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RESUMEN

La flor del cempoalxochitl (Tagetes erecta) es la principal fuente natural para la
obtencién comercial de xantofilas, principalmente luteina, por lixiviacién con hexano. Sin
embargo, la eficiencia de su extraccion esta condicionada al tratamiento previo dado a la
flor. A nivel industrial, la flor del cempoalxochitl es ensilada para depolimerizar los
componentes de su pared celular, mediante a la actividad enzimatica de la microbiota
endbgena, y facilitar la transferencia de masa entre el material s6lido y el solvente durante la
lixiviacion. El conocimiento parcial del ensilado de la flor del cempoalxochitl y el alto valor
agregado de los componentes que de esta fuente se obtienen dio origen al desarrollo de
procesos de pre-tratamiento, basados en enzimas celuloliticas, para incrementar los
rendimientos de la extraccion. Los resultados de estos estudios son, sin lugar a duda,
mejores a los obtenidos por el método tradicional del ensilado. Sin embargo, es probable que
el avance en el conocimiento del proceso del ensilado proporcione nuevas alternativas de
pre-tratamiento para incrementar la eficiencia de la extraccién. Con base a lo anterior, en el
presente trabajo se analizd, desde una perspectiva de fermentacién en estado sélido, el
proceso de ensilado de la flor del cempoalxochitl. Como parte del trabajo, se analizé la
microbiota asociada a la flor, se optimizaron las variables en fermentacién, se evalud el
extracto enzimdtico sintetizado por los microorganismos enddgenos significativos en el
ensilado y se simuld el comportamiento de distribucion de xantofilas durante la extraccién
con hexano. Los resultados muestran a las bacterias Flavobacterium 1lb, Acinetobacter
anitratus 'y al hongo Rhizopus nigricans con actividad enzimatica significativa para
depolimerizar los componentes de la pared celular de la flor y se encontré que un inéculo
mixto de estos microorganismos en un sistema de fermentacion a las condiciones Optimas
permiten obtener harinas con un contenido de xantofilas mayor en un 65% en promedio con
respecto al valor promedio del ensilado comercial. Las harinas pueden ser lixiviadas con
hexano en un sistema a contracorriente de siete etapas y recuperar el 95.7 % de las
xantofilas. Asi mismo, se encontr6 que el extracto enzimético sintetizado por estos
microorganismos permite obtener harinas con similar concentraciéon de xantofilas
comparadas con las obtenidas por métodos de tratamientos enziméaticos a base de enzimas
comerciales, con ventajas adicionales con base a costos de proceso al obtener in situ el

extracto enzimatico y reducir sustancialmente el tiempo de tratamiento hasta en un 95%.



SUMMARY

Marigold flower (Tagetes erecta) is the main natural source for commercial
xanthophylls extraction, mainly lutein, via lixiviation with hexane. However, the
extraction efficiency is closely tied to the pre-treatment given to the flower. At the
industrial level, the marigold flower is ensilaged to achieve structural wall cell
degradation, through endogenous microbiota enzymatic activity, facilitating the mass
transfer between solid material and solvent during the lixiviation. Partial knowledge of
the marigold flower ensilage and the high aggregated value of the components obtained
motivated the development of pre-treatment processes, based on cellulolytic enzymes,
to increase extraction yields. These studies lead, without any doubt, to better results
than those obtained by the traditional silage method. However, the advance in the
ensilage process knowledge may translate into new pre-treatment alternatives to
increase the extraction efficiency. Based on the above, the present work analyzes, from
a solid state fermentation view, the marigold flower ensilage process. As a part of this
work, the microbiota associated with the flower was analyzed, fermentation variables
were optimized, enzymatic extract synthesized by endogenous microorganisms
significant in the silage was evaluated, and behaviour of xanthophylls distribution
during the hexane extraction was simulated. The results show that the bacteria
Flavobacterium IIb, Acinetobacter anitratus and the fungi Rhizopus nigricans exhibit
important enzymatic activity to depolymerise the wall cell components of the flower,
and it was found that a mixed inoculum of these microorganisms, in a fermentation
system at the optimum conditions, allows to obtain flours with xanthophylls content
65% higher on average with respect to the average value of the commercial silage.
These flours can be lixiviated with hexane in a seven stage counter current system
leading to 95.7% recovery of xanthophylls. Likewise, it was found that the enzymatic
extract synthesized by these microorganisms allows obtaining flours with similar
xanthophylls concentration compared to those obtained by enzymatic treatments based
on commercial enzymes, with additional advantages regarding process costs reduction
since the enzymatic extract is obtained in sifu, and substantially reduce treatment time

as far as 95%.
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I. INTRODUCCION

Por tradicién la flor de cempoalxochitl se usa en las festividades del dia de muertos,
proteccion de cultivos, fuente de color para pigmentar ropa y algunos alimentos. En la cultura
antigua se le emplea para el tratamiento de malestares estomacales (dolor, pardsitos
intestinales, indigestion, célicos), infecciones hepéticas, de la vesicula biliar y enfermedades
de tipo respiratorio (tos, fiebre, gripe y bronquitis). En México, a nivel industrial, el extracto
(oleorresina) saponificado, obtenido del procesamiento de la flor del cempoalxochitl, es
ampliamente utilizado en la elaboracion de alimentos balanceados debido a sus propiedades
pigmentantes. A nivel internacional, la oleorresina se somete a procesos de separacién y
purificacién de sus componentes para ser utilizados en la elaboraciéon de suplementos
alimenticios, al ser asociados como compuestos que inhiben el desarrollo de enfermedades
degenerativas. Los beneficios asociados al consumo de xantofilas favorecid que reciban el
nombre de compuestos nutracetticos. Como consecuencia, se incremento su demanda
ocasionando que alcancen un valor en el mercado internacional que oscila entre 2,500 a 4,000
ddlares por libra, dependiendo del tipo de xantofila. Con base a lo anterior, varios trabajos se
han realizado con el fin de incrementar la disponibilidad de estos compuestos, que incluye
procesos de Sintesis Quimica y Tecnologia de Fermentaciones. Sin embargo, ninguna de las
alternativas propuestas ha mejorado los rendimientos que se obtienen de la extraccion de la
flor del cempoalxochitl, a pesar de que durante su procesamiento se pueden alcanzar pérdidas
de hasta el 50% dependiendo de las condiciones de cada etapa del proceso. En general, las
operaciones de la extraccién comercial consisten en: ensilado, prensado, secado, extraccién
con hexano y saponificacion. De éstas, al ensilado (fermentacidén espontdnea no controlada)
se le considera como la operacién critica donde se registran pérdidas que alcanzan hasta el
30%. Etapa que se caracteriza por la depolimerizacién del material estructural de la pared
celular mediada por la actividad de enzimas hidroliticas con actividad celulolitica
principalmente. Con base a lo anterior, se han propuesto tratamientos enzimdticos con
celulasas comerciales, como una alternativa para incrementar los rendimientos de la extraccion
y sustituir la etapa del ensilado. Los resultados de estos estudios muestran aspectos atractivos
para que puedan ser considerados como alternativas viables. Quizé, su limitante principal
radica en el uso de enzimas comerciales, que pudieran elevar los costos de proceso y limitar su

viabilidad econdmica.
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Por ello, considerando la importancia del ensilado en el rendimiento de la extraccion de
xantofilas, en el presente trabajo se estudié el ensilado considerando los componentes
esenciales que integran el proceso global. En éste, se incluyé la seleccién de los
microorganismos saprofitos responsables de la fermentacién natural, la relacién inéculo-
sustrato y el analisis de las condiciones fisicoquimicas especificas asociadas al sistema de
fermentacion. Variables que permitieron optimizar el rendimiento del proceso y cuyos
resultados lo muestran como una alternativa viable a implementar dentro del procesamiento
comercial. Ademds, el conocimiento generado de la caracterizacién de &sta etapa de proceso,
permitié considerar nuevas alternativas para el tratamiento de la flor del cempoalxochitl
basadas en el uso del extracto enzimatico que sintetizan algunos de los microorganismos
saprofitos. Claramente, el tratamiento enzimatico descrito presenta ventajas significativas
cuando se compara con estudios similares. Los resultados presentados de ésta investigacién
muestran alternativas viables para el procesamiento de la flor del cempoalxochitl que pudieran
contribuir al desarrollo industrial, mejorar el aprovechamiento de los recursos naturales y

abastecer la demanda de pigmentos en calidad y cantidad.
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gramo de harina obtenida por los métodos tradicionales cuesta 12 centavos de ddlar en
promedio, mientras que la harina importada que contiene en promedio 12 gramos de
xantofilas por kilogramo de harina, cuesta 15 centavos de délar. El precio, la calidad y los
requerimientos para la obtencién de harina de flor originaron una disminucién en la
actividad industrial con el cierre de las deshidratadoras que producian harina de flor de
cempoalxochitl. En la actualidad, gran parte de la importacién de materia prima para la
industria ya no sélo la representa la harina, también se incluye el producto de la extraccion
(oleorresina), que va en aumento de manera significativa. Si esta tendencia contintia, en un
futuro cercano también se cerrardn las dreas industriales dedicadas a la extraccion de
xantofilas de harina de flor. En general, este comportamiento negativo ha originado el
cierre de industrias o una disminucién de hasta un 50% de su actividad. Actualmente, en
México no existe ninguna organizacion registrada que se dedique al cultivo del
cempoalxochitl para uso industrial, la dltima registrada fue Bioquimex, que se trasladé a
China, en donde puede trabajar con esquemas como el de agricultura por contrato, mano de
obra barata y recibe estimulos fiscales.

Si bien es cierto que la invasion de productos de China representa un problema para
los productores a nivel mundial, también es cierto que su supervivencia depende, en gran
medida, de su capacidad para alcanzar niveles satisfactorios de calidad, asi como para
entender los cambios reflejados en la nueva conformacién de competidores y proveedores
en el ambito mundial. En otras palabras, se tendran que explotar sus ventajas comparativas
al maximo, de manera tal que aquellas empresas que sean incapaces de competir en costos
contra productos de China, tendran que encontrar mercados que requieran calidad por
encima del precio, que idealmente significa la necesidad de desarrollar procesos eficientes
empleando recursos minimos. De otra manera, la flor de cempoalxochitl, arraigada a
nuestra cultura desde la época prehispanica dejard de ser, si es que aun lo es,
exclusivamente mexicana y, de no cambiar la situacién actual, pronto se tendrd que
importar en su totalidad. Su atractivo comercial, asociado a sus compuestos pigmentantes,
seguira abriéndose paso en diversos sectores industriales, pero México habré quedado, una

vez mas, fuera de la competencia.
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Con base a lo anterior, en este trabajo se estudio el proceso de ensilado de la flor de
cempoalxochitl y se analizaron las variables de proceso que permitieron caracterizar las
operaciones con més pérdidas en este proceso agroindustrial. Con los resultados obtenidos
podran plantearse las bases que permitan el desarrollo de un proceso viable para

incrementar la calidad de las harinas de la flor de cempoalxochitl y contribuir de esta

manera al desarrollo industrial.
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IV. REVISION BIBLIOGRAFICA

México posee una de las vegetaciones mas ricas y variadas de la Tierra, se ubica en
el cuarto lugar mundial en biodiversidad al contar con casi todos los tipos de climas y
suelos descritos a lo largo del planeta. En su superficie se encuentra el 10% de la flora
mundial y se le ha sefialado como centro de origen y diversidad de plantas cultivadas que
han adquirido gran importancia en todo el mundo.

Con base al Inventario Nacional Forestal Periddico realizado por la Secretaria de
Agricultura y Recursos Hidraulicos (1994), el 15.6% de la superficie forestal del pais
(estimada en 1 417 451.6 km?®) son éreas perturbadas donde ya no existe vegetacién
original. El 11.7% de los bosques y el 25.6% de las selvas estan fragmentadas con
vegetacioén original remanente menor al 40%. Aunado a ello, la marginacién (Huautli o
alegria, Amaranthus hybridus, vetada por la Inquisicion al emplearse como alimento en las
fiestas de los aztecas), el olvido (Vigna sinensis fue olvidada, al parecer por Phaseolus
vulgaris), el empleo de semillas mejoradas y la sustitucién de cultivos, han originado que
los cultivos autdctonos se encuentren en peligro de extincién y por ende la pérdida de la
variabilidad genética. En general los cultivos autéctonos evolucionan de manera natural,
adquiriendo caracteristicas especiales unicas e inigualables a diferentes condiciones
ambientales y sistemas de producciéon. Se han encontrado variedades para cualquier
necesidad especifica: variedades con diferentes grados de tolerancia al calor, frio o sequia,
adaptacién a diferentes tipos de suelo, altitud y latitud, resistencia a pudriciones radicales
(por ejemplo, plantas con alto grado de resistencia a los gorgojos braquidos, Zabrotes
subfasciatus 'y Acanthoscelides obtectus, que causan pérdidas en almacenamiento
calculadas en 13-15%), elevada calidad nutritiva y de composicion.

Dentro de este grupo autdctono, se encuentran: el maiz o teocintle (Zea spp), Frijol,
(Phaseolus spp), chile (Capsicum spp), calabaza (Cucurbita spp), jitomate (Lycopersicon
spp), tomate de cascara (Physalis philadelphica Lam.), amaranto (Amaranthus spp), Girasol
(Helianthus spp), jojoba (Simmondsia chinensis Link), chia (Salvia spp), vainilla (Vanilla
planifolia), chocolate (Theobroma cacao), agave (Tequilana weber), chicozapote
(Manilkara zapota L.), henequén (Agave fourcroides Lem.), ixtle (Agave saliana Otto.),

sisal (Agave sisalana Perrine), algodén (Gossypium hirsutum L), cempoalxochitl (Tagetes



spp), plantas medicinales (3,352 especies distribuidas en 1,214 géneros y 166 familias de
plantas vasculares que implican sélo un tercio), gramineas (se registran 133 géneros con
564 especies) y ornamentales (México es tan rico en este tipo de especies que no ha podido

ser cuantificable en niimero de especies) (Gomez-Pompa, 1998).

4.1. Cempoalxochitl.

Este vocablo fue usado en la época prehispanica para designar una serie de plantas
de olor con inflorescencias amarillas y anaranjadas usadas en ceremonias religiosas. El
cempoalxochit] es una planta herbacea anual de 50 a 100 cm de altura, muy ramificada. Las
hojas presentan nervaduras con los bordes dentados y sus flores circulares son de color
amarillo-naranja. Tiene su origen en México y habita en climas calido, semicélido, seco y
templado. Crece en huertos y en terrenos de cultivo, estd asociada a distintos tipos de selva
tropical caducifolia, subcaducifolia, bosques espinosos, mesé6filo de montaiia, de encino y
pino. Esta es una especie de antiguo y extendido empleo medicinal en gran parte de nuestro
pais, donde se recomienda para dolor de estomago, parésitos intestinales, empacho, diarrea,
cdlicos, afecciones hepdticas, bilis, vOmito, indigestion, dolor de muelas, lavados
intestinales, tos, fiebre, gripe, bronquitis y para expulsar gases. El tratamiento consiste en el
cocimiento de las ramas, con o sin flores, en sahumerio o fritas para aplicar de manera oral
o en la parte afectada; otras formas de uso son en bafios, untada, en fomentos o inhalada, a
veces mezclada con otras plantas. En el campo agricola los cultivos de cempoalxochitl han
sido empleados como nematicida e insecticida. Se han descrito 55 especies del género
Tagetes en México de las cuales T. erecta, T. patula, T. tenufolia y T. jalisiciensis se
agrupan como cempoalxochitl; las dos primeras cultivadas y las otras silvestres. El
cempoalxochitl se encuentra en los estados de San Luis Potosi, Chiapas, Estado de México,
Puebla, Sinaloa, Tlaxcala y Veracruz. Dependiendo de la regiéon de cultivo se le han
asignado distintos nombres dentro de los cuales se pueden citar: apatsicua, cempaxuchil,
cempazuchil, cempoalxochitl, cempuséchil, zempoalxédchitl, cempoal, cempoalxdchil,
cimpual, flor de muerto y marigold. El término comtin "marigold" abarca una diversidad de
plantas con flores doradas que incluye las especies de Tagetes de América (Martinez, 1979;
Mendieta y Del-Amo., 1981; Rzedowski, 1985).



4.2. Usos y aplicaciones.

El cultivo de variedades de Tagetes se ha distribuido a lo largo del planeta para
diversos propdsitos dentro de los cuales se pueden citar: decorativos y/o ornamentales,
empleo en ceremonias religiosas, proteccion de cultivos contra plagas, como colorante e
industrial para la extraccién de xantofilas (compuestos pigmentantes usados para la
elaboracién de alimentos balanceados para el area avicultura y piscicultura, elaboracion de

cosméticos, medicamentos y alimentos fortificados.

4.3. Xantofilas

Son pigmentos amarillos tipicos de las hojas de los vegetales. Estos son derivados
oxigenados de los carotenoides, tetraterpenos de 40 carbonos, simétricos y lineales,
formados a partir de ocho unidades de isoprenoides de cinco carbonos arreglados de
manera que su ordenamiento se invierte en el centro de la molécula. Derivados
biosintéticamente a partir del acetil CoA para formar isopentil pirofosfato (IPP) a través de
la ruta del 4cido mevalénico. O bien, a partir del griceraldehido-3-fosfato y piruvato,
usados como sustratos para formar dimetil alil pirofosfato (DMAPP) por una serie de
reacciones conocida como camino alterno del IPP (Figura 4.1), el DMAPP es convertido a
IPP. E1 IPP es convertido a geranil geranil pirofosfato (GGPP) a través de una reaccién de
isomerizacioén catalizada por la IPP isomerasa seguida de una serie de reacciones de
condensacion por GGPP sintetasa (Figura 4.1). El GGPP es dimerizado por fitoeno
sintetasa para formar fitoeno, el primer tetraterpeno de 40 carbonos. El fitoeno es
convertido a licopeno, primer pigmento carotenoide, a través de una serie de reacciones de
deshidrogenacion catalizada por una o mas desaturasas (Figura 4.2). El licopeno puede
servir como un precursor de una variedad de otros pigmentos carotenoides. El licopeno
puede ser convertido a B-caroteno a través de dos reacciones secuenciales de ciclizacion
catalizadas por P-ciclasa. La B-ciclasa cicliza los extremos terminales de la molécula de
licopeno para formar anillos-p (Figura 4.3). El B-caroteno formado puede ser convertido a
zeaxantina por dos reacciones de hidroxilacién secuencial catalizadas por B-hidroxilasa, la

cual adiciona grupos hidroxilo al carbono niimero 3 de cada anillo-f (Figura 4.3).
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Los carotenoides son estructuras ciclicas en ambos de sus extremos formando
anillos B de seis miembros (a veces denominados B-ionona) o anillos € (algunas veces
denominados a-ionona). Asi, el B-caroteno, B-criptoxantina, zeaxantina y astaxantina
tienen dos anillos B, mientras que el a -caroteno y la luteina tienen cada uno un anillo B y
un anillo € (Figuras 4.3 y 4.4). Dos rasgos estructurales establecen la diferencia entre los
diferentes oxicarotenoides conocidos. Uno estd asociado al esqueleto de dobles enlaces
conjugados, el cual consiste en alternar enlaces carbono-carbono simples y dobles. Por lo
general se denomina cadena poliénica.

Esta parte de la molécula conocida como el croméforo, es responsable de la
capacidad de absorber la luz en la regién visible y en consecuencia, de su gran capacidad de
coloracion. Se requieren al menos siete enlaces dobles conjugados para que una molécula
produzca color. El color se acentiia a medida que se extiende el sistema conjugado, asi el
licopeno es rojo. La ciclacién causa algiin impedimento, por tanto el B-caroteno es de color
naranja, aunque tiene el mismo ntimero de enlaces dobles conjugados que el licopeno
(once). Asi, por ejemplo, el nimero de enlaces conjugados de la zeaxantina es de 11 y el
de la luteina es de 10 por ello, la capacidad pigmentante de la zeaxantina es del doble de la
luteina. La otra caracteristica distintiva es la presencia de grupos oxidrilo en los anillos B, €
o o ionona, Debido a esto, el espectro de los carotenoides es bastante caracteristico en el
rango de 400 a 500 nm. Con un maximo principal alrededor de 450 nm y dos méaximos
secundarios u hombros a cada lado (Figura 4.5) (Goodwin, 1980).

En general, los carotenoides son sustancias hidrofébicas, lipofilicas y son
virtualmente insolubles en agua. Se disuelven en solventes polares como acetona, alcohol,
éter etilico, tetrahidrofurano y cloroformo. Especificamente, los carotenos son facilmente
solubles en éter de petréleo y hexano. Por otro lado, las xantofilas se disuelven mejor en
metanol y etanol por sus caracteristicas hidrofilicas. En estos compuestos, uno o ambos
anillos de ionona estdn hidroxilados, lo que hace posible la esterificacién con un acido
graso (Goodwin, 1980).
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4.3.1. Comercio internacional.

Tagetes glandulifera y Tagetes minuta, especies de Tagetes, son cultivadas
preferentemente en Africa del sur, la India, y en menor escala en América del Sur para la
produccién de "Tagetes oil", un aceite esencial empleado en la industria de la perfumeria
internacional con una demanda mundial de aproximadamente 10 toneladas anuales. Por
otro lado, extractos totales y fracciones (con diferentes solventes) de hojas de Tagefes
minuta muestran diferentes grados de actividad antimicrobiana sobre el desarrollo de
bacterias Gram positivas y Gram negativas, actividad relacionada a la presencia de varios
tipos de isoflavonoides predominando la quercetagetin-7-arabinosil-galactosidasa
(Terescchuk y col. 1997).

Tagetes erecta o marigold azteca (flor de cempoalxochitl) se cultiva principalmente
para ser usada en la formulacién de alimentos balanceados para la avicultura y piscicultura.
El objetivo es conseguir una coloracién mas intensa en la yema del huevo, en la grasa
subcutanea y piel de los pollos, y en el musculo y la grasa subcutdnea de los salmoénidos
(trucha y salmoén).

La década de los afios noventa vino a dar un giro importante en el uso de xantofilas,
principalmente luteina y zeaxantina, al mostrar en 1993 la revista Vitamin Research
Products Newsletter evidencias de la importancia nutricional de las xantofilas. A partir de
ello una serie de investigaciones se han realizado encontrando que las xantofilas (luteina y
zeaxantina) actian como antioxidantes, mejoran la respuesta inmune de las persona,
previenen el cancer y la degeneracion macular relacionada con la edad con lo que se puede
mejorar la calidad de vida de los pacientes (Seddon y col. 1994; Hari y col. 1994; Yin y
Subczynsky, 1996; Fullmer y Shao, 2001). Fullmer y Shao (2001) clasificaron a la luteina
como antioxidante unico entre la familia de los carotenoides. Se le considera selectivo y
especifico de actuar y depositarse en los tejidos del ojo, sugiriendo que esta relacionado con
el mantenimiento de la salud visual al incrementar la pigmentacion de la macula que actia
como filtro y que es el tejido responsable de la funcion visual central y agudeza.

Los grandes beneficios que traen al sector salud han ocasionado que a ciertos
alimentos y bebidas les sean adicionados luteina y zeaxantina para incrementar su consumo
diario una vez que han alcanzado el estatus de compuestos GRAS de acuerdo a la seccién

201 del Acta de Alimentos, medicamentos y Cosméticos (FDCA, por sus siglas en inglés) y
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al Codigo Federal de Regulacion (seccion 170.3-b) de los Estados Unidos de América y de
la Comisién de Regulacion para la autorizaciéon de nuevos aditivos (EC, No. 2316/98;
diario oficial) de la Comunidad Europea.

Actualmente se ha propuesto el uso de luteina cristalina purificada para la adicién
directa en barras de granola, barras energéticas, bebidas energéticas, bebidas de frutas,
jugos de frutas, jugos vegetales mixtos, cereales y leche de soya. Los estudios de los
productos alimenticios fortificados no han mostrado alterar el sabor, olor o textura. Algunos
efectos sobre el color se han presentado en bebidas que originalmente son claras (Fullmer y
Shao, 2001).

4.3.2. Demanda mundial y tendencias de suministro de harina y oleorresina de
flor del cempoalxochitl.

Hasta principios de la década de los afios noventa, la harina de flor de
cempoalxochitl era producida principalmente en México, Perti, Ecuador, Argentina y
Venezuela. En menor escala se incluian China y la India ademas de Sudéfrica y Zambia.
No se sabe a ciencia cierta como fué y en qué momento estas tendencias sufrieron cambios,
a tal grado, que en la actualidad los principales productores de harina de flor de
cempoalxochitl son China, la India y el Pert.

A excepcion del Pertl, las estadisticas en produccién y comercio internacional de
harina y oleorresina de flor del cempoalxochitl es escaso e inestable. Sin embargo, se
estima que el comercio mundial total es equivalente a varios miles de toneladas de harina
anualmente. Las exportaciones peruanas eran exclusivamente de 3,000 toneladas de harina
a final de los afios ochenta. En la década de los afios noventa, el Pertd incrementd en 45.4%
las agroexportaciones en el periodo de 1994 a 1999, pasando de US $ 493.78 millones a US
$718.06 millones. Destacandose las exportaciones de café, hortalizas, legumbres y frutas
frescas y preparadas, harina de marigold, colorantes naturales que incluye extractos de
harina de marigold, cacao y cochinilla. En especifico, las exportaciones de harina de flor de
marigold y extractos de harina de marigold (xantofilas) han contribuido con un incremento
de 4.9%, con una variacién de 39.1% para harina de flor y de 2127.3% para los extractos.
Entre los principales mercados se encuentran: México. Estados Unidos, Espaiia, Francia y

Jap6n (Promex, 2000).
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En la propia América Latina, existe un comercio grande de los productos obtenidos
de la flor de cempoalxochitl donde son extensamente empleados en alimento avicola.
México, en la década de los afios ochenta, a pesar de ser uno de los paises con mayor
produccién de harina de flor de cempoalxochitl, importaba cantidades sustanciales para
abastecer las necesidades de su industria de extraccion. En la actualidad los incrementos en
la importacién de harina de flor de cempoalxochitl oscilan alrededor del 90% tal y como lo
muestran las tendencias evolutivas de cultivo de flor en territorio mexicano. Estudios
publicados por la SAGAR (2000) muestran que a principios de los afios noventa el niimero
de hectareas sembradas de flor de cempoalxochitl oscilaba entre 12,000 y 15,000 en todo el
territorio nacional. Para 1998 el nimero de hectareas sembradas disminuyé a 8,726.
Actualmente sélo un grupo de ejidatarios del estado de Sinaloa siembran y cultivan flor del
cempoalxochitl destinada al procesamiento industrial para la obtenciéon de sus agentes
pigmentantes cuyo numero de hectareas oscila entre los 3,500 a 4,000.

