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Abstract: Currently, pectins are widely used in the cosmetic, pharmaceutical, and food industries,
mainly as texturizing, emulsifying, stabilizing, and gelling agents. Pectins are polysaccharides
composed of a large linear segment of a-(1,4) linked D-galactopyranosyluronic acids interrupted by 3-
(1,2)-linked L-rhamnoses and ramified by short chains composed of neutral hexoses and pentoses. The
characteristics and applications of pectins are strongly influenced by their structures depending on
plant species and tissues but also extraction methods. The aim of this review is therefore to highlight
the structures of pectins and the various methods used to extract them, including conventional
ones but also microwave heating, ultrasonic treatment, and dielectric barrier discharge techniques,
assessing physico-chemical parameters which have significant effects on pectin characteristics and
applications as techno-functional and bioactive agents.

Keywords: pectin; extraction method; techno-functional properties; agricultural waste

1. Introduction

Among the 30% of foods wasted annually, 45% are from fruits and vegetables. The
drink industry (26%), followed by the dairy and ice cream industry (21.3%) and the
production and preservation of fruits and vegetables (14.8%), produces the largest amounts
of food wastes [1]. Effective utilization of food wastes protects the environment and shows
great potential for the production of functional substances such as bioactive secondary
metabolites, essential oils, pigments, enzymes, and non-starch polysaccharides [2]. The
recovery of non-starch polysaccharides from fruit by-products is a promising strategy for
the development of natural biopolymers, although pectin is currently extracted from citrus
and apple wastes [3].

Watermelon (Citrullus lanatus) is an important crop around the world and is native to
Africa. It has been cultivated for thousands of years in many Middle Eastern and South-East
Asian countries. Currently, China, Turkey, and Iran are the leading watermelon-producing
countries (https:/ /www.worldatlas.com/articles/top-watermelon-producing-countries-
in-the-world.html (accessed on 15 July 2021)). Spain is the main producer of watermelon
for the European community. Watermelon has been introduced as a source of vitamins (A,
B, C, and E), free amino acids (citrulline and arginine), mineral salts (Mg, K, Ca, and Fe),
carotenoids, and phenolic compounds (such as flavonoids and lycopene) [4]. The citrulline
in watermelon rinds gives it antioxidant effects. Citrulline is good for the heart, circulatory
system, and immune system [5]. Watermelon biomass can be categorized into three main

Appl. Sci. 2021, 11, 6596. https:/ /doi.org/10.3390/app11146596

https:/ /www.mdpi.com/journal/applsci


https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-9919-7058
https://orcid.org/0000-0003-3605-1929
https://orcid.org/0000-0003-1314-0523
https://orcid.org/0000-0001-8491-857X
https://orcid.org/0000-0002-6677-4549
https://doi.org/10.3390/app11146596
https://doi.org/10.3390/app11146596
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.worldatlas.com/articles/top-watermelon-producing-countries-in-the-world.html
https://www.worldatlas.com/articles/top-watermelon-producing-countries-in-the-world.html
https://doi.org/10.3390/app11146596
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app11146596?type=check_update&version=1

Appl. Sci. 2021, 11, 6596

2 of 25

Homogalacturonan

components, which are the flesh, seed, and rind. The watermelon rind, the area of white-
colored flesh between the colored flesh and the outer skin, accounts for approximately
one-third of the total fruit mass [6]. The rind contains mineral salts (13.09%), fat (2.44%),
protein (11.17%), carbohydrates (56%), vitamins, and phytochemicals [7]. Carbohydrates
are the main compounds of the watermelon rind which can be a raw material for pectin
extraction. However, it is considered as waste and has no commercial value [8].

Pectins are a family of complex polysaccharides present within the primary cell wall
and intercellular regions of dicotyledons, that impart flexibility and mechanical strength
to plants [9]. In the 1920s and 1930s, many companies began producing pectin because of
the large quantities of fruit left over from the juice and wine industries, especially apple or
citrus pulps [10]. Pectins are used in the cosmetics, pharmaceutical, and food industries
to stabilize acidified milk drinks or juice and as a gelling or thickening agent. In Europe,
they are an approved food additive, coded E440a for low- and high-methoxyl pectins and
E440b for amidated pectin [11]. Pectins have also been the subject of special attention from
nutritionists. They are used as dietary fiber and exert physiological effects on the intestinal
tract by increasing the transit time and the absorption of glucose [12].

2. Structure and Production of Pectins
2.1. Structure

Pectin compositions and structures are strongly dependent on the pectin source,
developmental stages of plants, and extraction conditions. Pectin is composed of D-
galacturonic acids (GalpA) «-(1,4) linked to form a backbone interrupted by (1,2)-linked (3-
L-rhamnose (Rhap) [13]. Indeed, they encompass a very complex group of polysaccharides
covalently linked to each other and the most abundant classes are homogalacturonan (HG)
and rhamnogalacturonan I (RG-I). Minor components are substituted galacturonans which
include rhamnogalacturonan II (RG-II), xylogalacturonan (XGA), and apiogalacturonan
(AGA). The latter has been reported only in aquatic plants (Figure 1). In dicots, ferulates are
ester linked to arabinose and galactose residues in pectin. On the backbone, a proportion
of the carboxyl groups can be methyl esterified, while a certain number of short chains
composed of galactose (Galp), arabinose (Ara), xylose, and glucuronic acid (GlepA) might
be present as side chains (hairy regions). Acetyl groups can esterify GalpA at C2 and/or
C3 positions, giving a degree of acetylation (DAC) (especially in sunflower or beet pectins)
(Figure 2). Mono- or divalent ions can neutralize carboxylic groups of pectins. The pectic
chains, in a solid state or solution, have a helical conformation [6,14].

Xylogalacturonan Apiogalacturonan Rhamnogalacturonan I Rhamnogalacturonan II

o8

S
27

v Methyl ester . Galacturonic acid @ Rhamnose O D-Galactose O Apiose @ Arabinose @ Kdo O Xylose
Acetyl Glucuronic acid @ Aceric acid g Fucose ‘ L-Galactose [ﬂ L-Galactose @ Dha O D-Glucose

Kdo = ketodeoxyoctonic acid

Dha= 3-deoxy-D-lyxo-2-heptulosaric acid

Figure 1. Pectin structure [15,16].
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Figure 2. Substitution of galacturonic acid [17].

2.1.1. Homogalacturonan

Partially C-6 carboxylated and O-2 or O-3 acetylated HGs are the most abundant
forms in pectin [2,18] as they represent between 57% to 70% of them [19]. The methyl
esterification of the homogalacturonan regions partly determines the extent of industrial
applications of pectins and their capacity for interaction [20]. This methyl esterification
corresponds to the degree of methylation (DM) as a percentage. HGs form the smooth zone
of pectins.

2.1.2. Rhamnogalacturonan I

RG-I (Figure 1) is a region that makes up 7-14% of the pectin and is made up of
alternating GalpA and Rha. Interruption of the galacturonan backbone by L-Rha, forming
a (1,4)-o-D-galacturonic acid-(1,2)-a-L-thamnose repeating unit, forms the backbone of
rhamnogalacturonan I [21]. Twenty to eighty percent of L-Rha present in this region is
substituted by Galp or Ara at the C-4 position. The GalpA residues from this region can also
be methylated or acetylated but at a lower frequency compared with homogalacturonan
regions [14,19]. In some plants (beetroot, spinach, etc.), the side chains can be substituted
by phenolic acids (ferulic or coumaric acids) esterifying the alcohol functions in position 6
of galactose residues or in position 2 of arabinoses [22].

