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Resumen 

A lo largo de los últimos años se ha visto cómo el interés suscitado por una 

buena nutrición y alimentación ha cobrado gran importancia en la sociedad 

actual. Esto es debido al progresivo aumento de enfermedades cardiovasculares, 

enfermedades crónicas, metabólicas y cáncer, provocado por el creciente 

aumento de la ingesta de comidas calóricas y de la mala dieta. Este interés por 

una alimentación saludable se ha focalizado hacia los alimentos funcionales, 

debido a que en su composición se encuentran los llamados compuestos 

bioactivos o nutracéuticos que aportan grandes beneficios a la salud. 

El origen de los compuestos nutracéuticos es muy variado. A este grupo 

pertenecen los probióticos, prebióticos, ácidos grasos esenciales como los ácidos 

grasos polinsaturados, fitonutrientes como los carotenoides, polifenoles o 

pigmentos fotosintéticos, vitaminas, minerales o la fibra alimenticia. 

En el presente trabajo se han desarrollado diferentes métodos de síntesis o 

extracción de compuestos bioactivos mediante el uso de biocatalizadores 

enzimáticos. El uso de enzimas como catalizadores en procesos industriales 

juega un papel importante gracias a las ventajas que presentan frente a los 

procesos que utilizan catalizadores químicos. Estas ventajas van desde la 

reducción de costes por las condiciones de operación (presiones y temperaturas 

suaves) hasta las reducciones de las emisiones de contaminantes debido a la 

simplificación de los procesos de separación y purificación, gracias a la 

reutilización del biocatalizador y a su alta especificidad. 

En los capítulos 3, 4 y 5 de la presente tesis doctoral se ha estudiado la 

obtención de biocompuestos mediante la puesta en marcha de un método de 

extracción asistida con enzimas que utiliza como sustrato biomasa vegetal de la 

cianobacteria Spirulina platensis. 
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La cianobacteria Spirulina platensis es una microalga verde-azulada 

multicelular y filamentosa. Compuesto mayoritario del fitoplancton de los 

océanos y aguas marinas. Esta cianobacteria es susceptible a su crecimiento en 

aguas con altos niveles de carbonato y altos pH. Su principal interés es debido a 

ser fuente de macro y micronutrientes ya que presenta ácidos grasos esenciales, 

proteínas (compuestas por todos los aminoácidos esenciales), antioxidantes, etc. 

El método de extracción mediante asistencia enzimática se ha estudiado en 

los capítulos 3 y 4, donde se han estudiado las condiciones de operación (pH, 

temperatura y carga enzimática) de 4 enzimas: Alcalase®, Flavourzyme®, 

Ultraflo® y Vinoflow® y el efecto que provoca la acción enzimática en la 

morfología de la biomasa restante. Gracias a este método y tras el posterior 

secado de las respectivas fases, se obtuvieron dos extractos, uno de base acuosa 

y otro con base oleosa.  

El extracto oleoso se caracterizó mediante su composición en ácidos grasos. 

El uso de la enzima Vinoflow® permitió obtener el mayor rendimiento de 

recuperación de esta fase. 

Los extractos acuosos obtenidos mediante los métodos enzimáticos se 

caracterizaron en el capítulo 5 del presente trabajo mediante diferentes 

actividades biológicas in vitro: actividades antioxidante, anti-hipertensiva, anti-

hiperlipidémica y mediante la cuantificación en su composición de amino 

ácidos, péptidos, polifenoles y carbohidratos. 

El uso de Alcalase® en el pretratamiento degradador previo de la biomasa 

de Spirulina platensis  logró obtener un extracto acuoso con mayor rendimiento 

en peso y con más actividad anti-hipertensiva y anti-hiperlipidémica que los 

demás extractos. También esta enzima permitió obtener un extracto más rico en 

proteínas y polifenoles. 
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Otro de los trabajos realizados en esta tesis doctoral en relación a la 

alimentación funcional es la síntesis de glicéridos y fosfolípidos ricos en ácido 

linoleico conjugado o CLA (capítulos 6 y 7). Este ácido graso esencial 

polinsaturado ha despertado mucho interés a lo largo de los años gracias a su 

comportamiento como antioxidante. Gracias a esta característica, le confiere al 

CLA propiedades beneficiosas para la salud. Estas propiedades son: 

anticarcinogénica, immunoestimulante y ser capaz de disminuir los niveles de 

colesterol y de la aterogénesis.  

En primer lugar se llevó a cabo la inmovilización de diferentes lipasas y una 

fosfolipasa en distintos soportes hidrofóbicos y se estudió su comportamiento en 

la reacción de síntesis de glicéridos parciales y fosfolípidos ricos en CLA.  

 Tanto en el caso de la síntesis de glicéridos como en la de fosfolípidos se 

consiguió obtener un catalizador que supera en actividad a los catalizadores 

comerciales utilizados en este tipo de reacciones según la bibliografía. 

En el caso concreto de la síntesis de glicéridos parciales, la lipasa 

Rhizomucor miehei inmovilizada en el soporte Octyl Methacylate de Purolite® 

consigue reducir 3 veces la energía de activación de la reacción en comparación 

con el catalizador comercial Lipozyme® RM IM, e igualarse al catalizador 

comercial más activo, Novozym® 435, pero con la ventaja de ser aptos para el 

uso alimentario tanto la enzima como el soporte. 

Por otro lado en el estudio del enriquecimiento de fosfolípidos en CLA se 

consiguió hacer frente a un problema en este tipo de reacciones: la hidrólisis 

indeseada del fosfolípido que compite con la reacción principal de acidólisis. 

Mediante un estudio detallado de distintos métodos se consiguió un secado 

exhaustivo de la fosfatidilcolina, reduciéndose prácticamente a cero su hidrólisis 

durante el proceso de acilación.  
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La fosfolipasa Lecitase® Ultra inmovilizada en los soportes Octyl 

Methacylate y Octyl Methacrylate de Purolite® resultaron más activos en la 

reacción que el biocatalizador de Lecitase® Ultra inmovilizado en el soporte 

DuoliteTM A568, consiguiéndose la máxima incorporación de CLA en un tiempo 

12 veces menor. 
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Summary 

Over the last few years, the interest in good nutrition has become very 

important in today's society. This is due to the progressive increase in 

cardiovascular, metabolic, chronic, cancer, and other diseases caused by the 

increase in calorie intake and poor diets. This interest in healthier diets has been 

focused on functional foods, due to the fact that they are based in the intake of 

bioactive or nutraceutical compounds that provide great health benefits. 

The origin of nutraceuticals is very broad. This group includes probiotics, 

prebiotics, essential fatty acids such as omega-3 and other polyunsaturated fatty 

acids, including CLA, phytonutrients such as carotenoids, polyphenols or 

photosynthetic pigments, vitamins, minerals or dietary fiber. 

In the present work, different methods of synthesis and/or extraction of 

bioactive compounds have been developed through the use of biocatalytic tools. 

The use of enzymes as catalysts plays an important role in industrial processes, 

thanks to their advantages with respect to the processes based on the use of 

chemical catalysts. Two examples of their advantages are the reduction of 

operating costs and the reduction of pollution emissions, due to the 

simplification of separation and purification processes, thanks to reuse and high 

specificity of the biocatalyst. 

In chapters 3, 4 and 5 of the present work, the extraction of bioactive 

products from the biomass of the cyanobacteria Spirulina platensis has been 

studied by the implementation of an enzyme-assisted extraction method. 

The cyanobacteria Spirulina platensis is a multicellular and filamentous 

green-blue microalga. It is the major compound of marine phytoplankton. These 

cyanobacteria may grow in waters with high carbonate levels and high pH 

values. Its main interest is as a source of macro and micronutrients, since it has 
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relevant content on essential fatty acids, proteins (including all the essential 

amino acids), antioxidants, etc. 

The extraction method with enzymatic assistance has been studied in 

chapters 3 and 4, where the most important operation conditions (pH, 

temperature and enzyme loading) of 4 enzyme systems (Alcalase®, 

Flavourzyme®, Ultraflo® and Vinoflow®) have been studied. The effects of the 

different enzyme-assisted extraction methods in the residual biomass were also 

studied. For each extraction method, an aqueous and oil extract were obtained 

and comparatively studied. 

The fatty acid composition of oil extracts was determined. Vinoflow® gave 

the highest weight yield of oil phase per gram of dry spirulina. 

The aqueous extracts obtained with enzyme-assistance were characterized 

in chapter 5 with respect to their in vitro biological activities: antioxidant, anti-

hypertensive, and anti-hyperlipidemic activities, and their compositions of 

amino acids, peptides, polyphenols and carbohydrates were quantitatively 

determined. 

Alcalase® pre-treatment of the biomass of Spirulina platensis allowed 

obtaining the highest weight yield of aqueous extract, which also had the highest 

anti-hypertensive and anti-hyperlipidemic activities. Also, this extract resulted 

richer in proteins and polyphenols than the other enzymes extracts. 

Another work carried out in this doctoral thesis in the area of functional 

foods was the synthesis of glycerides and phospholipids rich in conjugated 

linoleic acid or CLA (chapters 6 and 7). This essential polyunsaturated fatty acid 

has gained great interest over the years thanks to its antioxidant, anti-

carcinogenic and immunostimulant activity and its ability to decrease 

cholesterol and atherogenesis levels. 
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New different immobilized derivatives of several lipases and a 

phospholipase in various hydrophobic supports were prepared. Their behaviors 

in the synthesis reaction of partial glycerides and phospholipids rich in CLA 

were studied. 

Both in the synthesis of glycerides, and phospholipids, it was possible to 

obtain a new immobilized catalyst, that resulted more active than the respective 

commercial immobilized catalyst used in the literature as the best one in this 

type of reactions. 

In the case of the synthesis of partial glycerides, the new derivative of 

Rhizomucor miehei lipase immobilized in Octyl Methacylate support reduced 

the activation energy of the reaction by 3 times, compared with the commercial 

catalyst Lipozyme® RM IM. The new home-made biocatalyst is suitable for use 

in the food industry. 

In the study of the enrichment of phospholipids in CLA, the process is 

seriously limited by the undesired hydrolysis of the phospholipid, a competitive 

reaction that competes with the acidolysis. This problem was first faced through 

a detailed study of different dehydration methods of the substrate. An exhaustive 

drying of phosphatidylcholine (PC) was achieved, that permitted to reduce 

almost to zero the PC hydrolysis during the acylation process. 

Phospholipase Lecitase® Ultra immobilized on Octyl Methacylate and Octyl 

Methacrylate supports resulted more active in the reaction than the biocatalyst of 

reference (Lecitase® Ultra immobilized on the Duolite™ A568), which achieved 

the maximum incorporation of CLA in less time (It was 12 times more faster 

than the Duolite catalyst). 
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1.1. La Alimentación Funcional 

En la actualidad existe una preocupación generalizada por el estado del 

bienestar y la salud, debido principalmente al ritmo de vida actual, que ha 

originado carencias en nuestra dieta y que ha llevado a la sociedad a adaptarse y 

buscar nuevas formas de consumir los alimentos. Una de estas formas es el 

consumo de productos que, además de cubrir las necesidades nutricionales, nos 

ayuden a proteger nuestro organismo de agentes externos y mantener un buen 

nivel de vida. En este sentido, la alimentación funcional es una herramienta a 

tener en cuenta. 

Un alimento se puede denominar funcional si demuestra satisfactoriamente 

que tiene un efecto beneficioso en una o más funciones del cuerpo, además de 

tener propiedades nutricionales básicas, lo que lleva al individuo a un estado de 

salud mejorada y/o a reducir el riesgo de enfermedad. Los alimentos 

funcionales, como su propio nombre indica, son alimentos, y como tal hay que 

utilizarlos, evitando su uso en forma de medicación y/o suplementación [1]. 

Los compuestos que hacen que un alimento llegue a ser funcional se 

denominan ingredientes nutracéuticos. Estos ingredientes se pueden clasificar de 

la siguiente manera [2]: 

 Probióticos  

Microorganismos vivos que mejoran el estado de salud del consumidor y, en 

concreto, de su flora intestinal. 

 Prebióticos 

Compuestos que no son digeribles por las enzimas naturales del cuerpo 

humano, como pueden ser los oligosacáridos, que estimulan selectivamente el 
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crecimiento y/o actividad de ciertas bacterias en el colon. Además a mejorar la 

biodisponibilidad de minerales como el calcio y manganeso. 

 Ácidos Grasos Polinsaturados (PUFA) 

Son ácidos grasos esenciales que no son sintetizados por el ser humano y son 

necesarios ya que aportan beneficios a la salud, siendo antioxidantes naturales 

que ayudan a combatir enfermedades cardiovasculares, inflamatorias, 

neurológicas y cognitivas. Dentro de este grupo se encuentran los omega-3, 

como el ácido eicosapentaenoico, el ácido docosahexaenoico (EPA y DHA, 

respectivamente) y el ácido linoleico conjugado (CLA). 

 Fitonutrientes 

Compuestos que se encuentran en las plantas que tienen propiedades que 

promueven la salud, ya que pueden reducir el riesgo de desarrollar 

enfermedades cardiovasculares o el cáncer gracias a su carácter antioxidante. En 

este grupo se incluyen los carotenoides, polifenoles, esteroles, flavonoides o los 

pigmentos fotosintéticos como la clorofila o la ficocianina. 

 Vitaminas y minerales 

Ciertas ingestas de vitaminas en un porcentaje más alto a la recomendación 

diaria han demostrado tener beneficios en la salud previniendo ciertas 

enfermedades. Un ejemplo es la vitamina E y el ácido fólico, que han 

demostrado reducir el riesgo de enfermedades cardiovasculares. 

 Fibra alimenticia 

Compuestos solubles e insolubles (polisacáridos, en su mayoría), como los que 

pueden encontrarse en el salvado de trigo y/o maíz, que han demostrado tener 
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beneficios en la prevención del cáncer intestinal y enfermedades 

cardiovasculares. 

Aunque el término de alimento funcional es relativamente moderno, 

muchos de los alimentos que encontramos de forma natural y están incluidos en 

nuestra dieta son alimentos funcionales. Sin embargo, dentro de esta 

clasificación podemos encontrar alimentos procesados o alimentos menos 

conocidos. En la Figura 1.1 se muestran algunos ejemplos de alimentos 

funcionales. 

 

 

Fig. 1.1. Ejemplos de diferentes alimentos funcionales 

 

En la presente tesis doctoral se ha utilizado biomasa de Spirulina platensis, 

debido a su alto contenido en proteínas y compuestos bioactivos, para 

desarrollar un novedoso y avanzado proceso extractivo asistido por enzimas. 

También, se ha estudiado el ácido linoleico conjugado (CLA) como compuesto 

bioactivo para la obtención de derivados, como lípidos y fosfolípidos 

estructurados ricos en este ácido esencial. 
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1.2. Spirulina platensis 

Arthtrospira sp (comúnmente conocida como Spirulina sp), aislada por 

primera vez por Turpin en 1827, es una cianobacteria verde-azulada multicelular 

y filamentosa compuesta de células cilíndricas que forman tricomas 

helicoidales, como se muestra en la Figura 1.2 [3].  

 

 

Fig. 1.2. Morfología de Spirulina (Arthrospira) platensis. Micrografía electrónica de 

barrido [4]. Fotografía por R. Locci 

 

Se considera uno de los mayores componentes del fitoplancton presente en 

océanos y aguas marinas. Forma grandes poblaciones, tanto en aguas tropicales 

como subtropicales, caracterizadas por presentar altos niveles de carbonato, 

bicarbonato y elevados valores de pH. Dentro del género Spirulina existen 

diferentes especies; platensis, máxima y pacífica. La especie platensis es la más 

ampliamente distribuida, encontrándose principalmente en África, pero también 

en Asia y Sudamérica [5]. 

El principal interés de la Spirulina Platensis se debe a su uso como fuente 

de macronutrientes y micronutrientes en la alimentación humana, ya que se 

compone de ácidos grasos esenciales, proteínas, antioxidantes, etc.  
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1.2.1. Estructura Celular 

La membrana celular de la cianobacteria S. platensis se asemeja a la de la 

bacteria Gram (-) (Figura 1.3), siendo más simple que las de otros organismos 

superiores.  

 

 
Fig. 1.3. Estructura de la pared celular de bacterias gram (-) [6] 

 

La membrana celular de este tipo de bacterias se caracteriza por presentar 

peptidoglucanos entre la membrana celular y la membrana citoplasmática, lo 

que les infiere mayor sensibilidad a la ruptura de su pared celular. Además, su 

membrana celular está formada por proteínas unidas no covalentemente a 

lípidos; mientras que la membrana citoplasmática se conforma por lipoproteínas, 

proteínas unidas covalentemente a lípidos. Por lo tanto que las reservas lipídicas 

se encuentran mayormente en el interior de la célula [6], por lo que resulta 

necesario romper la membrana celular para alcanzar la máxima tasa de 

recuperación de la fracción lipídica intracelular. 
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1.2.2. Composición Molecular 

La Tabla 1.1 resume la composición de la Spirulina platensis utilizada en la 

presente tesis doctoral. 

 

Tabla 1.1. Valores nutricionales de Spirulina platensis suministrada por ASN 

LEADERS ESPIRULINA S.L. 

 

Se trata de una microalga de alto contenido proteico (hasta el 70 % en peso 

seco), que además presenta componentes de interés diverso como aminoácidos 

esenciales, minerales, vitaminas (en mayor proporción vitamina B), ácidos 

grasos esenciales, carbohidratos, carotenoides y esteroles, entre otros. También 

se ha demostrado que contiene pigmentos azules en su estructura, como la 

COMPOSICIÓN GENERAL 

Proteínas Lípidos Carbohidratos Minerales Fibra Energía 

50-65 % 6-7,5 % 18-22 % 15 % 0,2 % 390 cal/100 g 

COMPOSICIÓN MEDIA POR 3 g 

Minerales Vitaminas Biomoléculas (mg) 

Hierro 26 % Provit.A 100 % Ficocianinas 600 

Manganeso 9 % B12 500 % Clorofila 45 

Cobre 8 % B1 13 % Carotenoides 9 

Fósforo 4 % B2 7,5 % 

 

Calcio 3,8 % B3 1,8 % 

Cinc 3 % E 9 % 

Potasio 2 % C 0,6 % 

Magnesio 1,5 % F 66 mg 

Selenio 0,4 % K 0,246 mg 

Sodio 13,5 mg  
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ficocianina, y contribuye al aumento del contenido proteico y férrico en su 

composición [7].  

Spirulina platensis presenta una composición lipídica de aproximadamente 

del 6 % (p/p), que varía dependiendo de las características de su cultivo [8]. La 

Tabla 1.2 resume, de forma genérica, la composición media de ácidos grasos de 

esta cianobacteria. 

Los ácidos grasos, además de su conocido valor energético y su función 

estructural, poseen también propiedades beneficiosas, concretamente aquellos 

del tipo polinsaturados (PUFA). Estos ácidos presentan un papel principal en la 

función cerebral así como en el crecimiento y desarrollo del cuerpo humano, 

además de poseer efectos antiinflamatorios y de proteger el sistema 

cardiovascular (particularmente, los ácidos omega-3). Sin embargo, el cuerpo 

humano no es capaz de sintetizarlos por sí mismo por lo que se deben 

suministrar por vía externa [9]. 

 

Tabla 1.2.  Composición general de ácidos grasos de Spirulina platensis [8] 

 

 

 

COMPOSICIÓN EN ÁCIDOS GRASOS (%) 

Saturados 48,2 

Monoinsaturados 13,6 

C16 polinsaturados 1,2 

C18:2 𝛚6 (Ác. Linoleico) 14,5 

C18:3 𝛚6 (Ác. Linoleico) 21,1 

C18:3 𝛚3 (∝-Ác. Linoleico) 0,3 

C20:3 (Ác. 𝛄-Linolénico) 0,4 
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Como se observa en la Tabla 1.2, la Spirulina platensis muestra una alta 

composición en PUFA, lo que confirma sus propiedades terapéuticas. 

Asimismo, este microorganismo también presenta en su composición oleosa 

vitaminas A y E (composición media de 840 mg/kg y 12 mg/kg, 

respectivamente) [8]. La vitamina A funciona como hormona y pigmento visual 

de los ojos en los vertebrados por lo que es esencial para la visión, mientras que 

la vitamina E (α-tocoferol en el caso de la S. platensis) es un antioxidante 

biológico cuya carencia conlleva  piel escamosa, debilidad muscular, pérdida de 

peso y esterilidad [10]. El potencial que presentan los biocomponentes lipídicos 

de esta especie es de gran importancia en múltiples campos industriales, y es por 

tanto que es necesario promover su uso, incrementando la viabilidad del proceso 

de extracción de éstos.  

En la tabla 1.3 se expone la composición media en aminoácidos esenciales 

que forma la Spirulina platensis. Como se puede observar, las cantidades de los 

diferentes aminoácidos están muy equilibradas entre sí. 

 

Tabla 1.3.  Composición general de los aminoácidos esenciales de Spirulina sp  

COMPOSICIÓN EN AMINOÁCIDOS ESENCIALES ( g /100 g Spirulina sp ) 

Isoleucina 6,40 

Leucina 10,40 

Histidina 4,50 

Metionina 2,20 

Fenilalanina 5,40 

Treonina 5,40 

Triptófano 1,50 

Valina 7,50 
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Un factor a tener en cuenta en relación a la cantidad de proteína es su 

digestibilidad. Aunque la digestibilidad de la proteína en el caso de la Spirulina 

platensis se encuentra en torno a un 85-95 % [11], el porcentaje de proteína neta 

que se ve afectada por la calidad de proteína, accesibilidad y digestibilidad es 

del 62 %, similar a fuentes de proteína de origen vegetal (trigo, tofu), pero 

inferiores a las fuentes de proteínas de origen animal, que se encuentran en torno 

a un 80 % para el pescado o en un 94 % para el huevo [12]. Gracias a la 

extracción y segmentación de las proteínas en péptidos más pequeños, este 

porcentaje se verá incrementado. 

No obstante, la composición de biocomponentes, tanto aminoácidos como 

lípidos y demás biocompuestos, depende de las condiciones de cultivo. 

 

1.2.3. Aplicaciones de la Spirulina platensis 

Spirulina platensis destaca por las diversas aplicaciones que presenta. Suele 

utilizarse como agente fertilizante y en tratamientos de aguas residuales urbanas, 

mientras que su alto contenido nutricional justifica su comercialización a escala 

mundial [13]. Ciertos extractos se emplean en el sector farmacéutico y 

alimentario, como la ficocianina, que es un colorante industrial extensamente 

utilizado. Su uso en técnicas bioanalíticas, como análisis inmunológicos y 

citometrías de flujo, se explota en el sector biotecnológico desde hace décadas 

debido a sus propiedades fluorescentes [7]. 

La presencia de agentes antioxidantes en su estructura confirma sus 

propiedades terapéuticas (anticancerígena, antiviral, antinflamatoria, 

antimicrobial), además del efecto positivo de su consumo en el sistema inmune 

tanto animal como humano [14]. Estudios como los de Yang han demostrado su 

inocuidad y seguridad en el consumo y su mínima citotoxicidad, además de no 

poseer toxinas algales como microcistinas [15]. Es por tanto, que este 
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microorganismo se clasifica como ingrediente de complementos dietéticos de 

Clase A debido a su seguridad, evaluado por el Comité de Expertos de 

Suplementos Dietéticos en la Convención de Farmacopea  de E.E.U.U. en 2011 

[16]. 

 

1.3. Métodos de Extracción 

Los métodos de extracción de biocomponentes aplicados a cualquier 

biomasa son técnicas basadas en principios físicos y/o químicos, que pueden ir 

precedidos o no de técnicas de ruptura de la membrana celular, para extraer los 

componentes de interés.  

Existen varios tipos de métodos extractivos, dependiendo de la técnica y 

principio en la que se basan, que se comentan a continuación. 

 

1.3.1. Métodos Físicos de Pretratamiento de la Biomasa o Extracción Simple 

Estos métodos pueden utilizarse en sí mismos como métodos de extracción 

simple. Se basan en principios físicos sencillos que permiten recuperar 

rápidamente el contenido de las microalgas (principalmente, lipídico), aunque de 

forma poco eficiente. También, suelen utilizarse como técnicas de 

pretratamiento de la muestra microalgal para alcanzar un mayor rendimiento en 

la extracción con diversos disolventes. 

 Destrucción mecánica 

Se trata de una técnica que consiste en la división de la pared celular de la 

biomasa mediante impactos consiguiendo una homogeneización de la muestra y 

liberando los lípidos además de otras sustancias presentes dentro de la célula. 

Entre las desventajas que presenta, destaca la poca selectividad de la extracción 
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y la recuperación del material extraído; es por tanto que suele utilizarse como 

pretratamiento. Este procedimiento abarca numerosas clases de dispositivos 

mecánicos como molinos de bolas, sistemas de prensado, homogeneizadores 

celulares, morteros, etc. 

 Sonicación / Ultrasonido 

La técnica de ultrasonido, también conocida como de sonicación, consiste en 

la aplicación de ondas acústicas de una frecuencia determinada, producidas por 

la transmisión de corriente eléctrica a un sistema mecánico a la biomasa algal. 

La propagación de estas ondas en medio líquido genera burbujas microscópicas 

que cavitan contra la pared celular de las células causando su ruptura [17].  

 Microondas 

Dentro de los métodos de pretratamiento para la posterior extracción con 

solvente químico, se ha determinado que la técnica por microondas es la más 

eficiente [18]. Consiste en aprovechar la polaridad de las moléculas que se 

encuentran en las células de la biomasa algal, como lípidos y proteínas, para 

crear fricción. El calor desprendido permite liberar el agua contenida en la célula 

debilitando la pared celular y, por consiguiente, su posterior ruptura [17]. 

 Autoclave  

Esta técnica se basa en el uso de un dispositivo que se utiliza en la 

esterilización de instrumentos mediante presión y agua a altas temperaturas. Se 

realiza una extracción mediante el vapor de agua desprendido por el aparato, que 

penetra fácilmente en las células de la biomasa. El principio sobre el que se basa 

este tipo de extracción es similar al utilizado por la extracción mediante agua 

subcrítica [17].  
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 Shock osmótico 

A través de una reducción repentina de la presión osmótica, esta técnica 

permite que la membrana o pared celular de los microorganismos se debilite. 

Consiste en mantener las células en equilibrio en un medio con alta presión 

osmótica; tras el descenso súbito de presión que induce un medio hipotónico, el 

agua penetra en las células por ósmosis, aumentando la presión interna y 

creando la división de la pared celular [17]. 

 

1.3.2. Extracción Química Mediante el Uso de Disolventes 

La recuperación de los diversos biocomponentes se realiza mediante 

extracción con disolventes químicos, siendo un método utilizado para separar 

los compuestos de interés de la biomasa en suspensión. Para ello se añade un 

disolvente en el que solubilizan estos componentes. Existe una gran variedad de 

solventes orgánicos utilizados en la extracción oleosa de biomasa algal, 

alcanzándose en algunos un 98 % de recuperación de los ácidos grasos presentes 

en la composición del alga. 

 

Los métodos más estudiados son los siguientes: 

 Método Folch y Bligh & Dyer  

Extraen tanto lípidos polares como no polares, utilizando una combinación 

de un solvente apolar y otro polar capaz de disolver tanto los lípidos neutros 

como los polares. La mezclas utilizadas son cloroformo/metanol 2:1 (v/v) y 1:2 

(v/v) en el caso del método Folch y Bligh & Dyer, respectivamente [19, 20]. 
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 Método Richmond  

Este método utiliza los solventes orgánicos más populares: el hexano y 

etanol. Esta técnica comprende una mezcla de hexano/etanol (96 %), 1:2,5 (v/v). 

Está reportado que este método consigue extraer hasta un 98 % de los ácidos 

grasos presentes en la biomasa [21]. 

 Método Ramos  

Este método comprende una mezcla de hexano/isopropanol 3:2 (v/v), 

admitidos en la industria alimentaria por su baja toxicidad, por lo que permite su 

uso en este ámbito sin peligros para la salud humana o animal (RD 1101/2011, 

2011) [22]. 

 Extracción por sistema Soxhlet 

 El sistema Soxhlet es ampliamente utilizado en extracción lipídica de 

microalgas por solvente químico. Se basa en la utilización de un dispositivo 

compuesto por un balón de vidrio con el solvente, que es llevado a ebullición; 

un tubo de extracción Soxhlet, donde se sitúa la muestra; y un condensador que 

permite la condensación del solvente en el tubo Soxhlet tras su ebullición, dando 

lugar a la extracción deseada de la biomasa. Cuando el tubo se llena de 

disolvente, éste se devuelve al balón por medio de un sifón. 

Cabe destacar algunos métodos de extracción que combinan el 

acondicionamiento de la biomasa algal con un proceso de pretratamiento 

mediante ultrasonido seguido de una extracción por solvente, utilizando el 

método Folch y Bligh & Dyer [23, 24], respectivamente. Estos estudios lograron 

una recuperación cercana al 90 %, siendo mayor que los métodos de extracción 

que utilizan exclusivamente disolventes. 
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1.3.3.  Extracción Mediante Fluidos Supercríticos y Subcríticos 

Esta técnica se basa en el uso de alternativas a los solventes químicos 

debido a su toxicidad. La utilización de fluidos supercríticos (SFE) y agua 

subcrítica (SWE) se caracteriza por su rapidez, selectividad y fácil recuperación 

y separación de los extractos, ya que al recuperar las condiciones normales de 

presión y temperatura, el fluido extractor se vuelve gas. Estos fluidos se 

caracterizan por sus propiedades en condiciones supercríticas o subcríticas: una 

baja viscosidad (se comportan como gas y líquido) que les permite penetrar en 

las células y facilitar la extracción [17]. 

Estudios relacionados con Spirulina platensis han obtenido resultados 

interesantes con estos métodos de extracción, pudiendo aislar cantidades 

considerables de ácido γ-linoleico mediante CO2 supercrítico [25]. 

 

1.3.4.  Extracción asistida por Degradación Enzimática 

En este tipo de extracción se utilizan enzimas para degradar la membrana o 

pared celular; dependiendo de su clasificación degradan unos componentes de la 

biomasa u otros. Las enzimas son proteínas de elevado peso molecular 

sintetizadas por organismos vivos que actúan como catalizadores en reacciones 

bioquímicas. Presentan alta selectividad, pues dependiendo de su naturaleza se 

clasifican en diversos grupos según su actividad (hidrolasas, liasas, isomerasas, 

etc.) [26].  

La extracción asistida por enzimas presenta diversas ventajas además del 

aumento de recuperación del contenido oleico en el extracto, como la 

eliminación o reducción del consumo de solventes, lo que reduce el coste total y 

las necesidades energéticas del proceso. Esta técnica suele emplearse en la 

extracción lipídica de semillas tanto frutales como vegetales (soja, sandía, 

algodón, girasol, ricino) para industria alimentaria y para la producción de 
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biocombustibles como biogás o bioetanol [27, 28]. En la mayoría de semillas 

con alto contenido graso, la técnica permite la recuperación simultánea de 

lípidos y proteínas. En el caso de las algas, la degradación enzimática previa de 

la biomasa aumenta la recuperación de aceite para biodiésel [29]. 

La acción enzimática, al igual que los tratamientos mecánicos y térmicos, 

deterioran la pared celular favoreciendo la permeabilidad de diferentes 

moléculas, como muestra la Figura 1.4.  

Existen varios tipos de enzimas utilizadas para mejorar la extracción 

lipídica de biomasa: proteasas, celulasas, amilasas, hemicelulasas, etc. Las 

proteasas hidrolizan principalmente las proteínas que se encuentran tanto en la 

membrana celular como en la membrana citoplasmática, mientras que las 

celulasas y hemicelulasas se centran en la ruptura de polisacáridos [27, 30]. 

Varios análisis coinciden en los efectos favorables que muestran las 

mezclas de enzimas como las formulaciones con múltiples actividades, pues 

conducen a una mayor o total permeabilidad de la estructura celular liberando 

mayor contenido oleoso [27]. 

 

 
Fig. 1.4. Degradación de las paredes celulares de Chlorella vulgaris mediante métodos 

de disrupción celular [31] 
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En la presente tesis doctoral se realizaron diferentes extracciones asistidas 

por cuatro enzimas diferentes: 

- Dos proteasas (EC. 3.4), que en la naturaleza hidrolizan enlaces peptídicos: 

 

 Alcalase® 2.4 L FG 

Alcalase® es una preparación comercial de una serina endo-peptidasa (EC. 

3.4.21.62) de Bacillus licheniformis (principalmente subtilisina A). Alcalase® 

actúa como una esterasa catalizando la hidrólisis estereoselectiva de ésteres y 

aminoésteres, incluyendo los aminoésteres heterocíclicos. 

 Flavourzyme® 1000 L 

Flavourzyme® es una preparación de peptidasa de Aspergillus oryzae, 

ampliamente utilizada para la hidrólisis de proteínas en aplicaciones industriales 

y de investigación. Se han identificado ocho enzimas en Flavourzyme®: dos 

aminopeptidasas, dos dipeptidil peptidasas, tres endopeptidasas y una α-amilasa. 

 

- Dos celulasas (EC. 3.2), en concreto, dos glucanasas que hidrolizan enlaces 

glucosídicos: 

 

 Ultraflo® L 

Ultraflo® es una preparación enzimática multicomponente que contiene 5-10 

% de β-glucanasa (endo-1,3 (4) -) y 1-5 % de xilanasa (endo-1,4 -) en peso 

como compuestos activos principales (EC 3.2.1.6 y EC 3.2.1.8), producidas por 

una cepa de Humicola insolens. Ultraflo® se utiliza en la industria cervecera para 

hidrolizar gomas de polisacáridos y para descomponer los materiales de la pared 

celular en cereales como el beta-glucano y los xilanos. 
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 Vinoflow® Max A 

Vinoflow® es una preparación enzimática compuesta mayoritariamente por 

β-glucanasa (exo-1,3-)  que hidroliza sucesivamente (1,3)-beta-D-glucanos a 

partir del extremo no reductor, liberando α-glucosa. Esta preparación es 

utilizada en la industria del vino para acelerar el proceso de envejecimiento. 

Todas estas preparaciones enzimáticas son de uso alimentario y, por lo tanto, 

su utilización es apta para los fines de esta investigación. 

 

1.4 Ácido Linoleico Conjugado (CLA) 

Entre los ácidos esenciales, destaca el ácido linoleico conjugado o CLA. 

Este ácido graso es un conjunto de isómeros posicionales y geométricos del 

ácido octadecadienoico (C18:2). Los dobles enlaces de este ácido se encuentran 

conjugados. Existen un total de 28 isómeros, teniendo más actividad biológica 

los isómeros cis-9 – trans-11 o ácido ruménico y el trans-10 – cis-12 (Figura 

1.5). 

 

 

Fig. 1.5. Estructura del ácido linoleico conjugado (CLA). A) Isómero cis-9 – trans-11. 

B) Isómero trans-10 – cis-12 
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En la Tabla 1.4 se recogen los principales alimentos que contienen CLA 

 

Tabla 1.4. Concentraciones de CLA de diferentes alimentos [32] 

ALIMENTO 
CANTIDAD DE CLA  

(mg/g grasa total) 

Cordero/Ternera 4,0-5,0 

Mantequilla 12,3-14,2 

Yogurt 3,3-4,6 

Queso 1,5-19,9 

Leche 3,0-6,0 

Ghee 10,0-25,0 

Aceite de Cártamo 0,7 

 

Debido a que el CLA es producido naturalmente por los rumiantes 

(Apartado 1.4.2), la mayoría de estos alimentos son carnes y derivados 

lácteos.Las altas concentraciones de CLA en la mantequilla y en los quesos 

pueden ser debidas al proceso de producción, al contenido de CLA de la leche 

utilizada, a la microflora, la tecnología o al envejecimiento del producto. En el 

caso del Ghee, el proceso de clarificación de la mantequilla puede provocar 

isomerización del ácido linoleico [32]. 

