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LISTADO DE ABREVIATURAS
a.f. dngulo de fase

ABTS: acido 2,2 azino-bis (3-etilbenzotiazolina-6-
sulfénico)

ADN: acido desoxirribonucleico

AP5: salmén tratado por alta presidon (300 MPa,
5°C, 10 min)

AP40: salmon tratado por alta presién (300 MPa,
40 °C, 10 min)

ATP-asa: enzimas capaces de hidrolizar el adenin
trifosfato en adenin difosfato

ATR-FTIR: reflectancia total atenuada- espectro-
fotometria de infrarrojo por transformada de
Fourier

B: gelatina bovina /bovine gelatin

C: salmén cocinado a 90 °C

Ca: calcio

CE: Comunidad Europea

CECT: coleccidn espafiola de cultivos tipo

CEE: Comunidad Econdmica Europea

DPPH: 2,2-Difenil-1-picrilhidrazilo

DSC: calorimetria diferencial de barrido

EAR: elongacién en la ruptura

EET: encefalopatia espongiforme de transmision

F: gelatina de peces de aguas frias / cold-water
fish gelatin

FRAP: capacidad de reduccion del hierro
FT: fuerza de tension

G: gelatina de peces de aguas célidas /warm-
water fish gelatin

G’: médulo eldstico

G”’: médulo viscoso

Gly: glicina

GRAS: generalmente reconocido como seguro

ICso: concentracion requerida para una inhibicion
del 50 % de un proceso dado

LS: lignosulfonato /lignosulfonate

LSA: lignosulfonato calcico-magnésico de alto
contenido en azucar

LSb: lignosulfonato célcico-magnésico de bajo
contenido en azucar

LSc: lignosulfonato sédico de bajo contenido en
azucar

L1000: lignina 1000

L2400: lignina 2400

MAP: envasado en atmosfera modificada
MPa: Megapascales

Mg: magnesio

Na: sodio

NBVT: nitrégeno basico volatil total

-OCH3: grupo metoxi

Ph-OH: grupo fendlico

PVA: permeabilidad al vapor de agua

PAPS: salmén recubierto con pelicula de G-
L1000 y tratado por alta presion (300 MPa, 5 °C,
10 min)

PAP40: salmdn recubierto con pelicula de G-
L1000 y tratado por alta presion (300 MPa, 40
°C, 10 min)

S: salmon sin tratar

SAP: filetes de sardina tratados con alta (300
MPa, 5 °C, 10 min)

SF: solucion filmogénica
SP: filetes de sardina cubiertos con pelicula

SPAP: filetes de sardina cubiertos con peliculay
tratados con alta (300 MPa, 5 °C, 10 min)

SV: filetes de sardina envasados a vacio
TBA: &cido tiobarbiturico

Tf: temperatura de fusion

Tg: temperatura de transicion vitrea
Tgel: temperatura de gelificacion

TSE: transmission spongiform encephalopathy
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1.1 Resumen

1.1.1 Introduccidon

Los envases juegan un papel importante en la conservacion de los alimentos. En la sociedad
actual existen envases formados por compuestos sintéticos que generan gran cantidad de residuos
que ocasionan desventajas econdmicas y medioambientales (Kirwan & Strawbridge, 2003). Como
alternativa se presenta la utilizacién de compuestos biodegradables (Martin-Belloso, Rojas-Grau &
Soliva-Fortuny, 2009) principalmente biopolimeros, utilizados normalmente como matriz y soporte, y
compuestos naturales con propiedades antioxidantes, antimicrobianas, etc.

La gelatina es un material biopolimérico y biodegradable que se presenta como opcidn para
el envasado de alimentos. La gelatina puede proceder de distintas fuentes. En la literatura se reco-
gen numerosos trabajos en los que se utilizan gelatina bovina debido a sus excelentes propiedades;
sin embargo puede ser rechazada en algunas ocasiones por razones socioculturales, religiosas o
sanitarias (encefalopatia espongiforme de transimision, EET), por lo que el estudio de gelatinas de
diferentes origenes, alternativas a la gelatina bovina resulta de gran interés (Gomez-Guillén, Gimé-
nez, Lépez-Caballero & Montero, 2011), como es el caso de la gelatina de piel de pescado.

La lignina y el lignosulfonato son residuos industriales susceptibles de utilizacién para la
formulacion de materiales filmogénicos por su naturaleza polimérica, asi como por su biodegradabi-
lidad, baja citotoxicidad, alta capacidad antioxidante, etc. (Satyanarayana, Arizaga & Wypych, 2009;
Ugartondo, Mitjans & Vinardell, 2009). La lignina es un subproducto en la industria del papel pero al
mismo tiempo estd presente en todos los vegetales y forma parte de la fibra dietética (Elleuch, Bedi-
gian, Roiseux, Besbes, Blecker & Attia, 2011).

En la presente Memoria se han seleccionado como compuestos principales de estudio la ge-
latina (de distinta procedencia) y la lignina y lignosulfonatos (forma soluble de la lignina obtenida
mediante sulfonacion (Lehman, 1970)). Estos compuestos presentan la ventaja de ser biodegrada-
bles y ademas son subproductos de la Industria, por lo que su utilizacion representa una disminucién
de residuos, un aprovechamiento de los mismos y una mejora medioambiental.

El pescado es un producto altamente perecedero, muy suceptible a sufrir alteracion por mi-
croorganismos y procesos de enranciamiento, principalmente en especies grasas (Andersen, Bertel-
sen, Christophersen, Ohlen & Skibsted, 1990). Es por ello que un envasado activo solo o en combina-
cién con tecnologias de conservacion resulta de interés para retardar su deterioro y aumentar su

vida util.
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1.1.2 Objetivos

El objetivo de la presente Memoria es el desarrollo y estudio de peliculas compuestas de ge-
latina de diversos origenes y lignina o lignosulfonato, y su aplicacion para la conservacion de pesca-
do. Este objetivo general se puede desglosar en los siguientes objetivos parciales:

- Formulacidn y caracterizacion fisico-quimica de las peliculas obtenidas a partir de diversas
gelatinas (gelatina bovina, gelatina de peces de aguas frias y de peces de aguas cdlidas) y distintos
tipos de lignosulfonato y de lignina.

- Evaluacién de la capacidad antioxidante, antimicrobiana y citotoxicidad del lignosulfonato y
la lignina para su posible uso combinado con la gelatina en la obtencidn de peliculas activas.

- Evaluacién de la estabilidad fisico-quimica y funcional de las peliculas de gelatina y lignosul-
fonato en sistemas modelo.

- Estudio de conservacidén en refrigeracidn de sardina (Sardina pilchardus) y de salmén (Salmo
salar) recubiertos con pelicula de gelatina y lignina o lignosulfonato mediante tratamientos combi-

nados con alta presion.

1.1.3 Resultados

El plan de trabajo se llevé a cabo en dos etapas divididas a su vez en varios pasos:

a) Desarrollo de peliculas de gelatina bovina (B) y de peces de aguas frias (F) combinadas con
lignosulfonatos (LSa, LSb, LSc) y su aplicacion a filetes de sardina (Sardina pilchardus).

- Cuando se utiliza un ratio de LSa superior a 80:20 (F:LSa) se dificulta la generacion de la tripe
hélice de coldgeno, la propiedades reoldgicas empeoran y se produce una hidratacion mayor de la
proteina. Las peliculas formadas con un ratio 80:20 (F:LSa) presentan una Tg y una solubilidad menor
y una opacidad mayor que las peliculas que no tienen incorporadas en su composicion LSa. Otros
pardmetros como las propiedades mecanicas o la capacidad gelificante descienden y la permeacion
al vapor de agua aumenta levemente. El ratio dptimo para el desarrollo de peliculas de gelatina pro-
cedentes de peces de aguas frias y lignosulfonato es 80:20.

- El estudio fisico-quimico de las peliculas formadas por F o B junto con LSa u otros LS, (ratio
80:20) revela que B mejora las propiedades de las peliculas, en especial las formadas por B:LSa en
ratio 80:20.

- Los LS presentan una actividad antioxidante importante que resultan muy similares entre si.
La actividad antioxidante efectiva es mucho menor que la concentracion citotéxica en cada tipo de
LS. Los LS apenas poseen actividad antibacteriana, si bien presentan cierta capacidad antifungica.

- Las peliculas B:LSa 80:20 se conservaron en dos tipos de sistemas modelo (al aire y en con-
tacto con aceite de girasol). El contacto con el aceite produce modificaciones en la superficie de las
peliculas, lo que disminuye la solubilidad y refuerza las propiedades mecanicas. Durante el almace-

namiento, las peliculas de gelatina sufren procesos de entrecruzamiento, que se previenen en pre-
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sencia del LS. Las peliculas de B en contacto con agua forman un gel amorfo mientras que las pelicu-
las de B:LSa mantienen su estructura. La capacidad antioxidante no disminuye con el tiempo, inde-
pendientemente del modelo de almacenamiento.

- La combinacién de la alta presidn junto con pelicula de B:LSa aumenta la vida util de la sar-
dina, ya que durante la conservacidn se reduce el crecimiento microbiano y los fenédmenos de oxida-
cion.

b) Desarrollo de peliculas de gelatina de peces de aguas cdlidas (G) combinadas con lignina
1000 (L1000) o lignina 2400 (L2400) (ratio 85:15) y su aplicacion a salmén (Salmo salar).

- Las peliculas elaboradas con L1000 presentan mayor fuerza de tensidn y elongacion en la
ruptura y menor solubilidad, permeacién al vapor de agua y actividad de agua que una pelicula de G
o de G:L2400. Por todo ello, L1000 se considera la mejor lignina.

- La lignina provoca un mayor grado de interferencia con G (85:15 G:L1000) que el LS con B
(80:20 B:LSa), tanto desde el punto de vista reoldgico al estudiar las soluciones filmogénicas como
desde el punto de vista fisico al evaluar las peliculas.

- La lignina no presenta capacidad antimicrobiana pero es mas antioxidante que cualquier lig-
nosulfonato. La lignina es citotdxica a concentraciones inferiores a los LS pero en todos los casos se
da a concentraciones muy elevadas y muy superiores a las concentraciones de actividad efectiva
antioxidante. Las peliculas con L1000 son mds antioxidantes que las elaboradas con L2400 y gene-
ralmente muestran mayor capacidad antioxidante que las peliculas con LSa (por secuestro de radica-
les libres).

- El cocinado a 90 °C es la técnica que mds modifica el musculo del salmdén al compararlo con
el salmén crudo, mientras que la alta presidn a 5 °C junto con la pelicula de G:L1000 es la técnica que
conlleva la menor modificacidn. Estos resultados destacan especialmente al estudiar la desnaturali-
zacién y oxidacion proteica y los cambios en el color. La alta presién a 5°C combinada con pelicula

prolonga la vida util del salmén en mayor medida que otros tratamientos.

1.1.4 Conclusiones

PRIMERA. El lignosulfonato puede incorporarse en una proporcién éptima de 80 % gelatina —
20 % lignosulfonato para aumentar la resistencia al agua de peliculas de gelatina de peces de aguas
frias, que son extremadamente solubles, y para mejorar sus propiedades de barrera a la luz con el
minimo perjuicio de sus propiedades mecanicas. Dichas peliculas, sin embargo, son menos resisten-
tes al agua que las de gelatina bovina independientemente del tipo de lignosulfonato.

SEGUNDA. La utilizacién de gelatina de peces de aguas calidas adicionada de lignina L1000, en
una proporcién de 85 % gelatina — 15 % lignina, origina una pelicula de resistencia al agua compara-
ble a la de gelatina bovina y lignosulfonato, pero de mayor resistencia mecanica, mayor barrera a la

luz y menor permeabilidad al vapor.
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TERCERA. A nivel estructural, tanto el lignosulfonato como la lignina actuan preferentemente
a modo de relleno fisico de la matriz de gelatina e interfieren, con mayor intensidad en el caso de la
lignina, en la interaccion entre las cadenas polipeptidicas, favoreciendo una mayor interaccion de las
mismas con las moléculas de agua.

CUARTA. La capacidad antioxidante de la lignina L1000 es superior al doble de la de cualquier
lignosulfonatos estudiados, pero también lo es su citotoxicidad. No obstante, ambos tipos de com-
puestos producen peliculas con alta capacidad antioxidante a concentraciones no citotéxicas, por lo
gue se estiman potencialmente aptas para uso alimentario, a pesar de no presentar actividad anti-
microbiana efectiva.

QUINTA. El lignosulfonato dificulta la tendencia natural de la pelicula de gelatina a sufrir pro-
cesos de agregacion, razén por la cual las propiedades fisicas y antioxidantes de las peliculas comple-
jas no se modifican sustancialmente al cabo de 28 dias de conservacion.

SEXTA. El tratamiento combinado de alta presidn (300 MPa — 5 °C — 10 min) y recubrimiento
con pelicula de gelatina — lignosulfonato resulta mas efectivo que el envasado a vacio para prevenir
la oxidacidn lipidica y el deterioro microbiano del musculo de sardina durante la conservacién en
refrigeracion.

SEPTIMA. El tratamiento combinado de alta presién (300 MPa — 5 °C — 10 min) y recubrimien-
to con pelicula de gelatina — lignina previene parcialmente la oxidacion y agregacion proteica del
musculo de salmén y mantiene de forma mas eficaz su color caracteristico, en comparacién con un

tratamiento térmico convencional.
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1.2 Abstract

1.2.1 Introduction

The use of specific packaging plays an important role in food quality and preservation. In to-
day's society, packaging made of synthetic compounds produces a lot of waste, which cause eco-
nomic and environmental disadvantages (Kirwan & Strawbridge, 2003). Alternatively, biodegradable
compounds, mainly biopolymers, could be used as support matrix (Martin- Belloso et al., 2009) in
combination with natural compounds with antioxidant, antimicrobial, etc. properties.

Gelatin is a biodegradable biopolymer that could be presented as an option for food packag-
ing. Gelatin comes from different sources. In the literature, many works have been carried out using
bovine gelatin because of its excellent properties, but sometimes it can be rejected for cultural, reli-
gious or sanitary reasons (transimission spongiform encephalopathy, TSE), so the study of gelatins
from different origins, as an alternative to bovine gelatin, is of great interest (Gémez-Guillén et al.,
2011), as is the case of fish skin gelatin.

Lignin and lignosulphonate are industrial waste susceptible to be used in the formulation of
filmogenic materials due to their polymeric nature, as well as biodegradability, low cytotoxicity, high
antioxidant capacity, etc. (Satyanarayana et al., 2009; Ugartondo et al., 2009). Lignin is a byproduct
of the paper industry but lignin is also present in all plants and takes part of the dietary fiber (Elleuch
etal, 2011).

In the present Report, gelatin (from different sources) and lignin and lignosulphonates (solu-
ble form of lignin obtained by sulfonation (Lehman, 1970)) have been selected as lead compounds.
These compounds have the advantage of being biodegradable and they are industrial byproducts, so
their use represents an important waste reduction and a profitable solution for environmental im-
provement.

Fish is a highly perishable product, very susceptible to be spoiled by microorganisms and ox-
idative processes, especially in fatty species (Andersen, 1990). That is why active packaging alone or
in combination with preservation technologies could be of interest to delay spoilage and extend the

self- life of fish.

1.2.2 Objectives

The purpose of this Report is the development and study of gelatin composite films of various
origins and lignin or lignosulphonate, and their application to fish preservation. This overall objective

can be divided into the following sub-objectives:
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- Formulation and physicochemical characterization of films obtained from various gelatins
(bovine gelatin, cold water fish gelatin and warm water fish gelatin) and different types of lignin and
lignosulphonates.

- Evaluation of the antioxidant, antimicrobial and cytotoxicity properties of lignin and
lignosulphonate for their possible use in combination with gelatin to obtain active films.

- Evaluation of the physicochemical and functional stability of lignosulphonate gelatin films in
model systems.

- Study of cold preservation of sardine (Sardina pilchardus) and salmon (Salmo salar) coated
with gelatin and lignin or lignosulphonate films alone and in combination with high pressure treat-

ments.

1.2.3 Results

The work plan was carried out following two stages divided into several steps:

a) Development of bovine gelatin films (B) and cold-water fish gelatin films (F) combined with
lignosulphonates (LSa, LSb, LSc) and its application for sardine (Sardina pilchardus) fillets preserva-
tion.

- When a ratio of LSa higher than 80:20 (F: LSa) was used the collagen triple helical structure
was difficult to generate. The rheological properties got worse and a greater protein hydration was
produced. Films formed with a ratio 80:20 (F: LSa) had lower Tg and water solubility and higher opac-
ity than the films without LSa in their composition. Other parameters such as mechanical properties
or the gelling ability descended whereas water vapor permeability increased slightly. The optimum
ratio for the development of cold water fish gelatin lignosulphonate films was 80:20.

- Physico-chemical study of films formed by F or B with other LS (ratio 80:20) revealed that
the use of B and LSa in ratio 80:20 improved the film properties. All LS had significant antioxidant
activities which were very similar among them. The effective antioxidant concentrations were con-
siderably smaller than the cytotoxic ones for each type of LS. The LS did not possess antibacterial
activity, while some antifungal activity was detected.

- Films B:Lsa (80:20) were preserved in two model systems (in air and in contact with sun-
flower oil). The oil induced changes at the surface of films, thereby decreasing the solubility and
enhancing the mechanical properties. During storage, gelatin films suffered crosslinking processes,
which were prevented in the presence of LS. B films in contact with water formed a gel while B: Lsa
films mantained their structure. The antioxidant capacity did not decrease with time, independently
of the storage model.

- The combination of high pressure with film B:LSa extended the self-life of sardine fillets dur-

ing storage since the combined treatment reduced both microbial growth and oxidation phenomena.
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b) Development of warm-water fish gelatin films(G) combined with lignin 1000 (L1000) or lig-
nin 2400 (L2400) (ratio 85:15) and their application for salmon (Salmo salar) preservation.

- The films made with L1000 had higher tensile strength and elongation at break, and lower
solubility, water vapor permeability and water activity than G or G: L2400 films. Therefore, L1000
lignin was considered the best one.

- From the study of the rheological behavior of film forming solutions and physical properties
of films, lignin was found to cause higher interference with G (85:15 G: L1000) than LS with B (80:20
B: LSa). Lignin had no antimicrobial properties but presented higher antioxidant capacity than any
ligno-sulphonate. Lignin was cytotoxic at lower concentrations than LS but in all cases cytotoxic con-
centrations were much higher than effective antioxidant concentrations. Films with L1000 were
more antioxidant than those made with L2400 and generally showed higher antioxidant capacity
than films with LSa (free radical scavenging capacity).

- Heating at 90 °C was the treatment that greater modified the salmon muscle when com-
pared to the raw salmon, while the high pressure at 5 °C combined with the film G: L1000 was the
mildest treatment. These results highlighted especially when studying protein denaturation and
oxidation, as well as color changes. The high pressure at 5 °C combined with film extended the self-

life of salmon more than other treatments.

1.2.4 Conclusions

FIRST. The lignosulphonate may be incorporated in an optimal ratio of 80% gelatin - 20%
lignosulfonate to increase the water resistance of cold water fish gelatin films, which are extremely
soluble, and to improve their light barrier properties with the minimum damage in their mechanical
properties. Such films, however, were less water resistant than those developed from bovine gelatin,
regardless of the lignosulphonate type.

SECOND. The use of warm water fish gelatin and lignin L1000, added in a proportion of 85%
gelatin - 15% lignin, led to a film with water resistance comparable to that made of bovine gelatin
and lignosulphonate, but with higher strength and lower water vapor permeability.

THIRD. Structurally, both lignin and lignosulphonate acted preferably as a physical filler in the
gelatin matrix and interfered, with higher intensity in the case of lignin, in the self-aggregation of the
polypeptide chains, favoring greater gelatin-water interactions.

FOURTH. The antioxidant capacity of lignin L1000 was approximately 2.5 times higher than
any lignosulphonate studied, but also was its cytotoxicity. However, both types of compounds pro-
duced films with high antioxidant capacity at non-cytotoxic concentrations, and therefore they were

potentially suitable for food use, despite presenting no effective antimicrobial properties.
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FIFTH. The lignosulphonate hampers the natural tendency of the gelatin film to suffer aggre-
gation processes, which explained why the physical and antioxidants properties of the complex films
did not change substantially after 28 days of storage.

SIXTH. A combined treatment of high pressure (300 MPa - 5 °C - 10 min) and covering with
gelatin- lignosulphonate film was more effective than vacuum packaging to prevent lipid oxidation
and microbial spoilage of sardine muscle during chilled storage.

SEVENTH. A combined treatment of high pressure (300 MPa - 5 °C - 10 min) and covering with
gelatin-lignin film partially prevented protein aggregation and oxidation of salmon muscle, and main-

tained more effectively its characteristic color in comparison with a conventional heat treatment.
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2.1 Los envases

2.1.1 Introduccidon

Desde la antigliedad, el envasado es una técnica de conservacién utilizada para preservar los
alimentos. El envasado juega un papel importante en la produccion de alimentos seguros y de cali-
dad (Rahman, 1999) y tiene cinco principales funciones como son: contener el producto, preservar y
mantener la calidad, buena presentacién y comodidad, proteger al alimento y proporcionar informa-
cién al consumidor.

El envasado de los alimentos es una técnica fundamental para conservar su calidad, reducir al
minimo su deterioro y limitar el uso de aditivos. El envase preserva la forma y la textura del alimento
gue contiene, evita que pierda sabor o aroma, prolonga el tiempo de almacenamiento y regula el
contenido de agua o humedad. Los envases protegen a los alimentos y bebidas de una serie de agen-
tes externos procedentes del ambiente como el calor, la humedad, la luz, microorganismos, sucie-
dad, gases, etc. El envase asimismo permite a los fabricantes ofrecer informacién sobre las carac-
teristicas del producto envasado, su contenido nutricional y su composicion (Restuccia, Spizzirri,
Parisi, Cirillo, Curcio, Lemma & Picci, 2010) y constituye un buen vehiculo para transmitir a los usua-
rios informacidn sobre el contenido; debe tener una forma y tamafio correctos y una presentacion

atractiva a los ojos del consumidor.

2.1.2 Problematica con los materiales utilizados actualmente: uso de plasticos

Los materiales mds cominmente utilizados para el envasado de alimentos y bebidas son los
plasticos derivados del petrdleo, seguidos del papel, fibras, vidrio, acero y aluminio, etc. Los plasticos
son muy versatiles en cuanto a la forma y tamafio, ademas de por sus propiedades como ligereza,
resistencia, comodidad, higiene, etc. (Garcia-Diaz & Macias-Matos, 2008) y presentan una serie de
ventajas adicionales relacionadas con su dureza y bajo peso. Sin embargo, los plasticos generan una
gran cantidad de residuos no biodegradables (Kirwan et al., 2003). La acumulacién de este tipo de
residuos se debe fundamentalmente al gran nivel de consumo y la incapacidad de la naturaleza de
degradar estos productos (Gémez Antdn & Gil Bercero, 1997). Ademas, por problemas de seguridad
y medioambientales, el reciclado de plasticos resulta complicado por razones técnicas y econdmicas
(Aguado & Serrano, 1999). De forma adicional a la problematica que se plantea en cuanto a su acu-
mulo y falta de degradacion, los plasticos pueden transportar hacia el alimento o bebida ciertos
compuestos no deseables, como por ejemplo plastificantes o aditivos (Nerin De La Puerta, 2009). Por
ello resulta de gran interés el desarrollo de alternativas a los plasticos convencionales, considerando

la utilizacién de biopolimeros una buena opcidn con aplicacién en el campo de los envases.


http://www.monografias.com/trabajos901/evolucion-historica-concepciones-tiempo/evolucion-historica-concepciones-tiempo.shtml
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2.1.3 Tecnologias de conservacion

La calidad sensorial, nutritiva y organoléptica de los alimentos se puede modificar debido a la
actividad metabdlica del propio producto y de los microorganismos presentes. Las bajas temperatu-
ras y una correcta manipulacion higiénica son factores importantes que afectan a la calidad del ali-

mento.

2.1.3.1 Envasado en atmdsferas modificadas

El envasado en atmdsferas modificadas (Modified Atmosphere Packaging, MAP) es un méto-
do de conservacion que minimiza los fendmenos fisioldgicos y microbianos adversos de los produc-
tos perecederos mediante la implantacién de una atmdsfera diferente de la composicion normal del
aire (Church, 1994). El envasado a vacio se define como el envasado de un producto en un recipiente
hermético en el cual se elimina el aire con el fin de prevenir el crecimiento de microorganismos ae-
robios, oxidaciones, alteraciones de color (Genigeorgis, 1985). El envasado a vacio es una variacion
de atmodsfera modificada, puesto que eliminar el aire de un envase es en si mismo una forma de
modificar la atmdsfera; ademas, en el interior de estos envases es frecuente la produccion de 10-
20% de CO, debido al metabolismo microbiano (Jensen, Petersen, Roge & Jepsen, 1980; Silliker &
Wolfe, 1980; Hintlian & Hotchkiss, 1986). El envasado a vacio favorece la retencién de los compues-
tos volatiles responsables del aroma, lo que resulta muy apreciado en determinados productos como
el café. Ademas impide las quemaduras por frio, la formacidon de cristales de hielo y la deshidratacion
de la superficie del alimento gracias a la barrera de humedad de pequefio espesor existente entre el

material de envasado y el producto.

2.1.3.2 Alta presion en el envasado de alimentos

La alta presion hidrostatica se basa en el principio de Le Chatelier, de acuerdo al cual cual-
quier reaccién, cambio conformacional o transicion de fase que se acompafia por un descenso de
volumen se vera favorecida a altas presiones, mientras que las reacciones que involucran un aumen-
to de volumen se inhibiran (Ledward, 1995).

La presidn es una variable termodindmica importante y puede afectar a un amplio campo de
estructuras, reacciones y procesos bioldgicos (Earnshaw, 1996), y su efecto dependera del nivel de
presién aplicada, tiempo, temperatura de proceso y tipo de alimento.

Una de las principales ventajas de la alta presion es que afecta muy ligeramente la composi-
cién del alimento, y como consecuencia los atributos nutricionales permanecen préacticamente intac-
tos. La alta presidn conserva micronutrientes como aminoacidos y vitaminas, asi como componentes
responsables del sabor (Knorr, 2000). Sin embargo, los tratamientos aplicados por encima de 200
MPa pueden producir modificaciones en el color, dando al alimento un aspecto de producto cocina-

do (Montero & Gomez-Guillén, 2005).
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La alta presion modifica las propiedades funcionales en productos cérnicos y pesqueros, indu-
ciendo la desnaturalizacién y la gelificacion de la proteina del musculo (Cheftel & Culioli, 1997). Al
mismo tiempo, induce una agregacion similar a la que se obtiene cuando hay tratamientos térmicos
a nivel de interaccion de la cabeza de la miosina (Yamamoto, Hayashi & Yasui, 1993). Sin embargo, la
naturaleza de tales interacciones difiere ligeramente. Asi, las presiones favorecen la formacién de
enlaces de hidrogeno labiles al calor mientras que los enlaces disulfuro o interacciones hidrofébicas
juegan un rol importantes en la estabilizacién de estructuras inducidas por el calor (Angsupanich,
Edde & Ledward, 1999).

Aunque estd generalmente asumido que la alta presién puede favorecer la oxidacion lipidica,
este efecto depende en gran parte del nivel de presidn, el tipo de alimento y el almacenamiento, asi
como de la temperatura del proceso a la que se lleva a cabo (Gdmez-Estaca, Gomez-Guillén & Mon-
tero, 2007)

Sin duda, uno de los principales efectos de la alta presion es el relacionado con la inactivacion
de los microorganismos. Si bien el mecanismo de accion no estd total esclarecido, la membrana
constituye un drgano diana (Hoover, Metrick, Papineau, Farkas & Knorr, 1989). También tiene lugar
una posible inactivacion de las enzimas, como las involucradas en la replicacion del ADN vy la trans-
cripcidn (Hoover et al., 1989). Ademds de la alteracidén de la membrana, también se produce un des-
censo del pH en el medio intracelular debido al incremento de la disociacidn idnica; la presion provo-
ca la separacién de las cargas eléctricas ya que éstas organizan las moléculas de agua alrededor de
ellas, descendiendo el volumen total del sistema (Cheftel, 1995). También se origina una pérdida de
la actividad ATP-asa en la membrana (Smelt, 1995). En resumen, la alta presién puede desnaturalizar
enzimas o provocar una alteracion en las funciones de membrana, y como consecuencia los microor-
ganismos pueden morir por acidificacién interna. Por otro lado, las presiones superiores a 100-200
MPa a menudo provocan disociacion de estructuras oligoméricas en subunidades, desdoblamiento
parcial y desnaturalizacion de estructuras monomeéricas, agregacion de proteinas y gelificacién pro-

teica si la concentracion de proteinas y la presidn son suficientemente altas (Cheftel, 1995).

2.1.3.3 Envasado activo

Desde hace varios afios los materiales utilizados en el envasado de alimentos se disefian con

Iu

el objetivo de interactuar con los alimentos. En el “envasado activo”, a los materiales se les incorpo-
ran agentes, por ejemplo antimicrobianos o antioxidantes, con objeto de alargar la vida atil y man-
tener o incluso aumentar la calidad del alimento (Lépez De Lacey, 2012). Para llevar a cabo este tipo
de envases se utilizan materiales no comestibles como papel, plastico, metales, etc. (Dainelli, Gon-
tard, Spyrooulos, Zondervan Van Den Beuken & Tobback, 2008) aunque también se pueden utilizar

materiales biodegradables (Martin-Belloso et al., 2009). Los agentes activos se incorporan al material

gue conforma el envase con el objetivo de que se liberen al alimento por contacto directo o por
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proximidad. Se puede distinguir entre agentes activos, ya mencionados y agentes bioactivos, que
ademas tienen una repercusion sobre la salud del consumidor.

La incorporacién de un agente activo/bioactivo a un envase ofrece una serie de ventajas a la
incorporacion directa del agente al alimento, como por ejemplo la liberacidén controlada del agente,
efecto localizado e incluso reducir la dosis del mismo (Martin-Belloso et al., 2009). Ademas, hay que
valorar las posibles interacciones entre el agente activo y los componentes del envase, asi como del

propio alimento.

2.1.4 Uso de biopolimeros y su aplicacion en peliculas comestibles

La sociedad occidental esta experimentando una tendencia creciente hacia el consumismo
“verde”, un deseo por la menor incorporacién de aditivos sintéticos a los alimentos y por los produc-
tos que impacten menos al medioambiente (Burt, 2004). Esta tendencia conlleva una investigacién
en el desarrollo de nuevos materiales biodegradables para el envasado, con el empeo de polimeros
de origen natural que constituyan una alternativa parcial a los envases plasticos. Los biopolimeros,
considerados como polimeros derivados de recursos renovables (Petersen, Nielsen, Bertelsen, Lawt-
her, Olsen, Nilsson & Mortensen, 1999), pueden utilizarse en la fabricacidon de envases biodegrada-
bles que se transformaran como consecuencia de la accion de microorganismos, foto-degradacion o
degradacion quimica (Petersen et al., 1999), y que ademas pueden ser comestibles.

Los biopolimeros se utilizan para la elaboracion de dos tipos de envases: peliculas y recubri-

mientos (Petersen et al., 1999). Un recubrimiento o cobertura comestible es una capa formada como
un revestimiento sobre el alimento, mientras que una pelicula es una capa ya prefabricada que se
aplica sobre el producto (Krochta & De Mulder-Johnston, 1997) (Gomez-Estaca, Montero, Giménez &
Gomez-Guillén, 2007). La presente Memoria estd dirigida hacia la formacidn y estudio de peliculas,
por lo que es en este tipo de envase en el que se centrara la informacién.

Estos biopolimeros se clasifican en cuatro grandes categorias: polisacaridos, proteinas, lipidos
y poliésteres (Tharanathahan, 2003) donde en muchos casos estos productos son desechos y/o ex-
cedentes de productos de la pesca, agricultura o ganaderia (Gomez-Estaca, Lépez De Lacey, Lopez-

Caballero, Gomez-Guillén & Montero, 2010).

2.1.4.1 Proteinas

Las proteinas utilizadas en la elaboracion de las peliculas son de origen vegetal o animal y las
mas representativas son la albimina, gluten, proteinas lacteas, zeina o gelatina. Las peliculas elabo-
radas a partir de proteinas poseen buenas propiedades mecanicas y Opticas pero son altamente
sensibles a la humedad y presentan una escasa propiedad de barrera al vapor de agua. Este hecho

podria representar un problema a la hora de aplicarlos a productos con alto contenido en humedad,
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porque las peliculas se podrian hinchar, disolver o desintegrar al ponerse en contacto con el agua

(Gémez-Guillén, Pérez-Mateos, Gomez-Estaca, Lopez-Caballero, Giménez & Montero, 2009).

2.1.4.2 Polisacaridos, lipidos y poliésteres

Los polisacaridos se utilizan generalmente como estabilizantes o agentes gelificantes. Tienen
varios origenes: celulosa y derivados, almidones y derivados, pectina y arabinoxilanos, gomas pro-
cedentes de algas (alginatos o carragenatos), o gomas procedecentes de microorganismos (pululano,
xantano o gelan) (Guilbert & Contard, 2005). Las propiedades de las peliculas formadas por polisaca-
ridos dependen de la estructura del mismo, ya que el numero de enlaces de hidrégeno intermolecu-
lares o el peso molecular afectan a las propiedades finales de las peliculas. Asi por ejemplo, los poli-
sacaridos de alto peso molecular no idnicos forman peliculas mas resistentes mientras que los poli-
sacaridos mds ramificados (con carga o no), dan lugar a peliculas mas débiles (Nieto, 2009). Al igual
que las peliculas realizadas a base de proteinas, las peliculas de polisacaridos poseen buenas propie-
dades mecanicas y dpticas pero son muy sensibles al agua y al vapor de agua.

Por otro lado, las peliculas elaboradas a partir de lipidos (ceras, aceites, etc.) y poliésteres (po-
li-D-B-hidroxibutirato, 4cido polilactico, etc.) tienen buenas propiedades de barrera al vapor de agua
pero normalmente son poco flexibles y opacas; ademas, las peliculas de lipidos tienden a enranciarse

y presentan gran fragilidad (Gontard & Guilbert, 1999) (Gomez-Guillén et al., 2009).

2.1.4.3 Combinacion de polimeros

La tendencia actual en el disefio de materiales biodegradables para el envasado de alimentos
es combinar diferentes biopolimeros para mejorar asi las propiedades finales del envase. Las pelicu-
las formuladas con hidrocoloides mejoraran las propiedades de barrera al agua o al oxigeno con la
incorporacion de lipidos a su formulacion. A modo de ejemplo, aceite de girasol se ha incorporado a
peliculas de almidén (Garcia, Martino & Zaritzky, 2000) y se han combinado alginatos con mono y
diglicéridos de acido acético (Hambleton, Debeaufort, Bonnotte & Voilley, 2009) donde también se
mejoran las propiedades mecanicas. Otra combinacion es el uso de gelatina de peces de aguas frias
junto con polisacaridos (gelano y K-carragenato), donde se observd un aumento en la fuerza de ten-
sidn y una mejora en las propiedades de barrera frente al vapor de agua, si bien las peliculas resulta-
ron ser ligeramente mas oscuras (Pranoto, Lee & Park, 2007). También se recogen en la literatura
otros ejemplos como peliculas realizadas a partir de de gelatina y caseinatos (Chambi & Grosso,
2006), gelatina y alginatos (Boanini, Rubini, Panzavolta & Bigi, 2010), gelatina y goma gellan (Lee,
Shim & Lee, 2004), almiddn y derivados (Ban, Song, Argyropoulos & Lucia, 2006), o celulosa, almiddn
y lignina (Wu, Wang, Li, Li & Wang, 2009), etc.
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2.1.4.4 Peliculas activas: incorporacion de agentes antimicrobianos y antioxidantes

Las peliculas comestibles contribuyen a mantener la calidad del producto, mejoran las pro-
piedades sensoriales, aumentan su seguridad e incrementan la vida atil de productos listos para
comer (Beverlya, Janes, Prinyawiwatkula & No, 2008). Estas peliculas actian como barrera al oxigeno
y al agua y por tanto disminuyen la velocidad de reacciones de oxidacién; también ayudan a mante-
ner la humedad, mejorando asi la calidad y alargando la vida util del alimento (Gennadios, Hanna &
Kurth, 1997). Para controlar de forma mas eficaz la oxidacidn de los alimentos y su deterioro debido
a la accion de los microorganismos, existe un gran interés en la formulacion de peliculas activas co-
mestibles y/o biodegradables, basadas en la incorporacion de un compuesto antioxidante o antimi-
crobiano en la matriz polimérica (Gomez-Guillén, Pérez-Mateos, Gomez-Estaca, Lopez-Caballero,
Giménez & Montero, 2009; Guilbert, Gontard & Gorris, 1996).

Un antioxidante o una mezcla de ellos puede incorporarse al envase y liberarse al alimento,
protegiendo a la superficie de procesos de enranciamiento contribuyendo asi al aumento de su vida
util. Una liberacion lenta ademas proporciona una reposicidén continua de antioxidantes al alimento.
Asi por ejemplo, existe un gran interés por antioxidantes naturales como la vitamina E, sesamol y
acido carnosinico en sistemas alimentarios (Rooney & Yam, 2004), hidroxitolueno butilado (Butyla-
ted-hydroxytoulene, BHT) (Jongjareonrak, Benjakul, Visessanguan & Tanaka, 2008) o bien sobre
muchos otros compuestos naturales como acido ascérbico, acido citrico, etc. (Martin-Belloso et al.,
2009), especias como orégano y romero (Gomez-Estaca, Bravo, Gémez-Guillén, Aleman & Montero,
2009), etc.

Los compuestos reconocidos como seguros (Generally Recognized As Safe, GRAS) se extien-
den a compuestos antimicrobianos que se emplean para controlar la incidencia o minimizar el nime-
ro de patégenos transmitidos por los alimentos. En los ultimos afios aparecen investigaciones basa-
das en utilizar cultivos iniciadores de bacterias (bioconservancion) y extractos de plantas como ba-
rreras antimicrobianas (Zhu, Du, Cordray & Ahn, 2005). Un agente antimicrobiano ha de controlar la
microbiota del alimento para aumentar asi su vida util. Son muchos los antimicrobianos utilizados y
recogidos en la literatura, entre ellos el quitosano (Lopez-Caballero, Gdmez-Guillén, Pérez-Mateos &
Montero, 2005), aceites esenciales (Burt, 2004) como el clavo (Gémez-Estaca, Lopez De Lacey,
Gomez-Guillén, Lopez-Caballero & Montero, 2009), sangre de drago (Rossi, Guerrini, Maietti, Bruni,
Paganetto, Poli, Scalvenzi, Radice, Saro & Sacchetti, 2011), extractos de té (Friedman, 2007), extrac-

tos de romero (Del Campo, Amiot & Nguyen-The, 2000), especias (Ceylan & Fung, 2004), etc.
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2.2 Gelatina

2.2.1 Introduccidon

La gelatina se obtiene por hidrélisis del colageno, siendo la principal proteina fibrosa constitu-
yente de los huesos, cartilagos y pieles (Gdmez-Guillén et al., 2011). La fuente, edad del animal y el
tipo de coldgeno son factores intrinsecos que influyen en las propiedades de la gelatina (Johnston-
Banks, 1990). Hasta la fecha se conocen mas de 27 tipos de colageno, pero es el denominado cola-
geno tipo | el que se encuentra en mayor cantidad en el tejido conectivo.

El coldgeno intersticial estd compuesto por tres cadenas enrolladas en si mismas formando la
denominada triple hélice de coldgeno. Esta particular estructura, principalmente estabilizada por
puentes de hidrégeno existentes intra- e intercadenas, es el producto de una casi repetitiva secuen-
cia Gly-X-Y, donde Gly es el aminoacido Glicina y X e Y suelen ser prolina e hidroxiprolina, respecti-

vamente (Asghar & Henrickson, 1982).

HO__ ) Hy OH

Figura 1. Estructura de los aminodcidos glicina (a), prolina (b) e hidroxiprolina (c).

La regidon N- y C- terminal, llamada telopéptidos (de entre 15 y 26 aminoacidos), no forma la
estructura triple helicoidal y en gran parte esta formada por lisina e hidroxilisina, asi como por sus
aldehidos derivados. Generalmente de cuatro a ocho moléculas de coldgeno se encuentran estabili-
zadas y reforzadas por enlaces covalentes para constituir la union basica de fibras de colageno. Por
tanto, la dureza y rigidez tipica de la piel, tendones y huesos se debe a la estructura basica formada
por muchas de estas fibras de coldgeno entrecruzadas.

El colageno nativo es insoluble y debe sufrir un pre-tratamiento antes de convertirse en un
producto disponible para posterior extraccidon, que normalmente se realiza por calentamiento en
agua a temperaturas superiores a 45 °C.

Un pre-tratamiento quimico rompe los enlaces no covalentes y desorganiza la estructura pro-
teica, produciendo por tanto un hinchamiento y solubilizacién del coldgeno (Stainsby, 1987). Subse-
cuentes tratamientos por calor romperan los enlaces covalentes, lo que provocara la desestabiliza-
cién de la triple hélice, la cual se desenrollard y finalmente dara lugar a gelatina soluble (Gémez-

Guillén et al., 2011) .
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El grado de conversion del coldgeno en gelatina esta relacionado con la severidad del pre-
tratamiento y del procedimiento de extraccién en agua caliente, asi como del pH, temperatura y
tiempo de extraccion (Johnston-Banks, 1990). De este modo se obtienen dos tipos de gelatinas de-
nominadas tipo A (con punto isoeléctrico entre pH=8 y pH=9), obtenidas con un pre-tratamiento
acido, y gelatinas tipo B (con punto isoeléctrico entre pH=4 y pH=5), obtenidas con pre-tratamiento
alcalino. Debido a la sensibilidad a pH acido del colageno inmaduro (por ejemplo, el que esta pre-
sente en la piel del pescado), un tratamiento acido moderado es suficiente para conseguir su solubi-

lizacion (Montero, Borderias, Turnay & Leyzarbe, 1990).

COLAGENO
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Figura 2. Estructura del colageno. (Adaptado de la Universidad de Colombia,

Direccion de Nacional de Servicios Académicos Virtuales).

La calidad de la gelatina obtenida y las aplicaciones depende en gran medida de sus propie-
dades reoldgicas (Stainsby, 1987). Ademas de las propiedades fisico-quimicas basicas (pardmetros de
composicidn, solubilidad, transparencia, color, olor y gusto), los principales atributos que mejor
definen la calidad comercial de una gelatina es su fuerza de gel y su estabilidad térmica (temperatura
de gelificacidn y de fusidn). Para estandarizar estos valores, las medidas de fuerza de gel se determi-
nan mediante el llamado test de Bloom, que consiste en llevar a cabo un protocolo definido a una
concentracion de gelatina (6,67 %), temperatura (10 °C) y tiempo de maduracién (17 h), permitiendo
asi normalizar el parametro (Wainewright, 1977). Ambos, fuerza de gel y termoestabilidad, son al-
tamente dependientes de las propiedades moleculares de la gelatina, en especial con respecto a la
composicién de aminodcidos y a la distribucién de peso molecular (Gomez-Guillén et al., 2011). Los
procesos de extraccion se pueden modificar para aumentar el rendimiento de la extraccidon y mejo-
rar las propiedades reoldgicas. Asi por ejemplo se han utilizado diferentes acidos organicos en el pre-

tratamiento de las pieles (Giménez, Turnay, Lizarbe, Montero & Gémez-Guillén, 2005), distintas sales
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para el lavado (Giménez, Gémez-Guillén & Montero, 2005), tratamientos de alta presién (Gémez-
Guillén, Giménez & Montero, 2005), o incorporando enzimas como la pepsina (Nalinanon, Benjakul,
Visessanguan & Kishimura, 2008). De esta manera, se pueden obtener gelatinas con éptimas propie-

dades y de gran aplicacion en la industria alimentaria.

Figura 3. Escultura de colageno (realizada por Julian Voss-Andraea), Stainless steel,

“Unraveling Collagen”, 2005.

2.2.2 Peliculas de gelatina

La gelatina se emplea como ingrediente para mejorar la elasticidad, consistencia y estabilidad
de los alimentos. Su utilizacidn para encapsular y elaborar peliculas hace de la gelatina un producto
interesante en varios sectores como el fotografico, el farmacéutico y el alimentario. El uso de pelicu-
las comestibles ayuda a mantener la calidad de los alimentos, a mejorar las propiedades sensoriales
y la seguridad e incrementar la vida util de varios productos “listos para comer” (Beverlya et al.,
2008).

Como norma, las propiedades fisicas de las peliculas de gelatina dependen principalmente de
las propiedades de los materiales de partida (diferente segun origen) y de las condiciones de obten-
cién. Las propiedades también dependen de los parametros fisicos utilizados en el proceso de fabri-
cacion de la pelicula, como la temperatura y el tiempo de secado (Menegalli, Sobral, Roques & Lau-
rent, 1999) y de los ingredientes de la formulacién, como la adicion de plastificantes (Vanin, Sobral,
Menegalli, Carvalho & Habitante, 2005) o agentes entrecruzantes (Bigi, Cojazzi, Panzavolta, Rubini &
Roveri, 2001). Los plastificantes son hidrofilicos, tienen bajo peso molecular y se pueden unir a la red
proteica facilmente formando puentes de hidrégeno con los grupos activos o los aminoacidos, redu-

ciendo asi las interacciones proteina-proteina; una concentracion alta de plastificantes dara lugar a
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unas peliculas menos rigidas y duras y mas extensibles (Arvanitoyannis, 2002; Cuq, Gontard, Cuq &
Guilbert, 1997).