2.1.3. Rhamnogalacturonan II

RG-II (Figure 1) is a substituted galacturonan representing 10 to 11% of the pectin
and whose complex structure is highly conserved in plant species [19]. RG-II exists in
primary walls as a dimer covalently cross-linked by a borate diester. It comprises at least
eight galacturonic acids linked in 1-4 and constituting the main chain, onto which four
different glycosidic complexes are grafted. These glycosidic complexes are composed
of arabinofuranose, arabinopyranose, glucopyranose, fucopyranose, apiofuranose, galac-
topyranose, and other unusual sugars such as 3-deoxy-D-lyxo-2-heptulosaric acid (Dha),
ketodeoxyoctonic acid (Kdo), and aceric acid. They also contain rare methylated sugars
such as 2-O-methylxylose and 2-O-methylfucose [23].

2.1.4. Xylogalacturonan and Apiogalacturonan

Xygolacturoanan and apiogalacturonan are regions found to be much less complex
(Figure 1). They have a homogalacturonan structure substituted with xylose for xylogalac-
turonan and monosaccharide or disaccharide apiofuranosyl for apiogalacturonan [23].
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The pectin extracted from unconventional resources such as watermelon rind is mainly
composed of linear HG chains (71.8%) with a high degree of esterification and the RG-I
(25.8%) region is substituted with short chains of 3-(1-4) galactans. Its monosaccharide
composition consists of galacturonic acid (74%), galactose (20.2%), rhamnose (2.4%), glu-
cose (1.4%), arabinose (0.7%), xylose (0.5%), mannose (0.4%), and fucose (0.2%) [6].

2.2. Structure Classification
2.2.1. Degree of Methylation

Pectins can be classified according to their degree of methylation (DM) [1] expressed
as a percentage, which corresponds to the number of methylated carboxylic functions per
100 units of galacturonic acid in the main chain. According to their degree of methylation,
a distinction is made between:

e High-methoxyl (HM) pectin (Figure 3A) with a DM > 50%, mostly present in nature
as native pectin.

e  Low-methoxyl (LM) pectin (Figure 3B) with a DM < 50%. This LM pectin is only
obtained after demethylation by enzymatic (methylesterases) or alkaline treatments of
HM pectin. There are also several unconventional sources of low-methoxy pectin.

Figure 3. Partially methylated galacturonans. (A) Low-methoxyl and (B) high-methoxyl pectin structures [11].

The methoxyl content reflects the dispersibility of pectin in water and its ability to
form a hydrogel [24]. Low- and high-methoxyl pectins have different physico-chemical
properties and thus diverse applications. The degree of methylation of the extracted
pectin depends on the type of plant, its age, and degree of maturation (notably for fruits).
Therefore, pectins from fruits do not have the same degree of methylation. Pectins with a
low degree of methylation form gels in the presence of calcium ions whereas those with a
high degree of methylation gellify with the addition of different sugars, such as sucrose,
under acidic conditions [10,25]. The extraction methods affect the structure of pectin.

2.2.2. Degrees of Acetylation and Amidation

The degree of acetylation (DAC) is defined as the percentage of galacturonosyl residues
esterified (on the hydroxyl group) with acetyl (Figure 1). Acetylation prevents gel formation
but increases the stabilizing and emulsifying effects of pectins [26-28]. The presence of
multiple acetyl groups on sugar beet pectin gives it a surfactant behavior that can be used
to stabilize emulsions [29,30]. Pectins having a high degree of acetylation (DAC up to 25%)
do not have good gelling properties [11].
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Amidated pectins are synthetized through the reaction of pectin carboxymethyl groups
(-COOCH3) with ammonia [31,32]. The degree of amidation (DA) is the percentage of
carboxylic groups in the amide form. It mainly concerns weakly low-methoxy amidated
pectin (LMAP). The amidation of pectin enables it to withstand more calcium variation
and be more thermoreversible [31]. It also increases the water solubility of pectins [32].

3. Pectin Extraction Methods

Extraction of pectin is governed by mass transfer into the process medium and thus
the suitability of the extraction method can be assessed by the yield and quality of extracted
pectins [2]. The pectin in the cell wall is insoluble and is called “protopectin”. Its extraction
begins by hydrolysis of the protopectin with a hot diluted mineral acid. The bonds between
the sugars on the side chains and the cell wall are broken and the pectin is released into the
aqueous medium [33]. The pectin is then concentrated and separated in various ways and
finally dried (Figure 4).

3.1. Traditional Methods for the Pectin Extraction

In industry, pectin extraction is generally performed using strong acid solutions such
as nitric, sulfuric, phosphoric, and hydrochloric acids, under heating [34]. Conventional
pectin extraction takes several hours to obtain a good yield using boiling water [35,36].
During the long heating process, the thermal degradation of pectins by beta-elimination and
debranching leads to low-quality pectins. Therefore, pectin is extracted in acidic aqueous
medium (pH 1.5-3) between 75 and 100 °C for 1-3 h with continuous stirring. In pectin
extraction, the use of mineral acids has been related to environmental issues and increased
costs. With regard to the emerging concept of “green chemistry” and “green technology”,
the focus is now shifting to organic acids (acetic and citric acids). Organic acids possess
lower hydrolysis abilities compared to mineral ones [2]. Conventional extraction depends
on several factors, such as temperature, pH, solvent properties, solid to solvent ratio,
particle size, and diffusion rate [1]. After pretreatments of washing with water, blanching
with hot water to inactivate enzymes, drying to remove water, and grinding to increase the
exchange surface, pectin is extracted in an acidic aqueous medium and separated by alcohol
precipitation from many other materials. The coagulate obtained is then filtered to clarify
the extract, washed, dried under vacuum, and finally ground into a fine powder. Between
the filtration and washing, the extract can undergo different steps. For example, the color
of apple pectin can be removed by using activated carbon, and the residual starch can be
degraded using amylase. Additionally, chemical, acid, and/or alkaline de-esterification
can be used to obtain LM pectin. The extracted pectins generally have a DM between 55
and 75% and high molecular weights. The choice of solvent is based on several criteria,
which are: dissolving of the specific components, high capacity for the solute separated
into it, selectivity, stability, renewability, and low viscosity [37]. Chelating agents (CHAs),
such as oxalate, have been used for pectin extraction. The efficiency of chelating agents
for pectin extractions is impacted by the Ca®* content and the distribution of free acid
groups in the HG chain [36]. CHAs solubilize high molecular weight pectins with a high
DM [38]. Acidic aqueous medium with low pH stimulates protopectin hydrolysis and
solubility and promotes Ca?* and Mg?* removal, thus enabling higher isolated yields of HG-
enriched pectin. Alkaline-extracted pectins have usually many RG-I oligomers branched
with arabinan and galactan side chains, low DM, and low yields [36]. Conventional
pectin extraction using mineral acids has some important drawbacks, such as degradation
of pectin, losses of some volatile compounds, increased costs for manufacturers, and
environmental problems. Therefore, organic acids such as citric and acetic acids have
attracted considerable interest [39]. Although strong mineral acids are cheaper and more
effective than organic acids to extract pectin, The use of organic acid in the extraction of
pectin leads to less hydrolysis and less depolymerization of the extracted pectin than the
use of mineral acid [1]. Using citric acid with microwave heating provided higher DE
values than using HCl with the same method [40]. This might have been due to the strong
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acid causing the demethylation and fragmentation of polygalacturonans [41]. Citric acid
was reported to be a less pectin-degrading agent compared to HCI [2]. It is expected that
the pectin extracted with organic acid as a solvent has a higher molecular weight compared
to that of pectin extracted using mineral acid. The degree of esterification decreases with
increasing heating time [42,43]. Different extraction methods lead to the production of
pectins with different DEs [41,44,45]. A low-viscosity solvent must be used as it easily
enter into the plant matrix [42]. Time and temperature have a destructive effect on the
plant cell wall. As a result, they facilitate solvent diffusion and pectin extraction. In the
extraction process, high temperature allows the solubilization of pectins and increases the
yields [46]. However, pectin extraction at very high temperatures has been related to the
hydprolysis of pectin into short chains which are not precipitated by ethanol, affecting the
yields [47]. High temperatures also reduce the degree of esterification of pectin [27]. From
the perspective of the extraction time, it should be enough for the solvent to dissolve a
sufficient amount of the target component since the extraction occurs until equilibrium
is reached. On the other hand, a long extraction time can cause pectin degradation [34].
Therefore, to achieve the desired conditions, the extraction temperature and time have to
be optimized [48]. The solid /liquid ratio is usually maintained between 1:10 and 1:50 for
pectin extraction. When this ratio is less than 1:10, it leads to low pectin yields because the
amount of solvent is not enough to dissolve and extract the pectin. An increase is found
in the solid-liquid ratio (up to 1:30 m/v) increments regarding the pectin yield due to the
rise in dissolution capacity. Pectin extraction yield increases following an increase in the
solid to liquid ratio through an increase in the dissolution capacity [27,34]. The surface
area of the material and agitation are also effective in the pectin extraction process. Table 1
summarizes the different extraction conditions in the conventional extraction method.

