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Abstract

The effect of gelatin, glycerol, and cellulose nanofiber (CNFs) concentrations on the mechanical properties, water vapor permeability, and
color parameters of films was evaluated. The results indicate that the color is only affected by the gelatin concentration. Mechanical tests
indicated that with increasing concentration of gelatin and CNFs, there is an increase in tensile strength, whereas an increase in glycerol
concentration causes an increase in elongation, making the films more flexible. An increased concentration of gelatin and glycerol makes the
film more permeable to water vapor, while an increase in the concentration of CNFs reduces this property. Finally, the addition of CNFs to
gelatin-based films improves their mechanical and barrier properties (water vapor) without affecting the appearance (color) of the films.

Keywords: barrier properties; tensile strength; elongation; color.

Efecto de la concentracion de nanofibras de celulosa sobre las
propiedades mecanicas, Opticas y de barrera en peliculas comestibles
de gelatina

Resumen

Se evaluo el efecto de la concentracion de gelatina, glicerol y nanofibras de celulosa (NFC) sobre las propiedades mecanicas, permeabilidad
al vapor de agua, y los parametros de color de peliculas a base de gelatina. Los resultados indican que el color es influenciado sé6lo por la
concentracion de gelatina. Las pruebas mecanicas indican que al aumentar la concentracion de gelatina y NFC hay un aumento en la
resistencia a la traccion, mientras que un aumento en la concentracion de glicerol provoca un aumento en el porcentaje de elongacion,
haciendo que las peliculas sean mas flexibles. Un aumento en la concentracion de gelatina y glicerol aumenta la permeabilidad al vapor de
agua, mientras que un aumento en la concentraciéon de NFC reduce esta propiedad. Finalmente, la adiciéon de NFC en peliculas a base de
gelatina mejora sus propiedades mecanicas y de barrera (vapor de agua) sin afectar a la apariencia (color) de las peliculas

Palabras clave: propiedades de barrera; resistencia a la traccion; elongacion, color.

1. Introduction

Edible films have been considered for food preservation
given their ability to improve food quality. Current interest in
edible films is due to the need to develop packaging that is readily
degradable and non-aggressive to the environment, as well as the
need to improve the availability of new markets for the materials

used in the fabrication of these films [1,2]. Generally, edible films
are applied in combination with other technologies (cooling,
controlled or modified atmosphere, heat treatment, etc.) in order
to improve their quality, safety or to increase their shelf life, since
they can act as a barrier, improve mechanical properties, avoid
damaging different parts of a food, and even serve as carriers of
additives and active components [3,4].
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In the preparation of edible films a variety of biopolymers
are used, such as polysaccharides, proteins, and lipids, alone
or in combination, to enhance their individual properties.
Films based on proteins are often brittle and inflexible and
thus require the addition of plasticizers such as glycerol [5],
which modify the organization of the polymeric three-
dimensional protein network, reducing intermolecular
attractive forces and increasing the volume, favoring free
chain mobility [6]. Moreover, the form of protein is of great
importance for the formation of the networks that make up
the matrix. The high molecular weight proteins and fibrils,
such as gelatin, may form larger networks that improve
mechanical properties [5]. However, given their hydrophilic
nature, gelatin films have a poor water vapor barrier.
Different alternatives have been tested to improve this water
vapor barrier property of gelatin-based films, including the
addition of hydrophobic compounds such as lipids [7,8],
modifying the polymer network via cross-linking protein
chains [9,10] and addition of nanocomposites, including
cellulose nanofibers [11].

Cellulosic nanofibers (CNF) have been gaining
considerable interest as reinforcement as they are more
effective than their microsized counterparts in reinforcing
polymers as they form a percolated network connected by
hydrogen bonds, provided there is a good dispersion of the
nanofibers in the matrix [12,13]. Many researchers reported
that the addition the CNF improved water vapor barrier
properties of biopolymer films, such as chitosan films
[14,15], Pullulan films [16], and kappa-carrageenan films
[13].

