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Preface

In the dynamic landscape of modern food technology, packaging plays a pivotal role that

extends beyond conventional containment. While safeguarding industrialized food against external

contamination remains crucial, the ever-evolving demands of both the industry and consumers have

ushered in a new era of packaging innovation. This paradigm shift is characterized by the emergence

of active, intelligent, and smart food packaging materials designed not merely to encase food but to

interact intentionally with it.

In contrast to traditional packaging, this advanced class of materials deliberately engages with

the packaged food, offering additional features. These groundbreaking packaging materials have the

capability to monitor and extend the shelf life of food products.

This Special Issue aimed to compile significant contributions to the field, providing an in-depth

overview on the development and application of active and intelligent films for food packaging.

The scope of this Special Issue is extensive, covering various facets of active and intelligent

food packaging, among others, such as the development and characterization of these innovative

materials, strategies for extending shelf life, the application of nanotechnology in packaging,

the creation of novel scavenger systems for food packaging, colorimetric freshness indicators,

antimicrobial and antioxidant packaging solutions, the use of bio-based polymers, and a

comprehensive review of biodegradation methodologies for bio-based polymers.

As we embark on this exploration of the forefront of food packaging technology, we anticipate

that the contributions gathered within this Special Issue will not only reflect the current state of

the field but also act as a catalyst for future advancements. Together, we aim to unravel the

intricacies of active and intelligent food packaging, paving the way for a safer, more sustainable,

and technologically enriched future in the realm of food preservation.

Victor G. L. Souza, Lorenzo M. Pastrana, and Ana Luisa Fernando

Editors
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Abstract: Active food packaging is a dynamic area where the scientific community and industry have
been trying to find new strategies to produce innovative packaging that is economically viable and
compatible with conventional production processes. The materials used to develop active packaging
can be organized into scavenging and emitting materials, and based on organic and inorganic
materials. However, the incorporation of these materials in polymer-based flexible packaging is not
always straightforward. The challenges to be faced are mainly related to active agents’ sensitivity to
high temperatures or difficulties in dispersing them in the high viscosity polymer matrix. This review
provides an overview of methodologies and processes used in the production of active packaging,
particularly for the production of active flexible films at the industrial level. The direct incorporation
of active agents in polymer films is presented, focusing on the processing conditions and their effect
on the active agent, and final application of the packaging material. Moreover, the incorporation
of active agents by coating technologies and supercritical impregnation are presented. Finally, the
use of carriers to help the incorporation of active agents and several methodologies is discussed.
This review aims to guide academic and industrial researchers in the development of active flexible
packaging, namely in the selection of the materials, methodologies, and process conditions.

Keywords: antimicrobial film; antioxidant film; food packaging; active packaging

1. Introduction

Food packaging is used to enclose food products and presents as main functions to:
contain and protect foods from the environment, namely gases, ultraviolet radiation, and
chemical and microbiological contamination. Therefore, it has a crucial role in guaranteeing
the quality and safety of food products, and their shelf-life. Food packaging can be in
the form of a bag, bottle, can, box, wrapped pouch, or other type of containers and
can also be used to communicate with the consumer and be used as a utility. The food
packaging industry has suffered significant changes over the years, and new materials and
technologies have been developed to reach the industry and consumers’ demands.

Currently, various approaches, such as modified atmosphere packaging (MAP) and
active packaging, prevent or reduce food product damage and spoilage, and extend their

Polymers 2022, 14, 2442. https://doi.org/10.3390/polym14122442 https://www.mdpi.com/journal/polymers
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shelf-life. Therefore, these approaches allow to save energy, decrease the production costs,
protect the sensorial and nutritional quality of food, and protect the consumer’s health [1,2].
Moreover, intelligent or smart packaging has been presented as a unique technology to
help industry and consumers to monitor the quality and safety of food products.

Active packaging is one of the most recent approaches used in the food packaging area.
According to the European Commission (EC) Regulation No 450/2009, active packaging
are systems projected “to extend the shelf-life or to maintain or improve the condition of
packaged food. They are designed to deliberately incorporate components that would re-
lease or absorb substances into or from the packaged food or the environment surrounding
the food”. Therefore, this type of packaging is developed to increase the shelf-life of foods
while maintaining their nutritional quality and ensuring safety. Currently, active packaging
continues to be explored and there is an increasing interest in its application in the food area.
The active packaging interacts with the packaging environment (i.e., headspace) or directly
with the food product. So, the active agent can be a scavenger, which absorbs the residual
oxygen of headspace, moisture or water, and ethylene resultant from food maturation.
Alternatively, the active agent can be released/emitted over time, in a controlled way, from
packaging to headspace, or to the food, inhibiting the development of bacterial microorgan-
isms, for example [1,3]. The active agent can be an individual substance or a combination
of substances (EC Regulation No 450/2009). It can be a synthetic material, metal, inorganic
material, salt, and enzyme, and is used according to the intended activity [3]. The interest
in natural or organic materials, such as plant extracts, biopolymers, and essential oils (EOs)
has increased in the past decade. These are used to substitute some synthetic materials,
such as antioxidants and antimicrobials, as reported in several studies [4–6]. Another
approach is the use of nanoparticles or carriers loaded with active agents. The nanomaterial
concept is defined by the European Union (EU) in the Recommendation No 2011/696/EU,
2011. Currently, and according to EU Regulation No 10/2011 and its amendments, the use
of some nanostructures is allowed in the manufacture of plastic materials for food contact.

Plastic films are one of the most popular products used for food packaging. The main
materials used in the production of these films are synthetic polymers. This is due to their
unique properties, such as ease of processing, transparency, flexibility, lightweight, and
low cost. The most often used polymers to produce flexible and rigid food packaging are
low-density polyethylene (PE-LD), high-density polyethylene (PE-HD), polypropylene
(PP), poly(ethylene terephthalate) (PET), poly(vinyl chloride) (PVC), ethylene vinyl alcohol
(EVOH), and polystyrene (PS), among others. Among all these materials, PE-HD and
PE-LD are extensively used in film packaging [7,8]. These materials present low cost,
low water vapor permeability values, high resistance to tear by presenting outstanding
elongation at break values, good thermal stability and, at the same time, low heat seal
temperature [9,10]. Currently, food packaging based on biopolymers obtained through
the synthesis of bio-derived monomers (such as polylactide acid (PLA)), or produced by
microorganisms (such as polyhydroxyalkanoates, PHAs), are being produced. However,
these solutions are still not common, because they are expensive when compared with
the synthetic alternatives [11,12]. There is also the possibility of producing flexible films
using the biopolymers extracted from biomass, such as polysaccharides and proteins [13].
These materials have been extensively investigated for application in food packaging and
some of them can already be processed in the existing conventional production lines,
as, for example, the film extrusion process. However, these materials still present some
drawbacks when compared with their synthetic counterparts [14]. In recent years, cellulose-
based materials have been another option to substitute plastics in flexible films. This is a
consequence of their low price, low weight, extensive availability, printability and good
mechanical properties [12,15]. However, and since there are several reviews focused on
these materials [16–19], they will not be included in the present one.

Processes such as extrusion, injection molding and thermoforming are used to produce
polymer-based food packaging. The extrusion process is the major polymer processing tech-
nology in which the polymeric material is melted and shaped into a constant cross-section

2
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continuous product. Films, sheets, pipes, and profiles are some examples of extruded prod-
ucts. In addition, this process allows producing structures with a single layer (monolayer),
or two or more layers (multilayer) using a co-extrusion process [10]. Another technique
used to produce multilayer structures in food packaging is lamination. This technique is
generally combined with polymer extrusion/co-extrusion and is used to produce multi-
layer flexible films using different materials (different types of polymers or different types
of materials, such as polymers, paper and aluminum (Al)). The coating process is another
technique used to produce multilayer films. Usually, the coating is used to provide the
films’ aesthetic and physical properties derived from the coating material. The coating is
usually applied in-line (e.g., in an extrusion line), or off-line, by spray, rolls, or dipping, to
produce a thin layer on films’ surface. All these processing technologies have been used
to study the addition of active agents to flexible films. It is worth mentioning that there
are already some active packaging incorporating active agents in mono and multilayer
flexible films produced by conventional industrial processes, as mentioned in active flexible
packaging section.

Recently, two new technologies have been reported for the addition of the active
agent: the impregnation of the active agents by super critical carbon dioxide (SC-CO2),
and the loading of the active agents in carrier materials by encapsulation technologies,
absorption and integration processes. These technologies proved to be efficient alternatives
for preventing the volatilization or degradation of the active agent when subjected to high
temperatures during extrusion. However, these strategies are still very difficult to use at
the industrial scale due to the lack of devoted industrial equipment [4,20].

This review reports the recent studies about technologies used to produce active
flexible films with monolayer and multilayers structures for food packaging purposes.
Despite the availability of several review articles on active packaging, reporting the active
agents and materials used [1,3,21], there are no reviews exploring and discussing the
methodologies and processes used in the production of active packaging. This review
aims to fill this gap and to discuss the methods and processes that the industry can use to
produce active packaging, focusing on flexible films.

2. Active Flexible Packaging

Active packaging emerged in the last years in the food packaging area to prevent
food spoilage and extend its shelf-life. Active packaging is produced with an active agent
that interacts with the food. It is intended to prolong food shelf-life while preserving
its organoleptic properties (appearance, aroma, consistency, texture, and flavor), i.e., to
maintain food product quality and integrity, ensuring its safety. Active packaging systems
can be divided into two groups: (1) active scavenging systems (or absorber systems) and
(2) active releasing systems (or emitter systems). In the active scavenging systems, the
active agent removes undesired substances from headspace, such as oxygen, moisture,
carbon dioxide, ethylene, and odor, without going out of the packaging material. In the
second group, the active agent is slowly released into the headspace to react with undesired
substances from food products, such as reactive oxidizing species, or the active agent
diffuses or migrates directly into the food.

Active packaging has been developed wherein the active agent can be added to the
packaging as an independent device (e.g., pad or sachet), incorporated into the polymeric
matrix (e.g., by extrusion), or applied on the film or packaging surface (e.g., by coating).
Moreover, the active agent can also be firmly fixed or immobilized on the film surface using,
e.g., super critical carbon dioxide technology. Since this review is focused on technologies
that allow producing flexible active films with mono- or multilayer structure, the systems
where the active agent is enclosed in an independent device are omitted. Figure 1 shows a
general scheme of the structures used in the production of active packaging. In Figure 1A,B
the active agent is incorporated in the polymeric matrix, and then a monolayer or multilayer
film is produced, respectively. The addition of layers allows decreasing the diffusion of the
active agent through the film and its subsequent evaporation during storage. Sometimes,
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the active agent is added in the adhesive layer, used between two incompatible polymer
layers, rather than in polymeric layers. In Figure 1C, the active agent is immobilized on the
mono- or multilayer film surface. Then, depending on how the active agents work, they
will act as a scavenger (Figure 1D) (it does not migrate) or as an emitter, migrating to the
food surface or headspace (Figure 1E). The scavenging systems are used mainly to control
oxygen, moisture, and ethylene inside the packaging. The releasing systems are used to
confer the antioxidant and antimicrobial capacity to the active packaging. Table 1 shows
the most used active agents for food packaging, their mechanisms of action and potential
benefits in food applications.

Figure 1. Structure of active film for active food packaging with headspace: (A) monolayer film with
an active agent, (B) two-layer film with an active agent in the inner layer and (C) two-layer film with
active substance immobilized or fixed on the surface of the film. (D,E) Schematic representation of
active scavenging and releasing systems, respectively.
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2.1. Scavenging Systems

The oxygen scavengers (OS) are used to remove any residual oxygen present inside
the food packaging or to improve its barrier properties by acting as an active barrier to
this gas. They are enclosed in sachets, or incorporated into the packaging materials using,
for example, the extrusion or coating processes. In the extrusion process, as presented in
this review, different types of materials have been used as oxygen scavenger agents; each
one has different mechanisms to react with oxygen. Many efforts have been presented in
the literature, targeting to understand the oxygen scavenging processes in polymeric films
and to predict their performance [22–26]. These processes are complex and heterogeneous,
and normally involve both physical and chemical phenomena. The physical phenomenon
is related to the physical dissolution and diffusion of the gas through the polymer; the
chemical phenomenon is related with the reaction of the active phase with oxygen. Table 1
provides some examples of materials used and their mechanisms of action. Inorganic and
metallic materials are the most used as oxygen scavengers. These compounds are stable
in extreme conditions, such as high temperatures and pressures, and some are considered
nontoxic. In the past decades, organic compounds extracted from natural resources, such
as plants, fruits, and vegetables, have also been used as oxygen scavengers, but most of
them are sensitive to extrusion temperatures. In the last years, some companies developed
oxygen scavengers for incorporation in packaging materials, such as Avient (product name
Amosorb™, Avon Lake, OH, USA), IPL plastics (product name ZerO2, Edmundston, NB,
Canada), Sealed Air (product name Cryovac, Charlotte, NC, USA), and Crowne (product
name Oxbar, Yardley, PA, USA).

Another type of active agent is the moisture absorber. It is used to absorb the fluids that
exudate from fresh products, or to control the relative humidity inside the food packaging.
The materials used for this function are commonly placed into packages in the form of
sachets or pads, but there are already solutions where these agents are incorporated into the
polymeric matrix used to produce trays or films. Taikous (product name Pichitto/Pichit,
Gardena, CA, USA), Kyoto Printing (product name MoistCatchTM, Kyoto, Japan), and
Aptar CSP Technologies (product name Active FilmTM, Auburn, AL, USA) are some
examples of companies with commercial absorbing films. The most used materials in
these commercial products are inorganic materials and synthetic polymers, such as silica
gel and polyacrylate sodium. However, the food industry requests the development and
application of natural materials or biodegradable polymers [27,29,30]. Table 1 provides
examples of the natural materials most used as moisture absorbers in polymeric food
packaging films. The common process used for moisture absorption in food packages is
physical adsorption, but the absorption process can also happen in some cases.

The ethylene scavengers are used to remove the ethylene released during fruit ripening,
thereby enhancing the fruit quality and shelf-life. Once ripening is underway, it triggers the
production of more ethylene to continue the process of ripening. So, ethylene scavengers
slow down the ripening process and senescence. The most used material is potassium
permanganate (KMnO4). This is usually included in the food packaging as a sachet, but
has also been incorporated into the polymeric matrix [41]. The zeolites are another good
candidate to be used as ethylene absorbers, mainly due to their porous 3-dimensional
structure with cation exchange, adsorption, and molecular sieving properties. These
unique properties opened the possibility of using zeolites in industrial and agricultural
applications, in particular as an ethylene-absorbing additive that can be used in packaging
materials [33–35]. Other examples of ethylene scavenger materials are active clays, metals,
and metallic oxides, such as titanium dioxide (TiO2), silver (Ag), and zinc oxide (ZnO) [32].
In Table 1, other examples are provided. There are commercial ethylene scavenging
packaging materials produced by companies such as Evert Fresh (product name green bags,
Katy, TX, USA) and PEAKfresh (product name PEAKfresh bag, Lake Forest, CA USA).
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2.2. Releasing Systems

Antioxidant agents are used in food packaging to inhibit or slow down the oxidation
reactions that affect food quality. They react with reactive oxidizing species (e.g., perox-
ides, superoxide, and hydroxyl radical) retarding or blocking the oxidation reactions of
food products. The active agents are released from packaging material to headspace, by
vaporization, or diffuse or migrate into the food [42,43]. Antioxidant packaging materi-
als can be produced in the form of sachets, pads, and labels, or added directly into the
films [44]. It has been shown that synthetic and natural antioxidant agents can be added
to packaging systems resulting in active systems; however, for selecting an antioxidant,
food characteristics and regulatory and safety issues should be considered. Synthetic
antioxidants, such as butylated hydroxytoluene (BHT), butylated hydroxyanisole (BHA)
and tert-butylhydroquinone (TBHQ) are already widely used by the food industry, but they
are also associated with adverse side effects to human health [45,46]. Currently, the focus is
on the incorporation of natural antioxidants extracted from plants and fruits, and essential
oils from herbs and spices. Some examples of natural antioxidants compounds, as well as
the mechanisms and potential benefits in food applications, are presented in Table 1.

Antimicrobial agents are applied to inhibit the growth of microorganisms that can
cause food spoilage. Microorganisms, some of them foodborne pathogens, are the main
ones responsible for food spoilage, especially in the case of fresh products (e.g., meat,
fruits, and vegetables). Therefore, antimicrobial agents help to extend the shelf-life of
a wide range of food products. The mechanism of action depends on the antimicrobial
compounds, which can either inhibit the metabolic and reproductive processes of microor-
ganisms, or modify the conformation of the cell wall. They are put directly in the food
product, or in the food packaging as sachets and absorbent pads, or in the polymer matrix.
Nowadays, antimicrobial packaging is already being used in the market. For example,
the Prexelent® (Rajamäki, Finland) company produces antimicrobial plastics. Recently,
flexible film packaging with halloysite nanotubes (HNTs) with antimicrobial essential oils
was developed in the NanoPack project, carried out in the European Union (EU). This
film allows increasing the shelf-life of bread, yellow cheese, and cherries, and maintains
food quality and safety standards. In the past, the most used antimicrobial agents for food
packaging were synthetic materials, such as ethylene diamine tetra-acetic acid (EDTA),
and metallic or metallic oxide, such as Ag, Cu, TiO2, and ZnO [47–49]. However, current
developments in the industrial and scientific areas indicate that natural materials, such as
chitosan, lysozyme, and citric acid, are efficient and safe for food contact [39,50,51]. More
examples of this type of materials can be found in Table 1.

3. Methodologies for the Production of Active Flexible Packaging

3.1. Direct Incorporation of Active Agents in the Polymer Film Matrix

Film extrusion is the most used process for the production of plastic packaging. It
consists of an extrusion line that can include one extruder, or several (in the case of co-
extrusion), a die and equipment to stretch/blow, cool down, cut or wind the extrudate.
The process starts at the extruder throat where the material, in granular form, is fed to the
screw. The rotating screw forces the polymer granules ahead in the extruder barrel, which
has several controlled heating zones (Figure 2).

The material experiences progressive heating and pressure until melting. This allows
the polymeric granules to slowly melt, reducing the risk of overheating, which can result in
polymer degradation. After melting, the polymer passes through the die, which shapes the
melt into an initial high thickness geometry (annulus, in the case of blown film). Afterwards,
and in the blown film case, this thick annulus is stretched in the two main directions: in
the machine or longitudinal direction, by the action of the pulling rolls; in the transversal
or circumferential direction, by the effect of compressed air inflated through the die. The
cooling of the resulting film bubble is carried out by forced air, blown through the air
ring (Figure 3A). When films are directly produced in the flat shape, the extrusion die
has a rectangular shape, and the film is only oriented in the machine direction; in this
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case, the cooling process is promoted by direct contact with the chill rolls, as presented in
Figure 3B. The conventional extruders used in these extrusion lines are usually of the single
screw type (Figure 2). Another type of extruders, having two screws, usually co-rotating
and intermeshed (twin-screw extruders), are used for compounding purposes (e.g., to
produce polymer blends, to incorporate additives/active agents, to prepare composites
and masterbatches). This type of extruders are, therefore, used to prepare the compounds
that are fed to single screw extruders, for the production of the final film.

Figure 2. Schematic of a conventional extruder—single screw extruder. Reprinted from Covas, J., &
Hilliou, L. (2018). Chapter 5—Production and Processing of Polymer-Based Nanocomposites. In M.
Â. P. R. Cerqueira, J. M. Lagaron, L. M. P. Castro, & A. A. M. de O. S. Vicente (Eds.), Nanomaterials
for Food Packaging (pp. 111–146) [10]. Copyright (2018), with permission from Elsevier.

Figure 3. Schematic of the film extrusion/co-extrusion lines: (A) blown film extrusion line and
(B) cast film extrusion line. Reprinted from Covas, J., & Hilliou, L. (2018). Chapter 5—Production
and Processing of Polymer-Based Nanocomposites. In M. Â. P. R. Cerqueira, J. M. Lagaron,
L. M. P. Castro, & A. A. M. de O. S. Vicente (Eds.), Nanomaterials for Food Packaging (pp. 111–146) [10].
Copyright (2018), with permission from Elsevier.

The extrusion process allows the production of blown or flat films with one or more
layers (mono and multilayer films, respectively). In the multilayer case, the process used is
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called co-extrusion, and involves more than one extruder (at least one for each different
polymer system to be included in the structure of the film). The various polymers are
extruded through a single die, constituting a single multilayer structure at its exit. The
remaining downstream equipment is similar to that of a conventional extrusion line.

Another process used to produce multilayer films for flexible packaging is the lami-
nation process, illustrated in Figure 4. This process combines individual films, which can
be polymeric or non-polymeric, into a multilayer structure. Polymeric adhesives (water
or solvent-based) are used to bond the different layers. This process can be used in or
outside (Figure 4A) an extrusion line. Another possibility is the lamination by extrusion,
wherein the extruder provides the molten film that acts as adhesive (Figure 4B). In order to
improve the adhesion of the substrates, a treatment on the film surface, such as corona, can
be incorporated in the extrusion line.

Multilayer films have been used for increased barrier properties. Due to the multilayer
structure, they can reduce the permeation of gases through the film, and thus avoid
changing the headspace composition of the package over time. However, according to the
type of food, this strategy is not always the best solution to increase food shelf-life (e.g.,
fresh and oxygen-sensitive foods). When this strategy is not enough, the incorporation of
active agents in one of the polymeric layers can be a solution. This section reports works
where the direct addition of active agents to the polymer matrix was employed as a solution.
Table 2 summarizes the details of some studies, such as materials used, the function of the
developed packaging, amount of active agent added, and their main effects. The amount
of the active substances migrated are also mentioned. Below, these works will be reported,
emphasizing the conditions used in the extrusion processes and the parameters that can
influence the activity of the active agent, such as the thickness of the films, dispersion of
the active agent, and processing temperatures.

Figure 4. Schematic of the (A) lamination process outside the extrusion line and (B) lamination extrusion.

For example, Di Maio et al. [23] studied the effect of adding a polymeric oxygen
scavenger (OS) (unsaturated hydrocarbon dienes—Amosorb DFC 4020) in a multilayer
film using the same polymeric material, namely PET, to apply in fresh fruit. The films were
produced by a co-extrusion process using a laboratory cast film extruder with a temperature
profile of 285–280 ◦C. The OS was incorporated in the core layer and the pure PET was kept
in the outer layers. Multilayer films with different thicknesses were produced. The authors
reported that the active films developed showed a good oxygen scavenging capacity and a
longer duration of activity time when the active internal layer presented a higher thickness.
On the other hand, the oxygen scavenging rate was consistently lower when the external
neat PET layers presented a higher thickness. The results are explained by the diffusion of
oxygen through these layers, which needs more time for thicker samples before reacting
with the active film. On the other hand, active monolayer films, also considered in this
study, were saturated in a few days, which was explained by the fast reaction of the oxygen
with the active compounds.
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In 2013, Sängerlaub et al. [25] studied a multilayer film with different materials, namely
PET, Al, and PE films, to apply in oxygen-sensitive food. The iron was used as an OS and
was added to the PE inner layer. The PE active film was produced by extrusion (but the
temperatures used were not specified). Afterwards, the lamination process was used to
join the PET and aluminum (Al) films using an adhesive. The final structure obtained was
PET/Adhesive/Al/Adhesive/PE-containing active agent without and with a sealing layer
of PE. They also studied the effect of the OS layer and sealing layer thickness, showing
that the thickness of these layers influenced the OS activity. In addition, they studied the
effect of the addition of OS on sealing defects, such as small pinholes up to a diameter of 10
and 17 mm, and showed that the OS was able to compensate the sealing defects. Granda-
Restrepo, Peralta, Troncoso-Rojas, & Soto-Valdez [52] studied the antioxidant properties of
PE-HD/EVOH/PE-LD multilayer films produced by a blown film co-extrusion process
(the temperatures used were not specified). Different active agents, such as BHA, BHT, and
α-TOC, were added to the inner layer (PE-LD). TiO2 was added to the outer layer (PE-HD)
to prevent light transmission through the films, avoiding the use of an Al layer in the film
structure. They packaged whole milk powder to perform migration tests and the PE-LD
layer with antioxidant agent was put in direct contact with the product. They showed
that the structure of these films avoided the loss of antioxidants to the environment and
favored the migration to the product. However, they also showed that during the extrusion
process the concentration of BHA, BHT, and α-TOC decreased approximately 17, 41, and
23%, respectively, which was explained by the processing temperatures.

Soysal et al. [8] studied the antimicrobial activity of PE-LD/PA/PE-LD multilayer
packaging film using different antimicrobial agents, such as nisin, chitosan, potassium
sorbate, or silver substituted zeolite (AgZeo). In addition, the authors selected different
polymers to combine different barrier properties, namely a good barrier to water vapor that
comes from PE-LD and a good barrier to gases that comes from PA. The multilayer film
was produced by a blown film co-extrusion process (temperatures used were not specified).
The drumsticks were the product selected for the study and singly vacuum-packaged in
active films developed, it means that the active agents acted by direct contact with product.
The results showed that the incorporation of the antimicrobial agent was an asset to avoid
the microbial growth and increase the shelf life of product. They showed that the nisin and
chitosan were among all those that reduced the levels of antimicrobial activity. However,
the addition of these antimicrobials increased the cost of food packaging (not more than
2%), but they mentioned that this could be compensated by the benefits of increasing the
food shelf-life.

Nowadays, the use of multilayer films is common among food packaging solutions,
but there are few publications about active packaging based on this type of films. This is
probably related to the lack of laboratory co-extrusion lines or to the difficulty in using
the high throughput industrial co-extrusion lines. On the other side, there are a lot of
studies about active packaging in monolayer films; some of them are presented below and
in Table 2. There are also studies where the extrusion process was only used to produce
compounds, being the films produced by compression molding in a hydraulic press. Since
these films are not representative of the industrial ones, these studies were not considered
in the present review. As with all multilayer active films, most of these works evaluated
the development of antimicrobial and antioxidant activity of films.

Beigmohammadi et al. [47] studied the antimicrobial activity of PE-LD film loaded
with Ag, Cu, and ZnO. The authors selected metallic nanoparticles to study their effect
on microorganisms’ growth in cheese, since these NPs have significantly reduced the
microbial population in other products. PE-LD/NPs blends were produced using a twin-
screw extruder, and different compounds were developed. Afterwards, the compounds
were processed in a cast film extrusion line and active monolayer films were produced,
using a temperature profile of 185–239 ◦C. Cheese samples were packaged with these
films. However, the type of the packaging used (direct contact or headspace) was not
specified. Of all active films developed, the one incorporating CuO was the one showing
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the lower coliform load of the cheese, and not showing any toxicity. Moreover using
metallic nanoparticles, Li et al. [49] studied the antimicrobial capacity of PE-LD with
Ag/TiO2 nanopowder against Aspergillus flavus and the mildew. First, they prepared a
masterbatch incorporating Ag/TiO2 in a PE-LD matrix, using a twin-screw extruder. This
masterbatch was later diluted in more PE-LD for the production of a flexible film, by the
blown film extrusion process. The temperature profiles used in these extrusion processes
were not provided. After, they studied the antimicrobial activity of the films and performed
the migration test of Ag+ ion using rice. The type of packaging used (direct contact or
headspace) was not specified. The results showed that the small amount of silver migrated
from the active films inhibited the A. flavus significantly and reduced the mildew of rice
during storage. Emamifar et al. [53] also studied the effect loading different particles in a
PE-LD film, such as P105 powder (with TiO2 + Ag NPs) and ZnO NPs, on antimicrobial
activity in packaging of fresh orange juice (packaging with direct contact with product).
They produced the compounds in a twin-screw extruder, after they used a blown film
extrusion line to produce a monolayer flexible film using a temperature profile of 60–175 ◦C.
They reported that increasing the ZnO NPs concentration up to 1 wt.% caused the NPs
agglomeration during the processing and this decreased the antimicrobial activity of the
film. To reduce the tendency for NPs agglomeration, Emamifar & Mohammadizadeh [54]
used a compatibilizer, namely polyethylene-grafted with maleic anhydride (PE-g-MA), in
the preparation of the blends. They obtained a better dispersion of NPs even increasing
their concentration for 3 and 5 wt.% This procedure resulted in a considerable increase in
the antimicrobial activity of the film.

When the active agents are sensitive to the temperature and easily released, such as
natural extracts or essential oils, some authors have tried some specific strategies. For ex-
ample, Zhu, Lee, & Yam [55] incorporated α-TOC (3000 mg/kg) into the PE-LD/PP blends
using a single-screw extruder, at 221 ◦C, and produced the PE-LD/PP blends monolayer
films with antioxidant proprieties. They reported that 90% of α-TOC incorporated into the
films was retained after the extrusion process. Concerning the release of α-TOC, the results
showed that the higher the PP ratio in the blend the slower was the α-TOC release. The
authors explained that this happened likely due to the more tightly packed structure and
higher crystallinity of PP when compared to LD-PE. Graciano-Verdugo et al. [56] added
20 and 40 mg/g of α-TOC into pure PE-LD. First, they pre-mixed manually the component
at room temperature, and then the blown film was produced at 165 ◦C, using a pilot size
single-screw extruder. Even without using high temperature during mixing, it was not
possible to avoid the losses of 5 and 25% α-TOC in films with 20 and 40 mg/g, respectively,
after the extrusion process. However, and in both cases, the antioxidant capacity of the film
was still observed in corn oil, where the active packaging acted by direct contact with the
food product.

Biodegradable polymers have also been used to develop active film packaging, since
many of them can already be used in conventional polymer processing technologies. For
example, Llana-Ruiz-Cabello et al. [40] developed an active film with PLA containing
Proallium as an active agent to produce films with antioxidant and antimicrobial properties.
They made bags with the developed films and stored the iceberg salad within a modified
atmosphere in some studies. Different concentrations of Proallium were incorporated into
the PLA matrix and active films were obtained by extrusion using a twin-screw extruder
at temperatures ranging between 200 and 205 ◦C. The Proallium was introduced into the
extruder through a lateral barrel port where the polymer matrix was already molten to
reduce its possible volatilization and degradation. They reported that Proallium alone lost
around 80% of weight at temperatures up to 150 ◦C, but when Proallium was added to
PLA, no films were formed. The results showed a great antimicrobial activity with the
highest concentration of Proallium, such as 6.5 wt.%, and did not show antioxidant activity.
Concerning the optical properties of the film produced, it was observed that the Proallium
reduced its transparency, but no significant visual differences were observed. The authors
did not mention if the films have the characteristic odor of Proallium. Manzanarez-López,
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Soto-Valdez, Auras, & Peralta [57] used also PLA as polymeric matrix and added 3%
w/w of α-TOC to produce a film with antioxidant properties. After the production of
the compounding with a twin-screw extruder, the film was produced by blown extrusion
process (pilot plant size extruder) using the same temperature profile of 165–170 ◦C. The
concentration of α-TOC decreased to 2.58 wt.% after compounding, but after the film
production the authors did not observe any loss. This happened because the film was
immediately cooled after blowing, while the filament of the compounding was cooled
at room temperature during 10–15 min. The PLA film produced with α-TOC showed a
yellowish appearance. This difference was not perceptible to the naked eye in the single film,
but perceptible in the film rolls. The authors did not explain the origin of the yellow color,
but it probably originated from the high concentration of α-TOC used. Cestari et al. [58]
developed an active biodegradable film with the addition of oregano essential oil (OEO)
and potassium sorbate into TPS and PBAT (commercial name Ecoflex®). These mixtures
were made using a twin-screw extruder with five heating zones (with a temperature profile
of 90 and 120 ◦C). Films were produced by blown film extrusion using a temperature
profile of 115–120 ◦C. Then the antimicrobial and antioxidant effects were studied in frozen
chicken steaks stored with the film developed, but the authors did not specify the type
of packaging (direct contact or headspace). They reported that the films reduced the risk
of pathogen contamination, delayed the oxidation process of chicken meat, and extended
its shelf-life.

Studies on ethylene scavenger and moisture absorber systems, with direct incorpora-
tion into polymer matrix and applied in monolayer packages, are scarce in the literature.
For example, Tas et al. [32] studied the ethylene scavenging capacity of halloysite nanotubes
HNTs-loaded PE-LD films. The incorporation of different concentrations of HNTs into
PE-LD was performed using a twin-screw extruder. The film was produced in a blown film
extrusion line with a temperature profile of 165–185 ◦C. To study the effect of these films,
some products, such as bananas and tomatoes, were selected and tested, but the type of
packaging (direct contact or headspace) was not specified. The authors observed that HNTs
had an effect on the slowdown of the ripening process of bananas and on the retention of
the firmness of tomatoes. Another example was presented by Sängerlaub et al. [59] that
developed an active film with moisture absorber properties. They blended NaCl crystals
with PP polymer using a twin-screw extruder with a temperature profile of 180–250 ◦C.
The blend was used as masterbatch where the concentration of NaCl was 60% in weight.
Afterwards, the masterbatch was blended (diluted) with neat PP and monolayer films
were produced using a single screw extruder with a temperature profile of 180–230 ◦C.
The results showed that the NaCl crystals incorporated in the film were able to avoid
water vapor condensation in areas of reduced temperature. Moreover, the films showed an
absorption capacity of water vapor around 80%.

The incorporation of active compounds through the extrusion processes can bring
several advantages, namely in the production of films at the industrial typical high extrusion
rates. However, extrusion is not adequate for some active compounds, such as the ones
based on natural compounds, since it uses relatively high temperatures during the process.
These high temperatures may lead to the degradation of the active agents, resulting in a loss
of activity and change of color. Therefore, different alternative strategies have been explored
to incorporate the active compounds. These will be presented in the following sections.
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3.2. Incorporation of the Active Agents by Coating

A coating is a thin layer formed from a single or multiple layers spread over the
surface of a substrate that gives the substrate aesthetic and physical properties derived
from the coating material. The most common types of coating used in the food packaging
industry are varnishes applied on the outer surface of the food packaging, used to impart a
clear and glossy surface. The most conventional techniques to apply coatings are spray,
gap coating, slot die coating, roll coating, and gravure coating. Most of these techniques
were used/are used as conventional printing techniques, but they can be adapted for other
aims, such as applying active coatings on a pre-formed film.

The conventional production process of an active coating is based on the dissolution
or dispersion of an active compound in a solvent or matrix that is then applied on the
surface of a substrate, and dried by evaporation or crosslinking. The crosslinking can
involve curing by oxidation, temperature treatment, and ultraviolet light. Before applying
the coatings, it is usually needed to evaluate the application in terms of uniformity, stability,
retention of the compound selected, and application cost. In addition, when the method of
application is being selected, the size and shape of the substrate surface and the substrate
nature must be taken into consideration. Sometimes a treatment stage is necessary (e.g.,
plasma, corona and ultraviolet (UV) treatments) in order to modify the substrate’s surface in
order to improve the adhesion of the coating to the surface. These techniques are commonly
used in gravure printing or label printing, to increase the adhesion of inks, varnishes, and
adhesives to plastic food packaging [60].

This review reports studies on active coatings applied on the surface of flexible films,
and also applied between film layers together with an adhesive. Concerning the techniques
used to apply the active coatings, the most used are plate coater (manual or automatic),
spraying, or simply spreading the coating over the film’s surface by brushing (Figure 5).
These techniques are essentially laboratorial, but they can be easily up-scaled for industrial
applications [61,62]. Table 3 presents recent works focused on the use of coatings as a
strategy to incorporate active agents and their most important findings. Below, these works
will be reported with an emphasis on the conditions of coatings/adhesives preparation,
application processes, and main results regarding the activity of active agents.

Bolumar, LaPeña, Skibsted, & Orlien [37] tested PE-LD films coated with rosemary ex-
tract. The coating was prepared using a solution of commercial rosemary extract containing
4.5% (w/v) of carnosic acid in ethanol. They applied the coating using a brush and reached
a final concentration of rosemary extract of 0.45 mg/cm2. The ability to counteract lipid
oxidation was studied in pork patties, after 60 days of storage at 5 ◦C, packed in vacuum,
packed (direct contact packaging) with the produced films. The rosemary extract-based
active packaging showed effectiveness against the lipid oxidation when compared with the
oxygen scavenging system.

Barbosa-Pereira et al. [63] studied the antioxidant activity of a coating produced with
a natural extract obtained from a brewery residual waste. Different coating formulations
were produced using different concentrations (3, 10, and 20% w/v) of natural extract added
to a polyvinylic resin. Then the coating was applied on the PE-LD films’ surface, by plate
coater, using a rod of 40 μm. The final weight was 3.2 g/m2. The authors studied the
antioxidant activity of these coatings and compared them with a commercial rosemary
extract and two synthetic antioxidants (the butylated hydroxytoluene (BHT) and propyl
gallate). The effect of the natural extracts was evaluated using a headspace packaging
enclosing a beef sample. The results showed that active films coated with natural extracts
had an inhibitory effect on lipid oxidation and, therefore, it was concluded that they might
be used to replace synthetic antioxidants.

Gaikwad, Singh, & Lee [64] studied the oxygen scavenging capacity of PE-LD films
loaded with pyrogallol (PG) (a natural phenolic compound). The coating was prepared
with different concentrations of PG (5, 10, and 20%, w/v) added to an ethyl acetate solution
and different amounts of polyurethane. Then, the coating was applied to the PE-LD film
using a plate stripe coater with a thickness of about 60—62 μm. The oxidative stability
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of soybean oil packed with the new films, stored during 30 days at 5, 23, and 60 ◦C and
95 ± 2% RH, was studied. The soybean oil showed better stabilization when packaged
with PE-LD coated with 10 and 20% of PG and stored at 23 and 60 ◦C.

Guo, Jin, & Yang [65] developed several formulations of chitosan-based coatings (2 and
5% w/v) and tested the effect of different organic acids (acetic acid, citric acid, lactic acid,
and levulinic acid, or their mixtures) in combination with antimicrobial agents, such as
lauric arginate ester (LAE), sodium lactate (NaL), and sorbic acid (SA). Then, the coatings
were applied on a PLA film using a brush or spray, obtaining different weights, such
as 0.39 and 1.94 mg/cm2 of chitosan, 1.94 and 3.89 μg/cm2 of LAE, 0.78, 1.56, 3.8, and
7.78 mg/cm2 of NaL, and 0.12 and 0.23 mg/cm2 of SA. The antimicrobial efficacy in a
microbial culture and ready-to-eat meat vacuum-packaged (direct contact packaging) was
studied. In general, the results showed that the PLA films coated with chitosan containing
multiple organic acids and other antimicrobials had an antimicrobial effect against Listeria
innocua, L. monocytogenes, and Salmonella Typhimurium, showing a significant inhibition of
microbial growth during 48 h at 22 ◦C. However, the active films developed showed to be
more effective against the microorganisms in microbial culture than in RTE meat.

As mentioned above, the surface treatments of films can be used to improve the bond-
ing of the coating to the substrate surface. For example, Al-Naamani, Dutta,
& Dobretsov [66] developed a PE-LD film coated with 2% (w/v) of chitosan solution
and 0.1 and 2% (w/v) of ZnO/chitosan solution. Before coating, they used plasma treat-
ment to provide a hydrophilic PE-LD film surface. Then, they applied the chitosan solution
and the chitosan/ZnO nanocomposite solution, by spray, on the PE-LD surface, and dried it
at room temperature. They evaluated the shelf-life of packed okra samples during 12 days
at room temperature (25 ◦C), but did not specify the type of packaging (contact direct or
headspace). They observed that the coating developed with chitosan/ZnO reduced the
fungal and bacterial growth more than the coating prepared only with chitosan. Moreover,
a significant reduction in bacterial growth was observed in the samples stored in treated
PE-LD film compared to the control one. Joerger, Sabesan, Visioli, Urian, & Joerger [67]
applied a 2% (w/v) chitosan coating, and 5 and 4% (w/v) Ag/chitosan coating. The film,
based on ethylene copolymer (EVA), was corona treated to create a reactive surface. Then
the coating was spread onto the film surface using a plate coater with 28 wire wound rod.
The antimicrobial activity, without and with the incorporation of Ag particles, using beef
and chicken meat exudates (type of packaging not specified) was analyzed. They reported
that the activity of the chitosan coating was more effective when silver was incorporated.
However, the authors did not mention the effect of corona treatment.

Artibal company (Sabiñánigo, Spain) developed an active coating, described in the
European Patent EP 1 477 519 A1 [68], that consists of adding the active agent to a varnish
that is then applied to the films by rollers, tampography, serigraphy, or spraying systems.
Using this technology, Lorenzo, Batlle, & Gómez [61] compared the effect of two natural
antioxidants, such as OEO and green tea extract. These were applied at 1.5 and 2.0 g/m2 to
a PET/PE/EVOH/PE multilayer film used to package foal steaks. Camo, Lorés, Djenane,
Beltrán, & Roncalés [62] also used an oregano coating, produced by Artibal company, but
applied on a PP film. The aim was to evaluate the effect of the oregano extract concentrations
(0.5, 1, 2, and 4%, w/v) on the quality characteristics of stored fresh beef. In both studies,
the type of packaging used was not specified. In the first study they reported that the OEO
was more effective to increase the shelf-life of fresh products than the green tea extract.
In the second case, they demonstrated that it is possible to increase the shelf-life of fresh
products from 14 to 23 days using 2% w/v concentration of oregano extract.

Lee, Park, Yoon, Na, & Han [69] developed a multilayer active film, with a five layers
structure, containing PP, active coating, PET, active coating, and PE-LD. The star anise
essential oil (SAEO) and thymol oil (TH) were used as an insect repellent and antimicrobial
agent, respectively. Different coating formulations with 25% (v/v) of SAEO and TH were
prepared using ethyl alcohol, polyurethane dispersed in distilled water, and a silicone
surfactant. Those active coatings were applied on different sides of the PET film using an
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automatic control coater, then PP and PE-LD were laminated on the SAEO and TH coating
layers, respectively. The insect repellent and antimicrobial activities were evaluated using
slices of bread as a food model, but the authors did not specify the type of packaging (direct
contact or headspace). The film developed demonstrated efficiency against the insects and
impeded the growth of microorganisms in packed sliced bread.

In 2016, Carrizo, Taborda, Nerín, & Bosetti [42] studied the performance of the flexible
films (commercial bags) produced with two layers of oriented polypropylene (OPP). A
special adhesive incorporating green tea extract (GTE) (system under patent protection)
was used to build the multilayer. This antioxidant multilayer packaging was produced
at the industrial level using a lamination process. Then, the antioxidant activity of the
films and their capacity for extending the shelf-life was tested for 16 months with real
food, with headspace packaging, under atmospheric pressure, in the presence of oxygen. It
was demonstrated that the packaging developed protected the food against the oxidation
process, significantly reducing the rancidity and, in this way, extending the shelf-life of
packaged food. The migration results showed that any of the compounds of GTE, such
as catechins, diffused through the polymer. This means that the free radicals released in
the oxidation process diffused through the polymeric layer and arrived at the catechins
location, where they were trapped and consumed. The sensorial analysis demonstrated
that the packaged food was not affected by GTE. Oudjedi, Manso, Nerin, Hassissen,
& Zaidi [43] also studied the antioxidant activity of two active agents (from extracts of bay
and sage leaves) added to an adhesive applied between the PE-LD/PET multilayer films.
First, the extracts were dissolved into isopropanol (concentration not specified) and then
incorporated at 10% (w/w) into the adhesive. After, the adhesive was spread on the PET
sheet using a coating machine (KK coater, RK print), resulting in a final concentration of
the extracts ranging between 0.025 and 0.03 g/m2. Then the PE-LD film was laminated to
the PET coated film using a lamination process. The authors evaluated the capacity of the
active packaging with headspace to prevent lipid oxidation of fried potatoes, incubated at
40 ◦C for 20 days. They demonstrated that active components of extracts of bay and sage
leaves also acted without migration from the material packaging to headspace, improving
the shelf-life of fried potatoes. They also observed that the color of the packaging was not
affected by the incorporation of the extracts.

Azlin-Hasim, Cruz-Romero, Cummins, Kerry, & Morris [70] used an innovative pro-
cess to apply the active coatings. They treated PE-LD films with UV/ozone process and
coated them using a layer-by-layer (LbL) technique. During the process, poly(ethyleneimine)
(PEI) and poly(acrylic acid) (PAA) solutions loaded with Ag NPs were alternately deposited,
producing an antimicrobial film. Another innovative solution already studied is atomic
layer deposition (ALD). For example, Vähä-Nissi et al. [71] developed an active film with
antimicrobial properties using ZnO and aluminum oxide (Al2O3) that were deposited at low
temperature with ALD on biaxially oriented polymer films, namely BO-PLA and BO-PP.
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Figure 5. Techniques used to apply the actives coatings: (A) brushing, (B) spraying, (C) manual
coater, and (D) automatic coater (or plate stripe coater).

3.3. Incorporation of Active Agents by Supercritical Impregnation

The supercritical impregnation process is a recent technique used to impregnate active
agents in packaging materials. The supercritical fluids (SCFs) have been used as solvent,
anti-solvent or plasticizer, in different applications, such as extraction, dyeing, cleaning,
fractionation, polymerization, polymer processing, encapsulation, among others [73,74].
Supercritical solvent impregnation has been recently used to develop active packaging, as
an alternative to conventional techniques. This process allows applying active agents at near
ambient temperatures avoiding the degradation of the substances that are easily destroyed
or deactivated by heat. Moreover, the supercritical fluid can work as a carrier of the active
agent and change the matrix properties (e.g., swell), thus ensuring the impregnation success.
Carbon dioxide (CO2) is one of the most used SCFs, since it offers several advantages,
such as low toxicity, low cost, non-flammability, environmental sustainability, and it is
chemically inert under many conditions [74,75].

The impregnation process using CO2 fluid involves three main steps (Figure 6). Briefly,
first the active agent is dissolved in supercritical fluid CO2 (dissolution step). Then, the
dissolved active agent is transported to the surface of the material and subsequently
penetrates and diffuses into the swollen polymer matrix (impregnation step). Finally, the
CO2 molecules are removed by the shrinking polymer (depressurization step), and the
impregnated molecules are trapped inside the polymer matrix. The impregnation process
depends on the pressure, temperature, depressurization rate and time, variables that should
be optimized [74,75].

The impregnation process can be carried out in the static, dynamic, and semi-dynamic
modes. In the static mode, the active agent and film are placed in a reactor and are
physically separated (e.g., metal or paper filter) avoiding the direct contact between them.
Then, the dissolution of the active agent and the sorption of the mixture (active agent and
SC-CO2) are carried out simultaneously. For the dynamic process, the dissolution of the
active agent is done in the same impregnation reactor or in a previous dissolution reactor.
In this case the sorption of the active agent in the film starts when the saturated mixture
enters the impregnation cell. In the semi-dynamic mode, the static and dynamic modes
work by time intervals. The active agent is dissolved in the CO2-phase in the static period,
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and in the following dynamic mode period the dissolved agent diffuses into the polymer
matrix [75].

In the past few years, some works have shown the effectiveness of the supercritical
impregnation of natural active substances, such as extracts and essential oils, in food
packaging. In most of the cases, the authors studied the effect of different operation
conditions, namely pressure, contact time, temperature and depressurization rate, on
impregnation yield and distribution of the active substance in flexible films. In addition,
they studied possible changes in the polymer thermal and mechanical properties that
could result from the process, such as the high pressure and the presence of active agents.
In this review, we will report the effects of the operation conditions on antimicrobial
and antioxidant agents. Table 4 summarizes some of the works performed using this
methodology, the materials used, and the main effects on the activity of the films.

Below, these works will be reported, mainly emphasizing the production conditions.
For example, Goñi, Gañán, Strumia, & Martini [76] produced an antioxidant active film,
impregnating eugenol into a PE-LLD film, and studied the effects of different operation
conditions, namely pressure and depressurization rate, on impregnation yield; also the
antioxidant activity of eugenol was evaluated. They reported that the best penetration of
eugenol in the film was observed when high pressure and slow depressurization (pressure
released) were used. However, the results of antioxidant activity of impregnated films
showed a strong activity, regardless of the eugenol loading. In the case of Cejudo Bastante,
Casas Cardoso, Fernández-Ponce, Mantell Serrano, & Martínez de la Ossa [77] a multilayer
structure with PET/PP with antioxidant and antimicrobial agent, namely olive leaf extract
(OLE) was developed. Several parameters (pressure, temperature, depressurization rate,
time and presence of a modifier (ethanol) to increase the solubility of the compound in
CO2) were studied. Then, the optimized parameters were used to impregnate the active
agent OLE. Then, they applied these active films to cherry tomatoes (not specified the type
of packaging applied) and evaluated them for 50 days of storage. They reported that the
shelf-life of cherry tomatoes increased in the case of the impregnated films. The antioxidant
and antimicrobial properties of the film were slightly higher when the OLE/polymer mass
ratio of 1 and percentage of solvent of 7% ethanol was used.

Belizón, Fernández-Ponce, Casas, Mantell, & Martínez De La Ossa-Fernández [78]
studied the effect of incorporation of polyphenols extracted from mango leaf in a similar
multilayer film of PET/PP, and then studied the effect of their antioxidant activity in
perishable food. They used the methyl gallate to determine the best conditions, namely
the pressure, temperature, impregnation time, and stirring mode of the impregnation
process; afterwards they used the optimized conditions for applying the mango leaf extract.
Then, lettuce and tangerine were stored with the films produced (not specified the type of
packaging applied) and their shelf-life was evaluated. The results showed that the films
developed increased the shelf-life of the tested foods, showing that prevention of microbial
contamination and organoleptic deterioration is possible.

Franco et al. [20] studied the effect of impregnation of α-TOC in single layer PP and
PET, and in PP/PET multilayer films. To optimize the impregnation of α-TOC, a corona
discharge treatment on PET film surface was performed. Results showed that PP films
were the best option to produce a controlled-release packaging, with high values of loaded
α-TOC, when compared with PET surface with corona discharge treatment. They reported
that this happened due to the low penetration of TOC into the treated PET surface due to a
low affinity with the additional polar groups formed during the treatment.

There are some authors that studied the effect of nanocomposite films on the impregna-
tion process and release of an active substance. For example, Rojas et al. [79] studied PE-LD
nanocomposites films with 2.5 and 5% (w/w) concentrations of an organo-modified mont-
morillonite (OM-MMT C20A) impregnated with thymol, using supercritical impregnation
process. The aim was to study the effect of OM-MMT C20A content on the impregnation
and the release of thymol, targeting its application in antimicrobial packaging. This work
showed that the presence of OM-MMT C20A improved thymol incorporation in the PE-LD
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film, from 0.45 to 1.19% (w/w), depending on the impregnation conditions, and decreased
its diffusion coefficient during the release tests, allowing its sustained release over time.

Some authors also studied this impregnation process using biodegradable polymers.
For example, Villegas et al. [80] impregnated cinnamaldehyde (Ci) into PLA biodegradable
films. They reported that Ci was successfully incorporated into PLA using SC-CO2, at higher
pressure and slower depressurization rate. Results showed that PLA films impregnated
with Ci had better thermal, structural, and mechanical properties than neat PLA films. In
addition, the films showed strong antibacterial activity against the tested microorganisms.

From the existing examples, it can be said that supercritical impregnation is promis-
ing from an industrial point of view, and a good strategy to produce active film for
food applications.

Figure 6. Schematic of the use of supercritical fluid carbon dioxide (CO2) in the impregnation process
during active film production.
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4. Processes to Incorporate the Active Agents into Carriers

In general, carriers of active compounds are materials used to transport and protect the
active compounds. In the past few years, carriers loaded with active compounds have been
considered an attractive method in different areas such as the pharmaceutic, cosmetic, and
food industries. However, despite the wide applicability and advantages, the production
processes have found little space in the food industry, mainly in food packaging area, due
to its high production cost. While the pharmaceutical and cosmetic sectors often support
the use of high-cost methodologies, the food industry works with lower profit margins, and
therefore, production costs should be maintained low [74]. As a consequence, the use of
carriers loaded with active compounds and their incorporation in food packaging has not
been widely studied. Table 5 summarizes some of the works found in the literature, namely
the main characteristics of the systems used, materials, amount of active agent added, and
main effects on the packaging developed. Below, these works will be reported, emphasizing
the production process of carriers loaded with active agents and the main outcomes.

Regarding the processes to incorporate the active agents into carriers, most of the work
has been focused on the absorption in porous media materials and integration through
ultrathin fibers. More rarely, the encapsulation of active compounds in hollow bodies of
polymeric materials has also been studied.

In the case of the absorption in porous media materials, essential minerals, such as
aluminosilicates and mesoporous silica, have been used. For example, Wrona et al. [82]
used crystalline microporous aluminosilicates and incorporated green tea extract using an
absorption, adsorption, or ion exchange process, as mentioned in the EP1564242B1 patent.
The microporous existing on the shell facilitate the incorporation and protection of the
active agents. The active materials were then incorporated into polyethylene (PE) films
(not specified the type of PE), and the antioxidant activity in minced pork meat vacuum
packaged (direct contact packaging) was studied. The active PE film was developed by
NUREL company (Zaragoza, Spain) using an extrusion process. The results demonstrated
that inorganic carriers protected the green tea extract from the adverse effects of the high
temperature used in the extrusion process. Moreover, it was reported that the referred
active packaging extended the shelf-life of meat and preserved its red color. The results
showed that the evaluated shelf-life parameters of packed foods were better in samples
packaged with active films than the ones packed with the control film. In the case of
Gargiulo et al. [83] the impregnation method to load mesoporous silica with α-TOC was
used. Briefly, they dissolved α-TOC in ethanol and added mesoporous silica to the solution.
Then they dried at 35 ◦C for 16 h under reduced pressure to obtain a solid powder. Then,
mesoporous silica loaded with α-TOC was added into PE-LD matrix by using an internal
mixer. The pellets obtained were then fed into a co-rotating laboratory twin-screw extruder
equipped with a sheet die, to produce the active antioxidant films. The results showed a
slower antioxidant release of the tocopherol loaded into a silica substrate when compared
to the samples containing free tocopherol. However, it also was demonstrated that the
release of α-TOC depends on the size of the silica mesoporous.

Sun, Lu, Qiu, & Tang [84] reported a similar study using PE-LD films with α-TOC
impregnated into silica mesoporous. They reported similar effects of α-TOC impregnated
onto silica mesoporous on the release behavior of the antioxidant. Melendez-Rodriguez
et al. [85] developed mesoporous silica nanoparticles loaded with eugenol by vapor ab-
sorption process. This process consisted in mixing 100 mg of eugenol with 100 mg of the
mesoporous silica in a tightly closed vial. The mixture was incubated in an oven at 40
◦C for 24 h while being continuously shaken. Thereafter, the loaded nanoparticles were
incorporated into poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) by electrospin-
ning, and electrospun composite fibers were produced. These fibers were subjected to
annealing in a 4122-model press at 155 ◦C for 5 s, without pressure, and PHBV active films
were produced. The antimicrobial performance against foodborne bacteria was evaluated,
whereas it showed to inhibit bacterial growth successfully against S. aureus and E. coli.
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Alkan, Sehit, Tas, Unal, & Cebeci [86] report the study of halloysite nanotubes (HNTs)
loaded with carvacrol producing an aqueous solution and applying ultrasonication process.
Then, carvacrol loaded halloysite was mixed with chitosan solution (positively charged)
and poly (sodium-4-styrene sulfonate) (PSS) solution (negatively charged), and applied
on PE film (not specified the type of PE) surface treated with plasma, using the spray
LbL deposition technique. Then, antimicrobial activity in chicken meat samples packaged
with the coated PE films was evaluated (type of packaging not specified). The results
demonstrated that the microbiological quality of the samples packaged with PE films
coated with HNTs loaded with carvacrol were significantly improved, when compared to
samples packaged with neat PE films. This improvement in the microbiological quality
means an increase in shelf-life for the food product.

Another option that has been used to incorporate active compounds are cyclodextrins
(CDs). They are cyclic oligosaccharides capable of forming inclusion complexes with many
organic compounds, including essential oils and volatiles, or their components. They
can lead to changes in the solubility and reactivity of the added molecules. For example,
Oliveira et al. [87] produced β-CS loaded with sorbic acid (SA) by molecular inclusion,
which were added in the formulation of starch and poly (butylene adipate co-terephthalate)
(PBAT). Then, the active films were produced using an extrusion process. They reported that
CDs protected SA during film preparation, reducing its sublimation at high temperatures,
and provided a controlled release of SA. However, the color of the film presented changes,
and the concentration of SA was not efficient in controlling microorganisms.

Another strategy used is the incorporation, in packaging materials, of active com-
pounds into fibers that are electrospun. The fibers are essentially produced by electrospin-
ning with diameters that can range from nanometers to microns. To produce these fibers, a
wide range of synthetic polymers, biopolymers, and biodegradable polymers are used. For
example, Quiles-Carrillo et al., 2019, [38] studied PLA films coated with PLA electrospun
structures loaded with gallic acid, used as an antioxidant agent. The PLA films were
produced by cast film extrusion and the fibers loaded with gallic acid were deposited on
surface of PLA film by the electrospinning process. They produced a PLA film coated with
fibers (referred to as bilayer film) and also another film with fibers. Then they sandwiched
both films with another PLA film on the other side (called multilayer). The antioxidant
activity of gallic acid from PLA films was evaluated by the 2,2-diphenyl-1-picrylhydrazyl
radical (DPPH) methodology. The results showed that during the first days, the bilayer PLA
films showed more antioxidant activity than the multilayer films. However, the PLA films
containing the electrospun multilayer achieved a stronger DPPH inhibition in a longer time.

Another example was presented by Figueroa-Lopez et al. [88] that produced an elec-
trospun antimicrobial layer made of PHBV that was deposited on a previously produced
PHA-based film. They combined OEO and zinc oxide nanoparticles (ZnO NPs) as antimi-
crobial agents in concentration of 2.5 and 2.25 wt.%, respectively, and produced the PHBV
nanofibers. Then, they produced different active multilayer films, and the antimicrobial and
antioxidant activity were evaluated. The multilayer films showed a significant inhibition
of the antimicrobial activity (R) (R ≥ 1 and <3) against S. aureus and E. coli after 15 days.
Concerning the antioxidant activity after 15 days, the multilayer films showed a reduction
of DPPH inhibition due to the reduced release of the active compounds.

Chiralt, Tampau, & Gonz [89] developed electrospun fiber mats of PCL loaded with
carvacrol. Afterwards, these fibers were deposited in between starch films in order to obtain
multilayer films with a starch film/PCL loaded/starch film structure. The starch films were
produced by melt blending of starch-glycerol-water at 160 ◦C and 8 rpm, for 30 min., in a
two-roll mill. The multilayer structure was obtained using a thermocompression process.
The barrier properties and antimicrobial activity were analyzed. The results showed that
the film has an antimicrobial effect against Escherichia coli and a better barrier to water vapor.

In 2020, Figueroa-Lopez et al. [90] loaded OEO into α- and γ-CDs and incorporated
them during electrospinning into poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
fibers. Afterwards, the loaded PHBV electrospun mats were subjected to annealing, and
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transparent films were produced. The antioxidant and antimicrobial activity were evaluated.
The authors reported that antioxidant and antimicrobial activity for γ-CD inclusion complex
was higher than for α-CD, because the OEO has higher solubility in the γ-CD and has
bigger pore size.

The production of small capsules or nanoparticles for the incorporation of active
agents is also possible by using different methodologies and materials. For example, Glaser
et al. [91] used chitosan to produce nanocapsules loaded with resveratrol, by the ionic
gelation technique. This technique allows the production of nano- and microparticles by
ionic interactions between the two materials of different charges. Then, the solution with
nanoparticles loaded with the active agent was applied to PE (not specified the type of PE)
and PP surface (untreated and oxygen plasma treated), in two layers, by the LbL deposition
technique. The effect of plasma treatment on films’ properties, and on antimicrobial
and antioxidant activity, was evaluated. They observed that the O2 plasma treatment
on the surface of PP and PE films before the coating improved the interaction between
the two films and the coating with nanoparticles of chitosan. The results of active films
functionalized with plasma treatment showed better properties and superior antimicrobial
and anti-oxidative activity.

In 2011, Guarda, Rubilar, Miltz, & Jose [92] studied the antimicrobial activity of a
BO-PP film coated with microcapsules produced by an emulsion of oil in water (O/W)
containing thymol and carvacrol. For the production of microcapsules an aqueous solution
of Arabic gum and a mixture of four different concentrations of the active agents with
soybean oil (used as oil phase) was used. Then, the emulsion was homogenized at ambient
temperature with high shear equipment. Before applying the coating on the BO-PP, the film
surface was treated by corona, but the authors do not refer to the coating process used. The
results demonstrated that antimicrobial activity was not altered by the microencapsulation,
but the release rate of the active agents was lower and controlled when compared to the
case where the active agents were incorporated directly into the matrix.
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5. Conclusions and Future Trends

Active food packaging has been seen as a way to extend shelf-life and to maintain
the sensory properties, quality, and safety of packaged food. In some cases, this type
of packaging can also help to decrease the addition of preservative agents into foods.
Among the active agents used to add this capability to the packaging, metallic particles
already showed their capacity, while natural compounds still face several technological
changes (e.g., sensitivity to temperature). Among the industrial production processes,
incorporating active agents by extrusion is a challenge since the homogenous distribution
of the active components in the matrix and the high temperatures used can limit the active
agents’ performance. To overcome some of these issues, the scientific community and the
industry have developed other strategies such as incorporating the active agents by coating
technologies, which in most cases are commonly used by the industry. Nevertheless, some
new methodologies, such as LbL technique and ultrasonic atomization, are expected to
rise in the coming years as a solution for the development of active packaging. There are
also more innovative strategies such as the supercritical fluid carbon dioxide or the use of
carrier systems. For the last case, it is expected that micro and nanoencapsulation could
bring some advantages. In fact, loading of active compounds in some of those systems can
help to stabilize the compounds during the extrusion process, or the controlled release of
the compounds when they are in contact with food.

