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ABSTRACT 

 

The massive use of synthetic plastics and their environmental impact, as well as the need of 

improving food preservation, makes necessary the development of biodegradable 

alternatives for food active packaging, to extend the food shelf life. The use of active 

compounds from natural origin to obtain this kind of materials is a new trend based of the 

consumer demand for safer and healthier products. The present Doctoral Thesis, has been 

focused on the development of multilayer active packaging materials, based on biodegradable 

polymers with complementary properties, in order to obtain materials with adequate 

mechanical and barrier properties to meet food packaging requirements. To this end, poly 

(vinyl alcohol) (PVA) (with high oxygen barrier capacity), of different molecular weight and 

acetylation degree, and poly (lactic acid) (PLA) (with high water vapour barrier capacity) were 

considered. Likewise, carvacrol (liposomal encapsulated or not) and ferulic and cinnamic acid, 

were chosen as antimicrobial/antioxidant compounds, which were loaded into the PVA 

sheets.  

The liposomal encapsulation of carvacrol, using different kinds of lecithin was evaluated in 

order to improve the carvacrol retention in the polymer matrix during the film formation step. 

Soy lecithin enriched in phosphatidylcholine was the most effective at maintaining the stability 

of the carvacrol emulsion during film formation, leading to its highest retention in the PVA 

films. Incorporation of carvacrol (lecithin encapsulated or not) at 5 or 10 %, with respect to 

the polymer, slightly modified the film microstructure and physical properties and polymer 

crystallinity and thermal behaviour. The fully hydrolysed PVA provided films with a better 

mechanical performance and oxygen barrier capacity, but with less carvacrol retention. In 

contrast, partially hydrolysed PVA gave rise to more homogenous films with a higher carvacrol 

content, while acetyl groups protect the polymer for thermodegradation, shifting the 

degradation temperature to temperatures above the melting point. This allows the 

production of films using the common industrial thermoplastic processing techniques. 

Therefore, partially acetylated PVA has a great potential for the production of active films with 

carvacrol, with a wider range of possibilities (casting or thermoprocessing) than fully 

hydrolysed PVA. 

Cinnamic and ferulic acids, with lower potential sensory impact than of carvacrol, were also 

incorporated into partially and fully hydrolysed PVA, at 1 and 2 % with respect to the polymer, 

by casting of aqueous solutions containing glycerol (10%) to improve the acid solubility.  

Glycerol plasticized PVA films exhibited poorer barrier capacity than those non-plasticized. 
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The incorporation of ferulic acid promoted greater changes in the film properties than 

cinnamic acid, due to a crosslinking effect, which promoted crystallinity, stiffness and barrier 

capacity of the material. Glycerol plasticized films based on partially hydrolysed PVA with 

phenolic acids were also obtained by melt blending and compression moulding. 

Termoprocessed films were less stretchable and resistant to break and more permeable to 

oxygen and water vapor. In vitro studies demonstrated that cast and termoprocessed films 

containing phenolic acids exhibited antioxidant and antimicrobial activity, especially with 

ferulic acid. 

Three-layer films composed of a central layer of PVA loaded with active compounds (carvacrol 

lecithin encapsulated carvacrol or ferulic acid) and two external layers of termoprocessed, PEG 

plasticised PLA, were obtained by thermo-compression, aimed to meet food packaging 

requirements. Thermocompression was effective for the interlaminar adhesion, providing the 

laminates with regular thickness layers. Multilayers exhibited mechanical performance close 

to the PLA sheets and high oxygen and water vapor barrier capacity. Nevertheless, functional 

properties in each laminate were modulated by the inter-sheet compound migration during 

thermocompression. All laminates with active compounds incorporated into the PVA sheet 

were effective at controlling microbial growth in packaged beef meet. Therefore, lamination 

of partially hydrolysed PVA and PLA films represents a successful strategy to obtain packaging 

materials with functional properties closer to those of some synthetic plastics commonly used 

in food packaging. Likewise, these materials incorporating carvacrol or ferulic acid could be 

used for packaging of foods highly susceptible to oxidative or microbiological degradative 

process to extend their shelf life.  

 

 



 

 

RESUMEN 

 

El uso masivo de plásticos sintéticos y su impacto medioambiental, así como la necesidad de 

mejorar la conservación de los alimentos, hace necesario el desarrollo de alternativas 

biodegradables para el envasado activo de los alimentos, con el fin de alargar su vida útil. El 

uso de compuestos activos de origen natural para la obtención de este tipo de materiales es 

una nueva tendencia basada en la demanda del consumidor de productos más seguros y 

saludables. La presente Tesis Doctoral, se ha centrado en el desarrollo de materiales multicapa 

activos para el envasado, basados en polímeros biodegradables con propiedades 

complementarias, con el fin de obtener materiales con propiedades mecánicas y de barrera 

adecuadas para cumplir con los requisitos del envasado alimentario. Para ello, se han 

considerado el poli (vinil alcohol) (PVA) (con alta capacidad de barrera al oxígeno), de diferente 

peso molecular y grado de hidrolisis, y el poli (ácido láctico) PLA (con alta capacidad de barrera 

al vapor de agua). Asimismo, se eligieron el carvacrol (encapsulado o no en liposomas) y los 

ácidos ferúlico y cinámico, como compuestos antimicrobianos/antioxidantes, que se cargaron 

en los films de PVA. 

Se estudio la encapsulación del carvacrol en liposomas de diferentes tipos de lecitina para 

mejorar la retención del carvacrol en la matriz polimérica durante la etapa de formación del 

film. La lecitina de soja enriquecida en fosfatidilcolina fue la más eficaz para mantener la 

estabilidad de la emulsión de carvacrol durante la formación del film, dando lugar a su mayor 

retención en el mismo. La incorporación de carvacrol (encapsulado o no en lecitina) al 5 o al 

10 %, con respecto al polímero, modificó ligeramente la microestructura y las propiedades 

físicas de la película, así como la cristalinidad y el comportamiento térmico del polímero. El 

PVA totalmente hidrolizado proporcionó películas con un mejor rendimiento mecánico y 

capacidad de barrera al oxígeno, pero con menor retención de carvacrol. Por el contrario, el 

PVA parcialmente hidrolizado dio lugar a películas más homogéneas, con un mayor contenido 

de carvacrol, mientras que los grupos acetilos protegieron al polímero de la 

termodegradación, desplazando la temperatura de degradación a temperaturas por encima 

del punto de fusión. Esto permite la obtención de films mediante las técnicas habituales del 

procesado termoplástico industrial. Por lo tanto, el PVA parcialmente acetilado tiene un gran 

potencial para la producción de films activos con carvacrol, con una más amplia gama de 

posibilidades (casting o termoprocesado) que el PVA totalmente hidrolizado. 

Se incorporaron también ácido cinámico y ferúlico, con un potencial impacto sensorial menor 

que el del carvacrol, al PVA parcial y totalmente hidrolizado, al 1 y al 2% con respecto al 

polímero, mediante casting de las soluciones acuosas con glicerol (10%) para mejorar la 

solubilidad de los ácidos.  
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Los films de PVA plastificados con glicerol mostraron una menor capacidad de barrera que los 

no plastificados. La incorporación del ácido ferúlico promovió mayores cambios en las 

propiedades de los films que el ácido cinámico, debido a un efecto de reticulación, que 

promovió la cristalinidad, la rigidez y la capacidad de barrera del material. También se 

obtuvieron películas plastificadas con glicerol a base de PVA parcialmente hidrolizado con 

ácidos fenólicos, mediante mezclado en fundido y moldeo por compresión. Los films 

termoprocesados fueron menos extensibles y resistentes a la rotura y más permeables al 

oxígeno y al vapor de agua. Estudios in vitro demostraron que los films con ácidos fenólicos 

obtenidos por casting o termoprocesado presentaron actividad antioxidante y antimicrobiana, 

especialmente con ácido ferúlico. 

Con el objetivo de cumplir los requisitos de envasado de alimentos, se obtuvieron films tri-

capa por termocompresión, compuestos por una capa central de PVA, cargada con 

compuestos activos (carvacrol encapsulado en lecitina o ácido ferúlico), y dos capas externas 

de PLA termoprocesado, plastificado con PEG. La termocompresión fue eficaz para la adhesión 

interlaminar, proporcionando capas de espesor regular a los laminados. Las multicapas 

mostraron un rendimiento mecánico próximo al de los films de PLA y una elevada capacidad 

de barrera al oxígeno y al vapor de agua. Sin embargo, las propiedades funcionales de cada 

laminado fueron moduladas por la migración de compuestos entre las láminas durante la 

termocompresión. Todos los laminados con compuestos activos incorporados a la capa de 

PVA fueron eficaces para controlar el crecimiento microbiano en filetes de carne de vacuno 

envasada. Por tanto, el laminado de films de PVA y PLA parcialmente hidrolizado representa 

una estrategia adecuada para obtener materiales de envasado con propiedades funcionales 

más próximas a las de algunos plásticos sintéticos comúnmente utilizados en el envasado de 

alimentos. Asimismo, estos materiales con carvacrol o ácido ferúlico incorporados podrían 

utilizarse para el envasado de alimentos altamente susceptibles a procesos oxidativos o de 

degradación microbiológica para alargar su vida útil. 

 



 

 

RESUM 

 

L'ús massiu de plàstics sintètics i el seu impacte mediambiental, així com la necessitat de 

millorar la conservació dels aliments, fa necessari el desenvolupament d'alternatives 

biodegradables per a l'envasament actiu dels aliments, amb la finalitat d'allargar la seua vida 

útil. L'ús de compostos actius d'origen natural per a l'obtenció d'aquesta mena de materials 

és una nova tendència basada en la demanda del consumidor de productes més segurs i 

saludables. La present Tesi Doctoral, s'ha centrat en el desenvolupament de materials 

multicapa actius per a l'envasament, basats en polímers biodegradables amb propietats 

complementàries, amb la finalitat d'obtindre materials amb propietats mecàniques i de 

barrera adequades per a complir amb els requisits de l'envasament alimentari. Per a això, 

s'han considerat el poli (vinil alcohol) (PVA) (amb alta capacitat de barrera a l'oxigen), de 

diferent pes molecular i grau d'acetilació, i el poli àcid làctic (PLA) (amb alta capacitat de 

barrera al vapor d'aigua). Així mateix, es van triar el carvacrol (encapsulat o no en lecitina) i 

els àcids ferúlico i cinàmic, com a compostos antimicrobians/antioxidants, que es van 

incorporar en els films de PVA. 

Es va estudiar l'encapsulació del carvacrol en liposomes de diferents tipus de lecitina per a 

millorar la retenció del carvacrol en la matriu polimèrica durant l'etapa de formació del film. 

La lecitina de soja enriquida en fosfatidilcolina va ser la més eficaç per a mantindre l'estabilitat 

de l'emulsió de carvacrol durant la formació del film, donant lloc a la seua major retenció en 

aquest. La incorporació de carvacrol (encapsulat o no en lecitina) al 5 o al 10%, respecte al 

polímer, va modificar lleugerament la microestructura i les propietats físiques de la pel·lícula, 

així com la cristalinidad i el comportament tèrmic del polímer. El PVA totalment hidrolitzat va 

proporcionar pel·lícules amb un millor rendiment mecànic i capacitat de barrera a l'oxigen, 

però amb menor retenció de carvacrol. Per contra, el PVA parcialment hidrolitzat va donar lloc 

a pel·lícules més homogènies, amb un major contingut de carvacrol, mentre que els grups 

acetilos van protegir el polímer de la termodegradación, desplaçant la temperatura de 

degradació a temperatures per sobre del punt de fusió. Això permet l'obtenció de films 

mitjançant les tècniques habituals del processament termoplàstic industrial. Per tant, el PVA 

parcialment acetilat té un gran potencial per a la producció de films actius amb carvacrol, amb 

una més àmplia gamma de possibilitats (casting o termoprocesat) que el PVA totalment 

hidrolitzat. 

Es van incorporar també àcid cinàmic i ferúlic, amb un potencial impacte sensorial menor que 

el del carvacrol, al PVA parcial i totalment hidrolitzat, a l'1 i al 2% respecte al polímer, 

mitjançant casting de les solucions aquoses amb glicerol (10%) per a millorar la solubilitat dels 

àcids. Els films de PVA plastificats amb glicerol van mostrar una menor capacitat de barrera 

que els no plastificats. 
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La incorporació de l'àcid ferúlico va promoure majors canvis en les propietats dels films que 

l'àcid cinàmic, a causa d'un efecte d'entrecreuat, que va promoure la cristalinidad, la rigidesa 

i la capacitat de barrera del material. També es van obtindre pel·lícules plastificades amb 

glicerol a base de PVA parcialment hidrolitzat amb àcids fenòlics, mitjançant barrejat en fos i 

emotlament per compressió. Els films termoprocessats van ser menys extensibles i resistents 

al trencament i més permeables a l'oxigen i al vapor d'aigua. Estudis in vitro van demostrar 

que els films amb àcids fenòlics obtinguts per casting o termoprocessament van presentar 

activitat antioxidant i antimicrobiana, especialment amb ƭΩàcid ferúlic. 

Amb l'objectiu de complir els requisits d'envasament d'aliments, es van obtindre films tri-capa 

per termocompressió, compostos per una capa central de PVA, carregada amb compostos 

actius (carvacrol encapsulat o no en lecitina y àcid ferúlic), i dues capes externes de PLA 

termoprocessat, plastificat amb PEG. La termocompressió va ser eficaç per a l'adhesió 

interlaminar, proporcionant capes de grossària regular als laminatges. Les multicapes van 

mostrar un rendiment mecànic pròxim al dels films de PLA i una elevada capacitat de barrera 

a l'oxigen i al vapor d'aigua. No obstant això, les propietats funcionals de cada laminatge van 

ser modulades per la migració de compostos entre les làmines durant la termocompressió. 

Tots els laminatges amb compostos actius incorporats a la capa de PVA van ser eficaces per a 

controlar el creixement microbià en filets de carn de boví envasada. Per tant, el laminatge de 

films de PVA i PLA parcialment hidrolitzat representa una estratègia adequada per a obtindre 

materials d'envasament amb propietats funcionals més pròximes a les d'alguns plàstics 

sintètics comunament utilitzats en l'envasament d'aliments. Així mateix, aquests materials 

amb carvacrol o àcid ferúlic incorporats podrien utilitzar-se per a l'envasament d'aliments 

altament susceptibles a processos oxidatius o de degradació microbiològica per a allargar la 

seua vida útil. 
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DISSERTATION OUTLINE 

This Doctoral thesis is organized in five sections: Introduction, Objectives, Chapters, General 

Discussion and Conclusions. 

The Introduction section focuses on the use of bioplastics in the food packaging field, 

highlighting their application as carriers for natural active compounds in order to develop of 

active films with antimicrobial and antioxidant capacity. Likewise, the combination of 

biodegradable polymers with complementary functional properties in high-efficiency 

multilayer assemblies and their application for food preservation was emphasised. Next 

section, presents the general and specific Objectives of this Doctoral thesis. 

The obtained results are organised into five Chapters. Each chapter is presented in article-

style. Chapter I, II, III and V correspond to one scientific publication, and IV was divided into 

two scientific articles. Each scientific article was structured into: abstract, introduction, 

materials and methods, results and discussion, conclusions and references. 

Chapter I entitled ά[ƛǇƻǎƻƳŀƭ ŜƴŎŀǇǎǳƭŀǘƛƻƴ ƻŦ ŎŀǊǾŀŎǊƻƭ ǘƻ ƻōǘŀƛƴ ŀŎǘƛǾŜ Ǉƻƭȅ όǾƛƴȅƭ ŀƭŎƻƘƻƭύ 

ŦƛƭƳǎέ, compares the effectiveness of lecithin with different origin and composition in the 

liposomal encapsulation of carvacrol. The study of the liposome stability in aqueous medium 

όʸ-potential and particle size distribution over time) and the capacity of the liposomes to retain 

carvacrol in matrices of PVA with different molecular characteristics (molecular weight and 

acetylation degree) is described. Liposomes obtained with soy lecithin enriched with 

phosphatidylcholine led to the greatest carvacrol retention in the PVA films.  

Chapter II entitled ά9ŦŦŜŎǘ ƻŦ ŎŀǊǾŀŎǊƻƭ ƛƴ ǘƘŜ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ŦƛƭƳǎ ōŀǎŜŘ ƻƴ Ǉƻƭȅ όǾƛƴȅƭ ŀƭŎƻƘƻƭύ 

ǿƛǘƘ ŘƛŦŦŜǊŜƴǘ ƳƻƭŜŎǳƭŀǊ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎέ, analyses the effect of the incorporation of the 

emulsified carvacrol on the microstructural, thermal, tensile and barrier properties of active 

films based on PVA with different molecular characteristics. The results indicated the 

relevance of the molecular weight and the degree of hydrolysis of PVA in the degree of 

carvacrol retention and in the characteristics of the final films. 

Chapter III entitled άThe Incorporation of carvacrol into poly (vinyl alcohol) films encapsulated 

in lecithin liposomesέ studies the incorporation of lecithin encapsulated carvacrol, using 

liposomes enriched with phosphatidylcholine, in two PVA matrices with different molecular 

characteristics, as a strategy to improve the carvacrol retention in the final active films. The 

results showed that the encapsulation of carvacrol enhances its retention in the PVA films, 

especially in partially hydrolysed PVA.  

Chapter IV focus on the incorporation of phenolic acids (ferulic and cinnamic acids) into PVA 

matrices in order to obtain active films with less sensory impact applicable to food packaging, 

and is divided in two parts: Chapter IV.I entitled άEffect of phenolic acids on the properties of 

films from poly (vinyl alcohol) of different molecular characteristics" and Chapter IV.II entitle 
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"Effect of the processing method on the physicochemical and active properties of poly (vinyl 

alcohol) films incorporating phenolic acids". Both, the effect of the type of phenolic acid and 

the type of processing (casting and thermoprocessing) on the microstructure, thermal 

behaviour and tensile and barrier properties of PVA films are analysed. Thermoprocessing is 

only applied to partially hydrolysed PVA since acetate groups protect polymer for 

thermodegradation, opening the temperature window for thermoprocessing. The results 

showed that ferulic acid has greater potential for developing active PVA materials, due to its 

higher bioactivity and its ability to interact with PVA chains, improving the tensile and barrier 

performance of the films.  

Chapter V entitled άAntimicrobial PLA-PVA multilayer films containing phenolic compoundsέ 

studies the combination of selected active PVA sheets (internal layers) and PEG plasticised PLA 

external layers in three-layer assemblies, to meet food packaging requirements in terms of 

barrier capacity and mechanical performance. Low molecular weight, partially acetylated PVA 

is chosen to this end due to its better capacity to load the active compounds (carvacrol and 

ferulic and cinnamic acids). The functional properties as packaging material of the three-layers 

are analysed, while their antimicrobial capacity is tested in beef meat fillets throughout cold 

storage time.  

The General Discussion section analyses from a global perspective the most relevant results 

obtained from the different chapters and draws a comparison between the studied PVA films, 

containing different active compounds, and the three-layer films (laminates) obtained by their 

combination with PLA sheets, highlighting the advantages of the laminates for food 

preservation, particularly for beef meat product where are applied. 

Finally, the Conclusions section presents the most relevant findings of this Doctoral Thesis.  
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BIODEGRADABLE ACTIVE FILMS FOR FOOD PACKAGING APPLICATIONS 

 

The Sustainable Development Goals (SDGs), were raised in the United Nations Conference on 

Sustainable Development, took place in Rio de Janeiro, Brazil in 2012. The SDGs are a universal 

call to face the environmental, political and economic challenges of the world, promoting a 

shared plan to seek peace and prosperity for the planet by 2030. The 17 SDGs are interrelated, 

meaning that the success of one affect that of others. Among the great challenges of current 

society are ensuring the food availability, necessary for a growing population, and reducing 

the production and consumption of plastics, which cause a serious environmental problem. 

Both aspects converge in at least six of the SDGs: Zero hunger (SDG2), Good health and well-

being (SDG3), Responsible consumption and production (SDG12), Climate action (SDG13), Life 

below water (SDG14), Life on land (SDG15). 

Every year 1.3 billion tons of food are lost or wasted across the food supply chain, nearly one-

third of all production, which, added to trends in economic and population growth, puts 

enormous pressure on our natural resources (Selvam et al., 2021). One of the important 

factors to avoid food waste and ensure its availability is to promote the food preservation, 

increasing the shelf life. Packaging is one of the main preservation methods. In fact, one of the 

causes of food loss in developing countries is the lack of adequate packaging and transport 

solutions to maintain food quality and freshness from production to consumption 

(PlascticsEurope, 2020).  

