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Resumo 

 

A partir do século XX, a inovação dos plásticos trouxe uma revolução global, 

desempenhando um papel fundamental ao proporcionar conforto, praticidade e a 

redução de desperdício alimentar. No entanto, essa inovação também se revelou 

acompanhada de desvantagens significativas, em particular, a poluição ambiental 

generalizada. O crescente reconhecimento dos danos causados pelos plásticos no 

ecossistema, impulsionou a investigação científica e a exploração de alternativas 

sustentáveis, com o foco particular nas embalagens destinadas aos produtos alimentares. 

No contexto desta problemática complexa e multifacetada, o objetivo da presente 

dissertação é desenvolver e caracterizar filmes de k-carragenina contendo os óleos 

essenciais de Cymbopogon winterianus e Lavandula viridis. O intuito é a utilização 

destes filmes para produzir um material biodegradável com a capacidade de prolongar o 

tempo de prateleira dos alimentos embalados. Os óleos essenciais foram caracterizados 

quimicamente, para identificar e quantificar os compostos químicos totais e 

predominantes. As propriedades antioxidantes e antimicrobianas dos óleos essenciais 

foram também estudadas. O composto maioritário do óleo essencial C. winterianus é o 

citronelal, que possui atividade antioxidante significativa, como demonstrado pelo 

ensaio de DPPH• e o teste do branqueamento do β-caroteno. Este óleo essencial teve um 

bom desempenho contra Listeria monocytogenes LMG 16779, o que sugere ter 

propriedades antibacterianas. O composto maioritário do óleo essencial de L. viridis é o 

1,8-cineol, que teve um bom desempenho na avaliação do DPPH• e apresentou valores 

inferiores ao óleo essencial anterior no teste do branqueamento do β-caroteno. Para o 

teste antibacteriano, este óleo essencial apresentou um resultado similar ao anterior 

contra a mesma estirpe. Para os filmes produzidos, estudaram-se as suas propriedades 

antioxidantes, antibacterianas, de barreira e as propriedades físicas. As mudanças na 

composição dos filmes foram avaliadas através de FTIR. 

A realização dos testes de tração nas amostras permitiu inferir que, os filmes 

incorporados com os óleos essenciais perderam, de modo geral, parte da sua resistência, 

quando comparados com o filme de controlo. Em termos de testes antioxidantes, os 

resultados para DPPH• foram satisfatórios, mas os resultados para C. winterianus foram 

mais promissores em termos de β-caroteno, pois é necessária menor quantidade deste 

para exercer efeito antioxidante. Nos testes antibacterianos, a afinidade de ação pela L. 

monocytogenes LMG 16779 é evidente para ambos os filmes. Este resultado foi validado 

com o teste de anti-biofilme, através da formação de biofilmes na superfície dos filmes, 

posteriormente visualizados no SEM, mostrando a clara redução do número de bactérias. 
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Por fim, realizou-se um ensaio num modelo alimentar, no qual amostras de queijo 

fatiado foram embaladas com os filmes produzidos, mantidas a 4ºC durante 15 dias, 

sendo depois observadas. Os resultados mostraram que não foram encontrados sinais 

visíveis de podridão ou mofo no queijo. 
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k-carragenina; Cymbopogon winterianus; Lavandula viridis; filmes; embalagem 
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Abstract 

 

From the XX century onwards, the innovation of plastics brought a global revolution, 

playing a fundamental role in improving comfort and practicality and minimizing food 

waste. However, this breakthrough had substantial drawbacks, most notably widespread 

pollution. The growing recognition of the damage caused by plastics to the ecosystem has 

driven scientific research and the exploration of sustainable alternatives, with a 

particular focus on food packaging. In the context of this complicated and diverse 

challenge, the purpose of this investigation was to create and characterize k-carrageenan 

films containing essential oils of Cymbopogon winterianus and Lavandula viridis. The 

aim is to use these films to produce a biodegradable material that can extend the shelf 

life of packaged foods. The essential oils were chemically characterized to identify and 

quantify the total and predominant chemical compounds. The antioxidant and 

antimicrobial properties of the essential oils have also been studied. The major 

compound in C. winterianus essential oil is citronellal, which has significant antioxidant 

activity, as demonstrated by the DPPH• assay and the β-carotene bleaching test. This 

essential oil performed well against Listeria monocytogenes LMG 16779, which suggests 

it has antibacterial properties. The main composition of L. viridis essential oil is 1,8-

cineole, which performed well in the DPPH• evaluation and had lower values than the 

previous essential oil in the β-carotene bleaching test. This essential oil showed a similar 

result to the previous one against the same strain for the antibacterial test. The 

antioxidant, antibacterial, barrier and physical properties were studied for the films 

produced. Changes in the composition of the films were evaluated using FTIR. 

 

Carrying out tensile tests on the samples allowed us to infer that the films incorporated 

with essential oils lost, in general, part of their resistance when compared to the control 

film. In terms of antioxidant tests, the results for DPPH• were satisfactory, but the results 

for C. winterianus were more promising in terms of β-carotene, as less of it is needed to 

exert an antioxidant effect. In antibacterial tests, the layer of action by L.  monocytogenes 

LMG 16779 is evident for both films. This result was validated with the anti-biofilm test, 

through the formation of biofilms on the surface of the films, subsequently visualized in 

the SEM, showing a clear reduction in the number of bacteria. Finally, a test was carried 

out in a food model, in which sliced cheese samples were packaged with the films 

produced, kept at 4ºC for 15 days, and then observed. The results showed that no visible 

signs of rot or mold were found in the cheese. 
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General Introduction 
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1 - General Introduction 
 

Plastic-based pollutants have had a significant negative impact on Earth, severely 

exposing all biotic and abiotic elements. Each year, 19 to 23 million tons of plastic waste 

are dumped into the environment [1, 2]. Recycling plastic presents challenges, especially 

for single-use plastic. A third of the world's pollution deposits come from it, which harms 

the environment, costs a lot to clean up, and frequently ends up in landfills [2]. In 

addition, plastic degrades into microplastics, which, when reach the food chain, become 

highly toxic to all animals [2–5]. Almost every ecosystem on the planet is negatively 

impacted by plastic waste, it is a growing environmental issue. According to several 

studies [1, 6], the world's sustainability is being threatened by plastic pollution. 

Companies still rely on plastic packaging because of its low production costs, toughness, 

and other particular properties. Millions of tons of single-use plastic packaging make up 

a significant portion of the plastic waste that escapes collection systems and enters 

waterways yearly [7, 8]. 

 

Plastic waste has been recorded at every location and domain, from the rivers to the 

deep-sea deposits. This harms oceans, animals, human health, and economic activities 

dependent on thriving aquatic ecosystems because of its accumulation and prolonged 

degradation [7]. Therefore, it is essential to conduct research in order to develop 

materials that have the potential to serve as suitable alternatives to plastics. As a result, 

biodegradable polymers have attracted much attention as prospective substitutes for 

petroleum-based packaging [9]. 

 

With the development of k-carrageenan films that incorporate essential oils (EOs), 

obtaining a more environmentally friendly alternative to plastic packaging parts such as 

cling films is now possible. This helps to contribute not only to the reduction of pollution 

but also to improve, extend, or maintain the shelf-life of the packaged food, which in turn 

reduces the amount of wasted food [10]. Several species of linear sulphated 

polysaccharides known as carrageenans, which are found in the Rhodophyceae family of 

red seaweeds, have been exploited to create innovative food packaging materials [8]. 
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2.1 - The Evolution of Food Packaging 
 

Going back in history (Figure 1), people who lived as nomads would consume whatever 

they could find and gather from their surroundings without thinking about preserving 

and storing their food. However, as people began to live in groups, the necessity to 

contain and store food and adequate methods of preservation and packaging became 

imperative [11]. 

To hold and carry food quickly after harvest, the earliest packaging methods included 

leaves, shells, pumpkins, animal skins and bladders, and even human skulls [12]; 

however, food storage containers became necessary as the society transitioned from a 

nomadic to a settled lifestyle [13]. 

Pottery, paper, and glass were the first materials that could be molded into food 

containers [11, 13]. The Industrial Revolution saw the development of novel materials 

and industrial techniques. The first produced metal cans were for tobacco storage 

because they offered a significant barrier to keep the product's moisture. Later, they were 

employed in the canning process that Nicholas Appert found after Napoleon Bonaparte 

challenged him (1809) to devise a way to preserve food for his army. Due to their fragility, 

glass bottles could be replaced by metal cans, which made it easier to heat process 

products to increase their shelf-life and avoid spoiling [13, 14]. 

In the 1800s, paper underwent a major technological evolution, going from simple paper 

wrapping without prints, to the first paper bag production machine, made by Francis 

Wolle in 1852, to the device that performed the folds on cereal boxes [11, 12, 14].  

 

Hard rubber must be considered the first instance of a plastic substance and, in 1832, 

natural rubber was heated with sulfur and crosslinked or vulcanized, in order to make 

natural rubber less tacky. This development was significant since it involved the 

production of the first thermosetting plastic and the first to apply a straightforward 

chemical modification of a natural substance [11]. In the first decade of the 20th century, 

synthetic plastic was created (1907). This thermoset made of phenol formaldehyde was 

known as "Bakelite".  

The 1860s are typically thought to be the beginning of the plastics industry's 

development; however, large production of plastics started at the end of World War II, 

with yearly production reaching over 5 million tons in the 1950s.  
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Figure 1. The evolution of food packaging throughout history [12–14]. 

 

Plastics’ advantages immediately became apparent due to their lightweight, robust, 

affordable, long-lasting, and corrosion-resistant properties. Plastics are incredibly 

adaptable materials that can be used to create a variety of goods, including flexible and 

stiff objects, adhesives, foams, and fibers [11, 15]. The development of polyethylene, 

polyvinyl chloride, and polyvinylidene chloride was accelerated by World War II [12]. 

The second half of the 20th century saw advancements in the food industry, including the 

development of extrusion techniques, metalized films to create multilayer barriers, the 

aseptic processing of processed foods among others presented in Table 1. Many aspects 

of food packaging have seen significant transformations, from using polyethylene 

terephthalate (PET) bottles for bottling, to producing polypropylene and PET packaging 

that can be microwaved. When compared to the Stone Age, it can be said that the 

dependence that was created on plastics was so exponential that we are currently living 

in the Plastic Age [12, 15]. 
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Table 1. Developments in food packaging trends (adapted from [12, 16]). 

Period Assignments and problems 

1960s Convenience and advertising, e.g.: boil-in-bags, cheese in 

Polypropylene film. 

1970s Energy savings, source reduction, and lightweight, e.g.: 

bag-in-box for wine, PET soft-drink bottles. 

1980s Security, e.g.: microwaveable polymers, modified atmosphere 

packaging.  

1990s Impact on the environment, e.g.: resealable aluminum bottles. 

2000s Security and safety, e.g.: active packaging; intelligent packaging. 

 

 

2.2 – Food Storage and Assigning Shelf-Life 

 
For the regular consumer, shelf-life refers to the time before a product is deemed unfit 

for human ingestion, since it has already been acknowledged by the European Union and 

received legal recognition for this concept [17, 18]. 

When foods are preserved, their qualities are always altered. Microbiological, 

nonmicrobiological, biochemical, chemical, physical, and temperature-related changes 

have been identified. By controlling these factors, these changes that will culminate in 

food spoilage can be minimized [17, 18]. 

 

Microbial proliferation depends on several well-known factors, which have been 

summarized as the intrinsic characteristics of the food, external processing factors, and 

implicit factors [19]. Because food is constituted by chemicals, biochemical and/or 

chemical transformations are inevitable. These changes can result from reactions within 

the food, between its elements, and external organisms or influences such as oxygen or 

light. For example, the use of pigmented glass vessels (green or brown) prevents certain 

wavelengths of light from penetrating the food and accelerating the lipid oxidation 

process [12, 18]. 

 

In packaged food, interactions between the packaging and the food can occur, many of 

which are chemical. Oxidative rancidity (rancidity of fatty foods and food products), 

hydrolysis of aspartame (sweetener) (reduction in the flavor of calorie-free/low-calorie 

soft beverages), enzymatic browning (browning in precut vegetables and fresh fruit 

salads), are few examples [17].  Some physical and chemical alterations may have food 

safety implications, such as spreading chemical substances from the packaging material 
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into the food, particularly when the shelf-life is extended [12]. Modifications with 

temperature are among the most significant external elements, influencing all the 

variations in several ways. For instance, temperature determines the microorganisms 

that can sustain and thrive in a refrigerator [17]. 

Some examples of microorganisms and their minimum growth temperature are 

Salmonella at 4°C; Staphylococcus aureus at 5.2°C; Escherichia coli at 7-8°C; Listeria 

monocytogenes at -0.4°C; Clostridium botulinum (nonproteolytic B, E, F) at 3°C, 

Pseudomonas aeruginosa at 4ºC and Enterococcus faecalis at 8-16ºC [17, 20, 21]. 

 

The primary goal of a storage trial for shelf-life is to determine whether the product 

satisfies its shelf-life objectives and to determine as precisely as possible, under specified 

storage conditions, the period at which the product has either become unsafe or 

undesirable to the target consumers [19].  

There are two ways to carry out shelf-life tests: either real or accelerated shelf-life tests 

(ASLT) [22]. As the name implies, the test is conducted under typical circumstances, 

where the food's preservation conditions are maintained, and time is permitted to pass 

until indications of deterioration appear. It is usually used ASLT, for foods whose decay 

occurs slowly, such as those that undergo oxidation [23]. In these experiments, food 

degradation is sped up by manipulating the environment, the oxidation kinetics of 

the food is determined, and the calculation is extrapolated to the actual damage time 

[22]. As a result of microbial growth degrading a product’s overall quality and safety, 

organoleptic properties such as off-odors, color, texture, and aroma are altered.  

 

Regarding food safety, microbial growth can cause significant outbreaks of infectious 

illness [24]. Cross-contamination is one of the ways that contamination of food can show 

[25]. This may prove to be extremely troublesome in the case of L. monocytogenes. 

Listeria monocytogenes is an adaptable, Gram-positive, facultatively aerobic bacillus, 

that can grow in a wide range of conditions and settings (Figure 2), including dry 

environments, high temperatures or refrigeration (4ºC), low pH, high salt 

concentrations, and even sublethal amounts of biocides [26].  

 

In the food industry, it is difficult to control the presence of L. monocytogenes, and its 

ability to form biofilms exacerbates the problem. Biofilms are significant in this industry 

because they create microbial structures that challenge cleaning processes [27]. 

Depending on the individual’s health, food contaminated with this bacterium can cause 

mild to severe symptoms, ranging from muscle pain to meningitis (Figure 2) [28]. 

Therefore, it is essential to control the presence of L. monocytogenes, through the 
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ministry of agriculture, livestock, and supply (MAPA) normative instruction [29], and 

the most effective method to do so is to employ an effective sanitation, and sterilize 

(quaternary ammonium compounds - QAC'S, sodium hypochlorite (NaClO)) [28]. 

 

 

Figure 2. Listeria monocytogenes' habitats and immunocompromised patients' symptoms [27, 28]. 

 

Regarding periodic control for the presence of L. monocytogenes, both the Food and 

Drug Administration (FDA) bacteriological and analytical method (BAM) and the 

International Organization for Standardization (ISO) 11290, can be implemented.  

To assess the presence of L. monocytogenes, it needs the suppression of competitive 

microflora, since it has a slow growth rate. Bacteriostatic agents (acriflavin and nalidixic 

acid) are added to enriched media or selective agar to achieve this outcome [30]. Listeria 

monocytogenes is confirmed when the following characteristics are observed: Gram-

positive bacilli, non-sporulated, oxidase-negative, aerobic, and facultative anaerobic, 

ferments sugars, and produces acid without forming gas. Due to the time-consuming 

nature of these tests and the constant pressure on the food industry to assess its products, 

there was a need to develop alternative methods for detecting L. monocytogenes [tests 

targeting ribonucleic acid (RNA); Polymerase Chain Reaction (PCR), among others]. The 

current consensus holds that Enzyme-linked immunosorbent (ELISA) based tests or 

conventional PCR are the most effective methods [30]. 
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There are several assessments for microbiological stability and safety depending on the 

type of food, whether it is ready to consume, and whether it was developed by 

independent food research associations [17]. Hazard Analysis and Critical Control Points 

(HACCP), good manufacturing practices (GMP), sanitation standard operating 

procedures (SSOP), and evaluations are currently used to produce products of high 

quality. In addition to HACCP systems, a wide variety of ready-to-eat foods also use 

modified atmosphere packaging to maintain or enhance the quality and safety of the final 

products [24]. Nonmicrobiological parameters used for determining shelf-life are often 

more tailored to the individual characteristics of the product, in the best-case scenario, 

these criteria are either contained in the original marketing brief or can be developed 

from it. When the product safety is successfully established, sensory evaluation is the 

most common method for determining the end point of shelf-life [17]. 

