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ARTICLE INFO ABSTRACT

Keywords: In the present work, the emulsification capacity of the mango kernel starch var Sugar (Sg) and Tommy (To) was

Starch investigated. Oil-in-water emulsions were elaborated with Sg and To starch. The chemical composition of the Sg

E:"ﬂlsjons and To showed significant differences (p < 0.05) in the phenolic compounds, proteins and amylose content. The
;isfogtgricmre microstructure of the emulsions for each concentration of Sg and To (1.5, 3.5 and 6%w/v) showed a packing of
Texture the oil droplets and a reduction in their size with increasing oil content. A phase separation was observed for a Sg

and To concentration of 1.5%w/v and an oil concentration of 40 and 60%v/v, indicating that there was not a
good integration of the oil within the starch gel matrix. The emulsions showed pseudoplastic behaviour (n < 1).
The consistency index, apparent viscosity, firmness, stickiness and spreadability were higher for the emulsions
prepared with the highest oil content. The results obtained provide information on the composition of Sg and To
and its capacity for the stabilisation of O/W emulsions, showing an advantage over other starches, which have to
be modified to improve their emulsification capacity, thus indicating the great potential of these starches for the

development and formulation of new food products

1. Introduction

Mango is a tropical and climacteric fruit, which according to the
Food and Agriculture Organization (FAO) had an average world pro-
duction of 57.01 million tons (FAO, 2023). It is used for the elaboration
of processed foods and as a source for the development of new functional
foods (Nawab et al., 2017). The mango fruit is considered an important
source of phytochemicals such as phenolic compounds, vitamins,
micronutrients, carbohydrates, proteins, fats, dietary fibre, which are of
great importance for the health of human beings (Jahurul et al., 2015).
During the industrial processing of Mango, a large amount of waste is
produced annually, with 12-15% of the total waste belonging to the peel
and 15-20% to the kernel. According to the variety, the mango kernel
may contain approximately 58 wt% starch on a dry basis, this waste
being a good source for obtaining and producing native fruit starches
(Nawab et al., 2016). The potential for the recovery of mango
by-products, such as the seed, has fostered great scientific interest in the
development of alternative solutions that respect the environment,
promoting the transition towards a circular economy through the
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development of biorefineries, which are based on the use of mango
by-products. They can be processed to recover compounds of interest
such as starches and bioactive compounds for the development of new
value-added products using green and integrated technologies (Nayak &
Bhushan, 2019). Furthermore, they must be economically viable, thus
providing benefits to society and the industry (Panwar et al., 2021).

Starch is a biopolymer that can be used as stabilizer, gelling and
thickener agent in various pharmaceutical and food applications (Abou
El-Naga et al., 2022). Amylopectin and amylose are the two main starch
polysaccharides. Amylose is a linear macromolecule made up of
p-glucose units linked by a-1,4 bonds, while amylopectin is a branched
macromolecule made up of p-glucose units joined by o-1,4 and «-1,6
bonds (Rodrigues, & SantosCostaFélixNascimentoLima, 2020), which
has an important role in the gelling and stickiness properties of starch,
for example, high amylose starch gels are much stronger and rigid than
low amylose starch gels. Depending on the botanical source, the amylose
content can vary between 0 and 75% w/w, with typical values between
20 and 25% w/w (Zhang et al., 2020).

An emulsion consists of dispersed droplets of a liquid phase that is
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immiscible in another liquid phase. Emulsions are often stabilized with
emulsifiers of animal origin (eg, egg and milk proteins) or synthetic
surfactants (eg, Tweens). The emulsifying agents adsorb on the interface
between the two immiscible liquid phases, imparting steric or electro-
static barriers between the neighbouring droplets and the colliding ones,
thus avoiding the phenomenon of coalescence (Kasprzak et al., 2018).
Adverse effects, such as biological interactions, air entrapment, irrita-
tion or foaming have been reported for emulsions, which may be related
with the use of surfactants in emulsion stabilisation (Sjoo et al., 2015;
Zhu, 2019). Currently, the consumption of natural foods and beverages
with the addition of ingredients from vegan sources has increased their
demand (McClements & Gumus, 2016; Zhu, 2019), which has prompted
researchers to explore the use of stabilizing agents and/or emulsifiers
from vegan sources, such as starch (McClements et al., 2017). Starch has
characteristics such as low cost and market availability, it is
non-allergenic and biodegradable which makes its use beneficial (Zhu,
2019), but its application as an emulsifier is not optimal due to its
properties in its native form (Apostolidis et al., 2023; Basiak et al., 2017;
Chen et al., 2020). The obtention of less refined starch extracts con-
taining certain amounts of other compounds such as proteins or poly-
phenols could improve its emulsifying properties. For this reason, it is
necessary to apply different extraction or modification methods (phys-
ical, chemical or enzymatic) in order to improve its emulsifying capacity
(Apostolidis et al., 2023; Marefati et al., 2017; Zhu, 2019).