Con relacion a los extractos de harina (oleorresina), en los afios ochenta, México era
considerado como el productor principal del extracto de harina de flor del cempoalxochitl,
en segundo lugar se ubicaba Peru con una producciéon de menor escala comparada con la
producida en México. Actualmente Perti es el principal productor de oleorresina en
América Latina e importa cantidades sustanciales a México.

Independiente al origen de la materia prima (harina u oleorresina), en México, la
mayor cantidad (aproximadamente el 90%) de extractos de xantofilas a partir de flor del
cempoalxochitl son empleados en la formulacién de alimentos balanceados para pollos y el
resto como aditivos en la elaboracién de alimentos para consumo humano.

A nivel internacional, los extractos son usados de manera similar a México. En
Europa Occidental se estimé que los extractos usados como aditivos para la elaboracion de
alimentos destinados al consumo humano fueron del orden de una tonelada por afio. Una
situacion similar fue observada en los Estados Unidos. Asi mismo, se pronosticaba que el
incremento de aplicaciéon en los paises desarrollados dependeria de las tendencias en
legislacién y, especificamente, un requisito para pruebas toxicoldgicas costosas antes de ser
aceptado como un colorante natural. También, la competitividad de calidad/precio de flor
del cempoalxochitl con otras fuentes naturales seria un factor significante en el uso futuro
(Henry, 1992; Marmion, 1984).
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Con base a lo anterior, Taylor (1996) estim6 que a nivel mundial las ventas de estos
pigmentos oscilaban entre 100 y 150 millones de doélares anuales con incrementos
aproximados del 10% tan solo para el mercado de los alimentos balanceados. El impacto en
el sector salud y certificacion de compuestos GRAS, ha incrementado la demanda de éstos
agentes pigmentantes, ocasionando que alcancen un valor en el mercado internacional que
oscila entre 2,500 y 4,000 délares por libra dependiendo del tipo de xantofila.

Bajo estas consideraciones los departamentos de investigacion del sector productivo
y cientifico se han enfocado a la tarea de incrementar la disponibilidad de xantofilas
basados en tres lineas bien definidas: 1) busqueda y desarrollo de alternativas viables para
la produccién de xantofilas, 2) desarrollo de nuevos métodos de obtencién a partir de
fuentes naturales y 3) optimizacion de los métodos tradicionales de produccién industrial.
Como resultado han aparecido un gran ntimero de publicaciones técnico-cientificas y un
incremento considerable en el nimero de patentes internacionales que hasta 1996 era de 38,
actualmente se encuentran registradas mas de 200 (United States Patent and Trademark
Office).

4.4. Alternativas viables de produccion.

Una gran cantidad de estudios se han desarrollado con la finalidad de incrementar la
produccion y por ende la disponibilidad de xantofilas en breves periodos de tiempo y
relativamente a bajo costo. Con base a lo anterior, se han estudiado diferentes estrategias,
correspondientes a los métodos de sintesis conocidos, dentro de las cuales se pueden citar:
la Sintesis Quimica y la Tecnologia de Fermentaciones usando microorganismos silvestres

y modificados genéticamente (Ausich, 1997).

4.4.1. Sintesis Quimica.

Por tradicion, esta es el drea de la ciencia donde la mayor cantidad de productos se
ha desarrollado. Actualmente, su empleo se ha limitado a la sintesis de productos no
destinados directamente al ser humano, pues si bien algunos productos no son téxicos,
como tales, a ciertas dosis los reactantes residuales o los productos secundarios de la
reaccion que no son eliminados limitan su empleo. A pesar de ello, Kreienbuhl y col.

(2000) desarrollaron un proceso de sintesis quimica para la produccién de carotenoides y
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oxicarotenoides, el cual involucra una reaccién de Wittig, la cual en términos generales

permite obtener una olefina a partir de un aldehido y una sal de fosfonio (Figura 4.6).

R
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Figura 4.6. Reaccién de Wittig para la sintesis Quimica de carotenoides (Kreienbuhl
y col. 2000).
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Esta reaccién se lleva a cabo en un medio polar de manera que los reactivos y los
carotenoides que se forman no se disuelven significativamente en el medio de reaccién. El
proceso descrito permite el uso de mezclas de reacciéon mucho més concentradas, simplifica
la regeneracién del solvente, la reaccidn en general y evita solventes que son téxicos, como
los solventes halogenados. El proceso ha sido desarrollado para industrias Hoffmann-La
Roche (Roche Vitamins Inc.). AGn cuando se reportan ciertas ventajas de este proceso,
todavia es impréactico ya que la reaccion requiere de mucho tiempo para completarse,
implica demasiadas etapas para la separacion y purificacién de los productos y por ende

adin no se logra un 6ptimo econdmico para la produccién de xantofilas a nivel industrial.

4.4.2. Tecnologia de Fermentaciones.

Considerada como el 4rea principal para la manufactura de cualquier tipo de
compuestos, la tecnologia de fermentaciones ha sido utilizada exitosamente para la
produccién de oxicarotenoides (zeaxantina, astaxantina, luteina, cantaxantina y
criptoxantina).

La zeaxantina es bioldégicamente sintetizada por algunas especies de bacterias del
género Flavobacterium. Gierhart, (1995) describe un proceso fermentativo para la
produccion de zeaxantina utilizando Flavobacterium multivorum, en un fermentador
agitado que opera a 400 RPM, 30° C, pH del medio (extracto de levadura: 0.1%, cloruro de
sodio: 0.5%, sulfato de magnesio: 0.1%, licor de maiz: 8.0%, harina de licor de maiz: 5.0%,
aceite vegetal: 1.0%,acetato de sodio: 0.1%, sulfato de amonio: 0.5%, sulfato de hierro:
0.001%, tiamina: 0.1%, lipasa: 0.05%, glucoamilasa: 0.05%, amilasa: 0.05%) ajustado a
7.2-7.5, velocidad de burbujeo de 0.25 VVM aproximadamente para mantener un nivel de
oxigeno disuelto de 50% de saturacion e inoculado a un nivel del 5% (v/v) de biomasa.
Bajo estas condiciones, a las 36 horas de fermentacion el rendimiento celular fue de 13 g/
con 11 pg/ml de zeaxantina. El producto obtenido presenta del 95-99% de zeaxantina,
comprobada al realizar el analisis comparativo a la zeaxantina aislada de maiz. El proceso
descrito permite obtener mayores cantidades de zeaxantina y células que la contienen
comparado con otros procesos de fermentacion desarrollados.

La astaxantina ha podido ser producida via fermentaciones usando diferentes

microorganismos de Haematococcus pluviallis (Zhang y col. 1999), Chlorococcum sp (Ma
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y Chen, 2001) y cepas silvestres de Phaffia (Ho y col. 1999; Jacobson y col. 2000). Phaffia
es conocida como el microorganismo que produce astaxantina en exceso usando técnicas de
fermentacién sumergida cuando se extiende la fase de produccién en la fermentacién por
una o varias técnicas que incluyen exposicion del microorganismo a intensidades bajas de
luz, fermentacion por lote alimentado, y/o fermentacion continua. La habilidad de este
microorganismo para producir astaxantina se pone de manifiesto al ser objeto de cuatro
patentes internacionales durante el afio de 1999 (US Patent and Trademark Office; Vazquez
y Martin, 1998; Jacobson y col. 2000). Con base en lo anterior, los procesos de
fermentacién usando este microorganismo han recibido gran atencién industrial como
fuente natural de astaxantina. Sin embargo, ninguno de estos procesos desarrollados han
logrado eficientar la produccién de astaxantina lo suficiente como para competir con los
productos obtenidos por sintesis quimica (astaxantina sintética).

El desarrollo de una mutante de Phaffia (P. rhodozyma) encontrada en la naturaleza
ha permitido producir altos niveles de astaxantina. Phaffia rhodozyma es un
microorganismo estable con capacidad de producir cantidades mayores de 3,000 ppm de
astaxantina en base seca de sélidos de levadura, aun cuando es cultivada en altos
volumenes de medios nutritivos (ejemplo 1,500 1 0 mas) (Jacobson y col. 2002).

Paracoccus marcusii es una especie bacteriana novedosa con capacidad de sintetizar
varios tipos de xantofilas (zeaxantina, astaxantina, luteina, cantaxantina y criptoxantina). El
proceso de produccion comprende el desarrollo en un medio nutritivo que contiene fuente
de carbono (glucosa, sacarosa, lactosa, fructosa, etc.), fuente de nitrégeno (nitrato de
potasio, amonio, urea, etc.), sustancias inorgénicas (sulfato de magnesio, sulfato férrico,
fosfato acido de potasio, etc.) y otros nutrientes (vitaminas, peptona, extracto de levadura,
etc.). El pH se ajusta a basico ligero, temperatura de 30° C promedio, en condiciones
aerébicas. Los productos obtenidos son aislados y purificados por extraccion con solventes
orgénicos polares seguida de adsorcion (Hirschberg y col. 1999).

La luteina junto con el B-caroteno y la violaxantina han sido virtualmente
encontrados en todas las especies de la microalga Chlorophycean en cantidades
sustanciales y en menor cantidad cantaxantina y astaxantina. Del Campo y col. (2000)

muestran que Muriellopsis sp produce luteina en cantidad equivalente al reportado para
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astaxantina en Haematococcus, por lo que es considerada como una alternativa viable para
la produccion de luteina.

En general, los procesos de fermentacién descritos son atractivos por la alta pureza
de los productos y la subsiguiente disminucién de etapas posteriores para aislamiento y
purificacién, lo que repercute en la relacion costo / calidad de productos y nunca se ve
limitada la disponibilidad de los productos. A pesar de estas caracteristicas y que los
productos obtenidos son considerados idéneos e inocuos, aun presentan serias limitantes
como son: los requerimientos nutricionales no son satisfechos a partir de medios de cultivo
de costo reducido, los productos presentan limitada estabilidad, el proceso fermentativo
completo requiere de tiempos relativamente largos y se obtienen rendimiento de productos
relativamente bajos (comparado con los otros métodos de produccién).

Con base en lo anterior, es evidente que existe un gran interés para desarrollar
alternativas de produccién, sin embargo ninguno de los métodos propuestos mejora los
rendimientos, la relacién costo / calidad e inocuidad comparado con los productos

obtenidos a partir del tratamiento de fuentes naturales.

4.4.3. Fuentes naturales

Las xantofilas se encuentran ampliamente distribuidas en el reino vegetal siendo
responsables de sus coloraciones amarillas y anaranjadas. Se concentran principalmente en
partes aéreas de las plantas (especialmente en hojas, tallos y flores), en frutos y semillas.
Una gran cantidad de fuentes vegetales han sido objeto de estudios para determinar la
fuente principal de xantofilas, los resultados muestran a la flor del cempoalxochitl como el
recurso vegetal natural con un contenido de xantofilas mds elevado que cualquier otra
fuente natural (Cuadro 4.1).
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Cuadro 4.1. Contenido de xantofilas en algunos materiales (Cuca y Pro, 1990).

Material Xantofilas (mg/kg.)
Flor de cempoalxochitl 6000-10000
Chlorella pyrenoidosa 4000

Harina de Spongiococcum excentricum 2200

Polen 1325

Mucus cerratus 920

Harina de hojas de brécoli 670

Harina de chile rojo africano 440

Harina de alfalfa deshidratada (20% de proteina) | 400-550
Harina de alfalfa deshidratada (17% de proteina) | 185-350

Harina de gluten de maiz (60% de proteina) 330
Harina de gluten de maiz (41% de proteina) 90-180
Harina de achiote (semilla y cascarilla) 274
Zacate bermuda 265

Extracto saponificado de flor de cempoalxochitl | 12000-40000

Independientemente del método de anélisis es indudable la necesidad de tener un
banco de datos acerca del perfil de componentes presentes en la flor de cempoalxochitl.
Uno de los trabajos cldsicos en esta area fueron los estudios realizados por Quackenbush y
Miller (1972). En el estudio trabajaron con flor de cempoalxochitl procedente de México,
Francia y los Estados Unidos; varias muestras fueron analizadas usando tanto flor fresca
como flor seca, los resultados obtenidos muestran como principales pigmentos luteina
(88%) y zeaxantina (3.6%) para la flor mexicana, el resto corresponde a compuestos
carotenoides y oxicarotenoides en cantidades relativamente no significativas (Cuadro 4.2).
Las diferencias observadas en el perfil de concentracién para cada componente son el
resultado de las diferentes variedades y/o estado de desarrollo de los materiales usados en

los analisis.
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Cuadro 4.2. Porcentaje total de carotenoides reportados para distintas variedades de flor de
cempoalxochitl (Quackembush y Miller, 1972).

Carotenoide Americana Francesa Mexicana
Roja |Amarilla |Roja Amarilla

Fitoeno 1.9 24 1.9 2.9 3.1
Fitoflueno 23 2.6 2.9 1.9 2.0
o-caroteno 0.2 0.1 0.2 0.1 0.1
B-caroteno 0.3 0.5 0.6 0.3 0.3
B-zeacaroteno 0.4 0.5 0.8 0.3 0.2
g-caroteno 0.1 - 0.1 - -
a-criptoxantina 0.7 0.8 0.6 0.1 0.2
Zeinoxantina - - 0.4 0.7 0.8
Isocriptoxantina - - 0.1 0.1 0.1
B-criptoxantina 0.4 0.5 1.4 0.8 0.4
Luteina 873 |72.2 85.5 87.3 88.0
Anteraxantina 0.2 0.1 0.2 0.1 0.1
Zeaxantina 4.0 16.4 4.1 4.0 3.6
Neoxantina 0.2 0.8 0.2 0.1 0.1
Crisantemaxantina 0.3 0.8 0.2 0.2 0.2
Flavoxantina 0.4 1.3 0.3 0.3 0.3
Auroxantina 0.1 0.1 0.1 0.1 0.1

4.4.3.2. Oleorresina de flor de cempoalxochitl de producciéon nacional

Navarrete y col. (2001) trabajaron con extracto (oleorresina) de Tagetes erecta o
marigold azteca obtenida a través de Industrias Alcosa, S.A. de C.V. La oleorresina fue
tratada y analizada por cromatografia de liquidos de alta resolucién para establecer el perfil

de componentes (Cuadro 4.3). Los cromatogramas fueron analizados y se identificaron las
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sefiales con relacion a sus tiempos de retencién y la integracién de las areas, comparandolos

contra estandares comerciales de referencia (Cuadro 4.3 y Figura 4.7).

Cuadro 4.3. Andlisis de HPLC de oleorresina de flor de cempoalxochitl.

Pico Tiempo (min) Concentracién (%) Componente

4 1.971 0.3305 o-caroteno

9 3.428 0.8208 B-criptoxantina
17 4.799 0.4332 9-cis luteina

21 5.496 0.405 13-cis luteina
24 6.777 84.6655 Trans-luteina

25 7.524 4.6655 Trans-zeaxantina
27 8.731 2.5375 Tran-luteina-E
30 9.98 1.8968 9-Cis-luteina-E
31 10.151 2.5591 13-Cis-luteina-E
32 10.744 0.9416 Violaxantina

34 11.967 0.3836 Neoxantina

49 14.75 0.3879 No identificable

Estos resultados son comparados favorablemente con aquellos reportados por

Quackenbush y Miller (1972). La diferencia observada puede ser atribuida a la variedad y

grado de madurez de la flor de cepoalxochitl utilizada, asi como al método de

cuantificacién usado (Valadon y Mummery, 1967; Alam y col. 1968; Gregory y Chen,
1986; Delgado-Vargas y Paredes-Lopez, 1996).
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Figura 4.7. Cromatograma de xantofilas lixiviadas de la flor del cempoalxochitl.

Dadas las caracteristicas de biosintesis de carotenoides que presenta la flor de
cempoalxochitl, se han desarrollado métodos para manipular la ruta biosintética e
incrementar la acumulacién y tipo de carotenoide usando la tecnologia de ADN
recombinante.

Hauptmann y col. (1997) patentaron un proceso en el que usaron la tecnologia de
ADN recombinante para mejorar la acumulacién de carotenoides en los organos de
almacenamiento de plantas manipuladas genéticamente introduciendo un vector que
contiene un polipéptido quimérico consistente de un gen de la bacteria Erwinia herbicola
que codifica para fitoeno-sintetasa. Aunque el proceso propone un método para incrementar
la produccién de fitoeno, el cual es un precursor de carotenoides pigmentantes, no da un
método para controlar la proporcién de carotenoides especificos en una planta. Esta técnica
ha tenido cierto éxito en elevar los rendimientos de ciertos carotenoides en huéspedes
bacterianos cuando se les suministra el precursor adecuado; sin embargo, es preferible
utilizar especies de plantas superiores en donde los procedimientos de mantenimiento
técnico se minimicen y se llegue al 6ptimo rendimiento de carotenoides especificos.
DellaPenna y Cunningham (2001) patentaron un proceso para manipular la proporcién de

varios carotenoides en plantas con el fin de aumentar la cantidad de los carotenoides
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seleccionados. Este proceso involucra plantas transgénicas de flor de cempoalxochitl las
cuales producen diferentes proporciones de carotenoides y métodos para producirlos.
Segun este trabajo, los carotenoides se acumulan en los pétalos de la flor seleccionando una
combinacion especifica de segmentos aislados de ADN que codifican para enzimas que
estan relacionadas en la biosintesis de carotenoides para producir ARN, ARN antisentido o
sus combinaciones. Este proceso también describe secuencias de ADN aislado que
codifican para las enzimas beta-ciclasa, epsilon-ciclasa, beta-hidroxilasa e isopentil piro-
fosfato isomerasa. Las plantas transgénicas que contienen los genes de flor de
cempoalxochit] regulados por un promotor especifico de pétalos permite que se incremente
la produccion de ciertos carotenoides.

A pesar del €xito obtenido con esta tecnologia que permite contar con plantas
hiperproductoras de pigmentos, se requiere desarrollar y optimizar métodos y/o procesos
para aislar y extraer sus agentes pigmentantes con rendimientos significativos empleando

recursos minimos.

4.5. Métodos para la obtencion de xantofilas a partir de flor de cempoalxochitl.
Los productos obtenidos del procesamiento de la flor del cempoalxochitl tienen dos
presentaciones: 1) material s6lido en forma de harina o pellets, y 2) extracto de consistencia
liquida y apariencia oleosa (oleorresina). Casos especiales que incluyen etapas de
purificacién y separacion de sus componentes (luteina y zeaxantina) son realizados a la
oleorresina durante la saponificaciéon cuando los productos son destinados a la industria

farmacéutica, cosmetoldgica y de alimentos.

4.6. Métodos o alternativas para la obtencion de harina de flor de
cempoalxochitl.

En general, el proceso de extraccion de xantofilas a partir de la flor se puede
describir como el retiro de una fraccion soluble; la separacién implica la disolucién
selectiva de las xantofilas y la transferencia de masa por mecanismos difusivos. El
constituyente soluble estd incorporado dentro de la estructura celular de donde es separado

mediante diferentes métodos dentro de los cuales sobresalen: extraccion con fluidos
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supercriticos, tratamientos enzimdticos y extraccion con solventes (extraccién solido-

liquido o lixiviacién).

4.6.1. Extraccion con fluidos supercriticos.

En los ultimos veinte afios, la extraccion con fluidos supercriticos ha sido
considerada como lo mas cercano a la operacion ideal de algunas etapas de separacién
convencionales (por ejemplo: extraccion con solventes, adsorcién y destilacion). Lo
anterior se basa en que la extraccién con fluidos supercriticos presenta velocidades de
transferencia de masa mas favorables que la extraccién convencional a base de solventes, al
poseer mayor coeficiente de difusion de solutos y menor viscosidad del fluido. Ademas, los
fluidos supercriticos pueden exhibir incrementos en el poder de solvente para algunos
solutos por varios érdenes de magnitud a presiones y temperaturas altas, lo anterior se cree
es el resultado del efecto acumulativo por incrementar la presion de vapor del soluto debido
al incremento de la temperatura y el incremento de la densidad del fluido supercritico como
resultado de incrementos en la presiéon (Rizvi y col. 1994; Kanel y Marentis, 2000).

En el 4rea del procesamiento para la obtencion de carotenoides y xantofilas (luteina)
Favati y col. (1988), aplicaron ésta tecnologia utilizando CO, supercritico sobre un
concentrado proteico de hojas, y sus resultados demuestran la factibilidad de obtener
extractos enriquecidos con carotenoides especificos pudiendo ser usados directamente en el
procesamiento de alimentos; més aun ellos demostraron que el producto sélido residual
resultado del procesamiento con CO, supercritico no afecta el potencial nutricional.
Naranjo y col. (2001), evaluaron al CO, supercritico como una alternativa a los procesos
que utilizan hexano para la produccion de oleorresina de flor de cempoalxochitl. La
presencia de material liposoluble en las harinas de flor del cempoalxochitl requirié
establecer la capacidad del CO; supercritico para solubilizar los diésteres puros de luteina y
evaluar el efecto de las diferentes variables sobre el proceso de solubilizacién. Los
resultados muestran que se incrementa la solubilidad de los diésteres de luteina usando
modificadores (metanol, etanol, isopropanol y n-butanol) comparado con CO, puro a la
misma combinacién de temperatura y presion. Para el metanol, etanol, isopropanol y n-
butanol se dieron mayores rendimientos en la extraccion, logrando hasta un 60% en el caso

de CO; que contenia 5.9% de butanol, equivalente a un incremento de 2.4 veces la
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solubilidad de los diésteres de luteina. El estudio no incluy6é pruebas para alcoholes de
mayor peso molecular debido a sus limitaciones como fluidos viscosos. Para el cloroformo,
se obtuvo un incremento del 2.6 veces (65% de la cantidad extraida con hexano), mientras
que con tetracloruro la solubilidad se hace casi nula. También probaron al hexano, sin
embargo, el volumen que se utiliza es demasiado grande para manejarlo y no es posible
lograr el porcentaje molar usado para el resto de las variables.

A pesar de estas ventajas, los sistemas de extraccién con fluidos supercriticos son
poco utilizados comercialmente, pudiendo ser citadas algunas aplicaciones pero éstas son
minoria en comparacion con el potencial de aplicacion que puede alcanzar (Rizvi y col.
1994). La carencia de éxitos comerciales, basados en ésta metodologia, se debe
principalmente a los altos costos asociados con el equipo para la extraccién con fluidos
supercriticos. Adicionalmente se requiere un gran capital asociado con la recompresién de
grandes volimenes de solvente de extraccion reciclado. Por otro lado, los pocos datos que
existen sobre el comportamiento termodindmico de una mezcla solvente supercritico-
soluto, y la falta de informacién sobre ingenieria para el escalamiento y disefio de una
planta de extraccion supercritica, limitan ain més la explotacion de ésta tecnologia a una

escala comercial (Rizvi y col. 1994, Kanel y Marentis, 2000).

4.6.2. Tratamientos enzimaticos.

Actualmente, los tratamientos enzimaticos han llegado a ser una parte importante y
en algunos casos indispensable de los procesos usados en la industria alimentaria moderna
asi como en la obtencidn de una gran diversidad de productos. Las principales ventajas
ofrecidas por los procesos enzimaticos son: especificidad, condiciones de temperatura y pH
moderados, el material se somete a tratamientos ligeros y los productos secundarios son
escasos (Christensen,1991). El uso de enzimas en la industria alimentaria se puede
clasificar en tres ramas: extraccion, licuefaccién y procesos terminales. Los prop6sitos de
introducir un proceso enzimatico son variables: un nuevo producto cuya obtencién es solo
factible usando un método enzimético o un producto ya existente que puede ser obtenido
enzimdticamente con un nimero menor de operaciones unitarias. En general se mencionan
tres razones para la aplicacion de enzimas a un proceso de extraccién: mejorar los

rendimientos, evitar el uso de solventes organicos, y facilitar los procesos de separacion.
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Bajo ésta filosofia Delgado-Vargas y Paredes-Lopez (1997), realizaron un estudio
del efecto de los tratamientos enziméaticos para la extraccién de luteina a partir de flor de
cempoalxochitl. Sus resultados muestran una elevada susceptibilidad en la extracciéon de
toda la trans-luteina en muestras deshidratadas de flor de cempoalxochitl cuando es tratada
enzimaticamente. En el estudio usan la enzima comercial ENCONASE-CEP que es una
preparacion de endo-1,4-B-D- glucanasa, celobiohidrolasa, y exo-1,4-p-D-glucosidasa. El
tratamiento con esta enzima comercial sobre muestras solidas al 5% (p/v) produce la harina
de flor de cempoalxochitl con el mayor contenido de trans-luteina total (25.1 g/kg peso
seco). Estos resultados permiten considerar a este proceso como una alternativa viable para
la extraccion de xantofilas.

En el mismo esquema, un grupo de investigadores de la UNAM liderados por el Dr.
Agustin Lopez Munguia, desarrollaron un proceso para realizar la extraccion enzimatica de
pigmentos liposolubles a partir de materia vegetal. La factibilidad del estudio permiti6 la
generacion de una patente de propiedad industrial a favor de la empresa Bioquimex, S.A de
C.V,, derivada del convenio para desarrollar un proceso enzimético para la extraccion de
xantofilas de la flor de cempoalxochitl. La idea principal fue proponer una alternativa
viable de extraccion para incrementar los rendimientos de proceso. Se desconoce cuéles son
los éxitos alcanzados por parte de la empresa con el uso de ésta tecnologia. En la misma
linea de investigacion, Barzana y col. (2002), desarrollaron un proceso novedoso para la
extraccion de oleorresina a partir de flores del cempoalxochitl frescas molidas. El éxito que
obtuvieron se debe al tratamiento enzimatico que recibié la flor simultdneamente con la
extraccién con solventes en una sola etapa. La ventaja principal de este método consiste en
eliminar las operaciones de ensilado y secado, las cuales suelen ser ineficientes,
contribuyen a la generacion de efluentes acuosos que representan una etapa mas (como se
observa en los procesos tradicionales) y que favorecen la degradacion significativa de los
carotenoides. Los resultados obtenidos de éste proceso muestran que se pueden obtener
altos rendimientos de carotenoides (>85%) utilizando diferentes arreglos y escalas en
contenedores simples con agitacion. Sin embargo, la capacidad del sistema se ve limitada
por la velocidad de agitacién para obtener una mezcla adecuada de sdlidos dispersos. A

pesar de ello, el alto valor agregado del producto, el incremento de los rendimientos de la
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reaccion y la ausencia de consecuencias ambientales adversas hace de éste un proceso

atractivo como alternativa a los procesos tradicionales.

