E coatings

Article

Development of Pericarp-Based Coatings from Corn
Nixtamalization Residue for Stone Fruits: Applications for Peach

and Tejocote

3

Liliana Edith Rojas-Candelas *(7, Luisa Fernanda Duque-Buitrago 2(*, Mayra Diaz-Ramirez 3(7,

Marcela Gonzalez-Vazquez

4

, Benjamin Arredondo-Tamayo %%, Juan V. Méndez-Méndez °,

Minerva Renteria-Ortega ! and Karla Quiroz-Estrada 7

check for
updates

Citation: Rojas-Candelas, L.E.;
Duque-Buitrago, L.F.; Diaz-Ramirez,
M.; Gonzalez-Vazquez, M.; Arredondo-
Tamayo, B.; Méndez-Méndez, J.V.;
Renteria-Ortega, M.; Quiroz-Estrada,
K. Development of Pericarp-Based
Coatings from Corn Nixtamalization
Residue for Stone Fruits: Applications
for Peach and Tejocote. Coatings 2024,
14,1296. https://doi.org/10.3390/
coatings14101296

Academic Editor: Daniela Predoi

Received: 20 August 2024
Revised: 1 October 2024
Accepted: 8 October 2024
Published: 11 October 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

TES de San Felipe del Progreso, Tecnolégico Nacional de México, San Felipe del Progreso 50640, Mexico;
minervarenteria22@gmail.com

Escuela de Ingenieria de Alimentos, Universidad del Valle, Cali 76001, Colombia;
luisaduquebuitrago@gmail.com

Departamento de Ciencias de la Alimentacién, Universidad Auténoma Metropolitana,

Lerma de Villada 52005, Mexico; m.diaz@correo.ler.uam.mx

Instituto de Farmacologia, Universidad de la Carfiada,

Teotitldn de Flores Magon 68540, Mexico; marcelaglezvaz89@hotmail.com

Escuela Nacional de Ciencias Bioldgicas, Instituto Politécnico Nacional, Mexico City 07738, Mexico;
ben.grun4l@gmail.com

Centro de Nanociencias y Micro y Nanotecnologias, Instituto Politécnico Nacional, Mexico City 07738,
Mexico; najuvi@hotmail.com

Departamento de Quimica, Universidad Auténoma Metropolitana, Mexico City 09340, Mexico;
k.quiroz.estrada@gmail.com

*  Correspondence: dralilianaerojascandelas@gmail.com

Abstract: This study investigated corn pericarp, a by-product of the nixtamalization process, in
developing sustainable films for fruit coatings. These films were evaluated for their optical, structural,
barrier, and mechanical properties. The results showed that the pericarp films were transparent,
had heterogeneous surfaces, and exhibited favorable mechanical and barrier properties, suggesting
their potential as fruit coatings. The pericarp films significantly extended shelf life when applied to
peaches and tejocotes postharvest. The films slowed the maturation process, as evidenced by minimal
changes in peel and mesocarp color for up to five days for tejocotes and even longer for peaches.
Additionally, coated fruits showed slower rates of weight loss, firmness reduction, and decreases in
titratable acidity, total soluble solids, and total sugar content compared to control samples. These
findings demonstrate the potential of corn pericarp films as effective coatings for extending the shelf
life of stone fruits.

Keywords: stone fruit; food packaging; shelf life; biodegradable coatings

1. Introduction

Approximately 715 million tons of fruits and vegetables are wasted yearly due to
inadequate postharvest handling and quality deterioration. Stone fruits, including peaches
and tejocotes, are prone to postharvest losses such as high weight loss, decay, over-ripeness,
and physiological disorders like internal breakdown and chilling injury [1]. These issues
significantly affect their storability and shelf life, leading to substantial economic losses.
Addressing these challenges is crucial for extending the shelf life of stone fruits and reducing
waste. Recent research highlights the potential of edible coatings to improve the postharvest
quality of stone fruits by mitigating weight loss, decay, and other quality problems [2]. By
focusing on coating formulation, properties, and mode of action, it is possible to develop
more effective solutions for preserving the quality of stone fruits throughout their storage
and distribution.
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To address these challenges, biodegradable coatings have emerged as a promising
solution to preserve the quality and extend the shelf life of postharvest fruits. These
coatings maintain the sensory properties of the fruit without causing adverse effects,
allowing for storage without refrigeration and providing a simpler method for extending
shelf life [3,4]. For instance, coatings have been developed using various biopolymers,
including cellulose [5] and starch [6], as well as other components like beeswax [3,4] and
nanocomposites [7]. These innovations represent significant progress toward reducing
postharvest losses and meeting the growing demand for sustainable packaging solutions.