 

 

2.3 – Active Packaging 
 
Active packaging consists of packaging that provides a function other than supplying an 

inert barrier against external conditions, in this way, it interacts with the food and in 

some cases responds to changes making it possible to preserve the chemical and 

nutritional components of food [31, 32]. With the evolution of food packaging and the 

escalating demand for ready-to-eat meals and/or the preservation of quickly perishable 

foods, there was a need for food packaging to no longer have a passive effect on products, 

but rather to begin having an active effect [33]. Mass transfer (such as oxygen, carbon 

dioxide, and water vapor) between internal and exterior environments occurs constantly 

in a packaged food system. Therefore, it is inevitable that packaged foods will degrade 

due to processes like lipid oxidation and dehydration [34]. The domain of active 

packaging is incredibly vast, including modified atmosphere packaging (e.g., oxygen, 

carbon dioxide and equilibrium-modified atmosphere), and intelligent packaging (e.g., 

sensors and bar codes) [31, 33]. 

 

According to their purpose, active packaging systems can be divided into two groups 

(Figure 3): (1) Emitters, release active substances whether directly in the food product, 

in the packaging materials or in the internal atmosphere of the packaging to bring 

beneficial effects in the package, and (2) Scavengers, which minimize undesirable 

substances like ethylene, oxygen, carbon dioxide, off-odors, and moisture in the 

packaging environment [35].  
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Figure 3. The two groups of active packaging systems [36]. 

 

As a result, packages for all sorts of food and diverse functionality exist (Figure 4), such 

as moisture absorbers, odor and/or taste absorbers, carbon dioxide absorbers, and even 

ethylene absorbers. There are two elements of emission systems: (a) antibacterial; 

synthetic agents can be manufactured (organic acids) or natural (EOs, enzymes); (b) 

antioxidant, in which oxygen absorbers (iron oxide, enzymes) or free radical scavengers 

are used, it is possible to follow the synthetic (selenium nanoparticles) or natural EOs 

side [33, 36, 37]. 

 

 

Figure 4.  Before vs After (active packaging): (Scavengers) Carbon Dioxide scavenger and (Emitters) 

Antibacterial packaging (adapted from[38]). 

 

The term modified atmosphere packaging (MAP) refers to a method of preserving food 

by enclosing it in a container with an environment designed to prolong its freshness and 

maintain its quality, usually a combination of an inert gas (typically nitrogen) and an 

antimicrobial active gas (typically carbon dioxide). It has low production costs, can be 

applied quickly and easily, and may be used in various packaging and manufacturing 

settings. [12, 39]. Atmospheric modification may be accomplished in two ways: actively 

and passively. The active change gas-flushing involves replacing the air with a carefully 

calibrated gas combination. Due to respiration and/or the metabolism of 

microorganisms associated with the food, passive change occurs; the package system 

typically incorporates a polymeric film, and the permeability of gases through the film 
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varies based on the properties of the film and its storage temperature, additionally 

impacts the atmosphere's composition [11]. 

 

A synchronized food packaging system that allows consumers to obtain data regarding 

the food supply chain’s quality by monitoring the packaged food’s storage conditions is 

how the term "intelligent packaging" is often described [40]. This procedure may be 

carried out with the assistance of various sensors and indicators connected to the 

packaging system, or it can be carried out with the assistance of colorimetric changes. 

While the indicators keep track of time, temperature, and pH, the sensors detect, record, 

and send any changes or information on the product's quality [41, 42]. 

 

Generally, active, and intelligent packaging are an exciting breakthrough that allows the 

food industry to combine the preservation effects of antimicrobials with the protective 

capabilities of an existing packaging concept, demonstrating the use of smart packaging 

technology, categorization, and functionalities to enhance food quality control and 

safety, as illustrated in Figure 5 [43]. 

 

 

 

Figure 5. Smart packaging, grouping, and functionality for improving food packaging functions [36]. 
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2.4 – Natural Polysaccharides 

 
Nature presents a great diversity, whether on land, under the sea, or in the air. Each 

location is home to living and nonliving creatures, and humans have explored every inch 

to its own advantage [44]. Natural polysaccharides are long-chain monomeric units 

linked primarily by glycosidic bonds to form polymeric carbohydrate molecules. These 

macromolecules are employed to create the basic building blocks of life. They fall into 

one of two categories: homopolysaccharides, made of just one type of monomeric unit, 

like cellulose, starch, glycogen, and dextran; and heteropolysaccharides, made of two or 

more types of monomeric units, such as pectin, hyaluronic acid, and polygalacturonides 

[45, 46].  

 

Nature produces polysaccharides continuously and are frequently regenerable or derived 

from renewable resources. A resurgence of natural polymers as raw materials across a 

wide range of applications is being noticed [47]. Additionally, since they can be derived 

from several sources, including plants (starch, cellulose, pectins), animals (glycogen, 

collagen, hyaluronic acid), microbes (xanthan, gellan, dextran), seaweeds (carrageenan, 

alginates), crustaceans and insects (chitin), natural polysaccharides are generally 

regarded as nontoxic, environmentally friendly, sustainable, and economically 

advantageous [44].  

The principal constituent of cell-wall structures of seaweeds and exoskeletons of 

crustaceans are marine polysaccharides. Several kinds of edible red seaweed belonging 

to the Rhodophyceae family are used to produce carrageenans, which are linear 

sulphated anionic polysaccharides [48]. 

 

 

2.5 – Red-Seaweed and Carrageenan 
 

The classification of algae is difficult and has changed over time as the understanding of 

these organisms has improved. Algae refers to a broad class of aquatic photosynthetic 

organisms, ranging from microscopic single-celled creatures to larger multicellular 

forms [49]. In the past, algae were categorized according to their pigments, cell 

structures, and characteristics related to reproduction. Algae can be divided into several 

significant groups being the most acceptable and comprehensive, although the most 

exhaustive classification, developed by the Father of Phycology, F. E. Fritsch, who 

divided this classification into 11 groups. It can be consulted in his book “Structure and 

Reproduction of the Algae” or in the publication chapter of Pooja Baweja et al. [50].  
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In Asian countries, like China, Korea and Japan, edible algae are an important part of 

the human diet due to their nutritional and functional properties for a long time [51]. In 

addition to being an essential ingredient in Asian cuisine, seaweed is also used to produce 

cosmetics, stabilizers, thickening agents, and gellants. This is accomplished by extracting 

agar and carrageenan from red seaweed and alginate from brown seaweed [52]. In this 

study, the focus is on the Rhodophyta phyla.  

The oldest eukaryotic algae (macroalgae) known to exist in freshwater and marine 

habitats are thought to be red seaweeds. They belong to the most diverse taxonomic 

category, with around 6500 species presently known [53]. The pigments phycoerythrin, 

phycocyanin, and chlorophyll a give red seaweed their vibrant red color [50]. Due to the 

abundance of vitamins, minerals, calcium, magnesium, and many other nutrients, they 

provide numerous advantages for people, such as serving as a food source. In addition, 

they support bone health, strengthens the immune system, and nourishes the skin [54]. 

The concentrations of total polysaccharides in the species of seaweed of interest range 

from 4 to 76% of dry weight. Agar, alginate, and carrageenan are the three seaweed 

polysaccharides used for commercial purposes [52]. The primary red seaweed species 

Kappaphycus, Gigartina, Eucheuma, Chondrus, and Hypnea are used to extract 

carrageenan. The two main species frequently used in carrageenan production are 

Kappaphycus alvarezii and Eucheuma denticulatum (Figure 6) [53].  

 

 

(a) 

 

(b) 

 
Figure 6. Images of different types of seaweed used as a source of carrageenans. (a) Euchema denticulatum, 

(b) Kappaphycus sp.[55]. 
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Historically, carrageenan was derived from wild seaweeds; however, the supply of 

carrageenan obtained from wild seaweed, need to be improved and in certain areas, such 

as the United Republic of Tanzania, wild seaweed became depleted. As a direct result, 

the effective growth of carrageenan-containing seaweeds in tropical seas began in the 

1970s [56]. The production of seaweed grown worldwide, in 2019 was 34.7 million tons, 

or almost $14.7 billion. 52.6% of this total, or more than USD 7.1 billion, comes from red 

seaweed (Rhodophyta), the most important cultivated species being 

Kappaphycus/Eucheuma, Gracilaria (warm-water genera), and Porphyra (cold-water 

genus) [53]. Given its rapid growth rates, short harvest periods (100-120 days), high 

polysaccharide yields, and relatively stable carrageenan composition (which is 

unaffected by the alga's life history stage), the Kappaphycus genus has become one of 

the essential sources of carrageenan [57]. Seaweed was used to extract carrageenans for 

the first time in 1837, and the Rhodophyceae family has been the principal source of 

carrageenan extraction. Irish moss, or C. crispus, is thought to be the original source of 

carrageenans and mostly consists of a mixture of kappa- and lambda-carrageenans [55]. 

After receiving the dried and sliced weeds at the processing facility and testing the 

samples to determine the quality of the extractive, the extraction procedure may begin 

[55]. The unrefined carrageenan must initially be isolated from the source. First, the raw 

materials will be cleaned to remove any traces of sand, salt, or other contaminants. 

Alkaline treatment, ranging from 95 to 110ºC, is often used to extract carrageenan; 

however, the success of this process is highly dependent on the quality of the alkaline 

solution used. Once a solution like sodium hydroxide (NaOH), potassium hydroxide 

(KOH), or calcium hydroxide (CaOH2) is added to the extract of seaweed for a long time, 

an alkaline environment can be made [57]. Filtration or centrifugation is used to refine 

the extracted carrageenan. Following the extraction, the solution is filtered through 

activated charcoal or porous silica to provide a carrageenan concentration of 1%-2%. A 

further significant step is to concentrate the carrageenan to 2%-3%. This typically occurs 

with multistage vacuum evaporators [55]. The carrageenan can then be separated from 

the solution in one of two ways: by adding alcohol (mainly isopropyl alcohol) or by 

making a gel press in a potassium chloride solution. All carrageenans can be purified 

using the alcohol-precipitation technique, but k-carrageenan is the only one that can be 

extracted using the gel approach. Once the gel was formed, any residual water may be 

squeezed out in a press [57]. To produce a clear solution of pure carrageenan, the 

precipitated carrageenans must be dried, crushed, and redissolved [57]. 
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Carrageenans are high-molecular-weight polysaccharides (between 100 and 1000 kDa 

[58] and density of 1.002 g/cm−3 [59]) composed of repeated D-galactose units and 3,6-

anhydro-D-galactose [52]. Glycosidic connections of the types α-1-3 and β-1-4 alternate 

between joining the units, as shown in Figure 7 [60].  

 

 

Figure 7. Chemical structure of k-carrageenan (adapted from [60]). 

 

Kappa (k), Iota (ι), Mu (μ), Nu (ν), Theta (θ), and Lambda (λ) carrageenan are the six 

primary types. Both their chemical classification and commercial manufacturing can 

benefit from this nomenclature [49, 58, 61]. Carrageenan can dissolve in water, 

producing extremely viscous solutions, and maintain stability over a wide pH range (6-

10) according to their unique characteristics, hence, they are used in several industrial 

operations having the EU additive E-number E407 or E407a when used in food products 

[58, 60]. 

The research into producing carrageenan-based films for food packaging is a relatively 

recently established and growing field. Although there are some studies where they are 

applied in packaging for fresh and frozen fish, fruit coatings, and meats, among others 

[62–64], there is still, a limited number of published papers that provide a 

comprehensive assessment of the prospects for these films, as well as the current 

approaches to improve their properties [63]. 
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Carrageenan polymers have a compact film structure, and their high gelling capacity 

confers excellent film-forming properties [62]. 

Therefore, acquiring knowledge on enhancing the characteristics of these films, 

distinguished by their biodegradability, biocompatibility, and cost-effectiveness, 

becomes imperative [63, 65]. 
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2.6– Essential Oils 
 

The history of EOs may be traced back to the East as well as the concept of distillation, 

which forms the technological foundation of the EO business. They were originally 

thought and put into practice in the Orient, particularly in Egypt, India, and Persia [66]. 

The terminology "essential oil" was originally used in the 16th century by Paracelsus von 

Hohenheim, who called the active ingredient in a remedy "quinta essentia" [66].  

The synthesis of volatile compounds takes place in specialized cell types that may be 

found in almost every section of plants, like trees (sandal), flowers (jasmine, 

rose), grasses, roots (ginger), and fruits (anise) [67, 68]. These glandular trichome cells 

(Figure 8) also include adduct cavities and osmophores, the sites where the chemicals 

are collected after being biosynthesized [67].  

 

 

Figure 8. Microscopic sideview of a glandular trichome and branched protective trichomes in the 

background, magnified 400×; from Lavandula angustifolia  [69]. 

 

Derived from aromatic and medicinal plants through expression, or steam distillation, 

EOs are a complex mixture of volatile plant compounds, manly terpenes and terpenoids 

[70]. However, it should be noted that the chemical composition of an EO can change 

from plant to plant, and even within the same species. Numerous elements, including 

abiotic and biotic factors, post-harvest treatment, extraction techniques, and storage 

conditions, are linked to these variations in the chemical composition [71]. 

EOs are one of the finest alternatives to synthetic food additives, due to their potent 

biological activities, and are employed in various applications in the food and beverage 

sector. These applications include providing a natural taste and scent and serving 

for preservation [72]. EO ingredients are so effective at preventing food from spoiling 

that they are included in the packing films development and production [73]. Not only 
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they are used in the food industry, but also in cosmetics with numerous skin regenerating 

properties and in pharmacology as active ingredients [67, 74]. 

 

The most applied techniques for chemical analysis of EOs are, for their widespread use 

for chemical profiling, gas chromatography (GC), gas chromatography combined with 

mass spectrometry (GC-MS), for its ease of use, environmental friendliness, and long-

term cost-effectiveness [71]. 

GC is based on separating a single molecule from a complex matrix between two phases 

according to the phases' affinities, shapes, and masses. The mobile phase is the one that 

travels by capillarity or pressure moving substances toward the stationary phase more 

quickly or more slowly. In GC, the stationary phase is solid at room temperature and the 

mobile phase is a gas. However, the stationary phase will partially melt at high 

temperatures but will still be stuck on the column. Typically, the column is coupled to a 

flame ionization detector (FID) used for EO analysis [71]. 

 

 

2.6.1 – Cymbopogon winterianus, Jowitt 
 

There are two different Cymbopogon species, C. winterianus, Jowitt (Java citronella) 

(Figure 9) and C. nardus L. Rendle (Ceylon). They have similar volatile oil scents and 

therapeutic applications and present differing citronellal contents. Geraniol (36.0%) and 

citronellal (42.7%) are abundant in Java citronella [75]. 

 

 

Figure 9. Cymbopogon winterianus [76]. 

 

There are 140 species in the genus Cymbopogon (Poaceae family), more than 52 of which 

have been documented to occur in Africa, 45 in India, 6 in Australia and 6 in South 
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America, 4 in Europe, 2 in North America, and the remainder spread across South Asia 

[77].  

 

Resilient and aromatic, Java citronella, henceforth referred as citronella, is a kind of 

grass that may reach a height of 2.5 m from a rootstock. The leaves are long and thin, 

measuring between 0.5 and 1.6 cm in width and growing to a length of 1 m. They have a 

greenish-white tip, a white midrib, and an upper cauline wider than 9 mm but narrowing 

toward the base [78]. 

They are very stress-tolerant plants that readily adapt to a variety of edaphoclimatic 

conditions [79].  Although genetically controlled, the ambient, harvest, and post-harvest 

conditions significantly impact on the production of secondary metabolites [75].  

Cymbopogon species thrive in the warm, humid conditions of the tropics and subtropics. 

They often like hot, humid climates with plenty of sunshine during all the year [80]. 

Citronella grows in soil with a pH range of 5.8 to 8.0. Water logging should be avoided 

to produce the best yields because the crop is particularly sensitive. High atmospheric 

humidity and evenly distributed rainfall positively impact plant development, 

production, and EO quality. Lower yields are reportedly the result of citronella's growth 

being constrained at greater altitudes above 400 m [76]. 

The preferred multiplication method for citronella is often vegetative since seed 

propagation is time-consuming and poses the potential for hybridization between C. 

winterianus and C. nardus [81]. The optimal time for planting is in subtropical areas 

with reliable irrigation, just before it starts to rain. However, it can also be done in the 

months of January through February, February through March, and June through July 

[82, 83]. September and October saw the highest yields and citronellal concentrations. 

Geraniol and citronellal content decreased during a drought whereas citronellol content 

increased [75]. 

 

Overall, EO is present in every section of the plant, but it is most abundant in the leaves. 

Also, the quality of the EO from other regions is poor. Thus, it should only have its leaves 

harvested [83]. Following the process of harvesting, the citronella leaves are first left in 

the field to undergo the natural progression of drying or can be dried at room 

temperature (28°C) until brittle [81]. To boost the amount of EO, the leaves are cut before 

extraction, so they contain the greatest surface area [83].  

