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OP  Oxygen Permeability 

PAH   Polycyclic aromatic hydrocarbons 

PEG 1000 Poly(ethylene glycol) 1000 

PET  Polyethylene terephtalene 

PLA  Polylactic acid or Control Films 
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Tf  Final Temperature 

Tg    Glass transition temperature 

TGA  Thermogravimetric Analysis 
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Ton  Initial temperature 

Tp  Maximum degradation rate temperature 

TPC  Total Phenolic Content 

TS  Tensile strength 

v/v  volume/volume ratio 

WVP  Water Vapor Permeability 
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SUMMARY 

Rice straw is a residue produced in the agricultural industry, whose management and 

revaluation are of technological interest. In the present study, films of biodegradable 

polylactic acid (PLA), were made incorporating rice straw extract for active food 

packaging, with the aim of, firstly, to observe if the properties of the films change after 

the incorporation of the active extract, and secondly observe the antioxidant activity that 

these have on different food simulants. 

To achieve the objective, the mechanical, thermal, optical and permeability properties of 

the active films were measured and analyzed. In addition, the phenolic content of the 

simulants in contact with the films as function of time and the antioxidant capacity of the 

films were examined. 

Observable changes in appearance of films were noticed as extract was incorporated, 

particularly a more brown-yellowish color was acquired. Although tensile strength and 

extensibility values decreased as extract concentration increased, the elastic modulus 

increased. In addition, there was a slight and not so significant decrease in barrier 

properties to oxygen and water vapor. There wasn’t a drastic change in glass transition 

(Tg) values of the films by the extract incorporation. Finally, the extraction method used 

(combined ultrasound and reflux heating in water) gave rise to a rice straw extract with 

high phenolic content (37.1 mg GAE/ g freeze-dried extract) and a high antioxidant 

capacity. Likewise, the compound release to the simulants tested provide them with 

positive values of phenolic content and antioxidant activity. 

The attained results support that the films proposed are a potential material for use in 

food packaging which, in addition to act as a physical barrier for protection of the integrity 

of the foodstuff, can increase the shelf-life of products, limiting oxidation reactions. Thus, 

this study contributes to attend the two main problems existing nowadays: the reduction 

of the environmental problem associated to the single-use plastics and valorisation of 

food waste in developed countries. 

Key Words: polylactic acid, rice straw extract, phenolic compounds, antioxidant activity, 

ultrasound and heating extraction, release kinetics, film, food simulant. 

 

 

 

 



Nuria Julia Bas Gil 
 

RESUMEN  

La paja de arroz es un residuo producido en la industria agrícola, cuya gestión y 

revalorización son de interés tecnológico. En el presente estudio se realizaron películas 

de ácido poliláctico biodegradable (PLA) incorporando extracto de paja de arroz para 

envasado activo de alimentos, con el objetivo de, en primer lugar, observar si las 

propiedades de las películas cambian tras la incorporación del extracto activo, y en 

segundo lugar, observar la actividad antioxidante que estos tienen sobre diferentes 

simulantes de alimentos. 

Para lograr el objetivo, se midieron y analizaron las propiedades mecánicas, térmicas, 

ópticas y de permeabilidad de las películas activas. Además, se examinó el contenido 

fenólico de los simulantes en contacto con las películas en función del tiempo y la 

capacidad antioxidante de las películas. 

Se notaron cambios observables en la apariencia de las películas a medida que se 

incorporó el extracto, particularmente se adquirió un color más marrón-amarillento. 

Aunque los valores de resistencia a la tracción y extensibilidad disminuyeron a medida 

que aumentaba la concentración del extracto, el módulo de elasticidad aumentó. 

Además, hubo una disminución leve y no tan significativa de las propiedades de barrera 

al oxígeno y al vapor de agua. No hubo un cambio drástico en los valores de transición 

vítrea (Tg) de las películas por la incorporación del extracto. Finalmente, el método de 

extracción utilizado (ultrasonido combinado y calentamiento por reflujo en agua) dio 

lugar a un extracto de paja de arroz con alto contenido fenólico (37,1 mg GAE / g extracto 

liofilizado) y alta capacidad antioxidante. Asimismo, la liberación de compuestos a los 

simulantes ensayados les proporciona valores positivos de contenido fenólico y 

actividad antioxidante. 

Los resultados obtenidos avalan que las películas propuestas son un material potencial 

para uso en el envasado de alimentos que, además de actuar como barrera física para 

la protección de la integridad del alimento, puede aumentar la vida útil de los productos, 

limitando las reacciones de oxidación. Así, este estudio contribuye a atender los dos 

principales problemas existentes en la actualidad: la reducción del problema 

medioambiental asociado a los plásticos de un solo uso y la valorización de los residuos 

alimentarios en los países desarrollados. 

Palabras clave: ácido poliláctico, extracto de paja de arroz, compuestos fenólicos, 

actividad antioxidante, extracción por ultrasonidos y calor, cinética de liberación, 

película, simulante de alimentos. 
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1. Introduction 

1.1 Agro-industrial waste management 

Waste is defined as an unwanted material of any type, especially what is left after useful 

substances that have not yet been utilized thoroughly. Waste is an unavoidable and 

costly product of the human activity, including agro-industrial waste, residues, plant 

materials and municipal wastes, having a denoting impact on environmental, economic, 

and community health (Allwyn & Vasudevan, 2018). Table 1 summarizes the three most 

abundant crops produced worldwide and their respective quantity of agro-industrial 

residues or by-products generated with them.  About 147.2 million metric tons of fiber-

containing sources are found worldwide, and around 89 million tons of biomass from the 

agricultural production, postharvest, and processing stages are wasted annually 

(Caballero & Soto, 2019). Given that in Europe, removing 1 ton of solid waste or 1 m3 of 

effluent costs $28–60 dollars, there is a growing interest in boosting their correct 

management. Additionally, the exponential increase in population and the lack of natural 

resources have encouraged food industries to find new strategies to manage the 

agricultural waste products produced, dispose of these, and revalorize them and obtain 

by-products that could be beneficial economically, environmentally, and socially.  

Crop 

Annual Production 

Quantity (x103 

tons) 

Type of residue 

Waste factor 

(residue to product 

ratio) 

Potential Quantity 

of wastes available 

(x103 tons) 

Wood fibre 1,750,000 - -  

Rice (Paddy) 568,914 Straw 

Hull 

1.757 

0.267 

999,587 

151,900 

Wheat 65,000 Straw 1.750 113,750 

Table 1: estimated annual world generation of major agro-industrial wastes. Obtained from Lahr 

et al. (2015).  

Generally, the composition of agro-industrial waste consists of three main components, 

namely. Cellulose is the most abundant reservoir of organic carbon on earth (Barkalow 

& Whistler, 2019). Materials based on cellulose and its derivatives have been widely 

used for different applications, such as paper manufacturing, food or pharmaceutical 

additives, and biofuels production (Allwyn & Vasudevan, 2018). Likewise, the production 

of biofuels from hemicellulose is in booming nowadays as hemicellulose can be 

converted by microorganisms to various products such as methane, organic acids, and 

alcohols. Ethanol production from hemicellulose is an interesting approach for “gasohol” 

production, a fuel obtained by blending ethanol and petroleum (Gong et al., 1981). 

Another component in agro-industrial waste is lignin, an organic polymer that is a 

potential candidate as a coating material on filtering membranes to remove pollutants in 

residual water (Shamaei et al., 2020). Its nontoxicity and hydrophobicity make it optimal 
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for removing oil droplets in water, a significant problem when managing sewage water. 

Finally, bioactive compounds derived from the hemicellulose and lignin fractions 

represent an up-and-coming field. These compounds have been successfully evaluated 

for antioxidant, antimutagenic and antimicrobial activities. In this sense, the incorporation 

of active compounds in food products or food packaging materials is a clear benefit for 

prolonging shelf life and maintaining the quality and safety of foodstuffs (Collazo-Bigliardi 

et al., 2019). 

1.2 Rice production. Problems when managing rice straw. 

From all the agro-industrial wastes worldwide, the second most-produced is rice straw 

(RS). The Food and Agriculture Organization of the United Nations (FAO) concluded that 

global rice production (Figure 1) reaches approximately 782 million tons, being 90% of 

the Asian continent (FAOSTAT, 2018). It is estimated that the production of this cereal 

is in constant growth due to the increase in population and higher percentage of poverty, 

as international rice prices are relatively inexpensive. On top of this, rice is a major source 

of starch that can easily contribute to the daily need for carbohydrates to produce body 

energy. It also contains many other nutrients like vitamins, minerals, and proteins 

(Latham 2002).  

 

Figure 1: Production and area of rice worldwide. (FAO, 2018) 

In Spain, the area used for rice harvest in the 2020 campaign was 102,000 hectares with 

a production of 787,800 tons (FAO, 2021). In 2016, MAPAMA, Spanish Ministry of 

Agriculture and Fisheries, Food and Environment, stated that Spain positions itself in 

second place on rice production in the European union, just behind Italy with 28% of the 

total production. Among the different autonomous communities, Comunidad Valenciana 

occupies the fourth position with a production of 116,836 tonnes (14%), with a surface 

distribution of 15,087 hectares (MAPAMA, 2016). The most extensive surface area used 
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for rice cultivation in Comunidad Valenciana is the l’Albufera Natural Park (21,000 

hectares). Within this protected area, the habitat for planting is called the Marjal, and 

15,000 hectares are exploited for rice cropping. A production of about 75,000 - 90,000 

tons of straw per year is reached (Ribó et al., 2017). 

Considering that one kilogram of rice grain provides 1.5 kg of RS (Peanparkdee et al., 

2019), a problematic waste to manage and without monetary value, there is a continuous 

increase of air pollution, as the primary destination of this by-product is its burn on the 

paddies. This is a practice of many industries because of its ease of carrying it out and 

its phytosanitary effects (mainly the reincorporation of nutrients such as N, P, or K and 

the elimination of fungal spores). Burning the agro-industrial waste should be considered 

as an inappropriate practice of waste disposal since release harmful dioxins, such as 

polychlorinated dibenzo-p-dioxins, dibenzofurans, and can result in greenhouse gas 

(CH4, CO2, and N2O) emissions, promoting global warming and affecting human health. 

Polycyclic aromatic hydrocarbons (PAH’s) produced from incomplete combustion of 

straw can enter the lungs, causing serious respiratory problems, asthma, allergies and 

other serious health effects (Yang et al., 2006). The analyzes carried out show that 

70.9% of PAH are distributed in particles smaller than 2-5mm, which can penetrate the 

pulmonary alveoli. These particles can be carried by winds hundreds of kilometers from 

where they have been generated, and particles smaller than 1mm in size can last up to 

10 days floating in the air (Liu & Wu, 2004). In addition, incineration of solid waste not 

only creates air pollution, but it also affects the urban landscape. The area used for 

dumping of RS can end up becoming a breeding ground for insects and microbes and 

repugnant odors can originate from littering of stray animals (Sharma et al., 2019). On 

top of this, this waste disposal method can lower the amount of nutrients in the soil, 

decreasing its productivity, and can develop serious economic losses. 

Notably, in Comunidad Valenciana, RS removal has an additional and potential 

environmental problem. With temperatures ranging from 27 to 42 ºC in the summer 

months (CEAM, 2019) and the vast esplanade of green landscape, burning RS in this 

season would involve a high risk of the forest fire. To try and avoid this possibility, the 

General Director of forest fire prevention modified 2019 the burning periods and 

schedules for RS so that it can only be executed from October 1st till the end of the 

harvesting campaign, and in any case, until the last day of December, from the sunrise 

until two hours before sunset, when by then, the fire must be completely extinct (DOGV, 

2019). RS burning can only be carried out in half of L'Albufera, dividing the natural park 

into two areas, in which only in one of them the straw can be burned on a rotational basis 

every other year. The main problem lies in the high cost of packing and transporting the 
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straw from the rice fields to give it alternative uses. For this reason, the Ministry has 

established an economical line to remove the straw from the area where burning is not 

allowed each year (DOGV, 2019). 

