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Abstract

The influence of relative humidity on O2 and CO2 permeability of gelatin-

based films and nanocomposites incorporated with crystalline nanocellulose

(CN), non-encapsulated “Pitanga” (Eugenia uniflora L.) leaf extract (PLE) or

encapsulated in a water-in-oil-in-water double emulsion (DE) was studied.

Cross-section morphology by scanning electron microscopy, crystallinity, mois-

ture content, thickness, and O2 and CO2 transmission rate (GTR) were deter-

mined. The addition of CN, PLE, and/or DE caused changes in the

morphology and crystallinity of the films and nanocomposites. In general, the

GTR in films and nanocomposites increased with increasing relative humidity

due to the swelling effects and plasticizing effect of water. Nanocomposites

with non-encapsulated PLE or DE showed good oxygen barrier properties at

high relative humidity. The outcome of this study was that the addition of CN

with PLE or DE improved the gas barrier properties of gelatin-based films,

especially in high relative humidity conditions.

Highlights

• “Pitanga” leaf extract (PLE) was encapsulated in a double emulsion (DE).

• Crystalline nanocelluloses (CN) were extracted from soybean straw.

• Gelatin nanocomposite films were produced with CN and activated by PLE

or DE.

• Relative humidity (RH) influences the O2 and CO2 permeability in the films.

• The nanocomposite film with CN/DE showed low permeability to gases at

high RH.
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1 | INTRODUCTION

Gelatin is a well-known protein obtained by partial
hydrolysis of collagen from the skin, bones, and connec-
tive tissues of animals and produced worldwide. In recent
decades, gelatin has been widely studied for the develop-
ment of biopolymeric films for food packaging applica-
tions due to its excellent film-forming capacity,
biodegradability, biocompatibility, safety, and because it
comes from renewable and natural sources.1,2 Gelatin-
based films are edible, thin, flexible, and semi-crystalline
materials with good physical properties but very sensitive
to water.2,3

Gelatin has a structure formed by polypeptide
α-chains (single chain), β (two α-chains joined by cova-
lent bonds), and γ (three α-chains joined by covalent
bonds).4 Additionally, it has a typical Ala-Gly-Pro-Arg-
Gy-Glu-4Hyp-Gly-Pro amino acid composition and ele-
mental composition of 50.5% carbon, 25.2% oxygen, 17%
nitrogen, and 6% hydrogen.4 The gelatin structure gives
its films great versatility, from the ability to incorporate
different types of active components and fillers to the
possibility of forming blends with other biopolymers,
such as chitosan.5–7 The addition of other components to
gelatin-based films for use as food packaging is intended
to improve some of their properties, such as mechanical
and/or barrier performances.8

The function of a biopolymeric food packaging is to
protect the packaged food in a safe and sustainable way,
functioning as a barrier to gases and humidity, microor-
ganisms, aromatic compounds, and grease.9 Specifically,
gas permeability is extremely important as it controls the
exchange of oxygen (O2) and carbon dioxide (CO2)
between the inside and outside of the packaging, which
directly affects the quality of the packaged food.10 For
example, controlling O2 permeability is crucial to extend-
ing the shelf life of unsaturated lipid-rich foods and foods
susceptible to microbial growth, among others, as O2

induces oxidation reactions and provides a favorable
environment for the growth of aerobic microorganisms.11

On the other hand, it must be sufficient to ensure the res-
piration of fruits and vegetables and inhibit the growth of
anaerobic microorganisms.10

Despite their great versatility, gelatin-based films pre-
sent low performance in terms of mechanical properties,
high sensitivity to water, and good gas barrier properties
only in conditions of low relative humidity,1 which limits
their application in certain food niches. One of the
approaches explored to overcome these disadvantages is
to incorporate reinforcing fillers (such as natural fibers or
nanoparticulate, as nanocelluloses) in the biopolymeric
matrix, forming composite or nanocomposite films.8,9

Nanocelluloses are nanosized natural fibers extracted

from renewable lignocellulosic materials and can satis-
factorily act as reinforcing fillers due to their physical
properties.1,12,13

When nanocellulose is extracted by acid hydrolysis, it
can be obtained in the form of crystalline nanocellulose
(CN), with a rigid structure due to high crystallinity
(>65%), diameters ranging from 2 to 100 nm, and a
length of 500 nm to 2 μm.9,12 As fillers, they can act as a
physical barrier to gas, as they are similar in size to the
pores created in the biopolymeric network and, therefore,
create a tortuous path.14 CN can also act by improving
the mechanical and water sensitivity of gelatin-based
packaging.1,9,13

On the other hand, the incorporation of active com-
pounds into gelatin-based films for use as food packaging
aims to enhance the functionality of these materials, cre-
ating the so-called active films.15 For example, the incor-
poration of plant extracts, rich in polyphenols, into
gelatin-based films can confer antioxidant and antimicro-
bial activity to these materials.7,16

