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Resumen

En esta investigacion se establecio la aplicacién genérica de los sistemas de dos fases
acuosas (SDFA) polietilénglicol (PEG) — solucion salina para el desarrollo de bioprocesos que
permiten la recuperacion primaria de compuestos bioldgicos. Para este fin fueron utilizados
cuatro modelos experimentales: B-ficoeritrina (BFE) producida por Porphyridium cruentum, C-
ficocianina (CFC) producida por Spirulina maxima, pseudo-particulas 2/6 de rotavirus (dIRLP)
producidas por células de insecto High Five™ y por Gltimo luteina producida por Chlorella

protothecoides.

Se estudio la influencia de los parametros de sistema de dos fases acuosas PEG — solucién
salina (peso molecular del polimero, PM PEG; longitud de linea de corte, LLC; relacién de
volumen, Vg; el pH del sistema, porcentaje de muestra, etc) sobre el comportamiento de
particion de los modelos experimentales seleccionados. Se disefiaron procesos para la
recuperacion primaria de los productos de interés utilizando SDFA. Dichos procesos cuentan

con un reducido nimero de etapas, lo cual favorece el rendimiento obtenido.

La influencia de los pardmetros de sistema sobre el comportamiento de particion fue
correlacionada con las caracteristicas fisicoquimicas de los compuestos de interés. Se
establecieron reglas heuristicas que permiten el desarrollo predictivo de procesos para la
recuperacién primaria de compuestos biologicos utilizando SDFA PEG - solucion salina. Este
disefio predictivo toma como base las caracteristicas fisicoquimicas del producto de interés, asi
como las de los contaminantes presentes. Mientras mayor es el peso molecular del compuesto
de interés menor debe ser el PM PEG utilizado para llevar a cabo la recuperacién en la fase
superior del sistema. EI aumento del PM PEG y de la LLC genera un incremento en el volumen
excluido de agua en la fase superior del sistema, lo cual favorece la particion de compuestos
hidrofobicos de bajo peso molecular hacia dicha fase. Es recomendable trabajar a valores de pH
gue brinden carga electroquimica negativa al compuesto de interés, de tal manera que su

particion hacia la fase superior sea favorecida.

Las caracteristicas fisicoquimicas de los sistemas experimentales seleccionados abarcan
desde proteinas hidrofilicas de gran tamafio (dIRLP) hasta compuestos hidrofébicos de bajo
peso molecular (luteina). Esto permite suponer que el disefio predictivo de procesos de
recuperacion primaria utilizando sistemas de dos fases acuosas PEG — solucidn salina puede ser

aplicado a un amplio espectro de compuestos bioldgicos (proteicos o0 no proteicos).
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Introduccion

Capitulo 1. Introduccion

1.1 Procesos biotecnolégicos

El ser humano ha utilizado procesos biotecnoldgicos para su beneficio desde el principio
de la civilizacion. El desarrollo tecnologico permitio generar el entendimiento necesario
para comprender los fendmenos detras de los procesos biotecnoldgicos que hasta ese
momento se practicaban de forma empirica. En la actualidad es posible tomar un
microorganismo, modificarlo genéticamente de ser necesario, y cultivarlo bajo condiciones
controladas para producir compuestos de interés, utilizados en una gran variedad de
aplicaciones. En muchas ocasiones no es necesario utilizar el microorganismo, sino solo

una parte del mismo, como es el caso de los reactores enzimaticos.

Un proceso biotecnoldgico consta de dos etapas primordiales. Primeramente se tiene la
etapa de produccion, la cual tiene como funcién generar el producto de interés.
Posteriormente se tiene la etapa de bioseparaciéon, la cual a su vez consta de: a)
recuperacion primaria, y b) purificacion. Durante la recuperacion primaria la mezcla
compleja resultante de la etapa de produccion (la cual generalmente consta del compuesto
de interés y una gran variedad de contaminantes) es procesada para recuperar el producto,
removiendo a su vez la mayor cantidad de contaminantes posible. Durante esta etapa se
lleva a cabo la liberacion del producto, en caso de que el producto de interés sea
intracelular. En la mayoria de los casos se llevan a cabo operaciones tipicas, tales como
centrifugacion o filtracion con la finalidad de remover particulas de gran tamafio y restos
celulares. Posteriormente se busca recuperar la mayor cantidad de producto de interés, y al
mismo tiempo remover la mayor cantidad de contaminantes. Esto se hace mediante técnicas
como centrifugacion, microfiltracion, precipitacion isoeléctrica, cromatografia en cama
expandida, etc (Cisneros-Ruiz y Rito-Palomares, 2005). Se prosigue a la purificacion del
producto. Dependiendo de las caracteristicas del compuesto de interés, las caracteristicas de
los contaminantes remanentes y del grado de pureza que se desee se disefia el proceso de

purificacion que brinde mejores resultados. Operaciones tipicas de purificacion son la
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cromatografia liquida a altas presiones, electroforesis, precipitacion escalonada,
ultrafiltracion, etc (Hagel, 2001; Cunha and Aires-Barros, 2002).

Los sistemas de dos fases acuosas (SDFA) son una técnica de recuperacion primaria que
puede actuar también para purificacion en ciertos sistemas (Rito-Palomares, 2004; Cunha
and Aires-Barros, 2002; Johansson and Walter, 2000; Cunha et al, 2003; Haraguchi et al,
2004; Kepka et al, 2003; Marcos et al, 2002; Reh et al, 2002; Shinomiya et al, 2003). En
los ultimos afios esta técnica ha adquirido auge, porque tiene la capacidad de llevar a cabo
la integracion (sustitucion de dos o mas operaciones unitarias por una sola) e
intensificacion (procesamiento de mayor cantidad de material bioldgico utilizando equipo
de la misma capacidad) de procesos. A pesar de las numerosas ventajas que ha mostrado
esta técnica, existe una pobre caracterizacién genérica para el desarrollo de procesos de
recuperacion primaria de compuestos biolégicos utilizando sistemas de dos fases acuosas.
Debido a esto se decidio estudiar la aplicacion genérica de sistemas de dos fases acuosas
polimero — solucidn salina para la recuperacion de compuestos biologicos, eligiendo cuatro
modelos experimentales (B-ficoeritrina, C-ficocianina, pseudo-particulas 2/6 de rotavirus y
luteina). Se estudid la influencia de los parametros de sistema sobre el comportamiento de
particion de los modelos seleccionados, para obtener la informacion necesaria para generar
reglar heuristicas que permitan el disefio predictivo de procesos de recuperacion primaria

mediante sistemas de dos fases acuosas.

1.2 Breve descripcion de los sistemas de dos fases acuosas

Los primeros estudios realizados con sistemas de dos fases acuosas se remontan a
década de los 50, cuando Albertsson (1956) demostro durante sus estudios doctorales, el
potencial de esta técnica para separar y recuperar componentes celulares (organelos), asi
como pigmentos de algas y cianobacterias. Desde los trabajos de Albertsson hasta la fecha,
se han realizado una gran cantidad de estudios acerca del comportamiento de particion de
productos de interés comercial en sistemas de dos fases acuosas (Rito-Palomares, 2004;
Cunha and Aires-Barros, 2002; Johansson and Walter, 2000).
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Existen sistemas de dos fases acuosas polimero — polimero, los cuales estan formados
por dos fases acuosas poliméricas (polietilénglicol (PEG) — Dextrano, PEG — Polivinil
alcohol, etc.). Este tipo de sistemas se han utilizado para separar células vegetales (Edahiro
et al, 2005), para la produccion y recuperacion in situ de enzimas (lvanova et al, 2001), en
cromatografia a contracorriente (Shibusawa et al, 2006), etc. Sin embargo, el uso de estos
sistemas estd limitado por los altos costos de algunos polimeros (principalmente

dextrano).

El polietilénglicol (PEG) forma sistemas de dos fases acuosas cuando es combinado con
ciertas sales, resultando sistemas polimero — sal (PEG — fosfato de potasio, PEG — sulfato
de sodio, etc.) (Albertsson et al, 1990). Debido a su bajo costo y corto tiempo de
separacion, estos sistemas son frecuentemente empleados (Srinivas et al, 2002; Esmanhoto
and Vahan Kilikian, 2004). Los SDFA mas utilizados y mejor caracterizados son los
formados por PEG - fosfato de potasio (Rito-Palomares, 2004).

Las caracteristicas de los productos bioldgicos, tales como peso molecular, punto
isoeléctrico, hidrofobicidad, etc, influyen en su preferencia por cada una de las fases del
sistema. Otro factor que es necesario considerar es la presencia de otros compuestos en el
sistema de fases acuosas. La presencia de estos compuestos “contaminantes” en los SDFA
puede afectar el comportamiento de particidn del producto, ya sea generando saturacion en
las fases del sistema o bien interactuando directamente con el compuesto de interés. Los
contaminantes, al interactuar de manera directa con del compuesto de interés, son capaces
de enmascarar o modificar las propiedades fisicoquimicas del producto, lo cual altera su
comportamiento de particion. La naturaleza de los contaminantes presentes esta
intimamente relacionada con el tipo de sistema de expresion que se este utilizando
(bacterias, levaduras, células de mamifero, celulas de insecto, etc), de las condiciones
particulares de cultivo, de si el producto es intracelular o extracelular, del método de
ruptura celular utilizado (en caso que el producto sea intracelular), etc. Dependiendo de su
funcién bioldgica y localizacion dentro de la célula el compuesto de interés puede
encontrarse intrinsecamente ligado a contaminantes de una naturaleza especifica (proteinas

de membrana, pigmentos accesorio del sistema fotosintético, polisacaridos, etc). La
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seleccion del método de ruptura celular que brinde mejores rendimientos de liberacion del
compuesto de interés en algunos casos puede ser una tarea laboriosa, ya que muchos
sistemas de expresion (como por ejemplo las algas) presentan mucha resistencia ante el
impacto mecénico y el tratamiento quimico. El conocimiento de estos factores es de suma
importancia para el desarrollo predictivo de procesos de recuperacion primaria y

purificacion.

Adicionalmente los parametros del sistema de dos fases acuosas juegan un papel de gran
importancia durante la particion del producto de interés hacia una fase en particular. Entre
estos parametros se encuentran: tipo, peso molecular y concentracion del polimero usado
para construir el sistema, naturaleza y concentracion de las sales utilizadas, diferencias de
concentracion de los componentes en cada una de las fases, pH del sistema, adicion de
moléculas con afinidad bioguimica, temperatura, etc (Albertsson et al, 1990; Sarubbo et al,
2000).

1.3 Parametros y conceptos basicos en sistemas de dos fases acuosas

Curva binodal de los sistemas

La formacion de las fases del sistema esta descrita por el diagrama de equilibrio o curva
binodal de ese sistema en particular (Figura 1.1), la cual representa la frontera entre la
regién monofasica y bifasica. Las combinaciones polimero — sal que se encuentren por
debajo de la curva formardn una sola fase heterogénea, mientras que las que se encuentren
por arriba de la curva binodal formaran un sistema bifasico. El mecanismo de formacion de
fases esta relacionado con el balance de las fuerzas entalpicas y entropicas involucradas en

la hidratacion de los solutos presentes (Huddleston et al, 1991 a).

Longitud de linea de corte (LLC)

La composicion de un sistema de dos fases acuosas puede ser expresada en funcion de la
concentracion de los componentes en cada una de las fases del sistema a través de la
longitud de la linea de corte (LLC; o bien TLL por su nombre en inglés, Tie Line Length).

Tomando como ejemplo los sistemas en la curva binodal mostrada en la Figura 1.1, la linea
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de corte de los sistemas X;, X, y X3 esta representada por la linea AC. Todos los sistemas
que se encuentran sobre una misma linea de corte poseen composiciones idénticas en sus
fases inferiores y superiores. Sin embargo estos sistemas difieren en su relacién de

volimenes (Huddleston et al, 1991 a y b).

7| — Fase Superior (PEG)

AR
AR

40

> Fase Inferior (Fosfato)

35 1

30 -

)
(4]
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- )
3] =)
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35 40
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Figura 1.1. Ejemplo representativo de una curva binodal para los sistemas de dos
fases acuosas PEG — fosfatos. Todas las combinaciones de PEG, en este caso particular
1450 g/gmol, y fosfato arriba de la curva ABC forman un sistema de dos fases acuosas,
mientras que todas las combinaciones por debajo de dicha curva dan como resultado una
sola fase heterogénea. Los sistemas X1, X, y X3 estan construidos sobre la misma linea de
corte (linea AC), y por lo tanto tienen la misma composicion en sus fases superiores e
inferiores, y dicha composicion es definida por los puntos A (para la composicion de la fase
superior) y C (para la composicién de la fase inferior). Los sistemas X, X, y X3 difieren en
sus relaciones de volumenes (Vg). (Figura tomada de Nufiez, 1999)
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La longitud de la linea de corte (LLC) de un sistema de dos fases acuosas en particular

puede ser calculada usando la ecuacion 1.1:
LLC? = (APEG)® +(AF)? (Ecuaci6n 1.1)

donde: LLC = Longitud de linea de corte (% peso/peso, denotado % p/p)
APEG = Diferencia de las concentraciones de PEG entre las fases (% p/p)

AF = Diferencia de las concentraciones de fosfato entre las fases (% p/p)

La LLC influye en los fendmenos de particion dentro de los sistemas de dos fases
acuosas (Lin et al, 2003). Se ha reportado que el incremento en LLC se traduce en un
aumento en la particién (Huddleston et al, 1991 b; Hernandez, 1997; Rito-Palomares and
Hernandez, 1998) y explican este fendmeno en términos de variacion de volumen libre de

acuerdo a la teoria de Grossman y Gainer (1988).

Peso molecular del polimero

El peso molecular (PM) del polimero, principalmente PEG, utilizado para construir el
sistema de dos fases acuosas desempefia un papel importante en el comportamiento de
particiobn de los compuestos presentes hacia una u otra fase. Esto es debido a dos
fendmenos: a) aumento de la hidrofobicidad en la fase polimérica, y b) aumento del
volumen excluido (disminucién del volumen libre) (Huddleston et al, 1991 a).

El aumento en la hidrofobicidad al usar polimeros de alto peso molecular es debido a la
reduccion estequiométrica de los grupos hidrofilicos terminales en las moléculas de
polimero, lo cual disminuye la afinidad del polimero (y en general de la fase polimérica)
por el agua (Huddleston et al, 1991 a). La mayoria de las proteinas son hidrosolubles, de tal
forma que, al aumentar la hidrofobicidad de la fase tendrd menor afinidad hacia esta y
tendera a particionarse hacia la fase inferior o bien, a la interfase. Las cadenas (moléculas)
de polimero interaccionan unas con las otras en la fase superior del sistema PEG - sal. El

aumento de volumen excluido observado al aumentar el peso molecular del polimero se
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debe a que dichas cadenas tienen mayor oportunidad de interaccionar unas con otras debido
a su longitud, generandose de esta forma una red muy intrincada de cadenas poliméricas.
Mientras mayor es la interaccion de las moléculas, mayor es el volumen que estas ocupan,
presentandose de esta forma un volumen excluido mayor al que se presenta con cadenas
mas cortas (peso molecular menor) de polimero. Este volumen excluido representa un
obstaculo para las moléculas que intentan particionarse hacia la fase superior. El agua
también se ve en cierto grado excluida de la fase polimérica, lo cual genera un aumento en
la hidrofobicidad.

El grado de influencia que tiene el peso molecular del polimero sobre el comportamiento
de particion de los compuestos bioldgicos de interés esta determinado hasta cierto punto
por los pesos moleculares de los mismos. Los compuestos con altos pesos moleculares se
ven influenciados en mayor grado por los cambios en peso molecular del polimero que

aquellos con menor tamafio (Albertsson et al, 1990).

Relacién de volumenes entre las fases (Vg)

La relacion de volumenes de un sistema de dos fases acuosas esta definida como la
relacion del volumen de su fase superior entre el volumen de su fase inferior (Vg;
Huddleston et al, 1991 a), como lo indica la ecuacion 1.2. Retomando el ejemplo de los
sistemas Xi, X, y X3, mostrados en la Figura 1.1, aun cuando estos tres sistemas tienen la
misma LLC difieren en su Vg. El sistema X; tiene un Vg mayor que X, y X3 porque la
composicion global del sistema tiene un porcentaje peso mas alto de PEG, lo cual genera
una fase superior de mayor volumen. Siguiendo el mismo principio, el sistema X3 tiene un
Vg mas pequefio que X, y X; debido a que el porcentaje de fosfatos en ese sistema es

mayor, lo cual genera una fase inferior de mayor volumen.

V
Viy=—> (Ecuacion 1.2)
VI
donde: VR = Relacion de volimenes.

Vs = Volumen de la fase superior.

V, = Volumen de la fase inferior.




Introduccion

Se ha observado que el volumen relativo de las fases es un parametro que influye de
manera directa sobre la particion de proteinas (Rito-Palomares et al, 2001) y especialmente
sobre la distribucion de la biomasa y de los restos celulares en el sistema de dos fases
acuosas (Hustedt et al, 1985; Huddleston et al, 1991 b; Cueto-Gomez, 1999; Rito-
Palomares and Cueto, 2000).

pH del sistema de dos fases acuosas

El pH del sistema de dos fases acuosas tiene influencia sobre la carga electroquimica
superficial que adquieren los compuestos que se intentan particionar (Chen, 1992). Se ha
comprobado mediante modificaciones quimicas especificas que los sistemas de dos fases
acuosas poseen la capacidad de separar diferencialmente proteinas homologas que difieren
en carga (Franco et al, 1996 a y b).

En los sistemas PEG - solucion salina, la fase superior (rica en polimero) tiene carga
positiva, y por lo tanto es de esperarse que mientras mas negativa sea la carga
electroquimica neta del compuesto de interés, mayor sera su particion hacia la fase
superior, debido al potencial que existe entre las moléculas de polimero (positivas) y el
compuesto de interés (negativo). Una proteina adopta carga negativa neta cuando se
encuentra por encima de su punto isoeléctrico (pl). El punto isoeléctrico es el valor de pH
al cual la carga electroquimica superficial neta de un compuesto es igual a cero. Al
aumentar el pH del medio en donde se encuentra el compuesto (proteico 0 no proteico),
algunos grupos funcionales tienden a desprotonarse, adquiriendo carga negativa (o por lo
menos neutra), de tal forma que cuando las cargas superficiales negativas rebasan en
namero a las cargas positivas, se dice que la proteina tiene una carga electroquimica neta
negativa. Por esta razon es deseable al tratar de recuperar y purificar proteinas mediante
sistemas de dos fases acuosas PEG - solucion salina, trabajar por arriba del punto
isoeléctrico del compuesto de interés. No solo la carga de las proteinas se ve afectada por el
pH. La carga electroquimica superficial de toda molécula con grupos funcionales ionizables

puede ser afectada por el pH del medio.
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1.4 Breve descripcion de la aplicacion de los sistemas de dos fases acuosas

para la recuperacion de compuestos biolédgicos

En afios recientes el interés sobre la aplicacion de los sistemas de dos fases acuosas
como método de recuperacion primaria y purificacion parcial de compuestos biol6gicos ha
aumentado notablemente. Esta técnica ha demostrado ser aplicable en el desarrollo de

procesos, sobre todo en el area biotecnoldgica.

Las principales ventajas que ofrecen los sistemas de dos fases acuosas son: a) su alta
eficiencia, b) factibilidad de escalamiento, c) facilidad de manejo en cualquier escala de
proceso, d) bajos costos de inversion y operacion, e) pueden ser llevados a cabo en forma
continua, y f) generalmente permiten la recuperacion y purificacion de compuestos
biolégicos en su forma nativa, lo cual es de gran valor, ya que al conservar la estructura se

conserva al mismo tiempo la funcion especifica de las mismas.

Los sistemas de dos fases acuosas pueden ser usados en conjunto con otros procesos de
separacion sin afectar a las etapas previas o posteriores de recuperacion (Rito-Palomares,
2002). Una de las aplicaciones mas comunes de los sistemas de dos fases acuosas es como
técnica de recuperacion primaria, porque durante las etapas iniciales de separacion lo que se
desea es remover el mayor nimero de contaminantes posibles, sin que esto afecte
significativamente el porcentaje de recuperacion alcanzado. Han sido utilizados
exitosamente en la recuperacion y purificacion de enzimas, proteinas virales, pigmentos de
naturaleza proteica y no proteica, compuestos aromaticos, etc. A pesar de esto, la aplicacion
de esta técnica hasta el momento ha sido hasta cierto grado limitada debido a la escasa
informacidn acerca de los procesos y fendmenos involucrados en el comportamiento de

particion (Rito-Palomares, 2004).

Con la finalidad de establecer la aplicacion genérica de los sistemas de dos fases acuosas
polimero — solucion salina para la recuperacion de productos bioldgicos en la presente
investigacion se presenta el desarrollo de procesos de recuperacion utilizando cuatro

modelos experimentales. Los modelos experimentales fueron: B-ficoeritrina (BFE)
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producida por la microalga Porphyridium cruentum, C-ficocianina (CFC) producida por la
microalga Spirulina maxima, pseudo-particulas 2/6 de rotavirus (double layered Rotavirus
Like-Particles; dIRLP) producidas por células de insecto, y luteina producida por la
microalga Chlorella protothecoides.

1.5 Caracteristicas bioquimicas de los compuestos bioldgicos recuperados

en la presente investigacion y sus sistemas de expresion

Colorantes proteicos: B-ficoeritrina y C-ficocianina

Las ficobiliproteinas son un grupo de proteinas coloreadas encontradas en la naturaleza
(algas rojas, cianobacterias, etc). Las ficobiliproteinas estan ensambladas dentro de una
estructura celular organizada llamada ficobilisoma (Gantt, 1980). Estos complejos absorben
la luz dentro de un rango amplio de longitud de onda dentro del espectro visible, y
transfieren la energia de excitacion resultante de la absorcion de luz a los centros de
reaccion en la membrana tilacoide, para de esta forma generar energia quimica (Glazer,
1985; Glazer, 1989). Como modelos de estudio representativos de proteinas coloreadas se

eligieron a la B-ficoeritrina y a la C-ficocianina.

La B-ficoeritrina (BFE) obtenida de Porphyridium cruentum (una microalga marina
unicelular de color rojo) es una proteina formada por 13 subunidades: 6 subunidades o,
cada una de las cuales tiene un peso molecular de 17,500 Da; 6 subunidades (3, cada una de
las cuales tiene un peso molecular de 17,500 Da; y una subunidad vy, con un peso molecular
entre 29,000 y 30,000 Da (MacColl and Guard-Frair, 1987), lo cual le confiere un peso
molecular total de 245,000 Da. El punto isoeléctrico (pl) de B-ficoeritrina, producida por
Porphyridium cruentum, tiene un valor cercano a 4 (Hernandez-Mireles and Rito-
Palomares, 2006; Hernandez-Mireles et al, 2006). BFE muestra tres picos de absorbancia
en el espectro visible, a 498, 545 y 563 nm, siendo su pico maximo de absorbancia el de
545 nm (Bryant, 1982). BFE presenta fluorescencia, teniendo esta su pico maximo de
emision entre 575 y 578 nm (Bryant, 1982). Esta proteina es soluble en agua, es inodora y

no es toxica. Cuando se disuelve en agua forma una solucion de color rosa intenso.
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C-ficocianina (CFC) es una ficobiliproteina encontrada principalmente en cianobacterias
(algas verde-azules). Al igual que B-ficoeritrina se trata de una proteina coloreada con
estructura cuaternaria, conformada por 2 subunidades: una subunidad o y una subunidad £,
con pesos de 20,500 y 23,500 Da respectivamente (Ciferri and Tiboni, 1985). Su pl se
encuentra entre 4.7 y 5.1 (MacColl et al, 1971; Kao et al, 1975). CFC muestra un pico de
absorbancia en el espectro visible a 620 nm, y presenta fluorescencia, teniendo su pico
méaximo de emision alrededor de 650 nm (Minkova et al, 2003). Es extremadamente
soluble en agua, es inodora y no toxica (Lee, 1989), razon por la cual es utilizada como
pigmento de origen natural en la industria alimentaria y de cosméticos (Bermejo et al,
2002; Bermejo et al, 2003). De igual forma, en alta pureza encuentra aplicacion como

marcador bioquimica en inmunoensayos, microscopia y citometria.

Para la produccion de los dos modelos experimentales antes mencionados, BFE y CFC,
se eligié a Porphyridium cruentum y Spirulina maxima como sistemas de expresion,
respectivamente. Porphyridium cruentum ha demostrado ser eficiente para la produccién de
B-ficoeritrina y otras ficobiliproteinas, asi como de polisacaridos, &cidos grasos poli-
insaturados y otros compuestos de interés comercial (Bermejo et al, 2002; VVonshak, 1990).
Por este motivo Porphyridium cruentum fue seleccionado como organismo de trabajo para
la produccion de B-ficoeritrina (BFE). Spirulina maxima es una cianobacteria (alga verde-
azul) con morfologia helicoidal. Al igual que la mayoria de las algas y cianobacterias es
una autétrofa obligada, la cual crece en cuerpos de agua dulce con pH alcalino (pH 8 — 11)
dentro de un rango de temperatura de 32 — 35 °C (Ciferri, 1983). Esta microalga cuenta con
un elevado contenido proteico (60 - 70% de la masa seca es proteina), caracteristica que la

distingue de la mayoria de las algas (Clement, 1975).

Proteinas estructurales: pseudo-particulas 2/6 de rotavirus (double layered Rotavirus
Like-Particles, dIRLP)

Las pseudo-particulas virales son estructuras idénticas o similares a los virus, pero que
carecen del material genético nativo del virus. Debido a que la composicion proteica y
conformacién estructural de las pseudo-particulas virales es similar a la de los virus nativos,

se ha planteado y demostrado la utilidad de estas particulas como vacunas, ya que pueden
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generar respuesta inmune en el organismo sin el riesgo de replicacion ya que no cuentan

con el material genético necesario para ello (Mena Méndez, 2004).

El rotavirus estd conformado por RNA de cadena doble y por 6 proteinas estructurales
(VP1, VP2, VP3, VP4, VP6 y VP7). De estas VP1 y VP3 estan confinadas en el interior de
la capside. La capside consta de 3 capas proteicas formadas por las proteinas VP2, VP4,
VP6 y VP7 (Estes and Cohen, 1989; Kipikian and Chanock, 1996; Mathieu et al, 2001). La
Figura 1.2 muestra la estructura simplificada del rotavirus.

Las pseudo-particulas 2/6 de rotavirus (dIRLP) estan conformadas por las proteinas
estructurales VP2 y VP6. Estas pseudo-particulas generan respuesta inmune contra el
rotavirus, lo cual las hace candidatas para generar una vacuna a partir de ellas. La
nucleocapside (capa proteica interna de la capside, la cual esta en contacto con el centro del
virus) esta formada por la proteina estructural VP2. La formacién de la nucleocapside (la
cual tiene un diametro aproximado de 50nm) es dada por la interaccion de 120 unidades de
VP2 (Mena Méndez, 2004; Mena et al, 2005). La siguiente capa de la capside esta
conformada por 260 unidades de VP6. Dichas unidades son en realidad trimeros de dicha
proteina, lo cual significa que la capa proteica estd formada por 780 unidades de VP6
(Mena Méndez, 2004; Mena et al, 2005). El peso molecular total de las pseudo-particulas
2/6 de rotavirus (dIRLP) se encuentra alrededor de los 50,000 kDa.

A pesar de que las proteinas estructurales de diversas pseudo-particulas virales han sido
expresadas en bacterias, levaduras y células de mamifero, el sistema de expresion mas
utilizado es el que involucra la infeccion de células de insecto con baculovirus, el cual
contiene el material genético necesario para la expresion de las proteinas estructurales. Se
sabe que las células de insecto son capaces de expresar y ensamblar in vivo capsides virales
conformadas por mas de una proteina estructural. Adicionalmente, proporcionan un
ambiente eucariotico el cual provee las condiciones Optimas para el ensamblaje, lo cual es
reflejado en una alta productividad (comparada con células de mamifero). Una

caracteristica adicional que hace de las células de insecto un sistema de expresion ideal para
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proteinas recombinantes es su capacidad de hacer modificaciones postraduccionales

complejas (imposibles de llevar a cabo en bacterias y levaduras).

VP2

VP4
Neutralization
antigan
7 pSeratype

VP&
Subgroup

antigen

VP7
Neutralization
anﬂgen

\j Serutjrpe_/

Figura 1.2 Estructura general de un rotavirus. El rotavirus esta formado por 6 proteinas
estructurales diferentes, 4 de las cuales se encuentran en 3 capas proteicas que conforman la
capside. El ensamble de dos de estas proteinas (VP2 y VP6) da como resultado las pseudo-
particulas 2/6 de rotavirus. Imagen obtenida de Estes, 1996.

Existen numerosas lineas celulares de insecto disponibles comercialmente, las cuales
pueden ser cultivadas in vitro (bioreactor). Una de las mas utilizadas es la Tn 5B1-4
disponible comercialmente con el nombre High Five™. Esta linea celular proviene del
ovario de Trichoplusia ni (un lepidéptero conocido con el nombre de falso medidor del
repollo). Debido a que la linea High Five™ es ampliamente utilizada para la expresion de

proteinas recombinantes se decidio trabajar con ella.

Compuesto no proteico: luteina

La luteina es un carotenoide que puede ser encontrado en la naturaleza (vegetales de
hoja verde, frutas, yema de huevo, microalgas, etc). Este compuesto tiene un peso
molecular aproximado de 569 g/gmol (con férmula quimica condensada CsoHs60;). La
longitud de onda a la cual muestra su absorbancia maxima es 445 nm. La luteina es un
compuesto lipofilico, por lo cual su solubilidad en agua es minima. Se sabe que este

compuesto brinda beneficios a la salud humana como antioxidante. Una dieta rica en
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luteina puede prevenir la degeneracion macular, enfermedad en la cual las células
localizadas en la macula sufren dafio debido a la incidencia constante de luz altamente
energética (Ahmed et al, 2005).

Chlorella protothecoides es una microalga de agua dulce que ha demostrado ser capaz
de producir luteina en grandes cantidades bajo ciertas condiciones de cultivo. Se trata de
una microalga unicelular, sin flagelos, de forma esférica, con aproximadamente 2-10 um de
diametro. Chlorella incrementa su produccion de luteina al entra en ciclo heterotréfico.
Debido al potencial de Chlorella para la produccién de luteina bajo ciertas condiciones y a
que es facilmente cultivable en bioreactor se eligié como sistema de produccion (Shi et al,
2006; Shi et al, 2002; Shi et al, 2000; Shi et al, 1999).

1.6 Presente investigacion y formato de la tesis

Se estudié el comportamiento de particion de los modelos experimentales, brevemente
descritos en la seccion anterior, en sistemas de dos fases acuosas: dos proteinas coloreadas
(BFE y CFC), proteinas estructurales de virus (pseudo-particulas 2/6 de rotavirus; dIRLP) y
por ultimo un compuesto no proteico (luteina). La metodologia detallada para realizar estos
estudios, asi como las técnicas analiticas empleadas se describen en el Capitulo 2.
Explotando el conocimiento generado sobre el comportamiento de particion de estos
compuestos bioldgicos se desarrollaron procesos de recuperacion primaria considerando las

condiciones de sistema que favorecieron la particion selectiva de los productos de intereés.

De la investigacion realizada se derivaron 5 articulos publicados en revistas
internacionales con arbitraje. Como parte de la seccion de Resultados y Discusion (Capitulo
3) del presente documento se incluyen dichos articulos, los cuales fueron numerados del |
al V para su facil referencia. Inicialmente se presenta un resumen de las investigaciones
reportadas en los articulos. Las figuras o tablas de los articulos anexos se mencionan entre
paréntesis con el numero de dicha figura o tabla, seguido por el nimero del articulo (I-V) y

su referencia.
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En base al analisis y discusion de los resultados reportados en dichos articulos se
estableceran reglas heuristicas que permitan el disefio predictivo de procesos prototipo para
la recuperacion primaria de compuestos bioldgicos en SDFA polietilénglicol (PEG) -
solucién salina. A continuacién se muestra la lista de articulos publicados que se incluyen

en el capitulo de Resultados y Discusion (Capitulo 3):

I Bioprocess intensification: a potential aqueous two-phase process for the
primary recovery of B-phycoerythrin from Porphyridium cruentum
Jorge Benavides and Marco Rito-Palomares
Journal of Chromatography B, 807 (2004) 33-38

I Simplified two-stage method to B-phycoerythrin recovery from Porphyridium
cruentum
Jorge Benavides and Marco Rito-Palomares
Journal of Chromatography B, 844 (2006): 39-44

111 Potential Aqueous Two-Phase Processes for the Primary Recovery of
Colored Proteins from Microbial Origin
Jorge Benavides and Marco Rito-Palomares
Engineering and Life Sciences, 5(3) (2005) 259-266

IV Rotavirus-like particles primary recovery from insect cells in aqueous two-
phase systems
Jorge Benavides, Jimmy A. Mena, Mayra Cisneros-Ruiz, Octavio T. Ramirez,

Laura A. Palomares and Marco Rito-Palomares
Journal of Chromatography B, 842 (2006) 48-57

\/ Recovery in aqueous two-phase systems of lutein produced by the green
microalga Chlorella protothecoides
Mayra Cisneros, Jorge Benavides, Carmen H. Brenes y Marco Rito-Palomares
Journal of Chromatography B, 807 (2004) 105-110
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1.7 Obijetivo de la investigacion

El objetivo de esta investigacion es establecer la aplicacion genérica de sistemas de dos
fases acuosas polimero (PEG) — solucién salina para el desarrollo de bioprocesos que
permitan la recuperacién primaria de compuestos bioldgicos; utilizando los modelos
experimentales de B-ficoeritrina (BFE) producida por Porphyridium cruentum, C-
ficocianina (CFC) producida por Spirulina maxima, pseudo-particulas 2/6 de rotavirus
(dIRLP) producidas por células de insecto High Five™ y lutefna producida por Chlorella

protothecoides.

