organico é efetiva na extracdo de
carotendides totais (KOPAS e WARTHESEN, 1995; DE SIO et al.,,
2001). Entretanto, conforme ja relatado, as temperaturas altas requeridas
para a remocdo dos solventes podem resultar em degradacdo desses
pigmentos, além da possibilidade do produto final conter quantidades
residuais de solvente e, consequentemente, reduzir seu potencial para
utilizacdo em produtos alimenticios (BABU et al., 2008).

O oleo vegetal vem sendo utilizado como solvente para a extragdo de
carotendides. A vantagem de se utilizar 6leos vegetais é que estes sdo
considerados protetores eficientes da acdo do oxigénio, retardando o0s
processos de oxidacdo, além de sua utilizacdo como fonte lipidica na
posterior aplicagcdo em alimentos (MEYERS e BLIGH, 1981; CHEN e
MEYERS, 1982; SHAHIDI e SYNOWIECKI, 1991; CHEN et al.,
1998; NEGRO e GARRIDO-FERNANDEZ, 2000). A eliminacio do
solvente ndo é empregada quando se utiliza 6leo vegetal, sendo o
produto obtido uma mistura Oleo/extrato rico em carotendides e o
processo ndo apresenta os inconvenientes de degradacdo térmica dos
extratos.

A fim de aperfeicoar a extracdo de carotendides de residuo de
crayfish Chen e Meyers (1982) utilizaram solvente organico e
alcangaram 16,15 mg de astaxantina por 100 g de residuo, contra 8,0 mg
de astaxantina por 100 g, com extracdo com Oleo de soja. Meyers e
Bligh (1981), por sua vez, na extracdo com solvente em residuos de
crayfish obtiveram concentracdo de 15,3 mg de astaxantina por 100 g de
residuo. Essas diferencas devem-se geralmente ao teor de carotendides
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disponivel na alimentacdo, as condi¢des ambientais, a espécie animal
(SHAHIDI e SYNOWIECKI, 1991) e ao método utilizado para extracdo
e quantificacdo da astaxantina. Variaveis como a granulometria do
residuo, a temperatura e a relacdo residuo/solvente podem levar a
diferencas no rendimento de extracéo.

Shahidi e Synowiecki (1991), Saito e Regier (1971) utilizaram
residuo de camardo (Pandalus borealis) e casca de caranguejo
(Chinoecetes opilio) para extracdo de astaxantina e quitina. Na extracdo
de carotenoides os autores utilizaram 06leo de figado de bacalhau (2
partes de 6leo para 1 parte de residuo, v/m) na temperatura de 333,15 K,
durante 30 min. Em seguida a mistura foi filtrada e seca a vacuo na
temperatura de 333,15 K, separando a agua do extrato de carotendides e
agua. Como resultados obtiveram 74 % da extracdo de astaxantina do
residuo de camarao (14,77 mg/100 g de residuo seco) e 56 % da casca
de caranguejo (11,9 mg/100 g de residuo seco).

Sachindra e Mahendrakar (2005) utilizaram 6leos vegetais (girassol,
gengibre, mostarda, soja, c6co e arroz) para a extracdo de carotendides
de residuo de camardo Peaneus indicus e, posteriormente, otimizaram o
processo avaliando os efeitos da temperatura (313,15, 343,15 e
373,15 K), do tempo de extracdo (60, 120 e 150 min) e da razdo entre
volume de 6leo e massa de residuo (0,5; 2 e 3,5). O melhor rendimento
de carotendides (26,3 £ 2,31 H0/Qresiauo) fOi obtido utilizando o 6leo de
girassol a 343,15 K/150 min e razdo 6leo/residuo de 2:1 (v/m).

O ultrassom é um processo que utiliza a energia das ondas
ultrassdnicas que sdo transmitidas em frequéncia superior a da
capacidade auditiva humana, ou seja, acima de 20,0 kHz. As ondas de
ultrassom se propagam na matéria, criando no meio que se propagam
ciclos de expansdo e compressao no meio. Em um liquido, estas ondas
criam um ciclo de expansdo, 0 que produz uma pressdo negativa,
podendo gerar bolhas ou cavitagio (LUQUE-GARCIA e DE CASTRO,
2003). O uso do ultrassom é promissor por nao utilizar aquecimento e
ndo gerar danos aos compostos termos sensiveis. Além destas
vantagens, o procedimento é rapido e facil de ser realizado, ndo sendo
necessarios equipamentos especiais (ALISSANDRAKIS et al., 2003).

Os principais efeitos do ultrassom na extracdo sdo 0 aumento da
permeabilidade das paredes celulares, a producgdo de cavitacOes, ou seja,
formagdo de bolhas em um liquido abaixo do seu ponto de ebulicéo,
resultando em um forte estresse dindmico e, consequentemente, 0
aumento do estresse mecanico das células, também chamado de friccdo
interfacial (JACQUES, 2005). Desta forma, esta técnica pode facilitar a
dilatagdo e a hidratacdo do material, aumentando o tamanho dos poros
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da parede celular e otimizando os processos de difusdo e de
transferéncia de massa. Um aumento no tecido celular ao dobro do seu
volume pode, em alguns casos, quebrar a parede celular, o que causa a
saida de compostos celulares, além de aumentar a eficiéncia da extracdo
e/ou reducdo do tempo de extracdo (VINATORU, 2001; JACQUES,
2005). Assim, a extracdo com ultrassom é utilizada em diversas areas,
tais como na extragcdo de vitaminas A, D e E de plantas (LUQUE-
GARCIA e DE CASTRO, 2003).

Macias-Sanchez et al. (2009) estudaram a extracdo de carotendides e
clorofila a partir da microalga Dunaliella salina utilizando as técnicas
de ultrassom-assistido, com N,N’-dimetilformamida e metanol, e
extracdo supercritica com dioxido de carbono. Os resultados obtidos
indicaram superioridade do método de ultrassom utilizando metanol em
relacdo ao rendimento de extracdo, mas maiores seletividades para
extracdo de carotendides quando usado a tecnologia supercritica.

Sun et al. (2006) estudaram a eficiéncia da extracdo com solvente
organico, da saponificacdo seguida de extragdo com solvente orgénico e
do método de ultrassom-assistido com solvente organico na extracdo de
luteina de figado de frango, a fim de quantificar esse carotendide por
cromatografia liquida de alta eficiéncia (CLAE). De acordo com os
resultados obtidos pelos autores, todos os métodos produziram
guantidades de luteina estatisticamente diferentes, com superioridade do
método ultrassénico (10,4 ug/g).

2.4.2.1 Extracéo com fluido supercritico (ESC)

A tecnologia supercritica utilizando diéxido de carbono (CO,)
préximo ao ponto critico como solvente na extracdo de compostos como
carotendides tem sido considerada uma alternativa pelas industrias
alimenticia e farmacéutica (MEIRELES, 2003). O emprego industrial da
ESC vem ganhando espaco, principalmente devido aos fatores
ambientais e de qualidade envolvidos. Trata-se de um processo livre de
residuos toxicos, ndo necessita de pods-processamento dos extratos para a
eliminacdo do solvente e ndo provoca a degradacédo térmica dos extratos
por permitir o emprego de baixas temperaturas, e previne reacfes de
oxidacdo, pela auséncia de luz e oxigénio. Além disso, é um processo
flexivel devido a possibilidade de ajuste continuo do poder de
solvatacdo e seletividade do solvente (BRUNNER, 1994; MARTINEZ
et al., 2004; ROSA e MEIRELES, 2005; MICHIELIN et al., 2005;
DIAZ-REINOSO et al., 2006).

O CO; supercritico € essencialmente um solvente apolar e seu poder
de solvatacdo varia com a massa especifica. Este solvente permite
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extrair grande variedade de compostos lipofilicos, como os
carotendides, dependendo da pressdo aplicada (ARAUJO, 1999). A
solubilidade do soluto no fluido supercritico aumenta com a presséo de
operacdo a uma temperatura constante, devido ao aumento da massa
especifica do solvente, porém a seletividade do processo é diminuida
(REVERCHON e DE MARCO, 2006).

O processo de extragdo supercritica pode ser uma alternativa aos
métodos convencionais de extracdo de carotendides (BABU et al.,
2008), podendo ser utilizado com o solvente supercritico puro,
normalmente CO, ou com adicdo de co-solvente.

Franca et al. (1999) realizaram a extracdo da polpa de buriti
(Mauritia flexuosa) com CO, supercritico a fim de obter fracfes de 6leo
com alta concentragdo de B-caroteno. Como resultados obtiveram que o
CO, supercritico na pressdao de 200 bar e temperatura de 313,15K
extraiu aproximadamente 80 % do conteudo de p-caroteno comparado
ao extrato hexanico.

Mendes et al. (1995) realizaram a ESC de lipideos e carotendides da
microalga Chrlorella vulgaris nas temperaturas de 313,15 e 328,15 K e
pressdes de 150 a 350 bar. Tanto o teor de lipideos como o de
caroten6ides aumentou com o aumento da pressdo de ESC, sendo que o
Gltimo se apresentou maior quando comparativamente a extracdo
convencional com hexano e acetona. Posteriormente, 0s mesmos autores
(MENDES et al., 2003) ampliaram a pesquisa para 3 espécies de
microalgas (Botryococcus braunii, Chlorella vulgaris e Dunaliella
salina), objetivando maximizar a extracdo de carotendides e outros
lipideos por ESC com CO,. Os experimentos de ESC foram conduzidos
nas temperaturas de 313,15 e 333,15 K e pressfes de 100 a 350 bar.
Como resultados, os autores relataram que a 313,15K e 200 bar a
microalga Botryococcus braunii produziu um extrato supercritico
dourado e limpido, distinto do obtido via extracdo convencional. Para a
microalga Chlorella vulgaris, a ESC produziu extratos com cantaxantina
e astaxantina, sendo que o rendimento de carotendides aumentou com o
incremento da pressdo e apresentou uma faixa de inversao das isotermas
de 275 a 350 bar. J4, para a alga Dunaliella salina, os resultados
indicaram que o isdmero cis deste carotendide é mais solivel no CO,
supercritico a 300 bar e 313,15 K.

Macias-Sanchez et al. (2007) extrairam com CO, supercritico
amostras de biomassa seca da ciano bactéria Synechoccus sp., a fim de
concentrar carotenoides e clorofila, nas condi¢fes de 100 a 500 bar de
pressdo e 313,15 a 333,15 K. A maior concentragdo de carotendides
totais foi obtida a 300 bar e 323,15 K (1,5 ug/mg de microalga seca),
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enquanto que a maior relacdo carotendides/clorofila foi obtida a 200 bar
e 313,15 K (193 pg de carotendides por ug de clorofila). Nesta condicéao
foi obtida a maior seletividade, facilitando a separagdo e purificacdo
destes dois grupos de pigmentos. Segundo os autores, o CO,
supercritico € um solvente adequado para extracdo de carotenoides
devido a baixa polaridade destes componentes, tornando 0 processo
seletivo para os carotendides em detrimento de outros mais polares
como a clorofila.

Machmudah et al. (2008) realizaram a extragdo supercritica do fruto
da rosa (Rosa canina) em condi¢cGes de 150 a 450 bar, 313,15 a
353,15 K e vazdo de CO, de 2 a 4 mL/min, buscando otimizar a
extracdo de carotendides. As concentracfes totais destes pigmentos
foram de 10,35 a 20,88 mg/g de fruto, sendo a maxima concentracao
obtida a 353,15 K, 450 bar e 4 mL/min. Os principais carotenoides
presentes no extrato foram o licopeno (1,18 a 14,37 mg/g), o B-caroteno
(0,15 a 1,02mg/g) e a luteina (1,26 a 16,84 mg/g). Os resultados
demonstraram efeitos significativos da temperatura no rendimento de
carotendides totais, da temperatura, pressdo e vazdo de CO, no
rendimento de licopeno e da pressdo e vazdo de CO, no rendimento de
[-caroteno e luteina.

Filho et al. (2008) realizaram extracdo de carotendides com CO,
supercritico de pitanga (Eugenia uniflora L.). Foram avaliadas duas
condicdes de temperatura (313,15 e 333,15 K) e sete de pressdo (100,
150, 200, 250, 300, 350 e 400 bar). Os principais carotendides
identificados nos extratos supercriticos foram licopeno, rubixantina e 3-
criptoxantina, sendo que a maxima recuperacdo de carotenoides totais
(55 %) foi obtida a 333,15 K e 250 bar, concentrando principalmente o
licopeno (78 %) e a rubixantina (74 %). As condicdes operacionais
testadas produziram extratos supercriticos distintos quanto ao
rendimento de extracdo e concentracdo dos carotendides, indicando a
variagdo da seletividade do CO, com a temperatura e a pressdo na
extracdo dos carotendides de pitanga.

Sanchez-Camargo et al. (2011a) investigaram a extracdo de acidos
graxos e carotendides do residuo de camardo (Farfantepenaeus
paulensis) em fungdo das condi¢cGes operacionais (temperatura e
pressdo) de ESC com CO, puro. Como resultados, 0s autores obtiveram
gue tanto a temperatura (313,15 a 333,15 K) como a pressao (200 a 400
bar) apresentaram efeitos significativos no rendimento de extracdo de
astaxantina, alcancando 39 % de recuperacdo deste carotendide a 316.15
K e 370 bar. Em um trabalho subsequente (Sanchez-Camargo et al.,
2011b), os autores avaliaram a aplicacdo de co-solventes ao CO; a fim

33



Cap. 2: Revisdo bibliogréfica

de aumentar o rendimento em astaxantina e acidos graxos EPA e DHA.
Os resultados mostraram que a adi¢do de etanol como co-solvente (10%,
m/m) permitiu aumentar o rendimento em astaxantina (57,9 %), quando
comparado ao uso de CO, puro, rendimento esse similar a extracdo
convencional com acetona (63,3 %).

La Fuente et al. (2006) estudaram a solubilidade do licopeno e
astaxantina no CO, supercritico em funcdo da temperatura (313,15 a
333,15 K) e pressdo (100 a 420 bar). Os resultados indicaram que, de
maneira geral, tanto a solubilidade do licopeno como da astaxantina em
CO, supercritico aumentaram com a pressdo e a temperatura
empregadas, variando entre 0,28-1,5.10° g/g para o licopeno e entre
0,01-1,2 . 10° g/g para a astaxantina.

Uma das principais caracteristicas do CO, supercritico é que ele
apresenta um poder de solvatagdo limitado quando se tratam de solutos
polares (HAWTHORNE e MILLER, 1987). A auséncia de uma longa
cadeia polar na estrutura de moléculas como a astaxantina sugere que a
solubilidade desta em CO, supercritico possa ser relativamente alta.
Entretanto, apesar da estrutura apolar, quando um composto apresenta
massa molecular alta, i.e., astaxantina (596,86 g/mol), pode haver uma
diminuicdo da sua solubilidade em CO, (DANDGE et al., 1985).
Segundo Hawthorne e Miller (1987), a adicdo de um modificador
organico pode aumentar substancialmente a eficiéncia de extracdo do
CO, pelo aumento da solubilidade dos analitos, reduzindo suas
interacbes com a matriz ou alterando estas de alguma forma e
facilitando a extracdo. Um co-solvente efetivo é mais polar que o
solvente supercritico e ainda é um bom solvente para o soluto a que se
objetiva extrair, como o etanol pressurizado.

Lim et al. (2002) estudaram a separacdo de astaxantina de Phaffia
rhodozyma por ESC com velocidade superficiais de CO, variando de
0,27 a 0,54 cm/min, pressdo de 102 a 500 bar, temperatura de 313,15 a
353,15 K e uso de etanol como co-solvente nas concentragbes de 1 a
15% (v/v). A maior recuperacdo de carotendides (85 %, m/m) e
astaxantina (90 %, m/m) utilizando CO, puro a 0,54 cm/min foi obtida a
313,15 K e 500 bar. O etanol a 15 % proporcionou um aumento no
rendimento de astaxantina de 9 e 24% a 313,15 e 333,15K,
respectivamente, quando se operou a 500 bar. Quando do uso de duas
etapas subsequentes de extracdo, com pressdes variando de 300 para
500 bar, a concentracdo de astaxantina na fragdo de maior pressdo
aumentou 4 vezes, a 313,15 K e 10 vezes a 333,15 K, sendo que as
concentragdes de carotendides totais nestas fragcGes foram 3,6 a 13 vezes
maior, comparativamente & extragdo convencional utilizando-se acetona.
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Ldpez et al. (2004) realizaram a extracdo de astaxantina a partir de
crustaceos comparando extracdo convencional com acetona e ESC com
CO, puro ou com etanol (5 a 20 %), nas condic¢Ges de 200 a 350 bar e
313,15 a 333,15 K, em método dindmico de extracdo durante 15 a
25 min. O maior rendimento em astaxantina foi obtido a 200 bar,
333, 15K e 15min, sendo este tempo considerado viavel
tecnologicamente a obtencdo deste pigmento. Segundo os autores a
adicdo de etanol foi indispensavel para garantir a extracdo de
astaxantina, sendo a concentracdo ideal de 15 % de etanol.

Conforme visto, o etanol, um solvente polar, vem sendo utilizado
para aumentar a polaridade do CO, supercritico na extracdo de uma
ampla diversidade de compostos. Entretanto, quando os compostos a
serem extraidos sdo apolares, como a maioria dos carotendides, este co-
solvente n&o é a melhor opg¢do para o aumento da solubilidade destes no
CO, supercritico. Além disso, o etanol deve ser removido do produto
final, requerendo o uso do calor e, assim, apresentando as mesmas
desvantagens de necessidade pds-processamento e possivel degradacdo
de compostos termolabeis citadas para a extracdo convencional (SUN e
TEMELLLI, 2006).

Em contrapartida, Bamberger et al. (1988) reportaram que a
solubilidade de lipideos menos volateis em CO, supercritico é
significativamente aumentada pela presenca de triglicerideos volateis no
sistema. Segundo Mendes et al. (1995), para aumentar o rendimento da
extracdo e proteger os carotendides da degradacdo, a adicdo de Oleo
vegetal como co-solvente ao CO, é uma alternativa interessante. Além
de todas as vantagens citadas, Krichnavaruk et al. (2008) citam que o
uso de 6leo vegetal como modificador torna desnecessaria a subsequente
separacao deste do produto. Em contrapartida, o produto obtido usando
6leo vegetal como co-solvente o CO, supercritico é diferente ao obtido
por co-solventes organicos, ou seja, é um produto oleoso enriquecido
dos compostos de interesse (no caso, carotendides) e requer cuidado ao
fazer comparacGes técnicas. De acordo com estas consideragdes, o dleo
vegetal parece ser um bom co-solvente na ESC de carotendides.

Vasapollo et al. (2004) extrairam licopeno de tomate com CO,
supercritico, com e sem a adicdo de O6leo vegetal (de améndoa, de
amendoim, de aveld e de semente de girassol). Os experimentos foram
conduzidos variando a temperatura (318,15 a 343,15 K), a pressao (335
a 450 bar) e a vazdo de CO, (133 a 333 g/min). O 6leo de avela
apresentou maiores rendimentos em relacdo aos demais 6leos e ao CO,
puro, além de ser mais barato e apresentar menor acidez, evitando a
degradacdo do licopeno durante a extracdo e, por estes fatores foi
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considerado o melhor. A maior concentracdo de licopeno (60 %) foi
obtida a 450 bar e 339.15 K com dleo de aveld na concentracéo de 10 %
e vazdo de CO, de 333 g/min.

Krichnavaruk et al. (2008) investigaram 0 uso de 6leo de soja e
azeite de oliva como co-solventes ao CO, supercritico na extracdo de
astaxantina de Haematococcus pluvialis. Apenas 25 % da astaxantina
presente foi extraida nas condi¢des de 343,15 K e 400 bar sem a adi¢do
de co-solventes, enquanto que o uso dos 6leos de soja e oliva como co-
solventes (10 %) permitiu um aumento de 30 e 80 %, respectivamente,
na eficiéncia de extracdo de astaxantina. Conforme os autores
concluiram, os resultados indicaram maior poder de extracdo quando
utilizados co-solventes como 6leo de soja e azeite de oliva na extracéo a
alta pressdo de astaxantina a partir de H. pluvialis.

2.5 ldentificacdo e quantificacio de carotenoides

As determinacbes de carotendides de alimentos e de amostras
bioldgicas estdo sendo executadas principalmente através de CLAE e
espectrometria de massas. Os pigmentos podem absorver luz
especificamente na regido do ultravioleta e visivel do espectro, sendo o
restante transmitido ou refletido, gerando as cores caracteristicas. A
estrutura responsavel pela absor¢do da luz é o grupamento cromdéforo,
gue nos carotendides se caracteriza pelas ligagdes duplas conjugadas.
Cada cromoforo é caracterizado por um espectro de absorcdo. Assim, a
espectroscopia de absorcdo é uma importante técnica na analise de
carotenoides (GROSS, 1991).

A andlise por CLAE tem apresentado ampla aplicacdo na
determinacédo de perfis de carotendides, sendo que as separa¢des podem
ser realizadas utilizando-se colunas de fase reversa (EDELENBOS et
al., 2001; VAGI et al., 2002; MELENDEZ-MARTINEZ et al., 2003;
GOMEZ-PRIETO et al, 2003; AZEVEDO-MELEIRO e
RODRIGUEZ-AMAYA, 2004) ou de fase normal (HOLLMAN et al.,
1993; ENGLBERGER et al., 2003). Sistemas isocraticos (GAMLIELI-
BONSHTEIN et al., 2002; MELENDEZ-MARTINEZ et al., 2003) e em
gradientes de eluicdo (GOMEZ-PRIETO et al., 2003; AZEVEDO-
MELEIRO e RODRIGUEZ-AMAYA, 2004) tém sido empregados.
Geralmente os métodos de gradiente de solventes alcancam melhor
definicdo quando comparados com sistemas isocraticos, entretanto,
apresentam alguns inconvenientes como um maior tempo de anlise
devido a necessidade de re-equilibrar a coluna ap6s cada injecédo
(MELENDEZ-MARTINEZ et al., 2003).
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Com o desenvolvimento da CLAE, muitos métodos tém sido
descritos para separar xantofilas e carotenos. A analise de carotendides
via CLAE utilisa, na sua maioria, detectores de ultravioleta-visivel (UV-
Vis) ou de arranjo de fotodiodos (HUCK et al., 2000). Quando é
requerida alta sensibilidade, a detec¢do eletroquimica é uma boa
alternativa (FERRUZZI et al., 1998). Em matrizes complexas, quando a
CLAE de arranjo de fotodiodos ndo é suficiente para alcancar uma
identificagdo inequivoca dos compostos, o0 acoplamento desta &
espectrometria de massas (EM) usualmente apresenta 6timos resultados
(QUEIROS e COSTA, 2006).

Com reportado em muitos estudos, a cromatografia liquida acoplada
a espectrometria de massa (CLAE-EM) é uma ferramenta segura e com
alta sensibilidade & identificacdo de carotendides (QUEIROS e COSTA,
2006). Os metodos de CLAE-EM desenvolvidos para a andlise de
carotendides incluem a técnica de ionizagdo quimica a pressdo
atmosférica (LACKER et al., 1999; WANG et al., 2000; MURKOVIC
et al., 2002; WELLER e BREITHAUPT, 2003) ou ionizacdo por
electrospray (HADDEN et al., 1999; CARERI et al., 1999). Alguns
autores tém utilizado a CLAE-EM para confirmar picos de identificacdo
e purificagdo em matrizes complexas, como Murkovic et al. (2002) para
a determinagdo de carotenoides presentes em variedades de abobora.

2.6 Modelagem matematica da ESC

A modelagem matematica de curvas experimentais de ESC pode
servir simplesmente para ajustar curvas experimentais ou mesmo para
compreender os fendmenos que controlam o processo de ESC.
Entretanto, a modelagem tem como principal objetivo determinar os
pardmetros ajustaveis dos modelos a partir de dados experimentais, a
fim de que estes sejam mantidos constantes na transposicdo de escala
para, entdo, se obter o design do processo em maior escala, como
dimensdo de equipamento, vazdo de solvente, tamanho de particula
(MARTINEZ et al., 2003). A partir destes dados é possivel a predicio
da viabilidade econbémica dos processos de ESC em uma escala
industrial, através da simulagdo de curvas de extragao.

Existe um grande nimero de modelos matematicos presentes na
literatura para a extracdo de dleos com CO, pressurizado. O processo de
extracdo pode ser analisado e modelado de uma forma simples,
considerando-se apenas valores médios dos pardmetros de extragdo e
ajustando o modelo a dados experimentais para determinar o0s
coeficientes desconhecidos. Para uma modelagem mais completa ¢
necessario realizar uma anélise aprofundada do mecanismo de extracéo,
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considerando fatores como difusdo intraparticular, dispersdo axial e
radial, transferéncia de massa através da interface solido/fluido,
resisténcia a transferéncia de massa devido a reacdes quimicas e
transi¢des de fase (BRUNNER, 1994).

Existem inimeros modelos matematicos descritos na literatura e
aplicados na ESC de produtos naturais. Dentre eles, pode-se citar:
modelos empiricos, modelos baseados na analogia a transferéncia de
calor na particula, como o de Crank (1975) e o de Gaspar et al. (2003), e
modelos baseados na equacdo diferencial de transferéncia de massa no
leito, como o de Sovova (1994) e de Martinez et al. (2003).

2.6.1 Modelo de Placa (SSP) aplicado por Gaspar et al. (2003)

O modelo de placa, aplicado por Gaspar et al. (2003) para a extracdo
de oleos essenciais usando CO, comprimido, considera a transferéncia
de massa na particula, considerando-se cada particula sélida em formato
de placa como um corpo quente que perde calor com o tempo para 0
meio, e supondo que as substancias a serem extraidas encontram-se
uniformemente distribuidas na particula sélida. Neste caso, a particula
solida esférica é o sélido que contém o 6leo a ser extraido e 0 meio é o
solvente supercritico.

O modelo se trata simplesmente da aplicacdo da Lei de Fick para a
difusdo em uma placa, e resolvendo analiticamente o balanco de massa
na superficie interna da particula, a massa de extrato obtida com o
tempo é representada pela equacdo (2.1) (GASPAR et al., 2003):

D, (2n+1)° z°t 2.1)
{l ; 2n +1)° ( 5° Il

onde: mey; = massa de extrato (g); mg = massa inicial de soluto (g); Dy, =
difusividade do soluto na matriz sélida (m%min); t = tempo (min); & =
meia espessura das particulas (placas) (m); n = nimero inteiro.

2.6.2 Modelo de Sovova (1994)

Sovova (1994) realizou a modelagem de ESC de 6leo vegetal,
considerando que a estrutura solida agiria como uma barreira para a
extracdo do soluto. Assim, a moagem da matéria-prima foi realizada, a
fim de reduzir o tamanho das particulas sélidas e promover a quebra da
parede celular. A suposicao adotada por Sovova (1994) considera que a
cinética de extracdo de células rompidas é mais rapida que de células
intactas, jA4 que a parece celular confere resisténcia adicional a
transferéncia de massa. Consequentemente, 0 mecanismo de
transferéncia de massa nas células rompidas é conveccdo, enquanto no
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nucleo das intactas é difusdo molecular. No modelo matematico, Sovova
(1994) prop6s um termo de transferéncia de massa considerando uma
menor resisténcia até que as células rompidas estejam esgotadas.

O modelo baseia-se em balancos de massa que consideram o
escoamento axial do solvente com velocidade superficial através de um
leito fixo de se¢do transversal cilindrica. Considera-se que na entrada do
extrator o solvente estd livre de soluto e temperatura e pressdo de
operacdo sdo mantidas constantes. O tamanho das particulas e a
distribuicio do soluto no interior do solido sdo considerados
homogéneos e o soluto encontra-se nas células do sélido, protegido pela
parede celular. Devido a moagem, algumas células apresentam sua
parede celular rompida tornando parte do soluto exposto ao solvente.

Neste modelo a transferéncia de massa interfacial ocorre de formas
diferentes, dependendo da disponibilidade ou ndo de soluto de féacil
acesso ao solvente. Esta diferenga se reflete no termo J(X,Y) do balango
de massa, que representa o fluxo de transferéncia de massa interfacial.

O modelo de Sovova (1994) emprega o coeficiente de transferéncia
de massa na fase fluida (kya) para descrever o periodo de taxa de
extracdo constante (CER), e o coeficiente de transferéncia de massa na
fase solida (kyxa) para descrever a etapa na qual a resisténcia a
transferéncia de massa € dominada pela difusdo. No modelo de Sovova
(1994) o perfil da concentragdo do soluto na fase fluida é dividido em
trés etapas, conforme a Figura 2.2:

a) a primeira etapa considera que o soluto de facil acesso (Xp)
disponivel na superficie das particulas solidas vai se esgotando ao longo
do leito, chamada etapa CER, onde tcer € 0 final da etapa de taxa de
extracao constante (s);

b) na segunda etapa o soluto de facil acesso vai se esgotando ao
longo do leito e comeca haver extracdo de soluto de dificil acesso,
chamada etapa FER, onde ter € 0 final da etapa de taxa de extracéo
decrescente (s);

C) na terceira etapa sdo retirados os solutos de dificil acesso (xy)
presentes no interior das particulas solidas - esta etapa é denominada
etapa difusional, sendo controlada pela resisténcia interna a
transferéncia de massa.

A curva de extracdo obtida pelo modelo de Sovova (1994) é
representada pelas equagdes (2.2), (2.3) e (2.4), com a massa total de
extrato, na saida do extrator, em fungdo do tempo:

m(h=H,t) =Qc,, Y *[L—exp(-2Z)It parat <t (2.2)
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m(h=H,t) =Qc,Y *[t —tee ©P(Z,, (1) —Z)] paraty, <t <tq

(2.3
Y * Wx W X
mh=H,t) = N|:x0 —Wln{l{exp(w‘:j—l} e><p[(|?\;3°2(tCER _t)}(XEJH para
t>tp (2.4)
onde: h = coordenada axial (m); H = comprimento total do
leito (m); t=tempo (s); N =massa de solido inerte (kg); Xo =
razao massica de extrato na matéria-prima (kg/kg); Y* =
solubilidade do soluto no solvente (kg/kg); wo Nka Qco2 = vazéo
Qco2 (1-¢)
de solvente (CO,)  (kg/h); b N s NX
o Y*ZQCOZ - QCOZtCERY*
W CO,
XoeXp|: < : (t_tCER):|_Xk ) X _teerY *ZQco; , Xk = soluto de
zy* pE
Z,=——1In N
Wx, Xo — X,

“gpr WX
dificil acesso (kg/kg) = Xo - Xo; N X X, exlo( Yf) :
teer =tem + In
FER CER QCOZW

A curva de ESC resultante desta solugdo esta ilustrada na Figura 2.3,
onde a etapa CER é periodo de taxa de extra¢do constante e a etapa FER
é o periodo de taxa de decrescente de extracdo.

2.6.3 Modelo de Martinez et al. (2003)

Os extratos obtidos com tecnologia supercritica sdo misturas de
varios compostos, tais como terpenos, flavonéides, fenois, entre outros.
H& situagdes em que o processo de extragdo tem como o objetivo a
obtencdo de um Unico composto, ou de um grupo especifico de
compostos presentes na matriz sélida, e ndo de todos os solveis. Como
exemplo tem-se a descafeinizacdo de café e de cha, sendo o composto
de interesse é a cafeina. A modelagem de processos de extracdo, neste
caso, deve levar em conta a variacdo da composicdo do extrato ao longo
da extragdo, de forma que se possa otimizar o processo para a obtencéo
dos compostos de interesse (MARTINEZ et al., 2003).
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O modelo de Martinez et al. (2003) é um modelo para sistemas
multicomponentes e pode ser aplicado considerando o extrato como um
pseudocomponente ou uma mistura de substdncias ou grupos de
componentes com estrutura quimica similar. O modelo negligencia o
acimulo e a dispersdao na fase fluida devido a este fendmeno nao
apresentar influéncia significativa no processo quando comparado com
o efeito de convecgéo.

2.7 Viabilidade econbmica da extracao supercritica

Unidades de producédo tradicionais sdo compostas de pelo menos
dois extratores. Um é descarregado/carregado enquanto o outro conduz
a extracdo. Frequentemente, sdo preferidas trés ou mais configuracbes
de extrator a fim de reduzir os tempos mortos e aumentar a eficiéncia de
extracdo. Estes extratores sdo conectados em série, de forma que a
matriz e o solvente sejam contatados em contra-corrente. O Ultimo
extrator das séries é carregado com nova carga de matriz e o primeiro
extrator é carregado com a matriz que ja foi contatada por um tempo
maior com o solvente e que, entdo, serd descarregado. Esta
implementacdo permite a reducdo da massa de CO, requerida para uma
determinada extracdo e, entdo, tem-se uma produtividade maior e
consumo de energia reduzido. Para uma determinada capacidade de
producdo, aumentando o nimero de extratores se diminuird 0 consumo
de energia e 0s custos operacionais, mas aumentara o custo de
investimento. O volume de extrator também depende do nimero de dias
gue pode ser operado. A estimativa econdmica permite decidir qual é a
o6tima configuracdo em cada caso (CLAVIER e PERRUT, 2004).

LLLEELLY N 1111114 I 1

Etapa de taxa Etapa de taxa Etapa difusional de
constante de extragdo decrescente de extragao
(etapa CER) extracdo (etapa FER)

D)(>Xk 0<XSX, X=0
t=toem t=teer = toirusionaL

Fonte: MARTINEZ, 2005
Figura 2.2 Etapas de ESC segundo o modelo de Sovova (1994)
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Figura 2.3 Curva de ESC obtida pelo modelo de Sovova (1994)

Para um Unico grupo de componentes, a curva de extragdo obtida
pelo modelo de Martinez et al. (2003) pode ser representada pela
equacdo (2.5):

m (h — H t) — mOi 1+exp(bitmi) _1 (25)
0 " epbt,) |1+exp[b, (t,, —t)]

onde: h = coordenada axial (m); H = comprimento total do leito (m); t =
tempo (s); mo = massa de soluto (kg); b; e ty sdo pardmetros
ajustaveis do modelo (min™ e min, respectivamente).

Devido as extrapolac@es que ocorrem frequentemente em projetos de
extratores considerando apenas a etapa de extracdo no processo todo, se
torna necessario também aperfeicoar as outras etapas do processo. A
recuperacdo e fracionamento do extrato, administracdo de energia,
melhoria dos procedimentos de descarregamento e carregamento do
extrator tém consequéncias econdmicas importantes e devem ser
considerados no design do processo industrial (CLAVIER e PERRUT,
2004).

Espinosa et al. (2005), realizando a otimizagcdo da extracdo de
concentrado de linalol a partir de casca de laranja, calcularam o lucro
liquido baseado na resolucdo da equacdo (2.6), utilizando software
Fortran:

Lucro Liquido = (preco™ producéo),, ,m, + (Preco™ producao),.oneno —

—(custo*consuUMO) sie, jaranja™ Z (custos operacionais) — Z (custosinvestimento)

(2.6)
Segundo Rosa e Meireles (2005), o custo de manufatura (COM)
pode ser determinado pela soma do custo direto, do custo fixo, e de
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despesas gerais. Os custos diretos sdo diretamente dependentes da taxa
de producdo e sdo compostos pelos custos da matéria-prima, dos
operadores, de utilidades, etc. Os custos como taxas territoriais, seguros,
depreciacdo, etc., ndo sdo dependentes da taxa da producdo e séo
denominados custos fixos. As despesas gerais sdo associadas a
manutencao do negdcio e incluem custos administrativos, de vendas, de
pesquisa e desenvolvimento, entre outros. Na estimativa do COM dos
extratos obtidos por extracdo supercritica, os autores utilizaram a
metodologia apresentada por Turton et al. (1998). Os trés componentes
do COM sdo estimados em termos de cinco custos principais: matéria-
prima, operadores, utilidades, tratamento de residuo e investimento
inicial. Cada um destes custos tem um peso na composicdo de COM,
conforme a equacéo (2.7):
COM =0,304FI +2,73COL +1,23*(CUT +CWT +CRM)  (2.7)

onde: COM = custo de manufatura; FI = fracdo de investimento; COL
= custo com operadores; CUT = custo de utilidades; CWT = custo com
tratamento de residuos; CRM = custo da matéria-prima.

2.8 Precipitacdo e encapsulamento de compostos bioativos

Devido a sua estrutura altamente insaturada, a astaxantina sofre
rapidamente oxidacdo quando exposta ao ar, podendo perder valor
nutritivo, propriedades bioldgicas e tecnoldgicas. Para ser empregada
em produtos comerciais, se faz necessario, portanto, que a astaxantina
seja estabilizada, como por exemplo, através de encapsulamento em
polimeros (HIGUERA-CIAPARA et al., 2004).

A necessidade de se obter produtos de alta qualidade utilizando
tecnologias de producdo menos ofensivas ao ambiente constitui o
principal foco de estudos em diversos ramos da pesquisa. Atualmente, o
campo da nanotecnologia vem recebendo pronunciada atencdo no
desenvolvimento de novos processos e na obtencdo de materiais com
propriedades e caracteristicas desejaveis em diversos segmentos
industriais, tais como: catalisadores, materiais cerdmicos, corantes
alimenticios, biopolimeros, pigmentos, farmacos, entre outros
(MARTIN et al., 2007).

Do ponto de vista tecnoldgico, para a formacdo de particulas,
geralmente utilizam-se técnicas classicas de precipitagdo como a
moagem ultrafina, spray drying, liofilizacdo e precipitacdo com anti-
solventes liquidos. A funcionalidade e as propriedades de aplicacdo de
um material micro ou nano-particulado sdo altamente dependentes do
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tamanho da particula, da distribuicdo de tamanho de particula e da
morfologia da particula. Porém, estas técnicas convencionais de
producdo de materiais na faixa nanométrica e/ou micrométrica, além de
ndo permitirem o controle de tamanho das particulas formadas,
associam-se ao uso de solventes organicos que conduzem a indices
residuais elevados, além de conferir toxicidade ao produto final. Ainda,
por freeze-drying sdo produzidas particulas com larga distribuicdo de
tamanho e o emprego de spray drying pode resultar na perda
significativa da atividade biolégica devido as altas temperaturas
empregadas, tornando a técnica pouco atrativa para a precipitacdo de
compostos termo-sensiveis (HE et al., 2007). Nas técnicas citadas acima
encontramos os seguintes pontos desfavoraveis: auséncia de controle do
tamanho e distribuicdo das particulas; uso excessivo de solventes
organicos, que acarretam em grandes concentracfes residuais no
produto final; altos custos de operagdo; necessidade de etapas de pds-
processamento; degradacdo térmica e quimica do soluto; baixos
rendimentos e eficiéncia de encapsulamento.

Nas indlstrias alimenticias, farmacéuticas e de cosméticos, as
formulagcdes na faixa micrométrica vém sendo amplamente utilizadas
com o intuito de aumentar a qualidade e a vida de prateleira dos
alimentos. Essas formulagbes mantém os principios ativos dos
compostos de interesse protegidos contra reaces de decomposicdo por
um tempo maior, além de controlar a taxa de liberacdo no produto onde
sdo adicionados. Geralmente, estas formulagfes tém o propésito de
promover uma agdo benéfica & salde humana, como anti-hipertensiva,
antimicrobiana, antioxidante ou anti-inflamatéria (HERRERO et al.,
2005). Além disso, a reposicdo da cor em alimentos perdida durante o
processamento e armazenamento, foto protecdo e a adicdo de compostos
quimicos que conferem aroma (SANCHEZ-CONTRERAS et al., 2000)
sdo altamente desejaveis em diversos produtos industrializados, a fim de
manter e/ou realcar suas caracteristicas particulares. Porém, muitos
destes compostos sdo suscetiveis as influéncias externas como calor, luz,
acidos, oxidacdo enzimatica e ndo-enzimatica, presenca de oxigénio e
enzimas, metais e emprego de altas temperaturas (SCHROEDER e
JOHNSTON, 1995).