“Pitanga” (Eugenia uniflora L.) leaf extract (PLE) is
extracted from the leaves of the Pitanga tree (Eugenia
uniflora L.), a fruit tree found in tropical regions of the
world and which has been satisfactorily used to produce
active films based on gelatin and other biopolymers
with excellent bioactivities.15,16 The bioactivity of PLE is
related to the high polyphenol content in its
composition.17

PLE can be incorporated into the biopolymeric matrix
in free form, which means, as it is16 or encapsulated into
double emulsions.13,18 Encapsulation can protect the bio-
logical properties of active compounds, but encapsulation
systems can also improve active packaging properties,
such as barrier and mechanical properties.6 These
improvements are cost-effective and can occur due to the
interactions between the components of the encapsulated
system with the biopolymeric matrix. Moreover, it can
contribute to reducing the hydrophilicity characteristic of
films due, for example, to the oil emulsion
formulation.11,18

In this study, gelatin-based active films and nanocom-
posites were produced with the incorporation of CN
extracted from soybean straw by acid hydrolysis and by
the addition of non-encapsulated PLE or PLE encapsu-
lated into water-in-oil-in-water double emulsions (DE).
To the best of our knowledge, there are no studies on the
combined effect of the addition of double emulsions
encapsulating plant extracts and CN on the gas barrier
properties of films based on gelatin or any other biopoly-
mer. We hypothesize that chemical interactions occur-
ring between gelatin and CN, PLE, and/or DE (hydrogen
and ionic bonds, for example) can produce materials that
have a lower transmission rate to O2 and CO2 under
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different relative humidity conditions. The aim of this
study was, therefore, to investigate the gas transmission
rate in these films and nanocomposites, conditioned at
different relative humidity.

2 | MATERIALS AND METHODS

2.1 | Material

Type-B bovine gelatin (molecular weight: �50 kDa;
250 bloom), sodium caseinate, and Grinsted PGPR®

(Polyglycerol Polyricinoleate) were donated by Gelco
(Pedreira-SP, Brazil), Alibra Ingredientes SA (Campinas-
SP, Brazil), and DuPont (São Paulo-SP, Brazil), respec-
tively. Food grade soybean oil, sodium hypochlorite, and
Tween 80 were purchased from Cargill (Primavera do
Leste-MT, Brazil), Candura (Piracicaba-SP, Brazil) and
Sigma-Aldrich (St Louis, MO), respectively. Acetone P.A.,
ethanol P.A., sulfuric acid (H2SO4) P.A., sodium hydrox-
ide (NaOH) P.A., magnesium sulfate heptahydrate
(Mg2SO4�7H2O), sodium carbonate (Na2CO3), hydrogen
peroxide (H2O2, >50%), and glycerol (≥99.5%) were pur-
chased from Labsynth® (São Paulo-SP, Brazil). Soybean
straw was supplied by the Embrapa Soja (Londrina-PR,
Brazil).

2.2 | Production of “Pitanga” leaf extract

“Pitanga” (Eugenia uniflora L.) leaves were collected at
the Faculty of Animal Science and Food Engineering,
Pirassununga-SP, Brazil (21�5904600S, 47�2503600W).
“Pitanga” leaf extract (PLE) was produced using a hot
solvent extraction (60% v/v hydroethanolic solvent at
80�C) assisted by ultrasound.17 The extract obtained was
freeze-dried (Freeze-dryer, FD 1.0-60E, Heto-Holten A/S,
Allerod, Dinamarca) to produce the PLE. The PLE was
stored in the dark at �18�C.

2.3 | Production of double emulsion

The DE was prepared in two steps.18 In the first step, a
single emulsion (SE) was produced using the PLE resus-
pended in distilled water (1 g PLE freeze-dried/10 mL
distilled water) as the inner aqueous phase (20 g/100 g
SE) and soybean oil with PGPR (3 g/100 g oil) as the oil
phase (80 g/100 g SE). In the second step, DE was pro-
duced using the SE as the inner lipid phase (40 g/100 g
DE) and distilled water with Tween 80 (3 g/100 g distilled
water) and sodium caseinate (0.5 g/100 g distilled water)
as the dispersant aqueous phase (60 g/100 g DE). The SE

and DE were stored in the dark at 4�C. The properties
(droplet size, droplet size distribution, physical stability,
morphology, and biological activities, among others) of
these emulsions have been studied.19,20

2.4 | Production of crystalline
nanocellulose

The CN was extracted from soybean straw using alkaline
pre-treatment, bleaching, acid hydrolysis, and mechani-
cal treatment.12 The CN suspension was freeze-dried, and
the CN was stored at room temperature. This nanomater-
ial has been characterized previously.13

