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Scope of the Series

Biochemistry, the study of chemical transformations occurring within living organ-
isms, impacts all of life sciences, from molecular crystallography and genetics, to
ecology, medicine and population biology. Biochemistry studies macromolecules -
proteins, nucleic acids, carbohydrates and lipids —their building blocks, structures,
functions and interactions. Much of biochemistry is devoted to enzymes, proteins
that catalyze chemical reactions, enzyme structures, mechanisms of action and
their roles within cells. Biochemistry also studies small signaling molecules, co-
enzymes, inhibitors, vitamins and hormones, which play roles in the life process.
Biochemical experimentation, besides coopting the methods of classical chemistry,
e.g., chromatography, adopted new techniques, e.g., X-ray diffraction, electron
microscopy, NMR, radioisotopes, and developed sophisticated microbial genetic
tools, e.g., auxotroph mutants and their revertants, fermentation etc. More recently,
biochemistry embraced the ‘big data’ omics systems.



Initial biochemical studies have been exclusively analytic: dissecting, purifying and
examining individual components of a biological system; in exemplary words of
Efraim Racker, (1913 -1991) “Don’t waste clean thinking on dirty enzymes.” Today
however, biochemistry is becoming more agglomerative and comprehensive, setting
out to integrate and describe fully a particular biological system. The ‘big data’ me-
tabolomics can define the complement of small molecules, e.g., in a soil or biofilm
sample; proteomics can distinguish all the proteins comprising e.g., serum; metage-
nomics can identify all the genes in a complex environment e.g., bovine rumen. This
Biochemistry Series will address both the current research on biomolecules, and the
emerging trends with great promise.
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Preface

Pectin is one of the main constituents of the cell wall of vegetables and it is an
important part of the characteristic components of citrus fruits. These macro-
molecules are highly hydrophilic polysaccharides that can absorb several times
their weight in water. Pectins are obtained mainly from citrus fruits. The pectin
industry is one of the most important worldwide, where the products gener-

ated are for human consumption. Pectin is best known as a gelling agent, asa
texturizer, emulsifier, thickener, and stabilizer. This biopolymeric extract, unlike
others, develops a gel in the presence of water, sugar, and acid. The main applica-
tion of pectins in the food industry is in the manufacture of sweets, jellies, and
jams. It is also used as a gelling agent in puddings, as a stabilizer of emulsions
and suspensions, a thickening agent in drinks, a stabilizing agent in ice cream
and cold desserts, and in solutions for coating sausages and canned meats. In the
pharmaceutical field, pectins are used for their protective and regulatory action in
the gastrointestinal system. Their detoxifying, anti-cholesterol, immunological,
anti-hemorrhagic, anti-cancer and healing effects prolong the therapeutic action
by increasing the release times of the active ingredients. It is also used in the for-
mation of films for coating paper and giving softness characteristics in wrapping
paper, and as a vehicle in the preparation of barium sulfate suspensions for appli-
cation in X-ray radiographs. As substitutes for petroleum derivatives, mixtures of
pectin and polyvinyl alcohol are used in the manufacture of biodegradable films.
These films are biodegradable, recyclable, and allowed for prolonged release of
pharmaceutical forms and as protectors or adhesives in pharmaceutical prepara-
tions. The pectin industry is a very important engine in the global economy of
biopolymers, mainly because of its availability and abundance given in citrus
farming.

This book aims to study the use of pectins obtained from citrus and other sources,
to obtain food and pharmaceutical additives.

This book consists of the following sections and chapters:
Section 1: Pectin Extractions

Chapter 1: Extraction and Characterization of Pectins from Peels of Criolla
Oranges (Citrus sinensis). Experimental Reviews. Authored by P. Ruano,

L. Lazo Delgado, S. Picco, L. Villegas, F. Tonelli, M. E. Aguilera Merlo, J. Rigau,
D. Diaz, M. Masuelli.

In this chapter the authors study pectin extraction of criolla orange peel (Citrus
sinensis) by basic or acid hydrolysis and purification and clarification. Once it is
purified, it is characterized in aqueous solution to determine its physicochemical
properties such as molecular weight, hydrodynamic radius, hydration value, shape
factor, etc. Finally, the product is characterized as a film forming with mechanical
and thermal tests.



Chapter 2: Extraction and Purification of Pectin from Agro-Industrial Wastes.
Authored by E. Venkatanagaraju, N. Bharathi, R. H. Sindhuja, R. R. Chowdhury,
Y. Sreelekha.

This chapter focuses on extraction and purification of pectin from various agro-
industrial wastes, considered to be main environmental pollutants. The authors
explore other sources of pectin or modify the existing sources to obtain pectin
with the desired quality attributes. The large variety of applications as well as the
increasing number of studies on pectin suggests that the potential of pectin asa
novel and versatile biomaterial will be even more significant in the future.

Section 2: Pectin Applications

Chapter 3: Pectin - Extraction, Purification, Characterization and Applications.
Authored by V. Rodriguez Robledo & L. I. Castro Vazquez.

The authors evaluated innovative applications of pectins in the food industry
(as a gelling, thickening, and stabilizer agent) and the pharmaceutical industry
(bioactive components) including biomedical application (biomaterials, drug
delivery, tissue engineering, and wound healing).

Chapter 4: Role of Pectin in Food Processing and Food Packaging. Authored by
T. Vanitha & M. Khan.

The authors researched a new application for pectin as edible films or coating.
These films act as a natural barrier for the exchange of moisture, gases, lipids, and
volatiles between food and the environment, and protect fruits and vegetable from
microbial contamination.

Chapter 5: Pectins as Emulsifying Agent on the Preparation, Characterization
and Photocatalysis of Nano LaCrO;. Authored by R. Tahan & M. Situmeang,.

The authors conducted studies of environmentally friendly materials such as
LaCrO; perovskite with pectin as the emulsifying agent. This material is character-
ized by the photocatalytic reaction with dyes and cellulose conversion.

Section 3: Pectin Interactions

Chapter 6: Properties of Wine Polysaccharides. Authored by L. Martinez-Lapuente,
Z. Guadalupe, B. Ayestaran.

This chapter describes the origin, structure, and role of the different wine polysac-
charide families through a bibliographic revision of their origin and extraction into
the wines, as well as their technological and sensory properties. There are only a few
studies regarding their effects and mechanisms of action, and more research needs
to be done to better learn about their role and applicability in the wine industry.

Chapter 7: Flavonoids and Pectins. Authored by Z. Zhang, Y. He, and X. Zhang.
In this chapter, we present current opinions on flavonoids to understand how to

classify this group of secondary metabolites, what biological and pharmaceutical
activities they possess, and how to biosynthesize them in plants.

XIvV
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Chapter 1

Extraction and Characterization of
Pectins From Peels of Criolla
Oranges (Citrus sinensis):
Experimental Reviews

Paula Ruano, Lismet Lazo Delgado, Sergio Picco,

Liliana Villegas, Franco Tonelli,

Mario Eduardo Aguilera Merlo, Javier Rigau, Dario Diaz
and Martin Masuelli

Abstract

The citriculture in the international field is important not only for its nutrient
and vitamin characteristics but also for its valuable source of raw materials to obtain
pectin, since it was found in the internal and external parts of the citrus peel. In our
country, there are several varieties of orange, from which you can obtain by-
products other than juice, such as essential oils, fertilizers, concentrates, and pectin.
Pectin has different uses in the pharmaceutical industry for the preparation of
suspensions, emulsions, cosmetics, capsules, etc. In the food industry, it is used as a
film in packaging, thickener, and gelling agent in the manufacture of jellies and
preserves, in wines as dehydrating plant tissues, in milk to precipitate casein, etc.
The pectin extraction was carried out by basic or acid hydrolysis and then proceeds
to purify and clarify. Once purified, the pectin was characterized in aqueous solu-
tion to determine its physicochemical properties such as molecular weight, hydro-
dynamic radius, hydration value, shape factor, etc. Thermal and mechanical
characterizations were also performed, to assess its ability to form films.

Keywords: pectin, Citrus sinensis, hydrolysis, films

1. Introduction

Pectin is a structural polysaccharide found in all higher plant fruits as citrus,
apples, grapes, plums, etc. and is, therefore, part of the natural man diet. Many
aspects of plant physiology and pathology, food texture, and even wine production
involve pectin and its fate in materials and organisms. Commercial preparations of
pectin are usually derived from citrus or apple peels, by-products of juice manu-
facture. The production involves aqueous extraction under mild acidic conditions,
followed by precipitation by the addition of a di- or trivalent metal alcohol or ions.

3 IntechOpen
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Most of the world production of pectin is used for the preparation of jams and
jellies, but a growing part is used in confectionery products, beverages, and acidi-
fied milk drinks. Pectin is suitable for applications in acidic food products due to its
good stability at low pH values [1]. For this same reason, it is currently also used in
the pharmaceutical industry as in the manufacture of capsules, films, and biode-
gradable patches.

Pectins are complex heterogeneous polysaccharides; it is used plurally because it
differs from its composition from one species to another (the pectin obtained from
a citrus differs, e.g., from the apple; even within citrus, there are small differences).
Like most other vegetable polysaccharides, it is both polydispersed and
polymolecular, and its composition varies with the source and conditions applied
during storage. In any pectin sample, parameters such as weight or content of
particular subunits will differ from molecule to final molecule.

All pectin molecules contain linear segments of « (1 — 4)-D-galactopyranosyl
uronic acid units linked with some of the carboxyl groups esterified with methanol
(Figure 1). In the pectin of some sources, some of the hydroxyl groups of the
galacturonosyl units (0-2 and/or 0-3, oxygen bonded to carbon 3) are esterified
with acetic acid [2].

Pectins are a mixture of acidic and neutral branched polymers. They constitute
15-30% of the dry weight of the primary wall of plant cells. They determine the
porosity of the wall and therefore the degree of availability of the substrates of the
enzymes involved in the modifications of the same. Pectins also provide charged
surfaces that regulate pH and ion balance. In the presence of water, they form gels.
Pectins have three main domains:

1.1 Homogalacturonans (HG)

Compounds by D-galacturonic acid (GalU) residues are bound by an o (1 — 4)
bond. The carboxyl groups of C6 (carbon number 6 of the GalU) can be methyl
esterified or remain free. The free carboxyl groups, if dissociated, give rise to
calcium bonds between the neighboring HG chains, forming the so-called egg box
structure. For a region of HG to be sensitive to calcium binding, 10 molecules of
unesterified GalU are required, the formation of bonds of this type is related to the
arrest of the cell wall and, therefore, with the cessation of growth and increase of
stiffness of the wall. The GalU can be found acetylated in O2 (oxygen number 2 of
the GalU) or in O3 [2].

Figure 1.
Basic chemical structure of a (1 — 4)-D-polygalactopyranosyl uronic acid.
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1.2 Rhamnogalacturonan-I (RGI)

GalU linked in o (1 — 4) with L-rhamnose (Rha) residues intercalated with an o
(1-2) bond, that is, [(1-2)-a-L-Rha-(1-4)-a-D-GalU] n, where n can be greater than
100. These Rha residues are the anchoring of side chains, and approximately half
are bound by C4 to chains of arabinans, formed by a-L-arabinose (Ara) linked in o
(1 — 5) as the main axis that can be substituted with the chains Ara (1-2)-a-Ara
(1-3) and/or Ara (1-3)-a-Ara (1-3) or arabinogalactan I (AGI), chains of p-(1-4)-
D-galactose (Gal), with C6-Gal branches. They can also be substituted for « (1 — 5)
Ara in Gal C3 [2].

1.3 Rhamnogalacturonan-II (RGII)

Small polysaccharide of very complex structure, formed by GalU, Rha, Ara, Gal,
and small amounts of infrequent sugars such as apiose or acetic acid. The Rha
moieties may be substituted at C3; in C3 and C4, in C2, C3, and C4 or be terminal.
The arabinogalactan of the RGII presents ramifications in C3 and C6 of Gal and in
C3 and C5 of Ara. The side chains contain a high number of different residues
bound with various bonds. However, the RGII has a highly conserved structure and
can form dimers via a borate bridge, with two ester bonds [2].

Arabinans and galactans of the RGII of the Amaranthaceae family can be associ-
ated to ferulic acid through an ester bond, which makes it possible to link several
chains by diferulic bridges, through the action of the peroxidases. Links are also
caused by the dimerization of hydroxycinnamic acids linked to arabinans and
galactans of the RGI due to the action of peroxidases [2, 3].

Commercial pectins are derived almost exclusively from citrus or apple, both
by-products of the manufacture of juice or cider. While the apple pomace contains
10-15% pectin on a dry matter basis, the citrus peel contains 20-30%. The pectin of
citrus fruits and apples is equivalent from the point of view of the application.
However, citrus pectins are light cream or light tan; apple pectins are often darker.

Other suggested alternative sources include sugar beet residues, sunflower heads
(seeds used for edible oil), and mango residues. The pectin from sugar beet was
produced in Germany during World War II and in Sweden and Russia in the
following years. The beet pectin is inferior to the citric pectin in molecular weight.

All currently significant applications are related to (1) the degree of acetate
esterification, (2) relatively low molecular mass, and (3) the presence of large
amounts of neutral sugar side chains [4].

The use of pectin in traditional sugar jams is one of the best known applications,
being one of the largest pectin markets. Very often the pectin is the only gelling
agent allowed, with 0.2-0.4% of pectin, depending on the type and origin of the
fruit. Within the European Economic Community, there are two standards in jam
and extra marmalade, which contain a minimum of 30 or 45% fruit pulp, respec-
tively. The higher quality of jam also tends to be made with better quality fruit, so it
requires significantly less pectin.

The jam of citrus fruit, especially lemon or grapefruit, in which pectin has been
produced in a higher than normal content, generates disadvantages. In this case, too
much pectin in the fruit leads to too strong gel formation or even to pregelation and
syneresis; the attempt to regulate the texture with the pH leads to a situation in
which the control is extremely critical and the rejection rate to this pectin is inevi-
table. One solution has been to work at a pH where the pectin in the fruit no longer
forms a gel. The gelation can then be achieved by adding a pectin-amide of low
methoxyl content which is capable of gelling at high pH [4].
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Both the selection of the correct pectin (the lower the solid solubility, the more
sensitive to calcium) and the pectin content in fruit are important. Sometimes,
especially at very low amounts of pectin, it may be necessary to add a calcium salt to
obtain a better result. From time to time, neutral gums are added to reduce syner-
esis, but each attempt must be made to optimize the type and level of pectin. The
exact pH before considering such addition should be considered, since the gums can
mask the delicate taste of these products [4].

Jam makers also manufacture fillings and toppings for the bakery and related
industries. Many of these use pectin as a gelling agent or thickener, but, because it
depends so much on their processing conditions, it is very difficult to generalize a
process on an industrial scale.

In recent years, a growing area of the fruit product industry is the production of
fruit for addition to yogurts and similar products. Many of these have been made
with modified starch as a thickener to ensure a homogeneous distribution of the
fruits together with the texture that must be extruded and the difficulties that this
entails. Unfortunately, although starches are relatively inexpensive, they can mask
delicate fruit flavors and lead to a mealy texture. These foods have sugar contents
between 30 and 60%, so high methoxyl pectin can be used. Pectins have other uses
in the dairy industry, for example, the high methoxyl pectin prevents the aggrega-
tion of casein in the heating to pH values lower than 4 or 3. It can therefore be used
as a stabilizer for the drinkable yogurts treated with UHT and for mixtures of milk
and fruit juices. It will also stabilize acidified soy milk drinks and whey products.
The yogurt can be thickened by adding very low levels of low pectin in amidated
methoxyl before cultivation. Although this is not allowed in many countries, a
suitable pectin incorporated in a fruit base can, with careful formulation, have an
effect comparable to a fruit yogurt. On the other hand, low-calorie soft drinks are
often thin and lack the characteristic mouthfeel provided by sugar in conventional
soft drinks. A low level of pectin (usually of controlled viscosity) can be used to
improve the texture of these products and also to replace part of the texture due to
fruit pulp in juice formulations [5].

1.4 Pectin extraction and purification

For pectin extraction two general processes are used: (1) those that separate
pectins from most of the other materials by precipitation with an alcohol and (2)
those that precipitate pectins as an insoluble salt with suitable multivalent metal
ions (Figure 2). Both can be used to obtain any pectin within the two main groups,
namely, high methoxyl pectin (HM-pectin) and low methoxyl pectin (LM-pectin).

The conditions chosen for the extraction depend on the raw material and the
desired product. Temperatures between 50 and 90 °C, pH 1-3, and with extraction
times from 30 minutes to 24 hours. Acidification can be done with sulfuric acid,
sulfurous acid, hydrochloric acid or nitric acid, in accord with reference [4, 5].

Processes with a long extraction time, where the pH is low and the temperature
is high, are conducive to high product yield, but the quality can be adversely
affected. The combination of low temperature with long duration and low pH to
obtain some degree of de-esterification (DE) in the extraction in order to produce
LM-pectin or on the contrary a slow hydrolysis in time generates HM-pectin [6].

The extraction is followed by filtrations. The raw materials used, which are very
soft and swellable, are separated in an initial coarse mesh filtration and sold as
livestock feed. The fine suspended solids are subsequently removed from the
extract by filtration through diatomaceous earth [7].

If precipitation with alcohol is used to separate the pectin from the extract, the
concentration of the extract usually precedes the precipitation, the reason for which
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Manufacturing process of pectins [4].

is saving alcohol. The concentration is usually done by evaporation, but ultrafiltra-
tion has been attempted. AI** is usually chosen if the pectin is separated from the
extract as an insoluble one. Precipitation by Cu** can be an alternative. The metal
ions are subsequently removed by several washes with HCI diluted in alcohol [8].

De-esterification to achieve the end of LM-pectin is usually done in an alcohol to
which an acid or a base has been added. However, most of all LM-pectin are de-
esterified with ammonia, thus producing amidated pectin. The traditional alcohol
for the manufacture of pectin is 2-propanol (isopropanol), but also methanol or
ethanol can be used. The recovery of alcohol by distillation adds considerable
energy costs to production [4, 9].

A simple process of obtaining pectins is the one observed in Figure 2, in accor-
dance to Ref. [4].
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1.5 Films

A film is a uniform layer that can be formed either from a single component or
from a mixture of polymers. The film development with biodegradable polymers is
a promising technology in the food packaging industry. Food packaging is used for
the preservation and protection of all types of food and its raw materials, particu-
larly oxidative and microbial deterioration, as well as to extend the shelf life. The
increased use of synthetic packaging films has led to serious ecological problems
because they are not completely biodegradable and recyclable. The reduction of
environmental pollution has led to a paradigm shift in the use of biodegradable
materials, especially renewable raw materials in agriculture and waste processing
industry food. This approach is equivalent to the conservation and recycling of
natural resources, as well as the generation of new packaging of innovative design.
The total packaging biodegradation generates benign products with the environ-
ment, and the permeability of CO, and water is a parameter to be considered at the
time of the development of the films. Natural polymers cross-linked and
copolymerized with synthetic monomers are other alternatives to biodegradable
packaging films. For the time being, the complete replacement of synthetic plastics
is simply impossible to achieve and may even be unnecessary, at least for some
specific applications that require our attention in the future. Definitely, biodegrad-
able bio-packaging will be very promising in the near future [10-14]. For this
reason, the development of edible films and coatings has been extensively studied in
recent decades. These structures act as a barrier between food and the environment,
helping the outer packaging in its protective function. In addition, some of them are
supposed to have their own sensory or nutritional characteristics. The use of fruit
purees in edible films has been previously explored by conferring distinctive flavors
and colors that could be exploited for applications such as sushi wraps, fruit strips,
or colorful coatings for specific foods [15].

The applications of biopolymers are from foods (nutritive and dietary fibers),
packaging (biodegradable bags and/or protective films), thickening agents, gelling
agents, foaming agents, and emulsifiers [16]. As films or membranes, are used in
separative processes, for gas separation, diffusion, filtration and reverse osmosis
[16]. In the pharmaceutical industry, the biofilms are used as drug encapsulants,
films, and patches [17]. On the other hand, in mining industry, they are utilized as
flocculating agents and precipitants of heavy metals [18].

The publications of biofilms are framed in the first place in the development of
new materials from polysaccharides of great abundance and wood and
agroindustrial production such as cellulose acetate [19] and starch [20]. Other
polysaccharides available, but at high cost, are alginates [21], chitosan [22], and
guar gum [23]. From an original point of view, the development of new films with
biopolymers of various types such as arabinoxylans [24], soybean polysaccharides
[25], and watercress polysaccharides [26] is worth highlighting. To clarify the latter,
the latest advances in these films are described below.

1.5.1 Regarding pectin films

Pectin due to its biodegradability, biocompatibility, edibility, and versatile
chemical and physical properties (such as gelling, selective gas permeability, etc.) is
a polymer matrix suitable for the production of edible films intended for the pack-
aging of active foods. It is understood by an edible film as a packaging material,
which is a thin layer of edible material placed on or between food components.
Active packaging is a system that has basic barrier functions and others that are
achieved by incorporating active ingredients in the packaging material and/or by
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using functionally active polymers. For example, if the packaging system has anti-
microbial activity, packaging limits microbial growth by extending the latency
period. Espitia et al. [27] performed an interesting review that describes the main
methods for manufacturing edible pectin films, the main characterization tech-
niques to determine their physico-mechanical properties, and the applications of
edible pectin films as antimicrobial food packaging.

Parris et al. [28] evaluated the water vapor permeability of hydrophilic films of
alginate and pectin. Their results suggested that these diminished the mechanical
properties by incorporating whole milk, sodium caseinate, skimmed milk powder, or
whey in the film. In addition, this work evaluated the appropriate choice of plasticizer.
Sodium alginate films exhibited lower water vapor permeability values than films
prepared using low or high methoxylation pectin. The author found that sodium lactate
was an effective plasticizer and alginate films containing 50% by weight or more of
sodium lactate had an elongation greater than 13%. Films prepared with sorbitol as a
plasticizer had the best water vapor permeability values but tended to be stiff and in
some cases too fragile for tensile measurements. The addition of mixtures of whole
milk to film effectively reduced water vapor permeability values by up to 35%.

On the other hand, Pasini Cabello et al. [29] studied the effect of two plasti-
cizers, glycerol (GLY) and polyethylene glycol (PEG), on the structure of the pectin
films. The results revealed that glycerol acted as an internal plasticizer. Meanwhile,
glycerin increased the predominant amorphous character of the plasticized films
due to the decrease in intermolecular attraction, which resulted in degradation at
low temperature and allowed the conformational transformation of the film to
galacturonan ring through a can conformation. Glycerol produced more deformable
and weaker films. In addition, glycerol produced films with a higher swelling index
(SI) and a water vapor permeability value (WVP). When PEG was used as a
plasticizer, a lower Young’s modulus was obtained than the pure pectin film. How-
ever, by increasing the molecular weight of polyethylene glycol, more compact and
less deformable films were obtained. WAXD spectra and DSC thermograms indi-
cate that PEG works as a separate phase in the pectin matrix, more compact and less
permeable to water vapor as the molecular weight of PEG increases. These results
show that PEG acts as an external plasticizer.

Azeredo et al. [30] conducted the investigation of pomegranate juice into pectin
films, giving it a bright red color, and also acted as a plasticizer. The increase in the
pomegranate juice/water ratio from 0/100 to 100/0 resulted in an improved elon-
gation (from 2 to 20%), a decrease in strength (from 10 to 2 MPa) and a Young’s
modulus (from 93 to <10 MPa), an increase in water vapor permeability (WVP,
from 3 to 9 g mm kPa ' h ' m2), and a decrease in insoluble matter (IM, of
35-24%). Although an effect of cross-linking (cross-linking) by citric acid was not
confirmed, it is demonstrated by its effects on the films. Citric acid markedly
increased MI (from <10% to almost 40%); in addition, when measured on a dry
film basis, the effects of citric acid showed a notable tendency to increase resistance
and modulus and to decrease WVP. The citric acid decreased the density of the red
color, which suggests a destabilization of the anthocyanins.

Different characterization techniques allow to determine the properties of bio-
polymers. Some techniques are used in solution and others in film. The data in
solution demonstrate the tendency of the biopolymer to interact with the solvent
and the conformation it acquires, besides the possible implications of its molecular
weight with the ability to form gels. The techniques that provide this important
information are gel permeation chromatography [31-34], ultracentrifugation-
sedimentation, polarization to light, refractive index, light scattering, osmometry,
diffusometry [24], viscosimetry, densimetry [26], and rheology [25, 35]. When the
film is already formed, the most common analyses are water adsorption, either as
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steam or pure water, water vapor permeation, and swelling index, data that provide
information about the affinity of water with the biopolymer. The mechanical tests
(Young’s modulus) help to elucidate the ductility of the material under study. The
structural characteristics are determined by FTIR-ATR, diffraction of RX, SEM, and
AFM [36], techniques that help to interpret parameters of the intimate nature of the
film and the displacements in its signals caused by its chemical structure. The TGA-
DTG and DSC data show the stability of the material against thermal changes
during synthesis. In short, all these techniques give us information on the possible
applications of each biopolymer and select what type of hydrolysis should be
performed. Once the biopolymer has been obtained and characterized,
permeoselectivity tests are carried out, such as the controlled release of drugs [37],
coagulation or heavy metal precipitation [38], adsorption studies [39], gas perme-
ation [40], and food packaging [41, 42].

In present work, pectin extraction from orange peel was carried out through the
hydrolysis process; several extraction conditions were evaluated, specifically the pH
in aqueous solution performing acid and basic hydrolyses at different concentra-
tions and times but at constant temperature. Then the pectin obtained was charac-
terized by a comparative analysis with commercial pectin with different techniques
described below.

2. Pectin extraction fundament

The citriculture in the international field is important not only for its nutrient and
vitamin characteristics; it has also become a valuable source of raw materials to obtain
the pectin, since it is found in the internal and external parts of the citrus peel. In our
country there are several varieties of orange, from which you can obtain other by-
products besides juice, such as essential oils, fertilizers, concentrates, and pectin.

The purpose of this work is to exploit the waste of criolla orange peels, which in
some cases causes pollution problems in the ecosystem as it is an adequate source
for the proliferation of insects and microorganisms that are harmful to human
health, in particular the by-products of citrus fruits used in the preparation of juices
and marmalade. On the other hand, the industry generates an expense for the
elimination of citrus waste if it is not used. Also, the lack of national raw materials
for the pharmaceutical and food industry allows us to search for the natural
resources that could be exploited. All these cases motivate to investigate the benefits
obtained from citrus waste, such as oranges, which is used as an input for the agro-
industry in the production of juices mainly, whose process involves a considerable
generation of waste such as husks, pulp, and seeds. This has two benefits; on the one
hand, it seeks to increase its “added value” with the process of agro industrialization
and, on the other, reduce the environmental impact they produce.

In present work, the pectin extraction was carried out from the orange peel of
the variety Citrus sinensis and through acidic or basic hydrolysis, by means of pH
changes and extraction times at a constant temperature, with which it is expected to
obtain a higher yield (Figure 3).

There are many processes for the extraction of pectin. In general, the raw
material undergoes pretreatment that involves cleaning to remove foreign particles,
washing to remove sugar and acid, drying, crushing, and storage. The substrate
material is heated at reflux for several hours, with stirring, with an acid of known
concentration (sulfur, sulfuric, nitric or hydrochloric acid) [43].

The objective of this work was to compare the different reagents used during hydro-
lysis and compare performance as well as mechanical, physical, and chemical behaviors.
Also, the characterization techniques of pectin were in order to determine its quality.
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Figure 3.
Scheme of pectin production in this work.

2.1 Pectin extraction from Citrus sinensis

Many raw materials and products of the chemical and food Industry require
preparation and conditioning. The process begins with the formation of flour from
the raw material used, in this case the orange peel. Later, it is treated to achieve the
necessary conditions that are required in the subsequent steps to obtaining the final
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product, the unit operations necessary to carry out the pectin formation process
(see Figures 3-5).

Selection, washing, and peeling of Citrus sinensis: In a first step, the oranges were
manually selected. The quantity and quality of useful pectin obtained depend on the
species of the fruit, the quantity that the fruit contains naturally, the state of matura-
tion, the management conditions, and the enzymatic activity after harvesting and of
the extraction process. They also depend on the part of the fruit that is used. For
example, in unripened fruits the greater the amount of pectic material is insoluble in
water, the quantity and the solubility increase with maturity [44].

It was decided to investigate as raw material the “criolla,” orange which is a very
common and easy-to-obtain species, observing that they do not present any type of
microorganism or cuts and/or blows that may affect its safety or the development of
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bacteria or fungi, in addition to being in their commercial maturity. Once selected,
the oranges are washed for later use. They are peeled manually without removing
the albedo, since it is rich in pectic substances.

2.2 Drying of orange peels

In general, the drying of solids consists in separating small amounts of water or
other liquid from a solid material in order to reduce the residual liquid content to an
acceptably low value. The liquid to be vaporized can increase on the surface of the
solid, as in the drying of saline crystals; inside the solid, as in the case of solvent
removal of a sheet of a polymer; or part on the outside and part inside. The feeding
of some dryers is a liquid in which the solid is suspended in the form of particles or
in solution. The product that dries can withstand high temperatures or requires
gentle treatment at low or moderate temperatures. This leads to the existence of a
large number of types of commercial dryers in the market [45].

2.3 Pectin obtainment
2.3.1 Hydprolysis

The degradation of the polysaccharides begins, in general, at the reducing end of
the molecule and proceeds step by step through the anhydroglucose chain [46].

The degradation of the polysaccharides proceeds by a peeling process in which
the reducing end group is released from a chain by removing the remainder of the
chain as a glycoxyl anion. The elimination takes place when the chain is in the beta
position of a carbonyl group of the final reducing unit [47].

