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Resumo

A Estratégia Europeia para os Plasticos na Economia Circular refere que até 2030, todas
as embalagens plasticas devem ser reutilizaveis ou reciclaveis de uma forma economicamente
eficiente. Assim, revela-se imperativo o desenvolvimento de solucdes de embalagens
inteligentes. O presente trabalho apresenta uma revisdo bibliogréafica sobre a aplicacdo dos S-
glucanos e das manoproteinas, oriundos do excedente de levedura cervejeira (Saccharomyces
cerevisiae), na formulacdo de filmes ediveis/coatings para aplicacdo na industria alimentar. O
potencial de mercado para a aplicacdo de filmes ediveis biodegradaveis e renovaveis em
embalagens alimentares ¢ enorme e implica o estudo exaustivo das suas propriedades
mecanicas, quimicas e bioldgicas. Neste sentido, o capitulo 11 desta dissertacédo aborda algumas
propriedades dos filmes, com principal destaque para as propriedades antimicrobiana,
antioxidante e anti-inflamatoria, estabilidade térmica, permeabilidade ao vapor de agua e ao
oxigenio, e propriedades mecénicas. No capitulo I11 s&o abordadas as caracteristicas estruturais
dos p-glucanos e das manoproteinas, sendo também explorados os principais métodos de
extracdo e isolamento de S-glucanos e das manoproteinas da parede celular da levedura, com
enfoque no rendimento extrativo. Reportam-se também as principais propriedades atribuidas
aos filmes/coatings preparados a partir de f-glucanos e manoproteinas, bem como casos
homologos de filmes compostos por polissacarideos e proteinas. Por fim, no capitulo 1V, é
apresentado o atual panorama de aplicacdo dos S-glucanos e manoproteinas na formulacéo de

filmes/coatings para aplicacdo na industria alimentar e farmacéutica.

A literatura encontrada refere que os filmes ediveis a base de p-glucanos e
manoproteinas apresentam propriedades promissoras. Contudo, até ao momento ndo existe
investigacdo focada no desenvolvimento de um filme edivel que combine ambos os compostos.
Em teoria, a formulacdo de um filme a base de p-glucanos e manoproteinas ndo sé sera
compativel com varios plastificantes, como também apresentard um conjunto de propriedades
funcionais superiores comparativamente a filmes ediveis convencionais. E sugerido que o uso
de diferentes plastificantes pode influenciar os resultados das propriedades do filme edivel.
Assim, poder-se-a optar por outro plastificante que ndo seja o convencional (glicerol), como
por exemplo polietileno de baixo peso molecular, de forma a obter melhores propriedades

mecanicas.

Palavras-Chave: Filme edivel/coating, S-glucanos, manoproteinas, excedente de levedura cervejeira
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Summary

The European Strategy for Plastics in a Circular Economy refers that until 2030, all
plastic packaging must be reusable or recyclable in an economically efficient way. Therefore,
it is of utmost importance to develop smart packaging solutions. The main scope of this
dissertation consisted in the investigation of edible films/coatings composed by g-glucans and
mannoproteins from brewer’s spent yeast (Saccharomyces cerevisiae). The market potential for
the application of edible films that are biodegradable and renewable in food packaging and
encapsulating agents for the pharmaceutical industry appears to be huge. Thus, it is compulsory
to study the mechanical, physical, and biological properties of the film. For this effect, at
Chapter I1, the main film properties were broadly studied, such as antimicrobial and antioxidant
activity, thermal stability, water vapor/oxygen permeability, mechanical properties, and anti-
inflammatory activity. Chapter Ill aimed to understand the structural characteristics of -
glucans and mannoproteins, as well as their individual properties. The main extraction and
isolation methods of cell wall’s f-glucans and mannoproteins are analyzed, as well as their
corresponding extractive yield. The main properties obtained in S-glucans and mannoproteins
films are also reported, as well as homologous cases of films containing polysaccharides and
proteins. Lastly, at Chapter 1V, the current industrial landscape in the application of s-glucans
and mannoproteins is reviewed, as well as the mention of some industries that commercialize
S-glucans and mannoproteins. The patents associated to these two materials are also

investigated.

The literature found mentions formulations of edible films of p-glucans and
mannoproteins with promising functional properties, revealing in some cases an increase of the
food product’s shelf-life. However, up to this point there is no investigation focused in
developing an edible film that combines the properties of both S-glucans and mannoproteins.
Theoretically, the film formulation would present a superior set of functional properties
compared to those presented by conventional edible films. It is suggested that using different
plasticizers will influence the final properties of edible films. Therefore, in order to obtain more
desirable properties, a substitution of the conventional plasticizer (glycerol) can be made, using

for example polyethylene glycol of low molecular weight.

Keywords: Edible film/coating, S-glucans, mannoproteins, brewer’s spent yeast.
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1 Introduction

At the beginning of the industrial era, the existent polymers were based in renewable
resources such as cellulose, cellulose derivates and rubber. Since then, the technological
advance of petrochemistry allowed the production of several polymeric materials with similar
characteristics to the previous polymers produced. Although it became easy to modify the
process and the physical-chemical properties of the polymers, the main limitation of its use is
the extreme difficulty in recycle or decompose these materials. To overcome this barrier and
replace the non-degradable polymers, several degradable biopolymers were developed. The
increased prices of petrochemical materials and the expected reduction in the availability of
these materials led to a progressive change in the mindset of major industries. Thus, research
was focused on finding polymeric solutions that please all human necessities, considering that
the most important factor is the permanent availability of the raw materials required to
polymer’s production (Endres & Siebert-Raths, 2011).

In the late 80's and early 90's, several innovative biopolymers were introduced in the
market. Despite the encouraging results, these “first generation biopolymers” (e.g.
polyhydroxyalkanoates obtained from fermentation) were not successfully established in the
market, particularly due to incomplete test of some properties, weak economic planning and
lack of policies from the largest industrial players to approve its use. After several regulation
modifications, new polymers appeared, known as “second generation biopolymers”, being like
the mass-produced conventional plastics in terms of manufacturing types, properties, and
applications (e.g. packaging). The most common examples are regenerated cellulose and
cellulose derivates, polycaprolactone (PCL) and polyvinylic alcohol (PVA). These polymers
were mainly developed for the agricultural and packaging industries. Nowadays, there are many
polymeric materials based on the second-generation ones, known as “third generation
polymers”, presenting a broader field of applications, for example, in the automobile and textile
industries. These polymers do not consider the degradability factor so important as it previously
was, since the most important factor is now durability. At the same time, there is a progressive
support in using renewable resources rather than resources of petrochemical origin. The
successive technological advancements in developing these new materials allowed to
manipulate properties or variables that were previously impossible to adjust, such as electrical
and thermal resistivities, odor, UV stability, among others. A short resume of the characteristics

and applications of the first, second and third generation polymers is shown in



Figure 1.

* R&D for approx. 20 * Technical applications
years * Packaging applications - eg automotive applications;
*+ No commercial usage - “short-lived” uses; - e.g. textile and fiber industry;
- Poor material properties; - Compostable/certified. * Modifications necessary
- Unfavorable political and * Agriculture applications - Copolymers and blending;
commercial conditions: - ?hﬂﬂ‘li‘md“ JEEE partly without - Use of additives/stabilizers;
- Not enough ecological disposal requirement; - Use of fillers;
pressure in politics and - Witt!out d_i5P°531i - Use of reinforcements;
industry. - Certifications are unnecessary. + Sustainable materials

* Medical applications
Figure 1 Biopolymer generations and their respective applications [Adapted from Endres &

Siebert-Raths, 2011].

The development and management of biodegradable polymers is one of the main
emerging trends worldwide. Major companies are adopting biobased and green materials.
Similarly, reducing agricultural residues and boosting a circular economy is being endorsed in
most countries. The current worldwide packaging market value is around €533 billion. Even
substituting 1% of the materials with biodegradable packaging would mean €5 billion.
Therefore, there is a tremendous market for biodegradable packaging materials (IPI Singapore).
In Europe, the largest application of polymers is destined for packaging, which accounts for
almost 40% of the 49 Mt of plastics demand in 2015. EU has been focusing on developing
policies to specifically address some of the problematic issues related to plastics. This is the
case for the European Strategy for Plastics in a Circular Economy (Watkins & Schweitzer,
2018). Among other objectives, this strategy aims to that all plastics packaging in the EU must
be reusable or recyclable in a cost-effective manner by 2030. With this commitment, economy
will benefit from being more productive and efficient with all plastic resources and there is a
significant potential for Europe to benefit from competitive advantage and job creation
opportunities by being at the vanguard of developing more sustainable solutions for plastics
(Watkins & Schweitzer, 2018).

In the food packaging sector, the development of edible film/coating based on

biopolymers involves the research of their physical-chemical structure. It is important to note



that the concepts "biofilm", "edible film" and "coating” are different; Figure 2 shows an
example of each formulation. Biofilm is a microbial three-dimensional structure of
multicellular communities (prokaryotic and/or eukaryotic cells) inserted in a matrix made of a
microbial-made synthesized material. The biofilm formation is a multiple-stage process that
begins from the microbial adhesion with subsequent production and accumulation of an
extracellular matrix made of one or more polymeric substrates, like proteins, polysaccharides,
extracellular genetic material and humic substance (Azeredo et al., 2017). The concept of
coating and edible film seems quite similar; however, the main difference is based on the
physical form of its application. An edible coating is applied to the food product in a liquid
form, generally by immersion of the food in a solution composed of typical substances of a
polymeric matrix (carbohydrates, proteins, lipids, or even a mix of these three substrates). In
contrast, the edible film is previously molded in solid and thin "sheets" that are applied as a
wrapping in the food product (Falguera et al., 2017).

Sporulating cell

©
Spore .
° 4 ©
D-amino acid— »
7 O
O
5

°
Polyamine —e

Extracellular

S~
(::) matrix
—_—

Figure 2 Example of a (A) biofilm, (B) edible film and (C) edible coating.

The main requirement for the consumer is to get high quality products with no
preservatives, packed in materials that have practically no environmental impact involved.
Consequently, biopolymers that have high compatibility with the intrinsic properties of
antimicrobial agents have emerged as one of the most promising active packaging systems
(Kuorwel et al., 2011). The main biopolymers used in the formulation of edible films/coatings

are proteins from animal or vegetal origin such as wheat gluten, gelatin, soybean proteins, corn
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zein, whey, keratin and casein; and polysaccharides, such as cellulose derivates, starches,
pectins, alginates, carrageenans, chitosans, fibers and gums. Both groups present superb barrier
properties against oxygen, average mechanical properties but high-water vapor permeability
(WVP). Composite films can be created by blending proteins and polysaccharides with the aim
of achieving optimal properties from each component while minimizing their individual
disadvantages (Salgado et al., 2015). Currently, there is a special interest in using biopolymers
extracted from renewable agricultural resources or industrial by-products, due to its high
availability, low cost, and the possibility of adding more value to them. Brewer’s spent yeast is
an industrial by-product of the beer industry with increased value due the high contents of
proteins and polysaccharides that can be extracted from it.

The desired characteristic of the edible films and coatings used in food packaging is the
safely and effectively functionality during the required time (shelf-life of the product) and
biodegradation capacity. Biodegradability means that these materials can be completely
degraded by microorganisms in a composting process, which results in carbon dioxide, water,
methane, and some biomass residues as products (Salgado et al., 2015). Only water or ethanol
are used as solvent during the processing to maintain edibility, and other substances can be
added into the materials matrix to improve its functionality. These additives include: i) additives
that improve or modify the basic functionality of the material, such as plasticizers (mainly
polyols - like glycerol, propylene glycol, sorbitol, sucrose, polyethylene glycol -, fatty acids
and monoglycerides), cross-linking agents (e.g. transglutaminase or genipin for proteins and
citric or tannic acid for polysaccharides), reinforcements (such as fibers, cellulose nanofibers,
starch nanocrystals, and chitosan nanowhiskers) for improving mechanical properties, and
emulsifiers for stabilization of composite coatings and improvement of its adhesion (e.g.
tweens, spans, fatty acid salts and lecithin); ii) additives that improve the quality, stability, and
safety of packaged foods, such as antioxidants, antimicrobial compounds, nutraceuticals,
flavors, and color agents (Salgado et al., 2015). Since edible films and coatings may be
considered both packaging and food components, they have to fulfill some specific
requirements: a) good sensory attributes, b) high barrier and mechanical properties, c)
biochemical, physicochemical, and microbial stability, d) non-toxicity and safety, e) non-
polluting nature, f) simple technology and g) low raw material and processing cost (Salgado et
al., 2015).

The techniques used into preparing biodegradable films are like the ones used in

synthetic polymers. Normally, two main methods of preparation are used: wet processing and
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dry processing. Wet processing consists on molding processes that require a solvent (it is the
most common technique used to prepare antimicrobial films at a laboratory scale); dry
processing involves mainly molding processes through physical procedures such as
compression or extrusion of the modified biopolymer if a thermoplastic behavior is required.
Therefore, both techniques may alter the final properties of the biodegradable films. There are
specific variables that may justify the use of wet processing or dry processing techniques, such
as the type of properties that either the biopolymer or the bioactive agent include (e.g. polarity,
matrix compatibility), thermal stability of the agent used during processing and finally its
residual activity. For instance, when a polar antimicrobial agent is added to a non-polar
polymer, the film’s physical and mechanical properties may be affected with the inclusion of
the agent. However, if the antimicrobial agent is highly compatible with the polymer, it is
possible to add a considerable amount to the material with minimal degradation of physical and
mechanical properties. So, there will be cases where it will be required to modify some
antimicrobial agent properties prior to processing, as it will increase compatibility between the
agent and the matrix. It is also mandatory to carefully consider the temperature and shear
stresses that will occur during processing. High temperatures may result in considerable losses
of volatile bioactive (e.g. antimicrobial) agents. Some studies indicate that the agent may lose
partial or even total activity, when inserted in the film under severe processing conditions. Thus,
to minimize losses of bioactive agents it is recommendable to apply low temperatures in the

film processing as much as possible (Kuorwel et al., 2011).