The use of plastics as packaging material has been increasing exponentially since its 

appearance, about 100 years ago. Plastic is lightweight and offers high performance, which 

can have economic benefits by reducing transport costs, extending the shelf life of the 

products (Matthews et al., 2021) and minimizing the negative impact of food waste (Yun et 

al., 2018). But plastic also has different drawbacks, specifically at the environmental level. The 

high volume of plastic production has reached 368 million tons per year, with a short time of 

use, mostly single-use, and waste management problems (Geueke et al., 2018), which, added 

to the non-biodegradable nature of plastic, has generated a growing concern about the plastic 

accumulation in our oceans and natural environment (Cordier & Uehara, 2019). 

The demand for plastics in Europe reached 50.7 million tons between 2018 and 2019, of which 

29.1 million tons of waste were collected in order to be treated, 32.5% were recycled, 42.6% 

were incinerated and 24.9% went to landfills. Of the total of plastics, 39.6% correspond to 

packaging materials (PE-LD / PE-LLD, PE-HO / PE-MD, PP, PS, PVC and PET etc) 

(EuropeanBioplastics, 2020). However, in the case of food packaging, recycling is difficult 

because they are loaded with residual organic matter that hinders the functionality of the 

material for later uses.  In addition, food packaging often consists of several layers made of 

different types of polymers. These materials pose great challenges for recycling, either with 
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high costs, technological difficulties to separate the different plastic polymers or the 

impossibility of recycling mixed polymers (Faraca & Astrup, 2019). Furthermore, recycled 

plastics cannot be used for food packaging due to the risk of toxic substances migration. 

Given the difficulties associated with the complex recycling of food packaging, materials with 

functional properties similar to conventional plastics, but that do not accumulate on the 

planet due to their long degradation period and that do not generate persistent microplastics 

are needed. In this sense, in order to create a sustainable environment and prevent the 

possible disposal of recalcitrant plastic waste in the environment, the production of bioplastics 

for food packaging application, especially biodegradables ones, have gained a lot of attention. 

This chapter gives an overview of the state of the art of food packaging with active 

biodegradable materials, as a potential solution for improving food preservation, alleviating 

the environmental problem caused by the abuse of conventional plastics. 

 

1. Bioplastics for food packaging 

In Figure 1, the classification of the different plastics is presented depending on their origin, 

fossil or bio renewable sources, and their biodegradable or non-biodegradable nature. A 

plastic material is defined as bioplastic if is either bio-based, biodegradable, or has both 

properties (EuropeanBioplastics, 2020). According to the origin or the production method the 

biopolymers can be divided into three groups: those directly extracted from biomass of 

vegetable or animal origin; those produced by classical chemical synthesis from bio-based or 

fossil-based monomers; and those produced by wild or genetically modified microorganisms.  

Biopolymers obtained from biomass are polysaccharides or proteins. Of polysaccharides, 

starch is abundant in many food products (corn, potato, cassava, etc.). Native starch consists 

of two types of glucose polymers, amylose and amylopectin. This is the highly used because it 

can be manufactured in large quantities, at relatively low cost, and easily handled to form 

films. The major challenge with native starch is its brittleness and hydrophilic nature (Zhong 

et al., 2020). Chitosan is another abundant polysaccharide, obtained from the shell of 

crustaceans, which also has antimicrobial properties (Chiralt et al., 2020). Others are obtained 

from algae such as carrageenan or alginate. Proteins, such as gelatine, obtained from by-

products of meat or fish industry, as well as dairy and soy proteins have also been extensively 

studied (Chiralt et al., 2020). However, the constitutive monomers of these biopolymers are 

very polar, due to their abundant hydroxyl or amino) groups and, therefore, they have high 

water affinity and are quite water soluble (Collazo-Bigliardi et al., 2019; Ortega-Toro et al., 

2017; Sapper et al., 2018, 2019). This provide very low water vapour barrier capacity to the 

materials, which is a negative factor for food preservation, where water exchanges must be 

controlled. In addition, this fact causes the moisture adsorption and modifications in the 
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material properties depending on the humidity of the environment or of the food in contact. 

This limits their use for many foods with high water activity. In contrast, they are a very 

effective barriers to the transport of gases, specifically to oxygen, thus preventing oxidative 

reactions causing food spoilage. 

 

 

 

*Bioplastics 

Figure 1. Classification of plastics according to their origin and biodegradable/non biodegradable 

nature.  

 

The synthesis of biopolymers can be carried out from bio-based monomers, such as those 

becoming from starch (in the case of polylactic acid: PLA), or from those fossil-based such as 
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occurred in polycaprolactone (PCL). These usually are hydrophobic polyesters, less water 

sensitive and with better water vapour barrier capacity than those of the previous group. 

However, these present higher oxygen permeability (Tampau et al., 2020a; Yi et al., 2009).Poly 

(vinyl alcohol) (PVA) is another biodegradable polymer obtained by synthesis, with high 

oxygen barrier capacity and good tensile properties, also being an interesting alternative for 

the development of food packaging materials (Cano et al., 2015; Tampau et al., 2020b).  

The third group corresponds to those polymers obtained biotechnologically from 

microorganisms. Some polysaccharides, such as xanthan gum, gellan or pullulan are also 

obtained by fermentation (Sapper et al., 2019). But some polyesters can also be produced by 

this processing method; within this family are the so-called polyhydroxyalkanoates, with 

different properties, depending on the length of the hydrocarbon chain. One of the most 

promising is the poly (3-hydroxybutyrate-co-3-hydroxyvalerate) PHBV, whose biosynthesis 

process involves bacteria that can feed on food waste, which contributes to the re-use of 

waste, producing the polymers when a carbon source is in excess and at least one other 

nutrient essential for growth has been depleted (Hernández-García, Vargas, González-

Martínez, et al., 2021; Pinto et al., 2021).  

Some specific characteristics of the bioplastics used in the present study are described below. 

 

1.1. Poly (vinyl alcohol) 

Polyvinyl alcohol (PVA) is a semi-crystalline polymer, usually produced by alkaline hydrolysis 

of its precursor polyvinyl acetate (PVAc) (Figure 1). PVA is a highly versatile biopolymer, 

nontoxic, water soluble, with excellent properties of chemical resistance, mechanical, gas 

barrier, adhesive and film forming, with tolerance towards organic solvents (Liu et al., 2014; 

Loryuenyong et al., 2015). The controlled process allows for obtaining polymers with different 

extent of polymerization and degree of hydrolysis/re-esterification (Fukae et al., 1994). These 

characteristics have encouraged the use of PVA to develop biodegradable films. The specific 

functional properties of the materials based on PVA depend on various factors: the size of the 

molecular chains, the number of OH groups that remain free in the macromolecule, how many 

acetate groups and aldehyde radicals are bound to it and the extent to which ester bonds are 

created in the molecule (Julinová et al., 2018). These molecular characteristics also affect the 

polymer affinity and compatibility with other compounds that can be added as active 

compounds. Materials of highly hydrolysed PVA are the most suited to act as an oxygen 

barrier. However, a higher content in hydroxyl group in the matrix leads to a greater water 

affinity, which makes PVA films sensitive to the surrounding relative humidity. Then, their 

application as food packaging is restricted and requires blending or lamination with other non-

polar polymers. In general, mechanical properties of synthetic biopolymers can be controlled, 
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which helps in acquiring desirable properties based on the application necessity (Liu et al., 

2014; Loryuenyong et al., 2015).  

 

 

Figure 1. Poly (vinyl alcohol) development process Source: (Julinová et al., 2018). 

 

Currently, PVA is used in a wide range of industries especially in fabric and paper sizing, fiber 

coating, adhesives, emulsion polymerization, films for packing and farming. Over the last 

decade, much attention has been recorded in PVA as biocompatible, low cytotoxic and 

degradable polymer for biomedical and biomaterial research fields. PVA hydrogels for 

biomedical applications have been used in drug delivery, cell encapsulation, wound dressings, 

artificial meniscus, vascular grafts and biosensors. PVA hydrogels have also been used as 

disposable contact lenses thanks to its high moisture retention, high oxygen permeability, 

optical clarity, compliance and softness (ben Halima, 2016). 

 

1.2. Poly (lactic acid)  

Poly (lactic acid) PLA is one of the most widely used biodegradable bioplastics, which 

constitutes a promising alternative to conventional plastics in food packaging. PLA is a linear 

aliphatic polyester, obtained industrially through lactide open ring polymerization or by the 

condensation-polymerization of the lactic acid monomer (Ahmed et al., 2009). The monomer 

of PLA is lactic acid, which can be produced by fermentation of renewable sources such as 

corn, cassava, potato and sugarcane (Altaf et al., 2006). Lactic acid has two active forms called 

L-lactic acid and D-lactic acid due to an asymmetric carbon atom. Thus, three stereochemical 

forms of PLA are possible: poly (L-lactide) (PLLA), poly (DL-lactide) (PDLLA) and poly (D-lactide) 

(PDLA).  

PLA has numerous attractive properties compared to other aliphatic polyesters: high 

mechanical strength, high elastic modulus, low flammability and toxicity, biodegradability, 

biocompatibility, transparency, energy savings and easy processability (Ljungberg et al., 2005). 

However, it has significant problems such as a low oxygen barrier capacity, brittleness, and 



 
I. INTRODUCTION 
 

32 
 

can be unacceptably noisy due to the stiffness, when it is highly crystalline (Qi et al., 2017a; 

Saeidlou et al., 2012). These reasons often make it necessary to include plasticizers (PEG) to 

modulate tensile properties or lamination with high gas barrier materials. So, PLA and PVA 

exhibit complementary properties that could be combined to obtain laminated materials 

useful for food packaging purposes.  

Safety evaluations have reported limited migration levels of polymeric components into the 

food this material is in contact with. The studies have shown there is no threat to human 

health as these migrants are expected to be metabolized to lactic acid, reaching levels far 

below to those acceptable for lactic acid as a food additive (Conn et al., 1995). These types of 

reports have granted approval of PLA for contact with food by the Food and Drug 

Administration (FDA). Food corporations such as Danone (Germany), Del Monte (USA) and 

Noble Juice (USA), as well as leading food retailers such as Wal-Mart (USA), SPAR (Austria) and 

Auchan (France) are already using PLA based packaging in some of their products (Castro-

Aguirre et al., 2016). Several types of foods are currently packed and commercialized with PLA 

based materials. These foods are characterized by different physical states, a wide range of 

water activity (aw), pH and composition, with different shelf life. Some examples are potato 

crisps (amorphous solid, aw = 0.1ς0.3), fresh salads and vegetables (biological gel, aw > 0.99), 

yogurts (gel, aw > 0.99) and citrus juices (acidic liquid, aw = 0.97ς0.99) (Gerometta et al., 

2019). 

 

2. Biodegradation 

The interest in biopolymers is mostly because of their biodegradability. Biodegradability of 

biopolymers means that they can be decomposed into their constituents by living organisms. 

Biological degradation involves cleavage of chemical bonds under specific ecological 

conditions by microorganisms or their hidden products, such as surfactants and enzymes, and 

it might be aerobic or anaerobic (Nasrollahzadeh et al., 2021). In this process, biopolymers are 

converted into energy, which microorganisms need to survive. Bacteria degrade biopolymers 

in marine sediment, soil, or compost (Hernández-García, Vargas, González-Martínez, et al., 

2021). Biodegradation occasionally starts by non-biological degradation, for example, 

oxidation by atmospheric oxygen, hydrolysis or photodegradation (Nasrollahzadeh et al., 

2021).  

Generally, biodegradation is a four-step process: 1) biodeterioration, which comprises the 

breakdown of biodegradable materials into small pieces by the microorganisms action; 2) 

depolymerization, that involves catalytic agents generated by microorganism (enzymes and 

free radicals) to break down the polymeric chains and convert them into lower-molecular-

weight polymers, giving rise to monomers, dimers and oligomers, which are able to cross the 

semi-penetrable bacterial membranes; 3) assimilation, whereby polymeric molecules are used 
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by microorganisms as energy and carbon sources and can produce new biomass, storage 

vesicles, and many kinds of metabolites, which help to maintain the structure, cellular action, 

and reproduction; 4) finally in the mineralization step, the metabolites may be excreted and 

reach the outside of the cellular medium (Chandra & Rustgi, 1998; Hernández-García, Vargas, 

González-Martínez, et al., 2021; Nasrollahzadeh et al., 2021). The products of this process are 

biomass, water, salts and gases.  

Biodegradability of biopolymers depends on both the polymer molecular characteristics and 

environmental conditions, which influence the degree and rate of biodegradation. As 

concerns the polymer, the chemical structure, the kind of chemical bonds, the molecular 

weight distribution, the molecular complexity and the degree of crystallinity are critical factors 

that affect the biodegradation process. In general, polymers with a shorter chain, more 

amorphous and with less molecular complexity are more sensitive to the action of microbial 

enzymes. In contrast, wetness, oxygen accessibility, pH, the specific type of microorganisms 

presents, and the enzymes secreted by microorganisms, are the most important conditions of 

the environment to define degradation process (Nasrollahzadeh et al., 2021). 

 

2.1. Polyvinyl alcohol degradation 

The promising potential of synthetic PVA is its biodegradability which is considered as an 

unusual trait among the other synthetic carbon-chain polymers. The history of PVA 

biodegradation extends back over 1936 since the first report of degradation by Fusarium lini, 

phytopathogenic fungus, producing carbon dioxide and water as a result of the extracellular 

attack by a dehydratase (Nord, 1936). (Suzuki et al., 1973; Watanabe et al., 1975) and carried 

out extensive studies of PVA biodegradation. A variety of microorganisms able to assimilate 

PVA have already been reported. Most of PVA-degrading microorganisms were identified as 

aerobic bacteria belonging to Pseudomonas. Furthermore, some Gram-negative (Alcaligenes 

faecalis and -ɹproteobacteria) and Gram-positive (Bacillus megaterium, Paenibacillus 

amylolyticus, Microbacterium barkeri and Streptomyces venezuelae) bacteria were included 

as PVA degraders. Some species degrade and assimilate PVA axenically, even though symbiotic 

is a rather common feature of PVA biodegradation. 

PVA is biodegradable under a two-step metabolism consisting of oxidation and hydrolysis: 

oxidation of two side hydroxyl groups either by oxidase or dehydrogenase and subsequent 

hydrolysis (cleavage of the carbon-carbon chain between two carbonyl groups or a carbonyl 

group and an adjacent hydroxymethine group) either by hydrolase or aldolase. Enzymatic 

degradation of PVA takes place randomly and the resultant molecules distribute over smaller 

molecular weights. This enzymatic random endocleavage of PVA chains does not appear to be 

appreciably affected by polymer structural features, such as degree of polymerization and 

acetylation degree, at least for samples containing less than 20% residual acetyl groups. 
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However, a positive influence of the hydrophobic character (residual acetyl group content in 

PVA chain) of the polymeric substrates on the activity of specific PVA-dehydrogenase was 

demonstrated. The activity of other PVA chains cleaving enzymes, such as PVA-oxidase, also 

showed dependence on the macromolecular structure (Halima, 2016). 

The biodegradability of PVA seems to be highly dependent on the environmental conditions. 

In general, PVA ideally biodegrades in an aerobic aquatic environment with diverse active 

organisms, whereas in some soils or composting conditions, the degradation rate was slower 

(Chiellini et al., 2003). To address the biodegradability limitations of PVA, some 

microorganisms that degrade PVA have been studied and isolated. The microbial communities 

were subjected to an acclimatization phase in environments rich in PVA to achieve the 

specificity of the bacteria for the degradation of this polymer. Of the bacterial PVA degraders, 

Sphingomonads were widely studied microorganisms, isolated from wastewater containing 

PVA, characterized by their PVA oxidase and alcohol dehydrogenase activity. Other specialized 

microorganisms are Sphingopyxis sp. PVA3 and Sphingopyxis sp. 113P3, the former initially 

oxidizes PVA through PVA oxidase, while the latter depolymerizes PVA with PVA 

dehydrogenase. Glucose acts as a catabolite, this finding being particularly interesting 

considering that several PVA-based blends contain natural polysaccharides, particularly 

starch. 

 

2.2. PLA degradation 

PLA not only has complete biodegradability, but also not pollute environment after 

biodegradation. The mechanism of biodegradation had been more studied than in PVA. PLA 

degradation occurs mainly through scission of ester bonds. In addition, polymer degradation 

is induced by a range of factors in nature, such as oxidation, photodegradation, thermolysis 

or hydrolysis (Qi et al., 2017b). 

During microbial degradation, PLA-degrading microorganisms first excrete extracellular 

depolymerase of PLA. The rapid production of extracellular depolymerase need usually to be 

stimulated by some inducers such as silk fibroin, elastin, gelatin, and some peptides and amino 

acids (Jarerat et al., 2004; Qi et al., 2017b; Tokiwa & Calabia, 2006; Yutaka & Hideo Tanaka, 

2006). Most of the inducers have L-alanine units, which is similar to L-lactic acid units of PLA 

in the stereochemical position of chiral carbon. Following, the depolymerase attack 

intramolecular ester links of PLA, which result in production of oligomers, dimers and 

monomers. Afterwards the low molecular weight compounds enter in microbial membranes 

and decompose into carbon dioxide, water or methane by intercellular enzymes (Qi et al., 

2017b; Tokiwa & Jarerat, 2004). 
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Two components, the appropriate microbes and a favourable environment, are required for 

the successful biodegradation of PVA. Analysis of PLA-degrading microorganisms is crucial for 

accelerating biochemical processes of PLA degradation. Therefore, the research on isolation 

of PLA-degrading microorganisms have been raised in recent years. Currently, multiple types 

of microbes that are able to degrade PLA have been isolated from soil or water. They mostly 

are actinomycetes, a fraction of them belong to bacteria and fungus. The degradation rate of 

PLA also depends on environmental factors, such as PH, humidity, temperature, oxygen and 

so on (Park & Xanthos, 2009). Nevertheless, the biodegradation of PLA under aquatic 

environment has been found to be very limited. 

 

3. Active food packaging using bioplastics 

Biopolymers can be the source for obtaining materials applied in advanced packaging 

methods, such as the active packaging. Active packaging interacts with food or its 

environment to extend its shelf life, improve its safety or its sensory properties, maintaining 

a high quality. To this end, they can absorb or release substances that allow this function to 

be carried out, sometimes without the need for direct contact with the product (Chen et al., 

2018). Some materials can absorb free radicals or oxygen preventing their deteriorating action 

or release antimicrobials or antioxidants to favour the food preservation, making it safer and 

with an extended shelf life (Vilela et al., 2018; Yildirim et al., 2018).  

For obtaining these materials, one possibility is the incorporation of the active compounds to 

the polymer master batch, either by their direct addition or previously encapsulated or 

anchored in different supports (micro or nanoparticles) by different techniques, in order to 

control their sustained release over time to the food. This release will depend on the food 

substrate (solid or liquid, aqueous or fatty, wet or dry, etc.) and on the molecular interactions 

that occur between the active compound and the packaging material (Muller et al., 2017; 

Requena et al., 2017). Likewise, interactions and potential migration of food components into 

the packaging material could also affect the polymer release properties, depending on the 

relaxation phenomena that migrated compounds could provoke in the polymer matrix 

(Requena et al., 2017). 

As concerns active compounds, the food industry has traditionally used quite effective 

antimicrobials and antioxidants, incorporated directly into food, but currently some are 

questioned for their possible negative impact on consumer health. The current trends point 

to the use of compounds from natural resources (some of which have been traditionally used 

as spices or flavourings: oregano, cinnamon, cloves...) which have a proven preservative effect 

(Sharma et al., 2021). Plant essential oils or plant extracts are rich in phenolic compounds that 

have dual antimicrobial and antioxidant functions, at a more moderate level than synthetics, 

but with fewer negative health effects. 
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In general, in the plant world there are many natural compounds of this type that participate 

in the metabolic processes of plants, with different protective effects. Therefore, plants or 

food by-products are a source of safer functional compounds for food preservation. These can 

be used as ingredients, but instead of adding them to food, where they can cause changes in 

the sensory characteristics, they can be incorporated into the packaging material and from 

there exercise their active function. Table 1 shows recent studies on active materials and their 

application for the preservation of different food systems, focusing on the use of plant-derived 

active compounds. 