Las peliculas de gelatina se forman principalmente mediante dos procesos: por moldeo (“cas-
ting”) o por extrusién (Hernandez-lzquierdo & Krochta, 2008). El mas utilizado es por “casting”, pro-
ceso por el que el biopolimerose disuelve junto con resto de ingredientes de la formulacién para
obtener una solucion filmogénica, la cual se vierte sobre una placa y se seca para eliminar el disol-
vente. El método de extrusion se basa en el comportamiento termoplastico de las proteinas en con-
diciones de bajo grado de humedad, siguiendo un método de presidn en caliente a temperaturas
superiores a 80°C. Este método puede afectar a las propiedades, si bien su utilizacion podria aumen-
tar la comercializacion de las peliculas, pues permite el trabajo en continuo (Gémez-Guillén et al.,

2009).

2.2.3 Tipos de gelatina

La gelatina se extrae convencionalmente a partir del colageno presente en la piel y en los
huesos de ciertas especies de mamiferos (principalmente ganado vacuno y porcino), pero debido a
las consideraciones socioculturales, religiosas (la religion musulmana y judia no permiten comer
productos porcinos mientras que la religion hindi lo hace con los productos bovinos) y de sanitarias
(problemas relacionados con la transmision de encefalopatia espongiforme bovina) se estan conside-
rando otras alternativas. Los materiales de desecho de pescado y aves de corral reciben una conside-
rable atencién en la actualidad, si bien su produccién sigue siendo limitada y por ello son menos

competitiva en precio que las gelatinas de mamiferos (Gémez-Guillén et al., 2009).

2.2.3.1 Gelatinas de mamifero

Los materiales de desecho mas cominmente utilizados para la extraccion del coldgeno y la
obtencion de la gelatina son las pieles y cueros, huesos, tendones y cartilagos. La piel porcina fue el
primer material de desecho utilizado para la manufactura de la gelatina en la década de los ‘30 y
continda siendo uno de los mas importantes materiales en la escala de la produccion industrial
(Gémez-Guillén et al., 2009), junto con la obtenida del cuero bovino (Pranoto et al., 2007). La tempe-
ratura de fusidn y gelificacién de la gelatina esta relacionada con la proporcién de los aminodcidos
Prolina e Hidroxiprolina en el colageno original (Veis, 1964), involucradas en la generacion de las
zonas de nucleacion que dan lugar a la formacidn de las estructuras de triple hélice (Ledward, 1986)
y que son responsables de las buenas propiedades reoldgicas (Gudmundsson & Hafsteinsson, 1997)
y mecanicas. El contenido en estos aminodcidos suele ser del 24 % para los mamiferos y del 16-18 %
para la mayoria de los peces (Gilsenan & S.B., 2000), por lo que existen grandes diferencias entre

estos tipos de gelatinas.
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2.2.3.2 Gelatinas de pescado

Sélo el 25-30 % del pescado o de los productos del mar capturados se consumen, el resto se
utiliza para alimentacion animal o se desechan como residuos, lo que representa un alto coste
econémico y medioambiental. Con el fin de reducir estas pérdidas, desde hace varios afos se fomen-
tan estrategias para desarrollar productos funcionales de alta calidad para su utilizacién en alimenta-
cién humana o incluso compuestos bioldgicamente activos con beneficios nutricionales o medicina-
les, lo que incrementaria su valor en el mercado.

Las gelatinas de pescado poseen buenas propiedades formadoras de peliculas, ya que son
transparentes, poco coloreadas y extensibles (Avena-Bustillos, Olsen, Olson, Chiou, Yee & Bechtel,
2006). El colageno de las pieles de pescado se caracteriza por el bajo grado de entrecruzamiento
covalente (a nivel intra e inter catenario) (Montero, 1990). La principal desventaja de las gelatinas
de pescado, respecto a las de mamifero, es que forman geles menos estables, en especial las proce-

dentes de peces de aguas frias (bacalao, salmoén o abadejo, (Gudmundsson et al., 1997)). Este hecho

esta relacionado con el menor niumero de regiones ricas en Prolina e Hidroxipolina en el colageno
comparado con el numero existente en los animales de sangre caliente. Ademas, las peliculas a las
que da lugar son muy solubles en agua (Carvalho, 2008) lo que supone una desventaja a la hora de

aplicarlas en los alimentos.
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Figura 4. Imagenes de gelatina de peces de aguas frias (a), de peces de aguas calidas (b) y bovina (c).

Sin embargo, algunos estudios indican que cierto tipo de gelatinas de pescado (atun, tilapia,
pez gato, etc.), aunque no son superiores a las gelatinas de mamiferos, si se pueden comparar por su
nivel de calidad, que depende de las condiciones del proceso (Yang, Wang, Zhou & Regenstein,

2008). En este sentido, las especies de aguas cdlidas (lenguado, tilapia, carpa herbivora, etc.) se ca-

racterizan por tener un mayor rendimiento y por sus buenas propiedades. Asi, las gelatinas extraidas
de la piel de la perca del Nilo tienen valores en las propiedades mecdnicas similares a los de la gelati-
na de huesos de bovino (Muyonga, Cole & Duodu, 2004) o las propiedades mecanicas o de barrera al

vapor de agua en las gelatinas del pez gato tienen valores comparables a los obtenidos en gelatinas
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comerciales de mamiferos (Zhang, Wang, Herring & Oh, 2007). Por otro lado, Avena-Bustillos et al.
(2006) demuestran que la permeabilidad al vapor de agua de las peliculas elaboradas con gelatina
procedente de peces de aguas frias es mas baja que las elaboradas con gelatinas de peces de aguas
calidas o de mamiferos debido a la diferente composicion en aminoacidos. Otras diferencias entre
estos tipos de gelatinas se recogen en la literatura (Gdmez-Guillén et al., 2011), donde se establece
una comparativa entre las temperaturas de gelificacion y fusidon de las gelatinas de peces de aguas
frias (~4-12 °C 0 <17 °C, respectivamente) o de peces de aguas calidas (~18-19 °Cy ~24-29 °C, respec-
tivamente). También se encuentran diferencias en la fuerza de gel, con valores de 100 g o incluso
inferiores en geles procedentes de peces de aguas frias, mientras que en gelatinas de peces de aguas
calidas se obtienen valores superiores a los 200 g.

Por todo lo anteriormente expuesto se puede considerar que las gelatinas de peces de aguas

calidas pueden ser una alternativa importante a las gelatinas de mamiferos.
2.2.4 Incorporacion de compuestos a las peliculas de gelatina

2.2.4.1 Componentes que mejoran las propiedades fisicas

Las peliculas de gelatina destacan por sus buenas propiedades mecanicas, son transparentes y
presentan gran versatilidad a la hora de incorporar otros productos si bien presentan ciertas desven-
tajas. Como se menciond anteriormente, las propiedades fisicas de la gelatina dependen del material
de origen, asi como del proceso de obtencidn, pues pardmetros como temperatura o tiempo de
secado influyen en sus propiedades finales (Menegalli, Sobral, Roques & Laurent, 1999). Ademas de
estos factores, las propiedades fisicas finales de la gelatina se pueden modificar adicionando ciertas
sustancias como por ejemplo los plastificantes (Vanin, Sobral, Menegalli, Carvalho & Habitante,
2005) o agentes entrecruzantes (Cao, Fu & He, 2007) como el acido ferrulico o el acido taninico, la
carboximetilcelulosa (Mu, Guo, Li, Lin & Li, 2012), genipina (Bigi, Cojazzi, Panzavolta, Roveri & Rubini,
2002) o glutaraldehido (Bigi, Cojazzi, Panzavolta, Rubini & Roveri, 2001). El uso de estos agentes no
es siempre necesario o deseado; en ocasiones las peliculas con bajo grado de entrecruzamiento
interesan por ejemplo por su mayor elasticidad. Por otro lado, el tiempo y la temperatura también
juegan un papel importante a la hora de entrecruzar las peliculas.

El sorbitol y el glicerol son los plastificantes mas cominmente utilizados en las peliculas ela-
boradas a base de gelatina (Gomez-Guillén et al., 2009), pues son compuestos hidrofilicos de bajo
peso molecular que se fijan facilmente a la red de proteinas y forman puentes de hidrégeno con los
grupos reactivos, produciéndose por tanto interacciones plastificante-proteina (Cuq et al., 1997). Los
plastificantes producen peliculas menos rigidas y mas extensibles; el glicerol da lugar a peliculas
sensibles al agua, débiles y extensibles mientras el sorbitol produce peliculas menos sensibles al

agua, mas fuertes y menos extensible, por lo que una mezcla de ambos plastificantes da lugar a peli-
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culas con propiedades mecanicas, viscoelasticas y propiedades de barrera intermedias (Thomazine,
Carvalho & Sobral, 2005). Se pueden utilizar otros plastificantes como el polietilenglicol o etilenglicol
pero dan lugar a propiedades finales inferiores a las obtenidas cuando se usa el glicerol y el sorbitol
(Vanin et al., 2005).

Otros procedimientos que se pueden llevar a cabo para mejorar las propiedades son los tra-
tamientos enzimaticos (Carvalho & Grosso, 2004) y mezclas con otros componentes no polares como
acidos grasos (para disminuir la velocidad de transmisién de vapor de agua (Limpisophon, Tanaka &
Osako, 2010)). Hay que destacar también la posibilidad de incorporar otros biopolimeros a las pelicu-
las de gelatina para mejorar sus propiedades, como por ejemplo caseina (Chambi et al., 2006), pecti-

na (Liu, Liu, Fishman & Hicks, 2007), el quitosano (Gomez-Estaca et al., 2010), etc.

2.2.4.2 Componentes antioxidantes y antimicrobianos

Las peliculas actian como barrera frente al oxigeno y al agua y por tanto ayudan a ralentizar
las reacciones de oxidacién y pérdida de humedad, mejorando asi la calidad y aumentando la vida
util de los alimentos (Gennadios et al., 1997). Por ello la formulacién de peliculas comestibles y/o
biodegradables basadas en la incorporacidon de compuestos antimicrobianos y antioxidantes en la
matriz es de gran interés.

En la literatura actual se recogen trabajos en los que se disefian y elaboran peliculas o recu-
brimientos donde se incorporan compuestos con propiedades antioxidantes y/o antimicrobianas de
muy distinta naturaleza y posterior aplicacidn a alimentos, por ejemplo peliculas de quitosano apli-
cados a bacalao atlantico (Jeon, Kamil & Shahidi, 2002) o quitosano y gelatina en bacalao (Lopez-
Caballero et al., 2005), gelatina y extracto de té verde en carpa plateada (Wu, Chen, Ge, Miao, Li &
Zhang, 2013), recubrimientos probidticos para el pan (Altamirano-Fortoul, Moreno-Terrazas, Queza-
da-Gallo & Rosell, 2012), peliculas de quitosano y aceite esencial de limén en fresas (Perdones,
Sanchez-Gonzalez, Chiralt & Vargas, 2012), peliculas de alginato calcico y particulas de plata en za-
nahorias (Costa, Conte, Buonocore, Lavorgna & Del Nobile, 2012), etc. Las combinaciones en cuanto
a matrices, compuestos activos y posterior aplicacion son enormes y de gran interés, por lo que

continua siendo un campo de estudio abierto.

2.3 Lignina

En la busqueda de materiales para el disefio de peliculas y recubrimientos, la lignina es un
candidato de gran interés ya que esta presente en la naturaleza, forma parte de la fibra dietética y
es un material barato por ser subproducto de la industria papelera. Entre sus caracteristicas estan las
de poseer propiedades antioxidantes y antimicrobianas, puede actuar como surfactante y presenta
citotoxicidad a concentraciones muy elevadas. Por ello se selecciond como material objeto de estu-

dio.
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2.3.1 Introduccion

El término lignina fue introducido en 1819 por de Candolle; lignina es una palabra que deriva
de lignum (en latin) que significa madera (Sjostrom, 1981) y que posteriormente evoluciono al caste-
llano al término “lefio”.

La lignina es un compuesto que se encuentra en las paredes celulares de las plantas junto con
la celulosa, hemicelulosa y pectina. Estd unida covalentemente a la hemicelulosa y por tanto se en-
trecruza con distintos polisacaridos de la planta, produciendo rigidez en la pared celular (Chabannes,
Ruel, Yoshinaga, Chabbert, Jauneau, Joseleau & Boudet, 2001). Su misién consiste en cementar las
fibras celuldsicas de la madera, proporcionar rigidez a las mismas y actuar ademas como barrera
contra la degradacidon enzimatica de la pared celular (Sjostrom, 1981). La lignina es un producto
presente en la naturaleza y constituye el 20-25% de las paredes celulares de las plantas (Demirbas,
Balat & Balat, 2009); se trata de un compuesto polimérico natural derivado del resultado de la ac-
tuacion de la enzima deshidrogenasa que inicia la polimerizacion de tres precursores primarios:

trans-coniferyl, trans-sinapil y trans-coumaril.
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Figura 5. Representacion de precursores de lignina (adaptada de Wool y Sun, 2005).

La lignina es un polimero natural de caracter fendlico muy ramificado principalmente consti-
tuido por unidades basicas de fenil-propano; tiene enlazado al anillo bencénico un nimero variable
de grupos hidroxilicos y metoxilicos que presentan diferencias estructurales seguin la especie consi-
derada. Los principales grupos funcionales de la lignina son el hidroxilo, metoxilo, carbonilo y grupos
carboxilos en distintas cantidades y proporciones (Gosselink, Snijder, Kranenbarg, Keijsers, De Jong &
Stigsson, 2004). Tiene un peso superior a 10.000 Da y esta constituida por tres monémeros de mono-
lignol, metoxilados de distintas formas y su porcentaje difiere dependiendo de si la planta en la que
esta presente es gimnosperma o angiosperma (Boerjan, Ralph & Baucher, 2003). Asi, en maderas de
gimnospermas predomina el radical guaiacil-propano (metoxi—3-hidroxi-4-fenil-propano), mientras
gue en las angiosperas predominan los radicales de siringil-propano (dimetoxi-3-5-hidroxi-4-fenil-

propano). Su composicién también varia en funcion del método de separacién de la misma y de si se
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obtiene de arboles coniferas o latifoliadas. Por lo tanto, cuando se habla de lignina no se habla de un
compuesto en particular sino de un compendio de varios compuestos.

La lignina es el segundo polimero terrestre mas abundante después de la celulosa. Se trata de
un compuesto hidrofébico,lo que posibilita la conduccion del agua de modo efectivo a través del
sistema vascular de las plantas (Sarkanen & Ludwig, 1971). La lignina se produce en grandes cantida-
des como material de desecho en la industria del papel y pulpa (el refinado del material para la in-
dustria papelera) en todo el mundo. Su contenido en la madera varia del 18 al 25 % si se trata de
maderas duras mientras que varia del 25 al 35 % si son maderas blandas (Pool, 2005). Hasta ahora, la
lignina se ha tratado como material de desecho debido a la falta de utilizacion adecuada (Moon,
Eoma, Kim, Kim, Lee, Choi & Choi, 2011), ya que por su muy compleja estructura es un polimero
amorfo con un uso industrial bastante limitado (Pouteau, Dole, Cathala, Averous. L. & Boquillon,
2003). Sin embargo, los polimeros basados en celulosa presentan dos ventajas: por un lado, hay gran
disponibilidad (abundantes toneladas de lignina como deshechos en las industrias del papel) y
ademas la lignina es completamente biodegradable, aunque lo sea de modo lento. Por ello, se puede
considerar como un polimero biodegradable “del futuro” (Vengal & Srikumar, 2005). Por otro lado
los materiales lignoceluldsicos son particularmente atractivos como materiales de partida para la
produccion de biofuel debido a su bajo coste, gran abundancia y suministro sostenible (Lacerda, De

Paula, Zambon & Frollini, 2012).

Figura 6. Aspecto de la lignina.

Es importante destacar la presencia de la lignina en la fibra dietética, entendiéndose como tal
la mezcla de polimeros presentes en las plantas, oligosacaridos y polisacaridos, como la celulosa,
hemicelulosa, gomas, almiddn resistente, inulina (que puede estar asociada con lignina) y otros
componentes que no son carbohidratos como polifenoles, ceras o proteinas resistentes (Elleuch et

al., 2011). Algunos autores han demostrado que aumentando la ingesta de fibra se obtienen benefi-
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cios para la salud (disminuyendo el riesgo de enfermedades coronarias, diabetes, obesidad y algunos

tipos de cancer (Mann & Cummings, 2009).

2.3.2 Obtencidn de lignina y sus derivados

2.3.2.1 A partir de la madera

La deslignificacidn es el proceso de extraccion de lignina a partir de fuentes vegetales y se rea-
liza por diferentes métodos. El objetivo es la desintegracién lignoceluldsica dentro de los componen-

tes fibrosos (Marton, 1971).

2.3.2.1.1 Métodos quimicos

Son los métodos mas convencionales. Se dividen en:

2.3.2.1.1.1 Método Kraft

El método alcalino o proceso Kraft es el proceso dominante y da lugar a la lignina alcalina o
tio-lignina. Asi, en el método Kraft se forman los licores o lejias negras, residuos originados en la
conversion de madera en pulpa de celulosa durante el proceso de separacion de la lignina, hemicelu-
losa y otros componentes de la madera, con la liberacién de las fibras de celulosas (Stenius, 2000). El
proceso Kraft se utiliza para producir mas del 80 % de la pulpa quimica en todo el mundo (Dang,
Bhardwaj, Hoang & Nguyen, 2007). Si bien la mayoria de la lignina obtenida se quema como fuente
de fuel, una pequefia fraccion se purifica para utilizarse como producto polimérico de bajo coste

(Pearl, 1982)

2.3.2.1.1.2 Método de bisulfito

El método de bisulfito da lugar a los acidos sulfénicos de la lignina, llamados cominmente lig-
nosulfonatos (Lehman, 1970). Como se menciond anteriormente, la lignina no es soluble en agua y
esa propiedad se puede modificar mediante la sulfonacién. Los lignosulfonatos tienen grupos sulfo-
nados y se obtienen con distintos cationes como el sodio, calcio y magnesio (Shen, Zhang & Zhu,
2008). Los lignosulfonatos tienen grupos hidrofilicos (grupos sulfénicos, fenélicos y alcohélico)s pero
también grupos hidréfobos como cadenas hidrocarbonadas (Dawy, Shabaka & Nada, 1998) o grupos
alifaticos, por lo que los lignosulfonatos pueden actuar como surfactantes (Telysheva, Dizhbite &

Paegle, 2001).

2.3.2.1.2 Método organosolv

El método organosolv es un procedimiento comercial a menor escala y se presenta como al-

ternativa por su menor coste econémico y contaminante. En este proceso, a los licores de coccién se
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incorpora una determinada cantidad de disolvente organico que es de sencilla recuperacion y facilita

la deslignificacion del material de partida (Oliet, Rodriguez, Garcia & Gilarranz, 2001).

2.3.2.2 A partir de restos de alimentos

Los restos lignoceluldsicos que se obtienen de la industria alimentaria o de la industria agrico-
la sirven omo fuente de obtencidn de lignina. Asi, se puede aislar lignina procesando el azucar de
cafia o las pieles de naranja y manzana (Chiellini, Cinelli, Imam & Mao, 2001). También se ha aislado
lignina de los licores negros del aceite de palma usando como disolventes el 2-metoxietanol y y el
dimetilsulfoxido (DMSO). Este estudio refleja que los grupos funcionales de la lignina extraida de los
licores negros y de la lignina comercial son muy similares, por tanto esta fuente se puede considerar
como una alternativa mas para aplicaciones en la industria alimentaria (Bhat, Khalil & Karim, 2009).
Otra via donde se puede encontrar este compuesto es en los licores negros generados durante la
produccion de bioetanol de la paja de arroz (Minu, Kurian Jiby & Kishore, 2012) o a partir de bambd,
donde se separa la lignina de la hemicelulosa y celulosa con liquidos idnicos seguidos de extraccion
alcalina (Yanga, Zhong, Yuanb, Penga & Suna, 2013).

Por tanto, teniendo en cuenta todas las fuentes de las que se puede obtener lignina y sus
derivados y las propiedades que presentan, se concluye el interés de su utilizacion, aplicacion y estu-

dio en distintos campos.

2.3.3 Propiedades de peliculas con lignina

2.3.3.1 Propiedades fisicas

La lignina influye en las propiedades fisicas finales de las peliculas porque da lugar a un des-
censo de la resistencia a la traccion y de la elongacion en la ruptura, asi como a un aumento en la
absorcién de agua. Este hecho se evidencidé al utilizar lignina en la elaboracidn de peliculas para
capsulas de medicinas con menor coste de fabricacién (Vengal et al., 2005). En otro estudio, la ligni-
na procedente del procesado de cafia de azlcar se incorpord a peliculas de gelatina, con lo que se
redujo la elongacidn y la fuerza de tensién, mientras que el médulo de Young se incrementé (Chielli-
ni, Cinelli, Fernandes, Kenawy & Lazzeri, 2001). La lignina también se ha utilizado como agente plasti-
ficante en peliculas de almidén (Wu, Wang, Li, Li & Wang, 2009), aunque cuando se utiliza en compo-
sites con microparticulas de almidén modificadas con acido adipico (dentro de una matriz de al-
middén de maiz), aumenta la fuerza de tension y disminuye la elongacion (Spiridon, Teaca & Bodirlau,

2011).
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2.3.3.2 Propiedades quimicas

Los productos poliméricos que se obtienen en la industria de la madera tienen muchas aplica-
ciones basadas en la capacidad dispersante, ligante, emulsificante y secuestrante de la lignina (Nort-
hey, 1992). La lignina destaca por sus propiedades antioxidantes al ser un compuesto que evi-
ta/reduce la peroxidacion lipidica y su poder antioxidante estd intimamente relacionado con el peso
molecular. La lignina del bagazo con menor peso molecular presenta mayor poder antioxidante, y el
lignosulfonato con el mayor peso molecular posee la menor capacidad antioxidante (Ugartondo et
al., 2009). Ademas, esta descrito el importante efecto inhibitorio del lignosulfonato frente la peroxi-
dacién lipidica, a pesar de su alto peso molecular comparado con otros tipos de lignina (Ugartondo
et al., 2009). La captacion de radicales libres de ligninas esta influida por las caracteristicas estructu-
rales del compuesto, tales como la presencia de grupos hidroxilo fendlicos, grupos metoxi, conjuga-
cién de m-sistemas asi como el peso molecular, la heterogeneidad y la polidispersidad (Dizhbite,
Telysheva, Jurkjane & Viesturs, 2004). Asi, un estudio reciente en el que se trabaja con lignina extrai-
da del bagazo de la cafia de azucar utilizando etanol o soluciones alcalinas, demuestra que con am-
bos procedimientos se obtiene lignina con alto poder antioxidante, si bien el procedimiento alcalino
da mejores resultados porque se obtiene mayor cantidades de grupos fendlicos (Ph-OH) y metoxi (-
OCH;) (Zhili & Ge, 2012). Por otro lado, al someter al bambu a una extraccion con soluciones acuosas
de acidos organicos y complementada con microondas se obtiene lignina con alta capacidad antioxi-
dante (Li, Sun, Xu & Sun, 2012) por el alto contenido de grupos hidroxilicos y fendlicos. Otros estu-
dios corroboran la importancia del método de extraccién y separacién de la lignina, pues influye en
la capacidad antioxidante final (Garcia, Toledano, Andrés & Labidi, 2010).

Como componente importante en la fibra dietética, la lignina puede inhibir la actividad de las
enzimas relacionadas con la generacion de radicales superéxidos y dificultar el crecimiento y viabili-
dad de células cancerigenas (Lu, Chu & Gau, 1998). La lignina es un compuesto muy antioxidante por
su accion sobre los radicales hidroxilos, inhibiendo la accidn de la xantin oxidasa y glucosa-6-fosfato
deshidrogenasa, e inhibiendo la peroxidacidn lipidica enzimatica y no enzimatica (Lu et al., 1998).
Ademas, la lignina purificada (a diferencia de la lignina nativa) no representa una barrera a la diges-

tion en animales monogastricos o rumiantes (Baurhoo, Ruiz-Feria & Zhao, 2008).

2.3.3.3 Propiedades bioldgicas y citotoxicidad

Las propiedades antimicrobianas de las ligninas se han recogido previamente en la literatura,
como por ejemplo en hidrolizados de diferentes materiales lignoceluldsicos (extractos de etil aceta-
to) (Cruz, Dominguez, Dominguez & Parajd, 2001), en estructuras ligninicas de extracciones alcalinas
(Oh-Hara, Sakagami, Kawazoe, Kaiya, Komatsu & Ohsawa, 1990) y en ligninas Kraft (Dizhbite et al.,
2004). El origen de la lignina puede influir en sus propiedades antimicrobianas. Asi, la actividad anti-

microbiana inducida por las ligninas comerciales es mucho menor que la inducida por fracciones de
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extractos de cono de pino obtenidas por sucesivas extracciones alcalinas (Oh-Hara et al., 1990).
Comparando los espectros, los mencionados autores encontraron que algunos extractos de cono de
pino incluyen dobles enlaces alquénicos y menor nimero de grupos dimetiléster (-OCH3) que la ligni-
na alcalina comercial, y que la estructura del acido cumdrico presente en la lignina podria ser res-
ponsable de la actividad antimicrobiana. Algunos autores sugieren que la inhibicion del crecimiento
microbiano por los acidos fendlicos (dentro de los cuales se incluyen el acido p-cumarico), se incre-
mente con el descenso del pH (Wen, Delaquis, Stanich & Toivonen, 2003). También se ha determina-
do la actividad antimicrobiana de la lignina extraida de los residuos generados durante la produccion
del etanol y se han observado resultados distintos en funcion de las condiciones de extraccion; se
puede concluir que la lignina presenta actividad antimicrobiana contra bacterias Gram-postivas (Lis-
teria monocytogenes y Staphylococcus aureus) y levaduras (Candida lipolytica), pero no contra bac-
terias Gram-negativas (Escherichia coli 0157:H7 y Salmonella Enteritidis) o bacteriéfago MS2 (Dong,
Dong, Lu, Turley, Jin & Wu, 2011).

La lignina es un compuesto no téxico y biodegradable por lo que se ha incorporado en multi-
tud de materiales (Julinova, Kupec, Alexy, Hoffmann, Sedlarik & Vojtek, 2010). Por otra parte, mu-
chos derivados de lignina, incluyendo los lignosulfonatos, son igual o menos citotéxicos que otros
compuestos bioldgicos como la epicatequina en keratinocito humano HaCat y fibroblasto murina 3
T3 (Ugartondo, Mitjans & Vinardell, 2008). Estos autores encontraron una concentracion antioxidan-
te efectiva de lignina concentraciones no citotdxicas, haciendo posible asi su utilizacion en la formu-
lacién para el envase activo de alimentos. Tan solo unos pocos estudios describen los efectos ci-
totoxicos de las ligninas. De este modo se ha visto que hay una buena correlacién entre citotoxicidad
y algunas caracteristicas como el contenido de carbohidratos y polidispersidad, ya que las ligninas
con mayor polidispersidad y menor contenido en carbohidratos son las mas citotdxicas (Ugartondo
et al., 2008).

Por otro lado se han realizado estudios en intestino de rata en el momento de la administra-
cién de farmacos antidiarréicos que contienen 90% de lignina, viendo que no hay modificacién de la
actividad en la sucrasa ni fosfatasa alcalina y no se observaron modificaciones histoldgicas (Mitjans,

Garcia, Marrero & Vinardell, 2001).

2.3.4 Llaligninay otros componentes

La lignina, debido a sus multiples propiedades beneficiosas, se ha utilizado en mezclas con
otros biopolimeros biodegradables, como el aislado de proteina de soja (Huang, Zhang & Chen,
2003) o el almidén (Baumberger, Lapierre, Monties, Lourdin & Colonna, 1997), consiguiendo mejorar
la resistencia al agua y las propiedades mecanicas de las peliculas finales. La silice ha sido otro com-
puesto utilizado (Klapiszewski, Nowacka, Milczarek & Jesionowski, 2013) con la lignina con el objeti-

vo de mejorar sus propiedades fisicoquimicas y electrocinéticas. También la lignina se utiliza junto
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con el acetato butirato de celulosa (Davé & Glasser, 1997) y con el almidén para favorecer la biode-
gradacion de peliculas de polivinilalcohol, e hidrolizados de proteina (Julinova, Kupec, Alexy, Hoff-
mann, Sedlafik, Vojtek, Chromcakova & Bugaj, 2010). Es importante resaltar la utilizacién de la ligni-
na con polimeros sintéticos debido a su caracter renovable, no téxico y biodegradable (Ban, Song &
Lucia, 2007; Vengal et al., 2005). Los derivados de lignina emplean como agentes de relleno en dis-
tintas matrices de polimeros sintéticos para desarrollar materiales con propiedades fisicas mejoradas
(Cui, Xia, Chen, Wei & Huang, 2007; Mishra, Mishra, Kaushik & Khan, 2007). Otro ejemplo es su utili-
zacién con polipropileno, ya que la capacidad antioxidante de la lignina permite que las reacciones
oxidativas indeseadas que se originan durante la elaboracién de este polimero no se den en tan alto
grado (Pouteau et al., 2003). La lignina también se ha utilizado junto con el polivinilalcohol PVA para
mejorar su estabilidad térmica y fotoquimica (Fernandes, Winkler Hechenleitner, Job, Radovanocic &
Gomez Pineda, 2006) o su biodegradacion (Julinova et al., 2010), y el lignosulfonato se adiciona al
poliuretano con el objetivo de mejorar sus propiedades mecanicas (Cui et al., 2007). Ademas, cuando
se realizan mezclas de ligninas y compuestos termoplasticos, la adicidn de plastificantes disminuye el
grado de asociacion de lignina a la mezcla, previamente estudiado como algo que afecta negativa-
mente a las propiedades mecanicas (Li, Mlynar & Sarkanen, 1997); (Feldman, Banu, Campanelli &
Zhu, 2001).

Por otro lado, la lignina organosolv se ha incluido en la elaboracién de resinas como sustitutos
del fenol, y el glutaraldehido como sustituto del formaldehido, obteniéndose resinas con propieda-
des iguales o mejores que las resinas fenol-formaldehido (Da Silva, Grelierb, Pichavantb, Frollini &
Castellan, 2013). La lignina también se utiliza con un procedimento por “grafting” junto con polime-
ros sintéticos para preparar una novedosa clase de plasticos (G. Sena-Martins, 2008) y se ha aplicado
como precursor de fibras de carbono (Otani, Fukuoka, Igarashi & Sasak, 1969). También se utilizan
geles quimicos de uretano o epoxidicos con derivados de lignina para estudiar su termorrespuesta
(Uraki, Imura, Kishimoto & Ubukata, 2004).

Es interesante la utilizacién de la lignina modificada tras procesos enzimaticos, en los que des-
taca la copolimerizacion de la lignina procedente del proceso Kraft con el cresol, usando peroxidasa
del rabano “horseradish” como enzima catalitica de polimerizacién. Los compuestos resultantes se
pueden usar como sustitutos de resinas fendlicas (Liu, Eiping & Lo, 1999). También se puede hacer
una copolimerizacién de diferentes ligninas con acido vanilico, diisocianato y acrilamida catalizada
por lacasa (Huttermann, Mai & Kharazipour, 2001); los productos resultantes ofrecen un alto poten-
cial para nuevos materiales (G. Sena-Martins, 2008). Al mismo tiempo, la lignina se ha aplicado (en
distintas formas) junto con formaldehido con el objetivo de elaborar recubrimientos para una libera-
cién prolongada de urea a la hora de usarla como fertilizantes (Muldera, Gosselinka, Vingerhoedsa,

Harmsena & Easthamb, 2011).
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2.4 Legislacion

En Europa hay leyes vigentes que regularizan los envases activos:

- Reglamento CE 1935/2004 sobre los materiales y objetos destinados a entrar en contacto
con alimentos. En este reglamento se describe: “los materiales y objetos activos en contacto con
alimentos estan disefiados para incorporar deliberadamente componentes activos destinados a
pasar a los alimentos o a absorber sustancias de los mismos”.

(http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:L:2004:338:0004:0004:ES:PDF)

- Reglamento CE 450/2009 sobre los materiales activos e inteligentes y articulos que entran
en contacto con alimentos. En este reglamento se describe: “los materiales y objetos activos pueden
incorporar deliberadamente sustancias destinadas a ser liberadas en el alimento”.

(http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:L:2009:135:0003:0003:ES:PDF)

Queda expuesta la legislacion pertinente a las peliculas estudiadas en la presente memoria,
pues se clasifican como envasado activo.

Por otro lado, las peliculas estan elaboradas con aditivos alimentarios. En el Reglamento CE
1129/2011 se recoge una lista positiva de aditivos admitidos en la Unién Europea. En esta lista figu-
ran el sorbitol (E-420) y Glicerol (o glicina, E-422).

(http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:L:2011:295:0001:0177:ES:PDF)

En el Reglamento CE 853/2004 se establecen normas especificas de higiene de los alimentos
de origen animal. Aqui se recogen los requisitos de fabricacién, materias primas autorizadas, etc.,
por ejemplo la gelatina, siendo esta sustancia un componente esencial de las peliculas estudiadas.

(http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:L:2004:139:0055:0205:ES:PDF)

El Real Decreto 1125/1982 recoge la reglamentacion técnico-sanitaria para la elaboracion, cir-
culacién y comercio de materiales poliméricos. Se detalla una lista positiva de sustancias destinadas
a la fabricacién de compuestos macromoleculares para la elaboracién de envases u otros utensilios
en contacto con alimentos. En dichas listas figuran los sulfonatos de lignina y sales de calcio, potasio
y sodio. La lignina no se recoge en la legislacion, pero si figuran en estas listas las fibras naturales y
sintéticas y maderas de arboles varios. (http://www.boe.es/diario_boe/txt.php?id=BOE-A-1982-
13244). Este Real Decreto esta posteriormente modificado por los Reales Decretos 2814/1983,
1425/1988 y 293/2003, pero no le afecta la incorporacidn de las sustancias de interés.

(http://www.boe.es/diario_boe/txt.php?id=BOE-A-1983-29113)

(https://www.boe.es/buscar/doc.php?id=BOE-A-1988-27709)

(http://www.boe.es/boe/dias/2003/03/11/pdfs/A09480-09482.pdf)

Por ultimo, el Real Decreto 866/2008 recoge una lista de sustancias permitidas para la fabri-
cacion de materiales y objetos plasticos destinados a entrar en contacto con alimentos.
(http://www.boe.es/boe/dias/2008/05/30/pdfs/A25070-25120.pdf). Este Real Decreto establece un

s s . . .2 , 2 . . . ..
limite maximo de migracidn para peliculas de 10mg/ dm® y unas condiciones de ensayo de migracion
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(Directivas 82/711/EEC u 85/572/EEC, requerimientos para testar la migracién de materiales que

estén en contacto con alimentos).
(http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=CELEX:31982L0711:ES:NOT)
(http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=CELEX:31985L0572:ES:NOT)


http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=CELEX:31982L0711:ES:NOT
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Hipotesis

Los envases juegan un papel importante en la conservacion de los alimentos. En la sociedad
actual existen diversos tipos de envases formados por compuestos sintéticos, los cuales generan
gran cantidad de residuos que ocasionan problemas econdmicos y medioambientales. Como alterna-
tiva se presenta la utilizacién de compuestos biodegradables para el envasado de alimentos donde
destacan los biopolimeros, utilizados normalmente como matriz y soporte, y de compuestos natura-
les con propiedades antioxidantes, antimicrobianas, etc. La combinacién de varios de estos com-
puestos da lugar a envases activos cuya finalidad es alargar la vida util del alimento originando la
menor modificacién organoléptica y nutricional posible.

En la presente Memoria se utilizan como compuestos principales la gelatina (de diversos ori-
genes), la lignina (presente en las células vegetales y componente de la fibra dietética) y lignosulfo-
natos (forma soluble de la lignina obtenida mediante sulfonacidn). Estos compuestos presentan la
ventaja de ser biodegradables y ademds son subproductos industriales, por lo que su utilizacidn
representa una disminucion de residuos, un aprovechamiento de los mismos y una mejora medio-
ambiental. Ademas, la lignina y derivados son compuestos altamente antioxidantes, antimicrobianos
y presentan baja citotoxicidad, por lo que su combinacién con la gelatina podria constituir un mate-
rial de envasado activo de alimentos.

Por otro lado, el pescado es un producto muy perecedero con alta tendencia a deteriorarse,
especialmente en el caso del pescado graso, pues sufre enranciamiento con gran facilidad. Es por
ello que un envasado activo solo o combinado con otras tecnologias de conservacion podria consti-
tuir una alternativa para retardar su deterioro y alargar su vida util.

Por todo ello, el desarrollo de peliculas de gelatina de varios origenes junto con lignina y deri-
vados, y su aplicacién a pescados grasos puede dar lugar a resultados de interés para el futuro del

envasado activo de alimentos.
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Objetivos

El objetivo de la presente Memoria es el desarrollo y estudio de peliculas compuestas de gela-
tina de diversos origenes y lignina o lignosulfonato, y su aplicacién para la conservacion de pescado.

Este objetivo general se puede desglosar en los siguientes objetivos parciales:

1. Formulacidn y caracterizacidn fisico-quimica de las peliculas obtenidas a partir de diver-
sas gelatinas (gelatina bovina, gelatina de peces de aguas frias y de peces de aguas cali-

das) y distintos tipos de lignosulfonato y de lignina.

2. Evaluacion de la capacidad antioxidante, antimicrobiana y citotoxicidad del lignosulfona-
to y la lignina para su posible uso combinado con la gelatina en la obtencion de peliculas

activas.

3. Evaluacion de la estabilidad fisico-quimica y funcional de las peliculas de gelatina y ligno-

sulfonato en sistemas modelo.
4. Estudio de conservacion en refrigeracion de sardina (Sardina pilchardus) y de salmdn

(Salmo salar) recubiertos con pelicula de gelatina y lignina o lignosulfonato mediante tra-

tamientos combinados con alta presién.
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ARTICLE INFO ABSTRACT

Article history: A commerdial low-gelling fish skin gelatin was used to prepare edible films by casting with glycerol and
Received 16 June 2011 sorbitol added as plasticizers. In order to improve the extremely low water resistance of gelatin films,
Accepted 28 August 2011 composite films were prepared with increasing concentrations (wt/wt) of lignosulphonate (LS) from

eucalyptus wood (100:0, 85:15, 80:20, 75:25, 70:30 and 65:35, gelatin:LS). How gelatin film properties
Keywords: were affected by the different types of gelatin and LS was determined by comparing bovine gelatin and
:I:: on three different LS (Ca®', Mg>' and Na') in a mixture ratio of 80:20. Physical properties of films were
uﬁwmi phonate chgxfacterimd in terms of tgnsilel strength, elongation at pmak, water solubility, water vapour perme-
ATRETIR ability and opacity, Dynamic oscillatory tests of film-forming solutions revealed strong LS interference

DS with the cold-renaturation ability of gelatin, LS ratios equal to or higher than the 80:20 blend interfered

Antioxidant with intermolecular aggregation of gelatin helices. Supposedly, LS acted as a filler, inducing mostly
Cytotoxic nonbonding interactions with gelatin, as deduced from Attenuated Total Reflectance Fourier Transform
Antimicrobial Infrared spectroscopy (ATR-FTIR) and Differential Scanning Calorimetry (DSC) studies. Lignosulphonate

significantly reduced the elongation at break of fish gelatin films, water solubility being drastically
reduced with a mixture ratio of 80:20 or higher. The water solubility of bovine gelatin-LS composite
films was significantly lower than that for fish gelatin, regardless of the type of LS employed,
For potential food packaging applications, the three LS were characterized in terms of cytotoxicity,
radical scavenging capacity (DPPH assay) and antimicrobial capacity. The effective antioxidant levels
(ICso: 83.4-97.5 pg/mL) were noticeably lower than the cytotoxic ones (1Cso: 14801745 pg/mL), indi-
cating that these compounds could be used as antioxidants at non-cytotoxic concentrations, No rela-
tionship between antioxidant and antimicrobial properties could be observed, the only notable
antimicrobial finding being some activity against yeasts.

© 2011 Elsevier Ltd. All nghts reserved,

1. Introduction

The increasing tendency to use biodegradable films based on
biopolymers from renewable sources is becoming an important
factor in reducing the environmental impact of petroleum-derived
plastic waste (Tharanathan, 2003). Gelatin has been one of the
most studied biopolymers on account of its film-forming ability and
its usefulness as an outer film to protect food from drying and
exposure to lightand oxygen (Arvanitoyannis, 2002). The production
of gelatin from sources other than those of the mammalian species is
growing in importance as a result of the outbreak of bovine spon-
giform encephalopathy, and the banning of collagen from pig skin
and bone in some regions for religious reasons, Furthermore, the
rising interest in putting fish industry by-products to good use is one
of the reasons why exploring multifunctional fish gelatins from

* Corresponding author. Tel.: +34 31 5492300, fax: +34 91 5493627
E-mad oddress: gomez@ictan csices (M.C. Gomez-Guillén).

0268-005X/S - see front matter © 2011 Elsevier Ltd. All nights reserved.
dok: 10,1016/jfoodlyd.2011,08,015

different species has attracted the attention of researchers in the last
decade, as reviewed by Gomez-Guillén, Giménez, Lopez-Caballero,
and Montero (2011), Gémez-Guillén et al. (2009) and Karim and
Bhat (2009). Fish gelatins exhibit good film-forming properties,
yielding transparent, nearly colourless and highly extensible films
(Avena-Bustillos et al., 2006; Carvalho et al, 2008; Gomez-Estaca,
Montero, Ferndndez-Martin, & Gémez-Guillén, 2009; Gémez-
Guillén, Ihl, Bifani, Silva, & Montero, 2007; Jongjareonrak, Benjakul,
Visessanguan, Prodpran, & Tanaka, 2006; Zhang, Wang, Herring, &
Oh, 2007). Films based on low-gelling gelatin from cold-water fish
species present very poor water resistance, being almost completely
soluble in water (Carvalho et al., 2008; Denavi et al, 2009; Pérez-
Mateos, Montero, & Gémez-Guillén, 2009). This could be a draw-
back when they are applied to food products with high moisture
content, because the films may swell, partially dissolve or disinte-
grate upon contact with the wet surface.

The mechanical and barrier properties of fish gelatin films have
been enhanced by blending with different types of biopolymers such
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as proteins (Denavi et al, 2009), lipids (Jongjareonrak et al, 2006
Pérez-Mateos et al, 2009) or polysaccharides (Kolodziejska,
Piotrowska, Bulge, & Tylingo, 2006; Liv, Liu, Fishman, & Hicks, 2007,
Pranoto, Lee, & Park, 2007). Different cross-linking agents, such as
gutaraldehyde (Bigi, Cojazzi, Panzavolta, Rubini, & Roveri, 2001),
microbial transglutaminase or 1-¢thyl-3+{3-dimethylamino-propyl)
arbodiimide (Kolodziejska & Piotrowska, 2007, Yi, Kim, Bae,
Whiteside, & Park, 2006), as well as axidized phenols from axygen-
ated seaweed extracts (Rattaya, Benjakul, & Prodpran, 2009) have also
been proposed for improving the water resistance of fish gelatin films.

Lignin is a complex polydisperse natural polymer made up of
phenylpropane (C6-C3) units that bind cellulose fibres together,
thus hardening and strengthening the plant cells, Most commenly
derived from wood, lignin is largely thrown off as a waste product in
pulp and paper industries. However, on account of its renewable,
non-toxic and biodegradable character, lignin has been incorpo-
rated as a filler in different polymer matrices to develop lignin-
based materials (Cui, Xia, Chen, Wei, & Huang, 2007; Feldman,
Lacasse, & Beznaczuk, 1986; Julinovd et al., 2010; Kadla & Kubo,
2003; Mishra, Mishra, Kaushik, & Khan, 2007; Wu, Wang, Li, Li, &
Wang, 2009), Lignin has been reported to produce a decrease in
tensile strength and elongation at break, along with an increase in
water absorption, when included in gelatin-based films with the
purpose of producing cheaper drug capsules (Vengal & Srikumar,
2003). Similarly, the incorporation of sugar cane bagasse, a lignin
cellulosic waste from sugar cane processing, in gelatn films sharply
reduced both elongation and tensile strength while increasing
Young's modulus (Chiellini, Cinelli, Fernandes, Kenawy, & Lazzeri,
2001 ). According to these authors, the dark colour of gelatin-sugar
cane bagasse composites might turn out to be a good structural
attribute for the potential application of these films in soil solar-
isation and weed control. Recently, a gelatin-lignin film was shown
to improve the appearance, protein quality and oxidative stability of
salmon fillets subjected to high pressure processing (Ojagh, Nufiez-
Flores, Lopez-Caballero, Montero & Gomez-Guillén, 2011).

In the process of cellulose manufacture, lignosulphonates (15)
can be isolated from spent sulphite liquors. Unlike lignin, LS are
water-soluble polydisperse polyelectrolytes containing metal ions
(Ca**, Mg orNa™), hydrophilic groups such as sulphonic, carboxyl
and hydraxyl groups, as well as hydrophobic aromatic and aliphatic
groups, The presence of highly polar functional sulphonic groups
on a hydrophobic skeleton gives LS important surface-active
properties (Ng Rana, Neale, & Hornof, 2003; Telysheva, Dizhbite,
Paegle, Shapatin, & Demidov, 2001) LS have also been blended
with other biodegradable biopolymers, such as soy protein isolate
(Huang, Zhang, & Chen, 2003) or starch (Baumberger, Lapierre,
Monties, Lourdin, & Colonna, 1997) in order to improve the water
resistance and mechanical properties of the compasite films.