The extraction of pectin can be by acid or aqueous base. The basic extraction
process produces a pectin of low degree of esterification (low methoxyl pectin) as a
result of the saponification of the ester groups, while the acid extraction process
generally produces a pectin with a high degree of esterification (high methoxyl
pectin), approximately equal to the naturally occurring degree of esterification
(DE). The high pectin has an esterification degree of 50% or more. Low DE and
high pectin generally have different uses in food products, since they gel by differ-
ent mechanisms. Both are sold commercially [48].

In the extraction process with acid and base, the plant material was treated with
acid or base at temperatures between 70 and 90°C for a sufficient time to eliminate
the desired quantities and the quality of the pectin from the cellulose plant material.
The pectin was separated from the reaction mixture by filtration. The pectin is
precipitated from the extract juice by specific means, either precipitation with
alcohol (ethyl or isopropyl can be used) or salifying with aluminum chloride. The
precipitated pectin was separated from the precipitating solution by filtration. The
extract obtained consists of those molecules that are soluble under the conditions of
pH, time, and temperature used during extraction. The extract was composed of a
mixture of pectins of different molecular weights and degrees of esterification.
Molecular weights can vary from 100,000 to 200,000, but average molecular
weights are more typically 140,000 g/mol [48].

Hydrolyzed pectins were compared against commercial pectin from citrus peel
by Sigma (galacturonic acid >74.0%, methoxy groups 6.7%).

2.4 Maceration and sedimentation
This mechanism is frequently used in the food industry for the separation of solid

particles contained in liquids as well as for the separation of two immiscible liquid
phases. The driving force is the difference in density between the two phases [45].
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The evolution of the sedimentation of a typical flocculated suspension is as
described below. Figure 6 shows a suspension uniformly distributed in the liquid
and ready to sediment. The total depth of the suspension is Z. If there are no sands
in the mixture, the first appearance of solids in the bottom of the settler is due to the
flocs that originate in the lower part of the mixture. As Figure 6 shows, these solids,
consisting of flocs resting gently on each other, form a layer called zone D. Above
area D, another layer is formed, called zone C, which was a transition layer whose
content in solids varies from that of the original pulp to that of zone D. Above zone
C was zone B, which consisted of a homogeneous suspension of the same concen-
tration as the original pulp. Above zone B is zone A which, if the particles have been
totally flocculated, is a clear liquid. In well-flocculated pulps the boundary between
zones A and B is clear. If particles remain unglued, zone A is cloudy, and the
boundary between zones A and B is unclear. Figure 6c shows that as sedimentation
progresses, the thicknesses of zones D and A increase, and that of zone C remains
constant, while that of zone B decreases.

The whole process represented in Figure 6 is called sedimentation. Subse-
quently, as shown in Figure 6d, zones B and C disappear, and all the solids are in
zone D, beginning then a new effect called compression. The moment in which the
compression is evident for the first time is called a critical point. In the compression
part of the liquid that accompanied the flocs in the compression, zone D is expelled
when the weight of the deposited solids breaks the structure of the flocs. During
compression, a part of the liquid contained in the flocs is projected out of zone D
forming small jets, and the thickness of this area decreases. Finally, as shown in
Figure 6e, when the weight of solids reaches the mechanical equilibrium with the
resistance to compression of the flocs, the sedimentation process is stopped. At this
time the silt reaches its final height [45].

In this stage, the mixture was left to marinate for 24 h so that the unusable solids
would settle. The separation of the phases was observed until obtaining the solid at
the bottom of the crystallizer and in this way to be able to more efficiently separate
the soluble pectin found in the supernatant, illustratively in the area A of Figure 6e.

2.5 Filtration

Filtration consists in the separation of the solids contained in a suspension by
means of a perforated plate (filtering medium), which allows the passage of the
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Figure 6.
Evolution of the sedimentation process.
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liquid and retains the solid particles. The solid-liquid suspension that is fed to the
filter is called syrup; the liquid stream that passes through the filter medium and
which is obtained as a product is known as the filtrate. The retained solids form a
bed or cake, whose porosity depends on the characteristics of the product to be
filtered and the operating conditions, whose thickness increases throughout the
filtration process. During the formation of the first layers of the cake, particle
bridges are formed which block the perforations of the filter material. In order to
overcome the resistance of the cake and the filter medium to the circulation of the
liquid phase, a pressure difference must be established between both sides of the
filter medium [45].

After the maceration, the previous step was gently filtered with sieve and canvas
cloth, manually applying pressure until obtaining liquid rich in pectic substances.
The remaining solid is discarded.

2.6 Precipitation with ethanol

The pectin was precipitated from the extract juice by specific means, either
precipitation with ethanol or salifying with aluminum chloride [46, 47]. In this
work ethanol was added to 96% vol., in a ratio of 70/30 (filtrate/alcohol), to
precipitate the pectin. The precipitated pectin was separated from the precipitating
solution by filtration. In this case, a canvas cloth filter was used again.

2.7 Drying

The pectin, obtained in the filtrate, was placed in plastic trays and placed in an
oven at a constant temperature of 60°C for 48 h to eliminate the excess moisture.
Then, they were kept in a sealed container until they were used. The flour final
humidity cannot be greater than 5% by weight.

3. Characterization of pectin flour
3.1 Thermal analysis

The generally accepted definition of thermal analysis covers the group of tech-
niques in which a physical property of a substance or a material is measured as a
function of temperature while it is subjected to a controlled temperature program.
More than a dozen thermal methods that differ in the measured properties and in
the temperature programs can be distinguished. The effects of heat on the materials
are numerous among which loss of mass, structural changes, conformational
changes, changes of state, chemical reaction, degradation, etc. can be mentioned. In
thermal analysis, weight changes form the basis of thermogravimetry (TGA), while
the measurement of energy changes is the basis of differential thermal analysis
(DTA, for its acronym in English) and differential scanning calorimetry (DSC, for
its acronym in English). Thus, for example, thermogravimetry gives information
about the loss or gain of weight of a sample, while the DTA and the DSC provide
information on the variation of heat in a process such as a reaction or physical
change, indicating whether it is endothermic or exothermic.

Thermal analysis is the series of techniques where the physical properties of a
material are measured as a function of time, while the material is subject to a
temperature program. Physical properties are also measured as a function of tem-
perature, when it is variable. In all calorimetric techniques, the measured property
is heat.
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These methods find broad application in both quality control and research of
pharmaceuticals, clays and minerals, metals and alloys, and polymers and plastics
[48, 49].

Then, the thermoanalytical methods used in the characterization of the com-
pound of interest of this work were defined and referenced to measurement prin-
ciples of the instruments occupied.

3.1.1 Differential scanning calorimetry (DSC)

This technique allows the study of those processes in which enthalpic variation
takes place, determining the temperatures where physical or chemical changes take
place, points of crystallization and boiling, enthalpies of reaction, and determina-
tion of other transitions of first and second order [49].

It is a technique in which the difference in the rate of heat flow (or power) to the
sample and to the reference sample is monitored against time while the samples are
exposed to a temperature program [50].

The instrument is a differential scanning calorimeter, and the main components
of any DSC instrument are shown in Figure 7.

The purpose of differential scanning calorimetry is to record the difference in
the enthalpy change that takes place between the sample and an inert reference
material as a function of temperature or time, when both are subjected to a con-
trolled temperature program. The sample and the reference standard are housed in
two identical wells that are heated by independent resistances. This makes it possi-
ble to use the principle of “zero balance” of temperature. When a thermal transition
occurs in the sample (a physical or chemical change that results in a release or
absorption of heat), thermal energy is added to either the sample or the reference,
in order to maintain both at the same temperature. Because the thermal energy is
exactly equivalent in magnitude to the energy absorbed or released in the transition,
the energy balance provides a direct calorimetric measurement of the energy of the
transition. The energy difference required to maintain the two sample cells at the
programmed temperature is the quantity that is represented as a function of

Figure 7.
DSC instrument.
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temperature or as a function of time at constant temperature. These two represen-
tations are called thermograms [50, 51].

Figure 8 shows the most important events that occur when a synthetic polymer
is measured by DSC. These are often characteristic of a substance and serve as a
fingerprint, allowing them to be used for quality control [51]. The typical first
heating curve of polymers as it shows is the glass transition, cold crystallization, and
fusion. The vitreous transition exhibits enthalpy relaxation, which is shown by the
overlapping endothermic peak. The latter occurs when the sample has been stored
for a long time at a temperature below the glass transition. Cold crystallization
occurs when the sample cools rapidly and does not have time to crystallize during
the cooling phase. The DSC curve can also be used to determine the specific heat
capacity, Cp. A general scheme of a thermogram is shown for a typical semicrystal-
line polymer, which has been rapidly cooled down to a temperature below its T,
(glassy temperature), the thermogram then being obtained at a certain rate of
heating [51].

3.1.1.1 Process in this work

In the differential scanning calorimetry technique, two capsules are available.
One of them contains the sample to be analyzed, and the other one is left empty and
is the so-called reference capsule. 5 & 0.5 mg of powdered pectin is weighed,
previously ground with glass mortar, and it is placed in one of the aluminum
crucibles which is inert. To both capsules an aluminum lid is added, so as not to
contaminate the sample. The sweep gas is opened, which in this case is nitrogen
with a flow rate of 50 ml/min, and the software is programmed at a sweep temper-
ature with a progressive increase of 5°C/min until it reaches 400°C, while the team
records the results for the subsequent analysis.

The measurement was made for each pectin that was obtained and compared to
the analysis of a commercial pectin (see Figure 9).

According to DSC analysis, the endothermic property of pectin was affected by
extraction temperature, while the exothermic property of pectin was only affected
by its constituents and raw material [52] (Table 1).

The effects of extraction temperature and raw material on the thermodynamic
properties of pectin were examined by DSC between 20 and 400°C. As shown in
Figure 9, an endothermic peak and three exothermic peaks were observed in the
DSC thermograms of all pectin samples [52]. The parameters of the peaks were
listed in Table 2, such as glassy temperature (T,), melting temperature (Ty;),

N

osc
Cold Crystaliration

T
Glassy Temperature

Maelting Point

e UL s %

Figure 8.
Main effects measured in DSC using the polyester sample. Temperature range 30-300°C; heating rate
20 K/min; purge nitrogen gas at 50 ml/min.
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Figure 9.
DSC of pectin produced in this work.

Pectin type T, (°C) Twm (°C) Taa (°C) Tac (°C) Tp (°C)
Commercial pectin 70.81 119.5 234.73 299.63 380.89
HA 0.1M 62.54 101.3 199.73 309.10 —
HA 05M 58.90 101.8 200.00 300.00 —
HB0.1M 69.83 100.7 205.20 308.11 —
HB0.5M 69.85 101.6 183.27 342.48 —
Ext. thermic 1 59.74 124.0 223.48 334.17 —
Ext. thermic 2 68.81 133.1 236.45 336.66 —
Ext. thermic 3 68.89 128.7 230.85 332.81 —
Table 1.
Data of DCS of pectin obtained produced in this work.
Group Band (cm %) Type Mode
O-H 3600-3100 Stretching —
C-H 3000-2800 Stretching —
Pyranose 1200-950 Resonant absorption Cycle vibrations
1149, 1104, 1076, 1052, energy
1019, and 1016
COO~ 1617 and 1384 Stretching Asymmetrical and symmetrical
stretching vibrations
COOH 1750 Stretching Mode non-ionized methylated or
protonated carboxyl
COOMe 1750 Stretching Idem
R-O-R 1200-1100 Absorption ether and —
pyranosic ring
C-C 1200-1100 Stretching Idem
Galacturonic 1120-990 Typical pectin group
acid
Table 2.

FTIR signals of pectin.
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deacetylation temperature (Tq4a), decarboxylation temperature (T4c), and degra-
dation temperature (Tp).

As can be observed in both the figure and the table, the different hydrolyses
affect the thermal parameters of the obtained pectin. Analyzing the glass transition
temperature data, the T, of the obtained pectins was less than the T, of commercial
pectin, the T, for HA 0.5M decreases substantially due to a strong deacetylation of the
pectin, on the other hand for the basic hydrolysis it approaches to the value of
commercial pectin, this is due to the incorporation of sodium cation as pectinate salt.
Tm was very similar for basic and acid hydrolyses but less than the commercial pectin.
Thermal hydrolysis resembles the Ty value with respect to commercial pectin. The
deacetylation temperature varies from 183.27 to 236.45°C; these values depend on
many experimental variables during the hydrolysis, which ultimately results in less or
more acetyl groups released. Decarboxylation is another thermal variable intimately
related to the previous one and varies from 299.63 to 336.66°C. DSC thermal studies
of pectin with other components can be found in the following references [53-58].

3.1.2 Thermogravimetric analysis

TGA is a technique in which the change in the mass of the sample is analyzed
while the sample is subject to a change in temperature. The usual thing is that there
is a loss of weight; however, it is also possible that there is a gain in weight in some
cases. It is controlled in a specific atmosphere. The atmosphere can be static or
dynamic with a given flow rate (reduced pressure conditions are also used), and the
most common gases are nitrogen, air, argon, and carbon dioxide. Hydrogen, chlo-
rine, and azure dioxide are also used. A fundamental characteristic of the TGA
technique is that it only allows to detect processes in which a weight variation
occurs such as decompositions, sublimations, reduction, desorption, and absorption
while not allowing to study processes such as mergers and phase transitions [49].

As a result of the thermogravimetric analysis, the mass change data are obtained
with respect to the temperature or time and a thermogram, which graphically
represents the percentage variations of the mass. It should be clarified that this
method does not allow to know the chemical composition of the material under
study or to identify the thermal changes that are not associated with mass variations
such as crystallization or glass transition [50].

Most TGA curves are produced by weight loss, whose main reason is usually [49]:

* Chemical reactions (decomposition and separation of water of crystallization,
combustion, reduction of metal oxides)

* Physical transformations (evaporation, vaporization, sublimation, desorption,
desiccation)

3.1.2.1 Process in this work

A TG 2950 equipment was used, TA Instruments, Inc., New Castle, USA. The
samples are loaded in aluminum cells sealed with a lid of the same material that
prevents contamination of the oven in case of dilatation or decomposition of the
sample. Each of the pectin obtained was ground with a glass mortar until it reached
a fine powder. Here 5 & 0.5 mg of sample was used and placed in a platinum
crucible, as in the DSC technique (of aluminum or platinum). Then, the equipment
was started. The scavenging gas was also nitrogen at 50 ml/min, and previously a
purge gas was also used, which was allowed to flow before the start of the experi-
ment. The latter was used to remove gases that may damage the sample and also
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nitrogen, with a flow of 30 ml/min. As in DSC, the software is programmed at a
sweep temperature with a progressive increase of 5°C/min up to 400°C. This expe-
rience is also performed for each obtained pectin and commercial pectin, with
which it will be compared.

All of the samples presented a characteristic three-step thermal degradation,
typical of pectin. In pure pectin, the first step, occurring at about 80°C, corresponds
to the water loss; then, it is followed by the second step, between 200 and 400°C
(see Figures 10-12). In this temperature range, it has been reported that the degra-
dation is primarily derived from pyrolytic decomposition. It consists in a primary
and secondary decarboxylation involving the acid side group and a carbon in the
ring [59].
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Figure 10.

TGA of commercial pectin and pectin obtained by thermic extraction.
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TGA of commercial pectin and pectin obtained by acid/basic hydrolysis.

20



Extraction and Characterization of Pectins From Peels of Criolla Oranges...
DOI: http://dx.doi.org/10.5772 /intechopen.88944

55 —

; \ — Commercial Pectins
=

: F1
ﬁ F2

4 \

Lost Mass (mg)
A &
W r

L)
LA

0 50 100 150 200 250 300 350 ana
T(°C)

Figure 12.
TGA of commercial pectin and pectin obtained by acid hydrolysis in different fractions.

Moreover, the hydrolysis produces an increase in the evaporation temperature,
going from 80°C for commercial pectin to higher values for all the hydrolyzed
pectins. The water evaporation step was greatly reduced in these samples, indicat-
ing that a very small quantity of water was absorbed. The second degradation stage
was very similar for either the pure or the modified pectin samples, although a
slightly lower mass loss and a lower midpoint temperature were observed for the
modified samples. The third stage, due to oxidative reactions, was postponed,
particularly for linoleic residues, as expected for the oxygen scavenging effect of the
double bonds [59]. To know more about different thermogravimetric studies of
pectins with other compounds, the following references [60-69] can be read.

3.2 Infrared spectroscopy (FTIR)

Infrared spectroscopy is a technique of chemical and structural analysis since it
allows the rapid identification of functional groups that are part of an organic and
inorganic molecule, being able to perform not only qualitative but also quantitative
determinations. This procedure is based on the Michelson interferometer (initially
developed to accurately determine the speed of light) and the method of the French
mathematician Fourier that allows to convert the obtained information (interfero-
gram) into a spectrum. The infrared region of the electromagnetic spectrum
extends between the visible zone and the microwave zone.

The most useful practical section of the extensive IR region is that between 4000
and 650 cm ! called the middle infrared region. The use of the far-infrared (NIR)
region, between 650 and 200 cm L, has expanded considerably in recent decades,
especially for the study of organometallic or inorganic compounds (heavy atoms,
weak bonds). The near-infrared (NIR) region, between 12,500 and 4000 cm
accessible to quartz optics, has been used for quantitative determinations rather
than structural purposes. The existence of these characteristic bands of functional
groups allows a wide use of IR spectroscopy in the structural determination as well
as in the identification of molecular interactions, formation of new bonds, and
monitoring of reactions, among others [70, 71].
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The most relevant characteristics of this spectroscopy are the following [71]:

1.If two molecules are constituted by different atoms or have different isotopic
distributions or configurations or are in different environments, the infrared
spectra will be different.

2. A defined substance can be identified by its infrared spectrum. These spectra
can be considered as the fingerprints of said substance.

3.The spectra show bands that are typical of particular functional groups and
that have specific locations and intensities within the infrared spectra.

4.Molecular structures can be inferred from the spectra. For this a model is
required on which to base the calculations.

5.The intensities in the spectrum bands of a mixture are generally proportional
to the concentrations of the individual components. Therefore, it is possible to
determine the concentration of a substance and perform analysis of samples
with several components.

3.2.1 The Fouvier-transform infrared spectrometer (FTIR)

A Fourier-transform spectrometer consists of three basic elements: a light
source, a Michelson interferometer, and a detector [71].

Its operation is as follows: a collimated beam, coming from a source that emits
throughout the infrared region, hits a beam splitter. The incident beam is divided
into two perpendicular beams of equal energy, one of which falls on the moving
mirror and the other on the fixed mirror. The beams are reflected by both mirrors
and recombine upon reaching the beam splitter. This results in an interference,
which can be constructive or destructive depending on the relative position of the
moving mirror with respect to the fixed mirror. The resulting beam passes through
the sample, where a selective absorption of wavelengths occurs and finally reaches
the detector. The information collected by the detector is used to obtain the inter-
ferogram, which is digitized. A computer develops the approximate calculation of
the Fourier transform of the interferogram [71].

Solid materials generally exhibit too much absorption to allow direct transmis-
sion of infrared radiation. Only in some cases can very thin films of the material be
obtained that allow, without mixing it with others, to obtain a spectrum by trans-
mission. In solids in the form of dust, in addition to the problem of absorption,
another occurs: much of the radiation transmitted is scattered. Since the dispersion
is proportional to the difference between the refractive indices, some improvement
is obtained by placing the finely pulverized solid in a liquid medium whose refrac-
tive index coincides with that of the substance. The medium serves at the same time
as a diluent. Often hydrocarbon oil (nujol), or oil from a fluorocarbon polymer
(fluorolube), is used for this purpose; both have their own absorption bands. To
prepare this sample sprayed in oil, milligrams of the powder are ground in a drop of
oil until a very fine paste is obtained, which then spreads like a thin film between
two layers of sodium chloride (NaCl). Another technique for preparing diluted solid
samples is the potassium bromide tablet (KBr) method. The sample is milled with
powdered potassium bromide and then compressed in a die, at a pressure of
700 kg cm ™2 (~7 x 107 Pa), in a hydraulic press. The thin disk thus formed is
sufficiently transparent and only shows appreciable dispersion at wavelengths less
than 10 pm. Since potassium bromide is hygroscopic, and it is almost impossible to
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eliminate atmospheric water, in the samples prepared by this method, the OH band
is always observed. Other materials than potassium bromide can be used; some-
times polyethylene powder offers advantages [71].

3.2.1.1 Process

The technique used was the preparation of the sample with potassium bromide.
A pinch of pectin, primarily ground in a glass mortar, was mixed with potassium
bromide. The resulting mixture was compressed through a hydraulic press, and a
thin pellet was formed, which is placed in the spectrometer to perform the
corresponding analyses.

FTIR spectra provided structural information of pectin in the region between
4000 and 400 cm ™, where the major chemical groups in the pectin were identified
(see Figures 13-15 and Table 2).

For the pyranose cycle vibration region, one should note almost identical spec-
tral parts with bands at 1149, 1104, 1076, 1052, 1019, and 1016 cm ! characteristic
for peptic substances. The band at 1750 cm ™ is assigned to stretching C=0 mode
non-ionized methylated or protonated carboxyl. Ionization, i.e., the formation of

= Commercial Pectins
it Thermic

—— Ext THETrmic

Lk Bl =i

— Fxt Thermic

3900 3400 2900 2400 1900 1400 900 400
Wavenumber

Figure 13.
FTIR of pectin thermic extractions.
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Figure 14.
FTIR of pectin obtained by acid/basic hydrolysis extractions.
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Figure 15.
FTIR of pectin fractions.

salts, leads to its disappearance, and two new bands appear due to asymmetric

and symmetric stretching modes of COO ™ at 1650-1600 and 1450-1400 cm ™/,
respectively. The absorption bands between 1200 and 1100 cm ™" were from ether
(R-O-R) and ring C-C bonds in pectin molecules. The selection of the most impor-
tant wave numbers, by two independent chemometric techniques, allowed to
define the region between 1120 and 990 cm ™" as the range for the spectral identifi-
cation of galacturonic acid in peptic polysaccharides. There are two bands in the
quince pectin spectrum within this region, a major one centered at 1617 cm ' and a
less intense one at 1384 cm ™ ". These two bands correspond, respectively, to asym-
metrical and symmetrical stretching vibrations due to the COO™ group of
polygalacturonic acid. The absorbances at 1104 and 1000 cm " are the galacturonic
acid, because all peptic polysaccharides are characterized mainly by these peaks
(see Table 2) [72-76].

In general traits, hydrolyzed pectins have a greater degree of affinity for water
due to the -OH groups that increase greatly; this may also be due to the fact that the
flours were not dried correctly, but even so a slight and positive tendency can be
observed. Another positive aspect is that the hydrolyzed pectins have an increase in
the C=0 bands because they possess a more marked degree of acetylation, although
it cannot be calculated analytically. The typical galacturonic acid signal in 1618,
1388, and between 1000 and 1105 cm ' is observed and specifically characterizes
the pectin. On the other hand, there are no substantial differences between com-
mercial pectin and the different hydrolyzates obtained, neither between these and
other pectins reported in the literature [77-79] (see Figures 13-15).

4. Characterization of pectin solutions
4.1 Densimetry

The measurement of the density is a complementary measure to the viscosity and
allows to calculate the partial specific volume and together with the viscosimetry
allows to determine the hydration value of the macromolecule in solution.

The density data of the hydrolyzed pectin solutions have a dp/dc ratio similar to
that of pectin commercial but with different order at the origin. This phenomenon
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Density data of pectin solutions.

is attributed to the fact that the commercial pectin has a molecular weight superior
to that of the different hydrolysates, which ultimately translates into a greater
capacity to incorporate water in its polymeric structure, that is to say it is more
hydrophilic than the rest (see Figure 16).

4.2 Viscosimetry

Viscosity is one of the most important properties of polymer solutions. The
viscosity depends on the chemical structure of the polymer, the interactions with
the solvent, and the molecular weight. Normally, a molecule of high molecular
weight in a good solvent acquires a large hydrodynamic volume, and the viscosity of
the solution increases [80].

The viscosimetry of diluted solutions is related to the measurement of the
intrinsic ability of a polymer to increase the viscosity of a solvent at a given tem-
perature and is useful for obtaining information related to the size and shape of the
polymer molecules in solution and the polymer-solvent interactions. In the diluted
regime, the viscosity of a polymer solution (for very low polymer concentrations) is
determined relative to the viscosity of the solvent. The following terms are defined
in these cases:

Relative viscosity, 1, = A (1)
No

where 1) is the viscosity of the polymer solution and no is the viscosity of the pure
solvent.

Specific viscosity, ng, =1,-1 = ‘];_ﬂo (2)
0
. . Nsp
Reduced viscosity, N,eq = e 3

where C is the concentration of the polymer. This is a measure of the ability of
the polymer to increase the viscosity of a solvent.

lnn,,
Nred (4)

Inherent viscosity, ny,, = C
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Even in highly diluted solutions, polymer molecules are capable of forming
intermolecular interactions. The two contributions to reduced viscosity are the
movement of the isolated molecules in the solvent and the interaction between the
polymer molecules in the solution. To eliminate the interactions, it is necessary to
extrapolate to zero concentration to obtain the inherent and reduced viscosities
commonly known as intrinsic viscosity:

[ﬂ] = (nred)CHO = (ninh)cao (S)

The intrinsic viscosity has the units of mass / volume, it is a measure of the size
of a molecule in solution, based on the ability of a polymer molecule to increase the
viscosity of a solvent in the absence of intermolecular interactions [80].

The most common equations for evaluating the intrinsic viscosity are the Hug-
gins and Kraemer equations, given by Egs. (6) and (7), respectively. The most usual
procedure for determining the intrinsic viscosity is to determine the relative vis-
cosity for different concentrations of polymer and to represent the data using
Egs. (4) and (5) and then calculate the value at zero concentration. Figure 15 shows
a typical plot of this type of data [80]:

Y2l + Kt [l ©)

Inn,

= [} + ki [N ’c @)

Mark and Houwink, M-H, independently correlated the intrinsic viscosity with
molecular weight, and this equation is applicable to many polymers and biopoly-
mers and is used to determine molecular weight. The k and 2 parameters both vary
with the nature of the polymer, temperature, and solvents. The calculation of M-H
parameters is carried out by the plot representation of the following equation:

In ] = Ink + alnMW, (8)

The exponent 4 is a function of polymer geometry and varies from 0.5 to 2.0.
These constants can be determined experimentally by measuring the intrinsic vis-
cosity of several polymer samples for which the molecular weight has been deter-
mined by an independent method (e.g., diffusion, osmotic pressure, sedimentation
equilibrium, and light scattering).

4.2.1 Process

A capillary viscometer Ubbelohde IVA 1C of glass was used (Figure 17) where
the time required by the two fluids to run between two marks in a capillary was
recorded. Therefore, a digital chronometer was also required to take the runoff
time, and an Anton Paar DMA 35 M density meter was used to determine the
density of water and solutions.

Diluted solutions of the different pectins were prepared with distilled water at
0.25, 0.50, 0.75, and 1% wt. Each of them was stirred for a few minutes, under
temperature conditions (50°C), to form a homogeneous solution. And before starting
the measurements, it was allowed to cool to approximately room temperature.

The runoff time of each solution was taken by loading the viscometer, starting
with the most diluted and continuing with the most concentrated. Previously the
runoff time of the water that was used was taken. All measurements were made in
triplicate to calculate an average. In addition to the times, density and temperature
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Figure 17.
Ubbelohde capillary viscometer.
are measured for each solution and for the solvent, to then perform the
corresponding calculations, taking into account these variables.

The intrinsic viscosity is obtained at the intersection of the line with the axis of
the ordinates, that is, when the concentration tends to zero.

The pectin commercial has an intrinsic viscosity of 284.14 cm>/g, which is lower
than other data reported in previous studies [81, 82]; this is due to the fact that there
are different hydrolyses and pectin purification treatments.
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Figure 18.
Evaluation of the intvinsic viscosity for pectin solutions at 25°C.

Hydrolysis c (mol/L) [n] (cm3/g) ky M (g/mol) Ry (nm) v 6 (gl/g) h

Commercial pectin 284.14 19.69  92928.83 12.12 051 2648 375
Acid 0.01 237.93 4.10 74883.61 10.63 057 2203 341
0.1 144.88 3.01 40956.73 7.37 0.64 13.12 2.78
0.5 7.79 1.25 1169.89 1.85 0.73 0.03 101
Basic 0.01 187.34 2.05 55988.91 8.91 058 1722 313
0.1 62.86 3.39 14832.63 3.98 0.51 5.46 2.27
0.5 725 111 1072.00 1.25 0.49 0.20 112
Table 3.

Hydrodynamic data of hydrolyzed pectins (for data, read refevences [81, 82]).
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As for the different hydrolysates, both basic and acid, the intrinsic viscosity data
are lower than the data of commercial pectin, and in turn these decrease with the
increase of acid or base added to the hydrolysis. The hydrodynamic radius (Ry) and
the hydration value (8) decrease for the same reason in addition to the fact that the
molecular weight also decreases. Another aspect not less is that for the same hydro-
lysis, but different reagent, be it hydrochloric acid or sodium hydroxide, the salt
formed in the latter is more soluble in water. A consistent phenomenon is the
increase of the partial specific volume (¥) and is reasonable due to the increase of
the hydration value. Finally, it can be said that Ky values show that water is a good
solvent for pectins (see Figure 18 and Table 3).

5. Film synthesis and characterization
5.1 Film synthesis

The technique used for the preparation of the membranes is the “casting”
method. This consists of depositing a polymer solution on a mold or support of a
given material, allowing it to evaporate at room temperature, or under some air
flow or N,, to obtain a membrane with a certain thickness and a surface area. The
polymer is first dissolved in a solvent to form the solution, and then some other
compounds, such as plasticizers, antioxidants, stabilizers, etc., are added to the
polymer solution and dispersed by agitation. The size of the container and the
polymer concentration will determine the thickness and length of the membrane; it
is necessary that in the molding there are no bubbles and no bubbles are generated
during the solvent evaporation process. Another important operative aspect for this
procedure is the evaporation rate of the solvent and a strict control of the temper-
ature. Subsequently, the membrane is molded by removing the solvent.