Objetivos particulares

1.  Establecer el efecto de los parametros de sistema sobre el comportamiento de
particion de los productos bioldgicos seleccionados en sistemas de dos fases acuosas
(SDFA) polimero (PEG) — solucién salina.

2. Desarrollar el disefio predictivo de procesos prototipo utilizando SDFA y etapas
adicionales para la recuperacion primaria de los productos bioldgicos seleccionados.

3. Establecer reglas heuristicas que permitan el disefio predictivo de procesos prototipo
para la recuperacién primaria de compuestos de naturaleza biolégica usando SDFA
PEG - solucion salina, tomando como informacion de partida las caracteristicas

fisicoquimicas del producto de interés.

1.8 Hipdtesis

El estudio del comportamiento de particion de los compuestos bioldgicos seleccionados
en sistemas de dos fases acuosas polimero (PEG) — solucién salina, y la correlacion de
dicho comportamiento con las caracteristicas fisicoquimicas del producto de interés,
generaran el conocimiento necesario para establecer reglas heuristicas que permitiran el
disefio predictivo de procesos prototipo para la recuperacion primaria de compuestos

bioldgicos.
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Capitulo 2. Materiales y Métodos

2.1 Reactivos.

Los sistemas de dos fases acuosas PEG - solucién salina fueron preparados con
polietiléenglicol de peso molecular 400, 600, 1000, 1450, 3350 y 8000 g/gmol obtenidos de
SIGMA Chemical Co. y fosfato de potasio monobasico (KH,PQ,), dibasico (K;HPQy,),
sulfato de amonio ((NH4)2S0O,) y sulfato de sodio (Na,SO,) fueron obtenidos de Desarrollo
y Especialidades Quimicas (Monterrey, México). Para la construccion de los sistemas de
dos fases acuosas no se utilizaron las sustancias en forma sélida, en su lugar soluciones

estandar fueron previamente preparadas.

El pH de los sistemas se ajusto utilizando acido ortofosforico (85% v/v) o hidroxido de
potasio (1 N) (para sistemas PEG — fosfato), acido sulfarico (2 N) o hidroxido de amonio (1
N) (para sistemas PEG - sulfato de amonio), o bien &cido sulfdrico (2N) o hidréxido de
sodio (1N) (para sistemas PEG - sulfato de sodio) segun fue necesario, hasta alcanzar el pH
deseado en el sistema. La cantidad de solucion adicionada para ajustar el pH del sistema

nunca excedié el 5% v/v del total del sistema.

Para los experimentos con sistemas de dos fases acuosas modelo (definidos como
aquellos en donde se alimenta un extracto purificado del producto de interés) se utilizaron
estandares de B-ficoeritrina y C-ficocianina disponibles comercialmente (ProZyme Inc). En
lo que respecta al extracto purificado de pseudo-particulas 2/6 de rotavirus (dIRLP) este se
obtuvo mediante la técnica de gradiente de cloruro de cesio (Mena Méndez, 2004). En el
caso de luteina no fueron probados sistemas modelo.

2.2 Técnicas analiticas.

Cuantificacion de proteina total mediante la técnica de Bradford.
El método de Bradford (1976) es uno de los mas utilizados para determinar la
concentracion de proteina total debido a su gran sensibilidad. Se basa en la unién del
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colorante azul brillante de Coomasie G-250 a los residuos basicos (principalmente arginina)
y aromaticos de las proteinas, generandose de esta forma un complejo coloreado que tiene
su pico maximo de absorbancia a una longitud de onda de 595 nm. Es precisamente esta
longitud de onda la que se toma para realizar las lecturas de absorbancia para determinar la

concentracion de proteina total.

Para la determinacion de proteina total se agregaron 1.5 ml del reactivo de Bradford
(SIGMA Chemical Co., Bradford reagent, B-6916) a 50 ul de la solucion “problema”,
agitando la mezcla por inversién en repetidas ocasiones y dejandola reposar un minimo de
10 minutos (tiempo suficiente para que toda la proteina presente reaccione con el reactivo
Bradford y se estabilice el color obtenido) y un maximo de 50 minutos (tiempo tras el cual
el complejo proteina — colorante se torna inestable y como resultado de esto empieza a
degradarse, causando esto una pérdida en el color), segun instrucciones proporcionadas por
el proveedor del producto (Sigma Chemical Co.). El ensayo se realiz6 a temperatura
ambiente. Se leyo absorbancia a 595 nm en un espectrofotometro Beckman DU 650
(Beckman Instruments). Las lecturas de absorbancia se tradujeron en concentraciones de
proteina total mediante la ecuacion de la linea de tendencia de la curva de calibracion
generada con este fin. La curva de calibracion se generd preparando soluciones de
concentracion conocida de proteina total (0.1 — 1.2 mg/ml) a partir de una solucion 5 mg/ml

de Albumina de Suero Bovino (Sigma Chemical Co., Bovine Serum Albumin, B-4287).

Determinacion de pureza de B-ficoeritrina y C-ficocianina mediante relaciones de
absorbancias.

Todas las proteinas tienen por lo menos dos regiones de absorbancia maxima en la
region del espectro ultravioleta, una a 280 nm, debido a los residuos de los aminoacidos
aromaticos (tirosina y triptéfano) y otra a 180 nm debido a la absorbancia generada por los
enlaces peptidicos de la proteina. Es debido a esto que es comin expresar pureza de
proteinas en forma de relaciones de absorbancia. En el caso especifico de BFE y CFC se
sabe que sus absorbancias maximas se encuentran a 545 nm y 620 nm respectivamente
(Bermejo et al, 2002; ProZyme Inc., 2003; Bryant, 1982), por lo tanto, al obtener la
relacion de absorbancia A545 / A280 y A620 / A280 se puede estimar el grado de pureza
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de la proteina de interés (BFE y CFC respectivamente) con respecto a otras proteinas. Una
relacion de absorbancias menor a 1.0 significa una gran cantidad de impurezas (proteinas
contaminantes presentes), mientras que una relacién mayor a 4.2 es considerada un grado
muy alto de pureza (ProZyme Inc.). Las lecturas de absorbancia a 280 nm (ultravioleta),
545 nm y 620 nm (visible) fueron realizadas en un espectrofotometro Beckman DU 650
(Beckman Instruments, CA, USA).

Determinacion de la concentracion de B-ficoeritrina (BFE), R-ficocianina (RFC) y
aloficocianina (AFC) mediante sistema de ecuaciones y  mediciones
espectrofotométricas.

La concentracion de ficobiliproteinas BFE, RFC y AFC de Porphyridium cruentum se
obtuvo mediante el uso de absorbancias a 565, 620 y 650 nm, y un sistema de ecuaciones
reportado previamente (Bermejo et al, 2002; Bennett and Bogorad, 1973). A continuacion

se muestran las ecuaciones que conforman el sistema:

(ODszonm -0.7 OD650nm )

RFC (mgml™) = - 28 (Ecuacion 2.1)
AFC (mgml™) = (ODesomm _50('5;90[)620””“) (Ecuacién 2.2)
BFE (mgml™) = (ODsgsmn ~2:8(RFC) ~1.34 (AFC)) (Ecuacion 2.3)

12.7

donde: RFC, AFC y BFE son las concentraciones (en mg/ml) de R-ficocianina,
aloficocianina y B-ficoeritrina respectivamente y ODx,m €s absorbancia (densidad Optica) a
la longitud de onda X. Como se puede observar, el calculo de la concentracion de BFE
requiere determinar previamente las concentraciones de RFC y AFC utilizando las
ecuaciones 2.1y 2.2. Posteriormente la concentracion de BFE puede ser calculada mediante
la ecuacion 2.3. Las lecturas de absorbancia a 565, 620 y 650 nm fueron realizadas en un

espectrofotometro Beckman DU 650 (Beckman Instruments).
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Cuantificacion de pseudo-particulas 2/6 de rotavirus (dIRLP) mediante cromatografia
liquida de exclusion y detector de fluorescencia

La cuantificacion de las pseudo-particulas 2/6 de rotavirus fue determinada mediante
cromatografia liquida a altas presiones (High Pressure Liquid Chromatography, HPLC) de
exclusion acoplado a un detector de fluorescencia. La exclusion de tamafio separa las
moléculas presentes basandose en su peso molecular. Ya que las pseudo-particulas 2/6
tienen un elevado peso molecular (50,000 kDa), la técnica de exclusion de tamafio resulta

ideal para su purificacion.

Debido a que ninguna de las dos proteinas estructurales (VP2 y VP6) que conforman las
dIRLP tienen por si mismas una longitud de onda méaxima de absorcion en el espectro
visible fue necesario modificar las pseudo-particulas de tal manera que su deteccién y
cuantificacion se llevara a cabo de una forma répida y confiable. Por tal motivo se trabajo
con la proteina de fusion EGFPVP2, la cual consiste en la proteina estructural VP2 unida a
la proteina verde fluorescente (green fluorescent protein; GFP). La expresion de esta
proteina de fusion se realiz6 infectando las células de insecto con el baculovirus
recombinante bac EGFPVP2, donado por el Dr. Jean Cohen (INRA, Francia). La
concentracion de EGFPVP2, y por lo tanto la concentracion de pseudo-particulas 2/6 de
rotavirus (dIRLP) fue determinada por comparacidn con una curva estandar generada con
soluciones de GFP a concentraciones conocidas contra fluorescencia (&rea bajo el pico).
Mediante la relacion méasica GFP — EGFPVP2 fue posible determinar la concentracion de
EGFPVP2 a partir de la curva generada con GFP. Se sabe que 15.27 g de pseudo-particulas
2/6 de rotavirus contienen 1 g de GFP (Mena Méndez, 2004).

Antes de ser inyectadas al sistema, las muestras fueron ultrafiltradas mediante
centricones (10 y 300 kDa de tamafio de corte), con la finalidad de remover el polimero
(PEG) vy las sales presentes. La muestra fue colocada en los centricones, los cuales a su vez
fueron centrifugados a 15,000 X g por 15 min. El retenido fue resuspendido en un volumen
conocido de agua mQ. Una vez ultrafiltrada y resuspendida la muestra, esta fue inyectada al
cromatografo. Los componentes que conformaban el sistema cromatografico fueron:

sistema de bombas Waters 626, controlador Waters 600S, columna de exclusién de tamafno
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Waters Ultrahydrogel 500 y 2000 (7.8 mm X 300 mm), detector de fluorescencia 2475, y
software Millenium 32 (Waters, MA, USA). Las condiciones de corrida fueron las
siguientes: flujo isocratico de 0.9 ml/min con fase movil Tris-EDTA (10mM pH 8). En
cuanto al detector de fluorescencia, la excitacion de la proteina GFP (fusionada a VP2,

EGFPVP2) fue llevada a cabo a 484 nm, mientras que la emision fue medida a 510 nm).

Determinacion de pureza de pseudo-particulas 2/6 de rotavirus mediante
cromatografia liquida de exclusion de tamario y detector de arreglo de fotodiodos

La pureza de las pseudo-particulas 2/6 de rotavirus con respecto a otras proteinas fue
determinada mediante un detector de arreglo de fotodiodos (Waters 929), acoplado en serie

al detector de fluorescencia.

La absorbancia a 280 nm (longitud de onda a la cual absorben todas las proteinas) fue
medida a lo largo del tiempo de la corrida. En el cromatograma generado, el area del pico
correspondiente a las pseudo-particulas 2/6 fue calculada y dividida entre el area total bajo
la curva (correspondiente a todas las proteinas presentes). De esta manera se pudo calcular
la fraccion que correspondia a las pseudo-particulas 2/6, y por lo tanto la pureza de las
mismas respecto a otras proteinas. Las condiciones de corrida fueron las mismas que las

especificadas en la seccion anterior.

Cuantificacién de luteina mediante espectrofotometria

La cuantificacion de luteina en cada una de las fases de los SDFA fue llevada a cabo
mediante la medicion de absorbancia a 445 nm utilizando un espectrofotometro (Beckman
DU 650). Como blanco se utilizaron las fases de los sistemas sin luteina. La concentracion
de luteina fue expresada como equivalentes de luteina utilizando un coeficiente de

extincion E**,cy, de 2550 en etanol y un peso molecular de 569 g/gmol.

Estimacion de la hidrofobicidad (Kyte-Doolittle) de BFE, CFC y dIRLP
Existen varias escalas para estimar la hidrofobicidad de una proteina o fraccion de la
misma, entre las cuales se encuentran: Kyte-Doolittle, Engelman, Elsenberg, Hoop-Woods,

Cornett, Rose, Janin, etc. La estimacién de la hidrofobicidad de las proteinas B-ficoeritrina
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(BFE), C-ficociaina (CFC) y pseudo-particulas 2/6 de rotavirus (dIRLP) se llevo a cabo
utilizando la escala Kyte-Doolittle y el programa computacional CLC Protein Workbench
(Version 2.0.2, Demo). Esta técnica se basa en el andlisis de la secuencia de aminodcidos.
Dependiendo de la hidrofobicidad de los aminoacidos es posible determinar las regiones
hidrofobicas e hidrofilicas a lo largo de la secuencia. De tal manera, las proteinas
citoplasmicas (expuestas a un ambiente acuoso) generalmente tienen una mayor proporcion
de regiones hidrofilicas. Por el contrario, las proteinas transmembranales (expuestas a un
ambiente no acuoso) presentan una mayor proporcién de regiones hidrofébicas. La
hidrofobicidad se representa mediante una escala de color a lo largo de la secuencia de
aminoacidos (generalmente las regiones hidrofilicas de la proteina se presentan en color
azul mientras las regiones hidrofébicas en rojo) y/o graficamente. Las secuencias de
aminoacidos para las subunidades o y B de BFE de Porphyridium cruentum, las
subunidades o y p de CFC de Galdieria sulphuraria, y las proteinas estructurales VP2 y
VP6 del grupo C de rotavirus fueron obtenidas del Nacional Center for Biotechnology
Information (NCBI). A lo largo de las secuencias de aminoécidos se muestran en color azul
las regiones hidrofilicas, mientras que en rojo se muestran las regiones hidrofobicas. De
esta manera es posible determinar (de manera cualitativa) la hidrofobicidad relativa de la

proteina mediante la proporcion de regiones hidrofilicas e hidrofobicas.

2.3 Cultivo de sistemas de expresion.

Cultivo de Porphyridium cruentum

Se trabaj0 con una cepa (no axénica) de Porphyridium cruentum obtenida del
CINVESTAYV (CDBB-A-001002 CINVESTAV IPN, D.F., México). ElI medio de cultivo
utilizado para la fermentacion fue el Medio Algal (MA), el cual fué sugerido por el Centro
de Investigaciones Bioldgicas del Noroeste (CIBNOR, La Paz, México), preparado en agua
de mar artificial. Se siguié la especificacion estandar para agua de mar artificial de la
ASTM (American Society for Testing and Materials, ASTM Designation D1141-75, 1975).
El cloruro de estroncio (SrCly), el fluoruro de sodio (NaF) y los demas elementos traza,

fueron omitidos. En la Tabla 2.1 se muestra la composicion detallada (compuestos
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utilizados y cantidades de los mismos para preparar un litro) del agua de mar artificial

utilizada para cultivar Porphyridium cruentum.

Tabla 2.1. Composicion del agua de mar artificial utilizada para preparar el Medio

Algal para Porphyridium cruentum.

Nombre del compuesto Formula Cantidad (por litro)
Cloruro de sodio NaCl 2453 ¢
Cloruro de magnesio MqCl, 5209
Sulfato de sodio Na,SO4 4.09 g
Cloruro de calcio CaCl; 1169
Cloruro de potasio KCI 0.70g
Bicarbonato de sodio NaHCO;3; 0.20g
Bromuro de potasio KBr 0.10¢g
Acido borico HsBO3 0.03g

ASTM (American Society for Testing and Materials, ASTM Designation D1141-75, 1975)

Se pesO la cantidad de sales requeridas en una balanza analitica para preparar el
volumen de agua de mar artificial deseado y una vez hecho esto, se agregaron al volumen
de agua bidestilada necesario. Posteriormente se agitd a temperatura ambiente hasta obtener
una solucién homogénea. En la Tabla 2.2 se muestra la composicién detallada (compuestos
utilizados y cantidades de los mismos para preparar un litro) del medio de cultivo utilizado,
conocido como Medio Algal (MA), el cual se prepard en agua de mar artificial (Tabla 2.1).
Se pesaron las cantidades requeridas de sales utilizando una balanza analitica y se
agregaron al agua de mar artificial. Posteriormente se agito a temperatura ambiente hasta
lograr una solucion homogénea. EI pH del medio de cultivo (sin las vitaminas) fué ajustado
a 7.6 con acido clorhidrico (1 N) o hidréxido de sodio (1 N) segln se requirid, para después
ser esterilizado en una autoclave. Posteriormente en condiciones de esterilidad (campana de
flujo laminar de The Baker Company, Inc. SterilchemGARD 4-TX) se agregaron las
soluciones estandar de vitaminas, las cuales fueron esterilizadas previamente por filtracion

(filtros Millipore 0.22 um).
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Tabla 2.2. Composicion del medio de cultivo utilizado para la fermentacion de
Porphyridium cruentum (preparado en agua de mar artificial).

Nombre del compuesto Formula Cantidad (por litro)
Nitrato de sodio NaNO; 170.00 mg
Fosfato monobaésico de sodio NaH,PO, 13.80 mg
Cloruro de zinc ZnCl, 0.14 mg
Cloruro manganoso MnCl, 0.20 mg
Molibdato de sodio Na;MoO, 0.24 mg
Cloruro de cobalto CoCl, 0.01 mg
Sulfato de cobre CuSOq 0.03 mg
EDTA sal disodica Na,C1oH14N20g 9.90 mg
Citrato de fierro Fes3(CeHs07)2 4.50 mg
Tiamina C12H17N4OS 35 ug
Biotina C10H16N203S Sug

Medio de cultivo sugerido por el Centro de Investigaciones Bioldgicas del Noroeste (CIBNOR)

Porphyridium cruentum fue cultivada con el medio antes descrito en una modalidad tipo
lote en matraces Erlenmeyer con volumen de trabajo de 1 L, a temperatura ambiente (22 °C
— 25 °C). La aireacion del cultivo fue proporcionada por una bomba para aire ELITE799,
con un flujo volumétrico de aire de aproximadamente 9.6 cm®/seg. La aireacion
proporcionada a los matraces generaba agitacion en el cultivo. El in6culo al matraz fue
aproximadamente 100 ml (con 0.5 gramos de biomasa en base humeda). El alga fue crecida
por 30 dias (alcanzando una concentracion de 35 — 40 g de biomasa humeda por litro de
cultivo), después de los cuales las células fueron recuperadas mediante centrifugacion a
2,000 X g por 5 minutos (Centrifuga IEC HN-SII).

Cultivo de Spirulina maxima
Para los experimentos de recuperacion de C-ficocianina se trabajé con una cepa de
Spirulina maxima amablemente proporcionada por el Laboratorio de Ecologia Microbiana

del Centro de Investigaciones y Estudios Avanzados IPN (Dr. Juan José Pefia Cabriales).
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Spirulina maxima fue cultivada utilizando el medio descrito por Herrera et al (1989). El
medio de cultivo fue hecho mediante la combinacion de 3 soluciones que fueron pesadas,
disueltas y esterilizadas de forma independiente: una solucién con macro-nutrientes, una
solucién con micro-nutrientes (elementos traza) y una solucion de fosfato de potasio
dibasico (K;HPO,) con una concentracion de 50 g/L. Todas las soluciones fueron hechas
usando agua bidestilada. La Tabla 2.3 muestra la composicion de la solucion con macro-

nutrientes.

Tabla 2.3. Composicion de la solucion con macro-nutrientes para el medio de cultivo

de Spirulina maxima.

Nombre del compuesto Formula Cantidad (por litro)
Bicarbonato de sodio NaHCO; 16.8
Nitrato de sodio NaNO; 2590
Sulfato de potasio K2SO4 10g
Cloruro de sodio NaCl 1049
Sulfato de magnesio MgSQO, 7H,0 200 mg
EDTA sal disddica Na,C10H14N20s 80 mg
Cloruro de calcio CaCl; 2H,0 40 mg
Sulfato de fierro FeSO, 7H,0 10 mg

Composicién detallada del medio obtenida de Mondragén (2001)

Se pesaron las cantidades requeridas de los compuestos utilizando una balanza analitica,
se disolvieron en 950 ml de agua bidestilada, se agitd a temperatura ambiente hasta lograr
una solucion homogeénea y posteriormente se aforé a 1 L. El pH de la solucion de macro-
nutrientes fue ajustado a 9.0 con acido clorhidrico (1 N) o hidréxido de sodio (1 N) segun
se requirio. La Tabla 2.4 muestra la composicion de la solucién con micro-nutrientes. Se
pesaron las cantidades requeridas de los compuestos, se disolvieron en 980 ml de agua
bidestilada, se agitdé a temperatura ambiente hasta lograr una soluciébn homogénea y
posteriormente se afor6 a 1 L. Las 3 soluciones (macro-nutrientes, micro-nutrientes y

fosfato de potasio dibasico (50 g/L)) fueron esterilizadas por calor (121°C por 15 min). Las
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soluciones necesitan ser esterilizadas por separado para evitar la precipitacion de las sales

al experimentar calentamiento.

Tabla 2.4. Composicion de la solucion con micro-nutrientes para el medio de cultivo

de Spirulina maxima.

Nombre del compuesto Formula Cantidad (por litro)
Acido borico H3BO; 29¢
Cloruro de manganeso MnCl, 4H,0 189
Molibdato de sodio Na;MoO, 2H,0 400 mg
Nitrato de amonio NH;NO; 230 mg
Sulfato de zinc ZnS0O4 7TH,0 222 mg
Sulfato de cromo y potasio K2Cry(S04)4 24H,0 96 mg
Sulfato de cobre CuSO,4 5H,0 79 mg
Nitrato de cobalto Co(NO3); 49 mg
Sulfato de niquel NiSO,4 7H,0 48 mg
Sulfato de titanio Ti,(SO04)3 40 mg
Tungstanato de sodio Na,WO, 2H,0 18 mg

Composicién detallada del medio obtenida de Mondragén (2001)

Una vez a temperatura ambiente y en condiciones de esterilidad (campana de flujo
laminar de The Baker Company, Inc. SterilchemGARD 4-TX) las soluciones fueron
mezcladas de la siguiente manera: a 1 L de solucién con macro-nutrientes se le agregaron
10 ml de la solucion de fosfato de potasio dibasico (50 g/L) y 1 ml de solucién con micro-
nutrientes. La medio de cultivo resultante se agitd hasta homogeneidad y fue vertido en
matraces Erlenmeyer de 500 ml (con 250 ml volumen de trabajo), para ser inoculado con
Spirulina maxima. El inéculo fue 10% del volumen total del cultivo, con una densidad
Optica de 0.7 (a 560 nm; Ravishankar et al, 1999).

Spirulina maxima fue cultivada con el medio antes descrito en una modalidad tipo lote
en matraces Erlenmeyer de 500 ml con volumen de trabajo de 250 ml, a temperatura

ambiente (22 °C — 25 °C). La agitacion del cultivo fue proporcionada por un agitador
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reciproco (Lab-Line, 80 rpm). El indculo al matraz fue de aproximadamente 25 ml (con 0.1
gramos de biomasa en base humeda). El alga fue crecida por 12 dias (alcanzando una
densidad oOptica de 0.7 a 560 nm), después de los cuales las células fueron recuperadas
mediante centrifugacion a 2,000 X g por 10 minutos (Centrifuga IEC HN-SII).

Cultivo de células High Five™

Los experimentos relacionados con la recuperacion de pseudo-particulas 2/6 de rotavirus
(dIRLP) fueron desarrollados utilizando la linea celular BTI-Tn-5B1-4 (Invitrogen, USA),
conocida como High Five™, la cual es derivada del ovario del lepidéptero Trichoplusia ni.

Se utiliz6 un medio de cultivo libre de suero, SF-900-11 (producido por GIFCO-
Invitrogen, USA), el cual esta comercialmente disponible en forma liquida y estéril. La
composicion exacta del medio se guarda en confidencialidad por la compafiia. Sin embargo,
en diversos estudios llevados a cabo (Schlaeger, 1996; Radford et al, 1997; Hu and
Bentley, 1999; Doverskog et al, 2000; Mena Méndez, 2004) se han determinado por lo
menos algunos de los compuestos presentes en el medio, entre los cuales se encuentran:
glucosa (10g/L), sacarosa (2 g/L), maltosa (1.2 g/L), glutamina, amino&cidos libres, etc
(Mena Méndez, 2004). En condiciones de esterilidad se vertio el medio de cultivo esteril en
matraces Erlenmeyer de 250 ml (con volumen de trabajo de 60 ml) previamente

esterilizados en autoclave (121°C por 15 min).

Los matraces con medio estéril fueron inoculados a una densidad de 5X10° células/ml
(viabilidad del 95% y en estado exponencial de crecimiento). Simultaneamente se llevo a
cabo la infeccion con 2 baculovirus recombinantes: bac EGFPVP2, el cual codifica para la
proteina de fusion GFP-VP2, que es la unién de la proteina estructural VP2 y la proteina
verde fluorescente (GFP, green flourescent protein), y bac VP6, el cual codifica para la
proteina estructural VP6. bac EGFPVP2 fue donado por el Dr. Jean Cohen (INRA,
Francia), mientras que bac VP6 fue donado por la Dra. Susana Lépez (UNAM, México).
Para asegurar la infeccidn de la mayoria de las células presentes en el cultivo se utilizé una
multiplicidad de infeccion de 5 unidades formadoras de placa/ml por cada baculovirus. Los

cultivos fueron mantenidos en agitacion a 110 rpm y 27°C por 48 horas. Una vez
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transcurrido el tiempo de cultivo se recuperaron las células mediante centrifugacion a
15,000 X g por 10 min (Beckman, UK).

Cultivo de Chlorella protothecoides

Se trabajo con una cepa de Chlorella protothecoides Kruger obtenida de la ATCC
(American Type Culture Collection), con numero ATCC 30420. Chlorella protothecoides
fue cultivada utilizando el medio descrito por Shi et al (1999 y 2000). La Tabla 2.5 muestra

la composicion del medio de cultivo algal basal.

Tabla 2.5. Composicion del medio de cultivo basal para Chlorella protothecoides.

Nombre del compuesto Formula Cantidad (por litro)
Glucosa CeH1206 9.0¢
Nitrato de potasio KNOs; 1.25¢
Fosfato de potasio monobasico KH2PO4 1.25¢
Sulfato de magnesio MgSQO, 7H,0 109
EDTA sal disodica Na,C10H14N20s 500 mg
Acido borico H3BO; 115 mg
Cloruro de calcio CaCl; 2H,0 110 mg
Sulfato de zinc ZnS04 7H,0 90 mg
Sulfato de fierro FeSO, 7H,0 50 mg
Sulfato de cobre CuSO, 5H,0 16 mg
Cloruro manganoso MnCl, 4H,0 14 mg
Oxido de molibdeno MoOs 7 mg
Nitrato de cobalto Co(NOs3), 6H,0 5mg

Como se puede observar, las fuentes de carbono, nitrogeno y fosfato en el medio fueron

glucosa, nitrato de potasio y fosfato monobéasico de potasio respectivamente. Ha sido
reportado que suplementar el medio con glucosa adicional, asi como urea favorece la
produccién de luteina (Shi et al, 1999 y 2000). De tal forma en lugar de usar 9 g/L de
glucosa se utilizaron 40 g/L (como esta reportado en Shi et al, 2000). En lo que respecta a
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la urea, se suplemento6 al medio de cultivo para alcanzar una concentracion de 3.6 g/L. Se
pesaron las cantidades requeridas de los compuestos utilizando una balanza analitica. Todos
los compuestos (a excepcion de la urea) fueron disueltos en 900 ml de agua bidestilada. Por
su parte la urea fue disuelta por separado en 100 ml de agua bidestilada. Se agit6 a
temperatura ambiente hasta lograr una solucién homogeénea. El pH de ambas soluciones fue
ajustado a 6.6 con &cido clorhidrico (1 N) o hidréxido de sodio (1 N) segln se requirid. Las
soluciones fueron colocadas en botes de borosilicato, para posteriormente ser esterilizadas
en una autoclave (121°C por 15 min). Una vez esterilizadas, bajo condiciones de esterilidad
(campana de flujo laminar de The Baker Company, Inc. SterilchemGARD 4-TX), ambas
soluciones fueron mezcladas una vez que alcanzaron temperatura ambiente (22 — 25°C)
para obtener un volumen total de medio de 1 L. Posteriormente el medio fue inoculado con
Chlorella protothecoides (10% v/v).

Chlorella prototecoides fue cultivada en una modalidad tipo lote en matraces
Erlenmeyer de 500 ml con volumen de trabajo de 250 ml, a 28°C, con agitacion enérgica
(180 rpm) cubriendo los matraces con papel aluminio para proteger de la luz. La agitacion y
obscuridad generan las condiciones de estrés necesarias para que Chlorella produzca
luteina. EI control de temperatura y la agitacion fueron dados por una incubadora con

agitacion (Innova 4000, New Brunswick Scientific).

Se decidié trabajar a una escala mayor de cultivo para de esta manera obtener toda la
biomasa necesaria para llevar a cabo los experimentos de particion de luteina en sistemas
de dos fases acuosas. Para esto se utilizd un fermentador BioFlo 111 (New Brunswick) con
un volumen de trabajo de 2.5 L. Las condiciones de cultivo fueron las siguientes: pH 6.6,
28°C, agitacion 480 rpm (la cual fue proporcionada por el agitador del reactor) y

concentracion de oxigeno disuelto de 50% respecto a saturacion.

El alga fue crecida por 4 - 5 dias (alcanzando una concentracion aproximada de 15
gramos de biomasa humeda por litro de cultivo), después de los cuales las células fueron

recuperadas mediante centrifugacion a 2,000 X g por 5 minutos (Centrifuga IEC HN-SII).
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2.4 Ruptura celular de sistemas de expresion.

Maceracion manual

Debido a que tanto B-ficoeritrina (BFE) como C-ficocianina (CFC) son productos
intracelulares, es necesario llevar a cabo ruptura celular para liberarlos al medio. Se realiz
la ruptura celular de Porphyridium cruentum y Spirulina maxima mediante maceracion
manual utilizando un mortero, el cual se mantuvo a bajas temperaturas durante todo el
proceso mediante el uso de hielo. EI mortero previamente enfriado fue adicionado con

biomasa humeda.

En el caso de Porphyridium cruentum, por cada gramo de biomasa utilizada, se
agregaron 4.3 ml de agua bidestilada (lo cual significa un porcentaje de 23.25% p/v, no
considerando el vidrio molido) y 0.98 g de polvo de vidrio. El tiempo de maceracion se
estimo considerando la cantidad de biomasa utilizada, siendo este de 15 minutos por gramo
de biomasa humeda. Las condiciones para la ruptura manual de Porphyridium cruentum
fueron establecidas tomando como base los condiciones reportadas para Spirulina maxima
(Mondragon, 2001), llevando a cabo modificaciones en las mismas que permitieran una
mayor liberacion de BFE. Al finalizar el tiempo estimado de maceracion, se observo que la
suspension resultante adquiri6 una apariencia lechosa. Mediante observacion al
microscopio (Olympus CK2, objetivo 100X) se pudo comprobar la ruptura celular, al ver
como las algas habian perdido su morfologia y color caracteristicos (esféricas y rojas), para

convertirse en un agregado de color gris-verdoso.

En el caso de Spirulina maxima, por cada gramo de biomasa utilizada, se agregaron 10
ml de una solucion 0.1 M de CaCl, (lo cual significa un porcentaje de 10% p/v, no
considerando el vidrio molido) y 0.98 g de polvo de vidrio. El tiempo de maceracion se
estimo considerando la cantidad de biomasa utilizada, siendo este de 10 minutos por gramo
de biomasa humeda. Las condiciones optimas de ruptura manual fueron establecidas en un
estudio previo (Mondragén, 2001). Al finalizar el tiempo estimado de maceracion, se
observO que la suspension resultante adquiri6 una apariencia lechosa. Mediante

observacién al microscopio (Olympus CK2, objetivo 100X) se pudo comprobar la ruptura
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celular, al ver como las algas habian perdido su morfologia y color caracteristicos
(helicoidales y verdes), para convertirse en un agregado de restos celulares de color

grisaceo.

La remocion de los restos celulares en ambos casos, cuando fue necesaria, se realizo

mediante centrifugacion a 12,000 X g por 10 min (Eppendorf 5415 C).

Sonicacién por inmersion

Se hicieron experimentos para determinar la eficiencia de liberacion de BFE de
Porphyridium cruentum utilizando estos dos métodos de ruptura diferentes: maceracion
manual (descrita en la seccion anterior) y sonicacion por inmersion. En esta técnica
cavitaciones ultrasonicas impactan la membrana celular desestabilizando su estructura. Esto

genera la ruptura de la membranay la liberacion del material intracelular.

La ruptura celular mediante sonicacion por inmersion se realizd en un tubo de vidrio con
capacidad maxima de 50 ml y didmetro de 2.2 cm. Biomasa humeda de Porphyridium
cruentum y agua destilada (4 ml/g de biomasa himeda) fueron agregados al tubo de vidrio,
el cual fue sumergido en el sonicador (Branson 1510). El tiempo 6ptimo de sonicacion fue
determinado experimentalmente (10 min por cada gramo de biomasa). Tiempos mayores a
10 min no generaron un aumento en la concentracion de BFE liberada. Debido a que la
biomasa de Porphyridium tiende a precipitar (su densidad es mayor a la del agua) fue
necesario mezclar constantemente el contenido del tubo. Una vez transcurrido el tiempo de
sonicacion se verifico la ruptura celular mediante el uso de un microscopio Optico
(Olympus CK2). Se pudo observar como las algas habian perdido su morfologia y color
caracteristicos (esféricas y rojas), para convertirse en un agregado de color gris-verdoso.