On account of their superoxide and hydroxy! radical scavenging
capacity (Lu, Chu, & Gau, 1998), lignins have been shown to be
efficient antioxidants, thus opening up the possibility of new
potential applications (Dizhbite, Telysheva, Jurkjane, & Viesturs,
2004; Pan, Kadla, Ehara, Gilkes, & Saddler, 2006; Sawh et al,
1999; Ugartondo, Mitjans, & Vinardell, 2008). In this regard,
Ugartondo, Mitjans, and Vinardell (2009) reported the significant
inhibitory effect of LS against lipid peroxidation despite its higher
molecular weight compared to other types of lignin, Moreover,
several lignin derivatives, including LS, were shown to be equal or
less cytotoxic than (- FEpicatechin in human keratinocyte HaCaT
and murine fibroblast 3T3 cells (Ugartondo et al., 2008). These
authors found that the effective antioxidant concentrations of all
lignin derivatives were from 5- to 10-fold lower than the cytotoxic
ones, indicating that the compounds were effective antioxidants
even at non-cytotoxic concentrations, thus furthering their possible
use in the formulation of active food packaging biomaterials.

The aim of the present work was (o study the formation and
physicochemical properties of composite films obtained from
a commercial low gelling fish-skin gelatin mixed with different
proportions of LS, and also to determine the effect produced by
using different gelatins, including bovine, and three different LS
{Caz‘, Mg‘?‘ and Na™), In order to establish the harmlessness and
potential functionality in food packaging applications, the three LS
tested were characterized in terms of cytotoxicity, radical scav-
enging capacity and antimicrobial capacity.

2. Materials and methods
21, Materials

Commercial High Molecular Weight Fish Gelatin (F) was
supplied by Norland (Cranbury, N USA). As referred by the
manufacturer, this type-A gelatin, with non- measurable Bloom
value, has been produced from the skin of deep water fish such as
cod, haddock and Pollock.

For comparison purposes, a commerdal type-A bovine-hide
gelatin (Bloom 200[220) (B) from Sancho de Borja SL (Zaragoza,
Spain) was used. Lignosulphonate (1S) from eucalyptus wood was
kindly supplied by LignoTech Mbérica, SA. (Torrelavega, Spain)
According to manufacturer's specifications, three different LS prepa-
rtons (50% dry matter) were tested: (i) ID081203, calcium-
magnesium LS with a molecular weight of 6236 Da and high sugar
content (16% reducing sugars) (1Sa); () IDO81204, calcium-
magnesium LS with a molecular weight of 6664 Da and low sugar
content (6% redudng sugars) (LSb); (iii) ID081205, sodium LS with
a molecular weight of 7085 Da and low sugar content (4% reduding
sugars) (15¢). Glycerol and sorbitol were obtained from Panreac (Bar-
celona, Spain). All other reagents used were of analytical grade. The
11-Diphenyl-2-picrylhydrazyl (DFPH) radical was purchased from
Sigma-Aldrich (St. Louis, MO, USA). The MTS (3{4,5-dimethylthiazol-
2-y1}53-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazo-
lium) salt was supplied by Promega Biotech Ibérica (Madrid, Spain).

22. Preparation of films

The gelatin film-forming solution was prepared by dissolving
drygelatinindistilled water (4% wv) at 40 °C, adding sorbitol (15 g/
100 g gelatin) plus glycerol (15 g/100 g gelatin) as plasticizers,
Gelatin-L5 films were prepared by mixing the dissolved gelatin
with LS at different ratios (calculated on dry matter content) using
sorbitol (15 g/100 ¢ dry matter) plus glycerol (15 g/100 g dry
matter) as plasticizers. Six groups of films with different ratios of
gelatin to LS (100:0, 85:15, 80:20, 75:25, 70:30 and 65:35) were
prepared, The mixtures were stirred at 40 °C for 30 min. The films
were made by casting an amount of 40 mlL over a plate of
12 % 12 e and dryingat 45 °C in a forced-air oven for 15 h to yield
a uniform thickness of 100 + 10 pm. Films were conditioned over
asaturated solution of KBr at 21 °C in desiccators for 4 d.

23 Viscoelastic properties of film-forming solutions

Dynamic oscillatory study of the film-forming solutions was
carried out on a Bohlin CV0-100 theometer (Bohlin InstrumentsLtd,
Cloucestershire, UK) using a cone-plate geometry (cone angle 4°, gap
0.15 mm ). Cooling and heating from 30 to 2°C and back to 30°C took
place at a scan rate of 1°Clmin, a frequency of 0.5 Hz, and a target
strain of 0.5%. The elastic modulus (G; Pa), viscous modulus (G”; Pa)
and phase angle (*) were plotted as functions of temperature in the
heating ramp from 2 to 30 °C. At least two determinations were
performed for each sample, with an experimental error of less than
6% inall cases,
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24, Autenuated Total Reflectance (ATR)-FTIR spectroscopy

Infrared spectra between 4000 and 650 cm™' were recorded
using a Perkin Elmer Spectrum 400 Infrared Spectrometer (Perkin
Elmer Inc, Waltham, MA, USA) equipped with an ATR prism crystal
accessory. The spectral resolution was 4 an”" and 32 scans were
averaged for each spectrum. Measurements were performed at
room temperature directly on films ( previously conditioned during
5 days in desiccators containing silica gel), which were placed on the
surface of the ATR crystal, and pressed with a flat-tip plunger until
spectra with suitable peaks were obtained. All experiments were
performed at least in triplicate and represented as average spectra,
Background subtraction and second derivative of amide 1 band were
done using the Spectrum software version 6.3.2 (Perkin Elmer Inc.).

2.5. Mechanical properties

Tensile strength (TS) and elongation at break (EAB) of the films
were determined by tensile test using a TAXT plus Texture analyser
(SMS, Surrey, UK), The samples were cut into rectangles with
20 mm width and 50 mm length, fixed on the grips of the device
withagapof 20 mm,and tractioned at a speed of 1 mmys. Results of
TS and EAB were average of five determinations, and were
expressed as ijz and ¥, respectively.

2.6. Water solubility

Film portions of 4 cm? were weighed and placed in beakers with
15 ml of distilled water, then sealed and let stand at 22 *Cfor 15 h,
The solution was then filtered through Whatman no. 1 filter paper to
recover the remaining undissolved film, which was desiccated at
105 °C for 24 h. Film solubility was calculated by the equation FS
(%) = [(Wo - WI)/Wo)- 100, where Wo was the initial weight of the
film expressed as dry matter and Wl was the weight of the undis-
solved desiccated film residue. All tests were carried out in triplicate.

2.7. Water vapour permeability

Water vapour permeability (WVP) was determined following
the gravimetric method described by Sobral, Menegalli Hubinger,
and Roques (2001) with slight modification. Films were attached
over the openings of cells (permeation area = 15.9 cm?) containing
desiccated silica gel, and the cells were placed in desiccators with
distilled water at 22 °C. The cells were weighed every hour for at
least 6 h, Water vapour permeability was calculated using the
equation WVP = wx " A" AP, where w was weight gain(g), x
film thickness (mm), t elapsed time for the weight gain (h), and &P
the partial vapour pressure difference between the dry atmosphere
and pure water (2642 Pa at 22 °C). Results have been expressed as
gmm b~ cm~2 Pa~, All tests were carried out at least in triplicate.

2.8. Opacity

The films were cut into a rectangle piece and directly placed
against one side of the spectrophotometer test cell, using anempty
test cell as the reference, The opacity of the films was calculated by
the equation 0 = Absgon/x, where Abssq is the value of absorbance
at 600 nm and x is the film thickness in mm. Measurements were
done at least in triplicate using a UV-1601 spectrophotometer
{Model CPS-240, Shimadzu, Kyoto, Japan).

2.9, Thermal properties

Calorimetric analysis was performed using a model TA-Q1000
differential scanning calorimeter (DSC) (TA Instruments, New

Castle, DE, USA) previously calibrated by running high purity
indium (melting point 156.4 °C; enthalpy of melting 28.44 )/g)
Samples of appraximately 10 mg (+0.002 mg) were weighed out
using a model ME2355 electronic balance (Sartorious, Goettingen,
Germany) and were tightly encapsulated in aluminium pans and
scanned under dry nitrogen purge (50 mLjmin). Freshly condi-
tioned films were rapidly cooled to 0°C and scanned between 0 and
90 “C at a heating rate of 10 “C/min. Glass ransition temperatures,
Tg (°C), were determined onlyon the first heating scans, in order to
characterize the same material used in the rest of analyses (values
obtained on the second scans being deemed not relevant because of
the practical impossibility of reproducing the original film condi-
tioning). The glass transition temperature was estimated as the
midpoint of the line drawn between the temperature at the inter-
section of the initial tangent with the tangent through the inflec-
tion point of the trace and the temperature of the intersection of
the tangent through the inflection point with the final tangent. Tg
data were reported as mean values of at least duplicate samples for
each film, usually within £1-2°C,

2.10. Antioxidant activity of LS

The antioxidant activity of the 1S was determined based on the
1,1-Diphenyl-2-picrylhydrazyl (DPPH) radical scavenging ability.
The assay was carried out as described by Brand-Williams, Cuvelier,
and Berset (1995) with some modifications (Fukumoto & Mazza,
2000). The 1S were analyzed by triplicate testing at least five
different concentrations ranging from 50 to 800 pg/mL. The radical
scavenging activity was expressed as ICsq value, the concentration
necessary o quench 50% of initial DPPH radical. The percentage of
scavenged DPPH was plotted versus the concentration of LS,
and that required toquench 50% of initial DPPH radical wasobtained
from the graph by linear regression. Trolox (6-hydroxy-2, 5,7, 8-
tetramethylchroman-2-carboxylic acid), a water-soluble vitamin E
andlogue, was used as reference compound. The DPPH radical
scavenging capacity of Trolox, expressed as 1Csp value, was deter-
mined by testing concentrations ranging from 3 to 50 pg/mL

211, Cytotoxic effect of LS

2111 Culture of cell lines

The mouse fibroblast cell line 3T3-L1 was grown in DMEM
medium {45 g/L glucose) supplemented with 10% foetal bovine
serum (FBS), at 37 *C under 2 humidified 5% €O atmosphere, When
the cells were appraximately 70% confluent, they were split by mild
trypsinization and seeded into 24-well plates ata density of 1 x 10°
cells/well, The 24-well plates were incubated at 37 °C and 5% (0,
for 24 h. Runs were performed in triplicate with different passage
cells.

211.2. Experimental treatments

After 1 day of incubation, cultures were exposed to increasing
concentrations of LS (from 2.5 to 175 mg/mL) sterilized by
filtration and diluted in DMEM medium supplemented with 10%
FBS. Controls (containing only the culture medium) were included
in each plate. The plates were incubated at 37 °C with 5% CO; for
24h

2113, MTS msay

The viability of the 3T3-L1 cells teated with increasing
concentrations of LS for 24 h was determined by the MTS assay,
composed of the tetrazolium salt MTS (3-{4,5-dimethylthiazol-
2oyl }5-{3-carboxymethaxyphenyl }-2-(4-sulfophenyl )-2H- tetrazo-
lium) and an electron coupling reagent (PMS, phenazine metho-
sulfate). This assay is based on the conversion of the tetrazolium



Articulo 1. Role of lignosulphonate in properties of fish gelatin films

compound into a coloured, aqueous soluble formazan product by
mitochondrial activity of viable cells at 37 °C. The amount of for-
mazan produced by dehydrogenase enzymes is diredtly propor-
tional to the number of living cells in culture,

MTS and PMS were combined in a ratio of 20:1 and the mixture
was added to the culture medium in a ratio of 1:5 (reagent mix-
twreculture medium). Cells were washed with PBS and the
medium containing MTS/PMS was added (500 ul per well). After 1 h
of further incubation, the absorbance was measured in a microplate
reader at 485 nm (Appliskan, Thermo Scientific, Madrid, Spain).

212, Antimicrobial capacity of LS

The antimicrobial activity of the lignosulphonates was deter-
mined by the disk diffusion method in agar against 26 microbial
strains as previously described (Gomez-Estaca, Lopez de Lacey,
Lopez-Caballero, Gémez-Guillén, & Montero, 2010), The strains,
selected because of its importance in health (such as probiotics or
pathogens) or for being responsible for food spoilage, were ob-
tained from the Spanish Type Culture Collection (CECT): Lactoba-
dillus acidophilus CETC 903, Salmonella cholerasuis CECT 4300, L.
acidophilus CECT 903, Listeria innocua CECT 910, Citrobacter freundii
CECT 401, Escherichia coli CECT 515, Shigella sonnei CECT 4887,
Pseudomonas aeruginosa CECT 110, Yersinia enterocolitica CECT
4315, Brochothrix thermosphacta CECT 847, Staphylococcus aureus
CECT 240, Bacillus cereus CECT 148, Listeria monocytogenes CECT
4032, Clostridium perfringens CECT 486, Aeromonas hydrophila CECT
839T, Photobacterium phosphoreum CECT 4192, Shewanella putre-
Jaciens CECT 5346T, Pseudomonas fluorescens CECT 4898, Vibrio
parahaemolyticus CECT 511T, Bacillus coagulans CECT 56, Bifido-
bacterium animalis subespecie lactis DSMZ 10140, Bifidobacterium
bifidum DSMZ 20215, Enterococcus faecium DSM 20477, Lactoba-
dllus helveticus DSM 20075, Debaryomyces hansenii CECT 11364,
Aspergilus niger CECT 2088, Penicilium expansum DSMZ 62841, After
incubation, the inhibition area -considered the antimicrobial
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activity- was measured with Acrobat Reader Professional software
ver. b, Results were expressed as percentage of growth inhibition
respecting to the total plate surface. Each determination was per-
formed in duplicate.

213, Staristical analysis

Statistical tests were performed using the SPSS computer
program (SPSS Statistical Software Inc., Chicago, IL, USA). One-way
analysis of variance was carried out. Differences between pairs of
means were assessed on the basis of confidence intervals using the
Duncan test, The level of significance was p < 0.05,

3. Results and discussion
3.1. Viscoelastic properties of film-forming solutions

To what extent lignosulphonate (LSa) contributes to gelatin
renaturation into the triple helical structure has been evaluated by
studying the viscoelastic properties of the film-forming solutions
obtained by mixing different proportions of bath biopolymers in
the presence of sorbitol plus glycerol as plasticizers. Fig. 1 shows the
viscoelastic behaviour upon heating from 2°Cto 30 °Cof previously
cold-gelled film-forming solutions, Importantly, we have used
a cold-water fish gelatin with very low gel forming capacity,
deducible from the low value of the elastic modulus (G, 0.02 Fa),
achieved by cooling the film-forming solution (4% gelatin, wjv) to
27Catarate of 1 °C/min. The lower content of both proline and
especially hydroxyproline residues in cold-water fish gelatins, as
compared to gelatins from mammals or fish from tropical waters,

temperature (°C)

Hg 1. Vemelastic properties upon heating from 2 °C o 25 °C of film-forming sohu-
tons based on mixtures of fish gelain () and lignosulphonate (154) at different rabos.
) Modulus of elasaty (G, Pa} b) modulus of viscosty (G, Pa); ¢ phase angle (L

has been argued as the main reason for their lower thermostability
and poorer rheological properties, due to a reduced hydrogen-
bonding ability needed to induce the refolding of gelatin chains
into the typical collagen-like triple helical structures (Gilsenan &
Ross-Murphy, 2000; Ledward, 1986). Nevertheless, after a brief
period of cold maturation (5 min at 2 °C), the gelatin solution
without LS (100-0) resulted in a weak gel (G' = 439 Py,
G = 110Pa, = 14.22° ) which began tomelt from 6 “Cupwards, as
can be deduced from the sharp increase in the phase angle curve
(Fig. 1c). The replacement of 15% gelatin by 1Sa (blend 85:15)
reduced the initial value of G’ (at 2 °C) by nearly 50%, while higher
LS concentrations mostly hindered the refolding ability of gelatin
chains, as is evident from the low G and G values and the virtual
absence of thermal melting ransition in the phase angle curve
{blend 70;30 not shown ). The changes in the viscoelastic behaviour
of the different film-forming solutions suggested a considerable
interference of LS in the formation of junction zones (short triple
helical regions) in the gelatin matrix, increasing a5 the added
quantity rose.
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3.2. ATR-FTIR spectroscopy of films

To assess possible interactions between gelatin and LS (LSa) in
the films resulting from the different mixture concentrations,
a structural analysis by FTIR was conducted. All spectra showed
main R absorption bands at characteristic peak frequency
values, corresponding to the amide A (~3278 cm"}, amide |
(~1634 cm™"), amide 11(~1533 cm™ ") and amide 1 ~ 1239 cm™"),
as befits the predominantly protein nature of the different films
(Fig. 2 Replacing gelatin by increasing concentrations of 1S
produced a progressive decrease in the intensity and amplitude of
the amide 1, amide 1l and amide 1l bands, with the spectra of
mixtures 80-20 and 75-25 reaching very similar intermediate
values among all tested formulations (blend 70:30 not shown),
According to Muyonga, Cole, and Duodu (2004 ), a decrease in the
intensity of the peaks associated with amide bands 1, I1and 1 would
indicate protein denaturation, however, a gelatin “dilution effect”
cannot be excluded given the increased relative concentration of LS
in the mixture, This effect was clearly visible through the progres-
sive increase in the intensity of IR absorption in the range of
frequencies between 1200 and 1000 an™", This coincided with the
region of asymmetric extension of the C-0-C bonds of LS, largely
associated with the significant car bohydrate content, together with
symmetric extension of the sulphone and sulphonate groups
(Kadla & Kubo, 2003; Shen, Zhang, & Zhua, 2008). Moreover, the
ability of the C-0 glycerol group, added as plasticizer to increase IR
absorbance in this frequency range, should also be taken into
account ( Bergo & Sobral, 2007).

The degree ofinteraction between two biopolymers is measured
by the eventual changes in frequency at which main absorption
peaks appear. Changes in the amplitude and intensity of the amide
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Aband (associated with the stretching vibration of the NH bond ) of
gelatin produced by the presence of LS were barely noticeable, with
only a slight widening of this band in mixture 65-35. This was
attributed to the high content of —OH groups of the more
concentrated lignin derivative, whose absorption peak has been
described as around 3422 cm ™! (Kadla & Kubo, 2003). However, in
contrast to the work reported by Kadla and Kubo (2003), the
absence of any band shift suggests a possible interaction through
hydrogen bonds at this level to be negligible.

The amide 1 band, related mainly to stretching vibrations of the
protein C|O groups, after modification by hydrogen bonding and
coupling with neighbouring carbonyl groups, peakedat ~1635¢m™"
in the gelatin film without LS and in mixtures up to 75-25, The
addition of LS did not produce an apparent shift of wavenumber to
lower wvalues, so a possible interaction LS-gelatin by hydrogen
bonding was again not evidenced. On the contrary, the highest LS
concentration might have led to some interference in the hydrogen-
bonding ability of gelatin polypeptides, as denoted by the up-shift to
1639 cm™ " in the 65:35 blend. Although IR absorption of carbonyl
groups present in IiFn'm has been described at higher frequencies
(~1740-1700 ¢m™") (Fernandes, Winkler, Job, Radovanocic, &
Pineda, 2006; Mishra et al, 2007; Pereira et al, 2007) it was hardly
detectable in the spectra of the different film mixtures,

The amide | band is most often used to study in depth changesin
the protein secondary structure (Surewicz & Mantsch, 1988). In
particular, the amide 1 band of collagen gelatin has previously been
described as the result of overlapping of several components that
appear at frequencies between ~ 1630 and 1695 cm™" (Payne &
Veis, 1988; Prystupa & Donald, 1996). To improve the spectral
resolution and identify the main components that make up the
amide [ band of gelatin—15 films, the second derivative was applied
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Fig. L ATR-FTIR spectra of films hased on mixtures of fish gelatin (F) and lignosulphonate {182 at different rabos.
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and the spectra are shown in Fig. 3. LS addition caused conforma-
tional changes in gelatin polypeptide chains resulting ina decrease
in the presence of single «z-helices, random coils and disordered
structures, as evidenced by peak decreases at ~1651 cm™'
and ~1645-1635 cm™ (Payne & Veis, 1988; Prystupa & Donald,
1996). This effect was most pronounced in the 65:35 mixture,
reaching intermediate values in mixtures 80:20 and 75:25. The
component associated mostly with the presence of collagen triple
helix (~ 1660 cm™") was very poorly defined in the spectrum for
the film without LS, consistent with the low-gelling capacity of this
cold-water fish gelatin revealed in the study of its viscoelastic
properties. Therefore, the effects of LS on the gelatin triple helix
structure were hardly visible, with only mixture 65:35 once again
presenting the most noticeable changes. On the other hand, LS
ratios equal to or higher than the 80:20 blend produced significant
reductions in bands at 1695 and 1675 cm™", indicating that LS
interfered with the intermolecular aggregation of gelatin helices
and f-turns (Doyle, Blout, & Bendit, 1975; Prystupa & Donald, 1996;
Muyonga et al, 2004), According to Prystupa and Donald (1996),
fi-turns could serve as nucleation sites for the formation of helical
segments under appropriate conditions. Therefore, as already
observed in the study of viscoelastic properties, LS hinders the
formation of primary nucleation sites necessary for triple helical
structure development. However, the possible contribution of
hydrogen-bonding interactions is difficult to establish, given the
absence of significant down-shifts in the frequency of occurrence of
the different band centres. Therefore, the marked effectof LS on the
conformation of gelatin polypeptide chains may be attributable
principally to nonbonding interactions, as reported by Kadla and
Kubo (2003) in mixtures of polyethylene oxide and lignin. These
non-specific interactions are considered to be due to the strong
polar character of LS sulphonic acid groups, which together with
the predominantly hydrophobic phenylpropane units, confer high-
surface active properties to LS (Telysheva et al, 2001), Huang et al.
(2003 ) reported an improvement in water resistance in soy protein
isolate-lignosulphonate composite films attributable mainly to
a beneficial microphase separation and the formation of a physical
cross-linked network between the two biopolymers, In this regard,

LS has also been reported to tend to aggregate as supramolecular
complexes inducing the formation of physical interactions in
composite matrices with waterborne polyurethane (Cui et al,
2007},

In the case of the amide 11, which is associated with IR absorp-
tion due to bending vibrations of the NH group and stretching
vibrations of the CN group, the centre tended to shift gradually
from 1533 cm™' inthe sample without LS to 1538 em”inthe 65:35
mixture, The amide 11 band is less sensitive to changes in protein
secondary structures than amide |, however, it is strongly influ-
enced by the hydration level. According to Yakimets et al. {2005),
the observed decrease in band intensity and its shift to higher
wavenumbers would indicate an increase in the level of protein
hydration, which would be accompanied by a decrease in poly-
peptide chain interactions (Jakobsen, Brown, Hutson, Fink, & Veis,
1983), possibly favoured by the abundant hydroxyl groups of
lignosulphonate.

33, Thermal properties of films

DSC traces of gelatin-LS films are shown in Fig. 4a for a wide
range of composition. Large glass transition processes, aking place
along a wide temperature interval with high heat capadty change
(Tg zones indicated by solid arrows), are usually observed for the
higher gelatin contents; it may be mainly due tothe fact that gelatin
is a wholly amorphous polypeptides mixture (result not shown).
The blends appeared chiefly miscible since a single Tg is essentially
observed; however, minor (even subtle) Tg events (Tg zones indi-
cated by dotted arrows) were visible, particularly in the 85:15 and
75:25 films where both glass transition processes ocurred with
overlapping. This kind of phenomenon may likely be related to
a gelatin “microphase separation”, as discussed latter on.

Class transition temperatures (Tg) of the several blended films
are depicted as a function of composition in Fig. 4b. In the average,
despite a somewhat big data scattering (local inhomogeneities in
the complex systems may be a matter), a decreasing tendency
(illustrated by a dashed line) may be presumed for the main Tg
values of G-LS films containing moderate amounts of LS (1Sa), as in

———- 8515
80-20
— 7525
""" 6535
1696 1690 1685 1680 1675 1670 1665 1660 1655 1650 1645 1640 1635 1630
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Fig. 3. Second derivative of amide Aband from FTIR spectra of films based on mistures of fish gelatin (F) and hignosulphonate (L54) at different ratios,



Articulo 1. Role of lignosulphonate in properties of fish gelatin films

According to Fredheim and Christensen (2003) the cross-linking
of its phenylpropanoid monomers yields an LS spherical structure
of a compact hydrophobic hydrocarbon core negatively charged
because of its sulphonic and carbaxylic groups, which are located
on the core surface, It seems that interference with the intermo-
lecular aggregation of gelatin G helices by LS interaction would take
place mainly on this surface. Since this structure may become large
(LS fractions may have molecular weights of several kDa), it could
introduce considerable steric hindrance in the system which might
impair an even distribution of LS throughout the biopolymer
matrix. At low or moderate concentrations, LS undergo a certain
“microphase separation” (Huang et al., 2003) thus permitting the
free volume to increase in the system and produce a decreasing
tendency in Tg values. In the 70:30 and 65:35 blended films,
however, the number and size of the LS domains led to greater
steric hindrance which considerably restricted the biopolymer
molecular motion. The mobility restriction could have been highly
intensified by the fact that LS has been shown to form supramo-
lecular complexes by inter- and intramolecular hydrogen bonding
of its polar groups (Li & Sarkanen, 2002 To this effect, LS intra-
molecular ionic bonding was elidted by Hatakeyama, Asano, and
Hatakeyama (2003) to be responsible for glass transition not
being clearly observed in LS fractions. According to Lemes, Soto-
Oviedo, Waldman, Innocentini-Mel, and Durn (2010) the LS
domains increased with LS concentration and interacted poorly
with a poly 3-hydroxybutirate-co-3-hydraxyvalerate) (PHBV)
matrix, as seems to be the case with gelatin G, It is worthy to note
that the minor Tg events in the G-LS films seemed to be mainly
related to the G component, as illustrated by the dotted line in
Fig. 4b, thus being likely associated with current “microphase
separation” processes.

34. Physical properties of films
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the 85:15, 80:20 and 75:25 compositions. This kind of LS action
appeared to be compatible with the (glycerol plus sorbitol) plast-
cizing effect on G, ie, some reduction in the glass transition
temperature of gelatin in the films from 75% and upwards in G,
Contrarily, at higher LS concentrations such as in the 70:30 and
65:35 blends, lignosulphonate seemed to play an opposite role
since the corresponding films exhibited Tg values clearly higher to
that of non-blended G film, i.e.. some antiplasticizing induced effect
when LS content was in the 30-35% concentration. Worthy to note
is that, as will be commented below, these last two films did not
allow proper handling (sticky problems) for their mechanical
properties determination but did however allow sampling for their
thermal analysis, Huang et al. (2003 ) reported that low to moderate
levels of LS produced a physical cross-linked complex with soy
protein which induced plasticization effects in soy protein plastics,
Incontrast, higher LS additions in the above mentioned soy protein
films, like the 60:40 and 40:60 blends reported by those authors,
exhibited glass transition temperatures that clearly showed an
inversion in the previous plasticization trend, suggesting the effect
of 1S as a filler dispersed in the film matrix,

At the macroscopic level, the addition of LS (LSa) to the gelatin
matrix produced transparent, light brown and visually homoge-
neous films in all cases (Fig. 5). Except for the 70:30 and 65:35
blends, which were extremely sticky, the other films were easy o
unmold and handle. The physical properties of gelatin films with
increasing proportions of LS are presented in Table 1,

The gelatin film without LS was characterized by a tensile
strength substantially lower than that reported by Chambi and
Grosso (2006) for bovine gelatin films or Pranoto et al, (2007) for
tilapia (2 warm-water species) gelatin films. However, this film
presents extraordinary high elongation at break, as reported earlier
in gelatin films from cold-water fish such as cod (Pérez-Mateos
et al., 2009) or halibut (Carvalho et al, 2008). The addition of LS
did not induce significant changes in the tensile strength of the

Fig, 5, Viswal appearance of films, a) fish gelain flm: b) Fish gelitin-bgnosulphonate
(15a] film. at the ratio 80:20,
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Table 1
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Physical properties of films based on mixtures of fish gelatin (F) and lignosulphonate (15a) at different ratios. Different letters e in the same column indicate significant

(p = 0.05) differences.

F-154 15 < W0 (/) EAB (%) Solulality (%) WP < 107 Opacity
(gmmfh Pa an®) [ABS; 50/ mm}

100-0 539 + 047 546+ T 925 + 155° 260 + 0.14° 03+ 002

85-15 428 £ 045° 37548 93,53 + 095° 040317 072 + 007

80-20 476 + 058 26+ 7 545 + 226" 554+ 089" 1.93 + 0307

75-25 423 074 3792 ¢ 5490 + 5707 556 : 0417 198 + 042°

70-30 nd fd ind itd nd

535 nd nd nd nd nd

nd: not determined.

corresponding composite films, but significantly (p < 0.05)
decreased the elongation at break, which agrees with previous
work reported by Vengal and Srikumar (2005) on polymeric
gelatin-lignin films, The poorer film physical properties of GiLS
films, particularly in relation to their mechanical properties, was
consistent with an LS filler effect interfering with the aggregation of
gelatin helices, as discussed above, becoming more pronounced as
the proportion of LS increased in the formulation, Contrary to what
was observed in gelatin, LS as such, or in the form of lignin, has
been referred to as a plasticizing agent in composite films with
starch (Baumberger et al, 1997, Wu etal, 2009), or as a reinforcing
agent with cellulose (Rohella, Sahoo, Paul, Choudhury, &
Chakravortty, 1996) or polyethylene oxide (Kadla & Kubo, 2003),
but in all cases providing adequate miscibility with the polymer. Cui
et al.(2007) observed a decrease of strength and modulus as well as
an increase of elongation of waterborne polyurethane loaded with
high proportions of lignosulphonate,

As previously reported, in soy protein isolate-lignosulphonate
composite films (Huang et al, 2003), the addition of 1S also
contributed greatly to improve the water resistance of fish gelatin
films, which showed a water solubility above 90% in the absence of
LS. Such high solubility was in accordance with the values reported
by Pérez-Mateos et al. (2009) for cod gelatin films, being far
superior to those of gelatin films from bovine or from warmer
climate fish (Bertan, Tanada-Palmu, Siani, & Grosso, 2005; Gomez-
Estaca ef al, 2009). Despite the highly polar nature of LS due to the
abundance of acid and alcohol groups that give it a highly water-
soluble nature (Baumberger et al,, 1997), the solubility of gelatin
films was drastically reduced in the mixtures 80:20 and 75:25, with
no significant differences between them. The decrease of water
solubility in these two formulations was accompanied by a signifi-
cant increase in water vapour permeability (WVP), whose values
nearly doubled in these samples, unlike the 85:15 mixture. The
increase in WVP could be the result of certain microphase separa-
tion, a5 discussed previously. The pronounced changes produced
from the 80:20 ratio onwards, which were consistent with those
observed in the study of viscoelastic properties, DSC and FTIR,
indicate an LS proportion of 20% to be the threshold for producing
substantial physical interference in the entanglement of gelatin
polypeptide chains within the film matrix. Such interference,
which might have led to a significant blockade of gelatin ability to
interact with water molecules, would be a main responsible for
reducing the water solubility in the composite films. Moreover, the
lower solubility could be also attributed to a possible interaction
between LS sugars and the gelatin, by means of a glycation reaction
between aldehyde sugar groups and protein amines, principally
lysine c-amine. This amino acid is found mainly in the terminal
telopeptide zones of gelatin, and 15 highly reactive in glycation
reactions (Delgado-Andrade, Seiquer, Nieto, & Navarro, 2004)
Furthermore, some authors have observed that the pentoses and
especially the xyloses are extremely reactive in the Maillard reac-
tion (Kwak & Lim, 2004), and these sugars are present in the

composition of the LS. These interactions were not dearly visible in
the FTIR spectra; however they might be also responsible to some
extent for the observed reduction of nucleation points in the
gelatin-LS blends,

The addition of LS tends to reduce the transparency of the films,
due in large part to the chromophore natre of lignin, which is
highly capable of protecting against UV radiation (Ban, Song, &
Lucia, 2007), The marked increase in the opadty level for
mixtures 80:20 and 75:25, which are clearly disproportionate with
respect to the mixture 85:15, confirmed that the loss of film
transparency was due not only to an increased LS concentration,
but also to the gelatin-LS non-specific interaction, causing confor-
mational changes in the film protein matrix.

The addition of 20% LS in the formulation of fish gelatin films
produced a significant improvement in water resistance, with the
least damage in mechanical properties. For this reason, the 100:0
and 80:20 films were selected for a comparative study of the
kinetics of solubilisation in water after a conditioning period of 2
and 9days at 21 *C and 58% air humidity (Fig. 6). Films without LS
(100:0) reached maximum values of water solubility within the
first 4 h, whereas in the 80:20 film, apart from significantly
reducing the solubility from the beginning the soluble fraction
continued to increase up to 9 h, indicating that the film was dis-
solved more slowly. Unlike the film without LS, after a conditioning
period of 9 days the rate of water solubility of the 80:20 film
was significantly reduced during the first 9 h in water, but after 16 h
it reached values similar to the film conditioned for 2 days, indi-
cating that additional interactions attributed to the ageing effect
were also water-labile, which strongly suggests their non-covalent
nature.

340 Bfect of type of gelatin and lignosulphonate

To determine the effect of the type of gelatin and lignosulpho-
nate, new films were made in the 80:20 ratio with bovine gelatin
(B, fish gelatin (F) and three types of LS (calcium-magnesium, high

100 P
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Rg. 6. Water solubdity of fish gelatin films (100-0) and fish gelatin-lignosulphonate
(15a) film (80-20) after condiioning for 2 days (2d) and 9 days () at 21°C.



Articulo 1. Role of lignosulphonate in properties of fish gelatin films

68 R Nifiez-Flores et al | Food Hydrocolloids 27 (2012) 60-71

Table2

Physcal properties of films based on mixtures of fish gelatin (F) or bovine gelatin (B) and three types of ignosulphonates (LS4, L5b, LSc) at the ratio (80:20, gelatin:LS).

Different letters a.by in the same column indicate significant (p < 0.05) differen s,

Gelatin- lignosulfonate 5« 10° (Njm?) EAB (%) Solubility (%) WVE . 107 Opacity (ABS;g/mm)
(g mm/h Pacov’)
F-15 476+ 058 26+ 37 5454 = 226° 5.54 + DR 193 + 0.30°
F-15h 412 + 043 511 + 128 5894 + 561° 6.37 + 034™ 198 + 023
F-L5c 378 + 056" 74+ 467" G208 + 577 5.2 + 044" 1.92 + 020°
B-15a 528 + 0.05* Wl + 306 2396 + 150° 5,15 £ 087 257 + 033
B-15h 713+ 071° %2 £ 30 2877 + 300 4 + 035 255 + 020
B-15¢ 708 + 088" B2+ 86 2558 + 161 704 + 051 24+ 055

sugar content, 1Sa; calcium-magnesium, low sugar content, LSb;
and sodium, low sugar content, LSc) (Table 2). In general, the bovine
gelatin—-LS composite films present higher tensile strength than the
fish gelatin blends, with the exception of the mixture with LSa
{with higher sugar content), where differences in this parameter
due to type of gelatin were not significant (p > 0.05), Intrinsic
differences in the gelatin attributes may affect considerable the
physical properties of films. To this regard, the molecular weight
distribution and amino acid composition, which are the main
factors influencing the physical and structural properties of gelatin,
are also believed to play a key role in the mechanical and barrier
properties of the resulting films, In a previous study, weaker and
much more deformable films were obtained using tuna skin gelatin
a compared to bovine-hide gelatin (Gomez-Estaca et al, 2009).
The lower Pro + Hyp residues in the fish gelatin was suggested as
a main factor for the increased deformability of bovine gelatin
films, since the pyrrolidine rings of the imino acids may impose
conformational constraints, imparting a certain degree of molec-
ularrigidity. As expected, bovine gelatin produced less stretchable
films than fish gelatin, with the bovine gelatin-L5¢ film (B~L5¢)
(sodium, low-sugar LS) registering the lowest EAB values among all
the cases studied and coinciding with the highest TS. As far as the
fish gelatin films were concerned, no significant differences
{p = 0.05) in WVP associated with the type of LS were found,
whereas in bovine gelatin films, B-LS¢ presented WVP significantly
higher than with the other types of LS, the main difference being
the higher molecular weight and the presence of Na™ of LS, which
may have produced greater aggregation in the protein matrix.

Regardless of the type of LS employed, the water solubility of
bovine gelatin-LS composite films was significantly lower than
with fish gelatin, probably due to the intrinsic differences in the
parent gelatins used. The higher cross-linking degree in the bovine
gelatin by the presumptive higher imino acid content would favour
the film water resistance, On the other contrary, films from low-
gelling cold-water fish gelatin, with low Hyp content, tend to be
completely soluble in water (Carvalho et al., 2008; Denavi et al.
2009; Pérez-Mateos et al, 2009). The type of LS did not induce
significant differences in the opadty of the films which was very
similar in all cases,

Table 3

Table 3 summarizes the viscoelastic properties of the 80:20
filmogenic solutions with different gelatins and lignosulphonates,
after cooling to 2 “Cand then heated to 30 °C. Unlike fish gelatin, all
mixtures based on bovine gelatin produced a cold-matured gel as
indicated by the significantly higher G’ and G" values at 2 °C
together with an apparent dedine in phase angle. In addition,
bovine gelatin gels showed a melting temperature significantly
higher than fish gelatin (26 °C vs. 7 °C). This confirmed the greater
ability of bovine gelatin to form nucleation sites for development
and growth of triple helices (Gilsenan & Ross-Murphy, 2000; Led-
ward, 1986), which was manifested in the greater tensile strength
and lower elongation of the resulting films (Table 2). Regardless of
the type of gelatin, the LSa (Ca-Mg high sugar content) interfered
more with the cold-renaturation ability of polypeptide chains, as
can be deduced from the lower G’ and higher phase angle. The
greatest interference occurred with the bovine gelatin (B-LSa),
resulting in a significant decrease (p < 0.05) in T5 (Table 2). In
contrast, the LS (Na, low sugar content) favoured significantly the
gel elastic component of both gelatins, possibly due o less
hindrance from both the low sugar content and the monovalent
nature of the cation Na™, In this respect, under certain conditions
salts can destabilize the structure of the gelatin (Sarabia, Gomez-
Guillén, & Montero, 2000; Slade & Levine, 1987), possibly due to
protein and salt ions competing for water (Elysée-Collen & Lencki,
1996), Therefore, in the case of bovine gelatin, the LS¢ permitted
more gelatin chain inter- and intramolecular interactions, resulting
in a stronger but less stretchable film, with increased WVP (B-15¢)
(Table 2). None of the gelatins lost the condition of thermo-
reversibility in the presence of any type of LS, as revealed by the
viscoelastic parameters (low G” and high 4) after heating at 30 *C.
Complete gel melting, irrespective of the type of gelatin or LS,
confirmed the predominance ofnon-covalent interactions between
gelatin and LS.

3.5 Antioxidant activity of LS
DPPH is a stable free radical that can accept an electron or

hydrogen radical o become a stable molecule. This radical is
commonly used as a substrate o evaluate the antioxidant activity

Viscoelstic properties of flm-forming solutions based on mixtures of fish gelatm (F) o boviee gelatin (B) and three types of lignosulphonates (L5, 15h, 15¢), at the ratio
(80:20, gelatin:LS). Different letters ab.ed in the same wlumn indicate significant (p < 0.05) differences.

Gelatin- S G'z-c(Pa) G'2¢(Pa) hl) m{’C) G ¢ (Pa) bo (')

15 0.092 + 000 0407 £ 0.2 TLI + 464° ng 0022 + 0001 8852+ 531
F-15h 0571 + 0m@* 0919 = 0,06 5840+ 351° 7 0020 + Q001 8271 + 496
F-15¢ 1967 + 018° 1254 + 007 B8+ 138 7 0023 + 0003 8504+ 511
B-15a 1367 + 42" 1436 + 0.8" 348+ 021° %6 0022 + 0001 8610+ 517
B-15b 5189 + 311 1501 +0.90° 1,66+ 0,104 %6 0024 + 0002 BEO4 £ 534
B-15¢ 1040 + @247 480 + 2.00° 1o1:001% 6 0023 + 0o01? 8872 + 537

Tm: melting temperature,
g no gel,
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of different compounds. The DPPH assay had previously been
proposed to assess the radical scavenging activity of lignins
(Dizhbite et al, 2004; Telysheva, Dizhbite, Tirzite, & Jurkjane, 2000
The DPPH radical scavenging capacity of the LS and Trolox,
expressed as 1Csq values, are shown in Table 4, All the LS tested in
this study showed a similar ability to quench DPPH radicals, as can
be deduced from the 1Csq values obtained, ranging from around 83
to 97 pg/mL When compared with Trolox, all the LS showed
significantly lower antioxidant activity, with 1Css values ranging
from 65- to 7.5-fold higher than those obtained for Trolox, The
antioxidant activity of lignins is influenced by structural features,
mainly the presence of several functional groups such as the
phenelic hydroxyl groups as well as the molecular weight (Pan
et al, 2006; Ugartondo et al., 2008). It has been reported that
high molecular weight may be one of the main factors decreasing
the radical scavenging activity of lignins (Pan et al, 2006
Ugartondo et al., 2009). The three LS evaluated in this study
showed similar molecular weights, which may help to explain the
similarity found in antioxidant activity. Furthermore, the carbo-
hydrate content has been reported to influence the antioxidant
activity of lignins, Thus, high carbohydrate content has been
correlated with a decrease in antioxidant activity, since the polar
groups of the carbohydrates may form hydrogen bonds with lignin
phenolic groups (Ugartondo et al, 2008). As described above, the
15a was high in carbohydrates, whereas the LSh and LS¢ had low
levels. However, despite the differences in the carbohydrate
content, no noticeable differences were observed in antioxidant
activity among the three LS.

36. Cytotoxic effect of LS

Given the potential application of lignosulphonates as active
packaging materials in contact with food, it is of great interest fo
study their possible cytotaxic effects. Cell cytotoxicity assays are
among the most common in vitro bioassays to predict the toxicity of
awide range of compounds (Sanchez, Mitjans, Infante, & Vinardell,
2004), The MTS assay has been used in this study to assess the
in vitro cytotoxic effect of the three LS, This oytotoxicity assay has
been reported to be a convenient method for assessing cell viability
in a number of studies (Malich, Markovic, & Winder, 1997).

The cytotoxic effects of the LS on fibroblast 313 cells are shown
inTable 5. The 1Csy values obtained for all the LS reveal that these
compounds have similar cytotaxic effects, but only at very high
concentrations, Only a few studies have reported the cytotoxic
effects of lignins. Ugartondo et al. (2008 ) reported that lignins and
especially lignosulphonate showed low toxicity against 373 cell
lines, with ICsg values around 1200 pg/mL after 24 hof exposure. In
our study, the three LS showed ICso values even higher than those
reported by Ugartondo et al. (2008 ), ranging from around 1500 to
1750 ygfml. When the cytotoxic potential of the LS was related to
their antioxidant activity, it could be observed that the effective
antioxidant concentrations were noticeably smaller than the
cytotoxic ones (from 15- to 20-fold lower), so these compounds are
antioxidants at non-cytotoxic concentrations,

Table 4

Radical savenging efficacy of lignosulphonates,
Mifferent letters aba in the same column indicate
significant (p < 0.05) differences.

ICsq | yg/ml)
L5a 925+ 8.1°
15b B34+ 250
L5 975 + 64"
Trolox 129+ 02*

Table 5

Cytoimxiaty of lignosulphonates in 373 mouse
fibroblasts, Different letters abe in the same
column mdicate sgnificant (p < 0.06) di ferences.

10 [/l
15 1480 + 114°
L5h 1696 = 55
L5 1745 + 16

37, Antimicrobial properties of LS

In general, lignosulphonates showed no antimicrobial activity
against most of the microorganisms studied but with some
exceptions, Some activity was detected against D. hansenii CECT
11364, with an inhibition percentage 0f9.3,9.8 and 9.9% for 1S4, LSb
and L5, respectively. To a lesser extent, there was also some
evidence of inhibition against the Gram-positives S. aureus CECT
240 and 8. thermosphacta CECT 847, Cruz, Dominguez, Dominguez,
and Parajé (2001) found that the acid ethyl acetate extracts from
hydrolysates of several lignocellulosic materials showed activity
against bacteria and yeasts, with eucalyptus wood extract being the
most effective and S. aureus the most sensitive bacteria

The antibacterial action of a kraR-lignin was reported to be due to
the activity of its methanol soluble fraction, suggesting that the
suppression of phytopathogenic microorganism growth could be
connected, in part, with the inhibition of the radical process by mobile
lignin fractions (Dizhbite et al, 2004) The relationship between
antioxidant and antimicrobial properties, however, was not observed
in our work; despite studying the antioxidant properties of the
lignosulphonates (Table 4) antimicrobial activity was barely detected.
The lignosulphonates are described as powerful surfactants and
hence their possible antimicrobial action. However, it was reported
that both wood-pulp and straw-pulp lignosulphonates could accel-
erate bacteria reproduction in re-circulated cooling water because of
the presence of sugars ( Lou, Qiu, Yang & Pang, 2004). In our study, the
inhibition areas against the yeast were similar, regardless of compo-
sition (sugar content or mineral) of the lignosulphonates tested.