The increasing environmental awareness among consumers has also driven the search
for alternative packaging materials, emphasizing the importance of the circular economy
and closing production cycles. By repurposing by-products from the food industry, such as
agro-industrial waste, we can create new materials that reduce waste at multiple stages of
production [8]. This approach addresses postharvest fruit losses and contributes to a more
sustainable and circular food system.

A prime example of such waste is the by-products generated from nixtamalization,
a traditional process used in corn-based food production. Nixtamalization involves the
alkaline cooking of corn kernels by soaking and washing them in a calcium hydroxide
solution. This process generates significant by-products, including the corn pericarp and
wastewater known as nejayote. Nejayote is characterized by high solids, dissolved organic
matter, calcium salts, and a pH greater than 11, which poses environmental contamination
risks [9]. However, recent studies have shown that pericarp, traditionally considered
a waste product, possesses valuable physicochemical properties, such as nanomechanical
resistance and antioxidant activity [10], because it has a chemical composition rich in
total carbohydrates including cellulose, hemicellulose or pectin (45%-50%), structural
proteins and enzymes (5%-10%), and lipids (2%-5%) [11]. The sugar content in the pericarp
popcorn ranges from 10.96% to 11.06%, with an ash content of approximately 67.77%
and insoluble crude protein of 7% [10], as well as phenolic compounds (1%-2%), such as
ferulic acid and caffeic acid, and other components such as tannins (0.5%-1%) [12]. These
characteristics make it a promising candidate for use in developing biodegradable coatings.
This research aims to repurpose corn pericarp to create coating films that can be applied
to fruits, preserving and extending their shelf-life postharvest. A thorough analysis of the
films was conducted, including structural analysis, color evaluation, and the mechanical
and barrier properties assessment.

2. Materials and Methods
2.1. Sample

Popcorn kernels were obtained from a local store (Great Value, Walmart, Bentonville,
AR, USA). All chemicals and reagents were of analytical grade (>99%).

2.2. Nixtamalization

The nixtamalization process was conducted by cooking 200 g of popcorn kernels
with 1 g of calcium hydroxide in 400 mL of water for 40 min at 91 °C. After cooling, the
nejayote was removed [10]. The nixtamalized popcorn was then added to 300 mL of
a 2 N NaOH solution and cooled in a water bath for 15 min at 50 °C. The pericarp was
subsequently removed and stored at 25 °C. The selection of the above parameters is based
on the methodology of Rojas-Candelas et al. [10].

2.3. Preparation of Film

Biodegradable films were prepared using corn pericarp obtained from the nixtamal-
ization process. The preparation method followed the protocols of Velickova et al. [3] and
Ruzaina et al. [4] with some modifications. The film formulation included 1.5% beeswax,
2% glycerin, 4% potato starch, and 0.5% corn pericarp. The ingredients were placed into
a water bath with constant stirring for around 15 min at 70 °C; then, the liquid was emptied
into the petri dish (10 g) and dried at environmental temperature for the film to form.
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2.4. Films Characterization
2.4.1. Scanning Electron Microscopy (SEM) and Image Analysis

The surface of the films was examined using a scanning electron microscope (SEM, Hitachi
SU3500 I, Santa Clara, CA, USA) with an accelerating voltage of 10 kV. For image analysis,
fractal dimension (FD) and entropy (ET) were evaluated using MapFractal and the Gray Level
Co-occurrence Matrix (GLCM) in Image] (v. 1.46, National Institute of Health, Bethesda, MD,
USA), as described by Arredondo-Tamayo et al. [13] and Herndndez-Varela et al. [5].

2.4.2. Color

The films’ color, both in liquid and solid states, was measured using a colorimeter
(CHROMA METER CR-400, Konica Minolta, Tokyo, Japan). The parameters “L*”, “a*”,
and “b*” were obtained from the CIELab color space [1].

2.4.3. Determination of Moisture Content

The moisture of films was measured using a methodology reported in the AOAC
942.05 [14], and a thermobalance was used (MB45, Ohaus, Parsippany, NJ, USA).

2.4.4. Water Solubility

The water solubility of the pericarp film was evaluated according to the method
described by Arredondo-Tamayo et al. [13]. Measurements were conducted in triplicate
and reported as mean values with standard deviations.

2.4.5. Water Adsorption Capacity (WA)

Water adsorption capacity was calculated following the method outlined by Hernandez-
Varela et al. [5]. Measurements were carried out in triplicate and reported as mean values
with standard deviations.