 

1.4.1. CLA y los Beneficios para la Salud 

El primer indicio de bioactividad del ácido linoleico conjugado se encontró 

en 1979 cuando un extracto de carne de ternera inhibió la mutagénesis en 

fracciones celulares de hígado de rata [32]. A partir de este hito, los estudios del 

CLA y su efecto en la salud aumentaron considerablemente, llegando a 

demostrar diferentes efectos en la salud, como su actividad antioxidante, la cual, 

se estima como 100 veces superior a la del tocoferol, ayudando a la disminución 

de la oxidación de los lípidos [33]. 
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A continuación se recoge de forma resumida distintos beneficios que el 

CLA aporta a la salud: 

 Anticarcinogénicas 

Gracias a la actividad antioxidante del CLA, éste es capaz de modificar la 

permeabilidad de las células, más en concreto de la membrana, aumentando la 

resistencia de estructuras biológicas predecesoras de la mutagénesis y carcinosis 

[34]. 

 Immunoestimulantes 

El CLA mejora la producción de células en el sistema inmune, 

principalmente linfocitos, y aumenta la actividad fagocítica [35]. 

 Combate Enfermedades Cardiovasculares 

Estudios en animales han demostrado su efecto en la reducción de la 

aterogénesis y una disminución de los niveles de colesterol en conejos con una 

dieta rica en CLA [32]. Otro de sus efectos fue la reducción de la grasa corporal 

cuando se les administró el isómero trans-10 – cis-12 [36]. 

 

1.4.2. Síntesis Natural del CLA 

El ácido linoleico conjugado se sintetiza de manera natural en el rumen 

gracias a la acción de la bacteria Butyribivrio fibrisolvens mediante la 

biohidrogenación de los ácidos insaturados. Otra de las vías de producción del 

CLA se lleva a cabo gracias a la acción de la Δ9 – estearoil coenzima A 

desaturasa en las glándulas mamarias. El CLA puede ser producido también en 

condiciones de niveles bajos de grasa en la leche, comúnmente conocida como 

“milk fat depression” derivada del ácido linoleico (Figura 1.6). 
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Debido a que esta síntesis es exclusiva de los animales rumiantes, durante 

años ha sido estudiado, el enriquecimiento de CLA en la carne de aves de corral 

y cerdos mediante la incorporación de este ácido esencial en la dieta de los 

animales.  

 

 

Fig. 1.6. Vías de síntesis del CLA en rumiantes [32] 

 

1.4.3. Producción Comercial del CLA 

El ácido linoleico conjugado se ha sintetizado de manera comercial 

mediante la isomerización del ácido linoleico presente en aceites vegetales. 

Principalmente se han utilizado los aceites de cártamo y de girasol, pero también 

se utilizan los ácidos grasos libres o ésteres alquílicos de estos ácidos. 

En la literatura se describen diferentes métodos de producción de CLA, pero 

todos tienen ciertos puntos en común, descritos a continuación [37]:  

- Conversión de las formas esterificadas de los ácidos grasos en ácidos 

grasos libres mediante hidrólisis a altas presiones y temperaturas. 
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- Isomerización de los ácidos grasos libres en medio orgánico (alcohol) 

con un catalizador alcalino (hidróxido de potasio o sodio) hasta la 

formación de CLA en forma de jabón. 

- Recuperación del CLA en frío mediante diferentes etapas de: 

o Adición de ácido diluido 

o Lavado con disolventes 

o Secado 

o Deodorización 

o Destilación 

 

El CLA en estado libre es muy inestable y propenso a la oxidación, por lo 

cual, el interés de la síntesis de derivados del CLA se ha incrementado en los 

últimos años. En el presente trabajo se ha estudiado la síntesis de fosfolípidos y 

glicéridos parciales ricos en CLA utilizando como herramienta la biocatálisis, de 

alto potencial como vehículos de este ácido esencial. 

 

1.5. La Biocatálisis  

El concepto de biocatálisis abarca las reacciones que utilizan sustancias de 

origen biológico como catalizador. Las estructuras biológicas que tienen 

carácter catalítico pueden ser células, enzimas, anticuerpos o ribozimas, aunque 

las más utilizadas en la industria son las enzimas [38].  

El ejemplo más claro de biocatálisis se encuentra en los organismos, donde 

ciertas enzimas, con actividades catalíticas específicas llevan a cabo un conjunto 

de reacciones químicas que ayudan al sistema a regular y mantener la 

funcionalidad e integridad del organismo. 
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El interés suscitado hacia la biocatálisis lleva presente muchos años, debido 

a las ventajas medioambientales y económicas que posee frente a la catálisis 

química. Las principales ventajas de la biocatálisis pueden ser [39, 40]: 

- La reducción de costes energéticos debido al uso de condiciones de 

temperatura y presión cercanas a las estándar. 

- El uso de enzimas selectivas como catalizadores que ayudan a la 

simplificación de los procesos, evitando etapas posteriores de separación 

y/o purificación. 

- La reutilización del catalizador en la mayoría de los procesos cuando 

éstos están inmovilizados. 

- La disminución de la contaminación medioambiental por la 

simplificación del proceso. 

 

1.5.1. El Papel de la Biocatálisis en la Modificación de Lípidos 

Los aceites y grasas naturales no son siempre el producto ideal y la 

modificación en su composición en ácidos grasos y en la estructura regio- y 

estereoquímica puede ayudar a la mejora en sus propiedades y en su valor 

nutricional. La modificación de grasas y aceites ayuda a prevenir enfermedades 

cardiovasculares y a reducir el colesterol provocado por el desequilibrio en el 

consumo de grasas perjudiciales para la salud [39]. 

Debido a las propiedades de los ácidos grasos esenciales como el CLA, 

existe un incremento de la demanda de nuevos métodos para producir los 

denominados lípidos estructurados, como los glicéridos parciales o fosfolípidos 

modificados. 

A parte de las ventajas del uso de la biocatálisis previamente descritas, su 

uso en esta aplicación es atractivo debido a la compatibilidad del proceso con la 

utilización de materias primas más inestables y propensas a la oxidación como 
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lo son los ácidos grasos insaturados, gracias a las condiciones suaves utilizadas 

en el proceso [39]. 

Aunque dentro de la síntesis de lípidos estructurados existen muchos 

procesos como la esterificación, transesterificación, acidólisis, alcoholísis …; En 

este trabajo se ha llevado a cabo la síntesis de glicéridos parciales vía 

esterificación del glicerol con CLA y el enriquecimiento de la fosfatidilcolina en 

CLA vía acidólisis (Figura 1.7).  

 

 

Fig. 1.7. Esquemas de las reacciones de lípidos estructurados. A) Esterificación del 

glicerol con CLA; B) Enriquecimiento en CLA de la fofatidilcolina. P = Grupo Fosfato. 

RCLA = Radical del CLA. R1 y R2 = Radicales de ácidos grasos 

 

El biocatalizador utilizado en este tipo de biotransformaciones son las 

enzimas lipasas, o fosfolipasas en el caso del uso de la fosfatidilcolina como 

sustrato (Apartado 1.5.2.). 

Estudios recientes en animales demostraron la mejor asimilación de los 

ácidos grasos en estructuras en forma de diglicérido y monoglicérido en el 

organismo, con respecto a la forma libre del ácido, así como su repercusión en la 

salud del animal [41, 42]. La composición de la fosfatidilcolina (utilizada como 
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sustrato en el capítulo 7 de la presente tesis) suele contener ácidos palmítico, 

esteárico, oleico y linoleico, encontrándose principalmente formando parte de 

los tejidos animales [43]. Los ácidos grasos que componen los fosfolípidos son 

más fáciles de asimilar en las células del cerebro que sus formas libres o 

glicéricas [44]. Por lo que resulta de alto interés el desarrollo de nuevos métodos 

enzimáticos selectivos de obtención de glicéridos parciales y fosfolípidos ricos 

en CLA, como los desarrollados en esta tesis doctoral. 

 

1.5.2. Enzimas: Lipasas 

Una enzima es una molécula con capacidad catalítica de origen proteico. 

Las enzimas se clasifican en seis grupos dependiendo de su actividad catalítica, 

éstas pueden ser: oxidorreductasas, transferasas, hidrolasas, liasas, isomerasas y 

ligasas.  

Dentro del grupo de las hidrolasas se encuentran las lipasas o triglicerol 

hidrolasas (EC 3.1.1.3). Su función natural es la hidrólisis de triglicéridos a 

glicéridos parciales y ácidos grasos libres durante la digestión. La actividad 

catalítica reside en la interfase Lípido-Agua, por lo que su actividad es 

observada en presencia de fases hidrofóbicas. Esto debido a la presencia de una 

región oligopeptídica hidrofóbica llamada “lid” o tapadera, la cual cubre el 

centro activo de la enzima. Este “lid” es desplazado en presencia de una fase 

hidrofóbica, permitiendo el acceso de los sustratos al centro activo [45]. 

En la mayoría de las lipasas, el centro activo se compone de una triada 

catalítica formada por serina, histidina y aspartato y tienen un plegamiento 

característico α/β – hidrolasa [39]. 

Las lipasas son activas en un rango muy amplio de pH y temperaturas lo 

que las hace muy versátiles para el diseño de procesos. Otro de los atractivos del 

uso de estas enzimas es su alta actividad y estabilidad en sistemas anhidros, la 
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gran variedad de sustratos sobre los que actúan, la alta estereoselectividad y su 

aplicación en medios anhidros para catalizar reacciones inversas de 

esterificación o transesterificación [39]. 

Esta versatilidad invita al desarrollo de biocatalizadores con aplicaciones 

principalmente en la industria alimentaria, pero también en la industria 

farmacéutica, cosmética, en la producción de detergentes, en la industria textil y 

de las pieles o en la industria del papel [46]. 

Dentro de esta tesis doctoral se han utilizado las siguientes enzimas (Figura 

1.8)  para la obtención de los derivados lipídicos ricos en CLA: 

 Lipasa B de Candida Antarctica (CALB) 

Es una isoenzima procedente de la levadura Candida Antarctica que fue 

aislada por primera vez en la Antártida. Actualmente es obtenida a partir de 

procesos de clonación y sobre-expresión en el hongo Aspergillus oryzae [47]. La 

enzima CALB presenta un peso molecular de 33 kDa y un punto isoeléctrico de 

6.0. La secuenciación de CALB ha revelado que su estructura primaria está 

formada por 317 residuos. CALB es ampliamente usada como biocatalizador 

debido a la  aceptable  regioselectividad  y  enantioselectividad  frente a 

alcoholes,  aminas, ésteres y ácidos racémicos [48]. 

 Lipasa de Rhizomucor miehei (RML) 

Obtenida a partir de la expresión del hongo Aspergillus oryzae, fue la 

primera lipasa de la que se conoció su estructura. Tiene un peso molecular de 

31,6 kDa con un punto isoeléctrico de 3,8. RML está compuesta por un 

polipéptido de 269 residuos con un plegamiento simple de β-lámina y tiene una 

regioselectividad sn-1,3. Su principal aplicación es la transformación y 
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modificación de aceites y grasas, como el enriquecimiento de lípidos en PUFA 

[49]. 

 Lipasa de Thermomyces lanuginosus (TLL) 

Producida a partir de modificación genética de la cepa de Aspergillus 

oryzae, TLL está compuesta por una cadena proteica de 269 aminoácidos, con 

un peso molecular de 31,7 kDa y un punto isoeléctrico de 4.4. Su forma es 

esférica y contiene una estructura β-lámina interconectada con 5 α-hélices. 

Como la RML, su regioselectividad es sn-1,3. Sus aplicaciones abarcan la 

modificación de aceites y grasas, la producción de biodiésel, la resolución de 

mezclas racémicas o el uso en el tratamiento de aguas residuales [50]. 

 

En el caso del enriquecimiento de fosfolípidos en CLA, se utilizó una 

fosfolipasa, descrita a continuación: 

 Fosfolipasa A1 (Lecitase) 

Esta enzima se ha obtenido a partir de la fusión de los genes de la lipasa de 

Thermomyces lanuginosus (para obtener una buena estabilidad) y la fosfolipasa 

de Fusarium oxysporum (para obtener la actividad de fosfolipasa). Está 

compuesta por una única cadena proteíca de 35 kDa. Desarrollada 

principalmente para procesos de desgomado, su regioselectividad es a sn-1, pero 

gracias a la acyl migración se pueden obtener fosfolípidos con las dos 

posiciones modificadas [51, 52]. 

Todas estas enzimas se han inmovilizado en diferentes soportes, debido a 

que esto les confiere una ventaja, como la posible reutilización del 

biocatalizador. 
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Fig. 1.8. Estructuras 3D de las enzimas utilizadas para el enriquecimiento de lípidos en 

CLA. A) CALB; B) RML; C) TLL; D) Fosfolipasa A1 [53] 

 

1.5.3. Inmovilización de Enzimas. Activación Interfacial 

Una de las estrategias más utilizadas en la biocatálisis para la mejora de los 

biocatalizadores es la inmovilización. Con un método adecuadamente diseñado, 

se pueden conferir diferentes propiedades deseadas al biocatalizador, como 

puede ser una mayor estabilidad, actividad, especificidad, selectividad, 

reducción de la inhibición... Para ello, se necesita hacer estudios exhaustivos 

sobre los protocolos de inmovilización, ya que las enzimas se comportan de 

diferente manera dependiendo de las condiciones empleadas [54, 55]. 

En el caso de las lipasas se ha demostrado como la inmovilización de la 

misma enzima en diferentes soportes consigue diferentes resultados en la 

selectividad, actividad y especificidad [54, 56]. 

La inmovilización permite el uso de estas enzimas en procesos en continuo 

y facilita su separación del medio de reacción, haciendo posible su reutilización. 
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Los principales métodos de inmovilización se pueden clasificar de la 

siguiente manera [57]: 

- Inmovilización por adsorción: Unión de la enzima al soporte a 

través de interacciones superficiales reversibles como las 

interacciones electroestáticas. 

- Inmovilización por unión covalente: Se forman enlaces covalentes 

entre grupos funcionales de los aminoácidos con grupos funcionales 

reactivos presentes en la superficie del soporte. 

- Atrapamiento: La enzima se encuentra libre en una disolución, pero 

tiene su movimiento restringido por una estructura en red como 

puede ser un gel. 

- Encapsulación: Inmovilización de la enzima mediante el uso de 

membranas semipermeables. 

- Entrecruzamiento: No requiere soporte, ya que la adición de agentes 

químicos, o el uso de métodos físicos como la floculación, provoca 

un entrecruzamiento de las diferentes enzimas que forman una red 

tridimensional compleja. 

En el presente trabajo, las enzimas anteriormente descritas se han 

inmovilizado mediante adsorción (método utilizado para la inmovilización de 

lipasas) en diferentes soportes hidrofóbicos de Purolite®. En concreto los 

soportes utilizados fueron: 

- Soporte Lifetech™  ECR8806M Octadecyl Methacrylate (OMC): 

Polímero metacrílico funcionalizado con grupos octadecilo, con un 

tamaño de poro de 400 - 650 Å y un rango de tamaño de partícula de 

300 - 710 µm. 

- Soporte Lifetech™ ECR8804M Octadecyl Methacylate (OM): 

Polímero metacrílico funcionalizado con grupos octadecilo, con un 
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tamaño de poro de 400 - 650 Å y un rango de tamaño de partícula de 

350 - 450 µm. 

- Soporte Lifetech™  ECR1090M Styrene: Copolímero de divinilbenceno 

(DVB) y estireno con alta porosidad y sin grupos funcionales, con un 

tamaño de poro de 400 - 650 Å y un rango de tamaño de partícula de 

150 - 300 µm. 

 

En el estudio de la síntesis de fosfolípidos ricos en CLA, la fosfolipasa 

Lecitase® Ultra también se inmovilizó mediante intercambio iónico a un soporte 

de la compañía DuPont®: 

- Duolite™ A568: Resina de intercambio aniónico de base débil granular 

altamente porosa basado en un policondensado de fenol-formaldehído 

reticulado. 

 

En el caso de los soportes de Purolite®, la inmovilización se llevó a cabo 

mediante activación interfacial (Figura 1.9). 

 

 

Fig. 1.9. Esquema general de la inmovilización enzimática mediante activación 

interfacial 

 

La activación interfacial es provocada gracias a las interacciones 

hidrofóbicas enzima-soporte, lo que permite, la apertura del “lid”, que hace 
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accesible el centro activo de la enzima al unirse al soporte; de esta forma, la 

lipasa se inmoviliza en su conformación activa o abierta. 
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2. Objetivos 

La presente tesis doctoral abarca diferentes objetivos dentro un marco 

común, el desarrollo de nuevos procesos biocatalíticos de obtención de nuevos 

productos para alimentación funcional, cosmética y farmacia. Los objetivos 

principales son: 

- Desarrollo de un proceso de extracción asistida con enzimas para la 

obtención de productos bioactivos a partir de biomasa de la cianobacteria 

Spirulina platensis. Este objetivo se desarrolla en los capítulos 3, 4 y 5. 

Dentro de este objetivo se encuentran los siguientes objetivos específicos: 

 Estudio del efecto de las condiciones de operación (pH, Tª, carga y 

tiempo) para 4 sistemas enzimáticos comerciales diferentes: 

Alcalase®, Flavourzyme®, Ultraflo®, Vinoflow®. 

 La obtención de distintos extractos, tanto con base acuosa como 

orgánica, mediante la extracción asistida con enzimas y disolventes 

aptos para el procesado de alimentos (n-hexano e isopropanol). 

 Caracterización composicional y funcional de los diferentes extractos 

obtenidos. 

 

- Obtención de glicéridos parciales ricos en ácido linoleico conjugado o 

CLA con nuevos biocatalizadores de diseño propio (capítulo 6). Para 

llevar a cabo este objetivo principal se propusieron los diferentes objetivos 

específicos: 

 Inmovilización de 3 lipasas (Candida antarctica B, Thermomyces 

lanuginosus y Rhizomucor miehei) en dos nuevos soportes de 

Purolite® (Octadecyl Methacylate y Octadecyl Methacrylate). 

 Comparación de su comportamiento con el de los catalizadores 

comerciales de Novozymes® en la síntesis de glicéridos parciales 



2. Objetivos 
 

52  

 

ricos en CLA. Estudio del efecto de la carga de los nuevos 

catalizadores y de la relación molar de los sustratos (Glicerol/CLA). 

Determinar las energías de activación y regioselectividad de los 

diferentes biocatalizadores. 

 Análisis composicional de los productos obtenidos con los distintos 

catalizadores en sus respectivas condiciones óptimas de operación. 

 

- Desarrollo de un proceso de obtención de fosfolípidos ricos en CLA 

utilizando catalizadores inmovilizados de diseño propio (capítulo 7). En 

este objetivo se abarcaron los diferentes objetivos específicos: 

 Inmovilización de la fosfolipasa Lecitase® Ultra en tres soportes de 

Purolite®: Octadecyl Methacylate, Octadecyl Methacrylate y Styrene. 

 Resolver o mitigar el problema de hidrólisis competitiva del 

fosfolípido, que acusa a este proceso de síntesis. 

 Estudio del efecto de las condiciones de reacción de los nuevos 

catalizadores. 

 Comparación de los nuevos catalizadores con el catalizador de 

Duolite (Lecitase® Ultra inmovilizado en soporte de DuoliteTM A658) 

utilizado anteriormente en este tipo de reacciones. 

 Análisis composicional de los productos obtenidos con los distintos 

catalizadores en sus respectivas condiciones óptimas de operación. 
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Abstract 

Spirulina is an important source of metabolites and nutrients. It grows 

rapidly with low land requirements, and it is an ideal feedstock for 

implementation of a biofactory of bioactive products. A Part of intracellular 

biocomponents are not extracted with conventional methods, but they can be 

using green and selective enzyme-assisted extractions. Different selective 

degradations of cyanobacterial murein layer with peptidoglycans and 

lipopolysaccharide polymers were studied for extraction of spirulina oil. The 

effects of most important parameters of biomass degradation with two proteases 

and two glucanases were studied in the range of pH (5-9), temperature (30-50 

ºC), enzyme loading (0.5 % - 2 % v/w) and time (0-24 h).  

Each procedure yields different products and oil recovery yields. Vinoflow® 

gave the highest oil extraction effectiveness (8.1% w/w), resulting 74% higher 

and being 1.8 times richer in unsaturated fatty acids (64.92 mole %) than the 

simple solvent extraction; the more abundant acids in this oil extract were: 

palmitic (32.7 %), palmitoleic (19.6 %), linolenic (18.8 %) and linoleic (18.9 

%). However, Alcalase® gives rise to the most important destruction of cell 

integrity by transmission electronic microscopy and the highest extraction yield 

of hydrophilic biocomponents recovery (36.50 % w/w). 
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3.1. Introduction 

Arthtrospira platensis and Arthrospira maxima (commonly named 

Spirulina platensis and Spirulina maxima) is very abundant cyanobacteria in 

oceans.  It mainly grows in Africa, Asia and South America [1] and plays a 

relevant nutritional role [2-5]. It was already consumed by the Aztecs two-three 

thousands of years ago, and currently it is being used in health recovery 

programs for populations with nutrition deficiencies. In modern society, 

spirulina biomass is widely used in foods, due to its nutritional characteristics of 

interest for different types of healthy diets. In 2011, spirulina was classified as a 

safe ingredient in class A diet supplements, being the single blue microalgae 

(cyanobacteria) with GRAS status [6, 7]. Spirulina is very rich in proteins, it has 

all the essential amino acids, and it is also a good source of vitamins, 

carbohydrates, fatty acids, sterols, macro- and trace minerals, and other 

nutrients. Percent composition by dry weight of spirulina is 64-73 % protein, 12-

17 % carbohydrate, 5-7 % lipids, 0.9 % P and 10.3-11.6 % N [8]. A typical fatty 

acid composition of spirulina is 48.2 % of saturated, 13.6% of monounsaturated, 

14.5% of 18:2 n-6 (linoleic acid) and 21.1 % of 18:3 n-3 (linolenic acid) [9]. 

Blue pigments (phycocyanins) of spirulina contribute to increase the protein and 

iron availability [10, 11]. The positive effects of consuming spirulina in the 

immune system have been related with the presence of antioxidants (like β-

carotene) and the essential α-linolenic acid [12]. Moreover, spirulina has 

important therapeutic effects (anti-cancer, antiviral, anti-inflammatory and 

antimicrobial) [13].  

Spirulina is a very appropriate feedstock for obtaining food additives or 

supplements for the food, cosmetics and pharmaceutical applications. Most 

attention has been paid to the extraction of polar spirulina bioactive peptides. 

Only a few hydrophilic peptides [14, 15] and antioxidants [16] have been 
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isolated using specific extraction processes. But also, given the high omega-3 

and omega-6 fatty acid contents of spirulina oil, essential lipids, essential 

phospholipids and other apolar biocomponents, exhibiting interesting 

bioactivities (antiviral and anti-cancer properties, etc.) could be obtained from 

spirulina [12, 13].  

Many bioactive products obtained are formed as a result of a specific 

biomass degradation carried out before the proper recovery of biocomponents. 

Consequently, the chemical composition and functional properties of the 

obtained bioactive extracts depend on the whole extraction procedure (especially 

on prior biomass degradation) and its operation conditions [14, 15]. Hence, in 

order to increase the knowledge of spirulina potential as a source of great variety 

of bioactive products, it is of great interest to investigate different extraction 

processes, particularly those involving different selective biomass degradations. 

Enzyme technology constitutes an alternative to traditional physical or chemical 

methods for cellular degradation prior to recovery of biomass constituents [17].  

Selective enzymatic degradation of biomass could permit not only selective 

formation of specific products, but also more efficient extraction of the biomass 

components. Enzyme degrading processes of vegetable biomass is a “white 

biotechnology” for sustainable production of food supplements and metabolites 

[13]. In fact, the use of industrial biotechnology, based on the employ of 

biomaterials and naturally occurring production processes, is a promising 

alternative for manufacture of food products and derivatives [18].  

The cell membrane makes difficult the extraction of intracellular 

biocomponents. Hence, biomass degradation facilitates metabolites recovery 

from the cytoplasm and organelles [19]. In the case of lipids, they mainly 

accumulate in subcellular lipid droplets (oleosomes) [20]. Oleosomes have a 

nucleus of neutral lipids surrounded by a monolayer of lipoproteins [21]. Since 
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most lipid reserves are inside the cell [22], complete lipid extraction can only be 

achieved after destruction of the cellular and subcellular structures [19, 23]. 

The cyanobacteria cell membrane is structurally similar to that of Gram-

negative bacteria [24], containing peptidoglycan: a heteropolymer resistant to 

lysozyme treatment [12, 25]. The cell membrane of Gram-negative bacteria is 

constituted by two lipid membrane layers (cellular and cytoplasmic), separated 

by the layer of murein. Murein is integrated by complex polymers 

peptidoglycans and lipopolysaccharides. Peptidoglycans are formed by 

disaccharides and tetra-peptides covalently linked forming a rigid 

macromolecular structure. They are placed between cellular and cytoplasmic 

membranes, and linked to the external membrane layer by lipoproteins. 

Lipopolysaccharides are formed by a lipid and a complex polysaccharide chain. 

The cellular membrane has proteins non-covalently linked to lipids; while the 

cytoplasmic membrane is formed by lipoproteins (proteins covalently linked to 

lipids) [12].  

Different types of enzymes are used to degrade the cellular membrane of 

cyanobacteria and microalgae. It is an advantageous technology for obtaining 

glucose via degradation with cellulases, and fatty acids using lipases to 

hydrolyze membrane phospholipids [26]. Enzyme degradation of spirulina with 

lysozyme has been widely studied, mainly in the area of molecular biology [27]. 

Lysozyme treatment of spirulina for 24h destroys the bacterial cells [27].  

Among the commercial enzymes used in this study, Alcalase® is a serine 

endo-peptidase (EC. 3.4.21.62) from Bacillus licheniformis (mainly subtilsine 

A; 27,300 Da mole weight). It hydrolyzes amino esters including heterocyclic 

amino esters. Flavourzyme® is a peptidase from Aspergillus oryzae, widely used 

for protein hydrolysis. Eight enzymes in the range of 19-85 kDa have been 

identified in Flavourzyme®: two aminopeptidases, two dipeptidyl peptidases, 
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three endopeptidases, and one α-amylase [28]. Ultraflo® L contains 5–10 % 

(w/w) β-glucanase (endo-1,3(4)-) and 1–5 % (w/w) xylanase (endo-1,4-) as the 

main active components (EC 3.2.1.6 and EC 3.2.1.8) produced by a strain of 

Humicola insolens. It is used to hydrolyze polysaccharide gums in the brewing 

industry, and beta-glucan and xylans in cereals [29]. These two types of 

enzymatic activities in Ultraflo® are cellulases and catalyze the hydrolysis of 

complex sugars in the amorphous regions of the cellular membrane. It is used 

primarily with well-modified malt, and marketed within the European Union as 

feed-additive "Pentopan/Biofeed Plus." The more abundant enzyme has around 

60,000 Da of mole weight, while the second activity declared is due to two 

similar enzymes of 6,000 Da. and 21,000 Da mole weight, respectively. 

Vinoflow® Max A is a β-glucanase (exo-1,3-) preparation with 31,500 uma. It is 

used to speed up the aging process, accelerating clarification of the wine [30]. 

All these enzyme preparations (Alcalase®, Flavourzyme®, Ultraflo® and 

Vinoflow®) are Gras type hydrolases declared by the American Center for Food 

Safety and Applied Nutrition Food and Drug Administration [31]. 

Different types of degradation products of spirulina biomass can be 

obtained using different types of enzymes and operation conditions. The 

enzyme-assisted extraction procedure may affect to the composition and 

properties of the extract (for example, different degree of peptidoglycans, 

lipopolysaccharide polymers or lipopeptide degradations). Hence, to go further 

on the study of the spirulina potential as source of bioactive products, the 

implementation and study of operation parameters of different selective enzyme-

assisted methods is required.  

In this work, given the great potential of spirulina and the limited number of 

extraction studies reported, different enzyme-assisted extraction processes of the 

apolar spirulina biocomponents were studied, optimized and compared. The 

biomass has been enzymatically degraded using four different commercial 
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enzyme preparations. Particularly, two different enzyme treatments based on the 

degradation of membrane proteins, (lipoproteins and peptidoglucan) by two 

proteases (Alcalase® and Flavourzyme®), and two other treatments using the 

endo- and exo-glucanases Ultraflo® and Vinoflow® to attack the sugar polymer 

structure, were comparatively studied. Spirulina biocomponents were extracted 

using a mixture of solvents of low toxicity. The effects of the most important 

parameters of the enzymatic pre-treatment for biomass degradation were 

determined. The processes were also carried out in larger scale at their 

respective best conditions, and the obtained extracts were compared with those 

of the control extract (obtained without any enzyme-assistance). Fatty acid 

compositions of the different oil extracts were compared. Changes occurred at 

cellular level after the distinct extraction processes were also comparatively 

analyzed by transmission electronic microscopy (TEM).  

 

3.2. Materials & Methods 

3.2.1 Materials 

Spirulina platensis dry biomass (lyophilized dry powder for nutrition use) was 

purchased to ASN Leader S.L. (Murcia, Spain). According to the manufacturer, the 

composition was 50-65 % proteins, 6-7.5 % lipids, 18-22 % carbohydrates, 15 % 

minerals, 0.2 % fiber and 390 cal/100 g. Chloroform, methanol and isopropanol 

were HPLC grade. N-Hexadecane was used as internal standard and sodium sulfate 

as desiccant. All of them were from Sigma-Aldrich (Madrid, Spain). Buffer 

solutions used were CH3COONa/CH3COOH (pH 5-6), Na2HPO4/NaH2PO4 (pH 6.5-

8) and NaCO3/ NaHCO2 (pH 8.5-9). Alcalase® 2.4 L FG, Flavourzyme®, Ultraflo® L 

and Vinoflow® Max A were commercial enzyme preparations kindly donated by 

Novozymes A/S (Denmark). Alcalase® has a declared activity of 2.4 AU A/g. 

Flavourzyme® has at least 1000 LAPU/g (leucine aminopeptidase units/g determined 



                                  3. Enzyme-Assisted Extraction of Essential Spirulina Oil 
 

 61 

 

with Leu-pNA), but the manufacturer indicates that it is not the single activity type in 

this preparation. Ultraflo® L main active component is β-glucanase (45 fungal β -

glucanase (FBG) per g). In addition, it has approximately 470 farbe xylanase units 

(FXU) per g. Vinoflow® Max A has a declared activity of 46 BGXU/mL. 

 

3.2.2. Enzyme-Assisted Extraction of Spirulina Biocomponents  

The extraction technology was investigated using four different commercial 

enzyme preparations, namely Alcalase® 2.4 L FG, Flavourzyme®, Ultraflo® L 

and Vinoflow® Max A. The extraction methods studied only differ in the step of 

cellular degradation (protein or sugar hydrolysis). The enzymatic treatment was 

followed by a step of solvent extraction of biomass. The same solvent extraction 

procedure carried out without any prior enzyme-assistance (control experiment) 

was also compared with them. 

The effects of the more important parameters of the enzymatic step were 

studied: pH 5-9, temperature 25-50 ºC and enzyme loading 0.5-2 (v/w, volume 

of enzyme preparation per weight of biomass suspension) except for Ultraflo® 

(0-4 % v/w). Optimal operation conditions of the four enzyme-assisted 

extraction processes were determined for the recovery of oil biocomponents.  

A suspension of Spirulina biomass (0.2 g/mL aqueous buffer) containing 

the corresponding loading of enzyme preparation (or an equivalent volume of 

Milli-Q water in the case of the control experiment) was kept under magnetic 

agitation (500 rpm) for the indicated time at controlled temperature. The study 

was carried out at short and long reaction times (duration of enzyme pre-

treatment: 4 and 24 h).  

The effect of pH was studied at 40 ºC and 1 % (v/w) enzyme solution. 

Temperature effect was studied with 1 % (v/w) enzyme solution at the optimal 

pH value determined previously for each biocatalyst. Effect of the enzyme 
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loading was studied at the optimal values of pH and temperature previously 

determined for each biocatalyst. The process extraction was followed at 1, 2, 4, 

6, 8 and 24 h. 

 Solvent Extraction Step 

Each aliquot (0.5 mL) of the enzyme-biomass suspension was dissolved in 1 

mL hexane-isopropanol mixture (3:2, v/v), and the resultant solution was 

centrifuged for 15 min at 10,000 rpm to obtain two separated phases. After 

separation of the oil phase, the oil phase extraction protocol was repeated twice, 

using 0.25 mL hexane-isopropanol mixture. Finally, the three extracts obtained 

were mixed. A 0.5 mL aliquot of the total mixture of oil extract was dried under 

nitrogen and dissolved in 1.25 mL of a mixture of chloroform. To this solution, 

sodium sulfate was added as desiccant, and 1 mL n-hexadecane (1 mL) was 

added to serve as internal standard of HPLC analyses. 

 Scaled Up Extraction 

In order to obtain greater amounts of aqueous and oil extracts as well as 

residual biomass, all the extraction processes (enzyme-assisted and control 

extractions) were carried out at a scale factor of 2.5 at their respective optimal 

conditions for 24 h enzyme pre-treatment under magnetic agitation (500 rpm). 

Scaled up extraction processes were carried out using the optimal conditions. 

The extraction without enzyme digestion (control) was obtained using Milli-Q 

water instead of the enzymatic preparation in buffer at 30 ºC and 24 h. After the 

indicated time, the enzyme-biomass mixture was centrifuged for 30 min at 

14,000 rpm and 10 ºC. All the corresponding oil extracts were dried and 

weighted in a four digits digital balance (Metler-Toledo, Spain). Extracted oil 

phases were dried in a rotary evaporator at 35 ºC to eliminate most of the 

solvent, and they were ultimately dried for 4 h at 20 ºC under nitrogen until 
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complete elimination of solvent traces was reached. Residual biomasses 

obtained were dried under nitrogen. This study permitted to obtain sufficient 

amount of residual biomasses and extracts to determine their corresponding 

values of dry weights. It also allowed us to have the necessary amount of 

samples to run their compositional analyses of fatty acids via gas 

chromatography. All the experiments were carried out in triplicate. 

 

3.2.3. Analysis and Characterization of Oil Extracts 

A High Performance Liquid Chromatography apparatus coupled to an 

evaporative light scattering detector (HPLC-ELSD) was used for optimization of 

the enzymatic extraction process. All different oil extracts were analyzed to 

determine their fatty acid composition by Gas Chromatography coupled to a 

Flame Ionization Detector (GC-FID). Fatty acids identification was performed 

with a GC coupled to a Mass Spectrometry detector (GC-MS).  

 HPLC-ELSD Analysis 

These analyses allowed determining concentration changes of biocomponents 

in the oil extracts obtained at different times of enzyme treatment. Analyses 

were carried out with a Hitachi D-7000IF apparatus (Germany) with a silica 

column from Kromasil (5u, 250x4.6 mm) connected to a Sedex 55 ELSD 

detector (SEDERE, France). A chloroform (99 % HPLC quality) solution of the 

samples (20 μL) was injected and analyzed at 30 ºC for 30 min with a gradient 

mobile phase at 1.5 mL/min. The phase A was n-hexane/formic acid (100:0.1 

v/v) and the phase B was hexane/isopropanol/ethyl acetate/formic acid 

(80:10:10:0.1 v/v). The composition of the phases (A:B) varied as follows: from 

99:1 to 2:98 in the first 20 min, the composition was maintained for the next 3 

min (up to min 23), then the mobile phase returned to the first composition 
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(99:1) in 1 minute, and it remained constant for the rest of the analysis. Each 

sample was analyzed in triplicate. 