It is also important to check the current legislation and the cost of all these new and
innovative materials and technologies to assess if they can be easily implemented. For exam-
ple, some of the solutions presented in this review are still at the research and development
level, and their commercialization requires, in some cases, regulatory approval.
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Abbreviations

ALD Atomic layer deposition
Al2O3 Aluminum oxide
Ag Silver
Ag NPs Silver nanoparticles
AgZeo Silver substituted zeolite
Al Aluminum
BHT Butylated hydroxytoluene
BHA Butylated hydroxyanisole
BioPE Biobased linear low-density polyethylene
BO-PLA Biaxially oriented polylactic acid
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BO-PP Biaxially oriented polypropylene
CA Citric acid
CaO Calcium oxide
Chit Chitosan
CuO Copper oxide
DPPH 2,2-diphenyl-1-picrylhydrazyl radical
EC European Commission
EU European Union
EVA Ethylene vinyl acetate copolymer
EVOH Ethylene vinyl alcohol
PE-HD High-density polyethylene
HNTs Halloysite nanotubes
KMnO4 Potassium permanganate
LA Lactic acid
LbL Layer-by-layer
PE-LD Low-density polyethylene
LevA Levulinic acid
PE-LLD Linear low-density polyethylene
MAP Modified atmosphere packaging
NPs Nanoparticles
Nis Nisin
OEO Oregano essential oil
OPP Bioriented polypropylene
OS Oxygen scavenger
PA Polyamide
PAA Poly(acrylic acid)
PBAT Poly (butylene adipate-coterephthalate)
PCL Poly-(ε-caprolactone)
PE Polyethylene
PEI Polyethyleneimine
PEO Poly(ethylene oxide)
PE-g-MA Polyethylene-grafted maleic anhydride
PP Polypropylene
PET Polyethylene terephthalate
PHAs Polyhydroxyalkanoates
PHBV Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
PLA Poly(lactic acid)
PS Potassium sorbate
PSS Poly (sodium-4-styrene sulfonate)
PVA Poly(vinyl alcohol)
PVdC Poly(vinylidene chloride)
R Value of the antimicrobial activity
RH Relative humidity
RTE Ready-to-eat meat
SC-CO2 Supercritical impregnation process by carbon dioxide
SFCs Supercritical fluids
TBARS Thiobarbituric acid reactive substance
TBHQ Tert-butylhydroquinone
TPP Sodium tripolyphosphate
TPS Thermoplastic starch
TiO2 Titanium dioxide
UV Ultraviolet
ZnO Zinc oxide
α-TOC Alfa-tocopherol

28



Polymers 2022, 14, 2442

References

1. Han, J.W.; Ruiz-Garcia, L.; Qian, J.P.; Yang, X.T. Food Packaging: A Comprehensive Review and Future Trends. Compr. Rev. Food
Sci. Food Saf. 2018, 17, 860–877. [CrossRef] [PubMed]

2. Prasad, P.; Kochhar, A. Active Packaging in Food Industry: A Review. IOSR J. Environ. Sci. Toxicol. Food Technol. 2014, 8, 1–7.
[CrossRef]

3. Yildirim, S.; Röcker, B.; Pettersen, M.K.; Nilsen-Nygaard, J.; Ayhan, Z.; Rutkaite, R.; Radusin, T.; Suminska, P.; Marcos, B.; Coma,
V. Active Packaging Applications for Food. Compr. Rev. Food Sci. Food Saf. 2018, 17, 165–199. [CrossRef] [PubMed]

4. Ataei, S.; Azari, P.; Hassan, A.; Pingguan-Murphy, B.; Yahya, R.; Muhamad, F. Essential Oils-Loaded Electrospun Biopolymers: A
Future Perspective for Active Food Packaging. Adv. Polym. Technol. 2020, 2020, 9040535. [CrossRef]

5. Barbosa-Pereira, L.; Angulo, I.; Lagarón, J.M.; Paseiro-Losada, P.; Cruz, J.M. Development of new active packaging films
containing bioactive nanocomposites. Innov. Food Sci. Emerg. Technol. 2014, 26, 310–318. [CrossRef]

6. Pereira De Abreu, D.A.; Paseiro Losada, P.; Maroto, J.; Cruz, J.M. Natural antioxidant active packaging film and its effect on lipid
damage in frozen blue shark (Prionace glauca). Innov. Food Sci. Emerg. Technol. 2011, 12, 50–55. [CrossRef]

7. Singh, P.; Wani, A.A.; Saengerlaub, S. Active packaging of food products: Recent trends. Nutr. Food Sci. 2011, 41, 249–260.
[CrossRef]

8. Soysal, Ç.; Bozkurt, H.; Dirican, E.; Güçlü, M.; Bozhüyük, E.D.; Uslu, A.E.; Kaya, S. Effect of antimicrobial packaging on
physicochemical and microbial quality of chicken drumsticks. Food Control 2015, 54, 294–299. [CrossRef]

9. Huang, T.; Qian, Y.; Wei, J.; Zhou, C. Polymeric Antimicrobial food packaging and its applications. Polymers 2019, 11, 560.
[CrossRef]

10. Covas, J.; Hilliou, L. Chapter 5—Production and Processing of Polymer-Based Nanocomposites. In Nanomaterials for Food
Packaging; Cerqueira, M.Â.P.R., Lagaron, J.M., Castro, L.M.P., Vicente, A.A.M.O.S., Eds.; Elsevier: Amsterdam, The Netherlands,
2018; pp. 111–146. ISBN 9780323512718.

11. Souza, V.G.L.; Fernando, A.L. Nanoparticles in food packaging: Biodegradability and potential migration to food—A review.
Food Packag. Shelf Life 2016, 8, 63–70. [CrossRef]

12. Youssef, A.M.; El-sayed, S.M. Bionanocomposites materials for food packaging applications: Concepts and future outlook.
Carbohydr. Polym. 2018, 193, 19–27. [CrossRef]

13. Wang, Y.; Padua, G.W. Water Sorption Properties of Extruded Zein Films. J. Agric. Food Chem. 2004, 52, 3100–3105. [CrossRef]
14. Chen, H.; Wang, J.; Cheng, Y.; Wang, C.; Liu, H.; Bian, H.; Pan, Y.; Sun, J.; Han, W. Application of protein-based films and coatings

for food packaging: A review. Polymers 2019, 11, 2039. [CrossRef]
15. Li, H.; He, Y.; Yang, J.; Wang, X.; Lan, T.; Peng, L. Fabrication of food-safe superhydrophobic cellulose paper with improved

moisture and air barrier properties. Carbohydr. Polym. 2019, 211, 22–30. [CrossRef]
16. Deshwal, G.K.; Panjagari, N.R.; Alam, T. An overview of paper and paper based food packaging materials: Health safety and

environmental concerns. J. Food Sci. Technol. 2019, 56, 4391–4403. [CrossRef]
17. Cazón, P.; Vázquez, M. Bacterial cellulose as a biodegradable food packaging material: A review. Food Hydrocoll. 2021, 113, 106530.

[CrossRef]
18. Saedi, S.; Garcia, C.V.; Kim, J.T.; Shin, G.H. Physical and chemical modifications of cellulose fibers for food packaging applications.

Cellulose 2021, 28, 8877–8897. [CrossRef]
19. Jiang, Z.; Ngai, T. Recent Advances in Chemically Modified Cellulose and Its Derivatives for Food Packaging Applications: A

Review. Polymers 2022, 14, 1533. [CrossRef]
20. Franco, P.; Incarnato, L.; De Marco, I. Supercritical CO2 impregnation of α-tocopherol into PET/PP films for active packaging

applications. J. CO2 Util. 2019, 34, 266–273. [CrossRef]
21. Vilela, C.; Kurek, M.; Hayouka, Z.; Röcker, B.; Yildirim, S.; Antunes, M.D.C.; Nilsen-Nygaard, J.; Pettersen, M.K.; Freire, C.S.R. A

concise guide to active agents for active food packaging. Trends Food Sci. Technol. 2018, 80, 212–222. [CrossRef]
22. Ahn, B.J.; Gaikwad, K.K.; Lee, Y.S. Characterization and properties of LDPE film with gallic-acid-based oxygen scavenging

system useful as a functional packaging material. J. Appl. Polym. Sci. 2016, 133, 44138. [CrossRef]
23. Di Maio, L.; Scarfato, P.; Galdi, M.R.; Incarnato, L. Development and oxygen scavenging performance of three-layer active PET

films for food packaging. J. Appl. Polym. Sci. 2015, 132, 41465. [CrossRef]
24. Matche, R.S.; Sreekumar, R.K.; Raj, B. Modification of linear low-density polyethylene film using oxygen scavengers for its

application in storage of bun and bread. J. Appl. Polym. Sci. 2011, 122, 55–63. [CrossRef]
25. Sängerlaub, S.; Gibis, D.; Kirchhoff, E.; Tittjung, M.; Schmid, M.; Müller, K. Compensation of Pinhole Defects in Food Packages by

Application of Iron-based Oxygen Scavenging Multilayer Films. Packag. Technol. Sci. 2013, 26, 17–30. [CrossRef]
26. Shin, Y.; Shin, J.; Lee, Y.S. Preparation and characterization of multilayer film incorporating oxygen scavenger. Macromol. Res.

2011, 19, 869–875. [CrossRef]
27. Chen, C.W.; Xie, J.; Yang, F.X.; Zhang, H.L.; Xu, Z.W.; Liu, J.L.; Chen, Y.J. Development of moisture-absorbing and antioxidant

active packaging film based on poly(vinyl alcohol) incorporated with green tea extract and its effect on the quality of dried eel. J.
Food Process. Preserv. 2018, 42, e13374. [CrossRef]

28. Lee, J.H.; Lee, S.G. Preparation and swelling behavior of moisture-absorbing polyurethane films impregnated with superabsorbent
sodium polyacrylate particles. J. Appl. Polym. Sci. 2016, 133, 43973. [CrossRef]

29



Polymers 2022, 14, 2442

29. Chand, K.; Kumar, S. Effect of Active Packaging and Coating Materials on Quality Parameters of Jaggery Cubes. Int. J. Eng. Res.
2018, 7, 4–9. [CrossRef]

30. Choi, H.Y.; Lee, Y.S. Characteristics of moisture-absorbing film impregnated with synthesized attapulgite with acrylamide and its
effect on the quality of seasoned laver during storage. J. Food Eng. 2013, 116, 829–839. [CrossRef]

31. Sängerlaub, S.; Seibel, K.; Miesbauer, O.; Pant, A.; Kiese, S.; Rodler, N.; Schmid, M.; Müller, K. Functional properties of foamed
and/or stretched polypropylene-films containing sodium chloride particles for humidity regulation. Polym. Test. 2018, 65,
339–351. [CrossRef]

32. Tas, C.E.; Hendessi, S.; Baysal, M.; Unal, S.; Cebeci, F.C.; Menceloglu, Y.Z.; Unal, H. Halloysite Nanotubes/Polyethylene
Nanocomposites for Active Food Packaging Materials with Ethylene Scavenging and Gas Barrier Properties. Food Bioprocess
Technol. 2017, 10, 789–798. [CrossRef]

33. Srithammaraj, K.; Magaraphan, R.; Manuspiya, H. Modified Porous Clay Heterostructures by Organic–Inorganic Hybrids for
Nanocomposite Ethylene Scavenging/Sensor Packaging Film. Packag. Technol. Sci. 2012, 25, 63–72. [CrossRef]

34. Boonruang, K.; Chonhenchob, V.; Singh, S.P.; Chinsirikul, W.; Fuongfuchat, A. Comparison of Various Packaging Films for Mango
Export. Packag. Technol. Sci. 2012, 25, 107–118. [CrossRef]

35. Esturk, O.; Ayhan, Z.; Gokkurt, T. Production and Application of Active Packaging Film with Ethylene Adsorber to Increase the
Shelf Life of Broccoli (Brassica oleracea L. var. Italica). Packag. Technol. Sci. 2014, 27, 179–191. [CrossRef]

36. Busolo, M.A.; Lagaron, J.M. Antioxidant Polyethylene Films Based On A Resveratrol Containing Clay Of Interest In Food
Packaging Applications|Elsevier Enhanced Reader. Available online: https://reader.elsevier.com/reader/sd/pii/S22142894153
00119?token=90922F3D2440CAF6A65DC36ED590788F26E271C821005623F69B89F780919755B7EBF0E8195E246085D9FA6EEB1
C8DA6&originRegion=eu-west-1&originCreation=20210729160631 (accessed on 29 July 2021).

37. Bolumar, T.; LaPeña, D.; Skibsted, L.H.; Orlien, V. Rosemary and oxygen scavenger in active packaging for prevention of
high-pressure induced lipid oxidation in pork patties. Food Packag. Shelf Life 2016, 7, 26–33. [CrossRef]

38. Quiles-Carrillo, L.; Montanes, N.; Lagaron, J.M.; Balart, R.; Torres-Giner, S. Bioactive Multilayer Polylactide Films with Controlled
Release Capacity of Gallic Acid Accomplished by Incorporating Electrospun Nanostructured Coatings and Interlayers. Appl. Sci.
2019, 9, 30533. [CrossRef]

39. Ahmed, M.Y.; EL-Sayed, S.M.; EL-Sayed, H.S.; Salama, H.H.; Dufresne, A. Enhancement of Egyptian Soft White Cheese Shelf Life
Using A Novel Chitosan/Carboxymethyl Cellulose/Zinc Oxide Bionanocomposite Film|Elsevier Enhanced Reader. Available
online: https://reader.elsevier.com/reader/sd/pii/S0144861716305367?token=548191AFA89F297C72DE875E19C4823F9D1F0
D6F6193FC787E6A2A30480AC67AC044A4FE7407DE22019A5BECCFB81005&originRegion=eu-west-1&originCreation=2021
0729135351 (accessed on 29 July 2021).

40. Llana-Ruiz-Cabello, M.; Pichardo, S.; Bãnos, A.; Núñez, C.; Bermúdez, J.M.; Guillamón, E.; Aucejo, S.; Cameán, A.M. Characteri-
sation and evaluation of PLA films containing an extract of Allium spp. to be used in the packaging of ready-to-eat salads under
controlled atmospheres. LWT Food Sci. Technol. 2015, 64, 1354–1361. [CrossRef]

41. Syamsu, K.; Warsiki, E.; Yuliani, S.; Widayanti, S.M. Nano Zeolite-kmno4 as Ethylene Adsorber in Active Packaging of Horticulture
Products (Musa Paradisiaca). Int. J. Sci. Basic Appl. Res. 2016, 30, 93–103.

42. Carrizo, D.; Taborda, G.; Nerín, C.; Bosetti, O. Extension of shelf life of two fatty foods using a new antioxidant multilayer
packaging containing green tea extract. Innov. Food Sci. Emerg. Technol. 2016, 33, 534–541. [CrossRef]

43. Oudjedi, K.; Manso, S.; Nerin, C.; Hassissen, N.; Zaidi, F. New active antioxidant multilayer food packaging films containing
Algerian Sage and Bay leaves extracts and their application for oxidative stability of fried potatoes. Food Control 2019, 98, 216–226.
[CrossRef]

44. Barbosa-Pereira, L.; Cruz, J.M.; Sendón, R.; Rodríguez Bernaldo de Quirós, A.; Ares, A.; Castro-López, M.; Abad, M.J.; Maroto, J.;
Paseiro-Losada, P. Development of antioxidant active films containing tocopherols to extendthe shelf life of fish. Food Control.
2013, 31, 236–243. [CrossRef]

45. Wang, W.; Kannan, K. Quantitative identification of and exposure to synthetic phenolic antioxidants, including butylated
hydroxytoluene, in urine. Environ. Int. 2019, 128, 24–29. [CrossRef]

46. Ousji, O.; Sleno, L. Identification of in vitro metabolites of synthetic phenolic antioxidants BHT, BHA, and TBHQ by LC-
HRMS/MS. Int. J. Mol. Sci. 2020, 21, 49525. [CrossRef]

47. Beigmohammadi, F.; Peighambardoust, S.H.; Hesari, J.; Azadmard-Damirchi, S.; Peighambardoust, S.J.; Khosrowshahi, N.K.
Antibacterial properties of LDPE nanocomposite films in packaging of UF cheese. LWT Food Sci. Technol. 2016, 65, 106–111.
[CrossRef]

48. Cutter, C.N.; Willett, J.L.; Siragusa, G.R. Improved antimicrobial activity of nisin-incorporated polymer films by formulation
change and addition of food grade chelator. Lett. Appl. Microbiol. 2001, 33, 325–328. [CrossRef]

49. Li, L.; Zhao, C.; Zhang, Y.; Yao, J.; Yang, W.; Hu, Q.; Wang, C.; Cao, C. Effect of stable antimicrobial nano-silver packaging on
inhibiting mildew and in storage of rice. Food Chem. 2017, 215, 477–482. [CrossRef]

50. Rollini, M.; Nielsen, T.; Musatti, A.; Limbo, S.; Piergiovanni, L.; Munoz, P.H.; Gavara, R.; Barringer, S. Antimicrobial Performance
of Two Different Packaging Materials on the Microbiological Quality of Fresh Salmon. Coatings 2016, 6, 6. [CrossRef]

51. Pang, Y.-H.; Sheen, S.; Zhou, S.; Liu, L.; Yam, K.L. Antimicrobial Effects of Allyl Isothiocyanate and Modified Atmosphere on
Pseduomonas Aeruginosa in Fresh Catfish Fillet under Abuse Temperatures. J. Food Sci. 2013, 78, M555–M559. [CrossRef]

30



Polymers 2022, 14, 2442

52. Granda-Restrepo, D.; Peralta, E.; Troncoso-Rojas, R.; Soto-Valdez, H. Release of antioxidants from co-extruded active packaging
developed for whole milk powder. Int. Dairy J. 2009, 19, 481–488. [CrossRef]

53. Emamifar, A.; Kadivar, M.; Shahedi, M.; Soleimanian-Zad, S. Effect of nanocomposite packaging containing Ag and ZnO on
inactivation of Lactobacillus plantarum in orange juice. Food Control 2011, 22, 408–413. [CrossRef]

54. Emamifar, A.; Mohammadizadeh, M. Preparation and Application of LDPE/ZnO Nanocomposites for Extending Shelf Life of
Fresh Strawberries. Food Technol. Biotechnol. 2015, 53, 488–495. [CrossRef] [PubMed]

55. Zhu, X.; Lee, D.S.; Yam, K.L. Release property and antioxidant effectiveness of tocopherol-incorporated LDPE/PP blend films.
Food Addit. Contam. Part A 2012, 29, 461–468. [CrossRef] [PubMed]

56. Graciano-Verdugo, A.Z.; Soto-Valdez, H.; Peralta, E.; Cruz-Zárate, P.; Islas-Rubio, A.R.; Sánchez-Valdes, S.; Sánchez-Escalante, A.;
González-Méndez, N.; González-Ríos, H. Migration of α-tocopherol from LDPE films to corn oil and its effect on the oxidative
stability. Food Res. Int. 2010, 43, 1073–1078. [CrossRef]

57. Manzanarez-López, F.; Soto-Valdez, H.; Auras, R.; Peralta, E. Release of α-Tocopherol from Poly(lactic acid) films, and its effect
on the oxidative stability of soybean oil. J. Food Eng. 2011, 104, 508–517. [CrossRef]

58. Cestari, L.A.; Gaiotto, R.C.; Antigo, J.L.; Scapim, M.R.S.; Madrona, G.S.; Yamashita, F.; Pozza, M.S.S.; Prado, I.N. Effect of active
packaging on low-sodium restructured chicken steaks. J. Food Sci. Technol. 2015, 52, 3376–3382. [CrossRef]

59. Pant, A.F.; Sangerlaub, S.; Muller, K. Gallic acid as an oxygen scavenger in bio-based multilayer packaging films. Materials 2017,
10, 489. [CrossRef]

60. Tyuftin, A.A.; Kerry, J.P. Review of surface treatment methods for polyamide fi lms for potential application as smart packaging
materials: Surface structure, antimicrobial and spectral properties. Food Packag. Shelf Life 2020, 24, 100475. [CrossRef]

61. Lorenzo, J.M.; Batlle, R.; Gómez, M. Extension of the shelf-life of foal meat with two antioxidant active packaging systems. LWT
Food Sci. Technol. 2014, 59, 181–188. [CrossRef]

62. Camo, J.; Lorés, A.; Djenane, D.; Beltrán, J.A.; Roncalés, P. Display life of beef packaged with an antioxidant active film as a
function of the concentration of oregano extract. Meat Sci. 2011, 88, 174–178. [CrossRef]

63. Barbosa-Pereira, L.; Aurrekoetxea, G.P.; Angulo, I.; Paseiro-Losada, P.; Cruz, J.M. Development of new active packaging films
coated with natural phenolic compounds to improve the oxidative stability of beef. Meat Sci. 2014, 97, 249–254. [CrossRef]

64. Gaikwad, K.K.; Singh, S.; Lee, Y.S. A new pyrogallol coated oxygen scavenging film and their effect on oxidative stability of
soybean oil under different storage conditions. Food Sci. Biotechnol. 2017, 26, 1535–1543. [CrossRef]

65. Guo, M.; Jin, T.Z.; Yang, R. Antimicrobial Polylactic Acid Packaging Films against Listeria and Salmonella in Culture Medium
and on Ready-to-Eat Meat. Food Bioprocess Technol. 2014, 7, 3293–3307. [CrossRef]

66. Al-Naamani, L.; Dobretsov, S.; Dutta, J. Chitosan-zinc oxide nanoparticle composite coating for active food packaging applications.
Innov. Food Sci. Emerg. Technol. 2016, 38, 231–237. [CrossRef]

67. Joerger, R.D.; Sabesan, S.; Visioli, D.; Urian, D.; Joerger, M.C. Antimicrobial activity of chitosan attached to ethylene copolymer
films. Packag. Technol. Sci. 2009, 22, 125–138. [CrossRef]

68. Lardiés, O.G.; Nerin de la Puerta, C.; Garcia, J.A.B.; Rabinal, P.R. Antioxidant Active Varnish. European Patent EP1477519A1, 17
November 2004. pp. 1–8. Available online: https://data.epo.org/gpi/EP1477519A1-Antioxidant-active-varnish (accessed on
29 July 2021).

69. Lee, J.S.; Park, M.A.; Yoon, C.S.; Na, J.H.; Han, J. Characterization and Preservation Performance of Multilayer Film with Insect
Repellent and Antimicrobial Activities for Sliced Wheat Bread Packaging. J. Food Sci. 2019, 84, 3194–3203. [CrossRef]

70. Azlin-Hasim, S.; Cruz-Romero, M.C.; Cummins, E.; Kerry, J.P.; Morris, M.A. The potential use of a layer-by-layer strategy to
develop LDPE antimicrobial films coated with silver nanoparticles for packaging applications. J. Colloid Interface Sci. 2016, 461,
239–248. [CrossRef]

71. Vähä-Nissi, M.; Pitkänen, M.; Salo, E.; Kenttä, E.; Tanskanen, A.; Sajavaara, T.; Putkonen, M.; Sievänen, J.; Sneck, A.; Rättö, M.;
et al. Antibacterial and barrier properties of oriented polymer films with ZnO thin films applied with atomic layer deposition at
low temperatures. Thin Solid Film. 2014, 562, 331–337. [CrossRef]

72. Al-Naamani, L.; Dutta, J.; Dobretsov, S. Nanocomposite zinc oxide-chitosan coatings on polyethylene films for extending storage
life of okra (Abelmoschus esculentus). Nanomaterials 2018, 8, 479. [CrossRef]

73. Nalawade, S.P.; Picchioni, F.; Janssen, L.P.B.M. Supercritical carbon dioxide as a green solvent for processing polymer melts:
Processing aspects and applications. Prog. Polym. Sci. 2006, 31, 19–43. [CrossRef]

74. Tadesse Abate, M.; Ferri, A.; Guan, J.; Chen, G.; Nierstrasz, V. Impregnation of materials in supercritical CO2 to impart various
functionalities. In Advanced Supercritical Fluids Technologies; InTechOpen: London, UK, 2020; pp. 1–14. [CrossRef]

75. Rojas, A.; Torres, A.; José Galotto, M.; Guarda, A.; Julio, R. Supercritical impregnation for food applications: A review of the effect
of the operational variables on the active compound loading. Crit. Rev. Food Sci. Nutr. 2020, 60, 1290–1301. [CrossRef]

76. Goñi, M.L.; Gañán, N.A.; Strumia, M.C.; Martini, R.E. Eugenol-loaded LLDPE films with antioxidant activity by supercritical
carbon dioxide impregnation. J. Supercrit. Fluids 2016, 111, 28–35. [CrossRef]

77. Cejudo Bastante, C.; Casas Cardoso, L.; Fernández-Ponce, M.T.; Mantell Serrano, C.; Martínez de la Ossa, E.J. Supercritical
impregnation of olive leaf extract to obtain bioactive films effective in cherry tomato preservation. Food Packag. Shelf Life 2019,
21, 100338. [CrossRef]

78. Belizón, M.; Fernández-Ponce, M.T.; Casas, L.; Mantell, C.; Martínez De La Ossa-Fernández, E.J. Supercritical impregnation of
antioxidant mango polyphenols into a multilayer PET/PP food-grade film. J. CO2 Util. 2018, 25, 56–67. [CrossRef]

31



Polymers 2022, 14, 2442

79. Rojas, A.; Torres, A.; Añazco, A.; Villegas, C.; Galotto, M.J.; Guarda, A.; Romero, J. Effect of pressure and time on scCO2-assisted
incorporation of thymol into LDPE-based nanocomposites for active food packaging. J. CO2 Util. 2018, 26, 434–444. [CrossRef]

80. Villegas, C.; Torres, A.; Rios, M.; Rojas, A.; Romero, J.; de Dicastillo, C.L.; Valenzuela, X.; Galotto, M.J.; Guarda, A. Supercritical
impregnation of cinnamaldehyde into polylactic acid as a route to develop antibacterial food packaging materials. Food Res. Int.
2017, 99, 650–659. [CrossRef] [PubMed]

81. Rojas, A.; Torres, A.; Martínez, F.; Salazar, L.; Villegas, C.; Galotto, M.J.; Guarda, A.; Romero, J. Assessment of kinetic release of
thymol from LDPE nanocomposites obtained by supercritical impregnation: Effect of depressurization rate and nanoclay content.
Eur. Polym. J. 2017, 93, 294–306. [CrossRef]

82. Wrona, M.; Nerín, C.; Alfonso, M.J.; Caballero, M.Á. Antioxidant packaging with encapsulated green tea for fresh minced meat.
Innov. Food Sci. Emerg. Technol. 2017, 41, 307–313. [CrossRef]

83. Gargiulo, N.; Attianese, I.; Giuliana, G.; Caputo, D.; Lavorgna, M.; Mensitieri, G.; Lavorgna, M. Microporous and Mesoporous
Materials a -Tocopherol release from active polymer films loaded with functionalized SBA-15 mesoporous silica. Microporous
Mesoporous Mater. 2013, 167, 10–15. [CrossRef]

84. Sun, L.; Lu, L.; Qiu, X.; Tang, Y. Development of low-density polyethylene antioxidant active fi lms containing a -tocopherol
loaded with MCM-41 (Mobil Composition of Matter No. 41). Food Control 2017, 71, 193–199. [CrossRef]

85. Melendez-Rodriguez, B.; Figueroa-Lopez, K.J.; Bernardos, A.; Cabedo, L.; Torres-Giner, S. Electrospun Antimicrobial Films of
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) Containing Eugenol Essential Oil Encapsulated in Mesoporous Silica. Nanoparticles
2019, 9, 227. [CrossRef]

86. Alkan, B.; Sehit, E.; Tas, C.E.; Unal, S.; Cebeci, F.C. Carvacrol loaded halloysite coatings for antimicrobial food packaging
applications. Food Packag. Shelf Life 2019, 20, 100300. [CrossRef]

87. De Oliveira, C.M.; de Gomes, B.O.; Batista, A.F.P.; Mikcha, J.M.G.; Yamashita, F.; Scapim, M.R.S.; de Bergamasco, R.C. Development
of sorbic acid microcapsules and application in starch-poly (butylene adipate co-terephthalate) films. J. Food Process. Preserv. 2021,
45, e15459. [CrossRef]

88. Figueroa-Lopez, K.J.; Torres-Giner, S.; Angulo, I.; Pardo-Figuerez, M.; Escuin, J.M.; Bourbon, A.I.; Cabedo, L.; Nevo, Y.; Cerqueira,
M.A.; Lagaron, J.M. Development of active barrier multilayer films based on electrospun antimicrobial hot-tack food waste
derived poly(3-hydroxybutyrate-co-3-hydroxyvalerate) and cellulose nanocrystal interlayers. Nanomaterials 2020, 10, 2356.
[CrossRef]

89. Chiralt, A.; Tampau, A.; Gonz, C. Food Hydrocolloids Release kinetics and antimicrobial properties of carvacrol encapsulated in
electrospun poly-(ε-caprolactone)nano fibres. Application in starch multilayer films. Food Hydrocoll. 2018, 79, 158–169. [CrossRef]

90. Figueroa-Lopez, K.J.; Enescu, D.; Torres-Giner, S.; Cabedo, L.; Cerqueira, M.A.; Pastrana, L.; Fuciños, P.; Lagaron, J.M. Develop-
ment of electrospun active films of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) by the incorporation of cyclodextrin inclusion
complexes containing oregano essential oil. Food Hydrocoll. 2020, 108, 106013. [CrossRef]

91. Glaser, T.K.; Plohl, O.; Vesel, A.; Ajdnik, U.; Ulrih, N.P.; Hrnčič, M.K.; Bren, U.; Zemljič, L.F. Functionalization of polyethylene
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Abstract: The natural abundance, polymer stability, biodegradability, and natural antimicrobial properties
of lignin open a wide range of potential applications aiming for sustainability. In this work, the effects of
1% (w/w) softwood kraft lignin nanoparticles (SLNPs) on the physicochemical properties of polybutylene
succinate (PBS) composite films were investigated. Incorporation of SLNPs into neat PBS enhanced Td from
354.1 ◦C to 364.7 ◦C, determined through TGA, whereas Tg increased from −39.1 ◦C to −35.7 ◦C while no
significant change was observed in Tm and crystallinity, analyzed through DSC. The tensile strength of
neat PBS increased, to 35.6 MPa, when SLNPs were added to it. Oxygen and water vapor permeabilities
of PBS with SLNPs decreased equating to enhanced barrier properties. The good interactions among
SLNPs, thymol, and PBS matrix, and the high homogeneity of the resultant PBS composite films, were
determined through FTIR and FE-SEM analyses. This work revealed that, among the PBS composite
films tested, PBS + 1% SLNPs + 10% thymol showed the strongest microbial growth inhibition against
Colletotrichum gloeosporioides and Lasiodiplodia theobromae, both in vitro, through a diffusion method assay,
and in actual testing on active packaging of mango fruit (cultivar “Nam Dok Mai Si Thong”). SLNPs
could be an attractive replacement for synthetic substances for enhancing polymer properties without
compromising the biodegradability of the resultant material, and for providing antimicrobial functions for
active packaging applications.

Keywords: lignin nanoparticles; thymol; polybutylene succinate; antimicrobial packaging; biodegradable
materials

1. Introduction

The research of natural and biodegradable materials is of great interest, especially
now that many industries, such as the packaging industry, are aiming for sustainability.
Currently, biopolymers are the most attractive alternative for nonbiodegradable packaging
materials, such as conventional plastics. However, previous studies have shown that
biopolymers are still not equal to conventional plastics in terms of packaging performance.

Compared with conventional plastics, biopolymers have disadvantages, such as sen-
sitivity to heat, humidity, and shear stress, that could lead to early partial thermal and
mechanical degradation during the processing stage, and possess inferior mechanical
properties—e.g., brittleness, rigidity, and low tensile strength—and inappropriate barrier
properties—e.g., high water and oxygen permeabilities, resulting in limited application
possibilities [1,2].
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Innovations have been produced and a great amount research is ongoing to improve
the functional performance and widen the applications of biopolymers. The most common
and technically feasible method is adding another compound into the biopolymeric matrix
to enhance material properties, such as mechanical, barrier, and thermal stability, and to
provide active functions, including antimicrobial and antioxidant.

Recently, lignin has drawn distinct attention as a natural additive to polymeric ma-
trices because of its capability to modify material properties. Lignin is a natural aromatic
polymer exhibiting a complex, high molecular weight and a highly random structure. It is
found in the cell walls of plants and constitutes the most stable component of biomass [3,4].
Lignin is an abundant agro-industrial waste, mainly from the papermaking and biorefinery
industries. Its natural abundance and low cost open diverse potential applications in
various industries. Lignin can be used in the agriculture industry as an agrochemical, i.e.,
as fertilizer, pesticide, and plant growth regulator [5]. In the medical industry, promis-
ing findings were reported, which may improve human health, involving the potential
applications of lignin [6].

Aside from being naturally biodegradable, lignin generally shows high strength
and rigidity and satisfactory thermal resistance. As a result, thermoplastic polymers com-
pounded with lignin, such as polyethylene (PE), polypropylene (PP), and polyvinyl chloride
(PVC), have shown improved flowability and processing performance of the material, and
have exhibited significant enhancement in material properties [7]. In this present work, the
effects of incorporation of softwood kraft lignin nanoparticles (SLNPs) on the properties of
the resultant material were investigated. To be consistent with the aimed biodegradability
and for the biopolymer composite not to be compromised, polybutylene succinate (PBS)
was used as the polymer matrix. PBS is among the most important emerging biodegradable
polymers, with a wide range of potential applications due to its excellent processability
and chemical resistance [8]. It is synthesized by polycondensation between succinic acid
and butanediol in a two-step reaction process: esterification between the diacid and the
diol, and then polycondensation under high temperature to form PBS with high molecular
weight [9]. Interestingly, PBS can be produced both from monomers derived from fossil-
based sources and by the fermentation route of bacteria [10]. Moreover, it was reported that
full biomass-based PBS was chemically synthesized from furfural that was produced from
inedible agricultural cellulosic waste [11]. Even though PBS has excellent processability,
some of its important properties, such as brittleness and low thermal stability, restrict its
wide commercial implementation and applications. Hence, various techniques, such as
copolymerization using the extrusion method coupled with a line for film casting [12],
blending with another biopolymer through extrusion compounding followed by injection
molding [13], and incorporation of natural additives [14], such as bamboo fiber, through
extrusion followed by injection molding [15], have been performed to achieve improved
properties. The thermal stability of the PBS polymer composite was enhanced with the
addition of low sulfonate kraft lignin, but utilizing chemically modified low sulfonate
lignin further improved the thermal stability of the resultant PBS composite [16]. It was
reported that PBS and softwood kraft lignin have shown noncovalent interactions [17]
which could possibly help in the enhancement of the thermal stability of the PBS composite.
Contrasting results were presented when lignosulphonate (a classification of lignin) was
blended in 70/30 PBS/polybutylene adipate-co-terephthalate (PBAT) with zinc nanoparti-
cles, wherein the thermal stability and tensile strength of the hybrid composite decreased
with the incorporation of lignosulphonate [18]. However, it is interesting to note that the
lignosulphonate used in their study was not modified. In this present work, softwood kraft
lignin was processed into nanoparticles to achieve the advantages of nano-size particles
in terms of reactivity. Moreover, different classifications of lignin will produce different
results when blended with a polymer, because the reaction is affected by the complexity of
the lignin structure, which is dependent on the source and isolation process [19,20].

Aside from the effects that modify the properties of materials, lignin is a natural
antimicrobial agent because it contains numerous functional groups [21] that are responsible
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for antimicrobial activities [22], such as phenolic and aliphatic hydroxyls, methyl, carboxylic,
and carbonyl groups. However, despite its great potential to replace synthetic chemicals,
only 2–5% of lignin in its macromolecular form is commercially utilized [23]. Considering
that the worldwide paper and pulp industry discards lignin from its production, generating
waste amounting to 50–70 million tons annually, the commercial utilization of lignin is
considered very low.

Recent studies have shown the viability of lignin as an antimicrobial agent. For
example, fractionated kraft lignin from bamboo obtained by organosolv fractionation can
destroy, in vitro, the cell wall of Escherichia coli, Salmonella, Streptococcus, and Staphylococcus
aureus, thus inhibiting the growth of these bacteria [24]. Similarly, it was reported that
lignin derived from beechwood flour is comparable with existing antibacterial agents, such
as chlorhexidine, in inhibiting the growth of E. coli and 189 S. aureus [25]. Moreover, lignin
residue of corn stover from ethanol production exhibited antimicrobial activities against
Listeria monocytogenes, S. aureus, and Candida lipolytica [26]. The authors [27] demonstrated
that lignin from different sources, such as eucalyptus, acacia, sugarcane bagasse, corn,
and cotton stalks, conferred antimicrobial activity against microorganisms mentioned
above and several other microorganisms, including Proteus vulgaris, Pseudomonas aeruginosa,
Aspergillus niger, Bacillus subtilis, and Klebsiella pneumoniae, among others.

In this present work, an innovative and sustainable manner of utilizing abundant agro-
industrial waste lignin was presented by converting it into a high-value product that can be
beneficial to the industry. Raw softwood kraft lignin was processed into lignin nanoparticles
and used as a natural additive to enhance the material properties of PBS composite films.
Additionally, while most previous published works dealt with bacteria, a potential novel
work was demonstrated in this study by using the SLNPs as a natural antimicrobial agent
against fungal species. Colletotrichum gloeosporioides and Lasiodiplodia theobromae are two
major fungal species that cause significant postharvest decay—anthracnose and stem-end
rot, respectively—to many economically important fruit crops such as mango, papaya,
and citrus. The use of a natural additive, such as SLNPs, as an alternative to synthetic
fungicides for postharvest decay control would not only be economically beneficial but
also safer to humans and the environment.

The incorporation of essential oils into polymers as antimicrobial agents has widely
been studied as a competitive alternative to chemical preservatives. Aside from being
generally recognized as safe (GRAS), essential oils, which are hydrophobic liquids that
are naturally present in various plant parts, demonstrate a wide range of antimicrobial
activities, such as antibacterial and antifungal activities, and function as natural preserva-
tives [28]. Their volatility enables them to diffuse out from the polymer matrix and perform
antimicrobial functions, whereas the antimicrobial activities of SLNPs were restricted to the
polymer matrices. The addition of SLNPs into polymer could enhance the antimicrobial
efficacy of polymeric film. As thymol was found to be the most effective phenol against
tested fungal species in our previous studies [29], SLNPs were added to thymol in the
PBS composite. In our previous study, a high level of thymol, i.e., 20% (w/w), was used,
whereas this present study aimed to utilize a lower amount of thymol with the addition
of SLNPs.

Due to the reactivity of lignin as a function of the numerous functional groups found
in it, lignin can interact with many polymers and change their properties [30]. Accord-
ing to this premise, SLNPs would produce interactions with PBS and thymol that could
potentially enhance both the physicochemical and antimicrobial properties of the resul-
tant PBS composite film. Therefore, this present work aimed to investigate the effects
of the incorporation of SLNPs into PBS film containing thymol through characterizing
the physicochemical properties of the resultant composite films in terms of morphology,
Fourier-transform infrared spectroscopy (FTIR) analysis, and thermal, mechanical, and
barrier properties. Moreover, the antimicrobial activities of SLNPs in PBS composite film
containing thymol were investigated, both in vitro and in vivo.
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2. Materials and Methods

2.1. Materials

Raw softwood kraft lignin powder (BioPivaTM100, denoted as SR-lignin) was pur-
chased from UPM Biochemicals, Helsinki, Finland. PBS pellets were obtained from PPT
Global Chemical Public Company Limited, Bangkok, Thailand. Pure culture of C. gloeospo-
rioides was obtained from the Plant Protection Research and Development Office of the
Department of Agriculture, Bangkok, Thailand, while pure culture of L. theobromae was
isolated from “Nam Dok Mai Si Thong” mango fruit.

2.2. Preparation of SLNPs

SR-lignin was processed into lignin nanoparticles (LNPs) by antisolvent precipitation
assisted by ultrasonication, following the method of Hararak et al. [31]. It was purified
first through fractionation method using acetone. In detail, 10 g of SR-lignin was pre-dried
in a vacuum oven at 80 ◦C for 6 h and then placed in a 3-neck flask containing 100 mL
acetone. A water condenser was attached to the top neck of the flask while a thermocouple
and nitrogen bubbling at a flow rate of 10 mL min−1 were attached to the other two necks.
The flask containing the acetone and dried raw lignin was heated up, maintained at 56 ◦C,
and then stirred for 6 h using a heating mantle with a built-in stirrer. The acetone-soluble
fraction was filtrated through a 1 μm glass filter and the obtained acetone-soluble lignin
(denoted as S-lignin) was dried at 80 ◦C in a vacuum oven for 30 min and then ground
into powder.

The obtained S-lignin was processed into LNPs (denoted as SLNPs) by ultrasonication.
Briefly, 1 g of S-lignin was fully dissolved in 20 mL acetone at room temperature. Afterward,
the 20 mL acetone containing dissolved S-lignin was poured into 200 mL deionized water
at room temperature under ultrasonication (VCX 500 sonicator, 500 watts, 20 kHz, and
13 mm probe) for 5 min. The mixture was then centrifuged at a speed of 11,180 g-force for
20 min and the obtained SLNPs were dried at 80 ◦C in a vacuum oven for 6 h and then kept
in a hermetically sealed container until use.

2.3. Preparation of PBS Composite Films

In total, 2 masterbatches of polymer blends, namely, PBS + 2% SLNPs and PBS + 20%
thymol, were initially prepared. The first masterbatch (MB) was prepared by mixing 2 g
SLNP powder and 98 g PBS pellets and then gradually loaded the mixture into a co-rotating
twin screw extruder (LABTECH Twin-screw extruder; 20 mm screw diameter; length to
diameter ratio of 32). The barrel temperature profile from feeding to the die zone was set
at 110, 130, 140, 150, 154, 155, 155, and 160 ◦C with a screw speed of 0.112 g-force. The
produced extrudate passed through a cooling water, was air-dried, and then palletized to
around 2.5 mm long. The second MB was prepared using an internal mixer (HAAKE™,
Rheomex OS, Bremen, Germany; 310 cm2 capacity; 0.8 fill factor; roller rotor) to minimize
the vaporization of the volatile thymol (vapor pressure of 53.33 Pa at 25 ◦C) and to produce
good dispersion and homogeneity of the thymol in the PBS matrix [32,33]. The rotor speed
was set at 0.038 g-force and the temperature of the mixing chamber was set at 120 ◦C. An
amount of 250 g PBS pellets were gradually fed into the internal mixer until melt phase
then a 62 g thymol powder was introduced into the mixer and allowed to mix for 12 min.
The produced bulk polymer mixture was crushed into pellets. Proportions from the two
masterbatches were pre-mixed to produce the final formulations, as reported in Table 1.
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Table 1. PBS composite films’ formulations.

Formulations PBS (w/w) SLNPs (w/w) Thymol (w/w)

PBS 100 - -
PBS + 10T 90 - 10
PBS + 1SLNPs 99 1 -
PBS + 1SLNPs + 1T 98 1 1
PBS + 1SLNPs + 5T 94 1 5
PBS + 1SLNPs + 7.5T 91.5 1 7.5
PBS + 1SLNPs + 10T 89 1 10

PBS: polybutylene succinate; SLNPs: softwood kraft lignin nanoparticles; T: thymol.

The mixtures were formed into composite films by using a blown film, single-screw
extruder (Thermo Scientific HAAKE™ Rheomex OS, Bremen, Germany; 19 mm screw
diameter; length to diameter ratio of 25) with a screw speed set at 0.038 g-force and
temperature profile of 150, 155, 160, and 160 ◦C for the feeding, compression, metering,
and die zone, respectively. Neat PBS film which served as the control for analyses was also
formed using the same blown film, single-screw extruder with the same setting.

2.4. Physicochemical Characterization of PBS Composite Films
2.4.1. Morphology

The morphology image of the cryofractured neat PBS and (selected) PBS composite
films was carried out through a field-emission scanning electron microscope (FE-SEM,
model SU5000, Hitachi, Tokyo, Japan). All samples were coated with platinum by Quorum-
Q150RS (UK) before imaging.

2.4.2. FTIR Analysis

The PBS composite films were determined for infrared absorption spectra using
Fourier-transform infrared spectroscopy (FTIR, Tensor 27, Bruker Corporation, Bremen,
Germany) with an attenuated total reflection (ATR) mode in the range of 500–4000 cm−1

with 64 scans.

2.4.3. Thermal Properties

A differential scanning calorimetry (DSC, Mettler Toledo, Greifensee, Switzerland) was
used to determine the glass transition temperature (Tg) and the melting point temperatures
(Tm) of neat PBS and PBS composite films. The first heating scan was performed from
−80 to 180 ◦C; the cooling scan was performed from 180 down to −80 ◦C; and the second
heating scan was performed from −80 to 180 ◦C. The heating and cooling rates were set
at 10 ◦C min−1, under a nitrogen atmosphere, with a flow rate of 50 mL min−1. From the
data gathered in the DSC scan, the crystallinity of neat PBS and PBS composite films was
calculated using Equation (1) [34]:

χ =
ΔH

ΔHo(1 − m f )
× 100 (1)

where ΔH is the heat of fusion of the sample obtained from the second heating scan, ΔHo is
the heat of fusion of 100% crystalline PBS theoretically equal to 200 J/g [35], and (1 − mf ) is
the weight fraction of PBS in the composite films.

A thermogravimetric analysis (TGA, Mettler Toledo, TGA/SDTA 851e, Columbus,
OH, USA) was used to determine the PBS composite films’ thermal decomposition (Td).
Samples were heated from 30–600 ◦C at a heating rate of 10 ◦C min−1, under a nitrogen
atmosphere, with a flow rate of 50 mL min−1. The remaining content of thymol in the
composite films was also determined through the gathered data in TGA. It was calculated
based on weight loss as a function of temperature.
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2.4.4. Mechanical Properties

The film samples were pre-conditioned inside a chamber set at 25 ± 2 ◦C and 50 ± 5%
RH for 48 h. Young’s modulus (YM), tensile strength (TS), and elongation at break (EB) in
machine direction were determined according to ASTM D882-09 using Instron universal
testing machine (Model 5965, Instron, Norwood, MA, USA) equipped with 5 KN load cell
and a cross-head speed of 10 mm min−1. At least 5 film samples (2.5 cm × 10 cm) were
tested for each treatment.

2.4.5. Barrier Properties

The oxygen transmission rate (OTR) was determined using an Oxygen Permeation
Analyzer 8501 (Illinois Instruments, Inc., Johnsburg, IL, USA) in accordance with ASTM
D3985-17. The oxygen permeability (OP), expressed in cm3 m h−1 m−2 atm−1, was calcu-
lated using the obtained OTR values (cm3 m−2 day−1), film thickness l (m), and difference
in partial pressure between sides of the film ΔP (Pa), applied in Equation (2):

OP =
OTR × l

ΔP
(2)

The water vapor permeability (WVP) was determined using the desiccant method
according to ASTM E96-95. Film samples were placed on metal cups filled with dehydrated
silica gel. The water vapor transmission rate (WVTR, g m−2 day−1) was determined from
the slope of the plot of the weight change of cup versus time using linear regression,
divided by the area of diffusion (m2). The WVP (g m h−1 m−2 atm−1) was calculated using
Equation (3) [32], using the determined WVTR, thickness l (m), and water vapor pressure
difference ΔP (Pa) between sides of the film samples:

WVP =
WVTR × l

ΔP
(3)

2.5. Investigation of Antimicrobial Activities of SLNPs
2.5.1. Isolation of Pure Culture of L. theobromae

The pure culture of L. theobromae was isolated from mango fruit cultivar “Nam Dok
Mai Si Thong” following the method of Khan et al. [36]. Briefly, a small part of decay-
ing mango fruit tissue near the stem end was cut using a sterile blade and placed on
the potato dextrose agar (PDA) contained in Petri dishes. The Petri dishes were sealed
with Parafilm and incubated in an ambient condition (30 ± 2 ◦C) until mycelial growth
was observed. Subculturing was performed up to 3 times to isolate the pure culture of
L. theobromae. Pure culture was verified using a light microscope and based on the colony
and conidial characteristics.

2.5.2. Antimicrobial Activities of SR-Lignin and SLNPs In Vitro

The poisoned food method, employed according to Balouiri et al. [37], was used to de-
termine the antimicrobial activities using PDA. A mycelial plug of 8 mm diameter extracted
from the edge of an actively growing, pure culture of C. gloeosporioides or L. theobromae
was placed at the center of the newly prepared PDA containing SR-lignin or SLNPs. The
final concentration of SR-lignin in PDA was 0.2% (w/v), while that of SLNPs varied from
0.2, 0.5, 2.0, to 5.0% (w/v). A pure PDA growth medium was used as the control. All
prepared samples were sealed immediately with Parafilm and incubated at 30 ± 2 ◦C.
Mycelial growth was measured each sampling day using a digital Vernier caliper (Mitu-
toyo 0.01 mm resolution) by measuring the average of the diameters in a perpendicular
direction. The mycelial growth data were transformed into percentage inhibition using
Equation (4) [38]. In total, 3 experiments with 3 replications per treatment were conducted
for the determination of the antimicrobial activities of lignin in PDA.

Inhibition (%)= 100 − ∅ with lignin
∅ control

× 100 (4)
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2.5.3. Antimicrobial Activities of SLNPs Incorporated into PBS Composite Films In Vitro

The antimicrobial activities against C. gloeosporioides and L. theobromae of the SLNPs
incorporated in PBS composite films containing thymol were determined using the vapor
diffusion assay, according to Boonruang et al. [29], with slight modification. A film sample
(7.5 cm diameter) was sterilized under UV light and then fixed inside the cover of a
Petri dish containing solidified pure PDA inoculated with an 8 mm mycelial plug of
pure culture of the tested fungal species. The antimicrobial activities were investigated at
room temperature (30 ± 2 ◦C) and 12 ± 2 ◦C (optimum storage temperature for mango
fruit). Neat PBS film served as the control. The incubation condition, measuring of mycelial
growth, and calculation of percentage inhibition were the same as described in Section 2.5.2.

2.5.4. Antimicrobial Activities of PBS Composite Films In Vivo

The antimicrobial activities of the developed PBS composite films were tested on
mango fruit (Mangifera indica cultivar “Nam Dok Mai Si Thong”). Export quality mangoes
(85% maturity, 100 days from full blossom) were purchased from Chiang Mai, Thailand,
and carefully delivered to the laboratory. The mango fruit were sorted further based on
similarity in shape, size, color peel, and absence of visual defects. The selected mango
fruit were washed with tap water, sanitized with 200 ppm NaOCl for 2 minutes, and then
air-dried for 4 h at ambient room temperature before being packed in neat PBS, PBS + 10T,
and PBS + 1SLNPs + 10T composite films (20 cm × 15 cm), with 3 samples each. Mango
fruit without packaging served as the control. The prepared samples were stored in a
cold chamber set at 12 ± 2 ◦C and 90 ± 5% RH. The total area of decay caused by both
C. gloeosporioides and L. theobromae was quantified by measuring the average perpendicular
diameters of the decay at the end of the storage time, using a digital Vernier caliper
(Mitutoyo 0.01 mm resolution).

2.6. Statistical Analysis

SPSS Statistics was used to perform an analysis of variance (ANOVA) test on samples.
Duncan’s multiple range test (DMRT) was employed to determine differences among
sample means at a significant level of p ≤ 0.05.

3. Results

3.1. Physicochemical Characterization of PBS Composite Films
3.1.1. Morphology

Figure 1 shows the cryo-fractured cross-section image of neat PBS, PBS + 10T,
PBS + 1SLNPs, and PBS + 1SLNPs + 10T films. The captured image of the neat PBS
film showed a relatively smooth cross-section surface with fibrils forming web-like struc-
tures, indicating a semi-ductile characteristic of the PBS polymer [39]. The smoothness
of the cross-section surface remains when 10% thymol was added into the PBS matrix.
Furthermore, no visible phase separation was seen on the image with the presence of 10%
thymol in the PBS + 10T composite film, an indication of the homogeneity of the PBS
composite. The incorporated 1% SLNPs were very small relative to the PBS matrix; hence,
only a single particle of the SLNPs was captured in the images of both PBS + 1SLNPs and
PBS + 1 SLNPs + 10T. Moreover, no agglomeration of SLNPs was seen, an indication of
good dispersion of the 1% SLNPs in the PBS matrix.
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Figure 1. SEM images of cryo-fractured cross-section (side view) of neat polybutylene succinate (PBS)
and PBS composite films with thymol (T) at a magnification of ×25 K. The size of softwood kraft
lignin nanoparticles (SLNPs) ranged from 40–300 nm with an average particle size of 120 ± 18 nm
and average polydispersity index (PDI) of 0.07 ± 0.01, determined by dynamic light scattering (DLS)
technique at 25 ◦C (Malvern Zetasizer-4 Instrument, Malvern, UK).

3.1.2. FTIR Analysis

Interactions among 1% SLNPs, thymol, and PBS matrix were identified using ATR-
FTIR analysis. Figure 2 shows the IR spectra of pure thymol, neat PBS film, and PBS
composite films. The FTIR curves of the PBS composite films with 1% SLNPs + varied
concentrations of thymol showed a similarity of patterns, indicating a high degree of
homogeneity of the films. This could be attributed to the occurrence of intermolecular inter-
actions, such as hydrogen bonding, between the phenolic hydroxyl groups in SLNPs and
the terminal –OH or –COOH of PBS, π–π interactions between aromatic structures of lignin
and thymol, and possible polar–polar interactions between the phenolic hydroxy group of
SLNPs and carbonyl group of PBS [40] (Figure 3). The peaks at 2958–2868 cm−1 were as-
cribed to the symmetric and asymmetric stretching of C–H in thymol [41]. Meanwhile, the
neat PBS film and all PBS composite films showed CH2 vibration of the methylene group at
2947 cm−1, which is typical for PBS [39]. The observed peak at 2349 cm−1 was assigned to
asymmetric stretching of O=C=O, the peak at 1710 cm−1 was ascribed to C=O stretching of
the carboxyl group, and the peak at 1335 cm−1 occurred due to C–O stretching of the ester
group [42] in neat PBS. These peaks shifted slightly, to 2350–2352 cm−1, 1711–1712 cm−1,
and 1332–1334 cm−1, respectively, signaling interactions among 1% SLNPs, thymol, and
PBS matrix. The broadening of the peak at 1152 cm−1 for PBS containing 1% SLNPs and
thymol lower than 10% concentrations was due to the generation of intermolecular hydro-
gen bonding and Van der Waals force among PBS, SLNPs, and thymol [42]. Moreover, the
observed 1155 cm−1 peak in neat PBS film, which was attributed to the ester C–O–C bond
stretching [43], showed a slight change of wavenumbers, to 1154 and 1153 cm−1, when
10% thymol (PBS + 10T) and 1% SLNPs (PBS + 1SLNPs + 10T) were added, respectively.
The slight shift implied that there were some noncovalent interactions between PBS and
thymol [17], and possibly among PBS, SLNPs, and thymol. The intense band spectra ring vi-
bration of thymol seen at 804 cm−1 was attributed to out-of-plane C–H wagging vibrations,
and the slight shifting of this band, to 806–807 cm−1, indicated the presence of thymol in
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the PBS composites [41]. Meanwhile, the presence of intense bands of thymol at 588 cm−1

was ascribed to O–H out-of-plane deformation vibration of the content phenols [44].

Figure 2. FTIR spectra of neat PBS, pure thymol, and PBS composites.

Figure 3. Representation of interactions among SLNPs, thymol, and PBS.

3.1.3. Thermal Properties

The thermal properties of neat PBS film and PBS composite films were reported
in terms of glass transition temperature (Tg) and melting temperatures (Tm1 and Tm2),
determined through DSC analysis, and decomposition temperature (Td), determined with
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the use of TGA. The results of the DSC analysis were obtained from the second heating
scan of film samples, because this provided data on the ideal behavior of the material, since
residual solvents and the thermal history of the material were removed in the first heating
scan. Thermal properties and crystallinity of the neat PBS film and PBS composite films
are summarized in Table 2. The Tg of the neat PBS film was determined to be −39.1 ◦C,
and the addition of 1% SLNPs increased the Tg to −35.7 ◦C. The increase in Tg was an
indicator of good interactions between 1% SLNPs and the PBS matrix as a result of strong
intermolecular hydrogen bonds between polymers [45,46]. Meanwhile, the 10% (w/w)
thymol functioned as a plasticizer to the PBS matrix, decreasing the Tg of the PBS + 10T
film to −43.7 ◦C. The plasticizing effects of essential oils, such as thymol, can reduce
the intermolecular interactions of the polymer chains, increasing mobility and leading to
improved flexibility and ductility of the polymer [33,47,48]. The lower amount of thymol,
i.e., 1 and 5% (w/w), had insignificant plasticization effects in the PBS + 1SLNPs + 1T
and PBS + 1SLNPs + 5T films, since the Tg increased to −33.2 and −34.3 ◦C, respectively.
However, it was observed that the Tg in PBS + 1SLNPs + 10T films decreased to −42.1 ◦C,
owing to the plasticization effects of the higher amount of thymol in the PBS matrix. It
was previously believed that lower thymol concentrations, i.e., of 1 and 5%, had no effect
on the intermolecular bond between 1% SLNPs and PBS, yet it was observed that these
concentrations produced a non-plasticizing effect in the PBS composites.

Table 2. Thermal properties of neat PBS and PBS composites.

Film Samples
Tg

(◦C)
Tm1
(◦C)

Tm2
(◦C)

Tc
(◦C)

Td
o

(◦C)
Td

p

(◦C)
Xc
(%)

Neat PBS −39.1 105.2 112.5 91.3 354.1 394.5 36.1
PBS + 1SLNPs −35.7 105.2 112.7 90.8 364.7 405.0 38.5
PBS + 10T −43.7 100.0 109.5 87.5 361.7 404.0 35.4
PBS + 1SLNPs + 1T −33.2 104.8 112.8 90.3 364.6 405.5 34.1
PBS + 1SLNPs + 5T −34.3 105.2 112.5 90.2 362.7 402.8 35.9
PBS + 1SLNPs + 7.5T −40.9 104.5 112.5 90.0 362.9 400.2 37.0
PBS + 1SLNPs + 10T −42.1 103.7 111.8 89.7 365.2 404.8 32.2

Tg: glass transition temperature; Tm: melting temperature; Tc: crystallization temperature; Td
o: onset of thermal

decomposition temperature; Td
p: peak of thermal decomposition temperature; and Xc: crystallinity.

The melting peaks of neat PBS and PBS composite films are shown in Figure 4A. As
illustrated, neat PBS and PBS composite films exhibited double melting peaks—Tm1 and
Tm2—due to the two different types of crystalline lamella present in PBS. The lower melting
exotherm (Tm1) corresponded to the melting of the original crystallites, while the higher
melting exotherm (Tm2) revealed the melting of the recrystallized crystals [39]. Generally,
the Tm increases with the increase in crystallinity [49], due to the higher energy required
for melting. The presence of 1% SLNPs in the PBS matrix had no significant effects both on
the Tm1 and Tm2 of the PBS composites, the same as thymol <10%. This was reflected in the
% crystallinity, where the calculated values showed no significant change. However, PBS
composite films with 10% thymol, either with or without 1% SLNPs, showed noticeably
reduced melting temperatures. The present work was in accordance with our previous
study [33] which revealed that incorporation of 10 to 20% (w/w) thymol into antifungal
PLA films led to the depletion of the Tm from 150 ◦C (neat PLA film) to 142 ◦C (PLA + 10%
thymol film). Similar results were reported by Celebi and Gunes [50], where neat PLA and
PLA containing 5% thymol had the same Tm at 154 ◦C, but the Tm decreased to 148 ◦C with
10% thymol in the polymer matrix. They explained that, due to the low molecular sizes of
the plasticizers, thymol occupied the intermolecular spaces between the polymer chains,
resulting in (1) reduced energy for molecular motion, (2) decreased formation of hydrogen
bonding between polymer chains, and (3) increased free volume and molecular mobility.
Nevertheless, comparing the 2 PBS composite films, PBS + 10T had lower Tm1 and Tm2 (100
and 109.5 ◦C, respectively) than PBS + 1 SLNPs + 10T (103.7 and 111.8 ◦C, respectively). It
could be stated that the 1% SLNPs in the PBS composite helped to lessen the reduction of
hydrogen bonding between PBS chains caused by the plasticization effects of thymol.
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Figure 4. DSC thermograms of neat PBS and PBS composite films under nitrogen atmosphere—(A)
second heating scan melting peaks and (B) crystallization peak; (C) derivative thermogravimetry of
neat PBS and PBS composite films showing the onset and peak of thermal decomposition using TGA.
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The Tc is the temperature where the molecules have enough energy to form into ordered
arrangements [51]; therefore, certain molecules crystallize at this temperature [52]. Figure 4B
shows the Tc observed in the cooling scan of the DSC thermogram, and the analyzed values
are summarized in Table 2. Similar to the obtained results for the melting temperatures, the
1% SLNPs and thymol <10% had no significant effects on the Tc of the PBS composites. It was
noticeable, however, that the lowest Tc was obtained in PBS + 10T at 87.5 ◦C; however, with
the presence of 1% SLNPs, the obtained Tc was increased to 89.7 ◦C.

Thermal stability of neat PBS and PBS composites films was analyzed through TGA
by determining the onset and peak of the Td under a nitrogen atmosphere. The thermal
stability of a polymer refers to the capability of the polymer to resist thermal action while
maintaining its properties (strength, toughness, elasticity) at a given temperature [53].
Figure 4C shows the derivative thermogravimetry of neat PBS and PBS composite films;
the onset and peak of Td is shown. The onset of Td was recorded at 354.1 ◦C for the neat
PBS film. Incorporation of 1% SLNPs into PBS increased the onset Td to 364.7 ◦C, and
the incorporation of 10% thymol increased the Td to 361.7 ◦C. The results showed that 1%
SLNPs in the PBS enhanced the thermal stability of the PBS matrix more than the 10%
thymol. Moreover, the combined effects of 1% SLNPs and 10% thymol in the PBS matrix
enhanced further the thermal stability of the resultant PBS composite film, in which the
recorded onset of Td of PBS + 1SLNPs + 10T was 365.2 ◦C. Furthermore, as an effect of the
presence of 1% SLNPs in the PBS composites, the recorded onset of Td of PBS + 1SLNPs
+ T was 364.6, 362.7, and 362.9 ◦C for 1T, 5T, and 7.5T, respectively, which were generally
higher than the onset of Td of PBS + 10T (without 1% SLNPs). The peak of Td revealed that
1% SLNPs could improve the Td of PBS composite more than 10% thymol. Moreover, the
peak of Td revealed that thymol could help to improve the Td of PBS composites, but the
incorporation of 1% SLNPs into PBS + 10T could enhance the Td to a greater degree. The
obtained results showed that 1% SLNPs and thymol both enhanced the thermal stability of
PBS, a finding that is in accordance with Mariën et al. [54] and Mousavioun et al. [55], who
reported that lignin fragments strongly improved the thermal stability of modified silicone
polymer and soda lignin improved the overall thermal stability of poly(hydroxybutyrate)
or PHB, respectively. Meanwhile, Mohamad et al. [42] reported that the incorporation of
thymol into PBS could help enhance the thermal stability of neat PBS.

Based on the TGA results, the remaining content of thymol in PBS + 1SLNPs + 1T,
PBS + 1SLNPs + 5T, and PBS + 1SLNPs + 7.5T composite films was 0.99, 4.96, and 7.45%,
respectively. Meanwhile, the remaining content of thymol in PBS + 10T was 9.58%; this
was slightly increased to 9.72% in PBS + 1SLNPs + 10T, which could be an effect of the π–π
interactions between aromatic structures of SLNPs and thymol in the PBS matrix (Figure 3).

The degree to which the polymer chains are aligned with one another is referred to as
the crystallinity of a polymer [56]. The calculated % crystallinity of the neat PBS and PBS
composites as affected by 1% SLNPs and thymol conformed to the obtained Tg, Tm, and
Td of the composite materials. As shown in Table 2, the % crystallinity of neat PBS was
36.1%, and was slightly increased to 38.5% when 1% SLNP was incorporated into the PBS
matrix, due to the nucleation effects of lignin. Lignin can act as a nucleating agent [57,58];
hence, it can increase the crystallinity of a polymer. A similar result was reported by Sahoo
et al. [45], who concluded that the % crystallinity of PBS increased with the addition of
lignin up to 65% (w/w)—a much higher amount of lignin compared with the present study.
Moreover, 10% thymol caused a decrease in the % crystallinity of PBS + 1SLNPs + 10T film,
which confirmed the plasticizing effects affecting Tg and Tm of the PBS composite. This
is in accordance with our previous study which showed the reduction of the degree of
crystallinity of PLA after the addition of 10–20% (w/w) thymol [33]. A similar result, that
PBS blended with 2–10% (w/w) thymol exhibited a lower degree of crystallinity compared
with neat PBS, was reported by [59].
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3.1.4. Mechanical Properties

The mechanical properties of a material describe its behavior upon the application of
external force(s). Table 3 shows the effects of 1% SLNPs, thymol, and combined 1% SLNPs
and thymol on the Young’s modulus (YM), tensile strength (TS), and elongation at break
(EB) of the PBS composite films.