4.6.3. Extraccion con solventes.

En general, la extraccién o lixiviaciéon con solventes, es la operacién unitaria
utilizada con mayor frecuencia para la extracciéon de componentes de interés contenidos en
materiales sélidos. Los compuestos a separar de la matriz sélida pueden estar incorporados,
combinados quimicamente, adsorbidos o bien mantenidos mecénicamente dentro de la
estructura del material s6lido.

Khachik (2001), propuso una estrategia usando n-hexano como solvente de
extraccién, una etapa posterior de saponificaciéon y una recristalizaciéon empleando
diclorometano y n-hexano como solventes para obtener luteina con una pureza del 97% 6
mayor y 3-6% de zeaxantina. Sin embargo, esta metodologia tiene la desventaja de utilizar
solventes peligrosos y llevarse a cabo en largos periodos de tiempo para alcanzar los
rendimientos descritos. En esta misma linea de investigacién, Ausich y Sanders (1997),
propusieron un proceso empleando propietilenglicol (40.9% peso) y un élcali acuoso
(18.2% peso) para saponificar un extracto obtenido de pétalos de cempoalxochitl a base de
hexano (49.9% peso de oleorresina) obteniendo productos con una pureza del 70-85%. El
proceso se llevd a cabo a temperaturas de 70-80 °C durante 10 horas, lo que puede dar
como resultado degradacién o isomerizacién de componentes. Khachik (2001), propuso un
esquema conveniente y econémico para aislar y purificar xantofilas a partir de flor del
cempoalxochitl. La metodologia se basa en realizar la extraccién y saponificacion de
manera simultdnea a temperatura ambiente por algunas horas, obteniendo productos con
una pureza del 97% o mayor. Durante el proceso, las muestras de cempoalxochitl son
mezcladas con tetrahidrofurano, etanol e hidréxido de sodio o potasio, la solucion
resultante presenta un pH de 12 y es homogeneizada a temperatura ambiente por una a dos
horas. Como resultado se obtuvieron las xantofilas libres de 4cidos grasos con un contenido
minimo del 97% de luteina. Esta metodologia ha sido también empleada con mucho éxito
para aislar luteina, zeaxantina y otros oxicarotenoides y carotenoides a partir de vegetales
(Khachik, 2001).
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4.6.4. Lixiviacion con hexano.

La lixiviacién con hexano es la operacion utilizada en la extraccidon comercial de
xantofilas a partir de flor del cempoalxochitl (Alcosa, S.A. de C.V). La metodologia
utilizada es similar a la desarrollada en la industria de produccién de aceites, que consiste
de un sistema combinado de extrusion y extraccioén con hexano. La materia prima utilizada
es flor seca pelletizada (pellets de 0.25 a 0.4 mm) para aumentar area de contacto y para
hacer mas efectiva la extraccién. Los pellets son lixiviados en un extractor a
contracorriente usando hexano como disolvente, de este se obtiene una miscela (oleorresina
mas hexano) y un sélido agotado. La miscela se concentra por destilaciéon rapida donde se
elimina el hexano, el producto resultante es una oleorresina que consiste de xantofilas
esterificadas con 4acidos grasos (principalmente estedrico, miristico y palmitico), en
concentraciéon promedio de 90-100 gramos por kilogramo de extracto y un perfil del 82-86
% de trans-luteina y del 4-6% de trans-zeaxantina como principales xantofilas.

El éxito de la operacién de lixiviacion depende de cualquier pre-tratamiento que se
le pueda dar al sélido para facilitar la transferencia de masa e incrementar los rendimientos
en la extraccion. En algunos casos las pequefias particulas del material soluble estan
completamente rodeadas de una matriz de materia insoluble. El disolvente se debe difundir
en la masa y la solucién restante se debe difundir hacia el exterior antes de poder lograr una
separacién. En el tratamiento de material a lixiviar que tiene una estructura celular, los
productos a extraer se encuentran generalmente dentro de las células; si las paredes
celulares permanecen intactas después de la exposicién a un disolvente adecuado, entonces
se limita la velocidad de transferencia de masa. En estos casos se tiene que realizar la lisis
celular para disminuir la resistencia a la transferencia de masa y elevar los rendimientos de
la extraccion (Treybal, 1995). De manera breve, la extraccién comercial de xantofilas a
partir de la flor del cempoalxochitl consta de las siguientes etapas: ensilado, secado,
extraccion con hexano y saponificacion. De éstas, la etapa critica que determina la
eficiencia general del proceso es el ensilado, debido a los cambios estructurales de las
células vegetales por la accion enzimatica de los microorganismos saproéfitos asociados a la
flor de cempoalxochitl. Esta etapa consta de dos fases, en la primera se lleva a cabo la
respiracion aerébica en donde los carbohidratos solubles en el tejido de la planta se oxidan

y se convierten en diéxido de carbono y agua. Este proceso se da hasta que el nivel de
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oxigeno es nulo o hasta que se consumen por completo los carbohidratos. En condiciones
ideales, con un empacado y sellado perfectos del material de ensilado, 1a respiracion sélo
dura unas horas. E] crecimiento de microorganismos durante este periodo se limita a
aquellos que se desarrollen en un medio con oxigeno. Generalmente, esto incluye a
bacterias aerobias, anaerobias facultativas, levaduras y hongos los cuales metabolizan
azucares a diéxido de carbono, calor y agua. En la segunda fase se establecen las
condiciones anaerobias, Y por consiguiente proliferan las bacterias anaerébicas estrictas y
facultativas. Las primeras poblaciones que se establecen son generalmente las
enterobacterias y las bacterias lacticas heterofermentativas, Estos organismos producen

principalmente 4cido acético, etanol, 4cido lactico y di6xido de carbono de 1a fermentacién

poblacién de bacterias I4cticas homofermentativas, las cuales producen principalmente
acido lactico. EIl rapido incremento en el nivel de acido lactico da como resultado un
decremento del pH hasta alrededor de 4. En este punto, el producto ensilado generalmente
permanece estable durante su almacenamiento,

El cambio bioquimico mas importante que se manifiesta durante el ensilado de la
flor es la depolimerizacién del material que compone las paredes de las células. Un andlisis
proximal de los pétalos de las flores muestra como componentes principales a la celulosa y
hemicelulosa (Figura 4.8).

La celulosa, independiente de Ia especie vegetal, es un polimero no ramificado que
consta desde 1000 hasta un millén de unidades de D-glucosa, unidas por enlaces beta-1,4
glicosidicos. La diferencia radica en a estructura de los cristales y en los enlaces con otros

compuestos.
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El anélisis total de estos resultados sugieren que la etapa de reaccion-adsorcién esla
limitante y estd favorecida por la agitacion. Como consecuencia, altos valores de
concentracién de xantofilas Yy una reduccién sustancial en el tiempo de proceso son
obtenidos como resultado de muestras tratadas en sistemas agitados. En este estudio, el
analisis global de los datos muestra que el tiempo de tratamiento debe ser de 5 h, en este
tiempo se obtiene la méxima concentracion de xantofilas en las harinas tratadas, las
pérdidas de xantofilas de la fase liquida pueden ser minimizadas, el sustrato para la
actividad hidrolitica de la enzima ha alcanzado un minimo, el 4rea interfacial ha sido
maximizada y la enzima se ha desorbido del sustrato (fase sdlida), misma que puede ser

recuperada y reutilizada en tratamientos posteriores.

9.6.5. Cromatografia de liquidos de alta resolucién (HPLC).

Harinas obtenidas del extracto enzimético en sistemas agitados fueron analizadas
por HPLC para determinar la concentraciéon y perfil de componentes principales. El
cromatograma (Figura 9.18) muestra que los componentes principales son luteina (84.7%)
y zeaxantina (4.5%). Este andlisis, por comparacién con perfiles reportados previamente

(Quanckenbush y Miller, 1972), indica que las concentraciones son conservadas.
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Figura 9.18. Cromatograma de HPLC de la oleorresina saponificada obtenida como
producto final de muestras de flor de] cempoalxochit] tratadas con el extracto enzimatico
crudo.
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9.6.6. CONCLUSIONES PARCIALES

Los resultados que aqui se presentan indican que la méxima produccién de celulasa
por fermentacién sumergida, usando el hongo Rhizopus nigricans sobre medio de caldo
papa dextrosa se obtiene cuando el sistema de fermentacion opera a 27.8 °C, 0.036 litros de
aire por minuto (10, lectura en el rotdmetro) y 50 revoluciones por minuto, obteniéndose
una respuesta experimental en la reduccién de la viscosidad del 90 % (£2), comparada
favorablemente a lo predicho por el modelo que indica una reduccién del 93.345%.
Ademas, se establecié que la cantidad de celulasa producida por el metabolismo de
Rhizopus nigricans, bajo estas condiciones, corresponde a 0.05 gE/It [0.005 (+0.001) %
(p/v)] con 5000 U de actividad, comparada con un estiandar de enzima comercial producida
por Aspergillus niger.

Empleando el extracto enzimdtico crudo, sintetizado por dicho microorganismo
cuando el sistema de fermentacién opera bajo las condiciones 6ptimas, pudo confirmarse
que la extraccién de xantofilas a partir de la flor del cempoalxochitl se puede mejorar
usando enzimas celuloliticas. Se pueden obtener harinas con alto contenido de xantofilas
(29.3 g de xantofilas totales por kilogramo, peso seco) después de tan sélo 5 horas de
tratamiento, usando el extracto crudo enziméatico sobre pétalos deshidratados.

El proceso descrito comparado con los comerciales tradicionales y con estudios
similares reportados, presenta grandes ventajas: 1) es més eficiente en cuanto a costos, ya
que el extracto enzimético se produce in situ a partir de Rhizopus nigricans, 2) se logré una
reduccion sustancial del tiempo de proceso y obtener productos con altos contenidos de
xantofilas totales sin alterar los perfiles y ni composicién en la materia prima como lo
demuestran los resultados del HPLC y 3) el extracto de Rhizopus nigricans puede usarse
para el tratamiento enzimatico de flor del cempoalxochitl sin importar su condiciéon (fresca
0 seca).

La produccion in situ de la enzima y la reduccién en el tiempo de tratamiento son
caracteristicas que pueden ser decisivas cuando se evallia la viabilidad econémica del
proceso. Aunado a ello, el establecer la relacion entre la cantidad de materia a tratar y el
volumen de extracto enzimatico (10% p/v), abre la posibilidad de realizar el predisefio de

un proceso semi-continuo o continuo.
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9.7. ANALISIS DEL PROCESO DE LIXIVIACION DE XANTOFILAS.

9.7.1. Lixiviacién de xantofilas totales

Actualmente a nivel industrial, la extraccién de xantofilas totales de harina de flor
del cempoalxochitl se realiza por lixiviacién con hexano, que al igual que otros procesos de
separacion, su disefio se ve afectado por la carencia de datos de distribucién entre fases
inmiscibles. Como resultado se proponen disefios inapropiados que son ineficientes y por
consiguiente presentan deficiente recuperacion de productos, costos elevados de operacién
o requieren incluir etapas adicionales de separacion y purificacion.

En esta parte, se analiza la estrategia para optimizar el proceso de lixiviacién para la
extraccién de xantofilas totales con hexano (apartado 7.4.7), donde se analizan las variables
A: peso de la muestra de harina (1.0 y 2.0 g), B: volumen de solvente (100 y 200 mL), C:
temperatura de extracciéon (30 y 40 °C) y D: tiempo de extracciéon (5.0 y 10.0 min),
ajustados a un esquema experimental 2*143C. Los resultados (altima columna del Cuadro
9.16) de los experimentos realizados muestran, con base al analisis de varianza (Cuadro
9.17) y un intervalo de confianza de 0.05, a los factores principales A, y D como

significativos y en menor grado el factor B y la interaccion AB = CD.

Cuadro 9.16. Resultados de la extraccién de xantofilas totales del disefio 2*'+3C.

No. corrida A B C D rendimientos
(Harina) (Solvente) (temperatura) (tiempo) [Xtlu

1 -1 +1 -1 +1 60.80

2 -1 -1 +1 +1 53.12

3 0 0 0 0 76.52

4 +1 -1 +1 -1 88.54

5 0 0 0 0 79.68

6 +1 +1 +1 +1 97.39

7 +1 -1 -1 +1 125.22

8 +1 +1 -1 -1 55.65

9 -1 -1 -1 -1 43.64

10 -1 +1 +1 -1 36.26

11 0 0 0 0 76.52

[Xtlu = Concentraciéon de Xantofilas totales en la harina: gramos de xantofilas totales /
kilogramo de harina.
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Se demostrd, usando el algoritmo de Yates, que el factor C (temperatura) no fue
significativo en los rendimientos de extraccién de xantofilas en la regién explorada en este
primer esquema experimental. Consecuentemente, se fijo6 como constante esta variable en

el nivel intermedio (35 °C) para el resto de los experimentos.

Cuadro 9.17. Anélisis de varianza para el disefio 2*'+3C.

Fuente de variacién S. C. G.L P. V.
Efectos principales
Factor A: peso de flor 3740.26 1 0.0026
Factor B: volumen de hexano 456.322 1 0.0473
Factor C: temperatura 12.5 1 0.6275
Factor D: tiempo 1580.34 1 0.0090
AB+CD 465.43 1 0.0462
AC+BD 50.6018 1 0.3578
AD + BC 246.42 1 0.0967
Error total 129.248 3

6681.248

S.C. : suma de cuadrados; G.L : grados de libertad; P.V. : valor de distribucién de
probabilidad.

Con esta informacion, se describié la relacion que existe entre los factores
importantes A, B y D construyendo el modelo polinomial de regresiébn por minimos

cuadrados:

[Xt]o = 72.12 + 21.62A — 7.55B + 14.05D

Donde las variables se especifican en sus unidades codificadas. Esta ecuacién supone
implicitamente que la dependencia de la variable de respuesta con respecto a los factores es
lineal y que los efectos de estos factores son aditivos. El analisis de varianza (Cuadro 9.18)
mostr6 que el modelo es una buena aproximacién geométrica de la funcién de respuesta en

la regién experimental explorada.
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Cuadro 9.18. Andlisis de varianza para el modelo de primer orden.

Fuente de variacion S.C G.L P. V.
Modelo de primer orden 5776.77 3 0.002
Residual 904.13 7

Total 6680.9 10

R” = 86.467; Error estandar = 11.367

S.C.: Suma de cuadrados; G.L.: Grados de libertad; P.V. : Valor de distribucién de
probabilidad.

Tentativamente el modelo se acepté como una representacién geométrica robusta de
la funcién de respuesta subyacente en la region experimental explorada. Usando este
modelo, se busco la regién que maximiza la extraccion de xantofilas, siguiendo el camino
de etapa ascendente.

La extrapolacién mostrd las condiciones de los ensayos que incrementan los
rendimientos de la extraccion (Cuadro 9.19). Los resultados de éstos mostraron
incrementos hasta el ensayo 14, ensayos adicionales no son viables porque el volumen de
solvente se reduce a cero (ensayo 15). Estos resultados proponen que la nueva region

experimental de andlisis sea para los valores de variables alrededor del ensayo 14.

Cuadro 9.19. Ensayos experimentales realizados para incrementar la concentracién de
xantofilas en la extraccion con base al camino de la etapa ascendente.

Unidades A B D
Ensayo codificadas Harina de Hexano Tiempo [Xtlo
flor (ml) (min)
Xi X X4 (g)
3,5,11 0 0 0 1.5 150 7.5 72.12
12 1.53 -068 1.0 2.26 123.5 10.0 92.93
13 3.12 -1.56 2.0 3.06 97 12.5 102.86
14 478 -2.57 3.0 3.89 71.5 15.0 125.49
15 651 -3.68 4.0 4,71 -32.58 17.5 emmeeee-

[Xt]y = Concentracién de Xantofilas totales en la oleorresina
gramos de xantofilas totales / kilogramo de oleorresina.
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En esta regién se construy6é un nuevo disefio (Cuadro 9.20) con caracteristicas
rotables (Box-Behnken) que incluyé solo las variables A,B y D, sugeridas en el primer
disefio y los niveles resultado de Ia extrapolacion del camino de la ¢tapa ascendente (A: 3 y
5g,B:16 y26ml, D: 12.5 y 17.5 min).

Cuadro 9.20. Disefio de Box-Behnken y resultados obtenidos de cada ensayo.

Ensayo Harina Hexano  Tiempo [Ht],
1 -1 -1 0 114.98
2 -1 +1 0 118.84
3 +1 -1 0 134,18
4 +1 +1 0 138.68
5 -1 0 -1 113.7
6 -1 0 +1 119.7
7 +1 0 -1 130.2
8 +1 0 +1 121.7
9 0 -1 -1 111.74
10 0 -1 +1 112.82
11 0 +1 -1 128.76
12 0 +1 +1 132.76
13 0 0 0 135.74
14 0 0 0 133.98
15 0 0 0 137.8

[Xt]n = gramos de xantofilas totales/kilogramo de oleorresina.
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Los resultados permitieron describir el sistema construyendo el modelo de segundo

orden via minimos cuadrados.

[Xt]o = 135.84 + 7.30A + 5.60B + 0.35 D — 4.66 A’ - 4.41B% — 9.98D* — 0.028AB —
3.75AD + 0.79BD

El modelo se usé para construir gréficos de respuesta (Figura 9.19 a, b y c). Estos
graficos sugieren la presencia de un Optimo global, conjunto de condiciones de operacion
de las tres variables, que da como resultado méxima extraccién de xantofilas,

La localizacién del Optimo se definid, para un sistema multidimensional, por la

solucién al sistema de ecuaciones lineales obtenidas al derivar el modelo de segundo orden:

‘%” | 730-(2)4.664-0.0288-3.75D = 0

% =5.60-0.0284 - (2)4.41B+0.79D = 0

%}? =0.35-3.754+0.79B - (2)9.98D = 0

La solucién del sistema dio los siguientes resultados: A = 0.83,B=0.62yD=-0.11
como valores dptimos para la extraccién. Usando la transformacién (X; = valor 6ptimo del
factor [(limite superior del factor — limite inferior del factor)/2] + valor intermedio del
factor) se obtienen los valores decodificados de los factores. Este procedimiento indicé que
la extraccién de xantofilas se maximiza para una relacién harina - hexano en proporcion de
1:5 en un tiempo de contacto de 14.7 minutos (Figuras 9.19 a, b y ¢). El ensayo de
comprobacién con estas condiciones dio una respuesta de 138.28 g de xantofilas / kg de
oleorresina, valor que se compara favorablemente contra el valor predicho por el modelo de

140.58 g de xantofilas / kg de oleorresina.
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Figura 9.19. Contornos de superficie de respuesta estimada con el modelo de
segundo orden.
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9.7.2. Cinética de extraccién de xantofilas

Con las condiciones Optimas se realizé una cinética de extraccién por contacto
simple y se evalu6 el cambio en la concentracidn de xantofilas totales en hexano. El anélisis
de los datos obtenidos (Figura 9.20) indican que a los 15 minutos se alcanzé la méxima
extraccion de xantofilas totales en la fase liquida. Tiempos posteriores no muestran
cambios significativos en la concentracion de xantofilas totales. El ensayo confirmé que los
valores obtenidos por la metodologia de superficie de respuesta optimizan la extraccién con

hexano de xantofilas totales a partir de harina.

g Xt/kg Oleo

0 T ' T T i i
I 0 10 20 30 40 50 60 70

f Tiempo (min)

Figura 9.20. Cinética de la extraccién de xantofilas totales de harina de flor del
cempoalxochitl con hexano.

9.7.3. Extraccién a contracorriente en etapas multiples.

Con condiciones Optimas, se instalé6 una bateria de extraccién de operacién a
contracorriente con nueve etapas (sistema de Shanks). En el estado estable, la fase liquida
(extracto) y la fase sélida (harina lixiviada) de cada etapa fueron separadas por filtracion.
Los extractos que consistieron de una mezcla hexano-xantofilas extraidas-acidos grasos, se
concentraron hasta eliminar el hexano. Las oleorresinas obtenidas se analizaron y se
determiné la concentracién de xantofilas totales (Cuadro 9.21). Las harinas lixiviadas que
consisten de una mezcla hexano, xantofilas no recuperadas-harina, se desolventizaron para

remover el hexano retenido en la extraccién. Las harinas libres de hexano se analizaron y
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determiné la concentracién de xantofilas totales (Cuadro 9.21). El andlisis del extracto de la
ltima etapa (etapa 9) revelé que se recuper6 el 97.5% de la cantidad original de xantofilas
contenidas en la harina (Cuadro 9.21). Las xantofilas que no se recuperaron, cuantificadas
en la primera etapa, representan el 1.55% de las xantofilas totales presentes en la materia
prima. Los balances de masa del sistema indicaron una pérdida de 0.95% de las xantofilas

totales debido en parte a depésito de producto en el equipo de laboratorio.

Cuadro 9.21. Distribucién porcentual de xantofilas totales por etapas.

No. Etapa X Y

1 1.55 0.41
2 1.98 1.12
3 2.03 2.04
4 4.32 8.49
5 12.8 19.95
6 227 28.87
7 34.8 47.62
8 48.4 70.67
9 72.3 97.5

X = porcentaje de xantofilas totales en la fase s6lida
y = porcentaje de xantofilas totales en la fase liquida
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9.7.4. CONCLUSIONES PARCIALES

El proceso 6ptimo de extraccién a contracorriente (relacién 1:5 harina — hexano,
14.7 minutos de contacto entre fases, 35 °C de temperatura) permitié obtener los mayores
rendimientos en la extraccién de xantofilas totales (138.28 g de xantofilas / kg de de
oleorresina)

Los resultados de la distribucién de datos de equilibrio obtenidos de la bateria de
extraccion pueden ser utilizados para el predisefio de una planta de lixiviacién de xantofilas
de harina de flor del cempoalxochit] con hexano.

Las condiciones de operacién Optimas serfan la base para determinar el drea de
seccion transversal del equipo y los requerimientos de energia para su operacioén, que
implicitamente determinan la eficiencia de cada etapa, garantizar altos rendimientos en la

recuperacion y la ausencia de cambios no deseados en los productos finales.
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IX. CONCLUSIONES

En este trabajo, se caracterizé parcialmente el proceso de ensilado de la flor del
cempoalxochit] para incrementar los rendimientos de la extraccién de xantofilas totales. Se
aislaron e identificaron los microorganismos saprofitos asociados a la flor del
cempoalxochitl [Flavobacterium IIb, Acinetobacter anitratus, Enterobacter intermedius,
Enterobacter aerogenes, Enterobacter agglomerans, Rhizopus nigricans y Geotrichum
candidum].

Los estudios cinéticos de crecimiento y actividad enzimética mostraron que las
bacterias Flavobacterium IIb 'y Acinetobacter anitratus y el hongo Rhizopus nigricans para
tiempos de propagacion de 16, 23, 26 horas respectivamente producen un extracto con la
mayor cantidad de celulasa. Estos resultados definieron el periodo de propalacion de cada
microorganismo para preparar el cultivo mixto de los estudios de ensilado y fermentacién.

Los estudios de ensilado, basados en disefio de mezclas y en la metodologia de
superficie de respuesta, revelaron que el indculo compuesto de C,: Flavobacterium IIb =
9.8%; C,: Acinetobacter anitratus =41% y Hi: Rhizopus nigricans = 49.2% increment6 de
forma significativa la extracciéon de xantofilas totales (24.94 g/kg de harina en base seca),
90% mas que el control (12.95 g/kg de harina en base seca).

El proceso 6ptimo de fermentacion en fase sélida (73.75% de humedad, 14.78 horas
de intervalo de agitacion, 4.14 litros por minuto de aire, 1250 g de flor fresca, 28 °C de
temperatura y 7 dias de proceso) permite obtener productos con altos contenidos de
xantofilas (17.81 g de xantofilas totales / kg de harina de flor de cempoalxochitl fermentada
en peso seco), cantidad superior en un 78% (promedio) comparado con los productos que
se obtienen en el proceso tradicional (ensilado) industrial (8-10 g de xantofilas totales / kg
de harina de flor ensilada de cempoalxochitl peso seco). Sin embargo, este valor también es
25% menor que el obtenido en otros estudios (Delgado-Vargas y Paredes-Lépez, 1997,
Navarrete y col., 2003). La diferencia se atribuye tanto a la materia prima que se utilizd
como al tipo de tratamiento.

A diferencia del ensilado tradicional, el estudio de fermentacién en estado sélido
muestra que se requiere mantener una concentraciéon de oxigeno en el sistema para facilitar

la actividad microbiana (sobre todo de Rhizopus nigricans). La no limitacién del suministro
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de oxigeno puede ser determinante para obtener productos fermentados con altos
contenidos de xantofilas totales.

Los estudios del tratamiento enzimatico con extractos crudos confirman que la
extraccién de xantofilas a partir de flor de cempoalxochitl se incrementa utilizando enzimas
con actividad sobre celulosa.

Harinas con alto contenido de xantofilas [29.3 g/Kg de harina (peso seco)] se
obtienen en solo 5 horas de tratamiento enzimético obtenido a partir de Rhizopus nigricans
cuando las muestras son agitadas.

El proceso descrito, comparado con los tradicionales y con estudios similares
reportados, presenta grandes ventajas: 1) es econdémico al usar un extracto enzimatico no
comercial, producto de la actividad de Rhizopus nigricans, y 2) se reduce
significativamente el tiempo de proceso (120 a 5 h) y se obtienen productos con altos
contenidos de xantofilas totales sin alterar su perfil y composicion.

Los resultados del tratamiento enzimdtico (5 horas de tiempo de tratamiento,
relacion entre la cantidad de materia a tratar y el volumen de extracto enzimatico de 1:10
(p/v), 28 °C de temperatura en un sistema agitado) establecen la posibilidad de realizar el
predisefio de un proceso semi-continuo o continuo viable.

