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ARTICLE INFO ABSTRACT

Keywords: Mango is a tropical fruit that is consumed worldwide and is distinguished by its sweet and juicy flesh. Unfor-
BYPTO(?UCtS tunately, the peels and seeds of mango fruit are often discarded despite the fact that they contain compounds that
Em:lllSlOIIlS y can be valorized for certain applications. In this study, a physicochemical and hydrodynamic characterization of
Hydrocolloi S L hydrocolloids extracted from the peel and seeds of mango fruit was performed and the impact on the micro-
Mango (Mangifera indica) . . . i .

Rheology structure and rheological behavior of derived gels, as well as the ability to form emulsions, were analyzed. The

physicochemical parameters and proximate compositions of the different samples showed that the hydrocolloids
extracted from the seeds are rich in proteins whereas those from the peel are rich in carbohydrates. The mo-
lecular weights calculated from the hydrodynamic characterization (M,) are 101515 g/mol and 102,580 g/mol
for hydrocolloids extracted from the peel and seeds, respectively. Dispersions of these hydrocolloids in water
produced hydrogels upon heating, which exhibited a shear thinning response that can be described by the
Williamson model. The ability of these hydrocolloids to form thermally-induced strong gels was monitored and
analyzed by means of curing tests. Throughout thermal treatments, the storage modulus showed a significant
increase, especially at concentrations greater than 2.5 wt%. Mango seeds and peel-derived hydrocolloids are also
able to stabilize o/w emulsions. Derived emulsions showed D5 mean diameters and zeta potential values ({) in
the ranges from 10.04 to 82.52 pm and from -17.63 to -11.12 mV, respectively. On the basis of the observed
rheological behavior of hydrogels and emulsion-forming ability, the hydrocolloids derived from mango seeds and
peels possess suitable characteristics to be potentially implemented in diverse food matrices, offering functional
and nutritional benefits to final consumer products.

1. Introduction

According to Punia Bangar et al., (2021), mango (Mangifera indica) is
the most economically important fruit of the Anacardiaceae family
(cashew or poison ivy family) and a mass consumption food for the in-
habitants of the tropics, mainly its pulp. This can be processed into
juices, nectars, drinks, jams (Ke et al., 2022), fruit cheese or eaten alone
or with cream as a dessert; it is also used in puddings, bakery fillings and
fruit dishes for children (Vergara-Valencia et al., 2007), to make ice
creams and yoghurts (Pereira et al., 2021), or introduced as a flavouring
ingredient in the food industry (Marcal and Pintado, 2021).

In general, biopolymeric fractions derived from plants and fruits are
considered sustainable alternatives that are increasingly used as
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renewable raw materials to develop environmentally friendly products
(Borah et al., 2020a; Chignola et al., 2022). In the development of new
food products, hydrocolloids are often used to impart certain desired
properties, such as low-fat or fat-free dairy products (Salvador and
Fiszman, 1998; Y. Zhu et al., 2019). Hydrocolloids comprise a variety of
long-chain polymers, mainly proteins and polysaccharides, which are
employed in the food industry to alter the physical characteristics of
liquids. They can form gels or act as thickening, emulsifying, coating, or
stabilizing agents (Dickinson, 2003; Phillips and Williams, 2009).
Nowadays, the production and application of cost-effective, environ-
mentally sustainable, safe biodegradable hydrocolloids that impart su-
perior physicochemical and nutritional attributes are a challenging goal.
With this aim, numerous extraction sources and procedures have been

Received 8 February 2024; Received in revised form 17 May 2024; Accepted 31 May 2024

Available online 1 June 2024

0960-3085/© 2024 The Author(s). Published by Elsevier Ltd on behalf of Institution of Chemical Engineers. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:lgarciaz@unicartagena.edu.co
www.sciencedirect.com/science/journal/09603085
https://www.elsevier.com/locate/fbp
https://doi.org/10.1016/j.fbp.2024.05.020
https://doi.org/10.1016/j.fbp.2024.05.020
https://doi.org/10.1016/j.fbp.2024.05.020
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fbp.2024.05.020&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

R. Marsiglia-Fuentes et al.

investigated (Liu et al., 2018a), including algae, seeds, fruits and plant
exudates (Borah et al., 2020b; Naji-Tabasi and Razavi, 2017). For
instance, hydrocolloids extracted from plant materials such as pumpkin
peel and seeds have been used to develop new food products such as
papaya jam (Martinez et al., 2021) and natural yoghurts (Rojas-torres
et al., 2021) whilst Dioscorea rotundata hydrocolloids have also been
used in the development of low-fat mayonnaise (Rojas-Martin et al.,
2023). The effect of these hydrocolloids on the physico-chemical,
microstructural and rheological properties at different addition levels
has been evaluated.

The rheological properties of hydrocolloids obtained from plant and
fruit extracts are of great interest to researchers and commercially
relevant in a wide range of fields (De et al., 2020; Farahmandfar and
Naji-Tabasi, 2020; Jones et al., 2022; Liu et al., 2018b; Wei et al., 2021).
These biopolymers are generally of great importance in the food,
pharmaceutical, textile and cosmetic industries, among others (Gupta
etal., 2022), due to their ability to modify the rheological characteristics
of aqueous systems once dissolved or properly dispersed, acting as gel-
ling agents (Cortez-Trejo et al., 2022), thickeners (Blok et al., 2023),
emulsifiers and stabilizers (Cao et al., 2023). A comprehensive rheo-
logical characterization is essential to assess the flow and deformation of
liquid and semisolid food products (Wang and Selomulya, 2022). This
scientific discipline is well suited to study foods with complex compo-
sitions or testing food processes such as sol-gel transitions, starch
sticking, protein denaturation, and fat melting, among others. For
instance, the rheological evaluation of emulgel production with passion
fruit peel pectin has been applied to establish the concentrations that
make the product more stable, where the yield stress, elastic deforma-
tion, and elastic modulus increase when converting an emulsion into an
emulgel (Kavya et al., 2023). Dynamic viscoelastic rheological testing
has also been used to determine the characteristics of solutions formu-
lated from sesame hydrocolloids to establish the gelling ability at
different temperatures and frequency ranges (Lastra-Ripoll et al.,
2022a).