To evaluate the efficacy and quality of edible coatings,
different parameters of the coated food in storage can be
determined (loss of water, respiration rate, texture, color, pH,
etc). Measurements can also be taken directly from the film,
including mechanical, thermal, optical, and barrier properties
[17,18]. Barrier properties (H,O, O, and CO,) can greatly
influence the stability of foods sensitive to the oxidation of
lipids, vitamins, and pigments or substantial loss of water.
However, an edible coating with very good barrier properties
can become ineffective if its mechanical properties do not
allow the integrity of the coating to be maintained during
handling, packaging, and transport. The coatings must be
resistant to breakage and abrasion in order to reinforce the
structure of the food and facilitate handling and/or be
sufficiently flexible to accommodate any deformation of the
product without tearing. Another important aspect to
consider is consumer acceptance, as coating materials can
produce sensory changes in the product.

The purpose of this work was to investigate the influence
of the concentration of gelatin, glycerol, and cellulose
nanofibers on the mechanical, optical, and water vapor
permeability of edible films.

2. Materials and methods
2.1. Materials

Type B gelatin from bovine skin (180 Bloom) was
purchased from Rousselot (Brazil), and glycerol was purchased

from Sigma (Sigma-Aldrich, Chile). CNFs were provided by the
New Materials Research Group (Pontificia Bolivariana
University, Colombia), and these were obtained from agro-
industrial waste (banana peel) as reported by Zuluaga et al. [19].

2.2. Preparation of film-forming solution (FFS)

FFS were prepared with distilled water. Gelatin was
hydrated at room temperature (20 = 2 °C) for 30 min and then
heated at 50 °C for 30 min with continuous stirring until it
was completely dissolved. Glycerol and cellulose nanofibers
were added at different concentrations (based on dry gelatin
weight). CNFs were dispersed uniformly with the aid of an
ultrasound equipment operating at 40 kHz (Branson Model
2210, USA) for 30 min. FFSs were prepared at
concentrations of 0.8 and 2.2%w/v, glycerol concentration
varied between 10 and 30% w/w based on gelatin, and CNF
concentration varied between 1 and 5% w/w based on gelatin.

2.3. Preparation of films

Gelatin-based edible films were obtained by the casting
technique, which consists in dehydrating an FFS, which is
conveniently applied on a support. 40 mL of the FFS were
poured into teflon plates with a diameter of 15.5 cm. The
plates were maintained at 22 °C in a laboratory oven (LDO-
150F model, LabTech, Korea) for 24 h. After drying, the
films were peeled off from the plate surface.

2.4. Edible film thickness

The film thickness was measured with a digital
micrometer (Mitutoyo Co., Japan) with a sensitivity of 1 um.
The thickness was expressed as the average of 10 random
measurements of the films cut and adapted for mechanical
and water vapor permeability tests.

2.5. Color parameter of edible films

The color of the films was determined using a Miniscan XE
Plus colorimeter (HunterLab, USA), and the D65 (daylight)
CIELab scale was used to determine the parameters L*, a*, and
b*, where L* indicates the degree of brightness from 0 for
black to 100 for white, a* indicates the position between red
(+a*) and green (-a*), and b* indicates the position between
yellow (+b*) and blue (-b*). The color of the film was
expressed as the color difference (AE*) according to eq. (1).

AE* = /(AL)? + (Aa*)? + (Ab*)? (1)

where AL*, Aa*, and Ab* are the differences between the
sample color parameter and the white board color standard
(L* = 94.8, a* = -0.78, b* = 1.43), which is used as the
background for determining the color film [20].