Los resultados descritos en los estudios de actividad enzimatica, ensilado,
fermentacion y tratamiento enzimatico confirman que la celulasa es uno de los principales
factores responsables de la degradacion de los polimeros estructurales de las paredes
celulares en los pétalos de la flor de cempoalxochitl, facilitando asi la transferencia de masa
¢ incrementando la extraccion de xantofilas totales. Sin embargo, también muestran que la
diferencia en los rendimientos de la extraccion es el resultado de otra actividad enzimadtica
de los microorganismos sapréfitos asociados al cempoalxochitl que contribuyen a la
interaccion entre el rendimiento de xantofilas y la accidn de la celulasa.

Por 1ltimo, los analisis de variables que se presentan en este trabajo, muestran a la
metodologia de superficie de respuesta (MSR) como una herramienta de optimizacién
versitil de relativamente facil desarrollo.

La MSR trata en el analisis puntos que se encuentran dentro de regiones
relacionadas con una alta probabilidad y obtiene aproximaciones de diferente orden de

ajuste de modelos mateméticos de orden sucesivo, indicando un ajuste adecuado de datos.
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También los analisis muestran que el ajuste entre el orden de magnitud y los valores de los
factores relevantes predichos por modelos consecutivos, confirma que las condiciones que
se obtienen se encuentran muy cercanas al Optimo estadistico. Sin embargo, la MSR
presenta algunas limitaciones si las probabilidades de distribucién de los datos muestran
grandes irregularidades; en estos casos es posible que las predicciones de la densidad de
probabilidad usando esta metodologia no converjan.

En general, la MSR es 1til para llevar a cabo anélisis de modelos complicados en
varios campos de la ingenieria. Representa una alternativa potencial valiosa de los métodos
que se tienen en la actualidad de analisis de incertidumbre que estan limitados al momento
de computarse para sistemas complejos.

El uso de modelos de regresién basados en datos experimentales para describir
fenémenos complejos debe examinarse cuidadosamente, pues los modelos resultantes
pueden ser imprecisos debido a los errores experimentales y a una seleccion pobre de los
“factores relevantes” y sus valores de operacién. Bajo estas circunstancias, la prediccion de
las condiciones “dptimas” usando extrapolacién de modelos siempre se debe probar.

La metodologia de superficie de respuesta se aplica principalmente en el laboratorio
o en la operacién de plantas piloto, por lo que las condiciones que son Optimas a estos
niveles pueden no serlo para procesos a gran escala. Generalmente, el escalamiento genera
una distorsion de las condiciones Optimas. Aun cuando la planta a gran escala comience
con la operacién en el 6ptimo, eventualmente se “desviard” debido a los cambios en la
materia prima, condiciones ambientales, equipo y personal de operacién.

En un futuro, la MSR puede extenderse en su estudio para otro tipo de procesos del area
Bioquimica o Quimica, cuando el andlisis de datos no se pueda describir basandose en

principios fundamentales.
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XII. APENDICES

APENDICE I

Identificacién de bacterias.

Para la identificacién de las colonias de bacterias aisladas se utilizaron los
resultados en conjunto de las siguientes pruebas: tinciones de Gram, sistema API 20E,
ESQUEMA DE PICKETT, ESQUEMA DE WEAVER-HOLLIS, VITTEK y SISTEMA
PARA BACILOS FERMENTADORES.

Resultados de la pruebas bioquimicas; Sistema API 20 E para los microorganismos

aislados del cempoalxochit! (cepas 1,2,3,4, y 5).

TEST |SUBSTRATOS REACCIONES- |C1 C2 |C3 C4 |Cs
ENZIMAS

ONPG | Orto-nitro-fenol-pB-D- | Beta-galactosidasa |- + + + +

galactopiranosido

ADH  |Arginina Arginina - - - - -
dehidrolasa

LDC Lisina Lisina - + + + -
descarboxilasa

ODC Ornitina Ornitina - - + + -
descarboxilasa

CIT Citrato sodico Utilizacién del | - - + + +
citrato

H,S Tiosulfato sédico Produccion de H,S |- - - - -

URE Urea Ureasa - - - - -

TDA Triptofano Triptofnodesami- |- - - - +
nasa

IND Tripofano Produccién de|- - - - -
indol
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VP Piruvato sédico Produccién de |+ - + + +
acetoina

GEL Gelatina de Kohn Gelatinasa + + + - -

Identi- |Prueba Fermentacién/oxi- |-/+ |-+ |-+ |[+- |-

ficador dacién

MAN | Manitol " - - - T T

INO Inositol " - - + + -

SOR Sorbitol " - - + + +

RHA Ramnosa " - - - R +

SAC Sacarosa " J+ -+ |+ + +

MEL Melibiosa " - - + + T

AMY | Amigdalina " - - + + +

ARA Arabinosa " - - + T T

NO; - Produccion de|- - + + +

NO, NO,

N Reduccién a gas|+ + - - -
N»

0X Sobre papel filtro Citocromo oxidasa |+ + - - -

Cepa No.1

Bacilo Gram negativo fusiforme.

Sistema convencional de acuerdo al esquema de Pickett: la cepa No.1 se encuentra en el
grupo indol positivo.

Caracteristicas primarias:

Desarrollo en agar McConkey (Bacto-McConkey DIFCO: Negativo

Prueba de oxidasa (tipibact diclorhidrato de N,N,N’,N’ -tetramentil-p-fenilendiamina 160
mcg/bbl) y por oxidasa Dry Slide DIFCO: Positivo dentro de los 60 segundos.

Medio movilidad-nitrato: Negativa
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Caracteristicas secundarias:

Pruebas de oxidacién/fermentacién Hugh y Leifson (Merk):

Glucosa: oxidacion positiva/fermentacién negativa

Lactosa: oxidacién negativa/fermentacién negativa

Xilosa: oxidacién negativa/fermentacion negativa

Sacarosa: oxidaci6én positiva/fermentacién negativa

Manitol: oxidacién negativa/fermentacién negativa

Maltosa: oxidacion positiva/fermentacién negativa

Sistema convencional de acuerdo al esquema de Weaver-Hollis para bacilos Gram
Negativos no fermentadores.

Pruebas bésicas:

Prueba de oxidasa (tipibact diclorhidrato de N,N,N’,N’,-tetramentil-p-fenilendiamina 160
mcg/bbl) y por oxidasa Dry Slide DIFCO: Positiva dentro de los 60 segundos.
Desarrollo en agar McConkey (Bacto-McConkey DIFCO: Negativa
Motilidad directa: Negativa

Prueba de hidrélisis de esculina: Negativa

Pruebas de oxidacién/fermentacién Hugh y Leifson (Merk):

Glucosa: oxidacion positiva/fermentacién negativa

Lactosa: oxidacioén negativa/fermentacién negativa

Sacarosa: oxidaci6n positiva/fermentacién negativa

Xilosa: oxidacién negativa/fermentacién negativa

Pruebas secundarias:

Prueba de catalasa: Positiva

Prueba de citrato de Simmons: Negativa

Prueba de indol: Positiva

TSI, slant 4cido: Positiva

TSI, fondo acido: Negativa
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Sistema de identificacién microbiolégica VITEK

Dp 300: Negativa Rafinosa (RAF): Negativa
Glucosa (oxidacién) (OFG): Positiva Sorbitol (SOR): Negativa
Control de crecimiento (GC): Positiva Sacarosa (SAC): Positiva
Acetamida (ACE): Negativa Inositol (INO): Negativa
Esculina Hidrélisis (ESC): Negativa Adonitol (ADO): Negativa
Plan Indican (PLI): Negativa P-Coumarico (COU): Negativa
Urea Hidrdlisis (URE): Negativa Produccién de H,S : Negativa
Citrato (CIT): Negativa ONPG: Negativa

Malonato (MAL): Negativa Ramanosa (RHA): Negativa
Triptofano (TDA): Negativa Arabinosa (ARA): Negativa
Polimixina B (PXB): Negativa Fermentacion de glucosa: Negativa
Lactosa (LAC): Negativa Arginina (ARG): Negativa
Maltosa (MAL): Positiva Ornitina (ORN): Negativa
Manitol (MAN): Negativa Oxidasa (OXI): Positiva
Xilosa (XIL): Negativa Susceptibilidad a nobomicina
Cepa No.2

Bacilos Gram negativos cortos (cocobacilos), predominante en pares y cadenas cortas, no
forman esporas. Para el algoritmo de Pickett la cepa se encuentra en el grupo oxidasa
negativa; dentro del esquema de Weaver-Hollis se encuentra en el grupo oxidador de

glucosa, McConkey positivo.

Esquema de PICKETT:

Caracteristicas primarias:
Desarrollo en agar McConkey (Bacto-McConkey DIFCO: Positiva
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Prueba de oxidasa (tipibact diclorhidrato de N,N,N’,N’,-tetramentil-p-fenilendiamina 160
mcg/bbl) y por oxidasa Dry Slide DIFCO: Negativa dentro de los 60 segundos.

Medio movilidad-nitrato: Negativa

Caracteristicas secundarias:

Pruebas de oxidacién/fermentacién Hugh y Leifson (Merk):

Glucosa: oxidacién positiva/fermentacion negativa

Lactosa: oxidacién positiva/fermentacién negativa

Xilosa: oxidacién negativa/fermentacién negativa

Sacarosa: oxidacién positiva/fermentacién negativa

Manitol: oxidacion negativa/fermentacion negativa

Maltosa: oxidacion negativa/fermentacién negativa

Sistema convencional de acuerdo al esquema de Weaver-Hollis:

Pruebas basicas:

Prueba de oxidasa (tipibact diclorhidrato de N,N,N’,N’,-tetramentil-p-fenilendiamina 160
mcg/bbl) y por oxidasa Dry Slide DIFCO: Negativa dentro de los 60 segundos.
Desarrollo en agar McConkey (Bacto-McConkey DIFCO: Positiva

Motilidad directa: Negativa

Prueba de hidrélisis de esculina: Negativa

Pruebas de oxidacién/fermentacién Hugh y Leifson (Merk):

Glucosa: oxidacién positiva/fermentacién negativa

Lactosa: oxidacion débil positiva/fermentacién negativa

Sacarosa: oxidacion positiva/fermentacién negativa

Xilosa: oxidacion negativa/fermentacién negativa

Pruebas secundarias:

Prueba de catalasa: Positiva

Prueba de citrato de Simmons: Negativa

Prueba de indol: Positiva

TSI, tubo inclinado 4cido: Positiva

TSI, fondo 4cido: Negativa
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Sistema de identificacion microbiologica VITEK

1. Dp 300: Negativa 16. Rafinosa (RAF): Negativa

2. Glucosa (oxidacién) (OFG): Positiva 17. Sorbitol (SOR): Negativa

3. Control de crecimiento (GC): Positiva | 18. Sacarosa (SAC): Positiva

4. Acetamida (ACE): Negativa 19. Inositol (INO): Negativa

5. Esculina Hidrélisis (ESC): Negativa 20. Adonitol (ADO): Negativa

6. Plan Indican (PLI): Negativa 21, P-Cumirico (COU): Negativa
7. Urea Hidrélisis (URE): Negativa 22. Produccion de H,S : Negativa
8. Citrato (CIT): Negativa 23. ONPG: Positiva

9. Malonato (MAL): Negativa 24, Ramanosa (RHA): Negativa
10. Triptofano (TDA): Negativa 25. Arabinosa (ARA): Negativa
11. Polimixina B (PXB): Negativa 26. Fermentacién de glucosa: Negativa
12. Lactosa (LAC): Positiva 27. Arginina (ARG): Negativa
13. Maltosa (MAL): Negativa 28. Ornitina (ORN): Negativa

14. Manitol (MAN): Negativa 29. Oxidasa (OXI): Positiva

15. Xilosa (XIL): Negativa Resistente a penicilina

Cepa No.3

Cocobacilos y bacilos Gram negativos fermentadores, no forman esporas, facultativos,
cdpsula variable, catalasa positiva, reduccién de nitrito variable y movilidad negativa.
Pruebas para bacilos Gram negativos para fermentadores:

TSI: K/A 24 horas: Sin produccién de gas

Produccion de H,S: Negativa

Lisina descarboxilasa (LIA): Positiva

Citrato de Simmons: Negativa

MIO (Movilidad-Produccién de indol Ornitina descarboxilasa): Positivo-Negativo-

Positivo.
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Rojo de metilo: Positivo

Malonato: Negativo

Fermentacion de glucosa: Positivo
Fermentacion de xilosa: Positivo
Fermentacion de sacarosa: Positivo
Fermentacion de maltosa: Positivo
Fermentacién de lactosa: Positivo lento
ONPG : Positivo

Cepa No.4

Cocobacilos Gram negativos fermentadores, no forman esporas, facultativos, catalasa
positiva, nitrato positiva y movilidad negativa.

TSI: K/A 24 horas: Sin produccién de gas

Produccion de H,S: Negativa

Lisina descarboxilasa (LIA): Positiva

Citrato de Simmons: Negativa

MIO (Movilidad-Produccién de indol Omitina descarboxilasa): Positivo-Negativo-
Positivo.

Rojo de metilo: Positivo

Malonato: Negativo

Fermentacién de glucosa: Positivo

Fermentacion de xilosa: Positivo

Fermentacion de sacarosa: Positivo

Fermentacion de maltosa: Positivo

Fermentacion de lactosa: Positivo lento

ONPG: Positivo

Cepa No.5
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Cocobacilos y bacilos rectos gram negativos fermentadores, no forman esporas, catalasa

positiva, oxidasa positiva, movilidad positiva, reduce los nitratos.

TSI: A/A 24 horas: Sin produccién de gas.
Produccién de H,S: Negativa
Lisina descarboxilasa (LIA): Positiva

Citrato de Simmons: Negativa

MIO (Movilidad-Indol produccién_Ornitina descarboxilasa): Positivo-Negativo-Negativo.

Rojo de metilo: Positivo
Malonato: Negativo

Fermentacion de glucosa: Positivo
Fermentacién de xilosa: Positivo
Fermentacién de sacarosa: Positivo
Fermentacion de maltosa: Positivo
Fermentacion de lactosa: Positivo

ONPG: Positivo
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APENDICE II

Identificacién de hongos.

En hongos, los principales criterios utilizados en su identificacién fueron:
Morfologia de las hifas (septadas o no septadas).
Apariencia del micelio (transparente, obscuro, coloreado o incoloro).
Presencia de esporas.
Tipo de esporas (oosporas, zigosporas o ascosporas).
Esporas sexuales: esporangiosporas, conidios, o artrosporas (oidios).
Caracteristicas de la cabeza esporal: tamafio, color, forma.
Cabezales esporales que poseen conidios: conidios simples, cadenas de conidios, conidios
gemantes, o acumulos de conidios; forma y disposicién de los esterigmas o fislides;
conidios unidos entre si por una sustancia gomosa.
Aspecto de los esporangiéforos o conidiéforos: simples o ramificados, si son ramificados,
tipo de ramificacién; tamafio y forma de la columela existente en el extremo del
esporangiéforo; conidiéforos separados o formando haces.
Existencia de estructuras especializadas: estolones, rizoides, células basales, apdfisis,
clamidosporas, esclerocios, etc.

Para llevar a cabo este anélisis, macro y microsc6pico, existen varios métodos que
comunmente son utilizados, de ellos sobresale la técnica de microcultivo en portaobjeto.
Esta técnica permite una identificacién casi exacta de hongos, asi como también resulta ser

muy conveniente cuando se desean realizar preparados permanentes para futuros estudios.
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APENDICE III.

Para poder evaluar los disefios de mezclas propuestos es necesario realizar una
esterilizacién previa del substrato sobre el cual se tendra la actividad microbiana a fin de
evaluar, por un lado, la flora como componente puro o mezcla que se adiciona sobre el
substrato y por otro lado, que el método de esterilizacién empleado no provoque cambios
indeseables en cuanto a la composicién del substrato. Para ambos debe de contarse con

valores de referencia o testigos que permitan realizar la comparacion.
Anilisis de flor fresca de cempoalxochitl

Los resultados del analisis de las muestras secas obtenidas de flor fresca de
cempoalxochitl muestran que la concentracién de xantofilas totales que pueden ser
extraidas es de 7.84 gramos por kilogramo de harina (método AOAC 970.64) y el
rendimiento de la extraccidn con hexano es de 29.73 gramos de oleorresina por kilogramo
de harina, el producto de la extraccion (oleorresina) se somete a andlisis por HPLC para
determinar la concentracién de sus componentes principales obteniéndose el perfil

mostrado en la tabla y la figura siguiente.

Perfil de componentes presentes en las xantofilas totales obtenidos después de la extraccion

con hexano para muestra sin tratamiento.

Pico Tiempo (min) Concentracion (%) | Componente

1 2.214 0.4411 o-caroteno

2 3.874 0.4941 B-criptoxantina

3 7.927 85.5863 Trans-luteina

4 8.829 4.5358 Trans-zeaxantina
5 10.272 2.0331 Cis-luteina-E

6 11.900 1.3303 Neoxantina

7 13.342 2.9574 No identificado

8 17.722 2.9574 No identificado
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7.927

12.342

8.829

>17. 722 17 883

2.214
3.874
10.272
11.900
12.783
13.617
14.412

Cromatograma de HPLC del extracto de harina de flor de cempoalxochitl fresca.

El principal componente de la oleorresina obtenida de flor de cempoalxochitl es
trans-luteina que se encuentra en un 85.5863% y trans-zeaxantina que se encuentra en un
4.5358% valores son similares con los publicados Quackenbush y Miller (1972); Gregory y
Chen. (1986); Rivas (1989). Estos valores seran utilizados como referencia para determinar
la factibilidad del proceso de esterilizacién, siempre y cuando los analisis muestren la

formacién de componentes no deseables total o parcialmente.
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APENDICE 1V

Estrategia de optimizacién experimental; Metodologia de Superficie de

Respuesta.

El procedimiento inicial para optimizar un proceso consiste en seleccionar un
esquema experimental, el cual podria ser un disefio 2% 3% una fraccién de estos o un
disefio de mezclas. La seleccién depende de los objetivos. Con la informacién que se

obtiene al realizar los ensayos experimentales del disefio seleccionado, se ajusta un modelo

. . ’ Ya . n A k A
lineal de primer orden usando el método de minimos cuadrados [ y = ¢ + .o, x; ]- Se prueba

la hipétesis de falta de ajuste, si esta resulta significativa entonces se plantea en esta regién
un esquema experimental con caracteristicas rotables y ortogonales que permitan la
construccioén de modelos de segundo orden que tiene términos cuadraticos y de interaccion.
En el caso de que la prueba de ajuste resulte no significativa, el modelo de primer orden se
utiliza para describir una trayectoria de cambio en la variable dependiente. El algoritmo
consiste en elegir un tamafio de incremento en una de las variables independientes, [Ax; ],

A

e incrementar la otras variables en funcion de la elegida [Ax; = % i=1,2,...k; i#j ].
ai
/AXi

; . . . A
Loa valores obtenidos (codificados) son convertidos a variables naturales [A x; =—§—‘]. Se

realizan los ensayos experimentales con relacidn a la trayectoria establecida hasta observar
un cambio en la tendencia de resultados (camino de la etapa ascendente o descendente). En
este punto se plantea un nuevo esquema experimental tomando como centro de la regién
experimental la combinaciéon de las variables que mostr6 el cambio de la variable
dependiente. El procedimiento descrito se realiza hasta observar una falta de ajuste del
modelo lineal de primer orden, dando paso a modelos de segundo orden e indicando la

cercania del 6ptimo. La localizacién del optimo, si existe, sera el conjunto de x;, X»,...Xx, tal

que las derivadas parciales [a; =0y, = 6;/6x2 = =a}/axk =0 ]. Dicho punto es el punto

estacionario u 6ptimo relativo.
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APENDICE V.

Algoritmo de minimos cuadrados para la construccién de modelos matemdticos a

partir de esquemas experimentales.

Minimos cuadrados incluye en el algoritmo:

La matriz del disefio [X]
El vector de respuesta [Y]

Los regresores que incluira el modelo propuesto [B]

Algoritmo:

Definir el disefio experimental en forma de matriz. Debe tener tantas columnas

como regresores incluya el modelo.

Obtener la transpuesta de la matriz: [X°].

Obtener el producto X**X : [X’X]

Obtener la inversa del producto X**X: [X’X]™

Obtener el producto de la transpuesta [X’] por el vector [Y]

Estimar los regresores de acuerdo a p = (X’X)'X’Y
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APENDICE VI.

Algoritmo para la solucién de un sistema no lineal de n ecuaciones y » incégnitas por
el método de Newton-Raphson multivariable.

Newton-Raphson incluye en el algoritmo:

e Jacobiano [AX]

e Vector de términos independientes [-fj]

e Nuevas aproximaciones a la solucién [x,n]
Algoritmo:

e Las ecuaciones quedan de la siguiente manera:

_f __a_‘fi gf.l_ a‘fi Ax + ...+ 2L afi Axn
ox, ax2 ax3 .,

i -Lops Do aszx s Zon
1 ax2 axél n

-1 =Qf3—Ax1 +2fiAx2 +inAx3 +...+—%—Ax,,
axl axZ axél axn

-f —af” f 7, Ax3+...+—alex,,
1 axZ axél axn

e El cual se resuelve para AX;, AX;, AXs, ... , AX, requiriéndose entonces utilizar
cualquiera de las técnicas para la resolucién de matriz aumentada (factorizacién LU,

Gauss-Jordan, entre otras) con la forma:

A A

% 9% 9% % _,
% % % | _p

=/

e Donde tanto la matriz de derivadas parciales (jacobiana) como el vector de términos
independientes (-f;) se evaltan en los puntos i-ésimos, es decir, se inicia un proceso

iterativo con un vector propuesto.
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Posteriormente se procede a calcular las nuevas aproximaciones a la solucién x;y ,
XN 5 X3N 5 ..., XN de la expresion x,n = AX,, + X,

Se vuelve a resolver la matriz aumentada con este nuevo vector hasta que el error de

las soluciones X, sea minimo.
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A Statistically Based Strategy for Obtaining
Equilibrium Data in Xanthophylls Lixiviation

J.L. NAVARRETE-BOLANOS, H. JIMENEZ-ISLAS, R. RICO-MARTINEZ, J]. DOMINGUEZ-DOMINGUEZ, C. REGALADO-GONZALEZ

ABSTRACT: The design of many separation processes is often hindered by the lack of equilibrium data. In recent
years, statistically based experimental design has been successfully used to quantify relevant factors in many
biological and chemical processes. We illustrate the capabilities of one of these approaches in obtaining equilibrium
data for the design of lixiviation processes. The study case involves the lixiviation of marigold flower flour for
xanthophylls extraction using hexane in a multistage countercurrent system. The method leads to conditions that
allow the recovery of 95.3% of the pigment in seven stages.

Keywords: experimental strategy, modeling, marigold flower flour, lixiviation, equilibrium data.

Introduction

INCE PRE-COLUMBIAN TIMES THE MARIGOLD FLOWER

(Tagetes erecta) has played a central role in the Mexican
native ceremonies honoring the dead. It has also been tradi-
tionally used for the protection of crops and as a source of
color for cloths and foods such as butter and cheese (Mendie-
ta and Del Amos 1981; Cuca and Pro 1990). Furthermore, the
oleoresin pigment (xanthophylls) obtained from this flower is
used in the feed supplements for poultry to improve the color
of egg yolk, pigs, and fish to get their characteristic rose skin
tones. These colors are quality attributes of the products, and
certain levels of pigmentation are demanded by the consum-
er. The sales of these pigments surpass 150 million dollars per
year in the United States and 100 million dollars per year in
Europe (Taylor 1996; Cuca and Pro 1990). Several methods
have been reported to obtain xanthophyll extracts (Delgado-
Vargas and Paredes-Lépez 1997). The most used is the lixivia-
tion of marigold flower flour with hexane (Philip and Berry
1975; Britton 1991; Craft and Soares 1992). Commercial ex-
traction of xanthophylls (oleoresin) from marigold flower
(Tagetes erecta) involves the following stages: ensilage, press-
ing, drying, hexane extraction, and saponification. The main
challenge of the extraction stage is the design of processes al-
lowing mass transfer rates over and above what is possible
with a simple stage. These designs should allow the recovery
of high amounts of the products of interest without overde-
signing the separation equipment and without requiring addi-
tional purification and separation stages.

There are four major elements to be established in the
design of any process involving any diffusional operation:
the number of equilibrium stages or their equivalent, the
time of phase contact required, the permissible rate of flow,
and the energy requirements (Null 1980; Treybal 1987;
Geankoplis 1993).

In recent years, statistical methods have been used in
many fields to quantify the relevant factors in the processes
seeking to improve their efficiency (optimization). Among
these methods the experimental strategy and modeling has
been successfully used in biotechnology to optimize fermen-
tative processes (Saval and others 1993; Harker and others
1995; Smith and others 1997; Vazquez and Martin 1998; Ooij-
kaas and others 1999), in toxicology to carry out studies
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about the specific interaction between mixtures of chemical
components (El-Masri and others 1997) and locate contami-
nant point sources (Dona 1997), in food conservation to re-
duce spore germination of molds (El-Halouat and Debevere
1997), and in assessing quality in processed foods (Park and
others 1996). However, and in spite of the success obtained
in these directions, the experimental design has had a limited
application in other areas such as in improving the efficiency
and design of separation processes.

Aiming to increase the efficiency of the conventional
methods for extraction with solvents, the present study pro-
poses the experimental design and statistical modeling as
tools to obtain equilibrium data in lixiviation operations. Our
goal is to select the appropriate extraction conditions to
maximize the xanthophylls extracted from marigold flowers,
and extend the reach of the design by using these conditions
in a multistage countercurrent operation.

Materials and Methods

Flour: solid to leach

The biological material used in the experimental work was
marigold flower flour (Tagetes erecta), with an average parti-
cle size of 0.372 millimeters and humidity content of 10%
from Industries ALCOSA S.A de C.V,, Guanajuato, Mexico.
Flour from a single batch was used for all experiments. Both
flour and oleoresin analyses to determine the concentration
of total xanthophylls present were performed according to
the AOAC 970.64 (1984) method.

Extraction of total xanthophylls

The extractions were carried out in batch processes using
analytical grade hexane (J.T. Baker) under conditions based
on the experimental design. When the extraction was con-
cluded, the liquid phase was separated by centrifugation at
6000 min-! (Hermle Z383 K) and concentrated in a Biichi ro-
tary evaporator (Model RE-111) operating at 35 °C and 50
rpm. The resulting concentrate (oleoresin) was analyzed by
spectrophotometry using a Perkin-Elmer spectrophotometer
(Model Lambda 20) to determine the xanthophylls concen-
tration (AOAC 970.64 1984) and the main components profile
was obtained by high performance liquid chromatography
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(Gregory and Chen 1986; Delgado-Vargas and Paredes-L6pez
1996). The leached solid was also analyzed to determine the
xanthophylls concentration (AOAC 970.64 1984), and the vol-
ume of retained solvent was determined by the difference of
weights on an OHAUS digital analytical scale (Explorer, preci-
sion *+0.0001 g).