2.4.6. Mechanical Properties

The mechanical properties of the pericarp film were determined using a texture ana-
lyzer (Brookfield CT3, Ametek, Inc., Berwyn, PA, USA) with a stress—strain test and double
clamps (T-96). The test conditions were those reported by Valdespino et al. [5]. Measure-
ments were performed in triplicate according to ASTM [15,16]. Strips of 80 x 20 mm were
used, and the equipment parameters were as follows: a load of 0.045 N, a rate of 0.3 mm/s,
50 % of deformation, and a load cell of 4500 g [1,5,13].

2.5. Fruit Treatment

Peaches (Prunus persica) and tejocotes (Crataegus mexican) were selected for uniformity
in external appearance, shape, maturity stage, and size, ensuring that these were free from
noticeable defects. The selected fruits were cleaned before film application. The same film
preparation was used, as explained in Section 2.3. Still, instead of emptying the liquid into
the petri dish, the coating was applied at low temperatures using an immersion technique
to avoid potential damage to the fruits. The coated fruits were then allowed to dry naturally
at room temperature for 30 min and stored in a dark environment at room temperature for
one week [1].

2.5.1. Color Analysis of Peel and Mesocarp

The color of the fruit peel and mesocarp was measured using a colorimeter (CHROMA
METER CR-400, Konica Minolta, Japan). Eight fruits from each sample were analyzed
following the method described by Rojas-Candelas et al. [1]. The parameters “L*”, “a*”,
and “b*” were measured using the CIELab color space.

2.5.2. Weight Loss

Weight loss was assessed according to the method described by Velickova et al. [3]. On
day zero, the initial weights of the control and coated fruits were recorded. The weight of
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ten fruits from each sample was measured daily throughout the one-week storage period.
Weight loss was calculated by comparing the final weight with the initial weight using the
following formula:

WL = (w, x 100) /w, (1)

where w, = initial weight measured and wj, = final weight.

2.5.3. Fruits Firmness

Mesocarp firmness was measured following the method described by Rojas-Candelas
et al. [1]. Measurements were performed using a Texturometer (Brookfield CT3, Ametek,
Inc., Berwyn, PA, USA) with a load of 450 g and a maximum penetration depth of 9 mm.
The penetration speed was set at 30 mm/min using a cylindrical probe with a diameter of
6 mm. Three fruits were selected for each sample, and 2 cm thick slices were cut from the
mesocarp’s peripheral zone. Within this zone, three points were evaluated, spaced 2 cm
apart. Peel firmness was assessed similarly using a cylindrical probe with a diameter of
4 mm. All measurements were performed in triplicate on five fruits from each sample, and
the results were averaged.

2.5.4. Total Soluble Solids and Titratable Acidity

Total soluble solids (TSS) and titratable acidity (TA) were measured following the
method of Rojas-Candelas et al. [1] with modifications. TSS was expressed in degrees Brix
(°Brix) using a refractometer (Atago, Tokyo, Japan). Titratable acidity was determined
by titrating with 0.1 N NaOH until a pH of 8.2 was reached. The titratable acidity was
calculated using the following formula:

(VXN xmeqxVf
TA_( WX V1 )><100

where V: volume of sodium hydroxide spent in the titration, N: sodium hydroxide nor-
mality = 0.1 N, meq: milliequivalents of 0.0067 malic acid for peach and tejocotes, V f: final
volume, W: sample weight, and V1: aliquot volume.

2.5.5. Total and Reducing Sugars

Total and reducing sugars were determined using a spectrometer (Shimadzu, Kyoto,
Japan), following the methodology of Velickova et al. [3] and Rojas-Candelas et al. [10] with
modifications. Results are presented as percentages.

3. Results
3.1. Film Characterization
3.1.1. Structural Characterization

Popcorn, widely recognized for its high fiber content and popularity as a healthy
snack [17], undergoes significant mechanical changes when exposed to heat. These changes
alter the kernel’s size, shape, and diameter, including the expansion and bursting of its
thicker endosperm [18,19]. These characteristics of popcorn make it a suitable candidate
for generating by-products like nejayote during nixtamalization, which can be utilized
in film production. In this study, texture image analysis (Figure 1) was performed on
the films using SEM images, focusing on fractal dimension (FD) and entropy (ET) as
critical parameters.

Low ET values correspond to homogeneous surfaces, indicating consistent texture across
the image. Conversely, FD values close to 2 suggest smoother surfaces [13]. The analysis
revealed distinct structural characteristics at different magnifications. The photos displayed
noticeable heterogeneity at lower magnifications, indicating rougher surface areas. How-
ever, as magnification increased, the surface appeared more homogeneous, with a smoother
texture and only minor cracks or irregularities visible. This suggests a transition in surface
characteristics, evolving from roughness to smoothness with increased magnification.
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Figure 1. Images of pericarp films observed with SEM scale bar of 1 mm (a) and scale bar of 50 um (b).