 GC Analysis 

GC-FID analyses of all the oil extracts were performed to determine their 

fatty acid composition. To analyze total (free and esterified) fatty acids in the oil 

extracts, a method previously described was followed to achieve complete 

derivatization of the samples [32]. Briefly, 200 μL of a chloroform solution of 

the oil extract (ca. 20 mg/mL) was methylated by addition of 1 mL of 0.2 N 

methanolic HCl. This mixture was heated to 60 °C for 4 h, and then 200 μL of 

distilled water were added. The resulting solution was extracted twice with 1 mL 

of n-hexane and dried with sodium sulfate for at least 2 h prior to injection to the 

GC. Analyses of fatty acid methyl esters (FAME) were conducted by GC 

according with the method reported [32]. Two μL of sample were injected into 

an Agilent (Palo Alto, CA) gas chromatograph (model 6890N) fitted with a 

Zebron, ZB-WAX column (30 m × 0.25 mm × 0.25 μm film thickness) 

purchased from Supelco (Bellefonte, PA) and a flame ionization detector (FID). 

Injector and detector temperatures were 250 and 300 °C, respectively. The 

temperature program was as follows: starting at 50 °C for 2 min and then 

heating to 220 °C at 30 °C/min, holding at 220 °C for 20 min, followed by 

heating from 220 to 255 °C at 5 °C/min. Finally, the temperature was held at 

255 °C for 10 min. Identification of the various fatty acids was made by 

comparing their retention times with those of a Supelco 37 Component FAME 

Mix. Each sample was analyzed in triplicate. Fatty acid identification was 

confirmed by GC-MS analyses under the same conditions.  
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 Transmission Electronic Microscopy Analysis, TEM 

Spirulina biomass (no digested/no extracted and residual/ extracted) were 

visualized in a transmission electronic microscope. Thus, morphological 

changes on the residual biomass after the enzyme-assisted extraction process 

were compared. A Jeol Jem 1010 apparatus (100Kv, Yokyo Japan), coupled to 

digital camera Orius SC200 (Gatan Inc., Pleasanton, California) and Digital 

Micrograph v 3.4 software for images acquisition, were used. Prior to analysis, 

all the samples were treated as follows: fixation with aldehydes (2.5 % w/w) for 

2 h 40 min, washed with cacodylate buffer 0.1M (pH 7.3), fixation with osmium 

tetroxide (1 % w/w) for 1 h 40 min, dehydration with absolute alcohol and 

acetone, inclusion in a durcupan resin via polymerization at 60 ºC during 48 h. 

Samples were cut in ultrafine layers (60 nm) with a Leica ultracut S. Finally the 

samples slices were dyed with uranyl and lead acetates. For each sample, at least 

5-6 different regions of the corresponding slice were visualized. The most 

representative micrographs are reported. 

 

3.3. Results and Discussion 

In this work, a commercial dry biomass of the cyanobacteria was used in 

the extraction experiments. According with the manufacturer, it can provide 

elevated amounts of protein (50-65 %) and all types of amino acids, some of 

them are essential. It also provides 6-7.5 % w/w lipids containing important 

amounts of omega-3 and omega-6 fatty acids (linoleic and γ-linolenic (GLA) 

acids, which are essential for a healthy life, as well as antioxidants and bioactive 

products. The bulk of the weight of dry biomass spirulina ASN corresponds to 

proteins, being lipids minor components. However, this lipid fraction is rich in 

unsaturated and polyunsaturated fatty acids. 
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3.3.1. Enzyme-Assisted Extraction Study 

The effect of the most important parameters of the four different enzyme-

assisted degradation processes of Spirulina biomass was studied, determining 

the optimal values of pH, temperature, time and enzyme loading. With this aim, 

changes in the peak areas of the HPLC-ELSD chromatograms of the oil phase 

were first determined. All significant peaks of the HPLC chromatogram 

exhibited the same dependence of the studied parameters, that is, the same 

variation (increase or decrease) of their area values with the studied parameter 

value, and the same optimal value. Thus for each parameter study, values of 

total area of all significant peaks of the chromatograms could comparatively be 

analyzed. Hence, for the sake of clarity, the influences of pH, time, temperature 

and enzyme loading are depicted with respect to the total area values of all 

significant peaks. 

 Influence of pH  

This study was carried out at moderate temperature (40 ºC) and 1 % (v/w) of 

the corresponding commercial enzyme solution (units in volume per weight of 

total reaction sample; namely, the enzyme + biomass suspension). Oil extracts 

were obtained after 4 h of biomass degradation via enzyme pre-treatments at 

different pH values. Figure 3.1 depicts the changes of the total peak areas of 

HPLC chromatograms of samples obtained with Alcalase® (Figure 3.1A), 

Flavourzyme® (Figure 3.1B), Ultraflo® (Figure 3.1C) and Vinoflow® (Figure 

3.1D). 
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Fig. 3.1. Effect of pH on the enzyme-assisted extraction of the spirulina oil. Conditions: 

1 % (v/w) enzyme loading and 40 ºC. Data shown as mean +/- SD, n=3. a.u., arbitrary 

units. A) Alcalase®, B) Flavourzyme®, C) Ultraflo® 
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Fig. 3.1 (Cont.). D) Vinoflow® 
 

For the oil extraction with the two proteases assayed (Alcalase® and 

Flavourzyme®), pH values of 6.5 and 6.0 were the best ones determined, 

respectively (Figures 3.1A and 3.1B, respectively). The dependence of the 

extraction yield with pH is a consequence of its effect on the process of biomass 

degradation by the enzyme.  

A different pH value were used by Lu et al. for the extraction of an anti-

hypertensive peptide from spirulina using Alcalase® (pH 8.5 at 50 ºC for 10 h) 

after three cycles of freeze-thawing the biomass [15]. Also, Kim et al. used 

different operation conditions for obtaining the iron-chelating peptide with a 

multienzymatic biomass degradation (Alcalse® pH 8.0 at 50 ºC for 1 h + 

Flavourzyme® pH 7.0 at 50 ºC for 8 h) [14]. The resultant products of their 

peptide degradation were different from those of this study (chapter 4 and 5). 

Similarly, In et al. used different proteases of those herein studied to obtain 

different spirulina oils, determining an optimal pH range of 7.5-10 for the best 

biocatalyst [33]. Ismaiel et al. found a group of enzymes with high activity and 

other group with low activities at basic pH values in the extraction of spirulina 

antioxidants [16]. Zhang & Zhang found a wide range of optimal pH values (pH 

2-8.5) for different enzymes of the ones herein studied, including papaine with 
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an optimal pH of 6.5, when studying the extraction of anti-cancer 

biocomponents from spirulina [34]. All these studies suggest the great potential 

of different selective enzyme degradation methods for obtaining great variety of 

high value spirulina biocomponents. 

In this study, the best pH values determined were pH 6 for oil extraction with 

Flavouzyme®, pH 6.5 for the extraction with Alcalase® and Vinoflow® and pH 

7.0 for the one with Ultraflo®. Best values of temperature and biocatalyst 

loading where next determined at their respective best pH values of these four 

extraction processes. 

 Effect of temperature 

The effect of this parameter was studied after 4 h and 24 h biomass treatment. 

Figure 3.2 depicts the total area of peaks of the HPLC-ELSD chromatograms of 

the corresponding oil phases obtained with Alcalase® (Figure 3.2A), 

Flavourzyme® (Figure 3.2B), Ultraflo® (Figure 3.2C) and Vinoflow® (Figure 

3.2D). 
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Fig. 3.2. Effect of the temperature on the enzyme-assisted extraction of spirulina oil. 

Conditions: 1 % (v/w) enzyme loading. Data shown as mean +/- SD, n=3.  A) 

Alcalase®, pH 6.5  
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Fig. 3.2 (Cont.). B) Flavourzyme®, pH 6.0; C) Ultraflo®, pH 7.0; and D) Vinoflow®, 

pH 6.5 



                                  3. Enzyme-Assisted Extraction of Essential Spirulina Oil 
 

 71 

 

The best temperature was 30 ºC for the extractions with the two proteases 

and Ultraflo®, corresponding to the lower temperature at which the maximum 

value of peak areas was achieved after 24 h pre-treatment. At this low 

temperature, products susceptible of oxidation (polyunsaturated fatty acids, 

vitamins, antioxidants, etc) are better preserved. In the case of Vinoflow®, the 

maximum recovery yield was achieved at temperature of 40 ºC (Figure 3.2D). 

Use of higher temperature favors the process kinetics, reducing the necessary 

time for complete extraction of biocomponents, but it increases the energy 

expenses and the products lability, and reduces the operational stability of 

biocatalysts. In fact, the area decrease observed when the enzyme pre-treatment 

of the biomass increased from 4 h to 24 h at the higher temperature processes 

with some of these enzymes (Figure 3.2), can be due to a decay of the enzyme 

stability. Hence, the temperature value selected for further experiments was 30 

ºC in all the cases, except for Vinoflow® (40 ºC).  

Zhang & Zhang found that trypsin, pepsine and papaine work optimally at 

42 ºC, 37 ºC and 55 ºC, respectively, and that temperature affects more than the 

pH to the enzyme-assisted extraction of spirulina [34]. The best temperature 

values determined in this study are 10-20 ºC lower than that used by Lu et al. 

and Kim et al. to obtain their anti-hyperthensive and iron-chelating peptides [14, 

15]. Minimal temperature values typically employed for degradation of 

cyanobacteria and microalgae with cellulases is 37 ºC [23] but also 50 ºC or 

greater the temperatures are frequently used [20]. The processes herein 

described works optimally at temperatures of 30-40 ºC, fact that permits energy 

savings and facilitates the enzyme activity preservation. 

These extractions operate at moderated temperatures compared with 

alternative extraction methods, such as Shöxlet (70-80 ºC) [35, 36], 

pervaporation, subcritical water (324 ºC), etc. [37]. Moreover, alternative 

methods using supercritical fluids work at much higher pressures (> 7.38 MPa) 



3. Enzyme-Assisted Extraction of Essential Spirulina Oil  
 

72  

 

depending on the product to be extracted [37], than the extractive method at 

atmospheric pressure described here.  

 Effect of the enzyme loading 

Different studies revealed the important effect of this parameter, affecting to 

the speed of biomass biodegradation prior to solvent extraction and it determines 

the extraction yield [38]. Use of high enzyme loadings reduces the time to 

complete the desired biomass degradation, but it increases the expenses in 

biocatalyst. 

In general, the total peak areas continuously increased when the enzyme pre-

treatment progressed during 24 h with all the enzyme loadings studied (Figure 

3.3).  
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Fig. 3.3. Effect of the enzyme loading on the enzyme-assisted extraction of spirulina 

oil. Data shown as mean +/- SD, n=3. Conditions: A) Alcalase®, pH 6.5 and 30 ºC  
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Fig. 3.3 (Cont.). Conditions: B) Flavourzyme®, pH 6.0 and 30ºC; C) Ultraflo®, pH 7.0 

and 30ºC; and D) Vinoflow®, pH 6.5 and 40 ºC. A control assay (0 % enzyme loading) 

was carried out using Milli-Q water instead the enzyme solution at 30 ºC 



3. Enzyme-Assisted Extraction of Essential Spirulina Oil  
 

74  

 

The use of 4 % v/w of Ultraflo® was an excessive enzyme concentration. In 

the case of the two proteolytic enzymes and with Ultraflo®, the oil extraction 

yield also decreased using > 1 % v/w enzyme. This effect suggests that an 

excessive enzyme concentration causes a more intensive biodegradation of the 

biomass. As a result of that, further biodegradation of the initially extracted 

products might occur, decreasing their concentration in the obtained oil extract. 

Liang et al. also found an important decay in the extraction recovery with 

enzyme loadings greater than 4 % (w/w) [23].   

Notably, the four enzyme-assisted extractions studied (24 h enzyme 

treatment in their respective optimal operation conditions) yield important 

increases in the oil recovery, compared with the extraction process without any 

enzyme pre-treatment of the biomass (Control, Figure 3.3). These results probe 

the favorable contribution of the biomass degradation by the studied enzymes 

for the oil extraction. 

The best value of enzyme loading determined was 1 % v/w for all the 

biocatalysts, except for Vinoflow® (2 % v/w). Considering the density values of 

these commercial enzyme solutions, best loadings were determined (1-2 % v/w 

corresponded to around 1.2-2.4 % w/w).  

 

3.3.2. Extraction Yields of the Processes at Higher Scale 

Once best operation conditions were determined for all the cases, the four 

different enzymes assisted extractions were carried out at higher scale. The scale 

up factor was 2.5, using 10 g of Spirulina biomass for each experiment. All the 

extracts were prepared in triplicate in their respective best conditions (pH 6.5, 1 

% v/w and 30 ºC for Alcalase®; pH 6.0, 1 % v/w and 30 ºC for Flavourzyme®; 

pH 7.0, 1 % v/w and 30 ºC for Ultraflo®; pH 6.5, 2 % v/w and 40 ºC for 
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Vinoflow®). The control extract without any enzyme-assistance was obtained in 

this scale using Milli-Q water instead of the enzyme solution, at 30 ºC and 24 h. 

The recovery yields obtained for oil and aqueous extracts, as well as for the 

residual biomass (expressed in dry weight percent with respect to the starting 

Spirulina biomass) are summarized in Table 3.1. 

 

Table 3.1. Extraction yield values obtained with the enzyme-assisted and control 

extraction procedures under their best operation conditions 

YIELD (%, w/w)* 

Phase Alcalase® Flavourzyme® Ultraflo® Vinoflow® Control** 

Oil 6.65±0.06 6.43±0.08 5.86±0.06 8.10±0.20 4.65±0.15 

Aqueous 36.50±0.10 31.80±0.10 19.70±0.10 26.30±0.10 19.20±0.20 

Residual  
Biomass 

47.65±0.35 47.75±0.95 61.42±1.22 57.10±0.30 70.13±0.37 

  *In weight percent with respect to the starting Spirulina biomass 

  **No enzyme pre-treatment 

 

The total yield values corresponding to the three phases (oil, aqueous and 

residual biomass) were 86.0-94.2 %, due to inevitable loses of material during 

the process, especially in the filters (90.8 % and 94.0 % in the cases of 

Alcalase® and control, respectively). 

All enzyme-assisted extractions studied permitted to obtain greater yields of 

both, oil and aqueous extracts than the control extraction. Among them, the 

highest yield of oil extract was obtained with Vinoflow® (1.7 and 1.2 times 

higher than with the control and Alcalase methods, respectively). The higher 

yields of aqueous extracts were obtained with proteolytic biocatalysts (Alcalase® 

and Flavourzyme®). Hence, the highest total extraction yield (oil + aqueous 

extracts) was found with Alcalase®. This biocatalyst permitted to increase 1.4 
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and 1.9 times the weight of oil and aqueous extracts, respectively, with respect 

to the ones obtained in the control extraction process without any enzyme-

assistance (Table 3.1). 

In the process with Alcalase®, the yield of oil extract obtained (6.65±0.06 % 

(w/w) is in the value range of lipids content declared by ASN Leader 

manufacturer of Spirulina biomass (6.0-7.5 % w/w). Consequently, 89-100 % of 

total lipids recovery was extracted with this biocatalyst. In the cases of 

Flavourzyme® and Ultraflo®, the recoveries of oil obtained were 86-100% and 

78-98 % of total declared lipids, respectively.  Remarkably, Vinoflow® permits 

to obtain the highest oil weight recovery. Alcalase® and Vinoflow® methods 

permit to extract comparatively higher levels of intracellular lipids than the other 

studied methods. 

Different extraction yields of oil from Spirulina platensis have been 

reported when different solvent media were employed [39, 40]. Amounts of oil 

extracts depended on the lipid content of the starting biomass. Chaiklahan et al. 

obtained very high recovery yield of lipids of 94 % (w/w), although process 

requires the use of a seven steps extraction with ethanol [41]. In this work, the 

results of the extraction with a 3:2 (v/v) hexane/isopropanol (control) were 

compared with the one involving an enzyme pre-treatment of biomass (Table 

3.1). The manufacturer declares oil content of 6-7.5 % (w/w) of ASN Spirulina 

biomass. The results of Table 3.1 indicate that the four enzyme-assisted 

extraction methods are advantageous, especially the one using Vinoflow® (8.10 

% oil w/w oil with respect to the starting biomass) and Alcalase® (6.65 % w/w 

oil with respect to the starting biomass).  

These results demonstrate the superiority of the Vinoflow® for recovery of 

spirulina oil, and the superiority of Alcalase® for recovery of hydrophilic 

spirulina biocomponents. Further studies are being carried out to identify the 
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different biocomponents of extracts obtained with the distinct selective 

degrading enzymes. These results will facilitate the investigation of the spirulina 

potential as a source of high value products through different selective enzyme 

degradation of cyanobacteria biomass. The process is of interest for a modern 

and advanced integrated biofactory-biorefinery, where high added-value 

spirulina biocomponents are obtained for application in food, cosmetic and 

medicine, besides to a residual biomass susceptible of its further conversion on 

renewable biogas (CH4 y CO2) via anaerobic digestion.  

 

3.3.3. Compositional Fatty Acid Analysis of the Oil Extract 

The fatty acid compositions of the oil extract obtained with the best 

enzyme-assisted extraction method was determined via gas chromathography 

(GC) analyses. Table 3.2 summarizes the different fatty acids composition by 

weight of oil extracts obtained with Vinoflow® (the best enzyme to extract the 

oil phase) and control processes. 

 

Table 3.2. Saturated fatty acid composition of oil extract of spirulina from ASN Leader 

SL. obtained with Vinoflow® assistance in optimal conditions and without enzyme 

(control extraction) 

COMPOSITION IN FATTY ACIDS OF OIL PHASE (%) 

Fatty Acid Control Vinoflow® 

   

Miristic Acid, C14:0 - 1.50±0.01 

Palmitic Acid, C16:0 62.56±0.15 32.71±0.07 

Estearic Acid, C18:0 0.51±0.04 1.34±0.02 

Total Saturated 63.07±0.19 35.55±0.10 
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Table 3.2 (Cont.). MUFA and PUFA composition of oil extract of spirulina from ASN 

Leader SL. obtained with Vinoflow® assistance in optimal conditions and without 

enzyme (control extraction) 

COMPOSITION IN FATTY ACIDS OF OIL PHASE (%) 

Fatty Acid Control Vinoflow® 

   

Palmitoleic Acid,  C16:1n7 2.04±0.05 19.54±0.05 

Oleic Acid, C18:1n9 2.60±0.05 5.83±0.01 

Eicosenoic Acid, C20:1n9 - 1.45±0.13 

Total MUFA 4.64±0.10 26.82±0.19 

   

Linoleic Acid, C18:2n6 18.10±0.03 18.85±0.05 

γ-Linolenic Acid, C18:3:n6 14.18±0.04 18.33±0.08 

α-Linolenic Acid, C18:3:n3 - 0.44±0.06 

Total PUFA 32.28±0.07 38.10±0.19 

 

The most interesting fatty acids from Spirulina platensis for food, cosmetic 

and medicine industries are those mono- and polyunsaturated species, being 

64.92 % w/w of the fatty acids in the oil extract obtained. Among unsaturated 

fatty acids, the most abundant are palmitoleic (19.5 %), γ-linolenic (18.3 %) and 

linoleic (18.9 %) ones. The most abundant fatty acid in this extract is saturated 

palmitic acid (32.7 %). Linoleic acid is an essential compound that facilitates 

cholesterol regulation and reduces the body fat. Chaiklahan et al. reported a 

multistep extraction with ethanol at the 30 ºC obtaining an extract with 21 % 

w/w linoleic acid and 18 % w/w γ–linolenic acid [41]. 

The oil extracts of spirulina obtained in this work are relatively rich in 

essential fatty acids (Table 3.2). Importantly, extraction with Vinoflow® reduced 
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the saturated fatty acids content of the extract from 63 % to 36 %, due to the 

increase of the respective MUFA and PUFA contents (44 % higher total 

content). Polyunsaturated fatty acids (PUFA) are of great interest because of 

their nutraceutical properties, such as anti-carcinogenic, antibiotic, antifungal, 

and antiviral [3, 5]. They participate in processes of oxygen and electron 

transport; they facilitate membrane fluidity and heat adaptation [42, 43]. 

Preliminary analyses of the different oil extracts indicate that, the different fatty 

acids determined are combined in different chemical structures, many of them 

having relevant biological functions. For example, different lipopeptides of 

cyanobacteria (eg., spirulina) with immune effects (cytotoxic, anti-tumor, 

antiviral, antibiotics, anti-malarial, antimycotics, multi-drug resistance reversers, 

anti-feedant, herbicides and immunosuppressive agents) [3]. Hence, considering 

the potential bioactivity of the extracts obtained in this study, further studies will 

be carry out to identify and characterize the different biocomponents of the 

extracts obtained in this work (complete composition of fatty acids and 

elemental composition of the oil extracts can be found in the appendix I). 

 

3.3.4. Biomass Analyses by TEM  

It is known that a short time (4 h) lysozyme treatment of spirulina leads to 

the advent of permeaplasts displaying a normal internal structure, but a more 

prolonged (24 h) lysozyme treatment destroys the bacterial cells. Moreover, 

some cells are more resistant than others to enzyme degradation [27]. The effect 

of the enzyme pre-treatments in the cyanobacteria biomass was investigated by 

TEM analyses. The residual biomass of the different enzyme-assisted 

extractions, residual biomass of the control extraction and non-extracted dry 

commercial biomass were compared (Figures 3.4-3.6). 
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Fig. 3.4. Micrographs of dry commercial Spirulina biomass not treated with any 

enzyme neither extracted by any solvent; A) a longitudinal cut trichome and several 

transversally cut trichomes; B) two contiguous cyanobacteria of a trichome separated 

by their cell walls; C) detail of the cell wall 

 

Figure 3.4A is a micrograph of commercial dry spirulina biomass not 

treated with enzymes neither extracted with any solvent, where a longitudinal 

section through a trichome, as well as several transversally cuts of other 

trichomes are visualized. The longitudinal cut of trichome corresponds to a 

sequence of ten cyanobacteria cells in the same plane (Figure 3.4A). In Figures 



                                  3. Enzyme-Assisted Extraction of Essential Spirulina Oil 
 

 81 

 

3.4B and 3.4C, a detail of the cellular membrane and intracellular components 

can be observed. In all these micrographs the complete integrity of the cellular 

membrane is evident. The black spots correspond to regions of lipids or lipids 

inclusions [9]. In the non-treated/extracted biomass, the cytoplasm and thylakoid 

system is compressed against the internal cell membrane. In Figure 3.4C the cell 

membrane formed by four layers is visible [9].  

In Figure 3.5, the micrographs of both a non-extracted biomass (Figure 

3.5A) and a biomass extracted after Alcalase® treatment (Figure 3.5B) are 

compared at the same scale. 

 

 

Fig. 3.5. Spirulina platensis micrographs of: A) dry commercial biomass non-treated 

with any enzyme neither extracted by any solvent; B) extracted biomass with Alcalase® 

pre-treatment in best operation conditions determined in this study (pH 6.5, 1 % v/w 

Alcalase® and 30 ºC for 24 h) 

 

Original trichomes observed in the Figure 3.5A are completely disappeared 

in Figure 3.5B, being an evidence of the cellular degradation by this protease. In 

Figure 3.5B, disordered rests of cellular material obtained after biomass 

treatment with Alcalase® are visualized. This fact is the result of an important 
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destruction of the cellular integrity. After extraction with Alcalase® assistance, 

the residual cellular material is considerably low compared with the starting 

material (Figure 3.5).  

In Figure 3.6, the micrographs of residual biomass obtained after the simple 

solvent extraction process, namely control, or after the different enzyme-assisted 

extractions are compared. 

 

 

Fig. 3.6. Micrographs of residual biomasses of spirulina; extractions: A) control -

without enzyme-, and with B) Alcalase®, C) Ultraflo® and D) Vinoflow® pre-

treatments. Extracts obtained in their optimal conditions and the control experiment 

done with Milli-Q water instead of the enzyme solution at 30 ºC and 24 h 
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Unlike the non-treated/extracted cyanobacteria biomass (Figure 3.5), cells 

submitted to control (simple solvent) extraction exhibited an electronically less 

dense cytoplasm and their thylakoid system is not any more compressed against 

the internal cell membrane (Figure 3.6A). This phenomenon was early observed 

in lysozyme degraded spirulina [44]. Cells obtained in the control extraction 

exhibited an inflation phenomenon, but not all are detached from the trichome. 

Dwain et al. reported changes in shape to more spherical cells and their 

inflation, which make cells more detachable from the trichoma after Lysozyme 

treatment of spirulina and other cyanobacteria [45]. In our case, the enzyme 

treatments for 24 h clearly gave rise to more efficient cell degradation and, in all 

the cases very few cells were not detached from thylachoidal system (Figures 

3.6B-D). 

After the simple solvent extraction (control), there are visible parts of the 

trichoma formed by several cells organized in linear sequence, where the 

integrity of most of the internal cellular material remains mostly intact. By 

contrast, all the enzyme-assisted extractions produce severe destruction of the 

cellular integrity. After extracting with Ultraflo® and Vinoflow® (Figures 3.6C 

& D), less cellular material remained in the residual biomass compared with the 

control experiment (lower electronic density is observed). Amounts of cellular 

material in all these three residual biomasses are greater than in the one 

extracted with Alcalase® (Figure 3.6B). These findings are in good agreement 

with the values of extraction yields obtained for both the aqueous and oil phases 

(Table 3.1), where Alcalase® extraction process results the most effective one 

for biocomponents recovery of spirulina (especially the hydrophilic ones). 

Lindsey et al. suggested that elder cells are more refractor to a proteolytic 

(lysozyme) treatment [44]. The micrographs of this study show that some cells 

were better preserved than others in the extracted biomasses (Figure 3.6). But in 

general after 24 h of enzyme treatment, the number of degraded trichomes and 
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spheroplasts were considerably high, especially in the case of Alcalase®. Earlier 

TEM studies on Spirulina platensis cyanobacterial spheroplasts by Vladimirescu 

also revealed the existence of differences in enzymatic sensitivity of cells [27]. 

The comparative inspection of micrographs (Figure 3.6) suggests that the 

higher biocomponents recovery by the pre-treatment of the biomass with 

Alcalase® corresponded to a greater cellular degradation. The biomass extracted 

after Alcalase® treatment appeared with very low electronic density, as a result 

of the greater extraction of their biocomponents (Figure 3.6B-D).  

Enzymatic processes have a wide range of applications in different 

industrial areas [46]. The extraction with the enzymes herein studied leads to 

increased yield and quality of extracts from spirulina. The enzyme technology 

implemented uses food grade enzymes and hexane accepted by regulatory 

agencies for food and drugs safety. This enzyme technology looks promising for 

a more efficient, safe and environmentally clean industrial production of 

cyanobacteria and microalgae extracts with high value in nutrition, cosmetic and 

pharmaceutical industries. 

 

3.4. Conclusions 

Different selective biodegradations of Spirulina biomass prior to extraction 

of its biocomponents were studied. Biomass degradation with Vinoflow® gave 

the highest weight yield of the oil extract, and nearly duplicates the content in 

unsaturated fatty acid species (MUFA and PUFA) compared with the non-

enzyme-assisted oil extract. Among the two proteases and the endo- and 

exoglucanases, Alcalase® gave the highest extraction yield of hydrophilic 

biocomponents, as a result of its most effective degradation of membrane 

proteins, lipoproteins and peptidoglucans. The four enzyme-assisted processes 

are superior to the simple solvent extraction. Higher extraction yields and 
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quality of extract products were obtained at milder conditions. The spirulina oil 

was rich in essential fatty acids. This selective extractive enzyme technology 

described not only permits savings in materials (biomass, solvents, etc.), energy, 

chemicals, solvents and/or water compared to conventional extraction processes, 

but also permits to obtain different amounts and types of degradation products 

that will be conveniently investigated.  
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Abstract 

Spirulina biomass has great nutritional value, but its proteins are not as well 

adsorbed as animal ones are. New functional food ingredients and metabolites 

can be obtained from spirulina, using different selective biodegradations of its 

biomass. Four enzyme-assisted extraction methods were independently studied, 

and their best operation conditions were determined. Enzymes were employed to 

increase the yield of easily adsorbed proteic extracts. A biomass pre-treatment 

using Alcalase® (pH 6.5, 1 % v/w, and 30 °C) is described, which increased the 

extraction yield of hydrophilic biocomponents by 90 % w/w compared to the 

simple solvent extraction. Alcalase® gives rise to 2.5–6.1 times more amino 

acids than the others. 

These processes were scaled up, and the extracts were analyzed. Higher 

destruction of cell integrity in the case of Alcalase® was also visualized by 

transmission electron microscopy. The described extractive technology uses 

cheap, commercial, food grade enzymes and hexane accepted for food and drugs 

safety. It is a promising process for a competitive biofactory, thorough an 

efficient production of extracts with high applied potential in nutrition, cosmetic 

and pharmaceutical industries. 
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4.1. Introduction 

New functional products are increasingly demanded by the food, cosmetic, 

and pharmaceutical industries. Enzyme degrading processes of vegetable 

biomasses are a ‘white biotechnology’ for sustainable production of these new 

functional products [1]. Degradation of the cell membrane before the extraction 

of biocomponents facilitates the recovery of cytoplasmic products [2]. Since the 

great part of cyanobacteria biocomponents are inside the cell [3, 4], their 

extraction can be improved via destructive pre-treatment of the cellular and 

subcellular structures [2, 5]. To recover the biomass constituents, enzymatic 

tools provide energy savings compared to mechanical treatment processes or 

chemical catalytic hydrolysis at high temperatures. They also compete well in 

the selectivity of extracted biocomponents. Depending on the type of enzyme, 

the cellular membrane and cell components may be degraded in different ways. 

Consequently, the potential of this technology is high, considering the great 

variety of degradation products that can be obtained through the action of 

different types of selective catalysts. This fact opens many opportunities for 

enzyme technology. Examples of advantageous enzymatic processes able to 

extract high value products from vegetable and animal biomasses are: (i) 

degradation of cellulose to glucose using cellulases, and (ii) membrane 

phospholipid hydrolysis by lipases for production of essential fatty acids. 

The food chain is based on algae and microalgae products. Microalgae are 

good protein and metabolite sources. Dietary supplements are obtained from 

them [6].  

Cyanobacteria (also named blue algae) are prokaryotic, photosynthetic, 

unicellular microorganisms. To this group belong Arthrospira platensis and 

Arthrospira maxima (commonly named Spirulina platensis and Spirulina 

maxima). Spirulina platensis grows in Africa, Asia, and South America, with a 
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characteristic helicoidal morphology [7]. Spirulina biomass (spirulina) has great 

potential for its composition and nutritional properties [8]. More than two 

thousand years ago, it was already being consumed by Aztecs. Spirulina 

properties are very much appreciated by modern society, being widely 

consumed for different types of healthy diets. Spirulina is a good source of 

essential amino acids, vitamins, carbohydrates, macro- and trace minerals, and 

other nutrients. The composition percent dry weight of spirulina is 64-73 % 

protein, 12-17 % carbohydrate, 5-7 % lipids, 0.9 % P, and 10.3-11.6 % N. [9]. 

Blue pigments (phycocianins) of spirulina contribute to increasing the protein 

and iron availability [10]. Since 2011, spirulina is considered a safe ingredient in 

class A diet supplements [11]. Spirulina improves the immune system [12], and 

it has therapeutic effects against cancer and different virus, microbial, and 

inflammatory processes [1]. Spirulina provides high amounts of a unique 

antioxidant amino acid: L-ergothioneine (EGT; 2-mercaptohistidine 

trimethylbetaine) [13]. Spirulina supplementation provides vegetable proteins to 

the organism. To increase bioassimilation of its proteic material, extracts of its 

degraded proteic biocomponents must be obtained [14]. Additionally, the 

efficient extraction of intracellular components is limited by the cell membrane. 

The cell membrane of Spirulina is analogous to that of Gram-negative 

bacteria [15]; they have two lipid membrane layers (cellular and cytoplasmic), 

separated by the murein layer. Murein is a rigid macromolecular structure 

formed by complex polymers of peptidoglycans and lipopolysaccharides. 

Peptidoglycans are covalently linked disaccharides and tetrapeptides. They are 

placed between cellular and cytoplasmic membranes, and linked to the external 

membrane layer by lipoproteins. Lipopolysaccharides are formed by a lipid and 

a complex polysaccharide chains. The cellular membrane has proteins non-

covalently linked to lipids; whereas the cytoplasmic membrane is formed by 
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lipoproteins (proteins covalently linked to lipids). The sugar complexes of cell 

membranes function as energy reserves (e.g. glucogen) [12].  

Methods for cell membrane degradation may be physical (ultrasounds, 

microwaves [16, 17], osmotic sock, pulse electric field, heat treatment [18], 

etc.), but may also be chemical or enzymatic [19, 20]. The recovery of 

biocomponents can be achieved by different methods, such as those based on 

phase separation with solvents [21, 22], supercritical fluids, pervaporation, etc. 

Safi et al. compared different fragile-cell-walled microalgae using several 

physical [23] and chemical [24] cell disruption methods. They were attacked 

according to the following order: Haematococcus pluvialis < Nannochloropsis 

oculata < Chlorella vulgaris < Porphyridium cruentum ≤ Arthrospira platensis. 

These authors determined that among the physical methods employed for 

protein extraction, high-pressure cell disruption was the most efficient one, 

although it was not enough to recover more than 50 % from the proteins for 

these green microalgae, indicating that more passes are required to completely 

disrupt their macrostructure, and thus more energy input is necessary [23]. 

Using several cycles, mechanical treatments released more proteins from all the 

microalgae compared to chemical treatments. Percentages of protein extracted 

from Spirulina biomass using an alkaline pre-treatment or high-pressure 

homogenization methods were 68 % and 75 %, respectively [24]. On the other 

hand, some reports described different enzyme treatments of protein extracts 

from spirulina, obtaining several bioactive products. In all the cases, the protein 

extracts were obtained by mechanical methods, prior to being submitted to a 

given enzyme degradation. More precisely, the iron-chelating peptide Thr-Asp-

Pro-Ile(Leu)-Ala-Ala-Cys-Ile(Leu), with a molecular weight of 802 Da, was 

obtained through the combined action of two proteases [25]. The protein extract 

was first obtained by homogenization of the cell suspension, centrifugation and 

further precipitation of the supernatant with ammonium sulfate. The extracted 
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material was then consecutively submitted to two proteolytic steps by two 

different proteases. In other study, the antihypertensive peptide Ile-Gln-Pro was 

prepared via Alcalase® digestion of previously extracted proteins by freeze-

thawing and sonication procedures [26]. Similarly, two potential anti-

inflammatory peptides (LDAVNR and MMLDF) were obtained by subsequent 

proteolysis with trypsin, chymotrypsin and pepsine of the proteins that were 

previously extracted from spirulina by freeze-thawing and sonication procedures 

[27]. All these studies were focused on purification and characterization of 

particular bioactive peptides [25-27]. In these cases, only the fractions of 

proteins previously extracted by physical or mechanical methods were treated 

with enzymes, and in none of the cases did the authors take into consideration 

the advantage that the direct action of the enzymes on the Spirulina cells 

provides: higher recovery of intracellular components (e.g., proteins). Hence, 

more studies based on direct enzyme extraction protocols are required. In order 

to take full advantage of the enzyme-assisted extractions of proteins, direct 

studies of the digestion of Spirulina cells by enzymes should be carried out. In 

that respect, appropriate use of the enzyme technology requires determining for 

each biocatalyst the influence of different operation parameters on the enzyme 

degrading activity for each specific biomass.   

In this work, the application of different enzymes for obtaining easily 

adsorbed proteic extracts was studied. Different selective enzyme degradation 

processes of Spirulina biomass were investigated for the extraction of polar 

spirulina biocomponents. The biomass was enzymatically degraded using four 

different cheap and easily accessible commercial enzyme preparations. These 

processes at their corresponding best operation conditions were compared with 

the extraction done without any prior enzyme treatment of the biomass. In 

particular, two different enzyme treatments, based on the degradation of 

membrane proteins, lipoproteins and peptidoglucan by two proteases (Alcalase® 
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and Flavourzyme®), and two other biomass treatments using endo- and exo-

glucanases (Ultraflo® and Vinoflow®) to breakdown the sugar polymer 

structure, were comparatively studied. The best values of the most important 

parameters of all the enzymatic pre-treatments for biomass degradation were 

determined. The corresponding extractive yields in dry weight of aqueous 

extracts were determined for the four enzyme extraction processes at their 

respective best conditions, and they were compared with those of the control 

extract (without enzyme-assistance). Changes occurring at the cellular level 

after the different extraction processes were comparatively analyzed by 

transmission electron microscopy (TEM). Total amino acid contents of all 

hydrophilic extracts were compared. 