The hypothesis is that hydrocolloids derived from these residues can
be used as gelling and emulsifying agents in food systems, similarly to
other well-known hydrocolloids, such as guar gum. Unlike traditional
hydrocolloids like guar gum, which are often derived from specific
cultivated crops, the utilization of mango waste offers several advan-
tages. Initially, extracting hydrocolloids from mango waste promotes
resource efficiency by utilizing abundant byproducts of mango pro-
cessing industries that would otherwise be considered waste and dis-
carded. This approach reduces the need to rely solely on agricultural
resources for hydrocolloid production, thus conserving resources and
minimizing environmental impact. Also, the utilization of waste mate-
rials for hydrocolloid extraction can potentially reduce production costs
compared to using commercially available hydrocolloids like guar gum.
By repurposing mango waste, this approach supports with the principles
of circular economy by turning waste into valuable resources (de
Lourdes Garcia-Magana et al., 2013).

The main objective of this study was to investigate the physico-
chemical, hydrodynamic, and rheological properties of hydrocolloid
systems derived from mango (Mangifera indica) peel and seed extracts
and their ability to stabilize emulsions. The focus was on understanding
the distinctive characteristics of these hydrocolloids and their potential
applications in food formulations, particularly in the context of hydro-
gels and emulsion development. By studying the hydrodynamic prop-
erties and rheological behavior of these hydrocolloids, this research
aims to provide valuable insights into the use of these hydrocolloids as
gelling and stabilizing agents in food emulsions, which can significantly
impact the texture, stability, and overall quality of food products.
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2. Materials and methods
2.1. Materials

Mango (Mangifera indica) var. Tommy was purchased in the mature
organoleptic stage on the local market of Cartagena de Indias
(Colombia). The raw materials were sterilized by immersion in a sodium
hypochlorite solution (100 ppm) for 15 min at 30 °C. The peel, pulp, and
seeds were then removed manually. The reduction in particle size was
carried out in an Ika MF 10.2 mill equipped with a sieve to achieve a
particle size of less than 250 um after freezing the pulp, seeds, and peel
for 72 h in a 1.5-liter Lab-conco Freezone benchtop unit.

2.2. Chemical reagents

Buffer solutions (boric acid/potassium chloride/sodium hydroxide),
sodium azide, and phenolphthalein were purchased from Sigma-Aldrich
(St. Louis, MO). Analytical-grade chemicals, including ethanol, glacial
acetic acid, hexane (99.5 %) and sulfuric acid (96 %) were purchased
from Panreac (Barcelona, Spain).

2.3. Hydrocolloid extraction process

Hydrocolloid extraction from the peel and seeds was carried out
according to the methods described in a previous study (Marsiglia--
Fuentes et al., 2022), evaluating the effects of pH of solubilization (3 and
10) and using a 1:8 w/w solid:water ratio (see Table 1). First, the raw
materials (peel and seeds) were dispersed in distilled water at 80 °C for
4 h. Initially, the pH value (3 and 10) of these solutions was adjusted
using acetic acid and NaOH. The mixture was then subjected to centri-
fugation at 4000 rpm for 15 min to separate the liquid phase. Subse-
quently, the liquid phase was combined with ethanol in a 1:1 v/v ratio
and left to interact for 3 h at a temperature of 2 °C to facilitate the
precipitation of the hydrocolloids. Subsequently, the resulting mixture
was subjected to another round of centrifugation (4000 rpm) and the
resulting precipitate was collected and subjected to freeze-drying at -50
°C and 0.02 Pa for 72 h. The extraction yield of hydrocolloids (g hy-
drocolloid extract/g mango part x 100) was calculated in the four
resulting extract powders: peel and seed extracts at pH 3 and 10 (HPs,
HSs3, HP1( and HS;y), respectively.

2.4. Chemical characterization

Proximal composition of the hydrocolloids, including moisture,
lipids, ash, and protein content, were determined following the guide-
lines specified in the Association of Official Analytical Chemists (AOAC)
Standard Methods (Horwitz, 2010) 926.08, 972.28, 935.42, and
926.123, respectively. Titratable acidity was assessed by alkalimetric
titration with 0.1 N NaOH using phenolphthalein as an indicator (AOAC
No. 967.21). pH measurements were made using a pre-calibrated Metter
Toledo AG SG2 digital potentiometer, following the method described in
AOAC 942.05. Furthermore, Fourier transform infrared (FTIR) spec-
troscopy was used to identify the main functional groups in each sample.
FTIR spectra were obtained in a FT/IR - 4100 spectrometer (JASCO,
Spain), from 500 to 4000 cm ™}, with a 4 cm ™! resolution and 32 average

Table 1
Hydrocolloids extraction conditions from peel and seed of mango (Mangifera
indica) var. Tommy.

Sample parts of Mango pH  solid:water ratio  time Yield
code fruit (w/w) (h) (%)
HP3 Peel 3 1:8 4 7.64
HP,o Peel 10 1:8 4 7.66
HS; Seed 3 1:8 4 6.45
HSqo Seed 10 1:8 4 8.22
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scans.

2.5. Intrinsic viscosity and molecular weight determination

To determine the intrinsic viscosity of hydrocolloids, a 0.5 % w/v
solution of the sample was prepared in a screw cap under magnetic
stirring for 4 h or until complete dissolution and allowed to stand for
20 min to eliminate bubbles formed during homogenization. A capillary-
type kinematic viscometer (DIN 51562 part 1 - ISO 3105 - UNE 400313)
with a constant of 0.087437 cSt/s, equipped with a thermostatic bath at
25 °C was used to determine, the relative (Eq. (1)), specific (Eq. (2)), and
reduced (Eq. (3)) viscosities of the solvent and corresponding solutions
pouring times as follows:

t

Mret = E (l)
t—t,
My =~ @
Nsp
) 3
Mred C ( )

where t, and t correspond to the pouring times of the solvent and each
solution.