2.6. Mechanical properties of edible films

The mechanical properties of edible films were
determined by stress and puncture tests using a universal
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Figure 1: Diagram of puncture test.
Source: Authors

testing machine (Zwick/Roell, Germany). The tensile
strength (TS) and elongation (E%) of the films were
determined according to the ASTM D882-95 method. Film
specimen strips (100 mm x 25 mm) were cut and conditioned
in a desiccator containing saturated potassium carbonate
(purity > 99%, Sigma-Aldrich) solution with 50% (RH) at 22
°C for 4 days prior to testing. The initial distance of
separation between the tensile grips and velocity were
adjusted to 50 mm and 1 mm/s, respectively. TS was
calculated by dividing the maximum load at break by the
initial specimen’s cross-sectional area (thickness for width
(25 mm)). E (%) was calculated by dividing the extension at
breaking of the specimen by the initial gage length of the
specimen (50 mm) and expressed as a percentage (%). Each
test trial per film consisted of seven replicate measurements.

The puncture test was run according to Gontard et al. [21].
Each film was mounted on a 46.2-mm-diameter puncture cell
and perforated by a smooth-edged cylindrical probe (5 mm
in diameter) moving at 1 mm/s (see Fig. 1).

The puncture strength (PS) and the percentage
deformation (Ep) were calculated by eq. (2) and (3).

PS — Fmax
Acs

2
E, (%) = —V(”*rdz)‘r* 100% (3)

where Fmay is the maximum applied force (N), Acs is the
cross-section of the film situated in the cell (ACS = 2r3), r is
the initial radius of the film, ¢ is the film thickness, and d is
the movement of the probe from the point of contact with the
film to the breaking point [22].

2.7. Water vapor permeability of films
The water vapor transmission rate (WVTR) and water

vapor permeability (WVP) were determined gravimetrically
at 22 °C, according to the method proposed by Gontard et al.
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[23]. Four edible films without visual defects were selected
(no bubbles or fractures), and these were cut with a diameter
of 21.6 mm and placed on a glass cell containing distilled
water. A high-vacuum silicone grease (Merck, Germany) was
used to seal the film with the cell. The cells were placed in a
desiccator containing silica gel (~0% RH) and maintained at
22 °C in a laboratory oven (Labtech LDO-150F, Korea). The
cells were weighed on an analytical balance (Precisa ES - DR
225SM, Germany) every 2 hours during the firsts 8 hours and
then at 24 hours.

The water vapor transmission rate was determined
according to Eq. (4).

WVTR = Ai (4)

t

where S is the slope of the mass loss of the cells over time
and A, is the area (m?) of the water vapor transfer rate.

Existence of a stagnant air layer inside and above the cup
generates significant resistance to water vapor transport;
therefore, it was necessary to correct the WVTR value
according to the methodology proposed by Gennadios et al.

[5].
2.8. Statistical design and analysis

The Box-Behnken statistical screening design was used
to statistically develop the model and to study and evaluate
the main effects, interaction effects, and quadratic effects of
the independent variables (gelatin, glycerol, and CNF
concentrations) on the mechanical, optical, and water vapor
barrier properties of gelatin-based edible films. The response
surface methodology was applied to analyze the effect of
independent variables on response variables. A second-order
polynomial model (eq. 5) was used to predict the
experimental behavior.

V= Bo+ X1 B X+ Xy Bu XP + ZZ{"</=1 Bij XiX; )
where Y is the predicted value of the response; Bo, Bi, Bii,
and fjj are the regression coefficients for interception, linear,
quadratic, and interaction effects, respectively; k is the
number of independent parameters (k = 3 in this study); and
Xi and X are the coded levels of the experimental conditions.
Analysis of variance (ANOVA) was applied to determine
significant effects of gelatin, glycerol, and CNF
concentrations on the properties of gelatin-based edible
films. The quality of the developed model was determined by
the coefficients of determination (R?) and root mean square
error (RMSE). This study design was analyzed and three-
dimensional response surface plots were drawn using JMP
9.0.1 software (SAS Institute).