2 Overview of the main film forming properties

Edible films and coatings must be highly functional according to the product intended to
preserve. As such, film forming properties need to be comprehensively studied. A general view
related to the properties of an edible film can be described as follows (Han, 2005):

- Edibility and biodegradability — All film components must be natural ingredients and
biodegradable (environmentally safe);

- Physical and mechanical protection — An optimization of mechanical properties must
be made regarding parameters such as tensile strength, elongation-at-break, modulus of
elasticity, compressive strength, puncture strength, stiffness, tearing strength, abrasion

resistance, adhesion force, folding endurance, etc.;

- Migration, permeation and barrier functions — Film composition and environmental

conditions (relative humidity and temperature) will affect all barrier properties;

- Convenience and quality preservation — An ideal edible film should retard surface
dehydration, moisture absorption, oxidation of ingredients, loss of aroma, ageing and microbial
contamination of food products. They can contribute to visual quality, surface smoothness,

flavor carriage and other marketing-related quality factors;

- Shelf-life extension and safety improvement — Increasing protective functions of food

products will extend shelf-life and reduce the possibility of contamination by pathogens.

It is also possible to differentiate numerous activities of an edible film, mainly into two

groups: physical-mechanical activities and biological/chemical (biochemical) activities.

Figure 3 shows the general classification proposed.



Biochemical activity Physical-mechanical activity

Figure 3 Suggested classification of the different biochemical and physical-chemical
properties of an edible film/coating.

2.1 Antimicrobial activity

Impregnating a film with antimicrobial agents is a viable method to achieve an optimal
antimicrobial activity. This method allows the gradual release of the agent onto the food surface
and an adequate maintenance of agent concentration to effectively inhibit pathogen growth
during the shelf life period of the product. This method also allows the agent to be evenly
distributed in all the regions of the food surface (Kuorwel et al., 2011).

The incorporation of different antimicrobial agents is essential not only to study the
behavior of pathogenic cultures, but also to evaluate the agent’s effectiveness. For example,
several chitosan-based films were developed containing 0.4-2% (v/v) of cinnamon essential
oils, being evaluated its efficiency when in contact with pathogens such as L. monocytogenes,
L. plantarum, E. coli, L. sakei and P. fluorescens. It was reported that in agar media, the
bacterial growth of all these species was successfully inhibited. Another study used the same
matrix (chitosan) but used nisin as the antimicrobial agent. In this situation, the film did not
present any inhibitory effect against E. coli, showing that the correct choice of the antimicrobial

agent is essential when formulating an antimicrobial film (Kuorwel et al., 2011).

Proteins can also be used onto film production, having adequate physical and chemical
properties. Plant-based proteins are generally used, such as corn gluten, wheat gluten, oat
protein, soy protein, among others (Kuorwel et al., 2011). Using oat protein incorporated with
antimicrobial agents such as nisin, natamycin and malic acid showed great inhibitory growth
effect against P. aeruginosa, L. monocytogenes, Y. lipolytica, P. roqueforti and P. commune.
Another study refers the isolated implementation of lauric acid, nisin and EDTA



(Ethylenediaminetetraacetic acid) in a corn gluten matrix, being observed a significative
reduction of L. monocytogenes growth. However, the same was not verified when EDTA was

incorporated (Kuorwel et al., 2011).

The right choice of the antimicrobial agent is essential. Other secondary factors, such
as concentration and the possible combination with other antimicrobial agents, are important
not only to improve film properties, but also to combat a larger pathogenic population. Table 1

shows some examples of incorporated antimicrobial agents in biodegradable polymers.

Table 1 Antimicrobial agents’ activity in some packaging materials [adapted from Kuorwel

etal., 2011].
Packaging | Antimicrobial | Concentration | Microorganism(s) | Observation | Reference
material agent
Soy protein EDTA 15-30 mM L. plantarum, E. Inhibited E. Padgett et
/Corn gluten Coli coliat30 mM | al. (1998,
2000)
Soy protein Lauric acid 2.5-133 mg/g L. plantarum, E. Inhibited L. Padgett et
/Corn gluten film Coli plantarum al. (1998,
2000)
Soy Nisin 15-30 mM L. plantarum, E. Inhibited E. Padgett et
protein/Corn Coli coliat30 mM | al. (1998,
gluten 2000)
Whey Malic acid 3% (M/v) L. monocytogenes, Inhibited L. Pintado et
protein P. aeruginosa, P. | monocytogene | al. (2010)
commune, P. sand P.
roqueforti, Y. aeruginosa
lipolytica
Whey Natamycin 0.002-0.005 L. monocytogenes, Inhibited Y. Pintado et
protein og/mL P. aeruginosa, P. lipolytica al. (2010)
commune, P.
roqueforti, Y.
lipolytica
Whey Nisin 50 1U/mL L. monocytogenes, Inhibited L. Pintado et
protein P. aeruginosa, P. | monocytogene | al. (2010)
commune, P. S
roqueforti, Y.
lipolytica




2.2 Antioxidant activity

Antioxidants are molecules that inhibit the oxidation of cellular constituents. The
oxidation reactions release the free radicals that may damage cells (Nimse & Pal, 2015) or in
this topic of study, the structure of the film. In the food context, some possible measures to
avoid the oxidation processes are: (i) prevent the oxygen access to the food, (ii) use low
temperatures, (iii) inactivate enzymes that work as a catalyst to oxidation, (iv) reduce the
oxygen pressure, and (v) use of proper packaging. Another method of protection against
oxidation is based on using specific oxidative inhibitory additives (antioxidants). These species
represent a vast catalog of substances that vary either in chemical structure or action
mechanisms (Pokorny et al., 2001). Some of these action mechanisms are briefly explained on
Table 2.

Table 2 Antioxidative activity mechanisms (Pokorny et al., 2001).

Antioxidant class Antioxidant activity Antioxidant examples
mechanism
Proper antioxidants Inactivates the lipid free Phenolic compounds
radicals
Hydroperoxide stabilisers Prevents the decomposition Phenolic compounds
of hydroperoxides into free
radicals
Synergists Promotes the activity of Citric acid, ascorbic acid
proper antioxidants
Metal chelators Binds heavy metals into Phosphoric acid, Maillard
inactive compounds compounds, citric acid
Singlet oxygen quenchers Transformes singlet oxygen Carotenes
into triplet oxygen
Substances reducing Reduces hydroperoxides in a Proteins, amino acids
hydroperoxides non-radical way

The amino acids have a special antioxidant action in protein and polysaccharide-based
films, such as films based on proteins and S-glucans that are derived from yeast cultures. Due
to its composition being mainly polysaccharides and proteins, the antioxidant agent is already
in the matrix. The amino acids can convert the hydroperoxides to imines or, when sulfur is
present, to inactive hydroxide groups. Some of the most known reactions of these amino acids,

as well as their reaction product are shown on Table 3.
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Table 3 Typical amino acid reactions with hydroperoxides (Pokorny et al., 2001).

Group Formula Reaction Product Formula

Primary amine R —NH> Imine =N-R

Secondary amine R-N-R Imine oxide -NR2=0
Thiol R-SH Dissulphide R-S-S-R
Dissulphide R-S-S-R Thiossulphinate R-S-SO-R
Sulphide R—-S-CHs Sulphoxide R —SO - CHs
Selenide R —Se—-CHs Selenoxide R —SeO — CHs

It would be extremely effective to add pure amino acids onto the film, however, this
method is quite expensive. It would be desirable to work with protein hydrolysates because not
only they have free amino acids, but also contain peptides, phenolic acids, salts, and other
compounds with great antioxidant potential. Thus, the spectrum of the antioxidant action is
greatly improved. The hydrolysate can be obtained from inexpensive protein hydrolysis, such
as keratin, oat gluten, soy protein, intracellular proteins from brewer’s yeast, among many other
possible sources. To each food product and existing antioxidants, it is necessary to define which

method will be used to verify the antioxidant activity (Pokorny et al., 2001). Some examples of

incorporated f-glucans and mannoproteins as antioxidant agents are given in Table 4.

Table 4 Antioxidant activity of g-glucans and mannoproteins found in recent studies.

are used as food additives.

Antioxidant Observations Reference
S-glucan A positive correlation was observed between the Brindzova et
content of S-glucans in covered oat grains and the al. (2008)
reactive radicals scavenging activity.
B-glucan The hydroxyl scavenging activity of -glucan was Kofuji et al.
significantly higher than that of various polymers that (2012)

Glucomannan

The glucomannan coating incorporated with pineapple

Supapvanich

(mannoprotein core extract was effective in et al. (2012)
derivate) retarding browning.
p-glucan + Mannoproteins and soluble glucans showed a strong Jaehrig et al.
mannoprotein scavenging activity. This effect is caused by the protein (2007)
supernatant content of the two supernatants.
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2.3 Anti-inflammatory activity

Some substances possess an anti-inflammatory effect which may help to diminish
gastrointestinal tract disorders that have inflammatory characteristics, such as Chronic
inflammatory bowel diseases (e.g. Crohn’s disease) and ulcerative colitis. The anti-
inflammatory action is usually measured by counting the blood leucocytes present in the body
(usually lymphocytes T, Tc and B, and granulocytes); these compounds are usually named as
peripheral blood mononuclear cells (PBMC) (Suchecka et al., 2015). Under an healthy
condition, the intestinal immune system produces a healthy mucosa with incidence of a
“physiological” inflammation (normal response that prevents injury through its ability to adapt
to proinflammatory challenges), otherwise dysregulation of the balance will promote a
pathological inflammation (occurrence of an acute infection that usually requires medicine to
heal) (Fiocchi, 2008).

Pathogens like lipopolysaccharides (LPS) are endotoxins found in Gram-negative
bacteria. When LPS is identified by the immune system, a systemic inflammatory response is
initiated, resulting in secretion of cytokine proteins into the blood stream, which in return affects

the cells’ recognition of compounds considered intruders (Fiocchi, 2008).

Several studies confirm the beneficial effects of g-glucans as anti-inflammatory agents.
S-glucans possess the free radical scavenging activity and ability to soothe inflammatory
disorders. It is also believed that different physical and chemical properties of g-glucans with
distinct molecular weights have different anti-inflammatory effectiveness on organisms. For
instance, Suchecka et al. (2015) evaluated the effect of a supplemented diet with g-glucans in

LPS-induced inflammatory state (enteritis) animals; some results are shown in

Figure 4. G1 represents groups with a diet of S-glucans with high molecular weight, G2
are groups with a diet of g-glucans with low molecular weight, and C represents the initial

control groups.
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Figure 4 Phenotypic analysis of the isolated PBMC: (A) total lymphocytes T; (B)
lymphocytes B; (C) granulocytes; (D) lymphocytes Tc. (Suchecka et al., 2015). Different

letters indicate deviation between different groups. Capital letters indicates deviation between the control

groups CC, CG1 and CG2. Small letters indicates deviation between enteritis groups EC, EG1 and EG2.

Figure 4 suggests that LPS-induced inflammatory state (enteritis) leads to an increased
number of lymphocytes T, B, Tc, and granulocytes, compared with the healthy control group.
Between all the control groups, feeding them with S-glucans supplementation did not have any
correlative impact on PBMC. However, the same does not apply to animals with enteritis. In
all scenarios, the PBMC levels decreased greatly, whether the supplementation was from f-
glucans of low molecular weight or g-glucans of high molecular weight. That proves that S-

glucans can act as anti-inflammatory agents.

Posadas et al., (2010) work showed that mannoproteins have an anti-inflammatory
action. Rats were subjected to a diet that included several dosages of mannoprotein. An
inflammatory cytokine response was induced and a clear action by mannoproteins in cytokine
proteins was observed, with lower levels showing up in rats subjected to the mannoprotein diet,
compared to higher levels in the control group. It was concluded that mannoprotein
administration on a diet appears to protect intestinal tissue against Salmonella typhimurium

infection. A lower pro-inflammatory response was observed, as well as an inhibition of
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apoptosis in cells. However, the regulatory mechanism of anti-inflammatory phenomena

remains unknown.

The current anti-inflammatory studies appear to focus mainly in -glucans. A particular
study was found that used a f-glucan-mannoprotein complex as an anti-inflammatory agent.
Apart from the mannoprotein study mentioned above, it seems that there is no additional
investigation made regarding isolated mannoprotein as an anti-inflammatory-agent. Further
investigation is recommended to evaluate mannoprotein efficiency as an anti-inflammatory
agent. Table 5 shows some of the recent studies focused on the S-glucans and mannoproteins
anti-inflammatory effects.

Table 5 Recent studies of g-glucans and mannoproteins as anti-inflammatory agents.

Compound Observations Reference
S-glucan S-glucan ingestion attenuated the enhanced concentrations of pro- Luo et al.

inflammatory cytokines and increased anti-inflammatory cytokine (2020)

levels.

S-glucan Yeast 5-1,3-glucan may alter the Th1/Th2 cytokines balance towards | Chen et

a Th2-dependent response by promoting the secretion of al. (2013)
anti-inflammatory cytokines.

