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ABSTRACT

This PhD dissertation thesis has been focus on the development and characterization of
antimicrobial packaging films based on the incorporation in the polymer matrix or on
the attachment to the film surface of naturally occurring antimicrobial compounds with
the purpose of inhibiting the proliferation of microorganisms and extend the microbio-
logical shelf life of packaged food products.

The studied active films are based on the use of ethylene vinyl copolymers (EVOH) contai-
ning 29% (EVOH29) or 44% (EVOH44) molar percentage of ethylene as polymeric vehicle
for the incorporation of several antimicrobial compounds -oregano essential oil (OEO),
citral, ethyl lauroyl arginate (LAE), epsilon-polylysine (EPL), green tea extract (GTE) and
lysozyme. These antimicrobial agents have been incorporated in the film-forming solu-
tion or immobilized to the film surface by covalent bonding.

Prior to the preparation of the active films, the antimicrobial activity of the selected com-
pounds against selected microorganism was demonstrated, confirming that they could be
good candidates to be used as preservatives for active food packaging applications, and
an alternative to synthetic additives. The effect of the incorporation of the antimicro-
bial agents on relevant functional properties of the developed EVOH films was studied.
In general, the polymer properties as materials for food packaging were not relevantly
affected.

In order to evaluate the potential of EVOH matrices as sustain release systems of active
compounds, the release kinetics of the active compounds from the film to different me-
dia was evaluated; for that the agent release rate and extend into food simulants was
monitored, and it was concluded that the agent concentration, release temperature, type
of EVOH, interaction of EVOH with the food simulant, and the solubility of the active
compound in the release media were the main controlling factors.

EVOH matrices have also shown good properties to be used for the attachment of active
molecules. In this regard, lysozyme was successfully immobilized on the film surface of
EVOH.

Several experiments were conducted to determine the antimicrobial properties of the
resulting films in vitro against different microorganisms responsible for foodborne illness
and in vivo with real foods -minimally-process salad, infant milk, surimi sticks and chicken
stock- to enhance their preservation. All the materials presented a strong in vitro anti-
microbial activity. Although the results obtained through in vivo tests showed activity
reductions caused by food matrix effects, all materials presented significant microbial
inhibition and, therefore, great potential to be used in the design of active food packaging.
They can be applied as an inner coating of the packaging structure, releasing the active
agent or acting by direct contact, producing a great protection against contamination
with a prolongation of the microbiological food shelf life.
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RESUMEN

En la presente tesis doctoral se han desarrollado y caracterizado peliculas antimicrobianas
destinadas al envasado de alimentos, mediante la incorporacion, en la matriz polimérica
o anclaje a nivel superficial de compuestos antimicrobianos de origen natural, con el
objetivo de inhibir la proliferacion de microorganismos y extender la vida util de los
alimentos envasados.

En las peliculas activas desarrolladas, se ha utilizado el copolimero etileno-alcohol vinili-
co (EVOH), con 29% (EVOH29)y 44% (EVOH44) de contenido molar de etileno, como ma-
triz polimérica para vehicular los compuestos antimicrobianos naturales seleccionados:
aceite esencial de orégano (OEQ), citral, etil lauroil arginato (LAE), epsilon polilisina (EPL),
extracto de té verde (GTE) y lisozima. Estos agentes antimicrobianos han sido incorpo-
rados en la solucién formadora de pelicula o inmovilizados a nivel superficial mediante
uniones covalentes.

Previa a la preparacién de las peliculas activas, se ha estudiado la actividad antimicrobiana
de los agentes naturales seleccionados frente a distintos microorganismos. Los resultados
sugieren que son buenos candidatos para ser utilizados como aditivos naturales en
materiales de envasado de alimentos, siendo una alternativa al uso de aditivos de origen
sintético. También, se ha estudiado el efecto de la incorporacién de dichos agentes en
las propiedades funcionales de interés de los materiales desarrollados. En general, las
propiedades de los polimeros necesarias para su aplicacion, como envase alimentario, no
se vieron afectadas de manera relevante.

Con el proposito de evaluar el potencial del copolimero EVOH, como matriz de liberacién
sostenida de los agentes antimicrobianos, se ha estudiado la cinética de liberacién de dichos
compuestos activos, desde las peliculas desarrollas a diferentes simulantes acuosos. Para
ello, se ha determinado la tasa de liberacién del agente en los simulantes alimentarios.
Concluyendo que la concentracién del agente antimicrobiano, la temperatura de libera-
cion, el tipo de EVOH, las interacciones entre el copolimero EVOH vy los simulantes, y la
solubilidad del compuesto activo en el medio de liberacién, fueron los principales factores
a controlar.

Ademas, EVOH demostré que presenta propiedades idoneas para la modificacion a nivel
superficial con el posterior anclaje de moléculas activas. En este caso, moléculas de lisozima
se inmovilizaron con éxito en la superficie de las peliculas.

Igualmente, se han realizado diferentes experimentos in vitro, para determinar las pro-
piedades antimicrobianas de las peliculas obtenidas frente a diferentes microorganismos
responsables de toxiinfecciones alimentarias, e in vivo con alimentos - ensaladas “IV
Gama’, leche infantil, palitos de cangrejo o surimi y caldo de pollo- con el objetivo de
mejorar su conservacion. Todos los materiales desarrollados presentaron una elevada
capacidad antimicrobiana in vitro. Aunque los resultados obtenidos in vivo mostraron una
menor actividad antimicrobiana, debido al efecto de la matriz alimentaria.
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Todos los materiales desarrollados presentan inhibiciéon antimicrobiana significativa, y
por tanto, un gran potencial para ser utilizados en el disenio de envasado activo. Estos
pueden servir como recubrimiento interior de una estructura multicapa, liberando el
agente activo o actuando por contacto directo. Este uso ofrece una gran proteccion frente
la contaminacién microbiolédgica y extiende la vida util de los alimentos envasados.
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RESUM

En la present tesi doctoral s’han desenvolupat i caracteritzat pel-licules antimicrobia-
nes destinades a I'envasat d’aliments, mitjancant la incorporacio, en la matriu polime-
rica o I'ancoratge a nivell superficial de compostos antimicrobians d’'origen natural, amb
I'objectiu d'inhibir la proliferacio de microorganismes i estendre la vida util dels aliments
envasats.

En les pel-licules actives desenvolupades s’ha utilitzat el copolimer etile - alcohol vinilic
(EVOH), amb un 29 % (EVOH29) i un 44 % (EVOH44) de contingut molar detilé, com a
matriu polimérica per a vehicular els compostos antimicrobians naturals seleccionats:
oli essencial d'orenga (OEO), citral, etil lauroil arginat (LAE), épsilon polilisina (EPL), ex-
tracte de te verd (GTE) i lisozim. Aquests agents antimicrobians han estat incorporats a
la solucié formadora de pel-licula o immobilitzats a nivell superficial mitjancant unions
covalents.

Previament a la preparacié de les pel-licules actives, s’ha estudiat I'activitat antimicrobia-
na dels agents naturals seleccionats front a diferents microorganismes. Demostrant-se
qgue son bons candidats per a ser utilitzats com a additius naturals en materials d'envasat
d’aliments, essent una alternativa a 1'is d'additius d'origen sintetic. També s’ha estudiat
l'efecte de la incorporacié dels esmentats agents en les propietats funcionals d'interes dels
materials desenvolupats. En general, les propietats dels polimers necessaries per a llur
aplicaci6, com a envas alimentari, no es veieren afectades de manera rellevant.

Amb el proposit d'avaluar el potencial del copolimer EVOH com a matriu d’alliberament
sostingut dels agents antimicrobians, s'ha estudiat la cinetica d’alliberament dels esmen-
tats compostos actius, des de les pel-licules desenvolupades a diferents simulants aquosos.
Per a fer-ho, s’ha determinat la taxa d'alliberament de I'agent als simulants alimentaris.
Concloent que la concentracié de I'agent antimicrobia, la temperatura d'alliberament, el
tipus d'EVOH, les interaccions entre el copolimer EVOH i els simulants, i la solubilitat del
compost actiu en el medi d’alliberament foren els principals factors a controlar.

A més a més, 'EVOH demostra que presenta propietats idonies per a la modificacié a ni-
vell superficial amb el posterior ancoratge de molécules actives. En aquest cas, molecules
de lisozim foren immobilitzades amb exit en la superficie de les pel-licules.

Igualment, es realitzaren diferents experiments in vitro, per a determinar les propietats
antimicrobianes de les pel-licules obtingudes front a diferents microorganismes respon-
sables de toxiinfeccions alimentaries, i in vivo amb aliments - amanides ‘IV Gamma”, llet
infantil, palets de cranc o surimi, i brou de pollastre - per a millorar llur conservacio. Tots
els materials desenvolupats presentaren una elevada capacitat antimicrobiana in vitro.
Encara que els resultats obtinguts in vivo mostraren una menor activitat antimicrobiana,
degut a l'efecte de la matriu alimentaria, tots els materials desenvolupats presenten una
inhibicié antimicrobiana significativa, i per tant, un gran potencial per a ser utilitzats en
el disseny d'envasat actiu. Aquests poden ser utilitzats com a recobriment interior d'una
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estructura multicapa, alliberant I'agent actiu o actuant per contacte directe, oferint una
gran proteccié front a la contaminacié microbiologica i estenent la vida util dels aliments
envasats.
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1. INTRODUCTION

Consumption of healthy, natural foods has increased and become very popular during
recent years. However, many of these food products are perishable and require protec-
tion from spoilage during their preparation, storage and distribution. They may undergo
faster deterioration as a result of physical, chemical and biological processes, including
microbial contamination, which is mostly caused by bacteria, yeasts and moulds as a
result of a low amount or lack of additives. The intrinsic microbial load of food is also
closely related with the production of undesirable effects in foodstuffs, such as changes
in odour, colour, taste, texture, etc. These kinds of changes lead to a reduction in shelf
life which decreases the safety of food and threatens the security of public health. Shelf
life can be defined as the time during which the food product remains safe, preserves
sensory properties and chemical, physical and microbiological characteristics, and com-
plies with any label declaration of nutritional data, when stored under the recommended
conditions [1].

In addition, new risks related with foodborne outbreaks are being encountered becau-
se of changes in food production practices and in the environment, the increase in the
global trade of food and changes to the genetic characteristics of the relevant pathoge-
nic microorganisms [2]. Within the group of bacterial pathogens responsible for most
foodborne infections, Salmonella, Listeria monocytogenes and Escherichia coli O157 can
be highlighted. According to a scientific report of the European Food Safety Authority
(EFSA) [3], Salmonella infection is the second most commonly reported foodborne disease
in humans. The food safety criteria (absence in 25 g) apply to products placed on the market
during their shelf life. A decrease in case numbers has been observed in recent years in
comparison with the past, but cases of salmonellosis are still detected in the European
Union (EU), principally in meat and meat products. L. monocytogenes can contaminate a
wide range of different foodstuffs, and, although cooking at temperatures higher than
65 °C can destroy it, this bacteria is known to multiply at refrigeration temperatures or
even lower [4] and can survive pasteurization [5, 6]. Consequently, L. monocytogenes can
be found in ready-to-eat foods with a relatively long shelf life. The number of cases of
human listeriosis has also decreased compared to the last 10 years. By contrast, foodborne
illness produced by E. coli O157 has increased; this human infection is acquired through
consumption of contaminated food or water by cross-contamination.

As a consequence, one of the food industry’s main objectives is to produce safe, high-
quality food products with a longer shelf life, and to develop innovative food preservation
technologies capable of avoiding foodborne diseases without compromising product
quality and freshness, thus ensuring a safer global food supply [7].

Traditionally, antimicrobial agents have been added directly to food products to extend
their shelf life. However, this method is not always effective because of the possible in-
teractions and chemical reactions produced by additives or ingredients during food pro-
cessing. Moreover, the concentrations of the active agents may decrease owing to their
diffusion into the food matrix and an excessive amount of additives is needed in order to
achieve the antimicrobial effect, with the corresponding risk of modifying the organo-
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leptic properties of the food [8, 9]. To avoid using an excessive amount of antimicrobial
agent, one option is the use of sprays or dips to deliver the compound to the food surface.
However, this method has some drawbacks, such as (i) it involves an additional manu-
facturing step, (ii) it may be disorganized, and (iii) loss of effectiveness of the dip on the
surface may occur owing to diffusion of the antimicrobial compound into the interior
of the food over time [10]. The use of packaging materials as carriers for various active
substances, including antimicrobial compounds, is a promising option to avoid microbial
contamination of foods, and preserve them from deterioration processes. In this sense,
active films can ensure a sustained release of the antimicrobial to the food surface or
headspace of the package during the storage of the product.

Hitherto, the primary functions of a food package are to contain the product, protect it
against physical and environmental damage and provide information [11]. However, in
recent decades the concept of Active Packaging has advanced in science to satisfy the
demand for safe, high-quality food products. Active packaging is defined as a system in
which the product/package/environment interacts to maintain the safety and quality of
the product and to prolong its shelf life [12]. Various active packaging technologies have
been developed in the last decade, such as moisture-control packaging, oxygen and car-
bon dioxide scavengers, polymer films with selective gas permeability, microwave sus-
ceptors and antimicrobial packaging.

The main objective of this Doctoral Thesis was to develop antimicrobial active films ba-
sed on ethylene vinyl alcohol copolymer (EVOH) with antimicrobial compounds and to
characterize their functional properties and, especially, their antimicrobial activity in vi-
tro and in vivo in liquid and solid food systems against different bacteria.

1.1. Antimicrobial active packaging

Antimicrobial active packaging is defined as a packaging system that interacts with the
food product or the surrounding headspace either to kill microorganisms that might be
present in the food product or to inhibit their growth [13, 14]. Antimicrobial packaging
can offer slow, continuous migration of the agent from the packaging material to the
food or the headspace of the package so that an adequate concentration of the antimicro-
bial agent is maintained over the shelf life period of the product [15].

There are basically two methodologies for producing antimicrobial packaging systems: a)
the addition of an independent device, such as a sachet, pad or label containing the an-
timicrobial agent, which is separate from the food product and is included with the food
in a conventional package. The release of the antimicrobial from the devices is triggered
by different stimuli such as moisture generated by product with high or intermediate
water activity, or due to an increment in the storage temperature, pH, etc.; and b) the use
of antimicrobial materials incorporated during the manufacture of the package, that is,
the antimicrobial agent is incorporated in a layer of a multilaminate structure; the active
agent exerts its action by direct contact of the wall package with the food or via its relea-
se from the wall of the package to the food or headspace.

At present, the second methodology is the preferred alternative because the presence of
an extraneous object inside the food package could be accidentally ingested or possibly
be confused with a new sauce, sticker, toy or discount card misleading the function of the
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incorporated device. Any antimicrobial agent deliberately added to a packaging system
to exert antimicrobial activity through its release into the food product must be non-
toxic to human health, and this aspect is controlled by a number of regulatory agencies.
There are several manufacturing techniques for incorporating antimicrobial agents into
the walls of a packaging system. Then can basically be divided into two procedures:

a) Addition of agents that are intended to be released.
b) Immobilization of agents in the package wall with no agent release.

The selection should be based on the type of polymer, the characteristics of the antimi-
crobial agent, and especially the mechanism of action of the agent and the type of food
[7,9].

a) Antimicrobial systems based on the release of the active agent.

In these systems, the antimicrobial compound inhibits microbial growth via its release
from the polymeric material onto the food surface or into the surrounding headspace.
The antimicrobial agent is mixed with the polymer either by dissolution in a common
solvent system from which the film is formed or by melt blending of the agent within the
barrel of an extrusion machine or equivalent device. In both cases the active compound
is distributed in the polymer matrix, homogeneously when polymer and agent are che-
mically compatible, or heterogeneously, forming a multiphase matrix in which sites enri-
ched with the agent can be distinguished. The steps involved in the release of the agent
from the polymer matrix comprise diffusion to the surface of the matrix and partition
in the interface between the matrix and the food or the headspace. The mechanism of
action differs, depending on the volatility of the agent:

1) Volatile compounds. They can be incorporated directly into the polymer solution if
they are compatible, and an active film or structure can be obtained by evaporation
of the solvent. Depending on the volatility of the agent, the drying process may re-
sult in considerable agent loss, limiting the efficiency of the incorporation procedure.
Alternatively, the compound can be incorporated by melt blending in a mechanical-
thermal process such as extrusion. In this case, the agent is heated to polymer melting
temperature, with potential losses by both degradation and evaporation during film
cooling. Whichever procedure is used, the final polymer film acts as a reservoir for
the antimicrobial agents that will be released to the headspace and from the heads-
pace to the food product, primarily during storage. The volatility of the compound,
and its solubility in the food system and the package walls determine the calculation
of the concentration of the compound in the food, which should always be higher
than the minimum inhibitory concentration (MIC), defined as the lowest concentra-
tion required to produce visible inhibition in the growth of microorganisms [16]. Con-
trolled delivery of the volatile is desirable to reach the right concentration during the
product’s shelf life, and restriction of release before packaging is advisable in order
to reduce exhaustion of activity during film storage. The use of volatile antimicrobial
agents is especially recommended for irregularly-shaped solid foods that cannot be
vacuum packaged, that is, where good contact between food and packaging material
is not possible (Figure 1).
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SO2, essential oils, natural herbs and spice extracts are some of the antimicrobial
agents widely used. SOz is commonly used as an antifungal to extend the shelf life of
postharvest foods such as fruit and vegetables [17-19]. Essential oils or their compo-
nents, such as thymol from oregano essential oil or cinnamaldehyde from cinnamon
bark essential oil, have been widely incorporated in many different matrices, either
biodegradable (zein [20]) or synthetic (polypropylene [21]). Cinnamaldehyde has been
incorporated in gliadin films to extend the shelf life of bread and cream cheese [22, 23].

Antimicrobial
packaging layer

Volatile agent

\ ‘ I . Packaging
O c /' headspace

Figure 1. Antimicrobial packaging with volatile agent

2) Non-volatile compounds. As with volatile compounds, non-volatile agents can be
incorporated either by mixing into the film-forming solution or by melt blending du-
ring extrusion procedures. The non-volatility of the compound reduces the loss during
processing, despite the possibility of degradation due to interaction with the polymer
matrix or to the temperature required for film manufacture. The main difference with
respect to the previous group of agents is that, because of their non-volatility, direct
interface contact between the active film and the food is required for release and,
therefore, for any antimicrobial effect on the packaged product. Again, for the activity
to be efficient, the non-volatile compound concentration in the food portion where
the action is required should be higher than the minimum inhibitory concentration
(MIC) during the product’s shelf life. Non-volatile compounds are transported directly
from the packaging materials to the food surface and by diffusion to the food matrix,
and their use is effective for semi-solid or liquid foods where there is excellent food/
package contact and the antimicrobial is quickly distributed in the food, exerting its
action on the whole product (Figure 2).

Organic acids and their salts, enzymes, bacteriocins, natural extracts, etc. have been
used as antimicrobial compounds in packaging applications. For example, natamycin,
a strong antifungal compound, has been incorporated in various biopolymers [24, 25],
and nisin, a polypeptide produced by Lactococcus lactis, has been widely used in pac-
kaging films [26-28].

Volatile and non-volatile antimicrobial agents can be homogeneously distributed into
the polymer package wall or concentrated in an “active layer”, which can be positioned as
the innermost layer, that is, in direct contact with the food, or sandwiched between pas-
sive barriers that modify the extent and kinetics of release of the compounds. Knowledge
of the extent and kinetics of food/packaging interactions and adequate characterization
are essential prerequisites for the design of the right structure which will deliver the
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Antimicrobial packaging layer

Non-volatile agent

N

Figure 2. Antimicrobial packaging with a non-volatile agent

agent at a suitable rate and concentration, and will limit the interaction of undesired
components.

b) Immobilization of the antimicrobial agent on the surface of the polymer film

Antimicrobial agents can be immobilized on the polymer surface of the package, exerting
their antimicrobial activity by direct contact with the food product, or, more specifically,
with the target microorganisms. This technology presents the advantage over the other
technology that avoids the ingestion of the antimicrobial agent because they do not mi-
grate to the food. Since the agents do not migrate, their activity is limited to the contact
surface only (Figure 3). Immobilization of the antimicrobial has been used to create an-
timicrobial surfaces and it is convenient in the packaging of liquid foods where a good
contact with the food is ensured, however, in solid or semi-solid foods, their activity is
restricted to the area of contact between the packaging system and the food, and the-
refore their application is limited to vacuum packaging and/or the manufacture of slice
separators.

Peptide antimicrobials are among the agents commonly immobilized on film surfaces,
especially bacteriocins such as nisin and enzymes such as lysozyme. However, the immo-
bilization of these substances on conventional polyolefin films presents some difficulties.
Their low surface energy, which results in poor printability and coating properties, is also
responsible for their low bonding capacity with antimicrobial agents. To improve these
functional characteristics, various surface treatment techniques have been attempted:
wet chemical treatment with strong acids and bases; oxidation or ionization with ozo-
ne, corona and flame discharge, UV irradiation, ion and electron beam irradiation and
plasma exposure [29-31]. These techniques can introduce reactive functional groups for
subsequent covalent attachment of a specific compound to the functionalized polymer
surface. The quantity or surface density of the groups generated normally depends on
the time and severity of the treatment.
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Antimicrobial immobilizad
on packaging surface

Figure 3. Antimicrobial packaging with the agent immobilized on the surface

1.2. Antimicrobial agents

The use of antimicrobial agents in food packaging can be another hurdle in the con-
trol of the microbial population to provide food products with higher safety and quality.
Synthetic chemical preservatives have been widely incorporated in food packaging to
control microbial growth, but at present most efforts are focused on the use of natural
antimicrobial agents because of consumer demand to minimize chemical additives in
food and the potential health risks derived from them. The selection of antimicrobial
agents depends on their activity against target microorganisms, their compatibility with
the packaging material and their stability during processing.

Various natural compounds are proposed as antimicrobial agents in this Doctoral Thesis:
oregano essential oil (OEO), citral, ethyl lauroyl arginate (LAE), epsilon-polylysine (EPL),
green tea extract (GTE) and lysozyme.

1.2.1. Essential oils

Essential oils (EOs) are aromatic liquids obtained from plant materials (flowers, buds,
seeds, leaves, etc.). Steam distillation is the most common commercial method for extrac-
ting EOs without loss of their properties. It is well known that EOs of spices and plants
have antimicrobial effects. The small terpenoids and phenolic compounds found in their
chemical composition appear to be responsible for their antimicrobial activity [32], as the
pure compounds are able to decrease pathogenic bacteria counts in foods significantly
[33]. The mode of action is considered to be disturbance of the cytoplasmic membrane,
disrupting the proton motive force, electron flow and active transport, and/or coagula-
tion of bacteria cell contents (Figure 4).

There is no general agreement in the literature regarding the antimicrobial activity of
EOs against Gram-positive and Gram-negative bacteria. Most studies have concluded
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Figure 4. Site of action of essential oils

that Gram-positive bacteria are more susceptible. However, several studies report similar
or stronger inhibiting action against Gram-negative bacteria [34, 35].

Oregano essential 0il (OEO) is a natural antimicrobial agent classified as Generally Recog-
nised as Safe (GRAS) by the Food and Drug Administration (FDA) and as a food additive
by the European Union (EU). The chemical composition of OEO is complex and may vary,
depending on the climate, season, etc. The most important constituent is carvacrol,
representing 80% of OEQ, a volatile phenolic compound with strong antibacterial pro-
perties against pathogenic bacteria such as E. coli, L. monocytogenes, etc. and the initial
load of spoilage microbes present in food products [33-38]. Carvacrol is able to interact
with the cell membrane, producing distortion of the physical structure and destabilization
of the membrane, increasing fluidity and passive permeability. It has been applied to
extend the shelf life of various food products, and some studies have already included
this volatile agent in a polymer matrix (Table 1).

Table 1. Carvacrol applications in packaging.

Material Food products
Edible films [39, 40] Strawberries, chicken
Carvacrol Starch-based film [41] Cheddar cheese
Chitosan films [42] Rainbow trout

Lemongrass essential oil (LEO) is a natural antimicrobial agent classified as Generally
Recognised as Safe (GRAS) by the Food and Drug Administration (FDA) and as a food
additive by the European Union (EU). LEO has an assorted composition: Citral, the most
abundant constituent, is a volatile mixture of two double-bound isomers (Figure 5) - neral,
32.2%, and geranial, 41.28% - and has a strong lemon flavour. The antimicrobial activi-
ty has been tested and showed antibacterial action against Gram-negative and Gram-



24

positive organisms, yeast and mould [43-45]. Nevertheless, information regarding the
antimicrobial activity of citral when it is incorporated in a film matrix is limited [46-48].

OH CHO N

CHO

Figure 5. A) Chemical structure of carvacrol and B) Chemical structure of citral (neral and geranial)

1.2.2 Ethyl lauroyl arginate (LAE)

Ethyl lauroyl arginate (N-g-lauroyl-l-arginine ethyl ester monohydrochloride, LAE) is a
cationic surfactant derived from lauric acid, L-arginine and ethanol, which is considered
one of the most potent antimicrobial substances among novel food additives (Figure 6). It
is a white powder soluble in water and stable between pH 3 and 7.

The high antimicrobial activity of LAE has been attributed to its action on the cytoplas-
mic membranes of microorganisms, where it alters their metabolic processes without
causing cellular lysis [49]. Furthermore, because of its low oil-water equilibrium parti-
tion coefficient, LAE tends to concentrate in the aqueous phase of products, where most
bacterial action occurs [50, 51]. LAE has been confirmed to be non-toxic and studies have
demonstrated that LAE degrades to N-lauroyl-L-arginine (LAS), hydrolysis of which re-
sults in the production of arginine, which is converted to ornithine and urea, following
acid catabolism via the urea and citric acid cycles, and excreted in urine [52].

LAE has been evaluated for food safety as antimicrobial in food and classified as GRAS
by the Food and Drug Administration (FDA) and as a food preservative by the European
Food Safety Authority (EFSA).

There is a small number of reports about the use of LAE in food packaging. LAE has been
incorporated in PP and PET [53] and in chitosan film [54].

1.2.3. Epsilon-polylysine (EPL)

Epsilon-polylysine (EPL) was found in Japan by Shima and Sakai (1977). It is a natural
antimicrobial compound produced from aerobic fermentation by Streptomyces albulus,
a non-pathogenic microorganism [55]. The chemical composition is characterized by a
cationic linear homopolymer compound of 25-35 residues of L-lysine connected between
the e-amino and a-carboxyl groups [56, 57] (Figure 7). EPL is highly soluble in water and
has an isoelectric point of 9.0. Epsilon-polylysine resists hot water exposure, and can be
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Figure 6. Chemical structure of LAE

boiled at 100 °C for 30 min or autoclaved at 120 °C for 20 min without degradation [58].
The antimicrobial action of EPL depends on the cationic property of the microorganism
cell surface, with differences between bacteria, fungi and yeasts because of their surface
composition. EPL is absorbed electrostatically onto the cell surface, leading to stripping of
the outer membrane and producing abnormal distribution of cytoplasm [59].

The non-toxicity and safety of EPL has been demonstrated by experiments in rats. In
Japan, EPL has been approved as a food additive at concentrations of 1000-5000 ppm
for sliced fish or fish sushi and at concentrations of 10-500 ppm for the preservation of
rice, soup and vegetables [60, 61]. In 2004, this compound was recognised as safe (GRAS)
by the Food and Drug Administration (FDA) for use as an antimicrobial agent in cooked
or sushi rice at levels up to 50 mg/kg of rice [62].

EPL has been widely used in the food industry as a food preservative [63, 64], emulsi-
fying agent [65], etc. However, information about the incorporation of EPL in a polymer
matrix is limited. Its antimicrobial properties have been studied in edible films [66, 67],
and the effectiveness of whey protein films with EPL has been tested against beef spoi-
lage microbiota [63].

Figure 7. Epsilon-polylysine structure

1.2 4. Green tea extract (GTE)

Tea is a popular beverage, widely consumed by over two thirds of the world’s population.
Tea is made from the leaves of Camellia sinensis and undergoes different manufacturing
processes to obtain green, oolong and black tea.
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In green tea production, the tea leaves retain their green colour and almost all of their ori-
ginal polyphenol content because they are processed with low fermentation, preventing
catechin oxidation by polyphenol oxidases. Green tea has always been considered to have
healthy properties, and its recognized beneficial effect has accelerated research on these
properties. It is linked to lower incidence of various pathological conditions and has well-
known anti-inflammatory, anti-tumour, antioxidative and antimicrobial properties [68].

Green tea extract contains many different compounds which are responsible for its
health-promoting properties. Its most interesting constituents are polyphenols, in par-
ticular catechins. Green tea contains four main catechins (and their respective isomers):
epicatechin (EC), epicatechingallate (ECG), epigallocatechin (EGC), and epigallocatechin-
gallate (EGCG,). Caffeine, free amino acids, organic acids, mineral compounds, etc. are also
found in it [69]. Catechins have strong antioxidant activities owing to their single elec-
tron reduction potential. They can act as antioxidants by donation of hydrogen atoms,
as acceptors of free radicals, as interrupters of chain oxidation reactions, or by chelating
metals [70, 71]. In addition, a number of studies have described their antimicrobial effects
against foodborne pathogens, and the activity of green tea as an antimicrobial agent can
be attributed to the low degree of fermentation [68, 69, 72].

Green tea has been classified as a food additive by the European Union and has already
been incorporated in food or in bioactive packaging systems in order to extend the shelf
life of food products such as pork sausages and bread [73-75].

1.2.5. Lysozyme

Lysozyme was discovered by Alexander Fleming (1922). Lysozyme is an antimicrobial
agent of natural origin present in many tissues and secretions, and is particularly abun-
dant in egg white and many bivalve molluscs [76-80]. Its biological function is mainly
defence from bacterial infection. Lysozyme derived from egg white was the first enzyme
whose three-dimensional structure was determined and characterized [81] (Figure 8). It
is characterized by a single polypeptide chain of 129 amino acids with a molecular weight
of 14,307 Da and isoelectric point of 10.7.

The antimicrobial activity of lysozyme depend on its ability to hydrolyse the beta 1-4
glycosidic bonds between the N-acetylmuramic acid and N-acetylglucosamine of the

Figure 8. Chemical structure of lysozyme [82]
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peptidoglycan present in the bacterial cell wall. The chemical composition of the cell
walls of Gram-positive bacteria differs from that of Gram-negative bacteria. The Gram-
positive cell wall is composed of peptidoglycan, which is freely accessible to the enzyme,
whereas the Gram-negative cell wall is composed of two layers, an inner layer consisting
of a single layer of peptidoglycan and an outer layer consisting of lipopolysaccharide.
The outer layer of these bacteria impedes the action of lysozyme, making it less effective.

There are many factors that can affect the activity of lysozyme: pH, temperature, ionic
environment, the presence of electrolyte or ionic strength, and the accessibility of the
bacterial cell wall.

Lysozyme has been classified as GRAS (Generally Recognized as Safe) by the Food and
Drug Administration (FDA) and as a food additive by the European Union (E 1105). In the
food industry it has been widely used as a food preservative, and it is one of the most
studied natural antimicrobial agents, incorporated in various matrices for packaging
applications (Table 2).

Table 2. Examples of lysozyme incorporated in food packaging materials.

Matrix Incorporation Reference
Polyvinyl alcohol (PVOH) Surface immobilization [83], [84]
Film-forming solution [85]
Nylon Surface immobilization [83]
Cellulose triacetate Surface immobilization [83]
Soy protein Film-forming solution [86]
Corn zein Film-forming solution [86], [87], [88]
Chitosan Film-forming solution [89], [20], [91]
Whey protein Film-forming solution [92]
Polyethylene (PE) Surface immobilization [93]
Sodium caseinate film Film-forming solution [94]
Carboxymethyl cellulose Non-covalent binding [95]

1.3. Polymers used in antimicrobial active packaging

Various polymers have been studied as possible candidates for the incorporation of
antimicrobial agents. Synthetic polymers derived from petroleum have been widely used
to develop antimicrobial packaging, including low-density polyethylene (LDPE) [96, 97],
polyvinyl alcohol (PVOH) [85, 98], polyethylene terephthalate (PET) [99, 100] and
polypropylene (PP) [21, 101]. They have a range of advantages that make them suitable
for food applications, such as low cost, variable barrier properties, transparency, physical
stability, etc.

In the present Doctoral Thesis, ethylene vinyl alcohol copolymers (EVOH) were chosen
as polymer matrices to incorporate or attach various antimicrobial agents.
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1.3.1. Ethylene vinyl alcohol (EVOH)

Ethylene vinyl alcohol copolymers (EVOH) are a family of semi-crystalline copolymers
of ethylene and vinyl alcohol. They are synthesized by polymerization of ethylene and
vinyl acetate to provide the ethylene vinyl acetate (EVA) copolymer followed by hydroly-
sis. EVOH is heat-sealable, like many other semi-crystalline polymers, and its properties
vary strongly with the mole % of ethylene content. EVOH copolymers are commercialized
with an ethylene mole % in the 26 to 48% range (Figure 9).
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Figure 9. Chemical structure of EVOH

The EVOH matrix has the typical morphology of semicrystalline materials, with highly
ordered crystalline structure regions interspersed with disordered amorphous regions.
This morphology, together with the high interchain cohesion caused by hydrogen
bonding, is responsible for its high resistance to the diffusion of gases and solvents.

Furthermore, it has excellent oxygen permeability and a highly hydrophilic nature [102].
Its gas barrier property is the main reason for its use in the design of packaging struc-
tures, especially for oxygen-sensitive products. Table 3 provides a comparison of the
barrier properties of various polymers [103].

EVOH sorbs large amounts of water in the presence of humidity, resulting in plasticization

of the polymer matrix and loss of barrier characteristics. To avoid this effect, EVOH is
commonly sandwiched between two layers of hydrophobic materials.

Table 3. Oxygen permeability (OP) and Water Vapour Permeability (WVP) of various polymers

Material OP wve
(m®.m/m(m?.s.Pa)), 25°C (kg.m/(m” s.Pa)), 38°C
Low-density polyethylene 420 1.0-1.5
(LDPE)
Polyester 3-4 1.0-1.3
(PET)
Polypropylene 150 0.25
(PP)
Ethylene vinyl alcohol 0.05-018 1.4-54

(EVOH)
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Different multilayers containing EVOH as a barrier material are used to preserve food
quality and flavour in convenient packaging. It has been very successful in the market
because EVOH offers flexibility, transparency and a high barrier to gases, flavours and
aromas, and its processability is similar to that of other polyolefins.

Water is the main problem for EVOH when a gas barrier is required, because these
copolymers tend to sorb large amounts of water when exposed to humid environments;
this water swells the polymers and disrupts interchain cohesion, and as a consequence
the mechanical and, especially, barrier properties are severely damaged. This water sen-
sitivity has recently been used in the development of active packages for food, because
food humidity is a potential mechanism for triggering their activity [104-108]. In these
applications, the active agent is added directly to the polymer matrix, and when the
polymer is exposed to a humid environment (that is, the food packaging step) the release
of the active compound starts. Moreover, EVOH provides a suitable chemistry for surface
modification because of the presence of hydroxyl groups.

1.4. Active packaging legislation

As mentioned earlier, active food contact materials absorb or release substances in order
to improve the quality of packaged food or to extend its shelf life. The safety of food
contact materials requires evaluation because substances are deliberately added to migrate
from these materials into the food. The materials should be manufactured in compliance
with European Union (EU) regulations, including Good Manufacturing Practices (GMPs),
so that any potential transfer to food does not present a hazard to human health, change
the composition of the food in an unacceptable way or cause deterioration of its orga-
noleptic characteristics. The general requirements for all food contact materials are laid
down under the EU Framework Regulation EC 1935/2004 and are supported by Regula-
tion EC 2023/2006 on Good Manufacturing Practice.

Regulation EC 450/2009 sets down specific requirements for the use and authorization
of active and intelligent materials and articles intended to come into contact with food.
The regulation also establishes an EU list of substances that can be used in the manu-
facture of these materials. Only substances that are regulated as food additives or food
flavourings may be released into food. According to this Regulation, active and intelligent
packaging may only be placed on the market if it is appropriate and effective for its
intended purpose of use, and it has to be accompanied by a declaration of compliance and
include consumer information at the retail stage, as set out in Article 3 of Regulation EC
1935/2004.

Efforts towards harmonization are taking place and replacing the remaining national
legislation with Community-level regulations, because some food contact materials may
be specifically covered in the national legislation of member states and only partially by
EU regulations [109].

As mentioned in the introductory description of the various antimicrobial compounds,
all the agents used in this work are food additives and, in principle, they can be used in
the manufacture of active packaging systems.
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2. OBJECTIVES

As explained in the Introduction, the technology of antimicrobial active packaging is an
alternative to direct addition of antimicrobial additives which can help to inhibit the pro-
liferation of microorganisms in foods, thus extending the shelf life of the food product.
Compared to direct addition of antimicrobial additives to food, antimicrobial active packa-
ging technologies could stabilize labile additives or avoid interactions and chemical reac-
tions, satisfying consumer demand for products with fewer additives.

The main objective of this Thesis was to develop antimicrobial active films based on ethyle-
ne vinyl alcohol copolymer (EVOH) with antimicrobial compounds and to characterize their
functional properties and, especially, their antimicrobial efficiency.

To achieve this main objective the following partial objectives were set:
1. Selection of the antimicrobial agents and study of their antimicrobial activity in vitro.

2. Development of ethylene vinyl alcohol copolymer films (EVOH29 and EVOH44) with
antimicrobial agents by casting of a polymer solution containing the agents.

3. Development of ethylene vinyl alcohol copolymer (EVOH29 and EVOH44) films with
the antimicrobial agent immobilized on the film surface.

4. Determination of the effect of the incorporation of antimicrobial agents into the poly-
mer matrix on the functional properties of the films.

5. Studies of agent release from films into food simulants and characterization of the pro-
cesses.

6. In vitro evaluation of the antimicrobial properties of the films against selected major
foodborne pathogens.

7. Evaluation of the feasibility of using the antimicrobial films that have been developed
as food packaging materials to enhance the preservation of food products susceptible to
microbial contamination.
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3. CHAPTERS

The main objective of this Doctoral Thesis was the development and characterization of
antimicrobial films based on ethylene vinyl alcohol copolymer (EVOH) with natural an-
timicrobial compounds. For this purpose, two different ways of producing antimicrobial
materials were used: i) the addition of volatile and non-volatile antimicrobial agents to the
film-forming polymer solution and film manufacture by a casting process; and ii) immobi-
lization of the bioactive agent on the film surface by covalent bonding.

The work done to achieve this objective is presented in four separate chapters.

Chapter L. Development of antimicrobial films with volatile compounds

This chapter examines the antimicrobial activity of EVOH29 films with two natural vo-
latile compounds, carvacrol from oregano essential oil and citral from lemon grass. In the
first part, the films developed were used to pack minimally processed salads, combining
modified atmosphere technology (MAP) and active packaging to extend product shelf life
and to reduce possible microbiological risks. In the second part of the chapter the study
was transferred from laboratory scale to semi-industrial scale.

Chapter II. Development of antimicrobial films with non-volatile compounds

The aim of this chapter was the development of antimicrobial films based on EVOH29 and
EVOH44 containing non-volatile antimicrobial compounds intended for active packaging
applications. Two EVOH copolymers (EVOH29 and EVOH44) were selected to determine
the effect of matrix polarity on the antimicrobial behaviour of the active materials. The
antimicrobial activity of the selected agents, ethyl lauroyl arginate and epsilon-polyly-
sine, were studied before they were incorporated into the polymer matrix. Films were
produced by casting and their properties were characterized. The antimicrobial activity
of the films was studied in vitro against pathogenic bacteria and in vivo with various food
matrices. The goal of this chapter was to demonstrate that these antimicrobial films were
excellent candidates to extend food shelf life, providing a continuous antimicrobial effect
against selected major pathogenic bacteria responsible for foodborne illnesses.

Chapter III. Development of antimicrobial films combining volatile and non-volatile
compounds

The proposal of this chapter focuses on combining a volatile oregano essential oil (OEO)
and a non-volatile antimicrobial compound, green tea extract, in two EVOH copolymers
(EVOH29 and EVOH44). This type of packaging technology is an optional system that
merges the beneficial effects of volatile and non-volatile agents and may reduce the
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amount of each antimicrobial that is required compared with the amount demanded
when used alone. Experiments were performed to study the release kinetics from EVOH
films to different food stimulants of the compounds with greater antimicrobial activity
present in the essential oil and in the extract. The antimicrobial activity against pathoge-
nic bacteria and moulds was also studied.

Chapter IV. Development of antimicrobial films by immobilization of the bioactive
agent on the polymer surface

The objective of this chapter was to develop a new antimicrobial film in which lysozyme
was covalently attached to the surface of EVOH29 and EVOH44 films. The antimicrobial
activity of the films was tested against L. monocytogenes. It is proposed that these films
should be applied as the inner surface of a package in which direct contact between the
inner layer and a fluid food will produce improved food stability without the addition (or
release) of additives.
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CHAPTER L

DEVELOPMENT OF
ANTIMICROBIAL FILMS WITH
VOLATILE COMPOUNDS

ARTICLE 1.
DEVELOPMENT OF ANTIMICROBIAL FILMS FOR MICROBIOLOGICAL
CONTROL OF PACKAGED SALAD

ARTICLE 2.

EVALUATION OF EVOH-COATED PP FILMS WITH OREGANO
ESSENTIAL OIL AND CITRAL TO IMPROVE THE SHELF-LIFE OF
PACKAGED SALAD
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ABSTRACT

The aim of the present work was to characterize the antimicrobial efficiency of films con-
sisting of PP/EVOH structures with oregano essential oil and citral. Both substances are
known for their antimicrobial activity based on their interaction with the cell membrane.
The films developed were used to pack minimally-processed salads, combining modified
atmosphere technology to extend shelf-life and active packaging technology to reduce
possible microbiological risks. The antimicrobial activity of the films against the patho-
genic microorganisms E. coli, S. enterica and L. monocytogenes and natural microflora was
investigated in vitro and also on the food itself. The effect of release of the antimicrobial
agent on the sensory characteristics of the salad was also studied. The results showed
that antimicrobial activity reduced spoilage flora on the salad as well as inhibiting the
growth of pathogens in contaminated salads. This effect was greater against Gram-nega-
tive bacteria. Sensory studies showed that the package that was most effective and most
accepted by customers was the one containing 5% oregano essential oil.

Keywords: antimicrobial packaging, oregano, citral, EVOH, antimicrobial release,
pathogens, fresh salad
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1. INTRODUCTION

New trends in nutrition and modern lifes-
tyle are producing an increasing demand
for “ready-to-eat” products. Minimally pro-
cessed salads are among the most reques-
ted products because they provide high
nutritional value while maintaining their
freshness appeal. Vegetables are conside-
red essential in a balanced diet and part of
the Mediterranean diet [1]. Minimally pro-
cessed salads are manufactured by using
several basic processes, including washing,
sorting, cutting and peeling or slicing [2].
These operations may lead to cross-conta-
mination, whereby even a small affected
part of a vegetable can be responsible for
contamination of the whole food sample.
As a consequence, this microbiological con-
tamination can alter fresh produce quality
and safety and cause important foodborne
illnesses.