High-Performance Liquid Chromatography (HPLC)

The equipment used for HPLC was a Varian Chromato-
graph Model 9050 equipped with a quaternary pump sol-
vent delivery and degassing system, autosampler, and diode
array detector. Samples consisting of 100 microliters of sa-
ponified pigment were injected. The analysis of carotenoids
was performed using a silica OH column (SGE BPX5 from
SGE International). The solvent elution was operated with a
flow of 1.0 ml/min of a mixture containing 82.5% hexane,
1.5% isopropanol, and 14% acetone. The separation was
performed at room temperature. The pigments were moni-
tored with a 474 nm detector, time resolution 1 s, and 2 nm
wavelength resolution. Peaks on chromatogram were iden-
tified by comparing their retention times. In order to obtain
to the components profile the relative percentages of
HPLC, chromatogram areas were used.

Experimental design .

As we indicated previously, the design of processes based
on diffusional forces requires one to establish the contact
time, number of equilibrium stages, permissible flow rate,
and energy requirements. These design constraints translate,
for our purposes, in the determination of the relevance of 4
factors: (A) flour sample weight, (B) solvent volume, (C) ex-
traction temperature, and (D) extraction time). The first 2
are related to the permissible flow rate, the 3rd relates di-
rectly to the contact time, and the 4th defines (indirectly) the
energy requirements. We performed a factorial fractional ex-
perimental design (divided in half) for two levels of each fac-

{ tor (A: 1.0 and 2.0 g, B: 100 and 200 ml, C: 30 and 40 °C., D:

5.0 and 10.0 min.). Such design generates a factorial design
241, The design should serve to identify those factors (if any)
that have large, little, or no effect on the response. Three addi-
tional experimental tests corresponding to the mean levels of
the factors were included in order to partly account for the
nonadjustable data, and allow us to calculate and estimate the
prediction error of the statistical model. The adequacy of the
model, obtained by least squares regression, can be checked
by comparing the average response at the points in the facto-
rial fractional portion of the design with the average response
at the center points. The 11 experiments with the coded levels
(—1 for the lower level, +1 for the upper level, and 0 for the
mean value) are shown in Table 1.

Statistical analysis

We used ANOVA procedures with probability distribution
values in the analysis of data (Statgraphics plus V 2.1 software,
Manulogistics, Inc. Rockville, Md., U.S.A.). We analyzed the
effects of the principal factors in the maximization of the yield
of the oleoresin extraction. Data analysis using least squares
allows us to construct a model that describes the relationship
between the factors and the yield.

Multistage countercurrent operation; Shanks system
An efficient extraction of the pigment can only be
achieved using multiple contact operations. We examine the
validity of the results obtained by the experimental design on
a countercurrent Shanks system. The scheme is equivalent to
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Table 1—Results of the total xanthophyll extractions for
each experiment.

Run A B C D Xanthophyll
No. Concentrations?
1 -1 +1 -1 +1 60.80
2 -1 -1 +1 +1 53.12
3 0 0 0 0 76.52
4 +1 -1 +1 -1 88.54
5 0 0 0 0 79.68
6 +1 +1 +1 +1 97.39
7 +1 -1 ~1 +1 125.22
8 +1 +1 -1 -1 55.65
9 -1 -1 -1 -1 43.64
10 -1 +1 +1 -1 36.26
11 0 0 0 0 76.52

a grams of xanthophyll/kilogram of oleoresin

the batch simulation of a multistage countercurrent opera-
tion, where the solution to be withdrawn is in contact with
the freshest solid, and the fresh solvent is added to the solid
from which most of the solute has already been leached (Fig-
ure 1). The system can, of course, be operated with any
number of stages. Its purpose is to increase the mass trans-
fer over and above what is possible with a single stage and
obtain higher concentrations on the final product.

Results and Discussion
E RESULTS OF THE EXPERIMENTS GENERATED FROM THE
2#1 design are expressed as a function of the total ex-
traction of xanthophylls (response variable), as it is shown in
the last column of Table 1.

Statistical analysis of the process

Our main goal is to detect which factors have an impor-
tant effect in increasing the yield of the xanthophylls ex-
traction. Variance analysis is an appropriate procedure for
this purpose; the results show (for a confidence interval of
0.05) that the main factors A and D are significant and, to a
smaller degree, the factor B and the interaction AB+CD
(see Table 2). Using Yates’ algorithm (Montgomery 1997), we
examined these observations and confirmed that the vari-
able C (temperature) is not significant in determining the
yield of the extraction within the range explored in our ex-
periments. Consequently, we set this variable constant to its
mean level for the remaining essays.

Regression model

With the information generated by the experiments, it is
possible to describe the relationship that exists among the
significant factor A, B, and D by fitting a regression-based
model. The model was developed with the information

Leaching solvent Strong leached solution

RONOUNCNOX

Leached solid Solid to be leached

Figure 1—Schematic representation of a muitistage coun-
tercurrent operation (Shanks system)
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Table 2-Varlance analysis for the 24 design.

Source variation S.S. D.F. P.V.
Main Effects

Factor A: weight flower 3740.26 1 0.0026
Factor B: hexane volume 456.322 1 0.0473
Factor C: temperature 12.5 1 0.6275
Factor D: time 1580.34 1 0.0090
AB + CD 465.43 1 0.0462
AC + BD 50.6018 1 0.3578
AD + BC 246.42 1 0.0967
Total error 129.248 3

Total 6681.248 10

R2 = 98.1; standard error = 6.56374
S.lS.: Sum of squares; D.F.: Degrees of freedom; P.V.: Probability distribution
values.

Table 3—Model extrapolation

Flower (A) Hexane (B) Time (D)
Xanthophyll
(grams) (ml) (min) concentrations®
1.5 150.0 75 71.635
2.2290 115.955 10.0 137.723
3.0096 72.5151 12.5 244.201
3.9439 22.7293 15.0 312.083

b grams of xanthophyll / kilogram of oleoresin

shown in Table 1 using the transformation X; = (factor value
- mean value)/ 0.5 (factor range). For this case, the regres-
sion model obtained using least squares is the following:

[xanthophylls concentration] =
—8.32 + 55.71A + 0.16B —4.06D —0.31AB +4.44AD

Here, the variables are specified in their original units.
The standard error of the model is 5.95 and the correlation
coefficient (R2) is 0.98

When this equation is evaluated, one obtains the results
shown in Table 3. The extrapolation suggests that better ex-
traction results can be obtained for 12.5 and 15 minutes of
extraction time and flour to hexane ratios of 1:55.5 and 1:6.
For each of these two groups, we set an extraction battery
according to the countercurrent Shanks system (Figure 1) in
seven stages operating until it reaches the steady state (Trey-
bal 1987). At the end, the liquid phase (extract) from each
stage was separated to be analyzed. The extract consists of a
mixture of hexane, recovered xanthophylls, and fatty acids.
The solid phase (leached flour) was also separated for analy-
sis. It consists of a mixture of hexane, unrecovered xantho-
phylls, and flower flour. The extracts were concentrated on a
rotary evaporator eliminating hexane until an oleoresin-type
sample was obtained and the solvent was removed from the
leached solids. The analysis of the phases of both sets of data
[set 1:flour to hexane ratio 1:55.5 (w/v) and 12.5 minutes of
residence time; set 2:flour to hexane ratio 1:6 (w/v) and 15
minutes of residence time] showed similar values of xantho-
phyll vields (see Table 4). However, the smaller amount of
solvent used for the second set, with savings of about 89.2%
of solvent with respect to the first set, makes more conve-
nient this second group of operating values. The liquid phase
of the last stage (Stage Nr 7) contains 95.3% of the original
amount of xanthophylls in the marigold flower flour. The un-
recovered xanthophylls quantified in the first stage repre-
sents about 2.04% of the total xanthophylls present in the
flour. The mass balances applied to the system indicate that a

Table 4—Dlstribution of xanthophylls in each stage of the
seven stage Shanks system for the first and the second
set of proposed operating conditions.

Stage No. X, Y, X, Y,
1 2.2 0.5 2.1 2.3
2 2.3 0.6 4.3 8.5
3 2.8 0.8 12.8 29.9
4 3.1 1.2 34.7 43.4
5 3.7 2.1 48.4 59.8
6 8.2 2.2 64.4 81.6
7 23.6 95.8 86.4 95.3

X4 and X3 = total xanthophylls percentage in solid phase in first set and
second set respectively
Y4 and Y3 = total xanthophylis percentage in liquid phase in first set and
second set respectively

loss of 2.66% of the total xanthophylls exists, due in part to
the product deposited in the laboratory equipment.

Analysis of the oleoresin with High Performance
Liquid Chromatograph (HPLC)

The extracted oleoresin was analyzed by HPLC to deter-
mine the concentration of the main components. The result-
ing chromatogram is shown in Figure 2. The main compo-
nents are lutein (84.7%) and zeaxanthin (4.5%). These results
compare favorably with those reported by Quackenbush and
Miller (1972), which indicate a total content of lutein of 88%.

6111

Iutein

;"‘7.524 zeaxanthin

g & E%2g =
srEEWAAZE:S =
Retention time (min)

Figure 2—Chromatograph for the saponified oleoresin ob-
tained as final product from the multistage countercurrent
operation
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The difference observed can be attributed to uncontrolled
variables such as the variety and degree of maturity of the
flower and the quantification method (Valadon and Mum-
mery 1967; Alam and others 1968; Gregory and Chen 1986).

Based on the second set of operating values [1:6 (w/v) flour
to hexane ratio] and keeping the temperature as constant (35
°C), we studied the simple-contact extraction kinetics to eval-
uate the change in total xanthophylls concentration in hexane
and to establish the time in which the maximum extraction is
achieved. The results shown in Figure 3 demonstrate that, at
15 minutes of extraction time, the maximum concentration of
xanthophylls in the liquid phase is achieved. After this time,
the concentration remains practically constant. This observa-
tion confirms that the values corresponding to the second set
[1: 6 (w/v) flour to hexane ratio and 15 minutes of residence
time] are the best choice for the extraction with hexane for
the experimental region examined.

Conclusions

WE HAVE ILLUSTRATED THE USE OF STRATEGIES BASED ON

experimental design as tools for prediction, optimiza-
tion, and design of the lixiviation process of marigold flower
flour by hexane. The technique allows us to estimate condi-
tions that lead to a maximum recovery of the lutein pig-
ments from the flower with a minimum amount of hexane.
The simple statistical tools used can be straightforwardly ex-
tended in the study of other types of systems to design the
separation stages of valuable substrates from complex
sources. In this type of problem, the description of the distri-
bution of the substrate between immiscible phases is often
the challenge. Such challenge is often accentuated by the
lack of fundamental knowledge of the physicochemical phe-
nomena involved in the design of the separation process.
The statistical technique illustrated here could allow one to
fit an empirical model to assist the design of such separation
operations.

Although in our illustration we rely on the extrapolation
properties of a preliminary model, this is not always possible.
In the cases for which extrapolation fails, the preliminary
model is only used to discard irrelevant variables and to pro-
pose a second experimental design around the predicted
zone of maximum vyields. In this manner, the statistical sig-

0.05
0.04
0.03

§
§ 0.02
:

0.01

0 T T r
0 10 20 30 40 50
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T

Figure 3—Extraction rate of xanthophylis In hexane corre-
sponding to the following extraction conditions: 1: 6 (w/v)
flour to hexane ratlo, 15 minutes residence time and tem-
perature at 35 °C.
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nificance of the predictions becomes more robust.
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Abstract:

The design of many separation processes is often hindered by
the lack of distribution data between two immiscible phases.
Inappropriate or partial designs result in inefficiencies that
translate into poor recovery of the products, overdesigned
separation equipment, or additional purification and separation
stages. In recent years, statistically based experimental design
has been successfully used to quantify relevant factors in many
biological and chemical processes. In this study, we illustrate
the capabilities of one of these approaches, the response surface
methodology (RSM) for the optimization of lixiviation processes
of marigold flower flour for xanthophyll extraction (oleoresin)
using hexane. The method leads to conditions for the maximum
recovery of the pigment, allowing the determination of the
optimal residence time (14.7 min) and flour-to-solvent ratio (1:
5) at 35 °C, These values can be used in the lixiviation process
in any operation mode, In this study, we illustrate the use of a
countercurrent process that allows recovery of 97.5% of the
oleoresin.

introduction

The most efficient way to produce many chemical
products is to extract them from natural sources. The
challenge faced by scientists and engineers is then to develop
the separation methods necessary to isolate and purify such
products. The separation processes most commonly used in
the Biochemical and Chemical industries can be divided into
physical, equilibrium-controlled, and rate-controlled separa-
tions. While, in general, clear guidelines to select the most
appropriate type of process and identify the relevant operating
parameters for a given separation are available, the design
of the separation process is often hindered by the lack of
accurate distribution data. A good prediction of the equilib-
rium for a given system may allow the recovery of high
proportion of the main products, avoiding inappropriate or
partial design of the separation train. On the other hand,
inaccurate data may result in inefficiencies that translate into
poor recovery of the products, overdesigned separations
equipment, or additional purification and separations stages.
In some cases, the cost of the final product may be doubled
because of deficiencies in the separation stages, and one may
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face recoveries that barely reach 50% of the main product
in the original raw materials.

For complex systems, such as the ones formed by
substrates directly obtained from natural sources, predicting
the distribution of a substance between two immiscible, or
partially immiscible phases, is not an easy task. The current
engineering practice relies mainly in experimental measure-
ments of the distribution data. However, the inherent
nonlinear (nonideal) behavior of such systems often brings
about the need for a large number of experiments to achieve
reasonable inter- and extrapolations of the experimental data
distribution. Under these circumstances, it is desirable to take
advantage of experimental strategies based on statistical
techniques to minimize the number of experiments required
to achieve an accurate description of the equilibrium between
phases. Moreover, if these techniques can be used to predict
the conditions of maximum recovery, the data thus gathered
will be more accurate, precisely for the more relevant
experimental conditions. One of such strategies is the
response surface methodology (RSM). This methodology
comprises a group of statistical techniques for empirical
model building and model exploitation. The RSM seeks, via
a careful design and analysis of experiments, to relate a
response, or output variable, to the levels of a number of
parameters, or input variables, that affect such response. The
RSM has been used in many fields to improve the efficiency
of many processes and optimize design variables.!™® How-
ever, and despite the success obtained for these applications,
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the RSM has had limited application in other areas, such as
in improving the efficiency and design of separation pro-
cesses. In this contribution, we illustrate the application of
the RSM in the design of separation processes using as the
model system a colorant extraction from natural sources. The
design goal is to establish the optimum value of the operating
variables that could be used in the most common modes of
the separation equipment operation: batch and continuous,
concurrent and countercurrent contacting. In previous work!®
we described a statistically based strategy seeking to achieve
the design goal from a single experimental design. Such an
approach may prove to be inaccurate and to lack robustness
since it is based on extrapolations of a fitted model. In this
contribution, we proposed a refinement of this original
approach, consisting of two-tier strategy. The initial experi-
mental strategy is used to construct a low-order model that
predicts the region of maximum yield. Using this prediction
we devise a second experimental design that, statistically,
allows a higher-order (and thus more accurate) description
of the separation process. The robustness of the obtained
result is examined by looking at the agreement between the
two approximations. For our model system, the separation
process involves the lixiviation (extraction via dissolution
in a liquid solvent) of marigold flower flour with hexane.!~13
The oleoresin pigment (xanthophylls) obtained from this
extraction process is used commercially as an additive to
poultry feed. In addition, some xanthophylls had demon-
strated properties as cancer prevention agents, ligament repair
in muscular tissue, aid in enzyme transport, and a prevention
agent for age-related macular degeneration.!*!5 These proper-
ties have sparked a renewed interest to develop and improve
the xanthophylls’ extraction methods to increase yield
extraction.

Materials and Methods

Flour: Solid to Leach. The material used in the
experiments was marigold flower flour (ZTagetes erecta) with
an average particle size of 0.372 mm and humidity content
of 10% from Industries ALCOSA S.A de C. V., Guanajuato,
Mexico. Flour from a single batch was used for all experi-
ments. Both flour and oleoresin analyses to determine the
total concentration of xanthophylls present in the samples

(9) Ooijkaas, L. P.; Wilkinson, E. C.; Tramper, J.; Buitelaar, M. R. Medium
optimization for spore production of Coniothyrium minitans using statisti-
cally based experimental designs. Biotechnol. Bioeng. 1999, 64, 92—~100.
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Dominguez, J.; Regalado-Gonzilez, C. A statistically based strategy for
obtaining equilibrium data in xanthophylls lixiviation. J. Food Sci. 2001,
66, 1143—1146.

(11) Philip, T.; Berry, J. W. A process for the purification of lutein-fatty from
marigold petals. J. Food Sci. 1975, 41, 163—165.
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were performed according to the AOAC 970.64 (1984)
method.!é All experiments were replicated.

Extraction and Quantification of Total Xanthophyll.
The extractions were carried out in batch processes using
analytical grade hexane (J. T. Baker) under conditions based
in an experimental design. When the extraction was con-
cluded, both phases (light and heavy) were separated.!? The
light phase (liquid) was concentrated and analyzed to
determine the xanthophylls concentration® and the main
components profile was obtained by high performance liquid
chromatography.!” The heavy phase (solid) was desolven-
tized, and the retained solvent volume was determined by
difference of weights on an OHAUS digital analytical scale
(Explorer, precision £0.0001 g). Solid free solvent was also
analyzed to determine the xanthophylls concentration.'6

Experimental Design

There are four major elements to be established in the
design of processes based on diffusional forces: the number
of equilibrium stages or their equivalent, the time of phase
contact required, the permissible rate of flow, and the energy
requirements.!”"'® These design constraints translate, for our
purposes, into the determination of the relevance of four
factors: (A) flour sample weight, (B) solvent volume, (C)
extraction temperature, and (D) extraction time. The first two
are related to the permissible flow rate, the fourth relates
directly to the contact time, and the third defines (indirectly)
the energy requirements. We performed a factorial fractional
experimental design (divided in half) for two levels of each
factor (A: 1.0 and 2.0 g, B: 100 and 200 mL, C: 30 and
40 °C., D: 5.0 and 10.0 min.), resulting in a 24! factorial
design. Under the fractional design one should add experi-
mental tests corresponding to the mean levels of the factors
to account for nonadjustable data and allow us to calculate
and estimate the prediction error of the statistical model. In
our case we added three additional experiments at these mean
levels. A fractional factorial design can be interpreted
graphically as depicted in Figure 1. The experimental points
are located at the corners and center of the cube in the lower
left corner. The points in the center correspond to the
experiments with the mean values of the factors. The coded
values of the factors for the 11 experiments (—1 for the lower
level, +1 for the upper level, and 0 for the mean value) are
shown in Table 1.

The results from this initial design are used as the basis
to predict the factor levels for which one will obtain the
largest response value. Using this prediction, we devised a
second experimental design to reach a more accurate
dependence of the response variable with respect to each
factor level. This complementary strategy takes the form of
a second-order composite design that has characteristics of
rotatability and orthogonality and results very efficiently in
the number of runs required. Similar experimental designs

(16) AOAC. Official Methods of Analysis, 14th ed.; Association of Official
Analytical Chemists: Washington, DC, 1984.

(17) Treybal, R. E. Mass-Transfer Operations, 3rd ed.; McGraw-Hill Inc.: New
York, 1987.

(18) Geankoplis, C. J. Process Transport and Unit Operations; 3rd ed.; Prentice-
Hall: New York, 1993.
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Figure 1. Graphical representation of the response surface
methodology. It includes the first factorial design, the extrapo-
lation given by the steepest ascent path, along with the factorial
design for the new search region (second order design).

Table 1. Coded levels for the 11 experiments generated by
the initial experimental design with their corresponding
response value (total xanthophyll extracted)

A B C D xanthophyll
run (flour) (solvent) (temperature) (time) concentrations®
1 -1 +1 ~1 +1 60.80
2 -1 -1 +1 +1 53.12
3 0 0 0 0 76.52
4 +1 -1 +1 -1 88.54
5 0 0 0 0 79.68
6 +1 +1 +1 +1 97.39
7 +1 -1 -1 +1 125.22
8 +1 +1 -1 -1 55.65
9 -1 -1 -1 -1 43.64
10 -1 +1 +1 -1 36.26
11 0 0 0 0 76.52

2 Grams of xanthophyll/kilogram of oleoresin.

were originally proposed by Box and Behnken in 1960.'°

Statistical Analysis. We used ANOVA procedures with
probability distribution values in the analysis of data (Stat-
graphics plus V 2.1 software). We analyzed the effects of
the principal factors in the maximization of the yield of the
oleoresin extraction. Data analysis using least-squares allows
us to construct a model that describes the relationship
between the factors and the yield.

Multistage Countercurrent Operation-Shanks System.
An efficient extraction of the pigment can only be achieved
using multiple contact operations. We examine the validity
of the results obtained by the RSM methodology on a
multistage countercurrent operation, where the solution to
be withdrawn is in contact with the freshest solid and the
fresh solvent is added to the solid from which most of the
solute has already been leached. The system can, of course,
be operated with any number of stages. Its purpose is to
increase the mass transfer over and above what is possible
with a single stage and obtain higher concentrations on the
final product.

(19) Montgomery, D. C. Design and Analysis of Experiments, 4th ed.; John
Wiley & Sons, Inc.: New York, 1997.

Table 2. Analysis of variance to the first-order model”

source variation S.S. D.V. P.V.
model 5776.77 3 0.002
residual 904.13 7
total 6680.90 10

@ R? = 86.467; standard error = 11.367. 8.S. = sum of squares; D.F. = degrees
of freedom; P.V. = probability distribution values.

Table 3. Points on the path of steepest ascent

coded conditions flower flour hexane time [X7]

nmn A B D (8) (m)) (min) g/kg
3511 0 0 0 1.5 150 7.5 7212
12 153 —068 1.0 226 1235 100 9293
13 312 —156 20  3.06 715 125 102.86
14 478 —257 3.0  3.89 20.65 150 12549

15 6.51 —3.68 4.0 471 —32.58 175 ---

Results and Discussion

The results of the experiments generated from the 24!
design are expressed as a function of the total extraction of
xanthophyll (response variable), as shown in the last column
of Table 1. The variance analysis show (for a confidence
interval of 0.05) that the main factors 4 and D are significant,
and in a smaller degree, the factor B and the interaction 4B
= CD.! Using Yates’ algorithm!? it can be shown that the
variable C (temperature) is not significant in determining
the yield of the extraction within the range explored in our
experiments. Consequently, we set this variable constant to
its mean level for the remaining essays. With this informa-
tion, it is possible to describe the relationship that exists
among the significant factors 4, B, and D by constructing a
regression-based polynomial model using least-squares. For
this case, the regression model obtained is the following:

[xanthophyll concentration] =
72.12 + 21.624 — 7.55B + 14.05D

Here, the variables are specified in their coded units. The
standard error of the model is 11.367, and the correlation
coefficient (R?) is 86.467. In this equation one implicitly
assumes that the dependence of the response variable with
respect to the factors is linear and that the effects of these
factors are additive. The analysis of variance (Table 2) shows
no reason to question the adequacy of these assumptions
under a statistical basis.

The results of this initial design are shown graphically in
Figure 1, along with the fitted first-order model. The model
can be tentatively accepted as a rough geometrical repre-
sentation of the underlying response function over the
experimental region explored thus far. Using this model, we
search for the region for which the xanthophyll extraction
will be maximized, following the path of steepest ascent,
perpendicular to the contour lines, indicated by triangles in
Figure 1. A convenient set of points of the steepest ascent
path is shown in Table 3. The proposed ascent path suggests
conditions (run 14 in Table 3) giving the best yield.
Additional points beyond run 14 will not be feasible because
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Figure 2. Plots of response for the operating variables analysis showing an optimum point.

Table 4. Box—Behnken design and data obtained from
experimental runs

A D xanthophyll
run (flour) (hexane) (time) concentrations®
1 -1 -1 0 114.98
2 -1 +1 0 118.84
3 +1 -1 0 134.18
4 +1 +1 0 138.68
5 -1 0 -1 113.7
6 -1 0 +1 119.7
7 +1 0 -1 130.2
8 +1 0 +1 121.7
9 0 -1 -1 111.74
10 0 -1 +1 112.82
11 0 +1 -1 128.76
12 0 +1 +1 132.76
13 0 0 0 135.74
14 0 0 0 133.98
15 0 0 0 137.8

2 Grams of xanthophyll/kilogram of oleoresin.

the solvent volume is reduced to zero (run 15). Graphs of
these results suggest that subsequent experiment should be
made in the neighborhood of run 14. In this point a new
(Box—Behnken) design was made (Table 4) using the levels
of the three remaining main variables suggested by the first
design and the steepest ascent path (4: 3 and 5 g, B: 16
and 26 mL, D: 12.5 and 17.5 min). Since one would expect
that the region described by these new experiments will
contain the optimum of the xanthophyll extraction, we set a
design that will allow us to describe the system via at least
a second-order model to achieve better accuracy.

[xanthophyll concentration] = 135.84 + 7.304 + 5.60B +
0.35D — 4.664> — 4.418* — 9.98D% — 0.0284B — 3.754D +
0.79BD

This description was once again obtained via least-squares
from the 15 experimental runs of the Box—Behnken design.
The model was also used to construct response plots (Figure
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2a, b, and c). These plots hint at the presence of a global
optimum, a set of operating conditions on the three variables,
that leads to maximum xanthophyll extraction. The location
of the optimum becomes a simple example of locating an
extremum for a multidimensional system via derivation of
the second-order model and solution of the resulting set of
linear equations:

a[xt

%f] =7.30 — (2)4.664 — 0.028B — 3.75D=0
afxt

—g—B-l = 5.60 — 0.0284 — (2)4.41B+ 0.79D =0
afxt

7[9-[71 =(0.35 —3.754 + 0.798B — (2)9.98D =0

The system solution shows the following result: 4 = 0.83,
B = 0.62, and D = —0.11 as optimum values for the
extraction. Using the transformation (X; = optimum factor
value [(factor upper bound — factor lower bound)/2] + mean
factor value) one obtains the decodified factor values. This
procedure indicates that the extraction should take place
allowing for 14.7 min residence time and handling a flour-
to-hexane ratio of 1:5 (see Figure 2 a, b, and ¢) to maximize
the pigment extraction. A verification run around these
conditions gives a response of 138.28 g/kg of xanthophyll
extracted which compares favorably against the predicted
model value of 140.58 g/kg.