 

4.2. Materials & Methods 

4.2.1 Materials 

Arthrospira (Spirulina) platensis dry biomass was purchased from ASN 

Leader S.L. (Murcia, Spain). Composition of the cyanobacteria biomass 

provided by the manufacturer is given in Table 4.2. The cyanobacteria biomass 

was a lyophilized dry powder for nutrition use. Solvents were HPLC grade. N-

Hexadecane was used as an internal standard and sodium Sulfate as a desiccant. 

All of them were from Sigma-Aldrich (Madrid, Spain). Buffer solutions used 

were CH3COONa/CH3COOH (pH 5-6), Na2HPO4/NaH2PO4 (pH 6.5-8), and 

NaCO3/ NaHCO2 (pH 8.5-9). Alcalase® 2.4 L FG, Flavourzyme®, Ultraflo® L, 

and Vinoflow® Max A were generously donated by Novozymes A/S (Denmark). 

Alcalase® has an activity of 2.4 AU A/g. Flavourzyme® has at least 1000 

LAPU/g (leucine aminopeptidase units/g determined with Leu-pNA), not being 

the single activity type in this preparation. The main activity of Ultraflo® L is β-

glucanase (45 fungal β -glucanase (FBG) per g). In addition, it contains 
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approximately 470 farbe xylanase units (FXU) per g. Vinoflow® Max A has a 

declared activity of 46 BGXU/mL. 

Alcalase® is a commercial preparation of a serine endo-peptidase (EC. 

3.4.21.62) from Bacillus licheniformis (mainly subtilisin A). Alcalase® acts as 

an esterase, catalyzing the stereoselective hydrolysis of esters, and hydrolyzes 

amino esters including heterocyclic amino esters. Flavourzyme® is a peptidase 

preparation from Aspergillus oryzae, widely and diversely used for protein 

hydrolysis in industrial and research applications. Eight enzymes have been 

identified in Flavourzyme®, namely two aminopeptidases, two dipeptidyl 

peptidases, three endopeptidases, and one α-amylase. Purified Flavourzyme® 

enzymes were biochemically characterized with regard to pH and temperature 

profiles and molecular sizes [28]. Ultraflo® L is a multicomponent enzyme 

preparation that contains 5–10 % (w/w) β-glucanase (endo-1,3(4)-) and 1–5 % 

(w/w) xylanase (endo-1,4-) as the main active components (EC 3.2.1.6 and EC 

3.2.1.8), produced by a strain of Humicola insolens. The enzyme preparation is 

used in the brewing industry to hydrolyze polysaccharide gums and to break 

down cell wall materials in cereals like beta-glucan and xylans [29]. These two 

types of enzymatic activities in Ultraflo® are cellulose action and catalysis of the 

hydrolysis of complex sugars in the amorphous regions of the cellular 

membrane. Ultraflo® L is also marketed within the European Union as a feed-

additive under the name of ‘Pentopan/Biofeed Plus’. There is a more abundant 

enzyme, while a second activity is due to other two enzymes. Vinoflow® Max A 

is a β-glucanase (exo-1,3-) preparation, used on wine to speed up the aging 

process [30]. All these enzyme preparations are GRAS type hydrolases. 
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4.2.2. Enzyme-Assisted Extraction of Spirulina Biocomponents  

The enzyme-assisted extraction methods of the cyanobacteria biomass 

studied using Alcalase® 2.4 L FG, Flavourzyme®, Ultraflo® L, and Vinoflow® 

Max A differ in the cell degradation step (protein or sugar hydrolysis). All 

degraded biomasses were next extracted with solvents. These extractions were 

compared with the same solvent extraction procedure carried out without any 

enzyme-assistance (control experiment). 

The influence of the more important parameters of the enzymatic step was 

studied: pH 5.5-8, temperature 30-50 ºC and enzyme loading 0.5-2 % (v/w, 

volume of enzyme preparation/weight of enzyme + biomass suspension). 

Optimal operation conditions of the four enzyme-assisted extraction processes 

were determined.  

A suspension of the biomass (0.2 g/mL aqueous buffer) containing the 

corresponding loading of enzyme preparation (or an equivalent volume of Milli-

Q water, in the case of the control experiment), was kept under magnetic 

agitation for the indicated time at a controlled temperature. Unless indicated, the 

study was carried out in triplicate at the short and long reaction times (duration 

of enzyme pre-treatment: 4 and 24 h), as follows:  

- Effect of pH: This study was carried out at 40 ºC and 1 % (v/w) enzyme 

solution. 

- Effect of temperature: This study was carried out at relatively mild 

temperatures (30-50 ºC) at the optimal pH value previously determined. 

- Effect of enzyme loading: This study was performed at the optimal values 

of pH and temperature previously determined in the range of 0.5-2 % (v/w) 

enzyme solution. The process extraction was followed at 1, 2, 4, 6, 8, and 

24 h. 
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- Solvent extraction step: Each aliquot (0.5 mL) of the enzyme-biomass 

suspension was dissolved in 1 mL hexane-isopropanol mixture (3:2, v/v). 

The resultant solution was centrifuged for 15 min at 10,000 rpm, and 

allowed to completely separate the two liquid (aqueous and oil) phases. The 

residual biomass was then separated from the liquid phase. The liquid 

solution was then placed in a decantation funnel. After separation of the oil 

and aqueous phases, the oil phase was collected. Next, the oil phase 

extraction protocol was repeated two more times by adding 0.25 mL 

hexane-isopropanol mixture to the decantation funnel. Finally, the two 

liquid (aqueous and oil) extracts obtained were freeze-dried. 

- Scaled up extraction: In order to obtain greater amounts of extracts, all the 

extraction processes (enzyme-assisted and control extractions) were carried 

out at a scale factor of 2.5 at their respective optimal conditions for 24 h 

enzyme pre-treatment under magnetic agitation (500 rpm). Scaled up 

extraction processes were carried out as follows: pH 6.5, 30 ºC and 1 % v/w 

Alcalase®; pH 6.0, 30 ºC; and 1 % v/w Flavourzyme®; pH 7.0, 30 ºC and 1 

% v/w Ultraflo®; pH 6.5, 40 ºC and 2 % v/w Vinoflow®. The extraction 

without enzyme digestion (control) was carried out using Milli-Q water 

instead of the enzymatic preparation in buffer at 30 ºC and 24 h. After the 

indicated time, the enzyme-biomass mixture was centrifuged for 30 min at 

14,000 rpm and 10 ºC. All corresponding aqueous extracts were lyophilized 

for 4 days and then weighed. All dry weight values of the aqueous extracts 

were corrected by subtraction of the corresponding weight of the buffer 

enzyme solution (lower than 1 % w/w). Residual biomasses obtained were 

dried under nitrogen. All the experiments were carried out in triplicate. 
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4.2.3. Analysis and Characterization of Aqueous Extracts 

 HPLC-ELSD Analysis 

A High Performance Liquid Chromatography apparatus coupled to an 

evaporative light scattering detector (HPLC-ELSD) was used for optimization of 

the enzymatic extraction process. These analyses allowed determination of 

relative changes of the biocomponents concentrations in the aqueous extracts 

obtained at different times of enzyme treatment.  

Analyses were carried out with a Hitachi D-7000IF apparatus (Germany) 

with a silica column from Kromasil C18 (5µm, 250x4.6 mm) connected to a 

Sedex 55 ELSD detector (SEDERE, France). Aqueous solution of the 

lyophilized samples (20 μL of 50 mg/mL) was injected and analyzed at 30 ºC 

for 83 min with a gradient mobile phase at 1.5 mL/min, phase A being Milli-Q 

water (100 % v/v) and phase B being acetonitrile/Milli-Q water (80:20 v/v). The 

composition of the phases (A:B) varied as follows: 96:4 for the first 5 min., 

increasing to 60:40 in 60 min, followed by a linear increase of Phase B up to 95 

% in 1 min. Composition was then maintained for the next 7 min (up to min 23), 

then the mobile phase returned to the first composition (96:4) and remained 

constant for the rest of the analysis. Analysis of each sample was replicated 

three times. For analyses of liquid aqueous extracts obtained after 4 h enzyme 

pre-treatment, 0.5 mL of aqueous phase was mixed with 1 mL distilled water, 

and 20 µL of the resultant solution was injected into the HPLC. 

 Amino Acid Composition 

The extracts obtained in the respective optimal conditions were analyzed to 

determine their composition in amino acids, using a chromatography procedure 

developed by Spackman et al. [31]. Solutions of the different aqueous extracts 

(1-2.6 mg/mL) were prepared in triplicate and placed in the hydrolysis tubes. 
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Norleucine was used as the internal standard in this assay. The analyzer 

apparatus was calibrated with three tubes of hydrolysis containing known 

amounts of the standard and norleucine. Standard solutions were submitted to 

the same hydrolysis treatment as the extract solutions. Finally, all the hydrolysis 

tubes were vacuum dried in a Speed Vac.  

The hydrolysis tubes containing the sample solutions were placed in glass 

bottles with a valve to make a vacuum, and purged with inert nitrogen gas. To 

each flask, 200 µl HCl 6N and 50 mg phenol were added. Next, a vacuum was 

applied to each flask for 20 sec and then they were purged with nitrogen inert 

gas for 20 sec. This process was repeated three times. Each flask was introduced 

into an oven at 110 ºC for 21 h. After that, the hydrolysis tubes were dried in the 

Speed Vac. Hydrolyzed samples and standard were dissolved in buffer, and then 

injected into the analyzer.  

Quantitative analysis of amino acids mixtures was carried out in a Biochrom 

30 Series Amino Acid Analyzer, with a reproducibility > 0.5 CV at 10 nmoles. 

Biochrom 30 uses the classic methodology for amino acid analysis, based on ion 

exchange liquid chromatography and a postcolumn reaction made in continuous 

with ninhydrine, with a sensitivity of ∼10 pmol. 

 Statistical Analysis 

The experiments were carried out in triplicate, reporting the results as their 

corresponding mean values with their standard errors, which were compared at 

confidence level of 95 % (p ≤ 0.05) using the SPSS program. 
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4.2.4. Transmission Electronic Microscopy Analyses, TEM 

 Fresh and residual (extracted) biomass samples were visualized in a 

transmission electronic microscope. Morphological changes of the residual 

biomass after the enzyme-assisted extraction process were visualized and 

compared by TEM analyses. A Jeol Jem 1010 apparatus (100Kv, Yokyo Japan), 

coupled to a digital camera Orius SC200 (Gatan Inc., Pleasanton, California) 

and the Digital Micrograph v 3.4 software for image acquisition, was used. Prior 

to analysis, all the samples were treated as follows: first they were washed three 

times with 0.1 M sodium phosphate buffer, pH 7.2, then transferred into 2 % 

w/w bacteriological agar in buffer and fixed in glutaraldehyde (2.5 % w/w) for 2 

h 40 min, and finally washed with cacodylate buffer 0.1 M (pH 7.3). Post-

fixation of samples was done on 1-2 mm agar blocks with osmium tetroxide (1 

% w/w) for 1 h 40 min. Samples were then dehydrated in an oven with absolute 

ethanol and embedded in a durcupan resin, and then were polymerized at 60 ºC 

over 48 h. Samples were cut into ultrafine layers (60nm) with a Leica ultracut S. 

Finally the sample slices were dyed with uranyl and lead acetates. 

 

4.3. Results and Discussion 

A commercial dry biomass of the cyanobacteria Arthrospira platensis 

(Spirulina) was submitted to different enzyme degradations. S. platensis 

extractions after four different enzyme pre-treatments were independently 

studied. These processes were carried out in their respective best operation 

conditions and compared with the control (no enzyme added) extraction. Two 

distinct proteases and two distinct glucanases were used to favor biocomponent 

recovery via membrane enzymatic degradation. The four different enzyme 

extractions were analyzed in terms of both the weight yields of the dry aqueous 

extracts and their respective amino acids contents. 
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4.3.1. Enzyme-Assisted Extraction 

The most important parameters of the enzyme-assisted degradation of 

spirulina were studied. The best operation conditions for each enzyme extraction 

were determined by following changes in each peak area value of the HPLC-

ELSD chromatograms of the aqueous phase. In all cases, the area changes in all 

the significant peaks were inspected (see below). All significant peaks of the 

HPLC chromatogram exhibited the same dependence of the studied parameters, 

that is, the same variation (increase or decrease) of their area values with the 

studied parameter value, and the same optimal value. Hence, for the sake of 

clarity, the influences of pH, time, temperature, and enzyme loading are 

depicted with respect to the total area values of all significant peaks. 

Nevertheless, a couple of examples of the parameter (pH and time) effect in one 

peak area are also given. The study of the influence of pH, temperature and 

enzyme loading using Alcalase® as a pre-treatment enzyme is shown. Due to the 

coincidence with the extraction conditions of spirulina oil, a simple check of the 

operating conditions in the case of Flavourzyme®, Ultraflo® and Vinoflow® was 

made. 

 Influence of pH  

Figure 4.1 represents the changes of the total peaks area in the chromatogram 

(Figure 4.1A) and the area of a representative individual peak (Figure 4.1C) 

obtained after 4h of biomass pre-treatment with Alcalase®. The maximal initial 

rate (4h) of the biocomponents extraction with Alcalase® was obtained at pH 

6.5. The enzyme degradation process was faster at this pH value, giving rise to 

the maximal total peak area value obtained for a short time pre-treatment (4h, 

Figure 4.1A). For the extractions with Flavourzyme®, Ultraflo® and Vinoflow®, 

the corresponding best pH values determined were 6.0, 7.0, and 6.5, respectively 

(not shown). 
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Fig. 4.1. Enzyme-assisted extraction with Alcalase® of the polar spirulina 

biocomponents. Variation of total peaks area in the HPLC-ELSD analyses: A) Effect of 

pH on the total area of peaks products extracted at 4 h of enzyme treatment; B) Time 

course of the extraction at optimal pH 6.5, for the total peaks area 
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Fig. 4.1 (Cont.). C) Variation of the area value of the peak at 67.83 min. retention time, 

for 4 h of enzyme treatment; D) Time course of the extraction at optimal pH 6.5, for the 

peak at 5.5 min. retention time. Other conditions: 1 % (v/w) enzyme loading and 40 ºC. 

a.u.: arbitrary area units 

 

Lu et al. used a different pH value for the extraction of an antihypertensive 

peptide from spirulina using Alcalase® (pH 8.5 at 50 ºC for 10 h) after three 

cycles of freeze-thawing the biomass [26]. Kim et al. also used different 

operation conditions to obtain the iron-chelating peptide with a multi-enzymatic 

biomass degradation (Alcalase® pH 8.0 at 50 ºC for 1 h + Flavourzyme® pH 7.0 
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at 50 ºC for 8 h) [25]. The obtained products of their peptide degradation were 

also different from those of this study (peptide characterization in Chapter 5). 

The dependence of the extraction yield on the pH parameter is a 

consequence of the effect of pH on the process of biomass degradation by the 

enzyme. Variations in the total charge of proteins with pH should determine 

their mutual interaction and interaction with the biocatalyst employed. For the 

extraction of anti-cancer biocomponents from spirulina, papaine presented an 

optimal pH of 6.5, while other enzymes exhibited very different optimal pH 

values (pH 2-8.5) [32]. Optimal values in the basic range of pH were earlier 

described for the extraction of spirulina antioxidants with different enzymes, 

although other group of enzymes exhibited low activities under these conditions 

[33]. Different proteases from those used here were earlier studied to extract 

spirulina oil, reporting an optimal pH range of 7.5-10 for the best biocatalyst 

[34]. 

The time course of the enzyme-assisted extraction at the best pH value was 

studied for the first 48 h. The results obtained with Alcalase® for all the 

chromatogram peaks are represented in Figure 4.1B, and for a representative 

peak in Figure 4.1D. Similarly to Alcalase® extraction, the other three types of 

enzyme extractions required 24 h of enzyme pre-treatment of spirulina to reach 

maximal recovery of biocomponents (not shown). These results (Figure 4.1B, 

D) were obtained via analyses of aliquots taken from the reaction mixtures at the 

indicated times, while those of Figure 4.1A, B correspond to analyses of 

lyophilized extracts. The two studies correspond to samples of different extract 

concentrations, so the area values of these two figures cannot be compared (see 

Method section 4.2.3). 
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 Effect of Temperature 

The effect of the temperature of the biomass pre-treatment on the extraction 

of polar biocomponents was carried out at the respective optimal pH values of 

each enzyme (Alcalase® at pH 6.5; Flavourzyme® at pH 6.0; Ultraflo® at pH 7.0; 

Vinoflow® at pH 6.5) and an enzyme loading of 1 % (v/w) in the range 30-50 ºC 

after 24 h of biomass treatment (Figure 4.2). The total area values of peak 

products of the corresponding aqueous extracts were calculated from the 

obtained HPLC-ELSD chromatograms. The area value corresponding to 1 g of 

spirulina was calculated and represented against temperature. Figure 4.2 depicts 

the total peaks area values obtained for Alcalase®. 
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Fig. 4.2. Effect of the temperature on the Alcalase® assisted extraction of the polar 

spirulina biocomponents. Variation of total peak areas in the HPLC-ELSD analyses 

relative to 1 g biomass. Conditions: 1 % (v/w) enzyme loading and pH 6.5; a.u.: 

arbitrary units 

 

Considering the experimental error, 30 ºC was the best temperature 

determined for the extractions with Alcalase®. Similar results were obtained 

with the other three enzymes (not shown). From these results, 30 ºC was 
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determined to be the best temperature for the two proteases (Alcalase® and 

Flavourzyme®) and Ultraflo®, the latter one having β-glucanase and xylanase 

activities, as well as several side activities (Cellulase, Hemicellulase, and 

Pentosanase). The optimal temperature value determined for Vinoflow® was 40 

ºC (not shown). In all cases, the best temperature to achieve the maximum 

recovery of biocomponents in the aqueous extract was relatively low. Vitamins, 

antioxidants, and other thermo-labile components of the extracts were relatively 

well preserved in this temperature range. At mild temperatures the energy 

expenses and the product lability were reduced, while the operational stability of 

the biocatalysts employed was increased. In fact, the decrease observed in the 

extraction of biocomponents at the higher temperatures (Figure 4.2), might be 

explained by a decay of the operational stability of the enzyme. 

In the case of proteases, Zhang & Zhang reported higher optimal 

temperatures for enzyme-assisted extraction of antitumor polypeptides from 

spirulina with trypsin, pepsine, and papain, namely 42 ºC, 37 ºC, and 55 ºC, 

respectively, than the ones herein determined [32].  

 Effect of the Enzyme Loading 

Catalyst charge affects the speed of biomass biodegradation prior to solvent 

extraction, determining the extraction yield value obtained at a given time.  

The results obtained with different Alcalase® loadings (0-2 % v/w enzyme) 

are represented in the Figure 4.3. These results were compared with those of a 

control extraction assay, where, instead of the enzyme solution, an equivalent 

volume of water solution was used (0 % enzyme loading in Figure 4.3). 



4. Advantageous Preparation of Proteic Extracts from Spirulina Biomass 

 111 

 

0

2

4

6

8

10

12

14

16
 24 h

Enzyme Loading (%, v/w)

  0                     0.5                   1.0                   2.0   

 

 

T
o

ta
l A

re
a

 *
 E

9
 (

a
. u

./
g

 b
io

m
a

s
s)

 

Fig. 4.3. Effect of the enzyme loading on the Alcalase® assisted extraction of the polar 

spirulina biocomponents. Variation of total peak areas in the HPLC-ELSD analyses 

relative to 1 g biomass. Conditions pH 6.5 and 30 ºC; a.u.: arbitrary units 

 

The extraction of polar biocomponents increased with the increase of the 

enzyme loading from 0.5 % to 1 % (v/w) Alcalase®, but it dramatically 

decreased with an higher enzyme amount (i.e., 2 % v/w; Figure 4.3). The same 

best value was found for Flavourzyme® and Ultraflo®. The best enzyme loading 

of Vinoflow® was 2 % (v/w) (not shown). These values correspond to 1.2-2.4 % 

(w/w), considering the corresponding density values.  

Our results are in good agreement with those of the literature, where the 

dependence of the extraction yield exhibits a maximum value, with a value of 

biocatalyst loading above which the process becomes less efficient [35]. The 

decrease of the product recovery when using high enzyme charges suggests that 

high enzyme concentrations might favor an excessive biodegradation of the 

biomass. Different types of biomasses require different amounts of biocatalysts. 

All these reports and the results of this work indicate that the optimal charge of 

enzyme requested depends on the type of biomass, type of the biocatalyst, and 

the biocomponents to be extracted. 
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The duration of the enzyme pre-treatment is an important parameter, 

involving important considerations in the process scale up. In this work, 24 h 

seemed to be necessary to get maximum extraction of intra- and extracellular 

biocomponents from spirulina. Liang et al. studied an enzyme-assisted 

extraction of microalgae oil, where optimal yield extraction was found at 12 h of 

biomass biodegradation [5]. These results, and those of the literature, suggest 

that the necessary time to degrade the biomass depends on both the enzyme and 

the biomass studied. It also substantially varies with the method used to degrade 

the biomass and the product to be extracted. Extractions based on the use of 

ultrasounds and microwave irradiation for biomass degradation use relatively 

short times (20 min 4 h) for antioxidant and pigment extractions from 

microalgae [17]. 

 

4.3.2. Scale Up and Extraction Yields 

The four different enzyme-assisted extraction processes were carried out at 

their corresponding optimal operation conditions at a scale increased by a factor 

of 2.5. Ten grams of Spirulina biomass were used for each experiment. All the 

extracts were prepared in their respective optimal conditions (pH 6.5, 1 % v/w 

and 30 ºC for Alcalase®; pH 6.0, 1 % v/w and 30 ºC for Flavourzyme®; pH 7.0, 

1 % v/w and 30 ºC for Ultraflo®; pH 6.5, 2 % v/w and 40 ºC for Vinoflow®). 

The control extract was obtained in this scale without any enzyme-assistance 

using Milli-Q water instead of the enzyme solution, at 30 ºC and 24 h. The 

aqueous extracts obtained with the different enzyme-assisted methods were 

liophylyzed and kept at -70 ºC. 

Table 4.1 summarizes the recovery yields of aqueous extracts obtained. 

They are expressed in dry weight percent (calculated with respect to the starting 

Spirulina biomass).  
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Table 4.1. Extraction yield and total content of amino acids of the aqueous extracts 

obtained with the enzyme-assisted and control extraction procedures in their respective 

optimal operation conditions 

Sample 
Yield Total Amino acid Content 

(%, w/w)1 
% 

(w/w)  
µmol/g 
extract 

mg/g 
biomass 

µmol/g 
biomass 

R3 

Control2 19.20±0.20 34.4±0.5 2986±47 66.0±1.0 573±9 1.0 

Alcalase® 36.50±0.10 45.0±7.1 3907±69 164±26.0 1426±25 2.5 

Flavourzyme® 31.80±0.10 16.9±0.2 1471±16 53.8±0.5 468±5 0.8 

Ultraflo® 19.70±0.10 13.7±0.5 1189±40 27.0±0.91 234±8 0.4 

Vinoflow® 26.30±0.10 13.5±0.1 1172±9 35.5±0.3 308±3 0.5 
1By weight percent with respect to the starting Spirulina biomass 
2No enzyme pre-treatment 
3Mole ratio of total amino acids obtained per gram of extract with and without enzyme-

assistance. Mean values of individual amino acid contents of all the extracts resulted statistically 

not equal in the t-test (p ≤ 0.05) 

 

All the enzyme-assisted extraction processes enabled greater yields of 

aqueous extracts than the control extraction (Table 4.1), being higher the yields 

obtained with the two proteases (Alcalase® and Flavourzyme®). The highest 

extraction yield was obtained with Alcalase®. This biocatalyst enables an 

increase by 1.9 times of the weight of extract obtained, compared to the one 

obtained in the control extraction process without any enzyme-assistance. 

 

4.3.3. Compositional Analysis of the Polar Extract 

All dry extracts (obtained in their respective best conditions) were analyzed 

to determine their amino acid composition. The total values obtained for both 

hydrolyzed and free amino acids are given in Table 4.1.  
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Alcalase® extract had a significantly higher content of amino acids (45 % 

w/w dry extract) than the extract obtained without any enzyme-assistance (34 % 

w/w), and also higher than the other three enzymatic extracts (13-17 % w/w). 

Alcalase® extract has higher nutritional interest, and some of the peptides could 

exhibit bioactivities of therapeutic interest. This value corresponded to most 

amino acids of the spirulina (50-65 % w/w, Table 4.2). 

 

Table 4.2. Composition of spirulina from ASN LEADER S.L., provided by the 

manufacturer 

General Composition  

Proteins Lipids Carbohydrates Minerals Fiber Energy 

50-65 % 6-7.5 % 18-22 % 15 % 0.2 % 390 cal/100 g 

 

Total (hydrolyzed + free) amino acids content values were also calculated 

per gram of dry spirulina. The ratio between amounts of extracted amino acids 

for each particular method and the quantity obtained with the control extraction 

was greater than 1 only in the case of Alcalase®, indicating the superiority of 

Alcalase® method not only with respect to the control extraction, but also with 

respect to the other enzymatic methods (p ≤ 0.05). Remarkably, among the two 

proteolytic enzymes and the two studied glucanases, only Alcalase® 

significantly increased the recovery percentage of amino acids with respect to 

the control assay (853 µmol/g spirulina more). These results suggest that amino 

acid extraction is not necessarily improved by any type of protease-assisted 

extraction. However, only the process with Alcalase® yielded a weight of amino 

acids 2.5 times higher than the control extraction, and 3.1 times higher than the 

extraction with the other protease (Flavourzyme®). From 1 g biomass, the 

Alcalase® extraction method obtained 1426 µmol amino acids, a quantity 2.5-

6.1 times higher than the total amount obtained with the other methods (control 
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without enzyme and enzyme-assisted methods). The control extraction allowed 

to obtain only 573 µmol amino acids/g biomass. 

 

4.3.4. Biomass Analyses by TEM  

Structural changes in the spirulina were investigated by TEM analysis. 

Figure 4.4 A is a micrograph of commercial dry biomass not treated with 

enzymes nor extracted with any solvent, where a longitudinal section through a 

trichome with twelve cells is visualized. Complete integrity of the cellular 

material, including the membrane, is clearly visualized in Figures 4.4 B and C. 

The four layers of cell membrane were identified (Figure 4.4 C). In the starting 

spirulina, the cytoplasm and thylakoid system were compressed against the 

internal cell membrane.  

 

 
Fig. 4.4. Micrographs of Arthrospira (Spirulina) platensis dry biomass neither treated 

with any enzyme nor extracted by any solvent; A) a longitudinal cut trichome and 

several transversally cut trichomes; B) three contiguous cyanobacteria of a trichome 
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Fig. 4.4 (Cont.). C) detail of the cell wall. 

 

In Figure 4.5, the micrographs of residual biomass obtained after the control 

extraction (Figure 4.5A), and residual biomasses obtained after extraction with 

Alcalase® (Figure 4.5B), Ultraflo® (Figure 4.5C), and Vinoflow® (Figure 4.5D) 

assistance are compared at the same scale.  

 

 
Fig. 4.5. TEM micrographs of residual biomasses of Arthrospira p., obtained: A) after 

the control extraction; B) after extraction with Alcalase®. Extracts were obtained in their 

optimal conditions (pH 6.5, 1 % v/w Alcalase®, and 30 ºC, and the control experiment 

was done with Milli-Q water instead of the enzyme solution at 30 ºC and 24 h)  
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Fig. 4.5 (Cont.). C) after extraction with Ultraflo®; D) after Vinoflow® extraction. 

Extracts obtained in their optimal conditions (pH 7.0, 1 % v/w Ultraflo® and 30 ºC; pH 

6.5, 2 % v/w Vinoflow® and 40 ºC) 

 

Trichomes were still observed after the control extraction of the biomass, 

although their thylakoid system was not any more compressed against the 

internal cell membrane (Figure 4.5A). Cells after the control extraction 

exhibited a swelling phenomenom, and a few were detached from the trichome. 

By contrast, after all the enzyme extractions studied, the number of trichomes 

observed was minimal and cellular degradation was evident (Figure 4.5B-D). A 

dispersion of remaining (non-extracted) intracellular material and membrane 

rests was obtained after biomass treatment with Alcalase® (Figure 4.5B). After 

extraction with Alcalase® assistance, most of the cellular material disappeared. 

Consequently, the residual biomass is more transparent (Figure 4.5B) than the 

other ones (Figure 4.5A, C and D). This fact is due to the higher recovery of 

biocomponents with Alcalase® than with the control and other enzyme 

extractions (Figure 4.5A and B). These observations agree with previous studies, 

where cyanobacteria cells modified their shape and size, swelling after a 

Lysozyme treatment [36]. Less cellular material remained in the residual 
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biomasses extracted with Ultraflo® and Vinoflow® (Figures 4.5C and D) than in 

the control experiment (lower observed electronic density). However, in all 

these cases the amount of cell residues was significantly greater than in the case 

of the Alcalase® extraction (Figure 4.3B). These findings are in good 

correspondence with the values of extraction yields obtained (Table 4.1), where 

the Alcalase® extraction process was the most effective one for biocomponent 

recovery of spirulina. 

The micrographs of this study show that Alcalase® pre-treatment of the 

biomass is the most efficient, resulting in most of trichomes and spheroplasts 

degraded. Vladimirescu revealed the existence of differences in enzymatic 

sensitivity of cells [37]. Compared with other bacteria, Spirulina sp. has a 

thicker cell membrane that makes more difficult to detach the cells or 

spheroplasts from the trichome. Because of that, cells disintegration is not 

efficiently achieved with lysozyme treatment [38]. 

The comparative inspection of micrographs of residual biomasses obtained 

with the different enzyme-assisted extraction processes (Figure 4.5) reveals that 

the enzyme pre-treatment of the biomass that allowed the highest 

biocomponents recovery (Alcalase®) produces the greatest cellular degradation. 

Compared with the other enzyme-assisted extraction types, the biomass 

extracted after Alcalase® treatment appeared nearly completely disintegrated 

and with very low electronic density, as a result of the greater extraction of its 

biocomponents (Figure 4.5B-D). 

The results here described support the implementation of enzyme 

technology to replace conventional extraction processes. The Alcalase® 

extraction herein reported significantly increased the yield and quality of 

aqueous extracts from A. (Spirulina) platensis biomass. The enzyme technology 

developed uses food grade enzymes and hexane, which are accepted by 
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regulatory agencies for food and drug safety. This enzyme technology looks 

promising for a more efficient, safe, and environmentally clean industrial 

production of cyanobacteria extracts with high value in the nutrition, cosmetic, 

and pharmaceutical industries [14]. The potential of this extraction method will 

be further clarified once the extracted biocomponents are molecularly and 

functionally characterized. A complete characterization of the different aqueous 

extracts obtained with all the enzymes in their respective optimal operation 

conditions are reported in the next chapter. 

 

4.4. Conclusions 

Different extraction methods of high value hydrophilic spirulina 

biocomponents were implemented via four selective enzyme degradations of 

Spirulina biomass. Comparison of the extracts obtained in their optimal 

operation conditions demonstrated that different products can be obtained 

through spirulina degradation by different enzyme types. The four enzyme-

assisted extraction processes were superior to the corresponding extraction 

process without enzyme-assistance for prior biomass degradation. Among the 

two proteases and the endo- and exoglucanases, Alcalase® gave the highest 

extraction yields of hydrophilic extracts, as a result of its effective degradation 

of membrane proteins, lipoproteins and peptidoglucan. Both the extract 

composition and the amount of extracted biocomponents depended on the 

temperature, enzyme charge and type, pH, and duration of enzymatic pre-

treatment of the biomass. Compared to conventional extraction processes, higher 

extraction yields were obtained in mild conditions; Alcalase® extract was the 

one with the highest protein content. All the protein extracts obtained could be 

applied for satiety and muscle building in sports/active nutrition, for geriatric 

population, convalescent patients, etc. 
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Abstract 

Spirulina is a sustainable source of products for the food, cosmetic and 

medicine, industries. Besides primary metabolites, the secondary ones can be 

obtained via enzymatic degradation of it biomass. Different aqueous extracts 

were obtained after treating the biomass with: i) a serine endo-peptidase 

(Alcalase®), ii) a mixture of amino-, dipeptidyl- and endopeptidases 

(Flavourzyme®), iii) a mixture of endo-1,3(4)-β-glucanase and a endo-1,4-

xylanase, and β-glucanase (Ultraflo®), and  iv) an exo-1,3-glucanase 

(Vinoflow®). After that, the composition of each extract ( in terms of amino 

acids, peptides, oligoelements, carbohydrates and polyphenols) and functional 

properties were compared. The conditions described in this work using the 

enzyme Alcalase® permits the extraction of 8 distinctive peptides that are 7.3 

times more anti-hypertensive, 106 times more anti-hypertriglyceridemic, 26 

times more hypocholesterolemic and 4.4 times more antioxidant, and this 

extracts contains 2.3 times more polyphenols than the process without enzyme 

biomass digestion.  
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5.1. Introduction 

Since thousands of years, the use of microalgae and cyanobacteria 

Arthrospira (Spirulina) as an ingredient in animal and human feeding has been 

unceasingly increasing [1]. Moreover, functional ingredients and methabolites 

are obtained for the food, cosmetic pharmaceutical and biotechnological 

industries in developed countries. A wide range of metabolites can be directly 

extracted from these microorganisms, including non-ribosomal and ribosomal 

peptides, polyketides, terpenes, essential oils, vitamins, antioxidants, 

oligoelements, etc. [2]. Also, a great variety of secondary metabolites can be 

obtained when the biomass is submitted to the degrading action of different 

enzymes [3]. Considering the great diversity of biological functions and 

catalytic mechanisms of natural enzymes, applied biocatalysis has a great 

potential in that respect. Furthermore new bioactive compounds can be then 

obtained via selective enzymatic degradation of these biomasses [4].  

For centuries, spirulina has being eaten by humans and nowadays is being 

used as food additive. As protein source, it has similar or superior quality than 

other vegetable proteins [5], being the nutritional quality of proteins determined 

by their contents, proportions and bioavailabilities of their amino acids [6].  It 

provides high amounts of proteins (around 60 % of dry biomass, but if it is 

cultivated under stress conditions might produce up to 77 % [7]). Spirulina has 

all the essential amino acids, and its use favors the industry of animal production 

[8]. Spirulina contains lipids rich in polyunsaturated fatty acids, such as omega-

3 acids, which are highly used in the livestock industry. However, the 

carbohydrates content is lower than the protein content [9]. Also, spirulina has 

other interesting biocomponents, such as minerals, antioxidants, vitamins 

(vitamin B in great proportion), sterols, pigments such as phycocyanin and 

chlorophyl, etc. Spirulina is classified as Class A ingredient for its use as a 
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dietetic complements by European Union and the United States Pharmacopeia 

and National Formulary (USP–NF). Three thousand Tons spirulina were 

produced in 2013 for food and cosmetics, being considered by UNESCO the 

Food of the Millenium. Among the different health beneficial properties of 

spirulina consume are antiviral, anti-inflammatory and antimicrobial activities, 

and a positive effect in the immune system, both in animals and in humans. 