In this context, there is currently a growing requirement to find new ways to dispose of 

organic wastes in a more economical, eco-friendly, and healthy manner. The most 

convenient one would be instead of eliminating, revalorizing the RS. This defined as the 

addition of economic value to the waste by searching for different uses for it that could 

balance and even surpass the great cost of recollection, removal, and storage of RS. 

1.3 Structure and composition of rice straw 

RS exhibits high morphological heterogeneity, unlike pure celluloses. It is very diverse 

organically and cell-wise and has different fiber sizes. RS also contains a high proportion 

of non-fibrous cells, such as its silicate epidermis (responsible for the reduced 

susceptibility to enzymatic degradation and extraction of compounds in the matrix), 

parenchyma (ground tissue), and vessel cells in comparison to other cellulosic materials. 

Considering that it lacks cambium, the differentiated layers of RS from the exterior to the 

interior are the waxy cuticle, epidermis, cortex, sclerenchyma, and parenchyma tissue. 

A schematic image of the structure of RS is represented in Figure 3. RS can be classified 

morphologically in 5 different fractions: leaf blade, leaf sheath, node, internode, and 

panicle, with a relative proportion by dry weight of 21.9%, 40.1%, 6.4%, 27.7%, and 

3.9%, respectively (Jin & Chen, 2006).  

 

 

Figure 2: Schematic image of the morphological structure of rice straw. Obtained from Seo & 

Sakoda (2014) 
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The chemical composition of RS reveals that it is composed of 31-47% cellulose, 15-

35% hemicellulose and 5-24% lignin. Its composition also contains a variable quantity of 

ash (± 15%) in which different nutrients and other compounds are present. The 

composition of this residue changes according to the season and the variety, which can 

affect its revalorization since it influences the consistency and performance of the final 

products.  

Cellulose is a linear polymer of anydroglucose linked at the carbon one and four by a β-

glycoside bond. Cellulose is found in its majority in the cell walls forming chains joined 

by hydrogen bonds to form microfibrils of between 1 and 100 nm in diameter and a few 

microns in length (Wang et al., 2018). The exceptional mechanical properties of cellulose 

make it a crucial component for the integrity of the plant. Also, cellulose is renewable, 

biodegradable, biocompatible, and present low density, which arouses widespread 

interest in obtaining its derivatives to be used in various industrial applications. The 

microfibrils are bonded by a gel matrix mainly of composed hemicellulose and lignin. 

Hemicellulose is made up of short chains of polysaccharides composed of pentoses and 

hexoses, and its principal function is to build up the cellulose cell wall. The third 

component, lignin, is an amorphous polymer of phenylpropane units (p-coumaryl alcohol, 

coniferyl alcohol, and sinapyl alcohol) that confers structural rigidity by stiffening and 

supporting polysaccharide fibers and participates in the internal transport of water, 

nutrients, and metabolites. Unlike cellulose and hemicellulose, lignin is hydrophobic, 

making it resistant to enzymatic degradation (He et al., 2008). 

The elemental composition of rice straw is high in silica and other nutrients utilized in 

fertilizing and caring for the soil. SiO2 represents 67-82% of the ashes, and it stands out 

from the rest of the nutrients because while these can be incorporated into the soil 

through fertilization, SiO2 can be directly incorporated into the fields when using RS as 

compost (Abril et al., 2009).  

Phenolic compounds in RS are mainly in the form of benzoic acid or derivatives of 

cinnamic acid, and glycosidic esters. RS contains higher levels of p-coumaric and ferulic 

acids in their esterified and etherified form with the lignocellulosic matrix. These phenolic 

compounds present antioxidant and/ or antimicrobial activity. The antioxidant potential 

of phenolic compounds is associated with their capability to act as free-radical 

scavengers, inhibit lipoxygenase enzyme activity (preventing deoxygenation reactions of 

fatty acids in lipids), and chelate enzymes. The antimicrobial character of these 

compounds is due to their capacity to inhibit extracellular microbial enzymes, destabilize 

the cytoplasmic membrane and decrease the amounts of substrates needed for microbial 
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growth (Collazo-Bigliardi et al. 2019). The obtaining of phenolic compounds from straw 

for different industrial applications represents a promising possibility of revaluation of the 

product.  

1.4 Valorization of rice straw 

Currently, the most common practice for RS management is incorporation into the soil, 

allowing a fraction of it to be burned for phytosanitary reasons. In countries such as India, 

Bangladesh, and Nepal, RS is removed from the field and used as cooking fuel, ruminant 

feed, animal litter, and other industrial processes (Abril et al., 2009).  

There are multiple potential uses for RS existing nowadays, although few are industrially 

practiced. The reasons for this seem to be related to technical limitations, economic 

feasibility (particularly, the cost of transporting the waste from the crop site), supply and 

storage problems (Guzman et al., 2015). Any alternative for the use of RS must be 

economically viable, especially for farmers. The removal of the straw indeed involves 

establishing and favoring the presence of industries capable of using the straw and 

generating enough profits to offset the cost of its removal and surpass the options of 

incorporation or burning. 

Some alternatives to burning the RS in the paddies are power generation, composite 

boards of straw fiber and plastics for packaging and construction industries, cellulose 

pulp and other by-products for the industry of paper, obtaining cellulose, hemicelluloses, 

lignin and derivatives for biorefineries. Obtaining different products with high added value 

would improve the plant's economy with new income, make recycling plants more flexible 

and protect them from eventual changes in demand. This option is appropriate and the 

one most recommended by consulted experts, who suggest the need for institutional 

support for biorefineries (Navarro, 2008). Some studies carried out with the aim of 

revaluing this agricultural by-product are reviewed below. 

1.4.1 Biodiesel production 

The energy industry plays a vital role in modern economy but with increasing prices in 

fossil fuels, climatic negative changes and problems in energy security, new alternative, 

renewable, green and competitive energy sources must be developed. Biofuels, by 

definition, are fuels produced directly or indirectly from organic material (biomass) 

including plant materials and animal waste. Biofuels act as a promising substitute for 

common diesels, in particular, bioethanol is a rising example. This natural fuel is 

commonly blended with gasoline in a 1:10 proportion and presents key benefits such as 

reductions of CO emissions of 8-30%, reduction of toxic emissions of 5-15% and 

reducing pollution, slowing the depletion of the ozone layer (Türköz et al. 2014). Certain 
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characteristics make bioethanol suitable as fuel: its viscosity, energy content, lubricity, 

stability, not to mention the increased amount of oxygen in comparison to pure gasoline, 

which contributes to an improved combustion and an increase in thermal efficiency (Park 

et al. 2010). Between the world’s biggest producers of bioethanol, USA leads the list with 

a production of 20 billion liters and production cost of $0.33-0.47/liter. Broadening the 

bioethanol production worldwide would contribute to the ability to be independent from 

fossil fuels. 

Biofuels can be categorized in two groups: primary and secondary (Sebayang et al., 

2016. Primary biofuels are those obtained by direct combustion of the organic material, 

so in its natural form without a previous treatment, for example wood and they are 

extensively used for cooking, heating or as an electricity supply. Secondary biofuels are 

further classified in three groups: first, second and third generation. Bioethanol 

production from the agro-industrial waste RS is included in the second group as its 

characterized by being biofuels manufactured from non-food biomass or lignocellulosic 

biomass. This group presents a clear benefit when compared to the first generation: 

debates regarding food utilization for fuel production are immediately eliminated, 

especially important when talking about rice which is one of the most consumed foods 

worldwide. In addition, the cost of the raw material is much lower so it may contribute to 

a potential addition in a farmer’s income. 

1.4.2 Obtaining cellulose derivatives 

Considering that around 33% of plant material is cellulose, there is a growing interest in 

the manufacture of cellulose-based materials, focusing on substituting non-

environmentally friendly materials and processes. Close to 4 million tons of cellulose are 

produced worldwide for industrial purposes, mainly the textiles and paper industry, and 

the tendency is in constant exponential growth. Cellulose-based materials and cellulose 

derivatives can be used in interesting approaches such as pharmaceuticals, medical 

supplies, food additives, biorefinery, building supplies, or as reinforcing agents in 

biomaterials for packaging and others. Precisely, RS can be used to obtain cellulose 

derivatives for these uses. Cellulose derivatives originate from cellulose pulp would have 

a market price between € 400-500 /hectare after bleached. However, potential problems 

in cellulose production should be considered (Navarro, 2008), such as the high 

investment costs and low-profit margins, high cost of treating small-scale discharges, 

high water consumption, and high energy consumption. Even with some mentioned 

disadvantages, obtaining cellulose, cellulose microfibrils, cellulose nanofibrils, and their 

derivatives is the basis of many scientific studies nowadays to reach the objective to 
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separate the plant biomass into its chemical components and obtain derived products of 

high economic and social value (Abril et al., 2009). 

The extraction of cellulose fibers from agro-industrial wastes has been studied before 

using different protocols, which the most common though is the alkali treatment 

(Kargarzadeh, Johar & Ahmad, 2017). Once cellulose is extracted from the raw material, 

it can be modified chemically to form derivatives which are used widely in addition to 

conventional applications (Granström, 2009). Methylcellulose is a typical example of 

chemical polymer modification (in this case methylation). Previous studies (Hamed et al. 

2017) reported the utilization of 1-butyl-3-methylimidazolium-chloride [BMIM]+Cl- as an 

ionic liquid to break the hydrogen bonding network in cellulose from RS, and dimethyl 

sulphate as methylating agent. The study showed that by methylating the fibers, the 

absorption properties were increased, improving and give rise to new properties of this 

derivative in both the drug manufacture and food industry. Carboxymethylcellulose is 

another example of cellulose derivative studied by Hamed et al. (2017). In this study, the 

viscosity properties increased, resulting in an even larger absorption of water. With this 

example, it is intended to show the potential uses of RS-cellulose in the industry and the 

infinite sources of study for this agricultural waste. 

1.4.3 Rice straw-based fodder for animals 

RS as feedstock for animals has been extensively used for more than 100 years. In 

particular, ruminant animals such as sheep, goats, buffaloes, or cattle feed primarily from 

this agricultural waste product. The use of RS as animal feed is because this group of 

animals has a digestive system that is uniquely different from our own. Instead of one 

compartment as the stomach, they have four, the largest and most important rumen. The 

rumen has an ideally adequate internal environment for billions of microorganisms to 

break down grass and other coarse vegetation that animals with one stomach cannot 

digest. Ruminants play an important economic role in producing meat and derived 

products such as milk or cheese, so the correct nutrition of these must be assured. RS 

is a practical, abundant, and cheap source of fodder for ruminants (Aquino et al. 2020). 

In fact, in southeast Asia (China and Mongolia specifically), around 30 – 40% of the total 

RS production is used to feed ruminants, which is 90% of their total foodstuff intake 

(Devendra & Thomas, 2002). Negatively though, RS is not considered a good quality 

forage because, although it does reach the dry mass requirement for ruminant nutrition, 

it doesn’t meet the nutritional necessities for normal body functions, so consequently, it 

must be combined with other ingredients such as molasses or legumes. 
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1.4.4 Production of bioactive extract 

RS is considered an excellent source of bioactive compounds, specifically phenolics and 

flavonoids with antioxidant and antimicrobial properties. These characteristics make 

bioactive extract an interesting component in the food and pharmaceutical industries.  

In the  food industry, extract from rice by-products has been used for numerous purposes 

such as food colorant, food enrichment, food preservatives, and stabilizers 

(Peanparkdee et al., 2019). Particularly, RS extract presents two promising fields of 

study: Prebiotics and incorporation into edible or non-edible films for food packaging. 