Table 3. Young’s modulus (YM), tensile strength (TS), and elongation at break (EB) in the machine
direction of neat PBS and PBS composite films.

Film Samples YM (MPa) TS (MPa) EB (%)

Neat PBS 593.4 ± 84.2 bc 34.3 ± 1.4 bc 11.6 ± 0.8 a

PBS + 1SLNPs 601.9 ± 57.9 c 35.6 ± 1.8 c 10.3 ± 0.8 a

PBS + 10T 491.9 ± 62.8 ab 28.3 ± 2.5 a 11.9 ± 0.4 a

PBS + 1SLNP + 1T 589.1 ± 63.9 bc 34.9 ± 1.2 bc 11.6 ± 0.9 a

PBS + 1SLNP + 5T 445.3 ± 97.3 a 34.0 ± 7.1 bc 11.6 ± 2.1 a

PBS + 1SLNP + 7.5T 466.5 ± 62.2 a 34.9 ± 3.2 bc 11.2 ± 1.7 a

PBS + 1SLNP + 10T 486.6 ± 104.4 ab 30.0 ± 4.6 ab 10.6 ± 0.6 a

Values are presented as mean ± standard deviation (n = 5). Means followed by the same superscript letters in
columns are not significantly different at p ≤ 0.05 using DMRT.

The YM conformed to the Tm of the film samples, in general. PBS composites with
higher Tm showed higher YM. This relationship is associated with molecular mobility as a
result of the strength of the atomic bonding of polymers in the composite [60]. Lignin is
highly interactive, which can enhance the films’ mechanical properties, due to the strong
hydrogen bonds between its functional group and the polymer matrix [61]. This could
be the reason for the increase in YM from 593.4 to 601.9 MPa, and in TS from 34.3 to
35.6 MPa, when 1% SLNP was incorporated into the PBS matrix. Similarly, the YM and
TS of wheat gluten bioplastic increased with the presence of kraft lignin in the polymer,
as reported in [62]. Sakunkittiyut et al. [63] showed that up to 30% (w/w) of kraft lignin
significantly increased the YM and TS of a fish protein-based polymer by 50 and 300%,
respectively. Moreover, the YM and TS of starch/lignin bio-composites increased with
the addition of a concentration of lignin up to 3% (w/w) [64]. Similarly, the YM and
TS of agar/lignin bio-composites increased [65], and the YM and TS of whey protein
isolate/lignin bio-composites increased with the addition of a 0.5% (w/w) concentration
of lignin [66]. Meanwhile, it was expected that the YM and TS of the PBS composites
containing thymol would generally decrease, as thymol lessens the strong intermolecular
bonding of PBS chains, resulting in higher mobility of the chain [59,67]. These studies
dealt with a low level of lignin, from 0.5 to 3.0%, to attain an improved YM and TS. Other
previous studies revealed that a higher amount of lignin in the polymer matrix resulted in
decreased YM and TS. Aadil et al. [68] reported that high lignin concentrations, of 10 and
20%, decreased the TS of a lignin–alginate composite down to 0.5 and 0.1 MPa, respectively,
compared to the TS of a neat alginate, which was 0.6 MPa. A similar result was shown
by Izaguirre et al. [69]; lignin concentrations higher than 0.25% (w/w) did not increase
further the YM and TS of chitosan films. The decrease in YM and TS of the polymer matrix
incorporated with a higher level of lignin could be the result of poor interfacial interaction
between the lignin and the polymer matrix, due to agglomeration of lignin particles in
higher concentrations caused by strong hydrogen bonding between the functional groups
present in lignin [70].

The use of 1% SLNPs in the present work seemed to be the appropriate level, as it
enhanced the mechanical properties, in particular, the YM and TS, of the PBS composite
films. For the EB, the results showed that the change was not significant (p ≤ 0.05) as
compared to the neat PBS.
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3.1.5. Barrier Properties

Barrier properties of the neat PBS and PBS composite films are reported in terms
of OP and WVP (Table 4). The calculated OP of neat PBS was 2.28 × 10−3 cm3 m h−1

m−2 atm−1 and significantly reduced to 1.59 × 10−3 cm3 m h−1 m−2 atm−1 with the
incorporation of 1% SLNPs. This effect was due to the creation of a winding path by
the lignin in the PBS matrix, resulting in difficulty for the movement of the diffusing O2
molecules. The O2 molecules navigated around the lignin dispersed in the PBS, resulting
in a longer time of diffusion [71]. The reduced OP of the PBS + 1SLNPs was related to the
increased crystallinity of the PBS composite films. Since lignin is a nucleating agent [57],
the presence of the SLNPs in the PBS matrix could result in the development of crystal
phases that are assumed to be impermeable [72]; this could hinder the movement of
the diffusing O2 molecules. Moreover, the reduced OP of PBS with the presence of 1%
SLNPS could be due to the reinforcing effects of lignin on the biobased polymer matrix.
The results were in accordance with Kovalcik et al. [73], who reported that the OP of
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBHV) bio-polyester decreased with
the addition of 1% (w/w) kraft lignin, from 6.97 × 10−4 cm3 m h−1 m−2 atm−1 down to
1.69 × 10−4 cm3 m h−1 m−2 atm−1. The effectiveness of the 1% SLNPs in reducing the OP
of the PBS composite films can also be associated with the rigid nature of lignin particles
in conjunction with the good dispersion of the SLNPs in the PBS matrix.

Table 4. Thickness, OP, and WVP of neat PBS and PBS composites films.

Film Samples
Thickness

(μm)
Oxygen Permeability

(cm3 m h−1 m−2 atm−1)
Water Vapor Permeability

(g m h−1 m−2 atm−1)

Neat PBS 29.8 ± 0.8 a 2.28 × 10−3 ± 0.0002 b 1.54 × 10−3 ± 0.0001 d

PBS + 1SLNPs 30.0 ± 1.6 a 1.59 × 10−3 ± 0.0002 a 1.41 × 10−3 ± 0.0001 cd

PBS + 10T 31.8 ± 4.9 a 2.37 × 10−3 ± 0.0002 bc 1.14 × 10−3 ± 0.0001 ab

PBS + 1SLNP + 1T 30.2 ± 2.7 a 2.40 × 10−3 ± 0.0004 bc 1.28 × 10−3 ± 0.0001 bc

PBS + 1SLNP + 5T 30.4 ± 2.7 a 2.08 × 10−3 ± 0.0001 b 1.15 × 10−3 ± 0.0002 ab

PBS + 1SLNP + 7.5T 33.4 ± 1.5 a 2.56 × 10−3 ± 0.0005 bc 1.28 × 10−3 ± 0.0003 ab

PBS + 1SLNP + 10T 33.4 ± 2.4 a 2.84 × 10−3 ± 0.0004 c 1.09 × 10−3 ± 0.0000 ab

Values are presented as mean ± standard deviation (n = 4). Means followed by the same superscript letters in
columns are not significantly different at p ≤ 0.05 using DMRT.

Meanwhile, the general increase of the OP of the PBS matrix incorporated with thy-
mol was ascribed to the destabilization of the PBS chain due to the plasticizing effects of
thymol leading to a less dense and less cohesive PBS polymer network (in the case of PBS
+ 10T) and reduced intermolecular interaction between SLNPs and PBS chain (in case of
PBS + 1SLNPs + varied concentrations of thymol). The increased OP values in PBS com-
posites with thymol were probably due to the changes in the PBS matrix structure caused
by thymol, as proven by the FTIR analysis. These changes increased the diffusion of
O2 molecules through the PBS composite films with thymol. This was consistent with
Othman et al. [74], who reported that the OP values of corn starch films increased as an
effect of thymol present in the polymer matrix.

The WVP of the neat PBS reduced from 1.54 × 10−3 g m h−1 m−2 atm−1 to
1.41 × 10−3 g m h−1 m−2 atm−1 with the addition of 1% SLNPs because of the diffi-
cult path for the water vapor in the PBS matrix created by the lignin. This reduction could
also be due to the good compatibility between 1% SLNPs and the PBS matrix leading
to strong molecular interactions between polymers, as shown in Figures 2 and 3. Previ-
ous studies have shown that lignin enhanced the water vapor barrier of thermoplastic
starch [75], sago starch-based food packaging film [64], agar composite films [65], and
soy protein isolate film [30]. Meanwhile, the addition of 10% thymol in the PBS caused a
significant decrease in the WVP of the PBS composites. This reduction in WVP was due to
the hydrophobic property of thymol resulting in decreased affinity of the PBS composite
with water. Moreover, the hydrogen and covalent interactions between the PBS network
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and the phenolic compound of thymol may reduce the availability of hydrogen groups to
produce hydrophilic bonds with water [74].

3.2. Investigation of Antimicrobial Activities of SLNPs
3.2.1. Antimicrobial Activities of SR-Lignin and SLNPs In Vitro

The poisoned food method is a common technique used to evaluate the antimicrobial
activities against fungi. In this method, the antimicrobial agent is mixed well into the
growth medium at the desired final concentration [37]. The present study investigated the
antimicrobial activities of SR-lignin and SLNPs against C. gloeosporioides and L. theobromae
through the poisoned food method, at 30 ± 2 ◦C, using PDA as the growth medium.
As shown in Figure 5A, the SR-lignin at 0.2% (w/v) concentration showed low growth
inhibition against C. gloeosporioides, with 2.03, 4.03, 1.26, and 0.70% on days 3, 6, 9, and
12, respectively. There was no inhibition on day 15 because the mycelia on both SR-lignin
samples and control reached the edge of the Petri dish. It was found that purifying the
SR-lignin and processing it into LNPs significantly increased the antimicrobial activities, to
646.79%, at the same concentration of 0.2% (w/v). Moreover, the growth inhibition was
significantly increased further when the concentration of SLNPs was increased from 0.2 to
0.5% (w/v). The growth inhibition of SLNPs at 0.5% (w/v) concentration was 352.06% higher
than SLNPs at 0.2% (w/v) concentration. Therefore, it was expected that a concentration
of SLNPs higher than 0.5% (w/v) would result in a stronger growth inhibition. However,
the growth inhibition against C. gloeosporioides in 0.5, 2.0, and 5.0% (w/v) concentrations
were not significantly (p ≤ 0.05) different throughout the days of observation. The results
were comparable with what was reported by Dominguez-Robles et al. [17], regarding the
degree of adherence of S. aureus on the PBS composites containing different concentrations
of lignin. PBS composites containing 2.5, 5, 10, and 15% (w/w) lignin showed a similar
degree of bacterial adherence at p ≤ 0.05, which suggests that the resistance to bacterial
adherence was not directly dependent on lignin concentration.

SR-lignin at 0.2% (w/v) concentration showed a stronger growth inhibition against
L. theobromae, as shown in Figure 5B. The growth inhibitions were 44.61 and 16.07% on days
3 and 6, respectively. With the same concentration of 0.2% (w/v), SLNPs showed 32.06%
significantly stronger antimicrobial effects compared with SR-lignin. With an increase in the
SLNPs’ concentrations from 0.2 to 0.5% (w/v), the growth inhibition significantly increased,
by 18.96%, and further increasing the concentrations, to 2.0 and 5.0% (w/v), produced
no significant (p ≤ 0.05) increase in the antimicrobial effects. The same level of growth
inhibition at 0.5, 2.0, and 5.0% (w/v) concentrations could be due to the agglomeration of
SLNPs which occurred, visible on the reverse side of the Petri dishes containing the growth
medium (Figure 6). The agglomeration of SLNPs at higher concentration can hide a portion
of the surface area of the SLNPs, affecting the full interactions against the tested fungal
species. The agglomeration could be the result of high surface energy, a large number of
hydrogen bonds, and Van der Waals forces between SLNP particles [76]. In comparison, the
growth inhibition of SR-lignin and SLNPs, both at 0.2% (w/v) concentration, was higher
than that of C. gloeosporioides against L. theobromae. However, it could be observed that the
antimicrobial effects against L. theobromae remained up to 6 days, compared with the effects
against C. gloeosporioides, which persisted for 15 days. The difference in the antimicrobial
activities was the outcome of the faster growth of L. theobromae at 30 ◦C [77].

The presence of SLNPs in the culturing media could inhibit growth and cause changes
in the morphology of the microorganism. In particular, the presence of many functional
groups, especially the phenolic hydroxyl group, is responsible for the antimicrobial effects
of lignin. This functional group can modify the physiological process of the microorganism,
leading to damaging the cell membrane and eventually causing the loss of functionalities
of the microorganism [78,79]. It was suggested that the phenolics in lignin can disrupt the
cell wall, resulting in altered physiological processes and, eventually, dysfunction of parts
of the microorganism and growth inhibition [20].
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Figure 5. Antimicrobial effects of raw softwood kraft lignin (SR–lignin) and SLNPs in PDA against
(A) Colletotrichum gloeosporioides and (B) Lasiodiplodia theobromae. Values are presented as mean (n = 3)
with the standard deviation represented by vertical bars. Means followed by the same letter between
treatments per day are not significantly different at p ≤ 0.05 using DMRT. SR–lignin: raw softwood
kraft lignin.

Figure 6. Reverse side of the Petri dishes containing PDA growth medium. The black spots visible at
2.0 and 5.0% were agglomerated SLNPs.
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3.2.2. Antimicrobial Activities of SLNPs Incorporated into PBS Composite Films In Vitro

Figure 7 shows the antimicrobial activities against C. gloeosporioides and L. theobromae
of 1% SLNPs incorporated into the PBS composite films containing thymol, determined
using the vapor diffusion method. Thymol can inhibit the mycelial growth of the tested
fungi either at 30 or 12 ◦C, and the inhibition was significantly reduced as the concentration
of thymol decreased. At 30 ◦C, 10% (w/w) thymol in PBS was sufficient to fully inhibit
the growth of C. gloeosporioides for at least 8 days; the % inhibition decreased to 95.1 and
88.94% on days 10 and 15, respectively. However, with the presence of 1% SLNPs in the
PBS + 10T, mycelial growth was not observed until the last day of observation, which
equates to 100% growth inhibition. Meanwhile, both PBS + 10T and PBS + 1SLNPs + 10T
fully inhibited the mycelial growth of L. theobromae until day 2. The % inhibition de-
creased over time with 95.44, 87.40, 69.91, 40.88, and 17.53% on days 4, 6, 8, 10, and 15,
respectively, for PBS + 10T, and 96.21, 90.68, 78.77, 47.03, and 25.42%, respectively, for
PBS + 1SLNPs + 10T. Although the calculated % inhibition in PBS + 1SLNPs + 10T was
generally higher than in PBS + 10T, the significant (p ≤ 0.05) difference was determined
starting on day 10 for C. gloeosporioides and on day 6 for L. theobromae. It is interesting
to note that with the presence of 1% SLNPs, the antimicrobial effects against the studied
fungal species increased, as well as the duration of effectiveness.

The observation for the growth inhibition against the tested fungi at 12 ◦C was
started on day 8 because no significant (p > 0.05) mycelial growth was observed before
that day. Like the observations at 30 ◦C, the inhibition against C. gloeosporioides and
L. theobromae reduced as the concentrations of thymol decreased, but both PBS + 10T and
PBS + 1SLNPs + 10T produced 100% inhibition against the tested fungi for 32 days. Since
temperature directly affects fungal growth [80] and the fungal metabolic activities impor-
tant for growth are slowed down at low temperatures, making the fungi dormant until
optimum temperature [81], samples were moved out to ambient temperature (30 ± 2 ◦C)
for further observation. After 10 days in ambient temperature, there was an average of
3.67 mm mycelial growth of C. gloeosporioides in PBS + 10T, and the calculated % inhibition
was 95.24%; however, mycelial growth was still not observed in PBS + 1SLNPs + 10T. Thus,
the inhibition remained at 100%. Meanwhile, for L. theobromae, the mycelia grew up to the
edge of the Petri dishes after ten days in PBS + 10T, resulting in zero inhibition. However,
an average of 39.42 mm mycelial growth was recorded in PBS + 1SLNPs + 10T, resulting
in 48.81% growth inhibition. The results signify that the presence of 1% SLNPs in the PBS
composite films containing thymol could significantly enhance the antimicrobial effects,
particularly in the final days of observation. This could be due to the molecular interaction
of SLNPs and thymol, particularly the substantial π-stacking between aromatic compounds
in thymol and aromatic units of lignin [82], which could retain thymol in the PBS matrix
for a longer period, leading to longer antimicrobial effectiveness.

3.2.3. Antimicrobial Activities of PBS Composite Films In Vivo

The antimicrobial activities on “Nam Dok Mai Si Thong” mango fruit in PBS composite
films containing 1% SLNPs and 10% thymol were quantified by determining the total area of
decay on the last day of observation, day 33. Mango samples were unpacked on this day due
to the unmarketable appearance of control mangoes and samples packed in neat PBS. There
were black-brown sunken circular spots observed on these mango samples, a manifestation
of the mango disease anthracnose, caused by C. gloeosporioides [83]. Additionally, these
fruit samples showed a dark-brownish area on the surface around the base of the fruit’s
stem end, an indicator of stem-end rot disease caused by L. theobromae [84]. Conversely, no
visible fruit diseases were observed in the early stage of storage, e.g., on days 3 and 6, as
shown in Figure 8.

49



Polymers 2023, 15, 989

 

Figure 7. Cont.

50



Polymers 2023, 15, 989

Figure 7. Growth inhibition of PBS composite films containing 1% SLNPs at 30 ◦C against (A) C.
gloeosporioides and (B) L. theobromae; at 12 ◦C against (C) C. gloeosporioides and (D) L. theobromae.
Values are presented as mean (n = 3) with the standard deviation represented by vertical bars. Means
followed by the same letter between treatments per day are not significantly different at p ≤ 0.05
using DMRT.

 

Figure 8. Mango fruit samples on days 3 and 6, stored at 12 ◦C and 90 ± 5% RH. (A) Control, (B) neat
PBS, (C) PBS + 10T, and (D) PBS + 1SLNPs + 10T.

Table 5 is the summary of the calculated total decay of the mango samples. Mango
fruit packed in neat PBS exhibited the largest total area of decay, with 17.2 cm2, followed by
control samples, with 16.0 cm2. This could be due to the saturated RH inside the package
(100% RH) compared to the % RH of the cold storage chamber (90 ± 5%). As shown in
the work of Dannemiller et al. [85], the fungal growth rate at 100% equilibrium RH was
higher than at 85% equilibrium RH. Meanwhile, 10% thymol in the PBS matrix significantly
inhibited the growth of the decay-causing fungal species, as shown by the low total area of
decay of 5.2 cm2. However, with the presence of 1% SLNPs in the PBS + 10T composite, the
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total area of decay was significantly (p ≤ 0.05) reduced further to 1.1 cm2. The results were
associated with what was obtained in the in vitro study.

Table 5. Total area of decay on day 33.

Treatment Decay Area (cm2)

CONTROL 16.0 ± 2.1 c

Neat PBS 17.2 ± 0.3 c

PBS + 10T 5.2 ± 0.7 b

PBS + 1SLNPs + 10T 1.1 ± 0.1 a

Means followed by the same superscript letter between treatments are not significantly different at p ≤ 0.05
using DMRT.

4. Conclusions

The incorporation of SLNPs into the PBS film containing thymol was shown to increase
the tensile strength, barrier against oxygen, thermal decomposition temperature, and
antifungal activities. FTIR results confirmed the good interactions among SLNPs, thymol,
and PBS matrix, and SEM corroborated the homogeneity of the PBS composite film. The
synergistic effects of SLNPs and thymol in the PBS matrix showed the strongest microbial
growth inhibition against C. gloeosporioides and L. theobromae, two major fungal species
that cause anthracnose and stem-end rot diseases in mango fruit, respectively. This work
showed that SLNPs could be an attractive natural alternative to synthetic substances for
enhancing polymer properties without compromising the biodegradability of the resultant
material. Furthermore, the results gathered are important and recommended for extending
the shelf life of many economically important fruit crops that are susceptible to anthracnose
and stem-end rot diseases. In addition, this natural alternative could potentially be applied
as an antimicrobial packaging for other food products.
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Abstract: Microbial development, enzymatic action, and chemical reactions influence the quality of
untreated natural orange juice, compromising its organoleptic characteristics and causing nutritional
value loss. Active low-density polyethylene (LDPE) films containing green tea extract (GTE) were
previously prepared by a blown film extrusion process. Small bags were prepared from the produced
films, which were then filled with fresh orange juice and stored at 4 ◦C. Ascorbic acid (AA) content,
sugar content, browning index, color parameters, pH, total acidity (TA) and microbial stability
were evaluated after 3, 7, and 14 days of storage. The packaging containing GTE maintained the
microbial load of fresh juice beneath the limit of microbial shelf-life (6 log CFU/mL) for the bacterial
growth, with a more prominent effect for LDPE with 3%GTE. Regarding yeasts and molds, only
the CO_LDPE_3GTE package maintained the microbial load of fresh juice below the limit for up to
14 days. At 14 days, the lowest levels of AA degradation (32.60 mg/100 mL of juice) and development
of brown pigments (browning index = 0.139) were observed for the packages containing 3% of GTE,
which had a pH of 3.87 and sugar content of 11.4 g/100 mL of juice at this time. Therefore, active
LDPE films containing 3% of GTE increase the shelf-life of fresh juice and can be a promising option
for storage of this food product while increasing sustainability.

Keywords: active packaging; orange juice; physicochemical characteristics; microbial stability; shelf-life

1. Introduction

Fruit juices are known for being a source of vitamins, soluble/insoluble fiber and
minerals, and their characteristic flavor makes them a product of high consumption [1].
In fact, processed products, specifically juice, are very popular because they are easily
consumed [2]. The processing and storage conditions, packaging and raw material are very
important factors for the stability of citrus juice as these factors determine the microbio-
logical, enzymatic, chemical, and physical changes that can spoil the juice’s sensory and
nutritional characteristics [1,3,4].

The high content of vitamin C (ascorbic acid), an essential nutrient for humans, in
orange juice and its pleasant taste makes it the most appreciated and consumed citrus
juice [1,2,5–7]. However, due to its nature, vitamin C can oxidize and be lost during
the juice storage period. Its degradation rate is highly dependent on storage conditions
such as temperature, dissolved oxygen, and the oxygen permeability of the packaging
material [2,8].

Fresh orange juice is extremely susceptible to microbial growth, which results in fast
deterioration. The deterioration of the organoleptic and physicochemical characteristics
is a major reason for the rejection of juice by customers [9]. Lactic and acetic acid bacteria
have been isolated from fruit juices, and many microorganisms found in juices are acid-
tolerant bacteria and fungi [10,11]. Usually, the most reported bacteria genera include
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Acetobacter, Alicyclobacillus, Bacillus, Gluconobacter, Lactobacillus, Leuconostoc, Zymomonas,
and Zymobacter [12,13].

The availability of nutrients, presence of antimicrobial compounds, oxidation-reduction
potential, water activity, and pH are the critical factors that influence the spoilage of juices,
with the last two factors being of crucial importance. The spoilage in juices results in
degradation of the product, which induces changes in appearance, color, texture, CO2 pro-
duction, cloud loss and the development of off-flavors [3,11,14,15]. The acidic properties
of fruit juices (pH < 4.5) act as a vital barrier to microbial growth. However, foodborne
pathogens such as, E. coli and Salmonella can persist at an acidic pH level due to the acid
stress response. Thus, in the last twenty years, several foodborne outbreaks related to
unpasteurized fruit juices have been reported in several countries [11,13,16,17].

The shelf-life of a food product is commonly recognized as the length of time during
which it is still suitable for consumption and sale with acceptable characteristics under
specified storage conditions, and is determined by its sensory characteristics (color, aroma
and taste). On a food label, shelf-life can be indicated by either a “best before” date that
indicates the quality of the food or a “use by” date that is linked to food safety. The
accuracy of the shelf-life prediction displayed on the package is important for both food
industries and consumers [18]. Active compounds can provide several functions when
incorporated into the packaging materials, which are an alternative to conventional pack-
aging systems [19,20]. There are several natural antioxidants, sweeteners, coloring and
antimicrobial agents originating from animals, plants, or even microorganisms, although
they have not been defined as a specific category for natural additives [21]. Several natural
substances can have an active function in the package. These include essential oils (EOs)
or extracts of plants that are known as Generally Recognized as Safe (GRAS). They can
be used as food additives not only to extend the shelf-life but also to preserve the food’s
quality for a long period of time [22–28]. The EOs/extracts have the potential function
of inhibiting microorganisms and reducing lipid oxidation due to their high content in
phenolic compounds and volatile terpenoids [27–29]. These compounds have several bio-
logical properties, such as antioxidant and antimicrobial activities [26–28,30–40]. Through
disruption of the cytoplasmic membrane, the active components of plant EOs/extracts
inhibit microorganism proliferation. In fact, these components disrupt the electron flow,
active transport and proton motive forces and inhibit protein synthesis [28,29]. The use of
EOs/extracts in food could decrease or substitute the dependence on synthetic antioxidants
and antimicrobial compounds, thereby meeting the consumer’s demand for more natural
products [26,27].

Since consumers demand more natural products, much research has been conducted
aiming to replace synthetic compounds with natural ones, such as plant extracts and
EOs, due to their benefits to human health. GTE is rich in flavonols and gallic acid
derivatives, namely, (+)-catechin, (-)-epicatechin, (+)-gallocatechin, (-)-epicatechin gallate,
(-)-epigallocatechin, and (-)-epigallocatechin gallate. GTE is described as a powerful source
of polyphenol antioxidants and already has the status of food additive [20,39–43]. Studies
on GTE have revealed its excellent antioxidant properties and nontoxicity in various
food model systems, which encourages its incorporation into polymer matrixes for the
development of active packaging films to prevent food oxidation [42–46].

This active packaging could help the food packaging industry to eliminate or reduce
spoilage and foodborne pathogens on the surface of products, and thereby, increase a
product’s shelf life. Thus, active packaging incorporating antimicrobial activity is one the
most promising methods to extend shelf-life while sustaining the nutritional and sensory
quality of food [47,48]. Moreover, in recent years, researchers have made efforts to develop
alternatives to multi-material packages in order to improve their recyclability. Thus, LDPE
packaging systems have been produced with the incorporation of nanoparticles or natural
compounds to increase juice preservation [7,49–51]. Therefore, the purpose of this study is
to evaluate the potential of GTE in a LDPE matrix as an innovative packaging to preserve
and extend orange juice shelf-life.
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2. Materials and Methods

2.1. Materials

Low-density polyethylene (LDPE) was kindly provided by Vizelpas—Flexible Films,
S.A. (Portugal) and GTE was supplied from ESSÊNCIAD’UMSEGREDO, LDA (Portugal).
Distilled water, phenolphthalein (indicator ACS, Merck, Darmstadt, Germany), and sodium
hydroxide (NaOH ≥ 98%, Merck, Darmstadt, Germany) were used in total acidity (TA) tests.
Ethanol (absolute ≥ 99%, Thermo Fisher Scientific, Waltham, MA, USA) was used in the
browning index assay. Sulfuric acid (H2SO4 ≥ 99%, Merck, Darmstadt, Germany), starch,
iodine solution (Merck, Darmstadt, Germany), and sodium thiosulfate (Na2S2O3 ≥ 99.99%,
Merck, Darmstadt, Germany) were used for the determination of ascorbic acid (AA) content.
Peptone water, plate count agar (PCA), and Dichloran Rose-Bengal Chloramphenicol agar
(DRBC) were acquired from Merck (Germany) and were used in microbiological tests.

2.2. Preparation of LDPE Active Films

LDPE active films were prepared according to the methodology already reported by
our group [46]. Briefly, a co-rotating twin-screw extruder (Leistritz AG LSM 34 6L) was
used to prepare a masterbatch of LDPE/10 wt.% GTE, at 170 ◦C. Then, this was diluted
into neat LDPE to produce monolayer and coextruded films of LDPE containing 1.5 and
3 wt.% of GTE by blown film extrusion.

Descriptions of the different active films produced for juice packaging based on LDPE
containing GTE are shown in Table 1.

Table 1. Packaging films based on LDPE/GTE.

Film Description

LDPE Monolayer film of LDPE
LDPE_1.5GTE Monolayer film of LDPE with 1.5 wt.% GTE
LDPE_3GTE Monolayer film of LDPE with 3 wt.% GTE
CO_LDPE_1.5GTE LDPE film coextruded with LDPE_1.5GTE
CO_LDPE_3GTE LDPE film coextruded with LDPE_3GTE

2.3. Packaging Orange Juice

To evaluate the packaging potential, an orange juice was selected which was produced
under ideal hygienic-sanitary conditions and without the addition of any preservatives
or preservation processes. Before the production of juice, the oranges were sanitized with
water and soap and all the equipment used in the process was previously sterilized in
an autoclave (Technal, AV-18, São Paulo, Brazil). The oranges were peeled and the juice
was extracted using a juicer. The juice produced containing pieces of orange pulp was
standardized with a 1 mm mesh filter and stored in a sterile glass container. The films used
for application were previously decontaminated using a laminar flow cabinet with UV light
(15 W) (Solab, SLH-656/4, New York, NY, USA) for 15 min of exposure on each side. Then,
small bags (14 × 13 cm) made from the produced films were sealed at the bottom, filled
with 300 mL of juice and closed aseptically.

2.4. Storage

The orange juice packages were stored in the dark and in cold conditions (4 ◦C). The
samples from a single package for each treatment were assessed with a total of 5 tests for
physicochemical properties including color, pH, sugar content, TA, browning index, AA
content and microbiological growth. The tests were conducted immediately after packaging
and after 3, 7, and 14 storage days.
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2.5. Measurement of Color, pH and Sugar Content

The juices were evaluated for color variations using a colorimeter (Minolta Chroma
Meter, CR-400, Konica Minolta, NJ, USA) with triplicate measurements. The equipment
uses the CIELab measurement system that measures the L* parameter (lightness index
scale) in a range from 0 (black) to 100 (white), the a* parameter that indicates the degree of
red (+a) or green (−a*) color and the b* parameter which measures the degree of yellow
(+b) or blue (−b*) color.

The pH measurement was performed using a pH meter (Even, PHS-3E, USA) at room
temperature. The sugar concentration was measured using a refractometer (Hanna, HI
96801, Judetul Cluj, Romania) which provides values referring to the amount in mg of
sugar in 100 mL of juice.

2.6. Total Acidity (TA)

To determine the TA, 5 mL of previously filtered juice was used, and homogenized with
25 mL of distilled water with 2 drops of 1% phenolphthalein solution. The mixture was titrated
with 0.1 M NaOH until a pink color appeared. TA was calculated using Equation (1) [52]:

TA =
(V × M × 100)

p
(1)

where V (mL) is the volume of NaOH spent in the titration of the juice; M is the molarity of
the standardized NaOH solution, and p (mL) is the amount of juice used.

2.7. Browning Index Measurement

A 10 mL sample of juice was collected from the package and centrifuged at 2000 rpm
for 20 min. The supernatant was homogenized in a 1:1 ratio with ethanol and filtered with
a 0.45-mm filter paper to obtain a clarified extract. The extract absorbance was read on a
UV-Vis. spectrophotometer at 420 nm [53].

2.8. Determination of Ascorbic Acid (AA)

The AA content was calculated according to Zambiazi [52], where 20 ml of juice was
mixed with 3 mL of H2SO4 (12 M) and 3 mL of starch (0.5% m/v). After homogenization,
the mixture was titrated with a standardized 0.01 M iodine solution until a dark color
appeared. Afterward, the solution was titrated again using 0.01 M sodium thiosulfate until
the dark color disappeared; finally, the solution was titrated one more time with 0.01 M
iodine until the reappearance of the dark color. The amount of AA present was calculated
by applying Equation (2):

AA = [(Vi × Fi) − (Vt × Ft)] × 0.88 (2)

where AA is the content of ascorbic acid present in the juice expressed in mg of ascorbic
acid/mL of juice, Vi (mL) is the total volume of iodine used in the titrations, Fi is the
correction factor obtained in the standardization of the iodine solution, Vt (mL) is the
volume of sodium thiosulfate used in the titration, and Ft is the correction factor for the
standardized sodium thiosulfate solution.

2.9. Microbiological Growth Tests

The microbiological growth of the bacteria, molds and yeasts in the juice were evalu-
ated. A sample of 1 mL of juice was aseptically collected for each different treatment and
diluted in tubes containing 9 mL of 0.1% (w/v; peptone/water) sterile peptone water. The
tubes containing juice and peptone water were manually shaken for approximately 1 min
at room temperature (25 ◦C). Then, the serial dilutions of the homogenates were prepared
for each treatment (100 to 10−6). For the growth of bacteria, 1 mL of each dilution was
added to petri plates and placed on plate count agar for in-depth homogenization. The
plates were incubated at 37 ◦C for 48 h, and subsequently counted for the determination of
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colony forming units (CFU). For the determination of the molds and yeasts, 100 μL of each
dilution was taken and inoculated on the surface of dicloran rose bengal agar. The plates
were incubated in an oven incubator at 25 ◦C for 5 days, and after that, the colonies were
counted as described above. All the microbiological tests were performed in triplicate [54].

2.10. Statistical Analysis

The resulting data was evaluated with Microsoft Windows Excel 365 and Origin-
Pro (Version 17) software. At least three replicates were used to express the results as
mean ± standard deviation. For the color analysis, an analysis of variance (ANOVA) was
applied as well as the Tukey’s test to determine significant differences with a 95% signifi-
cance interval. The software used was Statistics 5.0.

3. Results and Discussion

3.1. Ascorbic Acid (AA) and Browning Index

The evolution of AA content in orange juice packed in active LDPE and in LDPE film,
stored at 4 ◦C for 14 days, is shown in Figure 1A. The film that presented the best retention of
AA was LDPE_3GTE followed by CO_LDPE_3GTE, while the LDPE without GTE had poor
retention of AA, as expected. Since oxygen is one of the main components that contribute
to AA degradation and considering that the headspace was the same for all packages, the
only factor that can explain these variations in AA retention is oxygen permeability [2]. In
fact, the results indicate that the LDPE_3GTE film had the lowest permeability followed by
CO_LDPE_3GTE, LDPE_1.5GTE, and CO_LDPE_1.5GTE film, respectively. Considering
the limit of 20 mg/100 mL of AA value for shelf-life estimation [55], all LDPE active films
presented a higher value than the AA limit after storage for 14 days, whereas the lowest
value, 25.83 mg/100 mL, was obtained for LDPE_1.5GTE and CO_LDPE_1.5GTE film.
During the early stage of storage, the results indicate a fast degradation of AA, which was
followed by a gradual loss. This agrees with results obtained by other researchers [56,57],
and can be attributed mostly to the oxygen dissolved in the juice and in the headspace of
the package at the beginning of storage [53]. Indeed, the dissolved oxygen concentration
has a great impact on the AA oxidation rate. Solomon et al. [58] and Wilson et al. [59]
demonstrate that the rate of oxidation of AA is significantly associated with the level of
dissolved oxygen and with the duration of storage time. Throughout the storage period,
the oxygen permeation across the packaging contributes significantly to the extension of
the aerobic mechanism of AA oxidation in the active LDPE films [53,60]. Parameters such
as light, heat, oxygen, enzymes, and peroxides stimulated the oxidative process of AA [7,8].
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Figure 1. The content of AA (A), and browning index (B) in orange juice packed with neat LDPE
films and active LDPE films containing GTE stored at 4 ◦C for 14 days.
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Overall, after 14 days of storage, the final AA content in the juice varied from 18.36
to 32.60 mg/100 mL. Comparing these data with the minimum values recommended for
processed orange juice, it can be seen that they were lower than the value indicated as
minimum for industrialized juice, 40 mg/100 mL [61].

During the storage of citrus products, non-enzymatic processes are one of the most
critical chemical phenomena responsible for quality and color variations. Moreover, ascor-
bic acid degradation into dehydroascorbic acid (DHA) is known as the main chemical
reaction that occurs during the storage of all kinds of juice. More specifically, the resulting
DHA is converted to 2,3-diketogulonic acid (DKG), forming xylosone through the aerobic
pathway, which degrades to form reductones or ethylglyoxal. Then, these compounds
react with amino acids, yielding brown compounds. Therefore, there is a high-level of
correlation between the percentage loss of ascorbic acid and the increase in the browning
index [6,53,62]. This relationship is noticeable in Figure 1, where a significant decrease in
the AA content is observed for the packages during the storage at 4 ◦C, while browning
index, only increased slightly. The values of the browning index in fresh juice measured
immediately after packaging were 0.106 (Figure 1B). Leizerson and Shimoni [63] reported
values of the browning index up to 0.367, which leads to the conclusion that is still un-
detected in our case. It can also be seen in Figure 1B that the package with only LDPE is
the one that exhibits the highest browning index, as expected, following by a pronounced
increase from day 7 onwards. The package that demonstrated the lowest browning index
was LDPE_3GTE, which proves the influence of GTE as an antioxidant agent. In fact,
Roig et al. [57] and Bharate et al. found a relationship between the browning index and the
oxidative loss of L-ascorbic acid in citrus juices [62]. The results obtained for the browning
index are similar to the Zerdin et al. [53] study that determined the extent of AA loss due
to oxygen and temperature for orange juice packed in oxygen scavenging film and oxygen
barrier film. For the browning index, Cortés et al. [64], obtained lower values (0.093) than
those obtained in the present study; however, the temperature used in their study (2 ◦C)
was lower. According to the results of Emamifar et al. [7], the browning index increased
significantly for all packaging tested stored at 4 ◦C, agreeing with the values reached in
this study.

3.2. Color

The color of an orange juice is a crucial characteristic for the consumer’s initial pur-
chasing decision and for consumer perception about the food quality. Carotenoid pigments
are responsible for orange juice color and can be affected by product ripening, processing
treatments, storage conditions and browning reactions [7,8]. Table 2 depicts the evolution
of color parameters of orange juice packed in active LDPE films with and without GTE,
stored at 4 ◦C. It can be noticed that color parameters did not show significant variations
until 3 days of storage. After this time, L* values start to increase, suggesting an increase in
the brightness and light; a* and b* parameters did not present significant variations until
14 days of storage. Thus, there was no considerable variation in juice color. The L* parame-
ter increased in LDPE_1.5GTE after 7 days but at a lower rate than for CO_LDPE_1.5GTE.
Moreover, it was observed that LDPE_3GTE and CO_LDPE_1.5GTE were the samples
with higher brightness after 14 days. Concerning the a* parameter (variation between
red and green color), an increase in a* value was verified with a higher amount of GTE
(LDPE_3GTE =−0.13 ± 0.03) when compared with only LDPE (−1.26 ± 0.05), after 14 days
storage. Parameter b* (variation between yellow and blue color) showed an increase for
all packaging after 14 days of storage, with the largest increase for packaging with 3%
GTE. Thus, a color shift toward positive b* and negative a* directions indicate greater
values of yellow and green colors in the orange juice. These changes show the progressive
deterioration of the juice due to changes in the color spectrum.
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Table 2. The color parameters obtained for orange juice packaged in active LDPE films containing
GTE at different days of storage.

Orange Juice in Film: LDPE
LDPE

1.5GTE
LDPE
3GTE

CO_LDPE
1.5GTE

CO_LDPE
3GTE

Day 0
L* 41.47 a 40.95 a 39.04 b 40.96 a 40.29 a,b

a* −1.67 d −1.10 c 0.30 a −1.25 c −0.87 b

b* 20.10 a 20.04 a 18.32 b 18.80 b 18.78 b

Day 3
L* 40.67 c 41.59 b,c 42.98 a 42.94 a 42.57 a,b

a* −0.50 b,c −0.37 b 0.87 a −1.25 d −0.77 c

b* 20.17 c 22.77 b 25.96 a 22.89 b 23.42 b

Day 7
L* 43.05 b 42.56 b 46.15 a 47.10 a 43.67 b

a* −0.64 c −0.91 d 0.79 a −0.09 b −0.94 d

b* 23.36 b,c 22.46 c 29.07 a 28.79 a 24.26 b

Day 14
L* 46.65 a 43.33 c 45.65 a,b 45.51 b 43.41 c

a* −1.26 c −0.59 b −0.13 a −1.10 c −0.96 c

b* 28.03 a 24.27 c,d 26.40 b 25.40 b,c 23.68 d

Different superscript letters in the same line indicate a statistically significant difference (p < 0.05). Values are
given as mean, and standard deviation values are under 5% for all samples.

These color changes have a good correlation with the reduction of AA content and
the development of brown pigments during storage. A bleaching effect may be due to
the oxidation of carotenoids; consequently, the free radicals formed might be responsible
for the changes in the orange juice color [7,8]. Bull et al. reported an increase in the total
color variation with time during storage in fresh orange juice, regardless of treatment [65].
Esteve et al. obtained a slight decrease in L* at 4 ◦C for different commercial orange
juices [61]. Lee and Coates studied pasteurized orange juice and reported a small increase
in L* value from 40.22 to 41.22 [66]. Rivas et al. describe a decrease in the parameter L* for
pasteurized orange-carrot juice during refrigerated storage, and Cortés et al. observed that
L* values increased substantially after one week of refrigerated storage, which is also in
agreement with the findings of this study [64,67].

3.3. pH and Total Acidity (TA)

After 14 days of storage at 4 ◦C, the pH values of the juice studied in five different
packages were within the normal range (3–4), however, with significant differences among
them, as presented in Figure 2A. After 7 days of storage at 4 ◦C, the pH values of the
juice in different packages decrease from 4.73 (initial) to close to 3.85 (day 7), where the
CO_LDPE_3GTE and LDPE films had a larger decrease in pH values. In fact, the results
obtained are in agreement with the study by Touati et al. [68], which found that pH values
become significantly lower with storage, independent of the temperature. In addition, Bull
et al. observed a significant variation in pH in studies of pasteurized and high pressurized
orange juices stored for 12 weeks [65]. In contrast, Esteve et al. [61] did not detected
significant changes in pH values of various pasteurized orange and carrot-orange juices
refrigerated at 4 ◦C and 10 ◦C, and in the study by Cortés et al. [64], there was a statistically
significant increase in pH values for all the juices analyzed. This increase can be related to
a microbiological deterioration of juice, as described by Del Caro et al. [69], who studied
the changes in pH in citrus segments and juices during storage at 4 ◦C.
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Figure 2. pH indexes (A), and TA (B) of orange juice packed in active LDPE films containing GTE
and stored at 4 ◦C for 14 days.

When fermentation of orange juice occurs, the organic acids (produced from the
biochemical process due to the development of spoilage microorganisms) lead to pH
reductions which results in a specific flavor and palatability of the juice. In general, acid
environments protect against the growth of pathogens [9]. Citric acid is the most abundant
free acid in orange juice, followed by malic acid, and although in limited quantities, they
also appear as citrates or malates giving a buffer effect to orange juice. Non-volatile free
acids, such as oxalic, galacturonic and quinic acids and many others are found in smaller
quantities [61]. As would be expected, higher acidity corresponds to lower pH value.
Owing to the presence of this natural buffer medium in orange juice (based on mainly
potassium citrates and malates), pH variations are slightly more pronounced than acidity
variations. The TA in the five studied packages present similar behavior (Figure 2B), except
for the package made of CO_LDPE_1.5GTE film. During storage, acidity increased in all
juices until day 7, reaching a plateau. However, the CO_LDPE_1.5GTE film exhibited a
linear increase in total acidity with time, indicating the start of spoilage or fermentation of
the sample. These results are in agreement with those reported by Esteve et al. [58] and
by Supraditareporn and Pinthong [70] where a significant increase in acidity with storage
time was observed. The low pH values of orange juices (3–4) significantly limit the number
and types of bacteria that can survive or grow, especially the lactic acid bacteria, which are
spoilage microorganisms that cause the development of slime, gas, off-flavors, turbidity,
and changes in acidity [70].

3.4. Microbiological Analysis and Sugar Content

At the moment of packaging, the initial population of microorganisms inside the
orange juice was 1.79 × 103 CFU/mL for yeast and molds and 4.57 × 102 CFU/mL for
bacteria (Figure 3). These results indicate that despite the large population of bacteria, the
yeast and molds increased during storage, meaning that yeast and molds are better adapted
than bacteria to orange juice under refrigeration, as reported by Sadler et al. [71] and
Emamifar et al. [7]. Figure 3 shows that the population of yeast and molds, and bacterial
growth increased to 1.55 × 106 CFU/mL and 6.15 × 104 CFU/mL, respectively, after
14 days of storage inside the LDPE_3GTE package. Nevertheless, a significant deceleration
was observed in the growth rate and in the total count of bacteria population after 7 days
of storage, especially for LDPE_3GTE films.

64



Polymers 2023, 15, 50

0 3 7 14
102

103

104

105

106

Ba
ct

er
ia

l g
ro

w
th

 (C
FU

/m
L)

Time (days)

 LDPE
 LDPE_1.5GTE
 LDPE_3GTE
 CO_LDPE_1.5GTE
 CO_LDPE_3GTE

(A)

0 3 7 14
102

103

104

105

106

Time (days)

 LDPE
 LDPE_1.5GTE
 LDPE_3GTE
 CO_LDPE_1.5GTE
 CO_LDPE_3GTE

(B)

Figure 3. Count of bacterial (A) and yeast and molds (B) growth in orange juice packed from active
LDPE films containing GTE stored at 4 ◦C for 14 days.

For fresh orange juice, the shelf-life is defined as the required time need to reach a
microbial population of 6 log CFU/mL [72]. Moreover, previous studies have shown a shelf
life of 14 days for refrigerated orange juice (4 ◦C) [5,65,73,74]. The average population of
bacterial growth remained below 6 log CFU/mL until 7 days in all the packages, yet in the case
of yeast and molds, only the CO_LDPE_3GTE package remained below 6 log films at 7 days.
It is noteworthy that as the GTE concentration increases, the antimicrobial activity is enhanced,
yet for the same GTE concentrations, the LDPE_3GTE package exhibited a higher antibacterial
activity compared with CO_LDPE_3GTE, even after 14 days of storage. Considering the
results obtained, it is possible to verify that the increased GTE concentration in the packages
has a more prominent effect on antibacterial activity than on antifungal activity after a week
of storage, and the LDPE_3GTE packages maintained the same pattern over time, always
having higher antimicrobial activity than the other active packages. Thus, yeast, molds, and
bacteria exhibit different levels of sensitivity to the GTE incorporated in active LDPE films.
Published studies demonstrate that the yeast growth during storage is the principal parameter
that affects the shelf life of natural orange juice [1,74].

Muriel-Galet et al. characterized the antimicrobial efficiency of polypropylene/ethylene-
vinyl alcohol (EVOH) films with oregano essential oil and citral and verified that antimicro-
bial activity reduced spoilage flora on salad and was more effective against Gram-negative
bacteria [75]. Another study assessed the antimicrobial effect of GTE and oregano essential
oil incorporated in EVOH films, which showed strong antimicrobial activity against the
tested microorganisms, and films containing GTE also inhibited the growth of L. mono-
cytogenes and E. coli in liquid media; however, a synergistic antimicrobial effect was not
detected [39]. The study of Dong et al. [28] based on bilayer LDPE active packaging with
the incorporation of rosemary and cinnamon essential oils revealed an effective retardation
of the growth of the total viable count in Pacific white shrimps, showing that the cinnamon
essential oil exhibited stronger antimicrobial effects than rosemary essential oil.

The initial value of sugar concentration in orange juice for the different packages
was 12.7 g/100 mL. After 3 days of storage, orange juice showed a decrease in sugar
concentration by about 9.45% in all packages, where juice in the LDPE_1.5GTE packaging
film showed the higher reduction (≈11%). From the day 3 to the end of storage (14 days),
the sugar concentration remained practically constant, as can be seen in Figure 4. The
reduction in sugars concentration is correlated with the increase in microorganism growth
in the juice, as can be seen in Figures 3 and 4. As yeast and mold populations increase, there
is a consumption of sugars that are transformed into carbon dioxide through a fermentation
process and, which consequently, contributes to a decrease in the sugar concentrations.
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Figure 4. Sugar content in orange juice packed in active LDPE films stored at 4 ◦C for 14 days.

4. Conclusions

The results show that final content of AA after 14 days of storage varied from 18.36
to 32.60 mg/100 mL, which is lower than the reference value for industrialized juice
(40 mg/100 mL). The decrease in the amount of AA is correlated with an increase in
browning values; thus, the LDPE packages had the greatest decrease in AA content and
also the highest browning index. The juices with higher AA content and lowest browning
index were the ones packed in film containing 3% GTE (both monolayer and co-extruded).
Other parameters, such as pH and TA, showed different patterns. Although pH decreased
by approximately 21%, the TA increased. The most promising packaging for increasing the
juice shelf life was verified through microbiological analysis. This analysis showed that
the increased GTE concentration in the LDPE films had a more pronounced effect on the
bacteria than the fungi after a week of storage. Therefore, it can be concluded that GTE is
more effective as an inhibitor of bacterial growth in orange juice.

It is important to mention that the orange juice used in this study is a natural juice
without any additional preservatives and usually has a short shelf life between 3 and 4 days.
Overall, the microbiological activity of the produced active LDPE films demonstrates that,
at least 14 days are necessary for the growth of bacteria, yeasts and molds to reach the
limit value of 6 log. The addition of GTE had a positive effect on the inhibition of bacterial
growth, being most effective for the monolayer film with 3% GTE.

Based on the results from this investigation, we conclude that the LDPE_3GTE package
is the most suitable for storage of orange juice for 14 days at 4 ◦C. Juice stored in this package
maintained a higher concentration of AA, had a lower browning index and had the most
resistance to bacterial growth. Thus, active LDPE films containing GTE are effective as a
new approach to preserve and extend the shelf-life of fresh orange juice at 4 ◦C.

As a general conclusion, to achieve their desired properties as a gas/light barrier or
for mechanical stability, conventional food packaging systems are made of multi-material
products. For example, Tetra Pak@ packages have paperboard, aluminum, and LDPE
layers, which have a complex manufacturing process and are difficult to recycle. Therefore,
a package made of a single polymer will have lower production costs, a smaller carbon
footprint as well as increased shelf-life and sustainability.
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Abstract: Oxygen scavengers are valuable active packaging systems because several types of food
deterioration processes are initiated by oxygen. Although the incorporation of oxygen scavenger
agents into the polymeric matrices has been the trend in recent years, the release of volatile organic
compounds (VOC) as a result of the reaction between oxygen and oxygen scavenger substances is an
issue to take into account. This is the case of an oxygen scavenger based on a trans-polyoctenamer
rubber (TOR). In this work, the design of an oxygen scavenger multilayer system was carried out
considering the selection of appropriate adsorbents of VOCs to the proposed layer structure. Firstly,
the retention of some representative organic compounds by several adsorbent substances, such
as zeolites, silicas, cyclodextrins and polymers, was studied in order to select those with the best
performances. A hydrophilic silica and an odor-adsorbing agent based on zinc ricinoleate were the
selected adsorbing agents. The principal VOCs released from TOR-containing films were carefully
identified, and their retention first by the pure adsorbents, and then by polyethylene incorporated
with the selected compounds was quantified. Detected concentrations decreased by 10- to 100-fold,
depending on the VOC.

Keywords: oxygen scavenger; active packaging; food packaging; multilayer film; volatile organic
compound; VOC

1. Introduction

Active packaging is an emerging food technology based on a deliberate interaction
of the packaging with the product and/or its headspace to improve food quality and
safety. Active packaging refers to those materials intended to interact with the internal
gas environment and/or directly with the product with a beneficial outcome. Some of
these newly employed technologies modify the gas environment by removing gases from
or adding gases to the package headspace [1,2]. Oxygen scavengers are one of the most
interesting active packaging systems since the presence of oxygen is known to trigger
many food deterioration reactions, such as lipid oxidation, color changes, nutrient losses
and microbial growth [1–3]. In comparison with other packaging technologies, such as
Modified Atmosphere Packaging (MAP) and vacuum packaging, oxygen scavengers may
greatly reduce the oxygen level in the headspace to less than 0.1 vol%, leading to an
extended shelf life. In most commercial applications, oxygen-adsorbing substances have
been included in sachets that are inserted into the package or as adhesive labels bonded to
the inner wall of the package [4–7]. Nevertheless, this system presents some disadvantages,
such as a possible accidental ingestion or misuse by the consumer, consumer rejection,
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and the need of an additional packaging operation to insert the sachet in each package.
Therefore, although this technology is well established, these inconveniences have been the
driving force of more recent developments, such as closure liners containing the oxygen
scavenger, dissolution or dispersion of the active substances in the plastic material [8].
In this regard, designing functional polymeric materials that include the active agents in
their structure and ensuring that these active substances do not cause relevant effects on
packaging functional properties are both key factors. Metal and metal derivatives, such
as finely divided palladium, cobalt or iron, and organic and fatty acids have been broadly
used as active substances in the development of oxygen scavengers [3,4,6,9]. Regarding the
polymeric material for use in an oxygen scavenging composition, this should exhibit good
processing characteristics, be able to be formed directly into useful packaging materials, or
have high compatibility with those polymers commonly used in food packaging designs.

Several research works and patent applications have disclosed that ethylenic-unsaturated
hydrocarbons, such as squalene, fatty acids, or polybutadiene, present sufficient commer-
cial oxygen scavenging capacity to extend the shelf life of oxygen-sensitive products [9–11].
These unsaturated hydrocarbons, after being functionally terminated with a chemical group
to make them compatible with the packaging materials, can be added during conventional
melt–mixing processes to thermoplastics, such as polyesters, low-density polyethylene
(LDPE) and polypropylene (PP), and the films can be obtained using most conventional
plastic-processing techniques, such as co-injection or co-extrusion. 1,2-polybutadiene is
especially preferred thanks to its transparency, mechanical properties and processing char-
acteristics similar to those of polyethylene [9,10,12]. The main problem of this technology
is that during the reaction between these polyunsaturated macromolecules and oxygen,
byproducts such as organic acids, aldehydes, or ketones can be generated, which are
volatile organic compounds (VOCs) that can affect the sensory quality of the food or raise
food regulatory issues [4,9]. This problem can be minimized through two strategies: (i) the
use of functional barriers located between the food product and the scavenger layer that im-
pede the migration of undesirable oxidation products, but allow oxygen transfer [13]; and
(ii) the use of VOC adsorbent materials, either polymers with inherent organic compound-
scavenging properties or the incorporation of adsorbers within the polymer structure (i.e.,
silica gel, zeolites, etc.).

In the present work, the oxygen scavenger component is based on trans-polyoctenamer
rubber (TOR) in combination with a catalyst with several characteristics that made this
product attractive for food packaging applications. Because the release of VOCs, such as
organic acids, aldehydes and ketones, can become a drawback, the design of an oxygen
scavenger multilayer system was carried out from the selection of appropriate adsorbents
of VOCs to the proposal of the multilayer structure.

Therefore, the aim of this study was the reduction of VOCs released by TOR-containing
films into the package headspace through the incorporation of a functional barrier with
VOC adsorbents in the packaging system. Different adsorbing substances, such as zeolites,
cyclodextrines and polymers, were tested in order to select and later develop the multilayer
packaging system. The necessary milestones for the development of an efficient commercial
prototype were detailed, from the selection of efficient adsorbents to the processing of the
resulting multilayer system.

2. Materials and Methods

2.1. Materials

Films from TOR masterbatch (TM) were prepared and supplied by Evonik as experi-
mental test specimens. These films, 50 μm low-density polyethylene (LDPE) film containing
10%wt. of TOR and tri-layer 10/10/10 μm (passive/active/passive) LDPE film containing
10%wt. of TOR in the active layer were supplied in high barrier Aluminum/LDPE bags
under vacuum until use.

Adsorbents (supplier): Sylysia (Syl) SY350 and Dumacil (Duma) 100 FG K (Fuji Sylysia,
Bussi, Italy), Tego Sorb PY 88 TQ (Tego) (zinc ricinoleate) (Evonik, Essen, Germany), β-
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cyclodextrin (βCD) and hydroxypropyl-β-CD (HPβCD), commercially named as Cavasol
W7 and Cavamax W7, respectively (Wacker Chemie AG, Munich, Germany), Selvol Ultiloc
5003 (polyvinyl alcohol/polyvinyl amine) (Sekisui, La Canonja, Spain) and Tenax TA
60–80 mesh (modified polyphenylene oxide) (Merck Life Science S.L.U., Madrid, Spain).

Formic acid, acetic acid, hexanoic acid, acetaldehyde, propanal, valeraldehyde, hex-
anal, acetone, amyl formate and cyclooctane were purchased from Merck Life Science S.L.U.
(Madrid, Spain).

AGILITY EC 7000 Performance LDPE, 0.919 g/cm3, melt index 3.9 g/10 min, and
maleic anhydride grafted polyethylene used as tie layer Amplify TY-1057-H were purchased
from Dow Chemical (Barcelona, Spain). Ethylene vinyl alcohol copolymer (EVOH) Eval
F171B, metallocene linear low-density polyetlylene (mPE) Supeer 8115 and polypropylene
(PP) Moplen RP 310 were supplied by Kuraray-Eval Europe (Zwijndrecht, Belgium), Sabic
(Cartagena, Spain) and Lyondell Basell (Vilaseca, Spain), respectively.

2.2. Selection of Adsorbents
2.2.1. Analysis of Retention Capacity of Adsorbents

Formic acid, acetic acid, hexanoic acid, acetaldehyde, propanal, valeraldehyde, hex-
anal, acetone, amyl formate and cyclooctane were selected as representative volatile organic
compounds (VOCs) to carry out the evaluation of the adsorption capacity of adsorbents.

Fifty mg samples of each specific adsorbent were placed in a 22 mL vial, and the vial
was hermetically sealed with an aluminum cap and butyl rubber/polytetrafluoroethylene
(PTFE) septum. In parallel and for each organic compound, a known volume of the VOC
was injected in a 120 mL glass vial closed with a butyl rubber/PTFE septum previously
heated at 150 ◦C. The substance was allowed to evaporate for 30 min and then a calculated
amount of the headspace was withdrawn and injected in the 22 mL vial with the adsorbent,
to put quantities in the range 20–100 μg/vial in gas phase. These samples were allowed
to equilibrate during 24 h at 23 ◦C. Then, 1 mL of the headspace was withdrawn and
injected in the injection port of an Agilent 7890 gas chromatograph (GC) equipped with
flame-ionization detection (FID) (Agilent, Las Rozas de Madrid, Spain). The GC conditions
were as follows: 200 and 300 ◦C were the injector and detector temperatures, respectively;
Agilent HP5 column (30 m, 0.32 mm diameter, 0.25 μm) with a 15 mL/min constant flow
of He and 5:1 split; oven at 40 ◦C for 3 min, 10 ◦C/min to 80 ◦C, 40 ◦C/min to 200 ◦C and
4 isothermal min at 200 ◦C. The response of the GC was previously calibrated for each VOC
by injecting known amounts. Vials without adsorbent were also included as controls. The
amount of VOC retained by the adsorbents was indirectly calculated through the difference
between the concentrations of VOCs in samples with adsorbents and controls. The results
were calculated following Equation (1) and expressed as partition coefficient (K) values:

[VOC]adsorbent

(
g
g

)
=

[(
[VOC]headspace (

g
mL )

control−[VOC]headspace (
g

mL )
sample)·22 mL

]
50·10−3 g ;

K =
[VOC]adsorbent

(
g
g

)
[VOC]headspace (

g
mL )

(1)

2.2.2. Analysis of Retention Capacity of Adsorbents

The three substances with best performances as VOC adsorbents were selected and
tested via their exposure to 100 μg of a single VOC in vapor state. The retention of VOCs
by increasing amounts of pure adsorbents was analyzed (approximately from 30–50 mg).
The sorption was analyzed by GC, following the same procedure described in Section 2.2.1.

2.3. Assessment of the Oxygen Scavenging Activity of the TM Product

The oxygen scavenging activity of these two types of films, a 50 μm thick LDPE-based
monolayer containing the TM oxygen scavenger at a 10%wt. concentration and a 30 μm
3-layer (10/10/10) LDPE film with the center layer containing 10%wt. scavenger were
analyzed in order to confirm their efficiency. The oxygen concentration in the headspace
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was measured over time by a non-invasive method based on phosphorescence quenching
of a sensor dye. An Oxy-4 multichannel oxygen meter equipped with 4 polymer optical
fibers and the Measurement Studio 2 software (PreSens, Regensburg, Germany) were used.
In 250 mL wide-mouth glass bottles with glass stoppers, calibrated oxygen sensor spots
PSt3 (Presens) were adhered on the inner wall of the bottle, and a film sample (1.2 g and
3.6 g of monolayer and 3-layer films, respectively) was introduced in the bottle and was
immediately closed with vacuum paste. Adapters for round containers were set on the
outside of the bottles fixing the optical fibers for sequential readings.

2.4. Analysis of the Capacity of Retention of VOCs Released by TM-Containing Films
by Selected Adsorbents

The principal released VOCs by these films were identified and their retention capacity
by the adsorbents selected in Section 2.2 was tested alone and in combination in order to
study their synergistic/antagonistic effect. Adsorbents were exposed in a closed container
to the VOCs delivered to the headspace by the oxygen scavenging 3-layer 10/10/10 μm
film and their adsorption capacities were tested. The 3-layer film was selected because the
potential application on food packaging would be more similar to this system because the
oxygen scavenger components should not be in direct contact with the food. The amount
of film was ca. 250 mg, and approx. 10 mg of every adsorbent was used on every test.

In a 22 mL vial, weighted amounts of the specific adsorbent or adsorbents were intro-
duced. Then, pieces of the active film were weighed and included in the vial, which was
hermetically sealed with an aluminum cap and rubber/PTFE septum. The samples were
allowed to equilibrate during 72 h. Then, a carboxen/polydimethylsiloxane CAR/PDMS
Solid Phase Microextraction (SPME) fiber was introduced in the vial and allowed to adsorb
for 20 min. The SPME fiber was introduced in the injector of a gas chromatograph for the
desorption of all VOCs. The GC was equipped with a mass detector and the compounds
were identified using the NIST (National Institute of Standards and Technology) library.
Samples without adsorbent were also included as controls.

The GC conditions were as follows: 250 ◦C the injector temperature; Agilent HP-
5MS (5% phenyl methylpolysiloxane) column (30 m, 0.25 mm diameter, 0.25 μm) with a
0.92 mL/min constant flow of He and 5:1 split; oven at 40 ◦C for 4 min, 10 ◦C/min to 220 ◦C
and 10 isothermal min at 220 ◦C. The conditions of the MS detector were: 1000 gain factor,
voltage of 1692 V, frequency at 3.1 scans/s, step size at 0.1 m/z, MS source at 230 ◦C and
MS quad at 150 ◦C. For each VOC found, a characteristic ion of the substance’s MS spectra
was selected, and the number of those characteristic ions was monitored to determine the
adsorbent efficiency. No calibration was carried out. The percentage of VOCs retained
by the adsorbent was indirectly calculated by the difference between the samples with
adsorbents and the controls.