Sonicacion con punta metalica

Una fraccion (aproximadamente el 60%; Mena et al, 2005) de las pseudo-particulas 2/6
de rotavirus (dIRLP) producidas por las células High Five™ son liberadas al medio de
cultivo (por accion litica del virus) y son recuperadas sin necesidad de llevar a cabo ruptura

celular. En este caso el medio de cultivo gastado puede ser alimentado directamente a los
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sistemas de dos fases acuosas, 0 bien puede llevarse a cabo una concentracion opcional del

mismo.

Sin embargo, la fraccion restante (aproximadamente el 40% de las dIRLP; Mena et al,
2005) permanece en células que no experimentaron lisis. La fraccidn intracelular es
significativa, por lo tanto es deseable recuperarla para poder aumentar el rendimiento
global de recuperacion. Para la ruptura de las células High Five™ se utilizé sonicacién con
punta (0 sonda) metélica. El principio de esta técnica es idéntico al de sonicacion por
inmersidn, sin embargo en este caso las cavitaciones ultrasénicas son generadas por una

sonda metalica que es sumergida directamente en la muestra que se desea homogenizar.

En el caso particular de las células High Five™, estas fueron recuperadas por
centrifugacion (15,000 X g por 10 min) del medio de cultivo, en tubos conicos de plastico
para centrifuga con capacidad méxima de 50 ml. La pastilla celular formada fue
resuspendida en 40 ml de solucion amortiguadora de lisis (10 mM Tris-HCI, 1 mM EDTA
y deoxicolato de sodio 2% p/v). La resuspension se sonicé durante 3 minutos con intervalos
de 10 seg (con periodos de 5 seg de descanso). La viscosidad del homogeneizado aumenta
después de ruptura celular, principalmente debido a la liberacion de acidos nucleicos al
medio. EI homogeneizado resultante se alimentd directamente a los sistemas de dos fases

acuosas (incluyendo restos celulares).

2.5 Obtencion del extracto concentrado de B-ficoeritrina (BFE) mediante

precipitacion con sulfato de amonio.

Cuando se utilizd la ruptura celular mediante maceracion manual de Porphyridium
cruentum se obtuvo una concentracion muy baja de B-ficoeritrina liberada al medio. Por lo
tanto fue necesario concentrar el extracto generado. En esta investigacion, esta
concentracion se realizO mediante precipitacion con sulfato de amonio (Stryer, 1992). A
pesar de que esta técnica se utiliza generalmente para purificar proteinas (precipitacion
escalonada), en este caso solo se utilizd la precipitacion con sulfato de amonio para

concentrar proteinas (un solo paso de precipitacion).
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La metodologia experimental que se siguio fue la siguiente. El suspendido obtenido de
la maceracion (el cual contenia B-ficoeritrina, compuestos contaminantes y restos
celulares) fue centrifugado a 2,000 X g por 5 minutos (Centrifuga IEC HN-SII) para de esa
forma eliminar restos celulares. El sobrenadante fue recuperado en tubos Eppendorf para
microcentrifuga (volumen maximo de 1.8 ml), y centrifugado a 15,000 X g por 2 minutos
(Centrifuga Eppendorf 5415C). El volumen total del sobrenadante obtenido fue registrado.
Por cada mililitro de sobrenadante se agregaron las siguientes cantidades de sales: sulfato
de amonio 0.47 gramos (que representa aproximadamente el 80% v/v a temperatura
ambiente, porcentaje de sulfato de amonio al cual practicamente todas las proteinas
precipitan), fosfato de potasio monobasico 9 mg y azida de sodio 0.4 mg. Una vez
agregadas las sales se agit6 en vortex (Vortex Genie 2, VWR Scientific) hasta que las sales
se disolvieron totalmente. Se centrifugd en tubos Eppendorf a 15,000 X g por 10 minutos
(Centrifuga Eppendorf 5415C).

Después de la centrifugacion se pudo observar la formacion de un precipitado de color
rosa intenso, se retird el sobrenadante, y el precipitado se resuspendié en un reducido
volumen de solucion amortiguadora de sulfato de amonio (60% v/v) en fosfato de potasio
50 mM (pH 7) y azida de sodio 5 mM (ProZyme Inc.), con la finalidad de tener una alta
concentracion de la proteina. Al concentrado resultante se le llamo extracto concentrado de
BFE. Se guardd el extracto cubriéndolo con papel aluminio (para protegerlo de la luz) a 4

°C (ProZyme, Inc., 2003) hasta su posterior uso.

2.6 Recuperacion y purificacion de pseudo-particulas 2/6 de rotavirus

mediante gradiente de CsClI.

Para los experimentos iniciales con sistemas de dos fases acuosas para la recuperacion
de pseudo-particulas 2/6 de rotavirus fue necesario contar con pseudo-particulas purificadas
a fin de definir los sistemas modelo. Esta purificacion fue llevada a cabo mediante la
técnica de gradiente de cloruro de cesio (Mena Méndez, 2004). Las dos fracciones de

pseudo-particulas (intracelulares y extracelulares) se procesaron por separado.
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Para la fraccion intracelular, las células High Five™ fueron recuperadas mediante
centrifugacion (15,000 X g por 10 min, Beckman, UK). La pastilla celular fue resuspendida
y sonicada segun se especifica en la seccion de sonicacion con punta metélica. El
homogenizado resultante fue centrifugado a 15,000 X g por 10 min para de esa forma
remover los restos celulares. El sobrenadante fue centrifugado y distribuido en tubos para
ultracentrifuga (Beckman, UK). A cada tubo se agrego6 4.5 ml de sobrenadante, al cual a su
vez se adiciond 1.89 g de CsClI (0.42 g de CsClI por ml de sobrenadante). Se agitd mediante
vortex hasta lograr la total disolucion de la sal. Se centrifugd durante 18 hr a 148,000 X g.
Una vez terminada la ultracentrifugacion se retiraron los tubos del rotor teniendo cuidado
de no perturbar las bandas de gradiente formadas. La banda de las pseudo-particulas 2/6 de
rotavirus fue recuperada utilizando para esto una jeringa con aguja. La banda fue
almacenada a -20 °C para su posterior uso y analisis.

En lo que respecta a la fraccion extracelular, el medio de cultivo gastado fue
ultracentrifugado a 80,000 X g por 2 hr a través de un colchon de sacarosa de alta pureza
(GIBCO, USA) al 35% p/v en una solucion con 1.58 g/L Tris-HCIl y 8.18 g/L NaCl a pH
7.5. Posteriormente la pastilla generada fue recuperada y purificada mediante la técnica de

gradiente de CsCl, descrita anteriormente.

2.7 Extraccion de luteina de Chlorella protothecoides.

Una vez terminado el cultivo de Chlorella protothecoides, la biomasa fue recuperada
mediante centrifugacion (2,000 X g por 5 min, Eppendorf 5415 C). La pastilla celular
formada fue resuspendida en etanol absoluto (30% masa de biomasa himeda por unidad de
volumen). La adicién de etanol a la biomasa gener6 el aumento de la permeabilidad de la
membrana celular de Chlorella, lo cual dio como resultado la liberacion de luteina al
medio. La remocion de los restos celulares se realizé mediante centrifugacion (2,000 X g
por 5 min, Eppendorf 5415 C). El sobrenadante fue almacenado y posteriormente utilizado

para el estudio del comportamiento de particion de luteina en sistemas de dos fases acuosas.
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2.8 Construccion de los sistemas de dos fases acuosas PEG — sal.

Los sistemas de dos fases acuosas se construyeron utilizando soluciones estandar de
polietilenglicol (PEG) y solucion salina. Para preparar las soluciones estandar de PEG 50%
p/p se pesaron 200 gramos del PEG del peso molecular requerido (1000, 1450, 3350 u 8000
g/gmol) y se agregaron 200 gramos de agua bidestilada, la mezcla fue mantenida en
constante movimiento utilizando un agitador magnético hasta lograr una solucion
homogénea transparente. En el caso del PEG 1000 y PEG 1450 esto se logro después de 3 0
4 horas de agitacion a temperatura ambiente, mientras que para el PEG 3350 y PEG 8000
fue necesario dejar agitando por lo menos 6 horas bajo las mismas condiciones. En el caso
de los sistemas con PEG 400 o 600 g/gmol estos fueron construidos utilizando PEG 100%
p/p, ya que el PEG 400 y 600 en forma pura son liquidos a temperatura ambiente, lo cual

hace innecesaria la tarea de generar una solucién diluida de los mismos.

Para elaborar la solucion estandar de fosfato de potasio 40% p/p se utilizé fosfato de
potasio monobéasico (KH,PQ,), asi como dibasico (K;HPO,), en una proporcion 7:18
respectivamente. De esta forma para preparar 400 gramos de solucién fue necesario pesar
240 gramos de agua bidestilada, y posteriormente se le agregaron 115.2 gramos de fosfato
de potasio dibasico, después de lo cual fue necesario dejar agitando hasta lograr la
disolucion total de la sal. Una vez logrado esto se afiadieron 44.8 gramos de fosfato de
potasio monobasico, y se agitd hasta lograr la disolucion total de la sal. Como paso final se
ajusto el pH de la solucién, con é&cido ortofosférico (85% v/v) o hidréxido de potasio (1 N)
segun fue necesario, dependiendo del pH al cual fuera a ser construido el sistema de dos
fases acuosas.

Para elaborar la solucion estandar de sulfato de amonio ((NH,4)2SO4) 40% p/p (utilizada
solo en los sistemas probados para la recuperacién de pseudo-particulas 2/6 de rotavirus) se
siguié basicamente la misma metodologia que en el caso de la solucién de fosfatos. De esta
forma para preparar 400 gramos de solucion fue necesario pesar 240 gramos de agua
bidestilada, y posteriormente se le agregaron 160 gramos de sulfato de amonio, después de

lo cual fue necesario dejar agitando hasta lograr la disolucion total de la sal. Como paso
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final se ajusto el pH de la solucidn, con &cido sulfurico concentrado (98% v/v) o hidroxido
de amonio (1 N) segun fue necesario, dependiendo del pH al cual fuera a ser construido el

sistema de dos fases acuosas.

Los sistemas fueron construidos pesando las soluciones estandar previamente elaboradas
en tubos conicos para microcentrifuga (con capacidad maxima de 1.8 ml) para los sistemas
de 1 gramo o bien en tubos cénicos de 15 o 50 ml para los sistemas de mayor peso.
Posteriormente se agregd agua bidestilada y por Gltimo la muestra con el compuesto de
interés. Para la construccion de los sistemas blanco (llamados asi debido a que sus fases
superiores e inferiores desempefiar la funcion de blancos espectrofotométricos) se sustituyd

la muestra con el compuesto de interés por agua bidestilada.

Los valores de longitud de linea de corte (LLC) fueron calculados directamente de las
curvas binodales (Zaslavsky, 1995), mediante el uso de la ecuacion 1.1. Una vez
construidos, los sistemas de dos fases acuosas se agitaron en vortex por 10 min en un rotor
(Scientific Industries, Inc. Multi-purpose rotator modelo 151) para de esta forma lograr
mezclar los compuestos. Posteriormente los sistemas se centrifugaron (1500 — 2000 X g por
10 — 20 min) para de esa forma acelerar el equilibrio de fases y la particion de los
compuestos en el sistema (Rito-Palomares et al, 2001). Posteriormente se procedié a
obtener el Vg (relacion de volumen entre la fase superior y la inferior) del sistema,
calculando para esto el volumen de la fase superior e inferior de los sistemas. El volumen

de cada fase se estimo utilizando tubos de centrifuga graduados (tubos de 1.8, 15 0 50 ml).

Muestras representativas fueron obtenidas de cada fase para su posterior analisis. La
fase superior del sistema fue removida con la ayuda de una micropipeta, teniendo cuidado
de no tomar fase inferior ni perturbar la interfase, para evitar contaminacion.
Posteriormente, con la ayuda de una micropipeta se tomaron muestras de la fase inferior,
teniendo cuidado de perturbar lo menos posible la interfase del sistema. Cuando asi fue
necesario (con las pseudo-particulas 2/6 de rotavirus), se tomaron muestras de la interfase.
En este caso la interfase se definié como el volumen restante después de haber recuperado

el mayor volumen posible de fase superior e inferior teniendo cuidado de no alterar ni
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perturbar de manera significativa la interfase. Se llevaron a cabo anélisis de las fases
recolectadas, segun el compuesto de interés recuperado (seccion 2.2). EI nimero de
repeticiones para cada sistema nunca fue inferior a dos. El porcentaje de error siempre

estuvo entre + 10%.
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Capitulo 3. Resultados y Discusion

Este capitulo consta de 3 secciones principales. La primera (seccidn 3.1) es un resumen
de las investigaciones realizadas y publicadas en los articulos cientificos, asi como el
vinculo que existe entre ellas. La segunda (seccion 3.2) incluye consideraciones generales,
reglas heuristicas deducidas de los resultados obtenidos para los modelos experimentales
seleccionados: dos proteinas coloreadas (ficobiliproteinas; BFE y CFC), proteinas
estructurales (pseudo-particulas 2/6 de rotavirus; dIRLP) y un compuesto no proteico
(luteina). La tercera seccion (3.3) incluye una estrategia secuencial que permite el disefio
predictivo de procesos de recuperacion primaria de compuestos biolégicos en sistemas de
dos fases acuosas polietilénglicol (PEG) — solucién salina. Al final de este capitulo se
anexan los 5 articulos publicados, relacionados con la investigacion presentada en este

documento.

3.1 Estudio del comportamiento de particion y desarrollo de procesos
para la recuperacion primaria de los modelos experimentales

seleccionados.

Desarrollo de un proceso prototipo para la recuperacion primaria de B-ficoeritrina
(BFE) producida por Porphyridium cruentum (articulos 1 'y I1)

Se desarrollé un proceso prototipo para la recuperacion primaria de BFE producida por
Porphyridium cruentum. Primero se estudidé el comportamiento de particion de BFE en
sistemas de dos fases acuosas PEG — fosfato de potasio. La influencia de los pardmetros de
sistema (peso molecular del polimero, longitud de linea de corte, pH del sistema y relacion
de volumenes) sobre el comportamiento de particién de BFE fue establecida (articulo 1).
Consecuentemente fue posible determinar bajo que condiciones B-ficoeritrina se
recuperaba selectivamente (concentrandose en la fase superior del sistema, mientras que los
contaminantes se concentraban en la fase inferior o interfase del sistema). Se observd una
obvia afinidad de BFE por la fase superior del sistema, particularmente en los sistemas con
PEG de bajo peso molecular.
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De esta manera, fue posible establecer los parametros de sistema bajo los cuales se
favorece la particion de BFE hacia la fase superior de sistemas de dos fases acuosas PEG —
fosfato de potasio: PEG de bajo peso molecular (1000 — 1450 g/gmol) (Tabla 1y 4, I;
Benavides and Rito-Palomares, 2004), LLC alto (> 40% p/p) (Tabla 1, I; Benavides and
Rito-Palomares, 2004), pH 7-8 (Tabla 2, I; Benavides and Rito-Palomares, 2004) y Vg
mayor a 1 (Tabla 3, I; Benavides and Rito-Palomares, 2004). En general los resultados
obtenidos demostraron el gran potencial de los sistemas de dos fase acuosas PEG — fosfato
de potasio para llevar a cabo la recuperacion primaria de BFE (77%), al obtener elevados
porcentajes de recuperacion y lograr una purificacion primaria de BFE
(Abs545nm/Abs280nm = 2.9, contra un valor de 0.7 en el extracto de BFE) (articulo I;
Benavides and Rito-Palomares, 2004). La existencia de areas de oportunidad quedd
expuesta al momento de disefiar un proceso simplificado de recuperacion primaria, con el
nimero minimo de etapas posibles. En un intento de integrar etapas e intensificar el
proceso, estudios adicionales fueron realizados (articulo I1; Benavides and Rito-Palomares,
2006). En los estudios previos se utilizd6 como muestra un extracto concentrado de BFE,
obtenido mediante maceracion manual de la biomasa de Porphyridium cruentum, remocion
de los restos celulares mediante centrifugacion y precipitacion con sulfato de amonio para
de esa manera concentrar BFE en la muestra (articulo I; Benavides and Rito-Palomares,
2004).

Se realizaron estudios de ruptura celular utilizando dos métodos diferentes: maceracion
manual y sonicacion por inmersion. La ruptura celular mediante sonicacion fue mucho mas
efectiva para la liberacion de BFE, logrando obtener una concentracién 5 veces mayor
(Figura 1, Il; Benavides and Rito-Palomares, 2006). Debido a que la sonicacion permite
obtener un extracto concentrado de BFE (sin la necesidad de recurrir a la precipitacion con
sulfato de amonio) se eligié como la técnica a utilizar para llevar a cabo la ruptura celular
de Porphyridium cruentum. De esta forma se evitaron etapas de concentracion innecesarias
en el proceso. Se probd la factibilidad de procesar extracto crudo de BFE, obtenido
directamente de ruptura celular (sin remocién de los restos celulares) en los sistemas de dos

fases acuosas. La presencia de los restos celulares en los sistemas de fases acuosas no
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afecto la pureza de BFE en la fase superior. Se estudio la influencia del incremento en la
concentracion de extracto crudo de BFE (de 10 a 40% p/p) sobre el comportamiento de
particion de BFE (Tabla 1, Il; Benavides and Rito-Palomares, 2006). En todos de los
sistemas probados el porcentaje de recuperacion fue superior al 90%. Mientras mayor el

porcentaje de extracto crudo de BFE mayor fue la pureza del producto de interés.

Posteriormente se estudid la cinética de formacion y estabilizacion de fases utilizando
diferentes geometrias de sistema, caracterizadas como la relacion entre la altura de sistema
(H) y el didmetro interno del contenedor (D) (Tabla 2, 1I; Benavides and Rito-Palomares,
2006). Las geometrias que requirieron menores tiempos de estabilizacion fueron aquellas
con relacién H/D menor a 1 (Figura 2, 1I; Benavides and Rito-Palomares, 2006). De esta
manera se logro establecer las condiciones y parametros de sistema Optimos para generar
un proceso a nivel comercial para la recuperacion primaria de BFE producida por
Porphyridium cruentum en sistemas de dos fases acuosas PEG — fosfato de potasio. Estos
parametros fueron: PEG 1000 g/gmol, LLC 45% p/p, pH 7, Vg 4.5, 40% p/p extracto crudo
de BFE y H/D menor a 1.

Bajo estas condiciones se logré una concentracion de BFE de 110 mg/L en la fase
superior del sistema. Esta concentracion demuestra el potencial que tiene esta técnica para
la recuperacion primaria de BFE. De esta manera se recupero el 92% de BFE en la fase
superior del sistema con una pureza (Abs545nm/Abs280nm) de 3.2. Otras técnicas de
recuperacion primaria han sido estudiadas por otros grupos de investigacion para el caso

particular de BFE.

Cromatografia en cama expandida (EBA) ha sido utilizada para la recuperacion primaria
de BFE (Bermejo et al, 2006) logrando una recuperacion del 78% y una pureza
(Abs545nm/Abs280nm) > 3 utilizando una resina Streamline-DEAE (dietil-aminoetil, GE
Healthcare). El porcentaje de recuperacion obtenido con SDFA es ligeramente mayor,
mientras que las purezas de BFE obtenidas por ambas técnicas son similares. Sin embargo
la capacidad de adsorcion de la resina utilizada para la cromatografia en cama expandida se

ve fuertemente afectada por la presencia de proteinas contaminantes, mientras que los
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SDFA han mostrado ser robustos ante la presencia de contaminantes. La Figura 3.1 muestra
el diagrama simplificado de los procesos de recuperacion primaria de BFE desarrollados

(articulos 1 y IlI; Benavides and Rito-Palomares, 2004 y 2006), los cuales cuentan con un

numero reducido de etapas y pueden ser escalados sin dificultad técnica.
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Remocioén de restos

mecanica (maceracion)

celulares
(centrifugacion)

Precipitacién con sulfato
de amonio

Bajo PM PEG (1450 g/gmol)
Elevada LLC (53% p/p)
V21 (1)

BFE
Recuperacion 77%

Pureza 2.9

<+—

Recuperacion primaria
mediante SDFA

B Cultivo de
Porphyridium cruentum

Ruptura celular

Recuperacién primaria

mecanica (sonicacion)

mediante SDFA

BFE

— Recuperacion 92%

Pureza 3.2

Bajo PM PEG (1000 g/gmol)
Elevada LLC (45% p/p)
Ve21(4.5)
pH7-8(7)

Alto % muestra (40% p/p)
Baja relacion H/D (0.5)

Figura 3.1 Comparacion simplificada de los procesos desarrollados para la
recuperacion primaria de B-ficoeritrina (BFE) producida por Porphyridium cruentum
utilizando sistemas de dos fases acuosas (SDFA) PEG - fosfato de potasio. El uso de
maceracion como método de ruptura general genera extractos de BFE diluidos, por lo cual
es necesario introducir en el proceso etapas de concentracion (A, articulo 1). EIl uso de
sonicacion como método de ruptura celular permite obtener un extracto concentrado de
BFE, eliminando de esta manera la necesidad de etapas de concentracion adicionales en el
proceso (B, articulo I1). El proceso integrado e intensificado (B) no tan solo permite
eliminar etapas innecesarias de proceso, sino que adicionalmente reporta mayor pureza y
porcentaje de recuperacion de BFE. El sistema de dos fases acuosas (PEG 1000 g/gmol,
LLC 45% p/p, pH 7, Vg 4.5y H/D menor a 1) se adiciond con 40% p/p de extracto crudo
de BFE.

Es importante mencionar que tomando como base la investigacion reportada en estos
dos articulos cientificos (I y 11), Hernandez-Mireles y Rito-Palomares (2006) disefiaron un

proceso para la recuperacion y purificacion de BFE, agregando una etapa de precipitacion
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isoeléctrica previa a los sistemas de dos fases acuosas. Dicho proceso permitio una
recuperacion del 72% y una pureza de BFE (Abs545nm/Abs280nm) de 4.1, valor de pureza
considerado grado analitico.

Desarrollo de un proceso prototipo para la recuperacién primaria de proteinas
coloreadas de origen microbiano (articulo 111)

Con el fin de demostrar la aplicacién genérica de los sistemas de dos fases acuosas
(SDFA) polimero — solucion salina para la recuperacion primaria de proteinas coloreadas,
particularmente ficobiliproteinas, se realizé un estudio comparativo del comportamiento de
particion de B-ficoeritrina (BFE) producida por Porphyridium cruentum y C-ficocianina

(CFC) producida por Spirulina maxima.

Se realiz6 una comparacion de la influencia de los pardmetros de sistema sobre el
comportamiento de particion de BFE y CFC a fin de determinar bajo que condiciones las
proteinas de interés y los contaminantes presentes se concentraban en fases opuestas del
sistema. El andlisis comparativo de los resultados obtenidos para ambas proteinas permitio
correlacionar la influencia de los pardmetros de sistema y las caracteristicas fisicoquimicas

de los productos de interés sobre su comportamiento de particion en SDFA.

En el caso de CFC los parametros de sistema que promovieron la particion del producto
de interés hacia la fase superior fueron: PEG 1450 g/gmol (Tabla 1 y Figura 3, llI;
Benavides and Rito-Palomares, 2005), LLC 34% p/p (Tabla 1, Ill; Benavides and Rito-
Palomares, 2005), Vg 0.3 (Figura 2, I1l; Benavides and Rito-Palomares, 2005) y pH 7
(Figura 1, Ill; Benavides and Rito-Palomares, 2005). Bajo estas condiciones se logré un
porcentaje de recuperacion del 98% y una pureza de CFC (definida como la relacién
Abs620nm/Abs280nm) de 2.1.

En el caso de BFE los parametros que optimizaron la particion del producto de interés
hacia la fase superior fueron: PEG 1000 g/gmol (Tabla 1 y Figura 3, IlI; Benavides and
Rito-Palomares, 2005), LLC 50% p/p (Tabla 1, 11I; Benavides and Rito-Palomares, 2005),
Vr 1.0 (Figura 2, IlI; Benavides and Rito-Palomares, 2005) y pH 7 (Figura 1, IlI;
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Benavides and Rito-Palomares, 2005). Bajo dichas condiciones se logré un porcentaje de
recuperacion del 82% y wuna pureza de BFE (definida como la relacién
Abs545nm/Abs280nm) de 2.8.

Desarrollo de un proceso para la recuperacion primaria de pseudo-particulas 2/6 de
rotavirus (dIRLP) (articulo 1V)

La técnica de gradiente de cloruro de cesio (Mena Méndez, 2004) permite recuperar
solamente el 2% de las pseudo-particulas 2/6 de rotavirus (dIRLP), con una pureza del 9%
(con respecto a otras proteinas). Generar el gradiente de cloruro de cesio requiere
ultracentrifugacion a 148,000 X g por 18 horas. Si se deseara recuperar y purificar pseudo-
particulas 2/6 de rotavirus para su comercializaciéon seria deseable utilizar una técnica
alternativa de recuperacion y purificacion primaria. En esta parte de la investigacion se
evalud el comportamiento de particion de las dIRLP en sistemas de dos fases acuosas PEG
— solucion salina. El entendimiento de este modelo de estudio no solo permitio disefiar un
proceso de recuperacion primaria para estas pseudo-particulas, sino que teéricamente los
resultados obtenidos pueden ser extrapolados a particulas proteicas con geometria esférica,

hidrofilicas y muy elevado peso molecular.

Se estudio la influencia de los parametros de sistema sobre el comportamiento de
particion de dIRLP en SDFA. Posteriormente ambas fracciones, intracelular y extracelular
(40 y 60% del total de dIRLP, respectivamente), de las dIRLP fueron recuperadas con
estrategias independientes. La fraccion intracelular de las dIRLP fue liberada mediante
ruptura celular con sonicacion con punta metalica. Para recuperar la fraccion intracelular se
disefid un proceso de recuperacién constituido por dos etapas de extraccion PEG — fosfato
de potasio en serie (PEG 400 g/gmol, Vg 13.0, pH 7 y LLC 35% p/p), logrando recuperar el
90% de las dIRLP intracelulares en la fase superior del sistema (Tabla 6, IV; Benavides et
al, 2006), concentrando los restos celulares en la interfase. La concentracion promedio de
dIRLP en la fase superior del sistema fue de 300 ug/L. En lo que respecta a la recuperacion
de la fraccién extracelular se disefié una estrategia que involucra una sola extraccion con
SDFA PEG - fosfato de potasio (PEG 3350 g/gmol, Vkr 1.0, pH 7 y LLC 17% p/p),
logrando recuperar el 82% de las dIRLP extracelulares en la interfase (Tabla 6, 1V;
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Benavides et al, 2006). La concentracion promedio de dIRLP en la interfase del sistema fue
de 820 pug/L. El volumen de la interfase es reducido (aproximadamente representa el 10%
del volumen total del sistema), lo cual permite concentrar el producto, lo cual representa un
beneficio adicional al evitar la introduccion de etapas posteriores para la concentracion del

producto de interés.

De esta manera se logré un rendimiento global del 85% y una pureza similar a la
obtenida con el gradiente de cloruro de cesio (6 — 11%) (Figura 3, 1V). La estrategia
propuesta es mas simple, econémica y rapida que la técnica de gradiente de cloruro de cesio
para la recuperacién de pseudo-particulas 2/6 de rotavirus.

Desarrollo de un proceso para la recuperacion primaria de luteina (articulo V)

En la naturaleza existen una gran variedad de compuestos de naturaleza no proteica con
propiedades nutraceuticas (carotenoides, antocianinas, isoflavonas, etc). Dichos
compuestos despiertan dia a dia el interés de los sectores industriales y la poblacion en
general debido a sus propiedades benéficas sobre la salud humana. Estos compuestos
comparten la caracteristica de tener un peso molecular inferior al de la mayoria de las
proteinas (< 3000 g/gmol). Se eligié la luteina como compuesto modelo para estudiar el
comportamiento de particion de productos no-proteicos en sistemas de dos fases acuosas
PEG - fosfato de potasio. Los resultados obtenidos pueden extrapolarse para predecir el
comportamiento de particion de compuestos con caracteristicas fisicoquimicas similares

(bajo peso molecular e hidrofobicidad).

Se estudid la influencia de los pardmetros de sistema (peso molecular del polimero,
longitud de linea de corte y concentracion del producto) sobre el comportamiento de
particion de luteina en sistemas de dos fases acuosas PEG — fosfato de potasio. La adicion
de etanol al sistema de dos fases acuosas fue necesaria para lograr la disolucion de la
muestra. Se evaluo el efecto de la adicion de etanol sobre el Vg de los sistemas (Tabla 1, V;
Cisneros-Ruiz et al, 2004). El sistema de fases acuosas PEG — fosfato de potasio con PEG
8000 g/gmol, LLC 49.4% p/p, pH 7 y Vr 2.9 (Vr 1.0 para el sistema sin etanol)
proporciond las mejores condiciones para la particion de luteina hacia la fase superior,

44



Resultados y Discusion

mientras que los restos celulares se concentraron en la fase inferior del sistema (Tabla 2, V;
Cisneros-Ruiz et al, 2004). Bajo estas condiciones se logré una recuperacion de luteina en
la fase superior del 81%, con una concentracién de 30 mg/L. Los resultados obtenidos
demuestran la potencial aplicacion genérica de los SDFA polimero — solucion salina para la

recuperacion de compuestos biologicos de naturaleza no proteica.

3.2 Consideraciones generales para la recuperacidon primaria de
compuestos bioldgicos en sistemas de dos fases acuosas PEG -

solucion salina

Considerando las propiedades fisicoquimicas de los compuestos que se han estudiado,
asi como la informacion recabada a lo largo de la investigacion relacionada a su
recuperacion primaria en sistemas de dos fases acuosas PEG — solucién salina, es posible
establecer consideraciones generales que permitan anticipar el comportamiento de particion
de compuestos bioldgicos en sistemas de dos fases acuosas a fin de facilitar el desarrollo de
sistemas de recuperacion. La Tabla 3.1 sumariza las principales caracteristicas
fisicogquimicas de los compuestos que se recuperaron utilizando sistemas de dos fases

acuosas.

Los pesos moleculares de los compuestos, asi como los puntos isoeléctricos de la BFE y
CFC fueron tomados de literatura (Hernandez-Mireles and Rito-Palomares, 2006; MacColl
et al, 1971; Kao et al, 1975). La estimacion del punto isoeléctrico de VP2, VP6 y GFP se
realizd6 mediante el uso del programa computacional CLC Protein Workbench (Version
2.0.2, Demo), utilizando para el calculo la secuencia de aminoacidos de VP2 y VP6 del
grupo C de rotavirus, asi como la de la proteina verde fluorescente (GFP). En lo que
respecta a su hidrofobicidad, se sabe por literatura que BFE, CFC (Lee, 1989) y dIRLP son
proteinas hidrofilicas. Se utilizaron las secuencias de aminoacidos de las subunidades de las
proteinas y el programa computacional CLC Protein Workbench (Version 2.0.2, Demo)
para determinar la proporcion relativa de regiones hidrofobicas e hidrofilicas usando la

escala Kyte-Doolittle (Kyte and Doolittle, 1982). Se encontr6 que existe una mayor
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proporcidn de regiones hidrofilicas en las proteinas estudiadas. Las representaciones Kyte-
Doolittle de BFE, CFC y dIRLP se muestran en el Anexo (Fig. A.1 - A.4).

Tabla 3.1 Caracteristicas fisicoquimicas de los compuestos recuperados mediante

sistemas de dos fases acuosas.

Peso molecular

Compuesto Hidrofobicidad pl
(9/gmol)
Luteina 569 Hidrofobica NA
C-ficocianina (CFC) 44,000 Hidrofilica 4.7-5.1
B-ficoeritrina (BFE) 245,000 Hidrofilica 4

Pseudo-particulas 2/6 de

] 50,000,000 Hidrofilica 6.5 - 6.6*
rotavirus (dIRLP)

* Punto isoeléctrico (pl) para VP2 - VP6, estimado utilizando el programa computacional CLC
Protein Workbench (Version 2.0.2, Demo). El pl de la GFP se estim6 en 6.1. NA: No aplicable

Peso molecular

Una de las caracteristicas fisicoquimicas del compuesto a recuperar que tiene mayor
impacto sobre su comportamiento de particion en sistemas de dos fases acuosas PEG —
solucion salina es su peso molecular. De los resultados obtenidos se puede deducir que si se
desea recuperar un compuesto de elevado peso molecular en la fase superior del sistema

(fase polimérica) es necesario utilizar polimero de bajo peso molecular.