Prebiotics are nondigestible food ingredients that beneficially affect the host by 

selectively stimulating the growth and/or activity of one or a limited number of bacteria in 

the colon, thus improving host health” (Gibson & Roberfroid, 1995). Chapla et al. (2013) 

considered xylooligosaccharides (XOS) as a potential prebiotic. XOS can be 

manufactured by enzymatic hydrolysis (with β-xylosidase free xylanase) of xylan 

extracted from agro-industrial waste products, such as RS. The results confirmed the 

potential of XOS as a prebiotic, and the preparations were very stable at low pH (2.0) 

and high temperatures (121ºC), suggesting that XOS can be suitable in heat processed 

and acidic food industries. Besides this, bioactive extract from RS has been incorporated 

into potato-based starch films to produce edible packaging for food preservation. Menzel 

et al. (2019) successfully incorporated phenolic compounds from RS into starch-based 

films by melt blending and compression molding and found that these exhibited 

satisfactory antiradical scavenging activity against DPPH. Likewise, the active films 

exhibited an improved barrier to oxygen without affecting the thermal and water vapor 

barrier properties. This is a practical use for bioactive extract from RS as it has the 

possibility of replacing synthetic packaging, it is easy to produce, low-cost, and 

renewable, aiding the achievability of a circular and green economy. 

1.4.5 Previous studies of rice straw as potential antioxidant agents. 

RS and rice by-products have been studied as a potential antioxidant and antimicrobial 

agents. Both properties are due to a large number of phenolic compounds present in this 

agro-industrial waste biomass, which can guide the development of plant-based 

products for industrial purposes. 

Antioxidant activity was studied by Elzaawely et al. (2017) using three different methods 

based on different reactions to investigate the obtained results. The first method was the 

antioxidant activity by DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scavenging method. 

In general, DPPH is a stable radical with a maximum absorbance at around 515 nm. In 

the presence of an antioxidant molecule, the DPPH can be reduced, and its 
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concentration determined by spectrophotometry technique. The amount of material, in 

this case, extract, needed to reduce the initial concentration of DPPH when the reaction 

between the extract and the DPPH radical achieves stability (EC50) can be determined 

and compared with other results. Naturally, the lower the value, the higher antioxidant 

activity because it takes less extract to reduce the DPPH. The second method used was 

by the β-Carotene bleaching method, the principle is based on the discoloration of the 

yellow color of a β-carotene solution due to the breakage of π-conjugation by addition 

reaction of lipid or lipid peroxyl radical to a carbon double bond of β-carotene. If an 

antioxidant is added, this discoloration is slowed down because there is a competing 

reaction between the antioxidant and β-carotene for the radicals (Ueno et al., 2014). LPI 

(Lipid peroxidation inhibition) value can be measured from this assay, in which the higher 

the value, the more the antioxidant activity of the extract. In this report, the LPI value for 

the RS extract was 75.2%, exhibiting high antioxidant activity. The last method used was 

the antioxidant activity by reducing power method. This procedure measures the 

capability of antioxidants to reduce through electron transfer Fe3+/ferricyanide complexes 

to their ferrous form. EC50 is also measured in this study, showing a value of 0.06 mg/ 

ml, therefore antioxidant activity is reassured. In this sense, the three antioxidant assays 

showed a positive correlation between antioxidant activity and the amount of phenolic 

compounds in the extract which were mainly identified as p-coumaric and ferulic acids 

amongst others. 

1.5 Extraction methods 

A standardized protocol for the extraction of bioactive extract must be performed to 

ensure the purity, quality, and integrity of the extract. This way, the studies for potential 

applications described before are much easier and productive. In this section, a detailed 

analysis is executed to describe different extraction methods known to this day, the 

advantages they offer, and the most promising ones. 

A study performed by Menzel et al. (2020) examined the extraction of phenolic 

compounds from RS with three different solvents: water, methanol in water (80% v/v), 

and ethanol in water (80% v/v). The obtention of the bioactive extract was performed at 

a 1:10 RS: solvent ratio. The solvent was then evaporated under vacuum, and the extract 

lyophilized. Water was shown to be the best solvent to extract the phenolic compounds 

with a result of 225 mg GAE/100g dry RS compared to methanol and ethanol with values 

of 153 and 138 mg GAE/100g dry RS, respectively.  

Ultrasound can also be applied to induce bioactive compounds extraction, dissolution, 

and cell rupture, thereby facilitating the release of analytes. Fragmentation of cells is 
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acquired because of the reduction in particle size during the process, which collisions 

between the particles and shockwaves created by the bumping with bubbles enhance 

the instability of cells, subsequently breaking them. This last phenomenon is known as 

cavitation (Figure 3). Besides, the technique increases the speed and penetration depth 

of liquids into pores, promoting accessibility to extraction solvents (Machado et al., 2019). 

The application of ultrasound to a solid material suspended in a solvent requires the prior 

optimization of several factors, such as the amount of sample, the particle size, the type 

of solvent, the extraction time, and the temperature. Likewise, the type of sample studied, 

and pretreatments such as milling greatly impact the extraction rate (Machado et al., 

2019). In the extraction process, some organic compounds could be degraded through 

various mechanisms that occur during cavitation, such as thermolysis and attack by 

reactive OH radicals. This behavior is more likely when sonication is performed with a 

probe instead of bath sonication. Higher intensity is reached with the probe, causing a 

greater rupture of the plant matrix, although improved process efficiency can offset these 

potential negative effects. 

Application of ultrasound to extraction processes represents a green alternative to other 

traditional methods, where large amounts of solvents are used, there are extensive 

operating times and produce toxic and corrosive waste. This is a positive point towards 

a greater awareness when developing new processes under the concept of Green 

Chemistry. On top of that, the technique is economically viable with respect to 

conventional techniques. 

The application of heat in extraction methods has also been studied previously. Hayat et 

al. (2019) and Ghafoor et al. (2018) studied the effect of microwave and conventional 

heating in the extraction of phenolic compounds from Foeniculum vulgare. Microwaving 

is a heat treatment mainly used for the purification, elimination of microorganisms, and 

pasteurization of substances. Roasting is a heat treatment especially used to develop 

flavors, colors, and other organoleptic characteristics to a foodstuff. Even though both 

processes do not have as main objective the extraction of compounds, many researchers 

have established that nutrient composition, including antioxidant components, are 

reduced after heating processes. The results showed that the amount of phenolics in the 

sample increased when the microwave or oven heating was applied, but at a specific 

time (5 mins), if the exposition time to irradiation or heat increased too much (15 mins), 

phenolic content was reduced, due to oxidation effects. So, microwave energy and oven 

roasting can raise the bioavailability of free phenolic compounds by detaching them from 

the lignocellulosic matrix, a phenomenon previously postulated by Robinson et al. 

(2009). The author states that the chemical bonds between the active compounds and 
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the many organic or inorganic constituents and the water in the plant matrix, and the low 

thermal stability of phenolic compounds, can play a substantial role in the separation 

process (Hayat et al., 2019). In general, microwave heating was more suitable compared 

with oven heating. 

Considering that the obtention of bioactive extracts and their bioactive compounds is 

enhanced with water as a solvent, ultrasound and heat as extraction methods, Freitas et 

al. (2020) proposed an extraction method combining these three parameters. After 

mixing an RS: water ratio of 1:20 (m/v), the authors investigated different pretreatments 

(ultrasound, stirring, and heating under reflux condition) and pretreatment times, as well 

as a combination of some. The results showed that ultrasound itself increased the extract 

yields and antioxidant activity compared to the stirring and heating treatments. 

Nevertheless, due to the enhanced breakage of covalent bonds and Van der Waals 

forces between the phenolic compounds and the lignocellulosic fraction, a high extraction 

temperature promoted a larger antioxidant activity. This thermal effect was greatly 

increased when combined with ultrasound pretreatment as the surface area exposed for 

extraction was increased too. Therefore, a combination of ultrasound and thermal 

treatment in water reflux is the suggested method to obtain solid extracts with ideal 

antioxidant activity, which could be used in the pharmaceutical or food industry. 

1.6 Demanding need to reduce plastics of petrochemical origin 

Modern society depends unconsciously on the use of plastics, but it is a major 

environmental problem nowadays. Single-use plastics are the most responsible for the 

environmental issues, being the contamination of the earth’s oceans the main problem. 

Scientists are in desperate look for a sustainable circular and plastics economy to induce 

more efficient and eco-friendly alternatives to the use of petroleum-derived plastics. 

Geyer et al. (2017) estimated that 8.3 thousand million tons of plastic were produced 

worldwide in the time interval from 1950 to 2015, 6.3 thousand millions of these ending 

up as a discarded product. From this waste, 12% was incinerated, and 9% was recycled 

(10% of which was recycled again). Therefore, where does the other 79% of the waste 

ends up? It was actually disposed of as litter or landfill in our environment. If this tendency 

is not drastically adjusted today, it is estimated that by 2050, 12 thousand million tons of 

plastics will be accumulated in our natural environment. The major setback when 

eliminating the manufacture of these materials is the plastics industry economy, with 

mobilization of 360 billion euros in Europe. Besides, the convenient properties of the 

petroleum-based materials mainly for food packaging, including toughness, durability 

(drawback when environmentally speaking), barrier properties and low production cost 



Nuria Julia Bas Gil 
 

13 
 

are still problems to be solved. The most produced petrochemical plastics to this day are 

polypropylene (PP), polyethylene terephtalene (PET) and polyvinyl chloride (PVC) 

(Sheldon, 2020). 

As previously stated, single-use plastics are the principal issue when it comes to 

environmental contaminations. With a production of 36% from the total manufacture of 

plastics, these have considerable consequences on our planet, including marine, 

freshwater, or terrestrial environments. The effect of plastics in the environment can be 

classified depending on the physical form of the material in the environment. 

Contamination can be due to macro-plastics, such as bottles or bags, due to micro-

plastics (fragments with a size of below 5 mm) and nano-plastics (below 0.1mm). Macro-

plastics can turn into micro-plastics by deterioration and time, and subsequently, these 

can be reduced to nano-plastics in the same way. The minuscule size of the latter is the 

problem regarding the issue: nano-plastics are now found in almost all marine media 

(Meng et al., 2019), potable water (Koelmans et al., 2019), snow (Bergmann et al., 2019), 

and even the air in some cities, with the risk of them being inhaled (Wright et al., 2019). 

To change the current tendency of plastic production and its use, the rule of the 

consumer is critical. If the population is educated on the issue, a circular economy could 

be enhanced. In particular, plastic circularity involves the “6Rs” rule: Reduce, Redesign, 

Remove, Reuse and Recycle, the first rule being the one to prioritize. Not surprisingly, 

though, consumerism is highly influenced by price, and this solution is not entirely 

applicable. A promising path for environment bettering is the use of green chemistry to 

produce bio-based and/ or biodegradable plastics. As defined by the International Union 

of Pure and Applied Chemistry (IUPAC, 2016), green chemistry is “the invention, design, 

and application of chemical products and processes to reduce or eliminate the use and 

the production of harmful substances.”. Bio-based materials are a promising outcome of 

this chemistry branch. In fact, it has been reported (Ogunsona et al., 2019) these 

substituted two-thirds of the global plastics produced, 241-316 million tons of CO2 could 

be saved. Bio-based plastics are those that are produced from renewable sources such 

as starch instead of fossil fuels. Additionally, green chemistry can develop biodegradable 

plastics, which are “Polymers susceptible to degradation by biological activity, with the 

degradation accompanied by a lowering of its molar mass” (IUPAC, 1997). Their 

advantages compared to polymers from the petrochemical origin are that they transform 

biologically and naturally to water, carbon dioxide, and microbial biomass by 

mineralization once introduced in the soil, water, or another environment, not being 

harmful.  Both bio-based and biodegradable plastics present a common disadvantage: 

the high production cost. The ideal material to substitute common plastics would then be 
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a biobased biodegradable polymer that, on top of having all the desired characteristics 

for food packaging (such as durability, strength, compatibility) also has a competitive 

price. 

