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ABSTRACT: Mango (Mangifera indica) is a tropical fruit highly
desired for its vitamin content and flavor, but its peel is considered
a byproduct or waste. However, mango peel contains some
bioactive compounds that improve food quality matrix for the
development of edible coatings or films. The effect of phenolic
mango (Mangifera indica) peel extracts on the physicochemical,
rheological, and microstructural properties of xanthan gum-based
coating solutions was evaluated. The obtained solutions were stable
during the study period and presented a non-Newtonian fluid type
shear-thinning behavior described by Ostwald−de Waele. More-
over, viscoelastic properties revealed that the elastic modulus was
higher than the viscous modulus, showing a characteristic of weak
gels. The addition of extracts did not alter the shear rate and
viscoelastic character of the solutions, preserving the pseudoplasticity and weak gel behavior of xanthan gum associated with
spreadability and adherence of coatings; it modified the gel structure as a function of temperature. Furthermore, the coating
solutions of xanthan gum and phenolic mango peel extracts are an alternative to develop complex food systems such as edible
coatings, edible films, or delivery systems.

1. INTRODUCTION

Mango (Mangifera indica) is a fruit highly desired due to its
flavor and micronutrients (vitamin E, vitamin C, calcium,
selenium, potassium, magnesium, and iron)1,2 and bioactive
compounds (phenolic esters, flavonoids, carotenoids, and
dietary fibers),3,4 with antioxidant, antimicrobial, anti-inflam-
matory, or antidiabetic activity, being a potential source of
natural ingredients with applications in biological fields.5,6 The
interest in using natural ingredients is often associated with the
opportunity to recover functional and bioactive compounds
from food waste and byproducts, such as mango leaves, peel, or
seeds. Various phenolic extracts have been reported in the
literature, such as essential oils, ultrasound-assisted extracts, or
supercritical phenolic-rich extracts, that are added into gum-
based coating materials, which enhances the antioxidant and/
or antimicrobial activity in films and coatings.7,8 Nevertheless,
it is estimated that most of the compounds currently in
development are prone to dissolution problems and can easily
be degraded under high temperatures, low pH, light, and
reactive oxygen species,9 making their application in food
products challenging. Moreover, their use is limited because
they give flavor to food, contributing to negative organoleptic
characteristics,10 and they can change film properties, making it
necessary to characterize the material to observe if both

components presented synergistic or antagonistic properties of
the films.11

There are many substances employed for the development
of edible coatings, such as polysaccharides, proteins, hydro-
colloids, or composite materials. Xanthan gum (XG), a natural,
nontoxic, and biocompatible source, is approved by the Food
and Drug Administration (FDA) as a safe polymer in the food
industry; it facilitates inorganic particle adsorption and forms a
stable emulsion without lowering the interfacial tension.12 Its
use as a food coating material is also advantageous due to its
excellent stability in thermal and acidic systems and its ability
to enhance viscosity stability.13−15 However, continuous
research and the introduction of novel concepts for possible
modifications result in coating formulations related to the
addition of bioactive compounds.
Dispersion and emulsion represent a strategy to solubilize

lipophilic ingredients in aqueous media and design new
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products with an active component that can carry out its
functionality in more complex media through the stability
provided by emulsion products.16 The knowledge of
rheological properties is necessary to be able to know about
the stability of the matrix and to improve the design of
products and facilitate the incorporation of compounds into
coating solutions.8 Factors such as particle concentration,
dispersed phase fraction, homogenization method, ionic
strength, pH, temperature, and viscosity, depending on the
concentration of dispersion,16 affect the physical stability of
dispersions.
Taking into account that the addition of phenolic

compounds modifies the physical and chemical properties of
colloidal systems, which improves their potential application as
an ingredient in the development of food products, this work
aimed at the development of xanthan gum-based coating
solutions enriched with phenolic mango (M. indica) peel
extracts and characterization of their rheological and micro-
structural properties.