Further supporting these observations, the texture analysis revealed an ET value of
8.59 at lower magnification, indicating higher heterogeneity. The corresponding FD value
was 2.77, consistent with a rough surface arrangement. At higher magnifications, both ET
and FD values decreased. The ET value dropped to 7.65, reflecting a more homogeneous
surface, while the FD value slightly reduced to 2.71, indicating a smoother texture.

3.1.2. Color

Color analysis of the films in both liquid and solid states was performed using CIELab
parameters, which are crucial for assessing consumer perception. As shown in Figure 2,
the liquid-state film’s luminosity (L*) was lower than the solid-state film, indicating that
the liquid-state film appeared darker.

a Liquid b e

ClIELah wefun
&

Figure 2. (a) Color of pericarp film and (b) appearance of films.

This difference in luminosity could be due to variations in composition, thickness, or
other physical properties affecting light reflection and absorption.

Figure 2b reveals brown-colored particles in the film, attributed to pericarp residues,
contributing to the brown hue. The a* parameter decreased from the liquid to the solid
state, approaching 0, while the b* parameter increased in the solid-state film, enhancing
the yellowness.

3.1.3. Mechanical and Barrier Properties

The film exhibited a tensile strength (TS) of approximately 0.27 MPa with 5% elon-
gation, suggesting it has both hard and soft material characteristics observed in the
stress—strain curve (Figure 3). This high elongation at break coupled with low tensile
strength is consistent with the findings of Billmeyer and Wiley [20].
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Figure 3. The stress—strain curve of pericarp film.

Moisture content is critical for assessing the film’s barrier properties. Table 1 shows
that the pericarp film had moisture values below 20%.

Table 1. Barrier properties of pericarp film.

Samole M WS WA
P (/100 g) (/100 g) (g/100 g)
Film 10.60 + 0.78 22.00 + 1.20 162.00 + 1.28

M: moisture; WS: water solubility; WA: water adsorption capacity.

The lower moisture content in the pericarp film is due to the hydrophobic nature of
beeswax and the pericarp, which helps maintain fruit weight. The pericarp film’s water
solubility (WS) (Table 1) was 22%, attributed to the higher insoluble protein content in the
pericarp, which acts as a semipermeable barrier [10]. The pericarp film’s water adsorption
capacity (WA) was 162% due to the hydrophilicity of the pericarp fibers and the presence
of potato starch.

3.2. Fruits Characterization
3.2.1. Color of Mesocarp Films and Peel of Coated Fruits

Fruit color in films and peels is crucial for consumer acceptance and changes during
ripening. We monitored these changes throughout the storage period. Figure 4 shows
a tendency towards a wine color in all samples, with notable differences on days 1, 5, and 7
for the peel of both control and coated peaches.

By day 7, the coated peaches had a higher L* value, indicating a lighter or whiter
color than the control. The a* values varied across samples, with coated peaches generally
showing lower values, reflecting a less intense red color. The b* values for coated peaches
showed a trend towards yellow and were attributed to the coating, with coated peaches
exhibiting more yellow areas than the control.

For the peach mesocarp (Figure 5), the L* value of coated peaches remained stable
until day 5; then, it matched the control by day 7. The* values increased in coated samples,
indicating a more intense red color. In contrast, the b* values for coated peaches tended
towards yellow, contrasting with the control, which showed more wine color.

The tejocote peel (Figure 6) had a light brown and orange hue in all samples. Coated
samples maintained yellow for the first five days but had lower L* values than the control.
The* values for coated tejocote decreased on days 5, 6, and 7, indicating reduced green
tonality. Yellow tonality (b* values) varied among samples, with the control showing brown
areas from day 5, whereas coated samples showed these areas from day 6.
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Days
Sample 0 1 2 5 6 7
- 00 @0 00 00 00 00
[t 69.8614.59 54.13£5.322 59.45+4.94 48.9314.402 53.35+3.362 31.01+2.342
a* 39.76+3.78 52.10£5.19° 35.22+3.06 35.40+3.12° 39.00+3.57° 37.02+3.39°
b* 105.50+9.84 72.95+4.82° 99.11£7.722 78.29+5.59° 60.77+5.92° 50.44+3.51°¢
" 900 @0 00 90 90 060
L* 69.8614.59 68.21+4.90? 58.61+4.52 41.74£3.09? 37.57£3.29* 60.23+5.09°
a* 39.7613.78 29.83+1.33° 32.69+2.20 27.7742.56° 28.30+2.47° 30.9142.39°
b* 105.50+9.84 100.27+8.93¢ 52.21+4.102 46.89+2.70° 59.27+5.62° 66.1615.66°
CP: Control-Peach; PP: Pericarp-Peach. Values presented are the average + standard deviation. Different letters in the same parameter and column
from 1% to 7™ days indicate that the values are significantly different (p < 0.05).