La B-ficoeritrina (245 kDa) y la fraccion intracelular de las pseudo-particulas 2/6 de
rotavirus (50,000 kDa) fueron recuperadas en la fase superior del sistema utilizando PEG
1000 y 400 g/gmol respectivamente. Si se desean recuperar compuestos de mediano peso
molecular es posible trabajar con PEG de bajo a mediano peso molecular. La C-ficocianina
(44 kDa), siendo mas pequefia que la B-ficoeritrina, fue recuperada en la fase superior del
sistema utilizando PEG 1450 g/gmol. Por Gltimo para recuperar compuestos de bajo peso
molecular (< 5000 g/gmol) es posible trabajar con una amplia variedad de pesos
moleculares de polimero (400 — 20000 g/gmol). Tomando como ejemplo la luteina (569
g/gmol), esta fue recuperada en la fase superior del sistema utilizando PEG de alto peso
molecular (8000 g/gmol). La Figura 3.2 muestra las mejores condiciones de sistema para la
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recuperacion y purificacion primaria de los modelos estudiados (BFE, CFC, dIRLP y
luteina), asi como la relacion entre el peso molecular del polimero y del compuesto de
interés. Mientras mayor el peso molecular del compuesto de interés, menor el peso

molecular del polimero con el cual se logrd la recuperacion optima en la fase superior del

sistema.
A
75000000 [ | QIRLP (50,000 kDa)
PEG 400 g/gmol, Vi 13
50000000 [ LLC 35% p/p, pH 7/pl 6.5
Recuperacion = 90%*
25000000 | Pureza (proteinas) = 11%
ZaNA
= BFE (245 kDa)
g 275000 [~ PEG 1000 g/gmol, V. 4.5
% LLC 45% p/p, pH 7/pl 4
F 225000 Recuperacion > 90%
Pureza (545/280) = 3.2
=]
3 175000 [~
=
[«%
o
§ 125000 |~
° CFC (44 kDa)
g 75000 [~ PEG 1450 g/gmol, V, 0.3
LLC 34% p/p, pH 7/pl 4.7-5.1
% 25000 [ Recuperacion = 98%
Pureza (620/280) = 2.1
X
750 [ Luteina (570g/gmol)
PEG 8000 g/gmol, V 1
500 LLC 34% p/p, pH 7
Recuperacion = 81%
250 [~

| | | | | | | | | | >
500 1000 1500 22 8000
Peso molecular PEG (g/gmol)

Figura 3.2 Mejores condiciones de sistema para la recuperacion y purificacion
primaria de los modelos estudiados en fase superior. Mientras mayor el peso molecular
de compuesto de interés, menor el peso de PEG que brindd mejores porcentajes de
recuperacion en fase superior.
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Este fendmeno es debido al aumento del volumen excluido. A medida que las cadenas
poliméricas incrementan su longitud, las fuerzas de interaccién aumentan y el volumen
libre entre ellas se reduce. Los compuestos como la B-ficoeritrina y las pseudo-particulas
2/6 de rotavirus no pueden alojarse en el reducido volumen disponible cuando se utiliza
PEG de alto peso molecular. Por lo tanto no pueden ser recuperados en la fase superior del
sistema a menos de que se utilice polimero de bajo peso molecular. Al aumentar
estratégicamente el peso molecular de PEG de 400 a 3350 fue posible forzar a las pseudo-

particulas virales a particionarse hacia la interfase del sistema.

En contraste, la luteina no se ve fuertemente afectada por el aumento de volumen
excluido, ya que su bajo peso molecular le permite alojarse en el volumen libre de la fase
sin experimentar impedimento estérico aun cuando se utilice polimero de alto peso
molecular (8000 g/gmol). De igual forma es importante considerar el peso molecular de los
contaminantes presentes. De esta manera es posible seleccionar una estrategia en la cual se
elija un peso molecular de PEG tal que permita la separacion selectiva de la proteina de

interés y los contaminantes.

Hidrofobicidad

Otra caracteristica fisicoquimica que tiene gran relevancia en el comportamiento de
particién de los compuestos bioldgicos de interés en sistemas de dos fases acuosas es la
hidrofobicidad de la molécula. EI aumento en el peso molecular del polimero genera un
incremento del volumen excluido en la fase superior del sistema. Adicionalmente, el
aumento del peso molecular del polimero aumenta la hidrofobicidad de la fase superior.
Esto es debido a dos razones. Primero, al aumentar el volumen excluido disminuye la
cantidad de agua en la fase superior aumentando la hidrofobicidad. Segundo, la reduccién
estequiometrica de los grupos hidroxilo, situados en ambos extremos de la cadena
polimérica, hace que el momento dipolar generado por la interacciéon hidrégeno — oxigeno
se vuelva mas débil en la fase superior, lo cual aumenta la hidrofobicidad de la misma. En
la Tabla 3.2 se comparan los porcentajes de recuperacion en fase superior e interfase para
las dIRLP y luteina. La particion de dIRLP hacia la fase superior se ve disminuida por el

aumento en la hidrofobicidad al usar PEG de alto peso molecular. En contraste, la
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recuperacion en fase superior de luteina, un compuesto hidrofébico, se ve favorecida por el
uso de polimero de alto peso molecular, ya que al generarse un ambiente mas hidrofobico
su afinidad aumenta, lo cual se ve reflejado en un incremento del porcentaje de

recuperacion (Tabla 3.2).

Tabla 3.2 Influencia del peso molecular del polimero (PM PEG) sobre el porcentaje de
recuperacion de dIRLP y luteina en SDFA PEG - fosfato de potasio.

PEG (gfgmol) Recupel_racién dIRLP (%) Recuper_acién luteina (%)
Fase superior Interfase Fase superior Interfase

400 60 + 3.0 24+12 NP NP

600 55+28 29+15 NP NP
1000 ND 84+4.2 35120 65+ 2.0
1450 ND 80+4.0 62+ 3.0 38+3.0
3350 ND 96 +3.1 68 £ 2.6 32126
8000 ND 90+45 7521 2521

Los sistemas se mantuvieron con LLC baja (20 — 35% p/p) y pH 7. ND: No detectado. NP: No
probado.

Una manera adicional de aumentar la hidrofobicidad de la fase superior del sistema es
incrementando la longitud de linea de corte (LLC). La longitud de linea de corte es un
pardmetro directamente relacionado con la concentracion de polimero y sal en el sistema,
asi como en cada una de sus fases. Un aumento en la LLC favorece una mayor
concentracion de polimero en la fase superior del sistema. Consecuentemente mientras
mayor es la concentracion de polimero en la fase superior del sistema, mayor es el volumen
excluido de la misma. Por lo tanto, al incrementar la LLC aumenta la hidrofobicidad de la
fase superior.

De los sistemas probados con luteina, los que mejor porcentaje de recuperacion
brindaron fueron aquellos construidos con elevado peso molecular de polimero (3350 y
8000 g/gmol) y alta LLC. En dichos sistemas la hidrofobicidad de la fase superior es
considerable, por lo cual la luteina, un compuesto hidrofobico, presenta afinidad por dicha

fase.
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Punto isoeléctrico

Este parametro también es de importancia para predecir el comportamiento de particién
de un compuesto en sistemas de dos fases acuosas, ya que esta intimamente relacionado
con la carga electroquimica superficial de la molécula. Cuando el pH del medio se
encuentra por debajo del punto isoeléctrico (pl), la molécula (proteina) adquiere una carga
electroquimica superficial positiva, ya que algunos residuos de los aminoacidos de la
molécula se encuentran protonados. Una vez que el pH se eleva por encima del punto
isoeléctrico la molécula adquiere una carga superficial negativa, debido a la desprotonacion
de los residuos.

El PEG cuenta con dos grupos hidroxilo en los extremos de la cadena polimérica, los
cuales generan una ligera carga positiva. Debido a la elevada electronegatividad del
oxigeno del grupo hidroxilo, se genera una distorsion en la nube electrénica, creando un
momento dipolar positivo. De esta manera, los compuestos cargados negativamente (pH
por encima del punto isoeléctrico) tienen cierta afinidad por la fase superior de los sistemas

de fases acuosas PEG — solucion salina debido a la atraccién electroquimica.

Para BFE, CFC y dIRLP se probaron sistemas cuyo pH se encontraba por encima del su
punto isoeléctrico. Por lo tanto BFE, CFC y dIRLP tenian carga superficial negativa. Esto
permiti6 aumentar su afinidad por la fase superior del sistema. Debido a la naturaleza
quimica de la sal formadora (fosfatos, sulfatos, etc) es imposible manipular con libertad el
pH del sistema, ya que a ciertos valores de pH las sales tienden a precipitar, generando esto
la perdida del sistema. Los sistemas polimero — fosfato son utilizados cuando se desean
utilizar pH mayores o iguales a 7, mientras que los sistemas polimero — sulfato son

utilizados a valores de pH inferiores a 7.

Por lo tanto es importante tratar de trabajar a valores de pH del sistema que estén por
arriba del pl de la proteina de interés. Sin embargo, es necesario considerar que el aumentar
innecesaria 0 excesivamente el pH promoveria la migracion de proteinas contaminantes
hacia la fase superior del sistema, lo cual se veria reflejado tanto en la pureza del producto

COmo en su porcentaje de recuperacion.
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3.3 Estrategia secuencial para el desarrollo de procesos de recuperacion
primaria de compuestos bioldgicos en sistemas de dos fases acuosas

PEG - solucion salina.

Considerando la informacion recabada de la investigacion realizada se desarroll6 una
estrategia secuencial para el desarrollo de procesos de recuperacién primaria de compuestos
biologicos en sistemas de dos fases acuosas PEG — solucion salina. La Figura 3.3 muestra
el diagrama de decision derivado de dicha estrategia secuencial. Siguiendo los pasos
establecidos en el diagrama de decision mostrado (Figura 3.3) es posible llevar a cabo el
disefio predictivo de procesos de recuperacion primaria de compuestos biolégicos mediante
sistemas de dos fases acuosas PEG — solucion salina.

El compuesto de interés es seleccionado y caracterizado, de tal manera que sus
propiedades fisicoquimicas sirvan como guia para el desarrollo del proceso de recuperacion
primaria. De igual manera es importante caracterizar los principales compuestos
contaminantes presentes. Tomando en cuenta el punto isoeléctrico (pl) del compuesto de
interés se elige si se utilizaran sistemas PEG - sulfato y PEG — fosfatos, dependiendo del
rango de pH que permite manejar cada uno de estos. El uso de sistemas PEG — fosfato es
recomendado sobre PEG — sulfato debido a que estan mejor caracterizados. Si el compuesto
no presenta anfoterismo (no cambia su carga electroquimica dependiendo de las

condiciones del medio) se recomienda utilizar sistemas PEG — fosfato.

Posteriormente se considera el peso molecular y la hidrofobicidad del mismo para elegir
los parametros de sistema (peso molecular de polimero y longitud de linea de corte) bajo
los cuales la particion del producto de interés hacia la fase superior se ve favorecida. Si las
condiciones de recuperacion y pureza minima en la fase superior del sistema no son
satisfechas se puede estudiar la influencia del pH, la relacion de volumenes (VR) y el uso de
sistemas de dos fases acuosas en serie, eligiendo para esto los sistemas con los que mejor
resultados se hayan obtenido en términos de recuperacion y pureza en la etapa experimental

de peso molecular del polimero (PM PEG) y longitud de linea de corte (LLC).

51



Resultados y Discusion

Establecer compuesto de interés

Caracterizar compuesto de interés y
contaminantes: peso molecular (PM),
hidrofobicidad y pl

pl<3 pl pl>6
compuesto
3<pl<6
Usar sistemas Usar sistemas Usar sistemas
PEG - sulfato PEG - sulfato o PEG - fosfato
PEG —fosfato

PM < 5,000 g/gmol PM PM 2 100,000 g/gmol

compuesto

5,000 g/gmol < PM <
100,000 g/gmol

Hidrofobicidad Hidrofobicidad Hidrofobicidad
compuesto compuesto compuesto
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Figura 3.3 Diagrama de decision para el desarrollo para procesos de recuperacion y

purificacién primaria de compuestos bioldgicos mediante sistemas de dos fases

acuosas PEG - solucion salina.
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Se recomienda evaluar una intensificacion del proceso, con la finalidad de determinar si
es posible procesar un mayor porcentaje de muestra (% p/p), de tal manera que tanto los
costos de inversion como de operacion se vean reducidos por cantidad de producto. Por
ultimo se debe establecer la estrategia de escalamiento del proceso disefiado a nivel
laboratorio — piloto. A nivel industrial es imposible centrifugar los SDFA para acelerar el
equilibrio de las fases, Por lo tanto es recomendable realizar estudios de cinética de
separacion de fases utilizando contenedores con diferentes geometrias (relaciones altura —
didmetro, H/D). Ha sido reportado que mientras menor sea la relacion H/D, menor sera el
tiempo necesario para que las fases del sistema lleguen al equilibrio (Solano-Castillo and
Rito-Palomares, 2000).
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Abstract

A process for the primary recovery of B-phycoerythrin fr@orphyridium cruentunexploiting aqueous two-phase systems (ATPS) was
developed in order to reduce the number of unit operations and benefit from an increased yield of the protein product. The evaluation of
system parameters such as poly(ethylene glycol) (PEG) molecular mass, concentration of PEG as well as salt, system pH and volume ratio was
carried out to determine under which conditions the B-phycoerythrin and contaminants concentrate to opposite phases. PEG 1450-phosphate
ATPS proved to be suitable for the recovery of B-phycoerythrin because the target protein concentrated to the top phase whilst the protein
contaminants and cell debris concentrated in the bottom phase. An extraction ATPS stage comprising volume ratio (Vr) equal to 1.0, PEG
1450 24.9% (w/w), phosphate 12.6% (w/w) and system pH of 8.0 allowed B-phycoerythrin recovery with a purity of 2.9 (estimated as the
relation of the 545—-280 nm absorbances). The use of ATPS resulted in a primary recovery process that produced a proteindati@y of 2
and an overall product yield of 77.0% (w/w). The results reported demonstrated the practical implementation of ATPS for the design of a
primary recovery process as a first step for the commercial purification of B-phycoerythrin produeectisgntum
© 2004 Elsevier B.V. All rights reserved.

Keywords:Bioprocess intensification; Aqueous two-phase syst&mghyridium cruentuB-phycoerythrin

1. Introduction of potential commercial applications, such as natural dyes
in foods, cosmetics and in the development of biosensors
The increasing need to rapidly and economically bring [2,5]. It is formed by three sub-units, B andy (in a rela-
new biotechnological products to market using scaleable andtive molar ratio of 6:6:1) of 18.0, 18.0 and 29 kDa molecular
efficient technology has encouraged manufacturers to seelkweight, respectively6].
competitive advantages through bioprocess intensification. The recovery of B-phycoerythrin frorR. cruentumhas
In this context, colouring compounds used in food, cos- been attempted previousfp,7—10] However, the result-
metic, detergent and molecular genetic industries are prod-ing protocols have been characterised by an excessive
ucts of great commercial significanfg2]. The particular number of unit operations (more than 10 steps), mainly
production of B-phycoerythrin (a red-coloured protein) by in the primary recovery part of the downstream process.
Porphyridium cruentuntepresents a very interesting case, Consequently, affecting product yield and potential scaling
because the industrial and commercial value of this prod- up of these procedures at commercial scale. To overcome
uct is considerable. The commercial value of highly pu- some of the disadvantages attributed to the established
rified B-phycoerythrin (purity greater than 4, defined as B-phycoerythrin purification protocols, the use of aque-
the relationship of 545-280 nm absorbances) for pharma-ous two-phase systems (ATPS) has been suggested as an
ceutical or fluorescent uses can be more than US$ 50/mgattractive alternative. This technique has several advan-
[3,4]. B-phycoerythrin is the most valuable of the three main tages including bio-compatibility, ease of scale-up, low
classes of phycoerythrins (B, R and C) from the photosyn- cost, etc.[11]. The use of ATPS for the recovery of pro-
thetic systems oP. cruentumdue mainly to its wide range  tein products from fermentation broth has been addressed
before [12—-16] However, no scientific reports, known to
mspondmg author. Tels52-81-8328-4262: the authors, exist on the primary recovery and pqrifica—
fax: +52-81-8328-4322. tion of B-phycoerythrin fromP. cruentumcultures using
E-mail addressmrito@itesm.mx (M. Rito-Palomares). ATPS.

1570-0232/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jchromb.2004.01.028
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The research presented here aims to generate knowledg®.3. Influence of system parameters upon partition
on the partition behaviour of B-phycoerythrin on ATPS to behaviour of B-phycoerythrin in PEG—salt systems
benefit the production of such colouring compounds. A prac-
tical approach which exploits the known effect of systems  All experimental systems used to establish the operating
parameters such as the concentration of poly(ethylene gly-conditions for the ATPS process were prepared for con-
col) (PEG) and salt (i.e. phosphate), phase volume ratio venience on a fixed mass basis. Predetermined quantities
(Vr)’ molecular Weight of PEG and System pH upon pro- of stock solutions of PEG and potassium phosphate were
tein partition and purity was used to establish a greatly mixed with either, a single model system (containing puri-
simplified primary recovery process for the purification of fied B-phycoerythrin obtained from a commercial supplier,
B-phycoerythrin from cell homogenate frof cruentum Sigma) or a complex model system (containing 20% (w/v)
The way in which the developed process greatly simpli- Wet homogenate fron. cruentumfermentation; referred
fies the primary recovery of the protein product, potentially €arlier as crude extract) to give a final weight of 1.0g. The
defines the first step for the development of a commercial Stock solution (PEG or salts) were mixed and phases dis-

process for the purification of B-phycoerythrin produced by Persed by gentle mixing for 30 min at 26. Adjustment of
P. cruentum pH was made by addition of orthophosphoric acid or sodium

hydroxide. Complete phase separation was achieved by low
speed batch centrifugation at 15QQ for 20 min at 25°C.

2 Materials and methods Visual estimates of the volumes of top and bottom phases
and solids, were made in graduated tubes. The volumes of
2.1. Characterisation of aqueous two-phase systems the phases were then used to estimate the volume ratio (vol-

ume of the top phase/volume of the bottom phase (Vr)).

The binodal curves were estimated by the cloud point Samples were carefully extracted from the phases and di-
method [17] using poly(ethylene glycol) (Sigma, St. luted for biochemical analysis and subsequent estimation of
Louis, MO, USA) of nominal molecular mass of 1000, B-phycoerythrin partition coefficient{ = concentration of
1450, 3350 and 8000g/gmol (50% (w/w) stock solu- Solute in the top phase/concentration of solute in the bot-
tion) and di-potassium hydrogen orthophosphate/potassiumtom phase). The systems tie-line length (TLL), which rep-
di-hydrogen orthophosphate (Sigma) (30%, w/w). Fine ad- resents the length of the line that connects the composition
justment of pH was made by addition of orthophosphoric ©f the top and bottom phase of a defined ATPS was calcu-

acid or sodium hydroxide. lated as described by Albertssfirl]. The top phase recov-
ery was estimated as the amount of protein presents in the
2.2. Culture medium and cultivation conditions upper phase (volume of the phaseprotein concentration

in the phase) and expressed relative to the original amount

P. cruentumwas cultivated in the culture medium de- loaded into the System. Bottom phase and interface protein
scribed by Bermejo et a[5]. The algae were grown in a  recovery was not estimated due problems associated to the
batch culture (500 ml Erlenmeyer flasks) at 222@5under ~ very low amount of total protein presents in such phases.
natural light conditions, agitation and aeration was provided Results reported are the average of two independent experi-
with an air flow rate of 3.2 cRiseg using a peristaltic pump ~Ments and errors were estimated to be a maximuhld%
(ELITE 799, Mexico). The cells were allowed to grow for 30  of the mean value.
days and were harvested by centrifugation at 3500 rpm for ]
5min (Eppendorf 5415C). After harvesting, cellular frag- 2-4. Analytical procedures
mentation was performed manually in a ceramic pot using
glass beads and de-ionised water (4.3/ghwet biomass)
for 15 min. Temperature was controlled with a dry ice bat

Complete cellular fragmentation was verified using an op- . . .
tical mi ol CK2). Cell debri | (i.e. pl_mty of B-phycoerythrin=AbSs45nm/AbSz80 nm)-
ical microscope (Olympus ). Cell debris removal was Bermejo et al.[5] reported the use of the 545-280nm

achieved by centrifugation at 3500 rpm for 5 min (Eppendorf ) L .
5415C) and the supernatant was processed with a soIution""bs’orb‘ﬁ"nce relation as an estimation of B-phycoerythrin

of ammonium sulphate (0.47 g/érsupernatant) containing purity, since the absorption §pe(_:trum of this protein. exhibits
0.01% of sodium azide. This precipitation step was intro- a peak at 545 nm. Under this circumstances, a ratio greater

duced just to concentrate the protein content in the cell than four corresponds to a highly purify B-phycoerythrin

homogenate in order to facilitate the estimation of protein (defined as pure commercial B-phycoerythrin; Sigma).
concentration in the ATPS experiments. The precipitate was

re-suspended in a potassium phosphate buffer (50 MM, pH3. Results and discussion

7.0) with sodium azide (5mM), the resulting solution (re-

ferred to as crude extract) was introduced into the aqueous Predictive design of extraction processes exploiting aque-
two-phase system previously selected as described further.ous two-phase systems depend upon the understanding of

Protein concentration in the samples was estimated by the
h method of Bradford18]. The purity of B-phycoerythrin was
" determined as the relation of the 545-280 nm absorbance
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the mechanism governing the behaviour of proteins in ATPS. 8000 g/gmol) were used, is illustrated rable 1 For all
However, the lack of accumulative knowledge of such phe- these systems, volume ratio and system pH were kept con-
nomena demands a practical approach for the design ofstant at 1.0 and 7.0, respectively. The partition experiments
these type of processes. In this paper, for the design ofthat used purified B-phycoerythrin in ATPS revealed that
an aqueous two-phase primary recovery process, the influ-this protein exhibited a strong top-phase preference (data not
ence of systems parameters on the partition behaviour ofshown), which imply that the majority of the target protein
B-phycoerythrin was studied using single model systems. concentrated in the top phase. The top-phase preference of
Such systems were characterised by the presence of purithe B-phycoerythrin resulted in partition coefficients greater
fied (commercially available) B-phycoerythrin only in the than 100.0 and with great variations (i.e. from 100 to 200)
ATPS. These systems took no account of the influence uponfor all the systems studied. Such behaviour was explained
the performance of ATPS of the whole range of proteins, by problems associated with the detection of the presence of
contaminants and cell debris which may be present in the B-phycoerythrin in the bottom phase, caused by the very low
fermentation broth of th®. cruentum amount of the protein concentrated in this phase. As a conse-
A practical approach which exploits the known effect of quence, it was very difficult to evaluate the impact of system
system parameters such as tie-line length, phase volume raparameters upon the partition behaviour of B-phycoerythrin,
tio, system pH and molecular weight of PEG on the protein by monitoring the protein partition coefficienK)., As a
partition behaviour can reduce the extent of the necessaryresult, it was decided to use the purity of B-phycoerythrin
empirical experiments to determine the process conditions (expressed as the relation of the 545-280 nm absorbance)
for the development of an ATPS extraction process. For from the top PEG-rich phase as the response variable to
the fractionation of the cell homogenate frdPncruentum evaluated the effect of system parameters on the behaviour
the concentration of PEG and phosphate, system pH, theof the protein in ATPS. The results dfable 1 showed
phase volume ratio (Vr) and the molecular weight of PEG that for both experimental systems: model (with purified
were manipulated to maximise B-phycoerythrin recovery B-phycoerythrin) and complex (crude extract fréhcruen-
from the top PEG-rich phase. Initially, the effect of increas- tum), increasing TLL caused the purity of B-phycoerythrin
ing TLL upon partition behaviour of B-phycoerythrin was from the top PEG-rich phase of the different molecular
evaluated. Changes in the TLL affect the free voluie] weight of PEG (1000, 1450 3350 and 8000 g/gmol) used to
available for a defined solute to accommodate in the phase arremain relatively constant. Such behaviour may be explained
as a consequence in the partition behaviour of such solute inby the minimum effect of the possible increase or decrease
the ATPS. of the contaminant proteins in the top phase caused by the
The impact of increasing TLL upon B-phycoerythrin rise in the TLL. It has been reported that the free volume
purity from model and complex ATPS, when PEG of four in the bottom phase decreases when the TLL is increased
different molecular weight (i.e. 1000, 1450, 3350 and [19] and, as a result, the solutes in the lower phase may be

Table 1
Influence of increasing TLL upon the purity of B-phycoerythrin from PEG/phosphate ATPS
System Molecular weight PEG (%, wiw) Phosphate (%, w/w) TLL (%, wiw) Purity of B-phycoerythrin
of PEG (g/gmol)
Model system Complex system
1 1000 15.6 12.6 28.3 4204 26+ 0.1
2 17.6 13.6 36.1 4.6 04 25+ 0.1
3 19.8 14.8 38.0 4% 04 25+ 0.1
4 22.2 16.0 49.4 51 0.5 28+ 0.3
5 1450 17.6 10.9 34.3 3.& 0.3 1.8+ 0.1
6 22.2 121 47.0 4% 04 23+ 0.1
7 24.9 12.6 53.2 3.8 0.3 26+ 0.1
8 26.1 13.0 55.0 4.2 04 26+ 0.1
9 3350 16.9 10.1 33.6 3.4 0.3 22+ 0.1
10 18.7 11.2 39.6 25302 24+ 0.1
11 21.0 12.9 45.0 3.6 0.3 22+ 0.1
12 22.1 14.0 48.1 3.6 0.3 23+ 0.1
13 8000 16.1 8.1 27.1 1701 1.0+ 0.1
14 19.0 9.1 40.2 1.6 0.1 1.1+ 01
15 20.0 9.5 45.0 1501 1.0+ 0.1
16 22.9 10.3 494 1% 0.1 1.0+ 0.1

The tie-line lengths of the systems were estimated from the composition of PEG and phosphate as des8eit@éehii? The purity of B-phycoerythrin
is expressed as the relation of the 545-280 nm absorbances. For all systems, volume ratio (estimated from non-biological experimental systems) and t
system pH were kept constant at 1.0 and 7.0, respectively.
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promoted to partition to the top phase. Consequently, the behaviour of proteins has been attributed to free-volume
increase of contaminant proteins that concentrate in the topeffects[16]. An alternative explanation may be associated
phase with increasing TLL is possible and as a result the pu-to the speciation of the phosphate salts over the pH range
rity of target product may be negatively affected. However, and to conformational changes in the structural integrity of
it seems that in this case the purity of B-phycoerythrin was proteins[14]. Table 2 shows the influence of pH on the
not significantly affected by the increased concentration of purity of B-phycoerythrin in PEG/phosphate ATPS, when
the contaminant protein in the top phase, due probably to four different molecular weights (i.e. 1000, 1450, 3350 and
the increase in the concentration of B-phycoerythrin in the 8000 g/gmol) of PEG was used. ATPS from each molecu-
top phase with increasing TLL. The differences observed lar weight of PEG were selected base upon the best purity
in the purity from top PEG-rich phases from the model and of the target protein from the results ®&ble 1 Purity of
complex systems (seEable J) is explained by the nature  B-phycoerythrin decreased at the highest system pH evalu-
of the experimental vehicles (the purity from the starting ated (i.e. pH 9.0) regardless of molecular weight of PEG,
material for the model system was 1.6, whilst that from the except for the case of PEG 8000 in which a slight increase in
crude extract was approximately equal to 0.9). In the case ofthe purity was observed (from 1.1 to 1.4; Sesble 3. The
the model systems, the sole presence of the target proteindecrease of purity can be associated with an increased in the
resulted in a high purity from the top phase. In contrast, contaminant proteins migration to the top phase with the in-
for the complex system, the presence of contaminants fromcrease in pH. Although, increasing the system pH from 7.0 to
the homogenate fror®. cruentumcaused an effect in the 9.0 resulted in changes in the purity of B-phycoerythrin from
partition behaviour and purity of B-phycoerythrin. the ATPS studied, it is clear that no great differences to the
For all the system studied using cell homogenate fRom  previous protein purity obtained (s&éable 1 was achieved.
cruentum(or crude extract), the purity of B-phycoerythrin In the case of top phase recovery of B-phycoerythrin, it is
increased in ATPS compared with that from the crude extract evident that ATPS characterised by low molecular weight of
(i.e. purity from the crude extract was approximately equal PEG (i.e. 1000 and 1450 g/gmol) exhibited the highest re-
to 0.9). PEG 1000/phosphate ATPS characterised by TLLs covery (>70%), compared with that from the ATPS of higher
of 49.4% (w/w) (PEG 22.2% (w/w) and phosphate 16.0% molecular weight of PEG (3350 and 8000 g/gmol; recovery
(w/w), Vr = 1.0 and system pH of 7.0) resulted in the maxi- less than 57%, sé&able 3. Such behaviour in protein recov-
mal purity (28+ 0.3) from these experiments. Once the im- ery can be associated to the decrease in purity (and top phase
pact of increasing TLL upon the purity of B-phycoerythrin concentration of B-phycoerythrin) in these ATPS. Although,
from the top phase was evaluated, the effect of system pHthe small differences in purity and protein recovery obtained
on the purity of the protein was investigated using cell ho- from the ATPS of PEG 1000 and 1450 g/gmol, ATPS with
mogenate fronP. cruentum TLL of 49.4% (w/w) (PEG 1000 22.2% (w/w), phosphate
Several author§14-16,20,21]have discussed the influ- 16.0% (w/w)), and 53.2% (w/w) (PEG 1450 24.9% (w/w),
ence of system pH on protein partition behaviour. In general, phosphate 12.6% (w/w)) with V&= 1.0 at pH of 8.0 were se-
these reports concluded that increasing the pH (e.g. fromlected as those that provided the best conditions to satisfy the
6.5 to 9.0) caused an increase in the protein concentrationneeds of maximal protein purity (i.e.8£0.2) and top phase
in the top phase and a decrease in the bottom phase. Sucprotein recovery (i.e. 78+3.0 and 770+3.0, respectively).

Table 2
Influence of changing system pH upon the purity and top phase recovery of B-phycoerythrin from PEG/phosphate ATPS
System Molecular weight PEG Phosphate TLL System Purity of Top phase recovery of
of PEG (g/gmol) (%, wiw) (%, wiw) (%, wiw) pH B-phycoerythrin B-phycoerythrin (%)
a 1000 22.2 16.0 49.4 7.0 280.3 73.0+ 3.0
8.0 28+ 0.2 73.0+ 3.0
9.0 25+ 0.2 72.0+ 3.0
b 1450 24.9 12.6 53.2 7.0 26 0.1 76.0+ 3.0
8.0 29+ 0.2 77.0+ 3.0
9.0 22+ 0.2 76.0+ 3.0
c 3350 18.7 11.2 39.6 7.0 24 0.1 50.0+ 2.0
8.0 1.6+ 0.1 55.8+ 2.0
9.0 1.7+ 01 55.8+ 2.0
d 8000 19.0 9.1 40.2 7.0 1t 0.1 20.0+ 2.0
8.0 1.3+ 0.1 56.0+ 2.0
9.0 1.4+ 0.1 45.0+ 2.0

System pH was adjusted as describedSection 2 The purity of B-phycoerythrin is expressed as the relation of the 545-280 nm absorbance. For all
systems, volume ratio (estimated from non-biological experimental systems) was kept constant at 1.0. The top phase recovery is expressebeelative t
original amount of B-phycoerythrin loaded into the system.
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Table 3

Influence of changing system Vr upon the purity and top phase recovery of B-phycoerythrin PEG/phosphate ATPS

System Volume Molecular weight PEG Phosphate Purity of Top phase recovery of
ratio of PEG (g/gmol) (%, wiw) (%, wiw) B-phycoerythrin B-phycoerythrin (%)

| 24 1000 29.5 9.0 2% 0.2 66.4+ 3.0

Il 1.8 24.0 12.0 25+ 0.1 70.2+ 3.0

1] 0.9 18.0 15.5 2.6+ 0.1 74.84+ 3.0

\Y, 0.4 12.5 18.5 25+ 0.1 61.3+ 3.0

\ 0.2 7.5 21.7 22+ 0.1 32.0+ 3.0

\ 2.4 1450 29.0 8.0 2.6: 0.1 64.3+ 3.0

Wl 18 235 11.0 2.2+ 0.2 65.2+ 3.0

Vil 0.9 17.7 14.0 1.8+ 0.1 66.0+ 3.0

IX 0.4 12.0 7.0 1.7+ 01 55.0+ 2.5

X 0.2 7.0 20.0 1.7+ 0.1 31.5+ 3.0

The volume ratio (Vr) in non-biological experimental systems along a single tie-line length (49.4 and 53.2% (w/w), for PEG 1000 and PEG 1450,
respectively) was estimated after phase separation in graduate centrifuge tubes. The purity of B-phycoerythrin is expressed as the relation of the
545-280 nm absorbance. For all ATPS, system pH was kept constant at 8.0. The top phase recovery is expressed relative to the original amount of
B-phycoerythrin loaded into the system.