Outro fator relevante é que particulas de tamanho micrométrico e/ou
nanométrico apresentam elevada &rea superficial, ocasionando maior
degradacdo destes compostos. Isto torna fundamental o aprimoramento
de técnicas de preservacdo que garantam a maxima acdo e
aproveitamento destas substncias. Uma forma de promover maior
estabilidade a compostos ativos com relevante aplicagdo industrial é

44



Cap. 2: Revisdo bibliogréfica

através de encapsulamento, onde geralmente emprega-se um
biopolimero como agente encapsulante. Dentre estes, o &cido
polilactico, a policaprolactona, o polietilenoglicol e o poli-idroxibutirato
destacam-se por apresentarem biocompatibilidade e biodegradabilidade.
Ainda, além do papel de protecdo, o tipo de polimero utilizado
estabelece se 0 mesmo seré liberado através de difusdo (pelos poros ou
cadeias do polimero) ou por degradacdo (dada quando o polimero
degrada dentro da matriz alimenticia, resultado de processos biol6gicos
naturais) (WANG, et al., 2000). Nesta etapa, a formacdo de micro ou
nanocapsulas é realizada através de duas maneiras: formacdo de uma
fina camada de polimero recobrindo o composto ou pela co-precipitacéo
do polimero onde varias particulas do composto encontram-se inseridos
no interior da particula de polimero. Basicamente, o encapsulamento
ocorre quando o material a ser encapsulado é posto em suspensdo em
uma solugdo polimérica e entdo o polimero dissolvido é precipitado
recobrindo o material em suspensdo (KALOGIANNIS et al., 2006).

Através de técnicas classicas para a formacdo de particulas e
encapsulamento de compostos bioativos ndo se obtém um controle de
tamanho e morfologia das particulas e verifica-se baixa eficiéncia na
etapa de encapsulamento. Portanto, € importante que técnicas
alternativas sejam desenvolvidas com o objetivo de suprir as limitagdes
provenientes dos métodos convencionais, promovendo a precipitagéo e
encapsulamento de materiais s6lidos com caracteristicas controladas
(tamanho e distribui¢do de tamanho, morfologia e estrutura cristalina).

Atualmente, o emprego de fluidos pressurizados na obtengdo de
particulas utilizadas para o encapsulamento de principios ativos em
matrizes poliméricas vem sendo fonte de pesquisas em diversos setores
industriais e académicos. Estes fluidos, em estado sub ou supercriticos,
fornecem particulas na ordem nano ou micrométrica, com estreita
distribuicdo de tamanho, além de altas porcentagens de encapsulamento
(KALOGIANNIS et al., 2006). Segundo Fages et al., (2004) diversas
vantagens advindas do emprego de fluidos supercriticos, dependendo da
configuragdo do processo, podem ser citadas como: alta pureza dos
produtos, controle do polimorfismo dos cristais, possibilidade de
processar moléculas termos sensiveis, processo em um Gnico estagio e
ambientalmente aceitavel. Varias técnicas baseadas em fluidos
supercriticos tém sido propostas no sentido de explorar as caracteristicas
de manipulacdo do poder solvente e da alta difusividade que s&o
peculiares dos fluidos nas proximidades do ponto critico
(REVERCHON et al., 2003).
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O uso de fluidos sub ou supercriticos como solventes ou anti-
solventes na producdo de particulas foi demonstrado por diversos
pesquisadores como Util na modificacdo das propriedades de materiais
como tamanho de particula, distribuicdo de tamanho, habito cristalino e
morfologia. Estas caracteristicas de particula podem ser modificadas
pelo controle do poder solvente do fluido sub ou supercritico que é
efetuado pela manipulacdo da temperatura e/ou pressdo do sistema
(MIGUEL et al., 2008; COCERO et al., 2009). Outra caracteristica
destas técnicas reside na eficiente separacdo do solvente e do anti-
solvente das particulas ap6s a precipitacdo. E possivel, entdo, evitar
residuos de solventes no produto e oferecer um reaproveitamento
potencialmente  vantajoso do solvente e do anti-solvente
(RANTAKYLA et al., 2002).

As técnicas de recristalizacdo que empregam fluidos pressurizados
sdo denominadas de RESS (Répida Extenséo de Solugdes Supercriticas)
gue emprega o fluido como solvente; 0 método PGSS (Particulas a partir
de Solucdes Saturadas de Gas) utiliza os fluidos pressurizados como
solutos, enquanto o processo GAS (Géas Anti-Solvente) utiliza o fluido
pressurizado como anti-solvente. Esta Gltima possui algumas variantes,
dependendo do modo com que o anti-solvente e a solucdo organica
contendo o material a ser precipitado sdo postos em contato, gerando a
técnica SAS (Anti-Solvente Supercritico), a PCA (Precipitagdo com
Anti-solvente Comprimido), a ASES (Sistema de Extracdo de Solvente
em Aerossol) e a SEDS (Dispersao da Solu¢do Aumentada por Fluidos
Supercriticos) (FRANCESCHI et al., 2009; MATTEA et al., 2009a;
MATTEA et al. 2009b). Nestas variacdes, o anti-solvente supercritico
pode ser facilmente e totalmente removido do produto final pela reducéo
da pressdo. No caso do CO, supercritico ser o anti-solvente utilizado, o
processo pode ser conduzido em faixas de temperatura e pressdo
préximas as condicdes ambientais, prevenindo degradacdes térmicas e
oxidacdo do produto final, ja que o produto precipitado estd sob acéo de
uma atmosfera inerte (COCERO e FERRERO, 2002).

O CO; é um fluido amplamente utilizado no campo da tecnologia
supercritica e seu uso como solvente vem sendo estudado continuamente
desde 1950. Nas ultimas décadas o foco da tecnologia supercritica
utilizando o CO, como solvente esteve centrado em processos de
extracdo e fracionamento. Porém, a formagdo de “neve” através da
expansdo de uma solucéo binéaria foi inicialmente observada por Hannay
e Hogarth em 1879. Este trabalho pode ser considerado um marco
inicial a respeito da formacdo de particulas. Trabalhos mais recentes
mostram a possibilidade da utilizacdo da tecnologia supercritica na
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obtencdo de materiais sélidos micro ou nanoparticulados de interesse em
industrias de alimentos, quimicas e farmacéuticas. He et al. (2006) ao
estudarem a eficiéncia da etapa de atomizagdo, pureza e influéncia das
variaveis de operacdo no processo de formacdo de microparticulas de
carotendides naturais com CO, supercritico, verificaram que pequenas e
estreita distribuicdo de tamanho das particulas de carotendides podem
ser obtidas de acordo com a metodologia empregada. Reverchon e
Spada (2004) estudaram a producdo de microparticulas de eritromicina
através de atomizacdo com fluidos supercriticos, avaliando a influéncia
das variaveis de processo e de diferentes solventes liquidos (metanol,
etanol, acetona) na morfologia, no tamanho e distribuicdo de particula.
Como resultados, o processo permitiu produzir particulas na ordem
micrométrica, as particulas permaneceram mais estaveis e foram
detectados poucos tragos residuais de solvente nas microparticulas de
eritromicina formadas.

Na literatura cientifica sdo apresentadas variadas técnicas utilizando
fluidos pressurizados para a precipitacdo de diferentes materiais
incluindo principios ativos e polimeros. Bahrami e Ranjbarian (2007)
apresentaram uma revisdo sobre a produgdo de micro e nanocompostos
utilizando diéxido de carbono supercritico.

Mattea et al. (2009a) apresentaram uma tecnologia promissora de
produzir nano-particulas de substancias naturais usando fluidos
supercriticos em combinacdo com nano-emulsGes, a extracdo
supercritica de emulsdes (SFEE - Supercritical Fluid Extraction of
Emulsions, também chamado de SAS de emulsBes por ser uma variagao
do processo SAS). Esse processo consiste em extrair o solvente organico
das gotas de uma emulsdo Oleo-em-agua pelo CO, supercritico e
apresenta vantagens perante o SAS convencional, como a possibilidade
de regular o tamanho das particulas através das caracteristicas
geométricas das fases da emulsdo podendo-se chegar a ordem
nanométrica (MATTEA et al., 2009a). Cocero et al. (2009) realizaram
uma ampla revisdo dos fundamentos e aplicacGes dos processos de
precipitacdo e encapsulamento utilizando fluidos supercriticos.

2.9 Considerag6es sobre o Estado da Arte

Segundo a revisdo bilbiografica apresentada neste documento, um
futuro promissor esté reservado para a area alimenticia e nutracéutica na
obtencdo e uso de aditivos naturais a partir de subprodutos da indUstria
alimenticia, bem como a producdo de particulas estaveis destes na
ordem nano/micrométrica. Através dos processos  extrativos
convencionais, verificam-se indmeras limitagbes dos produtos obtidos
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como, por exemplo, a diminui¢cdo da qualidade dos produtos causada
pelas altas temperaturas empregadas, presenca de residuos de solvente,
entre outras, restringindo sua aplicagdo segura em produtos alimenticios.
Neste mesmo  sentido, as  técnicas  convencionais  de
precipitacdo/encapsulamento utilizam grandes quantidades de solventes
e/ou ndo possuem controle adequado sobre a morfologia, o tamanho e as
caracteristicas das particulas formadas, necessarios para determinar sua
funcionalidade e aplicabilidade. Em contrapartida, a tecnologia
supercritica aplicada a extracdo e encapsulamento de compostos
apresentam  inGmeras vantagens quanto a qualidade dos
extratos/produtos precipitados, permitindo o controle efetivo das
propriedades de interesse a partir de intensa investigagdo a respeito das
variveis envolvidas.

No caso da extragéo supercritica, estudos relacionados & obtencéo de
compostos de interesse para a industria de farmacos, alimentos e
cosmética, vém sendo intensamente publicados na literatura, com
aplicacdes industriais ja consolidadas. Em contrapartida, investigacdes
envolvendo residuos de processamento de alimentos com objetivo de
agregar valor a um subproduto vém se desenvolvendo apenas na Ultima
década e sdo de grande interesse para a indistria de alimentos. J& no
caso do processo de co-precipitacdo em meio supercritico, nenhuma
unidade estd em funcionamento com este objetivo e o0s estudos
relacionados vém se desenvolvendo apenas nos UGltimos anos.
Especificamente relacionado com a co-precipitacdo de extratos ou
sistemas multicomponentes, apenas um trabalho estd disponivel na
literatura (VARONA et al., 2010).

Dentro deste contexto, a utilizagdo de fluidos sub ou supercriticos
como solventes para extracdo de compostos com alto valor, como o caso
dos carotendides, a partir de um residuo de processamento de alimentos,
como o residuo de camardo, otimizando o processo extrativo em fungédo
de suas varidveis operacionais, obtencdo de parametros para uso em
predicdo do processo em escalas maiores, bem como uma estimativa dos
custos do processo, é de grande interesse para a comunidade cientifica e
industrial, pois se trata de um processo atraente quanto a alta qualidade
do produto final. Da mesma forma, a utilizacdo de fluidos sub e
supercriticos como anti-solvente na precipitacdo e encapsulamento de
extratos com alto valor, como o caso do extrato carotenoidico obtido
neste trabalho a partir de residuo de camardo, em polimeros mostra-se
uma tecnologia atraente, ndo so pelos fatores de qualidade e seguranca
ambiental envolvidos, como também visando ao alcance do objetivo de
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proteger o extrato de deterioracdo por oxigénio, luz e calor, garatindo
suas funcionalidades e aplicacéo.
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CAPITULO 3: MATERIAL E METODOS

3.1 Matéria-prima

A matéria-prima utilizada neste trabalho consistiu do residuo de
processamento de camardo rosa (Penaeus brasiliensis e Penaeus
paulensis), composta essencialmente pela cabeca, carapaca e cauda do
animal. O residuo foi cedido pela Peixaria Nelson Santos (Florianépolis,
Santa Catarina, Brasil), situada no mercado publico municipal. O
residuo proveniente do processamento de camardo foi coletado em uma
Unica amostragem, no més de maio de 2009, representativa ao periodo
de méxima producdo. A matéria-prima foi armazenada em sacos
plasticos, em freezer (Freezer 220, Consul, Brasil) até a realizagdo dos
procedimentos de pré-tratamento da matéria-prima.

3.2 Pré-tratamento da matéria-prima

O residuo de camardo rosa foi submetido aos seguintes
procedimentos no Laboratério de Termodindmica e Extracdo
Supercritica (LATESC) da UFSC: (a) nenhum tratamento (amostra in
natura), (b) moagem; (c) secagem e moagem; (d) tratamento térmico;
(e) tratamento térmico e moagem; (f) tratamento térmico, secagem e
moagem, de acordo com o0s procedimentos descritos a seguir. As
amostras de residuo de camaréo referente aos pré-tratamentos (d), (e) e
(f) foram submetidas a um rapido tratamento térmico em banho-maria
na temperatura de 373,15 K durante 10 min, de acordo com Perdigdo et
al. (1995). As amostras de residuo de camardo referentes aos pré-
tratamentos (c), e (f) foram submetidas a secagem na temperatura de
333,15 K durante 5 h em estufa com circulagdo de ar (DL-SE, DeLeo,
Brasil), de acordo com os melhores resultados apresentados por
Perdigdo et al. (1995). Por fim, as amostras de residuo de camarao
referentes aos pré-tratamentos (b), (c), (€) e (f) foram submetidas a
moagem em moedor doméstico (LiqFaz, Wallita, Brasil), usando massa
constante de amostra de 100 g e tempo de moagem de 15s.

A eficiéncia das diferentes metodologias de pré-tratamento foi
avaliada de acordo com a liberagcdo dos compostos carotendides para a
extracdo utilizando o método classico de extracdo de carotenoides. Este
método é descrito por Chen e Meyers (1982) e foi executado em
triplicada para cada amostra. A extracdo consiste em acondicionar 5 ¢
de matéria-prima in natura ou pré-tratada em um bal&o de fundo chato e
adicionar 200 mL de uma mistura de solventes (éter de petrdleo:
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acetona: agua, 15:75:10, v/v/v). A mistura permaneceu em contato
durante 24 h a 278,15 K, em refrigerador doméstico (Freezer 280,
Brastemp, Brasil), com protecdo de luz. A separacdo da amostra e
extrato foi realizada através de filtragdo por gravidade a temperatura
ambiente. Os extratos brutos obtidos foram mantidos em refrigerador
domeéstico (Freezer 280, Brastemp, Brasil) a 275,15 K até ser realizado
0 processo de eliminagdo dos solventes, o qual foi realizado em rota-
evaporador com reducdo de pressdo (550, Fisatom, Brasil). Os
resultados foram expressos como rendimento de extragdo em % m/m,
em base seca (b.s.). Ainda, os pré-tratamentos foram avaliados através
do teor total de carotenoides, determinado de acordo com a metodologia
apresentada na secéo 3.6.1.

3.3 Caracterizacdo da matéria-prima

A amostra obtida pelo pré-tratamento definido como mais adequado
para liberacdo dos carotentides para extracdo (resultados apresentados
na secdo 5.3.1) foi utilizada para o estudo de técnicas de extracdo a
baixa e alta pressdo. A matéria-prima pré-tratada foi caracterizada a
partir dos seguintes aspectos fisico-quimicos: nitrogénio total, umidade
e residuo mineral fixo.

A determinacdo de nitrogénio total foi realizada no Laboratério de
Bromatologia do Departamento de Ciéncia e Tecnologia de Alimentos
da UFSC, através da determinacdo do teor de nitrogénio total pelo
método Kjedahl (método nimero 991.20 - AOAC, 1990), constituido de
3 etapas. Primeiramente a amostra passou por um processo de digestao
para a conversdo dos compostos organicos, posteriormente a aménia foi
separada por destilacdo e recolhida por uma solugdo receptora. Por fim
foi realizada a titulacdo para a determinacdo quantitativa da aménia. A
determinacdo foi realizada em triplicata e 0s resultados expressos em
base seca (b.s) como média + desvio padrao.

O método 925.09 da A.O.A.C. (1990) de determinagdo do teor de
umidade e substancias volateis foi realizado no LATESC e fundamenta-
se na perda de umidade e substancias volateis a 378,15 K. Capsulas de
aluminio foram previamente aquecidas em estufa (E.L. 003,
Odontobrés, Brasil) a 378,15 K por 60 min, resfriadas em dessecador até
temperatura ambiente e mensuradas suas massas. A massa de residuo de
camardo (5 g) foi colocada nas cpsulas de aluminio, aquecida em estufa
a 378,15 K durante 180 min, esfriada em dessecador até temperatura
ambiente e pesada. Repetiram-se estas operacfes de aquecimento e
resfriamento da amostra em intervalos de meia hora, até peso constante.
O célculo da umidade da amostra foi realizado através da equacéo (3.1):
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m —m
Teor de umidade e volateis (%) = M*lOO% 3.1)

onde: m; = massa inicial de amostra (g); ms = massa final de amostra (g).

A determinacdo da umidade da amostra de residuo de camardo foi
realizada em triplicata e os resultados expressos como media = desvio
padréo.

A determinacéo do residuo mineral fixo foi realizada no Laboratorio
de Bromatologia do Departamento de Ciéncia e Tecnologia de
Alimentos da UFSC, em mufla (Q.318.24, Quimis) a 723,15 K durante
360 min, segundo o0 método 923.03 da A.O.A.C. (1990). A
determinacdo foi realizada em triplicata e os resultados expressos em
b.s. como média * desvio padrao.

3.4 Técnicas de extracéo a baixa pressao do residuo de camaréo

Diferentes técnicas de extracdo a baixa pressdo foram aplicadas no
residuo de camardo pré-tratado (pré-tratamento selecionado de acordo
com os resultados apresentados na se¢do 5.3.1) e avaliadas em termos de
rendimento de extracdo e caracteristicas dos extratos (metodologias
apresentadas na se¢édo 3.6).

3.4.1 Extracdo Soxhlet (SOX)

O sistema Soxhlet consiste de um extrator que é acoplado na
extremidade inferior a um baldo de 250 mL e na extremidade superior a
um condensador. De acordo com a metodologia proposta por Campos et
al. (2008), 5 g de amostra foram envolvidos em um cartucho de papel
filtro o qual foi inserido no extrator. O procedimento foi realizado no
LATESC e foram utilizados 150 mL do solvente selecionado, o qual foi
acondicionado no baldo e aquecido através de uma manta de
aquecimento na temperatura de ebulicdo deste. Com a evaporagdo do
solvente, este entra no condensador e volta a forma liquida, entrando em
contato com a amostra e ocorrendo a extracdo dos compostos soluveis.
Quando a mistura soluto/solvente preenche o sifdo, este é esvaziado,
retornando ao baldo onde é novamente aquecido e o processo de refluxo
é repetido até o final das 8 h de extracéo.

As extracfes Soxhlet foram realizadas com os seguintes solventes
(P.A., Nuclear, CAQ Ind. e Com. LTDA., Brasil): n-hexano (Hx); etanol
(EtOH); acetona (Ac); isopropanol (IPA) e isopropanol:hexano (50:50,
vlv) (Hx:IPA). Todos os solventes empregados sdo autorizados como
solventes GRAS (General Recognized as Safe) e sdo utilizados nas
indastrias de alimentos (FOOD AND DRUG REGULATION, 2005).
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As extragdes foram realizadas em triplicata e os extratos brutos obtidos
foram mantidos em refrigerador doméstico (Freezer 280, Brastemp) a
275,15 K até o processo de eliminacdo do solvente.

3.4.2 Maceragdo (MAC)

O método de maceracdo consiste em uma extracdo a frio do residuo
de camardo pré-tratado, utilizando solvente orgénico. O procedimento
foi realizado de acordo com Sachindra et al. (2006) no LATESC, pelo
qual foram acondicionadas 25 g de matéria-prima pré-tratada em um
baldo de fundo chato e adicionados 100 mL de solvente. A mistura de
matéria-prima e solvente foi mantida ao abrigo da luz por um periodo de
5d na temperatura ambiente e com agitacdo manual uma vez ao dia.
Cada extragdo foi realizada em triplicada usando os solventes Hx,
EtOH, Ac, IPA, e a mistura binaria de Hx:IPA (50:50, v/v). A separacao
da solucdo de extrato da matriz solida foi realizada através de filtracdo
por gravidade a temperatura ambiente. Os extratos brutos obtidos foram
mantidos em refrigerador doméstico (Freezer 280, Brastemp) a
275,15 K até ser realizado o processo de eliminacdo dos solventes.

3.4.3 Ultrassom (UE)

A extracdo ultrassonica (UE) foi realizada em triplicada e adaptada
de Gu et al. (2008) no LATESC. O método consistiu de adicionar 5 g de
matéria-prima pré-tratada a 150 mL de EtOH, mantendo a solugéo sob
ondas ultrassénicas (UtraCleaner 700, 55 kHz, 40 VA, Unique) durante
10 min. A solucéo de extrato foi separada da matriz através do uso de
centrifuga (Q222T, Quimis) a 2000 g durante 20 min. Os extratos
obtidos foram mantidos em refrigerador doméstico (Freezer 280,
Brastemp) a 275,15 K até ser realizado o processo de eliminagdo dos
solventes.

3.4.4 Extracdo com 6leo vegetal a frio e a quente (OilC e OilH):

As extracfes utilizando 6leo vegetal como solvente foram
classificadas de acordo com o tipo de 6leo utilizado e a temperatura
deste durante a extracdo. As extracdes a frio (OilC) e a quente (OilH)
foram conduzidas de acordo com o procedimento apresentado por
Sachindra and Mahendrakar (2005) no LATESC, utilizando 6leos
comerciais de soja e de girassol (Liza, Cargill Inc.) como solventes, e
realizadas em triplicata. O método de extracdo consistiu em misturar
10 g de matéria-prima pré-tratada com 40 mL de 6leo vegetal em um
baldo de fundo redondo de 250 mL, protegido da luz. A mistura foi
submetida a 2 h de agitacdo a temperatura ambiente, no caso da extracao
a frio, ou com aquecimento a 343,15 K, no caso da extragdo a quente. A
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seguir, os extratos oleosos foram separados da matriz sélida utilizando
filtracdo com celulose. O produto final, diferentemente dos produtos
obtidos nos demais métodos a baixa pressdo (SOX, MAC e UE) é um
produto oleoso enriquecido de carotenoides. Assim, o rendimento das
técnicas de extracdo com 6leo vegetal a quente e a frio foi quantificada
pelo contetido total de carotendides extraido (obtido de acordo com
metodologia apresentada na se¢do 3.6.1) e se referem especificamente
ao rendimento em extracdo de carotendides.

3.4.5 Tratamento dos extratos e eliminacéo dos solventes

Os extratos obtidos através de SOX, MAC e UE foram evaporados
em rota-evaporador (mod. 802, Fisatom) no LATESC, sob vacuo de -
650 mmHg e rotacdo de 60 rpm. As massas de extrato seco foram
medidas em balanca com precisdo de 0,0001 (AS200S, OHAUS), o
rendimento calculado em termos de massa de matéria-prima utilizada e
0s resultados expressos em b.s. como media + desvio padrdo. Os
extratos obtidos foram acondicionados em frascos &mbar e armazenados
em freezer doméstico (Freezer 260, Brastemp) a 255,15K até a
realizacdo das analises de caracterizagdo (metodologias apresentadas na
secdo 3.6).

3.5 Extracao supercritica do residuo de camarao

A extracdo supercritica do residuo de camardo rosa foi realizada em
uma unidade dindmica de extracdo do LATESC. O extrator supercritico
utilizado opera a uma pressdo maxima de 300 bar e vazfes de solvente
de 1,67 a 40,00 g/min. A unidade estd apresentada na Figura 3.1 e foi
completamente desenvolvida e construida pelo Laboratdrio Thermische
Verfahrenstechnik da Technische Universitatt Hamburg-Harburg
(TUHH), na Alemanha. O equipamento, conforme esquema apresentado
na Figura 3.2, constitui-se de um cilindro de CO, com 99,9 % de pureza
(White Martins), equipado com um tubo pescador que alimenta
diretamente a linha de extracdo. O CO, segue para um banho
termostatico (BT1) (C10-K10, Thermo Haake) com temperatura
programada para 274,15 K. A solucéo de etilenoglicol proveniente do
banho termostatico (BT1) circula em uma mangueira que envolve a
bomba (1) (M111, Maximator) garantindo que o CO, se mantenha no
estado liquido. A bomba trabalha alimentada por ar comprimido filtrado
mantido na pressdo minima de 5 bar. A valvula globo (V1) (Tescom Cat
n°26-1761-24-161) é utilizada para regular a pressdo de operacdo. O
extrator (E) constitui-se de um cilindro de ago inox encamisado de
31,60 cm de comprimento, 2,012 cm de diametro, volume de 103,28 mL

65



Cap.3: Material e Métodos

e extremidades rosqueadas. A linha que liga a bomba ao extrator bem
como a linha ap6s o extrator é mantida submersa em um banho
termostatico (BT2) (MQBTZ99-20, Microquimica) programado para
manter a temperatura constante em 338,15 K, de modo a evitar o
congelamento da valvula micrométrica (V4). No inicio do processo de
extracdo a valvula (V2) (Maximator Cat n° 3710.0104) é mantida
fechada e ap6s a pressurizacdo do solvente esta é aberta para permitir a
passagem do CO, para 0 extrator. A temperatura do extrator € mantida
constante na temperatura de extracdo desejada através de um banho
termostatico (BT3) (DC30-B30, Thermo Haake). Na saida do extrator é
conectada uma valvula micrométrica (V4) (Sitec Microvalve 710.3012)
para coleta de amostra. A valvula (V3) (Sitec Shutoff valve 710.3010)
também conectada na saida do extrator auxilia a (V4) na
despressurizagdo do solvente e o rotdmetro (2) (ABB Automation
Products 10 A 61) permite o controle do fluxo de solvente. O soluto é
coletado em frascos ambar (3) conectados apo6s a (V4).

Uma bomba de co-solvente foi conectada a linha de extracdo a fim
de alimentar o sistema com modificador (mistura de solventes organicos
ou 6leo vegetal a alta pressdo), usando vazdes pré-estabelecidas, com a
finalidade de misturar-se ao fluxo de CO, na entrada do extrator.

Figura 3.1 Foto do equipamento de ESC utilizado nos
experimentos

O procedimento de extracdo é descrito por Michielin et al. (2005) e
consiste no acondicionamento de uma massa fixa de 16 g de residuo de
camarao pré-tratado dentro da célula de extracdo, seguido da regulagem
e controle das varidveis de processo (temperatura, pressao e vazdo de
solvente). A extragdo foi conduzida durante 180 min e o soluto coletado
em frascos ambar e medida a massa extraida em balanca com preciséo
de 0,0001 (AS200S, OHAUS).
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O experimentos de extracdo supercritica foram divididos em 3
grupos: (a) Curvas de extracdo usando CO, puro, realizadas a 200 bar e
333,15 K, avaliando a aplicagdo de duas vazdes fixas de CO, (8,3 e
13,3 g/min) e duas umidades da matéria-prima (11,21 e 46,30 %), com a
finalidade de identificar os periodos cinéticos da extracdo e aplicar
modelos matematicos que descrevam o fendmeno (modelos descritos na
secdo 3.5.1); (b) Extracéo total utilizando CO, puro como solvente nas
condicdes fixas de 313,15-333,15 K e 100-300 bar, na vazdo constante
de solvente de 13,3 = 0,8 g/min; (c) Ensaios com co-solvente, nos quais
a mistura de Hx:IPA (50:50, v/v) ou 6leo de girassol (selecionados de
acordo com os melhores resultados das técnicas a baixa pressao — se¢éo
5.3.2) foi misturado ao CO, supercritico nas concentracdes fixas de 2 e
5 % (m/m), considerando os limites de operagdo da bomba e o objetivo
de reduzir o volume de modificador utilizado. Este Gltimo grupo de
experimentos foi realizado a 333,15 K e 300 bar e, no caso da solucdo
de Hx:IPA, o extrato foi concentrado com reducdo de pressdo em rota-
evaporador (Fisatom, 802, Brasil). No caso do Oleo vegetal, o
rendimento de extragdo foi quantificado utilizando o contetdo total de
carotenoides (obtido de acordo com procedimento descrito na secédo
3.6.1) e se refere especificamente ao rendimento de extracdo em
carotendides. Para os demais experimentos de ESC, o rendimento de
extracdo foi determinado pela raz8o massica entre o extrato obtido e a
matéria-prima utilizada.

3.5.1 Modelagem matematica das curvas de extracéo supercritica

As curvas de extracdo supercritica do residuo de camardo
(experimentos do grupo (a) indicados na sessdo 3.5) foram obtidas
através de plotagem da massa de extrato extraida em fungdo do tempo
de extracdo, a fim de descrever as diferentes etapas de extragdo: etapa
constante de extracdo (CER), etapa de extragdo decrescente (FER) e
etapa difusional. Para a anélise cinética do procedimento de extracdo, a
modelagem das curvas foi realizada usando os seguintes modelos
matematicos: modelo de Sovova (1994), modelo logistico de Martinez
et al. (2003) e 0 modelo de placas (SSP) de Gaspar et al. (2003). O
software Mass Transfer (LATESC/UFSC), desenvolvido em Delphi 7.0
e 0 qual utiliza o método da maxima verossimilhanca para minimizar a
soma dos quadrados dos desvios calculados (KITZBERGER et al.,
2009), foi utilizado para a aplicacdo dos modelos de Martinez et al.
(2003) e de Gaspar et al. (2003). O modelo de Sovova (1994) foi
aplicado de acordo com o método de otimizacdo sem derivagdo
(POWELL, 2009), usando uma rotina do software Fortran.
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E: Extrator; VT: Valvula de controle da frequéncia da bomba; V1: Valvula reguladora de
pressdo; V2, V3 e V4. Viélvulas da entrada, saida e micrométrica do extrator,
respectivamente; PI1: Mandmetro de controle do cilindro (WIKA do Brasil, Pl:Cat
233.50.10); PI2: Man6metro de controle da bomba (WIKA do Brasil, PI:Cat 233.50.10);
P13: Mandmetro de controle do extrator (WIKA do Brasil, Pl:Cat 233.50.10); TI:
Controladores de temperatura

Figura 3.2 Diagrama esquematico do equipamento de ESC utilizado nos
experimentos

Os modelos aplicados requerem informag6es adicionais, como: (a)
didmetro de particula (d,) da matéria-prima, que foi determinada
utilizando microscsopio eletrénico de varredura (JSM-63990LV, JEOL)
do Laboratério Central de Microscopia Eletronica da UFSC; (b) massa
especifica do sélido (ps), determinada em picndémetro de gas He
(AccuPyc Il 1340, Micrometrics), no LATESC; (c) diametro e altura do
leito de extracdo, medidas utilizando paquimetro; (d) Massa especifica
do leito de extragdo (py), calculada pela razdo entre a massa e volume de
matéria-prima utilizada para montar o leito de extragdo; (e) massa
especifica do solvente (pcop), determinada de através da equacdo de
Angus et al. (1976); (f) porosidade do leito (), determinada pela razdo
(ps - pa)/ps. Além disso, o modelo de Sovova (1994) considera a
solubilidade do extrato no CO, supercritico (Y*) em funcdo da
temperatura e pressdo aplicadas. De acordo com estudos prévios
realizados no LATESC, a solubilidade exerce pequena influéncia no
ajuste do modelo de Sovové e, para a sua determinagao, é necessario um
estudo complexo do equilibrio de fases do sistema avaliado. Assim, para
0 presente trabalho, a solubilidade do extrato de camardo em CO, foi
obtida de acordo com o procedimento simplificado descrito por
Danielski et al. (2007), chamando-a de solubilidade preliminar do
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sistema. Assim, a solubilidade preliminar foi obtida na unidade de
extracdo supercritica descrita na se¢do 3.5 pelo método dindmico de
extracdo, onde a solubilidade é representada pela inclinacdo das curvas
de extracdo, na etapa de taxa constante de extracdo (CER), garantindo-se
tempo de contato entre as fases suficiente para que o equilibrio seja
alcancado. A vazdo utilizada para determinagdo da solubilidade
preliminar foi baseada no estudo feito por Danielski et al. (2007), que
definiu a faixa de 0,9 a 1,4 g/min para a solubilidade de oleoresinas em
CO, supercritico. Assim, a vazdo utilizada no presente estudo foi de
aproximadamente 0,9g/min, o tempo de extracdo foi de
aproximadamente 600 min e as curvas construidas através da massa de
soluto acumulado versus massa de CO, consumido.

3.5.2 Validacdo do coeficiente de transferéncia de massa convectivo
modelado através de correlacdes adimensionais

Os modelos matematicos que representam fenbmenos de
transferéncia de massa contém dois tipos de incertezas: a) Incerteza do
modelo, devido a uma descricao fisico-matematica ndo exata do sistema
através de simplificacbes excessivas; b) Incertezas dos parametros,
resultantes de erros nos dados experimentais utilizados para estimar 0s
pardmetros modelados (FIORI et al., 2007). Portanto, considerando a
imprecisdo dos parametros, foi realizada uma anélise comparativa para o
pardmetro mais importante em termos de significado fisico, o
coeficiente de transferéncia de massa convectivo na fase de solvente
(kva). Os valores experimentais deste parametro foram determinados a
partir da modelagem de Sovova (1994) das diferentes curvas de extragdo
supercritica obtidas neste trabalho e foram utilizados no calculo do
nimero adimensional de Sherwood (Sh), nomeado como Sh
experimental. Assim, os valores de Sh experimental (She) foram
calculados de acordo com a equacéo (3.2) (WELTY et al., 1983):

2
sh = k.ald,f 3.2)
6D .5

onde: kya é o coeficiente de transferéncia de massa na fase solvente,
obtido através do ajuste das curvas experimentais com o modelo de
Sovova (1994) (resultados apresentados na se¢éo 6.3.1); d, € o diametro
de particula da matéria-prima, determinado por microscopia eletrénica
de varredura; Dag € 0 coeficiente binario de difusdo e foi calculado de
acordo com a correlagdo de Reddy e Doraiswamy (REID et al., 1986), a
qual considera difusdo muatua do soluto A (principais compostos
presentes no extrato do residuo de camardo: astaxantina e acidos graxos
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®-3) em concentra¢cdes minimas no solvente B (CO,).

Os valores de Sh, foram comparados com Sh obtido através de
correlacbes empiricas. Essas correlacbes normalmente envolvem o0s
nimeros adimensionais Reynolds (Re) e Schmidt (Sc), os quais podem
ser calculados de acordo com as equacdes (3.3) e (3.4), respectivamente
(WELTY etal., 1983):

d vp
Re= —p"Pco2
¢ Hco2 (33)
Hco2
Sc= —————
Pco2Das (3.4)

onde: d, é o diametro de particula da matéria-prima, determinado por
microscopia eletrénica de varredura; a velocidade intersticial do
solvente (v) foi obtida a partir da vazdo de solvente; os valores de
viscosidade do solvente (Ucoz) foram determinado de acordo com o
método de Reichemberg (REID et al., 1986), o qual usa a abordagem da
teoria cinética e equacdes interpolativas de rendimento entre a as
viscosidades dos componentes puros; a massa especifica do solvente
(pcoz) foi calculada para cada condicdo operacional de acordo com a
correlagdo de Angus et al. (1976). Devido a fragdo molar do soluto,
extrato do residuo de camardo, no solvente supercritico ser baixa, a
massa especifica e a viscosidade do solvente puro puderam ser
empregadas na estimativa de Re, Sc e Sh.

Trés correlagcBes de Sh bem estabelecidas foram utilizadas para o
calculo dos numeros de Sherwood: a correlacdo de Wakao e Kaguei
(1982), apresentada na equagdo (3.5), considera que no processo estdo
envolvidas a conveccéo forcada e natural e se aplica para 3 < Re < 3000
e 0,5<Sc<10000; a correlacdo de Tan et al. (1988), ilustrada na
equacao (3.6), ndo considera a convecgdo natural e foi desenvolvida
para 2 <Re<40; e a correlacdo de King et al. (1983), mostrada na
equacdo (3.7), também considera apenas convecc¢do forcada e é valida
para2<Re<0and2<Sc<1l.

Sh =2+1,1Re**Sc*? (3.5)
Sh =0,38Re"®Sc*’® (3.6)
Sh = 0,82Re*”?sc"’® (3.7)
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3.5.3 Estimativa de custos da extragéo supercritica em escala
industrial

A metodologia de Turton et al. (1998), apresentada por Rosa e
Meireles (2005), foi usada para estimar o custo da manufatura (COM), o
qual é influenciado por uma série de fatores que podem subdivididos em
trés categorias: custos diretos, custos fixos e despesas gerais. Os custos
diretos levam em conta despesas que dependem diretamente da taxa de
producdo, como matérias-primas, utilitdrios e operadores. Os custos
fixos ndo dependem se a operacdo € interrompida, e incluem a
depreciacdo, taxas e seguros, etc. As despesas gerais relacionam o0s
custos necessarios para manter o negocio e consistem em custos
administrativos, despesas com vendas, pesquisa e desenvolvimento,
entre outros. Assim, o0 COM pode ser calculado usando a equagéo (3.8):
COM = 0,304FI +2,73COL +1,23*(CRM +CWT +CUT) (3.8)
onde: COM = custo de manufatura correspondente a um ano de
operacdo; FI = fracdo de investimento, representado pelo custo do
equipamento; CRM = custo das matérias-primas, composto pelo custo
de do CO,, da matéria-prima solida e do transporte; COL = custo de
operadores; CUT = custo de utilitarios, formado pelo custo energético
para a destilacdo flash, condensagdo, bomba e operacfes de troca de
calor; e CWT = custo de tratamento de efluentes.

Os valores de custo de manufatura e custo especifico foram
determinados usando o software Tecanalysis (ROSA e MEIRELES,
2005), considerando: duas unidades comerciais com distintas
capacidades volumétricas (3 x 300 L e 2x 400 L); tempos de extracdo
de 25 e 180 min, os quais representam o periodo de taxa constante de
extracdo e 0 tempo total de extracdo, respectivamente; as condigdes
operacionais do ensaio de extrago supercritica que apresentaram maior
rendimento em astaxantina obtido na presente tese (resultados
apresentados na se¢do 6.3.5), ou seja 300 bar e 333,15 K.

3.6 Caracterizagéo quimica e biolégica dos extratos
3.6.1 Perfil e contetido total de carotendides

Os extratos obtidos pelas diferentes técnicas de extracdo foram
adequadamente homogeneizados em n-hexano (2 mL) e as solucbes
resultantes foram centrifigadas a 3000 g durante 5 min. As solu¢des de
extrato foram analisadas usando cromatografia liquida de alta eficiéncia
(CLAE) no Laboratério de Morfogénese e Bioquimica Vegetal do
Departamento de Ciéncia em Alimentos da UFSC, seguindo o
procedimento descrito por Kuhnen et al. (2009) usando 5 pL de amostra
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de extrato, em triplicata. O cromatografo liquido (Shimadzu LC-10A) é
equipado com uma coluna de fase reversa C;g (Vydac - BioRad,

218TP54, 250 mm x 4,6 mm &, 5pum) termostatizada (313,15 K)
acoplada com uma coluna de guarda (Vydac - BioRad, 218TP54, 30 mm

X 4,6 mm J, 5um), e um detector UV-visivel (A = 460 nm). A fase
movel utilizada foi uma mistura de acetonitrila:metanol (90:10, v/v -
Tedia) na vazdo de 0,8 mL/min. A identificacdo dos carotentides foi
realizada a partir dos tempos de retencdo determinados através de co-
cromatografia dos compostos padrbes (Sigma Aldrich), sendo estes
submetidos as mesmas condicdes de analise dos extratos de residuo de
camardo. A quantificacdo relativa dos compostos identificados foi
baseada na integragdo das areas dos picos cromatograficos de cada
componente, utilizando as curvas padrdes dos compostos puros (y =
44231,57x, r* = 0,994, para astaxantina livre, astaxantina esterificada e d
B-criptoxantina; e y = 1000000x, r* = 0,991, para a-caroteno, trans-p-
caroteno e cis-p-caroteno).

