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Abstract
For the last decades, the food industry has been searching for cleaner alternatives to petroleum-derived plastics to ensure food 
safety, such as edible films. Although tapioca starch and proteins have good film-forming abilities separately, the combina-
tion of both may enhance their properties. This study aims to investigate the effect of the combination of three concentra-
tions (80:20 w/w, 70:30 w/w, and 60:40 w/w) of tapioca starch and protein (porcine gelatine or whey protein concentrate) 
and three concentrations of glycerol (2% w/w, 2.5% w/w, and 3% w/w) on the mechanical and thermo-sealing properties 
of edible films. Tensile strength, deformation at break, firmness, Young’s modulus, heat-sealing capacity, and the neces-
sary energy to cause an adhesive failure were studied. Results showed that the different combinations of starch, glycerol, 
and proteins allow the formation of materials with a wide range of characteristics. All the tested films showed potential to 
be used as food containers, those obtained from tapioca starch and gelatin were stronger, firmer, and less deformable than 
tapioca starch: whey protein films. More studies should be carried out in order to determine their application, such as water 
affinity, compatibility with food matrices or other substances, and microbiological stability.
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Introduction

Petroleum-derived polymers are widely used for food- 
packaging fabrication, due to their low price, availability, 
easy heat sealability, versatility and resistance to physical 

damage (Otoni et al., 2017). Most of the manufactured plas-
tic is destined to the food industry, where more than 50% of 
the containers used only once before disposal (Zhao et al., 
2020). Therefore, for the last two decades, the packaging 
industry has been searching for cleaner alternatives to ensure 
food safety with a reduced environmental impact (Tian & 
Bilal, 2019). Polysaccharides, lipids and proteins, are being 
investigated as sources for developing edible materials, 
which can be potentially used as food packaging. They are 
compostable, biodegradable, non toxic, and intend to reduce 
the use of petroleum derived plastics (Dhumal & Sarkar, 
2018). These biopolymers can also be used to develop edible 
films, which consist in thin cohesive layers of self-supported 
material that may be applied directly to food surfaces with-
out risks of toxic monomers migration to food products 
(Díaz-Montes & Castro-Muñoz, 2021).

As edible films are developed, it is important to consider 
factors that determine their ability to contain and protect 
food. One of the main functions of packaging is to protect 
food from the surrounding environment, so its mechanical 
behavior and the ability to form durable packages are key 
parameters to be taken into account (Siracusa et al., 2008). 
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The mechanical properties of edible films are affected by 
their composition and processing factors, for example, 
proteins tend to assure mechanical stability, and polysac-
charides, to control oxygen and other gases' permeability 
(Murrieta-Martínez et al., 2018).

Starch is an energy-storage polysaccharide produced by 
plants, consisting of molecules of amylose and amylopectin. 
Tapioca’s (Manihot esculenta) tuberous root is an important 
source of starch. Edible films based on tapioca starch are 
transparent, colorless, tasteless, and flavorless. Neverthe-
less, films made from this source are brittle, so plasticiz-
ers must be used to improve their mechanical character-
istics (Hassan et al., 2018; Ulyarti et al., 2020). Glycerol 
is a hydrophilic, low molecular weight polyol widely used 
as a plasticizer for starch edible films, as it is considered 
non-toxic and compatible with that polysaccharide (Basiak 
et al., 2018). Although glycerol enhances film flexibility, 
it can decrease film strength. It was reported that blending 
starch with proteins may improve film mechanical proper-
ties, due to their complex structures and binding capacity 
(Tongdeesoontorn et al., 2012). Animal-derived proteins, 
mostly obtained as industrial by-products, are promising 
resources to enhance films’ characteristics. For example, 
whey protein is a by-product derived from cheese produc-
tion as a result of casein precipitation and it is composed of 
alpha and beta lactoglobulin, bovine serum albumin, and 
milk fat (Murrieta-Martínez et al., 2018). Whey protein 
films have good mechanical properties, and act as accept-
able gas, aromas, and oil barriers. They are limited by their 
hydrophilicity, needing the use of additives to improve their 
characteristics (Hassan et al., 2018). Gelatine is a protein 
obtained as a product of the partial hydrolysis of collagen 
from animal bones, skin, or connective tissue (Murrieta-
Martínez et al., 2018). Films obtained from gelatine are 
transparent, flexible, and heat-sealable (Liu et al., 2020), 
but tend to present a high sensibility to water, and low per-
meability to water vapor (Suderman et al., 2018).