Although spirulina is very rich in proteins, their assimilation not always is 

good. Since assimilation of spirulina biocomponents depends on their easy 

degradation in organism, selective preparation of spirulina extracts rich in 

peptides and amino acids, resulting of the enzymatic degradation of the biomass, 

are of great interest. Different degradation products with interesting bioactive 

properties can be obtained via a biomass pre-treatment with distinct selective 

hydrolytic enzymes. New extraction processes after degradation of Spirulina 

biomass by natural enzyme preparations, can be implemented for preparation of 

extracts rich in easily assimilated metabolites. These extracts can be used as 

food supplements with important biologic functionality. Different types of 

biomass digestions by enzymes give rise to different extracts with unique 

composition, which is a function of both, the biocatalyst used and the bioprocess 

conditions.  

Anti-cholesterolemic effect of spirulina is mainly attributed to the all 

pigment molecule C-phycocyanin [10]. This pigment was earlier extracted from 

the biomass [11]. Up to date, Zhang & Zhang obtained a peptide extract with 

antitumor activity, via a multiple enzymatic digestion of proteins previously 

extracted from Spirulina platensis, using freeze-thawing plus ultrasonication 

extraction [12]. Hydrolysis was carried out with four proteolytic enzymes 

(trypsin, alcalase, papain, and pepsin). Other method permitted to obtain the 

peptide Ile-Gln-Pro with anti-hyperthensive activity [13], via biomass 

proteolysis after submitting the biomass to freeze-thawing plus ultrasonication. 
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Peptides with antioxidant activity were also obtained from spirulina, via 

hydrolysis of cyanobacteria biomass with protease K, followed by peptide 

extraction by ultracentrifugation and gel chromatography [14].  

Given the great potential of the diverse enzyme degrading tools and the 

potential of spirulina as precursor of new functional products, the optimization 

of four different individual enzyme degrading pre-treatments of the biomass, 

and the effect of the most important parameters of these processes in the 

preparation of different aqueous spirulina extracts was made. In this work, the 

chemical compositions and a variety of bioactivities of these different aqueous 

spirulina extracts were comparatively were analyzed and compared with those 

that were obtained from the non-treated extract (without any prior enzyme 

digestion). A multifunctional multicomponent extract with superior properties is 

described. 

 

5.2. Materials & Methods 

5.2.1 Materials 

The dry biomass from Arthrospira (Spirulina) platensis was provided by 

ASN Leader S.L. (Murcia, Spain). The cyanobacteria biomass consisted on a 

lyophilized dry powder for nutrition use, with a declared composition: 50-65 % 

proteins, 6-7.5 % lipids, 18-22 % carbohydrates, 15 % minerals, 0.2 % fiber and 

390 cal/100 g. Thus, this biomass can provide a high amount of protein that 

contains every kind of amino acids, including the essential amino acids. It also 

provides antioxidants and bioactive products such as, phycocyanin (600 mg), 

chlorophyll (45 mg) and other fitonutrients and vitamins. It is rich in Provitamin 

A (100 % w/w) and B12 (500 % w/w), and also has B1, B2, B3, E, C, F and K). 



    5. Complete Characterization of Proteic Extracts from Spirulina Biomass 
 

 131 

 

Moreover, it has a high content of minerals including oligoelements, and 

particularly rich in Fe, Mn and Cu. Solvents used were HPLC grade.  

Alcalase® 2.4 L FG, Flavourzyme®, Ultraflo® L and Vinoflow® Max A 

were commercial enzyme preparations kindly donated by Novozymes A/S 

(Denmark). Alcalase® has a declared activity of 2.4 AU A/g. Flavourzyme® has 

at least 1000 LAPU/g (leucine aminopeptidase units/g determined with Leu-

pNA), but the manufacturer indicates that it is not the single activity type in this 

preparation. Ultraflo® L is standardized on the main activity, β-glucanase (45 

fungal β -glucanase (FBG) per g). In addition, the enzyme preparation contains 

approximately 470 farbe xylanase units (FXU) per g. Vinoflow® Max A has a 

declared activity of 46 BGXU/mL. 

Alcalase® is a commercial preparation of a serine endo-peptidase (EC. 

3.4.21.62); mainly subtilsine A. Alcalase® hydrolyzes amino esters including 

heterocyclic amino esters. Flavourzyme® is a peptidase preparation widely and 

diversely used for protein hydrolysis, with eight enzymes (two aminopeptidases, 

two dipeptidyl peptidases, three endopeptidases, and one α-amylase) [15]. 

Ultraflo® L is a multicomponent enzyme preparation that contains an β-

glucanase (endo-1,3(4)-) and a xylanase (endo-1,4-) (EC 3.2.1.6 and EC 

3.2.1.8). The enzyme preparation is used to hydrolyze polysaccharide gums. 

Ultraflo® is specially designed to break down cell wall materials in cereals like 

beta-glucan and xylans [16]. The two types of enzymatic activities in Ultraflo® 

are cellulases and catalyze the hydrolysis of complex sugars in the amorphous 

regions of the cellular membrane. The mixed β-glucanase/xylanase preparation 

is also commercialised within the European Union as a feed-additive under the 

name of "Pentopan/Biofeed Plus." Vinoflow® Max A is a β-glucanase (exo-1,3-) 

preparation. It helps to speed up the aging process of wine, reducing contact 

time and accelerating its clarification. It is added towards the end of alcoholic 

fermentation or before malolactic fermentation [17]. All these enzyme 
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preparations (Alcalase®, Flavourzyme®, Ultraflo® and Vinoflow®) are Gras type 

hydrolases declared by the American Center for Food Safety and Applied 

Nutrition Food and Drug Administration [18]. 

 

5.2.2. Enzyme-Assisted Extraction of Spirulina Biocomponents  

Four different enzyme-assisted extractions were carried out using four 

commercial enzyme preparations, namely Alcalase® 2.4 L FG, Flavourzyme®, 

Ultraflo® L and Vinoflow® Max A, according with the methodology described 

in the chapter 4. Thus, the enzyme-assisted extraction methods of the 

cyanobacteria biomass studied differ from the step of cellular degradation 

(protein or sugar hydrolysis). The enzymatic treatment was followed by a step of 

solvent extraction of biomass with a hexane-isopropanol mixture (3:2, v/v). The 

aqueous phase was separated from the oil phase and residual biomass, and 

lyophilized. The control extraction was obtained with the same solvent 

extraction procedure, but carried out without any enzyme-assistance. 

 The conditions for the extraction processes were their respective optimal 

conditions obtained in chapter 4.. All biomass pre-treatments lasted 24 h. 

Aqueous phases were lyophilized for 4 days. All the experiments were carried 

out at least in triplicate. 

 

5.2.3. Analysis and Characterization of Aqueous Extracts 

 Amino Acid Composition 

Quantitative analyses of amino acids was carried out according with the 

procedure developed by Spackman, Moore & Stein in a Biochrom 30 Series 

amino Acid Analyser, with a reproducibility  > 0,5 CV at 10 nmol [19]. 

Biochrom 30 used the classic methodology for analysis of amino acids based in 



    5. Complete Characterization of Proteic Extracts from Spirulina Biomass 
 

 133 

 

ion-exchange liquid chromatography and a post-column reaction in continuous 

with ninhydrin to obtain the qualitative and quantitative analysis, with a 

sensitivity of ∼10 pmol,  

All solutions obtained from different dry aqueous extracts (1-2.6 mg/mL) 

were prepared in triplicate in hydrolysis tubes, which contained a known 

concentration of norleucina (internal standard). To calibrate the apparatus, three 

hydrolysis tubes were prepared with known amounts of standards and the 

internal standard. All standard tubes were submitted to the same treatment than 

the one for the tubes of samples, in order to correct a possible loss of amino 

acids by hydrolysis. Next, all tubes were dried in a Speed Vac apparatus.  

The hydrolysis tubes that contained the extracts solutions were placed in 

their respective hydrolysis glass bottles. To each one, 200 µL of 6 N chlorhydric 

acid and 50 mg phenol were added. Next, vacuum for 20 sec. and a purge of 

inert gas for other 20 sec. were applied to each bottle. This process was repeated 

three times, before introducing them in an oven at 110 ºC for 21 hours. After 

vacuum drying the tubes in the Speed Vac, hydrolyzed samples and standard 

were dissolved in buffer. The resultant sample solutions were injected in the 

analyzer.  

 Peptide Identification by LC ESI-MS/MS 

The aqueous extracts (4 enzymatic and control) were analyzed by liquid 

chromatography coupled to an electrospray ionization mass spectrometer in 

positive ionization mode (LC ESI-MS/MS), to identify their respective 

biocomponents. Prior to analysis, the samples were cleaned with C18 tips, 

model ZipTip Pipette Tips C18 (ref. ZTC18S096 of Millipore). LC ESI-MS/MS 

analyses were carried out in an Ultimate 3000 nanoHPLC (Dionex, Sunnyvale, 

California) coupled to an ion trap mass spectrometer AmaZon Speed (Bruker 

Daltonics, Bremen, Germany). The reversed phase analytic column used was an 
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Acclaim C18 PepMap of 75 µm × 15 cm, 3 µm particle size and 100 Å pore size 

(ThermoScientific, USA). The trap column was a C18 PepMap of 5 µm particle 

diameter, 100 Å pore size, connected in series with the analytical column. The 

pump flushed a solution of 0.1 % trifluoroacetic acid in 98 % water / 2 % 

acetonitrile (ScharLab, Barcelona, Spain) at 3 µL/min. The nanopump operated 

at a flow of 300 nL/min in gradient conditions, using 0.1% formic acid (Fluka, 

Buchs, Switzerland) in water (phase A), and 0.1 % formic acid in 80 % 

acetonitrile / 20 % water (phase B). The scheme of the elution gradient was: 

isocratic mode with 96 % A: 4 % B for 5 min, a linear increase to 40% B in 60 

min, a linear increase to 95 % B in 1 min, isocratic conditions of 95% B for 7 

min, and return to initial conditions in 10 min. 5 µL of extracts solutions (4 

µg/µL) were injected and detected at 214 y 280 nm wavelengths. In a second 

analysis 5 µL of extract solutions (10 µg/µL) were injected. The LC system was 

connected by a CaptiveSpray source (Bruker Daltonics, Bremen, Germany) to 

the ion trap spectrometer, operating in positive mode with a capillary voltage set 

of 1400 V. The automatic data acquisition allowed sequential observation of 

both MS spectra (m/z 350-1500), and the MS CID spectra of the 8 more 

abundant ions. In the analyses of 10 µg/µL samples, the MS spectra range was 

100-1000 m/z. Exclusion dynamics were applied to prevent the isolation of the 

same m/z for 1 min after its fragmentation. 

For peptide identification, MS and MS/MS data of individual fractions of 

HPLC were processed using Data Analysis 4.1 (Bruker Daltonics, Bremen, 

Germany). MS/MS spectra (in the form of generic Mascot files) were analyzed 

against a data base obtained from NCBI (National Center for Biotechnology 

Information) containing 68623 entries of proteins from both Spirulina and 

Arthrospira. The database search was carried out with Mascot v.2.6.0 (Matrix 

Science, London, UK) [20]. Search parameters were set as follows: oxidized 

methionine as the modification variable without enzyme restriction. Tolerance 
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for peptide mass of 0.3 Da and 0.4 Da in MS and in MS/MS modes, 

respectively. In most of the cases, a precision of ± 0.1-0.2 Da was obtained for 

both MS and MS/MS spectra. 

Additionally, in the case of the Alcalase® extract all MS and MS/MS spectra 

were analyzed using the ‘de novo’ tool of the Peaks software (Bioinformatics 

solutions, Inc).This program combines both the unconditioned ‘de novo’ 

analysis of MS/MS spectra and the more conventional search against organism-

specific (i.e., Arthrospira-Spirulina) sequence databases. Results only include 

MS and MS/MS spectra and their corresponding “de novo” interpretations. Only 

sequence assignments with confidence values equal or superior to 80 have been 

included, to avoid doubtful sequences. Please note that this approach cannot 

distinguish the following identities: I and L, K and Q, F and M.  

 Total Carbohydrates Content 

Total carbohydrates content of lyophilized aqueous extracts was determined 

by phenol-sulfuric method [21]. The extracts were dissolved in Milli-Q water at 

a concentration of 0.2 g/L and analyzed in triplicate, giving the results as the 

calculated mean value with their standard deviation.  

 Elemental analyses 

Lyophilized extracts (70-80 mg) were digested in teflon glasses with 6 mL 

HNO3 for 20 min in a Multiwave 3000 microwave ANTON PAAR model, by 

using a program consisting on starting from 0 to 500 W in 5 min, maintaining at 

500 W for 10 min, and then increasing to 1000 W in 10 min, and maintaining at 

1000W for 20 min (maximal temperature program was set at 240 ºC and 

maximal pressure value reached was 60 Bar). After digestion, all acid solutions 

were diluted to 25 mL, and 0.5 mL of the corresponding solutions was diluted to 

10 mL for the semiquantitative analyses. Samples were analyzed by Inductive 
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Coupled Plasma Mass Spectrometry (ICP-MS) in a NexION 300XX apparatus 

from Perkin-Elmer, with the method formerly described by Zuluaga et al. [22].  

 Anti-hypertensive activity 

In vitro evaluation of the inhibitory activity of angiotensin I converting 

enzyme (ACE) was carried out according with the protocol described by 

Sentandreu & Toldrá [23]. The system renin-angiotensin constitutes the major 

regulator system of blood pressure in the human body. In this system, ACE 

transforms the angiotensin I decapeptide into the vasoconstrictor angiotensin II 

peptide and, deactivates the vasodilator bradykinin. Moreover, this enzyme 

plays an important role in the control of blood pressure. The IC50 value 

(concentration of spirulina extract necessary to inhibit 50 % of the ACE activity) 

is used to express the in vitro ACE inhibitory capacity of the extracts.  

ACE activity was determined following the generation of fluorescence 

emission due to liberation of the fluorescent product o-aminobenzoylglycine 

(Abz-Gly) from the no fluorescent substrate Abz-Gly-Phe(NO2)-Pro. ACE 

inhibitory activity of samples was determined in triplicate. Fluorescence 

emission was determined every minute for 30 min. at the emission and 

excitation wavelengths of 355 and 405 nm, respectively, in a fluorimetric 

microplate of a Synergy HT apparatus (Biotek, Winooski, VT, USA). The IC50 

value was determined from the dose–response curves, where the range of 

protein concentration (0‐0.8 mg/mL) was distributed along a logarithmic scale, 

and using the regression fit function to a non‐lineal sigmoidal curve in a 

GraphPad Prism 4.00 (Graphpad Software Inc., San Diego, CA, USA). 
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 Anti-hyperlipidemic activity: inhibition of pancreatic lipase 

The inhibition activity of lyophilized aqueous extracts of pig pancreatic 

lipase (PPL) was determined by a method based on the method prior described 

by Lee et al., but slightly modified [24]. Briefly, a 13.33 mM stock solution of 

p-nitrophenyl buthyrate (PNPB, from Sigma, St. Louis, Missoury, USA) in 

acetonitrile was prepared and kept at −20 °C. A fresh solution of PPL was 

prepared in Milli-Q water (15 mg/mL). 

Reactions were carried out with a substrate concentration of 0.4 mM PNPB 

in 0.061 M Tris-HCl buffer, pH 8.5 at 37 °C for 5 min. The absorbance increase 

of p-nitrophenol liberated in the presence of 1.5 mg/mL PPL was followed for 3 

min at 400 nm in a UV-vis Jasco V-630 Spectrophotometer. Next, the reaction 

rate was determined under the same conditions, but in the presence of 0.75 

mg/mL extract. The inhibitory activity of each extract was defined as the 

difference between initial reaction rates of the assays in the presence and 

absence of the extract. Activity value of each extract was determined in 

triplicate, and the mean values of results are given with their corresponding 

standard deviations. 

 Anti-hyperlipidemic activity: inhibition of pancreatic cholesterol 

esterase  

The capacity of extracts to inhibit the enzyme pancreatic cholesterol 

esterase was determined by the method described by Pietsch and Gütschow [25]. 

Cholesterol esterase plays an essential role catalyzing the hydrolysis of diet 

cholesterol esters at the lumen of the small intestine, producing cholesterol. The 

inhibition capacity of some compounds facilitates the control of biodisponibility 

of cholesterol formed by hydrolysis of cholesterol esters. Hence, these products 

serve to limitate the absorption of free cholesterol in the bloodstream.  
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A fresh stock solution of cholesterol esterase (0.075 mg/mL) in 100 mM 

sodium phosphate and 100 mM NaCl, pH 7.0 buffer was prepared and kept until 

use in ice (0 °C). A stock solution of taurocholic acid (TC, 8.6 mM) was 

prepared in the same buffer solution, and kept at 4 °C until use. The stock 

solution of PNPB (13.33 mM) was prepared in acetonitrile. For the reaction in 

the cuvette of the spectrophotometer, the extract (75 μg/mL) was incubated at 25 

ºC with taurocholic acid (5.16 mM), PNPB (0.2 mM) in sodium phosphate 

buffer 0.1 M, 100 mM NaCl at pH 7.0. The reaction was initiated by addition of 

PPL (2.5µg/mL). The absorbance variation of the reaction mixture was followed 

at 405 nm. Activity value of each extract was determined in triplicate, and the 

mean values of results are given with their corresponding standard deviations. 

 Antioxidant activity 

For better characterization of the antioxidant activity of a product, it is 

recommended to determine it with different types of methods [26]. They might 

be compared when data are given in Trolox equivalence antioxidant capacity 

(TEAC) units, but also other units are commonly used. Methods of analysis of 

antioxidants are classified in two types: i) those based in a reaction of transfer of 

a hydrogen atom (HAT) and ii) those based in a reaction involving an electronic 

transfer (ET). In this work, both types of methods where used to characterize the 

antioxidant activities of the spirulina extracts that were analyzed. ORAC method 

was used as a good example of HAT method. The ET assays used were the 

determination of total phenols by Folin-Ciocalteu reagent (FCR) and 

quantification of the ability of antioxidants to sequestre a stable cation radical 

(ABTS●+). FCR is used to quantify the reduction potential of antioxidants, 

while ORAC method permits to quantify their capacity for peroxide radical 

sequestration. 

All the aqueous extracts were analyzed by ABTS, ORAC y FCR: 
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- ABTS assay: Re et al. method was used to quantify the ability of 

antioxidants present in the extracts to sequester a stable cation radical 

(ABTS●+) [27]. The preformed monocation radical of 2,29-azinobis-(3-

ethylbenzothiazoline-6-sulphonic acid) (ABTS•1) is generated by oxidation 

of ABTS with potassium persulfate and it is reduced in presence of 

hydrogen donor antioxidants. The influence of both, the antioxidant 

concentration and the reaction duration of inhibition of the absorbance of 

the cationic radical, are considered to determine the antioxidant activity. 

The results were expressed by TEAC value in mmol trolox/ g extract, as the 

concentration (mM) of a standard reference solution (Trolox) with an 

antioxidant capacity equivalent to the one of a solution (1 mM) of the 

investigated analyte.   

- Hydroxyl radical scavenging assay, (ORAC-Fluorescein Assay): The 

method described by Dávalos et al. was employed [28]. Hydroxyl radical 

(OH●) is generated in living organism, having important negative effects in 

inflammatory processes of tissues of illness related with oxidative stress.  

For ABTS and ORAC analyses, a multimodal plate reader SynergyTM HT 

with automatic dispenser of samples, and temperature control of Biotek 

Instruments (VT, USA) was used. The software Biotek Gen5TM was used for 

data analyses. Each plate with 96 wells was analyzed in quadruplicate, with four 

standard levels of calibration and 8 repetitions for blank or control. Reaction 

was started by automatic addition of 60 μL of ABTS radical or AAPH to the 

sample solution for ABTS and ORAC assays, respectively. Antiradical activity 

with ABTS was determined after 10 min. reaction.  For ORAC method, the 

value was read after 180 min. reaction. ABTS activity was determined in 

quadruplicate and ORAC activity in triplicate.  
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- Total polyphenol content by FCR: The method used was Folin-Ciocalteu 

[29], which determines the content of polyphenols and other antioxidants. 

Although aromatic amines, phenols, high sugar contents and ascorbic acid 

interfere in this analysis, this method version reduces by 15 % the 

interference of ascorbic acid. Prior to analyses, all lyophilized aqueous 

extracts were dissolved in 95 % (v/v) methanol/water (10 g/L), and 

sonicated (20 kHz) for 10 min. to get complete dissolution of the extract. 

Results are expressed as the mean value of data obtained in three replicas 

with the corresponding standard deviation. 

 Statistical Analysis 

The experiments were carried out in n=3-4, reporting the results as their 

corresponding mean value with their standard error, that were compared at 

confidence level of 95 % (p ≤ 0.05) using the SPSS program. 

 

5.3. Results and Discussion 

Natural enzyme degradation of biomass has great potential for obtaining 

new bioactive products from microplankton. Different types of enzyme 

preparations can be used to obtain spirulina extracts with variable 

therapeutical/profilactic properties. In this work, the composition and functional 

properties of the four different extracts obtained with four distinct enzyme pre-

treatments of the biomass prior to its extraction by solvents, and the extract 

obtained without any prior enzyme digestion, were investigated. 

The weight yields of the aqueous extracts obtained without any enzyme pre-

treatment and using Alcalase®, Flavourzyme®, Ultraflo® and Vinoflow® were 

19.20±0.20 %, 36.50±0.10 %, 31.80±0.10 %, 19.70±0.10 % and 26.30±0.10 %, 

respectively. Three of the four enzyme digestions methods assayed increased the 
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weight yield of aqueous extract of spirulina, being the proteolytic treatment with 

Alcalase® the one giving the highest yield. The two proteases gave higher yields 

than the endo- and exo-glucosidases. These results agree with the fact that the 

bulk of the weight of dry Spirulina biomass corresponds to proteins, being 

carbohydrates and lipids minor components [5]. The best enzyme-assisted 

method (1 % v/w Alcalase®, pH=6.5, 30 ºC and 24h) allows to increase the 

amount of material extracted in aqueous extracts by 90 % (w/w) (1.90 with 

respect to the simple solvent extraction (control)). 

Aqueous phases obtained with the four different enzyme-assisted extraction 

processes studied, as well as in the simple solvent extraction (the control 

extraction without any enzyme pre-treatment of the biomass) should contain 

different hydrophilic biocomponents. In this work, their protein, amino acids, 

carbohydrate, polyphenol contents were determined. Next, all the extracts were 

characterized with respect to several bioactive properties: anti-hypertensive, 

anti-hyperlipidemic (anti-hypertriglycerolemic and anti-hypercholesterolemic), 

and antioxidant properties. 

 

5.3.1. Amino Acid Composition 

The results of the quantitative analyses are represented in Figure 5.1. The 

values of amino acids of Figure 5.1A can be found in the table of the Appendix 

II. 

The aqueous extract obtained with Alcalase® had higher total amino acid 

content (45 % w/w lyophilized extract) than the control extract (34 % w/w) and 

the extracts obtained with the other enzymes (13-17 % w/w).   
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Fig. 5.1. Amino acid content values obtained with different extraction methods in their 

optimal operation conditions for Alcalase®, Flavourzyme®, Ultraflo® and Vinoflow®. 

Control extract was obtained using Milli-Q water instead of the buffer solution of 

enzyme, 30 ºC and 24 h. A) Content values for each individual amino acid; B) Total 

amino acid content. All amino acid content values resulted not equal in the t-test 

analyses for a confidence level of 95 % (p ≤ 0.05), except Met in Flavourzyme® vs 

Control extracts, Ile in Ultraflo® vs Vinoflow®, Tyr and Arg in Flavouzyme® vs 

Ultraflo® 
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Moreover, considering the corresponding weight yields of the extracts 

(higher in the case of Alcalase® with respect to the other cases), Alcalase® 

extraction permits to obtain considerably higher amounts of Glu, Asp, Ala and 

Leu, per gram of biomass, compared with other amino acids (117-216 µmol/g 

biomass, Figure 5.1A); remarkably, the increased recovery of mole of Tyr per 

gram of biomass (4.6-10.8 times higher than with the rest of methods). 

Alcalase® extraction method permits to recover  7.2 and 10.8 times higher 

amount of mole of Arg and Tyr, respectively, than with the other protease; for 

the rest of amino acids, Alcalase® method is 2.6-3.3 times superior than the 

method using the other protease (Flavourzyme®, Figure 5.1B).  

 

5.3.2. Peptide Composition 

Different peptide sequences were detected in the distinct spirulina extracts 

(Table 5.1). Alcalase® extract contained 8 different peptides than those 

identified in the rest of extracts (enzymatic or control). This extract contains 

eight families of exclusive peptides, corresponding to different proteins of 

Arthrospira sp., with their corresponding biologic activities, for example: 

MKKIEAIIRPF, (nitrogen regulatory protein P-II [Arthrospira platensis NIES-

39]); ALAVGIGSIGPGLGQGQ, (AtpH [Arthrospira platensis HN01]); 

TTAASVIAAA, (ATP synthase c chain [Arthrospira platensis NIES-39]); 

DFPGDDIPIVS, (Full=Elongation factor Tu; Short=EF-Tu).  
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Several of these peptides are fragments of ATP synthase. 

By contrast, 12 peptides were identified in the control extract. Part of them 

corresponded to fragments of chlorophyll binding protein and phycocyanin 

(responsible for photosynthetic and antioxidant activities). Others were 

fragments of phosphoenolpyruvate synthase. 

Analyses using Spirulina and Arthrospira platensis data bases, revealed that 

in all the extracts, there is a significant presence of peptides corresponding to 

diverse phycocyanin fragments (last rang in Table 5.1). Phycocyanin has 

important antioxidant activity [11], and these peptides can be responsible for 

part or all the antioxidant activity of the extract. 

Notably, the peptide sequence Ile-Gln-Pro with anti-hypertensive activity 

[13] and other antitumor peptides [12], previously obtained by alternative 

extraction methods, were not detected in this study. This must be due to the 

different protocols used for the biomass treatment before extraction of 

biocomponents by solvents.  

 

5.3.3. Total Carbohydrate Content of Extracts 

Total carbohydrate content of lyophilized aqueous extracts determined by 

phenol-sulfuric method is represented in Figure 5.2.  Spirulina biomass had 

smaller proportion of carbohydrates than of proteins. Thus, all the extracts 

resulted rich in proteins, but not in carbohydrates (Figure 5.2). 
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Fig. 5.2. Total carbohydrates content values of the extracts. All carbohydrate content 

values resulted not equal in the t-test analyses for a confidence level of 95 % (p ≤ 0.05). 

Conditions: Extracts were obtained with different extraction methods in their optimal 

operation conditions 

 

Moreover, the energetic potential of carbohydrates (15.7 kJ·g-1) is smaller 

than the ones of lipids (37.6 kJ·g-1) or proteins (16.7 kJ·g-1) [9]. All enzymatic 

and control processes extracted similar amounts of carbohydrates, included 

Alcalase® process (1.3 times higher amount extracted than that obtained with the 

control process). Only Flavourzyme® method extracted higher amount of 

carbohydrates than the other methods. From each gram of dry biomass, the 

amount extracted with this enzyme results 2.1 and 1.6 times higher than that 

obtained in both, control and Alcalase® processes, respectively.  

 

5.3.4. Total Polyphenol Content of Extracts 

Polyphenols are considered to be physiological antioxidants, which 

additional biological roles apart from antioxidant functions, such as 

modification of on-off switches for enzymes, facilitation of receptor binding as a 

selective ligand or mimic, or cell-cell signaling at concentrations lower than 
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anticipated for antioxidant activity. They promote the glutathione synthesis (the 

most prevalent endogenous antioxidant), contributing to increase the content of 

antioxidant molecules present in the body. 

Folin-Ciocalteu method (FCR) determines the amount of polyphenols and 

other antioxidants. The results obtained with this method for the enzymatic and 

control extractions are given in Figure 5.3.  
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Fig. 5.3. Polyphenols extracted from spirulina with enzymatic and control (without 

enzyme) methods. All polyphenols content values resulted not equal in the t-test 

analyses for a confidence level of 95 % (p ≤ 0.05), except Ultraflo® vs Vinoflow®. 

Conditions: Extracts were obtained with different extraction methods in their optimal 

operation conditions 

 

These results indicate that all the enzymatic methods increase the recovery 

of polyphenols from Spirulina biomass. From each gram of spirulina, Alcalase® 

method permitted to obtain 2.3 times more weight of polyphenols than the 

control method and 1.4-2.1 times more than the other enzymatic methods (1.12 

times more than with Flavourzyme® method). 
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The increase in consumption of health products rich in polyphenols is 

induced by scientifically baseless assumption of the unproved fact that 

polyphenols are physiological antioxidant ingredients. The extraction procedure 

here described could facilitate the necessary investigation to clarify this matter.  

 

5.3.5. Elemental Composition of Extracts 

The elemental composition of the aqueous extracts is summarized in Table 

5.2.  

 

Table 5.2. Elemental composition of spirulina aqueous extracts by semiquantitative 

analyses 

Aqueous Extract 

Control Alcalase® Flavourzyme® Ultraflo® Vinoflow® 

Toxic Elements  
(ppm)           

Hg - - - - 0.1 

Cd 0.1 0.1 0.1 0.4 0.2 

As 3.0 0.7 0.4 2.1 1.1 

Ni 2.9 0.7 - - - 

Trace Elements  
(ppm) 

          

K 33037 12737 14241 19150 11916 

Mg 3177 1581 1362 2258 1625 

Mn 11.7 5.91 4.6 7.1 8.3 

Ca 1576 515 312 442 250 

Cu 2.7 0.9 0.6 - 0.4 

Fe 4.2 8.0 13 5.0 9.1 

Se - - - 3.0 - 

Zn - 11 25 - 7.6 
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All the extracts were essentially free of toxic elements. The content of As 

and Ni was reduced when the four enzymes were used. All the extracts had 

variable amounts of K, Mg, Mn, Ca, Cu, and Fe. Control extract seemed to have 

significantly higher amounts of all these elements than the rest of extracts, 

except Fe and Zn. Alcalase® extract was characterized by a Fe content around 8 

ppm and 10 ppm of Zn. In this extract the most abundant micronutrients were K 

and Mg and Ca (Table 5.2). 

 

5.3.6. Bioactive Properties of Aqueous Extracts 

 Anti-hypertensive activity  

Values obtained in the determinations of anti-hypertensive activities of the 

enzymatic and control extracts are summarized in Table 5.3.   

 

Table 5.3. Anti-hypertensive activity. In vitro evaluation of inhibitor activity values of 

angiotensin converting enzyme, ACE 

Enzyme 
IC50 

(mg/mL) 
A extracted* 

(mL) 
A/Acontrol** 

Alcalase® (protease) 0.050±0.006 7.3±0.9 7.3 

Flavourzyme® (protease) 0.236±0.012 1.3±0.1 1.3 

Ultraflo® (endoglucanase) 0.178±0.029 1.1±0.2 1.1 

Vinoflow® (exoglucanase) 0.404±0.029 0.7±0.0 0.7 

Control (without enzyme) 0.189±0.028 1.0±0.2 1.0 

*Anti-hypertensive activity extracted from 1 g of Spirulina biomass, calculated as the product of 

the inverse of IC50 value by the weigth obtained of the corresponding extract from 1 g of 

Spirulina biomass (yield (%)/ 10 g extracted biomass).  All ACE values resulted not equal in the 

t-text (p<0.05), except Flavourzyme® vs Ultraflo® and Ultraflo® vs Control. 

**Ratio of total activity units extracted with the enzymatic and Control methods. 
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The lowest IC50 value was obtained for Alcalase® extract, indicating that this 

extract has the highest ACE activity.  Alcalase® extract resulted 3.8 times 

superior than the control extract. Not, all the enzymatic extracts had higher 

bioactivities; only Alcalase® extract had higher anti-hypertensive activity and 

higher amino acid content than the control extract. Alcalase® extract had 7.3 

times higher anti-hypertensive activity than the control extract, 5.4 higher than 

the extract obtained with the other protease (Flavourzyme®), and 11.2-6.6 times 

higher than that of  Vinoflow® and Ultraflo® extracts, respectively. 

 Anti-hyperlipidemic Activity: Inhibition of Pancreatic Lipase 

Hyperlipidemia affects to different metabolic disorders in blood vessels, 

producing hypertriglyceridemia and/or hypercholesterolemia. This condition 

gives rise to vascular problems (microangiopathy, cardiovascular illness, brain 

vascular and/or metabolic syndromes). 

The values of activity of the inhibition of the pancreatic lipase when the 

aqueous extracts were incorporated are summarized in Table 5.4. 

All the enzymatic extracts exhibited higher inhibitory capacities than the 

control extract, (35-62 times). The two extracts obtained with proteases 

(Alcalase® and Flavourzyme®) resulted with higher inhibitory activities, that 

were similar in both extracts. 

Respect to the extractive processes, the two processes using proteases 

(Alcalase® and Flavourzyme®) extracted the higher inhibitory activity units, 

being them 106 and 94 times higher than the one obtained with the control 

extract, respectively. 
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Table 5.4. Inhibitory activity of pig pancreatic lipase  

In vitro Inhibitory Activity of Pig Pancreatic Lipase 

Inhibitor 
A 

(Δabs/s)a 
Inhibition 

(%) 

Aextract 
(Δabs  L/s 
g extract) 

Aextracted 
(Δabs  L/s 

g biomass)b 

A/ 
Acontrolc 

Without 
Inhibitor 

0.368±0.008 - - - - 

Alcalase® 
(protease) 

0.256±0.007 30.3±1.9 0.149±0.019 54.5±6.8 106 

Flavourzyme® 
(protease) 

0.254±0.008 31.1±2.1 0.152±0.020 48.3±6.4 94 

Ultraflo® 
(endoglucanase) 

0.282±0.003 20.7±0.7 0.115±0.013 22.6±2.6 44 

Vinoflow® 
(exoglucanase) 

0.304±0.009 17.5±2.2 0.085±0.021 22.4±5.6 44 

Control 
(without 
enzyme) 

0.366±0.012 0.5±3.0 0.003±0.011 0.5±2.1 1 

a Activity units as the absorbance increase per second, with 750 mg/l extract in the cuvette   
b All inhibitory activity values resulted not equal, except Ultraflo® vs Vinoflow® in the t-test 

analyses for the lipase inhibition study with a confidence level of 95 % (p ≤ 0 .05) 
c Ratio of activity units extracted with the enzymatic and control methods 

 

 Anti-hyperlipidemic Activity Analyses: Inhibition of Pancreatic 

Cholesterol Esterase   

It is known that spirulina has anti-cholesterolemic effects [10], due to C-

phycocyanin molecule presence in the cyanobacteria [11]. Due to the aqueous 

extracts were studied in the inhibition of the pancreatic cholesterol esterase 

(Table 5.5). 
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Table 5.5. Inhibitory activity of pancreatic cholesterol esterase 

In vitro Inhibitory Activity of Pancreatic Cholesterol Esterase 

Inhibitor 
A 

(Δabs/s)a 
Inhibition 

(%) 

Aextract 
(Δabs  L/s 
g extract) 

Aextracted 
(Δabs L/s 

g biomass)b 

A/ 
Acontrolc 

Without 
Inhibitor 

0.515±0.007 - - - - 

Alcalase® 
(protease) 

0.432±0.006 16.0±1.2 1.11±0.17 0.404±0.063 26 

Flavourzyme® 
(protease) 

0.439±0.008 14.7±1.6 1.01±0.20 0.322±0.064 21 

Ultraflo® 
(endoglucanase) 

0.491±0.006 4.5±1.2 0.32±0.17 0.063±0.034 4 

Vinoflow® 
(exoglucanase) 

0.452±0.011 12.2±2.1 0.84±0.24 0.221±0.063 14 

Control 
(without 
enzyme) 

0.509±0.006 1.0±1.2 0.08±0.17 0.015±0.033 1 

a Activity units as the absorbance increase per second, with 75 mg/l extract  in the cuvette 
b All inhibitory activity values resulted not equal  in the t-test analyses for the lipase inhibition 

study with a confidence level of 95 % (p ≤ 0.05) 
c Ratio of activity units extracted with the enzymatic and control methods 

 

From these analyses, all enzymatic extracts had higher inhibitory activities 

than the control, being the activity obtained with Alcalase® method 16 times 

higher than that obtained without any enzyme-assistance, and 1.1-3.5 times 

higher than those obtained with the rest of enzymes. Per gram of biomass, 

Alcalase® method permitted to extract 26 times higher amount of 

hypocholesterolemic products than the extraction method without using 

enzymes. 
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 Antioxidant Activity   

Antioxidant activities of lyophilized extracts were determined by ABTS and 

ORAC-Fluorescein Assays. Values of total polyphenol contents by FCR (Figure 

5.3) are also related with this bioactivity.  