These viscosities are related to intrinsic viscosity or limit viscosity
index, which can be calculated using single-point methods such as that
of Solomon-Ciuta (da Costa et al., 2017; Pamies et al., 2008), expressed
in Eq. (4). Once the intrinsic viscosity is known, the molecular weight
was determined using the Mark-Houwink-Sakurada (MHS) equation
(Eq. (5)), where the K}, and a constant values were taken for the studies
performed with similar systems, i.e. guar gum and galactomannans in
distilled water (Kj,) = 5.13 x107* g.mL_l, a = 0.72) (Beer et al., 1999;
Picout and Ross-Murphy, 2007).
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4

[n] = Ky * Mw* 5)

2.6. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) observations were carried out
using a JEOL JSM 5950 LV equipment, by applying a 25 Pa high vacuum
and 15 kv electric current to microstructurally analyze the formulations
obtained by dispersing the hydrocolloids in water. The samples were
initially freeze dried and coated with a thin layer of gold for observa-
tions at 300x and 600x magnification (Bhusari et al., 2014; Rayo et al.,
2015).

2.7. Preparation of the hydrocolloid system

Based on the yield, chemical characterization, and valorization of the
mango waste products (seeds and peel), different hydrocolloid formu-
lations were prepared at different concentrations using samples extrac-
ted at pH 3 by applying a heat treatment and magnetic agitation,
without variation in pH. The dispersions of hydrocolloids in deionized
water at different concentrations (see Table 2) were heated to 90 °C
under stirring, centrifuged to remove air bubbles, and cooled at 5 °C for
24 h, according to the methodology proposed by Han et al. (2022). At
the same time, 0.1 % sodium chloride (NaCl) was added with saccharose
to the hydrocolloidal system to promote gel formation.

2.8. Rheological measurements

2.8.1. Steady-state viscous flow
A plate-plate geometry (35 mm diameter, 1 mm gap) was used in a

72

Food and Bioproducts Processing 147 (2024) 70-81

Table 2
Formulation of hydrocolloid systems from the valorized fraction of the mango
peel and seed.

Sample Hydrocolloids Deionized Salt Saccharose
code (%) water (mL) NaCl C12H22011 (%)
(%)

HP3-1 1 30 0.1 0.1
HP3-2.5 2.5 30 0.1 0.1

HP3-5 5 30 0.1 0.1

HS3-1 1 30 0.1 0.1
HS3-2.5 2.5 30 0.1 0.1

HS3-5 5 30 0.1 0.1

*C (Guar 1 30 0.1 0.1

gum)

HP3: Hydrocolloids formulated from peel extracts at pH 3; HS3: Hydrocolloids
formulated from seed extracts at pH 3; *C: Control.

controlled stress rheometer (Haake MARS 60, Thermo-Scientific, Ger-
many) to characterize the rheological properties of hydrocolloid for-
mulations. The procedures were carried out according to the
methodology described previously (Marsiglia et al., 2021). Before the
rheological test for each sample was conducted, a 10-min equilibration
period was implemented to ensure a consistent sample relaxation his-
tory. In general, the temperature during the test was maintained at 25 °C
using a Peltier device.

Steady-state viscous flow tests were performed over a shear rate
range from 1073 to 10 s1. The viscoelastic responses were evaluated
by small-amplitude oscillatory shear (SAOS) tests. Frequency sweeps
from 0.02 to 100 rad/s were performed within the linear viscoelasticity
range. Previously, to determine the extension of the linear viscoelas-
ticity regime, stress sweeps were performed at a frequency of 1 Hz with
an increasing sequence of stresses from 1073 to 10° Pa.

2.8.2. Curing test

Curing tests were conducted to monitor the rheological properties of
gelling solutions prepared with hydrocolloids without heating; in this
case, heat treatments were applied at the up / down temperature ramp.
To prevent breakage of the gels, the maximum temperature was set at 70
°C. Temperature sweeps were performed from 25 °C to 70 °C at 4 °C/
min and 1 rad/s, maintaining the maximum temperature for 20 min,
and subsequently decreasing the temperature from 70 °C to 25 °C at
4 °C/min. Then a frequency sweep was conducted at 25 °C to study the
variation of the storage (G’) and loss (G”) moduli of the heat-induced
gels.

2.9. Emulsion preparation and characterization

The emulsions were prepared by dispersing 10 % sunflower oil in
90 % aqueous solutions incorporating 1.25 wt% of the HP;(, HP3, HS1¢
and HS3 samples over the total emulsion, without adding any other
emulsifier or stabilizing agent. Droplet size distribution (DSD) mea-
surements were performed with a Mastersizer 2000 laser diffractometer
(Malvern Instruments, Worcestershire, UK). The samples were diluted in
deionized water at 2000 rpm until an obscuration rate of 10 % was
achieved. Mie’s theory was applied with a refractive index of 1.52 and
an absorption of 0.1 for each treatment (presumably a reference mate-
rial). Three samples of each formulation were measured in quintupli-
cate. Additionally, the (-potential was determined at 25 °C using a
Zetasizer nano-Z device (Malvern Instruments, Worcestershire, UK). The
mathematical model of Smoluchowsky was used to convert electro-
phoretic  mobility  measurements into  {-potential  values
(Sanchez-Gonzalez et al., 2009).

2.10. Statistical analysis

ANOVA (unidirectional) was used to analyze the data using SPSS
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software (version 17.2 for Windows) to find statistically significant
differences (p < 0.05) between samples.