4. Conclusions

Lignosulphonate represents an important waste material which
could be successfully employed as a filler agent for improving the
water resistance of biopolymer films with extremely high water
solubility, as is the case of cold-water fish skin gelatin films. In this
case, the blend 80:20 (gelatin:lignosulphonate) was the most
adequate to produce a significant improvement in water resistance,
with the least damage in mechanical properties, Moreover, the
proved antioxidant capadty and low cytotoxicity of lignosulpho-
nates make them suitable candidates to be used for potential food
packaging applications.
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ARTICLE INFO ABSTRACT
Artice kigary. The phy sico-chemscal and functsonal stabiity of gelatin ( G) and gelaan - bgnosslphonate | GLS) films stored dur. %)
Receved 2 jamuary 2013 ing 4 weeks at 21 ‘(.xitmomw:im(muihod:u\niurd Additien of lgnosdphonate dra- 21
m:l’f:“ ni';” matically increased ABTS radical sGavenging and fermc xn redxcng cagacities, which remasned pracically 22
unaliered after the storage penod. QS films exhibsted reduced dongdion at break wrrespecave of sorge 23
” medium, and retained thexr water resistance. The feasblity of usmg GLS film to improve the quakity of sardine 24
Caasn fillets dunng challed storage. alone or in combmation with high pressure treatment (300 MP210 mn 7 °C), 25
Limesuphosate wa evahated The combmed use of GLS film with hggh pressure reduced mecrobial growth, total volatile basic %
Filme compounds | TVE] and thiobarb a0d reactve substances | TBARS) dunng culled sorage No notewortly 27
Seabuley high pressure.induced colour changes were abserved in the irdne musde using this treaoment alone, although 33
Sxime an increase m yelowness due to the combined trestment was detecied. .
Industnaf Relevance: Addinon of Ignosulphonate dramancaly increased andoadant propertes (ABTS radical ¥
scavenging and femc won reducng ) of geldin films, whech remaned practically unaltered dunng £ wedks of 31
starage &t room temperature. Applcation of those files confers stabiity dunng storage of chilled sardine, espe- 12
cally in combnation with hegh pressure treatment. These novel packaging was pramising for fish preservation. 1
© 2013 Published by Elsevier Lid M
»
L. Introduction Benjakul & Prodpran, 2009; Zhang & al, 2010) of to induce acnve prop- $1

Mo polymers currently used for food packaging are denved from
petroleurn, contnbuting gready to emvironmental and recycling prob-
lems. For these reasons there is 3 continuous search for other matenals
that are non-toxic, beodegradable and obtaned from natural renewable
sources. Gelatin 1s an animal protemn obtained by controlled hydrolyss
of the fibrous msoluble collagen present in bones and san generated
& waste dunng animad slaughtering and processng (Patl, Mark,
Apostolov, Vassileva, & Fakirov, 2000), Celagn has been one of the
most studied biopotymers on sccount of its film- forming ability and
its usefulness as an outer film to protect food from drying and exposure
to hight and oxygen (Arvamitoyannis, 2002), bue many of the potental
appbcations of gelatn films require mprovements in some of ther
propernes. such s mechamical and especially water barner properues,
Also, the thermal stabulity of gelatn itself limts its applicanon = pack-
2ing material {Big, Copza, Panzavolta, Roven, & Rubint 2002) As
reviewed by Gomez-Guilien et al (2009), gelann has been combined
with vanous biopolymers | proeans. polysacchanides. lipads or chitosan )
as well as qoss-hinlang agents to overcome the |imuted food applicanon
of the denved fims_ It was recently proposed that gelann should be
combened with plant or algal phenolic compounds to improve its phys-
ical properties (Cao, Fu, & He, 2007: Haroun & El Touny, 2010; Rataya,

* (ormsponding suther. Tel. - 34 91 5492300 Bue: +34 91 5493827,
Emel addres: evralopes@xtn cuces (ME Lopes-Cadaiero)

1466-8504. % - see fmat mamer © 2013 Publishad by Ekever Lnd
herp dxdousrg 101015 ufser 201304006

ermes in the resuinng composite films (Gomez-Estaca, Bravo, Comez- &2
Cuilién_ Alemdn_ & Monero, 2009 Comez-Estaca Ciménez, Montero, &1
& Comez-Culién, 2005). In this connecnon, ignin and bgrin deriva- &
tives with antioxidant properties (Dizhbve, Telysheva, jurkjane, & &5
Viesturs, 2004; Ugartondo, Mitans, & Vinardell 2008) have been 4
shown to form sutable composites wath gelatin, providing films wath 7
antionadant capaaity | Nuriez -flores et al., 2013). o-

Lgnn 15 2 complex phenolic compound found abundantly in the cell 4
walls of plants i asocason with cellulose and hemcelluose. As 3
major component m dietary fibre, hgmin can mbsbit the actvaty of en- 11
zymes related I the generation of superoxide amon radicals and ob- 72
sguct the growth and vaability of cancer cells (Lo, Chu, & Gau. 1988, 73
Ligren 15 an abundantly available matenal because tons of hignin 5 74
thrown away as a waste product i the pulp and paper industres. Fur- 75
thermore, fignin is completsly biodegradable, though slowly, and theres 75
fore it could be consdered for the design of prospecave biodegradable 7
polymers { Vengal & Sreekumar, 2005). Lignosulphanate (LS} is a soluble 7=
form of gnin contaning mexal jons (" Mg” ", and Na *), hydrophilic 7
groups such as dphonic, carboxyd and hydroxyd groups, and hydropho- «
b aromatic and aliphatic groups. In the process of cellulose manufac- <t
ture, LS can be isolated from spent sulphite liquors ( Nifiez Fores et al, <2
2012). i)

Biopolymer films are thermodynamucally unstable; therefore they <
are subsect to time-dependent changes, produang the so-called age- «
mng which may considerably affect ther physcal properties. In the

Please cite this ancle as Nifiez-flares R et al. Functional stability of gelatin-lignosulphonate films and their
mw;h ~. Innovative Food Science and Emenging Technologies (2013), http://dxdot org/10.1
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particuler cace of pamally crystline gelarin flms, 2 posigve mrmelipon of
aorage moculus with ome (0-72 b, & 25 "C) was reported, xocated
with an enthapy relaxanon phenomenon ocournng i the amo rphous
regions | Badis Maronet Mitchell, & Farhat, 2006, In 2 high-term tem-
peramure acoderated age ng perod | from 2 1o 30 days at 75 "C), notwe-
able gelatin irsolubilization was found. esperially from day & omwards,
wiuch was reared to the formanion of huge gelann ageregtes growing
n both sire and dersity (Rbi, Vielleaw Cued), & Durel, 2009) Early
work by Marks, Tourtellote, and Andux (1968 ) suggested that the in-
crexed insolubdity of gelatin in an accelerated ageing process was
probably the resultof polymen zation and aggreganon of gelatin mole-
cules invobang cross-linking and hydrogen bonds. Although these resc-
maons would ocrur relatively showly in the absence of a catalyst, as would
be expected in gelatin flms gored at room temperature, a certain de-
gree of gelamn cross- linkng would be a desirable consequence of film
aeng increadng the mechanical and water bamier properties and
making the fims more resstant i conct with the wet surface of
many foodstufk, such a5 fish Bllets

Fish is one of the mo heghly perishable food products and the shelf
lifee of such produds & limited in the presence of normal air by the chem-
wcdl effects of amosphenc axygen and the growth of serobec spodage
microorgamsms | Grogul Polar, & Gergul 2004). Several techniques to
preserve fish have been studwed such as the apphicaton of hegh pressure
and vaoum packagng, together with refrigeration. High hydmstabe
presure has been wadely apphed as 2 mnimal processmg technique
o projong the shelf life of additivefree foods its major advantage
beng the preservation of meomutnents such & amino aods and vita-
murs. a5 well & flavour compounds (Knorr, 2000, but ot is well recog-
nized that pressunzng shove 200 MPa leads to changes in colour and
exture, giving fish muscle 2 cooked-bke appearance (Montero &
Gimez-Cullén, 2005). The combined use of high pressure processing
and composite edible films hased on gelan and sctive plant extracts
m cold-smaked sardine has dready been shown to be 2 very promesmg
technology for fish presenation | Gomez-Eaca, Montero, Giménez, &
Gomez-Cullén, 2007). In a previous work, 2 gelatin-lignin fim alone
and combwned with high presure was shown Il:l:rnfruw[hei.m-
ance and overall quality of saimon fillets for use in ready-to-eat or
smi-prepared dishes [ Oagh, Nifez-Flores, Lopez Caballer, Montero,
& Comez-Canllen, 2011), In the present study, raw sardine was the spe-
s of choice, given its high oxidation- susceptible £t content and quick
oilage tendency under chilled conditons, malong it interesting for it
10 be preserved with an acne packaging to prolong its eating quality
{Mohan, Ravishankar, Lalitha, & Srinivasa Gopal, 2012,

In Gty species, such 25 salman or sardine, besides the filler surface
hurmidity, the presence of fat 5 another important compositional fac-
tor that may influence the functionality of the film covening, Recently,
bipid coudation products (oodized linoles aod ) have been shown to
mieract with gelatin. causmg changes m protem surface hydropho-
bicity, protein axidation by incregsing the amount of carbomyl groups,
andmier- and mtramolerular auss-inking of gelatm | Aewsm, Benjakul,
Visesanguan, Wierenga, & Cruppen, 2011),

The objectives of the present work were o study (1] the
physico-chemical and functional stabiliry of an antioxidant gelatn
hgnosulphonate film during 4 weeks of storge at mom tempernrE
(21 *C) under rwo different conditions. Le., expased o ar imside 2 con-
taner, and in contact with sunflower oil; and (1) the feas belity of using
this film to improve the quality of sardine fillets dunng chilled storage,
done or in combinanon weth high pressure reatment.

2 Materiaks and methods
2.1. Fiim properties
211 Materials

A commeral type-A bovine-lide gelaun (Boom 200220 from
Sanchio de Borja S.L. ( Zaragoza, Spam) was used. A Cal cum - magnesnam

ligmosulphonate (LS) from eucalvpous wood was kindly supplied by 150
LignoTech Ihénca, SA (D081 203, Torrelaveza, Spain). According o 151
the manubcnrer s specificarions, this 1S had 50 dry mater, 2 molecy- 152
lar weight of 6236 Da and 16 reducing sugars. Clycernd and wrbitol 153
were obtained from Panreac (Barcelona, Spain). All other reagents 154
imed were of analvtical prade and purchaved from Sigma-Aldrich, 155

212 Preparoiion of fims 156

The gelatin film-forming solunon was prepared by disolving dry 157
gelann in disalled water |45 wv) ar 40 "C adding sorbitol (15 2100 g 155
gelann | pius giyeerol (15 2100 g gelann) as plasozers. Gelan1S 154
fme were prepared by ming the dissolved gelarin with LS 2 a rano 15
of 80- 20 |clod ated on dry marter content). The mooures were stimred 151
2 20 °C for 30 min The films were made by cxong an amount of 162
M:rl.mraﬂate:rmm:gill-‘!ljm"midm:g a45°Cma 153
forced-air oven for 15 b vield a miform tacknes of Im[nm: 164
lUpln.Pruwdnemmlmeu.meﬁhmnmcmdimdme 165
saurared soluson of KBr at 21 "Cindesicrames for 2 days. 166

2.1.3 Swabiliry of films 167

Ta sn.rlyﬁesmtlht]ufmegdm;ﬂf-mdgdm_hgrmm;tnum 164
[(GLS) films, they were stored in con@nNETs over 2 saurated solution of 164
KBrat21 “Cior 28 days. Additionally, films were also placed on vessels 170
in conmct with sunflower oil, and allowed to stand for 28 daysat 21 “C 1n
in order to simulae their performance in conicr with a very famy food 172
(GO and GLS0 batrhes). Prior to analysis, the fims were remaved from 173
the oil and excess oil was deanad with absorbent filter paper. 174

2.1.4. Sohubsliry 17

Film water solulality was deermined & previosly desanbed by 176
Nifiez-Fores et al (2012). Film pomions measuering 16 am® were 177
weighed and placed m beakers wiih 15 ml of dislled waier, then 17
sealed and allowed to stand a1 22 °C for 2 h (earty solubility} and 16 h 178
(late sobubility). The soutions were then filtered through Whatman 15
No. | filter paper to recover the emaning undssobved Alm which 151
was desiccated at 105 “C for 24 b Film sobubilicy was caloulaed by the 152
equanon F5 (%) = ((Wo — WI'Wo) - 100, where Wo was the inmal 153
wgltuflmﬁlmu:prma:f: dry mamer and WY was the weight of 14
the indissoived desiccated film resadue. All tests were camed o i 155
riicaE £3

1.5 Opacity 187

Film opaoty was determinad a5 prawiously described by Nifier -Flores 148
& i (20121 The films were cut inD a rectangular piece and placed di- 158
rectly against one side of the specrophotometer &2 call, usng an 14
empry et cedl 35 the reference, The opacity of the films was calulaed 191
by the equation 0 = Abrsgy'x, where AbsB0 is the value of absorbance 162
% 600 nm and x is e film thickness m mm. Maswements were done 149
& least in mphaie uang a UV-1601 specrophotomeser (Model OPS- 184
240, Samaczw, Kyom, Japan|, 145

2.1.6 Wister vapour permeabifity 15

Water vapour permeability [WVP) was determined following 197
the gravimetnc method described by Sobral. Menegalli, Hubinger, 138
and Rogques (2001), with slight modification. Films were artached 19
over the openings of cells (permeation area = 15.9 com”) containing 6
desiccated wilica gel and the cells were placed i desiccators wath 07
dianlled water at 22 °C The cells were weighed every howr for at 2
lest 6 Water vapow permeability was caloulaed using the xa
eqmion WP =w-x-t ' - A" AP, where w was weight 2k
gain (g). x film thickness (mm), T elapsed nme for the weight gam 0
[h), and AP the partial vapour pressure difference between the dry at- e
mosphere and pure water (2642 Paat 22 *C). Results were expresed 7
sgmmh "cm ‘P, All tests were camied oot at least in s

trphicate. x4

Please cite this article a5: Nisfez- Fores. R, et aL, Functional stabiity of gelatin-gnosulphanate films and their feasibility to preserve sardine fil-
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21.7. Mechanicol properties

Tensile strength (TS) and elonganon at break (EAB) of the films
were determaned by tensile tests using a TAXT plus Texture Analyser
|SMS, Surrey. LIK). The samples were cut into reqangles 20 mm wide
and 50 mm long. fixed on the gnips of the device with a gap of 20 mm,
and tracuoned at 2 speed of | mmys. The T5 and EAB results were the
average of five determinations, and were expressed as N/m® and %,
respectively.

2.8 Andoxidant properties

Fernic iom reduci ne capecity | FRAP assay | was determined accord ing
o the method described by Pulido, Brave, and Saura-Calixto (2000
The samples were dissolved in disolled water. A 30 mL dissolved am-
e was incubated (37 “C) with 90 mL of distilled water and 900 mL
of FRAP reagent (@mntaming ripyndyimaznne (TPTZ Sigma-Aldnich )
and Fed3). Absorbance values were read at 595 nm after 30 min.
Results were expressed as mmol e’ ™ equivalents g of sample, based
on a standard curve of resm;grm which relates the concentration
of FeS04- TH20 {mM| to the absorbance a 595 nm.

The ABTS radical (22 -aznobis-(3-afyibenzothiazoline-6- ulphonic
id) ) scavenging capacty of samples was avaluated according to the
method of Re & al. (1999). The stock soluton of ABTS radical (7 mM
ABTS in 2,45 mM potassium persulphate | was kept nthe dark ar room
Emperaiue for 12-16 b An aliguot of siock seiuton was dlued with
disnlled warer 1o prepare the working seution of ABTS radical with an ab-
sorbance of 0,70 = 002 at 734 nm.A 20 miL aliquot of sample was mined
wth 980 miL of ABTS reagent. The mizoure was then left tostand at 30 °C
for 10 min and absorbance values wene read at 734 nm. Results were
expressad & mg Vitamin C Eguivalent Annoxidant Capacity (WMCEAC)
per £ of sampie based on a standard curve of vimmin C | Sema-Aldnch),
which relates the concentranon of vitamin Cto the amount of absorbance
reduction caused by witamin C All determinations were performed at
least i miplcate.

22 Preservation of sardine fillets

22 1. Sample preparanion and high pressure processing ( HPP)

For the preservation tmal, sardine ( Sardina pilchardus) fillets were
acquired ar 3 locl marka in summer. The filles (about 25 g each,
14 om length. 05 om thick) were divided randomly to prepare the fal-
lowing barches: fillers covered with a gelatin- lignin film | 5F), vacuum-
packed fillers (S, pressunzed fillets (SHP) and fillets coverad with a
zelann- lignin film and subsequentty pressurized ( SFHP). The gelatin
lignin films used were chiained as described previously and were frst
conditioned over a samurated solution of KBr at 21 “Cin desiccators for
2 days.

*The batches were vacuum-packed (except for SF) mto flexible
plastic bags using a Multivac packagmg machine (A-NG, 85021, G5,
Germany ). The pressurized barches were reated m a pilot high pres-
sure unit (ACE 665, GEC Alsthom, Nantes, France), the tempefature
of the immersion medium (distilled water| baing requlated by a
thermocouple connedad to a programmed temperarre cormol unit
\moddl IA2230AC INMASA, Barcelona, Spain ). High pressure treat-
ment was carned out for 10 min at 300 MPa and at 5 “C Pressure
was increased by 25 MPass and after the high presure teatment
was completad the me for the pressure to drop back to atmospheric
pressure was around 3 5. In the covered samples, when applied on the
surface of the sardine fillets, the films retained their structural integ-
mty and were not alvered by the high pressure meament, and coukd
be easily separated from the muscle for further anakyses. All batches
were stored at 7 °C and periodically smpled

222 pH

Approgmatety 5-10 g of muscle was homogenmed with disolled
water (12, wiv). After 5 min & ambient Emperature, the pH was
detarmined with a pHmMS3 pH-meter and a combined pH electrode

| Radiometer, Copenhagen, Denmark |. Theexperiments were perfocmed @72
at beast in quinmiplicate. bz ]

223 TVB-N mn

Total vedanbe basi nitrogen | TVE-N) determinanons were carned 75
out aver the Forage peniod using the method of Antonacopoules and 76
Vyncke (1989 Samples of sardine fillets {10 g were homogenized 277
with 90 mL of perchlonc aod (6%) in an Osterizer (a 5000 rpm for 7%
| min| to precdpitate proteins. The mixture obtained was fileered 7o
through Whatman MNo. 1 paper, washed with 5 mL of perchlonc
a0id, and adjusted t 100 mL. The filtrace was distlled in a Tecator 1
AB device (model 1002, Kjeltec Systems, Sweden ). The distillate was 2
collected on boric aad (0.3% w/v) and was ntrated with 0.05 molL 46
HCL Analyses were performed at beast in miplicate, and results were sy
expressed as mg TVB-N 100 g muscle. -4

224 Microbiclogical assays -

The microbiological analyses were as iollows: 3 total amount of 257
10 g of muscle, from ar beast 3 different packages. was colleced and s
placed in a stenle plastc bag (Stenlin Stone, Staffordshire, UK) with
90 mL of buffered 0.1% peptone water (Oxoid, Basingstoke, UK) in 20
a verucal laminar-flow cabenet (mod AV 3070 Telstar, Madnd, =1
Spain). After | min in a stomacher blender (model Cotworth 400, w2
Sewand, London, UK ). appropriate dilutions were prepared for the fol- s
lowing mecroerganism determanations: (i) todal bacterial counts ied
(TBC) on spread plates of ron Agar (Scharlab, Barcelona, Spain), 1% s
Natl incubated at 15 °C for 3 days; (1) HIS-produang organisms, as 24
black coloniss, on pour plates of lon Agar incubared at 15°C for w7
3 days: (1) luminescent bacteria on spread plates of lron Agar 1% e
Na( incubared ar 15 °C for 5 days: (iv) toral asrobic mesophiles on ¢
pour plates of Plate Count Agar, PCA | Ooid ) incubated at 30 °C for %
72 h; (v} Peeudomonas on spread plares of Pseudomonas Agar Base xn
(Creoid | with added CRC [Cemmide, Fuodine. Cephalosporine) sup iz
plement for Pseudomonas spp. (Ooid ) imcubated at 25 °C for 48 h; %
(vi)] Enterobacteriacege on double-layered plates of Violet Red Bile 34
Glucose Agar (VRBG. (woid) incubated at 30 *C for 48 b [after first a0
atding 5 ml of Trypone 5oy Agar (Merck, Darmstade, Germany) ¥
and Jntubated at room tamperature for 1 p|:and {vi} lactic aad bac- 7
tenia on double-layered plates of MRS Agzar (Oxoid) incubated ar xe
30 °C for 72 e All microbological counts are expressed as the bog of %
the colony-forming units per gram (log ofu/g) of ample. All anatyses 110
were performed in triplicate. am

225, Thiobarbinuric acid reactve substances | TBARS) e

The determination of TBARS was performed as described by Vyncke 313
(1970 . Samples of sardine fillets | 15 g were homogenzed with 30 mL 31
of 75% w/vinchiroacetic acid | TCA: Panreac Quimica S.AL. Barcelona, 115
Spain) in an Osterizer device (OsterC, Sunbeam Producs, Inc, USA at 116
5000 rpm for | min . The maxture was left to stand for 30 min and 317
was subsequantly filtered through Whatman Mo. 1 paper. The filtrate 115
(or appropnae dilunons in TCA) was subjecied to the colonmemc 314
reacnon with thicbarbituric acid (TBA: Sigma-Aldrich Chemacal Co. 320
5t Louts, USA). The reaction was performed at 90 °C for 40 min, and 31
the absorbance at 538 nm was immediately read in a spectophomme. 322
ter| Shimadzumodel CPS-240, Japan | A calibration curve was prepared 2%
using 1,13 5-emaathoxypropane (TEP; Sigma-Aldnch Chemacal Co. 324
5t Louis, USA) as the standard Results were expressed as pmol 5
malondialdehyde (MDA} per kg of muscle. Determinations were per- 3
formed ar least in miplicate. 37

226 Colour me@uremens ke

The colowr parameters lighmess (L° ), redness (2" and yellowness 10
(b") were measured using a Konica Minofta CM-3500d colonmerer a0
(Osaka, Japan). Meamuremenis were taken ai a number of locations ¥
in different muscde portions and each point is the mean of ar least 2
10 measuremenis, fexd
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23 Sonstcal analyses

Statitical tests were performed using the SPSS computer programme
(v. 18, SPSS Stanstral Software, Inc. Chucaga IL) One-way analysis of
vanance was carnied out. The difference of means between pars was re-
sived by means of confidence intervals using Banferront and Tamhane's
T2 st &2 2 level of agnificance of p < 005

1 Results and discussion
31 Seabdity of films

11.1. Physical properties

The addition of LS produced 2 light brownish coloration m the
resuiting gelatin -lignosulphonate fim, which kepe a visual homogeneity
and transparency, as reported earber by Nixiez-Flores et al. (2012). The
physical properties of the gelatin and gelatin -hgnasulphonate films,
both stoced for 28 days in contaner (G GLS) o in contaat with sun-
flower cd (CD, GLSO), are presented in Table 1.

The replacement of 20% gelatin by LS did not nduce any significant
change in tensile strength (TS values of newly made films (& day 2),n
accordance with what has been reported previously concerning the for-
mulagon of composite fish gelatm: LS films (Nufiez-Flores et 2l 2012).
With other biopolymer matrices, however, the additon of ignin deriv-
atives has been shown to Jter the mechanical propertes of the
resulting blend films sigreficantly ( Kostkova, Mikdesova & Demuanova,
1993),

in the present study, it is worth noting the pronounced ncease
(p < 0.05) m TS exhibited by the gelatin fim after beng held n aal for
2 days (CO), which was not observed m GLSO films ( Table 1), A possble
explanation hes mn the extremely hydrophobic nature of o in contact
with the predommantly hydrophilic exposed gelatin polypeptide chains,
which mught greatly affect the surface properties of the fiim, mduang
sgnificant mechanical renforcement. Such renforcement might also
be supported by presumptive chemical interactions between gelatn
and ipid oxxdation products as well as bpd-induced gelatnaggregaton
(Aewsin et al, 2011). In contrast, the high surface- active properties of
1S, which were previcusly shown to cause gelatn conformationa
changes and to prevent miermolecular gelatin aggregation in the com-
posite film matnix ( Nufez-Flores et al,, 2012), were presumed to coumn-
teract the oil-nduced surface changes.

A significant (p < 005) increase in TS was registered m G films
dunng the 28-day storage period, which could be attmbuted to 2
minor age-mduced gelatin aggregaton. producing shight film rem-
forcement. In the case of GLS films, despite a small fluctuation at
day 14, possibly due to some conformational rearrangement of both
gelatn and LS macromolecules, TS values after one month of storage

fims. In both ail-stored films (GO and GLSO), TS did not change sub- 17s
stantially dunng the 28-day orage period. s

The elongation at break (EAB) of G film was sightly increased 1%
(p < 005) by the additon of LS in the newly made fims (Table 1), as 351
repocted i other types of films, such as LS -starch or LS, polyurethane 12
composate films (Wi, Wang L, Lt & Wang, 2009). An eventual reduc- 353
tion in EAB occusred i both G and GLS films at day 14of sorage: how- 1s¢
ever, whereas the EAB i G fims retumed to imitial values after 28 days, 10
the reduced EAB 1n GLS films did nat change significantly (p > 005) 1%

In the case of films gored in contact with od, the EAB eended to de- 157
crease significantly (p < 005) in both GO and GLSO films during storage. 158
suggesting that oil-mduced changes in the surface active properties of 16
the films led to an ane-plasticizing effect. Although nat exaaly the 10
same case, ance the oil in the present study was in the storage medum, 191
incorporated od has been reported to reduce elongation of puncure de- 192
formation in fims made of ather arabinaxylans (Phan Theet al, 2002} 1w
or cod san gelatin (Pérez-Mateos, Montero, & Comez-Gallén, 2008), in 3s¢
the Laer case especially observable after one month of storage. It 1s pos- 195
sblethat the reduced EAB of GO and CLSO films during storage might be 19
the result of an increase m the degree of gelatn cross-inking produced 17
by ncreasing mterations between gelatin and accumulated bipd ooda- 58
tion products (Aewsin etal, 2011). 7

The addition of LS led © shightly lower water vapour permeabulity 40
(WVP) values in the newly made films which were significant w1
(p < 0.05) caly i the case of films stored m ol (Table 1), In contrast, LS 2
was reported to produce 2 sgnificant increase in the WVP of smilar com-
posite films made with a cold water fish speces gelatin ( Niiez- Flores et a4
al, 2012). Despite 2 noticeable decrease in WVP after two weeks of stor- 4
age in all the films sudied, whech coinaded with a reduction in the EAR. 306
the WVP & day 28 retumned tp values clowe © the value regstered at day 47
2, or shghtly hugher (p < 0.05) n the case of GLSD, s

The presence of LS produced 2 marked incease (p < 0.05) m the s
opacity of the composiee films (Table 1), as reported previously with 110
fsh gelatin 1S fims (Nufiez-Flores et ., 2012) This ncrease was at- 111
tributed to the chromophoric nature of lignin and lignin derivatives, 112
which have a high capacity to protect aganst UV radiation (8an, Song, 113
& Luca, 2007). The storage period shightly increased (p < 005) the 114
opaaty of G films, while GLS remamed practically unaltered, The opac- 115
ity of newly-made cd-stared gelatm fim (GO} was sightly higher 116
(p<005) than in s G counterpart. Although possible traces of 117
non-removed ol might remain on the film surface, decreasing fim 118
transparency, the remarkable increase in TS exhibited by the GO fim 114
suggests that the ingeased opacity could be largely due to gelatin - 10
gregation mduced by the oil-induced surface changes. Nevertheless, re- 121
garding the storage period, no signeficant (p < 0.05) differences were 122
found m GO films after 28 days The opaaty of GISO films did not 123
vary substantially as compared to GLS films, with the only exception 12¢

aid not differ sigmficantly from those registered m the newly made & day 28, where GLSO registered  higher (p < 0.05) value. 95
Tabke |
Pyural properties of flms hased on geiatin and on gelatin - ligansulp stoeed ender led aif conds (G CLS) o in contart with ol (GO, Q1SO) for 28 daypn.
Days ¢ @s @ aso
TS « 10 [Nm*) 2 891 4 058 935 4 051 1591 2125 TP R L
= i W™ 1601 + 056 1658 = 030 ** 934+ 261>
n 1378 + Q1= 890 + LA 9= 191 548 =019
EAB 1Y) 2 07 1 11%* m 2 26 2 4% M0 5 11
" 160 & 18% 154 4 11V 149 . " 126 &+ 18
n 28 41 179 4 16" 1% + 0% 160 & 1%
WVP - 10 (g-mmh - Pa-om’ 2 497 + 085 380+ 08 s - 0N ERYPRE o
=S e i 146 + 030° 214 + 03g 154 = 0% 251 + 056*
= A58+ Q8 520 3 07T 537 = 005%™ 511+ 0™
Opacity (ABS oy mm 2 070 3 001%™ 112 4 028" 09 & pOT™ 179 s Q0%
" 080 & 003 317 4 028" 126 2 00" 204 & 012
n 092 + 002 333 4 0™ 088 + 019" 503 + 0OT*

TS: tensde rengtix EAR: dongation at Break WP water vapowr permeability.

t117  Diferer lemers (abs) o the same day mean sgnificnt difiermaes (p 2 005) a5 2 funcoon of sample. Difiernt lemers (xy) for the @me Smple mean signficant Sffermces

tl 13

(p 2 005 a5 a funion of ome.
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312 water solubility

The early and late solublity in water [2fter2 b and 16 b, respective-
ly} ofgelann films () and gelatin LS films {C15] during the gorage pe-
niod are shown m Fig. 14 Fisstly, it s interesting to note that, although
the GLS values were shghtly higher than the G values in most cases,
the former ma ntained thar structural Alm meegnty visually after either
2 haor 16 hmnwater. in contrast to the G films, which disntegrated and
generated an amorphous water-bnding gel. The film solubdity after
16 h was significantly higher (p < 005) than dunng the first 2 b of
witer exposure, suggesting some kind of flm water resistance in all

Cilses

After 14 days of film storage, GLS showed some instability, 2 de-
duced from the agnificant (p < 0.05) mse in water lubility measured
after 2 h of waer exposure, ambured o possble conformational
changes induced by the presence of LS in the film matrix. also conciding
with some fluctuation in mechanical properties. In contrast, G fim
showed a clear tendency to reduce earty solubility (2 h) with storage
rime, suggesting some mprovement m film water resistance associated
with age- induced gelatin cross- linkng (Rbi et al. 2009), However, the
late film water solubility (16 b of G and GLS films after 28 days af stor-
age did not differ sgnificanly (p > 0.05) withrespect tothe values reg-
istered at day 2, indicating that 4 weels might be a suitable storage
penod toovercome possibie flucuanonsinthe gelatin-ignosulphonare

film properties.

. Mifier-Flores #1al | Bmovanve Feod Scernce and Emering Techneinges o (2017 puz-eox 5
(@) & _
o
E o
E &0 et
w .-
- [T pep——— n By =
T b b -E
40 =T G5
W
E ——=G0
E n —=G50
afe afk alt i K a
0. - .
(b)
2000
E
:., 1600
o
T 1200
"~
-
L]
E B0
v
-
T A
E . A i ahy i i ae
L1} 10 20 ELl
Days of storage

When films were stored in contact with sunflower ol (Fig. | b), the
early solubility of the newly made GO flm (12.79%) was noticea by
lower than that of its G counterpart | 2829% ), unlike the case of the
GLSO films, whose values remained very similar to those of the CLS
films. In general, films sored in oil tended to exhibit reduced earty
watzr solubility when compared with the films stored under air con-
ditions duning the whole storage penod, this baing espeaally evdent
ar day 8. At this stage. GO registered the lowest solubility after both
2 hand 16 hof water exposure In general, when considenng the late
solubility values (16 h). the effect of ool contact with film during
storage was almost negligible, with the sole excepuon of GO film
at day 28, which registered a notceable decrease, possibly due to

» Of _a=0O=
L= ay AR
10 %
0
o 10 0
Days of storage

Fig. 1 Early |mesased after 2 h| and Lo (mesumed after L h) waee seubaliey of
Flm sl an gelatin and on gelahn- bgnosulphonate macuses, dtored for 28 days

== Gl
=l AN
=G5k
il L5 1ER

== GO1h
=_r GLSDZIh
=0 L6h

== G50 Lbh

(&) wder comtralied air cond dions :E,‘I’Jj]ar b} im contart with oul | GO, G5,

Flg L Anncosdant proernes, measumd by |2) ABTS sy and | b FRAP assay. of films
based an @lmin and on pelin-lgneduphonae mactures stoed for 28 davs usder
contmlled air conditions |G, LS| of in contact with ail (G0, GLED),

covalent interaction of gelatin with cumulaove lipid oxodation prod- 52
UCts | Aewsiri & al, 20111 All these findings sugges thar the presence 443
of L5 had a negative effect on the presumed gelatin aggreganng efect 454
exerted by oil contact, possibly becawse LS by wself induced gelann 445
ageregation and the two effects were not additve In any case, the 4
oil-induced gelann ageregation in gelatin films was probably mosly 57
of 2 water-labile nature, except on day 28 of storage, when the de- 454
creased late solubidity suggested a certain degree of covalent cross- 454
linking in the case of GO films. 470

313 Anticadant properties 471

The aninoeadant capacity of the Alms should be srongly related to 472
the portion of Alm that can dissolve in water, and consequently to the 473
release of actve compounds, which in the case of gelatin -LS compos- 474
ites would comespand mastly to phenolic compounds and, posibly, 475
also to red ucing sugars naturally present in the bgnosulphonate prep- 47
aranon. Therefore, the soluble fraction of films after 16 h of water 47
exposure, was considered in order to mexsure their free radical scav- 408
enging (ABTS) (Rg 2a) and fernc ion reducing (FRAF) capacimes 479
(Fig. 2b). 40

The antoxadant properties | ABTS and FRAP values ) increased dra- 41
matically in the [5-contaning fil ms, irrespective of the torage condi- 452
noas (GLS and GLSO). Lignin derivatives have been reported to be 15
effective radical scavengers (Duzhbite e al, 2004). Moreover, the i34
same commerdal cloum-magnesium lignosulphonate as used in 15
the present study, p-amirtéd for use as animal feed, was found o be 4
a potent radical scavenger at non-Cytotoxic concentraions in J previ- 457
ous work (Nifez-Flores et al, 2012). 15

The slightly higher ABTS values exhibited by GLSO films in com- 439
parson to GLS was not related with 2 greater release of LS active w0
compounds, since no appreciable differences i flm water solubility be- 51
rween (15 and GLS0 were found, In addition, no sgnificant (p = 005) w2
differences in FRAF values were observed. Therefore, possble races of 1
active compounds coming from sunflower oil might have contributed 14
to raise the radical savengng capadty (Schwartz. Ollilamen, Puronen, 1
& Lamp, 2008), I
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Duning the storage tme, the films did not lose their antoxidant
properties. On the contrary, there was a small gan in free radial
scavenging capacity, attributed to possible macromolecular reorgani-
2ations within the film matrix, which did not coinade with an -
crease in water solubdity. These findings strongly suggest that in
1S-containing gelatin films the effects of gelatin aggregation, induced
ather by nme-ageing or by contact with ool were shight and dud not
hinder the ability to relese anoxsdant compounds from the film
matrix.

32 (hilled storage of sardine filles

32).pH

Inially the pH of the sardines was 656, rising to 6.8 by the end of
the storage penod (p > 005). With intial values of 6.2, Stamakis and
Arkoudelos (2007 ) reported that the pH i vacuum-packaged sardine
a 3 “C remains practically constant. In the present work, the applica-
ton of gelann and gelatin_lignosulphonate films and high pressure
treatment did not affect the pH during storage (p > 0.05).

322 Total volanle basic nitrogen (TVB-N)

TVB-N is related with the growth of microorganisms and the forma-
non of basic compounds from their metabolism that uswally brings an
increase in pH, which helps to determine the quabity of the product
The inial concentration of TVB-N in fresh sardine was 13.5mg =
028 mg/100 g values in the range found by Erkan (zden, Alakavuk.
Yildirim, and Inugur ( 2006 ) in iced sardine. The high pressure trexment
did not alter the initial value of volagle basikc compounds (p > 0.05),
gving initial values of 1411 mg = 0.50 mg/'100 g in the pressunzed
sardine. These results agree with Erkan et al. (2011), who reported
that the mmethylamine content (wolatle amine) in horse mackerel
(Trachurus trachurus) was not affected by the HP application

Table 2 shows the TVB-N for rdine fillets under different treat-
ments during chilled torage. The GLS film alone did not preven foc-
mation of basic compounds, whereas the combined treatment (SFHP
batch) effecuvely reduced their production, recording the lowest
values {226 mg TVB/100 g} at 11 days (p < 005). A gelatin-lignen
film applied in salmon helped to reduce basic compound production
when pressunzed at 5 “C(Ojagh e al, 2011). In the present work, al-
though the storage study was set to 11 days, an additional analysis
was performed at 17 days to determine the extent of the treaments.
Excepe for SF. all batches recorded below 25 mgand 35 mg of TVB-N,
100 g of muscle, the acceptability limits set by the European Union for
fish (Commussion, 1995) and, in parucular, for sardine {Ababouch
et al. 1996). respectively. In the present study, the SF and SV barches
behaved similarly up to day 8. suggesting that the GLS film efficency
for preserving sardine biochemical quality might be similar to conven-
gonal vacauum packaging These values were close to those obtained
by (zogul etal. ( 2004 for sardine stored in air and invacuum packaging
a4 ‘Cfor12 days

323 Microbial growth
Initally the total mesophilic counts in ardine wem49!ogdu.g
These val uesare shightly higher than those found in Sardinelia pilchar dus

(Czogul et al, 2010) and Serdinela aurim (Ozogul et ol 2011). The w47
number of microocganisms was reduced by the effect of the hugh pres- 5as
sure treamment (p < 0.05). These reductions ranged from 25 loganth- 54
mic cycles for total aerobc mesopheles to just under 1 log cyde for 50
lactic 20d bactena. Presumptive Shewanefla putrefaciens, as black colo- 551
nies (Lopez-Caballero. Martinez-Alvarez, Gomez-Guillén. & Montero, 552
2007, was senstive to high pressure (Lopez-Caballero, Pérez-Mategs, 553
Montero, & Bordenas 2000; Ojagh etal, 2011), although the inhubition 554
obtained i the present work was not very pronounced (p < 0.05). 558
Pseudomonas spp. and Enterobareeniacear were below the detecoon limt 554
after high pressure treamment. Gomez-Esrcaet al. (2007) reported reduc- 557
pons in to| bactena counts (15 °C) i cold smoked sardine pressunzed :ss
at 300 MP220 "C/15 min. The muaobial growth rate ( pseudomonads, 5:¢
S putrgfadens and lacte and baaena) was significantly reduced dunng 560
storage of almon following pressure treatment of 150 MPa for 30 and 1
60 min or 200 MP2 at 5 °C (Amanatdou et al . 20001 %2
The antmicrobial properves of lignosulphonates have been de- 41
saribed in the literature. Thus, Dizhbite et al (2004) repocted that the 564
anubactenal 2ction of 2 kraft lignin was due to the activity of its meth- 5635
anol soluble fracnon. In this connection, Nufez-Flores et al. (2012)
detected some aaivity against D_ hansenii. The applicaion of GLS fims 567
in sardine (SF batch) was not as effective as vacuum packaging In 565
preventing the growth of the microorganisms smudied during storage 5
(p<005) (Table 3). In terms of microbiological assessment and 570
according to the results found in the present study, the tol viable 571
counts {20 “C) in refngerated sardine were hgher than 7 log cfu'g be- 572
tween days 6,and 9 of chilled storage (Ozogul et al. 2004; Stamakis & 57
Arkoudelos, 2007 |, whereas the shelf life of vacuum-packed sardine 574
was approximately 8-9 days ((Ozogul et al, 2010). 575
The smaler counts comesponded to pressunzed batches. Both :7s
baeches (SHP and SFHP) evolved smilarly, even though the combined 577
applicanon of high pressure and fim showed some additive effects 57«
(p < 0.05). Although the effect of high pressure treatment on microor- 57
ganisms has been reviewed for decades (Cheftel, 1992 ), the combined w0
treaments of high pressure and films have been studied in recent ss:
vears. In this connection, inhibinon of microbial growth in fish has a2
been found in high pressure combened with edible fims incorporanng 53
oregano (Gomez-Estaca et al, 2007). clove (Gomez-Estaca Lopez de sa4
Lacey, Lopez Caballero, Gomez-Guillén. & Montero, 2010) and green 583
tea (Lapez de Lacey, 2012). The effect of gelatin- lignin film applied on 5
salmon on the growth of macroorganisms has n&beenvﬂ'ynooceable. 587
since the counts are similar for batches with or without film, the main 5ss
differences being attnbuted to the high pressure treatment (Ojagh et s
al. 2011} 540
At the end of the storage penod, te H,S-produang migoorganisms 541
and Pseudomanas spp. were the largest group in the SF batch (Table 3). &2
Moreover. the H,S-producng microorganisms but not the aerobic 5@
Pseudomonas were predominant in the SV batch Gram and Huss (1996) a4
stated that two peces were predominane during storage of vaauum- 5¢s
packed fish (S putrefocens and Photobacrerium phosphoreum . with the 5%
one whose number was greater initially prevailing at the end of storge. 547
Luminescent colonies. considered as presumptive £ phosphoreum s
(Lopez-Caballern, Alvarez-Torres, Sinchez-Femandez, & Moral, 2002), 5@
were nat detected in this study, which supports the prevalence of S 50

Table 2

Total volatde basc nitrogen (mg IVB-N100 g musce | in sandine seoved &t 7 °C foe 17 days.
Days of toag
Batch 2 ] 8 1 17
¥ 1652 + 049** 1305 + 032 279+ 29" 3308 2 0 5853 + 1121%*
P 1682 & Q™= 1490 4 | B0~ 2066 + 0.79% w61 2 091 2493 & 1™
FHP 1545 & 042* 1570 4 002 2385 & 193% 066 4 09%6™ 225 : 0T™
W 1705 + 05 1586 + 080%™ 218 + 243% 1515 4 055% 043 + 084

¥ andine with film; SHP sardine treated with hgh presmure; SPHP; wrdine torated with Silm and high pressure; SV: andine ender wowm pxkagng
Diferere letters (absc) B the same day mean signficant &fieronces (p 2 005) 35 3 function of sample. Difiernt ketters [xy! for the ame ample mean sgnificant difformces

(p = 005) as a funcmion of time.
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Table 3
Mhicmbual cousts (log (FUg) i amdine sbjpcied o different prcesing featsent
mdgomd 2 7°C

Treamment Days of chilled simpe

1 4 8 n 17
Total vioblr count
W A5 g a5 T Gqzes
5 astr aut  a™ i e
SHE 168 ™ aof™ st gar?
SFHE 15 st L st
M 1S produing meraegrET - - -
W T 495 [l 08T L i
5 ash et oo ™ e
SHE I 1™ aaste oamede g
SHHE > wed e ad sor
Totnl memphly: cowst
4] e La a7 T T4
5F = L™ o™ Qg Tl
SHP ERE g™ ant 4™ ¥
SFHE 14t ™ LT L a0
Pradamage A N i a
W W st T8 17
5F 4 [+ T EhiL Th
SHi i pog®™  ond® 1™ 300
SHE 2t oot T ol 2o
Rt dbacTIE - B - -
W 1me Lggee 4T L B0
SF 1 sag™ sof™ sag™ L
SHP 1 ™ 1xf 2415
SFHEF |Jau‘:°' -:|:_"r 1.uo:“ c:_" 359‘:‘
Laene s Barmamn
W 151 5% sspt T T4
5 14d% 164" Lo L e o
SHP RNl oGt 1™ 15 el
SPHE 1™ [ Sl 1 148 g™

F; wardne with Sox S crdioe treated with high precue; FHP undine treated
with film and high perssure - sardine ynder vacuum paciaging

Diferm lemers [abr) in the same day mean signficant differences (p = W05 & a
fowten of smple Difern mers (xy) for the same sample mean sgmfice
differences [p = 06 & 2 henetion of Hme

putrefociens. Forthe SHP and SFHP batches. HoS-prod uing miroorgan-
sms and laaic 20d baceria counts were in 3 senilar range. but the TVB
procucton (Table 1], althouzh modest, might indicate the prevalence
of HyS produang miToorganisms a the end of storg. In these pres-
surized batches, Entembacteniacene were below llug dwg at day 11
(p = 0.05). The counts in PCA (30 (). espacally in non-presunzed
batches, were lower than in Iron Agar incubaeed ar 15 “C Differences
n total microorganism counts depending on mediom and mcubanon
remiperanre have been reported ( Loper Caballere et al, 2000; Ojagh
a al, 2011), somenimes related to the nature of the psychrotmophc
microbiota predominant in fish

324 Lipsd aodation

The TBARS method was used o determine changes m secondary
lipud oeodation products of sandine procesed wsing different freatments
dunng chilled siorage (Table 4). Initially, the TBARS conient of fresh
samne wa 863 mg + 065 mg MDAkz srdne musce. Repored
TBARS values in fresh samdine range from 28 mg MDA equnalents, kg

(Erian & Orden, 2008) 1o 172 me/be (Chaijan, Benjakul Visesmnguan, fls
& Fausrman, 2005b). High pressure reament senidfcanty reduced he 6%
TRARS conert (p < 0L.05) w651 mg = 0462 mg MDAkg, in accordance 2o
with Gomez-Estaca, Lopez de Larey, Gomez-Gallén, Lopez-Caballero, and r21
Mongero (20091, who found 2 sereficant deme e in TRARS after pressur- fz2
mne samon carpacoo a 300 MPa7 015 min However, Erkan et al fz3
2011) reported that the differences in TBA-index berwesn unireated 24
and HP-meaed (220, 250, and 330 MPa, 7 and 15 °C 5 and 10 man) s
horse madeersl samples were insgnifant (p > 005), except for e
ample (220 MP2, 15 °C, 10 man L 2T

Despute the notceably high i vitro annoodanve potential of the 2
GLS film, covenng the sardme fllets with this film (baich SF) did s
not prevent bpsd cxidanon dunng chillad sorage, In comparison 3o
with the vacmum-packed | batch 5V) or pressunzed sardine |batches r31
SHP and SFHP). The apparent mefficacy of the GLS Glm o prevent rs:
lipad axodapon in sardine fillers could be due oa hmited release of ac-
ve compounds to the misde, s compared o the release in water. fsd
TBARS levels of pressurzed samdine remaned very low duning the rs
whole 17-day storzge period. with the flm-covered sample (batch rss
SFHP | remigtering significanty (p < 0.05) lower values than the - /37
covered one up to B days of chilled storage. Opagh et al (2001 s
reported that TBARS development in pressurized salmon (300 MPa, rs
10mn, 5°C) was sgnficandy mnimized by covenng the fillets reo
with a zelatin-lignin film, sugzesting a possible lignin-induced inhib- 51
iy eﬁeﬂgim lipid cdanion. According to previous repons, lig- 62
nin denvatives, including lignosul phonate, have a grear potenoal as fes
antoxidanes berause they can inhibit non-enzymanc and enzymanc fed
oodative reamons (Midez-Flores et al, 2013 Ugartondo et al, ses
2009, Kifiez-Rores et al_ (2012 showed that benosulphonate | the re
same commercial produd as wsed inthe present work) was an effiec- ser
Itve annoxadant at pon-Cyuoto X CONCENranons and was suitable for fes
potental food packaging applicarions. In the present work, dthough res
the GLS fim alone did not prevent lipid cadation in sardine muscle 650
more eficenty than conventional vaouum packaging, 2 noticeable &5
posiove effect was found when it was used i combinanon with a rs2
moderate high pressure reament 33

325 Colour measurement 23]

The sardine preservanon study showed that the use of the CLS fim #s:
did not projong shelf ife durng chilled storage; however, either aone rsé
or especially in com binanon with high pressure reatment, it improved #s7
quality parameters dunng the first§ days of siorage. Colour parameters &ss
in terms of L° ( lighmess ), 3" (redmess) and b" | yellowness) of meaed rse
samiples after 2 and & days of Forage are shown in Tablke 5. The 12" 660
and b® values of the fresh sardine fillers were 51.19 = 204, 387 + &
0.20 and 497 + 052_respecovely. Both the L' and the 2* values were rs2
very smilar to those registerad in sardine parties during SIoRE at med
4°C (Kilinc, Cakli & Tolsa 2008). However, b* values reporied by sss
Kilinc & al. (2008) were 3-foid higher than the value reported in the 663
present gudy, owing to the presence of spedfic ingredients used in s
the party formulanon. Mo sgificant (p = 0.05) changes n sardine &7
muscle colour parameters assocated with the high pressure reamment sas
were found. ance the L°. 3" and b* values in the newly pressunzed sar- s6¢
dine were 5523 = 170 339 = L18 and 535 = 031, regpectively. £70

Table 4

TRARS | msy of MOW, kg musce | on caoine omd a7 °Cfor 17 &y

Barh Dy of smage

2 L] ] I 17

SF ILTL = L 1638 & 128 ILE] & 147 1761 & A" 78 = | 8™
SHP BSL & DEP™ L7 4 ATI 481 3 L3 252 & DO 131 5 D47
SPHE A8 & Dor* LEY & QOTv™ L4 4 OB 126 & 151 & 02
W LR BN 613 + Q5™ 121 + 000 S11 & Q3™ 654 & 0

F: aedine with film; SHP wndine trated with bigh pressue; FHP wrdine teated with fim and high precoore; 5V ardine under vanmm padeaging,
Difewrne Ietters (b in the same day men spmificant differmces (p = 005) & 2 nton of sampie. Differmnt letmars (ny) for the came cample mean sigrificant Sfferences

p =008 & a funcon of me
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Tbdk 5

Solour paameters (L% 2% and b°) of @rdine storedt at 70 for 8 dap
Baech L Hy b*

2das fayp 2 days $days 1w §dn

3 .48 & oA 850 + 1757 413 = 098 A2 5 135% 545 = 025% 548 2 051
P 55.98 4 015 $306 4 20 17 .00 £33 4 050 657 = 025%™ 451 5 08
§ 54 4081 S!‘So 131“ 7 £ 03 58 4+ 109"‘ 652 = 047 1]51 + ISP‘
V 5105 + 008™ 4% - 01 = 115 + (58 451 = 600 =

& sandine with Skm; SHP sardine teaed with high presmm; S crdine teated with Bim and Bigh prossre: SV: ardne under womm pakapng.
Different Jetiers (abs) i the same day mean sgnficant @fierences (p 2 005! as a funcoon of sample. Dnfierent lemers (x| for the Ime Smple mean signfiant differances

p 2 0.05] as a funrion of ome.