S-glucan Yeast 5-1,3-glucan recovered the imbalance between the pro- and Caoetal.

anti-inflammatory cytokines, showing its anti-inflammatory effect. (2018)
S-glucan + S-glucan+mannoprotein group decreased the expression of the Johnson et
Mannoprotein inflammatory cytokine IL-6. al. (2020)

2.4 Mechanical properties

The most important mechanical properties of a film are the elongation (given by a
deforming percentage), the resistance to traction (tension) and the Young’s modulus, which is
inherent to hardness and resistance to fracture (fissure propagation, or cracking). Adding
plasticizers onto the film is a necessary requirement to overcome its natural frailty caused by
intermolecular tensions. Plasticizers such as glycerol reduce the action of these forces,

improving the flexibility and extensibility of the film (Peltzer et al., 2018).

The polymer’s mechanical properties are influenced by the applied force and
temperature. By applying low tensional forces, the polymer’s deformation is mainly elastic, i.e.,

the deformation is homogeneous and after releasing the applied force, the polymer will return
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to its original shape and size. On this case, the tensile stress (o) is proportional to the fractional

extension or strain (g):
c=Ex¢ (Eq. 1)

where E is the Young’s modulus (or modulus of elasticity) of the polymer, which is a good
parameter that describes the material’s stiffness. This equation obeys to the Hooke’s law, that
explains that when a specimen is subjected to a constant deformation rate, the applied tensile
strength is directly proportional to the deformation (or elongation) verified. The point in which
the applied tension and the deformation are proportionally related is named proportional limit.
If the material has forces being applied upon its elastic limit, it will not return to its original
shape and size, i.e., a permanent deformation occurs. If the applied forces keep getting higher,
the material will start to yield; this point is called yield point, where an increase of applied force

does not verify an increment of deformation of the material.

Figure 5 shows the several existent classes of polymers (Polymer Database, 2020).

Brittle Plastic

Stress ()

Tough & Strong Plastic

Strain Hardening

Hard & Tough Plastic

Elastomer e —
s

-

Y

Strain (g)
Figure 5 Classification of polymers based on its mechanical behavior when different tensile

stresses are applied (Polymer Database, 2020).
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2.5 Thermal properties and thermal stability

Thermal analysis is commonly used to study the temperature limits supported by the film.
Normally, three types of temperatures are considered: glass transition temperature (Tg),
crystallization temperature and degradation temperature. T4 defines the thermal region where
the mechanical properties of the material are altered and the hard and brittle state (i.e., “glassy”)
changes to viscous and deformable, similar to the behavior of rubber (Mettler Toledo, 2020).
The crystallization temperature is the thermal point in which the material solidification occurs
in a structured form, where the atoms and molecules that constitute the material are highly
organized, giving the crystalline attribute to the polymer. Crystallization is accompanied by a
certain amount of released energy (exothermic process), which is known as crystallization
enthalpy. In addition, the crystallization process is accompanied by a Kinetic variable (crystal
growth ratio) that must be considered (Netzsch Thermal Analysis, 2020). The thermal
degradation temperature is the polymer’s service temperature limit in which the material begins

to decompose at a molecular level, due to overheating.

There are four conventional techniques used to analyze the thermal properties of
biopolymers: DSC (differential scanning calorimetry), TGA (thermogravimetric analysis),
TMA (thermomechanical analysis) and the DMA (dynamic mechanical analysis) (Mettler
Toledo, 2020). DSC is probably the most used technique since it is possible to obtain the most
important parameters that originate from the applied temperature onto the material, such as
glass transition zone, melting point, enthalpic and kinetic reactions, as well as the effect caused
by additives or plasticizers. TGA consists in the qualitative analysis of compounds and thermal
stability analysis of the material. TMA studies mainly the shrinkage or expansion of materials.
Finally, DMA is the method of choice to verify the mechanical behavior of materials,
characterizing the dependence of frequencies, tensions, and applied amplitudes onto the
material (Mettler Toledo, 2020). DSC and TGA methodologies are described in detail in sub-
chapters A and B (Supplementary Material).

2.6 Water permeability properties

Biodegradable films may reduce the water permeability between the food and the
environment. Water solubility influences the permeability properties of the film; increased
water content in the film increases its elongation, accompanied by a decrease in tensional force

and modulus of elasticity. Thus, it is imperative to correctly characterize the film’s matrix
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hydration level through water retention kinetics and sorption isotherms (Delgado et al., 2016).
Both concepts and kinetic deductions of the main used equations are described in sub-chapter
C (Supplementary Material).

The polysaccharides and the proteins interact strongly with water, which means that any
film based on these biopolymers will be classified as hydrophilic polymers. In this context, it
is expected that films based in proteins and S-glucans, extracted from brewer’s spent yeast, will

present hydrophilic properties (Delgado et al., 2018).

2.7 Oxygen permeability properties

The oxygen permeability (OP) is one of the most studied properties of films. The
equipment used to measure the oxygen permeability is the Oxygen Permeation Analyzer
(OPA). The oxygen’s molecular diameter (O2) is 2.98x 10® cm; therefore, films that contain
larger pores may be easily permeated by oxygen. The oxygen barrier is quantified by an oxygen
permeability coefficient (OPC), that indicates the oxygen quantity that permeates the surface,
per area unit of the packaging material and per unit of time (kg m/ [m? s Pa]):

OTRx*]
AP

OPC = (Eq. 2.2)

in which the oxygen transmission rate (OTR) can be expressed in cm®/m? s, 1is the film’s length
and AP represents the pressure difference. Usually, the oxygen permeability variation between
polymeric films occur due to different crystallinity degrees of the matrix, different densities of
cohesion energies, amount of free volume in the film, etc. Protein films possess a great oxygen
barrier compared to non-ionic polysaccharidic films due to the high polarity of the protein and
linear structure (no ring-shaped structure). The film’s testing variables, like temperature and
relative humidity, will greatly change its permeability (Jawaid et al., 2018). An experimental

procedure is described in sub-chapter D (Supplementary Material).

2.8 Plasticizers

Edible films are derived from renewable sources such as polysaccharides, lipids, and
proteins. Among these materials, proteins present higher ability to form films with better

mechanical and barrier properties than polysaccharides; however, protein-based films are very
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brittle. Therefore, plasticizers are added to edible films to reduce chains interactions which
stabilizes the film network, resulting in the increased mobility of molecules. Nevertheless,
plasticizers generally cause an increment on the gas and water vapor permeability of films.
Thus, plasticizers must be added at a certain amount to obtain films with improved flexibility
without significant decrease of barrier properties to mass transfer (Jongjareonrak et al., 2006).

Hydrophilic plasticizers, such as glycerol, polyethylene glycol and sorbitol are largely
used in edible films to improve mechanical properties. However, the differences in
composition, size, structure, and shape of plasticizers directly influence their ability to function
in the film network (Jongjareonrak et al., 2006). Bourtoom et al. (2006) evaluated the
mechanical properties of a film based on water-soluble fish proteins using different plasticizers
(sorbitol, glycerol, and polyethylene glycol). Results showed that sorbitol plasticized films were
the most brittle but showed the highest tensile strength. However, the effect on the water vapor
permeability was low. In contrast, glycerol and polyethylene glycol plasticized films presented
structural flexibility with low values of tensile strength which resulted in a higher water vapor
permeability. When plasticizer concentration increased, the tensile strength decreased
associated with an increase in the elongation at break and higher water vapor permeability.
Sorbitol plasticized films showed higher film solubility and protein solubility, compared to
glycerol and polyethylene glycol plasticized films. Overall, an increment in the plasticizer
concentration resulted in higher film and protein solubility. The color of the films was more

affected by the type of plasticizer used than its concentration (Bourtoom et al., 2006).

Currently, there is no available research regarding the plasticization effects on g-glucan,
mannoprotein and S-glucan-mannoprotein edible films. However, there are some investigations
that studied the plasticizing effects on yeast cell wall-based films, which should contain
considerable amounts of g-glucans and mannoproteins. Table 6 shows the main findings

regarding these films.

Table 6 Plasticizing effects on yeast-based films.

Matrix Plasticizer Conclusions Reference
Residual Glycerol (from 0 | Enhanced solubility; Young’s modulus and tensile | Peltzer et
yeast cell to 35% wi/w) strength decreased; 15% glycerol presented the best | al. (2018)

wall properties.
Yeast Glycerol (from 0 Increased glycerol content leads to higher water Delgado
biomass to 30%) solubility and permeability; higher film thickness et al.
led to lower water solubility and higher diffusion. (2018)
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3 p-glucans and mannoproteins from Saccharomyces cerevisiae

3.1 S.cerevisiae

The conventional brewing process has a long history, being started 8000 years ago.
Despite being considered a pioneer process of traditional biotechnology, this industry is still a
dynamic one that is constantly improved and modified, according to the contemporary
requirements of the market. Fundamentally, beer is the product from the alcoholic fermentation
of malted cereals by yeasts of Saccharomyces cerevisiae genre. The use of different cereals or
different temperature/ time conditions are crucial parameters and allow distinct beer profiles
(Ullrich, 2011). Data from 2018 indicate a worldwide beer production of 191.1 hm?® (cubic
hectometers) and the main beer producers were China, USA, and Brazil, with 20.4, 11.2 and
7.4% of the market share, respectively (Kirin Holdings, 2019).

The beer industry generates large amounts of by-products, such as brewer’s spent
grains, brewer’s spent yeast, spent hops, and fermentation reaction products (carbon dioxide
and ethanol). Brewer’s spent yeast is the second largest by-product from the brewing process.
It is estimated that for each kilogram of initial yeast used for the fermentation process, 4 to 5
kilograms of yeast are generated, explaining the amount of exceeding yeast considered as a by-
product (Feedipedia, 2018). From another point of view, for each liter of beer produced, around
2 grams of exceeding yeast are generated. This exceeding yeast can still be reused in the process
and depending on the fermentation conditions and the yeast’s species, it can last through 4 to
12 fermentative cycles. However, when yeast biomass presents inadequate viability and vitality
properties, which are essential for the fermentation step, it is disposed from the brewing process

and considered a by-product (Stewart et al., 2017).

3.2 S. cerevisiae cell structure

The S. cerevisiae cell structure is shown in

Figure 6. The proteins and the polysaccharides found in the cell wall (dry weight) are mostly
represented by S-glucans (55-65%; with chitin representing 1-2%) and mannoproteins (35-
40%) (Klis et al, 2002).
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Figure 6 Scheme of a S. cerevisiae yeast cell wall (adapted from Action International,

2019).

3.2.1 p-glucans

The cell wall’s internal layer contains glucans, mostly f-(1-3)-glucan (85%) and f-(1-
6)-glucan (15%), Figure 7. The main chain of the molecule is composed of 5-(1-3)-type linkages
and on the ramifications, f-(1-6)-type linkages are predominant. There is a covalent bond
between these glucans and the external layer’s mannoproteins. There is also a residual amount

of a-(1-4)-glucan covalently bonded to s-(1-6)-glucan (Bastos et al., 2015).

OH side chain .
(0]
‘;{X&/O |

l—. main chain (B -1,3-glucan) branchmg ponnt y

Figure 7 Molecular structure of a f-glucan (Zechner-Krpan et al., 2009).

From literature search, it is possible to understand that s-glucan is a substance that can
be easily modified physically or chemically to obtain specific desired properties. Some of the
properties are described in a review article by Kaur et al. (2020) and a short conclusion of the
many investigations referred in that research is shown in Table 7 Properties of 3-glucans

found in several investigations..
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Table 7 Properties of p-glucans found in several investigations.

Property Observations Reference
Great hydrophilicity | Large quantities of water are absorbed by barley and oat 5- | Tejinder et
glucan rich extractions. al. (2000)
Stabilizer Sonication is successfully used to avoid agglomeration and Zechner-
to improve the stability of the f-glucan suspension. Krpan et al.
(2010)
Thickener Its ability to trap a large amount of water and intrinsic Methacanon
rheological characteristics make B-glucan an ideal thickener | et al. (2011)
Health benefits B-glucans can stimulate both innate and adaptive immune Chen &
responses and could be used for cancer immunotherapy Seviour
treatment. (2007)
High solubility range | f-glucan extracted from different sources of cereals has a Tosh et al.
wide range of molecular weights and modified solubility. (2010)

3.2.2 Mannoproteins

Mannoproteins are found on the exterior surface of the cell wall and include the N-

mannans if the chiral carbon is connected to a nitrogen from an asparagine or arginine; and the

O-mannans if they form a glycosidic bond with the oxygen from the hydroxyl group of a serine

or threonine molecule. A simplified depiction of these two types of mannans is shown in Figure

8. N-mannans are the main mannoproteins found in the fermentative process, having between
50 to 200 units of a-(1-6), a-(1-2) and a-(1-3)-mannose. They are made of 90% carbohydrates

and 10% proteins, being important for the structural function of the cell wall. They can also

contain residual mannosylphosphate groups that contribute to ionic properties of the cell’s

surface. O-mannans are made of 50% protein and 50% carbohydrates, having oligosaccharide

chains between 1 to 5 a-(1-2) and o-(1-3)-mannose units, and usually containing one

mannosylphosphate unit. These types of proteins control the enzymatic activity (Bastos et al.,

2015). Some interesting properties of mannoproteins are shown in Table 8.
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Figure 8 Structures of (A) O-mannans and (B) N-mannans (Blasco et al., 2011).

Legend: Ser/Thr — Serine/Threonine; GICNAc — N-acetylglucosamine; Asn — Asparagine; X — aminoacid;
M — mannose.

Table 8 Properties of mannoproteins found in recent investigations.