2.5 | Production of gelatin-based films
and nanocomposites

For both films and nanocomposites, the film-forming
solution (FFS) was prepared by the hydration of gelatin
(4 g/100 g FFS) in distilled water for 30 min, and subse-
quent solubilization at 55�C for 10 min (Thermostatic
bath, MA-184/20, Marconi, Piracicaba-SP, Brazil) and
addition of the glycerol (25 g/100 g gelatin). In the case
of nanocomposites, the gelatin hydration was carried out
in distilled water with CN (4.5 g/100 g gelatin). The DE
was added dropwise under a magnetic stirrer integrated
with temperature digital control at 500 rpm to FFSs at
the concentration of 0.25 g PLE/100 g gelatin.13,18 Nega-
tive and positive-control films and nanocomposites were
also made, without the addition of DE or by adding non-
encapsulated PLE instead of DE, at the same concentra-
tion (0.25 g PLE/100 g gelatin), respectively. The FFSs
were transferred to acrylic plates and dried at 30�C for
24 h (forced-air circulation drying oven, MA035, Mar-
coni, Piracicaba-SP, Brazil). Then, six treatments were
produced: gelatin-based films without DE (F-C), with DE
(F-DE) or PLE (F-PLE) and gelatin-based nanocompo-
sites without DE (N-C), with DE (N-DE) or PLE (N-PLE).

Before analyses, films and nanocomposites were con-
ditioned for 7 days in desiccators at different relative
humidity (RH, 0, 34, 59, and 76%) at 25�C. For X-ray dif-
fraction analysis and scanning electron microscopy char-
acterizations, films and nanocomposites were previously
conditioned for 15 days in desiccators over silica gel.
The main physical and functional properties of these
gelatin-based films and nanocomposites (water vapor
permeability, solubility in water, UV/Vis light barrier
properties, color and opacity, microstructure, thermal
properties, mechanical properties and antioxidant activ-
ity, among others) were previously characterized, and
these data were published by Tessaro et al.13,18
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2.6 | Films and nanocomposites
characterizations

2.6.1 | Scanning electron microscopy

Cryo-fractured cross-section of the films and nanocompo-
sites were analyzed by scanning electron microscopy
(SEM, TM3000, Hitachi Ltd., Tokyo, Japan) in a random
position at an accelerating voltage of 15 kV.13 Sample
films and nanocomposites were cryo-fractured after
quench freezing using liquid nitrogen.

2.6.2 | X-ray diffraction

The X-ray spectrum of films and nanocomposites was
obtained using an X-ray diffractometer (Miniflex
600, Rigaku Corporation, Tokyo, Japan) operated at
25�C, 40 kV, and 15 mA (CuKβ radiation, λ =
0.15405 nm), for a range of angles of 2θ = 2–70� with 2�/
min of speed scan.13 Relative crystallinity was calculated
as the ratio between the upper area of the diffraction
peak and the total diffraction area.

2.6.3 | Moisture content

The moisture content of films and nanocomposites condi-
tioned at different relative humidity (RH) was deter-
mined gravimetrically.21 Films and nanocomposites
samples were dried using a forced-air circulation drying
oven at 105�C for 24 h, and the moisture content was
expressed as g water/100 g of wet film or nanocomposite.

2.6.4 | Thickness

The thickness of films and nanocomposites was deter-
mined using a Sample Thickness Tester DM-G with a dig-
ital dial indicator (MarCartor 1086 type, Mahr GmbH,
Esslingen, Germany) with associated DM-G software.22

The reading was made twice per second, with a resolu-
tion of 0.001 mm. The minimum, maximum, and average
of each reading were recorded in triplicates, in 15 differ-
ent positions of each film, at room temperature and
reported as the mean thickness value, expressed in
microns (μm).

2.6.5 | CO2 and O2 transmission rate

The gas transmission rate measurement of films and
nanocomposites was performed using a manometric

method with a Permeance Testing Device, type GDP-C
(Brugger Feinmechanik, GmbH, München, Germany),
according to ASTM 1434-82 (Standard test Method for
Determining Gas Permeability Characteristics of Plastic
Film and Sheeting), DIN 53536 in compliance with
ISO/DIS 15105-1 and according to the Gas Permeability
Testing Manual (Registergericht München HRB 77020,
Brugger Feinmechanik GmbH).

As previously described by Siracusa et al.,22 the equip-
ment consists of two chambers between which the sample
(12 � 12 cm) is placed. The chamber on the top of the film
is filled with the gas used in the test (CO2 or O2), at a pres-
sure of 1 atm. A pressure transducer, set in the chamber
below the film, records the increase of gas pressure (P) as
a function of time (t). From pressure/time data, the soft-
ware automatically calculates the permeation rate, which
can be converted into permeability knowing the film
thickness. The gas transmission rate values (GTR) of the
films and nanocomposites were determined considering
the increase in pressure in relation to time and the volume
of the device.23 The operating conditions were a tempera-
ture of 20�C, a gas stream of 100 cm3/min, a sample area
of 78.4 cm2, and different RH. Permeability measurements
were performed in triplicate, at least.