Todos os extratos obtidos pelas tecnologias a baixa pressdo (SOX,
MAC, UE, OilC e OilH) e supercritica (experimentos dos grupos (b) e
(c) indicados na sessdo 3.5) foram avaliados quanto ao seu perfil
cromatografico e os resultados foram expressados como: (1)
concentracdo de cada carotendide identificado; (2) conteldo total de
carotendides (TCC), obtido pela soma das quantidades de todos os
carotendides identificados; (3) rendimento em astaxantina, calculado
considerando o rendimento de extracdo e a concentracdo de astaxantina.

3.6.2 Espectro no UV-Visivel

Os extratos de residuo de camardo rosa (20 mg) foram transferidos
para frascos ambar, homogeneizados com 10 mL de n-hexano e, entéo,
agitados manualmente. O perfil UV-Visivel das amostras foi obtido
através de um espectrofotdbmetro UV-Visivel (U-1800, Hitachi) no
Laboratério de Morfogénese e Bioquimica Vegetal da UFSC, na janela
espectral de 200 to 750 nm, e realizado em triplicata. Todos 0s extratos
obtidos pelas tecnologias a baixa pressdo (SOX, MAC, UE, QilC e
OilH) e alta pressdo (experimentos dos grupos (b) e (c) indicados na
sessdo 3.5) foram avaliados quanto ao seu perfil UV-Visivel.

3.6.3 Espectroscopia no infravermelho

A anélise de espectroscopia no infravermelho com transformada de
Fourier (FTIR) foi realizada utilizando um espectroscopio Bomem
(FTLA2000, Bomem Inc.) equipado com detector DTGS (sulfato de

72



Cap.3: Material e Métodos

triglicina deuterado), na Central de Andlises da UFSC e de acordo com
0 método descrito por Silverstein (1979). As amostras de extrato (5 mg)
foram misturadas com KBr previamente pulverizado e o pé comprimido
em pastilhas. Os espectros (5 réplicas, 128 leituras co-adicionadas antes
da transformacdo Fourier) foram registrados no modo transmitancia de
3000 a 600 cm™. Os espectros de cada amostra foram normalizados e a
linha de base corrigida na regido de interesse. Assim, a resolucdo
melhorada (fator k de 1,5) foi aplicada por meio da auto-deconvulagédo
de Fourier, através do software Bomem Easy Program. As amostras
obtidas por maceragdo com etanol e com acetona foram selecionadas
para a avaliacdo de seu perfil infravermelho, devido as grandes
diferencas entre seus perfis UV-Visivel (resultados apresentados na
sessdo 5.3.2.4), a fim de obterem-se mais informacGes a respeito da
composicdo de extrato do residuo de camardo.

3.6.4 Capacidade antioxidante
3.6.4.1 Atividade do radical DPPH (DPPH)

O radical DPPH (1,1-difenil-2-picrilidrazina) é considerado um
radical estavel e tem sua absor¢do maxima em 517 nm. Quando este
composto recebe um elétron ou um radical hidrogénio para se tornar um
composto mais estavel, sua absorcdo diminui. Este processo pode
ocorrer de duas maneiras: processo direto ou processo de transferéncia
de elétron:

DPPH" + RXH - DPPHH + RX: (processo direto, transferéncia de
prétons)

DPPH: + RXH - DPPH + RXH" > DPPHH + RX" (mecanismo
de transferéncia de elétrons)

No processo direto o antioxidante (RXH) doa um radical hidrogénio
para o radical DPPH" tornando-o estavel. O radical RX" ¢ relativamente
estavel e ndo reage com os lipidios. No processo de transferéncia de
elétron, primeiramente um elétron é cedido para o radical DPPH" pela
molécula do antioxidante e, em seguida, é cedido o hidrogénio
estabilizando o radical DPPH" e formando o radical estavel RX".

A metodologia, descrita por Mensor et al. (2001) e realizada no
LATESC, constitui na reacdo por 30 min, a temperatura ambiente e ao
abrigo da luz, do composto em analise em uma solucdo etandlica de
DPPH (Sigma-Aldrich) na concentragdo de 0,3 mmol/L e com
concentragBes crescentes (5, 50, 100, 250, 500 e 1000 pg/mL) dos
extratos de residuo de camardo, em etanol P.A. (Merck S.A., Brasil),
com posterior leitura da absorbancia em espectrofotémetro (85001I-
UV/VIS, Techcomp Ltda.). Quanto maior a capacidade antioxidante da
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amostra testada, mais estavel o radical DPPH se torna, provocando a
descoloragdo da solucdo (DPPH + extrato) e diminuindo a absorbancia.
Deste modo, o percentual de inibicdo das amostras testadas sobre o
radical DPPH pode ser calculado convertendo-se a absorbancia em
percentual de capacidade antioxidante (%AA), conforme a equacdo
(3.9):

_ *
% AA =100 — |: (AbS amostra Absbranco) 100 (39)

Abs
onde:  AbSamestra € @ absorbancia da amostra apés 30 min de reagéo;
Absyranco € @ absorbancia do branco ap6s 30 min de reacdo; AbSconrole € @
absorbancia do controle ap6s 30 min de reagéo.

controle

A concentracdo das amostras necessaria para captar 50 % do radical
livre DPPH (ECsg) é calculada por analise de regressao exponencial e
linear (MENSOR et al., 2001). Os valores de capacidade antioxidante
calculados (%AA) sdo referentes a maior concentracdo de extrato
testada (1000 pug/mL). Todos os extratos obtidos pelas tecnologias a
baixa (SOX, MAC, UE, QilC e OilH) e alta pressdo (experimentos dos
grupos (b) e (c) indicados na sessdo 3.5, com excecdo dos experimentos
a 100 bar devido aos baixos rendimentos de extracdo apresentados)
foram avaliados pela técnica do DPPH sendo que os resultados
encontrados de concentragdo efetiva (ECs) e capacidade antioxidante
(%AA) foram expressos como média + desvio padrao.

3.6.4.2 Método da descoloragao do p-caroteno

O método de determinacdo da capacidade antioxidante pela
descoloragdo do sistema p-caroteno é fundamentado em medidas
espectrofotométricas da perda de coloragdo (oxidagdo) do [B-caroteno
induzida por produtos de degradacdo oxidativa do acido linoléico. A
metodologia utilizada é descrita por Matthdus (2002), na qual o sistema
formado por B-caroteno e &cido linoléico é induzido a uma rapida
descoloragdo na auséncia de um composto antioxidante. O radical livre é
formado pelo acido linoléico e por um atomo de hidrogénio retirado de
um dos grupos metila da molécula de [-caroteno. A taxa de
descoloragdo da solucéo de B-caroteno € determinada pela medida entre
a diferenca da leitura espectrofotométrica inicial a 470 nm e apds
120 min.

A metodologia, realizada no LATESC, consiste inicialmente na
preparagdo de duas emulsdes, uma com adicdo de B-caroteno e outra
sem (branco). Para o preparo da emulsdo de p-caroteno, foi transferido
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para um baldo de 250 mL, 40 mg de &cido linoléico (Vetec Quimica
Fina Ltda.), 400 mg de Tween-20 (Vetec Quimica Fina Ltda.) e 3,4 mg
de B-caroteno (Fluka Analytical). A este baldo adicionou-se 1 mL de
cloroférmio (Merck S.A.) e agitou-se até a completa solubilizacdo das
particulas de pB-caroteno. O cloroférmio foi entdo removido em
evaporador rotativo (Mod. 550 e 802, Fisatom) com arrefecimento
(MQBTZ99-20, Microquimica Ind. Com. e Repr. Ltda.) e controle de
vacuo (NT 613, Nova Técnica) a 313,15K e, a mistura, foram
adicionados 100 mL de &gua destilada, sendo manualmente agitada para
formar uma solucdo estavel. A emulsdo de branco foi preparada com
40 mg de é&cido linoléico, 400 mg de Tween-20 e 100 mL de &agua
destilada, sendo também agitada manualmente. As duas emuls@es foram
mantidas refrigeradas e ao abrigo da luz até a realizacdo das analises.

Uma aliquota de 5 mL da solugdo de B-caroteno foi adicionada a
200 pL do extrato, sendo que cada um dos extratos a ser testado foi
diluido em etanol P.A. (Merck S.A)) na concentracdo final de
1667 pg/mL. Imediatamente, a absorbancia foi medida em
espectrofotdmetro (850011-UV/VIS, Techcomp Ltda.) em comprimento
de onda de 470 nm com respectivas solucdes de branco, constituidas de
5mL emulsdo de branco e 200 uL do extrato. Os tubos foram
imediatamente imersos em banho termostatizado (Biomatic Aparelhos
Cientificos Ltda.) a 323,15 K durante 2h de reacdo, realizando-se
leituras nos tempos 0, 15, 30, 60 e 120 min. Em paralelo, foi realizado
também o controle do teste, onde a amostra foi substituida por etanol.
Os resultados de capacidade antioxidante (AA %) foram calculados pela
equacao (3.10) e expressos como média + desvio padréo.

%AA=1— (AbSIZOmin B AbsO min ) *100 (310)
(Absconlrolee_lzomin - Abscomrole_o min)

onde:  AbSiomin € @ absorbancia da amostra ap6s 120 min de reacéo;
Absymin € a absorbancia da amostra no instante inicial de reacao;
AbScontrole_120min € @bsorbancia do controle apds 120 min de reagdo;
AbScontrole_omin € absorbéancia do controle no instante inicial de reagéo.

Todos os extratos obtidos pelas tecnologias a baixa (SOX, MAC,
UE, OIlC e QilH) e alta pressdo (experimentos dos grupos (b) e (c)
indicados na sessdo 3.5, com excegdo dos experimentos a 100 bar
devido aos baixos rendimentos de extracdo apresentados) foram
avaliados pela técnica de descoloragdo do B-caroteno sendo que os
resultados de capacidade antioxidante (%AA) encontrados foram
expressos como média + desvio padréo.
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3.6.5 Conteudo de compostos fendlicos totais (TPC)

A determinacdo do conteddo total de compostos fendlicos,
representado pela capacidade redutora dos extratos, foi realizada no
LATESC através do método de Folin-Ciocalteu descrito por Peschel et
al. (2005). O método de Folin-Ciocalteu est4 associado ao aparecimento
da coloracdo azul devido a oxidacdo de compostos contendo anéis
fendlicos em meio basico (PESCHEL et al., 2005). A vantagem deste
método é que o resultado esta associado ao aparecimento de cor no
comprimento de onda avaliado, sendo que procedimentos associados
com o aparecimento de produtos coloridos sdo mais sensiveis. Embora
ndo deva caracterizar a capacidade antioxidante, este método ¢ um dos
melhores para uma estimativa da capacidade antioxidante de amostras
de alimentos.

O método de Folin-Ciocalteu € o método mais antigo para a
determinacdo do conteldo total de fendlicos, entdo chamados fendis
totais ou capacidade redutora. O sistema de teste é uma mistura de
tungstato e molibdato em meio altamente basico. Os compostos
fendlicos sdo oxidados em meio bésico resultando na formagdo do
radical superoxido O,", o qual por sua vez, reage com molibdato
formando 6xido de molibdénio, MoO,", que possui uma absorbancia
muito intensa préximo a 750 nm.

Para a construcdo da curva padrdo de &cido gélico foi preparada uma
solucdo estoque de 0,005 g/mL de acido galico (Nuclear, CAQ Ind. e
Com. LTDA.) em &gua destilada. Esta solucdo foi diluida em baldes
volumétricos de 100 mL para a obtengdo de solugGes com concentracfes
finais de 0, 50, 100, 150, 250, 500 mg acido galico/L de agua destilada.
A reacdo de oxidacdo foi realizada em balBes volumétricos de 10 mL
sendo transferindo para estes 100 uL de cada dilui¢do, aos quais foram
adicionados 2 mL de agua destilada e 0,5 mL do reativo de Folin-
Ciocalteau (Fluka). Ap6s 30 s do inicio da reacdo e antes de completar
8 min foi adicionado 1,5 mL de solugdo aquosa de carbonato sodico
(Nuclear, CAQ Ind. e Com. LTDA.) a 20 % (m/v). Os baldes foram
agitados e o volume diluido a 10 mL de solucdo com agua destilada. As
solucbes foram deixadas em repouso ao abrigo da luz e temperatura
ambiente por 2 h. A absorbancia de cada solugdo foi medida a 765 nm
em espectrofotdbmetro (SP1100, Tecnal, Piracicaba/SP) e o branco
realizado com &gua destilada. A curva padrdo de acido galico foi
construida através do grafico de absorbancia versus concentracdo de
acido galico (ug/mL).
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Cada extrato de residuo de camaréo avaliado foi diluido em etanol
P.A. (Nuclear, CAQ Ind. e Com. LTDA.) na concentracdo final de
1500 pg/mL e seguiu 0 mesmo procedimento de reacdo de oxidagédo
descrita para a curva padrdo. Os valores de absorbancia obtidos para os
extratos de residuo de camardo foram correlacionados com a curva
padrdo de &cido galico e o teor de fendlicos totais (TPC) determinado
através da equacdo (3.11), a analise foi realizada em ftriplicata e os
resultados expressos em mgGAE/g de extrato, como média + desvio
padréo.

TPC(MYGAE/g,,) = {[Equ *1000]} (3.11)
onde: EQAG representa o equivalente em &cido galico obtido através
da curva padrdo (MgGAE/L); Dey € a diluicdo das amostras (Mgex/L).

“ext

Os extratos de residuo de camardo obtidos pelos sistemas SOX-
EtOH e extracdo supercritica a 333,15 K/300 bar, usando CO; puro,
foram analisados pelo método de Folin-Ciocalteu com a finalidade de
associar a composicdo em fendlicos com os resultados dos ensaios anti-
obesidade e hipolipemiante (detalhada na sessdo 3.6.7), 0s quais
avaliaram in vivo essas amostras.

3.6.6 Composicdo em acidos graxos

O perfil em acidos graxos foi determinado pelo Laborat6rio de
Cromatografia do Centro de Pesquisa em Alimentagdo (CEPA) da
Universidade de Passo Fundo (UPF), segundo o método Ce 1f-96
(AOCS, 2002) que se baseia no principio de que os acidos graxos sdo
esterificados por uma solu¢do de NH4CI - H,SO, — MeOH. Os &cidos
graxos livres dos extratos de residuo de camardo foram extraidos com
uma solucdo 0,5 N de NaOH-Metanol, seguida de purificagdo com NaCl
e hexano para remocdo de contaminantes como aclcares, sais €
proteinas. O sobrenadante foi injetado em um cromatdgrafo a gas
equipado com detector de ionizacdo de chama (3400 CX, Varian) e
coluna capilar CP Sil 88 (0,20 um, 50 m x 0,25 mm). O géas de arraste
empregado foi o hidrogénio ultra puro (White Martins) a 1 mL/min. A
temperatura inicial da coluna foi de 413,15 K, com gradiente de 1 K/min
até a temperatura final de 458,15 K, com temperatura de detec¢do de
458,15 K. A quantidade de amostra injetada foi 1 puL. Os &cidos graxos
foram identificados pela comparacdo dos tempos de retencdo com
padrbes, quantificados por normalizagdo de &reas, através de software
Work Station, sendo as determinagdes realizadas em duplicata e 0s
resultados apresentados como média + desvio padréo.

77



Cap.3: Material e Métodos

Os extratos de residuo de camardo obtidos pelos sistemas SOX-
EtOH e extracdo supercritica a 333,15 K/300 bar (usando CO, puro)
foram analisados por cromatografia gasosa com a finalidade de associar
a composicdo em &cidos graxos com os resultados dos ensaios anti-
obesidade e hipolipemiante (detalhada na sessdo 3.6.7), 0s quais
avaliaram in vivo essas amostras.

3.6.7 Atividades anti-obesidade e hipolipemiante

A fim de avaliar o efeito redutor de peso corporal e dos teores de
colesterol e triglicerideos sanguineos dos extratos de residuo de
camarao, uma analise in vivo foi realizada no Laboratério de Bioquimica
Experimental do Departamento de Bioquimica da UFSC (LABIOEX). A
analise foi realizada utilizando 36 camundongos do tipo knocaut (sem
receptor LDL), divididos entre machos e fémeas, pesando 21 +4 g,
provenientes do Biotério Central da UFSC. Os ratos foram alojados em
condi¢des controladas de luz (12 h de ciclo claro-escuro), temperatura
de 295,15 + 2 K, e umidade relativa do ar de 60 %. Os animais foram
autorizados a se aclimatar por no minimo 7 dias antes do tratamento e
foram manipulados de acordo com as exigéncias legais cabiveis a
espécie (Guiding Principles for the Care and Use of Laboratory
Animals, publicacio #85.23, revisada em 1985) e com permissdo do
comité de ética local de uso de animais (PP00604/2011.0337 do Comité
de Etica ao Uso de Animais da UFSC).
Os animais foram divididos em 6 grupos de acordo com seus pesos
corporais, sendo cada grupo composto por 6 camundongos: a) grupo
sem tratamento (controle negativo), o qual recebeu somente racdo
regular ad libitum e agua (sem adicdo de extrato do residuo de camarao
nem dieta hipercaldrica); b) grupo hipercalérico (controle positivo),
alimentado com dieta hipercalérica e agua (sem administracdo de
extrato de residuo de camarao); ¢) grupo SOX 50, o qual foi tratado com
dieta hipercaldrica, agua e extrato de residuo de camardo obtido pelo
sistema Soxhlet-etanol na concentra¢do de 50 mg/Kgcamundongo PO dia; d)
grupo SOX 200, para o qual foram administrados a dieta hipercal6rica,
agua e extrato de residuo de camardo obtido pelo sistema Soxhlet-etanol
na concentragéo de 200 mg/Kgcamundongo POT dia; €) grupo ESC 50, para o
qual forneceu-se dieta hipercaldrica, 4gua e extrato supercritico de
residuo de camardo obtido a 300 bar/333,15 K na concentracdo de
50 mg/kgr: por dia; e f) grupo ESC 200, o qual foi tratado com dieta
hipercaldrica, 4gua e extrato supercritico de residuo de camaréo obtido a
300 bar/333,15 K na concentragdo de 200 mg/kg,;; por dia. A dieta
hipercalérica foi definida por Rothwell et al. (1982) como “dieta de
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cafeteria” e é composta por alimentos como biscoitos de chocolate e de
leite, batata-frita, queijo, amendoim, entre outros (Quadro 3.1). As
amostras de extrato do residuo de camaréao obtidas pelos sistemas SOX-
EtOH e extragdo supercritica a 333,15 K/300 bar (usando CO, puro)
foram selecionadas para a realizacdo dos ensaios anti-obesidade e
hipolipemiante devido aos seus elevados rendimentos de extracdo e
conteidos totais de carotendides (resultados apresentados na sessdo
5.3.2). As solucgdes de extrato foram preparadas em agua destilada e
foram administradas por gavagem. O peso dos animais foi monitorado 3
vezes por semana durante todo o periodo de tratamento (30 d). Trinta
dias apds o inicio do tratamento, amostras de sangue dos animais foram
coletadas e os contetidos de colesterol e triglicerideos foram mensurados
utilizando métodos enzimaticos (ABELL et al. 1952; BUCOLO e
DAVID, 1973) através de kits Biotécnica®

O principio do método enziméatico de determinagdo de colesterol
total esta em que os ésteres de colesterol existentes na amostra sdo
hidrolisados pela enzima colesterol esterase produzindo o colesterol
livre. A enzima colesterol oxidase, em presenca de oxigénio, catalisa a
oxidacdo do colesterol livre, produzindo o peréxido de hidrogénio. A
enzima peroxidase catalisa a oxida¢do do reagente fenolico (fenol) pelo
peroxido de hidrogénio formado, em presenca de aminoantipirina,
produzindo um composto rosa (quinonimina) com méaxima absorgdo em
505 nm. A intensidade da cor é proporcional a concentracdo de
colesterol na amostra e as reagdes envolvidas sao:

Colesterol Esterase
Colesterol esterificado + H,O > Colesterol + Acido graxo
Colesterol oxidase
Colesterol +1/2 O, - Colestenona + H,0,
Peroxidase

2H,0, +4-Aminoantipirina + Fenol = Quinonimina +4H,0

Quadro 3.1 Composicéo e cronograma da dieta hipercaldrica, proposta
por Rothwell et al. (1982)

Componentes Quantidade em Periodo
da dieta massa (g)

Dieta 1: Biscoito de 5 g de cada 1°-3° dias
chocolate, suspiros, componente/

cheetos camundongo/dia*

Dieta 2: Pé-de- 5 g de cada 40-6° dia
moleque, chocolate, componente/

biscoito de chocolate camundongo/dia*
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Dieta 3: Amendoim, 5 g de cada 7°-9° dia
baconzitos, suspiros componente/

camundongo/dia*
Dieta 4: Cheetos, 5 g de cada 10°-12° dia
rosquita de leite, componente/
amendoim camundongo/dia*
Dieta 5: Amendoim, 5 g de cada 13°-15° dia
biscoito de chocolate, = componente/
baconzitos camundongo/dia*
Dieta 6: Rosquita de 5 g de cada 16°-18° dia
leite, baconzitos, componente/
amendoim camundongo/dia*
Dieta 7: Bolacha 5 g de cada 190-21° dia
sortida, batata frita, componente/
amendoim camundongo/dia*
Dieta 8: Chocolate, 5 g de cada 22°-24° dia
queijo, pé-de-moleque  componente/

camundongo/dia*
Dieta 9: Bolacha 5 g de cada 25°-27° dia
sortida, pé-de- componente/
moleque, queijo camundongo/dia*
Dieta 10: Queijo, 5 g de cada 28°-30° dia
rosquita de leite, componente/

bolacha sortida

camundongo/dia*

* A racdo hipercaldrica foi acrescido 15 g adicionais de ragdo comercial padronizada para
complementagéo da dieta.

De forma semelhante, 0 método enzimatico de determinagdo de
trglicerideos, o principio estd em que a enzima lipase lipoprotéica
hidrolisa os triglicerideos existentes na amostra, produzindo glicerol
livre. A enzima glicerol quinase catalisa a fosforilacao do glicerol livre
pelo adenosina trifosfato (ATP) formando glicerol-3-fosfato que em
presenca de oxigénio sob a agdo catalitica da enzima glicerol-P-oxidase,
produz peréxido de hidrogénio. A enzima peroxidase catalisa a oxida¢&o
do reagente fendlico (4-clorofenol) pelo perdxido de hidrogénio
formado, em presenca de 4-amino-antipirina, produzindo um composto
rosa (quinonimina), que apresenta maxima absorcdo em 505 nm. As
reacOes envolvidas sdo:
Lipase i

Triglicérides - Glicerol + Acidos graxos
Glicerol quinase

Glicerol + ATP - Glicerol-3-fosfato + ADP
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Glicerol-P-oxidase
Glicerol-3-fosfato + O, = Dihidroxiacetona-fosfato + H,0,
Peroxidase
2H,0, + 4-aminoantipirina + 4-Clorofenol - quinonimina + HCI + 4H,0

3.7 Encapsulamento de extrato de residuo de camaréo por
tecnologia supercritica

O encapsulamento do extrato de camardo em polimero foi realizado
em duas unidades diferentes de precipitagdo por Anti-Solvente
Supercritico (Supercritical Anti-Solvent - SAS), descritas a seguir
(secbes 3.7.1 e 3.7.2), no Grupo de Procesos a Alta Presion do
Departamento de Ingenieria Quimica y Tecnologia del Medio Ambiente
da Universidad de Valladolid (UVA), Valladolid/Espafia.

Na unidade menor, foram avaliados os efeitos da pressao (80, 100 e
120 bar), temperatura (308,15, 313,15 e 318,15 K), vazdo de solugédo
precipitante (1,0, 2,0 e 3,0 mL/min) e concentragdo de extrato na
solucdo de alimentag&o (2,0, 6,0 e 12,0 mg/mL). O extrato selecionado
para 0s ensaios de encapsulamento foi o obtido através de maceracdo
com acetona devido ao seu alto rendimento de extracdo e teor de
astaxantina (resultados apresentados na secdo 5.3.2). O solvente
primario utilizado para formar a solucdo precipitante (solvente primario
+ extrato + polimero) foi acetona P.A., devido a alta solubilidade do
extrato e polimero neste solvente, e as solubilidades alta e baixa da,
respectivamente, acetona e astaxantina em CO, supercritico nas
condicdes avaliadas.

Dos 16 experimentos realizados em escala pequena, 4 condicGes
operacionais foram selecionadas para 0 processo em maior escala, de
acordo com os melhores resultados de formacdo de particula
apresentados na secdo 8.3.1. Os experimentos em maior escala foram
conduzidos levando em conta o critério de aumentar em 4 e 5 vezes as
vazdes de CO, e de solugdo precipitante dos experimentos em escala
pequena respectivos. O polimero utilizado para todos os experimentos
SAS, tanto em pequena como em escala grande, foi o Pluronic F127
aplicado na solugdo precipitante na concentracdo fixa de
10,0 m@poiimere/ML. O Pluronic F127 é um surfactante poliol ndo-ibnico
utilizado para facilitar a solubilizacdo de corantes insollveis em agua
(INVITROGEN, 2008).

Por fim, um experimento de SAS de emulsdo (Supercritical Fluid
Extraction from and Emulsion - SFEE) foi realizado nas melhores
condicBes operacionais identificadas no estudo de SAS em pequena e
escala grande, a fim de aprimorar o processo de encapsulamento
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(eficiéncia de encapsulamento e tamanho médio das particulas),
utilizando o amido modificado Hi-Cap 100 como material encapsulante
(na concentragdo fixa de 2,4 MQamigo/MLsgua), conforme detalhado na
secdo 3.7.3. O Hi-Cap 100 é um amido modificado, derivado de milho,
utilizado para encapsulamento de saborizantes, vitaminas e especiarias.
Este amido é caracterizado por uma excelente resisténcia a oxidacéo e é
utilizado como agente de ecapsulamento de menor custo, em
substituicdo a goma arabica e a gelatina (NATIONAL STARCH, 2011).

A Tabela 3.1 apresenta as condi¢fes operacionais aplicadas a todos
0s experimentos SAS e SFEE, selecionadas de acordo com as limitagdes
do equipamento e considerando trabalhos anteriores utilizando a mesma
técnica para precipitagdo de carotendides (COCERO e FERRERO,
2002; MIGUEL et al., 2006; MIGUEL et al., 2008). Os seis primeiros
experimentos de SAS em escala pequena e o0s dois primeiros
experimentos de SAS em escala grande, descritos na Tabela 3.1,
apresentam condigdes experimentais iguais, a fim de avaliar a
repetibilidade do processo.

3.7.1 SAS em escala pequena

A célula de precipitacdo utilizada para os experimentos SAS em escala
pequena consiste de uma cdmara em ago inoxidavel AISI 316. As
dimensfes da célula séo: volume de 0,096 L, altura de 3,5 cm e
diametro interno de 10 cm. A célula esta posicionada submersa em um
banho de agua controlado termostaticamente na temperatura de processo
desejada. Dois conjuntos de filtros porosos de tamanho 10 e 1 um estédo
posicionados sequencialmente apds a camara de precipitacdo e sdo
utilizados para coletar as particulas de precipitado. Uma bomba de
diafragma (Milroyal, Dosapro) e uma bomba de CLAE (PU980, Jasco)
sdo usadas para alimentar o sistema com CO, supercritico e solucdo
organica precipitante. As bombas permitem trabalhar com um maximo
de 1 kgcoz/h e 10 mLgueao/min, respectivamente. As duas correntes
(CO, e solucdo) sdo misturadas através de um bocal de tubos
concéntricos posicionado no topo do vaso de precipitagdo. Assim,
devido a alta solubilidade dos solventes organicos em CO, supercritico,
0 solvente presente na solugdo precipitante € rapidamente solubilizado
pelo CO, e, quando o sistema é despressurizado, é depositado no frasco
coletor enquanto o CO, é descartado para o sistema de ventilagdo. As
condi¢des de temperatura e pressdo sdo monitoradas utilizando
instrumentos diretamente conectados ao vaso de precipitacdo, com
certeza de medicdo de £1,0 K e 0,2 bar, respectivamente. A vazdo de

82



Cap.3: Material e Métodos

CO, foi controlada utilizando um medidor tipo coriolis, com precisédo de
medicdo de £0,1 kg/h.

Os experimentos iniciaram pelo bombeamento de CO, puro para
dentro do vaso de precipitagdo e pelo ajuste das condi¢Ges de operacdo
desejadas (temperatura, pressdo de vazao) até alcancar a estabilidade dos
parametros. Assim, aproximadamente 50 mL de solucdo de precipitacdo
foram injetados no sistema na vazdo desejada. Por fim, novamente
apenas CO, puro foi bombeado durante 15 min para dentro da célula
com a finalidade de garantir a secagem total das particulas.
Subsequentemente a descompressdo, as particulas precipitadas retidas
nos filtros foram coletadas, armazenadas sob protecdo de luz e em
temperaturas abaixo de 263,15K até posteriores analises de
caracterizacdo das particulas (procedimentos descritos na secdo 3.8).

Tabela 3.1. Condicdes operacionais aplicados aos ensaios de
encapsulamento por Anti-Solvente Supercritico (SAS) e por SAS de
emulsdo (SFEE)

Concentragéo

Vazdo de de extrato na

Processo-Unidade Pressdc Temperatura Vazdo de x
solucgdo

de precipitacdo  (bar) (K) CO, (kg/h) (mL/min) solucéo
(mg/mL)
SAS- Pequena 100 313,15 1,0 1,0 2,0
SAS- Pequena 100 313,15 1,0 1,0 2,0
SAS- Pequena 100 313,15 1,0 1,0 2,0
SAS- Pequena 100 313,15 1,0 1,0 6,0
SAS- Pequena 100 313,15 1,0 1,0 6,0
SAS- Pequena 100 313,15 1,0 1,0 6,0
SAS- Pequena 100 313,15 1,0 2,0 6,0
SAS- Pequena 100 313,15 1,0 3,0 6,0
SAS- Pequena 120 313,15 1,0 1,0 6,0
SAS- Pequena 80 313,15 1,0 1,0 6,0
SAS- Pequena 100 318,15 1,0 1,0 6,0
SAS- Pequena 100 308,15 1,0 1,0 6,0
SAS- Pequena 120 308,15 1,0 1,0 6,0
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SAS- Pequena 80 308,15 1,0 1,0 6,0
SAS- Pequena 120 308,15 1,0 1,0 12,0
SAS- Pequena 100 313,15 1,0 1,0 12,0
SAS- Grande 100 313,15 40 4,0 6,0
SAS- Grande 100 313,15 4,0 4,0 6,0
SAS- Grande 100 308,15 40 4,0 6,0
SAS- Grande 100 313,15 4,0 4,0 12,0
SAS- Grande 100 313,15 5,0 50 6,0
SFEE-Grande 100 313,15 4,0 4,0 9,6

3.7.2 SAS e SFEE em escala grande

Um diagrama esquematico da planta piloto estd apresentado na
Figura 3.3. O precipitador de escala grande consiste de uma camara em
aco inoxidavel AISI 316 encamisada, com dimensdes de 2,5L de
volume (0,09 m x 0,405 m). Um filtro metalico poroso com tamanho de
tela de 1 um esta alocado no fundo do precipitador e é utilizado para
coletar as particulas de precipitado. Uma bomba de diafragma (Milroyal,
Dosapro) e uma bomba de CLAE (PU980, Jasco) sdo usadas para
alimentar o sistema com CO, supercritico e solucdo organica
precipitante. As bombas permitem trabalhar com um maximo de
5 Kkgcoz/h & 10 mLggueal/min, respectivamente. Os dois fluxos (CO, e
solucdo) sdo misturados através de um bocal de tubos concéntricos
posicionado no topo do vaso de precipitacdo. Assim, devido a alta
solubilidade dos solventes organicos em CO, supercritico, o solvente
presente na solugdo precipitante é rapidamente solubilizado pelo CO,
gue, quando o sistema é despressurizado, é depositado no frasco coletor
enquanto o CO, é descartado para o sistema de ventilacdo. As condicdes
de temperatura e pressdo sdo monitoradas utilizando instrumentos
diretamente conectados ao vaso de precipitagcdo, com certeza de medicéo
de 2,0 K e +0,1 bar, respectivamente. A vazdo de CO, foi controlada
utilizando um medidor tipo coriolis, com precisdo de medigdo de
+0,05 kg/h. O procedimento experimental aplicado aos ensaios em
escala grande foi 0 mesmo adotado para 0s em escala pequena. Detalhes
complementares sobre o equipamento e procedimento experimental
podem ser encontrado em Miguel et al. (2006). As particulas
precipitadas retidas nos filtros foram coletadas, armazenadas sob
protecdo de luz e em temperaturas abaixo de 263,15 K até posteriores
andlises de caracterizagdo das particulas (procedimentos descritos na
secdo 3.8).
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Fonte: MIGUEL et al., 2006.
Figura 3.3 Diagrama esquematico da unidade de precipitacdo por SAS
em escala grande

Para o experimento de SFEE, inicialmente se realiza a obtencdo da
emulsdo 6leo-em-agua, realizada em trés passos: (1) a suspensdo de
surfactante foi inicialmente preparada pela dispersdo do surfactante em
agua deionizada (Milli-Q, Millipore) utilizando um agitador magnético;
(2) em seguida, o extrato de residuo de camardo foi dissolvido em
diclorometano e a solugdo formada foi gradualmente adicionada a
suspensdo de surfactante e agitada continuamente durante 5 min,
obtendo-se a mistura bruta; (3) a emulsdo bruta foi entdo alimentada em
um rotor emulsionador (IKA® LABOR PILOT 2000/4), com
capacidade de 200 mL, e processado durante 2 min a 70000 rpm para a
emulsificacdo fina da mistura. O sistema é refrigerado através de
circulagdo de etilenoglicol na camisa do rotor, promovendo a remocao
do calor gerado pelo equipamento e permitindo trabalhar nas
temperaturas de 288,15 a 290,15 K. O tamanho de gota da emulsao
resultante foi medida, de acordo com o procedimento descrito em 3.8.2,
e 0 processo de SFEE imediatamente inicializado.

O experimento de SFEE foi realizado no equipamento apresentado
na Figura 3.3, modificando a posicdo das conexdes de entrada e saida do
precipitador. Testes preliminares indicaram que a emulsdo formada por
Pluronic F127 e extrato do residuo de camardo ndo era estavel,
provavelmente devido as inadequadas solubilidades da fase continua
(solucdo aquosa de surfactante) e da fase dispersa (solugdo de extrato
em diclorometano), e/ou devido a obter-se um valor inapropriado de
balanco hidrofilico-lipofilico (HLB), o qual esta diretamente
relacionado com o poder de estabilidade em um processo de
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emulsificacdo. Assim, o amido modificado Hi-Cap 100 foi utilizado na
concentragdo de 2.4 mQamigo/MLsgua Para substituir a fase continua de
Pluronic F127. As condic¢BGes operacionais utilizadas para o ensaio de
SFEE foram: 100 bar, 313,15 K, 4,0 kgcoz/h, 4,0 mLgmyiszo/min.

O procedimento consistiu em injetar o CO, supercritico dentro da
célula de precipitacdo até alcancar as condicdes de pressdo e
temperatura desejadas e manté-las constantes. Em seguida, a emulsdo
foi injetada na vazdo apropriada até que aproximadamente 200 mL de
amostra fossem processadas. Por fim, o fluxo de CO, puro foi mantido
por mais 15 min, na mesma vazdo de processo, a fim de garantir a
eliminacdo completa do solvente orgénico. Apds a interrupcdo do
suprimento de CO,, o sistema foi despressurizado e a suspensao
removida. A suspensdo resultante foi entdo submetida a andlise de
tamanho de particula em suspensdo, de acordo com o procedimento
descrito em 3.8.2.

3.8 Caracterizacdo dos produtos de encapsulamento em meio
supercritico
3.8.1 Tamanho das particulas encapsuladas

Amostras de particulas produzidas pelos processos de precipitacdo
SAS foram analisadas através de um microscépio eletrdnico de
varredura modelo JSM-820, JEOL, no Laboratorio de Ensayos
Industriales de Castilla y Ledn da UVA. Uma camada de ouro
pulverizado foi utilizada para cobrir as amostras e permitir a reflexdo de
luz durante a avaliagdo das particulas. O tamanho médio de particula foi
medido através do software ZEISS image analysis. No caso do ensaio
SFEE, a suspensdo obtida foi primeiramente seca em spray-dryer (MM-
Basic-PSR, Mobile Minor™) e as particulas resultantes foram ento
analisadas pelo método de MEV descrito previamente. As medidas de
MEV foram realizadas em quadruplicata para cada amostra analisada.

3.8.2 Distribuicéo do tamanho de gota da emulséo e de particula da
suspensao

A distribuicdo de tamanho da gota da emulsdo e de particula da
suspensdao foram medidas utilizando um instrumento de difusdo
dindmica de luz (Autosizer Lo-C, Malvern Instruments Ltd.) no Grupo
de Procesos de Alta Presién da UVA. Este instrumento é equipado com
um laser de diodo (A: 670 nm) e foi configurado para medir tamanhos de
gotas/particulas entre 0,02 e 10 um. A distribuicdo de tamanho foi
determinada para a emulsdo inicial (antes do procedimento de SFEE) e
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para a suspensdo obtida apds o processo de SFEE. O procedimento de
difusdo dindmica de luz foi realizado em triplicata para cada amostra.

3.8.3 Interacdo entre polimero e extrato encapsulado nas particulas
produzidas

A calorimetria diferencial de varredura é uma técnica termoanalitica
aplicada, por exemplo, a particulas produzidas por precipitacdo a fim de
observar o grau de encapsulamento dos compostos de interesse no
polimero. Essa analise concede informacdes sobre a interacdo entre o
composto carregador (polimero) e o material encapsulado, e também
sobre a cristalinidade das substancias comparadas ao composto padréo
(por exemplo, o polimero puro) (COCERO et al., 2009). Neste trabalho,
os perfis diferenciais de calorimetria foram determinados para as
particulas obtidas pelos seguintes procedimentos: SAS em escala
pequena a 100bar, 313,15K, 1.1 (Kgcox/h)/(mLsy/min) e
2,0 MQexirate/ML; SAS em escala grande (critério de 4 e 5 vezes) a
100 bar, 313,15 K, 1:1 (Kgco2/h)/(mLgo/min) € 6,0 MQyexirato/ML; SAS em
escala pequena a 100 bar, 308,15K, 1:1 (kgcox/h)/(mLsy/min) e
6,0 MQexirate/ML. O equipamento utilizado foi o calorimetro diferencial
DSC 822e Mettler Toledo SAE, no Laboratorio de Ensayos Industriales
de Castilla y Ledn da UVA, e as condi¢des de analise foram: atmosfera
de nitrogénio, taxa de aquecimento de 10 K/min, aplicada a
temperaturas entre 303,15 K e 503,15 K.

3.8.4 Eficiéncia de encapsulamento de astaxantina

As amostras de particulas obtidas por todos os processos de
encapsulamento (SAS em pequena e escala grande, SFEE) foram
analisadas quanto ao seu teor de astaxantina de acordo com o
procedimento de CLAE descrito na secdo 3.6.1. As eficiéncias em
encapsulamento de astaxantina foram entéo calculadas pela relagéo entre
0 conteldo de astaxantina presente nas particulas encapsuladas e o
contelido tedrico de astaxantina, o qual representa o contedo total de
astaxantina inserido no vaso de precipitacdo equivalente a 100% de
eficiéncia de encapsulamento.