2. RESULTS AND DISCUSSION
2.1. Ethanolic Ultrasound-Assisted Extracts from

Mango Peel. The extraction yield for ethanolic mango peel
extracts was 7.02 ± 1.14% at 15 min (MPe-15) and 11.35 ±
2.05% at 30 min (MPe-30), showing an increase in yield with
an increase in the time of extraction. The samples were
exposed to cavitation waves with ultrasound for a longer time
in treatment processes, allowing a greater mass transfer and
acceleration of the swelling and hydration of plant tissues,
which results in increased extraction rates.17 Moreover, a
similar trend in TPC was obtained (p > 0.05), where 262.32 ±
0.08 and 294.60 ± 0.03 mg gallic acid equivalents (GAE)/100
g of extract were obtained for MPe-15 and MPe-30,
respectively. The results may be attributed to the fact that
the extraction was governed by the solvent polarity and the
synergistic interaction between them.18 Ethanol is classified as
a polar protic solvent, due to its hydroxyl groups, and a
hydrogen bond donor, resulting in preferential extraction of
low-molecular-weight compounds, such as phenolic com-
pounds. Thus, they have an affinity with solid matrix bioactive
compounds, making the solvent system selective in the
extraction. Mango peel comprises specific compounds such
as polyphenols, anthocyanins, carotenoids, flavanols, vitamin E,
and vitamin C.18

The total phenolic content (TPC) reported in our study was
different from that reported by other authors: Haden, 293 mg/
100 g of DW;19 and Kent, 234−9121 mg/100 g of DW.20

Using dry mango peel and an ethanol−acetone blend extract
(60−40%), TPC obtained was 205.08 mg GAE/100 g of dry
matter,18 and on microwave-assisted extraction with a 70%
aqueous ethanol extract (50 °C), TPC obtained was 723.2 ±
0.93 mg GAE/kg of dry mango peel.21 These differences could
be attributed to different factors such as the genetic basis,
agronomic practices, harvest stage, and environmental
conditions, among others.22,23 Therefore, higher recovery of
TPC was observed in mango peel MPe-30, thereby considering
this an appropriate sample to develop a xanthan gum-based
coating solution.
2.2. Coating Solutions Enriched with Phenolic Mango

Peel Extracts (MPe). Eight coating solutions were prepared
to evaluate the percentage of XG and MPe. The dispersions
formulated did not show phase separation. The solutions were
stable during the 8-day storage period at 25 °C, influenced by

the amount of XG and Tween 80, which acted as a stabilizer24

and surfactant, thereby helping to reduce the interfacial tension
between the phases stabilizing the solutions.25 MPe was
dispersed in an aqueous medium and remained stable,
presenting attractive characteristics for use in edible coat-
ings,7,8 to reduce oxidation reactions and increase the shelf life
of some fresh products.26 It has been observed that variations
in the concentration of raw materials significantly affect the
physical properties of the coating solutions. The addition of
MPe decreases the pH values of coating solutions and
increases their soluble solids (°Brix) in comparison with
xanthan gum-based coating solutions (p < 0.05) (Table 1).

The physicochemical properties of solutions were influenced
by the components; this is due to bonds between the
hydrophilic groups of polysaccharides and the solvent, such
as water.27 The total phenolic contents of XG coating solutions
were 1.76 ± 0.31 and 3.40 ± 0.94 mg GAE/100 g of solutions
for samples of 0.5 and 1.0% XG. Then, as was expected, the
addition of MPe resulted in a linear increase of TPC in all
cases, samples with 0.5% XG (R2 = 0.997) and 1.0% XG (R2 =
0.998).

2.3. Color Parameters of Coating Solutions Enriched
with Phenolic MPe. Color parameters of the coating
solutions are summarized in Table 2. The lightness (L*) of
the samples decreases significantly (p < 0.05) with MPe, while
the color saturation (p < 0.05), represented by chroma (C*),
increases. Xanthan gum-based solutions were more visually
transparent than samples with MPe. Color parameters a* (+,
red; −, green) and b* (+, yellow; −, blue) are good indicators
of film color; coating solutions with MPe presented a green
color related to the negative values of a* (greenness) in
contrast to the positive value with the xanthan gum-based
solution.
As regards the color aspect, color parameters and the total

color difference (ΔE) were evaluated. ΔE values increase with
the percentage of MPe. Therefore, the greenish shade of the
coating solutions became more intense upon increasing the
concentration of MPe, whereby this trend was replicated in
their visual appearance.