2.5. Development of Films including Adsorbents

LDPE formulation compounded with 5 wt.% of Sylysia and 5 wt.% of TegoSorb was
prepared by melt extrusion processing using a twin-screw extruder Coperion ZSK 26 Mc
(Coperion, Stuttgart, Germany). LDPE pellets and Sylysia were fed through the main
hopper of the extruder while Tegosorb was introduced inside the extruder through a side
feeder. The temperature profile along the 10-barrel zones from hopper (zone 1) to die (zone
10) was 185–195–200–205–200–200–200–205–205–205 ◦C, the applied screw rotation speed
was set at 550 rpm, and the throughput was 12 kg/h. Then, the compounded sample in
pellet form was transformed into a film of around 35 μm using a single-screw extruder
Brabender Stand-alone KE 30/32 (Brabender® GmbH & Co. KG, Duisburg, Germany)
equipped with an extrusion roller calender line. The temperature profile along the 6-barrel
zones from hopper (zone 1) to die (zone 6) was 185–185–190–190–200–200 ◦C, screw speed
50 rpm and a roll speed of 14 m/min.

Their activities to scavenge released VOCs by TM-including films were analyzed
as follows. In a 22 mL vial, a weighted mass of TM-monolayer film (Section 2.3) was
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included in the vial and then the same weight (“one side”), twice the weight (“two sides”),
and four times the weight (“double two sides”) of the VOC-scavenger film were included
in vials and closed. After 5 days, the headspace of the vials was analyzed by GC-MS.
The sample named as “one side” represented a potential 3-layer film containing one
pristine PE layer, the TM layer and the VOC scavenging layer. The “two sides” sample
represented a potential 3-layer film containing a VOC scavenging layer, the TM layer and
VOC scavenging layer. The “Double two sides” sample represented a potential 3-layer film
containing VOC scavenging layer, the TOR layer and the VOC scavenging layer but with
double the content of Sylysia and Tegosorb adsorbents. The GC conditions of analysis were
analogous to Section 2.3.

2.6. Development and Efficiency of Oxygen Scavenger Packaging Systems including TM-Active
Agent and VOC Adsorbers

The 10-layer structure was developed in three different steps by employing a coex-
trusion line equipped with three single-screw extruders (Dr Collin E30P, 25 L/D, COLLIN
Lab & Pilot Solutions GmbH, Maitenbeth, Germany). The equipment has a feed-block
that can provide up to five layers (ABCBA), and different multilayer rearrangements (e.g.,
ABC, BCB, ACA), bilayer (AC, BC) or monolayer structures. The first step consisted of the
preparation of a 5-layer LDPE/tie/EVOH/tie/LDPE coextruded structure with an overall
thickness of 33–36 μm. The processing parameters to obtain the symmetrical five layer
“ABCBA” structure are displayed in Table 1. The chill roll temperature and the line speed
were set at 60 ◦C and 20 m/min, respectively.

Table 1. Parameters and scheme of the first step of the multilayer development: a LDPE/tie/
EVOH/tie/LDPE film structure.

Screw Speed
(rpm)

T1 1 (◦C) T2 1 (◦C) T3 1 (◦C) T4 1 (◦C) T5 1 (◦C) COEX (◦C) DIE (◦C)

Extruder A 120 165 180 180 180 180

210 200Extruder B 25 165 175 175 180 185

Extruder C 55 205 220 220 220 220

Scheme

1 T1 to T5 are the five heating zones of the extruder screw.

Thereafter, a coextrusion lamination of a PP/mPE bilayer structure over the 5-layer sys-
tem was carried out, leading to a final overall thickness of 53–60 μm after this stage. Thus,
a 7-layer structure as described in Table 2 was obtained. Finally, the third stage consisted of
the coextrusion lamination of three-layer structure LDPE-VOC/LDPE + 33% TOR/LDPE-
VOC over the 7-layer structure obtained previously to obtain a final multilayer system of
10 layers. The processing parameters of this stage to obtain the three-layer structure “ACA”
extrusion-laminated over the 7-layer substrate are described in Table 3. The chill roll temper-
ature and the line speed were set at 90 ◦C and 22 m/min, respectively, and the final dimen-
sions of the 10-layer (PE-VOC/PE-TM/PE-VOC/LDPE/tie/EVOH/tie/LDPE/mPE/PP)
structure were 300 mm width and 85 μm thickness, approximately. A similar structure was
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prepared by extruding LDPE without adsorbents in A to prepare a control with TOR but
without VOC adsorbents (PE/PE-TM/PE/LDPE/tie/EVOH/tie/LDPE/mPE/PP).

Table 2. Parameters and scheme of the second step of the multilayer development: PP/mPE coextru-
sion lamination onto LDPE/tie/EVOH/tie/LDPE.

Screw Speed
(rpm)

T1 1 (◦C) T2 1 (◦C) T3 1 (◦C) T4 1 (◦C) T5 1 (◦C) COEX (◦C) DIE (◦C)

Extruder A

210 200Extruder B 5 190 215 225 240 245

Extruder C 80 210 240 240 240 240

Scheme

1 T1 to T5 are the five heating zones of the extruder screw.

Table 3. Parameters and scheme of the third step of the multilayer development: PE-VOC/PE-
TM/PE-VOC coextrusion lamination onto LDPE/tie/EVOH/tie/LDPE/mPE/PP.

Screw Speed
(rpm)

T1 1 (◦C) T2 1 (◦C) T3 1 (◦C) T4 1 (◦C) T5 1 (◦C) COEX (◦C) DIE (◦C)

Extruder A 120 165 190 190 195 200

205 205Extruder B - - - - - -

Extruder C 100 190 190 190 195 200

Scheme

TM 

1 T1 to T5 are the five heating zones of the extruder screw.

The final thickness distribution of the 10-layer structure was evaluated by optical
microscopy in transmittance mode using a Leica DM/LM optical microscope.

An amount of 1 g of the 10-layer film was hermetically closed in a 22 mL vial with air.
After 5 days, an analysis of the vial headspace was conducted to compare the amount of
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volatile compounds released from films. A similar set-up was prepared with the control
10-layer film. The percentage of VOCs retained by adsorbents was evaluated.

2.7. Statistical Analysis

Analysis of variance (ANOVA) and Fisher’s multiple range test of the DSC and
mechanical parameters, permeability, and overall migration data were performed using
Statgraphics Plus 5.1. The number of replicates of the ANOVA analysis was stated in the
experimental procedure for each test. Statistical comparisons were made from a randomized
experimental design with a confidence level of 95%. Results were reported as the mean
and standard deviation. A p-value less than 0.05 indicated that the mean values were
significantly different between the samples.

3. Results and Discussion

3.1. Adsorption Capacity of VOC Adsorbents

As mentioned in the introduction, unsaturated polyolefins are excellent oxygen scav-
enger materials but, during the oxygen reaction process, chain scission occurs releasing
low-molecular-weight oxidized organic compounds including organic acids, aldehydes
and ketones. This is what occurs when TOR containing films are exposed to atmospheres
containing oxygen. Thus, in order to reduce the release of VOCs into package headspace,
several adsorbent materials were exposed to individual volatile compounds to check their
adsorption capacity. The selected volatiles were mainly short chain organic acids and
aldehydes. Also, acetone, amyl formate and cyclooctane were selected as representative
compounds of the ketone, esters and hydrocarbon families.

Figure 1 shows the partition coefficients between adsorbents and headspace for all
tested volatile organic compounds. Silica is a solid form of silicon dioxide and is spe-
cially synthesized to be highly porous. Although SiO2 is a polar compound, the surfaces
of functionalized silica are usually covered with a layer of hydroxyl groups which can
be largely substituted through treatment with suitable reagents to reduce polarity [14].
Adsorption results of Sylysia SY350 (Syl) in this first adsorption analysis evidenced this
hydrophilic silica as a potential adsorbent to scavenge VOCs from TOR byproducts. This
silica presented K values above 1000 for carboxylic acids, aldehydes, ketones and esters,
although K values were lower for cyclooctane due to the increased apolar character of this
alkane. On the contrary, the hydrophobic silica Dumacil 100 FG (Duma) did not present
relevant adsorption values for any of the tested organic substances. Previous works have
already shown the effects of physical structure and chemical modification of adsorbents on
the adsorption performance [15,16].

Tego active agent, a product from Evonik, is a masterbatch of LDPE-containing zinc
ricinoleate, the zinc salt of the major fatty acid found in castor oil often used as an odor-
adsorbing agent [17,18]. The most relevant K values presented by this product were
towards organic acids, but relevantly towards more apolar compounds and those with
higher molecular weights, such as cyclooctane.

Cyclodextrins (CDs) are cyclic oligosaccharides which have been widely used as
scavengers of organic compounds of low polarity. They present a truncated cone shape
with a polar outer surface and an apolar inner surface [19,20]. Among the diverse CDs, βCD
has been reported to complex several types of organic compounds. This CD has also been
functionalized to improve their compatibility with polymers or water solubility. This is the
case of hydroxypropyl-βCD (HPβCD), obtained through the functionalization of hydroxyl
by hydroxypropyl groups, and commonly used for the complexation of poorly soluble
drugs [21,22]. In general, both CDs presented acceptable K values, with the retention
capacity of both tested CDs being very similar.
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Figure 1. Partition coefficients (K) for the selected volatile organic compounds between the tested
adsorbents named in the x-axis and the headspace. “a, b, c and d” indicate significant differences
among the K values of each organic compound between adsorbents.

Ultiloc 5003 (Ultiloc) is a novel copolymer of vinyl alcohol and vinyl amine that was
selected as a potential aldehyde scavenger since aldehydes are known to react with pri-
mary amines to produce Schiff bases [23,24], and these aldehydes, especially C5 to C8,
are known to promote rancid off-flavor which can affect sensory properties in food pack-
aging applications. Nevertheless, a low adsorption capacity was observed for polyvinyl
alcohol/polyvinyl amine Ultiloc.

Finally, Tenax, a modified polyphenylene oxide and powerful adsorbent commonly
used for the trapping of VOCs in water samples, or as food simulant of solid foods in
migration tests, did not present the expected results for most VOCs, although its adsorption
capacity towards molecules with higher molecular size, such as hexanoic acid, amylformate
and cyclooctane, was quite high.

From this first analysis, Syl, Tego and βCD were the adsorbents with better per-
formances, and particularly, Syl was the material that presented the greatest adsorption
capacity on most VOCs; Tego seemed to provide good adsorption properties to organic
acids and alkanes but showed a lower capacity with aldehydes, and βCD presented an
average adsorption capacity to all compounds and their incorporation in polymers can be
performed easily through extrusion rather than HPβCD. Tenax (60–80 mesh), due to its
high cost, low availability and large particle size, was discontinued for further tests.

The effect of increasing the amount of adsorbents with the best performances on
VOC retention was also analyzed to assess whether the retention capacity measured is a
consequence of a partition or is an exhaustion of the adsorption capacity. Figure 2 shows
two examples of the results obtained for the capacity of increasing amounts of Syl, Tego
and βCD in retaining acetic acid, and valeraldehyde. As can be seen, K values for the tested
VOCs and the three adsorbents did not present any trend with respect to the amount of the
solid sample included in the analyses. Although some variations were observed, in general,
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it can be concluded that partition equilibria of the VOCs between the adsorbent and the
headspace were achieved. These results also confirmed that Syl retained relevant amounts
of most polar VOCs thanks to its hydrophilic character but failed to retain alkanes and
alkenes. Tego was good for acids but performed greatly with hydrocarbons. βCD always
presented intermediate K values, being, therefore, discarded for the following trials.

Figure 2. Partition coefficients (K) for acetic acid and valeraldehyde between Syl, Tego and βCD
adsorbents and the headspace (the amount of adsorbent increases from left to right for each adsorbent
and VOC). “a and b” indicate significant differences among the K values of each organic compound
between adsorbents.

3.2. Oxygen Scavenging of TOR-Containing Films

Two LDPE films containing oxygen scavenger TM were successfully developed
through melting extrusion: a 50 μm thick LDPE based monolayer containing TM at 10%wt.
and a 30 μm 3-layer (10/10/10) LDPE film with the center layer containing 10%wt. scav-
enger. Both films were supplied by Evonik in aluminum/PE pouches under vacuum.

First, the oxygen scavenging activities of these active films were analyzed using Oxi-4
Presens equipment. Oxygen scavenging activities were periodically measured for 5 days
and their resulting kinetics are graphed in Figure 3.

Figure 3. Kinetic oxygen scavenging activities of (a) both mono (50 μm) and trilayer (10/10*/10 μm)
active films at room temperature; (b) and trilayer films at room temperature and 7 ◦C. Note:
(*) indicates the layer containing TM.
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As Figure 3a shows, both oxygen scavenger films presented a similar kinetic profile
and final oxygen scavenging activities. At first, the monolayer showed slightly faster
scavenging activity probably due to the easier accessibility of TM scavenger to oxygen,
but, in general, oxygen scavenging activities of both films were not relevantly different,
probably due to the highly oxygen-permeable characteristic of LDPE. The final data of the
oxygen scavenging capacities were 351 ± 9 cm3 and 349 ± 17 cm3 per gram of active agent
incorporated into the film for the monolayer and the 3-layer, respectively, values obtained
after 5 days of exposition to air. Assuming the 3-layer 10/10*/10 μm structure with the
scavenger at 10%wt. load, the scavenging capacity will be 316 ± 8 cm3/m2. These values
are excellent when compared to other potential scavengers: polybutadiene with cobalt salt
scavenge of 15 mg/100 mg of polymer (0.2 mL/g) [12,25], iron-based sachets, ca. 45 mL/g,
2.5 mL/g of an iron–kaolinite composite in LDPE [26], or polymer composites including
TiO2 cs. 30 mL/g [27].

Figure 3b showed that the scavenging activity of the 3-layer active film was slightly
slower and lower at lower temperature (7 ◦C), and higher deviation values between samples
were found. The increase in oxygen scavenging activity with the temperature has also
been observed when using antioxidants as oxygen scavenger, such as gallic acid and tea
polyphenols, because their activities increased at higher temperatures [28,29].

3.3. VOC Retention of Selected Adsorbents in Real Condition Testing

The use of polyalkenes for oxygen scavenging activity results in the generation of
oxidation products from allylic carbon hydrogen bonds oxidative degradation that can
turn out a problem due to their pungent odor of these byproducts, referred in this work as
Volatile Organic Compounds (VOCs) [9,30]. Therefore, the capacity of adsorbents selected
in Section 3.1 to retain VOCs released by the active 3-layer films containing TM was
analyzed in order to diminish this secondary effect.

First, the main volatile compounds released from TM were identified by gas chro-
matography mass spectrometry using the NIST library. The corresponding compounds
were quantitatively measured attending to their most relevant ions. Table 4 presents the
identified compounds, their retention time, and the ion mass utilized for quantification.

Table 4. Compounds tentatively identified by GC-MS using NIST library, their retention time, and
the ion mass (uma) utilized for quantification.

Peak
Retention

Time (min)
Volatile Compound Ion Mass Peak

Retention
Time (min)

Volatile Compound Ion Mass

1 1.63 pentane 43 17 6.98 2-pentenol 68
2 1.73 formic acid 46 18 7.63 2-heptanone 43
3 2.05 hexane 57.1 19 7.69 cyclohexanone 55
4 2.24 acetic acid 60 20 8.1 pentanoic acid 60
5 2.65 cyclohexane 84.1 21 8.23 cyclooctane 56
6 2.69 butanol 56 22 8.44 hexyl formate 56.1
7 3.11 3-methylbutanal 57 23 9.13 cyclohexyl formate 67
8 3.4 propanoic acid 74 24 9.73 2-octanone 43
9 3.62 Butyl formate 56.1 25 9.96 hexanoic acid 60

10 4.12 trimethylpentane 71.1 26 10.41 heptyl formate 70.1
11 4.72 pentanol 55 27 10.53 cyclopentyl carboxilic acid 73
12 4.94 trimethylhexane 57.1 28 11.48 heptanoic acid 60
13 5.1 3-hexanone 57 29 12.16 cyclohexane carboxilic acid 55.1

5.19 2-hexanone 43 30 12.92 octanoic acid 60
14 5.44 hexanal 56 31 16.18 tetradecanal 82.1
15 5.75 butanoic acid 60 32 16.93 1-phenyl 1-hexanone 105
16 6.13 Pentyl formate 70.1
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They all were quantified and their adsorptions in both pure and mixed adsorbents
were analyzed after 72 h of exposure. Due to their amount and their sensory impact,
carboxylic acids and esters of formic acid are of paramount importance. Gas chromatograms
of samples with Sylysia, Tegosorb adsorbents and their mixture are compared to the
chromatogram of the control sample without adsorbent substances in Figure 4.

Figure 4. Representative GC-MS chromatograms from headspace of vial containing (a) black line, the
active trilayer film (control); red line, the vial containing the active film and Sylysia; and green line,
the vial containing the active film and Tegosorb (Tego); (b) black line, the active 3-layer film (control);
red line, the vial containing the active film and mixture of Sylysia and Tegosorb. Numbers in figures
indicate the identified compound according to Table 4.

The adsorbent retention percentages of most important VOCs released by the 3-layer
film are presented in Figure 5. In general, most identified VOCs were relevantly retained
by the adsorbents (Figure 5). VOC adsorption depends on various factors, such as VOC
type and concentration, and the interactions between the adsorbent substance and VOCs
that are mainly governed by their corresponding polarities [31,32].
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Figure 5. Kinetic retention of VOCs by adsorbents Syl, Tego, and their mixture after 72 h in air at room
temperature of exposure to 3-layer films of organic acids (left); other VOCs (right). “a and b” indicate
significant differences among VOC retention values of each organic compound between adsorbents.

As can be seen in Figure 5, the adsorbents, individually or mixed, retained a large part
of the carboxylic acids released by the scavenger. Sylysia retained above 80% of them with
the exception of formic acid. Tegosorb performed above 80% for these compounds and
above 95% for formic acid. Vials with both adsorbents performed in general better than
individually. Also, the scavengers performed well with esters of formic acid, especially
Sylysia or the combination of both adsorbents.

Several alkanes from C5 to C9 were identified in low amounts and were scarcely
retained by adsorbents either individually or mixed, with the exception of cyclohexane.
Three alcohols were present in the vial headspace at low concentrations, according to the
small peaks observed in the chromatograms. The alcohol retention by Tegosorb was very
limited. On the contrary, Sylysia or the mixture retained ca. 60% of butanol, and ca. 80%
for C5-alcohols. Other works have also demonstrated various silica as efficient adsor-
bents for various VOCs’ removal thanks to their uniform and open-pore structures [33,34].
Similar comments are appropriate for retention capacity of adsorbents on aldehydes and
ketones Their retention, especially in vials containing Sylysia was found to be between
60 and 80% (Figure 5). Considering the large retention observed for these compounds
when tested as single contaminants (Figure 1), the preferential retention of other com-
pounds, present in large quantities (acids and esters) could have reduced the scavenging of
aldehydes and alcohols.

Some studies have evidenced carbon sorbents quantitively trapped in a wide range of
VOCs from C3 to C12 whereas mesoporous silica trapped considerably larger molecules
from C8 to C12 with the potential to go beyond C12 [32]. This was confirmed by the great
retention of Syl and their mixtures on VOCs with high molecular weight (Figure 5).

After these results, a mixture of Syl and Tego at equal concentrations was selected for
incorporation in a polyethylene film and confirmed their capacity to retain VOCs when
included in a polymer matrix.

3.4. VOC Retention of Developed TM Adsorbents Prototypes

Figure 6 shows the results obtained comparing the content of 15 selected compounds
in control samples (only the TM film) with the other samples including films containing
the adsorbents at a 5%wt. concentration. The sample named “One side” included the same
weight of film than the oxygen scavenger monolayer to be simulated as a trilayer in which
one of the external side layers contains the VOC adsorbents. The “Two sides” sample
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included twice the weight of the oxygen scavenger film to simulate as a trilayer in which
the oxygen adsorber layer is sandwiched between two layers of VOC scavenger LDPE.
Finally, “Double two sides” included double quantity of VOC adsorbents film to simulate a
trilayer like the “Two sides” but with twice the concentration of Sylysia and Tegosorb. As
can be seen, the VOC scavenging film systems retained most of the released compounds,
achieving percentages of VOC retained values between 85 and 100%. As was expected, the
designed system improved the retention as the amount of adsorbents increased, although
no significant differences were observed. The “Two sides” samples presented slightly
higher VOC retention than “One side” samples. Therefore, the design of a system including
a trilayer of LDPE containing 10%wt. TM in the central layer and two identical external
layers containing 5%wt. of Sylysia and Tegosorb appeared to be sufficient to reduce the risk
of sensorial damage on packaged products caused by the release of low-molecular-weight
compounds produce by oxidative reactions of TOR.

Figure 6. Retention of some volatile compounds released from TM-containing films containing
VOC scavengers.

3.5. VOC Retention of Developed Multilayer Active Systems

As described in Section 3.3, it was evidenced that the best performance of VOC
retention occurred at both sides, and therefore, a multilayer system was designed in
which the layer containing TM was sandwiched between two layers of PE containing the
adsorbent. The multilayer system PP/tie/EVOH/tie/PP/PE-VOC/PE-TM/PE-VOC was
successfully developed. PE-VOC corresponded to PE layer including the adsorbents at
5%wt. An EVOH layer was included in order to protect the PE-TM layer from outer oxygen.
Other oxygen scavenger developments were also based on the design of multilayer systems
including one or more layers which are permeable to oxygen between the food product
and the oxygen scavenger layer and an oxygen barrier layer towards the outside of the
package [10]. The final 10-layer films were evaluated by optical microscopy in transmittance
mode, to determine the thickness of each layer, with an accuracy of 3 μm. Figure 7 shows
an image of the film with the thickness of the different layers, the right layers correspond
to the PE-VOC/PE-TM/PE-VOC.
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Figure 7. Thicknesses of the diverse layers of the multilayer structure developed. Left, PP layer; right,
the PE-VOC layer.

As can be seen in Figure 8, most of the volatile compounds were reduced by the
inclusion of the VOC scavengers, especially alkanes, acids, ketones and esters. Alkanes,
as cyclohexane and trimethylpentane, and ketones, such as 3-hexanone and 2-hexanone,
displayed retention values higher than 95%. Organic acids, such as formic, acetic and
propanoic acids, evinced intermediate retention values between 50–60% with respect to
the control released amount. On the contrary, alcohols, such as butanol and pentanol,
and hexanal were apparently released with the same intensity from the film with VOC
scavengers. Nevertheless, these compounds were present as a trace, and were difficult to
identify, and therefore, scarcely relevant as compounds with potential sensory effects on
packaged products.

Figure 8. Percentage of diverse VOCs retained by active film with oxygen scavenger and VOC scav-
enger (PP/tie/EVOH/tie/PP/PE-VOC/PE-TM/PE-VOC) related to the concentrations measured
in vials with film containing only oxygen scavenger (PP/tie/EVOH/tie/PP/PE/PE-TM/PE) after
5 days of storage at room temperature.
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4. Conclusions

This work has presented the scientific and technological steps for the development of
an active packaging with oxygen scavenger capacity. This study has included the study of
the efficiency of the TOR oxygen scavenger (TM) films, the formation of volatile organic
compounds (VOCs) generated by the TM active compound in the presence of oxygen, the
search for VOC adsorbers, and the development of a multilayer film that included both
the oxygen scavenger and VOCs adsorbents. First, an optimal product including TOR was
prepared as a masterbatch blended with LDPE (among other polyolefins), that was further
diluted to a preferred used concentration of ca. 10%wt. Subsequently, the scavenging
material was incorporated in a multilayer system that included a high barrier layer to avoid
the reaction with the oxygen from the external atmosphere. Also, a functional layer was
required to impede direct contact of the scavenger material with the food product.

Among the advantages of the TOR masterbatch, their extraordinarily high scavenging
capacity above 350 mL of oxygen per gram of material, their fast kinetics (80% of its capacity
in 5 days), and the independency of this activity with humidity were highlighted. Sylysia, a
hydrophilic silica, and Tegosorb 88, a product based on zinc ricinoleate, have demonstrated
a good retention of VOCs. TOR product presented efficient oxygen scavenger values at low
and room temperatures. Several VOCs were generated as byproducts of the oxodegradation
of this oxygen scavenger in the presence of oxygen. The incorporation of layers including
absorbent substances have demonstrated the efficiency on VOC retention. The design
and the incorporation of this layer was successfully carried out in a multilayer system
that can be shaped into sheets, containers or other packaging materials through thermal
forming technologies, such as melting extrusion or compression/blow molding. The main
advantage of this kind of oxygen scavenging system lies with the fact that it can be used
to package dry food products sensitive to oxidation, from nuts to fish rich in unsaturated
fatty acids such as salmon.
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Abstract: Ethylene is a phytohormone that is responsible of fruit and vegetable ripening. TiO2

has been studied as a possible solution to slowing down unwanted ripening processes, due to its
photocatalytic capacity which enables it to remove ethylene. Thus, the objective of this study was to
develop nanocomposites based on two types of eco-friendly materials: Mater-Bi® (MB) and poly(lactic
acid) (PLA) combined with nano-TiO2 for ethylene removal and to determine their ethylene-removal
capacity. First, a physical–chemical characterization of nano-TiO2 of different particle sizes (15, 21,
40 and 100 nm) was done through structural and morphological analysis (DRX, FTIR and TEM).
Then, its photocatalytic activity and the ethylene-removal capacity were determined, evaluating the
effects of time and the type of light irradiation. With respect to the analysis of TiO2 nanoparticles,
the whole samples had an anatase structure. According to the photocatalytic activity, nanoparticles
of 21 nm showed the highest activity against ethylene (~73%). The results also showed significant
differences in ethylene-removal activity when comparing particle size and type and radiation time.
Thus, 21 nm nano-TiO2 was used to produce nanocomposites through the melt-extrusion process to
simulate industrial processing conditions. With respect to the nanocomposites’ ethylene-removing
properties, there were significant differences between TiO2 concentrations, with samples with 5% of
active showed the highest activity (~57%). The results obtained are promising and new studies are
needed to focus on changes in material format and the evaluation in ethylene-sensitive fruits.

Keywords: titanium dioxide; photocatalytic activity; ethylene-removing; active packaging;
nanocomposites; eco-friendly materials

1. Introduction

Ethylene (C2H4) is an unsaturated hydrocarbon and a gaseous plant hormone that is
involved in almost all phases of fruit and vegetable (F&V) growth and development [1].
Ethylene can regulate ripening and senescence of F&V at molecular, biochemical and
physiological levels, due to ethylene-stimulated gene expression for the synthesis of en-
zymes that promote these processes [2]. Although it is not yet clear whether ethylene is
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responsible for the initiation of ripening in F&V, or is an accelerator of ripening, it has been
demonstrated that its elimination from storage chambers causes a slowdown in ripening [3].
In addition, it is well-known that ripening is dependent on whether the fruit is climacteric
or non-climacteric. On the other hand, the relationship between F&V and ethylene has
a higher consequence with the worldwide problem of food being lost or wasted. In this
regard, the FAO has reported that approximately 45% of fruits and vegetables (F&V) are lost
or wasted worldwide [4]. Due to their high metabolic activity, F&V are highly perishable
products and the application of different methods to control their ripening in postharvest
storage is key to adequately preserving these types of food.

Different technologies to minimize the negative effects of ethylene have been studied.
These include modified and controlled atmospheres and cool storage; however, the use of
chemical products has shown the best effects on F&V shelf-life [5]. Therefore, photocatalysis
is a mechanism that has received a lot of attention in both scientific and industrial fields.
Titanium dioxide (TiO2) is among the most well-researched substances. This oxide has
been widely studied because it is harmless to both the environment and humans, as well
as having applications in various productive areas, such as pharmaceutical, cosmetic
and packaging industries, as well as being used as a pigment in paints and coatings,
as a photocatalysts, and as an antimicrobial [6]. It is also a biologically and chemically
stable substance with low cost, low toxicity, large surface area and high photocatalytic
activity [7]. TiO2 can produce photocatalytic oxidation of C2H4 under ultraviolet (UV)
radiation. The oxidation process begins on the TiO2 surface where UV radiation produces
reactive oxygen species (ROS) which oxidize C2H4 into carbon dioxide (CO2) and water
(H2O) [8,9]. Considering this property, TiO2 can be used as an active substance in the
development of ethylene-removal plastic materials oriented to F&V. Moreover, application
of titanium dioxide nanoparticles (nano-TiO2) has shown interesting results in ethylene
control [10].

Considering the environmental problems generated by the inappropriate manage-
ment of plastic materials from fossil resources, the generation of new eco-friendly plastic
materials with specific functionality becomes relevant for industry and society. In this
field, the use of eco-friendly polymers has been widely studied and it is possible to find
several commercial alternatives that are available for the development of active materials.
Poly(lactic acid) (PLA) and Mater-Bi® are bioplastics which are produced from biological
resources and are recognized for being biodegradable and compostable [11,12]. Due to its
properties, PLA is recognized as the most suitable bio-based polymer material for food-
packaging applications [13]. Indeed, it is versatile, compostable, recyclable, and moreover,
it has high transparency, high molecular weight, high water-solubility resistance and good
processability [14]. On the other hand, Mater-Bi® is a commercial biodegradable material
based on modified starch and bio-based polyester blends. Mater-Bi® has important com-
mercial applications because it shows interesting mechanical properties, thermal stability,
processability and biodegradability [11].

Although, to date, it has been possible to find some studies where the antimicrobial
and ethylene-removing activity of TiO2-based eco-friendly materials is reported [3,15,16],
there have been few studies where this type of material was obtained through an extrusion
process. In this sense, the aim of this study was to develop nanocomposites based on
Mater-Bi® and PLA with nano-TiO2 for ethylene removal and to evaluate the photocatalytic
activity of different sizes of nano-TiO2 in removing ethylene. We used a melt-extrusion
process which is potentially scalable to the industrial sector, for the development of active
packaging for fruit and vegetables.

2. Materials and Methods

2.1. Materials

Nanoparticles of titanium dioxide (nano-TiO2) anatase were supplied by Sigma
Aldrich (21 nm, 99.5%) and US Research Nanomaterials Inc. (Houston, TX, USA) (15 nm—
99.5%, 40 nm—99.5% and 100 nm 99.9%). Its crystalline structure was anatase, 99.5% purity,

90



Polymers 2023, 15, 3369

with four different particle sizes: 15, 21, 40 and 100 nm. To determine photocatalytic activ-
ity methylene blue (MeB) (Sigma Aldrich, Darmstadt, Germany) was used. To elaborate
nanocomposites, Mater-Bi® EF51L (Novamont SpA, Milan, Italy) and PLA Ingeo Biopoly-
mer 2003D (NatureWork, Plymouth, MN, USA) were provided used by Novamont SpA and
NatureWork, respectively.

2.2. X-ray Diffraction (XRD)

To analyze the crystalline structure of nanoparticles, an analysis of X-ray diffraction
was carried out on a powder X-ray diffractometer (Bruker, D8-Advance, Urbana, IL, USA)
using CuKα (λ = 1.5406 Å) radiation at room temperature at 40 kV and 35 mA. All scans
were performed at 2θ angles from 2◦ to 80◦ at 0.02◦ every 0.2 s. The lattice parameters were
calculated according to Equation (1), which is used for tetragonal crystallites:

1
d2 =

h2 + k2

a2 +
l2

c2 (1)

where h, k and l are the Miller indices obtained from the crystallographic parameters of
anatase (JCPDS 84-1286); a and c are the lattice parameters, and d value was obtained by
the Bragg’s law Equation (2):

nλ = 2dsinθ (2)

where λ is wavelength of incidence X ray (1.5406 Å), θ is peak position in radians, n is the
order of diffraction (1) and d is the interplanar spacing or d-spacing.

2.3. Fourier Transform Spectroscopy (FTIR)

Spectroscopic analysis was carried out in an IR-ATR spectrometer (Bruker,
Alpha, Germany). Absorbance was measured with a wavelength range from 4000 cm−1 to
400 cm−1 using 24 scans, and a resolution of 2 cm−1.

2.4. Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM)

For nanoparticle samples, TEM analysis was performed on a transmission electron
microscope (Hitachi, HT-7700, Tokyo, Japan) with a magnification of 50×. Before this
analysis, the samples were diluted and dispersed in ethanol (95%) and placed on a copper
grid. For SEM analysis the samples were coated with a gold–palladium film on a Hummer
6.2 metallizer. Images were obtained on a microscope (Tescan, Vega, Brno, Czech Republic)
from 3 to 20 kV.

The proper incorporation and dispersion of nano-TiO2 into the polymeric matrix were
evaluated by TEM. The nanocomposite was embedded in a low-viscosity TEM-grade epoxy
resin (Taab Laboratories, Aldermaston, UK) and cured for 3 days at 40 ◦C. To observe the
cross-section of the nanocomposite, the resins embedded with the films were cut with a
Reichert Ultracut S Leica ultra-microtome (Leica Biosystems, Wetzlar, Germany) mounted
on copper grids and the TEM images were obtained with a JEOL JEM-1010 transmission
electron microscope. Only the samples of PLA could be measured because the samples of
nanocomposites of MB could not be prepared by the method described above due to the
soft composition of the MB matrix. The TiO2 particles’ sizes within the polymeric matrix
were measured through ImageJ software (version 1.51 k, Java 1.6.0_24, Wayen Rasband, US
National Institutes of Health, Bethesda, MD, USA).

2.5. Particle Sizes (PS)

The particle size of different nanoparticles was determined by dynamic light scattering
(DLS) at 90◦ using a Zetasizer (NanoS90, Malvern Instruments, Worcestershire, UK). A re-
fractive index of TiO2 equal to 2.49 and of continuous phase (ethanol) equal to 1.36 was used
for measurements. The reported values corresponded to an average of 10 measurements,
where each sample was measured in triplicate.

91



Polymers 2023, 15, 3369

2.6. Thermogravimetric Analysis (TGA)

Thermograms were obtained with a TGA/DSC 1 analyzer (Mettler Toledo, STARe
System, Bern, Switzerland) with STARe V.12.0 software (Bern, Switzerland). Approximately
10 mg of sample was placed into an alumina crucible (70 μL). The experiment was per-
formed in a high-purity dynamic nitrogen flow of 50 mL/min at a heating rate of 10 ◦C/min.
The analysis was performed in a temperature range of 25 to 900 ◦C.

2.7. Photocatalytic Activity of TiO2

The photocatalytic activity of nano-TiO2 was determined against the degradation
of MeB. This experiment considered the application of ultraviolet (UV) and visible (VIS)
light. For this, irradiation chambers were used for UV light (Philips Actinic BL TL-D
15W/10, 365 nm, Hamburg, Germany) and VIS light (General Electric R7s 150 W/118 mm,
630 nm, CA, USA). For this purpose, 100 mL of a solution of MeB (17 ppm) was prepared,
and 100 mg of TiO2 was added to this solution. The mixture was stirred in the dark for
30 min. The solution was then placed inside UV or VIS light chambers for 270 min, and
2 mL aliquots were taken every 30 min. The aliquots were centrifuged at 7000 rpm for
5 min in a centrifuge (Hettich, Universal 32R, Tuttlingen, Germany). Then, the supernatant
was taken and placed into a cuvette (2 mL) and the absorbance was measured at 665 nm
in a UV-VIS spectrophotometer (Shimadzu, UV-1900i, Tokyo, Japan). A calibration curve
was prepared to determine the MeB concentration, where the absorbance of different MeB
solutions was measured (1–20 ppm).

2.8. Ethylene-Removal Study

The study of the ethylene-removal kinetics of nano-TiO2 and nanocomposites was
carried out according to the methodology described below. First, 0.15 g of TiO2 (1 g for
nanocomposite samples) was introduced into a 22 mL vial; then, a gaseous ethylene–
nitrogen mixture was injected into each of the vials at a concentration of 50,000 ppm.
The vials were placed 15 cm from the lamp and were irradiated inside a special chamber
with UV or VIS light, for 5 or 15 min at 20 ◦C. Then, samples from the head space were
analyzed by gas chromatography at 0, 1, 2, 3, 4 and 5 days. For this, ethylene quantification
was done in a Perkin Elmer Clarus 580 gas chromatograph (Waltham, MA, USA) with a
Head Space Turbo Matrix 40-Perkin Elmer sampler (Waltham, MA, USA) with an RtTM-
alumina PLOT column of 50 m length and 0.53 mm diameter. The gas chromatograph
conditions consisted of an injector temperature of 180 ◦C, oven temperature of 180 ◦C and
flame ionization detector (FID) temperature of 250 ◦C. Head space autosampler conditions
included thermostatization temperature of 45 ◦C and needle and transfer-line temperature
of 70 ◦C; N2 was used as carrier gas at a flow rate of 10 mL min−1.

2.9. Fabrication of Nanocomposites

Poly(lactic acid) (PLA) and Mater-Bi® (MB) were used as polymeric matrices to pro-
duce nanocomposites with different contents of nano-TiO2 (0, 5 and 10% wt.). The nanocom-
posites were produced by extrusion, using a twin-screw micro-extruder (Thermo Scientific,
Thermo Process 11, Erlangen, Germany). The extrusion conditions included a screw feed
speed of 15 rpm, a twin-screw speed of 30 rpm, a die temperature of 190 ◦C and temperature
profiles of 120–180 ◦C and 160–185 ◦C for PLA and MB, respectively.

2.10. Colorimetric Properties

Color analysis was carried out on an UltraScan VIS spectrophotometer (HunterLab,
VA, USA). Prior to the measurement, the instrument was calibrated with the black and
white cells. For this purpose, the sample was placed in a glass optics cell and inserted into
the instrument, and the L*, a*, b* and ΔE00 were measured. In addition, ΔE parameter was
determined from [17].
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3. Results and Discussion

3.1. Characterization of Nano-TiO2

X-ray diffractogram analysis allows us to identify the crystalline structures of a chemi-
cal compound. Figure 1A shows the diffraction patterns of different samples of nano-TiO2.
All samples showed the characteristic typical anatase diffraction 2θ peaks at 25.41◦, 37.94◦,
48.05◦, 54.13◦, 55.39◦, 70.24◦ and 75.14◦ which correspond to planes (101), (004), (200),
(105), (211), (220) and (215) of its crystalline structure (JCPDS 84-1286) [18]. Anatase has
a tetragonal structure of crystallite, and the lattice parameters a, b and c were calculated,
considering a = b due its structure. The values were (1) a: 3.7889, 3.7787, 3.7787 and
37824 Å and (2) c: 9.4983, 9.4597, 9.4983 and 9.5047 Å for 15, 21, 40 and 100 nm, respectively.
These values are in agreement with those reported for an anatase standard (a = 3.7848 and
c = 9.5124 Å) [19].

Figure 1. XRD (A) and FTIR (B) spectra of nano-TiO2 with different particle sizes.

It should be noted that the peak intensities increased with increasing particle size.
This could be observed in nano-TiO2 (100 nm), where the peak intensity was higher than
for samples of 40, 21 and 15 nm. This was because nano-TiO2, with lower particle size is
composed of irregular and amorphous structures crystals which produce a reduction of the
peak intensities [20]. These amorphous zones revealed a broad pattern of low intensity in
the shape of the peaks; however, the effect of the amorphous materials on the broadening
of the XRD patterns of the nano-TiO2 samples was negligible.

The FTIR spectra of different nano-TiO2 samples are shown in Figure 1B. According
to this analysis, all samples of nano-TiO2 had similar spectra. A small band was observed
around 3400 between 3500 and 3000 cm−1 and there was a small peak that could be assigned
to the stretching of surface hydroxyl groups of TiO2. In addition, there was a band around
1680 and between 1500 and 1600 cm−1. This small band could evidence the presence of
-OH bonds due to of moisture content in the TiO2 [21]. Finally, the broad band located at
750–500 cm−1 was assigned to the bending vibration of Ti-O-Ti bonds in the TiO2 lattice.
An important band close to 1000 cm−1 to 400 cm−1 was also observed. This band reflected
the vibration of O-Ti-O bonds in the molecules [20].

Figure 2 shows the TEM images of different nano-TiO2 samples. The morphology was
determined through TEM microscopy. The nanoparticles were characterized by a rounded
shape and the formation of agglomerates (confirmed by PS analysis). From this analysis it
was possible to determine the sizes and shapes of the nanoparticles. The nano particles in
samples were sphere-shaped, while the sizes, determined through DLS equipment, were
heterogeneous: 272.2 ± 22.6; 335.5 ± 44.5; 597.4 ± 55.2 and 779.9 ± 28.5 nm for samples
of 15, 21, 40 and 100 nm, respectively. These results show that the agglomeration of the
nanoparticles overestimated the real particle size, resulting in sizes above those reported in
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the data sheets. The particle sizes increased due to all samples being agglomerated and was
caused by the characteristics of the samples because these were powdered nanoparticles.

Figure 2. TEM micrographs of the different nano-TiO2 samples: 15 nm (A), 21 nm (B), 40 nm (C) and
100 nm (D). Magnification 50 Kx.

As the nanoparticles would be used in the elaboration of nanocomposites through an
extrusion process, it was important to determine their thermal stability. For this reason, the
nanoparticles were analyzed by TGA. All samples exhibited a single mass loss of about 5%
at 100 ◦C which was associated with the evaporation of water (previously evidenced in
the FTIR analysis). At higher temperatures, no changes in nano-TiO2 mass were observed,
which confirms the high thermal stability of this compound [22]. With respect to thermal
properties, these were determined through thermogravimetric analysis (TGA). All samples
had a difference in weight between 30 and 100 ◦C, due to evaporation of water; this could
be attributed to a certain humidity present in the samples. Therefore, it can be said that
there was a weight loss of approximately 5% for all samples of nano-TiO2. The presence of
water could be observed through the FTIR test, which is explained above. However, after
this initial degradation, the mass of active compound (TiO2) was constant until 900 ◦C, so it
is possible to conclude that nano-TiO2 is highly temperature-stable, and this characteristic
is desirable when producing nanocomposites by the extrusion process. These results were
expected since TiO2 is an inorganic chemical compound, which is highly stable at high
temperatures [22].

3.2. Photocatalytic Activity

In order to assess the photocatalytic activity of TiO2 nanoparticles to oxidize organic
molecules, their activity against methylene blue (MeB) was determined. It is well-known
that the use of nanoparticles provides a larger contact area during photocatalytic reactions
and furthermore that it is favored when anatase structure is used [21]. This assay considered
the monitoring of MeB concentration for 270 min when this compound was exposed to
both nano-TiO2 of different sizes and UV or VIS light (Figure 3). The results showed that
the type of light had a clear effect on the degradation of MeB. Thus, samples irradiated
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with UV light were able to significantly degrade the MeB, while samples irradiated with
VIS light were not able to affect this compound.

Figure 3. Degradation kinetics of methylene blue under UV and VIS irradiation.

This can be explained due to the characteristic of the crystalline structure that was
used. It is known that anatase does not have photocatalytic activity under VIS light due to
its wide band gap (3.2 eV) [23]. Hence, only UV radiation has sufficient energy to generate
reactive oxygen species (ROS), which can act as oxidants against organic molecules [24].
ROS are formed from photoexcitation of electrons (e−) in TiO2. The electrons move from
the valence band to the conduction band leaving holes (h+) in the first band [7]. Here pairs
of e− and h+, called excitons, are generated, causing oxidation/reduction reactions with
H2O and O2 which are present in the reaction medium. In this way, ROS are produced.
Within these species, the hydroxyl radicals (OH) are recognized as being responsible for
the degradation of MeB and other organic compounds into CO2 and H2O [24]. On the
other hand, despite sunlight having a low amount of UV light (~5%), this is not enough to
activate the nanoparticles. Consequently, it is essential to use artificial UV light to activate
TiO2 anatase [25].

Regarding particle size, it was observed that nano-TiO2 samples of 21 and 40 nm
were more active in degrading MeB than nanoparticles of 15 and 100 nm. These results
were expected, especially for the 100 nm particles since it has been reported that the
photocatalytic activity of TiO2 decreases with increasing particle size due to decreasing
surface area [24]. However, in the case of the 15 nm particles the explanation would be
different. Once e− and h+ are generated by the interaction between TiO2 and UV light, two
processes can occur: (i) recombination of e− and h+ and the dissipation of their energy in
the form of electromagnetic radiation or heat and (ii) migration to the TiO2 surface to react
by absorbing molecules [7]. Thus, the e− can move to the particle surface through electron
traps on the crystalline net, which can be of two types—superficial or deep. Superficial traps
are beneficial to the electron migration process due to the photocatalyser surface, which
allows the reaction, whereas the deeper traps constitute recombination centers. Therefore,
when particle size reduces under an optimal size in nanocrystalline TiO2, most electrons
and holes generated close to the surface recombine faster than the interfacial charge transfer
processes. Similar results were obtained in a study where different particle sizes (8, 18 and
27 nm) of the crystalline structure of titanium dioxide were evaluated according to their
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photocatalytic properties against MeB. In this study, the authors were able to evidence that
smaller-sized nanoparticles (8 nm) showed lower photocatalytic activity against organic
molecules [26]. Additionally, the agglomeration of nanoparticles could be another factor to
consider. As observed in the TEM analysis (Section 3.1), agglomeration was more important
in smaller particles. Thus, agglomeration would allow the interaction of light only with the
most exposed particles in the agglomerate, thus affecting the photocatalytic process.

3.3. Evaluation of Ethylene Degradation by Nano-TiO2

The ethylene-removal capacity, which is expressed as the reduction percentage of the
ethylene concentration of different nanoparticles, was determined over a 5-day period
under two types of light (UV or VIS) and two irradiation times (5 or 15 min) (Figure 4).

Figure 4. Ethylene degradation of TiO2 nanoparticles under different types of light and irradiation
times: 5 min—UV (A), 15 min—UV (B), 5 min—VIS (C) and 15 min—VIS (D).

In general, as time increased, an increase in ethylene removal was evidenced for all
the nanoparticles studied; however, significant differences were observed when comparing
the type of light used. Thus, the nanoparticles irradiated with UV light showed higher
ethylene-removal capacity than those treated with VIS light (Tables 1 and 2, respectively).
However, there were significant variations in this activity for the different nanoparticle sizes
at the two irradiation times. As a result, the 21 nm samples were the most active, reducing
the ethylene concentration by about 70% with no significant differences of irradiation
time in the activity against the olefin, while the 40 nm particles were the least active
with a reduction of about 45%. On the other hand, the samples treated with VIS light
were not able to exceed 40% ethylene removal, with 15 nm samples showing the highest
activity, while 100 nm samples were the least active. In contrast to the samples treated
with UV light, the samples treated with VIS light showed significant differences with
increasing light exposure time, which is in agreement with the low content of UV radiation
in VIS light. From this analysis, the photocatalytic effect of titanium dioxide on ethylene
was confirmed.
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Table 1. Final C2H4 degradation of different TiO2 nanoparticles at different UV irradiation times.

Particle Size
(nm)

C2H4 Degradation (%)

Irradiation Time (min)

5 15

15 52 ± 7 ABa 51 ± 2 ABa

21 73 ± 2 Ca 64 ± 1 Ca

40 42 ± 4 Aa 49 ± 3 Aa

100 50 ± 2 Ba 58 ± 3 Ba

Note: Equal letters mean that there are no statistically significant differences (p > 0.05). Upper-case letters:
particle-size factor and lower-case letters: irradiation-time factor.

Table 2. Final C2H4 degradation of different TiO2 nanoparticles at different VIS irradiation times.

Particle Size
(nm)

C2H4 Degradation (%)

Irradiation Time (min)

5 15

15 23 ± 1 ABa 33 ± 1 ABa

21 22 ± 2 ABb 33 ± 1 ABa

40 19 ± 1 Bb 40 ± 2 Ba

100 18 ± 2 Ab 30 ± 1 Aa

Note: Equal letters mean that there are no statistically significant differences (p > 0.05). Upper-case letters:
particle-size factor and lower-case letters: irradiation-time factor.

On the other hand, and unlike the results observed in Section 3.2, VIS light showed an
effect on ethylene. Although this activity was lower than that observed with UV light, some
effect was evidenced in the ethylene control. This agrees with a previous study carried out
in our group where nano-TiO2 was incorporated into a low-density polyethylene (LDPE)
film and its effect on banana ripening was evaluated. In this case, a clear effect of non-
irradiated films on physiological aspects of the fruit, such as ripening index and color,
was observed [27]. As mentioned above, the major ethylene degradation condition is with
UV light, because this kind of light has enough energy to overcome the TiO2 band energy
and cause its photoexcitation, which in turn generates electron–proton pairs (e− - h+) that
subsequently generate ROS, responsible for oxidizing ethylene to convert it into CO2 and
H2O [15]. Based on these results, it was considered that the best condition for the removal
of ethylene by nanocomposites was the 21 nm sample with UV irradiation for 5 min.

3.4. Elaboration and Characterization of TiO2 Nanocomposites through Extrusion Process

To take advantage of the photocatalytic activity and the ethylene-removal ability
observed with 21 nm TiO2 particles, these nanoparticles were used to produce nanocom-
posites in pellet form. The pellets were produced through a microscale extrusion process to
determine the possibility of scaling up the materials developed here to the industrial sector
for F&V preservation. The pellets were made with different concentrations of TiO2 (0, 5
and 10% wt.) in two polymeric matrices (Mater-Bi® (MB) and poly(lactic acid) (PLA)).

3.4.1. Optical Properties

Material color for food packaging is an important factor and determines the first
impression of consumers about a product [28]. In addition, color can indicate the quality
of the dispersion of the additives incorporated into a polymer matrix. Nano-TiO2 has a
white color and good properties of light refraction, so that the visual color-change of the
nanocomposite is usually not significant even with the addition of this oxide. However, if
the nanocomposite matrix color is different between samples, the color characteristics of
added TiO2 nanocomposite can vary slightly from one sample to another [15]. To determine
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if there were differences of color between samples, both for matrix type and nano-TiO2
concentration factors, CIELAB parameters were determined (Table 3).

Table 3. Colour parameters of PLA and MB nanocomposites with TiO2.

Matrix
TiO2

Concentration (%)
L* a* b* ΔE00

PLA
0 (control) 84.8 ± 1.3 Ba −1.0 ± 0.2 Bb 10.4 ± 0.1 Ba -

5 92.8 ± 0.6 Ba −0.2 ± 0.2 Ba 6.0 ± 0.1 Bb 9.2 ± 0.5 Ab

10 94.8 ± 1.8 Ba 0.3 ± 0.2 Bc 6.3 ± 0.2 Bc 11.0 ± 1.7 Aa

MB
0 (control) 94.1 ± 0.2 Aa 3.2 ± 0.2 Ab 13.5 ± 0.2 Aa -

5 92.1 ± 0.2 Aa 3.0 ± 0.2 Aa 11.5 ± 0.2 Ab 2.9 ± 0.5 Bb

10 90.5 ± 0.1 Aa 2.1 ± 0.2 Ac 9.8 ± 0.2 Ac 5.3 ± 0.4 Ba

Note: Equal letters mean that there are no statistically significant differences (p > 0.05). Upper-case letters: matrix
factor and lower-case letters: TiO2 concentration.

It can be observed that nano-TiO2 had a greater impact in PLA than in MB, especially
in the case of parameters a*, b* and ΔE00. High values of L for PLA and MB nanocomposites
indicate that all samples tended to white. Likewise, in both materials the variations in
parameter a* indicate a shift towards red color, while the decrease in parameter b* reflects a
shift towards yellow as the oxide content in the nanocomposites increased. Regarding the
ΔE00 parameter, it can observed that there were significant differences between polymer
matrices and nano-TiO2 concentrations, however, the change was more important for PLA.
As with the other parameters, the white coloration of the MB control and the transparent
PLA control would be the cause of the observed changes.

3.4.2. Morphological Properties

The dispersion of TiO2 into the nanocomposites can play an important role in pho-
tocatalytic and ethylene-removal capacity. Figure 5 shows SEM microphotographs of the
morphology of different nanocomposites prepared with two polymeric matrixes (PLA and
MB) and different nano-TiO2 content. The microphotographs show that the presence of
nano-TiO2 changed the surface of nanocomposites, and there was a strong interfacial adhe-
sion between the two phases. In addition, the formation of agglomerates can be observed,
which would be favored with increasing nano-TiO2 content.

Moreover, to examine the dispersion of nano-TiO2 into the polymeric matrix, TEM
analysis was carried out. Due to the methodology used to prepare the MB samples, they
were very flexible and soft and could not be properly embedded in the epoxy resin and
only PLA nanocomposites could be analyzed. The results can be observed in Figure 6.
In this figure, it is shown that there was an homogeneous distribution of the groups of
nanoparticles through the polymeric matrix and it is also possible to observe that there
were differences between TiO2 concentrations, with PLA 10% having a higher presence of
TiO2. On the other hand, in microphotographs with a greater magnification (5 and 20 K×)
it is possible to see that nano-TiO2 nanoparticles tended to agglomerate, as could be seen
in Figure 2 for nanoparticle TEM analysis. However, it should be highlighted that in the
nanocomposites there were some individual particles dispersed into the PLA matrix, and
this behavior did not occur in the TEM assay of nanoparticles; this could be attributed to
extrusion process, which is used to disperse, in a better way, the active compound into the
polymeric matrix [29]. In fact, the size of the TiO2 nanoparticles can be measured from the
TEM images at 20 K× and it can be concluded that the TiO2 nanoparticles exhibited an
average particle average size of 16.0 ± 3.2 nm in PLA nanocomposite with 5% wt. TiO2
(Figure 6C), and the average size particle of TiO2 in PLA nanocomposite with 10% wt. was
18.2 ± 2.4 nm (Figure 6F), confirming the ability of the extrusion process to disperse such
nanoparticles (TiO2 < 21 nm particle size).
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Figure 5. SEM micrographs of nanocomposites: pellet surface of PLA 0%, 5% and 10% (A–C) and
MB 0%, 5% and 10% (G–I) (200×) and pellet tangential cut of PLA 0%, 5% and 10% (D–F) and MB
0%, 5% and 10% (J–L) (1.5 K×). TiO2 is marked with yellow arrows.

Figure 6. TEM micrographs of PLA nanocomposites: PLA 5% ((A–C)—1.5, 5.0 and 20 K×) and PLA
10% ((D–F)—1.5, 5.0 and 20 K×).
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3.4.3. Evaluation of Ethylene Degradation by PLA and MB Nanocomposites

To determine the ethylene-removal capacity of nanocomposites, the concentration of
ethylene was determined over a 6-day period in different samples previously irradiated
with UV light (5 min) that were put in contact at 20 ◦C in hermetically sealed vials. These
results can be observed in Figure 7.

Figure 7. Ethylene degradation of nanocomposites at different TiO2 concentrations in PLA (A) and
MB (B).

In general, a higher degradation of ethylene was observed as the time increased. Ad-
ditionally, for both PLA and MB nanocomposites, ethylene degradation was higher for
those with 5 wt. % than for those with 10 wt. % of nano-TiO2. Thus, ethylene degradation
for nanocomposites with 5 wt. % of nano-TiO2 was 51 ± 6% for PLA and 57 ± 2% for MB
nanocomposites (Table 4). As discussed in the SEM analysis, the nanocomposites with
10 wt. % oxide were characterized by a higher presence of nano-TiO2 agglomerates, a
situation that generated a less efficient system since it allowed the generation of ROS on the
exposed surface and not in the interior of the agglomerate. A similar explanation was given
by Shih, Hsin and Lin [30] who found that the photocatalytic degradation of an azo dye
from TiO2 decreased with larger secondary particle sizes due to the higher intracrystalline
diffusional resistance across the agglomerated TiO2 particles. Similarly, [3] found a com-
parable effect of agglomeration of TiO2 nanoparticles on their photocatalytic performance
in chitosan nanocomposite films, where nanocomposites with a higher concentration of
nano-TiO2 decreased the ethylene-removal capacity. Likewise, the agglomerate formation
was used to explain the low activity of ethylene removers based on zeolite and linear LDPE
composites. Although in this case, the removal mechanism was linked to an ethylene
sorption on the zeolite. The interaction of the ethylene with the mineral only occurred at the
surface level of the agglomerate and not on the zeolite located inside the agglomerate [31].
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Table 4. Final C2H4 degradation by different TiO2 nanocomposite concentrations.

TiO2 Concentration
(%)

C2H4 Degradation (%)

Matrix

PLA MB

0 (control) 20 ± 2 Ac 18 ± 2 Ac

5 51 ± 6 Aa 57 ± 2 Aa

10 46 ± 2 Ab 51 ± 5 Ab

Note: Equal letters mean that there are no statistically significant differences (p > 0.05). Upper-case letters: matrix
factor and lower-case letters: TiO2 concentration.

Moreover, the geometry of the pellets used in this work could also play an important
factor in the ethylene-removal capacity. Disregarding Without considering ethylene diffu-
sion through the material, only the nano-TiO2 and its agglomerates located on the pellet
surface could interact with ethylene to oxidize it. In this respect, changing the extruder
configuration to obtain films, and analyzing the distribution of nano-TiO2 on the film
surface and its effect on ethylene removal will be an important step in this research.

Finally, it is important to mention that the results of this study provide a very good
approach to developing potential nanocomposites for fresh food preservation. We showed
that it is possible to create nanocomposites with eco-friendly material by an extrusion
process, which could be scaled to an industrial level, and that different shapes of active
packaging, such as films, could be developed.

4. Conclusions

The analyzed TiO2 nanoparticles showed a crystalline structure typical of anatase;
moreover, its photocatalytic activity against methylene blue was dependent on the radiation
type used (UV or VIS light) and the particle size. In this way, the nano-TiO2 21 nm particle
size irradiated under UV light showed the highest photocatalytic activity. Regarding the
ethylene removal by the different nanoparticles, the results showed that both types of
radiation were able to remove ethylene, however, the nanoparticles activated with UV
light presented the highest activity against the gas. In addition, the particle size was also a
determinant in ethylene degradation; thus, the 21 nm particle showed the best ethylene
removal. On the other hand, it was possible to establish that irradiation time had no effect
on the ethylene removal.

Finally, it was possible to elaborate TiO2 nanocomposites with PLA and MB through
an extrusion process, scalable to the industrial sector. The nanocomposites showed color
differences related to the TiO2 concentration and the type of polymeric matrix used. In
addition, the ethylene-removal study of the nanocomposites showed that all samples were
able to reduce the ethylene concentration; however, nanocomposites with 5 wt. % of
nano-TiO2 had the highest activity, reaching a degradation of 51 ± 6 and 57 ± 2% for
PLA and MB nanocomposite, respectively. It can be concluded that the development of
TiO2 nanocomposites with biopolymers is a good option for the removal of ethylene. This
could be an interesting option for fresh-food preservation; however, future studies should
consider changing the structure of the nanocomposite, such as into films, to expose a larger
amount of nano-TiO2 on the surface of the material in order to increase its effectiveness
against ethylene.
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Abstract: Antimicrobial packaging has emerged as an efficient technology to improve the stability of
food products. In this study, new formulations based on ethylene vinyl alcohol (EVOH) copolymer
were developed by incorporating the volatile methyl anthranilate (MA) at different concentrations as
antifungal compound to obtain active films for food packaging. To this end, a twin-screw extruder
with a specifically designed screw configuration was employed to produce films at pilot scale. The
quantification analyses of MA in the films showed a high retention capacity. Then, the morphological,
optical, thermal, mechanical and water vapour barrier performance, as well as the antifungal activity
in vitro of the active films, were evaluated. The presence of MA did not affect the transparency or
the thermal stability of EVOH-based films, but decreased the glass transition temperature of the
copolymer, indicating a plasticizing effect, which was confirmed by an increase in the elongation at
break values of the films. Because of the additive-induced plasticization over EVOH, the water vapour
permeability slightly increased at 33% and 75% relative humidity values. Finally, the evaluation
of the antifungal activity in vitro of the active films containing methyl anthranilate showed a great
effectiveness against P. expansum and B. cinerea, demonstrating the potential applicability of the
developed films for active food packaging.

Keywords: EVOH copolymer; methyl anthranilate; melt-extrusion; film properties; antifungal activity;
active packaging

1. Introduction

During the last decades, production, processing, and marketing of fresh food have
experimented with considerable changes trying to fit consumers’ demands. However,
wastes due to product spoilage and residues from processing (up to 60% of harvested
products) are becoming a serious economic and environmental issue [1]. In this regard,
packaging is positioned as one of the main tools to reduce food spoilage and, therefore,
many efforts from both academia and the food industry are being directed to improve
and optimize food packaging systems [2]. Among others, the development of active
antimicrobial packaging has emerged as an innovative technique to extend the shelf life by
inhibiting microbial growth in foods while maintaining their quality and safety [3–5]. This
system is based on the deliberate incorporation of components into packaging materials
for their later progressive release into the packaged product or the head-space of the food,
causing an inhibitory effect against pathogens that affect food products [6]. Thanks to their
low costs, wide availability and versatile properties, the research and developments on
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active packaging systems have been mainly focused on the use of plastic materials [7].
In this line, ethylene vinyl alcohol (EVOH) copolymers are one of the best candidates
used in the design and development of active materials intended for food packaging
applications. EVOH copolymers, which are synthesized through the hydrolysis of ethylene
vinyl acetate (EVA), are characterized by a high transparency, great chemical resistance and
outstanding oxygen barrier properties [8,9]. In addition, EVOH based films are recyclable
in current infrastructure by regrinding processes and several works also report that EVOH
copolymers with up to 44 mol% ethylene content can be degraded in specific environmental
conditions and biological media [10–12]. Interestingly, its hydrophilic nature, which results
in a significant plasticisation of the polymer matrix when it is exposed to high relative
humidifies or to food products with high water activity, can be used as the triggering
mechanism to allow the release of components from the packaging to the food media [13].

With the aim of providing a more sustainable character to plastic materials and satisfy-
ing consumers demands’, the food industry is moving towards the use of innovative and
natural ingredients such as essential oils (Eos), which have proven antimicrobial and antiox-
idant properties with great interest in food packaging applications [14,15]. In this context,
we considered to extend the use of methyl anthranilate (MA), a natural ingredient already
employed in flavouring foods and drugs, to prepare active packaging films based on EVOH
copolymer. Methyl anthranilate is a metabolite responsible of the characteristic odour of
Concord grapes and is also present in several essential oils such as neroli, ylang-ylang and
jasmine [16]. The current commercial MA is prepared by fossil-based chemical processes
since the direct extraction and recovery of methyl anthranilate from the aforementioned
sources have been proven to be economically unfeasible due to low yields [17]. However,
there are already some works in literature dealing with the fermentative production of MA
from renewable sources such as glucose, in order to obtain a biobased natural compound
via an eco-friendly route [18].

