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Abstract

In the past decades, there has been a growing public demand to reduce the use
of plastics and their derivatives in packaging materials for a wide range of products,
including food. For this purpose, there is a desire to use natural, easily biodegradable,
or recyclable materials. These include natural polymers such as starch, plant proteins
and cellulose derived from the harvested products of crops and the by-products of their
processing.

The aim of this thesis is the preparation of model biodegradable plastics in the
form of films using selected materials such as flour (wheat, flaxseed, soybean full fat)
and plasticizer (sorbitol). After the optimization of the conditions for the preparation
of these films by the casting method, the qualitative and functional parameters of the
obtained biodegradable films were subsequently evaluated. Their characteristics
(thickness, visual and tactile properties), colour, transparency, water solubility and bi-
odegradability through enzymatic degradation were determined. It was found that bio-
films made from wheat, flaxseed and soybean full fat flours are high soluble in water
and a biodegradable in aqueous environment with enzyme pronase from Streptomyces
griseus that normally occurs in the soil. Therefore, these biofilms could be further
studied under the conditions of decomposition in soil. Subsequent researches also need
to be carried out to incorporate additives that can improve the barrier and mechanical

properties of the films.

Keywords: flours, natural polymers, casting method, food packaging, biodegradable



Abstrakt

V poslednich dekadach vzrista celospoleCensky pozadavek na omezovani po-
uzivani plasta a z nich odvozenych vyrobkt v oblasti obalovych materiala pro nejriz-
n¢j§i vyrobky vcetné potravin. Pro tento ucel je snaha uplatiiovat pfirodni snadno roz-
lozitelné ¢i recyklovatelné materialy. Patfi mezi né také ptirodni polymery, jako je
Skrob, rostlinné bilkoviny a celul6za odvozené ze skliziiovych produktii polnich plodin
a vedlejsich produktt vznikajicich pfi jejich zpracovani.

Cilem této prace je pfiprava modelovych biodegradabilnich plasti ve formé
filmu s vyuzitim vybranych materialti typu mouka (pSenic¢na, Inéna, sdjova plnotucna)
a zmékcovadlu (sorbitol). Po optimalizaci podminek pro pfipravu téchto filma odlé-
vaci metodou byly nasledné hodnoceny kvalitativni a funkéni parametry ziskanych
biodegradabilnich filmu. Byly stanoveny jejich charakteristiky (tloustka, vizualni a
hmatové vlastnosti), barva, rozpustnost ve vod¢ a biodegradabilita prostfednictvim en-
zymového odbouravani. Bylo zjisténo, ze biofilmy vyrobené z pSeni¢né, Inéné a so-
jové plnotucné mouky jsou vysoce rozpustné ve vodé a biologicky rozlozitelné ve vod-
ném prostredi s enzymem pronaza ze Streptomyces griseus, bakterie, ktera se pfiro-
zené vyskytuje v ptudé. Proto by tyto biofilmy mohly byt dale studovany na zaklade
jejich rozkladu v padnich podminkach. Nasledné vyzkumy by bylo také vhodné pro-
vadét za ucelem zaclenéni dalSich aditiv, které mohou zlep$it ochranné a mechanické

vlastnosti t&chto filma.

Kli¢ova slova: mouky, pfirodni polymery, metoda odlévani, potravinové obaly, bio-

logicky odbouratelné
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1 Introduction

Bioplastics still represent less than one percent of the more than 390 million
tonnes of plastic produced annually. However, contrary to a slight decrease in the over-
all global plastic production, bioplastics market has continuously grown (European
Bioplastics e.V., 2022).

Almost every conventional plastic material can be replaced by bioplastic alter-
natives. In recent years, biodegradable polymers (plant proteins, polysaccharides, and
lipids) from renewable resources, such as agro-industrial by-products, waste, or flours
which naturally contain these polymers in the matrix, are being used for preparing
biobased films for food packaging as an alternative to petroleum derived polymers
(Peron-Schlosser et al., 2021).

Using one of the above-mentioned biomaterials the edible coating or film can
be created whether by wet (casting) or dry (extrusion) processes, mostly combined
with other biopolymers with added plasticizers (sorbitol, glycerol) . The advantages of
using the casting method include, among others, ease of handling without a specialized
equipment, homogenous casted solution, fewer defects on films and optical purity
(Suhag et al., 2020).

Polysaccharide-based edible films possess good oxygen barriers. However,
these films, as well as protein-based edible films, have poor moisture barriers because
of their hydrophilic nature. On the contrary, lipid-based edible films have good mois-
ture barrier, but low mechanical properties due to their hydrophobicity (Barrett et al.,
2010).

Packaging films and coatings made of natural biopolymers are particularly in-
teresting due to their biodegradability, since most of these products have a relative
short service life and end up in landfills (Peelman et al., 2013). For plastic product to
be considered as biodegradable is needed to be fragmented i.e., shortening and weak-
ening of polymer chains under the influence of heat, moisture, sunlight, and/or en-
zymes and mineralized i.e., complete assimilation of plastic fragments by the micro-
bial population in the disposal environment (Havstad, 2020).

The agricultural by-products with composition rich in proteins and carbohy-
drates e.g., wheat bran, germ, low-grade flours have also a high potential to be used in
biotechnological processes and biodegradable packaging development and thus pre-

sent promising biobased agents of further studies (Peron-Schlosser et al., 2021).




2 Literature review

2.1 Biopolymers

Biopolymers are the types of polymers that are produced by living organisms.
These polymeric biomolecules that we get from crops and the sea (plants and animals)
are the ones most commonly used. Furthermore, they can come from some bacteria
strains (Yadav et al., 2015).