Table 1. Extraction conditions and physico-chemical properties of pectin extracted by CHE from agricultural waste, food

by-products, and others.

Extraction Conditions

Pectin Yield (%) DM (%) GalA (%) (kl\;lw 1 Reference
Sources Treatments Solvents Temperatures pH  S/L Time g/mo.
Gri{’e‘gf““ CHE HCl 80°C 15  1:50 90 min 23.50 67.59 55.20 132.01 [49]
Fresh HNO
watermelon CHE 01 1\/13) BT - 125 1h 19.3 63.0 742 34510 [6]
rinds :
Passionfruit CHE HCI 98.7°C 2 130 60 min 14.8 9.57 882 802 [27]
Beet pulp CHE HC1 80°C 1 150 3h 20.0 58.92 66.18 116 [50]
Citron peels CHE citric acid 95°C 1.5 1:30 95 28.31 51.33 - - [51]
E““Pe CHE citricacid 86 °C 20 1:50 6h 11.63 - 11.21 - [52]
anana
Eggplant CHE citric acid 90 °C 25 140 90 26.1 60.2 69.7 - [53]
peel waste
Medlar fruit CHE HCI 89°C 42 125 483h 62.9 714 198 [54]
P;g;fslo CHE HNO; 90°C 2 130 90 23.19 57.87 86.26 353 [55]
Lyophilized HNO
watermelon CHE ©1 1\/13) BT - 125 1h 142 615 68.7 40.390 [61
rinds :
Cubiu fruit CHE HNO; BT 15 125 2h 142 62% 75.0% 628 [56]
Sweet CHE EDTA 70 °C 40 13 2h - 26.83 65.23 204.08 [57]
prickly pear
Cocoa pod CHE ascorbic 95°C 25 1:10 45 42 8.1 74.5 - [58]
husks acid
Stems of E. CHE ammonium 70°C 1:40  8hr 59 16 85 360 [59]

arvense

oxalate
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Table 1. Cont.
. Extraction Conditions
Pectin . Yield (%) DM (%)  GalA (%) (kl\f“’ )  Reference
Sources Treatments Solvents Temperatures pH  S/L Time §/mo
Papaya peel CHE HC1 80°C 20 1:50 60 min 16 53.4 70.5 - [60]
Potato pulp CHE citric acid 90 °C 204 1:15 60 min 1434 37.45 243 320 [39]
Carrot CHE - 90°C 13 - 798 15.2 452 75.5 - [61]
pomace min
Lime peel CHE HC1 95°C - 140 1h 15.91 78.49 89.8 794.7 [40]
Ponkan peel CHE HNO; - 1.6 136 100 min 256 85.7 84.5 80.6 [62]
Chicory CHE - 80°C 15 1:20 1h 122 47 719 260 [63]
S“%*Lrlﬁeet CHE - 80 °C 15 120 1h 7.1 46.4 66.2 651 [63]
Green tea CHE deionized 80°C - - 3h 53 26,5 324 276 [64]
leaf water
Grelzgftea CHE HCl 60 °C 2 - 3h 6.1 21.1 31.8 396 [64]
Grelggftea CHE NaoH 60°C 8 - 3h 9.2 247 416 334 [64]
Apple CHE HNO; 90 °C 15 125 70 253 417 84.5 142 [65]
pomace
P"m;eg;f“ate CHE HNO; 86 °C 17 1220 80 min. 8.5 75 62.0 549 [66]
Apple CHE HNO; BT - 140 10min 15.04 72.29 57.28 - [67]
pomace
Gr?e"’eflrmt CHE HCl 80 °C 15 150 15h - 69.03 68.36 385.5 [68]
Jackfruit CHE distilled 90°C - 125 1h 14.59 - 72.62 - [69]
rinds water
Wat;z;"b“ CHE H,S0, 90 °C 1.0 120 150 min 17.6 412 783 119 [70]

S/L: solid-liquid ratio. DM: degree of methyl esterification. GalA: galacturonic acid content. Mw
heating extraction. BT: boiling temperature.

: molecular weight. CHE: conventional
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To improve the pectin quality and reduce the extraction time, it is necessary to in-

vestigate new extraction methods. This classic extraction method is widely used but has
disadvantages, such as process time, low yield, and risk of pectin degradation. Thus, new
green processes were implemented to increase the extraction efficiency (yield), preserve
the techno-functional properties of the pectin, and decrease solvent consumption [1]. Some
alternatives include microwave-assisted extraction, enzyme-assisted extraction, use of
subcritical fluids, ultrasound (U)-assisted extraction, high hydrostatic pressure, and deep
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eutectic solvents or a combination of these methods (Figure 4) [72]. Some of these methods
are discussed below.

3.2.1. Microwave-Assisted Extraction

Microwave-assisted extraction (MAE) is a green method in which a polar solvent
absorbs microwave energy and consists of two oscillating perpendicular fields: electric and
magnetic fields [73]. MAE is considered as a fast extraction method that involves electro-
magnetic radiation in the microwave frequency range in the sample to produce thermal
energy in the solvent. Microwave energy initiates the electrophoretic transfer of ions and
electrons which generates an electric field responsible for particle movements, while dipole
rotation is caused by the alternate displacement of polar molecules [45]. Microwave energy
increases the efficiency of the extraction process, compared with conventional heating
techniques [41]. The heat generated is an important factor in the extraction process as the
higher temperatures result in an increase in diffusion rate and, therefore, enhance extraction
yields. In addition, the dielectric properties of the sample and solvent and solubility of the
interesting compounds in the solvent also affect the extraction rate and quality of extracted
compounds [2].