Property Observations Reference

Emulsion activity Slmlla_r emulsifying properties compared to Dikit et al. (2010)
conventional food emulsifiers (e.g. gum arabic,
lecithin)
Antifungal activity Reduction of Aspergillus flavus growth and Abdolshahi et al.
consequent reduction of aflatoxins (2016)

Barrier properties Directly influence permeability such as oxygen or Zimkus &

water vapor permeability Chaustova (2003)

3.3 Isolation and characterization of g-glucans from S. cerevisiae yeast cell wall

The application of different extraction methods has a direct influence on the
permeability and foam formation of g-glucans. Literature refers an inverse relation between the
viscosity and the foam formation, but a direct relation between the viscosity and the solubility
of p-glucans (Zhu et al. 2015). A study showed that the cell walls of homogeneous yeasts (cell
wall's size reduction at a microscopical level) exhibit a larger content of S-glucan and a higher
apparent viscosity compared to non-homogeneous yeasts. The homogenization procedure
promotes a more effective cell wall fragmentation and therefore, a higher extraction of g-
glucans. It was also concluded that in homogeneous yeasts, the obtained S-glucan possessed a
larger ability to retain water and a higher stability in an emulsion state (Thammakiti et al.,
2004).
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Despite the cheap price of raw material used to extract glucans, the processes of
extraction and purification of g-glucans usually imply huge costs and may contribute to
polysaccharide degradation (Peltzer et al., 2018). Therefore, using purified g-glucan to
formulate an edible film is not economically viable. Thus, if a separation method does not
impose a high glucan purity level, some proteins may remain bonded to the polysaccharide and
the formulation of an heterogeneous dispersion may be achieved. This will be useful for
applications and/or materials that demand specific properties of both proteins and
polysaccharides, as is the case of films/coatings (Zhu et al., 2015). On the other hand, the
molecular weight of g-glucan depends on the aggregation and depolymerization phenomena
that occurs during the extractive process. Therefore, the most appropriate extraction method
will directly depend on the source and structural characteristics of the g-glucan. However, it is
crucial to take into consideration that some extraction methods show major disadvantages, such
as high extraction time, high processing costs and increased environmental impact. Then, it is
necessary to make a precise analysis on the method to use and whether it is really required to
obtain a #-glucan extract of high purity (Zhu et al., 2015).

Shokri et al. (2008) applied a conventional method of extraction and isolation of f-
glucans, with a subsequent purification technique. In this protocol, a pre-treatment is required,
where cell walls are disrupted by sonication (ultrasound bath) and with the addition of a
phosphate buffer solution. Then, cell walls and intact cells are separated by centrifugation; it is
recommended to centrifuge cell walls at temperatures as low as 4 °C since it will help cell walls
to pack faster and to not lose any significant biological activity. After this stage, the cell wall
material is submitted to an alkaline extraction by adding a sodium hydroxide solution, at high
temperature and time parameters (the study suggests 90 °C and 5 h). After cooling and
centrifuging the extract, the precipitate is discarded, and the supernatant is treated with acetic
acid to neutralize the media. The addition of ethanol will precipitate S-glucan. This solution is
treated with acetic acid and centrifuged to remove any remaining proteins. The supernatant is
recovered, neutralized with sodium hydroxide, and lyophilized for future usage (Substrate 1).
The extract is still not purified. At this point, the solution contained 2.4% of undiscriminated
proteins. Thus, an AEC (anion exchange chromatography) technique is used. The solution is
loaded into a DEAE-C (Diethylaminoethyl cellulose) column, which consists of a positive
charged resin that will lock negatively charged proteins into its matrix. The s-glucan content is
then eluted into a Tris-HCI (tris-hydroxymethylaminomethane hydrochloride) buffer at pH 8

(Substrate 2). Then, an affinity chromatography technique is applied to remove mannans from
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the solution. The concanavalin-A resin captures glycosylated molecules such as glycoproteins
and glycolipids, with a strong affinity for a-D-mannose. The g-glucan is then collected by
elution in Tris-HCI buffer at pH 7.5 (Substrate 3). Table 9 and Table 10 show some important

results by using this protocol.

Table 9 Weight parameter of each obtained substrate [Adapted from Shokri et al., 2008].

Analyzing parameter Product Weight
Yeast biomass Yeast cells 19.3¢g
Yeast disruption Cell walls 414 ¢
Alkaline extraction Substrate 1 1.14¢
DEAE-C chromatography Substrate 2 290
Con-A chromatography Substrate 3 62.4 mg

Table 10 Yields of biomolecules found in the yeast cell wall [Adapted from Shokri et al.,

2008].
Purification Protein p-glucan Mannan Mannan/g-glucan
step (% wiw) (mg dL™) (mg dL™) ratio
(up to 100%)
NaOH 2.41 32.8 77.8 70.3/29.7
extraction
DEAE-C 0.004 21.5 68.5 71.9/28.1
chromatography
Con-A Not detected 14.3 0 0/100
chromatography

It is possible to conclude that a pure f-glucan extract may be achieved, however, the
process is not economically feasible at an industrial scale. The mass obtained (62.4 mg) is
around 300 times lower compared to the initial mass of the yeast cells (19.3 g), with a s-glucan
concentration of 0,143 g found in 1 liter of yeast cell wall solution. Proteins are not detected at
the final stage because the small amounts that still remain are in the form of mannoprotein
complexes that are isolated by binding with concanavalin-A present in the chromatographic
column (Shokri et al., 2008). There is also an issue regarding the inherent loss of #-glucan
throughout the purification steps, as it can be seen by the decreasing concentration tendency in
the chromatographic stages. These techniques also use very specific resins which comes
associated with high costs not only in the act of purchasing the columns but also maintaining

them operational.
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3.4 Isolation and characterization of mannoproteins from S. cerevisiae yeast cell wall

It is hard to isolate mannoproteins of brewer’s spent yeast due to the high heterogeneity
of their structures. One of the most used methods is the acid-alkaline method. This process is
based on the principle that a material containing comminuted proteins homogenized in water
are affected by the pH of the mixture. In a molecular point of view, at severe acid or alkaline
conditions, strong changes on the cationic or anionic charge of the cell will drive apart
exoskeletal proteins which in return will promote interactions with the surrounding water and
therefore, solubilize the proteins. The degree of protein solubility will be influenced by the
electrostatic and hydrophobic interactions between protein molecules; when the electrostatic
repulsion is higher than hydrophobic interactions, proteins are extracted. At extreme pH
conditions, solubility can increase up to five times that of the starting one, which can be
explained by the co-extraction of the restraining proteins that cannot be extracted at neutral pH.
According to Kristinsson & Hultin (2003), the acid-alkaline extraction can be summarized into

three steps:

(a) Homogenization - proteins are added adequate amount of water to keep viscosity at a
low level;

(b) pH shifting - the homogenate is solubilized by addition of a base or an acid. The goal is
to reach a desired pH that will solubilize proteins;

(c) High-speed centrifugation and separation - the homogenate is centrifuged and the
precipitate is separated from the dissolved material. This process aims to separate all non-
soluble proteins and some other non-desirable compounds. The separation depends on
four main factors: particle size, liquid density, particle density and viscosity (Kristinsson
& Hultin, 2003).

Behind acid-alkaline method, other methods have been used to recover mannoproteins
from S. cerevisiae cell wall, namely, pulsed electric field (PEF), heat treatment, sodium dodecyl
sulfate (SDS) and enzymatic treatment. PEF is a nonthermal method that destructs or inactivates
microorganisms, which is achieved by breakdown of the microorganism’s cell membranes by
being exposed to electric fields. Multiple short pulses of high-intensity energies (20-50 kV cm’
1) are applied between two electrodes. The treatment is adjusted to the sample’s characteristics,
varying four parameters: pulse frequency; intensity (kV cm™) of the electric field; exposure
time; and shape of the pulse wave (Graham, 2003). According to Martinez et al. (2016)

protocol, S. cerevisiae biomass was resuspended in a citrate-phosphate buffer and subjected to
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PEF at a defined frequency and intensity. Cells were placed in a potato-dextrose-agar media to
monitor inactivation and the mannoproteins release was monitored by determining the mannose
concentration of the supernatant after hydrolyzation (adding sulfuric acid). As observed in
Error! Reference source not found., the mannose concentration into the extracellular
environment was increased drastically in solutions pre-treated with PEF technique; after 25
days of incubation PEF-treated cells presented a solution with 10 times more mannose than the

untreated ones (Martinez et al., 2016).
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Figure 9 Release of mannose from S. cerevisiae cells untreated and treated by PEF
treatments of different intensity (Martinez et al., 2016).
Legend: Untreated (=), 15 kV/cm 45 ps (A), 15 kV/em 150 ps (), 25 kV/em 45 ps (4), 25 kV/cm 150 ps
(®).

The heat treatment can resolubilize soluble macromolecules such as noncovalently
bound mannoproteins, by affecting its inter-hydrogen bonds. According to Li et al., (2020)
procedure, suspensions of brewer’s yeasts at a concentration of 5% (w/v) were prepared in a
phosphate buffer which stabilized the pH to 7. Then, the suspensions were heated at 90 °C for
4 hours. After cooling, a centrifugation was made to separate the supernatant from the
precipitate, in which the latter was discarded. The supernatant was dialyzed against water to
retain a more purified extract of mannoproteins, and then freeze-dried (Li et al., 2020). These
authors also tested the SDS and the enzymatic treatments. For the SDS treatment, brewer’s
yeast was suspended in a mixture of SDS reagent and yeast at a concentration of 2% and 5%
(wi/v), respectively. Then, the solution was incubated at 100 °C for a period of 5 min, following
centrifugation. The supernatant was once again recovered, dialyzed, and freeze-dried (Li et al.,
2020). A Zymolyase® enzyme kit (5-1,3-glucan laminaripentaohydrolase and $-1,3-glucanase)

was used for the enzymatic extraction. The enzyme was added to the suspension of yeast
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prepared with the same concentration as the last methods mentioned. A phosphate buffer was
once again added to maintain a pH of 7.5, where enzymatic activity is higher. The enzymatic
reaction occurred during 4 to 20 hours, at 35 °C, under 200 rpm agitation. After the reaction
time is reached, the reactions were inactivated at 60 °C for 10 min. The recovered supernatants
were freeze-dried and then subjected to an affinity chromatography, where mannoproteins were
eluted in an a-D-methylglucoside solution, which was used as the mobile phase. The recovery
yields obtained with these three extraction methods are shown in Table 11.

Table 11 Effect of the extraction methods used on the isolation of mannoproteins from

brewer’s yeast [adapted from Li et al., 2020].

Method Yield of recovered Protein recovery Mannoproteins
extract (%) yield (%) recovery yield (%)
Heat treatment 38.5 48.0 40.5
SDS extraction 26.3 35.5 24.7
Enzymatic treatment 31.4 55.8 78.0

Results showed that SDS extraction had a more ineffective approach to extract
mannoproteins, with a mannan recovery yield of 24.7% in a recovered extract yield of 26.3%.
The best treatments were the heat treatment and the enzymatic treatment (Li et al., 2020). It is
hard to define which one is the best because a preliminary study associated with the method
cost and its yield should be made, to understand if the highest recovery yield is the priority. If
that is the case, then enzymatic treatment may be considered the best method. However, if the
extraction does not require high amounts of mannan and optimized yield quantities, then heat

treatment can be considered the best method, since it is less expensive.
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4 Use of Saccharomyces cerevisiae cells as a film forming material

4.1 S. cerevisiae g-glucans film forming properties

Literature refers some B-glucans edible films prepared from S. cerevisiae (Novék et al.,
2012, Blahovec et al. (2011), Sérossy et al. (2012)). Glycerol is generally used as a plasticizer
and different physical and chemical properties have been evaluated. The surface properties,
degree of crystallinity and ageing effects have been estimated by scanning electron microscopy
(SEM), atomic force microscopy (AFM) and X-ray diffraction (XRD). The mechanical
properties have been characterized by tensile tests and the thermal properties by DSC.
According to Novak et al. (2012) study, the B-glucans films showed a partial solubility when
immersed in water with a weight loss of around 26%, which corresponded to the amount of
glycerol in the film. Within this result, the practical theory that f-glucan is insoluble was
reinforced. In addition, through XRD analysis it was possible to observe that films were
homogenous and transparent. A relative structural disorganization of the surface was observed
and attributed to a reorientation and decomposition of surface macromolecules in contact with
the atmosphere (Novak et al., 2012).

Blahovec et al. (2011) evaluated the tensile properties of f-glucan films containing 25%

of glycerol, with a relative humidity of 43%. From 21 measurements, the final values of

modulus of elasticity, yield stress, strength and strain at rupture were 712 +31 MPa, 9.45+0.37

MPa, 17.48+0.61 MPa and 14.16+1.11 MPa, respectively. It was also concluded that an

increment of 4% plasticizer concentration decreased by 50% the original modulus of elasticity
and yield stress. The strength of the film decreased linearly by adding plasticizer and tends to
zero when plasticizer concentration was around 40%. The strain at rupture increases with
increasing concentration of plasticizer. In addition, during long-term storage at a relative
humidity of 51%, the elasticity modulus™ increased but a a decrease of the strain at the rupture
point was observed. Strength also increased linearly with the square root of the modulus of
elasticity, which might indicate that crack mechanisms occur in the deformation process
(Blahovec et al., 2011).