2.7 | Statistical analysis

The material characterizations were performed with at
least three measurements (triplicate) and presented as
mean ± standard deviation (SD). Statistical analysis was
carried out using Statistica data analysis software system
(version 7, StatSoft Inc., GmbH, Hamburg, Germany).
Results were analyzed using one-way and two-way analy-
sis of variance (ANOVA) and Tukey's test comparison
(α = 0.05) for determining significant differences
between the means.

3 | RESULTS AND DISCUSSION

3.1 | Scanning electron microscopy

The SEM images showed that the internal structures of
the films and nanocomposites were affected by the addi-
tion of PLE, CN, and DE (Figure 1). F-C and F-PLE pre-
sented more homogeneous, smooth, and compact
internal structures compared to the other treatments.
This indicated that PLE was satisfactorily incorporated
into F-PLE, as observed for gelatin-based films with PLE
at higher concentrations.24

It was possible to observe white spots and some pores
possibly generated by agglomeration of CN particles in
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nanocomposites without DE (N-C and N-PLE). In the
case of N-PLE, the pores were less visible, which indi-
cates that in the presence of PLE, the CN is better incor-
porated into the nanocomposite matrix. This may occur
due to the complex formed between gelatin and PLE
polyphenols, which can help to disperse CN more evenly,
reducing agglomerations and increasing homogeneity, as
CN can interact with both gelatin and PLE.5 Vargas-
Torrico et al.25 also observed that pomegranate peel
extract agglomerated into films based on gelatin and car-
boxymethyl cellulose, forming layers, possibly because of
the concentration and composition of the extract.

The addition of DE, into both F-DE and N-DE, caused
the formation of pores in the internal structure of these
treatments, probably due to the presence of DE oil droplets.
Despite the changes observed in the internal structure of the
different treatments, all incorporated components were well

dispersed in the matrix, without causing fractures nor dis-
continuity.26 The gelatin matrix surrounded the DE and sta-
bilized the interfaces of different phases, resulting in an
internal structure of the film and nanocomposite with
homogeneously distributed oil droplets. The emulsifiers pre-
sent in the external aqueous phase of DE (sodium caseinate
and Tween 80) may also have contributed to the uniform
dispersion of DE in the film and nanocomposite.26 Acharya
et al.5 also observed similar morphology on gelatin/bacterial
nanocelluloses films with O/W nanoemulsions.

3.2 | X-ray diffraction

The peaks observed at 2θ = 7.3–9.7�, and 20–22.8� were
characteristic of the α-helix (crystalline) and β-sheet (amor-
phous) structures of gelatin (Figure 2), respectively.5,16

FIGURE 1 Scanning

electron microscopy images of

the cross-section of gelatin-based

films (F) and nanocomposite

films (N) control (C), with

“Pitanga” leaf extract (PLE), or
with double emulsion (DE). The

scale bar is 100 μm.
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These peaks confirm the semi-crystalline structure of gela-
tin.26 The peaks at 2θ = 14.5 and 17.3�, present in F-PLE,
N-C, and N-PLE, may be the result of some crystal formed
by PLE and/or the crystalline structure of CN.24

In the N-DE, no peak relating to the α-helix struc-
tures was observed, while in the F-DE, only the peak at
2θ = 7.3� was observed in low intensity. The formation of
a protein complex between gelatin and sodium caseinate
present in the external aqueous phase of DE, through
hydrogen and ionic interactions, can reduce the forma-
tion of gelatin microcrystalline structures.26 This may
explain the disappearance of the characteristic peaks of
the gelatin crystalline phase in the DE film and nano-
composite, and the fact that these treatments present the
lowest crystallinity (Figure 2), as observed for sodium
caseinate films incorporated with nanoemulsified cinna-
mon essential oil26 and gelatin-based films reinforced
with tannin-nanocellulose microgel.1

The crystallinity of films and nanocomposites ranged
from 4.9 to 18.8%, in ascending order: N-DE < F-DE < F-
C < N-C < F-PLE < N-PLE (Figure 2). N-PLE presented
the highest crystallinity index, possibly due to the crystal-
line structures that NCs have and some crystals formed
by PLE,24,26 followed by F-PLE.