Essential oils (EOs) and their isolated compounds have been widely studied and incorporated 

into different polymeric matrices to obtain coatings or films applicable in active food 

packaging development. However, due to their chemical instability, they usually present short 

degradation periods due to external factors, such as light, oxidation or heating (Lima et al., 

2019). Furthermore, their high volatility generates considerable losses of the active fraction 

in the packaging material (Sharma et al., 2020), thus reducing the active capacity of the 

material (Sánchez-González et al., 2011). The use of nano/micro-encapsulation techniques to 

protect and entrap these volatile compounds can mitigate this problem (Sánchez-González et 

al., 2011; Sapper et al., 2018).  
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Table 1. Recent studies on the active films based on biodegradable polymers. 

 

Polymer matrix Active compound 
Processing 

method 

Antimicrobial or antioxidant 

assessment 
Main result Reference 

Chitosan (CH) 

or Corn starch 

(S)  

Polyphenols rich 

thyme extract (TE) 

Casting method  Active CH films presented more 

antioxidant capacity than active S 

films 

CH-TE films presented better tensile 

response and greater antioxidant 

activity. 

(Talón et al., 

2017) 

Oxidized (OS) 

and non-

oxidized (S) 

corn starch 

blended with 

gelatin (G) 

N- -hlauroyl-l-

arginine ethyl ester 

monohydrochloride 

(LAE) 

Thermoprocessing 

(C) or Casting 

method (T) 

Thermoprocessed blend films with 

non-oxidised starch better 

preserved meat for lipid oxidation. 

Cast blend films with oxidized 

starch shows the best antibacterial 

action, but enhance lipid oxidation. 
 

Thermoprocessed active OS:G film with 

LAE extended the shelf life of chicken 

breast fillets. 

(Moreno et al., 

2018) 

Starch-gellan 

blend 

Thyme essential oil 

(TEO) (free or 

lecithin 

encapsulated) 

Casting method  In vitro antifungal activity 

against Alternaria alternata (AA) 

and Botryotinia fuckeliana (BF).  

Lecithin encapsulation of TEO allowed 

for greater oil retention (45-55%), 

which enhanced the antifungical 

activity of the films. 
 

(Sapper et al., 

2018) 

Corn starch  Eugenol (EU) Casting method  Active films were highly effective at 

preventing sunflower oil oxidation 

in accelerated storage conditions. 

Films with EU encapsulated preventing 

sunflower oil oxidation even 

throughout 53 days. 
 

(Talón et al., 

2019) 
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Polymer matrix Active compound 
Processing 

method 

Antimicrobial or antioxidant 

assessment 
Main result Reference 

Potato Starch Extract of phenolic 

compounds from 

rice straw (EPC). 

Thermoprocessing 

method  

The obtained starch films exhibited 

good in-vitro antiradical scavenging 

activity against DPPH.  

The addition of EPC improved the 

oxygen permeability without negative 

effect on the thermal stability and 

water vapor permeability.  

(Menzel et al., 

2020) 

Cassava Starch Ferulic acid (FA) 

and cinnamic acid 

(CA) 

Thermoprocessing 

method  

Both phenolic acids exhibited 

antibacterial effect. Films with CA 

and FA were more active against L. 

Innocua than against E. coli.  

The highest effectiveness was obtained 

for films with cinnamic acid, against E- 

coli and L. innocua, in chicken breast 

and fresh-cut melon. 

(Ordoñez et al., 

2021) 

PLA/PBSA  Thymol Extrusion The antifungal films delayed 

microbial growth and extended the 

shelf life of bread. 

The antifungal packaging containing 

с ǿǘ҈ ƻŦ ǘƘȅƳƻƭ ŎƻǳƭŘ ŜȄǘŜƴŘ ǘƘŜ shelf 

life of bread to 9 days. 

(Suwanamornlert 

et al., 2020) 

PVA Clove oil Casting method  The films showed antioxidant and 

antimicrobial activity in vapour 

phase.   

Shelf-life of Trichiurus haumela was 

extended for 2 days. 

(Chen et al., 

2018) 

PVA Tea polyphenol 

(TP)  

Casting method  Bacteriostatic effect for E. coli, S. 

aureus, B. cinerea and Rhizopus.  

PVA/TP films exhibited effective 

extension of strawberry shelf life. 

(Lan et al., 2019) 

PVA Laurus nobilisςLEO- 

and Rosmarinus 

officinalis-REO 

essential oils 

Electrospun mesh   Active containing LEO and REO 

reduced the lipid oxidation 

processes and Listeria counts 

during cold storage of chicken 

breast fillets. 

The coatings enhanced the shelf-life of 

chicken breast fillets.  

(Göksen et al., 

2021) 
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Incorporation of EOs into hydrophilic biopolymers have been mainly carried out by emulsifying 

them in the polymer aqueous film forming solutions and active films were obtained by casting 

(Atarés & Chiralt, 2016). However, during the film drying step, emulsified essential oils are 

susceptible to destabilization processes (flocculation, coalescence, and creaming), which lead 

the drops to the film surface where the lipid compounds are lost by steam drag effect along 

with evaporated water (Cofelice et al., 2019; Requena et al., 2017). (Sapper et al., 2018)used 

the casting method to develop films based on starch-gellan blends containing emulsified or 

lecithin encapsulated thyme (Thymus zygis) essential oil. Liposomal encapsulation of the EO 

in lecithin allowed for greater oil retention (45ς55%), which enhanced the antifungal activity 

of the films, against Botryotinia fuckeliana and Alternaria alternata. Liposomes improved the 

emulsion stability and limited of EO evaporation during the film drying step; thus, in films with 

non-encapsulated EO, the EO retention ranged between 4 and 26%. (Valencia-Sullca et al., 

2016) reported a similar behaviour for chitosan-based films based with lecithin-encapsulated 

eugenol or cinnamon leaf essential oil. (Talón et al., 2019) applied spray-drying to encapsulate 

eugenol using whey protein isolate-maltodextrin and lecithin-maltodextrin wall-systems. This 

encapsulation process protected eugenol against evaporation and enhanced its thermal 

stability. The incorporation of eugenol microcapsules containing oleic acid (as a stabiliser 

component of the microcapsule) in the starch matrices promoted the eugenol retention 

during film formation and thus, these films exhibited the greatest antioxidant activity. Films 

prepared with encapsulated eugenol powder, containing lecithin and oleic acid, were highly 

ŜŦŦŜŎǘƛǾŜ ŀǘ ǇǊŜǾŜƴǘƛƴƎ ǎǳƴŦƭƻǿŜǊ ƻƛƭ ƻȄƛŘŀǘƛƻƴ ŜǾŜƴ ǘƘǊƻǳƎƘƻǳǘ ро Řŀȅǎ ƻŦ ǎǘƻǊŀƎŜ ŀǘ ол ϲ/Σ 

maintaining lower and almost constant the values of peroxide index, conjugated dienes and 

trienes, in comparison with the control samples. Incorporation of active compounds into the 

polymer matrix can provoke microstructural changes that may affect its functional properties 

as packaging material. These changes usually occur even when essential oils (free or 

encapsulated) are incorporated into hydrophilic polymer matrices due to the lack of chemical 

affinity, that promote phase separation and a dispersed phase of lipid phase into the polymer 

continuous phase. Thus, the incorporation of lecithin encapsulated thyme essential oil 

reduced the stiffness, resistance at break and extensibility of the starch films (Sapper et al., 

2018). Likewise, the addition of spray-dried eugenol, with lecithin or whey protein, generated 

starch films with lower mechanical resistant and less transparent (Talón et al., 2019). 

Other interesting active compounds with great potential, although less studied, are phenolic 

acids and phenolic extracts. These are being explored in the development of active packaging, 

since most of them present thermal stability, low volatility and sensory impact, with a high 

antioxidant and antimicrobial potential (Lima et al., 2019; Mathew, 2015; Olszewska et al., 

2020). Some studies have revealed that the incorporation of phenolic compounds into 

polymeric matrices also promotes the improvement of some functional properties, due to 

their affinity and great capacity of interaction with some polymeric matrices of proteinic or 

polysaccharidic nature (Benbettaïeb et al., 2020; Cao et al., 2007; Ou et al., 2005). (Talón et 
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al., 2017) reported that the aqueous thyme extract (TE) was efficiently incorporated into 

chitosan matrices, but not in starch matrices. Therefore, chitosan-based matrices carrying TE 

polyphenols exhibited better tensile response and greater antioxidant activity, which could be 

associated with the development of polyphenol-chitosan interactions that contributed to a 

better protection of the phenol functionality during film formation step. Whereas, in starch 

films, some losses of antioxidant activity occurred. This could be due to some degradation of 

TE during the drying of the films caused by the poor protective effect of starch. (Menzel et al., 

2020) successfully incorporated the phenolic extract obtained of rice straw waste (major 

components: ferulic, p-coumaric and protocatechuic acid) into starch-based films. 

Homogeneous films with antioxidant properties were produced by melt blending and 

compression moulding. The obtained antioxidant starch films were slightly reddish-coloured 

and exhibited good in-vitro antiradical scavenging activity against DPPH. The addition of the 

antioxidant extract improved the oxygen barrier properties without negatively affecting the 

thermal stability and the water vapor barrier properties of the starch films. (Ordoñez et al., 

2021) found that the incorporation of cinnamic or ferulic accid (1 and 2%) in starch matrices 

led to antimicrobial films, which were effective at inhibiting the growth of E. coli and L. 

innocua. Furthermore, interactions between the carboxyl groups of phenolic acids and 

hydroxyls of starch chains reduced the water affinity of the matrix and the water solubility of 

the material decreased between 3 and 25%. 

Active films have been applied in the packaging of several food matrices to evaluate their 

preservation capacity. N- -hlauroyl-l-arginine ethyl (LAE) (antimicrobial substance derived 

from lauric acid and arginine) was incorporated into oxidised and non-oxidised starch blended 

gelatin obtained by melt melting (non-oxidised) and thermo compression or solution casting 

(oxidised). Antimicrobial blend films were applied in the packaging of chicken breast fillets and 

cold stored to analyse the shelf-life extension. Both thermo-processed and cast films 

significantly extended the shelf life of chicken, however, the cast films with oxidised starch 

promoted oxidative processes in meat, which affected the pH and colour parameters of 

packaged samples. Therefore, termo-processed, non-oxidised starch blend films containing 

LAE were recommended since they effectively extended the shelf life of chicken breast fillets 

(approximately 4 days) without affecting the meat oxidation (Moreno et al., 2018). (Ordoñez 

et al., 2021) also reported positive effects on the preservation of the microbial quality of 

chicken breast in contact with starch films containing ferulic or cinnamic acid. Films with 2% 

ferulic or cinnamic acid were effective at inhibiting the growth of E.-coli and L. innocua (Log 

CFU reduction> 2). Similar effect was also observed in fresh-cut melon in contact with this 

material. Active coating materials produced through electrospinning of polyvinyl alcohol (PVA) 

were also applied to chicken breast fillets to prolong their shelf-life. Essential oils from two 

broadly used spices (Laurus nobilis ςLEO- and Rosmarinus officinalis -REO-) were loaded in the 

PVA mats. These active coatings containing LEO and REO extended the shelf-life of the 
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samples, reducing the lipid oxidation (43-65%) process and Listeria counts during cold storage 

(Göksen et al., 2021). 

Trichiurus haumela preservation also was enhanced by packaging with active PVA films 

containing clove oil (Chen et al., 2018). The PVA films incorporated with clove oil showed 

effective antimicrobial and antioxidant activities in vapour phase which increased when the 

content of oil raised. The PVA film containing 9% clove oil showed the best quality protective 

effectiveness by inhibiting the bacterial growth and lipid oxidation of the trichiurus haumela. 

Its microbiological shelf-life could be extended for 2 days and a 28 % reduction of 

malonaldehyde was obtained with respect the control sample on 7 storage days. On the other 

hand, PVA films incorporated with tea phenolic extract exhibited great potential as a 

packaging material to extend the shelf life of strawberries (Lan et al., 2019). The active PVA 

film effectively limited microbial proliferation of E. coli, S. aureus, B. cinerea and Rhizopus. In 

addition, it retarded the loss of fruit weight and firmness. Antifungal films based on poly (lactic 

acid)/poly(butylene-succinate-co-adipate) (PLA/PBSA) blends, containing thymol were 

prepared using blown film extrusion technique (Suwanamornlert et al., 2020). The antifungal 

films were tested in bread packaging, compared with biaxially oriented polypropylene (BOPP) 

and neat PLA. Mould growth was observed on the bread after storage for 7 and 9 days, when 

packaged in active PLA/PBSA with 3 and 6% of thymol respectively. In contrast, the bread 

packaged in BOPP and PLA showed visible mould growth after 3- and 6-days storage, 

respectively. So, active PLA/PBSA packaging was effective at preserving the microbial quality 

of the bread, especially with the highest concentration of thymol. 

 

4. Biodegradable multilayer films for food active packaging 

The packaging properties can be significantly enhanced by combining or joining different 

plastics together by laminated constructions, using different technologies, such as co-

extrusion process. Films containing several polymer layers of complementary properties can 

provide the packaging materials with adequate barrier and mechanical strength (Gherardi et 

al., 2016). In the food industry, multi-layer combination of synthetic plastic with other 

materials (laminates) are often used to achieve higher levels of food protection. In this sense, 

the search for more environmentally friendly that meet the food packaging requirements led 

to the study of multilayer films based on biodegradable polymers. Additionally, active 

compounds can be loaded one of the layers the multilayer assembly to accomplish its 

controlled release on the food surface, generating added value to the package for a better 

food protection and shelf-life extension. Table 2 summarizes some studies and applications of 

multilayer films based on biopolymers. 
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Table 2. Recent studies on active multilayer films based on biodegradable polymers. 

Multilayer 

polymers 

Layer assembly 

method 

Active 

compound 

Main result Antimicrobial or antioxidant assessment Reference 

Chitosan (CH) / 

Gelatin (G) 

Cast G based films 

coated with CH 

film forming 

solutions. 

 Chitosan CH coated films exhibited lower 

water barrier capacity than net CH 

films  

In vitro/Disk diffusion tests with L. 

monocytogenes and E-coli. 

CH layer in bilayer exhibited antimicrobial 

activity against E. coli. 
 

(Pereda et al., 

2011) 
 

Chitosan 

(CH)/Gelatin (G) 

Cast G based films 

coated with CH 

film forming 

solutions. 

Lauroyl 

arginate ethyl 

(LAE), 

incorporated 

in CH layer  

CH coated films exhibited lower 

water barrier capacity and UV light 

barrier than net CH films. 

In vitro/Disk diffusion tests with Listeria 

monocytogenes, Escherichia coli, Salmonella 

typhimurium and Campylobacter jejuni. 

CH layer in bilayer exhibited antimicrobial 

activity against against all tested 

microorganisms. 

 
 

(Haghighi et 

al., 2019) 
 

Chitosan (CH) 

/cassava starch 

(CS) 

Thermocompressi

on of cast CH films 

with 

thermoprocessed 

CS 

Oregano 

(OEO) and 

cinnamon leaf 

(CLEO) 

essential oils, 

incorporated 

into CH layer 

CH layer improve the mechanical 

resistance with respect to starch 

monolayers. 

Aerobial, coliforms and total CFU counts in 

pork meat 

Lipid oxidation by TBARS 

Bi-layer film showed antimicrobial and 

antioxidant activity due to the action of CH 

layer. The addition of OEO or CLEO in CH layer 

did not promote antimicrobial action of in 

bilayers in pork meat.  

 
 

(Valencia-

Sullca et al., 

2018) 
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Multilayer 

polymers 

Layer assembly 

method 

Active 

compound 

Main result Antimicrobial or antioxidant assessment Reference 

Chitosan 

(CH/Polycaprolac

tone (PCL) 

Cast CH films were 

coated with PCL 

film forming 

solutions (C) or 

thermocompresse

d with PCL cast 

films (T).   

Grape seed 

extract (GSE) 

incorporated 

into CH layers 

Bilayers exhibited improved water 

barrier capacity, higher elastic 

modulus and tensile strength.  

In vitro tests in liquid medium against E. coli 

and L. monocytogenes. 

DPPH scavenging capacity. 

Bi-layers showed antimicrobial and 

antioxidant activity (C>T). Possible oxidation 

of GSE during the thermocompression step. 

(Sogut & 

Seydim, 2018) 

Chitosan 

(CH)/polycaprola

ctone (PCL) 

Cast CH films were 

coated with PCL 

film forming 

solutions. 

Grape seed 

extract (GSE) 

incorporated 

into CH layers 

Bilayers showed improve water 

vapour and oxygen barrier capacity.   

Coliforms and total CFU counts in chicken 

breast. 

Lipid oxidation by TBARS. 

Bi-layer film showed antimicrobial antioxidant 

activity and extended shelf life of packed 

chicken breasts at least 3ς6 days. 

(Sogut & 

Seydim, 2019) 
 

Sugar palm 

starch (SPS)/ poly 

(lactic acid) (PLA)  

Coating.  Cast PLA films 

were coated 

with SPS film 

forming 

solutions. 

PLA reduced water vapour 

permeability, water absorption 

capacity and solubility of 

multilayers. 

 
(Sanyang, et 

al. 2016). 

Cassava Starch 

(S) /PLA  

Thermocompressi

on of 

thermoprocessed 

S sheets with cast 

PLA films. 

Cinnamaldehy

de 

incorporated 

into PLA 

sheets 

Bilayers exhibited better barrier 

capacity against water vapor and 

oxygen than isolate monolayers due 

to the complementary properties of 

both polymers. 

In vitro test against E. coli and L. innocua. 

Films exhibited antibacterial effect against E. 

coli and L. innocua, when the culture medium 

was in contact with both starch and PLA layers, 

the starch contact being more effective. 

Muller et al. 

(2017) 
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Multilayer 

polymers 

Layer assembly 

method 

Active 

compound 

Main result Antimicrobial or antioxidant assessment Reference 

PLA/MaterBi 

(starch-based 

thermoplastic 

material) 

Co-extrussion   Bilayers exhibited higher stiffness 

than that of MaterBi and greater 

extensibility than of PLA. 

  Scaffaro et al. 

2018 

Pea starch (S) /  

PLA  

Cast S films were 

coated with PLA 

film forming 

solutions 

  Improved water resistance (lower 

water uptake, solubility, and water 

vapor permeability) and tensile 

strength compared with those of S 

monolayer film.  

  Zhou et al.,  

2019 

Potato starch (S) 

with crosslinking 

agents / 

polylactic acid 

(PLA). 

Cast PLA sheets 

were coated with S 

film forming 

solutions 

  Improved mechanical moisture 

dependent properties (water 

permeability, solubility and 

absorption capacity) with respect S 

monolayer. 

 
Gürler et al.,  

2020 

PLA-PHBV-PEG 

blend (P)/  

cassava starch (S)  

Thermocompressi

on of P cast films 

and compression 

moulded S films. 

Carvacrol (CA) 

incorporated 

into P layer.  

Improved tensile and moisture 

dependent properties (water 

permeability and absorption 

capacity) with respect S monolayer. 

In vitro test against E. coli and L. innocua. 

Bi-layers inhibited the growth of L. innocua 

and E. coli from both P or S contact sides.  

Requena et 

al., 2018 

PLA-PHBV-PEG 

blend (P)/ 

cassava starch 

(S)- gellan blend. 

Thermocompressi

on of compression 

moulded films. 

  Improved tensile and moisture 

dependent properties (water 

permeability and absorption 

capacity) with respect S monolayer 

and lower oxygen permeability than 

P films. 

  Hernández-

García et al.,  

2021 
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Multilayer 

polymers 

Layer assembly 

method 

Active 

compound 

Main result Antimicrobial or antioxidant assessment Reference 

PLA /Zein-

chitosan-  maize 

germ oil) 

Cast PLA sheets 

were coated with 

Pickering 

emulsions of Zein-

chitosan- maize 

germ oil 

Thymol 

incorporated 

into the 

emulsion. 

Improved mechanical resistance, 

ductility and barrier capacity against 

water vapor and oxygen.  

In vitro/Disk diffusion tests with E. coli and S. 

aureus  

DPPH scavenging capacity. 

Bi-layer presented antimicrobial activity 

against all tested microorganisms and 

presented DPPH scavenging activity of up to 

75%. 
 

Zhu et al., 

2018 

Isolated soy 

protein (SPI) /  

poly (lactic acid) 

(PLA). 

Cast SPI films were 

coated with PLA 

film forming 

solutions. 

Natamycin or 

thymol 

incorporated 

into SPI layer. 

Improved mechanical properties and 

water vapor barrier capacity, with 

lower water swelling index. 

In vitro/Disk diffusion tests with mold, yeast, 

E. coli and S. aureus. 

Films containing natamycin inhibited the 

growth of mould and yeast. Films with thymol 

inhibited the growth of the two bacterial 

strains. 
 