The SEM images show the surface morphology of the film (Figure 10). The morphology
reflects the complex interactions within the film, as well as interaction between the film and the

atmosphere during its solidification. At a microscopic level, irregularity of the surface can be
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attributed to desiccation, non-homogeneity of a suspension containing cell wall fragments or
high viscosity in the final stages of relaxation. High magnification pictures show some string-
like structures that exceed 10 um that can be attributed to fiber biopolymers. Films are compact
and practically non-porous (Novék et al., 2012).

$4700 10.0kV 7.1mm x

Flgure 10 SEM |mages of the yeast ﬁ glucan f|Im ampllfle 3000x (Ieft) and 1000Ox
(right) [Novak et al., 2012].

The AFM analysis shows the morphology and roughness of the film (

Figure 11), including the effect of ageing. The first series of measurements was
performed right after the film preparation (A) while the second one was just after 12 months
(B). In the first case, the surface consisted of granular-like structures. After ageing, protected
from direct light and dust deposition in an air-conditioned laboratory (20 °C), a mild increase
of surface roughness was observed, and the characteristic granular structure of the film was
gone. The resulting structure consisted of humerous formations which were several hundred

micrometers high and up to few micrometers wide (Novék et al., 2012).
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Figure 11 AFM images of the (A) yeast S-glucan films immediately prepared and (B) after

12-month storage (left images). Influence of 12-month storage on the height (black circles)
and width (grey circles) of the granular particles in yeast g-glucan films according to AFM
(right image) [Novak et al., 2012].

In conclusion, the produced g-glucan film is water insoluble, compact, non-porous,
exhibits no pronounced crystallinity. Structurally, it consists of granular-like and fiber
microstructures, assigned to cell wall residues and polysaccharides. Some structural changes
are verified in the film surface during a one-year shelf storage period, which can be related to
reorientation and decomposition of surface macromolecules caused by reactions with the

ambient atmosphere.

Séarossy et al. (2012) analyzed the effect of adding S-glucans into arabinoxylan films.
The arabinoxylan films with no g-glucan content presented a significant decrease in mechanical
properties compared to the arabinoxylan-4-glucan blend films. The average tensile strength of
the blended film (20% addition of s-glucan) was around 32.8 MPa, while the arabinoxylan film
showed a tensile strength of 15.7 MPa. Elongation at break also decreased from 10.6% to 6.1%.

A lower decrease was observed for the Young’s modulus.
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Séarossy et al. (2012) evaluated the film’s water content at different relative humidities
(RH). The comparison between pure g-glucan films, arabinoxylan films and arabinoxylan-g-

glucan blende films is presented in Table 12.

Table 12 Water content of pure arabinoxylan and g-glucan films, and blend films of
arabinoxylan-g-glucan with varied mass ratio, at different relative humidities (RH) [Adapted
from Sérossy et al., 2012].

Film Water content (%)

50% RH | 75.5% RH | 98% RH
Arabinoxylan 119+03| 13.7+13 | 415+0.1
Arabinoxylan- -glucan 101+05| 144+10 | 38.1+£37
(80:20)
Arabinoxylan- -glucan 119+06 | 150+15 | 36.5+3.8
(50:50)
Arabinoxylan- f-glucan 109+0.1| 148+10 | 42421
(20:80)
p-glucan 134+15| 159+0.3 | 439%0.6

Results from Table 12 showed that at 50, 75.5 and 98% RH, the pure f-glucan films
presented the highest water content due to a higher water affinity compared to arabinoxylan.
The p-glucan ratio in blend films appears to not have a direct correlation in the increase of water
content. For example, at 50% RH, the ideal amount of g-glucan in the blend film with the
highest water retention capability appears to be 50% f-glucan, since the highest content of j-
glucan blend film (80%) shows a lower water content. The same scenario is observed at 75.5%
RH. However, at 98% RH, the $-glucan blend film with the highest content of f-glucan showed
the highest water content out of the three blend films. According to the authors of the study,
arabinoxylans are very hygroscopic and absorb a great amount of water in high humidity
environments. Furthermore, B-glucan chains form a more compact structure compared to
arabinoxylans which can result in lower water absorption of films containing f-glucans at high
humidities. Therefore, the water content of the S-glucan blend films was not influenced greatly
at higher RH values. The study concluded that g-glucan films had higher water contents
between 11 and 75% RH, but the tendency is reversed at 91% RH (Séarossy et al., 2012). Other

parameters were also assessed in this study; the main results are reported in Table 13.
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Table 13 Water vapor transmission rate (WVTR), water vapor permeability (WVP), oxygen
transmission rate (OTR) and oxygen permeability (OP) of pure arabinoxylan and S-glucan
films, and blend films of arabinoxylan-$-glucan with varied mass ratio, at approximately 52%
relative humidity [Adapted from Sarossy et al., 2012].

Film WVTR WVP OTR OoP
(9/m*d) | (@mm/kPam’d) | (ml/m’d) | (cm® mm/m’d kPa)
Arabinoxylan | 204 +1 7.7+£0.5 2.32£0.87 0.87£0.24
Arabinoxylan- | 224 +8 7901 2.74 1.30
S-glucan
(80:20)
Arabinoxylan- | 293 +8 9.9+04 3.75 1.60
S-glucan
(50:50)
Arabinoxylan- | 283 +5 13.0+£0.0 7.19+£1.79 1.97 £0.79
S-glucan
(20:80)
S-glucan 363+8 123+1.2 3.91+1.42 1.23+0.72

It is observed that g-glucan film samples possessed a significantly higher WVTR
compared to the other formulations. This was expected, due to its high-water affinity. It is also
observed that, when added to another matrix such as arabinoxylan, it does not reduce the WVP
of a blend-type film. In fact, it appears that its addition might improve WVP. It is noticed that
the arabinoxylan-f-glucan (20:80) film presents a higher value of WVP when compared to the
pure S-glucan film. This suggests that when the blend proportion is ideal, there might be a larger

number of binding sites to form hydrogen bonds in the presence of water (Sarossy et al., 2012).

The p-glucan film presented high OTR and OP values but the arabinoxylan-g-glucan
(20:80) film showed improved oxygen permeability properties. The presence of aggregated
particles, zones of the film with varied thickness, as well as pinholes might be the major cause
of the differences in permeability between the one- and two-component films (Sarossy et al.,
2012). The authors concluded that the addition of s-glucans does have a positive effect on the
mechanical properties of arabinoxylan films. It should be considered that depending on the film
matrix used, the conclusions might differ from the ones mentioned in this study. In order to
check this possibility, a recent investigation used a pullulan-based film matrix and added /-
glucans into the formulation (Chang et al., 2019). The authors observed an improvement of
mechanical properties when S-glucans were added to the film. The results are highlighted in
Table 14.
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Table 14 Mechanical properties of pure pullulan, g-glucan, and pullulan-g-glucan blend

films. The described ratios consist of the fraction of each component per gram of the film

[adapted from Chang et al., 2019].

Films Tensile strength Elongation Thickness
(MPa) (%) (mm)

Pullulan (PUL1) 7.58 +1.04 23.47 £2.64 0.042 +0.003

Pullulan-g-glucan 17.00 £ 1.69 38.73+£1.65 0.044 +0.001

(0.25:0.05) (BP2)

Pullulan-g-glucan 25.17 £2.93 57.27+1.21 0.049 £ 0.001

(0.2:0.1) (BP3)

Pullulan-g-glucan 33.81 £ 0.67 64.61 £ 7.06 0.051 £ 0.002

(0.15:0.15) (BP4)

Pullulan-g-glucan 34.62 £0.76 75.86 £ 8.30 0.051 £ 0.002

(0.1:0.2) (BP5)

Pullulan-g-glucan 30.77 £0.68 54.72 £5.04 0.052 £0.003

(0.05:0.25) (BP6)

B-glucan (BG7) 48.44 £ 0.92 79.74 £ 10.67 0.052 + 0.002

Among all the films tested, the pure S-glucan film showed the best mechanical
properties. The addition of S-glucan proved to increase the tensile strength and elongation of
the blend film (Chang et al., 2019). This is suggested to occur due to the formation of hydrogen
bonds between pullulan and g-glucan. The last pullulan-g-glucan film showed a decrease in
tensile strength and elongation, probably due to lower pullulan content and a weaker phase
separation. The difference of thickness between the tested films was not considered significant;
however, as -glucan content increased, the film thickness also increased, showing that the film
thickness is dependent on the quantitative and qualitative compositions of the film (Chang et
al., 2019). The water solubility of the films was also tested, this parameter shows the water
resistance of film and influences its applicability as packaging material in products. The results

are shown in the Error! Reference source not found..
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Figure 12 (A) water dissolution time, (B) water vapor permeability, and (C) oxygen

permeability of pullulan film, B-glucan film and blend films [Chang et al., 2019].

Legend: (PULZ1) Pullulan; (BP2) Pullulan-g-glucan (0.25:0.05); (BP3) Pullulan-s-glucan (0.2:0.1); (BP4)
Pullulan-g-glucan (0.15:0.15); (BP5) Pullulan-g-glucan (0.1:0.2); (BP6) Pullulan-g-glucan (0.05:0.25); (BG7) g-

glucan.

35



Among the blend films, BP2 (pullulan-g-glucan = 0.25:0.05) and BP3 (pullulan-g-
glucan = 0.2:0.1) showed the best solubility, due to a lower dissolution time. By increasing the
S-glucan content, the water solubility of the blend films decreased. It was suggested that the
aggregated chemical structure of the g-glucan blend films (with lower solubility) may affect the
water absorption (Chang et al., 2019).

Chang et al., (2019) also assessed the film’s barrier properties, specifically the WVP
and OP. Results showed that among all the films tested, the pullulan and g-glucan films
presented the lowest values of WVP, which in return demonstrates a higher moisture resistance.
Among the blend films, BP2 (pullulan-S-glucan = 0.25:0.05) and BP6 (pullulan-g-glucan =
0.05:0.25) presented the lowest values of WVP. This is suggested to happen due to an
aggregation and self-condensation of pullulan and s-glucan particles at elevated concentrations,
which can produce voids in the film matrix (Chang et al., 2019). The OP of the films was
determined by a specific parameter named peroxide value (PV) of the oil. This principle states
that lower peroxide values (grams of peroxide per 100g of film) allow better oxygen barrier of
the membrane. According to Chang et al. (2019) the PV of the pullulan film was 1.193g/100g.
Adding S-glucan decreased the PV value and therefore enhanced the OP of the blend films. The
highest OP was observed in BP4 (pullulan-g-glucan = 0.15:0.15) film, with a PV value of
1.1249/100g. This indicates that s-glucan addition might improve OP (Chang et al., 2019). BP5
and BP6 films showed worse OP results and the pure f-glucan film presented the highest PV
value when compared with the pure pullulan film. In conclusion, by blending high
concentrations of -glucan into the formulation, the film presents a structure similar to the /-
glucan film but shows worse OP properties. In addition, the g-glucan addition to the film
formulation enhanced several properties, including some mechanical properties (tensile
strength, elongation), barrier properties (WVP, OP) and solubility. These findings are
comparable to the previously mentioned study of arabinoxylan-g-glucan blend films since the
results are quite similar. This might imply that S-glucan has an adequate compatibility with
different film matrices and usually will enhance the functional properties of the composite

films.

Some studies showed the ability to use S. cerevisiae in a dispersion form to formulate
edible films. For this purpose, S. cerevisiae yeast is subjected to specific homogenization
treatments at high pressure, followed by thermal treatment. Using yeast to replace traditional
sources of biodegradable polymers can be a valuable option to generate sustainable edible films

for the packaging industries. Investigation has been made to verify the benefits of using p-
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glucans as a raw material to create edible films with adequate properties (Peltzer et al., 2018).
Some suggested advantages and possible limitations/disadvantages by using g-glucan are
described in Table 15.

Table 15 Advantages and disadvantages of s-glucans in the preparation of edible films.

Advantages Disadvantages/Limitations
Essential properties for the edible film Low solubility, depending on the S-glucan
(gelling and permeability...) source.
Easy manipulation of properties (by Low biocompatibility (when structural
changing glucan molecular ratio) modification does not occur)
It is possible to introduce external High extraction and purification costs
substances to its structure (e.g. polyols)
Excellent applicability in several industries | Possible environmental impact by using the
most common extraction methods

4.2 S. cerevisiae mannoproteins film forming properties

It is stated that mannose at high concentrations can act as a plasticizer if added to other
films. Zhang & Han (2010) compared the properties of edible starch films with different
plasticizers: glucose, fructose, sorbitol, glycerol, ethylene glycol and mannoproteins
(specifically mannose). The mannose films presented low values of elongation at break
compared to other conventional edible films. From 10 to 20% plasticizer concentration, their
percentual elongation varied from 0.1 to 1%. The effect of crystallinity is also mentioned. At
8.7 t0 19.3% crystallinity (10 to 15% of mannose respectively), the elongation at break of the
film decreased to the lowest level among all tested films. Therefore, when crystallinity
increases, elongation decreases. Mannose films also showed the highest elasticity modulus
when mannose had concentrations ranging from 10 to 20%. They also presented elastic
characteristics rather than plastic; mannose provides mass transfer passage to oxygen, which

in return increases the oxygen permeability ratio (Zhang & Han, 2010).

Abdolshahi et al. (2019) assessed the inhibition of Aspergillus flavus growth in
pistachios by adding a coating onto the food product. The coating composition was based on
mannoprotein extracts from the S. cerevisiae cell wall, incorporated in a gelatin-based solution.

Several percentages of mannoprotein were tested, and the results are shown on the
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Table 16.
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Table 16 Aspergillus flavus growth in pistachio samples after incubation [adapted from

Abdolshahi et al., 2019].