3.3 | Moisture content

The moisture content of all films and nanocomposites
increased (p < 0.05) because of the conditioning RH
increasing (Table 1), as could be expected, due to the
hygroscopic character of gelatin and glycerol.2 The same
behavior was observed for cassava starch films containing
glycerol or sorbitol27 and gelatin/chitosan films contain-
ing glycerol.28

On another side, the moisture content of the films
and nanocomposites was affected by the presence of CN,
PLE, and/or DE, at the same RH (Table 1). Overall,
F-PLE had the highest moisture content (p < 0.05) con-
sidering all RHs, while N-PLE had the lowest one
(p < 0.05). The presence of CN and DE in the films and
nanocomposites also generally reduced the moisture con-
tent, except at RH of 76%, where all treatments showed
no difference (p > 0.05) in moisture content, except
F-PLE, whose moisture content was the high-
est (p < 0.05).

The presence of PLE in F-PLE may have caused the
higher moisture content in this film due to the hydro-
philic groups of the PLE polyphenols. The greater num-
ber of hydrophilic groups in F-PLE, as well as

FIGURE 2 X-ray

diffractograms of gelatin-based

films (F) and nanocomposite

films (N) control (C), with

“Pitanga” leaf extract (PLE), or
with double emulsion (DE). The

values of crystallinity are

presented over each spectrum.
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interactions between gelatin and PLE, may increase sen-
sitivity to water, as observed for gelatin-based films with
haskap berries extract.29 In the case of N-PLE, the
observed effect was the opposite, since PLE polyphenols
can interact with both CN and gelatin, forming a com-
plex between PLE-CN-gelatin, which can reduce the free
hydrophilic groups in this nanocomposite and, conse-
quently, the moisture content.25 The same trend was
observed for gelatin and carboxymethylcellulose nano-
composites incorporated with pomegranate peel
extract.25

Any decrease in moisture content due to treatments
incorporated with CN and/or DE may be a consequence
of the rigid structure of CN and the interactions of hydro-
gen with the hydrophilic groups of gelatin and the pres-
ence of oil in DE, which increases the hydrophobic
character of the films and nanocomposites.13,18 At RH of
76%, these influences were not evident, possibly because
the higher moisture content can modify the interactions
between the matrix components of the films and
nanocomposites.

3.4 | Thickness

The mass of the film-forming solution deposited in the
Petri dishes was controlled (1.25 g dry matter/Petri dish)
and possibly for this reason no difference (p > 0.05) was
observed in thickness between all treatments, at the same
RH (Table 1). Regarding the effect of RH, as expected,

the increase in RH caused an increase in the thickness of
the films and nanocomposites due to the swelling of the
material (p < 0.05).

Water absorption caused swelling in both materials,10

with a linear increase in thickness (x) as a function of the
moisture content (MC): x = 2.3MC + 68.2 (R2 = 0.915)
for films, and x = 2.8MC + 67.0 (R2 = 0.970) for nano-
composites. Curiously, the presence of NC in the gelatin
matrix slightly increased the swelling capacity of this
material (2.8 μm/% of moisture) compared to films with-
out NC (2.3 μm/% of moisture). Murray and Dutcher30

also observed that chitosan films presented an increase in
thickness as the conditioning RH increased, and the
authors also attributed this behavior to the swelling phe-
nomenon of the films due to water absorption.

3.5 | CO2 and O2 transmission rate

The gas permeation in biopolymeric films basically
occurs in three stages: (i) the gas molecules adsorb on the
biopolymeric surface (Henry's law); (ii) the dissolution/
diffusion of gas molecules occurs through the biopolymer
matrix, from the most concentrated area to the least con-
centrated (Fick's law); and (iii) finally, the desorption of
gas molecules from the opposite surface of the biopoly-
mer films occurs (Henry's law).11

The gas permeability of a biopolymer matrix therefore
basically depends on the “solubility” of the gas in the
films, which is affected by the chemical affinity between

TABLE 1 Moisture content and thickness of gelatin-based films (F) and nanocomposite films (N) control (C), with “Pitanga” leaf extract
(PLE), or with double emulsion (DE) at different relative humidity.

Properties Treatment

Relative humidity (%)

