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Abstract: This study aimed to develop bioactive bi-layer edible films based on starch (primary
layer) and LAB-fermented whey and/or mango pulp powder solutions (secondary layer). Bioactive
bi-layer edible films were evaluated for their physical properties, mechanical properties, antioxidant
capacity, and Lactobacillus rhamnosus availability for 28 days (4 and 20 ◦C). Selected bioactive bi-layer
edible film was applied to sushi to evaluate its sensory acceptance. The results indicated that bi-
layer edible films based on LAB-fermented whey/mango solutions presented a higher quantity of
phenolic compounds (95.87–107.67 mg GAE/100 g) and higher antioxidant capacity (74.84–77.64%).
In addition, the higher viability (106–107 CFU/g) of L. rhamnosus after edible film production was
obtained in those formulated with whey. After the storage period, the antioxidant capacity of all
edible films was significantly affected by the storage time, while edible films containing whey in
their formulation and stored at 4 ◦C had a L. rhamnosus count higher than 6 log cycles, which is
the minimum required threshold to exert its beneficial effects in humans. The sushi covered with
the selected bi-layer edible film was well accepted by the consumers, showing acceptance values
between “I like it” and “I like it much”. Therefore, the developed bi-layer edible films can serve as an
alternative for adding health-promoting compounds to sushi with an adequate sensory acceptance of
the consumers.

Keywords: bioactive edible films; antioxidant compounds; probiotics; sushi

1. Introduction

Food packaging is one of the most important components of the food supply chain
and is becoming an elemental factor in making decisions about the food manufacturing
process [1]. Although the main characteristic of food packaging is to provide mechani-
cal protection against physical, chemical, and microbiological damages, nowadays, it is
considered the silent salesman because it presents valuable information like name, brand,
labeling, claims, category, security, nutritional value, etc., being a communication vehicle
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between food processors and consumers [2,3]. Packaging materials such as glass, cartons,
metal, plastic, and wood are commonly used in food products; however, due to their
convenience and performance, low cost, versatility, barrier properties, and lightweight,
plastic materials are the most used type of packaging [4]. The use of plastic material for
food packaging presents significant environmental and health drawbacks because of their
non-biodegradable and non-renewable nature and, from a health standpoint, the possibility
of adding harmful chemical substances [5,6]. Therefore, the development of biopolymer-
based functional films for packaging applications is gaining popularity due to their various
advantages, for instance, biodegradability, biocompatibility, and non-toxic characteristics,
over traditional packaging [7].

Recently, edible films and coatings have been developed and studied as alternative
primary packaging because they can be consumed with food or easily degraded [8,9].
Edible films are a preformed thin layer (<0.3 mm) obtained from edible materials used
for protecting food products from physical, chemical, and biological hazards [10]. Among
edible materials, polysaccharides, proteins, and lipids, alone or in combination, have been
used as the base of film formulation, and their uses depend on the food product to be
applied [11]. In this sense, the protein-based edible films have good mechanical resistance
and poor water vapor barrier properties, while polysaccharides improve the gas barrier
properties of edible films [11]. Therefore, composite edible film formulation or the use
of more than one edible layer to enhance the mechanical and physical characteristics
of the edible film is an alternative method to increase the application of edible films to
food products [12,13]. Moreover, edible films have also been used as bioactive or health-
promoting compound carriers [8]. These bioactive edible films are gaining attention due
to the additional benefits they provide to food consumers [6] and even as an intelligent
indicator of food spoilage [14]. Among health-promoting compounds added to the edible
films, antioxidants, antimicrobials, plant extracts, essential oils, probiotics, prebiotics,
enzymes, and pigments are the most investigated compounds [11].