According to the method of production or their source, biopolymers are 3
groups. First group are polymers derived directly from vegetal or animal biomass such
as polysaccharides and proteins. Secondly, polymers produced by classical chemical
synthesis using renewable bio-based monomers such as polylactic acid (PLA) as raw
materials. And third group: polymers synthesized by microorganisms such as polyhy-
droxyalkanoates (PHAS), cellulose, xanthan, and pullulan (Nair et al., 2016). Polysac-
charides (cellulose, starch, and chitin) and proteins (casein, whey, collagen, and soy)
are examples of the biopolymers that are mostly used for preparing biodegradable ma-
terials (Yadav, 2015).

The biodegradability of polymers is consider depending on capability of un-
dergoing decomposition into CO2, CH4, H20, inorganic compounds, or biomass
through predominantly the enzymatic action of microorganisms. Some of these poly-
mers can also be compostable, which means decomposition takes place in a compost
site at a rate consistent with known compostable materials (Peelman et al., 2013).

The advantage of biodegradability finds an assertion in many industries from
which the most important are food production, packaging, and medicine. Some bio-
plastic materials from biopolymers can even directly replace synthetically derived ma-
terials in traditional applications, whereas others possess unique properties that could
open up a range of new commercial opportunities. In recent years, biodegradable pol-
ymers, captured from renewable resources, such as agro-industrial like orange waste
(Batori et al., 2019), potato peel and sweet lime pomace (Borah et al., 2017), sugar
beet and bagasse (Simkovic et al., 2017), cassava bagasse (de Carvalho et al., 2019),
or marine resources like chitin extract from shrimp shells (Lopez et al., 2014), have
been used as an alternative to petroleum derived polymers. Another alternative to bio-
degradable film production is to use flours, which are complex mixtures where starch,
protein, lipids, and fibers are naturally present in the matrix (Daudt et al., 2016;

Orsuwan & Sothornvit, 2018). The excellent characteristics of these films stem from
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the natural and intrinsic molecular interactions taking place between their components

(Peron-Schlosser et al., 2021).

2.1.1 Plant polymers

Plants naturally produce a number of structural and carbonreserve polymers.
Polysaccharides are estimated to make up to 70% of all organic matter. The main con-
tent represents cellulose for about 40 % of total organic matter, lignin which comprises
15-25% of a typical woody plant, and starch which is also a major component of global
biomass (Miyata, 1994). A number of natural polymers have been exploited for com-
modity manufacturing, and most of these products retain the inherent biodegradability

of their carbohydrate building blocks.

2.1.1.1 Cellulose

Cellulose is a linear polymer of B-1,4-linked D-glucose. In the case of quantity
cellulose is the most widely spread natural polymer on Earth (Mooney, 2009). It is a
structural polysaccharide derived by a delignification from wood pulp or cotton linters
for industrial processes (Peelman et al., 2013). In addition to higher plants, acetic acid
bacteria can also synthesize cellulose but unlike plants it is pure while cellulose from
plants is typically mixed with lignin, hemicelluloses, and pectin.

Addition of the biopolymer cellulose to biobased films can improve properties
in the way of chemical and mechanical properties such as high crystallinity, a high
degree of polymerization, high water-absorbing and water-holding capacities, high
tensile strength, high elasticity, excellent biocompatibility, and biodegradability. Cel-
lulose is the main raw material for paper, cardboard, and textiles made of cotton, flax,
or other plant fibres production. It is also used as a component of fibres, films, and
cellulose derivatives. In fact, the first industrial polymers (celluloid, cellophane) were
based on cellulose (Miyata, 1994). The cellophane is prepared from wood pulp using
NaOH to break down the crystalline structure, followed by gelling with acid. Despite
being mostly replaced by synthetics, it is still used in some food packaging applica-
tions, where, for example, the cellophane is impregnated with an antibacterial peptide,
nisin, and used to wrap fresh meat. At the other hand, the field of cellulose-based ma-

terials is today still not fully explored (Mooney, 2009).




There is a chemical similarity between starch and cellulose thus they can pro-
vide a strong interaction e.g., incorporated cellulose is well cemented in the plasticized
starch polymer matrix. Due to highly crystalline and hydrophobic character of the nat-
ural fibres it causes a positive effect on the water permeability e.g., decrease the water
vapor transmission by increase the diffusion path length through the film (tortuous
path). However, this effect can reverse on adding too many fibres, causing congrega-
tion (Peelman et al., 2013).

Nowadays paper and board, based on cellulose, are the most widely used re-
newable packaging materials. According to cellulose-based films, they are produced
commercially, of which cellulose acetate is the most commonly used for packaging

several food products e.g., fresh produce, baked goods (Pothet, 2014).

2.1.1.2 Starch

After cellulose, starch is the most widely spread organic compound found in
nature. Starch is a carbohydrate, a polysaccharide that serves as an energy reserve in
plants such as oats, barley, wheat, potato, or pea. Starch consists of two major compo-
nents, amylose (10-30 %) and amylopectin (70-90 %) (Sone Aung et al., 2018). Am-
ylose is linear polysaccharide, while amylopectin is highly branched, so starch can be
regarded as a crystalline material (Nair et al., 2016).

As starch is one of the cheapest and most abundant agricultural products, com-
pletely degradable, these properties lead to exploring starch as a polymer for various
applications. The major of commercial starch is derived from corn, potato, wheat, rice,
and barley, because these plants contain large amounts of starch, usually between 60%
and 90% of the dry weight (Miyata, 1994). But due to poor mechanical properties
(such as brittleness) and hydrophilicity, better characteristics are achieved if the starch
is blended with more waterproof polymers or if it is chemically modified. One of the
key issues in the processing of starch-based materials is also low thermal stability. The
thermal decomposition and stability depend on starch microstructures i.e., amyl-
ose/amylopectin content and molecular weight, as well as on modification and pro-
cessing conditions (such as open, sealed, and shear stress). Therefore, to produce a
starch-based film, high water content or plasticizers (e.g., glycerol, sorbitol) are nec-
essary. These plasticized materials are called thermoplastic starch (TPS) and constitute

an alternative for polystyrene (Peelman et al., 2013).