Since there is no strategy for achieving
complete elimination of hazardous mi-
croorganisms on fresh produce without
affecting product quality [3], and there has
been a great increase in the sale of fresh
produce, the number of documented out-
breaks of human infections related to the
consumption of minimally processed vege-
tables has increased considerably in recent
decades [4]. In general, decontamination of
fresh vegetables is based on the application
of chlorine, although there is industrial de-
mand for natural alternative disinfectants
[5]. Currently, there is increasing consumer
pressure to replace chemically synthesized
antimicrobials with natural alternatives in
order to ensure food safety [6)].

In this context, plant essential oils are at-
tracting interest because of their poten-
tial as natural food preservatives, having
a wide spectrum of antimicrobial activity,
with potential for control of foodborne

pathogens and spoilage bacteria associated
with “ready-to-eat” vegetables [5, 7]. Essen-
tial oils of spices and plants significantly
decrease the pathogenic bacteria counts of
foods [8], with small terpenoids and pheno-
lic compounds appearing to be responsible
for their antimicrobial activity [9]. In this
work, oregano essential oil and citral were
selected as natural antimicrobial agents.
80% of oregano essential oil is carvacrol
[10], a volatile phenolic compound charac-
terized by strong antibacterial properties
[7, 8,11, 12]. Citral is a volatile monoterpe-
noid containing an aldehyde group with a
strong lemon flavour and is the main cons-
tituent of the lemon grass plant [2, 13]. The
antimicrobial activity of citron oil and ci-
tral has been tested on fruit-based salads,
among other kinds of food [14].

Oregano essential oil and citral are classi-
fied as GRAS (Generally Recognised as Safe)
by the Food Drug Administration (FDA)
and as food additives by the European
Union. However their use in food preser-
vation remains limited, mainly because of
their intense aroma, which could cause de-
terioration in the organoleptic properties
of food. To minimize the dose required, an
alternative would be the use of polymeric
matrices as vehicles for these natural com-
pounds. The major advantage of this tech-
nology is that because of the slow diffusion
of the antimicrobial agent in the package
wall the compound is released in a contro-
lled way on the product surface (where the
contamination is highest). This method is
more effective than applying the antimi-
crobial agent directly on the surface of the
product via a spray solution and can reduce
the organoleptic impact [15].

An issue associated with minimally pro-
cessed vegetables is their limited shelf
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life, which is usually no more than 8 days
when stored in adequate conditions [13].
Currently, novel mild preservation tech-
niques, particularly Modified Atmosphere
Packaging (MAP), are increasingly being
used for fresh-cut salad to ensure safety
and quality, extending the period of com-
mercialization. The positive effect of MAP
on shelf life is the reduction in their rate
of respiration and their metabolic and bio-
chemical activities [16]. Active antimicro-
bial packaging is a possible improvement
of MAP to enhance the quality, safety and
shelf life of this kind of product, in which
antimicrobial agents are added directly to
the packaging material [17]. The volatile an-
timicrobial agents are incorporated into the
polymer mass and released into the heads-
pace surrounding the food.

In this work, ethylene-vinyl alcohol copo-
lymer (EVOH) was used as a matrix to in-
corporate the natural antimicrobial agents.
EVOH is a common packaging material
that has excellent oxygen barrier proper-

ties and a highly hydrophilic nature [17].
Furthermore, EVOH materials have been
used recently as matrices for the develop-
ment of active packaging systems, whe-
re the polymer protects the active agents
during storage and triggers their activity
on exposure to a humid environment (the
food product) [18-20]. Since polypropylene
(PP) bags are known to provide excellent
functional properties for the packaging
of minimally processed fresh produce in
MAP [21], active EVOH was applied as a
coating on PP film.

The aim of the present work was to deve-
lop a new antimicrobial active packaging
consisting of PP/EVOH bags incorporating
oregano essential oil or citral to be applied
in the packaging of salad, and to characte-
rize the antimicrobial effect of the package
against E. coli, S. enterica and L. monocyto-
genes and food spoilage flora and the in-
fluence of the essential oils on the sensory
attributes of the product.

2. MATERIALS AND METHODS

2.1 Chemicals and reagents

Ethylene vinyl alcohol copolymer with a
29% ethylene molar content (EVOH) was
kindly provided by The Nippon Synthetic
Chemical Company (Osaka, Japan). 1-pro-
panol, dimethyl sulfoxide (DMSO), orega-
no essential oil (CAS No: 8007-11-2) and
citral (CAS No: 5392-40-5) were purchased
from Sigma (Madrid, Spain). Polypropylene
films and bags and salads were provided by
Verdifresh (Ribarroja, Valencia, Spain). Sa-
lads: lettuce, carrot and red cabbage, were
purchased from Verdifresh (Ribarroja, Va-
lencia, Spain). Water was obtained from a
Milli-Q Plus purification system (Millipore,
Molsheim, France).

2.2 Film preparation

The polymer was dissolved in a 1:1 (v/v)
1-propanol/water mixture at 50 °C. The
solution was stirred for 30 min using a
magnetic stirrer hotplate. Then a concen-
tration of 5% or 10% oregano essential oil
or citral was added and the mixture was
stirred again for about 15 min. The 30 pym
thick PP films (28x40 cm) were attached to
a glass plate and radiated for 60 minutes
under an UV lamp Xe-Excimer with 6 W
at 172 nm (UV-Consulting Peschl Espania,
Valencia, Spain) to improve the adhesion
of the coating. 5 mL of the EVOH solution
was spread over it using a bar coater; it was
placed in a drying tunnel equipped with



a 2500 W heat source for 10 min until it
was completely dry. Finally, the films were
stored in glass desiccators at 22 °C and 0%
RH prior to use. Control films were obtai-
ned without essential oils. EVOH-coated
PP films were used to make 15x25 cm bags.
Thickness of the coating was determined
with a digital micrometer (Mitutoyo, Osa-
ka, Japan).

2.3 Identification and quantification of vo-
latile compounds

The carvacrol and citral compounds were
analysed using a Dynatherm Thermal
Desorber (Teknokroma S.A., Barcelona)
connected in series to the column of an
HP5890 Series 1I Plus (Agilent Technologies,
Wilmington, DE, USA) gas chromatograph
(GC) via heated transfer line. 1 cm? of the
film was inserted into an empty desorp-
tion tube. The tube was placed in the des-
orption chamber, which was immediately
sealed. Conditions for desorption were as
follows: desorption temperature 220 °C,
transfer line 230 °C, desorption time 7 min.
The GC was equipped with an Ultra (30 m,
0.32 mm, 0.25 pm) column and flame ioni-
zation detector. After the analysis, the film
sample was recovered from the desorption
tube and weighed on an analytical balance.
The thermal desorption - gas chromatogra-
phy system was previously calibrated by
measuring different amounts of carvacrol
or citral [22].

2.4 Antimicrobial tests
2.4.1 Strains

The following foodborne microbial strains
were obtained from the Spanish Type Cul-
ture Collection (Valencia, Spain) and selec-
ted for use in the assays because of their
importance in the food industry: the Gram-
negative bacteria Escherichia coli CECT
434 (ATCC 25922) and Salmonella enterica
CECT 4300 (ATCC 13076); and the Gram-
positive bacterium Listeria monocytogenes
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CECT 4032 (ATCC 33090). The strains
were stored in Tryptone Soy Broth purcha-
sed from Scharlab (Barcelona, Spain) with
20% glycerol at -80 °C until needed. For
experimental use, the stock cultures were
maintained by regular subculture on agar
Tryptone Soy Agar from Scharlab (Barce-
lona, Spain) slants at 4 °C and transferred
monthly. Prior to the experiment, a loopful
of each strain was transferred to 10 mL of
TSB and incubated at 37 °C for 18 h to ob-
tain early-stationary phase cells.

2.4.2 Carvacrol and citral vapour inhibition
assay

100 pL of a bacteria suspension containing
approximately 107 CFU/mL was spread
over the TSA surface. Each pure essential
oil was diluted in DMSO to obtain serial
concentrations. Dilutions were added to 25
mm sterile blank filter discs and adhered
to the lid of a Petri dish. Plates were sealed
with parafilm to reduce leakage of the vo-
latile agent. Plates were incubated at 37 °C
for 24 h and the diameter of the resulting
inhibition zone in the bacterial lawn was
measured. Blanks prepared by adding 100
pL of DMSO to the filter discs showed that
the DMSO did not have any effect against
any of the microorganisms tested.

Similarly, discs of the antimicrobial films
(25 mm in diameter) were adhered to the
lid of a Petri dish, without direct contact
with the microorganism. The Petri dishes
and film assembly were sealed with para-
film and incubated under the conditions
previously described. After the incubation
period, the diameter of the resulting in-
hibition zone was measured. Controls
without films and blanks with PP/EVOH
films (without active compounds) were also
tested. The experiment was carried out in
triplicate.

The antimicrobial capacity of the PP/
EVOH bags, with oregano essential oil or
citral, against E. coli, S. enteric and L. mono-
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cytogenes was studied. The inoculated Petri
dishes were put into bags and sealed. The
bags were stored for 8 days under refrige-
ration conditions, the first 5 days at 4 °C
and the last 3 days at abusive temperature
(8 °C). Finally, the bags were opened under
sterile conditions, lidded and incubated at
optimal temperature (37 °C for 24 h).

2.4.3 Antimicrobial activity of films in mi-
croflora of minimally processed salad

The antimicrobial activity of the films was
tested in vivo, by packaging 250 g of salad
in bags manufactured with the PP/EVOH
films developed. The packaging was done
at Verdifresh (Ribarroja, Valencia, Spain)
with a MULTIVAC A-NG 85021 packaging
unit, and with an atmospheric composition
of 12% COz and 4% Oa.

Analyses were performed on the 1%t and
8" days after packaging to check for the
effect at the beginning of the storage when
the agent concentrations should be maxi-
ma and the long-range effect when low
concentration of antimicrobial should re-
main [22] . Samples were maintained at 4
°C for the first 5days and at 8 °C for the last
3 days. 25-g samples were weighed in ste-
rile Stomacher bags, diluted with 10 mL of
peptone water (Scharlab, Barcelona, Spain)
and homogenized in Stomacher for 3 min
(IUL S.L., Barcelona). Ten-fold dilution se-
ries were made in the same saline solution
for plating. The enumeration of particular
microbial groups was performed by using
the following media (Scharlab, Barcelona,
Spain) and culture conditions: a) Nutrient
Agar for total aerobic plate count, pour-
plated and incubated at 30 °C for 48 h, and
also for total aerobic psychotropic count,
pour-plated and incubated at 10 °C for 10
days; b) MEA for yeasts and moulds, pour-
plated and incubated at 25 °C for 5 days; ¢)
VRBD agar for total enterobacteria, pour-
plated, overlaid with the same medium and
incubated aerobically at 37 °C for 48 h. The
counts were performed in triplicate.

2.4.4 Antimicrobial activity of films against
pathogenic microorganisms in minimally
processed salads

Tests conditions for pathogenic bacteria
were selected following the works of Lang
et al. (2004) with some modifications [23].
In brief, bags were prepared with 25 g of
freshly prepared salad, inoculating a con-
centration of 10’ CFU/mL of pure pathoge-
nic microorganism. The bags were sealed
and stored for 2days at 4 °C. Then the sam-
ples (25 g) were placed in sterile Stomacher
bags, diluted with 25 mL of peptone water
(Scharlab, Barcelona, Spain) and homoge-
nized in Stomacher for 3 min. Serial dilu-
tions were carried out and plated on selec-
tive media: brilliant green agar and palcam
listeria selective agar (Scharlab, Barcelona,
Spain). Colonies were counted after in-
cubation at 37 °C for 48 h. Samples were
analysed in triplicate.

2.5 Sensory analyses

All sensory tests were carried out on the
1%t and 8" days after packaging.

Visual appearance, odour and general ac-
ceptability were evaluated by an untrained
panel (44 judges). The tests were done in a
standardized test room (ISO 8589-2007).
Samples of salad were placed in transpa-
rent glasses, covered with parafilm and
identified by three-digit codes.

The sensory test consisted of two parts.
First, a 9-point hedonic scale was used
(1=dislike extremely, 5=neither like nor dis-
like, 9=like extremely) to determine the sen-
sory properties: visual appearance, odour
and general acceptability of four different
samples: salad packaged with 10% and 5%
of oregano essential oil and salad packaged
with 10% and 5% of citral. The Williams
method for constructing such designs was
applied to the sensory studies [24].

Second, the sample with the highest scores



and a control sample were evaluated by
paired comparison test (ISO 5495-2005).

2.6 Statistical analysis

Statistical analysis of the microbiological
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and sensory data was performed by one-
way ANOVA study. P-values of 0.05 or less
were considered significant. The design of
the sensory evaluation and the data analy-
sis were carried out with Compusense Five
software (release 5.5, Ontario, Canada).

3. RESULTS AND DISCUSSION

EVOH coatings containing 5 and 10% ore-
gano essential oil (5% OEO and 10% OEQO)
or citral (5% citral and 10% citral) were pre-
pared on PP films as described in the ex-
perimental section. PP/EVOH film without
antimicrobial agent was also obtained as
control (control). The coatings of EVOH
were transparent and without disconti-
nuities, with an average thickness of 3.0 £
0.5 pm, value obtained by susbtracting the
thickness of the uncoated film from that of
the coated one. EVOH is known for its high
barrier characteristics in dry which are se-
verely reduced by the presence of humi-
dity. Since the package developed here is
for a fresh produce, a large reduction of
permeability could imply the development
of fermentative processes. The permeance
of the materials were measured in dry and
wet conditions (?20% RH). The permeance
of the uncoated PP film (control) was 1300
cc/m?.day.atm in both conditions. The coa-
ted materials presented a permeance of 5
cc/m?day.atm in dry conditions and 1000
ce/m?day.atm at 90% RH which should be
higher when in contact with the salad (98%
RH). Therefore, no relevant permeance
effect should be expected by the addition
of the EVOH coating.

Since carvacrol is the major component of
oregano essential oil and is mainly respon-
sible for its antibacterial properties [8, 10],
carvacrol was the only component of the
OEO monitored in this study. The carva-
crol and citral amounts retained in the coa-

tings were measured by Thermal Desorp-
tion-Gas Chromatography. Films with 5%
oregano essential oil had a final carvacrol
concentration of 2.8 + 0.2% and the films
with 10% OEO had 6.7 + 0.4%. These re-
sults show a loss of carvacrol of about 20%,
which can be attributed to evaporation du-
ring the drying process. The films with ci-
tral had higher losses owing to its higher
volatility. The final concentrations were 1.8
+ 0.2% and 5 £+ 0.2% for the samples with
nominal 5 and 10% citral, respectively.

The film samples obtained were stored
in desiccators with silica gel. In these dry
storage conditions, the concentration of
the agents was maintained constant for 3
months. EVOH is characterized by its ex-
cellent gas and organic vapour barrier pro-
perties when dry, and therefore the release
of carvacrol or citral is highly impeded in
these storage conditions [17, 25].

3.1 Antimicrobial activity of the agents in
the vapour phase

The antimicrobial effects of carvacrol and
citral in the vapour phase against E. coli,
S. enterica and L. monocytogenes were de-
termined by the disc diffusion method as
described in the experimental section. The
inhibitory effect of carvacrol and citral is
presented in Table 1. Although a clearly
defined inhibition halo was not seen with
the addition of 2.5 mg of OEO or citral,
it was possible to observe a reduction in
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growth for each of the three strains, a
visible decrease in microbial density on
the Petri dish which we have called a re-
traction zone. No inhibition was observed
with the addition of lower amounts of the
antimicrobial agents, and therefore 2.5 mg
was the minimum inhibitory concentra-
tion (MIC), defined as the lowest concen-
tration of active compound that yields in-
hibition of microorganism [26, 27].

As shown in Table 1, 3 mg of citral produ-
ced a zone of inhibition against E. coli and
L. monocytogenes, and a higher amount
was necessary for S. enterica (5 mg). By in-
creasing the amount of citral used in the
assay, a higher zone of inhibition against
the microorganism was obtained. Growth
was totally inhibited with 7 mg of citral.

Oregano essential oil produced a simi-
lar antimicrobial effect. However, a total
inhibition zone was not observed even
with a higher amount of oil (50 mg). An
inhibition zone of 5.5 cm in diameter was
formed with this large quantity. The rea-
son for this effect is probably the DMSQO;
even though DMSO is an excellent solvent
for essential oils, it may interfere with the
release of carvacrol into the headspace. As
can be seen in Table 1, the addition of 50
mg of oregano essential oil without DMSO
produced a total inhibition zone. DMSO
was used to standardize the volume added
to the filter paper, but it also appeared as
an unexpected factor that affected release
of the agent.

3.2 Antimicrobial activity of the agents
incorporated in the PP/EVOH films by va-
pour phase inhibition assay

The antimicrobial activity of the PP/EVOH
films was studied by the disc diffusion
method. Table 2 shows the results obtained
for the four films and the three microor-
ganisms.

PP/EVOH films with 5% and 10% citral

produced a retraction zone for all three
microorganisms tested, with no differen-
ces between the two concentrations tested.
Considering the film sample used and the
nominal citral concentration, the amounts
of citral incorporated in the Petri dish were
90 and 180 pg for the 5% citral and 10%
citral films (32 and 90 pg considering the
amount of agent actually retained in the
films). These values are much lower than
those observed in the test with the paper
disc.

The coatings incorporating 5% and 10%
oregano essential oil produced a retraction
zone for L. monocytogenes. However, clear
inhibition zones of 7.25 cm for 5% OEO
and total inhibition for 10% OEO against
the two Gram-negative bacteria, E. coli and
S. enterica, were observed, even though the
amounts of OEO inserted in the Petri dis-
hes were 90 and 180 pg (nominal values),
much lower than the MIC measured with
the paper discs.

These values were indicative that incor-
poration of the agent in the EVOH coating
provides more antimicrobial activity than
its incorporation in the paper disc. The rea-
son for this effect is probably the differen-
ce in compatibility between substrate and
antimicrobial agents. EVOH copolymer is
a polar hydrophilic material, and it is well
known that it plasticizes in the presence of
high relative humidity, so that the polymer
increases the polarity and reduces com-
patibility with nonpolar additives [18, 28].
Consequently, the antimicrobial agents
reach the polymer surface and are quickly
released into the atmosphere. In contrast,
with the paper disc, the agents can get
caught on the fibres of the paper disc and
their release may be delayed. Also, the pre-
sence of DMSO might affect release from
the paper, as mentioned above.

PP/EVOH films with oregano essential oil
were more effective against the Gram-
negative (E. coli and S. enterica) bacteria,
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Table 1. Effect of the amount of citral and oregano essential oil (OEO) on the growth inhibition of E.
coli, S. enterica and L. monocytogenes determined using the disc diffusion method (agents added in
DMSO solution, * pure OEO) (Retraction zone: a visible decrease in microbial density on the Petri dish)

Zone of inhibition (cm)

CITRAL (mg) E. coli S. enterica L. monocytogenes
2.5 2.25 Retraction zone 1.00
3 2.25 Retraction zone 1.00
4 2.25 Retraction zone 1.50
5 475 3.75 450
6 8.00 8.50 8.50
7 8.50 8.50 8.50
OEO (mg) E. coli S. enterica L. monocytogenes
2.5 Retraction zone Retraction zone Retraction zone
3 1.00 1.75 Retraction zone
4 3.00 3.50 1.75
5 3.25 3.50 3.00
6 3.50 3.50 3.50
15 3.25 3.25 4.00
20 4.25 3.25 4.00
25 4.25 450 4.50
50 575 5.50 5.50
50* 8.50 8.50 8.50

producing an inhibition zone. This effect
is probably caused by the affinity for the
agents, especially for carvacrol, for the li-
pids of the outer membrane of Gram-nega-
tive bacteria, and the subsequent destabi-
lization of the membrane, increase of the
permeability of the cytoplasmic membrane
and release of ions and cellular compounds
[8]. Moreover, it has been reported that the
cells of the microorganisms grown in the
presence of non-lethal concentrations of
carvacrol repress the synthesis of a phos-
pholipid which is replaced by the synthesis
of two additional phospholipids [8, 29].

Although most of the studies investigating
the action of essential oils against food
spoilage and foodborne pathogens have
concluded that Gram-positive bacteria are
more susceptible, several studies reflect si-

milar or stronger inhibiting action against
Gram-negative bacteria. Deans and Ritchie
found no difference in the effectiveness of
50 commercial essential oils against the two
types of bacteria [30]. Outtara et al. (1997)
observed that several plant essential oils,
including thyme and oregano, produced si-
milar effects on Gram-negative and Gram-
positive bacteria after a 24 h treatment,
while the inhibition effect appeared to be
higher against Gram-negative bacteria af-
ter a 48 h treatment [31]. Also, variation in
the composition of the essential oil samples
[32] may be sufficient to cause variability
in inhibition of Gram-negative and Gram-
positive bacteria.

In another study, Petri dishes inoculated
with 107 CFU/mL of E. coli, S. enterica, and
L. monocytogenes were packaged in bags
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manufactured with PP/EVOH films. No
antimicrobial effect was observed in sam-
ples packaged with the control bag (PP/
EVOH without agent), indicating that the
gas barrier of the hermetic bag did not pro-
vide bactericidal or bacteriostatic effects. A
total inhibition of bacterial growth of E. coli
(Figure 1) and S. enterica by bags manufac-
tured with the four active films (5% citral,
10% citral, 5% OEO and 10% OEO) was ob-
served. Similar results were observed for
L. monocytogenes in samples stored in bags
with 5% OEO, 10% OEO and 10% citral.
However, with 5% citral a retraction was
observed for L. monocytogenes. As noted
above, a lower antimicrobial effect against
L. monocytogenes may be observed because
a higher concentration is required to achie-
ve an inhibition effect.

The higher effectiveness of the agents in
this study in comparison with the paper
and film disc diffusion assays (Tables 1 and
2) is ascribable to the fact that the greater
surface area (750 cm?) of the bags and the
hermetic seal caused a higher compound
concentration in the headspace than in the
Petri dishes.

3.3 Antimicrobial activity of active films on
microflora of minimally processed salads

Salad samples were packaged under mo-
dified atmosphere (MAP) using PP/EVOH
films with oregano essential oil and citral
at 5% and 10% nominal concentrations and
stored at 4 °C for 5days and then at 8 °C for
3 days, simulating commercial conditions

of production, transport and commerciali-
zation. This conditions were previously de-
termined by Lopez-Galvez [3]. The samples
were subjected to microbiological analysis
on the 15t day and the 8" day of refrigera-
ted storage. The results of microbiological
counts of minimally processed salad sam-
ples are shown in Table 3.

On the 1% day of storage, the total aerobic
counts for salad packaged with the active
samples showed a significant decrease in
comparison with the control sample. OEO
10% and citral 10% samples had reductions
of 1.89 log and 1.91 log respectively. With
storage time, the aerobic population in-
creased above 5 log in all cases, although a
significant reduction in CFU was observed
in all the active samples.

The enterobacteria count was reduced only
in samples packaged with films containing
10% of active agent; for example, use of the
OEO 10% film reduced the enterobacteria
count by 0.57 log after the first storage day.
Similar results were observed after 8 days
of storage. Citral 10% and OEO 10% sam-
ples produced a bacteria reduction of about
0.6 log. Although high levels of enterobac-
teria are common in raw vegetables, it is
reported that they are not used to indicate
the microbiological quality of fresh vegeta-
bles [33]. In any case, the films developed
here reduced the counts of these spoilage
organisms.

Table 3 also shows the antifungal effecti-
veness of the active films. After the 15t day

Table 2. Antibacterial activity of PP/EVOH films with oregano essential oil (OEO) and citral against

E. coli, S. enterica and L. monocytogenes.

Coating Zone of inhibition (cm)

E. coli S. enterica L. monocytogenes
OEQ 5% 7.25 7.25 Retraction zone
Citral 5% Retraction zone Retraction zone Retraction zone
OEO 10% 8.50 8.50 Retraction zone

Citral 10% Retraction zone

Retraction zone Retraction zone




of storage, a relevant significant antifungal
effect was only shown by the films incor-
porating the higher antimicrobial concen-
trations. At the end of the storage period,
all the active coatings produced significant
inhibition, with a reduction of about 1 log.
The OEO 5% coating also provided antifun-
gal activity, although the reduction was
lower than for the other three treatments.

It is well known that psychotropic bacteria
are able to grow at refrigerator tempera-
ture. The samples packaged with the OEO
10% and citral 10% films showed an inhibi-
tion of approximately 0.5 log at the begin-
ning of storage at 4 °C. However, there was
no measurable effect after 8 days of stora-
ge, probably because psychotropic bacteria
counts increase at 8 °C and they reached a
stationary state before the day of analysis.

From this study, it can be concluded that
the active films developed provide inhi-
bition of aerobic psychotropic bacteria in
the first stages of the storage period, when
the concentration of the agent in the pac-
kage headspace is higher and the storage
temperature lower. The counts of these
bacteria increase by the end of the salad
shelf life, and the protection of the film,
although significant (p<0.05), is less and
probably of no practical value. In the case
of enterobacteria, the reduction is only sig-
nificant for the films containing the higher
concentrations of the agents, and it pro-
duces a similar effect on day 1 and at the
end of the storage period. As for yeast and
moulds, the active principles appear to be
very effective and practically inhibit their
growth during the storage period [34-36].

3.4 Antimicrobial activity of films against
pathogenic microorganisms in minimally
processed vegetables

The salads were inoculated with the patho-
genic microorganisms E. coli, S. enterica and
L. monocytogenes, packaged in bags with
the films developed and stored for two days
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Figure 1. Antimicrobial effect against E. coli of
bags coated with EVOH with O, 5 and 10% ore-
gano essential oil (A) and citral (B). Stored for 8
days, the first 5 days at 4 °C and the last
3daysat 8 °C.

at 4 °C. These tests conditions were selected
following the works of Lang et al. (2004) as
described in the experimental section.

The inhibitory effect of PP/EVOH films
with oregano essential oil and citral on of
E. coli, S. enterica and L. monocytogenes is
shown in Table 4. Samples stored in the ac-
tive bags had a significant inhibitory effect
against both Gram-negative bacteria tes-
ted. Samples contaminated with S. enterica
and packaged with the active films presen-
ted a similar behaviour. Compared with the
control sample, the presence of the volatile
antimicrobial agents produced a reduction
of between 0.3 and 0.5 log CFU; the greater
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Table 3. Enumeration of microbial population in mixed salad packages: total aerobic, enterobacte-
ria, yeast and psychotropic bacteria on 15t and 8™ days of storage.

TOTAL AEROBIC
Coating Day 1 Day 8
Adding Log Reduction Log Reduction
Control 535+ 0.04c 6.09+0.03 ¢
OEO 5% 512+ 0.03b -0.23 578+ 0.01b -0.31
Citral 5% 509+ 0.07b -0.26 5.31+0.00 a -0.78
OEO 10% 3.46+0.10a -1.89 584+017b -0.25
Citral 10% 344+011a -1.91 578+ 0.03b -0.31
ENTEROBACTERIA
Control 380+0.26b 448+ 0.03b
OEO 5% 4.09+0.07b - 477+047b -
Citral 5% 382+030b - 438+ 0.13ab -0.10
OEO 10% 323+0.04a -0.57 3.90+014a -0.58
Citral 10% 3.63+0.10ab -0.17 3.85+0.12a -0.64
YEASTS AND MOULDS
Control 494 +0.08b 595+ 0.07d
OEO 5% 504 +0.08b : 559 +0.09c -0.33
Citral 5% 490+0.05b -0.04 503+0.05b -0.92
OEO 10% 432+021a -0.62 4.83+0.09a -1.12
Citral 10% 4.68+0.03ab -0.26 496+0.01ab -1.00
PSYCHOTROPIC
Control 490+0.02¢ 598+0.01b
OEOQO 5% 495+0.03c¢ - 595+0.04b -
Citral 5% 475+0.09b -0.15 478+010a -1.20
OEO 10% 4.43+0.09 a -0.47 590+ 0.05b -0.08
Citral 10% 4.41+0.03a -0.50 591+0.05b -0.07

a7¢ Values within a column followed by a different lower-case letter are significantly different

from each other (analysis of variance P < 0.05).

the concentration of the agent, the higher
the reduction.

In the case of the samples contaminated
with E. coli, the bags containing the agents
at 5% presented little or no effect. More
effective activity was observed in the sam-
ples with a higher concentration of oils,
both producing a significant reduction in
bacterial counts. Interestingly, the OEO

10% film was the most effective against this
pathogen. Also, this sample was the only
one that had a relevant effect on L. mo-
nocytogenes, in agreement with the lesser
effectiveness of the selected agents against
Gram-positive bacteria.

As commented earlier, the four active bags
provided total inhibition against these
three microorganisms placed on agar in Pe-



tri dishes. In the study with real foodstuffs
lower effects were observed, which can be
attributed to partial sorption of the agent
in the food, with a subsequent reduction
of concentration in the vapour phase. A re-
duction of antimicrobial activity essential
oils due to the nature of the food matrix has
been documented [8, 14, 37]. Thus, higher
concentrations of plant essential oils are
generally required when added to food [7].
However, the application of essential oils
in food may be limited owing to changes in
the organoleptic and textural quality of the
food or interactions of these compounds
with food components [38].

3.5 Sensory analyses

The use of essential oils in ready-to-eat
food may have a significant sensory impact
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that could result in non-acceptance by the
consumer. For this reason, sensory analy-
ses were carried out on the salads packaged
with the films developed.

First, the effects of the addition of different
agent concentrations and kinds of agents
on the sensory properties of odour accep-
tability, visual appearance and general ac-
ceptability were studied. ANOVA analysis
of data showed that the assessors percei-
ved significant differences only in odour
acceptability and general acceptability,
depending on the agent concentration (5
or 10%) as shown in Table 5. It can be seen
in Table 6 that the increase in agent con-
centration leads to odour deterioration and
therefore a decrease in acceptability of all
samples. In terms of visual appearance, no
significant differences were observed bet-

Table 4. Antimicrobial effects against E. coli, S. enterica and L. monocytogenes tested at 4 °C after 2
days of storage in contaminated packaged salad.

E. coli
Coating Log CFU Log Reduction
Control 6.51+0.05d
OEO 5% 6.58 £ 0.04 d
Citral 5% 6.38+0.06 ¢ -0.12
OEO 10% 511+0.03a -1.40
Citral 10% 6.15+0.03b -0.36
S. enterica
Control 6.85+0.01c
OEO 5% 6.52+0.06b -0.32
Citral 5% 6.51+0.01b -0.34
OEO 10% 6.35+0.02a -0.50
Citral 10% 6.43+0.02 ab -0.41
L. monocytogenes
Control 6.41+0.03b
OEO 5% 6.45+0.04b
Citral 5% 6.54+0.06b
OEO 10% 6.05+0.05a -0.36
Citral 10% 656+0.04b

@7 ¢ Values within a column followed by a different lower-case letter are significantly different
from each other (analysis of variance P < 0.05).
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Table 5. Influence of the different antimicrobial agents and concentration on odour acceptability,
visual appearance and general acceptability on the 15t day and the 8" day of storage. Results of the

F and p values.

Day 1
Acceptability
FACTORS Odour Visual appearance General
F p F p F p
A 1.451 0.230 0.987 0.322 1.496 0.223
B 6.890 0.009 0.337 0.562 7.095 0.008
AXB 0.103 0.749 0.261 0.610 0.015 0.903
A:antimicrobial agent, B: concentration, AXB: interaction.
Day 8
FACTORS Acceptability
Odour Visual appearance General
F P F p F o)
A 2.097 0.149 0.432 0.512 9.246 0.003
B 9.886 0.002 48.993 <0.0001 31.098 <0.0001
AXB 0.324 0.570 46.091 <0.0001 5.501 0.020

A:antimicrobial agent, B: concentration, AXB: interaction.

ween the samples. This can be explained
by the fact that 1 storage day is not enough
to cause deterioration of the sample.

On the 8" day of storage, there were sig-
nificant differences in general acceptabi-
lity related with the kind of antimicrobial
agent, with oregano essential oil being
perceived as more acceptable than citral
(Tables 5 and 6).

Significant differences were recorded for
general acceptability, visual appearance
and the interaction of both factors, which
shows that the concentration effect de-
pends on the antimicrobial agent. In ge-
neral, as shown in Table 6, the visual ap-
pearance and general acceptability of the
samples packaged with films containing
oregano essential oil had better scores than
the ones packaged with citral, and the sam-
ples with the lower agent concentrations
were also preferred, so that OEO 5% was
the sample selected.

After the results of this first experiment, a
paired comparison test was carried out to
assess the differences in visual appearance
and odour between minimally processed
salad packaged with the OEO 5% film and
salad packaged with the control film. On
day 1 of storage, no significant differences
were found between the two samples. Af-
ter 8 days of storage, the difference in ac-
ceptability of the odour of the two samples
was not significant, but consumers prefe-
rred the visual appearance of salads with
5% essential oil of oregano. Likewise, on
day 8 of storage the sample with oregano
essential oil was clearly preferred.

Previous studies reported that the anti-
microbial activity of plant essential oils
decreased considerably when added to a
complex food system [39, 40]. In the pre-
sent study the in vitro assay with PP/EVOH
films with oregano essential oil and citral
produced excellent results against E. coli,
S. enterica and L. monocytogenes, although
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Table 6. Values of the parameters of odour acceptability, visual appearance and general acceptability.

Acceptability
SAMPLE Odour Visual appearance General
Day1 Day8 Day1l Day8 Day 1 Day 8
OEO 5% 5.72 522 6.83 5.2° 6.2 5.42
Citral 5% 5.43 4.73b 6.62 6.7° 5.82 5.23b
OEO 10% 5.0%° 420 6.72 5.2° 5.43b 4.6P
Citral 10% 4.5° 4.0¢ 6.43 3.4¢ 5.0 3.2¢

a7¢ Values within a column followed by a different lower-case letter are significantly different
from each other (Tukey's-adjusted analysis of variance P < 0.05)

the antimicrobial effects observed on sa-
lad were lower due to agent/food matrix
interactions. However, the films developed
provided a significant inhibition of micro-
flora commonly found on salad. Sensory
evaluation suggested that PP/EVOH films

with 5% oregano essential oil would be ac-
ceptable to consumers. Further studies are
underway to improve controlled release of
the agents and thus extend the antimicro-
bial effectiveness for a longer period.
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Figure 2. Sensory evaluation of the differences between the odour and appearance of 5% oregano
essential oil and the control. The line indicates the minimum value of responses for which the

difference is significant.



58

REFERENCES

[1] A. Trichopoulou, A. Naska, E. Vasilopoulou,
Guidelines for the intake of vegetables and fruit:
the Mediterranean approach, International
Journal for Vitamin and Nutrition Research, 71
(2001) 149-153.

[2] N. Karagozlu, B. Ergonul, D. Ozcan, Determi-
nation of antimicrobial effect of mint and basil
essential oils on survival of E. coli O157:H7 and
S. typhimurium in fresh-cut lettuce and pursla-
ne, Food Control, 22 (2011) 1851-1855.

[3] F. Lopez-Galvez, M.I. Gil, P. Truchado, M.V.
Selma, A. Allende, Cross-contamination of
fresh-cut lettuce after a short-term exposure
during pre-washing cannot be controlled af-
ter subsequent washing with chlorine dioxide
or sodium hypochlorite, Food Microbiology, 27
(2010) 199-204.

[4] D. Gilliss, A. Cronquist, M. Cartter, M. To-
bin-D'Angelo, D. Blythe, K. Smith, S. Lathrop,
G. Birkhead, P. Cieslak, J. Dunn, K.G. Holt, J.J.
Guzewich, O.L. Henao, B. Mahon, P. Griffin, R.V.
Tauxe, S.M. Crim, Incidence and trends of in-
fection with pathogens transmitted commonly
through food - Foodborne Diseases Active
Surveillance Network, 10 U.S. sites, 1996-2010,
Morbidity and Mortality Weekly Report, 60
(2011) 749-755.

[5] J. Gutierrez, P. Bourke, J. Lonchamp, C. Ba-
rry-Ryan, Impact of plant essential oils on mi-
crobiological, organoleptic and quality markers
of minimally processed vegetables, Innovative
Food Science and Emerging Technologies, 10
(2009) 195-202.

[6] X. Wentao, Q. Wei, H. Kunlun, G. Feng, Y.
Jiajia, Z. Heng, L. YunBo, Antibacterial effect of
Grapefruit Seed Extract on food-borne patho-
gens and its application in the preservation of
minimally processed vegetables, Postharvest
Biology and Technology, 45 (2007) 126-133.

[7] J. Gutierrez, C. Barry-Ryan, P. Bourke, The
antimicrobial efficacy of plant essential oil
combinations and interactions with food ingre-
dients, International Journal of Food Microbio-
logy, 124 (2008) 91-97.

[8] S. Burt, Essential oils: their antibacterial pro-
perties and potential appliations in foods - a re-
view, International Journal of Food Microbiolo-
gy, 94 (2004) 223-253.

[9] IM. Helander, H.L. Alakomi, K. Latva-Kala, T.
Mattila-Sandholm, I. Pol, E.J. Smid, L.G.M. Gorris,
Av. Wright, Characterization of the action of
selected essential oil components on Gram-ne-
gative bacteria, Journal of Agricultural and Food
Chemistry, 46 (1998) 3590-3595.

[10] J. Varma, N.K. Dubey, Efficacy of essential
oils of Caesulia axillaris and Mentha arvensis
against some storage pests causing biodeteriora-
tion of food commodities, International Journal
of Food Microbiology, 68 (2001) 207-210.

[11] H.JD. Dorman, S.G. Deans, Antimicrobial
agents from plants: antibacterial activity of plant
volatile oils, Journal of Applied Microbiology, 838
(2000) 308-316.

[12] M. Oussalah, S. Caillet, M. Lacroix, Me-
chanism of action of Spanish oregano, Chine-
se cinnamon, and savory essential oils against
cell membranes and walls of Escherichia coli
0157:H7 and Listeria monocytogenes, Journal of
Food Protection, 69 (2006) 1046-1055.

[13] A. Allende, F. Artes, Combined ultraviolet-C
and modified atmosphere packaging treatments
for reducing microbial growth of fresh processed
lettuce, Lebensmittel-Wissenschaft und -Tech-
nologie, 36 (2003) 779-786.

[14] N. Belletti, R. Lanciotti, F. Patrignani, F. Gar-
dini, Antimicrobial efficacy of citron essential oil
on spoilage and pathogenic microorganisms in
fruit-based salads, Journal of Food Science, 73
(2008) M331-M338.

[15] S. Quintavalla, L. Vicini, Antimicrobial food
packaging in meat industry, Meat Science, 62
(2002) 373-380.

[16] G.O. Scifo, C.L. Randazzo, C. Restuccia, G.
Fava, C. Caggia, Listeria innocua growth in fresh
cut mixed leafy salads packaged in modified at-
mosphere, Food Control, 20 (2009) 611-617.



[17]1 S. Aucejo, R. Catala, R. Gavara, Interactions
between water and EVOH food packaging films,
Food Science and Technology International/
Ciencia y Tecnologia de Alimentos Internacional,
6(2000) 159-164.

[18] C. Lopez-de-Dicastillo, J.M. Alonso, R. Cata-
la, R. Gavara, P. Hernandez-Munoz, Improving
the antioxidant protection of packaged food by
incorporating natural flavonoids into ethylene-
vinyl alcohol copolymer (EVOH) films, Journal
of Agricultural and Food Chemistry, 58 (2010)
10958-10964.

[19] C. Lopez-de-Dicastillo, R. Catala, R. Gavara,
P. Hernandez-Munoz, Food applications of acti-
ve packaging EVOH films containing cyclodex-
trins for the preferential scavenging of undesi-
rable compounds, Journal of Food Engineering,
104 (2011) 380-386.

[20] C. Lopez-de-Dicastillo, M. Gallur, R. Catala,
R. Gavara, P. Hernandez-Munoz, Immobiliza-
tion of beta-cyclodextrin in ethylene-vinyl alco-
hol copolymer for active food packaging applica-
tions, Journal of Membrane Science, 353 (2010)
184-191.

[21] R. Catala, R. Gavara, Packaging require-
ments for nonthermally processed foods, Ali-
mentacion Equipos y Tecnologia, (2009) 47-51.

[22] V. Muriel-Galet, J.P. Cerisuelo, G. Lépez-
Carballo, M. Lara, R. Gavara and P. Hernandez-
Munoz, Development of antimicrobial films for
microbiological control of packaged salad, Inter-
national Journal of Food Microbiology, (2012).

[23] M.M. Lang, L.J. Harris, L.R. Beuchat, Sur-
vival and recovery of Escherichia coli O157:H7,
Salmonella, and Listeria monocytogenes on let-
tuce and parsley as affected by method of ino-
culation, time between inoculation and analysis,
and treatment with chlorinated water, Journal
of Food Protection, 67 (2004) 1092-1103.

[24] H.J. MacFie, N. Bratchell, K. Greenhoff,
L.V. Vallis, Designs to balance the effect of or-
der of presentation and first-order carry-over
effects in hall tests, Journal of Sensory Studies,
4 (1989) 129-148.

59

[25] G. Lopez-Carballo, D. Cava, J.M. Lagaron, R.
Catala, R. Gavara, Characterization of the inte-
raction between two food aroma components,
alpha-pinene and ethyl butyrate, and ethylene-
vinyl alcohol copolymer (EVOH) packaging films
as a function of environmental humidity, Jour-
nal of Agricultural Food Chemestry, 53 (2005)
7212-7216.

[26] K. A. Hammer, C.F. Carson, TV. Riley, An-
timicrobial activity of essential oils and other
plant extracts, Journal of Applied Microbiology,
86 (1999) 985-990.

[27] P.J. Delaquis, K. Stanich, B. Girard, G. Ma-
zza, Antimicrobial activity of individual and
mixed fractions of dill, cilantro, coriander and
eucalyptus essential oils, International Journal
of Food Microbiology, 74 (2002) 101-109.

[28] G. Lopez-Carballo, D. Cava, J.M. Lagaron, R.
Catala, R. Gavara, Characterization of the inte-
raction between two food aroma components,
alpha-pinene and ethyl butyrate, and ethyle-
ne-vinyl alcohol copolymer (EVOH) packaging
films as a function of environmental humidity,
Journal of Agricultural and Food Chemistry, 53
(2005) 7212-7216.

[29] A. Ultee, EPW. Kets, M. Alberda, F.A. Hoek-
stra, E.J. Smid, Adaptation of the food-borne
pathogen Bacillus cereus to carvacrol, Archives
of Microbiology, 174 (2000) 233-238.