MAE could limit the pectin depolymerization that can be observed during acid ex-
traction [74]. Microwave radiation has an impact on the cell wall matrix and leads to the
severing of the parenchymal cells and, thereby, the skin tissues are extensively opened up.
This could lead to increased interaction between the source material and solvent in the
extraction process. Therefore, the permeation of the extracting solvent is increased [75] and
extraction efficiency could be increased by increasing microwave power [1,2].

The increasing of the microwave irradiation energy can enhance the penetration of
solvent into the plant matrix and deliver it efficiently to materials through molecular
interaction with the electromagnetic field and offer a rapid transfer of energy to the solvent
and matrix, allowing the dissolution of components to be extracted. Moreover, microwave
irradiation can accelerate cell rupture through an internal pressure increase inside the cells
of the plant sample and a sudden rise in temperature, which promotes the destruction
of the sample surface and, in turn, the exudation of pectin from the plant cells into the
solvent [76].

Hua et al. (2015) reported that the apparent viscosity of the pectin from microwave
heating was greater than that from conventional heating. This could be explained by the
difference in the methoxyl content and the heating method. A high methoxyl content
means a small number of molecules and a greater distance between molecules, resulting
in low viscosity of pectin extracted by conventional heating [77]. Table 2 summarizes the
physico-chemical properties of pectins extracted by green methods, including MAE.

3.2.2. Enzymatic Extraction

Enzymes are used to improve the extraction process by hydrolyzing the matrix of the
plant cell wall. These reactions disintegrate the cell wall and increase cell permeability.
Enzymatic extraction depends on the concentration of the enzyme, reaction temperature,
time, the particle size of the plant material, and type of enzyme [78]. The enzymatic extrac-
tion of pectin is carried out by pectinases which are enzymes mainly extracted from fungi.
Pectinase is a generic term designating several enzymes species, including esterases (pectin
methyl esterases), hydrolases (endo- and exopolygalacturonases), and lyase (pectine lyases).
The enzymatic treatment interferes with the glycosidic bonds of the pectin and ensures
their breakage. This action decreases the viscosity of the solution, facilitating filtration
and centrifugation. This extraction method has the advantage of being less polluting than
the previous ones. Additionally, pectinases have specific reactivity to pectin. However,
enzymatic production remains expensive and the reaction is difficult to control. Finally,
this method can lead to a degradation of the pectin and a loss of its properties [79]. In this
method, cellulase, protease, alcalase, hemicellulase, pectin lyase, xylanase, a-amylase, pro-
tease (such as Neutrase from Novozymes), 3-glucosidase, endo- and exopolygalacturonase,
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and pectinesterase are most commonly used [1]. Table 2 summarizes the physico-chemical
properties of pectins extracted by green methods, including enzymatic extraction.

3.2.3. Ultrasonic-Assisted Extraction

Ultrasounds (Us) have been widely used in the food industry for their chemical
and/or physical effects. There are a large number of potential applications of Us in the food
industry, without going into excessive detail, such as extraction emulsification, filtration,
cutting, or food preservation [80]. Ultrasonic waves, ranging from 20 to 100 kHz, are often
used in U-assisted extraction [81,82]. Ultrasonic-assisted extraction is a method used to
reduce extraction time and increase yield compared to conventional methods (hydrolysis
in an acid medium). In this method, sound waves pass through a liquid medium, creating
compression and expansion. This process leads to cavitation, that is, the production,
growth, and collapse of bubbles [83]. This causes the formation of unstable microscopic
bubbles which have high temperatures and pressures. Cavitation takes place near the
surface of the target material. As a result, it affects the plant matrix and allows better
penetration of the extractor solvents [49,84] and, therefore, extraction efficiency is better.

Significant benefits of U-assisted extraction are reduced extraction time, equipment
size, and energy consumption, and improved extraction yield, and it is considered more
environmentally friendly than the conventional method. In contrast, U-extracted polysac-
charides have lower viscosity, molecular mass, and degree of esterification [34,85].

The main parameters of U treatment in the food industry involve frequency and
intensity of sound waves, sonication time, solvent type, and temperature [86]. U frequency
affects the extraction process since it affects microbubble size and resistance to mass transfer.
An increase in U frequency leads to a reduction in the production and intensity of cavitation
in liquid [81]. The intensity of Us is an important extraction factor. Increased intensity
of Us was reported to enhance pectin extractability by disrupting plant cells, thereby
improving pectin yield [49]. However, it was also pointed out that high power intensity
might produce the opposite effect, i.e., a decrease in pectin yield. Therefore, optimization
of ultrasonic variables is very important. The extraction efficiency of U in combination with
other technologies such as microwave heating (UMAE and MUAE) can be significantly
increased [87]. Table 2 summarizes the physico-chemical properties of pectins extracted by
green methods, including UAE.

3.2.4. Dielectric Barrier Discharge Plasma Extraction (DBD)

Plasma, the fourth state of matter, involves partially ionized gases containing reactive
species such as negative and positive ions, electrons, gas atoms, free radicals, and photons.
Dielectric barrier discharge (DBD), radiofrequency, gliding arc discharge, and corona
discharge are methods that generate atmospheric cold plasma [88]. DBD can modify
the biomacromolecule’s side chains through the action of the chemically active species
constituting the plasma or break down specific bonds for the destruction of the secondary
structure [89]. DBD can also be used to degrade biopolymers, including proteins and
polysaccharides. The hydroxyl free radicals produced by high-energy electrons from the
DBD process attack the pectin chains and degrade them into molecules of smaller sizes [36].
Pectin extraction by DBD plasma has not attracted much attention and there is limited
research on this topic. DBD may also be used to modify pectin structure in the future.

4. Commercial Pectins

Commercial pectins are extracted from citrus (lemon, lime, orange) peels (85.5%),
apple pomace (14.0%), and sugar beet pulp (0.5%) by acid extraction at pH 1.5-3.0 with
conventional heating techniques (60-100 °C) for several hours [2,90]. The pectin product is
HM pectin with a size range of 7-14 x 10* Da [26]. However, pectin yield and the physico-
chemical characteristics of recovered pectin depend on the extraction methods used and
other parameters, such as pH, extraction acid, temperature, extraction time, and liquid-
solid ratios. Apple pomace and citrus peels are available in large amounts as by-products
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of the fruit juice and essential oil industry, whereas sugar beet pulp is obtained from the
sugar industry. While citrus peel contains 20-30% pectin on a dry matter basis, apple
pomace contains 10-15%. Recently, much research has been carried out to extract pectin
from alternative sources. Interestingly, the rinds of watermelon, a tropical /subtropical
fruit, also have high pectin contents (13-30%) and the recorded yield of pectin reached 28%.
These figures clearly illustrate the potential of tropical and subtropical fruit by-products
for pectin extraction [2].