Applications of starch-based materials include products for loose-fill packag-
ing, various types of bags and sacks e.g., shopping bags, refuse sacks, and bags for
biowaste storage. Another material from starch is for flexible and rigid packaging e.g.,
nets for fresh fruit and vegetables, thermoformed trays and containers. Mulching film,
plant pots or hygiene products and cosmetics products e.g., nappies and sanitary prod-

ucts can also include starch (Platt, 2006).

2.1.1.3 Plant proteins

Proteins are heteropolymers whose monomer units are a-amino acids. The
combinations of the twenty amino acids of which proteins are composed provide an
almost unlimited number of different polymer chains, with diverse physicochemical
properties (Hernandez-Mufioz et al., 2005). Therefore, plant proteins can offer the best
prospects of all the existing biopolymers for the production of packaging materials
(Reddy & Yang, 2013).

Proteins contain a great variety of functional groups which make it possible to
alter them enzymatically, chemically or physically, varying the properties of the ma-
terials obtained in order to adjust them to the specific needs of each application. The
properties for packaging can include good optical effects (gloss and transparency), ex-
cellent fat barrier properties, a high oxygen and organic vapour barrier at low and in-
termediate relative humidities and selective permeability to gases (high CO2/O: per-
meability relationship in comparison with other synthetic polymers) and moderate me-
chanical properties (Hernandez-Muiioz et al., 2005). In contrast, the main drawback of
materials made from plant proteins is their great sensitivity to water, which can affect
their mechanical properties e.g., oxygen barrier and even their integrity. However, the
hydrophilic attribute of these materials can be used positively for the development of
active packaging by supporting the release of functional compounds into the material
(Lopez-Rubio et al., 2004).

Among proteins of plant origin, corn zein, wheat gluten, soya protein, and pea-
nut protein are the most commonly used substances for preparing a biodegradable ma-
terial. For example, soya protein was mostly used as s filler, which reduced the price
of plastics based on oil. Today, it is still used, this time with the purpose of increased
biodegradability of plastics. In comparison to plastics from casein, zein, and glycine,

soya protein is also economically competitive (Yamada et al., 2020).




2.2  Biobased films production

2.2.1 Formation of films

Edible materials are developed from various types of biopolymers such as pol-
ysaccharides, proteins, lipids, and composite material (Suhag et al., 2020). Polysac-
charide-based materials such as e.g., starch and cellulose, proteins like corn zein, soy
protein and lipid-based materials such as polyethylene wax, rice bran wax are used to
develop coatings or films to enhance shelf life, improve the post-harvest quality of
fruits and vegetables and other food products (Barrett et al., 2010).

Using one of the above-mentioned biomaterials the edible coating or film can
be created whether alone or combined with other biopolymers with added plasticizer.
Commonly used plasticizers are glycerine, propylene glycol, sorbitol, sucrose, poly-
ethylene glycol, and corn syrup (Kumar & Neeraj, 2019). It is a necessary ingredient
for edible films made from polysaccharides and proteins, due to the extensive interac-
tions among polymeric chains, in order to make materials more flexible and processa-
ble (Suhag et al., 2020).

The chemical and structural properties of film forming biopolymers and plas-
ticizers, or other additives should be understood well and adapted for future specific
applications. However, it is always meant to be flavourless, colourless and should not

interfere with sensory prospects of the food product (Viana et al., 2018).

2.2.1.1 Casting method

One process for obtaining an edible film is called casting method. It is the most
commonly used method for a film formation at laboratory and pilot scales and was
also chosen for the practical part of this thesis. It is based on three steps, solubilization
of biopolymer in a suitable solvent as a first step, casting of the solution in the mould
and at last drying of casted solution resulting in easily peeled edible films with an
excellent mechanical strength, barrier properties, thermal stability, and uniform micro-
structure (Fakhouri et al., 2013). The thickness, transparency, opacity, swelling degree,
thermal stability, mechanical strength, oxygen transmission rate (OTR), water vapor
permeability (WVP), and biological characteristics are the most important parameters
of edible films (Khanzadi et al., 2015).

The key advantages of casting method are e.g., easy handling without a spe-

cialized equipment at low cost, homogenous casted solution, causing small and fewer
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defects on films, optical purity. There are also some drawbacks of this method e.g.,
different evaporative levels and temperatures can lead to films with different features
being produced or challenges how to convert film production from laboratory to pro-
duction scale because many variables, like, heating, combination of speed and temper-
ature, could cause quality differences and prevent the constant development for com-

mercial scales (Suhag et al., 2020).

2.2.1.2 Extrusion method

Extrusion method is another method which can be used for preparing polymeric
films and it represents one of the major techniques currently in use at commercial scale
(Hernandez-1zquierdo & Krochta, 2008). It is based on three zones: the feeding zone,
the kneading zone, and the heating zone, respectively. This method uses a minimum
content of water or solvents; therefore, it is also called a dry process. As well as in
casting method, to increase film flexibility, plasticizers are also needed. Polyethylene
glycol, or sorbitol are the main plasticizers used for extrusion. The strain, temperature,
and density of the mixture increase when the ingredients pass to the kneading zone.
Some parameters e.g., moisture content of the film components, screw speed, temper-
ature, pressure, energy input are critical for the process in order to achieve final prod-
ucts with desirable properties (Fitch-Vargas et al., 2016).

Compared to casting method, there several advantages e.g., short time of pro-
cessing with a low energy consumption, enhanced mechanical and optical properties,
high performance, generation of wide range of forms. On the other hand, the disad-
vantages of extrusion method are higher initial cost of specialized equipment and a
higher maintenance cost affect the usage of this process, and also limitations of raw
material blends features, that means they should be temperature tolerant and have a

low level of moisture (Suhag et al., 2020).