Mango is known as the king of fruits because it is the most popular fruit in tropical
regions. It belongs to the Mangifera genus and is native to India and Southeast Asia [15].
However, nowadays, it is cultivated in different parts of the world, such as America,
Africa, Australia, and Europe [16]. Although mango fruit is widely consumed due to
its sensory (juicy and pleasant flavor) and nutritional properties, the health-beneficial
compounds (phenolic compounds, carotenoids, fiber, and vitamins) that both its pulp
and by-products contain are making it gain more consumers [17]. In this sense, mango
fruit phytochemicals have proven benefits against some diseases, such as cardiovascular,
type 2 diabetes, metabolic syndrome, cancer, etc. [17,18]. In addition, recent studies have
indicated that mango has polyphenols and fiber, which can be used as a prebiotic for
probiotic microorganisms, reducing inflammation processes and other symptoms associated
with chronic intestinal diseases [19–21]. Therefore, looking for the incorporation of mango
pulp in a probiotic matrix such as edible film is an attractive way to integrate its several
benefits. This study aimed to develop and characterize a bi-layer edible film composed
of a starch edible film and LAB-fermented whey/mango film and evaluate its sensory
acceptance when the selected edible film was applied to sushi.

2. Materials and Methods
2.1. Vegetal Material

Mangoes (Mangifera indica) cv. Manila were obtained from a local supermarket in
Puebla, Mexico. Ripe fruits with brilliant color, free of apparent physical and microbiologi-
cal damage, were selected, washed, and manually peeled using a stainless steel knife, and
cut in halves for drying (model 3926, Excalibur TB, Sacramento, CA, USA) at 55 ◦C for 24 h
(moisture content = 18.82 ± 1.20%). Dried mangoes were ground, sieved (180 µm), and
stored in glass bottles covered with aluminum at 20 ± 2 ◦C for further use.
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2.2. Reagents

Reagents, broths, and agars were obtained from Sigma-Aldrich, Inc. (Toluca, Mexico),
J.T. Baker (Mexico City, Mexico), and BD Bioxon (Mexico City, Mexico), respectively. Whey
powder (10% protein, 75% carbohydrates, 1.5% fat, and 1.15% of sodium) and potato starch
(0.05% protein and 80.70% carbohydrates) were obtained from Food Technologies Trading
(Mexico City, Mexico) and Fabsa (Mexico City, Mexico), respectively.

2.3. Fermentation Process of Whey and/or Mango Solutions

Figure 1 shows the formulation solutions to produce the secondary layer of edible
films. All solutions were sterilized at 121 ◦C for 15 min, and systems 1, 3, 4, 5, 7, and 8 were
inoculated with L. rhamnosus NRRL B442 (1 × 109 CFU/mL) previously cultured in MRS
broth at 37 ± 2 ◦C for 24 h (the inoculated broth was plated on MRS agar and incubated at
37 ± 2 ◦C under an anaerobic environment to know its microbial count). After incubation
(37 ± 2 ◦C for 24 h), the solutions with L. rhamnosus were immediately used for bi-layer
edible film production. Systems 2 and 6 were non-inoculated solutions and were used
as controls.
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Figure 1. Bi-layer edible films production.

2.4. Production of Bi-Layer Edible Films

The bi-layer edible films were produced in two steps: (1) The primary filmogenic
solution (edible film 1) was made by mixing starch (5%) and glycerol (3.5%) with distilled
water and then heated to 70 ◦C for 5 min. The solution was sterilized (at 121 ◦C for 15 min),
poured (15 g) into wax paper (118 cm2), and dried at 40 ◦C for 2 h. (2) The secondary
filmogenic solution (edible film 2) was then poured (60 g) on dried starch -based edible film
(Figure 1) and dried again for 24 h at 40 ◦C (constant weight). Then, edible films were gently
removed and stored (28 days at 45± 5 RH) in LLDPE (linear low-density polyethylene)
bags at 4 ± 1 ◦C (systems 1, 2, 3, and 4) and 20 ± 2 ◦C (systems 5, 6, 7, and 8) to study
their physical, mechanical, antioxidant, and probiotic survival stability. At the end of the
storage, the edible film that maintained its quality characteristics was used to cover sushi
for studying its sensory acceptance.
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2.5. Moisture

The moisture content of bi-layer edible films was determined by oven-drying them at
105 ◦C until they reached a constant weight, according to the 925.25 methodology of the
AOAC [22] Official Methods.

2.6. Color

The L*, a*, and b* color parameters of bi-layer edible films were evaluated using
a Precise Colorimeter Reader (TCR 200, TIME High Technology, Beijing, China). The
measurement was taken on the top of each edible film under room conditions of light and
temperature. The L*, a*, and b* color parameters were used to calculate the total color
change (∆E) using the following equation.