3. Results and discussion
3.1. Physicochemical parameters and proximal composition

The selected physicochemical parameters and the proximal compo-
sition of the hydrocolloids extracted from the waste materials of the
mango Tommy variety, ie, the peel and seeds, at pHs 3 (HP3 and HS3)
and 10 (HP;( and HS;) are shown in Table 3. Depending on the solu-
bilization settings, the sample has variable pH values (p < 0.05). HP3
and HS3 had pH values of 4.35 and 4.56, while HP;y and HS;( had pH
values of 8.25 and 8.16, respectively. The addition of a neutral solvent, a
substance such as ethanol, during the precipitation stage causes an in-
crease or decrease in the pH value with respect to the pH imposed in
extraction (Petrucci et al., 2017). The moisture and ash contents of the
hydrocolloids showed no significant or slight differences. However, the
fat content of the HS3 (16.85 %) and HS;o samples (17.33 %) are
significantly higher (p<0.05) than those found in the HP3 samples
(2.86 %) and HP;¢ (2.75 %). Furthermore, the carbohydrate content
varied significantly between the samples, with HP3 and HP;( showing
values around 75.15 % and 76.16 % respectively, while HS3 and HS;o
had values of 33.42 % and 32.45 %. This disparity in the carbohydrate
content of hydrocolloids can be attributed to the composition of the raw
material used, as reported for hydrocolloids derived from sesame, guar
gum, and tortuosa gum exudate (Lastra-Ripoll et al., 2022b; M. Martinez
et al., 2015), typically peel having a high content of starches and other
polysaccharides. The protein content also showed a significant differ-
ence between samples HS3 (33.42 %) and HS;¢ (32.45 %), and samples
HP3 (0.38 %) and HP;( (0.35 %). This disparity in protein and poly-
saccharide contents must be attributed to the inherent composition of
the seeds and peels and the coprecipitation of proteins and poly-
saccharides from the seeds and peels when the supernatant was mixed
with ethanol during the extraction process (H. Zhu et al., 2023).

In Fig. 1 shows the FTIR spectra of the hydrocolloids obtained, the
bands at 3300 cm™! in all samples are attributed to O-H stretching vi-
bration, indicating intramolecular and intermolecular hydrogen in-
teractions. Vibrations of symmetrical C-H stretching of the lipid
extension are observed in the 2850 cm ™! band for HS3 and HSqo. The
band at 1750 cm ™ is associated to the stretching vibration of the C-O
bond in non-ionic carboxyl groups or their ester acids (-COOH,
—COOCH3) in all samples (Eitex, 2017). The typical bands at 1400 cm!
in HP3 and HPyo are assigned to the symmetric and asymmetric
stretching vibrations of —COO uronic acids (Razavi et al., 2014). The
bands around 1020 cm™! are attributed to the stretching vibrations of

Table 3
pH and proximal composition of hydrocolloids extracted from mango peel and
seeds.

Parameter HP3 HP;o HS3 HS10
TTA (mg of citric acid 0.43 + 0.06 + 0.44 + 0.08 +
/100 mL) 0.99° 0.09° 0.63% 0.43°
pH 4.35 + 8.25 + 4.56 + 8.16 +

0.75° 0.32° 0.19° 0.78°
Moisture (%) 13.11 + 11.14 + 12.16 + 12.97 +
0.78° 0.66" 0.85% 0.24°
Protein (%) 0.38 + 0.35 + 33.42 + 32.45 +
0.03° 0.03" 0.03% 0.03?
Ash (%) 8.50 + 9.15 + 7.30 + 7.82 +
0.31° 0.44° 0.75¢ 0.34¢
Fat (%) 2.86 + 2.75 + 16.85 + 17.33 +
0.23° 0.11° 0.12° 0.26°
Carbohydrate (%) 75.15 + 76.61 + 29.85 + 29.43 +
0.20° 0.53° 1.31° 0.38°

The results are presented as mean + standard deviation. Different letters within
each row indicate significant differences (p < 0.05).
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Fig. 1. FTIR spectra of the hydrocolloids obtained from the peel (HP3; HP;()
and the seed (HS3; HS;0) of the mango Tommy fruit.

the C-O and C-C bonds, as well as the glycosidic bonds (C-O-C) and
C-O-H bonds (Bostan et al., 2010; Pourfarzad et al., 2021). The multiple
peaks observed between 1100 and 1400 cm ™! are indicative of a typical
polysaccharide profile commonly found in hydrocolloids (Pal et al.,
2005). These characteristic peaks are associated with various vibration
modes of the molecular structure of polysaccharides (Hong et al., 2021),
which are detected more clearly in HP samples; this profile is similar to
other hydrocolloids extracted from plant materials, such as guar gum, a
galactomannan from the legume Cyanopsis teragonolobus, and is also
comparable to the high molecular weight fraction of pectin fruit jelly,
with bands between 1374 and 1274 attributed to vibrations of carboxyl
groups capable of forming strong gels (Copikova et al., 2001). The bands
between 1650 cm ™! are related to the functional groups of amide I and
amide II, respectively, which are associated with the presence of pro-
teins that are more representative in samples HS3 and HS;¢ (Mata-Mir-
anda et al., 2017). In general, hydrocolloid systems were obtained in all
solubilizations performed according to the proposed methodology,
showing the effect of pH and temperature as the experimental variables.
It was observed that, at a temperature of 80°C, pH 3 and pH 10, the
highest yields were observed, which were also evaluated in a previous
study (Marsiglia-Fuentes et al., 2022). The hydrocolloids obtained from
the seeds, in terms of extraction conditions, are rich in proteins and fats,
and considering this functional characteristic, they proved to be more
suitable for forming strong gels, whereas the hydrocolloids from the
peel, rich in carbohydrates, proved to be more suitable for emulsifying
applications. However, the extraction pH does not significantly affect
the composition, although hydrocolloids extracted under acidic condi-
tions had slightly lower extraction yields and stabilized the o/w emul-
sions much better, especially. Taking into account all factors, the
hydrocolloid extracted from the mango peel at pH 3 has the most
favorable functional properties for aqueous gel systems and stabilizing
oil-in-water emulsions.

3.2. Hydrodynamic analysis and molecular weight

Specific viscosity provides the contribution of the polymer to the
viscosity of a polymeric solution relative to the viscosity of the pure
solvent. This parameter provides valuable information on the behavior
of a polymer in solution and its interaction with the solvent (Karakus
et al., 2020). Table 4 shows the relative viscosity and specific viscosity
data for water solutions of different extracts of mango peel and seeds, at
a concentration of 0.5 % v / v, and other viscometric parameters that
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Table 4
Hydrocolloids viscosimetry extracted from the peel (HP3; HP1o) and seed (HSs;
HS;0) of mango tommy (Mangifera indica).