2.3 Food packaging
2.3.1 Application of bioplastics

The most used application techniques are (A) dipping, (B) spreading, (C)
spraying, and (D) wrapping, as illustrated in figure 1. Edible coatings can be directly
applied on the surface on fruits, vegetables, and other food products, while edible films
are used as a wrapping packaging material (Diaz-Montes & Castro-Mufioz, 2021). The
various types of edible coatings have been already applied to enhance or extend shelf
life as well as to improve post-harvest physiological properties of food products such

as fruits and vegetables, fresh meat cuts or meat and fish products (Sone Aung et al.,
2018).

S\

Figure 1. Main techniques used for food coating (Diaz-Montes & Castro-Muiioz 2021).

2.3.2 Biodegradation

Most of biobased packaging materials are biodegradable and biocompatible.
These packaging materials can be degradable by microbial, enzymatic, or chemical
process (Nair et al., 2016). In general, biodegradation consists of two stages: fragmen-

tation and mineralization. As fragmentation are considered i.e., shortening and weak-




ening of polymer chains under the influence of heat, moisture, sunlight, and/or en-
zymes. Otherwise, mineralization represents complete assimilation of plastic frag-
ments by the microbial population in the disposal environment (Miyata, 1994).

The course of biodegradability depends not only on the external environment
but also on the on the raw materials e.g., chemical composition, and the structure of
the final product.

For plastic product to be considered as biodegradable is needed to be both frag-
mented and mineralized. Moreover, the plastic fragments should not represent risks in
the environment unless they are completely assimilated by the microbial populations

present in the disposal system in a relatively short period (Havstad, 2020).

2.3.3 Limitations

Besides the fact that application of biopolymers based edible coating on food
products acts as a barrier layer against gas diffusion, water migration, aroma changes
and different solute exchange, there are, some limitations related to their properties
(Sone Aung et al., 2018). Because of the hydrophilic nature of starch and cellulose,
packaging materials based on these materials have a low water vapor barrier, which
causes a limited long-term stability and poor mechanical properties (sensitive to mois-
ture content). Other drawbacks are bad processability, brittleness and vulnerability to
degradation. Brittleness (due to high glass transition and melting temperatures), stiff-
ness, poor impact resistance and thermal instability are finally also factors limiting the
application of biobased films as food packaging. Therefore, many studies also focus
on improving the functionality of bioplastics. These improvements include e.g., addi-
tional thin layer of another material on top of the biobased film or incorporation of
nanoparticles (Peelman et al., 2013).

Most of these characteristics of edible films and coatings are relevant; however,
the biological protection of food is one of the most important since it directly affects
the shelf- life of the product (Diaz-Montes & Castro-Muiioz, 2021). Therefore, it is
necessary to inhibit or eliminate bacterial or fungal microorganisms (as well as their
derivatives) that can cause or accelerate putrefaction in food due to the action of their
enzymes and by-products produced from their metabolism (e.g., gases) (Rawat, 2015).

Moreover, epidemiological studies have analysed different bioactive molecules (e.g.,




flavonoids and phytoestrogens), which in fact have been recognized by their antioxi-
dant, antimutagenic, anti-inflammatory, anti-cancer, apoptotic, and anti-cholesterol ef-
fects. Thus, various researches have been specifically focused on incorporating a wide

variety of these bioactive compounds into edible films (Castro-Muiioz et al., 2020).

2.3.4 Environmental footprint

Edible film is also known as eco-friendly packaging material, which replaces
synthetic or plastic packaging material and reduces post-harvest losses of agricultural
products (Suhag et al., 2020). According to the United States Department of Agricul-
ture (USDA, 2020), wheat processing is one of the most prominent among the various
agro-industrial segments. The agro-industrial waste or by products coming from e.g,
wheat, soybean or any other plant production are generally used for the processing of
animal feed or adhesive in manufacturing industry, even with its composition rich in
proteins and carbohydrates with high potential for use for biotechnological application

(Frantz et al., 2019), and biodegradable packaging development (Drakos et al., 2018).
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3 Aims of the Thesis

The main aim of the thesis was to evaluate the feasibility of the production of
sustainable and biodegradable films for food packaging made from raw plant materials

using casting method.

Specific objectives were:

a) Optimization of the steps of the casting method for films preparation based on the
use of different types of flours, determination of their physical properties (colour,
cohesiveness, elasticity).

b) Preparation of biobased plastic material from selected types of flours, determina-
tion of their physical and mechanical properties (visual and tactile aspects, colour,
thickness, moisture content).

¢) Investigation of the biodegradability of prepared materials based on enzymatic

degradation in water suspension and water itself.
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4 Materials and Methods

4.1 Raw material

The wheat flour (Europasta SE), soybean (full fat) (Paleta, spol. s.r.0.) and soy
(defatted) (Jim Dobte — Ekoprodukt, s.r.o) flours were bought via grocery stores and
the information of crucial nutritional values is given in the table 1. Flaxeed flour was
prepared in the University of South Bohemia in Ceské Bud&jovice laboratory from the
Agriol variety of oilseed flax (harvested in 2018) with a fraction size below 0.315 mm.
The nutritional information has been recalculated from the dry matter determination.
Sorbitol (Thermo Fisher Scientific, 97 %), was used as plasticizer and distilled water

as a solvent.

Table 1. Crucial nutritional values of different types of flours used.