2.4. Rheological Characterization. 2.4.1. Steady-State
Viscous Flow. Rheological properties present important
considerations for developing edible coatings,28 related to the
guarantee of product homogeneity and redispersion of
ingredients. The potential properties of the materials
developed as food coatings, such as their spreadability,
viscosity, and stability against oscillatory tests, should be

Table 1. Physicochemical Properties of Coating Solutions
Enriched with Phenolic Mango Peel Extractsa

sample
code pH °Brix

mg GAE/100 g of
solutions

X1 5.25 ± 0.01b 1.81 ± 0.14a 3.40 ± 0.94a

MPe-X2 4.19 ± 0.04c 2.85 ± 0.07b 17.36 ± 2.20b

MPe-X3 4.01 ± 0.01ac 3.82 ± 0.14bc 28.81 ± 0.31c

MPe-X4 3.88 ± 0.01a 4.05 ± 0.07c 43.21 ± 1.76d

X5 5.50 ± 0.01b 1.34 ± 0.14a 1.76 ± 0.31a

MPe-X6 3.99 ± 0.03a 2.45 ± 0.07b 15.60 ± 1.20b

MPe-X7 3.99 ± 0.03a 3.15 ± 0.21b 31.14 ± 0.25c

MPe-X8 3.85 ± 0.08a 3.63 ± 0.14bc 42.71 ± 3.14d

aData are the mean ± standard deviation. Different letters in the same
column symbolize a statistically significant difference (p < 0.05).
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evaluated.28 However, only limited research has been
conducted to investigate phenolic extract interactions on the
physicochemical properties of polymeric systems, considering
that phenolic compounds can change the rheological gelling
properties.29 Moreover, there are many variables in the
development of food coating materials; it was considered
that a rheological study would be of great value to analyze the
main factors influencing the percentage of XG and the
concentration of natural extracts employed in the polymeric
system.
The viscous curve of coating solutions at 25 °C is shown in

Figure 1. A decrease of viscosity (η) with the increase of shear

rate (γ̇) was observed, which is characteristic of a non-
Newtonian fluid type shear-thinning behavior,30 attributed to
the content of XG.31 This can be explained by the structural
deformation of the network formed in the equilibrium state.
With the increase of shear rate, the particles are aligned in the
direction of flow and the reticular structure of the
polysaccharide molecules is broken and hence the resistance
to flow is lost.32 These findings are in concordance with those
of Kumar andMandal33 and Matos et al.,34 indicating that
colloidal dispersions present shear-thinning behavior. Other
studies that employed phytochemicals to develop dispersions
showed similar results: Silva-Weiss35 prepared polyphenol-rich
murta leaf extracts in hydrocolloid blends; Zhang et al.36

prepared chitosan/zein edible films with the addition of α-

tocopherol; and Tian et al.37 developed water-in-oil-in-water
emulsions by adding a xanthan gum−locust bean gum mixture
to encapsulate tea polyphenols. All authors obtained
dispersions with shear-thinning behavior, explained by the
network structural deformation in the equilibrium state.
Consequently, the variation of viscosity as a function of

shear rate was adjusted using the Ostwald−de Waele model,
represented by eq 1, obtaining R2 > 0.998

η γ= ̇ −k n 1 (1)

where η is the apparent viscosity, k is the consistency index,
and n is the flux index. The rheological parameter results are
presented in Table 3, which confirm the shear-thinning

behavior of solutions presenting a flux index of n < 116 when
the percentage of extracts and gum does not vary (p > 0.05).
The consistency index (k) increases significantly (p < 0.05)
with XG percentage, as expected, due to the ability to increase
the viscosity at a higher concentration of gum.25 The k value
increases significantly with the concentration of extract in
samples with 1% XG, samples with 0.5% being an exception.
Moreover, the consistency index increases according to the
solid content and the concentration of the dispersed phase38

due to the higher content of polysaccharides present in them.39

A similar behavior has been reported by Cofelice et al.16 and
Baeź et al.,40 where the rubber concentration as a surfactant
influenced the flow parameters against the bioactive
component effect. Likewise, the concentration of phenolic
extracts did not change the dispersion flow behavior; similar
findings were reported by Vuillemin et al.41 in solutions of
Arabic gum with ferulic acid, contrary to what was reported for
pectin29 and chitosan.8,42 However, despite the presence of
phenolic compounds in XG, its rheological behavior did not
change. At the molecular level, weak associations between the