 

Many elements, including soil, climate, age of the crop, and distillation efficiency 

method, impact the EO content of the leaves. EOs can be extracted using traditional 

distillation techniques including steam distillation and hydro-distillation. The produced 
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EO is a natural source of key compounds used in fragrance, such as citronellol, geraniol, 

among others, widely used in the global soap, perfumery, cosmetic, and flavoring 

industries [83]. 

Although citronella EO has several applications in aromatherapy, it is most well-known 

for its inherent ability to repel insects. Multiple investigations have shown that citronella 

EO is mainly composed of citronellal, with citronellol and geraniol being the subsequent 

major compounds (Figure 10) [83–86]. Moreover, it has been shown that the repellent 

capacity is mostly attributed to the presence of citronellol and citronellal, hence 

substantiating their potential as repellents [84]. Among other EO, citronella EO proved 

to be the most effective at repelling insects for two hours [87]. 

 
 

 

Figure 10. Main constituents of C. winterianus [88–90]. 

 

The principal chemical compounds found in citronella are monoterpenes and are 

classified as a vast and heterogeneous group of naturally occurring compounds. 

Monoterpenes, also known as monoterpenoids, are composed of two interconnected 

isoprene units, forming their fundamental structure. They can suffer cyclization and 

oxidation allowing EOs to have low molecular weight. Monoterpenes have several 

pharmacological activities, including antibacterial, anti-inflammatory, antioxidant, 

antipruritic, hypotensive, and analgesic effects [91]. 

In terms of therapeutic applications, most citronella EOs are restricted to their usage as 

a mosquito repellent, as said before, but they can also be used as antiparasitic, 

nematocidal, antifungal, and antibacterial agents [83, 92]. Simic's et al. research 

demonstrated the potential of citronella to possess antifungal and antibacterial effects, 

notably against Gram-positive bacteria [85]. The study conducted by Oliveira et al. 

provides more support for the antifungal properties of citronella EO, specifically 

concerning its effectiveness against Candida albicans and Trichophyton species [93]. 
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It can also be applied as a massage oil for sore muscles and joints. With respect to 

traditional treatments, fever, intestinal parasites, digestive issues, and menstruation 

problems are among the applications [83, 94]. 

 

 

2.6.2 – Lavandula viridis L.Her. 
 

One of the most well-liked medicinal plants with significant commercial importance is 

Lavandula (Lamiaceae). About 39 different species constitute the genus Lavandula, but 

only L. angustifolia (lavender), L. hybrids (lavandin), and L. latifolia (spike lavender) 

are harvested for their EOs [69, 95]. Species belonging to the genus Lavandula are 

native to the Mediterranean area. However, they have been successfully grown in other 

parts of the globe, including Europe, Southwest Asia, India, the Arabian Peninsula, and 

North and South America [96]. Lavandula viridis L.Her.  is a xerophytic aromatic shrub 

that may grow to be as tall as 40 cm and has ovoid-cylindrical spikes composed of white 

flowers, which can range around 6 and 8 mm in diameter (Figure 11) [96]. 

 

 

Figure 11. Lavandula viridis plant [96, 97]. 

 
Several studies reported the antibacterial, antifungal, and anti-cholinesterase properties 

of many EOs from this genus. The neuroprotective, anti-inflammatory, and antioxidant 

activities of Lavandula extracts were also shown [98, 99]. 

Due to their use in the food and fragrance sectors and more recently in aromatherapy, 

Lavandula EOs are very interesting. The flavoring of beverages, ice cream, candy, and 

chewing gum has been achieved in the food industry by using volatile chemicals. The EOs 

have been used in cosmetics such skin lotions, soaps, colognes, perfumes, and other skin 

care products in the fragrance industry [99]. The physiological effects of the inhaled 

volatile chemicals lead to the use of Lavandula species in aromatherapy. In addition to 

their effects on the central nervous system, animal investigations have demonstrated that 

Lavandula species have antispasmodic effects on the smooth muscles of the uterus and 
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the ileum. Additionally, acaricidal and antimicrobial activity against several bacterial and 

fungal species have been documented for lavender EOs [100]. 

Considering that is a perennial plant, lavender may grow in the same location from 8 to 

15 years up to 20 or 30 years. It is possible to begin planting the crop from spring through 

October; however, farmers discovered that planting in the fall results in more blossoms 

the following year [69].  

Lavender thrives best in a climate that has warm summers and chilly winters. 

Additionally, the soil in which it grows should be porous, somewhat rich, and have a pH 

that ranges from neutral (6.4) to slightly alkaline (8.2). For both the germination process 

and the transition into the vegetation stage, a reasonably high temperature is required:  

10–15ºC [69]. 

Propagation of lavender plants may be accomplished by cultivating seeds, cuttings, 

division of existing plants or layering [69]. If the plant grows from seed, the quality of 

the EO, the color of the flowers, or the growth habit of the plant would not be known 

precisely [101]. Most of the lavender may be grown from cuttings at any moment of the 

year, but the end of summer or the beginning of fall is often suggested. The most 

successful cuttings are often taken late in the summer from robust plants because these 

plants have thick stems that root easily [101]. When taking tip cuttings from mature 

plants, the length of the cutting should be between 3 and 8 cm. After the cuttings have 

been placed in a propagation mix that drains well, they should be shielded from sunlight 

and frost, and they should be misted many times each day. Within three to four weeks, it 

is possible to get plants that have roots. [101]. 

      

Lavandula viridis, has the potential to reach a height of 70 cm and a diameter of 80 cm. 

It blooms in the spring or summer with white flowers. Although it can survive at 

temperatures as low as 5ºC, it grows best in bright sunlight or partially shaded but well-

lit locations [69, 101]. 

The southern region of Portugal, Algarve, is extremely abundant in aromatic plants, 

particularly lavender species. There are several species of Lavandula, of which the L. 

viridis (“rosmaninho-menor”, “rosmaninho-verde” or “rosmaninho-branco”) is part. 

The Southwest Iberian Peninsula, Madeira, and the Azores Islands are all home for L. 

viridis [105]. 

 

The blossoming of the lavender plants, which occurs between June and July, marks the 

beginning of the harvesting process in the second year of the crop. The flowering tops 

and inflorescence of the plant are what is taken to extract the EO. These plant parts are 

picked after the plant is fully blossoming. The volatile EO content of fresh lavender 
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flowers ranges from roughly 0.7–1.4%. Some of the volatile EO in the plant material is 

lost during the drying process [69]. Nowadays, most herbal EOs are distilled via steam 

distillation. When exposed to steam, the EO glands burst, resulting in oily splotches. The 

steam condenses on the outside of the plant, releasing latent heat and increasing the 

temperature of the top layers. After the condensing steam has risen the temperature to 

about 98 ºC, the vapor pressures of the water and EO combine to bring the liquids to a 

boil due to their additive qualities. Saturated vapors of EO ascend, and when cooled in a 

condenser, they return to a liquid state. The liquid is directed into a separator. The EO is 

separated off the surface of the water because it is less dense than water therefore it floats 

[101]. 

According to the research conducted by Vairinhos et al., the major compound of L. viridis 

EO is 1,8-cineole, a monoterpenic ether [96]. According to Machado's et al. investigation, 

camphor, a monoterpenic ketone, was identified as the second principal compound 

(Figure 12) [102]. 

 

 

Figure 12. Main constituents of L. viridis [103, 104]. 

 

Lavender EO is widely sold because of its versatility in many different contexts, including 

fragrance, medicine (for treating wounds), aromatherapy (for relieving migraines), and 

even as a body oil [69, 101]. 
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2.7 –Preparation of Films 

 
The use of biopolymers producing edible films has received significant attention over the 

past two decades as an effective substitute of petroleum-based packaging materials [40]. 

Nevertheless, it has been reported that the structure of films made from these 

biopolymers is brittle due to substantial intermolecular forces, which can be reduced by 

adding a plasticizer [40]. 

 

Plasticizers are a group of nonvolatile compounds with a low molecular weight 

extensively used as additives in the polymer industry. The primary function of these 

compounds is to enhance the flexibility and ability to process polymers by reducing the 

glass transition temperature (Tg) [105]. Glycerol is broadly incorporated into most 

hydrocolloid films, since it is an extremely hygroscopic molecule that allows to avoid film 

fragility [106]. Despite the capacity of glycerol to enhance elasticity, it ultimately presents 

a drawback. Elasticity enhancement reduces the strength of internal dipole-dipole 

interactions among the polymeric chains, increasing intermolecular space. This 

increased space facilitates the penetration of oxygen and moisture into the films [107]. 

 

When producing an active packaging with active compounds incorporated in the polymer 

matrix, the active agent is intimately mixed with the polymer by dissolving both 

substances in an appropriate solvent (casting procedure) or by melting the polymer and 

incorporating the antioxidants into the melt (extrusion procedure). Another technique 

involves the immobilization of antioxidants on a polymer surface that has been treated 

with physical or chemical agents to promote the adhesion of the active compound 

(coating procedure) [108].  

 

The casting method (Figure 13) includes dissolving the polymer that will serve as the film 

matrix in an appropriate solvent while simultaneously incorporating the intended active 

agent. After pouring the polymer/active agent solution into a surface and allowing the 

solvent to evaporate, a plastic-like film is produced. This method typically produces films 

containing natural bioactive agents (EOs and natural extracts) [108]. 
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Figure 13. Casting method with the materials used in this work [109]. 

 

In the extrusion method, the antioxidant is integrated into the polymer matrix, which 

melts because of the extruder's high shear forces and temperatures [108]. 

 

The coating process involves using and immobilizing antioxidant compounds on the 

film's surface. This method has specific benefits over alternative methods.  The active 

ingredient is spread on the package's interior layer, and no aggressive thermal or 

mechanical processes are employed, enabling the incorporation of active compounds 

with minimal activity loss [108]. 

 

After the obtention of the films, they must be characterized for their physical properties, 

which influence aspects such as the films' flexibility and hydrophobicity, barrier and 

optical properties (which are crucial for the consumer to judge the quality of the 

packaged product), and bioactive properties (Figure 14). 

 

 

Figure 14. Biopolymers impact special functionalities in the film matrix, such as mechanical, water and gas 

barrier, and optical qualities, as well as a reservoir for bioactive substances (adapted from [40]). 



26 

 

2.8 – FTIR and DSC Analysis 
 
The main technique of infrared spectroscopy is the Fourier-Transform Infrared 

Spectroscopy (FTIR) [110]. Infrared spectroscopy, which relies on the study of 

absorption peaks at certain wave numbers (cm-1), is one of the most helpful methods for 

detecting polysaccharide structures [111]. In this method, infrared radiation is sent 

through the sample, with some of it being absorbed and the rest being transmitted. The 

spectrum acquired is the consequence of molecule absorption and emission, which forms 

a fingerprint zone of the sample, allowing identification, assessing their quality, and the 

number of components in the samples [110]. 

 

Differential Scanning Calorimetry (DSC) analysis is a thermodynamic technique that 

permits direct evidence to support the heat sustained by a sample in a controlled 

environment where the temperature is either increasing or decreasing. Calorimetry is the 

only direct method for determining the enthalpy associated with the process of interest, 

and it is a major technique for measuring the thermal characteristics of materials to 

establish a link between temperature and certain physical properties of substances, by 

performing a mathematical integration on the curve that represents the variation in heat 

flow over time [112]. This enables the determination of phase transition modification 

such as melting, crystallization, and others [113, 114]. 

 
 

2.9 - Evaluation of Physical Properties of the Films 

 
Packaging is a crucial part of today's economy since it ensures that food items retain their 

original quality throughout transport. It's also vital since it keeps foods fresh and 

prevents contamination from harmful environmental factors [35]. 

Films used for food packaging should have favorable mechanical characteristics, such as 

Tensile Strength (TS) and Peak Elongation (PE). Materials with the right combination of 

mechanical properties may protect food from damage throughout handling, storage, 

distribution, and consumption [40].  Materials' tendency to break under stress 

constitutes their tensile characteristics [115]. 

The tensile test is used to measure several of the films' mechanical properties, and the 

results (TS, PE Tensile Index (TI), and Elastic Modulus (EM)) are reported here. A 

material’s TS (N/m) is the maximum stress that may be applied before it breaks. The TI 

is calculated dividing the tensile strength (N/m) by the grammage (g/m2) [116]. EM 

(MPa) assesses how well a material resists elastic deformation. When stretched, 
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materials with a low EM can stretch a lot. The reverse occurs with high EM materials 

[117]. The PE is the percentage of the new length as compared to the original length after 

the specimen has been broken. It indicates how much a material can withstand 

deformation without developing cracks [118]. 

 

It is possible to calculate the surface free energy of a packaging material using the 

approach developed by Owens and Wendt (OW) by measuring the contact angle of the 

material's surface with three pure liquids (typically, water, ethyleneglycol and 

diiodomethane). It’s a thermodynamic metric that describes the equilibrium of atoms in 

a material's surface layer. Each material has its own signature amount. The phase border 

between the two media, reveals the unique imbalance in intermolecular interactions. 

Methods of calculation based on contact angle measurements are grounded on the Young 

equation. It was developed from the equilibrium of forces representing surface tensions 

at the interface between a solid, a liquid, and a gas. It is also possible to obtain the Young 

equation given the triple point energy balance:  

 

𝛾𝑆 = 𝛾𝑆𝐿 + 𝛾𝐿  𝑐𝑜𝑠𝜃    (1) 

 

Where 𝛾𝑆 is the surface free energy of solids in vacuum, 𝛾𝑆𝐿 is the surface tension on solid-

liquid phase separation, 𝛾𝐿 is the surface free energy of the liquid and 𝜃 is the contact 

angle measured on the studied surface [119]. 

 

Based on the Bethelot theory, the OW method states that the interactions between 

molecules of the two substances present in their surface layer are equivalent to the 

geometric mean of intermolecular interactions inside each substance, involves 

identifying components of dispersion and polar surface free energy. When taken 

together, polar, hydrogen, inductive, and acid-base interactions make up what is known 

as the polar factor. To calculate surface free energy the following formula can be used: 

 

𝛾𝑆 = 𝛾𝑆
𝑑 + 𝛾𝑆

𝑝
    (2) 

 

Where 𝛾𝑆 is the surface free energy, 𝛾𝑆
𝑑 is the dispersive component of the surface free 

energy and 𝛾𝑆
𝑝

 is the polar component of the surface free energy [119]. 
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Customers react differently depending on the kind of packaging, the product's brand, 

and the colors and shapes employed [120]. The main desired color factor is that the films 

do not present color or opacity, so that the packaged food can be fully visible to the 

consumer. By maintaining a steady correlation between color values and how they are 

perceived, the CIE L*a*b* color system enables numerical representation of colors. The 

color coordinates a* and b* range from +a* (red) to -a* (green) and +b* (yellow) to -b* 

(blue), whereas L* corresponds to brightness and ranges from 0 (black) to 100 (white) 

[121]. 

In optics, transparency refers to an object's physical attribute of allowing light to flow 

through it freely. Transparent materials allow the greatest amount of incoming light to 

flow through them; translucent materials allow some light to pass through but at a 

reduced intensity; and opaque materials prevent any light from passing through at all 

[122]. 

 

Chemical groups present in the polymer (polar or not), Tg, and crystallinity play a role 

in the polymer's barrier properties, which are in turn strictly correlated to the polymer's 

intrinsic structure [123]. The mechanical characteristics of the materials have a direct 

impact on the barrier qualities, which are often assessed for water vapor, oil, and oxygen 

[124].  
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2.10 - Evaluation of Antioxidant and Antimicrobial Properties 

 

Numerous health benefits have promoted antioxidants to the status of a crucial 

nutraceuticals [125]. Substances that have the potential to scavenge free radicals are 

often characterized by their antioxidant capacity. In biological systems, this ability is 

linked to the availability of chemicals that can scavenge free radicals [126]. The well-

known antioxidant tests rely on the scavenging capacity of 2,2-difenil-1-picrilhidrazil 

(DPPH) radicals and β-carotene bleaching assay [127]. 

 

The widely used DPPH• antioxidant test is based on the scavenging of DPPH radicals 

[125]. When a DPPH radical solution is combined with an antioxidant/reducing 

compound, its color changes from purple to the corresponding hydrazine's yellow. By 

tracking a reduction in absorbance at 517 nm as the forming hydrazine DPPH2 produces 

a yellow solution, or by electron spin resonance, the reducing capacity of antioxidants 

regarding DPPH• can be determined [126]. 

 

In the β-carotene bleaching assay the major component of the reaction medium is a β-

carotene/linoleic acid emulsion in water with produced peroxyl radicals (LOO•).  During 

the experiment, the concentration of β-carotene is measured in both a control sample 

and a sample containing the investigated antioxidant. Immediately after the depletion of 

the studied antioxidant, β-carotene interacts with peroxyl radicals in the sample. The 

spectrophotometric measurement of β-carotene loss occurs at 470 nm. Antioxidant 

activity is often represented as a percentage compared to an untreated control in this 

approach [128].  