[380] S.G. Deans, G. Ritchie, Antibacterial proper-
ties of plant essential oils, International Journal
of Food Microbiology, 5 (1987) 165-180.

[31] B. Quattara, R.E. Simard, R.A. Holley, G.J.P.
Piette, A. Begin, Antibacterial activity of se-
lected fatty acids and essential oils against six
meat spoilage organisms, International Journal
of Food Microbiology, 37 (1997) 155-162.

[32] J. Novak, J. Langbehn, F. Pank, C.M. Franz,
Essential oil compounds in a historical sample
of marjoram (Origanum majorana L., Lamia-
ceae), Flavour and Fragrance Journal, 17 (2002)
175-180.



60

[33] C. Little, D. Roberts, E. Youngs, J.d. Louvois,
Microbiological quality of retail imported un-
prepared whole lettuces: a PHLS Food Working
Group study, Journal of Food Protection, 62
(1999) 325-328.

[34] A. Kunicka-Styczynska, Activity of essen-
tial oils against food-spoiling yeast. A review,
Flavour and Fragrance Journal, 26 (2011) 326-
328.

[35] S.A. Valencia-Chamorro, L. Palou, M.A.
del Rio, M.B. Perez-Gago, Antimicrobial Edible
Films and Coatings for Fresh and Minimally
Processed Fruits and Vegetables: A Review, Cri-
tical Reviews in Food Science and Nutrition, 51
(2011) 872-900.

[36] S. Ozcakmak, M. Dervisoglu, The inhibition
of contaminated molds by some essential oils in
cheeses, Gida, 36 (2011) 177-184.

[37] R. Lanciotti, A. Gianotti, F. Patrignani, N.
Belletti, M.E. Guerzoni, F. Gardini, Use of natu-
ral aroma compounds to improve shelf-life and
safety of minimally processed fruits, Trends in
Food Science & Technology, 15 (2004) 201-208.

[38] F. Devlieghere, K. Francois, K.M. Vereec-
ken, A.H. Geeraerd, J.Fv. Impe, J. Debevere,
Effect of chemicals on the microbial evolution
in foods, Journal of Food Protection, 67 (2004)
1977-1990.

[39] F.F. Busta, M.L. Speck, Antimicrobial Effect
of Cocoa on Salmonellae, Applied Microbiology,
16 (1968) 424-&.

[40]R. Firouzi, S.S. Shekarforoush, A.H.K. Nazer,
7. Borumand, A.R. Jooyandeh, Effects of essen-
tial oils of oregano and nutmeg on growth and
survival of Yersinia enterocolitica and Listeria
monocytogenes in barbecued chicken, Journal
of Food Protection, 70 (2007) 2626-2630.



EVALUATION OF EVOH-COATED
PP FILMS WITH OREGANO
ESSENTIAL OIL AND CITRAL TO
IMPROVE THE SHELF-LIFE OF
PACKAGED SALAD

Virginia Muriel-Galet’, Josep P. Cerisuelo’,
Gracia Lopez-Carballo’, Susana Aucejo?,
Rafael Gavara' and Pilar Herndndez-Murioz*

Food Control 2013, 30, 137-143

1 Packaging Lab, Instituto de Agroquimica y Tecnologia de Alimentos, IATA-CSIC, Av. Agustin
Escardino 7, 46980 Paterna, SPAIN, Phone: +34-963900022, Fax: +34-963636301,

email: rgavara@iata.csic.es

2 ITENE, Parque Tecnologico, C/Albert Einstein, 1, 46980 Paterna, SPAIN



62

ABSTRACT

The aim of this study was to improve the present packaging of salad by combining modi-
fied atmosphere packaging with a new antimicrobial active bag consisting of PP/EVOH
film with oregano essential oil or citral, with the purpose of extending shelf-life and re-
ducing possible microbiological risks. The O. and CO: barrier properties of PP/EVOH,
mechanical properties (Young's modulus, tensile strength and elongation at break) were
determined and compared with those of standard PP films. Antimicrobial tests were
carried out for enterobacteria, total aerobic counts, yeasts and moulds, and lactic acid
bacteria and psychrotrophic bacteria, and the effect of the release of the antimicrobial
agent on the sensory characteristics of the salads was also studied. The application of the
EVOH coating results in an increase in the tensile resistance of the PP films and a reduc-
tion in the elongation at break. The results showed that microorganism counts bacteria
decreased especially at the beginning of the storage period. OEO and CITRAL samples
had reductions of 1.38 log and 2.13 log respectively against enterobacterias, about 2 log
against yeasts and moulds. The total aerobic counts reduced 1.08 log with OEO and 1.23
log with CITRAL and the reduction of lactic acid bacteria and psychrotrophic was about
2 log. Citral-based films appeared to be more effective than materials containing oregano
essential oil in reducing spoilage flora during storage time. Sensory studies also showed
that the package with citral was the most accepted by customers at the end of the shelf
life.

Keywords: minimally processed salads, citral, oregano essential oil, antimicrobial packaging,
mechanical properties, EVOH.
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1. INTRODUCTION

Consumer demand for healthy, fresh-like,
easy-to-prepare products coupled with con-
sumer lifestyles changes have led to the de-
velopment of a variety of novel products,
of which minimally processed salads are an
example. Cut vegetables are more suscepti-
ble to chemical and microbiological deterio-
ration because during the cutting, cells are
destroyed and exudates rich in minerals,
sugar, vitamins, and other compounds are
released. These nutrients and storage con-
ditions may allow growth of microorga-
nisms [1]. During the last decades food bor-
ne outbreaks associated with consumption
of raw vegetables have been increasing and
green leafy vegetables seem to be the most
frequently implicated products [2].

In order to extend the shelf life of mini-
mally processed products, various techno-
logies are available including well imple-
mented equilibrium modified atmosphere
packaging (MAP) [3, 4] and more recently
antimicrobial active packaging. The com-
bination of active antimicrobial packaging
and MAP is a possible alternative to en-
hance the quality, safety and shelf-life of
products of this kind, in which antimicro-
bial agents added directly to the packaging
material are released exerting their activi-

ty on the packaged product [5].

In a previous work [6], oregano essential oil
and citral were incorporated in an ethyle-
ne-vinyl alcohol copolymer (EVOH) matrix
and a preliminary study on the antimicro-
bial activity of the films and on the sensory
attributes of salad was reported. Results
showed that the antimicrobial activity
increased with concentration of the anti-
microbial agent in the film but also increa-
sed the sensory perception of off-flavors.
EVOH materials have been used recently
as matrices for the development of active
packaging systems, where the polymer tri-
ggers their activity on exposure to a humid
environment (the food product) [7-9].

In this work, active EVOH coated polypro-
pylene (PP) films were manufactured using
gravure printing technologies and used for
modified atmosphere packaging of fresh
produce in a processing plant. The aim of
this study was to improve the stability of
a mixed vegetable salad with the new an-
timicrobial active packaging that released
oregano essential oil or citral combined
with MAP and to characterize the films
and the antimicrobial and sensory effects
on salad.

2. MATERIALS AND METHODS

2.1 Chemicals and reagents

Ethylene vinyl alcohol copolymer with a
29% ethylene molar content (EVOH) was
kindly provided by The Nippon Synthetic
Chemical Company (Osaka, Japan). Orega-
no essential oil and citral were purchased

from Sigma (Madrid, Spain). Polypropylene
films were provided by Envaflex (Utebo,
Zaragoza, Spain). “Four season salad” (a mix-
ture of cut iceberg lettuce, red cabbage and
shredded carrot) was purchased from Ver-
difresh (Ribarroja, Valencia, Spain). Water
was obtained from a Milli-Q Plus purifica-
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tion system (Millipore, Molsheim, France).
2.2 Film preparation

A coating technology based on gravure
printing was used to produce the antimi-
crobial material at Envaflex at a production
speed of 60 m/min. Based on the results of
previous work [10], the antimicrobial films
were produced by incorporating a known
concentration (7.5% w/w) of oregano es-
sential oil (OEO) or citral (CITRAL) in the
EVOH coating solution. Polypropylene
films were treated with corona and a pri-
mer based on polyethylene imine (Mica
Corp., Kansas City, USA) was applied to
improve adherence. EVOH coating was
applied on the PP films, keeping an area
uncoated to maintain sealability for the
manufacture of the salad bags. Specifica-
lly, of the 1140 cm? of film that was used to
manufacture a bag, only 750 cm? of surfa-
ce was coated. Control films were obtained
without active agents (CONTROL).

Thicknesses of the films were measured at
10 points of samples. The thickness of the
coating was calculated from the difference
in thickness between coated and uncoated

areas.

Figure 1. “Four season salad” bags in PP/EVOH
films with oregano essential oil (A) and citral (B)
in active modified atmosphere.

2.3 Packaging and storage

“Four season salad” was packed in indivi-
dual bags manufactured with the various
films with (OEO and CITRAL) and without
agents (CONTROL) as shown in Figure 1.
The packaging was done at Verdifresh (Ri-
barroja, Valencia, Spain) with a MULTIVAC
A-NG 85021 packaging unit, and with an
atmospheric composition of 12% CO. and
4% Oa.. Bags of “four season salad” were sto-
red for 5 days at 4 °C plus 3 days at 8 °C,
simulating commercial conditions of pro-
duction, transport and commercialization
[11].

2.4 Identification and quantification of vo-
latile compounds

The equilibrium concentration of carva-
crol (main component of oregano essen-
tial oil) and citral in the polymer samples
was determined by thermal desorption
and GC analysis using a thermal-desorber
(890/891 model, Dynatherm Analytical
Inst., Supelco, Bellafonte, PA, USA) connec-
ted in series to the gas chromatograph [12].
In brief, a portion of the tested film (ca. 1
cm?) was placed in the desorption cell and
heated at 210 °C for 7 min. A He gas stream
carried the desorbed compounds to the GC
through a transfer line heated at 230 °C.
The GC was equipped with a 30 m, 0.53
mm, 2.65 pm Agilent HP-1 semicapillary
column. The chromatographic conditions
were: He as the carrier gas, 210 °C and
260 °C injector and detector temperatures,
7 min at 45 °C, heating ramp to 220 °C at
18 °C/min, and 12 min more at 220 °C. At
the end of the desorption process the sam-
ple was weighed with a 0.1 mg precision
balance (Voyager V11140 model, Ohaus,
Switzerland). Calibration was done by in-
jecting known amounts of carvacrol or ci-
tral in the desorption cell.

2.5 Oxygen and carbon dioxide permeance

The measurements of O. and CO. permean-



ce through the film samples were carried
out using isostatic methods [9]. The Oz per-
meation rates of the materials were deter-
mined at O and 90% RH and 23 °C using an
OXTRAN Model 2/21 ML Mocon (Lippke,
Neuwied, Germany). The CO2 permeation
rates of the materials were determined at O
and 920% RH and 23 °C using an assembly
that makes use of a gas chromatograph as
detector.

The evolution of headspace atmosphere
composition during storage was carried
out by withdrawal of 20 mL gas samples
and injection on a Checkmaster gas analy-
zer (Lippke, Germany).

2.6 Mechanical properties

A Mecmesin model MultiTest 1-1 universal
machine (Landes Poli Ibércia, S.L., Barcelo-
na, Spain) equipped with a 100 N static load
cell was used to evaluate the maximum
tensile strength (&m), percentage of elonga-
tion at break (eb) and Young's modulus (E)
of the films according to ASTM standard
method D882 [13]. The films were condi-
tioned at 50% RH and room temperature
for at least 1 week prior to testing. Film
samples were cut into strips 2.54 cm wide
and 10 cm long. The grip separation was set
at 5.08 cm and the cross-head speed at 25
mm-min~ " At least 6 replicates from each
sample were tested. The tensile properties
were calculated from the plot of stress (ten-
sile force/initial cross-section area) versus
strain (elongation as a fraction of the ori-
ginal length).

2.7 Antimicrobial activity of films on mi-
croflora of minimally processed
salad

The antimicrobial activity of the films was
tested in vivo. Analyses were performed
on the 15, 4" and 8" days after packaging.
25-g samples of the packaged salad were
weighed in sterile Stomacher bags, dilu-
ted with 25 mL of peptone water (Schar-
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lab, Barcelona, Spain) and homogenized in
Stomacher for 3 min (IUL S.L., Barcelona).
Ten-fold dilution series were made in the
same saline solution for plating.

The enumeration of particular microbial
groups was performed by using the fo-
llowing media (Scharlab, Barcelona, Spain)
and culture conditions: a) Nutrient Agar
for total aerobic plate count, pour-plated
and incubated at 30 °C for 48 h, and also
for total aerobic psychrotropic count, pour-
plated and incubated at 10 °C for 10 days;
b) MEA for yeasts and moulds, pour-plated
and incubated at 25 °C for 5 days; ¢) VRBD
agar for total enterobacteria, pour-plated,
overlaid with the same medium and incu-
bated aerobically at 37 °C for 48 h; d) MRS
agar for lactic acid bacteria, pour-plated
and incubated at 25 °C for 5 days. The
counts were performed in triplicate.

2.8 Sensory analyses

A group of 51 panellists, consumers of
ready-to-eat fresh products with no pre-
vious experience, evaluated the smell,
visual appearance, texture and general
acceptability of the samples by paired com-
parison tests (ISO 5495-2005). A total of
three pairs of samples were evaluated. Each
pair consisted of two samples. The first pair
were samples packaged with CONTROL
and OEO films, the second pair were CON-
TROL and CITRAL, and the third pair were
OEO and CITRAL.

Three pairs of samples were evaluated in
each session and a total of two sessions
was performed: on the 1% day, to determi-
ne the initial impact of the aromatic agent,
and on the 8" day after packaging, to veri-
fy the quality and acceptability at the end
of storage. The tests were done in a stan-
dardized test room (ISO 8589-2007). Sam-
ples of “Four season salad” were placed in
PP/EVOH bags identified by three-digit co-
des. The Williams method for constructing
such designs was applied to the sensory
studies [14].
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2.9 Statistical analysis

Statistical analysis of the data was perfor-
med by one-way ANOVA study. The SPSS®
computer program (SPSS Inc., Chicago, IL,
USA) was used. Differences in pairs of
mean values were evaluated by the Tukey-

b test for a confidence interval of 95%. Data
are represented as mean + standard devia-
tion. The design of the sensory evaluation
and the data analysis were carried out with
Compusense Five software (release 5.5,
Ontario, Canada).

3. RESULTS AND DISCUSSION

PP/EVOH films containing oregano essen-
tial oil (OEQ) or citral (CITRAL) were pre-
pared as described in the experimental sec-
tion. PP/EVOH film without antimicrobial
agent was also obtained as control (CON-
TROL). The EVOH coatings had a thickness
of 1.15 £ 0.05 pm.

One of the major components of oregano
essential oil is carvacrol (72.46%), which is
responsible for its antimicrobial properties
[15, 16]. Because of this, carvacrol was the
only component of the OEO monitored in
this study. Films with 7.5% oregano essen-
tial oil had a final carvacrol concentration
of 3.5 + 0.2%. These results show a carva-
crol loss of about 35%, which can be attri-
buted to evaporation during the drying
process. The films with citral had higher
losses owing to its higher volatility. The fi-
nal concentration was 2.6 + 0.2%.

The film samples obtained were stored
in desiccators with silica gel. In these dry
storage conditions, the concentration of
the agents was maintained constant for 3
months. EVOH is characterized by its ex-
cellent gas and organic vapour barrier pro-

perties when dry, and therefore the release
of carvacrol or citral is highly impeded in
these storage conditions [, 17].

3.1 Oxygen and carbon dioxide permeance

Permeance (P) to (O2) and (COz) was evalua-
ted under two relative humidity conditions:
0% and 20%. Table 1 shows the values for
all the samples. As can be seen, the incor-
poration of the coating results in an increa-
se in barrier which is very considerable in
dry conditions. The permeance to both
02 and CO:z is reduced by more than 100-
fold. This effect is to be expected, owing
to the well-known high barrier properties
of EVOH. Nevertheless, the effect is seve-
rely reduced by humidity because of water
plasticization of EVOH. The permeance
decrease caused by the coating process on
the PP film was 1.5-fold for O: and 4-fold
for CO:z in the coated area. Permeance va-
lues for the materials with the agents could
not be measured because of the sensitivi-
ty of the Oxtran sensor to volatile organic
compounds and their interference with
the chromatographic detector used in the

Table 1. Values of O2 and COz permeance of PP films and PP/EVOH.

Thickness 10" - 0: permeance 10" - CO: permeance
(um) (m3/m?-s-Pa) (m3*/m?-s-Pa)
0% RH 90% RH 0% RH 90% RH
PP 30 1354 +0.15 15.06 +0.20 117.80 + 3.60 101.90+ 1.50
PP+EVOH 30/1.15 0.085+0.003 10.17+0.08 0.78+0.02 24.67+0.22




assays with COaz. Effect of the agentsin the
barrier properties of the coatings should
be negligible since, plasticization should
not be expected from the addition of apo-
lar substances to a polar matrix and agents
with double functionality which could pro-
mote chain cross-linking are not present.

Considering that only part of the bag sur-
face was coated, the effect of the coating
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on the transmission rate was even lower.
An estimation of the O, (OER) and CO: ex-
change rates (CO:ER) for the entire bag at
the beginning of storage can be obtained
by the use of the permeation equation for a
bag constituted by two different materials,
considering the permeance values for each
film (Pi), the film surface (Ai) and the pres-
sure gradient (Api):

OERZ_Z: (PI(O2)-Ai) -Ap (O2): CozERz_E= (Pi (CO2)AI}AP(CO2)

OER (coated)=2.3-107° 1, OER (CONTROL) =2.9-107° /%"

S

CO-ER (coated) = 6.5 - 1o“°%3; COER (CONTROL) =13 - 1o—9%3

In technological units, the gas exchange ra-
tes for a finished bag are: 25 and 20 cc/day
of Oz and 112 and 56 cc/day of CO: for the
CONTROL and coated sample, respectively.

Table 2 shows the evolution of the head
space composition for the three samples
tested. In all cases, the O2 was rapidly con-
sumed as the product respired and there
was a corresponding increase in CO:z levels.
The presence of the EVOH coating in the
active packaging did not significantly in-
fluence the headspace composition during
the storage period. EVOH generally acts as
a high barrier material to gases when dry.
However, when in contact with fresh ve-
getables, the EVOH layer becomes humid
and the barrier properties are dramatically
reduced. Thus the EVOH layer becomes
permeable and the whole package behaves
similarly to the reference one. Although

the differences were not significant, it
appears that the packages containing CI-
TRAL as active agent had a lower CO2 con-
tent than the other two samples, as if the
CITRAL had an effect on the reduction in
the respiration rate of the salad.

3.2 Mechanical properties

The mechanical parameters (om, E and eb)
of the CONTROL and treated films condi-
tioned at 50% RH are shown in Table 3. As
can be seen, the application of the EVOH
coating results in an increase in the tensile
resistance of the PP films and a reduction
in the elongation at break. This effect can
be explained as a consequence of the diffe-
rent morphology of the two materials. PP
is a material with a glass transition tem-
perature below room temperature, whilst
EVOH is a semicrystalline glassy copoly-

Table 2. Atmospheric composition (% O: and CO») of headspace in mixed salad packages manufac-
tured with the control film and the active films at different storage times.

Day 1 Day 4 Day 8
Oz CO2 Oz CO2 O: COz2
CONTROL 73+13a 61+14a 016+0.08a 108+14b 0.03+0.0la 151+1.1b
OEO 55+15a 68+13a 0.06+0.03a 11.4+1.7b 0.02+0.0la 155+1.4b
CITRAL 65+15a 63+10a 025+012a 90+10a 0.02+0.0la 118+12a

a, b: the letters are indicative of significance
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mer, therefore more rigid and more fragile
than PP. No effect was observed as a result
of incorporation of the agent in the EVOH
layer and the corona-treated. The effect of
the coating application would be severely
diminished in humid conditions as a con-

sequence of the plasticization of the EVOH
coating. Unfortunately, no measurement
could be carried out in these environmen-
tal conditions (90% RH and room tempera-
ture) with the equipment used.

Table 3. Mechanical properties of films fested at 50% RH.

Sample om (MPa) &b (%) E (MPa)
PP 125.65+5.76 a 356.65+29.74 b 658.48+41.40 a
CONTROL 205.67 £4256 b 303.76+38.14 a 1729.02+90.55b
OEO 211.89+10.32b 274.44+27.88 a 1746.98+35.65b
CITRAL 213.64+929Db 281.51+26.29 a 1754.90+82.94 b

om: Maximum tensile strength. eb: Elongation at break. E: Young's modulus. Reported values are

means of 6 replicates + standard deviation.
a, b: the letters are indicative of significance

3.3 Antimicrobial activity of active films
on microflora of minimally processed sa-
lads

The samples were subjected to microbiolo-
gical analysis on the 1%, 4" and 8" days of
refrigerated storage. The results of micro-
biological counts of minimally processed
salad samples are shown in Table 4.

On the 1%t day of storage, the enterobacte-
ria counts for “four season salad” packaged
in the active samples showed a significant
decrease in comparison with the control
sample. OEO and CITRAL samples had re-
ductions of 1.38 log and 2.13 log respecti-
vely. With storage time, there was no mea-
surable effect. It should be noted that high
levels of enterobacteria are common in
raw vegetables and it is reported that they
are not used to indicate the microbiological
quality of fresh vegetables [18].

The total aerobic counts were reduced only
on the 15t day of storage; OEO films redu-
ced count by 1.08 log and CITRAL films
1.23 log. The aerobic population increased
to 5 log in all cases on the 4" day and to 6
log in all cases at the end of storage.

Table 4 also shows the antifungal effecti-

veness of the active films. The active com-
pounds appear to be most effective onday 1.
OEO and CITRAL samples had a reduction
of about 2 log. At the end of the storage pe-
riod, the coatings produced an inhibition of
about 0.51og. The role of yeasts and moulds
in the spoilage of vegetables is not well stu-
died, although they have been implicated
in the spoilage of fermented vegetable pro-
ducts [19, 20] and could cause off-odours
and visual defects in minimally processed
vegetables. Some authors [21] have pointed
out the possible health problems associated
with the presence of moulds in fruits and
vegetables. Their growth could be related
with the quality of the salad and acceptabi-
lity by the consumer.

The reduction of lactic acid bacteria was
more significant for the films containing
CITRAL, about 2 log on the 1% day of stora-
ge, and about 1 log reduction was observed
on the 4™ and 8% days. OEO films showed
an inhibition of 0.5log on day 1, which was
just maintained during storage.

With respect to psychrotrophic bacteria
that are able to grow at refrigerator tempe-
rature, the samples packaged with the OEO
and CITRAL films showed an inhibition of
approximately 2 log at the beginning of sto-



rage at 4 °C. However, there was no measu-
rable effect after 8 days of storage, because
psychrotrophic bacteria counts increased
at 8 °C and they reached a stationary phase
before the day of analysis (data not shown).

It can be concluded that these active films
provided inhibition of microflora bacteria
in the first stages of the storage period,
when the concentration of the agent in
the package headspace was higher and the
storage temperature lower. The intrinsic
properties of the food (fat/protein/water
content, antioxidants, preservatives, pH,
salt and other additives) and the extrin-
sic determinants (temperature, packaging

69

in vacuum/gas/air, characteristics of mi-
croorganisms) can also influence bacterial
sensitivity [22]. The antimicrobial activity
of essential oil benefits from a decrease in
storage temperature and the low fat con-
tent in salads. It is generally supposed that
the high levels of fat in foodstuffs protect
the bacteria from the action of the EO [22,
23], therefore these factors could contribu-
te to the successful results observed with
essential oils [15].

CITRAL, which appears to be more effecti-
ve than OEQO, has already been successfully
used for the inhibition of yeast growth and
lactic acid bacteria in fruit-based salads [24].

Table 4. Enumeration of microbial population in mixed salad packages: enterobacteria, total aero-
bic, yeasts and moulds, lactic acid bacteria and psychrotrophic bacteria on 1%, 4" and 8" days of
storage.

ENTEROBACTERIA
Coating Day 1 Day 4 Day 8
Log Reduction Log Reduction Log Reduction
CONTROL 4.98 + 0.65¢ 4.00 £ 0.00a 4.87 +0.00b
OEO 3.60 +0.38b -1.38 4.01+0.14a - 4.73+0.38a -
CITRAL 2.85+0.0%9a -2.13 3.96 +0.50a - 4.90 + 0.03b -
TOTAL AEROBIC
CONTROL 518+ 0. 36¢ 513 +0.02a 6.17 +0.03¢c
OEO 4.10+0.15b -1.08 5.083+0.23a -0.10 5.89 +0.18a -
CITRAL 3.95+0.11a -1.23 523+ 0.07a - 6.05+0.07b -
YEASTS AND MOULDS
CONTROL 554 +0.12¢c 4.28 +0.03c 6.05+ 0.16b
OEO 3.76 +£0.25b -1.77 3.88+0.11b -0.40 536 +0.32a -0.69
CITRAL 3.52+0.53a -2.02 3.68 + 0.00a -0.60 541+ 0.04a -0.64
LACTIC ACID BACTERIA
CONTROL  4.20 + 0.14c 4.05 + 0.05¢ 6.24+0.08c
OEO 353+051b -0.67 3.71+0.28b -0.34 5.80+0.20b -0.44
CITRAL 200+0.00a -220 313 £ 0.16a -0.91 5.05+0.15a -1.19
PSYCHROTROPHIC
CONTROL  5.74 + 0.55¢ 511+ 0.00b 6.11+£0.06b
OEO 4.00+0.01b -175 495+ 0.28a -0.16 5.88+0.12a -0.23
CITRAL 374+024a -201 4.93+0.11a -0.18 5.82+0.60a -0.28

a, b, c: The letter are indicative of significance
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CITRAL can also be used to prolong the
shelf-life of “four season salads”. In this stu-
dy with real foodstuffs, essential oil pro-
duced lower effects than in another test
carried out in vitro in our laboratory [6],
which can be attributed to partial sorption
of the agent in the food, with a subsequent
reduction in concentration in the vapour
phase. A reduction in the antimicrobial ac-
tivity of essential oils due to the nature of
the food matrix has been documented [6,
15, 24, 25]. Therefore, higher concentra-
tions of plant essential oils are generally
required when added to food [26]. Howe-
ver, the application of essential oils in food
may be limited by the changes they produ-
ce in the organoleptic and textural quality
of the food or interactions of these com-
pounds with food components [27].

3.4 Sensory analyses

The organoleptic effect of oils is one of
the most important factors that limit their

application to real food products as antimi-
crobial agents, a property widely described
in in vitro tests [24]. Their use may have a
significant sensory impact that could result
in non-acceptance by the consumer. For
this reason, sensory analyses were carried
out on the “four season salads” packaged
with the films developed.

The effects of the addition of different
kinds of agents on the sensory properties
of smell acceptability, visual appearan-
ce, texture and general acceptability were
studied. On the 1% day of storage, the as-
sessors perceived significant differences
in odour acceptability, depending on the
agents (OEO or CITRAL), in comparison
with the CONTROL samples, as shown in
Figures 2-4. In terms of visual appearance,
no significant differences were observed
between the samples. This can be explained
by the fact that 1 storage day is not enough
to cause deterioration of the sample.

I [
A | [ CONTROL B|
| B OEO |
| F— |
GEMERAL - I I g | I
I I
[ | ] |
TEXTURE - I g I
| | |
I I
[ | E——| |
APPEARANCE - | g | |
I I
I I
1] ]
SMELL - | g l
I
I I
| I
T T T T T T
0 10 20 30 40 0 10 20 30 40

MNumber of judges

Figure 2. Sensory evaluation of the differences between the smell, appearance, texture and general
preference of CONTROL and OEO on the 1%t (A) and 8" (B) day of storage. The dashed line indicates
the minimum number of responses for which the difference is significant.
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Figure 3. Sensory evaluation of the differences between the smell, appearance, texture and general
preference of CONTROL and CITRAL on the 15t (A) and 8" (B) day of storage. The dashed line indi-
cates the minimum number of responses for which the difference is significant.
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TEXTURE
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Figure 4. Sensory evaluation of the differences between the smell, appearance, texture and general
preference of OEO and CITRAL on the 15t (A) and 8" (B) day of storage. The dashed line indicates
the minimum number of responses for which the difference is significant.

On the 8™ day of storage, no significant
differences were recorded for smell, visual
appearance, texture and general acceptabi-
lity when the control was compared with
OEO or CITRAL. Only differences between
oregano essential oil and citral were found
by the judges. The samples with CITRAL

were clearly preferred on day 8 of storage.

OEO and CITRAL resulted in a pleasant
flavour, compatible with final products.
This is a prerequisite for the use of essen-
tial oils in foods for antimicrobial purposes.
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4. CONCLUSIONS

In conclusion, the use of active packaging based on the release of volatile antimicrobials
combined with modified atmosphere packaging is an alternative technology to improve
the microbiological and sensory stability of salad. The addition of the active EVOH coa-
ting did not substantially affect the functional properties of the packaging film, since
neither barrier nor mechanical properties had unacceptable values. Nevertheless, the
packaged product did produce improved microbial stability when active films were used,
especially with regard to growth inhibition of enterobacteria, lactic acid and psychro-
trophic bacteria, and yeasts and moulds at the beginning of storage. The sensory studies
showed that the active agent release resulted in a non-typical smell which led the jud-
ges to prefer the control samples, whereas after long-term storage the samples in active
bags were preferred, especially the one containing citral. The results of the present work
demonstrated that packaging of minimally processed salad in MAP bags manufactured
with PP/EVOH with essential oils is an appropriate way to reach a balance between the
demand for microbial safety and consumer acceptability.
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ABSTRACT

The aim of this work was to develop antimicrobial films for active packaging applica-
tions containing the natural antimicrobial compound LAE (ethyl lauroyl arginate) in
EVOH copolymers with different mol % ethylene contents (i.e. EVOH29 and EVOH44).
EVOH29 and EVOH44 films were made by casting and incorporating 0.25%, 1%, 5%, and
10% LAE in the film forming solution (w/w with respect to polymer weight). Previously,
the minimum inhibitory concentration (MIC) and the minimum bactericidal concentra-
tion (MBC) of LAE against L. monocytogenes, E. coli, and S. enterica were determined by a
microdilution assay. The antimicrobial activity of the resulting films was tested in vitro
against these microorganisms in liquid culture media. The activity of the films was also
evaluated over time. The results showed that films containing 5% and 10% LAE produced
total growth inhibition and viable counts decreased with 0.25% and 1% LAE. Finally, the
effectiveness of the films was tested by applying them to an infant formula milk inocula-
ted with L. monocytogenes and S. enterica and stored for 6 days at 4 °C. The application of
films with LAE to infant formula milk inoculated with L. monocytogenes reduced at the
end of storage period about 4 log in case of 10% LAE and with S. enterica reduced 3.74
log and 3.95 log with EVOH29 5% and 10% respectively and EVOH44 5% and 10% LAE
reduced 1 log and 3.27 log respectively at the end of storage. The antimicrobial capacity of
EVOH29 films was greater than that of EVOH44 films in all the cases tested. In general,
the films were more effective in inhibiting the growth of L. monocytogenes than S. enteri-
ca, this inhibition being more acute at the end of the storage time.

Keywords: antimicrobial food packaging, EVOH, LAE, L. monocytogenes, E. coli, S. enterica.
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1. INTRODUCTION

Recent foodborne microbial outbreaks and
consumer demand to minimize chemi-
cal additives in food are driving a search
for innovative ways to inhibit microbial
growth in foods while maintaining quali-
ty, freshness, and safety. New techniques
such as modified atmosphere, high pres-
sure, irradiation, etc. are being developed.
Antimicrobial packaging is another option
to provide increased food safety and quali-
ty, a technology that can be used with tho-
se mentioned previously in the so-called
hurdles technology [1].

Antimicrobials can be added to food for-
mulations directly or by slow release from
packaging materials. Direct addition of an-
timicrobials to foods results in an imme-
diate reduction of bacterial populations but
may not prevent the recovery of injured
cells or the growth of cells that were not
destroyed by direct addition if residues of
the antimicrobial are rapidly depleted [2].
Antimicrobial packaging is a technology
that inhibits or retards the proliferation
of microorganisms in foods, thus exten-
ding the shelf life of the product [3]. The
application of antimicrobial films allows
for migration of the antimicrobial to the
coating surface and provides a continuous
antimicrobial effect on the food during
extended exposure. Use of polymers as ca-
rriers of antimicrobials not only permits
controlled release of these antimicrobials
but also prevents dramatic reductions in
their antimicrobial activities due to their
affinity for food particles and inactivation
by components in foods. It also reduces the
amount of active agent required, satisfying
consumer demand for fewer additives.

Several compounds have been proposed
for antimicrobial activity in food packa-
ging, including essential oils, enzymes, and

organic acids such as lauric arginate (LAE,
(95% of ethyl-N-dodecanoyl-L-arginate hy-
drochloride)). LAE is a cationic surfactant,
a derivative of lauric acid, L-arginine, and
ethanol [4]. The preparation and applica-
tion of this product is described in several
patent applications [5-7].

LAE is one of the most potent food antimi-
crobial agents, with a broad spectrum of
antimicrobial activity [8], and it has been
classified as GRAS (Generally Recognized
as Safe) and food preservative at concen-
tration up to 200 ppm by the Food and
Drug Administration (FDA) [8]. LAE is hy-
drolyzed in the human body and quickly
broken into natural components. Several
toxicological studies were carried out with
animals and human by The Huntingdon
Life Science although these studies did not
involved YOPIs (young, old, pregnant and
immune-compromised) [4]. The high anti-
microbial activity of LAE has been attribu-
ted to its action on the cytoplasmic mem-
branes of microorganisms, where it alters
their metabolic processes without causing
cellular lysis [7]. Furthermore, LAE tends
to concentrate in the aqueous phase of pro-
ducts, where most bacterial action occurs,
because of its low oil-water equilibrium
partition coefficient [4, 8]. LAE has been
verified to be nontoxic and is metabolized
rapidly to naturally occurring amino acids,
mainly arginine and ornithine, after con-
sumption [4]. To the date, the use of LAE
as an antimicrobial agent in food products
has been well reported in various studies
[9-12]. However, limited information is
available concerning antimicrobial activity
when LAE is applied via a packaging sys-
tem [13].

In this work, two ethylene-vinyl alcohol
copolymers (EVOH) with different mol
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% ethylene contents (i.e. EVOH29 and
EVOH44) were used as matrices to incor-
porate the antimicrobial compound LAE.
EVOH is a packaging material commonly
used to provide high oxygen barrier pro-
perties. The hydrophilic nature of EVOH
makes this polymer very sensitive to water,
and its barrier properties are greatly affec-
ted by moisture [14]. Furthermore, EVOH
materials have been used recently as ma-
trices for the development of active packa-
ging systems, where the polymer protects
the active agents during storage and tri-
ggers their activity on exposure to a humid
environment (the food product) [15-17].
This copolymer is composed of two seg-
ment chains: one, olefinic and hydrophobic,
comes from ethylene, and the other, with
a hydroxyl substituent, presents hydro-
philic behavior. Therefore, the higher the
percentage of ethylene, the less polar and
less water sensitive the copolymer is [18]. In
this study EVOH29 and EVOH44, contai-
ning 29% mol and 44% mol ethylene, were
selected to check the effect of matrix pola-
rity on the antimicrobial behavior of active
materials.

For many food products, no other anti-
microbial intervention is used other than

refrigeration following the packaging pro-
cess. Antimicrobial packaging provides an
additional and final barrier that can pre-
vent the growth of foodborne pathogens.
S. enterica comes from postpasteurization
contamination and L. monocytogenes could
survive pasteurization [19, 20]. The cha-
racteristics of infant formula (pH close to
neutrality, large presence of nutrients)
could favor the increase in viable counts
of L. monocytogenes and refrigeration alo-
ne is not sufficient to prevent its growth in
foods, since the mean minimum growth
temperature was found to be 1.1 °C, with a
range of 0.5 to 3 °C [21]. Thus, infant milk
is a product that could benefit from antimi-
crobial packaging.

The aims of this work were to develop an-
timicrobial films for food packaging appli-
cations incorporating the antimicrobial
compound LAE in EVOH (i.e. EVOH29 and
EVOH44), to determine the ability of the
films to inhibit the growth of L. monocyto-
genes, E. coli, and S. enterica in vitro, and to
investigate the antimicrobial effect to inac-
tivate pathogens in an infant formula, in
order to reduce the great risk of microbial
contamination.

2. MATERIALS AND METHODS

2.1 Chemicals and reagents

Ethylene vinyl alcohol copolymers with
a 29% ethylene molar content (EVOHZ29)
and with a 44% ethylene molar content
(EVOH44) were kindly provided by The
Nippon Synthetic Chemical Company
(Osaka, Japan). 1-propanol was purchased
from Sigma (Madrid, Spain). The antimi-
crobial LAE (Cao0HaiN2OsCl) was provided by

Vedegsa Grupo LAMIRSA (Terrassa, Bar-
celona, Spain). Water was obtained from a
Milli-Q Plus purification system (Millipore,
Molsheim, France).

2.2 Film preparation
The polymer EVOH29 was dissolved in a

1:1 (v:v) 1-propanol:Milli-Q water mixture at
50 °C. EVOH44 was dissolved in a 2:1 (v:v)



1-propanol:Milli-Q water mixture at 50 °C.
The solution was stirred for 30 min using
a magnetic stirrer hotplate. LAE was added
to the polymer solutions in proportions of
0.25%, 1%, 5%, and 10% with respect to po-
lymer content and stirred for 15 min. Con-
trol films were obtained without LAE. 5 mL
of the EVOH solution was spread over pre-
viously cleaned glass plates with the aid of
a steel stud with a 100 pum deep thread (Lin-
Lab Rioja, Logrono, Spain). The plates were
placed in a drying tunnel equipped with a
2500 W heat source for 10 min until com-
pletely dry. Finally, the films were stored
in glass desiccators with silica gel at 22 °C
until utilization. Film thickness was deter-
mined for each individual sample test with
a Mitutoyo micrometer (Osaka, Japan) prior
to testing, giving an average thickness of 15
+1 pm.

2.3 Invitro assays: Antimicrobial film test
2.3.1 Bacterial cultures

The following foodborne microbial stra-
ins were obtained from the Spanish Type
Culture Collection (CECT, Valencia, Spain)
and selected for use in the assays becau-
se of their relevance in the food industry:
the Gram-positive bacterium Listeria mo-
nocytogenes CECT 934 (ATCC 19114); the
Gram-negative bacteria Escherichia coli
CECT 434 (ATCC 25922) and Salmonella en-
terica CECT 4300 (ATCC 13076). The stra-
ins were stored in Tryptone Soy Broth (TSB)
purchased from Scharlab (Barcelona, Spain)
with 20% glycerol at —-80 °C until needed.
For experimental use, the stock cultures
were maintained by regular subculture at
4 °C on slants of Tryptone Soy Agar (TSA)
from Scharlab (Barcelona, Spain) and trans-
ferred monthly. Prior to each experiment, a
loopful of each strain was transferred to 10
mL of TSB and incubated at 37 °C for 18 h to
obtain early stationary phase cells.

2.3.2Determination of MICsand MBCsagainst
E. coli, L. monocytogenes, and S. enterica
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The minimum inhibitory concentration
(MIC) and minimum bactericidal concen-
tration (MBC) of LAE against L. monocyto-
genes, E. coli, and S. enterica strains were
determined in TSB. 0.25 g of LAE was dilu-
ted in 250 mL of Milli-Q water to obtain a
concentration of 1000 ppm, and then serial
dilutions were made up in sterile TSB to
study MIC and MBC. A control tube with
Milli-Q water was used as a blank. Cell cul-
tures of each microorganism in stationary
phase, with an optical density of 0.9 at 600
nm, were diluted in TSB and incubated at
37 °Cuntil the exponential phase, that is, an
optical density of 0.2 at 600 nm (10° CFU/
mL). 100 pL of approximately 10° CFU/mL
of each microorganism in exponential pha-
se was inoculated in each test tube. The tu-
bes were incubated at 37 °C for 24 h. After
the incubation period, the turbidity at 595
nm was measured with a UV-vis spectro-
photometer (Agilent 8453 Spectroscopy
System) using TSB as blank. Turbidity is
an indication of microbial growth. 100 pL
from each tube was plated and incubated
at 37 °C for 24 h [22]. The lowest LAE con-
centration that inhibited the pathogen
microorganisms was reported as the MIC.
The MBC was the lowest concentration at
which bacteria failed to grow in TSB and
were not culturable after plating onto TSA.
These definitions have been established by
other workers [23].

2.3.3 Antimicrobial activity of EVOH films
with LAE

0.25 g of each film was placed in a glass
bottle containing 10 mL of TSB. Cell cul-
tures of each microorganism in stationary
phase, with an optical density of 0.9 at 600
nm, were diluted in TSB and incubated at
37 °C until the exponential phase, that is,
an optical density of 0.2 at 600 nm (10°
CFU/mL). Aliquots containing 100 pL of
microorganism in exponential phase were
transferred to the samples and incubated
at 37 °C for 24 h. Depending on the turbidity
of the tubes, serial dilutions with peptone
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water were made and plated in Petri dishes
with 15 mL of TSA culture medium. Colo-
nies were counted after incubation at 37 °C
for 24 h.

2.3.4 Antimicrobial activity of LAE films
over time

An experiment was designed to determi-
ne the effect of the immersion time of the
film in the growth medium on its antimi-
crobial activity at 4 °C. In brief, 0.25 g of
film was immersed in 10 mL of TSB for 5,
30, 90, 180, 240, and 1440 min. After the
corresponding time, the films were remo-
ved from the solution and 100 pL of each
microorganism in exponential phase (10°
CFU/mL) was inoculated into the tubes and
incubated at 37 °C for 24 h. Depending on
the turbidity of the tubes, serial dilutions
with peptone water were made and plated
in Petri dishes with 15 mL of TSA culture
medium. Colonies were counted after in-
cubation at 37 °C for 24 h. Counts were
performed in triplicate.

Separately, tubes with 10 mL of TSB and
0.25 g of film were stored for 5 days at 4 °C,
after which the films were removed and
100 pL of microorganism in exponential
phase was transferred to the liquid medium
and incubated at 37 °C for 24 h. Depending
on the turbidity of the tubes, serial dilutions
with peptone water were made and plated
in Petri dishes with 15 mL of TSA culture
medium. Colonies were counted after incu-
bation at 37 °C for 24 h.

2.4 In vivo assays: efficacy of LAE films
against L. monocytogenes and S. enterica
in an infant formula

Antimicrobial activity against L. monocyto-
genes and S. enterica of films with 5% and
10% LAE was tested in an infant formula.
Sterilized tubes were prepared with 10 mL
of infant formula in sterilized conditions
and 0.25 g of each antimicrobial film sample
was inserted. Films without antimicrobial
compound were used as a control. Then 100
uL of pathogen microorganism in exponen-
tial phase (10° CFU/mL) was inoculated. The
tubes were stored for 6 days at 4 °C.