Previous studies have reported the use of modified starches as sta-
bilizing agents in the formation of oil-in-water emulsions, including
kudzu starch modified with octenyl succinic anhydride (Zhao et al.,
2017), lauric acid esterified starch (Wang et al., 2023), and fatty
acid-esterified waxy maize starch (Mirzaaghaei et al., 2023). Therefore,
the objectives of this investigation were to: (i) analysed the emulsifying
activity of native starches from the mango kernel compared to com-
mercial corn starch, (ii) characterise the rheology, microstructure, and
texture of the emulsions, and (iii) understand the mechanism for stabi-
lisation of emulsions of mango kernel starches.

2. Materials and methods
2.1. Raw material

Mango (Mangifera Indica var. Sugar (Sg) and var. Tommy (To)) in a
state of organoleptic maturity were purchased on the local market in
Cartagena de Indias (Colombia). Sunflower oil (SO) was purchased in
the supermarket. Folin-Ciocalteu reagent, gallic acid, sodium carbonate,
potassium persulfate, 2,2"-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS), phosphate buffered saline (PBS), 6-hydroxy-2.5.7.8-tetra-
methylchromane-2-carboxylic acid (Trolox), trifluoroacetic acid (TFA),
fucose, rhamnose, galactose, glucose, arabinose, xylose, mannose, gal-
acturonic acid and glucuronic acid, hexane and commercial corn starch
(Co) were acquired from Sigma-Aldrich (Madrid, Spain).

2.2. Sample preparation

Mangos were washed using a sodium hypochlorite solution with a
concentration of 100 ppm, and then, pulp, peel and seed were separated.
The seeds were immersed in water to remove any traces of adherent
pulp, dried at 45 °C for 5 h, and then, the kernel was removed from the
seed and dried by lyophilization using FreeZone 2.5 L Benchtop Freeze
Dryer (Labconco). It was subsequently ground to reduce its particle size
(<200 pm).

2.3. Starch extraction

The starch of the Mango of the Sugar and Tommy variety was
extracted following the methodology development by (Ramirez-Brewer
et al., 2023). The powdered mango kernel was dispersed at a 1:10 ratio
in a 1%w/v sodium bisulfite solution with constant stirring for 4 h at
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room temperature. Subsequently, the dispersion was stirred in an
ultra-turrax (IKA T20, Staufen, Germany) for 5 min, filtered (100 mesh),
distilled water was added to the residue in sufficient quantity and the
filtrate was stored for 3 h to decant the starch. The supernatant was
centrifuged at 3500 rpm for 30 min to precipitate the remaining starch.
The mango starch obtained was dried at 45 °C for 36 h.

2.4. Protein and lipid content

The total nitrogen content was determined using an Elemental
Analyzer Rapid N Exceed (Flash Smart Elemental analyser). About 250
mg of each of the powdered samples were pressed to form a pellet which
was then analysed using the Dumas method. The nitrogen conversion
factor used was 6.25. The lipid content was determined by the AOAC
Official Method 991.36 (AOAC, 2022).

2.5. Carbohydrate composition and amylose content

The composition of monosaccharides was determined by acid hy-
drolysis of mango starches following the method by (Pérez-Bassart,
2023). Briefly, 1 mg of starch was added to 1 mL of trifluoroacetic acid
(TFA) at 2 M, then heated to 120 °C, holding this temperature for 3 h.
The monosaccharide composition of mango starches was analysed using
a high-performance anion exchange chromatography with pulsed
amperometric detection (HPAEC-PAD, Dionex, Sunnyvale, CA, USA)
with CarboPac™ PA1 column. The amylose content was determined
using the methodology reported by Morrison & Bernard, 1983.