∆E =

√(
L∗ − L∗

0
)2

+
(
a∗ − a∗0

)2
+

(
b∗ − b∗0

)2 (1)

where L∗, a∗, and b∗ and L∗
0 , a∗0 , and b∗0 are the color parameters at the beginning and at the

end of storage, respectively.

2.7. Thickness

The thickness (Th) of edible films was obtained by measuring five random areas using
a millimeter micrometer (IP54, Qfun, Xi´an, China) with a sensitivity of 0.01 mm [23].

2.8. Water Vapor Permeability

The water vapor permeability (WVP) of edible films was measured following the
ASTM E96 method [24]. Briefly, the bi-layer edible film was used to seal a glass vessel
containing distilled water. The sealed vessel was placed at 4 ± 1 ◦C (45 ± 2% RH) and
weighed every 1 h for 10 h. The WVP was calculated using the following equation.

WVP
( gm

sm2Pa

)
=

WVTR × Th
∆P

(2)

where WVTR is the water vapor transmission rate (g/h m2), Th is the thickness (mm), and
∆P is the difference between partial water vapor pressures (kPa).

2.9. Mechanical Properties

Tensile strength (TS) and elongation at break (EAB) were evaluated using a texture ana-
lyzer (EZ-test, EZ-SX, Shimadzu Corp, Kyoto, Japan). The rectangles of bi-layer edible films
(3.5 cm × 6.0 cm) were held tightly between mechanical grips at an initial distance of 3 cm.
The force (MPa) and deformation (mm) were recorded during extension at 60 mm/min. Me-
chanical properties were determined using the interface software TRAPEZIUM X Material
Testing Operation Software V 1.4.0. Both mechanical properties were calculated following
the ASTM D882 method [25].

2.10. Total Phenolic Compounds and Antioxidant Capacity

The extracts of bi-layer edible films were conducted to evaluate the total phenolic
compounds and antioxidant capacity. Five grams of edible film was blended with 100 mL
of distilled water, cotton-filtered, and immediately used for antioxidant assays. Total
phenolic compounds were evaluated following the methodology reported by Hernández-
Carranza et al. [26]. In brief, 1 mL of extract was mixed with 1 mL of Folin–Ciocalteau
reagent (0.1 N), and 3 min later, 1 mL of Na2CO3 (0.05%) was added. The mixture was
allowed to stand for 30 min in a dark environment and read at 765 nm using a UV-Vis
spectrophotometer (Jenway model 6405, Staffordshire, UK). Results were expressed as mg
GAE (gallic acid equivalent) per 100 g of edible film using a standard curve of gallic acid.
On the other hand, the antioxidant capacity was evaluated following the methodology
proposed by Hernández-Carranza et al. [26]. One milliliter of sample was mixed with
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1 mL of DPPH solution (0.004%) and allowed to stand for 30 min in a dark environment
at room temperature. The antioxidant capacity was measured at 517 nm using a UV–Vis
spectrophotometer. The results were expressed as mg of Trolox per 100 g of edible film
using a standard curve of Trolox.

2.11. Probiotic Count

Probiotic microorganisms were quantified in bi-layer edible films formulated with
fermented whey and/or mango solutions, following the methodology proposed by He
et al. [27] with some modifications. Briefly, 1 g of edible film was placed in a sterilized
bag with 9 mL of peptone water (0.1% w/v) and processed for 5 min using stomacher
equipment (model 400, Seward, West Sussex, UK). Then, the sample was diluted until
an appropriate count was reached (30–300 CFU/g), plated on MRS agar, and stored at
37 ± 2 ◦C under an anaerobic environment. A microbial count was performed after 24 h
of incubation.

2.12. Bi-Layer Edible Film Application and Sensory Acceptance

The selected bi-layer edible film was applied to commercial sushi made of rice, av-
ocado, cucumber, and cream cheese (Figure 4) to evaluate consumer acceptance. Sushi
covered with the bi-layer edible film was evaluated for its sensory properties using a 7-point
hedonic scale, where 1 means “dislike very much” and 7 means “like very much” [28].
A 1 cm slice of sushi was provided to fifty students from the Benemerita Universidad
Autonoma de Puebla (20 years old on average, 30 women and 20 men) who consume sushi
frequently (more than once a week) and do not have any problems with participating in the
test. The odor, flavor, texture, and overall acceptance of sushi were evaluated after 28-day
storage of the bi-layer edible film (4 ± 1 ◦C).