1.7 Properties of PLA and industrial use 

Poly (lactic acid) (PLA) is a bio-based biodegradable polyester currently positioned at 

the first place in the bioplastics market with a percentage of 18.7% from the total 

production of bioplastics (European bioplastics, 2020). It is estimated that 140 000 tons 

of PLA are consumed annually and growing 20-30% per year (Madhavan et al., 2010). 

Although it may seem like a lot, PLA manufacture accounts solely for less than 1% of the 

total (181 million tons) synthetic plastics production. Nature Works LLC is the head 

business in PLA production and distribution. For the last 20 years, this company has 

manufactured PLA for many different uses such as packaging, textiles, or fiber 

applications. 

PLA is included in the group of thermoplastic biopolymers due to its optimal thermal and 

mechanical properties. Likewise, PLA presents the desired-by-market properties of 

petrochemical plastics, such as low firmness and high strength. The crystallinity of PLA 

depends on the molecular weight and proportion of lactides (L-lactide, meso-Lactide, 

and D-Lactide). PLA has a relatively hydrophobic structure compared with other 

biopolymers, dissolves fairly easily in solvents such as chloroform, and does not dissolve 

in water, alcohols, or alkanes (Avérous L, 2008). The obstacle properties of PLA are its 

low thermal resistance, high brittleness, and deficient oxygen and water vapor barrier 

capacity (Rojas-Lema et al., 2020). The addition of plasticizers such as PEG1000 

(polyethylene glycol 1000) or OLA (Lactic acid oligomer) can enhance the physical 

properties of PLA. Therefore, the use in the plastic industry is to be even developed 

further more and optimized. 

The synthesis of PLA starts with the production of lactic acids and ends with its 

polymerization. In some cases, an intermediate product is obtained, the lactide.  Lactic 

acid is a simple hydroxyl acid with an asymmetric carbon atom and two optical 

configurations (L and D isomers). Lactic acid is produced by chemical synthesis, or most 

commonly, by fermentation of carbohydrates as the product yields are much higher. Two 

different fermentation processes are depending on the bacterial system used: the 

heterofermentative and the homofermentative methods. The species that produce higher 

yields of lactic acid is Lacobacilli in conditions including pH of 6, the temperature of 40 

ºC, and low oxygen concentration. Once lactic acid is produced, the polymerization of 

PLA can occur in three different routes: The lactic acid condensation and coupling, the 
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azeotropic dehydration and condensation, and the ring-opening polymerization (Avérous 

L, 2008). On the other hand, the degradation processes of PLA involve abiotic and biotic 

procedures. Biotic degradation is shown in vivo during the composting stage of PLA. The 

molecular weight of PLA is naturally reduced due to the non-enzymatic separation of 

ester groups, a process that can be accelerated by adding acids or bases and controlling 

temperature and humidity levels. The subsequent oligomers are then attacked by 

microorganisms producing mineralization (carbon dioxide, water, and humus). It must be 

considered though that the physical and morphological characteristics of the polymer are 

important factors that can affect degradability. 

PLA has great potential as a packaging material for food products thanks to the similar 

properties with fossil-fuel plastics, such as PET, and its economic feasibility. The 

company Danone (France) was the first one to introduce this material for yogurt 

containers and, since then, the market has expanded worldwide across Europe, United 

States, and Japan. The main use of PLA packaging is for short shelf-life products, such 

as fruits or vegetables, since, as stated before, it has lower durability than other 

materials. However, some mechanical, barrier, and heat resistance limitations must be 

overcome to fully commit to this material for packaging uses (Auras, Harte, & Selke, 

2004). 

1.8 Food simulants. Legislation and uses. 

Food simulant is a substance that resembles the physical-chemical characteristics of 

food and makes migration studies more reproducible. The European Union has defined 

the methodology to quantify the migration of any container with models that simulate the 

composition of different foods (aqueous, acidic, fatty), assigning a food simulant for each 

one. Table 2 shows the list of all the food simulants currently active in the legislation. 

Food simulant Abbreviation 

Ethanol 10% (v/v) Simulant A 

Acetic acid 3% (w/v) Simulant B 

Ethanol 20% (v/v) Simulant C 

Ethanol 50% (v/v) Simulant D1 

Vegetable oil Simulant D2 

Poly (2,6-diphenyl-p-phenylene oxide), 

particle size 60-80 mesh, pore size 200 nm 
Simulant E 

Table 2: List of food simulants (EU, 2011) 

Food simulants A, B, and C are assigned to foods with hydrophilic character and can 

extract hydrophilic substances. Some examples of foods that simulant A simulates are 

honey, vegetables, and meats. Simulant B is used for foods with a pH less than 4.5, such 
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as yogurts, cream, or vinegar. Food simulant C is generally used for alcoholic foods with 

an alcohol content of up to 20% and for foods that contain a significant amount of organic 

ingredients that make them more lipophilic. Some examples are alcoholic beverages or 

confitures. Simulants D1 and D2 are assigned to foods with a lipophilic character and 

can extract lipophilic substances. The food simulant D1 will be used for alcoholic foods 

with an alcoholic strength greater than 20% and oil-in-water emulsions. Simulant D2 will 

be used for foods that contain free fats on the surface. Finally, food simulant E is intended 

to test specific migration in dry foods (EU, 2011). 

Food simulants are commonly used in many studies, not only to determine migration 

values in new or on-development materials but also as a business tool. Companies must 

make sure their packaging is as optimal and as compatible with the foodstuff as possible 

with the main objective of ensuring a high level of protection of human health and 

consumer interests. 

1.9 Analytic determination 

1.9.1 Total phenolic content 

Phenolic compounds are properly named hydroxybenzenes, linked to aromatic or 

aliphatic structures. These are one of the main secondary metabolites of plants, and their 

presence in the animal kingdom is due to their ingestion. Phenols are synthesized by 

plants and are genetically regulated, although some environmental factors also influence 

their production. They act as phytoalexins (wounded plants secrete phenols to defend 

against possible fungal or bacterial attacks) and contribute to the pigmentation of many 

parts of the plant (Gimeno, 2004). 

Total phenolic content (TPC) is directly related to antioxidant activity and is widely 

studied in the food industry. Some examples are migration experiments in the production 

of biomaterials, enology, or food additives. The Folin-Ciocalteu analytical method is a 

colorimetric and quantitative method that is considered the official method for analyzing 

polyphenols and allows the measurement of the TPC compounds in different media. 

Folin-Ciocalteu reagent reacts with phenolic compounds resulting in phosphotungstic 

blue-phospholybondic complexes by a redox reaction. This reaction is influenced by pH 

since, if the pH is basic, the reaction occurs very fast. Electron transfer from phenolic 

compounds reduces the previous complexes in tungsten and molybdenum oxides, deep 

blue chromogens. The reduction process of the reagent is shown in Figure 3. The color 

intensity produced by the chromogens is directly proportional to the number of hydroxyl 

groups in the molecule and the amount of phenolics. These complexes have a maximum 

absorbance around 760 nm and can be determined quantitatively by spectrophotometry. 
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Total phenol content is expressed as gallic acid equivalents using a standard acid 

calibration (Malta, 2014). 

 

Figure 3:  Diagram showing the reduction of the Folin-Ciocalteu reagent caused by the 

oxidation of the phenolics in a sample. Obtained from Ford et al. (2019) 

1.9. 2 Antioxidant activity 

Antioxidant compounds are substances with the potential to act as donors of hydrogens. 

Particularly, antioxidants derived from plants can be tannins, lignans, stilbenes, 

coumarins, quinones, xanthones, phenolic acids, flavones, flavonols, catechins, 

anthocyanins, and proanthocyanins. Antioxidants are molecules that act before or during 

a chain reaction of free radicals, either in the initiation, propagation, termination, 

decomposition stage, or in the subsequent oxidation of food products (Cardoso et al., 

2005). Therefore, a determination of the antioxidant capacity of materials is essential for 

the improvement and extension of the shelf-life of food products, especially in the 

additive, preservatives and active packaging fields. 

DPPH (2,2-diphenyl-1-picrylhydrazyl) radical method has been used for many years to 

measure antioxidant activity in substances. This method was proposed by Blois (1958) 

in which the ability of the free radical DPPH to accept a hydrogen atom from a cysteine 

molecule was demonstrated for the first time. The protocol allows for many adaptations, 

depending on the food matrix or substance, such as modifying the concentration of 

DPPH, incubation or attack time, DPPH: sample ratio, etc. DPPH is a stable free radical 

capable of reacting with antioxidant compounds through a process in which a hydrogen 

atom is transferred to the reagent (Figure 4). Kinetic studies show that this process is a 

pseudo first-order reaction that can be followed by measuring the decrease in 

absorbance at 517 nm during assay time. The decrease in absorbance is related to the 

color of the DPPH during the reaction. As shown in Figure 4, when the DPPH solution 

reacts with the antioxidant substrate, the characteristic intense purple color fades into a 

pale-yellow tone. The results of the DPPH trial have been presented in different ways. 

Most studies express the results as the EC50 value, defined as the amount of antioxidants 

necessary to reduce the initial concentration of DPPH to 50%. EC50 value is calculated 
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by plotting the percentage of DPPH remaining in the solution versus the ratio between 

the amount of active compound and the concentration of DPPH. 

 

Figure 4: Structure of DPPH before and after the reaction with the antioxidant molecule. 

Obtained and modified from Alam et al. (2012) 
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2. Objectives 

The following objectives are with the aim of revalorizing RS and producing new 

biodegradable materials, which could substitute single-use plastics for food packaging, 

to extend shelf-life of food products. 

 To produce bioactive films of PLA incorporated with RS extract obtained by 

ultrasound-heating extraction protocols. 

 To characterize as to mechanical, physical and optical properties. 

 The study of the antioxidant potential of these films.  
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3. Materials and Methods 

3.1 Materials 

Ethanol and methanol were supplied by Sigma-Aldrich (Sigma-Aldrich Chemie, 

Steinheim, Germany). Folin-Ciocalteu reagent, 2,2-Diphenyl-1-pikryl-hydrazyl (DPPH) 

and Poly(ethylene glycol) (PEG1000) were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). Sodium carbonate (Na2CO3) and magnesium nitrate (Mg(NO3)2) obtained 

from PanReac Química S.L.U (Castellar del Vallés, Barcelona, Spain). di-Phosphorous 

pentoxide (P2O5) was obtained from VWR Chemicals (Belgium). Amorphous PLA 

(polylactic acid) 4060D, density 1.24 g/cm3, was purchased from Natureworks (U.S.A). 

3.2 Plant preparation 

The plant material preparation was performed using a previously studied method (Freitas 

et al., 2020). RS (Oryza sativa L.), supplied by the straw bank of Valencia, Spain and 

obtained from L’Albufera rice fields, was dried at 50 ± 2 ºC, under vacuum (0,8 mmbar) 

for 20 h. Afterwards, the dried RS was milled using a milling machine (IKA, model M20, 

Germany) and sieved to obtain particles lower than 0.5 mm. Until further use, the RS 

was stored in a desiccator at 20 ± 2 ºC. 

3.3 Extraction and characterization of active compounds from rice straw 

RS extract was obtained by aqueous extraction based on ultrasound followed by a 

heating reflux step (Freitas et al., 2020). The extraction was carried out using a probe 

high-intensity ultrasonic homogenizer (Vibra CellTM VCX750, Sonics & Material, Inc., 

Newtown, CT, USA). A RS: distilled water ratio of 1:20 (m/v) was sonicated at 25ºC 

(using an ice bath to prevent excessive heating) for 30 min, applying a frequency of 

20kHz, 750W power and 40% sonication amplitude. After that, the plant suspension was 

heated using a typical reflux device at 100 ºC for 1 h and the RS extract was obtained 

by vacuum filtration using a qualitative filter (Filterlab). Then, the RS extract was 

lyophilized using a freeze dryer machine (Telstar, model LyoQuest-55) at -45 ºC, 0.8 

mmbar for 72 h, and reserved in a dark glass bottle at 4 ± 2 ºC until further use. 

