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ABSTRACT

Improvement in the size and antioxidant activity of kafirin microparticles by
treatment with sorghum polyphenols

By

Juliet Muronzwa

Supervisor: Prof John RN Taylor

Co-supervisor: Dr Janet Taylor

Microparticles (KEMs) made from the sorghum prolamin protein, kafirin, have internal
vacuoles. Hence, they have potential as delivery vehicles for nutraceuticals. However, their
physico-chemical properties need to be improved for this application. The influence of
kafirin extracted from white tan-plant and red non-tannin sorghum types of 81% and 84%
protein content respectively and the rate of water addition on the formation of KEMs from
kafirin in acetic acid solution by coacervation on their morphology was investigated. A
water flow rate of 1.4 and 0.7 ml/min during coacervation using 81% kafirin resulted in
spherical-shaped KEMs between 1 and 10 pum in diameter and vacuoles up to 2 um. KEMs
made with 84% kafirin at a flow rate of 0.7 ml/min were large and oval-shaped with an
average length and width of 43 and 21 um respectively and numerous vacuoles up to 3 pm.
At a flow rate of 1.4 ml/min, the KEMs were oval-shaped with larger vacuole sizes (5 um),
a length and width of 91 and 30 um respectively. However, SDS-PAGE indicated that
neither the source of kafirin, nor the conditions of microparticle preparation had an effect
on KEMs protein molecular size.As the presence of phenolic compounds in the kafirins
might have been responsible for the differences in KEMs morphology, the effect of
sorghum-derived polyphenols (extracted from condensed-tannin and non-tannin black
sorghum brans) on the physico-chemical properties of KEMs was then investigated using
81% kafirin. Aqueous condensed tannin (10.1 mg CE (catechin equivalent)/100 mg
extract) and black non-tannin (4.6 mg CE/100 mg extract) extracts in varying
concentrations, were substituted for the water used for coacervation. KEMs made with
condensed tannin extracts were oval-shaped and much larger, than control KEMs ranging
from 20 to 400 um, with rough surfaces and enlarged vacuoles. The enlarged vacuoles
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were probably due to more air being trapped within the particles during formation.
However, KEMs made from non-tannin phenolic extracts were smaller and spherical with
average diameters up to 18 pum. Tannins are known to bind strongly to kafirin through
hydrogen and hydrophobic bonds, which probably resulted in the larger microparticles.
The KEMs made from condensed tannins also had high antioxidant capacities compared to
KEMs made from non-tannin phenolic extracts, attributed to tannins being more potent
antioxidants. Thus, condensed tannin extracts are the most beneficial as they contributed
towards the antioxidant activity of the KEMs, resulting in the development of innovative

KEMs with added antioxidant benefits and enlarged size.
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1 INTRODUCTION

Polymer-based particulate systems have attracted considerable attention as active molecule
delivery devices (reviewed by Chen, Remondetto and Subirade, 2006). Known as
microspheres or microparticles, these are defined as particles less than 1000 pm in size
consisting of solid, liquid or gaseous materials encapsulated within their polymeric matrix
or adsorbed or conjugated on to the surface (reviewed by Allemann, Leroux and Gurny,
1998).

The biomedical sectors mostly use microparticles as carriers for drugs, to protect and
transport to target functions (Peppas, Buresa, Leobandung and Ichikawa, 2000). However,
in food applications, several purposes are targeted: i) the protectionof the encapsulated
product against damage caused by external conditions such as light or heat during
processing and storage in the food matrix, and ii) the separation of reactive species
(Loveday and Singh, 2008). Further, an important benefit of microparticles is due to their
ability to control the release of incorporated ingredients and deliver them to a specific

target at a suitable time (Fernandez, Torres-Giner and Lagaron, 2009).

Microencapsulation is a technology that is used to encapsulate compounds inside
microparticles (Dubey, Shami and Rao, 2009). Various techniques such as solvent
extraction, spray drying and coacervation have been used for encapsulation (reviewed by
Freitas, Merkle and Gander, 2005). Many synthetic polymers despite their successful
elaboration have not been used in food applications as delivery systems which require
generally regarded as safe (GRAS) substances. Thus interest in developing microparticles

from food proteins as delivery systems has grown (reviewed by Chen et al., 2006).

As reviewed by Nesterenko, Aric, Silvestre and Durrieu (2013), proteins extracted from
animal (whey, gelatine and casein) and plant (soy, pea and cereal proteins) derived
products are widely used for encapsulation of active substances. Proteins because they are
natural polymers, present several advantages: biocompatibility, biodegradability, good
amphiphilic and functional properties. Plant proteins are also known to be less allergenic
compared to animal derived proteins (Jenkins, Breiteneder and Mills, 2007). Thus, protein-
based microparticles have found increasing applications in the food industry because they
can be precisely designed for use in many food formulations and virtually any ingredient

1
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can be encapsulated whether hydrophobic, hydrophilic or microbial (reviewed by Chen et
al., 2006). There is growing interest in encapsulation of bioactive compounds, particularly

polyphenols because of their associated health benefits (Fang and Bhandari, 2010).