Nowadays, there are two main routes to incorporate natural active compounds into
polymeric matrixes: the direct incorporation of the natural ingredients into the polymer
material and encapsulation technologies. On the one hand, encapsulation technologies of
active ingredients have been revealed as a very promising strategy. They present numerous
advantages such as protecting active compounds from oxidative processes, photodegra-
dation and thermal conditions or providing a controlled release of the compound from
the encapsulating agent [19,20]. Pansuwan et al. reported the encapsulation of methyl
anthranilate as an essential oil model in polymer microcapsules by employing two different
techniques: microsuspension conventional radical polymerization and microsuspension
iodine transfer polymerization using methyl methacrylate (MMA) and ethylene glycol
dimethacrylate (EGDMA) copolymer as polymer shells [21]. Buendía et al. encapsulated a
mixture of Eos composed of carvacrol, oregano and cinnamon in β-cyclodextrins (β-CD) for
the development of an active coated cardboard tray [22]. Similarly, Wen et al. encapsulated
cinnamon essential oil in β-CD for the manufacturing of an active electrospun nanofibrous
film for food packaging applications [23]. Mohammadi et al. investigated the bioactivity of
olive leaf extract encapsulated in soybean oil by nano-emulsion technology [24]. Although
these studies showed the potential applicability of different technologies to maintain the
beneficial properties of bioactives, there is still a gap of knowledge between the use of
certain encapsulation strategies and their effective commercial application. In addition, the
food manufacturing industry also needs to face various challenges related to the storability
and stability of encapsulated bioactive compounds [25,26]. In this regard, the direct incorpo-
ration of active components into polymeric matrixes through conventional melt-processing
technologies such as extrusion, compounding and injection moulding is still positioned as
an explorable and encouraging strategy to prepare active materials scalable in industrial
environments. For example, Krzysztof et al. prepared bioactive polypropylene (PP) films
incorporated with plasticizers and antimicrobial substances (i.e., oregano oil, rosemary
extracted, methylparaben and green tea extract) by cast film extrusion. Authors showed
that the presence of plasticizers promoted a gradual release of the active ingredients from
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the polymer matrix, and thus, the biocidal activity was enhanced [27]. In this study, the
effect of plasticizers as release promoters of the active substances can be achieved by tai-
loring the relative humidity exposure of the bioactive EVOH-based films. More recently,
the attention is focused on the development of active materials based on biodegradable
polymers. Laorenza et al. produced films of PBAT/PLA blended with carvacrol, citral
and α-terpineol essential oils via blown film extrusion [28]. However, the main limitation
of these routes is that the high temperatures and the shear forces generated during the
process usually result in significant losses of the bioactives due to their degradation or
volatilization [29–31]. Moreover, none of the previous research worked on the optimization
of process conditions to favour the incorporation of active ingredients into the polymer
matrixes in the melt state in order to reduce their potential losses.

Therefore, the objective of this work was to prepare cast-extruded EVOH-based films
containing methyl anthranilate as active compound for their use in packaging applications.
To this aim, a copolymer composed of 44% ethylene molar content (EVOH44) was selected
within the EVOH family, since it presents a lower melting temperature due to its crystalline
structure and, hence, the extrusion process can be carried out at softer conditions. In
addition, a specific screw configuration was designed in order to optimize the melt process-
ing and minimize the potential losses of MA. The influence of different concentrations of
methyl anthranilate over the main properties of interest of EVOH films in food packaging
applications was intensely studied. Finally, the ability of methyl anthranilate incorporated
in the active films to inhibit the growth of Botrytis cinerea and P. expansum was investigated.

2. Materials and Methods

2.1. Materials

Ethylene vinyl alcohol copolymer composed of 44% ethylene molar content was kindly
provided by The Nippon Synthetic Chemical Company (Osaka, Japan). Methyl anthranilate
(FCC, Food grade) was purchased from Sigma-Aldrich (Sigma-Aldrich Corp., St. Louis,
MO, USA). For the microbiological assays, potato dextrose agar (PDA) was purchased from
Scharlau (Scharlab S.L., Barcelona, Spain). The fungal strains Penicillium expansum (CECT
2278) and Botrytis cinerea (CECT2100) were supplied by the Spanish Type Culture Collection
(CECT) and were maintained in potato dextrose broth (PDB) with 20% sterile glycerol at
−80 ◦C. The fungal culture was regenerated and maintained by regular subculture at 26 ◦C
on PDA plates.

2.2. Pilot Scale Production of Active EVOH-Based Films by Extrusion Processing

Film formulations were prepared in a pilot-scale co-rotating twin screw extruder
Brabender TSE 20/40 with a 20 mm diameter screw and a length-diameter ratio (L/D) of
40. EVOH pellets, previously dried at 90 ◦C for 4 h, were fed through the main hopper
employing a gravimetric feeder. On the other hand, a loss-in-weight injection pump
was used to feed methyl anthranilate into the polymer melt, taking advantage of its low
viscosity. The pumping rate (mL/min) was adjusted for each formulation in order to
obtain a final content of MA of 3, 5 and 8 wt.% with respect to the polymer. The active
ingredient was fed in the fourth barrel of the extruder with the aim of reducing its residence
time and avoid potential losses of the compound associated with its volatile nature. The
temperature profile along the 6 barrel zones from hopper (zone 1) to die (zone 6) was
175-180-180-180-180-180 ◦C (see Figure 1), the applied screw rotation speed was set at
40 rpm, and the throughput was 1.5 kg/h. The employed screw configuration (Figure 1) was
designed combining different types of elements (i.e., conveying elements, kneading blocks
and gear mixing) in order to achieve a proper mixing and dispersion of the components
while preventing a potential thermal degradation of the materials during the extrusion
process. In particular, MA was added into gear mixing elements, which have the ability
to divide and recombine the flow, promoting a better interaction between the polymer
matrix in melt state and the active ingredient. Finally, the compounded EVOH—methyl
anthranilate formulations were transformed into films of 50 microns in thickness and 10 cm
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in width using an extrusion roller calender line. Samples were stored in aluminium foils
prior to characterization to prevent an undesirable release of the volatile oil.

Figure 1. Schematic representation of the film-extrusion process.

2.3. Characterization of Active Films
2.3.1. Identification and Quantification of Methyl Anthranilate in EVOH-Based Films

The presence of methyl anthranilate in EVOH-based films after the extrusion process
was qualitatively confirmed by Fourier transform infrared spectroscopy in attenuated
total reflectance mode (ATR-FTIR), using a TENSOR 27 Spectrophotometer (Bruker, Mas-
sachusetts, MA, USA) equipped with a diamond ATR sampling accessory. A background
spectrum was acquired before the analysis to compensate the CO2 and moisture effect.
The spectra of EVOH-based film formulations were then recorded in the 4000–700 cm−1

wavenumber range, averaging 64 scans and 4 cm−1 resolution.
The final content of MA remaining in the active films was quantitatively determined

by solid–liquid extraction followed by gas chromatography mass spectrometry (GC/MS)
analysis. In brief, 1 cm2 of each film formulation containing methyl anthranilate was extracted
with 5 mL of ethanol at 40 ◦C for 24 h. Then, GC/MS analysis was performed employing
a triple quadrupole GC/MS instrument from Agilent Technologies (Agilent Technologies,
Inc., Santa Clara, CA, USA) equipped with an Agilent DB-624 30 m × 0.32 mm, 0.18 μm
column, using hydrogen at 3.5 mL/min as carrier gas with a 10:1 split ratio. For the analysis,
1 μL of the extraction in ethanol was injected. The GC oven was programmed at 85 ◦C for
1 min and then the temperature was increased by 30 ◦C min−1 to 220 ◦C, where it was held
for 1 min. The quantitative determination of methyl anthranilate was conducted by using
a full scan between the m/z values 40–200 and total ion counting. The calibration curve
with a R2 > 0.99 was prepared by injecting solutions of methyl anthranilate in ethanol at five
known concentrations into the GC/MS instrument. Then, the capacity of EVOH copolymer to
retain the active methyl anthranilate compound was determined by employing the following
Equation (1) [32].

Retention capacity (%) =
m f

mi
× 100 (1)
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where mf is the amount of methyl anthranilate in the packaging material after the extrusion
process determined by GC/MS (g methyl anthranilate/g film) and mi is the nominal content
of the active compound initially incorporated to the EVOH copolymer.

2.3.2. Morphological Characterization

The sample surfaces and cross sections, previously coated under vacuum conditions,
using a current of 12 mA and for two minutes with a Pd/Au layer, were studied by
employing a Hitachi S-4800 (Hitachi Ltd., Tokyo, Japan) microscope operated at 10 kV and
a working distance of 10 mm.

2.3.3. Thermal Analysis

The thermal stability and the degradation behaviour of EVOH-based film formulations
was evaluated by thermogravimetric analysis (TGA) using a TGA Q-500 thermogravimetric
instrument (TA Instruments, New Castle, DE, USA). Typically, 3–8 mg of film sample was
placed in alumina pans and then heated from room temperature to 900 ◦C at a constant
heating rate of 10 ◦C min−1 under N2 atmosphere with a flow rate of 50 mL min−1.

The determination of the main thermal parameters and transitions was performed by
differential scanning calorimetry (DSC). DSC analyses were carried out by employing a
DSC Q-2000 equipment from TA Instruments (New Castle, DE, USA). Approximately 5 mg
of each sample was introduced in a sealed 40 μL aluminum pan and was subjected to the
following thermal cycles: first heating scan from 0 ◦C to 200 ◦C at 10 ◦C min−1, followed
by a cooling to −25 ◦C and a second heating scan to 200 ◦C. The temperature was held for
3 min at the end of each cycle. The values of the glass transition temperature, the melting
and crystallization temperatures and their corresponding enthalpies were calculated with
the TA Universal Analysis software by analyzing the DSC thermograms. The degree of
crystallinity was then calculated as described elsewhere [33], taking 217.8 J g−1 as the
melting enthalpy associated with a pure crystalline EVOH composed of 44% ethylene
molar content and following Equation (2) [34].

χ(%) =
1(

1 − m f

)
[

ΔH
ΔH0

]
× 100 (2)

where ΔH is the enthalpy for melting or crystallization; ΔH0 is melting for a 100% crystalline
EVOH sample and

(
1 − m f

)
is the weight fraction of EVOH in the sample.

2.3.4. Mechanical Properties

The tensile characteristics of all films were calculated with an MTS Universal Tensile
test machine (MTS Systems Corporation, Minnesota, MN, USA) equipped with a 1 kN
load cell. The main mechanical properties (i.e., Young’s modulus (E), stress at yield (σy),
stress at break (σb) and elongation at break (εb)) were calculated from the stress-strain
curves following UNE-EN ISO 527-3:2019 [35]. The dimensions of the film specimens
were 170 mm long, 15 mm wide and 50 μm thick and the clamps distance was set at
100 mm. The films were stretched at 100 mm min−1 until failure. At least five measure-
ments were conducted of each set of formulations and the results were expressed as the
average ± standard deviation. A statistical analysis at a 5% significance level based on the
ANOVA test was employed to analyse the results.

2.3.5. Film Thickness, Colour Tests and Transparency

The film thickness of the films was determined employing a micrometre MiniTest
7200FH (ElektroPhysik Dr. Steingroever GmbH & Co, Köln, Germany) with a low range
resolution of 0.1 μm. The mean values were calculated from readings taken at 10 different
random locations of each film formulation.

The change in the colour properties on EVOH films provoked by the incorporation
of the active agent was evaluated by employing a KONICA CM-2500d (Konica Minolta
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Sensing Americas, Inc., Ramsey, NJ, USA). The apparatus was calibrated using a white
and black standard tile. The tests were run in triplicate in the CIELab space, where L*,
a* and b* indicate lightness, redness/greenness, and yellowness/blueness, respectively.
The measurements were taken at random positions over the surface of the films and the
results were expressed as the average values of at least three measurements. The total
color difference (ΔE*) caused by methyl anthranilate in EVOH-based films was calculated
following Equation (3).

ΔE =
(

ΔL2 + Δa ∗2 + Δb ∗2
)0.5

(3)

where ΔL*, Δa*, and Δb* are the distances from the color coordinates of film samples to
control EVOH film [36].

The light transmittance of the films was evaluated in the wavelength range of 400
to 800 nm using a Jasco V-630 UV-vis spectrophotometer (Jasco Deutschland GmbH,
Pfungstadt, Germany). The transparency of the films was calculated following Equation (4)

Transparency =
A600

t
(4)

in which A600, is the absorbances at 600 nm, and t is the film thickness in millimetres [37].

2.3.6. Barrier Properties

The water vapour permeability tests (WVP) were carried out at room temperature and
at two different relative humidity (RH) levels, 33% and 75% RH, following the gravimetri-
cally method based on the standard ASTM E96M [38]. Permeability cells were filled with
4 grams of the desiccant anhydrous calcium chloride, which was dehydrated at 90 ◦C for
48 h before the tests. Circular shaped film samples with a diameter of 5 cm were fixed to
the cell with a flat silicon ring, leaving a permeable surface of 8 cm2. Then, the permeation
cups were stored at room temperature in chambers containing saturated salt solutions,
magnesium chloride, MgCl2, and sodium chloride, NaCl, for 33 and 75% RH, respectively.
The weight gain of the cups over time was used to determine the water vapour transferred
through the films and absorbed by the anhydrous calcium chloride. Cups were weighted
for 21 days with an analytical balance and the water vapour transmission rate (WVTR) was
calculated from the plot of the weight increment vs. time following Equation (5).

WVTR
(

g h−1m−2
)
=

Δm/Δt

A
(5)

where Δm/Δt is the slope of the curve and A is the permeable surface of the film [39]. The
obtained WVTR values were then divided by the water pressure gradient and multiplied
by the film thickness to determine the water vapour permeability (WVP). Five replicates
were tested for each set of formulations.

2.3.7. Influence of Environmental Humidity on the Release of Methyl Anthranilate

In order to study the influence of humidity on the compound release, an extraction
technique and GC/MS analyses were performed. Film samples of each formulation were
conditioned at three different humidity values, 33%, 75% and >95% at room temperature
for 10 days based on the methodology proposed by Kurek and co-workers [40]. After that
time, films were recovered from their conditioning chambers, and the remaining amount of
methyl anthranilate in the samples was extracted with ethanol. Then, GC/MS was carried
out following the procedure described in Section 2.3.1 and the percentage release of methyl
anthranilate was calculated as follows:

Compound release (%) =
ci − c f

ci
× 100 (6)
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where ci is the real concentration of methyl anthranilate in the films (mg MA/g film) after
the extrusion process, and cf is the final amount of methyl anthranilate in the films after its
release promoted by humidity.

2.4. Efficacy of EVOH Films Containing Methyl Anthranilate against Fungal Growth In Vitro
2.4.1. Microbiological Studies

Penicillium expansum (CECT 2278) and Botrytis cinerea (CECT 2100) were chosen as
fungal models of foodborne pathogens. These strains were obtained from the Spanish
type culture collection (CECT). Both fungi were grown and maintained in Potato Dextrose
Agar (PDA, Scharlab, Spain) for 7 days at 26 ◦C. To carry out the antimicrobial assay, a
conidial suspension of 106 spores/mL was obtained from of the fungal surface of PDA
plates. For this propose, sterile peptone water with 0.05% (v/v) Tween 80 was poured on
the fungal plate and scratched with a Digralsky spreader to drag the conidia. The fungal
culture solution was transferred to sterile tubes and several dilutions were carried out to
obtain the concentration of 106 spores/mL, counted with improved Neubauer chamber
(Bright-Line Hemacytometer, Hausser Scientific, Horsham, PA, USA).

2.4.2. Antifungal Activity of Methyl Anthranilate

The study of the antifungal capacity of the methyl anthranilate (MA) in vapour phase
against Penicillium expansum and Botrytis cinerea was carried out by determination of values
of minimal inhibitory concentration (MIC) and minimal fungicidal concentration (MFC).
The MIC value was defined as amount of compound which inhibits growth by at least
50% compared to the control at day 7 of incubation. MFC was defined as the amount of
volatile that completely inhibit the fungal growth after 10 days. Both parameters have
been expressed as volume (μL) of active compound dosed in each inoculated plate. The
PDA plates were inoculated in three equidistant points with 3 μL of conidia suspension
previously obtained (106 spores/mL). Then, a volume of 1, 2.5, 5, 10, 20, 50 μL of MA was
placed in a 50 mm of sterile paper disk and fixed in the lid of the plate. The plates were
closed and sealed with parafilm to avoid the volatile loss and incubated during 7 days
at 26 ◦C. The fungal colony diameter was measured after that time to determinate the
MIC value (μL/plate). Then, the active compound was removed from the plates and were
incubated for 3 days more, and fungal growth was assessed to determinate MFC parameter
(μL/plate). All assays were carried out in triplicate.

2.4.3. Antifungal Activity of Cast-Extruded EVOH Films Incorporated with
Methyl Anthranilate

Assessment of the antimicrobial activity of cast extruded EVOH films incorporated
with methyl anthranilate against both fungal strains was carried out by micro-atmosphere
assay, which is based on the effectiveness of the volatile vapour phase generated inside the
plate. To conduct this assay, 0.3 g of each film of 8 cm of diameter, with different amount
of MA (0, 3, 5, 8 wt.%), was placed on the lid of the petri dish, which contained 15 mL
of PDA and was inoculated at 3 equidistant points with conidial suspension. The plates
with active film and fungal inoculation were incubated for 10 days at 26 ◦C. The growth of
the fungal colony was monitored by measuring colony diameter at 3, 5, and 7 days, after
which the film was removed and incubated for 3 days more to observe the recovery of the
fungal colony. A control without film was also carried out. The radial growth of colony was
measured in cm and inhibition of fungal growth in respect to the control was calculated
and expressed as percentage. All assays were conducted in triplicate.

3. Results and Discussion

3.1. Identification and Quantification of Methyl Anthranilate in EVOH-Based Films

The FTIR spectra in the region of interest of EVOH and EVOH active films are shown
in Figure 2. The spectrum of the control EVOH film showed bending C-H vibrations
at 1328 cm−1 and 1452 cm−1, and the absorbance bands related to stretching vibrations
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located at 2850 cm−1 (C-H), 2930 cm−1 (C-H) and 3342 cm−1 (O-H) (not shown in the
Figure 2). The presence of a significant amount of methyl anthranilate in EVOH copolymer
matrix after the extrusion process was confirmed by the observation of several absorbance
peaks related to the bioactive compound such as the C=O stretching vibration band at
1690 cm−1, the bending of the N-H at 1620 cm−1, and by the C-O stretching vibration at
1248 cm−1 [41]. Moreover, the intensity of these peaks augmented as the concentration of
methyl anthranilate increased in the active extruded films.

Figure 2. FT-IR spectra of EVOH-MA samples.

To determine the real concentration of MA in the polymeric EVOH films, GC/MS anal-
ysis was performed via a previous extraction with ethanol at 40 ◦C. The final concentrations
for each formulation are displayed in Table 1. As shown, the final content of MA in the films
was below their initial content, possibly due to losses occurred in the extrusion process
caused by the high temperatures and the shear stresses generated during the film manufac-
turing. Results revealed that less than 25% of the content of MA was lost during processing,
indicating a high retention capacity of the volatile oil in the polymer matrix. The used screw
design, which favoured a proper mixing of the components, together with the extrusion
conditions were the main factors that permitted a considerable amount of the antifungal
compound to remain in the material after the processing. Other authors working with
volatile organic compounds intended for active food packaging, such as carvacrol, reported
a retention capacity lower than 50% when this substance was incorporated into polypropy-
lene by melt extrusion [42]. Considering thymol (THY), another widely employed volatile
compound with a boiling point similar to methyl anthranilate (232 ◦C THY vs. 256 ◦C
MA) that has demonstrated antibacterial and antioxidant activities, a loss of nearly 30%
was found by Ramos et al. when it was directly incorporated into poly(lactic acid) by melt
processing [43]. Interestingly, they reported that the amount of thymol after the extrusion
process was slightly higher in the formulations containing a nanoclay, indicating that the
presence of this additive can retard the compound evaporation during the manufacturing
process. A similar behaviour was also observed by the incorporation of Ag nanoparticles in
PLA/THY formulations produced by melt compounding [44]. A significantly higher loss
of thymol was observed by Galotto and co-workers, who reported a loss of 70% when this
volatile compound was incorporated with polyethylene, owing to the high temperatures
and to the low chemical compatibility between the two components [45]. Therefore, based
on the obtained results, it is noticeable that the employed screw configuration and extrusion
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conditions may have played a crucial role to consider methyl anthranilate a good antifungal
compound for the preparation of active packaging films by the melt blending processes.

Table 1. Film formulations and retention capacity of methyl anthranilate quantified by GC-MS
analysis.

Formulation Code Methyl Anthranilate (wt.%) Retention Capacity (%)

Neat EVOH EVOH n.d. -

EVOH + 3 wt.% methyl anthranilate EVOH-MA3 2.52 ± 0.36 84

EVOH + 5 wt.% methyl anthranilate EVOH-MA5 3.84 ± 0.20 76

EVOH + 8 wt.% methyl anthranilate EVOH-MA8 6.42 ± 0.17 80

3.2. SEM Analysis

Figure 3 displays the SEM pictures acquired for the surface and cross section of the film
samples. The surface of EVOH control film showed, as expected, a clean and homogeneous
surface. Regarding the films containing methyl anthranilate, smooth surfaces could be
observed for the three active formulations. However, some pores and imperfections could
be detected in certain regions along the examined area. This observation may be attributed
by an eventual loss of the active ingredient present in the surface of the material after the
manufacturing process [46]. On the other hand, the cross sections of the films subjected to
cryofracture, revealed a smooth and non-porous morphology, with no appreciable phase
separation in the films containing methyl anthranilate, which indicated a good dispersion
and compatibility between the polymer matrix and the natural ingredient. In addition, a
film thickness around 50 μm could be confirmed for all formulations by SEM observations.

 

Figure 3. SEM micrographs of sample surfaces and cross sections (×100 and ×500, respectively.).

3.3. Thermal Properties

The DSC thermograms of the different cast-extruded EVOH-based films, correspond-
ing to the heating and cooling stages, are displayed in Figure 4 while the main thermal
parameters obtained from the analysis of the DSC curves, are reported in Table 2. In the
control EVOH film, it was possible to observe during the first heating scan a second-order
transition related to the glass transition temperature of EVOH copolymer, with a value of
52 ◦C, determined as the midpoint between the onset and the end of the inflectional tangent.
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Figure 4. DSC thermograms during (a) first heating, (b) cooling and (c) second heating scan.

Table 2. DSC and TGA parameters.

First Heating Scan Cooling Scan Second Heating Scan TGA

Formulation
Tg

(◦C)
Tm
(◦C)

ΔHm
(J/g)

χc
(%)

Tc
(◦C)

ΔHc
(J/g)

Tg

(◦C)
Tm
(◦C)

ΔHm
(J/g)

χc
(%)

ΔW0–200
(%)

TmaxI
(◦C)

TmaxII
(◦C)

EVOH 52 169 68.8 31.5 143 61.8 54 167 66.5 30.5 0.2 399 459

EVOH-MA3 43 165 55.7 26.4 141 56.8 44 165 65.3 30.9 2.25 395 445

EVOH-MA5 40 164 57.4 27.3 139 53.9 42 163 56.9 27.4 4.33 389 452

EVOH-MA8 37 162 50.9 25.4 138 52.9 39 162 52.7 26.3 6.12 392 451

Then, an endothermic process related to the melting of EVOH copolymer was ob-
served at a peak temperature around 162 ◦C, with a ΔHm of 68.8 J/g, resulting in a degree of
crystallinity of 31.5%. With respect to the bioactive EVOH films in which methyl anthrani-
late was incorporated, the glass transition temperature values decreased in temperature,
ranging between 37 and 43 ◦C, indicating an additive-induced plasticization over the EVOH
copolymer. This phenomenon was more evident with the highest incorporated amount
of MA in the films, that is, 8 wt.%, resulting in a decrease in the Tg of 15 ◦C. The addition
of the active ingredient also shifted the melting peak towards lower temperatures with
respect to the control EVOH sample. Specifically, the Tm of pristine EVOH was reduced
by 4 ◦C, 5 ◦C and 7 ◦C for the 3, 5 and 8 wt.% MA content, respectively. Moreover, the
melting enthalpy was seen also to decrease when increasing the MA content, possibly due
to alterations in the crystalline structure of EVOH copolymer, and, as a consequence, the
degree of crystallinity was reduced from 31.5% to 26.4%, 27.3%, and 25.4% for the film
formulations containing 3, 5 and 8 wt.% of MA, respectively. This effect has been observed
in previous studies dealing with EVOH copolymer, and was related to interactions occur-
ring between hydroxyl groups present along the copolymer structure and low molecular
weight compounds in the amorphous phase [47,48]. Considering the cooling step from the
melt (Figure 4b), it was possible to observe, as expected and in good agreement with the
heating scan observations, that pristine EVOH presented a crystallization process with a
peak temperature centred at 143 ◦C and a crystallization enthalpy (ΔHc) of 61.8 J/g. As
reported in the literature, depending on both, the content of vinyl alcohol in the copolymer
and the cooling rate from the melt state, EVOH copolymers family is able to crystallize in
two types of phases: orthorhombic or monoclinic [49,50]. In the case of EVOH44, Cerrada
et al. concluded that this particular copolymer crystallized, independently of the cooling
rate, in the orthorhombic phase [51]. With regard the active films, both, the Tc and ΔHc,
decreased proportionally with the content of MA in the samples. Therefore, it is possible to
assume that the presence of the active compound slightly hinders the correct ordering of the
copolymer chains, needing higher undercoolings to crystallize and, consequently, shifting
the Tc to lower values. During the second heating cycle, the thermal parameters obtained
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for pristine EVOH were similar to those obtained during the first heating scan. However,
the Tg values reported for the active samples were slightly higher when compared to
the first heating scan, possibly due to a potential loss of the active ingredient during the
different heating and cooling cycles.

The results obtained in the present study are consistent and well supported by those
reported in previous works found in literature for compounded EVOH-based materials
developed by melt-extrusion and other manufacturing techniques (i.e., solvent casting,
electrospinning, etc.) For instance, Luzi et al. reported a decrease in the Tg, Tm and χc
of EVOH-caffeic acid-based systems prepared by solvent-casting [48]. In another work,
Luzi and her co-workers studied the effect of the processing technique, solvent casting and
extrusion processing on the properties of EVOH based films incorporated with gallic acid
and umbelliferone. They observed a general decrease of the melting temperature, melting
enthalpy and degree of crystallinity caused by the presence of the active ingredients [52].
More recently, Meléndez et al. developed electrospun EVOH44 fibres with and without
cellulose nanocrystals (CNC), and they found lower Tc, Tm and χc values in the samples
containing CNC compared to the pristine copolymer [9].

With respect to the thermal stability of the samples, EVOH control film presented two
major weight loss zones at 300–420 ◦C and 420–485 ◦C, corresponding to 90% and 9% mass
loss, respectively. The first decomposition step in EVOH film was related to the degrada-
tion reactions occurring in the vinyl alcohol component in the copolymer while the second
degradation stage, with a maximum peak temperature centred at 459 ◦C, was associated with
the full decomposition of EVOH backbones [53,54]. Films incorporating 3–8 wt.% methyl
anthranilate showed a thermal degradation process located in the range of 120–200 ◦C (see
Figure 5), indicating that the thermal volatilization of MA occurs in this temperature interval.
As shown in Table 2, the weight loss increment (ΔW0–200) in this range was in good agreement
with both the nominal amount of methyl anthranilate incorporated in the films during the
cast-extrusion process and the results extracted from the GC-MS analysis. Interestingly, the
maximum peak degradation temperatures (TmaxI and TmaxII) of EVOH copolymer were not
significantly affected by the presence of methyl anthranilate, indicating that film formula-
tions maintained a high thermally stable behaviour. Similar results have been observed in
previous studies where natural volatile compounds were blended with other thermoplastic
polymers [46,55].

Figure 5. TGA and DTG curves for EVOH-based samples.

3.4. Mechanical Properties

Figure 6 presents the tensile stress-strain curves of the cast-extruded films from which
the mechanical properties, i.e., Young Modulus (E), stress at yield (σy), stress at break (σb)
and elongation at break (εb) values were calculated. Incorporation of methyl anthranilate

115



Polymers 2022, 14, 3405

slightly decreased the Young Modulus from 2.5 ± 0.2 GPa of EVOH control film to a value
of 2.2 ± 0.1 GPa of EVOH film incorporating up to an 8 wt.% of methyl anthranilate,
indicating that the bioactive film formulations had less rigid behaviour. After reaching the
yield point, it was possible to observe a drop of the stress values, pointing out a necking
effect in EVOH-based formulations. The plasticization produced by methyl anthranilate
could explain the decreasing tendency in the yield stress from 46 ± 3 MPa in EVOH film
to 40 ± 5 MPa in EVOH-MA8 film samples [56]. Beyond the yield point, a strengthening
behaviour during the plastic deformation—strain hardening—was detected for all films.

 

Figure 6. Representative stress-strain curves of EVOH-based films.

This phenomenon, caused by the orientation and alignment of polymer chains, was
more remarkable in neat EVOH, owing to its higher degree of crystallinity with respect to
bioactive films, as determined in DSC analysis [57]. Consequently, the stress at break value
of EVOH film (62 ± 5 MPa) was higher when compared of films incorporating methyl
anthranilate, whose values decreased as the content of the active substance increased in
the EVOH-based films. Finally, the plasticizing effect of methyl anthranilate over the
EVOH matrix resulted in a noticeable increase in the elongation at break values, shifting
from 174% in EVOH film to 253% in EVOH-MA8 formulation. A similar behaviour has
been reported in previous works in which essential oils or their active constituents were
incorporated in thermoplastic polymers by melt processing techniques [58–60]. In this line,
the mechanical performances of all film formulations showed their suitability for flexible
packaging applications.

3.5. Water Vapour Permeability

The WVP was tested at 33% and 75% relative humidity at room temperature and the
values are gathered in Table 3. Regarding the influence of RH on the WVP, all samples
showed the same tendency: the permeability was significantly higher for the samples
measured at 75% RH, as a consequence of the plasticizing effect of water over the EVOH
copolymer chains. The increase in the polymer chain mobility results in a reduction in
the cohesive energy in the -OH groups present in EVOH, thus accelerating the molecular
diffusion of sorbed water through the film [61]. In particular, the WVP of pure EVOH44
shifted from a value of 0.12 × 10−15 kg·m m−2 s−1 Pa−1 at 33% RH to 1.08 × 10−15 kg·m
m−2 s−1 Pa−1 at 75%, which are in good concordance with those reported in previous
works [9,62]. The incorporation of 3 wt.% of methyl anthranilate slightly reduced the WVP
with respect to the control EVOH film at both tested humidity values, possibly due to the
low affinity and sensitivity of the active ingredient to water. However, films containing
5 and 8 wt.% of MA seemed to be more water sensitive than the control EVOH film and
EVOH-MA3 samples at 33 and 75% RH. This result can be explained as a consequence of
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the significant plasticizing effect observed in the thermal analysis for the active films and
the resulting increase in the amorphous region suitable for water transport in these samples.

Table 3. Mechanical properties and water vapor permeability values of EVOH-based films.

Reference E (GPa)
Stress @ Yield

(MPa)
Stress @ Break

(MPa)

Elongation @
Break (%)

WVP·1015 (kg·m/m2 s Pa)

33% RH 75% RH

EVOH 2.5 ± 0.2 a 46 ± 3 a 62 ± 5 a 174 ± 16 a 0.12 ± 0.01 1.08 ± 0.02

EVOH-MA3 2.4 ± 0.1 a 41 ± 4 a 54 ± 7 b 224 ± 18 b 0.11 ± 0.01 0.99 ± 0.04

EVOH-MA5 2.3 ± 0.2 a 41 ± 4 a 46 ± 10 b,c 260 ± 21 c 0.15 ± 0.02 1.14 ± 0.02

EVOH-MA8 2.2 ± 0.1 a 40 ± 5 a 43 ± 8 c 253 ± 12 c 0.18 ± 0.01 1.38 ± 0.06
a–c: different superscript within the same column indicates significant different between film formulations (Turkey
test, p < 0.05).

3.6. Optical Properties

The visual aspect of packaging films is a key factor since it can influence the consumer
perception on a certain end-product. In this line, Table 4 reports the main optical and colour
parameters of the cast-extruded active films based on EVOH copolymer incorporated with
methyl anthranilate, which all had an average thickness in the range of 50–55 μm. EVOH
control film was characterized by a high transparency and with the addition of MA, the
film formulations maintained their original appearance. The developed films exhibited
very similar L values, 92–93, indicating a high lightness of the colour of the active films.
This was attributed to a good dispersion of the active compound in the polymer matrix.
Furthermore, the colour parameter a* of EVOH copolymer film, which indicates the green
(negative) or red colour (positive), was not significantly affected by the presence of methyl
anthranilate in the active formulations, shifting towards negative values as the content of
the active ingredient augmented in the films. On the contrary, a clear tendency to positive
values of b* parameter provoked by the incorporation of methyl anthranilate was observed
in the active EVOH-MA films. Therefore, these samples showed a slight yellow tonality
that was responsible for the colour change (ΔE) in EVOH-MA formulations, as reported in
the Table below. The total colour difference was in the range of 4.1–4.9, which means that
the deviation in the optical properties can be noticeable by an unexperienced observer [34].
On the other hand, in terms of transparency, it was observed that the T parameter slightly
decreased by increasing the MA content. Thus, EVOH film and EVOH sample with 3 wt.%
of MA showed T values of 0.89 and 0.88, respectively, but by increasing the MA content
up to 8 wt.%, the transparency value was seen to decrease more evidently (0.77). With
all this, it is possible to state that the presence of methyl anthranilate did not significantly
affect the great optical properties of EVOH copolymer film, since the colour deviations
were moderate and the transparency in the active films remained practically unchanged
with respect to the control EVOH film, demonstrating the potential applicability of the
developed active films for food packaging.

Table 4. Thickness, colour parameters and transparency of extruded EVOH-based films.

Reference Thickness (μm) L a b ΔE T (A600/t)

EVOH 50 ± 2 93.1 0.04 −0.49 - 0.89 ± 0.01

EVOH-MA3 53 ± 3 92.6 ± 0.1 −0.59 ± 0.02 3.6 ± 0.04 4.1 ± 0.1 0.88 ± 0.01

EVOH-MA5 55 ± 3 92.5 ± 0.1 −0.81 ± 0.01 4.12 ± 0.02 4.7 ± 0.2 0.84 ± 0.01

EVOH-MA8 54 ± 4 92.6 ± 0.1 −0.78 ± 0.05 4.31 ± 0.04 4.9 ± 0.1 0.77 ± 0.02
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3.7. Effect of Environmental Humidity on Methyl Anthranilate Release from EVOH-Based Films

One of the main factors that influences the success for developing active packaging
materials is related to the trigger for the release of the active from the polymer matrix to
achieve a sustained release to the food media. As commented before, EVOH copolymers
are characterized by a hydrophilic nature due to their hydroxyl content. Therefore, as the
EVOH-based films are exposed to different relative humidity, water molecules begin to
penetrate through the polymer structure, leading to a swelling of the matrix, thus enabling
the release of methyl anthranilate. As displayed in Figure 7, the % release was greatly
influenced by the hydration of the system, with the lowest at 33% RH and the highest
at >95% RH. At 33% RH, less than 50% methyl anthranilate was released from the three
active formulations. On the other hand, in the highest humidity environment, the release
of the active ingredient from the polymer matrix to the head space of the system reached a
65% after 10 days of exposure, associated with the sorption of water in the material and
the subsequent hydration of the polymer structure. This result indicated that a significant
amount of MA was still present and available to be further released from the active films
after ten days of exposure to different RH. This observation was attributed to the fact that
EVOH-based films may need longer times to reach equilibrium, as reported by Aucejo
and co-workers [63]. In this line, a longer interaction between water and EVOH based
films may lead to a greater plasticization and swelling of the polymer matrix and thus to a
greater release of methyl anthranilate. In a work conducted by Kurek et al., the effect of
relative humidity on carvacrol release from chitosan-based films was intensely studied [40].
They reported that at 0% relative humidity and after 60 days at room temperature, the
remaining amount of carvacrol was higher than 45%, while at >96% RH, already after
10 days more than 95% of the carvacrol was released. The results presented herein show
that the developed active films may have a great potential to be applied in food products
with high water activity and thus where a high relative humidity is generated, permitting
the release of methyl anthranilate, and, consequently, inducing the potential antimicrobial
effect over the food produce.

 

Figure 7. Methyl anthranilate release from EVOH based films after 10 days influenced by relative
humidity (33, 75 and >95%).

3.8. Antifungal Activity
3.8.1. Methyl Anthranilate Vapour Inhibition Assay

The antimicrobial activity of methyl anthranilate (MA) against Penicillium expansum
and Botrytis cinerea was evaluated through micro-atmosphere generated into fungal culture
plates. The effectiveness of volatile compound expressed as MIC and MFC (μL/plate) are
represented in Table 5. Both fungi showed a great inhibition when MA was applied in the
plate. B. cinerea showed the highest susceptibility to a low amount of MA; thus, 5 μL of
active compound exhibited a fungicidal activity. However, a higher amount of compound is
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required to reach total inhibition of P. expansum. Few studies have reported in the literature
on the antimicrobial activity of MA. Nidiry and Babu, (2005) evaluated the antifungal
effect of some tuberose constituents, including methyl anthranilate, which showed good
effectiveness against Colletotrichum gloeosporioides [64]. Nevertheless, the antifungal activity
was assessed through diluting the compound in the agar culture medium, and not as
the vapour phase. Other studies have also reported the antifungal activity of the active
ingredient against fungi food pathogens applied as vapour phase, demonstrating the good
effectiveness of MA [65,66]. The previous studies and the obtained values for MIC and
MFC in the present research (μL/plate) against P. expansum and B. cinerea, highlight the
potential of this compound for its incorporation in active food packaging systems.

Table 5. Antimicrobial effectiveness of methyl anthranilate against P. expansum and B. cinerea ex-
pressed as MIC and MFC (μL/plate) after 10 days of incubation at 26 ◦C.

MIC (μL/plate) MFC (μL/plate) Control MIC MFC

P. expansum 2.5 20

 

B. cinerea 1 5

 

3.8.2. Antifungal Activity of Cast-Extruded Active EVOH-Based Films

The effectiveness of active films containing methyl anthranilate with 3, 5 and 8 wt.%
was evaluated against both fungi by the generation of a micro-atmosphere inside petri
dishes. The inhibition of fungal colony was calculated with films containing different
amount of MA, and is depicted in Figure 8. As discussed above, EVOH copolymer is a
highly hydrophilic material due to its great hydroxyl group content, increasing aroma
permeation in presence of high relative humidity. The EVOH-based films in the petri dish
were subjected to a high-humidity environment, which allowed MA to be released from the
polymer matrix to the plate headspace, allowing it to exert its activity. In good agreement
with the obtained data of MIC and MFC, it could be observed that the active films exhibited
great effectiveness against B. cinerea. Thus, fungicidal activity was observed for films with
5 and 8 wt.% of MA. Moreover, films with 3 wt.% of MA showed an inhibition around 80%
during all days of incubation.

On the other hand, EVOH film incorporated with the highest amount of MA (8 wt.%)
also resulted in fungicidal activity against P. expansum, while this fungi incubated in the
presence of EVOH-MA3 and EVOH-MA5 exhibited a great inhibition, and colonies resulted
that were white and small, which could be associated with an inhibition of sporulation [67].
The visual aspect of fungal colonies after seven days of incubation is represented in Figure 9,
which shows the great effectiveness of the developed active films against both fungi. The
antimicrobial activity of thermo-processed films may be compromised by losses occurring
during film processing [55,68]. In our study, cast extruded EVOH films incorporated with
MA showed great antifungal activity due not only to the effectiveness of MA, but also to
the high retention capacity of the active ingredient in the films after the manufacturing
process. Thanks to the hydrophilic nature of EVOH copolymer, the compound release from
the polymer matrix is mainly due to the exposition of films to high relative humidity since
fungal growth medium produces a high humidity atmosphere in plates, which leads to a
rapid release of the volatile substance, allowing strong inhibition of microorganisms [5].
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Figure 8. Effectiveness of EVOH incorporated with methyl anthranilate against P. expansum and B.
cinerea expressed as inhibition of fungal colony (%) during 10 days of at 26 ◦C.

 Cast-extruded EVOH films incorporated with methyl anthranilate 
 Control 0 wt.% 3 wt.% 5 wt.% 8 wt.% 

B. cinerea 

     

P. expansum 

     

Figure 9. Visual aspect of fungal colony of P. expansum and B. cinerea co-incubated with cast extruded
EVOH films incorporated with methyl anthranilate after 7 days at 26 ◦C.

Several studies have previously incorporated essential oils in EVOH copolymer matrix
aiming to develop antimicrobial polymers with interest in food packaging [5,13,69–71].
Although, to the best of our knowledge, no studies have been reported in which methyl
anthranilate is incorporated into a polymer matrix intended for packaging applications, its
antifungal activity on fruit pathogens has been previously demonstrated [65,66]. According
to these studies and the great fungal inhibition rates of EVOH-based films with MA
presented in this work, even with the minor content of the ingredient, the developed films
show a great potential to be applied in active food packaging.

4. Conclusions

In the present work, novel active EVOH-based films containing 3 wt.%, 5 wt.%, and
8 wt.% of bioactive methyl anthranilate compound were prepared at pilot scale by melt
extrusion processing in a twin-screw extruder with a specifically designed screw config-
uration, and fully characterized. All active formulations presented a retention capacity
of the natural ingredient higher than 75%. Films were optically transparent, but methyl
anthranilate provoked a somewhat yellow tonality. DSC analysis indicated a plasticiz-
ing effect of MA onto the EVOH matrix, resulting in a decrease in the glass transition
temperature of up to 15 ◦C, while the thermal stability of EVOH-based films evaluated
by TGA was not significantly affected by the presence of the antifungal ingredient. The
incorporation of different concentrations of methyl anthranilate into EVOH-based films
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resulted in an increase of the elongation at break values, from 174% in neat EVOH to 253%
in EVOH-MA8 formulation, confirming the plasticizing effect of this compound. This
behavior explained the slight increase in the water vapor permeability values in the film
formulations containing high amounts of methyl anthranilate (5 and 8 wt.%) with respect
to the pristine EVOH film. Despite this, all active films showed positive results concerning
antifungal activity, exhibiting fungicidal activity against B. cinerea and P. expansum. The
results presented and discussed in this study show the feasibility of the used technique to
develop active films with antifungal properties scalable in industrial environments.
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A. Assessment of Thermochromic

Packaging Prints’ Resistance to UV

Radiation and Various Chemical

Agents. Polymers 2023, 15, 1208.

https://doi.org/10.3390/polym

15051208

Academic Editor: Swarup Roy

Received: 11 January 2023

Revised: 23 February 2023

Accepted: 24 February 2023

Published: 27 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Article

Assessment of Thermochromic Packaging Prints’ Resistance to
UV Radiation and Various Chemical Agents
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Abstract: Thermochromic inks, also known as color changing inks, are becoming increasingly
important for various applications that range from smart packaging, product labels, security printing,
and anti-counterfeit inks to applications such as temperature-sensitive plastics and inks printed
onto ceramic mugs, promotional items, and toys. These inks are also gaining more attention as part
of textile decorations and can also be found in some artistic works obtained with thermochromic
paints, due to their ability to change color when exposed to heat. Thermochromic inks, however,
are known to be sensitive materials to the influence of UV radiation, heat fluctuations, and various
chemical agents. Given the fact that prints can be found in different environmental conditions during
their lifetime, in this work, thermochromic prints were exposed to the action of UV radiation and
the influence of different chemical agents in order to simulate different environmental parameters.
Hence, two thermochromic inks with different activation temperatures (one being cold and the other
being body-heat activated), printed on two food packaging label papers that differ in their surface
properties were chosen to be tested. Assessment of their resistance to specific chemical agents was
performed according to the procedure described in the ISO 2836:2021 standard. Moreover, the prints
were exposed to artificial aging to determine their durability when exposed to UV radiation. All
tested thermochromic prints showed low resistance to liquid chemical agents as the color difference
values were unacceptable in all cases. It was observed that the stability of thermochromic prints to
different chemicals decreases with decreasing solvent polarity. Based on the results obtained after UV
radiation, its influence in terms of color degradation is visible on both tested paper substrates, but
more significant degradation was observed on the ultra-smooth label paper.

Keywords: intelligent packaging; thermochromic inks; chemical resistance; UV radiation; color
degradation

1. Introduction

Today, thermochromic printing inks are used in various fields from the food industry
to industrial design. They are printed on the packaging or applied on a label so that
the consumer can determine by the color of the ink whether the product is ready for
consumption. Active and intelligent packaging has become very popular and in demand in
the modern packaging industry. They enable greater added-value, increased security, and
additional opportunities for marketing promotion [1–4]. Moreover, thermochromic inks
are increasingly interesting to many artists who use these types of inks in their creative
expressions [5–13]. Thermochromic inks are part of a group of chromogenic inks that have
the characteristic of changing their color due to some external influence. Leuco-dye-based
thermochromic (TC) inks change their color due to temperature changes. One of the most
important elements of smart packaging is a temperature sensitivity indicator that shows
the current temperature of the product. These TC indicators are usually simple in design,
and with their dynamic color change, add a functional role to the packaging.

TC color change can go from colorful to colorless, colorless to colorful, or they can
change from one color to another. Also, TC colorants can be successfully mixed with
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conventional inks to obtain a wider range of colors [14–20]. This can expand creative
possibilities for designers and artists on varied materials and applications. TC dynamic
color change can be reversible or irreversible. The reversible color change can last for 10s
of years if the print is protected from direct sunlight, extremely hot temperatures, and
aggressive solvents. In recent years, more research has been carried out on TC inks to
determine the factors that negatively affect the TC color change effect and to find solutions
to preserve it if possible. Each TC ink has its own fixed activation temperature (TA) at
which the color change starts, and today thermochromic inks can be obtained at many
different activation temperatures [21]. TC inks based on leuco dyes generally consist of
an encapsulated three-part system including a dye that changes color, a color developer,
and a solvent [22]. At temperatures below the TA, the solvent is in a solid state enabling
the dye and color developer to form a color which results in a full color effect. When the
temperature reaches the TA, the solvent becomes liquid, keeping color developer and the
leuco dye apart making the ink appear transparent or translucent [23–27]. The composition
of TC inks includes a mixture of TC microcapsules dispersed in the ink’s vehicle [24,28–30].
The main disadvantage of this microencapsulated TC system is its poor stability to some
external influences [31,32]. Reversible discoloration can result in ruptures of microcapsules
containing dye [33]. How to protect this system, which is responsible for the dynamics
of color change, is a broader subject of our research. Some examples include choosing a
suitable printing substrate or the use of nanomodified coatings [34–36].

In order to preserve the dynamics of color change and functionality of thermochromic
inks as indicators for packaging applications, this paper will investigate the factors that
could negatively affect their durability during their life cycle with the aim of maintaining
the functional role of TC inks as an additional value on packaging. Thermochromic prints
on packaging (labels) could be exposed to the effect of different chemical agents (ethanol
in alcoholic products, citric acid in juices, vegetable oils, water, etc. . . . ) during the use of
the products on which they are applied as indicators, which can affect their functionality.
In our previous research, we found that exposure of TC prints to specific liquid agents,
such as citric acid and ethanol caused severe damage to the prints which also led to the
bleeding of the colorants from the prints [37]. In addition to different chemical agents, the
packaging can be exposed to different storage and transportation conditions. Moreover,
during their shelf life, packaging can be exposed to UV radiation from light sources in the
supermarket as well. All these conditions can negatively affect the packaging properties, in
this case the properties of thermochromic indicators [38]. A variety of different complex
chemical reactions occur during the natural or artificial degradation of paper/cardboard
and prints due to different environmental and storage conditions, especially UV radiation,
temperature, and humidity, which can lead to different deteriorations of paper-based
packaging materials. In the last 10 years, several studies have been published that dealt
with low light fastness issues of TC prints [31,33,39–41], but there is still a lack of research
related to the resistance of TC prints to various chemical agents as evidenced by the
relatively small number of available scientific papers on the subject.

This research aims to analyze the resistance of UV-cured thermochromic prints to
specific liquid chemical agents and UV radiation. For that reason, the prints obtained on two
different paper substrates were subjected to artificial aging and were also treated with three
liquid agents to prove the prints’ resistance to liquids and chemicals. Chemical resistance
of prints was observed based on the optical deterioration of prints after treatments with
liquid agents compared against untreated prints and by determination of bleeding of the
colorants into the receptor surface. Prints’ resistance to UV radiation was evaluated by
observing the discoloration and any change in the prints.
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2. Materials and Methods

2.1. Printing Substrates

As printing substrates, two food packaging label papers of similar basis weight and
ISO brightness (R457) values were selected with properties given by the manufacturer,
presented in Table 1.

Table 1. Properties of used printing substrates.

Paper Substrate Abbreviation
Property

Unit
Method

Basis Weight
(g/m2)

ISO 536

Caliper
(μm)

ISO 534

ISO Brightness
(%)

ISO 2470, R457

Bekk
Smoothness (s)

ISO 5627

Niklakett Premium
Fashion NPF 75 74 91 74

Chromolux 700 CHR 80 84 89.3 300

The Niklakett Premium Fashion—NPF (Brigl & Bergmeister GmbH, Niklasdorf, Aus-
tria) substrate was a high gloss embossed label paper with a textured surface and about
four times lower smoothness compared to a Chromolux 700—CHR (Zanders Paper GmbH,
Bergisch Gladbach, Germany) paper characterized by ultra-smooth high gloss surface. Both
papers were suitable for all common printing processes. Moreover, Chromolux 700 was
approved for direct food contact. Also, both papers had a functional coating on the reverse
side as they were designed to be used as labels for beverages.

2.2. Printing Inks

Two thermochromic commercially available UV screen inks were chosen for printing.
These inks were colored below a specific temperature and changed to another color as they
were heated. One ink was colored in orange below its activation temperature (TA = 12 ◦C)
and changed to yellow above it (hereinafter OY-12). Due to the low activation temperature,
this ink is also called low temperature (or cold activated ink) commonly used for print
media to be chilled in the refrigerator or for other cold reactions. Application examples
include cold-temperature indicators, cold packaging, and other low temperature applica-
tions. Another ink was colored in purple below its activation temperature (TA = 31 ◦C)
and changed to pink above it (hereinafter PP-31). This ink was the type of body-heat
activated ink that is designed to show color at normal room temperature and to change
color when warmed up. This can be done by rubbing a finger or breathing warm air on
the application. Application examples of this type of ink include media packaging, direct
mail pieces, stickers, and labels where a unique interactive consumer experience is desired.
Both inks were reversible inks meaning that the original color was restored upon cooling
(Figures 1 and 2). These inks were made by mixing two types of colorants: thermochromic
leuco dyes encapsulated inside the microcapsule (TC microcapsules) and conventional
pigments [30,42]. We can assume that orange (OY-12) ink was made by the addition of
red leuco dyes to conventional yellow pigments, and purple (PP-31) ink was made by a
combination of conventional pink pigments with blue leuco dyes.

  
Figure 1. Visual presentation of thermochromic prints obtained on different paper substrates of cold
activated OY-12 ink under (8 ◦C) and above (20 ◦C) ink’s TA.
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Figure 2. Visual presentation of thermochromic prints obtained on different paper substrates of
body-heat activated PP-31 ink under (20 ◦C) and above (45 ◦C) ink’s TA.

The manufacturer states that these inks are sensitive to adverse environmental con-
ditions. Inks should not be exposed to UV and some fluorescent lights for a long time,
nor to direct sunlight for more than a few days, as this can degrade color intensity and
color-changing characteristics of the ink. The manufacturer does not recommend exposing
these inks to elevated temperatures for extended periods of time, as prolonged exposure
to 38 ◦C (100 ◦F) or higher, can degrade the color change and intensity of the product. In
addition, these inks are sensitive to certain chemicals, that is, wet ink should not come into
contact with any solvents.

2.3. Printing Trials

Printing was conducted in laboratory conditions by a semi-automatic screen-printing
device Siebdruckgeräte von Holzschuher KG., Wuppertal, using a mesh of 62–64 lin/cm.
The prints were printed in full tone. After printing, prints were cured using a Technigraf
Aktiprint L 10-1 UV dryer (30 W/cm). The characteristics of inks given by the producer are
presented in Table 2.

Table 2. Characteristics of used thermochromic UV screen printing inks.

Property Value

Viscosity at 25 ◦C 65–110 poise
Density (Approx.) 8.0 lb./gal
Appearance Viscous Liquid
Percent Solids (Approx.) 99%
Percent Volatiles (Approx.) <1.5%

2.4. Assessment of Prints’ Resistance to Specific Chemical Agents

Assessment of prints’ resistance to specific chemical agents was done following the
standard method ISO 2836:2021 [43]. International Standard ISO 2836:2021 in the field of
the printing industry defines methods of assessing the resistance of prints to liquid and
solid agents, solvents, varnishes, and acids [43]. For this study, thermochromic prints were
exposed to distilled water, citric acid, and ethanol, which were chosen as test agents to
simulate the exposure of smart beverage labels to water, alcohol, and juice of citrus fruits.
For test procedures where water and citric acid were used as liquid agents, the prints were
cut to dimensions of approx. 2 cm × 5 cm. For the determination of the resistance to
citric acid, the printed test piece was brought into contact with filter papers previously
saturated with 5% citric acid and placed under a 1 kg load for 1 h at ambient temperature
(23 ± 2 ◦C). After that, the print was rinsed in deionized water and was left to dry in the
oven at 50 ◦C for 30 min. The strips of filter paper used for the test were left to dry in free
air. For assessment of the prints’ resistance to water, the printed test piece was brought into
contact with filter papers previously saturated with distilled water and was placed under a
1 kg load for 24 h at ambient temperature (23 ± 2 ◦C). After the treatment, the laboratory
prints were dried in an oven for 30 min at a temperature of 40 ◦C. The strips of filter paper
used for the test were left to dry in free air. For ethanol stability assessment, the tests were
made with two different concentrations of denatured ethanol (v/v = 96% and v/v = 43%,
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respectively) and the test was performed in a test tube, which was half-filled with solvent.
The printed test piece with an area of approx. 6 cm2 was submerged in the solvent and was
left in it for 5 min. The test temperature was 23 ◦C. After exposure, the laboratory prints
were dried in an oven for 10 min at a temperature of 40 ◦C. Summarized details of test
conditions for conducted chemical resistance test methods are presented in Table 3.

Table 3. Test conditions for used liquid agents [43].

Test Agent Receptor Surface Temperature/◦C Test Duration Contact Condition

Water (distilled) filter paper 23 ± 2 24 h 1 kg on 54 cm2

Citric acid (w/v = 5%) filter paper 23 ± 2 1 h 1 kg on 54 cm2

Ethanol (v/v = 96%) test tube 23 ± 2 5 min liquid
Ethanol (v/v = 43%) test tube 23 ± 2 5 min liquid

2.5. Assessment of Prints’ Resistance to UV Radiation

For the evaluation of UV stability of thermochromic prints, the samples were exposed
to UV radiation in a Solarbox 1500e device (CO.FO.ME.GRA), with control of temperature
and UV radiation. All the samples were exposed to filtered xenon light for a period of
6, 12, 18, and 24 h, at a Black Standard Thermometer temperature of 40 ◦C, at irradiation
of 550 W/m2. The UV indoor filter was used to change the xenon spectral curve into the
ultraviolet range. The used filter in that form allows the simulation of sun rays filtered
through a windowpane, that is, it simulates the conditions of internal exposure. Conducted
tests cover the determination of the relative lightfastness of printed matter under laboratory
conditions in accordance with standard procedures described in ASTM 3424 and EOTA TR
010 [44,45].

2.6. Visual Evaluation

The test pieces were photographed on a copper plate coated with nickel, which is part
of the electrostatic circulator on which the measurement was carried out at the selected
temperature. Visual observation of the test pieces can be a first indicator of the degradation
process, such as the changes in coloration.

2.7. Spectrophotometric Measurements

Evaluation of chemical and UV degradation of prints was done by spectrophotometric
measurements. Spectrophotometric measurements were conducted on laboratory prints be-
fore and after their exposure to previously mentioned treatments. Temperature-dependent
spectral reflectance of the samples was measured (spectral region 430–700 nm, 1 nm step) by
fiber-based USB 2000 spectrometer (Ocean Optics, Orlando, Florida, USA) using a 30 mm
wide integrating sphere (ISP-30-6-R) with (8◦:di) measuring geometry and 6 mm sampling
port diameter. OceanView software by Ocean Optics was used to calculate the CIELAB L*,
a*, b* values considering the D50 illuminant and 2◦ standard observer.

For the evaluation of chemical and UV degradation, the color difference between
the prints before and after the conducted treatments was calculated using the formula
CIEDE2000 [46]. Each printed test piece was measured three times at three different posi-
tions on the print area. Spectroscopic measurements were done at two fixed temperatures
for each thermochromic print: one below its TA, and another above its TA. For that reason,
prints made with OY-12 ink were measured at 8 ◦C and 20 ◦C, whereas prints made with
PP-31 ink were measured at 20 ◦C and 45 ◦C, respectively. The samples were heated on the
surface of a water block (EK Water Blocks; EKWB d.o.o., Ljubljana, Slovenia).

Moreover, ink transfer or bleeding from the printed test piece to the receptor surface
(filter paper) was also evaluated by measuring color change CIEDE2000 on the filter paper
that was in contact with the printed test piece [46].
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3. Results and Discussion

3.1. Results of Prints’ Chemical Resistance

Assessment of the prints’ resistance to chemical agents was done based on any color
changes of the prints and in the receptor (filter paper) surface or testing solvent that has
been in the contact with the print [43]. Color changes CIEDE2000 of the test prints and
staining of filter papers were evaluated by spectroscopic measurements. This was done by
comparison of the treated test piece to an untreated test piece.

Interpretation of the measured color-difference parameter ΔE from the CIEDE2000
formula was done in relation to subjective visual perception (Table 4). If the calculated
CIEDE2000 results are below 1, then the average eye of the observer cannot perceive the
difference between the two colors. A very small difference between colors can be perceived
when the results are between 1 and 3, but it is tolerated, that is, a color difference up to 3 is
acceptable [47]. Moreover, from the printing industry’s point of view, Delta E tolerances
are acceptable for commercial printing if they are below 4.0, and for packaging printing the
tolerated differences are up to 2.0 [48].

Table 4. Subjective assessment metric based on CIEDE2000 Color difference [47,49].

Color Difference
Perception of

Color Difference
Tolerance

<0.2 not visible

Acceptable for the printing industry<0.5 negligible
0.2–1.0 noticeable
1.0–3.0 visible, but small

3.0–6.0 clearly visible, obvious
Unacceptable for the printing industry6.0–12.0 extremely large

>12.0 unacceptable

In case of bleeding of ink into the filter paper, the print is deemed to be bled when the
stain on the filter paper has ΔE(00) > 1.4 [43]. It is important to determine bleeding (ink
transfer) form the print into receptor surface because it can happen, for example, that the
appearance of the print has not changed, but the filter paper shows staining. Thus, evidence
of bleeding is one of the indicators that the print is not resistant to chemical agents.

Figure 3 shows the results of measured CIEDE2000 values for prints obtained with
PP-31 ink, for both paper substrates, after treatments with chemical agents. Figure 3a shows
the results when the TC ink was below its activation temperature (20 ◦C), meaning that
both colorants are in a colored state, whereas Figure 3b shows results obtained above the
ink’s activation temperature (45 ◦C) when discoloration of the thermochromic colorant
occurred. Results of measured ink bleeding from the printed test pieces to the filter paper
expressed in CIEDE2000 values are also included in Figure 3 and presented as dots.

Figure 3. CIEDE2000 measured on PP-31 prints below ink’s TA (a) and CIEDE2000 measured on
PP-31 prints above ink’s TA (b).
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When the TC ink is below its activation temperature (TC colorant is colored), the color
difference results are noticeably smaller than in the case when thermochromic colorant
becomes transparent/translucent. When prints are measured at 45 ◦C, it can be noticed that
for most liquid agent the prints were exposed to, color difference values go above the value
of 3, which is an unacceptable color change that can be perceived visually (appreciable
perception of color difference). In the case when thermochromic colorant is in its colored
state, measured color differences are acceptable, except for the result measured on a CHR
test piece that was submerged in 96% ethanol. Moreover, when comparing two printing
substrates, prints show better stability when printed on embossed NPF paper than on
ultra-smooth CHR paper. In Figure 4, the stains on filter papers are visible indicating
bleeding of the colorants from prints exposed to water and citric acid. The CIEDE2000
values obtained for colorants bleeding determination to the filter papers are pretty much
similar regardless of the temperature at which they were measured, which may indicate
that mostly non-thermochromic colorants were transferred to the receptor surface, or that
thermochromic colorants were not transferred to a significant level (which coincides with
measured smaller color differences when both colorants were activated, as presented in
Figure 3). It should also be noted that the colorants bled more when exposed to citric acid
than to water, which can also be seen in Figure 4. Moreover, a higher degree of bleeding
was noticed from prints obtained on CHR papers into filter paper saturated with water,
whereas, in the case of prints’ exposure to citric acid, slightly higher bleeding occurred from
prints obtained on NPF papers. In the case of prints obtained on CHR papers, migration
from the printed side of the test piece to the back side was noticed, that is, filter paper
that was put below the print was also stained with ink. Bleeding was visually observed
on all four filter papers that were put below and above the CHR test pieces during the
experiment, while this was not observed for test pieces printed on NPF paper.

 

Figure 4. Bleeding of colorants into filter papers from test pieces printed with PP-31 TC ink.

Figure 5 shows bleeding of the colorants of both tested TC inks, OY-12, and PP-31 into
ethanol solutions (v/v = 43% and v/v = 96%). The first test tube on the left, contains only
the neat solvent, whereas the others contain also the colorants that bled into solutions after
the treatment of the test pieces (bleeding of the colorants can be observed, especially in the
case of the test pieces printed with PP-31 ink). The results show that more severe bleeding
occurred when test pieces were treated with 96% ethanol solution and that ink transfer into
the solvent is greater from prints obtained on CHR papers (which corresponds with the
color difference results presented in Figure 3).
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Figure 5. Bleeding of colorants from prints obtained with OY-12 and PP-31 TC inks into solvents:
(a) 43% ethanol solution and (b) 96% ethanol solution.

Figure 6 shows the results of measured CIEDE2000 values for prints obtained with
OY-12 TC ink, for both paper substrates, after treatments with chemical agents. Figure 6a
shows results when the ink was below its activation temperature (8 ◦C), meaning that both
colorants are in a colored state, whereas Figure 6b shows results obtained above the ink’s
activation temperature (20 ◦C) when discoloration of the thermochromic colorant occurred.
Results of measured ink bleeding from the printed test pieces to the filter paper expressed
in CIEDE2000 values are also included in the figures and presented as dots.

Figure 6. CIEDE2000 measured on OY-12 prints below ink’s TA (a) and CIEDE2000 measured on
OY-12 prints above ink’s TA (b).

By observation of the results presented in Figure 6, it can be interesting to see that the
color difference results are significantly smaller when thermochromic colorant is inactive,
that is, when measured above its activation temperature. These are the complete opposite
results when compared to results obtained with PP-31 ink. When prints are measured at
8 ◦C, when the thermochromic colorant is in its colored state, it can be noticed that liquid
agents for all examined test pieces caused discoloration of prints as the color difference
values go above the value of 5 and even 6, which is an unacceptable color change. When
comparing two printing substrates, prints, in most cases, show better stability when they
are printed on embossed NPF paper, than on ultra-smooth CHR paper. CIEDE2000 results

132



Polymers 2023, 15, 1208

that refer to the bleeding of the colorants point out that ink has bled when prints were
exposed to water and citric acid (ΔE(00) > 1.4); however, when stains on filter papers were
measured above ink’s activation temperature, measured CIEDE2000 results were, in most
cases, smaller and close to the threshold value (ΔE(00) = 1.4). Also, when compared to
the PP-31 ink, OY-12 ink showed a lesser degree of bleeding. Due to the weak contrast of
the yellow color on the white filter papers, it was hard to visually notice the bleeding of
colorants, which is why the image of bleeding is not presented as in the case of PP-31 ink.
Bleeding of the colorants into the ethanol solutions was observed visually (Figure 5) but
also to a much lesser extent when compared to the PP-31 ink. Also, a higher concentration
of the solvent (96% ethanol) caused the ink to bleed more.