Days

Sample | Mannoprotein | 1 2 3 4 5 6 7 8 9
(%)

Non- 0.0 +2 ++0 | 4+ ++ ++ ++ ++ ++ ++

coated

Coated | 0.5 -¢ - - - - + + ¥ ++
1.0 - - - - - - + + +
1.5 - - - ; : 3 ) ; n

Legend: 2initial visible growth; ® growth development; ° no visible growth.

Results showed that when pistachios were not coated, fungi appeared on the first 24
hours post-incubation. When a low-concentrated mannoprotein coating was applied, fungi only
appeared on the sixth day post-incubation. By increasing the mannoprotein concentration, the
antifungal effect became more efficient and stopped any growth development on the pistachio.
Pistachios can then be protected against fungi for a period of at least one week. Within this

study, mannoproteins were confirmed to have antifungal properties, which is an essential

property to protect food products (Abdolshahi et al., 2019).

The effect of using a D-mannose-blend film was also assessed by Hou et al., (2013).
The blends films were formed by silk fibroin and D-mannose, casted at different ratios. The

first property analyzed was the water solubility. Figure 13 shows the different solubilities

obtained for silk fibroin.
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Figure 13 Solubility of blend films [Hou et al., 2013].

Figure 13 shows that pure silk fibroin had a dissolution rate of approximately 99%.
Adding D-mannose onto the blend film (at a 10% weight ratio) immediately decreased
solubility to 4%. Further addition of D-mannose made the blend film almost insoluble. Being a
sugar, it possesses many hydroxyl groups that will crosslink with the hydrogen bonds of silk
fibroin. In this specific case, silk fibroin also modified its structure which contributed to the
dramatic decrease in solubility (Hou et al., 2013). The strength and elongation of the blend
films were also investigated. The same D-mannose ratios were used, and the results can be seen

in the Figure 14.
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Figure 14 Strength and elongation of the blend films. A: dry state; B: wet state. A - Strength;
= - elongation [Hou et al., 2013].

By increasing the D-mannose content in the dry state (A) blend film, its tensile strength
decreased, which might be explained by the plasticizer role played by the sugar. The blend film
appears to have great flexibility, having an elongation of 160% at a ratio of 4/10 D-mannose/silk
fibroin. Thus, it can be determined that adding small amounts of D-mannose will significantly
increase the film’s toughness. However, adding too much D-mannose will make the film more
brittle (Hou et al., 2013). In the wet state (B), D-mannose was eluted onto the film. This
mechanism promoted a larger number of holes in the blended film. A higher mannose content
increased the number of holes in the film and therefore its tensile strength and strain was
reduced. Still, the blend films presented good flexibility, with an elongation at break of over
90% (Hou et al., 2013). This film was intended to be applied on a corneal tissue, however,
several conclusions can be transferred onto food packaging films. The main one is that mannose
can allow a certain component to be practically insoluble, depending on the matrix used.
Mannose is highly functional in terms of mechanical properties, highlighting the flexibility of

a film. However, its tensile strength may be lowered.

Another component very similar to mannoproteins are galactomannans. Its properties
may be very similar to mannoprotein-based films, so it is worth to investigate. Recent studies
of galactomannans-based films showed promising properties. Dos Santos et al. (2015) studied
five sources of galactomannans, Adenanthera pavonina (AP), Cyamopsis tetragonolobus (Guar
gum = GG), Caesalpinia pulcherrima (CP), Ceratonia siliqua (Locust bean gum = LBG) and

Sophora japonica (SJ). The mannose/galactose (M/G) ratios under study were 1.3, 1.7, 2.9, 3.4
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and 5.6. Three gases were subjected to different analysis: water vapor permeability (WVP),
oxygen (OP) and carbon dioxide (COP) permeabilities and solubility (%). The main results are

shown in Error! Reference source not found..

Table 17 Values of mannose/galactose ratio (M/G), water vapor (WVP), carbon dioxide
(COP), oxygen permeabilities (OP) and solubility (%) for galactomannan-based films

[adapted from dos Santos et al., 2015].

Galactomannan | M/G | WVP x 10 g | COPx10%®g | OPx10®gm Solubility
film m?Pals? m (Pa s m?)? (Pas m?)™ (%)

AP 1.3 6.78 £ 0.63 28.81 £2.36 2.79x0.14 64.39 £ 2.23

GG 1.7 | 10.45%0.32 37.06 £0.93 1.85+0.08 81.08 £7.78

CP 2.9 | 10.69+0.75 42.90 £ 2.46 1.64 £0.08 92.75+£0.96

LBG 34 9.16 £0.70 37.16 £4.22 1.75+£0.31 26.80 £ 8.82

SJ 5.6 8.06 +0.29 28.74 £3.70 2.94 £0.08 44,35 £12.77

Legend: Adenanthera pavonina (AP), Cyamopsis tetragonolobus (Guar gum = GG), Caesalpinia
pulcherrima (CP), Ceratonia siliqua (Locust bean gum = LBG) and Sophora japonica (SJ).

From Table 18, it is possible to understand that WVP and COP values increased for
higher values of M/G ratio, up to a ratio of approximately 3. This is mainly due to a decrease
in galactose content and a stronger influence of mannose onto the film, promoting a larger
diffusion of water molecules. For M/G ratios higher than 3, WVP and COP behave in a different
way. The SJ film with a ratio of 5. had low amounts of galactose, resulting in galactomannan
chains with free mannan units. This promotes a dense packing of galactomannan chains, which
disturbs the diffusion of water and carbon dioxide molecules. In conclusion, higher M/G ratios
lead to an increase of free mannan units which increases intermolecular forces that will affect
permeability. In terms of OP values, there is no clear conclusion as to why the intermediate
M/G ratios present lower OP and the lower and highest M/G ratios present the largest OP
values. It might be that the galactomannan source has an effect in the OP due to a different

structural distribution of galactose (dos Santos et al, 2015).

The sensitivity of the films to water can be evaluated by measuring solubility and water
content. Food applications may require water insolubility to enhance product integrity and

water resistance, or good water solubility if the film is meant to be dissolved quickly (Pérez-

42



Gago & Krochta, 2001). This parameter was also evaluated by dos Santos et al, (2015).
According to these authors, the solubility values increased continuously up to a M/G ratio of 3
(Table 17). For higher M/G values, solubility decreased significantly. The presence of a
plasticizer like glycerol (a hydrophilic molecule) may reduce the hydrophobicity of
galactomannan films. Also, its crystalline arrangement can influence their water solubility. For
galactomannan films with higher M/G ratio, the hydrophobic mannan chains will contribute to
decrease the water solubility of the films. This occurs due to a dense packing of mannan chains
which generate stronger inter-chain bonds and consequently, more water-resistant films (dos
Santos et al, 2015). The mechanical properties of the films were also assessed; results are

displayed in Figure 15.
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Figure 15 Elongation-at-break and tensile strength of AP, GG, CP, LBG and SJ

galactomannan films [dos Santos et al., 2015].

Legend: Adenanthera pavonina (AP), Cyamopsis tetragonolobus (Guar gum = GG), Caesalpinia pulcherrima

(CP), Ceratonia siliqua (Locust bean gum = LBG) and Sophora japonica (SJ).

It is seen that elongation at break increases with the increase of the M/G ratio, up to the
CP galactomannan films. For higher M/G ratios, elongation at break drops significantly. Tensile
strength values follow an inverse behavior compared to elongation: they are high at low M/G
ratios, rising again for high M/G ratios. A parallel study concluded that the depletion of
galactose from the mannan chains makes the subsequent films to have higher elongation at
break values. Another study stated that a high number of galactose units seems to obstruct
galactomannan interactions with adjacent chains and this phenomenon seems to create more

flexible films. Consequently, tensile strength values will tend to decrease while the elongation
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increases. The high tensile strength value on the SJ galactomannan film is explained by the

dense packing of mannan chains (dos Santos et al, 2015).

The study of D-mannose application in polymeric films such as the S-glucan-protein
based films is still on an initial and primitive stage. The fact that D-mannose has an inherent
biological origin also limits its structural modification (Hussam et al., 2016). Therefore, it is
concluded that while D-mannose presents many benefits, it also shows some drawbacks. Error!
Reference source not found. summarizes some proposed advantages and disadvantages of

using mannose in a film.

Table 18 Advantages and disadvantages of mannose in the preparation of edible films.

Advantages Disadvantages/Limitations
High water solubility Non-soluble in some reagents (e.g., ethanol)
Low caloric value Limited structural modification due to its

biological nature

Odorless Limited industrial use and development
Stable at room temperature
High biocompatibility Primitive studies of the molecule
Diverse potential of application

4.3 S. cerevisiae #-glucans-mannoproteins film forming properties

Generally, edible films based on polysaccharides present better WVP properties while
films based on proteins show better mechanical properties. Therefore, by using both
polysaccharides and proteins into formulating an edible film, it is possible to combine the best
properties of two distinct edible film groups (Peltzer et al., 2018). Until date, there is no research
found that combines both #-glucans and mannoproteins into a film formulation. Therefore, it
can be only be considered isolated cases of #-glucan films and mannoprotein films and expect
that its synthesis will also combine properties from both groups. Alternative studies of protein-
polysaccharide edible films can be highlighted to compare and understand the potential

properties of the p-glucan-mannoprotein edible film.

Yoo et al. (2011) prepared isolated whey protein (WPI)-based films blended to different
polysaccharides: regular starch (RS), amylopectin-based starch (APS), methylcellulose (MC),
hydroxypropylmethylcellulose (HPMC) and sodium alginate (SA). The highest oxygen

permeability (OP) was verified in MC and HPMC, and both are the less polar molecules of all
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the polysaccharides tested. HPMC and MC are molecules with a great degree of substitution of
hydroxyl groups. The less hydroxyl groups, the less polar the molecule becomes. Thus, the
HPMC-WPI and MC-WPI film present a greater OP when compared to SA-WPI, RS-WPI or
APS blended films (Yoo et al., 2011).

These authors also tested the tensile strength of films. Each polymer chain of MC and
HPMC consists of modified D-glucose units linked by g-(1 — 4)-glycosidic bonds which are
more stable. Moreover, significant numbers of hydroxyl groups exist and allow the formation
of hydrogen bonds between parallel polymer chains, resulting in high tensile strength in films
made of MC or HPMC (Yoo et al., 2011). The film’s elongation at break was also evaluated.
Adding different ratios of polysaccharides improved the percentual elongation. The RS-WPI
and APS-WPI presented a notoriously higher percentual elongation when compared with the
other film matrices. This might occur due to the superior sensitivity of starch when the
plasticizer is added onto the film (Yoo et al., 2011). Another remark can be made when
observing the ratio of polysaccharides in the film: between 25 to 75% of starch added, the
elongation has optimal values. This reinforces the idea that preparing a blend film with similar
ratios of two components usually presents ideal properties, probably due to the symbiotic

interactions that can occur in proteins and polysaccharides.

More recently, Chakravartula et al. (2019) prepared edible films based on a whey
protein matrix combined with two different polysaccharides (pectin and alginate). Both
polysaccharides are often used in edible film formulations. Pectin films are characterized by
high WVP, which in return may act to prevent dehydration of food products. Alginates can
form synergistic gels when combined with pectin, under appropriate pH conditions. Thus, they
are crucial to form an adequate edible film with improved mechanical properties. Whey protein
possess great mechanical and barrier properties and whey protein films are highly regarded by
their transparency, flexibility and good water, gas, aroma, and oil barrier characteristics.
Furthermore, a suitable thermal degradation denatures whey proteins, which can result in more
cohesive and stronger films when compared to its native state (Chakravartula et al., 2019).
These authors evaluated the pH of the film-forming solutions to understand its ionic nature,
since it can affect the stability and functionality of the solutions. The viscosity parameter (u)
was also assessed, due to its high influence on absorption and adhesion to the matrix, as well
as on the film thickness, uniformity, and microstructure (Chakravartula et al., 2019). The main

results are shown in Table 19.
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Table 19 Physical and mechanical properties of the edible films [Adapted from Chakravartula et al., 2019].