2.13. Statistical Analysis

Bi-layer edible films formulation was performed in triplicate, and each test was
conducted in duplicate. Results were analyzed with analysis of variance (α = 0.05) using
the Tukey’s test of Minitab 15 software (Minitab Inc., State College, PE, USA).

3. Results and Discussion
3.1. Physical and Mechanical Properties of Formulated Bi-Layer Edible Films

Table 1 shows the physical and mechanical properties of bi-layer edible films. Ev-
idently, in the beginning of the storage, the moisture content (23.87 to 29.18%) of bi-
layer edible films was higher than edible films (11.37–13.93%) based on starch and LAB-
fermented whey solution [6], which may be due to the hydrophilic compounds (carbo-
hydrates and fiber from the mango powder and proteins from whey) that interact with
water molecules [29,30]. Moreover, both mango pulp powder and whey significantly
(p < 0.05) increased the Th of edible films (systems 1, 2, 5, and 6), while the addition
of probiotic microorganisms did not affect this mechanical property. In this sense, dif-
ferent studies have indicated that probiotics do not affect the Th of edible films; how-
ever, prebiotics and fiber affect it significantly [31,32]. On the other hand, none of the
edible film components (whey, mango pulp powder, and probiotic) affected the WVP
(p > 0.05); therefore, it is possible to infer that this property depends on the starch-based
(primary) film, which is presented in all the edible films. Notably, the values of WVP,
i.e., 0.36–6.46 × 10−10 gm (sm2Pa)−1, are lower than those reported for other edible films
formulated with whey protein isolate- and carrageenan-based edible films added with
different probiotics, i.e., 2.62–7.76 × 10−9 gm (sm2Pa)−1 [33]. The WVP is expected to be
lower because increasing the number of layers in edible films reduces the water transmis-
sion through them [34]. Elongation at break (EAB) did not present any tendency about the
effect of film components, showing values in the range of 19.20 to 42.36%, which are very
similar to the results obtained by Azeredo et al. [35], who reported values of 31.54–42.07%
in edible films made of mango puree reinforced with cellulose nanofiber and whey solution
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fermented by L. rhamnosus. Contrary to the EAB, the components of edible films affected the
tensile strength (TS). Evidently, the edible films without mango pulp in their formulation
(systems 3 and 7) presented a lower tensile strength (0.37–0.38 MPa). In this sense, the
interaction between whey protein and carbohydrates from mango pulp and starch through
hydrogen bonds and electrostatic interactions between amino and hydroxyl groups may
increase the TS [36].

Table 1. Physical and mechanical properties of formulated bi-layers edible films at the beginning and
after 28 days of storage a.

Systems
Moisture (%) Th (mm) WVP × 1010 (gm/sm2Pa) EAB (%) TS (MPa)