Countercurrent Extraction. Using these conditions, we
set an extraction battery in countercurrent operation in nine
stages until the steady state was reached.!” At the end, the
liquid phase (extract) and the solid phase (leached flour) were
separated for analysis from each stage. The extract consists
of a mixture of hexane, recovered xanthophyll, and fatty
acids. The leached flour consists of a mixture of hexane,
unrecovered xanthophyll, and flower flour. The extracts were
concentrated on a rotary evaporator, eliminating hexane until
an oleoresin-type sample was obtained and the solvent was
removed from the leached solids. The analysis of the liquid-



Table 5. Distribution of xanthophyll in each stage for the
Shanks system®?

stage X Y
1 1.55 041
2 1.98 1.12
3 2.03 2.04
4 4.32 8.49
5 12.8 19.95
6 22,7 28.87
7 34.8 47.62
8 48.4 70.67
9 72.3 97.5

7X = total xanthophyll percentage in solid phase. ¥ = total xanthophyll
percentage in liquid phase.
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Figure 3. Chromatograph of HPLC for the saponified oleo-
resin obtained as final product from the multistage counter-
current operation.

phase concentrate of the last stage (stage 9) reveals that
97.5% of the original amount of xanthophyll contained in
the marigold flower flour is recovered (Table 5). The
unrecovered xanthophyll quantified in the first stage repre-
sents about 1.55% of the total xanthophyll present in the
flour. The mass balances applied to the system indicate a
loss of 0.95% of the total xanthophyll due in part to the
product deposited in the laboratory equipment.

Analysis of the Oleoresin with High Performance
Liquid Chromatography (HPLC). The extracted oleoresin,
obtained in the stage 9, was analyzed by HPLC to determine
the concentration of their main components. The resulting
profile is shown in Figure 3. The main components are lutein
(85.59%) and zeaxanthin (4.54%). They indicate that the
concentrations of the original components are conserved and
can be compared favorably with those reported previ-
ously, 1020

Predesign Xanthophyll Extraction Process. Our results
allow the predesign of a xanthophyll lixiviation plant for
processing marigold flowers flour. They indicate that with
the use of a countercurrent system with nine stages the
expected recovery is 97.5%. The system should be operated
with a 1:5 flour-to-hexane ratio, phase contact time of 14.7
min, and operation temperature of 35 °C. The conditions
cited are the basis to determine the equipment cross-sectional
area and energy requirements for operation. Such determina-
tions should take into account the stage efficiency and should
guarantee high recovery yields and absence of unwanted
changes in the final products.

Conclusions

The analysis presented here demonstrates the application
of RSM as a robust tool for optimization of the lixiviation
process of marigold flower flour. At the core of this work
lies the issue of selecting a set of basis points for the
construction of a regression-based model that reproduces the
dependence of the “response™ of the system with respect to
the operating variables. The RSM seeks to address this
problem by choosing points that lie in regions associated
with high probability. In our illustration, the high yield output
obtained shows good convergence and robustness properties.
Furthermore, different order approximations are obtained
from model outputs from different sampling points, and the
agreement between successive order approximations is a
strong indicator of a good fit. In our illustration, the
agreement in the order of magnitude and relevant factor
values predicted by the two successive models confirm that
the obtained conditions are nearly optimum in a statistical
sense. Alternatively, one could use a random choice of
experimental points from the entire set of possible experi-
mental conditions, which could lead to poor estimates of the
yields of the output values. The RSM, however, presents
some limitations. If the probability distributions of the inputs
exhibit strong discontinuities, the probability density esti-
mates using RSM are likely not to converge.

The RSM is, in general, useful to address uncertainty
analysis of complicated models in many engineering fields.
It represents a potentially valuable alternative to the currently
prevalent methods of uncertainty analysis that are compu-
tationally prohibitive for complex systems.

The use of regression models based on experimental data
to describe physicochemical phenomena should be examined
carefully. The resulting models could be inaccurate because
of experimental errors and a poor selection of “relevant
factors” and their operation values. Under these circum-
stances, the prediction of “optimal” conditions via extrapola-
tion of the models should always be tested. The use of RMS
strategy illustrated here provides an alternative to overcome
these concerns.

The two-tier strategy illustrated here leads to improved
extraction conditions that require 16% less solvent and results
in 2% higher purity of the recovered pigment with respect

(20) Quackenbush, F. W.; Miller, S. L. Composition and analysis of the
carotenoids in marigold petals. J. Assoc. Off- Agric. Chem. 1972, 55, 617—
621.
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to the cases for which only a single experimental design is
used.!® While these improvements may appear small, they
can be important in determining the economical feasibility
of the process.

When the amount of solvent per unit of feed is fixed, the
number of stages required decreases as solvent rate or
solvent-to-solid ratio increases. Since the capacity of the
equipment for handling the larger liquid flow must at the
same time increase, the cost of equipment must then pass
through a minimum. The extracts solutions become more
dilute as solvent rate is increased; consequently, the cost of
solvent removed increases. The total cost, which is the sum
of fixed and operation costs, reaches a minimum at the
optimum value of the operation variables.

The response surface methodology is mainly applied to
laboratory or pilot-plant operations. However, the condition
that was optimum to these levels may not be optimum for
the full-scale process. This “scale-up” usually results in
distortion of the optimum conditions. Even if the full-scale

846 + Vol 6, No. 6, 2002 / Organic Process Research & Development

plant begins operation at the optimum; it will eventually
“drift” away due to changes in raw materials, environmental
regulations, equipment, and operating personnel. Thus, full-
scale processes are also susceptible of profiting from the use
of RSM.

The RSM technique can be straightforwardly extended
in the study of other types of separations used in biochemical
or chemical processes whenever the data distribution between
phases cannot be described from fundamental principles.
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Mixed Culture Optimization for Marigold Flower Ensilage via
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Endogenous microorganisms isolated from the marigold flower (Tagetes erecta) were studied to
understand the events taking place during its ensilage. Studies of the celiulase enzymatic activity
and the ensilage process were undertaken. In both studies, the use of approximate second-order
models and multiple lineal regression, within the context of an experimental mixture design using the
response surface methodology as optimization strategy, determined that the microorganisms
Flavobacterium lib, Acinetobacter anitratus, and Rhizopus nigricans are the most significant in marigold
flower ensilage and exhibit high cellulase activity. A mixed culture comprised of 9.8% Flavobacterium
1lIb, 41% A. anitratus, and 49.2% R. nigricans used during ensilage resulted in an increased yield of
total xanthophylls extracted of 24.94 g/kg of dry weight compared with 12.92 for the uninoculated

control ensilage.

KEYWORDS: Marigold flower; ensilage; starter inoculum; mixed culture

INTRODUCTION

The oleoresin obtained from marigold flower (Tagetes erecta)
is used commercially as an additive to poultry feed to improve
the birds’ nutrition and the pigmentation of their skin and egg
yolks. A bright yellow color is often associated with good health
and premium quality by the consumer (I, 2). Carotenoids, in
particular lutein, the main oleoresin component, has demon-
strated properties as an anticarcinogen, as an agent to facilitate
ligament repair, as an aid in enzyme transport, and as a
preventative agent for age-related macular degeneration (AMD),
a leading cause of visual problems in the elderly (3, 4). These
properties have sparked renewed interest in the development
of alternative production routes for carotenoid pigments such
as chemical synthesis (5) and fermentation technology (6—38).
Complementary efforts have been directed toward increasing
the extraction yield from marigold flower flour using super-
critical fluid extraction (9) and enzymatic preparations (/0). In
broad terms, the commercial extraction of oleoresin from
marigold flower consists of five stages: ensilage, pressing,
drying, hexane extraction, and saponification. Ensilage efficiency
has been identified as the main factor hindering industrial
recovery of xanthophylls via solvent extraction (Alcosa S. A,
Celaya, Gto. México). In this stage, the microorganisms
associated with the marigold flower degrade the cellulose and

* To whom correspondence should be addressed. Tel: (+52) 461 61 1
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1 Instituto Tecnoldgico de Celaya.
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hemicellulose present in the cell walls of the flower petals. This
degradation increases the mass exchange between solvent and
solid in the extraction process.

In general, in the fermentation processes two types of
microorganism are used: (i) endogenous microorganisms
isolated from natural sources and (ii) pure culture microorgan-
isms obtained from collections. In both cases, the microorgan-
isms can be used alone or as part of a mixed culture in the
preparation of starter inoculum for the fermentation. Mixed
cultures are used in traditional fermented foods, often determin-
ing their texture and flavor, and in the treatment of hazardous
and nonhazardous wastes (//, 12). In these applications,
however, the interactions among the components of the mixed
culture are poorly understood. Several simple mathematical
models have been proposed to predict the activity of mixed
cultures; however, these predictions are inaccurate for mixtures
of greater than two microorganisms (I3). An alternative strategy
to characterize mixed cultures relies on preparing and testing
mixed cultures of variable composition. The obvious drawback
of this strategy is the time and resources required to obtain data
(14, 15). A statistically based experimental design can be used
for optimization purposes, allowing a search over several
variables with a reduced number of experiments. This strategy
relies on several standard statistical tools globally known as
response surface methodology (/6, 17). Response surface
methodology can be also used for mixture designs. In a mixture
design, the factors are components or ingredients of a mixture,
and consequently, their levels are not independent: if x;, x,
....s Xp denote the proportions of p components of a mixture,
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then the levels are fractions and their sum should be equal to 1
[0 = x; = 1) and (x; + x2 + ... + x, = 1)] (I6). Mixture
design based on statistical experimental design has been
successfully used to evaluate the influence of sugars and acids
in mango flavor (18), to study the effect of nutrients in soybean
growth and its subsequent assimilation by herbivores (19), and
to study the efficacy of pesticide applications (20).

The main objective of this study is to characterize the effect
of endogenous microorganisms on marigold flower ensilage
efficiency and the total xanthophyll extraction yield. We address
the optimization of the culture used in the ensilage as an
alternative to improve the efficiency of the overall extraction.
The illustration presented here includes a study of the enzymatic
activity of the microorganisms in a model cellulose solution.
The results on these assays allow us to gain a partial under-
standing of the events taking place during the ensilage of
marigold flowers and explain the mixed culture composition
which gives optimal extraction yield. We also demonstrate the
feasibility of an experimental mixture design combined with
surface response methodology to quantify the relative impor-
tance of a microorganism within a mixed culture, leading to
the optimization of the starter culture inoculum.

MATERIALS AND METHODS

Fresh Material. Fresh marigold flowers (7. erecta) were supplied
by Industrias Alcosa, S. A. de C. V. Guanajuato, México. A single
batch was used for all experiments. The flowers were separated from
the receptacles and the petals were mixed until a homogeneous sample
was obtained (visual inspection).

Microorganism. Microorganisms associated as normal flora of the
marigold flower [Flavobacterium IIb (Cy), Acinetobacter anitratus (Cy)-
. Enterobacter intermedius (Cs), E. aerogenes (Cs), E. agglomerans
(Cs), Rhizopus nigricans (H1) and Geotrichum candidum (H,)) were
previously isolated and identified following the techniques described
in refs 27 and 22. To evaluate the effect of the microorganisms, by
themselves or within a mixed culture, on the ensilage of fresh marigold
petals and their enzymatic activity via essays on a carboxymethyl
cellulose (CMC — high viscosity; Sigma Chemical Co., St. Louis, MO)
solution, microorganisms from the same pure culture were used for all
treatments.

Culture Preparation. The microorganisms were cultured on nutrient
and potato dextrose (PDA) agars (Sigma Chemical Co., St. Louis, MO)
slants at 28 °C for 24 h. Biomass taken from the slants was transferred
to 250 mL Erlenmeyer flasks containing 100 mL of potato dextrose or
nutrient (for fungi and bacteria respectively) broth (Sigma Chemical
Co., St. Louis, MO), incubated on a rotary shaker at 28 °C and 175
rpm (Forma Scientific, model 4520) for 30 h. Samples were taken every
2 h for kinetic growth and enzymatic activity studies. The kinetics
studies allowed us to determine the time (microorganism’s growth
phase) at which the largest amount of cellulase is expressed by a
particular microorganism.

Microorganism Growth. For determining cellular dry weight (cdw),
a known fermentation broth volume was filtered using Millipore
membranes (0.45 xm pore size). The membranes and cell pellets were
then dried at 90 °C for 1216 h, until a constant weight was obtained.

Enzymatic Activity. In preliminary experiments, we found that the
cellulase is expressed and excreted into the growth medium by each
microorganism. These preliminary experiments consisted of electro-
phoresis over standard SDS—polyacrylamide gels with concentrations
in the range 3—20% (23). Gels exposed to supernatant without
microorganisms, supernatant with lysed microorganisms, and cellulase
from Aspergillus niger (Merck KGaA, Darmstadt, Germany) were
examined. Our results showed that the gels exhibited the same bands
with similar intensity at the same locations, indicating that the cellulase
is expressed and excreted by the microorganisms under study.

For enzymatic activity studies, the biomass obtained from the
Erlenmeyer flask propagation was centrifuged at 6000 rpm (Hermle,
model Z383). The supernatant obtained was used as raw cellulase
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extract (¢). A 20 mL volume of raw extract was added to 100 mL of
a mixture of carboxymethyl cellulose of 2 g/L that had a viscosity (77)
of 4500 centipoises (cp) (Schoot Visco Easy-L). The solutions obtained
were kept on a rotary shaker at 28 °C at 175 rpm (Forma Scientific,
model 4520) for 24 h. The enzymatic activity was measured indirectly
as a function of viscosity (7) reduction.

Mathematical Methods. We consider here a batch fermentation
model in which growth is described by the logistic model (24):

and product formation is described by Leudeking-Piret kinetics (25):

dE dN

— —— +

dt dt) BN @
That considers the product formation (enzyme) as a cell mass function.
By solving the above equations (with N = N and E = Ej at r = 0), the
expression that models the enzyme production is

E—E =,3Nt+ﬂln Mo _ E(l—l ™ +a®W—Ny (3)
0 m U Nm Nm 0
where
N= Mo 4
_&_ ﬂ_”—w ()
N, \WN,

The parameters o. and 8 were calculated from experimental data, using
nonlinear optimization via least squares and Levenberg—Marquardt
methods, where E is the enzyme concentration, N is the biomass, Ny
is the maximum biomass produced, 4 is a rate-specific growth constant,
and o and B are coefficients that determine whether metabolite
production is associated (8 = 0) or not (& = 0) with growth. From the
experimental data, the enzyme concentration (E) was evaluated as (¥,
- VIV, — V9, where V, is the initial viscosity, V is the viscosity at a
given time, and ¥ is the final viscosity.

Ensilage Studies. To evaluate the effect on marigold flower ensilage
of a mixed culture or a single microorganism, we used sterile (15 min,
121 °C in a Brinkmann sterilizer model 2540E) fresh marigold flower
petals. The petals were placed in Petri dishes, blended with 10 mL of
starter inoculum (its composition dictated by the experimental design)
and sealed to keep anaerobic conditions. Sterile flower petals were
placed in Petri dishes without inoculum as controls. Static samples were
incubated over 7 days at 28 °C. The ensiled products were dehydrated
in a vacuum oven (Shel lab. model 1430) to 10% (&= 1%) moisture
content. Dehydrated samples were milled (0.5-mm sieve) using a
Brinkmann mill (Brinkmann, Wesbury, NY). The flour obtained was
analyzed by AOAC method 970.64 to determine the total xanthophylls
concentration (26).

Experimental Strategy. During the ensilage studies, two experi-
mental designs were used. First, we applied a screening design. Every
possible combination of microorganisms was studied using a statistical
framework. The results were expressed via a least squares model and
used to predict which microorganisms have significant activity in the
ensilage process. Second, we devised a centroid simplex design, which
includes additional runs to account for nonadjustable data, allowing us
to estimate the prediction error of the statistical model and find the
optimum mixture of microorganisms for the ensilage and enzymatic
activity studies (/6).

Statistical Model. Higher-order terms are frequently necessary in
the mixture model because of the constraint Xx; = 1. Furthermore,
complex phenomena that require descriptions encompassing large
experimental regions often require elaborate models. However, the terms
in these models have relatively simple interpretations. The linear terms
describe the expected response for pure cultures (x; = 1 and x; = 0, j
= ), as well as the linear blending portion. When there is curvature
arising from nonlinear mixing between component pairs (quadratic
terms), the terms represent either synergistic or antagonistic effects
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Figure 1. Reduction in viscosity from 4500 cp by raw cellulose enzyme
extract (¢) in a CMC solution.
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Figure 2. Kinetic growth and cellulase synthesis in batch culture. The
open markers indicate the cell concentration in dry weight (right axis) for
Flavobacterium llb (), A. anftratus (Q0), and R. nigricans (O). The filled
markers indicate the viscosity change associate with expression of cellulase
(left axis) by Flavobacterium IIb (#), A. anitratus (W), and R. nigricans
(@).

dictated by their signs (/6). The experimental results described below
were performed in duplicate, and the reported values represent the mean
values of these duplicated experiments.

RESULTS AND DISCUSSION

A qualitative analysis of the change in viscosity observed in
the CMC solutions after addition of raw enzyme extract (¢)
showed that only the bacteria Flavobacterium IIb (C,), and A.
anitratus (Cy), and the fungus R. nigricans (H;) exhibited
significant cellulase enzymatic activity (Figure 1). An analysis
of the dependence of the enzyme concentration on growth rate
revealed that the maximum enzymatic activity occurred at 16,
23, and 26 h of propagation time for Flavobacterium IIb (C,),
A. anitratus (C;), and R. nigricans (H,), respectively (Figure
2). The enzymatic activity at these propagation times showed
maximum viscosity reduction in the CMC solution of 77.27,
88.64, and 93.64% for raw extract cellulase enzyme (¢) from
Flavobacterium IIb (C), A. anitratus (C3), and R. nigricans
(H,), respectively.

The application of the logistic model to the data allows the
fit of u, which in turn is used to describe @ and § via least
squares and Levenberg—Marquardt methods. Model analysis
of enzyme concentration dependence on growth rate during
batch fermentations showed that the parameter 3 was near zero
for Flavobacterium IIb (C;) and R. nigricans (H,), indicating
that enzyme production for these microorganisms was associated
with biomass growth. The parameter ot was near zero for 4.
anitratus (Cy); thus, enzyme production by this microorganism
was not associated with biomass growth (Table 1 and Figure
3).

Symbiotic or Antagonistic Effects, Mixed Culture Designs.
In the previous analysis, experiments were carried out using
raw enzyme extract (¢) from single cultures. To explore the
existence of symbiotic or antagonistic relationships among the
different microorganisms in regard to their enzyme production,

microorganisms
Cq C2 H
No(gl) 0.178 0.170 0.110
Nn (gl 0.82 0.80 2.50
P 0.257 0.287 0.157
(R9 0.99 0.99 0.99
a 0.801 0.0 0.594
B 0.036 0.998 0.993
(R) 0.99 0.99 0.99
1.2
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Figure 3. Viscosity change as a function of cultivation time. Nonlinear
regression was used for each set of data to determine whether metabolite
production is associated [(8 — 0) for Flavobacterium lib (¢) and R.
nigricans (@)] or not [(c. — 0) for A. anitratus ()] with growth.

Table 2. Experimental Design for Mixed Cultures with the
Microorganism with Larger Cellulase Activity

runs/mixture €c €c2 €t viscosity (cp)
1 1.0 0 0 340
2 0 1.0 0 190
3 0 0 1.0 10
4 0.5 05 0 490
5 0.5 0 0.5 40
6 0 0.5 05 50
7 0.333 0.333 0.333 75

we devised a centroid simplex design using the raw enzyme
extract (¢) of the three microorganisms [Flavobacterium IIb (C)),
A. anitratus (Cz), and R. nigricans (H;)] that exhibited the
greatest enzymatic activity. Once again, we evaluated the activity
in each experiment as the viscosity change of a CMC solution.
Table 2 presents the final viscosity observed for each experiment
within the design.

The analysis of data suggests a special cubic model (the fit
was achieved using least squares):

(7] = 340¢c, + 190€c, + 10ey, + 900ec ¢, — 540ec py, —
3315€c ¢,

In this model, the coefficient for the raw extract of Hy (ey,) is
significantly different than for the other terms, indicating that
the enzyme extract from this microorganism was more effective
in achieving cellulose degradation. The coefficient of the
nonlinear term involving C,C; is positive; thus, this mixed
extract exhibited a synergistic effect. However, the results
presented in Table 2 and Figure 4 indicate that a mixture of
raw extracts from C; and C, did not reduce viscosity as much
as the raw extracts from each microorganism alone. The
remaining nonlinear coefficients are all negative, indicating
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Figure 4. Contours of estimated response surface from the special cubic order model. The lower viscosity is achieved when the mixed exiract is

composed by C; = 0.19; C; = 0.13, and H; = 0.67.

antagonistic interactions. From the results presented in Table
2 and Figure 4, one can also conclude that the raw extract from
H, resulted in the largest reduction in viscosity of the CMC
solution.

The fitted model is graphically represented in Figure 4. The
location of the optimum can be accurately computed via standard
constrained optimization techniques based on the Newton—
Raphson method (27). The constraints are as follows:

0=¢ =10

0<¢,=10

0=<ey =10
€c,tec,t ey =10

The solution of the system gives the optimum raw extract
composition: &c, = 0.19, ec, = 0.13, and ey, = 0.68. An extract
with this composition will maximize cellulase activity, measured
via the viscosity reduction of a CMC reference solution.

Ensilage Runs: Screening Mixture Design. The previous
results appear to indicate that only three of the originally isolated
microorganisms have significant cellulase activity. Ultimately,
however, it is total xanthophyll recovery that is important. Thus,
we performed an ensilage screening study using all seven
microorganisms in a mixture design (Table 3). This study
attempted to validate the enzymatic activity studies, using total
xanthophyll extraction (X;) from ensilage products as the
response variable.

Once again, the data analysis suggests that a compact
description of the results can be obtained via fitting a first-
order model. However, the analysis of variance of the model

[X,] = 19.86C, + 17.1277C, + 14.2044C, + 16.0312C, +
14.9451C,+ 17.1917H, + 12.2842H,

indicates (Table 4) that, for a probability distribution value (PV)
of 0.1, the model is not a good representation of the data. Even
though the model is not a good representation of the data, it
can be used to explore the contributions of the different
microorganisms in the extraction yield. Note that the coefficients
of the model have the following magnitude order: Ci, Ca, Hy,
Cg, Cs, Cs, and H,. Thus, the model suggests that bacteria Ci,
C,, and C4, as well as the fungus H;, are the main contributors
in the xanthophyll yield extraction. It is important to note that
the maximum values of the yield reported (Table 3) exhibit a
significant increase when compared with the control run. The
noted relative importance of C;, Cz, Cq4, and H; is confirmed
by looking at the individual response of the experiments: runs
8 (Cz, C4, Cs, Hy; 25% of each one), 16 (Cy, Cz, Cs3, Hy; 25%
of each one), 17 (C,, C; and Cg4; 33% of each one), 20 (C;, C4
and Cs; 33% of each one), and 21 (C;, Cy; 50% of each one),

Table 3. Screening Mixture Design for All Microorganisms of Interest
for Xanthophylls Extraction

un/
mixture Cy C; Cs Cq Cs Hy Hz X2

control 0.0 0.0 0.0 0.0 0.0 0.0 0.0 12.97

1 1.0 19.13
2 1.0 14.24
3 10 13.03
4 1.0 15.31
5 10 15.69
6 1.0 1493
1 1.0 13.67
8 0 025 O 025 025 025 O 2133
9 0 0 025 0 025 025 025 1543
10 025 0 0 025 0 025 025 1506
n 0 0334 0 0 0333 0 0.333 13.03
12 0 0 0.5 0 0 0.5 0 17.46
13 0 0 0 0.5 0 0.5 0 16.50
14 0.5 0 0 0 0.5 0 0 15.91
15 0333 0333 0 0 0 0334 0 14.39
16 025 025 025 O 0 025 0 23.35
17 0 0.333 0333 0334 0 0 0 22.75
18 025 0 025 025 025 O 0 16.69
19 014 014 015 014 014 014 015 1409
20 0333 0 0 0334 0333 0 0 2141
21 0.5 0.5 0 0 0 0 0 23.24
22 0.166 0.166 0.167 0.166 0.166 O 0.166 13.26
23 0166 0.166 0.166 0.166 0.167 0166 0 17.90
24 0333 0333 0334 0 0 0 0 15.75

2 [XiJr = concentration of total xanthophyll in the flour (g of total xanthophylls/
kg of flour).

Table 4. Analysis of Variance for the Screening Design?

source variation SS DF SM FR PV
lineal mode! 53.76 6 8.96 1.04 0.43
error 146.47 17 8.59

2SS = squares sum, DF = degrees of freedom, SM = squares of the means,
FR = Fisher relationship, PV = probability distribution value.

which contain large proportions of the four microorganisms,
exhibit the largest total xanthophyll extraction values.

These preliminary observations give the basis to select a
reduced set of microorganisms Cy: Flavobacterium IIb, C;: A.
anitratus, Cq: E. aerogenes, and H;: R. nigricans as the most
significant in the ensilage process of marigold flower.

Mixed Cultures Optimization in Marigold Ensilage. We
performed a second mixture design for the four microorganisms
seeking to establish the composition of the culture to be used
in the ensilage process. We used a centroid simplex design
involving pure cultures, as well as all possible combinations of
the four microorganisms. Once again, the response variable is
total xanthophyll concentration in the product. Table 5 presents
the design and the achieved xanthophyll concentration for each
experiment. To facilitate the optimum location, the data are fit
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Figure 5. Contours of estimated response surface from the second-order model. Panels ¢ and d indicate an antagonistic effect between Cz: A. anitratus
and C4 E. aerogenes. The maximum xanthophylls extraction yield is achieved when the concentration of the bacteria C, tends to zefo and the estimated
optimum inoculum starter is composed by C, = 0.12; C, = 0.40; C; = 0.0; and H; = 0.48.