2.6. Total phenolic content (TPC) and antioxidant activity

The TPC of the starches were calculated using the Folin-Ciocalteau
reagent following the methodology proposed by (Bojorges et al., 2022;
Singleton et al., 1999) with modifications. A 1:10 dilution of the
Folin-Ciocalteu reagent was prepared in distilled water and 1000 pL
were added and mixed with 200 pL of each sample (~1 mg/mL). Then,
800 pL of NayCOj3 (75 g/L) were added and the samples were kept at
40 °C for 30 min. Subsequently, the absorbance was determined at 760
nm. The TPC was expressed as mg GAE (gallic acid equivalents)/g
starch.

The antioxidant capacity of starches was measured according to the
methodology reported by (Bojorges et al., 2022; Re et al., 1999). Mango
starch samples were added to distilled water at a concentration of 0.43
mg/mL, stirred with vortex for 5 min, then 20 pL was taken and added to
230 L of the ABTS*" solution and left in the dark for 6 min Subse-
quently, the absorbances were determined at 734 nm. The antioxidant
activity was expressed in mg TE (trolox equivalents)/g of Starch.

2.7. Development of starch solutions and emulsions

Starch solutions were prepared by adding samples of mango starch
from the Sg and To varieties, and commercial corn starch (Co) in
distilled water at a concentration of 1.5, 3.5 and 6%w/v with constant
stirring, then heated to 90 °C to fully gelatinize the starch for 15 min and
finally cooled to room temperature. Oil-in-water emulsions were elab-
orated by adding sunflower oil to the starch solution according to
Table 1 and homogenising it in an Ultraturrax for 3 min at 9400 rpm.
Sample’s code was “xyz’ where ‘x’ indicates the concentration of starch,
‘y’ refers to the type of starch used (Sg, To, or Co), and “z” indicates the
oil concentration in the emulsion.

2.8. Storage stability

The stability of the emulsions were analysed after 8 days of storage
by means of phase sepation. To this end, 10 mL of the freshly prepared
emulsions were put into cylindrical glass tubes with a tightly closed
plastic cap to prevent evaporation. Samples were stored under
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Table 1
Sample code formulation of starch emulsions.

Starch (%) Sunflower Oil (%) Sample Code

Sg To Co

1.5 40 1.55g40 1.5To40 1.5Co40
60 1.55g60 1.5To60 1.5Co60
70 1.55g70 1.5To70 1.5Co70

3.5 40 3.55g40 3.5To40 3.5C040
60 3.55g60 3.5To60 3.5C060
70 3.55g70 3.5To70 3.5Co70

6 40 6Sg40 6To40 6Co40
60 6Sg60 6To60 6Co60
70 6Sg70 6To70 6Co70

refrigerated conditions (4 + 0.5 °C) for 8 days.
2.9. Microstructural characterization of the emulsions

The stabilized emulsions were microstructurally analysed by
confocal microscopy according to the methodology described by Men-
dez et al., 2021. Fluorescence images of the emulsions were character-
ized using a FV 1000-IX81 confocal laser scanning microscope (CLSM,
Olympus, Japan) with a combination of 559 nm and 635 nm excitation
wavelengths and with emission wavelength of 572 nm and 647 nm for
Nile red and Fast green, respectively, for the fluorescence field. Nile Red
(0.01%w/v) was added and homogenized with the oil before emulsion
formation, while Fast Green (0.01%w/v) was added to the already
prepared emulsion to stain the proteins. Images were analysed and
processed by using FV10-ASW Version 4.02.03.06 (Olympus Corpora-
tion, Tokio, Japon).

2.10. Rheological characterization

The rheological characterization of the emulsions was evaluated in a
rheometer HR20, (TA Instruments, Montreal, QC, Canada) using a plate/
plate measurement system with a gap of 0.5 mm. The tests were carried
out at a temperature of 25 + 2 °C. The flow behaviour of the emulsions
was evaluated in a strain rate range between 0.01 and 200 s~!'. The
apparent viscosity (7,,,) was evaluated at 100 s7L. The results of the
rheological characterization were adjusted to the power law model
(Ostwald de Waele) (Eq. (1)):

n=Ky"! (€8]

where K is the consistency index (Pa s") and n is flow behaviour index.