The sorghum storage protein, kafirin, has been shown to have potential as a delivery
system for phytochemicals (Taylor, Taylor, Belton and Minnaar, 2009b). Kafirin
microparticles (KEMs), prepared by phase separation from a solution of kafirin in glacial
acetic acid was shownto have a large internal surface together with the ability to form open
structures (Taylor, Taylor, Belton and Minnaar, 2009a) and thus have the potential to be
used as encapsulation agents for phenolics (Taylor et al., 2009b). According to Matalanis,
Jones and McClements (2011), the functional performance of a protein microparticle
depends on its structure- size, shape and internal morphology. However, in most cases the
initial structure needs to be manipulated to improve on its functional properties. Therefore
this project sought to investigate physical and chemical methods to control the structure of
KEM:s.

© University of Pretoria
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2 LITERATURE REVIEW

In this review, the concept of microparticles is explained, with particular focus in protein
microparticles and why they are gaining interest in food applications. The principles
involved in the formation of protein microparticles are also discussed as well as the various
technologies or operating processes used to prepare the microparticles. The application of
protein microparticles in microencapsulation is also discussed, especially as delivery
vehicles for nutraceuticals. Specific reference is made to sorghum polyphenols as a
nutraceutical that requires to be microencapsulated due to their antioxidant and health-
promoting activities. A comparison is then made between animal-based and plant-based
protein microparticles and why plant-based protein microparticles are preferable, in
particular, sorghum protein, kafirin. Briefly, the characteristics of kafirin are explained and
the microparticles made from Kkafirin. Lastly, the functional properties of protein
microparticles relevant to their application are described. Physical and chemical methods
of cross-linking protein microparticles, improving their functional properties are also

discussed.

2.1 MICROPARTICLES
2.1.1 Definition

As reviewed by Nesterenko et al. (2013), microparticles are generally classified into
Microcapsules with a single core surrounded by a layer of encapsulating material or
Microspheres with the core dispersed in a continuous matrix network and more complex
structures such as multilayer microcapsules or multi-shell microspheres. Microparticles can
be made from either synthetic polymers or natural polymers or mixed systems, depending
on the intended application (reviewed by Chen et al., 2006). Examples of microparticles
include those made from synthetic polymers such as poly (lactic acid) (PLA) or poly-
lactic-co-glycolic acid (PLGA) (Freitas et al., 2005) and natural polymers such as protein-
based, carbohydrate-based, lipid-based or mixed systems as reviewed by the following:
Augustin and Hemar (2009); Benshitrit, Levi, Tal, Shimoni and Lesmes (2012).

However, in spite of successful elaboration of many synthetic polymers as delivery
systems, these cannot be used in food applications (Peppas et al., 2000), that require
materials that are generally recognized as safe (GRAS) substances. Thus among food

3
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biopolymers, food proteins are being widely investigated for formulation of microparticles

for food applications (reviewed by Sinha and Trehan, 2003).

2.1.2 Protein microparticles

Food proteins are a versatile group of biopolymers that carry an important nutritional value
along with considerable functionality (reviewed by Benshitrit et al., 2012). Therefore,
interest in developing protein microparticles as delivery systems has grown. Various kinds
of animal proteins including gelatin (Strauss and Gibson, 2004), collagen (reviewed by
Gomez-Guillén, Giménez, Loépez-Caballero, Montero, 2011), casein (reviewed by
Elzoghby, Samy and Elgindy, 2012), albumin (MacAdam, Shaft, James, Marriott and
Martin, 1997) and whey protein (Gunasekaran, Ko, Xiao, 2007) have been investigated
including plant proteins such as soy, pea, rice (reviewed by Nesterenko et al., 2013), maize
zein (Liu, Sun, Wang, Zhang, and Wang, 2005), wheat gliadin (reviewed by Chen et al.,
2006) and sorghum Kafirin (Taylor et al., 2009a).

Proteins have several useful attributes as reviewed by Nesterenko et al. (2013), which
include: biocompatibility, biodegradability, good amphiphilic and functional properties
such as water solubility, and emulsifying and foaming capacity. The use of plant proteins
as wall foaming materials in microencapsulation reflects the present ‘green’ trend in the
pharmaceutical, cosmetics and food industry. In food applications, plant proteins are
known to be less allergenic compared to animal-derived proteins (Jenkins et al., 2007).