3. Results and discussion
3.1. Color of edible films

Color evaluation is an important quality parameter for
potential industrial applications of edible films, because
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Figure 2: Response surface of the color difference of the films as a function
of (a) gelatin and glycerol (3% w/w cellulose nanofibers), (b) gelatin and
cellulose nanofibers (20% w/w glycerol).

Source: Authors

consumers often associate aspects such as brightness and color
of food—which can be affected by the coatings and edible
films—with food quality. All edible formulations were assessed
visually and the films obtained were transparent, with the
absence of insoluble particles and generally good appearance.

The ANOVA shows that gelatin concentration (p = 0.004)
significantly affects the color difference (AE*) of edible films,
with a significance level at 95%. Fig. 2 shows the response
surface of the behavior of the color difference of edible films in
terms of concentrations of gelatin—glycerol (Fig. 2a) and
gelatin—-CNF (Fig. 2b). We can see that in the presence of
glycerol and CNFs, AE* increases linearly with the
concentration of gelatin, irrespective of the other constituents.
This increase was approximately 71.6% when the concentration
of gelatin rose by 0.8% w/v (AE* = 2.23) to 2.2% w/v (AE* =
3.83). This increase is due to the greater amount of solids
contained in the film, which in turn increases the concentration
of gelatin. Vanin et al. [24] reported that the concentration of
gelatin-based films (2% w/v) and type of plasticizer (glycerol,
diethylene glycol and propylene glycol) do not affect AE*.

The behavior of the color difference (AE*) of edible films
may be represented as a function of the concentrations of
gelatin (G), glycerol (g), and CNFs (C) according to eq. (6).
This equation has values of R? and RMSE of 0.94 and 0.302,
respectively. This indicates the suitability of the proposed
model to represent the experimental data.

AE* =3.03+0.80G —0.20 g — 0.16 C + 0.01 G *
g+009G+*C—001g=C+0.01G?>+ 0.03 g%+
0.11 C? (6)

Considering only factors that significantly influence the
color difference of edible films, eq. 6 can be expressed as eq. (7).

AE* =3.034+0.80G @)
3.2. Mechanical properties of edible films
3.2.1. Stress test of edible films

Tensile strength (TS) of edible films
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The ANOVA showed that the linear effects of gelatin (p
=0.0017), NFC concentration (p = 0.0074) and the quadratic
effect of glycerol concentration (p = 0.0312) significantly
affect the tensile strength (TS) of edible films, with a
significance level of 95%. The values for the fracture of
edible films agree with those reported by Chambi and Grosso
[25] for gelatin-based films (TS = 60 MPa). Gelatin,
however, has a loosely organized structure that may be
renatured during the film formation process [26], as it is able
to reacquire part of the triple helix structure of collagen.
According to Siew et al. [27], it increases the chain
organization optimized molecular packing, resulting in an
increase in mechanical properties.

Fig. 3 shows the response surface of the tensile strength
of the edible films. An increased gelatin concentration (see
Fig. 3a) produces an increase in the value of the tensile
strength of the edible films. High gelatin concentrations can
cause a greater number of physical connections during the
formation of the network, so that greater force is required to
rupture the films [28]. Moreover, the addition of CNFs
increases the tensile strength (Fig. 3b), which has been
observed in different polymeric matrices: chitosan [12] and
starch [29]. George and Siddaramaiah [30] reported that for
gelatin films (10%) the addition of 4% bacterial cellulose
nanocrystals produces an increase of 30% in the tensile
strength. The increased tensile strength due to the addition of
CNFs suggests a uniform dispersion of the fibers within the
gelatin matrix, and good CNF—gelatin adhesion interactions,
as suggested by Gardner et al. [31] and Xu et al. [32] for other
matrices. The addition of glycerol had a quadratic effect on
TS. This was an unexpected result given that although it is a
well known fact that increasing glycerol concentration
decreases fracture stress, Sobral et al. [33] observed a
decrease, shaped like a parabolic segment, in the TS of films
made of meat myofibrillar proteins (between 25 and 100g
glycerin/100g protein), acidified with acetic acid or lactic
acid.