Characterization of RS extract was performed by obtaining the total phenolic content 

(TPC) and antioxidant activity.  

The antioxidant capacity of RS extract was determined by using the DPPH (2,2-Diphenyl-

1-pikryl-hydrazyl) Radical Scavenging Method (Brand-Williams, Cuevelier, & Berset, 

1995), with some modifications. Different volumes were mixed with the 6.22 x 10 -2 mM 

DPPH methanolic solution to a final volume of 4 ml. The mixture was left to stand in 

darkness and at 25 ºC until the reading times (every 40 min), then the samples were 

measured at an absorbance of 517 nm until the reaction stability was achieved. The 



Nuria Julia Bas Gil 
 

22 
 

antiradical activity was evaluated by obtaining the EC50 value, defined as the amount of 

sample required to reduce the DPPH concentration by 50% when the reaction stability 

is reached. This value was obtained by plotting the %[DPPH]remaining vs. the mass ratio of 

RS extract to DPPH given in mg of extract/mg of DPPH, where: 

 %[𝐷𝑃𝑃𝐻]𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 = [
[𝐷𝑃𝑃𝐻]𝑡

[𝐷𝑃𝑃𝐻]𝑡=0
] × 100                                                                                           (1)                                   

[DPPH]t is the concentration of DPPH when the reaction was stable and [DPPH]t=0 is the 

concentration at the beginning of the reaction. 

The analysis of total phenolic content (TPC) was carried out using a modified version of 

the Folin-Ciocalteu method by Menzel et al (2020). 0.5 mL of Folin-Ciocalteu reagent 

was mixed with 0.5 mL of sample and 6 mL of distilled water in a volumetric flask of 10 

mL. After 1 min, 1.5 mL of Na2CO3 20% (m/v) was added and the volumetric flask was 

completed up to the mark with distilled water. After 2 hours of incubation in darkness and 

at room temperature, the absorbance was measured at 765 nm. The absorbance values 

were used to determine the TPC by constructing a linear equation fitted to a standard 

curve using gallic acid. The results were expressed as mg of gallic acid equivalents 

(GAE)/ g of freeze-dried extract. Measurements were taken in duplicate. 

3.4 Preparation of films 

PLA was initially conditioned in a desiccator containing P2O5 for 2 days to remove 

residual water. PLA films were obtained both with and without RS freeze-fried extract 

using PEG1000 (at 8% wt. with respect to the polymer mass) as plasticizer by melt 

blending and compression moulding. As summarized in Table 3, the incorporation of the 

active extracts in the films was performed by adding to the control mixture 

(PLA/PEG1000) a percentage of 2, 4, and 6% of RS extract (with respect to the total 

polymer mass). The mixing process was performed in an internal mixer (HAAKETM 

PolyLabTM QC, Thermo Fisher Scientific, Germany) at 160 ºC at 50 rpm for 6 min. After 

milling the solid blend, the compression-molding process was performed using a 

hydraulic press (Model LP20, Labtech Engineering, Thailand). For this, 3 g of the pellets 

were put onto Teflon sheets, introduced in the hydraulic press and 3 cycles (preheating, 

heating and cooling), of 3 min each were carried out at a temperature of 160 ºC (except 

cooling) and pressure of 100 bars. The active films were melt-blended and compression-

molded using the same procedure as for the control films. 
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Formulation XPLA XPEG1000 XRS extract 

PLA 0.926 0.074 - 

PLARS2 0.909 0.073 0.018 

PLAR24 0.893 0.071 0.036 

PLARS6 0.877 0.070 0.053 

Table 3: Mass fractions of the different treatments studied: PLA (0% RS extract), PLARS2 (2% 

RS extract), PLARS4 (4% RS extract), PLARS6 (6% RS extract) 

3.5 Film characterization 

3.5.1 Microstructural properties 

High resolution Field Emission Scanning Electron Microscopy (FESEM) was performed 

to study the structure of the film cross-sections. The films were cryo-fractured by 

immersion in liquid nitrogen, covered with platinum using an EM MED020 sputter coater 

(Leica BioSystems, Barcelona, Spain) and the images were taken with a Field Emission 

Scanning Electron microscope (Auriga Compact, Zeiis, Oxford Instruments) under 

vacuum and at a 2.0 kV acceleration voltage. 

3.5.2 Optical properties 

A spectro-colorimeter CM-3600d (Minolta Co. Tokyo, Japan) was used to measure the 

transparency, by means of the internal transmittance (Ti) parameter. The Kubelka-Munk 

theory of multiple scattering (Hutchings, 1999) using the film reflection spectra obtained 

on black and white backgrounds was carried out to find Ti at a light wavelength range of 

400 to 700 nm. The measurements were done six times for each formulation. A D65 

illuminant and 10º observer were used to obtain the film color coordinates L* (lightness), 

a* (a* > 0 is red, a* < 0 is green), and b* (b* > 0 is yellow, and b* < 0 is blue) from the 

infinite reflectance (Rojas-Lema et al., 2020). 

The film color was analyzed by means of the psychometric coordinates Chroma, or 

saturation (C*) (Equation 2) and hue angle (Equation 3), or shade (h*). Both parameters 

are shown in Figure 7. 

𝐶∗ =  √𝑎∗2 + 𝑏∗2                                                                                                                                       (2) 

ℎ∗ =  𝑎𝑟𝑐𝑡𝑔 (
𝑏∗

𝑎∗
)                                                                                                                                     (3) 
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Figure 5: Space of color L*C*h*. Obtained from Konica Minolta Sensing Americas Inc (2021).  

The color difference of films containing extract with respect to the extract-free film was 

also determined mathematically with the Total Color Difference parameter (ΔE*) 

(Equation 4). 

∆𝐸∗
𝑎,𝑏 = √(∆𝐿∗)2 + (∆𝑎∗)2 + (∆𝑏∗)2                                                                                           (4)    

where ΔL*, Δa* and Δb* correspond to the differences between the color parameters of 

the active and the control films. Color change analysis was performed using the criteria 

stated by Rojas-Lema et al. (2020) and illustrated in Table 4. 

 

ΔE* value Color change 

< 1 Unnoticeable 

≥ 1 and < 2 Only an experienced observer can notice the difference 

≥ 2 and < 3.5 An inexperienced observer notices the difference 

≥ 3.5 and <5 The samples show clear noticeable difference 

≥ 5 The observer notices different colors 

 

Table 4: ΔE* value ranges and subsequent color changes (Rojas-Lema et al., 2020). 

Transmittance and opacity were calculated according to the following equations: 

𝑇 =  
𝐴600

𝐿
                                                                                                                                                     (5) 

𝑂 =  𝐴500 × 𝐿                                                                                                                                              (6) 

In which A600, A500, and L* are the absorbance at 600 and 500 nm, and the film thickness, 

respectively. 
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3.5.3 Mechanical properties 

Thickness of the films was measured using a Palmer digital micrometer (accuracy of 

0.001 mm) at ten random film positions. 

Tensile strength (TS), elastic modulus (EM) and the elongation at break (EB) of the films 

were determined using a universal test machine (TA.XTplus model, Stable Micro 

Systems, Haslemere, England) and the standardized ASTM D882 method (ASTM, 

2001). Control and active films were cut (2.5 x 10 cm) and mounted in the film-extension 

grips of the testing machine. The films were lengthened at cross-head speed of 12.5 

mm/min until breaking, in room conditions. Eight samples for each formulation were 

evaluated in triplicate. 

3.5.4 Thermal properties 

A thermogravimetric analyzer (TGA 1 Stare System, Mettler-Toledo Inc., Switzerland) 

was used to measure the thermal stability of the films. Samples of about 3-5 mg were 

placed in an alumina crucible and heating in a single-step thermal program from 25ºC to 

700 ºC at around 10 ºC.min-1 under a nitrogen flow (10 mL.min-1). Derivative curves of 

the thermograms were obtained using the STARe Evaluation Software (Mettler-Toledo, 

Switzerland), with this, the initial temperature, the temperature at maximum degradation 

rate and the mass loss percentage in each detected thermal event were determined. The 

analysis was performed in triplicate for the extract, PEG1000, control, and active films. 

Differential scanning calorimetry (DSC) analyses were performed in a differential 

scanning calorimeter (Stare System, Mettler-Toledo Inc., Switzerland). Film samples (5-

7 mg) were placed in the aluminum-sealed pans and a five-step thermal program was 

performed under a nitrogen flow (30 mL.min-1). The samples were heated from -25 to 

200 ºC at a heating rate of 10 ºC.min-1, maintained at 200 ºC for 5 min, cooled down to -

10 ºC at -50 ºC.min-1, maintained at -10 ºC for 5 min, and heated up again to 200 ºC at 

a heating rate of 10 ºC.min-1. The analysis was performed in triplicate for each film 

formulation. 

3.5.5 Barrier properties 

According to ASTM E96/E96M (ASTM, 2005), a gravimetric method, modified by 

McHugh et al. (1993), was used to determine the water vapor permeability (WVP). The 

films were cut (Ø = 3.5 cm) in a circular shape, placed and sealed on Payne permeability 

cups (Elcometer SPRL, Hermelle/s Argenteau, Belgium) filled with 5 ml of distilled water 

(100% relative humidity). The cups were placed in a desiccator at 25ºC with Mg(NO3)2 

to maintain the relative humidity of 53%. A fan was placed on top of each cup to decrease 

the resistance to transport of water vapor. The cups were weighed every 1.5 hours with 
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an analytical balance (± 0.0001 g) throughout 25 h and WVP and was calculated from 

the slope of the weight loss-time curves. The analysis was performed in triplicate for 

each formulation. 

Oxygen permeability (OP) was determined following a modified version of the ASTM 

Standard Method D3985-05 (2010). Three replicates for each formulation were 

measured using an OX-TRAN Model 2/21 ML (Mocon Lippke, Neuwied, Germany) at 25 

°C and 53% of RH. Film samples (50 cm2) were exposed to an oxygen flow and the 

oxygen transmission was obtained every 15 min until equilibrium was reached. The OP 

values were calculated by dividing the oxygen transmission by the difference in partial 

pressure of oxygen between the two sides of the film, and then multiplying by the average 

film thickness. 

3.5.6 Release of active compounds in food simulants 

To study the release kinetics of phenolic compounds from the films to different food 

simulants (A: ethanol 10% (v/v) and D1: ethanol 50% (v)), the methodology proposed by 

Requena et al. (2017), with modifications, was carried out. Control and active films were 

cut and mixed with the corresponding simulant at a percentage of 20% m/v. Each film 

formulation-simulant system was kept under stirring at 20ºC throughout the assay time. 

After the different film-simulant contact times (24, 72, 144 and 240 h), the suspension 

was filtered (Filter-Lab, 0.45 µm) and the total phenolic content (TPC) and antioxidant 

activity analysis were performed. All measurements were taken in duplicate for each vial. 

Figure 8 summarizes the protocol performed. 

 

Figure 6: Outline of the protocol used to carry out the TPC and antioxidant activity analysis. 

This scheme only represents the vials used for the analysis with one food simulant. 
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3.5.6.1 Analysis of total phenolic content 

The analysis of total phenolic content (TPC) was carried out using the same procedure 

as for the RS extract characterization (section 3.3). All measurements were taken in 

duplicate. 

3.5.6.2 Analysis of antioxidant activity 

The antioxidant capacity of the films was determined in the same way as for RS extract 

(Section 3.3) by using the DPPH (2,2-Diphenyl-1-pikryl-hydrazyl) Radical Scavenging 

Method (Brand-Williams, Cuevelier, & Berset, 1995), with some modifications.  