2.11. Texture properties

Textural properties (spreadability, firmness, and stickiness) were
measured using a TA. XT-Plus Texture Analyses (Stable Micro Systems
Ltd., Godalming, UK), following to the method developed by (Mendez
et al., 2021). Samples were filled into a female cone (90° angle) with
special attention to avoid bubbles formation. Any excess of sample was
scraped off with a ruler. Then, the filled cone sample holder was put in
the base holder and a 45-degree cone probe was used to penetrate the
samples. Pre-test speed of 1 mm/s was set with trigger force of 1 g. Then,
a test speed of 3 mm/s was applied until the sample reached 80% strain.
Force, expressed in Newtons, was measured for the duration of the test.
Firmness, spreadability and stickiness were determined. All measure-
ments were made, at least, in triplicate.

2.12. Statistical analysis

All the data were measured in triplicate and expressed as mean +
standard deviation. The analysis of variance (ANOVA) and the LSD test
were used to determine significant differences and comparison of means
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respectively with p < 0.05. Statsgraphics Centurion 19 software was
used for statistical analysis.

3. Results and discussions
3.1. Starch characterization

The results of the compositional and functional characterization of
the two starches under study (Sg and To) and corn starch (Co) are shown
in Table 2. The compositional analysis of the starches of the mango
kernel of the Sugar (Sg) and Tommy (To) varieties shows that the total
starch content was 70.29 g/100 g and 69.48 g/100 g, respectively.
Higher yields (74%, 84.56 and 92.56%) were obtained from unripe
mango kernel, Thambu and Vetch starches, respectively (Pati-
no-Rodriguez, Agama-AcevedoRamos-LopezLuis & Bello-Pérez, 2020).
The lipid content was 11.44% and 10.74% for Sg and To, respectively,
while the protein content was 6.54% and 4.59% for Sg and To, respec-
tively. These values are higher than those reported for sorghum starch
(2.3%w/w of protein and 0.8%w/w of lipids) and for wheat starch
(0.2-0.3% w/w of protein and 0.08-0.12% w/w of lipids) (Alcazar-Alay,
& Meireles, 2015). The amount of phenolic compounds in the mango
kernel starches was 49.6 and 85.5 mgGAE/g starch for Sg and To,
respectively. Similar results have been reported for the mango starch
var. Corazon (84.89 mg GAE/g Starch) (Mieles-Gomez, et al., 2023). The
results of the ABTS test showed that Sg and To samples exerted anti-
oxidant activity, which could mean better oxidative stability of the
emulsion (Zhao et al., 2021). The amylose contents were 18.61%,
22.71% and 25% for the starches of the Sg, To and Co, respectively.
Similar amylose contents are reported for cassava starch (17%), potato
starch (21%), wheat starch (22.6%) and yam starch (19.80%)
(Hernandez-Medina et al., 2008; Przetaczek-Roznowskalzabela, 2017;
Rosicka - Kaczmarek et al., 2016), and lower than for mango starch var.
Corazon (28.46%) (Mieles-Gomez et al., 2023). The monosaccharide
profile showed that, as expected, glucose was present in the highest
amount (702.9 pg/mg, 694.88 pg/mg and 953.96 pg/mg for the Sg, To
and Co respectively), consistent with starch as the predominant poly-
saccharide. The results showed that there were not significant differ-
ences (p > 0.05) in the glucose contents of Sg and To, which indicates no
significant differences in starch content. Traces of arabinose and
galactose were present in Sg, while To had arabinose and galacturonic
acid, all of which may arise from a minor contribution of pectin. As

Table 2
Characterization of starch obtained from mango kernel var Sugar (Sg), mango
kernel var Tommy (To), and Commercial Corn (Co).

Sg To Co
Lipid content (%) 11.44+0.18¢ 10.74 +0,20° -
Protein content (%) 6.53 +0.31¢ 4.59 +0.31° -
Amylose content (%) 18.61 + 0.46'¢ 22.71 + 0.41% 25%
Monosaccharide composition [pg/mg]
e Fucose 0+0 0+0 0.38 £0.10
e Rhamanose 0+0 0+0 0.26 +0.12
e Arabinose 4.29 +£0.31 5.68 +£5.68 1.10 £0.10
e Galactose 2.04 +3.54 0+0 0.02 +£0.03
e Glucose 7029 +74.22° 694.88 £26.79° 953.96 + 48.89"
e Mannose 0+0 0+0 0+0
o Xylose 0+0 0+0 0.96 +0.86
e GalA 0+0 2.55 +4.42 111 +1.64
e GlcA 0+0 0+0 0.50+0.17
TPC (mgGAE/g Starch) ~ 49.58 + 0.1¢ 85.39 + 0.80° -
ABTS (mgTE/g Starch)  56.40 + 0.29¢ 132.32 £ 0.61° -

GalA: Galaturonic acid; Glc A Glucorinic acid.