Figure 4. Images and values of the color space CIELab of the peels from coated peaches and control

stored at room temperature. At different sampling times (0, 1, 2, 5, 6, and 7 days).

Days
Sample 1} 1 2 5 6 7
@0 @
W
L* 94.61+4.89 100.3517.46 88.9619.612 71.6415.73° 66.32+4.14° 69.3015.68
a* 37.98+3.57 34.556+0.14 40.26+10.69 61.87+3.82° 57.2615.21 29.35¢1.77°
b* 114.63£10.42 106.91+7.272 119.74+20.11 106.36+10.20° 89.861+6.88° 117.4916.38°
" 00 90 00 ¢0 04 . ‘
y
L* 94.61+4.89 99.06+9.75 96.66+5.462 59.0345.712 80.58+6.172 67.1616.03
a* 37.98+3.57 34.11+2.83 39.63+3.47 51.1415.04° 60.49+5.20 42.14+3.732
b* 114.63+10.42 132.01+13.182 119.51+10.07 80.68+2.67° 114.49£11.23° 101.8416.17°
CP: Control-Peach; PP: Pericarp-Peach. Values presented are the average + standard deviation. Different letters in the same parameter and column
from 1% to 7™ days indicate that the values are significantly different (p < 0.05).

Figure 5. Images and values of the color space CIELab of the mesocarp from coated peaches and

control stored at room temperature. At different sampling times (0, 1, 2, 5, 6, and 7 days).

Days
Sample 0 1 2 5 6 7
“"0000000¢g 00 0,
* 39.84+3.19 67.82+5.99 38.63+3.84 38.36+2.122 31.59+3.00° 40.41£3.102
a* 16.87£1.35 5.3840.492 25.93+2.09° 29.83+2.92° 23.43+1.87 31.05£2.48
b* 74.23+6.19 79.7247 42° 63.71£5.38 59.9345.90¢ 59.5245.26° 67.08+4.12°
"0 00 9009 P9 ¢
L* 39.84+£3.19 68.9415.04 40.1413.24 56.45+5.08° 41.6313.82° 34.65+1.85%
a* 16.87£1.35 16.23£1.44° 33.21£2.72° 26.41+2.53° 22.66+2.15 28.8111.84
b* 74.23£6.19 89.72+8.50° 62.3014.58 41.5413.90° 49.59+3.83° 49.62+4.89°
CT: Control-Tejocote; PT: Pericarp-Tejocote. Values presented are the average + standard deviation. Different letters in the same parameter and
column from 1% to 7 days indicate that the values are significantly different (p < 0.05).

Figure 6. Images and values of the color space CIELab of the peels from coated tejocotes and control

stored at room temperature. At different sampling times (0, 1, 2, 5, 6, and 7 days).
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For the tejocote mesocarp (Figure 7), the color tended to be yellow with brown areas
in all samples, resulting in variable L* values. The a* values showed variability, reflecting
heterogeneous coloration. Coated samples tended towards yellow, while the control
displayed brown areas starting from day 5, with coated samples showing these areas from

day 6.
Days
Sample 0 1 5 6 7
" o® 09 °é g @0
Bg 68.66+3.80 45.93£2.35 66.3316.49° 64.13£5.132 59.89+4 .49 66.8716.39°
a* 2.6610.26 29.71£2.04 9.70£0.92° 13.65£0.61° 13.2120.71 7.75£0.70°
b* 76.3614.13 76.95+4.392 74.84+7.31 62.18+4.22 72.1316.26 78.23t4.83¢
\ y y
" 9@ ©° 09 oo 00 ¢F
¥ 68.6613.80 41.6214.05 57.99+4.76° 53.2915.012 57.0114.49 53.2943.20°
a* 2.6610.26 30.47+2.51 13.1541.02° 8.57+0.49° 13.374£1.18 22.580.37°
b* 76.3614.13 57.59+5.58° 74.2816.24 67.10£5.67 68.32+3.39 71.40£5.37¢
CT: Control-Tejocote; PT: Pericarp-Tejocoteh. Values presented are the average + standard deviation. Different letters in the same parameter and
column from 15! to 7™ days indicate that the values are significantly different (p < 0.05).