In the selected ATPS (TLL of 49.4% (w/w), PEG 1000 B-phycoerythrin from ATPS, the purity and recovery of
22.2% (w/w), phosphate 16.0% (w/w), & 1.0 at pH of B-phycoerythrin from ATPS decreases when high molecu-
8.0 and TLL of 53.2% (w/w), PEG 1450 24.9% (w/w), phos- lar weights of PEG were used (s&able 4. The effect of
phate 12.6% (w/w), V= 1.0 at pH of 8.0), a decrease in the increasing molecular weight of PEG upon protein partition
Vr caused the purity of B-phycoerythrin to slightly decline behaviour has been explained based upon the protein hy-
(seeTable 3. Hustedt et al[22] proposed that the protein  drophobicity[23,24]and phase excluded volurfie,25,26]
partition behaviour remains constant for systems along theIn the case of B-phycoerythrin, the decrease in protein pu-
same tie-line. Such proposal may be extended for the be-rity when high molecular weights of PEG were used, may be
haviour of B-phycoerythrin in ATPS along the same tie-line. explained by a migration of contaminant proteins from the
Changes in the protein purity with Vr can be attributed to bottom phase or interface to the top phase. An alternative ex-
a concentration effect. A decrease in the Vr imply a re- planation involves B-phycoerythrin migration from the top
duction of the volume of the top phase. Consequently, the to the bottom phase or the interface. ATPS with low molecu-
contaminant in this phase will concentrate further and as lar weight of PEG (i.e. PEG 1000 and PEG 1450) exhibited
a result a decrease in the protein purity from that phase isthe best protein purity and recovery. ATPS using PEG 1450-
possible. Although, a reduction in the volume of the top phosphate (instead of PEG 1000-phosphate) was selected
phase will also have a concentration effect on the target pro-for the extraction stage, since the cell debris concentrated
tein (B-phycoerythrin), it seems that such effect was either in the bottom phase (data not shown). In contrast, in ATPS
smaller than that of the contaminants or caused a possiblewith PEG 1000 cell debris accumulated at the interface.
precipitation of B-phycoerythrin, which in both cases re- Such a situation may cause contamination problems when
sulted in a reduction on protein purity. From the results of the top PEG-rich phase is removed for further processing.
this experiments, it was observed that a change in system From the studies of the influence of system parameters
volume ratio (different from Vr= 1.0) caused no benefits upon the purity and top phase recovery of B-phycoerythrin
in the purity and top phase recovery of phycoerythrin, thus from ATPS, process conditions (i.e. & 1.0, PEG 1450
ATPS with Vr = 1.0 were preferred for the potential devel- 24.9% (w/w), phosphate 12.6% (w/w), TLL of 53.2% (w/w)
opment of a primary recovery process. and system pH of 8.0) were selected for the ATPS extrac-

In a further comparison of the effect of PEG molec- tion stage. Such extraction conditions resulted in a protein
ular weight on the purity and top phase recovery of product with a purity of 2.8 and top phase recovery of

Table 4

Influence of molecular weight of PEG upon the purity and recovery of B-phycoerythrin from PEG/phosphate ATPS

System PEG Phosphate TLL Molecular weight Purity of Top phase recovery of
(%, wiw) (%, wiw) (%, wiw) of PEG (g/gmol) B-phycoerythrin B-phycoerythrin (%)

A 222 16.0 49.2 1000 2.8 0.3 73.0+ 3.0

B 24.9 12.6 53.2 1450 2801 77.0+ 3.0

C 18.7 11.2 39.6 3350 16 0.1 55.8+ 2.0

D 19.0 9.1 40.2 8000 1.3 01 56.0+ 2.0

The purity of B-phycoerythrin is expressed as the relation of the 545-280 nm absorbance. For all systems, volume ratio (estimated from nén-biologica
experimental systems) and the system pH were kept constant at 1.0 and 8.0, respectively. The top phase recovery is expressed relative to the original
amount of B-phycoerythrin loaded into the system.
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Abstract

A simplified two-stage method for B-phycoerythrin (BPE) recovery from Porphyridium cruentum was developed. The proposed method involved
cell disruption by sonication and primary recovery by aqueous two-phase partition. The evaluation of two different methods of cell disruption
and the effect of increasing concentration of cell homogenate from P. cruentum culture upon aqueous two-phase systems (ATPS) performance
was carried out to avoid the use of precipitation stages. Cell disruption by sonication proved to be superior over manual maceration since a five
time increase in the concentration of B-phycoerythrin release was achieved. An increase in the concentration of crude extract from disrupted P,
cruentum cells loaded to the ATPS (from 10 to 40%, w/w) proved to be suitable to increase the product purity and benefited the processing of highly
concentrated disrupted extract. Kinetics studies of phase separation performed suggested the use of batch settlers with height/diameter (H/D) ratio
less than one to reduce the necessary time for the phases to separate. The proposed ATPS stage comprising of 29% (w/w) polyethylene glycol (PEG)
1000 g/mol, 9% (w/w) potassium phosphate, tie-line length (TLL) of 45% (w/w), volume ratio (Vy) of 4.5, pH 7.0 and 40% (w/w) crude extract
loaded in a batch settler with H/D ratio of 0.5 proved to be efficient for the recovery of 90% of B-phycoerythrin at the top PEG-rich phase. The
purity of B-phycoerythrin increased up to 4.0 times after the two-stage method. The results reported here demonstrate the potential implementation

of a strategy to B-phycoerythrin recovery with a purity of 3.2 (estimated by the absorbance relation of 545-280 nm) from P. cruentum.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

With the increasing commercial significance of colouring
compounds from microbial origin used in food, cosmetic, deter-
gent and molecular genetics industries, there is considerable
interest in the development of efficient and scalable processes to
bring such products to market. The reduced protocols reported
for the primary recovery of intracellular coloured proteins
involve release of the product by mechanical methods and their
collection by centrifugation. The resulting homogenate is then
fractionated to purify the colouring protein by an excessive num-
ber of stages. The entire protocols in most cases are complicated
by the need for multiple chromatography steps to obtain a highly
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purified protein. The multi-step nature of the conventional meth-
ods can result in low process yield and high process cost [1].
Consequently, the potential scaling up of these procedures is
perceived as economically unviable. To overcome some of the
disadvantages attributed to the established purification protocols
for coloured proteins, different approaches have been proposed.
Such approaches involve the reduction of the chromatography
steps [2] and the use of alternative recovery techniques such as
aqueous two-phase systems (ATPS) [3]. One-step chromatog-
raphy method involving precipitation with ammonium sulphate
and ion-exchange chromatography has been recently proposed
[2] for the particular recovery of R-phycoerythrin from Polysi-
phonia urceolata. In addition, the potential application of ATPS
for the recovery of coloured proteins from microbial origin has
also been addressed before [3]. In this context, B-phycoerythrin
(BPE), a coloured phycobiliprotein found in nature (cyanobac-
teria, eukaryotic algae, etc.) [4,5], represents a very attractive
study case. It has been reported that BPE can be used as a pig-
ment in the food, cosmetic and pharmaceutical industry, and as a
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fluorescent marker [6-9]. The commercial value of highly purify
BPE (defined as the absorbance ratio of As45 nm to A280 nm greater
than 4.0), has been reported as high as $50 USD/mg [10]. This
high value makes attractive the attempt to develop an efficient
method for the recovery and purification of BPE.

The complexity of the processes for the recovery and purifi-
cation of BPE has limited its potential practical implementation
at commercial level. Such processes are usually characterized
for having a high number of stages, low recovery and limitation
to easy process scale-up. Previous attempt for the purification of
BPE has been documented, for example the protocols reported
by Bermejo et al. [8,11,12] involves ion-exchange high-pressure
liquid chromatography or expanded bed absorption chromatog-
raphy, which resulted in an effective way to purify BPE at
laboratory scale. Although, some economic constrains may rise
because at industrial scale, high pressure liquid chromatography
involves high costs related to operation, these protocols represent
attractive alternatives to consider for the purification stage of a
potential downstream process to obtain pure BPE. In contrast, in
the present research, the primary recovery of BPE is addressed
using an alternative technique to produce material suitable for
further purification.

Aqueous two-phase system is a technique that has proved to
have great potential to recover and purify biological compounds
[13-17]. A strategy for the primary recovery of BPE from P.
cruentum using ATPS, ammonium sulphate precipitation and
centrifugation was developed in our group [13]. However, the
use of ammonium sulphate precipitation, centrifugation and pel-
let re-suspension were required in order to concentrate the BPE
crude extract obtained by an unoptimized cell disruption stage
using manual maceration. From this previous work, it was con-
cluded that breakage of the cell wall of the algae P. cruentum
was not a trivial task. Thus, the need for an alternative cell dis-
ruption method to eliminate unnecessary stages was evident.
Furthermore, the potential use of ATPS to process high con-
centrate biomass extracts can also be exploited to optimize the
proposed method.

It is clear that the development of a simplified method for the
recovery of BPE from P. cruentum will benefit the performance
of the previously established purification protocols. In this study,
based upon a previous report from our group [13], experimental
conditions were selected to address the potential process bene-
fits using an alternative cell disruption strategy. Also, potential
system intensification was attempted by evaluating the effect of
increasing concentration of crude extract from disrupted P. cru-
entum cultures upon ATPS performance. Furthermore, in this
work kinetics studies of phase separation under different extrac-
tion device geometries are presented, as a first step to establish
initial operating conditions to BPE primary recovery from P.
cruentum.

2. Materials and methods
2.1. P. cruentum culture and cell disruption

P. cruentum was cultivated in the culture medium previously
described by Bermejo et al. [8]. The algae were grown in a batch

culture (1000 ml Erlenmeyer flasks) at 22-25 °C under natural
light conditions, agitation and aeration was provided with an
air flow rate of 3.2cm>/seg using a peristaltic pump (ELITE
799, Rolf C Hagen Corp, Mansfield, MA, USA). The cells were
allowed to grow for 30 days and were harvested by centrifuga-
tion (Eppendorf 5415C, Westbury, NY, USA) at 1,000 x g for
S min. After harvesting, cell disruption was carried out using
two different methods (i.e. manual maceration or sonication)
in order to establish which of those two methods achieved a
higher BPE concentration in the resulting crude extract. For
manual maceration, the disruption was done using a ceramic
pot under refrigeration using a dry ice bath. Wet biomass, glass
beads and de-ionised water (4 cm3/g wet biomass) were added
to the ceramic pot and macerated for 10 min/g wet biomass.
For sonication the disruption was done using a 50cm’ glass
test tube and a sonicator (Branson 1510, Branson Ultrasonic
Corp., Danbury, CT, USA). The glass tube was added with
wet biomass and de-ionised water (4 cm3/g wet biomass). The
sonication time was 10 min/g wet biomass. During the soni-
cation time, contents were mixed periodically to prevent the
aggregation of the biomass at the bottom of the tube. In both dis-
ruption methods, cell fragmentation was verified using an optical
microscope (Olympus CK2, Olympus, Melville, NY, USA). The
homogenate obtained as the result of the cell disruption of the P.
cruentum biomass was referred to as BPE crude extract (regard-
less the disruption method used), and included the cell debris
generated.

2.2. Effect of concentration of BPE crude extract upon
ATPS performance

ATPS were prepared for convenience on a fixed mass basis.
Predetermined quantities of stock solutions of polyethylene
glycol (PEG) and potassium phosphate (Sigma Chemicals, St.
Louis, MO, USA) were mixed with different concentrations of
BPE crude extract from 10 to 40%, (w/w); wet weight of dis-
rupted biomass/total weight of the ATPS) to give a final weight
of 10 g. The system parameters, selected from previous report
[13], were: 29% (w/w) PEG 1000 g/mol, 9% (w/w) potassium
phosphate, tie-line length (TLL) 45% (w/w), volume ratio (VR)
of 4.5 and pH 7.0. The stock solutions (PEG, potassium phos-
phate and BPE crude extract) were mixed and phases dispersed
by gentle mixing for 10 min. Adjustment of pH was made by
addition of orthophosphoric acid or sodium hydroxide when
needed. Complete phase separation was achieved by low speed
batch centrifugation at 1500 x g for 10 min. Visual estimates of
the volumes of top and bottom phases were made in graduated
tubes. The volumes of the phases were then used to estimate
the experimental volume ratio (VR, defined as the ratio between
the volume of the top phase and the bottom phase). Samples
were carefully extracted from the phases for biochemical anal-
ysis. The top and bottom phase recovery were estimated as the
amount of BPE present in the phase (volume of the phase x BPE
concentration in the phase) and expressed relative to the origi-
nal amount loaded into the system. Interface BPE recovery was
not experimentally determined due to the presence of cell debris
in such phase. Results reported are the average of three inde-
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pendent experiments and standard errors were estimated to be a
maximum of £5% of the mean value.

2.3. Influence of the system geometry upon ATPS
performance and time of phase separation

In order to study the influence of the system geometry upon
the recovery, purification factor of BPE and time of phase
separation, batch settlers characterized by different geometries
expressed as height/diameter (H/D) ratios from 0.5 to 2.5 were
selected. For each set of experiments, two different ATPS com-
prising 29% (w/w) PEG 1000 g/mol, 9% (w/w) potassium phos-
phate were mixed with BPE crude extract to reach a final concen-
tration of 40% (w/w) in the ATPS. The pH was adjusted to 7.0
when needed. After complete dissolution of the chemicals form-
ing phases, the two phases of the ATPS identified in this work
as “centrifuged” were separated by low-speed batch centrifuga-
tion at 1500 x g for 10 min at 25 °C. Samples were taken from
these systems for biochemical analysis and further estimation of
BPE recovery and purification factor (defined as the ratio of BPE
purity from the phase divided by that from the crude extract). In
contrast, once complete mixing of the chemicals forming phases
was achieved phases from the “experimental” systems were
allowed to separate under gravity (without further mixing) dur-
ing which a record of the changing volume of the phases formed
with elapsed time was kept. Volume of the phases was estimated
using graduated settlers. Volume ratio (VR ) of the ATPS was esti-
mated as a ratio of the volume of the top and bottom phases.
The phase separation of PEG—potassium phosphate systems
under gravity was expressed as the relative volume ratio (vol-
ume ratio of the “experimental” ATPS divided by that from the
“centrifuged” system) relative to time. Results reported are the
average of three independent experiments and the standard errors
were estimated to be a maximum of £5% of the mean value.

2.4. Analytical procedures

The total protein concentration in the samples was estimated
by the method of Bradford [18]. The purity of BPE was deter-
mined as the relation of the 545-280 nm absorbance (purity of
BPE = Abss45 ym/Abs280nm)- Bermejo et al. [8] reported the use
of the 545-280 nm absorbance relation as an estimation of BPE
purity, since the absorption spectrum of this protein exhibits a
peak at 545 nm. Under this circumstances a ratio greater than 4.0
corresponds to a highly purify BPE (defined as pure commer-
cial BPE; Sigma). The concentration of BPE and the other two
coloured proteins produced by P. cruentum (Allophycocyanin
(APC) and R-phycocyanin (RPC)) was estimated by measuring
the absorbance at 565, 620 and 650 nm, and using the equation
system reported previously [8,19].

3. Results and discussion

3.1. Cell disruption studies

P. cruentum (as well as other algae) has a cell wall and mem-
brane structures, which confer it high resistance against a wide
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Fig. 1. Effect of methods of cell disruption upon the release of intracellular B-
phycoerythrin (BPE), Allophycocyanin (APC) and R-phycocyanin (RPC) from
P. cruentum. The concentrations of the three main P. cruentum intracellular
coloured phycobiliproteins; RPC (O), APC (4 ) and BPE (M) released are
expressed relative to the method of cell disruption used. The concentrations
were estimated as described in Section 2.

variety of cell disruption methods. Selection of an appropriate
cell disruption method is required to break the cell wall and
membrane structures of P. cruentum in order to achieve high
release efficiency. The potential protocol for the recovery of BPE
using ATPS initially designed [13] was characterized by the need
of precipitation stages prior to ATPS. Such precipitation stages
were introduced in order to avoid handling of a diluted BPE
crude extract, obtained after cell disruption by manual macera-
tion. A direct comparison between cell disruption by sonication
and manual maceration was performed in order to increase the
release of intracellular BPE. Fig. 1 illustrates the concentra-
tion of released BPE, allophycocyanin and R-phycocyanin when
these two methods of cell disruption were used. It is clear that cell
disruption by sonication proved to be superior for the release of
intracellular coloured proteins from P. cruentum compared with
cell disruption by manual maceration. In particular, the release of
the product of interest (BPE) by sonication was 5.5 times higher
than the one obtained using manual maceration (i.e. 0.22 mg/ml
obtained by sonication compared with 0.04 mg/ml achieved by
manual maceration). Coloured intracellular proteins are found
inside the chloroplasts of the algae attached to the stromal side of
the thylakoid membrane [20]. The constant and uniform forces
generated by sonication were more effective than the irregu-
lar nature of that produced by manual maceration for detaching
and releasing these pigments from the thylakoid membrane, and
therefore the resulting concentration achieved was considerably
higher.

Interesting, the two selected cell disruption methods gave
different patterns in the ratio of BPE to the other two coloured
proteins (APC and RPC). Cell disruption by sonication produced
a crude extract that exhibited a BPE to APC and RPC ratio
greater than the one achieved by manual maceration. Inred algae,
as well as in cyanobacteria, the phycobiliproteins are assembled
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into macromolecular water-soluble light harvesting complexes
named phycobilisomes [21]. Phycobilisomes are formed by two
structural subunits: a core complex and rod-like segments that
are attached to the core complex. While the core complex is
formed by phycobiliproteins that absorb in the red region (i.e.
APC), the rod-like segments are formed by phycobiliproteins
that absorb in the blue/green region of the spectrum (for exam-
ple BPE and RPC) [5]. Rod-like segments of the phycobilisomes
in P. cruentum are formed mainly by BPE (phycoerythrin reflects
red light and is therefore responsible for the colour of most red
algae). The rod-like segments are more exposed to the cyto-
plasm that the core complex which is attached to the thylakoid
membrane. Therefore the cavitations generated by sonication
are able to release BPE (that is located in the free end of the
rod-like segments) more easily than the other two pigments
(APC and RPC). This implies that the core complex is more
likely to remain attached to the thylakoid membrane (or thy-
lakoid membrane fragments) when sonication is used instead of
manual maceration (which is a disruption method that generates
a high mechanical impact over the membrane). As a result, the
BPE to APC and RPC ratio achieved by sonication is greater
than the one obtained by manual maceration. In the case of BPE
purity obtained (purity of BPE = Abss45 nm/Abs280 nm), both dis-
ruption methods provided a crude extract with a purity of 0.8.
This implies that even when the methods exhibited a different
release patterns for the coloured proteins, the total amount of
protein released in relation to the amount of BPE was similar.
Using the concentrated BPE crude extract, obtained by sonica-
tion, allows eliminating concentration stages prior to ATPS, as
the ammonium sulphate precipitation step utilized in the pre-
vious protocol reported [13]. Sonication was selected as the
method for cell disruption to produce BPE crude extract for
the subsequent experimental stages.

3.2. Effect of concentration of BPE crude extract upon
ATPS performance

The potential to fractionate heavily loaded biological sys-
tems by ATPS has been proved [15,22]. Such biological systems
include cells, cell debris, RNA, virus-like particles and pro-
teins. Since an increment in the level of BPE crude extract
concentration fractionated via ATPS may benefit the potential
intensification of the proposed process, it was decided to exam-
ine the impact of highly concentrated BPE crude extract upon
ATPS performance. The effect of the concentration of BPE
crude extract upon ATPS performance is shown in Table 1.
From our previous work [13] it was evident the strong top-
phase preference exhibited by BPE in PEG-salt ATPS. Partition
coefficient of BPE was difficult to evaluate due to the prob-
lems associated to the detection of BPE in the bottom phase.
Thus, it was decided to use the top-phase BPE recovery and
purity (or purification factor) as the response variables to evalu-
ate the performance of ATPS. For the present work the systems
conditions (e.g. molecular weight of PEG, TLL, and system
pH) previously established [13] were selected. Large VR (vol-
ume ratio; 4.5) was used to favour the recovery of BPE from
the top phase by increasing the free volume available for the

Table 1
Influence of the concentration of P. cruentum crude extract upon B-phycoerythrin
(BPE) recovery and purification factor

Concentration of crude
extract (%, w/w)

Top-phase BPE
recovery (%)

Top-phase BPE
purification factor

1 10 99.1 £ 3.15 1.6 + 0.08
2 20 92.6 £ 0.29 2.0 £ 0.02
3 30 91.8 £0.22 2.1 +0.02
4 40 91.9 £ 0.17 4.0 £0.02

The top-phase B-phycoerythrin (BPE) recovery is expressed relative to the con-
centration of BPE from crude extract loaded into the systems. Concentration of
the crude extract represents the total amount of disrupted BPE biomass loaded
into the ATPS and it is expressed in wet weight of disrupted biomass relative
to the total weight of the ATPS (%, w/w). The BPE purification factor is the
ratio between the BPE purity obtained at the top phase of the system and the
one from the BPE crude extract. The ATPS used comprised 29% (w/w) PEG
1000 g/gmol, 9% (w/w) potassium phosphate, TLL of 45% (w/w), volume ratio
(Vr) of 4.5 and pH 7.0.

target protein to accumulate under increasing crude extract con-
centration conditions. From Table 1, it is clear that top-phase
recovery over 90% was achieved, regardless the concentration
of BPE crude extract loaded to the ATPS. Such robust behaviour
can be explained in terms of the excluded volume of the top
phase of the system [23]. Partition of BPE to the top-PEG-
rich phase in ATPS is favoured by using PEG of low molecular
weight [13]. Such behaviour has been attributed to the fact that
the interaction net of short polymer chains generates a lower
excluded volume than the one created by long chains. PEG
of low molecular weight (for example, 1000 and 1450 g/mol)
helps to overcome saturations problems at the top phase, and
therefore BPE is able to migrate at the top phase. Addition-
ally, the ATPS used were characterised by a volume ratio (VR)
greater than one (i.e. Vr =4.5). As the volume of the top phase
increases, the free volume available for the BPE to migrate at
such phase also increases. An increase in the concentration of
BPE crude extract in the system caused BPE purification factor
(defined as the ratio between the BPE purity from the top phase
and that from the crude extract) to rise (see Table 1). The BPE
purity and the purification factor at the top phase increases from
1.3 to 3.2 and from 1.6 to 4.0, respectively (Table 1). When
the concentration of BPE crude extract increments (from 10
to 40%, w/w), the amount of BPE presents in the system also
increases. The increment in the amount of BPE (a protein with
high affinity for the top phase) loaded to the systems favoured
the increase of the amount of this target protein partitioned to
the top phase. Once the particles with high affinity for the PEG-
rich phase have partitioned, molecules with lower affinity can
migrate to the upper phase. However, an expected decrease in the
free volume available of the upper phase may compromise the
further accumulation of the contaminant proteins in this phase
[15,16].

3.3. Influence of system geometry upon ATPS performance
and time of phase separation

In order to facilitate the practical implementation of lab-scale
ATPS protocols at commercial level, the evaluation of system
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Table 2
Settlers used to evaluate the influence of the height/diameter (H/D) ratio on
kinetics of the phase separation

Geometry Settler device H/D ratio Cross-section
description area (cm?)

1 Glass vessel 0.5 29.0

2 Glass vessel 0.8 20.0

3 Glass vessel 1.2 18.0

4 Glass column 2.5 10.0

The H/D ratio values are the result of the height (H) of the ATPS in the settler
divided by the diameter of the settler (D). The cross section-area (interface area)
was estimated with the diameter of each settler used.

parameters that provide information relate to the kinetics of
phase separation is needed. Exploitation of the potential use
of settling equipment for the recovery of biological compounds
using ATPS represents a major advantage of the technique for
its industrial implementation. It is clear that passive settling to
separate immiscible phases is simple in operation and incurs
low cost. It has been reported that the settling velocity or phase
separation time is strongly influenced by the geometry of the
settler used [24,25]. The design or selection of an appropri-
ated geometry of the batch settler is required to facilitate the
implementation of ATPS at industrial scale. It is known that
in batch settlers, the height (H) and the diameter (D) of the
device influences the settling time due to the distance that the
droplets must move and the wall effects caused, respectively.
In this part of the study, a practical approach that involved the
use of height/diameter (H/D) ratio of the settler as a dimen-
sionless parameter was selected to evaluate the performance of
ATPS in settlers of different geometries. Such parameter was
selected to characterise the influence of the geometry of the
settlers (from column to tank or vessel type; H/D ratios from
0.5 to 2.5; see Table 2) on the total time for the phases to
separate.

Initially, the influence of the H/D ratio of the batch settlers
upon the ATPS performance was evaluated. In this case, the
BPE top-phase recovery and the BPE purification factor were
not significantly affected by the change in system geometry
(H/D ratio; data not shown). Such behaviour can be explained
by the fact that changes in geometry (H/D ratio) do not affect
the physicochemical properties or parameters of the ATPS (e.g.
concentration of polymer and salt, ionic force, pH, Vg, etc.). In
contrast, it has been reported that the system geometry have sig-
nificant influence upon the time of phase separation [24,25].
However, the nature of such effect upon ATPS loaded with
BPE crude extract has not been reported before. The influence
of the H/D ratio upon the time of phase separation in ATPS
loaded with 40% (w/w) of disrupted P. cruentum is illustrated
in Fig. 2. The solid concentration (40% wet, w/w of the dis-
rupted biomass) was selected based upon the results from the
previous section of this work. An increment in the H/D ratio
causes the time needed for the phase formation to rise. For the
two lower H/D ratios used (i.e. H/D equal to 0.5 and 0.8) a
relative VR of 0.7, which represents 70% of the phase sepa-
ration efficiency by sedimentation relative to that obtained by
centrifugation (used only as a reference), was achieved after
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Fig. 2. Influence of the height/diameter ratio of the settler upon the kinetics of
phase separation in batch ATPS. Four different height/diameter ratios were used:
0.5(@),0.8 (M), 1.2 (A) and 2.5 (). The relative volume ratio (VR ) is defined as
the ratio between VR of the experimental system and the Vg of the centrifuged
system as described in Section 2 and it is expressed relative to time. The ATPS
used comprised 29% (w/w) PEG 1000 g/gmol, 9% (w/w) potassium phosphate,
TLL 45% (w/w), Vg of 4.5, pH 7.0 and 40% (w/w) BPE crude extract load.

20 min. In contrast, for H/D 1.2 and 2.5 a relative VR of 0.7
was achieved after 30 min and more than 90 min, respectively.
This can be explained in terms of the interface area available
(cross-section area) in the system (Table 2). Batch settlers with
low H/D ratios are characterised by sufficient available inter-
face area (compared with settlers with H/D higher than one)
for solids distribution. Solids such as cell debris and other sus-
pended particles present in the BPE crude extract can distribute
across the interface (the middle part of settling device charac-
terised by the presence of unseparated phases) and minimize
solid accumulation. Thus, it is expected that phase separation
under gravity will occur in a relatively short time. In contrast,
in batch settlers with higher H/D ratios (e.g. H/D =2.5) Table 2;
the interface area is reduced, and therefore solids accumulate
rapidly. Consequently, the time needed for phase separation by
gravity is increased. The kinetics of phase separation followed
up to 24 h, and the maximum relative VR achieved was 0.82 for
all H/D ratios (data not shown), which represents 82% phase
separation efficiency achieved by sedimentation. Cell debris
accumulated at the interface, extended to the bottom phase, thus
a clear bottom phase was difficult to achieve in these ATPS,
and caused an increment in the volume of such phase. Con-
sequently, reaching a 100% phase separation efficiency of the
systems separated by gravity was severely limited. The batch
settlers with H/D ratio of 0.5 and 0.8 exhibited the best sepa-
ration performance. These findings suggest the use of settlers
with H/D ratios less that 1.0 to minimise the time for the phases
to separate. This type of study provides an insight into the
kinetics of phase separation necessary to design of appropri-
ate equipment for the required pilot scale of the proposed ATPS
process.

A direct comparison of the new proposed protocol for the
recovery and purification of BPE from P. cruentum with the pre-
vious reported protocol involving BPE extract concentration and
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cell debris separation stages [ 13] highlights the superiority of the
new approach. Implementation of an alternative cell disruption
method resulted in a reduction of the number of unit operations
involved in the previous reported protocol by eliminating con-
centration stages resulting from poor extraction. Cell disruption
achieved by sonication would of course be impractical at process
scale and would need to be replaced by a mechanical cell dis-
ruption method (e.g. bead mill or homogenization). The outline
of the new proposed method does not involve an additional cell
debris removal stage due to the fact that ATPS was used to elim-
inate the cell debris. Thus, cell debris removal and BPE primary
recovery stages were integrated. It is clear that, for BPE this
two-stage method opens the way to potentially evaluate further
bioprocess scale up and enhancement.

4. Conclusions

A two-stage method for the recovery of BPE from P. cruentum
was developed that benefited from a reduced number of stages. It
has been shown that cell disruption by sonication was preferred
over manual maceration for the release of intracellular BPE,
since a five times increase in BPE concentration, release was
obtained with a similar degree of purity. An increase in BPE
crude extract loaded to the ATPS (from 10 to 40%, w/w) proved
to be suitable to increase the product purity and benefitted the
processing of highly concentrated disrupted extract. In the case
of kinetics of phase separation studies, it was concluded that H/D
ratio has no effect upon the purity and the top-phase recovery of
BPE when batch settlers were used. It was also concluded that the
geometry of the separation device (expressed as H/D ratio) has an
effect on the phase separation time. Batch settlers with H/D ratio
less than one were particularly suitable to achieve a rapid phase
separation. Overall the proposed ATPS process comprising of
29% (w/w) PEG 1000 g/gmol, 9% (w/w) potassium phosphate,
TLL of 45% (w/w), Vg of 4.5, pH 7.0 and 40% (w/w) BPE crude
extract loaded in a batch settler with H/D ratio of 0.5 proved
to be efficient, recovering above 90% of BPE at the top phase
(PEG-rich phase) with a purity of 3.2. It is clear that the results
reported here, demonstrated the potential implementation of a
method for BPE recovery from P. cruentum as a first step for the
development of a process with commercial application.
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Recovery of Colored Proteins

Potential Aqueous Two-Phase Processes for the Primary
Recovery of Colored Protein from Microbial Origin

By J. Benavides and M. Rito-Palomares*

The primary recovery of c-phycocyanin and b-phycoerythrin from Spirulina maxima and Porphyridium cruentum, respec-
tively, using an established extraction strategy was selected as a practical model system to study the generic application of
polyethylene glycol (PEG)-phosphate aqueous two-phase systems (ATPS). The generic practical implementation of ATPS
extraction was evaluated for the recovery of colored proteins from microbial origin. A comparison of the influence of system
parameters, such as PEG molecular mass, concentration of PEG as well as salt, system pH and volume ratio, on the partition
behavior of c-phycocyanin and b-phycoerythrin was carried out to determine under which conditions target colored protein
and contaminants concentrate to opposite phases. One-stage processes are proposed for the primary recovery of the colored
proteins. PEG1450-phosphate ATPS extraction (volume ratio (Vr) equal to 0.3, tie-line length (TLL) of 34 % w/w and sys-
tem pH 7.0) for the recovery of c-phycocyanin from Spirulina maxima resulted in a primary recovery process that produced a
protein purity of 2.1+0.2 (defined as the relationship of 620 nm to 280 nm absorbance) and a product yield of 98 % [w/w].
PEG1000-phosphate ATPS extraction (i.e., Vg =1.0, PEG 1000, TLL50 % w/w and system pH7.0) was preferred for the
recovery of b-phycoerythrin from Porphyridium cruentum, which resulted in a protein purity of 2.8 £0.2 (defined as the rela-
tionship of 545 nm to 280 nm absorbance) and a product yield of 82 % [w/w]. The purity of c-phycocyanin and b-phycoery-
thrin from the crude extract increased 3- and 4-fold, respectively, after ATPS. The results reported herein demonstrated the
benefits of the practical generic application of ATPS for the primary recovery of colored proteins from microbial origin as a

first step for the development of purification processes.

1 Introduction

The urgent need for manufacturers to rapidly and eco-
nomically bring new biotechnological products to the mar-
ket has oriented research to establish selective and scal-
able methods of primary product recovery that integrate
effectively with upstream cell cultures. The resulting pro-
tocols will have to yield product in a state suitable for vali-
dation of polishing, formulation and delivery operations.
Currently, biotechnological companies are focusing on the
production of high-value products that will have impact in
different industrial sectors, such as health, chemistry, food
and others. In this context, coloring compounds used in
food, cosmetic, detergent and molecular genetics indus-
tries are products of great commercial significance [1,2].
The potential production of these substances by microor-
ganisms presents a very interesting opportunity for bio-
technological processes. Particularly, the production of
colored proteins, named phycobiliproteins, from microbial
origin represents a very interesting case because both the
industrial application and commercial value of these prod-
ucts are considerable [1]. The phycobiliproteins are usually
found in algae and cyanobacteria as a part of the photo-
synthetic system of these microorganisms [3-5]. Two
microorganisms that have exhibited great potential for the

[*] J.Benavides, M. Rito-Palomares (author to whom correspondence should
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production of these colorant compounds are Spirulina
maxima and Porphyridium cruentum.

The commercial value of food grade c-phycocyanin (a
blue-colored protein) produced by Spirulina maxima (purity
of 0.7, defined as the relationship of 620 nm to 280 nm ab-
sorbance) is approximately US$0.13 per mg, while that of
reactive grade c-phycocyanin (purity of 3.9) varies from
US$ 1 to US$ 5 per mg [5]. In contrast, the commercial value
of analytical grade c-phycocyanin (purity greater than 4.0)
can be as high as US$ 15 per mg [6]. c-Phycocyanin (molecu-
lar weight of 44 kDa) is one of the two main biliproteins ob-
tained from the photosynthetic systems of Spirulina maxima.
It is formed by two sub-units, o and 3, with a molecular
weigh of 20.5 and 23.5 kDa, respectively, and its isoelectric
point has been reported [7] to be around 5.8. In the case of
Porphyridium cruentum, b-phycoerythrin (a red-colored
protein) is the most valuable of the three main classes of
phycoerythrins (B, R and C) on account of its photosynthetic
system which offers a wide range of potential commercial
applications, such as in natural dyes, food, cosmetics and in
the development of biosensors [8,9]. The commercial value
of highly purified b-phycoerythrin (purity greater than 4, de-
fined as the relationship of 545 to 280 absorbance) for phar-
maceutical or fluorescent uses can be more than US$ 50 per
mg [10,11]. b-Phycoerythrin (molecular weight of 245 kDa)
is formed by three subunits, o, 3, and y (in a relative molar
ratio of 6:6:1) with a molecular weight of 18.0, 18.0, and
29 kDa, respectively [12].

The recovery of these colored proteins from microbial ori-
gin has been previously attempted [9,13,14]. However, the
resulting protocols identified the need to improve the pri-

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 259
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mary recovery part of the downstream process to increase
product yield that is affected by conventional procedures. Con-
sideration of alternative strategies for the recovery of colored
protein is needed to alleviate concerns regarding the potential
scaling up of established protocols at the commercial scale. As
an attractive alternative to address some of the disadvantages
attributed to the established c-phycocyanin and b-phycoery-
thrin purification protocols, the use of aqueous two-phase sys-
tems (ATPS) has been suggested. ATPS is characterized by
several advantages, not only concerning the recovery of pro-
tein products from fermentation broth [15-18], but also con-
cerning bio-compatibility, ease of scale-up, low cost, etc. [19].
In this context, we recently reported [20] the establish-
ment of a primary recovery process for the purification of
b-phycoerythrin from Porphyridium cruentum in which the
preliminary conditions were defined. For this second study,
defined operating conditions from this previous report were
selected to address the generic process applicability of the
ATPS extraction strategy for the recovery of colored pro-
tein, using an additional model system (i.e., recovery of
c-phycocyanin from Spirulina maxima). Also, multi-stage
ATPS extraction was considered to potentially improve pro-
cess yield and product purity. Furthermore, in this work the
recovery of c-phycocyanin and b-phycoerythrin from Spiruli-
na maxima and Porphyridium cruentum, respectively, is
presented in the form of representative model systems to
compare the performance of ATPS extractions for the pri-
mary recovery of colored proteins from microbial origin.