Table 2. Color Parameters of Coating Solutions Enriched with Phenolic Mango Peel Extractsa

sample code L* a* b* C* ΔE

X1 57.43 ± 4.94d 0.12 ± 0.01a 4.47 ± 0.35a 6.14 ± 0.16a

MPe-X2 41.11 ± 1.15bc −2.26 ± 0.08b 19.87 ± 0.32c 20.02 ± 0.43c 254.31 ± 0.14a

MPe-X3 33.07 ± 4.24b −2.75 ± 0.39b 15.31 ± 4.91b 15.59 ± 4.75b 370.48 ± 63.77b

MPe-X4 26.55 ± 0.85a −4.16 ± 0.30c 13.48 ± 0.54b 13.58 ± 0.56b 528.14 ± 18.79c

X5 49.46 ± 6.80c 0.71 ± 0.01a 2.92 ± 0.54a 5.54 ± 0.35a

MPe-X6 33.21 ± 4.42b −2.37 ± 0.53b 16.32 ± 0.31b 16.50 ± 0.37b 231.17 ± 63.45a

MPe-X7 39.08 ± 2.59bc −2.55 ±1.85b 22.76 ± 1.18d 22.94 ± 1.29c 252.77 ± 6.79a

MPe-X8 47.77 ± 1.16c −3.54 ± 0.34c 25.34 ± 0.43d 25.58 ± 0.46c 253.91± 7.87a

aData are the mean ± standard deviation. Different letters in the same column symbolize a statistically significant difference (p < 0.05).

Figure 1. Viscosity η (Pa·s) vs shear rate (1/s) and fitting of flow
curves with the Ostwald−de Waele model of xanthan gum-based
coating solutions enriched with MPe at 25 °C.

Table 3. Adjustment Parameters of Xanthan Gum-Based
Coating Solutions Enriched with Phenolic Mango (M.
indica) Peel Extracts Using the Ostwald−de Waele Modela

sample code k n R2

X1 15.78 ± 0.06 a 0.14 ± 0.01a 0.99
MPe-X2 18.34 ± 1.13b 0.13 ± 0.01a 0.99
MPe-X3 18.35 ± 0.25b 0.17 ± 0.04a 0.99
MPe-X4 19.14 ± 0.66b 0.13 ± 0.01a 0.99
X5 4.73 ± 0.01c 0.18 ± 0.01a 0.99
MPe-X6 5.11 ± 0.01c 0.15 ± 0.01a 0.99
MPe-X7 5.33 ± 0.54c 0.17 ± 0.01a 0.99
MPe-X8 4.53 ± 0.13c 0.19 ± 0.02a 0.99

aData are the mean ± standard deviation. Different letters in the same
column symbolize a statistically significant difference (p < 0.05).
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polymeric chains of XG, leading to facilitated flow upon
shearing, favors shear-thinning behavior.43

2.4.2. Viscoelastic Properties. Figure 2 shows the
viscoelastic properties of coating solutions in the linear
viscoelastic range. The storage modulus G′ was greater than

the loss modulus G″ in all frequency ranges studied (Figure
2a). The elastic component of the dispersions predominates
over the viscous component,44 characteristic of a gel solution
network macromolecule entangled in all dispersions. The G′
and G″ values indicate a high dependency on the gum

Figure 2. Viscoelastic properties of xanthan gum-based coating solutions enriched with phenolic mango (M. indica) peel extracts at 25 °C. (a)
Frequency sweep module G′ and G″ (Pa). (b) Loss tangent Tan δ and (c) complex viscosity |η*| (Pa·s) vs angular frequency (ω) (rad/s).

Table 4. Viscoelastic Parameters of Xanthan Gum-Based Coating Solutions Enriched with Phenolic Mango (M. indica) Peel
Extracts at 25 °C, Adjusted to the Power-Law Modela

sample code k′ (Pa·sn) n′ R2 k″ (Pa·sn) n″ R2 Tan(δ)