Taking into account the results presented earlier, it can be concluded that CIDE2000
values obtained at temperatures lower than the activation temperature result from both
colors of TC microcapsules and conventional pigment, whereas CIDE2000 values obtained
at a temperature higher than the activation temperature result mostly from the color
degradation of the classic pigment. Also, the stability of TC prints towards different
chemicals decreases with decreasing solvent polarity. It is known that water is a polar
solvent, while with organic molecules, this influence is reduced due to the hydrocarbon
chain. Considering the fact that citric acid is a weak organic acid (carboxylic acid) and
that due to the presence of three carboxyl groups and one hydroxyl group, it has a higher
polarity than ethanol (one hydroxyl group). The binder present in the used inks and the
conventional pigment create an interaction with the used solvents, and in this way are
transferred to another medium (filter paper or solvent). Water and citric acid interact mostly
with hydrogen bonding, whereas ethanol reacts by polar interactions (Table 3) [32,50]. In
43% ethanol solutions hydrogen interactions predominate, with somewhat lower dispersive
interactions. In 96% EtOH solution, the polar interactions are dominant. With that in mind,
we can conclude that the used printing ink interacts mostly by high polar interactions as
evident from the high color difference. It is also important to emphasize that in the tests
in which bleeding was observed, it cannot be asserted with certainty whether it is only a
matter of bleeding of the pigment, but it should be emphasized that in this case bleeding
of the resin, which is the carrier of the pigment inside the printing ink, is also possible.
Therefore, this is one limiting factor of this study that will be considered more in the future.
In addition to the influence of chemicals, the influence of the printing substrate on the
chemical stability of prints is also visible. A printing substrate with a rougher surface (NPF)
shows better stability. This can be attributed to the adhesive properties of the ink, which
arise precisely because of the roughness of the surface. Besides physical and chemical
adhesion (formation of ionic, covalent, hydrogen bonds) occurring on the paper-printing
ink interface, mechanical adhesion occurs by the penetration of printing ink into surface
irregularities (pores) of the printing substrate [51]. Thus, the rougher the surface, the better
the stability of TC prints.

3.2. Results of Prints’ UV Stability

Evaluation of UV degradation of the prints was done by spectroscopic measurements
and expressed in color difference values CIEDE2000. This was done by comparing untreated
samples with treated samples after 6, 12, 18, and 24 hours of exposure to UV radiation.
Exposure to UV radiation diminishes the dynamic of the color of TC prints as is clearly
visible from Figures 7 and 8.
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Figure 7. CIEDE2000 difference measured at 8 ◦C (left) and at 20 ◦C (right) on both test substrates
printed with OY-12.

Figure 8. CIEDE2000 difference measured at 20 ◦C (left) and at 45 ◦C (right) on both test substrates
printed with PP-31.

Color difference results on both PP-31 and OY-12 prints are significantly smaller when
thermochromic colorant is inactive that is, when measured above its activation temperature.
Such results could probably mean that UV radiation caused greater degradation of TC
colorants, although it is evident from the results that conventional colorants are also
strongly affected by UV radiation. When comparing NPF and CHR printing substrates, it
can be seen that prints show better stability when they are printed on embossed NPF paper.

Thermochromic printing inks are colored complex mixtures, consisting of colorants
(conventional pigments and thermochromic microcapsules), binder (resins), and different
additives. Their composition and physical property mostly differ due to the intended
printing process. Moreover, thermochromic (TC) microcapsules, which are one of the main
components, consist of dye–developer–solvent systems encapsulated inside the polymeric
shell. Polymeric shell of TC microcapsule is mostly made of melamine resin, but in this case,
we can not make claims about its origin. According to previous research, the binder of used
UV-curing TC printing ink is based on polyurethane acrylate (PUA) [52]. In addition, the
TC microcapsules in the print, along with conventional pigments, are covered with ink’s
binder [52]. In the case of TC composite, the intensity of color contrast when mixing TC
composit is affected by the intermolecular reactions between color former, color developer,
and organic solvent [39,40]. Taking all of that into account, when the UV radiation comes
over the surface of TC print, different chemical reactions are involved in this system. UV
radiation causes damage to materials through a complex photochemical reactions, where
polymeric materials first absorb the energy which is afterwards utilized for the breakage
of the molecular bonds. The presence of chromophore groups causes faster materials
degradation due to its high capacity of UV absorption [53]. According to Groeneveld et al.,
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photodegradation of organic colorants, which are one component of TC microcapsules, is a
dynamic process influenced by a number of different internal (physical state of the dye-
absorption spectrum and polarity) and external (spectral distribution and intensity of the
light source, presence or absence of oxygen, temperature, humidity, pH, the type of solvent
or substrate, and concentration of dye) parameters [54]. When dye adsorbs light, different
protective pathways occur and often are followed to lose the excess energy by emitting
a photon, through non-radiative relaxation or by molecular reactions (photoreactions).
In the case of photoreactions, photodegradations occur due to chemically unstable dye
molecules in their photoexcited form, which in the end results in their decomposition
through dissociation, intramolecular rearrangement reactions, or redox processes. Due
to photoexcited chemically unstable dye molecules with the presence of other reactive
substances in the system, both initiated from the singlet or triplet excited state (1D*, 3D*) of
the dye molecules [54]. In indirect photochemical reactions, the compounds with high ab-
sorption coefficients and low activation energies (photosensitizers), when excited can react
directly with the neighboring dye or pigment or they can react with molecular oxygen (3O2)
to create singlet oxygen (1O2), which then becomes the reactive species [54]. Friškovec et al.
showed that during photooxidation, TC microcapsules shells in the thermochromic printing
ink can be destroyed resulting in an irreversible loss of its functional properties because the
polymer shell does not protect the TC composite from the environment [33]. Taking into
account the ink binder, the photodegradation of PUA probably involves the Norrish type I
photocleavage of the excited carbonyl groups in acrylate and carbamate moieties [55–58].
In polyurethane-based materials, the urethane linkages (C-NH) are most susceptible to
photodegradation which, in the end, causes the surface erosion of the top layers and the
formation of oxidation products consisting of hydroxyl type compounds (alcohols, hy-
droperoxides) and carbonyl compounds [55]. In addition, to C-NH groups, the methylene
(CH) groups are damaged during UV exposure of PUA [55]. The addition of UV absorbers
and the piperidine hindered amines (HALS) can be a promising way to increase the UV
stability of PUA [56]. Moreover, the photostability of color formers of TC composite can
be acieved by the addition of the amphoteric counter-ion (benzophenone or benzotriazole
type UV absorbers, naphthalene derivatives of benzotriazole type UV absorbers, and zinc
and nickel 2,4-dihydroxybenzophenone-3-carboxylates) according to the literature [39–41].

Keeping that in mind, if the print is exposed to UV radiation, first the binder degrades
and results in the formation of oxidative species, which in the end react with the TC
microcapsules shell and cause the color degradation. The UV stability of TC printing inks
thus is affected by various factors such as the chemical composition of the binder and the TC
microcapsules, interactions between the printing ink’s binder and microcapsules, and the
binder drying mechanism [37]. With that in mind, it can be concluded that TC printing ink is
a complex mixture in which during photooxidation, different photochemical reactions occur,
causing the formation of oxidation products and fast oxidation of a whole system—the ink
binder, TC microcapsules polymer shell, dye-developer-solvent system, and conventional
pigment. Due to a complex structure of TC printing inks, the photodegradation should
be considered on different levels such as the increased photostability of color formers and
color developers in TC composites, TC microcapsules shells, and printing ink binders.

TC inks are considered to work properly if the total color contrast (TCC) between the
two states, below and above the activation temperatures, is clearly recognized. TCC was
measured as the CIEDE2000 difference between samples at 8 ◦C and 20 ◦C for OY-12 ink.
For PP-31 ink, TCC was measured as the CIEDE2000 difference between samples at 20◦ and
45 ◦C. The higher the TCC value, the more pronounced the thermochromic effect will be.

From Figure 9, it can be seen that the TCC is significantly higher on the embossed NPF
paper. Although on untreated samples TCC of PP-31 ink printed on ultra-smooth CHR
paper is higher than on NPF paper, already after 6 h of UV radiation its TCC contrast is
much lower compared to PP-31 ink printed on NPF paper. In comparison, after 18 hours,
TCC on CHR papers is 1.15 CIEDE2000 units for PP-31 and 1.48 units for OY-12. On NPF
papers after 18 hours of UV radiation, the TCC is 3.61 CIEDE2000 units for PP-31 and 7.07
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units for OY-12. The reason is probably that the NPF paper surface is more structured and
the ink penetrates more into the paper structure irregularities compared to the ultra-smooth
CHR paper as explained earlier. Photodegradation is strongly influenced by the amount of
ink present on a substrate surface which can lead to aggregation of ink concentration. The
size of the aggregates is proportional to ink concentration. If the agregates are greater, the
lightfastness improves due to the smaller relative surface area accessible to environmental
factors responsibe for photofading [54]. Therefore, it can be concluded that if the prints will
not be exposed to UV radiation, that is, they will be intended for use in closed spaces, the
TCC effect will be more pronounced on smooth substrates, as can be clearly seen in Figure 9.
Degradation of prints due to UV radiation on both substrates is quite large; however, due
to their structure, embossed papers are a slightly better choice when printing with TC inks.
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Figure 9. The total color contrast (TCC) between the two states for the OY-12 and PP-31 prints before
and after 6, 12, 18, and 24 h exposure to UV radiation.

Visual Evaluation of Prints

The result of the visual evaluation of the samples photographed on the plate on
which the samples were cooled and heated for spectrometric measurement can be seen in
Figures 10–13. It is evident that the prints, which were exposed to UV radiation, significantly
differ from untreated samples in color. Significant changes of color can be seen even after
6 h of exposure to UV radiation, whereas after 18 h of UV radiation, the loss of dynamic
color change can be noticed. The degradation of both TC inks is more significantly visible
on the smooth CHR substrate On prints obtained with both TC inks (OY-12 and PP-31) the
degradation is smaller above the activation temperature when the TC colorants are inactive.

 

Figure 10. Visual presentation of thermochromic prints of cold activated TC ink OY-12 at 8 ◦C, before
and after exposure of samples to UV radiation unexposed and exposed (6, 12, 18, and 24 h) (above
CHR sample, below NMF sample).
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Figure 11. Visual presentation of thermochromic prints of cold activated TC ink OY-12 at 20 ◦C,
before and after exposure of samples to UV radiation (6, 12, 18, and 24 h) (above CHR sample, below
NMF sample).

 

Figure 12. Visual presentation of thermochromic print of heat activated TC ink PP-31 at 20 ◦C, before
and after exposure of samples to UV radiation (6, 12, 18, and 24 h) (above CHR sample, below
NMF sample).

 

Figure 13. Visual presentation of thermochromic print of heat activated TC ink PP-31 at 45 ◦C, before
and after exposure of samples to UV radiation (6, 12, 18, and 24 h) (above CHR sample, below
NMF sample).

4. Conclusions

The main task of thermochromic inks is to influence the experience of the message or
design printed with them through their dynamic color change. Their role can be informative
or just creative. By analyzing some factors affecting the degradation of TC prints, that
is, the dynamics of color change, an insight into the weaknesses of this complex mixture
was provided.

All tested TC prints showed low resistance to liquid chemical agents as color difference
values were unacceptable in all cases and bleeding of the colorants was detected as well.
It was noticed that the stability of TC prints towards different chemicals decreases with
decreasing solvent polarity, and the poorest stability was observed in the case of prints’
exposure to a 96% ethanol solution. Prints obtained with body-heat activated TC ink (PP-31)
showed higher color difference results when measured below ink’s TA (when both colorants
were in their colored state), whereas in the case of prints obtained with cold-activated TC
ink (OY-12), higher color differences were detected when prints were measured above
ink’s TA (when TC colorant was inactive). Higher bleeding was detected both visually
and by spectroscopic measurements from body-heat activated TC PP-31 ink, than from
cold-activated TC OY-12 ink.

This research also provided insight into the relationship between TC inks and the
substrate on which they are printed. Both inks showed better stability when printed on
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embossed NPF paper than on ultra-smooth CHR paper. Moreover, in the case of ultra-
smooth CHR paper, bleeding of TC PP-31 ink’s colorants was visually observed on all filter
papers that were put below and above the prints during the experiment, meaning that the
migration from the printed side of the test piece to the back side was also noticed.

Due to the sensitivity of TC inks to adverse environmental conditions, the goal of this
research was to determine the resistance of TC prints to the influence of liquid chemical
agents and UV radiation. Based on the results obtained after UV radiation, its influence
in terms of color degradation, that is, reduced dynamics of color change is visible on both
tested paper substrates. However, more significant degradation, reflected as a reduced total
contrast, was observed on the ultra-smooth paper substrate. The reason is probably that
embossed paper, due to its structure, enables better ink penetration into the irregularities of
the paper structure compared to ultra-smooth paper. Also, in prints that were not exposed,
it was found that the total color contrast is more noticeable on ultra-smooth paper than on
embossed paper.
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Abstract: The butterfly pea flower (Clitoria ternatea L.) (BPF) has a high anthocyanin content, which
can be incorporated into polymer-based films to produce intelligent packaging for real-time food
freshness indicators. The objective of this work was to systematically review the polymer charac-
teristics used as BPF extract carriers and their application on various food products as intelligent
packaging systems. This systematic review was developed based on scientific reports accessible on
the databases provided by PSAS, UPM, and Google Scholar between 2010 and 2023. It covers the
morphology, anthocyanin extraction, and applications of anthocyanin-rich colourants from butterfly
pea flower (BPF) and as pH indicators in intelligent packaging systems. Probe ultrasonication extrac-
tion was successfully employed to extract a higher yield, which showed a 246.48% better extraction
of anthocyanins from BPFs for food applications. In comparison to anthocyanins from other natural
sources, BPFs have a major benefit in food packaging due to their unique colour spectrum throughout
a wide range of pH values. Several studies reported that the immobilisation of BPF in different
polymeric film matrixes could affect their physicochemical properties, but they could still effectively
monitor the quality of perishable food in real-time. In conclusion, the development of intelligent
films employing BPF’s anthocyanins is a potential strategy for the future of food packaging systems.

Keywords: anthocyanin; Clitoria ternatea L.; ultrasonic extraction; pH-responsive indicator; food
freshness; intelligent packaging

1. Introduction

Anthocyanins in Clirotia ternatea L. are present in the form of polyacrylate anthocyanins
also known as Ternatins. They are among the stable forms of anthocyanin [1], and their
stability is higher than the non-acylated ones. This plant is primarily found in tropical
regions, where it needs intense sunlight and is immune to abiotic stress [2]. In the butterfly
pea flower (BPF), the big advantage of polyacrylate anthocyanin is that it is known to be
employed as a natural food dye [3]. The most noticeable feature of the BPF is its petal, which
has a highly appealing blue colour [4]. In Malaysian dishes, BPFs are used to introduce
blue colour to white rice, namely nasi kerabu. Other than that, a refreshing lemonade drink
is also made using the BPF and is traditionally used in Southeast Asia as a herbal tea. Due
to their unique colour properties, BPFs have been utilised for other applications in foods.
On top of that, the significant colour-change properties of BPF are also one of the most
important criteria for spoilage detection in food products which come from natural sources
(anthocyanin) [5]. In this context, the use of intelligent pH-colourimetric packaging is an
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innovative system for distinguishing, monitoring, securing, and assuring food safety and
quality [6].

The increase in consumer awareness of food safety opens a new area of research, with
the incorporation of natural colourants from several plant-based sources being recom-
mended as a beneficial alternative to toxic synthetic (chemical) dyes. Generally, consumers
frequently use the shelf-life date (expiry date) displayed on the packaging to determine and
assess the freshness and quality of perishable foods [7]. However, some perishable food
products, such as muscle food, fresh fruits, and vegetables, cannot be assessed for their
quality and freshness only based on their shelf-life date [8]. Thus, it has been discovered
that polymer-based intelligent packaging can act as an indicator required for monitoring
the spoilage of food in real-time and instilling confidence in consumers upon purchase.

According to Poh [8], colour transformations are due to the molecular structure of
anthocyanins having an ionic nature. In acidic conditions (pH value < 2), the anthocyanins
will appear red, which is the formation of flavylium ions. As the pH increases, the first de-
protonation occurs and creates cations, converting flavylium ions into a neutral quinonoid
base [9]. Apart from that, anthocyanins in BPFs have a blue colour property in neutral
pH; the colour of anthocyanin will change to green-light yellow with an increasing pH
condition. The changes occur due to tautomerisation which changes hemiketal structure to
cis-chalcone and trans-chalcone as a result of the deprotonation from the C5-OH that has
been set aside [10]. According to Rahim et al. [5], microbial and biochemical spoilage causes
changes in food pH; thus, intelligent packaging made from polymer infused with active
compounds such as anthocyanin can help identify the changes in food pH through a colour
response due to reactions between the delphinidin of anthocyanin and volatile amines
produced by bacteria and the enzymes [11]. Therefore, this review covers the morphology,
anthocyanins extraction, and applications of BPF anthocyanin-rich colourants from various
types of polymer matrices as pH indicators in intelligent food packaging systems.

2. Materials and Methods

2.1. Research Strategy

This systematic review paper was written based on the specifications of the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [12],
as presented in Figure 1, to retrieve articles related to anthocyanins extracted from BPFs
(C. ternatea) for application in a pH indicator film to monitor foods freshness. Document
searching tools provided by Perpustakaan Sultan Abdul Samad (PSAS), the library of
the Universiti Putra Malaysia (UPM), Serdang, Malaysia were used. Data were extracted
from full-access articles from EBSCOhost, PROQUEST Dissertations and Theses Global,
Scopus, SpringerLink, and ScienceDirect using the electronic database search provided by
PSAS. Other than that, information was obtained from the general academic search engine
Google Scholar. Moreover, in all databases, PICO strategy was used as terms guided by
the specific question created, whereby population (P) referred to the research studies on
polymer film matrixes for intelligent packaging applications; intervention (I) referred to
polymer-carriers immobilised with natural pigment BPF anthocyanin; comparison (C) can
be referred to types of polymer film properties; and outcome (O) referred to the application
on food products.

2.2. Keyword Choices

The keywords chosen were butterfly pea flower; anthocyanin; intelligent packaging;
polymer matrix; starch; pH film indicator; freshness indicator; application food; monitoring
food. The keywords mentioned above were used as the search strategy. Only the first
100 articles that satisfied all the keywords were reviewed when the search engine displayed
too many results. When a lower number of search results was obtained, fewer or more
general keywords were used to obtain enough search results.
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Figure 1. PRISMA flow diagram for article selection process based on the methodology stated [12].

2.3. Inclusion Criteria

The inclusion criteria for this systematic review were determined to screen the eli-
gibility of research articles found in the databases. Studies and articles that fulfilled the
following criteria were selected: (a) only articles written in English from research databases
were prioritised to save time and to prevent confusion due to mistranslations during the
reviewing process; (b) studies that elaborated on the development of intelligent packaging
from different types of polymer incorporated with natural pigments as pH indicator films;
(c) studies that elaborated on the application of polymer-based strategies for the monitoring
of food freshness; (d) articles found in research databases provided by PSAS, UPM, and
Google Scholar; (e) articles that were published between the year January 2010 and April
2023, and (f) full-text articles that are accessible.

2.4. Exclusion Criteria

Several exclusion criteria were taken into consideration during the reviewing process;
(a) articles that only provided abstracts; (b) studies that did not use butterfly pea flowers
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for the development of intelligent packaging; and (c) articles that did not focus on the
current topic.

2.5. Study Selection and Data Extraction

The articles searched in the databases were chosen based on their title and the key-
words in the title. The abstracts of the shortlisted articles obtained were evaluated while
also keeping in mind the inclusion criteria that were set (by N.N.H.). The full article was
then gone through to identify whether it satisfied the inclusion criteria. Later, M.R.I.-F.
and E.MA. cross-checked the shortlisted articles after reviewing the full texts, and dis-
agreements related to conflicting articles were resolved after a discussion between the
four authors (M.R.I.-F., E.M.A., A.R., N.H.Z.A.). The data were collected and tabulated
and N.N.H. used self-designed tables to tabulate the relevant data. Table 1 is a summary
table for all the selected articles, giving information about the author(s), year of publica-
tion, polymer material, the composition of polymer film, food application, and conclusion.
Moreover, the information extracted from Table 1 was further divided into two categories;
Table 2 provides comprehensive information about the physical and mechanical properties
tested on the polymer film. Meanwhile, the applications of the butterfly pea flower films as
intelligent packaging are listed in Table 3. A PRISMA flow diagram of the article selection
process is shown in Figure 1.

2.6. Quality Assessment of the Included Studies

The included research articles were subjected to a quality evaluation step using the
Critical Appraisal Skills Programme (CASP) tool [13], which graded each study based
on several components, such as the appropriateness of the study design for the research
question. Two authors (N.N.H. and M.R.I.-F.) carried this out independently and discussed
each item for each study included in this review to reduce the possibility of bias.

Table 1. A summary of articles on BPF immobilised in polymer-based intelligent packaging for
monitoring the freshness of food.

Author/Year Polymer Material
Composition of
Polymer Film

Food
Application

Conclusion

Hashim et al.,
2021 [14]

Sugarcane wax/agar
(SW/Agr)

Agr/BF/1% SW,
Agr/BF/1.5% SW,
Agr/BF/2% SW

Shrimp

Agr/BF/2%SW film was chosen as a
sensor for shrimps’ freshness due to

its overall performance and sensitivity
to ammonia vapour.

Wu et al., 2021
[15]

Gellan
gum/heat-treated soy

protein isolate
(G/HSPI)

G/CT, G/HSPI1%/CT,
G/HSPI2%/CT Shrimp

The incorporation of CT extract in G
and G/HSPI films successfully

reduced the release of CT anthocyanin
content.

Ahmad et al.,
2020 [16] Sago (Metroxylon sagu) SG, SG5/BPF, SG7/BPF,

SG10/BPF, SG15/BPF Chicken

The optimal concentration to
formulate the SG film was 5% wt/vol

and the surfaces of the films
investigated were smooth (complete

polymer gelatinisation).

Hidayati et al.,
2021 [17]

Chitosan/polyvinyl
alcohol (CH/PVA)

CH:PVA (20:80, 40:60,
60:40, and 80:20) -

CH:PVA (40:60) had the best results
for physical and mechanical properties

and produced the clearest colour
changes with different pH ranges.

Boonsiriwit
et al., 2021

[18]

Hydroxypropyl
methylcellu-

lose/microcrystalline
cellulose biocomposites

(HMB)

HMB, 1.0BA-HMB,
1.5BA-HMB, and

2.0BA-HMB

Fish fillet (Scomber
scombrus)

1.0BA-HMB indicator exhibited the
best physical properties; however,

1.5-HMB demonstrated a clear change
in the colour response of quality fish

(more sensitive).
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Author/Year Polymer Material
Composition of
Polymer Film

Food
Application

Conclusion

Sai-Ut et al.,
2021 [19]

Gelatin/methylcellulose
(G/MC)

G, G/BPE, MC,
MC/BPE -

MC/BPE indicator had improved
mechanical and physical properties.

Meanwhile, G/BPE showed a clearer
response to pH variation.

Koshy et al.,
2022 [20]

Soy protein
isolate/chitin
nanowhisker
(SPI/CNW)

SPI, SPI-CNW, SPI-CTE,
and SPI-CNW-CTE -

The addition of CTE to SPI enhanced
the mechanical properties. However,

the addition of CTE was found to
decrease the tensile strength of

SPI-CNW film and was found to make
the film pH sensitive.

Mary et al.,
2020 [21]

Potato
starch/nanosized
titanium dioxide

(S/TiO2)

S, S/BPE, S/TiO2,
S/TiO2/BPE Shrimp

It was observed that the addition of
BPE and TiO2 could greatly alter the
physical properties of the film. The

addition of TiO2 exhibited changes in
colour during the spoilage of shrimp.

Yan et al., 2021
[22] Chitosan (CH) CH, CH-BP10%,

CH-BP15%, CH-BP20% Tilapia fish

The incorporation of BP extract
increased the thickness, WVP, and

mechanical properties of CH-BP films,
while reducing their moisture content,

swelling ratio, and water contact
angle.

Kim et al.,
2022 [23]

Gelatine/agar/zinc
oxide nanoparticles

(Gel/Agar/Zno)

Gel/Agar,
Gel/Agar/ZnO,
Gel/Agar/BA,

Gel/Agar/ZnO/BA

Shrimp

The addition of BA and ZnO
significantly increased the

UV-blocking properties and surface
hydrophobicity without significant

changes in the film’s mechanical,
thermal stability, and water vapour

barrier properties.

Romruen
et al., 2022

[24]

Alginate/agar/cellulose
nanosphere (CN)

0% CN, 5% CN,
10% CN, 20% CN, and

30% CN.
Shrimp

CN can improve the mechanical
properties of smart bilayer films
without affecting their chemical

properties and proved it is effectively
used to monitor shrimp freshness.

Ahmad et al.,
2019 [25] t-carrageenan Control,

t-carrageenan/BPA
Shrimp and

durian

The ability of the developed
colourimetric pH sensor film from

t-carrageenan shows colour changes
on shrimp and durian, which provides
a simple way to express the quality of

food.

Rawdkuen
et al., 2020

[26]
Gelatine Control, Gelatine/BPA -

The film with BPA extracts in gelatine
films showed the highest antioxidant

activity, improved water barrier
properties, and showed greater pH

sensitivity.

Roy et al.,
2021 [27]

Carboxymethyl
cellulose/agar
(CMC/agar)

CMC/agar,
CMCagar/ACN,
CMC/agar/SKN

-

The incorporation of anthocyanin in
CMC/agar-based films improved
physical and functional properties

without altering the thermal stability.

Sumiasih
et al., 2022

[28]

Chitosan/polyvinyl
alcohol (CH/PVA)

CH: PVA (20:80, 40:60,
60:40, and 80:20) Beef

The best formulation was the
composition of 20:80 PVA and

chitosan 20:80 with the best thickness
and total TVBN analysis
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Author/Year Polymer Material
Composition of
Polymer Film

Food
Application

Conclusion

Cho et al.,
2021 [29] Corn starch (CS)

CS-BP (9% v/v, 13%
v/v, 17% v/v, 20% v/v,

and 23% v/v)
Pasteurised milk

The thickness of the films increased
with the BP concentration added.

Meanwhile, BP solutions
incorporating 23% v/v exhibited the

greatest ΔE values.

Table 2. pH-indicator composite films based on butterfly pea flower anthocyanin: physical and
mechanical changes.

Polymer Film

Main Results after BPFA Incorporation

References
Physical Properties Mechanical Properties

Thickness
Water

Permeability
Tensile Strength Elongation at Break

Sugarcane wax and agar
matrix Increase No significant

difference Low No significant
difference [13]

Gellan gum and
heat-treated soy protein

isolate (HSPI)
- Low Low Low [14]

Chitosan and polyvinyl
alcohol (PVA) No effect - High Low [16]

Hydroxypropyl
methylcellulose

biocomposite (HMB)
No effect - High Low [17]

Gelatine and
methylcellulose No effect High Gelatine + BPFA (low)

MC + BPFA (high)
Gelatine + BPFA (low)

MC + BPFA (high) [18]

Soy protein isolate (SPI)
and chitin nanowhisker

(CNW)
No effect - Low Low [19]

Nanosized TiO2 Decrease Low - - [20]

Chitosan Increase High High Low [21]

Zinc oxide nanoparticles
(ZnO) + gelatine/agar Increase No significant

difference Low High [22]

Cellulose nanosphere
(CN) and alginate/agar Increase No significant

difference High Low [23]

Gelatine No effect Low Low High [25]

Carboxymethyl cellulose
(CMC)/agar-based No effect Low No significant

difference High [26]

Table 3. Application of pH-responsive freshness indicator film of butterfly pea flower in food packaging.

Film Matrix Foods
Sample
Size (g)

Storage
(◦C)

Visual Colour Change
Final Time

(Day)
References

Sugarcane wax and agar
matrix Shrimp 55 25 Deep purple to bluish-green 1.0 [13]

Heat-treated soy protein
isolate and gellan gum Shrimp - 25 Blue to bluish-green 1.0 [14]

Hydroxypropyl
methylcellulose

biocomposite (HMB)
Mackerel fish 200 4 Deep purple to violet 6.0 [17]
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Table 3. Cont.

Film Matrix Foods
Sample
Size (g)

Storage
(◦C)

Visual Colour Change
Final Time

(Day)
References

Nanosized TiO2 Prawn 20 4 Pink to green 6.0 [20]

Chitosan Tilapia fish - 4 Purple-blue to dark green 6.0 [21]

t-carrageenan Durian and
shrimp - 28

Shrimp: deep blue to
greenish-blue

Durian: deep blue to dark
purple

Shrimp: 0.5 h
Durian: 4.0 [24]

Chitosan and polyvinyl
alcohol (PVA) Beef 60 25 Blue to bluish-green 1.0 [27]

Corn starch Pasteurised
milk 250 (mL) 25 Deep blue to light blue 3.0 [28]

3. Results and Discussion

3.1. Study Characteristics

The PRISMA flow diagram in Figure 1 describes the entire screening process of articles
in the review, where we determined the eligibility of research articles found in the database.
Firstly, the timeline was set to 13 years, so articles that were published between 2010
and 2023 were included in the review process. In terms of content, the selected research
articles were identified and discussed for the studies that focused on the development
and investigated the ability of different types of polymer matrix films to be incorporated
with butterfly pea flower extract on intelligent packaging specifically as a freshness/pH
indicator. Furthermore, the application of butterfly pea flower anthocyanin as a polymer-
based pH film indicator was included in the review process where the effectiveness of
the pH indicator was in monitoring the freshness of various types of food (e.g., seafood,
poultry, milk) stored at room temperature or chiller conditions at 4 ◦C. The characteristics
of all the research involved (summary) are displayed in a data extraction table in Table 1.

3.2. Butterfly Pea Flower (Clitoria ternatea L.)
3.2.1. Plant Morphology

Clitoria ternatea L. belongs to the Fabaceae family. It is also called the Butterfly Pea, Blue
Pea, Asian Pigeonwings, and Telang (in the Malay language). It is a climbing flowery plant
creeping towards other plants in competition for sunlight. The flowers are big and solitary
and the most striking feature is the colour of the flowers, which have a vivid deep blue to
mauve colour [30] with yellow in the middle and a white spot at the edge. The colours in
the flower petals are due to the presence of anthocyanin content such as delphinidins.

According to Suarna and Wijaya [4], BPFs have two different kinds of corollas (the
group of petals in the flower) and stamen: (Figure 2a) a normal corolla has four petals,
where two petals at the lateral area called wings, and other two petals at the posterior
area called carina with diadelphous stamen. On the other hand, a multiple-layer corolla
(Figure 2b), which has five petals of corollas, consists of one petal (the biggest) at the
anterior area with 10 solitary stamens. Havananda and Luengwilai [31] stated that the
reproduction of BPFs is conducted through fruit seeds, and it quickly shows excellent
regrowth after cutting or grazing and produces a high yield of blooming flowers. BPFs
flourish when lightly grazed throughout the wet season.
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(a) 

 
(b) 

Figure 2. Variation structure of the butterfly pea flower: (a) normal corollas; (b) multiple layered corollas.

3.2.2. Plant Pigment (Anthocyanin)

Anthocyanins (Anthos is flower and kyanos is blue in Greek) are polar compounds
that are water-soluble pigments, belonging to the flavonoids compound, where they are a
subclass of the polyphenol family [32]. They provide a colour spectrum in the range of red,
blue, and purple, as seen in the higher plants. They are frequently found in flowers and
fruits. However, they can also be found in other plants, including vegetables, legumes, and
cereals. According to Khoo et al. [33], anthocyanins are glycosides of anthocyanidins, which
are often found in a variety of plant species such as cyanidin, delphinidin, pelargonidin,
peonidin, petunidin, and malvidin. Moreover, BPFs have medicinal properties. The extracts
of anthocyanin have been used over the years as a potential antioxidant, antimicrobial, anti-
inflammatory, and antidiabetic activity [34] and, more recently, due to studies indicating
anti-cancer properties [35].

In BPFs, a high abundance of polyacylated anthocyanins in the flower is responsible
for the plant pigment’s stable blue colour [36]. Anthocyanins that are commonly found
in BPFs are ternatin and delphinidin [37]. A study by Ahmad et al. [25] found that 12 dif-
ferent compounds of anthocyanin were successfully detected in BPFs where ternatins
were the largest anthocyanin groups. Chemically, ternatins are blue and they consist of
anthocyanidin or aglycon and sugars with the presence of a third component, which is
delphinidin. The primary anthocyanin responsible for this flower’s intense blue to purple
colour is delphinidin [38]. Jeyaraj et al. [34] reported that the stable polyacylated derivative
of delphinidin 3,3′,5′-triglucosides called ternatin is found in the petals of BPFs. It has
3′,5′-side chains with alternate D-glucose and p-coumaric acid units at R and R1. Thus,
delphinidin-3,3′,5′-triglucoside is the fundamental structure of all ternatins in BPFs.

Azima et al. [39] reported that when compared with other natural colourants, BPF
anthocyanin has a more intense, vibrant, and saturated colour due to significantly higher
colour density and chroma values. Furthermore, it was found that cyanidin-3-(p-coumaroyl-
glucoside) was the most prevalent anthocyanin present based on its intensity [1] and was
identified as the anthocyanin in the aqueous extract of BPFs’ blue petals.

3.2.3. pH Sensitivity of Anthocyanin

Anthocyanins, water-soluble compounds that can create a broad range of colours (red,
pink, purple, and blue), are commonly extracted from flowers, vegetables, cereals, and
fruits. Additionally, Balbinot-Alfaro et al. [40] reported that anthocyanins can be detected
in different colours and chemical forms depending on the pH of the solution, and this could
be used to track food products over their shelf-life and, eventually, monitor food quality
criteria. The source, composition, and structure of anthocyanins are related to the reversible
colour characteristics of anthocyanin-rich plants [6]. The ability of anthocyanin to change
colour is a unique characteristic. Four different coloured anthocyanin forms can alternately
change based on the pH of the solution ranging from 1 to 13, as shown in Figure 3.
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Figure 3. The main forms of anthocyanins at varying pH [6].

Based on Figure 3, the anthocyanin-rich extract’s colour changes can be seen when
the pH rises gradually from the acidic to the alkaline area. Because of the bathochromic
and hyperchromic characteristics [41], the colour of the anthocyanin-rich extract is at pH
values pH < 2; where it is at very acidic pH values, the formation of the red flavylium ion
(AH+) is favoured. This species is fully protonated and has a delocalised positive charge
across the chromophore. With a slight increase in pH, the first deprotonation occurs where
kinetic and thermodynamic competition happens between the hydration reaction of the
flavylium cation and the proton transfer reactions related to its acidic hydroxyl groups,
thus converting into the neutral quinoid base (purple). The colour changes towards a red to
purple quinoidal base. At the pH values between six and seven, the quinoid base (purple
colour) is deprotonated further, forming the anionic quinonoid base (blue) with a negative
delocalised charge, and the colour changes from purple to blue [42]. As the pH is raised
from acidic conditions to slightly acidic or nearly neutral circumstances, this blue colour
will appear.

The stability of anthocyanins gradually declines as pH increases (pH > 7), where it is
dependent on their substituent groups and will generate–a green-light yellow colour as a
result of isomerisation into chalcone formation via water catalysed-tautomerisation [43].
It is well-known that anthocyanin properties, including colour expression, are highly
influenced by anthocyanin structure and pH. Due to these abilities, anthocyanins extracted
from BPFs could potentially act as naturally derived pH dyes for colourimetric indicators
in the monitoring of seafood and poultry freshness since they provide significant changes
in the colour spectra with the changes in pH, and they are a non-toxic compound and give
lower risk to the consumer. Therefore, the pH indicator sensitivity of BPF anthocyanins
may be beneficial to be facilitated in intelligent packaging systems.

3.3. Anthocyanin Extraction from BPFs

Extraction is the most important step to isolate polyphenols and anthocyanin as
natural colourants from plant sources. Various factors affect the overall extractable yield of
anthocyanin in Clitorria ternatea that are included in the stability/sensitivity of BPFs such
as temperature, pH, light, presence of enzymes, oxygen, metal ions, sulphur dioxide, and
phenolic acids [44]. The most important factor to extract anthocyanin from plant sources is
the selection of solvent, extraction time and temperature, and the ratio of the extractable
substrate (flower) to solvent ratio [39], which will affect the anthocyanin content in the
BPF. Traditionally, the direct addition of a powdered form of the dried BPF is a common
procedure for the extraction process as shown in Figure 4. Prior to extraction, plant materials
are prepared by size reduction using a grinder on either fresh [16] or dried samples [45]
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to increase the surface area for mixing with solvent. On the other hand, extraction can be
divided into two methods, which are either conventional or non-conventional extraction
methods to extract anthocyanins from the flower. Therefore, for this review, only extraction
techniques that can save time and cost and produce a high extraction yield of anthocyanin
from BPF anthocyanin will be discussed.

3.3.1. Extraction Solvent

Plant extraction involves separating the desired plant material components from
inactive or undesirable compounds [39], mainly with the help of a liquid solvent. The
alcohol-extracted anthocyanins exhibit greater functionality and higher effectiveness in
their research on solvent extraction parameters on the quality of BPF extraction [6]. The
expansion of the plant matrix by the water increased interactions between the surface
area of the plant material and the solvent, and it increases the alcohol’s ability to be
extracted from the plant material [38]. Examples of alcohol that may be used in anthocyanin
extraction are ethanol, methanol, acetone, or mixed solvent with water. The best solvent for
natural compounds used for both food and natural medicine is ethanol, which is safe to be
consumed by humans. However, using methanol should not be used as a solvent because
it is a toxic, water-miscible, and volatile corrosive alcohol.

Tena and Asuero [46] stated that a high amount of ethanol in the solvents promotes
the extraction of bioactive chemicals from plant materials, such as anthocyanin in flavanol
groups. This is because the presence of aromatic groups and glycosyl residues in antho-
cyanins causes molecules to dissolve more effectively in a polar solvent which is easily
absorbed by cell membranes on the surface of tissue particles in flower petals [41]. In
addition, they discovered that using water and ethanol (20–70% v/v) together as a solvent
improved the amounts of monomeric anthocyanins compared with using either water or
ethanol alone [46]. Jeyaraj et al. [34] found that 50% ethanol (50–50% v/v) was discovered
to be the best solvent for BPF extraction with 57.3% extracted yield and a 5.1 mg/g of total
anthocyanin content compared with other types of solvent. Therefore, the type of solvent
extraction process, specifically, alcohol mixed into water, affects the levels of anthocyanin.

3.3.2. Conventional and Non-Conventional Extraction Methods

The conventional extraction method is a traditional method that has been used since
the 1970s for the extraction of BPF. Soxhlet extraction, maceration, and hydro distillation
are among the conventional methods that usually involve the use of different solvents
with heat and mixing. These methods are effective, but they consume more solvents, time,
and thermal energy and are also associated with several disadvantages [47]. Therefore, to
overcome the shortcomings of conventional solvent extraction and to increase extraction ef-
ficiency, several non-conventional extraction techniques were explored. Non-conventional
extraction methods consist of ultrasound-assisted extraction [45], enzyme-assisted extrac-
tion, supercritical fluid extraction, microwave-assisted extraction, and pressurised liquid
extraction [48]. These techniques are emerging, rapid, eco-friendly, and highly efficient
over conventional extraction methods. According to Vidana et al. [36], ultrasound- and
microwave-assisted extraction are the best methods to be applied for the extraction of
anthocyanin from BPFs. As for now, however, among the non-conventional extraction
methods, only ultrasound- and microwave-assisted extraction have been conducted to
extract phytochemicals and it has been shown to improve the bioactive compound on
C. ternatea flowers as shown in the processes in Figure 4.
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Figure 4. The non-conventional extraction processes of BPF.

3.3.3. Ultrasonic-Assisted Extraction (UAE)

Ultrasonic-assisted extraction (UAE) is a renewable and eco-friendly technology that
uses acoustic cavitation to cause molecular movement of the solvent and sample, resulting
in the breakdown of plant cell walls and membranes, and thus facilitating their movement
to the surrounding solvent [49]. Husin et al. [45] conducted a study using UAE to extract
anthocyanin from BPF as a visual indicator for monitoring meat freshness. Apart from that,
comparisons were performed between UAE and conventional extraction methods on the
extraction of anthocyanins from BPF. It was found that using UAE showed 246.48% better
anthocyanin yield with 1.126 mg/g of total anthocyanin content [50].

The UAE procedure can be carried out with a bath ultrasonic (BUE) or probe ul-
trasonic (PUE). According to Kumar et al. [51], BUE is more practical and cost-effective.
However, the energy generated is not evenly spread throughout the bath, which lowers
the extraction’s effectiveness. Consequently, it is less reproducible than PUE. PUE consists
of a probe connected to a transducer, which is applied directly to the sample. The probe
is directly immersed in the extraction and disperses the ultrasound in the media with the
least amount of energy loss. PUE delivers a more intense ultrasonic sound than the bath
device. However, there is not any research showing a comparison between BUE and PUE
for BPF extraction. In PUE, the extraction process consists of four steps [52]: (1) when
ultrasound waves pass through the solvent, cavitation bubbles are generated near the
outermost layer of the plant matrix; (2) the bubbles erupt, releasing a microjet of higher
temperature and pressure; (3) the plant matrix surface is ruptured, creating direct contact
between the cell membrane and the solvent; (4) the solvent solubilises and transports
the intracellular components, making the anthocyanin of the plant during extract more
efficient. The ultrasonication process has an impact on the base fluid’s agglomerates and
nanoparticle sizes [53]. Therefore, probe ultrasonication is frequently chosen to extract
bioactive compounds compared with the use of bath ultrasonication.

3.3.4. Microwave-Assisted Extraction (MAE)

Microwave-assisted extraction (MAE) is known as a green technology that uses mi-
crowave energy to facilitate the segregation of analytes which are high recovery and solvent
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blends from the plant matrix into the solvent [54]. The major factor that determines the
efficiency of microwave energy is the choice of the solid-to-solvent ratio, plant matrix prop-
erties, irradiation time, and irradiated microwave power [55]. Theoretically, the microwave
induces dipole rotation of the molecules, which makes electromagnetic energy convert to
heat and disrupts the hydrogen bonding, thereby increasing the migration of dissolved
ions and promoting solvent penetration into the plant matrix [56]. Various studies have
been performed using the microwave-assisted technique to extract natural colourants from
BPFs. Gamage and Choo [57] compared the extraction efficiency of natural BPF colourant
(anthocyanins) using conventional extraction with water and heating of MAE. MAE was
more efficient (9.61 mg/g) than conventional extraction (5.22 mg/g), having a higher total
anthocyanin content.

According to the study by Marsin et al. [58], the anthocyanin content of the BPF
extract had a short extract time, within 1 min, and obtained 0.541 mg/g of anthocyanin
content. This is because Farzaneh and Carvalho [59] mentioned that increasing the time of
microwave irradiation might degrade the anthocyanin content and reduce the effectiveness
of extracting all of the anthocyanin yields in the plant. In contrast, Romero-díe et al. [60]
stated that a longer exposure time to MAE improved extraction yield and simultaneously
enhanced processing temperature, which may have contributed to the higher yield of
anthocyanin extraction; this study was supported by reference [61], where the anthocyanin
content of the 15 min MAE was 0.457 mg/g. Therefore, MAE is considered an efficient
approach to extracting valuable active compounds from plant materials, maintaining their
natural colourant, and being time efficient and easy to handle.

3.4. Intelligent Packaging

An intelligent packaging system consists of inexpensive components and compact
labels or tags that can collect, store, and transmit data about the features and characteristics
of packaged food [62]. Intelligent packaging can monitor, capture, and record changes in
the product or its external environment and allows it to deliver information to the consumer
as an extension of the communication function of conventional food packaging [63,64]. It
is crucial to note that intelligent packaging and active packaging are two different things,
but some packaging systems may be classified as both. According to Fang et al. [65], active
packaging enhances the protection function of conventional packaging, and it is designed
to contain a component that enables the release or absorption of substances (e.g., the release
of an antimicrobial or antioxidant) into or from the packaged food or the environment
surrounding the food to increase shelf-life and food safety and quality. Active packaging
and intelligent packaging are compatible. Both packaging systems can work synergistically
to achieve the quality of smart packaging. Smart packaging also offers a comprehensive
packaging solution that both actively responds to and intelligently analyses changes in the
product or environment [66].

3.4.1. Time-Temperature Indicators

Temperature is typically the most important environmental factor determining food
spoilage and deterioration [67]. The term “time-temperature indicator or integrator” (TTI)
refers to a straightforward, reasonably priced device fastened to shipping containers or in-
dividual consumer packages that can display measurably time-dependent changes reflecting
the entire or a portion of a food product’s temperature history [65]. The main mechanisms of
action include enzymatic reactions, polymerisation, and chemical dispersion [66]. Therefore,
TTI is useful; it can inform about temperature abuse and could be used as an indirect
shelf-life indicator for perishable food products.

3.4.2. Integrity Indicators

Integrity indicators are one of the components of intelligent packaging that function as
time indicators and reveal how long a product has been opened. They are also called seal
and leak indicators or gas indicators. The application of this intelligent packaging is that
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foods are packaged with the essential gas composition for storage [66]. This is because the
gas composition in the package frequently changes because of the water activity of the food
product, leaks, the nature of the package, and external environmental factors [68]. Realini
and Marcos [63] stated that when a seal is broken, an integrity indicator activates the label
now that it is being consumed, initiates a timer and colour changes to happen throughout
time. The functionality of most devices is based on redox dyes, a reducing compound, and
an alkaline component [69].

3.4.3. Freshness Indicators

Freshness indicators or pH indicators are such devices that can directly be used to
provide an estimate of the remaining shelf-life of perishable products [68]. Most of the
pH or freshness indicators cause an alteration in colour in the sensor due to the presence
of volatile amine compounds and increasing pH during the spoilage of food products.
Horan [70] reported that biogenic amines (putrescine, cadaverine, histamine) are created
when proteins in perishable food are broken down into amino acids and then those amino
acids are enzymatically decarboxylated. Therefore, the production of biogenic amines from
muscle foods can give a direct signal to a pH indicator (colour change), which acts as an
indicator of food deterioration.

Bromophenol blue pH dye is the most applied in the muscle food packaging industry
to monitor freshness from the production of carbon dioxide caused by microbial growth
from protein degradation [69]. Additionally, high carbon dioxide levels cause pH dyes
to react and change colour. However, bromophenol blue is a synthetic dye and this
synthetic colour is prone to cause problems; it can be hazardous, especially if it is to be
used for food purposes. Synthetic dyes such as methyl red and bromocresol green might be
toxic (harmful) to humans, and can cause lung disease and skin infection [71]. Therefore,
synthetic dyes were replaced with anthocyanin, which is a water-soluble natural pigment
(non-toxic) from plant material. There are numerous types of freshness/pH indicators that
have been developed recently by immobilising anthocyanin. Apart from that, anthocyanins
are responsible for the blue, red, or purple colour based on the anthocyanin’s source
and composition, where it can visibly change colour when the pH of the surrounding
area changes.

3.5. Application of BPF Anthocyanin (BPFA) as a Polymer-Based pH Film Indicator

Studies have developed intelligent packaging with natural pH indicators (BPF) due
to their inexpensive cost, safety in contacting food materials, and ability to monitor with
the naked eye the pH changes caused by food deterioration. The films can be developed
using many types of polymer-carriers with different properties and characteristics. Figure 5
illustrates the fabrication of the BPF–polymer-based film and the colour changes of the film
in different pH solutions (pH 1–pH 14).

3.5.1. Effect of BPFA on the Physical Properties of Films
Thickness

The physicochemical, light transmission, and barrier properties (water, gas) of the
produced polymer matrix are all influenced by the thickness of packing films, making them
a crucial factor [6]. The polymer matrix’s composition and the dispersibility of anthocyanin
have a significant impact on the pH indicator film. Several studies reported that low
concentrations of anthocyanin do not significantly alter the thickness of the films because
anthocyanins can distribute evenly throughout the film matrix [26]. Hidayati et al. [17]
indicated that the thickness of the film is not significantly influenced by the immobilisation
of BPFAs; this is because of the fixed BPFA concentration (ratio), and proper solubility of
BPFAs mixed with the chitosan: polyvinyl alcohol (CH: PVA) composite matrix. Similarly,
Sai-Ut [19] stated that there is no significant difference in the thickness of the gelatine and
methylcellulose films’ thickness. This might be caused by the extract’s small volume and
low moisture content in film compositions.

153



Polymers 2023, 15, 2541

Figure 5. Fabrication of BPF–polymer-based pH indicator film.

On the other hand, the stability of the polymer film and the thickness of the film
were unaffected by increasing anthocyanin content. On this matter, the thickness of pH-
colourimetric hydroxypropyl methylcellulose (HM) films recorded no significant difference
with the addition of BPF anthocyanin content [18]. In contrast, Yan et al. [22] stated
that increases in the amount of BPFA-loaded chitosan films have significantly increased
compared with the control films without BPFA. In line with these findings, the incorporation
of BPFA resulted in a higher thickness value of colourimetric corn-starch-based films, and
sago-starch-based films recorded the lowest value [17].

Following these studies, based on the composition of the polymer matrix and the
amount of BPFA properties, it can be concluded that the addition of BPFAs had a variety of
effects on the thickness (thicker or thinner) of pH indicator intelligent films. Table 2 shows
the type of polymer used and their physical and mechanical properties when incorporated
with BPFA.

Water Vapour Permeability

Water vapour permeability (WVP) is an important aspect of evaluating the effec-
tiveness of polymeric materials used in packaging films for preventing moisture transfer
(permeability) attributes into food packaging structures to act as barrier properties and
is considered an important criterion in monitoring food quality and safety [72]. The pre-
vention and minimising of oxygen and moisture transfer between the packaged food and
the external environment are crucial factors of food packaging systems to prevent food
spoilage from happening quickly [26]. Yan et al. [21] stated that the WVP of the film matrix
was significantly higher due to the hydrophilicity of chitosan and that with the increasing
amount of BPFA, the wettability of the film surface was enhanced. Polyphenolic molecules
of BPFA possibly caused low intermolecular interactions in the film network. Thus, the
hydroxyl groups of BPFA molecules might cooperate with water and intervene with the
network formation of hydrogen bonds.

Moreover, Sai-Ut et al. [18] stated that there was an increased WVP in gelatine and
methylcellulose composite films when they were infused with BPFA. The value of WVP
can be influenced by the incorporation of bioactive compounds. On the other hand,
Wu et al. [15] reported that the incorporation of BPFAs and gellan gum/heat-treated soy
protein isolate (G/HSPI) matrix films significantly decreased the WVP value. The research
reported that these changes may be linked to the addition of anthocyanin compounds
(polyphenols) into polysaccharide- (gellan gum) or protein-based (soy protein isolated)
films, which resulted in the interactions between the polymer-based matrix film and BPFA
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due to the hydrogen bonds and noncovalent hydrophobic interactions were formed when
polyphenol (anthocyanin) were added to polysaccharide- or protein-based films [73], More-
over, the BPFA structure’s aromatic rings have an impact on the development of a stronger
microstructure link, which lowers the polymer chain’s binding affinity to water molecules.

Mary et al. [20] also reported that the WVP value of starch with titanium dioxide
(TiO2) was decreased with the addition of BPFA. The probable cause for this result was the
restriction of water vapour pathways in the polymer film matrix by TiO2 nanoparticles.
Moreover, titanium oxide particles bind with the starch hydroxyl group to form a complex
network that inhibits the hydrophilic groups’ capability for the absorption of water vapour.
However, Hashim et al. [14] stated that the incorporation of BPFA into sugarcane wax/agar
matrix films does not change the WVP value of the films. Many variables affect the
permeability of the film, such as how the concentration of plasticiser should be compatible
with the film-forming polymer [74], the different proportions of biopolymer during the
development of the film, as well as the drying and storage time effect [72].

3.5.2. Effect of BPFA on the Mechanical Properties of Films

Food products’ sustainability and integrity could be ensured by matrix films with
sufficient mechanical strength [6]. There are two major mechanical criteria for judging
the durability and flexibility of packaging films: tensile strength (TS) and elongation at
break (EAB). According to Yong et al. [5], TS is defined as the maximum tolerance of
composite films against the applied stress while being pulled or stretched before breaking
occurs. Moreover, EAB is defined as the maximum capability of composite films to maintain
alterations in the length and shape of the films deprived of any crack formation. Generally,
the mechanical properties (TS and EAB) of BPFA-rich films can be affected by various
factors. In this regard, Koshy et al. [19] reported that the TS of the BPFA mixed with
soy protein isolates/chitin nanowhisker (SPI/CNW) composite films decreased with the
addition of BPFA. This might be due to the occurrence of several interactions between
BPFA and the composite matrix due to the plasticisation impact of BPFA, which breaks the
compact, stiff structure between SPI and CNW by promoting molecular mobility of the
polymer chains and destroying the hydrogen connection between SPI and CNW, despite
the EAB value showing a significant increase. This could be explained by the extract’s
phenols and flavonoids operating where they are repulsive forces to each other, decreasing
the attraction between the chains of proteins.

Nevertheless, in research by Wu et al. [14], the addition of BPFA in the gellan gum/heat-
treated soy protein isolate G/HSPIs composite significantly decreased the values in both
mechanical TS and EAB. The presence of the anthocyanin-rich extract may weaken the inter-
molecular interaction and discontinuous microstructure of gellan gum and heat-treated soy
protein isolate film. In contrast, Yan et al. [21] stated that up to 20% concentration of BPF
anthocyanin pigment was added to cationic chitosan matrix films, both TS and EAB values
were significantly increased because of the many hydroxyl groups in anthocyanin that
create hydrogen bonds and result in significant interfacial adhesion between the polymer
and BPFA extract. The additional anthocyanin compound may increase the volume of
molecules that can move freely, enhancing the flexibility of the composite film.

Moreover, the difference in anthocyanin source could have a significant impact on the
mechanical properties of the polymer-based matrix films loaded with BPFAs. For instance,
in Boonsiriwit et al.’s [17] work, the hydroxypropyl methylcellulose, HMB-based intelli-
gent packaging films contained an increasing amount of anthocyanins demonstrated an
increasing TS; however, the tensile strength of the highest BPFA-HMB was not significantly
different from that of the control (without BPFA). The changes in TS can be clarified based
on the strength of the electrostatic contacts between anthocyanin molecules and the HMB
composite, as well as the intermolecular interactions [74], while a lower EAB was found
with a significant increase in the BPFA concentration. This was due to the high concentra-
tion of phenolic chemicals in BPFA, which restricted polymer chain motion and prevented
chain–chain connections of polymeric backbones; this was attributed to the interactions
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of BPFA with the HMB matrix, which decreased the flexibility of the films. Overall, the
type of polymer used, co-film forming elements (plasticiser) and BPFA concentration could
influence the mechanical properties of BPFA-loaded matrix films [69].

3.6. Evaluation of BPFA pH Indicator Potential Tested on Food

Natural biopolymers, particularly those based on polysaccharides and proteins, have
been utilised extensively to create colourimetric intelligent packaging films because of
their biodegradability, nontoxicity, safety, stability, and good film-forming capabilities [6].
Figure 6 illustrates the typical freshness indicator system and demonstrates the colour
changes when the pH increases from blue (fresh) to green (spoiled) inside the food packag-
ing, while Table 3 shows the types of film matrices used, foods and their storage conditions,
and colour changes observed in the films.

Figure 6. Typical freshness indicator system applied to food.

Ahmad et al. [25] reported good performance of an edible BPFA pH indicator immobi-
lized in t-carrageenan, as it was employed to track the pH alterations of durian at room
temperature. In addition, the pH-sensitive indicator can be used to observe pasteurised
milk, as it can easily distinguish between fresh and deteriorated milk using colour detection
and will show a deep blue to the light blue colour range [29]. Boonsiriwit [17] developed
a pH-colourimetric indicator film using a hydroxypropyl methylcellulose biocomposite
and BPFA. It was observed that the colour of the anthocyanin compound on the indicator
film changed from deep purple to violet on mackerel fish storage. Approximately 1.5 g
of BPFA indicator exhibited the most efficient indicator in terms of NH3 reactivity. The
1.5 BPFA-HMB indicator clearly changed colour in response to variations in mackerel
fish quality.

Chitosan is the most common natural biopolymer that has been used in the fabrication
of smart films with BPFA. Yan et al. [20] monitored tilapia fish deterioration using chitosan
film immobilised with BPFA. According to the research, colour alterations in the film were
seen as a result of the fish sample’s various storage conditions at room temperature, and
it was observed that no colour change was seen on the freshness indicator film after day
two. However, after day four of storage, the colour began to shift to green, which showed
initial spoilage and pH increase. After day six of storage, the colour completely turned
to dark green, indicating that the tilapia had undergone complete spoilage. Sumiasih [27]
developed an intelligent pH indicator film using chitosan and PVA and evaluated a BPFA
to monitor beef spoilage. As a result of the film’s high sensitivity to pH changes, the results
showed that the indicator film’s initial blue colour drastically altered to a greenish colour
within 24 h at room temperature storage, which may undergo a decomposition process.
Generally, as the seafood and poultry deteriorated, it produced an unpleasant aroma from
the formation of volatile alkaline compounds such as ammonia, dimethylamine (DMA),
and trimethylamine (TMA) from enzymatic reactions [75]. Volatile alkaline was produced
as bacteria degraded proteins into amino acids [70] and oxidation of unsaturated fatty acids
in the muscle food body occurred [76]. The BPF’s anthocyanin characteristics are sensitive
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to variations in acidity. Therefore, the pH change from acidic to alkaline can be detected by
the anthocyanin in the BPF extract changing colour.

4. Conclusions

Recently, the immobilisation of butterfly pea flowers’ anthocyanin (BPFAs) into
polymer-based films has provided advancements for intelligent food packaging appli-
cation systems. Incorporating BPFA into the starch composite of packaging films often
causes different changes in their physicochemical properties, mainly due to interactions
between natural polymer-carriers and hydroxyl groups in anthocyanins. Furthermore, the
BPF is a plant that is easy to obtain, is not seasonal, and has potential features such as
antioxidant capabilities in addition to pH sensors in food packaging systems to prolong
shelf-life. To conclude, the BPF has a promising future for intelligent polymeric films using
BPFAs due to their multifunctional utilisation such as monitoring and improving food
products and consumer safety.
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Abstract: In this study, a colorimetric freshness indicator based on cellulose nanocrystal-silver
nanoparticles (CNC-AgNPs) was successfully fabricated to offer a convenient approach for moni-
toring the quality of packaged food. AgNPs were directly synthesized and embedded in CNC via a
one-pot hydrothermal green synthesis, and CNC-AgNP composited indicator films were prepared
using a simple casting method. The AgNPs obtained were confirmed by UV-Vis diffuse reflectance
spectroscopy and X-ray diffraction. The ability of the as-prepared CNC-AgNP film to indicate food
quality was assessed in terms of the intensity of its color change when in contact with spoilage gases
from chicken breast. The CNC-AgNP films initially exhibited a yellowish to dark wine-red color
depending on the amount of AgNPs involved. They gradually turned colorless and subsequently
to metallic grey. This transition is attributed to the reaction of AgNPs and hydrogen sulfide (H2S),
which alters the surface plasmon resonance of AgNPs. Consequently, the color change was suitably
discernible to the human eye, implying that the CNC-AgNP composite is a highly effective colorimet-
ric freshness indicator. It can potentially serve as an accurate and irreversible food quality indicator
in intelligent packaging during distribution or storage of products that emit hydrogen sulfide when
deteriorating, such as poultry products or broccoli.

Keywords: cellulose nanocrystal; silver nanoparticle; hydrothermal green synthesis; colorimetric
freshness indicator; intelligent packaging

1. Introduction

Intelligent packaging is an advanced technique that can be used to monitor the external
or internal environment of packaging and provide appropriate information to customers [1–3].
It is classified according to the type of smart device used, such as data carriers, sensors, and
indicators. Barcodes and radio frequency identification tags (RFID) are typical data carriers
that can provide information pertinent to supply chain management, facilitating inventory
control and product identification [4]. Sensors typically include a receptor, transducer,
signal-processing electronics, and signal display [5] and can be categorized as gas sensors
or biosensors based on the type of receptor [6,7]. Time-temperature and shock-vibration
indicators are representative indicators that are placed on the exterior of the packaging to
record the surroundings. Other sensors include gas or freshness indicators placed within
the packaging for the direct detection of gas, pathogens, pH, or their derivatives induced by
food decay within the packaging. They primarily comprise redox dyes, pH dyes, or dyes
that sense metabolites and convey information on food quality through color changes [1].

Freshness indicators based on gas or biosensors have been extensively studied because
they can directly monitor the quality of packaged food. Recently, the replacement of typical
dyes with metal nanoparticles (NPs) has attracted significant attention. Metal NPs change
their color when a surface chemical reaction occurs due to specific chemicals that are released
during food decay [8,9]. The highly sensitive and selective sensing characteristics of metal

Polymers 2022, 14, 3695. https://doi.org/10.3390/polym14173695 https://www.mdpi.com/journal/polymers
161



Polymers 2022, 14, 3695

NPs, such as gold (Au) and silver (Ag), enable their application in gas detection [10–13] as
well as biosensing and bioimaging [14,15].

Silver nanoparticles (AgNPs) are well-known nanomaterials used in sensing systems
owing to their selective detection of hydrogen sulfide (H2S) and unique optical properties.
When the diameter of the AgNP is considerably smaller than the wavelength of the incident
light (R/λ << 0.1), the electron cloud on the AgNP oscillates owing to the attraction of
protons and repulsion of the electromagnetic field [16]. If the oscillation is enhanced by
incident light of a specific wavelength, the light scattering and absorption of AgNPs are
maximized, resulting in a unique color expression [16,17]. This phenomenon, known as
localized surface plasmon resonance (LSPR), is dependent on the density of the electric
field located on the AgNPs, which can be varied by manipulating the size and shape of
the AgNPs [18]. The surface chemical reaction between AgNPs and hydrogen sulfide
(H2S), called sulfidation, induces a change in electron cloud density and intrinsic color of
AgNPs. When AgNPs react with H2S under moist aerobic conditions at room temperature,
the AgNP surface is transformed to silver sulfide (Ag2S) [19], resulting in a silver-silver
sulfide (Ag@Ag2S) core-shell structure. Furthermore, the Ag2S layer changes the LSPR and
refractive index of AgNPs in the visible range, thereby inducing a drastic color change in
AgNPs [20].