Analyses were performed on the 2" and
6™ days of storage. Serial dilutions were
carried out and plated on selective me-
diums: Palcam Listeria Selective Agar for
L. monocytogenes and Brilliant Green Agar
for S. enterica (Scharlab, Barcelona, Spain).
Colonies were counted after incubation at
37 °C for 48 h. Counts were performed in
triplicate.

2.5 Statistical analysis

Controls with EVOH film without LAE
were made in every experiment. Counts
were performed in triplicate.

One-way and two-way analyses of va-
riance were carried out using the SPSS®
computer program (SPSS Inc., Chicago, IL,
USA). Differences in pairs of mean values
were evaluated by the Tukey test for a con-
fidence interval of 95%. Data are represen-
ted as mean + standard deviation.

3. RESULTS AND DISCUSSION

EVOH films (EVOH29 and EVOH44) with
0% (CONTROL), 0.25%, 1%, 5%, and 10%
LAE were produced by casting. All films
were transparent and without disconti-

nuities, with a thickness of approximately
15 pum. Films were stored in dry conditions
until tested, to maintain stability [15-17].



3.1 Determination of MICs and MBCs
against L. monocytogenes, E. coli, and S.
enterica

The bactericidal effect of LAE against L.
monocytogenes, E. coli, and S. enterica was
studied. The MIC and MBC values of LAE
for the various bacteria are included in Ta-
ble 1. The growth of L. monocytogenes, E.
coli, and S. enterica strains was inhibited
by LAE at concentrations of 7, 20, and 10
ppm in TSB, respectively. The LAE MBCs
for the same microorganisms were 12, 32,
and 16 ppm, slightly higher than the MICs.
The MIC values for LAE were different
from those reported in the literature using
strains of L. monocytogenes and S. enterica
in liquid media [7, 12, 24], reflecting the di-

83

fferences in media composition, methodo-
logy, and strains of bacteria used. The an-
timicrobial activity of LAE is based on the
disruption and instability of the plasma
membrane [7].

LAE is slightly more active against Gram-
positive bacteria than against Gram-ne-
gative. Gram-negative organisms have a
greater defense system and are less sus-
ceptible to the action of antibacterials since
they possess an outer membrane surroun-
ding the cell wall that restricts diffusion of
hydrophobic compounds through its lipo-
polysaccharide covering [25]. This higher
resistance of Gram-negative bacteria has
also been observed with other antimicrobial
compounds [26, 27, 28].

Table 1. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
of LAE against L. monocytogenes, E. coli, and S. enterica.

MIC LAE (ppm) MBC LAE (ppm)
L. monocytogenes 7 12
E.coli 20 32
S. enterica 10 16

3.2. Antimicrobial activity of EVOH films
with LAE

The antimicrobial activity of the films was
tested against Gram-positive bacterium L.
monocytogenes and Gram-negative bac-
teria E. coli and S. enterica. Table 2 shows
the results for EVOH29. The films with 5
and 10% LAE produced total inhibition
of growth against all the microorganisms
tested. 1% LAE produced total inhibition
against L. monocytogenes and reduced the
growth of E. coli by about 4 log and S. en-
terica by 5.31 log. 0.25% LAE produced a
reduction of 3.13 log against L. monocyto-
genes, 2.20 log for E. coli, and 2.37 against
S. enterica.

As shown in Table 3, EVOH44 films with
5 and 10% LAE produced total inhibition

of growth against all the microorganisms
tested.

The viable counts for all microorganisms
decreased with 0.25% and 1% LAE. 1%
LAE caused a growth reduction of 3.03 log
against E. coli and 3.38 log against S. enteri-
ca, while 0.25% LAE produced reductions
of 1.44, 2.40, and 2.46 against L. monocyto-
genes, E. coli, and S. enterica, respectively.

A comparison between films shows (Tables
2 and 3) that the antimicrobial capacity
of EVOHZ29 film was greater than that of
EVOH44, especially in Gram-negative bac-
teria, less susceptible to LAE action. A com-
parison of these results with the MIC and
MBC values obtained for LAE are indica-
tive of a partial release of the agent to the
liquid media, since full deliver of the agent
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Table 2. Antimicrobial effectiveness against L. monocytogenes, E. coli, and S. enterica. EVOH29 films
with 0.25%, 1%, 5%, and 10% LAE. Expressed as logarithm of colony forming units (Log(CFU) and
log reduction value (LRV).

L. monocytogenes E. coli S. enterica
Log(CFU) LRV Log(CFU) LRV Log(CFU) LRV
Control 8.82 +0.06 8.74 +0.02 8.99 + 0.03
10% LAE Total inhibition Total inhibition Total inhibition
5% LAE Total inhibition Total inhibition Total inhibition
1% LAE Total inhibition 4.69 +0.03 4.05 3.68 +0.71 5.31
0.25% LAE 569 +0.02 3.13 6.53+0.02 2.20 6.22 +0.00 2.37

Table 3. Antimicrobial effectiveness against L. monocytogenes, E. coli, and S. enterica. EVOH44 films
with 0.25%, 1%, 5%, and 10% LAE. Expressed as logarithm of colony forming units (Log(CFU) and
log reduction value (LRV).

L. monocytogenes E. coli S. enterica
Log(CFU) LRV Log(CFU) LRV Log(CFU) LRV
Control 8.43+0.47 8.56 +0.28 8.87+0.14
10% LAE Total inhibition Total inhibition Total inhibition
5% LAE Total inhibition Total inhibition Total inhibition
1% LAE 421+014 4.22 553+ 0.62 3.03 5.49 +0.53 3.38
0.25% LAE 6.99 +0.22 1.44 616 +0.48 2.40 6.41+0.24 2.46

incorporated in the film had exceeded the
MBC value in all cases.

3.3 Antimicrobial activity of LAE films
over time.

The antimicrobial activity of LAE films
over time against L. monocytogenes, E. coli,
and S. enterica was determined by the li-
quid medium method described in the ex-
perimental section.

The antimicrobial activity of EVOH29
films with 5% and 10% LAE was so high
that they effectively inhibited the growth
of L. monocytogenes, E. coli, and S. enteri-
ca, from the beginning of the experiment,
after 5 min in contact with the liquid me-
dium (TSB) (data not shown).

The inhibitory effect of EVOH44 with LAE
is presented in Figures 1, 2, and 3. Figure

1 shows the antimicrobial results obtained
with EVOH44 films against L. monocyto-
genes. After 5 min of exposure, a 4 log re-
duction (compared to the control) was ob-
served for film samples containing 5% and
10% of LAE. Growth inhibition progressed
with exposure time, and a total inhibition
effect was observed after 30 min with 10%
LAE and 90 min with 5% LAE.

Figure 2 shows the antimicrobial activity of
EVOH44 against E. coli. Compared to L. mo-
nocytogenes, few antimicrobial effects were
observed at the shortest time tested. As can
be seen, no inhibition of this Gram-negati-
ve microorganism was observed after the
first 5 min of immersion of the films con-
taining 5% and 10% LAE; a small reduction
in growth of E. coli was observed with 10%
LAE. At this exposure time, the film had
probably released an amount of LAE close
to the minimum inhibitory concentration
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Figure 1. Antimicrobial activity of EVOH44 (5%

and 10% LAE) films over time against L. mono-
cytogenes.

(MIC), defined as the lowest concentration
of active compound that yields inhibition
of microorganism [29, 27]. Growth inhibi-
tion progressed with exposure time, and
total inhibition of bacterial growth of E. coli
was observed after 180 min with 10% LAE

and 300 min with 5% LAE.
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Figure 2. Antimicrobial activity of EVOH44 (5%
and 10% LAE) films over time against E. coli.

Similar results were found against S. ente-
rica, as shown in Figure 3. By increasing
the immersion time used in the assay, or
the LAE concentration in the film, higher
inhibition against the microorganism was
obtained. Total inhibition was achieved af-
ter 90 min with 10% LAE, or 180 min in the
case of 5% LAE.
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Another study in liquid medium was ca-
rried out at 4 °C to test the effectiveness of
the films at refrigeration temperatures and
after prolonged exposure in order to repre-
sent storage. Antimicrobial activity of the
EVOH films with LAE was tested against
Gram-positive bacterium L. monocytogenes
and Gram-negative bacteria E. coli and S.
enterica.

Tables 4 and 5 show the results. Again,
films with 5 and 10% LAE produced total
inhibition of growth against all the mi-
croorganisms tested. The viable counts de-
creased with 0.25% and 1% LAE.

As Table 4 shows, EVOH29 films contai-
ning 1% LAE produced total inhibition
against L. monocytogenes and reduced the
growth of E. coli and S. enterica by about 3
log. Films containing 0.25% LAE produced
areduction of 2.30 log against L. monocyto-
genes, 1.86 log for E. coli, and 1.74 against S.
enterica.

In the case of EVOH44 (Table 5), 1% LAE
samples produced a reduction of 3.34 log
against L. monocytogenes, and 2.66 log and
2.38 log against E. coli and S. enterica with
respect to the control sample. Lower inhi-
bition was shown than with EVOH29, 1.67,
1.21, and 1.30 against L. monocytogenes, E.
coli, and S. enterica, respectively, compared
with the control samples.

10
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Figure 3. Antimicrobial activity of EVOH44 (5%
and 10% LAE) films over time against S. enterica.
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The films with a higher concentration were
able to release sufficient amounts of active
compound to inhibit growth of all the mi-
croorganisms tested. Again, the EVOH29

film appeared to release the antimicrobial
faster, resulting in a more efficient antimi-
crobial activity.

Table 4. Antimicrobial effect of EVOH29 films with 0.25%, 1%, 5% and 10% of LAE against E. coli, L.

monocygones and S. enterica tested at 4 °C.

L. monocytogenes E. coli S. enterica
Log Reduction Log Reduction Log Reduction
Control 9.08+0.69 8.47+0.18 8.47+0.18

EVOH29-10% Total inhibition

Total inhibition

Total inhibition

EVOH29-5%  Total inhibition

Total inhibition

Total inhibition

EVOH29-1% Total inhibition

5.60 £ 0.11

2.86 560+ 0.11 2.94

EVOH29-0.25% 573+0.03 230

6.60 £0.77

1.86 6.60+£0.77 1.74

Table 5. Antimicrobial effect against L. monocytogenes, E. coli, and S. enterica. EVOH44 films with
0.25%, 1%, 5%, and 10% LAE tested at 4 °C expressed as logarithm of colony forming units (Log(CFU)

and log reduction value (LRV).

L. monocytogenes E. coli S. enterica
Log (CFU) LRV Log (CFU) LRV Log (CFU) LRV
Control 92.01+0.14 9.02 +0.02 8.21+0.27
10% LAE Total inhibition Total inhibition Total inhibition
5% LAE Total inhibition Total inhibition Total inhibition
1% LAE 566 +0.73 3.34 6.43+0.10 2.66 5.83+0.09 2.38
0.25% LAE 7.35+0.69 1.67 7.88+0.01 1.21 6.92+0.24 1.30

3.4 In vivo assay: Efficacy of LAE-films
against L. monocytogenes and S. enterica
in an infant formula

The infant formula was inoculated with the
pathogenic microorganisms L. monocytoge-
nes and S. enterica and placed in sterilized
tubes with the films, capped and stored
for 6 days at 4 °C. The inhibitory effect of
EVOH29 and EVOH44 films with LAE on
the growth of L. monocytogenes and S. ente-
rica is shown in Figures 4-7. Samples stored
with the active film had a significant inhibi-
tory effect against both bacteria tested.

Figures 4 also show the antimicrobial
effectiveness of the active films against L.
monocytogenes. After the 2" day of stora-
ge, a significant antimicrobial effect was
shown by the films. At the end of the stora-

ge period, all the active coatings produced
significant inhibition, with a reduction of
about 4 log in the case of 10% LAE. Also,
the greater the concentration of the agent
and the longer the storage time, the higher
the reduction.

Doyle and Beuchat observed that L. mono-
cytogenes can grow at temperatures of 4
to 45 °C [30], and refrigeration alone is not
sufficient to prevent its growth in foods.
The mean minimum growth temperatu-
re was found to be 1.1 °C, with a range of
0.5 to 3 °C [21] and L. monocytogenes could
survive pasteurization [19, 20]. The charac-
teristics of infant formula (pH close to neu-
trality, large presence of nutrients) could
favor an increase in viable counts of L. mo-
nocytogenes.



As Figures 5 show, the presence of the anti-
microbial agent against S. enterica, produced
a reduction of ca. 1 log CFU with EVOH29
and 0.5 log CFU with EVOH44 after 2 days
of storage. On the 6" day of storage, the to-
tal bacteria counts for the infant formula
packaged with the active samples showed
a significant decrease in comparison with
the control sample. EVOH29 5% and 10%
LAE samples had reductions of 3.74 log and
3.95 log, respectively, and EVOH44 5% and
10% LAE samples had reductions of 1 log
and 3.27 log respectively against S. enterica.

[ 2days

) I 6 days

@

<

3 61

o

<

oy -

g

(<)

g,

~

ey

o

=)

S

= 24

=3

(=}

-

0
CONTROL EVOH29 5% LAE EVOH29 10% LAE
8

[ 2days
B 6 days

Log (CFU) of L. monocytogenes
£

T T T
CONTROL EVOH44 5% LAE EVOH44 10% LAE

Figure 4. Growth reduction of L. monocytogenes
inoculated in an infant formula at 2" and 6"
days of storage caused by EVOH29 films (con-
trol, 5% LAE and 10% LAE) and EVOH44 films
(control, 5% LAE and 10% LAE).

Milk contamination can take place if exces-
sive condensation and high humidity pro-
duce droplets that fall into open containers.
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Figure 5. Growth reduction of S. enterica inocu-
lated in an infant formula at 2" and 6" days
of storage caused by EVOH29 films (control, 5%
LAE and 10% LAE) and EVOH44 films (control,
5% LAE and 10% LAE)

Salmonella may contaminate containers or
milk contact surfaces after pasteurization
because of environmental conditions in
the plant. In the United States, between
1960 and 2000, 12 outbreaks were asso-
ciated with pasteurized milk [10] Salmo-
nella infection, or salmonellosis, causes fe-
ver, diarrhea, and cramping in addition to
chills, headache, and other gastrointestinal
symptoms. For children, salmonellosis can
be fatal. The films used in the present study
could be developed and applied as an in-
ner coating of the packaging structure for
infant formula, releasing the active agent
and producing greater protection against
contamination post pasteurization.
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The present study reveals that a much hig-
her concentration of LAE is required in
infant formula to produce total inhibition
against L. monocytogenes and S. enterica,
as observed in the in vitro tests with TSB.
Other studies reported that a higher con-
centration of antimicrobial agents is gene-
rally required in real food compared with
that in broth media [31, 32]. A reduction in
antimicrobial activity of the agent owing to
the nature of the food matrix has been do-
cumented [32, 33]. Thus, higher concentra-
tions of agent are generally required when
added to food [34].

Therefore, the use of antimicrobial packa-

ging such as bottles/jar coatings can offer
advantages, compared with the direct
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ABSTRACT

The aim of this work was to characterize, as packaging materials, antimicrobial films
based on two different ethylene vinyl alcohol copolymers (EVOH29 and EVOH44) con-
taining 5 and 10% lauril arginate (LAE). The characterization included optical, surface,
thermal and barrier properties of the developed films, as well as the release of the agent
into aqueous media. The results show that the addition of LAE did not produce relevant
changes in optical, but reduced the films’ barrier properties to oxygen and water vapor,
especially at high humidity conditions, and improved the wettability of the surface as
demonstrated by the significant decrease in contact angle, both effects a consequence
of the surfactant properties of the compound. The thermal properties confirmed that
the distribution of LAE in the matrix was homogeneous, that the agent induced an an-
tiplasticization effect and reduced the quality and percentage of the crystalline region,
and that casting (or coating) is a suitable processing technology to reduce compound de-
gradation. Finally, the release of LAE from EVOH films to water was characterized at 4
°C and 23 °C. This study showed that the agent was fully released into the food simulant
from all films, although kinetically LAE diffusion was faster in EVOH29 and at higher
temperature. All these results show that the developed films present excellent functional
properties and are able to release the antimicrobial agents suitably, making them promi-
sing materials for active food packaging applications.

Keywords: EVOH, LAE, antimicrobial packaging, release.
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1. INTRODUCTION

Active antimicrobial packaging has re-
ceived special attention in the last years
since they are one of the most promising
packaging alternatives in the use of less ag-
gressive emerging food technologies. Anti-
microbial packaging extends the shelf life
of sensitive product by inhibiting or retar-
ding the proliferation of microorganisms
in food [1]. To avoid the risk of consumer
manipulation of the active compounds, the
addition of the agent within the packaging
walls, that is, into the polymeric matrix that
constitutes the packaging wall or onto the
inner surface are the preferred incorpora-
tion methods. Diverse polymers have been
studied as possible matrices for the incor-
poration of antimicrobial agents including
biopolymers and synthetic polymers.

In a previous work [2], two different ethyle-
ne-vinyl alcohol copolymers (EVOH29 and
EVOH44) were used as matrices to incor-
porate the antimicrobial agent Lauril ar-
ginate (LAE) and the results showed that
the films presented excellent antimicrobial
activity.

EVOH copolymers are common packaging
materials classified as biodegradable and
biocompatible [3] that present excellent
oxygen barrier properties and a highly hy-
drophilic nature [4]. This latter property is
highly inconvenient in applications where
high barrier to oxygen is a requirement
since water gain results in polymer plas-
ticization and subsequently severe per-
meance increment. Recently, EVOH ma-
terials have been used as matrices for the
development of active packaging systems.
In these applications, water plasticization
is beneficial because when the polymer is
exposed to a humid environment (that is,
the food packaging step) plasticization ac-
celerates agent release, producing the ex-

pected useful effect on the food [2, 5, 6].
Lauril arginate, LAE, (95% of ethyl-N-
dodecanoyl-L-arginate hydrochloride) is a
cationic surfactant, a derivative of lauric
acid, L-arginine, and ethanol [7]. This com-
pound is considered one of the most potent
food antimicrobial agents with an exten-
sive spectrum of antimicrobial activity [8],
and it does not provide any taste or odor, in
compliance with article 3 of the European
Regulation on active food packaging mate-
rials [9]. In addition, it has been classified as
GRAS (Generally Recognized as Safe) and
food preservative by the Food and Drug
Administration (FDA).

The purpose of this study was to charac-
terize the functional properties of antimi-
crobial films based on two ethylene vinyl
alcohol copolymers with different vinyl
alcohol content (EVOH29 and EVOH44)
containing 5 and 10% of LAE so as to be
considered suitable food packaging mate-
rials. It is known that the incorporation of
agents into a polymeric matrix can modify
unacceptably the engineering properties
of the packaging materials [10]. The films
were developed by a procedure that re-
sembles film coating, which is the method
considered for its application in packaging
design. In such designs, mainly the subs-
trate material is responsible for mechanical
strength (reason why mechanical charac-
terization of the active EVOH films were
not included in this study), although the
coating can modify many other relevant
properties of the final structure. Accordin-
gly, this characterization included optical,
surface, thermal and barrier properties of
the developed films, relevant to being used
as conventional packaging materials and
full evaluation of the agent release process
into agueous media, relevant to the design
of efficient active packages.
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2. MATERIALS AND METHODS

2.1 Materials

Ethylene vinyl alcohol copolymers with
29% ethylene molar content (EVOH29)
and with 44% ethylene molar content
(EVOH44) were kindly provided by The
Nippon Synthetic Chemical Company
(Osaka, Japan). 1-propanol was purchased
from Sigma (Madrid, Spain). The antimi-
crobial Lauril arginate (C20HaNaOsCl) was
provided by Vedegsa Grupo LAMIRSA (Te-
rrassa, Barcelona, Spain). Water was obtai-
ned from a Milli-Q Plus purification system
(Millipore, Molsheim, France).

2.2 Film Preparation

EVOH films were prepared as described
elsewhere [2]. Briefly, the film forming so-
lution was prepared by dissolving the co-
polymers in a mixture of 1-propanol and
water, 1/1 (v/v) for EVOH29 and 2/1 (v/v)
for EVOH44. The solutions were stirred
using a magnetic stirrer hotplate at 50 °C.
After solution, a concentration of 5 and
10% LAE was added and stirred again for
about 15 min. Control films were obtained
without LAE. EVOH solutions were exten-
ded over a clean glass plate using a 200 pm
deep thread spreading bar (Lin-Lab Rio-
ja, Logrofio, Spain). The films were dried
in a tunnel equipped with a 2500 W heat
source for 10 min. The thickness of these
films was determined with a Mitutoyo mi-
crometer (Osaka, Japan) in each film before
analysis.

2.3 Optical properties

A Konica Minolta CM-3500d spectropho-
tometer (Konica Minolta Sensing, Inc.,
Osaka, Japan) set to D65 illuminant/10°
observer was used to determine the film
color. The samples were measured against

the surface of a standard white plate. The
instrument’s software SpectraMagic NX
was employed to acquire the color data and
to display them in the CIELAB color space.
The parameters L* [black (0) to white (100)],
a* [green (-) to red (+)] and b* [blue (-) to ye-
llow (+)] were obtained and the polar coor-
dinates, the chroma C* and the hue angle
h® calculated. Eight measurements were
taken of each sample, and three samples of
each film were measured.

Film transparency was measured by using
a Jasco V-360 spectrofotometer (Madrid,
Spain) and monitoring the transmittance
at 600 nm of 4.5 x 1.2 cm samples. Three
films were analyzed per sample.

Closs was determined according to the ISO
2470 standard. Measurement of diffuse
blue reflectance factor at 457 nm and with
an angle of 10° was carried out in a Koni-
ca Minolta, CM-2600d spectrophotome-
ter (AquaTeknica, Spain). Five films were
analyzed per sample.

2.4 Contact angle

The contact angles of control and active
films were measured with an OCA 15 EC
(DataPhysics Instruments, Germany) to
determine the effect of the LAE incorpo-
rated into the surface wettability. A 2-uL
drop of distilled water was placed on the
film surface. The evolution of the droplet
shape was recorded and the angle was de-
termined after 60 s; SCA20 image analysis
software was used to determine the con-
tact angle evolution. All measurements
were conducted under standard atmosphe-
ric conditions at 23 + 1 °C and a minimum
of three measurements, taken at different
positions on the film, and three samples of
each film were measured.



2.5 Thermal characterization

The glass transition (Tg) and melting point
(Tm) temperatures and the melting enthal-
py (AHm) of the samples were determined
with a DSC Model Q2000 from TA Ins-
truments (New Castle, DE, EEUU). Film
samples (ca. 7 mg) previously dried in a
desiccator containing P-Os were accura-
tely weighted in a Tzero aluminum pan
hermetically sealed with a Tzero lid from
TA instruments. The heating profile was as
follows: fast cooling to -60 °C and isotherm
period of 5 min, first heating from -60 °C
to 250 °C with a 10 °C/min heating and 5
min isotherm period, first cooling from 250
°C to -60 °C with a 10 °C/min cooling and
5 min isotherm period and second heating
from -60 °C to 250 °C with a 10 °C/min
heating and 5 min isotherm period. Tg, Tm
and AHm were estimated with the instru-
ment Universal Analysis software in the
three cycles.

2.6 Barrier Properties
2.6.1 Water Vapor Permeability (WVP)

WVP tests were carried out with a humi-
dity gradient of 50 and 20% RH and 23 °C
using permeability cups (Elcometer, Man-
chester, England) in accordance with ISO
2528 (ISO 2528:1995, 1995). The aluminum
cups were filled with 7 g of silica gel and
sealed with vacuum silicon grease (Sigma,
Barcelona Spain) and the film to be tes-
ted. The film was fixed in place with a flat
Viton ring, an aluminum ring and three
press-screws. To assure the necessary re-
lative humidity gradient, the cups were
then stored in desiccators containing sa-
turated salt solution: magnesium nitrate
Mg(NOs)2.6H20 and barium chloride BaCl:
for 50 and 90% RH, respectively. The cups
were weighed daily, and the water vapor
permeability values were obtained from
the slope of the plot of the cell weight vs.
time (dm/dt):
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dm ?
WVP=—ro-
dt A-Ap

where Ap is the water pressure gradient, A
the film surface area and € the film sample
thickness.

2.6.2 Oxygen Permeability (OP)

The oxygen permeation rates of the mate-
rials were determined at 50 and 20% RH
and 23 °C using an OXTRAN Model 2/21
ML Mocon (Lippke, Neuwied, Germany).
The film samples were previously condi-
tioned at the RH of the experiment in the
desiccators described above. After condi-
tioning the samples in the OXTRAN cells,
the permeability values were determined
from the steady state transmission rate va-
lues.

2.7 Release studies

A study of the release of LAE from the
EVOH films was carried out by determi-
ning the agent concentration in Milli-Q
water, which was used as aqueous food
simulant. Release studies were conducted
at 23 and 4 °C. Double-side, total immer-
sion migration tests were performed as fo-
llows: 3 cm? of each film sample and 5 mL
of the simulant (area-to-volume ratio = 6
dm?/L) were placed in tubes UNE-EN 1186-
3 (2002). Released LAE was determined
at diverse immersion times by High Per-
formance Liquid Chromatography (HPLC)
with a UV-Vis absorbance detector. An
Agilent 1200 series HPLC system equipped
with a C18 reversed-phase column (150 x
3.9 mm, 5um) and a DAD Model G1513A
was used and the Absorbance data were
recorded at 205 nm. The mobile phase was
acetonitrile:zwater 50:50 (v/v) containing
0.1% trifluoroacetic acid, the flow rate 1
ml/min, the temperature 23 °C and the in-
jection volume 20 pL. A previous calibra-
tion was performed by injecting known
amounts of the compound.
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2.8 Statistical analysis

One-way analyses of variance were carried
out using the SPSS®19 computer program
(SPSS Inc., Chicago, IL, USA). Differences

in pairs of mean values were evaluated by
the Tukey-b test for a confidence interval
of 95%. Data are represented as mean +
standard deviation.

3. RESULTS AND DISCUSSION

EVOH films without LAE (EVOH29 and
EVOH44) and with 5 and 10% of LAE
(EVOH29-5% and EVOH44-5%) and
(EVOH29-10% and EVOH44-10%) were
successfully manufactured by the casting
procedure. Films were transparent and
without discontinuities, with a thickness
of 15 + 1 um. Films were stored in desicca-
tors with silica gel until tested, to maintain
stability [2].

3.1 Optical properties

The L* a% b% C* and h° parameters of
EVOH29 and 44 without LAE and with
5 and 10% of LAE were analysed and the
results are shown in Table 1. EVOH29
and 44 films were transparent, as indica-
ted by their L* values well above 90. The

low values of a* and b* close to zero and
very similar to the control films, indicated
that the films were practically colorless.
The film chromaticity (C*) and saturation
values (h°) increased with the concentra-
tion of LAE incorporated and developed a
similar green-blue color. Nevertheless, the
addition of the antimicrobial agent does
not reduce the luminosity and does not
affect the color of the films to the naked
eye. Transparency and gloss are also rele-
vant properties in packaging applications
since they are related to the way consu-
mer perceives the packaged product. Table
1 includes the average values of these two
properties and as can be seen the addition
of the agent does not significantly affect
either of these parameters, with all films
showing high transparency and gloss.

Table 1. Color parameters, transparency and gloss of EVOH29 and EVOH44, without LAE and

with 5and 10%

L* a* b* c* h° %T Gloss
EVOH29 9525+0.33% -017+0.022 -014+0.06° 023+0.04% 2184+11.6% 8548+101* 9853+0.13"
EVOH29 5% LAE 94.57+027% -019+0.01* -020+0.02% 0.28+0.02% 2249+46% 8593+0.60% 98.63+0.15
EVOH2910% LAE 95.60 +0.17% -0.20+0.01*® -0.28+0.03° 0.33+0.02° 2348+15° 8319+166* 98.36+0.242
EVOH44 94.62+019% -019+0.01* -0.34+0.03% 039+0.02% 241.6+22% 8593+0.02% 97.78+0.40%
EVOH44 5% LAE 9334+0.01® -021+0.01* -039+0.08% 044+0.07% 2411+49% 87.65+228% 97.98+0.69
EVOH4410%LAE 9533+011%° -023+0.01%® -051+0.03" 056+0.02° 2453+21% 8823+0.39% 9815+ 0.29?

a, b, c indicate significant differences among the values of the same color property obtained for the
samples with the same base-copolymer (Turkey’s adjusted analysis of variance P<0.05).



3.2 Contact angle

The contact angle is defined as the angle
between the surface of a liquid and the
tangent line at the point of contact with
the substrate. Contact angle measurements
were used to characterize the surface pro-
perties of EVOH films containing LAE and
the results are shown in Table 2. As can be
seen all values are well below 90° values
which are indicative of materials that are
wetted by water, as expected from a fa-
mily of films with hydrophilic character.
It was also noted that the contact angles
are lower for EVOH29 than EVOH44 films
which is due to the increasing presence of
OH substituents. Also, data showed that
the contact angle decreases as the concen-
tration of LAE increases. It is well-known
that LAE is an amphiphilic compound [11]
and may modify the surface hydrophobi-
city. Substances of this kind are commonly
added to polyolefins to provide antifogging
properties.

3.3 Thermal characterization

Thermal analyses of the films were carried
out to study the influence of the addition
of LAE on the thermal properties of the
EVOH copolymers. As an example, Figure
1 shows the 3-cycle representative thermo-
grams obtained for EVOH29 and EVOH29-

Table 2. Contact angle of EVOH29 and EVOH44,
without LAE and with 5 and 10%

SAMPLE a
EVOH29 62.9 £1.84a
EVOH29 5% LAE 51.8 +2.40Db
EVOH29 10% LAE 32.6+0.21c
EVOH44 63.5+0.57a
EVOH44 5% LAE 54.3 £2.05b
EVOH44 10% LAE 55.7 +0.14b

a, b, cindicate significant differences among the
values of the contact angle (Turkey’s adjusted
analysis of variance P<0.05)
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10%. As can be seen, the glass transition
and the melting process are observable in
the heating cycles, while the glass tran-
sition and the crystallization process are
recognizable in the cooling cycle. Since
the films were prepared by a casting pro-
cess which could be considered similar to
a coating process by a gravure or flexo te-
chnology, the most relevant information is
obtained from the first heating cycle since
it actually reflects the polymer morpholo-
gy obtained after the drying step. Never-
theless, some relevant features can also be
remarked by comparison between first and
second cycle. As for the neat copolymers
(see EVOH29 thermogram in figure 1), an
endotherm was observed at a temperatu-
re of ca. 110 °C which is attributed to the
evaporation of some water and alcohol
trapped in the matrix that could not be re-
moved during the drying storage. In dry
conditions and below Tg, the EVOH copo-
lymers are well-known barrier materials
to molecular transport and as the film dries
out through the surface, the barrier impro-
vement practically impedes the release of
solvent molecules present at deeper free
volume positions within the matrix [12].
This small but relevant residual solvent
content also produces some plasticization
which is reflected by a glass transition
temperature during the first cycle of ca. 43
°C, near 13 °C below that observed during
the second heating process. At tempera-
tures of ca. 180 °C, the crystalline portion
of EVOH29 melts (150 °C for EVOH44),
values which are close to those measured
in extruded EVOH copolymers [13]. In this
endothermic process, there are also diffe-
rences between first and second heating
cycles. The cast film (first cycle) showed
a wider and cooler melting process when
compared to the melted polymer (second
cycle), probably due to a more irregular and
more fragmented crystalline structure. Si-
milar comments are valid for the thermal
behavior of EVOH44 films.
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Figure 1. DSC thermograms of EVOH29 without LAE and with 5 and 10%

With the incorporation of LAE, the first
heating cycle showed the three features
already explained for EVOH29 but with
some differences. First of all, the glass
transition was observed at a slightly hig-
her temperature, the solvent evaporation
was not so visible and the melting proces-
ses took place at significant lower tempe-
ratures (also obvious in the crystallization
feature observed during the cooling pro-
cess). When first and second heating cycles
were compared, another very relevant is-
sue should be noticed. The glass transition
occurred at cooler temperatures during the
second cycle, between 10 and 20 °C below.
All these effects were attributed to the pos-
sible thermal degradation of LAE or to a
reaction between agent and polymer. This
hypothesis would prevent any attempt of
manufacturing EVOH containing LAE by
extrusion technologies. It is also relevant to
mention that there is no sign of LAE mel-
ting process which takes place as a sharp
feature at 50 °C (thermogram not shown),
which is indicative of a homogeneous dis-
tribution of the antimicrobial compound in
the polymer matrix.

Table 3 shows the most relevant thermal
information of the developed materials.

As can be seen, the glass transition tem-
perature increases significantly with the
concentration of LAE in cast films manu-
factured from both copolymers. This an-
tiplasticization effect has been observed
when the presence of a compound within
a polymer matrix increases interchain co-
hesion [14]. After the melting and cooling
processes, the glass transition largely de-
creases with LAE concentration as a result
of degradation processes. With respect to
the crystallinity of the polymer, there is
some uncertainty in the results from LAE
degradation, agent-polymer reactions
could be hidden within the melting featu-
re. Nevertheless, and considering that the
endotherm is only due to the melting pro-
cess, the table shows that the addition of
LAE results is a lesser and more deficient
crystalline portion, effect which increases
with LAE concentration. This effect should
be expected since the presence of subs-
tances in the polymer bulk interfere with
the normal crystal growth. Other features
observed in the second and third cycle are
not studied further since the scope of this
work was to assess the potential applica-
tion of LAE-EVOH films obtained by coa-
ting technologies where temperature abo-
ve 80 °C are rare.
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Table 3. Thermal properties obtained from DSC thermograms of EVOH29 and 44, without LAE and
with 5 and 10%. Glass transition temperature (Tg) obtained at the first and second heating processes,
and melting point (Tm) and enthalpy (AHm) obtained at the first heating.

Tg (°C) Tm (°C) AHm(J/g)
First heating = Second heating

EVOH29 432+10°2 555+ 15¢ 184.6+0.6°¢ 70.7 +2.4°
EVOH295%LAE 451+0.3° 422+28%  1789+18° 68.4+290
EVOH2910 5LAE 463+0.4°€ 299+0.82  174.6+15?2 53.8+2.12
EVOH44 465+0.32 50.3+13°¢ 1745+1.5° 728+23°
EVOH445%LAE 47.0+0.72 34.0+11° 156.4 +1.8°2 662 +312
EVOH4410%LAE 488+0.5° 291+3.12 155.5+1.9 2 622+192

a, b, c indicate significant differences among the values of the same property obtained for samples
with the same base-copolymer (Turkey’s adjusted analysis of variance P<0.05)

3.4 Barrier Properties
3.4.1 Water vapor permeability (WVP)

The water vapor permeability values for
all samples were determined at 23 °C
with 50 and 90% RH gradients and the
results are included in figure 2. The most
relevant feature is the increment in per-
meability values caused by the water gra-
dient at which samples were exposed. As
the humidity increases EVOH copolymers
are known to gain increasing amounts of
water which results in plasticization of the
matrix and deterioration of barrier pro-
perties. This effect is significant in all tes-
ted samples independently of the content
of LAE and of the ethylene content of the
copolymer. In presence of humidity, sor-
bed water molecules interact by hydrogen
bonding with the -OH groups of EVOH,
reducing the interchain interactions and
increasing the flexibility and permeability
to gases and vapors [13]. When EVOH co-
polymers are compared, the increment in
permeability observed from tests with 50%
RH gradient to tests with 90% RH is grea-
ter for EVOH29 than for EVOH44 based

films. In fact, at 50% RH gradient EVOH29
films were less permeable to water vapor
than EVOH44, but the contrary applied
when tests were carried out with a 90%
RH gradient. The higher percentage of al-
cohol containing segments in EVOHZ29, in-
creases the interchain energy cohesion in
the matrix improving the barrier to mass
transport, but in parallel, increases the hy-
drophilic behaviour and the plasticization
capacity of the copolymer when exposed to
humid environments. This observed effect
is in agreement with a number of studies
in which water permeability considerably
increased in humid conditions [4, 15, 16].

Considering the presence of LAE in the
polymer matrices, the incorporation of the
agent to both EVOH copolymers produced
similar effects on WVP at 50 and 20%, the
WVP values increased with the addition of
LAE. As DSC analysis revealed, the presen-
ce of LAE largely reduced the crystallinity
percentage of the EVOH matrix, and the-
refore, increased the amorphous regions
were mass transport takes place. This
effect is more relevant when the test is ca-
rried out at low RH. At high humidities, the
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plasticization caused by the sorbed water
becomes more important than that caused
by LAE, the effect of LAE concentration

being less noticeable although significant
(p>0.05) in all cases.
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Figure 2. Water Vapor Permeability for EVOH29 and EVOH44, without LAE and with 5 and 10%.
Different letters (a, b, ¢) indicate significant differences among the values of WVP (Turkey’s adjus-

ted analysis of variance P<0.05)
3.4.2 Oxygen permeability (OP)

Without doubt, the oxygen barrier proper-
ties of EVOH copolymers are the most ap-
preciated characteristics of these packaging
materials and are the main reason for their
application in food packaging design. The
hydrophilic character of these copolymers
makes these barrier properties very sensi-
tive to humidity, requiring water protec-
tion in application where oxygen barrier is
a must. It has been reported that EVOH29
presents minimum values to oxygen per-
meability under conditions between 20-
40% RH, increasing in 2 orders of magni-
tude when the humidity is 90% [13, 17]. In
this study, the influence of LAE incorpora-
tion in the oxygen permeability of EVOH
films and on the sensitivity of this proper-
ty with humidity was determined. Figure
3 shows the oxygen permeability values
at 50 and 20% RH and 23° C. As commen-

ted in the WVP section, the permeability
to oxygen also increased significantly with
the environmental humidity, 100 fold for
EVOH29 and 10 fold for EVOH44.

The incorporation of the antimicrobial
agent increases the permeability of both
EVOH copolymers by a factor of 2 to 5, this
increment being greater with the concen-
tration of LAE. The reason for this incre-
ment is most probably the reduction of the
crystallinity in the polymer caused by the
presence of the LAE molecules. Neverthe-
less, at low humidity (50% RH) this effect
is less pronounced, probably due to the an-
tiplasticization effect also observed in the
thermal analysis, which may impose grea-
ter polymer chain movement restrictions
and diffusivity constrictions. At higher
humidity conditions, the water plasticiza-
tion eliminates this effect and the presence
of crystals are the only limitation to mass
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Figure 3. Oxygen permeability of EVOH29 and EVOH44, without LAE and with 5 and 10%. Di
fferent letters (a, b, ¢) indicate significant differences among the values of OP (Turkey's adjusted

analysis of variance P<0.05)

transport, the addition of LAE resulting in
higher OP values.

3.5 Antimicrobial agent release

The antimicrobial efficiency of the LAE in-
corporated materials is mainly based on an
effective release of the compound into the
food. Thus, a characterization of the agent
release from the EVOH films into water
(used as food simulant) was carried out at
room (23 + 1 °C) and refrigeration (4 + 1 °C)
temperatures. The extent of LAE release
into the food simulant at equilibrium can
be characterized by the partition coeffi-
cient (K), defined as the ratio between the
compound concentrations in the polyme-
ric phase and in the food phase. Figure 4
and 5 shows the results of the release test
of EVOH29 and 44 with 5 and 10% at 23
°C and 4 °C, respectively. As can be seen,
the antimicrobial compound was desorbed
in water continuously following a profile
similar to an exponential function which
tends to a maximum value. Although the
release is not complete within the time of

the experiment, the amount of LAE mi-
grated to the food simulant approaches
full extraction at 23 °C for both materials.
Interestingly, when the amount release
is expressed as a percentage with respect
to nominal content (like in figures), the
values observed for samples with 5% and
10% LAE are intermingled. This characte-
ristic is indicative of the release advancing
toward full migration, that is, K approaches
zero. Otherwise, migration from samples
with higher concentration would have ad-
vanced at a slower pace due to the approxi-
mation to equilibrium and the percentage
of release would have been lower than for
the sample with lower concentration.

Kinetically, the description of LAE diffu-
sion through the polymer matrix is more
complex because when the sample is im-
mersed in the simulant, water is sorbed
and diffuses through the matrix, plastici-
zing the polymer whilst the LAE is released
and redistributed in the EVOH structure.
In some studies focused on the mass trans-
port of substances in hydrophilic polymers,
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the swelling (or even dissolution) of the po-
lymer caused by water has been interpre-
ted as a change in the position of the poly-
mer/simulant interface as well as a change
on the diffusion through the swollen part
[18]. However, and despite the severe plas-
ticization of EVOH exposed to water, the
water uptake by EVOH is very low compa-
red to PVOH, chitosan or other hydroco-
lloids and ranges between 9 and 12% for all
EVOH grades [19]. Thus, dimension chan-
ges on EVOH films caused by swelling can
be neglected. Nevertheless, the plasticiza-
tion of the polymer depends on the water
concentration in any region of the poly-
mer and therefore, the D of any substance
will change with water presence until the
water concentration is homogeneous and
constant throughout the matrix. At this
point, plasticization is homogeneous and D
is constant for the released substance. Ta-
king into account that the water molecule
is very small compared with organic mole-
cules of aromas, aminoacids or fatty acids,
one can consider that the water intake oc-

curs at such a fast pace that in practice, the
film is equilibrated at the earliest stages of
the release of the organic substance. This
approach has previously been considered
with pinene, ethyl butyrate, quercetin or
catequin, and a successful description was
obtained [12, 15, 20]. In the present work,
the LAE molecule is really large and ac-
cordingly the diffusion coefficient will be
much lower than those of the referred
substances, making this assumption even
more valid. Therefore, assuming that a)
release occurs through both side surfaces
of the film, b) LAE is distributed uniformly,
¢) the compound is fully released from the
film, d) the diffusion coefficient of LAE in
the polymer matrix is independent of tem-
perature and position and e) the antimicro-
bial concentration in the food medium is
homogeneous, the evolution with the time
of LAE release from EVOH with respect to
that at the end of the process (m(t)/mfs) can
be described by the following solution to
Fick's laws:

1 -D@2n+1?mt

me  m 8 <
| S
mfs cp AL 72 nzo

being cp' initial concentration of the anti-
microbial agent, A and { the area and the
thickness of the EVOH and D the diffusion
coefficients of LAE in the polymer.

Equation (1) has been used to describe the
experimental release data plotted in figures
4 and 5. The continuous lines included in
these figures are the theoretical curves ob-
tained with the D values which provided
the best fit, values which have been inclu-
ded in the figures’ legends. As can be seen
the description is acceptable considering
the dispersion of the experimental data.
This dispersion is assumed to be caused by
heterogeneous distribution of the agent
in the matrix. Since the sample surface of
each experiment is small, difference in ini-
tial concentration in the sample could be

exp (1)

(2n+1) ??

responsible for this dispersion. Since the
agent is not volatile and stable under pro-
cessing conditions, the actual average con-
centration is in practice the nominal one as
determined in an independent experiment
with a 4 dm?* sample exposed to water at 37
°C during 48 h.