3.6 Statistical analysis 

The analysis of variance ANOVA and Tukey’s studentized range HSD (honestly 

significant difference) test were used to check for significant differences between the film 

treatments, using the least significant difference (α) of 5%. The 17 th version of Minitab 

statistical program was used for this purpose. 
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4. Results and discussion 

4.1 Film characterization 

4.1.1 Microstructural properties 

Figure 7 shows the FESEM images of the cross section of the cryo-fractured PLA films 

incorporated or not with different active extract concentrations. The images were taken 

at 2000x and 400x magnification. Control PLA film (Figure 7A) exhibited a smooth and 

homogeneous surface pattern, showing brittle and rubbery domains in the polymer 

matrix, as evidenced in the magnified FESEM image. The plastic fracture observed in 

the PLA film is characteristic of plasticized amorphous polymers, as observed by other 

authors (Muller et al., 2017; Hernández-García et al., 2021). When the bioactive extract 

was incorporated into the films (Figure 7B, 7C, and 7D), small changes in the internal 

microstructure as revealed by the different cryo-fracture behavior of the films, as also 

found by other authors (Montero et al., 2017; Talón et al., 2017). This result suggests 

interactions between the RS extract components and the PLA/PEG1000 matrix. Menzel 

et al. (2019) identified several compounds in the aqueous extract from RS, such as p-

coumaric, protocatechuic, ferulic, caffeic, vanilinic, tricine, and vanillin acids which can 

establish hydrogen bonds with the carbonyl group of PLA chains. Nevertheless, as the 

extract concentration rose, a certain degree of roughness in the film fractures was 

observed, which suggests the presence of non-miscible compounds with the polymer 

matrix, forming small aggregates. A different cryo-fracture behavior of the films in Figure 

7B compared with Figure 7A also suggests that the brittleness and stiffness properties 

of the films may change with the addition of extract. Therefore, the results revealed that 

the incorporation of RS extract into PLA films slightly modified the chain arrangement 

and the degree of compaction of the polymer matrix, which can promote changes in the 

functional properties of the active films. 
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Figure 7: FESEM images of cross section of PLA films with different concentrations of RS 

bioactive extract. (A) PLA; (B) PLA: RS extract 2%; (C) PLA: RS extract 4%; (D) PLA: RS 

extract 6%. 

4.1.2 Optical properties - Color and internal transmittance of the active films 

The visual aspects of the films produced are shown in Figure 8A. Observation with the 

naked eye shows no marked differences in the transparency of active and control films, 

whereas the color of active films changed to a darker, yellow-brown color as RS extract 

concentration increased. The homogeneity of extract-embedded films was similar, 

although a progressive increase in small dot-like shapes with a slightly darker color than 

the rest of the film can be observed due to the dispersed solid fraction of the extract. The 

presence of colored compounds and small solid particles due to the extract incorporation 

affected the color properties of the samples, typically the internal transmittance spectrum 

(Ti) (Figure 8B) and the color coordinates of the PLA films (Table 5). 

Ti is closely related to the internal structure of the polymer matrix as well as the 

organization of its components, which will determine a higher or lower light scattering 

(Muller et al., 2017). As shown in Figure 8B, a gradual decrease in the light transmission 

was observed when the concentration of active extract increased, as also found by other 

authors when bioactive extracts were incorporated into different polymer matrices 

(Collazo-Bigliardi et al., 2019; Freitas et al., 2020b; Freitas et al. 2020c). As regards the 

A B 

C D 
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transparency at 600 nm (T600) (Table 5), the wavelength corresponding to yellow-orange 

colors, there was a significant difference (p<0.05) between all of the films. T600 values 

increased when extracts were incorporated, this means that transparency decreased 

when as concentration of extract increased. When incorporating colored components to 

films, these tend to selectively absorb light therefore reducing the transmission of light at 

the corresponding wavelengths. In general, high values of transmittance are coherent 

with film transparency and homogeneity. These results are a further positive step for the 

production of food packaging. Nevertheless, additional analyses should be performed at 

lower wavelengths, as some foodstuffs and their packages are treated with UV light as 

a pasteurization method, and the package could interact. 

 

Figure 8: (A) Visual appearance and internal transmittance (B) of PLA-based films incorporated 

(PLARS2, PLARS4, and PLARS6) or not (PLA) with RS extract. 

Table 5 gathers the color coordinate values (L*, a* and b*) for the different studied 

formulations, as well as Chroma (C*), hue angle (h*), total color difference (ΔE*), and 

opacity. Lightness (L*) of the films progressively decreased as the RS extract was 

incorporated as a function of its concentration. L* is described as the amount of light 

reflected or emitted from a surface and is related to the fact that as the more solids are 

incorporated into the films, the lower the amount of light can pass through. PLA control 

films showed a negative value for the color coordinate a*, meaning that the films were 
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greener than red. When RS extract was incorporated, the films exhibited positive a* 

values, suggesting that a more reddish tone was acquired. Even though b* values didn’t 

change sign for the different formulations, there was a significant difference (p<0.05) 

between each of them. The positive results in all formulations show that the films had a 

more yellowish tone, even PLA films, supporting the idea that PLA by itself is not 

completely colorless. The color coordinates b* increased in proportion to active extract 

concentration. Color saturation (C*) significantly increased as extracts were 

incorporated, whereas h* values decreased. This behavior corresponds to more vivid 

and reddish colored films when RS extract was incorporated. Menzel et al. (2019) also 

observed this tendency as active extracts from sunflower hulls were incorporated into 

starch-based films. Using Equation 4 and the PLA control film color coordinates as a 

reference, the total color difference (ΔE*) for each of the active films was calculated. 

Likewise, as shown in table 4, a value higher than 5 (ΔE* ≥ 5) suggests a noticeable 

difference by an observer. Then, it was evident that the films become even more visually 

different as more extract is incorporated into the polymer matrix. As regards to the 

opacity, it increased nearly by 500% in comparison with PLA films when the highest 

amount of RS extract (6% wt.) was added and, in fact, all of the values presented 

statistically significant differences between them, with values ranging from 0.0084 to 

0.043. 

Formulation L* a* b* C* h* ΔE* T600 Opacity* 

PLA 
90.7 ± 

0.2a 

-0.42 ± 

0.02a 

2.47 ± 

0.13a 

2.50 ± 

0.13a 

99.6 ± 

0.8a 
- 

0.38 ± 

0.01a  

0.0084 ± 

0.0001a 

PLARS2 
81.5 ± 

0.4b 

1.42 ± 

0.10b 

18.30 ± 

0.49b 

18.31 ± 

0.50b 

85.6 ± 

0.2b 

18.4 ± 

0.6 

0.66 ± 

0.01b 

0.0228 ± 

0.0002b 

PLARS4 
73.8 ± 

0.3c 

4.52 ± 

0.08c 

26.90 ± 

0.26c 

27.31 ± 

0.26c 

80.5 ± 

0.1c 

30.1 ± 

0.4 

0.93 ± 

0.04c 

0.0335 ± 

0.003c 

PLARS6 
6..6 ± 

0.7d 

7.70 ± 

0.30d 

33.70 ± 

0.65d 

34.70 ± 

0.65d 

77.1 ± 

0.3d 

39.7 ± 

0.6 

1.19 ± 

0.01d 

0.0430 ± 

0.004d 

Table 5. Optical properties of PLA-based films incorporated (PLARS2, PLARS4, and PLARS6) 

or not (PLA) with different freeze-dried extract concentrations. Different letters in the same 

column indicate significant differences by the Tukey test (α = 0.05). *Opacity: Absorbance (500 

nm) x film thickness 

4.1.3 Mechanical properties 

The stress-strain behavior of net PLA films and those incorporated with RS extract 

(Figure 9) were used to determine the tensile parameters, namely elastic modulus (EM), 

tensile strength at break (TS), and elongation at break (EB) (Table 6). As shown in the 

stress-strain curves (Figure 9), the most deformable treatment prior to fracture 

formulation was the control films, whilst active films, even though the level of toughness 

is higher than in the net PLA matrix, were more brittle. The PLARS6 film showed the 
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steepest curve, while PLARS2 the softest curve, and PLARS4 just in the middle. In 

general, these observations suggest that the tensile properties of the active PLA films 

were slightly modified when the active extract was incorporated, the films becoming more 

brittle (less extensible with lower resistance to break). 

 

Figure 9: Stress-strain curves for PLA films incorporated or not with different active extract 

concentrations (PLA: control; PLARS2: 2% wt.; PLARS4: 4% wt.; PLARS6: 6% wt.). 

Table 6 summarizes the tensile parameters EB, TS and EM obtained for the different 

formulations as well as their thickness. The film thicknesses had no significant difference 

between the formulations (p<0.05), showing an average value of 0.145 mm, in the range 

of those obtained by Muller et al. (2017) for the same polymer and process conditions. 

The addition of antioxidant extract in the polymer matrix provoked a decrease in the EB 

of the films (p<0.05), but did not show a significant effect as the extract concentration 

increased (p>0.05). The active films were less stretchable than the control treatment by 

about 43%, in line with that found by Jamshidian et al. (2012), for antioxidant PLA-based 

films incorporated with ascorbyl palmitate. The decrease in extensibility after 

incorporation of RS extract is probably due to the crosslinking effect between the 

phenolic components present in the extract and the chemical groups of the PEG1000 

and PLA structures, as well as to the reduction of the inter-chain interactions provoked 

by interruptions associated to the presence of other molecules. This implies the formation 

of a less extensible and more brittle material. This tendency can also be observed in the 

FESEM micrographs (Figure 7), where the film fracture behavior changed more evidently 

when as RS extract increased. Furthermore, the ester group of the PLA chain can act as 
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a Lewis base, favoring the interaction with the phenolic acids present in the extract 

(Lewis acid). 

Films’ TS, defined as the maximum strength that a material can undergo before breaking, 

was also evaluated (Table 6). There was no significant difference (p>0.05) between 

control PLA and PLARS2 films, with a TS value of 34 MPa. However, the extract 

incorporation of 4% wt. and 6% wt. provoked a slight decrease (p<0.05) in TS by about 

13%. Despite the expected interactions between the extract compounds and PLA and 

PEG1000 chains, these compounds reduced the cohesion forces in the polymer matrix 

due to steric hindrance for inter-chain forces. Furthermore, the presence of small 

particles (compound aggregates) within the polymer matrix, as observed in the FESEM 

micrographs (Figure 7), may have acted as stress concentrators, decreasing the TS 

values. Vilarinho et al. (2021) also observed a TS decrease when they incorporated 

green tea extract into PLA films reinforced with cellulose nanocrystals. 

Elastic modulus (EM) defines the resistance of a material to being deformed elastically 

when stress is applied without getting deformed. In this sense, the incorporation of 

bioactive extract in the PLA matrix tend  to promote an increase in EM values (Table 6), 

although this was only significant when incorporated at 6%. As mentioned on above, the 

interaction between the extract components and the PLA and PEG1000 matrix may have 

increased the film stiffnesses, although no statistical differences were detected (p>0.05). 

With this background information, PLA stands at a great position in terms of tensile 

properties although incorporation of active extract slows down its potential. 

Formulation 
Thickness 

(mm) 
EB (%) TS (MPa) EM (MPa) 

OP (x1012) 

(cm3.m-

1.s-1.Pa-1) 

WVP 

(mm.g.kPa-

1.h-1.m-2) 

PLA 
0.0146 ± 

0.009a 
6.0 ± 0.7a 

34.1 ± 

2.7a 

1255 ± 

36ab 

1.66 ± 

0.01a 

0.111 ± 

0.008a 

PLARS2 
0.148 ± 

0.006a 
3.4 ± 0.2b 

34.0 ± 

1.4a 

1288 ± 

34ab 

1.56 ± 

0.04a 

0.128 ± 

0.005ab 

PLARS4 
0.145 ± 

0.007a 
3.4 ± 0.3b 

29.7 ± 

2.6b 

1232 ± 

25b 

1.56 ± 

0.03a 

0.147 ± 

0.004bc 

PLARS6 
0.142 ± 

0.006a 
3.1 ± 0.2b 

30.7 ± 

2.2b 

1315 ± 

76a 

1.53 ± 

0.06a 

0.151 ± 

0.014c 

Table 6. Thicknesses, mechanical properties and oxygen permeability, and water vapor 

permeability of PLA films containing different RS extract concentrations (PLA: control; PLARS2: 

2% wt.; PLARS4: 4% wt.; PLARS6: 6% wt.). EB: elongation at break; TS: tensile strength at 

break; EM: elastic modulus; OP: Oxygen permeability; WVP: Water Vapor Permeability. 