Remarkably, of the three components tested, the
concentration of gelatin had the most influence on TS,
showing an increase of 124% when the gelatin concentration
increased from 0.8% w/v (TS =23.50 MPa) to 2.2% w/v (TS
=52.72 MPa), while an increase in the concentration of CNFs
from 1% w/w (TS = 29.05 MPa) to 5% w/w (TF = 47.17
MPa) causes an increase of 62.4% in the TS.

otV G et
o™ e 1 ,.%ﬂru4 i et _’u |

14 M I 14 21
1z X 1g M

W,

\Fa
Tensile -‘-ﬂﬂ“‘f‘“‘ M_: 8

Tengho svenath: MPa

B D)

Ay

(a) (b)
Figure 3: Response surface of the tensile strength of films as a function of
(a) gelatin and glycerol (3% w/w cellulose nanofibers), (b) gelatin and CNFs
(20% w/w glycerol).
Source: Authors
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Eq. (8) shows the relationship representing the TS based
on the concentration of gelatin (G), glycerol (g), and CNFs
(C). In this equation, all factors are encoded independently if
they are significant.

TS=381+146G+06g+90C—1.0G*g+
07G+C—08g+C+04G>— 1.8 g2 —0.1C?
(®)

The values of R? (0.96) and RMSE (4.54) indicate the
goodness of the quadratic polynomial in the representation of
the experimental data.

o FElongation of edible films

ANOVA shows that the elongation (%) of the films is
significantly influenced (95%) by the glycerol concentration
(p =0.0123). Fig. 4 shows the response surface of elongation
of edible films in function of the concentrations of glycerol—
gelatin (Fig. 4a) and glycerol-CNF (Fig. 4b). An increase in
glycerol concentration from 10% w/w (E = 3.99%) to 30%
w/w (E = 6.91%) causes an increase of 73.2% in the
percentage elongation. This effect of glycerol on elongation
has been widely reported by several authors [22,24,34]. The
addition of plasticizer in the preparation of edible films
reduces the interactions between the chains of biopolymers
[28]. According to Jongjareonrak et al. [35] and Ayala et al.
[36], the glycerol molecule is a small chain and is
hygroscopic; thus, it is easily inserted between the protein
chains, attracting more water into the structure of the film and
making it more flexible. Remarkably, Carvalho [37] reported
that gelatin concentration does not affect the elongation of
films made of gelatin and sorbitol. Besides, in contrast to this
study, Azeredo et al. [12] observed that CNF significantly
affect the elongation of films. This is possibly explained by a
better adhesion of CNF to the matrix used (gelatin) in this
study.

The elongation percentage (E, %) of the edible films can
be represented according to eq. (9) with the factors encoded:
gelatin concentration (G), glycerol (g), and CNFs (C). The
accuracy of the model (eq. 9) in the representation of the
experimental data is shown by the obtained values of R? =
0.89 and RMSE = 0.84.
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Figure 4: Response surface of elongation of the films as a function of (a)
glycerol and gelatin (3% w/w cellulose nanofibers), (b) glycerol and CNFs
(1.5 %w/v gelatin).

Source: Authors
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E(%)=55+06G+159g+01C—-02Gx*g—
076xC+01g*C+03G*— 0.1g%>-0.1C?
©)
3.2.2. Puncture test
e  Puncture resistance test
The ANOVA shows that the puncture strength (PS) is
influenced significantly by the gelatin concentration (p =
0.0498) and CNFs (p = 0.0189). Fig. 5 shows the response
surface of the behavior of the PS of edible films in terms of
concentrations of gelatin—glycerol (Fig. 5a) and gelatin—-CNF
(Fig. 5b). An increase in the gelatin concentration from 0.8
to 2.2% w/v causes an increase in PS 0f 90.2%, whereas when
the concentration of CNFs increases from 1 to 5%, the PS
value increases by 121.1%. The contribution of these
compounds to the mechanical properties was described in
Section 3.2.1.