 

The most common and fundamental techniques to evaluate antibacterial properties are 

disk diffusion and broth or agar dilution. A standard inoculum of the microorganism 

under investigation is used to inoculate agar plates. After that, the necessary 

concentration of the test substance is spread throughout the surface of the agar in 

cellulose paper discs with 6 mm in diameter. The Petri dishes are kept warm and humid 

in an incubator. The diameters of inhibition zones where the microorganism was unable 

to growth are typically assessed after an antimicrobial agent has diffused into the agar 

[129]. 
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3.1 – Main and Specific Objectives  
 

The main purpose of this work was to develop and characterize two innovative bioactive 

food packaging materials using k-carrageenan films incorporated with two EOs, namely 

C. winterianus and L. viridis. As a result, the following specific goals were established: 

• Chemical characterization using GC and FTIR of C. winterianus and L. viridis 

EOs; 

• Evaluation of the antioxidant, antibacterial and anti-quorum sensing properties 

of both EOs; 

• Production of k-carrageenan films incorporating different volumes of C. 

winterianus L. viridis EOs; 

• Characterization of bioactive films using DSC and FTIR;  

• Physical characterization of the produced films, determining the following 

properties: structural (thickness and grammage), mechanical (TS, TI, PE, EM) 

and optical (color coordinates and transparency); 

• Determination of the contact angles of the films, as well as their surface free 

energies; 

• Evaluation of the barrier properties (water and oil) of the bioactive films; 

• Evaluation of the antioxidant, antibacterial and anti-biofilm properties of the 

films; 

• Simulation of the application of films on a food model, by wrapping and sealing 

cheese slices. 
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Chapter 4 

Materials and Methods 
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4.1. – Reagents 
 

The polysaccharide k-carrageenan (CAS number: 11114-20-8) was purchased from Tokyo 

Chemical Industry CO.LTD (Tokyo, Japan). The C. winterianus EO was achieved from 

“Herdade Vale Côvo”, extracted by hydrodistillation, using the leaves. L. viridis EO was 

purchased in “D’Alenguadiana”. Plant’s aerial parts were obtained to extract the EO by 

hydrodistillation. Glycerol (anhydrous) (CAS Number: 56-81-5) was purchased from 

Merck (Darmstadt, Germany). 

 

4.2. – EO Chemical Analysis: GC-MS 

 

The EOs were stored at room temperature (±25ºC) and protected from light until used. 

The chemical composition of the C. winterianus and L. viridis EOs was analyzed by the 

company CHROMESSENCE through GC-MS, by using the standard protocol ISO 

7609:1985. The program ran at a temperature of 50°C for 6 minutes before increasing by 

2°C per minute to 190°C and then by 4°C per minute to 220°C. After remaining at 220°C 

for 10 minutes, the program switched to its final two modes, which were 4°C per minute 

up to 240°C and remained at that temperature for 10 minutes. Helium served as the 

carrier gas, with injection volumes of 0.1 µL (FDI) and 0.1 µL (MSD) and head pressures 

of 33 Psi (FID) and 25.5 Psi (MSD), respectively [130, 131]. 

 

4.3 – Evaluation of the Antioxidant Activity 

 
The antioxidant activity of the two EOs was evaluated using the DPPH free radical 

scavenging method and the β-carotene bleaching test. 

 

4.3.1 – DPPH Free Radical Scavenging Method 

 

Briefly, 3.9 mL of three different DPPH• methanolic solutions (0.08, 0.1242 and 0.2 mM) 

were combined with 100 µL of various concentrations of both EOs (5%; 3.75%; 2.5%; 

1.25%; 0.5% and 0.25%). The absorbances were measured at 517 nm after 90 min of 

incubation at room temperature in the dark using a spectrophotometer. Equation (3) was 

used to determine the radical scavenging activity. 

 

 

%𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =
𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝐴𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100    (3)  
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Where 𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙 is the absorbance of the control and 𝐴𝑠𝑎𝑚𝑝𝑙𝑒 is the absorbance in the 

presence of the EO. 

 

By graphing the concentrations of the EOs against the corresponding %Inhibition, a 

calibration curve was built to estimate the IC50 and the results were presented as 

Antioxidant Activity Index (AAI), which was calculated, using equation (4): 

 
 

𝐴𝐴𝐼 =
𝑓𝑖𝑛𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐷𝑃𝑃𝐻 𝑖𝑛 𝑡ℎ𝑒 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝐼𝐶50
       (4) 

 
 
According to the work of Scherer and Godoy, AAI values could be categorized as poor 

(AAI ≤ 0.5), moderate (0.5 < AAI ≤ 1.0), strong (1.0 < AAI < 2.0), or very strong (AAI ≥ 

2.0). The DPPH• solutions were made each day, and the assays were performed in 

duplicate [132, 133]. 

 
 

4.3.2 - β-Carotene Bleaching Test 
 
For the β-carotene bleaching test, 40 µL of linoleic acid, 400 µL of Tween 40, and 1 mL 

of chloroform were combined with 500 µL of a β-carotene solution (50 mg/mL in 

chloroform). Following the vacuum-assisted evaporation of the chloroform, 100 mL of 

distilled water previously saturated with oxygen were added to the mixture to produce 

an emulsion. After that, 300 µL of EOs methanolic solutions were added to test tubes 

along with 5 mL of the emulsion. 5 mL of the emulsion and 300 µL of methanol served 

as the negative control. The tubes were then agitated and submerged for 1 h at 50°C in a 

water bath. Using a spectrophotometer and a blank emulsion without β-carotene, the 

absorbance of the samples was measured at 470 nm. At the beginning of the incubation 

period (t=0 h) and the end of the incubation period (t=1 h), measurements were made in 

duplicate. The antioxidant activity of the EOs was determined as % Inhibition of β-

carotene [134]. 

 
 

%𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =
𝐴𝑠𝑎𝑚𝑝𝑙𝑒

𝑡=1ℎ − 𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙
𝑡=1ℎ

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙
𝑡=0ℎ − 𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝑡=1ℎ × 100     (5) 

 
 
 

where 𝐴𝑡=1ℎ is the absorbance of the sample or negative control at the final time of 

incubation, and 𝐴𝑡=0ℎ is the absorbance of the negative control at the initial time of 

incubation [134]. 
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4.4 - Antibacterial Properties Assessment 

 

4.4.1 – Solid Diffusion Assay 
 

The antibacterial activity of both EOs was determined by the disc diffusion method. Six 

bacterial species: three Gram-positive (S. aureus ATCC 25923, L. monocytogenes LMG 

16779 and E. faecalis ATCC 29212), and three Gram-negative (E. coli ATCC 25922, 

Salmonella Typhimurium ATCC 13311 and P. aeruginosa ATCC 27853) were used. The 

bacterial strains stock cultures were maintained in 20% (v/v) glycerol at -80°C. Before 

the antibacterial assays, all the strains were subcultured in Brain-Heart Infusion agar 

(BHI) for 24 h [134]. 

 

For the solid diffusion assay, the bacteria were suspended in a sterile saline solution 

(NaCl, 0.85% 𝑤/𝑣) to a cell suspension of 0.5 McFarland to obtain a bacterial density of 

1-2×108 colony-forming units/mL (CFU/mL). Bacterial suspensions were used to 

inoculate Müeller-Hinton agar (MHA) plates. Sterile blank cellulose discs (6 mm) were 

soaked with 15 µL of the EOs that were then applied on the top of the inoculated culture 

medium. The plates were incubated at 37°C for 24 hours and the diameters of inhibition 

zones were visually examined using a digital pachymeter [134]. Additionally, the plates 

were observed by optical microscopy, using a Nikon Labophot-2 microscope (Nikon, 

Tokyo, Japan) equipped with a Leica MC190 HD camera and (Leica, Wetzlar, Germany) 

controlled by the LAS v4.13 software [135], to verify the microbial growth inhibition after 

the incubation period. The results were achieved by three independent assays. 

 

 

4.4.2 – Resazurin Microtiter Assay 
 

The resazurin microtiter assay was used to determine the EOs’ Minimum Inhibitory 

Concentrations (MIC). Serial two-fold dilutions of both EOs (from 32 to 0.25 µL/mL) 

were made in a 96-well plate (50 µL/well) using MHB. Following 30 µL of fresh MHB, 

the resazurin indicator solution (10 µL, 0.1% 𝑤/𝑣) was added to each well. The wells were 

then filled with the bacterial suspension (10 µL, 0.5 McFarland). The plates were made 

in triplicate and incubated for 24 h at 37°C. Following a visual evaluation, the color 

transition from purple to pink or colorless was noted as favorable. The MIC value was 

determined to be the lowest concentration at which the color shift was noticed [134]. 
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4.4.3 – Quorum-sensing Inhibition 
 

The anti-quorum sensing properties of both EOs were evaluated using the biomonitor 

bacteria Chromobacterium violaceum ATCC 12472. The C. violaceum ATCC 12472 

bacterial suspension was produced by aerobic overnight growth (30°C, 250 rpm) in 

Luria-Bertani (LB) medium. To seed C. violaceum ATCC 12472 suspension on LB agar 

plates, its turbidity was adjusted to an OD620nm of 1. The plates were covered with sterile 

blank filter discs soaked with 15 µL of the EOs and incubated for 24 h at 30°C. After the 

incubation period, a digital pachymeter was used to assess the anti-quorum sensing 

activity, which was determined by the inhibition of the violacein pigment formation 

around the disc (a ring of colorless but living cells) [134, 136]. 

 

 

4.5 – Production of k-Carrageenan/EO Films 

 
The solution casting technique was used to produce the bioactive films. Initially, 1 g of k-

carrageenan was dissolved in 50 mL of distilled water, and the mixture was agitated for 

10 minutes using a magnetic stirrer at 50°C. To further investigate the effect of 

incorporating both the EOs, three different volumes (62.5 µL, 125 µL, and 250 µL) were 

added and then stirred again for 7 minutes, at 50°C. Then, 250 µL of glycerol were added, 

and the mixture was agitated for 7 minutes at 830 rpm at 50°C. Control films without 

the addition of the EOs were also prepared. The films were made by depositing the 

filmogenic solution, ≈15 g, in polystyrene Petri dishes, which were then placed in an oven 

with forced ventilation for around 6 h at 40°C. Finally, the dried films were peeled off 

from the Petri dishes and stored in a laboratory with controlled temperature (23±2°C) 

and relative humidity (RH) (50±5%) [134, 137]. 

 

 

4.6 – Characterization of the Films 

 
4.6.1 – FTIR 
 
FTIR of the films was performed using a Nicolet iS10 smart iTRBasic Fourier-Transform 

Spectrometer model (Thermo Fisher, Whaltham, MA, USA). The spectra were obtained 

between 4000 and 600 cm-1 with 64 scans per spectrum and a resolution of 4 cm-1. 
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4.6.2 – DSC  

 
The samples were previously dried at 105 ºC for 24 h. Initially, baselines were 

determined for each sample. An inert atmosphere was present during the test, which 

took place at temperatures ranging from room temperature to 400 ºC at a heating rate 

of 10 ºC/min [138]. 

 

 

4.6.3 – Physical Properties 
 

The structural properties, such as grammage and thickness, were determined according 

to ISO 536:1995, the grammage of the films was determined using the mass-to-area ratio 

(g/𝑚2). A digital micrometer was used to measure the thickness (µm) of the films in 

accordance with ISO 534:2011 taking several random readings [139]. 

Mechanical properties such as TS (N/m), TI (N.m/g), PE (%) and EM (MPa) of the films 

were measured using a tensile tester, with the initial gap set at 50 mm and the constant 

rate of elongation applied is 20 mm/min in accordance of ISO 1924/2 with some changes 

[139]. 

Using a Color Touch 2, model ISO spectrophotometer (Technidyne Corporation), the 

optical properties of the films, color, and transparency, were evaluated using the 

illuminant D65 and the observer angle 10°. The color of the films was evaluated through 

the lightness/brightness (L*), redness/greenness (a*), and yellowness/blueness (b*) 

color coordinates against a white standard background, these measurements were made 

on several randomly selected points of the films [139]. 

 

 

4.6.4 – Contact Angles and Surface Free Energy 
 

The sessile drop method was used to determine the contact angles of the films. 

Measuring the contact angles using deionized water, ethyleneglycol and diiodomethane, 

as test prove liquids to determine the surface free energy of the films (including the total, 

dispersive, and polar components). The equipment's software provided the reference 

liquids' surface tension components. For each liquid and each sample, contact angle data 

were acquired from at least six measurements, and the surface free energies of the 

samples were determined using the Owens, Wendt, Rabel and Kaelble (OWRK) approach 

[134]. 
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4.6.5 – Barrier Properties 
 

The water vapor transmission rate (WVTR) of polymer films is frequently tested for 

quality assurance and to determine their suitability as packaging materials. In this work 

the gravimetric method, also known as steady-state measurement, was employed. WVTR 

is the water mass that penetrates a film of a given thickness and area per unit time at a 

given temperature and relative humidity (RH) gradient [140]. 

According to the established protocol ASTM E96-00, Water Vapor Permeability (WVP) 

(g/Pa.day.m) and WVTR (g/𝑚2.day) were measured. The films were adhered to the tops 

of cups containing a desiccant (15 g of anhydrous CaCl2, dried at 105°C before use). After 

that, the test cups were kept in a cabinet at 23±2°C and 50±5% RH. Over the course of 

48 h, the weight fluctuations were tracked every 2 h [141]. 

The slope of a linear regression of the weight gain vs time was used to calculate the 

gradient. The Equations (6) and (7) were used to determine WVTR and WVP: 

 

𝑊𝑉𝑇𝑅 =

𝛥𝑚
𝛥𝑡
𝐴

      (6) 

 

where A is the test area (𝑚2), t is the test period (day), and Δm is the weight changes of 

the test cups (g). 

 

𝑊𝑉𝑃 =
𝑊𝑉𝑇𝑅

𝛥𝑝
=

𝑊𝑉𝑇𝑅

𝑝 × (𝑅𝐻1 − 𝑅𝐻2)
× 𝑒       (7) 

 

where 𝑒 is the film thickness (m), 𝑝 is the water vapor pressure at 23 °C (Pa), 𝑅𝐻1 is the 

cabinet's relative humidity (50%) and 𝑅𝐻2  is the humidity within the cups (0%) [139]. 

 

To study the films Oil Permeability (OP), they were cut and placed at the top of the tubes 

containing 5 mL of edible vegetal oil from sunflower seeds. The tubes were placed upside-

down over a filter paper that was dried at 105°C for 24 h before being weighed. The 

weight difference of the filter paper, the thickness of the films, the effective contact area, 

and the storage time (24 h) were used to calculate the OP (g.mm/ 𝑚2day) [141]. 

 

𝑂𝑃 =
∆𝑊 × 𝑒

𝐴 × 𝑇
   (8) 

 

𝐴 is the contact area (𝑚2), ∆𝑊 is the weight difference of the filter paper (g), 𝑒 is the film's 

thickness (mm), and 𝑇 is the storage time (days) [141]. 
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4.6.6 – Antioxidant Activity 
 

The antioxidant activity of the bioactive films was evaluated by both methods described 

above for EOs, with slight modifications. For the DPPH•, 3 discs of the films (6 mm) were 

added to 2.9 mL of a DPPH• methanolic solution (0.1 mM). Then, the absorbances were 

measured over a 5 h period at 517 nm every 30 min against a blank of methanol. The 

control sample consisted of 100 μL methanol plus 2.9 mL DPPH• solution [141]. The 

equation 9 was used to determine the films’ antioxidant activity: 

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =
𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100    (9) 

 

Where 𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙 is the absorbance of the negative control and 𝐴𝑠𝑎𝑚𝑝𝑙𝑒 is the absorbance of 

the solutions in the presence of the films. 

Using the β-carotene bleaching test, the volume of the sample was substituted by 3 discs 

of the films (6 mm) [141]. 

 

4.6.7 - Antibacterial and Anti-quorum Sensing Properties Assessment 
 

Using the methods outlined above for EOs, the antibacterial and anti-quorum sensing 

properties of k-carrageenan films were assessed using the solid diffusion assay. Briefly, 

discs of the films (6 mm) were cut in an aseptic environment and applied on the surface 

of seeded agar plates [134]. Additionally, the plates were observed by optical microscopy, 

to verify the microbial growth inhibition and the integrity of the films after the incubation 

period [141]. The results were achieved by three independent assays. 

 

 

4.6.8 – Anti-biofilm Activity 
 

Scanning Electron Microscopy (SEM) was used to examine the anti-biofilm activity of 

the bioactive films against L. monocytogenes LMG 16779. Bacterial biofilms were 

produced directly on the discs of the films (about 1 cm2) that were set up on 12-well 

plates. L. monocytogenes LMG 16779 was grown in Tryptic Soy Broth (TSB) overnight at 

37°C and 250 rpm. The suspension's turbidity was adjusted to an OD610nm of 0.7. Then, 

700 μL of TSB were added to 300 μL of the bacterial suspension. The plates were 
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incubated for 24 h at 37°C. After the incubation period, the biofilms were washed twice 

with sterile saline solution. Next, they were fixed with 2.5% (𝑣/𝑣) glutaraldehyde at 4°C 

for 4 h. After that, samples were given a single Phosphate Buffered Saline (PBS) solution 

wash before being dehydrated in ethanol for 20 min at each of the following 

concentrations: 30, 50, 70, 80, 90% (𝑣/𝑣) and absolute. The samples were then left to 

dry in a desiccator overnight. Then, using a metal evaporator, they were spray-coated 

with gold. VP SEM Hitachi S-3400N analysis of biofilms was completed with a voltage 

of 20.0 kV and a 120.0 A emission [132, 134]. 