Different letters in the same row express statistically significant differences
(p < 0.05).

Amylose content adapted from (Ramirez-Brewer et al., 2023).

Amylose content adapted from (Yu and sun, 2022).
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expected, the glucose content for the commercial corn starch (Co) was
higher than for the Sg and To starches. Similar starch purity results were
reported by (Patino-Rodriguez, Agama-AcevedoRamos-LopezLuis &
Bello-Pérez, 2020), for mango kernel starch (74 g starch/100 g).

3.2. Formation of emulsions

The emulsification capacity of starches (Sg, To and Co) was evalu-
ated by preparing oil-in-water emulsions at different starch concentra-
tions (1.5, 3.5 and 6%w/v) and three concentrations of oil (40, 60 and
70%v/v). The results observed in Figs. 1 and 2 showed that mango seed
starches had better emulsifying activity compared to the reference corn
starch, where a phase separation was observed for all the formulations
used. According to the chemical and functional composition of the
kernel starches obtained, some of the factors that could modify the
emulsifying properties are i) protein content related to the reduction of
interfacial tension during gelatinization (Brewer et al., 2016; Zhao et al.,
2017), ii) the formation of amylose-lipid complexes at the water-oil
interface (Gomez-Luria et al., 2019) and iii) protein-polyphenol com-
plexes, which increase the stabilisation of emulsions (Li et al., 2021).

3.3. Microstructural characterization and stability emulsions

Fig. 1 shows the macroscopy images of the fresh emulsions prepared
with Sg, To and Co. The stability of the emulsions was evaluated during
storage for 8 days at 4 °C (Fig. 2). As shown in Fig. 1, fresh emulsions
prepared with 1.5%w/v of Sg with an oil concentration of 40 and 60%v/
v showed phase separation, as did the emulsion prepared with 1.5%w/v
of To with an oil concentration of 40%v/v. This suggests that, at this
concentration, the gel structure formed by the starch matrix was weak,
since the oil acted as an inactive filler (Geremias-Andrade et al., 2017;
Zhao et al., 2022). The emulsions prepared with Sg and To at 6%w,/v and
with an oil concentration of 70%v/v showed phase separation, which
could be related to the fact that the amounts of Sg and To starch were
insufficient to form a firm mechanical barrier between the adjacent oil
droplets to avoid coalescence during emulsion formation (Zhao et al.,
2022). The emulsions prepared with fresh Co showed slight phase sep-
arations, the emulsification mechanism maybe due to the high viscosity
of the gelatinised Co, as it will be detailed below. After 8 days of

a.

1.5Sg40 1.55g60 1.5Sg70

1.5T o040 1.5T060 1.5To70 3.5T040 3.5T060 3.5T070 6To40 6T060
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refrigerated storage, emulsions prepared with 1.5%w/v of To with an oil
content of 60%v/v and emulsions prepared with 3.5%w/v of Sg and
with an oil content of 70%v/v showed an apparent coalescence of oil
droplets, showing a phase separation, which could be due to the fact that
the oil droplets did not integrate well into the starch gel matrix and
hindered gel network formation (Zhang et al., 2021; Zhao et al., 2022).
Additionally, the emulsions prepared with Co showed phase separation,
which was expected, since starch in its native form does not have
optimal emulsifying properties (Apostolidis et al., 2023; Basiak et al.,
2017; Chen et al., 2020). The stabilized emulsions showed a creamy
appearance, which is consistent with their textural and rheological
properties, as will be detailed below. Figs. 3 and 4 show the micro-
structure of the stabilized emulsions by confocal microscopy, where
sunflower oil was stained with nile red. As observed, at low Sg and To
concentrations, the particle size distribution was more heterogeneous.
On the contrary, when the concentrations of Sg and To increased, a
decrease in droplet size and a more homogeneous distribution of oil
particle size were observed, indicating a better affinity of the oil with the
gelatinised starch matrix. This is because oil spread over the surface of
the gel network, acting as a filler and as the main structural component
of the emulsion network, which is considered an active filler (Torres
et al., 2017; Zhao et al., 2022). With increasing starch and oil content,
the oil droplets showed a dense packing. Interestingly, the emulsions
prepared with 3.5%w/v of Sg and with an oil content of 70%v/v pro-
duced an apparent coalescence of the droplets in contrast to the emul-
sions prepared with 3.5%w/v of To, where this phenomenon was not
observed. Furthermore, a similar phenomenon was produced in emul-
sions prepared with 6%w/v of Sg and To for an oil content of 70%v/v. In
order to study the influence of protein content on the microstructure of
the emulsion, the samples were stained with fast green dye, which is
widely used for protein staining (Mendez et al., 2021), as shown in
Figs. 3 and 4. The protein content for Sg starch (6.53%) was higher than
that for To (4.59%), while phenolics content for Sg (49.50 mg GAE/g
starch) was lower than that of To (85.39 mg GAE/g starch). The ratio of
phenolics/protein, much higher for To starch than for Sg, may influence
the starch emulsification capacity. This can be contrasted with the sta-
bility of the To-formulated emulsions, where it was observed that for
3.5%w/v of To and oil content of 70%v/v, the emulsion did not present
a phase separation, while its counterpart prepared with Sg did. This can