3.8.5 Estabilidade de cor dos produtos encapsulados

O efeito do processo de encapsulamento na estabilidade de cor do
extrato de residuo de camardo foi determinado através de anélise
espectrofotométrica para todas as amostras produzidas pelos processos
de SAS e SFEE no Grupo de Procesos a Alta Presion da UVA. As
amostras submetidas a andlise de estabilidade seguiram o procedimento
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descrito por Gradinaru et al. (2003). Inicialmente, uma varredura na
regido do visivel foi realizada para o extrato puro em solugéo a fim de
determinar a maxima absorbancia no ambito de comprimento de onda
associado a classe de compostos dos carotendides, entre 430 e 470 nm.
A seguir, 0 extrato puro e as amostras precipitadas foram dissolvidas em
agua destilada nas concentragfes em que a absorbancia inicial estivesse
entre 0,8 e 1,0. Entdo, as solugcdes de amostras foram mantidas a
temperatura ambiente, atmosfera de oxigénio e exposicdo a luz a fim de
induzir a degradacdo dos carotendides. A andlise foi realizada em
triplicata através do monitoramento da degradacdo dos carotendides
através de medidas periodicas da absorbancia até 7 dias de exposicao,
usando um espectrofotdbmetro UV-Visivel (U-2000, Hitachi). Os
resultados foram expressos em percentual de conservagdo de cor,
comparando os dados de absorbancia inicial e os respectivos periodos de
exposicdo a condicdes de degradacéo.

3.9 Anélise estatistica

Os resultados de rendimento de extracdo, contelddo total de
carotendides, contedo dos diferentes carotendides identificados,
capacidade antioxidante e concentragdo efetiva pelo método do DPPH,
capacidade antioxidante pelo método de descolora¢do do B-caroteno,
conteidos de colesterol e triglicerideos (efeito hipolipemiante), ganho
de peso dos camundongos (efeito anti-obesidade) e eficiéncia de
encapsulamento de astaxantina foram estatisticamente analisados
através de analise de variancia (ANOVA) ao nivel de 5 % de
significancia com o auxilio do software Statistica 6.0. Se, segundo a
ANOVA existiu diferenca significativa ao nivel de 5 % de significancia
entre as médias dos tratamentos, deu-se continuidade & anélise aplicando
0 teste de Tukey o qual avalia as diferencas entre os pares de
tratamentos.

3.10 Quadro de experimentos

O Quadro 3.2 apresenta um resumo das atividades realizadas em
funcéo do capitulo onde os respectivos resultados estdo apresentados, e
do periodo de realizacédo durante a totalidade do curso de doutorado.
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CAPI’TUL~O 4: CONSTRUE;AO DO EQUIPAMENTO DE
EXTRACAO A ALTA PRESSAO

As pesquisas relacionadas com a extracdo de carotendides,
compostos fendlicos, antitumorais, antioxidantes, cicatrizantes, entre
outros componentes com propriedades bioativas, vém crescendo muito
nos ultimos anos. Em especial, a utilizacdo de CO, supercritico como
solvente a extracdo dessas substincias bioativas a partir de matérias-
primas naturais ou residuos agroindustriais vem ganhando merecido
espaco devido as inumeras vantagens deste processo perante as técnicas
convencionais, tais como: ser um processo livre de residuos toxicos; nao
necessitar de pos-processamento dos extratos para a eliminacdo do
solvente; ndo provocar a degradacdo térmica dos extratos por permitir o
emprego de baixas temperaturas; prevenir reacBes de oxidacdo pela
auséncia de luz e oxigénio; ser um processo flexivel devido a
possibilidade de ajuste continuo do poder de solvatacdo e seletividade
do solvente (BRUNNER, 1994; MARTINEZ et al., 2004; ROSA e
MEIRELES, 2005; MICHIELIN et al., 2005; DIAZ-REINOSO et al.,
2006).

Assim, a construcdo de um equipamento a alta pressao que permita
trabalhar com pressdes de até 400 bar se torna necessaria para o estudo
da extragdo supercritica de diversas matérias-primas, em especial
residuos agroindustriais, extensivamentente estudados no LATESC.
Este capitulo, portanto, atende ao seguinte objetivo especifico, de
acordo com a se¢do 1.2: projetar e construir uma unidade de extracdo
supercritica para operar com pressdes de até 400 bar e com emprego de
co-solvente para obtencdo de extratos de produtos naturais. Os dados
relativos ao projeto e construgdo do equipamento de ESC estdo
apresentados no Anexo | deste documento.
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CAPITULO 5: SISTEMAS A BAIXA PRESSAO PARA
CONCENTRACAO DE CAROTENOIDES DO RESIDUO DE
CAMARAO ROSA

Este capitulo se refere ao estudo de técnicas de pré-tratamento da
matéria-prima e das técnicas convencionais de extracdo de carotendides
do residuo de processamento de camardo rosa. Este estudo atende aos
seguintes objetivos especificos da presente tese, de acordo com a se¢éo
1.2: avaliar a influéncia das técnicas de pré-tratamento da matéria-prima
(tratamento térmico, secagem e/ou moagem) do residuo de camarao rosa
a fim de liberar os compostos carotendides para a sua extragdo; avaliar o
efeito do solvente e do método de extracdo a baixa pressdo na
recuperacdo de carotendides do residuo de processamento de camardo
rosa; e caracterizar os extratos obtidos pelas técnicas de extragdo com
relacdo ao perfil de carotendides, os espectros no UV-Visivel e no
infravermelno médio. A matéria-prima utilizada neste trabalho foi
obtida no mercado publico de Floriandpolis/SC/Brasil e submetida a
diferentes pré-tratamentos como tratamento térmico, secagem e
moagem, sendo que estes métodos combinados apresentaram a melhor
recuperacdo da  fracdo  carotenoidica da  matéria-prima.
Subsequentemente, foi estudada a eficiéncia de extracdo de carotendides
de sistemas de solventes. Os resultados foram avaliados quanto ao
rendimento de extracdo, o perfil quali/quantitativo de carotenoides, o
rendimento em astaxantina e os espectros no UV-Visivel e no
infravermelho médio (FTIR) dos diferentes extratos. A composicdo dos
extratos  convencionais indicou a acetona e a mistura
hexano:isopropanol como os solventes de maior eficiéncia na extracéo
de carotendides.

O trabalho completo realizado neste capitulo esta apresentado no
formato de artigo, de acordo com o formato exigido pelo periddico
Talanta, o qual publicou este trabalho*.

*Talanta, v.85, p.1383-1391, 2011 (10.1016/j.talanta.2011.06.018)
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Pink shrimp (P. brasiliensis and P. paulensis) residue: Influence
of extraction method on carotenoid concentration

ABSTRACT

The main residue from the shrimp processing is formed by head and
carapace and represents from 40 to 50 % (w/w) of the integral shrimp.
The recovery of the carotenoid fraction from this residue stands for an
alternative to increase its aggregated value. Therefore, the objective of
this study was to use the pink shrimp waste as raw material to obtain
carotenoid enriched extracts, evaluating different pre-treatments and
extraction methods. The shrimp waste was supplied by a local public
market (Florianopolis, SC, Brazil). The investigation of the different
pre-treatments applied to the raw material shows that heat treatment
associated with milling and drying produced the extract richest in
carotenoid fraction. The extraction methods considered in this work
were Soxhlet, maceration and ultrasound by means of different organic
solvents and also a vegetable oil as solvent. The extracts were evaluated
in terms of yield, carotenoid profile, total carotenoid content (TCC),
UV-Visible scanning spectrophotometry and mid-Fourier transform
infrared spectroscopy (FTIR). The results indicate that shrimp waste can
provide carotenoid enriched extracts, particularly astaxanthin, in
concentrations up to 252 UQastaxanthin/Jextract: 1he most adequate solvents
were acetone and hexane:isopropanol (50:50, v/v) used in the
maceration procedure. The UV-Vis results revealed the presence of
carotenoids and flavonoids in the extracts while the FTIR spectroscopy
indicated the existence of fatty acids, proteins, and phenolics.

Keywords: Total carotenoid content; Astaxanthin; UV-Vis
spectrophotometry; FTIR.

5.1 Introduction

According to the Food and Agriculture Organization of the
United Nations (FAO), the worldwide capture production of marine
crustaceans was, in 2009, the total of five thousands ton (FAO, 2010).
The Brazilian participation in this global production is continuously
increasing, particularly in the State of Santa Catarina, which is the
largest Brazilian producer of marine fishery. In 2007, the Santa Catarina

96



Cap.5: Sistemas a baixa pressdo para extragdo de carotendides de residuo de camardo

State (Brazil) reached 39 % increase in the crustacean production,
compared to 2006 (IBAMA, 2008).

The shrimp, one of the major crustacean’s subclasses, can be
commercialized fresh (in natura) or processed. The processed shrimp
generates an industrial waste composed mainly by head and carapace, or
the cephalothorax (HUANG et al., 2010). The head consists of 35 % to
40 % w/w of raw material, whereas the carapace is around 7% wi/w.
Therefore, these residues represent from 40 to 50 % w/w of raw material
(SIMPSON and HAARD, 1985) and are potentially considered as
environmental contaminants when improperly disposed (SHAHIDI and
SYNOWIECKI, 1991; FAMINO et al., 2000).

The shrimp residue is a potential source of food ingredients due the
presence of important components in the cephalothorax. Therefore, the
study and the development of new products by means of the shrimp
residue, such as extracts, is relevant because of the high aggregated
value of the final product (residue extract) and because of the reduction
in the environmental impact due to the processing of shrimp residue.
Consequently, the shrimp waste can be used to obtain extracts that
contain carotenoid components, like astaxanthin, which are bioactive
substances highly demanded by the food and pharmaceutical industries.

The strong association between the carotenoids and other
macromolecules from the residue, such as proteins and fatty acids,
demands an adequate raw material pre-treatment. According to
literature, the most successful pre-treatments used to recover carotenoids
from microorganisms, crustaceans and algae are: heat treatment and
drying (PERDIGAO et al., 1995), ultrasound, chemical treatment with
liquid nitrogen and dimethyl sulfoxide (KAISER et al., 2007; MACIAS-
SANCHEZ et al., 2009), milling and acid or enzymatic hydrolysis by
means of lysozyme, lipase, lyticase or catalase (OMARA-ALWALA et
al., 1985; KAISER et al., 2007; GU et al., 2008).

Organic solvents have been used for the extraction and recovery of
carotenoids from natural sources (MEYERS and BLIGH, 1981;
TAUNGBODHITHAM et al., 1998; LOPEZ et al., 2004) and their
efficiency is related to the high temperatures used and to the solvent-
solute interactions (MARKOM et al., 2007). After the extraction, the
recuperation of the solvent is essential due to environmental and
economical problems. The limitations of the organic solvent extraction
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procedures, the so called conventional methods, are: high energy costs;
elevated amount of solvent; time consuming process; use of high
temperatures, affecting thermo labile substances; and presence of
solvent vestiges in the solute (extract) (CAMPOS et al., 2008;
ALMEIDA et al., 2010).

Vegetable oils have also been successfully used as solvents for the
extraction of carotenoid components from vegetal sources and
crustaceans (MEYERS and BLIGH, 1981; SHAHIDI and
SYNOWIECKI, 1991; GILDBERG and STENBERG, 2001). The
advantage of using vegetable oils is that they are considered a good
barrier against oxygen, which reduces the oxidation processes. The
vegetable oils can also contribute as energy source if the product
(carotenoid in vegetable oil) is subsequently applied in foods
formulations (SHAHIDI and SYNOWIECKI, 1991 ).

Therefore, considering the environmental, economical, quality and
process aspects discussed above, the main objective of this work is to
evaluate the application of pink shrimp residue as a source of carotenoid
compounds. Different pre-treatments of the raw material were evaluated
in order to make the carotenoid fraction available for the extraction
procedures, performed by different techniques and solvents. The
methods were then evaluated by the characterization of the extracts by
means of the analysis of the chemical composition and the recovery
efficiency of the carotenoid fraction from the shrimp residue.

5.2 Materials and methods

The procedure proposed in this work consisted of: (a) selection of the
pre-treatment for the raw material, including heat treatment, drying and
milling, according to the carotenoid content of the treated material,
measured by a classical extraction procedure; (b) study of different
extraction methods: after defined the adequate pre-treatment (selected in
step a), the treated raw-material was submitted to different extraction
procedures (Soxhlet, maceration and ultrasound, with different organic
solvents and with edible oil as solvent) and the resulting extracts were
evaluated in terms of carotenoid profile. The experimental procedures
are detailed below.
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5.2.1 Raw material

The raw material consists of pink shrimp (P. brasiliensis and P.
paulensis) waste, composed essentially by head, carapace, and tail. The
residue was provided by Peixaria Nelson Santos (Floriandpolis, Santa
Catarina, southern Brazil), sited at the local public market. The residue
from the shrimp processing was supplied as one sample, representative
from the high season production in May, 2010.

5.2.2 Pre-treatment methods

The shrimp waste was submitted to the following pre-treatments,
before the extraction procedures: (a) in natura (without pre-treatment),
(b) in natura milled; (c) dried and milled; (d) heated, (e) heated and
milled; (f) heated, dried and milled, according to the procedures detailed
in section 3.2. The efficiency of different pre-treatments was evaluated
according to the availability, for the extraction, of the carotenoid
compounds present in the pre-treated raw material. The effectiveness of
these procedures was determined by the classical method of extraction
and the carotenoid quantification according to the methods detailed in
sections 5.2.3 and 5.2.4, respectively.

5.2.3 Classical method of carotenoid extraction

The extraction of pigments from the carotenoid family followed the
classical method presented by Chen and Meyers (1982) and was
performed in triplicate. Briefly, 5 g of shrimp waste samples (in natura
and pre-treated) were added to 200 mL of a solvent mixture (petroleum
ether: acetone: water, 15:75:10, v/v/v), left to rest for 24 h at 278.15 K
(protected from light), filtered, and the lipid fraction was evaporated in a
rotary evaporator with reduced pressure (550, Fisatom). The results
obtained were expressed as extraction yield in % w/w in dry basis.

5.2.4 Total carotenoid content (TCC)

The total carotenoid content (TCC) was based on the carotenoid
profile results (section 5.2.6.1) by considering the integration of the all
carotenoid components present in the extract samples. The TCC was
evaluated for the pink shrimp extracts obtained by the conventional
method of carotenoid extraction (section 5.2.3), applied for the samples
submitted to the different pre-treatments (section 5.2.2). The TCC
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analysis was performed in triplicate and the results were expressed in
ug/g of extract.

The most adequate pre-treatment, selected among the procedures
described in section 5.2.2 for use in the second part of this work (study
of the different extraction methods), was defined based on the higher
TCC value, allied with the higher extraction yield by the classical
method (section 5.2.3).

5.2.5 Extraction techniques

The different extraction techniques, applied to the pre-treated shrimp
residue (pre-treatment selected according to section 5.3.1), were
compared in terms of yield and extract characterization. The pre-treated
raw material was also characterized in terms of the following physical-
chemistry aspects: total nitrogen content, moisture content, and total ash
content, according to the A.O.A.C. (1990) methods 991.20, 925.09 and
923.03, respectively (for details, please see section 3.3). The results are
expressed in % w/w, wet basis (w.b.).

The extraction methods studied in this work (Soxhlet, maceration,
ultrasound and vegetable oil extraction) are described below (for details,
please see section 3.4).

5.2.5.1 Soxhlet extraction (SOX)

Soxhlet extraction (SOX) method was performed in triplicate and
based on the procedure described by Campos et al. (2008). Briefly, the
raw material (5 g) was packed inside a cartridge and transferred to a 250
mL extractor device and submitted to 8-hour recycling extraction with
150 mL solvent at boiling temperature. The extraction was performed
with the following solvents (P.A., Nuclear, CAQ Ind. e Com. LTDA,,
Brazil): n-hexane (Hx); ethanol (EtOH); acetone (Ac); isopropanol and
isopropanol:hexane (50:50, v/v). All of the used solvents are authorized
by General Recognized as Safe (GRAS) solvents and are usually used in
food industry (FOOD AND DRUG REGULATION, 2005). The extracts
were concentrated in a rotatory evaporator and the extraction yield was
calculated in dry basis (d.b.) and expressed in % w/w, d.b.
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5.2.5.2 Maceration (MAC)

The maceration (MAC) method consists in a cold extraction of the
pre-treated shrimp residue in organic solvent to avoid thermal
degradation. The procedure was performed according to Sachindra et al.
(2006). Briefly, it consists of transferring 25 g of the sample into 100
mL of selected organic solvent for five days at room temperature, light
protection and one daily manual agitation. Each extraction was
performed in triplicate using the solvents Hx, EtOH, Ac, IPA, and the
binary Hx:IPA (50:50, v/v). The mixture of raw material, extract and
solvent was separated by means of cellulose filtration, followed by
concentration under vacuum. The extraction yield was calculated in dry
basis (d.b) and expressed in % w/w, d.b.

5.2.5.3 Ultrasound extraction (UE)

The ultrasound extraction (UE) was performed in triplicate and
adapted from Gu et al. (2008). Briefly, it consists of adding 5 g of raw
material in 150 mL of EtOH, maintaining the solution into an ultrasound
apparatus  (UtraCleaner 700, 55 kHz, 40 VA, Unique,
Indaiatuba/SP/Brasil) for 10 min. The extract was separated from the
raw material by centrifugation (Q222T, Quimis) at 2,000 g for 20 min
and concentrated under vacuum. The extraction yield was then
calculated in dry basis (d.b) and expressed in % wi/w, d.b.

5.2.5.4 Hot and cold oil extraction (OilH and OilC)

The extraction methods using vegetable oil as solvent were classified
according to the solvent temperature. The cold extraction (OilC) and the
hot extraction (OilH) with vegetable oil, performed according to the
procedure presented by Sachindra and Mahendrakar (2005) and realized
in triplicate. The extraction yield was evaluated using sunflower oil and
soybean oil as solvents (Liza, Cargill Inc.). The method consists of
mixing 10 g of raw material with 40 mL of vegetable oil in a 250 mL
flask (light protected), submitted to hot plates with 2h-agitation period at
room temperature (OilC) or at 343,15 K (OilH). Further, the oil extracts
were recovered by cellulose filtration. The final product of hot and cold
oil extraction, differently of other extractions methods performed
(MAC, SOX and UE), is an oily product enriched of carotenoids. Then,
the extraction yield of OilH and OilC was quantified by the total
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carotenoid content, as expressed by section 5.2.6.1, and they are referred
to the pigments (carotenoids) extraction yield.

5.2.6 Extract characterization

The characterization of the different extracts from shrimp residue
obtained by the various extraction methods (section 5.2.5) was
determined in terms of carotenoid profile, UV-Visible spectrum and
Infrared spectroscopy, as presented below:

5.2.6.1 Carotenoid profile

Shrimp residue extracts, obtained through the above described
protocols, were properly homogenized in n-hexane (2 mL) and the
resulting solution was centrifuged at 3,000 g during 5 min. The extracts
were analyzed by high performance liquid chromatography (HPLC) and
followed the procedure described by Kuhnen et al. (2009), as
extensively described in section 3.6.1. The results obtained by HPLC
analysis was expressed in terms of (1) carotenoids concentration,
obtained by the relative quantification of each components; (2) total
carotenoid content (TCC), obtained by the sum of the amount from all
carotenoids indentified; (3) astaxanthin yield calculated considering
extraction yield (section 5.2.5) and the astaxanthin content.

5.2.6.2 UV-Visible spectrum

The extracts (20 mg) were transferred to amber flasks, homogenized
with 10 mL of n-hexane and, then, manually agitated. The UV-Visible
scanning profile of samples was obtained through an UV-Visible
spectrophotometer (Hitachi, model U-1800), for a spectral window of
200 to 750 nm, and performed in triplicate.

5.2.6.3 Infrared Spectroscopy

The mid-Fourier transform infrared (FTIR) vibrational spectroscopy
analysis was carried out using a Bomem spectrometer (FTLAZ2000,
Bomem, Inc. Quebec, Canada) equipped with DTGS (deuterated
triglycine sulfate) detector, according to the method of Silverstein
(1979), described in section 3.6.3. The extracts samples analyzed by the
FTIR procedure were obtained by maceration with ethanol and by
acetone, selected for this analysis because of their discrepant profiles
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(different classes of components detected, as presented in section
5.3.2.4) determined by UV-Vis scanning spectrophotometry in
comparison to other samples.

5.2.7 Statistical Analysis

The extraction yield, the TCC results and the carotenoid contents
from HPLC were statistically evaluated by a one-way analysis of
variance (ANOVA), using the statistical package Statistica for Windows
6.0 (Statsoft Inc., USA). The significant differences at level of 5 % were
analyzed by Tukey test.

5.3 Results and discussion
5.3.1 Raw material pre-treatment

The yield and the TCC values, by means of the classical carotenoid
extraction, for all pre-treatments applied to the shrimp residue are
presented in Table 5.1. According to these results, the lowest yield was
achieved by the in natura sample (a), when no pre-treatment was used
(12 £ 3 %). This yield result was statistically equal to all values from
other samples, except for the heated/dried/milled sample which,
otherwise, showed the highest yield value (23.5 £ 0.5 %).

Comparing the yield data from Table 5.1 for the pre-treatments (a),
(b), (d) and (e) we observe that, the milling procedure did not
statistically improve the extraction yield. The effect of heat treatment
and drying pre-treatments is observed by comparing the results for
assays (a)-(d); (b)-(e) and (b)-(c), where no statistically significance was
detected on vyield results. Besides that, the heat treatment procedure
affected significantly the extraction yield, especially when combining
drying and milling processes, as observed comparing assays (a) and (b)
with (f). These results suggest that milling and drying processes do not
significantly affect the yield results for non heated samples, probably
because the heat treatment procedure breaks the carotenoid-protein
complex from the raw material, increasing the extraction yield.

The conventional extraction method provided the maximum TCC
value of 34.2 + 0.5 Ug/Qexiract fOr the (d) heated sample, followed by
29.2 £ 0.3 M0/Qextract Or the (f) heated/dried/milled sample, while the
minimum TCC value was 14.2 = 0.2 ug/Qexract fOr the (a) in natura
sample (Table 5.1). The milling procedure affected significantly the
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TCC values for in natura samples (milled and not milled), probably due
to the increase in the amount of exposed solute (outside the solid
particles), caused by the enlargement in surface area with the particle
size reduction and, then, enhancing the mass transfer by the convection
mechanism. In addition, the particles reduction is operationally
necessary and diminishes the solvent pathway to reach the solute inside
the solid matrix, e.g., improving the diffusion mechanism (MEZZOMO
et al., 2009).

Table 5.1 Extraction yield (EY), total carotenoid content (TCC) em
process productivity for extracts of pink shrimp (P. brasiliensis and P.
paulensis) waste submitted to different pre-treatments and obtained by

the conventional extraction.

. Solvent TCC Process
Raw material - EY (wiw 2 e
Assay pre-treatment polarity %, d.b.)%> (M9/Qextract)”  productivity
Index’ " (EY x TCC)
(@ Innatura 474 12+3% 142+0.2° 170
(b)  Innatura milled 4.74 16+3* 18.1+0.2° 290
(c) Driedand milled 474 18.6+02* 15%1° 279
(d) Heated 474 15+2* 342+05° 513
() Heated and milled 4.74 135+06% 27+1° 365

) ';]?ﬁfdd' dried and - 74 535+05° 29.2+0.3° 686
'BYERS, 2009; Same letter same column indicate no significant difference (p <
0.05); *Obtained by the conventional method for carotenoid extraction for 24 h, in a
solvent/raw material ratio of 40 mL/g.

Perdigdo et al. (1995) evaluated the carotenoids extraction from in
natura and cooked lobster carapaces and reported low extraction yield
from in natura samples (without heat treatment) compared to the heated
ones. The authors suggested that the heat treatment process can break
the carotenoid-protein complex, releasing the carotenoid compounds
and facilitating its extraction. Additionally, the authors concluded that a
higher extraction yield was obtained for lower moisture content,
emphasizing the importance of the drying procedure. Hornero-Méndez
and Minguez-Mosquera (2007), studying the heat treatment effect on
carotene bioavailability in carrots reported that, although thermal
treatment during heat treatment showed a negative impact on the
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carotenoid content, it also promotes a positive effect on carotene
micellarisation and, therefore, on their bioavailability.

The heat treatment effect on carotenoid recovery was also observed
in the present study. The best pigment recovery, represented by the
highest TCC values, was achieved by the heated samples, as presented
in Table 5.1. The use of “heat treatment” as the only pre-treatment
process results in higher TCC value, when compared to
heated/dried/milled procedure, although it provides lower extraction
yield. Otherwise, the sample pre-treated combining all procedures (heat
treatment, drying and milling) reached observing the process
productivity (extraction yield x total carotenoid content) and, then, it
was consider the most important procedure to improve the carotenoid
extraction (higher extraction efficiency). As a consequence, this pre-
treatment procedure (heat treatment/drying/milling) was selected for the
following studies to evaluate the different extraction techniques.

5.3.2 Extraction techniques
5.3.2.1 Extraction yield

According to the results for the pre-treatment evaluation (Table 5.1),
the raw material submitted to heat treatment, drying, and milling
presented the best results (yield and TCC) and was selected for the
extraction systems study. Therefore, the pre-treated raw material was
evaluated according to its physical-chemical composition and the results
revealed a total nitrogen content of 26.09 +0.01 % (w/w, w.b.), a
moisture content of 46.30 + 0.06 % (w/w, w.b.), and an ash content of
172 % (w/w, w.b.). The predominance of proteins and minerals
(nitrogen and ash contents) from the shrimp residue studied in this work
was also detected by Heu et al. (2003) for the residue from Nothern pink
shrimp (P. borealis) and spotted shrimp (SS, Trachypena curvirostris).
The protein content of 26.09 + 0.01 %, observed in this work (residue
from P. brasiliensis and P. paulensis), was superior to the head residue
from other shrimp species presented in the literature (BABU et al.,
2008), e.g., P. mondon (11.3 %), P. indicus (12.3 %), and M. monocerus
(11.2 %). The mineral content of 17 £2 % was also superior to that
observed by Babu et al. (2008), which varied from 8.2 % to 11.8 % for
the species cited above. The differences between the physical-chemical
results of raw material from the present work and from the literature
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suggest the influence of shrimp species and the part of shrimp waste
treated.

The extraction yield and TCC values for the heated, dried and milled
raw material (pre-treatment), obtained by means of the different
extraction techniques are presented in Table 5.2, together with the
solvent polarity index, the solvent/solid ratio and the extraction time.
Comparing the conventional method of carotenoid extraction (Table 5.1)
with other extraction techniques (Table 5.2), it was observed that only
the Soxhlet with ethanol method presented an extraction yield much
higher than the conventional method, with values of 68 +6 % and
23.5 £ 0.5 %, respectively. Alternatively, when we compare the results
in terms of TCC values, the data from Table 5.2 indicate several
procedures more efficient in obtain carotenoid compounds, with values
up to 253 * 7 g/gexiract TOr the maceration with acetone, compared to the
value of 29.2 + 0.3 g/Qexract TOr the conventional result (Table 5.1). The
conventional method (Table 5.1) requires high amount of solvent and 24
hours of extraction time to obtain yield and carotenoid values inferior to
the ones reached by other non conventional extraction procedures
(maceration with hexane, hexane:isopropanol, acetone, ethanol; Soxhlet
with: hexane, hexane:isopropanol, isopropanol, acetone; and ultrasound
with ethanol — Table 5.2). The results from Table 5.2 show the
importance of the optimization of the extraction techniques to achieve
the maximum TCC value. Furthermore, because of the considerable
guality of the extracts (high TCC values) obtained by the extraction
methods listed in Table 5.2, we suggest that pink shrimp residue is a
suitable raw material to obtain valuable by-products.

Evaluating the results from Table 5.2 we detect that Soxhlet method
shows higher yield values compared to maceration, for the same solvent
applied. As observed by Mezzomo et al. (2010), the high temperature,
the solvent recycle and the solvent/solute interactions, detected in
Soxhlet method contributed to the highest solubilization of components
from the raw material. Also, the use of solvent in its boiling temperature
reduces its viscosity and surface tension, allowing the solvent to reach
easier the soluble substances inside the solid matrix (MARKOM et al.,
2007).

Maceration procedure using ethanol and isopropanol (Table 5.2)
shows extraction yield comparable to conventional method using the
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same pre-treatment (Table 5.1). Moreover, maceration does not require
the use of heating system during extraction and applies low amount of
solvent (4 mL/graw material), @lthough high extraction times are needed.
According to the literature, xanthophylls such as astaxanthin, which
contain oxygenated groups in their PB-ionone rings, are adequately
extracted by polar solvents like ethanol and isopropanol (MEYERS and
BLIGH, 1981; GOUVEIA et al., 2007; GU et al., 2008).

The sample obtained by ultrasound with ethanol showed satisfactory
extraction yield, similar to data obtained by Soxhlet with hexane,
isopropanol and acetone, and maceration with ethanol and isopropanol.
Ultrasound can facilitate swelling and hydration of the shrimp waste,
allowing an enlargement in the pores present on matrix cells from the
raw material. This effect improves the diffusion process, enhancing the
mass transfer of soluble constituents from solid material to solvent
phase, especially by diffusion (MACIAS-SANCHEZ et al., 2009;
BENELLI et al., 2010). Additionally, ultrasound method can use
moderate extraction temperatures and very low process time such as the
10 min applied in the present work, which is equivalent to 1/48 and
1/720 times lower than Soxhlet and maceration processes (Table 5.2),
respectively.

Extractions using vegetal oil as solvent resulted in low yields for all
conditions applied (type of vegetable oil and process temperature),
where no significant difference (p < 0.05) was detected among data,
when compared to other techniques (maceration, Soxhlet and ultrasound
extraction). Despite that, vegetable oils can be used in a combination
with other solvents to improve the extract quality, and the knowledge of
the extracting conditions is valuable. Therefore, we applied statistical
analysis among the results for oily solvents (OilC and OQilH), searching
for process optimization. The results, showed in Table 5.2 (superscript
Greek letters), indicate that soy oil was better than sunflower at room
temperature, while the opposite was detected at higher temperature. The
increase in temperature with soy oil as solvent also reduced significantly
the carotenoids extraction yield (from 44 + 4 x 10 to 25.15 + 0.05 x 10
*9). This behavior probably occurred because carotenoids are heat-
sensitive compounds that can be degraded at high temperatures.
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5.3.2.2 Total carotenoid content

The TCC results for the different extraction systems are shown in
Table 5.2. Comparing these data with the result obtained by the classical
extraction method (Table 5.1) for the sample heated/dried/milled (29.2
+ 0.3 U0/Qexrract) We oObserve that the methods listed in Table 5.2
presented higher TCC values, except for the sample obtained by Soxhlet
with ethanol (25.6 £ 0.5 pg/Qexract), DY maceration with isopropanol
(26 £ 1 Hg/Qexract) @and by ultrasound samples. These results indicate that
the optimization of the carotenoid recovery from the shrimp processing
waste is feasible by selecting the suitable extraction technique.

The highest TCC observed was 253 + 7 U0/Qexract, fOr the sample
obtained by maceration using acetone, followed by Soxhlet with
hexane:isopropanol (198 * 3 UQ/Qextract).  Samples  obtained by
maceration with hexane:isopropanol and by Soxhlet with acetone, with
isopropanol and with ethanol also presented satisfactory TCC values
(Table 5.2) when compared to classical extraction method (Table 5.1).
Actually, astaxanthin can be successfully extracted by alcohols and
acetone as solvents due to their high polarity, justifying the results from
the present study and suggesting that acetone is the best solvent for
carotenoid extraction from P. brasiliensis and P. paulensis residue.

Comparing the extraction techniques in terms of total carotenoid
content, maceration with acetone was statistically superior to other
methods, probably because the non-requirement of a heating system
during extraction, which avoids the carotenoids thermal degradation,
and the high contact time between solvent and raw material.
Subsequently, Soxhlet also presented satisfactory TCC, probably due to
the high diffusion and solubilization power promoted by this technique,
resulting in a good amount of carotenoids extracted from the raw
material (MEZZOMO et al., 2010). This behavior can be observed when
comparing the extraction methods maceration (low temperature process)
and Soxhlet (high temperature process) by means of the same solvents
(hexane, ethanol and acetone). The results from Table 5.2 show that, in
general, maceration samples presented superior TCC values compared
to Soxhlet samples, except when isopropanol was used as solvent (pure
or in mixture), probably because of the solute/solvent interactions and to
the association between carotenoids and macro elements from the
shrimp residue.
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The ultrasound method is also a promising alternative for processing
shrimp residues with no heating application, because ultrasound allows
good extraction yield, although the TCC was low. Therefore, the results
from Table 5.2 suggest that the ultrasound method is adequate for the
extraction of different groups of compounds (instead of carotenoids),
such as lipids and proteins. Alternatively, the carotenoid extraction can
be optimized by increasing the extraction time or using other solvent,
such as acetone or hexane:isopropanol mixture.

Extraction with vegetal oils as solvent presented the lowest
carotenoid content values, contrasted to other techniques (Table 5.2).
Additionally, considering only the samples obtained by vegetable oil
extraction we detect: (1) samples obtained by hot vegetal oils have TCC
values statistically lower than samples obtained by cold oils, probably
due to the low stability of carotenoids in high temperatures; (2)
considering the cold oil results, soy oil produced the highest TCC
compared to sunflower oil. For instance, the presence of the thermo
sensible unsaturated fatty acids, such as linolenic acid from the soy oil
(ANTHONISEN et al., 2007), enhance the interactions among the
components presented in the shrimp residue, improving the carotenoid
extraction. Besides the low carotenoid content obtained by vegetable
oils, in defense of these solvents are the protection against oxidation, the
selectivity enhancement and the supply of energy for food products
(MEYERS and BLIGH, 1981; CHEN and MEYERS, 1982; SHAHIDI
and SYNOWIECKI, 1991; GOUVEIA et al., 2007).

5.3.2.3 Carotenoid profile

The carotenoid profile determined by HPLC, for the extract samples
from the shrimp residue, obtained by the various methods (Soxhlet,
maceration, ultrasound, extraction with cold and hot oil) and solvents
(hexane, hexane:isopropanol, isopropanol, acetone, ethanol, sunflower
and soy oils) are presented in Table 5.3.

The results from Table 5.3 show that astaxanthins in free and
esterified forms are the most abundant components among the
carotenoids (total carotenoids content) present in the shrimp residue
extracts, independently of the extraction technique applied. The
astaxanthin in its free form is unstable and extremely sensitive to factors
such as light, oxygen, acidity, and heat (GUERIN et al., 2003). Under
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these conditions, the free component is very susceptible to a variety of
oxidative conversions, degradation, and isomerization processes.
Nevertheless, because of the high possibility to link with free radicals,
the astaxanthin in its free form also presents high antioxidant power
(STOREBAKKEN et al., 2004).

The concentration of astaxanthin in the free form decreased
progressively for the extract samples obtained by: maceration with
acetone (131 + 2 Hg/Jextract), Soxhlet with ethanol (23.0 + 0.7 P9/Jextract)
extraction with hot oils (from 0.9 £0.4 to 1.9 £ 0.1 Ug/Qextract), and
extraction with cold oils (from 0.468 £ 0.003 to 0.67 £ 0.05 PQ/Jextract)-
These results were found probably because astaxanthin in free form has
lower molecular chain compared to the esterified form, especially when
linked to fatty acids, resulting in a better extraction performance for
more polar solvents. These methods also reached high extraction yield
values (Table 5.2), and consequently low selectivity, i.e., allowed the
extraction of chemically distinct compounds (besides carotenoids).

The free astaxanthins can be stabilized by esterification with fatty
acids, forming monoesters or diesters of astaxanthin, or with proteins,
forming carotene-protein complex (GUERIN et al., 2003). The
concentration of astaxanthin in the esterified form is presented in Table
5.3 for the extract samples obtained by the different procedures. The
values decreased progressively for the extract samples obtained by
Soxhlet with hexane:isopropanol (197 £ 3 g/Qexract) @nd by maceration
with hexane:isopropanol (154.2 £ 0.5 ug/Qexiract) and with pure hexane
(138 + 3 U0/Qextract). These treatments used pure solvent or solvent
mixture with low polarity index (from 0.00 to 1.95 - Table 5.2). The
polarity of the esterified form of astaxanthin depends on the linked
molecule, i.e., proteins enhance the astaxanthin polarity whereas fatty
acids reduce it. Therefore, the higher concentration of the esterified
form obtained by solvents with low polarity index implies that the pink
shrimp extracts are probably mainly esterified by fatty acids (lower
polarity), instead of protein (higher polarity). Additionally, the esterified
astaxanthin was more efficiently extracted by maceration, probably
because of the low temperature and longer contact time between solvent
and raw material, compared to other methods.

Besides astaxanthin, secondary metabolite components such as -
cryptoxanthin, a-carotene and [-carotene were also detected in the
extracts, mainly for the maceration samples (Table 5.3). The maceration
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treatments provide extracts with higher variety and quantity of
secondary metabolites, probably due to the longer contact time between
solvent and raw material, compared to other methods.

The B-cryptoxanthin is the second most representative carotenoid
type detected for the shrimp extracts. The sample obtained by
maceration with hexane provided the higher concentration of -
cryptoxanthin (49 £ 1 pg/Qextract), followed by Soxhlet with hexane
(4.8 £ 0.1 Yg/Qextract) @and maceration with ethanol (4.2 = 0.5 Ug/Qextract)-
Structurally, B-cryptoxanthin is closely related to p-carotene, differing
only by the addition of a hydroxyl group to one of the -ionone ring.
Because of its chemical structure, B-cryptoxanthin has antioxidant
properties, preventing free radical damage to cells and DNA and some
pro-vitamin A activity (LIAN et al., 2006). Recent findings of an inverse
association between [B-cryptoxanthin and lung cancer risk in
epidemiological studies suggest that B-cryptoxanthin could potentially
acts as a chemo preventive agent against lung cancer (LORENZO et al.,
2009). Due to the importance of B-cryptoxanthin properties, its high
amount in extract obtained by maceration with hexane suggests its
potential use as a bioactive product.

The component a-carotene is a primary form of carotene differing
from B-carotene by the position of a double bond in the aromatic ring.
This carotenoid has shown suppressor growth activity of tumors and
cancers, by means of paralyzing the cellular multiplication (FOX et al.,
1970). In the present work, o-carotene was detected in low
concentrations only for the sample obtained by maceration with hexane
and with hexane:isopropanol (Table 5.3).

The B-carotene is a natural pigment with a wide variety of market
applications, such as food coloring and antioxidant agent, precursor of
vitamin A (retinol) in food and animal feed, and additive to cosmetics
and to multivitamin preparations. Moreover, the biological potential
depends on the predominance of the cis-isomer of B-carotene, which is
more efficient in protecting against oxidative damage than the trans-
isomer (JIMENEZ and PICK, 1993). The results from Table 5.3 shows
that cis-p-carotene was only detected in samples obtained by maceration
and Soxhlet methods using solvent mixture of hexane and isopropanol.

Considering the total astaxanthin content (free and esterified forms),
the results from Table 5.3 inform that maceration was the most adequate
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method and acetone was the best solvent to extract astaxanthin from
pink shrimp residue. The ultrasound method was not efficient for
astaxanthin extraction, probably because of the low contact time
between solvent and raw material, and also due to the use of ethanol, a
solvent with low selectivity to astaxanthin. As for TCC results, the
extraction with vegetal oils presented the lowest total value (Table 5.2).
On the other hand, this method provided extracts enriched in astaxanthin
among the identified carotenoids, which suggests a highly selective
procedure, although it is necessary to optimize the yield of the
extraction method.

Furthermore, the higher concentration of the esterified astaxanthin
(Table 5.3), contrasted to the fact that the free form is biologically more
active, advice for the necessity of the samples hydrolysis to release the
free astaxanthin (BUENO-SOLANO and LOPEZ-CERVANTES, 2009).

Complementarily, there is a lack of studies about carotenoid profile
of shrimp residues, particularly Penaeus brasiliensis and Penaeus
paulensis, mostly related to the astaxanthin content in the lipid fraction.
Therefore, in order to compare our results with literature data, we
considered information related to shrimp and other marine species. The
highest astaxanthin concentration (Table 5.3) was obtained by
maceration with acetone (252 * 6 Ug/Qexiract), @ Value superior to the one
obtained by Sachindra et al. (2005), for head and carapace Indian shrimp
(from 35.8 to 153.1 pg/g), and by Omara-Awala et al. (1985), for
crawfish puree (123 pg/giipia). Also, our results (Table 5.3) were similar
to the ones obtained by Pacheco et al. (2009) for shrimp (Litopenaeus
sp.) residue (280 pg/Gsige). The variation was probably caused by
differences in the environmental conditions, species, astaxanthin
quantification methods, and other variables like particles size,
temperature, moisture content and residue/solvent ratio.