Proximate composition of (per 100 g)

Types of flour

protein (total) fat (total) carbohydrate
Wheat 110g 10g 710¢g
Soybean full fat 345¢g 20.7 g 256 ¢
Flaxseed 33.1¢g 303 ¢ 292 ¢g

4.2  Testing of materials and optimization of bioplastics preparation

In order to obtain suitable plastic materials with ideal properties, several types
of flours were tested and also a desirable value of concentrations were set. Moreover,

some techniques of the casting method have been modified.
4.3 Casting technique

Films were prepared by the casting technique. An aqueous suspension of flour
(8.0% w/w), sorbitol (4.0% w/w) was stirred and heated up to 80 °C on the magnetic
stirring hotplate (Heidolph MR 3001 K — 800 W, Germany) with set conditions of 300
°C and 1000 rpm. Next, the suspension was spilled into 50 ml centrifuge tubes and put
into the centrifuge (Rotina 420R) with set up conditions of 4500 rpm for 10 minutes.
Then, the unsettled portion was poured into a 500 mL beaker and the suspension was

stirred. After that, silicone plates (128 x 10 mm) were prepared and the 34 +2 g of
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suspension was poured and spread on them. Finally, the films were dried at 35 °C in a
dryer (Memmert, Germany) for 48 h, peeled from the plates, and stored at 25 °C in

desiccators before the analysis.

4.4 Characterization of films

4.4.1 Thickness, visual, and tactile aspects

A digital micrometer was used to assess the thickness of the films. The values
were obtained by measuring from seven random points on the surface of the material

and their arithmetic average including standard deviation was recorded.

The visual and tactile qualities of the films were evaluated subjectively. The
focus was on handleability (handling capacity of the film without breaking it); conti-
nuity (the absence or presence of breaks in the film); homogeneity (uniformity of the

film); adhesivity (if the film is sticky or not), and transparency (how clear is the film).

4.4.2 Colour

The colour analysis was detected using a pre-calibrated colorimeter ColorEye
XTH (X-Rite (Gretag-Macbeth), USA) operating in the CIELab system (L*, a*, b*)
using calibrated colorimeter operating in this system. Each sample was placed on a
white paper background and measurements were taken at three random points on the

film surface. White standard was L* =97.14, a* = -0.26, b* = 2.6.

4.4.3 Moisture content

The moisture content was determined by the drying method at 90 °C for 24 h
(dryer Memmert, Germany). Samples from each type of flour and their repletion
measures (A, B, C, D, E) were cut, their weight was measured using analytical bal-
ances (before and after drying and resulting values were used for calculation according

to Equation (1):
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4.5 Biodegradability
4.5.1 Solubility in water

The prepared samples of edible films were cut into squares (20 x 20 mm). The
samples were weighed (W) and placed in 10 mL of distilled water thermoplastic ves-
sel. Then the samples were stored at 25 °C in thermostat for 24 h. After 24 h of storage,
the samples were dried again for 24 h under 90 °C and the dry residue was weighed

(W¢). Finally, solubility (S) was calculated according to Equation (2):

(W; —W;) % 100
4

S(%) =

4.5.2 Solubility in the water with added enzyme

The solubility in water with added enzyme: pronase E from Streptomyces
griseus — 4000 000 PU/g (Merck, Germany) was determined by the drying method at
90 °C for 24 h (dryer Memmert, Germany). Before drying, the samples were dissolved
in 10 mL destilled and 1 mL of 20% and stored in thermostat for 24 h. After drying
the samples were weighed again and solubility (S) was calculated according to Equa-

tion (2).

4.6  Statistical analysis

The results were evaluated by one-way analysis of variance (ANOVA) using
the software Statistica 13.0 (TIBCO Statistica Ultimate Academic). Fisher LSD test
was performed to compare the results, expressed by mean () standard deviation, at

the level of significance of 0.05.
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5 Results

5.1 Testing of materials and optimization of bioplastics preparation
Flours from cereals - wheat

The first testing on wheat flour was mainly based on the difference in the re-
sulting properties when sorbitol and glycerol were used at the same time and only
sorbitol was used. The concentrations were as follows: 6% cr; 3% c,; 1% c, for variation
one and 6% cr; 4% c, for variation two. The techniques of casting method which
changed during other testing included: stirring the suspension for 1 minute, water bath
for 10 minutes (80 °C), pouring 20 g and 10 g of suspension on plastic petri dishes (86
x 10 mm), and 24 hours in dryer (35 °C). The result was a material that was difficult
to peel off and brittle, less translucent, not cellular, with cracks. Nevertheless, a better
result was obtained in a variation of the suspension with sorbitol only, when 20 g were
poured onto petri dish.

Second testing included concentrations: 8% cr; 4% c.. Instead of heating the
suspension in a water bath, it was heated up to 80 °C and stirred on the magnetic stir-
ring hotplate (Heidolph MR 3001 K — 800 W, Germany), and 23 g of suspension
poured on plastic petri dishes (86 x 10 mm). The drying temperature has not changed
(24 hours in dryer (35 °C)). The result was a material with good properties but non-
transparent.

Therefore, a centrifuge was used in the third measurement. The suspension of
the given concentrations (8% cr; 4% c,) was centrifuged after heating and mixing and
34 + 2 g of unsettled solution was poured onto silicon moulds (128 x 10 mm). It stayed
in the dryer for 48 hours (35 °C) because of its larger volume. Resulting material was
easily peelable, with good transparency, flexible, no adhesiveness, and excellent con-
tinuity. Thus, wheat flour was selected for further testing of its repetitions and bio-

plastic material properties were discovered.
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Flours from cereals - rice and corn

First, testing was carried out under the same conditions of concentration values
and steps of the casting method as for wheat in the second measurement, except for
rice where, in addition to rice flour, flaxseed mucilage was added to the suspension
(3% c,; 1% of mucilage). In a comparison of the resulting materials, rice flour with
added mucilage was more flexible. However, both materials were still poorly peelable,
fragile, inflexible, but with good transparency.

For the second time, these materials were tested on silicone moulds without
added slimes under the same concentration conditions and casting method steps as for
wheat in the third measurement. The results showed in both cases very thin , brittle
materials that could not be separated from the mould. Therefore, none of these mate-

rials were further used.