X1 55.87 ± 1.41a 1.23 ± 0.01a 0.94 12.83 ± 0.16a 1.19 ± 0.01a 0.97 0.19a

MPe-X2 56.68 ± 0.8a 1.16 ± 0.01b 0.95 12.47 ± 0.05b 1.11 ± 0.01b 0.98 0.18a

MPe-X3 52.96 ± 0.79b 1.13 ± 0.01c 0.92 11.59 ± 0.05c 1.09 ± 0.01b 0.97 0.18a

MPe-X4 49.49 ± 0.72c 1.14 ± 0.01c 0.93 10.84 ± 0.06d 1.10 ± 0.01b 0.96 0.17a

X5 7.70 ± 0.25d 1.18 ± 0.01d 0.93 2.26 ± 0.28e 1.32 ± 0.03c 0.78 0.32bc

MPe-X6 10.57 ± 0.20e 1.17 ± 0.01bd 0.93 2.20 ± 0.03e 1.15 ± 0.01d 0.96 0.27b

MPe-X7 10.17 ± 0.21e 1.18 ± 0.01d 0.93 3.31 ± 0.04f 1.14 ± 0.01d 0.95 0.30b

MPe-X8 12.29 ± 0.26f 1.16 ± 0.01b 0.91 3.55 ± 0.02g 1.14 ± 0.01d 0.98 0.28b

aData are the mean ± standard deviation. Different letters in the same column symbolize a statistically significant difference (p < 0.05).
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percentage function, where the samples containing 1% XG are
stronger than the samples with 0.5% XG. All samples
developed a plateau zone showing a slight dependency,
quasi-elastic behavior, typical of systems known as weak
gels.45 Nevertheless, the MPe addition did not present
representative changes in the behavior, which means that the
ethanolic extract of mango peel could be employed in a high
proportion (3%) and would not modify the viscoelastic
properties of samples. Similar results were reported in
lemongrass essential oil16 and whey protein isolate and
xanthan gum gels with curcumin.46

To analyze the effect of the addition of mango peel extracts
and the concentration of XG, the G′ and G″ as a function of
frequency were fitted to the power law using eqs 2 and 3.47

ω′ = ′ ′−G k n 1 (2)

ω″ = ″ ″−G k n 1 (3)

The values of the parameters (k′, n′, k″, and n″) for each
solution are listed in Table 4. XG concentrations had a
significant influence on the consistency index (k′ and k″) of
the dispersions (p < 0.05), where samples with 1% gum
presented the highest values, but the extract also had an
influence on the consistency index (p < 0.05), with an increase
of k′ and k″ in samples with 0.5% gum. Due to an increase in
particles per unit volume, the spaces between particles
decreased, leading to an increase in consistency,48 but a
decrease was observed in samples with 1% gum.
The addition of extracts presented a slight decrease in n′ and

n″ at the same time and the addition of gum increased it. In all
cases, their values were consistently higher than 1 and
remained in the range of 1.10−1.32, where the solutions
with mango peel extracts presented the highest values; this
means that the addition of mango peel extracts resulted in
lower dependency on the frequency of dispersions.48 This may
be explained by the increase in interactions in their internal
networks, primarily physical, thus suggesting a stronger
viscoelastic character for solutions with mango peel extracts.49

The loss factor (Tan δ = G″/G′) analyzed against the
angular frequency was used to evaluate the liquid or solid
behavior (purely elastic, δ = 0° and G′ > G″; purely viscous, δ
= 90° and G″ > G′).50 Figure 2b shows that tangent values of δ

< 1 were observed for all solutions, which reflects that storage
modulus G′ was always greater than G″, thus confirming the
elastic behavior of the solutions and following the classification
according to the value of the tangent. Due to the concentration
of gum, the curves with 1% XG were closer to 0, presenting a
more elastic nature. The addition of XG in the internal water
phase probably enhanced the viscoelastic properties; the
extract−water interface complex viscosity |η*| is shown in
Figure 2c. The inverse potential dependency of the complex
viscosity on the angular frequency (ω) was confirmed.
Although the samples with the highest gum concentration
exhibited higher viscosity values, all samples presented a
thinning behavior with an increase in ω.
To evaluate the behavior of the solution as a function of

temperature, a ramp of temperature was carried out at a
heating rate of 5 °C/min in the linear viscoelastic region
(LVR) and 1 Hz frequency. The effect of temperature on G′
and G″ values of different coating solutions is presented in
Figure 3. The solutions were prepared with 1% XG (Figure
3a). G′ was higher than G″ at all temperatures and it did not
exhibit any cross-over between the moduli. From 20 to 65 °C,
all solutions maintained their behavior, after which G′ and G″
increased as temperature increased; G′ and G″ did not
intersect at any point, which is associated with a gel−sol
behavior as a function of temperature. Therefore, in this case,
the melting point does not exist; thus, melting temperature was
not found. Coating samples prepared with 1% XG did not
present thermoreversibility characteristics. In all samples, G′
and G″ increased with an increase in the temperature, which
probably related to the formation of hydrophobic linkages
within XG molecules, confirming the reinforcement of elastic
properties with an increase in temperature.51 It is known that
thermoreversibility phenomena are present when hydrogen
bonds maintain the XG network structure, mainly by the
interaction between charges from water molecules and
polysaccharides. Once the system is heated, absorbed energy
causes water molecules to move faster, the pectin gel structure
is lost, and, consequently, it returns to the dispersion state.52