3.55g40 3.55g60 3.55¢70 6Sg40 65260 6Sg70

-
¥

v -

6To70

——

SR : __‘A__N&___,\ SR—

Fig. 1. Macroscopic images of the different emulsions in day O (freshly prepared). (a) Sg, (b) To and (c) Co. Black arrows indicate phase separation.
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1. 5Sg40 1. 5Sg60 1.5Sg70 3.5Sg40 3.5Sg60

w7 w7 W

1. 5T060

1.5To040

1.5To70 3.5To040 3.5T060 3. 5T070

Fig. 2. Macroscopic images of the different emulsions after 8 days of storage (day 8) at 4 °C. (a) Sg, (b) To and (c) Co. Black arrows indicate phase separation.

Fig. 3. Confocal microscopy images of stabilized mango kernel starch var Tommy-based emulsions. Oil droplets and proteins present in the emulsion are stained with
nile red and fast green respectively. The scale bar corresponds to 20 pm. (The first row corresponds to the emulsions only the oil stained. The second row corresponds
to the same emulsions with the oil and proteins stained.) (a) 1.5T070, (b) 3.5T060, (c) 3.5T070, (d) 6To40 and (e) 6T060.

be explained because not only the presence of protein contributes to the
stabilisation of emulsions, but also the presence of phenolic compounds
and the formation of protein-polyphenol complexes (Bandyopadhyay
et al., 2012). These complexes improve the stability of emulsions, due to
an increase in the hydrophobicity of their surface and improvement of
their surface activity, which leads to the formation of a thicker interfa-
cial layer that prevents the coalescence of the droplets (Chen et al.,
2023). The increased flexibility, solubility, and surface hydrophobicity
of proteins further improves their adsorption capacity on water and oil
surfaces (Li et al., 2021). Furthermore, the formation of amylose-lipid
complexes attached to the interface may contribute to the stability of

emulsions (Gomez-Luria et al., 2019).

3.4. Rheological characterization

Fig. 5a and b displays the flow curves of the Sg and To emulsions, and
Fig. 5¢c shows the flow curves corresponding to the gelatinised solutions
of Sg, To, and Co (without oil). The rheological data of the starch so-
lutions and emulsions were adjusted to the Power-law model (Ostwald
de Waele), which showed a good fit (R? > 0.9). Tables 3 and 4 show the
parameters of Power-law model (Ostwald de Waele) and the apparent
viscosity (i74,) values for the emulsions and starch solutions
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Fig. 4. Confocal microscopy images of stabilized mango kernel starch var Sugar-based emulsions. Oil droplets and proteins present in the emulsion are stained with
nile red and fast green respectively. The scale bar corresponds to 20 pm. (The first row corresponds to the emulsions only the oil stained. The second row corresponds
to the same emulsions with the oil and proteins stained.) (a) 1.5Sg70, (b) 3.55g60, (c) 6Sg40 and (d) 6Sg60.

respectively. The emulsions stabilized with Sg and To, and the starch
solutions, exhibited both a shear-thinning (pseudoplastic) behaviour at
shear rates of 0.1-200 s!, as previously reported for other types of
starches (Li et al., 2020; Song et al., 2015; Ye et al., 2017).