Figure 7. Images and values of the color space CIELab of the mesocarp from coated tejocotes and
control stored at room temperature. At different sampling times (0, 1, 2, 5, 6, and 7 days).

3.2.2. Fruit Weight Loss

Weight loss in fruits is primarily due to respiration, where oxygen is taken in, and
carbon dioxide is released during ripening, reducing weight and shrinkage [4]. Figure 8a
shows that control peaches had the lowest weight loss on day 1 compared to coated
peaches. However, from day 2 onward, coated peaches consistently exhibited lower
weight-loss values.

a b

30 14
Control
25 —s— Control 12 { | LOn
. —— Pericap —A0 —— Pericap
#20 #
510 > 4
€ €
z 3 z 2
0 0
0 2 4 ] a 0 2 4 6
Storage time (days) Storage time (days)

Figure 8. Loss of weight of fruits stored at room temperature. Control (red, circles), pericarp (blue,
points), (a) peach, and (b) tejocote. The vertical bars indicate the standard deviation.

For coated tejocote (Figure 8b), weight-loss behavior differed. On day 1, coated tejocote
had the lowest weight loss (3.67%), but by days 2 and 3, control tejocotes showed lower
values. From days 4 to 6, coated tejocote had lower weight-loss values again. At the end of
the seven days, weight loss was similar for both control and coated tejocotes (11%).
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3.2.3. Mechanical Properties of Fruits

Fruit firmness, a key factor for consumer selection, changes during ripening. Figure 9
shows the firmness of peach and tejocote mesocarp during storage.

—e— Control

18 —=— Control 28
—— Pericarp

Storage time (days) Storage time (days)

Figure 9. Effect of the coating on the mesocarp firmness of fruit stored at room temperature. Control
(red, circles), and pericarp (blue, points). (a): peach, and (b): tejocote. The vertical bars indicate the
standard deviation.

For peaches (Figure 9a), the control had the lowest firmness (14.51 N) on day 1, while
coated peaches measured 11.58 N. From day 3, coated peaches showed slower firmness
loss, with values of 7.64 N on day 3 and 3.09 N on the last day, indicating the coating
helps preserve peach texture. For tejocote (Figure 9b), coated samples had lower firmness
than the control until day 3. However, on days 5 and 7, controls tejocote exhibited lower
firmness than coated tejocote, suggesting that the coating might allow texture damage in
tejocote fruit. The control peaches showed superior behavior at 3 days, but its behavior
decreased fast the next days compared to the coated peach, which kept the firmness of the
mesocarp constant on days 5 and 7. The tejocote coat showed superior behavior at 3 days
but decreased more than the control in the following days.

Figure 10 illustrates the effect of coating on peel firmness at room temperature. Control
peaches showed significant decreases in peel firmness (p < 0.05) compared to coated peaches,
with the most critical differences at day 3 (Figure 10a). In contrast, control tejocotes showed
a significant decrease in peel firmness (p < 0.05) compared to coated tejocote, with the
coated tejocote exhibiting superior behavior (Figure 10b).

5 5
% 0 —s— Control
20 —a— Control 45 iy
—— Pericarp
=15 =40
-
510 35
[T
5 3.0
_H__H""—_._\__b.
0 25
0 2 4 6 8 0 2 4 6
Storage time (days) Storage time (days)

Figure 10. Effect of the coating on the peel firmness of fruit stored at room temperature. Control (red,
circles), pericarp (blue, points), (a) peach, and (b) tejocote. ~The vertical bars indicate the
standard deviation.
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Similarly, the control tejocotes exhibited significant firmness reduction compared to
coated tejocote (Figure 10b). The decrease in firmness is attributed to the loss of sugars like
arabinose and galactose, which depolymerize and solubilize, along with reduced cell wall
component size [21-23].

3.2.4. Total Soluble Solids (TSS) and Titratable Acidity (TA)

Table 2 shows changes in TA for peaches and tejocote during storage. Control peaches
had stable TA values from 0 to 3 days but decreased by the last day.

Table 2. Total soluble solids (TSS) and titratable acidity (TA) of control and coated fruits.