Table 5. Mixture Design for the Centroid Simplex Design?

nun/mixture Cq C; Cs H X
control 0.0 0.0 0.0 0.0 1295
1 1.0 1] 0 1] 18.88
2 0 1.0 0 0 2012
3 0 1] 1.0 0 20.59
4 0 0 0 10 21.62
5 0.5 0.5 0 0 21.86
6 0.5 0 0.5 1] 21.93
7 0.5 0 0 0.5 22.67
8 0 0.5 0.5 0 16.66
9 0 0.5 0 0.5 2517
10 0 0 0.5 0.5 23.78
" 0.333 0.334 0.333 0 2261
12 0.333 0.333 0 0.334 24,94
13 0.334 0 0.333 0.333 22.60
14 0 0.333 0.334 0.333 20.30
15 0.25 0.25 0.25 0.25 2342

2 [Xir = concentration of total xanthophyll in the flour (g of total xanthophylikg
flower flour).

Table 6. Analysis of Variance for the Centroid Simplex Design?

source variation SS DF SM FR PV
quadratic model 63.39 9 1.04 445 0.05
total error 192 5

2SS = squares sum, DF = degrees of freedom, SM = squares of the means,
FR = Fisher relationship, PV = probability distribution value.

to a second-order polynomial model:

[X,] = 18.693 C, + 20.005 C, + 20.612 C, + 21.769 H, +
14.074 C,C, + 10.999 C,C, + 9.542 C,H, —
13.886 C,C, + 15.741 C,H, + 6.796 C,H,

The analysis of variance (Table 6) shows that this model is a
good representation of the data for a probability distribution
value (PV) smaller than 0.05. In this model, we observe that
the coefficients of the linear terms are very similar, indicating
that all four microorganisms by themselves will achieve similar
yields. On the other hand, since all nonlinear terms are positive,
except the C,Cs coefficient, the mixed cultures will exhibit
favorable synergic effects. The C,C4 interaction can be char-
acterized as antagonistic.

The contours of the fitted model are represented graphically
in Figure Sa—d. This representation makes the existence of an
antagonistic effect more evident between the bacteria Cy: A.
anitratus and C4: E. aerogenes. In addition, the maximum yield
of xanthophyll is achieved when the concentration of the bacteria
Ca: E. aerogenes approaches zero (Figure Sc,d). This result,
along with the enzymatic activity study presented previously,
leads to the exclusion of the Cs bacteria from the optimum
mixed culture for xanthophyll extraction. The optimum mixed
culture should, then, contain C,: Flavobacterium IIb, Cy. A.
anitratus, and H;: R. nigricans (Figure Sa).

Once again, the optimum is estimated via standard constrained
optimization techniques, with the following constraints:

0<C,/<10
0<C, <10
0<C,=10
0<H, <10
C,+C,+C,+H,=10

The solution of this system gives an estimated optimum
inoculum concentration of (C;: Flavobacterium IIb = 0.098;
Cy: A. anitratus = 0.41;, C,. E. aerogenes = 0.0; and H;: R.
nigricans = 0.492) and a maximum yield for the xanthophyll
extraction of approximately 24.94 g/kg of dry weight (90% more
than the control run). This result is similar to that obtained for
the cellulase activity studies. In addition, these observations are
consistent with the results reported previously (/0), which
demonstrated that the extraction yield was improved when
dehydrated marigold flower was treated with a cellulase
preparation.

CONCLUSIONS

In this contribution, we examined the efficiency of the
ensilage process for xanthophylls extraction from marigold
flower. We isolated several microorganisms from natural flora
present in the traditional ensilage process. We studied their
enzymatic activity and in particular the production of cellulase.
From these studies, we conclude that the bacteria Flavobacte-
rium IIb and A. anitratus and the fungus R. nigricans exhibit
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significant synthesis and excretion of this enzyme as measured
via the reduction in viscosity of a CMC solution. Parallel kinetic
studies allowed us to detect the optimum propagation times for
each microorganism, which were 16, 23, and 26 h, respectively.
These times were selected as the inoculum age to be used in
the ensilage studies. The analysis of the enzymatic activity
experiments suggest a mixed culture composition given by the
following values: C,: Flavobacterium IIb = 15%; Cy: A.
anitratus = 12%; and Hy: R. nigricans = 73% as the starter
inoculum.

The ensilage studies, based on mixture experimental designs
and response surface methodology, revealed that the inoculum
consisting of C;: Flavobacterium [Ib = 9.8%; Ca: A. anitratus
= 41%; and Hj: R. nigricans = 49.2% leads to a significant
increase in the yield of the total xanthophylls extracted (90%
more than the control).

The results of both studies, enzymatic activity and ensilage,
suggest that the level of cellulase is the main factor responsible
for structural polymer degradation of the cellular walls in the
marigold flower petals, facilitating mass transfer and increasing
the total xanthophyll extraction.

The differences between the optimum starter inoculum values
obtained via the enzymatic activity and ensilage experiments
cannot be fully explained by our experimental methodology.
These differences may be the result of diffusional phenomena
or also could be due to differences in the chemical nature of
marigold cell walls (mix of cellulosic and hemicellulosic
polymers) as compared to the CMC model. Perhaps other
enzymatic activity from the starter cultures contributes to
xanthophylls yield in concert with cellulase action.

Our work indicates that the statistical experimental mixture
design and the response surface methodology are useful tools
for the evaluation of the enzymatic performance of microbial
communities.
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Abstract Marigold flowers are the main natural source of
xanthophylls, and marigold saponified extract is used as an
additive in several food and pharmaceutical industries. In
this work, the use of a solid-state fermentation (ensilage)
process for increasing the yield of xanthophylls extracted
from fermented marigold flowers was examined. The
process consisted of a mixed culture of three microorgan-
isms (Flavobacterium IIb, Acinetobacter anitratus, and
Rhizopus nigricans), part of the normal microbiota
associated with the marigold flower. These microorgan-
isms had been previously isolated, and were identified as
relevant for the ensilage process due to their capacity to
produce cellulolytic enzymes. Based on experimental
design strategies, optimum operation values were deter-
mined for aeration, moisture, agitation, and marigold-to-
inoculum ratio in the proposed solid-state fermentation
equipment, leading to a xanthophylls yield of 17.8-g/kg
dry weight. The optimum achieved represents a 65%
increase with respect to the control. HPLC analysis
indicated conservation of extracted oleoresin. Based on
the experimental results, interactions were identified that
could be associated with the heat and mass-transfer
reactions taking place within the bioreactor. The insight
gained allows conditions that limit growth and metabolic
activity to be avoided.
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Introduction

The most efficient way to produce many chemicals is to
extract them directly from natural sources. The marigold
flower (Tagetes erecta) is one of the richest natural sources
of xanthophylls, mainly lutein (Ausich and Sanders 1997).
Marigold extracts have been commercialized internation-
ally and are used as additives for poultry feed (Levi 2001),
as they provide bright colors in egg yolks, skin, and fatty
tissues. The poultry pigmentation is often associated with
good health and premium quality (Bletner et al. 1966;
Hencken 1992; Levi 2001; Tyczkowski and Hamilton
1987; Winstead et al. 1985). Recent research efforts have
focused on the use of marigold extracts as human
nutritional supplements. The potential benefits reported
include cancer prevention and enhanced immune function
(Chew et al. 1996), inhibition of the auto-oxidation of
cellular lipids (Zhang et al. 1991), protection against
oxidant-induced cell damage (Martin et al. 1996), and
prevention of age-related macular degeneration (Fullmer
and Shao 2001; Seddon et al. 1994). These attributes have
sparked interest in the development of new methods for
xanthophylls production, such as chemical synthesis
(Kreienbuhl et al. 2000) and fermentation technology
(Gierhart 1994; Hirschberg and Harker 1999; Jacobson et
al. 2000). However, despite the success of these innovative
efforts, there are practical limitations involving the
removal of toxic solvents used in chemical synthesis
(Kreienbuhl et al. 2000), and the low yields obtained in
fermentation processes (Jacobson et al. 2000). An
alternative is to seek improved xanthophylls production
through extraction and purification of plant material
(marigold flower) thereby rendering concentrates with an
enhanced content of xanthophylls in their natural ester
form (Levi 2001). Several different methods have been
proposed in order to improve both xanthophylls extraction
and purification efficiency (Ausich and Sanders 1997;
Khachik 1995; Philip 1997). The disadvantage of these
processes is that they require high temperatures, up to
70°C, and long processing times, which can result in the
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degradation and formation of unwanted isomeric compo-
nents (Levi 2001; Madhavi and Kagan 2002).

In related efforts, enzymatic treatment has been
proposed as an alternative stage to enhance xanthophylls
extraction from marigold flower (Barzana et al. 2002;
Delgado-Vargas and Paredes-Lopez 1997). Petals treated
with 0.1% (w/w) Econase-cep (Enzyme Development
Corporation, New York, N.Y., USA) for a period of 120 h
produced a significant increment in xanthophylls yields
(24.7-g/kg dry weight) that compared favorably with the
yield from the untreated control (11.4-g/kg dry weight)
(Delgado-Vargas and Paredes-Lopez 1997). Recently, a
novel alternative involving simultaneous enzymatic treat-
ment and solvent extraction was developed (Bérzana et al.
2002). In that study, enhanced yields (>85%) of recovered
carotenoids were obtained from fresh flowers macerated
with 0.3% (v/w flower) Viscozyme/Neutrase (Novo-
Nordisk, Denmark) and simultaneously treated with
hexane (Barzana et al. 2002). However, the enzymatic
treatments also posed present practical limitations, mainly
the use of expensive commercial enzyme.

For almost 20 years, supercritical fluid extraction (SFE)
has been a viable alternative for many commercial
separation applications, because it exhibits more favorable
mass-transfer rates, lacks residual toxicity, and has a low
environmental impact. SFE technology has been used to
obtain carotene, lutein, and oleoresin from marigold
(Favati et al. 1988; Naranjo-Modad et al. 2000). These
studies demonstrated the feasibility of obtaining enriched
extracts via selective extraction of natural pigments.
However, such SFE processes are, at present, comumer-
cially impractical primarily due to high capital costs
(Kanel and Marentis 2000).Xxanthophyll extraction pro-
cesses, more extensively used at the industrial level, are
those based on the use of hexane (Industrias Alcosa S.A.
de C.V,, Celaya, Gto, Mexico). Briefly, the commercial
extraction of xanthophylls (oleoresin) from marigold
flower involves the following stages: ensilage, pressing,
drying, hexane extraction, and saponification. Of these,
the ensilage is considered critical in determining the
efficiency of the overall process. In previous work
(Navarrete-Bolafios et al. 2003), we studied the relation-
ship between the xanthophylls extraction yield and the
efficiency of marigold flower ensilage . We concluded
that, during the ensilage, structural cell-wall degradation
of the marigold petals by saprophytic microorganisms
associated with the flower resulted in increased mass
transfer during the extraction stage. Such an increase is
associated with the level of cellulase synthesized by these
microorganisms. In the same study, it was also shown that
a mixed culture, comprising 9.8% Flavobacterium IIb,
41% Acinetobacter anitratus, and 49.2% Rhizopus nigri-
cans, used during ensilage resulted in significant yield
improvements: 24.9 g/kg (dry weight) compared with
12.9 g/kg for the uninoculated control. Nonetheless, the
efficiency of the ensilage process remains largely
unaddressed. In the present contribution, the ensilage
(solid-state fermentation) process of marigold flower was
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characterized and subsequently optimized, with the goal of
increasing the xanthophylls extraction yield.

Materials and methods

Marigold flowers

Fresh marigold flowers (Tagetes erecta) from a single batch(
provided by Industries Alcosa S.A. de C.V., Guanajuato, Mexico)
were used for all experiments. The batch contained flowers with a
yellow—orange coloration ratio of 10:90 and 30% average weight of
receptacles. The fresh marigold flowers were stored at 4°C in sealed
black polyethylene bags.

Marigold flower flour

Both fresh flowers and fermented samples were dried in a vacuum
oven (Shel lab. Model 1430) to 10% (£1%) moisture content. Dried
samples were milled to a particle size of 0.372 mm (flour). The flour
obtained was analyzed by AOAC method 970.64 (AOAC 1984) to
determine the total xanthophylls concentration.

Marigold flower oleoresin

Dried samples were leached using analytical grade hexane (J.T.
Baker) under mild conditions (35°C during 15 min). Subsequently,
the liquid phase was separated by centrifugation at 11,000 g (Hermle
7383 K) and concentrated in a Biichi rotary evaporator (model RE-

P

Outlet air

Inlet culture

Inlet air

Cross section

Fig. 1 The solid-state fermentation apparatus. I Steel cover, 2 steel
drum, 3 Iinlet sensors, 4 supports, 5 baffles, 6 sampling ports. The
drum cross-sectional diameter (¢) to drum length (@) ratio is 1/2.
Other dimensions are as follows: sensor placement, b=c/3, Baffle
height, d=c/12. Also indicated in the schematic are the placements of
the outlet gas analyzer (G.A4.), moisture controller (H) and water
activity sensor (4w)



111) operating at 35°C and 50 rpm. The resulting concentrate
(oleoresin) was analyzed by AOAC method 970.64 (AOAC 1984)
to determine the total xanthophylls concentration and by high-
performance liquid chromatography (HPLC) to determine the
profiiles of the main components,

High-performance liquid chromatography

For HPLC assays, a Varian chromatograph (model 9050), equipped
with a quaternary pump solvent delivery and degassing system, was
used. Samples consisting of 20 ul of saponified pigment at around
13% (w) were injected. Carotenoids were analyzed using a silica OH
column (SGE BPXS from SGE international). The solvent,
containing 66.5% hexane, 1.5% isopropanol, and 32% acetone,
was eluted at 1.0 ml/min at room temperature. The pigments were
monitored at 447 nm, and l-s and 2-nm time and wavelength
resolutions, respectively. Chromatogram peaks were identified by
comparison to the retention time of standards. The components
profile was obtained using the relative percentage of HPLC
chromatogram area.

Solid-state fermentation system

A modular rotating drum fermentation system (Biotecnica S.A. de
C.V. , Celaya, Mexico), equipped with inlet air injection,
purification filters, variable speed pumps, humidifier, and gas
analyzer, was used for solid-state fermentation (Fig. 1). The closed
reactor has heat removal elements, ports for fluid and nutritive
media addition, and controls for several environment-related
parameters, including temperature. The rotating mechanism allows
mixing of the reactor contents at any time and for any duration
during the fermentation process. Thus, the apparatus provides great
operational flexibility as well as the monitoring and control of
critical variables of the process.

Culture of microorganisms

A mixed culture of microorganisms comprising the normal micro-
biota of the marigold flower (Flavobacterium IIb, Acinetobacter
anitratus, and Rhizopus nigricans) was used as starter inoculum. To
obtain starter inoculum, each microorganism was propagated and
mixed in the proportions according to the method of Navarrete-
Bolafios et al. (2003).

Experimental strategy

In order to efficiently evaluate the critical operating parameters and
their interactions, the experimental strategy used sequential factorial
designs. Factors considered included: X, system moisture content;
X, agitation time interval; Xj, inlet aeration; and X, marigold
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flower to inoculum ratio. The first, third, and fourth factors are
related to microbial growth and product transformation, the second
and third are important in determining the effective heat and mass-
transfer requirements. The third factor was evaluated because the
ensilage process consists of two phases: (1) acrobic fermentation
and (2) anaerobic fermentation. During the first phase, the
microorganisms use up the intraparticle oxygen. Under ideal
conditions, with perfect packing and seals, the aerobic fermentation
only lasts a few hours. During the second phase, anaerobic microbial
growth is characterized by lactic acid production, reflected by a
decrease in the pH.

Having defined the critical variables, the factors and component
levels in the solid-state fermentation that lead to an enhanced yield
of xanthophylls following extraction with hexane were determined.
The first experimental strategy consisted of a factorial fractional
design (divided in half) for two levels of each factor (X, 70-85%;
X3, 12-24 h; X, 2—-6 Umin; and X, 900-1,200 g of marigold flowers
fresh). In all runs, the starter inoculum concentrations (7.5 g/I) and
the temperature (28°C) were kept constant, while the pH was
uncontrolled (although it was monitored throughout the runs in
order to detect any changes). Each experimental run lasted 7 days.
This initial design served to identify the effect of the investigated
factors on the response (xanthophylls yield). Under the fractional
design, experimental tests, corresponding to the mean levels of the
factors, were included in order to account for non-adjustable data
and to estimate the prediction error of the statistical model. In this
case, one additional experiment at these mean levels was added. The
nine experiments with their coded levels (=1 for the lower level, +1
for the upper level and, 0 for the mean value), as well as their
corresponding responses, are shown in Table 1.

Optimization strategy

The insight gained from the initial factorial fractional design was
used as the basis to predict the factor levels generating the largest
response value. With such prediction, a second 2% factorial
experiment was designed in order to reach a more accurate statistical
description of the response-variable dependence on each factor
level. Finally, in order to attain an even more accurate description of
the response near the optimum operating values, a complementary
strategy was used that took the form of a second-order composite
design, with characteristics of rotatability and/or orthogonality, This
experimentally based strategy relies on several standard statistical
tools, globally known as response surface methodology (Montgom-
ery 1997).

Statistical analysis

ANOVA procedures with probability distribution values were used
(Statgraphics plus V 2.1 software). We also analyzed the effects on
total xanthophylls extraction of the principal factors in the solid-state
fermentation of marigold flowers. At every stage of this study, data
analysis using least squares allowed the construction of models that

Table

ehere dl fo)r(aﬂ{ll;h:f;g’rlilrnex}g:lds Run number X) (moisture) X (agitation) X; (acration) X, (marigold) Xanthophyll yield®

generated by the initial experi- _ _

mental design. The operating 1 1 +1 1 +1 16.0

conditions are encoded to em- 2 -1 -1 +1 +1 13.9

phasize differences 3 +1 -1 +1 -1 10.7
4 +1 +1 +1 +1 12.8
5 +1 -1 -1 +1 15.1
6 +1 +1 -1 -1 5.6
7 -1 -1 -1 -1 13.9
8 -1 +1 +1 -1 11.7

#Xanthophylls (g)/marigold 9 0 0 0 0 125

flower flour (kg)
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described the relationship between the factors and the response
(xanthophylls yield).

Restlts

The optimization strategy described above was applied
with the goal of identifying the operating conditions of the
solid-state fermentation apparatus that lead to maximum
xanthophylls yield. These operating conditions were coded
as follows: X, moisture; X,, agitation interval; X3, aeration
rate; and X, amount of marigold flower used. The amount
of inoculum was constant, other variables (pH) were left
uncontrolled.

The total extraction of xanthophylls (response variable)
resulting from the 27! design is shown in the last column
of Table 1. Analysis of variance (Table 2) showed that, for
a confidence interval of 0.05, the factors X}, X5, X3, and X,
were all significant, as were all interactions among them
(X1X2=X3X4; X1X3=X2X4; X2X3=X1/Y4). Using Yates’ algo—
rithm, all variables could be confirmed as significant, and
the effect of interactions on the yield of the extraction
within the range explored in this initial set of experiments
could be clarified. Firstly, in order to assessthe appro-
priateness of the boundaries imposed on the factor levels,
the combination of boundaries that would give the best
xanthophylls yield was examined. This analysis indicated
that by selecting X;, 70% moisture; X,, agitation every
12 h; X3, 2 Vmin of aeration; and X;, 1,200 g fresh
marigold flowers, the highest yield should be achieved.
TA confirmation run s resulted in a xanthophylls yield of
15.1 g/kg fermented marigold flower flour under these
conditions. Secondly, the analysis confirmed that the
interactions XX, X X; and X,Xj; are significant. The X1.X;

interaction is a mechanism to maintain moisture homoge-
neity in the bed substrate, and to avoid gradients that limit
locally the microorganisms’ growth. The X|.X; interaction
indicated that, although aeration primarily served as a
means to supply oxygen for cell growth and to flush out
the produced carbon dioxide, it also enhanced moisture
transfer between the solid and gas phases. However,
aeration has also two “negative” effects, namely heat
removal and desiccation of the substrate. The X,X;
interaction prevents temperature gradients within the
substrate bed. Unfortunately, mixing during fermentation
leads to damage of the cells and gross aggregation of
substrate particles. The latter results in inhomogeneities in
the local substrate temperature, thereby causing local
differences in biomass growth and activity. In summary,
both significant interactions,implicitly related to heat and
mass-transfer requirements, may, in turn, translate into
growth constraints. Combining the insight obtained form
Yates’ algorithm with the experimental results, it is
possible to describe the relationship that exists among
the significant main factors X, X3, X3, X4, and interactions
X1X, X1 X3, and X,X; by constructing a regression-based
polynomial model using least squares. For this case, the
regression model obtained is the following:

[X]
=12.469 — 1.41X; — 0.959X; — 0.185X; + 1.987X,
— 0.914X1.X; + 0.899.X1.%3 + 0.919X,.X5

Here, the variables are specified in their coded units. In
this equation, one implicitly assumes that the dependence
of the response variable with respect to the factors is linear
and that the effects of these factors are additive. Analysis
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Fig. 2 Estimated response contours from the second-order model. The maximum xanthophylls yield is achieved when the moisture is
73.5%, intermittent agitation is used every 14.78 h, and 4.14 1 air/min are injected to the solid-state fermentation system



Table 2 Variance analysis for the first 2 design. R?=99.9;
standard error=0.0024. SS Sum of squares, DF degrees of freedom,
PV probability distribution values

Source variation SS DF PV
Main effects

Factor X;: moisture 15.930 1 0.0004
Factor X;: agitation 7.3576 1 0.006
Factor X3: aeration 0.2726 1 0.00029
Factor X,: marigold 31.599 1 0.0003
X X=XGX 6.6914 1 0.0006
X\ X=X X, 6.4658 1 0.0006
X X=X, 6.7563 1 0.0006
Total error 5.8x107¢ 1

Total 75.073 8

of the model supports the adequacy of these assumptions
under a statistical basis. The model can be tentatively
accepted as a rough geometrical representation of the
underlying response function over the experimental region
explored thus far. Using this model, a search for the region
for which the xanthophyll extraction will be maximized
leads to the path of steepest ascent. A convenient set of
points of the steepest ascent path is shown in Table 3. The
proposed ascent path suggests conditions (run number 11
in Table 3) producing the best yield. Additional points
beyond run number 11 will not be advantageous because
the extraction yield decreases. Thus, a subsequent
experimental design should be made in the neighborhood
of this run. Taking the conditions of the run number 11 as
the center of a new experimental region, a new factorial
fractional design is built at two levels of each factor (X7,
65-75%; X, 12-18 h; X5, 1-4 l/min; and X,, 1,100-
1,400 g marigold flowers; Table 4). Statistical analysis of
variance (Table 5) for this second 2% experimental
strategy shows that the main factor X; (volume) and the
interaction X, X>=X3X, are not significant (for a confidence
interval of 0.05). Once again, using Yates’ algorithm it can
be shown that the factors X;, X5 and X, and the
interactions XX, and X,X, are significant in increasing
yield extraction within this newly explored range of
conditions. The X, X} interaction is significant as a result of
the relationship between the substrate moisture content,
microorganismal growth, and substrate utilization by the
microorganisms. The X,X, interaction is significant

Table 3 Points on the first path of steepest ascent
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because mixing during fermentation favors gross aggre-
gation of substrate particles, which in turn results in local
differences in biomass growth and activity. As part of our
analysis, the combination of boundaries that increase
xanthophylls yield was again determined. In this case, Xj,
75% moisture; X,, agitation every 12 h; X;, 4 I/min of
aeration; and X4, 1,400 g fresh marigold flowers. Note that
there is a progression of this combination of boundariess
with respect to the one found with the first exploratory
experimental design. Once again, the analysis is summar-
ized via the construction of a regression-based polynomial
model using least squares. For this case, the regression
model obtained is the following:

]
= 13.0655 4 0.645X7 — 0.611.X, — 1.846X;
+ 2.008X1.X4 + 0.416X,X4

This “refined” model allows a better extrapolation,
along the path of steepest ascent to the region where the
xanthophylls extraction is maximized. Table 6 presents the
predicted extrapolation path. Note that the predicted yields
along this path exhibit only small differences. It is possible
that the region near the optimum is very flat. In addition,
the proposed ascent path suggests conditions (run 25 in
Table 6) producing the best yield. Additional points
beyond run 25 will not be used because the xanthophylls
yield extraction diminishes. In addition, since Yates’
algorithm suggests that variable X, (marigold flour
amount) is not significant, this variable was kept constant
at its mean level (1,250 g) for the remaining assays.

In order to obtain a better prediction of the set of
variables maximizing yield, a third experimental strategy
was devised. These involved only three operating
variables (factors) with the following boundaries: Xj,
moisture (70-75%); X,, agitation (12-15 h); and X,
aeration (2.5-5 I/min). Since these conditions are assumed
to span the region contaning the optimum, a second-order
composite design was chosen (Table 7). Similar experi-
mental designs were originally proposed by Box and
Behnken in 1960 (Montgomery 1997). The results of our
strategy allow the system to be described via a second-
order model in order to achieve better accuracy.