Viscosity type HP; HP,o HS3 HS1o

Relative viscosity 1.04 1.04+0.06°  1.03+0.03*  1.03+0.03%
(Mre)) +0.02%

Specific viscosity (nsp) ~ 0.04 0.04+0.01°  0.03+0.01°  0.03+0.01°

+0.01°

Reduced viscosity 0.09 0.08+0.03° 0.054+0.01% 0.0540.02%
(Nred) +0.05°

Intrinsic viscosity 1.96 1.96+0.03* 1.97 1.9840.06"
(D, dL/g +0.02* +0.06°

Molecular Weigth 101515 101,516 102,936 103,122
(M,), g/mol +850° +2207 +150° +460°

The results are presented as mean + standard deviation. Different letters within
each row indicate significant differences (p < 0.05).

can be determined from these, i.e., the reduced and intrinsic viscosities.
The intrinsic viscosity of each hydrocolloid was determined from the
Solomon-Ciuta equation, while the average molecular weight of vis-
cosity was estimated from the Mark-Houwink-Sakurada equation (MHS)
(Eq. 5). From these results, it is observed that the samples extracted from
the peel and seeds at different pHs produced very similar intrinsic vis-
cosity values that do not vary significantly, with identical values
(1.96 dL/g) for the HP3 and HP10 samples, and 1.97 and 1.98 dL/g for
the HS3 and HS;( samples, respectively, at 25 °C. These results are lower
than those reported for xanthan gum (49.2 dL/g) (Brunchi et al., 2014),
basil seed gum (39.17 dL/g) (Naji-Tabasi and Razavi, 2016), tara gum
(11.07 dL/g) (Huamani-Meléndez et al., 2021) or tamarind seed gum
(4.7 dL/g) (Khounvilay and Sittikijyothin, 2012), higher than the values
obtained from Lepidium sativum seed gum (0.726 dL/g) (Razmkhah
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S8 rm

X388

Food and Bioproducts Processing 147 (2024) 70-81

et al., 2016), and very similar to those obtained by Fathi et al., (2018a)
for polysaccharides extracted from Lallemantia ibrica seeds (1.96 dL/g at
25 °C). The molecular characteristics of natural polymers have a crucial
impact on their bioactivity and functional qualities. Thus, poly-
saccharides with a high molecular weight have a low tendency to be
adsorbed at the air-water interface, but their thickening and gelling
capabilities can greatly improve the stability of food matrices (Martinez
et al., 2005). The viscosity-average molecular weight (My) of the hy-
drocolloids estimated from the intrinsic viscosity data gave values for
the hydrocolloids extracted from the peel (HP3 and HP;() and seeds (HS3
and HS;jp) of 101515 and 102,580 g/mol, respectively. Hydrocolloids
obtained from the seeds have a slightly higher molecular weight. Like-
wise, these results are similar to the molecular weights found for guar
gum (112,000 g/mol) (Khouryieh et al, 2007). In principle,
high-molecular-weight hydrocolloids provide enhanced gelling capacity
and ability for structuring of colloidal systems (Faria et al., 2011). Uti-
lizing waste materials such as mango peel and seeds for the extraction of
hydrocolloids presents a significant opportunity to enhance sustain-
ability and resource efficiency in the food industry.

3.3. SEM analysis of hydrocolloids

SEM was carried out to see if the alkaline and acidic extraction
conditions could affect the structure of the peel and seed hydrocolloids,
showing some porosity that was more evident in the peel samples when
extracted under acidic conditions. SEM micrographs of hydrocolloids
derived from mango peel and seeds are shown in Fig. 2. The HP3 (C) and
HS3 (A) samples have a less compact structure than the HP1( (D) and
HS;0 (B) samples. Based on the extraction conditions, it can be
concluded that at acidic pH (A and C) the formation of cavities on the

Fig. 2. SEM micrographs of hydrocolloids extracted from mango seeds [HS3 (A); HS1o (B)] and peel [HP;3 (C); HP; (D)].
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surface of the hydrocolloids is favored for both samples compared to
samples extracted at basic pH (B and D). These variations in micro-
structure may influence the quality, volume, stiffness and texture profile
of derived food products (Manohar and Rao, 1999). An acid pH can
cause the breakage of polymer chains during the extraction of hydro-
colloids, which makes the material to be more heterogeneous. This fact
may enhance the ability to increase the viscosity of hydrocolloidal sys-
tems, such as hydrogels, resulting in better interactions with water and
minimizing the time and ability of the material to gel when subjected to
moderate heating (Larrosa, 2014). On the other hand, sample HS1( (B)
has a smooth surface and compact structure, which can be influenced by
fat content, leading to the generation of more homogeneous regions,
indicating that the matrix of these samples can be protected from hy-
dration (Reaz et al., 2023).

3.4. Rheological behavior

3.4.1. Steady-state viscous flow

From a sensory point of view, examining the flow behavior of
polymeric systems at low shear rates provides valuable insight into
characterizing the mouthfeel and consistency of food during oral con-
sumption (Morris, 1990). Understanding how food responds to gentle
forces, such as those encountered during chewing and swallowing, is
essential to assess the sensory attributes and overall texture of food
products. On the contrary, having a precise understanding of the vis-
cosity/strain rate relationship at high shear rates is essential to inves-
tigate the flow behavior of gum solutions during various operations,
such as spray drying and fluid pumping. These processes involve high
shear forces, and knowing how the viscosity of gum solutions changes
under such conditions is essential to efficiently optimize and control
these industrial operations (Fathi et al., 2018b). Fig. 3 shows the vis-
cosity versus shear rate plots for the hydrocolloid formulations HS3
(seed) and HP3 (peel) at different concentrations (1, 2.5 and 5 %)
compared to the viscosity of guar gum at 1 % taken as a reference. In the
shear rate range studied (0.01-1000 s~1), an apparent shear thinning
response was found in all cases. As is well known, as the shear rate in-
creases, the macromolecular chains of the biopolymer align in the di-
rection of flow, the entanglement among polymer chains decreases, and
therefore the viscosity decreases (Koocheki et al., 2013). This study has
highlighted the expected shear thinning properties. At certain concen-
trations, hydrocolloids should confer pseudoplastic properties to the
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gels. From this perspective, the comparison of viscosity changes with the
shear rate in relation to the inherent viscosity of polymers is directly
related to the quality of the solvent, the macromolecular structure, and
the molecular weight (Cerqueira et al., 2009). When the viscous flow
curves are analyzed, it becomes evident that the hydrocolloid formula-
tions derived from the seeds exhibited a viscosity higher than that of the
formulations derived from the peel, especially at low shear rates, which
is related to the slightly higher molecular weight.