This method is the most used in the preparation of membranes at laboratory
scale in order to study the influence of the composition and morphology of the
materials on the behavior of the films. This technique has a great operational ease
and is suitable for all types of soluble materials in a particular solvent. The concen-
trations of polymer and other added components can also be easily controlled.

5.1.1 Technique

Once the pectin flour was obtained in the previous step, a 2% by weight aqueous
solution was prepared with 0.5% by volume of glycerin, stirring until total dissolu-
tion. The solution is then placed in a flat mold 10 cm in diameter and put into an
oven at a temperature of 50°C for 24 h. Slow evaporation of the solvent is preferable
in order to obtain a dense membrane. It is then demolded and placed between two
glass plates for 48 h to avoid deformation of the surface of the membranes. In this
last period, the solvent is finished evaporating.

Because the packages have multiple functions to which they are used to pack a
great diversity of foods, their characteristics and properties are very varied. The
materials used to make them are as different as paper, cardboard, plastics, glass, tin,
aluminum, and combinations thereof. As for its shape, they are found as boxes,
cans, bags, bottles, and movies, among others. The latter are defined as continuous,
thin matrices that are structured around the food they protect. Most commercially
used films are made with different types of plastics, which, besides being obtained
from hydrocarbons, have the disadvantage of not being biodegradable [83-86].

A biodegradable packaging is defined by the ASTM as one that is capable of
decomposing into carbon dioxide, methane, water, inorganic compounds, or
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biomass, the dominant mechanism of decomposition being the enzymatic action of
the microorganisms, and the resulting products can be obtained and measured in a
given period of time [87].

The materials used for the production of biodegradable packaging can be poly-
mers of natural origin (proteins, starch, lipids, and chitosan, among others) or of
synthetic origin (i.e., polyhydroxyalkanoates and polylactic acid). Among the poly-
mers of natural origin that are being used for the production of biodegradable films
are pectins [87].

Plasticizers are normally used to facilitate the processing and/or increase the
flexibility of the film. Water, some oligosaccharides, polyols, and lipids are different
types of plasticizers widely used in films based on hydrocolloids. Their combination
could lead to synergistic effects between the components improving the properties
of the films. Various theories have been raised about how these compounds work.
The theory of lubrication postulates that plasticizers intermix and act as internal
lubricants by reducing the frictional forces between the polymer chains. The theory
of the gel postulates that the rigidity of the polymeric network comes from its three-
dimensional structure; then the plasticizers would act by breaking polymer-
polymer interactions that are interposed between them. The theory of free volume
postulates that the addition of plasticizers is a way to increase the free volume,
reducing the interactions between the chains. All the proposed theories agree that
the effects generated by the addition of glycerol are due to these small molecules
that are located between the polymer chains [87].

The technique used for the formation of the films was the following: A sample of
1 g was mixed with 50 ml of distilled water and 0.5 ml of glycerin. It was stirred
with mechanical agitator for half an hour at 40°C. The identified petri dish solutions
were overturned, so that only the surface of the petri dish was covered. It was taken
to the stove at 80°C for 48 h. The formed films were demolded and kept in sealed
envelopes. After obtaining the films, tests were conducted to evaluate their proper-
ties against a commercial pectin.

5.2 Scanning electron microscopy (SEM)

This technique is used to inspect in a relatively easy way the morphological
features of the membranes, especially since this technique is very suitable to evalu-
ate if the film is dense or porous and the pore size distribution and elemental
analysis (EDS) are a standard procedure to identify and quantify the elemental
composition of sample areas of up to several cubic micrometers. The sample mate-
rial is bombarded with electrons in a scanning electron microscope, and the X-rays
produced are measured with an X-ray spectroscope. Each element has a character-
istic wavelength through which it can be identified.

The images of an electron microscope are obtained by the detection, processing,
and visualization of the signals resulting from the interactions between a high-
energy electron beam and matter. These interactions can provide information on
topography, composition, and crystallographic structure [87].

In a scanning electron microscope, the image is obtained from the signals emit-
ted by the sample, and it is formed as the electron beam moves on a portion of its
surface. This scan is performed line by line on a small area of rectangular shape
(raster). This zone is the one that is visualized and amplified in the final image. As
the beam explores the sample in this way, the intensity of the generated signal
varies according to the particular point analyzed at each instant. You can thus
obtain images of all types of structural materials or biological material with a
minimum of previous preparation and directly observe all types of surfaces with a
great depth of focus. This is a unique feature of electronic instruments that allows
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obtaining micrographs in focus of irregular surfaces as a fracture surface. For this it is
only necessary to ensure that the samples are clean, dry, resistant to high vacuum of
the instrument, and good electrical conductors. If it is a question of observing a non-
conductive material, the samples are usually coated with a thin metallic layer, as gold,
or the samples that have high water vapor contents are previously dried [87].

The composition of the sample affects both the depth and the shape of the
interaction volume. Denser samples (composed of heavy elements) tend to reduce
the penetration of the beam and also reduce the distance that the signals generated
can pass without being reabsorbed by the sample. The volume of interaction tends
to be more squashed and similar to a hemisphere. On the contrary, in less dense
samples, composed of light elements, the volume takes on the characteristic shape
of a drop [87].

5.2.1 Equipment

All scanning electron microscopes consist of an electronic cannon in a high vac-
uum column, in the order of 10> mmHg, in which a high-energy electron beam
(5-30 kV) is generated. This beam is collimated by a series of electronic lenses and
focused on the sample analyzed. The detectors register the signals originated by the
interaction between the electron beam and the sample, which are processed and
visualized in the final observation system (monitor or computer screen). The electron
gun is the first component of the microscope column and is the one that produces the
electron beam. It consists of filament emitting electrons that are then accelerated by
an anode positively polarized to a variable voltage between about 5 and 30 kV [87].

Interpretation of the images: the contrast of a micrograph in the secondary
electron mode (emissive mode) comes from the variations in the topography of the
sample. In effect, the voltage applied between the grid of the detector and the
sample favors the collection of secondary electrons on sharp edges since the electric
field is more intense there. More secondary electrons can be collected from a
projection or step of the sample than from a depression or cavity. The projections
then appear brighter than the depressions, which makes the interpretation of the
micrographs immediate [87]. The equipment used to obtain the SEM images was a
scanning electron microscope JOEL 1450VP.

The superficial images of the selected pectins (Figures 19 and 20) show that the
commercial pectin (Figure 21) is more homogeneous with a morphology similar to
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Figure 19.
SEM surface image 500 x of HA 0.1 M membrane.
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Figure 20.
SEM surface image 500 % of HB 0.1 M membrane.
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Figure 21.
SEM surface image 500 % of commercial pectin membrane.

craters, valleys, and peaks (not acute). On the other hand, both acidic and basic
hydrolysates are heterogeneous, where it should be noted that the pectin that the
basic hydrolysis film has more rigidity which causes breakage on its surface due to
the formation of the sodium pectinate salt.

5.3 Permeation

Unlike glass or metal packaging materials, packages made of plastic are perme-
able in different degrees to small molecules such as gases, water vapor and organic
vapor, and other low molecular weight compounds such as flavorings and additives
present in food. As a consequence of the barrier properties of the material, the
transfer of this molecule varies from high to low. The knowledge of the behavior
solution/diffusion/permeation of these molecules through the polymer film has
become more and more important in recent years, especially for polymers used in
the field of food packaging where external environmental contamination should be
avoided and the shelf life of food controlled by the use of modified atmosphere
packaging techniques (MAP). Many factors that can influence the performance of
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polymer packages must be taken into consideration to design the correct package
market solution [88].

Since contact with food can alter the performance of the polymer, it is important
to study the characteristics of the material barrier under realistic conditions. For
example, the absorption of vapor or ambient liquid can cause increased plasticiza-
tion of the polymer, resulting in a decrease in mechanical properties. The purpose of
this work is to give an overview of the state of the art of the permeability behavior
of polymer packages used for food applications [88].

5.3.1 Theory of permeation

The diffusion of the permeate through a film is influenced by the structure of the
film, the permeability of the film to specific gases or vapor, thickness, area, tem-
perature, pressure difference, or concentration gradient through of the movie.
Permeability, as reported in the literature, is defined as the quantification of per-
meate, gas, or vapor transmission, through a resistant material. Then, the concept of
permeability is usually associated with the quantitative evaluation of the barrier
properties of a plastic material. In a flawless material such as pores or cracks, the
primary mechanism for the flow of gas and water vapor through a film or coating is
an activated diffusion. This means that the permeate dissolves in the matrix of the
film in the higher concentration part; diffuses through the film, driven by a con-
centration gradient; and evaporates from the other side of the surface. Differences
in the solubility of specific gases can influence the diffusivity of the gases through
the film. The second step, diffusion, depends on the size, shape and polarity of the
penetrating molecule, and on the crystallinity, degree of cross-linking and segmen-
tal movement of the polymeric chain of the polymeric matrix. [88].

As for the theory, the penetration of gas through a polymer is described by a
diffusion model, using the laws of Henry and Fick to obtain the expression that
relates the rate of permeability with the area and the thickness of the film [88].

The mechanism can be described in a very simple way as in Figure 22, for a
homogeneous polymer film with thickness 1 and permeable pressure p (with p; > p,)
and as the different concentration permeable through the film (with ¢; > ¢,).

The flow of permeate (gas or vapor), indicated by J, is described by Fick’s first law:

J=-DAC 9)

L]
': o Water Vapor Molecules

Figure 22.
General mechanism for water vapor permeation through a plastic film.
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that, for the one-dimensional diffusion through a membrane polymer and in
stationary conditions, it can be written as

J=-DAC/I (10)

where ] is the diffusion flow (expressed in mol.cm % s %), D the diffusion or
diffusivity coefficient (expressed in cm”s™ "), and AC the difference in concentra-
tion (expressed in mol cm ) through the thickness of the membrane [ (expressed
in cm). D reflects the rate at which the permeant diffuses through the polymer.
When the mechanism of diffusion is in its stable state, the equilibrium of the
concentration of gas c on the surface and the partial pressure of gas p obeys Henry’s
law. When the permeant is a gas, it is more convenient to measure the vapor
pressure p (expressed in atm); then AC can be replaced by S Ap, where S (expressed
in mol cm ™2 atm™?) is the solubility coefficient that reflects the amount of permeant
in the polymer and Ap is the pressure difference in the entire film. Eq. (10) becomes

J=-DSAp/l (11)

The D S product is indicated as a coefficient of permeability (or constant) or
permeation coefficient or simply as permeability (PAG).

If S is independent of the concentration, that means a linear relationship
between the concentration-distance through the polymer, the coefficient of perme-
ability P can be defined as

pP= =-DS (12)

l
J ap

The P/l ratio, indicated by q, is called permeance. The diffusion takes place only
in one direction, through the film and not along or through it; in addition, the
coefficients D and S are independent of the concentration of the permeate. This
behavior of molecular diffusion in the polymer is indicated as Fick behavior. Obvi-
ously, as also reported by Robertson, there are many realistic cases where these
hypotheses are not valid as, for example, when the steady state takes a long time to
reach (as a glassy polymer) or when the coefficients D and S are correlated to the
interaction between permeate and polymers, such as the interaction between water
and hydrophilic film or similar solvent vapor that diffuses through polymer films.
These cases are indicated as a non-Fick behavior [88].

5.3.2 Water vapor permeability

The concept of permeability is normally associated with the quantitative evalu-
ation of the barrier properties of the material. If it does not have defects such as
pores or cracks, the primary mechanism for the flow of gases or water vapor
through the film is an activated diffusion. This means that the molecules enter the
film matrix on the higher concentration side, diffuse through the film following the
concentration gradient, and detach from the surface in the low concentration area.
The second step of the phenomenon of permeability, diffusion, depends on the size,
shape, and polarity of the penetrating molecule; it also depends on the crystallinity,
degree of cross-linking, and movement of the polymer chains in the matrix of the
film. The gaseous molecules are unable to permeate through the polymeric crystals
since they are insoluble in them. Thus, gas permeation in semicrystalline polymers
is confined to amorphous regions. The decrease in permeability in materials with a
certain degree of crystallinity is due, then, to the smaller volume available for gas
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penetration and to the long and tortuous trajectory that molecules must make
between the crystals. The reduction in the permeability value is proportional to the
volume fraction of the crystalline phase.

The permeation of a gas or vapor through the polymer is described by a diffusion
model, using the Henry and Fick laws to obtain the expression representing the
permeation rate taking into account the area and thickness of the film.

The mechanism can be described for a homogeneous polymer film of thickness
A, permeant pressure p (with p; > p,), and permeant concentrations c through the
film (with ¢; > ¢,):

L]
_TA, . ngm
P= AP =l m? s Pa (14)

where 7 is the transmission speed (ng/mzs); Q, the permeating mass (ng); A,
the thickness of the film (m); A, the area of the cell (m?); t, the measurement
time (s); and AP, the pure water vapor pressure, in the case of calculating water
vapor permeability (4238.605 Pa), or high pressure in the case of calculating gas
permeation.

The pectin hydrolyzed with acid or base shows a lower permeability than the
commercial pectin; the exception to the rule is the pectin extracted thermally
(see Figure 23).

5.3.3 Water sorption

The properties of barrier to the steam of water for the packaging of alimentary
products, in which the physical and chemical deterioration is related to his content
of humidity in balance, are of big importance to maintain or extend his useful life.
In fresh products, for example, it is important to avoid dehydration.

The ASTM E96 standard defines the water vapor permeability as the rate of
water vapor transmission through a unit area of a flat material and per unit

E m/m*

Fin

Figure 23.
Water vapor permeation of pectin membranes.
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thickness induced by a unitary vapor pressure difference between the two surfaces
of the material under study, under certain temperature and humidity conditions.

%SW = 100 2w — M
wm

(15)

where %SW is the water sorbed percentage (% g/g), Wy, is the mass of water
(g), and wyy is the mass of the membrane (g).

5.3.3.1 Instrument

The equipment has a hermetically closed chamber that inside has an automatic
humidity and temperature controller, both variables controlled by sensors. The
humidity range that this sensor can detect is from 0 to 100%, and the accuracy in the
measurement is 2% when the relative humidity goes from 0 to 90% and 3% above 90%
at 20°C. The temperature and humidity are regulated by turning on or off the control-
lers of both variables: a focus and a humidifier. In addition, a RADWAG balance with
precision of 0.1 mg and a Kolve thickness meter with precision of 0.1 pm were used.

5.3.3.2 Process

From the formed films, samples of 25 mm in diameter were cut, their thickness
was taken, and they were placed in the perforated caps of bottles with 20 g of silica
gel inside each one. Each bottle is identified by a number that corresponds to a
particular pectin. Before starting the experiment, each bottle with silica gel was
weighed and the lid placed. Then, they enter the equipment, which must be found
at 30°C and 85% humidity, and every 10 min the weights of each one are taken, for
1h. Then, they are weighed every 20 min. until the cell maintains a constant weight.

In a first stage (see Figure 24), which corresponds to a first-order kinetics for
water sorption, all the membranes comply, but in the zone of zero-order plateau,
they behave in a different way keeping the order. The exception to the rule is the
HB 0.5M membrane that corresponds to a pseudo first order and in the plateau area
the absorption of water keep increasing, this phenomenon is due to the excess of
sodium cations in the pectin (as sodium pectinate) that increase the adsorption of
water, and this happens in several stages. The same phenomenon can be observed in
the rest of the basic hydrolysis but to a lesser degree.

Figure 24.
Water sorption of pectin membranes.
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5.4 Mechanical properties

When selecting a polymer to be used as a film, certain characteristics related to its
mechanical properties must be considered to ensure that the material successfully
fulfills its function. Some of them are tensile strength, elongation, impact resistance,
sealing on the seals, resistance to tearing, easy opening of the container, etc.

Materials with the same chemical composition and other similar properties can
have very different mechanical properties, depending on their microstructure. In
addition, changes in temperature, the cyclical nature of the applied stresses, chem-
ical changes caused by oxidation, corrosion or erosion, microstructural changes due
to temperature, the effect of possible defects introduced during machining opera-
tions, or other factors can also have a great effect on the mechanical behavior of the
materials.

The mechanical properties of a material describe the way in which it responds to
the application of a force or load. The force, which acts on the unitary area, generates
a deformation. In many materials, elastic stress and deformation follow a linear law.
The slope in the linear portion of the strain versus strain curve defines the Young’s
modulus or elastic modulus of a material. The modulus of elasticity or Young’s
modulus (E) is the slope of the stress-strain curve in the elastic region (linear portion
of the curve) and informs us about the fragility and ductility of the films made.

A material is selected by adapting its mechanical properties to the service con-
ditions required for the component. The first step in the selection process requires
that the application be analyzed, in order to determine the most important charac-
teristics that the material must possess. Once the required properties are known, the
appropriate material can be selected, using the information contained in the man-
uals [89]. Then, several tests that are used to measure the way in which a material
resists an applied force will be studied. The results of these tests will be the
mechanical properties of said material [89].

Tension test: the use of the stress-strain diagram is to measure the resistance of a
material to a static or gradually applied force. A test device appears in Figure 25; a
typical specimen has a diameter d and a calibrated length, / [89].

Charge cell

»

Figure 25.
Tensiometer model used in stress tests.
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The test piece is placed between jaws and a force F is applied, which is known as
load. To measure the elongation of the material caused by the application of force in
the calibrated length, an extensometer is used [89] (see Figure 25).

1.Engineering effort and deformation: for a given material, the results of a
single test are applicable to all sample sizes and shapes, if the force is converted
into effort and the distance between calibrated marks in deformation. The
stress ¢ and the engineering deformation ¢ are described by the following
equations:

o =

)
Lo

(16)

|

17)

E =

where A is the original cross-sectional area of the specimen before the start of
the test, [, is the original distance between calibrated marks, and L is the distance
between them, after the force F has been applied [89].

2.Effort of yield: the effort or yield limit is the effort that divides the elastic and
plastic behavior of the material. If you want to design a component that does
not deform plastically, you must select a material with a high yield strength or
make the component of sufficient size so that the applied force produces an
effort that is below the yield strength.

3.Resistance to tension: the effort obtained from the highest force applied is the
resistance to tension or maximum tension, which is the maximum stress on the
engineering strain-deformation curve. In many ductile materials, the
deformation does not remain uniform. At a certain moment, one region is
deformed more than others, and a significant local reduction occurs in the
straight section. This locally deformed region is known as a zone of stricture.
Since the area of the cross section at this point becomes smaller, a smaller force
is required to continue its deformation, and the engineering force, calculated
from the original area A, is reduced. Tension resistance is the effort at which
this stricture begins in ductile materials.

Elastic properties: the modulus of elasticity or Young’s modulus, E, is the slope of
the stress-strain curve in its elastic region. This relationship is Hooke’s law:

E=? (18)
€

This module is intimately related to the bonding energy of the atoms. A steep
slope indicates that large forces are required to separate the atoms and cause the
material to deform elastically. Therefore, the material has a high modulus of elas-
ticity. The bonding forces and the modulus of elasticity are generally greater in
materials with a high melting point (see Figure 26). The module is a measure of the
rigidity of the material. A rigid material retains its size and shape [89].

The modulus of resistance (E,), which is the area that appears under the elastic
portion of the stress-strain curve, is the elastic energy that a material absorbs or
releases during the application and release of the applied load, respectively.

1. Ductility: it measures the degree of deformation that a material can withstand
without breaking. The distance between the calibrated marks in a test tube
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before and after the test can be measured. The % elongation represents the
distance that the test tube stretches plastically before the fracture:

e=100 1) (19)
Ly

~

Maximum tension
Elastic limit

Yield Limit - Break
B‘""
Proportionality limit

1 | [ 1

\ )
Elastic Fluence Deformation Post-maximum
zone Plateau hardening tension zone

Figure 26.
Deformation diagram.

1GO000
Commercial Pecting
14 - .
140000 -Ext Thermic 1
120000 Ext Thermic 2
100000 Ext Thermic 3
< 80000 — HA 0.01M
= e £, 0, 10
i
= o HB 0.01M
40000 HB 0.1M
20000
Q0
20000 9 0.1 0.2 0.3 0.4
AL/ L
Figure 27.
Mechanical properties of pectin membranes.
Membrane E (MPa) €max 6max (MPa)
Commercial pectin 6.20 2.90 0.13
HA 0.01M 0.94 0.24 0.07
HA01M 0.87 0.14 0.01
HB 0.01 M 2.54 0.15 0.15
HB 0.1 M 2.18 0.13 0.12
Ext. thermic 1 0.97 0.18 0.05
Ext. thermic 2 1.02 0.27 0.08
Ext. thermic 3 1.10 0.11 0.06

Table 4.
Data of mechanical properties of pectin membranes.

38



Extraction and Characterization of Pectins From Peels of Criolla Oranges...
DOI: http://dx.doi.org/10.5772 /intechopen.88944

where [ is the distance between the calibrated marks after the rupture of the
material [89].

The commercial pectin membrane has a high value of Young’s modulus, but it
has good elasticity; this type of very positive characteristics when forming films is
mainly due to the most exhaustive and purified purification processes, in which
acetyl groups, proteins and nitrogen compounds, polyphenols, and finally sodium
ion are eliminated. As for the pectin in which the different hydrolyses were made,
the ones with greater rigidity are those made with sodium hydroxide, followed by
the thermal extractions and finally the acid hydrolysis, which are the most elastic
and flexible [90-94] (see Figure 27 and Table 4).

6. Conclusions

It can be observed through this work that the hydrolyzed pectin obtained from
Citrus sinensis has inferior properties to commercial pectin. Based on this it can be
inferred that the selected procedure requires a greater degree of purification with
the addition of pretreatment and posttreatment elimination of polyphenols and
other undesired compounds such as proteins, etc. The hydrolyzed pectins that have
the best qualities are HA 0.1 M and HA 0.5 M which can be applied to different
industries such as pharmaceutical, food, and mining.
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Abstract

With the advent of science and technology, agro-industrial wastes are converted
into various value-added products to meet the demands of increasing population.
In recent years, natural polymers have evoked tremendous interest due to easy
conversion into value-added products. Apart from various natural polymers, pectin
occupied a prominent place due to diverse pharmaceutical and therapeutic appli-
cations. Excess utilisation of pectin, the gap between production and demand is
widening. To fulfil this gap various techniques are adopted for obtaining high yield
pectin from various agro-industrial wastes. This chapter will be focusing on extrac-
tion and purification of pectin from various agro-industrial wastes, considered as
main environmental pollutants.

Keywords: agro-industrial, waste, pectin, pharmaceutical, therapeutic

1. Introduction

Pectins are complex branched polysaccharides present in the primary cell wall
of plants [1]. It is a highly valued food ingredient commonly used as a gelling agent
and stabilizer [2]. It is usually extracted by chemical or enzymatic methods from
fruits [3]. Pectin is considered as the most complex macromolecule in nature, since
it can be composed of up to 17 different monosaccharides containing more than 20
different linkages [4].

Pectins are enriched with repeated units of methyl ester galacturonic acid [4]. They
form chemically stable and physically strong skeletal tissues of plants when com-
bined with proteins and other polysaccharides [5]. They are usually produced in the
initial stages of primary cell wall growth and make one third of the cell wall in both
monocots and dicots [6]. Pectin is significantly reduced or absent in non-extendable
secondary cell walls and is the only major class of plant polysaccharide largely limited
to primary cell walls [7]. Pectin imparts strength and flexibility to the cell wall, apart
from number of fundamental biological functions such as signalling, cell prolifera-
tion, differentiation, cell adhesion and maintaining turgor pressure of cell [8]. Pectins
are involved in regulating mobility of water and plant fluids through the rapidly grow-
ing parts [6]. It also influences the texture of fruit and vegetables [9]. Apple pomace
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and orange peel are the two major sources of commercial pectin due to the poor gelling
behaviour of pectin from other sources [6].

Pectin is one of the most important polysaccharides due to its increasing demand
in the global market, reaching a total production capacity of around 45-50 Million
tonnes per annum. While the demand in 2011 was approximately 140-160 Million
tonnes per annum, earning the interest of industry in this complex polysaccharide
processing [10]. Pectins have received considerable attention as a high fibre diet
that benefits health by reducing cholesterol and, serum glucose levels and acting
as anticancer agents [11]. Pectins have shown promising results as drug carriers
for oral drug delivery and are widely used for various bio-medical applications [5].
In addition, pectin has been described as an emerging prebiotic with the ability to
modulate colon microbiota [12]. Considering above properties and applications,
pectin has gained immense priority in the global biopolymer market with great
potential and opportunities for future developments.

2. Structure and properties of pectin

One of the most abundant macromolecules present in the primary cell wall
of the plants is pectin; their presence is detected in the matrix as well as in the
middle lamellae [7]. Pectin is highly rich with galacturonic acid (GalA), that
forms the backbone of three more domains found along with pectin that are
homogalacturonan (HGA), rhamnogalacturonan-I (RG-I) and rhamnogalactu-
ronan-II (RG-II) [13]. About 70% of pectin is mainly composed of galacturonic
acid (GA) [14]. Pectin is made of three polysaccharides that are covalently linked
together, thus forming pectin networks in the cell wall matrix and the middle
lamellae [15, 16].

Homogalacturonan (HG) takes up about 60-65% of the total pectin [3, 17],
with a backbone of alpha-1,4-linked GalA residues, these GalA residues are methyl
esterified which has an important role in the physical properties of pectin [4]. The
presence of HG is seen to be present in approximately 100 GalA residues, but there
are cases when its detected interspersed within other pectin polysaccharide [14].
On the other hand rhamnogalacturonan-I (RG-I) backbone which contributes
20-35% of pectin is composed of repeated and alternating groups of L-rhamnosyl
and D-galacturonosyl residues [18]. There can be as many repeats as 300 of this
disaccharide in case of sycamore cells, which are cultured in suspension [3, 16, 19].
The rhamnosyl residues have side chains of sugars which are mainly consisting of
either galactosyl or arabinosyl residues [5]. The GalA residue of RGI unlike HGA are
mostly not methyl esterified [20].

Rhamnogalacturonan-II (RG-II) is one of the highly conserved and complex
structure which consist of distinct regions within HG, which makes up about
10% of the pectin [3], they have side chains of four different types with a par-
ticular sugar residue like aceric acid, apiose-3-deoxy-lyxo-2-heptulosaric acid,
and 3-deoxy-manno-2-octulosonic acid. The HG residues along with nine of the
GalA residues are attached to these side chains [3, 5]. There are other substituted
HG residues that make up pectin such as xylogalacturonan and apiogalacturonan
whose expression is restriction. Even a minor mutation in R-II structure can lead
to defects in the plant growth like dwarfism, thus suggesting its importance for
normal growth of plant [3]. RG-I being highly branched in nature thus, called as
the hairy region of pectin on the other hand HGA domain are known as the smooth
region [7]. It is generally believed and noticed that there is covalent linkage within
the pectin polysaccharides and pectin degrading enzymes are needed to separate
and isolate HG, RG-I and RG-II from each other [21, 22]. Due to their similarity in
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HG and RG-II backbone structure composing of 1-4-linked alpha-D-GalA residues,
they are likely to be linked covalently but there are no reports of RG-I to be cova-
lently linked with HG [23].

3. Properties of pectin
3.1 Colloidal

Pectin precipitates as a solid gel on treating with a dehydrating agent like
alcohol. They are extremely sensitive to dehydration and get effected by any other
hydrophilic colloids as well, thus they are known to be insoluble in most of the
bio-colloids. The negative charge of pectin depends on the number of free carboxyl
group that is mainly responsible for its precipitation [24].

3.2 Solubility

Based on solubility pectins are of two types i.e., water soluble and water
insoluble. Factors affecting the solubility of pectin are pH, temperature, nature of
the solute and concentration of the solute [6, 13]. Pectin attains stability at a pH
of 4 [17]. The solubility of pectin also depends on its composition like monovalent
cation of pectin are soluble in water whereas di or trivalent are insoluble in water.

3.3 Gelation

One of the most interesting properties of pectin is its ability to form gel in the
presence of either acid or calcium or sugar, this enables them to be used in many
food industries [15]. Hydrogen bonding and hydrophobic interactions between
polymer chains stabilizes the pectin polymer [9].

4. Extraction and purification of pectin from agrowaste

Pectin is a high molecular weight polysaccharide that is present in almost all
plants and help in maintaining the integrity of cell structure. Pectin is used in
food industries to increase the viscosity of food products such as beverages, jams
and jellies. It also has implications in pharmaceutical industry, especially in drug
formulations, as an excipient due to its characteristics in release kinetics. Due to
increased demand for pectin in food, pharmaceutical and therapeutic applications,
thus, require efficient extraction processes. In order to increase the yield of pectin,
various extraction methods have been adapted to obtain insoluble pectin present
in the middle lamellae of plant cells, one of them being heating in acidic medium
that makes insoluble pectin as soluble. Ripening of fruits also converts insoluble
pectin into soluble pectin. Pectin can be extracted from various kinds of fruits, but
the most commercial form of pectin is extracted from the peels of citrus fruits by
alcohol precipitation [9, 25]. Citrus fruits contain 0.5-3.5% pectin which is largely
present in the peel of fruits [26].