The combination of more than one biopolymer for the for-
mulation of edible films may lead to the creation of materials 
with improved characteristics compared to those formulated 
based on a single component (Galus et al., 2020). Wang 
et al. (2017) reported that gelatine films improved their 
thickness, transparency, solubility, and mechanical proper-
ties as they were combined with corn starch. Similar results 
were obtained by Ulyarti et al. (2020), showing that the 
addition of gelatine to tapioca-modified starch diminishes 
water vapor transmission rate, transparency, and mechanical 
properties (Pellá et al., 2020). Basiak et al. (2015) showed 
that adding whey proteins to wheat starch films improved 
their flexibility and tensile strength.

The aim of this investigation is to study the mechani-
cal and thermo-sealing properties of edible films based on 
different proportions of tapioca starch and whey protein 

or gelatine. Based on the results, it will be estimated their 
potentiality to be applied in food preservation.

Materials and Methods

Materials

For the development of edible films, tapioca starch (TS), 
whey protein concentrate (WPC), porcine gelatine (PG), 
and glycerol (G) were used. Tapioca starch was provided by 
Industrias del Maíz (Argentina). Whey protein concentrate, 
Lacprodan 80, was provided by Arla Food Ingredients S.A. 
(Argentina). Porcine gelatine (220 Bloom) was provided by 
Gelnex Indústria e Comércio Ltda (Brazil). Glycerol was 
provided by Laboratorios Cicarelli (Argentina).

Film Preparation

Tapioca starch: whey protein concentrate (TS:WPC) and 
tapioca starch: porcine gelatine (TS:PG) edible films were 
prepared as described in Tables 1 and 2, respectively. Glyc-
erol concentrations ranged between 2 and 2.5% w/w, tapi-
oca starch between 60 and 80% of total solids, and protein 
between 20 and 40% w/w of total solids. Water was added 
up to complete 100% w/w. Films were elaborated by the 
casting method (Ollé Resa et al., 2014). Combinations with 
higher and lower proportions of starch: protein than those 
informed were also elaborated in preliminary experiments, 
but they did not form self-supporting films (data not shown).

Corresponding protein and tapioca starch were mixed 
with distilled water and glycerol, in constant agitation. 
Heat was applied at a constant rate of 5.0 °C/min, until 
reaching starch gelatinization temperature (~80 °C) to 
form the film-forming solution (FFS). Then, it was cooled 
at room temperature up to 40 °C, and 8 g were poured onto 

Table 1   Composition of the film-forming suspension used for compos-
ite tapioca starch:whey protein concentrate (TS:WPC) film development

Water (%, w/w) Starch (%, 
w/w)

WPC (%, w/w) Glycerol 
(%, w/w)

93 4 1 2
92.5 4 1 2.5
92 4 1 3
93 3.5 1.5 2
92.5 3.5 1.5 2.5
92 3.5 1.5 3
93 3 2 2
92.5 3 2 2.5
92 3 2 3
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7-cm diameter circular silicone molds. Solvent was evapo-
rated at 37 °C for 48 h in a convection chamber. Once 
films dried, they were peeled off from the molds and, prior 
to the physico-chemical determinations, were stabilized 
at 28 °C in desiccators containing saturated solution of 
sodium bromide (Water activity, aw = 0.575) for 7 days.