 

 

4.7 – Application of Films in a Food Model 
 

A food model was used to assess the films' effectiveness. Four cheese slices were wrapped 

in the produced bioactive films (4×4 cm) and in the control films (4×3 cm). The packages 

were kept in a refrigerator at 4°C for 15 days after first weighing and color measurement. 

The cheese slices were then weighed once more, and the cheese color was measured to 

determine any variations [142]. 

 

 

4.8 – Statistical Analysis 

 
Generally, the results were presented as mean values ± standard deviation (SD). The 

Microsoft Excel® was used to analyze the raw values, employing the Student’s T-test 

(assuming the normal distribution of the continuous variables). Differences among 

means were considered to be significant if the p-value is <0.05 (a confidence level of 

95%). 
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5.1 – Chemical Composition of C. winterianus EO 

 
The GC-MS analysis of the C. winterianus EO allowed the identification 73 compounds, 

representing more than 98% of its chemical composition (Table 2). Citronellal, a 

monoterpenic aldehyde, was identified as the major compound of the EO representing 

41.12%, followed by geraniol (19.97%), citronellol (11.94%) along with limonene, geranyl 

acetate, citronellyl acetate, elemol with relative percentages of 3.50%, 2.63%, 2.0%, 

1.98%, respectively (Table 2). These results are in accordance with what was reported 

previously about EO-bearing grasses of the genus Cymbopogon focused on C. nardus 

[78, 83, 86, 132, 143, 144]. Citronellal is present in several plants, including in those of 

Cymbopogon genus. It has a considerable value in the perfume, cosmetic, and 

aromatherapy sectors, giving the EO a lemony scent [83]. 

Citronellal and citronellol are employed as intermediates in the synthesis of 1-menthol, 

α-tocopherol and irones, important products in the fragrance industry [145]. Citronellal 

has many therapeutic benefits, including antifungal, anthelmintic, anticancer and 

antioxidant effects [146, 147]. 

Monoterpenes and sesquiterpenes predominate among the identified compounds (Table 

2). The most prevalent types of terpenes are called monoterpenes [148]. They are a vast 

and diversified class of naturally occurring compounds, many of them are present in EOs 

because of their low molecular weight. Several monoterpenes have medicinal benefits 

including antimicrobial, anti-inflammatory, antioxidant, antipruritic and analgesic 

effects [91]. Sesquiterpenes have a richer aroma, are more stereochemically diverse, are 

less volatile than terpenes and they have antibacterial and anti-inflammatory properties 

[149, 150]. 

 

 

Table 2. Chemical composition of C. winterianus EO. 

Retention 
time 

(min) 
Compounds % Relative Chemical family 

6.09 Acetone 0.02 Aliphatic ketone 
13.06 Tricyclene 0.01 Monoterpene 
13.85 α-Pinene 0.22 Monoterpene 
16.49 Camphene 0.04 Monoterpene 
19.18 β-Pinene 0.01 Monoterpene 
20.04 Sabinene 0.01 Monoterpene 
21.99 Δ-3-Carene 0.02 Monoterpene 
22.89 β-Myrcene 0.06 Monoterpene 
23.13 α-Phellandrene 0.01 Monoterpene 
25.58 Limonene 3.50 Monoterpene 
26.29 β-Phellandrene 0.02 Monoterpene 
26.60 1,8-Cineole 0.07 Monoterpenic ether 
28.02 cis-β-Ocimene 0.11 Monoterpene 
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28.97 γ-Terpinene 0.01 Monoterpene 
29.26 trans-β-Ocimene 0.06 Monoterpene 
30.69 p-Cymene 0.02 Monoterpene 
31.72 α-Terpinolene 0.05 Monoterpene 
35.51 6-Methyl-5-Hepten-2-one 0.07 Aliphatic ketone 
36.77 Melonal 0.08 Aliphatic aldehyde 
36.99 cis-Rose oxide 0.02 Monoterpenic ether 
38.13 trans-Rose oxide 0.01 Monoterpenic ether 
44.62 α-Cubebene 0.01 Sesquiterpene 
45.08 Menthone 0.04 Monoterpenic ketone 
45.79 Citronellal 41.12 Monoterpenic aldehyde 
48.98 β-Bourbonene 0.08 Sesquiterpene 
50.00 Linalool 0.75 Monoterpenic alcohol 
51.71 neo-Isopulegol 0.42 Monoterpenic alcohol 
52.21 Isopulegol 1.25 Monoterpenic alcohol 
53.11 trans-α-Bergamotene 0.07 Sesquiterpene 
53.45 β-Elemene 1.17 Sesquiterpene 
53.87 β-Copaene 0.04 Sesquiterpene 
54.11 Terpinen-4-ol 0.02 Monoterpenic alcohol 
54.24 trans-β-Caryophyllene 0.31 Sesquiterpene 
54.91 Citronellyl formate 0.04 Monoterpenic ester 
55.75 cis-β-Terpineol 0.05 Monoterpenic alcohol 
56.43 trans-Muurola-3,5-diene 0.02 Sesquiterpene 
57.63 Citronellyl acetate 2.00 Monoterpenic ester 
58.09 trans-Cadina-1(6),4-diene 0.03 Sesquiterpene 
58.89 α-Humulene 0.08 Sesquiterpene 
58.98 Neral 0.63 Monoterpenic aldehyde 
59.88 α-Amorphene 0.21 Sesquiterpene 
60.17 Germacrene-D 1.09 Sesquiterpene 
61.49 (Z,E)-α-Farnesene 0.12 Sesquiterpene 
62.02 Geranial 1.28 Monoterpenic aldehyde 
62.76 Bicyclogermacrene 0.01 Sesquiterpene 
63.37 Geranyl acetate 2.63 Monoterpenic ester 
63.83 Citronellol 11.94 Monoterpenic alcohol 
63.93 Δ-Cadinene 1.21 Sesquiterpene 
64.25 γ-Cadinene 0.51 Sesquiterpene 
65.01 Lavandul 0.01 Monoterpenic alcohol 
65.59 trans-Cadina-1,4-diene 0.04 Sesquiterpene 
65.86 Nerol 0.19 Monoterpenic alcohol 
66.14 α-Cadinene 0.12 Sesquiterpene 
68.54 Geraniol 19.97 Monoterpenic alcohol 
71.48 Geranyl butyrate 0.15 Monoterpenic alcohol 
71.71 cis-Muurol-5-en-4-β-ol 0.11 Sesquiterpenic alcohol 
74.59 trans-Muurol-5-en-4-β-ol 0.13 Sesquiterpenic alcohol 
77.48 Methyl eugenol 0.06 Phenylpropanoid 
80.15 Germacrene-D-4-ol 1.11 Sesquiterpenic alcohol 
80.63 1,10-Di-Epi-Cubenol 0.07 Sesquiterpenic alcohol 
81.03 1-Epi-Cubenol 0.02 Sesquiterpenic alcohol 
81.24 Elemol 1.98 Sesquiterpenic alcohol 
81.93 8-Hidroxy-neo-menthol 0.18 Alcohol 
84.28 Eugenol 0.90 Phenylpropanoid 
84.83 trans-Methyl-isoeugenol 0.16 Alcohol 
85.79 T-Muurolol 0.25 Sesquiterpenic alcohol 
86.23 α-Muurolol 0.07 Sesquiterpenic alcohol 
86.70 Elemicine 0.05 Ether 
87.30 Citronellic acid 0.26 Carboxylic acid 
87.42 α-Eudesmol 0.16 Sesquiterpenic alcohol 
87.75 α-Cadinol 0.55 Sesquiterpenic alcohol 
87.87 β-Eudesmol 0.15 Sesquiterpenic alcohol 
92.87 (E,E)-Farnesol 0.06 Sesquiterpenic alcohol 
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5.2 – Chemical Composition of L. viridis EO 
 

Through the GC analysis results it was possible to identify 84 compounds in L. viridis 

EO, representing 95.47% of its chemical composition (Table 3). 

The major compound of the EO is 1,8-cineole, a monoterpene ether (33.23%). Then, 

camphor at 22.72%, linalool at 3.58%, borneol at 3.12% and α-pinene at 2.06%, were also 

identified. These results reinforce the findings of Machado's et al. investigation, in which 

1,8-cineole was similarly shown to be the principal compound of L. viridis [99]. 

 

One of the most common cyclic monoterpene ethers in nature is eucalyptol (1,8-cineole). 

It's most often associated with the Eucalyptus globulus EO, but it's also present in other 

plants including rosemary, sage, and mint. Because of its antibacterial, mucolytic, 

broncholytic, and anti-inflammatory properties, 1,8-cineole is used to treat illnesses of 

the respiratory system [96, 151]. 

Once again it can be seen that the most prevalent chemical families are the 

monoterpenes.  

 

 

Table 3. Chemical composition of L. viridis EO. 

Retention 
Compounds % Relative Chemical family 

time (min) 

9.29 3-Methyl-2-butenal 0.02 Aldehyde 

14.91 α-Thujene 0.01 Monoterpene 

15.00 Tricyclene 0.15 Monoterpene 

15.29 α-Pinene 2.06 Monoterpene 

16.02 Camphene 1.07 Monoterpene 

16.25 Verbenene 1.02 Monoterpene 

16.40 Methyl butenol 0.11 Alcohol 

16.48 Benzaldehyde 0.03 Aromatic aldehyde 

17.34 β-Pinene 0.54 Monoterpene 

17.54 6-Methyl-5-Hepten-2-one 0.08 Aliphatic ketone 

20.30 Lavander lactone 0.19 Aliphatic Lactone 

21.59 n-Octanol 0.07 Aliphatic alcohol 

21.71 Sabinene 0.10 Monoterpene 

22.69 trans-Linalool oxide (Furanoid) 0.45 Monoterpenic epoxide 

23.19 Linalool 3.58 Monoterpenic alcohol 

23.41 Hotrienol 0.90 Monoterpenic alcohol 

24.10 Fenchol 0.03 Monoterpenic alcohol 

24.22 Octan-3-yl actetate 0.13 Aliphatic ester 

24.62 Chrysanthenone 0.08 Monoterpenic ketone 

24.86 4-Acetyl-1-methylcyclohexene 0.11 Aliphatic ketone 

25.34 Nopinone 0.27 Aliphatic ketone 
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26.60 2,3-Dehydro-1,8-cineole 0.11 Monoterpenic ether 

26.97 Limonene 0.27 Monoterpene 

27.48 p-Cymen-8-ol 0.64 Monoterpenic alcohol 

28.13 Myrtenol 0.35 Monoterpenic alcohol 

28.30 1,8-Cineole 33.23 Monoterpenic ether 

28.84 Verbenone 1.62 Monoterpenic ketone 

29.12 cis-β-Ocimene 0.08 Monoterpene 

30.14 γ-Terpinene 0.07 Monoterpene 

30.37 Carvone 0.24 Monoterpenic ketone 

30.63 Linalyl acetate 0.20 Monoterpenic ester 

31.71 p-Cymene 0.55 Monoterpene 

32.02 4-Hidroxy-3-methylacetophenone 0.13 Ketone 

32.22 Lavandulyl acetate 0.30 Monoterpenic ester 

32.33 Bornyl acetate 0.21 Monoterpenic ester 

32.71 α-Terpinolene 0.04 Monoterpene 

36.63 Octyl butyrate 0.06 Monoterpenic ester 

37.04 β-Bourbonene 0.08 Sesquiterpene 

38.76 β-Cedrene 0.06 Sesquiterpene 

40.55 β-Acoradiene 0.08 Sesquiterpene 

41.46 β-Selinene 0.75 Sesquiterpene 

41.94 Geranyl isobutyrate 0.07 Monoterpenic ester 

42.01 β-Bisabolene 0.09 Sesquiterpene 

42.82 α-p-Dimethylstyrene 0.34 Monoterpene 

42.84 trans-Calamenene 0.10 Sesquiterpene 

42.86 10-Epizonarene 0.15 Sesquiterpene 

43.43 Filifolone 0.02 Monoterpenic ketone 

43.44 Unknown sesquiterpene 0.72 Sesquiterpene 

43.72 cis-Linalool oxide (Furanoid) 1.07 Monoterpenic epoxide 

44.38 Germacrene B 0.04 Sesquiterpene 

45.03 Camphenilone 0.38 Aliphatic ketone 

46.69 α-Campholenal 0.16 Monoterpenic aldehyde 

47.27 Phenethyl hexanoate 0.03 Phenolic ester 

48.96 Camphor 22.72 Monoterpenic ketone 

52.25 Bornyl formate 0.26 Monoterpenic ester 

52.66 Isobornyl acetate 0.22 Monoterpenic ester 

52.89 Methyl heptadienone 0.17 Aliphatic ketone 

53.76 Terpinen-4-ol 0.77 Monoterpenic alcohol 

55.34 Octyl-2-methyl butyrate 0.22 Monoterpenic ester 

55.54 Myrtenal 0.88 Monoterpenic aldehyde 

55.87 Sabina ketone 0.08 Aliphatic ketone 

56.82 trans-Pinocarveol 0.73 Monoterpenic alcohol 

57.08 p-Mentha-1,3-dien-8-ol 0.27 Monoterpenic alcohol 

57.80 δ-Terpineol 0.92 Monoterpenic alcohol 

58.23 trans-Verbenol 0.53 Monoterpenic alcohol 

59.24 α- Terpineol 1.42 Monoterpenic alcohol 

59.57 Borneol 3.12 Monoterpenic alcohol 

60.19 α-Bulnesene 0.22 Sesquiterpene 

60.66 p-Mentha-1,5-dien-8-ol 0.49 Monoterpenic alcohol 
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61.07 cis-α-Bisabolene 1.33 Sesquiterpene 

61.25 α-Selinene 0.42 Sesquiterpene 

62.37 Geranyl acetate 0.90 Monoterpenic ester 

62.61 trans-Linalool oxide (Pyranoid) 0.15 Monoterpene epoxide 

63.30 γ-Cadinene 0.16 Sesquiterpene 

63.48 p-Lethyl acetophenone 0.13 Aromatic hydrocarbon 

63.98 Cuminaldehyde 0.06 Monoterpenic aldehyde 

64.58 Euderma-3,7(11)-diene 1.61 Sesquiterpene 

65.09 α-Cadinene 0.08 Sesquiterpene 

66.67 cis-Carveol 0.21 Monoterpenic alcohol 

68.53 Benzyl isovalerate 0.08 Phenolic ester 

74.19 Phenethyl-2-methyl butyrate 0.42 Phenolic ester 

84.72 
(E)-1-(6,10-Dimethylundec-5-en-

2-yl)-4-methylbenzene 
0.46 Diterpene 

85.07 Cadalene 0.07 Sesquiterpene 

85.57 α-Cadinol 0.53 Sesquiterpenic alcohol 

87.82 
(E)-1-(6,10-Dimethylundec-5,9-

dien-2-yl)-4-methylbenzene 
0.54 Diterpene 
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5.3 – Antioxidant Activity of the EOs 

 

All foods suffer degradation throughout the storage period because of their perishable 

nature, although at different rates [17]. The occurrence of off-odors, off-flavors, 

alterations in texture, and changes in color resulting from lipid oxidation processes may 

significantly impact consumer acceptability and preference [108]. In light of this 

knowledge, evaluating the potential impact of any active substance on lipid oxidation is 

essential. This may be accomplished by the use of specific assays, such as DPPH• and β-

carotene bleaching test. The DPPH free radical scavenging test, based on reduction 

reactions, and the β-carotene bleaching test, linked to lipid peroxidation, stand out 

among the known in vitro techniques for assessing antioxidant capacities of natural 

products thus, the antioxidant properties of C. winterianus and L. viridis EOs were 

evaluated by these both methods (Table 4) [143, 152]. 

Regarding the results obtained by the DPPH• method, the C. winterianus EO showed 

powerful antioxidant activity, results that are consistent with bibliographical analyses of 

other authors [144, 153]. Regarding L. viridis EO, it is evident that it possesses very 

strong antioxidant capacity. These results are also consistent with other published works 

[154, 155].   

 

One of the determining elements for use in food packaging is the capacity to decrease 

lipid oxidation and it is clear from the data and the IC50 that minimal amounts of C. 

winterianus EO are required to be able to inhibit lipid oxidation by 50%. Therefore, 

evaluating previous reports and the results obtained, it can be concluded that this EO has 

the capacity to inhibit lipid oxidation. L. viridis EO results indicate that a higher EO 

quantity is required to exert an effect on lipid oxidation. 

In an effort to sustainably contribute to the food chain, research has expanded in the area 

of combining EOs into packaging produced from materials derived from renewable and 

biodegradable sources, and having this promising result, C. winterianus EO is a 

promising substance for food packaging whose organoleptic properties are highly 

dependent on the preservation of the lipid content [156]. 