[1]

ol
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1668
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Figure 5: Response surface of the PS of the films as a function of (a) gelatin

and glycerol (3% w/w cellulose nanofibers), (b) gelatin and CNFs (20% w/w

glycerol).

Source: Authors

e  Puncture deformation

The ANOVA shows that the puncture deformation was

significantly affected only by the linear factor: glycerol

concentration (p = 0.0305). In Figs. 6a and 6b, we can see

that increasing the glycerol concentration increases the

percentage of puncture deformation by approximately 40%.
The addition of plasticizers (glycerol) reduces the

intermolecular forces between the protein molecules, thereby

increasing the flexibility and extensibility of the films [38,39].
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Figure 6: Response surface of percentage of puncture deformation of the
films as a function of (a) glycerol and gelatin (3% w/w cellulose nanofibers),
(b) glycerol and CNFs (1.5 %w/v gelatin).

Source: Authors
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These data corroborate those obtained in the stress test.
According to Vanin et al. [24], in gelatin matrix, glycerol has
a greater effect on the puncture deformation than ethylene
glycol and propylene glycol.

The puncture deformation percentage (Ep, %) of the
edible films can be represented according to Eq. (10) with the
factors encoded: gelatin concentration (G), glycerol (g), and
CNFs (C). The accuracy of the model (eq. 10) in the
representation of the experimental data is shown by the
obtained values of R? = 0.86 and RMSE = 0.32.

Ep(%)=18+04G+03g—02C—0.03G *
g—0.05G+C+0.07g=C—0.1G>- 0.03g>—
0.1C? (10)

3.3. Water vapor permeability of edible films

Table 1 shows the water vapor transfer rate (WVTR) and
water vapor permeability (WVP) of edible films of gelatin,
glycerol, and CNFs. The measured values of water vapor
transfer rate (WVTRm) underestimate the corrected values of
water vapor transfer rate (WVTRc), introducing errors of 18
to 37%.

The ANOVA shows that with a confidence level of 95%,
the water vapor permeability of edible films is influenced
significantly by the linear effects of gelatin (p = 0.0038),
glycerol (p = 0.0211), and CNFs (p = 0.0214) and the
quadratic effect of gelatin concentration (p = 0.0240). Fig. 7
shows the response surface of the behavior of water vapor
permeability of edible films in terms of concentrations of
gelatin-glycerol (Fig. 7a) and gelatin-CNF (Fig. 7b).

An increase in the gelatin concentration from 0.8 to 2.2%
w/v causes an increase in WVP of 150%, which may be
caused by swelling of the film due to water, which creates

5\?;1; 1v.apor permeability of edible films based on gelatin-glycerol-CNF.
Level of WVTRm WVTRe Error% WVP
variables x10° x10° x10™

G g C g/m’s g/m’s g/m.s. Pa
22 20 5 3.08 3.79 18.7 9.05
08 30 3 4.66 6.54 28.8 8.95
1.5 30 5 3.42 4.32 20.9 8.11
1.5 20 3 4.40 6.77 35.0 11.50
1.5 30 1 4.36 5.97 26.9 11.50
1.5 20 3 4.13 6.17 33.0 11.70
22 20 1 4.07 5.42 25.0 12.69
22 10 3 2.85 3.67 22.4 8.39
1.5 10 5 3.07 3.76 18.6 7.03
08 20 5 3.75 5.35 29.8 5.15
22 30 3 3.52 4.48 21.5 12.15
1.5 10 1 3.92 5.71 312 11.47
08 10 3.42 4.69 27.1 3.81
1.5 20 3 4.62 7.32 36.9 12.2