Film Properties

Mechanical Properties

Mechanical properties of interest were tensile strength, 
deformation at break, firmness, and Young’s modulus. 
Tensile strength is defined as the maximum stress applied 
to films during mechanical tests before breakpoint. Defor-
mation at break describes the maximum deformation 
reached by films before breakpoint, and may be used as 
an indicator of their flexibility. Firmness is calculated as 
the relationship between tensile strength and deformation 
and break. Young’s modulus is a good indicator of the 
elasticity of films. It is obtained from the initial linear 
slope of the tensile strength-deformation at break curves.

In order to determine the film mechanical properties, 
uniaxial tension tests were performed. Ten rectangular 
samples of films for each formulation were cut, sized 6 
mm in width and 40 mm in length. A digital microm-
eter (Mitutoyo, Japan) was used to measure film thick-
ness in triplicate. To determine the mechanical properties 
of films, tensile tests were performed, using an Instron 
Universal Testing Machine (Instron Corp., Canton, MA, 
USA). Film samples were stretched uniaxially at a con-
stant rate of 0.8 mm/s until breakpoint, setting the initial 
separation between grips at 20 mm. Stress-strain curves 
were recorded, stress at break, strain at break, and firm-
ness were calculated from recorded curves, as follows:

Young’s modulus was calculated as the initial linear slope 
of stress-strain curves.

Heat‑Sealing Capacity

Heat-sealing capacity is an indicator of sealing quality. 
Testing was based on procedures described by López et al. 
(2011) and ASTM F88-00 (2001) standard method. Four 
samples were prepared for each film, cutting two rectangles 
25 mm wide and 50 mm long. They were sealed together by 
one of their extremes, using an impulse-wire thermosealer 
(FS-400, Hualian, China), applying heat for 10 s. Seals were 
cooled and stabilized prior to further determinations.

Films thickness was measured in triplicate. Measures 
of heat-sealing capacity were performed via tensile tests, 
using an Instron Universal Testing Machine. Samples were 
attached to the grips, placing the seal equidistantly and per-
pendicular to the movement direction. Initial separation of 
grips was set at 25 mm. They were stretched uniaxially at 
a constant rate of 0.8 mm/s until the seal was peeled apart.

As described by ASTM standard method F88-00 (2001) 
for adhesive failures, media heat sealer resistance (force/
deformation, expressed in MPa) and necessary energy (J/m) 
to peel the seal were calculated.

Statistical Analysis of Data

Data was analyzed using software Infostat version 2018 
(Universidad Nacional de Córdoba, Argentina). For each 
parameter, differences between samples were analyzed 
through a two-way ANOVA (α: 0.05). A Tukey HSD (hon-
est significance difference) test was performed in two ways:

Between different proportions of biomolecules 
(TS:Protein)
Between different glycerol concentrations.

Results were reported based on their means and standard 
deviation. Graphical representation of data was performed 
using GraphPad Prism version 8.0.0 for Windows (GraphPad 
Software, San Diego, CA, USA, www.​graph​pad.​com).

Stress at break (MPa) =
Rupture force (N)

Transversal sample area
(

m2
)

Strain at break =
Elongation at break (mm)

Separation between grips (mm)

Firmness (MPa) =
Stress at break (MPa)

Strain at break

Table 2   Composition of the film-forming suspension used for com-
posite tapioca starch:porcine gelatin (TS:PG) film development

Water (%, w/w) Starch (%, 
w/w)

Gelatine (%, 
w/w)

Glycerol 
(%, w/w)

93 4 1 2
92.5 4 1 2.5
92 4 1 3
93 3.5 1.5 2
92.5 3.5 1.5 2.5
92 3.5 1.5 3
93 3 2 2
92.5 3 2 2.5
92 3 2 3

http://www.graphpad.com
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Results and Discussion

Film Characterization

Mechanical Properties

Obtained results for tensile strength and deformation at 
break are summarized in Table 3. Firmness and Young’s 
modulus are shown in Figs. 1 and 2, for all the tested 
edible films. The mean and standard deviation of films’ 
thickness are presented in Table 4.