Gonzáles et 

al.,   2013 

PLA/Gelatin (G)  Thermocompressi

on of compression 

moulded PLA 

sheets and cast G 

films 

 
 

Epigallocatec

hin gallate 

incorporated 

into G layers 

Improved mechanical properties, 

water vapor barrier capacity and 

UVςvisible light barrier properties.  

Psychrophilic and total CFU counts in packed 

striped catfish slices. 

 Lipid oxidation by TBARS 

Lower psychrophilic bacteria count, peroxide 

value, and thiobarbituric acid reactive 

substances (TBARS) than samples packaged in 

control bags or in LLDPE bags.  

 
 

Nilsuwan et 

al., 2019 
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Multilayer 

polymers 

Layer assembly 

method 

Active 

compound 

Main result Antimicrobial or antioxidant assessment Reference 

Thermoplastic 

corn starch (S) 

and PLA 

compression 

moulded S films 

were deep coated 

with PLA film 

forming solutions 

  Improved water vapor and oxygen 

barrier capacity 

  Trinh et al.,  

2021 

Thermoplastic 

wheat gluten 

(TG) /whey 

protein (WPI) or 

soy protein (SPI) 

isolates. 

Compression 

moulded TG were 

Electrospun with 

WPI or SPI 

solutions 

Alpha-

tocopherol 

incorporated 

into WPI or 

SPI solutions 

Improved water vapor barrier 

capacity. 

ABTS scavenging capacity. 

The antioxidant activity of the active 

compound was preserved during the 

encapsulation process (up to 95%).  

Fabra et al.,  

2016 

Corn starch 

(S)/PCL/Starch 

(S) 

PCL electrospun 

coating of 

compression 

moulded S sheet, 

plus 

thermocompressio

n with the second S 

layer 

Carvacrol 

incorporated 

into the PCL 

layer. 

Improved (65-80%) water vapor 

barrier capacity. 

  

Electrospun PCL fibre mats encapsulating CA 

were effective at controlling the growth of E. 

coli, but were not effective at controlling the 

growth of L. innocua. Similar results were 

obtained in three-layers. 

Tampau et al., 

2018 
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The studies shown in Table 2 developed multilayer materials considering the combined effect 

of two or more polymers assembled mainly in two-layer or in three-layer systems. The 

different types of multilayer films were obtained by different methods: 1. Coating: the 

polymer solution of the second layer is poured directly on top of the previously dried layer. 

The first layer can be obtained by casting or thermo-processing, 2. Thermocompression: the 

preformed monolayers were assembled into a laminated structure by exposing the materials 

to high temperature and pressure; 3. Nanostructured coating:  one of the layers was produced 

by means of the electro-hydrodynamic technique and polymeric mats were directly 

electrospun/electrosprayed onto one face of other film or the obtained mats were assembled 

with the other layers by thermocompression, and  4. Coextrusion.  

The good adhesion between the layers is an important factor and interferes with the 

functional properties of the final material. Chitosan (CH) and gelatin (G) bilayer films have 

been developed, taking advantage of the high affinity between both polymer layers, 

confirmed by F-TIR analysis (Haghighi et al., 2019; Pereda et al., 2011). Good adhesion is due 

to electrostatic interactions and the formation of hydrogen bonds between CH and G at 

interfacial level (Haghighi et al., 2019; Pereda et al., 2011). This bi-layer system exhibited 

reduced water solubility and vapour permeability (WVP), as well as higher elongation capacity, 

without modifying the strength of the chitosan control film. All these improvements were 

attributed to the electrostatic interactions between cationic chitosan and anionic gelatin and 

hydrogen bond formation. An adequate interaction at the interface was also reported 

between chitosan (CH) and starch (S), resulting in an improvement in mechanical resistance 

and oxygen permeability in the CH-S bilayers, while the WVP values were between those 

found for the S and CH monolayers (Valencia-Sullca et al., 2018). Chitosan (CH) also presented 

high affinity and good adhesion with PVA films, allowing for the generation of matrices less 

susceptible to water adsorption. So, the PVA-CH bilayers exhibited reduced moisture content 

the swelling capacity with respect to the individual layers. The permeability of the bilayer 

system was controlled by the PVA layer, which presented the lowest WVP and OP values.  

A critical feature in the development of packaging materials is the barrier capacity, which must 

be adequate for the preservation of the target foods. Polar polymers such as chitosan (CH), 

starch (S) or PVA have high oxygen barrier. However, their barrier capacity to water vapour is 

poor due to their hydrophilic nature. Therefore, multilayer materials usually combine polar 

and non-polar materials, with complementary barrier characteristics that allow for promoting 

the synergy of both polymers. Table 2 shows several polymer combinations, the most 

effective being multilayer films with polar polysaccharides or proteins with less polar 

polyesters. To improve the barrier properties of the chitosan films, their lamination with non-

polar polycaprolactone (PCL) was considered (Sogut & Seydim, 2018). The PCL layer was 

adhered to a CH layer incorporating nanocellulose (NC) and grape seed extract (GSE). Two 

assembly methods were tested, CH coating with PCL film forming solution or compression 

moulding of preformed films. In general, all the combinations presented better barrier 
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capacity than the chitosan monolayers. However, compression-moulding partially 

compromised the barrier capacity of the bilayers. The barrier efficiency reduction was 

attributed to the less oriented chain arrangement and possible GSE oxidation during 

thermocompression (Sogut & Seydim, 2018). 

Bi-layer films based on starch layers from different sources and PLA layers have been studied 

by several authors (Gürler et al., 2020; Requena et al., 2018). The combination of these 

bioplastics with polar and non-polar nature, respectively, makes obtaining materials with 

appropriate barrier properties possible. The incorporation of PLA layer significantly reduced 

the WVP as well as the water absorption and solubility of bilayer films, which was attributed 

to the hydrophobic characteristic of the PLA layer (Scaffaro et al., 2018). As concerns the 

tensile properties, the presence of PLA layer usually makes the obtained laminate stiffer, and 

more brittle that net starch films. 

In order to further improve the barrier and tensile properties of this bilayer material, 

thermoplastic starch was modified using maleic anhydride (MAH) (Trinh et al., 2021). Overall, 

the maleated TPS (MTPS) demonstrated lower crystallinity and polarity that led to improved 

interfacial interaction with the hydrophobic PLA layers. Due to the enhanced chemical 

interaction and mechanical interlocking between PLA and MTPS, the adhesive strength 

between each layer in the multilayer films was improved, resulting in superior mechanical and 

barrier properties (Trinh et al., 2021). In addition, the incorporation of nanoclays in the MTPS 

layer further enhanced the mechanical and barrier properties of the multilayer film assembly. 

This multilayer film showed 1300% improvement in moisture barrier, compared to TPS films, 

and 3300% improvement in oxygen barrier properties, compared to PLA films. For the same 

purpose, the use of maleic acid MA for starch crosslinking was evaluated. The results indicated 

the success of this technique on the functional properties of the bilayer, although the opacity 

of the material increased (Gürler et al., 2020). PLA layers have also been used in multilayer 

systems by coating with pickering emulsions (maize germ/chitosan colloid emulsion) (Zhu et 

al., 2018), soy protein (González & Alvarez Igarzabal, 2013)and gelatine (Nilsuwan et al., 2020). 

Lƴ ŀƭƭ ŎŀǎŜǎΣ ǘƘŜ t[! ƭŀȅŜǊ ƛƳǇǊƻǾŜŘ ǘƘŜ ōƛƭŀȅŜǊ ƳŀǘŜǊƛŀƭΩǎ ŜŦŦƛŎƛŜƴŎȅ ŀǎ ŀ ǿŀǘŜǊ ǾŀǇƻǊ ōŀǊǊƛŜǊΣ 

allowing an overall decrease of the swelling index and water solubility. Similarly, polar layers, 

with higher oxygen barrier ability than neat PLA films, generated a gas barrier effect suitable 

for the multilayer.  

The use of polyester blends was also explored for the development of high moisture barrier 

multilayer films. Films of polyester blends (P), composed for PLA and PHBV, were obtained for 

their subsequent assembly with starch films (S), carrying essential compounds in the P layer. 

These active bilayers exhibited highly improved tensile properties and water vapour barrier 

capacity with respect to the starch monolayer (87% reduction in WVP, 840% increase in elastic 

modulus) (Requena et al., 2018). This polyester blend was also laminated with a starch based 

films containing gellan or xanthan gums to improve the starch mechanical performance. Both 
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gums also promoted the decrease of water vapour and oxygen permeability of starch films. 

This effect was also reflected in the P-S bilayers, especially when gellan gum was incorporated 

into the starch matrix (Hernández-García, Vargas, & Chiralt, 2021). 

The electro-hydrodynamic process is an efficient and straightforward method that allows for 

obtaining micro and nanoscale polymer structures, able to encapsulate different compounds 

(Tampau et al., 2020b). This technic was used to obtain active PCL mats for coating starch 

films. CA-loaded electrospun PCL fibres were assembled between two starch sheets to form 

multilayer films. These multilayer films presented a great reduction in the water vapour 

permeability (65-80%) with respect to that of starch monolayers, without notable changes in 

the other packaging functions. This agrees with the effectiveness of the parallel assembly of 

the PCL sheet at limiting the transport of water molecules, as previously observed in starch-

PCL bilayer films by (Ortega-Toro et al., 2015). 

Multilayer films loaded with different active compounds, can be used to extend the food shelf 

life. Table 2 indicates that a great variety of natural active compounds (essential oils, phenolic 

ŜȄǘǊŀŎǘǎΣ ǇƘŜƴƻƭƛŎ ŀŎƛŘǎΧύ ǿŜǊŜ ƛƴŎƻǊǇƻǊŀǘŜŘ ƛƴǘƻ ƳǳƭǘƛƭŀȅŜǊ ǎȅǎǘŜƳǎΣ ǿƘƛŎƘ ǿŜǊŜ Ƴƻǎǘƭȅ 

loaded into the polar layer. As is known, chitosan (CH) has an antimicrobial effect by itself. 

Therefore, bilayer films of chitosan and gelatin presented an inhibitory effect against E-coli, 

without any additional active compound (Pereda et al., 2011). The incorporation of ethyl 

lauroyl arginate (LAE) (0.1%, v / v) into the chitosan layers broadened the spectrum of 

antimicrobial action of the CH-G bilayer, inhibiting the growth of Listeria monocytogenes, 

Escherichia coli, Salmonella typhimurium, and Campylobacter jejuni (Haghighi et al., 2019). 

The high antimicrobial activity of LAE incorporated into films has been widely supported by 

different studies (Moreno et al., 2017).  

Chitosan (CH) and starch (S) bilayers containing essential oils of oregano or cinnamon were 

applied to pork meat packaging. These materials were effective at controlling the growth of 

aerobic mesophylls and coliforms. However, the essential oils did not exhibit additional 

antimicrobial action to that of chitosan. This was attributed to the low final concentration of 

active compounds in the films due to the losses occurred during the casting and 

thermoprocessing methods of the films (Valencia-Sullca et al., 2018). In contrast, the 

incorporation of grape seed extract into the chitosan layer was a successful strategy to confer 

antioxidant and antimicrobial capacity to CH-PCL bilayers (Sogut & Seydim, 2018). The active 

CH-PCL bilayers applied to the packaging of fresh chicken breasts extended the shelf life at 

least 3 or 6 days. This packaging system reduced lipid oxidation, which was mainly attributed 

to their phenolic constituents, and gave rise to lower counts of total mesophilic aerobic and 

total coliforms compared to chitosan monolayers (Sogut & Seydim, 2019). 

Some active compounds have also loaded in polyester matrices. Multilayer films of CA-loaded 

electrospun PCL fibres between two starch sheets were effective at controlling the growth of 

E. coli, but were not effective at controlling the growth of L. innocua (Tampau et al., 2018). 
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Likewise, cinnamaldehyde and carvacrol were incorporated into PLA (Muller et al., 2017)and 

PLA-PHBV blend (Requena et al., 2018) films, respectively, which were laminated with starch 

sheets by thermocompression. The antimicrobial activity against E. coli and L. innocua of the 

bilayer materials was tested in vitro for the two faces of the material. Both materials were 

effective against the growth of both bacteria while more marked antimicrobial effects were 

observed when the S layer was in contact with the culture media. This was attributed to the 

greater water affinity of the S layer, which promoted the swelling of the polymer matrix in 

contact with the culture medium, which, in turn, accelerated the release of the active 

compound. Nevertheless, the active compound diffused into both polyester (PLA or PLA-

PHBV) layer and starch layers, giving rise to antimicrobial activity through both sides of the 

bilayers. The amount of active released and its release rate through each layer will determine 

how effective each side of the bilayer is at controlling the microbial growth inhibition (Muller 

et al., 2017; Requena et al., 2017). 

Multilayer films with antioxidant capacity have also been developed and evaluated for the 

food packaging application. The electrohydrodynamic process was used to develop bioactive 

bilayer films for food packaging applications. Cast films of thermoplastic wheat gluten (WG) 

were coated with nanostructured polymer mats with alpha-tocopherol, produced by electro-

hydrodynamic technique (Fabra et al., 2016). Alpha-tocopherol was encapsulated to form 

active electrospun coatings into hydrocolloid matrices (whey protein isolate, zein or soy 

protein isolate). The developed bilayer systems exhibited similar antioxidant activity to the 

neat alpha-tocopherol, which confirmed that the antioxidant encapsulation through 

electrospinning did not result in compound degradation (oxidation). (Nilsuwan et al., 2020) 

found that bilayer films of PLA and gelatin containing epigallocatechin gallate (EGCG) showed 

a high DPPH radical scavenging activity. These bilayer films were used to produce bags, in 

which striped catfish slices were packaged. The results showed that after 7 days of storage at 

4 °C, the samples presented lower values of weight loss, peroxide value, and thiobarbituric 

acid reactive substances (TBARS) than those packaged in control bags or in LLDPE bags. The 

same trend was observed in bilayer films based on fish gelatin with EGCG, used for packaging 

of chicken skin oil (Nilsuwan et al., 2019). These samples showed lower peroxide value, TBARS 

and volatile compounds after 30 days of storage, in comparison with that packaged in LDPE 

pouch. Therefore, films incorporated with EGCG could be used as packaging materials for food 

products with high lipid content prone to lipid oxidation (Nilsuwan et al., 2019, 2020). 

(Lamarra et al., 2020) reported that CH-PVA bilayer films with gallic acid were effective at 

delaying the lipid autoxidation processes of walnut flour, reducing the formation of 

hydroperoxides and secondary oxidation compounds, compared to a polyethylene container. 

Similar results were obtained by (Ferreira et al., 2018) in accelerated deterioration conditions 

(24 h of light, 33% RH, 38 ° C for 14 days) for walnut oil samples packaged with FucoPol / 

chitosan bilayers. 
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Final remarks 

Developing of active biodegradable packaging materials for food preservation is necessary to 

improve food quality and safety, minimizing food losses and reducing the negative impact of 

conventional plastics. Availability of biodegradable bioplastics is still scarce, compared to the 

potential industrial demand, and the research in this field is highly required. Many 

biopolymers becoming from biomass (polysaccharides and proteins) have been studied as to 

their potential use as packaging materials. Nevertheless, many of them are not 

thermoprocessable with the industrial equipment and possess limited properties for 

developing packaging. Synthetic biodegradable polymers offer new opportunities with more 

tailored properties. Likewise, the use of biotechnological process allows us the use of 

agricultural waste to obtain polymers with biodegradable nature, which contribute to circular 

economy and sustainability. The incorporation of active compounds from renewable sources 

also lead to promote the safe food preservation without environmental and health risks. 

Lamination of different polymer films, with complementary properties, is an adequate 

strategy to obtain high performance packaging materials for food packaging. These materials 

gain in performance when they incorporate active compounds that extend the shelf life of the 

food. Therefore, more research must be conducted to obtain active packaging materials from 

a sustainable point of view.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 



I. INTRODUCTION 
 

52 
 

References 

 

Ahmed, J., Zhang, J.-X., Song, Z., & Varshney, S. K. (2009). Thermal properties of polylactides. 

Journal of Thermal Analysis and Calorimetry, 95(3), 957ς964. 

https://doi.org/10.1007/s10973-008-9035-x 

Altaf, M., Naveena, B. J., Venkateshwar, M., Kumar, E. V., & Reddy, G. (2006). Single step 

fermentation of starch to L(+) lactic acid by Lactobacillus amylophilus GV6 in SSF using 

inexpensive nitrogen sources to replace peptone and yeast extract - Optimization by RSM. 

Process Biochemistry, 41(2), 465ς472. https://doi.org/10.1016/j.procbio.2005.07.011 

Atarés, L., & Chiralt, A. (2016). Essential oils as additives in biodegradable films and coatings 

for active food packaging. Trends in Food Science & Technology, 48, 51ς62. 

https://doi.org/10.1016/J.TIFS.2015.12.001 

ben Halima, N. (2016). Poly(vinyl alcohol): review of its promising applications and insights 

into biodegradation. RSC Advances, 6(46), 39823ς39832. 

https://doi.org/10.1039/C6RA05742J 

Benbettaïeb, N., Mahfoudh, R., Moundanga, S., Brachais, C. H., Chambin, O., & Debeaufort, F. 

(2020). Modeling of the release kinetics of phenolic acids embedded in gelatin/chitosan 

bioactive-packaging films: Influence of both water activity and viscosity of the food simulant 

on the film structure and antioxidant activity. International Journal of Biological 

Macromolecules, 160, 780ς794. https://doi.org/10.1016/j.ijbiomac.2020.05.199 

Cano, A., Fortunati, E., Cháfer, M., Kenny, J. M., Chiralt, A., & González-Martínez, C. (2015). 

Properties and ageing behaviour of pea starch films as affected by blend with poly(vinyl 

alcohol). Food Hydrocolloids, 48, 84ς93. https://doi.org/10.1016/j.foodhyd.2015.01.008 

Cao, N., Fu, Y., & He, J. (2007). ARTICLE IN PRESS Mechanical properties of gelatin films cross-

linked , respectively , by ferulic acid and tannin acid. 21, 575ς584. 

https://doi.org/10.1016/j.foodhyd.2006.07.001 

Castro-Aguirre, E., Iñiguez-Franco, F., Samsudin, H., Fang, X., & Auras, R. (2016). Poly(lactic 

acid)τMass production, processing, industrial applications, and end of life. In Advanced Drug 

Delivery Reviews (Vol. 107, pp. 333ς366). Elsevier B.V. 

https://doi.org/10.1016/j.addr.2016.03.010 

Chandra, R., & Rustgi, R. (1998). B I O D E G R A D A B L E P O L Y M E R S. In Prog. Polym. Sci 

(Vol. 23). 

Chen, C., Xu, Z., Ma, Y., Liu, J., Zhang, Q., Tang, Z., Fu, K., Yang, F., & Xie, J. (2018). Properties, 

vapour-phase antimicrobial and antioxidant activities of active poly(vinyl alcohol) packaging 



I. INTRODUCTION 
 

53 
 

films incorporated with clove oil. Food Control, 88, 105ς112. 

https://doi.org/10.1016/J.FOODCONT.2017.12.039 

/ƘƛŜƭƭƛƴƛΣ 9ΦΣ /ƻǊǘƛΣ !ΦΣ 5Ω!ƴǘƻƴŜΣ {ΦΣ ϧ {ƻƭŀǊƻΣ wΦ όнллоύΦ .ƛƻŘŜƎǊŀŘŀǘƛƻƴ ƻŦ Ǉƻƭȅ όǾƛƴȅƭ ŀƭŎƻhol) 

based materials. In Progress in Polymer Science (Oxford) (Vol. 28, Issue 6, pp. 963ς1014). 

Pergamon. https://doi.org/10.1016/S0079-6700(02)00149-1 

Chiralt, A., Menzel, C., Hernandez-García, E., Collazo, S., & Gonzalez-Martinez, C. (2020). Use 

of by-products in edible coatings and biodegradable packaging materials for food 

preservation. In Sustainability of the Food System (pp. 101ς127). Elsevier. 

https://doi.org/10.1016/B978-0-12-818293-2.00006-9 

Cofelice, Cuomo, & Chiralt. (2019). Alginate Films Encapsulating Lemongrass Essential Oil as 

Affected by Spray Calcium Application. Colloids and Interfaces, 3(3), 58. 

https://doi.org/10.3390/colloids3030058 

Collazo-Bigliardi, S., Ortega-Toro, R., & Chiralt, A. (2019). Using lignocellulosic fractions of 

coffee husk to improve properties of compatibilised starch-PLA blend films. Food Packaging 

and Shelf Life, 22(October), 100423. https://doi.org/10.1016/j.fpsl.2019.100423 

Conn, R. E., Kolstad, J. J., Borzelleca, J. F., Dixler, D. S., Filer, L. J., Ladu, B. N., & Pariza, M. W. 