Flours from oilseeds — flaxseed

Flaxseed flour was tested the same way as wheat flour and its properties of
resulting films were also very similar therefore flaxseed was used to further determi-
nation of its films.

Interest was also directed to the linseed mucilage itself. The mucilage was
tested separately under suspension concentrations of 1% c; 4% c,, heating up to 80 °C
on the magnetic stirring hotplate (Heidolph MR 3001 K — 800 W, Germany) then pour-
ing 23 g of solution on plastic petri dishes (86 x 10 mm) and dried for 24 hours at 35
°C in dryer. However, the resulting material was fragile, inflexible and poorly peelable

therefore it was not used for further studies.

Flours from oilseeds — milk thistle and hempseed

Milk thistle flour was tested under concentration conditions of 8% cr; 4% c..
The steps of casting method were stirring and heating the suspension up to 80 °C on
the magnetic stirring hotplate (Heidolph MR 3001 K — 800 W, Germany) then pouring
23 g of solution on plastic petri dishes (86 x 10 mm) and dried for 24 hours at 35 °C

in dryer. These films were poorly peelable, very adhesive, inflexible, crackled, firm.
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As for hempseed flour, secondly, the conditions such as suspension of the given
concentrations (8% cg; 4% c,), centrifuging after heating and mixing, 34 + 2 g of un-
settled solution pouring onto silicon moulds (128 x 10 mm) and drying for 48 hours at
35 °C, were also tested. Resulting material was none peelable, transparent, nonflexible,
very adhesive. Thus, neither milk thistle nor hempseed flour were used for further de-

scriptions of feasibility of production biobased plastics.

Flours from oilseeds — soybean defatted and soybean full fat

Soybean defatted and soy full fat flours were tested under same conditions as
third measurement of wheat flour. However, resulting films were different. Soybean
full fat flour had suitable properties (easily peelable, good handleability, continuous,
homogeneous, little adhesive, and transparent), on the other hand, soybean defatted
flour was poorly peelable, very sticky, therefore it could not be possible to get material

for further handling. Therefore, soybean full fat flour was chosen to additional testing.

Pea protein

Pea 100% protein was also a subject of observation in testing the production of
bioplastics by the casting method. This testing included concentrations: 1.6% cr; 4%
c.. Steps of casting method were stirring and heating the suspension up to 80 °C on the
magnetic stirring hotplate (Heidolph MR 3001 K — 800 W, Germany) then pouring 23
g of solution on plastic petri dishes (86 x 10 mm) and dried for 24 hours at 35 °C in
dryer. However, the resulting film had negative properties for further handling (non-

peelable, very oily, and adhesive).

Potato starch and protein

The first testing on potato starch and protein was based on their mix 1:1. The
concentrations were as follows: 6% (1:1) cg; 3% c,; 1% c, for variation one and 6%
(1:1) ci; 4% c,for variation two. The techniques of casting method included: stirring
the suspension for 1 minute, water bath for 10 minutes (80 °C), pouring 20 gand 10 g

of suspension on plastic petri dishes (86 x 10 mm), and 24 hours in dryer (35 °C). The
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result was a material that was difficult to peel off and brittle, less translucent, not cel-
lular, with cracks.

Secondly, potato starch and protein were used separately under concentrations:
8% ci, 4% c(potato starch) and 1,6% ci; 4% c, for potato protein. The suspension was
heated up to 80 °C and stirred on the magnetic stirring hotplate (Heidolph MR 3001 K
— 800 W, Germany), and 23 g of suspension poured on plastic petri dishes (86 x 10
mm). Then, it dried 24 hours under 35 °C in the dryer. Resulting materials were poorly
peelable, fragile, inflexible (potato starch) and oily, sticky, greasy, inseparable (potato
protein).

Third measurement of these components also involved their mix (1:1) but un-
der concentrations of 8% (1:1) cs; 4% c, and with same conditions, which were used in
the third measurement for wheat flour. Even though silicon forms were used, the final
film was very fragile, therefore, neither potato starch nor potato protein or their mix
were further studied.

After evaluating all the optimization results, the following flours were selected

for film formation: wheat, flaxseed and soybean full fat.
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5.2  Visual and tactile aspects

Wheat flour

Considering the visual appearance, materials made from wheat flours showed
the best properties i.e., good handleability, no breaks in the film, excellent homogene-

ity, no adhesiveness, excellent transparency and whitish.

Figure 2. Five repetitions (A, B, C, D, E) of films made from wheat flour.
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Flaxseed flour

Excellent handleability, no breaks, but several residues appeared on the surface
of the film, excellent homogeneity, no adhesiveness, excellent transparency and yel-
lowish colour were determined as visual and tactile properties of flaxseed flour bi-

obased films.

Figure 3. Five repetitions (A, B, C, D, E) of films made from flaxseed flour.
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Soybean flour — full fat

The properties of soybean full fat flour films included excellent handleability,
excellent continuity, excellent homogeneity, adhesiveness, good transparency, and

yellowish colour.

Figure 4. Five repetitions (A, B, C, D, E) of films made from soy full fat flour.
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5.2.1 Colour

Table 2. Colour design of individual samples according to L*, a*, b* values.

Run Wheat flour Flaxseed flour Soybean flour - full fat
A

L*=92.29 L*=90.92 L*=89.08

a*=242 a*=-2.20 a*=-2.58

b*=-9.19 b*= 4.93 b*=10.19
B

L*=92.76 L*=90.54 L*=90.25

a*=2.40 a*=-3.45 a*=-1.86

b*=-9.35 b*=9.06 b*=7.64
C

L*=92.19 L*=89.27 L*=90.13

a*=231 a*=-4.48 a*=-2.14

b*=-8.71 b*=14.16 b*=7.64
D

L*=92.63 L*=90.10 L*=89.80

a*=2.48 a*=-3.95 a*=-2.16

b*=-9.72 b*=11.14 b*=7.89
E

L*=93.07 L*=89.79 L*=89.36

a*=2.71 a*=-4.20 a*=-2.46

b*=-10.36 b*=12.48 b*=10.01




Table 3. Analysis of colour attributes (L*, a*, b*) depending on the different films.