B

B

Sample Y%ow/w M Thickness | Yellowness . E o €
(PTAIWP) PH (mPas) (nm) index Opacity (MPa) (MPa) (%)
S1(1:1:1) 480+0.01 | 247.0£1.27 | 454 9.3+£0.9 6.0+£0.2 | 444+107 |23%6 22+9
Sz (3:0:0) 3.43+0.01|2720+£7.00 | 361 96+1.1 3.4+0.1|1467+303 | 62+20 208
S3(1.5:1.5:0) 412+0.01 | 249.0+1.53 | 43+2 75+£04 29+£0.1(958+240 |61+11 2310
S4(0:1.5:1.5) 6.29+0.03|46.2+226 [47x1 11.6£0.5 50+£0.2 | 406+£145 |22+9 40 £ 23
S5 (1.5:0:1.5) 448 +0.04 | * 64 £2 125+£0.9 3.0£0.1(352+140 |13+4 167
S7(2:0.5:0.5) 6.22+0.06 | * 4312 9.2+13 53+£0.2 | 555+£129 |27+5 26 £4
S (0.5:2:0.5) 414+0.03 |154.0+783 | 411 85+£0.5 41+03| 746127 |31x£10 24 +12
Sy (0.5:0.5:2) 498+0.1 |143.0+247 491 10.7+0.4 52+0.2 | 288 + 59 11+3 19+2
S10 (0:3:0) 550+0.01|451+088 |42+1 43+0.1 3.7+04 | 607+243 |39x16 27 +14

Legend: (p) viscosity; (E) elastic modulus; (o®) tensile strength at break; (&?) elongation at break.
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Results from Table 19 showed that the pH value is directly influenced by the
components in the solution, with alginate and whey protein increasing its value. Pectin
decreased the pH to acidic values, which is expected since commercial pectin forms solutions
have pH 3.0-4.0. All the film forming solutions presented viscosity values ranging from 120 to
250 mPa s, except samples Sa, Se and Se in which whey protein content was higher than 1%
wi/w, presenting values lower than 50 mPa s. Authors suggested that the presence of whey
protein tends to decrease the viscous nature of pectin and alginate, which may be attributed to
strong associative interactions between the polysaccharide and protein components
(Chakravartula et al., 2019). The mechanical properties of the films were also assessed.
Parameters such as thickness, yellowness index, opacity, elastic modulus (E), tensile strength
at break (c®) and elongation at break (£®) were studied (Chakravartula et al., 2019). Sample 6
was excluded from the tests because due to its low concentration on whey protein, it did not
fulfill some requirements needed to determine some of the properties mentioned. The thickness
of the films varied from 36 to 64 um. This variance was somewhat expected, which can be
attributed to the slight difference in film drying Kinetics and interactions that occur in the
composite matrix of the films. The optical properties, such as opacity and yellowness, are a
crucial aspect for edible films to be accepted by customers. Generally, they are expected to be
colorless or at least close to the food color onto which the edible film will be applied. The
alginate films were more visually transparent, followed by pectin and whey protein films. This
negative effect in transparency can be attributed to the formation of insoluble protein-
polysaccharide aggregates during drying or due to the presence of immiscible dispersed phases
in the final composite film. The yellowness index was calculated to estimate the perceived
yellowness, as low yellow value is generally preferred. It was concluded that higher
concentration of pectin and whey protein increased the yellowness index (Chakravartula et al.,
2019). The tensile strength values varied from 11 to 62 MPa, with the lowest values found in
Ss (1.5:0:1.5) and Sg (0.5:0.5:2) samples. Pectin, alginate and the interaction of pectin/whey
protein were observed to be primary factors affecting the tensile strength of the films, with
pectin and alginate increasing, and pectin/whey protein decreasing the tensile strength value.
Interactions between alginate/whey protein were non-significant. This behavior was similarly
found in the elastic modulus, with pectin and alginate increasing the final value, whereas whey
protein interactions with pectin and alginate decreased it (Chakravartula et al., 2019). The
barrier properties of the films, as well as their moisture content were determined. The results

are shown in Table 20.



Table 20 Moisture content, water vapor, oxygen and carbon dioxide permeabilities of the

edible films [Adapted from Chakravartula et al., 2019].

Sample Y%ow/w Moisture WVP OP COP
(PIA/WP) content (%) | (10" gmm h* cm™ Pa?) | (cm® m?d* bar™) | (cm® m?d™ bar™)
S1(1:1:1) 12.2+1.7 79+04 16 £21 68 + 2
Sz (3:0:0) 8.6x1.1 7.3£04 10+£2 119+2
S3(1.5:1.5:0) 6.6 1.3 74+£0.3 49+3 123+ 2
S4(0:1.5:1.5) 13.7+1.4 87+1.1 83+1 87+2
Ss (1.5:0:1.5) 119406 9.6+05 1023 £ 3 115+ 4
S; (2:0.5:0.5) 68+1.1 79+02 166 + 1 303+6
S (0.5:2:0.5) 74+05 75+04 17+3 75+4
Sy (0.5:0.5:2) 10.8+1.3 9.0+£0.1 149 + 4 152 +4
S1 (0:3:0) 85+16 72+01 438 + 16 1043 + 59

The moisture content was measured to estimate the water bonding capacity of the films.
The values varied from 6.6 to 13.7%, in some cases with higher numbers due to significant
influence of WP concentration and linear interactions (such as P/A, P/WP or A/WP). The
hygroscopic nature of glycerol (plasticizer) also favored the absorption of water molecules and
the formation of hydrogen bonds in the matrix, leading to a higher moisture content
(Chakravartula et al., 2019). The WVP ranged from 7.2 to 9.6 (10'° g mm h'* cm™ Pal). Pectin-
based and alginate-based films presented the lowest values, whereas whey protein slightly
increased the permeability values. This might be attributed to a higher number of free hydroxyl
groups, which in return enhances interaction with water and favors water vapor transmission
(Chakravartula et al., 2019). The gas transmission rate is found to be affected by the
composition of the films. In this case, the highest gas permeation (composed by an average of
OP and COP) was attributed to the pure alginate film. The pure pectin film showed a lower
permeability when compared to alginate. In general, adding WP to the matrix decreased the
permeability. Gas permeability through matrices is complex because there are several
parameters that affect it. Some relate to the gas characteristics such as molecular size, polarity,
or activity; others are linked to material properties, such as degree of crystallinity, presence of
cross-linking, or chain stiffness. The general idea is that a more tortuous gas path leads to a
lower gas transmission rate. Usually CO. permeation, when compared to O2 permeation, shows

very different values in the same sample, often being lower. This phenomenon was not clear in
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the samples analyzed due to the higher affinity (high solubility) of CO2 gas molecules within

this type of matrix (Chakravartula et al., 2019).

Other studies show different composite edible films used mostly into food formulations.

These are represented in Table 21, as well as the main conclusions and benefits withdrawn from

the investigation.

Table 21 Improved properties of composite protein-polysaccharide edible films.

period, without affecting the nutritional value.

Edible film Observations References
Chitosan + gelatin Microbial decomposition decreased in peppers; improved | Poverenov et
peppers texture and extended the cold storage and shelf-life | al. (2014)

Starch + gelatin

Coated grapes had improved appearance after storage under
refrigerated conditions; lower weight loss compared with the
control group.

Fakhouri et al.
(2015)

Starch + pea protein

Increased tensile strength; prevented humidity-induced

Huntrakul et

structure.

shrinkage; improved blown-film processability and barrier | al. (2020)
properties.
Starch + carrageenan | Higher melting point; lower water vapor permeability; lower | Sandhu et al.
gum solubility; higher transparency. (2019)
Alginate + soy protein | Increased the percentage of elongation at break; Higher | Pan et al.
gelling property and water resistance; Uniform surface | (2014)

Several patents of g-glucan are found in the market, such as a cold water soluble p-

glucan product that can be used into edible films (Morgan, 2004) and S-glucans from cereals

like oat that are used in edible films or coatings (Redmond, 2001). In case of mannoprotein-

based films, there is no patent found that applies this material to food packaging products. The

same conclusion was found for the s-glucan-mannoprotein-based edible films.
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5 Concluding remarks
A summary of the main findings and suggestions for future research are presented in
sections 5.1 and 5.2, respectively.

5.1 Summary of the main conclusions
This thesis focused on the study of edible films with S-glucans and mannoproteins.

Chapter 1 introduced the generational trends of biopolymers, in which it was possible
to understand that the current criteria for biopolymers is based on its biodegradability and
sustainability. A succinct market analysis of biopolymers used for packaging was made, stating
that its market value is around €533 billion, and substituting conventional packaging for
sustainable packaging would be economically and environmentally impactful. A general view
on the EU strategies to combat plastic challenges was also mentioned and distinct concepts of

“biofilm”, “edible film” and “coating” were explained.

In Chapter 2, the main film forming properties were thoroughly studied. Regarding the
antimicrobial activity it was concluded that several groups of polysaccharides and proteins —
including the p-glucans and mannoproteins, - can be used as antimicrobial agents to control
pathogenic populations and improve the food product’s shelf life. The amino acid groups play
an important role in the antioxidant mechanisms, since mannoproteins and S-glucans contain
those amino acids, their based edible films could present high antioxidant activity. Also, the
anti-inflammatory action was explained, concluding that s-glucans and mannoproteins possess
an anti-inflammatory response. The mechanical properties of polymers, as well as their
classification based on their behavior when various tensile stresses are applied was also
mentioned. The concept of permeability was clarified, as well as the classification of water
permeability and oxygen permeability, followed respectively by their standard mass transfer
equations and Kinetic models. Finally, the thermal properties were explained, as well as typical
thermal analysis techniques such as DSC and TGA; and the mathematic deductions of enthalpic

equations and the most common Kinetics of the reaction models were explained.

Chapter 3 described in detail the cell wall structure of Saccharomyces cerevisiae,
showing that the major components in the cell wall are g-glucans (55-65% dw) and
mannoproteins (35-40% dw). Deeper structural description of mannoproteins and f-glucans

was made, as well as some of their most recognized biological properties. The methods for
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isolation and characterization of s-glucans and mannoproteins were described, being concluded
that the most used extraction methods are heat treatment, alkaline extraction, SDS extraction
and enzymatic treatment. All these methods require several stages of centrifugation;
chromatography techniques are also used, being more suitable for laboratory scale extractions.

In Chapter 4, the p-glucan-based film forming properties were characterized, being
possible to state that films are water insoluble, compact, non-porous, non-crystalline and have
improved properties when a plasticizer like glycerol is used in concentrations up to 25%. The
same analysis was made for mannoprotein-based films, these films present good elastic
properties, as well as water vapor and oxygen permeabilities, but an increment in crystallinity
leads to a decrease in elongation. The literature does not present any information regarding the
combination of mannoproteins and #-glucans in an edible film. That was the primary focus on
this research work. However, due to the COVID-19 pandemic, laboratories were shut down and
it was decided that it would only be possible to study the literature available and compile the
information regarding these films; this would eventually mean that the dissertation would

become a monography.

Based on the current assigned patents, p-glucan edible films are being used in the
industry. The same cannot be said of mannoprotein and mannoprotein-g-glucan edible films

since there is no patent associated with its development or manufacture.

5.2 Directions for future research

This dissertation revealed that there is a huge potential in edible films made from
biodegradable and renewable sources. While films are quite well developed in laboratory, an
emergent need for an up-scale of the manufacturing process is required. This way, it would be
possible to not only develop environmentally friendly solutions for the packaging industry but
also to accomplish the European Strategy for Plastics in a Circular Economy, which states that
all plastics packaging in the EU must be reusable or recyclable in a cost-effective manner by
2030.

Yeast-based films were already developed in the past. Still, there is no current

investigation regarding edible films based on the combination of S-glucans and mannoproteins,
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which in theory would have improved mechanical, rheological, and textural properties, as well
as improved antioxidant and antimicrobial action against oxidative reactions and pathogens,
respectively. In these films, permeation of water vapor and oxygen appears to be well controlled
and optimal, increasing shelf-life of food products. While some research about g-glucan films
exist, the research level of mannoprotein films is almost inexistent. Therefore, further

investigation and development of these edible films is encouraged.

Usually the plasticizer of choice is glycerol, but there is a broad range of plasticizers to
select, such as Polyethylene glycol of low molecular weight (PEG 400), which was the
plasticizer initially intended to test along with glycerol. Thus, it is recommended to test several
plasticizers of different origins, to find the one that suits the best in the edible film. Furthermore,
it is noticed that the extraction methods for S-glucans and mannoproteins are still in a primitive
state of optimization. Thus, it might be necessary to adopt new methods to obtain higher
extraction yields. Although some of the methods that are currently used do not contain
associated hazardous substances, they use high quantities of reagents. Thus, the application of

green methods is advised to avoid excessive reagent effluents.
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Supplementary material

A- Differential scanning calorimetry

DSC, also known as quantitative DTA (differential thermal analysis) is a technique
characterized by measuring the temperature interval between the sample and the reference,
related with other variable (temperature or time), under controlled temperature settings. This
temperature interval will be proportional to the thermal flow variation (amount of energetic
input per time unit). The apparatus of a DSC system is described in Figure A 1 (Hatakeyama &
Quinn, 1999).
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Figure A 1 Schematic representation of a DSC system.

The arrangement of the sample supporting set is different from what is found in a classic
DTA. The thermosets are connected into the base of the sample and reference supports. Another
pair of thermosets measures the temperature of the furnace and of the heat-sensitive plate. The
basic principle of this technique is during physical transformation, when a change of phase
occurs in which the sample will absorb or release heat, altering the thermal flux that goes
through the heat-sensitive plate (Hatakeyama & Quinn, 1999). The thermal flux variation
causes the temperature difference that represents an interval that will be measured between the
plate and the furnace. If it is a positive interval, then the process will be exothermic; otherwise
the interval is negative and therefore, the process is endothermic. The physical changes

associated with the process are verified in Figure A 2 (Kaliappan, 2007).
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Figure A 2 DSC thermogram: measurement of thermal flux related to the

temperature of a semi-crystalline polymer.

As shown in the figure, the curve depicts the endothermal glass transition region, the
exothermal crystallization process, and the endothermal melting process. When a sample goes
from the solid to the liquid state, it will require a larger thermal flux to increase its temperature
comparatively to the temperature conditions that the reference is subjected to. This is due to the
heat absorption by the sample during the phase transition. The opposite effect occurs in an
exothermal process (such as crystallization), where lower thermal heat is required to increase
the sample’s temperature. By observing the thermal flux difference between the sample and the
reference, it will be possible to measure the amount of energy released or absorbed with the aid
of a calorimeter. Graphically, these “leaps” of energy are well defined and easily identified
since there will also be notorious differences in the thermal capacity of the polymer either in

glass or liquid state (Kaliappan, 2007).

The thermal analysis of semi-crystalline and amorphous polymers reveals different
singularities. When the polymer is semi-crystalline, the melting temperature is a parallel
temperature to the glass transition temperature since the latter is only verified in amorphous
polymers. Another difference is that only the semi-crystalline polymer shows a well-distinct

melting point. Both cases are depicted in Figure A 3 and Figure A 4, respectively (Silva, 2017).
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Figure A 3 Thermal flux varying with temperature, for a semi-crystalline polymer (left)

versus an amorphous polymer (right).