(1995). Safety assessment of polylactide (PLA) for use as a food-contact polymer. Food and 

Chemical Toxicology, 33(4), 273ς283. https://doi.org/10.1016/0278-6915(94)00145-E 

Cordier, M., & Uehara, T. (2019). How much innovation is needed to protect the ocean from 

plastic contamination? Science of the Total Environment, 670, 789ς799. 

https://doi.org/10.1016/j.scitotenv.2019.03.258 

EuropeanBioplastics. (2020). Global production capacities of bioplastics 2019-2025 Global 

production capacities of bioplastics 2020 (by material type) Global production capacities of 

bioplastics 2025 (by material type). http://www.european-bioplastics.org/news/publications/ 

Fabra, M. J., López-Rubio, A., & Lagaron, J. M. (2016). Use of the electrohydrodynamic process 

to develop active/bioactive bilayer films for food packaging applications. Food Hydrocolloids, 

55, 11ς18. https://doi.org/10.1016/j.foodhyd.2015.10.026 

Faraca, G., & Astrup, T. (2019). Plastic waste from recycling centres: Characterisation and 

evaluation of plastic recyclability. Waste Management, 95, 388ς398. 

https://doi.org/10.1016/j.wasman.2019.06.038 

Ferreira, A. R. v., Bandarra, N. M., Moldão-Martins, M., Coelhoso, I. M., & Alves, V. D. (2018). 

FucoPol and chitosan bilayer films for walnut kernels and oil preservation. LWT - Food Science 

and Technology, 91, 34ς39. https://doi.org/10.1016/j.lwt.2018.01.020 



I. INTRODUCTION 
 

54 
 

Fukae, R., Fujii, T., Takeo, M., Yamamoto, T., Sato, T., Maeda, Y., & Sangen, O. (1994). 

Biodegradation of poly (vinyl alcohol) with high isotacticity. Polymer Journal, 26(12), 1381ς

1386. 

Gerometta, M., Rocca-Smith, J. R., Domenek, S., & Karbowiak, T. (2019). Physical and Chemical 

Stability of PLA in Food Packaging. In Reference Module in Food Science. Elsevier. 

https://doi.org/10.1016/b978-0-08-100596-5.22471-2 

Geueke, B., Groh, K., & Muncke, J. (2018). Food packaging in the circular economy: Overview 

of chemical safety aspects for commonly used materials. In Journal of Cleaner Production (Vol. 

193, pp. 491ς505). Elsevier Ltd. https://doi.org/10.1016/j.jclepro.2018.05.005 

Gherardi, R., Becerril, R., Nerin, C., & Bosetti, O. (2016). Development of a multilayer 

antimicrobial packaging material for tomato puree using an innovative technology. LWT - Food 

Science and Technology, 72, 361ς367. https://doi.org/10.1016/j.lwt.2016.04.063 

Göksen, G., Fabra, M. J., Pérez-Cataluña, A., Ekiz, H. I., Sanchez, G., & López-Rubio, A. (2021). 

Biodegradable active food packaging structures based on hybrid cross-linked electrospun 

polyvinyl alcohol fibers containing essential oils and their application in the preservation of 

chicken breast fillets. Food Packaging and Shelf Life, 27, 100613. 

https://doi.org/10.1016/j.fpsl.2020.100613 

González, A., & Alvarez Igarzabal, C. I. (2013). Soy protein - Poly (lactic acid) bilayer films as 

biodegradable material for active food packaging. Food Hydrocolloids, 33(2), 289ς296. 

https://doi.org/10.1016/j.foodhyd.2013.03.010 

DǸǊƭŜǊΣ bΦΣ tŀǒŀΣ {ΦΣ IŀƪƪƤ !ƭƳŀΣ aΦΣ ϧ ¢ŜƳŜƭΣ IΦ όнлнлύΦ ¢ƘŜ ŦŀōǊƛŎŀǘƛƻƴ ƻŦ ōƛƭŀȅŜǊ ǇƻƭȅƭŀŎǘƛŎ 

acid films from cross-linked starch as eco-friendly biodegradable materials: Synthesis, 

characterization, mechanical and physical properties. European Polymer Journal, 127, 109588. 

https://doi.org/10.1016/j.eurpolymj.2020.109588 

Haghighi, H., de Leo, R., Bedin, E., Pfeifer, F., Siesler, H. W., & Pulvirenti, A. (2019). Comparative 

analysis of blend and bilayer films based on chitosan and gelatin enriched with LAE (lauroyl 

arginate ethyl) with antimicrobial activity for food packaging applications. Food Packaging and 

Shelf Life, 19, 31ς39. https://doi.org/10.1016/j.fpsl.2018.11.015 

Halima, N. ben. (2016). Poly(vinyl alcohol): review of its promising applications and insights 

into biodegradation. https://doi.org/10.1039/c6ra05742j 

Hernández-García, E., Vargas, M., & Chiralt, A. (2021). Thermoprocessed starch-polyester 

bilayer films as affected by the addition of gellan or xanthan gum. Food Hydrocolloids, 

113(November 2020). https://doi.org/10.1016/j.foodhyd.2020.106509 



I. INTRODUCTION 
 

55 
 

Hernández-García, E., Vargas, M., González-Martínez, C., & Chiralt, A. (2021). Biodegradable 

Antimicrobial Films for Food Packaging: Effect of Antimicrobials on Degradation. 

https://doi.org/10.3390/foods 

Jarerat, A., Tokiwa, Y., & Tanaka, H. (2004). Microbial poly(L-lactide)-degrading enzyme 

induced by amino acids, peptides, and poly(L-amino acids). Journal of Polymers and the 

Environment, 12(3), 139ς146. https://doi.org/10.1023/B:JOOE.0000038545.69235.f2 

WǳƭƛƴƻǾłΣ aΦΣ ±ŀƶƘŀǊƻǾłΣ [ΦΣ ϧ WǳǊőŀΣ aΦ όнлмуύΦ Water-soluble polymeric xenobiotics ς 

Polyvinyl alcohol and polyvinylpyrrolidon ς And potential solutions to environmental issues: A 

brief review. In Journal of Environmental Management (Vol. 228, pp. 213ς222). Academic 

Press. https://doi.org/10.1016/j.jenvman.2018.09.010 

Lamarra, J., Rivero, S., & Pinotti, A. (2020). Nanocomposite bilayers based on poly(vinyl 

alcohol) and chitosan functionalized with gallic acid. International Journal of Biological 

Macromolecules, 146, 811ς820. https://doi.org/10.1016/j.ijbiomac.2019.10.049 

Lan, W., Zhang, R., Ahmed, S., Qin, W., & Liu, Y. (2019). Effects of various antimicrobial 

polyvinyl alcohol/tea polyphenol composite films on the shelf life of packaged strawberries. 

LWT, 113, 108297. https://doi.org/10.1016/j.lwt.2019.108297 

Lima, M. C., Paiva de Sousa, C., Fernandez-Prada, C., Harel, J., Dubreuil, J. D., & de Souza, E. L. 

(2019). A review of the current evidence of fruit phenolic compounds as potential 

antimicrobials against pathogenic bacteria. Microbial Pathogenesis, 130(December 2018), 

259ς270. https://doi.org/10.1016/j.micpath.2019.03.025 

Liu, G., Song, Y., Wang, J., Zhuang, H., Ma, L., Li, C., Liu, Y., & Zhang, J. (2014). Effects of 

nanoclay type on the physical and antimicrobial properties of PVOH-based nanocomposite 

films. LWT - Food Science and Technology, 57(2), 562ς568. 

https://doi .org/10.1016/j.lwt.2014.01.009 

Ljungberg, N., Colombini, D., & Wesslén, B. (2005). Plasticization of poly(lactic acid) with 

oligomeric malonate esteramides: Dynamic mechanical and thermal film properties. Journal 

of Applied Polymer Science, 96(4), 992ς1002. https://doi.org/10.1002/app.21163 

Loryuenyong, V., Saewong, C., Aranchaiya, C., & Buasri, A. (2015). The Improvement in 

Mechanical and Barrier Properties of Poly(Vinyl Alcohol)/Graphene Oxide Packaging Films. 

https://doi.org/10.1002/pts.2149 

Mathew, S. (2015). Reactivity of phenolic compounds towards free radicals under in vitro 

conditions. In Journal of food science and technology (Vol. 52, Issue 9, pp. 5790ς5798). 

https://doi.org/10.1007/s13197-014-1704-0 



I. INTRODUCTION 
 

56 
 

Matthews, C., Moran, F., & Jaiswal, A. K. (2021)Φ ! ǊŜǾƛŜǿ ƻƴ 9ǳǊƻǇŜŀƴ ¦ƴƛƻƴΩǎ ǎǘǊŀǘŜƎȅ ŦƻǊ 

plastics in a circular economy and its impact on food safety. In Journal of Cleaner Production 

(Vol. 283). Elsevier Ltd. https://doi.org/10.1016/j.jclepro.2020.125263 

Menzel, C., González-Martínez, C., Vilaplana, F., Diretto, G., & Chiralt, A. (2020). Incorporation 

of natural antioxidants from rice straw into renewable starch films. International Journal of 

Biological Macromolecules, 146, 976ς986. https://doi.org/10.1016/j.ijbiomac.2019.09.222 

Moreno, O., Atarés, L., Chiralt, A., Cruz-Romero, M. C., & Kerry, J. (2018). Starch-gelatin 

antimicrobial packaging materials to extend the shelf life of chicken breast fillets. LWT, 97, 

483ς490. https://doi.org/10.1016/j.lwt.2018.07.005 

Moreno, O., Cárdenas, J., Atarés, L., & Chiralt, A. (2017). Influence of starch oxidation on the 

functionality of starch-gelatin based active films. Carbohydrate Polymers, 178, 147ς158. 

https://doi.org/10.1016/j.carbpol.2017.08.128 

Muller, J., González-Martínez, C., & Chiralt, A. (2017). Poly(lactic) acid (PLA) and starch bilayer 

films, containing cinnamaldehyde, obtained by compression moulding. European Polymer 

Journal, 95(July), 56ς70. https://doi.org/10.1016/j.eurpolymj.2017.07.019 

Nasrollahzadeh, M., Nezafat, Z., Shafiei, N., & Soleimani, F. (2021). Biodegradability properties 

of biopolymers. In Biopolymer-Based Metal Nanoparticle Chemistry for Sustainable 

Applications. Elsevier Inc. https://doi.org/10.1016/b978-0-12-822108-2.00010-7 

Nilsuwan, K., Benjakul, S., Prodpran, T., & de la Caba, K. (2019). Fish gelatin monolayer and 

bilayer films incorporated with epigallocatechin gallate: Properties and their use as pouches 

for storage of chicken skin oil. Food Hydrocolloids, 89, 783ς791. 

https://doi.org/10.1016/j.foodhyd.2018.11.056 

Nilsuwan, K., Guerrero, P., de la Caba, K., Benjakul, S., & Prodpran, T. (2020). Properties and 

application of bilayer films based on poly (lactic acid) and fish gelatin containing 

epigallocatechin gallate fabricated by thermo-compression molding. Food Hydrocolloids, 105, 

105792. https://doi.org/10.1016/j.foodhyd.2020.105792 

Nord, F. F. (1936). Über die Dehydrierungsleistungen von fusarium lini B. Die 

Naturwissenschaften, 24(48), 763. https://doi.org/10.1007/BF01499347 

hƭǎȊŜǿǎƪŀΣ aΦ !ΦΣ DťŘŀǎΣ !ΦΣ ϧ {ƛƳƿŜǎΣ aΦ όнлнлύΦ Antimicrobial polyphenol-rich extracts: 

Applications and limitations in the food industry. Food Research International, 134(April), 

109214. https://doi.org/10.1016/j.foodres.2020.109214 

Ordoñez, R., Atarés, L., & Chiralt, A. (2021). Physicochemical and antimicrobial properties of 

cassava starch films with ferulic or cinnamic acid. LWT, 111242. 

https://doi.org/10.1016/j.lwt.2021.111242 



I. INTRODUCTION 
 

57 
 

Ortega-Toro, R., Bonilla, J., Talens, P., & Chiralt, A. (2017). Future of Starch-Based Materials in 

Food Packaging. In Starch-Based Materials in Food Packaging: Processing, Characterization 

and Applications (pp. 257ς312). Elsevier Inc. https://doi.org/10.1016/B978-0-12-809439-

6.00009-1 

Ortega-Toro, R., Morey, I., Talens, P., & Chiralt, A. (2015). Active bilayer films of thermoplastic 

starch and polycaprolactone obtained by compression molding. Carbohydrate Polymers, 127, 

282ς290. https://doi.org/10.1016/j.carbpol.2015.03.080 

Ou, S., Wang, Y., Tang, S., Huang, C., & Jackson, M. G. (2005). Role of ferulic acid in preparing 

edible films from soy protein isolate. 70, 205ς210. 

https://doi.org/10.1016/j.jfoodeng.2004.09.025 

Park, K. I., & Xanthos, M. (2009). A study on the degradation of polylactic acid in the presence 

of phosphonium ionic liquids. Polymer Degradation and Stability, 94(5), 834ς844. 

https://doi.org/10.1016/j.polymdegradstab.2009.01.030 

Pereda, M., Ponce, A. G., Marcovich, N. E., Ruseckaite, R. A., & Martucci, J. F. (2011). Chitosan-

gelatin composites and bi-layer films with potential antimicrobial activity. Food Hydrocolloids, 

25(5), 1372ς1381. https://doi.org/10.1016/j.foodhyd.2011.01.001 

Pinto, L., Bonifacio, M. A., de Giglio, E., Santovito, E., Cometa, S., Bevilacqua, A., & Baruzzi, F. 

(2021). Biopolymer hybrid materials: Development, characterization, and food packaging 

applications. Food Packaging and Shelf Life, 28, 100676. 

https://doi.org/10.1016/j.fpsl.2021.100676 

PlascticsEurope. (2020). Plastics-the Facts 2020 An analysis of European plastics production, 

demand and waste data. 

Qi, X., Ren, Y., & Wang, X. (2017a). New advances in the biodegradation of Poly(lactic) acid. In 

International Biodeterioration and Biodegradation (Vol. 117, pp. 215ς223). Elsevier Ltd. 

https://doi.org/10.1016/j.ibiod.2017.01.010 

Qi, X., Ren, Y., & Wang, X. (2017b). New advances in the biodegradation of Poly(lactic) acid. In 

International Biodeterioration and Biodegradation (Vol. 117, pp. 215ς223). Elsevier Ltd. 

https://doi.org/10.1016/j.ibiod.2017.01.010 

Requena, R., Vargas, M., & Chiralt, A. (2017). Release kinetics of carvacrol and eugenol from 

poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) films for food packaging applications. 

European Polymer Journal, 92(February), 185ς193. 

https://doi.org/10.1016/j.eurpolymj.2017.05.008 

Requena, R., Vargas, M., & Chiralt, A. (2018). Obtaining antimicrobial bilayer starch and 

polyester-blend films with carvacrol. Food Hydrocolloids, 83, 118ς133. 

https://doi.org/10.1016/j.foodhyd.2018.04.045 



I. INTRODUCTION 
 

58 
 

Saeidlou, S., Huneault, M. A., Li, H., & Park, C. B. (2012). Poly(lactic acid) crystallization. In 

Progress in Polymer Science (Vol. 37, Issue 12, pp. 1657ς1677). Elsevier Ltd. 

https://doi.org/10.1016/j.progpolymsci.2012.07.005 

Sánchez-González, L., Chiralt, A., González-Martínez, C., & Cháfer, M. (2011). Effect of 

essential oils on properties of film forming emulsions and films based on 

hydroxypropylmethylcellulose and chitosan. Journal of Food Engineering, 105(2), 246ς253. 

https://doi.org/10.1016/j.jfoodeng.2011.02.028 

Sapper, M., Talens, P., & Chiralt, A. (2019). Improving Functional Properties of Cassava Starch-

Based Films by Incorporating Xanthan, Gellan, or Pullulan Gums. International Journal of 

Polymer Science, 2019, 1ς8. https://doi.org/10.1155/2019/5367164 

Sapper, M., Wilcaso, P., Santamarina, M. P., Roselló, J., & Chiralt, A. (2018). Antifungal and 

functional properties of starch-gellan films containing thyme (Thymus zygis) essential oil. Food 

Control. https://doi.org/10.1016/j.foodcont.2018.05.004 

Scaffaro, R., Sutera, F., & Botta, L. (2018). Biopolymeric bilayer films produced by co-extrusion 

film blowing. Polymer Testing, 65, 35ς43. 

https://doi.org/10.1016/j.polymertesting.2017.11.010 

Selvam, A., Ilamathi, M. K., Udayakumar, M., Murugesan, K., Rajesh Banu, J., Khanna, Y., & 

Wong, J. (2021). Food Waste Properties. https://doi.org/10.1016/B978-0-12-819148-4.00002-

6 

Sharma, S., Barkauskaite, S., Jaiswal, A. K., & Jaiswal, S. (2020). Essential oils as additives in 

active food packaging. Food Chemistry, July, 128403. 

https://doi.org/10.1016/j.foodchem.2020.128403 

Sharma, S., Barkauskaite, S., Jaiswal, A. K., & Jaiswal, S. (2021). Essential oils as additives in 

active food packaging. Food Chemistry, 343(October 2020), 128403. 

https://doi.org/10.1016/j.foodchem.2020.128403 

Sogut, E., & Seydim, A. C. (2018). Development of Chitosan and Polycaprolactone based active 

bilayer films enhanced with nanocellulose and grape seed extract. Carbohydrate Polymers, 

195, 180ς188. https://doi.org/10.1016/j.carbpol.2018.04.071 

Sogut, E., & Seydim, A. C. (2019). The effects of chitosan- and polycaprolactone-based bilayer 

films incorporated with grape seed extract and nanocellulose on the quality of chicken breast 

fillets. LWT, 101, 799ς805. https://doi.org/10.1016/j.lwt.2018.11.097 

Suwanamornlert, P., Kerddonfag, N., Sane, A., Chinsirikul, W., Zhou, W., & Chonhenchob, V. 

(2020). Poly(lactic acid)/poly(butylene-succinate-co-adipate) (PLA/PBSA) blend films 

containing thymol as alternative to synthetic preservatives for active packaging of bread. Food 

Packaging and Shelf Life, 25, 100515. https://doi.org/10.1016/j.fpsl.2020.100515 



I. INTRODUCTION 
 

59 
 

Suzuki, T., Ichihara, Y., Yamada, M., & Tonomura, K. (1973). Some characteristics of 

pseudomonas Oς3 which utilizes polyvinyl alcohol. Agricultural and Biological Chemistry, 

37(4), 747ς756. https://doi.org/10.1080/00021369.1973.10860756 

Talón, E., Trifkovic, K. T., Nedovic, V. A., Bugarski, B. M., Vargas, M., Chiralt, A., & González-

Martínez, C. (2017). Antioxidant edible films based on chitosan and starch containing 

polyphenols from thyme extracts. Carbohydrate Polymers, 157, 1153ς1161. 

https://doi.org/10.1016/j.carbpol.2016.10.080 

Talón, E., Vargas, M., Chiralt, A., & González-Martínez, C. (2019). Antioxidant starch-based 

films with encapsulated eugenol. Application to sunflower oil preservation. Lwt, 113(January), 

108290. https://doi.org/10.1016/j.lwt.2019.108290 

Tampau, A., González-Martínez, C., & Chiralt, A. (2018). Release kinetics and antimicrobial 

properties of carvacrol encapsulated in electrospun poly-( -ʁcaprolactone) nanofibres. 

Application in starch multilayer films. Food Hydrocolloids, 79, 158ς169. 

https://doi.org/10.1016/j.foodhyd.2017.12.021 

Tampau, A., González-Martínez, C., & Chiralt, A. (2020a). Biodegradability and disintegration 

of multilayer starch films with electrospun PCL fibres encapsulating carvacrol. Polymer 

Degradation and Stability, 173. https://doi.org/10.1016/j.polymdegradstab.2020.109100 

Tampau, A., González-Martínez, C., & Chiralt, A. (2020b). Polyvinyl alcohol-based materials 

encapsulating carvacrol obtained by solvent casting and electrospinning. Reactive and 

Functional Polymers, 153(March), 104603. 

https://doi.org/10.1016/j.reactfunctpolym.2020.104603 

Tokiwa, Y., & Calabia, B. P. (2006). Biodegradability and biodegradation of poly(lactide). 