The most productive extraction procedure was defined by the
astaxanthin yield (process yield x astaxanthin content). The results for
the different methods studied, compared to the standard sample
(heated/dried/milled extract obtained by the conventional method of
carotenoid extraction — Table 5.1) are presented in Figure 5.1 in terms of
MGastaxanthin/0 OF dried raw material (RM).

The data from Figure 5.1 show that: Soxhlet with
hexane:isopropanol and with acetone reached the highest astaxanthin
yields (21 + 1 and 20 + 2 pgastaxantnin/@ RM, respectively), followed by
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maceration with ethanol and Soxhlet with isopropanol and with ethanol
(18.3£0.6, 17+ 1 and 17 £ 1 MQastaxanthin/Grm, respectively). The good
performance in terms of astaxanthin yield obtained by Soxhlet with
ethanol was probably caused by the higher extraction yield of this
method (68 % w/w, d.b.), and not to the relative content of astaxanthin
(25.2 MO/Qextract), Unlike the extract obtained by Soxhlet with
hexane:isopropanol,  which  the high  astaxanthin  content
(197 + 3 n0/Qexiract) Was a result from a more selective extract.
Therefore, Soxhlet with hexane:isopropanol could represent a viable and
interesting choice to obtain astaxanthin enriched extracts from pink
shrimp residue, with application in the pharmaceutical and food
formulations. Additionally, a complete economical analysis is necessary
to provide an industrial application for each extraction technique, as
observed and studied by Mezzomo et al. (2010).

0.80

19.20

17.60

16.00

1440

12.80

11.20

9.60

300

640

180

320

Lo0 ' .

m B
T I A
A & A L &

: &«
& o ¥ o Y P

: ) R
o & &Sy

Astaxanthin yield (ng g, marersar 4-b.)

Figure 5.1 The astaxanthin yield from the shrimp residue extracts
obtained by different methods (MAC = Maceration; SOX = Soxhlet
extraction; HxIPA = hexane:isopropanol; Ac = acetone; EtOH =
ethanol; IPA = isopropanol) and by the standard sample
(heated/dried/milled pre-treatment and conventional technique of
carotenoid extraction).

Finally, the high extraction yield values allied with low astaxanthin

yield, for some extracts from pink shrimp residue, indicates that other
components, besides carotenoids, are present in the samples. This
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behavior advises further chemical investigation of the extract samples.
Therefore, a complementary study was performed by UV-Visible
scanning spectrophotometry and vibrational infrared spectroscopy
(FTIR), which can provide a better evaluation of the chemical
composition of the extracts.

5.3.2.4 UV-Vis scanning and Infrared spectroscopy (FTIR)

The UV-Vis spectra (200—750 nm) of the shrimp extracts show a
different chemical profile according to the extraction procedure used to
obtain the samples investigated (Figure 5.2). According to Figure 5.2,
the sample obtained by maceration with hexane presented two main
bands: one at 280-300 nm, characterizing phenolic compounds,
especially flavonoids; and other at 430-480 nm, typically illustrating the
occurrence of carotenoids (HARBORNE, 1976). Maceration and
Soxhlet with ethanol produced extracts with a large group of
components detected between 300 and 750 nm, which suggest the
presence of flavonoids, carotenoids, phenolic compounds, among others.
Ultrasound with ethanol showed maximum absorbances in the visible
range (from 300 to 500 nm — Figure 5.2), inferring the presence of
flavonoid-like compounds, besides carotenoids (HARBORNE, 1976).
The extract obtained by cold sunflower oil showed the highest
absorbance at 280-300 nm, characteristic of flavonoids (anthocyanins),
differently from the sample obtained by hot soy oil, which presented the
highest band intensity at 400-480 nm, suggesting that the soy oil, in
comparison with sunflower oil, promoted highest carotenoid extraction
(Figure 5.2). Finally, maceration with acetone showed maximum
absorbances with high intensity at 300 to 350 nm, also inferring the
presence of flavonoid-like compounds. The probable presence of these
components in the extracts, especially flavonoids, can be attributed to
the content of the shrimp head, mainly formed by the digestive system
of the animal, contributing to the presence of compounds from animal
feed like marine plants and algae. Therefore, the UV-Vis spectrum
spectrophotometry confirmed the importance of the extracts, suggesting
the presence of components with interesting bioactive properties, such
as flavonoids. In this context, the spectrophotometric approach herein
described is an interesting contribution to detect the occurrence of non-
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carotenoid compounds in the residual biomass in study, i.e., in quality
control process of the extracts.

Furthermore, the infrared spectroscopy was performed in order to
provide more information regarding the extract composition, necessary
for the industrial application of the extracts. Because the extracts
obtained by maceration with acetone and with ethanol showed the
largest difference in the UV-Vis profile, these samples were selected for
the FTIR qualitative analysis. The results, present in Figure 5.3, indicate
a similar qualitative spectral profile for both samples, except for small
differences at the range between 1800 and 1300 cm™, indicating
comparable composition.

The sample obtained by maceration with ethanol showed the
following stronger bands: at 2954, 2924, and 2854 cm™, typical for alkyl
group from proteins; at 1738 cm™, relative to esters of fatty acids; at
1583 cm™, that can be related to aromatic compounds such as primary
amines; and at 1467, 1406 and 1238 cm™, which are characteristic of
aromatic compounds or carboxylic acids, such as phenolic compounds
(BARBOSA, 2007).
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Figure 5.2 UV-Vis spectra (200—750 nm) of the shrimp extracts
according to the extraction procedure used to obtain the samples
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Figure 5.3 FTIR qualitative analysis of the shrimp extracts obtained by
maceration with ethanol and acetone

The other extract (maceration with acetone) also contains the same
intense bands at 2926 and 2854 cm™, characteristic from the presence of
proteins. Additional strong bands were detected at: 1701 and 1670 cm™,
characteristic of carbonyl and carboxylic acids like proteins and
phenolic acids; 1466, 1395, and 1378 cm™, typical from aromatic
compounds, aliphatic amines and carboxylic acids. Minor signals were
detected at 2601 and 2118 cm™, most likely also related to protein
components (BARBOSA, 2007).

Similarly to the UV-Vis scanning spectrophotometry, the FTIR
results revealed that the shrimp residue extracts present more than
carotenoids in their composition, since typical signals for proteins, fatty
acids, and phenolic compounds were detected. Such results might be
explained by the fact that shrimp waste, composed mainly by head and
carapace, contains residues of shrimp meat (BABU et al., 2008).

5.4 Conclusions

The carotenoid extraction from P. brasiliensis and P. paulensis waste
by different techniques and pre-treatments showed the feasibility of this
residual biomass as a rich source of carotenoids of human health
interest. The industrial application of these methods is technically viable
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depending on the astaxanthin purity of extracts. The best raw material
pre-treatment, in terms of yield and total carotenoid content, was
obtained by the combination of the procedures heat treatment, drying,
and milling of the shrimp residues. From the studied extraction
techniques, the best solvents for carotenoid extraction were acetone and
hexane:isopropanol mixture, which promoted high carotenoid content,
particularly using the maceration method. Cold oil extraction can be a
good alternative to selectively extract astaxanthin and protect the
extract, although process optimization is required to enhance the
extraction vyield. The UV-Vis spectrum indicated the presence of
phenolics, carotenoids, and flavonoids, whereas FTIR analysis revealed
the occurrence of proteins, fatty acids, and phenolics, mainly due to the
wide composition variety of the shrimp diet. The identified composition
of the extracts suggests their high potential for applications in food or
pharmaceutical industries.
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CAPITULO 6: EXTRACAO SUPERCRITICA DE
CAROTENOIDES DE RESIDUO DE CAMARAO ROSA

Este capitulo descreve o estudo técnico e econdmico da tecnologia
supercritica aplicada a extracdo de carotendides do residuo de
processamento de camardo rosa. Este estudo atende aos seguintes
objetivos especificos da presente tese (se¢do 1.2): avaliar a cinética de
extracdo e a modelagem matematica de curvas da ESC de extratos
carotenoidicos do residuo de processamento de camardo rosa; avaliar as
condigdes operacionais de ESC para a extragdo de carotendides do
residuo de processamento de camardo rosa; selecionar e avaliar a
aplicacdo de co-solvente ao CO, no processo de ESC do residuo de
camarao rosa; selecionar e avaliar a aplicacdo de dleo vegetal como co-
solvente ao CO, supercritico a fim de produzir um produto oleoso
concentrado em carotendides do residuo de camardo; realizar a
estimativa de custos da ESC do residuo de processamento de camardo
rosa; caracterizar os extratos com relacdo ao perfil de carotendides e 0s
perfis espectrais nas faixas do UV-Visivel.

A matéria-prima utilizada foi obtida no mercado publico de
Florianépolis/SC/Brasil e submetida a tratamento térmico, secagem e
moagem, de acordo com os resultados do capitulo 5. Foi estudada a
cinética de ESC em funcéo da vazdo de CO, e umidade da matéria-
prima, bem como a aplicacdo de modelos matematicos e a validagdo dos
parametros obtidos através de correlagfes de nimeros adimensionais.
Ainda, diferentes condi¢cBes de temperatura (313,15 e 333,15K) e
pressdo (100-300 bar) foram avaliadas para a ESC, empregando CO,
puro como solvente. Na condicdo de 333,15 K/300 bar também foram
aplicados modificadores ao CO, a2 % e 5 % (m/m): hexano:isopropanol
(50:50), com a
finalidade de aumentar o rendimento de extracdo e de carotendides; e
o6leo de girassol, a fim de obter-se um produto oleoso enriquecido de
carotenoides. Os resultados foram avaliados quanto ao rendimento de
extracdo, a composicdo de carotendides e ao espectro UV-Visivel. Por
fim, a determinacgdo de custos do processo foi realizada em funcdo do
tempo de extracdo e tipo de extrator utilizado. A eficiéncia da ESC de
carotenoides elevou com o aumento da massa especifica do CO, e 0
maior rendimento em astaxantina foi a 333,15 K/300 bar, usando CO,
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puro. A analise de custos do processo sugere 0 emprego de um
equipamento de 2 x 400 L e tempo de 25 min, para um processo mais
lucrativo.

A seguir, esta apresentado o trabalho completo realizado neste
capitulo, no formato de artigo e no idioma inglés, exigido pelos
periddicos internacionais de alto impacto da area™.

*Artigo a ser enviado para o periédico The Journal of Supercritical Fluids.
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Supercritical fluid extraction of pink shrimp (P. brasiliensis and P.
paulensis) processing residue: Process evaluation, extract
composition and cost estimation.

ABSTRACT

The objective of this work was to study the technical (operational
conditions and co-solvent application) and economical viability to
concentrate carotenoids through supercritical fluid extraction (SFE)
from pink shrimp processing waste. The raw material used was obtained
by a local public market (Florianopolis/SC/Brazil) and pretreated using
heat treatment, milling and drying. The SFE was evaluated by: process
kinetics and modeling, varying moisture content of raw material and
CO, flow rate; SFE temperature and pressure, using pure COy;
application of co-solvent (hexane+isopropanol solution, 50:50, and
sunflower oil) at concentrations of 2 and 5 %; process costs for
industrial application. The extracts were evaluated in terms of extraction
yield, total carotenoid content, carotenoid profile, astaxanthin yield and
UV-Vis scanning spectrometry. The results indicated that shrimp waste
can be used for the concentration of the carotenoid fraction. The SFE
was optimized at 13.3 g/min of CO, flow rate and at 11.210 % of
moisture content. Carotenoid extraction increases with CO, specific
mass and the highest astaxanthin yield was obtained at 300 bar/333.15 K
using pure CO,. The costs results showed that SFE from shrimp residue
using a 2x400 L unit during 25 min is the most lucrative process.

Keywords: co-solvent; total carotenoid content; astaxanthin; Sherwood
number; kinetics; modeling.

6.1. Introduction

According to the Food and Agriculture Organization of the United
Nations (FAO, 2010), the worldwide capture production of marine
crustaceans was, in 2009, of five thousand ton. The Brazilian
participation in this global production is continuously increasing,
particularly in the State of Santa Catarina, which is the largest Brazilian
producer of marine fishery. In 2007, the Santa Catarina State (Brazil)
increased the crustacean production in 39 %, compared to 2006
(IBAMA, 2008).
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Shrimps, when not marketed as "fresh”, have been processed to
obtain industrial products without head, generating waste as the
cephalothorax, or completely stripped products, with the carapace and
exoskeleton as residue. The cephalothorax consists of 35 % to 45 % of
raw material and exoskeleton around 47 %. Together they represent up
to 70 % (w/w) of raw material (SIMPSON and HAARD, 1985). This
waste is composed primarily of cephalothorax, exoskeleton, viscera and
muscle remnants, and contributes to increase pollution when improperly
disposed (FAMINO et al, 2000).

Processing shrimp waste represents a potential source of food
ingredients and other additives. Moreover, the use of industrial wastes is
not only economic, but also environmentally important. An alternative
high added value product is the enriched carotenoid fraction recovered
by extraction of shrimp waste, due to its potential demand for food,
pharmaceutical and feed industries (OGAWA et al., 2007; MEZZOMO
et al., 2011a — chapter 5).

The extraction technique used to obtain high aggregate value
compounds from natural products is crucial for the product quality.
There are several conventional procedures for the carotenoid extraction
such as maceration (MEYERS and BLIGH, 1981; GILDBERG and
STENBERG, 2001; MEZZOMO et al., 2011a — chapter 5), Soxhlet
(MEZZOMO et al., 2011a — chapter 5), ultrasound (SUN et al., 2006;
MACIAS-SANCHEZ et al., 2009; MEZZOMO et al., 2011a — chapter
5), and oil extraction (MEYERS and CHEN, 1985; GILDBERG and
STENBERG, 2001; MEZZOMO et al., 2011a — chapter 5) techniques.
Each method presents advantages and disadvantages and the
effectiveness of each method depends on the product application and
guality. The limitations of conventional processes that reduce the
product quality are: high energy costs; elevated solvent use and time
consuming; high temperatures, affecting the thermo labile substances;
low selectivity; and retention of solvent traces in the solute (CAMPOS
etal., 2008; ALMEIDA et al., 2010).

An alternative to conventional techniques of carotenoid extraction is
supercritical technology using carbon dioxide (CO,) for the application
in food and pharmaceutical industries (MEIRELES, 2003). Supercritical
fluid extraction (SFE) has numerous advantages over conventional
techniques (BRUNNER, 1994; MICHIELIN et al., 2005) such as the use
of low temperatures and reduced energy consumption, efficiency in
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solvent use with recycling possibility, prevention of oxidation reactions
and high product quality due to the absence of solvent in solute phase, it
is a flexible process due to possibility of continuous adjustment of the
solubility and selectivity power of the solvent through the selection of
processing parameters.

In spite of the well known advantages of the process such as high
quality product, SFE has an economical constraint due to the high
investment cost inherent to high pressure processes (MARTINEZ et al.,
2007). The cost of manufacturing (COM) is influenced by factors that
can be divided into three categories: direct costs, fixed costs, and
general expenses. Direct costs take into account expenses that depend
directly on the production rate, such as raw material, utilities, and
operating labor. Fixed cost does not depend directly on the production
rate and must be considered even if the operation is interrupted.
Examples of items included in this cost are equipment depreciation,
taxes and insurance. General expenses are the items necessary to
maintain the business and consist of administrative cost, sales expenses,
research and development, among others (TURTON et al., 1998;
PEREIRA et al., 2007; MEZZOMO et al., 2011b).

This work aimed to evaluate the SFE efficiency in order to
concentrate carotenoids from the pink shrimp (Penaeus brasiliensis and
Penaeus paulensis) processing waste. The process efficiency was
studied by the effect of the operational conditions and co-solvents used
for the extraction on solute characterization, analyzed by determining
the carotenoidic and the UV-Visible spectral profiles. In addition, the
kinetics and modeling of SFE curves were determined, as well as the
process costs.

6.2 Materials and methods
6.2.1 Sample preparation

The raw material consists of pink shrimp (P. brasiliensis and P.
paulensis) processing waste, composed essentially by head, carapace,
and tail. The residue was provided by Peixaria Nelson Santos
(Floriandpolis, Santa Catarina, southern Brazil), sited at the local public
market. The residue from the shrimp processing was supplied as one
sample, representative from the high season production in May, 2010.
The raw material pretreatment was selected according to extraction yield
and total carotenoid content results showed by Mezzomo et al. (2011a)
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(section 5.3.1, chapter 5 of this thesis). The pink shrimp processing
waste was submitted to a quick heat treatment by double boiler in water
at 373.15 K during 10 min (PERDIGAO et al., 1995), followed by
drying at 333.15 K for 5 or 10 hours in a oven with air circulation (DL-
SE, DelLeo), according to different final moisture content evaluated in
the Kkinetics assays. Finally, the samples were grounded in a domestic
blender (LigFaz, Wallita) with mass and time predetermined.

6.2.2 Supercritical Fluid Extraction (SFE)

SFE from pink shrimp processing waste was performed in a dynamic
extraction unit (ZETZL et al., 2003) (for details, please see section 3.5).
A co-solvent pump (Constametric, 3200, EUA), was connected to the
extraction line in order to supply the modifier (organic solvent mixture
or vegetable oil at high-pressure) at pre-established flow rate, to mix
with CO, flow before entering the extraction vessel. The extraction
procedure (MICHIELIN et al., 2005), consisted of placing a fixed mass
of 16 g of pretreated shrimp residue inside the extractor cell to form the
particle fixed bed, followed by the control of the process variables
(temperature and pressure). The extraction was then performed and the
solute collected in amber flasks after 180 min and weighed on an
analytical balance (OHAUS, Model AS200S, NJ — USA).

The SFE assays were divided into 3 groups: (a) SFE curves using
pure CO, and performed at 200 bar and 333.15 K, varying CO, flow rate
(8.3 and 13.3 g/min) and raw material moisture content (11.21 and
46.30 %) in order to identify the SFE kinetic periods and apply the
mathematical mass transfer models declared in section 6.2.3; (b) pure
CO, assays, using carbon dioxide as solvent and at the conditions of
313.15-333.15 K and 100-300 bar at a constant solvent flow rate of
13.3 £ 0.8 g/min; (c) the co-solvent assays, where hexane:isopropanol
solution (50:50, v/v) and sunflower oil (selected according to best
extraction results of conventional techniques studied by Mezzomo et al.,
2011a — section 5.3.2, chapter 5 of this thesis) were mixed with
supercritical CO, in concentrations of 2 and 5 % (w/w), considering
pump limits of operation and the objective of reducing use of modifiers.
This group of assays was performed at 333.15 K and 300 bar and, for
the case of organic solvent solution, it was separated from the extract at
reduced pressure by evaporating the solvents used in a rotary evaporator
(802, Fisatom) by means of a vacuum control and a thermostatic bath
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(MQ@BTZ 99-20, Microquimica). In the case of the vegetal oil, the
extraction yield was quantified by the total carotenoid content, as
expressed in section 6.2.5.1, and they are referred to the pigments
(carotenoids) extraction yield. For the other SFE assays, the extraction
yield was determined by the ratio between extract mass produced and
raw material mass used for extractions. The SFE process used 99.9 %
pure CO, delivered at pressure up to 60 bar (White Martins) and for
each operating condition the values of solvent specific mass were
obtained according to Angus et al. (1976).

6.2.3 Mathematical modeling of SFE curves

The SFE curves of pink shrimp residue were obtained by plotting
extraction yield versus time to describe the different extraction steps:
constant extraction rate (CER), falling extraction rate (FER) and
diffusional period. For the kinetic analysis of the extraction procedure
the modeling of SFE curves from pink shrimp processing residue was
performed using the following models: Sovova (1994), logistic model of
Martinez et al. (2003) and the Single Plate model (SSP) of Gaspar et al.
(2003). The model equations are extensively described by Kitzberger et
al. (2009) and in section 2.6 of this document. The software Mass
Transfer (LATESC/UFSC), developed in Delphi 7.0 and with the
maximum likelihood method to minimize the sum of the squares of the
residues, was used for the logistic and the diffusion models, as described
by Correia et al. (2006). The Sovova’s model (1994) was applied
according to a derivative-free optimization method (POWELL, 2009).

The applied models require additional information such as: (a)
particle diameter (d,) of raw material, determined by scanning electronic
microscopy (JSM-63990LV, JEOL); (b) solid specific mass (ps),
determined by helium pycnometry (AccuPyc 11 1340, Micrometrics); (c)
bed diameter and height of the extraction column; (d) SFE bed apparent
specific mass (p,), calculated by the ratio between the raw material mass
and bed volume;(e) solvent specific mass (pcoz); (f) bed porosity (g),
determined by the ratio (ps- pa)/ps. Besides that, the application of
Sovova’s model (1994) also uses the solubility (Y*) of the extract in the
supercritical CO, as a function of SFE temperature and pressure.
According to previous studies of our research group, the solubility
exerts a little influence in the model adjustment, and for its
determination it is required a complex study of system phase equilibria.
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Then, in the present work, the solubility was obtained according to the
estimation procedure described by Danielski et al. (2007), and the result
was named “primary solubility”. The primary solubility assays were
performed using 16 g of pink shrimp processing residue, 0.9 g/min of
Qco2 and a SFE time of 600 min. The solvent flow rate must be low to
assure equilibrium condition or consider that the extractor is sufficiently
long in order to provide enough contact time between solvent and solid
phases to reach the CO, saturation before the SFE bed outlet (for details,
please see section 3.5.1).

6.2.4 Validation of mass transfer coefficients by dimensionless
correlations

Mathematical models that represent real mass transfer phenomena
contain two kinds of uncertainties: a) Model uncertainty, due to a non-
exact physical-mathematical description of the system, for instance an
oversimplification; b) Parameter uncertainty, resulting from errors from
the experimental data employed to estimate the model parameters
(FIORI et al., 2007).

In the present study we can enlist some of the most important
process parameters, such as the mean value of the particle diameter
(grounded raw material), the solute diffusivity in the supercritical fluid,
the solid mass transfer coefficient (inside the particles), among others.
These properties are determined from the experimental results
considering a certain degree of inaccuracy: even if the mathematical
model is correct from a physical-mathematical point of view,
uncertainty in parameters can affect the model predictions. Therefore,
considering the parameters inaccuracy, we proposed a comparative
analysis for the most significant parameter in terms of physical meaning,
the mass transfer coefficient in the solvent phase (kya). The values of
this parameter were obtained from different SFE curves from this work
and were examined through a sensitivity analysis taken at the parameter
values by the dimensionless Sherwood (Sh) number, named as
experimental Sh (She), calculed according to equation (3.2) from section
3.5.2.

Three well-established Sh correlations were used to obtain the
calculated values for Sherwood numbers and subsequently compared
with the experimental ones (She). The Wakao and Kaguei (1982)
correlation, presented in equation (3.5) from section 3.5.2, considers
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natural and forced convections applied for 3 < Re < 3,000 and 0.5 < Sc
< 10,000. The Tan et al. (1988) correlation, illustrated in equation (3.6)
from section 3.5.2, does not consider natural convection and it was
developed for 2 < Re < 40. The King et al. (1983) correlation, showed in
equation (3.7) from section 3.5.2, also consider only the forced
convection and itis validto 2<Re<70and 2 <Sc < 11.

6.2.5 Characterization of shrimp residue extracts
6.2.5.1 Carotenoid profile

Shrimp residue extracts obtained by SFE in the pure CO; and in the
co-solvent assays, as described previously in section 6.2.2, were
properly homogenized in n-hexane (2 mL) and the resulting solution
was centrifuged at 3000g during 5 min. The extracts were analyzed by
reverse-phase high performance liquid chromatography (HPLC),
according to the procedure described by Kuhnen et al. (2009), described
extensively in section 3.6.1. The results of HPLC analysis was
expressed by the carotenoids concentration, by the total carotenoid
content (TCC), obtained from the sum of the amounts from all identified
carotenoids, and also by the astaxanthin yield, calculated considering the
total extraction yield (results from section 6.3.3) and the astaxanthin
content.

6.2.5.2 UV-Visible spectrum

The extracts (20 mg) obtained by all SFE conditions were transferred
to amber flasks, homogenized with 10 mL of n-hexane and manually
agitated. The UV-Visible scanning profile of samples was obtained
through an UV-Visible spectrophotometer (U-1800, Hitachi), for a
spectral window of 200 to 750 nm, and performed in triplicate.

6.2.6 Statistical Analysis

The results of extraction yield, total carotenoid content, contents of
different identified carotenoids, and astaxanthin yield were statistically
evaluated by a one-way analysis of variance (ANOVA) using the
software Statistica for Windows 6.0 (Statsoft Inc., USA). The significant
differences (level of 5 %) were analyzed by the Tukey test.
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6.2.7 Cost estimation of industrial SFE

The methodology of Turton et al. (1998), presented by Rosa and
Meireles (2005), was used to estimate the COM, which is influenced by
a series of factors which can be subdivided into three categories: direct
costs, fixed costs, and general expenses. The direct costs take into
account expenses that depend directly on the production rate, such as
raw materials, utilities and operating labor, among others. The fixed cost
does not depend even if the operation is interrupted. In this cost are
included the depreciation, taxes and insurance, etc. General expenses are
overheads of the plant needed to maintain the business and consist of the
administrative cost, sales expenses, and research and development,
among others. Then, the COM can be calculated using equation (3.8)
from section 3.5.3.

The values of the manufacturing and the specific costs were
determined using the software Tecanalysis (ROSA and MEIRELES,
2005). The process costs were determined for: two commercial units
with distinct work-volumes capacity (3x300L and 2x400L); SFE
times of 25 and 180 min, which represents the constant extraction rate
period and total time of extraction, respectively; operational conditions
of the SFE assay that presented the best astaxanthin yield in the present
study (results presented in section 6.3.5).

6.3 Results and discussion
6.3.1 Kinetics and modeling of SFE from pink shrimp residue

The experimental extraction curves (solute extraction from the pink
shrimp residue using supercritical method) obtained for different
conditions are presented in Figure 6.1, which also presents the adjusting
results using the mass transfer models studied (Logistic model of
Martinez et al., 2003; Single plate model of Gaspar et al., 2003; and
Mass transfer model of Sovova, 1994). In the same way, the Kinetic
results from the extraction curves and the modeling parameters of SFE
from pink shrimp residue, evaluating effects of CO, flow rate (8.3 and
13.3 g/min) and moisture content of raw material (46.30 + 0.06 % and
11.210 + 0.005 %) are shown in Table 6.1.

From Figure 6.1 and comparing the SFE curves obtained using the
same moisture content of raw material (45.30 %), we observe that the
extraction efficiency depends on the CO, flow rate, which varied from
8.3 g/min to 13.3 g/min. (curves 1 and 2), resulting in an enhancement
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in the total yield efficiency in 160 % at the higher flow rate. This
behavior can be also detected by the values of Mcgr, presented in Table
6.1, which increased from 0.0025 g/min (curve 1) to 0.0089 g/min
(curve 2) with the CO, flow rate increase (Table 6.1). According to
Marrone et al. (1998), the higher solvent availability on the extraction
cell promotes superior concentration gradients between solid and
solvent, leading to higher mass transfer rates due to convection increase,
which is caused by CO, instauration. Similar effects of the Mcgr
increasing with the CO, flow rate enhancement were observed by
Campos et al. (2005) for SFE from marigold flowers, by Weinhold et al.
(2008) for SFE from Polygala cyparissias and by Mezzomo et al.
(2009) for SFE from peach almond. Furthermore, the CER time was
reduced from 67 to 31 min when higher CO, flow rate (13.3 g/min) was
applied in the present work. The combination of the CER time with the
value of Mcgr results in higher yield at the CER period (Figure 6.1 and
Table 6.1). According to Mezzomo et al. (2009), the increase in the
extraction efficiency at higher CO, flow rate is employed due to the
higher solvent velocity through the bed, which decreases the thickness
of the film that involves the solid particles, reducing the mass transfer
resistance. Finally, the beginning of the second period of the SFE
curves, the decreasing extraction rate period (FER), is delayed due to the
increase in the CER period with the flow rate reduction. As a
consequence the trer value (Table 6.1), increased.

The effect of the raw material moisture content was also observed
from the SFE curves and the kinetics parameters, although the effect
detected was not as representative as the yield differences achieved by
the changes in the CO, flow rate. As observed in Figure 6.1, the effect
of the moisture content was more evident at the CER period, were we
detect that the reduction in the solid water content promoted lower tcer
and higher Mcgr, Ycer, and Xcgr (at moisture content of
11.210 £ 0.005 %) (Table 6.1). The influence of the raw material
moisture content on the extraction efficiency in the CER period
occurred mainly because this stage is mostly controlled by the
convective mass transfer mechanism between the solvent and the solute,
essentially because we considered that, due to the particle reduction
(milling), the solute is exposed and covers the raw material particles.
According to the result presented in chapter 5 (Mezzomo et al., 2011a)
the best raw material pretreatment was the combination of heat
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treatment, milling and drying for 5 hour, which allowed the highest
carotenoid recovery from shrimp residue by using different conventional
extraction systems. Otherwise, in a SFE process the higher water
content in the solid matrix promotes lower content of extract covering it
and, consequently, the solute concentration gradient and its
solubilization are lower. Therefore, in order to obtain higher SFE
efficiency from the shrimp residue, the ideal moisture content of raw
material was 11.210 + 0.005 %, which was obtained by increasing the
drying time from 5 to 10 hours.

Extract mass (g)

180 240 300 360 420
SFE time (min)

0 Curve 1) Moisture content of raw material= 46.30 £+ 0.06 % and CO; flow rate = 8.3
g/min; A Curve 2) Moisture content of raw material = 46.30 £ 0.06 % and CO; flow rate
= 13.3 g/min; e Curve 3) Moisture content of raw material = 11.210 + 0.005 % and CO,
flow rate = 13.3 g/min; —Logistic model of Martinez et al. (2003); ——- Single plate
model of Gaspar et al. (2003); —— Mass transfer model of Sovova (1994).

Figure 6.1. Experimental and modeled curves of SFE from pink shrimp
(P. brasiliensis and P. paulensis) processing residue varying moisture
content of raw material and CO, flow rate

The results discussed above indicate that the moisture content of
11.210 £ 0.005 % and CO, flow rate of 13.3 g/min was selected for the
subsequent study of the SFE operational parameters (temperature,
pressure and co-solvent application), representing the group of pure CO,
and co-solvent assays, as described in section 6.2.2 from this chapter.
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The response aspects evaluated in these extractions were the global
extraction yield (Xo) and the characterization attributes (total carotenoid
content, carotenoid and UV-Vis profiles). The necessary SFE time to
reach the diffusive period of curve 3 (180 min) was used to perform the
above mentioned study.

The modeled SFE curves from shrimp residue are also presented in
Figure 6.1, as well as Table 6.1 presents the adjustable parameters and
mean square error (MSE) of the mathematical models applied. The
modeling of extraction processes requires the knowledge of some
process variables. The extract primary solubility in supercritical CO,,
determined at 200 bar and 313.15 K, was 0.0003 Qexiract/9co2. The other
SFE parameters used to model the overall curves were: particle diameter
of 0.554 cm, pcop Of 0.725 glem®, ps of 0.762 +0.001 glcm®, p, of
0.64 + 0.03 g/cm® and ¢ equal to 0.16 + 0.04.

The modeled curves presented in Figure 6.1 showed better

performances for Sovova’s model, not only in the CER period but also
during the FER and the diffusional regions of the overall curves. The
best behavior presented by Sovova’s model is also presented in Table
6.1 by the lowest values of the mean square error (MSE). Results from
Table 6.1 additionally indicated good behavior of the logistic model
(MARTINEZ et al., 2003) and the SSP model (GASPAR et al., 2003) to
represent the overall curves of shrimp residue extract, although
Sovova’s model presents a stronger physical representation of the mass
transfer mechanisms. In addition, Sovova’s model considers a vegetable
matrix as raw material and in the present work was used an animal
product. Then, the good performance of this model suggests that
probably the physical description of solute incorporation in the shrimp
residue particles is similar to a vegetable structure, where the solute is
distributed in broken and intact cells.
For the logistic model, the adjustable parameter t,, corresponds to the
time which the extraction rate is maximum and the results from Table
6.1 show negative values for curves 1 and 2. In these cases, the
extraction rate is already at its maximum value at the initial instant of
the extraction (time zero) (MARTINEZ et al., 2003). For curve 3, the
initial instant of extraction was at 19 min (Table 6.1).

The SSP model considers that the extraction process is controlled
only by diffusion and presents as adjustable parameter the solute
diffusivity (D) (GASPAR et al., 2003). Also, this model considers that
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the solid matrix is formed by single plate particles, determined in this
work by scanning electronic microscopy analysis, as demonstrated in
Figure 6.2, and that probably contributed to the good adjustment of the
model. The D values of the present work (Table 6.1) increased mainly
with the decrease in the raw material moisture content, but also with the
CO, flow rate enhancement. The higher moisture content effect on D
values is observed because when the moisture content is lower, the
solute concentration in the raw material is higher. This fact leads to a
higher solute/solvent gradient, improving the diffusive processes. In
addition, when more water is present in the solid matrix, the pathway is
less free for solvent entry and, then, the solute diffusion is difficulted.

{ i x17_ " imm il
Figure 6.2. Scanning electronic microscopy analysis of particles of pink
shrimp (P. brasiliensis and P. paulensis) processing residue used in SFE

The kya values increase with Qco, (curves 1 and 2), since this
parameter represents the mass transfer coefficient in the fluid phase and
as a consequence is affected by the CO, velocity. The internal and
external mass transfer resistances are evaluated by the values of kxa and
kya. The results from Table 6.1 show that kyxa is much lower than kya
for all curves. The solute trapped inside the particles takes longer to
cross the solid-fluid interface than the solute located on particle surface
(WEINHOLD et al., 2008), reducing the mass transfer coefficient in
solid phase. Therefore, lower kyxa values indicate that the diffusional
mechanism is less representative than the convection on SFE from
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shrimp processing residue. The same effects were observed by Campos
et al. (2005) in SFE from marigold and by Mezzomo et al. (2009) for
peach almond.

Modeling SFE curves is important for the process optimization and
the scale-up analysis, helping the definition of the extractor volume and
consequently the extraction yield and time. Moreover, the mathematical
mass transfer models can provide information regarding the dominant
mass transfer mechanism on supercritical extraction of shrimp residue
extract (convective and diffusive phenomena), assisting the definition of
methodology for future scale-up studies.

6.3.2 Validation of mass transfer coefficients by dimensionless
correlations

The values of the Sh number for the experimental yield curves from
SFE of the shrimp residue was calculated using the convective mass
transfer coefficient kya obtained by the Sovova's model (section 6.3.1),
the diffusivity value (1.38x10™cm?s) and the particle diameter
(0.554 cm). In addition, the predicted Sh was determined using
correlations involving Re and Sc, described in the literature. For the SFE
curves evaluated, the Re results varied from 209.09 to 584.02,
characterizing a laminar flow, and Sc was equal to 6.06 for all curves
evaluated.

The experimental and predicted Sh results using the correlations of
Wakao and Kaguei (1982), King et al. (1983), and Tan et al. (1988) are
presented in Figure 6.3. According to the results from Figure 6.3,
Wakao and Kaguei (1982) and King et al. (1983) correlations presented
the best approximation to experimental data.

The good performance of Wakao and Kaguei (1982) correlation is
probably due to the following: a) the equation considers mixed
convection (forced and natural) involved on the process; b) it the
correlation was developed for liquids located inside a solid matrix, as
the physical characteristics of the fatty shrimp residue extract; c) the Re
and Sc of SFE from pink shrimp is within the range of application of
this correlation, which is from 3 to 3,000 for Re and from 0.5 to 10,000
for Sc. The same successful use of Wakao and Kaguei (1982) model
was also observed by Madras et al. (1995), modeling SFE of organics,
and by Bertucco et al. (1995) to recover vegetable oils using
supercritical solvent.
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Curve 1: Moisture content of raw material= 46.30 + 0.06 % and CO, flow
rate = 8.3 g/min; Curve 2: Moisture content of raw material = 46.30 + 0.06
% and CO, flow rate = 13.3 g/min; Curve 3: Moisture content of raw
material = 11.210 £ 0.005 % and CO; flow rate = 13.3 g/min.

Figure 6.3. Experimental and predicted Sherwood numbers (Sh), in
function of respective Reynolds numbers (Re), obtained for SFE curves
from pink shrimp (P. brasiliensis and P. paulensis)

Otherwise, the correlation by King et al. (1983) considers only
forced convection and therefore implying the high importance of the Re
number on the Sh values. The good performance of this model indicates
that forced convection is the dominant mechanism involved in the mass
transfer of the SFE from pink shrimp residue.

The results obtained by the Tan et al. (1988) correlation
overestimated the Sh values, compared to the experimental data, besides
the fact that this model was developed specifically for supercritical fluid
processes. The bad adjustment to the experimental data was probably
caused by the values of the Re number, where the experimental range
was outside the range of application of the equation, i.e., from 2 to 40.

Considering low difference between the predicted (Wakao and
Kaguei, and King et al. correlations) and the experimental Sherwood
values we suggest the high reliability of experimental data, especially
related to the kya. Even so, the observed deviations between
experimental and predicted Sh were relevant. This difference is common
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when the correlations are applied for materials different from those
which originated the equation. Therefore, the next step in this study
might be to obtain more SFE curves of pink shrimp residue, in order to
achieve a considerable number of experimental Sherwood numbers,
making the development of a new feasible correlation. A good
correlation for a specific process can be useful to predict the behavior of
SFE at other conditions, such as pilot and industrial scales.

6.3.3 Global yield (X,) of SFE from pink shrimp residue

The global extraction yield of SFE using different operational
parameters (pressure, temperature and co-solvent application) is shown
in Table 6.2.

Table 6.2. Operational conditions, global yield (Xg) and total carotenoid
content (TCC) of extracts obtained by SFE from pink shrimp (P.
brasiliensis and P. paulensis) processing residue

Temperature Pressure Solvent Pcoz Xo TCC
(K) (bar) (@cm®)' (% d.b.)* (ug/g)’
313.15 100 Pure CO, 0.629 1.27 +0.07° 12.7+0.5°
333.15 100 Pure CO, 0.290 0.50+0.08° 3.48 +0.03°

313.15 200 Pure CO, 0.840 2.1+0.2° 354 + 6°
333.15 200 Pure CO, 0.725 2.21+0.08° 388 +3°
313.15 300 Pure CO, 0910 2.7+02° 432 +9°
333.15 300 Pure CO, 0830 3.0+0.1" 1223 +19°
CO, +2% o 23.0£0.9°
333.15 300 e 1PA 0830 4.2+0.2
CO, + 5% i 242 +0.8°
333.15 300 e 1PA 0830 4.3+0.1
0, a
333.15 300 CO+2% g3y 0004400017 12004
Sunflower oil
0, a
333.15 300 CO+5% g3y poos+00022 2604
Sunflower oil

Same superscript letter on same column indicate no significant difference (p < 0.05); °CO
specific mass determined according to Angus et al. (1976); *The X, of SFE with vegetal oil
as co-solvent was quantified by the TCC and are referred to the pigments (carotenoids)
extraction yield.

Global yield results indicate the amount of extract removed by the
solvent, which is related to the solvent power and, therefore, to the
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process temperature and pressure. The results for pure CO, indicate the
maximum yield of 3.0 £ 0.1 % (w/w, d.b.) obtained at 333.15 K/300 bar,
with solvent specific mass of 0.830 gcozlcm3, while the lowest yield was
0.50 £ 0.08 % (w/w, d.b.) at 333.15 K/100 bar, with solvent specific
mass of 0.290 gcozlcms. Those results were higher than those of the
conventional maceration method with hexane and similar to the same
technique using acetone, evaluated for the same raw material by
Mezzomo et al. (2011a) (results from section 5.3.2.1).