The first observation from these figures is
that the release of the antimicrobial com-
pound is faster and more effective at 23 °C
than at 4 °C for both copolymers materials,
an expected result since mass diffusion is
a kinetic parameter that depends on tem-
perature exponentially following the Arr-
henius law. Also, the D values showed that
the diffusivity of LAE in EVOH29 is faster
than in EVOH44 at both temperatures, su-
ggesting that EVOH29 releases the active
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compound quicker. The EVOH copolymers
with higher ethylene content resulted
more plasticized by water at high humidi-
ty, and mass transport was accelerated in
these conditions. Thus, the mass transport
of LAE in EVOH at high humidity is in
agreement with the data observed in WVP
and oxygen permeability at high humidi-
ties. Finally, it is noticeable that from 4 to
23 °C, the effect on release is much more
relevant in EVOH44 than in EVOH29 (30
fold vs 3 fold). Probably the water gain in
EVOHZ29 and the subsequent plasticization
of the polymer is similar at both tempera-
tures, whereas EVOH44 at 4 °C is much

less plasticized than at 23 °C.

This information is extremely useful to
determine how likely a packaging film can
hold antimicrobial substances and relea-
se them when they come in contact with
food. An efficient antimicrobial package
whose mechanism of action is the agent
release, should assure that the minimal
inhibitory concentration is reached at the
right time and that it is maintained throug-
hout the shelf life of the product. Therefo-
re, the characterization of the release will
allow an optimized design of the final acti-
ve material.

4. CONCLUSIONS

Antimicrobial films based on EVOH films and LAE were successfully manufactured by
casting. The films were continuous, transparent and their optical properties did not pre-
sent relevant changes with respect to the control samples. Thermal analysis revealed
that in dry conditions the incorporation of the antimicrobial agent increased the inter-
molecular interaction producing an antiplasticization effect and deteriorated the crysta-
llinity structure of the film. The incorporation of LAE diminished the contact angle and
the barriers to water vapor and oxygen, these latter as a consequence of the lesser and
more irregular crystalline phase. The release of antimicrobial agent into water used as
food simulant was quicker in EVOHZ29 at both temperatures. Active EVOH44 films pre-
sented a more sustained released, especially at refrigeration temperatures. Therefore,
the active materials developed would provide very similar functional properties in pac-
kaging design to conventional food packaging and the different behavior in agent release
can be taken advantage of to design an efficient antimicrobial food packaging.
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ABSTRACT

This study was designated to determine the antimicrobial effect of ethyl-N-a-dodecanoyl-
L-arginate hydrochloride (LAE) incorporated into ethylene vinyl alcohol copolymer
(EVOH) films on chicken stock and ready-to-eat surimi sticks. Firstly, the effect of LAE
against Listeria monocytogenes and Echerichia coli was studied by using flow cytometry
and scanning electron microscopy. Next, film-forming solutions of EVOH29 or EVOH44
(29% and 44% molar percentage of ethylene, respectively) containing O, 5 and 10% w/w
of LAE were cast into films. Several experiments were conducted to determine the an-
timicrobial activity of the films in vitro and also in vivo with the above-mentioned food
products. The outcome of the tests showed a high impact on the viability of bacteria
treated with LAE, with dramatic damage to the membrane. The films were able to inhibit
the microbiota of the food products studied for 10 days under storage at 4 °C, showing
a significant antibacterial effect against L. monocytogenes and E. coli. These films show
great potential as systems for sustained release of active molecules to improve the safety
and quality of packaged food products.

Keywords: Ethyl-N-dodecanoyl-L-arginate hydrochloride, ethylene vinyl alcohol copolymers;
pathogenic bacteria; surimi sticks; chicken stock.
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1. INTRODUCTION

The strong demand for healthy, natural
foods rich in proteins and low in fat has
increased and they have become popular
all over the world. However, food products
without or with a low amount of additives
undergo faster deterioration as a result of
physical, chemical and biological processes.
Exposure to these processes tends to mo-
dify the nutritional, physiological and/or
sensory properties of foods, reducing shelf-
life and safety and increasing the risk of
food-borne diseases. Microbiological food
spoilage can be minimized and food safe-
ty ensured by means of effective control
of bacterial growth. The short shelf-life of
minimally processed and preservative-free
refrigerated products creates a need for re-
search into innovative food preservation
technologies capable of preserving without
compromising product quality.

L. monocytogenes and E. coli are common
pathogens present in food products as a
result of cross-contamination. L. mono-
cytogenes is considered one of the most im-
portant bacteria of food-borne disease. The
manifestations of disease include septicae-
mia, meningitis (or meningoencephalitis)
and encephalitis, usually proceeded by
symptoms similar to flu. In pregnant wo-
men it can cause spontaneous abortion. It
has also been associated with gastrointes-
tinal manifestations with fever. Although
the morbidity of listeriosis is relatively low,
the rate of mortality from systemic disease
can be very high, with values close to 30%.
Symptoms of infection by E. coli are seve-
re abdominal pain, severe diarrhoea, often
bloody, and sometimes nausea, vomiting
and mild fever. The individuals susceptible
to these pathogenic bacteria include “YO-
PIs” (the young, the old, the pregnant and
the immunocompromised) [15].

Technological innovations such as antimi-
crobial packaging inhibit or retard the pro-
liferation of microorganisms in foods, thus
extending the shelf-life and increasing the
safety of the product [1]. Compared with
direct addition of active agents to food,
antimicrobial active packaging technolo-
gies could stabilize labile additives or avoid
interactions and chemical reactions with
other additives or ingredients during food
processing, thus reducing the amount of
active agent required, satisfying consumer
demands [2].

In previous work, antimicrobial packaging
films were produced. For this purpose, two
different ethylene-vinyl alcohol copoly-
mers (EVOH29 and EVOH44) were used as
matrices to incorporate the antimicrobial
agent ethyl-Na-dodecanoyl-L-arginate hy-
drochloride (LAE). The films that were de-
veloped presented a strong antimicrobial
effect with a wide range of action, without
modifying film functional properties [3, 4].
LAE is a cationic surfactant derived from
lauric acid, L-arginine, and ethanol. This
new molecule has been considered as Ge-
nerally Recognized as Safe (GRAS) and
permitted as a food preservative at a con-
centration up to 200 ppm by the Food and
Drug Administration (FDA) [5]. Moreover,
when LAE is ingested it is hydrolysed in
the human body and transformed into
natural components [5-7]. Recent studies
have used LAE as an antimicrobial agent to
inhibit microbial growth in foods, but limi-
ted information is available concerning its
use in the design of active food packaging
by means of its incorporation into polymer
films [7-10].

This work considers issues associated with
food spoilage and the safety of refrigerated
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products such as chicken stock and ready-
to-eat surimi sticks after package opening.
The use of heat treatment of these pro-
ducts can lead to deterioration of food and
consumer perception of product quality
owing to flavour alterations. In addition,
the stipulated period of time given by the
manufacturer for safe surimi and chic-
ken stock consumption after the package
is opened is two days when stored under

refrigerated conditions. One way to prolong
the microbiological shelf-life without mo-
difying organoleptic properties is to impro-
ve traditional packaging by the use of the
newly developed films as an inner coating
of the package wall [13, 14]. Therefore, the
aim of this study is to use the newly deve-
loped antimicrobial active films to improve
the microbiological safety of these pro-
ducts after package opening.

2. MATERIALS AND METHODS

2.1 Materials

Ethylene vinyl alcohol copolymer (EVOH)
possessing a 29 and a 44% ethylene mo-
lar content was kindly provided by The
Nippon Synthetic Chemical Company
(Osaka, Japan); 1-propanol was purchased
from Sigma (Madrid, Spain). The antimi-
crobial LAE (C20Ha1N2OsCl) was provided by
Vedegsa Grupo LAMIRSA (Terrassa, Bar-
celona, Spain). Water was obtained from a
Milli-Q Plus purification system (Millipore,
Molsheim, France).

2.2 Culture preparation

Gram positive bacteria Listeria monocyto-
genes CECT 934 (ATTCC 19114) and Gram
negative bacteria bacterium Escherichia
coli CECT 434 (ATCC 25922) were selec-
ted because of their importance in food-
borne illness. Strains were obtained from
the Spanish Type Culture Collection (CECT,
Valencia, Spain) and stored in Tryptone
Soy Broth (TSB) purchased from Schar-
lab (Barcelona, Spain) with 20% glycerol
at =80 °C until needed. For experimental
use, the stock cultures were maintained by
regular subculture on Tryptone Soy Agar
(TSA) (Scharlab, Barcelona, Spain) slants at
4 °C and transferred monthly. Prior to the
experiments, a loopful of each strain was

transferred to 10 mL of TSB and incubated
at 37 °C for 18 h to obtain early-stationary
phase cells.

2.3 Antimicrobial capacity of LAE
2.3.1 Flow cytometry

The minimum inhibitory concentration
(MIC) - considered as the lowest concentra-
tion needed to inhibit visible growth of the
microorganism - of LAE was tested against
L. monocytogenes and E. coli in a previous
work [3]. Dilutions of LAE in peptone water
were added to 10 mL of TSB in order to
reach a final concentration corresponding
to the MIC value, 7 ppm and 20 ppm for
L. monocytogenes and E. coli, respectively.
Briefly, 100 pL of each microorganism in
exponential phase was inoculated in each
test tube and incubated for 24 h at 37 °C.
After this time, the samples were centri-
fuged and resuspended twice in saline so-
lution (0.8% NacCl). The cells were stained
with the cell-permeant double-stranded
DNA fluorochrome SYTO-13 (Molecular
Probes Europe BV, Netherlands) and with
propidium iodide solution (PI, Calbiochem).
SYTO-13 stains the nucleic acids in all cells,
while PI stains the nucleic acids in cells
with a damaged membrane. The studies
were conducted in the Central Service for



Experimental Research at the University
of Valencia (Spain), performed with a BD
FACSVerse™ (Becton Dickinson, USA) flow
cytometer. Each cell was characterized by
four optical parameters: side scatter (SSC),
forward scatter (FSC), green fluorescence
for SYTO-13 (excitation light 497 nm and
emission light 520 nm), and red fluorescen-
ce for PI (excitation light 493 nm and emis-
sion light 630 nm). The software BD FACS
Suite v. 1.0.3.2924 (Becton Dickinson, USA)
was used to collect the data.

An untreated control of both pathogens
was also analysed.

2.3.2 Scanning electron microscopy

The minimum bactericidal concentration
(MBC) - defined as the concentration at
which no growth is observed after plating
onto agar - values described in previous
works, 12 ppm for L. monocytogenes and
32 ppm for E. coli, were placed in contact
with 10 mL of TSB and 100 pL of L. mono-
cytogenes and E. coli in exponential phase
and were inoculated in each test tube and
incubated for 24 h at 37 °C. Untreated con-
trols of both pathogens were prepared. The
samples were centrifuged and resuspended
twice in saline solution (0.8% NaCl). Each
suspension was filtered through a 0.2-mm
Nuclepore Track-Etch Membrane (What-
man, UK), and the membranes were dehy-
drated in 30%, 50%, 70%, 20% and 100%
graded alcohol series. A small amount of
platinum was sputtered on the samples
to avoid charging in the microscope. SEM
observation of L. monocytogenes and E. coli
was performed in the Central Service for
Experimental Research at the University
of Valencia (Spain) with an electron mi-
croscope (HITACHI S 4100) working at 10
kV.

2.4 Film preparation

EVOH films were prepared as described in
previous works [3, 4]. Briefly, the film for-
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ming solution was prepared by dissolving
EVOH 29 in a 1.1 (viv) 1-propanol:water
mixture at 50 °C and EVOH 44 in a 2:1
(v:v) 1-propanol:water mixture at the same
temperature. The solution was stirred for
30 min using a magnetic stirrer. After that
time, a concentration of 5 and 10% LAE
was added and stirred again for about 15
min. The films were prepared by casting;
5 mL of each film-forming solution was
extended over a glass plate using an ex-
tension bar, and placed in a drying tunnel
equipped with a 2500 W heat source for 10
min until it was completely dry. Films pre-
pared without LAE were used as controls.
Film thickness was measured using a Mi-
tutoyo micrometer (Osaka, Japan) and had
an average value of 15 + 2 pym. Finally, the
films were stored in glass desiccators con-
taining silica gel at 22 °C prior to use.

2.5 Effectiveness of antimicrobial EVOH
films with LAE against L. monocytogenes
and E. coli in vitro

The antimicrobial activity of the EVOH29
and EVOH44 films with 5 and 10% of LAE
were tested in vitro against L. monocyto-
genes and E. coli using an agar diffusion
method. For this purpose, 100 uL of a bac-
teria suspension containing approximately
107 CFU/mL was spread over the TSA sur-
face. Disks of the antimicrobial films (40
mm in diameter) were attached to the Petri
dish in direct contact with the microorga-
nism. Plates were incubated at 37 °C for 24
h and the diameter of the resulting inhibi-
tion zone in the bacterial lawn was measu-
red. Control films (EVOH29 and EVOH44)
without LAE were also tested. The experi-
ment was carried out in triplicate.

2.6 Food samples: chicken stock and suri-
mi sticks

Chicken stock was produced according to
the traditional method using a WMF Per-
fect pressure cooker (Germany). The in-
gredients employed were chicken (500g),
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carrots (2 pieces), onion (1 piece), leek (1pie-
ce), water (1 L) and salt, and they were pur-
chased from a local supermarket. Firstly,
chicken was cut into pieces and fried
lightly with chopped vegetables for 5 mi-
nutes, after that, water and salt was added
to the pot and cooked under pressure for 8
min. After cooking, the chicken stock was
cooled at room temperature for 20 min and
then kept at 4 °C.

Surimi sticks were also purchased from a
local supermarket in Valencia, Spain. The
product contained 2.5 g of total fat, 12.9 g
of total carbohydrate and 8.4 g of total pro-
tein, and was labelled as free of preserva-
tives. The samples were transported to the
laboratory under refrigerated conditions
and kept at 4 °C until the experimental as-
says.

2.7 Antimicrobial activity of EVOH29 and
EVOH44 films with LAE against microbio-
ta of chicken stock and surimi sticks

Sterilized tubes were prepared with 10 mL
of chicken stock produced under sterile
conditions; and 0.25 g of film containing
5% or 10% of LAE cut into pieces measu-
ring 1.5 cm® was immersed in 10 mL of
chicken stock. Liquid food samples in con-
tact with EVOH29 and EVOH44 without
LAE and samples without film were used
as controls. The tubes were stored for 10
days at 4 °C. Analyses were performed on
the 2", 6" and 10" days of storage. Serial
dilutions in peptone water (Scharlab, Bar-
celona, Spain) were plated on specific me-
dia (Scharlab, Barcelona, Spain) with the
following culture conditions: a) Violet Red
Bile Glucose agar for total enterobacteria,
incubated at 37 °C for 24 h; b) Man, Rogo-
sa and Sharpe agar for lactic acid bacteria,
incubated at 25 °C for 5 days; ¢) Nutrient
Agar for total aerobic bacteria, incubated
at 37 °C for 48 h; d) Nutrient Agar for total
aerobic psychrotrophic bacteria, incubated
at 10 °C for 10 days; f) King B agar for Pseu-
domonas, incubated at 30 °C for 48 h. The

counts were performed in triplicate and
expressed as log CFU/mL.

Individual pieces (ca. 25 g) of surimi stick
were wrapped with EVOH29 films and
EVOH44 films containing 5% or 10% of
LAE. Samples without film and samples
wrapped with EVOH29 and EVOH44 films
without LAE were prepared as controls.
The wraps covered and touched all surfaces
of the surimi. The samples were stored at 4
°C for 10 days. The antimicrobial activity
of the films was determined on the 2", 4t
and 10" days after wrapping the samples.
At appropriate times, samples were trans-
ferred aseptically in a sterile Stomacher
bag, diluted with 25 mL of peptone water
(Scharlab, Barcelona, Spain) for 3 min using
a Stomacher (IUL S.L., Barcelona). Serial di-
lutions were plated on specific media with
the culture conditions described above.

2.8 Antimicrobial efficacy of EVOH29 and
EVOHA44 films with LAE in chicken stock
and on surimi sticks inoculated with L.
monocytogenes and E. coli

First, 100 pL of cell culture of each mi-
croorganism in stationary phase, with an
optical density of 0.9 at 600 nm, was di-
luted in 10 mL of TSB and incubated at 37
°C until exponential phase was reached,
corresponding to an optical density of 0.2
at 600 nm (10° CFU/mL) measured with
an Agilent 8453 UV-visible spectropho-
tometer (Barcelona, Spain) using TSB as
blank. Then 100 pL of pathogenic bacteria
in exponential phase was inoculated under
sterile conditions into 10 mL of chicken
stock contained in sterilized tubes, after
which 0.25 g of each antimicrobial film
sample was immersed. Liquid food sam-
ples without film and samples with film
without incorporating LAE were used as
controls. The tubes were stored for 10 days
at 4 °C. Analyses were performed on the
246t and 10" days of storage. Serial di-
lutions were made and plated on selective
media: Palcam Listeria Selective Agar for



L. monocytogenes and Brilliant Green Agar
for E. coli (Scharlab, Barcelona, Spain).

Surimi sticks were surface inoculated with
100 pL of each pathogenic microorga-
nism in exponential phase (10° CFU/mL).
The inoculums were dispersed separately
on the surface with a sterile pipette and
wrapped as described in the previous sec-
tion. Surimi stick samples wrapped in film
without LAE and samples wrapped in alu-
minium foil were used as controls. Testing
of bacterial growth in surimi sticks was
performed on the 2", 6" and 10" days af-
ter wrapping the samples. Serial dilutions
were carried out and plated on the same
selective media.

Colonies were counted after incubation at
37 °C for 24 h. Counts were performed in
triplicate and expressed as log CFU/mL.

2.9 Analysis of LAE availability

A test to ensure the absence of LAE after
gastrointestinal digestion was conduc-
ted at the end of the sample storage time.
For this purpose, samples of chicken stock
and surimi sticks stored in contact with
EVOH29 and EVOH44 containing 10% of
LAE were analysed. A two-step procedu-
re was carried out. First, a gastrointestinal
digestion study was performed, and then
the qualitative analysis of LAE was carried
out using High Performance Liquid Chro-
matography (HPLC) coupled with UV-Vis
detection.

Gastrointestinal digestion was carried out
by dissolving 10 g of each sample (chicken
stock and surimi sticks) in water to a final
volume of 80 g. The pH was adjusted to 2
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and fresh pepsin solution (10% pepsin in
0.1 M HCl) was added. The pepsin-HCI di-
gestion was carried out for 2 h (to simulate
gastric digestion), incubated in a shaking
water bath at 37 °C. After the pepsin di-
gestion, the pH was adjusted to 7.4 and the
pancreatin bile extract solution mixture
(0.2 g of pancreatin and 1.25 g of bile ex-
tract in 50 mL of 0.1 M NaHCOs) was added
and incubated in a shaking water bath at
37 °C for 2 h. The experiment was perfor-
med in triplicate for each sample. Samples
exposed to EVOH films without LAE and
samples with a known amount of LAE
(200 ppm) directly added to the digestion
solution were also measured.

After gastrointestinal digestion, the sam-
ples were filtered and LAE was determined
by HPLC coupled with a UV-Vis absorban-
ce detector. An Agilent 1200 series HPLC
system equipped with a C18 reversed-pha-
se column (150 x 3.9 mm, 5 ym) and a Mo-
del G1513A DAD was used and the absor-
bance data were recorded at 205 nm. The
mobile phase was acetonitrile:water 50:50
(v/v) containing 0.1% trifluoroacetic acid,
the flow rate 1 ml/min, the temperature 23
°C and the injection volume was 20 uL. A
preliminary calibration was performed by
injecting known amounts of LAE.

2.10 Statistical analysis

One-way analyses of variance were carried
out using the SPSS®19 computer program
(SPSS Inc., Chicago, IL, USA). Differences in
pairs of mean values were evaluated by the
Tukey test for a confidence interval of 95%.
Data are represented as mean + standard
deviation.
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3. RESULTS AND DISCUSSION

3.1 Antimicrobial capacity of LAE
3.1.1 Flow cytometry analysis

Flow cytometry analyses the viability of
cells. With suitable fluorochromes it is pos-
sible to distinguish between a viable and
a non-viable cell population to assess the
antimicrobial effect of LAE. In previous
studies conducted in our laboratory, the
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minimum inhibitory concentration (MIC)
of LAE against L. monocytogenes and E.
coli [3] was determined. In the present stu-
dy, flow cytometry was used to confirm
the MIC values. The results obtained for
L. monocytogenes and E. coli are shown in
Fig 1. In both cases the samples were suc-
cessfully stained. The positive control of L.
monocytogenes presented 83.29% of total
cells, representing 70% of live cells stained
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Figure 1. Dual-parameter SYTO-13/PI fluorescence histograms obtained by staining L. monocytoge-
nes a) control samples; b) cells after MIC treatment; and E. coli ¢) control samples; d) cells after MIC

treatment.



with SYTO-13 and 3.29% of dead cells stai-
ned with PI (Fig 1A). SYTO-13 penetrates
all types of cellular membranes and binds
nucleic acids of the cell, whereas PI only
penetrates the bacterial membrane when
the membrane is damaged [11]. The per-
centage of cell death in the control is due
to different phases of cellular cycle. After
being treated with 7 ppm of LAE, dama-
ged L. monocytogenes cells became visible,
with a dead population of 23.35% (Fig 1B).
With regard to E. coli, the untreated control
presented 81.90% of live cells stained with
SYTO-13 and 4.28% of dead cells stained
with PI. After being treated with 20 ppm
of LAE the damaged cells became visible,
with a dead population of 17.79% (Fig 1D).
This study demonstrated that the percen-
tage of damaged cells after exposure to an
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LAE concentration corresponding to the
MIC was in accordance with inhibition
growth results obtained in a previous work
[3]. From these results and supporting pre-
vious results it can be stated that LAE is
slightly more active against Gram positive
bacteria than against Gram negative bac-
teria.

3.1.2 Scanning electron microscopy (SEM)

In order to determine the morphological
changes resulting in the membrane struc-
ture of L. monocytogenes and E. coli, cells
were observed by SEM after being exposed
to the minimum bactericidal concentration
(MBC) of LAE, 12 ppm and 32 ppm, respec-
tively. Untreated L. monocytogenes and E.
coli cells displayed a smooth, intact surface

Figure 2. Scanning electron micrographs of pathogen cells: a) L. monocytogenes control sample and
b) L. monocytogenes treated with 12 ppm of LAE, ¢) E. coli control sample and d) E. coli treated with

32 ppm of LAE.
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as observed in the micrographs (Fig 2A and
2C). The outer membrane that surrounds
the cell wall of Gram negative bacteria can
also be observed (Fig 2C) The membrane
of the cells that were in contact with the
corresponding MBC of LAE was seriously
damaged and they had an irregular rough
surface, compromising cell integrity (Fig
2B and 2D).

Micrographs showed that LAE produced
important changes in the cell envelope,
indicating that membranes are the main
target, producing disruption and instabili-
ty of the plasma membrane, and presen-
ting more activity against Gram positive
bacteria than against Gram negative bac-
teria according to results obtained by other
authors [11]. LAE interacts with lipids from
the bacterial membranes, generating chan-
ges in membrane potential and bacterial
structure in Gram negative bacteria [11].
Cell lysis was not observed.

3.2 Effectiveness of antimicrobial EVOH
films with LAE against L. monocytogenes
and E. coli in vitro

The antimicrobial activity of EVOH29 and
EVOH44 films with 5 and 10% of LAE was
studied by the agar diffusion method. Ta-
ble 1 shows the results obtained for the
films against the two microorganisms tes-
ted. Growth inhibition appeared as a clear
halo around the film, with the inhibition

zone of L. monocytogenes proving to be
greater than the one produced in E. coli. It
was also observed that for L. monocytoge-
nes the inhibition zone increased with the
amount of LAE incorporated into the film,
with values of 46.30 mm and 50.00 mm for
EVOH29 incorporating 5 and 10% of LAE,
respectively. This difference decreased for
EVOH44 films incorporating 5 and 10% of
LAE, which indicates that the amount of
antimicrobial released from this copoly-
mer is not enough to cause differences in
growth inhibition zone related to the con-
centrations tested.

No differences were observed in the in-
hibition zones produced by EVOH29 and
EVOH44 films incorporating 5 and 10% of
LAE against E. coli. Probably, the different
amounts released in these samples were
not enough to produce a differential effect.
In the previous section it was demonstra-
ted that the MIC of LAE is higher against
Gram negative bacteria than against Gram
positive bacteria, because the outer mem-
brane of the cell wall provides a greater de-
fence system and less susceptibility to the
action of the antimicrobial compound [3].

The inhibition zone formed around
EVOH29 or EVOH44 with 5 and 10% of
LAE can be explained by the high relative
humidity (20% RH) produced in the heads-
pace of the system because of the presen-
ce of agar, triggering the release of the

Table 1. Antimicrobial effectiveness of EVOH29 and EVOH44 films incorporating several amounts
of LAE against L. monocytogenes and E. coli, expressed as mm of growth inhibition zone. Values are

means and standard deviation of three samples.

Inhibition zone (mm)

L. monocytogenes

E. coli

EVOH29-0%

No inhibition zone

No inhibition zone

EVOH29-5% 46.3+0.3 445+ 0.2
EVOH29-10% 50.0+0.5 445+ 0.5

EVOH44-0% No inhibition zone No inhibition zone

EVOH44-5% 465+0.2 42.0+0.6
EVOH44-10% 48.0+0.3 43.0+0.5




antimicrobial compound. In general, the
highest inhibition zone values were obser-
ved with EVOH29: the more hydrophilic
nature of that copolymer compared with
EVOH44, conferred by a higher content of
-OH groups, favours greater plasticization
of the polymer matrix by environmental
moisture, facilitating the release of LAE to
the agar medium.

3.3 Antimicrobial activity of EVOH films
incorporating LAE applied to chicken
stock and surimi sticks

After confirming the antimicrobial effecti-
veness of the EVOH29 and EVOH44 films
with 5 and 10% of LAE a new study was
carried out with the objective of testing
the microbiota of chicken stock and surimi
sticks against two pathogenic bacteria: L.
monocytogenes and E. coli. All the samples
were stored at 4 °C, simulating commercial
conditions.

3.3.1 Chicken stock and surimi stick micro-
biota counts

Chicken stock samples in contact with the
films that had been developed were subjec-
ted to microbiological analysis for 10 days;
samples were analysed on the 2"9, 6" and
10" days. In all the samples analysed, no
growth was observed for enterobacteria,
acid lactic bacteria, psychrotrophic bacte-
ria, yeast or moulds. It must be pointed out
that no differences were found between
the controls, EVOH29 or EVOH44 without
LAE and samples without film (data not
shown).

Pseudomonas growth was observed after
the 2" day. Values of 1.78 + 0.01, 2.18 +
0.063 and 3.34 + 0.056 log were obtained
for the control tubes on days 2, 6 and 10,
respectively. Total inhibition was found
with EVOH29 and EVOH44 incorporating
5and 10% of LAE during the entire storage
time.
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A similar effect on total aerobic count was
obtained. Values of 2.05 + 0.070, 6.25 +
0.15and 7.15+ 0.20 log for days 2, 6 and 10,
respectively, were observed in the control
samples, and total inhibition was observed
with the EVOH29 and EVOH44 samples
containing 5 and 10% of LAE during the
entire storage time.

Levels of Pseudomonas and total aerobic
count can be used as indicators of micro-
biological quality [2]. Pseudomonas is a pre-
dominant spoilage bacteria in food stored
aerobically under refrigeration conditions.
No studies were found in the literature re-
garding the level of spoilage bacteria that
can confidently be associated with changes
in organoleptic properties of chicken stock.

Surimi sticks were individually wrapped
with EVOH29 and EVOH44 films with 5
and 10% of LAE. Samples without film and
samples wrapped with films without LAE
were prepared as controls. The samples
were subjected to microbiological analysis
on the 2", 6" and 10" days of refrigerated
storage. Again, no differences were found
between unwrapped samples and samples
wrapped in film without LAE (data not
shown). In all the control samples analysed,
no growth was observed for enterobacte-
ria, yeast and moulds during the whole sto-
rage time. However, common bacteria for
seafood, such aslactic acid bacteria, appea-
red in the control samples, with values of
3.24 + 0.21 on the 2" day of storage, main-
taining this concentration until the end of
the assay. With regard to the total aerobic
count, growth was observed after the 2™
day. Values of 2.38 + 0.13, 3.45 + 0.21 and
3.52 + 0.21 log were obtained for the con-
trol tubes on days 2, 6 and 10, respectively.
Psychrotrophic bacteria, the major group
of microorganisms responsible for aero-
bic spoilage of fish stored at refrigeration
temperatures [12], proliferated in the con-
trol samples on the 2" day of storage, with
values of 2.53 + 0.34, increasing to 6.04 +
0.12 on the 10" day. Finally, Pseudomonas
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proliferation in the surimi samples was
detected in the control samples on the 6"
day of storage, with values of 3.45 + 0.63,
maintaining this value until the end of the
storage time.

Total inhibition throughout the storage
time was observed for all the microorga-
nisms tested when the product was expo-
sed to EVOH29 and EVOH44 containing 5
and 10% of LAE.

The use of heat treatment can lead to dete-
rioration of food and consumer perception
of product quality owing to flavour altera-
tions. One way to prolong the microbiolo-
gical shelf-life without modifying organo-
leptic properties is to improve traditional
packaging by the use of the newly develo-
ped films as an inner coating of the packa-
ge wall [13, 14].

The differences in the bacterial growth ob-
served between chicken stock and surimi
sticks are caused by intrinsic and extrinsic
factors, such as moisture content, pH, food
composition, etc. These factors influence
the growth of specific bacteria (Pseudo-
monas, acid lactic bacteria, psychrotrophic
bacteria, yeast or moulds, etc.) in the food
products.

Chicken stock and surimi sticks do not
usually present a high number of mi-
croorganisms because they are subjected
to a high temperature during processing.
Moreover, in the case of commercial UHT
chicken stock high levels of additives are
added to the product, which is very diffe-
rent from traditional home-made stock.
The microbiological shelf-life after package
opening is 48 h when stored under refrige-
ration temperatures. To control undesira-
ble microorganisms in food products after
the package has been opened, LAE can be
incorporated into the polymer matrix to in-
crease food safety.

3.3.2 Efficacy of EVOH films with LAE
against L. monocytogenes and E. coli inocu-
lated into chicken stock and surimi sticks

Tubes containing films in contact with
10 mL of chicken stock inoculated with
L. monocytogenes and E. coli and stored
for 10 days at 4 °C were tested for bacte-
rial growth. The analysis performed after
2 days of storage showed total inhibition
against both pathogens in all the samples
exposed to EVOH29 and EVOH44 films
containing 10% of LAE. EVOH29 and
EVOH44 films with 5% of LAE produced
reductions of 5.37 and 5.48 log, respectively,

Table 2. Antimicrobial activity of EVOH29 and EVOH44 films with 5 and 10% of LAE in surimi
sticks inoculated with L. monocytogenes during 10 days of storage at 4 °C expressed as logarithm of
colony forming units (Log (CFU/g)) and log reduction value (LRV).

L. monocytogenes

Day 2 Day 6 Day 10

Log(CFU/g LRV Log(CFU/g LRV Log(CFU/g LRV
surimi) surimi) surimi)

CONTROL 6.00+0.02c ---- 7.09 + 0.05¢ 829 +0.02c ----
EVOH29-5% 507+0.03b 0.93 4.67+0.09b 242 3.98+0.02a 4.31
EVOH29-10% 391+015a 2.08 2.93+0.04a 413 2.97+0.04a 542
EVOH44-5% 615+0.02c  ---- 6.28 +0.01c 0.80 6.34+0.01b 1.95
EVOH44-10% 423+0.03a 177 493+0.01b 216 504 +0.02b 3.25

a7¢ Different letters in the same column indicate significant differences in antimicrobial effective-
ness of different EVOH films (Turkey’s adjusted analysis of variance, P<0.05).



compared with the control. As has been
demonstrated in previous studies, in spite
of releasing the same amount of LAE to
water as food simulant, EVOH29 releases
it faster than EVOH44 because it is more
plasticized by water [4]. In the remaining
days, a bactericidal effect was observed
in all the samples regardless of the copo-
lymer used (EVOH29 or EVOH44). This
maximum in microbial growth reduction is
probably reached as a result of the release
of LAE and the amount of LAE accumula-
ted in the chicken stock during the storage
time. The control sample of L. monocytogenes
reached values of 8.31 + 0.01 log after 10
daysat 4 °C. The pH between 6 and 6.5, the
nutrient characteristics of chicken stock
and the classification of psychrotrophic
pathogens contribute to the growth of L.
monocytogenes at refrigeration temperatu-
re. In contrast, the growth of E. coli, a meso-
philic pathogen, was reduced significantly
at refrigeration temperatures: the samples
maintained bacterial counts around 6 + 0.02
log throughout the experiment.

Surimi sticks were surface inoculated with
L. monocytogenes and E. coli and wrapped
in EVOH29 and EVOH44 films with 5
and 10% of LAE as described above. Table
2 shows the antimicrobial effect of these
films against L. monocytogenes compared
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with control samples. After the 2"¢ day of
storage, a significant antimicrobial effect
was shown by the EVOH29 and EVOH44
films with LAE. At the end of the stora-
ge period, after 10 days, all the samples
produced significant inhibition compared
with the control. Again, sustained release
of LAE throughout the storage time and
accumulation in the food sample gave rise
to microbial reduction compared with the
control.

Again, no differences were found between
the controlsin both assays (data not shown).
Table 3 shows the inhibitory effect of the
films against E. coli inoculated into surimi
sticks. On the 2" day of storage, the re-
lease of LAE produced a reduction of 1 log
in the samples wrapped in EVOH29 and
EVOH44 with 10% of LAE. On the 6" day
of storage, a significant decrease appeared
in all the samples: the EVOH29 5 and 10%
LAE samples had reductions of 1.36 log and
2.37 log, respectively, and the EVOH44 5
and 10% LAE samples had reductions of
111 log and 2.15 log respectively, results
that were maintained until the end of the
experiment.

It is worth pointing out that the effective-
ness of the antimicrobial films varied de-
pending on the food matrix, being more

Table 3. Antimicrobial activity of EVOH29 and EVOH44 films with 5 and 10% of LAE in surimi
sticks inoculated with E. coli during 10 days of storage at 4 °C expressed as logarithm of colony for-
ming units (Log (CFU/g)) and log reduction value (LRV).

E. coli
Day 2 Day 6 Day 10
Log(CFU/g LRV Log(CFU/g LRV Log(CFU/g LRV
surimi) surimi) surimi)
CONTROL 612 +0.04 6.22+0.02 6.63+0.06

EVOH29-5% 596+0.04 ---- 486+0.04 136 533+0.06 1.30
EVOH29-10% 498+014 1.23 385+0.05 237 424+0.02 239
EVOH44-5% 629+015  ---- 511+0.03 111 485+0.01 178
EVOH44-10% 514+0.05 1.01 407+0.05 215 431+001 232

a7¢ Different letters in the same column indicate significant differences in antimicrobial effective-
ness of different EVOH films (Turkey’s adjusted analysis of variance, P<0.05).
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effective in liquid food. This is related to
the amount of LAE released to the media
and the release kinetics. These parame-
ters depend on several factors, such as
the water activity of the food and conse-
quently the level of plasticization achieved
by the films; and also the compatibility of
the antimicrobial agent with the film and
the food media. It must also be taken into
account that in solid foods the morpholo-
gical structure will also be affected by mi-
gration of the antimicrobial agent from the
surface to the centre of the matrix.

Ultra-High-Temperature (UHT) processing
normally involves a certain loss of heat-la-
bile vitamins, which mostly have to be res-
tored artificially after thermal treatment;
degradation of organoleptic quality and
loss of texture can also be produced [16]. In
addition, the shelf-life of the products after
opening is not more than 48 hours. Thus
the chances of recontamination with these
food-borne bacteria in the processing and
packaging plant and after package opening
and subsequent manipulation and storage
at home are very high.

The results obtained in this study show
that EVOH films incorporating LAE can
contribute effectively to the development
of active food packaging technologies. As
an example, these films can be incorpora-
ted in a multilayer structure as the inner
layer or coating in contact with the food.
Thus active packaging could preserve all
the food nutrients, without the incorpora-
tion of additives or the use of high thermal
treatments. Moreover, it could increase the
safety of the product after package ope-
ning and storage at home.

3.4 In vitro availability analysis of LAE

An in vitro digestion and subsequent HPLC
analysis was carried out to evaluate LAE
solubilised in the gastrointestinal tract.
LAE was not detected in any of the di-
gestion solutions (LOQLAE = 0.05mg/mL).

Bakal and Diaz (2005) demonstrated clea-
vage of the ethyl ester from LAE to form
N-lauroyl-L-arginine (LAS) (LOQLAS = 0.02
mg/mL), but this compound was also not
detected in the chromatogram.

As already mentioned, LAE degrades to
LAS and hydrolysis of it results in the pro-
duction of arginine, which converts to or-
nithine and urea, following acid catabolism
via the urea and citric acid cycles, resulting
in carbon dioxide and urea, which are ex-
creted in the expired air and in urine res-
pectively [6]. The results demonstrate that
these films have a great potential for the
food safety industry without compromi-
sing human health.
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4. CONCLUSIONS

The results indicate that LAE is a powerful antimicrobial with a high activity against L.
monocytogenes and E. coli. In this study, LAE was included at different concentrations (5
and 10%) in films based on EVOH29 and EVOH44. The results demonstrate that these
films can be applied to reduce native microflora and the growth of L. monocytogenes and
E. coli in different food matrices (chicken stock and surimi sticks), increasing the safety
of the products after package opening. Furthermore, it is interesting to note that after
simulated gastrointestinal digestion LAE was not detected in any of the samples, de-
monstrating the safety of the antimicrobial agent. The application of the EVOH films in-
corporating LAE can contribute effectively to the development of active food packaging
technologies. As an example, these films can be incorporated in a multilayer structure as
the inner layer or coating in contact with the food. Thus active packaging could preserve
all the food nutrients, without the incorporation of additives or the use of high thermal
treatments. Moreover, it could increase the safety of the product after package opening
and storage at home.
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ABSTRACT

Polymer films based on ethylene vinyl copolymers (EVOH) containing a 29% (EVOH29)
and a 44% molar percentage of ethylene (EVOH44), and incorporating e-polylysine
(EPL) at O, 1, 5 and 10% were successfully made by casting. The optical properties and
the amount of EPL released from the films to phosphate buffer at pH 7.5 were evalua-
ted, films showing great transparency and those EVOH29 copolymer releasing a greater
amount of EPL. The antimicrobial properties of the resulting films were tested in vitro
against different foodborne microorganisms and in vivo in surimi sticks. With regard to
the antimicrobial capacity tested in vitro in liquid medium at 37 °C and 4 °C against Liste-
ria monocytogenes and Escherichia coli over a period of 72 h, films showed a considerable
growth inhibitory effect against both pathogens, more notably against L. monocytogenes,
and being EVOH29 more effective than EVOH44 films. At 37 °C total growth inhibition
was observed for EVOH29 films incorporating 10% EPL against both microorganisms
whereas the copolymer EVOH44 did show total inhibition against L. monocytogenes and
the growth of E. coli was reduced by 6.64 log units. At 4 °C no film was able to inhibit
completely bacterial growth. Scanning electron microscopy micrographs showed corru-
gated cell surfaces with blisters and bubbles, and collapse of the cells appearing shorter
and more compact after treatment with EPL. Finally, the films were successfully used to
increase the shelf life of surimi sticks. The results show the films developed have great
potential for active food packaging applications.

Keywords: EVOH, epsilon-polylysine; antimicrobial polymer films; L. monocytogenes; E. coli



125

1. INTRODUCTION

Ready-to-eat products with an extended
shelf life, stored at refrigeration tempera-
tures (4 °C) and consumed without further
cooking have been implicated in various
outbreaks of microbial food-borne illness.
Listeria monocytogenes and Escherichia coli
have been implicated in many outbreaks,
most commonly due to post-processing
contamination [1, 2].

Listeriosis is a food-borne illness that
affects susceptible populations, such as the
young, the elderly, pregnant women and
immunocompromised individuals (YOPIs).
L. monocytogenes is considered a pathogen
of major concern. It has a long incubation
period, which makes it difficult to identify
the food that is contaminated with L. mo-
nocytogenes and causes illness [3]. E. coli is
found in a wide variety of foods, causing
food-borne disease outbreaks [4, 5]. A great
number of cases can be severe and they are
sometimes fatal.

Imitation crab meat (surimi) is a paste pre-
pared from mechanically deboned, washed
(bleached) and stabilized flesh of fish [6].
Surimi is one of the most promising ap-
proaches to obtain value-added food pro-
ducts from low-cost fishery products [7].
Surimi is used in the preparation of cooked
ready-to-eat products which are sensitive
to microbial contamination with diverse
Gram positive and Gram negative bacteria
after processing, e.g. L. monocytogenes [8].
This microorganism is a serious threat to
food safety in processing plants, being a
very ubiquitous bacterium that can grow
in many chilled food products. Proper re-
frigeration temperature below 4 °C, han-
dling, preparation and service under Good
Manufacturing Practices (GMP) are strate-
gies that can prevent the cross-contamina-
tion of surimi products [9, 10].

The increase in food-borne illness out-
breaks has intensified research on antimi-
crobial packaging technologies [11], with
a particular interest in the use of natural
antimicrobial agents, including essential
oils and their components, organic acids,
enzymes, peptides, etc. Epsilon-polylysine
(EPL) is a natural cationic linear homopo-
lymer compound of 25-35 residues of
L-lysine connected between the e-amino
and a-carboxyl groups [12, 13]. It is produ-
ced from aerobic fermentation by Strep-
tomyces albulus, a non-pathogenic microor-
ganism [14]. EPL is characterized as being
edible, water soluble, stable at high tempe-
ratures and of low environmental impact
because of its biodegradability. The anti-
microbial activity of EPL depends on elec-
trostatic interaction with the cell surface
of microorganisms, leading to distortion
of the outer membrane and producing ab-
normal distribution of the cytoplasm [13].
EPL has an isoelectric point of 9.0, and the
optimum pH range to exert its antimicro-
bial activity is between 5 and 8. EPL is non-
toxic to humans and has been approved as
a food additive in Japan at a concentration
of 1000-5000 ppm for sliced fish or fish
sushi and at a concentration of 10-500
ppm for the preservation of rice, soup and
vegetables [15, 16]. EPL has been classified
as GRAS (Generally Recognized as Safe) by
the Food and Drug Administration (FDA)
[17]. In recent years, EPL has been used in
a wide range of industrial applications, as
a food preservative [18, 19], emulsifying
agent [20], etc. Information regarding the
antimicrobial activity of EPL when it is
incorporated into a film matrix is limited,
finding studies with edible coatings [18,
21], however, no studies have been found
in the bibliography regarding the develop-
ment of antimicrobial films by incorpora-
ting EPL in conventional polymer matrices
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used in food packaging.