Fish muscie weated with high pressure has frequendy been reported to
become opague with a cooked-like appearance (Oshima, Ushio, &
Kozumy 1953 ). Indeed, noticeable high pressure-induced mcreases in
1" values and decreases i a” values were reportad in vanous fish spe-
oes. such & salmon. horse mackerel and wrbot (Chevaber, Le Bal, &
Choul, 2001; Erkan et al. 2011; Oyagh er al, 2011). The sught changes
found in sardine muscle denote that high pressure-induced colour
modificanons are largely speces-dependent and sardine may be a
@od candidate for preservanion by high pressure.

After 8 days of storage. 2 marked reducnon in musde kghmess
(L* value) occurred in both SF and SV batches, a compared to the
fresh sardine. bang shighdly more mtense in sardne covered with GLS
fim (SF). Meat darkening in sardine sored in ice {Sardinefla gibbosa)
was reported to be the result of a siight ncrease in metmyogiobin con-
tent caused by myogloben axadation ((haijan. Benjakul. Vissssanguan. &
Faustman, 20053 which 5 normally postively correlated with bpid
oxidanon (Chan Faustman. Yin, & Decker. 1997). Accordingly, in the
presant study the level of limd cxadanion after 8 days of sorage was sig-
nificantly higher in the SF batch With re@ard to high pressure reat-
ment. no sgnifiant (p > 0.05) changes in kightness were observed
berween the SHP and SFHP batches duning the 8-day storage penod,
nor in comparison with the newly pressunzed sardine.

SFdid not suffer sgnificant (p > 0.05) changes ina" or b* values dur-
Ing storage as compared to the fresh sardine. uniike the vacuum-packed
(SV) bawch. which had asigrificantly hggher a* value atday 8 (Table 51 A
noticeable increase in redness was also observed in the presunzed
batches (SHP and SFHP). Yellownes (b* values) was consderably
(p < 005) higher in the SFHP batch. probably s a result of the mansfer
of some ight caour from the fim, favoured by the high pressure reat-
ment since this behaviour was not eadent inthe SF batch (p < 0.051.In
a previous wark ( Oyagh et al. 2011). covenng salmon fillets with a gel-
aon- hgnin film sgnificantly affeced L* and a* values in contrast to
the present findings in sardine, cbviously due to the great differences
in the musde colour of the two speries. In the work by Ojagh et al.
12011}, the fim had some preservanve effect on the colour of the pres-
sunzed salmon muscle; however, given that the sardine muscle colour
was not affectad by high pressure, the GLS film produced an evident
colowr- protective effect dunng storage only when apphed alone.

4 Conclusions

Lgnosulphonate has been shown to provide gelatn fiims with
In VItTo antioxidatve properties. A mid-term film-storage penod of
4 weeks at room temperature maintained mechanical and water ress-
tance of the gelaon-lignosulphona® film withowt any demmenal
effect on its anboxidant capacity. Gelatn films in contact with ail
underwent some kind of anti- plastaaing eflect and a noticeable reduc:
tion in water solubdity, which was overcome when |ignosulphonate
was included. Although the composite films did not prevent lipid oxida-
ton when apphed for preserving sardine fillets during chilled storage,
the combened use of the film with hgh pressure treament reduced
lipid ooadanion and microbial spotdage more efficently than convennonal

a previously descnbed. and the suitable film funcnonality in combina-
tonwith high pressure, further studies should be necessary to guarantee
the safety of its use as 3 packaging marerial for human consumpoion
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In order to provide gelatin films with antioxidant capacity, two sulphur-free water-insoluble lignin
powders (Liogo and Lyso0) were blended with a commercial fish-skin gelatin from warm water species at
arate of 85% gelatin: 15% lignin (w/w) (G—Ljoo0 and G—Ly400), using a mixture of glycerol and sorbitol as
plasticizers. The water soluble fractions of G-Lygg and G-Lyg films were 3938 + 1.73% and

Keywords: 4652 4+ 1,66 respectively, rendenng radical scavenging capacity (2.2"-azino-bis(3-ethylbenzothiazoline-
:"': : 6-sulphonic acid, ABTS assay) of 2782 + 219 and 1531 + 088 mg vitamin C equivalents(g film, and
uwg’“ t ferric ion reducing ability (FRAP assay) of 258.97 + 8.83 and 180.20 + 5.71 ymol Fe’* equivalents|g film,

Physical properties respectively. Dynamic oscillatory test on film-forming solutions and Attenuated Total Reflectance (ATR)-
ATR-FTIR FTR spectroscopy study on films revealed strong lignin-induced protein conformational changes,
DSC producing a noticeable plastiazing effect on composite films, as deduced from the study of mechanical

Antioxidant (traction and puncture tests) and thermal properties (Differential Scanning Calorimetry, DSC). The gelatin
Cytotaxic films lose their typical transparent and colourless appearance by blending with lignin; however, the
Aatimicrobial

resulting composite films gained in light barrier properties, which could be of interest in certain food
applications for preventing ultraviolet-induced lipid oxidation, Lignin proved to be an effiaent antioxi-

dant at non-cytotoxic concentrations, however, no remarkable antimicrobial capacity was found.

© 2012 Elsevier Ltd. All nghts reserved.

1. Introduction

Gelatin has been one of the most studied biopolymers on
account of its film-forming ability and its usefulness as an outer
film to protect food from drying and exposure to light and oxygen
(Arvanitoyannis, 2002). Fish gelatins exhibit good film-forming
properties, yielding transparent, nearly colourless and highly
extensible films (Avena-Bustillos et al, 2006; Carvalho et al, 2008;
Gomez-Estaca, Montero, Ferndndez-Martin, & Gomez-Guillén,
2009; Jongjareonrak, Benjakul, Visessanguan, Prodpran, & Tanaka,
2006; Zhang, Wang, Herring, & Oh, 2007). Furthermore, enriching
gelatin films with antioxidants and for antimicrobial substances will
extend the functional properties of these biodegradable films and
provide an active packaging biomaterial. Because of “clean label-
ling" concerns, there is growing interest in using natural
compounds, such as polyphenolic plant extracts (Gomez-Guillén,
Ihl, Bifani, Siva, & Montero, 2007) or a-tocopherol
(Jongjareonrak, Benjakul, Visessanguan, & Tanaka, 2008) in the
formulation of active fish gelatin films.

* Corresponding author, Tel 34 91 5492300; fax; +34 91 5493627,
E-mal address: cgomez@idan.sices (MC Gomez-Guillén)

(268-005X/$ — see front matter © 2012 Elsevier Ltd. All nghts reserved.
don: 10,1016/, foodhyd 2012.05.017

Lignin, most commonly derived from wood, is largely thrown off
as a waste product in pulp and paper industries, It is a complex
polydisperse natural polymer made up of phenyl-propane (C6-C3)
units that bind cellulose fibres together, thus hardening and
strengthening the plant cells. Lignin derivatives have been incor-
porated as fillers indifferent synthetic polymer matrices todevelop
lignin-based materials with improved physical properties (Cui, Xia,
Chen, Wei, & Huang, 2007; Feldman, Lacasse, & Beznaczuk, 1986;
Kadla & Kubo, 2003; Mishra, Mishra, Kaushik, & Khan, 2007).
During the last decade, a great deal of research was devoted to the
development of lignin-containing biopolymeric materials, on
account of its renewable, non-toxic and biodegradable character
(Ban, Song, & Lucia, 2007; Baumberger, Lapierre, Monties, Lourdin,
& Colonna, 1997; Chiellini, Cinelli, Fernandes, Kenawy, & Lazzeri,
2001; Julinovd et al, 2010; Li & Sarkanen, 2002; Vengal &
Srikumar, 2005; Wu, Wang, Li, Li, & Wang, 2009). Lignin has been
referred to as a plasticizing agent in composite films with starch
(Wu et al,, 2009). However, in composites prepared using adipic
acid-modified starch microparticles within a corn-starch matrix,
addition of lignin produced higher tensile strength and lower
elongation capacity (Spiridon, Teaca, & Bodirlau, 2011). Similarly,
lignin acted as a reinforcing agent with cellulose (Rohella, Sahoo,
Paul, Choudhury, & Chakravortty, 1996) or polyethylene oxide
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(Kadla & Kubo, 2003), in all cases providing adequate miscibility
with the polymer. In addition, the incorporation of small amounts
of lignin into polypropylene films has been shown to stabilize the
composite material against photo-oxidation (Kosikova, Demianova,
& Kakurakova, 1993), The hydrophobic nature of lignin has been
also shown to produce strong reduction of water absorbency and
transparency in starch-based films (Ban et al., 2007).

Due to their complex polyphenolic nature, lignins can exert
antioxidant (radical scavenging capacities) (Dizhbite, Telysheva,
Jurkjane, & Viesturs, 2004; Lu, Chu, & Gau, 1998; Pan, Kadla, Ehara,
Gilkes, & Saddler, 2006; Satoh et al, 1999; Ugartondo, Mitjans, &
Vinardell, 2008) and antimicrobial properties (Dong et al., 2011),
thus opening up the possibility of new potential applications. As
aresultofthe molecular complexity of lignins, it becomes difficult to
assign the antioxidant efficacy to specific structural components,
compared to the activities of chemically defined tannins and flavo-
noids (Sakagami et al, 2005). The radical scavenging activity of
lignins is influenced by structural features, such as the presence of
phenolic hydraxyl groups, methoxy groups, T-conjugation systems
as well as the molecular weight, heterogeneity and polydispersity
(Dizhbite etal, 2004). Onlya few studies have reported the cytotoxic
effects of lignins, A good correlation between cytotoxicity and some
features such as carbohydrate content and polydispersity has been
reported; the lignins with higher polydispersity and lower carbo-
hydrate content are the most cytotoxic (Ugartondo et al, 2008).
Lignin derivatives have been shown to be effective antioxidants at
concentrations that are not harmful to normal human cells, thus
furthering their possible use in the formulation of active food
packaging biomaterials (Nuiez-Flores etal, 2012; Ugartondo et al.
2008). In this sense, the appearance, protein quality and oxidative
stability of salmon fillets subjected to high pressure processing were
enhanced by thecombined use of a gelatin-ligninfilm similar to the
one characterized in the present study (Ojagh, Nfiez-Flores, Lopez-
Caballero, Montero, & Gémez-Guillén, 2011),

The antimicrobial properties of lignins have been reported
previgusly in the literature, both in model system and in experi-
mental animals, for example, from hydrolysates of several ligno-
cellulosic materials (ethyl acetate extracts) (Cruz, Dominguez,
Dominguez, & Parajo, 2001), lignin-related structures from alka-
line extractions {Oh-Hara et al., 1990), kraft-lignins ( Dizhbite et al,
2004) and to a lesser extent from lignosulphonates (Naiez-Flores
et al., 2012). The origin of lignin might influence their antimicro-
bial properties. Thus, Oh-Hara et al. (1990) reported that the anti-
microbial activity induced by commercial lignins was much lower
than that induced by fractions of pine cone extracts obtained by
successive alkaline extractions (and then recovered as acid precip-
itates at pH 5) By comparing the spectra, these authors found that
some pine cone extract include more alkenic double bonds and
fewer OCH3 than commercial alkali-lignin, while a coumaryl type of
lignin structure could be responsible for the antimicrobial activity,

The aim of the present work was to produce antioxidant fish
gelatin films by mixing gelatin with two types of lignin, and to
characterize structural, mechanical, optical, and thermal properties
of the composite active material, In order to establish the harm-
lessness and potential functionality in food packaging applications,
cytotoxicity, radical scavenging capacity and antimicrobial capacity
of lignin were also tested.

2. Materials & methods
21. Materials
Commercial type A warm-water fish gelatin was supplied by

Rousselot SAS. (Puteaux, France). For comparison purposes, two
sulphur-free water-insoluble commerdal lignin powders were used:

Protobind 2400(Las00) and Protobind 1000 (Lypoo) (Granit Recherche &
Developpement SA, Lausanne, Switzerland). According to manufac-
turer's spedfications, both lignins aqueous suspensions presented
pH ~ 4, number average molecular weight ~ 1000 Daand particle size
<210micron,differing in bulk density ( ~ 055 kg/linLzaavs ~0.30kg/
linLyono)and insoftening temperature( ~ 130° CinLasaavs ~200°Cin
Liona). Glycerol and sorbitol were obtained from Panreac (Barcelona,
Spain). All other reagents used were of analytical grade, The 24,6-
tripyridyl-s-mriazine, the 22-azino-bis-{ 3-ethylbenzothiazoline-6-
sulfonic aad) (ABTS) radical, Vitamin € and the 11-Diphenyl-2-
picrylhydrazyl (DPPH) radical were purchased from Sigma-Aldrich
(5t. Louis, MO, USA). The MTS (3{4,5-dimethylthiazol-2-y1}-53-
carboxymethoxyphenyl }-2-{4-sulfophenyl } 2H-tetrazolium) salt was
supplied by Promega Biotech Ibérica (Madrid, Spain).

22 Preparation of films

The gelatin-lignin film forming solution (FFS) was prepared by
dissolving the fish gelatin in distilled water (3.4% wjv) at 40 °C,
adding sorbitol (15 g/100 ¢ gelatin) and glycerol (15 g/100 g gelatin)
as plastidzers. The lignin powder was added to afinal concentration
of 0.6% wjv inthe FFS, This concentration was selected according to
previous experiments. The mixture was stirred at 40 °C for 15 min
and was alkalinized to ~pH = 11 to obtain a good blend with total
solubility. The films were made by casting an amount of 40 ml over
aplateof 12 x 12cm? and drying at45°Cin aforced-air ovenfor 15 h
to yield a uniform thickness of ~100 + 10 ym. Films were condi-
tioned over asaturated solution of KBr indesiccators ford d,

2.3 Viscoelastic properties of film forming solutions

Dynamic oscillatory study of the film-forming solutions was
carried out on a Bohlin CVO-100 rheometer (Bohlin Instruments
Ltd., Gloucestershire, UK) using a cone-plate geometry (cone angle
4, gap 0.15 mm). Cooling and heating from 30 to 2 °C and back to
30°Crook place ata scan rate of 1 °C/min, a frequency of 0.5 Hz, and
atarget strainof 0.5%, The elastic modulus (G7; Pa), viscous modulus
(G"; Pa) and phase angle (*) were plotted as functions of temper-
ature in the heating ramp from 2 to 30 °C. At least two determi-
nations were performed for each sample. The experimental error
was less than 6% in all cases,

24, Film thickness

Film thickness was measured using a digital micrometer
[Mitutoyo, model MDC-25M, Kanagawa, Japan), averaging nine
different locations.

2.5, Mechanical properties

Tensile strength (TS) and elongation at break (EAB) of the films
were determined using a TA.XT.plus Texture analyser (SMS, Surrey,
UK). The samples were cut into rectangles (20 mm width and
50 mm length), fixed on the grips of the device with a gap of
20 mm, and tractioned at aspeed of 1 mmfs, Results of TS and EAB
were average of five determinations, and expressed as ij2 and &,
respectively.

A puncture test was performed to determine the breaking force
and the breaking deformation of the films. Films were placed in
acell 5,6 cm in diameter and punched to the breaking point using
the same texture analyser, with a round-ended stainless-steel
plunger 3 mm in diameter at a cross-head speed of 60 mmymin.
Breaking force was expressed in N and breaking deformation in %
according to Sobral, Menegalli Hubinger & Roques (2001). All
determinations are the means of at least five measurements.
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26, Water solubility

Water solubility was measured using the same methodology as
described by Nunez-Flores et al. (2012). Film solubility was calcu-
lated by the equation FS (%) = ((Wo - WI)/Wo)- 100, where Wo was
the initial weight of the film expressed as dry matter and Wi was
the weight of the undissolved desiccated film residue. All tests were
carried out in triplicate,

27, Water activity (Aw)

Water activity (Ay) of films was measured using a portable
LabMaster-a,, (Novasina, Lachen, Switzerland) instrument. Values
were recorded at equilibrium when Ay, of any two readings were
<0,001 at constant temperature (25 °C). Measurements were done
at leastin triplicate,

28. Warer vapour permeability

Water vapour permeability (WVP) was determined following
a gravimetric method as described below, Films were attached
over the openings of cells (permeation area - 15.9cm’) containing
desiccated silica gel, and the cells were placed in desiccators with
distilled water at 22 °C. The cells were weighed every hour for at
least 6 h. Water vapour permeability was calculated using the
equation WVP = w-x-t A" AP™! where w was weight gain (g),
x film thickness (mm), t elapsed time for the weight gain (h), and
AP the partial vapour pressure difference between the dry atmo-
sphere and pure water (2642 Pa at 22 °C). Results have been
expressed as g mm h™" em™ Pa~’. All tests were carried out at
least in triplicate.

29 Light barrier properties

The films were cut into a rectangle piece and directly placed
against one side of a UV-1601 spectrophotometer (Model CPS-240,
Shimadzu, Kyoto, Japan) test cell, using an empty test cell as the
reference. The light barrier properties of films were measured by
exposing the films to light absorption at wavelengths ranging from
690 nm to 200 nm. The opacity of the films was calculated by the
equation 0 = Absgg/x, where Absggg is the value of absorbance at
600 nm and x is the film thickness in mm. Measurements were
done at least in triplicate.

2,10, Colour megsurements

The colour parameters Lightness, Redness and Yellowness were
measured in the L*, a, b* mode of CIE scale using a Konica Minolta
3500-D colorimeter (Osaka, Japan). Results are average of at least 10

replicates. Hue angle (b, ) and Chroma (€, ) values were calculated
using the following equations:

hy = tan"(b';n'). when [:-a'. b’
I, = 180 + tan"(b';‘u‘). when [—a'.—b']
hyy, = 360 + lan'](b'fﬂ'). when l+u'. —b']

G- (1+7)"

211, Atenuated Total Reflectance (ATR)-FTIR spectroscopy

Infrared spectra between 4000 and 650 an™" were recorded using
aPerkin Elmer Spectrum 400 Infrared Spectrometer (Perkin Elmer Inc,
Waltham, MA, USA) equipped with an ATR prism crystal accessory, a5
reported previously (NGfez-Flores et al, 2012). All experiments were
performed at least in triplicate and represented as average spectra,

2.12. Differential Scanning Calorimetry (DSC)

Calorimetric analysis was performed using a model TA-Q1000
differential scanning calorimeter (TA Instruments, New Castle, DE,
USA) previously calibrated by running high purity indium. Samples
of approximately 10 mg (£0.002 mg) were weighed out using
a model ME2355 electronic balance (Sartorious, Goettingen,
Germany) and were tightly encapsulated in hermetic aluminium
pans and scanned under dry nitrogen purge (50 ml/min). Anempty
hermetic aluminium pan was used as reference. Freshly condi-
tioned films were cooled to -80 °C, or 0 °C, at 10 °C/min and
scanned up to 90 °C at a heating rate of 10 °C/min. After cooling at
the same rate down to the corresponding initial temperature,
a second heating scan was run. Glass transition temperatures, Tg
(°C), were cakulated by the inflection-midpoint method and
usually reported on the first heating scans, in order to thermally
characterize the same material used in the rest of analyses, Tg as
well as melting transition data (Temperature, Tm; Enthalpy change,
AH) were reported as mean values with theirstandard deviations of
at least triplicate samples for each film. The energetic parameter
was normalized to dry matter content of the corresponding film
sample, AH ()/g4m ), which needed from the desiccation (105°C, pin
hole in the lid) of each individual capsule content.

213, Cryoscanning electron microscopy (Cryo-SEM)

Cryoscanning electron microscopy (Cryo-SEM) was used to
examine microstructural representative cross sections of films.
Samples were mounted with OCT compound (Gurr) and mechan-
ically fixed onto the specimen holder using the Oxford CT1500
Cryosample Preparation Unit (Oxford Instruments, Oxford,
England), Samples were frozen in subcooled liquid nitrogen for
2 min and then transferred to the preparation unit, After ice subli-
mation, the surfaces were gold sputter coated, and subsequently
transferred into the cold stage of the SEM chamber. Specimens were
observed with a DSM960Zeiss SEM microscope ( Zeiss, Oberkochen,
Germany) at - 135 °Cunder a 15 kV acceleration potential,

2.4, Antioxidant properties of films

The ferric ion reducing capacity (FRAP) and the radical scav-
enging ability (ABTS) assays were used o measure the antioxidant
activity of the films. An aliquot of the filtrate abtained from the
determination of the film water solubility was employed as the
sample, The method used for the FRAP and ABTS assays was previ-
ously described by Gomez-Estaca, Giménez, et al. (2009) and
GOmez-Estaca, Montero et al.[2009). The results were expressed as
umol Fe?* equivalents per g of film for FRAP and mg of Vitamin C
Equivalent Antioxidant Capacity (VCEAC) per g of film for ABTS,
based on standard curves of FeS0; - 7H;0 and vitaminC, respectively.

2.15, Antioxidant activity of lignin

The antioxidant activity of lignin (Lipgo) was determined based
on the 11-Diphenyl-2-picrylhydrazyl (DPPH) radical scavenging
ability. The assay was carried out as described by Brand-Williams,
Cuvelier, and Berset (1995) with some modifications (Fukumoto &
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Mazza, 2000). Lygoo was analyzed by triplicate testing at least five
different concentrations ranging from 7 to 250 pg/ml. The radical
scavenging activity was expressed as ICsg value, the concentration
necessary (o quench 50% of initial DPPH radical. The percentage of
scavenged DPPH was plotted vs the concentration of Lygag, and that
required to quench 50% of initial DPPH radical was obtained from
the graph by linear regression. Trolox (6-hydroxy-2, 5, 7, 8-
tetramethylchroman-2-carboxylic acid), a water-soluble vitamin E
analogue, was used as reference compound. The DPPH radical
scavenging capacity of Trolax, expressed as 1Csg value, was deter-
mined by testing concentrations ranging from 3 to 50 pg/ml,

2.16. Cytotoxic effect of lignin

216.1. Culture of cell lines

The mouse fibroblast cell line 3T3-11 was grown in DMEM
medium (45 g/l glucose) supplemented with 10% foetal bovine
serum (FBS), at 37 °Cunder a humidified 5% CO; atmosphere. When
the cells were approximately 70% confluent, they were split by mild
trypsinization and seeded into 24-well plates at a density of 1 x 10°
cells/well. The 24-well plates were incubated at 37 °C and 5% C0;
for 24 h. Runs were performed in triplicate with different passage
cells.

2.16.2. Experimental treatments

After 1 day of incubation, cultures were exposed to increasing
concentrations of lignin (Lyppp) sterilized by filtration and diluted in
DMEM medium supplemented with 10% FBS, Controls (containing
only the culture medium) were included in each plate, The plates
were incubated at 37 °C with 5% CO; for 24 h.

216.3. MTS assay

The viability of the 3T3-L1 cells treated with increasing
concentrations of LS for 24 h was determined by the MTS assay,
composed of the tetrazolium salt MTS (3-{4,5-dimethylthiazol-2-
y1)-5-3-carboxymethoxyphenyl)-2-{4-sulfophenyl - 2H-tetrazo-
lium) and an electron coupling reagent (PMS, phenazine metho-
sulfate). This assay is based on the conversion of the tetrazolium
compound into a coloured, agueous soluble formazan product by
mitochondrial activity of viable cells at 37 °C. The amount of for-
mazan produced by dehydrogenase enzymes is directly propor-
tional to the number of living cells in culture. MTS and PMS were
combined in a ratio of 20:1 and the mixture was added to the
culture medium in a ratio of 1:5 {reagent mixture: culture medium ),
Cells were washed with PBS and the medium containing MTS/PMS
was added (500 ml per well). After 1 h of further incubation, the
absorbance was measured in a microplate reader at 485 nm
(Appliskan, Thermo Scientific, Madrid, Spain).

217. Antimicrobial capacity of lignin
The antimicrobial activity of lignin was determined by the disk

diffusion method in agar against 26 microbial strains (induding
Gram-positive and Gram-negative bacteria, yeast and molds) as

previously described (Nfez-Flores et al, 2012). Each determina-
tion was performed in triplicate.

2.18. Statistical analysis

Statistical tests were performed using the SPSS computer
program (SPSS Statistical Software Inc., Chicago, IL, USA), One-way
analysis of variance was carried out. Differences between pairs of
means were assessed on the basis of confidence intervals using the
Duncan test. The level of significance was p < 0.05.

3. Results & discussion
3.1, Physical properties of films

Table 1 shows the physical properties of gelatin and
gelatin-lignin (G-L) composite films. The addition of lignin
produced an evident plasticizing effect, as deduced from significant
decreases in both tensile strength (TS) and breaking force (BF) in
the compaosite films, together with a marked increase in elongation
at break (FAB) as well as in breaking deformation (BD). The
composite films were highly stretchable, with percent elongation
values similar to those reported previously by Vengal and Srikumar
(2005) in gelatin-lignin films, and comparable to the highly
extensible gelatin films obtained from the skin of cold water fish
species (Carvalho et al, 2008; Pérez-Mateos, Montero, & Gomez-
Guilkén, 2009). The films containing lignin Lyso. which was char-
acterized by a higher bulk density and a lower softening point than
lignin Lypag, were characterized by significantly (p < 0.05) lower TS
values than G=Lypog films, The reduced TS in the gelatin=lignin
composite films was related to an increased water activity, which
was more pronounced in G-Lygo film. Thus, the apparent plasti-
cizing effect observed in composite films could be attributed not
only to a direct effect of lignin but alsoto the presence of water free
molecules, causing a reduction in intermolecular attractive forces
between polymer chains (Cug, Gontard, Cug, & Guilbert, 1997),
Lignin has provided adequate miscibility with different polymers. It
has been reported as a plasticizing agent in composite films with
starch (Baumberger etal, 1997; Wuetal, 2009) or with soy protein
isolate (SPI) (Huang, Zhang & Chen, 2003), but in the latter case
only when incorporated at moderate concentrations (from 10 to 20
parts). In contrast, lignin acts as a reinforcing agent with cellulose
(Rohella et al., 1996) or polyethylene oxide (Kadla & Kubo, 2003). A
significant increase in TS has been also reported for SPI-lignin
blends (Huang et al,, 2003). However, it should be noted that SPI
films were considerably less resistant than the gelatin films
obtained in this study, in accordance to a previous work performed
by Cao, Fu, and He (2007).

Regarding film water barrier properties, the water solubility was
slightly but significantly (p < 0.05) reduced only in the G-Lggo
film, To this respect, it should be taken into account that the
solubility of the control gelatin film (~44%) was relatively low,
especially when compared to extremely high water-soluble films
prepared with gelatins from cold-water species, such as cod ( Pérez-

Table 1
Physical properties of films based on mixtures of fish gelatin (G) and lignin {Lygg and Lygg) at the ratio 85% gelating 15% lignin (wjw)
Gelatin-lignin -~ Thickness (mm) ~ Aw TS« 10°(Nim")  EAB(%) BF (N} BD (%) Water solubility (%)  WvP < 107"
(g mmh Pa e’}
G 086 + 001* 0375 1644 « 01§ 1366+ 398° .08 + 025 1585 « 433 4429 « 097° 206 + 0,107
G- Ly 0124 + 002 0390° 1213 £ 048 31648+ 197% 1895+ 143" 5490+ 013° 3938+ 1730 117 0.5
G-Laana 0100 + 002 0467 751 £ 005 16283+ 396° 1638 £ 2050 G570+ 116 4652 : 166 458 +0.53°

Aw: water activity: TS: tensile strength; EAB: elongation at break: BF: breaking force; BD: breaking deformation; WVP: water vapour permeability.
Different letters a. b, ¢ in the same column indicate sgnificant differences (p < 0.05) among samples,
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Fig. 2 ATR-FTIR spectra of films based on mixtures of fish gelatin (G} and lignin (Lnoa
and Lzsnal at the ratio 85% gelatin: 15% lignin{wiw] Single gelatin film, G; compound
films with lignin, G-Liaon and G-Lasx.

lignin-induced protein  conformational changes, especially
attending to differences in amide 1 band (Surewicz & Mantsch,
1988). The slight frequency up-shift of amide | peaks in the
composite films (G: 1631 cm™ G-Ligeg 1635 an™": G-Laggq:
1635 em™), would indicate an eventual disruption of hydrogen
bonding at the C=0 groups of gelatin polypeptides by the lignin
interference, regardless the lignin type. In this connection, addition
of lignin has been also shown to prevent interaction among SPI
molecules in SPI-lignin blend films (Huang et al., 2003). Infrared
absorption of lignin carbonyl groups, which has been described at
higher wavenumbers (~1740-1700 cm"] (Fernandes, Winkler,
Job, Radwanocic, & Pineda, 2006; Mishra et al, 2007; Pereira
et al, 2007) were not detectable in the specra of the
gelatin-lignin films. On the other hand, FTIR spectra confirmed the
higher protein hydration level in the G—Ly4qo film, in comparison to
G-Ligap, deduced from the slightly higher intensity of amide A
band and the frequency up-shift of amide I peak (1544 an™" vs
1539 cm™") in those films Yakimets et al,, 2005).

The prominent band at ~1035 cm™ in the gelatin films could be
largely attributed to the interactions arising between plasticizers
{C-0 stretch of glycerol and sorbitol) and film structure (Bergo &
Sobral, 2007; Hoque, Benjakul, & Prodpran, 2011). Despite the
film plasticizing effect caused by lignin, no evident changes at this
level were observed in the gelatin—lignin films, discarding thus
remarkable interactions between lignin and plasticizers.

The second derivative of the amide | band, depicted in Fig 3,
revealed noticeable changes induced by the presence of lignin in

700 feM0 880 1670 18RO 18B0 1840 18X 8N

et

Fig. 3 Second derivativeofamide A band from FTIR spectra of flms based on mixtures
of fish gelatin(G) and lgnin (Liopoand Lzsan) at the ratio B3 gelatn: 1% lignin {w/w )
Single gelatin flm, G; compound flms with lignin, G-Ligea and G-Lason.

the composite films, as denoted by the reduced intensity of peaks at
~1660 cm™’, 1652 cm~" and ~1630cm™", which had been related,
respectively, to the presence of triple helix, single o-helix, and
disordered coil structures in gelatin matrices (Payne & Veis, 1988;
Prystupa & Donald, 1996). The most pronounced changes in
composite films within the range of ~1635-1625 cm™" were
indicative of the strong interference caused by both lignins in the
hydrogen bonding between water and imide residues (Payne &
Veis, 1988). Such an interference, which was also evidenced in
the triple helical component at ~ 1660 an™', was consiscent with
the reduced capacity in triple helix development of lignin-
containing film forming solutions.

3.5 Thermal properties

Typical DSC behaviour of films from fish gelatin alone (G) or
blended with lignin (G-L) are shown in Fig. 4. Films G exhibited
thermal characteristics resembling those reported in a previous
publication (Gdmez-Estaca, Giménez, et al, 2009; Gomez-Estaca,
Montero, et al, 2009) concerning a type A tuna-skin gelatin
prepared at the laboratory. Essentially, the thermal behaviour of
gelatin single films consisted (Trace G, solid line) of a glass transi-
tion process with aTg ~ 18.5 = 0.5°C, followed by an endothermic
event involving a bimodal melting with maximum temperatures
Tm at around 61.3 + 05 °C and 79.5 = 05 °C These thermal data
were something higher than corresponding ones of previous work,
particularly Tg, which notwithstanding indicated a close similitude
between that tuna-skin gelatin and current commercial warm-
water fish gelatin. Melting enthalpy AH was 113 £ 041 Jjgym
This kind of complex endothermic melting in G films has alse been
reported by Gomez-Estaca, Giménez, et al. (2009) and Gomez-
Estaca, Montero, et al. (2009) and Rahmann, Al-Saidi, and Guizani
{2008) by additionally using MDSC (Modulated DSC) and tenta-
tively attributed to a normal melting overlapped with a crystal
perfection process. Second heating scans (Trace G, dash line) dis-
played a slightly lower (~3 °C) glass ransition temperature but
associated with a higher { ~1/3) heat capacity change in the system,
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Fig. 4 Normalized typical DSC traces Cheat low, W ggn, vs temperatwe, C) of films
based on mixtures of fish gelatin (G) and lignin (Lygy and Lzgg) at the rato 855
gelatin: 153 lignin (w fw). Single gelatin Alm, G; compound flms with lgnm, G-Lyg
and G-Lyggg. First scans inconditoned films at —80 <C, solid Ines; second scns, dash
lnes. First seans in condiboned flms at 0 <C, dot lines. Arrows roughly indicate Tg
locations: Inset shows DSC traces of blended flms magnified in the emperature 2one

indicates the ordinate scale (05 W/gam).
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at the time that no sign of remnant melting was detected. This may
likely be due to a different thermal history of a wholly amorphous
and bigger (total) G amount participating in the glass transition
process,

When the film was conditioned at 0 °C, corresponding glass
transition seemed to be only visible by MDSC as reported in
a previous work (Gomez-Estaca, Giménez, et al., 2009; Gomez-
Estaca, Montero, et al., 2009), probably due to the small of the
temperature gap. The melting endotherm (Trace G, dot line)
evolved less sharply (rounded peaks) and the main melting
temperature  was  considerably and  significantly  lower
(53.2 + 25°C) than that at - 80 °C, while the second peak remained
almost unaltered (80.8 + 0.3 °C). The melting enthalpy value was
957 + 021 J/gam dlso significantly lower { ~15%) than in the low
temperature conditioning. These differences can likely be due to
the different thermal crystallization conditioning which yielded
alower amount and a different crystal material. These thermal data
were much more similar to those from Gomez-Estaca, Giménez,
et al. (2009) and Goémez-Estaca, Montero, et al. (2009) than
previous ones due to much more similar thermal histories between
samples, In general, current results were not able for comparison
with those from others (Badii & Howell, 2006; Rahmann et al,
2008) on fish gelatin films, because disparity appeared not only
among gelatins used but alse among the different plasticizers
present in the films.

Regarding G-Ligaa and G-Lason films, a new glass transition
process arose at the lowest temperature region (Traces G—Lipgo and
G-Laapg, solid lines), with Tg values of — 63.4 + 0.8 °C and -
54.9 + 0.6°C, respectively (Fig. 4). Ty datawere significanty lowerin
G—Lypo than in G—Lygg, this suggesting a differential plasticization
capacity between both lignin types (Lyog > Lysoo). This glass tran-
sition process was followed by a second one at the significantly
different Tg values of — 23.1 £0.4°Cand - 20.6 £ 0.6 °C respectively.
Both Tg values were significantly lower than that of G, indicating the
plasticization role of lignin (Lipgo = Lz4pn). a5 well s an (inidially)
total miscibility between both types of L and G at the proportions
used in the blended films, Corresponding melting endotherms were
considerably smaller {with aflatter trace) than in G alone films, with
main melting temperatures no significantly different for both
blended films at around 55.8 “C and 55.4 *C respectively. Second
scans (Traces G—Lygop and G-Lyagp, dash lines) showed little varia-
tions in the corresponding lowest Tg data; the second glass transi-
tion process underwent however some complexity in the sense that
twoTg values emerged, i.e, one at alower and the other at a higher
{more subtly) temperature than in the first scan: -28.3 = 0.7 °Cplus
- 119+ 0.9¢Cfor G-Ligg, and - 20.7 + 1.2 *C plus - 8.9+ 0.9°Cfor
G-Ly400. The two sets of values for both blended G-L films were
significantly different in their lower temperature components, but
not significantly different in their higher temperature components,
It is worth-noting that the first glass transition process at the lowest
temperature range (Tg's at roughly - 63 °C for G—Lygeg and -55°C
for G-Las) seemed similar to that observed in a previous work
(Gomez-Estaca, Ghmez-Guillén, Fernindez-Martin, & Montero,
2011) dealing with several composite films from fish gelatin plus
chitosan plastidzed with the same glycerol plus sorbitol addition,
We reported an average Tg of - 32.9 °C as a representative value for
allthecomposition rangestudied(Gémez-Estacaet al., 2011), Huang
et al. (2003 ) have also reported by DSC similar low temperature Tg
values (compositionally varying from 70 to -75 °C) in SPI-lignin
films and, by complementarily using dynamic mechanical thermal
analysis (DMTA) (Tg values from 66 to -74 °C), ascribed this
phenomenon tothe z-relaxation process of the SPl side segments in
the system. It was followed by a second glass transition process
which showed some complexity in the sense that it consisted of two
successive transitions (Inset: Traces G-Lipgg and G-Lysp. solid

lines) at the significantly different Tg valuesof - 23.1 + 0.4°Cplus —
11.9 £ 0.9°C for G-Lyggg. and ~20.7 £ 1.2 °C plus — 8.9 + 0.9 °C for
G-Lygp. Both Tg couple values were significantly lower than that
single of G, indicating the plasticization role of lignin (Lipoo > Lson),
as well asan(initially) total miscibility between bothtypesof Land G
at the proportions used in the blended films. Corresponding melting
endotherms were considerably and significantly smaller (with
aflatter trace: not significantly different values of 5.23 + 025 J/g4m
for G-Lipopand 6.14 = 016 )/g4m for G—Lasm) thanin G alone films,
with main melting temperatures no significantly different for both
blended films at around 55.8 °C and 55.4 °C respectively. The two
sets of values for both blended G—L films were significantly different
in their lower temperature components, but not significantly
different in their higher temperature components, The Tg doublet
presence could likely be due to the appearance of a certain immis-
cibility between hydrophobic L and hydrophilic G leading to
a microphase separation, which provide more space for the G
mobility. This phenomenon has been reported by Huanget al. (2003)
to occur in the SPI-lignin films, and by Nafez-Flores et al (2012) in
(chemically near) fish gelatin plus lignosulphonate films. The lower
temperature component values of the respective Tg doublets sug-
gested that the above discussed immiscibility (microphase separa-
tion)enhanced the initial plasticization effect of L;ppoWith respect to
Ly4g0. The higher temperature components were not significantly
different but presented significant differences to the Tg value of G,
suggesting that immiscibility produced the segregation of a L-rich
and a L-pour phase respectively, Lignin is the common name of
a family of wholly amorphous aromatic polymers derived by
axidative condensation of phenolic precursors, very branchy
configured and containing several structural units which may yield
very complex structures. According to Guigo, Mija, Vincent, and
Shirrazzouli (2009), glass transition temperatures reported for iso-
lated ligninin the literature cover a wide temperature range, nearly
between 80 and 200 °C, mainly depending on differences in
molecular weight, delignification processes and vegetal origin of the
product. It has been speculated (Kubo & Kadla, 2005 )that these high
Tg temperatures are mostly related to the low mobility of lignin
chains highly constituted by aromatic units with several polar
groups, which facilitates the presence of different bond types,
hydrogen-bonding contributing significantly to that lignin
segments mobility, Second scans showed little variations inthe glass
transition processes (Inset: Traces G-Lioon and G-Laaon, dash lines),
practically restricted to a down shifting of around 23 *Ciin corre-
sponding Tg data. No remnant melting processes were detected.
When crystallization was carried out at 0 °C, film melting
temperatures were recorded at 528 + 0.3 °C for G-Lygpp and
51.0 + 1.2 °Clor G-Ly40 which were not significantly different, nor
to the G alone film. Corresponding melting enthalpies were not
significantly different, 4.78 +0.25 for G-Ligog and 5.14 + 025 J/Zam
for G—Lz400, although somewhat smaller (no significant) than those
at subzero temperature conditioning, and significantly lower thanin
the G alone film. The presence of lignin in the films seems to restrict
G from melting in a similar way irrespective of the lignin type in the
blend. This suggested that G apparently underwent a strong inter-
molecular interaction of similar kind and extent with both types of
lignin Lipgp and L 4go. everythingin main agreement with above FTIR
results. Second scans (not shown) yielded flat DSC traces indicating
that G underwent complete melting in the previous runs, On the
other hand, it is interesting to point out that the G-L films so
conditioned (even more at room temperature) are well above their
corresponding glass transition temperatures, Le., they are located at
therubbery state domain of the phase diagram. This could mean that
the above commented plasticzation role of current lignin types may
be not prevalent any more, and water may likely play instead
a relevant contribution to the system plasticization and,
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consequently to the physical properties of these composite films,
Thus, as assessed by water activity and FTIR results, main differences
in mechanical properties and WVP between G-Ligoo and G-Laag0
films could be largely attributed to a different film hydration level
(G-Liono < G-Laqg0, with subsequently paralleled plasticizing
effects in opposition to those previously discussed at the glassy
state) rather than to a distinct effect of each lignin on protein
conformation, especially concerning triple helical structure.
Comparison of currentresults was not possibledue to the absence of
precedent literature data on G-L systems.