0 d 28 d 0 d 28 d 0 d 28 d 0 d 28 d 0 d 28 d

1 25.33 ± 1.65 aA 21.90 ± 3.88 aA 0.62 ± 0.02 aA 0.47 ± 0.01 bB 5.03 ± 0.25 aA 0.86 ± 0.22 bB 25.43 ± 8.04 aAB 13.66 ± 2.83 aA 1.27 ± 0.01 aA 1.45 ± 0.12 aA
2 28.04 ± 4.94 aA 20.11 ± 7.26 aA 0.66 ± 0.01 aA 0.43 ± 0.02 bB 2.82 ± 0.09 aA 0.92 ± 0.38 bB 42.36 ± 0.34 aA 14.72 ± 1.12 bA 0.91 ± 0.08 aB 1.46 ± 0.09 bA
3 26.73 ± 7.29 aA 13.38 ± 6.07 aA 0.35 ± 0.01 aD 0.32 ± 0.01 bC 2.46 ± 0.56 aA 0.66 ± 0.25 aB 33.47 ± 6.28 aAB 23.44 ± 5.60 aA 0.38 ± 0.07 aC 0.84 ± 0.06 bB
4 29.18 ± 5.80 aA 18.67 ± 1.54 aA 0.45 ± 0.03 aC 0.46 ± 0.03 aB 3.83 ± 0.27 aA 1.46 ± 0.59 bB 19.49 ± 2.02 aB 17.53 ± 8.18 aA 1.23 ± 0.08 aA 0.95 ± 0.21 aB
5 23.87 ± 3.38 aA 18.75 ± 2.71 aA 0.63 ± 0.01 aA 0.51 ± 0.02 bA 5.78 ± 4.65 aA 7.22 ± 1.51 aA 19.20 ± 6.46 aB 27.19 ± 1.92 aA 1.01 ± 0.10 aAB 1.14 ± 0.01 aAB
6 26.80 ± 3.02 aA 21.67 ± 4.61 aA 0.64 ± 0.01 aA 0.54 ± 0.02 bA 0.36 ± 0.45 aA 5.90 ± 2.10 aAB 40.00 ± 4.04 aA 16.27 ± 1.52 bA 0.81 ± 0.04 aB 1.35 ± 0.07 bA
7 27.76 ± 8.94 aA 17.49 ± 0.37 aA 0.46 ± 0.03 aC 0.32 ± 0.01 bC 6.46 ± 1.40 aA 6.31 ± 1.86 aAB 41.60 ± 1.78 aA 28.55 ± 7.25 aA 0.37 ± 0.07 aC 0.58 ± 0.06 aC
8 25.47 ± 4.32 aA 20.78 ± 2.11 aA 0.54 ± 0.01 aB 0.42 ± 0.02 bB 1.23 ± 0.79 aA 7.26 ± 2.25 aA 22.40 ± 7.43 aAB 26.06 ± 6.14 aA 0.70 ± 0.12 aB 0.81 ± 0.01 aB

a Mean ± standard deviation. Letters a and b within the same line for the same characteristic indicate statistical
differences (p < 0.05). Letters A, B, C, . . . within the same column for the different systems indicate statistical
differences (p < 0.05).

During storage, although a reduction in moisture content was detected, no significant
effect of time and temperature was observed, whereas Th decreased (p < 0.05) with storage
time, regardless of temperature. Ramos et al. [37] pointed out that the reduction in Th may
be associated with a weakness in the electrostatic repulsions of the edible film components,
causing the aggregation phenomenon. Interestingly, the WVP of edible films was affected by
the storage temperature, showing a reduction (p < 0.05) in edible films stored at 20 ◦C, which
may be attributed to the increase in the aging process and the consequence aggregation of
protein–carbohydrate interaction in the film matrix [38]. On the other hand, after 28 days
of storage, both EAB and TS showed different behaviors, while EAB was reduced, and
TS was increased, being significant in edible films formulated with whey and mango
pulp powder without a fermentation process (systems 2 and 6), which indicates that
fermentation maintained the mechanical properties of edible films during the storage.
A similar behavior was reported by Hernández-Carranza et al. [6], who evaluated the
stability of LAB-fermented starch-based edible films using two probiotic microorganisms (L.
acidophilus and L. rhamnosus). They indicated that edible films fermented with L. rhamnosus
did not present any changes in TS and EAB during 14 days of storage at 4 ◦C using LLDPE
as a secondary package. The color characteristics of edible films are presented in Table 2.
Edible films added with mango pulp powder (systems 1, 2, 4, 5, 6, and 8) showed L*, a*,
and b* color parameters in the range of 67.51 to 76.17, −2.50 to 0.65, and 36.94 to 50.46,
respectively, indicating a medium light shade of yellow (color code: #d1ba77) to a shade of
yellow (color code: #c8af55) color of the hex color standard, which is expected due to the
color characteristics of mango pulp. Viana et al. [39] indicated similar values for L* (63.55), a*
(4.95), and b* (56.46) color parameters in edible films added with mango pulp. The variation
in color parameters may be due to the amount of mango used; for instance, Rojas-Bravo
et al. [40] indicated that as the amount of mango peel powder in the edible film formulation
increased, a decrease in the luminosity (tends to darkness) and increments in a* (tends
to red) and b* (tends to yellow) were observed. On the other hand, edible films without
mango pulp (L*: 88.97–90.34, a*: 0.99–1.45, and b*: 11.35–12.06) displayed a very light shade
of brown color (#ecdec9 code of the hex color standard) provided by whey and starch. A
similar color code (a light shade of brown) was reported by Hernández-Carranza et al. [6]
in edible films formulated with starch and LAB-fermented whey solution. Storage time
significantly affected (p < 0.05) the color parameters of edible films, showing a browning
process (the reduction in L* and b* and an increase in a* color parameters). This change was
higher in the edible films that had mango pulp and was caused by the polyphenol oxidase
enzyme, the main enzyme responsible for the browning process in fruits and vegetables [40].
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The color change due to the storage time was calculated by the total color change (∆E),
where a higher variation (>12.99) was observed in the bi-layer edible films formulated
with mango pulp powder, while those films without mango presented less color change
(6.41–7.72). Moreover, according to Piccirilli et al. [41], changes in color parameters of
edible films formulated with proteins (ε-amino group in lysine) and carbohydrates (lactose)
during storage could also be due to Maillard reactions.