Ethylene-vinyl alcohol (EVOH) copolymers
are approved for food contact applications
and have been used as matrices for the de-
velopment of active packaging systems [2,
22-26]. Because of their hydrophilic natu-
re, EVOH films have a great potential to
be used as carriers and release matrices of
bioactive agents. These polymers can pro-
tect the agent during storage in a dry envi-
ronment and trigger their activity on expo-
sure to a humid environment, in this case
created by the packaged food product [27].

In this context, the present study intends
to show the potential of EVOH copoly-
mers to develop antimicrobial films for
food packaging applications incorporating
the antimicrobial compound EPL in EVOH
films containing a 29 and a 44% molar per-
centage of ethylene. The ability of the films
to inhibit the growth of L. monocytogenes
and E. coli was evaluated in vitro. Finally,
the effectiveness of the films was tested in
areal food, surimi sticks. This product is an
ideal medium for bacterial growth because
it has high water and nutrient contents and
limited shelf life.

2. MATERIALS AND METHODS

2.1 Materials

Ethylene vinyl alcohol copolymer (EVOH)
possessing a 29 and a 44% ethylene molar
content was kindly provided by The Nippon
Synthetic Chemical Company (Osaka, Ja-
pan); 1-propanol was purchased from Sigma
(Madrid, Spain). EPL, from Chisso Corpora-
tion (Yokohama, Japan), was kindly provi-
ded by Goddard Research Group (Amherst,
USA). Imitation crab meat (surimi) was pur-
chased from a local market, labelled as pre-
servative-free and containing 2.5 g of total
fat, 12.9 g of total carbohydrate, and 84 g
of protein.

2.2 Film Preparation

EVOH films were prepared as described in a
previous work [22]. Briefly, EPL was dissol-
ved in distilled water at 1, 5 and 10% (g/100
g dry polymer). EVOH29 was dissolved in a
1-propanol:EPL water mixture at 80 °C and
EVOH44 in a 2:1 (v:v) 1-propanol:EPL water
mixture at the same temperature. The solu-
tion was stirred for 30 min using a magnetic
stirrer. After that time, 5 mL of each film-

forming solution was extended over a glass
plate using an extension bar, and placed in a
drying tunnel equipped with a 2500 W heat
source for 10 min until it was completely
dry. Films prepared without EPL were used
as controls. Film thickness was measured
using a Mitutoyo micrometer (Osaka, Japan)
and had an average value of 15+ 2 pm. Fina-
lly, the films were stored in glass desiccators
containing silica gel at 22 °C prior to use.

2.3 Optical properties

Film colour was measured with a Konica
Minolta CM-3500d spectrophotometer (Ko-
nica Minolta Sensing Inc., Osaka, Japan) set
to D65 illuminant/10° observer angle. The
film specimen was placed on the surface of
a standard white plate. The instrument’s
software, SpectraMagic NX, was used to
acquire the colour data and to display them
in the CIELAB colour space.

The parameters L' (black (O) to white (100)),
a* (green (=) to red (+)) and b* (blue () to ye-
llow (+)) were obtained and the polar coor-
dinates, the chroma C* and the hue angle



h° were calculated. Eight measurements of
each sample were taken, and three samples
of each film were evaluated. All the samples
were selected with the same thickness to
reduce the effect of thickness on the colour
parameters.

2.4 Quantification of EPL migration from
EVOH films

The amount of EPL capable of migrating out
of the polymer matrix was quantified using
the bicinchoninic acid assay (BCA). A sam-
ple of 0.25 g of each film (control, and incor-
porating 1, 5 and 10% of EPL) was immersed
in 10 mL of pH 7.5 phosphate buffer for 24
hours at 37 °C. After that time, 100 uL of
each sample was put in contact with the
working reagent. The absorbance was mea-
sured at 562 nm [28, 29] using a POLARstar
Omega multi-detection microplate reader
(Biogen Cientifica S.L., Madrid, Spain). A
standard curve of bovine serum albumin
was used to calculate protein mass per film
sample area.

2.5 Antimicrobial tests
2.5.1 Strains

Gram positive bacterium Listeria monocyto-
genes CECT 934 (ATTCC 19114) and Gram
negative bacterium Escherichia coli CECT
434 (ATCC 25922) were selected because of
their relevance to imitation crabmeat (suri-
mi). Strains were obtained from the Spanish
Type Culture Collection (CECT Valencia,
Spain) and stored in Tryptone Soy Broth
(TSB), purchased from Scharlab (Barcelona,
Spain), with 20% glycerol at -80 °C until
needed. For experimental use, the stock cul-
tures were maintained by regular subcul-
ture on slants of Tryptone Soy Agar (TSA)
from Scharlab (Barcelona, Spain) at 4 °C and
transferred monthly. Before each experi-
ment a loopful of each strain was transfe-
rred to 10 mL of TSB and incubated at 37
°C for 18 h to obtain early-stationary phase
cells.
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2.5.2 Antimicrobial activity of EPL against
L. monocytogenes and E. coli

The antimicrobial activity of EPL was tes-
ted in sterile TSB to study the minimum
inhibitory concentration (MIC) and the mi-
nimum bactericidal concentration (MBC)
against L. monocytogenes and E. coli. To do
so, serial dilutions of 1000 ppm of EPL in
peptone water were made. Previously, 100
uL of cell cultures of each microorganism
in stationary phase, with an optical densi-
ty of 0.9 at 595 nm, was diluted in 10 mL
of TSB and incubated at 37 °C until expo-
nential phase, corresponding to an optical
density of 0.2 at 595 nm (10° CFU/mL). Op-
tical density was measured with a UV-Vis
spectrophotometer (Agilent 8453 Spectros-
copy System) using TSB as blank. 100 pL of
each microorganism in exponential pha-
se was inoculated in each test tube with
100uL of EPL solution at concentrations
ranging between 10 and 150 pg/mL. Tubes
with 100 pL of peptone water were used as
control. Turbidity at 595 nm was determi-
ned after 24 and 72h [30]. The lowest EPL
concentration that inhibited the pathogen
microorganisms was recorded as the MIC.
The MBC was the lowest concentration at
which bacteria failed to grow in TSB and
were not culturable after spreading 100 UL
onto 15 mL of culture medium TSA. Tests
were performed in triplicate.

2.5.3 Antimicrobial activity of EVOH films
containing EPL against L. monocytogenes
and E. coli

Antimicrobial activity of EVOH films with
EPL was tested in liquid media at 37 °C.
This temperature was chosen because it is
the optimal growth temperature and it is a
standard method to evaluate the activity of
antimicrobial films. For this purpose, 0.25
g of EVOH films cut into pieces measuring
1.5 cm? (EVOH29 and EVOH44), without
and with 1, 5 and 10% EPL, was added to a
glass tube containing 10 mL of TSB. Then
100 pL of microorganism in exponential
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phase was transferred to the samples and
incubated at 37 °C for 24 h. Depending on
the turbidity of the tubes, serial dilutions
with peptone water were made and plated
in Petri dishes with 15 mL of TSA culture
medium. Colonies were counted after in-
cubation at 37 °C for 24 h.

2.5.4 Scanning electron microscopy obser-
vations

After the microorganisms had been in
contact with EVOH films at 37 °C for 24 h
as described above, the samples were cen-
trifuged and resuspended twice in saline
solution (0.8% NaCl). The suspension was
filtered on a 0.2 mm Nuclepore Track-Etch
Membrane (Whatman, UK) and the mem-
branes were dehydrated in graded alcohols
(30%, 50%, 70%, 90% and 100%). SEM ob-
servation of L. monocytogenes and E. coli
was carried out, working at 5-10 kV (HI-
TACHI S 4100).

2.5.5 Antimicrobial activity of EVOH films
containing EPL over time

Next, the effect of EVOH with EPL films
on the growth of L. monocytogenes and E.
coli over time was studied. Bacterial growth
experiments were performed at two tem-
peratures, 37 °C and 4 °C, and they lasted
72 hours. For this purpose, 100 L of expo-
nential phase microorganism was inocula-
ted into tubes with 10 mL of TSB. 0.25 g of
EVOH films cut into pieces measuring 1.5
cm? (EVOH29 and EVOH44), without and
with 1, 5, and 10% EPL, was added to each
tube and incubated at the corresponding
temperature. Aliquots containing 100 pL
were removed from the solution at O, 1, 3,
6, 24, 48 and 72 hours and serial dilutions
with peptone water were made and plated
in Petri dishes with 15 mL of TSA culture
medium. Colonies were counted after in-
cubation at 37 °C for 24 h. Experiments
were performed in triplicate.

2.5.6 Antimicrobial activity of EVOH films
incorporating EPL in surimi microbiota

Refrigerated surimi sticks were purchased
in a local market. Individual pieces (ca. 25 g)
were wrapped with EVOH29 and EVOH44
films containing 10% of EPL. Samples
without film, and samples wrapped with
EVOHZ29 and EVOH44 films without EPL
were prepared as controls. All the surfaces
of the food were in contact with the films.
Samples were stored at 4 °C for 6 days.

The effect on the surimimicrobiota of being
covered with film was evaluated on days
1, 3 and 6. For this purpose, at appropria-
te times, surimi samples were transferred
aseptically in a sterile stomacher bag, dilu-
ted with 25 mL of peptone water (Scharlab,
Barcelona, Spain) for 3 min using a Stoma-
cher (IUL S.L., Barcelona). Serial dilutions
in the same saline solution were plated on
specific media (Scharlab, Barcelona, Spain)
under the following culture conditions: a)
Violet Red Bile Glucose agar (VRBG,) for to-
tal enterobacteria, incubated at 37 °C for 48
h; b) Man, Rogosa and Sharpe agar (MRS)
for lactic acid bacteria, incubated at 25 °C
for 5 days; ¢) Nutrient Agar (NA) for total
aerobic bacteria, incubated at 37 °C for 48
h; d) Nutrient Agar (NA) for total aerobic
psychrotrophic bacteria, incubated at 10 °C
for 10 days; e) Plate Count Agar (PCA) for
total aerobic count, incubated at 30 °C for
48 h; f) King B agar for Pseudomonas, incu-
bated at 30 °C for 48 h. The counts were
performed in triplicate.

2.5.7 Antimicrobial activity of EVOH films
incorporating EPL on surimi inoculated
with L. monocytogenes and E. coli

For this study, surimi sticks were inocula-
ted with a diluted overnight culture (100
pL; 105 CFU/mL) of L. monocytogenes and
E. coli. The inoculums were separately dis-
persed on the food surface with a sterile
pipette. The subsequent procedure was
similar to that described in the previous



section. The antimicrobial activity of the
films against inoculated microorganisms
was evaluated on days 1, 3 and 6, as men-
tioned above. For this purpose, serial dilu-
tions were made and plated on selective
media: Palcam Listeria Selective Agar for L.
monocytogenes (Scharlab, Barcelona, Spain)
and Brilliant Green agar for E. coli. Colonies
were counted after incubation at 37 °C for
24 h. Samples were analysed in triplicate.
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2.6 Statistical analysis

One-way analyses of variance were carried
out using the SPSS®19 computer program
(SPSS Inc., Chicago, IL, USA). Differences in
pairs of mean values were evaluated by the
Tukey test for a confidence interval of 95%.
Data are represented as mean + standard de-
viation.

3. RESULTS AND DISCUSSION

In this work, EPL was successfully in-
corporated in EVOH films (EVOH29 and
EVOH44) at 1, 5 and 10% and the films,
produced by casting, were transparent and
without discontinuities, presenting a thic-
kness of approximately 15 + 2 um.

3.1 Optical properties

Colour coordinates L', a*, b*, chroma (C*)
and hue (h°) of films made from EVOH29
and EVOH44 without and with 1, 5 and
10% of EPL are given in Table 1. Incorpo-
ration of the antimicrobial agent did not
affect the luminosity of either of the co-
polymer films, since in all the samples the
L* values are similar to those obtained for

the control (Table 1), without significant
differences. Colour coordinates a* and b*
presented values close to -1 and 1 respecti-
vely for both films, EVOH29 and EVOH44.
The addition of EPL increased the absolute
value of both coordinates when EPL was
added at the higher concentration, with
significant differences appearing between
samples and control. Colour intensity gi-
ven by the chroma (C*) parameter increa-
sed with the concentration of EPL but films
maintained their original light yellow-
green tone given by the hue (h°) parameter.
Significant differences were only found in
C* for films containing 10% EPL were com-
pared with control films.

Table 1. Colour parameters of EVOH29 and EVOH44, without and with 1, 5 and 10% of EPL.

EVOH29 L a* b* C* h°
CONTROL 9027 +0.18% -0.86+0.022 1.09+0.04® 1.39+0.02% 128.22+1.652
1% EPL 8943+ 0.65% -0.89+0.022 113+0.10% 144+0.08% 128.41+2.642
5% EPL 89.40+0.70° -0.93+0.04® 113+0.08% 1.47+0.042 129.49 +3.042
10% EPL  89.84 +0.43% -0.97+0.02° 1.30+0.04°> 162+0.02> 129.82+1.532

EVOHA44 b a* b* C* h°
CONTROL 89.82+0.97% -0.88+0.05% 1.02+0.12% 1.35+0.07% 129.12 + 4.343
1% EPL 89.98+0.53% -0.86+0.062 107 +0.08% 1.38+0.08% 128.86+ 2.592
5% EPL 89.80+0.67% -0.89+0.04* 116+0.08> 147+0.05° 127.42+2.832
10% EPL 9021+ 0.66% -0.98+0.06°> 124+0.09° 157+0.10°> 127.55+ 0.952

a”¢ Different letters in the same column indicate significant differences among the values of the
color parameter of each EVOH copolymer (Turkey’s adjusted analysis of variance, P<0.05).



130

Table 2. EPL migrated from EVOH films to phosphate buffer pH 7.5 at 37 °C after 24 hours.

EPL in EVOH (%) From EVOH29 (ug/mL)

Migration (%) From EVOH44 (ug/mL) Migration (%)

1% EPL 47.43 +0.022 18.97 42.87 +0.012 17.15
5% EPL 68.19 + 0.02° 5.45 58.82 + 0.01° 471
10% EPL 95.90 + 0.03¢ 3.84 71.46 + 0.03¢ 2.86

a7¢ Different letters in the same column indicate significant differences among the values of EPL
migrated to the liquid medium (Turkey’s adjusted analysis of variance, P<0.05).

3.2 Quantification of EPL migration from
EVOH films

The amount of protein that had migrated
after 24 h at 37 °C in pH 7.5 phosphate
buffer was determined with the BCA as-
say. Table 2 shows the results obtained
for EVOH29 and EVOH44 films incorpo-
rating 1, 5 and 10% EPL. The value of the
protein released into the phosphate bu-
ffer increased with the concentration of
EPL in the films, being 47.43 pg/mL for 1%
and 95.90 pg/mL for 10% with EVOH29.
For EVOH44, the amount that migrated
was 42.87 pg/mL for films with 1% EPL
and 71.46 pg/mL for films with 10% EPL.
It can be observed that films with a higher
percentage of ethylene retained a greater
amount of EPL. This behaviour has been
observed previously for the antimicrobial
LAE [31]. The lower swelling achieved for
EVOH44 films in liquid media could ex-
plain the results obtained.

3.3 Antimicrobial activity of EPL against
L. monocytogenes and E. coli

The antimicrobial activity of EPL was tes-
ted against L. monocytogenes and E. coli. The
growth of L. monocytogenes and E. coli was
inhibited by EPL at concentrations in TSB
of 23 and 40 ppm, respectively. In another
study, a lower MIC value was reported for
L. monocytogenes [32], but according to
various authors EPL inhibits the growth
of both Gram positive and Gram negative
bacteria and the minimum inhibitory con-
centration is below 100 ppm [13, 14]. Diffe-
rences in methodology, media composition

and bacterial strains may be responsible
for the different values. The MBC values
obtained were 70 and 90 ppm for L. mo-
nocytogenes and E. coli, respectively. The
antimicrobial effect of EPL is attributed to
electrostatic absorption onto the cell surfa-
ce of the microorganism, where it interacts
with the bacterial membranes [33]. The
difference in the MIC values between the
Gram positive and Gram negative bacteria
might derive from different cell surface
conditions of the bacteria tested. Gram ne-
gative microorganisms have an increased
defence system and are less susceptible
to antibacterial action than Gram positi-
ve microorganisms. They have an outer
membrane surrounding the cell wall that
restricts the diffusion of compounds [34].

3.4 Antimicrobial activity of EVOH films
containing EPL against L. monocytogenes
and E. coli

The antimicrobial activity of the EVOH
films was tested against L. monocytogenes
and E. coli.

Tables 3 and 4 present the results for
EVOH?29 and EVOH44 films, respectively.
The EVOH29 films with 1% EPL produced
a4.09 log reduction in the growth of L. mo-
nocytogenes and a 2.74 log reduction for E.
coli. Films with 5% EPL produced a reduc-
tion of 6.09 log against L. monocytogenes
and 5.58 log for E. coli, and films with 10%
EPL produced total inhibition against both
microorganisms tested.
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Table 3. Antimicrobial effectiveness of EVOH29 films against L. monocytogenes and E. coli at 37 °C
expressed as logarithm of colony forming units per mL (Log (CFU/mL)) and logarithm reduction

value (LRV).
L. monocytogenes
Log (CFU/mL) LRV Log (CFU/mL) LRV
CONTROL 8.49 + 0.08°¢ 9.08 +0.02¢
EVOH29 1% EPL 440 +0.12° 4.09 6.34 +0.12° 2.74
EVOH29 5% EPL 2.40 +0.092 6.09 3.50 +0.122 5.58
EVOH29 10% EPL Total inhibition 8.49 Total inhibition 8.49

a7¢ Different letters in the same column indicate significant differences in antimicrobial effective-
ness of different EVOH29 films (Turkey’s adjusted analysis of variance, P<0.05).

As can be seen in Table 4 (EVOH44 films),
the viable counts for all microorganisms
decreased with 1% EPL, being 1.39 for L.
monocytogenes and 0.52 for E. coli. Films
containing 5% EPL caused a growth reduc-
tion of 4.97 log against L. monocytogenes
and 3.94 for E. coli, and EVOH44 films with
10% EPL produced total inhibition only
against L. monocytogenes and produced a
6.64 log reduction in the growth of E. coli.

The results show that the antimicrobial
activity was greater for EVOH29 than for
EVOH44 films, and E. coli appears to be
less susceptible to the antimicrobial effect
of EPL. This lower antimicrobial effect
of EVOH44 films was expected; as noted
in the migration assay of EPL carried out
with BCA, the amount of EPL that mi-
grated from EVOH44 films was always
lower than the amount that migrated from
EVOH29 films.

3.5 Scanning electron microscopy observa-
tions

SEM was performed on bacteria exposed
to EVOH29 and EVOH44 films with 10%
EPL, to study the morphological changes
resulting in the membrane structure. The
micrographs show that bacteria exposed to
the antimicrobial films displayed considera-
ble morphological alterations in comparison
with control bacteria. Figs. 1A and 1C show
micrographsof control L. monocytogenes and
E. coli, respectively, with bacteria presenting
a smooth surface and characteristic rod sha-
pe. Figs. 1B and 1D show bacteria that have
been exposed to the antimicrobial films, and
it can be observed that the bacteria are se-
riously damaged, presenting an irregular
rough surface with blisters and bubbles and
the collapse of the bacteria compared with
the control. In the case of L. monocytogenes
the alterations are more obvious.

Table 4. Antimicrobial effectiveness of EVOH44 films against L. monocytogenes and E. coli at 37 °C
expressed as logarithm of colony forming units (Log(CFU/mL)) and log reduction value (LRV).

L. monocytogenes

Log(CFU/mL) LRV Log(CFU/mL) LRV

CONTROL 8.15 + 0.06¢ 8.86 + 0.07¢
EVOH44 1% EPL 6.76 +0.03° 1.39 8.34 + 0.15¢ 0.52
EVOH44 5% EPL 3.18+0.012 497 4.92 +0.09° 3.94
EVOH44 10% EPL Total inhibition 8.15 2.22 +0.192 6.64

a7¢ Different letters in the same column indicate significant differences in antimicrobial effective-
ness of different EVOH44 films (Turkey’s adjusted analysis of variance, P<0.05).
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The images reveal that EPL leads to dra-
matic changes in the cell membrane. This
hypothesis is consistent with the results
obtained by Shima et al. (1984), which
show that the mechanism of action of
EPL on bacterial growth is the electrosta-
tic adsorption onto the cell surface of mi-
croorganisms, increasing the membrane
permeability and causing an abnormal dis-
tribution of cytoplasm.

3.6. Antimicrobial activity of EVOH films
containing EPL over time

3.6.1 Bacterial growth studies at 37 °C

Fig. 2 shows the growth curves at 37 °C
of L. monocytogenes and E. coli exposed to
EVOHZ29 films containing 1, 5 and 10% EPL
for a period of 72 hours. Fig. 3 shows the
results obtained with EVOH44. As can be

seen in both figures, in the absence of anti-
microbial films the bacteria grow to values
of 9 log at 37 °C; owing to temperature
conditions and presence of nutrients in
the liquid media, the bacteria exhibited op-
timal growth. Fig. 2A shows that the anti-
microbial activity of EVOH29 films against
L. monocytogenes increased with the con-
centration of EPL in the film. Films with 1%
EPL presented 3 reductions after 3 hours
in contact with the bacteria, maintaining
these values throughout the 72-hour pe-
riod studied. EVOH29 films with 5 and
10% EPL produced a more rapid decrease
in bacterial growth at short times. After 1
hour these films caused reductions of 1.84
and 2.89 log compared with the control,
and the maximum inhibition degree was
reached after 6 hours. Films containing 5%
EPL produced a 6 log reduction and films
with 10% EPL caused total inhibition, and

Figure 1. Scanning electron micrographs of L. monocytogenes cell A) CONTROL and B) 10% EPL. E.

coli cell C) CONTROL and D) 10% EPL.



these values remained constant until the
end of the experiment.

Antimicrobial activity of EVOH29 films
against E. coli over a 72-hour exposure pe-
riod is given in Fig. 2B; for films with 1%
EPL the inhibition was 2.5 log after 6 hours
and this value was maintained until the
end of the experiment. After 1 hour, films
with 5 and 10% EPL produced reductions
of 1.5 log and 2.5 log, respectively, in com-
parison with the control. Films with 5 and
10% EPL also reached the maximum in-
hibition degree after 6 hours of being in
contact with the bacteria, and this value
remained constant, with 3 log reductions
for films with 5% EPL and total inhibition
for films with 10% EPL.

Figs. 3A and 3B show the results obtained
when working with EVOH44 instead of
EVOH?29 against L. monocytogenes and E.
coli, respectively. EVOH44 films with 1%
EPL showed a 2 log reduction after 3 hours
in contact with L. monocytogenes, maintai-
ning these values throughout the period
of time studied. Films with 5 and 10% EPL
reached the maximum inhibition degree
after 6 hours, producing a 5 log reduction
when 5% EPL was incorporated and total
inhibition with 10% EPL. These results
were maintained until the end of the ex-
periment.
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Fig. 3B showsthe growth curve of EVOH44
films against E. coli. No inhibition was ob-
served with 1% EPL. The maximum inhi-
bition degree achieved for films with 5%
EPL was 4 log reductions, and films with
10% EPL produced a reduction of 7 log. As
mentioned above, the antimicrobial acti-
vity against Gram negative bacteria was
lower and total inhibition was only obser-
ved with EVOH29 films incorporating 10%
EPL. EVOH29 proved to be more effective
than EVOH44, releasing EPL to the media
and then inhibiting bacterial growth.

3.6.2 Bacteria growth studies at 4 °C

Bacterial growth studies were also carried
out at a temperature of 4 °C to test the
effectiveness of the films at refrigeration
temperatures in order to simulate storage
conditions in the consumer’s refrigerator.
The antimicrobial activity of EVOH29 and
EVOH44 films against L. monocytogenes
and E. coli at 4 °C overtime is shown in Figs.
4 and 5 for each copolymer.

L. monocytogenes is a psychrotrophic
pathogen whose ability to survive and
multiply at low temperatures is demons-
trated in Figs. 4A and 5A. As can be ob-
served, bacteria reached values of 7.5 log
after 72 hours of exposure to control films
in liquid media.
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Figure 2. Growth control study with EVOH29 control, 1, 5 and 10% EPL. A) L. monocytogenes at 37

°C and B) E.coli at 37 °C.
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Figure 3. Growth control study with EVOH44 control, 1, 5 and 10% EPL. A) L. monocytogenes at 37

°Cand B) E. coli at 37 °C.

In contrast, refrigeration temperature sig-
nificantly reduced the growth of E. coli. As
can be seen in Figs. 4B and 5B, the control
sample maintained bacterial counts around
6 log throughout the experiment. Films
with 1% EPL showed a reduction of ca. 2 log
and 1.5 log for EVOH29 and EVOH44, res-
pectively, against L. monocytogenes compa-
red to the control. However, no inhibition
was observed against E. coli, which may be
due to slow release of EPL to the medium,
being below the minimum inhibitory con-
centration value. Considering that the
amount of protein migrated from films
with 1% EPL in phosphate buffer at 37 °C
for 24 h is 47.43 pg/mL and 42.87 pg/mL
for EVOH29 and EVOH44, respectively,

and taking into account that in the cu-
rrent experiment the release temperature
is 4 °C, it can be expected that the relea-
se of the antimicrobial would occur more
slowly and the films would have less effec-
tiveness. Furthermore, films incorporating
a greater amount of EPL were not able to
inhibit completely the growth of all the mi-
croorganisms tested. Thus, EVOH29 and
EVOH44 films with 10% EPL gave similar
reduction values against L. monocytogenes
and E. coli: reductions of 5.5 log and 4.8 log
against L. monocytogenes were observed
with EVOH29 and EVOH44, respectively,
and 4 log and 3.5 log against E. coli.

It can be concluded from this experiment
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Figure 4. Growth control study with EVOH29 control, 1, 5 and 10% EPL. A) L. monocytogenes at 4

°C and B) E. coli at 4 °C.
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Figure 5. Growth control study with EVOH44 control, 1%, 5% and 10% EPL. A) L. monocytogenes at

4 °C and B) E. coli at 4 °C.

that the greatest bacterial inhibition was
achieved at 37 °C, and films made from
copolymers with lower ethylene content
were more effective. However, when wor-
king with a refrigeration temperature of 4
°C, differences in bacterial inhibition cau-
sed by both copolymers were less acute.
Moreover, a slower release of EPL is expec-
ted at 4 °C, which results in a limited con-
centration of antimicrobial in the medium,
and thus a decrease in the effectiveness of
the films.

3.7 Antimicrobial activity of EVOH films
containing EPL on surimi microbiota

Once the antimicrobial effectiveness of the
EVOH films had been assessed at refrige-
ration temperatures, a new study with real
food was carried out. EVOH29 and 44 films
with 10% EPL were chosen because these
films presented great antimicrobial activi-
ty. Surimi sticks were individually wrap-
ped with these films and stored at 4 °C for
6 days. Samples without film and samples
wrapped with film without EPL were pre-
pared as controls. The samples were sub-
jected to microbiological analysis on days 1,
3 and 6 of refrigerated storage. The results
of microbiological counts of the surimi
samples are shown in Table 5. It must be
pointed out that no differences were found
between unwrapped samples and samples

wrapped with film without EPL (data not
shown).

On the first day of storage no growth of en-
terobacteriaceae, lactic acid bacteria, psy-
chrotrophic bacteria, total aerobic count
and Pseudomonas bacteria was observed
in any sample (data not shown), and no
growth of enterobacteriaceae was detected
during the extended refrigerated storage
period studied. No growth of these bacte-
ria is considered as an index of fish quality,
which is related to storage in ice, washing
and evisceration [35]. These results confirm
that the surimi samples were made under
Good Manufacturing Practice (GMP), ensu-
ring the quality of the products.

Lactic acid bacteria are commonly found
in seafood products, and bacterial counts
tend to increase during extended refrige-
rated storage. As can be seen in Table 3,
lactic acid bacteria were found in the con-
trol sample after three days of refrigerated
storage. EVOH films containing 10% EPL
were capable of inhibiting growth of lactic
acid bacteria in surimi sticks during the pe-
riod of time monitored.

Psychrotrophic bacteria are able to grow
at refrigeration temperatures and respon-
sible for the aerobic spoilage of fish stored
at refrigeration [36], and in this experiment
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their proliferation was observed after the
third day of storage. Bacterial growth
was also observed for samples wrapped
with active films: samples wrapped with
EVOH29 incorporating 10% EPL presented
a 1.45 log inhibition at the third day and
a 2.16 log inhibition at the end of storage
compared with the control; when wrapped
with EVOH44, a 1.07 log reduction was
achieved at the third day of storage and a
1.71 log reduction at the end of the storage
period.

Total aerobic bacterial counts appeared in
the control samples at the third day of sto-
rage (2.34 log) and the aerobic population
increased by ca. 1 log at the end of the sto-
rage period. A bactericidal effect was ob-
served when surimi sticks were wrapped
with EVOH29 containing 10% EPL during

the storage time, whereas when EVOH44
films were used microbial aerobic bacterial
growth was observed at the 6" day of sto-
rage. With regard to Pseudomonas prolife-
ration in the surimi samples, Table 3 shows
that bacterial growth was detected in con-
trol samples on the third day of storage.
EVOH29 films with 10% EPL exerted total
inhibition on day 3, whereas a 0.68 log re-
duction was achieved with EVOH44 com-
pared with the control. On day 6 of storage,
1.431og and 1.00 log reductions were found
with EVOH29 and EVOH44 with 10% EPL,
respectively, compared with the control.

It has also been demonstrated in previous
studies that count between 2.00 log and
4.00 log were found in total aerobic plate
and total psychrophilic bacteria [37, 38].

It is worth pointing out that no growth

Table 3. Enumeration of microbial population in surimi: Lactic acid bacteria, Psychrotrophic bacteria,
Total aerobic count and Pseudomonas expressed as logarithm of colony forming units per g (Log

(CFU/g)) and logarithm reduction value (LRV).

Day 3 Day 6
Log (CFU/mL) LRV Log (CFU/mL) LRV
Lactic acid bacteria
CONTROL 3.45+0.23 3.89+0.15
EVOH29 10% EPL Total inhibition 3.45 Total inhibition 3.89
EVOH44 10% EPL Total inhibition 3.45 Total inhibition 3.89
Psychrotrophic bacteria
CONTROL 3.09 £ 0.14b 5.00 +0.13b
EVOH29 10% EPL 1.64 + 0.61a 1.45 2.84 +0.11a 2.16
EVOH44 10% EPL 2.02+0.37a 1.07 3.29 £ 0.09a 1.71
Total aerobic count
CONTROL 2.34 +0.06 318+ 0.02b
EVOH29 10% EPL Total inhibition 2.34 Total inhibition 3.18
EVOH44 10% EPL Total inhibition 2.34 1.90+0.24a 1.28
Pseudomonas
CONTROL 3.04+0.12b 3.63+0.03b
EVOH29 10% EPL Total inhibition 3.04 2.20+0.10a 1.43
EVOH44 10% EPL 2.36 +0.14a 0.68 2.62+0.11a 1.01

a”¢ Different letters in the same column for each microorganisms indicate significant differences
in antimicrobial effectiveness of different EVOH films (Turkey’s adjusted analysis of variance,

P<0.05).



of yeast and moulds was observed in any
sample during the storage period.

It can be concluded from this experiment
that the active films developed provide
inhibition of lactic acid bacteria and total
aerobic count, whereas the psychrotrophic
and Pseudomonas counts decreased with
respect to the control by the end of stora-
ge at 4 °C, when the concentration of the
agent on the surimi surface is expected to
be higher.

3.8 Antimicrobial activity of EVOH films
incorporating EPL on surimi inoculated
with L. monocytogenes and E. coli

Surimi sticks were surface inoculated with
L. monocytogenes and E. coli, wrapped with
EVOH29 and EVOH44 films with 10%
EPL, and stored for 6 days at 4 °C. Samples
without film and samples wrapped with
EVOH29 and EVOH44 films without EPL
were prepared as controls. With regard to
bacterial growth in control samples and in
samples wrapped with EVOH with EPL,
no significant differences were found. Fig.
6 shows the inhibitory effect of EVOH29
with 10% EPL on L. monocytogenes: after 1
day of storage, a reduction of 1.76 log was
observed; this value was maintained until
the 3™ day of storage and increased to 2.76
log reductions at the end of the storage pe-
riod. Regarding the samples contaminated

Day 1
[——1 Day3
[ Day 6

Log (CFU/g surimi) L. monocytogenes

T
CONTROL CONTROL EVOH 29 10% EPL
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with E. coli, the reduction was ca. 1 log du-
ring the entire storage time.

Fig. 7 shows the inhibitory effect of
EVOH44 with 10% EPL against L. mono-
cytogenes and E. coli. L. monocytogenes was
reduced by ca. 1 log during the entire sto-
rage period. On the other hand, E. coli re-
duction increased at the end of storage, on
the 6" day of storage. The total food-borne
bacteria counts of surimi wrapped with the
active samples showed a significant decrea-
se in comparison with the control sample.

Comparing the results obtained above with
the in vitro test with TSB, it can be obser-
ved that a higher concentration of EPL
would be necessary to produce total inhi-
bition against L. monocytogenes and E. coli.
The antimicrobial activity of the films was
probably reduced because of an interaction
of the antimicrobial agent with some com-
ponents of the food matrix, reducing its
availability to kill bacteria. Moreover, the
kinetics of release and the amount of EPL
released to the media may change when
assays are made with a solid food instead
of a liquid medium. This behaviour has also
been reported in previous works. Georna-
ras et al. (2007) demonstrated that the an-
timicrobial activity of epsilon-polylysine
decreased against L. monocytogenes when
was tested in six food products compared
with the results obtained in vitro assays ca-
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Figure 6. Antimicrobial activity of EVOH29 films with 10% EPL on surimi sticks inoculated with

(A) L. monocytogenes and (B) E. coli.
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Figure 7. Antimicrobial activity of EVOH44 films with 10% EPL on surimi sticks inoculated with

(A) L. monocytogenes and (B) E. coli.

rried out in broth liquid media. The authors
also showed that the antimicrobial effect of
active films on surimi products was higher
against L. monocytogenes than against E.
coli, as it has been shown throughout this
work.

The direct addition of antimicrobial agents
into surimi sticks was also studied by other
authors [39, 40]. Direct incorporation of
the antimicrobial into the food produces an
immediate reduction of bacterial popula-
tions but this may not prevent the recovery
of injured cells or the growth of cells that
were not destroyed by direct addition if re-
sidues of the antimicrobial are rapidly de-
pleted [41]. Therefore, antimicrobial active
films are an excellent technology to extend
food shelf-life, providing a continuous anti-
microbial effect on the food during exten-
ded exposure.

An inadequate consumer knowledge on
how to store ready-to-eat food at home, at
the right refrigerated temperature, has led
to higher risks of L. monocytogenes growth
[42]. L. monocytogenes and E. coli are patho-
gens commonly detected in ready-to-eat
products because of their wide distribution
in food factories, especially affecting inte-
rior surfaces of equipment that are compli-
cated to clean, water and utensils. Thus the

chances of surimi recontamination with
these food-borne bacteria after post-pro-
cess procedures are very high. Low tempe-
rature control during processing, shipment
and storage may not be sufficient to control
bacterial growth adequately. Therefore, to
increase food safety and extend the shelf
life of ready-to-eat surimi products during
storage time, it is necessary to complement
the post-processing action to control the
growth of pathogens L. monocytogenes and
E. coli.
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4. CONCLUSIONS

Films made from EVOH29 and EVOH44 copolymers incorporating several amounts of
EPL were successfully developed by casting, being continuous and transparent. Their
optical properties represented changes with respect to the control samples only at the
higher concentration of EPL (10%), increasing significantly but slightly the chroma. The
amount of EPL capable of migrate from the copolymer films to liquid medium was quan-
tified revealing that films possessing a lower percentage of ethylene released a greater
amount of EPL. Bacterial growth studies carried out at 37 and 4 °C with L. monocytogenes
and E. coli in the presence of the films incorporating EPL showed that a greater bacterial
inhibition was achieved at 37 °C and EVOH29 were more effective than EVOH44 films
inhibiting bacterial growth. In vivo experiments carried out with surimi sticks inoculated
with pathogen bacteria and wrapped in EVOH29 and EVOH44 with 10% of EPL, produced
a reduction in the microbial load thus increasing the microbiological shelf life of the pro-
duct at refrigeration temperatures. Therefore, the results obtained in this work provide
strong evidence of the antimicrobial effect of active EVOH films on the survival of L.
monocytogenes and E. coli in vitro and inoculated into surimi sticks stored under refri-
geration temperatures. It was also concluded that E. coli was more resistant against EPL
than L. monocytogenes. The present study shows that active packaging is a non-thermal
preservation technology which could be implemented to improve the microbiological
stability of ready-to-eat surimi-derived products.
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ABSTRACT

Polymer films with antioxidant and antimicrobial properties were manufactured for
the active packaging of food products. Green tea extract (GTE) and oregano essential oil
(OEQ) were incorporated in an ethylene-vinyl alcohol copolymer (EVOH). Release studies
of the main active components of the films into three food simulants, 3% acetic acid, 10%
ethanol and 50% ethanol, were conducted at 4 °C and 23 °C. The total antioxidant activi-
ty at equilibrium was measured in the food simulants and the antimicrobial capacity of
the films was tested in vitro against Listeria monocytogenes, Escherichia coli and Penicillium
expansum. The results suggest that the release kinetics depend on the affinity between
the active agents and the food simulants. In general, the fastest diffusion was obtained
when films were exposed to 50% ethanol and that effect was concurrent with greater an-
tioxidant efficiencies. The films also showed microbial growth inhibition in liquid media
and in vapour phases, demonstrating that the developed films show strong potential for
development as active food packaging films.

Keywords: Green tea extract, oregano essential oil, ethylene vinyl alcohol copolymer, antimi-
crobial packaging, antioxidant packaging.
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1. INTRODUCTION

Traditional food packaging methods do not
always provide the required shelf-life to
allow a satisfactory commercialization of
foods, particularly perishable fresh or mi-
nimally-processed products [1]. Active pac-
kaging with antioxidant or antimicrobial
properties can improve fresh food stability
and potentially offer shelf-life extension to
certain foods. Current trends in active pac-
kaging include the incorporation of active
natural agents into the polymeric packaging
materials [2, 3]. In these developments, the
time-controlled release of such substances
into the food has the potential to provide
prolonged food safety and quality. Poly-
mers are very attractive in active packaging
applications since the well-established mass
transport properties (permeation, sorption
and migration) can constitute the mecha-
nism of action of the active packaging sys-
tem. However, such release requires certain
control, especially to initiate the action at
the correct time. Recently, ethylene-vinyl
alcohol copolymers (EVOH) have been ex-
plored as an active inner coating on diverse
substrate films [4, 5]. In these systems, the
high affinity between EVOH and water,
which results in severe plasticization of the
copolymer when it is exposed to foods with
high water activity, was used as a triggering
mechanism for the film activity.

Green tea is considered to be a healthy pro-
duct with its consumption linked to lower
incidences of various pathological condi-
tions due to its reported anti-inflammatory,
anti-tumour, antioxidative and antimicro-
bial properties [6]. The chemical composition
of green tea is complex and the activity of
its components can vary significantly with
climate and seasons. The most important
bioactive constituents of green tea include
polyphenols or flavonoids such as catechins,
alkaloids such as caffeine, amino acids, vo-
latiles and minerals [6, 7]. It is known that

the mixture of catechins is responsible for
the high antioxidant effect of green tea, and
other reports have shown that different ty-
pes of catechins are responsible for its ove-
rall antimicrobial activity [8]. Due to the ad-
vantageous properties and classification as
a food additive by the European Union (EU),
green tea extracts (GTEs) have been incor-
porated in different food packages in order
to extend product shelf-life based on their
inherent antioxidant properties [9]. Howe-
ver, reports on the use of GTEs as antimi-
crobial agents for food-packaging applica-
tions are limited. Nevertheless, the thermal
degradation of catechins is a limiting factor
to be considered on active packaging appli-
cations [10].

Oregano essential oil (OEO) is recognised as
a natural antimicrobial agent with a strong
potential for food preservation and is classi-
fied as a food additive by the EU. Similarly to
GTE, the chemical composition of OEO can
vary significantly between season, climate,
and geographical location. Several studies
have described the wide range of antimi-
crobial effects of OEOs against food-borne
pathogens [11, 12]. Several studies have re-
ported the composition of OEO which com-
monly includes a mixture of p-cymene,
a-terpinene, thymol and carvacrol with the
latter two components representing the
main antimicrobial constituents that can
damage the outer membrane of many ty-
pes of bacteria [13]. In addition to the anti-
microbial characteristics, some studies have
reported antioxidant effects of these com-
pounds that protected lard products from
oxidation processes [13, 14]. The used of
OEOs as food additives is limited because of
their intense aroma that may impart unac-
ceptable organoleptic properties to some
food products. Further improvements to
the beneficial antimicrobial and antioxidant
properties with simultaneously minimizing
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any adverse sensory effects could be achie-
ved with the combined use of these with
other natural compounds. Also, the volatile
character of the most relevant constituents
of OEO needs to be considered in the pre-
paration of packaging materials to obtain an
efficient method of incorporation [2, 15].

The aim of this study was to develop EVOH
films that simultaneously provide protec-
tion against oxidation and microbial dete-
rioration of food products. Films were pre-

pared by casting procedure which can be
considered as a simulation of industrial film
coating by printing procedures [4]. After the
incorporation of GTE and/or OEO in EVOH,
the characterization of the release of these
agents into different food simulants was
performed. Finally, the in vitro antioxidant
activity and the antimicrobial activity of the
systems against Gram-positive L. monocyto-
genes, Gram-negative E. coli and fungal spe-
cies P. expansum were also studied.

2. MATERIALS AND METHODS

2.1 Materials, Chemicals and Reagents

Ethylene vinyl alcohol copolymer with a
29% molar content of ethylene (EVOH29,
Soarnol DT2904RB®), was kindly provided
by the Nippon Synthetic Chemical Company
(Osaka, Japan). Chemical agents 1-propanal,
oregano essential oil (CAS No: 8007-11-2),
reagent-grade absolute ethanol, acetic acid,
2,2-diphenyl-1-picrylhydrazyl (95% free ra-
dical) and carvacrol were purchased from
Sigma (Madrid, Spain). The green tea extract
was supplied from Plantextrakt (The Natu-
re Network, Baceiredo S.L., Vitoria, Spain).
Caffeine, catechin, epigallocatechin were
purchased from Fluka Biochemika (Barce-
lona, Spain). Trolox ((+)-6- Hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic  acid)
was purchased from Sigma (Madrid, Spain).
Water was obtained from a Milli-Q Plus
purification system (Millipore, Molsheim,
France).