Tensile Strength  For TS:WPC films, tensile strength was 
affected by starch:protein ratio only at 2% glycerol. For films 
containing 2.5% and 3% glycerol levels, no differences were 
observed (Table 3). Films formulated with 60:40 TS:WPC 
ratio at 2% glycerol concentration showed the highest tensile 
strength. Chollakup et al. (2020) found similar results for 
wheat starch and whey protein isolate films: more rigid and 
less flexible structures were those found in films containing 
lower starch concentrations. This behavior may be explained 
by the strong inter- and intramolecular bonds and interactions 
associated to functional groups on protein side chains. Glyc-
erol level had an effect on the parameter: for the 70:30 ratio, 
as glycerol concentration increased, so did tensile strength. 
On the other hand, for 80:20 ratio, glycerol concentration did 
not affect tensile strength. Unless higher glycerol concentra-
tion is expected to have an impact on tensile strength, previ-
ous studies have demonstrated that the use of low glycerol 
concentrations in starch films may have an anti plasticizing 
effect (Chang et al., 2006; Mali et al., 2008), which can be 
possibly attributed to the strong hydrogen bonds formed 
between the polyol and starch (van der Sman, 2019). On the 

contrary, when films were formulated at 60:40, the increase 
in glycerol content reduced the tensile strength.

TS:PG films were influenced by starch: protein ratio 
on tensile strength, for 2% and 3% glycerol levels. Tensile 
strength was higher for 70:30 TS:PG at 2% glycerol con-
centration followed by 80:20 TS:PG ratio, 2% glycerol. 
Tongdeesoontorn et al. (2012) reported a similar behavior 
for composite films based on tapioca starch and gelatine. 
They found that when gelatine was at 30% concentration, 
tensile strength showed the highest value, described as its 
“critical value.” As gelatine concentration was increased to 
40%, tensile strength dropped slightly. The observed critical 
value may be attributed to the highest stability and integ-
rity of films. The decrease of tensile strength observed as 
starch concentration was increased beyond the critical value 
may be associated to the formation of starch intramolecular 
hydrogen bonds, instead of the formation of intermolecular 
ones. Glycerol level also affected film behavior. For every 
TS:PG ratio the stronger films were those formulated with 
less glycerol concentration. The higher tensile strength val-
ues of TS:PG films were nearly 20 times superior to those 
observed in TS:WPC (1.37 MPa for TS:WPC versus 20.56 
MPa for TS:PG).

Deformation at Break  For TS:WPC films, starch:protein 
ratio affected deformation at break: more flexible films were 
those formulated at 70:30 TS:WPC ratio, at every glycerol 
level. Within the same glycerol content, films with more 
WPC concentration were more deformable. It has been 
observed the plasticizing effect of different sugars, as lac-
tose, when incorporated in chitosan edible films (Ra’il et al., 
2022) and other types of disaccharides on starch edible films 
(Ploypetchara & Gohtani, 2018). Other authors (Hammam, 

Table 3   Tensile strength (MPa) and deformation at break of tapioca starch:whey protein concentrate (TS:WPC) and tapioca starch:porcine gela-
tin (TS:PG) films

Different lowercase letters indicate significant differences (p < 0.05) between composite films at the same glycerol level, and different TS:Protein ratio. 
Different capital letters indicate significant differences (p < 0.05) between composite films at the same TS:Protein ratio, and different glycerol level