Table 2. Color parameters of formulated bi-layers edible films at the beginning and after 28 days of
storage a.

System
L* a* b* ∆E

0 d 28 d 0 d 28 d 0 d 28 d 28 d

1 72.04 ± 1.16 aC 66.92 ± 0.18 bD −2.28 ± 0.51 bB 3.43 ± 0.85 aA 49.03 ± 1.22 aA 27.88 ± 2.34 bAB 22.50 ± 1.54 AB
2 69.97 ± 0.96 aC 67.16 ± 0.27 bD −1.38 ± 0.51 bB 4.45 ± 0.34 aA 48.10 ± 1.31 aA 31.69 ± 0.38 bA 17.65 ± 1.16 BC
3 88.97 ± 0.54 aA 84.06 ± 0.48 bA 1.45 ± 0.29 bA 3.32 ± 0.84 aA 12.06 ± 0.60 aC 8.39 ± 1.12 bD 6.41 ± 0.76 D
4 76.17 ± 0.66 aB 72.04 ± 0.11 bB −1.17 ± 0.42 bB 4.06 ± 1.74 aA 36.94 ± 3.69 aB 16.06 ± 1.85 bCD 21.93 ± 2.35 AB
5 67.51 ± 0.85 aD 66.04 ± 0.45 aD 0.65 ± 1.05 bA 6.57 ± 2.43 aA 50.46 ± 1.63 aA 22.90 ± 3.03 bBC 28.23 ± 2.01 A
6 72.28 ± 0.35 aC 68.48 ± 0.29 bC −1.76 ± 0.08 bB 2.57 ± 2.43 aA 47.00 ± 0.63 aA 28.59 ± 5.94 bAB 19.29 ± 5.80 BC
7 90.34 ± 0.62 aA 83.16 ± 0.41 bA 0.99 ± 0.12 aA 3.39 ± 1.60 aA 11.35 ± 0.52 aC 9.83 ± 0.79 aD 7.72 ± 1.52 D
8 72.84 ± 1.17 aC 66.97 ± 0.67 bD −2.50 ± 0.21 aB 4.03 ± 3.34 aA 44.04 ± 2.77 aA 34.47 ± 2.08 bA 12.99 ± 3.24 CD

a Mean ± standard deviation. Letters a and b within the same line for the same characteristic indicate statistical
differences (p < 0.05). Letters A, B, C, . . . within the same column for the different systems indicate statistical
differences (p < 0.05).

3.2. Effect of Storage Condition on Health-Promoting Compounds of Bi-Layer Edible Films

The total phenolic compounds and antioxidant capacity of bi-layer edible films are
shown in Figure 2. The total phenolic compounds of all edible films were in the range of
95.87–107.67 mg GAE/100 g (regardless of the addition of mango pulp powder), indicating
a possible affectation of other components of edible films (whey powder and starch) on the
quantification of phenolic compounds. After the storage time, although the total phenolic
compounds of edible films remained constant, the bi-layer edible films formulated with
LAB-fermented whey and mango solution stored at 20 ◦C (system 5) presented a significant
reduction (p < 0.05) in their total phenolic compounds. This reduction is quite interesting
since system 5 also presented the highest total color change (∆E: 28.23), inferring that the
polyphenol oxidase enzyme is responsible for the total phenolic compounds’ affectation.
On the other hand, the antioxidant capacity of bi-layer edible films was affected by adding
mango pulp powder, showing an increase in the antioxidant capacity of those edible films
formulated with the fruit. After 28 days of storage, a significant reduction (p < 0.05) in
all edible films without the effect of the storage temperature was observed, probably as
antioxidant compounds are degraded by the oxidative reaction with oxygen, avoiding
the oxidation of lipids present in whey. It is interesting to highlight that the reduction in
antioxidant capacity without affecting the phenolic compounds is associated with other
antioxidant compounds, such as ascorbic acid and carotenoids, also present in mango fruits.
This phenomenon may be like those reported by Vithana et al. [42], who indicated that as
the mango ripens, the total phenolic compounds decrease without affecting the antioxidant
capacity due to the increase in ascorbic acid and carotenoids.