08 20 1 4.58 6.39 28.3 8.23
Source: Authors
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Figure 7: Response surface of the water vapor permeability of the films as a
function of (a) gelatin and glycerol (3% w/w cellulose nanofibers), (b)
gelatin and CNFs (20% w/w glycerol).
Source: Authors
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Figure 8: Response surface of the thickness of the films as a function of
gelatin and CNFs (20% w/w glycerol).
Source: Authors

various structures in the film. In addition, increasing the
concentration of gelatin produces a linear increase of the
thickness (see Fig. 8), which agrees with that reported by
Carvalho [37]. Benbettaieb et al. [40] observed that when the
thickness increased from 52 to 159 pm, WVP linearly
increased. In ideal polymeric structures, the water vapor
permeability is independent of the thickness of the film [38],
and does not particularly apply to hydrophilic films. An
increase in the film thickness provides a greater resistance to
mass transfer through it and consequently the partial pressure
of water vapor in equilibrium at the surface of the inner film
increases. Significantly, the permeability to water vapor in
gelatin-based films is not an inherent property of the films,
because the rate of water vapor transmission through
hydrophilic films varies nonlinearly with the gradient of
partial pressure of water vapor [41].

Moreover, increasing the concentration of glycerol (10 to
30% w/w) increases the WVP by 31%. Several authors have
observed this behavior [24,38,39,42]. The addition of
glycerol results in a reorganization of the network formed by
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the protein, reducing the intermolecular attractive forces and
increasing the free volume and chain mobility; thus,
increasing the diffusion coefficient of water [43,44]. On this
point, Nemen [45] reported that an increase in the content of
glycerol (hydrophilic component) increases the amount of
polar groups present in the gelatin film.

Finally, of the three components of the formulations, only
the CNF concentration decreased the WVP values. The
addition of 1 to 5% w/w of CNF causes a 32% decrease in
WVP. Several authors have reported that the addition of
CNFs decreases the permeability of films prepared from
alginate [14], chitosan [12], and gelatin [30]. This could be
due to interaction between CNFs and hydrophilic sites of the
gelatin and the fact that CNFs have low hygroscopicity.
According to Lagaron et al. [46], the presence of crystalline
fibers increases tortuosity, which causes slower diffusion
processes and hence lower permeability.

Eq. (11) shows the relationship representing the water
vapor permeability according to the concentration of gelatin
(G), glycerol (g), and CNFs (C). In this equation, all factors
are encoded independently if they are significant. The values
of R? (0.92) and RMSE (1.27) indicate the goodness of the
quadratic polynomial in the representation of the
experimental data.

WVP =100+34G+14g—-19C—-02G=*g—
0.1GxC+0.1g*C—21G*—- 03g%>—-09CcC?
)

WVP (x 10'") is the water vapor permeability at g/m s Pa.
4. Conclusion

Films made of gelatin, glycerol, and cellulose nanofibers
(CNFs) have a good visual appearance, confirming the good
dispersion of CNFs in the gelatin matrix. Gelatin
concentration increases the color of the films linearly.

Determination of the mechanical properties (stress and
puncture tests) of edible films shows that the concentration
of gelatin and CNFs increases the fracture stress and puncture
resistance, suggesting a uniform dispersion in the matrix and
CNF and good CNF—gelatin adhesion interactions.
Moreover, an increase in glycerol concentration increases the
flexibility and elongation of gelatin-based films.

Water vapor permeability is also influenced by the
concentration of gelatin, glycerol, and CNF. An increase in
the concentration of gelatin and glycerol increases the WVP
by 150% and 31%, respectively. However, the addition of
CNF in the gelatin matrix causes a reduction of WVP of 31%,
because the nanofibers provide a more tortuous path to water
vapor passing through the film.

The addition of CNF to the gelatin matrix can improve
the mechanical properties (62.4%) and the water vapor
permeability (32%) without affecting the color of the films,
which are desirable characteristics in most applications of
edible films and coatings.
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