Results obtained with the ABTS and ORAC methods are expressed by 

TEAC value (Trolox Equivalent Antioxidant Capacity) in mmol Trolox per 

gram of extract (Table 5.6). 

 

Table 5.6.  Antioxidant Activity determined by ABTS and ORAC methods 

Enzyme 

ABTS ORACa 

Extract 
Total 

Extracted 
Rc 

Extract 
Total 

Extracted 
Rc TEAC 

(µmol/g 
extract) 

TEAC 
(µmol/g 

biomass)b 

TEAC 
(µmol/g 
extract) 

TEAC 
(µmol/g 

biomass)b 

Alcalase® 

(protease) 
19.7±0.5 7.19±0.18 1.5 462±19 169±7 4.4 

Flavourzyme® 

(protease) 
15.5±0.5 4.93±0.16 1.0 325±14 107±4 2.8 

Ultraflo® 

(endoglucanase) 
24.1±0.6 4.75±0.12 1.0 269±12 53±2 1.4 

Vinoflow® 

(exoglucanase) 
16.4±0.6 4.31±0.16 0.9 260±5 68±1 1.8 

Control 
(without 
enzyme) 

23.4±0.9 4.78±0.12 1.0 199±16 38±3 1.0 

a Values obtained after 180 min 
b All antioxidant activity values resulted not equal in the t-test analyses for a confidence level of 

95 % (p ≤ 0.05), except Flavourzyme® vs Ultraflo® and Vinoflow® vs control in ABTS method 
c Ratio of activity units extracted with  with a given enzymatic method and with the control (no 

enzymatic) process 
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 All these extracts had antioxidant activity. Alcalase® process allows 

extracting more activity units than the control extraction. Alcalase® and 

Ultraflo® extracts had higher values of antioxidant activity than the other ones 

by ORAC method. By ORAC, a higher value of antioxidant activity units per 

gram of spirulina was extracted with Alcalase® process than with the other 

extraction processes. It was 4.4 times higher than that obtained with the control 

extraction, and 1.6 times higher than that obtained with the other protease. The 

amount of antioxidant activity units extracted with Alcalase®, determined by 

ABTS, resulted 1.5 times higher than that obtained with the control extraction, 

and 1.4 times higher than that obtained with Flavourzyme®.  

Only Alcalase® method extracts more antioxidant activity units by the two 

methods (ABTS and ORAC) and it also extracts more polyphenols (Figure 5.3). 

The higher antioxidant activity of Alcalase® extract is related with the higher 

presence of polyphenols among other antioxidants. The obtention of peptides 

with antioxidant activities from spirulina has been described [14], but none of 

such peptides were identified in these extracts (Table 5.1).  

Alcalase® extract is a multicomponent and multifunctional product, which 

contains high quantities of all amino acids and low molecular weight peptides, 

but also phenolic compounds, polyphenols, carbohydrates and oligoelements. 

This extract differs from other extracts in its higher anti-hypertensive, 

antioxidant and anti-hyperlipidemic (anti-hypertriglyceridemic and anti-

hypercholesterolemic) activities. Bioactive properties of Alcalase® extract are 

related with the presence of the eight differential peptide sequences detected in 

the extract, and the higher content in polyphenols and other antioxidants. 

Preparation of this extract involves diverse advantages, such as the need of 

smaller amounts to get a given effect, and the subsequent decay of the incidence 

of possible secondary effects. This extract is useful to elaborate formulations 
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with anti-hypertensive, antioxidant, and/or anti-hyperlipidemic activities, being 

of applied use in the food, cosmetic and pharmaceutical industries. 

 

5.4. Conclusions 

The great potential of biocatalytic tools for obtaining new bioactive 

products from microplankton permits to prepare different spirulina extracts 

using different types of enzyme preparations. The extracts exhibit relevant 

therapeutical/profilactic properties. Minerals (oligoelements), vitamins, 

peptides, amino acids and antioxidants were extracted. They are essential for 

maintaining a healthy life, and diverse functional problems are associated with 

their lack or deficient presence. 

Alcalase® extract obtained with the described procedure has a peptide based 

formula, consisting on peptides: MKKIEAIIRPF, LPPL, 

ALAVGIGSIGPGLGQGQ, TTAASVIAAAL, DFPGDDIPIVS, LELL, 

WKLLP and CHLLLSM. Moreover, it has at least: a) significant quantities of 

all amino acids, including the essential ones, various oligoelements and a 

minimal content of 45 % w/w total amino acids; b) 12 mg/g extract total of 

polyphenols; and c) 226 mg /g extract of total carbohydrates. This spirulina 

extract has superior anti-hypertensive, antioxidant and anti-hyperlipidemic (anti-

hypertriglyceridemic and anti-hypercholesterolemic) activities than the other 

extracts. 
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Abstract 

Lipases B from Candida antarctica (CALB), Rhizomucor miehei (RML) 

and Thermomyces lanuginosus (TLL) were immobilized on octadecyl 

methacylate (OM) or octadecyl methacrylate (OMC) beads. Their specific 

activity and regioselectivity were studied in the synthesis of conjugated linoleic 

acid (CLA) partial glycerides, which presented nutraceutical properties. 

TLL derivatives resulted to be poor catalysts. Novozym® 435 was much 

better than Lipozyme® RM IM. RML activity (a GRAS enzyme) was modulated 

via immobilization. After only 3 h, OM-RML gave the highest CLA conversion 

(54 % at 40 ºC with 1:3 molar ratio of glycerol to CLA). OM-RML reduced by a 

factor of 3.12 and 1.16 the activation energy of the reaction with Lipozyme® 

RM IM and Novozym® 435, respectively.  

The new GRAS preparation OM-RML brings forth an optimal 

regioselective preparation of sn-1 mono and sn-1,3 diacylglycerols rich in CLA, 

with a ratio of sn-1,3/sn-1,2 regioisomers of 21.8, compared to 2.3 for 

Novozym® 435.  
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6.1. Introduction 

Mono and diacylglycerides (MAG & DAG) are nonionic emulsifiers widely 

used as food additives or carriers in processed foods (E471) and in cosmetic and 

pharmaceutical industries [1]. 

Obesity causes several million deaths per year in the world. To reduce 

obesity, diacylglycerols (DAG)-enriched oils are functional foods that may 

replace the conventional triacylglycerols (TAG) oils [2]. Many benefits of 

MAG and DAG described compared to TAG have been described in the 

literature [3]. Partial glycerides have anti-obesity properties because of their 

reduced calorific values compared to TAG [2]. The intake of DAG oil instead of 

regular TAG oil positively affects lipid metabolism, decreasing the storage of 

TAG in adipose tissue [4], reducing body weight, lowering liver and abdominal 

fat contents [5]. DAG and TAG exhibit equivalent energy value and 

digestibility, but recent investigations demonstrated that DAG, particularly 

1,3-DAG, reduces the accumulation of body fat [5], decreasing the level of 

serum TAG, postprandial hyperlipidemia and hemoglobin A1c, and increasing 

postprandial lipid oxidation, as a result of which it reduces body weight [6]. 

Hence DAG-enriched oil (particularly 1,3-DAG) is considered a good fat 

substitute. 

Moreover, modern lifestyle has led to diets that are deficient in essential 

fatty acids like omega-3 and conjugated linolenic fatty acids (CLA). These 

essential fatty acids need to be included in human and in animal (non-ruminant) 

diets, because they mitigate the morbidity and mortality caused by chronic 

diseases [7]. CLA is a group of isomers of linoleic acid, where the isomers 

trans-10, cis-12 and cis-9, cis-12 are in greater proportions. CLA is present in 

ruminant meat such as beef, and dairy products. Many health-related properties 

have been attributed to CLA: reduction of body fat mass, positive alteration of 
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body composition, antidiabetogenic, antiatherogenesis and positive effects on 

atherosclerosis, among others [8]. CLA is the most active antioxidant in milk 

fat. It is a 100 times better antioxidant than α-tocopherol. CLA is also a better 

inhibitor of neoplasic growth than omega-3 fatty acids and tocopherols [8]. A 

daily dose of 3.5 g of CLA has been established for cancer prevention [9]. In 

this context both food industry and academia are performing great efforts to 

develop routes for the preparation of products rich in omega-3 fatty acids and to 

determine their function in animals and humans health. 

The acylglycerides forms of CLA are the preferred forms for its 

administration. Compared to the free fatty acids, they have several advantages: 

i) they are better absorbed, ii) they exhibit higher immunological functions and 

iii) they are less susceptible to oxidation [10]. Acylglycerides forms have also 

advantages compared to simpler esters, for example they are in greater 

proportions in the erythrocytes and the plasma of rats when the rats are fed with 

monoglycerides (MAG) rich in these fatty acids than when they were fed with 

their corresponding ethyl esters [11]. Thus, the synthesis of glycerides rich in 

omega-3 and CLA fatty acids is of major interest in food technology [12]. 

Recently, McClements et al. suggested that the type of triacylglycerols (TAG) 

and the presence of other surface-active lipids (such as free fatty acids, MAG, 

diacylglycerides (DAG) and phospholipids) alter the size of fat globules in the 

stomach or intestine, and thus, the efficiency of absorption [2]. Hence, there is a 

need for developing new synthetic routes and tools for preparation of structured 

lipids with different molecular structures, including MAG and DAG, in order to 

discern which glyceride structure and which CLA dose could provide greater 

beneficial effects to the population [13, 14]. Thus, synthetic routes for the 

selective preparation of structured lipids, namely lipids with a given 

regioselective composition and distribution of fatty acids in the glycerol 

backbone, should be developed. 
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Production of partial glycerides via enzyme catalyzed processes has 

technical and economic advantages (low temperature, few selective steps, 

compatibility with variation in the quality of the raw material) [15, 16]. Lipases 

are the most interesting catalysts to be employed in the synthesis of structured 

lipids, via interesterification [17], alcoholysis [18], acidolysis, or 

hydrolysis/glycerolysis [19] of lipids and fats, or direct esterification of glycerol 

or partial glycerides [18, 20].  

They are naturally occurring acylglycerol hydrolases, characterized by 

exhibiting conformational changes giving rise to their activation at oil/water 

interfaces [20]. Among the most widely employed lipases for industrial 

transformations of oils and fats are those from Candida antarctica B (CALB) 

[21], Rhizomucor miehei (RML) [22], and Thermomyces lanuginosus (TLL) 

[23]. The last two lipases are sn-1,3 regioselective enzymes [22, 23], while the 

first one has been described to exhibit a lower regioselectivity [21]. 

Lipase B from Candida antarctica (CALB) is a versatile lipase produced in 

a genetically modified organism, that hinders its use in human food production. 

There is a commercial immobilized preparation of CALB on Lewatit VP OC 

1600 (a macroporous acrylic resin), namely Novozym® 435, that is among the 

most used preparations in the scientific literature [21]. This lipase has a very 

small lid [24] that is unable to completely seclude the active center from the 

reaction medium. This fact has been related to the substrate specificity and its 

high degree of stereospecificity [24]. Lipases from Rhizomucor miehei lipase 

(RML) and Thermomyces lanuginosus (TLL) are food grade enzymes widely 

applied in the food industry [22, 23]. RML is a commercially available enzyme 

in both soluble (Palatase® 2000L) and immobilized (Lipozyme® RM IM) forms. 

The support used to produce Lipozyme® RM IM is Duolite ES 562, a weak 

anion-exchange resin based on phenol–formaldehyde copolymers [22]. TLL is 
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also commercialized in both soluble (Lipolase®) and immobilized in a cationic 

acrylic resin (Lipozyme® TL IM) forms [23]. 

These lipases have different conformational flexibilities that seem to be 

related with their different performance in interfaces and anhydrous organic 

media. CALB has reduced flexibility in organic solvent caused mainly by the 

formation of a spanning water network and by the solvent-protein interactions 

[25]. However, greater conformational changes have been described for RML. 

At oil/water interfaces, this lipase exhibits important conformational changes 

that change the overall surface at the entrance of the active site, making it more 

hydrophobic, and thereby changing the lipid-binding properties [26]. Significant 

effects of different solvents on the dynamics of RML and the relation between 

the structural changes in catalysis and RML selectivity or specificity have been 

described [27].  

In a previous report, the potential application of the commercial 

immobilized preparation of Lipozyme® RM IM to produce a diacylglycerol-

enriched palm olein, via partial hydrolysis in a solvent-free system has been 

suggested [28], Moreover, it has been described that immobilization of lipases, 

using different protocols or even using different supports and the same 

protocols, may strongly affect their final catalytic properties [29]. Changes in 

the specificity of RML for different fatty acids have been associated with the 

immobilization processes [30]. 

The immobilized enzyme molecules may have altered the possibilities of 

certain movements, giving as a result different enzyme conformations that may 

lead to very different catalytic performance [31]. In this sense, one popular 

immobilization method of lipases is their immobilization on hydrophobic 

supports via their interfacial activation versus the support surface, enabling the 

one step immobilization, purification and stabilization of the open form of the 
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lipase [32]. It has been reported that using this immobilization strategy, the 

enzyme properties may be modulated by using supports with different 

hydrophobicity, internal morphology, etc. [33]. Recently, some new 

hydrophobic supports produced by Purolite® have been evaluated and proved to 

efficiently immobilize lipase and tune their properties after their immobilization, 

in most cases some of the new immobilized lipase preparations offer better 

performance than the commercial ones in both, aqueous or anhydrous media 

[34, 35].  

In this study, RML, CALB and TLL have been immobilized on two of these 

supports, selecting those that offered good results in the previous papers [34, 35] 

Lifetech™ ECR8804M (octadecyl methacrylate) (OMC) and Lifetech™ 

ECR8806M (octadecyl methacylate) (OM). Both supports have a layer of octyl 

groups on the support surface that is the one that will interact with the enzymes. 

These biocatalysts have been evaluated in the selective production of partial 

glycerides of CLA via glycerol esterification. Although this study is of interest 

in Food Technology, the no food-grade CAL B lipase was also studied as good 

example of one of the reported acylglycerol hydrolases exhibiting high activity 

in similar reactions [15, 16]. The aim of this work has been to find out 

immobilized derivatives of food grade lipases with comparable or greater 

catalytic properties than the best lipolytic biocatalysts. 

There is an increasing demand for DAG-enriched oil as a remedy for the 

ever rising number of obese people worldwide. Lipases may provide production 

methods of MAG and DAG in a cost-effective and economically efficient 

manner. In this work the challenge is to obtain high levels of regioselectivity 

with maximal conversion to partial glycerides of CLA. In order to achieve this, 

the reaction conditions were carefully optimized to shift the equilibrium towards 

the ester formation in a manner that provide exclusively and regioselectivity 

partial glyceride species without evolving to triglycerides (based on enzyme 
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specificity). Since, the properties of the lipase and their tuning via 

immobilization play a critical role to achieve this goal [29], the modulation of 

enzyme properties through enzyme-support interactions have been investigated. 

 

6.2. Materials & Methods 

6.2.1 Materials 

Lifetech™ ECR8804M (octadecyl methacrylate, OMC) and Lifetech™ 

ECR8806M (octadecyl methacylate, OM) were kindly supplied by Purolite® ECR 

(Wales, UK). OM and OMC resins are compliant with ResAP (2004) 3 on ion 

exchange and adsorbents resins used in the processing of food stuffs 

(information supplied by the manufacturer).  All resins are also compliant with 

Halal, Kosher and are manufactured to be GMO (information supplied by the 

manufacturer). Their textural parameters have been previously reported [34]. 

OMC has values of pore volume, porosity, surface area, threshold diameter and 

maximum pore size of 0.19 cm3 g-1, 26 %, 25 m2 g-1, 140 mm and 40 nm, 

respectively. OM has values of pore volume, porosity, surface area, threshold 

diameter, and maximum pore size of 0.46 cm3 g-1, 49 %, 56 m2 g-1, 150 mm and 

52 nm, respectively [34]. TSE and BSE free Soluble CALB, TLL and RML as 

well as their corresponding commercial immobilized preparations, namely 

Novozym® 435, Lipozyme® RM IM and Lipozyme® TL, were kind gifts from 

Novozymes (Spain). Commercial and laboratory preparations of immobilized 

enzymes were washed with distilled water before their use, to ensure that we 

employed fully wet enzyme derivatives. Triolein, 1,3-diolein and monolein 

(used as analytical standard in HPLC), glycerol and p-nitrophenyl butyrate 

(PNPB) were from Sigma-Aldrich (St. Louis, USA). All solvents were of HPLC 

grade from Scharlab (Barcelona, Spain). Clarinol A-95 (92 % of a mixture of 
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conjugated linoleic acids (CLA) c-9, t-11 þ t-10, c12) was a gift from Lipid 

Nutrition (Wormerveer, The Netherlands). 

 

6.2.2. Standard Determination of Enzyme Activity  

This assay was performed by following the absorbance increase at 348 nm 

produced by the released p-nitrophenol in the hydrolysis of 0.4 mM PNPB in 25 

mM sodium phosphate buffer at pH 7.0 and 25 ºC (ε=5150 M-1 cm-1). The 

reaction was started by adding 50–100 mL of lipase solution or suspension to 

2.55 mL of substrate solution. Spontaneous hydrolysis of PNPB was monitored 

under identical conditions without enzyme. One unit of activity (U) was defined 

as the amount of enzyme that hydrolyzes 1 µmol of PNPB per minute under the 

conditions described previously. Protein concentration was estimated by the 

Bradford´s dye binding method [36], recording the absorbance at 595 nm and 

using bovine serum albumin as the reference. 

 

6.2.3. Enzyme Immobilization 

 Wetting 

A sample of 10 g of each support was suspended in 50 mL of methanol for 1 

h under mild stirring; after that, 50 mL of distilled water were added to have a 

50 % water solution. After 15 additional minutes of mild stirring, the supports 

were filtered under vacuum and washed 5 times in a glass funnel with 5 volumes 

of water. Finally, the supports were stored at 4 ºC, in a flask with enough 

distilled water to avoid the support dehydration.  
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 Immobilization of lipases on Purolite® supports 

Physical adsorption of lipases was carried out as previously described [34]. 

Briefly, 10 g of each support were suspended in an enzyme solution (0.25 mg 

protein/mL) in 5 mM sodium phosphate buffer at pH 7 and 25 ºC, and left under 

continuous stirring at 200 rpm. The enzyme concentration and volume were 

adjusted to obtain the desired enzyme loading on the final biocatalyst (Table 

6.1). Activities of the corresponding supernatants were followed using the 

PNPB assay. After lipases immobilization, the suspension was filtered and the 

supported enzymes were washed several times with distilled water and stored at 

4 ºC. 

 

6.2.4. Direct Esterification of Glycerol 

Reactions of esterification of glycerol with CLA were performed in 20 mL 

glass vessels (internal diameter of 3 cm, height of 4 cm) in an orbital shaker 

(250 rpm) at the desired temperatures (40-50 ºC). Reactions at different molar 

ratio glycerol/CLA (1/3-1/9) were studied using a constant mass of glycerol (30 

mg), while varying the amount of CLA. Different charges of biocatalysts were 

also studied in the 100-200 mg range. All the reactions contained 4 mL of 

solvent (acetone) to favor the diffusion of the reagents and 0.5 g of molecular 

sieves to capture the formed water and shift the equilibrium in the direction of 

the synthesis [18]. 

For the products analyses by gas chromatography, reaction mixtures were 

dissolved by adding 8 mL of a MeOH/CHCl3 50:50 mixture while for their 

analyses by HPLC by addition of 8 mL of DMF. Reactions were allowed to 

proceed for 24 h. All experiments were performed in duplicate and results are 

expressed as the mean values of at least two independent experimental 
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measurements, values are given as mean values with the corresponding standard 

deviation.  

 

6.2.5. Analyses of the Reaction Products by Gas Chromatography (GC) 

 Complete derivatization  

To determine the total (free and esterified) amount of CLA, a method 

previously described was followed [37]. Briefly, 200 μL of a chloroform 

solution of CLA (ca. 20 mg mL-1) was methylated by addition of 1 mL of 0.2 N 

methanolic HCl. This mixture was heated to 60 °C for 4 h, and then 200 μL of 

distilled water were added. The resulting solution was extracted twice with 1 mL 

of n-hexane and dried with sodium sulfate for at least 2 h prior to injection to the 

GC. 

 Partial derivatization 

This analysis was used to determine the amount of reacted CLA. In this case, 

100 µL of the reaction mixture (products + chloroform + methanol) was 

methylated with 1 mL of a solution of NaOH-MeOH 0.2 N at 60 ºC for 30 min. 

After products derivatization, FAMEs were extracted with the same procedure 

as for the total derivatization assay. 

 Analyses of fatty acid methyl esters by GC  

Analyses of fatty acid methyl esters (FAME) were conducted by GC 

according with the method reported [37]. Two μL of sample were injected into 

an Agilent (Palo Alto, CA) gas chromatograph (model 6890N) fitted with a 

Zebron, ZB-WAX column (30 m × 0.25 mm × 0.25 μm film thickness) 

purchased from Supelco (Bellefonte, PA) and a flame ionization detector (FID). 

Injector and detector temperatures were 250 and 300 °C, respectively. The 
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temperature program was as follows: starting at 50 °C for 2 min and then 

heating to 220 °C at 30 °C/min, holding at 220 °C for 20 min, followed by 

heating from 220 to 255 °C at 5 °C/min. Finally, the temperature was held at 

255 °C for 10 min. Identification of the various fatty acids was made by 

comparing their retention times with those of a Supelco 37 Component FAME 

Mix. 

 

6.2.6. HPLC Analyses 

A 10 µL aliquot of the reaction mixture in DMF was injected in a HPLC-

ELSD Hitachi 7000IF connected to an ELSD detector, to determine 

concentration changes of all the species of glycerides at different reaction times. 

The analysis lasted 33 min with a mixture of two mobile phases, Hexane (Phase 

A) and Hexane/Isopropanol/Acetic Acetate (80:10:10) as phase B. The 

composition of the phases (A:B) varied as follows: 

From 99:1 to 2:98 in the first 20 min, the composition was maintained for 

the next 3 min (up to min. 23), then the mobile phase returned to the first 

composition (99:1) in 1 minute, and it remained constant for the rest of the 

analysis. The flow rate was 1.5 mL min-1. 

 

6.2.7. NMR Spectroscopy 

The NMR experiments were carried out on a Bruker 400 spectrometer (400 

MHz for 1H). Chemical shifts are reported in ppm using acetone-d6 as solvent. 

For identification of the reaction products, aliquots of the reaction mixtures were 

evaporated under nitrogen until dryness. The oil obtained in each case was 

dissolved in 1 mL of acetone-d6 and analysed by 1H-NMR. 
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6.3. Results and Discussion 

6.3.1. Enzyme Immobilization 

CALB, RML and TLL were immobilized via interfacial activation on two 

different hydrophobic porous supports, namely OM and OMC supports. 

Different amounts of protein were offered to each support, according to their 

maximal adsorption values previously determined by Tacias-Pascacio et al. [34]. 

Values of protein offered and adsorbed together with values of the adsorbed 

activity units in PNPB hydrolysis are summarized in Table 6.1.  

 

Table 6.1. Characterization of the immobilization processes: activity and protein 

determinations 

Biocatalyst* 

Offered  
Protein  
(mg/g of 
support) 

Adsorbed  
Protein 

 (mg/g of 
support) 

Adsorbed 
Protein  

(%) 

Adsorbed 
Activity 

 (%) 

OM-CALB 17.60 17.60±0.65 98.7±3.7 97.2±2.4 

OMC-CALB 11.73 11.73±0.76 99.1±4.1 93.7±2.5 

OM-RML 39.10 34.12±1.54 87.3±4.5 91.6±2.1 

OMC-RML 17.04 6.90±0.46 40.5±6.7 56.4±5.1 

OM-TLL 21.15 20.60±0.72 98.1±3.5 n.d. 

OMC-TLL 13.05 8.50±0.30 65.1±4.1 n.d. 
* Lipases B from Candida antarctica (CALB), Rhizomucor miehei (RML) and Thermomyces 

lanuginosus (TLL) were immobilized on octadecyl methacylate (OM) or octadecyl methacrylate 

(OMC) beads. 

 

The offered amounts of CALB were almost completely adsorbed in the two 

supports (OM and OMC) and as a result 94-97 % of lipase activity disappeared 

from the supernatant once the immobilization process was completed. However, 

RML was not equally adsorbed on the two supports. Up to 87 % of the protein 

was adsorbed on the OM support, but only 40 % of this protein was immobilized 
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on the OMC support. Consequently, most of the activity units (92 %) were 

adsorbed on the OM support, but only a 56 % of the activity was adsorbed on 

the OMC support. Similar different adsorption results were found with TLL 

(Table 6.1).   

The derivative resulting with more protein mass adsorbed per gram of 

support was OM-RML (1.6-6.9 times more than others, Table 6.1). This 

biocatalyst was prepared offering 1.8-3.3 times higher amount of protein to the 

support than the other ones, resulting in  a higher enzyme loading than the other 

preparations (34 mg/g of support). This mass of enzyme per gram of support is 

1.7 and 1.9 higher than OM derivatives of TLL and CALB, respectively, and 4.9 

times more than OMC-RML. Definitely, OM is the support that adsorbed higher 

amounts of protein mass of the two assayed supports, being RML lipase the one 

adsorbed on OM support in greater amounts compared with CALB and TLL 

lipases, in agreement with previous reports [34]. However, RML lipase is the 

one adsorbed in the lowest quantity in the OMC support. 

These results are in agreement with those previously reported by Tacias-

Pascacio et al., and suggests that the maximum adsorption capacity is 

determined by the binary system formed by the lipase and the support employed 

in the immobilization protocol [34, 35]. In this study, the order of adsorption 

capacity of protein was as follows:  

OM-RML> OM-TLL> OM-CALB > OMC-CALB > OMC-TLL > OMC-RML 

All these immobilized lipase derivatives were comparatively studied in the 

synthesis of partial glycerides via direct acylation of glycerol with CLA. 

 

 



6. Selective Synthesis of Partial Glycerides of CLA 
 

180  

 

6.3.2. Comparative Study of Immobilized Lipases at Different Loadings in the 

Esterification of CLA and Glycerol 

The three immobilized commercial lipase preparations (those from CALB, 

RML and TLL) were compared at two different loadings (100 and 200 mg) of 

biocatalyst in the esterification reaction between glycerol and CLA at 1:3 molar 

ratio after 7 h of reaction (Figure 6.1). In this process, commercial Novozym® 

435 was a more efficient biocatalyst than Lipozyme® RM IM, and this one is 

better than Lipozyme® TL IM. Figure 6.1 shows also the two immobilized 

derivatives of TLL (OM and OMC) prepared in our laboratories. The derivative 

OM-TLL resulted slightly more active than the commercial immobilized 

preparation of TLL, but was still much less active than Novozym® 435 or 

Lipozyme® RM IM.  
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Fig. 6.1. Effect of the catalyst loadings in the CLA esterification with glycerol 

catalyzed by different lipase biocatalysts. Conditions: 7 h reaction, 1:3 glycerol to CLA 

molar ratio, 4 mL acetone, 40 ºC, 200 rpm orbital agitation. Other conditions are 

described in the methods section 
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Under the conditions studied, the reaction kinetics has a linear dependence 

with the charge of catalyst in the reaction only for the less active derivatives: 

those of TLL that are still far from the thermodynamic yield. Above 100 mg  

loading, conversions after 7 h of reaction catalyzed by the two most active 

biocatalysts do not correspond to the initial reaction range of time (all the 

conversions were greater than 40 % in Figure 6.1), and because of that they 

exhibited an apparent  small dependence on the biocatalyst loading parameter 

(see below the values of maximal reaction conversions). 

The commercial lipases of CALB and RML were studied in this reaction at 

a shorter time (2 h), and were compared with their respective immobilized 

derivatives using OM and OMC supports. The results are depicted in Figure 6.2.  
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Fig. 6.2. Effect of the catalyst loadings in the CLA esterification with glycerol 

catalyzed by different lipase biocatalysts. Conditions: reaction time: 2 h, 1:3 glycerol to 

CLA molar ratio, 4 mL acetone, 40 ºC, 200 rpm orbital agitation. Other conditions are 

described in methods section 
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Values of reaction conversions at 2 h (Figure 6.2) and 7 h (Figure 6.1) 

suggested that, for this process, the immobilized CALB and RML are better 

biocatalysts than those from TLL.  

For this process, commercial Novozym® 435 is clearly a better catalyst than 

the commercial Lipozyme® RM IM. However CALB is a genetically modified 

enzyme, therefore it cannot be used in human food manipulation, while RML is 

a generally recognized as safe enzyme (GRAS material) by different health 

administrations (American Food and Drug Administration, European Food 

Safety Authority among others). As described in the introduction, lipases 

activity and specificity may be strongly modulated by immobilization. Hence, it 

was interesting to see if the studied non-commercial immobilized biocatalysts 

permitted to obtain lipase derivatives with higher activity than that of its 

commercial preparation for this specific reaction. The results obtained with the 

distinct catalysts after 2 h of reaction are depicted in Figure 6.2. These results 

are particularly interesting since OM-RML derivative is even slightly more 

active than the best commercial biocatalyst (Novozym® 435) for the synthesis of 

partial glycerides of CLA via direct acylation of glycerol.  

For all immobilized lipases, higher reaction conversions were obtained 

when it was adsorbed on the OM support than when it was adsorbed on the 

OMC support (Figures 6.1 & 6.2). This is in accordance with the greater amount 

of protein adsorbed on the OM support compared with the respective values on 

the OMC support (Table 6.1), suggesting that the reaction rate is essentially 

determined by the protein charge of the immobilized biocatalysts and there are 

no significant diffusion restrictions to the reaction substrates/products. 

Particularly noticeable is the case of RML, since OM-RML support notably 

accelerates the reaction with respect to the reaction rate with the corresponding 

commercial preparation. This lipase is the one that suffered the greatest changes 

on the reaction rate when it is immobilized in distinct supports (OM-RML or 



                                            6. Selective Synthesis of Partial Glycerides of CLA 
 

 183 

 

OMC-RML). Both home-made immobilized derivatives of RML resulted more 

active than its commercial immobilized preparation in this reaction (Figure 6.2).  

Reaction conversions in reactions catalyzed by the most active biocatalysts, 

obtained after 2 h and 7 h (Figures 6.2 and 6.1, respectively) are in the range 30-

53 % for catalysts loadings ≥ 100 mg. In these cases, the results do not 

correspond to the initial reaction stage, and this explains the non-linear 

dependence of reaction conversion with the loading of biocatalyst. A catalyst 

loading of 100 mg was selected for further experiments.  

 

6.3.3. Study of Reaction Courses of Esterification of CLA and Glycerol 

Catalyzed by Different Biocatalysts 

The reaction courses of the direct acylation of glycerol with CLA at 1:3 

molar ratio between glycerol and the polyunsaturated fatty acid, catalyzed by 

commercial Novozym® 435 and Lipozyme® RM IM and home-made 

immobilized derivatives of these two lipases, were comparatively studied at 40 

ºC for 24 h. Reaction curves obtained following changes in free CLA 

concentration with 100 mg of catalyst loading are depicted in Figure 6.3. These 

results indicated that OM immobilization lead to higher activity than any of the 

CALB immobilized derivatives. The corresponding values of conversion at 

pseudoequilibrium state and the required reaction times are summarized on 

Table 6.2.  
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Fig. 6.3. Reaction course of esterification reactions between glycerol and CLA 

catalyzed different immobilized lipases, following the CLA concentration in the 

reaction media. Conditions: 1:3 glycerol to CLA molar ratio, 100 mg biocatalyst, 4 mL 

acetone, 40 ºC, 200 rpm orbital agitation. Other specifications are described in methods 

section 

 

The fastest reaction was that catalyzed by OM-RML, reaching its maximum 

conversion after only 3 h. It was followed by the one catalyzed by commercial 

Novozym® 435 (7 h to reach pseudoequilibrium state). For the other reactions, 

the times required were 12-24 h, except for the slowest one (catalyzed by 

commercial Lipozyme® RM-IM) that did not reach its pseudoequilibrium state 

in the studied time period (24 h). In all cases, except this one, final conversion 

values (expressed as molar percent of esterified CLA) were 53-56 % at 40 ºC 

with a 1:3 molar ratio of glycerol to CLA (Table 6.2). For the 1:3 molar ratio of 

glycerol to CLA studied, a complete conversion of CLA would only take place 

if all the glycerol molecules are completely transformed into triglycerides, 66 % 

if all were diglycerides and 33 % if all were monoglycerides. 
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Table 6.2. Values of CLA conversion and time to reach the pseudoequilibrium state for 

the synthesis of partial glycerides using different immobilized biocatalysts. Other 

conditions are described in methods section 

Biocatalyst* 
Time  

(h) 

Conversion at 
pseudoequilibrium** 

(%) 
Observations 

Novozym® 435 7 53.0±1.6  

Lipozyme® RM IM 24 45.0±1.3 
Pseudoequilibrium 

reaction is not reached 
in 24 h 

OM-RML 3 53.5±2.4 Fastest reaction 

OMC-RML 24 53.0±2.1  

OM-CALB 12 56.0±1.7  

OMC-CALB 24 53.0±2.0  
 *Lipases B from Candida antarctica (CALB), Rhizomucor miehei (RML) and Thermomyces 

lanuginosus (TLL) were immobilized on octadecyl methacylate (OM) or octadecyl methacrylate 

(OMC) beads      

 **Conversion of CLA 

 

 In all cases, the conversion values obtained correspond to partial 

conversions of CLA, corresponding to a given mixture of glycerides (see below 

the compositional analyses determined by HPLC and NMR analyses).  

 

6.3.4. Determination of the Activation Energy of the Esterification Reaction 

Catalyzed by Different Biocatalysts 

Direct esterification of glycerol with CLA was studied at different 

temperatures in the range of 30-60 ºC following CLA concentration. Other 

reaction conditions were 1:3 glycerol to CLA mole ratio, 100 mg biocatalyst and 

200 rpm orbital agitation. This reaction was not studied at higher temperatures 

because CLA and polyunsaturated fatty acids are labile and exhibit reduced 

oxidative stability at higher temperature [8]. Values of the initial reaction rate 

were obtained at times corresponding to reaction conversions lower than 20 %. 
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Lineweaber-Burk plots for OC-RML, Lipozyme® RM IM and Novozym® 435 

are represented in Figure 6.4, and the corresponding values of the activation 

energy of these enzyme mediated reactions are given in Table 6.3. 
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Fig. 6.4. Arrhenius plots for direct acylation of glycerol with CLA catalyzed by 

different immobilized lipases 

 

The most active derivative (OM-RML) reduced more than 3 times the 

activation energy of the reaction than the commercial immobilized preparation 

of the same lipase (Lipozyme® RM IM) and to 16 % of the value given by the 

commercial derivative of CALB. Differences found in values of activation 

energy of reactions catalyzed by these catalysts explained the fact that the 

reaction mediated by OM-RML reached the pseudo-equilibrium state in only 3 

h, which is less than half of the time required by the reaction catalyzed by 

Novozym® 435 (7 h), and more than 8 fold shorter time than in the case of the 

reaction with the commercial immobilized preparation of RM (Lipozyme® RM 

IM). 
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Table 6.3. Kinetic values obtained in the direct acylation of glycerol with CLA 

catalyzed by different commercial and home-made immobilized biocatalysts. Other 

conditions are described in the methods section 

Biocatalyst* 
Protein load** 

(mgprotein/ 
gbiocatalyst) 

vi *** 
(mmol/h) 

vi/gcatalyst 
(mmol 
/h·g) 

vi/mgprotein 

(mmol/ 
h·mgprotein) 

Ea 
(J/mol) 

Novozym® 435 - 0.530.07 5.260.70 - 12213 
OM-CALB 17.30 0.320.11 3.211.10 0.190.06 - 

OMC-CALB 11.59 0.180.06 1.780.60 0.150.05 - 
Lipozyme® RM 
IM - 0.160.09 1.570.90 - 32853 

OM-RML 32.99 0.580.07 5.750.70 0.170.02 10511 
OMC-RML 6.85 0.200.06 2.050.60 0.300.09 - 

*Lipases B from Candida antarctica (CALB) and Rhizomucor miehei (RML) were immobilized 

on octadecyl methacylate (OM) or octadecyl methacrylate (OMC) beads 

**Weight of biocatalysts (enzyme and support) 

*** vi: initial rate at times corresponding to reaction conversions below 20 % 

 

Table 6.3 summarizes the values of the initial reaction rates per gram of 

catalysts and per mg of immobilized protein. The reaction with higher initial rate 

value (0.58 mmol of CLA esterified per hour) is that catalyzed by OM-RML, 

followed by the one catalyzed by Novozym® 435, (0.53 mmol CLA/h) and OM-

CALB (0.32 mol CLA/h). 