0 34 59 76

Moisture content (%) F-C - 9.9 ± 0.7cA 13.6 ± 0.2bB 21.6 ± 1.1aAB

F-PLE - 10.8 ± 0.4cA 14.5 ± 0.2bA 22.2 ± 0.4aA

F-DE - 8.5 ± 0.4cB 13.0 ± 0.1bBC 19.6 ± 0.1aBC

N-C - 8.7 ± 0.3cB 13.3 ± 0.4bCD 19.7 ± 0.4aBC

N-PLE - 8.2 ± 0.1cB 12.2 ± 0.4bCD 19.4 ± 1.3aC

N-DE - 8.2 ± 0.3cB 12.0 ± 0.4bD 20.0 ± 0.2aBC

Thickness (μm) F-C 69 ± 3dA 83 ± 6cA 100 ± 6bA 119 ± 10aA

F-PLE 71 ± 3dA 85 ± 4cA 95 ± 4bA 120 ± 5aA

F-DE 73 ± 5dA 88 ± 7cA 102 ± 10bA 125 ± 12aA

N-C 70 ± 2dA 86 ± 5cA 98 ± 9bA 129 ± 12aA

N-PLE 67 ± 3dA 87 ± 3cA 101 ± 7bA 122 ± 6aA

N-DE 70 ± 4dA 87 ± 2cA 103 ± 5bA 120 ± 8aA

Note: Means ± standard deviation (n = 3). Different lowercase letters on the same line and different uppercase letters in the same column indicate significant
differences between samples according to Tukey's test (p < 0.05).
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the gas molecules and film components influenced by
polarity, molecular weight, and size, and by those condi-
tions that affect the gas diffusivity, such as film crystallin-
ity, porosity, thickness, homogeneity, among others.11

Evidently, external conditions, such as pressure differ-
ence, temperature and RH can also influence gas perme-
ability. Generally, biopolymers-based films have good gas
barrier properties at low RH,31 but still perform worse
than synthetic plastics.

The films gas transmission rate (GTR) of O2 (O2TR)
and CO2 (CO2TR) presented different behaviors and
trends as a function of RH and treatment (Table 2). This
behavior occurred because, as observed in the SEM
images (Figure 1) and X-ray patterns (Figure 2), the
structure of the films and nanocomposites was affected
by the film composition (with PLE or DE, with or with-
out CN). Therefore, different treatments were expected to
show different gas permeability behaviors of the films.

Regarding the effect of RH, the O2TR and CO2TR
increased, in general, with increasing RH, except for
F-DE, where both GTR decreased at RH of 34% and then
increased at other RH levels. For N-PLE, the O2TR
decreased at RH of 76%, and for N-DE, the CO2TR

decreased at RH of 76%. As previously noted, increasing
RH leads to an increase in the moisture content of films
and nanocomposites, causing a plasticizing effect.2

Plasticization of films and nanocomposites results in
an increase in macromolecular free volume or, in other
words, an increase in macromolecular mobility, facilitat-
ing gases permeation into the biopolymer matrix.10,11

Although GTR is influenced by film thickness, it is
expected to be independent of it for thicker samples
(>10 μm).32 Kurek et al.31 also observed that carvacrol-
activated chitosan films and coatings presented increased
O2TR and CO2TR with increased RH. The same behavior
was observed for films based on whey protein isolate.33

The effect of films and nanocomposites composition
was also observed. Under dry conditions (RH = 0%), F-C,
which does not contain PLE, DE, or CN, presented the
lowest values of O2TR and CO2TR, and it was practically
impermeable to CO2 (CO2TR �0.01 cm3/m2 d bar). Also,
for the other treatments, O2TR was higher than CO2TR,
varying from 2.5 to 5.7 (cm3/m2 d bar) and from 1.4 to 3.1
(cm3/m2 d bar), respectively, with F-DE presenting the
highest values for both gases. This may have occurred
because the oil present in DE can create microchannels

TABLE 2 Oxygen transmission rate (O2TR), carbon dioxide transmission rate (CO2TR), and perm-selectivity ratio (CO2/O2) for gelatin-

based films (F) and nanocomposite films (N) control (C), with “Pitanga” leaf extract (PLE), or with double emulsion (DE).

Parameter Treatment

Relative humidity (%)

0 34 59 76

O2TR (cm3/m2 d bar) F-C 0.97 ± 0.01dE 1.80 ± 0.00cE 8.47 ± 0.05bC 10.17 ± 0.15aC

F-PLE 2.90 ± 0.01dB 3.26 ± 0.01cC 12.70 ± 0.26aB 9.77 ± 0.06bC

F-DE 5.67 ± 0.06cA 1.27 ± 0.01dF 15.20 ± 0.00bA 28.83 ± 0.45aA

N-C 2.59 ± 0.01dC 5.11 ± 0.07cA 7.99 ± 0.27bC 27.50 ± 0.36aB

N-PLE 2.88 ± 0.03bB 2.49 ± 0.01cD 3.22 ± 0.09aE 1.53 ± 0.10dE

N-DE 2.47 ± 0.06dD 4.83 ± 0.20cB 5.97 ± 0.15bD 6.50 ± 0.04aD

CO2TR (cm3/m2 d bar) F-C 0.01 ± 0.00dF 3.20 ± 0.20cD 13.70 ± 0.26bA 61.53 ± 3.09aB