3.6. Microstructure

The freeze-fractured transversal section microstructure of
gelatin and gelatin-lignin films is shown in Fig 5. The addition of
lignin provoked a strong disruption of the smooth and homoge-
neous structure of the parent gelatin film, inducing a partial
laminar-like appearance with decreased density, which tended to
be more abrupt in the G-Lypgo film. This special feature did not
apply to the whole section, but only to the side which has been
subjected to the water evaporation during drying process. Despite
the compatibility of lignin and gelatin denoted by the homoge-
neous appearance of the corresponding film forming solutions, the
bimodal microstructure in the composite films would indicate
some phase segregation of the two components, in accordance to
the above mentioned gelatin structural changes induced by lignin.
Certain degree of immiscibility between hydrophobic groups of
lignin and hydrophilic groups in SPI has been shown to prevent
interaction among SPI molecules causing microphase separation in
the corresponding blends (Huang et al., 2003 ).

3.7. Antiaxidant properties

The water soluble fraction of gelatin and gelatin-lignin films
was studied for its antioxidant capacity. Table 4 shows the radical
scavenging capacity (ABTS assay) and the ferric ion redudng power
(FRAP assay) of gelatin and gelatin-lignin films, which had been
solubilized in water for 16 h. The presence of lignin increased
significantly (p < 0.05) the antioxidant properties of the composite
films, especially in the case of the G-Lipgo film, despite its
decreased water solubility (Table 1). The gelatin-lignin films
registered ABTS and FRAP values comparable to that achieved in
fish gelatin films enriched with an antioxidant borage extract
(Gomez-Estaca, Giménezet al,, 2009). This property could be useful
for preservation of certain types of food in which oxidation process
may represent a limiting factor determining its self-life, To this
regard, a similar fish gelatin-lignin (G-Liogo) film was reported to
reduce the levels of protein carbonyl groups formed in Atlantic
salmon muscle immediately after high-pressure processing, and
prevented lipid oxidation from taking place at advanced stages of
chilled storage (Ojagh et al,, 2011).

In the present study, composite gelatin films with lignin Lygg
were found to present considerably higher radical scavenging and
Fe reducing capacities than those with lignin Lys0 Moreover, the
mechanical and water resistance of gelatin-lignin blend films were
also higher with Liggg than with Lygo. For this reason Ligg was
subjected to a study of functional properties, concerning antioxi-
dant, antimicrobial and cytotoxic properties, in order to determine
its potential in food packaging applications.

3.8. Functional properties of lignin
The noticeable antioxidant capacity of gelatin-lignin films is

strongly related to the high antioxidant properties of lignin. The
DPPH radical scavenging capacity of Lyoo and Trolox, expressed as

Fig. 5. Scanning electron microscopy at low temperaure (Cryo-scanning) of films
based on mixtures of fish gelatin (G) and lignin (Lyo and Lago) at the ratio 85%
gelatin; 15% lignin (w)w), Single gelatin film, G; compound films with lgnin, G-Lyoo
and G-Laan.
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Tabled
Radical scavenging and Fe ion redudng capacities of films based on mixtures of fish
gelatin (G) and hignin (Lyopg and Lyggo) at the ratio 85% gelatin: 15% lignin (wjw).

Gelatin- lgnin ABTS (mg vit C/g film) FRAP (junol Fe?= /g film)
G 654 + 0.13* 860 + 0.60°
G-Lyan 782+ 219 25897 + 883
G-lzam 1531 + 088° 18020 + 571

Different letters a, b.¢ in the same column indicate significant differences (p < 005)
among samples.

Table 5
Radical scavenging efficacy and cytotoxic effedt of Lygan.

DPPH ICso (pg/ml)

Lo 365 < 55°
Trolox 157« 02

Cytotaxicity ICa (ag/ml)
631 + R

Different letters a, b in the same lumn indicate signficant differences (p < 0,05)
among samples.

ICsp values, are shown in Table 5. When compared with Trolox,
Liopo showed significantly lower antioxidant activity, with ICsp
values approximately 2-fold higher than those obtained for Trolox.
The radical scavenging activity of Lypgo, however, was about 3-fold
higher than the activity of several lignosulphonates reported by
Nuiiez-Flores et al, (2012),

Given the potential application of lignin as active packaging mate-
rial in contact with food, it is of great interest to study its possible
cytotoxic effects, The cytotoxic effect of Lypg on fibroblast 313 cellsis
shown in Table 5, The ICsg value obtained for Lypgo (631 + 92 pg/ml)
reveals that this compound has cytotoxic effects, but only at very high
concentrations. In our study, L;ppo sShowed ICsp values similar to those
reported for Curan 100 (Lignotech) or Bagase (Granit) lignins
(600650 pg/ml) on 373 cell line after 24 h of exposure (Ugartondo
et al, 2008), but lower to those reported for several lignosulphonates
(ICsp ~1200 yg/ml, Ugartondo et al,, 2008; 1Csp 1200-1700 yg/ml,
Nuilez-Flores et al, 2012). When the cytotoxic potential of Lyogo was
related toits antioxidant activity, it could be observed that the effective
antioxidant concentration was noticeably smaller than the cytotoxic
one (about 17-fold lower), so this compound could be considered
antioxidant at non-cytotaxic concentrations,

The lignin Lyppy showed no antimicrobial activity against the 26
microbial strains studied (data not shown). The pH of lignin (inour
assay lignin was tested at neutral and basic pH) could be partly
responsible for this lack of activity, although the antimicrobial
effectiveness of polyphenolic compounds from other sources
(green tea) was similar in a pH range of 4.0-7.0 (von Staszewski,
Pilosof, & Jagus, 2011). Some authors suggested that the inhibi-
tion of microbial growth by phenolic acids, among which includes
the p-coumaric, increased with decreasing pH (Wen, Delaquis,
Stanich, & Toivonen, 2003). In our work no relationship was
found between antioxidant and antimicrobial properties of lignin,
in contrast to the work of Dizhbite et al. (2004), who assumed the
connection between the antibacterial effect and the scavenging
activity of the kraft lignin soluble fraction.

4. Conclusions

Lignin represents an important waste material which could be
successfully employed as an active food packaging agent for
providing fish gelatin films with antioxidant capacity at non-
cytotoxic - concentrations. At the macroscopic level, lignin
provided adequate miscibility with gelatin, redudng the typical
transparent appearance and conferring a dark brownish colour to
gelatin films, without losing their visual homogeneity. The

structural analyses, however, revealed that lignin prevented the
interaction among gelatin molecules producing a certain micro-
phase separation between both components, Although the
composite films were considerably more plasticized than the single
gelatin films, the water solubility was scarcely affected, largely
because the gelatin used (from warm water fish spedes) produced
films with reasonable low solubility.
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ARTICLE INFO ABSTRACT
Artide history: Salmon muscle is considerably affected by cooking with the resulting loss of its appealing red colour, The
Received 3 May 2010 combined use of high pressure with fish gelatin-lignin film is proposed as an altemative to the more
Received in revised form 21 June 2010 aggressive thermal processing procedures, with the aim of improving the appearance and overall quality
Accepted 24 Aupist 2010 of salmon fillets in ready-to-eat or semi-prepared dishes, The effects of high pressure processing
(300 MPa, 10 min, 5 “C or 40 °C) and conventional heating (90 “C, 10 min) were evaluated in terms of col-
P our changes, protein denaturation, as well as protein and lipid oxidation, by comparison with aw muscle.
Slmon 5 The stability of the processed products was assessed by monitoring changes in microbial growth and total
High pressire proceising volatile basic nitrogen and thiobarbituric acid reactive substances during 23 days of chilled storage. Fou-
Colour rier transform infrared spectroscopy (FTIR), apparent viscosity and dynamic oscillatory studies revealed
Protein denaturabon notable differences in the overall degree and nature of protein aggregation between high pressure and
FIR heating treatments, especially when performed at 5 °C instead of 40 °C. SDS-PAGE of the protein fraction
Dynamic oscillatory studies solubilised in 0.8 M NaCl showed MHC and 4-actinin to be the main myofibrillar proteins denatured by
Oxdation high pressure processing at 40 °C, while actin was more denatured when pressunised at 5°C. The film
Microbial growth

attenuated colour changes associated with high pressure treatment, especially at 5 °C, where redness
was more preserved without jeopardising the appearance of a ready-to-eat product, High pressure pro-
cessing at 5 °C in combination with gelatin-lignin film was found to improve protein quality of salmon
fillets, The film reduced the levels of carbonyl groups formed immediately after processing, and pre-
vented lipid oxidation from taking place at advanced stages of chilled storage. However, the effect on
microbial growth was negligible, since total counts were similar for muscle with or without the film.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

High hydrostatic pressure has been widely applied as a minimal
processing technique to prolong the shelf-life of additive-free
foods, with its major advantage being the conservation of micronu-
trients such as amino acids and vitamins, as well as flavour com-
pounds (Knorr, 2000, chap. 2). Although it is claimed that high
pressure processing has less impact on colour compared to thermal
processing treatments (Ohshima, Ushio, & Koizumi, 1993 ), itis well
recognised that pressurising above 200 MPa leads to changes in
colour and texture, giving fish muscle a cooked-like appearance
(Montero & Gomez-Guillén, 2005). With this idea in mind, high
pressure processing could be considered as an alternative to con-
ventional heating treatments for the preparation of ready-to-eat
or semi-prepared dishes, with a minimum loss of micronutrients
and flavour compounds,

* Corresponding author. Tel: +34 31 5492300; fax: +34 91 5493627,
E-mail address; qgomez@ifcsices (MC Gomez-Guillén).

0308-8146/$ - see front matter © 2010 Elsevier Ltd, All nights reserved,
don: 1001016/ foodchem 2010.08.072

High pressure induces dramatic changes in the colour of Atlantic
salmon muscle as this fish species is probably one of the most sen-
sitive in this respect (Amanatidou et al., 2000; Yagz et al., 2009).
Besides haem proteins, carotenoids (mainly astaxanthin and can-
thaxanthin) are mainly responsible for the typical red colour of
Atlantic salmon muscle (Andersen, Bertelsen, Christophersen,
Ohlen, & Skibsted, 1990). In particular, the reduction in redness in
pressurised smoked salmon has recently been linked with astaxan-
thin oxidative degradation, coupled with the formation of deoxy-
myoglobin or deoxy-haemoglobin (Tintchev et al., 2009), Though
early studies reported that carotenoids were bound to actomyosin
in salmon muscle (Henmi, Hata, & Hata, 1989), a-actinin was later
identified as the target myofibrillar protein for binding with asta-
xanthin (Matthews, Ross, Lall, & Gill, 2006). Thus, the degree of pro-
tein denaturation in salmon muscle is relevant, not only affecting
textural properties, but also influencing the strong colour changes.
High pressure has been shown to modify the palatability and func-
tional properties of meat and fish products by inducing denatur-
ation and muscle protein gelation (more specifically myosin and
actin) (Cheftel & Culioli 1997). Yamamoto, Hayashi and Yasui
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(1993) reported that pressure-induced aggregation was similar to
that induced by thermal treatment at the level of myosin head
interaction. However, the nature of such interactions differs some-
what, since pressure induces the formation of heat labile hydrogen-
bonded structures while the contribution of disulphide bonds and
hydrophobic interactions plays a key role in the stabilization of
heat-induced structures (Angsupanich, Edde, & Ledward, 1999,
Fourier transform infrared spectroscopy (FTIR) provides informa-
tion about the chemical composition and conformational structure
of food components, and in particular, it is a useful ol for monitor-
ing changes in secondary protein structures (Jackson & Mantsch,
1995; Willard, Merritt, Dean, & Settle, 1981). Recently, FTIR has
been successfully applied in the study of both salted and salted
smoked salmon muscle denaturation (Bocker, Kohler, Aursand, &
Ofstad, 2008; Carton, Bocker, Ofstad, Serheim, & Kohler, 2009),
however, to our knowledge, the effect of high pressure treatment
on fish muscle proteins has not yet been studied by FTIR,

Haem proteins, which are key catalysts of lipid oxidation in fish
muscle (Hultin, 1994), can also be denatured by either heator high
pressure treatment, and become pro-oxidative. The oxidation oc-
curs mainly by the release of the haem pigment from the haem-
proteins, since free haem pigment is known to be a very potent
pro-oxidant (Everse & Hsia, 1997). Although it is generally as-
sumed that high pressure may induce some lipid oxidation, this ef-
fect would largely depend on factors such as pressure level, fish
species and subsequent storage, In salmon muscle, the presence
of asthaxantin, which has been described as a potent antioxidant
{Shimidzu, Goto, & Miki, 1996) may provide considerable protec-
tion from lipid oxidation. Yagiz et al. (2009) reported that a high
pressure treatment of 300 MPa and ~25°C average temperature
reduced the oxidation susceptibility of Atlantic salmon muscle,
probably as a result of pressure-induced changes in muscle struc-
ture, making astaxanthin more available to protect lipids from oxi-
dation. However, when pressurised at 300MPa and ~7°C, a
significant increase in TBARs was found for salmon carpaccio
(Gomez-Estaca, Lopez-Caballero, Gomez-Guillén, Lipez de Lacey,
& Montero, 2009). Thus, the temperature at which high pressure
processing is carried out may also be a key factor affecting the oxi-
dative stability of pressurised products.

The use of edible films helps to maintain product quality, en-
hance sensory properties, improve product safety, and increase
the shelf life of various ready-to-eat food products (Beverlya, Janes,
Prinyawiwatkula, & No, 2008). These films actas oxygen and water
barriers thereby slowing oxidation reactions and retaining mois-
ture, thus enhancing quality and extending storage life (Gennadios,
Hanna, & Kurth, 1997). To control lipid oxidation in foodstuffs,
there is a growing interest in the formulation of edible andfor bio-
degradable active films, which are based on the inclusion of an
antioxidant or antimicrobial compound in the polymeric matrix,
Although there is increasing literature available regarding the
development of active biodegradable films (Guilbert, Gontard, &
Gorris, 1996; Gomez-Guillén et al, 2009 Oussalah. Caillet,
Salmiéri, Saucier, & Lacroix, 2004), limited work has been done in
relation to their application (in the form of films or coatings) to ex-
tend the shelf-life of fish products (Jeon, Kamil, & Shahidi, 2002;
Lopez-Caballero, Gomez-Guillén, Pérez-Mateos, & Montero, 2005:
Ojagh, Rezael, Razavi, & Hosseini, 2010; Ouattara, Sabato, & Lac-
roix, 2001; Sathivel, Liu, Huang, & Prinyawiwatkul, 2007). The
application of active plant extract-gelatin composite edible films
in combination with high pressure processing in cold-smoked sar-
dine has already been shown to be a very promising technology for
fish preservation (Gomez-Estaca, Montero, Giménez, & Gomez-
Guillén, 2007). However, more work is necessary in this field to as-
sess the composition and suitability of films, and thereby ensure
their resistance to high pressure processing while at the same time
taking into account the wet nature of the fish surface.

Lignin is found in plant cell walls in association with cellulose
and hemi-cellulose, and is an abundant waste product in the pulp
and paper industry. In the present study, and based on preliminary
work carried out in our laboratory, a mixture of gelatin and lignin
was used to prepare the protective film, which was found to be
flexible, transparent, with a relatively strong brownish-yellow col-
ouration and having reasonably high water resistance (unpub-
lished data). Lignin and derivatives have the right chemistry to
be used in making coatings and composites given their small par-
ticle size. hydrophobicity and their ability to form stable mixtures
(Park, Doherty, & Halley, 2008). Lignin has already been success-
fully used in the preparation of gelatin-lignin films with high
swelling capacity (Vengal & Srikumar, 2005). Moreover, lignins
have been shown to have efficient antibacterial and antioxidative
properties (Ugartondo, Mitjans, & Vinardell, 2009).

The objective of the present work was to evaluate the effects on
Atlantic salmon fillets of two high pressure treatments at different
temperatures (300 MPa at 5 °Cand 40°°C), in combination with gel-
atin=lignin biodegradable film, compared with conventional heat-
ing treatment in an oven at 90 °C. The degree of muscle alteration
as a result of the different processing treatments was assessed by
comparing the extent of colour changes, protein denaturation, as
well as protein and lipid oxidation with raw muscle, The stability
of the processed products was evaluated by monitoring changes
in microbial growth and tatal volatile basic nitrogen and thiobarbi-
turic acid reactive substances during 23 days of chilled storage,

2. Materials and methods
2.1, Preparation of film

The gelatin-lignin film forming solution (FFS) was prepared by
dissolving a commercial warm-water fish gelatin (Rousselot S.AS,
Puteaux, France) in distilled water(3.4% wjv) at 40 °C, with sorbitol
(15¢/100 ¢ gelatin) and glycerol (15¢/100g gelatin) as plasticiz-
ers, The commercial lignin powder (Protobind 1000, Granit R&D
SA, Lausanne, Switzerland) was added to a final concentration of
0.6% wiv in the FFS, This concentration was selected according to
previous experiments. The mixture was stirred at 40°C for
15 min and was alkalinized to ~pH 11 to obtain a good blend with
total solubility, The films were made by casting an amount of 40 ml
over a plate of 12 « 12 cm? and drying at 45 “Cin a forced-air oven
for 15 h to yiel 2 uniform thickness of 100 pm. Prior to covering
the fish, films were conditioned over a saturated solution of KBr
in desiccators for 5d. The film retained its structural integrity
when applied on the surface of the fillet and was not altered by
the high pressure treatment, allowing to be easily separated from
the muscle for further analyses.

22. Fish sample preparation and High Pressure Processing (HPP)

Salmaon fillets were acquired at a local market. The fillets were
cut into 85-100 g portions {~5-6cm thickness) and divided ran-
domly to prepare six lots: (i) untreated raw muscle, R; (i) cooked
muscle, C; (iii) muscle pressurised at 5 °C, HP5; (iv) muscle covered
with a gelatin-lignin film and subsequendy pressurised at 5°C,
HPFS; (v) muscle pressurised at 40 °C, HP40 and (vi) muscle cov-
ered with a gelatin-lignin film and subsequently pressurised at
40 °C, HPF40, In the covered samples, each portion was covered
individually with the gelatin-lignin film.

For HPP, all lots were vacuum-packaged into flexible plastic
bags by using 3 Multivac packaging machine [A-NG, 85021, G5,
Germany), Vacuum packed samples were treated in an pilot
high-pressure unit {ACB 665, GEC Alsthom, Nantes, France), the
temperature of the immersion medium (distilled water) being reg-
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ulated by a thermocouple connected to a programmed tempera-
ture control equipment (model [A[2230AC, INMASA, Barcelona,
Spain), HPP was carried out for 10 min at 300 MPa and at two tem-
perature levels (5°C and 40°C). Pressure was increased by
2.5MPafs and after high pressure treatment was completed, the
time for pressure dropping back to atmospheric was around 3 s.
The Clot was prepared by cooking the vacuum packed muscle
portions at 90 °C for 10 min in a Rational oven (mod. Combi-Master
(M6, Suffolk, UK). All lots were stabilized at -80°C for further
analysis, except for microbiological, TVBN (total volle basic
nitrogen) and TBARs (thiobarbituric reactive substances) analyses,
where a study of 23d of chilled storage at 7 °C was performed.

2.3, Colour measurements

The colour parameters lightness (L'), redness (a*), and yellow-
ness (b*) were measured using a Konica Minolta CM-3500d color-
imeter (Osaka, Japan). Measurements were taken at a number of
locations in different muscle portions and each point is the mean
of at least 10 measurements,

24, Protein solubility

One gram of muscle (without connective tissue) was homoge-
nised with 40 ml of 0.8M NaCl in an Omni-Mixer homogenizer
model 17106 (Omni International, Waterbury, CT) for 1 min at set-
ting 6. The resulting homogenates were stirred at ~4 °C for 30 min
and then centrifuged for 30 min at 4000g in a Multifuge 3 L-R
Heraeus (Hanau, Germany). The protein concentration in the
supernatant was determined by using the BCA kit (Meridian RD,,
Rockford, IL, 61101 USA ). Soluble protein was expressed as the per-
cent protein solubilised with respect to total muscle protein, which
was determined according to AOAC (Association of Official Analyt-
ical Chemists) (1984)

25. Apparent viscosity

Apparent viscosity of muscle was determined according to Bor-
derias, Jiménez-Colmenero, & Tejada (1985). Previously thawed
samples (50 g) were homogenised with 150 mL of 5% NaCl (w)v)
in 0.2 M sodium phosphate buffer (pH 7.0). Apparent viscosity of
the resulting homogenate was measured by aking 3 readings at
1-min intervals at a speed of 12 rpm using a Brookfield-LV viscom-
eter (Brookfield Engineering NABS, Stoughton, MA, USA). Alterna-
tively, the homogenate was filtered through gauze and
centrifuged for 10 min at 345¢g in a Multifuge 3 L-R Heraeus (Ha-
nau, Germany), All the procedures were carried out at ~4 °C. The
values obtained were expressed in centipoises (cP), and the results
presented are averages of at least 3 replicates,

26, SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Salt-soluble protein was analysed by SDS-PAGE in a Mini Pro-
tean Ilunit (Bio-Rad Laboratories, Hercules, CA) at 20 mA/gel, using
12% polyacrylamide gels. Samples were treated according to
Hames (1985) (2.5% SDS, 5% mercaptoethanol, 10 mM Tris-HCl,
1 mM EDTA and 0.002% bromophenol blue) and then heated for
5min in a boiling water bath, The protein concentration was ad-
justed to 1 mg/ml, except in the cooked sample (due to lower pro-
tein concentration in the supernatant), and the loading volume
was 20 plin all lanes, except for cooked sample, where 30 pl were
loaded. Protein bands were stained with Coomassie brilliant blue
R-250. As reference for molecular weights, two standards were
used: SDS-PAGE Standard High Range (Cat Num. 161-0309) (std
1) and SDS-PAGE Standard Low Range (Cat. Num. 161-0305) (std
2). (Bio-Rad, CA, USA).

27. FTIR-Attenuated Total Reflectance (ATR) spectroscopy

Infrared spectra between 4000 and 650 cm ' were recorded
using a Perkin Elmer Spectrum 400 Infrared Spectrometer (Per-
kin-Elmer In¢, Waltham, MA, USA) equipped with an ATR prism
crystal accessory. For each spectrum 32 scans of interferograms
were averaged and the spectral resolution was 4cm ', Background
was subtracted using the Spectrum software version 6.3.2 ( Perkin-
Elmer Inc.) Measurements were performed at room temperature
using extremely thin layers of semi-thawed muscle, which were
placed on the surface of the ATR crystal, and pressed with a flat-
tip plunger until spectra with suitable and stable peaks were ob-
tained. All experiments were performed at least in duplicate.

28. Dynamic oscillatory studies

Salmon muscle batches of 100g were homogenised with 2%
NaCl in a domestic Braun Minipimer homogenizer at ~4°C for
3 min, Dynamic viscoelastic studies were performed on a Bohlin
(V0-100 rheometer (Bohlin Instruments Ltd., Gloucestershire,
UK) using a cone-plate geometry (cone angle 4°, gap = 0.15mm).
Adynamic frequency sweep was done at 10 °C by applying oscilla-
tion amplitude within the linear region (y = 0.005) over the fre-
quency range 0.1-10 Hz. The Elastic modulus (C'; Pa), Viscous
modulus (G"; Pa) and Complex modulus (G*, Pa) were plotted as
afunction of frequency. The dynamic temperature sweep was done
by heating from 10 °C to 90 °C at a scan rate of 1 °C/min, frequency
0.1 Hz, and target strain y = 0.005. G’ (Pa), G (Pa) and phase angle
(9;7) were plotted as a function of temperature. Results were aver-
ages of at least two determinations.

29, Protein carbony! groups

Protein carbonyls were assayed as hydrazone derivatives by
reacting proteins with 2,4-dinitrophenylhydrazine(DNPH) (Sigma
Chemical Co,, St. Louis, MO, USA) as described by Levine et al,
(1990). Results of carbonyl groups content were expressed in
nm/mg protein, and were the average values of at least three
determinations,

2.10. Microbiological assays

The microbiological analyses were as follows: a total amount of
10g of muscle, from at least 3 different packages, was collected
and placed in a sterile plastic bag (Sterilin, Stone, Staffordshire,
UK) with 90 ml of buffered 0.1% peptone water (Oxoid, Basing-
stoke, UK) in a vertical laminar-flow cabinet (mod. AV 30/70 Tel-
star, Madrid, Spain). After 1 min in a Stomacher blender (model
Colworth 400, Seward, London, UK), appropriate dilutions were
prepared for the following microorganism determinations; (i) total
bacterial counts (TBC) on spread plates of Iron Agar (Scharlab, Bar-
celona, Spain), 1% NaCl incubated at 15 °C for 3 days; (i) H.S-pro-
ducers organisms, as black colonies, on pour plates of Iron Agar
incubated at 15 °C for 3 days; (iii) luminescent bacteria on spread
plates of ron Agar 1% NaCl incubated at 15 “Cfor 5 d; (iv)total aer-
obic mesophiles on pour plates of Plate Count Agar, PCA (Oxoid)
incubated at 30 °C for 72 h; (v) Pseudomonas on spread plates of
Pseudomonas Agar Base (Oxoid) with added CFC (Cetrimide, Fuci-
dine, Cephalosporine) supplement for Pseudomonas spp. (Oxoid)
incubated at 25 °C for 48 h; (vi) Enterobacteriaceae on double-lay-
ered plates of Violet Red Bile CGlucose agar (VRBG, Oxoid) incubated
at 30 °C for 48 h [after first adding 5 ml of Tryptone Soy Agar
(Merck, Darmstadt, Germany) and incubating at room temperature
for 1hJ; (vii) lactic acid bacteria on double-layered plates of MRS
Agar (Oxoid) incubated at 30 °Cfor 72 h. All microbiological counts
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are expressed as the log of the colony-forming units per gram (log
cfu/g) of sample. All analyses were performed in triplicate,

2.11. Total volatile basic nitrogen (TVB-N)

Total volatile basic nitrogen (TVB-N) determinations were car-
ried out in triplicate over the storage period using the method of
Antonacopoulos & Vyncke (1989). Analyses were performed at
least in triplicate, and results were expressed as mg TVB-N/100g
muscle,

2.12. Thiobarbituric aad reactive substances (TBARS)

Samples were analysed by the method of Vyncke (1970). A stan-
dard curve was prepared using 1,1,3,3-tetraethoxypropane. Analy-
ses were performed at least in triplicate, and results were
expressed as pmol malondialdehyde (MDA) per kg of muscle.

213.pH

Approximately 5-10g of muscle were homogenised with dis-
tilled water (1:2, w/v). After 5 min at ambient temperature, pH
was determined with a pHm93 pH-meter and a combined pH elec-
trode (Radiometer, Copenhagen, Denmark). The experiments were
repeated at least in triplicate,

2.14. Statistical analysis

Statistical tests were performed using the SPSS* computer pro-
gramme (SPSS Statstical Software v.18, Inc., Chicago, IL.) One-way
analysis of variance was carried out. The difference of means be-
tween pairs was resolved by means of confidence intervals using
a Tukey-b test at a level of significance of p < 0,05,

3. Results and discussion
3.1. Colour analysis

Colour measurement results expressed in terms of L* (light-
ness), a* (redness)and b* (yellowness) parameters of both raw sal-
mon muscle and differently processed muscles are shown in
Table 1. As expected, both pressurised and cooked samples showed
significant (p < 0.05) increases in L* values and decreasesin a* val-
ues compared with the raw muscle, as well as presenting a cooked-
like appearance in all cases. The lightness of pressurised muscle
was not affected by the pressurisation temperature, which was,
significantly lower (p < 0.05) than in the cooked muscle. When
covered with film a noticeable decrease in lightness was observed,
which was more pronounced when high pressure treatment was
carried out at 40 °C. High pressure at both temperatures induced

Table 1

Colour parameters (L, a*, b*) of muscle subjected to different processing treatments,
Treatment r a* b
R 415520127 16,82 4003 9294 004°
¢ 7471 £ 058 950035 1491 £045°
HPS 65,64 £ 0.44° 11.04 £ 0.0° 12202 049°
HPFS 60.70 £ 0.86* 13.71 062 17654076
HP40 66.39£025 1212077 12352 042°
HPF40 %.31 £031° 10.44 032 1445:007°

R, raw muscle; €, musde cooked at 90 °C for 10 min; HPS, muscle pressunsed at
5°C for 10 min; HPFS, muscle covered with gelatin-lignin film and pressunsed at
5°C for 10 min; HP40, muscle pressurised at 40°C for 10 min; HIF40, muscle
cvered with gelatin-lignin film and pressunsed at 5°C for 10 min,

Different letters (abg. ) in the same column indicate significant differences
(p< 005).

a smaller decrease in redness than by cooking. Significant differ-
ences in @' values (p < 005) were found as a function of the
pressurising temperature and film covering. When high pressure
was applied at 5 °C, the presence of the film led to higher redness
whereas the opposite was observed at 40 ‘C. All processed samples
exhibited significant increases (p < 0.05) in b* values compared to
the raw muscle, which also contributed to their cooked-like
appearance, In this case, pressurising temperatures did not pro-
duce any differences, however, yellowness increased slightly in
muscle covered with film,

Consistent with our results, thermally treated salmon muscle
had previously been reported as presenting considerably higher
lightness and lower redness when compared with muscle pressur-
ised at 300 MPa (Yagiz et al., 2009). On the other hand, increased L'
values and decreased a* values as a result of applying high hydro-
static pressure on fish muscle is well documented (Chevalier, Le
Bail, & Ghoul, 2001; Matser, Stegeman, Kals, & Bartels, 2000), and
more specifically so in the case of salmon muscle (Amanatidou
et al,, 2000; Yagiz et al, 2009), Covering samples with film signif-
icantly affected L* and a* values showing that the film had a certain
preservative effect on the colour of the pressurised muscle. How-
ever, the slightly higher b* values for the covered samples could
be the result of yellow being transferred from the film.

32, Protein solubility

The percentage of salt-soluble protein in raw salmon muscle
was high (73.75%) as would be expected for fresh fish (Table 2),
However, all processed samples showed a pronounced reduction
in salt-soluble protein compared with the raw muscle, espedally
the cooked muscle which had values of around 7%. High pressure
treatment at both 5 and 40 °C produced ~40% decrease in salt-sol-
uble protein, with no significant variations (p > 0.05) as a result of
pressure temperature or film covering. Changes in muscle protein
solubility are a measure of protein denaturation, as solubility is de-
creased due to the formation of insoluble protein aggregates that
can no longer be extracted. Thus, the observed lower protein solu-
bility suggested substantial denaturation of proteins, induced by
either high pressure processing or cooking. Our results are in
agreement with Carlez, Borderias, Dumay and Cheftel (1995)
who found, by measuring the total enthalpy of denaturation, that
high pressure processing of bream surimi (300 MPa, 5 °C, 15 min)
caused much less protein denaturation (23%) than thermal treat-
ment at 90 “C for 30 min (67%),

33. Apparent viscosity

Measurement of the apparent viscosity of a fish muscle homog-
enate has been proposed as an indicator of protein quality, and has
been reported tobe more sensitive than protein solubility (Barroso,
Careche, & Borderias, 1998). Apparent viscosity values of muscle
homogenates, with and without a previous filtration/centrifuga-
tion step, are presented in Table 2, and were obtained from both
raw muscle and differently processed muscles. As expected, all
processed samples showed a dramatic reduction in viscosity com-
pared to the raw fish, and this can be attributed to extensive pro-
tein aggregation. No significant differences (p>0.05) were
observed between cooked muscle and muscle pressurised at 5 °C,
with or without a film covering. However, when high pressure
treatment was carried out at 40 “C, a significant (p < 0.05) decrease
in viscosity was observed, revealing additional heat-induced pro-
tein denaturation. By comparing the viscosity values registered
with and without filtration, no differences were found in the
cooked muscle. However, upon filtration, the muscles pressurised
at5°Cand 40 °C exhibited a ~55% and ~23% decrease respectively
in viscosity. The results for apparent viscosity were not related
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Table 2

Frotein functionality parameters of musde subjeded to different procesang trea tments.

Treatment Proten solublity (%] Vicosity (cp) with ltering Visiosity (cp) without filtenng Carbonyl group (nm/mg protein)
R 7354 £ 200° 11140213527 11140 £ 13527 (LORT & 0,009
C 6732073 47822107 50+ 246° 0.654 20,44
HPS 30.29 £ 0.94° 17841300 4861 £ 250° 0.567 £0,026™
HPFS 3136074 2582 1.90° 47.5£327 0490 £0.037
HP40 30.20 £ 0.90° 5834083 2666 + 284 0.728 +0.061°
HPF40 3114+ 084° GAG: 1% 261242717 0610 £0.057°

R, raw muscle; C muscle cooked at 90 °C for 10 min; HPS, muscle pressurised at 5°C for 10 man: HPFS, muscle covered with gelatin-lignin flm and pressunised at 5°C for
10 min: HP40, muscle pressunsed at 40 °C for 10 min; HPF40, muscle covered wath gelatin-lignin flm and pressunsed at 5 °C for 10 min.

Different letters (ab.c. ..} in the same clumn indicate significant differences (p < 0.05).

* Value not included in the analysis of variance.

with those for salt-soluble protein, especially in the case of the
cooked sample, which registered extremely low protein solubility
but viscosity comparable to HPS, and even slightly higher than
HP40. Such differences could be due to the distinet nature and size
of protein aggregates obtined under cooking and high pressure
conditions. The nature of the heat-induced aggregates did not
interfere with the filtration process, most likely because they are
strong small aggregates. However, pressurising at 5°C led (o large
protein aggregates being retained in the gauze, possibly as a result
of higher protein unfolding favouring subsequent protein-protein
interactions. The viscosity values of the muscle pressurised at
40°C suggested an intermediate state between high pressure-
and heat-denaturation as denoted by the strong aggregation and
presence of large aggregates, Covering the muscle with film did
not affect apparent viscosity when pressurising at either 5°C or
40°C,

34. 5DS-PAGE

The electrophoretic profiles of the sal-soluble protein fractions
extracted from the raw muscle and the muscle processed under
different conditions are shown in Fig. 1. In accordance with the
pronounced percentage decrease in soluble protein in the cooked
muscle, the electrophoretic profile was characterised by the nearly
total disappearance of the majority of bands. The band at
=200 kDa, corresponding to the myosin heavy chain (MHC), was
hardly visible, whereas the bands at ~105 kDa and ~45 kDa, tenta-
tively assigned to a-actinin and actin respectively, as well asa pool
of lower molecular weight proteins, in which troponins and myo-

KDa std 1 a b
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sin light chains (MLC) are included, disappeared completely,
denoting extensive heat-induced protein aggregation of the main
myofibrillar proteins. Specifically, #-actinin denaturation could
be largely involved in the strong muscle colour changes produced
by heating, since it has recently been shown o be the target myo-
fibrillar protein where astaxanthin, which is mainly responsible for
the intense red colour of salmon, is bound (Tintchev et al. 2009).

The salt-soluble protein fractions from all pressurised muscles
presented a great number of bands, resembling to some extent
the profile of the raw muscle, and revealing a considerably lower
degree of protein denaturation than that of the cooked muscle.
Slight differences could be observed with respect to the pressurisa-
tion temperature, but none could be observed as far as the film
covering was concerned, The profile corresponding to the muscle
pressurised at 40°C (with and without film) was characterised
by the practical disappearance of protein bands in the range be-
tween 200 and 63 kDa, including the MHC and to some extent,
the -actinin, This effect was less pronounced when the muscle
was pressurised at 5°C, indicating slightly lower protein aggrega-
tion within this molecular weight range. The intensity of the actin
band decreased markedly with high pressure treatment, compared
1o the raw sample, although more markedly when pressure was
applied at 5°C, suggesting a higher degree of actin denaturation
when pressure was applied at low temperature, The protein at
=63 kDa, tentatively assigned to tropomyosin, and proteins below
45 kDa, were scarcely affected by high pressure as denoted by the
preserved intensity of the corresponding bands, suggesting strong
resistance of tropomyosin, troponins, MLC as well as sarcoplasmic
proteins to high pressure treatment, The importance of the role of
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Fig. 1. SDS-PAGE of proteins solubilised in 0.8 M NaCl of raw <l mon muscle and muscle subjected to different processing treatments. [a) C, muscle moked at 90°C for
10 mir: (b} R, raw muscle: (¢) HPS, musde pressurised at 5 °C for 10 min: (d) HIFS, musde covered with gelatin=lignin flm and presunsed at 5°C for 10min: (¢) HI0,
muscle pressurised at 40°C for 10 min: (F) HPF40, muscle covered with gelatin-lignin flm and pressunsed at 5 °Clor 10 mun. std 1: standard of high molecular weight: sid2:
standard of low molecular weight; MHC: myosin heavy chain, Actn: alpha actinin, Ac: actin, MLC: myosn light chain,
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MHC and actin polymerisation, as opposed to troponins, ropomy-
osin and MLC in pressure-induced protein aggregation has been
previously reported (Angsupanich et al,, 1999; Carlez et al,, 1995)

35, FTIR spectroscopy

The FTIR spectra between 4000 and 1000 cm " of raw salmon
muscle as well as muscle subjected to the different processing con-
ditions are depicted in Fig. 2, Generally, all spectra exhibited sim-
ilar features to spectra acquired from raw salmon myofibres as
reported by Bicker et al (2008). The amide A band (~3100-
3600 cm '), artributed fundamentally to OH and NH stretching
vibrations, exhibited a broadened absorbance in consonance with
the high water content in the muscle. In fact, the greatest contribu-
tion of this band in raw muscle, as opposed to processed muscles,
could be largely indicative of a higher water-holding capacity.

The amide [ band, located in the region between 1600-
1700 ¢cm ', arises predominantly from C=0 stretching vibrations,
being weakly coupled with in-plane N-H bending and C-N stretch-
ing vibrations. Studying changes in the amide | band was put for-
ward as a helpful tool for determining specific secondary
structures within proteins (Jackson & Mantsch, 1995), Spectral
changes in the amide | region have been associated with myofibr-
illar protein conformational changes as a result of either heating
pork or salting salmon muscle (Bertram, Kohler, Bocker, Ofstad, &
Andersen, 2006; Bocker et al, 2008). In the present study, the
amide | band showed maximum IR absorbance at 1639¢m ' in
raw muscle, whereas it shifted to lower frequency values in the
pressurised muscles (~1631cm '), and more markedly in the
cooked one {1623 cm ') To enhance the spectral resolution, a sec-

b,

A h,
1
\.\ | vl
, e ,)'I} Ao HPS
/\ anl
/ { Lt
/ \H\h .. | Men . BP0
Inl
i
Ao
/N ‘," M "\, HPFS
4000 3000 2000 1500 1000
cm!

Rg. 2. FTR spectra of raw salmon muscle and muscle subjected to different
processing treatments. K, raw muscle; C, muscle cooked at 90 °C for 10 min; HPS,
muscle pressurised at 5°C for 10 min: HIFS, muscle covered wath gelatin-lignin
film and pressunsed at 5°C for 10 min; HP40, muscle pressurised at 40°C for
10 min; HPF40, muscle covered with gelatin-lignin film and pressurised at 5°C for

ond derivative spectrum {Fig. 3) was used (o investigate the amide
| region (1700-1600 cm ') The bands located at 1695cm ',
1683 ¢cm ', 1668¢cm ', 1658cm ', 1652¢cm . 1635¢m
1625 cm ', 1618cm ' and 1612¢cm ! coincided for the most part
with those described previously for raw Atlantic salmon muscle
{Bocker et al.,, 2008). According to these authors, the major peak
at 1652¢m " was indicative of the contribution of the a-helical
structure to protein conformation, As shown in Fig, 3, this peak
was diminished in the cooked sample compared with the raw mus-
cle. In contrast, all pressurised muscles showed increased intensity
for this peak, especially when high pressure took place at 5°C
without film covering (HPS), A similar trend was observed regard-
ing IR intensity at 1683 cm ', although in this case no differences
were found among high pressure treatments. The peak at
1683 ¢m ' was related to changes in intramolecular antiparallel
frsheet structures in salted and smoked salmon muscle (Carton
et al, 2009), The increase in a-helix and f-sheet structures in all
pressurised samples was atwibuted to the denaturing effect of high
pressure, leading to protein unfolding. Pressure levels above
200 MPa are known to cause protein unfolding and reassociation
of subunits from dissociated oligomers, inducing changes in both
secondary and tertiary structures (Lullien-Pellerin & Balny, 2002).
An appreciable loss of loop structures could also be found in the
cooked muscle, as denoted by the diminished intensity at
1658 cm ', Pressure-induced changes in loop structures were
much less evident; nevertheless, these structures tended to de-
crease shightly in comparison with raw muscle when high pressure
was applied at 5 °C, whereas the opposite was found to be the case
at 40 °C On the other hand, the cooked muscle exhibited a consid-
erable increase in peak intensity at both 1695¢cm ' and
~1625¢m ', the latter together with a noticeable shift towards
lower frequency values, denoting increased intramolecular aggre-
gation of p-sheet structures, Moreover, the higher intensity at
1618 ¢cm ' in the cooked sample would also indicate p-sheet
aggregation at the intermolecular level (Carton et al,, 2009), The
muscles subjected to high pressure showed both intramolecular
and intermolecular aggregation of f-sheet structures, a5 shown
by the increased intensity at 1695¢cm ', 1625¢m ' and
1618 cm ', when compared with the raw muscle, but less pro-
nounced than in the cooked sample. Differences among all pressur-
ised samples were in general scarce, although HP40 (muscle
pressurised at 40 °C without film) showed a slight tendency to ex-
hibit higher intermolecular f-sheet aggregation, The band at
1667 cm !, which was tentatively assigned to non-hydrogenated
C=0 groups, reportedly increased in salmon muscle after salting
{Carton et al., 2009); however, this band was scarcely affected by
either cooking or high pressure treatments,

36. Dynamic oscillatory study

The degree of protein denaturation and/or aggregation was also
assessed by dynamic oscillatory studies, The raw muscle, as well as
the muscles which had been processed under different conditions,
were subsequently solubilised with NaCl (salted ground muscle)
and the viscoelastic properties of the resulting doughs were deter-
mined. The extent of protein solubilisation after homogenisation
with salt would depend on the degree and type of muscle protein
denaturation/ aggregation resulting from the processing conditions,
and would influence the viscoelastic behaviour of the correspond-
ing dough,

Fig 4 represents the mechanical spectra, in terms of elastic (C'),
viscous (G”) and complex (G*) moduli as a function of the angular
frequency at 10°C, of the different salted ground muscles, which
had previously been subjected to a short setting period of 90 min
at the same temperature, In all cases, elasticity prevailed over vis-
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Fig. 3, Second derivative of Amide | band {1700- 1600 am™") from FTIR spectra of raw salmon musde and muscle subjected to different processing treatments, (1) R, faw
muscle; (2) C musde cooked 4t 90°C for 10 min: (3) HPS, muscle pressunsed a1 5 °Clor 10 min: (4) HP4O, muscle pressunsed at 40°C for 10 min: (5] HPFS, muscle covered
wath gelatin-lgrn flm and pressunsed at 5°C for 10 min; (6) HPF40, musde covered with gelatin-ligrin Rl and pressurised at 5°C for 10 min,

resulting doughs could be considered as self-aggregated disordered
colloidal networks with the consistency of a viscoelastic gel (Badii
& Howell, 2002). The G" values in the samples pressurised at 5 °C
were very close to the raw muscle G value, especially when cov-
ered with film (HPFS) (Fig. 4a). The elastic modulus of the salted
ground muscle increased noticeably when the samples had been
pressurised at 40 °C, increasing more markedly in the samples with
film {HPF40), being highest in the cooked sample. A similar trend
was found for G* as well as for G”, the lacer being clearly lowest
in the raw sample (Fig. 4b and ¢). This would confirm a higher de-
gree of protein aggregation in the cooked muscle, followed by the
muscle which had been pressurised at 40°C, as compared to the
raw muscle and muscle pressurised at 5°C. Phase angle (4) values
were significantly (p < 0.05) lower in the raw sample (Table 3),
indicating better gel consistency, which could be attributed to
higher self-aggregation due [0 a more preserved protein conforma-
tion. On the other hand, values of & were higher (p < 0.05)in salted
ground muscle from all pressurised samples, compared with the

cooked one, suggesting a more disordered protein network in the
former.

The frequency dependence of G, G'and G* at 10°C varied con-
siderably among the different samples. Table 3 shows other visco-
elastic parameters, derived from G, G” and G* mechanical spectra,
which had been calculated after fitting the power law, as previ-
ously described (Campo & Tovar, 2008). According to Zhou and
Mulvaney (1998) and Campo and Tovar (2008), G, and G would
indicate the resistance of the material to elastic and viscous defor-
maton, respectively, at an angular frequency of 1 rad/s. The differ-
ence G, - Gy and An are magnitudes related with the viscoelastic
gel strength, as well as with the strength of rheological unit inter-
action (Campo & Tovar, 2008; Gabriele, De Cindio, & D'Antona,
2001), Both G, - G and An were highest (p < 0.05) in the cooked
sample, followed by the HFF40 sample, while all the other pressur-
ised samples registered values closer to the raw muscle. The higher
viscoelastic gel strength in the cooked sample is attributed to the
presence of a more aggregated protein resulting from the heat
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35000 above 200 MPa, with additional stabilization by disulphide bonds
(Angsupanich et al., 1999).