Parameter

Avocados Peach Tejocote

TA (g acid /100 g)

TSS (°Brix)

\1@0\1@09
<

Control
3.98 + 0.04
391 +0.04a
3.55 + 0.01
1.33 £0.05

Control
0.83 = 0.04
0.83 £0.04 a
0.69 £+ 0.04
0.66 £ 0.05

Control
0.11 £ 0.01
0.07 £0.01a
0.07 £ 0.01
0.65 £ 0.07
1.13 +0.05a 0.34+0.01a 0.75 £ 0.07 a 097 £0.1a 1.66 £0.05a 1.83+0.05a
1.2+0.01a 14 £0.05a 140 +0.01b 0.83+0.05b 1.60 + 0.01 1.60 £+ 0.02

Pericarp
0.11 £ 0.01
0.09 £0.01a
0.07 £ 0.01
0.65 £+ 0.01

Pericarp
0.83 £0.04
0.75+0.03a
0.70 £ 0.04
0.66 £ 0.05

Pericarp
3.98 £ 0.04
3.88£0.01a
3.55 £ 0.01
1.33 £ 0.05

Values presented are the average + standard deviation. Different letters indicate that the values are significantly
different (p < 0.05).

Coated peaches showed a decrease in TA throughout storage, reaching the lowest
values on the final day. Similarly, TA for tejocote decreased for both control and coated
samples during storage. TSS results indicate changes in sugar content. Peaches showed
increased TSS during storage, with control samples exhibiting a faster increase (1.40 °Brix)
than coated samples (0.83 °Brix) by the last day, suggesting that the coating influenced
sugar accumulation. For tejocote, TSS values differed between control and coated samples
after three days, with both showing decreased TSS by day seven, indicating that the coating
initially affected sugar content, but its influence diminished over time.

3.2.5. Total and Reducing Sugars

Table 3 shows the effect of the edible coating on the total and reduced sugar content.
Coated peaches exhibited higher total sugar over the seven days than control peaches.
Reduced sugar remained stable in control samples throughout storage, indicating that the
coating affected total sugar accumulation but did not reduce sugar.

Table 3. Total and reduced sugar content of control and coated fruits.

Parameter

Avocados Peach Tejocote

Total sugar (%)

Reductor sugar (%)

uwouwog
<

2230 £1.50a

Control
45 +1.35
58.60 + 0.28 a
67.10 = 0.80
2.17 £0.04

Control
16.90 + 0.84
36.30 £ 1.50 a
60.80 =1.53b
3.83 £0.12

Control
29.80 + 0.43

Pericarp
29.80 +£0.43
2850+ 049 a
26.00 £ 1.03
2.30 £ 0.30

Pericarp
16.90 £+ 0.84
6220 £2.86a
79.30 £ 2.66 b
3.83 £0.12

Pericarp
45.60 £+ 1.35
4810+ 255a
70.00 £+ 2.44
2.17 £ 0.04

23.50 £ 1.76
2.30 +£0.30
246 +0.04 3.36 £0.21 2.01 £ 0.06 2.33 £0.08 1.04 £0.10b 1.64£0.05b
3.97 £ 0.13 4.30 £ 0.08 3.92 £ 0.084 2.54 £ 0.03 284 +007c 424+022c

Values presented are the average & standard deviation. Different letters indicate that the values are significantly
different (p < 0.05).

In tejocote, the coating similarly influenced the total and reduced sugar during the
initial three days, helping to maintain sugar content early in storage.

4. Discussion

In Mexico, the most essential form of corn consumption is as a tortilla, a food produced
both for the home and industrially using the nixtamalization process. This process involves
alkaline cooking, soaking, washing the cooked grain, and removing the pericarp. This
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ancestral method of preparing the dough and tortilla is as old as the domestication of
corn and generates significant waste. However, many articles reported that the pericarp
has many positive effects when consumed, mainly due to its antioxidant activity or fiber
content [10]. That’s why the pericarp recovered was used in a coating where their surfaces
studied by SEM demonstrated findings are consistent with previous research by Hernandez-
Varela et al. [5] and Arredondo-Tamayo et al. [13], who reported similar FD values in
biopolymeric films made from garlic skin and gellan gum films with eggshell nanoparticles,
respectively. Hernandez-Varela et al. [5] observed FD values ranging from 2.41 to 2.60 in
garlic skin-based films, while Arredondo-Tamayo et al. [13], reported FD values between
2.51 £ 0.03 and 2.64 £ 0.05 in their study on gellan gum films. These values are optimal
because our surfaces are smooth and homogeneous. Also, the films exhibited transparency
(L*), which is essential so that it goes unnoticed by consumers. The values are similar to the
reports by Gaona-Sanchez et al. [23], which obtained 96.65 for pectin citrus peel films, and
Rhim et al. [24], which obtained 96.86 for soy protein isolate films. In contrast, studies on
pectin and alginate films, such as Galus and Lenart [25], reported slightly lower L* values
(91-89), and Ghanbarzadeh et al. [26] noted even lower values for modified starch and
carboxymethyl cellulose films. Meanwhile, the a* and b* parameters vary depending on
the film’s composition. Pectin and alginate films typically have positive a* values (0.69 to
0.40) and b* values (5.81 to 3.61) [25], which are lower than those found in this study. Soy
protein isolate films, on the other hand, show lower a* values (—2.84 to —3.51) but similar
b* values to the pericarp films [21]. Negative a* values similar to those in this study were
reported by Paschoalick et al. [27] in muscle protein-based films. Ghanbarzadeh et al. [26]
reported a* values of —1.36 to —1.61 and b* from 18.38 to 10.48 for modified starch and
carboxymethyl cellulose films. Values of a* and b* approaching zero indicate a less-colored
film, which can benefit applications requiring color stability. Evaluating these parameters
is crucial based on the film’s specific requirements and intended use.