TS:Protein ratio Gly (%w/w) Tensile strength (MPa) Deformation at break

TS:WPC TS:PG TS:WPC TS:PG

2% 0.760 ± 0.078 Ba 8.011 ± 0.936 Bb 0.751 ± 0.087 ABa 0.514 ± 0.088 Ba

80:20 2.5% 0.635 ± 0.007 Aa 5.405 ± 0.759 Ab 1.490 ± 0.187 Bb 0.862 ± 0.076 Ab

3% 0.810 ± 0.197 Aa 3.527 ± 0.672 Ba 2.160 ± 0.425 Bc 0.978 ± 0.078 Ab

2% 0.254 ± 0.009 Aa 20.332 ± 2.529 Cb 1.199 ± 0.396 Ba 0.056 ± 0.009 Ab

70:30 2.5% 0.509 ± 0.086 Ab 6.310 ± 0.935 Aa 1.473 ± 0.360 Ba 0.858 ± 0.093 Ab

3% 0.697 ± 0.098 Ab 4.901 ± 0.814 Ca 3.806 ± 0. 754Cb 1.003 ± 0.172 Ab

2% 1.357 ± 0.177 Cb 4.177 ± 0.694 Ab 0.520 ± 0.080 Aa 1.265 ± 0.118 Ca

60:40 2.5% 1.416 ± 0.377 Aa 2.344 ± 0.547 Aa 0.812 ± 0.078 Ac 0.858 ± 0.094 Aa

3% 0.550 ± 0.091 Aa 1.932 ± 0.435 Aa 0.331 ± 0.046 Ab 1.440 ± 0.267 Ba
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2019; Kandasamy et al., 2021) have also reported that the 
increase in WPC concentration increases the deformation at 
break of films based on WPC. These authors attribute this 
plasticizing effect to the increase in the lactose contained 
in the WPC. It was also observed that within 80:20 and 
70:30 TS:WPC ratio, flexibility rose as glycerol content was 
increased; however, for 60:40 TS:WPC ratio, glycerol con-
tent did not increase the deformation at break, being always 
under 1. For TS:PG films, TS:PG ratio did not have an effect 
for 2.5% glycerol level. For 2% and 3% glycerol levels, higher  
gelatine concentrations led to more deformable films. It is 
remarkable that at 70:30 TS:PG ratio, films formulated with 
2% glycerol presented the least deformation of all the studied 
films, in coincidence with a high tensile strength. Within 
80:20 and 70:30 TS:PG ratios, higher glycerol concentration 
determined more flexibility. This was observed as a higher 
deformation at break for films containing higher glycerol 
concentration. Soliman and Furuta (2014) attributed this 
behavior to glycerol, as it is a small molecule, it easily entan-
gles among polymeric chains, debilitating the interactions 
between starch and gelatine. These authors demonstrated 
that when blending gelatine with glycerol in composite 

film formulations, gelatine may act as a “co-plasticizer,” 
enhancing films flexibility and reducing their fragility.  
These results may also explain the behavior observed for 
60:40 TS:PG ratio, in which the highest deformation values 
were found for 2% and 3% glycerol concentration.

Firmness  Films with higher firmness values are those 
stronger and less deformable. Two different behaviors were 
observed for TS:WPC films, with 2.5% and 3% glycerol lev-
els, higher firmness was observed for 70:30 starch:protein 
ratio (Fig. 1). On the contrary, with the 2% glycerol level, less 
firmness was observed for 70:30. Glycerol affected firmness 
for 80:20 and 60:40 TS:WPC ratios, generating firmer films 
as glycerol concentration was lower (Fig. 1(1) and (3)). On 
the other hand, the highest firmness for TS:PG films was 
observed at every glycerol level within the 70:30 TS:PG ratio 
(Fig. 1(5)), being remarkably superior at 2% glycerol concen-
tration (150 MPa). This behavior may be attributed to its high 
tensile strength and an extreme low deformation at break, 
associated with strong interactions between starch and gela-
tine. Firmness dropped for every TS:PG ratio as glycerol con-
tent increased. In general, higher glycerol concentrations lead 

Fig. 1   Effect of TS:Protein ratio and glycerol concentration on firm-
ness (MPa). Different lowercase letters indicate statistically significant 
differences (p < 0.05) between composite films at the same glycerol 

level and different TS:Protein ratio. Different capital letters indicate 
statistically significant differences (p < 0.05) between composite films 
at the same TS:Protein and different glycerol level
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to films with less firmness. This behavior may be explained 
as a consequence of the plasticizer activity of glycerol, it 
helps to retain moisture in the film, avoiding the formation of 
pores on the surface of the material. This effect is increased 
with glycerol concentration, as the interaction between poly-
meric chains is decreased, improving starch chains movement 
(Ben et al., 2022).