In the case of RML, these two immobilization methods (physical adsorption 

into OM and OMC supports) gave higher initial rate values per gram of catalyst 

than the commercial immobilized preparation. However, the OM and OMC 

supports gave different results in the case of CALB. In this case, the reaction 

catalyzed by the laboratory-prepared CALB immobilized derivatives resulted 

slower than the reaction catalyzed by the commercial preparation Novozym® 

435 (Table 6.3). Immobilization of CALB in Lewatit is based on the interfacial 

activation of the lipase on the support, [38] as in the case of our home-made 

preparations and it has a very high loading capacity. The commercial support 
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from RML is based on the anionic exchange of the enzyme, fully different to the 

interfacial activation used in our laboratory-prepared biocatalysts. 

Consequently, the initial rate value obtained with OM-RML was clearly 

superior (3.68 times higher) to the value obtained for the reaction catalyzed with 

the commercial immobilized preparation of this lipase (Lipozyme® RM IM), and 

2.9 times higher than in the case of RML immobilized on OMC support. 

The fastest reaction was that catalyzed by OM-RML, running with an initial 

rate value per gram of catalyst which was 9.4 % and 262 % higher than those 

catalyzed by Novozym® 435 and Lypozyme® RM IM, respectively. These 

results are in agreement with the different activation energy values found for 

reactions mediated by these biocatalysts (Table 6.3).  

However, RML immobilized on OMC presented a specific activity (per 

gram of protein) which was nearly twice that obtained with the OM-RML 

derivative. Nevertheless, the reaction catalyzed by the second biocatalyst was 

the most rapid one, while the one mediated by OMC-RML was slower, due to 

the fact that OM-RML had the highest protein load.   

CALB immobilized in OMC had the lowest specific activity among all the 

non-commercial biocatalysts. However, the slowest reaction among those 

catalyzed by the home-made biocatalyst was that catalyzed by OMC-RML, 

which has the highest specific activity (Table 6.1) due to the low loading 

capacity of this support for this enzyme. In fact, nearly double the mass of 

CALB could be adsorbed into OMC support, compared with RML (Table 6.3). 

The amounts of CALB molecules adsorbed into the two assayed supports (OMC 

and OM) are more similar between them than in the case of the values obtained 

for lipase RML (Table 6.3). This strong modulation of lipases properties when 

immobilized on different hydrophobic supports have been previously reported in 
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other reactions, but never in esterification reactions between free fatty acids and 

glycerol [33-35]. 

 

6.3.5. Effect of the Substrate Molar Ratio 

Compositional analyses of the different product mixtures obtained at 

different reaction times from the reactions catalyzed by the different biocatalysts 

were determined by HPLC. Changes in the amounts of the glycerides formed 

during the reaction catalyzed by Novozym® 435, OM-CALB, OM-RML and 

Lipozyme® RM IM, at a 1:3 molar ratio of glycerol to CLA were analyzed 

(Table 6.4).  

 

Table 6.4. Composition of the reaction mixtures at their corresponding pseudo-

equilibrium reaction state of the reactions catalyzed by commercial and home-made 

immobilized lipases determined by NP-HPLC. Conditions: 1 mmol CLA, 1:3 glycerol 

to CLA molar ratio, 100 mg biocatalyst, 4 mL acetone, 40 ºC, 200 rpm orbital agitation. 

Other conditions are described in methods section 

Biocatalyst* Time 
(hours) 

Specie (mmol)** 

CLA MG DG 

Novozym® 435 7 0.471±0.016 0.221±0.014 0.154±0.009 

OM-CALB 12 0.437±0.012 0.219±0.010 0.172±0.008 

OM-RML 3 0.466±0.021 0.258±0.015 0.138±0.008 

*Lipases B from Candida antarctica (CALB) and Rhizomucor miehei (RML) were immobilized 

on octadecyl methacylate (OM) beads 

**MG, DG and TG are mono-, di- and triacylglycerides.TG were detected in the HPLC 

chromatograms only in the cases of Novozym® 435 and OM-CALB (< 0.001 mmol) 

 

These results confirmed those of Table 6.2 where only CLA was followed, 

showing that the reaction catalyzed by OM-RML derivative was the fastest (3 

h), followed by the reaction catalyzed by Novozym® 435 (7 h) and OM-CALB 
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(12 h) catalyzed reactions. The amount of CLA employed corresponds to the 

stoichiometric one for complete conversion of glycerol into triglycerides, but 

partial glycerides are mainly formed in all cases. Different final compositions of 

the reaction mixtures were obtained with these three catalysts (Table 6.4).  

These reactions were also studied with greater excess of CLA with respect 

to glycerol (6 and 9 times) and the distribution composition of mono, di and 

triglycerides were determined after 3 h reaction (Table 6.5).  

 

Table 6.5. Effect of CLA molar excess in the CLA esterification of glycerol catalyzed 

by commercial and home-made immobilized lipases determined by NP-HPLC. 

Conditions: 3 h, 100 mg biocatalyst, 4 mL acetone, 40 ºC, 200 rpm orbital agitation. 

Other conditions are described in methods section 

*Lipases B from Candida antarctica (CALB) and Rhizomucor miehei (RML) were immobilized 

on octadecyl methacylate (OM) beads 

**MG, DG and TG are mono-, di- and triacylglycerides  

 

Catalyst* 

Molar 
Ratio 

Specie (mmol)** Ratio 

G/CLA CLA MG DG TG 
sn-1,3/ 
sn-1,2 

Novozym® 
435 

1/3 

0.490±0.014 0.297±0.018 0.107±0.006 - 2.3 

OM-CALB 0.510±0.017 0.218±0.017 0.136±0.011 - 5.6 

OM-RML 0.466±0.021 0.258±0.015 0.138±0.008 - 21.8 

Novozym® 
435 

1/6 

1.443±0.049 0.121±0.007 0.210±0.012 0.005±0.001 5.07 

OM-CALB 1.464±0.058 0.141±0.007 0.195±0.009 0.002±0.001 8.0 

OM-RML 1.368±0.055 0.168±0.009 0.232±0.012 - 19.6 

Novozym® 
435 

1/9 

n.d. n.d. n.d. n.d. n.d. 

OM-CALB n.d. n.d. n.d. n.d. n.d. 

OM-RML 2.315±0.081 0.111±0.005 0.283±0.013 0.003±0.001 17.0 
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After 3 h reaction with a 3 molar excess of CLA regarding glycerol, the 

fraction of CLA converted varies in the range of 49-54 %, being the greatest 

conversion that obtained with OM-RML catalyst (the only reaction that has 

reached the pseudo-equilibrium state). In the three cases, the amounts of MG 

formed are higher than those of DG (Table 6.5), and the highest amount of DG 

was obtained with OM-RML (0.138 mmol) closely followed by OM-CALB.  

When using a six times excess of  CLA, the amount of DG was higher than that 

of MG for the three biocatalysts, both laboratory preparations gave less than 40 

% excess of DG, while Novozym® 435 gave an DG excess of around 70 %. 

However, still OM-RML was the biocatalyst with the highest amounts of MG 

and DG, while Novozym® 435 was the one with lowest percentage of MG and 

OM-CALB the one with the lowest amount of DG. Only using CALB 

preparations, the undesired triglyceride is detected using this excess of CLA, 

although in small percentage, the commercial preparation gave 2.5 more TG 

than the home-made preparation. Using OM-RML with a ratio of 1:9 of glycerol 

to CLA, production of DG increased and that of MG decreased (DG/MG was 

more than 2.5). Some triglyceride could be also visualized in this case even 

using this more specific enzyme. 

 

6.3.6. Regioselectivity of the Biocatalysts 

According to the specificity of RML, the NP-HPLC analyses suggested that 

the main components of the reaction should be the sn-1 monoglycerides or the 

sn-1,3 diglycerides. 1H-NMR analyses of the crude reaction extract were 

performed on a selected number of the reaction mixtures, in order to confirm the 

regioselectivity of the different products produced by the different enzymes. 

The 1H-NMR analysis recorded revealed a mixture of different 

functionalised glycerol derivatives (see Figure 6.5).  
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Fig. 6.5. 1H-NMR spectrum (400 MHz, acetone-d6) of the crude (initial) reaction 

mixture coming from the esterification of the glycerol with CLA (conjugated linoleic 

fatty acid). Comparison of the OM-RML Initial reaction mixture at 3 h and Novozym® 

435 reaction mixture at 12 h. Other conditions the same as in Table 6.4 

 

The assignment of the different signals, according to the literature [39] 

allowed us to determine the molar composition of the reaction mixture. Thus, 

for the reaction mixture obtained by OM-RML, after 3 h of reaction, two main 

products were observed. Namely, the expected sn-1-monoglyceride and sn-1,3 

diglyceride Additionally, in a significantly lower ratio (< 1 %), sn-1,2 

diglyceride, which was probably produced by intramolecular 2→1 acyl 

migration, together with some sn-2 monoglyceride (0.6 %) and TG (0.9 %) were 

also detected (Table 6.6). When the sample corresponded to reaction products 

obtained with Novozym® 435 after 12 h reaction, the major products remained 

sn-1 monoglyceride and sn-1,3 diglyceride. However, the presence of additional 

glycerol derivatives such as sn-1,2 diglyceride (7 %), sn-2 monoglyceride (1.3 
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% ) and triglyceride (1.7 % ) were detected  (Table 6.6), suggesting  a lower 

regioselecivity of the CALB enzyme [39, 40]. 

 

Table 6.6. Chemical shifts of the significant protons HA and HB used for assignment of 

the 1-MG, 2-MG, 1,2-DG, 1,3-DG and TG in the crude mixture by 1H-NMR (400 

MHz, acetone-d6) 

Process Data* 
Compound*

* 
Chemical shift  

(ppm) 
Molar  

fraction 
Composition  

(mol %) 

OM-RML  
3 h of reaction 

1-MG 3.817 (HA) 1 64.0 ± 0.1 

2-MG 4.867 (HA) 0.01 0.60 ± 0.06 

1,2-DG 5.064 (HA) 0.01 0.60 ± 0.06 

1,3-DG 3.99 - 4.21 (HA) 0.522 34.00 ± 0.08 

TG 4.38 - 4.31 (HB) 0.015 0.90 ± 0.06 

Novozym® 435 
12 h of reaction 

1-MG 3.817 (HA) 1 68.0 ± 0.1 

2-MG 4.867 (HA) 0.02 1.30 ± 0.07 

1,2-DG 5.064 (HA) 0.10 7.00 ± 0.07 

1,3-DG 3.99 - 4.21 (HA) 0.324 22.00 ± 0.08 

TG 4.38 - 4.31 (HB) 0.025 1.70 ± 0.07 
*OM-RML is Rizomucor miehei lipase (RML) immobilized on octadecyl methacylate (OM) 

**MG, DG and TG are mono-, di- and triacylglycerides 

 

After 3 h of reaction all the glycerol molecules were converted into 

glycerides with these three catalysts. OM-RML derivative was not only the most 

rapid catalyst for this reaction, but also exhibited the most selective conversion 

towards partial glycerides (mono and diglycerides, without significant formation 

of triglycerides) and the highest regioselectivity towards sn-1,3 diglyceride. This 

fact is clearly visualized in Figure 6.6, where the NP-HPLC profiles of the 

product samples obtained after 3 h of reaction catalyzed by these three different 

catalysts are compared.  
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Fig. 6.6. NP-HPLC profiles of the product mixtures obtained in the reactions mediated 

by commercial and laboratory-prepared immobilized lipases: A) OM-CALB, B) 

Novozym® 435, and C) OM-RML. Conditions: 3 h reaction, 1:3 glycerol to CLA mole 

ratio, 100 mg biocatalyst, 4 mL acetone, 40 ºC, 200 rpm orbital agitation 

 

The corresponding results are summarized in Table 6.5, suggesting that this 

biocatalyst preferentially produces the sn-1,3 diglycerides of CLA. CALB 

biocatalysts produced greater amounts of sn-1,2 DG than OM-RML did, so that 

their values for the ratio sn-1,3/sn-1,2 are lower than using OM-RML (Table 

6.5). It is not discarded that even this low amount of sn-1,2 diglycerides  

detected in the reaction catalyzed by OM-RML may be due to acyl migration 

[40]. Among the CALB biocatalysts, the regioselectivity ratio obtained with the 

laboratory preparation was almost double that of the commercial Novozym® 

435, perhaps due to the presence of some groups in the commercial support that 

can favor the acyl migration. This low regioselectivity of Novozym® 435 in this 

reaction agrees with the results as previously described in an earlier study of 

triacetin hydrolysis to produce 1,2 diacetin [33]. 
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The HPLC profiles depicted in Figure 6.6 indicate that the sn-1,3 

diglyceride is preferentially formed in the reaction mediated by OM-RML, 

being the regioselectivity of this biocatalysts notably superior to that of the 

CALB immobilized derivatives (Novozym® 435 and OM-CALB). 

The value of the ratio sn-1,3/sn-1,2 obtained with OM-RML derivative is 

3.9 and 9.8 times greater than the corresponding values using OM-CALB 

derivative and Novozym® 435, respectively. These results fit with the 

recognized high sn-1,3 regioselectivity of RML and the moderate one of CALB 

[21-23]. 

Curiously, the increase of the molar ratio increased the apparent DG 

regioselectivity ratio when using both CALB biocatalysts (Table 6.5). Analyzing 

the data, it is clear that this is due to the production of a higher amount of 

triglycerides from the sn-1,2 product (and thus decreasing its presence in the 

reaction mixture), because significant amounts of sn-1,2- diglycerides are 

formed at earlier stages of the reaction. The sn-1,2-diglycerides  will be a good 

substrate for the enzyme because the position 3 is free and that way triglycerides 

will be readily produced.  

The value of the molar ratio of sn-1,3/sn-1,2 regioisomers obtained after 3 h 

reaction with the most regioselective catalyst (OM-RML) was 21.8, while this 

ratio decreased to a value of 2.3 for the product mixture obtained with 

Novozym® 435. 

 Thus, OM-RML is not only the most active biocatalyst, but also the most 

regioselective one (sn-1,3 over sn-1,2), that minimizes the formation of 

triglycerides. Selective preparation of partial glycerides is more desirable than 

that of triglycerides, because of their comparatively lower calorific content and 

different adsorption metabolism [2]. 
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6.4. Conclusions 

This study shows a new example of how the immobilization of lipases in 

different supports may permit the tuning of their catalytic properties, even if 

immobilization is based on the same mechanism and only the support is 

changed.  

In the synthesis of partial glycerides of CLA via direct acylation of glycerol, 

Novozym® 435 was the most active biocatalysts among the commercial ones, 

clearly improving the results obtained using Lipozyme® RM IM. However, the 

laboratory preparation OM-RML was the most suitable biocatalyst for this 

reaction. Not only a higher activity was obtained, but also lower activation 

energy for the reaction was observed in this case. These good features are based 

on the high loading capacity of the OM support; in fact OMC-RML is the 

preparation exhibiting a higher enzyme specific activity. 

OM-RML not only gives the fastest reaction for selective formation of 

partial glycerides, but also is the most regioselective biocatalyst towards the sn-

1,3 regioisomer. Partial gylcerides formed by this biocatalyst are mainly the sn-1 

monoacylglycerol and the sn-1,3 diacylglycerol isomers. The very low 

modification detected in position sn-2 could be caused just by acyl migration of 

modifications in positions sn-1 or sn-3. CALB preparations exhibited a lower 

regioselectivity and the production of higher amounts of triglycerides, being the 

laboratory preparation more regioselective. The control of the CLA excesses 

permitted to modulate the percentage of sn-1-mono and sn-1,3 diglycerides, 

increasing the CLA excess it is possible to increase the percentage of sn-1,3 

diesters. 

RML is considered adequate for use in human foods, and it can be added 

directly to food products for their modification. Also, RML results advantageous 

with respect to other lipases for esterification reactions [22]. The supports 
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utilized also have the certificate as GRAS (supplier information). That way, this 

biocatalyst may be implemented to selectively produce partial glycerides of 

CLA to be used in human food. 
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Abstract 

Phospholipids with important health effects can be obtained via selective 

incorporation of essential conjugated linolenic acid (CLA) in their structure. The 

synthesis of phosphatidylcholine (PC) rich in CLA via acidolysis was 

significantly improved through a comparative study of reaction with Lecitase® 

Ultra immobilized on DuoliteTM A658, which was previously found very 

suitable biocatalyst for this reaction, and on tree hydrophobic supports (Styrene, 

Octadecyl methacylate (OM) and octadecyl methacrylate (OMC)).  

Use of extremely dried lyophilized PC (279 ± 4 mg water/Kg PC) 

drastically reduces PC hydrolysis, obtaining 100 % molar yield of modified PC. 

The process was accelerated with Food grade hydrophobic OMC and OM 

biocatalysts. In only 2 h with a 1/12 PC/CLA molar ratio at 50 ºC, PC with 74.7 

% CLA content was obtained with the best one (OM), while the Duolite 

derivative required 24 h to get PC with 72.3 % CLA. The molecular species in 

PC product depend on immobilized biocatalyst specificity. 
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7.1. Introduction 

Phospholipids (PLs) are major constituents of cell membranes and play 

crucial roles in the biochemistry and physiology of the cell [1]. PLs are widely 

used in the food, pharmaceutical and cosmetics industries because of their 

emulsifying, stabilizing and antioxidant properties [1]. More recently, the need 

for developing functional and nutraceutical foods with special characteristics has 

led to the design of structured phospholipids (SPL). These novel PLs are 

manufactured by incorporating them into natural PL, medium-chain fatty acids 

or n-3 polyunsaturated fatty acids (PUFA), such as eicosapentaenoic acid (EPA) 

and docosahexaenoic acid (DHA), or other fatty acids (FA) with biological 

functions such as conjugated linoleic acid (CLA) [2]. By replacing the existing 

FA asymmetrically in a naturally occurring PL molecule with desired FAs, new 

physical properties and special functions can also be achieved [3-7]. 

PLs rich in polyunsaturated fatty acids (PUFA) and conjugated linoleic acid 

(CLA) have important beneficial effects for health, including the improvement 

of immune function and the prevention of heart disease and cancer [8-10]. 

 The structured PLs synthesis has been less studied than the synthesis of 

structured lipids [2, 6, 11-13]. Advances in the synthesis of structured PLs with 

different molecular structures, will facilitate to discern which molecular 

structure and which CLA dose could provide greater beneficial effects to the 

population [3, 14]. 

CLA includes a group of geometrical and positional isomers of linoleic 

acid. In contrast to linoleic acid, double bonds in CLA are at conjugated 

positions, and each double bond can be in the cis or trans configurations [15]. 

CLA is the most active antioxidant in milk fat. It is 100 times a better 

antioxidant than α-tocopherol. Along with its original discovery as anticancer 

agent, CLA has shown to prevent the development of atherosclerosis, to reduce 
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the body fat while improving the lean body mass, and to modulate the immune 

and/or inflammatory responses [16]. All free PUFAs, including CLA, are labile 

to oxidation, but they are much more stable in phospholipid structures than as 

free fatty acids [17-19]. Moreover, these essential acids in PL form are better 

incorporated in the brain cells than in their corresponding free forms or 

glycerides [20]. Hence, phospholipid forms (PLs) of CLA are the preferred 

forms of its administration 

Among PLs, phosphatidylcholines (PCs) are the most abundant ones in 

animal tissues and typically contain palmitic, stearic, oleic and linoleic acids 

[21].  

Production of structured lipids and phospholipids via enzyme catalyzed 

processes has technical and economic advantages (low temperature, few 

selective steps, compatibility with variation in the quality of the raw material) 

[22]. In nature, phospholipases are enzymes involved in the biosynthesis and 

selective modification of PLs. Phospholipases A1 (EC 3.1.1.32) and 

phospholipases A2 (EC 3.1.1.4) mediate acyl ester hydrolysis at the sn-1 and sn-

2 positions of PLs, respectively [23]. Thanks to the existence of acyl migrations 

between 1 and 2 positions followed by phospholipase A1 action in position 1 of 

Soybean PC, PC molecules with two fatty acids residues of interest can be 

obtained with this enzyme [23]. The commercial preparation of phospholipase 

A1 (Lecitase® Ultra) is mainly a single protein (35 KD molecular mass) which 

displays both phospholipase and lipase activities [24]. Phospholipases A2 are 

only used with expensive radioactive or chromogenic substrates [25]. 

Lipases and phospholipases have been studied in the PLs synthesis [2, 11-

13, 26] with a common problem: the important negative impact of the 

competitive side-hydrolysis of PCs acyl groups (usually more than 40 % of the 

PCs feedstock result hydrolyzed). This is an important aspect that needs to be 
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solved for reactions like the replacement of natural fatty acids residues of PCs 

by the desired ones (for example, acidolysis of PCs) [2, 6, 11-13]. Nevertheless, 

there are important efforts to develop these enzymatic reactions. For example,  

Chojnacka et al. have compared Lipozyme® RM IM, Lipozyme® TL IM and 

Novozym® 435 (commercially available immobilized lipases) in the 

modification of PC with α-linolenic acid, obtaining a structured PC product with 

the highest acid content (28 %) when using Novozym® 435 as biocatalyst [27]. 

However, among 7 native or immobilized lipases including the three mentioned, 

free lipase B from Candida antarctica gave a PC product with the highest PUFA 

content (45.6 %, where 36.8 % was DHA and 5.8 % EPA) [12]. For myristic 

acid incorporation into PC, Rhizomucor miehei lipase resulted better than 

Thermomyces lanuginosus, giving a PC product with maximal fatty acid content 

of 44 % [11]. But in these cases due to undesirable hydrolysis, the net yield of 

isolated structured PC was in the range 15-35 %. Novozym® 435 lipase was also 

selected for modification of PC with punicic acid (36 % yield of PC product). 

These studies also indicate that different enzymes result in better catalysts than 

others depending on the particular fatty acid to be incorporated into PC. This 

fact is related with the distinct affinity or preference of the enzymes for different 

fatty acid species. Among the highest values of net yields of structured PC are: 

60 % of a esterified PC with caprylic acid using Lipozyme® TL IM [6], and 64 

% of PC rich in CLA obtained with phospholipase A1 (Lecitase® Ultra) 

immobilized on DuoliteTM A568 resin [13]. 

On the other hand, studies of enzyme immobilization using different 

protocols and different supports have shown that, the pair immobilization 

method/support strongly affects the final catalytic properties [28]. In fact, 

immobilized enzymes with significantly different catalytic properties can be 

obtained using the same immobilization protocol with different supports [28]. 

The explanation given is that the freedom for certain movements of the enzyme 
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may be altered after immobilization, and a different enzyme conformation may 

give rise to very different catalytic performance [29]. A popular lipase 

immobilization method is based on their interfacial activation versus 

hydrophobic supports surfaces enabling the one step immobilization, 

purification and stabilization of the open lipase form [30]. Through this 

immobilization strategy, the enzyme properties may be modulated by using 

supports with different hydrophobicities, internal morphologies, etc. [31]. 

Recently, some new hydrophobic supports produced by Purolite® (Wales, UK) 

have been evaluated and proved to efficiently immobilize many lipases and tune 

their properties after their immobilization. In many cases some of the new 

immobilized lipase preparations offer better performances than the commercial 

ones in both, aqueous or anhydrous media [14, 32, 33]. However, these 

biocatalysts have not been used in the synthesis of structured phospholipids.   

In this work, the kinetics of the synthesis of structured phospholipids via 

acidolysis of PC with CLA was studied, in order to get maximal yield of 

selectively esterified PC positions. Different approaches were studied to 

overcome the problem of the hydrolysis of PCs. Moreover, new immobilized 

biocatalysts of food-grade phospholipase A1 (Lecitase® Ultra) immobilized on 

different Purolite® resins -admitted for food processing- were compared for their 

ability of replacement of natural fatty acids of PC by CLA via direct acidolysis 

with the one previously used in the literature with  optimal results (DuoliteTM 

A568) [2, 13, 26]. Molecular compositions of the starting and final PC products 

were also studied. 
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7.2. Materials & Methods 

7.2.1 Materials 

Soybean Phosphatidylcholine (purity > 95 %, essentially free of glycerol- and 

lyso-phosphatidylcholine ) was a kind free sample from Avanti Polar Lipids Inc. 

(Alabaster, Alabama, USA) with 1.1 % of C14:0; 14.7 % of C16:0; 0.2 % of 

C16:1(7); 3.4 % of C18:0; 10.4 % of C18:1(9); 1.6 % of C18:1(7); 62.2 % of 

C18:2(6), and 6.4 % of C18:3(3) [26]. All in acylglyceride form. Chimeric 

phospholipase A1 (Lecitase® Ultra used in food processing) was a generous gift from 

Novozymes A/S Bagsvaerd, Denmark. The supports used to immobilize the enzyme 

were: DuoliteTM A568 (Duolite), kindly donated by Rohm and Haas (Barcelona, 

Spain); Octadecyl methacylate (Lifetech ECR8804M (OM)) and Octadecyl 

Methacrylate (Lifetech™ ECR8806M (OMC)) are octadecyl (C18) activated resins 

with a porosity of 350-450Å and 500-700Å respectively, and Polystyrenic 

Macroporous Adsorbent polymer (Lifetech™ ECR1061M, Styrene) with 600-750Å 

porosity, a kind present from Purolite® ECR Enzyme Immobilization Resins (Wales, 

UK). OM and OMC resins are certified Halal and Kosher, being manufactured as 

generally recognized as safe (GRAS) ion exchange and adsorbents resins used in the 

processing of food stuffs (information supplied by the manufacturer). All resins are 

manufactured as no genetically modified organism (no GMO, information supplied 

by the manufacturer). A 92 % pure Clarinol A-95 corresponding to a 50:50 mixture 

of free conjugated linoleic acid (CLA) isomers cis-9,trans-11 and trans-10,cis-12, 

was a generous gift from Lipid Nutrition (Wormerveer, The Netherlands). All 

solvents used were of HPLC grade from Scharlab (Barcelona, Spain). p-Nitrophenyl 

butyrate (PNPB) was from Sigma-Aldrich (St. Louis, USA). 
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7.2.2. Determination of Enzyme Activity  

This assay was performed by measuring the absorbance increase at 348 nm 

produced by the released p-nitrophenol in the hydrolysis of 0.4 mM PNPB in 25 

mM sodium phosphate buffer at pH 7.0 and 25 ºC (ε=5150 M-1 cm-1). The 

reaction was started by adding 50–100 µL of lipase solution or suspension to 

2.55 mL of substrate solution. Spontaneous hydrolysis of PNPB was monitored 

under identical conditions without enzyme. One unit of activity (U) was defined 

as the amount of enzyme that hydrolyzes 1 µmol of PNPB per minute under the 

conditions described previously.  

 

7.2.3. Protein Quantification 

Protein concentration was estimated by the Bradford dye binding method 

[34], recording the absorbance at 595 nm and using bovine serum albumin as the 

reference. 

 

7.2.4. Enzyme Immobilization 

Laboratory preparations of immobilized enzymes were washed with 

distilled water before their use, to ensure that fully wet enzyme derivatives were 

employed. 

 Immobilization of Lecitase® Ultra on DuoliteTM A568 

Commercial Lecitase® Ultra solution, namely Phospholipase A1 containing 

14.09 mg/mL of protein was immobilized via ion exchange into the pores of 

DuoliteTM A568 by the method reported by H.S. Garcia et al., using 0.5 mL of 

enzyme per gram of support [35]. 
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 Wetting of Hydrophobic Purolite® Supports  

A sample of 10 g of each support of hydrophobic Purolite® was suspended 

in 50 mL of methanol for 1 h under mild stirring; after that, 50 mL of distilled 

water were added to have a 50 % water solution. After 15 additional minutes of 

mild stirring, the supports were filtered under vacuum and washed 5 times in a 

glass funnel with 5 volumes of water. Finally, the supports were stored at 4 ºC, 

in a flask with enough distilled water to avoid support dehydration.  

 Immobilization of Lecitase® Ultra on Purolite® Supports  

Immobilization of Lecitase® Ultra was carried out as previously described 

[32]. Both supports have a layer of octyl groups on the support surface that will 

interact with the enzymes. Briefly, 10 g of each support were suspended in an 

enzyme solution (1 mg protein/mL) in 5 mM sodium phosphate buffer at pH 7 

and 25 ºC, and left under continuous stirring at 200 rpm. The enzyme 

concentration and volume were adjusted to obtain the desired enzyme loading 

on the final biocatalyst. Activities of the corresponding supernatants were 

followed using the PNPB assay. After lipases immobilization, the suspension 

was filtered and the supported enzymes were washed several times with distilled 

water. After enzyme immobilization, all derivatives were dried overnight at 25 

ºC and stored at 4 ºC until use. 

 

7.2.5. Acidolysis Reaction of PC 

Reactions of acidolysis of PC with CLA were performed in 20 mL glass 

vessels (internal diameter of 3 cm, height of 4 cm) in an orbital shaker (250 

rpm) at the desired temperatures (40-60 ºC). Prior to reaction, CLA (and acetone 

if used) was dehydrated overnight with molecular sieves (150 g sieves/L CLA). 

Soybean PC was used with prior dehydration or not, as it is indicated in the 
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corresponding experiment. Reactions at different PC/CLA molar ratio (1/4 and 

1/12) were studied using a constant mass of substrates (4 g). Different loadings 

of biocatalysts were also studied in the range 5-20 % w/w of substrates. 

Reactions were allowed to proceed for at least 24 h. All experiments were 

performed in triplicate and the results are expressed as the mean values and the 

corresponding standard deviation.  

 

7.2.6. Analyses of the Reaction Products by Gas Chromatography (GC) 

The amounts of esterified fatty acids and percentage of PC hydrolysis were 

both determined by mass balance of the corresponding peaks area values 

obtained via CG analyses of complete and partially derivatized samples. 

 Complete derivatization  

To determine the total (free + esterified) amount of fatty acids in the 

reaction mixture, a previously described method was followed [36]. Briefly, a 

200 μL aliquot of the reaction mixture was methylated by addition of 1 mL of 

0.2 N HCl-MeOH. This mixture was heated at 60 °C for 4 h, and then 200 μL of 

distilled water were added. The resulting solution was extracted twice with 1 mL 

of n-hexane and dried with sodium sulfate for 2 h prior to injection to the GC. 

 Partial derivatization 

This analysis was used to determine combined fatty acids, particularly the 

amount of reacted CLA and the remaining esterified fraction of original FA of 

PC. In this case, 700 µL of the reaction mixture in chloroform (200 µL of the 

reaction mixture + 500 µL of chloroform) was methylated with 0.5 mL of a 

solution of NaOH-MeOH 0.5 N at room temperature for 5 min. After products 

derivatization, FAMEs were extracted with the same procedure than for the total 

derivatization assay. 
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 Analyses of fatty acid methyl esters by GC  

Analyses of fatty acid methyl esters (FAME) were conducted by GC 

according to a previously reported method [36]. Two μL of sample were 

injected into an Agilent (Palo Alto, CA) gas chromatograph (model 6890N) 

fitted with an Zebron, ZB-WAX column (30 m × 0.25 mm × 0.25 μm film 

thickness) purchased from Supelco (Bellefonte, PA) and a flame ionization 

detector (FID). Injector and detector temperatures were 250 and 300 °C, 

respectively. The temperature program was as follows: starting at 50 °C for 2 

min and then heating to 220 °C at 30 °C/min, holding at 220 °C for 20 min, 

followed by heating from 220 to 255 °C at 5 °C/min. Finally, the temperature 

was held at 255 °C for 10 min. Total analysis time was 33.7 min. Identification 

of the various fatty acids was made by comparing their retention times with 

those of a Supelco 37 Component FAME Mix. 

 

7.2.7. HPLC-MS/MS Analyses 

The precursor reagent (PC) as well as reactions mixtures at different times 

were analyzed by HPLC-MS/MS in an Agilent 1200 Liquid Chromatograph 

coupled with a Mass Spectrometer QTOF Agilent G6530A Accurate Mass Q-

TOF LC-MS with strong ionization using atmospheric pressure electrospray 

(ESI) with JetStream technology (G1958). The reverse phase column was USTA 

Nº3: Zorbax Eclipse XDB-C8 150 mm x 4.6 mm ID x 5 µm, and elution 

conditions were: 30 ºC and 1 mL/min gradient of phases A (water) and B (60 % 

v/v methanol in water), as follows: starting at 40:60 A/B for 10 min and then 

10:90 A/B for 30 min, followed by a ramp to reach 0:100 A/B phases at minute 

70 at 5 °C/min. Finally, the initial phases ratio was reached after 5 min. and held 

for 5 more min., to be ready for the next analisis. The aliquots of reaction 

mixtures (20 mg) were diluted in 4 mL methanol, and the resultant solution was 
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diluted again to get a final dilution of 1:40. One µl of the resultant dilution 

samples was injected in the HPLC-MS. Determinatons were performed by 

duplicate in positive‐ion mode. 

The identification of compounds was performed using MS data processed 

through Masshunter Quantitative Analysis B.07.00 (Agilent Technologies), 

which provides a list of possible elemental molecular formulas by using the 

Generate Molecular Formula™ editor, according to the accurate masses and 

isotopic patern. 

 

7.2.8. Water Content Determination 

The water content of Soybean PC was measured by the Standard: ASTM D-

6304 - 16e1 [37]. The equipment used was a Karl Fischer KFC 917 Coulometer 

from Metrohm (Herisau, Switzerland). The humidity value of the sample (0.7 g) 

is given as a mean value, n=2. 

 

7.2.9. Statistical Analysis 

The experiments were carried out in triplicate, reporting the results as their 

corresponding mean values with their standard errors, that were compared at 

confidence level of 95 % (p ≤ 0.05) using the Statistical Package for the Social 

Sciences (SPSS) program. 

 

7.3. Results and Discussion 

7.3.1. Enzyme Immobilization 

Lecitase® Ultra was immobilized in four different supports via ionic 

exchange (DuoliteTM A568) or via interfacial activation (OM, OMC and 

Styrene) according with the protocols previously described [32, 35]. The 
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properties of the supports (pore size and density), and the values of adsorbed 

protein and activities of immobilized biocatalysts are summarized in Table 7.1. 