F-PLE 2.82 ± 0.14dB 3.74 ± 0.05cBC 12.40 ± 0.26bB 11.63 ± 0.21aE

F-DE 3.05 ± 0.10cA 0.95 ± 0.01dE 13.50 ± 0.10bA 21.20 ± 0.17aD

N-C 1.93 ± 0.02dD 3.43 ± 0.23cCD 4.65 ± 0.01bE 40.40 ± 0.20aC

N-PLE 1.43 ± 0.06dE 4.87 ± 0.07cA 6.20 ± 0.04bD 148.33 ± 5.18aA

N-DE 2.27 ± 0.09dC 3.91 ± 0.07cB 7.80 ± 0.41bC 6.02 ± 0.18aE

CO2/O2 F-C 0.01 ± 0.00cD 1.78 ± 0.11bB 1.62 ± 0.03bB 6.05 ± 0.52aB

F-PLE 0.97 ± 0.05bA 1.15 ± 0.01aC 0.98 ± 0.00bD 1.19 ± 0.03aC

F-DE 0.54 ± 0.01cC 0.75 ± 0.01bD 0.89 ± 0.01aD 0.89 ± 0.02aC

N-C 074 ± 0.01bB 0.67 ± 0.05bD 0.58 ± 0.02aE 1.47 ± 0.02aC

N-PLE 0.50 ± 0.02cC 1.96 ± 0.03bA 1.93 ± 0.05bA 30.09 ± 2.65aA

N-DE 0.92 ± 0.03bA 0.81 ± 0.03cD 1.31 ± 0.08aC 0.93 ± 0.02bC

Note: Means ± standard deviation (n = 3). Different lowercase letters on the same line and different uppercase letters in the same column indicate significant

differences between means, according to Tukey's test (p < 0.05).
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or porosity in the structure of the films, facilitating gas
permeation under these conditions. The effect of DE was
less pronounced in N-DE, possibly because of chemical
interactions that occurred between gelatin-DE-CN, form-
ing a more cohesive matrix that was difficult to
penetrate.

The fact that CO2TR was lower than O2TR in all treat-
ments at RH = 0% can be explained by the fact that the
size of the CO2 molecule is larger than that of O2 (3.4 and
3.1 Å, respectively),34 which makes passage through the
dehydrated biopolymeric matrix difficult (Figure 1).
The same behavior was observed for chitosan-coated
polyethylene films by Kurek et al.31

In the other RHs, the effects observed were varied,
because of the presence of water in the biopolymer matrix.
F-C, F-PLE, and N-PLE presented higher CO2TR than
O2TR at RHs of 34%, 59%, and 76%, possibly related to the
fact that CO2 has a higher solubility in water than O2, thus
increasing the permeation of this gas in the hydrated
material.35 This greater solubility of CO2 in water can also
be explained by the fact that it can react with water to
form carbonic acid. Furthermore, CO2 can interact with
the free amino groups of gelatin, increasing its sorption
and permeation, unlike O2.

36 Kurek et al.31 observed that,
in hydrated chitosan-based films and coatings, the CO2TR
was higher than the O2TR, and attributed this behavior to
the greater solubility of CO2 in water.

Under these same conditions, O2TR was greater than
CO2TR in F-DE, N-C, and N-DE. For F-DE and N-DE,
this behavior can be explained by the presence of DE oil,
which can increase the non-polar character of these
materials, causing non-polar molecules such as O2 and
CO2 to have greater affinity. In these cases, the O2 mole-
cule, being smaller, was probably able to migrate more
easily through the biopolymeric matrix.35 The presence
of oil can also affect all chemical interactions and rear-
rangements in biopolymer matrices, influencing the
affinity of CO2 for the amino groups of gelatin and for
water. In particular, F-DE presented the lowest values of
O2TR and CO2TR at RH = 34%, possibly because, in this
condition, the chemical interactions (such as hydrogen
interaction) between gelatin and sodium caseinate pre-
sent in the external aqueous phase of DE, in the presence
of water, have been maximized, forming a more compact
structure. In the remaining RH (59 and 76%), O2TR and
CO2TR were, in general, among the highest in F-DE,
given that increasing the amount of water present in the
film can rehydrate the gelatin, causing destabilization
and separation of the DE oil. This separation can com-
promise the film structure and form pores, which can
create a preferential path for gas permeation.

N-PLE presented the lowest O2TR values (p < 0.05)
at RH = 59 and 76%. This could be a consequence of its

greater crystallinity (Figure 2) since the permeation of
gases and vapors occurs in the amorphous portion.34

Overall, crystallinity plays a fundamental role as gases
cannot diffuse and permeate through the crystalline
phase due to the restricted mobility of the biopolymer
chain.10 Biopolymer matrix crystals are impenetrable to
gas molecules and consequently biopolymers with the
highest crystallinity were generally the best barrier mate-
rials. N-C, on the other hand, presented a lower crystal-
linity index than N-PLE; therefore, higher O2TR and
CO2TR values. Although N-DE had a lower crystallinity
index, its O2TR was the lowest at RH = 76%, possibly
because of the gelatin-DE-CN interaction.