Young’s Modulus  Young modulus is an indicator of the 
stiffness of films (Galus & Kadzińska, 2016). For TS:WPC 
films, both TS:WPC ratio and glycerol concentration affected 
Young’s modulus values (Fig. 2(1)–(3)). Within 80:20 and 
60:40 ratios, the stiffness of films decreased as glycerol con-
centration increased (Fig. 2(1) and (3)). For 70:30 ratio, higher 
Young’s modulus values were observed for 2% and 2.5% gly. 
Within every glycerol concentration, 70:30 TS:WPC ratio 
always showed the highest values (Fig. 2(2)). These results 
are mostly in accordance with firmness, and with values 
reported by Cortés-Rodríguez et al. (2020) for tapioca starch, 
whey protein, and bees wax film, in which Young’s modu-
lus is also affected by starch:protein ratio. Young’s modulus 
values obtained for TS:PG films were notably higher than 

those obtained for TS:WPC films (Fig. 2(4)–(6)). Glycerol 
concentration and TS:PG ratio also affected stiffness, being 
the films formulated with less glycerol concentrations stiffer 
than the ones with higher concentrations, demonstrating the 
lowest Young’s modulus values. A similar trend was found by 
Saberi et al. (2016) for pea starch edible films plasticized with 
different glycerol concentrations. These authors attribute this 
behavior to the anti-plasticizing effect of glycerol and water 
for films, when analyzing films at 52.9% relative humidity. 
As observed for firmness, 70:30 TS:PG showed remarkably 
higher values at every glycerol level than the rest of formula-
tions (400 MPa for 2% glycerol).

Heat‑Sealing Capacity

Heat-sealing is widely used in the food packaging industry 
due to its simplicity and reduced cost. To avoid package 
failure and content spillage, acceptable thermo-sealability 
and seal strength are important characteristics of films (Liu 
et al., 2020).

Media heat resistance can be defined as the mean of 
required forces per film width to separate two film layers 

Fig. 2   Effect of TS:Protein ratio and glycerol concentration on Young 
modulus. Different lowercase letters indicate statistically significant 
differences (p < 0.05) between composite films at the same glycerol 

level and different TS:Protein ratio. Different capital letters indicate 
statistically significant differences (p < 0.05) between composite 
films at the same TS:Protein and different glycerol level
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that were previously thermosealed. Necessary energy to 
cause adhesive failure in films was calculated as the area 
under the force vs. extension curve (ASTM F88-00, 2001). 
Adhesive failures were observed in all tested films.

Necessary Energy to Cause an Adhesive Failure  Necessary 
energy to cause the failure is presented in Fig. 3.

Starch:protein ratio influenced energy to cause adhe-
sive failure. For TS:WPC films, as WPC content increased, 
less energy was required to open the seals (Fig. 3(1)–(3)). 
Although extensive research has been carried out on this 
behavior, no studies were found regarding WPC concen-
tration effect on energy. On the contrary, for TS:PG films 
(Fig. 3(4), and (6)), higher gelatine concentration meant 
more necessary energy required, being 1.28 J/m for 60:40 
TS:PG–2% glycerol. Said et al. (2021) reviewed studies 
describing edible films elaborated with gelatin-based films 
as food packaging, and described a similar trend. As gelatine 
concentration is diminished, due to the addition of other 
materials such as starch, so does the melting point of the 
films, resulting in a diminution of the required energy to 
disrupt the seal. Only for this TS:PG ratio, glycerol had an 
effect on required energy, showing lower values as glycerol 
concentration increased (Fig. 3(6)).