30000 1 The power law exponent it is related to structural stability and
25000 - protein network conformation in the studied samples: the higher
= the 1 values, the higher the instability of the matrix against fre-
20000 4 quency changes (Campo & Tovar, 2008). As shown in Table 3, n'
i} was significantly higher (p < 005) in the pressurised samples
15000 1 when compared with both raw and cooked samples, indicating
that the pressurised protein network was more unstable, irrespec-
100007 tive of pressurisation temperature. This suggests a considerably
5000 lower level of conformational order in the salted ground muscle
leading to higher matrix discontinuity as a result of high pressure
%000 treatment. This confirmed once again, that the protein interactions
OR in the pressurised muscle were weaker than in the cooked one.
6000 LIS Moreover, the structure is considerably more unstable than in
— ! the raw muscle, again confirming noticeable pressure-induced
g 4000 HPS changes in protein conformation, Among pressurised samples, no
g L HPFs significant differences were found in n' values (p> 0.05) due to

o HPA4O pressurisation temperature or film covering,
2000 Fig 5 shows the thermal aggregation ability of the different
® HPF40 salted ground muscles in terms of the elasticity modulus ('), the
0 viscosity modulus (G) and phase angle (3) as a function of heating
" temperature (from 10 °C to 90°C). As expected, the raw muscle
35000 presented the highest thermal aggregation capacity, as deduced
20000 - from the sharp increase in both G’ and G values at emperatures
from 45 °C upwards. This would indicate extensive protein net-
25000 - work stabilization produced by the formation of heat stable bonds.
E‘ Furthermore, the pronounced phase angle peak values between 30
= 20000 1 and 45 “C revealed noticeable myofibrillar protein conformational
o 15000 - changes during this temperature interval, which could be attrib-
uted to moderate heat-induced protein unfolding as well as to
10000 4 some muscle autolytic activity, which might be more active at
these temperatures. Similar results were previously reported for
5000 T thermal aggregation properties of squid mantle prateins (Gomez-
0 1 10 Guillén, Martinez-Alvarez, & Montero, 2003). The viscoelastic

Fg. 4. Elastic modulus (7, Pa), viscous modulus (G, Fa) and complex modulus (G,
Pa) s a function of the angular frequency of salt-ground musdes at 10°C with a
prior setting tme of 90min, R, raw muscle; C, muscle cooked at 90°C for 10 min;
HPS, muscle pressurised at 5 °C for 100min: HPES, muscle covered with gelatin-
lignin Rlm and pressunsed at 5°C for 10 min: HP40, muscle pressunsed at 40 “Clor
10 man; HPF40, muscle covered with gelatin-lignin flm and pressurised at 5 °C for
10 mrn.

treatment, which in tum led to stronger protein interactions
(mainly disulphide bonds), which were not destroyed after solu-
bilisation with NaCl. In general, this effect was not observed in
pressurised samples, especially if the high pressure treatment
was carried out at 5°C, suggesting the predominance of non-
covalent interactions in pressure-induced protein aggregation. In
particular, hydrogen bonds have reportedly been largely involved
in cod myofibrillar protein denaturation at high pressure levels

behaviour of the salted ground muscle from the cooked sample re-
vealed that no protein unfolding took place at moderate tempera-
tures, which was consistent with most of the protein aggregation
having taken place during the previous cooking treatment. More-
over, the possible contribution of muscle autolytic activity might
also have been hindered by previous cooking. The sharp increase
in both G and phase angle at temperatures above 70 “Cwas atrib-
uted mainly to extensive protein dehydration at such high temper-
atures, revealing the water-holding inefficacy of the protein
network, Regarding high pressure treatments, the thermal aggre-
gation capacity was considerably diminished in all pressurised
muscles compared to the raw muscle, as revealed by the consider-
ably lower G’ and G values reached at the end of the heating ramp.
Furthermore, canformational protein changes at ~30 °C were only
observed when samples had been pressurised at 5°C and to a
much lesser extent than with the raw muscle. This effect can once
again be largely attributed to the protein denaturing effect of high

Table 3
Rheological parameters derived from the frequency sweep test of the different alt-ground musdes at 10 °C wath a prior setting time of 90 min,
G, 0 AR 3 (€ -G 10 Aus 10" it 8

R 603+ 005 104 £ 004° 499+ 0564 6134 051° 0132 s 007 944 025
4 16472027 438000 12002027 1705 027" 0144 £ 0,005 13752037
HPS 5674014° 158 £ 000° 409:0.4° 5894013° 0185 £ 0007 1513:024°
HFFS 506015 1204003 1774008 5234004 0.19 : 0005 14932 004°
HP40 6902025 207 2007 483:039* 7.21:035° 0202 0018 1541 049°
HPF40 1042022 3282003 1724026° 11524 019 0181 : 0.009° 1481 001°

R raw muscle; C muscle cooked a1 90 °C for 10 min; HPS, muscle pressunised a1 5°C for 10 min: HPFS, muscle covered with gelatin-hgnin flm and pressunsed at 5°C for
10 min; HP40, muscle pressurised at 40°C for 10 min; HPF40, muscle covered with gelatn-hgmin flm and pressunsed a1 5 °C for 10min,

Different letters (abc, ) in the same wlumn indicate sgnificant differences (p < 005),
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Ag. 5. Elastic modulus (€, Pa) viscous modulus (6, Fa) and phase angle () as a function of temperature of salt-ground muscles from 10 °Cto 90°C. K, raw musde; Cmuscle
moked at 90 °C for 10 min; HPS, muscle pressunsed at 5°C for 10 min; HIFS, muscle covered with gelatin-lignin film and pressunised at 5°C for 10 min; HP40, muscle
pressurtsed at 40°C for 10 min: HPF40, miscle covered with gelatin-lignin film and presurised at 5°C for 10 mun,

pressure, being higher at 40 °C than at 5°C, With regard to the ef-
fect of covering muscle with film, the highest G’ values were regis-
tered by the HPFS sample, This finding confirmed that film could
prevent protein denaturation to some extent when high pressure
treatment was applied at 5°C (not a denaturing temperature);
however, this effect was not observed at 40°C.

37. Protein oxidation

Carbonyl group content, as a measure of protein oxidation in
the different muscles, is presented in Table 2. In the fresh raw sam-
ple, the carbonyl group content was lowest (0.087 nmol/mg pro-
tein), but protein oxidaton increased significantly (p < 0.05) in
all treated samples, reaching maximum values in the muscle pres-
surised at 40 “C (HP40) and in the cooked muscle (0.728 and
0.654 nmolfmg protein, respectively). The muscle pressurised at
5°C HPS showed a carbonyl content significantly lower (p > 0.05)
than that recorded with the HP40 treatment, In the latter, however,
covering the muscle with film led to a significant reduction
{p<005) in carbonyl content. The high pressure and cooking
treatments used in the current study have been shown to produce
significant myofibrillar protein denaturation. Moreover, haem pro-
teins would most likely have been denatured as well at the pres-
sure levels used and become more pro-oxidative. Therefore it is

possible that the increase in protein carbonyl groups during pres-
surisation and cooking could have been due to catalysis by haem
proteins, which are known to induce protein oxidation in fish mus-
cle (Eymard, Baron, & Jacobsen, 2009), For film-covered samples,
slightly lower carbonyl content was detected compared  non-
covered samples, showing that the film offers some protection
against protein oxidative changes. This protection was found to
be significant (p < 0.05) in the case of HPF40 treatment. Both the
antioxidant and oxygen barrier properties of gelatin-lignin com-
posite film may have contributed to the reduction of protein oxida-
tion in the film-covered samples.

38, Lipid oxidation

The TBARS method was used to monitor changes in the level of
secondary lipid oxidation products in salmon muscle as a result of
the different processing treatments, and during the subsequent
234 of chilled storage (Table 4). The TBARS value of the raw sal-
mon was 322 +0,19 pmol MDA/kg muscle, which was in agree-
ment with the low values reported by Andersen et al. (1990}
(2.8 pmol MDAkg muscle) and Yagiz et al. (2009) (3.78 pmol
MDA kg muscle ). The cooking treatment induced a pronounced in-
crease in TBARS, whereas the high pressure treatment at 5 °C (with
of without film) did not modify significantly the level of lipid
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Table4
TBARS {pmol MDA/ kg muscle) of muscle subyected todifferent procesang treatments
and stored at 7°C for 23d.

Treatment Days of dulled sorage

1 7 15 i

C n.2e" 191 7064 701
HPS 3™ 185% 840
HPFS 330 145%¥ bk
HP4D 1320 135%% 47
HPE40 630" 8587 105% At

Comuscle woked at 90°C for 10 min: HPS, muscle pressunsed at 5°C for 10 min;
HPFS, muscle covered with gelatm-hgmin flm and pressunsed at 5°C for 10 min;
HP40, muscle pressunised at 40 °Cfor 10 min; HPF40, muscle covered with gelatin-
lignin film and pressurised at 5°C for 10 min.

Different letters (abe,..) in the same column indicate n'gniﬁunt differences
(p e Q05 as a function of reatment; different letters (xy.2, ..} in the same row
indicate significant (p < 005} differences as a function of storage time.

oxidation or even reduce it slightly when pressurising at 40°C.
Unexpectedly, the gelatin-lignin film increased TBARS levels in
HPF40, however, this effect tended to disappear during chilled
storage. The level of TBARS remained practically unchanged in
HP5 and HP40 samples for the first 15 d of chilled storage, consis-
tent with a presumably high level of carotenoids, which has been
<aid to act as a strong endogenous antioxidant system in salmon
muscle (Andersen et al,, 1990). In contrast to the present work,
Gomez-Estaca et al (2009) found a significant increase in TBARS
after pressurising salmon carpaccio at 300 MPaf7 °C/15 min, The
different results could be put down to the sample size (very thin
slices vs thick fillet portions ) as well as to the duration of treatment
(15 min vs 10 min). TBARS value increased drastically at day 23 of
chilled storage in uncovered pressurised musche, especially in HPS.
However this increase was significantly (p < 0.05) minimised by
film covering, suggesting a possible inhibitory effect against lipid
oxidation of lignin, as reported by Ugartondo et al, (2009),

38 pH

The salmon registered a pH of 6.5 on day 0 and then remained
practically constant even after cooking, applying the film or high
pressure treatment. During storage all the lots evolved in the same
way, reaching around 6.6 on day 23.

3.10. Total volatile basic nitrogen

TVB-N in the raw salmon was 19,1 mg TVE-N/100 g muscle,
whereas Aubourg et al, (2007) on the other hand found 11.2 mg
TVB-N/100 g muscle in Coho salmon on day 0. Some changes were
observed after applying the various treatments, Thus, total volatile
compounds decreased after cooking while the lots treated with
high pressure, in combination or not with the film, barely changed
the TVB values (Fig. 6). This fact can be attributed to the release of
exudates as a consequence of protein aggregation during the cook-
ing process. Throughout the storage period, TVB production in-
creased in all lots, but the limit of 30 mg TVB-N/100¢ of muscle
{the established limit for fresh fish) was only exceeded by the
HPS lot (p < 0.05). The lignin film helped to reduce basic com-
pound production in the lot pressurised at 5 °C (Fig. 6). However,
this behaviour was not observed in lots pressurised at lower tem-
peratures {p < 0.03).

3.11. Microbiological analysis
The microbial counts are shown in Table 5. In spite of the high

microbial load of raw salmon (=7 cru/g on ron Agar spread plates),
the number of micro-organisms was reduced after high pressure
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Fig. 6. Total basic volatle mitrogen micobial (mg TBV-N/100 g )in musde subjected
w dif ferent processing treatments and stored at 7°C for 23 4, C, muscle cooked at
90 °C for 10 min; HPS, muscle pressurised at 5°C for 10 min; HPFS, muscle covered
with gelatin-lignin film and pressunised at 5°C for 10min; HP40, muscle
pressurised at 40°C for 10 min; HPF40, muscle covered with gelatin-lignin film
and pressurised at 5 °C for 10 min, Different letters (ab.c...) in the same column
indicate significant differences (p < 005) as a function of treatment; different
letters [xy2. ..} in the same fow indicite sigmificant differences (p < 0.05) a5 a
function of storage Bme,

treatment. Thus, the total viable bacteria in Iron Agar was reduced
to about 4 or 5 log cru/g when the high pressure treatment was at
40°C or 5 °C, respectively. In the case of total aerobic mesophiles
there was also a reduction in the number of micro-arganisms by
approximately 3 logarithmic cycles, Pseudomonas spp. and Enter-
obacteriaceae were below the detection limit after high pressure
treatment while lactic acid bacteria registered a lower reduction
(1.5log cycle). This was to be expected if we take into account
the higher resistance of gram-positive flora to high pressure treat-
ment. Black colonies (presumptive Shewanella putrefaciens, Lopez-
Caballero, Martinez-Alvarez, Gomez-Guillén, & Montero, 2007)
were not detected in the raw material before treatment nor after
treatment, S, putrefaciens sensitivity o high pressure was previ-
ously described by Lopez-Caballero, Pérez-Mateos, Montero, and
Borderias (2000). Yagiz et al. (2009) obtained total counts with
reductions of 3 log cycles and counts even below the detection lim-
its for Atlantic salmon after pressurisation at 150 and 300 Mpa/
15min at room temperature. [n this same species, reduction in
the total count for 5. putrefaciens and lactic acid bacteria were re-
ported by Amanatidou et al. (2000) after high pressure treatment
(150 MPa, 10 min, 5°C). Luminescent colonies, considered as pre-
sumptive Photobacterium phosphoreum (Lopez-Caballero, Alvarez,
Sinchez-Ferndndez, & Moral 2002), were also reduced after high
pressure treatment (Table 5). Paarup, Sdnchez-Ferndndez, Peldez,
and Moral (2002) reported that the number of luminescent colo-
nies decreased after pressurisation of squid at 300MPa for
15 min at room temperature, though not so sharply as in our work,
Pressure resistance, psychrofilic characteristics and luminous
properties of these marine vibrios have been described previously
(Paarup et al, 2002). The cooking process reduced the numbers of
all the micro-organisms studied, which remained below the detec-
tion limit throughout the period studied.
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Table 5
Microblal counts (log UFCg) in muscle subjected to different processing treatments
and stored at 7°C for 234,

Treatment Days of chilled storage

1 7 15 b}
Total viable count (iron agar 1% NeCl)
¢ & < <! !
HPS 2,004 5.70° 7884 7,744
HPFS 2000 5.10% 720% .30
HP40 333 3879 567 8.2
HPF40 333 304™ 543 8.6
HS-producers micro-organisms
¢ 2 < < Q!
HPS « 408 508 5.08
HPFS 73 471 528% 5.404
HP40 «Q < 230° 2%°
HPF40 o < 339H 3300
Luminous colonies
¢ <« <z <« <«
HPS < 5.70° 760** o
HPFS Q" 4 647" <«
HP40 Q" 215Y 215 vy
HPF40 Yy 203 404% v
Pseudomonas spp.
C <2 << < by
HPS Q" o 230" 2.0
HPES ¥ 382% 408" 2.00°
HP40 " 2429 200 2,000
HPF40 oy 2399 359% 3,000
lactic aad bacteria
C <1 <l <I <l
HPS 2,524 308 706% 7.4847
HPES 2,54 484% 644 7,154
HP40 2,0% 1809 5.25% 8,577
HPF40 2,0 3584 5519 8,257
Enterobacteriaceae
C <1 < < <
HPS <1 <P <1* <I*
HPFS < 204% 303 274
HP40 <1 < < 3.00°
HPF40 a* 100% 418 348"
Total mesophtbe counts
¢ <® <1 < <If
HPS 2,744 413 7.05% 7,644
HPFS 274" 483" 719 .2
HP40 263" 250" 584" 8.48"*
HPF40 2684 346" 573% 835"

R, raw muscle; C, musde cooked at 90 °C for 10 min; HPS, muscle pressurised at
5°C for 10 min; HPFS, muscle covered with gelatin-hignin flm and pressurised at
5°C for 10min; HP0, muscle pressunsed at 40°C for 10 min: HPF40, muscle
cvered with gelatn-lignin Alm and pressunsed at 5°C for 10 min.

Different letters (abg, ) in the same column indicate significant differences
(p< Q05) as a function of treatment; different letters (xy.2. ..) in the same row
indicate significant (p < 0.05) differences as a function of storage time...

The number of micro-organisms increased during storage
(p<0.05) The HP treatment temperature (5 or 40 °C) affected
these micro-organisms differently depending on the type of organ-
ism involved. Thus, the total counts of viable, aerobic and lactic
acid bacteria were lower at 5 “C on day 23, even though the counts
for these micro-organisms were less at 40 °C up to the 15th day of
storage. However, S. putrefaciens and P. phosphoreum concentra-
tions decreased more at 40 °C, which seems logical if we take into
account the psychrofilic character of these micro-organisms and P.
phosphoreum sensitivity to non-chilling temperatures. This fact ex-
plains the difference of almost 2 logarithmic cycles between the
surface counts obtained for PCA and those of Iron Agar (Table 5).
Differences in total microorganism counts depending on the med-
ium and incubation temperature have already been described
(Lopez-Caballero et al, 2000).

Although in recent years, the effect of high pressure on micro-
organisms has been published extensively, literature on high pres-
sure treatment combined with films has been less abundantly re-
ported. Previous work in our laboratories has demonstrated the
antimicrobial effect on fish storage of combining high pressure
treatment with films (Gomez-Estaca et al., 2007). However, to
our knowledge there is no information about the effect of gelatin
films incorporating lignin on the spoilage flora of fish, when used
in conjunction or not with high pressure. In this study the effect
of film on the growth of the micro-organisms studied has not been
very noticeable since the counts are similar for batches with or
without film (Table 5).

4. Conclusions

HPP was found to produce a noticeably lower overall degree of
protein aggregation compared with conventional heating treat-

ment, especially when performed at 5 °C instead of 40 C. FTIR
analysis and dynamic oscillatory studies provided complementary
information about the protein unfolding effect of HPP. High pres-
sure processing at 5 °C in combination with the gelatin-lignin film
was found to preserve redness colouration and minimally prevent
protein denaturation and oxidation, without jeopardising the
appearance of a ready-to-eat product. The film reduced the level
of lipid oxidation arising during advanced stages of chilled storage:
however it was ineffective at inhibiting microbial growth.
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En la actualidad, multitud de alimentos se envasan para su manejo, transporte, conservacion,
etc. Existen materiales diversos que se utilizan para el envasado, pero destaca el uso de los plasticos,
gue genera gran cantidad de desechos no biodegradables (Kirwan et al., 2003). La gelatina es un
material biopolimérico y biodegradable que se presenta como alternativa para el envasado de ali-
mentos. La gelatina procede de distintas fuentes. En la literatura se recogen multitud de trabajos
que utilizan gelatina bovina debido a sus excelentes propiedades, sin embargo su utilizacion se re-
chaza en algunas ocasiones por razones socioculturales, religiosas o por transmisidon de enfermeda-
des (EET) (Gémez-Guillén et al., 2009). Es por ello que el estudio de gelatinas de distintos origenes,
como la gelatina de piel de pescado, adquiere gran interés.

La lignina y el lignosulfonato son residuos industriales susceptibles de ser utilizados para la
formulacidn de materiales filmogénicos por su naturaleza polimérica, asi como por su biodegradabi-
lidad, baja citotoxicidad, alta capacidad antioxidante, etc. (Ugartondo et al., 2009; Ugartondo et al.,
2008). La lignina se encuentra como subproducto en la industria del papel, pero al mismo tiempo
estd presente en todos los vegetales y forma parte de la fibra dietética (Elleuch et al., 2011). La alta
miscibilidad que presenta con la gelatina ha propiciado un estudio en profundidad de optimizacién y
caracterizacion de las mezclas resultantes. Las peliculas con las mejores propiedades se han aplicado
a filetes de sardina y porciones de salmén para mejorar su conservacién en estado refrigerado. Los

resultados mas sobresalientes se discuten a continuacién.

6.1 Desarrollo y aplicacion de peliculas de gelatina y lignosulfonato

En esta primera etapa del estudio se ha utilizado una gelatina de peces de aguas frias, en
comparacion con gelatina bovina, asi como varios tipos de lignosulfonato (en distintos ratios), con la
finalidad de obtener la composicion éptima para la formacién de la pelicula. En todos los casos, la
suma de gelatina y lignosulfonato fue de 4 g de matriz en 100 ml de disolucidn y se afiadio glicerol y
sorbitol como plastificantes, cada uno en proporcidn 15 % sobre el peso de la matriz.

La pelicula con las mejores propiedades fisicas se sometid a un estudio de estabilidad duran-
te 28 dias a temperatura ambiente bajo dos sistemas modelo: a) en ambiente de aire himedo y b)
en contacto con aceite de girasol. A continuacion, se llevé a cabo un estudio de conservacién de
filetes de sardina refrigerados recubiertos con la pelicula de eleccidn, sola o combinada con un tra-

tamiento de alta presion.
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6.1.1 Estudio de composicidny ratio dptimo de gelatina-lignosulfonato

6.1.1.1 Formulacion de peliculas de gelatina de baja capacidad gelificante y

lignosulfonato

Las gelatinas de peces de aguas frias se caracterizan por presentar escasa capacidad gelifican-
te y baja temperatura de transicion térmica (gelificacion/fusion). Dichas gelatinas poseen buena
capacidad filmogénica; sin embargo, las peliculas resultantes ofrecen muy baja resistencia al agua,
pues son extremadamente solubles (Pérez-Mateos et al., 2009). Una practica habitual para que sus
propiedades (mecdnicas, de barrera, etc.) mejoren es la mezcla con otros compuestos. El lignosulfo-
nato presenta alta solubilidad en agua y aparente miscibilidad con la gelatina. Posee grupos muy
polares sobre un esqueleto hidrofébico que le confieren una elevada actividad como surfactante
(Telysheva et al., 2001), por lo cual se ha utilizado conjuntamente con otros biopolimeros con la
finalidad de mejorar la resistencia al agua y las propiedades fisicas de peliculas de naturaleza tanto
proteica como polisacarida (Baumberger et al., 1997; Huang et al., 2003). La gelatina, por su parte,
presenta un contenido balanceado de aminoacidos hidrofilicos e hidrofébicos, que igualmente le
confieren interesantes propiedades de superficie, y ademas presenta numerosos grupos reactivos
con capacidad para interaccionar con el medio y con los compuestos adyacentes. Dichas interaccio-
nes condicionan en gran medida las propiedades de las peliculas compuestas, asi como de las solu-

ciones filmogénicas previo al secado.

6.1.1.1.1  Interaccién gelatina-lignosulfonato en la solucidn filmogénica

El comportamiento viscoeldstico de las soluciones filmogénicas es un factor importante a te-
ner en cuenta, ya que condiciona la homogeneizacion y el manejo de las mezclas en todas las etapas
previas al moldeo y secado de las peliculas. Las interacciones que tienen lugar en presencia del sol-
vente (agua en este caso), condicionan las propiedades de fluencia de la solucién y su comporta-
miento en funcidn del incremento de temperatura, factores que determinan que, tras el secado, la
pelicula tenga una apariencia lisa y homogénea.

Se han formulado soluciones filmogénicas a partir de gelatina de peces de aguas frias (F) y
proporciones crecientes de un lignosulfonato célcico-magnésico de alto contenido en azucar (LS). La
matriz constituida por un 100% de gelatina constituye la mezcla 100-0. Mediante sustitucion parcial
de la gelatina por cantidades crecientes de lignosulfonato se obtuvieron las mezclas 85-15, 80-20,

75-25, 70-30 y 65-35.
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Figura 7. Estudio reoldgico de las soluciones filmogénicas F-LS. a) Mdédulo elastico, G’.

b) Médulo viscoso, G”. c) Angulo de fase.

La baja capacidad gelificante de la gelatina de pescado se pone de manifiesto a través de los
valores extremadamente bajos del médulo elastico (G’), tal y como revela la figura 7. Ello se debe
principalmente al bajo contenido en prolina y sobre todo en hidroxiprolina, comparado con la com-
posicidn que tienen las gelatinas de bovino o las procedentes de peces de aguas calidas. Estos ami-
noacidos originan puentes de hidrégeno, necesarios para el establecimiento y crecimiento de los
puntos de nucleacion responsables de la formacidn en frio de triples hélices a partir de las cadenas
polipeptidicas de la gelatina (Gilsenan & Ross-Murphy, 2000). La solucién filmogénica sin LS forma un
gel débil que funde a una temperatura superior a 6 °C. La sustitucidn del 15 % del contenido de gela-
tina por LS produce una reduccion en los pardmetros viscoelasticos de G’ y de G”” y aumento en el
angulo de fase, sugieriendo un grado de interaccion notable entre ambos compuestos que produce

una interferencia significativa en la capacidad de gelificacién de la gelatina. Dicho efecto es tanto
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mas acusado cuanto mayor es la proporcion de lignosulfonato en la mezcla. El estudio de la viscosi-
dad pone de manifiesto el alto grado de interaccidn entre la gelatina y el lignosulfonato. Sin embar-

go, no desvela informacion sobre la naturaleza de dichas interacciones.

6.1.1.1.2  Interaccidn gelatina-lignosulfonato en la pelicula

Las peliculas se obtuvieron mediante un procedimiento de moldeo o “casting” a partir de las
soluciones filmogénicas previamente descritas. Tras el secado y previo al andlisis, es necesario un
periodo de almacenamiento en condiciones estandar de temperatura y humedad relativa (acondi-
cionamiento), hasta alcanzar un estado lo mas proximo posible a un equilibrio termodinamico, que
permita una adecuada comparativa entre las distintas muestras. Las condiciones estdndar emplea-

das para el acondicionamiento de las peliculas fueron 22 °C y 58 % de humedad relativa.

6.1.1.1.2.1 Estudio por espectroscopia Infrarroja con transformada de Fourier (ATR-FTIR)

Para el caso concreto del estudio por FTIR, las peliculas deben contener el minimo porcentaje
de humedad posible, ya que la técnica presenta gran interferencia con las moléculas de agua. Por
este motivo, las peliculas se acondicionan en atmdsfera de aire seco con gel de silice. La espectros-
copia infrarroja permite evidenciar cambios en la proteina, fundamentalmente a nivel de su estruc-
tura secundaria, a la vez que puede identificar posibles interacciones quimicas a través de puentes

de hidrégeno o de enlaces covalentes.
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Figura 8. Espectro realizado con ATR-FTIR de las peliculas basadas en las mezclas de peliculas

de F-LS a distintos ratios.
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El grado de interaccion entre los dos biopolimeros (gelatina de pescado y lignosulfonato) se
evalud observando cambios en la intensidad o la frecuencia de los principales picos de absorcién. La
amida A (banda asociada a la vibracion por estiramiento del enlace N-H en la amida) de la gelatina
presenta pocos cambios en presencia del LS y sélo se observd una pequefia modificacidn en la mez-
cla 65-35. La ausencia de algin cambio en la amplitud y frecuencia de la banda sugiere que la posi-
ble interaccion a través de enlaces de hidrogeno a este nivel sea insignificante. Por otro lado, la
amida | (banda asociada a la vibracién por estiramiento de los grupos C=0 de la proteina) mostré
que sin adicion de LS o adicionado a una concentracion del 25 % o menor, no se produce un aparen-
te desplazamiento hacia numeros de onda menores, lo cual confirma que es poco probable una
interaccion significativa gelatina-LS mediante puentes de hidrégeno. A continuacidn, se calculé la
segunda derivada de la amida | y en el espectro resultante (figura 7) se observé que la adicidn de LS
causd cambios en la conformacion de las cadenas polipeptidicas de la gelatina, dando lugar a una
disminucion de la presencia de hélices a libres, “random coils” y estructuras desordenadas por la

disminucion de la intensidad de los picos a ~1651 cm™ y ~1645-1635 cm™ (Payne & Veis, 1988).

1606 1680 1685 1680 1675 1670 1665 1660 1655 1650 1645 1640 1635 1630

am-1

Figura 9. Segunda derivada de la amida A del espectro FTIR de las peliculas basadas en las mezclas

de F-LS a distintos ratios.

También se observd que en la mezcla 80-20, y con concentraciones mayores de LS, se produ-
ce una interferencia con la agregacién intermolecular de las hélices a de colageno y de las [daminas B
por la reduccion de la intensidad de las bandas a 1695 cm™ y 1675 cm™ (Muyonga, Cole & Duodu,
2004). Las laminas B sirven como puntos de nucleacién para la formacion y crecimiento de las triple
hélices (Prystupa & Donald, 1996) y por lo tanto, el LS dificulta la formacion de dichos puntos de
nucleacion, en clara correspondencia con los resultados del estudio de viscoelasticidad. Los efectos

del LS sobre la conformacion de las cadenas polipeptidicas de la gelatina se atribuyen principalmente
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a interacciones inespecificas de tipo fisico, debidas a la elevada actividad de superficie del LS. Estu-
diando la Amida Il (banda asociada con la vibracion de flexion del grupo N-H y vibracién de estira-
miento del grupo C-N), se observé una disminucion en su intensidad y un desplazamiento hacia
numeros de onda mayores con la incorporacién de cantidades crecientes de LS, lo cual indica un
incremento en el nivel de hidratacién proteica, acompafiado de una disminucién en la interaccidn

proteina-proteina (Yakimets, Wellner, Smith, Wilson, Farhat & Mitchell, 2005).

6.1.1.1.2.2  Estudio por calorimetria diferencial de barrido (DSC)

Se realizd un andlisis térmico de las peliculas mediante calorimetria diferencial de barrido (en
inglés, DSC). Como se observa en la figura 10, se produce una tendencia a disminuir los valores de Tg
(temperatura de transicion vitrea) cuando se afiade LS, pero a partir del ratio 70:30 esta tendencia se
invierte, por tanto las muestras con cantidades elevadas de LS pasan a tener caracter anti-
plastificante. Este comportamiento se ha descrito previamente en la literatura (Huang et al., 2003)
cuando se mezclé LS con proteinas de soja, pues a bajas concentraciones de LS se produce un efecto
de entrecruzamiento fisico que induce un efecto de plastificacion, pero a mayores concentraciones
se origina el efecto contrario, lo que sugiere que el LS queda disperso en la matriz a modo de relleno.
Por ello, se concluye que concentraciones bajas o moderadas de LS dan lugar a cierta separacion de
microfases, permitiendo asi incrementar el volumen libre y produciendo un descenso en la Tg; cuan-
do la concentracién de LS aumenta, se da un efecto de impedimento estérico que disminuye la capa-

cidad de movimiento del biopolimero, lo que da lugar a un aumento en la Tg.
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Figura 10. Grafica obtenida al utilizar la técnica DSC para varias muestras basadas en gelatina

de pescado y LS en varios ratios.

No se ha encontrado evidencia de interaccidon quimica significativa a través de puentes de
hidrégeno o de enlaces covalentes entre la gelatina y el LS, por lo que se considera que éste actua

a modo de “filler” o relleno inespecifico de la matriz de gelatina, interfiriendo en la interaccion
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entre las cadenas polipeptidicas y favoreciendo una mayor interacciéon con las moléculas de agua,

todo ello fuertemente condicionado por la proporcién de lignosulfonato en la formula.

6.1.1.1.2.3  Propiedades fisicas de las peliculas

Las peliculas de gelatina de pescado son transparentes e incoloras. Cuando se adiciona LS, las
peliculas contindan siendo transparentes pero adquieren una tonalidad marrén. Los ratios 70-30 y
65-35 dan lugar a peliculas muy pegajosas, lo que dificulta su manipulacion. Este inconveniente se
consideré como un primer criterio de seleccidén para escoger el mejor ratio.

Desde el punto de vista de las propiedades mecanicas, la pelicula de gelatina sin LS presenta
muy alta elongacién a la ruptura y una fuerza de tensién menor a la obtenida en peliculas de gelatina
bovina (Pranoto, Lee & Park, 2007) o de peces de aguas calidas (Pérez-Mateos et al., 2009). La adi-
cién de LS no da lugar a cambios significativos en la fuerza de tension pero si disminuye el valor de
elongacién a la ruptura. Estos resultados concuerdan con el posible papel del LS a modo de relleno
de la matriz, interfiriendo en la agregacidn de las cadenas de gelatina, de forma mas intensa a altas
concentraciones.

La adicion de LS en un ratio de 80-20 o 75-25 da lugar a una disminucion marcada en la solubi-
lidad y un aumento en la permeabilidad al vapor de agua. El aumento de permeabilidad al vapor
podria deberse a la existencia de cierta separacidon de microfases, como se ha indicado previamente.
Estos resultados concuerdan con lo observado en los estudios de viscoelasticidad, FTIR y DSC, y su-
gieren que un porcentaje del 20% de LS en la matriz es el limite a partir del cual el LS interfiere nega-
tivamente en la reorganizacion de las cadenas polipeptidicas de la gelatina. Dicha interferencia pro-
voca un impedimento fisico de la gelatina para interactuar con el agua, lo cual puede ser responsable
de la disminucion de la solubilidad. Ello se debe a que el lignosulfonato y la gelatina son aparente-
mente miscibles en agua, dada su elevada solubilidad, pero a determinada concentracién de ligno-
sulfonato no son quimicamente compatibles, pues predomina el impedimento estérico.

Estos datos concuerdan con un estudio realizado con LS y proteina de soja, donde también se
observé una disminucion en la solubilidad (Huang et al., 2003). Por otro lado, el alto contenido en
azucar del LS utilizado podria originar reacciones de glicacion con la gelatina a nivel de los telopépti-
dos, contribuyendo a la reduccion de la solubilidad (Delgado-Andrade, Seiquer, Nieto & Navarro,
2004). Dichas reacciones, no obstante, no pudieron evidenciarse por FTIR.

La adicion de LS dio lugar a un aumento en la opacidad de la pelicula resultante. Este hecho se
debe a la naturaleza cromadfora de la lignina, la cual puede proteger de la radiacidon ultravioleta (Ban
et al., 2007). Comparando los distintos ratios utilizados, se observé un gran salto cualitativo en el
nivel de opacidad para la mezcla 80-20, debido no sélo a la presencia del LS, sino a la interferencia

inespecifica del LS, que causa cambios conformacionales en la matriz proteica.
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A la vista de los resultados obtenidos, se selecciond el ratio 80-20 como 6ptimo para producir
una disminucion sustancial de la solubilidad de la pelicula, y consecuentemente para originar una
mayor resistencia al agua, con el menor perjuicio en el resto de propiedades fisicas.

En la tabla 1 se muestran las propiedades comparadas de la pelicula de gelatina (100-0) y la

de F-LS (80-20).

Tabla 1. Comparativa de propiedades fisicas de una pelicula F-LS 100-0 y 80-20.

Propiedad m 80-20 Accion del LS
~50°C ~42°C V’

5,39 +0,42° 4,76 +0,58°

546 +7° 426 +32° ><
92,5 + 1,55 54,54 +2,26° V’ \r

2,60 +0,14° 5,54 + 0,89" X X
0,39 + 0,02° 1,03 +0,30° \f‘ \f‘

FT: Fuerza de tension. EAR: elongacion en la ruptura. PVA: permeacion al vapor de agua.

Distintas letras (a,b) en la misma fila indican diferencias significativas (p<0,05) entre muestras.

La incorporacién de LS en un ratio 80-20 produce un descenso moderado en la Tg y también
en la elongacidn de la pelicula, que con gelatina de especies de aguas frias es extraordinariamente
alta. La fuerza de tension no se altera significativamente. El principal efecto adverso es un aumento
de la permeabilidad al vapor de agua, que cobra una importancia secundaria teniendo en cuenta la
reduccién tan significativa de la solubilidad. El incremento en la opacidad va en detrimento de la
apariencia fisica de la pelicula, sin embargo, produce un efecto de barrera positivo para proteger el

alimento de la posible oxidacion inducida por la exposicidn a la luz.

6.1.1.2 Evaluacién del efecto del tipo de gelatina y de lignosulfonato en las propiedades

fisicas de la pelicula

Una vez establecido el mejor ratio de F-LS (80-20), se continud profundizando en la busqueda

de la formulacién 6ptima de la pelicula mediante un estudio comparativo de peliculas de gelatina de
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peces de aguas frias (F) (baja capacidad gelificante) y gelatina bovina (B) (alta capacidad gelificante),
utilizando distintos lignosulfonatos:

- LS cdlcico-magnésico de alto contenido en azicar (LSa)

- LS cdlcico-magnésico de bajo contenido en aztcar (LSb)

- LS sédico de bajo contenido en azticar (LSc)

Las peliculas con gelatina bovina (B) presentan mayor fuerza de tension y menor elongacion
a la ruptura que las producidas a partir de gelatina de pescado (F). Esto se debe a que el contenido
en prolina e hidroxiprolina es mucho mayor en B que en F y los anillos pirrolidinicos de los iminoaci-
dos imponen restricciones conformacionales, impartiendo un cierto grado de rigidez molecular. Las
diferencias encontradas en funcién del tipo de lignosulfonato utilizado son poco acusadas. El LSc
destaco por su capacidad de aumentar la tension y disminuir la elongacidn, en especial al mezclarse
con la gelatina bovina (pelicula B-LSc). Este efecto se puede atribuir al bajo contenido en azucares y
la naturaleza monovalente del catién Na® del LSc, que obstaculiza en menor medida las fuertes inter-
acciones proteina-proteina de la matriz de gelatina bovina. Sin embargo, como contrapartida produ-
ce un incremento en la permeabilidad al vapor de agua de dicha pelicula.

Considerando los valores de solubilidad en agua, el tipo de LS no da lugar a cambios significa-
tivos, aunque si los da el tipo de gelatina utilizada: las peliculas de gelatina de pescado tienen una
solubilidad mucho mayor que las de gelatina bovina, y ello se debe una vez mas al mayor contenido
en iminodacidos de la gelatina bovina, que produce un mayor grado de entrecruzamiento de las cade-
nas polipeptidicas. La opacidad de las peliculas de gelatina bovina es significativamente superior a
las de la gelatina de pescado, independientemente del tipo de LS utilizado.

El estudio reolégico de propiedades viscoelasticas de las soluciones filmogénicas revelé que
el LSa (alto contenido en azticar) es el que interfiere mas en la capacidad de renaturalizacion de las
cadenas polipeptidicas, pues se observd, en ambos tipos de gelatina, una disminucion en el médulo
eldstico y un aumento en el angulo de fase. En cambio, LSc produjo el efecto contrario en la mezcla
con gelatina, confirmando una mayor capacidad de la misma para establecer interacciones inter e
intramoleculares.

Por ultimo, se evalud el comportamiento de las distintas soluciones filmogénicas a 30 °C y se
dedujo que ninguna gelatina pierde la condicién de termorreversibilidad (por sus altos valores de
angulo de fase y bajos valores de mddulo viscoso) y que, independientemente del LS o gelatina utili-
zados, no se establecen interacciones covalentes significativas entre ambos biopolimeros, ya que se

produce una fusidon completa del gel en todos los casos.
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6.1.1.3 Estudio de propiedades antioxidantes, antimicrobianas y de citotoxicidad del

lignosulfonato

Al margen del papel del lignosulfonato como agente de refuerzo de la matriz de gelatina, el
interés principal de este compuesto, dada su naturaleza polifendlica, es su utilizacion como agente
antioxidante, para el disefio de un material de envasado activo.

Se evalud la capacidad antioxidante de los tres lignosulfonatos estudiados y no se encontra-
ron diferencias significativas en los valores de ICs; (83-97 pug/mL) obtenidos con el método del DPPH.
La actividad antioxidante de las ligninas en general esta influida por caracteristicas estructurales,
principalmente por la presencia de grupos funcionales como los grupos hidroxilicos fenélicos y por el
peso molecular (Pan, Kadla, Ehara, Gilkes & Saddler, 2006; Ugartondo et al., 2008). Los tres LS eva-
luados tienen un peso molecular similar, lo que da lugar a una actividad antioxidante parecida. Otro
factor que influye es el contenido en carbohidratos, los cuales pueden interactuar al formar puentes
de hidrégeno con los grupos fendlicos, aunque este hecho no da lugar a cambios significativos en la
capacidad de secuestro del radical DPPH de LSa, LSb o LSc.

En conclusion, todos los LS presentan una actividad antioxidante notoria y muy similar entre
si.

Por otro lado, y enfocado al posible uso del LS para el envasado activo de alimentos, se reali-
zaron estudios de citotoxicidad de los tres tipos de LS. Se observé un efecto citotoxico a concentra-
ciones muy elevadas de LS (ICso = 1480-1745 pg/mL), sin diferencias significativas entre ellos, de
manera que se pudo concluir que el LS funciona bien como antioxidante a concentraciones no ci-
totdxicas.

Por ultimo, se evalué la capacidad antimicrobiana de los LS ante diversos microorganismos.
Los resultados no fueron favorables salvo en algunos casos concretos, como por ejemplo ante D.
hansenii CECT 11364, presentando LSc el mayor porcentaje de inhibicidn, o hacia S. aureus CECT 240
y B. thermosphacta CECT. En la literatura se describe la actividad antimicrobiana o antifingica de
lignina kraft o extractos acidos de lignosulfonatos (Dizhbite et al., 2004) (Cruz et al., 2001). Los LS son
surfactantes y ello puede inducir alguna actividad antimicrobiana, aunque también se sabe que cier-
tos LS pueden acelerar la reproducciéon microbiana por la presencia de azlcares (Lou, Qiu, Yang &
Pang, 2004). Los resultados obtenidos con los tres LS estudiados indican que su actividad capacidad
antibacteriana es bastante limitada, si bien presentan ligera capacidad antiftingica.

Teniendo en cuenta los resultados y que el lignosulfonato calcico-magnésico de alto conte-
nido en azucar (LSa) esta expresamente autorizado para el consumo animal, la mezcla formada por
gelatina bovina (B) y LSa, en un ratio de 80:20, fue la mas idénea para obtener una pelicula de
gelatina - lignosulfonato de uso alimentario con las mejores propiedades mecanicas, de resisten-
cia al agua y de barrera a la luz. Si bien el lignosulfonato contribuye a un acusado descenso en la

solubilidad de las peliculas de gelatina de pescado (de aguas frias), dichas peliculas son notable-

~ 110 ~



Discusién integradora

mente menos resistentes al agua que con gelatina bovina, por lo que no suponen una alternativa
eficiente para el envasado de alimentos de humedad alta o intermedia, como es el caso del pesca-

do.

6.1.2 Estabilidad fisico-quimica y funcional de peliculas de gelatina y
lignosulfonato

A diferencia de los plasticos convencionales derivados del petrdleo, las peliculas biopoliméri-
cas son inestables y pueden sufrir con el tiempo cambios en sus propiedades fisico-quimicas debido
a fendmenos de agregacidn por envejecimiento o “ageing”. En la medida que dichas peliculas sean
mas o menos proclives a sufrir estos procesos, el tiempo de almacenamiento previo a su utilizacion
puede verse limitado. Por otro lado, la resistencia y funcionalidad de la pelicula también se pueden
ver notablemente afectadas por las condiciones del medio circundante, que varian a su vez depen-
diendo del alimento y tipo de aplicacién a la que vayan destinadas.

A modo de ejemplo se evalué la estabilidad de las peliculas de gelatina bovina (B, 100-0) y de
gelatina bovina — lignosulfonato (B-LSa, 80:20) durante 28 dias de almacenamiento a temperatura
ambiente (22 °C) en dos sistemas modelo: 1) en atmdsfera de aire con humedad controlada (58 %) y

2) en contacto con aceite expuesto al aire y la luz (condiciones oxidativas).

6.1.2.1 Estabilidad fisico-quimica de las peliculas de gelatina y lignosulfonato

A diferencia de las peliculas conservadas en aire himedo, las peliculas de gelatina conserva-
das en aceite de girasol experimentan en los primeros dos dias de exposicién un aumento significati-
vo de la fuerza de tensidn. El contacto con el aceite produce un efecto antiplastificante, disminu-
yendo la elongacién a la rotura de la pelicula. La naturaleza hidrofdbica del aceite en contacto con
los residuos hidrofilicos expuestos de las cadenas polipeptidicas afectan las propiedades de superfi-
cie de la pelicula a modo de refuerzo, por agregacion de la proteina. Ademas, las posibles interaccio-
nes quimicas entre la gelatina y determinados productos de oxidacién del aceite también podrian
contribuir a reforzar la pelicula (Aewsiri, Benjakul et al. 2011). En el caso de las peliculas compuestas,
la naturaleza surfactante del LS interfiere la agregacion intermolecular de la gelatina, y por tanto,
contrarresta el efecto reforzante del aceite en superficie. Con el transcurso del tiempo, ambos tipos
de peliculas conservadas en aceite no mostraron cambios importantes en la fuerza de tensién. Por el
contrario, las peliculas de gelatina conservadas en aire himedo presentaron un ligero aumento de la
fuerza y disminucion de la elongacion con el tiempo, por agregacién proteica (envejecimiento), que
no se puso de manifiesto en la pelicula con LS.

La adicion de LS disminuyd los valores de permeabilidad al vapor de agua de modo significati-
vo en el caso de las peliculas conservadas en aceite al inicio de la exposicion. Independientemente

del medio de conservacion, la permeabilidad experimentd una ligera fluctuacion a las dos semanas
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de almacenamiento en todos los casos, si bien aumentd hasta alcanzar valores similares a los inicia-
les.