Applied Microbiology and Biotechnology, 72(2), 244ς251. https://doi.org/10.1007/s00253-

006-0488-1 

Tokiwa, Y., & Jarerat, A. (2004). Biodegradation of poly(L-lactide). Biotechnology Letters, 

26(10), 771ς777. https://doi.org/10.1023/B:BILE.0000025927.31028.e3 

Trinh, B. M., Chang, C. C., & Mekonnen, T. H. (2021). Facile fabrication of thermoplastic 

starch/poly (lactic acid) multilayer films with superior gas and moisture barrier properties. 

Polymer, 223, 123679. https://doi.org/10.1016/j.polymer.2021.123679 

Valencia-Sullca, C., Jiménez, M., Jiménez, A., Atarés, L., Vargas, M., & Chiralt, A. (2016). 

Influence of liposome encapsulated essential oils on properties of chitosan films. Polymer 

International, 65(8), 979ς987. https://doi.org/10.1002/pi.5143 

Valencia-Sullca, C., Vargas, M., Atarés, L., & Chiralt, A. (2018). Thermoplastic cassava starch-

chitosan bilayer films containing essential oils. Food Hydrocolloids, 75, 107ς115. 

https://doi.org/10.1016/j.foodhyd.2017.09.008 



I. INTRODUCTION 
 

60 
 

Vilela, C., Kurek, M., Hayouka, Z., Röcker, B., Yildirim, S., Antunes, M. D. C., Nilsen-Nygaard, J., 

Pettersen, M. K., & Freire, C. S. R. (2018). A concise guide to active agents for active food 

packaging. Trends in Food Science and Technology, 80(July), 212ς222. 

https://doi.org/10.1016/j.tifs.2018.08.006 

Watanabe, Y., Morita, M., Hamada, N., & Tsujisaka, Y. (1975). Formation of Hydrogen Peroxide 

by a Polyvinyl Alcohol Degrading Enzyme. Agricultural and Biological Chemistry, 39(12), 2447ς

2448. https://doi.org/10.1080/00021369.1975.10861980 

Yi, Z., Nagao, M., & Bossev, D. P. (2009). Bending elasticity of saturated and monounsaturated 

phospholipid membranes studied by the neutron spin echo technique. Journal of Physics 

Condensed Matter, 21(15). https://doi.org/10.1088/0953-8984/21/15/155104 

Yildirim, S., Röcker, B., Pettersen, M. K., Nilsen-Nygaard, J., Ayhan, Z., Rutkaite, R., Radusin, T., 

Suminska, P., Marcos, B., & Coma, V. (2018). Active Packaging Applications for Food. 

Comprehensive Reviews in Food Science and Food Safety, 17(1), 165ς199. 

https://doi.org/10.1111/1541-4337.12322 

Yun, B., Bisquert, P., Buche, P., Croitoru, M., Guillard, V., & Thomopoulos, R. (2018). Choice of 

environment-friendly food packagings through argumentation systems and preferences. 

Ecological Informatics, 48, 24ς36. https://doi.org/10.1016/j.ecoinf.2018.07.006 

Yutaka, A. J., & Hideo Tanaka, T. (2006). BIOTECHNOLOGICALLY RELEVANT ENZYMES AND 

PROTEINS Production of poly(L-lactide)-degrading enzyme by Amycolatopsis orientalis for 

biological recycling of poly(L-lactide). Appl Microbiol Biotechnol, 72, 726ς731. 

https://doi.org/10.1007/s00253-006-0343-4 

Zhong, Y., Godwin, P., Jin, Y., & Xiao, H. (2020). Biodegradable polymers and green-based 

antimicrobial packaging materials: A mini-review. Advanced Industrial and Engineering 

Polymer Research, 3(1), 27ς35. https://doi.org/10.1016/j.aiepr.2019.11.002 

Zhu, J. Y., Tang, C. H., Yin, S. W., & Yang, X. Q. (2018). Development and characterization of 

novel antimicrobial bilayer films based on Polylactic acid (PLA)/Pickering emulsions. 

Carbohydrate Polymers, 181, 727ς735. https://doi.org/10.1016/j.carbpol.2017.11.085 

  



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

II. OBJECTIVES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
II. OBJECTIVES 

 

65 
 

The general objective of this Doctoral thesis was the development of biodegradable active 

packaging materials based on polymers with complementary properties in order to obtain 

effective mechanical and barrier properties that meet food packaging requirements, allowing 

to extend the product shelf-life. To this end, PVA with different molecular characteristics and 

PLA were considered, as well as carvacrol (lecithin encapsulated or not) and ferulic and 

cinnamic acid, as potential active (antimicrobial/antioxidant) compounds loaded into the PVA 

matrices.  

 

For this purpose, the specific objectives were: 

 

1. To study the liposomal encapsulation of carvacrol for its effective incorporation 

into PVA matrices, reducing the losses of the active compound during the film 

processing. 

2. To study the effect of different molecular characteristics (molecular weight and 

degree of hydrolysis) of PVA matrices in the final properties of the cast films 

incorporating emulsified carvacrol. 

3. To obtain and characterize cast PVA films with different molecular characteristics 

(molecular weight and degree of acetylation) incorporating encapsulated carvacrol 

in lecithin liposomes. 

4. To obtain and characterize cast PVA films with different molecular characteristics 

(molecular weight and degree of acetylation) incorporating phenolic acids (ferulic 

and cinnamic). 

5. To study the influence of the processing method, casting and thermo-processing, 

on the characteristics of partially acetylated PVA films incorporating phenolic acids.  

6. To design and characterization multilayer films, combining active PVA layers 

obtained by casting or thermo-processing, and amorphous PLA for direct contact 

with wet food. 

7. To study the effectiveness of PLA-PVA-PLA active three-layers at the preserving 

fresh beef meat and its extending self-life. 
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ABSTRACT 

Lecithins of different origins and compositions were used for the liposomal encapsulation of 

carvacrol within the framework of the development of active films for food packaging. 

Liposomes were incorporated into aqueous polymeric solutions from fully (F) and partially (P) 

hydrolysed Poly (vinyl alcohol) (PVA) to obtain the films by casting. Particle size distribution 

ŀƴŘ ʸ-potential of the liposomal suspensions, as well as their stability over the time, were 

evaluated. Liposomal stability during film formation was analysed through the carvacrol 

retention in the dried film and the film microstructure. Subtle variations in the size 

distributions of liposomes from different lecithins were observed. However, the absolute 

ǾŀƭǳŜǎ ƻŦ ʸ-potential were higher (-52, -57 mV) for soy lecithin (SL) liposomes, followed by 

those of soy lecithin enriched with phosphatidylcholine (SL-PC) (-43, -50 mV) and sunflower 

lecithin (SFL) (-33, -38 mV). No significant changes in the liposomal properties were observed 

during the study period. Lyotropic mesomorphism of lipid associations and carvacrol leakage 

occurred to differing extents during the film drying step, depending on the membrane lipid 

composition and surface charge. Liposomes obtained with SL-PC were the most effective at 

maintaining the stability of carvacrol emulsion during film formation, which led to the greatest 

carvacrol retention in the films, whereas SFL gave rise to the least stable system and the 

highest carvacrol losses. PVAP was less sensitive to the emulsion destabilisation due to its 

greater bonding capacity with carvacrol. Therefore, PVAP with carvacrol-loaded SL-PC 

liposomes has great potential to produce active films for food packaging applications. 

 

Keyword 

Food packaging; lyotropic mesomorphism; phosphatidylcholine; partially hydrolysed PVA; 

fully hydrolysed PVA. 
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1. INTRODUCTION 

The incorporation of active compounds of natural origin in biodegradable polymeric matrices 

has been extensively studied as a strategy for developing active food packaging with the ability 

to prolong the shelf life of foods, through the control of microbial or oxidative degradative 

phenomena (Altan et al., 2018; Andrade et al., 2020a; Gómez-Estaca et al., 2014; Gursul et al., 

2019; Sharma et al., 2020). The extension of the shelf-life of meat or fish products, as well as 

that of fresh cut fruits and vegetables, requires the incorporation of antimicrobials or 

antioxidant compounds that can be carried out in the packaging material.  A monoterpenoid 

phenol found in the essential oil of oregano (Origanum vulgare), thyme (Thymus vulgaris L.), 

marjoram (Origanum majorana), and similar aromatic plants (De Vincenzi et al., 2004), 

carvacrol has been widely studied due to its excellent activity as an antimicrobial (Veldhuizen 

et al., 2006) and antioxidant (Gursul et al., 2019) agent. However, low solubility, oxidation and 

loss through volatilization are the main limitations to the development of active materials that 

incorporate this compound (Requena et al., 2017; Sapper et al., 2018a). 

Liposomes represent an efficient approach to the encapsulation of essential oils and their 

main constituents, thus improving their ability for water dispersion, chemical stability 

(Coimbra et al., 2011; Sebaaly, Charcosset, et al., 2016; Sebaaly, Greige-Gerges, et al., 2016) 

and controlled release (Carvalho et al., 2016; Hammoud et al., 2019). Phospholipids are the 

main constituents of liposomes; their amphiphilic character allows for their self-assembly in 

an aqueous medium, in which polar and non-polar regions are driven to align with 

neighbouring molecules to form favourable interactions, permitting an arrangement in bilayer 

lipid membranes that generally give rise to spherical vesicles (Cullis et al., 1986; Gruner et al., 

1985). These vesicles can encapsulate the active compounds according to the chemical affinity 

(Gillet et al., 2009). Each phospholipid has specific characteristics, such as geometric 

isomerism, the degree of saturation of the fatty acids in the hydrophobic tails and the 

structure of the head group, which influence the lipid membrane packing (Gruner et al., 1985; 

Sebaaly, Greige-Gerges, et al., 2016; Taladrid et al., 2017a). Likewise, the polar head of the 

phospholipids is of great importance, as it determines the negative or positive surface charge 

of the vesicles, thus defining their kinetic stability (Müller et al., 2001). Electrostatic repulsion 

between the particles depending on the charge level and ionic strength of the medium, and 

their balance with the Van der Waals attractive forces determine the particle aggregation 

kinetics, which affects the protection and release of the encapsulated compounds (Seelig et 

al., 1987). 

The efficiency of encapsulation, the control of leaks during storage, the kinetic stability over 

time and the release dynamics of the encapsulated compound in liposomal systems mainly 

depend on the membrane packing characteristics, such as the thickness, fluidity, permeability 

and rotational mobility of phospholipids and the packing density. The molecular interactions 

between the encapsulated compound and the vesicle components are highly relevant when 
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explaining the mechanisms involved in both the compound load and release (Ramazani et al., 

2016). 

Liposomal encapsulation has been used to incorporate essential oils, or their constituents, 

into hydrophilic systems, such as hydrocolloid aqueous solutions for film formation, in order 

to limit the emulsion destabilisation phenomena (droplet flocculation, coalescence or 

creaming); this leads to an accelerated loss of the active compound during the film drying step, 

with the subsequent reduction in the bioactivity of the material (Talón et al., 2019; Valencia-

Sullca et al., 2016). Previous studies into starch-gellan films containing liposome encapsulated 

thyme essential oil (Sapper et al., 2018a)  and chitosan films with liposome encapsulated 

eugenol or cinnamon leaf essential oil (Valencia-Sullca et al., 2016) reported an increase in the 

retention of the active compound in the dried polymer films, with a notable increase in the 

bioactivity of the material. However, a partial release of the active compound during the film 

drying step and the formation of new phospholipid associations were also reported. The 

structural rearrangement of lipid membranes is associated with the changes in the molecular 

interactions in the system associated with water loss, which leads to a new thermodynamic 

state with minimal free energy (lyotropic mesomorphism) (Cullis et al., 1986; Gruner et al., 

1985). 

The characteristics of liposomes depending on their composition as well as their kinetic 

stability, have been widely studied in aqueous media (Asbahani et al., 2015; Gibis et al., 2014; 

Sebaaly et al., 2015; Silva et al., 2010). However, the stability of liposomal structures and their 

encapsulation capacity when incorporated into polymer solutions and matrices are still issues 

to be addressed, given how interesting they are for the purposes of developing active 

polymeric materials. In this sense, the objective of this study was to characterise liposomal 

systems obtained with different lipid compositions (different lecithins), encapsulating 

carvacrol, by using different processing methods (rotor-stator homogenisation and 

sonication). Likewise, the different liposomal systems were incorporated into two types of 

PVA polymeric matrices (fully (F) and partially (P) hydrolysed) to obtain active films by casting. 

The degree of carvacrol retention in the films after the film drying step was analysed as well 

as their microstructure. The efficiency of the different lecithin at promoting carvacrol 

retention in the film was analysed in each polymeric matrix in order to identify the best 

lecithin-PVA combination for the obtaining of carvacrol-rich films.  

Liposomes obtained with phosphatidylcholine-rich soy lecithin (SL-PC) were the most effective 

at maintaining the stability of carvacrol emulsion during film formation, which led to the 

maximum level of carvacrol retention in the films. Likewise, P-PVA systems were less sensitive 

to the emulsion destabilisation effects and to the kind of lecithin used in the liposome 

formation. These materials are of great potential for the production of active films for food 

packaging applications. 
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2. MATERIALS AND METHODS 

 

2.1. Materials 

The liposomal vesicles were obtained using different types of lecithin (LEC); soybean lecithin 

enriched (74%) in phosphatidylcoline PC (SL-PC) (Lipoid S75, Lipoid GmbH, Ludwigshafen, 

Germany), soy lecithin (SL) (Guinama, Prague, Czech Republic) and sunflower lecithin (SFL) 

(Cargil S.L.U., Barcelona, Spain), whose phospholipid compositions are shown in Table 1. 

Carvacrol was purchased from Sigma-Aldrich (Steinheim, Germany). Two types of poly (vinyl 

alcohol) (PVA): fully hydrolysed (F: Mw 89,000-98,000; 99-99.8% hydrolysed) and partially 

hydrolysed (P: Mw 13,000-23,000; 87-89% hydrolysed) (Sigma-Aldrich, Steinheim, Germany), 

were used as polymeric matrices to develop the films. Phosphorus pentoxide salt (P2O5) and 

UV-grade methanol were supplied by Panreac Química S.A. (Barcelona, Spain). 

Table 1. Phospholipid composition of soybean lecithin enriched in phosphatidylcoline (SL-PC), 

soy lecithin (SL) and sunflower lecithin. SFL). 

Phospholipid 
% (w/w) 

SL-PC SL SFL 

PC-phosphatidylcholine 74 14 12 

PI-Phosphatidylinositol  12 4 

PE-Phosphatidylethanolamine 11 10 11 

LPC-Lysophosphatidylcholine 3 0 3 

PA-Phosphatidic acid 1 4 2 

 

2.2. Liposome production 

Lecithin (LEC) (5% w / w) was initially dispersed in distilled water using magnetic stirring for 

30 minutes at 800 rpm. The CA was incorporated into the mixture using CA: LEC ratios of 0: 1, 

0.5: 1 and 1: 1. To obtain nanoliposomes in the initial dispersion, two methods were applied: 

homogenisation using a rotor-stator mixer (IKA digital T25 UltraTurrax, Staufen, Germany), at 

1100 rpm for 5 min and  sonication (35 kHz) for 10 minutes with 1 s pulses, using an ultrasonic 

device (Vibra Cell, Sonics & Material, Inc. USA), maintaining the sample in an ice bath to avoid 

heating. All samples were kept in the dark at 4 °C till their use. 

2.3. Liposome properties 

The particle size distributions, the hydrodynamic diameter (DH) and the polydispersity index 

(PDI) were obtained in triplicate using the dynamic light scattering-DLS technique by means 

of Zetasizer NanoZS, using DTS 1070 cell (Malvern Instruments Zen 3600, United Kingdom). 

¢ƘŜ ʸ-Potential was calculated by means of Henry's equation from the electrophoretic mobility 
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of the vesicles. Measurements were taken at 25 °C, after 100-fold dilution of the liposomal 

suspension in distilled water. The measurements were taken in triplicate at different times 

(after 1, 4 and 8 days) in order to evaluate the physical stability of the sample throughout 

time. 

2.4. Preparation of films 

The PVA films were obtained by casting. Polymer solutions (PVAF 5 wt.% and PVAP 10 wt.%) 

were prepared in distilled water using magnetic stirring (1200 rpm) at 100 °C for 3 h. 

Liposomes were added to the polymer solutions to achieve a lecithin:polymer ratio of 10%. 

Later, different concentrations of CA were added (0, 5 or 10 wt. % with respect to the polymer) 

(Andrade et al., 2020b). All formulations were degassed by using a vacuum pump before being 

evenly spread onto Teflon plates of 150 mm in diameter, using a constant equivalent mass of 

polymer per plate of 2 g. The films were dried under controlled temperature (25 ± 2 °C) and 

relative humidity (54 ± 2%) for 48 h. The analyses of final CA content in the films and 

microstructural analyses were carried out in films conditioned at 0% RH by using P2O5. 

2.5. Final carvacrol content in the films 

The analysis of CA retained in the different film formulations was carried out by 

spectrophotometry after the extraction of CA from the dry films. Thus, film samples (4 cm2) 

were immersed in 50 mL of a 50% aqueous solution of UV-grade methanol and kept under 

stirring (300 rpm) for 48 h at 23 °C. The absorbance (A) of the aliquots was measured at 274 

nm by using a spectrophotometer (Evolution 201 UV-Vis, Thermo-Fisher Scientific Inc., 

Waltham, MA, USA). The CA-concentration (C) in the films was determined by means of a 

standard curve, which was obtained from solutions with different concentrations of carvacrol 

(10 - 50 µg/mL) in the same solvent (C = 63.61A, R2 = 0.998). As backgrounds, the 

corresponding extracts obtained under the same conditions from the CA-free films were used. 

The final content of CA (%) in the films was calculated as the ratio between the amount of CA 

extracted from the film with respect to the corresponding amount of initially incorporated CA. 

2.6. Microstructure of films 

The cross-section microstructure of the films was evaluated by using a Field Emission Scanning 

Electron Microscope (FESEM) (ZEISS®, model ULTRA 55, Germany) and an acceleration voltage 

of 2 kV. To obtain the cross-section micrographs of the films, the samples were immersed in 

liquid nitrogen, cryofractured and coated with platinum before obtaining the images.   
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2.7. Statistical analysis 

The statistical analysis of the data was carried out using Statgraphics Centurion XVI.II. The 

results were submitted to a Multi-factor ANOVA to estimate the significance of the factors 

that influence the response variables. Fisher's least significant difference (LSD) was used with 

a confidence level of 95%. 
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3. RESULTS AND DISCUSSION  

 

3.1. Liposomal characteristics 

Figure 1 shows the different size distributions of newly prepared liposomal systems. All 

treatments presented a main peak, between 179 nm and 294 nm, with a very low intensity 

peak at around 4000 nm. Thus, nanosized particles were obtained in all cases, with a small 

ratio of micro-droplets probably attributed to the aggregation of other lipid molecules present 

in the raw lecithin. The distribution curves of the carvacrol-free liposomes generally presented 

a small shoulder at the onset of the main curve, whereas the incorporation of CA promoted a 

narrower distribution, without the initial shoulder. This suggests structural changes in the 

liposomal membranes, promoted by the carvacrol-lipid interactions. These changes implied a 

decrease in both the hydrodynamic diameter (DH) and polydispersity index (PDI) (Table 1).  

 

 

Figure 1. Particle size distribution of carvacrol-free (CA-F) and carvacrol-loaded liposomes (CA-

L) (CA:LEC 1:1) using different lecithins and preparation methods.  
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Table 2 shows the values of the hydrodynamic diameter (DH), the polydispersity index (PDI) 

and the y -potential of the different liposomal systems, with different lecithin and carvacrol 

ratios, obtained by rotor-stator homogenisation and sonication. The influence of the factors, 

type of lecithin, carvacrol-loaded ratio (CA:LEC) and preparation method, on the different 

properties  of liposomes (response variables) was statistically analysed and the significance 

level for each one is also shown in Table 1.  

 

Table 2. Properties (hydrodynamic diameter (DH), polydispersity index (PDI) and the y-

ǇƻǘŜƴǘƛŀƭ όʸύύ of liposomal systems obtained with the different types of lecithin (Soy lecithin 

enriched in phosphatidylcoline (SL-PC), soy lecithin (SL) and sunflower lecithin (SFL)), using 

different carvacrol-lecithin ratios (CA:LEC 0:1, 0.5:1, 1:1) and preparation methods (sonication 

and rotor-stator homogenisation). 