This behaviour can be attributed to the breakdown of the starch
structure during shearing, where the rate of destruction of the starch
structure was higher than the rate of deformation rate (Ye et al., 2017).
Additionally, shear-thinning may be due to rupture of the oil drop
network due to hydrodynamic forces causing their rearrangement in a
certain direction and resulting in less resistance to flow (Luo et al., 2019;
Mendez et al., 2021; Meng et al., 2018). As observed in Fig. 5 and Ta-
bles 3 and 4, the addition of oil produced significant changes in the
rheological behaviour, making the emulsions more pseudoplastic and
more viscous than their counterpart starch solutions. A higher viscosity
of the continuous phase of the O/W emulsions contributed to the sta-
bility of the emulsion, since it slows down the movement of the oil
droplets, which limits flocculation and coalescence (Mendez et al., 2021;
Ngouémazong, 2015). According to Table 3, an increase in the oil con-
tent in O/W emulsions was observed to significantly increase the con-
sistency index (K) and apparent viscosity (qapp) at 100 s~!, which was
attributed to the increased packing of the oil droplets in the continuous
phase, as can be seen in the microstructural analysis (Figs. 3 and 4)
(Alfano et al., 2017; Hong et al., 2018; Zhang et al., 2020). In addition, it
was observed that an increase in the oil content caused a decrease (p <
0.05) in the flow rate, which implies a more pronounced deviation from
Newtonian behaviour, showing a gel-like texture, similar to an
emulsion-gel (Hong et al., 2018). The consistency index (K) and
apparent viscosity (1,,) at 100 s7! significantly increased their value
with increasing starch content in the solution (Table 4), being higher for
Co, followed by To and Sg. This can be explained by the gelling prop-
erties of starches, which is related to their amylose content, since a
higher amylose content increases the gelling capacity of starch (Zhang
et al., 2020).

3.5. Texture analysis

Fig. 6a and b shows the firmness, spreadability and stickiness results

of the emulsions prepared with Sg and To. According to the results
shown in Fig. 6, the firmness, spreadability and stickiness values of the
emulsions prepared with Sg and To were significantly affected
(p < 0.05) by the amount starch and oil, which is correlated with the
increase in the consistency index K and apparent viscosity 1, reported
in the previous section. It should be mentioned that the textural prop-
erties of the emulsions prepared with Sg at a concentration of 1.5%w/v
showed higher values of spreadability, firmness and stickiness than the
emulsions with 3.5 and 6%w/v of Sg and with an oil concentration of 60
and 40%v/v, respectively. The emulsions prepared with 3.5 and 6%w/v
of To at oil concentrations of 70 and 60%v/v, respectively, and the
emulsions prepared with 1.5 and 6%w/v of Sg with oil concentrations of
70 and 60%v/v, respectively, showed the highest firmness, spreadability
and stickiness values. Furthermore, the firmness, spreadability and
stickiness values of the emulsions with 6%w/v starch (Sg and To) and
60%v/v oil showed significant differences (p < 0.05) with the emulsions
prepared with 1.5%w/v, 3.5%w/v and 6%w/v. of starch (Sg and To) and
70%v/v, 60%v/v and 40%v/v of oil respectively. It seems that when the
oil content increases, a packing of the oil particles is produced (Zhao
et al., 2022), in agreement with the microstructure and rheological re-
sults (see Figs. 3 and 4).

3.6. Proposed mechanisms for stabilisation of mango kernel emulsion

Based on the results obtained, an emulsion stabilisation mechanism
is proposed for mango kernel starches and is presented schematically in
Fig. 7. During the emulsion preparation process, the gelatinised Sg and
To starch was homogenized with the oil, allowing the system to be
present in the form of a gel. According to the starch concentration used,
the oil presented an active or inactive filling behaviour. In the case of the
emulsions elaborated with 1.5%w/v of Sg and To, and oil concentration
of 40 and 60%v/v, the oil behaved as an inactive filler in the matrix,
showing that the oil droplets did not integrate well into the gel matrix
and weakened the gel structure, facilitating the separation of the phases
(Zhao et al., 2022) (Fig. 2a and b). For emulsions with a higher oil and
starch content, there was a denser packing of oil droplets, in addition to
a good integration of the oil in the gel matrix, which contributed to a
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Fig. 5. Flow curves for (a) emulsions prepared with Sg at 1.5, 3.5 and 6%w/v starch concentration, (b) emulsions prepared with To at 1.5, 3.5 and 6%w/v starch
concentration and (c) solutions prepared with Sg, To and Co at 1.5, 3.5 and 6%w/v starch concentration.