Pectin has been isolated from various plants such as apple [27], citrus peel, carrots
[28], sugar beet pulp [29, 30], sunflower heads [31], papaya [32] and oranges [33]. The
most commonly used method for extracting pectin from plant tissue is by heating the
plant sample in acidified water. The addition of extra chelating agents such as EDTA
to the extraction mixture helps in easy release of pectin from cell wall. Care should
be taken not to perform a long period of direct heating as it may lead to the thermal
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Material Extraction process Pectin (%) References
Cacao pod husk (Theobroma cacao) Acid extraction 3.7-8.6 [34]
Mangosteen rind (Garcinia Chemical treatment 235 [35]
mangostana)
Durian rind (Durio zibethinus) Acid extraction 2.1-10.25 [36]
Orange peels (Citrus sinensis) Acid extraction 0.2-6 [37]
Lemon peels (Citrus limon) Acid extraction 0.8-8 [37]
Dragon fruit peels (Hylocereus Ultrasound assisted 1.89-7.65 [38]
undatus)
Banana-stem, leaf, peel (Musa Alcohol precipitation 4-13.8 [39]
acuminata)
Orange peel Alcohol precipitation 79 [39]
Cucumis melo Aqueous acid extraction 4.53 [40]
alcohol precipitation
Cocoa peel Microwave assisted 423 [41]
Apple Pomace Acid extraction 12.9-20.9 [27]
Lime-peel and pulp Microwave assisted extraction 8-179 [42]
under pressure
Watermelon rind Acid and enzymatic extraction [43]
Orange peels Acid extraction 5.4-26.3 [44]
Sweet potato peels Acid extraction 2.59-5.08 [45]
Orange peel Ultrasound assisted 20.92 [46]
Orange peels (Citrus sinensis) Acid extraction 2941 [47]
Kaffir lime peel (Citrus hystrix) Chemical and acid extraction 61.8 [48]
Punica granatum peels Acid extraction 27 [49]
Orange peel (Citrus sinensis) Acid extraction 45.5 [50]
Lemon (Citrus limon) Acid extraction 2.7-16.7 [51]
Orange (Citrus sinensis) Acid extraction 1.6-159 [51]
Grape (Citrus paradisi) Acid extraction 2.3-15.7 [51]
Orange peel Water-based extraction 22 [52]
Sweet potato peel (Ipomoea batatas) Alkaline extraction 16.78 [45]
Tomato waste Ultrasound assisted 15.1-35.7 [53]
Pumpkin peels Soxhlet extraction 6.8-7.7 [54]
Lemon pomace Acid extraction 10.3-131 [55]
Jackfruit waste (Artocarpus Acid and chemical extraction 12-15 [27]
heterophyllus Lam)
Lemon peel wastes Aqueous extraction [56]
Citric waste Acid extraction 78 [57]
Apple peel waste (Malus pumila. Cv Acid and chemical extraction 121 [58]
Ampri)
Horse eye bean peel (Mucuna urens) Acid extraction 44 [59]
Banana peel Acid extraction 11.31 [60]
Mango peel Acid extraction 18.5 [60]
Grapefruit peel Alcohol extraction 25 [33]
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Material Extraction process Pectin (%) References
Saba banana peel (Musa acuminata x Acid extraction 17.05 [61]
Musa balbisiana)
Passion fruit peels Acid extraction 2.25-14.6 [62]
Citrus peel Acid extraction 255 [63]
Pumpkin waste (Cucurbita maxima) Acid hydrolysis 290 [39]
Mango peel Acid extraction 20.8 [64]
Jackfruit wastes (Artocarpus integer) Optimised acid extraction 38.42 [65]
Citrus depressa endocarp Acid extraction 41 [66]
Orange peel Acid extraction 73-52.9 [67]
Jackfruit waste (Artocarpus Chemical and acid extraction 8.9-15.1 [27]
heterophyllus)

Table 1.

Methods of extraction of pectin from various agrowaste compounds.

degradation of the polymer. Extraction process of pectin is carried out under reflux
using acidified water at 97°C for 30 min. The hot acid extract was then filtered using
a cheese cloth to remove the pulp. The filtrate was then cooled to 4°C and precipitated
using double the volume of ethanol. The solvent precipitate mixture is then mixed till
the pectin floats and removed by using cheese cloth followed by drying [27].

Pectin is also extracted from dried sugar beet pulp after treating with acidi-
fied medium followed by purification through alcohol precipitation. Xin Huang
et al, slightly modified the traditional method, where the sample was diluted with
deionized water and was made acidic (pH —1.2) by using HCI. The sample was then
heated to 90°C for 3 h and cooled to 40°C (pH —4.5) with 25 g/100 g ammonia. The
mixture was then filtered using a Buchner funnel and pectin was precipitated using
ethanol [29]. The ethanol is removed by squeezing with nylon cloth and washed
several times followed by drying.

The carrot pomace is also used for pectin extraction by treating with hot aque-
ous citric acid solution adjusted to the desired pH. The pectin yield was maximum
at the following optimum conditions: pH —1.3; temperature 90°C; heating time
79.8 min. Under these conditions, the extraction yield of carrot pomace pectin
was found to be 16.0%. The extract mixture was then allowed to cool, filtered and
precipitated by using ethanol in the ratio 2:1 [28]. Dried papaya peel can be used
in pectin extraction where the majority of the lipids, and soluble pigments are
removed by treating with ethanol and acetone. It is repeatedly homogenised with
95% ethanol and filtered until the filtrate becomes clear. The final filtration was
done with the residue homogenised in acetone and dried overnight to obtain the
alcohol insoluble residue (AIR). The majority of the pectin in the papaya AIR is
present as chelator soluble pectin (CSP) followed by sodium carbonate soluble pec-
tin (SSP) and water-soluble pectin (WSP). The WSP fraction is first obtained from
the AIR by boiling it in water and filtering it. The remaining residue is treated with
0.05 M cyclohexane trans-1,2-diamine tetra-acetic acid (CDTA) in 0.1 M potassium
acetate (pH 6.5) for 6 h at 28°C and filtered to give the CSP fraction. The residue is
then treated with 0.05 M sodium carbonate solution having 0.02 M NaBH, for 16 h
at 4°C, and subsequently for 6 h at 28°C. The solution when filtered gives the SSP
fraction of the AIR [32].

Agro-industrial wastes can be used as the raw material for the production of
industrial low and high methoxy pectin. The alcohol insoluble material (AIM)
produced from dried agrowaste by boiling it with 3 volumes of ethanol for 25 min
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and continuous washing with 70% ethanol to remove impurities such as pigments,
free sugars, etc. Sunflower heads also act as potential sources for pectin extraction.
The heads are washed by hot distilled water through a mesh or cheese cloth and the
pectin was precipitated by addition of 1 M nitric acid at 1:5 acid:filtrate ratio [34].
The mixture was maintained for 1 h at 5°C and was washed six times in ethanol sol-
vent at 1:2 gel:solvent ratio to remove the impurities and to increase pH by removing
the acid [31]. The washed pectin gel can be dried in a vacuum oven at 55°C for 16 h.
The dried pectin flakes are ground into a powder for further use (Table 1).

5. Characterization

Large amounts of fruit wastes that are being generated can be disposed
effectively by manufacturing beneficial by-products like pectin. Pectin is used to
increase foaming power of gases, as agglutinator, as filler in pharmaceutical prepa-
rations and also in food industry. The use of pectin for different purposes depends
on its characters like acetyl value, degree of esterification, uronic acid content and
methoxyl content, etc. [68]. The amount of anhydrouronic acid gives the purity of
pectin which is not less than 65% for pectin that is used commercially [69].

5.1 Qualitative tests

Colour reader can be used to measure the colour of extracted pectin by plac-
ing lens of reader on sample powder. The colour of the extracted samples can be
compared with that of commercial pectin. Solubility of pectin in different solvents
is measured i.e., solubility in cold and, hot water and alkali like NaOH.

5.2 Quantitative tests

Acetyl content and equivalent weight of pectin can be estimated using NaOH
whereas methoxyl content can be estimated by saponification and titration. Degree
of esterification can be calculated from methoxyl content and anhydrouronic acid
content. After acid hydrolysis, sugar separation can be achieved by thin layer chro-
matography. Intrinsic viscosity of pectin is measured by dissolving pectin in water
and by preparation of solutions of various concentrations [27, 32, 60].

6. Applications

Pectin being a great inert, biodegradable and biocompatible complex, is widely
used in various fields such as in textiles, food industries as gelling agents, pharma-
ceuticals and other products as well [70]. Pectin are used as biomaterials in gene
delivery [71], application in oral drug delivery [72], as edible coating for food
packaging [25], biomass yield and bio refinery [21, 22]. It also has applications in
tissue engineering as scaffolds [73], in paper and textile industries for the prepara-
tion of ultracentrifugation membrane [74].

6.1 As food product
From the very early period of time, pectin had become one of the major natural
constituents of human food, and they have been widely used as a gelling agent for

jams and jellies. In jam processing, fruits are cooked properly in order to release
juice and pectin which converts the proto-pectin into soluble pectin [19]. Pectins
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are also used as a substitute of sugar in jams that are made without sugar, using

LM (low methoxy) pectin due to its stability in acidic condition. Pectin is widely
used for making instant jellies for bakery production these are made with the use of
HM (high methoxy) pectin that are thermally stable, the only difference between
HM and LM pectin is the amount of pectin in the formula, LM requires a higher
amount than that of HM [75]. Other food products like artificial cherries [15], are
used to make different kinds of gel puddings that is made of pectin present in the
fruit syrup and cold milk [25]. Edible coating of food material is also made of pectin
[25]. Pectin is used in beverages as a beverage clouding agent like in diabetic soft
drinks [76]. Pectins are also used in the fruit preparation of yogurt to make it more
soft and to obtain the partial gel texture [77].

6.2 Biomedical application
6.2.1 Pectin as films

The blending of the natural and synthetic polymers is one of the promising
areas of development, this gives new polymeric material with better durability and
resistance. Materials like sponge, hydrogels, encapsulating drugs etc. are produced
by polymer films [32]. Due to development and discovery of natural polymers
scientist have started to form bio-based material rather than synthetic one due to its
physiochemical properties like biodegradability, this shift is mainly caused due to
the environmental issues and concern regarding the heavy use of plastic [78]. Films
of pectin are used to encapsulate and thicken food, and in pharmaceuticals [29].
Hoagland et al. made pectin films with glycerol and lactic acid to prevent fungal
contamination on the laminated films [47]. The similar kind of products were
made by Fisherman et al., where an edible pectin blend film were plasticized with
glycerol, they also suggested that the glass transition at about 50°C was large in case
of pectin films, which indicates that the films were fairly flexible at room tem-
perature [79]. Liu et al., made different varieties of biofilms one each with pectin,
fish skin gelatin and soybean flour protein which in turn resulted in a composite
film that showed an increase in stiffness as well as the strength, whereas decrease
in water solubility and water vapour transmission rate when compared to the film
that was made with pectin alone. They thus suggested that the tensile strength can
be improved by crosslinking the films with methanol or glutaraldehyde [80]. A
bio-reactive substance for tissue regeneration was developed by Liu et al., which
was composed of pectin or PGLA matrix, which demonstrated that pectin was able
to carry signals to molecules, further they suggested that the pectin also helped in
the adhesion of the cell and promotes cell proliferation [35]. Some researches have
reported the use of pectin membranes as a wound dressing material [81].

6.2.2 Drug delivery

In recent years, biomedical application especially in case of drug delivery sys-
tem, the use of natural polymers is preferred over the other types due to their inert
nature and its biocompatibility. Pectin as the natural polymer is a new developed
interest for drug delivery application due to its properties of gel formation in acidic
condition, its mucoadhesiveness and its ability to dissolve in basic environment
[36]. These properties of pectin are applied in different ways such as the mucoadhe-
siveness helps in targeting and controlling the drug delivery especially in the nasal
and gastric environment, where as its ability to dissolve in basic condition helps in
the release of colon related drugs and the formation of gel helps in increasing the
contact time of drug in gastric condition [35, 36]. Recent studies have shown the
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use of LM pectin for nasal drug delivery due to its mucoadhesive property they

have a tendency to bind to the mucin with the help of hydrogen bond [82]. Its use

in the production of fentanyl (painkiller) has also been seen that help in treating
cancer pain which needs rapid drug release [83, 84]. An alternative for smoking
cessation are the nasal pectin containing nicotine [85]. As pectin have resistance
towards proteases and amylases it has been highly preferred as an encapsulating
nanoparticle for drug delivery as most of the proteins are easily degraded by our
digestive enzymes and thus to protect these drugs the use of pectin as an outer cover
that cannot be degraded in the gastrointestinal tract are preferred for colon and oral
drugs [86]. Studies have shown that pectin is able to inhibit cancer metastasis and
primary tumour growth in many animal related cancer [87, 88]. Gal-3 is one of the
important factors controlling cancer progression and metastasis, and pectin has the
ability to recognise these Gal3 components [89]. In a study, citrus pectin was used to
target Gal3 that could inhibit the metastatic successfully [87, 90].

6.2.3 As gene delivery and nanoparticles

The treatment of any genetic disorder is called gene therapy as it deals with the
defected genes that are responsible for the disorder; these are treated by replacing the
defective gene, silencing the unwanted gene expression or by substituting missing
genes and these are carried out with the help of viral or non-viral vectors [36]. The
use of non-viral vectors is preferred over viral due many reasons like biocompatibil-
ity, minimal toxicity and immunogenic reactions of our body [71]. These non-viral
vectors are made of polymers of polycationic, chitosan or even pectin. It has been
observed that the use of carbohydrate mediated products have better binding capac-
ity, to facilitate the uptake by target cell [91-93]. Pectins were found to be suitable as
a coating substance for b-PEI [94, 95]. Opanasopit et al. has also observed the forma-
tion of pectin nanoparticle which in turn helps to entrap the DNA for transfection
[96]. Katav et al., modified pectin with the help of three different amine groups and
these complexes were able to bind with plasmid DNA and there efficiency to transfect
or their potential as a non-viral gene delivery carrier was compared and suggested that
modified pectin has a promising role in gene delivery [71]. Similar type of study was
conducted by Opanaopit et al., where pectin ability as a nanoparticle for gene delivery
were studied and the study suggested the potential use of pectin as delivery vector
to be safe [96]. Pectin has also been used as wound dressing material in the form of
pectin-chitosan based nanoparticles. It has the ability to create an acidic environ-
ment in which the bacteria cannot grow. Burapapadh et al. developed a pectin based
nanoparticle to improve and enhance the drug dissolution of ITZ (Itraconazole) [97].

6.2.4 Pectin-based scaffolds

Scaffolds are 3-D biomaterials that are porous in nature and are designed to be
applied in various fields, few of its basic functions are to promote cell adhesion, to
allow enough nutrients and gases transportation and mainly for tissue engineer-
ing [32]. Tissue engineering mainly involves the use of biocompatible scaffolds
materials to act as a support matrix or to be used as a substrate for delivery of some
compounds. There has been a great research going on to promote tissue reconstruc-
tions. Coimbra et al., prepared pectin based scaffolds to be used for bone tissue
engineering [98]. Similar study was performed by Munarin et al., who examined
the use of pectin as injectable biomaterial for bone tissue engineering [99]. Ninan
et al. were also able to fabricate biopolymer scaffold of pectin and other compounds
using the technique of lyophilisation, thus suggested the use of pectin as ideal
polymeric matrix for tissue engineering [73, 100, 101].

54



Extraction and Purification of Pectin from Agro-Industrial Wastes
DOI: http://dx.doi.org/10.5772/intechopen.85585

7. Conclusion

Pectin is one of the most extensively studied natural biodegradable polymer.
In spite of its availability in a large number of plant species, commercial sources
of pectin are very limited. There is, therefore, a need to explore other sources of
pectin or modify the existing sources to obtain pectin of desired quality attributes.
Current knowledge of the molecular basis of pectin has helped us to understand
some aspects of this complex polysaccharide. Extensive studies must be carried out
to find out more about the biological pathways to devise various efficient means of
pectin extraction that are scalable and can be commercialized. The large variety of
applications as well as the increasing number of studies on pectin suggests that the
potential of pectin as novel and versatile biomaterial will be even more significant
in the future. As the research and development continues in pectin-based products,
we expect to see many innovative and exciting applications.
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Chapter 3

Pectin - Extraction, Purification,
Characterization and Applications

Virginia Rodriguez Robledo and Lucia Isabel Castro Vazquez

Abstract

Fruits, vegetables, and other plant-based foods are particularly important as
they are source of dietary carbohydrates, and therefore much of the energy in
the adult diet. Plant food also contains a wide range of dietary components rich
in bioactive phytochemicals and is essential to the human body that may provide
desirable health benefits beyond basic nutrition. Pectin is one of the nonstarch
polysaccharides (NSPs), which constitutes the major fraction of the plant cell wall
in association and/or substituted with other polysaccharides, and they cover a great
variety of biological functions and chemical structures. Generally, pectin is isolated
from by-products of agro-foods using extraction technologies with the emergence
of novel and effective techniques that inclined toward a cleaner process. Pectin
is widely used both in food sector (as gelling, thickening, and stabilizer agent)
and in pharmaceutical industries (bioactive components) including biomedical
application (drug delivery, tissue engineering, and wound healing) as innovative
applications.

Keywords: new sources, pectin isolations, innovative application, food sector,
tissue engineering, drug delivery

1. Introduction

Pectins represent a group of structurally heteropolysaccharides, composed
mainly by covalently a-1,4-linked D-galacturonic acid (GalA) units, found in pri-
mary cell walls and middle lamella of higher plants [1, 2]. Pectin contributes to the
firmness and structure of plant tissue, being involved in the intercellular adhesion
and mechanical resistance of the cell wall. They also have an important role in the
development of plant cells providing turgidity and resistance [3] Figure 1. These
polysaccharides have been used in the food and beverage industries for many years.
The principal applications of pectin are as a gelling agent, stabilizer, emulsifier, and
thickening agent [4-6].

In the food sector, this traditional usage is being complemented by the
emerging utilization of pectin as a fat replacer and health-promoting functional
ingredient [4, 7, 8]. Pectin also provides an important source of dietary fiber that
has been identified as emerging prebiotic with improved therapeutic properties
for gut microbiota modulation [9-11].

Pectin has also been used for medicine and pharmaceutical purposes as a carrier
for controlled drugs or bioactive release [12], for example, in drug delivery [13, 14].
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Figure 1.
Structure of primary plant cell wall (Copyright Figure 1, [56] ).

2. Pectin chemical structure

Nowadays, there are a consensual classification of pectin based on three main
structural domains: homogalacturonan (HGA), alternating with two types of
highly branched rhamnogalacturonan regions designated as RG-I and RG-II [2].
Other structural classes of pectic polysaccharides also comprise xylogalacturonan,
apiogalacturonan, arabinan, galactan, and arabinogalactan I [15, 16]. The pectin
structure largely governs its physicochemical properties and its applications
for several purposes. In this context, it is important to note that the carboxylic
groups or hydroxyls may be methyl-esterified and/or O-acetyl-esterified [16]. The
O-acetyl-esterification occurs predominantly at the O-3 position and occasionally
at the O-2 position. However, not only these chemical variables are important but
also the composition of neutral sugars, the degree of branching, and the degree of
polymerization (molar weight), which can also modify the structure of this com-
plex polysaccharide [17, 18]. The pectin gelation process is strongly influenced by
the pectin esterification degree (DM). So, depending on the DM of pectin (defined
as percentage of carboxyl groups esterified) [19], two different procedures of pectin
gelation can be distinguished. High-methoxylated pectins (DM > 50%) are pectin
formed in the presence of cosolutes as sucrose, at a concentration > 55%, and under
pH < 3.5 [20]. Low-methoxylated pectins (DM < 50%) are gels created with the
presence of divalent cations, mainly Ca®*. Gelation process is due to the formation
of junction zones between HGA regions of different pectin chains through calcium
bridges between dissociated carboxyl groups [21].

High and low methoxyl pectins have diverse physicochemical properties and
therefore have varied applications. High methoxyl pectin can be used as a gelling
agent, emulsifier, stabilizer, and thickener in the food industry for the production
of jams and jellies. Low methoxyl pectin can be used like a fat replacer, ice cream,
yoghurt, bakery glazing, emulsified meat products, and low calorie products [22].
The diversity of pectin structures influences the physicochemical properties and
also in its different technological applications, biological activities, biofunctional-
ity, and therapeutic properties.

2.1 Homogalacturonan (HGA)

HGA is a linear homopolymer of a-1,4-linked GalA and is known as the “smooth
region.” It is an abundant and widespread domain of pectin, accounting for
approximately 60-65% of total pectin amount [23]. The carboxyl groups present at
C-6 in the GalA units can be partially methyl-esterified. Around 70-80% of GalA
units, methyl-esterified could also be O-acetyl-esterified at O-2 or O-3 positions,
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depending on its provenance [2]. The amount of GalA units present in a HGA chain
is estimated to be around 100-200 units [24]. The smooth region can sometimes be
joined by one or two a-1,2-linked L-rhamnopyranose units and most of the pectins
have this structure. In addition, GalA units may be substituted at the C-2 or C-3
positions with residues of xylose or apiose, producing domains known as xylogalac-
turonan or apiogalacturonan, respectively [25].

Regarding other structural classes of pectin polysaccharides, xylogalacturonans
(XGAs) are HGA substituted with p-linked-D-xylose-(1-3) at O-3 single unit side
chains [26]. The degree of xylosidation can vary between 25 and 75% for instance
in watermelon and apple, respectively [27]. Part of the GalA residues in XGA is
methyl-esterified independently of the xylose substitutions [28].

2.2 Rhamnogalacturonan I (RG-I)

RG-I comprises a backbone of repeating disaccharide units of [-a-L-Rhap-1,4-a-D-
GalpA-1,2-], [29, 30]. The RG-I backbone may enclose up to 300 rhamnosyl and 300
galactosyluronic acid residues. The composition of neutral sugar side chains can be a
glycosyl residue up to 50, resulting in a large and highly variable family of polysaccha-
rides with a range of glycosidic linkages [23]. The highly branched nature of RG-I has
led to the name “hairy region.” The GalA residues of RG-I could be O-acetyl-esterified
but they are not methyl-esterified [31]. In most cases, rhamnose residues are prefer-
ably substituted at the C-4 position with neutral sugar side chains, like arabinose and
galactose forming arabinan, galactan, and arabinogalactans [2, 32].

Regarding to arabinogalactans, RG-I with galactose and arabinose side chains
possess two structural different forms designed as arabinogalactans I (AGI) and
arabinogalactans IT (AGII). The AGI consist in a linear chain of 1,4-linked p-D-
galactose, containing up to 25% a-L-arabinose residues 1,5-linked in short side
chains, connected predominantly to O-4 of the rhamnosyl residues [1]. This type of
arabinogalactan has been widely spread in citrus, apple, potatoes, soybean, lupin,
cabbage, onion, tomato, and kiwi. It is know that HG and RGI are covalently linked
and cannot be separated without a chain-cleavage using, for example, enzymes such
as endopolygalacturonase or chromatographic fractionation methods [33]. AGII
similarly contains chains of f-D-galactopyranosyl units, but glycosidic linkages
occur at C-1, C-3, and C-6 in galactose molecules [34]. This type of arabinogalactan
is highly ramified, and it may also include an L-arabinopyranosyl residue at the end
of the chain of -1,6-D-galactopyranosyl units.

2.3 Rhamnogalacturonan-II (RG-II)

RG-II is a homopolymer composed of a backbone that consists of 7-11 galact-
uronic acid residues branched with 4 side chains, preferably at C-2 and C-3, which
may include apiose, 2-O-methyl-L-fucose, 2-O-methyl-D-xylose, 3-C-carboxy-5-
deoxy-L-xylose (aceric acid), 3-deoxy-D-manno-octulosonic acid, and 3-deoxy-
D-lyxoheptulosaric acid [15, 35]. The side chains of RGII consist of 12 different
types of sugars with over 20 different linkages [2]. The RGII, the most structurally
complex pectin domain, is highly conserved across many plant sources. In addition,
RG-II has the ability to form borate esters dimers [36].

3. Food sources

Nowadays, fruit and some food by-products can be considered as raw materials
to produce value-added products enriched with pectin. Pectin is not only a gelling
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agent but also a thickening, stabilizing, and emulsifying agent [37], and even it

has been used as a fat replacer and health-promoting functional ingredient [4, 8].
Thus, pectin must be taken into account within the set of new opportunities for the
development of innovative products.

3.1 Conventional sources

Historically, commercial pectin is mostly extracted from citrus peel (85.5%),
followed by apple pomace (14.0%) and, to a smaller extent, of the sugar industry
(0.5%) [7, 38-42]. In the cases of apple, citrus, and sugar beet, where the backbone
of HG is formed by at least 72-100 D-galacturonic acid residues, the degree of
methylation is one of the key parameters related to gelling aptitude. The gelation
process is affected by factors including the number and distribution of free car-
boxyl groups and the molecular weight, but also by other factors as calcium concen-
tration, pH, ionic strength, and temperature [1, 43].

Regarding to citrus fruit, the amount of pectin has been estimated to account
for as much as 13.4-29.1% of the dry weight [44]. The yield of pectin recovery
from lime, orange, lemon and, lime peels using enzymatic extraction showed no
significant effect compared with the extraction yields obtained using acid isolation
technique [45].

The second most used source of pectin is apple pulp and apple pomace contain-
ing among 4.2-19% of pectin rich in neutral sugars as arabinose, galactose, rham-
nose, glucose, and xylose [42]. Apple pectin displays a more elastic-viscous gel;
however, citrus pectin produces a more elastic-brittle gel [46, 47].

Sugar beet pulp is also considered as an outstanding low cost source for com-
mercial pectin coming from the sugar industry activity [32]. The combined effect
of reduced pH, increased temperature, extraction time, and solvent-solid relation
of the extraction process have been related with higher recovery rates of sugar beet
pectin ranged between 6.5 and 24.8% [48]. Sugar beet pectin are characterized
by showing a diminished gelling properties that have been attributed to its higher
acetyl group content, lower molecular weight, higher amount of proteins bound
covalently in the lateral chains and greater neutral sugar level [49-51]. Nevertheless,
sugar beet pectin processes remarkable emulsifying properties, greater to pectin
extracted from other conventional sources, as consequence of the ferulic acid
residues on the arabinan side chains of RG-I, which allow to create covalently cross-
linked hydrogels increasing its industrial potential [52, 53].

3.2 Nonconventional sources

Currently, other vegetable wastes constitute a new source of pectin with inter-
esting food applications as valorizing new products and as functional ingredient
with health-promoting benefits [54-56]. Nowadays, there are several unconven-
tional feasible sources of pectin coming from food, vegetable residues, and plant
species, which have different pectin contents and physicochemical properties. In
this sense, sunflower head residues possess a very interesting gelling properties
based on its high molecular weight and high GalA content. This kind of pectin
contains around 3.5-5.0% water soluble high-methoxyl pectin and between 12 and
14% of insoluble low-methoxyl pectin [57].