 

Table 4. Antioxidant properties of C. winterianus and L. viridis EOs. 

 Parameters CW EO LV EO 

DPPH• 
method 

IC50 (%, v/v) 0.06 ± 0.01 0.35 ± 0.06 

AAI 85.60 ± 13.42 15.26 ± 4.03 

Antioxidant 

activity 
Very strong Very Strong  
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Results presented as mean ± SD; AAI: Antioxidant Activity Index; IC50: average inhibitory concentration; 

CW: C. winterianus; LV: L. viridis. 

 

 

5.4 – Antibacterial and Anti-quorum Sensing Properties of the EOs 
 

Concerning the antibacterial activity of C. winterianus EO, it is clear that Gram-positive 

bacteria, particularly L. monocytogenes LMG 16779, were more susceptible than Gram-

negative bacteria (Table 5). This result is consistent both in terms of antibacterial activity 

and Gram-positive prevalence, considering other studies [85, 153, 157]. 

 

The results of the tests for L. viridis EO antibacterial activity indicate that this EO may 

be effective against bacteria in general, with more significant inhibitory zones for S. 

aureus ATCC 25923. When compared to the research of Ait Said et al., it was found that 

they are consistent with the results now obtained [100]. 

 

By determining its MIC values (Table 5), the antibacterial activity of the EOs was further 

assessed. For C. winterianus EO, the lowest MIC values were found for Gram-positive 

bacteria, particularly for L. monocytogenes LMG 16779 and E. faecalis ATCC 29212, 

supporting the findings from the solid diffusion assay. The conclusion that may be 

inferred with the MIC test is that C. winterianus EO has significant inhibitory effects on 

Gram-positive bacteria, which is consistent with other publications [85].  

 

The MIC values obtained for L. viridis EO demonstrate that the minimal value was 

achieved for the Gram-negative bacterium E. coli ATCC 25922. The observed outcome 

may be reasonably anticipated due to the antibacterial properties of α-pinene, one of the 

main components of L. viridis EO, particularly against E. coli. Previous research has shed 

light on the antibacterial potential of this monoterpene, primarily in relation to its effects 

against E. coli [158]. 

The opportunistic pathogen L. monocytogenes in animals and humans leads to life-

threatening infections. This facultative intracellular bacterium is common in nature and 

contaminates various surfaces through cross-contamination with the development of 

biofilms in industrial machinery, plumbing, and other surfaces even reaching the final 

product for consumption [28]. Eating foods that have been contaminated can result in 

illnesses [159]. Staphylococcus aureus can produce an extensive range of toxins, some 

of which are known as staphylococcal enterotoxins. Foodborne diseases caused by 

β-carotene 

bleaching 
assay 

IC50(%, v/v) 3.16 ± 0.48 5.01 ± 0.15 
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staphylococcal enterotoxins are a significant concern, often resulting from the 

consumption of various foods, particularly processed meats, and dairy products. 

Improper handling and subsequent storage of such foods at elevated temperatures can 

lead to contamination with S. aureus, thereby increasing the risk of food poisoning [160]. 

The primary cause of food contamination is attributed to food handlers who carry 

enterotoxin-producing S. aureus either in their airways or in their hands. This can occur 

through direct manual interaction or via respiratory secretions [161]. In the context of 

food packaging, the effects that C. winterianus and L. viridis EOs have against L. 

monocytogenes LMG 16779 and S. aureus ATCC 25923 are pertinent because it would 

inhibit their growth. 

 

In a sort of microbial communication called quorum sensing, bacteria communicate and 

work together through various chemical signals called auto-inducers to keep a certain 

process in balance and have an impact on populations. Additionally, it affects how genes 

are expressed in response to cell density and triggers the activation of several 

transcription factors in bacteria [162]. C. winterianus EO was able to inhibit the violacein 

production by C. violaceum ATCC 12472 (Table 5), making it possible to confirm its anti-

quorum sensing capacity. Similarly, the L. viridis EO also demonstrated the ability to 

inhibit the violacein production.  

 

 
Table 5. Antibacterial and anti-quorum sensing properties of C. winterianus and L. viridis EOs. 

 C. winterianus EO L. viridis EO 

Strains 
Diameter of 

inhibition zones 
(mm) 1 

MIC values 
(µL/mL) 2 

Diameter of 
inhibition 

zones (mm) 1 

MIC values 
(µL/mL) 2 

S. aureus ATCC 25923 15.53 ± 2.12 32 15.63 ± 1.87 >32 

 

L. monocytogenes LMG 

16779 

31.67 ± 5.16 8 
13.58 ± 0.53 

 
>32 

     

E. faecalis ATCC 29212 12.03 ± 0.18 16 9.06 ± 0.04 >32 

E. coli ATCC 25922 9.98 ± 0.66 >32 12.37 ± 0.15 32 

S. Typhimurium ATCC 

13311 
6.00 ± 0.00 32 10.18 ± 0.21 >32 

P. aeruginosa ATCC 27853 7.77 ± 0.00 >32 7.64 ± 0.63 >32 

C. violaceum ATCC 12472 10.93 ± 0.81 - 18.88 ± 0.70 >32 

1Results are presented as mean±SD; 2Results are presented as modal values. 
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5.5 – Characterization of Films 
 

5.5.1 – FTIR Spectra of the Films 

 
The FTIR spectra for k-carrageenan, glycerol, C. winterianus EO and L. viridis EO were 

firstly obtained. 

 

 

 

Figure 15. FTIR spectra of the individual components: (a) k-Carrageenan, (b) Glycerol. 

 

The FTIR analysis of k-Carrageenan and glycerol (Figure 15) reveals the presence of 

peaks with comparable wavenumber values. One notable observation is the considerable 

disparity in absorbance between the stretching of the O-H bond in glycerol and k-

carrageenan [163]. 
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The FTIR spectrum of k-carrageenan (Figure 15(a)) showed several representative 

bands: at 3000-3500 cm-1 corresponding to O-H stretching. Although the FTIR used is 

not the most sensitive, based on published work it is expected a peak at 1220 cm-1 that 

corresponds to the asymmetric stretching of ester sulfate groups (O=S=O); 1030 cm-1 is 

attributed to C-O and C-OH stretching and 930 cm-1 corresponds to C-O-C stretching in 

3,6-anhydro-D-galactose. The band at 845 cm-1 is related to C-O-SO3 stretching in (1-3)-

D-galactose. The intense bands at 1592 cm-1 and 1382 cm-1 are probably related to the 

structural water deformation band [164, 165].  

The spectral region that includes the fingerprint region in FTIR is typically delineated as 

the range covering from 400 cm-1 to 1500 cm-1. The compound in question exhibits a 

multitude of peaks, thereby posing a challenge in discerning and isolating individual 

bonds [166, 167]. 

 

In contrast with glycerol, there is a broad spectral peak seen at 3320 cm-1, which may be 

attributed to the stretching of O-H bonds [163]. 
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Figure 16. FTIR spectra of the EOs: (a) C. winterianus and (b) L. viridis. 

 

The FTIR spectra of C. winterianus and L. viridis EOs (Figures 16(a), 16(b)) are identical, 

with the hydrocarbon group (2900 cm-1), hydroxyl group (3450 cm-1), and unsaturated 

group as the three main peaks (1750 cm-1) [167].  

 

Based on Songkro's et al. study, it is expected to see for C. winterianus absorption peaks 

principally for citronellal, citronellol and geraniol being identified at 3413 cm-1 (O–H 

stretch) which is approximate with what was obtained; 2721 cm-1 (aldehydic C–H 

stretch), which is also on the margin of the peak obtained; 1727 cm-1 (C=O stretch), 1645 

cm-1 (O–H bend), 1378 cm-1 (deformation of C–O–H group), and 1016 cm-1 (C–O stretch) 

[168]. 

 

Given the absence of any research examining FTIR in L. viridis, the best approach would 

be to compare the results that focused on the principal constituent 1,8-cineole, in this 

case being in Eucalyptus EO. Based on Garcia's et al. study, 1,8-cineol presents bands at 

1079 cm-1 and 1214 cm-1 attributed to symmetric and asymmetric stretches of C-O-C 

group and a CH3 deformation at 1374 cm-1 [169]. The remaining peaks were subjected to 

analysis using an infrared table in order to interpret the observed peaks [167]. 
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Figure 17. FTIR spectra of the films: (a) Control, (b) with 62.5 µL of CW EO, (c) with 125 µL of CW EO, (d) with 250 µL 

of CW EO. (e) with 62.5 µL of LV EO, (f) with 125 µL of LV EO and (g) with 250 µL of LV EO. CW: C. winterianus; LV: 

L. viridis 

 

As a baseline, it was possible to observe on Figure 17 (a) an O-H (3400 cm-1) bond peak 

in the control film, followed by a smaller peak for the C-H bond (2900 cm-1) [164]. The 

C=C connection (1650 cm-1) may be seen close to the digital print zone [167]. The digital 

print zone typically has many peaks, making it challenging to distinguish between them 

and pick out individual bonds [166, 167].  These peaks are in agreement with other FTIR 

analyzes as is the case with the Paşcalau’s et al. study with respect to k-carrageenan [170].  

The FTIR spectra of the k-carrageenan films incorporating the C. winterianus EO 

(Figures 17 (b), 17 (c) and 17 (d)) showed that the existing peaks were taller, despite no 

new peaks have appeared, indicating also that the EO compounds are present as its 

concentration increased. Regarding k-carrageenan films incorporated with L. viridis 

(Figure 17 (e), 17 (f) and 17 (g)), the same can be concluded.  

 

As the peaks are found in the same wavenumbers, it was once thought that it would be 

hard to tell between the presence and absence of the EOs. Nevertheless, it can now be 

said that there is generally a difference in height, this means that as the volume of the 

EO used increased, the FTIR was able to capture more of it, which shows that the EOs 

are present in both films [167]. 
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5.5.2 – Thermal Analysis (DSC) 
 

To comprehend this assay, the materials used to produce the films must be taken into 

account. The control film was composed of k-carrageenan and glycerol. In films 

incorporating EOs, the previous base reagents were used together with the EOs. In this 

way, changes that involve these elements or the connections that link them are searched. 

The thermograms of control film, 250 μL CW EO, and 250 μL LV EO films were obtained 

(Figure 18). By performing the test for these 3 films, it can be better understood the 

behavior of k-carrageenan alone and with the incorporation of both EOs. In general, the 

characteristics of the control and 250 μL LV EO films are comparable, whereas the 250 

μL CW EO film exhibits distinct state transitions. One crucial consideration in 

interpreting these findings is the absence of studies assessing k-carrageenan using the 

DSC technique. The previously obtained results solely rely on thermogravimetric 

analysis (TGA), which is a method that shares certain similarities with DSC, specifically 

in the examination of thermal properties and characteristics of materials. Consequently, 

the test mentioned previously was used as a point of reference in order to establish a 

correlation with the results that were obtained. 

Using Velásquez’s et al. and Liu ‘s et al. published works in which present a similar profile 

for k-carrageenan [47, 137], at temperatures between 170 and 199ºC (exothermic), 

occurs the first peak, when glycerol will probably be lost due to its decomposition. The 

second peak occurs at temperatures between 200 and 230ºC (endothermic), where the 

maximal decomposition of k-carrageenan occurs [137]. The third peak ranging from 290 

to 400ºC (exothermic) with a maximal decomposition rate culminating at 305ºC, may 

be associated with residual pyrolytic decomposition. During this procedure, the 

crosslinked products formed during sucrose dehydration and its reaction with other film 

components decompose gradually [47]. 

As mentioned before, the profile of the 250 µL LV EO film is quite similar to the profile 

of the control film, but the temperature range is different. In the first peak, the 

exothermic curve, is the loss of glycerol in an interval 170 to 200ºC, in the second peak, 

the maximal decomposition of k-carrageenan in a temperature interval of 200 to 240ºC 

and in the last peak, temperatures of 290 to 400ºC (endothermic), there is the residual 

pyrolytic decomposition. No studies have been conducted on any of the EOs; however, 

using Dębczak’s et al. study on Lavandula angustifolia as a reference, it can be estimated 

the behavior of this EO [171]. In this study [171], a small endothermic peak was observed 

between 50 and 80ºC. If this interval is examined attentively, it can be seen that there is 

an endothermic peak around 5 ºC, which may correspond to L. viridis EO, and as an EO, 

it is expected that it volatilizes at low temperatures. 
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Finally, the 250 μL CW EO film thermogram differs from the others in that it displays 

two significant peaks, the loss of glycerol (170 to 200ºC, exothermic) and the residual 

pyrolytic decomposition (280 to 350ºC, endothermic). In the absence of studies with this 

EO, it can be observed that its endothermic peak is comparable to that of lemongrass, 

however, this study does not show a peak immediately after the exothermic one like the 

one we obtained. [172].  

 

 

 

Figure 18. DSC thermograms of the k-Carrageenan films with 250 µL of the EOs. 
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5.5.3 -Physical Properties of the Films 

 

The impact of incorporating the EOs on the structural properties of films is presented in 

Table 6. 

 

Table 6. Structural properties of k-Carrageenan films. 

Property Controla 
62.5 µL 

CW EOb 

125 µL 

CW EOc 

250 µL 

CW EOd 

62.5 µL 

LV EOe 

125 µL 

LV EOf 

250 µL 

LV EOg 
p-values 

S
tr

u
ct

u
ra

l 

Grammage 

(g/m2) 

65.18 ± 

2.91 

65.36 ± 

5.26 

66.43 ± 

5.87 

69.12 ± 

4.09 

70. 77 ± 

7.15 

74.23 ± 

12.93 

60.74 ± 

0.44 

0.926ab 
0.557ac 

0.030ad* 

0.3067 ae 

0.3489 af 
0.0064 ag* 

Thickness 

(µm) 

38.51 ± 

4.01 

41.45 ± 

4.98 

44.17 ± 

5.51 

64.93 

±7.89 

42.6 ± 

4.94 

44.57 ± 

6.29 

40.53 ± 

4.50 

0.002ab* 
<0.001ac * 
<0.001ad* 

0.0090 ae * 

0.0037 af * 
0.1396 ag 

Results are presented as mean±SD; * Indicates a significant result (p-value<0.05); Superscript letters (a–g) 

indicate the samples under statistical comparison. CW: C. winterianus; LV: L. viridis. 

 

 

The k-carrageenan films thickness varied from 38.51 mm to 64.93 mm with 

incorporation of C. winterianus EO significantly affecting (p-value<0.05) the resulting 

films thickness, as well as the grammage, due to the difference on total solid contents in 

the films [139]. Visually, it was feasible to confirm that as the amount of C. winterianus 

EO increased, the film’s roughness increased. The surface roughness may increase as a 

result of the EO integration into the polymer matrix, which affects their thickness [73]. 

 

The thickness of films containing L. viridis EO increased from 38.51 mm to 44.57 mm, 

having statistically significant variation (p-value<0.05), while the 250 µL film did not 

exhibit the greatest value, it exhibited an increase when compared to the control film. In 

terms of grammage, the findings were consistent, increasing for the first two volumes of 

EO while decreasing for the final amount (250 µL), with statistically significant 

deviations (p-value<0.05). 
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The effects of incorporating the EOs on the mechanical properties of the films are shown 

in Table 7. 

 

Table 7. Mechanical properties of k-Carrageenan films. 

Property Controla 
62.5 µL 

CW EOb 

125 µL 

CW EOc 

250 µL 

CW EOd 

62.5 µL 

LV EOe 

125 µL 

LV EOf 

250 µL 

LV EOg 
p-values 

M
ec

h
a

n
ic

a
l 

Tensile 
strength 
(N/m) 

3006.99 

± 80.56 

2783.54 ± 

236.82 

2821.52 ± 

201.98 

1432.29 ± 

14.38 

3239.61 ± 

183.43 

1915.48 ± 

244.14 

3068.54 

± 79.84 

0.242ab 
0.256ac 

0.019ad* 
0.153 ae 

0.009 af * 
0.523 ag 

Tensile 
index 

(N.m/g) 

46.15 ± 

1.20 

42.60 ± 

3.63 

42.46 ± 

3.02 

20.75 ± 

0.21 

45.76 ± 

2.608 

25.8 ± 

3.26 

50.5 ± 

1.27 

0.230ab 
0.163ac 

0.018ad* 
0.839 ae 

0.004 af * 
0.073 ag 

Peak 
elongation 

(%) 

1.91 ± 

0.01 
2.38 ± 0.09 

3.73 ± 

0.47 

1.46 ± 

0.12 
5.5 ± 1.18 

2.63 ± 

0.15 

4.89 ± 

0.48 

0.009ab* 
0.021ac* 
0.114ad 

0.034 ae* 
0.014 af* 
0.072 ag 

Elastic 
modulus 

(MPa) 

7978.67 ± 

312.77 

6946.07 ± 

545.55 

5558.45 ± 

337.19 

3017.49 ± 

2.64 

5820.72 ± 

128.88 

4678.19 ± 

476.43 

5728.24 

± 355.37 

0.075ab 
0.008ac* 
0.028ad* 
0.043 ae* 
0.003 af* 
0.022 ag* 

Results are presented as mean±SD; * Indicates a significant result (p-value<0.05); Superscript letters (a–g) 

indicate the samples under statistical comparison. CW: C. winterianus; LV: L. viridis. 