Media Heat Resistance  Media heat resistance was affected 
by starch:protein ratio for all formulations tested, as pre-
sented in Fig. 4.

For TS:WPC films, maximum media heat resistance was 
obtained for 80:20 TS:WPC films, ranging between 0.22 
and 0.24 MPa, regardless of glycerol concentration (Fig. 4 
(1)). These values nearly doubled media heat resistances 
calculated for 70:30 and 60:40 TS:WPC films (Fig. 4(2) and 
(3)). The effect of glycerol concentration was only observed 
within 70:30 TS:WPC films: Those formulated with 2% 
and 3% glycerol concentration exhibited higher media heat 
resistance than 2.5% glycerol concentration.

For TS:PG films, media heat resistance was influenced 
by gelatine concentration, as highest values were found for 
70:30 TS:PG films (Fig. 4(5)). A similar trend was observed 
for mechanical properties: at this TS:PG ratio, films tended 
to be firmer, and with higher tensile strength than the rest 
of the formulations tested. Glycerol content also affected 
media heat resistance, as more heat-resistant films were 
those containing less amount of plasticizer (1.80 MPa for 
70:30 TS:PG–2% glycerol films), showing the best zip qual-
ity among all films tested (Fig. 4(4), (5), and (6)).

Gelatine films had better seal quality than those for-
mulated with WPC. As it was reported by other authors, 
gelatine tends to present a better heat sealability than other 
biopolymers, due to its chemical characteristics (Abedinia 
et al., 2018). When blending gelatine with soybean soluble 
polysaccharides, seals were stronger as gelatine propor-
tion increased (Liu et al., 2020), this may be attributed to 
the development of a more homogeneous and continuous 
matrix, leading to the formation of triple helix junctions, that 
improve the formation of a new homogeneous layer.

Potential Applications

In order to extend food shelf life, edible composite films 
are thought to protect food from the environment. Trying to 
preserve the desired attributes which strongly depend on the 
application and the characteristics of the food to be protected 
by the film (Otoni et al., 2017).

Acceptable mechanical properties are required when 
formulating edible films. Materials which are brittle, 
weak, and with little flexibility have limited usefulness 
when it comes to production, handling or use, as package 
integrity is needed to protect its content from the environ-
ment (Kocira et al., 2021). It was observed that proteins 
play a key role on the strength and flexibility of films, 
as after denaturation, they interact with surrounding mol-
ecules through different kind of linkages, forming films 
with strength, cohesiveness, and viscoelasticity (Ribeiro 
et  al., 2021). In the literature, there are many studies 
regarding the combination of starch and proteins for the 
formation of edible films. Pérez et al. (2021) demonstrated 
that the addition of zein to tapioca starch in film formu-
lations led to the formation of materials with improved 

Table 4   Thickness of tapioca starch:whey protein concentrate (TS:WPC) 
and tapioca starch:porcine gelatin (TS:PG) films

Different lowercase letters indicate significant differences (p < 0.05) 
between composite films at the same glycerol level, and different 
TS:Protein ratio. Different capital letters indicate significant differ-
ences (p < 0.05) between composite films at the same TS:Protein 
ratio, and different glycerol level

TS:Protein 
ratio

Glycerol 
(%w/w)

Thickness (mm)