2 Materials and Methods

2.1 Culture Medium and Cultivation Conditions

Spirulina maxima and Porphyridium cruentum were cul-
tivated in the culture medium described by Herrera et al.
[13] and Bermejo et al. [9], respectively. The algae were
grown in a batch culture (500 cm® Erlenmeyer flasks) at
22-25 °C, under natural light conditions. Agitation in Spir-
ulina maxima culture was provided using a reciprocal sha-
ker (Lab-Line at 80 min™'), while agitation and aeration
for the Porphyridium cruentum culture was provided with
an air flow rate of 3.2 cm’/seg using a peristaltic pump
(ELITE 799, Mexico). The cells were allowed to grow for
12 and 30 days for Spirulina maxima and Porphyridium
cruentum, respectively. Cells were harvested by centrifuga-
tion at 12,000 rpm for 10 min (Eppendorf 5415C). Cell
disruption was performed manually in a ceramic pot using
glass beads and 0.1 mol/dm® CaCl, solution (10 cm®/g wet
biomass) for 10 min for Spirulina maxima and deionized
water (4.3 cm®/g wet biomass) for 15 min for Porphyri-
dium cruentum. Temperature was controlled with a dry ice
bath. Cell fragmentation was verified using an optical
microscope (Olympus CK2). The removal of cell debris
was achieved by centrifugation at 12,000 rpm for 10 min
(Eppendorf 5415 C).

260 © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In the case of the Spirulina maxima homogenate, the super-
natant (referred to as c-phycocyanin crude extract) was intro-
duced into the aqueous two-phase systems previously se-
lected. In contrast, the supernatant obtained from the
Porphyridium cruentum homogenate was processed with a
solution of ammonium sulfate (0.47 g/cm® supernatant). This
precipitation step was introduced in order to concentrate the
protein in the cell homogenate to facilitate the estimation of
protein concentration in the ATPS experiments. The precipi-
tate was resuspended in ammonium sulfate buffer (60 % v/v)
with potassium phosphate (0.05 mol/dm?®, pH 7.0) and sodium
azide (0.005 mol/dm®), the resulting solution (referred to as
b-phycoerythrin crude extract) was introduced into the aque-
ous two-phase system previously selected, as described below.

2.2 Design of the Potential Processes for the Colored Protein
Recovery from Microbial Origin

The binodal curves for the ATPS were estimated by
means of the cloud point method [21] using poly(ethylene
glycol) (Sigma) with a nominal molecular mass of
1,000, 1,450,3,350 and 8,000 g/gmol (50 % [w/w] stock solu-
tion) and di-potassium hydrogen orthophosphate/potassium
di-hydrogen orthophosphate (Sigma) (30 %, w/w). Fine ad-
justment of the pH was carried out by the addition of ortho-
phosphoric acid or sodium hydroxide. All experimental sys-
tems used to establish the operating conditions for the ATPS
process were prepared for convenience on a fixed mass basis.
Predetermined quantities of stock solutions of PEG and
potassium phosphate were mixed with the experimental
solution (containing 10 % [w/v] wet homogenate from Spiru-
lina maxima fermentation, referred earlier as c-phycocyanin
crude extract, or b-phycoerythrin concentrated solution re-
ferred earlier as b-phycoerythrin crude extract). The stock
solutions (PEG and salts) were mixed and phases were dis-
persed by gentle mixing for 30 min at 25 °C.

Complete phase separation was achieved by low speed
batch centrifugation at 1500 x g for 20 min at 25 °C. Visual
estimates of the volumes of top and bottom phases and sol-
ids were performed in graduated centrifuge tubes. The vol-
umes of the phases were then used to estimate the volume
ratio (volume of the top phase/volume of the bottom phase
(VR)). Samples were carefully extracted from the phases for
biochemical analysis. The tie-line length (TLL) of the sys-
tem, which represents the length of the line that connects
the composition of the top and bottom phase of a defined
ATPS, was estimated using the relation in which TLL is
equal to [(APEG)? + (Asalt)?]"%; where APEG and Asalt are
the differences in the concentration between the top and
bottom phase of PEG and salt obtained from the phase dia-
gram as described by Albertsson [19]. Top phase recovery
was estimated as the amount of protein present in the upper
phase (volume of the phase x protein concentration in the
phase) and was expressed relative to the original amount
loaded into the systems.
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The results reported are the average of three or two inde-
pendent experiments (for c-phycocyanin and b-phycoery-
thrin, respectively) and the errors were estimated to be a
maximum of £10 % of the mean value. After comparing the
influence of TLL, Vg, pH and molecular weight of PEG
upon the partition of c-phycocyanin and b-phycoerythrin,
the use of subsequent ATPS was studied. This was done in
order to determine the influence of using subsequent ATPS
upon the purity of the proteins of interest. The subsequent
ATPS extraction stages were implemented in which the top
phase from the previous extraction was transferred to a new
ATPS. The operating conditions (PEG and phosphate con-
centration, system pH and V§g) of the subsequent process
were kept constant and were similar to those defined for the
first extraction.

2.3 Analytical Procedures

Protein concentration in the samples was estimated by the
method of Bradford [22]. The purity of c-phycocyanin was
determined as the relation of 620 to 280 nm absorbance (i.e.,
purity of c-phycocyanin=Abs 620 nm/Abs 280 nm), while
the purity of b-phycoerythrin was determined as the relation
of 545 to 280 nm absorbance (i.e., the purity of b-phycoery-
thrin = Abs 545 nm/Abs 280 nm).

3 Results and Discussion

The design of primary recovery aqueous two-phase extrac-
tion processes demands a practical approach to overcome
the lack of accumulative knowledge regarding the mecha-
nisms governing the behavior of proteins in ATPS [23]. In
this paper, two experimental vehicles were selected (i.e.,
c-phycocyanin produced by Spirulina maxima and b-phy-
coerythrin produced by Porphyridium cruentum) as repre-
sentative model systems to compare the performance of
ATPS extractions for the primary recovery of two different
colored proteins from microbial origin. Furthermore, such a
process comparison was carried out to also prove the generic
applicability of the ATPS recovery strategy. Based upon pre-
vious reports [20,23] experimental ATPS characterized by

the low molecular mass of PEG (i.e., 1,000 and 1,450 g/gmol)
were selected to compare the effect of increasing TLL upon
the partition behavior of the colored proteins and to increase
the purity from the original crude extract. It has already been
reported in [24] that changes in the TLL affect the free vol-
ume available for a defined solute to concentrate in the phase
and as a consequence affect the partition behavior of the sol-
ute in the ATPS.

The influence of increasing TLL upon the purity of col-
ored proteins (i.e., c-phycocyanin and b-phycoerythrin) from
selected ATPS, when the PEG of two different molecular
masses (i.e., 1,000 and 1,450 g/gmol) was employed is illus-
trated in Tab. 1. c-Phycocyanin and b-phycoerythrin exhib-
ited a strong top phase preference (data not shown), which
implies that the majority of the target protein was concen-
trated in the top phase. The top phase preference of the col-
ored proteins resulted in partition coefficients greater than
100.0 and with great variations (i.e., from 100 to 200). Such
behavior was associated with problems in the detection of
colored proteins in the bottom phase, caused by the very low
amount of these proteins concentrated in this phase. As a
consequence, it was difficult to use the protein partition
coefficient (K = concentration of solute in the top phase/con-
centration of solute in the bottom phase) to evaluate the im-
pact of system parameters upon the partition behavior of
c-phycocyanin and b-phycoerythrin. As a result, a decision
was taken to use the purity of the colored proteins from the
top PEG-rich phase as the response variable to evaluate the
effect of system parameters on the behavior of the proteins
in ATPS.

Tab. 1 demonstrates that increasing TLL caused the purity
of c-phycocyanin from the top PEG-rich phase to decline,
when PEGs of 1,000 and 1,450 g/gmol were used. The in-
crease in the contaminant proteins in the top phase caused
by the rise in TLL may explain the decline in the protein
purity observed (see Tab. 1). The increase in TLL reduced
the free volume in the bottom phase [24] promoting the so-
lutes in the lower phase to partition to the top phase. There-
fore, an increase in the amount of contaminant proteins that
concentrate in the top phase with increasing TLL is possible
and as a result the purity of c-phycocyanin is negatively af-
fected. However, in the case of b-phycoerythrin (from the
crude extract from P. cruentum) an increasing TLL caused

Table 1. Comparison of the influence of Tie Line Length upon c-phycocyanin and b-phycoerythrin purity.

System Molecular mass of TLL Purity of Purity of Purification factor Purification factor
PEG [g/gmol] [% wiw] c-phycocyanin b-phycoerythrin for c-phycocyanin | for b-phycoerythrin

1 1000 38 1.2+0.12 2.5+0.1 1.7 3.6

2 50 0.9+0.09 2.8+0.3 13 4.0

3 1450 34 1.5+0.15 1.8+0.1 2.1 2.6

4 55 1.0+0.10 2.6%0.1 1.4 3.7

The tie-line lengths (TLL) of the systems were estimated from the composition of PEG and phosphate as described in Materials and Methods.
The purity of c-phycocyanin and b-phycoerythrin was defined as the relationship of 620 nm to 280 nm absorbance and 545 nm to 280 nm absorbance, respective-
ly. Purification factors represent the increase in purity of the target protein relative to the purity of the initial crude extract (i.e., 0.7 for both colored proteins).
For all systems, the volume ratio (estimated from non-biological experimental systems) and the system pH were kept constant at 1.0 and 7.0, respectively.
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the purity of the protein from the top PEG-rich phase to in-
crease. It seems that in the case of this particular colored
protein its purity was benefited by the increase in the con-
centration of the chemical forming phases. The opposite
behavior observed between c-phycocyanin and b-phycoery-
thrin when TLL was increased may be explained as a result
of the differences in the molecular size of the two colored
proteins. The molecular weight of b-phycoerythrin
(245 KDa) is considerably greater than that of c-phycocya-
nin (44 KDa) leaving reduced space in the top phase to
accommodate migrating contaminants or force them to mi-
grate from the bottom phase by the increased TLL.

For all the systems studied using cell homogenate, the pur-
ity of the colored proteins increased in the ATPS (see purifi-
cation factors for both colored proteins in Tab. 1) compared
with that from the crude extract (i.e., the purity of the crude
extract from S. maxima and P. cruentum was approximately
0.7). PEG 1450-phosphate ATPS (characterized by a TLL of
34 % [w/w], a Vg =1.0 and a system pH of 7.0) resulted in a
maximum purity for c-phycocyanin (i.e., 1.5£0.15), which
represent an increase in purity of 2.1 times with respect to
the purity of the initial crude extract. In the case of b-phy-
coerythrin, a maximum purity of 2.8+ 0.3 was obtained from
PEG 1000-phosphate ATPS (with a TLL of 50 % [w/w], a
Vr =10 and a system pH=7.0). In this case, the purity of
b-phycoerythrin from the crude extract (i.e., 0.7) increased
fourfold after ATPS (see Tab. 1). Once the impact of TLL
upon the purity of the colored proteins from the top phase
was evaluated, the effect of the system pH on the purity of
the proteins was investigated using cell homogenate (crude
extract) from S. maxima and P. cruentum.

The effect of the system pH on protein partition behavior
in ATPS has been previously discussed [15,16]. These re-
ports concluded that an increase in the system pH caused
the protein concentration in the top phase to rise and in the
bottom phase to decrease. Such behavior of proteins has
been attributed to free-volume effects [24], speciation of the
phosphate salts over the pH range and to conformational
changes in the structural integrity of proteins [25]. Fig. 1
shows a comparison of the effect of the pH on the purity of
the colored proteins in PEG-phosphate ATPS, when two
different molecular masses of PEG (i.e, 1,000 and
1,450 g/gmol) were employed. A comparison of the effect of
an increasing system pH (from 7.0 to 8.0) upon the purity of
c-phycocyanin and b-phycoerythrin revealed a similar oppo-
site trend (as that observed with increased TLL) between
the two colored proteins, regardless of the molecular mass of
PEG (see Figs. 1a and 1b). The purity of c-phycocyanin de-
creased when the system pH was increased, while that from
b-phycoerythrin remained constant (see Fig. 1a) or slightly
increased (see Fig. 1b). The decrease in purity may be asso-
ciated with an increase in the migration of contaminant pro-
teins to the top phase with the increase in the pH. When the
system pH is increased, some contaminant proteins may ac-
quire a negative charge and since PEG is positively charged,
it is possible that such contaminant proteins could migrate

262 © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

to the top phase decreasing the purity of the c-phycocyanin.
Although, increasing the system pH resulted in changes in
the purity of both c-phycocyanin and b-phycoerythrin from
the ATPS studied, it is clear that no great differences in the
previous protein purity obtained (see Tab. 1) were achieved.
Thus, it was decided to keep the system pH at 7.0 for the
ATPS selected for further studies.

An important system parameter for the characterization
of an ATPS extraction stage is the volume ratio (Vr) defined
as the ratio of the volume of the phases of the systems. It has
been proposed that protein partition behavior remains con-
stant for the systems along the same tie-line [20] and that
variations in the partition behavior observed with changes in
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Figure 1. Comparison of the influence of changing the system pH upon the
purity of c-phycocyanin and b-phycoerythrin from PEG 1000-phosphate
ATPS (a) and PEG 1450-phosphate ATPS (b).

The purity of b-phycoerythrin (white bars) and c-phycocyanin (gray bars) are
expressed relative to the system pH.

The system pH was adjusted as described in Materials and Methods. The char-
acteristics for the ATPS used are represented in Tab. 1 (i.e., systems 1-4). The
crude extracts of c-phycocyanin and b-phycoerythrin were used as experimen-
tal vehicles. The purity of c-phycocyanin and b-phycoerythrin is defined as the
relation of 620 nm to 280 nm absorbance and 545 nm to 280 nm absorbance,
respectively.

http://www.els-journal.de Eng. Life Sci. 2005, 5, No. 3



Eng.
Life,
Sci.

Recovery of Colored Proteins

VR can be attributed to a concentration effect [23]. Such a
proposal may be extended for the behavior of the colored
proteins in the ATPS. Fig. 2 illustrates the comparison of the
effect of the system Vg upon the purity of c-phycocyanin
and b-phycoerythrin. It is clear that c-phycocyanin and
b-phycoerythrin exhibited an opposite behavior when the
system Vi was increased. A rise in the Vg implies an incre-
ment in the volume of the top phase. Consequently, the vol-
ume available to accommodate solutes in that phase is aug-
mented. It is possible that in the case of c-phycocyanin, this
protein of low molecular weight (44 KDa) is displaced when
it competes with contaminant proteins (from the crude ex-
tract) for the additional available volume generated by the
increase in the system Vg. Therefore, the reduction in the
purity of c-phycocyanin with increased Vi (see Fig. 2) can
be explained by the increment in the contaminant concen-
tration in the top phase. In contrast, the increase in the sys-
tem V7 caused the purity of b-phycoerythrin to rise.

The molecular weight of b-phycoerythrin (245 KDa) is
greater than that of c-phycocyanin and it is expected to have
a different partition behavior under an increased system V.
Although it is possible that a competition between the con-
taminant proteins and b-phycoerythrin for the additional
volume available (when Vg increases) in the top phase
occurred, it seems that the high molecular weight colored
protein occupied the majority of such volume [20]. From the
results of these experiments it is clear that a system Vi
smaller than one favored the purity of c-phycocyanin from
the top phase (i.e., Vr =0.3, resulted in a protein purity of
2.1%0.2), while a system Vg equal to one resulted in a maxi-
mum b-phycoerythrin purity (i.e., 2.8+0.2) from the ATPS
studied (see Fig. 2).
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1L1L1Ljr
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1.5
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Purity of c-phycocyanin and b-phycoerythrin

03 05 10 18 25
Experimental Vg

Figure 2. Comparison of the influence of changing the system Vi upon the
purity of c-phycocyanin and b-phycoerythrin from PEG-phosphate ATPS.
The purity of b-phycoerythrin (white bars) and c-phycocyanin (gray bars)
from PEG 1000 and 1450 ATPS, respectively, are expressed relative to the sys-
tem V. The volume ratio (Vr) in non-biological experimental systems along
a single tie-line length (50 and 34 % w/w for PEG 1000 and PEG 1450, respec-
tively) was estimated after phase separation in graduate centrifuge tubes. The
crude extracts of c-phycocyanin and b-phycoerythrin were used as experimen-
tal vehicles. The purity of c-phycocyanin and b-phycoerythrin is defined as the
relation of 620 nm to 280 nm absorbance and 545 nm to 280 nm absorbance,
respectively.
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In a further comparison of the effect of PEG molecular
mass on the purity of the colored proteins from ATPS, the
purity of both proteins (i.e., c-phycocyanin and b-phycoery-
thrin) decreased when high molecular masses of PEG were
applied (see Fig. 3). The effect of increasing the molecular
mass of PEG upon protein partition behavior has been ex-
plained based upon the protein hydrophobicity [26,27] and
the phase excluded volume [16,28,29]. The increase in the
molecular mass of PEG enhances the potential interactions
between the long chains of the polymer. Consequently, the
free volume in the upper phase decreases and promotes the
migration of molecules (such as c-phycocyanin and b-phy-
coerythrin) from the top to the bottom phase or interface.
As a result, the purity of both colored proteins is negatively
affected. An alternative explanation involves the decrease in
the amount of water in the upper phase when the molecular
mass of PEG is increased.

Since the colored proteins are highly hydrophilic, it is an-
ticipated that the affinity for the upper phase of the target
proteins decreased and subsequently promoted the migra-
tion of the molecules to the bottom phase or interface. It is
clear that the negative effect of the increasing molecular
mass of PEG on protein purity observed in Fig. 3 was great-
er for b-phycoerythrin than for c-phycocyanin. This situation
may be explained based upon the high molecular weight of
this particular protein compared to that of the c-phycoery-
thrin. In this case it is anticipated that a reduction in the free
volume affected the high molecular weight proteins more se-
verely. It is clear that the low molecular mass of PEG (i.e.,
1,000 and 1,450 g/gmol) should be used for the extraction of
colored proteins in ATPS.
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Figure 3. Comparison of the influence of molecular mass of PEG upon the
purity of c-phycocyanin and b-phycoerythrin from PEG-phosphate ATPS.
The purity of b-phycoerythrin (squares) and c-phycocyanin (triangles) are
represented relative to the molecular mass of PEG.

The system volume ratio (Vr) for b-phycoerythrin and c-phycocyanin was
kept constant at 1.0 and 0.3, respectively. Crude extracts of c-phycocyanin and
b-phycoerythrin were used as experimental vehicles. The purity of c-phyco-
cyanin and b-phycoerythrin is defined as the relation of 620 nm to 280 nm ab-
sorbance and 545 nm to 280 nm absorbance, respectively.
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From the studies on the influence of system parameters
upon the purity of colored proteins, optimum process con-
ditions for c-phycocyanin (i.e., Vg =0.3, PEG 1450, TLL
34 % w/w and system pH7.0) and b-phycoerythrin (i.e.,
Vr=1.0, PEG 1000, TLL 50 % w/w and system pH7.0)
were selected for the ATPS extraction stages. Such extrac-
tion conditions resulted in a protein purity of 2.1 and 2.8
for c-phycocyanin and b-phycoerythrin, respectively. In or-
der to further increase the protein purity, subsequent
ATPS extraction stages were applied. At these extraction
stages, the top PEG rich-phase (where the c-phycocyanin
or the b-phycoerythrin was present) from the previous
ATPS was further processed by the addition of fresh phos-
phate to create a new ATPS extraction stage. The process
conditions for the subsequent ATPS extraction stages were
kept constant and equal to those used for the first ATPS
extraction.

Fig. 4 illustrates the effect of the application of multiple
ATPS extraction stages on the purity of colored proteins.
In addition, protein recovery, purity and purification fac-
tors for the colored proteins after each process stage are
presented in Tab. 2. The protein recovery values take into
account the losses incurred during the handling of the dif-
ferent streams of the processes. It is evident that the use
of consecutive ATPS caused the c-phycocyanin purity
(from the top phase) to rise (from 2.1 to 2.4). It seems that
further removal (in the bottom salt-rich phase) of addi-
tional protein contaminants was achieved in the subse-
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Figure 4. Effect of the implementation of multiple ATPS extraction stages on
the purity of c-phycocyanin and b-phycoerythrin.
The purity of b-phycoerythrin (squares) and c-phycocyanin (triangles) are
represented relative to the number of ATPS extraction stages. Crude extracts
of c-phycocyanin and b-phycoerythrin were used as experimental vehicles.
The purity of c-phycocyanin and b-phycoerythrin is defined as the relation of
absorbance 620 nm to 280 nm, and 545 nm to 280 nm, respectively. Extrac-
tion conditions for c-phycocyanin (i.e., Vg =0.3, PEG 1450, TLL 34 % w/w
and system pH 7.0) and b-phycoerythrin (i.e., Vg =1.0, PEG 1000, TLL 50 %
w/w and system pH 7.0) were kept constant for all the ATPS extraction stages.

quent extraction stages. However, it is clear that no signifi-
cant increment in protein purity was obtained when a
third ATPS extraction stage was used.

Table 2. Protein yield, purity and purification factor from each process step for the recovery of colored proteins from

microbial origin.

Protein yield from each Cumulative yield Purity of the colored Purification factor
individual step [%] [%] protein
Crude extract
c-phycocyanin Not evaluated 100 0.7£0.07 1.0
b-phycoerythrin Not evaluated 100 0.7+0.07 1.0
First ATPS
extraction
c-phycocyanin 98.0 98.0 21£0.2 3.0
b-phycoerythrin 82.0 82.0 2.8+£0.2 4.0
Second ATPS
extraction
c-phycocyanin 87.0 85.0 24102 34
b-phycoerythrin 77.0 63.0 29+0.2 4.1
Third ATPS
extraction
c-phycocyanin 87.0 74.0 24+0.2 34
b-phycoerythrin 77.0 49.0 29+0.2 4.1

The yield from each step represents the practical recovery of the colored protein and is expressed relative to the original
amount of the protein loaded to the process step.
The purity of c-phycocyanin and b-phycoerythrin was defined as the relationship of 620 nm to 280 nm absorbance and

545 nm to 280 nm absorbance, respectively.

Purification factors represent the increase in purity of the target protein relative to the purity of the initial crude extract

(i.e., 0.7 for both colored proteins).
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The purity of c-phycocyanin from the top phase of the
third extraction stage remained almost constant in compari-
son with that from the second ATPS extraction stage. Prod-
uct yield decreased from 98 % to 85 % and 74 % after the
second and the third ATPS extraction stage, respectively.
Therefore, a one-stage ATPS extraction process was pro-
posed to fractionate the fermentation broth of Spirulina
maxima to recover c-phycocyanin. Such a proposed process
resulted in an overall product yield of 98 %, a purity of 2.1
and a threefold increase in purity with respect to the purity
of the crude extract (see Tab. 2).

In the case of b-phycoerythrin, additional ATPS extrac-
tion stages produced no significant increase in protein purity.
It is clear that no further removal of protein contaminants
was achieved when consecutive ATPS extraction stages were
implemented. Apparently, the process conditions selected
for the first extraction stage concentrated the majority of the
target protein and allowed for the maximum removal of con-
taminants. Product yield decreased from 82 % to 63 % and
49 % after the second and the third ATPS extraction stages,
respectively, without improvement in protein purity. In this
case, one-stage ATPS extraction resulted in a potential pri-
mary recovery process to fractionate P.cruentum homoge-
nate and produce b-phycoerythrin with a purity of 2.8 suit-
able for further purification. The purity of b-phycoerythrin
from the crude extract increased 4-fold after ATPS (see
Tab. 2). The proposed processes exhibited a reduced number
of unit operations for the primary recovery stage that can be
integrated to the protocols previously reported [9,13].
Therefore, the strategy proposed here for the primary recov-
ery of colored proteins, highlights the superiority of the cur-
rent approach.

4 Conclusions

This study reports the comparison of the fractionation of
cell homogenate of Spirulina maxima and Porphyridium
cruentum in aqueous two-phase systems for the development
of extraction processes for the potential primary recovery of
colored proteins (i.e., c-phycocyanin and b-phycoerythrin).
It has been shown that tie-line length, volume ratio, molecu-
lar mass of PEG and system pH influence the purity of
c-phycocyanin and b-phycoerythrin from the top PEG-rich
phase. ATPS with a PEG of high molecular mass (i.e.,
8,000 g/gmol) proved to be unsuitable for the primary recov-
ery of the colored proteins since the lowest values of purity
were obtained in theses systems. The operating conditions
established for the PEG 1450 and PEG 1000-phosphate
ATPS extraction resulted in one-stage processes for the
potential recovery of c-phycocyanin from Spirulina maxima
and b-phycoerythrin from P cruentum, respectively. The
chosen operating conditions preferentially concentrated the
target protein to the top phase and the contaminants to the
opposite phase. The results reported here demonstrate the
benefits of the practical application of ATPS for the primary

Eng. Life Sci. 2005, 5, No. 3 http://www.els-journal.de
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recovery of colored proteins from microbial origin as a first
step for the development of commercial purification pro-
cesses.
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Abstract

Virus-like particles have a wide range of applications, including vaccination, gene therapy, and even as nanomaterials. Their successful utilization
depends on the availability of selective and scalable methods of product recovery and purification that integrate effectively with upstream operations.
In this work, a strategy based on aqueous two phase system (ATPS) was developed for the recovery of double-layered rotavirus-like particles (dIRLP)
produced by the insect cell-baculovirus expression system. Polyethylene glycol (PEG) molecular mass, PEG and salt concentrations, and volume
ratio (Vr, volume of top phase/volume of bottom phase) were evaluated in order to determine the conditions where dIRLP and contaminants
concentrated to opposite phases. Two-stage ATPS consisting of PEG 400-phosphate with a Vr of 13.0 and a tie-line length (TLL) of 35% (w/w) at
pH 7.0 provided the best conditions for processing highly concentrated crude extract from disrupted cells (dIRLP concentration of 5 p.g/mL). In such
conditions intracellular dIRLP accumulated in the top phase (recovery of 90%), whereas cell debris remained in the interface. Furthermore, dIRLP
from culture supernatants accumulated preferentially in the interface (recovery of 82%) using ATPS with a Vr of 1.0, pH of 7.0, PEG 3350 (10.1%,
w/w) and phosphate (10.9%, w/w). The purity of dIRLP from culture supernatant increased up to 55 times after ATPS. The use of ATPS resulted
in a recovery process that produced dIRLP with a purity between 6 and 11% and an overall product yield of 85% (w/w), considering purification
from intracellular and extracellular dIRLP. Overall, the strategy proposed in this study is simpler than traditional methods for recovering dIRLP,
and represents a scalable and economically viable alternative for production processes of vaccines against rotavirus infection with significant scope
for generic commercial application.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Aqueous two-phase systems; Rotavirus like-particles; Insect cells

1. Introduction

Virus-like particles are composed of the main structural pro-
teins of a virus, but lack its genetic material. They are produced
by the recombinant expression of the structural proteins that,
in the absence of non-structural proteins and genetic material,
assemble into structures identical to the native virus [1,2]. Virus-
like particles (VLP) have a wide range of applications, including
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vaccination, gene therapy, biosensors, and nanomaterials [3,4].
A relevant model for study is the rotavirus. Annually, more than
500,000 children die as victims of acute gastroenteritis caused
by rotavirus [5]. VLP are attractive candidates for a prophylactic
vaccine against rotavirus infection, because many drawbacks of
traditional viral vaccines are absent in VLP, such as infection
by inefficiently inactivated viruses or by reversion of attenuated
strains. Double-layered rotavirus-like particles (dIRLP) consist
of two concentric protein layers. The inner most layer is com-
prised by 60 dimers (120 molecules) of VP2 and the second
shell is formed by 260 trimers of VP6. Such dIRLP induce a
good immune response when administered intranasally [4].
The structure of dIRLP makes their production and purifica-
tion a unique challenge [2,6,7]. However, in order for dIRLP to
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be a viable alternative for immunization, economical produc-
tion of complete particles of good quality at large scale needs to
be achieved. An expression system that has been proven to be
especially suitable for the production of VLP is the insect cell-
baculovirus expression vector system (IC-BEVS) [8]. Although
the production of dIRLP has been studied before, the exist-
ing reports addressed mainly the upstream part of the process
[1,7,9,10]. In general, purification of VLP is a complex task.
A purification process must preserve the best possible yield
and purity of intact VLP obtained as final products, minimizes
processing time and decrease the consumption of resources
(reagents) in order to make the process economically viable.
Difficult to scale and time-consuming operations, such as ultra-
centrifugation, are currently used even at industrial scale. Such
protocols are characterized by low product recovery and high
cost associated to the scaling up of the process [11,12]. Conse-
quently, process problems associated with these protocols limit
their commercial application. The lack of reports addressing the
downstream stages of the process for the recovery of dIRLP is
evident.

The development of efficient and scalable biotechnologi-
cal processes is needed for the commercial implementation of
recovery processes. An alternative practical approach, exploit-
ing the use of aqueous two-phase systems [13] to develop a
process for the recovery of dIRLP is examined in this work.
Aqueous two-phase systems (ATPS), constituted by a mixture
of polymers (e.g. polyethylene, PEG) and salts (e.g. phosphate
or sulphate), result in two-phases for the extraction of bio-
molecules. This technology has several potential advantages,
including bio-compatibility, ease of scale-up and low cost [14].
Andrews et al. [15] have reported the use of ATPS for the
recovery of hepatitis B VLP from yeast cells. They evaluated
qualitatively the potential of ATPS to separate VLPs from cell
debris and contaminants. However, no quantitative information
was provided regarding concentration, purity or yield of VLPs
obtained after ATPS. Such findings raised the generic potential
application of ATPS for the recovery of VLPs. In the present
study, a practical approach, which exploits the known effect of
system parameters such as PEG and salt concentration and the
nominal molecular mass of PEG upon product partition, was
used. Purified dIRLP were initially used as a model system for
evaluating their partition behaviour. Subsequently, the real com-
plex system, consisting of cellular homogenate and supernatant
from insect cell cultures was studied to obtain different condi-
tions where the target product and the contaminants (e.g. cell
debris) partitioned preferentially to opposite phases. The results
of this work provide a strategy that greatly improves the tradi-
tional way in which dIRLP are recovered, with significant scope
for generic commercial application.

2. Materials and methods
2.1. Production of dIRLP
dIRLP were produced in High Five insect cells (Invitrogen,

Carlsbad, CA, USA), as described in Mena et al. [2]. Briefly, cells
were cultivated in suspension in SF900-II medium (Invitrogen,

Carlsbad, CA, USA) in shaker flasks. Cultures were simultane-
ously infected at a cell concentration of 0.5 x 10° cell/mL with a
baculovirus coding for the fusion protein EGFPVP2 (kindly pro-
vided by Professor Jean Cohen, INRA, France) [16] and another
coding for VP6 from strain SA11 (kindly provided by Dr. Susana
Lépez, IBT-UNAM, México) at a multiplicity of infection of five
plaque forming units/mL of each virus. Viral titters were deter-
mined as described by Mena et al. [17]. Cells were harvested by
centrifugation at 48 h post-infection at 10,000 rpm for 10 min
(Beckman, UK). The supernatant was identified in this study as
extra-cellular dIRLP source (cell debris-free extract). After cell
harvesting, the biomass obtained from 200 mL of culture was
re-suspended in 6 mL of Tris EDTA buffer (10 mM Tris—HCI,
1 mM EDTA, 2% of sodium deoxicholate). Cell rupture was
achieved by sonication for 2min (periods of 10s, separated
by pauses of 55s). The resulting homogenate was identified in
this study as intracellular dIRLP source (crude extract). Mate-
rial for the model systems was obtained by purifying dIRLP by
the traditional method of ultracentrifugation [1]. Briefly, dIRLP
from culture supernatants were concentrated by a 35% sucrose
cushion by ultracentrifugation. dIRLP were obtained by ultra-
centrifugation in an isopicnic CsCl gradient at 148,000 x g for
18 h. The band corresponding to dIRLP was recovered and ultra-
filtrated through a 300 kDa MW cut-off membrane.

2.2. Analytical procedures

The concentration and purity of dIRLP was determined by
gel exclusion HPLC, as described in Mena et al. [2]. The chro-
matographic system consisted in a controller, pumps, and a pho-
todiodes array and a fluorescence detectors connected in series
(Waters, Massachusetts, USA). The mode of operation of the
chromatography was isocratic, with a Tris-EDTA pH 8.0 buffer
mobile phase at a flow rate of 0.9 mL/min using an Ultrahydro-
gel 2000 size-exclusion column, or an Ultrahydrogel 2000 and
an Ultrahydrogel 500 columns in series (Waters, Massachusetts,
USA). Prior to injection into the HPLC equipment, samples were
ultrafiltered (10 and 300kDa MW cut-off, Nanosep, Pall Life
Sciences, Ann Arbor, MI, USA) and centrifuged at 10,000 x g
for 15 min. EGFP fluorescence was determined with the fluores-
cence detector, and concentration of EGFPVP2 was determined
by comparison with a standard curve of pure EGFP concentra-
tion versus fluorescence (excitation and emission wavelengths
of 484 and 510 nm, respectively). Charpilienne et al. [16] have
determined that the molar extinction coefficient of EGFPVP2
is that of EGFP. Thus, dIRLP concentration was determined
from its content of EGFP. Namely, the molecular masses of
the dIRLP and EGFP are 49.5 x 10° and 27 x 103, respec-
tively. Therefore, 1 g of EGFP is contained in 15.27 g of dIRLP.
The purity of dIRLP relative to contaminant proteins was esti-
mated by absorbance at 280 nm using the photodiodes array
detector (Waters, Massachusetts, USA). Transmission electron
microscopy was performed as described by Mena et al. [2].
Briefly, dIRLP negatively stained with uranile acetate after fix-
ation in a 200 mesh grid coated with Formvar-carbon (Structure
Probe Inc., West Chester, PA, USA) were observed with an elec-
tron microscope Jeol 1200EXII (Jeol, Peabody, MA, USA).
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2.3. Characterisation of aqueous two-phase systems

The binodal curves were estimated by the cloud point method
[18] using poly(ethylene glycol) (PEG, Sigma Chemicals, St.
Louis, MO, USA) of nominal molecular mass of 400, 600,
1000, 1450, 3350 and 8000 g/mol (50% (w/w) stock solution)
and ammonium sulphate or di-potassium hydrogen orthophos-
phate/potassium di-hydrogen orthophosphate (Sigma) (30%,
w/w). Fine adjustment of pH was made by addition of orthophos-
phoric acid or sodium hydroxide.