Run number Coded conditions

Xy moisture (%) X, agitation (h) JX; aeration (Ipm) X, marigold (g) Xanthophyll yield®

Xi Xz X X
9 0 0 0 0 71.5 18.0 4.0 1,050.0 12.5
10 —-0.37 -0.23 -0.1 055 74.7 16.6 3.8 1,132.5 13.7
11 -0.74 -042 -04 1.1 720 15.5 32 1,215.0 14.3
12 -1.15 -0.6 -0.8 165 68.9 14.4 24 1,297.5 13.6
13 -1.63 -08 -—14 22 653 13.3 1.3 1,380.0 13.5

#Xanthophylls (g)/marigold flower flour (kg)
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Table 4 Xanthophyll yields
achieved for the experiments
generated by the second 2+

253_1615

Run number X, (moisture) X, (agitation) X (aeration) X, (marigold) Xanthophyll yield®

experimental design. The oper- 14 -1 +1 -1 +1 8.5
ating conditions are encoded to 15 ~1 -1 +1 +1 12.5
emphasize differences 16 +1 -1 +1 -1 14.5
17 +1 +1 +1 +1 17.4
18 +1 -1 ! +1 14.2
19 +1 +1 -1 -1 8.7
20 -1 -1 -1 -1 13.5
21 -1 +1 +1 -1 15.2
*Xanthophylls (g)/marigold 29 0 0 0 0 13.1

flower flour (kg)

Table 5 Variance analysis for the second 2* design. R*=99.9;
standard error=0.036. SS Sum of squares, DF, degrees of freedom,
PV, probability distribution values

Source variation SS DF PV
Main effects

Factor X): moisture 3.3297 1 0.0128
Factor X;: agitation 2.9880 1 0.0135
Factor X3: aeration 27.266 1 0.0045
Factor X,: marigold 0.0965 1 0.0747
X X=X Xy 0.0189 1 0.1656
X1 X3=X>X, 1.3888 1 0.0198
X X=X0Xs 32.252 1 0.0041
Total error 0.0013 1

Total 67.341 8

(X1

=17.45 4+ 0.3934 + 1.6528B + 1.547C — 0.79444
4+ 0.8984B — 0.0824C — 1.345BB - 0.017BC
—2.382CC

This description was once again obtained via least
squares from the 15 experimental runs of the Box-
Behnken design. The model was also used to construct
response plots (Fig. 2). These hinted at the presence of a
global optimum: a set of operating conditions comprising
the three variables that lead to a maximum response
(xanthophylls yield). The location of the optimum
provides a simple example in locating an extremum for
a multidimensional system via derivation of the second-

Table 6 Points on the second path of steepest ascent

order model and solution of the resulting set of linear
equations:

8[X;]84 = 0.393 — (2)0.7944 + 0.898B — 0.082C =0
3[X;)dB = 1.652 + 0.8984 — (2)1.345B — 0.017C =0

8[X;]aC = 1.547 — 0.0824 + 0.017B — (2)2.382C =0

The system solution is the following: X;=0.71; X7;=0.85;
and X3=0.31. Using the transformation (X/=optimum
factor value [(factor upper boundary — factor lower
boundary)/2] + mean factor value) the decodified factor
values are obtained. This procedure indicates that the
solid-state fermentation of marigold flowers should take
place allowing for 73.8% moisture content in the system,
intermittent agitation every 14.8 h, and 4.1 1 inlet air/min
in order to maximize the total xanthophylls extraction

(Fig. 2).

Discussion

With the optimum values obtained by the optimization
strategy, a verification run using these conditions resulted
in a flour with 17.8 g total xanthophylls/kg (dry weight),
which is similar to the amount predicted by the model
(18.5 g/kg). This yield compares favorably with the
commercial marigold flower flour obtained from commer-
cial ensilage processes, which yield an average 11.54+2 g
xanthophylls’kg marigold flower flour (dry weight)

Run number Coded conditions X, moisture (%) X, agitation (h) X; aeration (lpm) X, marigold (g) Xanthophyll yield®
X X Xy X
22 0 0 0 0 70.0 15.0 2.5 1,250.0 13.1
23 0.2 -0.18 0.55 0.0 71.0 14.4 34 1,250.0 139
24 04 —-032 099 0.0 720 13.9 4.2 1,250.0 14.5
25 0.6 —041 133 00 73.0 13.3 5.1 1,250.0 15.5
26 0.8 —0.47 159 0.0 74.0 12.7 5.9 1,250.0 15.2
27 1.0 -052 1.8 0.0 750 12.2 6.8 1,250.0 15.0

#Xanthophylls (g)/marigold flower flour (kg)
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:;‘;’lgatz oBb?a’ggdeh;;(;ne:;;%“ Run number X, (moisture) X, (agitation) X; (aeration) Xanthophyll yield®
mental runs 28 -1 -1 0 15.1
29 -1 +1 0 15.9
30 +1 -1 0 13.0
31 +1 +1 0 17.3
32 -1 0 -1 11.4
33 -1 0 +1 15.2
34 +1 0 -1 13.5
35 +1 0 +1 17.0
36 0 -1 -1 10.4
37 0 -1 +1 13.0
38 0 +1 -1 14.5
39 0 +1 +1 17.0
40 0 0 0 17.5
eanthophylls (gymarigold 41 0 0 0 17.3
antno, S marigo
flower ff:) u}; (kg% 8 42 0 0 0 17.6
(Industries Alcosa S.A. de C.V., Celaya, Gto, Mexico). §
However, commercial ensilage requires a long processing %
time (nearly 4 weeks) to obtain such flour quality. A
plausible explanation for the differences among xantho-
phylls concentrations in flour is the oxygen requirements
of the saprophyte microorganisms. In previous work, we
studied hydrolytic enzyme production by these micro- £
organisms, especially Rhizopus nigricans, in both stirred 5
vessels and bubble columns. The results showed that a ~
high level of dissolved oxygen is needed to increase
enzyme synthesis. Thus, it may be that oxygen depletion t{
in the commercial ensilage process limits both synthesis
and production of hydrolytic enzymes. The extracted
oleoresin from marigold flower fermented in solid state
was analyzed by HPLC to determine the concentration of .g
its main components (Fig. 3). The concentrations of lutein 'g
(85.6%) and zeaxanthin (4.5%) compare favorably with =
those reported previously (Hadden et al. 1999; Navarrete- E
Bolafios et al. 2001).
The experiments described here demonstrate that solid- " o &
state fermentation processes are a viable alternative for o n g &wr .
improving the yield of xanthophylls extracted from ] == d o o9
marigold flower. The yield represents a 65% increase o~ o | - ,"\'2 o
N -LLZ\- N

with respect to the average amount obtained using
standard commercial processes, although it is also 25%
smaller than that obtained in other studies (Delgado-
Vargas and Paredes-Lépez 1997; Navarrete-Bolafios et al.
2003). The difference may be attributed to to variations
both in the xanthophylls content of raw marigold and in
the particular system used. Delgado-Vargas and Paredes-
Lépez (1997) and Navarrete-Bolafios et al. (2003) used
only marigold flower petals, which have a higher
xanthophylls content than the remaining flower parts
(Shewmaker 2002). In our solid-state fermentation system,
we used the whole marigold flower, including its
receptacles. The latter comprises about 30% of the starting
material, thus the overall yields are similar. Whole
marigold flowers are used when the extraction products
are provided as additives in poultry feed, because the

Retention times

Fig. 3 HPLC chromatogram of the saponified oleoresin obtained as
final product from fermented marigold flour

residual solid, after extraction, acts as a support for the
saponified extract in the integration stage. In addition,
although enzymatic treatments reduce processing time
{Delgado-Vargas and Paredes-Lopez 1997), their use is
impractical because additional stages are required to
remove the substantial amounts of water that are also
needed. Furthermore, the capacity to process larger
quantities of raw material is limited. The modular design
of the solid-state fermentation system used in this work
allows critical variables to be controlled and quantified.
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When the system is run under optimum or near-optimum
conditions, there is a significant increase in xanthophylls
recovery from marigold flowers without loss or changes in
the profiles of the main components.
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Improving Xanthophyll Extraction from Marigold Flower Using
Cellulolytic Enzymes
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In this work is studied the effect of a noncommercial enzyme preparation on xanthophyli extraction
from marigold flower (Tagetes erecta). The enzymatic extract was synthesized by endogenous
microorganisms previously isolated and identified as Flavobacterium Iib, Acinetobacter anitratus, and
Rhizopus nigricans. The results show that the extraction yield depends directly on the extent of the
enzymatic hydrolysis of cell walls in the flower petals and that it is possible to reach yields in excess
of those previously reported for treatments with commercially available enzymes (29.3 g/kg of dry
weight). HPLC analysis of the product indicates that the original xanthophyll profile is not altered.
The enhanced extraction system appears to be very competitive when compared to the traditional

process and current alternatives.

KEYWORDS: Xanthophyll extraction; marigold flower; cellulolytic enzymes

INTRODUCTION

Marigold flower (Tagetes erecta) extract (oleoresin) is a
product with increasing demand in international markets. The
saponified extract is used as an additive to poultry feed (/—3)
due to its pigmenting properties. Additional studies have shown
that the marigold extracts may be used as a human nutritional
supplement, based on important biological functions such as
cancer prevention agent, ligament repair in muscular tissue, and
prevention agent for age-related macular degeneration (4, 5).
These applications have fostered the interest in improving
xanthophyll production processes and developing new alterna-
tives. These efforts had included chemical synthesis and
fermentation technology, as well as the extraction from marigold
flower (6—8). The commercial oleoresin production from
marigold flower involves the following stages: ensilage, press-
ing, drying, hexane extraction, distillation, and saponification
(9). Previous studies have shown that an enzymatic treatment
of the marigold flower, based on cellulases, can advantageously
improve xanthophyll extraction (/0—12). Matoushek (/0)
described a process in which fresh flowers in water (10% w/v)
were pretreated with cellulase, followed by the extraction using
a solvent (chloroform or hexane). The author reports a 36%
increase of yield, as compared to the control without enzyme
treatment. Delgado-Vargas and Paredes-Lopez ({1) determined

* Author to whom correspondence should be addressed [telephone (+52)
461 61 1 75 75; fax (+52) 461 61 1 79 79; e-mail jinb@itc.mx].

1 Instituto Tecnolédgico de Celaya.

§ Universidad Auténoma de Querétaro.

10.1021f0351366 CCC: $27.50

the effects of solids content and the elimination of water-soluble
substances on the carotenoid profiles of marigold samples treated
with enzymes. Their results show that enzymatic treatment
produced a flour with the highest all-trans-lutein content (25.1
g/kg of dry weight), an important increment when compared to
a reference yield of 11.4 g/kg for the untreated control. In both
cases, the proposed enzymatic treatments had practical limita-
tions, namely, long reaction times and the removal of a
substantial amount of water used in the enzymatic reaction.
Barzana et al. (/2) proposed a simultaneous enzymatic treatment
and solvent extraction. They used a set of hydrolytic enzymes
that can degrade the cell wall components in a predominantly
organic medium (i.e., hexane) with low humidity. Their results
show that, in the absence of enzymes, 44% of the carotenoids
can be recovered, whereas recoveries in excess of 85% can be
obtained when the enzymes are mixed with the flower prior to
extraction. Perhaps the main drawback in these efforts is the
use of expensive commercial enzymes. In previous work (/3),
we studied marigold flower ensilage seeking to improve the
xanthophyll extraction. There, we evaluated the use of a mixed
culture, associated as normal microbiota of the marigold flower,
as starter inoculum, reaching yields of 24.9 (%0.04) g of
xanthophylls/kg of flour (dry weight), similar to those previously
reported for enzymatic treatments (11). In addition, we dem-
onstrated that the endogenous microorganisms Flavobacterium
IIb, Acinetobacter anitratus, and Rhizopus nigricans are the most
significant in marigold flower ensilage and exhibit high cellulase
activity. On the basis of the current knowledge regarding the

© 2004 American Chemical Society
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ability of hydrolytic enzymes to act on structural cell wall
degradation, the present study seeks to characterize the relation-
ship between the polymer structural changes and the cellulase
activity, which facilitate xanthophyll extraction. Here, we also
report a novel pretreatment that allows, in a reasonable
processing time, improved xanthophyll extraction yields.

MATERIALS AND METHODS

Fresh Material. Fresh marigold flowers (T. erecta) were supplied
by Industrias Alcosa, S.A. de C.V. Guanajuato, Mexico. A single batch
was used for all experiments. The flowers were separated from the
receptacles, and the petals were mixed homogeneously. The petals
obtained were divided in two sets; one was processed fresh, and the
other portion was dehydrated at environmental conditions to 10%
(£1%) moisture content.

Enzymatic Extract. For enzymatic activity studies, F. IIb, A.
anitratus, and R. nigricans were propagated, according to the method
of Navarrete et al. (/3), to obtain a raw cellulase extract. The effects
of cellulase, present in these extracts, on petals’ structural wall
breakdown, as well as the residual enzymatic activity via essays on a
cellulose carboxymethyl (CCM, high viscosity; Sigma Chemical Co.,
St. Louis, MO) solution, were evaluated.

Commercial Cellulase. Commercial enzyme with endo-1,4-3-D-
glucanase (EC 3.2.1.4 from Aspergillus niger, Sigma Chemical Co.)
activity was used for enzymatic treatment. To compare against the
enzyme extract produced by endogenous microorganisms, enzymatic
solutions at 1, 0.5, 0.1, 0.05, 0.01, 0.005, and 0.001% (w/v) were
prepared and a calibration curve was constructed. The pH of all
enzymatic solutions was adjusted to 5.0 (recommended by the
manufacturer) with diluted hydrochloric acid (Beckman Instruments,
Inc., Irvine, CA).

Enzymatic Activity for the Raw Enzymatic Extract and Com-
mercial Cellulase Solutions. For both the commercial enzyme solutions
and the raw enzymatic extracts, enzymatic activity assays involved the
addition of 10 mL to 150 mL of a cellulose carboxymethyl solution of
5.25 g/L that presented a viscosity (77) of 2400 cP (Brookfield digital
rheometer model DV-III4+). The solutions obtained were kept on a
rotary shaker at 28 °C and 175 rpm (Forma Scientific, model 4520)
for 24 h. The enzymatic activity of these samples was measured
indirectly as a function of viscosity reduction.

Structural Cell Wall Breakdown. To evaluate the effect of
commercial cellulase and raw cellulase extract on the marigold petals,
one set of Erlenmeyer flasks containing 10 g of fresh petals was blended
with 120 mL of raw enzymatic extract or commercial cellulase solution.
The samples were divided in two sets: The first set was kept on a
rotary shaker at 28 °C and 175 rpm for 24 h, whereas the second set
was kept at the same conditions but without agitation. Additional
samples were prepared in the same manner using dry petals. Portions
from all sets were taken at regular time intervals. These portions were
filtered, and their solid and liquid phases were analyzed separately.
The solid phases were dehydrated in a vacuum oven (Shel Laboratory,
model 1430) to 10% (£1%) moisture content and milled (0.5-mm sieve)
using a Brinkmann mill (Brinkmann, Westbury, NY). The flour obtained
was analyzed according to AOAC method 970.64 (/4) to determine
the total xanthophylls concentration. In addition, fiber acid detergent
(15) for quantifying lignin and cellulose, fiber neutral detergent (16)
for quantifying wall cell components and cell content, and lignin neutral
detergent (/5) for quantifying lignin were also measured. The liquid
phases obtained were used to evaluate the residual enzymatic activity,
as described below.

Residual Enzymatic Activity. Aliquots of 10 mL from the liquid
phase of the processed marigold flower samples were added to 150
mL of a cellulose carboxymethyl solution of 5.25 g/L (2400 cP). The
solutions obtained were kept on a rotary shaker at 28 °C and 175 rpm
for 24 h. The residual enzymatic activity of these samples was
measured, once again, indirectly as a function of viscosity reduction.

Sample Preparation for High-Performance Liquid Chromatog-
raphy (HPLC) Analysis. Treated marigold flower samples were dried
in a vacuum oven (Shel Laboratory, model 1430) to 10% (£1%)
moisture content, The dried samples were extracted with a mixture of
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Figure 1. Effect of enzymatic treatment on xanthophyll concentration in
agitated systems: treatment with raw enzymatic extract on dry petals
(m) and fresh petals (®); treatment with commercial enzyme on dry petals
(@) and fresh petals (a).

hexane, ethanol, acetone, and toluene (HEAT) of analytical grade (J.
T. Baker, Mallinckrodt Baker Inc., Phillipsburg, NJ) under mild
conditions (56 °C during 45 min). When the extraction was finished,
the liquid phase was separated by centrifugation at 6000 rpm (Hermle
Z383 X), mixed with a solution of potassium hydroxide (Sigma
Chemical Co., St. Louis, MO) in methanol (40% w/v), and kept during
20 min at 56 °C for saponification. The resulting solution was dissolved
in hexane and sodium sulfite (Sigma Chemical Co.) solution (10% w/v).
After settling, the immiscible phases were separated. The light phase
(that contains the free xanthophylls) was used in the HPLC analysis.

HPLC. The equipment used for the HPLC essays was a Varian
chromatograph model 9050 equipped with a quaternary pump solvent
delivery and degassing system. Samples consisting of 20 uL of
saponified pigment were injected. The analysis of carotenoids was
performed using a silica OH column (SGE BPXS5 from SGE Interna-
tional). The solvent elution was operated at 1.0 mL/min of a mixture
containing 66.5% hexane, 1.5% 2-propanol, and 32.0% ethyl acetate.
The separation was performed at room temperature. The pigments were
monitored using a 447 nm detector and 1 s and 2 nm as time and
wavelength resolutions, respectively. Each peak on the chromatogram
was associated with a particular component by retention time com-
parison, and the component profile was obtained using the relative
percentage of HPLC chromatogram area.

The experimental results described below were performed in
duplicate, and the reported values represent the mean values of these
duplicated experiments.

RESULTS AND DISCUSSION

Cellulase Activity of Extract from Endogenous Micro-
organisms. The results of viscosity reduction on CCM solutions
showed that the quantity of enzyme synthesized by the endog-
enous microorganisms corresponds to the commercial enzyme
solutions of 0.05 (£0.01)% (w/v).

Enzymatic Treatment Effect on Xanthophyll Yield. The
xanthophyll concentration in the flours obtained via raw enzyme
extract treatment shows an increase clearly correlated to the
enzymatic activity. For the samples incubated with agitation,
the increase appears to be independent from the condition of
the petals (Figure 1). Flours with 29.0 (£0.1) g of total
xanthophylls/kg of flour (dry weight) can be obtained after Sh
of treatment on fresh petals. Additional processing did not affect
the xanthophyll concentration in the flours. Similar behavior
was observed on the samples formed by dry petal samples
(Figure 1). Flours with 29.3 (£0.1) g of total xanthophylls/kg
of flour (dry weight) can be obtained in the same treatment time.
Nevertheless, Figure 1 also shows that the enzymatic extract
acts more rapidly on the dry petals than on the fresh petals.
Similar studies using a commercial enzyme solution of 0.05%
(w/v) were realized, and the results showed that it is possible
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Figure 2. Effect of enzymatic treatment in agitated systems using the
raw enzymatic extract on fresh petals: treatment with efficient filtration
system to prevent xanthophyll losses (M); treatment coupled with a loose
filiration system (4).

to obtain a marigold flower flour with 23.9 (£0.1) g of total
xanthophylls/kg of flour (dry weight) in 120 h of treatment on
marigold flower dry petals (Figure 1). These results compare
favorably with those reported by Delgado-Vargas and Paredes-
Lépez (11); the differences observed are not significant and can
be attributed to uncontrolled variables such as the variety and
degree of maturity of flower and cellulase activity type. We
note that the enzymatic treatment, using the raw enzymatic
extract, reduces the processing time by ~95% (£1%) compared
to the enzymatic treatment using commercial enzyme. In
addition, the use of commercial enzyme did not affect the
xanthophyll yield from fresh marigold flower petals with respect
to that of the untreated samples, also described by Delgado-
Vargas and Paredes-Lépez (/7). At first, this behavior was
attributed to cell wall modification during the drying process
of the petals; however, the treatment using raw enzymatic extract
from the proposed endogenous culture allowed us to obtain
marigold flower flour with high xanthophyll concentration also
using fresh petals. Currently, we do not have a logical
explanation for the failure of the commercial enzyme preparation
to affect the yield from fresh flowers. We believe that the
enzymatic extract synthesized by the endogenous microorgan-
isms contains, in addition to cellulase, other enzymes that
facilitate cellulase activity on cell wall petals.

Enzymatic Treatment Effect on Marigold Flower Petals.
Visual inspection of the samples treated, after 1.5 h, reveals
the presence of fine petal particles suspended in the supernatant,
resulting from the hydrolytic enzymes activity. After this time,
we observed a gradual increase in the suspended solid material
directly correlated to the treatment time. At ~5 h of treatment,
the petals’ structure has been totally destroyed and the maximum
xanthophyll concentration has been reached (Figure 2). How-
ever, if the product obtained after 5 h of treatment is not
adequately separated, up to 30% of the xanthophylls may be
lost (AXt, Figure 2). Such observation is consistent with
previous findings (/2), where inefficiencies of the traditional
commercial extraction (ensilage-based) were declared. Never-
theless, the losses in the enzymatic treatment system can be
partially reduced. Such recovery involves a loose filtration stage
in which the xanthophyll-rich liquid phase is separated from
the leached solid. As the solid particles are accumulated on the
filter, forming a cake, one observes better xanthophyll recovery
due to the presence of the cake, which acts as a secondary barrier
for filtration, However, full recovery was never reached (Figure
2). Additional pressure was needed to prevent the xanthophyll
from being retained in the cake.
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Figure 3. Effect of enzymatic reatment on xanthophyll concentration on
fresh petals for nonagitated samples (left axis, W) and agitated samples
{ieft axis, @) and changes in the residual enzymatic activity as measured
via the reduction of CCM solutions for nonagitated samples (right axis,
@) and agitated samples (right axis, ).

To evaluate the residual enzyme activity during the essays,
treated samples were filtered to separate the phases; supernatant
aliquots were added to CCM solutions to evaluate the residual
enzymatic activity. The results showed that the viscosity of the
CCM solution diminished steadily during the first 1.5 h,
correlated with the increase in the yield values (Figure 3).
Apparently, viscosity reduction in the CCM solutions is associ-
ated with enzyme adsorption into the petals, leading to the yield
increase, as the result of the enzymatic activity. During the
following 7.5 h of the treatment, the residual enzymatic activity
gradually recovers, reaching 80% (4:2%) of its original value
at zero time (Figure 3). Apparently, the enzyme activity
increases due to enzyme desorption, characterized by changes
in the solid structure and an increase of suspended particles in
the supernatant. However, we do not observe further recovery
of the enzymatic activity beyond 9 h of treatment. Seemingly,
this behavior may be related to the enzyme being trapped in
the solid phase when the samples were filtered, similar to the
phenomena observed for the loose filtration mentioned above.

Likewise, the nonagitated samples showed lower yields for
the same treatment times (Figure 3). Yields similar (27.5 g of
total xanthophylls/kg of flour in dry weight) to those obtained
on agitated systems are observed only after ~24 h of treatment
(Figure 3). Figure 3 shows trends related to adsorption and
activity similar to those observed for agitated samples. However,
in nonagitated samples one never observes the total degradation
of petals characterized by the presence of particles in the
supernatant; furthermore, the residual enzymatic activity did not
exhibit any significant recovery.

From these results, we can conclude that agitation plays an
important role in the enzymatic treatment system. It favors the
adsorption, activity, and desorption of the enzyme, maximizing
the efficiency and extraction yields. Agitation appears to
facilitate enzyme diffusion from the supernatant (liquid phase)
to the marigold flower petals (solid phase). The fast enzyme
adsorption accelerates the cell wall lysis, leading to an increase
in the yield extraction. In addition, the agitation favors the
pulverization of solid material. Pulverization leads to an increase
in the interfacial area available for enzyme desorption. A speedy
enzyme desorption is a desirable characteristic for the separation,
recovery, and reutilization steps.

Enzyme Treatment Effect on Cell Wall Structural Com-
ponents. Agitated samples from treated fresh petals were
analyzed at different process times to estimate profile changes
in the structural components in petal cell walls. The neutral
detergent fiber (NDF) fraction was quantified as described by
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Figure 4. Effect of raw enzymatic extract on fresh petal composition
[cellulose (®) and hemicellulose (a) right axis], weight loss in the solid
phase [(@), left axis], and xanthophyll concentration [(m), left axis).

Van Soest and Wine (/5), whereas cellular content fraction was
determined by the difference (1 — NDF). The acid detergent
fiber (ADF) fraction, in turn, was quantified as described by
Van Soest (/6). The ADF residue was treated with sulfuric acid
(72%) to obtain the lignin detergent (LD) fraction (/6). The
difference (NDF — ADF) represents the hemicellulose content,
and the ADF — LD fraction was identified as cellulose content.

The results (Figure 4) showed that, for the agitated samples,
cellulose and hemicellulose curves are very similar to the
xanthophyll yield curve. This characteristic trend supports the
simultaneous occurrence of enzyme adsorption and activity. The
change in the cellulose and hemicellulose content appears to
be correlated with the permeability change in the cell walls
during the treatment, easing mass transfer between the solid
phase (petals) and the liquid phase (enzymatic extract). During
the process, the solid-phase mass diminishes steadily. As a result,
the insoluble components (i.e., xanthophylls) increase their
concentration in the solid phase. Such phenomena are further
confirmed by the weight change in the samples (Figure 4).

The overall analysis of these results appears to suggest that
the adsorption—reaction stages are the limiting ones, and they
are enhanced via agitation. As a consequence, higher extraction
yields and substantial reduction in processing time are achieved
for the agitated samples. In this study, the overall data analysis
shows that the treatment time should be ~5 h. At this time the
maximum xanthophyll extraction yield is obtained, the xantho-
phyll loss to the liquid phase can be minimized, the substrate
for hydrolytic activity of the enzyme has been depleted, the
interfacial area has been maximized, and the enzyme has
desorbed from the solid. Although we did not explore this issue,
enzyme recovery could be started at such time for reuse.

HPLC Analysis. Flours obtained from the enzymatic treat-
ment in the agitated system were analyzed by HPLC to
determine the concentration and profile of the main components.
The chromatogram showed (Figure 5) that the main components
are lutein (84.7%) and zeaxanthin (4.5%). This analysis, by
comparison with previously reported profiles (17), indicates that
the concentrations are preserved.

Conclusion. The results presented here confirm that xantho-
phyll extraction from marigold flower can be improved using
cellulolytic enzymes. Flours with high contents of xanthophylls
(29.3 g of total xanthophylls/kg, dry weight) can be obtained
after only 5 h of treatment, using the raw enzymatic extract
synthesized from F. IIb, A. anitratus, and R. nigricans, in an
agitated system. Clearly, the process described in this study has
significant advantages when compared to the traditional com-
mercial processes and similar previous studies: (1) the treatment
with hydrolytic enzyme synthesized by microorganisms associ-
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Figure 5. HPLC chromatogram of the saponified oleoresin obtained as
final product from treated marigold flower flour.

ated as normal flora of the marigold flower is more cost-efficient
due in part to the straightforward enzyme synthesis, and (2) a
substantial reduction in processing time can be achieved while
attaining high xanthophyll content. The on-site enzyme produc-
tion and process time reduction are decisive characteristics when
the economic viability of the process is evaluated. Furthermore,
HPLC analysis of the flour obtained from this treatment shows
no alteration in the total xanthophyll profile and composition.
The identified processing time (5 h) and proportion of substrate
to enzymatic extract volume (10% w/v) reported here are the
first steps toward the design of more efficient continuous or
semicontinuous processes that are currently being investigated.
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