 

 

TS, TI, PE and EM are the mechanical properties of the films, which are dependent on 

the kind of polymer matrix, the sort of additives, and the interactions between them 

[173]. The ability to endure a tensile force is measured by assessing the breakpoint of a 

specimen under tensile stress [174]. Increasing the content of C. winterianus EO in the 

films causes a reduction in TS and TI, which significantly changed (p-value<0.05) when 

the volume was 250 mL but did not significantly change (p-value>0.05) for the other two 

volumes. In the film network, weaker polymer-EO connections have partially replaced 

stronger polymer-polymer interactions, being a possible reason for the reduction [175, 

176]. 
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PE is the increase in the specimen's length from its starting length to the breakpoint 

length, which is related to a polymeric material's elasticity. In this study, PE increased as 

volume of C. winterianus EO increased to 62.5 µL and 125 µL, and there is statistical 

variation in these (p-value<0.05). The value of the 250 µL is lower than that of the 

control, it likely already contains too much EO, and there are less interconnections 

between the structures, which limits its flexibility. The EM decreases with the increase 

in EO volume incorporation, being significant for the two highest volumes (p-

value<0.05), resulting in less rigid films. According to Lima Barizão et al. rigid structures 

should promote low water vapor permeability (WVP) [177]. Adding the EO to the 

polymer may not result in a homogenous combination, giving the films a roughness that 

creates minuscule weak areas and makes them more prone to breaking [73, 173]. The TI, 

being the relation between the TS and the grammage, it is natural that these values follow 

the behavior of these two factors, having these decreased, with no statistical variations 

(p-value<0.05).  

 

Except for the 125 µL film, which saw statistical variances, the films that included L. 

viridis EO (Table 7) showed only very modest changes in terms of TS and generally 

stayed fairly comparable to the control film. The outcomes in terms of TI did not 

demonstrate a consistent shift. For 62.5 µL, the value stayed almost the same as the 

control film, for 125 µL, there is a large drop that is also subject to statistical variances 

(p-value<0.05), and lastly, for 250 µL, the value increased just slightly above the control 

film. In terms of the PE generally, this value grew as the EO volume increased, with 

statistical deviations between 62.5 µL and 125 µL. Finally, values decreased for EM, 

resulting in less rigid films, and indicating statistical differences between all of them (p-

value<0.05).  

 

When combining polysaccharides and EOs, the loss of properties is frequently observed, 

according to analysis of findings from other authors [174, 175, 178]. 

If compared with plastic films used in food industry, low density polyethylene (LDPE), 

for example, it presents TS values equal to or greater than 10 MPa and PE values equal 

to or greater than 200% [179]. Therefore, compared to the existing plastics in the 

industry, the films now developed have lower TS. 
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The impact of incorporating the EOs on the optical properties of the films are shown in 

Table 8. 

  

Table 8. Optical properties of k-Carrageenan films. 

Property Controla 
62.5 µL 

CW EOb 

125 µL 

CW EOc 

250 µL 

CW EOd 

62.5 µL 

LV EOe 

125 µL 

LV EOf 

250 µL LV 

EOg 
p-values 

O
p

ti
ca

l 

L* (Lightness) 
93.01 ± 

0.23 

93.15 ± 

0.17 

93.26 ± 

0.15 

94.07 ± 

0.51 

93.11 ± 

0.13 

93.04 ± 

0.23 

93.33 ± 

0.18 

0.448ab 
0.201ac 
0.052ad 

0.559 ae 

0.881 af 
0.135 ag 

a* (Redness) 
1.58 ± 

0.04 

1.60 ± 

0.07 

1.51 ± 

0.02 
1.33 ± 0.08 

1.58 ± 

0.01 

1.53 ± 

0.055 

1.45 ± 

0.038 

0.676ab 
0.069ac 
0.018ad• 

1 ae 

0.275 af 
0.014 ag • 

b* 

(Yellowness) 

-5.94 ± 

0.11 

-5.93 ± 

0.40 

-5.56 ± 

0.11 

-4.38 ± 

0.42 

-5.92 ± 

0.077 

-5.73 ± 

0.27 

-5.23 ± 

0.186 

0.970ab 
0.014ac• 
0.018ad• 

0.813 ae 

0 af • 
0.009 ag • 

Transparency 

(%) 

95.72 ± 

0.454 

94.54 ± 

0.384 

93.83 ± 

0.348 

91.65 ± 

1.463 

95.43 ± 

0.49 

95 ± 

0.482 

94.03 ± 

0.291 

0.028ab• 
0.006ac• 
0.031ad• 

0.494 ae 

0.133 af 
0.009 ag • 

Results are presented as mean±SD; • Indicates a significant result (p-value<0.05); Superscript letters (a–g) 

indicate the samples under statistical comparison. CW: C. winterianus; LV: L. viridis. 

 

Since color and transparency directly affect the consumers acceptance, the optical 

properties of the films were evaluated (Table 8). The addition of C. winterianus and L. 

viridis EOs did not significantly change (p-value>0.05) the L*, a* and b* coordinates. 

The incorporation of C. winterianus EO decreased the transparency values, nonetheless, 

the films show high transparency values, from 96% to 92%, which might be related to the 

amorphous arrangement in films composed with k-carrageenan and connected to the 

light scattering brought on by the distribution of the EO droplets inside the biopolymer 

matrix [180]. This conclusion is consistent with findings from other studies since adding 

more EO often makes the films less transparent, and depending on the kind of EO, 

adding more may also affect the color of the films [178, 181]. No significant changes in 

transparency were seen for the films that included L. viridis EO, maintaining within the 

control film values of 95%. 



62 

 

5.5.4 – Contact Angle and Surface Free Energies 

 
The most popular technique for determining a surface's hydrophobicity or hydrophilicity 

is to measure the water contact angle. A hydrophobic surface has a water contact angle 

higher than 90°, whereas a hydrophilic surface has a water contact angle smaller than 

90° [182]. The values of the contact angles obtained on both sides of the films are listed 

in Table 9. k-Carrageenan is composed of around 25% to 30% organosulfates, exhibiting 

a notably high level of solubility [183]. By incorporating EOs, it is expected an increase 

in hydrophobicity. It was crucial to carefully examine both sides of the films because they 

displayed different behaviors. This can be an important consideration when deciding 

which side to pack food on; if it is desired to pack food with more water content, it must 

turn the hydrophobic side inward in order to prevent water loss.  

 

Generally, there were no changes in the hydrophobicity of the films with C. winterianus 

EO (Table 9), relative to the upper face (p-value<0.05). Therefore, the upper face is 

hydrophobic, contrary to the lower face, which has a contact angle inferior to 90° and 

this tends to decrease with increasing EO volumes. It is curious to note that there is a 

certain affinity of the materials with the surface for the different faces of the films, since 

the values obtained in the control films are similar for both sides, whereas this is not the 

case with the addition of the EOs. In the films incorporating the EOs it can be said that a 

decrease in hydrophobicity on the bottom faces is observed, while on the upper faces, 

except for 125 µL having p-value<0.05, the hydrophobicity tends to increase.  

 

Films containing L. viridis EO (Table 9) exhibit hydrophobicity on the top side with 

water contact angles ranging from 101.43 to 104.81, except for the film with 62.5 µL, 

which has a water contact angle of 89.74. The hydrophobicity of the bottom face is only 

seen with the incorporation of 125 µL of the EO. In these tests, no statistically significant 

differences were observed (p-value<0.05). In the bottom face of the films with L. viridis 

EO, it tended to increase the water contact angle, which implies that hydrophobicity 

increased. This contrasts with the films incorporating C. winterianus EO, in which the 

hydrophilicity increased on the bottom face. 

 

EOs are hydrophobic due to their non-polar chemical structure, and then, when 

integrating them into hydrophilic polymer matrices increases their barrier properties 

[176]. In addition to the EOs’ natural hydrophobicity, another explanation for the rise in 

this property relates to the roughness produced in the films, which may also increase 
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their hydrophobicity since the surface of structures is crucial in determining a surface's 

hydrophobicity [175]. 

 

There are numerous applications for surface free energy. It establishes how the solid will 

perform in the presence of liquids. High surface free energy materials are often easily 

wettable by any liquid [184]. Measurements of contact angles were frequently used to 

determine the material's surface free energy for some particular liquids [185]. It will be 

possible to determine the dispersion and polar components of the free energy of the 

surface of the films using the contact angles through the OW approach. This model allows 

to describe both the polarity and the surface free energy [185]. 

 

The total surface free energy (Table 9) of the films with C. winterianus EO ranged 

between 13.95 ± 2.59 and 38.60 ± 1.49 mN/m and, analyzing the evolution with the 

increase of the EO volume, it increased relatively to the control film; however, the results 

with statistical significance were confirmed in all values (p-value<0.05).  

 

Regarding the polar component, it decreased with the addition of the EO and there were 

no verified statistical differences (p-value>0.05). The dispersive component also tended 

to increase with the addition of the EO; however, statistically significant values were 

observed for this parameter (p-value<0.05).  

 

The incorporation of the L. viridis EO in the films lead to results similar to those obtained 

for films with C. winterianus EO. Regarding the dispersive component, the values 

increased in comparison with the control film and each of them exhibited statistical 

variance (p-value<0.05). When compared to the control film, the polar component 

decreased, and statistical analysis revealed no significant differences in this regard. 

Finally, the total component increased relatively to the control film, and there were 

statistical deviations (p-value<0.05) in all the films. 

 

The values for total surface free energy obtained from the films are comparable to some 

petroleum-derived products, like that of polypropylene [186]. 
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Table 9. Contact angles (◦) of the films. 

Films 
Water contact 

angle (◦) 
Diiodomethane 
contact angle (◦) 

Ethyleneglycol 
contact angle (◦) 

Dispersive 
component, ɤD 

(mN/m) 

Polar 
component, ɤP 

(mN/m) 

Total 
surface free 

energy, 
ɤT (mN/m) 

 

Control 

Top 
facea 

93.22 ± 5.02 93.16 ± 5.58 93.22 ± 5.02 9.84 ± 2.08 4.35 ± 1.88 14.19 ± 2.80 

Bottom 
faceb 

93.09 ± 5.60 93.90 ± 4.92 93.22 ± 5.02 9.97 ± 1.87 3.98 ± 1.79 13.95 ± 2.59 

C
. 

w
in

te
r

ia
n

u
s

 

62.5 µL 
EO 

Top 
facec 

97.95 ± 6.98 47.27 ± 0.96 62.81 ± 2.48 35.79 ± 0.52 0.38 ± 0.25 36.17 ± 0.58 

Bottom 
faced 

93.39 ± 4.79 47.04 ± 1.70 60.00 ± 1.95 35.90 ± 0.92 0.74 ± 0.30 36.64 ± 0.97 

125 µL 
EO 

Top 
facee 

86.81 ± 8.44 41.67 ± 2.86 66.82 ± 0.84 38.53 ± 1.46 0.00 ± 0.01 38.53 ± 1.46 

Bottom 
facef 

69.00 ± 8.44 41.45 ± 2.83 73.77 ± 5.08 38.40 ± 1.44 0.20 ± 0.37 38.60 ± 1.49 

250 µL 
EO 

Top 
faceg 

95.10 ± 4.76 44.26 ± 4.74 65.50 ± 5.43 37.11 ± 2.46 0.23 ± 0.36 37.35 ± 2.49 

Bottom 
faceh 

84.43 ± 5.47 50.47 ± 1.38 79.09 ± 0.75 33.72 ± 0.77 0.33 ± 0.12 34.05 ± 0.78 

L
. 

v
ir

id
is

 

62.5 µL 
EO 

Top 
facei 

89.74 ± 4.10 47.77 ± 0.54 63.92 ± 1.00 35.49 ± 0.30 0.36 ± 0.11 35.85 ± 0.31 

Bottom 
facej 

82.12 ± 7.11 42.01 ± 0.56 70.27 ± 9.72 38.58 ± 0.29 1.07 ± 1.07 39.65 ± 1.11 

125 µL 
EO 

Top 
facek 

101.43 ± 
8.92 

47.58 ± 0.81 64.41 ± 2.06 35.62 ± 0.44 0.25 ± 0.17 35.86 ± 0.48 

Bottom 
facel 

94.39 ± 4.74 45.50 ± 2.78 66.57 ± 3.41 36.54 ± 1.48 0.16 ± 0.22 36.70 ± 1.49 

250 µL 
EO 

Top 
facem 

104.81 ± 7.39 45.78 ± 0.83 62.32 ± 0.92 36.61 ± 0.45 0.33 ± 0.10 36.94 ± 0.46 

Bottom 
facen 

90.21 ± 3.89 40.27 ± 1.92 69.66 ± 0.55 39.04 ± 0.96 0.08 ± 0.06 39.11 ± 0.96 

p-values 

0.210ac 
0.933bd 
0.147ae 

0.004bf* 
0.495ag 
0.031bh* 

<0.001ac* 
<0.001bd* 
<0.001ae* 
<0.001bf* 
<0.001ag* 
<0.001bh* 

<0.001ac* 
<0.001bd* 
<0.001ae* 
<0.001bf* 
<0.001ag* 
<0.001bh* 

<0.001ac* 
<0.001bd* 
<0.001ae* 
<0.001bf* 
<0.001ag* 
<0.001bh* 

0.065ac 
0.085bd 
0.057ae 
0.062bf* 
0.058ag 
0.071bh* 

<0.001ac* 
<0.001bd* 
<0.001ae* 
<0.001bf* 
<0.001ag* 
0.003bh* 

0.407 ai 

0.109 bj 

0.255 ak 

0.763 bl 

0.097 am 
0.519 bn 

0.004 ai * 

0.004 bj * 

0.003 ak * 

0.001 bl * 

0.003 am * 
0.002 bn * 

0.008 ai * 

0.035 bj * 

0.004 ak * 

0.004 bl * 

0.007 am * 
0.018 bn * 

0.0018 ai * 

0.0011 bj * 

0.0015 ak * 

0.0001 bl * 

0.0013 am * 
0.0002 bn * 

0.0662 ai 

0.0874 bj 

0.0624 ak 

0.0640 bl 

0.0654 am 
0.0634 bn 

0.0050 ai * 

0.0001 bj * 

0.0045 ak * 

0.0007 bl * 

0.0042 am * 
0.0013 bn * 

Results are presented as mean±SD; * Indicates a significant result (p-value < 0.05); Superscript letters (from 

a to n) indicate the samples under statistical comparison. 
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5.5.5 – Barrier Properties 
 

Food products should be transported, handled, and commercialized in a protective 

environment created by packaging materials. By serving as an effective barrier to 

moisture and gases (CO2, O2), they should help lengthen the shelf-life of perishable items 

[187]. 

 

The barrier properties of the films developed in this work were evaluated in terms of 

barrier to water vapor and to oil (Table 10). Regarding the WVP of the films, it was 

observed that adding C. winterianus EO slightly changed WVTR and WVP values. 

Although only 62.5 μL and 250 μL values increased generally for the WVTR, no statistical 

variations were found for the values (p-value<0.05). While EO values increased, the 

WVP values showed a pattern of stagnation; however, the 250 μL exhibits significant 

statistical variation (p-value<0.05).  

 

The WVTR values for the films containing L. viridis EO increased overall, except for the 

WVTR with 62.5 µL, which is lower than the control film; nonetheless, both studies 

exhibit statistical variances (p-value<0.05). 

A. Farhan et al. reported in their work that OP of k-carrageenan/glycerol films ranged 

between 0.37 and 0.97 g.mm/m2.day [9]. These values are very low when compared with 

the obtained results [188]. Carrageenan films are permeable to water vapor due to the 

abundance of hydroxyl and sulfate groups present in their molecular structures, resulting 

in a highly hydrophilic nature of carrageenan film; however, it has been previously 

established that the retention of water in polysaccharide-based films is connected to 

potential interactions between polysaccharide molecules and glycerol hydroxyl groups, 

resulting in a more compact polymeric network [9, 63]. 

Considering the OP results, they lacked a clear pattern and were somewhat dispersed; 

however, it did not show statistically significant results (p-value>0.05). 
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Table 10. Barrier properties of films. 