Ya se comento con anterioridad que las peliculas con LS tienen un color marrén y su presencia
produce un aumento en la opacidad debido a su naturaleza cromoéfora, que es protectora frente a la
radiacion ultravioleta (Ban et al., 2007). Durante el almacenamiento, la opacidad aumenté en las
peliculas de 100 % gelatina conservadas en aire himedo debido a fendmenos de agregacion de la
gelatina. Sin embargo, el nivel de opacidad en las peliculas con LS permanece inalterado debido a
que interfiere la agregacidn proteica. Por otro lado, la exposicion al aceite ocasiond un aumento de
la opacidad en las peliculas de 100 % gelatina - posiblemente también debida a fendmenos de entre-
cruzamiento - que, sin embargo, permanecid estable frente al tiempo, al igual que en las peliculas
con LS.

Las peliculas de 100 % gelatina pierden su estructura, se hinchan, se reblandecen y tienden a
formar un gel amorfo en contacto con el agua; sin embargo, en presencia del LS mantienen su forma
original transcurridas mds de 24 h. Esta caracteristica es muy importante, ya que permite su utiliza-
cién sobre alimentos humedos. El periodo de 28 dias de almacenamiento en condiciones de aire
humedo no provoca cambios significativos en la solubilidad en agua de las peliculas, con o sin ligno-
sulfonato, si bien se produce alguna pequena fluctuacion en los primeros 14 dias.

La pelicula de gelatina conservada en aceite presenta menor solubilidad que la conservada en
aire, mientras que al hacer la misma comparacién en las peliculas con LS las solubilidades son simila-
res. En general, las peliculas conservadas en aceite muestran una menor solubilidad durante todo el
periodo de conservacion respecto a las mantenidas en aire, una vez mas debido a la modificacién de
propiedades de superficie inducido por la presencia del aceite.

La tendencia general que se observa en las propiedades fisico-quimicas de la pelicula durante
el periodo de almacenamiento podria resumirse de la siguiente manera:

- El LS dificulta la tendencia natural de la gelatina a sufrir procesos de agregacion o entre-
cruzamiento por envejecimiento, los cuales, en cualquier caso, no se muestran con intensidad.

- El contacto con el aceite produce modificaciones a nivel de tension superficial y de posi-
bles fendmenos de agregacion de la gelatina en la pelicula, lo que induce cambios significativos en
las propiedades mecanicas y en la solubilidad.

-Las propiedades de las peliculas con lignosulfonato no cambian sustancialmente al cabo de
28 dias de almacenamiento en las condiciones estudiadas, si bien se producen ligeras fluctuaciones

en los primeros 14 dias.
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6.1.2.2 Propiedades antioxidantes y estabilidad funcional de peliculas de gelatina y ligno-

sulfonato

La capacidad antioxidante de las peliculas se determiné mediante dos metodologias diferen-
tes: capacidad reductora del hierro (método FRAP) y secuestro de radicales libres (método ABTS). En
ambas técnicas es importante resaltar la importancia de la solubilidad de las peliculas pues la activi-
dad antioxidante se determina sobre la fraccidn de pelicula solubilizada, que es la responsable de la
liberacién de los compuestos activos. Las peliculas de B-LS mostraron un incremento muy pronun-
ciado en los valores de capacidad antioxidante con respecto a las peliculas de 100 % gelatina, inde-
pendientemente del medio de conservacién. Estos resultados eran esperables dada la elevada acti-
vidad antioxidante del lignosulfonato (Dizhbite et al., 2004), el cual presenta ademas alta capacidad
para difundir de la pelicula.

Durante el tiempo de almacenamiento, la pelicula con lignosulfonato no perdié su capaci-
dad antioxidante. Los posibles efectos de agregacion de la gelatina por efecto del tiempo o por el
contacto con el aceite son minimos en presencia del lignosulfonato, y en consecuencia, no afectan
a la capacidad de la pelicula para liberar los compuestos activos.

Es importante destacar que el aceite es un medio en el que la pelicula mantiene buenas pro-
piedades, lo que indica que las peliculas van a podran aplicar a alimentos con alto contenido graso.
Por ello y teniendo en cuenta la gran estabilidad y excelentes propiedades de las peliculas de gelati-
na y lignosulfonato, se realizé un estudio de aplicacidon de estas peliculas sobre filetes de sardina

para su conservacion.

6.1.3 Aplicacion de peliculas de gelatina y lignosulfonato para la conservacion de
sardinas refrigeradas

El pescado es un alimento muy perecedero debido a la alta tasa de crecimiento bacterianoy a
los efectos quimicos del oxigeno atmosférico (Ozogul et al., 2004). La refrigeracién es el método de
eleccidn para la conservacion de pescado fresco, que se puede complementar con otros métodos
como alta presion, envasado a vacio, atmdsferas modificadas, etc. La sardina es una especie alta-
mente susceptible de sufrir fendmenos de oxidacidn por su alto contenido en acidos grasos poliinsa-
turados, razén por la cual el envasado activo se presenta como una alternativa interesante (Mohan
et al., 2012). La pelicula de gelatina y lignosulfonato mostré alta resistencia al agua y buena funcio-
nalidad en contacto con aceite, por lo que su aplicacion a un alimento de humedad moderadamente
elevada y alto contenido graso, como son los filetes de sardina, puede resultar adecuada. Se elabora-
ron peliculas de acuerdo a la composicidon dptima seleccionada (gelatina bovina y lignosulfonato
calcico-magnésico de alto contenido en azucar, en proporcién 80:20), y se utilizaron para recubrir los
filetes de sardina. Con fines comparativos, se ensayaron los siguientes sistemas de conservacion a

temperatura de refrigeracion:
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- filetes de sardina cubiertos con pelicula (SP)

- filetes de sardina tratados con alta presion (300 MPa, 5 °C, 10 min) (SAP)

- filetes de sardina cubiertos con pelicula y tratados con alta presién (300 MPa, 5 °C, 10 min)

(SPAP).

- filetes de sardina envasados a vacio (SV).

Los distintos lotes de pescado se almacenaron en una camara de refrigeraciéon a 7 + 2 °C du-
rante 17 dias, y se realizaron analisis periddicos del musculo para el estudio de vida util. La pelicula
mantuvo su integridad en contacto con el pescado durante todo el periodo de almacenamiento,

permitiendo su retirada con facilidad y sin romperse.

T
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Figura 11. Imagenes de pelicula B:LSa 80:20 (a), filetes de sardina (b) y filetes de sardina cubiertos

con pelicula B:LSa 80:20 y alta presion (c).

6.1.3.1 Evolucion de parametros fisico-quimicos

La evolucién del pH en el pescado depende de diversos factores como la liberacién de fosfato
inorganico o amoniaco por la degradacion enzimatica del ATP (Sikorski, Kolakowska & Kurt, 1990), la
produccion de acido lactico por bacterias acido lacticas principalmente o de nitrogeno basico volatil
total (NBVT) por microorganismos responsables del deterioro. El pH permanece muy estable durante
la conservacion, siendo muy similar entre los lotes.

El nitrégeno basico volatil total (NBVT) es un indice objetivo de la calidad del pescado y su
contenido se incrementa por la generacion de compuestos basicos procedentes del metabolismo de
ciertas bacterias. El lote SP alcanza valores por encima del limite de aceptabilidad establecido en la
Unidn Europea (35 mg NBVT/100g musculo) a partir del dia 11 de conservacién. Los lotes SP y SV
evolucionan de forma semejante hasta el dia 8 de conservacion, lo que sugiere que el papel de la

pelicula durante la conservacion de la sardina puede ser similar a la del envasado a vacio. Si bien la

~ 114 ~



Discusién integradora

pelicula de gelatina-lignisulfonato no previene totalmente la formacidn de compuestos basicos, su
produccion se reduce de forma significativa en combinacion con tratamientos de alta presion, lo que
esta en consonancia con los resultados descritos por Ojagh et al., (2011).

La peroxidacion lipidica puede producir dafio o muerte celular en los tejidos (Miki, Tamai, Mi-
no, Yamamoto & Niki, 1987), y en el caso del pescado produce rancidez y cambios texturales por
agregacion de las proteinas miofibrilares. El malonaldialdehido es un producto secundario de la oxi-
dacién de los lipidos, que se puede valorar a través de la reaccion con el acido tiobarbiturico (TBA).
La pelicula de gelatina-lignosulfonato aplicada sobre el musculo de sardina no previene la oxida-
cion de la grasa de forma mas efectiva que un envasado a vacio convencional. Por el contrario, los
niveles de TBA en el musculo presurizado permanecen bajos durante todo el periodo de almacena-
miento y especialmente en el caso de los filetes con tratamiento combinado de pelicula y alta pre-
sion (lote SPAP). Se estima que la alta presion favorece la liberacion de los compuestos antioxidan-
tes de la pelicula que actian sobre el musculo de sardina.

Con relacion al color del musculo tras 8 dias de almacenamiento se produjo un oscurecimien-
to de la sardina recubierta con pelicula y también en la envasada a vacio, asociado a fenémenos de
oxidacién de la mioglobina que normalmente se correlacionan positivamente con la oxidacion de
lipidos (Chaijan, Benjakul, Visessanguan & Faustman, 2006). Dicho oscurecimiento, sin embargo, no
tuvo lugar en las muestras tratadas con alta presion (sin o con pelicula). Los filetes recubiertos con
pelicula y presurizados mostraron un incremento en la tendencia al color amarillo (parametro b*),
probablemente debido a transferencia de compuestos de la pelicula al musculo favorecido por la alta

presién.

6.1.3.2 Evolucion del crecimiento microbiano

Durante la conservacion, la sardina cubierta con la pelicula (SP) obtuvo los mayores recuen-
tos. El envasado a vacio previno ligeramente el crecimiento de los microorganismos estudiados,
especialmente del género Pseudomonas spp, debido a su naturaleza aerobia estricta. La aplicacidn
de alta presién reduce el crecimiento de microorganismos, si bien es el tratamiento combinado de
alta presion-pelicula el que los inhibe de forma significativa, aumentando la vida util en términos
microbiolégicos hasta los 17 dias. Si bien es conocido el poder antibacteriano de la lignina (Muzzare-
Ili, Boudrant, Meyer, Manno, Demarchis & Paoletti, 2012), el efecto de la pelicula de gelatina-
lignosulfonato no se manifiesta durante la conservacion en refrigeracién. La vida util de los lotes SP y
SV se estima en 8 dias. Estos resultados estan en concordancia con lo obtenido en el apartado ante-
rior, donde los menores valores de NBVT y TBA corresponden al lote SPAP.

Un tratamiento combinado de recubrimiento con pelicula y alta presidn resulté mas efecti-
vo que el envasado a vacio para prevenir la oxidacion lipidica y el deterioro microbiano del muscu-

lo de sardina durante la conservacion en refrigeracion.
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6.2 Desarrollo y aplicacion de peliculas de gelatina y lignina

La lignina, al igual que el lignosulfonato, se considera un polimero renovable, no téxico y de
caracter biodegradable (Ban et al., 2007). Por diferencias en los procesos de extraccién, la lignina
carece de la abundancia de grupos sulfénicos hidrofilicos altamente polares presentes en el lignosul-
fonato, y en consecuencia es insoluble en agua, pero soluble en soluciones alcalinas (pH > 10). La
lignina presenta caracteristicas adecuadas para su utilizacidn en la formulacién de recubrimientos y
mezclas por su pequefio tamafio de particula (menor que el lignosulfonato), hidrofobicidad y capaci-
dad de formar mezclas estables (Park, Doherty & Halley, 2008). Presenta alta capacidad antioxidante
(Ugartondo et al., 2009), antimicrobiana (Dong et al., 2011) y una baja citotoxicidad (Ugartondo et
al., 2008). En el estudio anterior, la gelatina de peces de aguas frias mostré una buena capacidad
filmogénica; sin embargo, la baja resistencia al agua de las peliculas resultantes representa un factor
muy limitante para su aplicacion en alimentos himedos, en comparacion con la gelatina de bovino.
Para el presente estudio se ha recurrido al empleo de una gelatina de peces de aguas calidas, de alta
capacidad gelificante por su alto contenido en prolina e hidroxiprolina. Estas gelatinas suponen una
alternativa interesante a las gelatinas de bovino por no presentan rechazo religioso, sociocultural o
sanitario (Avena-Bustillos et al., 2006; Gdmez-Guillén, Turnay, Fernandez-Diaz, Ulmo, Lizarbe & Mon-
tero, 2002). Para llevar a cabo este estudio, se ha utilizado una gelatina comercial de piel de pescado
de aguas calidas (principalmente pez gato “catfish”) y dos tipos de lignina: Lignina 1000 (L1000) y
Lignina 2400 (L2400), que se diferencian basicamente en que L1000 tiene menor densidad aparente
y mayor temperatura de ablandamiento. Las interacciones producidas en la matriz entre ambos
biopolimeros, asi como las caracteristicas de las peliculas G (100 % gelatina), G-L1000 (85 % gelatina
— 15 % lignina L1000) y G-L2400 (85 % gelatina — 15% lignina L2400) se discuten a continuacién. La
eleccidn del ratio gelatina: lignina se ha basado en los resultados del estudio anterior, adaptando la

formulacidn a las propiedades intrinsecas de composicion y solubilidad de la lignina en polvo.
6.2.1 Formulacion idonea de peliculas complejas de gelatina y lignina

6.2.1.1 Interaccidn gelatina-lignina en la solucidn filmogénica (SF)

Las soluciones filmogénicas se prepararon utilizando 4 gramos de matriz, donde la propor-
cién fue de 85 % de gelatina, 15 % de lignina (85-15). Se afiadieron glicerol y sorbitol en una propor-

cién del 15 % de peso de matriz, para cada uno. Se aumenté el pH hasta alcanzar un pH ~11 con el

objetivo de disolver la lignina. Las soluciones filmogénicas resultantes se estudiaron mediante vis-
coelasticidad dindmica oscilatoria para determinar el grado de interferencia de las ligninas en la

reestructuracion de las cadenas polipeptidicas en estructura de triple hélice de la gelatina.
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Tabla 2. Propiedades viscoelasticas de las SF basadas en gelatina y L1000 o L2400 en un ratio 85:15.

852 + 25 11,30+0,23 0,91 +0,01 15 26
1,65+ 0,05 1,81+0,05 40,55 + 2,03 6 18
10,10+ 0,30 2,25 +0,09 12,70 £ 0,25 7 18

G’: mddulo elastico. G””: mddulo viscoso. a.f.: angulo de fase. Tgel: temperatura de gelificacion.
Tf: temperatura de fusidn.

Observando la tabla 2, la SF pierde drasticamente la capacidad gelificante al incorporarse la
lignina, tal y como demuestra el aumento del angulo de fase y la disminucién pronunciada de los
maodulos elastico y viscoso. La lignina L1000 provoca una mayor interferencia con la gelatina, posi-
blemente debido a su menor densidad en comparacién con L2400, que permite un contacto mas
intenso con las cadenas polipeptidicas.

Al comparar las mezclas de gelatina de peces de aguas calidas con lignina y de gelatina bovina
con lignosulfonatos, se observé un menor angulo de fase y mayores mddulos viscoso y elastico en el
segundo caso. La gelatina bovina y la gelatina de peces de aguas calidas tienen propiedades muy
similares (Gilsenan et al., 2000), por lo que estos resultados indican que el lignosulfonato provoca

menor interferencia en la matriz de gelatina que la lignina.

6.2.1.2 Interaccidn gelatina-lignina en la pelicula

Las peliculas con ambos tipos de lignina se obtuvieron a partir de las soluciones filmogénicas
mediante moldeo o casting, en las mismas condiciones que las empleadas en el experimento ante-
rior. Una vez formadas, se acondicionaron en humedad relativa de 58% durante 4 dias, salvo para el

estudio de espectroscopia infrarroja (FTIR), que se utilizd una atmdsfera seca con gel de silice.

6.2.1.2.1 Estudio por espectroscopia FTIR

El espectro de infrarrojo de las peliculas se detalla en la figura 12. La incorporacion de ligni-
na produce un descenso en la intensidad de las bandas de amida A, I, Il y 11l (~3283 cm'l, ~1631 cm'l,
~ 1543 cm™, ~ 1238 cm respectivamente), que se atribuyen en primer lugar a un efecto de dilucién
de la proteina; ademas, la lignina también produjo cambios conformacionales, pues se dan pequefias
variaciones en el nimero de onda al que absorbe la amida I, lo cual indica una ruptura de los puen-
tes de hidrégeno en los grupos C=0 de los polipéptidos de la gelatina.

Se ha descrito que la lignina interacciona con proteinas de soja de modo similar (Huang et al.,
2003). L2400 origina un mayor grado de hidratacion proteica, que se deduce al observar un ligero

aumento en la amplitud de la amida A, asi como un ligero aumento en su nimero de onda. Ambos
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tipos de ligninas provocan una fuerte interferencia en la formacion de puentes de hidrégeno entre el
agua y los residuos imido de la gelatina (Payne et al., 1988), que concuerda con lo observado en el
estudio reoldgico, donde la lignina impedia la correcta generacion de la triple hélice. En el estudio
previo realizado con gelatina y lignosulfonato, se observé que la adicion de LS no ocasiona modifica-
ciones en la formacioén de puentes de hidrégeno por lo que se establece que ambos tipos de lignina

dan lugar a un mayor grado de interferencia con la gelatina de la pelicula que el lignosulfonato.
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Figura 12. Espectros de las peliculas de gelatina y de gelatina con L1000 o L2400 (85:15),

obtenidos mediante espectroscopia FTIR.

6.2.1.2.2  Estudio por calorimetria diferencial de barrido (DSC)

Las ligninas y sus derivados se han utilizado en otras ocasiones para mejorar las propiedades
de algunos materiales (Cui et al., 2007; Feldman et al., 2001; Huang et al., 2003) y han originado
cambios en las propiedades fisicas, provocando un efecto plastificante al mezclarse con almidén (Wu
et al., 2009), o bien de refuerzo al utilizarse junto con la celulosa (Rohella, Sahoo, Paul, Choudhury &
Chakravortty, 1996).

Se realizd un estudio térmico de calorimetria diferencial de barrido de las peliculas con ambos
tipos de lignina. Se observd un gran descenso en la temperatura de transicion vitrea (Tg) al incorpo-
rar la lignina, siendo L1000 la que da lugar a una menor temperatura (-63,4 + 0,8 °C frente a -54,9 +
0,6 °C), por lo que se deduce un cierto efecto plastificante de la lignina. Por otro lado, se obtiene
una segunda Tg a valores muy inferiores que los que presenta la muestra G, que de nuevo le corres-
ponde a la muestra G-L1000. El hecho de aparecer una segunda Tg indica cierta inmiscibilidad entre
la lignina (hidrofébica) y la gelatina (hidrofilica) y por tanto puede haber una microseparaciéon de

fases permitiendo que la gelatina tenga mas espacio para su movilidad. En el experimento también
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se observd en el experimento anterior con gelatina y lignosulfonato. La informacidnque se obtiene a
partir del estudio de calorimetria diferencial sugiere que la lignina induce cambios conformaciona-
les en las cadenas polipeptidicas de la gelatina y modifica el efecto plastificante del agua en la

pelicula.

6.2.1.2.3 Propiedades fisicas de las peliculas

Al estudiar las propiedades mecdnicas y fisico-quimicas de las peliculas, la lignina provocé una
disminucion en la fuerza de tensidén y un aumento en la elongacion a la ruptura, de forma mds inten-
sa con L2400, al comparar con una pelicula sin lignina (G). Se confirma que la lignina ejerce una ac-
cidn plastificante y que las moléculas libres de agua contribuyen a este efecto, lo que concuerda con
un aumento en la actividad de agua, especialmente con L2400. Esta lignina no dio lugar a cambios
significativos en la solubilidad, mientras que con L1000 se produjo una disminucién significativa. La
permeabilidad al vapor de agua aumenté con el uso de L2400. Todo indica que el mayor efecto plas-
tificante inducido por L2400 hace que la red polimérica sea menos densa y mas permeable, y por
lo tanto, menos resistente al agua que con la lignina L1000. En la tabla 3 quedan resumidas algunas

de las propiedades estudiadas.

Tabla 3. Resumen de las propiedades fisicas en una pelicula de gelatina y gelatina-lignina

(G-L1000 y G-2400).

16,44+0,18° 136,6+39,8° 44,29+0,97° 2,06+0,10° 0,375°
12,13+0,48"  316,5¢19,7°  39,38+1,73" 2,17+1,73° 0,390°
7,51+0,05° 362,8+39,6°  46,52+1,66° 4,58+0,53" 0,467°

FT: Fuerza de tension. EAR: elongacion en la ruptura. PVA: permeacion al vapor de agua.
TTV: Temperatura de transicion vitrea. Diferentes letras (a,b,c) en la misma columna indican

diferencias significativas (p<0,05) entre las muestras.

6.2.1.2.4 Propiedades opticas

Para completar el estudio fisico se realizaron pruebas de opacidad y de colorimetria a las peli-
culas formadas por gelatina y lignina, teniendo como referencia una pelicula de 100 % gelatina. Al
igual que el lignosulfonato, la lignina tiene alta capacidad de proteccion frente a la radiacién ultravio-
leta, sola y en combinacion con otros compuestos (Ban et al., 2007) (Mishra et al., 2007). Los valores

de opacidad de las peliculas con lignina fueron muy superiores a los de la pelicula de gelatina. La
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opacidad de la pelicula G-L1000 es aproximadamente el doble que la que se obtiene al utilizar

L2400, y muy superior en ambos casos a la de las peliculas con lignosulfonato.

(a) (b) (c)

Figura 13. Imagenes de pelicula de gelatina de bovino (a), gelatina de bovino y LSa (b)

y gelatina de peces de aguas calidas y L1000 (c).

En la Figura 13 se compara el color y el grado de transparencia de las peliculas de gelatina,
gelatina — lignosulfonato y gelatina — lignina.

La lignina en estado natural presenta una fuerte coloracion marrén, que hace que las peliculas
formadas conserven cierta transparencia pero con un intenso color marrén. Asi, los indices de refe-
rencia para la colorimetria (L*, a*, b* y el dngulo de matiz “hue” y el valor cromatico) revelan que la
pelicula GL2400 tiene mas componente marrén que GL1000, en ambos casos mucho mayor al de la
pelicula de 100 % G. Por tanto, las peliculas con lignina pueden contribuir a la prevencién de oxida-
cién lipidica inducida por radiacién ultravioleta debido a su alto efecto barrera frente a la luz.

La lignina L1000 confiere a las peliculas de gelatina mayor resistencia mecanica, menor so-

lubilidad, menor permeabilidad al vapor y mayor grado de opacidad que la L2400.

6.2.2 Propiedades antioxidantes de peliculas de gelatina-lignina.

Una vez revisadas las propiedades fisicas de las peliculas de gelatina y lignina se evalué su ca-
pacidad antioxidante. Es importante destacar que, al igual que con las peliculas de G:LS, la actividad
antioxidante se refiere a la fraccidn soluble en agua, que es la que tiene la capacidad para liberar los
compuestos activos. A pesar de la menor solubilidad de la pelicula G-L1000 en comparacion con G-
L2400, la primera presenté mayor capacidad antioxidante en las dos pruebas realizadas (capacidad
reductora de hierro, FRAP y capacidad de secuestro de radicales, ABTS). Al igual que lo descrito para
las peliculas de gelatina-lignosulfonato, las peliculas de gelatina-lignina pueden estar muy indicadas
para conservar alimentos con alta tendencia a oxidarse. Estas peliculas presentan una capacidad

antioxidante comparable a otras peliculas adicionadas de otras sustancias, como por ejemplo las
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peliculas de gelatina y borraja (Gémez-Estaca et al., 2009) o gelatina y orégano o romero (Gémez-
Estaca, Montero, Fernandez-Martin, Aleman & Gomez-Guillén, 2009).
En la tabla 4 se compara la actividad antioxidante de peliculas de gelatina con lignina o con
lignosulfonato.
Tabla 4. Comparativa de capacidades antioxidantes de la mejor pelicula testada de G:LS y

las peliculas de gelatina y lignina.

7,22 £0,41 570,20+ 7,70
27,82 +2,19 258,97 + 8,83
15,31+0,88 180,20 £5,71

Teniendo en cuenta los resultados comparados en la tabla 4 se observa claramente que las
peliculas con lignina tienen mayor capacidad de secuestro de radicales libres (ABTS), en especial
con lignina L1000, mientras que la pelicula con lignosulfonato presenta mayor capacidad reductora
(FRAP), en buena parte debido al alto contenido en azlcares presentes en el preparado comercial de
LSa. Las gelatinas utilizadas son distintas, pero ninguna posee capacidad antioxidante significativa,

por lo que este efecto es provocado Unicamente por la presencia de L o LS.

6.2.3 Estudio de propiedades antioxidantes, antimicrobianas y citotoxicidad de
la lignina

De ambos tipos de lignina estudiados, la lignina L1000 es la que confiere las propiedades fisi-
cas y funcionales mas convenientes a la pelicula. La lignina L1000 tiene una elevada capacidad se-
cuestrante del radical DPPH (ICsq = 36,5 pug/mL), pero inferior al trolox (derivado soluble de la vitami-
na E). Al igual que el lignosulfonato, L1000 presenta citotoxicidad a concentraciones muy elevadas
(ICsp = 631 ug/mL), por lo que se puede utilizar L1000 como antioxidante a concentraciones no
citotdxicas.

Se realizé un estudio con L1000 para determinar su capacidad antimicrobiana frente a 26 ce-
pas de coleccidn, entre ellas bacterias Gram-positivas y Gram-negativas, mohos y levaduras y no se
observd ningun efecto inhibidor del crecimiento de estos microorganismos. Las cepas testadas fue-
ron las mismas utilizadas para evaluar la actividad antimicrobiana de los lignosulfonatos previamente
evaluados, los cuales si que mostraron una cierta actividad. Esta diferencia de actividad puede guar-
dar relacidn con los distintos pH de los lignoderivados: el LS tiene pH acido mientras que L1000 se ha
evaluado a pH neutro o basico (no es soluble a pH acidos) y este factor puede hace que la actividad
antimicrobiana de los acidos fendlicos pierdan efectividad (Wen et al., 2003).

La capacidad funcional del lignosulfonato y la lignina, que se detalla en la tabla 5.
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Tabla 5. Capacidad antioxidante, antimicrobiana y citotoxicidad de LSa, LSb, LSc y L1000.

D. hansenii ++,
92,618,1 1480+114 S. aureus +,
B. thermosphacta +

D. hansenii ++,
83,4+2,5 169655 S. aureus +,
B. thermosphacta +

D. hansenii ++,
97,5+6,4 174516 S. aureus +,
B. thermosphacta +

36,545,5 631+92 No inhibicién

++: porcentaje de inhibicion del 5-10 %. +: porcentaje de inhibicién de < 5 %.

Al realizar esta comparacion, se deduce que L1000 es la mas antioxidante pues es necesaria
una menor concentracidn para atrapar la mitad de los radicales de DPPH que en el caso de los LS. La
citotoxicidad, sin embargo, es mayor que para cualquiera de los LS estudiados, ya que se requiere
menor concentracién para producir un 50% de muerte celular. Sin embargo, los LS presentan cierta
capacidad antimicrobiana, aunque leve, y como se comentd anteriormente, también confieren un

mayor poder reductor a la pelicula.

6.2.4 Aplicacion de peliculas de gelatina y lignina para la conservacion de salmoén
refrigerado

Las peliculas de gelatina (peces de aguas cdlidas) y lignina (L1000) (proporcién 85-15, G-L) se
utilizaron para un estudio de conservacidn en refrigeracion de salmdn procesado por alta presién. La
alta presion permite alargar la vida util de los alimentos conservando al mismo tiempo los micronu-
trientes y compuestos responsables del sabor (Knorr, 2000). Como efecto colateral, la presion induce
cambios de coloracidn y opacidad en el musculo de determinadas especies, como el salmén, confi-
riéndole un aspecto de producto cocido, por degradacion oxidativa de pigmentos y desnaturalizacion
de proteinas (Gomez-Estaca, Lopez-Caballero, Gomez-Guillén, Lépez De Lacey & Montero, 2009;

Yagiz, Kristinsson, Balaban, Welt, Ralat & Marshall, 2009). Sin embargo, para el disefio de platos
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semi-preparados o listos para el consumo, la alta presién puede representar una alternativa intere-
sante al tratamiento térmico para evitar la degradacion de nutrientes (aminoacidos, vitaminas) y
otros compuestos activos.

Se planted un estudio de conservacion en refrigeracion durante 23 dias de salmén recubierto
con pelicula y tratado por alta presién a dos temperaturas (5 y 40°C), y se comparé con un trata-
miento térmico a 90°C. Para ello se realizaron los siguientes lotes:

- Salmon sin tratar (S)

- Salmén cocinado a 90 °C (C)

- Salmén tratado por alta presion (300 MPa — 5 °C - 10 min) (AP5)

- Salmon recubierto con pelicula de G-L y tratado por alta presién (300 MPa — 5 °C - 10 min)

(PAP5)
- Salmén tratado por alta presion (300 MPa — 40 °C - 10 min) (AP40)
- Salmén recubierto con pelicula de G-L y tratado por alta presién (300 MPa — 40 °C - 10 min)

(PAP40)

6.2.4.1 Analisis de parametros fisico-quimicos

6.2.4.1.1 Analisis del color

El musculo presurizado presentd cambios menos acusados de color con respecto al producto
crudo que el musculo tratado por calor. Estos resultados estan en concordancia con otros trabajos
donde se observd que el pescado sometido a tratamiento térmico adquiere mayor luminosidad y
menor tonalidad rojiza que el pescado crudo (Chevalier, Le Bail & Ghoul, 2001). La temperatura de
presurizacion produce diferencias notables en los parametros de color, dependiendo de si el pescado
va recubierto o no por la pelicula. La aplicacién de pelicula con alta presion, en especial con el trata-
miento a 40°C, disminuye notablemente el aumento de luminosidad del musculo en comparacion
con el horneado. Sin embargo, el tratamiento de pelicula con alta presion a 5°C preserva mejor el

color rojizo caracteristico del salmon, aunque incrementa ligeramente la tonalidad amarilla.

6.2.4.1.2 Funcionalidad proteica

6.2.4.1.2.1 Solubilidad

La solubilidad proteica es un indice que se utiliza para evaluar el estado funcional de la pro-
teina muscular, asociando la agregacién de proteinas con pérdida de solubilidad en solucién salina.
La alta presion provoca una disminucion de la solubilidad proteica notablemente menor que el
tratamiento térmico, independientemente de la temperatura de presurizacién o de la presencia o

no de la pelicula.
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6.2.4.1.2.2 Viscosidad aparente

La viscosidad aparente es un indicador de la calidad funcional del musculo mas sensible que la
solubilidad de las proteinas (Barroso, Careche, Barrios & Borderias, 1998). La viscosidad disminuyd
de forma muy acusada en el musculo procesado (alta presion o calor), debido a fenémenos de agre-
gacion proteica, en concordancia con lo observado en la solubilidad. El estudio de viscosidad, con y
sin filtracion, revela diferencias notables en el tamafio de los agregados proteicos, no perceptibles en
el estudio de solubilidad. Asi, el tratamiento térmico produce agregados fuertes y de menor tama-
fio que el tratamiento de alta presion. La mayor temperatura de presurizacion reduce el tamafio de

los agregados, sin embargo, la presencia o no de pelicula no induce cambios significativos.

6.2.4.1.2.3 Estudio electroforético

El estudio electroforético de la fraccidn soluble en sal de las muestras presurizadas revela un
mayor numero de bandas que en el lote horneado, lo cual concuerda con un menor grado de desna-
turalizacidn o agregacion proteica. La pelicula no dio lugar a cambios significativos, al contrario que
la temperatura de presurizacion. Las proteinas de peso molecular inferior a 45 kDa (tropomiosina,
troponinas, cadenas ligeras de miosina y proteinas sarcoplasmicas) presentan alta resistencia a la
presién. Sin embargo, las bandas correspondientes a las cadenas pesadas de miosina, a-actinina y
actina pierden intensidad en el musculo presurizado a 40 °C, indicando que el tratamiento con alta

presion a 5 °C produce menor agregacion proteica que a 40 °C.

6.2.4.1.2.4  Espectroscopia FTIR

El musculo crudo presenta mayor capacidad de retencidn de agua que cualquiera de los pro-
cesados, coincidiendo con un pico de absorcién de la amida A de mayor amplitud. Se llevd a cabo un
estudio en profundidad de la Amida |, dado que se trata de una herramienta muy Uutil para observar
cambios conformacionales en la estructura secundaria de las proteinas miofibrilares (Bertram,
Kohler, Bocker, Ofstad & Andersen, 2006; Bocker, Kohler, Aursand & Ofstad, 2008; Jackson &
Mantsch, 1995). El pico de absorcidén de la Amida | sufre un desplazamiento evidente hacia valores
mas bajos de numero de ondas en todas las muestras procesadas, mas acusado en el caso de la
muestra tratada por calor, lo que confirma una mayor agregacion proteica inducida por calor. Se
realizd una segunda derivada para mejorar la resolucion espectral y se observd que la contribucion
de a-hélices libres (1652 cm'l) mostrd un pico de absorcion menor en el caso de la muestra hornea-
da comparado con la muestra sin tratar, mientras que en los lotes presurizados este pico tuvo mayor
absorcion, en especial en el lote presurizado a 5 °C sin pelicula. A 1683 cm‘l, pico atribuido a estruc-
turas de lamina-B (Carton, Bocker, Ofstad, Sgrheim & Kohler, 2009), la tendencia fue similar aunque
no se observaron diferencias tan acusadas entre las muestras presurizadas. El incremento de estruc-
turas a-hélice o ldmina-f en las muestras presurizadas se atribuye al despliegue de las cadenas pro-

teicas por el efecto desnaturalizante de la alta presion (Lullien-Pellerin & Balny, 2002). Por el con-
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trario, el espectro IR de la muestra tratada con calor registré mayor intensidad a 1695 cm'1,1625 cm™
y 1618 em® lo que indica un incremento mayor en la agregacion intra e intermolecular de las lami-
nas-B (Carton et al., 2009), en comparacion con las muestras presurizadas. En general, ni la presen-
cia de la pelicula ni la temperatura de presurizacién indujeron cambios acusados en los espectros

de absorcion infrarroja.

6.2.4.1.2.5 Estudio reoldgico

Por ultimo, el grado de agregacion/desnaturalizacidon proteica también se evalué mediante
reologia del musculo homogeneizado con NaCl (aspecto de masa en estado de sol). El grado de solu-
bilizacion del musculo con sal depende del estado general de agregacién proteica y va a influir el
comportamiento reoldgico de las masas. Se realizé un primer ensayo de barrido de frecuencias, para
evaluar la consistencia y grado de cohesion interna de las distintas masas a temperatura constante
de 10 °C. El comportamiento del mddulo eldstico G’ de las muestras presurizadas a 5 °C fue muy
similar al de la muestra cruda, en especial cuando va recubierto por la pelicula. Esto indica que la
muestra recubierta con pelicula y presurizada a 5 °C es la que presenta menor alteracién de la
proteina muscular. En todos los lotes presurizados el modulo elastico fue menor que en el lote hor-
neado, lo cual confirma el mayor estado de agregacién del musculo tratado por calor. El estudio de
la capacidad de agregacion térmica de la proteina, realizado a través de un barrido de temperaturas,
confirmod el mejor estado funcional de la proteina en el caso de las muestras recubiertas y presuriza-

das en frio.

6.2.4.1.2.6 Oxidacion proteica

El contenido de grupos carbonilo, como medida de la oxidacidn de las proteinas, también se
estudio en todos los lotes. Las muestras procesadas (por alta presidn o calor) sufrieron un aumento
muy acusado de grupos carbonilo, producto de la oxidacion de proteinas. A parte de la proteina
miofibrilar, las proteinas hemo también sufren desnaturalizacidon por presion y/o calor, y tornarse
mas pro-oxidativas, favoreciendo el incremento de grupos carbonilo (Eymard, Baron & Jacobsen,
2009). La muestra recubierta por pelicula y tratada por alta presién a 5 °C destacé por presentar el
contenido mas bajo de grupos carbonilo, por lo que el tratamiento combinado con pelicula y presu-
rizacion en frio previene en cierta medida de la oxidacidon proteica asociada al procesado. Este
efecto se debe en parte a la capacidad antioxidante de la lignina, asi como a cierta capacidad de
barrera frente al oxigeno de la pelicula.

Los resultados de la evaluacion de parametros fisicos-quimicos del salmén procesado quedan
resumidos en la tabla 6. A la vista de los resultados obtenidos, el tratamiento combinado con pelicu-
la de gelatina - lignina y alta presion en frio induce una menor alteracion proteica en las muestras

procesadas.
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Tabla 6. Resumen de los parametros fisicos y quimicos de los lotes de salmén sometidos a distintos

tratamientos (comparacion con el lote de salmén crudo).

La alta presion provoca menos cambios que el tratamiento con calor, Alta presién a 5 °C con
Colorimetria
en especial a 5 °C. La pelicula minimiza los cambios en el color. pelicula
La alta presidn produce menor agregacion proteica que el horneado.
Solubilidad La temperatura de presurizacién y la presencia de pelicula no provo- Alta presion
can cambios significativos
El tratamiento térmico produce agregados fuertes y de menor tamafio
Viscosidad
que con alta presion. La presurizacién a 40 °C induce mayor agrega- Alta presiéna 5 °C
aparente
cion que a 5 °C. La pelicula no da lugar a diferencias significativas.
Menor grado de agregacion en los lotes presurizados que en el hor-
Estudio

neado. La pelicula no origina cambios significativos. A 5 °C hay meno- Alta presiéna 5 °C
electroforético
res cambios que a 40 °C

Las muestras procesadas pierden capacidad de retencion de agua. Hay
mayores cambios en agregacion de estructuras de a-hélices y ldminas-
FTIR Alta presion
B a nivel intra e intermolecular en lote tratado por calor que en lotes

presurizados.

La pelicula reduce notablemente la desnaturalizacion proteica en los Alta presién a 5 °C con
Reologia
lotes presurizados a 5 °C, pero menos a 40 °C. pelicula
La alta presion a 40 °C produce mayor oxidacién de proteinas que el
Alta presién a 5 °C con
Oxidacidn proteica horneado, sin embargo, el tratamiento combinado con pelicula y alta

pelicula
presién a 5 °C produce la menor oxidacién.

6.2.4.2 Evaluacién de parametros quimicos y microbiolégicos durante la conservacion

Una vez evaluados los efectos de los distintos tratamientos sobre el musculo de salmon se

realizd un estudio de conservacién durante 23 dias en refrigeracion.

6.2.4.2.1 Oxidaciodn lipidica

El tratamiento por calor produce un aumento de la oxidacidn lipidica mayor que el tratamien-
to de alta presidn, sin embargo, no tiende a aumentar durante el periodo de almacenamiento. Los
valores de TBA permanecen bajos en todos los lotes presurizados durante los primeros 15 dias debi-
do a que el salmdn posee alto nivel de carotenoides, los cuales son un fuerte sistema endégeno
antioxidante (Andersen et al., 1990). Al final del almacenamiento, sin embargo, la oxidacién lipidica

tiende a aumentar en los lotes presurizados sin pelicula. Este hecho confirma la hipdtesis de que la
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alta presién puede favorecer la liberacion de los compuestos antioxidantes presentes en la pelicula

hacia el alimento.

6.2.4.2.2 pHyNBVT

El pH permanecié practicamente constante en todos los lotes durante la conservacion en re-
frigeracion.

Inicialmente, el tratamiento térmico redujo el Nitrégeno Basico Volatil Total (NBVT), a dife-
rencia de lo ocurrido tras el tratamiento con alta presién, con o sin pelicula, que apenas mostraron
diferencias. Este hecho se atribuye a la pérdida en la capacidad de retencidén de agua y consecuente
aumento de exudado debido a la agregacidn proteica que tiene lugar durante el horneado. Los valo-
res de NBVT se incrementaron en todos los lotes durante la conservacion, y el lote AP5 superé los
valores maximos autorizados por la Unidn Europea para el pescado fresco. El tratamiento combina-
do con pelicula de gelatina-lignina y alta presién en salmén redujo eficazmente el incremento en
compuestos basicos. Este hecho también se observd durante la conservacion en refrigeracion de

sardina.

6.2.4.2.3 Evaluacion de crecimiento bacteriano

El tratamiento de alta presidn redujo la carga microbiana en todos los lotes, en algunos casos
incluso por debajo del limite de deteccion (ej. Pseudomonas spp. y Enterobacteriaceae). La flora
lactica se redujo en menor medida probablemente por la mayor resistencia de las bacterias Gram-
positivas a la presion. Durante la conservacion se observé un incremento en el nimero de microor-
ganismos, y el comportamiento de los lotes fue distinto dependiendo de la temperatura de trata-
miento y del tipo de microorganismo. Asi, las colonias luminiscentes (presuntos P. phosphoreum) y
organismos productores de H,S disminuyeron durante el tratamiento de alta presion a 40 °C posi-
blemente por su caracter psicrotrofo. A diferencia de lo observado durante la conservacion de la
sardina, la presencia de pelicula no mejora el efecto del tratamiento de alta presion en el salmén a
las temperaturas ensayadas.

El tratamiento térmico y la alta presion con pelicula a 40 °C y 5 °C resultan tratamientos

adecuados para aumentar la vida util de salmén.
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7.1 Conclusiones

PRIMERA. El lignosulfonato puede incorporarse en una proporcion optima de 80 % gelatina —
20 % lignosulfonato para aumentar la resistencia al agua de peliculas de gelatina de peces de aguas
frias, que son extremadamente solubles, y para mejorar sus propiedades de barrera a la luz con el
minimo perjuicio de sus propiedades mecanicas. Dichas peliculas, sin embargo, son menos resisten-
tes al agua que las de gelatina bovina independientemente del tipo de lignosulfonato.

SEGUNDA. La utilizacién de gelatina de peces de aguas cdlidas adicionada de lignina L1000, en
una proporcién de 85 % gelatina — 15 % lignina, origina una pelicula de resistencia al agua compara-
ble a la de gelatina bovina y lignosulfonato, pero de mayor resistencia mecanica, mayor barrera a la
luz y menor permeabilidad al vapor.

TERCERA. A nivel estructural, tanto el lignosulfonato como la lignina actian preferentemente
a modo de relleno fisico de la matriz de gelatina e interfieren, con mayor intensidad en el caso de la
lignina, en la interaccidn entre las cadenas polipeptidicas, favoreciendo una mayor interaccidn de las
mismas con las moléculas de agua.

CUARTA. La capacidad antioxidante de la lignina L1000 es superior al doble de la de cualquier
lignosulfonatos estudiados, pero también lo es su citotoxicidad. No obstante, ambos tipos de com-
puestos producen peliculas con alta capacidad antioxidante a concentraciones no citotéxicas, por lo
gue se estiman potencialmente aptas para uso alimentario, a pesar de no presentar actividad anti-
microbiana efectiva.

QUINTA. El lignosulfonato dificulta la tendencia natural de la pelicula de gelatina a sufrir pro-
cesos de agregacion, razén por la cual las propiedades fisicas y antioxidantes de las peliculas comple-
jas no se modifican sustancialmente al cabo de 28 dias de conservacion.

SEXTA. El tratamiento combinado de alta presion (300 MPa — 5 °C — 10 min) y recubrimiento
con pelicula de gelatina — lignosulfonato resulta mas efectivo que el envasado a vacio para prevenir
la oxidacidn lipidica y el deterioro microbiano del musculo de sardina durante la conservacién en
refrigeracion.

SEPTIMA. El tratamiento combinado de alta presién (300 MPa — 5 °C — 10 min) y recubrimien-
to con pelicula de gelatina — lignina previene parcialmente la oxidacion y agregacion proteica del
musculo de salmén y mantiene de forma mas eficaz su color caracteristico, en comparacién con un

tratamiento térmico convencional.
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7.2 Conclusions

FIRST. The lignosulphonate may be incorporated in an optimal ratio of 80% gelatin - 20%
lignosulfonate to increase the water resistance of cold water fish gelatin films, which are extremely
soluble, and to improve their light barrier properties with the minimum damage in their mechanical
properties. Such films, however, were less water resistant than those developed from bovine gelatin,
regardless of the lignosulphonate type.

SECOND. The use of warm water fish gelatin and lignin L1000, added in a proportion of 85%
gelatin - 15% lignin, led to a film with water resistance comparable to that made of bovine gelatin
and lignosulphonate, but with higher strength and lower water vapor permeability.

THIRD. Structurally, both lignin and lignosulphonate acted preferably as a physical filler in the
gelatin matrix and interfered, with higher intensity in the case of lignin, in the self-aggregation of the
polypeptide chains, favoring greater gelatin-water interactions.

FOURTH. The antioxidant capacity of lignin L1000 was approximately 2.5 times higher than
any lignosulphonate studied, but also was its cytotoxicity. However, both types of compounds pro-
duced films with high antioxidant capacity at non-cytotoxic concentrations, and therefore they were
potentially suitable for food use, despite presenting no effective antimicrobial properties.

FIFTH. The lignosulphonate hampers the natural tendency of the gelatin film to suffer aggre-
gation processes, which explained why the physical and antioxidants properties of the complex films
did not change substantially after 28 days of storage.

SIXTH. A combined treatment of high pressure (300 MPa - 5 °C - 10 min) and covering with
gelatin- lignosulphonate film was more effective than vacuum packaging to prevent lipid oxidation
and microbial spoilage of sardine muscle during chilled storage.

SEVENTH. A combined treatment of high pressure (300 MPa - 5 °C - 10 min) and covering with
gelatin-lignin film partially prevented protein aggregation and oxidation of salmon muscle, and main-

tained more effectively its characteristic color in comparison with a conventional heat treatment.
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