H2S is the first derivative of the enzymatic degradation of sulfur-containing amino
acids. Moreover, its odor can be sensed at low concentrations. Thus, it is considered an
indicator of the freshness of meat [21]. Zhai et al. [12] studied AgNPs as an indicator to
detect H2S and recorded food quality using the principle of the optical change exhibited by
AgNPs. AgNPs were synthesized using gellan gum (GG) to form a composite, which was
subsequently transformed into a hydrogel using agar. The GG-AgNP hydrogel selectively
reacted with the H2S present in the spoilage gas from meat deterioration and transformed
from yellow to colorless.

Cellulose nanocrystals (CNCs) obtained from natural resources such as wood, cotton,
algae, tunicates, and bacteria have been widely applied in the food packaging industry.
Especially, CNCs based on wood have remarkable surface chemical properties and me-
chanical strength compared to other cellulose-based materials, such as cellulose nanofibers
(CNFs) and microcrystalline cellulose (MCC) [22–25]. In addition, the well-ordered cellu-
lose molecules enable CNCs to form a rod-like structure with a high specific surface area.
Furthermore, the numerous sulfate groups (OSO3

−) on the CNC rods act as promising
electron donors for the reduction of silver ions (Ag+) to silver (Ag0) [26].

The primary purpose of this study was to characterize and evaluate a freshness
indicator that can detect H2S in chicken breast spoilage gas using a CNC-AgNP composite
film prepared in a facile hydrothermal synthesis. The H2S detection properties and color
changes of the CNC-AgNP films were investigated using a mechanism for the surface
chemical reaction between AgNPs and H2S.

2. Materials and Methods

2.1. Materials

CNCs hydrolyzed by sulfuric acid were purchased as a freeze-dried powder from
Celluforce™ (Montreal, QC, Canada). Sodium hydroxide (NaOH) was obtained from
Sigma-Aldrich (St. Louis, MO, USA). Silver nitrate (AgNO3) was obtained from Alfa Aesar
(Haverhill, MA, USA). H2S standard gas at a concentration of 2 ppm was purchased from
RIGAS Co., Ltd. (Daejeon, Korea). The raw chicken breast used in this study was purchased
from a local grocery store as slaughtered the day before. All materials were used without
further purification.

2.2. Experiments
2.2.1. Preparation of CNC-AgNP Solutions and Composite Films

CNC-AgNP solutions with various concentrations of AgNPs were synthesized using
the following steps: the CNC powder was mixed with deionized water and vigorously
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stirred overnight. The CNC suspension was further dispersed using a probe sonicator
(BCX 750, Sonics & Materials, Inc., Newtown, CT, USA) at 8000 J. NaOH solution (5 N) was
added to the CNC suspension until a pH of 11 was attained. Various concentrations of
AgNO3 solution were mixed with the CNC suspension. Subsequently, the hydrothermal
synthesis of AgNPs was performed in an oven at 95 ◦C for 1 h. Finally, the CNC-AgNP
solution was cooled overnight at room temperature.

CNC-AgNP films were prepared using a solution casting method [27]. Approxi-
mately 10 g of the as-prepared CNC-AgNP solution was poured into a disposable round
polystyrene plate (60 mm in diameter and 15 mm in height) and dried in a desiccator for
7 days. Subsequently, the dried CNC-AgNP films were carefully retrieved from the plate
and stored in a PET pouch. The nominal Ag content in the composite films was calcu-
lated using the weight ratio of Ag+ to CNC [28] and the samples were named accordingly
(Table 1).

Table 1. Nominal weight ratio of AgNPs in CNC-AgNP solution.

2 wt.% CNC Suspension (g) Water (g) CNC (g) AgNO3 (g) CNC-AgNP Solution (g)
48 47.04 0.96 2 50

Conc. (mM) AgNO3 (g) Mol Mass (g) Ag+ mass (g)
CNC-AgNP ratio in CNC-AgNP

solution (wt.%)
Sample code

CNC only CNC
10

2

2.0 × 10−5 3.40 × 10−3 2.16 × 10−3 0.22 C-0.22Ag
50 1.0 × 10−4 1.70 × 10−2 1.08 × 10−2 1.12 C-1.12Ag
100 2.0 × 10−4 3.40 × 10−2 2.16 × 10−2 2.25 C-2.25Ag
200 4.0 × 10−4 6.79 × 10−2 4.31 × 10−2 4.49 C-4.49Ag

2.2.2. Analysis of Sulfuric Compounds in the Spoilage Gas

Qualitative analysis of sulfur compounds was performed using a gas-chromatography-
pulsed flame photometric detector (PFPD, Varian 450-GC, Bruker, Billerica, MA, USA).
The spoilage gas in a 5 L Tedlar aluminum bag was concentrated at −15 ◦C using a Series
2 Unity equipped with an air server (Markes International Ltd., Llantrisant, UK), and
inserted into the GC inlet at a flow rate of 15 mL/min of helium gas at 270 ◦C in split mode.
CP-Sil 5CB (60 m × 0.32 mm inner diameter, 5 μm, Agilent J&W GC columns, Santa Clara,
CA, USA) was used to separate sulfur compounds from the spoilage gas. The column
was operated at a programming temperature of 80 ◦C for 3.5 min, increased at a rate of
6 ◦C/min to 150 ◦C, and maintained for 18 min.

To analyze H2S quantitatively, the spoilage gas was collected in a 250 mL glass jar
with 5 g of raw chicken breast at 25 ◦C for 48 h. A gas sampling pump with an H2S gas
detector tube extracted 100 mL of headspace gas through a septum on the glass jar cap.
Gases were sampled six times for a predetermined storage time, and three samples were
considered each time to obtain the final average value. The detector tubes used (GASTEC,
Seoul, Korea) were 4LT (0.05–4.0 ppm), 4LB (0.5–12 ppm), and 4LK (1–40 ppm).

2.2.3. Characterization of CNC-AgNP Solutions and Composite Films

The light absorption properties of the samples were measured using a UV-Vis spec-
trophotometer (V-650, Jasco, Tokyo, Japan) in the wavelength range 300–800 nm. The
surfaces of the neat CNC and CNC-AgNP films were observed with field emission scan-
ning electron microscopy (FE-SEM, Quanta FEG 250, FEI Co., Ltd., Hillsboro, OR, USA)
at magnifications up to 8000×. X-ray diffraction (XRD, D2 Phaser model system, Bruker,
Billerica, MA, USA) with Cu Kα radiation (λ = 1.5418◦) was used to identify the crystallinity
of the films. Finally, XRD patterns were obtained in the 2θ range of 5–80◦.
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2.2.4. Evaluation of CNC-AgNP Composite Films as a Colorimetric Freshness Indicator

The H2S sensing test was conducted with the C-0.22Ag film in contact with H2S
standard gas. The film was placed under the cap of a 250 mL glass jar with 30 mL of
water. The headspace was evacuated of gases over a period of 1 min and then filled with
H2S standard gas over a period of 25 min at a flow rate of 10 mL/min. The tested film
was analyzed using a UV-Vis spectrophotometer, and its color change was observed as a
function of contact time.

The ability of the film to detect spoilage gas from raw chicken breast decomposition
was evaluated. The film sample (3 cm × 4 cm) was installed in the same glass jar with 5 g
of raw chicken breast and was maintained at 25 ◦C for 48 h. In addition, photographs of
the change in film color with storage time were taken. The light absorption properties of
the films were measured using a UV-Vis spectrophotometer. Finally, the changes in the
morphology and crystallinity of the films were investigated using FE-SEM and XRD.

3. Results and Discussion

3.1. Confirmation of AgNPs Formation

The appearances of the as-prepared CNC and CNC-AgNP composite samples are
presented in Figure 1. A distinct color was observed when AgNO3 was added to the
CNC suspension, resulting in an orange or dark brown color. From the UV-Vis spectra of
the samples illustrated in Figure 2, both the CNC-AgNP solutions and composite films
displayed strong absorption peaks at approximately 418 nm, which were not detected in
the CNC suspension and film. Previous studies have reported that silver nanospheres with
a diameter of approximately 40 nm absorb light of wavelength 410 nm and exhibit a unique
color [17,29]. The CNC-AgNP samples exhibited similar light absorption properties and
colors, indicating the presence of spherical AgNPs.

Figure 1. Photographs of CNC and CNC-AgNP composite samples.

Figure 3 depicts the XRD patterns of the neat CNC and CNC-AgNP composite
films. Two remarkable peaks at 2θ = 15.4◦ and 22.7◦, corresponding to CNC(101) and
CNC(002) [22], were observed in all films. New peaks at approximately 2θ = 38.1◦ and
44.3◦ were detected in the CNC-AgNP composite films, corresponding to Ag(111) and
Ag(200), respectively [30]. Thus, the conclusion can be drawn that AgNPs were successfully
synthesized through green hydrothermal synthesis using CNCs.
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Figure 2. UV-Vis spectra of neat CNC and CNC-AgNP composites; liquids (A) and composite
films (B).

Figure 3. XRD patterns of neat CNC and CNC-AgNP composite films.

3.2. Sulfur Compounds in Spoilage Gas

The qualitative analysis of sulfur compounds from the deterioration of raw chicken
breast revealed that six different sulfuric chemicals were produced: hydrogen sulfide (H2S),
methanethiol (CH3SH), carbon disulfide (CS2), dimethyl sulfide ((CH3)2S), dimethyl disul-
fide ((CH3)2S2), and dimethyl trisulfide ((CH3)2S3). The presence of these chemicals can
be attributed to the high protein content of raw chicken breast [31]. Previous studies have
reported that the enzymatic degradation of cysteine, which is a sulfur-containing amino
acid in proteins, generates diverse sulfides, from low molecular sulfides to polysulfides [21].

Figure 4 shows the H2S generation tendency against various storage times at room
temperature using a gas detector tube. H2S was not detected in the initial 8 h, after which
its concentration progressively increased up to 32.55 ppm. Typically, H2S is generated
from the degradation of meat products by microbes under anaerobic conditions and the
depletion of glucose [32]. Sukhavattanakul and Manuspiya reported that minced pork
stored in a closed vial at 4 ◦C produced H2S, which was first detected after eight days and
eventually peaked at a concentration of 250 ppm [33]. In this study, the transition at 8 h can
be attributed to the fact that suitable conditions for microbial decomposition were formed
at this point, resulting in an accelerated increase in H2S concentration.
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Figure 4. H2S concentration along with storage time at room temperature.

3.3. Reaction Property of CNC-AgNP Films to H2S Standard Gas

The UV-Vis spectra and photographs of the C-0.22Ag film after contact with H2S
standard gas are presented in Figures 5 and 6, respectively. The intensity of color change
peaked at approximately 430 nm; it started to decline at 5 h and completely disappeared
after 30 h of reaction. The change in color was first observed at 5 h; the film gradually
turned dark brown and eventually disintegrated. This phenomenon can be attributed to
the formation of Ag2S, which causes the LSPR of AgNPs to change. Park et al. reported
that the surface chemical reaction between AgNPs and H2S results in the formation of the
Ag@Ag2S core-shell structure. Consequently, the diameter, LSPR, and refractive index of
AgNPs in the visible region change [20].

Figure 5. UV-Vis spectra of C-0.22Ag film after reaction with 2 ppm H2S.

 

Figure 6. Photographs of C-0.22Ag film after reaction with 2 ppm H2S.
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As illustrated in Figure 7, Lilienfeld and White suggested that the sulfidation of
AgNPs was induced by H2S [19]. When H2S molecules contact the AgNP surface under
moisturized conditions, they are oxidized to water and sulfur by the oxygen molecules on
the AgNPs. The oxidation of H2S immediately causes the Ag and sulfur atoms to combine
and form Ag2S. The sulfidation process can be summarized as follows:

H2S +
1
2

O2 → H2O + S (1)

S + 2Ag → Ag2S (2)

2Ag + H2S +
1
2

O2 → Ag2S + H2O (under moisture condition) (3)

Figure 7. Schematic diagram of sulfidation of AgNP.

3.4. Quality Indicating Performance of CNC-AgNP Film

Figure 8 shows the color change of the neat CNC and CNC-AgNP films after contact
with the chicken breast spoilage gas. The initial color remained unchanged up to 8 h,
following which a weak purple color appeared after 16 h in the case of the neat CNC film.
In addition, studies have reported a color change in the visible-light range if moisture
is absorbed in the chiral nematic structure of CNC rods [34]. Thus, the color change of
the neat CNC film can be attributed to the presence of moisture, and not H2S. However,
no distinct color change was observed for any of the CNC-AgNP films up to this stage
because no H2S had been generated, as shown in Figure 4. Color change in the C-0.22Ag
film was first detected at 8 h into the experiment. The color change from reddish-brown
to grayish yellow was completed at 24 h. However, the films containing over 1.12 wt.%
AgNP behaved differently compared to the C-0.22Ag film. The C-1.12Ag film brightened
progressively by a marginal amount until 16 h, and a grayish stain was observed after 24 h.
In the case of the C-2.25Ag and C-4.49Ag films, the color intensity decreased progressively
until 8 h. Metal-like surfaces were observed in both films at 16 h, and a glossy surface
was observed in the C-4.49Ag film after 24 h. As shown in Figure 8, all the CNC-AgNP
composite films reacted sensitively with H2S and changed color. However, the C-0.22Ag
film is the most promising for practical application owing to its higher Ag content, which
results in a larger metallic surface.
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Figure 8. Photographs of neat CNC and CNC-AgNP films after contact with the chicken breast
spoilage gas.

Figure 9 displays the surface morphologies of the neat CNC and CNC-AgNP films
after reacting with H2S for 48 h. The surface of the C-0.22Ag film transformed into a
dotted pattern, which was observed at a magnification of 8000×. When the weight ratio of
AgNP was increased, crack formation was initiated and a white spot-like pattern began
to appear on the C-1.12Ag film surface after reaction with the spoilage gas. This tendency
was intensified in the C-2.25Ag film, which exhibited larger crack patterns and white
markings. In the case of the highest concentration of AgNPs, white particles were observed
on the severely damaged surface. In the XRD patterns displayed in Figure 10, two peaks at
2θ = 15.4◦ and 22.7◦, corresponding to CNCs [22], were intact after contact with the spoilage
gas. When the CNC-AgNP films were exposed to the spoilage gas, several peaks at
2θ = 28.9◦, 31.8◦, 33.6◦, 34.4◦, 36.8◦, 38.1◦, 40.6◦, and 52.7◦ matched to Ag2S [35] were
observed. These peaks were intensified and readily discerned when the Ag content in the
CNC-AgNP films was increased.

 
Figure 9. FE-SEM images of fresh (A–E) and exposed films to spoilage gas (F–J); neat CNC (A,F),
C-0.22Ag (B,G), C-1.12Ag (C,H), C-2.25Ag (D,I), and C-4.49Ag films (E,J).
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Figure 10. XRD patterns of tested CNC and CNC-AgNP films.

The FE-SEM and XRD analyses revealed that H2S did not affect the crystallinity of
CNCs, but only reacted with AgNPs, resulting in the formation of Ag2S. Ma et al. [36]
presented a similar result: Ag2S appeared as a small white particle on the film. In this
study, Ag2S particles appeared in a dotted pattern on the C-0.22Ag film after the reaction,
as shown in Figure 9. It evolved into crack-patterned and damaged surfaces in the case
of films with Ag content over 1.12 wt.%. This phenomenon was observed simultaneously
with an increase in the intensity of the XRD patterns assigned to Ag2S, which implies
that a larger amount of Ag2S particles was initially formed. The particles, subsequently,
aggregated owing to the high concentration of AgNPs [37] and eventually covered the
film surface. The severely damaged surface observed in the tested C-4.49Ag film surface
was a result of chemical corrosion caused by the high Ag2S content [38]. Therefore, the
conclusion was drawn that sulfidation of AgNPs was induced by the H2S in the spoilage
gas from the decaying raw chicken breast, which was dependent on the Ag content of the
CNC-AgNP films.

4. Conclusions

We successfully prepared CNC-AgNP nanocomposites that can be used as colorimetric
freshness indicators of packaged food, owing to the LSPR of AgNPs. The presence of AgNPs
synthesized within the CNCs was confirmed using UV-Vis spectroscopy and XRD patterns.
The ability of the CNC-AgNP films to indicate food quality was evaluated in terms of how
effectively they detected spoilage gas emitted from decomposing raw chicken breast. In
addition, UV-Vis, FE-SEM, and XRD were used to characterize this ability. Prior to testing,
spoilage gases were analyzed specifically for sulfuric compounds, and the generation of
H2S during raw chicken breast decay was confirmed using GC-PFPD. The CNC-AgNP
films exhibited an exceptional ability in detecting the spoilage gases, with a noticeable color
change from yellowish-dark wine red to colorless metallic silver depending on the AgNP
content. Furthermore, the results revealed that the sulfidation of AgNPs by H2S induced
LSPR changes in the AgNPs under moisturized and low-oxygen conditions, resulting in a
color change in the CNC-AgNP nanocomposite film. Finally, the XRD results confirmed
that Ag2S was formed, and SEM revealed that the surface of films with a higher Ag content
was damaged by chemical corrosion caused by Ag2S.
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Abstract: Polymeric anthocyanins are biologically active, pH-sensitive natural compounds and
pigments with beneficial functional, pharmacological and therapeutic properties for consumer health.
More recently, they have been used for the manufacture of active and pH-sensitive (“intelligent”) food
nanopackaging, due to their bathochromic effect. Nevertheless, in order for polymeric anthocyanins
to be included either as a functional food or as a pharmacological additive (medicinal food), they
inevitably need to be stabilized, as they are highly susceptible to environmental conditions. In this
regard, nanopackaging has become a tool to overcome the limitations of polymeric anthocyanins.
The objective of this study was to evaluate their structural, thermal, morphological, physicochemical,
antioxidant and antimicrobial properties, as well as their responses to pH changes, and the cytotoxicity
of blends made from polymeric anthocyanins extracted from Jamaica flowers (Hibiscus sabdariffa) and
natural or organo-modified montmorillonite (Mt), as active and pH-sensitive nanopackaging. This
study allowed us to conclude that organo-modified Mts are efficient pH-sensitive and antioxidant
nanopackaging systems that contain and stabilize polymeric anthocyanins compared to natural
Mt nanopackaging and stabilizing polymeric anthocyanins. However, the use of these polymeric
anthocyanin-stabilizing organo-modified Mt-based nanopackaging systems are limited for food
applications by their toxicity.

Keywords: active compounds; food additives; food toxicity; functional foods; nano-encapsulation

1. Introduction

Polymeric anthocyanins are biologically active and pH-sensitive natural pigments
that have attracted the attention of food scientists and technologists globally, as they have
important beneficial effects on consumer health [1,2]. In particular, polymeric anthocyanins
extracted from Jamaica flowers (Hibiscus sabdariffa) have been shown to reduce cholesterol
levels, increase lipid peroxidation inhibition capacity [3], prevent kidney diseases [4] and
reduce hypertension in patients with type 2 diabetes [5]; they have antimicrobial [6] and
antioxidant [3] properties, and crucially, they are non-toxic [3]. These characteristics make
Jamaica flower extract (JFE) a promising food additive for the development of functional
and/or medicinal foods. In addition, polymeric anthocyanins, in general, have contributed
to the manufacture of pH-sensitive composite food packaging [7–10]. These pH-sensitive
packaging materials that contain polymeric anthocyanins have been normally classified
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as “intelligent packaging”, since they can act as sensors that are capable of providing
information on the status of food quality and safety [11]. For example, Merz et al. [12]
utilized anthocyanins that were extracted from jambolan (Syzygium cumini) fruit to develop
pH-sensitive packaging materials (colorimetric indicator/chromatic sensor) for the purpose
of monitoring shrimp quality and safety. This fact was justified, since biogenic amines
(e.g., histamine–allergenic compounds) that are generated as secondary metabolites from
histidine (essential amino acid) during the decomposition of fishery products can modify
the structure and coloration of polymeric anthocyanins, thus providing early warnings
for food quality and safety [13–18]. Notably, Jamaica flowers are traditionally marketed to
make polymeric anthocyanin-rich infusions or teas, and the main polymeric anthocyanin
contained in JFE is delphinidin-3-O-sambubioside [3].

However, in order for polymeric anthocyanins to be useful to the food industry, they
must be stabilized, as they are susceptible to light, oxygen, temperature and the presence
of enzymes [19,20]. One way of doing this is by nanopackaging the active compound using
ionic gelation, with pectin as a wall biopolymer [21]. In fact, the nanopackaging of various
active compounds with different biopolymers has frequently been employed, in order to
develop safe functional foods [22]. Notwithstanding, the stabilization and nanopackaging
of polymeric anthocyanins extracted from blueberries [23] and acerola [20] has been carried
out more recently through the use of nano-clays, mainly montmorillonite (Mt). Nonetheless,
these bio-nanocomposite systems have not yet been evaluated in terms of their toxicity.

According to the literature, up until now there has been only one study that has evalu-
ated the toxicity of Mt-based nanopackaging composite materials as food additives [24],
and we feel that more research is required to evaluate their true potential as polymeric
anthocyanin nanopackaging materials for the food industry.

Polymeric anthocyanins can be stabilized through the use of Mt by intercalating the
active compound between the aluminosilicate layers. In this way, bio-nanocomposite
systems are generated that protect the polymeric anthocyanins from different processing
conditions [20,23].

The two main aims of this study were as follows: (1) to evaluate and characterize differ-
ent systems of chemically modified Mts, regarding their ability to stabilize and nanopackage
polymeric anthocyanins extracted from Jamaica flowers; and (2) to assess possible toxi-
cological effects in order to determine whether these bio-nanocomposite systems can be
applied as nanopackaging materials in the food industry.

2. Experimental

2.1. Materials

Polymeric anthocyanins (antioxidant and pH-sensitive pigment) obtained from Ja-
maica flower (Hibiscus sabdariffa) extract (JFE) were added to three different montmoril-
lonites (Mts), with the aim of developing potentially active and pH-sensitive nanopack-
aging. All of the Mts tested were supplied by Laviosa Chimica Mineraria S.p.A. (Livorno,
Italy): natural Mt (NMt, or HPS according to the manufacturer), Mt modified with dimethyl
benzylhydrogenated tallow ammonium (MtMB, denominated 43B by the manufacturer)
and Mt modified with dimethyl dihydrogenated tallow ammonium (MtMD, or 72T accord-
ing to the manufacturer). Following the manufacturer’s descriptions, these modified Mts
were nano-clays that were prepared from a naturally occurring Mt, purified and modified
with quaternary ammonium salts (dimethyl benzylhydrogenated tallow ammonium and
dimethyl dihydrogenated tallow ammonium). All Mts were used as received. The cation ex-
change capacity (CEC) of the Mts, as measured by the methylene blue method [25], yielded
a CEC of 128 meq/100 g clay. JFE (100% polymeric anthocyanin—average molecular weight
ranging from 600 to 10,000 Da) was obtained according to the methodology proposed by
Dai et al. [26] using ethanol as a solvent, since it maintains the properties of polymeric
anthocyanin-rich extracts. Briefly, dehydrated Jamaica flowers were purchased from a local
market in the Ciudad Autónoma de Buenos Aires, Provincia de Buenos Aires, Argentina.
The flowers were marketed by an Argentinian company, and were labelled as harvested in

174



Polymers 2022, 14, 4881

the Jardín America (Street Amado Nervo 478, Provincial de Misiones, Argentina; geograph-
ical coordinates—latitude S 27◦2′25.597′′ and longitude W 55◦14′22.906′′). A total of 30 g of
Jamaica flowers were weighed and immediately immersed in 200 mL of ethanol (Aldrich,
St. Louis, MO, USA—product code: 34923), applying a slight pressure on the immersed
flowers in order to extract the polymeric anthocyanins. The extract was then decanted to
remove the solid fragments of the flower petals. The JFE and the JFE-containing Mts were
developed on the same day, and kept refrigerated at 5 ◦C in a dark container until further
processing, in order to avoid oxidative damage.

2.2. Manufacture of Potential Active and pH-Sensitive Nanopackaging

JFE was added to the Mts by manually blending 20 g of each Mt with 50 mL of
JFE at room temperature (21 ◦C). The blend was then frozen at −20 ◦C for 48 h, after
which it was lyophilized at 13.33 Pa (100 mTorr) and then frozen again at −50 ◦C for
72 h, utilizing a Gland type Vacuum Freeze Dryer, Columbia International, Model FD-1B-50
(Shaan Xi, China), in order to obtain a solvent-free product. Lyophilization also preserves
the polymeric anthocyanins (active compound) in the JFE, and ensures JFE-containing
nano-sized Mt particles are obtained. The resulting JFE-containing Mts were conditioned
in containers with a saturated solution of NaBr (aw~0.575 at 25 ◦C) for seven days before
testing, in order to maintain controlled and known conditions. During this period, the
containers were protected from light in a dark room, in order to avoid the photodegradation
of the polymeric anthocyanins. Six Mt nanosystems were manufactured and labeled as
follows: natural Mt (NMt), natural Mt-containing JFE (NMt + JFE), Mt modified with
dimethyl benzylhydrogenated tallow ammonium (MtMB), Mt modified with dimethyl
benzylhydrogenated tallow ammonium containing JFE (MtMB + JFE), Mt modified with
dimethyl dihydrogenated tallow ammonium (MtMD) and Mt modified with dimethyl
dihydrogenated tallow ammonium containing JFE (MtMD + JFE).

2.3. Characterizations of Potential Active and pH-Sensitive Nanopackaging
2.3.1. X-Ray Diffraction (XRD)

An X-Pert Pro diffractometer (Almelo, Netherlands) operating at 40 kV and 40 mÅ,
with Cu Kα radiation (λ = 1.5406 Å), was used to obtain the XRD patterns of the Mts.
Samples of finely ground Mt powder were placed in horizontal glass holders. XRD patterns
were recorded at a scanning speed of 0.5◦/min in an angular range of 2θ = 2◦ to 10◦. The
distances between the planes of the crystals d (Å) were then calculated from the diffraction
angles (◦) measured from the XRD patterns, following Bragg’s law [13]:

d = n ∗ λ ∗ (2 ∗ sin θ)−1 (1)

where n is the order of reflection, and λ the wavelength of Cu Kα radiation. For the
calculations, n = 1 was used. The differences between the interlayer distances (Δid) of the
samples tested were determined, considering as a reference the interlayer distance of the
NMt (dNMt) as follows:

Δid = dc − dNMt (2)

where dc is the interlayer distance of each Mt sample:

2.3.2. Thermogravimetric Analysis (TGA)

A thermal analyzer (TA Instruments) Model TGA Q500 (Hüllhorst, Germany), at a
heating rate of 10 ◦C/min from room temperature (approx. 30 ◦C) to 900 ◦C under nitrogen
atmosphere, was used to carry out the TGA essays. The Mt mass varied between 10 and
28 mg. The mass fraction of JFE (XJFE) contained in the Mts was determined as follows:

XJFE =
Rwn+JFE − Rwn

RwJFE − Rwn
(3)
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where Rwn+JFE is the residual mass of the JFE-containing Mts, Rwn is the residual mass of
the Mts without JFE, and RwJFE is the residual mass of the JFE. Residual mass values were
recorded at 900 ◦C where the decomposition of the JFE was stable (~11.77%). Analyses
were conducted per triplicate to guarantee repeatability, and the data were reported as
mean values ± standard deviation (SD).

2.3.3. Field Emission Scanning Electron Microscopy (FESEM)

An FESEM Supra55, Zeiss (Oberkochen, Germany) operating at an acceleration voltage
of 3 kV was used to acquire the FESEM micrographs of the Mts. ImageJ software was
utilized to determine the average size of the Mt particles by randomly choosing at least
5 FESEM images for each nanosystem. All of the Mt samples were sputter coated with a
thin layer of gold for 35 s, using an Ar+ ion beam at an energy level of 3 kV and sputter rate
of 0.67 nm/min, to guarantee electrical conduction and to diminish surface charging during
the essays. The sputter rate was determined by employing a Ni/Cr multilayer standard.

2.3.4. Moisture Content (MC)

A Moisture Analyzer, Model MA150 (Goettingen, Germany) was used to determine
the MC of each of the Mts. Samples (~0.5 g) were dried at 105 ◦C to a constant mass. Three
measurements per nanosystem of Mt were obtained, and the values were reported as %
average moisture ± SD.

2.3.5. Attenuated Total Reflectance Fourier Transform Infrared (ATR/FTIR) Spectroscopy

The infrared spectra of the Mt samples were recorded on a Nicolet 8700 (Thermo
Scientific Instrument Co., Madison, WI, USA) equipped with a diamond ATR probe at an
incident angle of 45◦, over the range of 4000–600 cm−1, from 32 co-added scans at 4 cm−1

resolution. Approximately 10 mg of each of the finely ground Mt samples were placed on
the sample holder. Each sample was scanned three times, and showed good reproducibility.

2.3.6. Raman Spectroscopy

An Invia Reflex confocal Raman microscope (Renishaw, Wotton-under-Edge, UK),
with an argon laser operating at a power level of 3 mW, was set to obtain the Raman spectra
of the Mts. The Raman spectra were obtained at 785 nm. The microscope that was used
worked with a 50× objective lens to focus the beam onto the sample. The integration time
was 0.5 s, and the number of accumulations were 200. Spectral resolution and repeatability
were better than 1 cm−1 and 0.2 cm−1, respectively. The Raman spectrum for each sample
was acquired as a number of evenly distributed points. No thermal effects were observed
in the samples during the measurements.

2.3.7. Confocal Laser Scanning Microscopy (CLSM)

An inverted microscope (Nikon, Eclipse Ti series, Tokyo, Japan) operating at 515 nm
was used to further examine the developed nanosystems. The samples were observed
without any additional treatment.

2.3.8. Color

The CIE-L*a*b* color properties of the Mts were recorded from a Macbeth® colorimeter
(Color-Eye 2445 model, illuminant D65 and 10◦ observer, New Windsor, New York, USAcity,
state, country). Color difference (ΔE*) values among the modified Mts, with and without
added JFE, and the control (NMt), were determined utilizing Equation (4) [23]:

ΔE =
√

Δa2 + Δb2 + ΔL2 (4)

where ΔL = L*control − L*sample, Δa = a*control − a*sample and b*control − b*sample.
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The yellowness index (YI) of the Mts was determined according to ASTM D1925-
70 [27], while the whiteness index (WI) was calculated as follows [28]:

WI = 100 − (100 − L)2 + a2 + b2 (5)

The chromaticity (C*) and hue angle (◦h) values were analyzed following García-
Tejeda et al. [29]. Three readings were taken for each Mt nanosystem. The data were
reported as mean values ± SD.

2.3.9. Response to pH Changes

With the purpose of determining the response of the Mt nanosystems to different pH
stimuli, samples of each nanosystem (0.1 g of Mt) were placed in 4 mL solutions of pH = 1,
7 and 13, made from NaOH (0.1M) and HCl. (0.1M). Color changes in the Mts were then
evaluated from images that were acquired with an 8.1-megapixel Cyber-shot Sony camera
model DSC-H3 (Tokyo, Japan).

2.3.10. DPPH• Antioxidant Activity

The total antioxidant activity of each Mt nanosystem was obtained utilizing the 2,2-
diphenyl-2-picrylhydrazyl (DPPH•) radical methodology employed by Molyneux [30],
with a UV-visible spectrometer UV-1601 PC (Shimadzu Corporation, Kyoto, Japan) at
517 nm. The antioxidant activity of the Mts analyzed was reported as the DPPH• inhibition
percentage, and determined following Equation (6):

%Inhibition = ( A0 − A60)∗ (A0)
−1 ∗ 100 (6)

where A0 and A60 are the absorbance values of the blank sample and the sample-containing
radical, respectively. Three determinations were made per nanosystem. The results were
expressed as mean values ± SD.

2.3.11. Antimicrobial Activity

The antimicrobial activity of the Mts was tested by exactly following the agar diffusion
methodology described by Gutiérrez et al. [23]. The zone of inhibition on solid media
assay was utilized to determine the antimicrobial properties of the Mts against two typ-
ical pathogen microorganisms: Escherichia coli O157:H7 (32158, American Type Culture
Collection—Gram-negative bacteria) and Listeria monocytogenes innocua (Gram-positive bac-
teria) provided by CERELA (Centro de Referencia de Lactobacilos, Tucumán, Argentina).
Each assay was performed in triplicate on two separate experimental runs.

2.3.12. Cytotoxicity Assay

Cell viability was evaluated using the (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide (MTT) method, which is based on the ability of viable cells to metabolically
reduce a yellow tetrazolium salt (MTT; Invitrogen) to purple crystals of formazan [31]. This
reaction is given when the mitochondrial reductases are active. The cell line used for this
study was normal human lung fibroblasts (MRC-5, ATCC CCL-171). The cells were grown
in 96-well plates (3 × 104 cells/well) for 24 h at 37 ◦C. Approximately 10 mg of each Mt
were weighed in Eppendorf tubes, and 1 mL of distilled water was then added to each
tube, in order to obtain suspensions at 1% w/v. These suspensions were stored in the dark
for 24 h at 5 ◦C, and then micro-filtered using a syringe and membrane filter. Solutions of
each Mt nanosystem at two different concentrations (0.25% and 0.5%) were then prepared.
For the mitochondrial viability bioassays, cell monolayers were incubated in one of the Mt
solutions for 24 h at 37 ◦C. Thereafter, the monolayers were laved with 1 mL of fetal bovine
serum (FBS, Internegocios S.A., Buenos Aires, Argentina) and fixed with methanol (99.8%,
Biopak—product code: 1655.08, El Salvador, Argentina) at ambient temperature during
10 min. The cells were then dyed with a solution of methylene blue (Merck, Darmstadt,
Germany) for 10 min. The dye solution was then discarded, and the plate was laved with
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water. After this, the absorbance was determined at 570 cm−1, using a Thermo Scientific
model 2200 (Waltham, MA, USA) microplate reader. According to Leon et al. [32], this
colorimetric bioassay is strongly correlated to cell proliferation measured by cell counting
in a Neubauer chamber under the conditions described above. Results were reported as
percent cell viability relative to natural Mt (control nanosystem, NMt). Three trials were
performed per Mt nanosystem, and the average values ± SD were reported.

2.3.13. Cell Morphology

In order to analyze any changes to cell morphology after the cytotoxicity assay, the
samples were treated as outlined in Section 2.3.12, and then observed under an optical
microscope (Olympus IX51, Tokyo, Japan) at 50×. At least three microphotographs of each
sample were taken with an 8.0-megapixel video camera imaging system (Olympus IMAGE
RS, Tokyo, Japan) attached to a personal computer.

2.4. Statistic Analysis

All of the resulting data were analyzed using OriginPro 8 (Version 8.5, Northampton,
MA, USA) software. The data were first evaluated with an analysis of variance (ANOVA),
and significant results were subsequently analyzed using Duncan’s multiple range tests
(p ≤ 0.05) to compare mean values.

3. Results and Discussion

3.1. X-Ray Diffraction (XRD)

The NMt displayed a diffraction peak at 2θ = 7.10◦ associated with a 001 basal spacing
of 12.5 Å (Figure 1). Similar results were reported by Tunç and Duman [33,34] for pure
Mt (12.7 Å). The interlayer spacings of the MtMB and MtMD (d-values ∼= 18.5 Å and
26.5 Å, respectively) were notably wider compared to that of the NMt, representing an
increase of about 6.0 Å and 14.0 Å, respectively (Table 1). This suggests that the dimethyl
dihydrogenated tallow ammonium organo-modifying agent increased interlayer spacing
to a greater degree than the dimethyl benzylhydrogenated tallow ammonium organo-
modifying agent, possibly because the former is a smaller compound than the latter, and
can thus penetrate the interlayer spacing of the Mt more easily. de Azeredo [35] indicated
that this behavior is related to cation exchange reactions between inorganic cations and
organic cations in Mts.

Figure 1. X-ray diffraction patterns of the different Mt nanosystems studied: (a) natural mont-
morillonite (NMt), (b) natural montmorillonite-containing Jamaica flower extract (NMt + JFE),
(c) montmorillonite modified with dimethyl benzylhydrogenated tallow ammonium (MtMB), (d)
montmorillonite modified with dimethyl benzylhydrogenated tallow ammonium containing Jamaica
flower extract (MtMB + JFE), (e) montmorillonite modified with dimethyl dihydrogenated tallow am-
monium (MtMD) and (f) montmorillonite modified with dimethyl dihydrogenated tallow ammonium
containing Jamaica flower extract (MtMD + JFE).
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Table 1. Differences in interplanar distances (Δid), mole fractions of the Jamaica flower extract (XJFE)
loaded within the Mt nanosystems, moisture content (MC), and color parameters of the different
Mt nanosystems.

Parameter NMt NMt + JFE MtMB MtMB + JFE MtMD MtMD + JFE

Δid (Å) - 0.0 ± 0.1 a 6.0 ± 0.1 b 8.3 ± 0.1 c 14.0 ± 0.1 d 14.8 ± 0.1 e

XJFE - 0.00 ± 0.01 a - 0.10 ± 0.01 c - 0.05 ± 0.01 b

MC (%) 5.6 ± 0.7 d 9.5 ± 0.4 e 1.8 ± 0.2 b 2.6 ± 0.2 b,c 1.4 ± 0.1 a 2.3 ± 0.3 b

L* 83 ± 5 d 49 ± 2 a 65 ± 5 b 69 ± 2 b,c 60.4 ± 0.6 b 68 ± 5 b,c

a* 1.9 ± 0.1 c 1.48 ± 0.07 b 1.20 ± 0.08 a 1.19 ± 0.01 a 1.43 ± 0.08 b 1.99 ± 0.01 c

b* 10.6 ± 0.7 d 6.3 ± 0.1 a 11.7 ± 0.7 d 8.2 ± 0.1 c 12.0 ± 0.3 d,e 7.70 ± 0.09 b

Color difference (ΔE) 0.00 ± 0.00 a 34 ± 2 d 18 ± 5 b 14 ± 2 b 22.4 ± 0.6 b,c 15 ± 5 b

WhitenessIndex (WI) 80 ± 4 d 49 ± 2 a 63 ± 5 b 68 ± 2 b,c 58.6 ± 0.7 b 67 ± 4 b,c

C* 10.8 ± 0.7 d 6.5 ± 0.1 a 11.7 ± 0.7 d 8.3 ± 0.1 c 12.1 ± 0.4 d,e 7.95 ± 0.09 b

h (o) 190.4 ± 0.2 d 193.1 ± 0.4 e 185.84 ± 0.01 a 188.22 ± 0.01 c 186.8 ± 0.2 b 194.5 ± 0.2 f

Equal letters in the same row indicate no statistically significant differences (p ≤ 0.05). Mt nanosystems studied:
natural montmorillonite (NMt), natural montmorillonite-containing Jamaica flower extract (NMt + JFE), montmo-
rillonite modified with dimethyl benzylhydrogenated tallow ammonium (MtMB), montmorillonite modified with
dimethyl benzylhydrogenated tallow ammonium containing Jamaica flower extract (MtMB + JFE), montmoril-
lonite modified with dimethyl dihydrogenated tallow ammonium (MtMD) and montmorillonite modified with
dimethyl dihydrogenated tallow ammonium containing Jamaica flower extract (MtMD + JFE).

The 001 basal reflections from MtMB and MtMD increased from the addition of
Jamaica flower extract (JFE—100% polymeric anthocyanin) (MtMB and MtMD nanosystems
compared to their respective analogous nanosystems containing JFE (MtMB + JFE and
MtMD + JFE)) (Figure 1). This demonstrates that polymeric anthocyanins were intercalated
(nanopacked/nanoencapsulated/loaded) in the silicate interlayer spaces [36]. It is worth
noting that this behavior was not observed for the NMt nanosystem (NMt nanosystem
compared to their respective analogous nanosystem containing JFE (NMt + JFE). The
reason for this may be because the polymeric anthocyanins were larger than the basal
spacing of the NMt (12.5 Å), thus preventing the JFE from entering and increasing the
interlayer spacing.

3.2. Thermogravimetric Analysis (TGA)

The TGA curves (Figure 2) were analyzed in order to detect variations in the thermal
stability of the nanosystems assessed; they were also used to determine the mole fraction
of the JFE (XJFE) that was loaded into the Mts. Three stages of thermal degradation in the
Mt nanosystems were observed: the first, from ambient temperature (30 ◦C) up to around
150 ◦C, was attributed to the evaporation of physisorbed water molecules; the second,
between 150 ◦C and 450 ◦C, related to the slow loss of water molecules that were ini-
tially occluded between the interlayers; and the third, from 650 ◦C, resulted from the
dehydroxylation of the structural OH groups of the Mts [23].

In the temperature region between 30 ◦C and 120 ◦C, the TGA curves of the JFE-
containing Mt nanosystems were slightly displaced towards lower temperatures with
regard to those of the Mt nanosystems without JFE. This suggests that possibly the polar
sites (Lewis sites) available on the Mts were sterically hindered by polymeric anthocyanins,
thereby weakening and reducing Mt–water molecule interactions [37].

The NMt nanosystem exhibited thermal behavior similar to that reported by
Merino et al. [38] for natural bentonite, and had a lower thermal resistance than the
organo-modified Mt nanosystems. This is consistent with Zhang et al. [39], who indicated
that organoammonium groups grafted on the silicates show high thermal stability, and
only begin to degrade at 400 ◦C. This phenomenon was more pronounced in the organo-Mt
nanosystems that were modified with dimethyl dihydrogenated tallow ammonium, com-
pared to the nanosystems that were modified with dimethyl benzylhydrogenated tallow
ammonium. This suggests that the dimethyl-dihydrogenated-tallow-ammonium-modified
reagent can enter the interlayer spacing more easily, and interact more strongly with the Mt
than the dimethyl benzylhydrogenated tallow ammonium, thereby increasing the thermal
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resistance of the former. The JFE-containing Mt nanosystems (NMt + JFE, MtMB + JFE and
MtMD + JFE) showed a lower heat resistance compared to their analogous nanosystems
without added JFE (NMt, MtMB and MtMD). This fact is possibly related to the thermal
degradation of the interleaved organic matter that was contained in the interlayer spaces of
the Mts.

Figure 2. TGA curves of the Mt nanosystems and the extract studied: (a) natural montmorillonite
(NMt), (b) natural montmorillonite containing Jamaica flower extract (NMt + JFE), (c) montmorillonite
modified with dimethyl benzylhydrogenated tallow ammonium (MtMB), (d) montmorillonite modi-
fied with dimethyl benzylhydrogenated tallow ammonium containing Jamaica flower extract (MtMB
+ JFE), (e) montmorillonite modified with dimethyl dihydrogenated tallow ammonium (MtMD),
(f) montmorillonite modified with dimethyl dihydrogenated tallow ammonium containing Jamaica
flower extract (MtMD + JFE) and (g) Jamaica flower extract (JFE).

Interestingly, during the last stage of thermal degradation, MtMD showed a greater
mass loss than MtMB, suggesting that there was more organic material packed within
the interlayer spaces of the Mt organo-modified with dimethyl dihydrogenated tallow
ammonium. This is in line with the results discussed so far.

The maximum thermal degradation temperature of the JFE (100% polymeric antho-
cyanin) was around 211 ◦C. According to the calculations made from the TGA curves,
NMt + JFE did not nanopack the polymeric anthocyanins found in the JFE (Table 1). This
agrees with the results obtained from the XRD diffractograms (see Section 3.1). The highest
mole fraction of JFE (XJFE) nanopacked into the Mts was obtained for MtMB + JFE (∼0.10)
(Table 1), whereas MtMD + JFE only nanopacked half of this amount (XJFE∼0.05). These
results can be explained as follows: the organo-modification of Mt with dimethyl benzyl-
hydrogenated tallow ammonium (MtMB) caused enough of an increase in the interlayer
spacing to enable the entry of the polymeric anthocyanins. In addition, few modifying
agent molecules were found within the interlayer spacing, thus leaving room for more
JFE molecules to enter into it. In contrast, in MtMD + JFE, the molecules of the modifying
agent (dimethyl dihydrogenated tallow ammonium; MtMD) easily entered the Mt structure.
Therefore, the molar volume of polymeric anthocyanins nanopacked in MtMD + JFE was
lower, despite having greater interlayer spacing.

3.3. Field Emission Scanning Electron Microscopy (FESEM)

The NMt nanoparticles were transformed slightly, from a spherical morphology (NMt,
Figure 3a) to mainly irregular morphologies, either after organo-modification or when the
JFE was added. The average size of the Mt particles also increased, from around 12 ± 2 μm
(NMt and NMt + JFE) to 30 ± 6 μm, for the other nanosystems evaluated. Notwithstanding,
no statistically significant variations among the particle sizes of the organo-modified Mts,

180



Polymers 2022, 14, 4881

with or without the addition of JFE, were observed, i.e., both organo-modifications led
to an increase in particle size, regardless of the modifying agent used. These results fit
well with the increase in interlayer spacing for these nanosystems, which was evidenced
from the XRD patterns. Öztop and Shahwan [40] also reported that alkaline hydrothermal
treatment-modified Mt has a similar behavior to that described above.

Figure 3. FESEM micrographs of the different Mt nanosystems studied: (a) natural montmorillonite
(NMt), (b) natural montmorillonite containing Jamaica flower extract (NMt + JFE), (c) montmorillonite
modified with dimethyl benzylhydrogenated tallow ammonium (MtMB), (d) montmorillonite modi-
fied with dimethyl benzylhydrogenated tallow ammonium containing Jamaica flower extract (MtMB
+ JFE), (e) montmorillonite modified with dimethyl dihydrogenated tallow ammonium (MtMD) and
(f) montmorillonite modified with dimethyl dihydrogenated tallow ammonium containing Jamaica
flower extract (MtMD + JFE). Some particle sizes obtained can be seen in the boxes from each image.

3.4. Moisture Content (MC)

The MC significantly differed among the treatments (p ≤ 0.05) as follows: MtMD
< MtMB < NMt (Table 1). This shows that both organo-modifying agents reduced the
hydrophilicity of the Mt nanosystems, with this being more significant when dimethyl
dihydrogenated tallow ammonium was used compared to dimethyl benzylhydrogenated
tallow ammonium. Since the former (MtMD) is less polar than the latter (MtMB), it seems
reasonable to suppose that it compensates polar sites (Lewis sites) within the Mt structure,
thus decreasing the Mt nanosystems’ hydrophilicity. This is in line with the TGA results (see
Section 3.2). The MC of the JFE-containing Mts was statistically higher (p ≤ 0.05) than their
respective analogous Mt nanosystems without JFE. This is in line with results published
by Gutiérrez et al. [23] for natural and modified nano-clays, with and without added
blueberry extract (BE), and suggests that the addition of JFE increases the vulnerability of
Mt nanosystems to water uptake from the ambient environment.

3.5. Attenuated Total Reflectance Fourier Transform Infrared (ATR/FTIR) Spectroscopy

The FTIR spectra for the manufactured Mt nanosystems over the entire absorption
range (Figure 4A) showed absorption peaks at around 3624 cm−1, which can be related
to the structural OH groups in the Mts, and the bands centered at 3422 cm−1 associated
with the stretching and bending vibrations of the hydroxyl (O-H) groups of the free water
molecules physisorbed in the Mt nanosystems [38,41]. The peak intensity at 3422 cm−1

was greater in the JFE-containing Mt nanosystems than their analogous nanosystems
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without JFE (Figure 4B), suggesting that available cations were exchanged for protons
from polar groups during JFE incorporation, thus raising the number of available OH
groups [41]. This fits well with the MC results (see Section 3.4) that showed that the JFE-
containing Mt nanosystems were more hydrophilic, i.e., higher MC values correlated with
stronger absorption bands that were associated with free water and O-H groups. The bands
situated at 2917 cm−1 and 2844 cm−1 corresponded to CH2 asymmetric and CH2 symmetric
stretching vibrations within the modifying agents, and another band centered at 1468 cm−1

was associated with the deformation vibrations of CH2/CH3 that were also within the
modifying agents [38]. The absorption bands positioned at 990 cm−1 were associated to
Si-O groups in plane vibration, while the absorption bands at 916, 880 and 800 cm−1 were
assigned to Al-Al-OH, Al-Fe-OH and Al-Mg-OH bending vibrations, respectively [42–44].
A decrease in the intensities of the bands located at 814 cm−1 (O-Si-O asymmetric stretching)
and 990 cm−1 (Si-O stretching) was also evidenced, and was attributed to variations in the
Si environment.

Figure 4. (A) FTIR spectra of the Mt nanosystems and the extract studied in the entire absorption
range: (a) natural montmorillonite (NMt), (b) montmorillonite modified with dimethyl benzylhydro-
genated tallow ammonium (MtMB), (c) montmorillonite modified with dimethyl dihydrogenated
tallow ammonium (MtMD), (d) natural montmorillonite containing Jamaica flower extract (NMt +
JFE), (e) montmorillonite modified with dimethyl benzylhydrogenated tallow ammonium containing
Jamaica flower extract (MtMB + JFE), (f) montmorillonite modified with dimethyl dihydrogenated
tallow ammonium containing Jamaica flower extract (MtMD + JFE) and (g) Jamaica flower extract
(JFE). (B) FTIR spectra in the absorption range corresponding to C-O groups (OH stretching) of the
Mt nanosystems and the extract evaluated: (a) NMt, (b) MtMB, (c) MtMD, (d) NMt + JFE, (e) MtMB +
JFE and (f) MtMD + JFE.

The FTIR spectrum for the JFE (100% polymeric anthocyanin) showed all of the
absorption peaks that corresponded to the active compound, all of which have been well
characterized elsewhere in the literature [45].

3.6. Raman Spectroscopy and Confocal Laser Scanning Microscopy (CLSM)

In order to learn more about the structure of the manufactured Mts, Raman spectra
were acquired (Figure 5). However, neither the organo-modified Mt nanosystems nor those
with added JFE showed clear bands; thus, we were unable to discover more details about
the structure of the Mt nanosystems. Gutiérrez et al. [23] indicated that the fluorescence
phenomenon limits the acquisition of Raman spectra. To confirm this hypothesis, the Mt
nanosystems were scanned using confocal laser scanning microscopy (CLSM) (Figure 6).
The CLSM images confirmed the self-fluorescence of the Mt nanosystems developed. This is
possibly related to multiple oxygen-containing functional groups. These functional groups
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can induce numerous localized energy levels within the n-π* gap, which decentralizes the
excited electrons [46]. Notably, the fluorescence in the JFE-containing Mt nanosystems
(NMt + JFE, MtMB + JFE and MtMD + JFE) was higher compared to their analogous
nanosystems without added JFE (NMt, MtMB and MtMD). These fluorescence-inducing
properties could make JFE (100% polymeric anthocyanin) promising for the development
of theragnostic nanosystems, since, as will be discussed in the following sections, it could
be used in the treatment of different diseases, and at the same time be localized by the
fluorescence phenomenon. On a different note, and as expected, the morphology of the Mt
nanosystems observed by CLSM (see Figure 6) was similar to that observed using FESEM
(see Figure 3).

Figure 5. Raman spectra of the different Mt nanosystems studied: (a) natural montmorillonite (NMt),
(b) natural montmorillonite containing Jamaica flower extract (NMt + JFE), (c) montmorillonite modi-
fied with dimethyl benzylhydrogenated tallow ammonium (MtMB), (d) montmorillonite modified
with dimethyl benzylhydrogenated tallow ammonium containing Jamaica flower extract (MtMB +
JFE), (e) montmorillonite modified with dimethyl dihydrogenated tallow ammonium (MtMD) and
(f) montmorillonite modified with dimethyl dihydrogenated tallow ammonium containing Jamaica
flower extract (MtMD + JFE).

Figure 6. CLSM micrographs of the different Mt nanosystems studied: (a) natural montmorillonite
(NMt), (b) natural montmorillonite containing Jamaica flower extract (NMt + JFE), (c) montmorillonite
modified with dimethyl benzylhydrogenated tallow ammonium (MtMB), (d) montmorillonite modi-
fied with dimethyl benzylhydrogenated tallow ammonium containing Jamaica flower extract (MtMB
+ JFE), (e) montmorillonite modified with dimethyl dihydrogenated tallow ammonium (MtMD) and
(f) montmorillonite modified with dimethyl dihydrogenated tallow ammonium containing Jamaica
flower extract (MtMD + JFE).
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3.7. Color

The results of the color analyses (Table 1) revealed that both organo-modification
and/or the addition of JFE resulted in darker Mt nanosystems (see L* values). The a* values
showed that all of the Mt nanosystems tended towards a red coloration; however, no clear
tendency due to organo-modification or the incorporation of JFE was observed. The b*
values, notwithstanding, showed that although all of the Mt nanosystems tended towards
yellow, this was notoriously less pronounced (p ≤ 0.05) in those containing JFE, i.e., the
addition of JFE produced less yellow nanosystems.

According to Obón et al. [47], obvious color differences identifiable by the human eye
yield color difference (ΔE) values higher than 5. In this study, all of the treatments carried
out on the NMt led to changes in coloration that were easily detectable by the naked eye.

The NMt had the highest whiteness index (WI) compared to the treated Mt nanosys-
tems, which is consistent with the L* values.

A decline in the chromaticity (C*) values was appreciated by incorporating JFE into
the Mt nanosystems. Similar results were obtained by Gutiérrez et al. [23] for nano-clays
that contained polymeric anthocyanins extracted from blueberries. These C* values were
not drastically altered by the organo-modifications carried out on the Mt nanosystems.

The hue angles (◦h) of the clay nanosystems were correctly located in the quadrants of
the CIE L*a*b* color chart.

3.8. Response to pH Changes

The images of the color variations in the Mt nanosystems under different pH conditions
(Figure 7) revealed that the JFE-containing Mts (NMt + JFE, MtMB + JFE and MtMD + JFE)
showed a bathochromic effect, i.e., they changed color depending on the pH. These Mt
nanosystems had a pink coloration at pH = 1, which was provoked by the formation of
the flavylium cation (also called 2-phenyl-benzopyrylium, and consists of two aromatic
groups: a benzopyrilium and a phenolic ring) or the oxonium ion, which are the most
stable polymeric anthocyanin structures. At pH = 13, however, the JFE-containing Mt
nanosystems showed a yellow coloration, possibly because of the quinoidal structure of
the polymeric anthocyanins that formed at pH > 8 [48]. Our research group previously
developed pH-sensitive nano-clays by incorporating polymeric anthocyanins extracted
from blueberries. However, the color changes observed were different from those of the
current study [23]. Color changes due to pH were produced by hydroxyl groups of the
phenolic rings, and by the benzopirilium [49,50]. This suggests that the flavonoid structures
of polymeric anthocyanins differ, depending on the plant source. It is worth noting that
at least 20 different polymeric anthocyanin structures are known, and it is estimated that
there may be as many as 150 [51]. The bathochromic or pH-sensitive effect observed in
the JFE-containing Mt nanosystems is very interesting for the development of composite
materials aimed at manufacturing pH-sensitive (“intelligent”) food nanopackaging, or as
nanosensors for theragnostic devices.

It should also be noted that the JFE at pH = 13 produced a slight emission of gases. This
is because at alkaline pH, the loss of a proton from, and the addition of water to, the polymeric
anthocyanin structure leads to a balance between the pseudobase hemicetal (carbinol) and
chalcone (an open chain). Both hemicetal and chalcone are quite unstable forms and, at pH
values higher than 7, are rapidly degraded by oxidation with air [49,52]. This means that at
pH = 13, these JFE-containing Mt nanosystems undergo an irreversible color change.

Fascinatingly, not only did the color of the JFE-containing Mt nanosystems change, that
of the solution they were in also changed, slightly. This verifies the diffusion of polymeric
anthocyanin molecules towards the aqueous medium. Hence, polymeric anthocyanins can
work as tracers of events taking place within the Mt nanosystems. This suggests that the
polymeric anthocyanins that were nanopackaged within the interlayer spaces created van
der Waals-type interactions between the Mts and the pigment. Otherwise, the chromophore
groups of the polymeric anthocyanins would prevent pH-induced color variations in the
Mt nanosystems.
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Figure 7. Response of the Mt nanosystems evaluated under different pH conditions: natural mont-
morillonite (NMt), natural montmorillonite containing Jamaica flower extract (NMt + JFE), montmo-
rillonite modified with dimethyl benzylhydrogenated tallow ammonium (MtMB), montmorillonite
modified with dimethyl benzylhydrogenated tallow ammonium containing Jamaica flower extract
(MtMB + JFE), montmorillonite modified with dimethyl dihydrogenated tallow ammonium (MtMD),
montmorillonite modified with dimethyl dihydrogenated tallow ammonium containing Jamaica
flower extract (MtMD + JFE) and Jamaica flower extract (JFE).

3.9. DPPH• Antioxidant Activity and Antimicrobial Activity

The results of the antioxidant activity study showed that JFE is a highly active sub-
stance (∼77% inhibition of the DPPH• radical—Figure 8). Similar results were reported
by other authors elsewhere [3]. As expected, the Mt nanosystems without added JFE
showed negligent oxidant activity (∼1.0%). Gutiérrez et al. [23] reported similar values
for this type of clay system. In contrast, all JFE-containing Mt nanosystems showed an
antioxidant activity of around 50%. This confirms the stabilizing effect of the Mt nanosys-
tems on the polymeric anthocyanins found in the JFE. Similar behavior was observed by
Ribeiro et al. [20] for anthocyanins that were obtained from acerola juice, and stabilized
with Mt. Importantly, all of the polymeric anthocyanin-stabilizing Mt nanosystems dis-
played similar antioxidant activities, suggesting that the polymeric anthocyanins were
stabilized whether or not they intercalated within the interlayer spacing of the Mts (see
Section 3.1). This meant that they could also be stabilized by chemical interactions that
occurred between them and the surfaces of the Mt nanosystems.

The antioxidant activity of these polymeric anthocyanin-stabilizing Mt nanosystems
represents a promising alternative for the treatment of different diseases, as has been
discussed in the literature. This means that JFE could also be utilized for the production of
medicinal and functional foods [1].
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Figure 8. DPPH• cavenging activity of the Mt nanosystems and the extract evaluated: natural
montmorillonite (NMt), natural montmorillonite containing Jamaica flower extract (NMt + JFE),
montmorillonite modified with dimethyl benzylhydrogenated tallow ammonium (MtMB), montmo-
rillonite modified with dimethyl benzylhydrogenated tallow ammonium containing Jamaica flower
extract (MtMB + JFE), montmorillonite modified with dimethyl dihydrogenated tallow ammonium
(MtMD), montmorillonite modified with dimethyl dihydrogenated tallow ammonium containing
Jamaica flower extract (MtMD + JFE) and Jamaica flower extract (JFE).

In regards to the antimicrobial properties of the Mt nanosystems, other authors have
demonstrated that both JFE and two commercial modified Mt nanosystems, Cloisite 20A
and Cloisite 30B, show antimicrobial activity [35,53]. In this study, however, the polymeric
anthocyanin-stabilizing Mt nanosystems that were developed had no antimicrobial ac-
tivity against either Escherichia coli O157:H7 or Listeria monocytogenes innocua. According
to Gutiérrez et al. [23], nano-clays that contained BE within their structure exhibited a
similar trend. In spite of this, no microbiological growth was recorded for the polymeric
anthocyanin-stabilizing Mt nanosystems.

3.10. Cytotoxicity Assay and Cell Morphology

The cell viability assays showed that natural Mts (NMt and NMt + JFE) are not
cytotoxic to human cells, even at doses as high as 0.5% w/v (Figure 9). These results
were validated through morphological observations of cells that were exposed to these
two Mt nanosystems: no damage to cell ultrastructure was observed (Figure 10a,b). In
fact, cell viability was significantly greater (p ≤ 0.05) after exposure to the higher dose
(0.5% w/v) of the polymeric anthocyanin-stabilizing Mt nanosystem (NMt + JFE), than
it was after exposure to the lower dose (0.25% w/v). This suggests that a dose of JFE at
0.5% w/v could be beneficial for the growth of healthy human cells. In contrast, the Mt
nanosystems modified with dimethyl benzylhydrogenated tallow ammonium (MtMB and
MtMB + JFE) showed high cytotoxicity, even at the lower dose (0.25% w/v), i.e., cell viability
was reduced after exposure to these systems. These results were confirmed by optical
microscopy (Figure 10c,d), which revealed that the Mt nanosystems organo-modified with
dimethyl benzylhydrogenated tallow ammonium destroyed the cell membrane, leaving the
nucleus exposed, and leading to a collapse of the cell structure. These results are regrettable,
since the MtMB + JFE polymeric anthocyanin-stabilizing nanosystem nanopacked the
highest amounts of JFE within its structure (see Section 3.2). Similar behavior was reported
in the literature for clays that were organo-modified by silylation [24]. In contrast, the Mt
systems organo-modified with dimethyl dihydrogenated tallow ammonium (MtMD and
MtMD + JFE) had a similar effect on cell viability as the NMt nanosystems (NMt and NMt
+ JFE), except that a slight decrease in viability was evidenced at the lower dose (0.25% w/v).
This was also observed in samples examined under the optical microscope (Figure 10e,f).
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Figure 9. Cell viability of the different Mt nanosystems evaluated at two different doses (dose
0.25% w/v—segmented boxes; dose 0.5% w/v—solid boxes). Mt nanosystems: natural montmorillonite
(NMt), natural montmorillonite containing Jamaica flower extract (NMt + JFE), montmorillonite
modified with dimethyl benzylhydrogenated tallow ammonium (MtMB), montmorillonite modified
with dimethyl benzylhydrogenated tallow ammonium containing Jamaica flower extract (MtMB
+ JFE), montmorillonite modified with dimethyl dihydrogenated tallow ammonium (MtMD) and
montmorillonite modified with dimethyl dihydrogenated tallow ammonium containing Jamaica
flower extract (MtMD + JFE).

Figure 10. Optical micrographs (at 50× of magnification) of the morphology of cells exposed to
the different Mt nanosystems studied: (a) natural montmorillonite (NMt), (b) natural montmoril-
lonite containing Jamaica flower extract (NMt + JFE), (c) montmorillonite modified with dimethyl
benzylhydrogenated tallow ammonium (MtMB), (d) montmorillonite modified with dimethyl benzyl-
hydrogenated tallow ammonium containing Jamaica flower extract (MtMB + JFE), (e) montmorillonite
modified with dimethyl dihydrogenated tallow ammonium (MtMD) and (f) montmorillonite modi-
fied with dimethyl dihydrogenated tallow ammonium containing Jamaica flower extract (MtMD +
JFE). The arrows denote cell death of normal human lung fibroblast cells as an example. Many other
similar dead cells can be seen from the same field of view in each image.