TS:WPC TS:PG

2% 0.115 ± 0.012Aa 0.105 ± 0.005Aa

80:20 2.5% 0.157 ± 0.007Ba 0.113 ± 0.005Aa

3% 0.166 ± 0.004Cb 0.108 ± 0.010Ab

2% 0.132 ± 
0.0138Aab

0.100 ± 0.002Aa

70:30 2.5% 0.145 ± 
0.0303Aa

0.113 ± 0.009Ba

3% 0.145 ± 
0.0246Aa

0.126 ± 0.006Cab

2% 0.136 ± 
0.0219Ab

0.128 ± 0.015Ab

60:40 2.5% 0.142 ± 
0.0122Aa

0.136 ± 0.022ABa

3% 0.165 ± 
0.0142Ab

0.152 ± 0.019Bb
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physico-chemical properties. It was also reported that qui-
noa protein enhanced the mechanical properties of qui-
noa starch edible films (Wang & Zhu, 2015). Despite the 
mentioned proteins are structurally different than those 
analyzed in this study, it is interesting to note that proteins 
in general may have positive effects on films’ strength 
and flexibility as being combined with starch, as it was 
observed in our results. Among the studied films, the ones 
that combined strength with flexibility were those formu-
lated with 70:30 TS:WPC 3% glycerol, 80:20 TS:PG 2%, 
and 2.5% glycerol.

When films are intended to be used as pouches or 
sachets, their ability to form high-quality thermoseals is 
important, as it prevents the opening and food leak from 
the package. In this case, a high heat seal resistance is 
needed (Suh et al., 2020). TS:PG films showed substan-
tially higher seal quality than TS:WPC films, as the high-
est resistance and energy were measured for 70:30 TS:PG 
2% glycerol films.

As edible films were studied, the combination of the 
described parameters was observed to define potential 

applications in food matrices. As mechanical parameters 
define package integrity, it was taken into account how 
strong and flexible films were, prioritizing films with higher 
tensile strength and deformation at break. Films with the 
ability to form strong but deformable materials, with high 
sealing resistance may be applied to the elaboration of 
pouches, as 80:20 TS:WPC 2.5% glycerol, 70:30 TS:WPC 
3% glycerol, 70:30 TS:PG 2.5% glycerol, and 70:30 TS:PG 
3% glycerol. Films as 80:20 TS:PG 2% glycerol show good 
mechanical properties, but poor sealing ability, so they may 
be applied to other packaging uses that need no heat-sealing, 
such as wrappings (for candy or baked goods, for example), 
or to be used as sliced food separators, which are commonly 
used to avoid the adhesion of sliced cheese or cold meats, or 
even ready to cook dough slices.

There is no research that studies the effect of adding pro-
teins such as gelatin and WPC to edible films based on tapioca 
starch, and even less, the study of different proportions of 
these proteins. Our results may represent a starting point on the  
research of the extensive scope of possible applications that 
these edible films may have only by altering their proportions.

Fig. 3   Effect of TS:Protein ratio and glycerol concentration on the 
required energy to cause an adhesive failure (J/m). Different lowercase 
letters indicate statistically significant differences (p < 0.05) between 
composite films at the same glycerol level and different TS:Protein 

ratio. Different capital letters indicate statistically significant differ-
ences (p < 0.05) between composite films at the same TS:Protein and 
different glycerol level
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Conclusions

Edible composite films formulated with three ratios of 
TS:PG and TS:WPC and three levels of glycerol as plasti-
cizer were studied, testing their tensile strength, deformation 
at break, firmness, Young’s modulus, and resistance of ther-
moseals. Complex interactions between TS, glycerol, and 
proteins led to the formation of materials with a wide range 
of characteristics. TS:PG films were stronger and firmer, 
slightly less flexible than TS:WPC films. Five of the studied 
formulations showed interesting mechanical and heat-sealing 
attributes: 80:20 TS:WPC 2% glycerol, 70:30 TS:WPC 3% 
glycerol, 80:20 TS:PG 2.5% glycerol, and 70:30 TS:PG 3% 
glycerol and 80:20 TS:PG 2% glycerol. These might be used 
to protect food that requires strong but flexible packages.

In the future, it is interesting to evaluate other character-
istics of the films developed in this research. Other impor-
tant attributes should be taken into account for their appli-
cation, such as their affinity with water, ability to support 
other components such as natural antimicrobials, micro-
biological stability, and compatibility with different foods.
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