Films 
Water Vapor Oil 

WVTR 
(g/m2.day) 

WVP (g/Pa.day.m) (g.mm/m2.day) 

Control a 532.58 ± 1.76 1.55×10-5 ± 5.14×10-08 4.79 ± 0.39 

C
. 

w
in

te
r

ia
n

u
s
 

62.5 μL EO b 534.14 ± 33.95 1.68×10-5 ± 1.06×10-6 13.32 ± 2.65 

125 μL EO c 503.27 ± 12.35 1.68×10-5 ± 4.13×10-7 6.93 ± 1.06 

250 μL EO d 539.75 ± 8.38 2.65×10-5 ± 4.12×10-7 9.64 ± 2.08 

L
. 

 
v

ir
id

is
 62.5 μL EO e 517.30 ± 11.02 1.62E-5 ± 3.46E-07 4.69 ± 0.074 

125 μL EO f 542.56 ± 83.78 1.81E-5 ± 2.80E-06 12.154 ± 1.382 

250 μL EO g 529.77 ± 85.11 2.60E-5 ± 4.18E-06 6.874 ± 0.702 

 

p-values 

0.959 ab 

0.178 ac 
0.434 ad 

0.040 ae * 
0.040 af * 
0.040 ag * 

0.348 ab 

0.136 ac 
0.015 ad* 
0.040 ae * 
0.040 af * 
0.040 ag * 

0.401 ab 
0.127 ac 
0.509 ad 
0.083 ae 
0.230 af 
0.125 ag 

Results are presented as mean±SD; * Indicates a significant result (p-value < 0.05); Superscript letters (a–

g) indicate the samples under statistical comparison. 

 
 

5.5.6 – Antioxidant Activity of the Films 

 
The results of the antioxidant activity of the films determined by the DPPH• method are 

shown in Figures 19 and 20. The control film did not show antioxidant activity, which is 

not verified with the films incorporating the EOs. An antioxidant activity pattern was 

observed for films containing C. winterianus EO, after the initial phase they remain 

steady, but after 2 h an increase in the antioxidant activity was verified. After 2.5 h of 

reaction, the films with 250 µL of the EO showed 6% and at 4 h 5% of DPPH free radicals 

inhibition. The films containing 62.5 and 125 µL of the EO showed only one major peak, 

being almost 1.5% and 2.8% inhibition of DPPH free radicals, respectively. 

 

Antioxidant activity was observed in the films with L. viridis EO. The initial spike is seen 

in the first hour, with the greatest percentage being achieved by 62.5 µL, around 5.7%. 

The peak is more modest for the other two volumes, at 2.9% and 1.5% inhibition of DPPH 

free radicals for the 250 µL and 125 µL volumes, respectively. After some time (3h), there 

is still a second peak for the volume of 125 µL, and this one has a percentage of roughly 

1.3% inhibition of DPPH free radicals. 
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Figure 19 Antioxidant activity of k-carrageenan films incorporating C. winterianus EO evaluated by DPPH 

radical. Results presented as mean±SD.  

 

 

 
Figure 20 Antioxidant activity of k-carrageenan films incorporating L. viridis EO evaluated by DPPH radical. 

Results presented as mean±SD. 
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The β-carotene bleaching test results, where the ability of the films to inhibit the lipid 
peroxidation was evaluated, are presented in Table 11. 
 
Table 11. Antioxidant properties of the films determined by β-carotene bleaching test. 

Films % Inhibition p-values 

Controla 79.35 ± 5.64 - 

62.5 μL C. winterianus EO b 90.14 ± 2.68 0.375ab 

125 μL C. winterianus EO c 100.00 ± 3.29 0.068ac 

250 μL C. winterianus EO d 100.00 ± 4.64 0.355ad 

62.5 μL L. viridis EO e 14.65 ± 3.05 0.011 ae * 

125 μL L. viridis EO f 21.11 ± 4.62 0.009 af * 

250 μL L. viridis EO g 22.66± 2.53 0.008 ag * 

Results presented as mean ± SD; Upper letters (a-g) indicate the samples under statistical comparison.  

* Indicates a significant result (p-value<0.05). 

 

Given the positive outcome shown by the β-carotene bleaching assay on the C. 

winterianus EO, it is reasonable to anticipate similar results in the films with this EO. 

The findings demonstrated that films containing C. winterianus EO exhibit a high level 

of lipid peroxidation inhibition and for that reason they have potential to be used as 

substitutes for the traditional food packaging materials, particularly for foods with a high 

fat content. 

 

In contrast to this EO, L. viridis EO demonstrated much lower values, comparing with 

C. winterianus EO films and control films. The higher the efficiency of an antioxidant, 

the slower will be the color depletion, hence, the duration of L. viridis EO antioxidant 

activity is less prolonged in comparison to C. winterianus EO. 
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5.5.7 – Antibacterial and Anti-quorum Sensing Properties of the 
Films 
 
The solid diffusion method was used to assess the film’s antibacterial and anti-quorum 

sensing properties, being the inhibition zones presented (Table 12). It was possible to 

verify that in some cases there was contact inhibition of bacterial growth (6 mm) as for 

example in 125 μL and 250 μL of C. winterianus EO in L. monocytogenes LMG 16779 

and in the control film with the bacterium S. Typhimurium ATCC 13311.  

Regarding the films with L. viridis EO, there are also certain cases that seem to have 

contact inhibition, such as in the case of L. monocytogenes LMG 16779 and P. 

aeruginosa ATCC 27853. 

By using optical microscopy, the antibacterial activity results were also verified, the 

colonies and the edge of the film were marked in blue and red, respectively. Comparing 

the findings of the values of Table 12 with the pictures in Figures 21-26, it can be 

concluded that, for the strains that did not exhibited inhibition, bacterial growth takes 

place below the film. Concerning the anti-quorum properties of the films, it was noticed 

that the EOs capacity to inhibit the bacterial intercellular communication is not 

maintained when they were incorporated in k-carrageenan films. 

 

Table 12.Diameters of inhibition zones (mm). CW: C. winterianus; LV: L. viridis. 

 
Control 

Film 

62.5 µL 
CW Film 

125 µL 
CW Film 

250 µL 
CW Film 

62.5 µL 
LV Film 

125 µL 
LV Film 

250 µL 
LV Film 

E. coli ATCC 
25922 

0.00 ± 
0.00 

0.00 ± 
0.00 

0.00 ± 
0.00 

0.00 ± 
0.00 

0.00 ± 
0.00 

0.00 ± 
0.00 

0.00 ± 
0.00 

E. faecalis ATCC 
29212 

0.00 ± 
0.00 

0.00 ± 
0.00 

0.00 ± 
0.00 

0.00 ± 
0.00 

0.00 ± 
0.00 

0.00 ± 
0.00 

0.00 ± 
0.00 

L. 
monocytogenes 
LMG 16779 

0.00 ± 
0.00 

0.00 ± 
0.00 

6.00 ± 
0.00 

6.00 ± 
0.00 

6.00 ± 
0.00 

6.00 ± 
0.00 

6.00 ± 
0.00 

P. aeruginosa 
ATCC 27853 

6.85 ± 
1.20 

7.93 ± 
0.67 

8.17 ± 
0.37 

7.62 ± 
0.16 

6.00 ± 
0.00 

6.00 ± 
0.00 

6.00 ± 
0.00 

S. aureus ATCC 
25923 

0.00 ± 
0.00 

0.00 ± 
0.00 

0.00 ± 
0.00 

0.00 ± 
0.00 

0.00 ± 
0.00 

0.00 ± 
0.00 

0.00 ± 
0.00 

S. Typhimurium 
ATCC 13311 

6.00 ± 
0.00 

0.00 ± 
0.00 

0.00 ± 
0.00 

0.00 ± 
0.00 

0.00 ± 
0.00 

0.00 ± 
0.00 

0.00 ± 
0.00 

C. violaceum 
ATCC 12472 

6.00 ± 
0.00 

6.00 ± 
0.00 

6.00 ± 
0.00 

6.00 ± 
0.00 

6.00 ± 
0.00 

6.00 ± 
0.00 

6.00 ± 
0.00 

Results presented as mean ± SD. 
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  Escherichia coli ATCC 25922 
 

Cymbopogon winterianus EO 
 

Lavandula viridis EO 
 

Control Film 

   
62.5 µL CW Film 125 µL CW Film 250 µL CW Film 

   
62.5 µL LV Film 125 µL LV Film 250 µL LV Film 

   
Figure 21. Optical microscopy images of the antibacterial activity of the films against Escherichia coli ATCC 
25922. CW: C. winterianus; LV: L. viridis. 
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Enterococcus faecalis ATCC 29212 

 
Cymbopogon winterianus EO 

 
Lavandula viridis EO 

 
Control Film 

 

   
62.5 µL CW Film 125 µL CW Film 250 µL CW Film 

   
62.5 µL LV Film 125 µL LV Film 250 µL LV Film 

   
Figure 22 Optical microscopy images of the antibacterial activity of the films against Enterococcus faecalis 

ATCC 29212. CW: C. winterianus; LV: L. viridis. 
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Listeria monocytogenes LMG 16779 

 
Cymbopogon winterianus EO 

 
Lavandula viridis EO 

 
Control Film 

 

   
62.5 µL CW Film 125 µL CW Film 250 µL CW Film 

   
62.5 µL LV Film 125 µL LV Film 250 µL LV Film 

   
Figure 23 Optical microscopy images of the antibacterial activity of the films against Listeria monocytogenes 

LMG 16779. CW: C. winterianus; LV: L. viridis. 
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Pseudomonas aeruginosa ATCC 27853 
 

Cymbopogon winterianus EO 
 

Lavandula viridis EO 
 

Control Film 
 

   
62.5 µL CW Film 125 µL CW Film 250 µL CW Film 

   
62.5 µL LV Film 125 µL LV Film 250 µL LV Film 

   
Figure 24. Optical microscopy images of the antibacterial activity of the films against Pseudomonas 

aeruginosa ATCC 27853. CW: C. winterianus; LV: L. viridis. 
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Staphylococcus aureus ATCC 25923 
 

Cymbopogon winterianus EO 
 

Lavandula viridis EO 
 

Control Film 
 

   
62.5 µL CW Film 125 µL CW Film 250 µL CW Film 

   
62.5 µL LV Film 125 µL LV Film 250 µL LV Film 

   
Figure 25 . Optical microscopy images of the antibacterial activity of the films against Staphylococcus aureus 

ATCC 25923. CW: C. winterianus; LV: L. viridis. 
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Salmonella Typhimurium ATCC 13311 
 

Cymbopogon winterianus EO 
 

Lavandula viridis EO 
 

Control Film 
 

   
62.5 µL CW Film 125 µL CW Film 250 µL CW Film 

   
62.5 µL LV Film 125 µL LV Film 250 µL LV Film 

   
Figure 26 Optical microscopy images of the antibacterial activity of the films against Salmonella 

Typhimurium ATCC 13311. CW: C. winterianus; LV: L. viridis. 
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5.5.8 – Anti-biofilm Activity of the Films Against L. monocytogenes 
 

Since the C. winterianus and L. viridis EOs primarily affected the growth of L. 

monocytogenes LMG 16779, and since this bacterium is a well-known foodborne 

pathogen, the antibiofilm activity of the films incorporating 250 µL of the EOs was 

evaluated by SEM (Figure 27). These films were chosen since increasing the volume of 

the EOs incorporated in the films, it would give a better antibiofilm effect because the 

EOs have antibacterial activity for this bacterium [189]. 

Figure 27-A shows the L. monocytogenes biofilm formed in the control film, showing 

several layers of bacteria. As shown in Figures 27-C1, biofilms formed in the surface of k-

carrageenan films containing 250 µL of C. winterianus EO are sparse and consist of just 

one layer of cells. In addition, it was also visible that the cell integrity was lost (examples 

marked in red). Figure 27-C2 shows that the number of bacteria still decreased when the 

biofilms were formed on the bioactive k-carrageenan films. Some bacteria have 

compromised cell membrane integrity, but there were also some bacteria with good 

integrity for comparison (examples marked in blue). 

The films containing 250 µL of L. viridis EO also showed promising results (Figures C1 

and C2), since there is a noticeable reduction in the total number of bacteria when 

compared to the control film. Therefore, it is possible to conclude that these films have 

an anti-biofilm capability, which is a property that might be extremely advantageous 

when used for packaging food. 
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Figure 27. SEM images of Listeria monocytogenes LGM 16779 biofilms formed directly on the surface of the 

control film (A); on the film containing 250 µL of C. winterianus EO (B1, B2); and on the film containing 

250 µL of L. viridis EO (C1, C2) 
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5.5.9 – Application of Films in a Food Model 
 
As previously mentioned, a food model was used to evaluate the film’s effectiveness. To 

do that, cheese slices were wrapped with control film and with films containing 250 µL 

of C. winterianus and L. viridis EOs. After initial weighing and evaluation of color 

parameters of the cheese slices, the small packages were maintained in a refrigerator at 

4°C for 15 days (Figure 28). Then, the color of the cheese slices was measured again to 

identify any differences, and the cheese slices were also weighed [142]. 

 

 
Cheese wrapped in control 

film 

Cheese wrapped in film 

with 250 μL CW EO 

Cheese wrapped in film 

with 250 μL LV EO 

   
 

   
Figure 28. Cheese slices wrapped in three types of films. CW: C. winterianus; LV: L. viridis 

 

 
Table 13. Water loss in cheese during 15 days. 

Film Water loss p-value 

Control a 2.98 ± 0.04 - 

250 µL CW EO b 3.57 ± 4.45 0.88 ab 

250 µL LV EO c 4.19 ± 0.52 0.19 ac 
 
Results are presented as mean±SD; Superscript letters (a-c) indicate the samples under statistical 

comparison. CW: C. winterianus; LV: L. viridis. 

 
 
 
 



79 

 

The water loss was approximately comparable when the cheese slices were wrapped with 

the three different films, with no statistically significant variances (p-value>0.05) (Table 

13). As expected, there were small changes in the yellow color (Table 14). Additionally, it 

should be mentioned that no visible signs of cheese rot or mold were observed. 

 

 
Table 14. Color of the cheese slices wrapped with the k-carrageenan films. 

Color 
 

p-Value 

Cheese 
(Initial) 

L* a 81.05 ± 0.902  
- a* b -0.21 ± 0.165 

b* c 17.99 ± 0.71 

 Control 
film 

(15 days) 

L* d 65.8 ± 2.057 0.0020 ad * 

a* e  -0.41 ± 0.298 0.3814 be 

b* f 22.55 ± 0.782 0.0018 cf * 

L* g 65.33 ± 2.001 0.0016 ag * 

a* h -0.52 ± 0.351 0.2649 bh 

b* i 22.35 ± 0.572 0.0014 ci * 

250 µL 
CW EO 

film 
(15 days) 

L* j 65.21 ± 1.926 0.0014 aj * 

a* k -0.75 ± 0.314 0.0772 bk 

b* l 22.18 ± 0.26 0.0047 cl * 

L* m 63.03 ± 2.764 0.0042 am * 

a* n -1.61 ± 0.711 0.0694 bn 

b* o 17.58 ± 3.366 0.8542 co 

250 µL LV 
EO 

(15 days) 

L* p  68.69 ± 3.51 0.0204 ap * 

a* q -0.42 ± 0.412 0.4802 bq 

b* r 22.2 ± 0.694 0.0018 cr * 

L* s 65.97 ± 3.195 0.0102 as * 

a* t -0.67 ± 0.453 0.2139 bt 

b* u 21.75 ± 0.582 0.0024 cu * 
Results are presented as mean±SD; * Indicates a significant result (p-value<0.05); Superscript letters(a–u) 

indicate the samples under statistical comparison. CW: C. winterianus; LV: L. viridis. 
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6 - Conclusions and Future Perspectives 
 

This work demonstrated the viability to produce k-carrageenan bioactive and eco-

friendly films incorporating C. winterianus and L. viridis EOs that can be applied as 

innovative food packaging materials, avoiding using conventional plastics. The produced 

films were transparent (>90%), hydrophobic (water contact angle>90°), and presented 

antioxidant activity related to free radicals scavenging and lipid peroxidation inhibition. 

Moreover, the films inhibited the growth of planktonic and biofilm cells of L. 

monocytogenes, an important foodborne pathogen.  

 

These films have many attractive properties for use in the food packaging industry, but 

they still present some challenges that should be investigated in future work, namely the 

mechanical and barrier properties. One potential approach to enhance the mechanical 

properties of films is the production of a biocomposite, for example, combining k-

carrageenan with nanosilica. The integration of nanosilica into a biocomposite has 

attracted considerable interest due to its ability to enhance mechanical and thermal 

characteristics. 

In order to enhance the barrier properties, more investigation in using hydrophobic 

substances like lipids, and resins may be pursued. For the case of EOs, an alternative 

strategy might include the emulsification to mitigate variations in the face 

hydrophobicity, as it was observed by contact angle measurements. 

 

A few questions that may emerge in this investigation relate to the biodegradability of 

the films and the cytotoxicity of EOs. While the existing literature indicates that k-

carrageenan is biodegradable, it is essential to conduct studies to verify these claims. A 

further significant consideration is the potential toxicity of the EOs, how they might 

interact with the human body, and the existence of any established dose limitations. As 

an example, C. citratus, which shares geraniol as its primary constituents with C. 

winterianus, exhibits cytotoxicity against human blood cells.  

 

Since these films cannot be sealed using heat, it should be investigated biodegradable 

compounds with adhesion properties and, afterwards, consider the potential of a scale-

up. The introduction of these films to the market may then be studied, which would boost 

the circular economy. 
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