Pectin from Watermelon

Several studies have analyzed the pectin extracted from watermelon rind. The extrac-
tion of this pectin was carried out with conventional, enzymatic, and microwave-assisted
extractions. Conventional extraction of watermelon rind using nitric acid, for 45 min,
pH 1.65, with a solid to liquid ratio of 0.258 g/mL using a water bath, has shown an
extraction yield of 12%. Moreover, pectin yield for enzymatic extraction of watermelon
rind using Fibrilase and Multifect XL at solid to liquid ratios of 0.18 and 0.25 g/mL using
enzyme loadings of 4.6 and 3.0 FPU/g, respectively, at 50 °C for 15 h in 50 mM citrate buffer
could reach 20%. The highest galacturonic acid content was found using acid extraction
(~70%) and all the pectins obtained were LM [91-93].

Extraction of pectin from watermelon by MAE, at a power of 500 W, pH of 1.5, time
of 7 min, and a solid-liquid ratio of 1:20, led to yields between 19.1 and 19.6%. The
pectins extracted had DEs between 44.3 and 48.7%, molecular weights between 143,400 and
154,300 Da, and GalA contents between 74.6 and 76.1%. Yields of 17.4-17.6%, ash content
of 1.6-1.9%, GalA contents of 78.3-82.8%, DE of 38.2-41.2%, and Mw of 110,600-128,000 Da
were reported for pectins extracted by CHE. CHE was carried out in the following optimum
conditions: pH of 1.0, temperature of 90 °C, time of 150 min, and solid-liquid ratio of
1:20 [70].

The effect of pretreatment (drying of watermelon rind) was evaluated by Petkowicz
et al. (2017) [6]. They reported that the pectin obtained from fresh and lyophilized water-
melon (FW and LW) rind has a high degree of methyl esterification (60%). FW and LW
were able to produce a lower dynamic surface tension and higher foaming ability than
gum arabic at the same concentration. The viscosity of the FW sample was higher than
that of LW sample despite their similar molar mass [6]. Maran et al. (2014) showed that the
optimum conditions to obtain the maximum yield (25.79%) of pectin is microwave power
of 477 watts, time irradiation of 128 s, with a pH of 1.52 [76]. Additionally, Rasheed et al.
(2008) reported that the pectin extracted from watermelon peel with a yield of 15.19% was
an LM pectin (DE = 44.3) [43]. Hartati et al. (2014) found that the optimum MAE conditions
for the highest extraction yield of 11.25% were achieved with a 15 min extraction time in
0.5 M sulfuric acid solution with a solid-liquid ratio of 1:08. The lower extraction yield
observed for extraction with higher power could be due to pectin degradation, as reported
previously [92]. The isolated pectins were HM pectins (DM higher than 50%). These
results contrast with those reported by Jiang et al. (2012). Indeed, only LM pectins were
obtained from watermelon rind extractions by these authors [6]. Korish (2015) extracted
pectin from Citrullus lanatus var. Colocynthoides (C. var. Colocynthoides), a wild type
of watermelon, only cultivated for seeds. The highest yield (19.75% w/w) was achieved
using a solid-liquid ratio of 1:15, pH 2, and 85 °C, for 60 min. The galacturonic acid
content and methylation degree of extracted pectin were 76.84 and 55.25%, respectively.
The neutral sugars of the extracted pectin were galactose (9.07% (w/w of pectin)), followed
by arabinose (4.88%), rhamnose (2.54%), glucose (2.52%), mannose (0.22%), and xylose
(0.56%) [93]. Watermelon rind can be considered as a valuable source of pectin because it
contains a significant amount of this polysaccharide (Tables 1 and 2), although it is lower
than that of citrus, the main commercial source of pectin. According Table 3 and Table
4, watermelon pectin can have emulsifying activity and good water-holding (WHC) and
oil-holding (OHC) capacities.
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Table 2. Extraction conditions and physico-chemical properties of pectin extracted by green methods from agricultural wastes, food by-products, and others.
Extraction Conditions
Pectin Sources Yields (%) DM (%) GalA (%) References
Treatments Solvents Tempf ratures pH S/L  Times Powef (w) or p. Enzyme (kg/mol)
Q) Intensity (w/cm) Treatments
. sodium cellulase—
Chicory root EAE acetate 50 55 4h - 52 55 250 [94]
protease
buffer
. citrate . Laminex
Lime peel EAE buffer 50 3.5 1:30 4h CoK 225 82.2 115 [94]
. citrate . Validase )
Lime peel EAE buffer 50 3.5 1:30 4h TRL 26.3 79.1 225.5 [94]
Beetroot EAE citrate 30 - 1100 20h cellulase - 80 55 1309 [95]
buffer
Butternut squash EAE citrate - - 1:100 20h cellulase - 2 54 136 [95]
buffer
Green tea leaf EAE HCl 30 45 - 3h Viscozyme 8.5 224 27.1 [64]
®
Green tea leaf EAE HCI 30 45 ; 3h FO%%PLIO 5.1 409 26.6 [64]
Prickly pear UAE - 70 1.5 1:30 rr71?n 330 W 18.14 414 68.87 [96]
Suaeda UAE citric acid 90 20 130 140 W 34.0 33 475 229 [97]
fruticosaleaves min
Pomegranate UAE citrate . 5 115 2 150 W 248 685 72 146.5 [98]
peels buffer min
Grapefruit UAE HClI 70 1.5 1:50 n2115n - 17.92 75.1 68.21 68.3 [75]
Grapefruit peel UAE - 67 S - 800 W - 58.7 56.39 279.47 [68]
Grapefruit peel UAE HCl1 66.7 1.5 1:50 fr?u% 12.56 W/cm?2 27.46 65.5 50.03 109.5 [49]
Musa balbisiana UAE citric acid 32 1:15 HZZH 323w 8.99 [99]
Eggplant peel UAE citric acid - 15 1:20 39 50 W 33.64 61.2 66.08 [100]

min
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Table 2. Cont.

Extraction Conditions

. . Mw
Pectin Sources Yields (%) DM (%) GalA (%) References
Treatments Solvents Tempoe ratures pH S/L  Times Power (w) or p. Enzyme (kg/mol)
Q) Intensity (w/cm) Treatments
Passionfruit peel UAE HNO3 85 2.0 1:30 rrll?n 644 W/cm2 12.67 60.3 66.65 [101]
Papaya powder UAE HCl1 60 2.0 1:4 rr5116n 320 2.61 - - [102]
Apple peel waste UAE HCl 63 2.36 1:23 nlugn 90W 8.93 70 70.24 198.65 [103]
Apple pomace MAE HCl - 1.01 1:14 i?li 4994 W 15.75 - - - [104]
Dragon fruit MAE citric acid 75 29 1:56 nilzn 183 W 17.01 45.0 60.10 [105]
Jackfruit rinds MAE distilled ; - s W0 600 W 17.63 ; 70.29 ; [69]
water min
Sweet lemon peel MAE citric acid - 1.5 - 3 min 700 W 25.31 5.80 87.2 615.8 [106]
Grapefruit MAE HCl - - 1:50 6 min 900 W 27.81 80 75 50 [75]
Pumpkin MAE HCI 80 1.0 - nllgl 1200 W 113 56.3 589 - [107]
Watermelon rinds MAE - - 1.52 1:20 128 s 477 W 25.79 - - - [76]
Watermelon peel MAE sulfuric acid - 1.5 1:20 7 min 500 W 19.6 48.7 74.9 149.9 [70]
Watermelon rinds MAE acetic acid - 2 1:100 rrluzn 279 W 5.76 56.8 - - [8]
Watermelon rind MAE sulfuric acid - - 1:10 rrllfn 399W 18 - - - [108]
Banana peels MAE HCl - 3.00 1:50 100's 900 W 2.18 - - - [109]
Sour orange peel MAE citric acid - 1.50 1:15 3 min 700 W 28.8 15 71.0 - [110]
Pomelo peel MAE NaOH - - 1:30 2 min 1100 W 242 - 85.7 142 [26]
Pomelo peel MAE HCl - - 1:30 2 min 1100 W 20.5 71.2 85.0 327 [26]
P‘Stacf\‘i:ﬁgree“ MAE - 15 115 165s 700 W - 18.13 12.1 66.0 1659 [111]
Lime peel MAE HCl 1:40 700 W - 23.32 70.8 91.00 635.63 [40]