Figure 3b presents the behavior of G′ and G″ as a function
of temperature for samples prepared with 0.5% XG. In this
case, for X5 (xanthan gum-based coating solution) and MPe-
X6, G′ was higher than G″ and did not present thermorever-

Figure 3. Temperature sweep ramp of xanthan gum-based coating solutions enriched with phenolic mango (M. indica) peel extracts at 25 °C. (a)
Samples prepared with 1% xanthan gum and (b) 0.5% xanthan gum.
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sibility characteristics. Different behaviors were observed in the
MPe-X7 and MPe-X8 solutions with 2 and 3% MPe,
respectively. For MPe-X7, G′ and G″ presented similar values
until the temperature reached 50 °C; at this point, an increase
of modulus was observed where G′ was higher than G″. In this
type of structure, water is trapped inside, providing volume and
plasticity. When the system is heated, water molecules break
away and gel volume decreases significantly due to water loss
and an increment of G′ and G″ magnitudes is observed.52 For
MPe-X8, G′ was closer to G″ and the modulus decreased,
which is connected with increasing fluidity; this weakens the
polymer structure network due to the change from a helical
structure to a random coil at higher temperatures.53

2.4.3. Determination of the Cox−Merz Rule. The Cox−
Merz law (eq 4) relates the oscillatory and stationary shear
properties of solutions, comparing the apparent viscosity (η)
and the complex viscosity |η*| at equal values of deformation
speed and angular frequency for complex food systems,
solutions, and different polymers.54

η η γ* = ̇ |ω γ= ̇( ) (4)

To verify that the Cox−Merz law was applicable in xanthan
gum-based coating solutions enriched with phenolic mango
peel extracts, the curves for apparent viscosity and complex
viscosity vs deformation speed and angular frequency were
compared as shown in Figure 4. Complex viscosity values were

higher than those of the apparent viscosity in all solutions,
which indicates that the Cox−Merz law did not fit for
standardized coating solutions. The nonapplicability of this law
is due to the formation of aggregate structures in solutions,55

which is attributed to the addition of high-viscosity extracts.
Solutions that normally present graphs with |η*| > η are from
weak gels, and the difference between them increases in
proportion to the weak nature of gels.56

2.5. Microstructural Properties. To characterize the
microstructural properties of coating solutions, from their
morphological changes to the influence of mango peel extracts,
the samples were analyzed by optical microscopy. On adding

mango peel extracts, apparent dropletlike spots were observed,
indicating the successful incorporation of the extracts into
xanthan gum-based solutions. Microstructures of dispersions
were nonuniform, and it was possible to visualize the spots
uniformly distributed, promoting a structural discontinuity.
Larger and spherical extract structures of different sizes and
high porosity were seen in micrographs, presenting droplet
sizes of less than 100 μm in all cases (Figure 5). The samples
containing XG, due to their larger molecular weight and high
viscosity, which increased each viscosity phase, hindered the
movement of dispersed droplets and reduced their coalescence
rate.57

The samples presented a different distribution of the
dispersed phase according to their mango peel extract
concentration. The drops of the extract were more dispersed
at lower concentrations. At higher concentrations, the drops
started to form aggregates and the extract covered a larger
interparticle area, thereby increasing the interactions between
particles and thus altering the rheological properties depending
on the percentage of xanthan gum.48 As mentioned earlier, the
mango peel extract dispersion presented overall stability, and
the use of XG enhanced the stability of dispersions against
coalescence and phase separation.

2.6. Potential Applications of XG-Based Coating
Solutions Enriched with Phenolic MPe. Xanthan gum
has attracted scientific interest due to its solubility, rapid
hydration, water-binding properties, thermal pH, and salt
stability.58 Moreover, it possesses interesting rheological
properties, which makes it a good material base for the
development of coatings; the effect of XG coatings has been
studied in freshly cut pears,59 minimally processed prickly
pears, pumpkins,60 and freshly cut apples.61 The addition of
phenolic MPe as a potential ingredient has been employed in
developing coating solutions as an alternative in the different
studied applications of XG, e.g., edible coating, films, and as a
carrier of bioactive compounds, due to their technological and
rheological properties.
Rheological properties of coating solutions, such as spread-