Pectin from olive pomace, a semi-solid by-product from the olive oil industry
has low molecular weight and high content of neutral sugars (as beet pectin) and
a high percentage of acetylation, which facilitate the formation of gel by ionic
interactions with calcium [58, 59]. Among 5-8% of pectin from olive pomace have
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Extraction Plant Operating conditions Pectin  Effect onyield and quality Ref.
technique  source content
(%)
Solvent Cocoa Solvent: water, citric 3.38-12.60 The highest pectin yield (7.62%) [86]
extraction  husks acid or hydrochloric was obtained using citric acid
(SE) acid; pH: 2.5 or 4.0; (pH 2.5, 95°C, 3.0 h), while the
temperature: 50 or highest uronic acid content in
95°C; time: 1.50r 3.0 h pectin (65.20%) resulted by using
water (95°C, 3.0 h). Extraction with
citric acid produced pectin witha
wider DM range.
Sour Solvent: water; liquid/ 1795  Theyield of pectin extracted atthe  [87]
orange solid ratio: 20:1, optimal condition (95°C, 90 min,
peel 30:1, or 40:1 (v/w); and liquid/solid ratio of 25:1) was
temperature: 75, 85, or 18.35%. GalA content and DE of the
95°C; time: 30, 60, or extracted pectin ranged from 57 to
90 min 83%, and 17-30.5%, respectively.
Durian Solvent: water; solid/ 910 Under optimal conditions (solid/ [88]
rinds liquid ratio: 1:5-1:15 liquid ratio of 1:10 g/mL, pH of 2.8,
(g/mL); pH: 2-3; 43 min, 86°C)
temperature: 75-95°C;
time: 20-60 min
Lime peel ~ Solvent: water: nitric 157 Higher pectin solution [89]
acid; pH: 1.5,2.3, or 3.1; concentrations were obtained at
temperature: 60, 70, the lower pH values. Increased
or 80°C temperature and especially
acidity caused a faster decrease of
DE, effect that was particularly
significant during extractions at
Apple Enzymes: endo- 6.85 Treatment with endo-xylanase [90]
pomace xylanase and resulted in the highest pectin yield
endo-cellulaseb; solid/ (19.8%) and very high DM (73.4%).
liquid ratio: 1 g/15 mL; Pectin extracted by endo-cellulase
enzyme dose: 50 U/g; treatment was characterized by
pH: 5.0; temperature: the high GalA content (70.5%).
40°C; time: 10 h Simultaneous use of both enzymatic
preparations resulted ina 10.2%
extraction yield and a pectin rich in
galacturonic acid (74.7%).
Rapeseed ~Commercial enzymes: 6.85 Pectin yield (6.85%) without [91]
cake celluclast and alcalase; significant loss of GalA was a
enzyme/rapeseed cake 1:50 enzyme/RSC ratio with a
ratio: 1:50-1:65 (v/w); celluclast/alcalase ratio of 1:4 for a
celluclast/alcalase ratio: 270 min hydrolysis time. Enzymes
0:5, 1:4, 2:3, 3:2, 4:1, or indicated different functions:
5:0 (v/v); time: 90, 180, alcalase led to the destruction of
270, 360, or 450 min protein-carbohydrate complexes,
while celluclast slightly cleaved
some linkages of carbohydrate.
Lime peel ~Enzymes: Laminex 23 Laminex C2K preparation [92]

C2K, Multifect B,
GC220, and GC880; pH:
3.5-6.5; temperature:
40-70°C

proved to the most effective,

as in optimum conditions (4 h
treatment at pH 3.5, 50°C) gave a
high yield (23%) and a pectin with
good composition and properties
(gelling, stabilization).
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Extraction Plant Operating conditions Pectin  Effect onyield and quality Ref.
technique  source content
(%)
Ultrasound- Passion Extraction solvent: 10.0-  The highest pectin yield (12.67%) [63]
assisted fruitpeel 1.0 mol/L HNO3; 30.30 was obtained at 85°C and a power
extraction pH 2.0, peel/solvent intensity of 664 W/em?. Despite the
(UAE) ratio of 1:30 (g/mL); fact that pectin isolation reached
temperature: 45-85°C; the highest level, the isolate did not
power intensity: display the best composition, as
132.8-664.0 W/cm?; the GalA content and DE showed
time and frequency minimum values.
(constant): 10 min,
20 kHz
Mango Extraction solvent: 9.20-31.80 Extraction yield of pectins [93,
peel citric acid, pH 2.5, varied greatly with the increase 94]
peel-solvent ratio of in temperature, from 2.09%
1:40 (g/mL), time and (at 20°C) to 17.15% (at 85°C).
frequency (constant): A significant influence of
15 min, 20 kHz; temperature was also observed for
temperature: 20 or 85°C GalA content (increase from 29.35
to 53.35%) and molecular weight
(increase from 378.4 to 2320 kDa).
Jack fruit  Extraction solvent: 8.94-14.5 Optimal conditions for the [95]
peel distilled water); extraction were: liquid-solid ratio
liquid-solid ratio: of 15:1 mL/g, pH of 1.6, sonication
10:1-20:1 (mL/g) pH: time of 24 min, and temperature
1-2; sonication time: of 60°C.
15-30 min; extraction
temperature: 50-70°C
Grapefruit Emitter surface: 13 mm 215 Heating significantly improved the [8]
peel or 25 mm; power extractability and extraction rate
density: 0.20-0.53 W/ of pectin, leading to higher yield
mL; duty cycle: (26.74%) in shorter extraction
33-80%; temperature: time (52 min). The optimized
30-80°C; solid-liquid parameters were: ultrasound
ratio: 1/30-1/70 (g/ power density 0.40 W/mL, duty
mL); sonication time: cycle 50%, temperature 60°C, S/L
10-60 min 1/50 g/mL.
Subcritical ~ Apple Solid to liquid ratio of ~ 14.0-21.9 The highest yield (21.95%) of citrus [96]
water pomace 1:30 g/mL, extraction pectin (68.88% GalA content) was
extraction  andcitrus time of 5 min obtained at 120°C, and the highest
(SWE) peel (constant); extraction yield of apple pectin (16.68%) was
temperature: 130, 150, gained at 150°C.
or 170°C for apple
pomace; 100, 120, or
140°C for citrus peel
Sugar beet Temperature: 110, 120, 6.5-24.8 Increase in all parameters [48,
pulp or 130°C; extraction enhanced the extraction up 971

time: 20, 30, or 40 min;
liquid/solid ratio:

30, 40, or 50 (w/w);
extraction pressure: 8,
10, or 12 MPa

to a certain level past which a
decrease of pectin recovery was
recorded. The optimum extraction
conditions to obtain a maximum
yield of 24.63% (with 59.12% GalA
and 21.66% arabinose content)
were as follows: L/S ratio of 44.03,
120.72°C extraction temperature,
extraction time of 30.49 min and
extraction pressure of 10.70 MPa.
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Extraction Plant Operating conditions Pectin  Effect onyield and quality Ref.
technique  source content
(%)
Microwave- Waste Microwave power: 320, 1111~  All the process variables had [98,
assisted Ppapaya 480, or 640 W pH: 1, 2, 49.83  significant effect on pectin yield. 99]
extraction  peel or 3; time: 20, 100, or The optimal conditions for reaching
(MAE) 180 s; solid-liquid ratio: amaximum pectin yield (25.41%)
1:5, 1:15, or 1:25 g/mL were: microwave power of 512 W,
pH of 1.8, time of 140 s, and solid-
liquid ratio of 1:15 g/mL.
Waste Microwave power: 160,  9.20-31.80 For all process parameters, a [88]
mango 320, or 480 W; pH: 2, 3, similar influence was observed: the
peel or 4; time: 60, 120, or increase in their level was positively
180 s; solid-liquid ratio: correlated with the pectin yield up
1:10, 1:20, or 1:30 g/mL to a certain point, beyond which
their effect on pectin extraction
was negative. The maximum pectin
yield (28.86%) could be obtained at
a microwave power of 413 W, pH of
2.7, time of 134 s, and solid-liquid
ratio of 1:18 g/mL
Tangerine Microwave power: 19.9 The optimal extraction parameters  [47]
peels 600, 700, or 800 W; were: microwave power 704 W,
temperature: 40, 50, 52.2°C, extraction temperature, and
or 60°C; time: 30, 40 extraction time of 41.8 min
or50s
Opuntia ~ Microwave power: 200, 1256  The optimum conditions to obtain ~ [100]
ficus- 400, or 600 W pH: 1.5, a maximum pectin recovery of
indica 2.25, or 3; time: 1, 2, or 12.56% were 2.16 min, pH 2.26,
cladodes 3 min; solid-liquid ratio: 517 W microwave power and

2:20, 2:35, or 2:50 g/mL

2 g/30.66 mL of solid-liquid ratio.
FTIR analysis indicated a GalA
content of 34.4% and no alterations
in the chemical structure of pectin
following microwave treatment.

Extraction techniques and their effects on pectin yield. Adapted from [56].

Table 1.

Main sources of commercial pectin.

suitable emulsifying properties for commercial uses and also possess antioxidant
and functional properties for its high dietary fiber levels. Carrot pomace and carrot
peel, resulting from juice production, are vegetable wastes that possess approxi-
mately 22-25% of the total dietary fiber (29.6%) [60]. Pectin from carrot peels
displays a very high level of linearity, a lower DM, and a better solubility than pectin
extracted from carrot pomace [54] what makes it especially interesting for gelling

mechanisms.

Pumpkin pulp and peel showed 7.46% of pectin under extraction at pH 4 with
EDTA as chelating agent [61]. Moreover, the pumpkin cake is suggested to have a
positive effect on gut bacteria [62]. In the same way, pectin from banana peels com-
prises around 1/4 of total fruit weight and contains a low amount of water-soluble
pectin for gelling, thickening, or stabilizing purposes [63].

Watermelon rinds, which account for approximately one-third of total fruit
mass and are usually discarded, were proposed as another possible source of
pectin. The pectin content of wet watermelon rinds has displayed 19-21% (w/w)
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[64] revealing its potential for use in the food industry. Both fresh and lyophilized
watermelon pectin have showed high degree of methyl esterification and low molar
mass [65]. These properties reveal its suitable application as emulsifier, stabilizing
agent, and thickening agents.

Tomato residues, coming from the canning industry, lead large quantities of
tomato pomace and tomato peels that contain 7.55 and 22.6% of pectin, respectively,
expressed on a dry weight [66]. The structure of pectin molecules isolated from
unripe tomato consist in complex biopolymer consists of HGs held together by RG-I
regions [67, 68].

Another unconventional pectin sources are summarized in Table 1.

4. Pectin isolation process

Since pectin is a native polysaccharide that is found in the cell wall and middle
lamellae of many land-growing plants, especially fruits and vegetables, an extrac-
tion process for its isolation is mandatory. The innovative applications (food and
nonfood) that we will discuss in the following pages begin definitely with pectin
isolation from the plant, fruit, or vegetal material.

This entire pectin production process is well documented in the literature and
includes a raw material pretreatment stage, an extraction operation, and a postex-
traction stage (Figure 2). Generally, pectin is isolated by using chemical extrac-
tion process from by-products of agro-foods also called “Conventional Method.”
However, these methods require the disposal of, for example, acidic waste water
that can cause serious environmental problems [69]. Currently, in connection with
the emerging concept of “Green Chemistry,” several novel or nonconventional
extraction methods and more effective techniques have been developed for pectin
extraction (Table1).

4.1 Chemical extraction methods

Chemical extraction using acids are the most commonly employed methods in
the production of pectin, and it has an impact on content and composition both of
pectin monomeric as xylose, arabinose, and galacturonic acid and physicochemical
properties (emulsifying activity and viscosity, among others) [70].

For example, the acid extraction from pumpkin pulp and peel using pH 4 with
EDTA showed around 7.5% of pectin as chelating agent [61]. Higher yields of pectin
were obtained (up to 200 mg g™") by combining the acid extraction with a micro-
wave extraction, and those also displayed a large amount of phenolic compounds,
proteins, and neutral sugars [18].

Other example for extraction yield of carrot pectin can range from 5.0 to 15.2%
depending on parameters such as pH, temperature, heating time, sample prov-
enance, and liquid/solid ratio [71].

The composition of the pectin from fabas and beans varied according to the
extraction conditions: the neutral sugar galactose, arabinose, and rhamnose
increased under slighter extraction conditions while glucose, mannose, and xylose
sugars predominated under severe extraction. The maximum yield of extraction
(15.75%) was recorded at pH 1.5 and at a temperature of 85°C for an 80-min extrac-
tion period and solid to liquid (1:25) ratio, while the highest degree of esterification
(54.62%) occurred at pH 2.5 and at temperature of 90°C for a 60-min extraction
period [72].
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Figure 2.
The industrial pectin production process (Copyright Figure 1, [73]).

4.2 Novel technique extraction

Currently, novel and more effective techniques are inclined toward a cleaner
(green or natural) extraction process. Among nonconventional extraction methods
for pectin isolation are found (i) ultrasound-assisted extraction (UAE) (ii) subcriti-
cal water extraction (SWE), and (iii) microwave-assisted extraction (MAE). Table 1
summarizes the main pectin extraction process including solvent extraction (SE).

Other relevant novel technique for pectin isolation is enzyme-assisted extraction
(EAE), which among other benefits, the unavoidable presence of trace chemical
solvents in products from solvent-based extraction processes [73]. The enzymes are
characterized to catalyze reactions such as hydrolysis, with a high level of selectiv-
ity, which either reduces the amount of solvent/chemical needed or increase yield
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for the same amount of solvent [74], in a way that is not feasible with acid-based
hydrolysis. A distinction is possible between two approaches of EAE of pectin: (i)
using enzymes that degrade pectin and help isolate pectin fragments, for example,
galacturonic acid and (ii) using enzymes capable of deconstructing plant cell wall
and isolating pectin [75].

Concretely combined enzymatic and ultrasonic treatment has been evaluated
for efficient extraction of pectin in comparison with other extraction methods.
The sequential treatment proposed by Yang et al. with enzyme (Celluclast 1.5 L)
followed by ultrasound of sisal waste attained a much higher pectin yield of 31.1%
than the ultrasound followed by enzyme, 14.6%. The pectin yield attained with the
combined enzymatic/ultrasonic extraction was also higher than enzymatic extrac-
tion (9.4%), ultrasonic extraction (11.9%), and acidic extraction (5.8%) [76].

5. Innovative applications

Main pectin applications have been focused to food sector, while nonfood
applications are currently presented as innovative alternative. Nonfood applica-
tion includes the use in medical and pharmaceutical industries, where the health
promoting benefits and bioactivities of pectin has shown potential for biomedical
applications including drug delivery, tissue engineering, and wound healing [77].

5.1 Food sector

In the food sector, pectin traditional usage as a gelling agent, thickening agent,
and stabilizer is being complemented by the emerging utilization of pectin as a fat
replacer and also as health-promoting functional ingredient [4, 7, 8, 56].

Apple pomace and citrus peel remain the main sources for the production of
commercial pectins, although other sources are being considered (Table 1) to the
rising demand and growing interest for the development of innovative products
[20, 55, 56].

5.2 Nonfood pectin applications

Nonfood applications include the use of pectin in pharmaceutical industry,
where pectin bioactivity has shown an outstanding potential for biomedical appli-
cations as bioactive components [12] and also includes drug and gene delivery
[13, 14], tissue engineering [2], and wound healing patches [56].

Within biomedical application, drug delivery systems improve the conventional
drug administration as they provide iz situ controlled and sustained release of
active biomolecules. For most drug delivery systems, natural polymers, where
pectin is included, are employed as inert, biocompatible carriers. These compounds
have interesting properties such as the mucoadhesiveness, the ease of dissolution in
basic environments associated to its resistance to proteases and amylases, making
pectin suitable to release drugs in the colon [77]. And the ability to form gels in acid
environments, instead, enhances the contact time of drugs for gastric or ocular
treatments [78, 79]. Furthermore, pectin has been found to recognize galectin
molecules, which are involved in different stages of cancer pathologies, being
particularly appealing to target tumor cells for chemiotherapic treatments [80].

Furthermore, pectin has been described as an emerging prebiotic with the
ability to modulate the bacterial composition of the colon microbiota [81] being
able to exert beneficial effects on health [70]. The prebiotic activity is one of
the most outstanding health benefits. Pectin, indigestible food-ingredients, has
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Type of dressing Composition

Hydrocolloid sheets, uses: cavity or flat shallow wounds with low to medium exudates; absorbent;
conformable; suitable for “problematic” areas: heel, elbow, sacrum

CombiDERM® (ConvaTec Ltd.) Cellulose, pectin, Salsorb90 (acrylic polymer)

DuoDERM® (ConvaTec Ltd.) Carboxymethylcellulose, pectin, propylene
glycol

Granuflex® (ConvaTec Ltd.) Polyurethane foam sheet coated with pectin,

gelatin and carboxymethylcellulose

Hydrocoll® (Hartmann) Pectin, gelatin and carboxymethylcellulose

Hydrocolloid paste, uses: useful debriding agent, conformable, may be left in place for several days

GranuGel® paste (ConvaTec Ltd.) Pectin, carboxymethylcellulose, propylene
glycol
CitruGel® (Advances medical) Pectin, carboxymethylcellulose
Table 2.

Pectin-containing hydrocolloid wound dressing (Copyright Table 4, [77]).

considered as an emerging prebiotic that possess prebiotic effect into the colon
microbiota [9-11]. The beneficial effects of the pectin-derived oligosaccharides are
essentially explained by the positive effects caused into bacterial population [82].
The consumption of pectins generates increasing levels of acetate, propionate, and
butyrate, derived from the intestinal fermentation of pectin. These short-chain
fatty acids possess an outstanding role in the prevention and treatment of metabolic
syndrome, diarrhea, and intestinal disorders mainly Crohn’s disease and ulcerative
colitis [83]. An example is the pumpkin cake, which is suggested to have a positive
effect on gut bacteria [62].

Natural polymers have been employed as scaffolds to stimulate specific cell
functions and to direct cell-cell interactions [77]. Few studies report the use of
pectin for tissue regeneration; however, pectin hydrogels were found to have a great
potential for bone tissue engineering applications, as they promote the nucleation
of a mineral phase if immersed in adequate physiological solutions [84], with the
formation of biomimetic constructs better mimicking the natural architecture of
the bone [77].

Finally, other innovative applications in biomedical area are focused to wound
healing patches. Hydrogel films on wounds or ulcers were aimed to prevent bacte-
rial infection, support the autolytic debridement, and maintain a moist healing
environment [77]. The natural properties of pectin impart several advantages to the
wound dressings, such as hydrophilicity, which permits the removal of exudates,
the retention of an acid environment, which may act as barrier against bacteria,
and the ability for binding active molecules as drugs or growth factors to heal the
wounds. As a wound heals, the cells around it are stimulated by growth factors to
proliferate and grow into the wound [85].

A wide variety of hydrocolloid pectin-based wound dressings have been pat-
ented and are nowadays commercially available (Table 2).
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Chapter 4

Role of Pectin in Food Processing
and Food Packaging

Thiraviam Vanitha and Mahejibin Khan

Abstract

Pectin is a branched heteropolysaccharide consisting of long-chain galacturonan
segments and other neutral sugars such as rhamnose, arabinose, galactose, and
xylose. It forms a matrix with celluloses and hemicelluloses and contributes to the
cell structure. Due to the presence of several sugar moieties and different levels
of methyl esterification, pectin does not have defined molecular weight like other
polysaccharides. Pectin has wide applications. It is used as emulsifier, gelling agent,
thickener, stabilizer, and fat or sugar replacer in low-calorie foods. Pectin and pectin-
derived oligosaccharides can also be used as an important ingredient in functional
foods. In recent past, a new application envisaged for pectin polymers as edible films
or coating. These films act as natural barrier for exchange of moisture, gases, lipids,
and volatiles between food and environment, and protect fruits and vegetable from
microbial contamination. The degree of esterification of pectin and other structural
modifications defines the functional properties. Herein, various functional proper-
ties of pectin in relation to food processing and packaging are discussed.

Keywords: pectin, pectin oligosaccharide, food emulsifier, edible films,
functional food, food stabilizer, emulsified food

1. Introduction

Pectin is the major constituent of all plants and makes up approximately two-third
of the dry mass of plant primary cell walls. It provides structural integrity, strength,
and flexibility to the cell wall and acts as barrier to the external environment [1].
Pectin is also a natural component of all omnivorous diet and is an important source
of dietary fiber. Due to the resistant in digestive system and lack of pectin digestive
enzymes, human beings are not able to digest pectin directly but microorganism pres-
ent in large intestine can easily assimilate the pectin and convert it into soluble fibers.
These oligosaccharides promote beneficial microbiota in gut and also help in lipid and
fat metabolism, glycemic regulation, etc. [2]. Being complex and highly diverse in
structure, role of pectin is not only limited to the biological and physiological func-
tions, but it has tremendous potential and contributes substantially in other applica-
tions ranging from food processing to pharmaceuticals. Pectin is a water-soluble fiber
and used in various food as emulsifier, stabilizer, gelling, and thickening agent.

Commercial pectins are extracted from citrus and apple fruit. On the basis of
dry mass, apple pomace contains 10-15% pectin, whereas citrus peel possesses
20-30% pectin. However, pectin has also been extracted in higher amount from
several other fruits and their by-products, such as sunflower head, mango peal, soy-
bean hull [3], passion fruit peel [4], sugar beet pulp [5], Akebia trifoliata peel [6],
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peach pomace [7], banana peel [8], chickpea husk [9], and many more [10-23].
Table 1 summarizes the different types of pectin extracted from various horti-
cultural crops. But detection and extraction of pectin in higher concentration is

not sufficient to qualify that fruit as a source of commercial pectin because of the
structural variation and modification in side-chain sugars, and also that pectin from
different sources has different gelling properties.

S. No Source Parts used Extraction Pectin Type of pectin Ref
method used yield (%) (HMP/LMP)
1 Passion Peel APP 14.8% HMP [4]
fruit
2 Banana Peel APP 5-21% HMP (DE, [8]
50-80%)
3 Chick pea Husk Acid 8% LMP (DE, 10%) [9]
extraction,
APP, and freeze
dried
4 Krueo Ma Leaves APP, DPP 21-28% LMP (DE, [11]
Noy 34-42%)
5 Yellow Fruit rind APP, DPP, MPP 3-16% HMP (DE, [12]
Passion 54-59%)
6 Durian Rind APP 2-10.25% HMP (DE, [13]
50-64%)
7 Mulberry Mulberry Extracted 11.88% HMP (MB-DE, [14]
bark with using 60-100% 71.13%); LMP
epidermis isopropanol (MBE-DE,
(MBE) and 24.27%)
without
epidermis
(MB)
8 Yuzu, Pomace Extracted DPP, APP LMP (APP-DE, [16]
citrus with APP (73-8%) 41%; DPP-DE,
family and enzyme 46.3%)
(Viscozy'me®
Lwith1.2 x
10~* fungal
B-glucanase
9 Cacao Husk Extracted with 3.7-8.6% LMP (DE 36.7% [17]
pods 1N HNO; @pH1,DE
at different 44.3% @ pH 3);
pHand HMP (DE 52.4%
precipitated @pH2)
by ethanol and
acetone
10 Cashew Pomace AOP at 10.7-25.3% LMP (DE, [18]
apple different pH 28-46%)
(1.0, 1.5, and
2.0)
11 Cyclea Leaves Extracted with 4-8% HMP (acid [19]
barbata acid and alkali, treated: 65-75%
Miers precipitated DE)
(CBM) the pectin by LMP (Alkali
ethanol treated: 36% DE)
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S. No Source Parts used Extraction Pectin Type of pectin Ref
method used yield (%) (HMP/LMP)

12 Dragon Peel Extracted 18.59% LMP (DE, [20]
fruit using HCI, 46.95%)
precipitated
and purified
with 70
and 99.6%

isopropanol.

13 Jackfruit Peel Ultrasonic- 21.5% HMP (DE, [22]
microwave- 62.5%)
assisted
extracted
(UMAE) pectin

14 Potato Pulp Extracted 4.08- LMP (DE, [23]
with different 14.34% 21.51-37.45%)
acidsand
precipitated by
ethanol

APP, alcohol-precipitated pectin; MPE, metal ion-precipitated pectin; DPE, dialyzed precipitated pectin.

Table 1.
High methoxyl pectins (HMP) and low methoxyl pectins (LMP) from various hovticultural crops.

2. Pectin structure

Pectin is a highly complex plant cell wall polysaccharide that plays a significant
role in plant growth and development. It is predominantly present in fruits and
vegetables and constitutes approximately 35-40% of the primary cell wall in all
the dicot plants [24]. The composition and structure of pectin is influenced by the
developmental stages of plants [25, 26]. Structural analysis of pectin revealed that it is
a polymer comprised of chain-like configuration of approximately 100-1000 sac-
charide units; therefore, it does not possess a defined structure. In general, pectin is
illustrated as a heteropolysaccharide of three components namely, homogalacturonan
(HG), rhamnogalacturonan-I (RGI), and rhamnogalacturonan-II (RGII) [28, 29].
The Backbone structure may branch with other neutral sugar chains such as arabinan,
xylogalacturonan (XGA), arabinogalactan I (AG-I), and arabinogalactan I (AG-II).

Homogalacturonan (HG) is a polymer of galacturonic acid (GalA), in which
Gal A residues are linked together by a-1-4 glycosidic bond and the number of
GalA residues in HG may vary from 72 to 100% depending on the source of pectin
[30]. For instance, the HG backbone of cashew apple pectin, C. maxima pectin,
sunflower pectin, citrus pectin, comprises of 69.9-85%, 71-75%, 77-85%, 80-95%,
GalA residues, respectively. Amaranth pectin contains more than 80% GalA resi-
dues in HG backbone structure. Furthermore, it was also observed that HG may be
methoxy-esterified at C-6 and/or O-acetylated at the O-2 and/or O-3. Some excep-
tion has also been reported in the detailed structural analysis of HG region of pectin
such as C-3 substitution of the galacturonic acids of HG with xylose in pea, apple,
carrot, duck weed, etc. [31], and C-2 or C-3 with apiose in duck weeds (Lemna
minor) [32]. HG is susceptible to both mechanical and enzymatic deesterification
and degradation.

Rhamnogalacturonan I represents approximately 20-35% of the pectin polysac-
charides. It is the highly branched and heterogeneous polysaccharide which is char-
acterized as repeating units of a-(1 — 2)-linked rhamnose and a- (1 — 4)-linked
GalA residues. It can be O-acetylated at O-2 and/or O-3 positions of GalA residues
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[33, 34]. Pectin from citrus peels, mung bean, kidney bean, apple fruit, and flax
hypocotyls has been reported 100% methyl esterified in the RGI region [35, 36].
The composition of RGI varies in pectin extracted from different sources. In sugar
beet pectin, 80 repeating units of [»2] —a-L-Rha-(1-4)- a-D-GalA-(1-) comprised
the backbone of rhamnogalacturonan I (RG-I), whereas citrus pectin contains only
15-40 repeating units [37]. The polymeric side chains of galactans and arabinans
are substituted at the O-4 position of RG-I backbone. Arabinogalactan I (AG-I)
and arabinogalactan II (AG-II) are also reported to be present as polymeric side
chains [38-40]. The side chains are often referred to as “hairs” and believed to play
an important role in pectin functionality. The loss of side chains may increase the
solubility of the pectin [41]. PGI is prone to enzymatic depolymerization. However,
protease and acid-catalyzed cleavage of RGI has also been reported [28, 42, 43].
The highly conserved polysaccharide of pectin is rhamnogalacturonan II which
constitutes about 10% of the pectin polymer [44]. This polysaccharide is made up
of (1 - 4)-linked-a-D-GalA units containing 12 monosaccharide such as apiose,
acetic acid, 3-deoxy-manno-2-octulosonic acid (KDO), and 3-deoxy-lyxo-2-heptu-
losaric acid (DHA) as side chains [30, 39]. GalA present in backbone of rhamnoga-
lacturonan IT (RG-II) may be methyl esterified at the C-6 position. The percentage
of esterified GalA and acetylated groups in HG chain is termed as the DE and DAc,
respectively. It is proposed that in the early developmental stages of plants, highly
esterified pectin is formed that undergoes some deesterification in the cell wall or
middle lamella. In general, tissue pectin ranges from 60 to 90% DE [45]. Both the
DE and the DAc of pectin may vary depending on the method of extraction and
plant origin [30, 46]. The functional properties of the pectin are determined by
the amount and the distribution of esterified GalA residues in the linear backbone.
Presence and distribution of esterified and nonmethylated GalA in pectin define
the charge on pectin molecules. Based on their degree of esterification (DE), pec-
tins are classified as high methoxy pectins (HMP) or low methoxy pectins (LMP).
DE values of HM pectin range from 60 to 75%, whereas pectin with 20-40% of DE
is referred as LM pectin. It was also observed that solubility, viscosity, and gelation
properties of pectin are correlated and highly dependent on structural features
[47, 48]. Pectin and monovalent salts of pectins are generally soluble in water but
di- and trivalent ions are insoluble. The solubility of pectin in water increases
with decrease in polymer size and increase in methoxy contents. Pectin powder
gets hydrated very fast in water and forms clumps. The solubility of these clumps
is very slow. As the pectin molecules come in contact with water, deesterification
and depolymerization of pectins start spontaneously. The rate of decomposition
of pectin depends on pH and temperature of the solution. As the pH of the solu-
tion decreased, with elevated temperature, ionization of carboxylate groups also
reduced, which suppresses the hydration and repulsion between the polysaccharide
molecules and results in the association of molecules in the form of gels. During
thermal processing, solubilization of pectin is affected by p-elimination which
depolymerized the pectin molecule and reduced its chain length. Small polymers
have poor affinity with cell wall framework and solubilize easily. However, preheat-
ing, as well as reduced moisture contents in thermal processing, adversely affects
the solubility of pectin in water [49, 50].

3. Pectin as food emulsifier
Food additives that are used in food processing to blend two immiscible liquids

to produce a desirable product are known as food emulsifier or emulgent. These
additives act as surface-active agents on the border of immiscible layers and reduce
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oil crystallization and prevent water separation. Emulsifiers are used in large
number of food products such as ice creams, low-fat spreads, yoghurts, margarine,
salad dressings, salty spreads, bakery products, and many other creamy sauces, to
keep them in stable emulsion [27]. Emulsifiers increase the whip-ability of batters,
enhance mouthfeel of the products, and improve texture and shape of the dough.
Moreover, emulsions also help to encapsulate the bioactives [51]. Based on the
disperse phase, there are two types of emulsion: oil in water (O/W) and water in
oil (W/0). Milk, mayonnaise, dressings, and various beverages are some examples
of O/W emulsion, whereas butter and margarine are the typical examples of W/O
emulsion. Progress in hydrocolloid chemistry has resulted in the development of
multitype emulsion such as O/W/O and O/W/O type emulsion (Figure1). These
emulsions are very important for fat reduction or encapsulation of bioactives and
are used in preparation and stabilization of various low-fat creams, seasoning, and
flavoring of sauces [52].

Commonly used emulsifiers in food processing are (i) small-molecular surfac-
tant such as lectithins, derivatives of mono- and diglycerides prepared by mixing
edible oils with glycerin or ethylene oxide, fatty acid derivatives such as glycol
esters, sorbitan esters, polysorbates and (ii) macromolecular emulsifiers that
include proteins and plant-based polymers such as soy polysaccharide, guar gum,
modified starch, pectin, etc. [53]. As far as the properties of food emulsifier are
concern, a good emulsifier should be low in molecular weight, capable to reduce the
surface tension rapidly at interface, and should be soluble in continuous phase [54].
Research on food additives revealed the adverse effect of synthetic food additives on
human being. Chassaing et al. found that polysorbate 80(P80) or carboxy methyl
cellulose (CMC) had adverse effects on gut microbiota and their continuous use
triggered the weight gain and metabolic syndrome after 12 weeks of administration
in mouse [55]. A recent research carried out on mice shows that regular use of P80
and CMC triggers low-grade intestinal inflammation which may ultimately lead to
the development of colon cancer [56]. Therefore, safety issues with the synthetic
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Types of emulsions.
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Emulsion formation and stabilization using polymer as emulgent.

food additives and consumer’s demand for all natural food ingredients have neces-
sitated the use of plant-based emulsifiers and stabilizers in food.

Pectin is a natural hydrocolloid which exhibits wide spectrum of functional
properties. Because of the gelling ability of pectin, it is used as viscosity enhancer.
During emulsification process, pectin molecules adsorb at the fine oil droplets
from at O/W interface and protect the droplet from coalescing with adjacent drops
(short-term stability). The quality of emulsifier is defined by its ability to provide
long-term stability against flocculation and coalescence [27]. Figure 2 depicts
the stages in long-term emulsion formation using pectin as emulgent. When the
viscosity of the continuous phase is increased, the movements of oil droplets
become restricted which improves the shelf life of emulsion [57]. In the past decade,
some pectin has also been reported to exhibit surface active behavior in oil-water
interface and thereby stabilizing the fine oil droplets in emulsion [42, 58]. These
functions of pectin are determined by its source, structural modification during
processing, distribution of functional groups in pectin backbone, and also by vari-
ous extrinsic factors such as pH, temperature, ionic strength, cosolute concentra-
tion, etc. The emulsification or surface active properties of pectin, i.e., formation of
fine oil droplets, are mainly contributed due to the high hydrophobicity of protein
residue present in pectin [46, 59] and also by hydrophobic nature of acetyl, methyl,
and feruloyl esters [42, 60], whereas emulsion-stabilizing ability is attributed to the
carbohydrate moieties and their conformational features [61].