2.2 Film Preparation

Film samples were prepared according to
a process previously reported [16] . Briefly,
EVOH29 was dissolved in a 50% v/v 1-pro-
panol/water mixture at 50° C. The GTE and
OEO were added to the film-forming solu-

tion at a concentration of 5% w/w with res-
pect to the dry polymer weight. The films
were prepared by firstly spreading the so-
lution on a flat surface with a coating bar
and then evaporating the solvents with hot
air. Films of EVOH29 without active com-
pounds, with 5% w/w GTE (EVOH29-GTE),
with 5% w/w OEO (EVOH29-OEQO) and with
5% w/w of each, GTE and OEO (EVOH29-
GTE+OEOQ) were prepared. The average film
thickness of the film samples was 20 + 2 ym
(individually measured before each experi-
ment). Samples were stored under dry con-
ditions in aluminium foil until use.

2.3 Differential Scanning Calorimetry

The thermal properties were determined
with a Mettler Toledo Differential Scanning
Calorimetry (DSC) 1 instrument. The glass
transition (T'g) and melting (Tm) temperatu-
res and the melting enthalpy (AHm) were
calculated using STAR® Evaluation Software
(Mettler Toledo). (AHm) values were correc-
ted to account the percentage of polymer
actually introduced in the pan. Film sam-
ples of EVOH29, EVOH29-GTE, EVOH29-
OEO, and EVOH29-GTE+OEO were dried
for 1 week in a desiccator over P-Os before
analysis. Thermograms were obtained by



heating samples encapsulated in 40 uL cru-
cibles from 25 °C to 220 °C, cooling to 25 °C,
and a second heating to 220 °C. All heating
and cooling rates were 10 °C min™.

2.4 Optical properties

The film color was determined using a Ko-
nica Minolta CR-400 Chroma Meter (Ko-
nica Minolta Sensing, Inc., Osaka, Japan).
The films were placed on the surface of
a standard white plate and three measu-
rements were taken of each sample. The
measurements were repeated in triplicate.
The parameters L* (black (0) to white (100)),
a* (green (-) to red (+)) and b* (blue (-) to ye-
llow (+)) were obtained and the polar coor-
dinates, the chroma C* and the hue angle
h® calculated.

C*=/(a")?+ (b ? ; h® =arctan (%) 1)
2.5 Quantification of GTE and OEO Com-
ponents

The concentrations of epicatechin, catechin
and caffeine, that are the main relevant
compounds with antimicrobial and anti-
oxidant activity of GTE, were determined
using high performance liquid chroma-
tography (HPLC). A Shimadzu GCU-20A5
HPLC instrument equipped with a 250 x
4.6 mm, 5um column and UV-visible ab-
sorbance detector set at 220 nm was used.
The mobile phase was acetonitrile/water
10:90% v/v containing 0.1% phosphoric
acid at 1 mL min™ flow rate, the temperatu-
re was 23 °C and the injection volume was
15 pL. The concentration of carvacrol, the
major component of OEO, was determined
by gas chromatography using a Shimad-
zu GC-2100 Plus instrument (Shimadzu,
Australia) under the following conditions:
DB- 5 capillary column (30 m x 0.32 mmn,
and 0.50 mm); column temperature, 80 °C
to 120 °C at 5 °C/min; injector temperature,
250 °C; FID temperature, 300 °C; split ra-
tio, 1/100; carrier gas, Na; flow rate, 2.0 mL/
min; and volume injected, 1 uL. Calibration
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for each active agent of OEO and GTE was
performed by injecting known amounts of
each compound into the respective HPLC
or GC instruments.

2.6 Release into Food Simulants

The release of the active components of
GTE and OEO from EVOH29-GTE+OEO
into three food simulants was carried out
at 4 °C and 23 °C. Food simulants A, B and
D1 were selected according to the Euro-
pean Regulations: A, 10% v/v ethanol as
an aqueous food simulant; B, 3% v/v acetic
acid as an acidic food simulant (pH < 4.5);
and D1: 50% v/v ethanol as simulant for
foods with a lipophilic character. For the
release experiments, 3 cm? film samples
were immersed in 5 mL of simulant in sea-
led vials. At various exposure times, films
were removed from the sample and the li-
quid stored at refrigeration temperature in
brown vial and analysed within 72 h. The
concentration of the main compounds was
analysed by GC or HPLC following the pro-
cedure described in section 2.5.

2.7 Antioxidant Activity of EVOH Films

Once the release processes reached equi-
librium, the total antioxidant activity of
each film system was measured in each of
the three food simulants. The antioxidant
activity was measured with a standard an-
tioxidant assay using 2,2-diphenyl-1-pri-
cylhydrazyl (DPPH), a stable radical that
absorbs at 517 nm [17]. The method is based
on the bleaching rate of the sample and the
percentage inhibition values were calcula-
ted according to the following equation:

% Inhibition = ((Ac-As)/ Ac) x 100 (2)

where Ac is the control absorbance and As
is the sample absorbance. A previous cali-
bration was performed with known con-
centrations of Trolox and the final antioxi-
dant activity was expressed in terms of the
Trolox concentration.
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2.8 Preparation of Bacterial and Fungal
Cultures

Cultures of L. monocytogenes CECT 934
(ATCC 19114) and E. coli CECT 434 (ATCC
25922) were obtained from the Spanish
Type Culture Collection (CECT, Valencia,
Spain) and selected to demonstrate the an-
timicrobial activity of the EVOH films due
to their relevance in food safety. The stra-
ins were stored in tryptone soy broth (TSB)
with 20% glycerol at =80 °C until needed.
For experimental use, the stock was main-
tained by monthly subculture at 4 °C on
slants of tryptone soy agar (TSA). To obtain
early stationary phase cells, a loopful of the
strain was transferred to 10 mL of TSB and
incubated at 37 °C for 18 h, prior to each
experiment. Spores of P. expansum CECT
2275 were obtained from the Spanish Type
Culture Collection (CECT, Valencia, Spain).
Cultures of P. expansum were grown on po-
tato dextrose agar (PDA) in polystyrene pe-
tri dishes for 7 days at 30 °C. The inoculum
was collected upon flooding the surface of
the plates with sterile peptone water and
then scraping the surface with a spatula.
A 10 mL sample of the mould culture sus-
pension was transferred to sterile polypro-
pylene tubes and shaken to obtain a homo-
genous suspension. Several dilutions were
made to obtain 10° spores mL™". The spore
count was determined using the improved
Neubauer method (Bright- Line Hemacyto-
meter, Hausser Scientific, Horshan, PA).

2.9 Antimicrobial Activity of Films on
Solid Media

The antimicrobial activity of the prepared
films was tested using the agar diffusion
method. Samples of 100 L of L. monocyto-
genes and E. coli bacterial suspensions con-
taining approximately 107 CFU mL™ were
spread over a prepared TSA surface. Film
disks of 2.5 cm in diameter were adhered to
the lids of petri dishes avoiding direct con-
tact with the microorganism. Plates were
incubated at 37 °C for 24 h and the diameter

of the resulting inhibition zone was mea-
sured directly after the incubation period.
To test the antifungal activity of the films
against P. expansum, film disks of 9 cm in
diameter were adhered to the lids of petri
dishes. This larger film samples were used to
obtain a similar concentration of compound
in all the Petri dish since the mould culture
was not placed in the centre. Samples of 3
uL of the mould culture suspension with 10°
spores mL™" were inoculated in three equi-
distant points over PDA. Plates were incu-
bated at 25 °C for 12 days and the diameter
of the fungal growth was measured the 3™,
6™ and 9" day of storage. After the 9" day,
the films were removed from the lid of the
Petri dishes and the colony diameter was
measured at day 12 to observe any fungici-
dal effect. The antimicrobial and antifungal
activity was also tested on control samples.
Two different controls were prepared, films
without active agents (GTE and OEO) and
samples without films. No differences bet-
ween the control samples were found and
the results are expressed as the mean values
of the controls. All of the experiments were
performed in triplicate.

2.10 Antimicrobial Activity of Films in
Liquid Media

The antimicrobial activity of prepared films
was tested in liquid media. Cell cultures of
each microorganism in the stationary phase
(optical density of 0.9 at 600 nm) were dilu-
ted in TSB and incubated at 37 °C until rea-
ching the exponential phase (optical density
of 0.2 at 600 nm). At this stage, 100 pL of
TSB containing 10° CFU mL™ and 0.25 g of
each film was placed into separate sterile tu-
bes with 10 mL of TSB and were incubated
at 37 °C for 24 h. Depending on the turbidi-
ty of the tubes, serial dilutions were perfor-
med using peptone water and plated in petri
dishes with 15 mL of TSA culture medium.
Colonies were counted after incubation at
37 °C for 24 h. Controls without films were
also tested and the experiments were per-
formed in triplicate.



2.11 Statistical Analysis

One-way analyses of variance were carried
out using the SPSS®19 computer program
(SPSS Inc., Chicago, IL, USA). Differences
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in pairs of mean values were evaluated by
the Tukey-b test for a confidence interval
of 95%. Data are represented as the mean +
standard deviation.

3. RESULTS AND DISCUSSION

The film casting technique described above
was used to produce EVOH films contai-
ning of 5% w/w GTE, 5% w/w OEO and 5%
w/w of both components (nominal concen-
trations). All films were transparent and
without discontinuities, with an average
thickness of 20 + 2 pm.

3.1 Thermal Properties

In order to study the effect of incorpora-
ting the active agents into EVOH29 films
on the thermal properties of the base ma-
terial, the samples were analysed by DSC.
Table 1 shows a summary of the key ther-
mal parameters obtained from the first
heating process. The Tq of the control film
was ca. 44 °C, similar to that reported for
cast films of EVOH29 [18], but 20 °C be-
low the value reported by the manufac-
turer for extruded film. This difference is
attributed to the fabrication method since
solvent residues trapped in the matrix can
plasticize the film [19]. Although the effect
is marginal, the addition of GTE and OEO
slightly increased the Tq in all the samples

therefore increasing the film rigidity. In-
teractions between the OH groups of the
polymer chain with OH, CO or COOH che-
mical groups of the extract components via
hydrogen bonding could potentially cause
this observed effect.

Table 1 also shows a summary of the mel-
ting behaviour with all Tm values in the
range 176.5+1°C, whichis 12 °C lower than
the manufacturer’s value for extruded
films. This is also due to the different fabri-
cation process that, in turn, influences the
polymer crystallization process. No signi-
ficant differences were observed between
samples in the Tm values (endotherm mi-
nimum). For the calculated melting enthal-
py, only the sample containing both GTE
and OEO presented a significant decrea-
se compared to the control film. The high
content of additives within the matrix may
reduce the ability of the polymer chains
to crystallize. Also, it should be noted that
the endotherm profiles of the active films
were wider than that of the control sam-
ple, indicating a more irregular crystalline

Table 1. Thermal properties obtained from DSC thermograms of EVOH film formulations. Glass
transition temperature (Tg), melting point (T'm) and melting enthalpy (AHm).

Film Tg /°C Tm /°C AHm/J g!

EVOH29 43.9 +0.32 176.7 +1.42 871+2.7°
EVOH29-GTE+OEO 46.0+1.1° 175.7 + 0.92 86.0 + 2.2P
EVOH29-GTE 471+ 0.9° 177.0 + 1.0 88.1+1.8°
EVOH29-OEO 453 +1.13° 177.4 +1.02 789 + 1.6

Note: a, b, ¢ indicate significant differences amongst the samples (Tukey’s adjusted analysis of

variance P<0.05)
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Table 2. Color parameters of EVOH film formulations.

Film I* a*

b* c* h°

EVOH29

94.43 + 0.54% -0.17 + 0.03% -0.16 + 0.06%

0.12+0.07% 2084 + 6.19°

EVOH29-GTE+OEO 81.37 + 0.24°

578 + 0.04°

9.02+012° 779 +0.09° 83.22 +1.85°

EVOH29-GTE 83.21 + 0.56°

6.79 + 0.06°

8.79+0.05° 756+ 0.05° 84.42+251°

EVOH29-OEO 9519 + 0.632

-0.18 £ 0.04% -0.17 £ 0.032

0.15+0.04% 210.5+5.122

Note: a, b indicate significant differences amongst the values of the same color property of the
samples with the same base-copolymer (Turkey’s adjusted analysis of variance P < 0.05).

structure probably due to the interruptions
occurred during crystallization by the pre-
sence of non-polymeric substances (data
not shown).

3.2 Optical Properties

The color parameters of the film samples
are summarised in Table 2. No significant
differences in any of the measured colour
parameters were found between EVOH29
and EVOH29-OEO. These films were trans-
parent and colourless and, as expected,
they exhibited values of a* and b* close to
zero. Films in which GTE was incorporated
were brownish in color, which is reflected
by a significant increase in a* and b* and a
reduction in the luminosity (L*), the chro-
maticity (C*) and the hue angle. No signi-
ficant differences were observed between
EVOH29-GTE and EVOH29-GTE+OEO.
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3.3 Identification of OEO and GTE Compo-
nents

In this study, carvacrol, the main compo-
nent with antimicrobial and antioxidant
activity, was identified and characterized
with GC using standards. Figure 1(i) shows
that carvacrol is indeed the main cons-
tituent of OEO with a concentration of
ca. 86%. Solutions of GTE in alcohol were
analyzed by HPLC and a typical chroma-
togram is shown in Figure 1(ii). The main
components shown in the figure were
identified using standards.

3.4 Release into Food Simulants

To characterize the release of the substan-
ces from the films, the solution to Fick's
equations considering the boundary con-
ditions of the experiment was used. It was

(ii)
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Figure 1. Chromatograms of : (i) OEO with the components: pinene, myrcene, cymene, terpinene,
linanool, carvacrol, thymol and caryophyllene and (ii) GTE with main components catechin (C),
caffeine (CAFF), gallic acid (GA), epigallocatechin gallate (EGCG), epigallogatechin (EGC), and epi-

catechin (EC).



04

153

0,3

m(t)/m(initial)

00

©  Acetic 3%
@ EtOH 10%
v EtOH 50%

0 100 200 300

T T
2000 4000 6000 8000

Time (min)

Figure 2. Release of epichatechin from EVOH-GTE+OEOQ films into aqueous solutions of: (i) 3% w/w
acetic acid, (ii) 10% v/v ethanol and 50% v/v ethanol. Symbols represent the experimental data and
lines correspond to the theoretical prediction obtained with equation (2).

assumed that the films were isotropic and
that the agents were homogenously distri-
buted within the polymer matrix. Due to
the drying process, a 20% loss of carvacrol
was considered, value obtained in indepen-
dent experiments following the procedure
described elsewhere [16]. No change was
considered in the content of catechins since
in previous reports, the content of catechin
and quercetin was not changed even when
process by extrusion[20]. The film samples
were thin enough so as to assume that no
release of the agents takes place through the
edges and that both surfaces are exposed to
the simulant. The partition coefficient, K,
defined as the ratio of active agent concen-
trations in the film and in the simulant at
infinite time, and the diffusion coefficient,
D, were assumed to be constant throughout
the experiment. Under the conditions of the
experiment, the mass, m (t), of agent relea-
sed from a film of thickness, I, at a specific

time, t, is given by Crank (1975): o)
= Copvst - < 2a (1+a) 2 2
. <t> - VS+KVp <1 Z 1+a+az qzn exp (4Dq n t/f )

where a = Vs/(KVp) which represents the
ratio between the mass of compound in
the liquid and that in the polymer at equili-
brium, Vs and Vp are the volumes of simu-
lant and polymer, cp® is the initial concen-
tration of the antimicrobial agent and gn is
the positive solution to the equation:

tglgn) = - agn.

The mechanism of action of films contai-
ning active agentsisthe release of the incor-
porated agents into the food product or the
surrounding headspace. The extent and ki-
netics of this release are therefore key para-
meters that relate to the final antimicrobial
or antioxidant efficiency of the active film.
Release studies were conducted at different
temperatures by exposure of the films to
three established food simulants with the
concentrations of the separate components
determined by GC and HPLC analyses. Fi-
gure 2 shows an example of the results ob-
tained for the release of epicatechin at 23
°C. The data exhibit typical release profiles
from a polymeric film into a liquid of limi-
ted volume as evidenced by the asymptotic
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approaches towards equilibrium values.
However, it is evident from the plots that a
complete release of epicatechin into any of
the three tested simulants was not achie-
ved. A similar result was obtained for the
migration of each of the other compounds
into each of the food simulants at either test
temperature (data not shown).

The curves shown in Figure 2 were obtai-
ned from equation (3) using the K and D
values that yielded the best fit to the expe-
rimental data. The theoretical fitted curves
are in good agreement with the experi-
mental release data. It is therefore evident
that equation (3) adequately predicts the
release profiles of the different film for-
mulations. The values of K and D for the
different sample/simulant systems are pre-
sented in Table 3. From these data, it can be
observed that the simulant containing 50%
v/v ethanol promoted the greatest amount
and fastest release of all compounds as it
produced the lowest K and the highest D

values. This mixture is a good solvent for
the agents incorporated in the polymer
and this may explain the high release ra-
tes that were observed. In addition, this si-
mulant might produce the highest extent
of plasticization and/or swelling of the po-
lymer matrix resulting in a faster rate of
diffusion of additive molecules through a
more flexible and open polymer structure.
Comparing the agents, caffeine was relea-
sed faster than all other compounds in all
simulants, despite it having a lower relati-
ve molecular weight than carvacrol. This
observation may be explained by the diffe-
rent molecular sizes of the two molecules
as the molar volume of caffeine is 133.4 mL
mol™" whereas that of carvacrol is 154.2 mL
mol™ [21, 22]. It is generally accepted that
the smaller the molecular size, the faster
that molecule diffuses in a polymeric me-
dium [23, 24].

The release was also characterized at two
temperatures and given that similar K values

Table 3. Values of the partition coefficient, K, at 23 °C and 4 °C, and the diffusion coefficient, D,
for the release of the diverse agents incorporated in EVOH29-GTE+OEQ films, obtained by fitting

equation (2) to the experimental release values.

23°C Carvacrol Epicatechin Catechin Caffeine
Simulant K K K K
3% v/v acetic acid 800 + 110 1860 + 180 3142 + 350 1427 + 192
10% v/v ethanol 785 £ 260 2010 + 230 2751 £ 350 1272 £ 125
50% v/v ethanol 150 + 148 1610 £ 80 2035 £ 205 1271 +158
D x10"%/m?*s™ D x10"%/m?*s™ D x10"™/m?*s™ D x10"%/m?*s™
3% v/v aceticacid  0.79 £ 0.16 0.38 + 0.07 0.19 £ 0.03 276 +1.67
10% v/v ethanol ~ 1.34 £ 0.80 0.29 £ 0.06 0.04 +0.01 4.92+1.10
50%v/v ethanol  1.99 +1.04 112 +0.10 2.32+0.75 242 +0.55
4°C Carvacrol Epicatechin Catechin Caffeine
Simulant K K K K
3% v/v acetic acid 795 +110 2178 + 302 4631 + 602 1356 + 150
10% v/v ethanol 798 £ 128 2520 + 380 3233 £ 404 1444 + 221
50% v/v ethanol 328 +118 2430 + 255 2500 + 187 1265 + 303
D x10"%/m?*s™ D x10"%/m?*s™ D x10"™/m?*s™ D x10"%/m?*s™
3% v/v aceticacid  0.05+ 0.01 0.04 + 0.01 0.04 +0.01 0.69 £0.13
10% v/v ethanol ~ 0.13 £ 0.03 0.14 £ 0.05 0.03+£0.01 3.29+1.16
50% v/v ethanol 1.50 £ 0.10 0.31+0.06 0.73+0.28 2.25+1.26




were obtained for each compound at 4 and
23 °C, it can be suggested that temperature
does not greatly influence the extent of the
release process and that the enthalpy asso-
ciated with this process islow. Conversely,
and as expected, increasing the tempera-
ture accelerates the diffusion of molecules
in the polymer matrix since D is a kinetic
parameter with an Arrhenius temperatu-
re dependency. Baner, 1995 published an
empirical equation that approximately pre-
dicts the effect of temperature on the value
of D. Based on this equation, the predicted
ratio between D(23 °C) and D(4 °C) is ca. 10,
much higher than the results obtained in
this work. It is possible that the plastici-
zing effect of the simulant on the polymer
matrix influences the D value more signi-
ficantly such that the effect of temperature
is reduced[25].

There are several reports in the literature
describing the release processes of active
substances from EVOH. Cerisuelo et al.
[26] studied the release of carvacrol from
EVOH films obtained by casting in a wet
atmosphere and reported a D value at 23 °C
of 3x107® m? 57, slightly higher but close
to the values obtained in this work. In that
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study, the atmosphere was maintained by
a wet gas flow stream, which assists with
the release and dispersion of the released
molecules in the atmosphere, and conse-
quently, reduces the carvacrol concentra-
tion at the film surface. In another study,
catechin was incorporated into extruded
EVOH films with 32% ethylene molar con-
tent and its release into 10% v/v aqueous
ethanol solution was monitored [20]. The
partition of catechin between the solvent
and the polymer was ca. 3000, and the re-
lease rate was described by a D value ca.
1.5x107" m?s™". Both of these values are in
good agreement with the results obtained
in this work. Lopez de Dicastillo et al. [27]
studied the release of GTE incorporated
into EVOH by extrusion into several food
simulants including 10% v/v aqueous etha-
nol. The release of caffeine into 10% v/v
aqueous ethanol was also analysed in the
same study and the values of K and D were
found to be 20 and 1.5 x 107" m? s™' respec-
tively. Although the diffusion coefficient
is in general agreement with the results of
the current study, the extent of the release
of caffeine differs significantly. The reason
for this discrepancy is unclear at present
and will require further investigation.
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Figure 3. Antioxidant activity of food simulants after exposure to the diverse EVOH29 film samples.
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3.5 Antioxidant Activity of EVOH Films

The antioxidant activity of the simulant
solutions following exposure to the active
films was determined and Figure 3 shows
the results expressed as milligrams of Tro-
lox per gram of film. As expected, all three
active samples presented antioxidant acti-
vity in excess of the control EVOH29 film
that produced a null result (not included
in the graph). The EVOH29-OEO film de-
monstrated the lowest antioxidant acti-
vity since OEQ is primarily known for its
antimicrobial properties. This result is in
agreement with other studies that have
demonstrated that OEO can present some
antioxidant activity which can be also at-
tributed to the presence of carvacrol [13].
Samples containing GTE presented anti-
oxidant activities that were significantly
higher than that of the EVOH29-OEO in
all simulants and the strong antioxidant
activity of GTE is derived from the presen-
ce of the diverse catechin compounds [28].
Interestingly, there were no significant di-
fferences between the EVOH29-GTE+OEO
and EVOH29-GTE in any of the three si-
mulants tested suggesting that no syner-
gistic or additive effect was imparted in the
film containing the combination of these
additives. Instead, the antioxidant activi-
ties of the films containing the GTE/OEO
mixture were lower even though the diffe-
rences were not significant. The results of
the antioxidant assay were in agreement
with the release results in that the higher
chemical compatibility of catechins and
carvacrol with 50% v/v aqueous ethanol
increased the migration and consequently
the antioxidant activity.

3.6 Antimicrobial Activity of EVOH Films

The antimicrobial activity of the films
against L. monocytogenes and E. coli was
studied using an agar diffusion method
in the vapour phase. Table 4 lists the dia-
meter of the inhibition zone following the
incubation period for each of the microor-
ganisms that were tested. The films con-
taining OEO showed a higher inhibitory
effect against E. coli (4.22 and 4.41 cm). No
inhibition zone was formed against L. mo-
nocytogenes and E. coli with EVOH 29-GT.

The growth of P.expansum was evaluated by
the microatmosphere method in potato dex-
trose agar. Petri dishes and Figure 4 shows
the antifungal effect of EVOH29-GTE,
EVOH29-OEO and EVOH29-GTE+OEQO af-
ter 12 days of storage at 30 °C. As demons-
trated in the figure, EVOH films containing
OEO presented a strong effect against fun-
gal growth with significant growth in the
presence of films containing GTE.

Table 5 shows the growth of the colony dia-
meters over time and again, the two films
containing OEO completely inhibited the
growth of P. expansum immediately after
casting and maintained this effect during
the assay. Interestingly, after film removal
from the lid, no growth was observed in the
dishes stored at 30 °C for a further 7 days
suggesting carvacrol produced a lethal
fungicidal effect on the microorganism. In
contrast, no inhibition was observed in the
tests with EVOH29-GTE films. From days 9
and 12, films were no longer visible in the
petri dishes and may have been solubilised
in the medium.

Table 4. Inhibition zone of films on the growth of L. monocytogenes and E. coli.

L. monocytogenes

E. coli

Inhibition zone diameter/cm

Inhibition zone diameter/cm

Control Not observed Not observed

EVOH 29-GTE Not observed Not observed
EVOH 29-OEO 3.19+0.18 422+022
EVOH 29-GTE+OEO 3.31+0.34 4.41+0.30




157

Figure 4. Antifungal effect against P. expansum for the diverse films: (A) EVOH29-GTE, (B) EVOH29-
OEO, and (C) EVOH29-GTE+OEO.

Table 5. Diameter of P. expansum colony after exposure to the EVOH29 films.

Colony diameter of P. expansum/cm

Day 3 Day 6 Day 9 Day 12
Control 150 +0.21 2.37+0.12 245+ 0.16 2.97+0.13
EVOH29-GTE+OEO Not observed Not observed Not observed Not observed
EVOH29-GTE 1.73+0.04 2.45+0.16 230+0.11 3.09+0.04
EVOH29-OEO Not observed Not observed Not observed Not observed

Table 6. Antimicrobial activity of films in liquid media against L. monocygones and E. coli.

L. monocytogenes E. coli
Log (CFU/mL) Log (CFU/mL)
Control 8.79 + 0.04 8.86 +0.09
EVOH29-GTE+OEO Total inhibition Total inhibition
EVOH29-GTE 7.54 +0.01 713+0.14
EVOH29-OEO Total inhibition Total inhibition

It is well-established that carvacrol is a vo-
latile phenolic compound with strong an-
tibacterial properties [4, 16, 29-32]. Other
authors also demonstrated that this agent
is released from the film into the heads-
pace, and acts from the vapour phase on
microorganisms producing the observed
antimicrobial and antifungal effect [33, 34].
Carvacrol interacts with the cell membra-
ne, producing a distortion of the physical
structure and destabilisation of the mem-
brane, thereby increasing the fluidity and
the passive permeability. In the case of GTE,
the antimicrobial/antifungal constituents

may require a liquid medium to be released
and produce any observable effect.

The antimicrobial activity of the films in
liquid media against L. monocytogenes and
E. coli was investigated and Table 6 sum-
marises the results. A total inhibition was
observed in the films containing OEO with
log reductions of 1.25 and 1.67 obtained
for EVOH29-GTE films against L. mono-
cytogenes and E. coli respectively. Again,
films containing OEO showed a strong an-
timicrobial effect as was observed in the
vapour phase test. This may be due to the
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plasticizing effect of water on EVOH29 and
the high humidity conditions that accele-
rates the carvacrol release into TSB pro-
ducing the observed antimicrobial effect.
The same phenomenon occurred with GTE
releasing into the liquid medium although,
as expected, the antimicrobial effect is re-
duced.

Some studies have reported that GTE ca-
techins are the compounds responsible for
the antibacterial activity [8, 35] with cate-
chins binding to the bacterial membrane
and adversely affecting a number of cellu-
lar processes, such as apoptosis and mito-
chondrial functionality [36]. The results of
the present study show little difference in

the antimicrobial activity against Gram-
positive or Gram-negative bacteria.

4. CONCLUSIONS

Antioxidant and antimicrobial active films based on EVOH29 and natural agents, GTE
and OEO, were successfully manufactured by casting. Thermal analysis revealed that
the incorporation of the agents affected the crystalline structure of EVOH. The optical
properties were such that films in which GTE was incorporated were highly colored but
those containing OEO were similar to the control. The release of the active agents depen-
ded on their affinity for the food simulants that were used and the ability of the simulant
to swell the polymer. In this study, the migration was greater in aqueous simulants with
high ethanol content and the release of caffeine from GTE was faster than the release
into the simulants of all other compounds tested. As expected, the antioxidant activity
of the films containing GTE was the most effective and films containing OEO showed a
strong antimicrobial activity against the tested microorganisms. Films containing GTE
also inhibited the growth of L. monocytogenes and E. coli in liquid media. However, a
combination of GTE and OEO in the film did not result in any synergistic or additive an-
timicrobial or antioxidant effect. Overall, the results suggest that the EVOH29 films with
OEO or GTE agents show strong potential for further development as food packaging
films. Industrial printing equipment can be used to coat different polymers films such as
PP with the active EVOH layer that had been developed in this work.
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ABSTRACT

The objective of this study was to develop a new antimicrobial film, in which lysozyme
was covalently attached onto two different ethylene vinyl alcohol copolymers (EVOH29
and EVOH44). The EVOH surface was modified with UV irradiation treatment to gene-
rate carboxylic acid groups, and lysozyme was covalently attached to the functionalized
polymer surface. Surface characterization of control and modified films was performed
using attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR)
and dye assay. The value of protein loading after attachment on the surface was 8.49 ug
protein/cm? and 5.74 pg protein/cm? for EVOH29 and EVOH44, respectively, after 10
min UV irradiation and bioconjugation. The efficacy of the EVOH-lysozyme films was
assessed using Micrococcus lysodeikticus. The antimicrobial activity of the films was tes-
ted against Listeria monocytogenes was similar to an equivalent amount of free enzyme.
The reduction was 1.08 log for EVOH29-lysozyme, 0.95 log for EVOH44-lysozyme, and
1.34 log for free lysozyme. This work confirmed the successful use of lysozyme immobi-
lization on the EVOH surface for antimicrobial packaging.

Keywords: Lysozyme, EVOH, Immobilization, UV irradiation, L. monocytogenes
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1. INTRODUCTION

Microbial growth in packaged foods re-
presents not only a significant food safety
concern, but also contributes to the increa-
sing amount of food wasted due to micro-
bial spoilage organisms. Antimicrobials
may therefore be used in food products
to inhibit or retard microbial growth in
foods in order to extend product shelf life
[1]. When they are added directly to food
formulations, antimicrobial agents cause
an immediate reduction in the bacterial
populations; however, this immediate ac-
tivity is often followed by a decline in ac-
tivity when the concentrations of active
antimicrobials decreases to values below
the minimal inhibitory concentration due
to degradation, interaction with food or
dispersion in the food matrix. Further, an-
timicrobial agents may exert only limited
activity against injured cells or against the
growth of surviving cells [2]. Many pro-
ducts are subject to microbial contamina-
tion at the food surface [3], and therefore,
the bulk addition of antimicrobials to such
foods may be excessive to achieve the desi-
red control. An alternative is to develop
an antimicrobial active packaging system
by incorporation of antimicrobial agents
either throughout the bulk of the packa-
ging material to enable controlled release
of the active agent or by immobilization
onto the packaging surface to provide a
direct contact of the antimicrobial with
the food surface. A broad range of natural
compounds have been researched as anti-
microbial agents for use in food packaging,
such as organic acids, essential oils, pepti-
des, enzymes, etc [4].

The incorporation of antimicrobials
throughout the bulk of packaging matrices
has been used to control microbial con-
tamination by allowing for diffusion of
the antimicrobial through the packaging

in a time-released manner [5]. Many ap-
proaches to antimicrobial active packaging
follow this approach, yet it suffers certain
drawbacks: a) it is often difficult to relea-
se these antimicrobials in a controlled way
to maintain the antimicrobial activity; b)
the presence of the agents in the polymer
matrix may lead to changes in the functio-
nal properties of the films; and c) biologic
antimicrobials such as peptides and enzy-
mes are difficult to incorporate into many
packaging films due to incompatibility with
the film manufacturing process (thermo-
mechanical stress or solvent miscibility).
There would therefore be both functional
and regulatory advantages in an antimi-
crobial packaging material in which the
active agent is covalently bound onto the
materials surface such that it was unlikely
to migrate into the food [6-8]. Modification
of film surfaces by chemical or physical
means followed by covalent conjugation
have been used for attachment of acti-
ve agents that are active when in contact
with foods, yet do not migrate and are not
consumed [9-13].

Lysozyme is an antimicrobial enzyme and
is one of the most studied natural antimi-
crobial agents with packaging applications
[1]. It is classified as GRAS (Generally Re-
cognized as Safe) by the Food and Drug
Administration (FDA) and as a food addi-
tive by the European Union (E 1105) with
bacteriostatic, bacteriolytic and bacteri-
cidal activity [14]. It is characterized by a
single polypeptide chain. The antimicrobial
activity depends on the ability to hydroly-
ze the beta 1-4 glycosidic bonds between
N-acetylmuramic acid and N-acetylgluco-
samine. These bonds are present in pep-
tidoglycans, which comprise the 90% of
Gram positive bacteria cell wall, making
them very susceptible to lysozyme anti-
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microbial activity [15]. Lysozyme has been
immobilized on different support using
entrapment, adsorption, and surface con-
jugation methods [10, 16]. However, the
use of covalently immobilized lysozyme as
an antimicrobial agent for food packaging
applications is limited.

Ethylene-vinyl alcohol (EVOH) copoly-
mers are approved for food contact and
have been used as matrices for the develo-
pment of active packaging systems. EVOH
has also been shown to be heat sealable,
and can be used to coat active agents onto

another polymer support film (e.g. po-
lyethylene, polypropylene) [17-21]. These
copolymers are also good candidates for
surface modification due to the presence
of hydroxyl groups. Given the applica-
bility of EVOH films for food packaging
applications, the antimicrobial nature of
lysozyme, and the limitations of current
immobilization methods, the objective of
this study was to develop a new antimicro-
bial packaging film based on the covalent
attachment of lysozyme to the surface of
EVOH films.

2. MATERIALS AND METHODS

2.1 Materials

Films of ethylene vinyl alcohol (EVOH) co-
polymers (75 pm thick) with a 29% ethylene
molar content (EVOH29) and with a 44%
ethylene molar content (EVOH44) were
kindly provided by The Nippon Synthetic
Chemical Company (Osaka, Japan). Lyso-
zyme, from chicken egg white, as lyophili-
zed powder, > 98%, with about 50,000 U of
protein per mg, and Micrococcus lysodeikti-
cus, ATCC 4698, were purchased from Sig-
ma-Aldrich (St. Louis, Mo.) Listeria mono-
cytogenes (LM 21) FSL-J1-048 was obtained
from M. Wiedmann, Cornell University.

2.2 Film preparation

EVOH films were cut to 1 x 2 cm? pieces and
were sequentially cleaned by sonication in
isopropyl alcohol, acetone, and deionized
water (10 min per repetition). The cleaned
EVOH were dried overnight over anhy-
drous calcium sulfate at room temperature
(25 °C).

2.3 Surface modification
2.3.1 UV irradiation

EVOH films were irradiated, after a 5-min
lamp warm-up period, in an open glass Pe-
tri dish for 1, 5, 10 and 15 min in a Jelight
Co. model 42 UVO Cleaner (Irvine, CA),
which emits 28 mW/cm? light at 254 nm at
adistance of 2 cm. After the treatment, the
films were turned over and the other sides
were exposed to UV light under the same
conditions. This method was used to oxi-
dize and create carboxylic acid functional
groups on both film surfaces.

2.3.2 Bioconjugation

Immediately after UV treatment, a conju-
gation solution was prepared with 5 x 1072
M 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide (EDC) (ProteoChem, Inc. Denver,
Co) and 5 X 1072 M N-hydroxysuccinimide
(NHS) (Fisher Scientific, Pittburgh, PA) in
0.1 M pH 5.2 2-(N-morpholino) ethanesul-
fonic (MES) (Fisher Scientific, Pittburgh,
PA) buffer (Figure 1). Concentrations re-



present molar excesses of 100x and 10x
for EDC and NHS, respectively, compared
to the determined mole quantity of surface
carboxylic acid groups. EVOH films (4 cm?/
mL) were shaken in the MES conjugation
buffer for 30 min at room temperature (ca.
25°C). After that films (4 cm?*/mL) were pla-
ced in 0.1 M pH 7.0 MES buffer to which
lysozyme was added to get a final enzyme
concentration of 1 mg/mL. Films were agi-
tated in lysozyme solution for 2 h at room
temperature, rinsed in copious amounts of
deionized water and dried with purified air.

2.4 Surface analysis
2.41 FTIR analysis

The surface modification was studied by
using ATR-FTIR spectroscopy before and
after the bioconjugation on an IRPrestige-21
FTIR spectrometer (Shimadzu Scientific Ins-
truments, Inc., Kyoto, Japan) with sample
compartments and a diamond ATR crystal.
Each absorbance spectrum represents 32
scans at a 4 cm™ resolution using Happ-
Genzel apodization, taken against a back-
ground spectrum of an empty ATR crystal.
The resultant spectra were analyzed with
KnowltAll Informatics System 8.1 (BioRad,
Hercules, CA) and processed with SigmaPlot
12.0 (Systat Software, Inc., Chicago, IL).
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2.4.2 Quantification of surface carboxylic
acids

Toluidine blue O (TBO) (Fisher Scienti-
fic, Pittsburgh, PA) dye assay was used to
quantify the number of available carbo-
xylic acids according to the method des-
cribed by Kang et al. [22] and Uchida et al.
[23] with some modifications. TBO solution
(0.5 mM) was made in deionized water and
the pH adjusted to 10.0 with NaOH. Con-
trol and UV-treatment films were immer-
sed in the TBO solution and shaken for 2
h at room temperature (25 °C). Then, the
films were rinsed 3 times with deionized
water adjusted to pH 10.0 with NaOH to
remove non-complexed dye. To desorb the
complexed dye on film surfaces, films were
submerged in 50 wt% acetic acid solution
for 15 min. Absorbances of the acetic acid
solutions were measured at 633 nm using
a Synergy 2 microplate reader (BioTek Ins-
truments, Winooski, VT) and compared
with a standard curve made of TBO dye in
50 wt% acetic acid solution.

2.4.3 Analysis of protein loading on films

Lysozyme immobilized on the surface of
EVOH films was quantified using a modi-
fied version of the bicinchoninic acid assay
(BCA, limit of detection (LOD) of 0.5 pg/

I T i
OH C C C N — Lysozyme
L N0 N o-N N o7
uv EDC/
Oxidation NHS O H:N - Lysozyme
|| — >
0 a9 0
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Figure 1. Scheme of the functionalization process: Surface modification of EVOH and subsequent

carbodiimide-mediated conjugation of lysozyme.
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mL). In brief, each film was submerged in
3 mL of BCA (Thermo Scientific, Rockford,
IL) working reagent and shaken for 30 min
at 60 °C. Absorbances of developed color
were measured at 562 nm [24, 25] using a
Synergy 2 microplate reader (BioTek Ins-
truments, Winooski, VT) and a standard
curve of bovine serum albumin was used
to calculate protein mass per film sample
area.

2.5 Antimicrobial activity
2.5.1 Lysozyme effectiveness assay

Micrococcus lysodeikticus (Sigma-Aldrich,
St. Louis, Mo) was used to assess the acti-
vity of free and immobilized lysozyme [7,
10, 26]. The antimicrobial efficacy of free
and immobilized lysozyme was determi-
ned by the hydrolysis of M. lysodeikticus
according to the method described by Shu-
gar [27]. The LOD from lysozyme with M.
lysodeikticus is 5ug/mL. Briefly, a decrease
in absorbance at 450 nm of a solution of M.
lysodeikticus in buffer corresponds to an-
timicrobial activity. The reaction mixture
was prepared by suspending 9 mg of dried
M. lysodeikticus cell in 25 mL of 0.1 M po-
tassium phosphate buffer, pH 7.0, which
was diluted to a final volume of 30 mL
with the same buffer. For the free enzyme
control, 100 pg of free lysozyme was kept
in contact with 3 mL of suspended lyo-
philized M. lysodeikticus and shaken until
a constant absorbance value was reached.
This amount of free lysozyme was selected
since it is in the range of bonded lysozy-
me on the treated film surface (96 pg on
a total surface area of 4 cm? of film). Se-
parately, three pieces of EVOH-lysozyme
immobilized films (EVOH29 and EVOH44,
4 cm?® per film considering both sides of a
1 x 2 cm? film) were placed in a glass tube
containing 3 mL of suspended lyophilized
M. lysodeikticus and shaken until a cons-
tant absorbance value was reached (ca.
two hours). The antimicrobial efficacy of
each substrate was determined by monito-

ring the decrease of absorbance at 450 nm
(BioTek Instruments, Winooski, VT), and
extrapolating the linear rate to determine
the unit activity per gram of protein. One
unit produced a change in absorbance at
450 nm of 0.001 per minute at pH 7.0 at
25 °C using M. lysodeikticus as substrate, in
a 3 mL suspension mixture. EVOH films
treated for 10 minutes by UV irradiation
was chosen as the optimal sample and used
for this antimicrobial assay. Native EVOH
substrates were also tested as controls.
Each test was performed in triplicate.

2.5.2 Bacterial cultures

Listeria monocytogenes (LM 21) FSL-J1-048
was obtained from M. Wiedmann, Cornell
University. L. monocytogenes was selected
as a model microorganism to demonstrate
antimicrobial activity of the immobilized
lysozyme films because it is a Gram posi-
tive bacterium and with relevance to food
safety. The strain was stored in Tryptone
Soy Broth (TSB) with 20% glycerol at -80
°C until needed. For experimental use, the
stock was maintained by monthly subcul-
ture at 4 °C on slants of Tryptone Soy Agar
(TSA). To obtain early stationary phase
cells, a loopful of strain was transferred to
10 mL of TSB and incubated at 37 °C for 18
h, prior to each experiment.

2.5.3 Determination of MIC against L. mo-
nocytogenes.

The lowest concentration that inhibited
the growth of the pathogen microorga-
nism was reported as the minimum inhi-
bitory concentration (MIC) [20]. 100 pL of
cell cultures of L. monocytogenes in sta-
tionary phase, with an optical density of
0.9 at 600 nm, were diluted in 10 mL TSB
and incubated at 37 °C for 4 h until expo-
nential phase was reached, corresponding
to an optical density of 0.2 at 600 nm (10°
CFU/mL) measured with a UV-Vis spec-
trophotometer using TSB as blank. 100 uL
of exponential phase cells were inoculated



in tubes with 10 mL of TSB and 100 pL of
Lysozyme solutions at concentration ran-
ging between 100 and 800 pg/mL. A con-
trol tube without lysozyme was used as a
blank. Turbidity was measured after 24 h
of incubation. A volume of 100 pL of those
tubes in which there was no growth after
24 h of incubation was inoculated on so-
lid medium TSA to differentiate the MIC.
Tests were performed in triplicate [28].