The films displayed favorable mechanical and barrier properties; the TS values were
similar to those reported by Hernandez-Varela et al. [5] for biopolymeric films made from
garlic skin. Velickova et al. [3] reported tensile strength values of 10 MPa for chitosan-
beeswax edible coatings, while Batori et al. [28] found values ranging from 28 to 36 MPa
for films made from pectin derived from orange waste. In addition to the mechanical
properties that help resist and completely cover the fruit, an optimal balance in WS is
crucial for practical fruit preservation while allowing acceptable degradation over time.
The values found in this coating of pericarp were optimal and similar to those reported
in rice starch films, with Colussi et al. [6] reporting WS values from 18.14% to 20.13%.
Diyana et al. [29] found 24.15% to 32.96% WS values in thermoplastic cassava starch.
Arredondo-Tamayo et al. [15] reported higher WS values (68.28% to 84.54%) in gellan
gum films with eggshell nanoparticles. Variations in WS depend on film composition,
including the presence of insoluble proteins and types of starch. Abdullah and Dong [7]
reported a % water adsorption capacity of 170% in poly(vinyl) alcohol and starch films.
Hernandez-Varela et al. [5] obtained similar results, with WA values of around 168.69% in
biopolymeric films made from potato starch. These findings highlight the water-absorbing
properties of the pericarp film, which can be advantageous for specific applications but
requires careful moisture control to ensure film stability. The change in the color of the fruits
was delayed by the coating compared to the power, for peaches until 7 days and tejocotes
until 6 days. The film of the pericarp protects by reducing oxygen permeability, minimizing
oxidation, and preserving the structural integrity of the fruit. The barrier properties of
coating mentioned before to reduce weight loss for fruit, the coated peaches, and tejocote
in this study demonstrated slower weight loss, indicating the improved performance of the
coatings. Considering the relevant literature, Velickova et al. [3] reported 15%-20% weight
loss in coated strawberries after seven days, higher than observed in this study. Films
based on palm stearin and palm kernel olein for guavas showed 45.89% weight loss after
14 days. Overall, the coating positively impacts fruit firmness, benefiting both tejocotes and
peaches from its protective effects. The coating helps slow firmness loss during storage,
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although its impact on tejocote firmness is less consistent. The coating influences TA and
TSS based on fruit type and storage conditions. Further research is needed to understand
the precise mechanisms by which the coating affects these parameters and to optimize
coating formulations for enhanced fruit preservation. Overall, the pericarp coating shows
promise for extending the shelf life of tejocotes and peaches. However, further research
is needed to fully understand the coating’s mechanisms and optimize its formulation for
improved preservation. These results suggest that the coating may delay maturation by
limiting oxygen permeability, reducing ascorbic acid oxidation, and affecting citric acid
usage in respiration. This contributes to increased total sugars, impacting fruit quality and
consumer acceptance [30,31].

5. Conclusions

These findings suggest that the pericarp-based film positively affected the shelf life of
fruits at room temperature. The coated fruits showed slower changes in various quality
parameters, including peel and mesocarp color, weight loss, firmness, titratable acidity, total
soluble solids, and total sugar losses compared to the control and other samples studied.
By slowing down the maturation process and maintaining the quality attributes of fruits,
the pericarp coating effectively extended their useful life up to 7 days. This protective effect
is attributed to the coating’s ability to reduce oxygen permeability, minimize oxidation,
and preserve the fruit’s structural integrity. These results indicate that pericarp-based
coatings can reduce food waste and enhance fruit preservation across various storage
and distribution scenarios. Future research should focus on expanding the coating’s
applicability to a broader range of fruit types and storage conditions, assessing its long-
term stability beyond 7 days, and evaluating its impact on sensory attributes such as taste
and texture.
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