Table 3 Table 4
The rheological properties (consistency index (K), flow behaviour index (n) and The rheological properties (consistency index (K), flow behaviour index (n) and
apparent viscosity (74,)) of oil-in-water emulsions stabilized with mango starch. apparent viscosity (774,,)) of starch solutions.
Samples K (Pas™) n R? Napp (PAS) Samples K (Pas™) n R? Napp (PQS)
1.558g70 6.62 + 0.75¢ 0.32 £0.01¢ 0.96 0.28 1.5Sg 0.02 £+ 0.00¢ 0.89 £+ 0.00¢ 0.92 0.01
3.55g60 2.59 4+ 0.47b 0.48 +0.02b 0.99 0.23 3.5Sg 0.14 +0.01¢ 0.67 +0.01¢ 0.99 0.03
6Sg40 1.22 +0.00° 0.6 +0.00° 0.96 0.20 6Sg 1.21+0.02° 0.59 +0.01% 0.98 0.18
6Sg60 9.43 +0.434 0.40 +0.014 0.99 0.59 1.5To 0.16 +0.01¢ 0.53 + 0.00° 0.97 0.02
1.5To70 7.58 +0.34% 0.25 £+ 0.00¢ 0.97 0.24 3.5To 0.51 + 0.00° 0.57 +£0.01¢ 0.98 0.07
3.5To60 4.78 £0.31°¢ 0.41+0.014 0.99 0.31 6To 1.34+0.03" 0.59 = 0.00¢ 0.98 0.19
3.5To70 12.55 + 1.45" 0.30 £ 0.00 0.97 0.48 1.5Co 0.03 +0.00¢ 0.84 +0.04¢ 0.99 0.14
6To40 1.43 +0.05" 0.56 +0.018 0.99 0.19 3.5Co 3.60 + 0.22° 0.40 + 0.01¢ 0.99 0.22
6To60 9.76 + 0.09¢ 0.38 + 0.00" 0.99 0.55 6Co 79.45 + 4.83¢ 0.21 +0.01¢ 0.99 1.96
Different letters in the same column express statistically significant differences Different letters in the same column express statistically significant differences
(p < 0.05). (p < 0.05).
greater gel strength, as shown in their confocal images (Figs. 3 and 4), further disruption of the oil droplets by reducing interfacial tension and
and rheological properties. The stability of the emulsions can be delay coalescence by forming protective layer around the droplets

attributed to the presence of proteins and the formation of (Brewer et al., 2016; Zhao et al., 2022).
protein-polyphenol complexes, as they adsorb on the surfaces of newly
formed oil droplets created by homogenization, where they facilitate
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Fig. 7. Schematic representation of the proposed stabilisation of the emulsion for the starch mango kernel. Protein () and protein-polyphenol complexes ().

4. Conclusions

In this study, emulsions prepared with Sg and To starches were
evaluated to understand their stabilisation mechanism, comparing it
with commercial corn starch. The microstructural, rheological and
textural results of the emulsions prepared with Sg and To showed a
strong dependence on the oil content. In emulsions prepared with 1.5%
w/v of Sg and To with oil content of 40 and 60%v/v, the oil acted as an
inactive filler, which resulted in a decrease in gel strength, causing phase
separation. An increase in the starch concentration (Sg and To) caused a
decrease in droplet size and better droplet distribution of the emulsions.
The rheological and textural results were consistent with the micro-
structural results. The emulsions stabilized with Sg and To showed non-
Newtonian fluid behaviour (pseudoplastic type). The consistency index,
apparent viscosity, firmness, spreadability and stickiness were higher for
the emulsions prepared with the highest oil content at the starch con-
centration of Sg and To use in the study, which was related to a higher
gel strength and to the packing of the oil particles. The protein and
polyphenol content of Sg and To starches played an important role in the
emulsification, since proteins contribute to the reduction of oil-water
interfacial tension, as well as the complexes formed by proteins-
polyphenols. The emulsification mechanism of starches was influenced
by the amylose content (gelling capacity) and its interaction with lipids,
in addition to the interaction of proteins and polyphenols. Therefore, the
starches obtained from the mango kernel present an advantage over the
native commercial starches in terms of emulsification properties, as they
are capable of forming emulsions with high oil content. Furthermore,
these starches have not been modified, which represents another
advantage in terms of their use in the food and pharmaceutical industry
for the elaboration of new products based on emulsions.
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