EAE: enzymatic extraction. UAE: U-assisted extraction. MAE: microwave assisted extraction. S/L: solid-liquid ratio. DM: degree of methyl esterification. GalA: galacturonic acid content. Mw: molecular weight.
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5. Techno-Functional Properties and Application of Pectin
5.1. Pectin Gel

A pectin gel is a three-dimensional network of macromolecules including a solvent. It
is formed by physical or chemical changes that tend to decrease the solubility of pectin,
promoting the formation of local crystallizations [10]. Physico-chemical and functional
properties of pectins, such as gelling properties, are highly related to their structures,
including their Mw, DE, GalA content, and monosaccharide composition, which depend
on plant sources and extraction methods [26,40]. Regardless of their DM, pectin can
form gels by different mechanisms. In the case of HM pectin, the higher the DM is, the
faster the gel is formed. LM pectin is capable of forming gel by strongly binding divalent
ions [72]. Commercial HM pectin (generally at 8-11% methoxyl content) are capable of
forming a gel with a high sugar content (>65% sugar) and acidic pH (2.20-2.80) [112,113].
The low pH reduces the electrostatic repulsion and the sugar helps to bring the chains
closer together and thus the establishment of hydrogen bonds due to the reduction in
the water activity [114]. The pectin-water interaction is therefore favored by these two
elements. The formation of the three-dimensional network is allowed in part because of
the hydrophobic interactions existing between the methyl groups [115]. The formation of
gel depends on the time, temperature, and the kind of sugar used [116]. LM pectin gel
occurs when coordination bonds are formed between carboxylate groups (at the level of
homogalacturonic unesterified zones) and divalent cations (calcium) [117]. The formation
of pectin—calcium cation gels is characterized by the “egg box” model (Figure 5) [118]. LM
pectins with less than 7% methoxyl content can form gels at a lower sugar content than HM
pectins [119]. Therefore, the number of applications of LM pectins is larger and different to
those of HM pectins.

" e—eve

OH 0

Figure 5. Gelation of LM pectins in the presence of Ca®* cations.

Gels formed by high molecular weight pectins (typically Mw > 300 kDa) always
have compact network structures with high mechanical strength, rupture strength, and
viscosity [120]. Pectin with a low molecular weight (<10 kDa) was not able to form
gels [14]. The methylation degree decreased gradually when increasing the acidity of
extraction media and extraction time [40,93].

Galacturonic acid (GalA) residues of pectins dominate the cross-link between pectin
and Ca?* ions. Branched chains can negatively affect the gelation of pectin, inhibiting
binding between pectin and Ca?* [121]. The high percentage of GalA is essential for
the formation of Ca-dependent gels with increased stability, mechanical strength, and
water-holding capacity [122]. The Ca-dependent gelation of pectin and gel properties can
also be affected by the inter- and intra-molecular distribution of non-methoxylated GalA
blocks [123]. Compared to a random distribution, pectin with a block-wise distribution of
non-methoxylated GalA blocks showed a better gelation ability and a stronger mechanical
strength of the final gels [123,124]. The degree of methoxylation strongly affects Ca-pectin
gel properties. Pectin with a low DM forms gels with high viscosity and hardness, because
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the methoxylated carboxyl groups in GalA units cannot bind Ca* as they are not negatively
charged and, accordingly, affect the formation of the egg box structure and thus the gel
mechanical properties [124,125]. The acetylation of GalA in pectin resulted in a reduced
number of Ca-binding sites, which is unfavorable to the gel formation [123]. The acetyl
groups were reported to strongly prevent the formation of dimers (Ca-pectinate) [126]. The
concentration of pectin can significantly influence their gelation process and gel properties
(e.g., viscosity, elasticity, hardness, strength, or rupture strength) [127]. As compared with
low Mw, LM pectin with higher Mw, accordingly, has a longer molecular chain and thus
more Ca2*-binding sites. A large number of active Ca?*-binding sites contributes to the
formation of percolating network structures and improved rheological properties of the gels
(faster formation kinetics, enhanced viscosities, and higher elastic modulus) [123]. Indeed,
viscoelastic materials combine two different properties. The term “viscous” means that they
deform when exposed to an external force, whereas the term “elastic” implies that once a
deforming force has been removed, the material will return to its original configuration.
The viscoelastic response of material is measured by complex moduli of elasticity (G, the
storage modulus and G”, the elastic modulus). Watermelon pectin at 5% (w/v) showed
a weak gel-like behavior with a typical shear thinning behavior. Petkowicz et al. (2017)
showed that the elastic modulus was higher than the viscous modulus for watermelon
pectin at 5% (w/v) over the analyzed frequency range and the moduli increased with
increasing frequency. Therefore, this solution behaved as a weak gel. Negatively charged
GalA and electrostatic interactions between positively charged side chains of the protein
are responsible for this behavior of watermelon rind pectins. Furthermore, watermelon
pectin had greater values of elastic modulus than those described for pectin obtained from
apple pomace by enzymatic and chemical methods and from cacao pod husks using nitric
acid [6].

5.2. Water/Oil-Holding Capacity

OHC or WHC of pectins is defined as the quantity of oil/water fixed by pectin after
homogenization, incubation in the oil/water phase, and centrifugation. These quality
parameters can be influenced by the hydrophobic/hydrophilic character of constituents
and the total charge density [128]. WHC and OHC are two functional properties that are
related to texture by the interaction between food product components [129]. OHC is an
important feature of pectin in the food system because pectin with a high OHC can be
used as a stabilizer or emulsifier in high-fat foods, such as some meat products. WHC
depends on the hydration ability of pectin, which could be produced by the OH group in
the structure. The high absorption of water by pectin makes it suitable for reducing the
syneresis rate in some food products (e.g., yogurts, dairy desserts, etc.) [15]. The WHC
and OHC of pectin extracted from watermelon rind are significantly higher than those of
commercial gluten [129]. The WHC and OHC of different pectins are shown in Table 3.

Table 3. Water-holding capacity (WHC) and oil-holding capacity (OHC) of pectin extracted from various sources.

Pectin Sources

Measurement Conditions WHC OHC References

Sunflower stalk

0.1 g powder/6.0 g deionized water
mixing for 1 min

40.2 g water/g

pith incubating at room temperature for 30 min powder 404 g 0il/g powder [130]

centrifuging at 9000 x g for 30 min
1 g powder/20 mL deionized water
mixing for 1 min 3.57 g water/g .