Figure 3 shows the viability of probiotics in formulated edible films during storage.
Only LAB-fermented whey and mango solution edible films were evaluated (systems 1, 3, 4,
5, 7, and 8). Evidently, though all solutions to be fermented were inoculated with the same L.
rhamnosus population (1 × 109 CFU/mL), bi-layer edible films presented different probiotic
counts. In this sense, the edible films made of LAB-fermented mango solution without
whey (systems 4 and 8) showed a reduction in their microbial load, which can be due to the
absence of protein, which provides the essential nutrients for microbial survival and can
scavenge free radicals produced during the drying process of edible film production [43].
After storage, the results indicated that storage time and temperature affected the probiotic
viability. The edible films stored at 20 ◦C presented a reduction in the probiotic count
between 1.11 and 2.86 log cycles, while these edible films, at 4 ◦C, showed reductions in the
range of 0.36–0.39 log cycles; interestingly, edible films formulated with LAB-fermented
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whey solution showed the lowest microbial decrease during storage, regardless of the
storage temperature. The mango acidity (pH = 3.5) probably affected the viability of L.
rhamnosus during storage. Moreover, edible films without whey in their formulation did
not contain probiotics at the end of the storage time, regardless of the temperature, while
edible films stored at 4 ◦C formulated with LAB-fermented whey and mango (system 1)
solution and LAB-fermented whey (system 3) solution showed a microbial count higher
than six log cycles, which is the minimum required to exert its beneficial effects on the
gastrointestinal system [44].
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3.3. Sensory Acceptance of Sushi Covered with Selected Bi-Layer Edible Film

At the end of the storage, a bi-layer edible film formulated with LAB-fermented whey
and mango solution stored at 4 ◦C (system 5) was used to cover sushi, as shown in Figure 4a.
This edible film was selected because it had a higher antioxidant capacity and probiotic
survival during storage. The results indicated that sushi covered with the bi-layer edible
film was well accepted by consumers (Figure 4b), showing a response between I like it and
I like it much, which is probably due to the pleasant and sour taste of the mango fruit and
because consumers are used to eating sushi with a thin coating, generally made of nori
algae, fish, or seafood.

One of the main characteristics of the application of edible films is an adequate
selection of the food to which it will be applied due to their direct contact with them; films
must present adequate sensory properties [45,46]. In this sense, Fierro-Corona et al. [43]
indicated that edible films based on LAB-fermented whey solution and starch were well-
accepted (receiving responses such as I like it and I like it very much) by consumers of
Manchego-type cheese; however, Kulawik et al. [47] pointed out that edible coatings based
on furcellaran–gelatin applied to salmon sushi were detected by the consumers, indicating
disagreements in terms of its color and general appearance.
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4. Conclusions

Bi-layer edible films based on starch as the primary layer and LAB-fermented whey
and/or mango solutions as the secondary layer were developed and applied (selected edible
film) for covering sushi. The mango pulp powder addition in the formulation increased the
yellow color (b* parameter) and the antioxidant capacity of edible films without affecting
the moisture, WVP, EAB, and TS of edible films. After 28 days of storage, the browning
phenomenon was observed in all edible films, being higher in those edible films containing
mango powder; however, these bi-layer edible films presented a higher antioxidant capacity.
On the other hand, at low temperatures of storage, probiotic microorganisms in edible
films formulated with LAB-fermented whey and whey plus mango solutions presented
adequate microbial load (106 CFU/g) to exert their beneficial effects. The application of
selected bioactive bi-layer edible film to sushi was well accepted by consumers, which is
paramount for adding health-promoting compounds to this product.
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