3.1 Mechanism of emulsion formation and stabilization

The mechanism of emulsion formation is shown in Figure 3. Different models
explain the emulsion formation as covalently bound protein moieties in pectin are
adsorbed onto the oil-water interface [46], form anchor points at the interface, and
reduce the interfacial tension while the charged carbohydrate units extend into
the aqueous phase [62] and stabilize by steric and viscosity effects in the aqueous
phase(Figure 3a). Now, it is a well-established fact that pectin from different source
shows variability in structure and protein contents. Leroux et al. identified many
anchor points in sugar beet pectin (SBP) molecules [46], and proposed a loop-and-
tail model (Figure 3b). According to the authors, only a limited amount of protein

90



Role of Pectin in Food Processing and Food Packaging
DOI: http://dx.doi.org/10.5772/intechopen.83677

0il droplet \
in water +

Polvmer
} -.__;t.._xl. s _._d-'-\-ir 7 .‘,_L ‘L.._\
; ' i B r .7 _.-{". e -
' S 1\ o)
\} L S22 () ! W
a b c
Carbohydrate tail Loopand Multilayer
adsorption model tail model adsorption model

Figure 3.
Different models showing pectin adsorption at oil/water interface during emulsion formation.

is adsorbed at the oil surface and acts as main moiety in the stabilization of the
emulsion. This model was further confirmed by Siew and others [62]. The study
was carried out to measure the thickness of the adsorbed SBP on oil-water interface
layer, proposed a multilayer adsorption model (Figure 3c). Electrostatic interac-
tions between the positively charged protein moiety and the negatively charged
carbohydrate moiety were also reported.

Pectin O/W emulsion is generally stabilized through steric and electrostatic
interaction. The carbohydrate moieties and neutral sugar side chains of RG I region
of pectin confer the stability to the pectin emulsions through steric properties of
the adsorbed polymers, when pectin is used as monoemulsifiers. In addition, pectin
reversible association with galactan/arabinogalactan prior to emulsification also
improves the emulsion stability [42, 63]. Electrostatic stabilization of emulsion
is ascribed to sugar moieties and structural features of the HG units of pectin. If
the pH of dispersion medium is above 3.5, nonmethylated carboxylic group of HG
region gets ionized and confers charge on the pectin surface. Interaction of an ionic
surfactant with oil droplets results in electrostatic stabilization [64]. Pectin viscos-
ity also plays an important role in controlling the emulsion stability. HG region-rich
pectin shows higher intrinsic viscosity ([#]); therefore, HG and RG ratio of pectin
and molecular interactions that improve the intrinsic viscosity ([#]) of pectin
solution also contributes in shelf life of emulsion [65, 66]. It has also observed that
structural features of pectin such as pectin protein content, molecular mass, and
presence of ferulic acid, and acetyl group in carbohydrate moieties of pectin also
affect pectin’s emulsifying and emulsion stabilization properties [15]. Williams
et al. showed that ferulic acid-rich pectin did not show significant difference in
emulsifying ability of pectin when compared with pectin poor in ferulic acid [67].
Digestion of sugar beet pectin(SBP) with acidic proteases resulted in formation of
larger size of oil droplet, lower creaming stability, and loss of emulsifying activ-
ity of SBP which confirms that protein contents of SBP play an important role in
emulsifying ability of the polymer [42]. Nevertheless, in other research, it was
also found that protein-rich fractions of SBP did not necessarily displayed better
emulsifying ability; therefore, it was concluded that both protein with carbohydrate
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moiety together help in controlling emulsifying ability of SBP. Castellani et al.
further suggest that both the carbohydrate and protein moieties function together
as unit and affect the hydrophilic-hydrophobic equilibrium of the SBP molecule
[68]. Therefore, when SBP is digested with proteases or other enzyme, a single
moiety may function differently. Furthermore, it was also proposed that protein
folding may also mask the hydrophobic effect of protein and thus affect the overall
properties of the polymers [69].

Molecular weight of pectin has also been reported to affect the emulsifying
capacity of pectin. Pectin with low molecular weight was more efficient in stabiliz-
ing small emulsion droplets than high-molecular weight pectin. However, very small
size of citrus pectin had negative effect on emulsion-stabilizing ability of pectin. It
could be due to the poor steric stabilization of depolymerized polymer [59].

3.2 Pectin-containing emulsion-based food

Emulsion-based food products can be defined as a network of pectin-protein
molecules entrapping the oil droplet in between. Nowadays, a large number of
pectin- and polysaccharide-based emulsified low-fat dairy products, meat products,
spreads or desserts, bakery products, sauces, etc., are available in market. Low-fat
and low-cholesterol mayonnaise, low-fat cottage cheese, low-fat drinking yogurt,
and flavored oil-containing acidified milk drinks are the few examples of pectin-
based emulsified products. These products are prepared by replacing full-fat milk
from skimmed milk, emulsified oil, and whey proteins [70, 71]. A low-fat cheese
was prepared using skimmed milk and water-in-oil-in-water (W;/O/W,) emulsified
canola oil. Different emulsifiers such as amidated low-methoxyl pectins (LMP),
gum arabic (GA), carboxymethylcellulose (CMC), and combinations of GA-CMC
or GA-LMP were used to stabilize the emulsion. Textural characteristics and sensory
evaluation of low-fat cheese show that polymers used to stabilize the emulsion
affected both microcrystalline structure and organoleptic properties. The cheese
prepared using GA and LMP was almost similar in textural characteristics to the full-
fat milk cheese [72]. In another study, Liu et al. compared the textural and structural
features and sensory quality of full-fat and low-fat cheese analogs prepared with or
without the incorporation of pectin [71]. Microstructure analysis using scanning
electron microscopy revealed that full-fat cheese was denser and contained higher
concentration of fat globules than low-fat cheese made with or without pectin.
Comparison within the low-fat cheese analogs showed clear difference in their
hardness, gumminess, chewiness, and adhesiveness. Addition of pectin had positive
effect on textural and sensory attribute and scored better in mouthfeel also.

Low-fat (Lf) mayonnaise was prepared by partial replacement of egg yolk
and incorporation of pectin as emulsifier [73, 74]. Pectin weak gel, pectin micro-
encapsulation, and whey protein isolate were used in preparation of low-fat (Lf)
mayonnaise. Physicochemical and sensory properties of Lf mayonnaise were
compared with full-fat (Ff) mayonnaise; Lf mayonnaise had low energy and more
water contents than Ff. Textural features and rheological properties of the Lf and
Ff mayonnaise were similar and both displayed thixotropic shear thinning behavior
and categorized as weak gels. Moreover, Lf mayonnaise prepared using pectin had
better acceptability than whey protein incorporation [75]. Emulsified oil is used as
an effective delivery system of active compound in functional foods, and also serves
as milk fat replacer in fat-free dairy products. To improve the nutritional value of
food, low-fat dairy products are produced, whereas saturated milk fat is generally
replaced with emulsified-unsaturated vegetable oils [76].

In recent year, pectin in combination with inulin has been reported to prepare
low-fat meat batter. Méndez-Zamora et al. studied the effect of substitution of
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animal fat with different formulations of pectin and inulin on chemical composi-
tion, textural, and sensory properties of frankfurter sausages [77]. Finding of

the research showed that fracturability, gumminess, and chewiness of the low-fat
sauces were slightly lower than those of the control. However, addition of 15%
inulin improves the sensory properties. In a similar work, replacement of pork back
fat with 15% pectin and 15% inulin was found effective in maintaining the physico-
chemical properties and emulsion stability of the low-fat meat batter [78].

4. Pectin as gelling agent

The use of pectin in food products as a gelling agent is a long tradition. Later on,
it was discovered that pectin forms different types of viscoelastic solution under
suitable conditions. This property of pectin is commercially exploited in prepara-
tion of jams, jellies, and marmalades. Rheological behaviors of pectin depend
on pectin source, its degree of methylation, distribution of nonmethylated GalA
unit on pectin backbone, and degree of acetylation, and also on various extrinsic
factors such as temperature, pH, concentration, and presence of divalent ions. At
a constant pH, the setting time of pectin increases with decreasing DM and degree
of blockiness (DB) in the absence of bivalent ions [79]. Therefore, on the basis of
gelling process, pectin is classified as rapid, medium, and slow set pectin [80].

Gelling process of pectin and its stabilization follows different mechanisms for
different types of pectin. HMP form gels in a narrow pH range (2.0-3.5) in the pres-
ence of sucrose at a concentration higher than 55% w/v in medium. During the gelatin
process of HMP, junction zones are formed due to the cross-linking of two or more
pectin molecules. These junctions are stabilized by weak molecular interaction such
as hydrogen and hydrophobic bonds between polar and nonpolar methyl-esterified
groups and require high sugar concentration and low pH [81]. These gels are thermally
reversible. LMP can form gel over a wide pH range (2.0-6.0) independent of sucrose,
but requires divalent ion, such as calcium [82, 83]. LMP follow the eggbox model for
its gelation, where positively charged calcium ions (Ca**) are entrapped in between
the negatively charged carboxylic group of pectin. The zigzag network of Ca** ion and
GalA molecules looks like eggbox, and therefore, model is named as eggbox model
[80]. These gels are stabilized by electrostatic bonds. In the presence of Ca™", calcium
bridges are formed with pectin molecules that make the solution more viscous. At the
higher pH, the ionic strength of the solution is increased and thus more Ca** is needed
for gelation. In case of highly acetylated pectin such as sugar beet, acetyl groups cause
steric hindrances and interfere with the Ca** ion and GalA bond formation, thus pre-
venting gel formation. Kuuva et al. [84] reported that enzymatic modification in pec-
tin structure, i.e., removal of acetyl groups using a-arabinofuranosidase (a-Afases)
and acetyl esterase enzymes, can improve the gelling property of acetylated pectin.

HMP are generally used in preparation of standard jams where sugar contents
are above 55%, high-quality, tender confectionary jellies, fruit pastes, etc. LMP do
not require sugar for its gelatin and therefore preferred choice for the production
of low-calorie food products such as milk desserts, jams, jellies, and preserves,

[28, 85]. LM pectins are more stable in low pH and high temperature conditions as
compare to HM pectins and can be stored for more than a year.

5. Pectin in food packaging

Food packaging is one of the fastest growing segments of food industry.
Traditionally, packaging system was limited to the containers and packaging
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material to transport the food items from manufacturer to the retail market and then
to the consumers. Such type of packaging was unable to contribute in the extension
of the shelf life and maintenance of the quality of the products. Due to the global-
ization of food market and increasing demand of shelf-stable processed food that
retains the natural properties of food, the need of functional/active packaging mate-
rial is increasing. To meet the industrial demand, a number of polymers are being
synthesized and used in food packaging because of their flexibility, versatility, and
cost effectiveness. Although, synthetic materials are able to fulfill all the industrial
needs and keep food fresh and safe by protecting them from abiotic factors such as
moisture, heat, oxygen, unpleasant odor, and biotic components such as micro- and
macroorganisms. But, disposal of nonbiodegradable packaging material is a serious
problem which poses a threat to the environment. Therefore, more research has been
focused on the development of biodegradable packaging for food packaging applica-
tions using poly (lactic acid) (PLA), poly(hydroxyalkanoates) (PHAs), starch, etc.
[86]. Among all the natural polymers, polysaccharides are gaining more attention as
they are versatile in nature and easily available in relatively low cost.

A variety of natural polysaccharides, such as pectin, chitosan derivatives,
alginate, cellulose, seaweed extract, and starch are usually used in the preparation
of edible films and coatings [87]. Pectin is one of the most significant renewable
natural polymers which are the main component of all the biomass and ubiquitous
in nature. Being flexible in nature, pectin and its derivatives are used in many
biodegradable packaging materials that serve as moisture, oil, and aroma barrier,
reduce respiration rate and oxidation of food [88]. Pectin along with food grade
emulsifiers is also used in the preparation of edible films. These films are used in
fresh and minimally processed, fruits and vegetables, foods and food products
as pectin is the main component of the omnivorous diet and can be metabolized.
Edible coating protects the nutritional properties of the food and also saves highly
perishable food from the enzymatic browning, off-flavor development, aroma loss,
retards lipid migration, and reduces pathogen attack during storage.

At low pH, LM pectins are cross-linked with calcium cations and form hard gels.
These gels have highly stable structure and act as water barriers. Because of these
properties, LM pectin films are used as edible coatings [88, 89]. Extension of shelf
life of avocado fruits was also reported to over a month at 10°C by using edible pec-
tin films. It was found that when avocados were coated with edible pectin films and
stored at 10°C, rate of oxygen absorption and rate of respiration decreased which
results in delaying of texture and color change of fruits [90]. Oms-Oliu et al. used
calcium chloride and sunflower oil cross-linked with LM pectin films onto fresh-cut
melon to see the effect on extension of shelf life of cut fruits [91]. It was observed
that edible pectin films maintained the initial firmness, decrease the wounding
stress of fresh-cut fruits, and prevent the dehydration during storage up to 15 days
at 4°C but could not reduce the microbial growth onto the fresh melon. It has been
observed that to reduce the respiration rate and to prevent the off-flavor develop-
ment, different pectin and emulsifier formations are required for different fruits.
Edible coating film formulation consisted on pectin, sorbitol, and bee wax was suc-
cessfully used by Moalemiyan et al. to keep the fresh-cut mangoes in original state
for over 2 weeks [92]. Whereas in a similar study, pectin coating containing sucrose
and calcium lactate was able to prevent the fruits’ respiration rate and maintain
sensory properties in fresh melon fruits for up to 14 days storage at 5°C. In a similar
study [93], pectin edible coating solution containing pectin (3%), glycerol (2.5%),
polyvinyl alcohol (1.25%), and citric acid (1%) was prepared and applied on sapota
fruits by dipping method and uncoated sapota fruits were used as control. Both
the treated and control fruits were stored at 30 + 3°C. Physicochemical parameters
namely, weight, color, firmness, acidity, TSS, pH, and ascorbic acid contents of
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both the coated and control fruits were measured at regular interval up to 11th day
of the storage at 30 + 3°C. Reduced rate of change in weight loss and other param-
eters were reported in pectin-coated sapota as compared to control fruits and it was
observed that pectin film formulation was able to maintain good quality attributes
and extend the shelf life of pectin-coated sapota fruits up to 11 days of storage at
room temperature, whereas control fruits were edible up to 6 days. Furthermore, it
was also observed that sapota fruits dipped in sodium alginate containing 2% pectin
solution for 2 min were more effective in maintaining the organoleptic properties
up to 30 days of refrigerated storage as compared to sapota fruits dipped for 4 min
and untreated sapota fruits [94]. Bayarri et al. developed antimicrobial films using
lysozyme and LM pectin complex. The main purpose of the study was to control the
release of lysozyme in packaged food and to target lysozyme-sensitive bacteria such
as Bacillus and Clostridium. It was observed that in the presence of fungal pectin-
ase, due to the dissociation of pectin linkage, lysozyme activity of films increased
remarkably. Many food-contaminating bacteria are pectinase producing and such
type of films may be used to control food contaminants. These results have opened
new avenues for custom-made biodegradable film [95].

In last few years, some researchers have focused on pectin-based coating con-
taining edible essential to improve the antimicrobial properties and to enhance
the efficiency of the pectin films. Edible coating formulation containing sodium
alginate and pectin (PE) enriched with eugenol (Eug) and citral (Cit) essential
oil at different concentrations was used to increase the shelf life of strawberries.
Physical and organoleptic parameters of coated fruits stored at 10°C for 14 days
show that formulation containing PE 2% + Eug 0.1%; PE 2% + Cit 0.15% was more
suitable than sodium alginate-based formulations [96]. Pectin coating containing
lemon and orange peel essential oils was reported to increase the shelf life and qual-
ity attributes of the strawberry fruits up to 12 days when stored at 5°C. It was also
observed that fruits coated with pectin + 1% orange essence showed less weight loss
and soluble solids as compare to their control during the storage [97]. Sanchis et al.
studied the combined effect of edible pectin coating with active modified atmo-
spheric packaging on fresh-cut “Rojo Brillante” persimmon. Persimmon fruit slices
were coated by dipping in the pectin-based emulsion or in water as control. Both
the treated and control slices were packed under 5 kPa O, (MAP) or under ambient
atmosphere for up to 9 days at 5°C. Various parameters, such as package gas com-
position, color and firmness of slice, polyphenol oxidase activity, were measured
during storage. It was observed that edible coating along with MAP significantly
reduced the CO, emission and O, consumption in the packaged fruits. Furthermore,
coating was also effective in controlling microbial growth and reducing enzymatic
browning and maintains good sensory parameters up to 10 days on storage [98].

Drying is the traditional and oldest method of fruit and vegetable preservation.
It decreases the enzymatic activity, reduces the moisture contents, and protects the
food from microbial attack. However, drying results in loss of nutrients, vitamins,
heat-labile enzymes, modifies the texture, color, and organoleptic quality of dried
fruits and vegetables and therefore diminishes the market value also. Pretreatment
of food products with pectin coatings containing other bioactive compound such
as ascorbic acid, CaCl,, edible gum, etc., before drying or blanching has been
proposed as an effective method to preserve the nutritional as well as organoleptic
quality of dried food [99]. Recent researches have shown that application of pectin
coating could protect the moisture and vitamin C loss in pretreated papaya slice
and osmotic dehydrated pineapple. In one of the research [100], pineapple slice
was pretreated with pectin coating formulation containing (50%)/calcium lactate
(4%)/ascorbic acid (2%) solutions and then dried by hot-air-drying method.
Physicochemical analysis of dried product showed less reduction in vitamin C
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contents as compared to untreated pineapple slice. In a similar work, pectin coating
supplement with vitamin C (1%) was used for precoating of papaya slice. It was
found that incorporation of vitamin C did not affect the drying process. However,
significant increase in vitamin C content was observed in final product [101].

Frying is a method of cooking that causes changes in chemical and physical
parameters of food and enhances the taste. However, high temperature vaporizes
the water of food and affects the nutritional properties due to protein denaturation
and starch gelatinization. The oil uptake during frying is affected by various param-
eters such as type of oil used, frying temperature and duration, product moisture
content, shape, porosity, prefrying treatment, etc. [102]. Surface area and pretreat-
ment of products are the major factors that determine the oil absorbed. Edible coat-
ing has also been used successfully, to reduce the oil uptake during frying in various
deep-fried products. Reduction in oil uptake and improvement of texture and
quality of potato slices was reported by Daraei Garmakhany et al. in 2008. Authors
found that coating of potato slices with pectin, guar, and CMC solutions can reduce
the oil uptake when compared with nontreated potato chips [103]. Similar results
were also obtained by Khalil, where a combination of pectin or sodium alginate
with calcium chlorides significantly reduces the oil uptake of French fries. Coating
formulation of 0.5% calcium chloride and 5% pectin was most effective in reducing
the oil uptake [104]. Kizito et al. used different edible coatings (pectin, carboxy
methyl cellulose, agar, and chitosan) at a concentration of 1-2% for pretreatment of
potato chips, followed by deep frying of chips. Fried chips were analyzed biochemi-
cally and organoleptically to investigate the quality attributes of the products. It was
revealed that all the coating polymers were successful in reducing the oil uptake but
pectin was most effective and reduced oil uptake up to 12.93%, followed by CMC
(11.71%), chitosan (8.28%), and agar (5.25%) and significantly improved moisture
retention of strips (p < 0.05) [105].

6. Conclusion

The application of natural polymers in food industry is increasing day by day.
Researchers are focusing more and more toward the pectin because of the ease-of-
availability, structural flexibility, and versatile composition. Pectin can be sourced
from a number of easily available horticulture crops (Table 1). Pectin is a hydro-
colloid which is used as a food emulsifier, gelling agent, thickener, and stabilizer.
It is the preferred choice of most of the food processors as fat or sugar replacer in
low-calorie foods. In the recent years, increasing demand of ready-to-serve foods,
fresh-cut fruits, and vegetable has opened a new market for edible films. Being
biodegradable and recyclable, a lot of research is being done on pectin-based edible
film formulations. These films reduce the exchange of moisture, gases, lipids, and
volatiles between food and environment, and also serve as protective barrier for
microorganisms.

Even though a lot of information is available regarding pectin structure and
many pectin-based products are available in market, role of many carbohydrate
moieties and their effect on various function of pectin are not yet well defined.
Therefore, it is necessary to understand the structural-function relationship of
pectin and its interactions for developing functional food products.
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Chapter 5

Pectins as Emulsifying Agent on
the Preparation, Characterization,
and Photocatalysis of

Nano-LaCrO;

Rudy Tahan Mangapul Situmeang

Abstract

The use of environmentally friendly chemicals as the emulsifying agent in
the preparation of the advanced materials is a focus and is very interesting to do.
Although the focus is important, the advanced material that is made remains a top
priority regarding characterization and its activity. One of the chemicals for making
advanced and environmentally friendly materials such as LaCrOs; perovskite is
pectin functioning as the emulsifying agent. In general, perovskite compounds
are materials with very wide applications such as fuel cells, electronic equipment,
sensors, magnetic materials, photoluminescent materials, thermic catalysts, and
photocatalysts. Furthermore, the use of various solvents to produce perovskite
compounds with the aim of getting good applications has been done a lot such
as water, alcohols, or other organic solvents, respectively, in mixing precursors
directly, precipitation and coprecipitation, microwave, auto-combustion, sol-gel,
and hydrothermal methods. In this chapter, preparation of LaCrO; using pectin
as an emulsifying agent will be discussed in advance together with characteriza-
tion and application of LaCrOs; in the photocatalytic reaction of dyes and cellulose
conversion.

Keywords: nanoperovskite, pectin, photocatalysis, dyes, cellulose

1. Introduction
1.1 General introduction of pectin

Pectin is a natural organic compound that has unique structure and characteris-
tics. The uniqueness of the pectin structure is seen from its constituents consisting
of three components [1-4], namely, homogalacturonan (HG), rhamnogalacturo-
nan-I (RGI), and rhamnogalacturonan-II (RGII). In principle, the main structure
is RG. Furthermore, the functional groups possessed by pectin are ferulic acid,
methoxy, acetyl esters, and esters. Interactions between the functional groups
that are held provide uniqueness to the characteristics of pectin through hydrogen
bonds, hydrophobic interactions, polyelectrolyte behavior, specific ion interactions,
and even covalent bonds [5, 6] as external cation binding matrices prepared in the
preparation of the advanced material.
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Schematically the binding and distribution of cations dissolved in the pectin
solution can be illustrated as in Figure 1.

In general, pectin can bind various cations with oxidation numbers of +1, +2, and
+3 through various functional groups that belong to one or more pectin molecules,
so that the cations bound are ready to react to produce a compound that will be well-
distributed and the size of the particles produced can reach the nanoscale.

1.2 General introduction of LaCrO;

Perovskite compounds, ABO; (where A = cation of alkali, alkaline earth,
or lanthanide metal and B = cation of transition metal), have unique chemical
and physical properties such as oxidative, magnetic, conductive, refractive,
luminescent, and catalytic. With such interesting and valuable characteristics,
these compounds have been utilized tremendously in electronic devices as a
tuner of the dielectric/ferroelectric responses [7] and an overcomer inefficiency
on photovoltaics and other optoelectronic devices [8], sensors as a hydrazine
detector [9] and ozone sensing property [10], magnetisms as a huge magnetore-
sistance [11] and a magnetoelectric response [12], photoluminescences as a highly
photoluminescent thin film [13] and a light-emitting material [14], catalysts as
CO2/H2 converter into alcohol [15] and pollutant decomposer [16], solid oxide
fuel cells as a self-anode in the next power generator [17] and a good performance
cathode [18], and photocatalysts as a photo-oxidator of benzylic alcohol [19] and
a decomposer of dyes [20].

Perovskite structural material (ABOs) can be synthesized by mixing the oxide
of lanthanide or third main group elements with the oxide of the transition ele-
ments. The cations can fit into both the A and B sites of the perovskite structure. In
principle, the ABO; structure should obey the formulae of Goldschmidt’s tolerance
factor [21], t = 0.71(ra + ro)/ (g + o). This t-value led to the formation of crystal-
line structures such as cubic [22], orthorhombic [23], and hexagonal forms [24].

One of the perovskite materials, lanthanum chromites (LaCrOs), has been
extensively examined due to its applicability as interconnector for solid oxide
fuel cell [25], excellent chemical stabilizer [26], good electrical properties at
high temperature [27], total oxidation catalyst [28], partial oxidation catalyst
[29], oxidative dehydrogenation catalyst [30], and photocatalyst [31]. Nowadays,
various kinds of methods have been utilized to prepare the perovskite compounds
such as hydrothermal [32, 33], precipitation [34, 35], coprecipitation [36, 37],
auto-combustion [38, 39], and sol-gel [40-42]. Among these various kinds of the
preparation methods, sol-gel holds particular importance, since it offers many
advantages over the others. In the sol-gel technique, a homogeneous product is
affected by all steps of preparation such as selection and dissolution of raw mate-
rial, homogeneous mixing, and pH and temperature adjustments. In addition,
these steps led to the opportunity to gain the nanomaterial. Therefore, unique

Figure 1.
Illustration of binding of cations by pectin during the dissolution process.
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physical and chemical properties of nanomaterial will be more feasible to obtain
compared to their micro- and macro-size counterparts in a huge range of updated
technologies [43-45].

Since the transformation of raw materials from the dissolved state into a solid
state is also crucial in the sol-gel method, gelation, as well as solidification, deter-
mines the particle size of the product. To gain the nanomaterial, the agglomeration
should be avoided by controlling carefully the process of both gelation and solidifi-
cation as well as that of thermal treatment.

1.3 Typical property of photocatalyst

In heterogeneous photocatalytic processes, the semiconductors used are
chalcogenide-type semiconductor materials (oxides, TiO,, ZnO, ZrO, and CeO,, or
sulfides, ZnS and CdS). Semiconductors can be used as photocatalyst because they
have a void energy region called band-gap energy, which lies between the conduc-
tion band boundary (LUMO) and the valence band (HOMO) that does not provide
energy for promoting recombination of electrons and holes produced by a photoac-
tivation in these semiconductors.

This semiconductor will function as a catalyst if it is illuminated with photons
that have energy that is equal to or more than the energy bandgap (E,) of the semi-
conductor used (hv > E,). Induction by these rays will excite the electrons (from
the valence to the conduction band) in semiconductor materials [46]. As a result of
the photon illumination, the formation of electron pairs () and holes (h*) which
are separated into free photoelectrons in the conduction band and photo hole in the
valence band is ready to trigger the reaction as shown in Figure 2.

The reaction that occurs in this event is:

Semiconductor + hv - (eCB’+ hVB*)
There are several possibilities that occur in electron-hole pairs, namely:
1. Some pairs recombine in particles (volume recombination).

2.Electron-hole pairs recombine on the surface (surface recombination) or in
bulk particles in just a few nanoseconds (energy is lost as heat).
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Figure 2.
Band-gap energy diagram in the photocatalytic process ([47]
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The electron-hole pair recombination reaction can be written as follows:
Semiconductor (e'CB + h+VB) — semiconductor + heat

3.Each electron pair can react with donor species (D) and acceptor (A), which
are adsorbed on the particle surface. In other words, the electrons in the con-
duction band that reach the surface will reduce the substrate (A) or solvent on
the surface of the particles, while the holes in the valence band will oxidize the
substrate (D) either directly or indirectly through hydroxyl radical formation.
This phenomenon follows the reaction equation as follows:

hv + semiconductor > e +h”

A(ads) +e > A_(ads)

D(ads) +h" > D+(ads)

Some possible reactions that can occur with radical ions formed (A~ and D*)
include:

a.A”™ and D’ react between fellow radical ions or react with adsorbates (species
adsorbed to the surface).

b.A™ and D* combine by transferring the electron back to form an excited state
from one of the reactants or releasing heat.

c.A” and D" diffuse from the surface of the semiconductor and participate in
chemical reactions that occur in the solution medium.

In general, the process of the occurrence of a photocatalytic reaction based on
the energy-gap concept indicates the difference in HOMO energy (the top band of
valence contains electrons) and LUMO (the lowest band of conduction without
electrons) that must be passed. In other words, the promotion of electrons from
the top band of valence to the lowest band of conduction requires minimum energy
equivalent to its band-gap energies. If the energy owned is zero or larger than 4 eV,
owned are zero or large (>4 eV), then each is a metal or insulator, whereas semi-
conductor has energy between these values. Furthermore, the band-gap energy is
classified as direct and indirect. Direct means that the minimum energy from the
lowest band of conduction is just above the maximum energy of the valence band at
the same momentum of crystals. If the condition is not so, it is called indirect band-
gap energy. The range of band-gap energy possessed by a material will determine the
type of energy that will be used so that a photocatalytic reaction can occur. The type
of energy can be used for the reaction as shown in Figure 3.

In principle, all light electromagnetic waves can be used as an energy source for
a chemical reaction process. So far, light that can be used as a trigger for chemi-
cal reactions through electron transfer from the HOMO to the LUMO level in the
degradation and/or breaking of a compound bond into an environmentally friendly
product is visible and ultraviolet.

Visible radiation is often used to degrade toxic compounds of dyes since the waste
of dyes which is channeled directly into a river or sea body will have a negative effect
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Num Type of bond Bond energy

(kJ/mol) (eV)
1 H—H 436 11.58
2 C—H 413 10.97
3 O—H 366 9.72
4 C=—0 360 9.56
5 C=—C 348 9.25
6 C=C 614 16.31
7 Cc=0 745 19.79
8 C=N 615 16.33
9 C=C 839 22.29
10 N=N 941 24.99

Table 1.

Some typical bonds and bond energies.

on aquatic biota. In general, visible light radiation has a wavelength range of 400—
800 nm. In other words, the energy needed to break the chemical bonds of a com-
pound is low. Generally, these dyes are compounds that have chromophore groups,
such as methine, nitro, azo, anthraquinone, triarylmethane, and phthalocyanine
groups. In fact, dyes used in industry can be either natural compounds or syntheses.