The experimental data of the flow curves were adjusted to the Wil-
liamson model:

Mo
" k) ©
where 7 is the shear rate, k is the consistency index, and n is the rate
index, and 1 is the zero-rate viscosity The values of these fitting pa-
rameters are presented in Table 5. The minimum value of the coefficient
of determination (R2 > 0.996) indicates an excellent fit to the experi-
mental data. In all cases, the value of n < 1 confirmed the shear-thinning
behavior of the hydrocolloids. As the concentration of hydrocolloids in
the solution increased, the viscosity values of the resulting hydrogels

Table 5
Williamson model rheological parameters for gels formulated with hydrocol-
loids extracted from peel (HP3) and seed (HS3) of mango Tommy fruit.

Hydrocolloidal % o k n R?

system Hydrocolloids

HP;-1 1 0.54 + 0.31 + 0.66 + 0.998
0,01° 0.01%° 0.03°

HP;3-2.5 2.5 0.86 + 0.51 + 0.73 + 0.997
0.04° 0.01¢ 0.01°

HP;-5 5 2.64 + 0.41 + 0.67 + 0.999
0.01¢ 0.02° 0.03°

HS5-1 1 1.03 + 0.21 + 0.73 + 0.996
0.02° 0.06° 0.02°

HS3-2.5 2.5 1.89 + 0.24 + 0.68 + 0.999
0.03¢ 0.01° 0.05°

HS5-5 5 5.94 + 0.47 + 0.72 + 0.998
0.03¢ 0.04° 0.01°

Guar gum (1 %) 1 0.49 + 0.22 + 0.63 + 0.998
0.02? 0.012 0.02?

Results are expressed as mean + standard deviation. Different letters within
each column mean significant differences (p < 0.05).
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Fig. 3. Viscous flow curves and fitting to the Williamson model for hydrogels derived from hydrocolloids extracted from the seed (HS3) and peel (HP3) of mango
Tommy fruit at different concentrations (1, 2.5, 5 %). Guar gum-derived hydrogel at 1 % is included as a control system.
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showed a relative increase. Furthermore, as mentioned above, hydro-
colloid formulations obtained from mango seeds showed a higher vis-
cosity than those found in hydrocolloids obtained from the peel. For
instance, the low-shear rate limiting viscosity of HS3-5 sample was 5.04

+ 0.03 Pa.s, while the counterpart of the peel-extracted hydrocolloid

(HP3-5) was 2.64 + 0.01 Pa.s. These higher values generally found in
hydrogels obtained from mango seed hydrocolloids must be attributed
to both the slightly higher viscosity-average molecular weight (see
Table 3) and the different composition, which in turn influence the
gelatinization process. Such insights are valuable in understanding the
behavior and potential applications of these hydrocolloids in various
industrial settings (Lastra-Ripoll et al., 2022a). On the other hand, the
viscosity vs. shear rate plot for the guar gum sample taken as a reference,
prepared at a concentration of 1 % by weight, was almost consistent
with the HP3-1 viscous flow curve, while the HS3-1 sample, at the same
concentration of 1 % by weight, provided a higher viscosity than the
control.

3.4.2. Curing

Aiming to study the heat-induced gelling process (sol-gel), the
impact of a heat treatment on the rheological properties of mango peel
and seeds-derived hydrocolloid formulations was analyzed by applying
ascending/descending temperature ramps, reaching a maximum tem-
perature of 70 °C, and the variation of the storage modulus, G, was
monitored. The upward temperature ramp was applied at 4°C/min, then
the temperature was maintained constant at 70 °C for 20 min, and then a
downward temperature ramp at 4°C/min was applied to cool the sample
down to 25 °C. Fig. 4 illustrates the evolution of G’ over time for the
different gel-forming solutions (at 1 %, 2.5 %, 5 % concentrations). The
curing behavior observed in all samples is qualitatively similar. In the
second region, where the temperature remains constant at 70 °C (cycle
B), G exhibits a rapid increase, which is followed by stabilization by
cooling the sample (cycle C). Furthermore, while at 2.5 and 5 % wt
concentrations G increased to comparable values, below 2.5 % wt, that
is, 1 % wt, the enhancement of gel strength was noticeably inferior. In
this case, the control of the guar gum sample (at 1 % wt.) behaves
against thermal treatments similarly to the hydrocolloid formulations
derived from mango seeds and peels at 2.5 and 5 % by weight. These
results shed light on the temperature-dependent gelation behavior of
these hydrocolloid solutions and their potential implications in the food
industry. The observed evolution of the storage modulus is attributed to
the unique properties of hydrocolloids in response to heat. During the
heating process, the hydrocolloids expand, exposing functional groups
capable of forming gel networks. This expansion contributes to the
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initial increase in G’ values as the gel structure begins to develop and,
when the solution is cooled, the three-dimensional gel network becomes
more stabilized, resulting in further hardening of the matrix and even-
tually an additional slight increase in the G values. In this case, during
the downward ramp (cycle C), the cooling rate does not seem to greatly
influence the final value of the linear viscoelastic functions, and the G’
values remain almost constant or slightly increase, indicating a favor-
able behaviour in the gel-strengthening process. The final G’ values are
generally higher in HP hydrocolloids-derived gels than in those obtained
from HS samples, probably due to the higher carbohydrate content,
despite the lower viscosity achieved under shear conditions (see Fig. 3).
Understanding the gelation process and its effect on the rheological
properties of hydrocolloids provides valuable insight into optimizing
their applications in different formulations and processing techniques
(Gurram and Author, 2022; Pirsa and Hafezi, 2023). It is essential to
consider the time-temperature history of hydrocolloid solutions to
optimize their applications in various processes, as their gelling
behavior can be influenced by such factors. Understanding the condi-
tions that favour or hinder gel formation and gel strength allows for
better control and use of hydrocolloids in various industrial and food
applications (Chen and Dickinson, 1998).