The increase in the operational pressure, at constant temperature,
resulted in the enhancement of the extraction yield due to the increase in
the CO, specific mass and consequently in the solvent power. The
temperature effect, however, is more complex. At 100 bar, raising
extraction temperature produced a decrease in the vyield (from
1.27 £ 0.07 % to 0.50 £ 0.08 %), due to the reduction in solvent specific
mass which varied from 0.629 gcop/cm?, at 313.15 K, to 0.290 geo/cm?,
at 333.15 K. On the other hand, at higher pressures (above 200 bar), the
increase in the extract temperature promoted an increase in the yield,
despite the reduction in solvent specific mass. This behavior was caused
by the enhancement in the solute (shrimp residue extract) vapor pressure
with the temperature increase, which was more significant than the
reduction in the solvent specific mass, increasing consequently the
overall extraction yield as discussed by Mezzomo et al. (2010). These
opposite effects on the overall extraction yields were responsible for the
inversion of the yield isotherms. The crossover pressure for the pseudo-
binary system shrimp residue extract/CO, is, therefore, identified
between 180 and 200 bar, for the set of conditions investigated (Table
6.2). Therefore, at pressures below 180-200 bar, the specific mass effect
was dominant, while above this condition the solute vapor pressure was
the leading mechanism affecting the extraction process. A similar
behavior was also detected by several authors for different solid
matrixes (MICHIELIN et al., 2005; KITZBERGER et al., 2009;
MEZZOMO et al., 2010; BENELLI et al., 2011). La Fuente et al. (2006)
studied the solubility of pure commercial astaxanthin (98 % purity) in
supercritical CO, at 80-400 bar and 313.15-333.15 K and obtained a
crossover pressure of 120 bar, below the pressure found in the present
study for shrimp processing residue. This difference was probably
caused by the presence of other compounds besides astaxanthin in the
shrimp residue that are also extractable by supercritical CO, and
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interfere in the solute vapor pressure, displacing therefore the crossover
pressure.

Since the results of conventional extraction technique obtained by
Mezzomo et al. (2011a) (chapter 5, section 5.3.2.3) using a mixture of
hexane and isopropanol (50:50) were higher than the other conventional
systems and also higher than the SFE results using pure CO, of the
present work, the mixture hexane:isopropanol was selected as a co-
solvent for the supercritical CO, and applied at concentrations of 2 and
5% with the purpose to increase the extract solubility in the solvent
mixture (hexane:isopropanol and CO,). In addition, considering that
sunflower oil can be a good alternative to enhance the selectively toward
the astaxanthin extraction from the shrimp residue and also protect the
extract against the oxidation mechanisms (SHAHIDI and
SYNOWIECKI, 1991), it was also applied as co-solvent to supercritical
CO, at 2 and 5 %. The operational conditions used for the co-solvent
assays were those of the highest yield obtained by SFE with pure CO,
(333.15 K/300 bar) and the SFE vyield results of these assays are
presented in Table 6.2. The use of 2% hexane:isopropanol
concentration in the supercritical CO, provided a statistically significant
increase in the extraction yield (from 3.0 £ 0.1 %, with pure CO,, to 4.2
+ 0.2 %, with 2 % mixture in CO,), indicating the higher solubilization
of compounds with intermediate polarity by the hexane:isopropanol/CO,
mixture, since these compounds have limited solubility in pure CO,.
Otherwise, when the hexane:isopropanol concentration applied
increased from 2% to 5%, no significant increase in the extraction
yield was detected.

The use of sunflower oil as co-solvent at 2 and 5 % promoted a
significant decrease in the carotenoid extraction yield, when compared
to the X, of same operational conditions with pure CO,. This behavior is
totally expected due to the use of oil as co-solvent produces a different
final product than other SFE assays, i.e., an oily product. In addition, the
extraction yields of SFE with vegetal oil were quantified by the TCC
and they are referred to the pigments (carotenoids) extraction yield.
Then, besides the extraction yield of the SFE with sunflower oil as co-
solvent were inferior than other SFE assays, the vegetal oil was
enhanced with carotenoids from the shrimp residue and can be used in
food enrichment.
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6.3.4 Total carotenoid content (TCC) of SFE from pink shrimp
residue

The TCC results for the different SFE conditions are also shown in
Table 6.2. The highest carotenoid content was detected at 300 bar and
333.15 K using pure CO, (1223 £ 19 pug/g), while the minimum TCC
was observed at 100 bar and 313.15 K (3.48 + 0.03 pg/g).

According to the results from Table 6.2, the TCC data increased
significantly with the pressure enhancement due to the improvement in
the solubility of the carotenoid-enriched extract from the shrimp residue
in the CO; at higher pressures (MEZZOMO et al., 2012 — chapter 8).
Otherwise, no statistical influence of temperature was observed at 100
and 200 bar, while at 300 bar the TCC increased with the temperature
raising. When both operational conditions are combined in a unique
thermodynamic parameter, the CO, specific mass, it was detected that
the TCC values strongly increased with solvent density (Table 6.2). This
behavior is probably due to the high molecular weight of the astaxanthin
which needs higher CO, specific mass to conferred higher solubility and
better extraction.

Comparing the TCC obtained in this work with the our previous
study results for the conventional extraction systems for the same raw
material (from 4.5 to 253.0 ug/g - Mezzomo et al., 2011a — see section
5.3.2.2, chapter 5), we observe that SFE at pressures above 200 bar and
temperature between 313.15-333.15 K promoted higher carotenoid
extraction, i. e., up to 5 times higher TCC than the maximum value
observed by Mezzomo et al. (2011a), showed in section 5.3.2.2 of
chapter 5 from this thesis. These results indicate that an optimization of
the carotenoid recovery from the shrimp processing waste is feasible by
using supercritical technology.

The better performance of the SFE with pure CO, compared to
conventional techniques, such as Soxhlet and maceration methods, and
applied for the carotenoid extraction, especially xanthophylls, was also
observed by Sun and Temelli (2006) for carrots, Denery et al. (2004) for
Haematococcus pluvialis and Dunaliella salina, and Careri et al. (1999)
for Spirulina Pacifica algae.

The application of the mixture hexane:isopropanol to the
supercritical CO, was not efficient to increase the carotenoid
concentration on the shrimp residue extracts. Such result was probably
related to the high lipid content of the raw material and also to the high
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solubility of the lipid fraction on the above mentioned organic solvent
mixture, which probably changed the system selectivity toward the lipid
components, reducing the carotenoid fraction on the extract.

The TCC values of extracts obtained using sunflower oil as co-
solvent were the lowest compared to other SFE systems. Otherwise,
these amounts are higher than those from the conventional oil extraction
(4.5-5.2 ug/g), as presented by Mezzomo et al. (2011a), in section
5.3.2.2 of chapter 5. These results show the extraction improvement of
oil extraction systems when associated to SFE. Furthermore, the oil
extraction presents the advantages of protecting the carotenoids against
oxidation and it can be used as energy supply for food products
(MEYERS and BLIGH, 1981; SHAHIDI and SYNOWIECKI, 1991).

6.3.5 Carotenoid profile of SFE extracts from pink shrimp residue

The carotenoid profile for the extract samples from the shrimp
residue obtained by SFE using different operational conditions of
temperature, pressure, co-solvent concentration and type are presented
in Table 6.3.

The results from Table 6.3 show that astaxanthins in both free and
esterified forms are the most abundant components among the
carotenoids from shrimp residue extracts obtained by SFE,
independently of the operational variables applied.

Astaxanthin in its free form is unstable and extremely sensitive to
factors such as light, oxygen, acidity and heat (GUERIN et al., 2003),
which can promote a variety of oxidative conversions, degradation, and
isomerization processes in the free component. Nevertheless, because of
the high possibility to scavenge free radicals, the astaxanthin in its free
form also presents high antioxidant power (STOREBAKKEN et al.,
2004).

Free astaxanthins can be stabilized by esterification with fatty acids,
forming monoesters or diesters of astaxanthin, or with proteins, forming
carotene-protein complex with higher stability and shelf life compared
to the free form (GUERIN et al., 2003). The concentration of
astaxanthin in the esterified form is presented in Table 6.3 for the extract
samples obtained by the different SFE assays. Observing the effects of
SFE operational parameters in the esterified astaxanthin content,
different behaviors are detected (Table 6.3): a) the esterified astaxanthin
values decreased progressively for the extract samples obtained by.
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increasing pressure applied, at constant temperatures; b) at 100 and
200 bar, an enhance on the temperature produced extracts with lower
esterified astaxanthin content, ¢) finally, at 300 bar, when temperature
increased from 313.15 to 333.15 K, higher contents of both free and
esterified astaxanthin was obtained in the resulting extracts.
Temperature and pressure effects can be better detected and explained
when observing the solvent specific mass (Table 6.2), which improves
the CO; solvation power and, then, their values increased progressively
with esterified astaxanthin extraction (Table 6.3). In addition, the
polarity of the esterified form of astaxanthin depends on the linked
molecule, i.e., proteins enhance the astaxanthin polarity whereas fatty
acids reduce it. Therefore, besides astaxanthin presents considerable
solubility only at high pressures (LA FUENTE et al., 2006), the good
performance of supercritical CO, is due to the esterified astaxanthin
presented in shrimp extracts is probably mainly esterified by fatty acids,
which shows high solubility in CO, at low pressures (YU et al., 1994)

The extracts obtained by SFE showed a higher variety of carotenoids
when higher CO, specific mass and no co-solvent were applied (Table
6.3), i. e., at these conditions lower selectivity was achieved. Besides
astaxanthin, B-cryptoxanthin, a-carotene, and [-carotene were also
detected in the extracts, mainly at 300 bar, 333.15 K and using pure CO,
(Table 6.3). The B-cryptoxanthin is the second most representative
carotenoid type detected for the shrimp extracts and its concentration
increased with pressure and temperature enhancement (Table 6.3).
Structurally, B-cryptoxanthin is closely related to B-carotene and
because of its chemical structure it has antioxidant properties (LIAN et
al., 2006), chemo preventive action against lung cancer (LORENZO et
al., 2009).

As for TCC results, the extracts obtained by means of sunflower oil
and hexane:isopropanol mixture as co-solvents to the supercritical CO,
presented low astaxanthin content (Table 6.3). On the other hand, these
treatments provided extracts enriched in astaxanthin among the
identified carotenoids, which suggests a highly selective procedure.

Furthermore, the higher concentration of the esterified astaxanthin
(Table 6.3), contrasted to the fact that the free form is biologically more
active, advice for the necessity of the samples hydrolysis to release the
free astaxanthin (BUENO-SOLANO et al., 2009).
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The highest astaxanthin concentration (free and esterified forms)
shown in Table 6.3 was obtained by SFE at 300 bar, 333.15 K using
pure CO, (894 = 12 ug/g), a value superior to the that one obtained by
Mezzomo et al. (2011a), showed in section 5.3.2.3 of chapter 5, for the
same raw material using conventional systems (252 + 6 HQ/Qextract),
Sachindra et al. (2005), for head and carapace of Indian shrimp (from
35.8 to 153.1ug/g) and by Pacheco et al. (2009) for shrimp
(Litopenaeus sp.) residue (280 pg/Gsige). The higher recovery herein
found indicates that pink shrimp (P. brasiliensis and P. paulensis) is a
good source of carotenoids and the SFE using pure CO, at 300 bar and
313.15 K a successful technique to concentrate these valuable
compounds.

The most effective extraction procedure was defined by the
astaxanthin yield (process yield x astaxanthin content). The astaxanthin
yield resulting from the different conditions studied are presented in
Figure 6.4 in terms of pQastaxantnin/g OF dried raw material (RM). Due to
the highest extraction yield (Table 6.2) and astaxanthin content (Table
6.3) observed for the extract obtained by SFE at 300 bar and 333.15 K
permitted it to reach the highest astaxanthin yield (27 £1 pg/grm —
Figure 6.4) in this condition, which was statistically superior to all other
SFE assays. The best SFE astaxanthin yield of the present work was
superior than the best data obtained by Soxhlet extraction method with
hexane:isopropanol and with acetone (20+2 and 21 * 1 pg/grm,
respectively) applied to the extraction of carotenoids from pink shrimp
residue, as presented in chapter 5 of this thesis (MEZZOMO et al.,
2011a).

Finally, the comparison among the TCC values, the extraction yield
data (Table 6.2) and the astaxanthin content results (Figure 6.4) suggests
that other components, besides carotenoids, are also present in the
samples, which indicates that further chemical investigation is
necessary. Therefore, a complementary study was performed by UV-
Visible scanning spectrophotometry. Additionally, a complete
economical analysis is necessary to provide an industrial application for
the SFE procedure, as observed and studied by Mezzomo et al. (2011b).
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Figure 6.4. Astaxanthin yield (19/0raw_materiar) from the pink shrimp (P.
brasiliensis and P. paulensis) residue extracts obtained by SFE
according to the operational conditions applied.

6.3.6 UV-Vis Spectrum of SFE extracts from pink shrimp residue
The UV-Vis spectral profile (200 — 750 nm), presented in Figure
6.5, showed to be qualitatively similar for all the samples, differing only
guantitatively. The samples obtained at different pressures,
temperatures, and with co-solvents presented two main bands: 280-
300 nm characterizing phenolic compounds, especially flavonoids, and
430-480 nm, typically illustrating the occurrence of carotenoids
(HARBORNE, 1976). When comparing UV-Vis profiles of SFE
samples from the present work with the literature results for
conventional techniques of extraction (MEZZOMO et al.,, 201la —
section 5.3.2.4 of chapter 5), it can be observed a high selectivity to
carotenoids and phenolic compounds. The possible presence of these
compounds, especially flavonoids, on shrimp waste extracts can be
attributed to the shrimp head, mainly composed by the digestive system
of the animal, contributing to the presence of compounds from animal
feed like marine plants and microalgae. Therefore, the UV-Vis spectrum
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confirmed the importance of the extracts, suggesting the presence of
components with interesting bioactive properties.

——— 200bar, 313.15K
5 200 bar, 333.15K,
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Absorbance

Wavelengh (nm)

Figure 6.5 UV-Vis spectra (200—750 nm) of the shrimp extracts
according to the operational conditions applied to supercritical fluid
extraction

6.3.7 Process costs of SFE from pink shrimp residue

The SFE data used for the costs determination were selected
according to the present study results and the literature (ROSA and
MEIRELLES, 2005; PEREIRA et al., 2007; MEZZOMO et al., 2011b;
ALBUQUERQUE and MEIRELLES, 2012): time of annual operation
of 24 hours/day during 330 days/year; operational labor cost of
US$ 6.00/hour; raw material cost equal to zero, because of it is an
industrial residue; transportation cost equal to zero, considering that the
SFE industry was located on same place that shrimp processing
industry; 73.41 % of initial moisture content of raw material (untreated
shrimp residue); 11.21 % of final moisture content of raw material
(submitted to ideal pre-treatment); pre-treatment cost of
US$ 45.00/t0Naw materiar (CONsidering heat treatment, milling and drying);
CO; cost of US$ 0.15/kgco2; CO, lost during extractions of 2 %; electric
cost of US$ 0.0703/Mcal; water refrigeration cost of US$ 0.0837/Mcal;
steam cost of US$ 0.0133/Mcal; equipment depreciation of 10.0 %/year;
SFE temperature and pressure of 333.15 K and 300 bar; CO, separation
pressure of 40 bar, considering that in this condition all extract is liquid;
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constant ratio between raw material mass and CO, flow rate as scale-up
criterion; batch specific mass of 680 kg/m® SFE times of 25 min (tcer)
and 180 min (total SFE time) and respectively extraction yields of 2.4
and 4.2%; CO, flow rate of 9.6 (equipment 3x300 L) and
12.8 ton/hour (equipment 2x400L); and no wastewater treatment
because of the remaining solid matrix can be used on animal feed after
SFE.

As previously mentioned, the COM is formed by FI, CRM, COL,
CUT and CWT. The values and COM contribution of these costs to SFE
from pink shrimp residue with different unit sizes and extraction times
are presented in Table 6.4.

Table 6.4. Value and COM® contribution of fraction of investment, raw
material cost, operational labor cost, utilities cost and waste treatment
cost of SFE from pink shrimp (P. brasiliensis and P. paulensis)

Equipment 2 x 400 L Equipment 3 x 300 L
Parameters evaluated* teer = trotaL = teer’ = trotaL =
25 min 180 min 25 min 180 min
: (x 1000)
I_:ractlon of USS/year 2,000.00 2,000.00 1,800.00 1,800.00
INVeStment o0 ofCom ~ 27.53 31.00 30.27 33.73
Raw US$/year 536,785.92 336,441.60 402,589.47 252,331.22
material cost % of COM 30.03 21.20 27.52 19.22
Operational US$/year 87,912.00 87,912.00 87,912.00 87,912.00
labor cost % of COM 10.89 12.27 13.31 14.83
Utilities cost US$/year 563,913.52 563,913.52 422,935.14 422,935.14
% of COM 31.55 35.53 28.91 32.22
Waste US$/year 0.00 0.00 0.00 0.00
trezg”;tem %ofCOM  0.00 0.00 0.00 0.00

ICOM = cost of manufacturing; “tcer = time of constant extraction rate period.

The results from Table 6.4 indicate that, for both equipments used,
the contributions of FI, COL and CUT for COM values are lower at
shorter extraction time, where the CRM was higher. The time reduction
leads to higher CRM because of the increase in the number of processes
performed in a work day, which enhances the amount of raw material
and CO,. Thus, it can be additionally observed from Table 6.4 that CUT
and FI represents the major part of COM for all times and equipments
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evaluated. These values are justified by the high cost of the SFE unit,
which is made of materials adequate to extract processing and has to be
resistant to high pressures and also provide energy supply, pump
system, water refrigeration and saturated steam. The values for FI, CRM
and CUT were lower for the 3 x 300 L unit due to the higher equipment
price, higher total volume leading to elevated raw material treatment,
and energy expenses (MEZZOMO et al., 2011b), respectively. The
CWT for all conditions evaluated was zero because the solid residue
(after extraction) can be used for different purposes such as fiber source
or fuel for boilers. The solvent used departs the extraction unit as gas
phase, or it is recycled in the system. Because the type of solvent used
for the extractions is CO,, no treatment is required.

The values for COM and specific cost, which is relative cost of COM
per kg of extract, for SFE from pink shrimp residue, are presented in
Figure 6.6. The data are presented as function of equipment type and the
process time used in SFE.

According to Figure 6.6, the highest COM value was obtained for the
lowest SFE time, with a decreasing rate similar for both equipments
evaluated, behavior also observed by Mezzomo et al. (2011b) for peach
almond oil and by Comim et al. (2010) for banana peel extract. The
lower COM value (US$ 1,620,730) was obtained for 3 x 300 L unit and
180 min. As already mentioned, the increase in the extraction time also
reduces the number of procedures during a working period. Therefore,
smaller CRM value is achieved due to the lower use of CO, and raw
material treatment (milling and drying). Alternatively, the specific cost
is inversely proportional to the extraction time, as observed in Figure
6.6. The unit with 2x400 L provided the lowest cost at 25 min
(US$ 17.78/KQextract), Whereas the 3 x 300 L gave the highest value at
180 min (US$ 71.65/KQexiract). The 2 x 400 L unit uses higher solvent
flow rate due to the bigger column volume, increasing the mass of
extract and reducing the specific cost. Although the COM value
decreases with the increase in the extraction time, it is necessary to
evaluate the variation in the extraction rate during the process (high
extraction rate in the beginning and low extraction rate at the diffusional
period), as presented by Mezzomo et al., 2009 and by Comim et al.,
2010.
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EECOM (x10%4 US$)

210.0 -
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15.0

0.0

=#=Specific cost (US$/kg)

t=25min t=180 min t=25min t=180 min
) \_ )

VT YT
Equipment3x 300 L Equipment2x 400 L

Figure 6.6. Cost of manufacturing (COM) and specific cost of pink
shrimp (P. brasiliensis and P. paulensis) residue extract obtained by
SFE in function of equipment and extraction time

6.4 Conclusions

The kinetic study of SFE from pink shrimp processing residue as
function of the moisture content of raw material and CO, flow rate
variables indicates that these parameters influence on mass transfer rate,
CER period, and global yield. The modeling of SFE from shrimp
residue showed the best adjustments achieved by Sovova’s, although
good results were also obtained by the logistic and SSP models.
However, only Sovova’s model supplies information about different
mass transfer mechanisms involved on the process and, according to its
results, the SFE from pink shrimp has higher influence of convection
when compared to diffusion. The adjusted mass transfer correlations
indicate that forced convection is more important than natural
convection in the process. The shrimp residue, although is considered a
processing waste with low commercial value it represents an important
raw material to obtain carotenoid extracts with high content of
astaxanthin and other carotenoids, mainly B-cryptoxanthin, as well as
the presence of flavonoids, which can enhance the process aggregated
value. The extraction yield and the carotenoid concentration were
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optimized with CO, specific mass, whereas the astaxanthin selectivity
decreased. The highest astaxanthin yield was obtained at 300 bar and
333.15 K using pure CO,. Although the use of hexane:isopropanol
mixture in SFE was successful to enhance the extraction yield compared
with pure CO,, the system selectivity was not effective to increase the
carotenoid concentration. The supercritical process presented interesting
aspects related to solvent properties and specific costs when applied to
carotenoid extraction from shrimp residue, even though the equipment
initial cost is high. The costs results showed that SFE from pink shrimp
in the CER period, using the equipment of 2 columns with 400 L,
presented a low specific cost. Therefore, the SFE can be considered as a
distinguished and productive technology in order to use an industrial
residue, not only due to proclaimed advantages over the conventional
techniques but also due to the high extract quality (natural pigmentant
product), yield and low final product cost.
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CAPITULO 7: ATIVIDADE BIOLOGICA DOS EXTRATOS DO
RESIDUO DE CAMARAO ROSA

Este capitulo mostra a avaliacdo das atividades antioxidante, anti-
obesidade e hipolipemiante dos extratos do residuo de processamento de
camardo rosa obtidos por diferentes técnicas de extracdo. O estudo
descrito neste capitulo atende aos seguintes objetivos especificos da
presente tese, de acordo com a secdo 1.2: avaliar a capacidade
antioxidante dos extratos de residuo de camardo através das técnicas do
radical DPPH e sistema B-caroteno/acido linoléico; avaliar o contetdo
em 4acidos graxos e de compostos fenolicos dos extratos de camardo
obtidos por diferentes tecnologias e associar com o0s efeitos
hipolipemiante e anti-obesidade; avaliar as atividades hipolipemiante e
anti-obesidade in vivo de extratos de residuo de camaro.

A matéria-prima utilizada neste trabalho foi obtida no mercado
publico de Florian6polis/SC/Brasil e submetida a tratamento térmico,
secagem e moagem, de acordo com os resultados do capitulo 5. Os
métodos de extracdo empregados para obtencdo dos extratos de residuo
de camardo foram: Soxhlet e maceracdo com os solventes hexano,
isopropanol:hexano (50:50, v/v), isopropanol, etanol e acetona; extragdo
com Oleo vegetal (soja e girassol) a quente e a frio; ESC nas condicfes
de 313,15 e 333,15 K e de 200 a 300 bar, empregando CO, puro; ESC
nas condic¢des de 333,15 K e 300 bar, empregando CO, adicionado de
2% (m/m) de co-solvente (hexano:isopropanol, 50:50 v/v, e dleo de
girassol). Os extratos foram avaliados quanto a sua capacidade
antioxidantes pelos métodos do radical DPPH e sistema -
caroteno/acido linoléico; perfil de acidos graxos; teor de fendlicos totais;
atividades anti-obesidade e hipolipemiante in vivo. Os resultados
indicaram que maiores atividades antioxidantes foram obtidas para 0s
extratos alcodlico e cetbnico, dentre os sistemas a baixa pressao, e nas
maximas pressdes de ESC. Os extratos apresentaram alto contetido de
acidos graxos poli-insaturados, especialmente os ®-3 EPA e DHA e de
compostos fendlicos. O extrato ESC (333.15 K/300 bar) a 50 mg/kg.d
apresentou 0s melhores efeitos anti-obesidade (79-84 %) e
hipotrigliceremiante. Os extratos Soxhlet promoveram as maiores
redugdes nos niveis de colesterol sérico.
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Na sequéncia, o trabalho completo realizado neste capitulo esta
apresentado no formato de artigo e no idioma inglés, exigido pelos
periodicos internacionais de alto impacto da area™.

*Artigo a ser enviado para o periédico Lipids in Health and Disease.
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Effect of extraction systems on the biological activity of extracts of
pink shrimp (P. brasiliensis and P. paulensis) processing residue

ABSTRACT

The objective of this work was estimate the biological properties of the
extracts obtained from pink shrimp residue, evaluated according to its
antioxidant activity, anti-obesity and hypolipidemic effects, associating
these results with the chemical composition of extracts and, as a
consequence, with the extraction procedure used. The raw material was
pre-treated combining heat treatment, drying, and milling. The extracts
were obtained by Soxhlet (SOX) and by maceration (MAC) using
hexane, hexane:isopropanol (50:50) (Hx:IPA), isopropanol, ethanol and
acetone as solvents; by Ultrasound with ethanol; by Cold and hot oil
extraction with soy and sunflower oils; and by Supercritical fluid
extraction (SFE) with pure CO, (100-300 bar; 313.15-333.15 K) and
with co-solvent (Hx:IPA and sunflower oil at 2%). The antioxidant
activity was determined by the free radical scavenging activity (DPPH)
and by the B-carotene bleaching method. The fatty acid composition was
determined by gas-chromatography analysis and the total phenolic
compounds by de Folin—Ciocalteau method. The anti-obesity and
hypolipidemic effects were evaluated in vivo submitting the animals to a
high-fat diet combined with shrimp extracts during 30 d. The animals’
weight lost during the treatment and the final total serum cholesterol and
triglycerides levels were monitorated. Higher antioxidant activities were
observed by the B-carotene bleaching method in alcoholic and cetonic
extracts, among the conventional extractions, and at higher pressures for
the SFE. The shrimp residue extracts showed higher content of
polyunsaturated fatty acids, especially -3 EPA and DHA, and phenolic
compounds. The SFE (333.15 K/300 bar) extract at 50 mg/kg.d showed
the best anti-obesity and hipotriglycerimiant effects. SOX extract
promoted highest reduction on serum cholesterol levels.

Keywords: supercritical fluid extraction; fatty acids; antioxidant
activity; anti-obesity effect; hypolipidemic agent.

7.1 Introduction

According to the Food and Agriculture Organization of the United
Nations (FAO, 2010), the worldwide capture production of marine
crustaceans reached, in 2009, the total of five thousands ton. The shrimp
when is not marketed as "fresh", is used to obtain industrial products
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without head, generating waste as the cephalothorax, or products
completely stripped, with the residue of the carapace and exoskeleton
(FAMINO et al, 2000). The use of shrimp processing waste represents a
potential source of food ingredients and other additives and the use of
industrial wastes is not only economic, but also environmental important
(MEZZOMO et al., 2011a — chapter 5; chapter 6).

The marine wildlife is rich in high quality fatty acids with proved
biological value, being present in industrial and commercial residues of
the marine products processing. The marine fishes and crustaceans are
important constituents from human diet and possess the highest source
of essential polyunsaturated fatty acids (PUFAS), especially from the
groups of eicosapentaenoic (EPA) and docosahexanoic (DHA) acids,
from ®-3 family. The scientific researches focusing on this fatty acids
have been intensified lately because they are involved in prevention and
cure of cardiovascular and inframmatory diseases (BRUM et al., 2002).

The astaxanthin is the main carotenoid present in aquatic animals,
such as crab, lobster, and shrimp. This pigment presents protection
against free radicals, lipid peroxidation, oxidative damage to the LDL-
cholesterol, oxidation of essential PUFAs, UV-light, among others (HU
et al.,, 2006). Otherwise, synthetic antioxidants such as butylated
hydroxyanisole (BHA) and butylated hydroxytoluene (BHT) are
generally used in fatty and oily industries. However, scientific works
have proved that these substances can cause adverse effects in animals
such as hemorrhages in the pleural and peritoneal cavities
(TAKAHASHI and HIRAGA, 1978) and extensive cell proliferation in
the lung with biochemical changes, acting as a promoter of adenoma
development (WITSCHI and LOCK, 1978). The concern related to
these adversities has enhanced, in recent years, the search for natural
antioxidants with the same efficiency and function of the synthetic ones
(PASSOTO et al., 1998).

The hypertriglyceridemia or dyslipidemias are lipidic metabolic
changes caused by a disorder in the lipid metabolism, which promote
modifications in serum lipoprotein (GOTTO et al., 1993). In laboratory
results, the dyslipidemia can be detected by isolated
hypercholesterolemia, mixed-hyperlipidemia, or by decreasing in HDL-
cholesterol alone or in association with the increase of LDL-cholesterol
and/or triglycerides. Dyslipidemias can be caused by genetic problems
(named primary dyslipidemias), which some of them can be only
manifested due to environmental influences, or by other diseases or
some medication use (named secondary dyslipidemias) (SINGH and
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MEHTA, 2002). The drugs used on the dyslipidemic treatment are the
hypolipidemic agents.

Obesity is a serious public health problem both in developed and
developing countries (FRIEDMAN, 2009) and has increased
dramatically in recent years. It is characterized by excessive
accumulation of body fat resulting from an imbalance between energy
intake and expenditure, and indeed, obesity is an important risk factor
associated with the increase of death from cardiovascular disease,
diabetes, chronic kidney disease, and some types of cancers (WEAVER,
2008; WHO, 2009; FERREIRA et al., 2011). The obesity and associated
diseases are closely linked with modern lifestyle, with an abundant
nutrient supply and reduced physical activity (FRIEDMAN, 2003).
Thus, a high-fat intake diet can contribute to the development of obesity
and hyperlipidemia, increasing body fat mass and/or visceral fat, and
also changing the level of lipids in plasma and tissues (WOO et al.,
2008). Accordingly, efforts towards the development of new and more
effective hypolipidemic drugs led to the discovery of some natural and
synthetic therapeutics agents (FERREIRA et al., 2011).

Biological compounds are present in plants, mushroom and animal
sources but the use of a specific extraction method is important to select
substances or a group of components of interest. There are several usual
procedures to extract biological active compounds such as maceration
(GILDBERG and STENBERG, 2001; WEINHOLD et al., 2008;
MEZZOMO et al., 2011a — chapter 5), Soxhlet (MEZZOMO et al.,
2010; BENELLI et al., 2010; MEZZOMO et al., 2011a — chapter 5),
ultrasound (SUN et al., 2006; MACIAS-SANCHEZ et al., 2009); oil
extraction (MEYERS and CHEN, 1985; GILDBERG and STENBERG,
2001); and supercritical technology (MEZZOMO et al., 2009;
KITZBERGER et al., 2009; COMIM et al., 2010; JESUS et al., 2010;
KVIECINSKI et al., 2011; chapter 6). Each method presents advantages
and disadvantages, and the effectiveness of each technique depends on
the product application and quality, allied to the economical viability of
the processes (MEZZOMO et al., 2011b).

The aim of this work was the estimation of the biological properties
of extracts of pink shrimp (Penaeus brasiliensis and Penaeus paulensis)
residue, represented by the antioxidant, anti-obesity and hypolipidemic
activities, and also relates these properties with the extraction systems
used to provide the extracts and their chemical composition.
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7.2 Material and methods
7.2.1 Sample preparation

The raw material consists of pink shrimp (P. brasiliensis and P.
paulensis) residue (waste from shrimp processing), composed
essentially by head, carapace, and tail. The residue was provided by
Peixaria Nelson Santos (Floriandpolis, Santa Catarina, southern Brazil),
sited at the local public market. The raw material was obtained from the
unpeeling of the cultivated shrimp collected in May 2010, which
represents the high production season of the region. The shrimp residue
was pre-treated by combining the process of heat treatment, drying and
milling, as designed by Mezzomo et al. (2011a) (results from section
5.3.1). The pink shrimp processing waste was submitted to a quick heat
treatment by double boiler in water at 373.15 K during 10 min, followed
by drying at 333.15 K for 5 hours (when using the extraction techniques:
Soxhlet, maceration, ultrasound, and oil extraction) or 10 hours (when
using supercritical extraction) in a oven with air circulation (DL-SE,
DeLeo). Finally, the samples were grounded in a domestic blender
(LigFaz, Wallita) with mass and time pre-determined.

7.2.2 Extraction protocols
7.2.2.1 Low pressure extractions

The maceration (MAC) method consisted in a cold extraction of the
pre-treated shrimp residue in organic solvent to avoid thermal
degradation. The procedure was performed according to Mezzomo et al.
(20114a) (section 5.2.5.2). Briefly, it consists of transferring 25 g of the
sample into 100 mL of selected organic solvent for five days at room
temperature, with light protection and one daily manual agitation. Each
extraction was performed in triplicate using the solvents hexane (Hx),
ethanol (EtOH), acetone (Ac), isopropanol (IPA), and the binary
mixture Hx:IPA (50:50, v/v). All the chemicals are authorized by
General Recognized as Safe (GRAS) solvents and are usually used in
food industry (FOOD AND DRUG REGULATION, 2005). The mixture
of raw material, extract, and solvent was separated by means of
cellulose filtration, followed by concentration under vacuum in a
rotatory evaporator (for details please see section 3.4.2).

The Soxhlet extraction (SOX) was performed in triplicate and based
on the procedure described by Campos et al. (2008). Briefly, the raw
material (5 g) was packed inside a cartridge and transferred to a 250 mL
extractor device and submitted to 8-hour recycling extraction with 150
mL solvent at boiling temperature. The extraction was performed with
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the following solvents (P.A., Nuclear, CAQ Ind. ¢ Com. LTDA.,
Brazil): Hx, EtOH, Ac, IPA and Hx:IPA (50:50, v/v). The extracts were
concentrated under vacuum in a rotatory evaporator (for details please
see section 3.4.1).

The ultrasound extraction (UE) was performed in triplicate and
adapted from Gu et al. (2008). Briefly, it consists of adding 5 g of raw
material in 150 mL of EtOH, maintaining the solution into an ultrasound
apparatus (UtraCleaner 700, 55 kHz, 40 VA, Unique) for 10 min. The
extract was separated from the raw material by centrifugation (Q222T,
Quimis) at 2,000 g for 20 min and concentrated under vacuum in a
rotatory evaporator.

The extraction method using vegetable oil as solvent was classified
according to the solvent temperature and oil type. The cold extraction
(QIIC) and the hot extraction (OilH) with soy or sunflower oil were
performed according to the procedure presented by Sachindra and
Mahendrakar (2005), in triplicate. Briefly, the method consists of
mixing 10 g of raw material with 40 mL of vegetable oil (soy or
sunflower oil) in a 250 mL flask (light protected), submitted to hot
plates with 2h-agitation period at room temperature (OilC) or at 343.15
K (QilH). Further, the oil extracts were recovered by cellulose filtration.

7.2.2.2 Supercritical Fluid Extraction

The supercritical fluid extraction (SFE) from pink shrimp processing
waste was performed in a dynamic extraction unit (ZETZL et al., 2003)
(for details please see section 3.5). A co-solvent pump (Constametric,
3200, EUA), was connected to the extraction line in order to supply the
modifier (organic solvent mixture or vegetable oil at high-pressure) at
pre-established flow rate, to mix with CO, flow before the extraction
vessel. The extraction procedure (MICHIELIN et al., 2005), consisted of
placing a fixed mass of 16 g of pretreated shrimp residue inside the
extractor cell to form the particles fixed bed, followed by the control of
the process variables (temperature and pressure). The extraction was
then performed and the solute collected in amber flasks after 180 min
and weighed on an analytical balance (OHAUS, Model AS200S, NJ —
USA). The SFE assays were divided into 2 groups: (a) pure CO, assays,
using carbon dioxide as solvent and at the conditions of 313.15-
333.15K and 200-300 bar at a constant solvent flow rate of
13.3+0.8g/min; (b) the co-solvent assays, where the
hexane:isopropanol solution (50:50, v/v) and sunflower oil was mixed
with supercritical CO,, at concentrations of 2 % (w/w), according to
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results from section 6.3.3 of chapter 6 (no significant increase on
extraction yield when co-solvent concentration enhanced from 2 % to
5 %). This group of assays was performed at 333.15 K and 300 bar and
in the case of the organic solvent solution, it was separated from the
extract at reduced pressure by evaporating the solvents used in a rotary
evaporator (Fisatom, 802, Brazil), with vacuum control. The SFE
process used 99.9 % pure CO, delivered at pressure up to 60 bar (White
Martins).

7.2.3 Antioxidant activity
7.2.3.1 Free radical scavenging activity (DPPH)

The free radical scavenging activity of the shrimp residue extracts
was evaluated using the 1,1-diphenyl-2-picrylhydrazil (DPPH) radical
scavenger method. Briefly, the shrimp extracts was mixed with a 0.3
mM of DPPH ethanol solution to give final concentrations of 5, 50, 100,
250, 500 and 1000 pg/mL of DPPH solution. After 30 min at room
temperature, the absorbance values were measured at 517 nm converted
into percentage of antioxidant activity (% AA). This activity was also
expressed as the effective concentration at 50 % (ECs), i.e., the
concentration of the solution required to give a 50 % decrease in the
absorbance of the test solution compared to a blank solution (MENSOR
et al., 2001). The result data for DPPH assays were obtained considering
the mean value of triplicate assays (for details, please see section
3.6.4.1).

7.2.3.2 p-carotene bleaching method

In this method a model system made of B-carotene and linoleic acid
undergoes a rapid discoloration in the absence of an antioxidant. The
free linoleic acid radical is formed upon a hydrogen reduction by the 3-
carotene molecules, changing its color (MATTHAUS, 2002). The B-
carotene bleaching rate was determined by the difference in absorbance
values, measured at 470 nm, at time intervals between 0 at 120 min. The
method is extensively described in section 3.6.4.2, it was conducted in
triplicate, and the results were expressed as percentage of antioxidant
activity (%AA).

7.2.4 Total phenolic compounds (TPC)

The total phenolic compounds (TPC) was determined for the SOX-
EtOH and SFE with pure CO, at 333.15 K/300 bar extracts according to
the Folin—Ciocalteau method (PESCHEL et al., 2005). Briefly, the

166



Cap.7: Atividade biolégica dos extratos do residuo de camardo

reaction mixture was composed by 0.1 mL of extract, 7.9 mL of distilled
water, 0.5 mL of Folin—Ciocalteau reagent and 1.5 mL of 20% sodium
carbonate, placed in opaque flasks. The flasks were agitated, held for 2 h
at room temperature, and the absorbance was measured at 765 nm. The
TPC was calculated according to a standard curve, prepared previously
with gallic acid as standard (Nuclear, CAQ Ind. and Com. Ltda., Brazil).
The values were expressed as milligrams of gallic acid equivalent
(GAE) per gram of the extract (mgGAE/g) (VINSON et al., 2001) (for
details, please see section 3.6.5). The samples SOX-EtOH and SFE
333.15 K/300 bar (using pure CO,) were analyzed by TPC analysis in
order to associate their composition with the anti-obesity and
hypolipemiant in vivo results, which evaluated these samples.

7.2.5 Fatty acid composition

The fatty acid composition of the shrimp residue extracts was
determined by gas chromatography-flame ionization detector (GC-FID)
according the Ce 1f-96 Method of A.O.C.S. (2002), detailed in section
3.6.6. The samples SOX-EtOH and SFE 333.15 K/300 bar (using pure
CO,) were analyzed by CG-FID in order to associate their composition
with the anti-obesity and hypolipemiant in vivo results, which evaluated
these samples.