Ultraviolet radiation has a high ability to breakdown the bond and cause decom-
position because of its high energy compared to infrared radiation and visible light
[48]. Sources of ultraviolet radiation can be obtained from sunlight or artificial
light. Ultraviolet (UV) radiation of the sun is electromagnetic energy with wave-
lengths between 200 and 400 nm and has more energy than visible light. Based on
its wavelength, solar UV radiation is divided into:

1. UVA with a wavelength of 320—400 nm is a high wavelength and emits
radiation of constant magnitude throughout the year. This radiation can cause
premature aging of the skin.

2.UVB with a wavelength of 280-320 nm is a shorter wavelength and is more
intense than UVA. UVB is more strongly absorbed by several biomolecular

pollutants.

3. UVC with a wavelength of 200—280 nm is the most intensive and dangerous
UV radiation and has the potential to cause damage to organisms.
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Therefore, to choose a type of UV light in photocatalytic reaction depends on the
type of bond and the energy required. In general, the type of bond with its energy
can be seen in Table 1.

2. Method of preparation

Preparation of LaCrO; catalyst material was carried out using the sol-gel method
with pectin as an emulsifying agent. The preparation was conducted by dissolving
specified mass of La(NO;)3;.9H,0 and Cr(NO;);.6H,0, respectively, in 100 mL of pectin
solution (4 g pectin). The overall procedure was described in the previous article [49].

3. Characterizations

Before the material made was applied, the photocatalyst was characterized to
determine the physical and chemical properties associated through X-ray diffrac-
tion analysis, electron transmission microscopy, distribution of particle distribu-
tion, energy-gap, and functional groups related to the structural formation and the
acidity of Brgnsted-Lowry and Lewis.

3.1 Analysis of X-ray diffraction

X-ray diffraction can be utilized to identify the phase formed and the relative per-
centages of different phases of the materials obtained. Then, the real structural param-
eters like particle size, lattice parameters (a, b, and c), lattice volume, and theoretical
density can be calculated from their diffractogram using Rietveld calculation [50].

X-ray diffraction experiments are carried out by the procedure as described in
the previous article [49]. To know the crystallite size, the representative peak of a
diffractogram can be elucidated by using the Scherrer method of calculation [51].
The results of the diffractogram, determination of the size of the crystalline phase,
and the Rietveld calculation are presented in Figure 4.

In general, the results of LaCrO; prepared using pectin provide a single crystal-
line phase, nanosize, and other parameter values shown in Table 2.

3.2 Transmission electron microscope analysis

TEM can be used to study the morphology and surface characteristics of the
perovskite nanomaterials. To evaluate the surface morphology, the samples were
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Figure 4.
Diffractogram of LaCrO; (a) experimental results and (b) the result of the Rietveld calculation using LaCrO;
calcined at 700°C.
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Num Parameter LaCrO; calcined at Ref
600°C 700°C 800°C
1 Crystalline phase Cubic Orthorhombic Orthorhombic [50]
2 Crystalline size (nm) 24.84 2412 27.09 [48]
3 hkl plane 110 112 121 [50]
Table 2.

Parameters of LaCrO, prepared in various calcination temperatures.

Figures.
TEM micrographs of LaCrO, prepared using pectin as the emulsifying agent: calcined at (a) 600, (b) 700, and
(c) 8o00°C.

characterized using TEM. The analysis was conducted on polished and thermally
etched samples with different magnifications. TEM results of LaCrO; material are
presented in Figure 5.

It seems that there is still a relatively large region of agglomeration in the
crystalline phase formed in each of these preparations. Nevertheless, the particle
sizes obtained using TEM in this study are significantly smaller than that of LaCrO;
prepared using sol-gel method reported by another research group [52]. It was
found that the particle sizes of the sample calcined at 600, 700, and 800°C are 34.6,
30, and 28 nm, respectively.

3.3 Particle size distribution analysis

Analysis of the particle size distribution of the solid sample was examined by
the technique of dynamic light scattering (DLS). The measurement of the sample
using this instrument can be determined by either wet or dry method. If a measure-
ment is using the wet method, the sample is prepared using alcohol dispersant such
as methanol, ethanol, or propanol. However, if the measurement is using a dry
method on preparing the sample, air dispersant could be utilized. More information
can be obtained in the manual book [53]. The more important in preparing sample
is to prevent the irreversible change to the particle (dissolution, milling, or aggrega-
tion) happened.

From Figure 6, it can be implied that there are two or three regions of the
particle size which are quantum dot, nano-, and micron sizes. Overall, it can be said
that nanosize of the particles 21.9, 86.4, and 89.11% referred to LaCrO; calcined at
600, 700, and 800°C, respectively [49].

The results also can be implied that the more nanosize particle obtained, the
higher the temperature of calcination applied. In other words, the temperature of
calcination plays a role to determine the nanosize of the particle. In other studies,

113



Pectins - Extraction, Purification, Chavacterization and Applications

00 .
T.00 - b
4 600 4
5.00 -
}“;s.md £
s
éim . E
ésm- ' F
H || —_
3200 - E
E £
-
(| —

000 003 GW {lld 0.76 “.ﬁ LT
- =
1.00 -

40
5.00
400 -

LR

o Il Iltlnm dh

C.00 0.0 009 026 0.7 226 6.6 19.76
pm

Valume [eatrwtion (")

Figure 6.
The particle size distribution of the LaCrO; calcined at (a) 600, (b) 700, and (c) 800°C.

the particle size of LaCrO; prepared using hydrothermal method was determined
by PSA method. The result proved that the average size of particle is in the range of
micron [54] and 57 nm [55].

3.4 Analysis of diffuse reflectance UV-Vis spectroscopy

In order to know the band-gap energy of the LaCrO; prepared in a different
calcined temperature, the analysis was run using diffuse reflectance UV-Vis spec-
troscopy as shown in Figure 7.

To determine the bandgap of a powder sample using the diffuse reflectance spec-
trophotometer is a common technique [56]. So, in this study the band-gap energy is
calculated using a Kubelka-Munk method [57] based on the equation below:

a(hv) = B (hv - Eqp)"

where  is a constant and n is an index related to the possible type of electron
transition. The value of n could be 1/2, 2, 3/2, and 3. Those values are corresponding
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Figure7.
Reflectance (A) and absorption (B) features of LaCrO; calcined at 600, 700, and 800°C, respectively.

to the nature of electron transition. In principle, there are two kinds of electron
transition, which are direct and indirect. If the n value is 1/2 or 2, it means allowed
direct or indirect electron transition happened. But if the n value is 3/2 or 3, it
means forbidden direct or indirect electron transition occurred [58].

The results of the band-gap energy from LaCrO; calcined at 600, 700, and 800°C,
respectively, are 2.62, 2.89, and 2.98 eV. The magnitude of those band-gap energies is
suitable for photocatalytic reactions using UV and visible light irradiation.

3.5 Fourier transform infrared analysis

In principle, FTIR analysis in the material field is used to assess the functional
groups and what bonds are formed in the material prepared in relation to the
expected compound. In preparing samples for their analysis, the procedures
performed are standard and can be referenced in various libraries [49, 59, 60].

The chemical bonding and chemical structure of the prepared perovskites can
be identified. The FTIR spectra can give structural confirmation supporting XRD
analysis. Infrared spectra of LaCrO; material are presented in Figure 8.

From Figure 8, it can be implied that perovskite LaCrO; is actually formed and
can be assessed based on the type of bond vibration which can be referred to in
detail in the following literature [a]. The La==O==La and La==O==Cr bonds through
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Figure 8.
Infrared spectra of LaCrO, calcined at (a) 600°C, (b) 700°C, and (c) 800°C [48].
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information on bending vibrations are increasingly apparent as the calcination
temperature increases. In other words, the structure of LaCrO; which is formed
along with the increase in the calcination temperature is getting closer and can be
assessed through the diffractogram data.

The results also reflect that the existence of Brgnsted-Lowry and Lewis acid
sites is indicated by the presence of absorption bands at wave number 1400 and
1630 cm ™, respectively. In detail, the acidity characteristics of the LaCrO; calcined
at the various temperatures were described in the previous article [49].

4. Applications

The advanced material LaCrO; prepared using pectin emulsifier and then tested
on dye degradation and cellulose conversion was described below.

4.1 Photocatalysis of dye

The photocatalytic activity test on LaCrO; nanocatalysts was carried out on the
methanyl yellow compound by mixing as much as 0.08 g of LaCrO; nanocatalyst
into 300 mL methanyl yellow with a concentration of 100 ppm into a beaker and
then homogenized. After that the mixture was pipetted as much as 20 mL with vari-
ous time variations (0, 10, 20, 30, 40, and 50 min) which had been irradiated by a
UV lamp with a distance of 30 cm. After that, UV-Vis spectrophotometry was tested
to see the absorbance rate of methanyl yellow.

Then in the photocatalytic reaction for visible light, as much as 0.08 g of LaCrO;
catalyst was put into 300 mL of 100 ppm methanyl yellow in a beaker. Then homog-
enized it by stirring, while the sample is placed that the mixture is placed under the sun
in the range of time 11 am to 1 pm. Then the sample was pipetted as much as 20 mL with
various time variations (0, 10, 20, 30, 40, and 50 min) and tested with UV-Vis spectro-
photometry to see the absorbance rate of methanyl yellow. Photodegradation under UV
light irradiation is shown in Figure 9.

4.2 Photocatalysis of cellulose

The application of LaCrO; photocatalyst to cellulose conversion was carried out
on a laboratory scale using procedural as follows:

The LaCrO; catalyst was then used in the photocatalytic test process for the
conversion of nanocellulose to sugar alcohol. As much as 0.5 g of nanocellulose
in 100 mL of distilled water are distilled for 30 min. The nanocellulose solution
that has been ultrasonified is transferred into a three-neck flask, then stirred with

(a) b}

Figure 9.
Dye photodegradation results under visible light irradiation (a) and ultraviolet (b) for o—50 min.
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Figure 10.
Photocatalytic cellulose conversion results using LaCrO; under ultraviolet light irradiation during 1 h exposure.

a stirrer, and then added LaCrO; nanocatalyst as much as 0.1 g. Furthermore,
hydrogen gas is flowed and irradiated with UV light with a variation of time 15,

30, 45, and 60 min. The reaction results were analyzed by high-performance liquid
chromatography (HPLC). The results of photocatalytic cellulose conversion using
LaCrOs; under UV light are shown in Figure 10.

Quantitatively, the results obtained are compared with the standard results for
each xylitol sorbitol solution, and the concentration of mannitol is known. Then the
quantitative results of the experiment, even though it is still relatively small, are,
respectively, 190, 180, and 120 ppm at 1 h exposure with UV radiation [61].

5. Conclusions

Preparation of advanced materials using the sol-gel method with pectin emulsi-
fier is able to make the active catalyst degrade methanyl yellow dyes and convert
cellulose into glucose reducing sugars and sugar alcohols such as xylitol, sorbitol,
and mannitol. The particle size and crystalline produced by the preparation method
can reach nanosize with a range of 24-50 nm. Furthermore, the band-gap energy
results state that the LaCrO; advanced material is in the range of 2.89-3.0 eV.
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Properties of Wine
Polysaccharides

Leticia Martinez-Lapuente, Zenaida Guadalupe
and Belén Ayestardn

Abstract

Polysaccharides are the main macromolecules of colloidal nature in wines, and
play a fundamental role in the technological properties and organoleptic charac-
teristics of the wines. The role of the different wine polysaccharides will depend
on their quantity but also on their chemical composition, molecular structure and
origin. Wine polysaccharides originate from grapes and yeast acting during the
winemaking. The main polysaccharides present in wines can be grouped into three
major families: (i) polysaccharides rich in arabinose and galactose (PRAG),

(ii) polysaccharides rich in rhamnogalacturonans (RG-I and RG-II), which both
come from the pectocellulosic cell walls of grape berries, and (iii) mannoproteins
(MP) released by yeasts. This paper describes the origin, structure and role of the
different wine polysaccharide families through a bibliographic revision of their
origin and extraction into the wines, as well as their technological and sensory
properties.

Keywords: wine, rhamnogalacturonans, polysaccharides rich in arabinose and
galactose, rhamnogalacturonans, mannoproteins, technological and sensory
properties

1. Introduction

Polysaccharides are the main macromolecules of colloidal nature in wines.
Therefore, these compounds play a fundamental role in the technological properties
and organoleptic characteristics of the wines.

The content of the different polysaccharide families in the wines depends mainly
on the grape variety and its degree of maturation, the winemaking technology
used (including type of strain of yeast and bacteria), and the transformation of the
polysaccharides during the wine aging process [1-5]. These macromolecules show
different technological properties in wines. Wine polysaccharides are widely known
for their effect on the physicochemical stabilization of wine; thus, they are able to
interact with the colloidal particles present in wines, reducing their reactivity and
limiting their aggregation and flocculation [6]. These macromolecules have the abil-
ity to interact and aggregate with tannins [7], prevent the formation of protein haze
in white wines [8], and delay or even arrest the outgrowth of the crystals of potas-
sium bitartrate to a macroscopic visual size [9]. Wine polysaccharides have also
been associated to the mouthfeel perceptions because they are able to modify the
sensory properties of wines [7, 10]. Several authors [10, 11] have observed that wine
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polysaccharides can modulate the astringency perception, increasing the sweetness
sensation and body. Astringency is usually defined as the array of tactile sensations
felt in the mouth including shrinking, puckering and tightening of the oral surface.
In addition, polysaccharides are able to interact with wine volatile compounds [12],
and thus affect the aroma of the wines.

Polysaccharides are extracted during the mechanical operations applied to the
grapes (destemming-crushing, pressing and pumping of the crushed destemmed
grapes) and during some stages of the winemaking. Therefore, polysaccharides
are released in white, rosé and red winemaking during the premaceration process
before starting the alcoholic fermentation, but also during the maceration fer-
mentation of the red wine elaborations, and during the aging of the wines on their
lees. On the contrary, other stages of the winemaking, such as filtration, produce a
decrease in the content of wine polysaccharides [5].

Wine polysaccharides come from both the cell walls of the grape itself, and the
yeasts and other microorganisms that act during the winemaking process. Figure 1
shows a classification of the polysaccharides present in wines according to their origin.

From an oenological point of view, polysaccharides from grapes and yeasts
are the most important both quantitatively and qualitatively. Therefore, the main
polysaccharides present in wines can be grouped into three major families:

(i) polysaccharides rich in arabinose and galactose (PRAG) [13] and (ii) polysac-
charides rich in rhamnogalacturonans (RG-I and RG-II), which both come from
the pectocellulosic cell walls of the grape berries [13], and (iii) mannoproteins
(MP) produced and released by yeasts during the fermentation and the aging of
wines on their lees [8]. Other wine polysaccharides such as glucans, produced by
Botrytis cinerea, only become relevant when an infection with this fungus occurs,
causing difficult clarifications and filtrations. Bacterial polysaccharides are pres-
ent in the wines in very low concentrations. Polysaccharides exogenous to wine
include carboxymethylcellulose and arabic gum, which are additives allowed by the
International Organization of Vine and Wine (OIV).

Among all these types of polysaccharides, not all show the same behavior with
respect to wines, and their concrete effects and properties will depend on their size,
chemical composition, molecular structure and origin.

The objective of the present paper is to describe the origin, structure and key
role of the different wine polysaccharide families through a bibliographic revision
of their origin and extraction into the wines, as well as their technological and
sensory properties.
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Figure 1.
Classification of the main polysaccharides of wines according to their origin.
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2. Grape polysaccharides: origin, structure and functions

The plant cell wall is composed of a highly integrated and structurally complex
network of polysaccharides, including celluloses, hemicelluloses and pectins,
and also structural proteins [14]. Pectins are a family of heteropolysaccharides
characterized by a high content of a-D-galacturonic acid residues partially methyl
esterified [15]. These heteropolysaccharides are located in the middle lamella of the
primary cell walls, and are mainly composed of a galacturonic acid backbone and
chains of several monosaccharides. The smooth region is represented by homo-
galacturonans (HG), which are galacturonic acid chains more or less methylated/
acetylated; the hairy region (high density of side chains) is composed of rhamnoga-
lacturonans type I (RG-I) and type II (RG-II) [16]. RG-I consists of rhamnose and
galacturonic acid and represents a very small proportion of grape-based pectins;
RG-II is formed in the grape berry during the maturation and is released into the
wine during the winemaking. Arabinogalactan proteins (AGP) are glycoproteins
also located in the plant cell walls and extracted during the winemaking. They are
themselves sidechains of the backbone that arise from the hairy region of pectins
and are connected via specific hydroxyproline-rich proteins and, together with
arabinogalactans, contribute to the so-called polysaccharides vich in arabinose and
galactose (PRAG) [17]. Hemicellulose is formed by several polymeric structures
in which xyloglucan (a backbone of cellulose with side chains containing xylose,
galactose and fucose) is the most abundant [18]. Cellulose microfibrils represent
the major constituent of the cell wall polysaccharides, and they are interacting with
hemicellulose and pectic polysaccharides, improving the structural integrity of the
plant cell wall [19].

Grape berries are composed of three main tissue types [20]: the skins, the pulp
and the seeds. The structural properties of the cell walls of grape berries, especially
the cell walls from the exocarp (the skin), determine the mechanical resistance, the
texture, and the ease of processing berries. Grape skins represent about 5-10% of
the total dry weight of the grape berry, and act as a hydrophobic barrier to protect
the grapes from physical and climatic injuries, dehydration, fungal infection and
UV light. The grape skin itself can be divided into three superimposed layers
(Figure 2) [21]: (1) the outermost layer, the cuticle, is composed of hydroxylated
fatty acids called cutin, and is covered by hydrophobic waxes; (2) the intermediate
epidermis, assumed to consist of one or two layers, which appears as a regular till-
ing of cells; and (3) the inner layer, the hypodermis, which is the layer closest to the
pulp, and which is composed of several cell layers that contain most of the phenolics

Inpdrophobic wases
cuticle

intermeediate epidermis

epicarp {

ypodarmis

MEL0Carp

Figure 2.
Different layers of the grape skin.
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in grape skin [22]. The cuticle, that covers the skin, is the primary interface between
the plant and the environment and is a protective layer (against pathogens and
minimizes water loss) that consists of waxes (soluble lipids) embedded in or
deposited on the cutin-rich matrix [23]. Gao et al. [24] describe that this wax layer
most probably, in red winemaking, albeit not proven, prevents cell wall degrading
enzymes from penetrating into the inner tissues (skin and pulp), thus enzymes can
only penetrate effectively from the pulp exposed during grape crushing.

The cell walls from the skin form a barrier to the diffusion of components
such as aromas and polyphenols, which are important to the quality of the wines.
Phenolic compounds contribute to color, astringency and bitterness of the red
wines. Aroma is one of the major factors that determine the quality of the wine,
showing the skins more than a half of the volatile compounds present in the grape
berries [19]. It is well known that the grape berry skin cell walls consist of cellulose,
hemicellulose, and are particularly rich in pectin [13, 25]. This pectin component
contains a number of polymers HG, RG-I, side chains such as arabinans and galac-
tans, RG-II and AGP [25, 26], and was proposed to be associated with other cell wall
polymers (cellulose and hemicellulose) [27].

The pulp (i.e., flesh, also known as pericarp) is the main storage tissue for free
sugars (i.e., glucose and fructose) and organic acids (i.e., tartaric acid) [28]. Pulp
cells and tissues expand significantly during and after the veraison stage by volume
compared to skin cells which expand by net surface area (i.e., a surface-to-volume
ratio) [27]. Pulp tissue cell wall layers comprise mainly cellulose and pectin polysac-
charides in addition to extension proteins [27].

The ease of skin degradation is directly linked to the skin cell wall composition
and morphology [29], and the grape origin [29] and cultivar. Ortega-Regules et al.
[30] points out that the differences among morphology and composition of the
skin and pulp cell wall of three different red grape varieties (Monastrell, Syrah,
Cabernet Sauvignon, Merlot) could explain the different anthocyanin extractability
during the winemaking process. Moreover, the liberation of polysaccharides into
the wine from the degradation of the grape cell wall could also be affected by an
increase of the cell wall rigidity.

Grape berry ripening consists of a cell division (green) phase followed by a cell
expansion (ripe) phase [25]. The onset of this second phase known as veraison is
marked by the initiation of events such as sugar accumulation, a decrease in organic
acids, color development, berry expansion and fruit softening.

The process of ripening, characterized in many fruits by softening of the fleshy
tissues, is primarily due to textural changes partially correlated with cell wall
polysaccharide remodeling [31]. Berry ripening links with size and morphological
changes and a series of coordinated biochemical processes. Both biosynthetic and
degradative metabolism of cell wall components involve numerous plant enzymes.
Several reviews [32-34] discuss in detail the processes and the enzymes involved
in plant cell wall turnover. In grapes, the changes in the cell wall structure involve
the solubilization of galacturonan, with a concomitant reduction in the abundance
of the arabinogalactan side chains of pectins [35], which can play a role in phenolic
extractability [36]. It is thought that the loss of these components opens the interior
of the cell wall to several degrading enzymes, causing further depolymerization,
and an increased porosity [37]. The progressive pectin degradation of the grape
skin cell walls [38] that takes place thorough ripening, should favor polysaccharide
solubilization in the juice and thus in wine [39]. Martinez-Lapuente et al. [40]
observed that the grape ripening stage (premature and mature grapes) showed a
significant impact on the content, composition, and evolution of polysaccharides
of sparkling wines. PRAG, RG-II, and oligosaccharides in base wines increased with
maturity.
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Pectins are among the plant polysaccharides found in wines, and are present
in concentrations ranging from around 200 to 1500 mg/L [41]. Polysaccharide
amounts depend on different parameters that include the grape variety, terroir,
maturity stage, vintage, the wine-making techniques, and the treatments leading
to increased solubilization of the macromolecular components of grape berry cell
walls [4].

Several researches have studied the effect of techniques and treatments that
could increase the solubilization of the polysaccharides of the grape cell walls. Some
of them looked for the bursting of the grape cells, thus promoting the breakdown of
the linkages stiffening the structure of the grape cell walls and allowing an increase
in the release of the polysaccharides. The press fractioning, for example, allowed to
segregate the grape juices with different qualities. Jégou et al. [42] observed signifi-
cant changes in the polysaccharide and oligosaccharide base wine composition and
concentration as the pressing cycle of the grapes progressed. The crushed berry is
other technique used to physically break the grape berry cell walls, causing de-
pectination and the release of cell wall polysaccharides in significant amounts into
the fermenting must [2, 24]. Another technique consists in lowing the temperature
of the entire or broken grapes. Low temperature techniques (cold prefermentative
maceration, addition of dry ice at the beginning of the fermentation, and grape
skin freezing) are additional tools used for degrading the cell wall and achieving
greater extraction of polysaccharides [4]. Dry ice addition at the beginning of the
fermentation has also proven a significant influence on the polysaccharide con-
centration and composition of the wines made from a given cultivar, whereas cold
prefermentative maceration or grape skin freezing showed no effect [4, 43]. Flash
release and heating accelerated the extraction of grape polysaccharides [44]. On
the contrary, wines obtained by pressing immediately after flash release contained
lower amounts of polyphenols and grape polysaccharides than those made with
pomace contact, indicating that the extraction continued during the maceration.
Flash release, consisting of the heating of the grapes in a closed tank and then plac-
ing them under vacuum, is used to break the cell walls and cool the must.

Other techniques such as modified skin contact times enhanced the release
of polysaccharides. Prefermentative maceration at 18°C could also be applied to
increase the content of polysaccharides in the wines [3]. The polysaccharides are
gradually extracted during the maceration and the alcoholic fermentation due
to grape tissue breakdown and degradation of the grape berry cell wall [2, 36].
Polysaccharide concentration increases during skin contact and is much higher in
red wines than in white wines [45]. The commercial enzymes have been tradition-
ally used in wine elaborations in order to produce a progressive cell wall disassembly
during the winemaking and, hence, improve the release of valuable grape skin com-
pounds such as the anthocyanins [46], aroma components [47], polysaccharides and
oligosaccharides [48, 49]. Ayestaran et al. [50] analyzed the influence of commercial
enzymes on the wine polysaccharide content, and reported that wines treated with
commercial enzymes had higher concentrations of AGP and RG-II than control
wines, probably due to the ability of commercial enzymes to hydrolyze the grape
pectic polysaccharides during the maceration-fermentation stage. However, contra-
dictory results have been obtained in other studies [48, 51, 52], probably due to the
different activities and nature of the commercial preparations. RG-II, containing
rare sugars, is also abundant in wines as it resists enzymatic degradation [53].

Guadalupe and Ayestaran [2] studied the changes occurring on the must and
wine polysaccharide families of the grape cell walls during the different stages of
the red wine processing, including maceration-fermentation and post maceration,
malolactic fermentation, and oak aging and bottle aging. Passing from must to wine
produced a loss of low-molecular-weight grape structural glucosyl polysaccharides,
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and an important increase of grape-derived AGP, and RG-II. AGP were more easily
extracted tan RG-II, and small quantities of RG-II monomers and galacturonans
were detected. Post maceration produced a reduction in all grape polysaccharide
families, particularly acute in AGP. The reduction of polysaccharides during
malolactic fermentation only affected grape AGP. Wine oak and bottle aging was
associated with a relative stability of the polysaccharide families. AGP were thus

the majority polysaccharides in young wines. Precipitation of polysaccharides was
noticeable during the winemaking, and it mainly affected to the high-molecular-
weight AGP. Hydrolytic phenomena affected the balance of wine polysaccharides
during late maceration-fermentation. Other authors [3, 54, 55] have observed a
change to lower molecular weight polysaccharides during the wine aging, suggesting
a partial degradation of the polysaccharides during the aging on lees, and a modi-
fication of their properties and solubilization. Pati et al. [56] concluded that the
aging on lees led to an increase in all wine polysaccharide glycosyl residues, with the
exception of glucose, xylose and myo-inositol, and to volatile profile modifications.
The concentrations of cell wall polysaccharides are affected by the filtration process.
Therefore, cross-flow microfiltration has shown to produce the highest retention of
polysaccharides and proanthocyanidins in all the wines, mainly PRAG and highly
polymerized phenols [5]. AGP greatly affected the filtration processes [57].

The final concentrations of cell wall polysaccharides that are extracted during
the maceration and alcoholic fermentation are important for wine colloidal stability.
RG-II and AGP can enhance or inhibit tannin self-aggregation [7, 58, 59]. Watrelot
et al. [60] describe that the main interactions that occur between tannins and
polysaccharides are hydrophobic interactions and hydrogen bonds, which differ-
ently affect the body, structure and mouthfeel sensations of the wines [10, 61].
Brandio et al. [11] studied the effect of two wine polysaccharides (AGP and RG-II)
on the salivary proteins-polyphenol interactions. In general, both polysaccharides
were effective to inhibit or reduce salivary proteins-polyphenol interactions and
aggregations, and thus both polysaccharides were able to affect the astringency of
wines and other beverages and foods. Different researches also point out that AGP
show a protective effect against protein haze in white wines [8, 62], while RG-II
increases tartrate crystallization at low concentrations and inhibit it at high concen-
trations [63]. Recent studies suggest that grape AGP do not affect the foamability of
sparkling wines but increase foam stability [64, 65].

Aroma compounds can physically or chemically interact with other wine matrix
components such as polyphenols, glycoproteins, and polysaccharides. One of
the most important factors that can limit the rate of release of aroma compounds
during wine consumption could be the interaction between aroma and non-volatile
matrix components. This interaction can change the distribution of the aroma com-
pounds between the aqueous solution and the vapor phase (partition coefficient),
and thus, alter the odorant volatility, and influence the headspace partitioning of
volatiles producing two opposite effects: a retention effect, decreasing the amount
of aroma in the headspace, or a “salting out” effect, causing an increase in the
headspace concentration of a volatile compound because of the increase in the ionic
strength of the solution [66]. Some authors [67, 68] have observed that the addition
of arabinogalactan compounds to wines at low concentrations increases the volatil-
ity of the aroma compounds.

3. Yeast polysaccharides: origin, structure and functions

Mannoproteins (MP) are polysaccharides released into the wines by
Saccharomyces cerevisiae yeast either during the fermentation when yeast are actively
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growing, or after the yeast autolysis by the action of glucanases on the cell wall
during aging [69]. The amount of MP released by yeast depends on the specific
yeast strain [70] and the winemaking and aging conditions [57]. MP are the second
most abundant class of polysaccharides found in wine [2, 13, 42]. It is estimated that
MP is around 35% of total polysaccharides in red wines [13], ranging approximately
from 100 to 150 mg/L [71].

MP are located in the outermost layer of the yeast cell wall and can account for
up to 50% of the cell wall dry mass of Saccharomyces cerevisiae [72]. The structure
of MP present in wines has been described in several papers [8, 73]; basically, it
consists of many small chains with one-to-four D-mannose residues in a-(1 — 2)
or (1 — 3), which are linked to polypeptide chains on serine or threonine residues
(Figure 3).

Wine MP are often highly glycosylated, with carbohydrate fractions consist-
ing mainly of mannose (>90%) and glucose [69], and proteins ranging from 1 to
10% [13, 42, 72]. It has been reported sizes that vary within the range 5-800 kDa
[1], with typical range between 50 and 500 kDa [13]. MP can be hydrolyzed by
a-mannosidases and proteases, releasing small peptidomannans into the wine [1].
At wine pH, MP carry negative charges and they may establish electrostatic and
ionic interactions with other components of the wine [74], resulting in the forma-
tion of complexes in a process that is dependent on their net electrical charge and on
the structure of their functional groups [75].

MP in wines have great relevance from both a technological and a sensorial point
of view [76], although they may be responsible for a decrease in wine color intensity
or lower filterability [77, 78]. The different oenological functions of the yeast MP
are discussed below.