3.4.3. Linear viscoelasticity

Stress sweep tests were conducted at 25 °C to identify the viscoelastic
linear region of the hydrocolloid formulations before and after applying
the heat treatment previously discussed in the curing tests. The samples
showed a linear viscoelastic region within the range of 1.0-20.0 Pa. In
this range, frequency sweeps were performed afterwards. Fig. 5 shows
the mechanical spectra of gels derived from samples HP3 and HS3 at
various concentrations (1-5 %) obtained at 25 °C. In all cases, both the
storage (G") and loss (G") moduli slightly increased with frequency and
the values of G’ were consistently higher than those of G", suggesting a
predominantly elastic behavior without a crossover point in the fre-
quency range studied, whereas G" exhibited a soft minimum at medium
or low frequencies. This evolution of SAOS moduli corresponds to the
"plateau" region of the mechanical spectrum, which is characteristic of
weak gels. However, some differences in the extent of the "plateau" re-
gion were observed in the frequency range studied, depending on the
type and concentration of the hydrocolloid incorporated. Higher per-
centages of hydrocolloids (5 %) resulted in a more structured gel with
increased strength, which is attributed to the enhanced entanglement
network and aggregation of the biopolymer chains. These observations
offer valuable information on the rheological behavior and mechanical
properties of mango peel- and seeds-derived hydrocolloid gels,
providing essential information to optimize their applications in food
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Fig. 4. Evolution of the storage modulus over time during the application of temperature ramps, for hydrogels derived from hydrocolloids extracted from the seed
(HS3) and peel (HP3) of mango Tommy fruit, containing 1, 2.5 and 5 % w/w hydrocolloids. Guar gum-derived hydrogel at 1 % is included as a control system.
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Fig. 5. Mechanical spectra of hydrogels derived from hydrocolloids extracted
from the seed (HS3) and the peel (HP3) of mango Tommy fruit, containing 1, 2.5
and 5 % w/w hydrocolloids, obtained after applying the heat treatment shown
in Fig. 4. For the sake of comparison, the mechanical spectra of dispersions
before heating are also shown.

and industrial formulations (Arab et al., 2023). The findings indicated
that even solutions at low concentrations (1 %) showed elastic behavior
at low frequencies. This behavior can be attributed to the large molec-
ular weight and the high degree of branching in hydrocolloid molecules,
which contribute to their elastic nature (Wang et al., 2019). For similar
concentrations of hydrocolloids, this behavior has been observed in
other hydrocolloids, such as the Alyssum homolocarpum seed hydro-
colloid (Anvari et al., 2016), Lepidium perfoliatum seed hydrocolloid
(Hesarinejad et al., 2014), basil seed gum (Rafe and Razavi, 2013) or
quince seed gum (Wang et al., 2019). The achievement of relatively
elastic formulations with low concentrations underscores the unique
rheological characteristics of these hydrocolloids that make them suit-
able for various applications in the food and industrial sectors. More-
over, mango seed-derived hydrocolloids provide gels with G' values
higher than those obtained from HP samples regardless of the hydro-
colloid concentration, again probably because of the higher protein
content. For example, the HS3-5 sample reaches G’ values of around 35,
000 Pa, compared to those obtained with HP3-5 with values of approx-
imately 30,000 Pa. Understanding these properties is crucial for
formulating stable and functional products, as well as for tailoring their
performance in specific applications.

Finally, Fig. 5 also shows the comparison of the mechanical spectra
of the gels obtained before and after applying the thermal curing
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treatment. As can be seen, a significant increase in the values of both
SAOS functions is apparent compared to those of the initial state of the
gels before they are subjected to any thermal treatment. This indicates
that when the hydrocolloid formulations were heated and then cooled,
the three-dimensional structure of the gel is strengthened, resulting in a
significantly increased stiffness.

3.5. Emulsion stabilizing properties

In Fig. 6, the droplet size distributions (DSD) of emulsions prepared
with aqueous solutions containing samples HP3, HP1, HS3 and HS;, at
a concentration of 1.2 %, are shown as a function of ageing. On day 1,
the emulsions exhibit a relatively wide size distribution that varies
approximately from 0.5 to 200 pm. On day 4, a slight increase in particle
size was observed for HS3 and HS10 emulsions, while emulsions HP3 and
HP;( remained relatively stable. On day 6, the polymodal distribution is
still maintained, but a separation phase is clearly detected in the upper
part of the HS3 and HS10 samples, evincing creaming, and an incipient
separation was also observed for the HP10 sample in the lower part.
After 8 days, the HP;(, HS3, and HS; ¢ emulsions separate, while the HP3
sample experiences minimal separation. These results clearly indicate a
close relationship between droplet size and emulsion stability. Emul-
sions with smaller droplet sizes tend to remain stable for a longer period.

Table 6 provides more detailed information regarding DSD, pre-
senting the values of D1, Dso, and Dgp, which correspond to the particle
size in which 10 %, 50 % and 90 % of the cumulative distribution are
included. The mean values of Dy, D5, and Dgg ranged between 1.65 and
19.40 pm, 10.04-82.52 pm, and 30.6-154.78 pm, respectively. These
values also reflect the effect of storage time on the particle size distri-
bution, with D;o showing the lowest degree of variability, followed by
D5, and Dgg being the most representative or critical measure. The 10 %
accumulated (D;) corresponds to the smallest particles in the emulsion.
As storage time progresses, the Djg values remain relatively stable,
indicating minimal changes in the size of these colloidal fragments.
However, the values of Dsp may consider larger droplets and/or undis-
solved fragments of the hydrocolloids. Over time, the attractive forces
between these particles cause them to increase in size and eventually
coalesce into larger droplets, producing an increased Dgg value. Analysis
of D1g, Dsg, and Dgg provides valuable information on the dynamics of
particle size distribution within the emulsions as they undergo storage.
These findings contribute to the optimization of emulsion formulations
and the control of their behavior in various applications. (Eraso-Grisales
et al., 2022).