4. Conclusions

Montmorillonites (Mt) were shown to have the capacity to form polymeric anthocyanin-
stabilizing nanosystems by two mechanisms: (1) intercalation of the bioactive compound
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within the interlayer spacing of the Mts, and (2) van der Waals-type chemical interactions
between the polymeric anthocyanins and the outer surfaces of the Mts. Unfortunately, the
Mts that were organo-modified with dimethyl benzylhydrogenated tallow ammonium
(MtMB and MtMB + JFE) were cytotoxic for the cell line evaluated (normal human lung
fibroblast, MRC-5, ATCC CCL-171), thus limiting their application as food additives. The
other two polymeric anthocyanin-stabilizing nanopackaging systems that were developed,
however, show promise for the development of food additives and nano-sensors, with
applications in the food and biotechnology industries. This is due to their pH-sensitive
behavior, self-fluorescence properties and antioxidant activity, although sadly, they did
not show antimicrobial activity. Remarkably, the polymeric anthocyanin-stabilizing and
nanopackaging systems were more hydrophilic compared to their analogous nanosystems
without polymeric anthocyanins. Finally, the novelty of this study highlights the impor-
tance and the crucial point of the toxicological assessment of nanopackaging materials; as
demonstrated here, extraordinary food packaging nanosystems able to stabilize and encap-
sulate active compounds can be obtained, but their food toxicity may limit their use as food
contact material. To the best of the authors’ knowledge, these results provide a significant
advance in the understanding of this field, since very few studies have characterized and
evaluated the toxicity of these kinds of materials.
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Abstract: Our society lives in a time of transition where traditional petroleum-based polymers/plastics
are being replaced by more sustainable alternative materials. To consider these bioproducts as more
viable options than the actual ones, it is demanded to ensure that they are fully biodegradable or
compostable and that there is no release of hazardous compounds to the environment with their
degradation. It is then essential to adapt the legislation to support novel specific guidelines to test the
biodegradability of each biopolymer in varied environments, and consequently, establish consistent
data to design a coherent labeling system. This review work aims to point out the current standards
that can serve as a basis for the characterization of biopolymers’ biodegradation profile in different
environments (soil, compost, and aquatic systems) and identify other laboratory methodologies that
have been adopted for the same purpose. With the information gathered in this work, it was possible
to identify remaining gaps in existing national and international standards to help establish new
validation criteria to be introduced in future research and policies related to bioplastics to boost the
sustainable progress of this rising industry.

Keywords: biopolymers; compost; soil; aquatic systems; biodegradation assay; food packaging

1. Introduction

The emergence of different plastics in daily products is directly related to the growth
of life’s quality since the 1950s, presenting new opportunities and more social benefits
for all mankind [1]. Considering its exceptional intrinsic properties [2], versatility [3],
reduced cost [4], and ease of processing [5], it was effortless to achieve the status of
most handled material by distinct industries. Among the industries that introduce plastic
in their products, the packaging sector stands out globally, with many millions of tons
being produced annually, accounting for almost 50% of the total weight. The numbers
for the packaging sector are far superior to the other industries, mainly due to single-use
plastics, sometimes disposed of after brief periods of working life [6,7]. In spite of all
the fascinating aspects undoubtedly linked to conventional plastic, their non-renewable
character, unsustainable use, and short lifetime related with their tolerance to degradation
cause a serious and realistic environmental problem, bringing out the responsibility to
discover innovative and better ways to upgrade the disposal systems [8,9]. Especially
in some countries, the lack of viable waste disposal alternatives to the clogged landfills
boosts the accumulation of this non-degradable resource in water bodies, leaving a trail
of pollution that can be seen from the shoreline to the ocean, causing potential health
problems for the population worldwide [1]. In fact, the extensive production of plastics
and their non-selective disposal have increased the number of microplastics (MPs) which
have been detected in different environments, to the point of being considered already
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ubiquitous in nature. MPs assimilate the surrounding pollutants (chemicals, heavy metals,
microorganisms, etc.) through different types of interactions, increasing the probability of
becoming loaded with potential toxic agents. Accordingly, the inhalation and ingestion of
these microparticles constitute a relevant exposure route to the health of all living animals
who ingest this type of nourishment [10,11].

Regardless of some of the European Union (EU) members having banned landfill
applications, there are not yet sufficient alternatives to arouse a paradigm transition,
wherein incineration is not an ecological option due to the emission of pollutant gases, in
which about 2.8 kg of CO2 is evolved in the combustion of 1 kg of plastic. Furthermore,
recycling still faces difficulties in separating certain plastics from contaminants, remaining
a low-yielding process that needs to be properly adjusted [12–14]. Of all the plastic used
in food packaging, about 9–10% is recycled, and only half of that percentage survives
more than one recycling cycle. These remarkably low rates are associated with factors
such as packaging composed by distinct layers of plastic material grades, contaminants
present in the packaging (e.g., pigments, inks, and metals), unavailability of suitable waste
sorting systems, and deficit of informative sorting and recycling labels [15]. Following the
recommendations published in the document “Use of Recycled Plastics in Food Packaging
(Chemistry Considerations): Guidance for Industry” by the Food and Drug Administration
(FDA), the recommended maximum level of a chemical contaminant present in recycled
material, if there is a migration to food, should not exceed 1.5 micrograms/person/day
(0.5 parts per billion (ppb) dietary concentration) [16].

Composting is equally an alternative option to overcome the environmental impacts
associated with plastics, but the resistance to microbial decomposition severely limits this
approach [17,18]. For example, common plastics found in food and beverage packaging,
such as polyethylene terephthalate (PET) and high-density polyethylene (HDPE), have an
expected life span of 450 and 600 years, respectively [19]. However, undoubtedly, novel
insights on waste management and recovery have increased among the industrial sector,
the civil and scientific community, formalizing the stimulus for the establishment of a sus-
tainable and bio-based society [20]. The problems exposed above, coupled with consumers’
awareness for healthier and more beneficial products, have guided the replacement of
traditional plastics for modern eco-friendly materials. Currently, the use of bioplastics in
packaging merely represents values around 1–2% of global plastic packaging sales; however,
the United Nations (UN) already considered these biomaterials fundamental to achieving
the sustainable development goals [6]. Hereupon, it is essential to continue investing in
scientific research and development of biodegradable and bio-based alternatives and adopt
contemporary greener policies based on sustainable growth to reduce or even extinguish
the negative footprint that petrochemical polymers induce in the environment [21,22].

Bio-based plastics/polymers, recurrently denominated in the literature as bioplastics
or biopolymers, have lately been assigned as the logical candidates to substitute conven-
tional plastics due to their renewability, high abundance, accessibility, low cost, reduced
toxicity, and biodegradable character [23]. They consist of a chain-like molecule of cova-
lently bonded monomers, in which the difference for polymers resides solely in the prefix
“bio”, indicating their biological or renewable origin [12]. Biopolymers can be divided into
two vast groups, natural and synthetic, based on their origin. The natural ones are extracted
directly from renewable sources, such as proteins (e.g., collagen or gelatin), polysaccharides
(e.g., starch, cellulose, or chitin/chitosan), or lipids (e.g., waxes and free fatty acids) or
could be produced by microbiological processes such as polyhydroxyalkanoate (PHA)
or poly(3-hydroxybutyrate) (PHB). Poly(lactic acid) (PLA) and poly(vinyl alcohol) (PVA)
represent some examples of synthetic-produced biopolymers [12,24,25]. Biodegradability
is, along with the renewable character, the key point of interest attributed when compared
with traditional plastics. It is expected that bio-based plastics can be easily degraded when
exposed to sunlight, through photo-oxidation, or fragmentation by the action of living or-
ganisms that secrete extracellular enzymes in the presence (aerobic degradation) or absence
(anaerobic degradation) of oxygen. The organic chemical substances are then converted into
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harmless small molecular byproducts, such as carbon dioxide, water, inorganic compounds,
methane, and biomass (Figure 1) [23]. Furthermore, some of these elements can also be
compostable, at a rate consistent with familiar materials [8].

Nevertheless, not all bio-based polymers are biodegradable, and, in opposition, not
every fossil-based polymer is non-biodegradable. Indeed, the biodegradation rate differs
for each bioplastic, depending on the external environment factors, intrinsic physico-
chemical properties of the biopolymer, or the characteristics of the filler in the case of
blends/composites [2,14,26]. For this reason, it is indispensable to mark an explicit distinc-
tion between bio-based plastics and biodegradable plastics. Following the instructions set
by the American Society for Testing and Materials (ASTM), bio-based plastic is described as
”a plastic containing organic carbon of renewable origin such as agricultural, plant, animal,
fungi, microorganisms, marine, or forestry materials living in a natural environment in
equilibrium with the atmosphere” [27], while biodegradable plastic is ” a degradable plastic
in which the degradation results from the action of naturally-occurring microorganisms
such as bacteria, fungi, and algae” [28]. In favor of establishing a generic pattern, the
European Bioplastics Association identifies bioplastics as a diverse family of materials,
which can be bio-based, biodegradable, or both [29]. It is equally worthy to remark that
biopolymer degradation can be hostage from other agents. It was identified that during
biological degradation, enzymes produced by micro-organisms are responsible for the
degradation. In contrast, in chemical degradation, the agents are oxygen, water, alkaline
substances, acids, and solvents. A unique variation of chemical degradation is hydrolytic
degradation, and other types of degradation are physical and atmospheric [30].

Figure 1. Biodegradation process scheme (Adapted from Souza 2015 [31]).

Thereby, to successfully perform the task of attenuating ecological impact and cut the
waste connected with the end of life of single-use plastics, each novel bio-based plastic
must be intensively deliberated and optimized earlier than being marketed, ensuring that
it is fully biodegradable and that any detrimental ecotoxicological effects emerge from
such degradation [21]. This is particularly important when new and innovative solutions
with bioplastics are being tested to turn them more commercially available to reduce the
dependence of some industries on fossil-based-plastic, such as the food packaging industry.
Additionally, to make it feasible for a biopolymer to match the functionality of traditional
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plastics in food packaging, and as a result go from conception to market, it is pivotal to
reinforce their matrix, modifying and upgrading their characteristics. Therefore, another
undergoing solution is the incorporation of organic or inorganic nanoparticles to reinforce
the film, and the addition of active elements, such as extracts and essential oils, to increase
the antimicrobial and antioxidant properties, nonetheless, these new added elements could
slower the biopolymer degradation [9].

As follows, the aim of this work was to gather the knowledge and discuss: (i) the
current standard methodologies that can be applied to test and monitor the biodegradation
of the bioplastics; (ii) the effect of environmental conditions, chemical composition, and
additives on biodegradability; (iii) the verification of research works that test alternative
approaches to analyze the biodegradability of bioplastics in various environments. The
information gathered supports the identification of bottlenecks in existing national and
international standards used to characterize plastics degradation so that concepts related
to bioplastics can be correctly established and categorize the existing limits to bioplastics
degradation to identify potential opportunities to boost the sustainable progress of this
rising industry.

2. Current Biodegradation Assays Methodologies

The methodologies currently used to assess the biodegradability of biopolymers can
be organized according to the place where the plastics are being disposed, namely: (i) in
soils; (ii) in compost; (iii) in aquatic systems (Figure 2).

Figure 2. Main standards adopted for assessing the biodegradability of bioplastics.

2.1. Biodegradation Assays in Soil

Over time, several biological, geological, and hydrologic phenomena shaped the
earth’s crust creating new porous land surfaces that usually are defined as soil. The
uncertainty generated by the complex number of natural variables means that on our planet
it is fairly easy to find soils with uncommon temperatures, pH, moisture, and amounts of
oxygen that consequently affect local microbiota activity and composition [32,33]. Under
these circumstances, it is tough to find an ecosystem as rich in biodiversity as soils. In
just one gram of it, a population of about 10 billion microorganisms that live directly in
communion with the existing fauna, containing thousands of bacteria and fungi unique
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species is established [33]. Biodegradation, as the name implies, is directly related to the
degradation of macromolecular chains through the action of microorganisms. Accordingly,
the correlation between this process and the vastness of microorganisms in soils promotes a
more susceptible and desirable bioplastic degradability study than in other locations [13,34].

Examining the literature, it is noted that miscellaneous techniques to evaluate the
biodegradation of biopolymers in the soil are being adopted, since currently there are no
European or International specifications or criteria settled for this purpose. This is a little
bittersweet since some European markets already sell packaging that claims to biodegrade
in soil [32]. It is not imperative to follow standards to interpret that a product based on an
organic material shows potential to be biodegradable; however, the problem resides in the
determination of the exact mass loss and time required by each bioplastic to decompose
before receiving that classification [13,34]. For instance, it is perceived that the complete
degradation of poly(lactic acid) in natural conditions may take up to several years [35] and
it takes some time to start degrading, as demonstrated in an eleven-month test performed
in the Mediterranean soil environment by Rudnik and Briassoulis [36]. Yet, a bio-based film
made from starch and poly(vinyl alcohol) achieved 90% biodegradation within 28 days
using a similar soil burial method [37]. In view of this, it has to be taken into account that
each biopolymer is biodegraded in a specific way, reckoning variable intrinsic factors such
as crystallinity, chemical structure, molecular weight, surface area, and crosslinks, and
likewise is limited by some environmental soil factors such as temperature, moisture, pH,
and microbial composition [13,18]. Since the bioplastic definition is so broad, it is required
to define proper legislation that indicates whether the “biodegradable” categorization is
ordinary to all or differs individually.

It is imperative to interrogate how the biodegradability of these novel materials can
be measured and labeled [38]. Essentially, while any specific guidelines have been defined,
the scientific community is majorly following two soil conditions for the assembly of
biodegradation processes. If the aim is only to determine the intrinsic biodegradability
instead of studying the secondary toxicity effects of it in soil, the laboratory assays seem
to be the conventional choice due to a question of time. Indeed, following ISO or ASTM
standards previously defined to test the biodegradation of traditional plastics, the samples
are prepared under controlled parameters, which optimizes the process [38–41]. On the
other hand, if it is intended to perform a realistic simulation, the biopolymer should
be directly buried in outdoor soil respecting the local environmental conditions [18,42].
However, it is equally meaningful to bear in mind that these two methodologies must
be complementary. Despite ensuring repeatability, standardized tests are designed to
trial under optimal conditions of biodegradation, and these contrast with the sub-optimal
conditions (scarce nutrients, insufficient water activity, low temperature, and reduced gas
exchange) found in real soils that would constrain the adequate growth of microbes, hence
slowing down the biodegradation response [32,38].

The most actual standard methodologies for biodegradation of plastics in soil are
ASTM D5988-18 “standard test method for determining aerobic biodegradation of plastic
materials in soil” [43] and ISO 17556:2019 “plastics—determination of the ultimate aer-
obic biodegradability of plastic materials in soil by monitoring the oxygen demand in a
respirometer or the amount of carbon dioxide evolved” [44]. Briefly, ASTM D5988-18 mea-
sures the carbon dioxide developed by microorganisms as a function of time of exposure,
thus measuring the degree of biodegradability relative to a reference material. Similarly,
the principle behind the ISO 17556:2019 yields the optimum rate of biodegradation of
plastic material in a test soil by controlling the oxygen consumption or the carbon dioxide
production [41]. For both cases, the two standards research settings are reasonably simple
and similar as stated in Table 1. Basically, the bioplastic sample is buried in closed vessels
containing previously prepared soil. Subsequently, the vessels are subjected to a temper-
ature range favorable to the growth of mesophilic microorganisms jointly with optimal
conditions of moisture and oxygen. Although both indicate the same temperature range,
ISO 17556:2019 establishes an ideal temperature of 25 ◦C.
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Table 1. Some soil technical specifications for each standard.

Specifications ASTM D5988-18 ISO 17556:2019

Type

The soil should be natural and fertile,
preferably “sandy loam” collected from fields

and forests not exposed to pollutants. The
soil used should be a mixture of natural and
fertile soils collected from the surface layers

of at least 3 diverse locations.

Natural soil from fields and/or forests may be
used as an inoculum to simulate biodegradation

in a specific natural environment.

Particle size Less than 2 mm Less than 5 mm
Room Temperature 20 − 28 ± 2 ◦C 20 − 28 ± 2 ◦C but in preference 25 ◦C
pH 6–8 6–8
Moisture holding Capacity
(MHC) 80–100% 40–60%

Running Time Should not exceed 6 months Should not exceed 6 months but may be
extended up to 24 months

Reference Material Cellulose or starch Microcrystalline cellulose powder, ashless
cellulose filters or poly(3-hydroxybutyrate)

Validation Criteria

The test is considered valid if after 6 months
more than 70% biodegradation is achieved
for the reference material and if the amount
of CO2 evolved from the control reactors is

within 20% of the mean at the plateau phase
or at the end of the test.

The test is considered valid if the degree of
biodegradation of the reference material is more
than 60% at the plateau phase or at the end of the
test and if the BOD (biological oxygen demand)
values of or the amount of CO2 evolved from the

controls are within 20% of the mean at the
plateau phase or at the end of the test.

These standards should not merely serve as a guide but also as base methods for possi-
ble new approaches. Based on this premise, Šerá et al. [41] used ISO 17556:2019 as the basic
methodology to test an innovative method that allows the acceleration of biodegradation of
slowly degradable polyesters in the soil, raising the control temperature from 25 ◦C to 37 ◦C
to decrease the analysis time. A moderate increase in temperature aimed to increase the
number of extremophilic species but without a drastic change in microorganisms existing
at 25 ◦C, and therefore, be liable for assessing ultimate biodegradation under representative
conditions of ambient temperature. In another study, Pischedda et al. [38] observed the
effect of temperature in the biodegradation of bioplastics in soil following ASTM D5988-18.
They used pellets of a commercial biodegradable plastic material to be tested at 28, 20,
and 15 ◦C. On balance, it was possible to draw a parallel between the temperature and
the speed of biodegradation. These two recent studies marked an initial phase towards
deploying alternative methodologies to simulate field dissipation kinetics contemplating
the effects of soil temperature.

A parameter that still generates many doubts is the running time, raising some valid
questions before setting up the experiment. Both ASTM D5988-18 and ISO 17556:2019
state that the test should not exceed six months, but what should represent the amount of
biodegradation that the sample must show to consider the test finished? Should there be
complete biodegradation or is it acceptable to merely go beyond the validation values of the
materials used as reference? In addition, in which days the bioplastic degradation evolution
should be assessed? In two different works, in which was used poly(vinyl alcohol)/starch
blended, different experiment designs were tested. It should be registered that the tests
were carried out under the laboratory simulated conditions without ensuing any of the
standards previously presented, and both evaluated the biodegradation through weight
loss percentage over time. One decided that the samples should be collected every 7 days
for up to 35 days [37], while the other determined that the samples should be unburied
every 10 days for up to 50 days [45]. Sen and Das [37] noted almost total film biodegradation
within a period of 35 days, while Kaur et al. [45] registered 96.6% weight loss after 50 days.
Adopting these two works as examples, this slightly illustrates the complexity of knowledge
that presently can be found in the literature. The biodegradability of similar biomaterials
is being tested differently and, therefore, sustaining a broad range of values. This lack
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of uniformity constitutes a giant challenge of how the authentic biodegradation values
for each biomaterial should be established. It has already been mentioned that numerous
variables condition affects the polymer biodegradation, but the present standards are
limited to encompass all of them. A synergic approach employing various methodologies
should be followed when dealing with the biodegradation of bioplastics [46]. Novelty
studies are performing extensive assessments and thus presenting more consistent values
of biodegradability in soil (Table 2).

Table 2. Recent methodologies to monitor biodegradation in soil.

Biopolymer * Soil Conditions Methodology Ref.

Chitosan/Corn cob Laboratory-controlled
conditions ASTM D5988 [39]

PHBV/Olive Pomace Laboratory-controlled
conditions ASTM D5988 [40]

Cellulose based Laboratory-controlled
conditions ASTM D5988 [51]

PBAT/Nanocellulose Laboratory-controlled
conditions ASTM D5988 [52]

Polyurethane (PU)/Starch Laboratory-controlled
conditions

ASTM D5988, morphology and chemical
characterization, visual analysis [48]

Starch/Nanocellulose Laboratory-controlled
conditions ISO 17556 [53]

Poly(lactic acid) (PLA)/Glycerol Laboratory-controlled
conditions ISO 17556 [54]

Mater-Bi (Mixture of PBAT, starch,
and additives)

Laboratory-controlled
conditions ISO 17556, ecotoxicological analysis [55]

PHA, PBS, and PBAT/PLA Laboratory-controlled
conditions ISO 17556, microrganismo characterization [41]

PHB mixed with natural fillers Laboratory-controlled
conditions Mass Loss [47]

Starch/Nanocellulose Outdoor soil conditions Mass Loss [42]
Poly(vinyl alcohol) (PVA)/Starch Outdoor soil conditions Mass Loss [45]

PVA/Starch Laboratory-controlled
conditions

Mass loss, biofilm area, soil characterization,
and visual analysis [37]

PCL, PHB, PLA, and PBS
Laboratory-controlled

conditions and outdoor soil
conditions

Mass loss, mechanical properties, and
microorganism characterization [49]

Starch based Laboratory-controlled
conditions

Mass loss, morphology analysis, and
mechanical properties [56]

PBS/Sugarcane Fiber Laboratory-controlled
conditions

Mass loss, morphology analysis, and thermal
characterization [57]

PHA Outdoor soil conditions Mass loss and morphology and chemical
analysis [50]

PLA and PLA/Starch Outdoor soil conditions Mass loss, morphology and chemical
analysis, and thermal characterization [18]

PVA/Starch and PVA/Starch
mixed with different natural

fillers

Laboratory-controlled
conditions

Mass loss, morphology and chemical
analysis, and soil characterization [58]

* Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), Poly(butylene adipate-co-terephthalate) (PBAT), Polyhy-
droxyalkanoate (PHA), Poly(1,4-butylene succinate) (PBS), Poly(3-hydroxybutyrate) (PHB), Polycaprolactone
(PCL), Poly(1,4 butylene) succinate (PBS), and Poly(vinyl alcohol) (PVA).

Mass loss is the most basic and widely used biodegradation index. Typically, the
analysis of this specification is conducted through experimental measurement that consists
of collecting samples at different times, drying until achieving a constant weight [42,45,47].
Complementary, another way to quantify the mass loss is through molecular weight mea-
surement using gel permeation chromatography [18]. The morphology analysis with
scanning electron microscopy (SEM) is a good complement assay that allows to state the ef-
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fect of the ingress of water in the biopolymer, which is called surface erosion [48]. Moreover,
with this observation, it is possible to analyze and identify the microorganisms that grow
superficially during the degradation process. Šerá et al. [41] identified a massive mesh of
fungal filaments and fungal spores coating the entire surface of fast degrading materials
(PHA and PBS). In opposition, the authors discovered that slowly degradable polymers
(PBAT/PLA) and experimental polyester network (denominated ICL-PN) were uncovered
with microorganisms. Al Hosni et al. [49] also observed that a range of microorganisms
has grown in distinct polymers, taking advantage of them as nutrients, particularly when
under starvation and lacking essential nutrition, therefore representing a crucial role in
the polymer biodegradation. Subsequently, to improve the characterization, rRNA gene
sequencing was performed to identify the fungal isolates. Besides the morphology, the
biopolymer surfaces’ chemical composition should also be evaluated. Spectroscopy was
used to estimate the biodegradation development through the changes in specific functional
groups of the bioplastics [46]. Tai et al. [48] and Sabapathy et al. [50] used Fourier transform
infrared spectroscopy (FTIR) to measure the level of degradation, observing the shift and
also intensity of specific infrared peaks.

In another intriguing study, Ibrahim et al. [56] compared the variations in the mechan-
ical properties with the biodegradation behavior of starch-based composites after being
reinforced with different lignocellulosic fibers. This is helpful to determine the influence
of the filler type in biopolymer’s degradation process. The team discovered that biocom-
posites’ tensile strength and modulus of elasticity decreased more than 50% during the
first week, and then further gradual deterioration inevitably took place until the end of
the experiment.

Before ending this prerogative of ideas, it is worth recalling something mentioned in
the introduction. To consider bioplastics as a viable option to one day replace traditional
plastics it is necessary to ensure that they are fully biodegradable and that no harmful
ecotoxicological effects result from such degradation. Once, during degradation, the
biopolymer repeatedly breaks down and drops many different elements to the soil, with
the released molecules fulfilling a significant role in plant metabolism, either inhibiting
or stimulating flora growth; consequently, it is fundamental to consider ecotoxicological
assessments. Seed germination and plant growth bioassay are the most frequent techniques
used to complete this evaluation [59]. The modus operandi is simple, the biopolymer is
buried in soil in an incredibly high dose and suffers biodegradation. From time to time, a
sample of the soil is tested with bioassays for ecotoxicity herein with a control sample not
exposed to the biopolymer and a control sample exposed to a GRAS (generally recognized
as safe) substance, such as cellulose. To rule out negative ecotoxicity effects, no significant
difference must be perceived between the test samples and control samples [56]. Still,
regarding soil quality, another fascinating topic to be studied in the future is the effect that
the degradation of biopolymers can have on the remediation of soils contaminated with
heavy metals. It is known that, for example, chitosan demonstrates excellent metal-binding
properties [60]. Why not combine the useful with the pleasant and enhance the application
of bio packages at the end of life by depositing them in contaminated soil?

Briefly, it is mandatory to establish a European or international standard that helps
to complement the already existing ISO and ASTM standards so that it is possible to
characterize with more certainty the biodegradability of each biopolymer that is entering
the market. Only then will it be possible to state with certainty which are the best techniques
for depositing these in soils to guarantee total and safe biodegradability.

2.2. Biodegradation Assays in Compost

Composting is an aerobic method of solid waste management, wherein the presence
of microorganisms, under controlled conditions, biodegradable materials are biologically
decomposed into humus, which is a good nutrition source for strengthening soil productiv-
ity and agricultural yield. This process may be incredibly helpful in the disposal problem
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and to diminish greenhouse gases emissions since the compost is a beneficial organic
amendment and substrate that can be reintroduced into the economic system [17,61–63].

Analyzing the most recent scientific data is possible to verify that a vast majority of
the assays on biopolymers degradation under aerobic composting conditions have been
following more standardizations than in soils once these tests are mainly being carried out
at laboratory level. As perceived in Table 3, the most adopted standards are the ISO 14855-
1:2012 “determination of the ultimate aerobic biodegradability of plastic materials under
controlled composting conditions—method by analysis of evolved carbon dioxide—Part 1:
General method” [64] and, analogously, the American Society for Testing and Materials
has the ASTM D5338-15 “standard test method for determining aerobic biodegradation
of plastic materials under controlled composting conditions, incorporating thermophilic
temperatures” [65]. Both determine the ultimate aerobic biodegradability (means by which
microorganisms entirely consume a chemical or organic substance in the presence of
oxygen) of plastics based on organic compounds under controlled composting conditions
by measuring the percentage conversion of the carbon into carbon dioxide and the degree
of disintegration of the plastic at the end of the test.

The standards mentioned above were designed with the intention of simulating typical
aerobic composting conditions, by exposing the test material to an inoculum derived from
the organic fraction of solid mixed municipal waste (Table 4). The composting takes
place in an environment wherein temperature, aeration, and humidity are accurately
monitored and controlled. The percentage of CO2 involved is quantified through acid-base
titration or by employing a direct measurement such as infrared or gas chromatography.
Additionally, the ISO 14855 has a Part 2, the ISO 14855-2:2018 [66], differing from the first
part by implementing a gravimetric method to measure the biopolymer mineralization.
The material sample disintegration is estimated comparing the total dry solids of the initial
test amount with the retrieved fractions of material superior to 2 mm.

Equally, as seen formerly for soils, the existent standards are still limited and the
conditions disparities between home and industrial composting may lead to a significant
difference in the biopolymer degradation character [13]. The fragmentation emerges quicker
in an industrial composter because thermophilic temperatures are most easily achieved
on a large scale and constitute less risk of microplastics exhibition to the environment
as the degradation occurs within a sealed and controlled system. In opposition, it is
much more difficult to achieve these temperatures in small-scale residential composting
units, often referred to as “backyard” or “home” composting, and the toxicological effects
on the environment are by far distinct [3]. Until now, no international standards have
been presented concerning specifications for domestic compostability. However, some
national grades, mostly based on EN 13432 “requirements for packaging recoverable
through composting and biodegradation—test scheme and evaluation criteria for the final
acceptance of packaging” [67], have been implemented with the aim of certifying the home
compostability of bioplastics. Moreover, TÜV AUSTRIA BELGIUM and DIN CERTCO
provide certification for home compostability following the Australian standard AS 5810
“biodegradable plastics—biodegradable plastics suitable for home composting” [68]. To
characterize the biopolymer in a less idealized and more realistic composting environment,
the ISO 16929:2021 “determination of the degree of disintegration of plastic materials under
defined composting conditions in a pilot-scale test” [69] could represent the most adequate
alternative. This one determines the degree of disintegration of materials in a pilot-scale
test under defined composting conditions, being much more representative of microbial
populations than laboratory-scale setups.
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Table 3. Recent methodologies to monitor biodegradation in compost.

Biopolymer * Compost Origin
Methodologies to Monitor

Biodegradation
Ref.

PLA, PLA/Chitosan,
PLA/Nanocellulose, and

PLA/Gum
Food waste

ASTM D5338, mass loss, morphology and
chemical analysis, thermal characterization,

contact angle, and microorganism
characterization

[63]

PVA PVA/Nanocellulose MSW

ASTM D5338, visual analysis, mass loss,
morphology and chemical analysis,

thermal characterization, and compost
quality (including physico-chemical

parameters and ecotoxicological analysis)

[17]

PHA-based MSW ASTM D5338 [70]
Starch/Carboxymethyl

Chitosan Comercial ASTM D5338 [71]

Chitosan Not Specified

ASTM D-5338 and ISO 14855-1, visual
analysis, morphology and chemical

analysis, thermal characterization, and
microorganism characterization

[61]

PVA/Starch MSW
ISO 14855-1, ISO 20200, visual analysis,

morphology analysis, thermal
characterization

[72]

Nano-reinforced PLA MSW

ISO 14855-1, ISO 20200 with adaptations of
ISO 16929, visual analysis, and compost

quality (including physico-chemical
parameters and ecotoxicological analysis)

[73]

Gelatin, Chitosan, and/or
Sodium Caseinate based

Mature compost (10%) mixed with
synthetic biowaste (contained

sawdust (40%), rabbit food (30%),
starch (10%), sugar (5%), oil (4%),

and urea (1%))

ISO 20200, visual analysis, mass loss, and
chemical analysis [62]

PHA based

Mature compost (10%) mixed with
synthetic biowaste (contained

sawdust (40%), rabbit food (30%),
starch (10%), sugar (5%), oil (4%),

and urea (1%))

ISO 20200 [70]

PLA and PLA/Silica Not speficied compost fermented
with biomass (2:1) Modified ISO 17556 [74]

PLA, PLA/TAC, and
PLA/PHB/TAC MSW CO2 concentration, mass loss, chemical

analysis, and thermal characterization [75]

PCL, PHB, PLA, and PBS Comercial Mass loss, mechanical properties, and
microorganism characterization [49]

Starch/Montmorillonite Not Specified Mass loss and ecotoxicological analysis [76]

Nano-reinforced PLA MSW Mass loss and microorganism
characterization [77]

* Poly(lactic acid) (PLA), Poly(vinyl alcohol) (PVA), Polyhydroxyalkanoate (PHA), Plasticizer triacetine (TAC),
Poly(3-hydroxybutyrate) (PHB), Polycaprolactone (PCL), Poly(1,4 butylene) succinate (PBS), and municipal solid
waste (MSW).

Two other standards were developed for more embracing purposes, the ASTM D6400-
21 “standard specification for labeling of plastics designed to be aerobically composted in
municipal or industrial facilities” [78] and ISO 17088:2021 “plastics—organic recycling—
specifications for compostable plastics” [79]. Besides the evaluation of biodegradability
through CO2 measurement and disintegration, the ASTM D6400 additionally includes
elemental analysis, plant germination (phytotoxicity), and mesh filtration of the resulting
particles. In fact, if it is only intended to perform a biodegradation test without the
extensive range of compost analysis, ASTM D5338 is enough. In ISO 17088:2021, apart
from the intention of study biodegradability and disintegration such as in ISO 14855-1:2012,
this normative equally has as purpose the evaluation of negative consequences on the
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composting process and facility and negative effects on the quality of the resulting compost,
including the presence of high levels of regulated metals and other harmful components.
Both agree on the identification parameters for material to be considered a compostable
material. The polymer should pass in the toxicity tests, and after 84 days less than 10% of
the initial weight of the material should disintegrate into fragments that can go across a
2 mm sieve, a further 90% of the organic carbon (absolute or relative) shall be converted to
CO2 after 180 days. A summary of the presented methodologies can be found in Table 5.

Table 4. Inoculum technical specifications for ASTM D5338:15 and ISO 14855:2012.

Specifications ASTM D5338:15 ISO 14855-1:2012

Inoculum Industrial compost soil that has a maturity level
of 2–4 months

Stabilized, mature compost derived
(four-month old), if possible, from

composting the organic fraction of solid
municipal waste

Particle size - 0.5 cm to 1 cm
Room temperature Incubated in the dark at 58 ◦C ± 2 ◦C Incubated in the dark at 58 ◦C ± 2 ◦C
pH 7.0–8.2 7.0–9.0
Total dry solids content between 50% and 55% of the wet solids between 50% and 55% of the wet solids

Volatile solids content
To produce more than 50 mg but less than

150 mg of CO2 per gram of volatile solids after
10 days of incubation

No more than about 15% of the wet or
30% of the dry solids

Moisture holding capacity (MHC) 50% 50–60%

Running time Minimum of 90 days and should not exceed
6 months

Minimum of 90 days and should not
exceed 6 months

Reference material Celullose
TLC (thin-layer chromatography)-grade
cellulose with a particle size of less than

20 μm

Validation criteria

If: (a) more than 2 g of volatile fatty acids per
kilogram of dry matter in the composting vessel
is formed, the test must be regarded as invalid;
(b) a minimum of 70% for cellulose within 45

days is not observed with the positive reference,
the test must be regarded as invalid and should

be repeated, using new inoculum; (c) the
deviation of the percentage of biodegradation of
the positive reference is greater than or equal to
20% at the end of the test, then the test shall be

regarded as invalid.

The test is considered as valid if: (a) the
degree of biodegradation of the reference
material is more than 70% after 45 days;

(b) the difference between the percentage
biodegradation of the reference material
in the different vessels is less than 20% at
the end of the test; (c) the inoculum in the
blank has produced more than 50 mg but

less than 150 mg of carbon dioxide per
gram of volatile solids after 10 days of

incubation.

The biopolymer biodegradation assessment is an expansion study field still pursuing
uniformity, and as such, the addition of these tests in scientific investigations represents
a heroic attempt to prove the outstanding features presented by the prefix “bio” when
compared with traditional plastics. Nonetheless, it is equally visible that only a few
numbers of studies manage to achieve a complete approach to the subject. Biodegradability
tests, in both soil and compost, are complex, extensive, and expensive, and few research
teams have laboratory conditions to execute them, most often limiting themselves to
following existing standards with the addition of one or another characterization. ASTM
D6400 and ISO 17088 are the most comprehensive standards, but they still lack some
fundamental characterizations. As follows, it is essential to study the degradation of the
biopolymer at various levels and under a multiplicity of environmental conditions to be
able to accurately establish complete guidelines. Acknowledging the actual barriers in the
following paragraphs, some interesting results of a set of recent articles that assess different
biopolymer blends biodegradation from unique perspectives are presented, confirming the
importance of complementing the standardization with the study of other parameters.
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Table 5. Summary of ASTM and ISO standards for plastic degradation in compost.

Standard Name Scope

ASTM D5338:15

Standard test method for determining
aerobic biodegradation of plastic materials
under controlled composting conditions,
incorporating thermophilic temperatures

Determination of the ultimate aerobic biodegradability

ISO 14855-1:2012

Determination of the ultimate aerobic
biodegradability of plastic materials under
controlled composting conditions—method
by analysis of evolved carbon dioxide—Part

1: general method

ISO 14855-2:2018

determination of the ultimate aerobic
biodegradability of plastic materials under
controlled composting conditions—method
by analysis of evolved carbon dioxide—Part

2: gravimetric measurement of carbon
dioxide evolved in a laboratory-scale test

ISO 16929:2021
Determination of the degree of disintegration

of plastic materials under defined
composting conditions in a pilot-scale test

Determination of the disintegration degree of plastic
materials in composting

ISO 20200:2015

Plastics—determination of the degree of
disintegration of plastic materials under

simulated composting conditions in a
laboratory-scale test

ASTM D6400-21
Standard specification for labeling of plastics

designed to be aerobically composted in
municipal or industrial facilities

Establishes the requirements for identifying plastics and
products made from plastics that compost satisfactorily
in industrial and municipal aerobic composting facilities.

Includes biodegradation, disintegration, and
environmental safety testing requirements and criteria

ISO 17088:2021 Plastics—organic recycling—specifications
for compostable plastics

A biodegradable material is not necessarily compostable. As seen in the compostability
requirements stated in ASTM D6400 and ISO 17088, a material to be considered compostable
must not only respect certain biodegradability and disintegration rates but also demand to
pass in the environmental safety tests. The methods for evaluating the ecotoxicity of com-
postable polymer materials are typically based on the use of plants, soil fauna (earthworms),
aquatic fauna (Daphnia), algae (green algae), and microbes (luminescent bacteria). To con-
firm that biodegradable materials are not automatically compostable, Gutiérrez et al. [76]
analyzed the ecotoxicity of starch/montmorillonite films by examining the growth of the
primary root of lettuce (Lactuca sativa) seedlings exposed to three different concentrations.
They observed that the produced films, besides being marked as biodegradable, revealed
to be non-compostable material at high concentrations (100 μg/mL) as measured by their
effect on lettuce seedlings.

Salehpour et al. (2018) [17] investigated the effect that the incorporation of cellu-
lose nanofibers (CNF) had on the biodegradation of poly(vinyl alcohol). They conjugate
the ASTM D5338 to measure the amount of mineralized carbon, with more extensive
analyses of the decomposition process resorting to mass loss, visual, morphology and
chemical analysis, and thermal characterization. Moreover, they monitored the impact
of the biodegradation in the compost, performing physicochemical and ecotoxicologi-
cal evaluation by growing cress and spinach. At the end of the assay, it was observed
that the PVA/nanocellulose had lower biodegradation rates than the neat PVA. This can
be attributed to the difficulty that water molecules suffer to enter the polymer matrix,
consequently reducing the microbial growth and activity and to the good interfacial bond-
ing between CNF and PVA that makes it very difficult to break the strong bonds of the
film. Another remarkable observation during the thermal analysis was the increase in the
biopolymer crystallinity over the composting time. Such can be explained by the evidence
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that microbes easily degrade the random amorphous component of the polymer, rather
than the crystalline phases. Positively, the ecotoxicological assay concluded that no negative
chemical effects on the germination and growing of the studied plants were verified during
the biodegradation process. In the following work, Kalita et al. [63] aimed to study the
aerobic biodegradation behavior of modified PLA-based biocomposites under composting
conditions by adding to ASTM D5338 other analytical techniques such as molecular weight,
differential scanning calorimetry (DSC), contact angle analysis, and microbial colony count.
According to the authors, these techniques allow to know how the composting temperature
and the change in molecular activity affects the test material wettability. Globally, a de-
creased trend was observed in contact angles values, suggesting that sample surfaces were
becoming more hydrophilic. Meanwhile, as seen in the Salehpour et al. (2018) [17] study,
crystallinity percentage increases in biodegraded samples due to loss of amorphous phase
at a faster rate, which interestingly counters the previous results because generally contact
angles for polymeric materials demonstrate an increasing tendency when the crystallinity
percentage is higher. This investigation also offers information about the microorganism
counts in compost for each blend. Nutrient colonies agar and plate count agar were the
chosen plates to determine colony growth. It was discovered that colony formation was
much higher in PLA/Chitosan than in PLA/Nanocellulose and PLA/Gum Arabic. The
analyzed plates, using optical microscopy, also demonstrate that gram-negative bacteria
were predominant.

It is crucial to recognize the diversity of microorganisms present in compost ecosystems
to know which taxonomic class produces the most adequate degradation enzymes to each
biopolymer, making the composting more effective. This was the aim that supported the
research paper “Tailoring the microbial community for improving the biodegradation of
chitosan films in composting environment” by Altun et al. [61]. The work was divided into
two parts. In the first place, the authors investigated the biodegradation of chitosan films
in controlled composting reactors and analyzed microbial diversity via PCR-denaturing
gradient gel electrophoresis (DGGE). Regarding this, it was observed that the dominant
taxonomic groups at the phylum level were Ascomycota and Proteobacteria. In the second
part, the amount of carbon dioxide emitted by two specific groups of microorganisms added
to the inoculum was assessed. The ensemble is composed of Bacillus (Bacillus circulans,
Bacillus licheniformis), Actinobacteria (Streptomyces roseolus, Streptomyces zaomyceticus), and
fungi (Penicillium islandicum, Penicillium chrysogenum) and were capable of producing
chitosanase that increased the chitosan degradation rate. In conclusion, the design and
optimization of the microbial community used are important to enhance biodegradation
efficiency. In a similar research, Castro-Aguirre et al. [77] isolated and identified the
PLA-degrading microbial strains present in compost (Geobacillus thermoleovorans) and
introduced such strains with bioaugmentation purposes. This is a promising technique
used to accelerate the biodegradation of compostable plastics.

The lack of result reproducibility due to the excessive variability of sources and the
different factors that affect biodegradability make it very arduous to evaluate it correctly,
whatever the type of environment. However, studies show that performing a complete
biodegradation analysis, with controlled and constant monitoring, helps to reduce the error
margin. The amount of CO2 produced during the process is probably the best indicator
of the material’s biodegradability, but this is not enough to evaluate its composting. It is
essential to combine this test with others to determine the mechanisms of biodegradation
as well as to evaluate its impacts on the environment. Currently, following the guidelines
proposed in the ASTM D6400 and ISO 17088, it is already possible to have a good idea of
how biopolymers behave under controlled composting situations, but these standards still
fail to simulate real conditions.

2.3. Biodegradation Assays in Aquatic Systems

Plastic litter is the main responsible for the catastrophic scenario of pollution observed
nowadays in aquatic systems. This pollutant naturally embarks on its journey in effluents
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from the wastewater treatment process, reaching inland freshwaters such as rivers and
lakes, and then keeps on treading the path to the oceans where it settles and continues
disintegrating into micro- and nano-plastics (less than 5 mm). The formed debris may
affect the growth, development, behavior, reproduction, and mortality of marine and
freshwater fauna. Moreover, the microorganisms existent in the varied waters are suitable
hosts for covering the microplastics surface and when ingested by the fauna, they can
turn into a public health problem if that food chain reaches humans [80,81]. Few studies
evince concern in knowing the mechanisms and conditions of degradation of bioplastics
in aquatic systems, most probably because there is still a preconceived idea that they are
easily degraded in any context [81,82]. In this circumstance, the scientific community, with
research focused on the subject of bio-based plastic, must have as a social responsibility not
to transmit the inaccurate idea that the future use of these is seen as an ultimate solution to
the problem of marine pollution without causing any harmful effect in the environment.

The aquatic ecosystem englobes a huge variability of habitats with markedly distinct
environmental conditions. Each one influences the biopolymer biodegradability in a partic-
ular way, therefore, predicting this feature in aquatic systems is an even more challenging
task when compared with terrestrial locations [83]. The water surface, for example, holds
more moderate temperatures, receiving UV light from the sun and oxygen from the air,
factors that speed up the abiotic degradation. In opposition, the lack of these in deep waters
reduces photo- and thermo-oxidative degradation. The hydrolysis rate is equally affected
by the type of water, wherever freshwater contains more microorganism concentration
than in seawater rich in salt. Some material properties such as density affect the rate of
degradation; if the plastic is floating, the degradation is completely different from that of a
plastic concentrated in deep waters [84,85]. Within the marine habitat, it is also necessary
to consider the geographical location, for instance, the disintegration of a biopolymer in
sediments next to where the waves break is not the same as in the open ocean with calm
waters [86,87]. Concerning this, biodegradation should be assessed in three significant
marine habitats: (a) the pelagic zone, where plastic is floating neutrally buoyantly in the
water; (b) the beach sediment zone, which is periodically covered by water due to waves or
tide, defined as the eulittoral; (c) the sublittoral benthic zone, where plastic is sunken to
the seafloor.

Currently, the first conclusive studies on the biopolymers biodegradation in aquatic
systems are appearing, largely due to the thematic novelty and long duration of the experi-
ment. There is an interconnection between marine and freshwater ecosystems since water
derived from waste treatment systems, rivers, and lakes conducts much pollution to the
oceans; consequently, the rate of biodegradation of a polymer could be dependent on two
different aquatic media [81]. Although, the published results are mainly focused on coastal
marine habitats where the residence of plastics is more consistent. It can also be perceived
that those studies rarely follow an existing evaluation standard because it is difficult to
adapt them to real aquatic conditions. At the present moment, there are no European or
international standards focused on studying biodegradation in freshwater systems, and to
our knowledge, there is no development for creating one related to inland water bodies.
However, regarding marine habitats, some ISO and ASTM standards are available.

The International Organization for Standardization indicates two norms for the assess-
ment of aerobic plastic biodegradability, which are ISO 18830:2016 “plastics—determination
of aerobic biodegradation of non-floating plastic materials in a seawater/sandy sediment
interface—method by measuring the oxygen demand in closed respirometer” [88] and
ISO 19679:2020 “plastics—determination of aerobic biodegradation of non-floating plas-
tic materials in a seawater/sediment interface—method by analysis of evolved carbon
dioxide” [89]. As the name implies, the two methodologies are very similar, centering
on experimental laboratory simulations under controlled conditions using seawater and
sediments found in different sublittoral benthic zones. The difference between them resides
in the biodegradation evaluation, where one assay measures the oxygen demand and
the other keeps up the CO2 evolution. Furthermore, a standard that determinates ulti-
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mate biodegradation in anaerobic conditions can be found under the denomination of ISO
14853:2016 “plastics—determination of the ultimate anaerobic biodegradation of plastic
materials in an aqueous system—method by measurement of biogas production” [90].
Two more ISO standards were developed with the intention of simulating a water col-
umn scenario, ISO 23977-1:2020 “plastics—determination of the aerobic biodegradation
of plastic materials exposed to seawater—Part 1: method by analysis of evolved carbon
dioxide” [91] and ISO 23977-2:2020 “plastics—determination of the aerobic biodegradation
of plastic materials exposed to seawater—Part 2: method by measuring the oxygen demand
in closed respirometer” [92]. The five exposed ISOs are intended for laboratory testing,
but the urgent necessity to start methodic testing plastic biodegradation in situ conditions
boosted the publication of more standards. To test it in the sea surface ISO 15314:2018 was
created, “plastics—methods for marine exposure” [93] and for seafloor and beach scenario
ISO 22766:2020 exists, “plastics—determination of the degree of disintegration of plastic
materials in marine habitats under real field conditions” [94]. ASTM also proposes three
standards about this subject, ASTM D6691-17 “standard test method for determining aero-
bic biodegradation of plastic materials in the marine environment by a defined microbial
consortium or natural sea water inoculum” [95], ASTM D7473/D7473M-21 “standard test
method for weight attrition of non-floating plastic materials by open system aquarium
incubations” [96], and ASTM D7991-15 “standard test method for determining aerobic
biodegradation of plastics buried in sandy marine sediment under controlled laboratory
conditions” [97]. The ASTM D6691-17 scope resides in the employment of the measure-
ments of CO2 evolution under controlled conditions to determine the degree and rate
of aerobic biodegradation of plastic materials to a pre-grown population of at least ten
aerobic marine microorganisms living in natural seawater. Complementary to this test,
ASTM D7473/D7473M-21 has the objective to predict real-world experiences based on the
dimension and tax of biodegradation data for the same test material, bringing into play
visual proof of biodegradation and determination of the weight loss as a function of time
during the exposure to seawater in a flow-through system. Finally, ASTM D7991-15 [97]
simulates the environmental conditions found in the tidal zone, exposing the plastic to
collected sediment and seawater. A resume about this extensive information can be revised
in the following Table 6.

Table 6. Summary of ASTM and ISO standards for plastic degradation in aquatic systems.

Standard Name Scope

ISO 18830:2016

Plastics—determination of aerobic
biodegradation of non-floating plastic
materials in a seawater/sandy sediment
interface—method by measuring the oxygen
demand in closed respirometer

Determination of the degree and rate of aerobic
biodegradation of plastic materials when settled on
marine sandy sediment at the interface between
seawater and the seafloor by measuring the oxygen
demand in a closed respirometer.

ISO 19679:2016

Plastics—determination of aerobic
biodegradation of non-floating plastic
materials in a seawater/sediment
interface—method by analysis of evolved
carbon dioxide

Determination of the degree and rate of aerobic
biodegradation of plastic materials when settled on
marine sandy sediment at the interface between
seawater and the seafloor by measuring the evolved
carbon dioxide.

ISO 14853:2016

Plastics—determination of the ultimate
anaerobic biodegradation of plastic materials
in an aqueous system—method by
measurement of biogas production

Determination of the ultimate anaerobic
biodegradability of plastics by anaerobic
microorganisms by exposing the test material to
sludge for a period of up to 90 days, which is longer
than the normal sludge retention time (25 to 30 days)
in anaerobic digesters.
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Table 6. Cont.

Standard Name Scope

ISO 23977-1:2020

Plastics—determination of the aerobic
biodegradation of plastic materials exposed to
seawater—Part 1: method by analysis of
evolved carbon dioxide

Determination of the degree and rate of the aerobic
biodegradation level of plastic materials.
Biodegradation is determined by measuring the CO2
evolved from plastic materials when exposed to
seawater sampled from coastal areas under laboratory
conditions.

ISO 23977-2:2020

Plastics—determination of the aerobic
biodegradation of plastic materials exposed to
seawater—Part 2: method by measuring the
oxygen demand in closed respirometer

Determination of the degree and rate of the aerobic
biodegradation level of plastic materials.
Biodegradation of plastic materials is determined by
measuring the oxygen demand in a closed
respirometer when exposed to seawater sampled from
coastal areas under laboratory conditions.

ISO 15314:2018 Plastics—methods for marine exposure

Description of three methods for the exposure of
plastics in a marine environment. Method A covers
exposures where specimens float on the surface,
method B covers exposures where specimens are
partially immersed method C covers exposures where
specimens are completely immersed.

ISO 22766:2020
Plastics—determination of the degree of
disintegration of plastic materials in marine
habitats under real field conditions

Determination of the degree of disintegration of
plastic materials exposed to marine habitats under real
field conditions. The marine areas under investigation
are the sandy sublittoral and the sandy eulittoral zone
where plastic materials can either be placed
intentionally.

ISO 62:2008 Plastics—determination of water absorption

Determination of the moisture absorption properties
in the “through-the-thickness” direction of flat or
curved-form solid plastics. Determination of the
amount of water absorbed by plastic specimens of
defined dimensions when immersed in water or when
subjected to humid air under controlled conditions.

ASTM D6691-17

Standard test method for determining aerobic
biodegradation of plastic materials in the
marine environment by a defined microbial
consortium or natural sea water inoculum

Determination of the degree and rate of aerobic
biodegradation of plastic materials (including
formulation additives) exposed to pre-grown
population of at least ten aerobic marine
microorganisms of known genera or the indigenous
population existing in natural seawater.

ASTM
D7473/D7473M-21

Standard test method for weight attrition of
non-floating plastic materials by open system
aquarium incubations

Determination of the weight loss as a function of time
of non-floating plastic materials (including
formulation additives) when incubated under
changing, open marine aquarium conditions, which is
representative of aquatic environments near the coasts
and near the bottom of a body of water in the absence
of sunlight, particularly UV and visible portions of the
spectrum.

ASTM D7991-15

Standard test method for determining aerobic
biodegradation of plastics buried in sandy
marine sediment under controlled laboratory
conditions

Determination of the biodegradation level of plastic
materials exposed to laboratory conditions that
simulate the environment found in the sandy tidal
zone. The tidal zone, that is, the part of the coast
affected by the tides and movement of the waves, is
the borderline between sea and land, frequently a
sandy area that is kept constantly damp by the
lapping of the waves.

ASTM D570-98(2018) Standard test method for water absorption of
plastics

Determination of the relative rate of absorption of
water by plastics when immersed. This test method is
intended to apply to the testing of all types of plastics,
including cast, hot-molded, and cold-molded resinous
products, and both homogeneous and laminated
plastics in rod and tube form and in sheets 0.13 mm
(0.005 in.) or greater in thickness.
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Table 6. Cont.

Standard Name Scope

ASTM
D5229/D5229M-20

Standard test method for moisture absorption
properties and equilibrium conditioning of
polymer matrix composite materials

Determination of moisture absorption or desorption
properties in the “through-the-thickness” direction for
single-phase Fickian solid materials in flat or curved
panel form. Procedures for conditioning test coupons
prior to use in other test methods are also covered,
either to an essentially moisture-free state to
equilibrium in a standard laboratory atmosphere
environment, or to equilibrium in a non-laboratory
environment. Procedures for determining the
moisture loss during elevated temperature testing are
also included, as well as moisture loss resulting from
thermal exposure after removal from the conditioning
environment, such as during strain gauge bonding.

The aforementioned standards demonstrate limitations that call into question their
reliability when it is intended to be used as a basis for in situ experiments. These limitations
were reflected in the excellent review “Biodegradability standards for carrier bags and
plastic films in aquatic environments: a critical review” by Harrison et al. (2018) [81], of
which we recommend a careful reading. Concisely, these limitations can be cataloged
in five different origins: (a) approaches to inoculum preparation and test conditions; (b)
absence of specific guidelines for employing different test materials; (c) insufficient statisti-
cal replication; (d) a lack of adequate procedures for unmanaged aquatic environments;
(f) shortcoming toxicity testing and the impacts of plastic litter on aquatic ecosystems. Fur-
thermore, the arduous climatic conditions often experienced in marine environments, such
as storms, strong currents, and waves can compromise the experiment. This experience
may also encounter other adversities such as coming into conflict with fishing activities
or even hitting recreational boats, which in the last case can lead to sample sabotage and
theft. Nevertheless, this type of experimental setup requires exorbitant costs matched
only with private financing or grants directed to large-scale projects. This set of factors
drives many research groups away from in situ testing and deciding to focus on more
simplified laboratory results. This does not mean that it is not possible to make an interest-
ing characterization about the biodegradability of a certain biopolymer in freshwater or
seawater, it just becomes more difficult to develop more complex models. This in itself is a
significant contribution, orienting future research and proving that more targeted studies
are mandatory to directly expose the influence of different biodegradation factors [87,98].

The biodegradation assessment tests that complement the standards, already pre-
sented for soil and compost, can equally be applied to aquatic systems. In addition, water
absorption, a method to test hydrolytic degradation, is another laboratory test widely used
in parallel and which can be useful to predict degradation in systems involving water. The
soaked water impregnates the polymer matrix and changes the water gradient in the space
between the surface and the inner part of the material [30]. This parameter is crucial to
study biopolymers reinforced with fillers, since the reinforcement introduces structural
changes in the biopolymer that can affect hydrophilicity. Additionally, the more water the
biopolymer is able to absorb, the more likely it is that colonies of microorganisms form.
This test also has defined guidelines that can be followed through the ASTM D570-98(2018)
“standard test method for water absorption of plastics” [4], ASTM D5229/D5229M-20
“standard test method for moisture absorption properties and equilibrium conditioning
of polymer matrix composite materials” [99], or ISO 62:2008 “plastics—determination of
water absorption” [100]. Complementarily, solubility analysis can be coupled into the study.
The test procedure for the water absorption test is simple, the samples are dried in an oven
for an assigned time and temperature and then set in a desiccator to cool. Forthwith, upon
cooling the specimens are weighed. The material subsequently emerges in the water at con-
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trolled conditions, often 23 ◦C for 24 h or until equilibrium. Specimens are removed, dried,
and weighed. The water intake percentage is the difference in the weight of the specimen
before and after the tests. However, 24 h is too short to properly help in the development
of a complex biopolymer degradation profile, thus a new experimental design should be
created where the standard is adapted to longer times. For instance, Hassan et al. [101]
and Jiménez-Rosado et al. [102] observed the hydrolysis degradation during hours, while
Kasmuri et al. [103] and Kumar Thiagamani et al. [104] decided to measure it in a question
of days. Furthermore, the experiments could use various types of waters, not being limited
to distilled water.

Following the predicate that for the aquatic systems, trusty field test methods and
standards for assessing and authenticating biodegradation are lacking; it is crucial to expose
two very recent and interesting works. Briassoulis et al. [86] evaluated the standard ISO
19679:2020 [89] and proposed modifications and adjustments to improve the validity and
confidence of the methodology in some aspects. Foremost, the authors included agitation in
the water surface by a floating magnetic stirrer to simulate wave motion. This modification
has the intention of transporting more oxygen from the water surface to the sediments
and with that opens the door to fast biodegradation. Generally speaking, they proposed
the method should have bigger bioreactors, larger test material quantities mixed with
the essential nutrients, and required continuous surface stirring together with a higher
threshold. To validate all these alterations, they also recreated field experiments marking
the importance of the proposed test to the natural sublittoral conditions. Additionally,
Lott et al. [87] presented novel field tests to assess the performance of biodegradable
plastics under natural marine conditions. To validate this methodology, it was successfully
applied in three coastal habitats (eulittoral, benthic, and pelagic) and in two climate zones
(Mediterranean Sea and tropical Southeast Asia). Likewise, they developed a stand-alone
mesocosm (or tank) system independent of the direct access to seawater. Mesocosm tests
occupy a leading role as a methodological link between field and lab tests because these
impersonate a medium that better approximates the real environment than in small-scale
laboratory tests. This work is relevant because the outcome has supported the development
of the new ISO 22766:2020.

Two other fresh and remarkable works deserve appreciation in this review. Bagheri et al. [82]
designed a one-year comparative degradation study of six different polymers (five taken
from the so-called biodegradable polyesters, including poly(lactic-co-glycolic acid) (PLGA),
PCL, PLA, PHB, Ecoflex, and one well-known non-degradable polymer poly(ethylene
terephthalate) (PET). The polymers were immersed in artificial seawater and freshwater
under controlled conditions in a thermostatic chamber at 25 ◦C and under fluorescence
light (16 h light and 8 h dark). Analyzing this study it was possible to conclude that under
similar conditions only PLGA presented 100% bulk degradation in both mediums, while
PHB, for example, simply showed 8% of degradation after 365 days. The amorphous
nature of the polymer could be a possible explanation of the faster hydrolysis and complete
degradation of PLGA, making diffusion of water easy all throughout the bulk. Relative
to the comparison of the different types of aquatic environments, a similar degradation it
was observed but with little tendency to find fast degradation results majorly in freshwater.
In the second study, a Japanese team investigated the growth of the bacterial consortium
on the bioplastic surface in freshwaters [105]. The authors also isolated and identified the
bacteria responsible for that degradation. Briefly, freshwater from 5 different Japanese
locations was used to test the biodegradability of 6 distinct bioplastics. The bioplastics were
soaked in freshwater inside vial bottles and were incubated at 30 ◦C with a 150 rpm slow
shaking. The formation of significant growth of microorganisms in the bioplastic surface
was observed after two weeks. The authors concluded that Acidovorax and Undibacterium
were the predominant genera in most of the samples.

As a conclusion of this chapter, it is worth recalling that very little is known about
the potential of each biopolymer in different aquatic environments, but it is known that
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degradation is affected by a large number of variables that need to be explored in order to
be able to implement novel reliable and more robust research methodologies.

3. Final Remarks

Our society is currently experiencing a period of extreme change due to the urgent
focus on combating climate change. Consumers are constantly confronted with new prod-
ucts labeled as natural, biodegradable, or compostable. However, how is this classification
achieved? It is essential to create social strategies to educate consumers and companies
on how to manage and classify bio-based products in order to minimize the dumping of
these residues in inappropriate places where the biodegradation processes would take
a longer time or not occur at all and to defy an increasingly established problem in our
society, so-called “green-washing”. Thus, the ideas presented in this review summarized
the current knowledge about the methodologies that have been adopted to access the
biopolymer degradation in different environments (soil, compost, and aquatic systems).
Ultimately, the work highlights the uncertainties, difficulties, and existing gaps that still
constrain the accurate assessment of the biodegradability of a bio-based plastic entering the
market. The information gathered here is valuable to help industrial companies categorize
the existing limits to bioplastic degradation and identify potential opportunities to boost
the sustainable progress of the food packaging industry towards the production of cleaner
and environmentally friendlier packaging, meeting consumers’ and market’s expectations
for the future of this important sector of industrial production.

Currently, the global bioplastics sector has presented fast growth because of the
continuously emerging range of bio-based and biodegradable polymers production and
rising interest in investing in this sector. In a recent report, it was foreseen that its production
will expand from 2.11 million tons in 2018 to 2.62 million tons in 2023, with Europe leading
the rank of research and development of bioplastics, while Asia stands as a major hub
for bioplastic production and consumption [106]. Bio-based industry consortiums in
partnership with the European Union (EU) are investing about EUR 3.7 billion on large-
scale flagship projects to encourage new technologies in this field.

Due to the differences in the properties of biodegradable and non-biodegradable
polymers, a lot of research is still needed to develop biodegradable polymers or polymer
blends/composites that have the necessary properties to replace most of the current non-
biodegradable ones. Moreover, when moving toward the goal of widely spreading the
production and use of bio-based biodegradable polymers, another constraint arises as a
political challenge may occur to educate people to properly dispose of these biodegradable
plastics in such a way that they can be transferred to the correct dedicated composting sites
for effective biodegradation [107].

When compared with traditional plastics based on non-renewable sources, it is undeni-
able that the environment benefits from the shorter degradation rates presented by the most
diverse bio-based polymers. However, the biodegradation rate is dependent not only on
the biopolymer chemical structure but also on the surrounding environmental conditions.
Moreover, if other components are incorporated in the bioplastic, such as reinforcement
fillers or active agents, it is probable that the biodegradation profile will change.

Currently, there are no official guidelines to characterize the biodegradation profile
of a bio-based polymer; consequently, it is difficult to guarantee that products made from
them are labeled correctly. The research teams and certifying companies are compelled
to base their results on individual standards used to evaluate conventional plastics. In
addition, in many works presented in this review, the results were acquired through the
application of ISO and ASTM standards and complemented with other data supported
by extra laboratory methodologies. The discrepancy of approaches applied in each work
is reflected on the different biodegradability rates identified for the same biopolymer.
Therefore, it is urgent to create a policy framework that establishes specifications and
validation criteria that fit as a foundation for new biodegradability standards adapted for
each specific biopolymer and that can be applied in different environments. Indeed, several
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procedures can be followed to evaluate the biodegradability of bio-based polymers, two
of which are: (a) control of the oxygen consumption or the carbon dioxide production;
(b) via determination of mass loss (to evaluate disintegration of the plastic). Yet, it is essen-
tial to study the degradation of the biopolymer at various levels. Analyzing the different
compounds produced during the decomposition process chemically, and/or analyzing
mass loss, and the visual, morphological and thermal characterization, could provide hints
on biodegradation mechanisms. Therefore, it is suggested that future standardized proto-
cols to measure bio-base polymer degradation should also be rooted in complementing the
standardization with the study of other parameters, namely through chemical analysis of
the compounds liberated.

A bioplastic solely represents a sustainable solution if it is fully biodegradable and if
any adverse ecotoxicological effects arise from its degradation. To ensure this, it is funda-
mental characterization tests are executed not only at the laboratory scale but also in situ
through ecotoxicological assessments. Additionally, the microbiota identification present in
the ecosystems is also a key aspect to take into consideration in order to determine which
taxonomic class produces the most adequate degradation enzymes to each biopolymer. This
complementarity requires significant financial effort and is extremely difficult to implement
for the majority of the research teams.

It is therefore clear that much remains to be done, and legislators have a key role
in establishing standards that help harmonize the biodegradability assays applicable to
a biopolymer in order to secure the safety of these new products when distributed in
the market.
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