Overall, the O2TR and CO2TR values of the films and
nanocomposites were lower than the values reported for
modified polylactic acid-based films at 23�C and 26% RH
(4–487 and 5–1200 cm3/m2 d bar, respectively).37 The
O2TR and CO2TR values were also lower than those of
common polymer-based packaging at 23�C and 0 or 50%
RH, such as polypropylene (50–100 and 270–1000 cm3/
m2 d bar, respectively), polyethylene (50–200 and 200–
900 cm3/m2 d bar, respectively) and polystyrene (100–150
and 270–1000 cm3/m2 d bar, respectively); however, they
were higher than those of high barrier performance pack-
aging, such as polyamide (0.1–1 and 1.8–4.6 cm3/m2 d
bar, respectively), polyvinyl alcohol (0.02 and 0.04 cm3/
m2 d bar, respectively), and ethylene vinyl alcohol
(0.001–0.01 and 0.01–0.08 cm3/m2 d bar, respec-
tively).38,39 These comparisons should be made cau-
tiously, as many conditioning and analysis conditions are
used in the literature. However, they can be useful for
positioning the films and nanocomposites from this study
relative to the state of the art.

The gas permeability ratio (CO2TR/O2TR, also called
perm-selectivity ratio) is also an important parameter for
food packaging, as it informs about the proportion of
gases inside the packaging40 and about what type of food
it is suitable for. The CO2TR/O2TR perm-selectivity ratio
is already known for several polymers. According to
Schmid et al.,33 for non-condensable gases, the gas perm-
selectivity ratio is relatively constant and is not related to
the polymer chemical structure. This means that
although the molecular size of permeating species could
affect the transmission rate, in the case of O2 and CO2

there is no relationship between gas molecular size and
permeability behavior.34 Generally, in biopolymeric
films, CO2 is much more permeable than O2, as it has a
higher solubility in water and a higher affinity for gelatin,
for example, as previously mentioned.36 Therefore, the
CO2TR/O2TR value in gelatin-based films is generally
greater than 1.

In this study, O2TR was higher than CO2TR for all
treatments at RH = 0%, and the CO2TR/O2TR ranged
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from 0.01 to 0.97 (Table 2). In the other RHs, F-DE and
N-DE presented higher O2TR than CO2TR, with CO2TR/
O2TR smaller than 1, except for N-DE in RH = 59%
(CO2TR/O2TR = 1.31). In the other treatments, the
CO2TR/O2TR was greater than 1, with values varying
between 1.15 and 1.96, except for F-C at RH = 76%,
where the value was 6.05. This result indicates that, in
films and nanocomposites with some incorporated com-
ponent (CN, PLE, and/or DE), the CO2 permeability was
reduced and the CO2TR/O2TR ratio remained practically
constant, possibly because the hydrogen interactions
occurring between gelatin and these components reduced
the free amino groups in gelatin, for which the CO2 mole-
cule has affinity. The CO2TR/O2TR ratio values deter-
mined for the films and nanocomposites may be
interesting for packaging foods with a high respiration
rate, such as fruits and vegetables, since values <3 have
been considered as ideal for optimizing the respiration
rate of these fresh foods.41,42

In summary, all studied films and nanocomposites can
be considered as medium barrier to O2 (400–4000 cm3 μm/
m2 d bar32), with the best performances being observed at
RH = 0% and 34%. Especially, N-PLE and N-DE presented
good O2 barrier properties at higher RH (59 and 76%). The
main novelty of this study was to obtain films and nano-
composites based on biopolymers with average barrier per-
formance to O2 and CO2 gases, higher than that of
packaging based on polymers, such as polyethylene and
polystyrene. This performance was obtained by combining
the effect of adding a plant extract rich in phenolic com-
pounds encapsulated in double emulsions and cellulose
nanocrystals, which performed interactions with the bio-
polymer matrix. In addition, these materials, especially the
nanocomposites, were able to maintain the ratio between
CO2TR and O2TR, despite the increase in relative humidity.

4 | CONCLUSIONS

The O2 and CO2 permeability of gelatin-based films and
nanocomposites activated with non-encapsulated PLE
and encapsulated in double emulsion was influenced
mainly by the rearrangement of chemical interactions
occurring in the biopolymeric matrix because of their
moisture content. The increase in relative humidity pro-
voked an increase in the moisture content of these mate-
rials, thus contributing to the occurrence of phenomena
such as swelling, the increase in free volume in the bio-
polymer matrix due to the water plasticizing effect and,
consequently, the increase in gas permeability. At higher
relative humidity, the nanocomposites generally pre-
sented the best gas barrier properties, especially the
nanocomposite with double emulsion, for both gases,

and the non-encapsulated PLE nanocomposite, with
lower O2 permeability. Accordingly, the addition of crys-
talline nanocellulose and non-encapsulated or doubly
emulsified PLE into gelatin-based films improved the gas
barrier properties, especially under high relative humid-
ity conditions.
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