The zeta potential values () of the emulsions formulated with hy-
drocolloids derived from mango peel and seeds, as shown in Table 5,
ranged from —17.63 to —11.12 mV. The decrease in { can be attributed
to the limitation of the ionizable sites in the hydrocolloids polymer
chains. The negative charge on these polymers is a critical parameter
closely related to the physicochemical stability and composition of the
emulsion. Firstly, it indicates the magnitude of repulsive or electrostatic
forces between neighboring colloidal particles. A higher absolute value
of the zeta potential, positive or negative, indicates stronger repulsive
forces between particles, which can hinder aggregation and coalescence.
In the context of emulsions, a higher negative zeta potential is generally
desirable, as it contributes to greater stability by preventing droplet
aggregation and creaming. Consequently, the lower (more negative)
zeta potential of the HP3 sample indicates stronger repulsive forces be-
tween colloidal particles, thus contributing to enhanced physical sta-
bility. Understanding the potential of zeta is crucial to designing
emulsions with optimal stability and desired characteristics in industries
such as food, cosmetics, and pharmaceuticals and helps to control the
interactions between dispersed particles and fine-tune the formulation
to meet specific requirements (Yu et al., 2016). The observed differences
in the zeta potential and particle size among the samples studied
emphasize the importance of the hydrocolloid structure and composi-
tion in stabilizing o/w emulsions.
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Fig. 6. Evolution of the droplet size distribution as a function of storage time (days) for emulsions prepared with hydrocolloids extracted from the peel (HP3, HP)

and the seed (HS3; HS10) of Tommy mango fruit.
4. Conclusions

Hydrocolloids extracted from Tommy mango presented in Peel (HP)
are rich in carbohydrates, while seeds (HS) contain more proteins and
fats, respectively. Morphological differences are evident, while HP ex-
hibits a more irregular and porous structure compared to HS, especially
notable at low pH levels. The average molecular weights HP and HS are
approximately 101515 g/mol and 102,580 g/mol. Both hydrocolloids
can form hydrogels in water when heated at concentrations ranging
from 1% to 5% by weight. These hydrogels exhibit shear-thinning
behavior, conforming to the Williamson model. The gelation process
can be monitored through curing tests, revealing lower critical tem-
peratures for gelation in HS hydrocolloids compared to that of HP. The
viscoelastic properties of the hydrogels increase with concentrations of
2.5% and 5%, providing comparable gel strengths. The emulsion
derived from HS samples showed phase separation after 4 days, indi-
cating instability, whereas the emulsion derived from HP3; showed
minimal separation even after 8 days. This difference in stability has
been attributed to the significantly smaller mean droplet size and the
more negative zeta potential achieved in the HP3 sample-derived
emulsion. In summary, the selection of Tommy mango residues, i.e.,
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peel and seeds, and the extraction conditions greatly influence the
composition and functional properties of derived hydrocolloids, which
determines their preferential application. Hydrocolloids extracted from
seeds, rich in proteins and fats, are more suitable to form stronger gels,
while hydrocolloids from the peel, rich in carbohydrates, are more
suitable for emulsifying applications. However, extraction pH does not
significantly affect the composition, although hydrocolloids extracted
under acidic conditions had slightly lower extraction yields and stabi-
lized o/w emulsions much better, especially those obtained from the
peel. Taken everything into consideration, the hydrocolloid extracted
from the peel of mango, at pH 3, is the one with the optimal functional
properties for both gelling aqueous systems and stabilizing o/w
emulsions.
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Table 6

Characteristic mean droplet size diameter and { potential values of emulsions
prepared with hydrocolloids extracted from peel (HP3, HP;o) and seed (HSs;
HS;0) of Tommy mango fruit.

Sample  Ageing ¢ (mV) Dy (pm) Ds (pm) Dgg (pm)
(days)
HP; 1 -17.58°  1.65+0.06°  10.04 30.6+0.07°
+0.05%
4 -17.63°  1.65+0.10°  10.60 33.20+0.08"
+0.05°
6 -16.86°°  1.9240.01*°  11.21 33.40+0.74°
+0.10%
8 -16.47°  1.93+0.02°  11.80 33.70+0.11°
+0.07%
HP;, 1 -16.38"  19.31 76.20 148.87
+0.04°f +0.37¢ +0.25 P
4 -15.43°  19.40 78.20 149.36
+0.34° +0.37¢ +0.72P
6 -15.45°  17.70 80.40 154.02
+0.18° +0.27 f +0.211
8 -14.56°  15.80 82.52 154.78
+0.14¢ +0.33 f +0.70!
HS;3 1 -12.05¢  16.21 36.55 78.54
+0.219 +0.07¢ +0.01 f
4 -12.13¢ 1576 37.02 81.62
+0.03¢ +0.21¢ +0.27
6 -12.05¢  14.60 37.21 81.10
+0.07¢ +0.16¢ +0.05 &
8 -11.12% 1261 37.52 82.31
+0.71¢ +0.19¢ +0.09 ¢
HS1o 1 -12.759 18.32 24.16 60.14+0.08°
+0.01° +0.21°
4 -11.45°  12.75 25.74+0.18°  63.20+0.01¢
+0.05¢
6 -11.70°  10.65 29.8+0.06°  75.8140.28°
+0.18°
8 -11.47°  9.93+0.09°  28.41 77.33
40.03¢ +0.02¢f

Results are expressed as mean =+ standard deviation. The different letters within
each column are significantly different (p < 0.05).
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