Tomato pomace incubating at room temperature for 60 min powder 265 g il /g powder [151]

centrifuging at 4000 x g for 30 min
0.5 g powder/50 mL deionized water 6.02 & water/
Eggplant incubating at room temperature for 60 min ' p%)w dei & 2.6 g oil/g powder [100]

centrifuging at 5000 x g for 20 min
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Table 3. Cont.
Pectin Sources Measurement Conditions WHC OHC References
1 g powder/10 mL deionized water
Walnut mixing for 1 min 5.84 %x;:;r/g 2.22 g oil/g powder [132]
centrifuging at 3000 x g for 20 min P
. 1 g powder/60 mL deionized water
Comme;;lﬂ apple incubating at room temperature for 24 h 200 %x;:;r/g 2.22 g oil/g powder [133]
P centrifuging at 14,000x g for 1 h p
Commercial citrus . le pc?wder/60 mL deionized water 10.00 g water/g .
octin incubating at room temperature for 24 h powder 2.59 g oil/g powder [133]
p centrifuging at 14,000 g for 1 h
1 g powder/60 mL deionized water
ogge-%?d?g;gggn incubating at room temperature for 24 h 187 %xgzr/g 6.17 g oil/g powder [133]
P centrifuging at 14,000 g for 1 h P
1 g powder/10 mL deionized water 411 ¢ water/
Pistachio green hull mixing for 1 min ’ iw der & 2.02 g oil/g powder [111]
centrifuging at 3000 x g for 30 min P
0.5 g powder/50 mL deionized water
o . ; . 4.84 g water/g .
Opuntia ficus indica incubating at room temperature for 60 min owder 1.01 g oil/g powder [96]
centrifuging at 5000 x g for 20 min P
0.5 g powder/50 mL deionized water 2 o water/
Watermelon rind incubating at room temperature for 60 min iow der & 4 g oil/g powder [129]

centrifuging at 15,025x g for 20 min

WHC: water-holding capacity, OHC: oil-holding capacity.

5.3. Emulsion

Oil-in-water (0/w) emulsions are interesting delivery systems of lipophilic bioactive
compounds, such as vitamins and antioxidants [134]. These emulsions are thermodynami-
cally unstable systems, consisting of dispersed oil droplets in a continuous, aqueous phase.
Emulsifiers are often added to kinetically stabilize o/w emulsions. The type of emulsifiers
used depends on the product shelf life, functionality, and stability. In the emulsification
process, the emulsifier adsorbs at the surface of the fine droplets, which is created by
mechanical homogenization, and protects them from coalescing with neighboring drops
by forming a steric stabilizing layer. The most commonly used types of emulsifier in the
food industry are small-molecule surfactants, biopolymers, and phospholipids [135]. Emul-
sifying activity (EA) and emulsion stability (ES) are two parameters used to characterize
an emulsion. They are defined, respectively, as the maximum amount of oil that can be
emulsified by a fixed amount of the emulsifying agent and as the rate of phase separation
of water and oil during storage of the emulsion.

Good emulsion stability means that the size distribution and the spatial arrangement
of droplets do not change significantly during the observation time. Rheological properties
of food emulsions play an important role in the stability as well as in the mouthfeel and
texture of these products [136]. Pectin has been introduced as an emulsion-stabilizing
agent, mainly by increasing the viscosity of the continuous phase [137]. A high viscosity of
the aqueous continuous phase can reduce oil droplet coalescence and flocculation [137].
The ability of pectin to increase the viscosity of the aqueous phase is partly caused by its
HG domain. The contribution of HG to emulsion stabilization might be dependent on
the HG/RG-I ratio [138]. Therefore, HG-rich pectins reveal higher solution viscosity, as
compared to RG-I-rich pectins [118]. The amount and pattern of distribution of hydrophilic
and hydrophobic groups in pectin determine the solubility and rheological properties of
liquid food products to which pectin has been added. Different extraction methods lead to
the production of pectins that ultimately produce different viscosities in aqueous solution,
affecting emulsion characteristics [77]. Additionally, the presence of high hydrophobicity
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of the protein moieties linked to the arabinogalactan part of pectin and its methyl, acetyl,
and ferulic acid ester contents provide the ability to adsorb at the oil-water interface [135].
These compounds play a role in the initial stage of emulsion formation, while the next
stage is emulsion stabilization. Therefore, according to previous studies, pectin structural
features and conformation of the carbohydrate domain are the main factors limiting or
preventing emulsion instability [137,139]. The carbohydrate domain creates the stereo and
electrostatic effects stabilizing simple emulsions. RG-I and HG domains contribute to the
steric and electrostatic effects, respectively. It has been hypothesized that the RG-I generates
thick adsorbed hydrated layers, which prevent droplets from coalescing. Moreover, neutral
side chains are possibly related to their interactions with ferulic acid and/or proteins can
contribute to emulsion stabilization. The non-esterified GalA units can form a charged
stabilizing layer [6,125]. The pectin charge, which affects emulsion stability, was strongly
dependent on its DM and the pH of the aqueous phase [135,140] and it may confer a
negative charge (pH > ~3.5) in the surrounding areas of oil droplets due to its anionic
nature (carboxylic groups), contributing to the electrostatic stability of 0/w emulsions [118].
The emulsifying and emulsion-stabilizing properties of pectins extracted from various
sources are shown in Table 4. Among the commercial pectins, those from citrus peel and
apple pomace are not considered as effective emulsifying agents, contrary to those from
sugar beet [141]. The origin of these different behaviors is mainly attributed to the higher
protein and ferulic acid contents in the latter [142]. Yang et al. (2018) showed that the
emulsion activities (EAs, 44.97-47.71%) and emulsion stabilities (ESs, 36.54—46.00%) of
potato pectins were affected by various acids in extraction and were higher than commercial
citrus and apple pectins [39].

The pectins extracted from watermelon produced lower dynamic surface tension
than gum arabic, which is well known for its emulsifying properties [6]. The surface area
moment mean (Sauter mean diameter—D)3 5]) and the volume moment mean (De Brouckere
mean diameter—Dj4 31) show the sizes of colloidal particles, based on distribution moments.
Dy37] is most sensitive to the presence of fine particles in size distribution whereas Dyy 3]
is most sensitive to the presence of large particles. Values of D35 and Dy 3; obtained for
emulsions prepared with watermelon pectin were similar to those collected for emulsions
made with gum arabic [6].

Table 4. Emulsifying and emulsion-stabilizing properties of pectins extracted from various sources.

Sources Process Conditions Emulsion-Based Characteristics References
the reduction in surface tension reported is as follows:
pH?7.0 gum arabic > beet pectin
. . o . . .
Beet pectin oil phase: 10 wt % emulsions could not be prepared using beft pectin at [143]
homogenization pressures concentrations greater than 2 wt %
(9-19) kpsi the minimum Dy4 3] at 1% beet pectin is lower than that
obtained with 3% gum arabic
pomegranate pectin cannot effectively reduce
Pomegranate oil phase: 50 wt % surface tension
iel homogenization at 20,000 rpm  after incubation of the fresh emulsion at 80 °C for 1 h, the [66]
p for 90 s. emulsion stability was 96.7%, at pectin concentration
of 2.0%
pH3.8 . . .
oil phase: 10 wt % cauliflower pectin was able to reduce surface tension from
homo enizatio'n' 800.000 rom 28 mN/m (citrate buffer, pH 3.8) to 12 mN/m (0.5 wt %
Cauliflower 8 ) ’ P pectin solution) [144]

at room temperature 1 min
and followed by ultrasonic
wave probe (3 min)

the presence of acetyl groups and proteins in the sample
was most likely responsible for its emulsifying properties
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Table 4. Cont.