MP seem to protect wines against protein precipitation. Protein haze is due to the
instability of the grape proteins that occur naturally in wines [79], their denatur-
ation and precipitation. It is often related to exposure to high temperatures but can
also develop in properly stored wines [80, 81]. Moine-Ledoux and Dubourdieu [82]
identified a 32-kDa fragment of S. cerevisiae invertase capable of reducing protein
haze in white wines, and similar properties were observed for the intact protein [83].
Other yeast cell wall proteins have been shown to stabilize wine against protein haze
[84] by reducing protein aggregate particle size [84]. In fact, MP could interact with
heat-unfolded proteins, thus preventing protein self-aggregation by limiting the

peghids
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Figure 3.
Chemical structure of yeast exocellular mannoproteins. Asn, asparagine; GNAc, N-acetylglucosamine; man,
mannose; B, phosphate; Sev, serine; Thy, threonine.
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availability of some protein binding sites with a steric hindrance mechanism [85].
This effect seems to be dependent on the yeast used and the composition and size of
the polysaccharides released [86] as well as pH and the ionic strength [87]. However,
other authors have revealed that polysaccharides modulate the aggregation kinetics
and final haziness, interfering with the aggregation process, but could not prevent it
[87]. The ability of a yeast MP to stabilize wine proteins has been attributed specifi-
cally to the glycan portion of the proteoglycan [88]. Moreover, protein stabilization
effectiveness in white wines has been related to MP chemical composition, con-
cretely with their high mannose to glucose ratio [89].

MP play also an important role in tartrate salt crystallization. Several studies
have shown that MP inhibit the crystallization of tartrate salts by lowering the crys-
tallization temperature, particularly sharply glycosylated MP of medium molecular
weight (30-50 kDa) [63, 90]. Other authors mention that MP affect the rate of
crystal growth by binding to the nucleation points and preventing the expansion
of the crystal structure [91]. The mechanism of mannoprotein’s impact on tartrate
stability is thought to be based on a competitive inhibition, which limits crystal
formation [92]. MP act in the first stage of the formation of bitartrate crystals, and
also during its growth, preventing the precipitation of the crystals [92]. It is also
described that MP do not prevent potassium bitartrate nucleation. Instead, these
compounds seem to delay or even arrest the outgrowth of the crystals to a macro-
scopic, visual size [9]. According to Moine-Ledoux and Dubourdieu [90], the sta-
bilizing effect of MP may delay the appearance of crystals for a month in relation to
the untreated wine. It was observed that a dose of 25 g/HL mannoproteins inhibited
bitartrate salt precipitation in wines even after having been kept at —4°C for 6 days.
Yeast MP are efficient inhibitors at concentrations of 20 g/HL. However, for highly
saturated wines, in which a higher concentration is needed to achieve the same
inhibitory effect, MP flocculation may occur that counteracts the expected effect
[93]. In a recent study, Guise et al. [94] reported that MP did not tartaric stabilized
the wines. In fact, MP showed a variable effect, and thus needed preliminary tests
to evaluate their effectiveness and the optimal dose, which was specific to the wine
being treated [90, 95]. In conclusion, the effect of MP on tartaric acid stabilization
is still a continuing matter of debate [94].

Wine MP can also modify wine aroma composition, either affecting the volatil-
ity and perception of wine aroma compounds or by releasing exogenous volatiles
[96, 97]. The physicochemical interactions between aroma substances and MP
depend on the nature of the volatile compounds, since a greater degree of interac-
tions is often observed with hydrophobic compounds [96], as well as the confor-
mational structure of the MP [12]. This fact implies a longer aromatic perception
because the volatile compounds retained by MP will be slowly released [98, 99].
Some authors attribute the retention of the aroma substances to MP containing a
high proportion of proteins as the protein fraction of MP is the main responsible
for the aromatic stability [96]. However, Chalier et al. [12] have shown that both
the glycosidic and peptidic parts of the MP may interact with the aroma com-
pounds. Different authors have reported the role of yeast derivatives as a source
of MP on wine aroma [97, 98, 100-102]. Dosage appears to be fundamental since
low amounts of MP increased the volatility of some esters, giving more flowery
and fruity notes to the wine; while higher amounts increased fatty acid content,
producing yeasty, herbaceous and cheese-like smells [97]. In still wines, the use
of free yeast strains with higher concentrations of MP resulted in higher concen-
tration of positive aroma compounds, such as terpenes and C13-norisoprenoids
associated with the fresh, fruity, and floral notes [103]. On the other hand, the
addition of commercial products rich in MP in sparkling wines resulted in higher
content of some fruity esters [102], and improved the perception of fruity [100, 101]
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and flowery characters [100]. It has been proposed that MP can be used to remove
or reduce the occurrence of wine off-flavors as ethyl phenols (4-ethylguaiacol
and 4-ethylphenol). In fact, the sorption of these compounds to the yeast walls
could be due to the interactions of 4-ethylphenol and 4-ethylguaiacol with
the functional groups of the MP and the free amino acids on the surface of the
cell walls [104].

More interestingly, yeast MP have been described for their positive effect on
the color stabilization [105, 107], reduction of astringency [10, 61, 108-110], and
increased body and mouthfeel [10, 69, 99, 108, 111]. Studies performed in synthetic
wines indicated that yeast MP can interact with tannins, probably through steric
interactions, and prevent their aggregation and precipitation [7, 59]. This phenom-
enon seems to be dependent on the MP concentration and molecular weight, and on
the conditions of the medium (ethanol content and ionic strength). The formation
of tannin and polysaccharide complexes influences their association with salivary
proteins, which then leads to a decrease in the astringency perception. This fact has
been demonstrated in model solutions by several authors using different polysac-
charide fractions [7, 10, 59]. It has also been evidenced not only the existence of
interactions between MP and flavonols but also between MP and salivary proteins.
This interaction could form proteins/polyphenol/mannoprotein soluble aggregates
that probably affect the astringency perception [112]. Other studies suggested that
MP did not stabilize or prevent the aggregation of tannin particles but they could
increase tannin aggregation, leading to their precipitation [69, 108, 113]. The combi-
nation tannin-mannoproteins could result in high-molecular-weight structures that
would be unstable and precipitate, leading to a decrease in the total proanthocyanidin
content and thus, in a decrease in the astringent sensation [69, 108, 113]. More
recently, Gonzalez Royo et al. [114] have shown that the decrease of the astringency
sensation in wines was related to two different phenomena. The first was associ-
ated to the release of MP by inactive yeasts, which would increase the mouthfeel
and inhibit the interactions between salivary proteins and tannins. The second was
attributed to a direct effect of MP on the precipitation or absorption of proantho-
cyanidins. In fact, MP could act as stabilizers or flocculating polymers depending
on factors such as tannin concentration and structure, and MP concentration,
origin, molecular weight, charge, and structure [69]. It has also been reported
that the addition of commercial inactive yeasts in grape juice during winemaking
decreased the proanthocyanidin content of red wines coinciding with a decrease
in high molecular weight MP [111, 115]. This fact suggests that the co-aggregates
mannoprotein-tannin precipitated during this treatment [114]. Del Barrio-Galan
etal. [99, 111] observed in the sensory analysis that some of MP commercial prod-
ucts reduced green tannins, thereby increasing softness on the palate. MP play also
an important role in the stabilization of the color of red wines. MP are adsorbed by
the colloidal molecules of anthocyanin-tannin, copigmented anthocyanins, and so
forth, completely covering the surface of these colloids, avoiding their degradation
and precipitation [116], leading to an increase in color stability [57, 105]. However,
studies that analyze the effect of MP on wine color have shown contradictory results
[7, 69, 99, 108, 109, 111, 113]. Our research group carried out a detailed study in
order to know the effect of MP on the color of red wines. Several researches were
carried out, such as the addition of commercial MP preparations before alcoholic
fermentation [113], the use of MP overproducing yeast strains [69], aging on lysated
lees [55], and combinations of all these treatments [55, 108]. Contrary to what
was described in model solutions by using MP purified preparations [7, 59], our
results showed that the use of MP in real vinification situations did not maintain the
extracted polyphenols in colloidal dispersion, and neither seemed to ensure color
stability [108, 113].
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Other interesting oenological property of MP is their capacity to stimulate
the growth of lactic acid bacteria and consequently the malolactic fermentation
[117, 118]. In fact, MP can stimulate the malolactic bacteria through two mecha-
nisms. Firstly, the adsorption of the medium chain fatty acids synthesized by
Saccharomyces. These compounds have been shown to inhibit lactic acid bacteria
growth and hence their removal by MP promotes the detoxification of the medium
[119]. Secondly, the enzymatic hydrolysis of yeast MP and/or other macromolecules
and polysaccharides by lactic acid bacteria can enhance the nutritional content of
the medium, and thus potentially stimulate the lactic acid bacteria growth [117].

In the same way, yeast MP are able to adsorb the ochratoxin A (OTA), which is
a dangerous mycotoxin [120]. This adsorption seems to be more effective in white
wines than in red wines, due to the competition between polyphenols and OTA for
the same binding sites on the surface of the yeast cells [106, 121]. There are several
factors that can significantly affect the ability of OTA adsorption by MP as yeast strain
[122, 123], mannosylphosphate content in the MP of wine yeasts, dissimilar fermenta-
tion, and cell sedimentation dynamics, cell dimension, and flocculence [120].

MP also affect the foam quality of sparkling wines [64, 65, 124-126].
Specifically, these molecules play a major role in foam stabilization [65, 127], par-
ticularly the MP with low content of protein (5%) [127]. The hydrophobic nature of
MP causes them to preferentially adsorb to the gas/liquid interface of foam bubbles
[128, 129], resulting in more stable foam [125]. In fact, the use of MP or cell wall
extracts as additives has been proposed to improve the foam properties of sparkling
wines elaborated by the traditional method. Therefore, the addition of yeast cell
wall MP with a relative molecular weight between 10 and 30 kDa improved the
foaming of sparkling wines [124]. However, the addition of commercial dry yeast
products rich in MP to the tirage liquor did not modify the foam properties of spar-
kling wines [101]. In a previous work it was shown that MP and PRAG were poor
foam formers but good foam stabilizers. Moreover, a higher positive correlation was
found between foam stability time and PRAG (r = 0.723) than MP (r = 0.465) [65].

Finally, MP also contribute to the flocculation of yeast strains [130], and thus
improve their elimination from the bottle during disgorging. MP could also serve
as markers to follow the autolysis process because they are the major polysac-
charides released by yeast [1, 3, 54]. Moreover, MP also seem to participate in film
forming yeast or flor velum in Sherry type wines [131]. These wines are produced
by “biological aging” that follows alcoholic fermentation. According to the study
conducted by Alexandre et al. [132], a 49 kDa hydrophobic cell wall MP present in a
velum yeast has been correlated with velum formation during the aging system used
in sherry wine (Spain) or Vin Jaune (France).

4, Conclusions

Polysaccharides are one of the main groups of macromolecules in wines. They
play an important role in both the technological and organoleptic properties of the
wines. The oenological interest of polysaccharides has induced the development of
several commercial products. In fact, there are nowadays in the market different
commercial products based on purified MP or yeast derived cell walls, which are
used in many wineries in order to improve the tartaric or proteic stability of the
wines, or the sensory properties of some wines. However, these products have not
always shown a clear effect in the wines. Recent studies indicate that other oligo-
saccharides and polysaccharide families from grapes could have a great potential
to modify and improve the sensory and physicochemical properties of the wines.
Unfortunately, these polysaccharide families are very difficult to obtain and they
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are not present in commercial formulates. Therefore, there are only a few studies
regarding their effects and mechanisms of action, and more researches have to be
done to better known their role and applicability into the wines.
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Chapter7
Flavonoids and Pectins

Zhiping Zhang, Yanzhi He and Xinyue Zhang

Abstract

Pectins and flavonoids are two related groups of important secondary metabo-
lites derived from plants. The interaction between pectins and flavonoids can
affect their shelf-life stability, functionality, bioavailability, and bioaccessibility.

In this chapter, we will concentrate on the current opinions on the flavonoids to
understand how to classify this group of secondary metabolites, what biological and
pharmacological activities they possess, and how to biosynthesize them in plants.
We will then discuss the general strategies for the derivation of these small second-
ary compounds. The strategies comprise traditional plant extraction, chemical
synthesis, and biosynthesis. We will also discuss the advantages and disadvantages
of these three production strategies in the derivation of flavonoids and the future
research directions in generating health-beneficial flavonoids using the biosyn-
thetic strategy.

Keywords: flavonoids, pectins, secondary metabolites, interaction,
pharmacological activity, biological activity, biosynthetic pathway,
extraction, characterization, chemical synthesis, microbial cell factory,
enzymatic synthesis, multienzyme synthetic system

1. Introduction

Peels represent a large percentage of the total weight of fruits, for example,
50-65% of Citrus fruits (lemon, lime, orange, and grapefruit) [1]. During pro-
cessing of fruits for juice and oil extractions, the peels remain as the primary
byproducts and become waste if not processed further, which can lead to serious
environmental pollution [1]. Therefore, the fruit-processing industries are also
interested in making use of these wastes.

The peels are also a good commercial source of pectins (polygalacturonic acid)
and flavonoids [1]. The pectins are polysaccharide macromolecules contained in
the primary cell wall of plants and involved in controlling cell wall ionic status, cell
expansion, and separation [1]. Usually, the pectins are commercially extracted and
isolated from Citrus peels and apple pomace. They are not only used as a gelling
agent, dessert filling, or juice and milk stabilizer in food industry but also as a
source of dietary fiber. Flavonoids are a large group of small secondary metabolites
contained in the vacuoles and possess a wide range of biological activities, espe-
cially those with human health benefits [2, 3]. In the Citrus peels, flavonoids mainly
include flavones (e.g., rhoifolin, isorhoifolin, diosmin, and neodiosmin), flava-
nones (e.g., eriocitrin, neoeriocitrin, narirutin, naringin, hesperidin, neohesperi-
din, poncirin, and neoponcirin), and flavonols (e.g., rutin) [4]. It has been reported
that the highest concentrations of Citrus flavonoids occur in the peels [1]. Due to the
importance of pectins and flavonoids in food, cosmetic, and medicinal industries,
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quite a number of studies have been focused on these two groups of compounds.
Accordingly, a variety of approaches have been developed for efficient isolation of
pectins and flavonoids from fruit peels and pomace. For example, to make a better
use of yellow passion fruit rind, de Souza and colleagues have developed a strategy
for sequential extraction of flavonoids and pectin [5].

As we know, pectins are abundant in the middle lamella of the plant cell walls
with a gradual decrease in the content toward the plasma membrane, whereas flavo-
noids are naturally located within the cells [6]. Generally, flavonoids within the cells
do not come into contact with the cell wall materials, such as pectins, celluloses,
and hemicelluloses, prior to food processing. When fruits are processed and eaten,
intracellular flavonoids can be released from the cells, leading to their interaction
with substances like metal ions and plant cell wall materials [7, 8]. For example,
procyanidins and anthocyanins can spontaneously bind to water-, chelator-, and
sodium carbonate-soluble pectins. It is believed that the binding of flavonoids to cell
wall materials results from noncovalent, hydrophobic, hydrogen bonding, and ionic
interactions [9-11]. Recently, Chirug and colleagues have presented a novel possible
mechanism that iron ions mediate the interaction between pectins and quercetin
[6]. Such interaction might affect their shelf-life stability and functionality, as well
as their bioavailability and bioaccessibility [6, 12]. Therefore, it could be of high
importance to study their interaction. Since there are several reviews on the interac-
tion [8, 13], we will not discuss it in this chapter. Instead, we will concentrate on
understanding the current opinions on flavonoids, including the classification, bio-
logical activities, and biosynthetic pathway of these secondary compounds. We will
then review the general strategies for derivation of these compounds, including the
traditional plant extraction, chemical synthesis, and biosynthesis of these impor-
tant small bioactive molecules in a microbial cell factory or an iz vitro multienzyme
synthetic platform. We will also discuss the advantages and disadvantages of these
strategies and the future research directions in the field of flavonoid biosynthesis.

2. Classification and biological activities of flavonoids

Flavonoids belong to a class of secondary metabolites and comprise a large group
of natural products that are widespread in higher plants but also found in mosses
and liverworts [14, 15]. Chemically, flavonoid compounds have the basic structure
of 15-carbon atoms with two phenolic rings connected by a 3-carbon chain [16],
forming a C6-C3-C6 carbon framework (Figure 1). Generally, these small mol-
ecules can be divided into six major subclasses on the basis of the variations on the

Figure 1.
Structure and atom numbering of flavonoid backbone.
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heterocyclic C-ring and the degree of oxidation: the flavanols, flavones, flavonols,
flavanones, anthocyanidins, and isoflavones [2, 16-18]. The flavonoids can exist in
a free aglycone form but are often glycosylated (most commonly glucose), and the
glycosylation in turn increases their water solubility [19].

The flavonoids are involved in the formation of plant pigments [20] and protect
plants against pathogens, herbivores, and UV radiation [21]. However, the study
of flavonoids, like that of most natural products, has emerged from the search of
new compounds with promising pharmacological properties. After decades of
endeavors, scientists have found that flavonoids possess a wide variety of biological
and pharmacological properties, which leads to numerous studies on these second-
ary metabolites. These health-beneficial properties include antiangiogenic [22],
antibacterial [23-27], anti-cancer [24, 28], anti-inflammatory [28-33], antiglycat-
ing [34], antimalarial [35], antimicrobial [36-42], anti-oxidant [26, 36, 38, 42-51],
anti-platelet [48], anti-proliferation [52], agonistic/antagonistic [53], ammonia-
lowering and regulation of urea cycle [54], anxiolytic [55], atheroprotective [56],
cardioprotective and hypouricemic [57], cytotoxic [51, 58], endocrine disrupting
[59], free radical-scavenging [31-33, 39, 40, 46, 51, 52, 58, 60-66], hepatoprotective
[67], leishmanicidal [68], neuroprotective [69], photoprotective [43], and trypano-
cidal activities [68, 70]. In addition, the flavonoids can inhibit eukaryotic protein
synthesis [71] and a variety of important enzymes such as aggrecanase [72], aldose
reductase [30, 73], alpha-glucosidase [60], cholinesterase [26, 74], protein tyrosine
phosphatase and acetylcholinesterase [75], and tyrosinase [44, 64].

3. Biosynthetic pathway of flavonoids

After several decades of efforts, the pathway for flavonoid biosynthesis has
been largely deciphered even though quite a number of details remain unknown
(Figure 2). The flavonoids and their derivatives are biosynthesized by a variety
of enzymes. These enzymes belong to different families [76], mainly including
2-oxoglutarate-dependent dioxygenase (2-ODD), cytochrome P450 hydroxylase,
short-chain dehydrogenase/reductase (SDR), O-methyltransferase (OMT), and
O-glycosyltransferase (GT). The 2-ODD, cytochrome P450, and SDR enzymes
constitute the major pathway for flavonoid biosynthesis [76], and the OMT and GT
enzymes are involved in modification of flavonoids. The involved 2-ODD enzymes
mainly comprise flavanone 3-hydroxylase (F3H), flavonol synthase (FLS), flavone
synthase I (FSI), anthocyanidin synthase (ANS), and flavonol 6-hydroxylase (F6H)
[17, 76-81]. The related cytochrome P450 enzymes contain cinnamate 4-hydroxy-
lase (C4H), isoflavone synthase (IFS), flavanone 2-hydroxylase (F2H), flavone
synthase II (FSII), flavonol 6-hydroxylase (F6H), flavonoid 3'-hydroxylase (F3’H),
flavonoid 3’,5'-hydroxylase (F3'5'H), isoflavone 2’-hydroxylase (I12'H), and isofla-
vone 3'-hydroxylase (I3'H) [17, 18, 76, 80, 82, 83]. The SDR enzymes participating
in flavonoid biosynthesis include dihydroflavonol 4-reductase (DFR) and antho-
cyanidin synthase (ANR) [76]. Interestingly, the flavone synthase (FS) activity
is specified either by a 2-ODD (FSI) or a P450 (FSII) enzyme in a plant species-
dependent manner [84, 85]. Similarly, the flavonol 6-hydroxylase (F6H) activity is
also endowed either by a 2-ODD [81, 86] or P450 [87, 88] enzyme in different plant
species. These findings further increase the complexity of flavonoid biosynthesis.

Basically, biosynthesis of flavonoids can be arbitrarily divided into three major
stages. The first stage (a.k.a the phenylpropanoid pathway) includes three suc-
cessive chemical reactions catalyzed by phenylalanine ammonia-lyase (PAL),
cinnamate 4-hydroxylase (C4H), and 4-coumaroyl:CoA ligase (4CL), respectively,
to convert L-phenylalanine to 4-coumroyl-CoA. In addition, L-tyrosine can also
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Figure 2.

Schematic of the biosynthetic pathway leading to the major subclasses of flavonoids. Adapted from [10, 12, 68].
4CL, 4-coumaroyl:CoA ligase; ACC, acetyl CoA carboxylase; ANR, anthocyanidin reductase; ANS,
anthocyanidin synthase; AS, aureusidin synthase; C4H, cinnamate 4-hydroxylase; CE: condensing enzyme;
CHI, chalcone isomerase; CHS, chalcone synthase; DFR, dihydroflavonol 4-veductase; DMID, 7,2'-dihydroxy-
4'-methoxyisoflavanol dehydratase; F3H, flavanone 3-hydroxylase; F3'H, flavonoid 3'-hydroxylase; F3's'H,
flavonoid 3',5'-hydroxylase; FLS, flavonol synthase; FSI/FSII, flavone synthase I/IL; 12'H, isoflavone
2'-hydroxylase; IFR, isoflavone reductase; IFS, isoflavone synthase; IOMT, isoflavone O-methyltransferase;
LAR, leucoanthocyanidin reductase; LDOX, leucoanthocyanidin dioxygenase; OMT, O-methyltransferase;
PAL, phenylalanine ammonia-lyase; PPO, polyphenol oxidase; RT, rhamnosyltransferase; TAL, tyrosine
ammonia-lyase; UFGT, UDP flavonoid glucosyltransferase; VR, vestitone reductase.
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participate in the flavonoid biosynthesis via two successive enzymatic reactions
catalyzed by tyrosine ammonia lyase (TAL) and 4CL, respectively. The second
stage is crucial for the biosynthesis of flavonoids, in which the backbones of

major subclasses of flavonoids are formed. This stage begins from the formation

of chalcone by conversion of the 4-coumroyl-CoA from the first stage and the
malonyl-CoA from carboxylation of acetyl-CoA. Chalcone synthase (CHS), an
entry point enzyme into the pathway, catalyzes this chemical reaction by conversion
of one molecule of 4-coumroyl-CoA and three molecules of malonyl-CoA to one
molecule of chalcone (e.g., tetrahydroxychalcone). Then, the chalcone molecule is
cyclized to form a flavanone (e.g., naringenin) by chalcone isomerase (CHI) and an
aurone (e.g., aureusidin) by aureusidin synthase (AS). The flavanone can be further
converted to dihydroflavonol by F3H and then flavonol by FLS. Alternatively, the
flavanone molecule can also be converted to a flavone by FS, a flavanol by DFR,

an isoflavone by IFS, and an anthocyanidin by a series of successive enzymatic
reactions catalyzed by F3H, DFR, and leucoanthocyanidin dioxygenase (LDOX),
respectively. The resulting anthocyanidin molecule can be further modified to
form anthocyanins by a series of chemical modifications by OMT, UDP flavonoid
glucosyltransferase (UFGT), and rhamnosyltransferase (RT). The third stage is
mainly involved in various chemical decorations of flavonoids. Generally, natural
flavonoids are often extensively modified by chemical reactions, including glyco-
sylation and methylation [76], acylation [89], sulfonation [90, 91], prenylation

[92, 93], and galloylation [94], which further contribute to the structural and
functional diversity of flavonoids.

4, Derivation of flavonoids

Due to the intrinsic health benefits possessed by flavonoids, numerous
approaches have been developed during the past decades for the derivation of a
wide range of flavonoids. Basically, these approaches can be divided into three
major categories: traditional plant extraction, chemical synthesis, and biosynthesis.

4.1 Traditional plant extraction via organic solvents

Traditionally, flavonoids are extracted from various plant species, which
currently remains the most commonly used methods. During the past decades,
researchers have developed plenty of methods to improve the yield and purity
of flavonoids derived from plants. Generally, the plant tissues are air-dried and
ground into powder for extraction via organic solvents (most commonly methanol
and ethanol), and the extracts are then subjected to successive fractionation with
other organic solvents (most commonly petroleum ether, chloroform, ethyl acetate,
and n-butyl alcohol), followed by repeated silica gel and Sephadex LH-20 column
chromatographies [44, 95]. The yield of plant-derived flavonoids can be improved
by ultrasonic wave- [96], microwave- [97], and enzyme-assisted extraction [98];
aqueous two-phase extraction [99]; and a combination of these modifications
[100]. The isolated flavonoids are then subjected to polyamide thin plate chroma-
tography (TLC), high performance liquid chromatography (HPLC), electrospray
ionization mass spectrometry (ESI-MS), and nuclear magnetic resonance (NMR)
analyses to determine their identity and purity [2, 3]. Due to the high solubility of
most flavonoids in organic solvents, this strategy often demonstrates a high effi-
ciency in the derivation of flavonoids from plant tissues. However, the disadvantage
of the plant extraction is obvious. Due to the very low content of most flavonoids
in plant tissues, the extraction and isolation of flavonoids often requires multiple
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steps and plenty of time, labor, and organic solvents, which greatly increase the
production cost. Moreover, different plant tissues often need to develop different
approaches for processing, which makes the extraction more complicated and
further increase the cost for the production of flavonoids. Therefore, this approach
is not cost-effective, and it is crucial to develop alternative strategies to reduce the
cost for producing flavonoids.

4.2 Chemical synthesis of flavonoids

Another approach for producing flavonoids is chemical synthesis. Basically,
there are two strategies for chemical synthesis of flavones, that is, the chalcone
route and the Baker-Venkataraman method [101]. Even though there are a few
successful examples, chemical synthesis of flavonoids is often very complicated and
involved in many steps [2]. It requires toxic reagents and extreme reaction condi-
tions [3, 102]. Chiral synthesis and subsequent modifications further increase the
difficulty of this approach in the production of flavonoids [3]. Moreover, the multi-
step chemical reactions often produce quite a number of intermediate products with
a high similarity in structure, which further increases the difficulty in purification
of the desired products. Therefore, chemical synthesis is not economically feasible
for the mass production of flavonoids [3].

4.3 Biosynthesis of flavonoids

Since the biosynthetic pathway of flavonoids is largely elucidated in plants
[20], other promising alternative strategies have been developed to produce these
secondary compounds [2, 103-106]. One of these alternative strategies is to produce
flavonoids in a microbial cell factory. It has been well known that Escherichia coli
and Saccharomyces cevevisiae are the two most commonly used model organisms
for the construction of a microbial cell factory. There are quite a few paradigms for
the production of flavonoids using this strategy. For example, eriodictyol has been
produced using L-tyrosine as a substrate in E. coli BL21(DE3) genetically modified
by TAL, 4CL, CHS, CHI, F3H, and F3’H genes and the production can reach up to
107 mg/L by further introducing three other genes acs, accBC, and dtsR1 to enhance
the availability of malonyl-CoA [103]. Kaempferol has been produced in a microbial
cell factory by introducing a de novo biosynthetic pathway into S. cerevisiae, and
the biosynthesis has been further improved by introducing two more pathways
to enhance the generation of acetyl-CoA and malonyl-CoA [107]. Obviously, this
strategy circumvents some inherent disadvantages of traditional plant extrac-
tion and chemical synthesis. However, not all genetically modified microbes can
produce desired products due to the well-known complexity of a microbial cell
system, the incompatibility of artificially synthesized genetic elements in host cells,
the growth inhibition of host cells by desired and intermediate products, and the
instability of an engineered biosystem itself [2, 108].

Recently, we have developed an iz vitro platform to produce flavonoids by
constructing a multienzyme synthetic system to convert naringenin into kaemp-
ferol in one pot [2]. After optimizing a series of reaction parameters, including the
components and pH value of the buffer system, reaction temperature and time,
and total amount and ratio of the enzymes, the production yield can reach up to
37.55 + 1.62 mg/L within 40-50 min with a conversion rate of 55.89% * 2.74% [2].
The advantages of this strategy are obvious. It is time- and labor-saving. The reac-
tion conditions are easy to control accurately. Due to the clearness in the buffer
components and the lack of complex physiological regulation as occurred in the
microbial cell factory, it is possible to easily make further optimization in the future.
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It is also much easier to purify desired products from this i vitro synthetic system
than from the cell factory because of the simplicity of the components in the system.
In addition, the strategy is highly cost-effective because of the cheap chemicals and
recombinant proteins used in this system. More importantly, the system is easy to
scale up and therefore possesses a huge industrialization potential. It also provides a
guide for other secondary metabolites to produce economically. However, problems
still exist in this production strategy. For example, due to the lack of P450-reductase
function, prokaryotically expressed cytochrome P450 enzymes lose their enzymatic
activities [109]. To achieve a functional expression, Leonard and colleagues fused a
plant P450 enzyme gene F3'5'H with its redox partner cytochrome P450 reductase
gene cpr from Catharanthus roseus and successfully produced a hydroxylated flavonol
quercetin from p-coumaric acid in E. coli by simultaneous coexpression of the fusion
protein with 4CL, CHS, CHI, F3H, and FLS [110], which provides a guide to solve
this kind of problem. To further improve the efficiency of the biosynthetic system,
future research should be focused on screening key enzymes with high activities
from various plants, mutation of genes encoding key enzymes to enhance their
activities, and immobilization of the highly active enzymes to inert carriers.

5. Conclusions

Pectins and flavonoids are two distinctive classes of bioactive secondary metabo-
lites presented in the fruit peels and used in food industry. The flavonoids can be
divided into six major subclasses, including the flavanols, flavones, flavonols, flava-
nones, anthocyanidins, and isoflavones, and their flavonoid biosynthetic pathway
has been largely elucidated. These natural small compounds possess a wide range of
health-beneficial properties and can be derived by traditional plant extraction via
organic solvents, chemical synthesis, and biosynthesis by constructing a microbial
cell factory or an iz vitro multienzyme synthetic system.
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