7.2.6 Anti-obesity and hypolipidemic effects

In order to evaluate the hypolipidemic effect of the shrimp residue
extracts in an in vivo analysis, 36 knocaut (LDL receptor) male and
female mice weighting 21 £ 4 g were recruited from the Central Biotery
of the Federal University of Santa Catarina. The mice were housed
under controlled conditions, i.e., 12-hour light-dark cycle, 295.15 + 2 K,
60 % air humidity, with free access to standard laboratory feed and
water. The animals were allowed to acclimate for at least 7 days prior
the treatment and manipulated in accordance with the legal requirements
appropriate to the species (Guiding Principles for the Care and Use of
Laboratory Animals, NIH publication #85.23, revised in 1985) and also
with the local committee (PP00604/2011.0337 of CEUA/UFSC).

The animals were divided into 6 groups according to their body
weight (6 animals each group): a) nontreated group (negative control):
this group received just regular ad libitum feed and water supply (no
shrimp residue extract and no high-fat diet supply); b) high-fat group
(positive control), fed with a high-fat diet and water (no shrimp residue
extract supply); ¢) SOX 50 group, where the high-fat diet, water, and
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Soxhlet-ethanol shrimp residue extract at 50 mg/kg.: per day were
administred; d) SOX 200 group, supplied with the high-fat diet, water,
and Soxhlet-ethanol shrimp residue extract at 200 mg/kg,s per day; e)
SFE 50 group, to which it was administered the high-fat diet, water and
SFE 300 bar/333.15 K shrimp residue extract at 50 mg/kg,, per day; and
f) SFE 200 group, supplied with the high-fat diet, water and SFE
300bar/333.15K shrimp residue extract at 200 mg/kg,,: per day. The
high-fat diet is defined by Rothwell et al. (1982) and is composed by
cafeteria food, such as chocolate and milk cookies, peanuts, potato
chips, cheese, among others. The shrimp extracts obtained by Soxhlet
with ethanol and by SFE at 333.15 K and 300 bar with pure CO, was
selected to the anti-obesity and hypolipidemic assays due to their
elevated extraction yield and carotenoid content, according to the results
from Mezzomo et al. (2011a) (results from section 5.3.2). The extract
solutions were administered orally by gavage. The weight of the animals
from all groups was monitorated 3 times a week during the entire
treatment period (30 days). Thirty days after the treatment beginning,
samples of the animals” blood was collected and used for the
determination of cholesterol and triglycerides contents, performed using
enzymatic methods (ABELL et al. 1952; BUCOLO and DAVID, 1973)
(for details, see section 3.6.7).

7.2.7 Statistical Analysis

The results of the antioxidant activity (ECso and %AA) and the
hypolipidemic effects (weight reduction, cholesterol, and triglycerides
contents) were statistically evaluated by a one-way analysis of variance
(ANOVA), using the statistical package Statistica for Windows (Statsoft
Inc., USA). The significant differences at level of 5 % were analyzed by
Tukey test.

7.3 Results and discussion
7.3.1 Antioxidant activity

The antioxidant activity (%AA) results, determined by the free
radical scavenging (DPPH) and by the B-carotene bleaching methods,
for the shrimp residue extracts are showed in Table 7.1.

The extracts obtained by low pressure operations that presented the
highest antioxidant activity according to DPPH method were MAC-
EtOH and MAC-Ac (65.9 £ 0.9 % and 58 + 1 %, respectively), followed
by the extracts MAC- IPA, SOX-EtOH and SOX-Ac (Table 7.1). In
addition, the extracts MAC-EtOH and MAC-Ac presented the lowest
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effective concentration at 50 % (ECs), i.e., 736 £ 5 and 826 + 5 pg/mL,
respectively. These values represent the extract concentration sufficient
to inhibit 50% of free radical activity. These results indicate that the
antioxidant compounds presented in the pink shrimp residue present
affinity to highly polar solvents (polarity between 5.1 and 5.2, according
to Byers, 2009). The good performance of the polar solvents in
maceration method, applied to concentrate antioxidant compounds from
natural products, was also observed by Kitzberger et al. (2007), by
Campos et al. (2008) and by Almeida et al. (2010), for the raw materials

of shiitake, grape pomace and Mentha spicata, respectively.

Table 7.1 Antioxidant activity (% AA) and effective concentration at 50 %
(ECsx) obtained by the free radical scavenging activity method (DPPH) and the
[-carotene bleaching method of shrimp (P. brasiliensis and P. paulensis)
residue extracts.

Extraction method” Solvent® %AA ECs %AA
(DPPH)**  (ug/mL)*®  (B-carotene)*®
SOX Hx 40+0.3" 13466 +1014" 57 +4%
SOX HxIPA 18.1+0.3%" 2778 + 65° 68 + 7°
SOX IPA 9.0+0.1 5314 +58% 76.56 + 0.08°°
SOX EtOH 29.6 +0.99" 1690 + 74¢ 59 + 3%
SOX Ac 29.1+0.6"" 1717 +34¢ 88 + 32
MAC Hx 17 +1° 1937 + 57° 69 + 6>
MAC HxIPA 17 +4% 3765 + 98° 28 + 5%
MAC IPA 38+1" 1440 + 6° 31+ 6%
MAC EtOH 65.9+09"  736+5° 82 + 2%
MAC Ac 58 + 1" 826 + 5° 84 + 1%
EU EtOH 17+1° 2810 + 150° 38 +51
OilH Sun-oil 84+079 2684 +23° 50 + 3%
OilH Soy oil 7.0+05" 2256 + 25° 81
oilc Sun-oil 3+1"  3481+181% 16 +2"
oilc Soy oil 38405 4703 +429 2.8+0.6
SFE 313.15 K/200 bar Co, 73+04° 6008+713" 50.2+0.9°
SFE 333.15 K/200 bar Cco, 15+1° 2722 + 478 59 + 7%
SFE 313.15 L/300 bar Co, 15+2° 2970 + 921° 87 + 42
SFE 333.15 K/300 bar co, 30+£19" 1720+ 91¢ 72 + 6bcd
SFE 333.15 K/300 bar CO, + 2% Sun-oil 18 + 2° 2634 + 79° 69 + 3o
SFE 333.15 K/300 bar CO, + 2% Hx:IPA 35+39" 1698 + 43¢ 83+ 3%

1SOX = Soxhlet, MAC = maceration; UE = ultrasound; OilH = hot oil extraction; OilC = cold oil
extraction; SFE = supercritical fluid extraction; >Hx = hexane; HxIPA = hexane+isopropanol (50:50);
IPA = isopropanol; EtOH = ethanol; Ac = acetone; Sun-oil = sunflower oil; CO, = carbon dioxide;
33ame letter in same column indicates no statistical difference (p < 0.05); “AA referent to DPPH
method at extract concentration of 1000 pg/mL; SEffective concentration at 50%:; °AA referent to B-
carotene bleaching method obtained after 120 min-reaction at extract concentration of 1667 ug/mL.
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The antioxidant activity performance of the extract obtained by
vegetal oil extraction (OilC and OilH) was determined considering the
DPPH antioxidant results of the pure oils, being that the final results
were obtained by the difference between pure oil and enriched oil
results. According to the results presented in Table 7.1, the antioxidant
activity values, by the DPPH method, obtained from the oily extracts
(QilC and OilH) were the lowest values compared to the results obtained
for the other extraction methods. Besides this result, the shrimp residue
extract can be used to enrich the sunflower and soy oil in order to
increase their shelf-life or to use the final product (enriched oils) in food
formulations with antioxidant compounds incorporated.

When %AA and ECsy results, obtained by DPPH method, were
related to heat application in different systems used to the extraction,
two contradictory behaviors were observed (Table 7.1): a) the high
temperatures (equivalent to the solvent boiling temperature) used in the
SOX method can damage the extraction of antioxidant components,
compared to the same solvents used in MAC extraction (low
temperature method); b) higher temperatures in vegetal oil extraction,
by the OilH method, promoted higher %AA when compared to the QilC
method. These results can indicates that the antioxidant compounds
presented in shrimp processing residue are better extracted when heat is
applied until 343.15 K, however the heating exposure should not be
prolonged above 2 hour as for OilH systems. When higher temperatures
and/or heating exposure times are employed, the antioxidant compounds
may suffer thermal degradation with the increasing temperature (HU et
al.,, 2005), a phenomenon that probably occurred for the samples
obtained by the SOX extraction.

The DPPH results for the samples obtained by SFE process are also
listed in Table 7.1, which shows that the extracts obtained by SFE at
333.15 K/300 bar, with CO, and with CO, plus Hx:IPA, presented the
highest antioxidant activity values, statistically similar to SOX-EtOH
and SOX-Ac extracts. The DPPH results for SFE extracts indicated that
the %AA increased significantly with the pressure enhancement, from
200 to 300 bar, at constant temperature, and with the temperature
increase, from 313.15 to 333.15 K, at constant pressure. This behavior is
probably associated with the higher content of astaxanthin in shrimp
residue extract obtained by SFE at higher pressures and temperatures, as
presented by the results from section 5.3.2.3 (chapter 6 of this thesis).
According to Shimidzu et al. (1996), the astaxanthin compounds present
proved antioxidant properties. Also, the astaxanthin components are

170



Cap.7: Atividade biolégica dos extratos do residuo de camardo

more soluble in supercritical CO, when higher pressure and temperature
are applied in the supercritical technology (LA FUENTE et al., 2006;
MEZZOMO et al., 2012 — chapter 8 of this thesis).

The results of the %AA determined by the [B-carotene beaching
method are also presented in Table 7.1, and were similar to the data
from DPPH method, where the highest %AA values were obtained by
polar solvents for the extract obtained at low pressure procedures.
Alternatively, the p-carotene results were higher than the DPPH values,
for all extracts analyzed, with highest results from the extracts by SOX-
Ac, MAC-Ac, MAC-EtOH and SOX-IPA, equivalent to 88 £ 3, 84 + 1,
82 + 2 and 76.56 + 0.08 %, respectively (Table 7.1). These results are
close to the %AA value obtained by the BHT (113 £ 7 %) performance,
as described by Benelli et al. (2010), for the same conditions evaluated
in the present work. The highest potential obtained by the B-carotene
beaching method above the DPPH is probably due to the presence of
astaxanthin in these extracts, besides other antioxidant non-polar
compounds, that are better detectable by the carotenoic method.

Similarly to the DPPH method, the [B-carotene results from the
extract obtained by vegetal oil extraction (OilC and OilH) were
determined considering the %AA of pure oils. Among the oil extraction
results from Table 7.1 we observe that the most efficient system was the
OilH-sunflower, statistically equal to SOX-Hx, SOX-EtOH, and SFE at
200 bar, corroborating the previous suggestion about the use of this
extract to increase the vegetal oil shelf-life and/or to enrich the
antioxidant content when using it in food processing.

The SFE extracts also presented significant results of %AA from the
B-carotene beaching method. The highest value was observed for the
extracts obtained at 313.15 and 333.15 K/300 bar using pure CO, and
when it was added to 2% of Hx:IPA. Because of the satisfactory %AA
detected by the B-carotene beaching method, we suggest the use of the
mentioned extract in pharmaceutical or food products in order to prevent
oxidant reactions.

7.3.2 Fatty acids profile and total phenolic compounds

The composition profiles for saturated and unsaturated fatty acids,
present in the shrimp residue extracts obtained by different extraction
methods (SOX-EtOH, and SFE at 333.15 K/300 bar with pure CO,),
was detected by the GC-FID analysis. The results comparing samples
obtained by different methods are presented in Figure 7.1.
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Figure 7.1 Fatty acids profile of shrimp (P. brasiliensis and P.
paulensis) residue extracts obtained by Soxhlet with ethanol (SOX-
EtOH) and supercritical fluid extraction (SFE).

The results from Figure 7.1 indicate that the shrimp residue extracts
contains a high content of saturated fatty acids, with relative
concentration ranging from 42 + 6 %, for SFE sample, to 44.9 +0.4 %
for SOX-EtOH, related to the total fatty acid content. From Figure 7.1, it
is possible to determine that palmitic and stearic acids are the most
representative saturated fatty acids for the shrimp residue extracts, both
present in concentrations that are statistically similar. Following the
above mentioned saturated fatty acids are the tricosylic and the myristic
saturated fatty acids, present in concentrations below 6%. Also, only the
tricosylic acid presents statistically different concentrations between
both extracts evaluated.

The unsaturated fatty acids (monounsaturated + polyunsaturated) are
the main fatty acid group present in shrimp residue extracts, as
demonstrated in Figure 7.1, with 55 +5 % for SOX-EtOH extract and
58 £ 5 % for SFE sample.

The monounsaturated fatty acids represent a great variety of total
fatty acid content (relative concentration) for pink shrimp residue
extracts, ranging from 26 + 1 % for SOX-EtOH to 31+ 4 % for SFE
sample. According to Figure 7.1 results, oleic acid was the major
monounsaturated fatty acid present in shrimp extract samples and in
statistically equal concentration for both samples (SOX and SFE
extracts). The second most representative monounsaturated fatty acid
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was the palmitoleic acid in the SFE sample, and linoleic acid in the
SOX-EtOH, all in statistically different concentrations between different
extract samples.

The Figure 7.1 also shows that the eicosapentaenoic (EPA) and the
docosahexanoic (DHA) components, fatty acids from -3 group, are the
most representative PUFAs for shrimp residue extracts, detected in both
extracts at statistically equal relative concentrations. In recent years the
researches about long chain (>C18) -3 PUFAs, found primarily in fish
oils, have been substantially increased. These researches suggest a wide
range of health beneficial effects of the fish oils on autoimmune and
cardiovascular diseases, cancer and mental health disorders (SHAHIDI
and MIRALIAKBARI, 2004; SHAHIDI and MIRALIAKBARI, 2005).
Besides, ©-3 PUFAs have protective effects such as: anti-inflammatory,
antithrombotic, antiarrhythmic, hypolipidemic and vasodilatory
properties (SIMOPOULOQS, 2007).

In addition, the results of the present study revealed a w-6/w-3 fatty
acids ratio of 0.15 for SOX-EtOH extract and 0.06 for SFE sample.
According to Furuya et al. (2006), these values indicated a good
nutritional value for the extracts, mainly for a natural ®-3 source.
FAO/WHO (1994) points to a ®-6/m-3 ratio in the human diet between 5
and 10 for health maintenance, which allows the use of shrimp residue
extract combined with other natural sources of ®-6 fatty acids to
maintain the recommended ®-6/w-3 ratio.

In comparison with other shrimp and marine species, the extracts
from the P. brasiliensis and the P. paulensis residue obtained by SOX-
EtOH and SFE (present work) showed higher EPA and DHA contents
compared to the Northern shrimp (Pandelus borealis Kreyer) by-
products (heads, shell and tail), obtained by SFE at 350 bar/333.15 K
and by SOX-Ac (7.0-7.8% of EPA and 6.7-8.0% of DHA - AMIGUET
et al., 2011) and freshwater fish (Hypophthalamus sp.) from Central
Amazonia (2.0 + 0.3 % of EPA and 1.8 + 0.3 % of DHA - INHAMUS
and FRANCO, 2008).

The TPC results for the shrimp residue extracts were of 26.4 +0.1
and 14 +1 mgGAE/g for SOX-EtOH and SFE extracts respectively.
Polyphenols are a group of compounds that are structurally classified as
flavonoids, phenolic acids, lignans, and stilbens (TIERNEY et al.,
2010). Marine macroalgae are rich sources of polyphenolic antioxidants
such as cathechins, flavonols, flavonol and phlorotannins in particular
(HEO et al., 2005). The shrimp extract presents nonphenolic compounds
(such as amines and oleic acid) that could react with the Folin-
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Ciocaulteu reagent, elevating the TPC (PRIOR et al., 2005). Otherwise,
its content is really high to an animal raw material and its occurrence is
probably associated with the presence of the shrimp head in the residue,
which conserves its diet, rich in marine microalgae.

The same SOX-EtOH and SFE 333.15 K/300 bar extracts were
evaluated for their total carotenoid content by Mezzomo et al. (2011a),
showed in section 5.3.2.2 of chapter 5, and in section 6.3.4 of chapter 6,
reaching the results of, respectively, 25.6 +0.9 and 894 + 13 pug/g.
Considering the biological importance of astaxanthin, the major
carotenoid in shrimp residue extracts (MEZZOMO et al., 201la —
section 5.3.2.3 of chapter 5; section 6.3.5 of chapter 6 of this thesis), and
also to the high content of -3 fatty acids and phenolic compounds
detected in the shrimp residue extracts, the samples (SOX-EtOH and
SFE 333.15 K/300 bar) were submitted to the evaluation of anti-obesity
and hypolipidemic effects according to the procedure described in
section 7.2.6, with the following results detected.

7.3.3 Anti-obesity and hypolipidemic effects

The anti-obesity and the hypolipidemic in vivo analysis detected the
weight gain of the treated mice for all groups tested (positive control,
negative control, SOX 50, SOX 200, SFE 50 and SFE 200) as a function
of period of treatment. The weight gain results are showed in Figure 7.2.

Comparing the body weight of animals treated with shrimp extract
(SOX and SFE groups) with the positive control group, the extracts
promoted a weight reduction of 0-55 % in the SOX 50 group, 29-65 %
in the SOX 200 group, 79-84 % in the SFE 50 group, and 29-55 % in
the SFE 200 group, among 7, 14, 21 and 28 days of high fat diet. From
these data we observe that the best behavior was achieved by the mice
from the group SFE 50 (the lowest weight gain compared to the positive
control group), followed by the negative control group (low fat diet and
no extract administration) during all treatment. These results were
statistically lower compared to the weight gain results from all other
groups. Therefore the SFE extract administered at 50 mg/kg.d showed
the best anti-obesity effect.

The weight reduction observed by the administration of the shrimp
extracts can be associated to the presence of flavonoids, astaxanthin,
EPA and DHA (results of Mezzomo et al., 2011a — sections 5.3.2.3 and
5.3.2.4 of chapter 5, sections 6.3.5 and 6.3.6 of chapter 6, and of the
present chapter). These components, evaluated separately, show weight
reduction potential, as described by the literature. Bansal et al. (2011)
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showed significant weight reduction of a flavonoid rich fraction of Pilea
microphylla (L.) in mice submitted to a high fat diet; lkeuchi et al.
(2007) detected 15 % decrease in body weight gain when administering
30 mg/kg of astaxanthin in mice submitted to a high fat diet;
Tsuboyama-Kasaoka et al. (1999) proved the efficiency of a fish oil diet
containing 7 % EPA and 24 % DHA, obtaining 58 % decrease in body
weight gain after 5 months; Pérez-Matute et al. (2007) showed a 9 %
decrease in body weight gain in Wistar rats treated with cafeteria diet
and fish oil at 1 g/kg.d during 5 weeks.
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Figure 7.2 Knocaut mice’ weight gain during the high fat diet treatment
time, extraction technique and shrimp extract concentration
administered.

Considering the above mentioned effects and comparing the different
mice groups and the extraction technique used to obtain the extracts for
the diet treatments it is possible to observe the following aspects related
to the extraction procedure: the TPC values (SOX: 26.4 %
0.1 mgGAE/g; SFE: 14 £ 1 mgGAE/g — Figure 7.1) and the astaxanthin
content (SOX: 25.6 + 0.9 ug/g; SFE: 894 + 13 ug/g, results of
MEZZOMO et al., 2011a — section 5.3.2.3 of chapter 5 - and section
6.3.5 of chapter 6 of this thesis), are different, while the values for EPA,
DHA and %AA (DPPH and B-carotene methods) are statistically
similar. Then, taking into account the comparison between SOX and
SFE extracts we suggest that the anti-obesity effect observed by the SFE
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50 group is caused by a synergistic effect of high content of astaxanthin,
associated with the adequated levels of EPA, DHA and flavonoids.

Finally, comparing different extract concentration in a same
extraction technique, the concentration of 50 mg/kg.d was more efficient
than the 200 mg/kg.d in order to reduce the mice’ weight gain for both
SFE and SOX methods. In addition, in the treatment final week, we
observed 33 % mortality in SFE 200 group, probably caused by extract
overdose when administered at 200 mg/kg.d.

The mice’ total serum cholesterol and triglycerides levels of different
groups after 30-day treatment is illustrated in Figure 7.3.
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Figure 7.3 Total serum cholesterol and triglyceride levels of different
knocaut mice groups submitted to 30-day treatment

All the groups treated with shrimp extracts (SOX 50, SOX 200, SFE
50 and SFE 200) showed inferior values of total serum cholesterol and
triglycerides levels, compared with the positive control group, indicating
the hypolipidemic effect of shrimp residue extracts obtained by both
methods (SOX and SFE). Considering the triglyceride level, the SFE 50
group showed the lowest value, statistically equal to SOX 50 group.
Comparing the concentrations employed, the most effective one was
50 mg/kg.d, for both extraction methods. In the same way, the
cholesterol levels of SOX groups showed the lowest values, statistically
equal for both concentrations applied, next to the SFE 50 results.
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Studies using chitosan, a polysaccharides primarily derived from the
exoskeleton of crustaceans, indicated that its intake have been resulted
in lowering obesity and dyslipidemia (BAKER et al., 2009), however
the evidence for its beneficial effects is currently weak (LARSEN et al.,
2011) and its presence in shrimp residue extracts is probably low due to
the extraction procedures applied. Additionally, fucoxantin, a carotenoid
from xantophyl group and structully similar to astaxanthin, have been
indicated to reduce obesity by inhibiting intestinal lipase activity
(MATSUMOTO et al., 2010), which also can promotes the reduction of
plasma triglycerides levels. Moore et al. (2006) studied the influence of
oily fish intake on plasma triacylglycerols in overweight men and
women and results indicated that two portions of oily fish, rich in DHA
and EPA, per week led to significant reductions in triglycerides levels,
compared to consumption of the same portion of white fish that not
presented significant content of this fatty acids. Olsa et al. (2010),
studying the influence of an EPA and DHA nutrition influences on
plasma fatty acids composition, cited that feeding the elderly
exclusively with an enteral formula enriched with these ®-3 fatty acids
improves their plasma lipid fatty acid profile and lowers the
triglycerides levels. Finally, the study of Seierstad et al. (2005) proved
that the use of diets composed by fish oil rich in EPA and DHA during
6 weeks promoted significant reductions of serum triglycerides, besides
other biochemical indicators. Therefore, as already mentioned, the
shrimp residue extracts obtained by SOX method presents higher
content of phenolics compared to the SFE sample (Figure 7.1). Also, the
extract obtained by SFE 50 shows the highest content of astaxanthin
(results from section 5.3.2.3 of chapter 6). Then, we suggest that the best
effect of cholesterol reduction observed in the mice groups treated with
SOX extracts is mainly caused by the high phenolic content whereas the
best efficiency on triglycerides reduction, detected by the groups SOX
50 and SFE 50, is mainly due to the presence of astaxanthin associated
with DHA, EPA and chitosan, important hypolipidemic agents.

Among the variety of indications for the treatments of
hyperlipidemia and obesity, a dietary restriction is the most appropriate
(UESHIMA et al., 2004; MARTINS et al., 2010). However, if a diet
prescribes an adequate reduction in cholesterol and/or triglyceride intake
and does not work, it is necessary to administrate drugs with
hypolipidemic and/or anti-obesity activity associated with food
restriction (FERREIRA et al., 2011). Therapy with hypolipidemic or
anti-obesity agents reduced the rate of atherosclerosis progression and,
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in some cases, induced the regression of existing lesions (SCHIEFFER
and DREXLER, 2003; UESHIMA et al., 2004; MARTINS et al., 2010).
In addition, there are plenty of evidences that hypertriglyceridemia is a
risk factor of coronary heart disease, associated with conditions where
elevated levels of triglycerides accelerate obesity and atherosclerosis
(SCHIAVO et al., 2003). Over the past 30 years, few obesity-treatment
drugs have been developed or approved. Only two drugs are currently
available, the sibutramine and the orlistat, and some drugs have been
withdrawn from the market due to serious side-effects. Sibutramine and
orlistat may cause weight loss of up to 10% when used in combination
with dietary, behavioral, and exercise therapy (YUN et al., 2010).
Otherwise, this drugs acts only in the weight reduction, normally
without effects on cholesterol and triglycerides levels. Then, shrimp
residue extracts studied in the present work is a novelty as a natural bio-
component which combines significant mixed effect as anti-obesity and
hypolipidemic agent when using high fat diet, with the environmental
importance and appeal due to the use of a processing residue.

7.4 Conclusions

The study of the antioxidant activity from shrimp residue extracts
revealed that the highest antioxidant activities, determined by the DPPH
and B-carotene methods, were observed in extracts obtained by polar
solvents. In addition, among the different supercritical conditions, the
extract obtained at 300 bar and 333.15 K presented antioxidant activity
by p-carotene bleaching method similar to the low pressure extracts
(SOX-Ac, MAC-Ac, MAC-EtOH and SOX-IPA), and also to the BHT
standard. The B-carotene bleaching method showed superior antioxidant
results compared to the DPPH method, indicating that: the pB-carotene
system is more sensitive to the chemical characteristics of the shrimp
residue extracts (presence of non-polar antioxidant compounds). The
unsaturated fatty acids are the main fatty acid group present in the
shrimp residue extracts (55 + 5 % for SOX-EtOH extract and 58 +.5 %
for SFE sample), and the most representative fatty acid is the oleic acid.
The shrimp residue extracts showed a high content of eicosapentaenoic
and docosahexanoic fatty acids, which have a wide range of proved
beneficial effects on human health. The SOX-EtOH and SFE
(333.15 K/300 bar) also presented phenolic components, predominant in
SOX extract, probably because to the occurrence of the shrimp head in
the processed residue that conserves its diet, rich in marine microalgae.
The extract obtained by SFE (333.15 K/300 bar), administered at
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50 mg/kg.d, showed the best effect on mice weight reduction (79-84 %
during all treatment). The mice groups for all extract treatments showed
inferior values of total serum cholesterol and triglycerides compared to
the positive control group, indicating the hypolipidemic effect of shrimp
residue extracts obtained by both extraction methods (SOX and SFE).
The best results of reducing triglycerides were obtained by both shrimp
residue extracts at 50 mg/kg.d, whereas the SOX extract for both
concentrations (50 and 200 mg/kg.d) was most efficient on cholesterol
reduction. Increasing the administered concentration from 50 to
200 mg/kg.d, for SOX and SFE extracts, was not efficient to reduce the
body weight or the triglyceride levels and it was probably toxic to the
mice. Finally, the shrimp residue extracts presented advantages over the
known hypolipidemic drugs because it is a natural component, combines
significant effects on obesity and dyslipidemia treatments when using
high fat diet and, mainly, presents a mixed effect (concomitant reduction
of body weight, cholesterol and triglycerides levels). These effects are
probably due to a synergistic action of astaxanthin, EPA, DHA and
flavonoid content. In addition, the biological use proposed in this work
is reinforced by the environmental importance by the use of a processing
residue from food industry.
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CAPITULO 8: ENCAPSULAMENTO DE EXTRATO DO
RESIDUO DE CAMARAO ROSA

Este capitulo descreve o trabalho realizado em estagio de doutorado
(PDEE/Capes n° 1498/10-0) na Universidad de Valladolid
(Valladolid/Espafia), o qual considerou o estudo de co-precipitacdo do
extrato de camardo rosa em polimero utilizando CO, como anti-
solvente. O estudo descrito atende ao seguinte objetivo especifico da
presente tese (secdo 1.2): avaliar a eficiéncia do processo de co-
precipitacdo/ encapsulamento do extrato de residuo de camardo em
polimeros empregando CO, como anti-solvente.

A matéria-prima utilizada foi obtida no mercado publico de
Floriandpolis/SC/Brasil e submetida a tratamento térmico, secagem e
moagem, e 0 método de extracdo empregado foi a maceracdo com
acetona, de acordo com os resultados do capitulo 5. A seguir, foi
realizada a co-precipitacdo de astaxantina em polimeros por tecnologia
supercritica utilizando CO, como anti-solvente pelos métodos de SAS e
SAS de emulséo (SFEE), onde foi investigando o efeito de varidveis do
processo (pressdo, temperatura, vazdo de solucdo e tamanho da unidade
de precipitagdo) no tamanho, distribuicdo do tamanho, na morfologia
das particulas precipitadas, na eficiéncia de encapsulamento de
carotendides e na estabilidade dos encapsulados. A eficiéncia do
encapsulamento do extrato em Pluronic F127 através de SAS foi de até
74 %. Nano-emulsGes processadas por SFEE apresentaram o melhor
desempenho de encapsulamento e 0 menor tamanho de particula. Todas
as particulas produzidas por SAS e SFEE apresentaram melhor
preservaco de cor que o extrato ndo processado.

Na sequéncia estd mostrado o trabalho completo realizado neste
capitulo, no formato de artigo e no idioma inglés, exigido pelos
periddicos internacionais de alto impacto da area como o Journal of
Supercritical Fluids o qual aceitou este trabalho para publicacdo *.

* Artigo aceito para publicagdo no Journal of Supercritical Fluids (DOI:
10.1016/j.supflu.2011.08.006)
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Supercritical anti-solvent precipitation of carotenoid fraction from
pink shrimp residue: effect of operational conditions on
encapsulation efficiency

ABSTRACT

Active principles of a drug can be encapsulated through polymers in
order to prevent adverse reactions and protect its properties. The aim of
this work was the use of the Supercritical Anti-Solvent (SAS) process to
co-precipitate shrimp residue extract and polymer. The shrimp residue
was pre-treated and macerated with acetone, producing the carotenoid
extract. The effect of the operating parameters of the SAS precipitation
was performed in small and large scale units, using Pluronic F127. The
Supercritical Fluid Extraction of an Emulsion (SFEE) was also applied
for the co-precipitation using modified starch. The encapsulation
performance was evaluated by morphology and particle size, efficiency
of astaxanthin encapsulation and color stability. It was possible to
microprecipitate the carotenoid extract with Pluronic F127 by SAS, with
an encapsulation efficiency of up to 74 %. Nano-emulsion produced by
SFEE presented the highest encapsulation performance and the lowest
particle size. All particles produced by SAS and by SFEE obtained
better color preservation compared to the crude extract.

Keywords: stability, astaxanthin, scale up, Pluronic, modified starch.

8.1 Introduction

The hazard attributed to synthetic food additives in human health is
conducting to their replacement by natural products. In this context, the
use of carotenoids, natural pigments responsible for the red, orange and
yellow color of many vegetables and other foods has an increasing
industrial interest. Some of the most abundant carotenoids present in
the human organism are B-carotene, lycopene, astaxanthin and lutein.
These substances are not produced by the human body, and therefore
must be supplied by the human diet (MIGUEL et al., 2008). Besides
their use as pigments, carotenoids have several pharmaceutical and
nutritional applications due to their positive effect on health such as the
antioxidant potential (GRANADO et al., 2003; BURTON, 1989). The
products supplied to pharmaceutical and food industries are usually
presented as a mixture of the carotenoid and a biopolymer (encapsulated
product), since this formulation facilitates the handling of the product
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and improves its stability (McCLAIN and BAUSCH; MIGUEL et al.,
2008).

The use of pink shrimp residue, obtained from the processing of the
shrimp species such as P. brasiliensis and P. paulensis, is an alternative
for the recovery of the carotenoid fraction present in the industrial
waste. Therefore, carotenoids enriched extracts can be obtained by
several extraction procedures and different pre-treatments applied to the
raw material, as extensively studied by Mezzomo et al. (2011) (chapter
5). The authors compared the efficiency of different extraction methods
and evaluated the technical viability of the process according to the
content of astaxanthin, the most representative carotenoid from
crustaceans like shrimp.

Because astaxanthins are easily altered in the presence of light,
oxygen or high temperatures (GOUVEIA et al., 2007), it is important to
define adequate procedures or formulations that preserve the quality of
carotenoid enriched extracts against their oxidation. Different
procedures are applied to chemical formulations in order to protect their
characteristics, such as microencapsulation. The encapsulation consists
of coating the active components, like carotenoid enriched extract, by
means of a protective film, such as a polymer cover. Therefore, the main
advantages of the encapsulation are: reduces the evaporation of the
active extract, increases its shelf live and controls the release through
the coating film, which may increase its biological efficiency (MARTIN
etal., 2010).

For natural products encapsulation, important for food and
pharmaceutical industries, the coating film (carrier or shell material)
must be biodegradable and non-toxic. Co-polymers of poly(ethylene
oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO),
commercially known as Pluronics, are water soluble and exhibit low
toxicity, especially in low concentrations (less than 10,000
mg/day.kg.ss) (BASF, 2004). Certain classes of Pluronic polymers,
ordered according to their molecular weights, have been approved by
Food and Drug Administration (FDA), such as Pluronic F127, which
presents molecular weight of 12,600 g/mol (BASF, 2004; KHATTAK,
2005). Furthermore, Pluronic F127 presents relevant physical properties
such as water permeability and hydrophilicity that empower the coating
layer with the characteristic of slowly release the encapsulated material
(STRAPPE et al., 2005).

The traditional encapsulation techniques are: solvent evaporation,
phase separation and spray drying. These methods require relatively
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high temperatures, which can be inadequate for preserving the stability
of a heat sensitive substance like the carotenoid compounds (active
principle). Hence, alternative operations such as high-pressure
technology allow the production of particulated materials (powders)
which conserve the quality of the active component, a performance
difficult to achieve by the traditional techniques (MIGUEL et al., 2008;
VARONA et al., 2010).

Likewise, starches have also been used as coating material for
encapsulation processes where the biodegradability and the food grade
usage are relevant aspects. Hi-Cap 100, for instance, is an n—octenyl
succinic anhydride (OSA)-modified starch, derived from waxy maize
and especially suitable for the encapsulation of flavors, vitamins and
spices. Because of the production of highly viscous solution when it is
solubilized in water, this material is characterized by excellent
resistance to oxidation, adequate to protect labile substances
(NATIONAL STARCH FOOD INNOVATION, 2011).

The production of ultra-fine particles through supercritical anti-
solvent has several advantages compared to other traditional
precipitation methods, such as spray drying. The mixing between the
supercritical anti-solvent and the liquid phase, containing the substance
for encapsulation, is much faster than the conventional low pressure
processes, which leads to higher super saturations and smaller particle
diameters. The supercritical anti-solvent can be easily and totally
removed from the final product by pressure reduction, in contrast with
the complex purification methods often required when organic anti-
solvents are used. Furthermore, a proper selection of the anti-solvent, for
instance, supercritical carbon dioxide (SC-CO,), enables the process to
be carried out at near ambient temperatures and inert atmosphere,
avoiding thermal degradation or oxidation of the product. For these
reasons, supercritical anti-solvent processes have been increasingly
studied during the last years for several different applications, which
include explosives, polymers, pigments, pharmaceuticals and natural
compounds (COCERO and FERRERO, 2002; MIGUEL et al., 2006;
MIGUEL et al., 2008). Therefore, supercritical anti-solvent (SAS)
process is a very convenient method that covers several viability
requirements.

A new promising technology to produce nanometer particles from
natural substances is represented by the use of supercritical fluids in
combination with nano-emulsions, which presents advantages over these
two separated assets. The combined process is named Supercritical
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Fluid Extraction of Emulsions (SFEE) (SHEKUNOV et al., 2006) and
consists in extracting the organic solvent from the droplets of an oil-in-
water emulsion by using SC-CO,. If a solute is dissolved in the organic
solvent, each droplet of this solution can be considered as a small Gas
Anti-solvent precipitator. This is explained because the saturation of
each droplet with the supercritical fluid promotes the organic solvent
extraction by the gas phase, resulting in the solute precipitation. An
interesting advantage of the SFEE is that, theoretically, the product
particle size can be modified by controlling the geometric characteristics
of the emulsion phases (MATTEA et al., 2009).

To the best of our knowledge, the precipitation study involving the
extract from pink shrimp (P. brasiliensis and P. paulensis) residue has
not been previously reported in the literature. Moreover, previous
researches related to the precipitation of complex mixtures derived from
natural products are also scarce. Therefore, the focus of this study was
related to the use of high pressure method for the encapsulation of
extracts enriched in astaxanthin, the carotenoids representative from
crustaceans. Following this objective, the aim of this work was the
investigation of the operational conditions of the SAS process, applied
for the co-precipitation of the extract of shrimp residue and the polymer
Pluronic F127. Progressively, the SFEE process was also applied by
replacing Pluronic F127 for the modified starch Hi-Cap 100. The
literature data related to the precipitation of other carotenoids
(COCERO and FERRERO, 2002; MIGUEL et al., 2006; MIGUEL et
al., 2008), different from astaxanthin, were applied for the selection of
the adequate process conditions.

8.2 Material and Methods
8.2.1 Raw material preparation and extraction procedure

The raw material consists of pink shrimp (P. brasiliensis and P.
paulensis) residue (waste from shrimp processing), composed
essentially by head, carapace, and tail. The residue was provided by
Peixaria Nelson Santos (Floriandpolis, Santa Catarina, southern
Brazil), sited at the local public market. The raw material was obtained
from the unpeeling of the cultivated shrimp, collected in May 2010,
representing the high production season of the region. The shrimp
residue was pre-treated by combining the process of heat treatment,
drying and milling, as designed by Mezzomo et al. (2011) (results from
section 5.2.). After the pre-treatment, the raw material was submitted to
the extraction of the carotenoid enriched fraction, which consists in a
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cold maceration in acetone (P.A., Nuclear, CAQ Ind. e Com. LTDA))
for 5 days at room temperature. According to the literature data, the cold
maceration in acetone of the pink shrimp residue provides an extraction
yield of 4+1% (w/w, d.b.) and the resulting extract contains an
astaxanthin amount of 252 + 6 Ug/Qextracc (MEZZOMO et al., 2011)
(results from section 5.3.2.3).

8.2.2 Encapsulation processes

The encapsulation of the shrimp extract in polymer was performed
through two different SAS units, as detailed in sections 2.2.1 and 2.2.2.
The effect of the precipitation conditions of pressure (80, 100 and
120 bar), temperature (308.15, 313.15 and 318.15 K), solution flow rate
(2.0, 2.0 and 3.0 mL/min) and extract concentration on feed solution
(2.0, 6.0 and 12.0 mg/mL) was evaluated by the small scale unit. The
primary solvent used in the feed solution was acetone P.A. due to the
high solubility of the extract and polymer. Among the 16 assays
performed in small scale, four experimental conditions were selected for
the large scale process based on the results presented in section 3.1. The
large scale assays were performed by reproducing the conditions carried
out in small scale and taking into account a scale up criteria, between
small and large scales, of: 4 and 5 times the flow rates of CO, and the
solution. The polymer used for all SAS experiments in small and in
large scales was the Pluronic F127 in a concentration in the feed
solution of 10.0 mggeyme/mL. The operational conditions applied for the
SAS assays are reported in Table 8.1. Some assays described in Table
8.1 are in same operational conditions, in order to evaluate the process
repeatability.

8.2.2.1 Supercritical Anti-Solvent (SAS) in small scale

The precipitator cell used to perform the SAS process in the small
scale unit consisted of a chamber assembled in AISI 316 stainless steel.
Details of SAS small scale unit and its operational procedure are
detailed in section 3.7.1.