2.4. Influence of system parameters upon partition
behaviour of dIRLP from insect cells in PEG-salt systems

All experimental systems used to establish the operating
conditions for the ATPS process were prepared for conve-
nience on a fixed mass basis. Predetermined quantities of stock
solutions of PEG, ammonium sulphate or potassium phos-
phate were mixed with either a single model system (con-
taining purified dIRLP) or a complex system (containing 10%
(w/v) supernatant or cell homogenate from insect cell cultures;
referred above as extracellular dIRLP or crude extract (intra-
cellular dIRLP), respectively), to give a final weight of 1.0
and 10g for model and complex systems, respectively. The
stock solutions (PEG or salts) were mixed and phases dis-
persed by gentle mixing for 30 min at 25°C. Adjustment of
pH was made by addition of orthophosphoric acid or sodium
hydroxide. Complete phase separation was achieved by low
speed batch centrifugation at 1500 x g for 20 min at 25 °C. Esti-
mates of the volumes of top and bottom phases and solids,
utilizing a calibrated syringe with a total volume of 100 wL or
with a micropipette in the case of model systems, or 15mL
graduated centrifuge tubes in complex systems. The volumes
of the phases were used to estimate the volume ratio (vol-
ume of the top phase/volume of the bottom phase, Vr). Sam-
ples were carefully extracted from the phases (top and bottom
phase) and analyzed. In the particular case of sample from
interface, top and bottom phases were withdraw with care to
avoid interface perturbation. The remaining material identi-
fied as interface was then re-suspended in Tris-EDTA buffer
and consequently diluted for biochemical analysis. The sys-
tems tie-line length (TLL), which represents the length of the
line that connects the composition of the top and bottom phase
of a defined ATPS, was estimated using the relation in which
TLL is equal to [(APEG)? + (Asalt)?]"?; where APEG and
Asalt are the differences in concentration between top and
bottom phase of PEG and salt, obtained from the intercep-
tion of the tie-line of the ATPS with a defined Vr with the
phase diagram as described by Albertsson [19]. The top phase
and interface dIRLP recovery was estimated as the amount of
dIRLP present in the upper phase or interface and expressed
relative to the original amount loaded into the system. Bot-
tom phase recovery was not estimated because the amount
of dIRLP present in such phase was undetectable. Results
reported are the average of three independent experiments and
errors were estimated to be a maximum of £5% of the mean
value.

3. Results and discussion

3.1. Partition behaviour of purified dIRLP from insect cells
in PEG-salt aqueous two-phase systems

The unknown mechanism governing the behaviour of dIRLP
in ATPS limited the predictive design of extraction processes
using ATPS. In this study, the influence of system parameters on
the partition behaviour of dIRLP was studied using single model
systems before designing the aqueous two-phase process. Such
systems were characterised by the presence of purified dIRLP (in
a concentration of 1000 ng/mL in the systems). These systems
do not account for the influence of the whole range of proteins,
contaminants, and cell debris which may be present in the crude
extract of insect cells upon the performance of ATPS.

It has been established [13] that, the extent of the empirical
experiments necessary to determine the process conditions of an
ATPS extraction can be reduced by using a practical approach
which exploits the known effect of system parameters such as
tie-line length (TLL), phase volume ratio (Vr), system pH and
molecular mass of PEG on the protein partition behaviour. In
the present work, it was decided to use the practical approach
exploited for proteins to examine the partition behaviour of puri-
fied dIRLP. Initially, the effect of increasing TLL upon partition
behaviour of dIRLP was evaluated. Changes in the TLL affect
the free volume available for a defined solute to accommodate
in the phase and, as a consequence, the partition behaviour of
such solute in the ATPS [20].

Table 1 illustrates the impact of increasing TLL upon recov-
ery of dIRLP from model ATPS, when PEG of six different
molecular mass (from 400 to 8000 g/mol) were used. For all
these systems, volume ratio and pH were kept constant at 1.0
and 7.0, respectively. In the partition experiments that used puri-
fied dIRLP, these could not be detected in the bottom phase. It is
possible that the majority of the dIRLP concentrated in the top
phase or interface, or that dIRLP were destabilized in the bottom
phase due to its high ionic strength. To test this second hypothe-
sis, dIRLP were submitted to 500 mM of ammonium phosphate
for 30 min, treated as the samples from ATPS, and analyzed by
HPLC. As can be seen in Fig. 1, such a treatment completely
eliminated fluorescence from the chromatograms. Exposure of
dIRLP for 30 min to S00 mM of ammonuim phosphate com-
pletely abated fluorescence. The decrease in fluorescence can
only be a consequence of the loss of structure of EGFP, since
quenching can be discarded as salts were eliminated prior to
injection to the HPLC system. As the EGFP portion of EGF-
PVP2 is inside dIRLP, it is most likely that the lack of fluo-
rescence was preceded by a destabilization of the particle. A
similar effect can be expected from the exposure of dIRLP to
the bottom phase of ATPS, which has an ammonium phosphate
concentration superior to 1.0 M.

The absence of a detectable amount of dIRLP in the bottom
phase impeded, as for the case of soluble material, the estima-
tion of the partition coefficient (K = concentration of dIRLP in
the top phase/concentration of dIRLP in the bottom phase) in all
the systems studied. Alternative, partition ratio of the systems
could be estimated and used to evaluate the impact of system
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Table 1

Influence of increasing tie-line length (TLL) upon the recovery of double-layer rotavirus-like particles (dIRLP) from PEG/phosphate ATPS

System Molecular mass PEG (%, wiw) Phosphate (%, w/w) TLL (%, w/w) Top phase recovery Interface recovery
of PEG (g/mol) of dIRLP (%) of dIRLP (%)
1 400 19.4 16.0 35 60+3 24+ 1.2
2 25.1 17.9 52 57+2.9 26 £ 1.2
3 600 14.0 15.5 22 55+£2.8 20+ 1.5
4 18.3 17.4 42 49425 32+ 1.6
5 1000 18.2 15.0 35 ND 84 £ 42
6 18.9 16.0 40 ND 88 + 4.4
7 22.2 19.0 48 ND 83 £ 42
8 24.1 20.1 57 ND 95 + 4.1
9 1450 15.1 13.0 27 ND 80 + 4.0
10 17.5 14.3 37 ND 74 + 3.7
11 21.9 18.0 53 ND 97 + 3.0
12 23.0 19.8 59 ND 77 + 3.9
13 3350 10.1 10.9 17 ND 98 + 2.1
14 11.0 11.4 23 ND 85 +43
15 12.2 11.8 27 ND 96 + 3.1
16 13.7 12.3 31 ND 96 + 3.1
17 8000 12.2 9.7 22 ND 90 + 4.5
18 13.2 10.3 26 ND 80 £+ 4.0

The tie line lengths (TLL) of the systems were estimated from the composition of PEG and phosphate as described in Section 2. The top phase and interface recovery
is expressed relative to the original amount of purified dIRLP loaded into the systems. Concentration of dIRLP in the ATPS was 1000 ng/mL. For all systems, volume
ratio (estimated from non-biological experimental systems) and the system pH were kept constant at 1.0 and 7.0, respectively. ND, not detected.

parameters upon the partition behaviour of purified dIRLP by
monitoring the partition ratio. However, to address the primary
recovery of the product, it was decided to use the dIRLP practical
phase recovery (expressed as the amount of dIRLP in the phase
relative to the total amount loaded into the ATPS) from the top
PEG-rich phase or interface as the response variables to evaluate
the effect of system parameters on the behaviour of the dIRLP in
ATPS. In some cases, not all the purified dIRLP introduced into
the ATPS could be detected in any of the phases or the interface.
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Fig. 1. Effect of high salt concentration on dIRLP stability. Seven hundred
nanograms of dIRLP were subjected to 500 mM of ammonium phosphate for
30 min, treated as dIRLP recovered from ATPS, and analyzed by HPLC. Zero
minute refers to the sample without treatment and 30 min to the treated sample.

Again such discrepancy may be caused by particle instability and
loss of structural integrity (as measured by loss of fluorescence)
of EGFP in ATPS (see Fig. 1). The results of Table 1 showed
that, increasing TLL caused no significant effect upon the recov-
ery of dIRLP from the top PEG-rich phase or the interface for
model systems (with purified dIRLP) of each molecular mass of
PEG used. In systems with low molecular mass of PEG (i.e. 400
and 600 g/mol) approximately 50-60% of the purified dIRLP
can be recovered from the top phase. However, an increase in
the molecular mass of PEG of the systems caused a change in
the accumulation of dIRLP from the top phase to the interface.
The effect of increasing molecular mass of PEG upon solute
partition behaviour has been explained on the basis of protein
hydrophobicity [21,22] and phase excluded volume [23,24]. In
the case of dIRLP, the decrease in free volume available in the
top phase for solute dissolution with the increase in the molecu-
lar mass of PEG, may explain the potential migration of dIRLP
from the top phase to the interface. ATPS with low molecular
mass of PEG (i.e. PEG 400 and PEG 600) exhibited the best
conditions for dIRLP top phase recovery. ATPS using PEG of
higher molecular mass (greater than 600 g/mol) can be consid-
ered for interface dIRLP recovery. In this case the majority of
dIRLP (more than 95%; see Table 1) can be potentially recov-
ered from the interface. Once the impact of increasing TLL upon
the recovery of dIRLP was evaluated, the effect of system pH
upon dIRLP partition behaviour was investigated using a model
system.

The influence of system pH on protein partition behaviour
has been discussed before [25,26]. In general, these reports
concluded that increasing the pH (e.g. from 6.5 to 9.0) caused
changes in the partition behaviour of proteins attributed to free-
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Table 2

Influence of double-layer rotavirus-like particles (dIRLP) concentration upon product recovery from PEG/phosphate ATPS

System Molecular mass PEG (%, wiw) Phosphate dIRLP concentration Top phase recovery of Interface recovery
of PEG (g/mol) (%, wiw) (ng/mL) dIRLP (%) of dIRLP (%)
a 400 19.4 16.0 1000 60+3 24 +£12
5000 32+2 13+£1.0
b 3350 10.1 10.9 1000 ND 98 £ 2.1
5000 ND 32+1.6

The top phase and interface recovery is expressed relative to the original amount of purified dIRLP loaded into the systems. For all systems, volume ratio (estimated
from non-biological experimental systems) and the system pH were kept constant at 1.0 and 7.0, respectively. ND, not detected.

volume effects [26], to speciation of the phosphate salts over
the pH range, and to conformational changes in the structural
integrity of proteins [27]. However, for all the ATPS studied, no
significant influence of the system pH (from 7.0 to 9.0) upon the
recovery of dIRLP was observed (data not shown). Since poten-
tial recovery of dIRLP from the interface in selected ATPS (e.g.
PEG 3350) exceeded 90% of the total amount loaded into the
systems (see Table 1), further evaluation of additional systems
parameters (i.e. volume ratio) was not pursued at this stage.

In an attempt to improve the recovery of dIRLP using an
ATPS process (by increasing the amount of dIRLP that can be
processed by the systems), the effect of an increase in the dIRLP
concentration on the performance of ATPS was evaluated. It
was decided to examine the impact of increasing dIRLP con-
centration (from 1000 to 5000 ng/mL) on product recovery by
using selected ATPS with PEG with molecular mass of 400 and
3350 g/gmol. The ATPS used in this part of the study (i.e. sys-
tems “a” and “b” in Table 2; equivalent to systems 1 and 13 in
Table 1) were selected on the basis of product recovery (from
the top phase and interface) from the previous experiments (see
Table 1). Systems 1 and 13 exhibited the best top phase and
interface dIRLP recovery, respectively, from the ATPS studied.
Table 2 illustrates the effect of dIRLP concentration in the sys-
tems on product recovery. It is clear that interface and top phase
dIRLP recovery decreased for both ATPS when the concentra-
tion of product of interest (dIRLP) increased. It is probable that
the dIRLP migrated to the bottom phase once the free-space
of top phase and interface is saturated. However, dIRLP were
not detected in the lower phase, possibly because of a negative
effect of the high salt concentration environment on dIRLP struc-
tural integrity. It is clear that an attempt to improve the recovery
systems (using purified dIRLP) by increasing the amount of bio-

Table 3

Partition behaviour of cell debris from insect cell culture in PEG/phosphate ATPS

logical material that can be processed (simulated by an increase
in dIRLP concentration in the ATPS), resulted in a decrease of
the percentage of product recovered either from the top phase
or interface (Table 2).

In general, from the ATPS studied with purified dIRLP, the
systems with Vr=1.0, PEG 400 19.4% (w/w), phosphate 16.0%
(w/w) at pH 7.0 provided the required conditions to concen-
trate dIRLP from insect cells in the top phase (i.e. top phase
recovery of 60%). In contrast, systems with Vr= 1.0, PEG 3350
10.1% (w/w), phosphate 10.9% (w/w) at pH 7.0 facilitated the
accumulation of dIRLP in the interface (i.e. interface recov-
ery of 98%). It is clear that such findings will facilitate the
potential generic application of ATPS process to recover dIRLP
from complex systems (i.e. crude extract and cell debris free-
supernatant).

3.2. Recovery of intracellular dIRLP from insect cells in
PEG-salt aqueous two-phase systems

Once the feasibility of dIRLP recovery in ATPS was estab-
lished using model systems, the potential recovery of dIRLP
from complex systems in ATPS was investigated. Initially, the
processing of the homogenate of insect cell culture (crude
extract) for the recovery of intracellular dIRLP in ATPS was
attempted. This complex system was characterized by the pres-
ence of intracellular dIRLP, contaminant proteins and particu-
larly cell debris derived from the cell disruption stage. In order
to evaluate the potential concentration of cell debris and dIRLP
in opposite phases, cell debris partition behaviour in selected
ATPS was studied by visual observation. Table 3 illustrates the
partition behaviour of cell debris from insect cell culture in
PEG/phosphate ATPS. According to the results with model sys-

System Molecular mass PEG (%, wiw) Phosphate (%, w/w) TLL (%, w/w) Cell debris phase
of PEG (g/mol) preference

I 400 19.4 16.0 35 1

I 400 25.1 17.9 52 1

I 1000 18.2 15.0 35 1

v 1000 24.1 20.1 57 1

\'% 3350 10.1 10.9 17 B-1

VI 3350 13.7 12.3 32 1

The tie line lengths (TLL) of the systems were estimated from the composition of PEG and phosphate as described in Section 2. Cell debris preference was estimated
by visual observation. I and B denote interface and bottom phase preference for cell debris, respectively. For all systems, volume ratio (estimated from non-biological
experimental systems) and the system pH were kept constant at 1.0 and 7.0, respectively.
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Fig. 2. Influence of sodium chloride concentration upon the top phase recov-
ery of intracellular double-layer rotavirus-like particles (dIRLP) from PEG/salt
ATPS. The top phase recovery is expressed relative to the original amount of
intracellular dIRLP from crude extract loaded into the systems and it is reported
relative to the total concentration of sodium chloride in the ATPS. The selected
systems were; 19.4% (w/w) PEG 400 and 16.0% (w/w) phosphate (triangle sym-
bols), 14.0% PEG 600 and 15.5% (w/w) phosphate (square symbols) and 20.0%
(w/w) PEG 600 and 13.5% (w/w) ammonium sulphate (circle symbols). For all
systems, pH was kept constant at 7.0.

tems (see Tables 1 and 2), ATPS of low and high molecular mass
of PEG (i.e. 400 and 3350 g/mol) were selected, together with a
system of PEG molecular mass of 1000 g/mol. Cell debris from
the crude extract of insect cells exhibited an interface preference.
In system of high molecular mass of PEG and short TLL (i.e.
system V in Table 3) cell debris exhibited both, interface and
bottom phase preferences. Although a clear explanation for the
behaviour of the cell debris from insect cell homogenate is not
currently available, the results obtained facilitate the selection
of operating conditions to favour cell debris separation from the
intracellular dIRLP. Such situation can avoid the addition of a
cell debris removal process step. It is clear that in order to frac-
tionate insect cell homogenate to recover intracellular dIRLP in
ATPS, low molecular mass of PEG (i.e. 400 and 600 g/mol) need
to be used. In these systems the majority of purified dIRLP were
concentrated on the top phase. Consequently, by using such sys-
tems cell debris and intracellular dIRLP can be accumulated at
the interface and top phase, respectively.

Processing of intracellular dIRLP in ATPS was attempted
using systems of low molecular mass of PEG. In was decided to
evaluate the influence of molecular mass of PEG (i.e. 400 and
600 g/mol) and the type of salt forming phase (i.e. phosphate and
sulphate) on the recovery of intracellular dIRLP. Furthermore,
as suggested by Andrews et al. [15] for the purification in ATPS
of VLP of hepatitis B virus, the effect of molar concentration of
sodium chloride in the ATPS upon the recovery of dIRLP was
also studied. Such strategy was followed in an attempt to increase
the top phase dIRLP recovery. Fig. 2 illustrates the influence of
sodium chloride concentration upon the top phase recovery of
intracellular dIRLP from PEG 400 and 600/salt ATPS when two
salts forming phase (i.e. phosphate and sulphate) were used. It is
clear that an addition of sodium chloride to the systems resulted
in a negative effect on the top phase recovery of the dIRLP,

regardless of the use of phosphate or sulphate salts (see Fig. 2).
Such behaviour may be explained by the migration of dIRLP
to the interface caused by the saturation of the free-volume of
the top phase by sodium chloride addition. The observed turbid-
ity of the top PEG-rich phase when sodium chloride was added
may suggest phase saturation. An additional explanation may
involve the possible degradation of dIRLP due to the excessive
ionic strength generated by addition of sodium chloride [28].
Therefore, regardless of the mechanism behind the decrease of
recovery of dIRLP, sodium chloride in the concentrations tested
in this work should not be added to ATPS for the purification of
dIRLP. The differences observed in the recovery of dIRLP from
the top PEG-rich phases from the model and complex systems
(see Table 1 and Fig. 2) are explained by the nature of the exper-
imental vehicle (purified dIRLP and insect cell homogenate). In
the case of model systems, the sole presence of the target prod-
uct resulted in a top phase dIRLP recovery of 49-60% (Table 1).
In contrast, for the complex systems, the presence of contami-
nants (particularly cell debris) from the insect cell homogenate
affected the partition behaviour and top phase recovery of dIRLP
(20-26%; Fig. 2). Apparently, the presence of a variety of con-
taminants from the insect cell homogenate contributed to the
top PEG-rich phase saturation. Consequently, the free-volume
available for dIRLP allocation was greatly reduced and the top
phase dIRLP recovery was negatively affected. Such situation
can be addressed by decreasing the amount of contaminants in
the homogenate or by increasing the volume of the top phase of
the ATPS. A decrease in the amount of contaminants from the
homogenate can be achieved by a dilution strategy. However, a
dilution strategy implies processing greater volumes which will
necessarily affect the potential implementation of the resulting
process.

In an attempt to increase the top phase recovery of dIRLP,
ATPS with a larger top PEG-rich phase (Vr greater than 1)
were selected. In these systems it was expected that the free-
space available for dIRLP and contaminants accumulation was
favoured and as a result top phase dIRLP recovery can be
increased. Table 4 illustrates the effect of system Vr and dIRLP
concentration upon product recovery in PEG/salt systems. It is
clear that an increase in the system Vr benefited the top PEG-rich
dIRLP recovery from the ATPS of 400 and 600 molecular mass
of PEG. Furthermore, an increment in the concentration of the
crude extract (as represented by the increase in the dIRLP con-
centration from 2000 to 5000 ng/mL) did not negatively affect
the top phase product recovery in ATPS characterized by Vr
greater than 1. The increase in the top phase product recovery
observed with increasing Vr in ATPS was similar regardless the
salt forming phase (i.e. phosphate or sulphate) of the ATPS used.
However, a slight advantage was obtained when ATPS of low
molecular mass of PEG (i.e. 400 g/mol) was used. In general,
from the ATPS evaluated, the system comprising Vr=13.0, PEG
400/phosphate, TLL 35% (w/w) at pH 7.0 provided the best con-
ditions to process high concentrated crude extract (dIRLP con-
centration of 5000 ng/mL) and accumulate intracellular dIRLP
in the top phase (i.e. top phase dIRLP recovery of 47%) and
cell debris in the interface. In order to further increase the pro-
cess recovery, a subsequent ATPS extraction stage was used. In
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Table 4
Influence of system volume ratio (Vr) and crude extract concentration upon the recovery of intracellular double-layer rotavirus-like particles (dIRLP) from PEG/salt
ATPS
System Molecular mass TLL (%, w/w) System volume ratio (Vr) dIRLP concentration Top phase recovery
of PEG (g/mol) (ng/mL) of dIRLP (%)
i 400 35 1.0 2000 23 +£20
11.0 2000 50+ 34
13.0 5000 47 £ 1.0
ii 600 27 1.0 2000 26 £ 2.0
5.0 2000 31+1.2
6.0 5000 42 £3.0

The tie line lengths (TLL) of the systems were estimated from the composition of PEG and salt as described in Section 2. Systems i and ii comprise PEG400/phosphate
and PEG600/sulphate ATPS, respectively. System volume ratio (Vr) estimated from non-biological experimental systems after phase separation in graduated tubes.
The top phase and interface recovery is expressed relative to the original amount of intracellular dIRLP from crude extract loaded into the systems. For all systems,

pH was kept constant at 7.0.

this additional extraction stage, the interface (where the unre-
covered dIRLP together with cell debris was present) from the
previous ATPS, was further processed by the addition of fresh
PEG and phosphate. The process conditions for the subsequent
ATPS extraction stage were kept constant and equal to those
used for the first ATPS extraction. The second extraction had a
high efficiency of dIRLP recovery, most likely due to the lower
amount of dIRLP and contaminants present in the crude extract.
Such result agrees with the effect of dIRLP load in model sys-
tems (see Table 2). The use of a consecutive aqueous two-phase
systems resulted in a two-stage ATPS process with a 90% over-
all dIRLP top phase recovery (i.e. 47 and 43% from the first and
second ATPS extraction stage, respectively and relative to the
original amount of dIRLP loaded to the first extraction stage).
It is clear that such strategy proved to be effective to increase
the dIRLP recovery (from the top PEG-rich phase) by further
removing (in the interface and bottom phase) the majority of
cell debris and protein contaminants.

3.3. Recovery of extracellular dIRLP in PEG-salt aqueous
two-phase systems

In this study, extracellular dIRLP were defined as those
obtained from the insect cell culture supernatant. It has been
determined that approximately 60% of the total dIRLP from
the insect cell culture are contained in the supernatant and the
remaining 40% are intracellular [2]. Therefore, it is relevant
(in order to increase process yield) to also pursue the potential
recovery of dIRLP from the supernatant. In this particular case,
the problem of cell debris accumulation at the interface is not
longer present. Thus, it is beneficial to process a cell debris-free

Table 5

extract in ATPS for the recovery of dIRLP. Consequently, ATPS
in which dIRLP can be accumulated at the interface are recom-
mended for the recovery of extracellular dIRLP. From the studies
of the influence of system parameters upon dIRLP recovery in
ATPS using model systems (see Table 1), ATPS of low and high
molecular mass of PEG (i.e. 400, 1000 and 3350 g/mol) were
selected to process the supernatant from insect cell culture. Such
systems were evaluated to establish the conditions for an ATPS
extraction stage of extracellular dIRLP. Table 5 illustrates the
effect of molecular mass of PEG upon the recovery of extracel-
lular dIRLP from PEG/phosphate ATPS. Approximately 50%
of the dIRLP were accumulated at the interface of ATPS of low
molecular mass (i.e. 600 and 1000 g/mol). Nonetheless, it is
evident that the use of ATPS (comprised of PEG 10.1% (w/w),
phosphate 10.9% (w/w), Vr of 1.0 at pH of 7.0) with PEG of high
molecular mass (i.e. 3350 g/gmol) was more favourable for the
accumulation of dIRLP at the interface (i.e. interface recovery
of dIRLP of 82%; see Table 5).

The study presented here resulted in a process strategy that
produced intracellular and extracellular dIRLP recovery of 90
and 82%, respectively (Table 6). By considering that 40% of
the dIRLP are intracellular and 60% of dIRLP are extracellular
[2], the overall recovery of dIRLP from insect cell culture in
ATPS process was approximately 85%. The purity of the result-
ing product increased from 0.2% in the culture supernatant [2]
to 6-11% (see Table 6), which represented an increase of 30-55
times. The outline of the new proposed process is summarized
in Fig. 3. In the current study centrifugation was used to obtain
cell debris-free supernatant containing the extracellular dIRLP
and the biomass for the cell disruption stage. Cell disruption was
archived by sonication. This would, of course, be impractical at

Influence of molecular mass of PEG upon the recovery of extra-cellular double-layer rotavirus-like particles (dIRLP) from PEG/phosphate ATPS

System PEG (%, wiw) Phosphate (%, w/w) TLL (%, w/w) Molecular mass Interface recovery
of PEG (g/mol) of dIRLP (%)

A 14.0 15.5 22 600 44 + 1.1

B 24.1 20.1 57 1000 48 + 6.0

C 10.1 10.9 17 3350 82 +2.3

The interface recovery is expressed relative to the original amount of extra-cellular dIRLP from cell debris-free supernatant loaded into the systems. For all systems,
volume ratio (estimated from non-biological experimental systems) and the system pH were kept constant at 1.0 and 7.0, respectively.
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Table 6

Potential aqueous two-phase systems for the primary recovery of double-layer rotavirus-like particles (dIRLP) from insect cells

Type of dIRLP (source) Molecular mass TLL (%, wiw) System volume Top phase recovery Interface recovery Purity of
of PEG (g/mol) ratio (Vr) of dIRLP (%) of dIRLP (%) dIRLP (%)

Intracellular (crude extract) 400 35 13.0 90+5.0 ND 11.0

Extra-cellular (cell debris-free extract) 3350 17 1.0 ND 82423 6.4

The top phase recovery of intracellular dIRLP represents the sum of the top phase product recovery from the first and second ATPS extractions and is expressed
relative to the original amount of intracellular dIRLP from crude extract loaded to the first extraction system. Interface dIRLP recovery is expressed relative the
original amount of extra-cellular dIRLP from cell debris-free supernatant, loaded into the system. Purity of dIRLP was estimated as described in Section 2. ND, not

detected.

process scale but can be easily substituted by a mechanical cell
disruption (e.g. bead mill or homogenization). ATPS extraction
was then applied for the processing of both intracellular and
extracellular dIRLP at conditions defined in Table 6. An ultra-
filtration stage can then be implemented for polymer removal
to obtain a potential process recovery of 85% (w/w). This novel
process greatly reduces the processing time and the consumption
of reagents and simplifies the traditional way in which dIRLP
expressed in insect cell-baculovirus system can be recovered,
with significant scope for generic commercial application. It is
clear that, for dIRLP, this bioengineering strategy opens the way
to further bioprocess improvement. Particularly, products, such
as VLP, in which their potential production using conventional
processes is not economically feasible.

3.4. Direct comparison of the primary recovery of dIRLP
with PEG-salt aqueous two-phase systems and zonal
centrifugation

To evaluate the primary recovery of dIRLP with other purifi-
cation methods, dIRLP from culture supernatants were puri-
fied by CsCl gradients or recovered by ATPS, and compared.
dIRLP obtained by both methods were observed by electron
microscopy. Representative micrographs are shown in Fig. 4. It

can be seen that, in both cases, dIRLP were intact and had a
similar morphology to that previously reported [2]. Analysis by
gel-permeation HPLC (Fig. 5) showed that particles recovered
using both methodologies had the same retention time, meaning
that they had a similar size distribution (Fig. 5, peak a). The chro-
matograms in Fig. 5 also show that the purity of dIRLP recovered
by ATPS was higher to that obtained after zonal centrifugation.
The purity of particles obtained by cesium chloride gradients, as
determined from integrating the peaks, was of 2.3%, with a yield
of 1.8%. Such values contrast with the performance of ATPS,
with yields of 85% and a purity of 6-11%. It should be noted
that in the case of dIRLP purified by CsCl gradients, a large peak
(b) was detected by fluorescence. It has been previously shown
that such a peak corresponds to EGFP, which is the product of
the cleavage of the fusion protein GFP-VP2. The appearance
of non-fused EGFP indicates that dIRLP were destabilized and
EGFP-VP2 was afterwards cleaved [2]. The large area of the
EGFP peak in the sample purified by CsCl gradients underlines
the extreme conditions to which particles are exposed during
zonal centrifugation. In contrast, degradation of dIRLP recov-
ered by ATPS was much lower (Fig. 5B). It can be concluded
that the primary recovery of dIRLP by ATPS results in higher
yields, low dIRLP destabilization, and a higher ratio between
assembled and disassembled proteins.

| Insect cell culture |

l Insect cell culture |

:

Biomass

| Centrifugation |m>

l Extra cellular dIRLP

I Centrifugation

| Sucrose cushion |

Extra cellular dIRLP
(cell debris-free extract)

| celldisruption |

l 0.02% dIRLP purity

ATPS extraction

| csCigradient |

!

Intracellular dIRLP

| Ultrafiltration

Ultrafiltration |

l

2% dIRLP recovery
9% dIRLP purity
435 purification factor

Estimated process time > 24 h

85% dIRLP recovery
6% - 11% dIRLP purity
30 - 55 purification factor

Estimated process time =2 h

Fig. 3. Simplified representation of the current protocol for the primary recovery of double-layer rotavirus-like particles dIRLP produced by insect cells and the new

proposed strategy using aqueous two-phase systems
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Fig. 4. Electron microscopy of dIRLP recovered by cesium chloride gradients (A) or ATPS (B). Magnification of (A) 85,000x and (B) 140,000x.
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Fig. 5. Gel-permeation chromatograms obtained from dIRLP recovered by (A)
cesium chloride gradients or (B) ATPS. An Ultrahydrogel 500 and a Ultrahy-
drogel 2000 columns were connected in series. Peak (a) has been identified as
dIRLP, and peak (b) as EGFP.

4. Conclusions

This study reports the fractionation of cell homogenate and
supernatant of insect cell-baculovirus expression system in
aqueous two-phase systems for the development of a process
for the primary recovery and potential purification of dIRLP.
It was shown that molecular mass of PEG influenced the par-

tition behaviour of purified dIRLP when model systems were
used. dIRLP accumulated at the top PEG-rich phase when
ATPS of PEG molecular mass of 400 and 600 g/mol were
used and at the interface in ATPS comprising molecular mass
of PEG1000 g/mol and higher. Increasing dIRLP concentration
(>1000ng/mL) in the ATPS resulted in reduced product yield.
Cell debris from the insect cell homogenate accumulated at the
interface which compromises the potential recovery of intracel-
lular dIRLP from that phase. Addition of sodium chloride to
the ATPS proved to be unsuitable to increase the recovery of
dIRLP since a reduction of product yield from the top phase was
observed. The operating conditions established for the PEG400
and PEG3350-phosphate ATPS extraction resulted in a process
for the potential recovery of dIRLP from insect cell culture.
These conditions accumulated the intracellular dIRLP preferen-
tially to the top phase and the extracellular dIRLP to the interface.
Overall, the results reported here demonstrate the potential appli-
cation of ATPS for the recovery of structural VP2/VP6 proteins
of dIRLP as a first step in a process simple to scale-up.
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Abstract

In this study the potential use of aqueous two-phase system (ATPS) to establish a viable process for the recovery of lutein from the
green microalg&hlorella protothecoidets evaluated. The partitioning behaviour of lutein, a representative model of natural compounds of
commercial interest, was investigated in a polyethylene glycol (PEG)-phosphate system. An evaluation of system parameters including PEG
molecular mass, the concentrations of PEG, phosphate and product concentration was conducted, to estimate conditions under which lutein
partitions preferentially to the top phase whilst cell debris partition to the opposite phase. The necessary addition of ethanol to the ATPS for
the dissolution of lutein affected the phase formation and such effect was evaluated using the change in the volume ratio produced. ATPS
extraction comprising Ve= 1.0, PEG 8000 22.9% (w/w) and phosphate 10.3% (w/w), pH 7.0 provided the conditions for the concentration
of lutein into the upper phase and the cell debris preferentially to the bottom phase. The use of ATPS resulted in a primary recovery process
to obtain lutein with an overall product yield of 81+ 2.8%. The findings reported here demonstrate the potential of ATPS for the further
development of a prototype process to recover lutein f@amrotothecoideas a first step for the generic application of this technique.
© 2004 Elsevier B.V. All rights reserved.