2.5.4 Antimicrobial activity of EVOH films
with lysozyme.

Antimicrobial activity of EVOH films with
lysozyme was tested in liquid media. 100
uL of exponential phase microorganism
(cultured as previously described) was
inoculated into tubes with 10 mL of TSB.
Ten films (cut into pieces of 1 x 2 cm?) were
placed in a glass tube containing 10 mL of
TSB. The same amount of free lysozyme
(340 pg/mL) was added to additional glass
tubes with 10 mL TSB. Tubes were incu-
bated with rotation at 37 °C for 24 h. De-
pending on the turbidity of the tubes, serial
dilutions with peptone water were made
and plated on TSA. Colonies were counted
after incubation at 37 °C for 18 h. Results
were expressed as log CFU/mL. All experi-
ments were performed in triplicate. Tubes
without films served as controls. Previously
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controls of EVOH films, EVOH films after
UV treatment and EVOH films exposed to
lysozyme without UV treatment were per-
formed and determined to exhibit no anti-
microbial activity.

2.6 Migration testing

A test was conducted to assure that lyso-
zyme was not released from the film into
liquid media. EVOH29%-lysozyme and
EVOH44-lysozyme were placed in a set
of glass tube containing 3 mL of distilled
water at room temperature and shaken
for 2 h. The amount of protein in the rinse
water, as well as the antimicrobial activi-
ty of the rinse water, were determined at
different time intervals by sampling and
analysis through the BCA and M. lyso-
deikticus assays as described above. The
experiments were performed in triplicate.

2.7 Statistical analysis

One-way analyses of variance were ca-
rried out using the SPSS®19 computer
program (SPSS Inc., Chicago, IL, USA). Di-
fferences in pairs of mean values were
evaluated by the Tukey test for a confiden-
ce interval of 95%. Data are represented as
mean + standard deviation.

3. RESULTS AND DISCUSSION

As reported above, the aim of this work is
to develop antimicrobial packaging mate-
rials in which lysozyme is covalently im-
mobilized onto the surface of a polymer
packaging film. A two-step procedure was
carried out to attach the lysozyme (Figu-
re 1). In the first step, EVOH was exposed
to UV irradiation to generate carboxylic

acids. In the second step, lysozyme was
covalently attached via EDC/NHS. The
surface characterization was studied with
ATR-FTIR and dye assay before and after
the bioconjugation. The antimicrobial effi-
ciency of the EVOH/lysozyme films was
assessed against Gram positive bacteria M.
lysodeikticus and L. monocytogenes.
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3.1. Surface analysis

3.1.1 Surface modification of EVOH films

UV oxidation was used to modify the sur-
face of EVOH films and produce primarily
carboxylic acid onto the surface [29, 30].
Following UV oxidation, ATR-FTIR was
used to evaluate the changes in the poly-
mer surface. As figure 2 shows, a new ab-
sorbance band at 1700-1725 cm™ appeared
after oxidation which is attributable to the
introduction of carboxylic acid groups. An
increase in the number of carboxylic acids
(increment in absorbance at 1700-1725
cm™) was observed with increasing the du-
ration of the UV treatment. A qualitative
comparison between films shows that the
number of carboxylic acids available at the
EVOHZ29 surface was higher than that at
the EVOH44 surface (Figure 2A and 2B).
EVOH copolymers are composed of two
segment chains: one with hydrophilic be-
havior, because of the hydroxyl substi-
tuent, and the other one with hydrophobic
character, coming from ethylene. EVOH29
and EVOH44 contain 29% mol and 44%
mol ethylene, respectively. As hydroxyl
groups are more susceptible to oxidation, a
higher mol percentage of alcohol segments
in EVOH29 (which has a higher mol per-
centage of hydroxyl substituent monomer

0,12

than EVOH44) resulted in a higher amount
of carboxylic acid on the polymer surface
after UV irradiation.

3.1.2 Quantification of surface carboxylic
acids

The TBO assay was used to quantify the
amount of carboxyl groups on the surface
of the EVOH29 and EVOH44 films (Figu-
re 3). A high value was observed in the
EVOH29 control samples, which would
not be expected to contain surface carbo-
xylic acid groups. It is known that EVOH
copolymers are obtained by hydrolysis of
ethylene-vinyl acetate copolymer and that
as the molar percentage of acetate groups
increases the degree of hydrolysis decrea-
ses. Therefore, this initial carboxylic acid
value obtained by the TBO assay may be
caused by the presence of acetate subs-
tituents. The values for both films signi-
ficantly increased with the length of the
treatment in both films. However, the car-
boxylic acid values observed for EVOH29
films after 10 and 15 min of UV treatment
were not significantly different (p > 0.05),
resulting in 70.35 and 75.54 nmol/cm? res-
pectively. A similar trend was seen for the
EVOH44 samples, with values of 37.43
and 47.50 nmol/cm?® after 10 and 15 min
of treatment respectively. The results in-
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Figure 2. ATR-FTIR spectra of UV-treated EVOH29 (A) and EVOH44 (B) films in the 1650 to 1850
cm™' range. Spectra shown here are representative of four replicates collected from three indepen-
dent films per treatment (control, 1, 5, 10 and 15 min).
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Figure 3. Available carboxylic acids surface density values obtained from TBO assay. Values are
means and standard deviation of four independent films conducted on different days (n=8)

dicate that there were significantly more
carboxyl groups on the EVOH29 than with
EVOH44, which verifies the qualitative
data observed with FTIR. It is likely that
the EVOH29 copolymer had more carbo-
xylic acids after UV irradiation than the
EVOH44 copolymer due to the greater
mol percentage of vinyl acetate monomers
present in the copolymer. An increase in
carboxylic acid density is valuable in that
it provides a greater number of bioconju-
gation points for lysozyme immobilization.

3.1.3 Lysozyme attachment to modified
films

Lysozyme was covalently attached to oxi-
dized EVOH films using carbodiimide che-
mistry. The isoelectric point of the enzyme
(pl = 11.35) promotes association with the
negatively charged modified film surface
under conjugation conditions (pH 7.0) whi-
le the EDC/NHS results in covalent atta-
chment. After bioconjugation, ATR-FTIR

spectroscopy was performed to evaluate
the surface chemistry changes. Figure 4
shows the ATR-FTIR spectra of UV-trea-
ted films after the lysozyme immobiliza-
tion step. Films after 1 min UV treatment
were not tested as this short treatment
time resulted in no significant increase in
the number of carboxylic acids (Figure 3).
As can be seen, a new absorption band ap-
peared at 1550-1650 cm™ for both EVOH
films which was not present before the
lysozyme addition (see Figure 2A and Fi-
gure 2B). These bands correspond to the
primary and secondary amine groups of
the enzyme, indicating that the lysozyme
was successfully attached to the EVOH29
and EVOH44 film surfaces. The increase in
absorbance at 1550-1650 cm™ of lysozyme
immobilized onto films exposed to increa-
sing lengths of UV exposure also suggest
that the amount of lysozyme immobili-
zed increases with the density of carboxyl
groups formed in film surface.
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Figure 4. ATR-FTIR spectral of UV-treated films of EVOH29 (A) and EVOH44 (B) after the lysozyme
immobilization step in the 1400 to 1800 cm™" range. Spectra shown are representative of four repli-
cations collected from three independent films per UV treatment (control, 5, 10 and 15 min).

3.1.4 Analysis of protein loading on films

The BCA assay was performed to quanti-
fy the amount of protein on the surface of
the EVOH29 and EVOH44 films. The data
presented in Figure 5 for both EVOH29
and EVOH44 showed significant increases
in attached protein loading with the length
of UV treatment. However, no significant
differences in the amount of lysozyme
immobilized could be observed between

EVOH29 samples UV-treated for 10 and 15
min (8.49 and 9.69 pg protein/cm?® respec-
tively), in good agreement with the results
of carboxylic surface density. We hypothe-
size that in general, the amount of protein
covalently linked to the surface increases
with the number of COOH groups. Howe-
ver, it is likely that there is a maximum
protein immobilization density that can be
achieved, beyond which the anchorage of
protein molecules to the polymer surface
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Figure 5. Protein concentration on film surface according to the BCA assay. Values are means of
four independent films conducted on different days (n=8, +SD)



can restrict the access of other molecules to
free COOH substituents by steric hindran-
ce. This effect may explain the observation
that while 15 minutes UV irradiation on
EVOHZ29 samples resulted in an increase in
COOH groups, it did not further increase
the amount of immobilized protein. These
results confirmed the successful lysozyme
immobilization on the surface of EVOH
films. Moreover, the release test confirmed
that no protein was found in the liquid me-
dia (data not shown), indicating that the
enzyme was strongly attached to the poly-
mer and therefore enzyme molecules are
unlikely to migrate into the solution.

3.2 Antimicrobial activity

3.2.1 Efficacy of free and immobilized lyso-
zyme against M. lysodeikticus

Free lysozyme, as well as EVOH29 and
EVOH44 films to which lysozyme was co-
valently attached, were put in contact with
a suspension of M. lysodeikticus to quantify
enzyme activity. For free enzyme activity
assays, 100 pg lysozyme was added to 3
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mL of suspension. Three films were used
in each test tube for immobilized lysozyme
activity assays. At a total surface area of
12 cm?® per tube, this corresponded to 102
pg in the 3mL suspension for the EVOH29
sample (at 8.49 pg/cm?® protein) and 69 mg
in the 3mL suspension for the EVOH44
sample (at 5.75 pg/cm?® protein). The de-
crease in absorbance of the M. lysodeikticus
suspension was monitored as a function
of time to quantify the antimicrobial effi-
cacy and enzymatic activity of the films.
As can be seen in Figure 6, a clear decrea-
se in the absorbance values was detected
for both EVOH films as well as for the free
enzyme. The free enzyme showed a high
effectiveness against M. lysodeitkticus,
with an initial activity of 1.6 x 10 units/mg
of protein. Growth inhibition progressed
with exposure time. The activity of lyso-
zyme was significantly reduced following
immobilization, resulting in mean activi-
ties of 120 units/mg and 125 units/mg for
lysozyme immobilized on EVOH29 and
EVOHA44, respectively. The loss of activity
can be a consequence of the denaturation
of the enzyme or of limitations to subs-
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Figure 6. Effectiveness of EVOH29-Lysozyme and EVOH44-Lysozyme films, 10 min UV-treatment
lysozyme immobilization, against M. lysodeikticus suspension.
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trate accessibility due to orientation, steric
hindrance, or diffusion limitations [31]. Ne-
vertheless, growth inhibition progressed
with exposure time to reach similar values
as the free lysozyme sample. No bacterial
growth inhibition was observed when tes-
ting the migration liquid media after film
removal (data not shown), which indicates
that the observed efficacy is the result of
direct contact with the surface attached
lysozyme. This is an important distinction
demonstrating the non-migratory nature
of this works antimicrobial packaging film.
Had lysozyme released from the film to the
liquid media, inhibition would have conti-
nued after film removal. Conte et al. repor-
ted that lysozyme was not released from
some active surfaces, but the films were
still able to act against the bacteria when
the surfaces of the lysozyme films come in
contact with the suspension [7].

3.2.2 MIC of lysozyme against L. monocyto-
genes

The bactericidal effect of lysozyme against
L. monocytogenes was studied in liquid
media. The lowest concentration that in-
hibited the pathogen microorganism was
reported as the Minimum Inhibitory Con-
centration (MIC). There are many factors
that could affect the MIC value, including
temperature, inoculums size, and type of
microorganisms [32]. Lysozyme at concen-
trations of 17 pg/mL in TSB inhibited the
growth of L. monocytogenes. The antimi-
crobial properties are associated with the
hydrolysis of peptidoglycan in the Gram
positive bacteria cell wall [33, 34]. Lysozy-
me is more active against Gram positive
bacteria than against Gram-negative, be-
cause their cell wall is mainly composed of
peptidoglycan (90%). In the case of Gram
negative organisms, they have a greater
defense system and only 5-10% of the cell
wall is constituted by peptidoglycan [35]. To
improve the activity of lysozyme toward
Gram-negative bacteria, it can be associa-
ted with membrane destabilizing agents

[36]. This higher resistance of Gram-nega-
tive bacteria has also been observed with
other antimicrobial compounds [37, 38].

3.2.3 Antimicrobial activity of free and im-
mobilized lysozyme against L. monocyto-
genes

The antimicrobial activity of the films was
tested against L. monocytogenes (Table 1
and 2). As shown in Table 1 no significant
differences were observed between EVOH
films, EVOH films after UV treatment and
EVOH films exposed to lysozyme without
UV treatmentTable 2 shows that the free
enzyme (34 ug/mL of lysozyme) produced
a reduction of 1.34 log in 10 mL TSB after
24 h at 37 °C compared with the inocula-
ted TSB control. Incubation of 10 films of
EVOH29-lysozyme containing a total of
340 pg of immobilized enzyme in 10 mL
TSB resulted in a 1.08 log reduction under
the same conditions. Similarly, incubation
of 10 films of EVOH44-lysozyme films
with a total of 230 pg immobilized enzyme
in 10 mL TSB produced a 0.95 log reduction
after 24 h at 37 °C. No significant differen-
ces were observed between the free en-
zyme, EVOH29-lysozyme and EVOH44-
lysozyme samples, which may be due to
the amount of immobilized enzyme in
direct contact with the microorganisms
at the film/media interface being above a
minimum threshold for both EVOH films.
Compared to the relative efficacy of the
immobilized lysozyme films against M. lys-
odeikticus, the antimicrobial activity of the
films against L. monocytogenes was more
analogous to the free enzyme. This discre-
pancy may be due to the size or shape of
the organisms tested, the growth phase, or
diffusion restrictions as a function of me-
dia viscosity.

These results indicate that EVOH-lysozy-
me films (in which the enzyme lysozyme
is covalently immobilized on the surface
of EVOH films) can be applied to reduce
the growth of Gram positive bacteria (e.g.



Table 1. Antimicrobial effectiveness of con-
trols films against L. monocytogenes at 37 °C
expressed as logarithm of colony forming units
(Log(CFU/mL)

L. monocytogenes

Log (CFU/mL)
Control without film  8.92 + 0.08
EVOH29 8.75+0.03
EVOH44 8.84 + 0.06
EVOH29-UV treatment 8.97+ 0.07
EVOH44-UV treatment 892 + 0.06
EVOH29-lysozyme without UV 9.00 + 0.03
EVOH44-lysozyme without UV~ 9.00 + 0.02

M. lysodeikticus and L. monocytogenes)
without migration of the lysozyme from
the film. While there was an observed de-
crease in enzymatic activity after immo-
bilization of the enzyme on the polymeric
film, it is interesting to note that the immo-
bilized enzyme films retained similar anti-
microbial activity to an equivalent amount
of free enzyme over a 24 hour incubation
period (1.34 log reduction for free lysozy-
me, 1.08 log reduction for an equivalent
mass of covalently immobilized lysozyme).
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Table 2. Antimicrobial effectiveness against L.
monocytogenes at 37 °C expressed as logarithm
of colony forming units (Log(CFU/mL)) and log
reduction value (LRV).

L. monocytogenes

Log (CFU/mL) LRV

Control 9.21+0.04
Lysozyme  7.86 + 0.09 1.34
EVOH29-lysozyme 8.13+0.10 1.08
EVOH44-lysozyme 8.25+0.06 0.95

The application of these films as the inter-
nal surface of a package for direct contact
with a fluid product has potential to impro-
ve stability of products without the addi-
tion (or release) of preservatives. On-going
research is evaluating the effectiveness of
these films against real food products at
both room temperature and refrigerated
temperatures to better elucidate for which
food products the developed antimicrobial
films will be effective.
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4. GENERAL DISCUSSION

The findings of this Doctoral Thesis which are presented in the previous four chapters all
correspond to a common objective of developing and characterizing antimicrobial packa-
ging films based on the incorporation or attachment of naturally occurring antimicrobial
compounds with the purpose of inhibiting the proliferation of microorganisms and ex-
tending the shelf life of food products.

Table 1 shows a summary of the antimicrobial agents employed, the concentration added,
the methodology followed for their incorporation into EVOH, the microorganisms tested
and the possible food application. Ethylene vinyl alcohol copolymer (EVOH) was chosen
as the basic material for the development of antimicrobial polymer systems. Since the
properties of EVOH copolymers vary considerably with the ethylene content, two com-
mercial copolymers with extreme ethylene contents (i.e. EVOH29 and EVOH44) were
selected. The hydrophilic character provided by the vinyl alcohol monomer makes the
polymer sensitive to water, and this sensitivity increases with increasing contents of the
monomer (decreasing ethylene contents). The sensitivity to water affects the mechanical
and especially the barrier properties of EVOH films, which decrease greatly in humid
environments. In order to cope with this drawback, EVOH is commonly coextruded or
laminated in polyolefin materials for general purpose barrier packages. However, in this
dissertation, EVOH was not selected to provide an oxygen barrier but as a polymer ca-
rrier in the form of film to provide antimicrobial effects. Accordingly, two innovative
methodologies were designed to produce antimicrobial EVOH films intended for active
food packaging applications, in which antimicrobial compounds - oregano essential oil,
citral, ethyl lauroyl arginate, epsilon-polylysine, green tea extract and lysozyme - were
incorporated. One methodology is based on incorporating the active agent in the film-
forming solution; after casting, the dry EVOH matrix protects the active agents during
storage and triggers their release, and hence their activity, on exposure to a humid envi-
ronment (the food product). An alternative methodology for creating antimicrobial films
consists in immobilizing the bioactive agent on the film surface by covalent bonding. In
this case, EVOH provides a suitable chemistry (hydroxyl group) for surface modification
to introduce the desired quantity of reactive functional groups (carboxylic acid group) for
subsequent covalent attachment of a bioactive compound to the functionalized polymer
surface.
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Chapter 1 examines the antimicrobial activity of EVOH29 films incorporating naturally
occurring volatile compounds: oregano essential oil (OEO) and citral. The films developed
were used to pack minimally processed salads, combining modified atmosphere technology
(MAP) and active packaging in an attempt to extend shelf life and reduce possible
microbiological risks. In the second part of the chapter the study is transferred from
laboratory scale to semi-industrial scale.

Firstly, the minimum inhibitory concentrations of OEO and citral were determined in
vapour phase against three pathogenic bacteria: Listeria monocytogenes, Escherichia coli
and Salmonella enterica. These microorganisms were selected because they are often in-
volved in foodborne infections and present in raw vegetables, where they arrive during
growing, harvesting or postharvest handling and distribution steps [1].

OEO and citral were incorporated into the film-forming solution of EVOH29 and
subsequently applied as a coating over polypropylene (PP). The EVOH29 coating had an
average thickness of 3.0 £ 0.5 um. There was a partial loss of the volatile agents owing
to evaporation during the coating and drying process. The loss of carvacrol, the main
compound of OEO, was ca. 20%, while citral losses reached 50%.

Antimicrobial in vitro studies carried out in vapour phase with PP/EVOH films incorpo-
rating OEO and citral produced excellent results against the pathogenic bacteria selected,
with more activity against the Gram-negative bacteria that were tested (E. coli and
S. enterica). It has been demonstrated that carvacrol and citral have more affinity for the
lipids of the outer membrane of Gram-negative bacteria, with the subsequent destabili-
zation increasing the permeability of the cytoplasmic membrane and releasing ions and
cellular compounds [2].

PP/EVOH antimicrobial films were used to package minimally processed salad. Regar-
ding this type of food product, peeling, grating and shredding change minimally pro-
cessed salad from a relatively stable product with a long shelf life to a perishable one
that has only a short shelf life of a few days. Microbial spoilage is one of the factors that
causes deterioration in products of this kind, resulting in colour degradation, texture loss
and flavour changes [3]. Before packaging the salad with the antimicrobial film, it was
first inoculated with the above-mentioned pathogenic microorganisms. The antimicro-
bial effects on the salad that were observed were lower than those obtained in in vitro
studies, probably owing to agent/food matrix interactions, with subsequent loss of anti-
microbial activity, and to partial sorption and diffusion of the agent in the food matrix,
with a subsequent reduction of the antimicrobial concentration required in the vapour
phase to ensure inhibition of microbial growth. However, the films developed provided a
significant inhibition of the microbial load commonly found in salads, with a consequent
extension of shelf life to 8 days. The microbial inhibition was measurable especially in
the first stage of the storage period, when the concentration of the agent in the package
headspace was higher and the storage temperature lower.

One factor that limits the applicability of essential oils is their impact on the odour of the
food product. Therefore, sensory analyses were carried out to evaluate the odour, visual
appearance and general acceptability of the salad samples. At the beginning of the stora-
ge period, the differences that the judges perceived in the odour and general acceptability
of the samples depended only on the concentration of the agent (5 or 10%) and not on the
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compound that was used (OEO or citral). Only at the end did the evaluation suggest that
samples with 5% OEO were visually preferred by the judges.

On the basis of the results obtained above - i) extension of the shelf life of minimally
processed salads; ii) fresher product with better organoleptic characteristics; iii) decrease
in the presence of pathogenic bacteria responsible for foodborne illness - the second part
of the chapter focuses on the manufacture of active PP/EVOH films with OEO and citral
in a processing plant, using gravure printing technologies, and their application to the
packaging of minimally processed salad under MAP.

Industrial printing equipment was used to coat a BOPP film with the active EVOH layer
that had been developed. The coating had a thickness of 1.15 + 0.05 um and the agent loss
during the drying process was 35% for carvacrol and 50% for citral, similar to what oc-
curred in the laboratory manufacture described earlier. The addition of the active EVOH
coating did not noticeably affect the functional properties of the packaging substrate film,
with the exception of a severe increase in the barrier properties in dry conditions. Howe-
ver, this effect was counteracted by the water plasticization of EVOH29 when exposed to
a high-humidity environment such as that created in the interior of a bag of fresh produ-
ce. The headspace composition was measured in all the samples and, as expected, Oz was
depleted and there was a corresponding increase in COz levels as the product breathed,
without significant differences between coated and control bags, demonstrating that the
presence of the coating did not influence the headspace composition during the storage
period.

As mentioned previously, minimally processed salads have a reduced shelf life, the main
spoilage mechanisms being initial spoilage and pathogenic microbial load, enzymatic ac-
tivity and moisture loss [4, 5. The use of the active films produced an improvement in mi-
crobial stability, especially with regard to inhibition of the growth of enterobacteria, lac-
tic acid and psychrotrophic bacteria, and yeasts and moulds at the beginning of storage.

Sensory studies showed that release of the active agent resulted in a non-typical smell
which led the judges to prefer the control samples on the first day of storage, whereas
after long-term storage the samples in active bags were preferred.

From the performance analysis it can be concluded that the antimicrobial PP/EVOH
films with a volatile compound produced better results throughout the storage period.
The microbial count recorded for these samples was lower, they were fresher than the
control samples, their overall sensory quality acceptability was marked higher than that
of the control samples and they were described as having a pleasant flavour.

The potential use of EVOH films as carriers and release systems for other naturally oc-
curring antimicrobial compounds and their effectiveness in real foods is also explored in
the current dissertation. For this purpose, a second study was performed with solid anti-
microbial agents, ethyl lauroyl arginate (LAE) and epsilon-polylysine (EPL), incorporated

in EVOH29 and EVOH44 films, and it is reported in Chapter 2. The goal of this chapter is
to evaluate the ability of EVOH films to provide continuous antimicrobial activity against
the main pathogenic bacteria responsible for foodborne illness, and thus extend the mi-
crobiological shelf life of various liquid and solid foods with high water activity values.
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In the first part of the chapter, a study of the antimicrobial and functional properties of
films based on EVOH29 and EVOH44 incorporating LAE is reported. LAE is one of the
most potent antimicrobial agents among the new food preservatives. Before it was incor-
porated in EVOH films, the antimicrobial properties of LAE against the pathogenic bacte-
ria L. monocytogenes, E. coli and S. enterica were determined. The minimal inhibitory con-
centrations (MIC: 7, 20, 10 ppm) and the minimal bactericidal concentrations (MBC: 12,
32,16 ppm) of LAE against these microorganisms were determined in liquid medium and
the results demonstrated that this agent is more efficient against Gram-positive bacteria.

Flow cytometry confirmed the cell damage caused by LAE, and it was observed that
Gram-negative bacteria were less susceptible to the antibacterial action because they
possess an outer membrane surrounding the cell wall that restricts diffusion of hydro-
phobic compounds through its lipopolysaccharide covering [6]. Scanning electron mi-
croscopy (SEM) was performed to investigate the LAE action mechanism. Gram-positive
and Gram-negative bacteria (L. monocytogenes and E. coli) were exposed to their MBC to
determine the morphological changes resulting in the membrane structure. The micro-
graphs showed that LAE produced considerable changes in the cell envelope, confirming
that membranes are the main target, producing disruption and instability of the plasma
membrane without cell lysis.

Once the antimicrobial properties of LAE had been studied, the compound was added to
the EVOH29 and EVOH44 film-forming solutions and the films were successfully ma-
nufactured by casting. The antimicrobial activity of the films was assessed by the agar
diffusion method, and confirmed by the presence of a clear inhibition zone around the
films. Films containing 5 and 10% of LAE were also assayed for antimicrobial activity in
liquid medium at 37 °C and 4 °C. The antimicrobial activity of EVOH29 containing 5 and
10% of LAE was so high that after only 5 min of immersion in the liquid medium total
inhibition of growth of L. monocytogenes, E. coli and S. enterica was achieved. In the case
of EVOH44 with 5% LAE, the growth inhibition progressed with exposure time, reaching
a bactericidal effect after 90, 300 and 180 minutes against L. monocytogenes, E. coli and
S. enterica, respectively. The bactericidal effect with EVOH44 and 10% LAE was reached
after 30 min against L. monocytogenes, after 180 min against E. coli and after 90 min
against S. enterica. This difference between EVOH29 and EVOH44 is due to the higher
hydrophilicity of EVOH29. This copolymer gains a larger amount of water, becoming
severely plasticized and promoting a very fast agent release. In contrast, the diffusion of
LAE in EVOH44 is slower, so that the achievement of the MBC occurs later during the
exposure time.

The profiles of time-dependent release of LAE from EVOH29 and EVOH44 were studied
in aqueous medium at 23 °C and 4 °C. In both polymers, LAE was released in water con-
tinuously, following a profile similar to an exponential function, which tends to a maxi-
mum value. LAE was totally released from the EVOH copolymers, although the release
from EVOH29 was faster at both temperatures (23 °C and 4 °C). The release from active
EVOH44 films was more sustained, especially at refrigeration temperatures. These re-
sults are in agreement with the differences in the antimicrobial effect observed between
the two polymers.

The optical, surface, thermal and barrier properties of the films were characterized to de-
termine the effect of incorporating LAE on these functional properties of EVOH films as
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packaging materials. The results showed that the films were continuous and transparent
and there were no important changes in their optical properties with respect to the con-
trol samples. However, the incorporation of LAE reduced the contact angle, owing to the
surfactant nature of the molecule. Thermal analyses of the films revealed that in dry
conditions the incorporation of the antimicrobial agent increased the intermolecular
interactions, producing an antiplasticization effect, and there was an increase in the
amorphous region and a deteriorated crystallinity structure with smaller crystal size.
As a consequence of the smaller and more irregular crystalline phase, the barriers to
water vapour and oxygen decreased.

The antimicrobial in vitro results obtained were useful to provide deeper knowledge of
how EVOH29 and EVOH44 can retain LAE during film manufacture and storage and
release it when they come into contact with food simulants. Next, the efficiency of the
antimicrobial films was tested to ensure that the minimal inhibitory concentration of
LAE was reached at the right time and was maintained throughout the shelf life of real
food products. For this purpose, various food products were tested with the films that
had been developed: infant milk, chicken stock and surimi sticks. They were previously
inoculated with the main problematic pathogenic bacteria (L. monocytogenes, E. coli and
S. enterica), and the microbial load was also determined.

The study revealed that a higher concentration of LAE is required to produce total in-
hibition against these pathogenic bacteria in food compared with in vitro tests, and that
the efficiency of the antimicrobial films varied depending on the food matrix, being
more effective in liquid food. This is related with the amount of LAE released to the
medium and the release kinetics. These parameters depend on several factors, such as
the water activity of the food and, consequently, the level of plasticization achieved
by the film; and also the compatibility of the antimicrobial agent with the film and the
food medium. A further factor to be taken into account is that in solid foods the mor-
phological structure will also affect the diffusion of the antimicrobial agent from the
surface to the centre of the matrix.

The results also demonstrated that the films developed have a great potential to be used
in the design of food packages, because they can be applied as an inner coating of the
packaging structure, releasing the active agent and producing great protection against
contamination with an extension of the microbiological shelf life of foods. This work
demonstrates that EVOH films could be used to package foods free of preservatives,
ensuring their safety even after package opening at home. This packaging technology
could be used as an integral part of “Hurdle Technology”.

Any antimicrobial agent added to the food package for the purpose of being released
into the food must be non-toxic to human health. Therefore, an in vitro gastrointestinal
digestion of the food exposed to the antimicrobial films was conducted to ensure the
absence of LAE. As already mentioned in the introduction, LAE degrades to N-lauroyl-
L-arginine (LAS), and hydrolysis of it results in the production of arginine, which is
converted to ornithine and urea, following acid catabolism via the urea and citric acid
cycles, resulting in carbon dioxide and urea, which are excreted in the expired air and
in urine, respectively [7].
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After an in vitro gastrointestinal digestion with subsequent quantification by HPLC, LAE
and LAS were not detected in any of the samples, demonstrating that the antimicrobial
agent is safe and does not compromise human health.

In the second part of Chapter 2, antimicrobial films based on EVOH29 and EVOH44
incorporating epsilon-polylysine (EPL) are developed and their in vitro and in vivo acti-
vity against foodborne pathogens are assayed. Firstly, antimicrobial activity of EPL was
tested before being incorporated into EVOH29 and EVOH44, and the results showed
MIC values of 23 and 40 ppm, and MBC values of 70 and 90 ppm against the pathogenic
bacteria L. monocytogenes and E. coli, respectively. The antimicrobial effect of EPL is at-
tributed to electrostatic absorption onto the cell surface of the microorganism, where it
interacts with the bacterial membranes [8]. In agreement with this report, SEM images
of bacteria exposed to this agent proved that there was damage to the cell membrane in
both bacteria, which was more obvious in the case of L. monocytogenes, with the images
showing the collapse of the bacteria.

The films with EPL were successfully developed by casting and were characterized. The
films were colourless and transparent, and only at the highest EPL concentration (10%)
were there significant changes in optical properties with respect to the control samples.
The amount of EPL capable of migrating from the polymer matrix was quantified, and a
higher percentage of ethylene retained a greater amount of EPL.

Bacterial growth studies of L. monocytogenes and E. coli in the presence of the films were
conducted at 37 °C and 4 °C. The greatest bacterial inhibition was achieved at 37 °C and
with EVOH29 films, as expected from the greater migration values. However, when wor-
king at refrigeration temperature, differences in bacterial inhibition caused by the two
copolymers were less marked. The slower release of EPL at 4 °C resulted in a reduced
concentration of antimicrobial in the medium, and thus a decrease in the effectiveness
of the films.

Once the antimicrobial effectiveness of the EVOH films had been assessed, an in vivo
study with food was carried out with the more active films. EVOH29 and EVOH44 films
with 10% of EPL were chosen to package ready-to-eat surimi sticks inoculated with
pathogenic bacteria commonly detected in products of this kind, L. monocytogenes and E.
coli [9,10]. In this work the microbial load of the products after opening was also studied.
No growth of enterobacteriaceae was detected during the extended refrigerated storage
period studied, confirming that the surimi samples were made in accordance with Good
Manufacturing Practice (GMP), ensuring the quality of the products. The active films de-
veloped provided a bactericidal effect against lactic acid bacteria and total aerobic count,
and the psychrotrophic and Pseudomonas counts decreased with respect to the control
by the end of storage at 4 °C, when the concentration of the agent on the surimi surface
was higher.

The total foodborne bacteria counts of surimi wrapped with the active samples showed a
significant decrease in comparison with the control sample. However, as observed before
with other antimicrobial compounds, the in vivo results showed less efficiency compared
with those in vitro. Higher EPL concentrations would be necessary to produce total in-
hibition against L. monocytogenes and E. coli. The antimicrobial activity of the films was
probably reduced because of one or both of the following two reasons: a possible interac-
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tion of the antimicrobial agent with some components of the food matrix, reducing its
availability to kill bacteria; a lesser surface contact between food and film, resulting in a
slower release. Foods have more nutrients, lower water activity, higher salt contents, and
fats or proteins that may interact with the antimicrobial agents. In addition, the release
kinetics and the amount of the antimicrobial compound released to the medium change
when assays are made with a solid food instead of a liquid one. Nevertheless, the films
that have been developed are extremely useful because, working at a higher pathogenic
bacteria level (10° CFU/mL) than that found in food products after recontamination, they
still produced growth inhibition against the pathogenic bacteria.

In Chapter 3 studies on films incorporating a combination of naturally occurring anti-
microbial compounds are carried out. For this purpose, liquid volatile oregano essential
oil (OEO) was incorporated with green tea extract (GTE) in solid form in EVOH29 matri-
ces. As discussed in the present dissertation, traditional packaging methods might not
be sufficient to provide an extension of shelf life. Active packaging technology based on
the release of a volatile antimicrobial may have some disadvantages, such as loss of the
volatile antimicrobial compound during film manufacture and storage or the intense aro-
ma that is inherently associated with these agents and that could cause an undesirable
modification of the organoleptic properties of the food. In the case of the incorporation
of non-volatile compounds, surface contact between food and packaging that allows mi-
gration of the compounds to the food is required; therefore its use is limited to semi-solid
or liquid foods, where the contact is excellent, or to vacuum packaging of solids. In this
chapter we have explored a combination of volatile and non-volatile antimicrobial com-
pounds, an optional system that merges the beneficial antimicrobial effects of the two
agents and may reduce the amount of each antimicrobial that is required in comparison
with the amount needed when used alone. Furthermore, these films can be used for a
larger number of foods with different characteristics, liquid, semi-solid and solid, relea-
sing the active compounds into the food product or the surrounding headspace.

Cast films based on EVOH containing 5% w/w of GTE, 5% w/w of OEO and 5% w/w
of both components were manufactured. The films were all transparent and without
discontinuities, and the control and OEO-containing films were colourless, while those
containing GTE extract had a brownish colour. Thermal analyses demonstrated that the
addition of GTE and OEO produced a slight increase in film rigidity and caused an irre-
gular crystalline structure with more crystals of smaller size. The kinetics of the relea-
se of the main compounds of GTE (epicatechin, caffeine, catechin) and OEO (carvacrol)
into three food simulants was characterized at 23 °C and 4 °C, since the release process
is a key parameter for the efficiency of the active film. The simulant containing 50%
(v/v) ethanol promoted the highest and fastest release of all the compounds, owing to the
higher plasticization of the polymer matrix, which resulted in faster diffusion of all the
additive molecules through a more open and flexible polymer structure.

Taking advantage of the known antioxidant properties of GTE and OEO [11, 12], the anti-
oxidant capacity of the food simulants after being exposed to each active film was deter-
mined. All the active samples were antioxidant, but the samples with GTE had double the
antioxidant activity of those with OEQ, as could be expected from the high concentration
of various catechins that constitute the extract. No synergistic or additive effect was
found. The higher chemical compatibility of catechins and carvacrol with 50% ethanol
increased migration and, therefore, antioxidant activity. The antimicrobial activity of the
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films demonstrated that carvacrol can be released from the film into the atmosphere, and
acts on microorganisms from the vapour phase, producing an antimicrobial and antifun-
gal effect. The same films tested in liquid media were able to release carvacrol owing to
the plasticization of EVOHZ29 in the presence of water. In the case of the samples contai-
ning GTE, activity against the pathogenic bacteria was only observed in liquid media, and
this activity was lower than with OEO. As with the antioxidant activity, no synergistic
effect was noticed in their antimicrobial activity.

As is described in the first three chapters, active EVOH29 and EVOH44 films manufac-
tured by casting have potential for further development as food packaging films. In all
the developments described, antimicrobial agents were easily incorporated into the film,
the agent kept its activity and its release resulted in the expected antimicrobial effect.
However, other antimicrobial substances such as bacteriocins or enzymes are difficult
to incorporate into packaging films because of their incompatibility with the film manu-
facturing process (thermo-mechanical stress or solvent miscibility) [13], and their large
molecular size would produce limited release. Moreover, the ideal paradigm for active
packaging would be that the antimicrobial agent inhibits microbial growth without being
released from the film. One solution that has been explored is the use of a technique of
immobilization on the food/packaging interface. The proposal is that these films should
be applied as the internal surface of a package in which direct contact between the inner
layer and the food produces an improvement in microbiological food stability without
the addition (or release) of additives.

Chapter 4 describes the use of EVOH copolymers as substrates for covalent attachment
of lysozyme to the film surface. The purpose of this active packaging strategy is that the
film exerts an antimicrobial effect by direct contact with the surface of the food pro-
duct, avoiding release of the preservative to it. EVOH copolymers are good candidates
for this purpose because of the presence of hydroxyl groups in their chemical structure,
facilitating film surface modification prior to linkage of the antimicrobial. Accordingly,
the films were exposed to UV irradiation for different times to oxidize hydroxyl groups
to carboxylic acids. Infrared spectroscopy revealed that an absorbance band (1700-1725
cm™) attributable to the introduction of carboxylic acid groups built up after oxidation.
An increase in the number of carboxylic acids was observed with increasing duration
of the UV treatment. Comparison between copolymers showed that the number of car-
boxylic acids available on the EVOH29 surface was higher than on EVOH44, owing to
the higher mol percentage of alcohol segments. An increase in carboxylic acid density
is desirable because it provides a greater number of bioconjugation points for lysozyme
immobilization.

Lysozyme was covalently attached to oxidized EVOH films using carbodiimide chemis-
try. After immobilization, a new infrared absorption band (1550-1650 cm™) was obser-
ved for both EVOH films. These bands correspond to the primary and secondary ami-
ne groups of the enzyme, indicating that the lysozyme was successfully attached to the
EVOH?29 and EVOH44 film surfaces. In general, the amount of protein covalently linked
to the surface increases with the number of carboxylic acid groups. However, it is likely
that there is a maximum protein immobilization density that can be achieved, beyond
which the anchorage of protein molecules to the polymer surface would hinder access of
other molecules to free carboxylic acid substituents by steric hindrance.
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The efficacy of the free enzyme and the immobilized lysozyme was tested, using a sus-
pension of Micrococcus lysodeikticus. The decrease in absorbance of the suspension was
monitored as a function of time, and a decrease in enzymatic activity after immobiliza-
tion of the enzyme on the polymeric film was observed. The loss of activity could be a
consequence of denaturation of the enzyme or of limitations to substrate accessibility.
However, growth inhibition reached values similar to those of the free enzyme at the
end of the assay.

The EVOH-lysozyme films were applied to reduce the growth of L. monocytogenes
without migration of lysozyme from the film. No significant differences were found bet-
ween the free lysozyme and the EVOH-lysozyme films, probably owing to the amount
of immobilized enzyme in direct contact with the microorganism at the film/medium
interface. These antimicrobial films have the advantage of not adding preservatives to
the food product.
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5. CONCLUSIONS

1. The experimental studies on the antimicrobial activity of oregano essential oil (OEO),
citral, ethyl lauroyl arginate (LAE), epsilon-polylysine (EPL), green tea extract (GTE) and
lysozyme demonstrate that all these agents present adequate antimicrobial effect against
the selected pathogen microorganisms, and therefore they are well suited to be used as
preservatives for the development of active food packaging materials and could be valid
alternatives to synthetic food preservatives.

2. Films with different concentration of the antimicrobial agent were successfully ma-
nufactured by casting. OEQ, citral, LAE, EPL and GTE were added directly to the film
forming solution of ethylene vinyl alcohol copolymers (EVOH29 and EVOH44). Functio-
nal properties of obtained films were not relevantly affected by the incorporation of the
antimicrobial agents. The release of the active agents depended on their affinity for the
food simulants that were used and the ability of the simulant to swell the polymer.

3. EVOH films with OEO and citral presented excellent antimicrobial properties against
Listeria monocytogenes, Escherichia coli and Salmonella enterica, being with more activi-
ty against the Gram negative. EVOH coated PP films manufactured by casting and by
gravure printing at industrial scale were used to pack minimally-processed salad under
MAP. All antimicrobial films presented promissing results throughout the storage period
of the salad. Indeed, the active-packaged samples recorded lower microbial counts than
the control samples, were fresher and their overall quality sensorial acceptability was
marked higher and described as having a pleasant flavor.

4. The antimicrobial activity of EVOH29 and EVOH44 films containing LAE were tes-
ted against Listeria monocytogenes, Escherichia coli and Salmonella enterica, showing better
results against Gram positive bacteria. EVOH29 films presented greater antimicrobial
capacity than EVOH44 films due to their higher hydrophilicity and, as a consequence of
this, the quicker release of LAE into the tested food simulant. The developed films also re-
duced the native microflora and the pathogen microorganisms in different food matrixes
(infant milk, chicken stock and surimi sticks) extending their shelf life.

5. The release of e-polylysine from the EVOH films to an aqueous liquid medium was
only partial, being greater from EVOH29 films than from EVOH44. In spite of this limi-
ted release, the films inhibited the growth of Escherichia coli and to a large extent Listeria
monocytogenes, in that medium. In vivo experiments showed that the active films redu-
ced the microbial loads in surimi sticks at refrigeration temperatures, thus increasing
their shelf life.

6. EVOH29 films containing separately or a mixture of OEO and GTE exposed to aqueous
simulants presented a partial release which was greater in the simulants with higher
ethanol content. Films containing GTE presented the highest antioxidant activity while
films containing OEO showed the strongest antimicrobial activity against Listeria mono-
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cytogenes and Escherichia coli. Although the essential oil and the extract presented anti-
microbial and antioxidant activity, the combination of GTE and OEQ in the films did not
result in any synergistic or additive antimicrobial or antioxidant effect.

7. EVOH (EVOH29 and EVOH44) provided an adequate chemistry (hydroxyl group) for
surface modification to introduce desired quantity of reactive functional groups (carbo-
xylic acid group) for the posterior covalent attachment of lysozyme to the functionalized
polymer surface.

8. Lyzozyme functionalized EVOH films can be applied to reduce the growth of Gram
positive bacteria (L. monocytogenes) without migration of the lysozyme from the film.
The immobilized enzyme films retained similar antimicrobial activity to an equivalent
amount of free enzyme over a 24 hour incubation period in an agueous food simulant.

9. Finally, EVOH29 and EVOH44 incorporated with antimicrobial compounds could be
applied as an inner coating of a functional packaging structure, releasing the active agent
or acting by direct contact, thus, reducing the addition of preservatives to food products.
These actions have been shown to provide an effective protection against contamination
with a potential increment of the microbiological shelf life of minimally-process salad,
infant milk, surimi sticks and chicken stock. In addition, EVOH films could be used to
package foods free of preservatives, ensuring their safety even after package opening at
home. This packaging technology could be used as an integral part of “Hurdle Technolo-
gy” in food processing.