LEC CA:LEC 

Method 

Sonication Homogenisation 

DH (nm)* PDI ʸ όƳ±ύ DH (nm)* PDI ʸ όƳ±ύ 

SL-PC 

0:01 195 (10) 0.28 (0.01) -46 (2) 250 (14) 0.29 (0.03) -43 (1) 

0.5:1 211 (1) 0.24 (0.02) -47 (2) 249 (12) 0.32 (0.01) -44 (1) 

1:01 207 (2) 0.17 (0.01) -50 (3) 242 (5) 0.19 (0.01) -45 (2) 

SL 

0:01 271 (20) 0.31 (0.03) -52(1) 293 (42) 0.32 (0.04) -52 (2) 

0.5:1 219 (8) 0.32 (0.01) -53 (1) 232 (30) 0.33 (0.01) -56 (2) 

1:01 235 (9) 0.27 (0.05) -55 (1) 257 (13) 0.31 (0.01) -57 (2) 

SFL 

0:01 236 (22) 0.30(0.02) -34 (1) 294 (40) 0.35 (0.03) -33 (1) 

0.5:1 192 (5) 0.35 (0.02) -38 (1) 179 (7) 0.36 (0.03) -37 (1) 

1:01 218 (20) 0.25 (0.03) -37 (1) 233 (11) 0.36 (0.01) -37 (1) 
ϝ±ŀƭǳŜ ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ ǘƘŜ Ƴŀƛƴ ǇŜŀƪ ƻŦ ŘƛǎǘǊƛōǳǘƛƻƴ ǎƛȊŜ όŎƻƴǘŀƛƴƛƴƎ җ фп҈ ƻŦ ǇŀǊǘƛŎƭŜǎύ. Factors with a statistically significant effect with 95% 

confidence level. D
H

: Method (P-value: 0.0003), lecithin (P-Value: 0.0048), CA:LEC (P-value: 0.0001); PDI: Method (P-value: 0.0001), lecithin 

(P-Value: 0.0002), CA:LEC (P-value: 0.0001); y Υ ƭŜŎƛǘƘƛƴ όt-value: 0.0001), CA:LEC (P-value: 0.0001).  

 

The hydrodynamic diameter of liposomes ranged between 179 and 294 nm and the amplitude 

of the diameter distribution (PDI) between 0.17 and 0.36. The values of these parameters 

were significantly affected (95% confidence level) by all the factors considered. In general, 

sonication promoted the formation of smaller liposomes with lower PDI, in agreement with 

that previously reported by other authors for this method, which produces homogeneous 

dispersions of nanometric liposomes (Pereira-Lachataignerais et al., 2006; Silva et al., 2010; 

Taladrid et al., 2017b). The sonication effects are based on the cavitation of the bubbles, which 

provokes a localised, short-lived pressure increase, as well as microstreaming effects and 
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shock waves that rupture lipid vesicles and promote the formation of more homogeneous 

systems (Greenly & Tester, 2015). A linear decrease in the particle size and polydispersity of 

liposomes as a result of increasing the time and intensity of sonication has previously been 

reported (Silva et al., 2010; Taladrid et al., 2017b). 

The type of lecithin also had a significant effect on the particle size and distribution. The 

liposomes from SL-PC were the smallest with the narrowest distributions (DH: 195-250 nm; 

PDI: 0.17-0.32), followed by those of SL (DH: 219-293 nm; PDI: 0.27-0.33) and SFL (DH: 179-294 

nm; PDI: 0.25-0.36). The phospholipid composition of each lecithin gave rise to distinct 

liposomal topologies (McMahon & Gallop, 2005). The high concentration of 

phosphatidylcholine (PC: 74%) of SL-PC, could lead to liposomes with more homogeneous, 

cohesive and stable lipid membranes. PC have relatively large head groups, which promotes 

the spontaneous formation of lipid bilayers, defining the specific membrane curvature and 

the shape of the liposomes (Yang, 2016). In contrast, the SL and the SFL, with a lower 

concentration of PC, present other phospholipid and non-phospholipid impurities 

(aminoacids, free fatty acids), giving rise to liposomal membranes of mixed composition, 

probably less cohesive and more fluid, which is generally reflected in a higher DH and a greater 

variation in the size distribution (higher PDI). As is well known, the physicochemical properties 

of liposomes are dictated by their lipid composition, since each phospholipid has a different 

molecular structure and geometry that mark the structural characteristics of the liposomes. 

The specific membrane packing parameter is mainly determined by the size of the head groups 

and hydrophobic tails (Yang, 2016). Thus, longer-chain phospholipids generate liposomes with 

good cohesion due to the greater attraction force of Van der Waals between the chains. 

Regardless of the CA:LEC ratio in the systems, the incorporation of carvacrol led to a reduction 

in the liposomal size, which was especially notable in the SL and SFL liposomes, whereas the 

size of SL-PC liposomes was less sensitive to the carvacrol load. The size reduction provoked 

by the carvacrol load is coherent with changes in molecular interactions within the membrane 

introduced by the phenolic compound. These promoted membrane reorganisations and 

subsequent changes in DH and PDI. Similar results were reported for liposomes from sunflower 

seed lecithin, with 20% of PC- encapsulating carvacrol (Valencia-Sullca et al., 2016). In 

contrast, the liposome encapsulation of eugenol led to an increase in liposomal size due to 

different changes in molecular interactions associated with its molecular structure (Sebaaly, 

Charcosset, et al., 2016; Sebaaly, Greige-Gerges, et al., 2016). The changes in both size and -y

potential depended on the molecular structure (size and shape), polarity, and chemical affinity 

of the loaded phenolic compounds (Maherani et al., 2013; Rafiee et al., 2017). Thus, phenolic 

compounds with several phenolic hydroxyl groups can interact cooperatively with lipid polar 

heads, inducing conformational changes in the membranes (Wink, 2010). In contrast, more 

hydrophobic molecules can interact with the acyl chains of the bilayer inside the lipid 

membrane, which could provoke a decrease in the liposome size. Furthermore, changes in the 
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fluidity of the membrane can explain the liposome size change (Olbrich et al., 2000; Yi et al., 

2009). 

The values of y-potential were highly negative in the obtained liposomal dispersions, which is 

associated with a high degree of stability, since repulsive electrostatic forces are promoted 

against attractive Van der Waal forces (Müller et al., 2001). The y-potential was significantly 

affected by the type of lecithin and CA load (P <0.05). In this sense, different values were 

obtained for each type of lecithin; SL liposomes (-52, -57 mV) had the highest absolute value, 

followed by SL-PC liposomes (-43, -50 mV) and SFL liposomes (-33, -38 mV). CA incorporation 

enhanced the negative charge of the liposomes, probably due to the membrane changes 

associated with the carvacrol load, which can promote the greater exposure of negative 

charges.  

Differences in the y-potential values of each lecithin liposome must be attributed to its specific 

composition, since it is mainly associated with the negative charge of the PO4
-3 head group of 

the phospholipids, and the presence of impurities, such as free fatty acids, which are 

associated in the lipid membrane (Taladrid et al., 2017b). In this sense, the presence of anionic 

lipids, such as phosphatidic acid (PA) and phosphatidylinositol (PI), can induce an increase in 

the electronegativity of liposomes  (Wang & Wang, 2008), which agrees with the highest y-

potential of SL that contains the highest ratio of PA and PI (Table 1). 

 

3.2. Liposomal stability 

The stability of liposomal systems was evaluated through the changes in their size and charge 

throughout time. Figure 2 shows the values of the hydrodynamic diameter and the y-potential 

of the different liposomes after 1, 4 and 8 days of storage at 4 °C in darkness. Every liposomal 

system exhibited very slight changes in both DH and y -potential, regardless of the presence or 

absence of carvacrol. Therefore, no destabilisation of the colloidal systems during the 

evaluated period could be deduced. The high surface charge (-yǇƻǘŜƴǘƛŀƭ җ ȿσπÍ6ȿ) of 

liposomes favours the stability of the colloidal system due to the electrostatic repulsion of 

individual particles (Joseph & Singhvi, 2019; Lu et al., 2014). 

The slight changes in the DH and in the y-potential over time (Figure 2) indicated the liposomal 

dynamic character, promoted by the small fluctuations in the particle environment and the 

dynamic equilibrium between associated molecules in the colloidal system. This dynamic 

equilibrium is responsible for the typical characteristics of the liposomal system, such as the 

fluidity and flexibility of the lipid bilayer, and the continuous membrane reorganisation in 

response to the mobility and molecular rotation rate of lipids and phospholipids (Gibis et al., 

2014; Li et al., 2021). Although no significant differences between the stability of CA-free and 

CA-loaded liposomes were detected, other authors (Reiner, Fraceto, et al., 2013; Reiner, 
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Perillo, et al., 2013) reported that the spatial rearrangement of the liposomal membrane, 

caused by carvacrol, increased the system stability due to the reduction of the repulsive forces 

among the head groups of phospholipids; this decreased the degree of mobility of the 

hydrophobic tails and led to closer molecular packing. 

Stability studies of soybean and salmon lecithin liposomal systems, encapsulating polyphenols 

and curcumin, respectively, indicated that the significant changes in liposomal characteristics 

(which occurred after around 5 weeks) could be associated with the oxidation and hydrolytic 

degradation of the unsaturated fatty acids of phospholipids, causing a decrease in the 

absolute value of y-potential and an increase in the DH of the particles (Gibis et al., 2014; Hasan 

et al., 2014). 

 

 

Figure 2. Development over time of the hydrodynamic diameter (DHύ ŀƴŘ ǘƘŜ ʸ-potential of liposomes 

from soy lecithin enriched in phosphatidylcoline (SL-PC), soy lecithin (SL) and sunflower lecithin (SFL), 

carvacrol-free (F-L) or CA-loaded (CA-L) (CA:LEC 1:1) liposomes, obtained by sonication (S) or rotor-

stator homogenisation (H).   

 

 

 

 

-70

-50

-30

-10

1 4 8

ϙ-
p

o
te

n
tia

l 
(m

V
)

Time (days)

150

200

250

300

350

1 4 8

S
iz

e-
D

H
(n

m
)

Time (days)

SL-PC

F-L (S) CA-L (S) F-L (H) CA-L (H)

150

200

250

300

350

1 4 8

S
iz

e-
D

H
(n

m
)

Time (days)

SL

F-L (S) CA-L (S) F-L (H) CA-L (H)

150

200

250

300

350

1 4 8

S
iz

e-
D

H
(n

m
)

Time (days)

SFL

F-L (S) CA-L (S) F-L (H) CA-L (H)

-70

-50

-30

-10

1 4 8

ϙ-
p

o
te

n
tia

l 
(m

V
)

Time (days)

-70

-50

-30

-10

1 4 8

ϙ-
p

o
te

n
tia

l 
(m

V
)

Time (days)



 
CHAPTER I 

 

81 
 

3.3. Carvacrol content and film microstructure of PVA matrices with liposomes 

The different CA-loaded liposomes were incorporated into aqueous solutions of fully (F-PVA) 

and partially (P-PVA) hydrolysed PVA to obtain carvacrol-loaded films by casting. The different 

efficiency of each liposomal system and polymer matrix to retain the volatile carvacrol was 

evaluated through the analysis of the CA content in the dry films (Table 2) and the film 

microstructure (Figure 3). Very big losses of volatile compounds, such as carvacrol, have been 

observed during the film-forming step (drying) from the casting of aqueous polymer solutions 

with emulsified organic compounds. Throughout the drying step, emulsion destabilisation 

mechanisms (flocculation, coalescence and creaming) take place in line with water 

evaporation. As a consequence, large droplets of the organic compounds migrate to the film 

surface and evaporate, together with water molecules, by steam drag effect (Perdones et al., 

2016), which constitutes the main reason for the losses of these compounds in the cast films.  

The liposome encapsulation of volatile compounds, such as carvacrol, can reduce these losses 

due to the stabilising effect of lipid membranes. Nevertheless, lipid associations, such as 

liposomes, are also very sensitive to water availability, exhibiting lyotropic mesomorphism 

and phase transitions as a function of the water content (Gruner et al., 1985). This implies that 

when liposomes are incorporated into aqueous film-forming solutions, e.g. to obtain films 

loaded with carvacrol, they will also suffer changes in their association. Likewise, the 

molecular interactions of lecithin lipids and carvacrol with the film polymer would play an 

important role in the properties and in the stability of the aqueous emulsion and, therefore, 

in the final content of the volatile compound in the film. In fact, in the presence of a polymer, 

different structural changes in liposomes could also be expected during the drying of the film, 

as well as the release of carvacrol from the liposomes into the polymer-rich phase. The 

changes will progress in line with the process of water evaporation during film formation. 

These dynamic changes will give rise to a final carvacrol content in the films, resulting from 

both the different destabilisation phenomena that have occurred and the final molecular 

rearrangement according to the chemical affinity and interactions.  

Table 2 shows the amount of carvacrol retained in the film with respect to the initially 

incorporated amount (% retention) for the two types of PVA polymers and the different 

liposomal systems (with different lecithin, carvacrol load and preparation method). The CA 

retention was significantly (P <0.05) affected by the type of lecithin and by the liposome 

preparation method, as well as by the type of PVA. Films with SL-PC liposomes had the highest 

final CA content, probably due to the lipid composition of lecithin, rich in phosphatidylcholine. 

In fact, a more homogeneous, more cohesive and less fluid liposomal membrane could be 

obtained for SL-PC (Vélez et al., 2017), with a greater control of the CA leakage. Furthermore, 

the greater packing density of lipid bilayer could be less susceptible to both the phenomenon 

of destabilisation and to the structural modifications associated with water loss during film 

drying. In general, the liposomes obtained by sonication also showed slightly greater CA-
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retention in the films, probably due to their smaller size and lower PDI in comparison with 

those obtained by rotor-stator homogenisation. This could favour their kinetic stability, 

reducing the rate of particle aggregation and coalescence  (Dos reis coimbra & Teizeira, 2016). 

On the other hand, partially hydrolysed PVA presented the highest CA retention values 

(between 54% and 74%), compared to fully hydrolysed PVA, with percentage retention values 

between 22% and 57%. It is worth highlighting that during the film formation process, 

liposomal systems present carvacrol leakage, due to the lyotropic mesomorphism of 

liposomes (Andrade et al., 2020b; Sapper et al., 2018b). Thus, the degree of carvacrol 

retention would depend not only on liposomal encapsulation systems, but also on the 

interaction of the active compound released with the polymer matrix. PVAP has residual acetyl 

groups (12%) in the polymer chain, which acquire a state of resonance and provide the matrix 

with a negative charge  ό²ƛǏƴƛŜǿǎƪŀ Ŝǘ ŀƭΦΣ нлмсύ. This donor electron pair provides the P-PVA 

chains with Lewis base character, which promotes the formation of Lewis adducts with 

carvacrol (Lewis acid). This mechanism enhances the chemical affinity between carvacrol and 

the polymer chains, increasing their retention in the film (Andrade et al., 2020b, 2020a; 

Tampau et al., 2020). In this sense, it was possible to observe that the type of lecithin had less 

influence on the CA retention for P-PVA matrices, since the carvacrol released from liposomes 

could be better entrapped through its bonding to the PVAP chains. In contrast, the type of 

lecithin greatly affected the carvacrol retention in the PVAF matrix with a lower chemical 

affinity for carvacrol. The carvacrol retention in this polymer matrix markedly reflects the 

different stabilising capacity of each lecithin, SL-PC being the most effective and SFL the least 

at stabilising the carvacrol-loaded liposomes during film formation. 

 

Table 2. Carvacrol retention (ratio of determined carvacrol with respect to the incorporated amount, 

in percentage) in dry PVA films for fully (F) and partially (P) hydrolysed polymer and different carvacrol-

loaded liposomal systems.  

LEC CA:LEC 

CA retention (%) 

PVAF PVAP 

Sonication Homogenisation Sonication Homogenisation 

SL-PC 
0.5:1 54 (2) 53 (4) 74 (2) 71 (5) 

1:01 57 (3) 54 (3) 67 (3) 65 (3) 

SL 
0.5:1 47 (1) 41 (1) 66 (1) 64 (1) 

1:01 45 (4) 46 (4) 66 (7) 62 (5) 

SFL 
0.5:1 28 (1) 22 (2) 61 (7) 54 (8) 

1:01 27 (2) 24 (4) 63 (3) 60 (3) 
Factors with a statistically significant effect with a 95% confidence level. CA-retention: Method (P-value: 0.0036), lecithin (P-Value: 0.0001), 

PVA type (P-value: 0.0001), and the interaction between Lecithin and PVA (P-value: 0.0001) 
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Figure 3 shows FESEM micrographs of the cross-section of PVA films (F and P) with liposomes 

from different kinds of lecithin, loaded or not with carvacrol. These micrographs reveal 

qualitative differences related to the arrangement of the components in the samples. A first 

remarkable feature was the smooth appearance of PVAP films with free carvacrol (non-

liposome encapsulated) (Figure 4a), in contrast to the carvacrol droplets observed in the PVAF 

matrix (Figure 4b). This fact demonstrates the good integration of this phenolic compound in 

PVAP matrix, without visible dispersed droplets, while the PVAF films presented a clear phase 

separation. This was attributed to the formation of Lewis adducts between the phenolic 

compound and the negatively-charged chains of PVAP, previously described (Greenly & Tester, 

2015; Pereira-Lachataignerais et al., 2006). Nevertheless, the incorporation of carvacrol-free 

liposomes into PVAP and PVAF matrices led to heterogeneous matrices that exhibited a 

dispersed phase of altered liposomes (Figures 4c and 4d, respectively).   

Different microstructural features were also observed for films with carvacrol-loaded 

liposomes as a function of the kind of lecithin in agreement with the different stabilising 

effects of the lipid membranes during film formation. The more stable membranes exhibit a 

lower level of disruption during the water evaporation step, remaining less altered in the films 

and entrapping carvacrol more efficiently. In the PVAP matrix with carvacrol- loaded SL-PC 

liposomes (Figure 4e), a relatively fine dispersion of lipid particles (about 1 µm or smaller), 

partially altered in shape, could be observed as a result of mesomorphic transitions in the lipid 

membranes. According to the high chemical affinity between carvacrol and PVAP chains, the 

leakage of carvacrol from the liposomes would not imply the presence of free carvacrol 

droplets. The SL-CA and SFL-CA liposomes also appeared dispersed in the PVAP matrix (Figures 

4g and 4i), similar in appearance to those of the SL-PC liposomes, but exhibiting larger particle 

traces and more coalescing droplets.  

In contrast, much larger particles could be observed in PVAF films with carvacrol- loaded 

liposomes (Figures 4f, 4h and 4j), indicating a greater progress of coalescence during film 

drying. For SFL liposomes, a particularly high level of lipid separation was observed in the 

matrix, thus showing the poor stabilising capacity of this type of lecithin. The microstructural 

observations agree with the different carvacrol retention in the films associated with the 

stabilising capacity of the lipid membranes (Table 2).  This ability was affected by polymer-

lipid interactions, linked to the degree of hydrolysis of the PVA chains and the lipid 

composition of the liposome membrane. Despite the slightly higher surface charge of SL 

liposomes, the high ratio of PC in the SL-PC membrane seems to produce more stable 

structures in aqueous PVA solutions that provide emulsified systems with greater stability 

during the water evaporation step, helping to keep the carvacrol contained in the dry films. 

SFL Liposomes, with a more heterogenous lipid composition and lower -ypotential values, 

were less effective at stabilising emulsified carvacrol in aqueous PVA solutions.  
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Figure 3. FESEM micrographs of the cross-section of PVAF and PVAP films with CA-loaded liposomes 

(CA:LEC 1:1) using different types of lecithin (soy lecithin enriched in phosphatidylcoline PC (SL-PC), 

soy lecithin (SL) and sunflower lecithin (SFL)) and the sonication method. a: PVAP with free CA, b: PVAF 

with free CA, c: PVAP with CA-free SL-PC, d: PVAF with CA-free SL-PC, e: PVAP with CA-loaded SL-PC, f: 

PVAF with CA-loaded SL-PC, g: PVAP with CA-loaded SL, h: PVAF with CA-loaded SL, i: PVAP with CA-

loaded SFL j: F-PVAF with CA-loaded SLF. 
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4. CONCLUSION 

The composition of lecithin of differing origins affected the stability of the carvacrol-loaded 

liposomes incorporated into the PVA films obtained by casting the aqueous polymer solutions. 

The lyotropic mesomorphism of lipid associations and the carvacrol leakage occurred to 

different degrees during the film drying step, depending on the lipid composition of the 

membrane and its resulting surface charge. Lipid interactions with the polymer also play an 

important role in the liposomal stability and the final carvacrol retention in the films. 