8.2.2.2 Supercritical Anti-Solvent (SAS) in large scale

A schematic diagram of the pilot plant and the details of the
experimental procedure used for the semi continuous SAS process are
presented by Miguel et al. (2008). Details of SAS small scale unit and
its operational procedure are detailed in section 3.7.2.
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Table 8.1. Operational conditions and efficiency on astaxanthin
encapsulation of Supercritical Anti-Solvent (SAS) and SAS from an
emulsion (SFEE) experiments

CO, flow Solution Extract Astaxanthin

Precipitator ~ Pressure  Temperature . .
rate flow rate concentration  encapsulation

unit (bar) (K) (kgh) (mU/min)  (mg/mL) efficiency (%)

SAS Small 100 313.15 1.0 1.0 2.0

SAS Small 100 313.15 1.0 1.0 2.0 52+ 2¢
SAS Small 100 313.15 1.0 1.0 2.0

SAS Small 100 313.15 1.0 1.0 6.0

SAS Small 100 313.15 1.0 1.0 6.0 46 + 3%
SAS Small 100 313.15 1.0 1.0 6.0

SAS Small 100 313.15 1.0 2.0 6.0 19.7 +0.2°
SAS Small 100 313.15 1.0 3.0 6.0 23+1°
SAS Small 120 313.15 1.0 1.0 6.0 312+05°
SAS Small 80 313.15 1.0 1.0 6.0 35.8 +0.9°
SAS Small 100 318.15 1.0 1.0 6.0 31+2°
SAS Small 100 308.15 1.0 1.0 6.0 71421
SAS Small 120 308.15 1.0 1.0 6.0 42+2°
SAS Small 80 308.15 1.0 1.0 6.0 47.2 +0.7®
SAS Small 120 308.15 1.0 1.0 12.0 26+ 2°
SAS Small 100 313.15 1.0 1.0 12.0 74+ 41
SAS Large 100 313.15 4.0 4.0 6.0 62.5+0.2"
SAS Large 100 313.15 4.0 4.0 6.0 T
SAS Large 100 308.15 4.0 4.0 6.0 69+ 5%
SAS Large 100 313.15 4.0 4.0 12.0 68 + 21
SAS Large 100 313.15 5.0 5.0 6.0 655"
SFEE Large 100 313.15 4.0 4.0 9.6 93.1£0.3"

Same superscript letter on same column indicate no significant difference (p < 0.05).

8.2.2.3 Supercritical Fluid Extraction of Emulsions (SFEE)

The SAS process applied to an emulsion is based on the same
principles as the Gas Anti-solvent (GAS) process but in a semi-
continuous operation. For this process, the emulsion and the anti-solvent
fluid are injected into the precipitation vessel continuously, their
mixture produces the super saturation of the dispersed phase and the
particles are formed. This phenomenon was adequately described by
Mattea et al. (2009).

Briefly, oil-in-water emulsions were obtained by means of a three-
step process: (1) a surfactant suspension was initially prepared by
dispersing the modified starch in deionized water (Milli-Q, Millipore)
with the aid of a magnetic stirrer; (2) afterwards, shrimp residue extract
was dissolved in dichloromethane and the solution formed was
gradually added to the suspension, described previously, under
continuous agitation for 5 min to obtain the crude mixture; (3) the
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dispersed crude emulsion was then fed into the rotor-stator machine
(IKA® LABOR PILOT 2000/4), with 200 mL capacity, and processed
during 2 min at 70,000 rpm for fine emulsification. The system was
refrigerated through circulating ethylene glycol inside the jacket rotor-
stator, which removes the heat generated by the equipment, conferring
operating temperatures between 288.15 and 290.15 K.

The SFEE experiments were performed in a large scale unit by
changing the position of the inlet and the outlet connections of the
precipitation vessel. Preliminary tests indicated that the emulsion
formed by Pluronic F127 and shrimp residue extract was not stable,
probably due to inadequate solubility of the continuous (aqueous
surfactant solution) and the dispersed (extract) phases, or to an
inappropriate value of the Hydrophilic - Lipophilic Balance (HLB) from
Pluronic F127, which is related to the stability power in the
emulsification process. Therefore, a modified starch (Hi-Cap 100) water
solution (2.4 Mstarc/MLywater) Was used to replace the Pluronic F127 and
form the continuous phase. The shrimp residue extract was solubilized
in dichloromethane, at 9.6 MQexrac/ML, to form the dispersed phase. The
operational conditions of SFEE were: 100 bar, 313.15 K, 4.0 kgco2/h,
4.0 mLemu/min. For details of the SFEE procedure, please see section
3.7.3.

8.2.3 Particle morphology and size
8.2.3.1 Scanning electronic microscopy (SEM)

Samples of the powder collected from the precipitators (SAS assays)
were analyzed by a scanning electronic microscope (SEM) model JSM-
820, JEOL. A gold sputter was used to cover the samples with a thin
layer of gold to allow the light reflection for particle evaluation. The
mean particle size was measured by ZEISS image analysis software. In
the case of SFEE assay, the suspension obtained was spray dried (MM-
Basic-PSR, Mobile Minor™) and the resulting particles were analyzed
by SEM as previously described. The measurements were performed in
quadruplicate for each sample.

8.2.3.2 Emulsion droplet and suspension particle size distribution
The emulsion droplet and suspension particle size distribution were
measured with a dynamic light scattering instrument (Autosizer Lo-C,
Malvern Instruments Ltd.). This instrument is equipped with a 4 mW
diode laser (A: 670 nm) and it was configured to measure the particles
sizes ranging from 0.02 to 10 pm. Particle size distribution was
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performed for the initial emulsion and also for the suspension obtained
by SFEE. This analytical procedure was performed in triplicate for each
sample.

8.2.4 Interaction between polymers and encapsulated extract

Differential scanning calorimetry (DSC) is a thermo analytical
technique applied to the precipitated samples in order to observe the
degree of encapsulation of the shrimp extract inside the polymer.
Particularly for the precipitated samples, the DSC analysis gives
information about the interaction between the carrier (polymer) and the
encapsulated material, and also about the crystallinity of the substances,
compared to a standard sample (pure polymer), as discussed by Cocero
et al. (2009). In the present work, the DSC profiles were performed for
the precipitated samples obtained by the following procedures: SAS in
small scale at 100 bar, 313.15K, 1:1 (kgcoo/h)/(mLsy/min) and
2.0 MQexirac/ML; SAS in small and large scales (4 and 5 times criteria) at
100 bar, 313.15 K, 1:1 (kgco2/h)/(mLgo/min) and 6.0 M@exirac/ML; SAS
in small scale at 100 bar, 308.15 K, 1:1 (kgco2/h)/(mLs,/min) and
6.0 MQexirac/ML. The differential scanning calorimeter DSC 822e Mettler
Toledo SAE was used for this investigation at the conditions of: heating
rate of 10 K/min and temperature range from 303.15 K to 503.15 K.

8.2.5 Efficiency on astaxanthin encapsulation

The precipitated samples were previously (24 h before HPLC
analysis) homogeneized in distilled water in order to release the
carotenoid fraction and they were stored at 5 °C until quantification
analysis. The quantification analysis was conducted firstly
homogeneizing the crude extract and the precipitated samples (pre-
prepared as described) in n-hexane (2 mL) and the resulting solution
was centrifuged at 3000 g during 5 min. The samples were analyzed by
high performance liquid chromatography (HPLC), according to
procedure described in section 3.6.1. Efficiencies of astaxanthin
encapsulation were calculated by the ratio between astaxanthin content
inside the particles produced by the co-precipitation and the theoretical
amount of astaxanthin. The latest value represents the total astaxanthin
content injected in the precipitator vessel, equivalent to 100 % of
encapsulation efficiency. The values of encapsulation efficiency were
statistically evaluated by a one-way analysis of variance (ANOVA),
using the statistical package Statistica for Windows 6.0 (Statsoft Inc.,
USA). The significant differences at level of 5% were analyzed by
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Tukey test.

8.2.6 Color stability of the encapsulated products

The encapsulation effect on the color stability of the shrimp extract
was conducted for the precipitated samples obtained by the large scale
procedures (SAS and SFEE). The samples submitted to the stability
analysis followed the procedure described by Gradinaru et al. (2003). A
visible scanning was realized in order to determine the maximum
absorbance range on wave length associated to the carotenoid class, a
spectra region between 430 and 470 nm. Briefly, the crude extract and
the precipitated particles were dissolved in distilled water at
concentrations where the initial absorbance lays between 0.8 and 1.0.
Then, the samples were maintained at room temperature under natural
atmosphere and light exposure to induce the carotenoid degradation.
This analysis was performed in triplicate by means of monitoring the
degradation by periodic absorbance measurements during 7 days of
exposure, using a UV-Visible spectrophotometer (U-2000, Hitachi). The
results were expressed in percentages of color conservation, comparing
with the initial absorbance data, against time of exposure.

8.3 Results and Discussion
8.3.1 Particles morphology and size

Some of the scanning electronic microscopy (SEM) results of the
precipitated particles obtained by SAS-small scale, at various
conditions, and by SFEE are presented in Figure 8.1.

The particles precipitated in the small unit were shapeless and
presented micrometric size, larger than 1 um. The effect of SAS
pressure indicated that, above 80 bar, the particle size was reduced and
the size uniformity enhanced. Otherwise, film formation was observed
at: (1) temperatures above 303.15 K, caused by the supercritical CO,
effect, which reduces polymer melting point; (2) extract concentration in
feed solution larger than 6 mgexrac/ML, due to the high fat content that
enhances the particle agglomeration; (3) feed solution flow rate over
1 mLg,/min, which exceeds the CO, capacity to solubilize the organic
solvent.

The microscopy results for the samples obtained by the large scale (4
times criterion) assays show: a) particle characteristics (shapeless)
similar to small scale samples, obtained at the same precipitating
conditions; b) size distribution and the particle sizes smaller for the 4
times scale up samples, compared to the small scale ones, obtained at

194



Cap.8: Encapsulamento de extrato do res/duo de camardo

the same precipitated condition. Finally, for the 5 times scale up assay,
the samples visually form a slighter film compared to the other samples
obtained at the same condition (small scale and 4 times scale up). This
behavior was confirmed by the SEM data, where no separation among
particles was detected for the 5 times scale up samples. This
performance was probably caused by the restricted space of the vessel
(encapsulation chamber) to contain the high CO; and solution flow rates
for the 5 times scale up assay.

3 ) . D AR
(@) SAS at 100 bar, 313.15 K, 1.0 mL/min, 2.0 mg/mL; (b) SAS at 100 bar, 313.15 K,
1.0 mL/min, 6.0 mg/mL; (c) SAS at 100 bar, 313.15 K, 2.0 mL/min, 6.0 mg/mL; (d) 120 bar,
313.15 K, 1.0 mL/min, 6.0 mg/mL; (e) SAS at 100 bar, 318.15 K, 1.0 mL/min, 6.0 mg/mL;
(f) SAS at 100 bar, 308.15K, 1.0 mL/min, 6.0 mg/mL; (g) SAS at 120 bar, 308.15 K,
1.0 mL/min, 6.0 mg/mL; (h) SAS at 80 bar, 308.15 K, 1.0 mL/min, 6.0 mg/mL; (i) SFEE at
100 bar, 313.15 K, 4.0 mL/min, 2.4 mg/mL.

Figure 8.1 Scanning Electronic Microscopy of precipitated samples in
SAS small scale and SFEE large scale

The SEM results presented in Figure 8.1 show that the SAS
procedure was adequate to produce microparticles (above 1 um), for all
conditions evaluated. Therefore, in order to reduce the size of the
formed particles, the SFEE procedure was applied using Hi-Cap 100 as
surfactant, which enables the formation of stable nano-emulsion, with
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0.68 + 0.03 um of droplet size. After the SFEE procedure, a suspension
with particles size of 0.7 £ 0.1 um was achieved, which was submitted
to spray-drying. The SEM result for the dried suspension is presented in
Figure 8.1(i), which shows spherical particles with particle size between
0.8 and 7.0 um. The increase in the particle size during spray-drying is
due to the precipitation of starch over the previously formed particles of
extract.

8.3.2 Interaction between polymer and encapsulated extract

The DSC results give an indication about the efficiency of the co-
precipitation, suggesting when the procedure is effective to incorporate
the active substance (shrimp extract) inside the carrier matrix (polymer).
The co-precipitation efficient is confirmed by the absence of the
crystalline and the melting peaks of the active substance, which are
normally observed when the component is not coated. Otherwise, the
inefficiency of the process, also observed by the DSC data, produces
segregated particles of both substances separately (the active extract and
the polymer). This behavior is expressed by the DSC graphs by means
of a resolution of the peaks that represent the extract and the polymer, as
discussed by Cocero et al. (2009).

The DSC results of this work indicated one band at near 333.15 K,
for all samples analyzed, as presented in Figure 8.2. These peaks are
related to polymer melting point, according to the curve of pure polymer
in Figure 8.2. Small scale samples also showed a short band at
363.15 K, most probably indicating melting point of fatty acids fraction
from the extract. Then, these results suggest that the small scale assays
could produce composites whereas large scale effectively generated
encapsulated materials.

8.3.3 Efficiency on astaxanthin encapsulation

The encapsulation efficiencies, at different operational conditions,
were determined based on the astaxanthin content and according to the
procedure described in section 2.5, detected before and after the
precipitation. The results are presented in Table 8.1 for all methods and
conditions studied.

The results from Table 8.1 show an evident effect of the pressure
level at the encapsulation efficiency, as expressed by data at constant
temperature (at 308.15 and at 313.15 K): (a) increasing the pressure
from 80 to 100 bar enhances the astaxanthin encapsulation, i.e., from
472+ 0.7 %to 71 £ 2 % at 308.15 K; (b) otherwise, raising the pressure
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from 100 to 120 bar diminished the encapsulation efficiency, from
46+3% to 31.2+05% at 313.15K. The optimal encapsulation
condition is related to the thermodynamic properties of the coating
material and the active compound, such as the melting point
(FRANCESCHI et al., 2008; COCERO et al., 2010). La Fuente et al.
(2006) studied the effect of temperature (313.15-333.15 K) and pressure
(100-420 bar) on the solubility of astaxanthin in supercritical CO, and
concluded that it is directly proportional to the increase of both
operational parameters. Consequently, based on these literature data it is
expected that the best condition to precipitate shrimp residue extract is
at lower pressure, because the extract is rich in astaxanthin, as presented
by Mezzomo et al. (2011) (section 5.3.2.3 of chapter 5). In contrast,
preliminary precipitation tests performed using Pluronic F127 indicated
that this polymer requires higher pressure levels (among the pressure
conditions studied in this work) to avoid film formation, and then
producing only particles during precipitation. Therefore, combining the
pressure effect on shrimp residue extract (low pressure) and on Pluronic
F127 (high pressure) for their co-precipitation, best encapsulation
efficiency was then observed at the intermediate pressure (100 bar).

100bar, 313.15K, ImL,min ", Ikgeoph Y, 2my
100bar, 313.15K, ImLmin ™, Ikgeop b, 6m
100bar, 308.15K, ImL min", 1kgcop-h?, 6m
100bar, 313.15K, 4m L, min!, 4kgeop- b, 6mg, ., .mL*
——— 100bar, 313.15K, SmLmin-', Ske o, b, 6mg ., mLt
Pure Pluronic F127

0 z H . s 0 =z " " w » z e

Figure 8.2 Differential scanning calorimetry for pure polymer and
precipitated samples by SAS in small and in large scales.
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The temperature effect on the encapsulation process (co-precipitation
of shrimp residue extract and Pluronic F127) was also noticeable by the
efficiency results present in Table 8.1. The increase in encapsulation
efficiencies with the temperature decrease (from 318.15 to 308.15 K)
was statistically significant at level of 5 %. This behavior was probably
caused by the reduction in astaxanthin solubility in supercritical CO,
with decreasing temperatures (LA FUENTE et al., 2006), probably due
to the decrease in astaxanthin vapor pressure. Additionally, low
temperatures result in higher distance to the polymer melting point, in
this case between 326.15 and 330.15 K (BASF, 2004), improving its
precipitation efficiency.

Finally, the influence of the ratio between solution and CO, flow
rates in the encapsulation efficiency (Table 8.1) was also detected. The
results indicate that increasing the flow rate ratio solution/CO,, the
encapsulation effectiveness decreases. This fact is probably because of
the high amount of organic solvent compared to the amount of CO,,
perhaps exceeding the CO, saturation limit and obstructing the particle
formation.

Comparing the small scale assays with large scale ones, it can be
observed that when a 4 times scale up criterion was applied (related to
CO, and solvent flow rates, as explained in section 2.2), the efficiencies
on astaxanthin encapsulation were equal or increased in the large scale
assays (Table 8.1). The efficiency of the astaxanthin encapsulation is
dependent on the particle morphology and size. As observed in section
3.3, smaller particles and higher uniformity were observed for the 4
times large scale assays, compared to the small scale, contributing for
the encapsulation efficiency. This behavior could be justified by the
higher surface area, for smaller particles, and also by the larger vessel
space, enhancing the contact between phases (extract and polymer).
Otherwise, comparing the 5 times with the 4 times scale up criterion, no
difference in astaxanthin encapsulation was statistically detected. In
addition, comparing encapsulation efficiency results with data of
particle morphology and size, same better scale up results were found
for the 4 times criterion, compared to the 5 times one (section 3.1).

Considering the dimensions of the precipitation cells, the scale up
assays were obtained by increasing 4 times the cell height and 2.6 times
the cell diameter, compared to the cell used in the small scale
experiments. Indeed, considering the scale up results for particle
morphology (section 3.1), we detected that smaller particles without
film formation (better results) were obtained for the 4 times scale up,
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compared to the 5 times scale up, which uses higher CO, and solution
flow rates compared to the previous one. As a consequence, for the
precipitator cell (0.405 m height) used for the scale up experiments, the
4 times criterion was limiting for an efficient encapsulation. Therefore,
in order to obtain upper scales for the encapsulation (higher than 4
times) it is necessary to combine the increase in CO; and the solution
flow rates with the enhancement in the vessel height and volume.

Finally, comparing encapsulation efficiency of SFEE process with
the SAS method obtained at approximately the same operating
conditions (100 bar, 313.15K, 6 and 12 MQeqac/mL), the SFEE
technology achieved the statistically highest encapsulation efficiency
(93.1£0.3% - Table 8.1), which can be considered a high
encapsulation efficiency according to literature (VARONA et al., 2010;
IMSANGUAN et al., 2010; LIAU et al., 2010). The effectiveness of
SFEE on astaxanthin encapsulation from shrimp residue extract can be
associated to several parameters, such as polymer type, extract
concentration and emulsion formation. Subsequently, further
investigation could be an interesting alternative to evaluate the influence
of SFEE operational conditions and the polymer types, applied for the
co-precipitation of shrimp residue extracts.

8.3.4 Color stability of the encapsulated products

The color conservation of the encapsulated material was evaluated
for the samples obtained by SFEE and by SAS in large scale unit
because, according to previous results, the scale up enhances the particle
quality (morphology, size and encapsulation efficiency). The results,
expressed in terms of color conservation by spectrophotometer analysis
(as detailed in section 2.6) are presented in Figure 8.3.

According to the data from Figure 8.3, all encapsulated extract
presented higher color conservation compared to the crude extract,
confirming the protective effect of the SAS and SFEE encapsulation
processes. The treated samples also shown a period without color loss in
the first 24 hours of exposure, relative to the carotenoid controlled
release by the Pluronic F127 (STRAPPE et al., 2005). Additionally, the
best particle characterization results were obtained by SAS at 100 bar,
313.15 K, 4 kgcoo/h, 4 mLgg/min and 6 MQexrae/mML and by SFEE
(Figure 8.3). These treatments presented high color protection probably
due to the effective encapsulation and particle formation, as
demonstrated by SEM and DSC results. Hereafter, good color stability
was also observed by samples acquired by SAS at higher extract
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concentration (12 MQexra/mL at 313.15 K) and lower temperature
(308.13 K with 6 MQexirac/ML), both treatments at 100 bar, 4 kgcoo/h and
4 mLg,/min. Otherwise, the worse result for color conservation, similar
to the value obtained for the crude extract (Figure 8.3), was achieved by
SAS at 100 bar, 313.15 K and 6 mQeyxrac/mL, in a process using a 5
times scale-up criterion (higher CO, and solution flow rates,
respectively of 5 Kkgcoo/h and 5 mLg/min). This behavior is probably
associated to the limitations of the precipitator geometry (high flow
rates in relation to vessel diameter and length), which do not favor the
co-precipitation of the extract and the polymer, as previously discussed.

110% _ .- SASlarge:100bar, 313.15K, 4
kgcoa/h, 4 mL/min, 6 mg,,../mL
100% X0 . - -4~ SASlarge: 100bar, 308.15K,

~ —_ 4Kgrmph, 4 mL_/min, 6 mg,.,.../mL

L 90% b T ~ . SASlarge: 100 bar, 313.15K
°\ ‘i\ \*, 4Kkgcoxh, 4 mL/min, 12mg,.../mL

— 80% T N _ x— SASlarge: 100bar, 313.15K. 5

70% ‘\\ kgcoa/h, 5 mL,/min, 6 mg,,../mL
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Figure 8.3 Color stability of encapsulated material in function of
exposition time

8.4 Conclusions

The studied conditions allowed the production of encapsulated
material from shrimp residue extract and a polymer. Also,
microparticles were produced by SAS method and the best results in
terms of particle characterization were obtained by shrimp residue
extract in Pluronic F127 at the conditions of: temperature from 308.15
to 313.15 K, pressure from 100 to 120 bar, extract concentration of 6
MGextrac/ML and  ratio  between feed solution and CO, of
1 (mL/min)/(kg/h). The highest efficiency in astaxanthin encapsulation
(74 %) in a small scale unit (SAS procedure) was obtained at 100 bar,
308.15K and ratio between solution and CO, flow rate of
1 (mL/min)/(kg/h). Similar encapsulation efficiencies were achieved by
the SAS large scale assays by means of the same operational conditions
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used for the small scale unit. The best scale up criterion for SAS
procedure, applied for shrimp residue extract and Pluronic F127, was to
enhance the CO, and solution flow rates of 4 times between the small
and the large scales. Additionally, nano-emulsion of shrimp residue
extract were produced by using Hi-Cap 100 as surfactant, generating
spherical capsules of pink shrimp extract by SFEE, constituted by
extract particles (size: 0.7 mm) encapsulated in starch particles (size:
from 0.8 to 7mm), with the highest efficiency on astaxanthin
encapsulation (93 %). The promising results obtained by SFEE suggest
the importance of further investigation to optimize the encapsulation of
shrimp residue extract in different polymers, with high particle
performance. Finally, the products obtained by SAS and SFEE show
higher color conservation compared to the crude extract, with an initial
period of 24 h without color loss, evidencing the efficiency of the high
pressure encapsulation processes studied.
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CAPITULO 9: CONCLUSOES

O aproveitamento do residuo do processamento de camarao rosa (P.
brasiliensis e P. paulensis) na obtencdo de extratos ricos em
carotendides pelas técnicas de extracdo e condicdes de processo
avaliadas se mostrou adequada e tecnologicamente viavel, de acordo
com a maior ou menor pureza em astaxantina.

O estudo das técnicas de pré-tratamento da matéria prima revelou
gue o tratamento térmico é o processo mais efetivo na liberagdo dos
carotenoides para a extracdo. A combinacdo de tratamento térmico,
secagem e moagem se mostrou como o melhor procedimento avaliado
para 0 preparo da matéria-prima, residuo de processamento de P.
brasiliensis e P. paulensis, a fim de recuperar a fracéo carotenoidica.

A partir do estudo de técnicas convencionais de extracao, conclui-se
que os melhores solventes a extracdo de carotendides do residuo de
processamento de P. brasiliensis e P. paulensis foram a acetona e a
solucdo de hexano:isopropanol (50: 50, v/v), 0s quais promoveram oS
maiores conteldos de carotendides totais e extratos mais puros em
astaxantina, principalmente quando fazendo uso da técnica de
maceragdo das amostras. A extracdo com oOleo pode ser uma boa
alternativa a obtencdo de extratos mais puros e protegidos contra a
oxidacdo, apesar do baixo rendimento de extracdo, com os melhores
resultados obtidos neste trabalho utilizando 6leo de girassol a frio.
Assim, o dleo de girassol e a mistura hexano:isopropanol (50:50) se
mostraram como solventes mais adequados para o estudo da aplicagédo
de co-solventes ao dioxido de carbono na extragdo supercritica. Os
espectros no UV-Visivel e no infravermelho médio dos extratos de
residuo de processamento de camardo rosa (P. brasiliensis e P.
paulensis) obtidos por técnicas convencionais indicou que, além de
carotenoides, ha a presenca de compostos com grupo fenol, proteinas e
acidos graxos, sendo a presenca destes compostos possivelmente
relacionada a dieta dos animais, a partir dos quais o residuo foi gerado.

O estudo da cinética de ESC do residuo de processamento de P.
brasiliensis e P. paulensis indicou que o processo foi otimizado ao
aumentar-se a vazdo de CO, e diminuir-se o conteido de umidade na
matéria-prima, chegando-se a um tempo ideal de 180 min para obtencdo
do rendimento global de extracdo. Dentre os modelos matematicos
aplicados, o que melhor se ajustou aos dados experimentais foi o de
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Sovova (1994), o qual indicou que a convecgao € mais significante que a
difusdo no processo de ESC do residuo de camardo rosa. Os valores de
kya obtidos por esse modelo permitiram um bom ajuste de correlagdes
de Sherwood apresentadas pela literatura, e estas indicaram que a
conveccdo forcada é mais representativa que a natural no processo
avaliado.

Os extratos do residuo de camardo rosa obtidos por ESC
apresentaram alto conteldo de astaxantina, possivel presenca de
flavonoides e outros carotendides como a B-criptoxantina. O rendimento
de ESC e a concentragdo de carotendides foram otimizados com o
aumento da massa especifica do CO,, enquanto que a seletividade em
astaxantina diminuiu com esse parametro. O maior rendimento de
astaxantina foi obtido na condi¢do de 300 bar/333,15 K usando CO,
puro, superior a todos os sistemas a baixa pressao. O uso da mistura de
hexano:isopropanol como co-solvente ao CO, supercritico foi eficaz
para aumentar o rendimento de extragcdo mas ndo para a concentracdo de
carotenoides no extrato. O uso de 6leo de girassol como co-solvente ao
CO, supercritico promoveu 0s menores contelidos totais de carotendides
no produto final quando comparado as demais condi¢Bes de ESC. Em
contrapartida, o produto final foi concentrado em carotendides do
residuo de camardo rosa, sugerindo o uso deste em alimentos.

O processo de extragdo supercritica apresenta aspectos interessantes
relacionados as propriedades do solvente e custos especificos quando
aplicado a extragdo de carotendides do residuo de camardo rosa, mesmo
0 custo inicial do equipamento sendo alto. Os resultados da
determinacdo de custos mostraram que a ESC do residuo de camaréo na
etapa CER usando um equipamento composto por 2 colunas de 400 L
apresentou 0 menor custo especifico. Assim, a ESC pode ser
considerada uma tecnologia interessante e produtiva no aproveitamento
de um residuo industrial, ndo somente pelas suas conhecidas vantagens,
mas também pela alta qualidade dos extratos, alto rendimento e baixo
custo do produto final.

O estudo da capacidade antioxidante dos extratos de residuo de
camarao rosa obtidos pelas técnicas de extracdo em estudo revelou que,
embora os resultados ndo indiquem que o extrato apresenta consideravel
poder antioxidante representado pelos altos ECsg, maiores atividades
antioxidantes sdo observadas com o uso de alcodis e acetona como
solventes, nas extracOes a baixa pressdo, e maiores pressdes na extracdo
supercritica.
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O grupo de &cidos graxos insaturados se mostrou predominante nos
extratos do residuo de camardo rosa (55 + 5 % para a amostra obtida por
Soxhlet-etanol e 58 + 5 % para o0 extrato ESC a 333,15 K/300 bar), e 0
acido graxo mais representativo foi o acido oléico. Ainda, os extratos do
residuo de camardo rosa apresentaram alto conteddo dos cidos graxos
ecosapentandico e docosapentandico, do grupo 6mega-3, 0Ss quais
apresentam diversos efeitos comprovados no beneficio da salde
humana. Além disso, 0s mesmos extratos mencionados apresentam
compostos fendlicos, em predominancia na amostra obtida por Soxhlet.

O extrato ESC obtido a 333,15 K/300 bar, administrado na
concentracdo de 50 mg/kg.d, apresentou os melhores efeitos na reducéo
de peso dos camundongos (de 79 a 84 % durante todo o tratamento).
Ambos 0s extratos Soxhlet-etanol e ESC (333,15 K/300 bar)
apresentaram teores inferiores de colesterol e triglicerideos que o grupo
controle positivo (sem administracdo de extrato e tratado com racdo
hipercalérica), demonstrando o efeito hipolipemiante misto dos extratos
de residuo de camardo rosa. Os melhores resultados na reducdo dos
niveis de triglicerideos foram obtidos pelos extratos Soxhlet e ESC na
concentracdo de 50 mg/kg.d, enquanto ambas as concentra¢fes (50 e
200 mg/kg.d) do extrato Soxhlet foram as mais eficientes na reducdo do
teor de colesterol. Assim, os extratos do residuo de camardo rosa
apresentaram vantagens perante farmacos hipolipemiantes consolidadas
devido a se tratar de um composto natural que combina efeitos
significativos no tratamento de obesidade e dislipidemias concomitante
ao uso de dieta hipercaldrica, sendo esse efeito provavelmente causado
pela acdo sinérgica da astaxantina, acido docosapentandico, acido
ecosapentandico e flavondides.

As condicBes operacionais estudadas para 0 processo de SAS e
SFEE permitiram a producdo de particulas de extrato do residuo de
camarao encapsulado. Microparticulas foram produzidas pelo método de
SAS e os melhores resultados em termos de qualidade da particula
(morfologia e tamanho) foram obtidas nas condi¢fes de temperatura de
308,15-313,15 K, pressdo de 100-120 bar, concentracdo de extrato de 6
mg/mL e razdo entre as vazdes de solucdo e CO, de 1 (mL/min)/(kg/h).
A maior eficiéncia de encapsulamento de astaxantina (74 %) na unidade
em escala pequena foi obtida a 100 bar, 308.15 K e razdo entre as
vazbes de solucdo e CO, de 1 (mL/min)/(kg/h). Eficiéncias de
encapsulamento similares foram obtidas através do método de SAS em
escala grande nas mesmas condicGes operacionais usadas em escala
pequena. O melhor critério de ampliacdo de escala para o procedimento
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de SAS, aplicado ao extrato de residuo de camarao e Pluronic F127, foi
ao aumentar em 4 vezes as vazbes de solucdo e CO, entre as escalas
pequena e grande. Nano-emulsBes de extrato do residuo de camardo
foram produzidas usando Hi-Cap 100 como surfactante, gerando
capsulas esféricas de extrato de camardo pelo método de SFEE e com a
maior eficiéncia de encapsulamento de astaxantina (93 %). Por fim,
todas as particulas de extrato de camardo encapsuladas por SAS e SFEE
apresentaram melhor conservacdo de cor que 0 extrato puro nao
processado.

9.1 Sugestdes para trabalhos futuros

a) Usar sistemas com enzimas, acidos e/ou auto-clavagem como
pré-tratamento da matéria-prima;

b) Otimizar a extracdo a baixa pressdo com Oleo vegetal,
utilizando esses resultados para a aplicacdo do 6leo como co-
solvente de ESC,;

c) Otimizar a extracdo ultrassdnica, avaliando diferentes tempos,
razBes entre matéria-prima e solvente, temperatura, etc.;

d) Awvaliar a atividade anti-tumoral dos extratos;

e) Estudar a ESC com propano e/ou associada ao ultrassom para
otimizar a extracdo de carotendides;

f) Estudar o processo de SFEE variando solvente organico,
presséo, temperatura, vaz6es de solvente e solucdo;

g) Estudar estabilidade bioldgica das capsulas produzidas por SAS
e SFEE.
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ANEXOS

ANEXO | - Projeto e construcgéo do equipamento a alta presséo

Fluxograma da unidade de extracéo

A unidade de extracdo foi configurada de acordo com o principio de
funcionamento do equipamento apresentado por Zetzl et al. (2003), com
algumas adaptacdes. A Figura | apresenta um esquema da configuracao
dos constituintes que compfem o0 equipamento construido neste
trabalho.

Como apresentado na Figura I, o equipamento € basicamente
constituido por;

a)
b)

c)
d)
e)
f)
)
h)
i)
)
K)

)

Cilindro de CO; equipado com tubo pescador;

Tubulacéo de ago inox resistente as pressdes maximas desejadas
e nos didmetros estabelecidos (1/4” ¢ 1/8”);

Anilhas, roscas, tees, conexdes de aco inox resistentes as pressdes
méaximas;

Regulador de pressdo do cilindro para o intervalo desejado (0-70
bar);

Man6metro para acompanhamento da pressdo na entrada do
sistema;

Banho termostatizado abastecido de etileno glicol para a
refrigeracdo do CO,;

Bomba de alta pressdo (até 1300 bar) para operar com CO,
liquido;

Vélvula back pressure para a regulagem e manutencdo da presséo
de operacao;

Vélvula agulha de ajuste macrométrico, localizada antes da
entrada da colung;

Man6metro para acompanhamento da pressdo na entrada da
coluna;

Coluna de extracdo em aco inox capaz de resistir até as maximas
pressbes desejadas, e encamisadas em ago galvanizado para a
circulacdo de agua aquecida;

Banho termostatizado abastecido de agua destilada;

m) Manbmetro para acompanhamento da pressdo na saida da coluna;

n)

0)

Vélvula agulha com ajuste macrométrico para fornecer a
expansdo do CO, e, consequentemente a separacdo do CO,
gasoso e extrato;

Vélvula agulha com ajuste micrométrico para realizar o ajuste da
vazdo de COy;
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p) Fitas de aquecimento cobertas por malha de fibra de vidro para
aquecimento das valvulas back pressure, agulha macrométrica e
agulha micrométrica, evitando o congelamento das mesmas e da
tubulagdo que as conecta devido ao efeito Joule-Thompson
provocado pela expansdo de CO, no sistema;

g) Reguladores de temperatura das fitas de aquecimento;

r) Frasco coletor, feito de vidro na coloragdo ambar;

s) Rotametro para a medi¢do da vazao de CO, que deixa o sistema.

Banho de
refrigeragio
RM

Bomba de
liquidos

LEGENDA:

Banho de
aquecimento

! ] VM = Vilvula micrométric
Cilindro de CO, RM = Rotimetro

Figura | Esquema de constituintes do equipamento de alta pressao

O funcionamento da unidade de ESC ¢ iniciado pela alimentacdo de
CO, ao sistema através de um cilindro de CO, equipado com vara
pescadora, para garantir a captacdo do fluido no seu estado liquido, e o
regulador de pressdo do cilindro é ajustado até a pressdo ideal de
alimentacdo (60 bar). O fluido segue pelo equipamento, passando por
uma serpentina arrefecida em um banho termostatizado abastecido de
etileno glicol que mantém a temperatura inferior a 278,15 K, garantindo
0 estado liquido do CO, na entrada na bomba. A bomba é acionada pelo
sistema pneumatico com ar comprimido em pressao adequada (até 6
bar). As valvulas agulha de saida (macrométrica e micrométrica) sdo
fechadas para a pressurizacdo do sistema. Através do fechamento da
vélvula back pressure e no funcionamento da bomba, o sistema é
regulado na pressdo desejada. A extragdo é iniciada pela abertura das
valvulas agulha de saida e a regulagem da vazdo de CO, é realizada,
mantendo o sistema em operagdo continua até o tempo de ESC pré-
determinado para cada material.

Projeto da coluna de extracéo
A coluna de extracdo foi projetada para suportar até 600 bar. Os
célculos de parede do cilindro foram realizados de acordo com o codigo
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A.S.M.E (American Society of Mechanical Engineers, CARLSON,
2000) para vasos de alta pressdo. Os célculos consideram a pressdo de
trabalho, atribuida a 600 bar, a tensdo maxima admissivel para 0 aco
inox 316 L, o raio interno do tubo e a eficiéncia da junta. A partir desses
dados, calculou-se a tensdo circunferencial e a tensdo longitudinal,
considerando-se 0 maior valor de espessura e adicionando um fator de
seguranca de 300 %, de acordo com instrucGes técnicas de engenheiros
mecanicos da area de projetos de vasos resistentes a alta pressao. Assim,
as especificacbes de diametro interno, externo, espessura de parede e
dados da camisa da coluna de extra¢do do equipamento construido estdo
apresentados na Figura 1.

Constituintes do equipamento

O Quadro | apresenta os constituintes adquiridos para a montagem
do equipamento da alta pressdo, bem como marca, fornecedores e
méaximas pressdes de seguranca, e projeto/recurso utilizado para a

obtencdo dos itens citados.
e
2 +rsg?’mm)

,% 7

15

{ 720

33
Jo0

#10

S "l e=

|*2—‘1| 1/8NPT -
Figura Il Projeto da coluna de extragdo

Construcao e funcionamento do equipamento

Apl6s a aquisicdo de todas as pecas e utensilios, realizou-se a
montagem de conexdes de anilhas e valvulas, bem como instalagdo e
fixag8o dos constituintes. Por fim, foram realizados diversos testes para
identificagdo de vazamentos e verificacdo do perfeito funcionamento de
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cada constituinte do equipamento, de acordo com o principio de
extracéo.

O processo de extracdo ocorre a partir do CO, solvente supercritico
gue escoa através de um leito fixo constituido de particulas solidas e
localizado dentro da coluna de extracédo, solubilizando os componentes
do sélido. O esgotamento do solido ocorre na direcdo do escoamento,
enquanto a massa de extrato na fase solvente aumenta na mesma
direcdo. O solvente atravessa o leito fixo saindo carregado de soluto e,
na saida do extrator, passa através de uma valvula de expansdo,
passando ao estado gasoso e, finalmente, o soluto é coletado
(BRUNNER, 1994; REVERCHON e DE MARCO, 2006).

Como apresentado na Figura Ill, o equipamento de ESC apresenta o
seguinte funcionamento: o cilindro de CO, com 99.9 % de pureza
(White Martins) equipado com vara pescadora alimenta diretamente a
linha de extragdo, sendo a pressdo de entrada do gés é regulada através
de um regulador de pressdo; o CO, segue para um banho termostatico
(Microquimica, MQBMPO01) com temperatura programada para 274,15
K através de uma serpentina de tubulacdo; a solugdo de etileno glicol
proveniente do banho termostatico também circula em uma mangueira a
qual envolve a bomba (Maximator, M111) garantindo que o CO, se
mantenha no estado liquido; a bomba trabalha alimentada por ar
comprimido filtrado mantido na pressdo de 5 bar e isento de umidade; a
valvula back pressure do tipo globo (Tescom Cat n° 26-1761-24-161) é
utilizada para regular e manter constante a presséo de operacéo; a coluna
de extragdo constitui-se de um cilindro de aco inox encamisado de 34,0
cm de comprimento, 2,2 cm de raio com extremidades rosqueadas; a
linha que liga a bomba a valvula back pressure bem como a linha ap6s a
coluna de extracdo que segue para as valvulas de expansao sao mantidas
sob aquecimento com fitas de aquecimento (Fisatom, 5 cm x 2,5 cm X
60 cm), de modo a evitar o congelamento das valvulas e tubulacdes; a
temperatura da coluna de extracdo é mantida constante na temperatura
de extracdo desejada através de um banho termostatico (Microquimica,
MQBTC99-20); o rotdmetro (ABB Automation Products 10 A 61)
permite o controle do fluxo de solvente de 1,6 g/min a 41,6 g/min e o
soluto é coletado em frascos ambar conectados ap6s as valvulas agulha
macrométrica e micrométrica. A Figura XIV apresenta uma vista geral
do equipamento de ESC construido neste trabalho.
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Dificuldades encontradas

A tecnologia supercritica ainda é praticamente inexistente nas
indUstrias brasileiras, apesar do crescente nimero de trabalhos
académicos estudando o comportamento desta técnica na extracdo de
compostos bioativos. Assim, existe uma caréncia de pessoal capacitado
nas empresas fornecedoras para orientar tecnicamente os detalhes da
construcdo de um equipamento de alta pressdo. Esta foi a principal
dificuldade encontrada para a constru¢do da unidade deste trabalho,
especialmente com relacdo a informacbes sobre compatibilidade dos
equipamentos disponiveis no mercado para adequacdo a unidade de
extracdo proposta.

(a) Cilindro de CO; (b), (c) e (d) mandmetros, respectivalmente, do suprimento de CO»,
da entrada e da saida da coluna de extracdo; (e) e (h) banhos termostéticos de,
respectivamente, resfriamento do CO, e aquecimento da coluna de extracéo; (f) bomba de
COg; (9) coluna de extracéo; (i) chapa de valvulas.

Figura Il Viséo geral do equipamento de alta pressao construido
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