ability, thickness, uniformity of the liquid coating layer, and
film performance, can be significantly affected by the type and
composition of the coating constituent.62 Solutions with high
viscosity retained air bubbles in the casting process; never-
theless, solutions with low viscosity facilitated its spreading on
the plate where the films were formed.63 The viscous
properties obtained in this work indicate that the coating
solutions could be employed for edible coatings and films. For
example, samples prepared with 0.5% XG presented the lowest
consistency and flux indexes (Table 4), with potential use as
films in the casting process, taking into account that solutions
with high viscosity and low surface tension promote a better
film-forming surface,64 while coatings with 1% XG could be
employed for edible coatings with a dipping process. In
general, a reduction in the viscosity of solutions (Figure 1)
provides a processing advantage during high-shear processing
operations, whereas high apparent viscosity at low-shear rates
provides a better application by dipping.62 Adhesiveness of
coating solutions to the covered materials during application
strongly depends on the viscosity and surface tension of the
coating solution.
The study of dynamic viscoelastic properties of coating

solutions led to obtaining information about molecular
entanglement and molecular network formation during
drying.65 All studied cases presented G′ > G″ (Figure 2),

Figure 4. Comparison of complex viscosity |η*| and apparent viscosity
(η) (Pa·s) vs angular frequency (rad/s) and strain rate (1/s) of
xanthan gum-based coating solutions enriched with phenolic mango
(M. indica) peel extracts at 25 ° C.
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indicating that the solutions with XG and MPe are valuable
materials to be applied as films in food coatings since they can
enhance the adhesiveness and hardness of the coating solution.

3. MATERIALS AND METHODS
3.1. Plant Sample Collection and Preparation. Mango

(M. indica) fruits var. fachir were purchased from the food
supply center of Cartagena, Colombia, in a commercial state of
maturity. The peel was removed and lyophilized using
Labconco Freezone 1.5 Liter Benchtop Freeze Dry equipment.
After that, dry peels were ground in a mill (IKA MF 10,2,
Germany) to obtain a powder with a particle size of less than
250 μm.
3.2. Chemicals and Reagents. Ethanol (99.5% purity)

was purchased from Panreac. Sodium carbonate anhydrous
(99.5% purity), gallic acid standard (>98% purity), and Folin−
Ciocalteu reagent were purchased from Sigma-Aldrich (St.
Louis, MO). Xanthan gum (XG) was purchased from Tecnas
S.A. (Colombia).
3.3. Ultrasound-Assisted Extraction of Mango Peel

Byproducts. Ultrasound-assisted extraction (UAE) was
carried out following the procedure described by Cofelice et
al.16 by employing an ultrasonic bath with 25 kHz and an input
power of 200 W. Milled mango peel was mixed with ethanol
solution in a ratio of 1:10 at 25 °C for 15 (MPe-15) and 30
min (MPe-30). After completing the UAE experiments, the
mixture of liquids and solids was separated by filtration and
rotary evaporated. The extraction yields were calculated
employing eq 5

= ×extraction yield %
mango peel extract (g)

mango peel(g)
100

(5)

3.4. Determination of Total Phenolic Contents. The
total phenolic content (TPC) in mango peel extracts (MPe)
was determined using the Folin−Ciocalteu method.66 Briefly,
50 μL of the extract was mixed with 3 mL of distilled water and
250 μL of Folin−Ciocalteu reagent. The content was
thoroughly mixed, and after 3 min, 750 μL of sodium
carbonate solution (20% mass) and 950 μL of distilled water
were added to the mixture. After 2 h at room temperature and

under darkness, the absorbance was measured at 760 nm using
a Genesys 10S UV−vis spectrophotometer (Thermo Fischer
Scientific Inc., MA). The results were expressed as GAE (mg of
gallic acid equivalents/g of extract). All analyses were
performed in triplicate.

3.5. Preparation of Xanthan Gum-Based Coating
Enriched with M. indica Peel Extracts (MPe). Edible
coating solutions were prepared using xanthan gum (0.5 and
1% w/v) as a base material and the addition of different
amounts (1, 2, and 3% w/v) of M. indica peel extracts (MPe)
(Table 5). Xanthan gum solutions were dissolved in 100 mL of

distilled water at neutral pH under magnetic stirring. After
complete dissolution, Tween 80 (0.1% w/v in all samples) and
mango peel extracts were added to a continuous phase and
homogenized using a T20 digital ULTRA-TURRAX at 10 000
rpm for 7 min. The samples were centrifuged for 10 min to
eliminate bubbles and obtain a homogeneous coating solution.