Film L* a* b*

(mean = SD) (mean £ SD) (mean = SD)
Wheat 92.59 + 0.36" 2.46 £0.15 -9.47 + 0.62°
Flaxseed 90.12 + 0.64° -3.65 + 0.90° 10.35 + 3.56°
Soybean full fat ~ 89.72 + 0.50" -2.23+0.27° 8.70 + 1.35°
p 0,0000 0,0000 0,0000

Different superscript letters (*°) within the same column indicate significant differences

between the films (p < 0,05).

The colour values of the obtained edible films are presented in Table 2 and
subsequent analysis of the values are given in Table 3. The results show that the lowest
brightness, 89.72 (parameter L*), and the darkest colour were found for the film made
from soybean full fat flour. The highest value of the L* was obtained for the wheat
flour edible film (92.59).

Positive values of the a* parameter indicate a greater proportion of red, while
negative values indicate the presence of a greater proportion of green. The positive
values for a* were observed in films made from wheat flour. On the other hand, the
negative colours were found in films made from flaxseed and soybean full fat flour.

As for b* parameter, positive values indicate greater proportion of colour yel-
low and negative values colour blue. Negative values were found in wheat flour films,
flaxseed and soybean flour films represent positive values of parameter b*.

The differences in the colours of the edible films are also proved by statistical
analysis, that there is a significant difference between colour and type of flour used
among all colour parameters (L*, a*, b*). For parameter L*, films made from wheat
flour and soybean full fat flour films differed from each other, as did films made from
flaxseed flour. Moreover, films made from flax and soybean full fat flour did not differ
in parameter L*. For parameter a*, all the films differ from each other and as for pa-

rameter b*, the difference was the same as for parameter L*.
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5.3  Physical properties
5.3.1 Thickness

A greater thickness was characterized for soybean full fat and wheat films (0.20

mm) than for flaxseed, which was 0.3 mm thinner on average (Table 4). Despite the

statistical evaluation, no statistical significance was found among different film types.

5.3.2 Moisture content

The tested edible films had a moisture content of 6.32 — 14.74 %. Higher values
were found in soybean full fat (14.74 %) and flaxseed flour films (10.95 %). The film

made from wheat flour had the lowest moisture content (Table 4). Statistical evaluation

did not show any statistical significance, however, according to LSD Fisher test, a

significant difference was found between wheat flour and soybean full fat flour films

and at the same time between soybean full fat flour and flaxseed flour films.

Table 4. Analysis of films related to their thickness and moisture content.

Film Thickness Moisture content
mean = SD (mm) mean £ SD (%)

Wheat 0.20 + 0.05 6.32 +2.34°

Flaxseed 0.17 +0.02 10.95 + 4.59%

Soybean 0.20+ 0.06 14.74 + 7.49°

p 0.5939 0.0758

Different superscript letters () within the same column indicate significant differences

between the films (p < 0,05).

24



5.4 Biodegradability
5.4.1 Water solubility

The solubility in water represented values from the lowest 78.12% (wheat flour
films) to the highest 87.10% (flaxseed flour films) (Table 5). Despite the statistical

evaluation, no statistical significance was found among different film types.

Table 5. Analysis of films under water solubility and solubility in water with pronase conditions

Film Water solubility Solubility in water with pronase
mean + SD (%) mean = SD (%)

Wheat 78.12+26.73 91.05+3.95

Flaxseed 87.10 £ 3.48 90.36 + 3.95

Soybean 86.65 £3.33 88.10 £ 3.76

p 0.6070 0.4098

5.4.2 Solubility in water with added enzyme

The effect of the pronase enzyme was reflected in the fact that the most soluble
films were from wheat flour and the least soluble from soybean full fat flour. Despite

these differences, statistical significance was not proven.
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6 Discussion

6.1  Visual and tactile aspects

It has been shown that it depends on the nutritional composition of the individ-
ual flours. Since some flours, even though the plants from which they come, belong to
the same plant family, it does not follow that they will have the same properties. For
example, wheat, corn, and rice belong to the cereal family, but the films showed dif-
ferent properties in the resulting film. The problem could be found in the individual
composition of the plants and also the type of plasticizer used. For example, gluten
confers elastic properties owing to the presence of disulfide-linked glutenin chains.
This may result in better handling of the material due to its greater flexibility compared
to plants that do not contain gluten.

Moreover, the composition in terms of fats, carbohydrates and proteins is also
important. It has been observed that proteins cause the stickiness of the resulting ma-
terial, lipids create the cohesion of the material and sugars cause its strength. It is there-
fore important that materials have a balanced ratio of these nutrients. And that there is
no predominance of one or the other. This has been observed using 100% pea protein,
where the resulting film was very sticky and therefore unusable for further observation.
As for the full-fat flour and defatted soybean, here the importance of lipids and proteins
in film formation was observed. The defatted soya flour, which contained a minimum
of lipids and more proteins than the full-fat flour, formed a material that was difficult
to peel off from the mould, and when it was joined, it could no longer be peeled off.

In this research combination of glycerol with sorbitol and subsequently only
sorbitol as a plasticizer was tested. It was observed, the combination of glycerol and
sorbitol made cracks in the films. This confirms a study of Drakos et al. (2018), which
says that films produced based on wheat flour had their mechanical properties de-
creased with increased concentration of glycerol. Furthermore, the difference between
glycerol and sorbitol is in their chemical structure. Glycerol has only three hydroxyls
to interact with the hydroxyls of polymers, on the other hand, sorbitol has six hydrox-
yls, allowing hydrogen bonds that are linearly oriented in the solution. This leads to
more fragile structure due to the discontinuity of the chain in case of glycerol and better

stable structure in case of sorbitol.