Sources Process Conditions Emulsion-Based Characteristics References
the minimum Dy3 5] values for chicory root pulp pectin
H35 (CRP) (0.58 um) and sugar beet pectin (0.54 um) were
., P o obtained at critical concentrations of 1.5% and
oil phase: 15 wt % o .
Chicory root homogenization: 20,000 rpm 2%, respectively
. ! CRP was shown to behave like SBP in the fabrication of [63]
pulp for 2 min and followed by emulsions of small droplet sizes
ultrasonic wave at 300 W and . : . P
. CRP reduced interfacial tensions (19 from 42 mN/cm)
2 min . . e .
CRP may reach its maximum emulsification capacity at a
concentration of 1.5%
beetroot pectin (BRP) gave a lower surface tension than
gum arabic
. o the minimum D3 5 of emulsion was obtained with a BRP
oil phase: 20 wt % g . o
Beetroot homogeenization at 24.000 rom concentration of 4% (w/w) [145]
& ! p BRP had smaller droplets than emulsion in the first 10
days, and no difference in final droplet size was reported
between BRP and gum arabic
D321 and Dy 31 obtained for emulsions prepared with
oil phase: 10 wt % pectin of watermelon rind were similar to those obtained
Watermelon rind  homogenization at 24,000 rpm with gum arabic [6]
for 4 min pectin of watermelon rind gave rise to a lower dynamic
surface tension than gum arabic
0.59 /O:jf;;isfe: eSCOtiVI\lltS(ﬁL;tion the emulsifying activity of potato pulp (PP) pectins
Potato pulp 70 W/W TP extracted by HCI (47.71%) is higher than those of [39]
homogenization at 10,000 rpm L o o .
. commercial citrus (44.87%) and apple (45.34%) pectins
for 3 min
the emulsifying activity of pistachio green hull pectin
(58.3%) was higher than pectins from Citrus medica peel
. . o _ (46.5%) and sour orange peel (40.7%)
Pistachio ereen 0.59 /Oi/p;;zsfe' e5c0tivr\1,tso/(iu tion After 30 days, the emulsion stability was 87.9% and 88.6%
& o0 P at 4 °C and 24 °C, respectively [111]

hull

homogenization at 10,000 g
for 4 min

surface tension of pistachio green hull pectin solutions
was 46.23 4+ 0.32 mN/m at concentration of 0.5% w/v;
these values were lower than the data obtained from
sugar beet pulp

Reducing surface tension resulted in increased emulsion stability and emulsifying activity: (a/b) * 100 where a = the volume of emulsion
layer after centrifuging, b = the total volume of the system. The emulsion stability is calculated by the same method, after a period of time.

6. Pectin Applications

The major application of pectin is as a textural ingredient in food systems, while it is

also used in cosmetics and personal care products [146]. In the pharmaceutical industry,
pectin is used in the formulation of controlled-release matrix tablets, for example, as a
carrier material in colon-targeted drug delivery. Due to the multifunctional properties
of pectins, they have valuable applications in food industries as thickeners [147,148],
stabilizers [10,50,117], and emulsifiers [93]. Pectins can form a structural network and a
viscoelastic solution and are widely used in jellies, marmalades, and jams. Pectins exhibit
high viscosity and strong shear thinning behavior. These shear-thinning characteristics
become more pronounced with increasing concentrations [149]. These different levels
of viscosities could be attributed to the different macromolecular compositions of the
samples [58,150]. The extraction method or additional processing can alter the rheology of
pectin solutions. Pectins extracted with Us treatment give a more elastic solution. This may
be due to the reduction in the DE and the side chains of apple pectin treated by Us [151].
The different properties of pectin, depending on its source or processing, lead to
specific applications. For example, apple pectin is darker and has the property of being
more viscous in solution compared to pectins from other sources. It is therefore more
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suitable for fillings and pastries. In contrast, citrus pectin is lighter and therefore more
suited as a texturing agent for jam and confectionery jellies. In addition, the pectin structure
can affect its application. HM pectin can be used as a gelling agent, stabilizer, emulsifier,
and thickener in the food industry for the production of jams and jellies, while LM pectin
can be used as a fat replacer in spreads, ice cream, fruit preparations for yoghurt, heat-
reversible bakery glazing, emulsified meat, or low-calorie products such as diet carbonated
beverages [1]. The texture and stability of milk-based products can be modified by the
addition of pectin [31]. Indeed, the gelling and thickening properties of pectins stabilize
beverages containing acidified milk (dessert creams based on acid and non-acidic milk).
Moreover, HM pectin can specifically stabilize acid casein particles, through HM pectin—
casein interactions, in acidified dairy beverages. The pectin acts in this case as a deflocculant
and stabilizes the caseins by steric hindrance. In the presence of pectin, the particles no
longer aggregate, and the formation of sediment is avoided. Pectin can also be used to
stabilize cloudy beverages [152]. The stabilizing property of pectin prevents the separation
of a heterogeneous medium (ice cream mix, preparation of fruit with pieces, cocoa drinks,
etc.) and can be explained by the increasing viscosity and a network that is efficient
enough to keep particles in suspension but weak enough not to be perceptible (gel liquids).
The addition of pectin to a complex product such as jam can alter the perception of
flavor, which varies depending on the type of pectin and aroma. The use of HM pectin
decreases the olfactory intensity. The intrinsic viscosity, which indicates the hydrodynamic
volume occupied by the polymer under given conditions, is a characteristic that represents
the thickening power of pectin. This intrinsic viscosity of pectin is influenced by DM
(related to molecular weight). The thickening power also depends on extrinsic conditions
(temperature, type of solvent, pH) [50,153]. Pectin can be used in emulsion-based foods
such as low-fat mayonnaise and dressings, low-fat dairy products which emulate some
characteristics of whole milk products and other beverages, emulsified meat products, and
low-fat spreads [138].

7. Conclusions

Pectin has applications as a gelling, thickening, stabilizing, and emulsifying agent.
Today, its application goes beyond the food industry and it has various applications
in the medical and pharmaceutical industries. The functional properties of pectin are
influenced by the source, methods, and conditions of extraction, mainly extraction time,
pH, solid/liquid, temperature, power and frequency of waves, type of enzymes used, and
combinations of these factors. Novel extraction methods can reduce extraction time and
solvent consumption and increase process efficiency and pectin yield. The composition
of watermelon rind components, such as pectin and citrulline, suggests it as a valuable
by-product instead of waste. Watermelon rind can be considered as a source of pectin
because it contains a relatively significant amount of pectin, although its pectin content is
lower than that of citrus, a commercial source of pectin. The pectin of watermelon rind
demonstrates significant water/oil-holding capacity and promising emulsifying properties.
Therefore, it could be used as a textural ingredient and emulsifier in food products and
pharmaceutical supplements.
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