 

Table 7.1. Properties of the immobilization biocatalysts 

  Biocatalyst 

  Duolite OM OMC Styrene 

Resin Support Anion 
Exchange Hydrophobic Hydrophobic Hydrophobic 

Pore Sizea (nm) 40±10 52±2 40±2 108±3 

Pore Volumea (cm3/g) 0.89±0.11 0.46±0.02 0.19±0.01 1.36±0.06 

Bulk Densitya (g/cm3) 0.31±0.02 0.66±0.03 0.85±0.05 0.36±0.03 

Adsorbed Proteinb 
(mg/g of support) 67.21±0.24 69.20±1.29 29.72±1.42 71.08±2.23 

Activity c 

(U/mg of 
adsorbed 
protein) 

0.005±0.001 0.022±0.002 0.022±0.002 0.011±0.001 

(U/g of 
support)d 0.32±0.07 1.54±0.16 0.65±0.06 0.75±0.08 

a Values determined by Dow Chemical Company in the case of DuoliteTM A568 and by Tacias-

Pascacio et al.  in the case of the other new biocatalysts [32] 
b All adsorbed protein values resulted not equal, except Duolite vs OM and OM vs Styrene, in 

the t-test analyses for a confidence level of 95 % (p ≤ 0.05) 
c One activity unit (U) was the amount of enzyme that hydrolyzes 1 µmol of PNPB per minute 

under the conditions described by Tacias-Pascacio et al. [32] 
d All activity values resulted not equal, except OMC vs Styrene (p ≤ 0.05) 

 

 Concerning the physical characteristics of the supports, there were small 

differences in the pore size. Styrene from the family of macroporous supports 

was the one with largest pore size (108±3 nm), while OMC had the highest 

density (0.85±0.05 g/cm3). Both, Duolite and Styrene had similar density values 

(0.31±0.02 and 0.36±0.03 g/cm3, respectively). 
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 Three of the four supports (Duolite, OM and Styrene) adsorbed statistically 

equal (p>0.05) or nearly the same amount of protein (Table 7.1). But these 

similar amounts of adsorbed proteins had significantly different catalytic 

activities versus PNPB substrate, as a result of their different interaction with the 

surface of these three supports. By contrast, OMC adsorbed 2.3 times less 

protein than the other supports, while the PNPB activity values per gram of 

Styrene and OMC supports were significantly equal (p>0.05). Among all the 

biocatalysts, immobilized Lecitase® Ultra in OM had the highest PNPB activity 

(activity value per gram of support, Table 7.1). These results suggested that 

Lecitase® Ultra was able to establish different interactions with the four studied 

supports, which promoted different active conformations of the enzyme. In fact, 

the adsorbed enzyme molecules on all Purolite® supports resulted with higher 

PNPB activity than the ones adsorbed on the support previously studied in the 

literature (Duolite) [2, 13]. The enzyme molecules immobilized on OM and 

OMC derivatives adopted conformations that act with similar specific activities 

(0.022 Units/mg adsorbed protein), being their activities twice that of the 

enzyme adsorbed on Styrene, and 5 times higher than that of the one adsorbed 

on DuoliteTM A568 (Table 7.1). Considering that the enzyme immobilized on 

the ionic support should be at its conformational equilibrium, and when 

immobilized on the hydrophobic supports should be stabilized at open forms 

[30], (open forms may differ when changing the support). The results obtained 

agree with the expectations [32]. 

 

7.3.2. Acidolysis Catalyzed by Lecitase® Ultra Immobilized in DuoliteTM A568 

Beads 

 Soybean PC has two ester linkages with fatty acids, which can be replaced 

by CLA or hydrolysed (Hydrolyzed or esterified PC residues).  Hence, the 
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kinetic curves of the three possible types of PC residues are represented, so that 

the maximum number of ester linkages in soybean PC is 100 %.  

 Hydrolysis of PC is a great limitation not yet overcome according to the 

literature [11-13, 27], giving rise to substantial losses in the efficiency of the 

process. Hence, we first carried out the acidolysis reaction of PC with CLA 

using the optimal reaction conditions before described [2]; namely, 50 ºC, 24 h, 

1/4 molar ratio of PC/CLA and 15 % (w/w) biocatalyst, but using PC without 

any prior dehydration treatment. CLA was dehydrated with molecular sieves 

overnight prior to its use in the reaction (Figure 7.1).  
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Fig. 7.1.  Reaction course of acidolysis catalyzed by DuoliteTM A568. PC residues are 

PC positions susceptible of acylation/hydrolysis: 2 per PC molecule. Conditions: 1:4 of 

PC:CLA molar ratio, 50 ºC, 200 r.p.m. and 15 % w/w (conditions reported by Baeza-

Jiménez et al. [2]) 

 

 In Figure 7.1, both the percentage of total soybean PC groups, which were 

esterified by CLA and the percentage esterified by original FA of the soybean 

PC, are shown. The percentage of soybean PC groups which resulted hydrolyzed 

is also depicted. The process using a non-dehydrated PC sample was severely 
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affected by the undesired hydrolysis side-reaction, which strongly competes 

with the desired acylation. This fact is responsible for the small fraction of 

esterified PC groups obtained (Figure 7.1). Under these conditions, the reaction 

reached pseudoequilibrium state after 5 h, and the reaction PC product resulted 

with 96.07 ± 0.47 % free residues and only 1.49 ± 0.13 % residues esterified 

with CLA. These results were in good agreement with those reported by Baeza-

Jiménez et al., indicating that the greater CLA incorporation involved greater 

soybean PC hydrolysis. More than 90 % hydrolysis was obtained at the end of 

reaction at 24 h in the study of Baeza-Jiménez et al. [2]. 

 In order to mitigate the hydrolysis side-reaction, we investigated different 

approaches to reduce the water activity of the reaction system. Then, the great 

ability of acetone to reduce water activity - because of its high dipole moment - 

was considered [38]. The results of reactions with variable amounts (0.25-6 mL) 

of acetone added to the reaction mixture are depicted in Figure 7.2. 
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Fig. 7.2. Effect of acetone addition in the acidolysis reaction of PC catalyzed by 

DuoliteTM A568 derivative. PC residues are PC positions susceptible of 

acylation/hydrolysis: 2 per PC molecule. Conditions: as in Figure 7.1. A) 0.25 mL 

Acetone 
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Fig. 7.2 (Cont.). B) 0.5 mL Acetone; C) 1 mL Acetone; D) 2 mL Acetone 
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Fig. 7.2 (Cont.). E) 4 mL Acetone; F) 6 mL Acetone 

 

 The use of relatively small volumes of acetone (0.25 mL, 0.5 mL and 1 mL, 

Figure 7.2 A-C), did not improve the results of neither hydrolysis nor acidolysis. 

The addition of 2-6 mL of acetone reduced the hydrolysis side-reaction (Figure 

7.2 D-F). However, in these cases the extent of acidolysis reaction was very 

small, probably due to the dilution effect of acetone on reagents and an 

excessive reduction of the water activity (below the minimal hydration required 

by the biocatalyst [39]. As a result, the amounts of CLA incorporated into PC 

were very small. 
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 Next, the effect of addition of a desiccant to the reaction mixture was 

studied, using 4 times molar excess of CLA with respect to PC and a higher 

molar ratio (1:12), earlier employed by Ochoa-Flores et al. [13]. Molecular 

sieves were added at 0 and 4 hours of reaction time (Figure 7.3 A-D).  
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Fig. 7.3. Acidolysis of PC catalyzed by DuoliteTM A568 derivative in presence of a 

desiccant (0.5 g molecular sieves). Other conditions: as in Figure 7.1. PC residues are 

PC positions susceptible of acylation/hydrolysis: 2 per PC molecule. A) 1:4 PC: CLA 

molar ratio and desiccant addition at the beginning of reaction; B) 1:4 PC: CLA molar 

ratio and desiccant addition after 4 h reaction 
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Fig. 7.3 (Cont.). C) 1:12 PC: CLA molar ratio and desiccant addition at the beginning 

of reaction; D) 1:12 PC: CLA molar ratio and desiccant addition after 4 h of reaction 

 

 Addition of 0.5 g of desiccant at 0 or 4 hours did not mitigate the hydrolysis 

side-reaction nor did it increase the fraction of CLA incorporated with a 1:4 

ratio of reagents. However, the use of the desiccant with 12 times molar excess 

of CLA not only increased the amount of esterified CLA into PC (from 

3.07±0.65 % with a 1:4 ratio of reagents to 13.84±0.94 % with a 1:12 ratio), but 

also reduced the amount of free positions in the PC product (from 94.05±1.34 % 
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with a 1:4 ratio of reagents to 80.83±1.87 % with a 1:12 ratio). The last effect 

was probably due to the fact that reactions with a 1:12 ratio of reagents were 

prepared with lower amounts of PC than the reactions performed with 1:4 ratio 

of PC/CLA (see methods section). The results suggested that the PC sample 

used in this study was providing an excessive humidity to the reaction mixture. 

A method extensively used in the pharmaceutical industry to improve the 

stability and increase the shelf life of many drugs by removing the total water 

content from the product formulation is lyophilization [40]. In an attempt to 

reduce the hydrolysis extent, prior to its use in the reactions, we submitted the 

commercial solid PC feedstock to a long time lyophilization (4 days). Next, we 

added molecular sieves to PC and left the sample overnight (0.5 g desiccant for 

40 mg PC). The resultant dried PC sample had 0.0279 ± 0.004 % (w/w) water 

by Karl Fischer titration. The results of the reaction course obtained with the 

resultant PC sample with a 1:12 reagents molar ratio are shown in Figure 7.4.  
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Fig. 7.4. Acidolysis of PC catalyzed by DuoliteTM A568 derivative, using dried PC (279 

± 4 mg water/Kg PC) and CLA. PC residues are PC positions susceptible of 

acylation/hydrolysis: 2 per PC molecule. Conditions: 1:12 PC: CLA molar ratio. 50 ºC, 

15 % w/w enzyme loading and 200 rpm  
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Use of a PC sample, previously submitted to the described drying treatment, 

reduced the percentage of hydrolyzed positions of Soybean PC to 0.54 ±0.17 %. 

Under these conditions, 99.5±0.1 % of total Soybean PC groups resulted 

esterified after 24 h, being 71.85±1.05 % positions esterified with CLA residues. 

 

7.3.3. Acidolysis Catalyzed by Purolite® Derivatives 

Once the most critical limitation of acidolysis reaction of PC (hydrolysis 

side-reaction) was overcome by implementing a suitable PC drying process, the 

reaction was further implemented using Lecitase® immobilized on different 

hydrophobic Purolite® supports. Figure 7.5 shows the effects of enzyme loading 

of the new immobilized catalysts (results compared with those obtained with the 

optimal load of Duolite catalyst, Figure 7.5A) and temperature (Figure 7.5B) on 

the acidolysis of PC catalyzed by the 4 different immobilized biocatalysts 

assayed in this paper at short times (30 min.).  
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Fig. 7.5. Comparative study of the four biocatalysts on the acidolysis of PC with CLA. 

PC had 279 ± 4 mg water/Kg PC. A) With four different enzyme loadings (5 %, 10 %, 

15 % and 20 % w/w) after 30 minutes reaction at 50 ºC and 1:12 molar ratio of PC/CLA 
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Fig. 7.5 (Cont.). B) At different temperatures with their respective optimal enzyme 

loadings and 1:12 molar ratio of PC/CLA 

 

In the case of Styrene biocatalyst, the biocatalysts had one of the lowest 

density values (0.36±0.03 g/cm3, Table 7.1). Hence, for a given biocatalyst load 

more particles of this catalyst were needed to be added to the reactor compared 

with other biocatalysts. This could explain the decay of esterified CLA value 

obtained when Styrene catalyst loading was increased from 10 % to 15 % w/w. 

A similar effect was found with OM and OMC derivatives with loadings higher 

than 15 % w/w. This effect is probably due to diffusion effects of reactants in 

the heterogeneous reaction mixture in the presence of relatively high amounts of 

solid catalyst particles. The best values of enzyme loading determined for both, 

OM and OMC biocatalysts were 15 % (w/w), and 5 % (w/w) for the Styrene 

derivative. Baeza-Jiménez et al. determined an optimal enzyme loading of 15 % 

(w/w) for Duolite derivative [2]. 

Higher percent values of total Soybean PC groups esterified by CLA were 

obtained with all Purolite® derivatives when compared with Duolite biocatalyst, 

but two of them (OM and OMC catalysts) resulted much better catalysts for this 

reaction (Figure 7.5A). In the acidolysis reaction of PC with CLA, the OM 
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derivative was the most active biocatalyst. In a previous study, we also found 

that OM-RML is the best catalyst for the synthesis of partial glycerides of CLA 

via direct esterification of glycerol [14]. This fact is related with the nature of 

the support, and more precisely with the particular interaction of phospholipase 

with each different support, since the amount of enzyme adsorbed on OM 

support was not higher than that adsorbed in the other studied supports (Table 

7.1). In fact, the amount of protein of Duolite derivative was statistically equal 

or similar to the protein amount of OM and Styrene derivatives (69-71 mg/g 

support). These results indicated that Lecitase® Ultra worked more efficiently 

after immobilization on OM support. OMC had less than half the amount of 

adsorbed enzyme (29 mg/g support) than the other biocatalysts. However, this 

derivative resulted the second most efficient catalyst, giving the second higher 

percentage of total Soybean PC groups esterified by CLA with a > 10 % 

loading. Although OM and OMC catalysts had comparable mass activities 

(activity units per gram of support), and OMC was the one with higher enzyme 

specific activity (activity units per gram of enzyme) in the PNPB standard assay 

(Table 7.1), OM was more efficient for the acidolysis of PC (Figure 7.5A). 

These results suggested that phospholipase immobilization in these supports 

gave rise to different enzyme conformations and catalytic activities in PC 

acidolysis. 

OM and OMC derivatives operating at their optimum load conditions (15 % 

w/w), increased the initial reaction rate with the increase of temperature in the 

range of 40-60 ºC. For these derivatives, a temperature of 50 ºC resulted more 

convenient, considering the small increase in CLA incorporation obtained at 60 

ºC and the corresponding increase in energy expenses. 

Reaction courses performed with the two best derivatives (OM and OMC) 

in their respective optimal operation conditions were also studied (Figure 7.6).  
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Fig. 7.6. Acidolysis of PC catalyzed by Purolite® derivatives, using dried PC (279 ± 4 

mg water/Kg PC) and CLA. PC residues are PC positions susceptible of 

acylation/hydrolysis: 2 per PC molecule. Conditions: 1:12 PC: CLA molar ratio. 50 ºC, 

15 % w/w enzyme loading and 200 rpm A) OMC catalyst; B) OM catalyst 

 

In both cases, reactions were much faster than with Duolite catalyst (Figure 

7.4), so that pseudoequilibrium reaction of acidolysis of PC was obtained after 

only 2 h with OM catalyst, while it took 4 h and 24 h with OMC and Duolite 

derivatives, respectively. These two catalysts reduced the reaction time six and 

twelve times respectively, compared with the Duolite catalyst in their optimal 
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conditions (50 ºC, 15 % w/w enzyme loading an 1:12 PC:CLA molar ratio). 

Remarkably, Duolite biocatalyst was considered the one with better 

performance in this reaction before this new research effort. In the case of OMC 

catalyst, a maximal amount of esterified PC positions by CLA (78.03±1.35 %) 

was obtained at pseudoequilibrium (4 h) with a minimal PC hydrolysis 

(1.20±0.41 %) Meanwhile, OM derivative gave a similar maximum value of 

esterified PC positions by CLA after only 2 hours (74.35±1.06 %) with a 

0.95±0.32 % of hydrolyzed ester linkages of PC. As expected, the biocatalyst 

also influenced the percentages of Soybean PC positions esterified by CLA and 

hydrolyzed, as that depends on the kinetic properties of the enzymes and those 

are modulated via immobilization [28]. Thus, the extent of PC groups esterified 

with CLA was increased using the new biocatalysts, even in a short fashion. 

Considering the composition of the resultant esterified PC product, different 

information was reported earlier. Many of these studies were obtained via 

analyses of isolated/purified phospholipid (PL) products from completely 

hydrolyzed phospholipid (lyso-PL). The reported incorporation values of the 

desired acid also include partially hydrolyzed PLs. These values correspond to 

net yields of PLs products, which include losses of material during isolation of 

the products from the reaction mixture. Their PL yields can be underestimated 

with respect to the ones of this work (see below). The study of Hossen and 

Hernández showed that, among the four lipases, Lipozyme® RM IM, 

Lipozyme® TL IM, Novozym® 435, and Lipase F-AP15 and an immobilized 

phospholipase A2 tested, only Lipozyme® TL IM and Lipozyme® RM IM 

permited to get an esterified PL product with higher CLA content. Lipozyme® 

TL IM gave a maximum 16 % CLA in the esterified PL in 72 h. The formation 

of lyso-PLs during acidolysis of PLs was reported and these values permitted to 

calculate the hydrolysis extent of precursor PL (up to 20 %) [4]. Lyso-PL 

esterified by CLA was formed due to hydrolysis reaction and possibly acyl 
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migration. Positional specificity (1,3 position specific) of lipase was retained as 

CLA was preferentially incorporated in sn-1 position of phospholipids. In this 

work, CLA must be preferentially esterified in sn-1 position because of the 

regioselectivity of Phospholipase A1, but due to acyl migrations part of CLA 

molecules obviously acylated at sn-2 position, so that the total PC groups that 

resulted esterified with CLA was above 50 % (up to 74 %). 

Using 1/3 molar ratio of PC to omega-3 FA with an immobilized Candida 

Antarctica B lipase, Chojnacka et al. obtained 36 % esterified PC after 48 h and 

their PC product had 23.7 % omega-3 FA. Although omega-3 content grew up 

to 45.5 % using 1/10 molar ratio PC to omega-3 FA, the amount of esterified PC 

was minimal (3 %) because of the great increase in the undesirable hydrolysis 

[12]. 

A lipase-catalyzed incorporation of myristic acid (40-44 %) into egg-yolk 

PC via interesterification with trimyristin catalysed by Rhizomucor miehei lipase 

was reported by Chojnacka et al. using 1/3 of PC/acyl donor molar ratio and 50-

52 °C. Due to side-hydrolysis, 40-30 % esterified PC were respectively 

obtained. In these two studies, a modified PC was separated after reaction from 

the mixtures by silica-gel column chromatography and its fatty acid composition 

determined by GC [11]. 

Baeza-Jiménez et al. directly analysed the products in the reaction mixture 

by CG analyses of the corresponding derivatized samples, and reported the 

formation of a fraction of esterified PC product containing 90.1 % of CLA after 

24 h of reaction at 50 °C using a 1:4 PC/CLA molar ratio and an enzyme 

loading of 15 % (w/w). But, in that case 87.4 % of PC was hydrolysed and the 

yield of structured PL rich in CLA was minimal [2]. 

By contrast, when the corresponding yield of structured PL and its CLA 

content were calculated for the best results of this study, we found that > 99 % 
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of reacted PC molecules had two ester linkages and < 1% had one ester linkage 

with fatty acids, being the product essentially free of Lyso-PC. This is because 

we managed to reduce the percentage of hydrolysed ester groups to less than 1 

% and each molecule of Soybean PC has 2 ester linkages. From these 

calculations, a structured PC product with 72.3 % CLA content was obtained in 

24 h using Duolite derivative and a dried PC (279 ± 4 mg water/Kg PC). Also, a 

structured PC rich in CLA could be obtained with OM catalyst in only 2 h. This 

PC product had 74.7 % CLA. In these cases, total hydrolysed ester linkages of 

Soybean PC were minimal (0.5 and 0.9 %, respectively), being PC products 

obtained diacylated. 

Thus, using a dried PC the undesirable problem of side-hydrolysis was 

overcome, and a new immobilized phospholipase A1 derivative that reduces the 

reaction time by 12 times without significant decrease in yield of structured PC 

rich in CLA, is described for the first time. 

 

7.3.4. Compositional Distribution of Molecular PC Species 

 The distribution of the different molecular species of phosphatidylcholine in 

the native Soybean PC, in the PC product obtained with Duolite derivative and 

in the PC product obtained with OM biocatalysts were comparatively studied by 

HPLC-MS/MS analyses (Figure 7.7). These two PC products were prepared in 

the corresponding optimal reaction conditions determined for each biocatalyst. 

MS/MS analyses do not permit to differentiate among linoleic fatty acids 

isomers (conjugated or not). These fatty acids are represented together as C18:2 

in the results given in Figure 7.7, and count for 65.5 % of total fatty acid content 

in the original PC.  
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Fig. 7.7. Molecular structures of PC identified by HPLC-MS/MS. PC: native soybean 

PC; Duolite-PC: PC product obtained with Duolite derivative (24 h, 15 % w/w loading, 

50 ºC, 1/12 molar ratio of PC to CLA); OM-PC: PC product obtained with OM catalyst 

(2 h, 15 % w/w loading, 50 ºC, 1/12 molar ratio of PC to CLA).  The structured PC 

products were obtained at the corresponding optimal operation conditions of the 

biocatalyst employed 

 

This result is consistent with the molecular and fatty acid composition of 

the soybean PC reported by In-Hwan Kim et al., where the amount of C18:2 

was 62.2 % [26]; the stock of Soybean PC utilized had all molecules 

diesterified. However, its CLA content was minimal as determined by CG 

analyses (see Figure 7.1). By contrast, most of C18:2 molecules in the structured 

PC products obtained with these catalysts were CLA (Figure 7.7), since 72 % 

and 74 % of PC positions were esterified with CLA with Duolite and OM 

catalysts, respectively. 

The main species generated during acylation was C18:2-C18:2, whose 

content into the two studied PC products increased from 37.81 % in the native 

soybean PC (where nearly all were not CLA, see above) to 65.17 % in the case 

of OMC catalyst, and to 72.51 % in the case of Duolite catalyst (in both cases, 
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CLA can be replacing the native C18:2 isomers). Molecular species that 

remained unvaried were C18:1-C18:2, C18:3-C18:2 and C18:3-C18-3. 

Particularly, C18:1-C18:2 remained constant with a percentage of 14.49-14.91. 

After reaction, the two modified PCs resulted with reduced contents in C16:0-

C18:2 (From 24.14 % to 8.35 % in the case of Duolite-PC and to 4.79 % in the 

case of OM-PC), C18:0-C18:2, C16:0-C18:3, C16:0-C18:1 and C18:0-C18:1. 

Again, different biocatalysts gave different products showing their differences in 

specificity. 

The fact that all molecular species, resulting in unvaried amounts after 

reaction, had their PC positions occupied by monounsaturated C18:1 or 

polyunsaturated fatty acids (C18:2 and C18:3), suggested that these immobilized 

derivatives of phospholipase A1 replaced selectively the undesired saturated 

fatty acids (C16:0 and C18:0). Also, most of the native C18:2 were replaced by 

CLA used 12 times in excess with respect to native PC, equivalent to a 6 times 

molar excess of CLA with respect to PC positions susceptible of esterification. 

 

7.4. Conclusions 

Synthesis of a structured PC via acidolysis with CLA has been significantly 

improved compared to previous reports, overcoming the pre-existing limitation 

of undesired massive hydrolysis of PC and using much more efficient 

biocatalysts. High extent of phospholipids hydrolysis were due to the excessive 

water content of the reaction medium, and more precisely due to the high 

humidity of PC precursor material, making it very difficult to dry. To overcome 

the competitive side-hydrolysis of PC, use of a PC substrate with 279 mg 

water/Kg PC is required.  

Phospholipase A1 immobilized on two Purolite® supports accelerates by more 

than 10 times the reaction, while giving maximum conversion of the structured 
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product. The best acidolysis of PC is catalyzed by octadecyl methacylate-

Lecitase® Ultra giving 74 % incorporated CLA and less than 1 % hydrolyzed PC 

groups. The major molecular species in the product is C18:2-C18:2, with lower 

amounts of species such as C18:1-C18:2 and C18:3-C18:2. 

Lecitase® Ultra apparently adopts different conformations after interaction 

with the DuoliteTM A658 and Purolite® supports (Styrene, Octadecyl 

methacylate and octadecyl methacrylate) surfaces, resulting in biocatalysts with 

different specific activities and specificities, and that way tuning the final 

performance in reactions as complex as acidolysis. 
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8. Conclusiones 

Las principales conclusiones extraídas del trabajo descrito anteriormente se 

recogen a continuación. 

Las condiciones óptimas del proceso de degradación de la biomasa de 

Spirulina platensis, obtenido a partir del estudio del efecto del pH, temperatura 

y carga enzimática en el rendimiento extractivo obtenido con las distintas 

enzimas son:  

- Alcalase®: pH 6,5; 30ºC y una carga enzimática de 1% v/p. 

- Flavourzyme®: pH 6,0; 30ºC y una carga enzimática de 1% v/p. 

- Ultraflo® (pH 7,0; 30ºC y una carga enzimática de 1% v/p. 

- Vinoflow®: pH 6,5; 40ºC y una carga enzimática de 2% v/p. 

Los análisis microscópicos por TEM de los cambios morfológicos 

experimentados por las biomasas residuales tras el proceso de extracción 

asistido por las distintas enzimas indican que, éstos varían según la enzima 

utilizada, y que parte del material intracelular de la biomasa resulta extraído, 

siendo este efecto más notable en el caso de Alcalase®. 

El rendimiento extractivo de aceite de spirulina obtenido con la enzima 

Vinoflow® es mayor que con las demás, siendo 1,7 veces mayor que el obtenido 

con el método no enzimático. 

 El aceite extraído tras el pretratamiento enzimático de la biomasa tiene 

menor contenido en ácidos grasos saturados (ácido palmítico) y mayor cantidad 

de ácido oleico y palmitoleico, que el obtenido con el método de extracción sin 

degradación enzimática previa de la biomasa (control).  

El uso de Alcalase® en la etapa degradadora previa a la extracción con 

disolventes mejoró la recuperación de compuestos hidrofílicos en un 90% p/p 

con respecto a la extracción sin pretratamiento enzimático. 
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Los extractos acuosos obtenidos mediante los métodos extractivos 

implementados se caracterizan por contener polifenoles, proteínas, carbohidratos 

y elementos esenciales; y funcionalmente presentan actividades antioxidante, 

anti-hipertensiva, anti-hiperlipidémica: con el potencial inhibidor de ambas,  la 

lipasa pancreática de cerdo y la colesterol esterasa pancreática. 

La composición elemental de los diferentes extractos acuosos indica la 

ausencia de elementos tóxicos y cantidades significativas de oligoelementos, 

como el hierro, manganeso, magnesio o cobre. 

El extracto obtenido con Alcalase® es el más activo en las actividades 

antihipertensiva, antioxidante y anti-hiperlipidémica (anti-hipertrigliceridémica 

y anti-hipercolesterolémica). Dicho extracto contiene ocho péptidos 

diferenciadores (MKKIEAIIRPF, LPPL, ALAVGIGSIGPGLGQGQ, 

TTAASVIAAAL, DFPGDDIPIVS, LELL, WKLLP y CHLLLSM), 12 mg de 

polifenoles por gramo de extracto y 226 mg de carbohidratos totales por gramo 

de extracto. 

En la síntesis de glicéridos parciales y fosfolípidos ricos en CLA se 

confirma que, la inmovilización de lipasas en diferentes soportes es una 

herramienta para la modificación de las propiedades catalíticas, incluso cuando 

la inmovilización se basa en el mismo mecanismo y lo que cambia es el soporte. 

Para la síntesis de glicéridos parciales de CLA se ha conseguido nuevos 

derivados inmovilizados, como el de la lipasa Rhizomucor miehei inmovilizada 

en el soporte de Octadecyl Methacylate (OM-RML). Este catalizador además de 

tener la mayor actividad y por tanto menor energía de activación (105±11 

J/mol), es el catalizador más regioselectivo con un ratio sn-1,3/sn-1,2, 9,8 veces 

mayor que el de Novozym® 435. Al ser la enzima apta para la alimentación, y el 

soporte tener el certificado GRAS (generalmente reconocido como seguro para 
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alimentación), este biocatalizador el más interesante en la síntesis de glicéridos 

parciales de CLA en alimentación humana..  

Para la síntesis de fosfolípidos ricos en CLA se ha conseguido eliminar la 

limitación de la incidencia de la hidrolisis del fosfolípido, reacción competitiva 

que mermaba de forma importante los rendimientos de producto. Para evitar la 

hidrolisis competitiva, la materia prima debe tener un contenido máximo de 

agua de 279 mg por kilogramo de fosfatidilcolina. 

Los catalizadores preparados en el laboratorio con la fosfolipasa A1, 

Lecitase® Ultra inmovilizada en los soporte de Purolite®, Octadecyl Methacylate 

y Octadecyl Methacrylate permiten acelerar la reacción hasta 10 veces con 

respecto al catalizador Duolite, y obtener un producto con un contenido de CLA 

del 74%, siendo la hidrolisis máxima del 1% de las posiciones éster. La 

principal especie molecular en el producto fue C18:2 - C18:2, y en menor 

proporción C18:1 - C18:2 y C18:3 - C18:2. 
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9.1. Anexo I: Oil Extract Characterization 

Table 9.1. Complete fatty acid composition of oil extracts of spirulina composition 

from ASN Leader SL. obtained with the different enzymes at their optimal conditions 

COMPOSITION IN FATTY ACIDS OF OIL PHASE (%) 

FATTY 
 ACID 

Control Alcalase® Flavourzyme® Ultraflo® Vinoflow® 

      

Miristic Acid,  
C14:0 

- 1.11±0.00 1.51±0.00 1.38±0.00 1.50±0.01 

Palmitic Acid,  
C16:0 

62.56±0.15 32.46±0.12 31.43±0.06 33.26±0.05 32.71±0.07 

Estearic Acid,  
C18:0 

0.51±0.04 1.27±0.02 1.30±0.01 0.96±0.00 1.34±0.02 

TOTAL  
SATURATED 

63.07±0.19 34.83±0.14 34.24±0.07 35.60±0.05 35.55±0.10 

      

Palmitoleic Acid  
 C16:1n7 

2.04±0.05 20.24±0.05 20.13±0.01 19.62±0.06 19.54±0.05 

Oleic Acid,  
C18:1n9 

2.60±0.05 6.06±0.06 6.14±0.01 5.88±0.01 5.83±0.01 

Eicosenoic Acid  
C20:1n9 

- 0.64±0.04 0.90±0.04 0.80±0.01 1.45±0.13 

TOTAL  
MUFAs 

4.64±0.10 26.95±0.15 27.17±0.06 26.30±0.08 26.82±0.19 

      

Linoleic Acid  
C18:2n6 

18.10±0.03 18.79±0.01 18.87±0.00 19.26±0.00 18.85±0.05 

γ-Linolenic Acid 
C18:3:n6 

14.18±0.04 19.13±0.04 19.32±0.01 18.52±0.00 18.33±0.08 

α-Linolenic Acid 
C18:3:n3 

- 0.30±0.03 0.40±0.02 0.32±0.00 0.44±0.06 

TOTAL  
PUFAs 

32.28±0.07 38.22±0.08 38.59±0.03 38.10±0.00 38.10±0.19 
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Table 9.2. Elemental composition of spirulina oil extracts by semiquantitative analyses 

  
Oil Extract 

  
Control Alcalase® Flavourzyme® Ultraflo® Vinoflow® 

Toxic Elements 
(ppm)      

Hg - - - 0.18 1.45 
Cd 1.51 - 0.14 1.03 0.03 
Pb 0.99 0.45 1.18 0.39 0.18 
As 0.38 0.5 - 0.21 0.31 
Ni 29.31 24.16 23.99 26.94 24.33 

Trace Elements 
(ppm)      

P 581.07 933.95 1149.04 582.01 590.57 
Na 1204.06 3879.26 3173.62 2603.16 4626.18 
K 1113.81 2068.09 3223.96 1158.25 2703.7 

Mg 726.97 687.35 693.02 872.63 73.54 
Mn 1.27 0.34 2.71 0.19 0.57 
Ca 281.4 80.98 360.04 285.53 - 
Cu 28.08 9.57 2.3 15.55 26.25 
Fe 121.56 5.26 145.26 3.38 17.74 
Cr 1.03 2.34 0.75 0.21 4.59 
Se - - 0.08 1.25 - 
Zn 5.21 13.62 13.7 10.42 10.02 
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9.2. Anexo II: Amino Acid Concentrations of the Aqueous 
Extracts 
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9.3. Anexo III: Publicaciones Referentes a la Tesis 

Parte de los resultados de los Capítulos 3, 4 y 5 se recogen en una patente 

depositada en la Oficina Española de Patentes y Marcas 
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El capítulo 6 se recoge en la siguiente publicación: 
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9.4. Anexo IV: Publicaciones Fuera del Estudio de la Tesis 

Gracias a los estudios de biodiésel que se completaron a principio de la tesis 

doctoral se ha conseguido publicar dos trabajos: 
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9.7. Anexo VII: Abreviaturas 

ABTS – 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonate) 

ACE – Angiotensin Converting Enzyme 

ATP – Adenosine Triphosphate 

AU – Anson Unit 

a.u. – arbitrary unit 

BGXU – β-Glucanase Unit 

CALB – Candida antarctica Lipase B 

CLA – Conjugated Linoleic Acid 

DAG/DG – Diacylglycerol 

DHA – Docosahexaenoic acid 

Duolite-PC– Phosphatidylcholine obtained with Duolite catalyst 

EPA – Eicosapentaenoic Acid 

ET – Electronic Transfer 

FA – Fatty Acid 

FAME – Fatty Acid Metyl Ester 

FBG – Fungal β-Glucanase 

FCR – Folin-Ciocalteu Reagent 

FID – Flame Ionization Detector 

FXU – Farbe Xylanase Unit 

GC – Gas Chromatography 

GC-FID – Gas Chromatography with a Flame Ionization Detector 

GC-MS – Gas Chromatography with a Mass Spectrometry detector 

GLA – Gamma Linolenic Acid  

GMO – Genetically Modified Organism 

GRAS – Generally Recognized As Safe 

HA – Proton used for assignment of MG and DG  

HAT – Hydrogen Atom Transfer 
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HB – Proton used for assignment of TG 
1H-NMR – Proton Nuclear Magnetic Resonance 

HPLC – High Performance Liquid Chromatography 

HPLC-ELSD – High Performance Liquid Chromatography with an Evaporative 

Light Scattering Detector 

HPLC-MS/MS – High Performance Liquid Chromatography with Mass 

Spectrometry/Mass Spectrometry detector 

ICP-MS – Inductively Coupled Plasma Mass Spectrometry 

LAPU – Leucine Aminopeptidase Unit 

LC ESI-MS/MS – Liquid Chromatography with an Electrospray Ionization 

mode-Mass Spectrometry/Mass Spectrometry detector 

MAG/MG – Monoacylglycerol 

NCBI – National Center for Biotechnology Information 

MUFA – Monounsaturated Fatty Acid 

NMR – Nuclear Magnetic Resonance 

NP-HPLC – Normal Phase - High Performance Liquid Chromatography 

OMC – Octyl Methacrylate support 

OMC-CALB – Candida antarctica Lipase B immobilized in Octyl 

Methacrylate support 

OMC-RML – Rhizomucor miehei Lipase immobilized in Octyl Methacrylate 

support 

OMC-TLL – Thermomyces lanuginosus Lipase immobilized in Octyl 

Methacrylate support 

OM – Octyl Methacylate support 

OM-CALB – Candida antarctica Lipase B immobilized in Octyl Methacylate 

support 

OM-PC – Phosphatidylcholine obtained with Octyl Methacylate catalyst 
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OM-RML – Rhizomucor miehei Lipase immobilized in Octyl Methacylate 

support 

OM-TLL – Thermomyces lanuginosus Lipase immobilized in Octyl 

Methacylate support 

ORAC – Oxygen Radical Absorbance Capacity 

PC – Phosphatidylcholine 

PL – Phospholipid 

PNPB – p-Nitrophenyl Buthyrate 

PPL – Pig Pancreatic Lipase 

PUFA – Polyunsaturated Fatty Acid 

RML – Rhizomucor miehei Lipase 

SFE – Supercritical Fluid Extraction 

SPL – Structured Phospholipid 

SWE – Subcritical Water Extraction 

TAG/TG – Triacylglycerol 

TC – Taurocholic Acid 

TEAC – Trolox-Equivalent Antioxidant Capacity 

TEM – Transmission Electron Microscopy 

TLL – Thermomyces lanuginosus Lipase 

U – Activity Unit 

UNESCO – United Nations Educational, Scientific and Cultural Organization 

USP-NF – United States Pharmacopeia and National Formulary 
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