3.6. Physicochemical Properties of Coating Solutions.
The pH and soluble solid content of the coating solutions were
measured following the procedures described in the AOAC
method,67 and the total phenolic contents were determined by
the Folin−Ciocalteu method.66 The color of the coating
solution was measured with a colorimeter. Values of lightness
(L*), red chromaticity (a*), and blue-yellow chromaticity (b*)
were recorded to calculate the chromaticity (C*) and change
in color (ΔE), based on the following equations

Figure 5. Micrographs of stabilized xanthan gum-based coating solutions enriched with phenolic mango (M. indica) peel extracts at 25 °C: (a)
MPe-X2, (b) MPe-X3, (c) MPe-X4, (d) MPe-X6, (e) MPe-X7, and (f) MPe-X8.

Table 5. Sample Code Formulations for Xanthan Gum-
Based Coating Solutions Enriched with Phenolic Mango
(M. indica) Peel Extracts (MPe)

sample code gum (%) extract (%)

X1 1 0
MPe-X2 1 1
MPe-X3 1 2
MPe-X4 1 3
X5 0.5 0
MPe-X6 0.5 1
MPe-X7 0.5 2
MPe-X8 0.5 3
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* = [ + ]* *C a b( ) ( )2 2 1/2 (6)

Δ = [ Δ + Δ + Δ ]* * *E L a b( ) ( ) ( )2 2 2 1/2 (7)

3.7. Rheological Characterization of Coating Solu-
tions. The rheological characterization of coating solutions
without shear history was carried out in a controlled-stress
rheometer (Modular Advanced Rheometer System Haake
Mars 60, Thermo-Scientific, Germany) following the proce-
dures described by Quintana et al.8,68 using serrated plate−
plate geometry to prevent slip effects. The temperature was
fixed at 25 °C (using a Peltier system), and each sample was
equilibrated in 600 s before the rheological test to ensure the
same recent thermal and mechanical history for each sample.
Viscous flow tests were done at a steady state, analyzing the

variation of viscosity in a range of deformation rates between
10−3 and 103 s−1. Small-amplitude oscillatory shear (SAOS)
tests were performed to obtain the viscoelastic responses. In
this way, stress sweeps were carried out at a frequency of 1 Hz,
applying an ascending series of stress values from 10−3 and 103

Pa to determine the linear viscoelasticity interval. Frequency
sweeps were performed to obtain the mechanical spectrum by
applying a stress value within the linear viscoelastic range in a
frequency range between 10−2 and 102 rad/s. Ramping of
temperature was done from 20 to 80 °C, under constant
frequency (1 Hz) in the LVR and at a heating rate of 5 °C/
min. All analyses were carried out in duplicate.
3.8. Microstructural Characterization. The samples

were taken after their preparation and were observed in a
Carl Zeiss Primo Star microscope with a 100× objective to
know the internal distribution of dispersions with different
percentages of MPe.
3.9. Statistical Analysis. Statistical analysis of the results

was performed using Statgraphics Centurion XVI (Stat-
graphics, Rockville, MD). An analysis of variance (ANOVA)
(unidirectional) test was applied to determine statistically
significant differences (p < 0.05) between samples submitted
to characterizations.

4. CONCLUSIONS
Ethanolic extracts of mango peel var. fachir with a high total
phenolic content were dispersed effectively in a xanthan gum-
based coating solution. The samples can be stored for 8 days
without destabilization or phase separation. The addition of
MPe presents a decrease in pH and an increase in total soluble
solid contents. The TPC of coating solutions is proportional to
the percentage of extracts added and contributes to solutions.
The rheological characterization of solutions presents the
behavior of a non-Newtonian fluid of shear-thinning type in all
cases and can be described by the Ostwald−de Waele model
obtaining an average value of R2 ≥ 0.998 and with a
viscoelastic behavior as a solid rather than as a liquid since
G′ was greater than G″ in all cases that were observed. Also,
the study of temperature confirms the gel−sol behavior, and
hence the melting point does not exist due to the lack of cross-
over between the moduli. The microstructure of coating
solutions presented uniformly distributed spots, promoting a
structural discontinuity; the particles were larger and spherical
with a particle size of less than 100 μm. Mango peel extracts
presented a good blend and stable entanglement in the gum-
based coating solution and did not cause significant modifying
effects on its rheological properties; therefore, MPe is a new
alternative and can be used in food matrixes without causing a

change in the physicochemical and sensory parameters related
to rheology.
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