Liposomes obtained with phosphatidylcholine-rich soy lecithin (SL-PC) were the most effective 

at maintaining the stability of the carvacrol emulsion during film formation, which led to the 

highest carvacrol retention, whereas SFL gave rise to less stable systems and greater carvacrol 

losses. Likewise, systems with partially hydrolysed PVA were less sensitive to the emulsion 

destabilisation effects and to the kind of lecithin used in the liposome membranes due to the 

greater chemical affinity and bonding capacity between carvacrol and polymer chains. 

Therefore, PVAP with carvacrol-loaded SL-PC liposomes and with a carvacrol retention 

capacity of about 70% in films, has great potential to produce active films for food packaging 

applications. In this sense, the antioxidant and antimicrobial properties of the potentially 

active materials with carvacrol should be evaluated in further studies, both through in vitro 

tests and using different food matrices.  
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ABSTRACT 

Polyvinyl alcohol (PVA) is a hydrophilic linear polymer obtained from the controlled hydrolysis 

of polyvinyl acetate (PVAc). The molecular weight (Mw) and degree of hydrolysis (DH) of PVA 

are considered relevant in both the functionality of the polymer and its capacity for film 

ŦƻǊƳŀǘƛƻƴΦ ¢Ƙƛǎ ǎǘǳŘȅ ŀƴŀƭȅǎŜŘ ǘƘŜ ƛƴŦƭǳŜƴŎŜ ƻŦ ǘƘŜ aǿ ŀƴŘ 5I ƻŦ t±! ƻƴ ōƻǘƘ ǘƘŜ ŦƛƭƳΩǎ 

ability to incorporate carvacrol (CA), for the purposes of obtaining active films for food 

packaging application, as well as on the film microstructure and thermal behaviour and its 

functional properties as packaging material. CA was incorporated at 5 and 10 g/100 g polymer 

by emulsification in the polymer-water solutions, while the films were obtained by casting. 

The higher Mw polymer provided films with a better mechanical performance but less CA 

retention and a more heterogeneous structure. In contrast, low Mw, partially acetylated PVA 

gave rise to homogenous films with a higher CA content that increased the mechanical 

resistance and stretchability of the films. The melting temperature of this polymer with acetyl 

groups was lower than the degradation temperature, which makes thermoprocessing 

feasible.     

 

Keywords 

Molecular weight; degree of hydrolysis; thermal behaviour; cross-linking; food packaging. 
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1. INTRODUCTION 

The development of biodegradable packaging materials has become a matter of great 

importance, especially within the food sector. This industry currently reports one of the 

highest rates of non-biodegradable plastic consumption destined for food packaging, 

generating a negative impact on the environmental balance, problematic that must be 

counteracted through the progressive change in the packaging system (European Bioplastics, 

2017). Food packaging materials must meet not only determined requirements to ensure food 

preservation and safety: adequate barrier properties to water vapour and gases, proper 

mechanical performance and optical properties, along with thermal characteristics to ensure 

their processability, but also the requirements of environmental sustainability (Bhagabati et 

al., 2019). To this end, different biodegradable polymers (biobased or not), as well as their 

blends, have been evaluated and characterized. Some non-biobased, biodegradable polymers, 

ǎǳŎƘ ŀǎ Ǉƻƭȅ όᶽ-caprolactone) (PCL), poly (butylene succinate/adipate) (PBS/A), poly (butylene 

adipate-co-terphthalate) (PBA/T) and poly (vinyl alcohol) (PVA), have been extensively studied 

because of their high versatility. In these polymers, it is possible to adjust some of their 

molecular parameters by controlling their processing factors, thereby modifying the 

characteristics and functionality of the material.  

Some molecular characteristics of these biodegradable polymers, such as chain length, 

molecular weight, number and types of functional groups or tacticity (which is related to the 

stereoregularity of the chain), as well as the processing conditions, are factors which 

determine the physical and functional properties of the resulting materials. (Bhagabati et al., 

2019) report that the polymer crystallinity and oxygen barrier capacity and transparency of 

PCL films have been shown to be highly dependent on the molecular weight. The molecular 

and chemical structure of the PBA and the PBS were relevant factors in the thermal behaviour 

and in the biodegradation by enzymatic hydrolysis of these polyester films (Bai et al., 2018). 

(Perilla, 2007) showed that the degree of hydrolysis of the PVA molecular chains generated 

significant differences in the glass transition temperature (Tg), the melting temperature (Tm) 

and the thermal degradation mechanisms of the PVA films. (Aruldass et al., 2019) reported an 

increment in the crystallinity and water solubility of the PVA films when increasing the 

hydrolysis degree of PVA. The greater PVA crystallinity promoted, in turn, the development of 

smoother film surfaces. 

PVA is produced by partial or complete hydrolysis of the polyvinyl acetate, eliminating the 

acetate groups; this means that both the molecular weight and the degree of hydrolysis of the 

PVA can be controlled to obtain materials with different properties and functionality (Juan 

David, 2019). The high number of hydroxyl groups in the molecular chain of PVA confers it 

with a highly hydrophilic nature, enhancing biocompatibility, and promotes the formation of 

hydrogen bonds, affecting the physical properties of the material (Cano et al., 2015). These 

characteristics have encouraged the use of PVA to develop biodegradable films, using pure 
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PVA or blended with other biopolymers, such as starch (Aydin & Ilberg, 2016; Cano et al., 2015; 

Domene-López et al., 2018; Hilmi et al., 2019; Kahvand & Fasihi, 2019; Tian et al., 2017), 

proteins (Ghaderi et al., 2019; Lara et al., 2019), chitosan (Ghaderi et al., 2019; Tang et al., 

2007; Thanyacharoen et al., 2018) or cellulose and derivatives (Cazón et al., 2019; Ghorpade 

et al., 2019) in order to obtain biodegradable materials with adequate properties for different 

uses.  

One relevant aspect related with food preservation is the availability of active packaging. The 

incorporation of active compounds, with antioxidant or antimicrobial activity, in different 

polymeric matrices has been studied to obtain antimicrobial or antioxidant packaging 

materials (Atarés & Chiralt, 2016; Gómez-Estaca et al., 2014; Mousavi Khaneghah et al., 2018). 

In this sense, the compatibility of the active compounds with the polymer matrix and the 

controlled release to the food mainly depend on the chemical nature of the compounds 

involved and their molecular interactions. These interactions are of great importance since 

they determine the applicability of the active films. 

Several studies have been carried out with the aim of developing active films based on PVA 

using fully hydrolysed, high molecular weight polymer. Thus, (Kavoosi et al., 2014) and (Chen 

et al., 2018) obtained active films of fully hydrolysed (1ς2% acetate groups) PVA, incorporating 

essential oils of Zataria multiflora and clove, respectively. These films exhibited effective 

antimicrobial and antioxidant activities in the vapour phase. Nevertheless, the low affinity 

between the essential oil compounds and the PVA chains negatively influenced the 

mechanical resistance, oxygen barrier properties and thermal stability of the films. In contrast, 

the incorporation of tea polyphenols in nanocomposites of PVA with Montmorillonite 

significantly improved the tensile strength and the water vapour and oxygen barrier capacity, 

due to the formation of hydrogen bonds between the polymer matrix and phenols (Chenwei 

et al., 2018). Other studies analysed the properties of PVA-based blend films incorporating 

different natural active compounds, such as curcumin (Ma et al., 2017), gallic acid (Yoon et al., 

2017), mint and pomegranate peel extract (Kanatt et al., 2012). None of these studies have 

evaluated the effect of the PVA molecular characteristics on the film properties and 

functionality, which is relevant to determine the more appropriate polymer for a given food 

packaging use.  

The aim of this study was to develop and characterise active PVA films containing carvacrol 

(CA), by using two types of PVA with different hydrolysis degree and molecular weight. The 

effect of the molecular characteristics of the polymer on the CA retention in the film, the film 

microstructure, polymer crystallization degree, thermal behaviour and barrier and tensile 

properties of the films has been analysed.   
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2. MATERIALS AND METHODS 

2.1. Materials  

Two types of poly (vinyl alcohol) (PVA) with different molecular weight and degree of 

hydrolysis (PVAF: Mw 89,000-98,000; 99-99.8% hydrolysed and PVAP: Mw 13,000-23,000; 87-

89% hydrolysed) and carvacrol were purchased from Sigma-Aldrich (Steinheim, Germany) and 

magnesium nitrate (Mg(NO3)2), phosphorus pentoxide (P2O5) salts and UV-grade methanol 

were supplied by Panreac Química S.A. (Barcelona, Spain).  

2.2. Film preparation  

The films were prepared by casting of the aqueous solution of the polymer. Polymer (PVAF 5% 

wt. and PVAP 10% wt.) solutions in distilled water were prepared using magnetic stirring (1200 

rpm) at 100 °C for 3 h. CA was incorporated into the PVA solution at 5% wt. and 10% wt. (with 

respect to the polymer) by applying sonication (20 kHz for 5 min, with pulses of 1 s), using a 

ultrasonic processor (Avantor, 505-Vibra Cell, USA). All formulations were degassed by using 

a vacuum pump and spread evenly onto Teflon plates of 150 mm in diameter, using a constant 

equivalent mass of polymer per plate of 2 g. The films were dried for approximately 48 h under 

controlled relative humidity (RH) and temperature (T) conditions (RH: 50 ± 2% and T: 25 ± 2 

ᴈ). Subsequently, the films were conditioned for one week at 53% RH, using Mg(NO3)2 over-

saturated solution, before their characterisation. Therefore, the final CA content in the film 

(CA retention), microstructure and thermal analyses were carried with films conditioned at 

0% RH using P2O5. Table 1 shows the different film formulations with the respective mass 

fractions of the components. 

2.3. Characterisation of the active PVA films 

 CA retention in the films  

CA retained in the different formulations was determined through the extraction of CA 

contained in the dried films and its spectrophotometric quantification. The extraction was 

carried out from film samples of 4 cm2 in area in 50 mL of a 50% (v/v) aqueous solution of UV-

grade absolute methanol and kept under stirring at 300 rpm for 48 h at 25 ᴈ. Absorbance (●) 

of the extracts was measured at 274 nm, wavelength of maximum absorption of carvacrol, 

using a spectrophotometer (Evolution 201 UV-Vis, Thermo Fisher Scientific, USA). The CA 

concentration (◐) in the films was determined by means of a standard curve obtained with CA 

solutions containing between 10 and 50 µg/mL in the same solvent (ώ φσȢφρὼȟὙ

πȢωωψ. The backgrounds used for the measurements were the corresponding extracts 

obtained under the same conditions from the CA-free films. CA content in the film was 

expressed as mg/g dry film and mg/g polymer, while CA retention in the films was expressed, 
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in percentage, as the ratio between the mass of CA extracted from the film with respect to 

the corresponding mass of CA initially incorporated. 

 Microstructure of the films 

The microstructure of the films was observed using a Field Emission Scanning Electron 

Microscope (FESEM) (ZEISS®, model ULTRA 55, Germany), at an acceleration voltage of 2 kV. 

The film samples were cryofractured by immersion in liquid nitrogen, platinum coated and the 

cross-section images obtained.  

The film thickness was measured with a digital electronic micrometer (Palmer, COMECTA, 

Barcelona, Spain) to the nearest 0.001 mm at six random positions. 

 Fourier transformed infrared spectroscopy (FT-IR) 

The vibration mode of the chemical groups of the polymer was assessed in films equilibrated 

ŀǘ ро҈ wI ŀǘ нрᴈ through attenuated total reflectance ATR-FTIR analysis using a Nicolet 5700 

spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). The average spectra were 

collected from 64 scans with a resolution of 4 cmҍ1 in the 4000ς400 cmҍ1 range. The analyses 

were performed in triplicate and at three different locations in each sample.  

 Thermal behaviour 

The thermal behaviour of the films was characterised using thermogravimetric analysis 

(TGA/SDTA 851e, Mettler Toledo, Schwarzenbach, Switzerland) and differential scanning 

calorimetry (DSC 1 StareSystem, Mettler-Toledo, Inc., Switzerland). TGA analysis was 

performed by heating from 25 ᴈ to 700 ᴈ at 10 ᴈκƳƛƴ ǳƴŘŜǊ ŀ мл Ƴ[κƳƛƴ ƴƛǘǊƻƎŜƴ ǎǘǊŜŀƳΦ 

DSC curves were obtained by multiple scan. A first heating from -25 ᴈ to 250 ᴈ at 10 ᴈ/min, 

holding for 2 min at 250 ᴈ. Samples were then cooled to -25 ᴈ and held for 2 min before the 

second heating from -25 to 250 ᴈ at 10 ᴈ/min. Analyses were carried in triplicate for each 

sample. 

 X-ray diffraction 

The X-ray diffraction spectra of the films were recorded with a D8 Advance X-ray 

ŘƛŦŦǊŀŎǘƻƳŜǘŜǊ ό.ǊǳƪŜǊ !·{Σ YŀǊƭǎǊǳƘŜΣ DŜǊƳŀƴȅύ ōŜǘǿŜŜƴ нʻΥ млϲ ŀƴŘ рлϲΣ ǿƛǘƘ ŀ ǎǘŜǇ ǎƛȊŜ ƻŦ 

лΦлрΣ ǳǎƛƴƎ Yʰ /ǳ ǊŀŘƛŀǘƛƻƴ ό˂Υ мΦрпн *ύΣ пл ƪ± ŀƴŘ пл Ƴ!Φ ¢ƘŜ Řegree of crystallinity (Xc) of 

the samples was estimated from the ratio of crystalline peak areas and the integrated area of 

X-R diffractograms and expressed as a percentage. The diffraction scattering curve was 

deconvoluted with Lorentz model using the OriginPro 8.5 software, for crystalline and 

amorphous peaks. 
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 Tensile properties 

Tensile properties were determined using a universal testing machine (Stable Micro Systems, 

TA.XT plus, Haslemere, England), following the standard method ASTM D882-02 (ASTM, 

2002). For each formulation, eight test specimens (25 mm x 100 mm) were cut and 

conditioned for one week (RH: 53% and T: 25 ᴈ) and subjected to the extension test. The 

initial separation of the clamps was 50 mm and elongation speed 50 mm.min-1. From the stress 

όˋύ-IŜƴƪȅ ŘŜŦƻǊƳŀǘƛƻƴ όʶIύ ŎǳǊǾŜǎΣ ǘƘŜ ŜƭŀǎǘƛŎ ƳƻŘǳƭǳǎ ό9aύ ŀƴŘ ǘŜƴǎƛƭŜ ǎǘǊŜƴƎǘƘ ό¢{ύ ŀƴŘ 

elongation at break point (ʁ) were obtained. Measurements were carried out 8 times for each 

sample. 

 Barrier properties 

Water vapour permeability (WVP) was analysed following a modification of the E96/E95M-05 

gravimetric method (E. ASTM, 2003). The film samples of each formulation were placed on 

Payne permeability cups (3.5 cm in diameter, Elcometer SPRL, Hermelle/s Argentau, Belgium) 

at 25 ᴈ and 53-100% RH gradient, which was created with an oversaturated Mg(NO3)2 

solution (inside the desiccator where cups were placed) and distilled water (5 mL inside the 

cup). In order to reduce the resistance to transport of water vapour, a fan was positioned 

above each cup. The cups were weighed periodically every 1.5 h for 24 h using an analytical 

balance (±0.00001 g). To calculate WVTR, the slopes in the steady state period of the weight 

loss vs. time curves were determined by linear regression. WVP was calculated according to 

(Cano et al., 2014). For each type of film, WVP measurements were carried out in triplicate. 

The oxygen permeability (OP) was determined following a modification of the standard 

method F1927-07 (F.-07 ASTM, 2004). For this analysis, the Ox-Tran system (Mocon, 

Minneapolis, US) at 23 ᴈ and 53% RH was used. Sample films (50 cm2) were exposed to pure 

nitrogen flow on one side and pure oxygen flow on the other side. OP was calculated by 

dividing the oxygen transmission rate by the partial pressure of oxygen and multiplying it by 

the average film thickness. Each film formulation was analysed in triplicate. 

 Optical properties 

The optical properties (transparency and colour coordinates) were determined by measuring 

the reflectance spectra of the samples from 400 to 700 nm, on white (Ὑ) and black (Ὑ) 

backgrounds, as well as the reflectance of the white backing (Ὑ ), using a spectrocolorimeter 

(CM-3600d Minolta CO., Tokyo, Japan). Three measurements were taken from each film and 

three films were considered per formulation. The transparency was measured through the 

internal transmittance (Ti), applying the Kubelka-Munk theory for multiple scattering (Eq. 1). 

The CIE L*a*b* colour coordinates were obtained from the reflectance of an infinitely thick 

ŦƛƭƳ όwқύ ό9ǉΦ нύ ǎǇŜŎǘǊŀΣ ōȅ using D65 illuminant and observer 10°, observer according to 

(Hutchings, 1999). Psychometric coordinates, Chroma (Cab*) and hue (hab*) were also 

determined using Eqs. (5) and (6). 
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Ὤᶻ ὥὶὧὸὫ 
ὦᶻ

ὥz
 

(6) 

 

 Statistical analysis 

The statistical analysis of the data was carried out using Statgraphics Centurion XVI.II. The 

results were submitted to an analysis of variance (ANOVA). Fisher`s least significant difference 

(LSD) was used at the 95% confidence level.  
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3. RESULTS AND DISCUSSION 

3.1. Carvacrol retention 

The percentages of CA retention and final CA contents in the two types of PVA films are shown 

in Table 1. The type of PVA significantly affected the final content of CA in the films, the 

compound retention being higher in the matrix with lower degree of hydrolysis (PVAP). This 

may be attributed to the greater compound affinity with the polymer chains due to the 

presence of residual acetyl groups, which confer a more hydrophobic nature on the polymer. 

Films obtained by the casting of aqueous solutions of hydrophilic polymers, containing 

essential oils, lose a great part of the emulsified oil during the drying step because of the 

emulsion destabilization (droplet flocculation, coalescence and creaming) and steam drag of 

the surface oil in line with water evaporation (Perdones et al., 2016). Factors improving the 

emulsion stability, such as the presence of amphiphilic compounds or high viscosity, mitigate 

these losses (Perdones et al., 2016). Likewise, a greater affinity between the essential oil 

compounds and the polymer chain can favour the bonding of active compounds in the 

polymer matrix, increasing their retention in the film.  

 

Table 1. Nominal fraction (x) of the components in the different film formulations, CA content 

(extracted) in the final films and retention percentage (ratio between the mass of CA extracted from 

the film with respect to that incorporated). Mean values and standard deviation. 

Sample xPVA xCA 

CA content in the films 
CA-Retention 

(%) (mg CA/ g dry 
film) 

(mg CA/ g 
polymer) 

PVAF 1 - - - - 

PVAF-CA5 0.95 0.05 23 (1)a 24 (1)a 48 (2)a 

PVAF-CA10 0.91 0.09 46 (2)c 51 (2)c 51 (2)a 

PVAP 1 - - - - 

PVAP-CA5 0.95 0.05 28 (2)b 29 (1)b 58 (3)b 

PVAP-CA10 0.91 0.09 57 (2)d 63 (2)d 63 (2)c 

Different superscript letters within the same column indicate significant differences among films (P<0.05). 

*(single column) 

 

3.2. Film microstructure 

The microstructural analysis permits the identification of the arrangement of the different 

ŎƻƳǇƻƴŜƴǘǎ ƛƴ ǘƘŜ ŦƛƭƳΣ ǿƘƛŎƘ Ŏŀƴ ōŜ ŎƻǊǊŜƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ŦƛƭƳΩǎ ŦǳƴŎǘƛƻƴŀƭ ǇǊƻǇŜǊǘƛŜǎΣ ǎǳŎƘ ŀǎ 

barrier, mechanical or optical. During the film drying step, the solvent evaporation leads to an 

increase in both the viscosity of the continuous phase and in the concentration of the 

dispersed phase that affect the kinetics of the destabilization process of emulsified film 
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forming systems. This leads to changes in the particle size distribution of the dispersed lipid 

fraction, affecting the internal structure of the film and the final properties of the film matrix 

(Atarés & Chiralt, 2016; Song et al., 2018). The cross section of the obtained films (Figure 1) 

showed marked differences in the internal structure for PVAF and PVAP polymers, which may 

be related with their different chemical affinity with CA and the viscosity of the film-forming 

systems.  

 

 

Figure 1. FESEM micrographs of the cross-section of the PVAF and PVAP films without and with 

carvacrol (5 or 10 g/100 g PVA). 

 

In films from fully hydrolysed PVA (PVAF), CA was distributed stochastically in droplets of 

highly variable sizes, whereas no lipid droplets were observed in partially acetylated PVA 
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