Different letters in the same column indicate significant differences by the Tukey test (α = 0.05). 
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4.1.4 Barrier properties – Water vapor and oxygen permeability 

WVP and OP of the net and bioactive PLA films are summarized in Table 6. PLA control 

film exhibited WVP and OP values of 0.111 mm.g.kPa-1.h-1.m-2 and 1.66 x10-12 cm3.m-

1.s-1.Pa-1, respectively, in line with other studies (Muller et al., 2017; Hosseini et al., 2016). 

RS extract incorporation did not affect the OP of the films (p>0.05), although a slight 

tendency to decrease the OP values as the extract concentration increased was 

observed. This behavior may be due to the oxygen scavenging capacity of the phenolic 

compounds incorporated into the films (Bonilla et al., 2013; Muller et al., 2017), as well 

as the interactions that occurred between the active compounds and the polymer matrix 

that can decrease the oxygen solubility through the films. 

As concerns the WVP, the PLARS4 and PLARS6 bioactive films exhibited a lower barrier 

capacity than PLA and PLARS2 treatments by about 36% (p<0.05). As expected, the 

incorporation of the freeze-dried aqueous extract in PLA films favored the water vapor 

solubility through the polymer matrix. Previous studies have also reported increased 

WVP values in PLA-based films incorporated with bioactive compounds (Roy and Rhim, 

2020; Srisa and Harnkarnsujarit, 2020). Likewise, despite losing to a certain degree their 

water vapor barrier capacity, films incorporated with bioactive extracts are a highlighted 

alternative to protect packaged foods from oxidation and microbial growth. 

4.1.5 Thermal properties 

Figure 10 shows the TGA and respective first derivative (DTGA) curves of the RS extract 

and the PLA films incorporated with different extract concentrations. Likewise, Table 7 

summarizes the parameters of the thermal events detected for each treatment: initial 

temperature (Ton), final temperature (Tf), maximum degradation rate temperature (Tp), 

mass variation (∆m (%)), and residue. Furthermore, the glass transition temperature (Tg)  

characteristic of the films was investigated by DSC analysis. Coherently with its 

heterogeneous composition, RS extract showed several steps of thermodegradation 

(Figure 10A). The DTGA curve (Figure 10B) confirms this different mass loss events, 

showing a first event due to dehydration of the adsorbed water between 45 and 130 ºC, 

corresponding to a mass loss of 6%. The subsequent degradation steps occurred above 

130 ºC, can be attributed to volatilization or degradation of the different components 

present in the extract. The high residual mass of the extract suggests the presence of 

silica, highly present in RS (near 20 %, Chen et al., 2011), which was extracted in the 

water extraction process. Furthermore, this behavior suggests that a fraction of the 

extract can be degraded in the film manufacturing process (160 ºC) (Menzel, 2019). All 

films exhibited a single degradation step at a temperature range of 190 to 566 ºC, with 

mass loss above 94% wt. It was evident that the incorporation of RS extract slightly 
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reduced the thermal stability of the films. As shown in Table 7, the Tp values for PLA, 

PLARS2, PLARS4, and PLARS6 films were 376, 361, 351, and 342 ºC, respectively. 

These temperatures correspond to those at which the main PLA chains are thermally 

degraded. Once the RS extract was incorporated, the presence of its components 

reduced the interchain forces, which favors the PLA disruption, decreasing the thermal 

stability of the films. Furthermore, the several types of phenolic acids present in the 

extract (Elzaawely et al., 2017) may have hydrolyzed a fraction of the PLA chains into 

low molecular weight chains, making degradation temperatures substantially lower. 

Surprisingly though, it can be seen in Figure 10B that PLA control film showed an earlier 

onset degradation (Ton) (190 ºC) than the bioactive films (around 235 ºC), attributable to 

the thermal degradation of the plasticizer PEG1000. It is confirmed by the TGA and 

DTGA curves for PEG1000 attached to Figure 10A. This result suggests the crosslinking 

effect of the components present in the extract with the plasticizer and polymer, as 

discussed previously. As shown in Table 7, percentage residue increases as bioactive 

extract increases, which can be due to the high silica content present in RS (Chen et al., 

2011), as commented on above. 
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Figure 10: TGA and DTGA (derivative) curves for PLA films with different RS extract 

concentration. (PLA: control; PLARS2: 2% wt.; PLARS4: 4% wt.; PLARS6: 6% wt.) 

 TGA  DSC 

Formulation Ton (℃) Tf (℃) Tp (℃) ∆m (%) Residue (%)  Tg (℃) 

PLA 190 ± 6 495 ± 1 376 ± 1 97.3 ± 0.1 0.4 ± 0.2 
 37.7 ± 2.5 

PLARS2 237 ± 2 511 ± 1 361 ± 2 96.4 ± 0.2 0.5 ± 0.1 
 35.7 ± 1.7 

PLARS4 239 ± 4 535 ± 4 351 ± 1 94.2 ± 0.1 0.6 ± 0.6 
 35.8 ± 2.3 

PLARS6 234 ± 1 566 ± 3 342 ± 1 98.5 ± 0.2 1.1 ± 0.3 
 34.2 ± 1.5 

Table 7: Thermal decomposition events detected for the PLA-based control films (PLA) and 

those added with different concentrations of RS extract (PLARS2, PLARS4, and PLARS6). 

Glass transition temperatures (Tg) of the PLA films (Table 7) were obtained from the DSC 

thermograms (Figure 11). Figure 11A shows the first heating process that show glass 

transition at a temperature range of 33-55 ºC. Figure 11B present the second heating 

scan. The obtaining of these two graphs is extremely important when analyzing thermal 

stability: the first heating process is produced to eliminate any possible thermal history 

of the sample, whereas when the second heating is performed, a clearer value for Tg can 

be obtained. PLA control film showed a Tg value of 37.7 ºC, similar to that reported by 

other authors (Muller et al., 2016). Tg values slightly decreased when the active extract 

was incorporated, but there was not a notable difference between the films incorporated 

with different extract concentrations. This behavior suggests that the extract promoted 

an opening up of the polymer structure, decreasing the energy required to reach the 

transition process (Vilarinho et al., 2021). Furthermore, as the extract concentration 

B 
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increased, the polymer relaxation enthalpy, observed in the first thermogram, decreased, 

which indicates a lower degree of reorganization of the PLA chains in the presence of 

extract. This result also relates to the reduced stretchability of the bioactive films, which 

are attributed to the interaction between the PLA/PEG100 matrix and extract. It is an 

advantage that Tg values do not change that much between formulations as a great 

difference would involve drastic changes in other properties apart from the extensibility, 

such as permeability and tensile properties.  

Menzel et al. (2019) also studied the effect of incorporation of RS extract in renewable 

starch films. Similarly, the presence of the extract reduced the thermal stability of the 

films, which was because of the dehydration and depolymerization of starch. These 

results show a positive view towards a more sustainable way of food packaging, as lower 

thermal stability suggests that the material proposed (PLA films with RS extract) can be 

more easily degraded in natural conditions than PLA films by themselves. 
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Figure 11: DSC thermograms of the different film formulations proposed. (PLA: control; 

PLARS2: 2% wt.; PLARS4: 4% wt.; PLARS6: 6% wt.) 

4.2 Antioxidant activity 

4.2.1 Characterization of active compounds of RS 

A combination of ultrasound followed by reflux heating was applied to an aqueous 

suspension of RS for the purpose of extracting phenolic compounds with antioxidant and 

antimicrobial characteristics. Thus, Table 8 shows the TPC and EC50 values for the 

freeze-dried RS extract obtained with the extraction process. TPC method is based on 

the reaction of phenolic compounds with the Folin-Ciocalteu reagent, at basic pH, giving 

rise to a blue coloration capable of being determined spectrophotometrically (725 nm). 

The amount and profile of phenolic compounds extracted from a plant matrix depend on 

several factors, such as the solvent, the proportion of solids: extracting solvent, time, 

temperature, plant source, surface area, and pre-treatments (Setford et al., 2017). The 

extract had a TPC value of 37.1 mg GAE/g freeze-dried extract, confirming the presence 

of phenolic compounds with antioxidant potential. Using water as an extraction solvent 

is an environmentally friendly approach since it is cheap, available, non-toxic to health, 

and does not pollute the environment. Menzel et al. (2020), demonstrated that the 

aqueous extract of RS showed the highest content of phenolic compounds compared to 

the methanolic and ethanolic extracts. Studies reported by Freitas et al. (2020a) showed 

higher yields of phenolics from RS when ultrasound treatment was combined with 

heating treatment. Ultrasound provokes the increase of points of contact between the 

RS matrix and the solvent, caused by collisions between the particles and the shock 

B 
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waves created by the collapse of cavitation bubbles in the liquid, consequently increasing 

the solid transfer from the RS to the solvent (Cheung et al., 2013; Hayat et al., 2019). 

When heat treatment is applied, the plant tissue becomes softened, which reduces its 

integrity and weakens the bonds between phenolics and the plant matrix, enhancing the 

extraction yield. Indeed, Li et al. (2015) stated that extracting phenolic compounds from 

a plant matrix is achieved when there is a disruption of the ester and ether bonds 

between the analyte and the lignocellulosic fraction. Other authors also reported the 

extraction of phenolic compounds with bioactive properties from different plant matrices 

(Delgado-Ospina et al., 2021; Abbasi-Parizad et al., 2021; Sibhatu et al., 2021). 

DPPH antiradical scavenging assay is based on the fact that the greater uptake of the 

free radical by the antioxidant compound, the greater decrease in absorbance by the 

radical DPPH, leading to a discoloration of the violet color (Figure 12B). As shown in 

Figure 12A, the differences in absorbance indicates the antioxidant capacity of the 

aqueous extract. Likewise, as the concentration of the aqueous extract increases, there 

is a greater variation in absorbance as a result of the reaction of the DPPH radical. 

From the absorbance values of solutions containing different volumes of extract and 

DPPH, at the initial reaction time and after stabilization (without absorbance variations), 

the percentage of remaining DPPH can be calculated (Equation 1). Figure 12B 

represents the percentage of remaining DPPH vs. the ratio of mg of freeze-dried extract 

per mg DPPH. The points were adjusted to a polynomial to calculate the EC50 parameter, 

corresponding to the value of the mg extract / mg DPPH ratio that reduces DPPH by 

50%. EC50 value obtained was 6.3 ± 0.3, in line with that reported by other authors 

(Freitas et al., 2020a). Freitas et al. (2020a) found EC50 values of 9.3 ± 0.3 and 7.49 ± 

0.05 for ultrasound and heating pretreatments, respectively. The decrease in EC50 for the 

combination of both treatments supported the idea of the optimal extraction method of 

antioxidant compounds, since as the lower the EC50 value, the less quantity of sample is 

needed to reduce radicals, meaning higher antioxidant activity. RS is a rich source of 

bioactive compounds that have remarkable antioxidant properties, such as tannins, 

flavonoids, phenolics, and sterols (Barana et al., 2016; Karimi et al., 2014). The ratio 

between them and the antioxidant capacity is strictly dependent on the rice variety, the 

method and the extraction solvent. In this sense, the results suggest that the RS extract 

obtained by applying the combined ultrasound-heating method has bioactive 

characteristics, which can be used in pharmaceutical and food industries, as well as in 

biodegradable packaging materials. 
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Characterization Value 

Total phenolic content (mg GAE/ g freeze-dried extract) 37.1 ± 0.4 

EC50 (mg freeze-dried extract/ mg DPPH) 6.3 ± 0.3 

Table 8: Total phenolic content, expressed as mg gallic acid equivalent per g freeze-dried 

extract, and antioxidant activity of RS extract, expressed in terms of mg freeze-dried extract per 

mg DPPH remaining. 