26



6.1.1 Colour

The colour of edible films is a very important parameter influencing the ac-
ceptance of products by consumers, therefore, transparent, bright and almost invisible
films are mostly expected. The colour of the films obtained varied depending on the
type of flour used (Mikus et al., 2021)

In order to achieve greater transparency of the material, centrifugation of the
suspension was used and only the un-suspended portion was removed to produce the
biofilm, which was reflected in the results. Without the use of the centrifugation
method, the resulting film formed from the flour would have been almost opaque, as
mentioned by research of Daudt et al. (2016). Transparent films can be considered
desirable for foods which are not susceptible to reactions catalysed by light e.g., lipid
oxidation, degradation of vitamins (Thorah et al., 2013).

In this research all the films had high values of L* > 89 comparable to the study
of Peron-Schlosser et al. (2021). But the difference between this study and the Peron-
Schlosser et al. (2021) research is that his team looked at the use of glue flour as a by-
product of wheat flour production, and this study, on the other hand, used wheat flour
as the main raw material.

Wheat flour films had a whitish colour which was also reflected in the values
for colour parameters a* and b*, same situation showed films made from flaxseed and
soybean full fat flours. In the other hand, they were yellowish and that is why they
differed from wheat flour films, the parameter b* had positive values i.e., greater val-
ues for yellow colour. In general, the difference in the colours of the edible films de-

pends on the type of flour used, which was proved by statistical significance.

6.2  Physical properties
6.2.1 Thickness

As research of Mikus et al. (2021) says ,,The differences in thickness of each
type of films may have been due to the different densities of the prepared film-forming

solutions, since viscous solutions tend to form thicker layers.”” Although this statement
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seems to be true, statistical significance of differences between flour types based on
their thickness was not confirmed in this work. However, it must be considered that
here the centrifugation method was used and only the unsettled part of the prepared

homogeneous mixture was used as the film-forming solution.
6.2.2 Moisture content

Films that were higher in fat and protein and lower in carbohydrates had higher
moisture content. On the other hand, films prepared from wheat flour, which had the
highest carbohydrate content, had the lowest moisture content. Which leads to the find-
ing and confirmation of the results of the study by Nouraddini et al. (2018) that the
higher water content causes the high amount of hydrophilic components such as pro-
teins, carbohydrates and fiber contained in the flour. The high content of these ingre-
dients induces interactions with water molecules resulting in more water being retained
in the film. Moreover, it is also necessary to consider the length of storage, when water

loss may have occurred.

6.3 Biodegradability
6.3.1 Water solubility

The potential use of biodegradable films as food packaging material may re-
quire a high water resistance to increase the product integrity and to obtain a moisture
resistant material especially for foods with higher water activity. However, portions of
premeasured food (e.g., rice), which will be dissolved in water or heated, may require
films with high solubility (Peron-Schlosser et al., 2021).

,»Although glycerol increases the affinity of films with water molecules, plas-
ticized films with glycerol do not easily dissolve in the presence of water. In turn, films
plasticized with sorbitol are more soluble.” In this work, we used only sorbitol as a
plasticizer, so this information was also reflected in the results of the films, where the
solubility in water was higher than 78%. If glycerol was added to the film-forming

mixture, a lower solubility could be achieved. The most soluble material was soybean
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flour and the least soluble was wheat flour film. Wheat flour contained the most car-
bohydrates; therefore, it was proved that higher the amylose content of the flour the

lower the solubility in water, a founding of Mikus et al. (2021) study.

6.3.2 Solubility in water with added enzyme

A demonstration of an environment in which biofilm degradation would occur
was mediated as an aqueous environment containing the proteolytic enzyme pronase
(EC 3.4.24.4) from Streptomyces griseus, a commonly occurring bacteria in soil. The
solubility was higher than 88% and also, values of each film were higher than in case
of solubility in water. Thus, it was proved that the effect of 2% pronase in aqueous
environment is capable of breaking the crosslinks of polymers. The study of Yamada
et al. (2020) also observed the positive effect of pronase (EC 3.4.24.4) on the degra-
dability of soy protein films in case of structural change, such as a crack and transfor-

mation of biodegraded bioplastic.
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7 Conclusions

In this study, different types of flour were tested for the production of bioplas-
tics by casting method. The optimized conditions for obtaining biofilms were ¢t 8%
and cs 4%, use of centrifugation of the film forming suspension during casting method
to obtain transparent materials and use of silicone moulds for easier removal of the
material. It was found that wheat, flaxseed and soybean full fat flours are promising
alternative sources for production of biodegradable food packaging films. The proper-
ties of these films were excellent handleability, homogeneity, no adhesiveness and
good transparency. Furthermore, all biofilms showed a high solubility in water and a
biodegradable ability in aqueous environment with enzyme pronase from Streptomy-
ces griseus that normally occurs in the soil. Therefore, these biofilms could be further
studied under the conditions of decomposition in soil. Subsequent researches also need
to be carried out to incorporate additives that could improve the barrier and mechanical

properties of the films.
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Appendix 1: Photographic illustrations of casting method

Figure 6. Heating, stirring and temperature control of the suspension
(Tumova 2023)
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Figure 8. Centrifugation (Tumova 2023)

Figure 7. Removal of unsettled solution (Tamova 2023)
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Figure 9. Placement in the desiccator (Timova 2023)
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Appendix 2: Photographic illustrations of tested films

Figure 14. Biofilm from potato starch and Figure 13. Biofilm from soy defatted flour
protein (1:1), using glycerol (Tamova 2023) (Tamova 2023)

Figure 12. Biofilm from flaxseed without Figure 11. Biofilm from 100% pea
centrifugation (Tumova 2023) protein (Tamova 2023)

Figure 15. Biofilm from rice flour
(Tumova 2023)