Keywords:Aqueous two-phase systen@hlorella protothecoided utein

1. Introduction one of the most important carotenoids in human serum and
foods[4]. Lutein, an intracellular product dE. protothe-
With the increasing trend of the market to obtain nat- coides has been widely used for the pigmentation of animal
ural products with bioactive nutraceutical properties, there tissues and products, as well as for coloration of foods, drugs
is considerable interest in the development of efficient and and cosmetics. Although the production of lutein has been
scalable processes to obtain such products. The urgent needddressed before, the existing reports addressed mainly the
to define credible production systems has restricted basic re-upstream part of the process and the purification by solvent
search to establish selective and scalable methods of producextraction and chromatograplig—7]. However, the recent
recovery that integrate effectively with upstream operations health benefits associated to carotenes that include the pre-
to rapidly yield product in a suitable state for the validation vention of certain types of cancer and age related macular
of polishing, formulation and delivery operations. Biotech- degeneratiorl,8], make the production of lutein from mi-
nological processes represent an attractive alternative to syn€roorganisms an attractive case of study. Nevertheless, the
thetic procedures to produce natural prodiytts3]. In this existing protocolg5,6], are characterized by potential high
context, the recovery of colour and functional compounds costs associated to the scaling up of the process. Recently,
from microbial origin represents a very interesting case. Par- a high-speed counter-current chromatography method for
ticularly, in this research lutein produced Bylorella pro- the isolation and purification of lutein has been reported
tothecoidesvas selected as a representative model of this [6]. However, only a small sample size (e.g. 200 mg) could
group of natural products of commercial interest. Lutein is be treated in one run, and the consumption of organic sol-
vents was great. Furthermore, high-speed counter-current
- , chromatography is not easily accessible. Additionally, most
* Corresponding author. Tel#52-81-8358-4262; ] ]
fax: 452-81-8328-4322. processes for commercial recovery of carotenes include a
E-mail addressmrito@itesm.mx (M. Rito-Palomares). saponification step to increase their solubility in water, and

1570-0232/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jchromb.2004.01.009
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large amounts of organic solver{fs], which generates in-  2.51 medium. The cultivation conditions were controlled as
dustrial effluents with a harmful environmental impact. follows: pH: 6.6 4+ 0.1; temperature: 28 1°C; agitation:

The development of efficient and scalable biotechnologi- 480 rpm; dissolved oxygen concentration: 50% saturation.
cal processes is needed for the commercial implementationAfter harvesting, biomass was recovered by centrifugation
of prototype processes. An alternative practical approach, (3500 rpm for 5min; Eppendorf 5415C) and lutein extrac-
exploiting the use of aqueous two-phase systems (ATPS)tion was performed by addition of ethanol (30% wet weight
[9] to address the limitation of the existing protocols for the biomass/volume). Cell debris removal was achieved by cen-
potential recovery of lutein produced I8 protothecoides trifugation at 3500 rpm for 5min (Eppendorf 5415C). Cell
is examined in this work. ATPS, assembled from a mixture debris were resuspended in ethanol (30% wet (w/v)) and the
of polymers (e.g. polyethylene; PEG) and salts (e.g. phos-resulting solution used to evaluate their partition behaviour
phate or sulphate), result in two-phases for the extraction in ATPS. The supernatant derived from lutein extraction (re-
of bio-molecules. This technology has several potential ad- ferred to as crude extract) was introduced into the aqueous
vantages, including bio-compatibility, ease of scale-up and two-phase system previously selected as described below.
low cost[3]. In the present research, a practical approach,
which exploits the known effect of system parameters such 2.3. Aqueous two-phase experiments
as PEG and phosphate concentration and the nominal molec-
ular mass of PEG upon product partition, was used. This Aqueous two-phase systems were prepared for conve-
approach was followed to evaluate the feasibility of using nience on a fixed mass basis using a top-loading balance.
ATPS for the recovery of lutein fror€. protothecoidess Predetermined quantities (s€able 1) of stock solutions of
the first step in the development of a prototype biotechnolog- PEG and potassium phosphate were mixed with either a sin-
ical process. Initially, the effect of the necessary addition of gle model (containing a stock solution of purified lutein in
ethanol to the ATPS for the dissolution of lutein on the phase ethanol) or a complex model (containing either cell debris
formation was evaluated using the change in the volume ratio suspension or cell debris-free extract fr@mnprotothecoides
produced. The research was then conducted using a modefermentation; referred above as crude extract) systems. Sub-
system (characterized by the use of a lutein-rich paste) andsequently, di-ionied water was added to give a final weight
a complex system (characterized by the use of homogenateof 5 g. The stock solution of purified lutein was obtained by
from the fermentation o€. protothecoides to obtain dif- extracting 50 mg of lutein-rich paste (Lutein 5% TG Roche;
ferent conditions where the target product and the cell debrisMannheim, Germany) in ethanol for 15h at 3D under
contaminants partitioned preferentially to opposite phases.continuous shaking (200 rpm). The final concentration of
These conditions were then used to further investigate theethanol in the ATPS was estimated to be around 6% (w/w)
potential process intensification, evaluating the effect of in- (weight of ethanol referred to the total weight of the sys-
creasing lutein concentration on the system performance. tem). The stock solutions (PEG and phosphate) were mixed

and phases dispersed by gentle mixing for 60 min &5
Complete phase separation was achieved by low speed
2. Materials and methods batch centrifugation at 2000 ¢ for 10 min at 25 C. Visual
estimates of the volumes of top and bottom phases were
2.1. Characterization of aqueous two-phase experiments made in graduated centrifuge tubes. The volumes of the
phases were then used to estimate the volume ratio=(Vr

The binodal curve used in this study were estimated by the volume of the top phaggolume of the bottom phase). Sam-
cloud point method10] using poly(ethylene glycol) (PEG, ples were carefully extracted from the phases and diluted
Sigma, St. Louis, MO, USA) of nominal molecular mass of for analysis and subsequent estimation of lutein partition
1000, 1450, 3350 and 8000 g/mol (50% (w/w) stock solu- coefficient K = concentration of solute in the top phdse
tion) and di-potassium hydrogen orthophosphate/potassiumconcentration of solute inthe bottom phase). The system
di-hydrogen orthophosphate (Sigma; 30% (w/w) stock so- tie-line length (TLL), which represents the length of the
lution). Fine adjustment of pH was made by addition of or- line that connects the composition of the top and bottom

thophosphoric acid or sodium hydroxide. phases of a defined ATPS, was estimated as described by
Albertsson[11]. Results reported are the average of three
2.2. Culture medium and cultivation conditions independent experiments and errors were estimated to be

+10% of the mean value.

C. protothecoidesvas cultivated in the culture medium
described by Shi et al[7]. The algae were grown un- 2.4. Analytical methods
der heterotrophic conditions in a batch culture initially
in 500l Erlenmeyer flasks containing 250 ml medium  Total lutein concentration in the commercial paste was
at 284 1°C under continuous shaking (180rpm) in the quantified using the average extinction coefficient for lutein
dark. Further heterotrophic cultivation was performed in a of Ef’c/"m = 2550 in ethanol and a molecular mass of
71 fermentor (Bio-Flow Ill, New Braunswick) containing 569 g/mol. All ATPS fractions were collected and their
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Table 1
Systems selected for the evaluation of the partition behaviour of lutein and the effect of ethanol on phase formation
System Molecular mass PEG (%, wiw) Phosphate (%, w/w) TLL (%, wiw) Volume ratio Volume ratio
of PEG (g/mol) (6% (w/w) ethanol)
1 1000 15.6 12.6 28.3 0.9% 0.09 24+ 0.2
2 17.6 13.6 36.1 1.0x 0.1 2.1+ 0.2
3 19.8 14.8 38.0 1.0¢ 0.1 244+ 0.2
4 22.2 16.0 49.4 1.0& 0.1 21+ 0.2
5 1450 17.6 10.9 343 1.02 0.1 3.3+ 0.3
6 22.0 12.1 47.0 1.1+ 01 3.0+ 0.3
7 24.9 12.6 53.2 1% 01 3.0+ 0.3
8 26.1 13.0 55.0 1.0 0.1 3.2+ 03
9 3350 16.9 10.1 33.6 0.2 0.1 27+ 0.2
10 18.7 11.2 39.6 l& 0.1 22+ 0.2
11 21.0 12.9 45.0 1.+ 01 21+ 0.2
12 221 14.0 48.1 l&o0.1 22+ 0.2
13 8000 16.1 8.1 27.1 16 0.1 3.7+ 0.3
14 19.0 9.1 40.2 0.2 0.1 3.3+ 03
15 20.0 9.5 45.0 1.0& 0.1 3.0+ 0.3
16 22.9 10.3 494 1.0 0.1 3.2+ 03

Systems were selected to evaluate the impact of increasing tie-line length (TLL) and molecular mass of PEG upon the partition behaviour of lutein. The
volume ratio was estimated (from blank systems and systems containing ethanol) as desc@betibm 2

absorbance readings recorded at 445 nm using a Beckmarproperties can be influenced by the addition of an organic
DU® 650 spectrophotometer (Fullerton, CA). A system solvent, such as alcohol. These findings were recently ap-
blank, without lutein, was prepared for each treatment com- plied to enhance the partition efficiency of geniposide in a
bination and used as analytical blank for the corresponding polymer salt systenfil3]. However, it is important to con-
phase (top or bottom). Total lutein concentrations were sider that, in this paper, the use of ethanol was required to
expressed as lutein equivalents using the ave@gi@n of promote the dissolution of lutein to a concentration similar
2550, and a molecular mass of 569 g/mol. to that found in a fermentation fro@. protothecoide$7].
Table lillustrates the effect of ethanol addition on the
volume ratio (Vr) of the ATPS. It is clear that the addition

3. Results and discussion of ethanol caused the Vr to rise for all systems. Regardless
of the molecular mass of the PEG, the changes in Vr were

3.1. The effect of ethanol on volume ratio of aqueous more significant in the ATPS close to the binodal (short

two-phase systems TLLs). Such situation can be associated to the nature of such

systems. AlbertssofiL1] reported that ATPS located close

The predictive design of agueous two-phase processes deto the binodal curve exhibited certain sensitivity to changes
mands the full understanding of the mechanisms governingin system compositions. Subtle changes in the composition
the behaviour of molecules in ATPS. However, the lack of of ATPS caused by different factors (as in this case by the
knowledge of such mechanism, requires that for each extrac-addition of ethanol), resulted in great changes in the phase
tion process, once general conditions have been selected ogomposition and, as a result, in the final characteristics (Vr
the basis of experience or process limitations (e.g. polymer in this particular case) of the ATPS. In addition, the increase
and salt type) more specific partition conditions (polymer in the Vr of the ATPS loaded with ethanol may be explained
and salt concentration, volume ratio, etc.) need to be empir-by the particular effect of the solvent in the phases of the
ically established. In the present research before designingsystems. It has been reportgi8] that when complex sys-
the aqueous two-phase process for the recovery of luteintems are used, the presence of the solutes from biological
produced by the green microal@a protothecoidesthe in- suspensions has an impact on the final characteristic of the
fluence of ethanol addition on the characteristic of ATPS ATPS (e.g., volume ratio, position of the binodal curve). In
was studied. In these experiments, ethanol was the solventhe particular case of the volume ratio, it is sugge$iet
selected to favour the dissolution of lutein in the ATPS due that the accumulation of the solute to either phase caused
to its wide use in food and pharmaceutical applications and the volume of that phase to increase. Thus, the volume ratio
relative low cost in contrast with other alcohols and organic is increased by top-phase solvent accumulation or decreased
solvents. In this particular case, the change in the volume ra-by bottom phase solvent accumulation. It seems that for the
tio (compared with that from a system without ethanol) was ATPS studied the addition of ethanol affected the top phase
used to evaluate the effect of ethanol in the ATPS. The effect and as a result the volume ratio of the systems. Thus, the par-
of organic solvents on the partitioning of molecules in ATPS tition behaviour and recovery of the target product loaded to
have been reportgd2,13], revealing that the phase-forming the ATPS with ethanol will be influenced positively if lutein
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exhibits top phase preference (where ethanol accumulatesaused by the very low amount of the product concentrated
preferentially). Once the effect of the addition of ethanol on in this phase. As a consequence, it was very difficult to eval-
the ATPS was identified, the influence of system parametersuate the impact of system parameters upon the partition be-

on lutein partitioning behaviour was evaluated. haviour of lutein, by monitoring the biomolecule partition
coefficient K). As a result, it was decided to use the re-
3.2. Influence of systems parameters on partition covery of lutein (expressed relative to the initial amount of

behaviour of lutein in PEG-salt aqueous two-phase systemslutein loaded to the ATPS) from the top PEG-rich phase as
the response variable to evaluated the effect of system pa-
In order to select the ATPS in which the target product rameters on the behaviour of the product in ATPS. For the
(lutein) and cell debris concentrate in opposite phases (pref-selection of the operating conditions to concentrate lutein
erentially the target product in the top phase to facilitate in one phase, the concentration of PEG, phosphate and the
further processing), the partitioning behaviour was studied molecular mass of PEG were manipulated to maximize re-
using systems comprising a stock solution of lutein from a covery in the top phase.
paste rich in the product of interest. These model systems Table 2illustrates the impact of increasing TLL (for four
did not account for the influence, upon the performance of different molecular mass of PEG) upon cell debris partition
ATPS, of contaminants such as proteins, lipids, pigments, coefficient and lutein top phase recovery. As in the case of
etc. that may be present in the extraction broth froiG.a ethanol addition, the presence of cell debris affected the fi-
protothecoidedermentation or any other complex source. nal Vr of the ATPS. The volume ratio increase by top phase
For the examination of the partition behaviour of lutein, a cell debris accumulation or decrease by bottom phase cell
practical approach that exploits the known effect of system debris accumulation. In the current study, ATPS both close
parameters such as tie-line length (TLL) and molecular massand distant to the binodal curve (short and long TLL) for
of PEG on biomolecule partition coefficient was used. Thus, €ach molecular mass of PEG (1000, 1450, 3350, 8000 g/mol)
sixteen ATPS were selected (sB&ble ) based upon expe-  were selected to examine the behaviour of the volume ra-
rience[3,15]. These systems were characterized by increas-tio of the biological systems. In general, the determination
ing TLL using four different molecular mass of PEG (i.e. of the volume ratio for loaded ATPS requires a clear defini-
1000, 1450, 3350 and 8000 g/mol) and keeping=vrl.0 tion of the top, bottom and any other phase which develop.
and pH= 7.0 constant. The partition experiments that used The latter clearly depends on the nature and complexity of
purified lutein in ATPS revealed that this product exhibited the biological suspension. To simplify the estimation of the
a strong top phase preference (data not shown), which im-volume ratio in the ATPS loaded with cell debris, when the
ply that the majority of the lutein concentrated in the top formation of an interface was observed, this was consid-
phase. The top-phase preference of the lutein resulted in parered as a part of the top or bottom phase according to the
tition coefficients greater than 50 for all the systems studied. initial volume ratio of the non-biological ATPS. Cell de-
Such behaviour was explained by problems associated withbris fromC. protothecoidesxhibited preferentially a bottom
the detection of the presence of lutein in the bottom phase, phase preference. In these systems a decrease in the volume

Table 2
Influence of increasing tie-line length (TLL) and molecular mass of PEG on cell debris partition behaviour and top phase recovery of lutein in the ATPS
System Molecular mass TLL Volume ratio Volume ratio (ATPS Cell debris phase Top phase recovery
of PEG (g/mol) (%, wiw) (6% (w/w) ethanol) loaded with biomass) preference Ytop (%)

1 1000 28.3 2.4 0.2 2.6+ 0.2 T 35+ 2.0

2 36.1 21+ 0.2 2.0+ 0.2 B 54+ 4.1

3 38.0 2.4+ 0.2 21+ 0.2 B 71+ 3.2

4 49.4 2.2+ 0.2 2.0+ 0.2 B 72+ 3.0

5 1450 34.3 3.3 03 2.9+ 0.2 B 62+ 3.0

6 47.0 3.0+ 0.3 27+ 0.2 B 72+ 238

7 53.2 3.0+ 0.3 3.3+ 0.3 T 72+ 3.8

8 55.0 3.2+ 0.3 35+ 0.3 T 77+ 25

9 3350 33.6 24 0.2 24+ 0.2 B 68+ 2.6
10 39.6 23+ 02 21+ 0.2 B 68+ 3.4
11 45.0 2.1+ 0.2 2.0+ 0.2 B 70+ 2.4
12 48.1 22+ 02 19+ 01 B 76+ 2.6
13 8000 27.1 3.# 0.3 4.0+ 0.1 T 75+ 2.1
14 40.2 3.3+ 03 3.0+ 0.3 B 78+ 2.6
15 45.0 3.0+ 0.3 2.7+ 0.2 B 78+ 2.1
16 49.4 3.2+ 0.3 29+ 0.2 B 81+ 2.8

Composition of the systems (1-16) is definedTable 1 Vr, estimated from blank or loaded with biomass systems containing ethanol was determined
after phase separation in graduated tubes. T and B denote top and bottom phase preference for cell debris. The recovery of lutein from the top phas
(Ytop) is expressed relative to the initial amount of lutein content in the stock solution loaded to the ATPS.
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ratio was observed compared to that from the cell debris-free  90.00
ATPS, this implied that cell debris was accumulated in the g5 |
bottom phase. Top phase cell debris accumulation was ob-g 4, 4, |
served mainly in ATPS of low molecular mass of PEG (1000
and 1450 g/mol). Although a clear explanation for such be-
haviour is not currently available, the results obtained fa-
cilitate the selection of operating conditions to favour cell
debris accumulation into a define phase.

In the case of lutein partition behaviour, it seems that for
all the ATPS studied, the product partitioned preferentially ~ 50:90 1
to the top phase (lutein was not detected at the bottom phase) 45.00
regardless the TLL of the system. It seems that increasing
TLL caused the top phase recovery of lutein in ATPS to rise
for each molecular mass of PEG used (e.g. PEG 1000, 1450’Fig. 1. Inf_Iuence of increasing lutein concentration on product top phase
3350 and 8000 g/mol). Such situation can be associated tocc0Ve"Y I PEG 3350 and PEG 8000—phosphate aqueous two-phase

. systems. The recovery of lutein from the top phaggf) in PEG 3350
the fact that the free volume of the top phase of ATPS rises (m) and PEG 8000I()) ATPS is expressed relative to the initial amount of
when the TLL is increasefil5]. Thus, the space available |utein loaded to the ATPS. PEG 3350 and PEG 8000 ATPS were systems
to allocate the solute is significantly affected by an increase 12 and 16 identified iffable 1 respectively. For all systems, pH was kept
in the TLL of the system. In the case of PEG 1000 ATPS, constant at 7.0. The ATPS were construct(_ed as describéﬂednipn 2
increasing TLL caused a significant increment in the top Results reportgd are the average of two independent experiments and

! errors were estimated to he5% of the mean value.

phase recovery of lutein (from 352.0 to 72+ 3.0). Systems
comprising PEG 1450, 3350 and 8000 exhibited a similar
trend but with less emphasis £8.0 to 77+ 2.5, 684+2.6 to mance of ATPS was evaluated. It was decided to examine the
76+ 2.6 and 75+ 2.1 to 81+ 2.8, respectively (se€able 2. impact of an increment on lutein concentration (from 28 to
Such partition behaviour may be explained by changes in the120 ppm) on the product top phase recovery using selected
free volume[16] and density of the phas§k0]. It has been ATPS characterized by PEG 3350 and 8000 g/mol molecu-
reported that the free volume in the bottom phase decreasesar mass of PEG. Concentration range was selected to sim-
when the TLL is increasefll6]. As a result, the solutes in  ulate final levels (28—-120 ppm) in the system that would be
the lower phase may be promoted to partition to the top obtained by extracting the product from fermentation origin
phase. Consequently, top phase recovery of lutein rise when[7]. The ATPS used in this part of the research (i.e. systems
TLL was increased. 12 and 16 inTables 1 and Pwere selected on the basis of

For all the ATPS studied, more than 50% of lutein can be top phase product recovery from the previous section and
potentially recovered from the upper phase. However, sys-bottom phase accumulation of cell debris. Systems 12 and
tem 16 inTable 2exhibited the best recovery of lutein from 16 exhibited the best top phase recovery from ATPS of high
the top phase (i.e. 812.8%). It is important to mention that  molecular mass of PEG (3350 and 8000 g/mieiy. lillus-
the moderate values of top phase product recovery of sys-trates the effect of lutein concentration in the system on top
tems of low molecular mass of PEG (1000 and 1450 g/mol) phase product recovery. It is clear that top phase recovery
and short TLL (less than 35% (w/w)) were possibly affected of lutein decreased for both ATPS when the concentration
by product accumulation at the interface confirmed by the of the product of interest (lutein) increased. Such behaviour
mass balance (see systems 1 and Eaiple 2. In PEG 3350 can be explained on the basis of losses of soluble product
and 8000-salt systems of long TLL, lutein exhibited a more caused by lutein accumulation at the interface. In the case
favourable partitioning to the top phase and cell debris to of losses of soluble product in the top phase caused by the
the bottom phase in comparison with that of PEG 1000, and increase in lutein concentration, PEG 8000-salt ATPS ex-
1450-salt systems. For an extraction system, a PEG 3350hibited better performance compared with that of the PEG
and PEG 8000-phosphate system with long TLL (systems 3350 system. It is clear that and attempt to intensify recov-
12 and 16 inTable 2 were selected as the most favourable ery process by increasing the amount of biological material
to maximize the partitioning of the product of interest and that can be processed (simulated by an increase in lutein
cell debris contaminants to opposite phases. It is clear thatconcentration in the system), resulted in a negative influence
such result will facilitate the potential application of ATPS to the top phase lutein recoverkig. 1).
processes in the recovery of lutein frdn protothecoides In general, from the ATPS studied, the system compris-

ing Vr = 1.0, PEG 8000 22.9% (w/w), phosphate 10.3%
3.3. Effect of lutein concentration on PEG-salt aqueous  (w/w) at pH= 7.0 provided the required conditions to con-
two-phase systems performance centrate lutein fronC. protothecoiden the top phase (i.e.

top phase recovery of 81%) and cell debris in the bottom

In an attempt to intensify the potential recovery process, phase. It is clear that such findings will facilitate the po-
the effect of increasing lutein concentration on the perfor- tential generic application of the ATPS process to recover

75.00
70.00 +
65.00
60.00
55.00

Lutein top phase recovery

28.00 70.00 95.00 120.00
Lutein concentration in the ATPS(ppm)
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Conclusiones y Recomendaciones

Capitulo 4. Conclusiones y Recomendaciones

Los procesos de recuperacion y purificacion primaria de compuestos bioldgicos
generalmente cuentan con un gran nimero de etapas, lo cual se traduce en una pérdida
significativa del producto de interés. Adicionalmente algunas de las técnicas
convencionales no son facilmente escalables, lo cual genera elevados costos de
inversion, operacion y mantenimiento a nivel industrial. Es necesario el disefio de
procesos de recuperacion primaria, con reducido nimero de etapas, para la recuperacion
primaria de compuestos bioldgicos de interés comercial. Por lo tanto se establecio la
aplicacion genérica de sistemas de dos fases acuosas polietilénglicol (PEG) — solucién
salina para el desarrollo de bioprocesos que permitan la recuperacion primaria de

compuestos biologicos.

Los parametros del sistema (longitud de linea de corte, LLC; relacién de volumenes,
VR; pH y peso molecular del polimero, PM PEG; porcentaje de muestra en el sistema,
etc) tienen influencia significativa sobre el comportamiento de particion de los modelos
experimentales seleccionados: B-ficoeritrina (BFE) producida por Porphyridium
cruentum, C-ficocianina (CFC) producida por Spirulina maxima, pseudo-particulas 2/6
de rotavirus (dIRLP) producidas por células de insecto High Five™ y luteina producida

por Chlorella protothecoides.

Los resultados experimentales indican que los parametros de sistema que favorecen
la particion de BFE a la fase superior del sistema son: PEG 1000 g/gmol, LLC 45% p/p,
VR 4.5y 40% p/p de extracto crudo de BFE. Bajo estas condiciones es posible recuperar
el 92% de BFE alimentada al sistema con una pureza (Abs545nm/Abs280nm) de 3.2.
Para CFC los pardmetros que favorecen su particion hacia la fase superior del sistema
son: PEG 1450 g/gmol, LLC 34% p/p, Vr 0.3 y pH 7; logrando recuperar bajo estas
condiciones el 98% del producto con una pureza (Abs620nm/Abs280nm) de 2.1.

En el caso de las pseudo-particulas 2/6 de rotavirus (dIRLP) ambas fracciones,
intracelular y extracelular, son recuperadas con estrategias independientes. La fraccion
intracelular es recuperada utilizando un proceso con dos etapas de extraccion en serie
(PEG - fosfato de potasio, PEG 400 g/gmol, Vg 13.0, pH 7 y LLC 35% p/p), logrando
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recuperar el 90% de las dIRLP intracelulares en la fase superior del sistema, mientras
que los restos celulares se acumularon en la interfase. Debido a la ausencia de restos
celulares la fraccion extracelular es recuperada en la interfase del SDFA, con una
estrategia que involucra una sola extraccion (PEG - fosfato de potasio, PEG 3350
g/gmol, Vg 1.0, pH 7 y LLC 17% p/p), logrando recuperar el 82% de las dIRLP
extracelulares. En lo que respecta a la recuperacion de luteina, los parametros de
sistema que favorecen su particion hacia la fase superior son PEG 8000 g/gmol, LLC
34% plp, VrR 1 y pH 7, logrando recuperar, bajo dichas condiciones el 81% del
producto.

El comportamiento de particion de los compuestos de interés (bajo diferentes
parametros de sistema) esta intimamente relacionado con sus propiedades
fisicoquimicas (peso molecular, hidrofobicidad y punto isoeléctrico). Tomando como
base la informacion obtenida del comportamiento de particion de los productos
bioldgicos seleccionados se establecieron reglas heuristicas que correlacionan las
caracteristicas fisicoquimicas de los compuestos y los pardmetros de SDFA. Estas
reglas permiten el desarrollo predictivo de procesos de recuperacion primaria para
compuestos bioldgicos utilizando sistemas de dos fases acuosas PEG — solucion salina,
utilizando como informacion de partida las caracteristicas fisicoquimicas del compuesto

de interés y los contaminantes presentes.

En lo referente al peso molecular del compuesto de interés, mientras mayor sea este
menor debe ser el peso molecular del PEG utilizado, si es que se desea llevar a cabo la
recuperacion en la fase superior del sistema. Esto es debido, principalmente al
fendmeno de volumen excluido. Compuestos de bajo peso molecular (< 5000 g/gmol)
pueden ser recuperados en la fase superior aun cuando se utiliza PEG de alto peso
molecular, como en el caso de la luteina. La hidrofobicidad del compuesto de interés
mostro tener influencia significativa sobre el comportamiento de particion. Mientras
mas hidrofébico es el compuesto que se intenta recuperar, el peso del PEG debe ser
mayor, para de esa manera lograr que una mayor cantidad de agua sea excluida de la
fase superior. De igual manera, el uso de longitudes de linea de corte elevadas (> 40%
p/p) genera un aumento en la hidrofobicidad de la fase polimérica, lo cual se ve
reflejado en un aumento en el porcentaje de recuperacién de compuestos hidrofébicos.

También es importante considerar la carga electroquimica superficial de la molécula a
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recuperar. En caso de que la molécula presente anfoterismo (cambio de carga
electroquimica superficial en funcion del pH) es recomendable trabajar a valores de pH
por arriba del punto isoeléctrico, de tal manera que la carga de compuesto sea negativa y
tenga mayor afinidad por el PEG (el cual esta ligeramente cargado positivamente).

No tan solo es necesario considerar las caracteristicas fisicoquimicas del compuesto
de interés para llevar a cabo el disefio del proceso de recuperacion primaria. Es
recomendable considerar las caracteristicas de los contaminantes presentes. De esta
manera es posible seleccionar los pardmetros de sistema en los que es méas posible que
la particion del compuesto de interés y los contaminantes se realicen en fases opuestas

del sistema.

Recomendaciones

Las reglas heuristicas y la estrategia secuencial reportadas en este documento son
una primera aproximacion para el desarrollo predictivo de procesos de recuperacion
primaria de compuestos bioldgicos utilizando SDFA PEG - solucién salina. Sin

embargo, existen areas de oportunidad que en el trabajo realizado.

Los modelos experimentales estudiados (B-ficoeritrina (BFE) producida por
Porphyridium cruentum, C-ficocianina (CFC) producida por Spirulina maxima, pseudo-
particulas 2/6 de rotavirus (dIRLP) producidas por células de insecto High Five™ y
luteina producida por Chlorella protothecoides) permitieron generar reglas heuristicas
para el desarrollo predictivo de procesos de recuperacion primaria. Es recomendable
estudiar otros sistemas experimentales (proteinas hidrofobicas de elevado peso
molecular, compuestos hidrofilicos de bajo peso molecular) que permitan comprobar la

robustez de la estrategia propuesta.

A pesar de que se investigo la influencia de algunos pardmetros de sistema (peso
molecular del polimero, longitud de linea de corte, relacion de volimenes, pH,
porcentaje de muestra, etc) es recomendable hacer estudios de la influencia de otros
factores que pueden afectar el comportamiento de particion de compuestos bioldgicos

en SDFA. Parametros tales como la adicion de sales neutras (como por ejemplo NaCl) y
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la temperatura pueden afectar el equilibrio de las fases del sistema, y por lo tanto el

comportamiento de particion que exhibe cierto compuesto en el sistema.

Otro factor que es conveniente considerar es el uso de derivados de polietilénglicol
(PEG) para la formacion de los sistemas. Estos derivados son modificaciones quimicas
de la molécula de PEG, a la cual diferentes grupos funcionales son agregados con el
objetivo de incrementar la afinidad del producto de interés por la fase polimérica. A
pesar que el uso de estos polimeros modificados es un area de oportunidad, la falta
informacion y caracterizacion de dichos sistemas dificulta su estudio. Es necesario
caracterizar el equilibrio liquido-liquido de dichos sistemas, para posteriormente
estudiar la influencia de los parametros de proceso sobre el comportamiento de particién

de los compuestos de interés.

La presente investigacion se enfoca en sistemas polimero (PEG) — solucidn salina. Si
bien estos sistemas de dos fases acuosas son los mas caracterizados y utilizados
(particularmente los sistemas PEG — fosfato de potasio), es recomendable llevar a cabo
investigaciones con sistemas polimero-polimero. A pesar de que estos sistemas no se
encuentran tan bien caracterizados, tecnologias emergentes (como por ejemplo la
cromatografia liquida a contracorriente), utilizan equilibrios polimero-polimero para
llevar a cabo el fraccionamiento de compuestos bioldgicos. Esto hace atractivo el
desarrollo predictivo de procesos de recuperacion primaria de productos

biotecnologicos utilizando sistemas polimero-polimero.
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Figura A.1 Representacion de las regiones hidrofilicas e hidrofobicas de las
subunidades a (cpcA) y B (cpcB) de C-ficocianina mediante la escala Kyte —
Doolittle. EI programa computacional CLC Protein Workbench (Version 2.0.2, Demo)
fue utilizado para determinar la hidrofobicidad de las subunidades de la proteina. A lo
largo de las secuencias de aminodcidos se muestran en color azul las regiones
hidrofilicas, mientras que en rojo se muestran las regiones hidrofébicas. De esta manera
es posible determinar (de manera cualitativa) la hidrofobicidad relativa de la proteina
mediante la proporcion de regiones hidrofilicas e hidrofdbicas.
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Figura A.2 Representacion de las regiones hidrofilicas e hidrofébicas de las
subunidades a (cpeA) y B (cpeB) de B-ficoeritrina mediante la escala Kyte —
Doolittle. El programa computacional CLC Protein Workbench (Version 2.0.2, Demo)
fue utilizado para determinar la hidrofobicidad de las subunidades de la proteina. A lo
largo de las secuencias de aminodcidos se muestran en color azul las regiones
hidrofilicas, mientras que en rojo se muestran las regiones hidrofébicas. De esta manera
es posible determinar (de manera cualitativa) la hidrofobicidad relativa de la proteina
mediante la proporcion de regiones hidrofilicas e hidrofébicas.
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Figura A.3 Representacion de las regiones hidrofilicas e hidrofobicas de la
proteina VP2 de rotavirus mediante la escala Kyte — Doolittle. El programa
computacional CLC Protein Workbench (Version 2.0.2, Demo) fue utilizado para
determinar la hidrofobicidad de las subunidades de la proteina. A lo largo de las
secuencias de aminoacidos se muestran en color azul las regiones hidrofilicas, mientras
que en rojo se muestran las regiones hidrofébicas. De esta manera es posible determinar
(de manera cualitativa) la hidrofobicidad relativa de la proteina mediante la proporcion
de regiones hidrofilicas e hidrofobicas.

107



Anexo

CDS

20 40 £

1 1 ¥
. MDVLFSIAKTVSDEKKKVVVGTIYTNVEDIIQQTNEL IRTENGNTFHTGG I GTEEREEWN

20 100 120

1 1 1
FQLPQLGTTLLNLDDNY¥VQATRSVIDYLASFIEAVCDDEIVREBESRNEMGPAGSPTLIALA

140 160 180

_— ————— 5 1
SSKFKTINFHNRSEGSIKNARABSEERIQFMN INHMVFENRNSY | LQREANBEEYGNFMGLRY

200 il 240

== 1 i I
. NTASNTCQLAAFDSTLAENEENNTFGRETYNERLKRP | SNVLMK | EAGAPNINNST I LPBE

260 80 300

L L L
 INQTTWE¥NPDQLMNGTFT IEFENNGQLVDMVRNMGVVTVRTEDSYRITIDMIRPAAMTA

20 340 3650

1 L 1
. ¥VORLFPOEBEPYPYQAAYMLTLS I LDATTESVLCDSHSVDYS I VANBRERESAMPAGTVFQ

20

1
PEGFPWEQTLSNYTVAQEBNLORLLEVASVKRMVT

Figura A.4 Representacion de las regiones hidrofilicas e hidrofobicas de la
proteina VP6 de rotavirus mediante la escala Kyte — Doolittle. EI programa
computacional CLC Protein Workbench (Version 2.0.2, Demo) fue utilizado para
determinar la hidrofobicidad de las subunidades de la proteina. A lo largo de las
secuencias de aminoacidos se muestran en color azul las regiones hidrofilicas, mientras
que en rojo se muestran las regiones hidrofébicas. De esta manera es posible determinar
(de manera cualitativa) la hidrofobicidad relativa de la proteina mediante la proporcion
de regiones hidrofilicas e hidrofobicas.
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