 

Figure 12: (A) Variation of absorbance vs. time (min) using different proportions of extract and 

DPPH solutions (Sx). (B) Percentage of DPPH remaining when the reaction is stable against mg 

of freeze-dried extract / mg of DPPH. 

4.2.2 Release of bioactive compounds in food simulants 

The bioactive potential of PLA films incorporated with different concentrations of RS 

extract was evaluated in two food simulants: 10% ethanol (simulant A) and 50% ethanol 

(simulant D1). Multifactorial regression models, considering releasing time (t) and extract 

concentration in the films (x), were proposed to explain the %GAE released and the 

antioxidant capacity (EC50). The statistical regression models for the variation of %GAE 

and  EC50 parameter in the simulants are shown in Table 9 and Table 10, respectively. 

As observed in the last column of both tables, R2 values are close to 1, which indicated 

a good fitting of the proposed statistical models. Likewise, to further investigate the 

release kinetics of active compounds from the films and their antioxidant activity, the 

regression models were plotted on response surface graphs, as shown in Figure 13.  

As concerns the adjusted model for releasing of total phenolics (%GAE released) (Table 

9), it can be noticed that in simulant A there are both the quadratic and linear terms for 

time and RS extract concentration (t, t2, x, x2), as well as the interaction term xt. 

Nevertheless, when evaluated in simulant D1, the releasing profile of phenolic 

compounds showed only the linear and quadratic terms for concentration (x, x2) and 

linear term for the contact time (t). These results showed a dependence of extract 
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concentration on time (or vice versa) solely in Simulant A, but not in simulant D1. As 

shown in Table 9 and Figure 13 (a and b), for both simulants, the coefficients of the 

variable extract concentration (x and x2) were much higher than those of the time factor 

and their interaction, suggesting that the release of phenolics is more affected by the 

amount of extract incorporated into the polymer matrix. In fact, the differences detected 

in the functional properties of the films as the extract was incorporated indicated a 

change in the polymer network, which can influence the opening up of its structure and 

then the release of phenolics. Moreover, there was greater phenolic content released in 

the simulant D1 (ethanol 50%) than the simulant A (ethanol 10%), exhibiting a 

progressive release as concentration and contact time increased (Figure 13a and b). 

Requena et al. (2017) also observed that the simulant D1 promoted greater release of 

carvacrol and eugenol incorporated in poly(hydroxybutyrate-co-hydroxyvalerate) films. 

According to Sato et al. (2012) and Manzanarez-López et al. (2011), ethanol presents a 

sufficiently non-polar character to penetrate the hydrophobic matrix of PLA, promoting 

the matrix relaxation and the release of phenolic compounds. So, the higher the 

concentration of ethanol in the simulant, the greater would be the ability to release 

actives from the polymer matrix. These differences also could be attributed to the 

different solubilities of the phenolic compounds present in the RS extract. Since simulant 

A is more hydrophilic than simulant D1, it is expected that phenolic compounds will 

release more depending on their solubilities in these media. As studied by Menzel et al., 

(2020), the most abundant phenolics in RS extract are p-coumaric acid, caffeic acid, 

syringic acid, rosmarinic acid and cinnamic acid. All of these have very high solubility in 

organic solvents such as alcoholic solvents (ethanol, methanol etc.), the most soluble 

being rosmarinic acid with a solubility of 25 mg/mL (Menzel et al., 2020) while all of the 

compounds have low solubility in water. So, the release of phenolic compounds is 

expected and observed in both simulants. 

The antioxidant capacity of the phenolic compounds released for each food simulant was 

determined by the EC50 parameter, expressed in terms of mg film/mg DPPH. As 

summarized in Table 10 and Figure 13 c and d, EC50 quadratic decreases were observed 

in both simulants, with the interaction between the main factors (xt) detected only for the 

simulant D1. This result reveals the bioactive potential of the films in both food simulants. 

A progressive decrease in the EC50 was detected as a function of time or extract 

concentration in the film, i.e., a smaller amount of active film is needed to decrease by 

50% the initial concentration of the DPPH radical as time and extract concentration 

increase. Surprisingly, as the contact time increases, the active films in simulant A 

exhibited antioxidant capacity very similar to those in contact with simulant D1. These 
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results suggest that, despite the greater release of total phenolics is achieved in simulant 

D1, the phenolics released in simulant A had higher antioxidant potential. However, the 

extract concentration also affected this behavior. As more extract is incorporated into the 

polymer matrix, the more similar is the antioxidant potential of the films in both simulants. 

This result agrees with that previously commented concerning to the fact that the extract 

promotes alterations in the polymer matrix promoting the compound release, regardless 

the simulant. 

 

Simulant Adjusted equation p (t, t2)* p (x,x2)* R2 

A 
Ŷ%GAE = 0.040t – 0.0002t2 + 15.745x – 

1.478x2 + 0.011x*t – 26.87 
0.01; 0.01 0.01; 0.01 0.98 

D1 
Ŷ%GAE = – 0.763x2 + 7.940x + 0.162t – 

13.340 
0.01; -  0.01; 0.01 0.93 

Table 9: Statistical regression model (p<0.05) for the variation of %GAE released as a function 

of time (t) and concentration of RS extract (x) incorporated in PLA-based films for each 

simulant. (*p (t, t2) and p (x, x2): p-values of the regression coefficients of releasing time (t) and 

extract concentrations (x) incorporated in the PLA films, respectively) 

 

Simulant Adjusted equation p (t, t2)* p (x, x2)* R2 

A 
ŶEC50 = -6.03t + 0.020t2 – 768.7x + 50.30x2 + 

3459 
0.01; 0.01 0.01; 0.01 0.97 

D1 
ŶEC50 = -13.78t + 0.023t2 – 1015x + 80.10x2 

+ 1.241t*x + 3889 
0.01; 0.01 0.01; 0.01 0.91 

Table 10: Statistical regression model (p<0.05) for the variation of EC50 (mg film/ mg DPPH) as 

a function of time (t) and concentration of RS extract (x) incorporated in PLA-based films for 

each simulant. (*p (t, t2) and p (x, x2): p-values of the regression coefficients of releasing time (t) 

and extract concentrations (x) incorporated in the PLA films, respectively.) 
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Figure 13: Response surface graphs of the regression models adjusted for %GAE released in 

simulant A (a) and simulant D1 (b); EC50 of the PLA films in the simulants A (c) and D1 (d). 

To compare the EC50 values of the proposed active formulations with the free extract, 

the EC50, expressed as equivalent mg freeze-dried extract in the film, vs. contact time 

graph is shown in Figure 14. Not surprisingly, the EC50 values were higher for the extract 

incorporated into the films than for free, coherently with the lack of total release of active 

compounds from the films. However, this difference decreases as the contact time 

increased, indicating the progressive release of active compounds to the food simulants. 

Figure 14 also shows that the antioxidant activity the films was affected by the contact 

solvent. Films containing 2 and 4% wt. extract had a higher EC50 value in simulant A than 

in simulant D1, although the difference is very small. On the other hand, films containing 

6% wt. extract reached similar values as those in contact with simulant D1. In general, 

even though EC50 values are nearly double of that of free extract, the results appear to 

be quite positive, considering that high temperatures, pressure and other factors were 

applied during the film formation that can partially degrade active compounds. Then, the 

extracts solids are quite resistant and maintain the antioxidant potential during the film 

processing.  



Nuria Julia Bas Gil 
 

45 
 

 

Figure 14: EC50 values for the active films in simulants A and D1 during time. An arrow at the 

bottom right corner of the graph shows the value of EC50 for the free extract (6.3 ± 0.3). 

The optimized conditions for the release for total phenolic content (%GAE released) and 

antioxidant activity (EC50 (mg film/mg DPPH)) are shown in Table 11. For the release of 

total phenolics, the maximization of the statistical models was performed, while the 

functions that express the antioxidant capacity of the films over time were minimized. For 

simulant A, the optimal film formulation was the one containing 6 % wt. extract, which 

exhibited values of 30.4% of %GAE released and 209 mg film/ mg DPPH at 240 and 148 

h, respectively. For simulant D1, films incorporated with 5.1% wt. RS extract gave values 

of 46.1% of %GAE released and 201 mg film/ mg DPPH at 240 and 159 h contact time, 

respectively. Despite greater release of total phenolics in simulant D1 than in simulant 

A, these results reveal that the films incorporated with RS extract presented similar 

antioxidant effect in both simulants with enough contact time. As discussed earlier, both 

time and extract concentration influenced the release profile of phenolic compounds, as 

well as the film/simulant contact. In this sense, PLA films incorporated with active extract 

from RS can be used as biodegradable active packaging materials that present 

antioxidant capacity in aqueous foods (simulant A), alcoholic, and oil-in water emulsions 

(simulant D1). 
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Response Simulant 
Extract concentration 

(% wt.) 
Time (h) 

Optimized 

response 

%GAE 

released* 

A 6.0 240 30.4 

D1 5.2 240 46.1 

EC50 (mg film/ 

mg DPPH) * 

A 6.0 148 209 

D1 5.1 159 201 

Table 11: Statistical optimization for the release of phenolic compounds (% GAE released) and 

for antioxidant capacity of PLA films (EC50) as a function of the releasing time and extract 

concentration incorporated in the polymer matrix for each evaluated simulant. (*The 

optimization of the %GAE released was obtained by maximizing the adjusted statistical model, 

while the optimal response to the antioxidant capacity (EC50) was performed by minimizing the 

adjusted function) 
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5. Conclusions 

The results provided in this study are a positive view towards a greener economy with 

the production of active films with potential characteristics for food packaging application.  

 The morphological analysis of the films revealed small changes in the 

microstructure when active extract was incorporated, associated to the 

modification of inter-chain forces of polymer and separation of some compound 

particles in the matrix.  

 The results showed that the optical properties of the films were altered in terms 

of color, lightness and transparency, the films becoming darker and more yellow-

brown.  

 The analysis of extensibility and resistance to break of the films showed a slight 

reduction when RS extract was incorporated due to the interaction of the phenolic 

compounds with the matrix and the reduction of the PLA inter-chain forces.  

 As concerns barrier capacity, RS extract slightly reduced the oxygen permeability 

of the films whereas increased the water vapor permeability, according to the 

corresponding modification of the chemical affinity of the matrix with these 

compounds.  

 Characterization of degradation factors showed that the extract enhanced the 

thermal decomposition of the polymer matrix, which convey for better 

characteristics for natural degradation.  

 The RS extract produced by ultrasound-assisted protocols yielded a high 

concentration of active compounds which, after evaluation for antioxidant power, 

showed a great potential of inhibition of free-radical reactions, supporting the idea 

of a bioactive packaging.  

 PLA active films produced with RS extract showed adequate properties for food 

packaging applications and antioxidant activity. This suggests these materials 

are a potential substitute for single-use plastics in food packaging, as not only 

they are an eco-friendly material but also provide the films with added value to 

extend the shelf-life of food products. Particularly, films produced have been 

analyzed successfully for antioxidant potential in food simulants A and D1, so 

they are useful materials for active food packaging for foodstuffs with different 

polar nature.  

These results contribute to reduce the current environmental problems associated to the 

use of plastics while favors food preservation, thus limiting the food losses in first world 

countries due to deterioration, with the subsequent economic repercussions. 
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