Analyse thermique différentielle

Figure A 4 Differential thermal analysis of a semi-crystalline and an amorphous polymer.

The peaks represented in Figure A 4 may be mathematically solved. The area above the
peak’s baseline may be answered by an integral equation, that provides the total enthalpic
variation for the process(es):

d
f (d_I: dt = AHsample (Eq A-l)

)sample

where ‘;—I: is the enthalpic variation in function of time, and AH is the peak’s enthalpic variation

(Colby College, 2020).



The thermal capacity and its variations may be determined by observing the changes in

the thermogram’s baseline position. The thermal capacity is defined as:

0=(®,=®), A

in which (22) is the heat variation along the applied temperature, at a constant pressure (Colby
ar
P

College, 2020).

The thermal gradient, frequently mentioned as scan rate is given by:

scan rate = % (Eq. A.3)

Using function composition, comes the following equation:

dH dH dt
cp = (d—T)P =22 (Eq. A4)

where the last derivative is the inverse of the scan rate definition (Colby College, 2020). For
differential measurements, the difference between the thermal capacity of the sample and the

reference is determined:

_ (4 gaH dt
a6, = 4(5), = 4% & (Eq.A5)

dH . . .
where AE corresponds to the thermogram’s baseline variation. The thermal flux units are

normally expressed as kcal s and the thermal gradient is expressed as °C min™. To be
consistent with units, it will be required to change minutes to seconds or vice-versa (Colby
College, 2020):

() A

S min
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B- Thermogravimetric analysis (TGA)

TGA is used to investigate the thermal stability (resistance to degradation, at a
determined temperature), oxidative stability (oxygen absorption rate) and compositional
properties (such as additives, solvents, plasticizers, etc.) of polymeric materials. The mass gain
occurs due to adsorption or oxidation, while the loss of mass is related to processes of
decomposition, desorption, dehydration, solvation, and volatilization. This methodology is
especially important in applications that use these polymeric materials such as injection
molding for bottles, encapsulated materials for electrical and electronic components, dyes,
adhesives, and some other industries such as food and pharmaceutical industries. The apparatus

used in this technique is summarily depicted in Figure B 1 (Ng et al., 2002).

Weighing mechanism

A

Tare

i

Gas Gas

Figure B 1 Schematic diagram of a TGA instrument.

The theory behind this technique refers that TGA studies the samples’ mass changes
while its heated or cooled at a controlled temperature, T(t). The program that monitors the
temperature may be isothermal (T(t)is therefore constant) or non-isothermal. The heating rate

(B) may be expressed as:

dT
B="" (Eq. B.1)

where dT is the temperature variation and dt is the time variation (Ng et al., 2002).
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The mechanism and kinetics of the process related to the sample’s mass variations may
influence the shape and position of the thermogravimetric curves. Three of the variables that
can influence the kinetic of the process are the temperature (T), the reaction’s extension of

conversion (o)) and pressure (P). These variables can be implicitly shown as:
% = k(T) * f(c) * h(P) (Eq. B.2)

Despite the possibility that pressure has a considerable effect in the kinetic process, h(P)
is commonly considered as insignificant in Kkinetic simulations (h(P) = constant, i.e., the
environment is the equilibrium itself). This happens when all the reactive gas that reacts with
the sample is removed (usually by purging with high flows of inert gas) (Ng et al., 2002).

If the pressure has no effect on kinetics whatsoever, the function will have two variables,
T and o

do
& = k(T) * f(a) (Eq. B.3)

where Kk(T) represents the kinetic constant that is temperature dependent and f(a) is the
conversion that will be dependent on the reaction model. The extent of conversion of the

reaction is determined through a mass fraction difference:

o = 2om (Eq. B.4)

mi—mf

where m; and mr are the initial and final mass of the sample, respectively. The value of o may
vary between 0 and 1, being caused by the general transformation from the beginning
(materials) until the end (products) (Ng et al., 2002).

The variation of temperature with the kinetic coefficient normally obeys the Arrhenius

equation:

k(T) = Aexp () (Eq. B.5)

where A and E are kinetic parameters that correspond to the reaction’s pre-exponential factor
and activation energy, respectively. The gas universal constant is known as R, and T is the

temperature (in Kelvin) programmed in the thermogravimetric analysis (Ng et al., 2002).

An isothermal thermogravimetric curve may be presented by the following equation:
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X

g (o) = % = Aexp (-t (Eq. B.6)
0

where g(a) is the integrated form in the reaction model. The equation may be obtained by
substituting Equation 11 into Equation 9, followed by integration as it is indicated. In isothermal
conditions, it would occur only variation of the value of o throughout the experiment. The
reaction models may be categorized in three different profiles: (1) acceleration, (2)
deacceleration and (3) sigmoidal (Ng et al., 2002). The three models are shown in Figure B 2:

Weight loss (%)

Time (s)
Figure B 2 Reactive models of acceleration (1), deacceleration (2) and sigmoidal (3)

represented by the mass loss throughout time.

The acceleration models may be identified when the mass loss rate increases

continuously during process, and the equation that represents it is the following:
g (o) =an™ (Eqg. B.7)
where n is a constant value.

The deacceleration model is represented when the mass loss rate decreases throughout

the process and the equation that represents it is the following:

—(1—q)(1-m)
g(a) =0 (Eq. B.8)
where n is a reaction order # 1 (forn=1, g (a) =- In (1- a)).
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The Avrami-Erofeev model is applied in sigmoidal models since this model describes
processes in which the sample’s mass loss rate reaches its maximum point in intermediate
values of the conversion process (Ng et al., 2002). This model is represented by the following

equation:

g(c) = [~In(1 - )n (Eq. B.9)

A non-isothermal curve model can also be described by substitution of Equation B.5
into Equation B.3, followed by integration, originating a final equation that describes the model
as the equation below:

T

g (o) = % fo exp (— %) dT (Eg. B.10)

Note that the graphical form of this model does not have any relation with the reaction
model (3). For non-isothermal conditions, the heating rate keeps being constant due to the
simultaneous variation of T e a. This condition contradicts the sigmoidal reaction conditions,

where it shows an acceleratory phase followed by an deacceleratory phase (Ng et al., 2002).
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C- Water retention kinetics and sorption isotherms

In general, hydrophilic films show water sorption isotherms with a small increment in
the water content for low activity values (aw) and a significative increment when aw > 0.6. This
sorption isotherm behavior suggests that the film hydration is presented in a multilayer
arrangement, with a smaller amount of water strongly bonded to the polymer matrix that forms
the monolayer and the majority of the water content is distributed in multilayers, that are
indirectly bonded to the matrix. Thus, the water content is subjected to be transported by
diffusion mechanisms (Delgado et al., 2018).

The study of water transport properties is essential for a better understanding and
possibly optimizing the protective functions of the film’s membranes. If the control and
prediction of the film’s water content is incorrect, this can act as a plasticizer by incorporating
water between the polymeric chains, increasing the spacing between them and consequently
decreasing the glass transition temperature and affecting the chain’s flexibility. The water
transport does not occur between pores, but it can be understood through a simplified model
that proposes that the process occurs in four stages: (1) water vapor absorption onto the
polymeric matrix surface; (2)water vapor solution in the polymeric matrix; (3) water vapor
diffusion through the matrix; (4) water vapor desorption through the opposite surface of the
film (Delgado et al., 2018).

The water sorption isotherms aim to study the water retention capability in equilibrium
with the variable of interest which can be the relative humidity (r.h.) or activity (aw = % r.h.
/100) of the surrounding environment. The intrinsic water content of the film is normally
evaluated through an activity function (aw), by mass difference of the hydrated film and the
totally dried film. The Guggenheim-Anderson-De Boer (GAB) model is frequently used in this
field of application, with the goal of calculate the several variables that are shown in the
isotherms:

Nx*cxk*ay
[(1+(c—Dk+aw)(1-k+ay)]

h(ay) = (Eq. C.1)

where h(aw) is the water content based on the activity, N is the monolayer water content (g of
water per g of dry basis mass), related to the primary location where water molecules bond, ¢

is a parameter related with the sorption heat in the monolayer (also interpreted as the capability
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of water bonding onto the monolayer) and finally k is a variable that is related to the multilayer

sorption heat (or capability of water bonding onto the multilayer) (Delgado et al., 2016).

As to the water sorption kinetics, conventional chemical reaction’s kinetic models are
normally used. One of the most used models is the first order reaction model, having into
account two processes with distinct water retention ratios:

h(t) = hy + A [1 - exp( : )] + A, [1 — exp (— é)] (Eq. C.2)

T1

where h(t) is the water content as a function of time, ho is the initial water content, A; and A2
are kinetic constants and 1 and 12 are time constants related to the water retention of process 1

and 2, respectively (Delgado et al., 2016).

Another frequent used model is the one that determines the water content as a function
of time, adding a Fick’s differential mass transport law in a Fourier series (infinite plate) where
water diffusion occurs in an unidimensional form:

oo

2
h(t) = hoo {1 - Z Oﬁexp [—D?fo(Zn + 1)2 :—L:]} (Eq C3)
n=

where h,, is the equilibrium water content, L is the film’s thickness, and DET is the apparent
diffusivity coefficient (m?*s™) (Delgado et al., 2018).

The STL (short time lapse) model is another alternative, used mainly for water sorption

studies at the beginning of the experimental period. It is described by the following equation:

1/2

h(t) = 2h,, (22) (Eq. B.4)

This equation is valid for sorption data when h(t)/ h,,< 2/3. It is considered as an initial

period of study up to 12 hours (Delgado et al., 2018).

There are also equations that describe the type of transport phenomena that happens in

the film. One of them is the Korsmeyer-Peppas model, given by the following equation:
h(t) = h kt? (Eq. B.5)

where k is a constant that depends on the matrix’s characteristics, and n is the diffusional
exponent. The equation becomes valid when h(t)/ h., < 2/3. This equation is based on Equation

B.4 because when n is equal to 0.5, both equations become essentially the same and the
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transport is purely ideal. Thus, n is the essential indicator of how the process is deviated from
what is considered ideal transport and it will determine the type of diffusion in the film (Delgado
et al., 2018):

e 0<n<0.5: quasi-fickian or fickian diffusion

e n=0.5: ideal diffusion

e 0.5 <n<1:non-fickian or anomalous diffusion (where water diffusion is much
faster compared to the molecular relaxation process of polymeric chains since

the latter is the main regulatory sorption process.

Finally, to determine water vapor permeability of the film, it is required to determine
the film’s water solubility. According to Henry’s law, water solubility (Sw) at a film’s 90%

relative humidity is given by the following equation:
heo
Sw=PBPar = = Par. (Eg. B.6)

When it is considered that there are no pores, cracks or holes in the film, permeability
(P) can be expressed by multiplying the diffusion coefficient (D) and the solubility coefficient

(S). Therefore, water vapor permeability is defined by:
P, = Dy, Sw (Eq. B.7)

Where P,, is expressed in g st m? Pa?, Sy, and Dw can be obtained from equations B.6
and B.4, respectively. In an ideal case, permeability is an intrinsic attribute of the film when the
diffusivity and solubility coefficients are not influenced by the content of the permeated
component. In a practical view, the permeate interacts with the film’s matrix, despite the
solubility and the diffusivity being influenced by different partial pressures between the film’s
surfaces (Delgado et al., 2018).
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D- Oxygen permeability: experimental procedure

These conditions were tested by Muramatsu et al. (2003). The co-polymer tested was
ethylene-vinyl alcohol, which is different from the polysaccharide and protein-based film that
is being investigated. However, in order to understand the methodology and result analysis of
oxygen permeability dependent on temperature and relative humidity, this research will be
considered valuable since results can be analogous to those of a polysaccharide or protein-based

polymer.

The equipment used involved an oxygen permeation analyzer (OPA) to measure oxygen
permeability. A positron annihilation lifetime spectroscopy technique (PALS) was also applied
to check free volume hole size in the film. Oxygen permeability dependent on temperature was
measured between 20 to 80 °C with the OPA apparatus. Free volume was measured from -150
°C to 150 °C. For the relative humidity dependence experiments, samples are kept under
constant humidity for 1 month at 20 °C (ambient temperature) in order to reach a water vapor
equilibrium with the surrounding environment, and only after they will be measured under
different percentages of relative humidity. The final results are shown in Figure D 1 and Figure
D 2 below (Muramatsu et al., 2003):
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Figure D 1 Temperature dependence of oxygen permeability coefficient and free

volume hole size.



It can be seen that oxygen permeability increases exponentially as a function of
temperature, without significative changes at 56 °C (glass transition temperature of the
polymer). Above 56 °C, the high crystallinity degree is supposed to decrease oxygen
permeability. However, the influence of the degree of crystallinity is usually smaller compared
to the influence of temperature since this one follows an Arrhenius type model that

exponentially increases the weight of the temperature variable.
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Figure D 2 Humidity dependence of oxygen permeability coefficient and free volume hole

size.

In this scenario, oxygen permeability decreases when relative humidity increases from
0 to 25%. After 25% oxygen permeability increases, and at 90% of relative humidity is around
one hundred times larger than 0%. In addition, the behavior of oxygen permeability is quite
similar to the free volume hole size. It is suggested that from 0 to 25%, water molecules fill the
free volume holes, not allowing oxygen to permeate and at the high humidity region, both free

volume and oxygen permeability increase due to the plasticizing effect of water molecules.
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