According to Augustin and Hemar (2009), the properties of proteins are influenced by their
amino acid composition, conformation and charge as well as their denaturation
temperature. Because of their amphiphilic nature, proteins can self-assemble. Thus, this

aggregation of protein enables the formation of microparticles.

2.1.3 Formation of microparticles

Protein microparticles can be formed by self-association/assembly or controlled
aggregation (reviewed by Matalanis et al., 2011). Whitesides, Mathias and Seto (1991)
define molecular self-assembly as the spontaneous organization of molecules under

thermodynamic equilibrium conditions into structurally well-defined and rather stable

4
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arrangements (aggregates) through a number of non-covalent interactions. These non-
covalent interactions include hydrogen bonds, ionic bonds and van der Waals’ forces
which are all collectively responsible for the assembly of protein molecules into some
well-defined and stable structures (Zhang, 2002). Also, when proteins are heated above
their thermal denaturation temperature, protein self-association is promoted through
hydrophobic attraction and disulphide bond formation. When a protein is denatured, its
physical and chemical interactions change appreciably through exposure of non-polar
amino acids for example leucine or valine and sulphur-containing groups such as cysteine,
originally present within the compact interior of the protein (reviewed by Augustin and
Hemar, 2009; Jones and McClements, 2010; Matalanis et al., 2011). The nature of the
particles formed can be controlled by manipulating the intermolecular interactions, through
controlling pH, ionic strength and heating conditions (reviewed by Matalanis et al., 2011).
Consequently, denatured proteins have a greater tendency to aggregate with each other
through hydrophobic bonding and disulphide bond formation (reviewed by Jones and
McClements, 2010). Protein aggregation is defined as a universal term for the summary of
protein species formed by covalent bonds or non-covalent interactions (Mahler, Friess,
Grauschopf and Kiese, 2009).

Protein aggregation can be induced by a wide variety of conditions, including temperature,
mechanical stress such as shaking and stirring, pumping, freezing and/or thawing and
formulation parameters such as protein concentration, pH, salt concentration, salt type and
solvent added (Van der Linden and Venema, 2007; Mahler et al., 2009). In food
applications, aggregation is often triggered by acidification, which neutralises the charge
on the protein as the pH approaches the isoelectric point (pl) of the protein, or by heating
which causes unfolding and exposure of hydrophobic groups (reviewed by Augustin and
Hemar, 2009).

The aggregation process may lead to soluble and/or insoluble aggregates, which may
precipitate (Mahler et al., 2009). The morphology of the insoluble aggregates may be in the
form of amorphous (also known as non-linear, aggregate) or fibrillar (also referred to as
linear) material (reviewed by Chen et al., 2006; Van der Linden and Venema, 2007;
Mahler et al., 2009). The fibrillar form is created by linear aggregation of structural units
maintained by hydrophobic interactions, whereas the aggregate form is produced by

© University of Pretoria
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random aggregation of structural units essentially controlled by Van der Waals forces
(reviewed by Chen et al., 2006).

According to reviews by Jones and McClements (2010) and Chen et al. (2006), linear
morphologies are formed when there is relatively strong repulsion between the protein
molecules, low ionic strength and also when proteins are heated far from their isoelectric
point. Large spheroid particulate aggregates tend to be formed under conditions where
there is only a weak electrostatic repulsion between the protein molecules or high ionic
strength or pH adjusted close to the proteins isoelectric point. As aggregation is not
specific (Mahler et al., 2009), the formation of a three-dimensional network varies
(reviewed by Augustin and Hemar, 2009). To illustrate the structural form that arises from
the assembly of proteins, Van der Linden and Venema (2007) using B-lactoglobulin as a
model protein showed how the structure of the protein built from heating at 80°C varies

with the pH of the solution (Figure 1).

/
%
)

pH far from IEP pH close to IEP

vyvv

increasing ionic strength

Figure 1: Schematic representation of protein structures formed by heat-denatured globular
protein solutions as a function of the ionic strength and difference between the IEP or pl of

the protein and the pH of the solution (Van der Linden and Venema, 2007)
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For a pH near the isoelectric point (pl or IEP) of the protein (where the overall charge of
the protein is zero), spherical aggregates are formed, while for a pH far from the pl, linear

aggregates are formed.

According to Mabhler et al. (2009), the protein aggregates can be categorized based on
different aspects such as the type of bond, reversibility and size of the aggregates. Non-
covalent aggregates are formed solely via weak forces such as van der Waals forces,
hydrogen bonding, hydrophobic and electrostatic interactions, whereas covalent aggregates
may, for example form via disulphide bond linkages (reviewed by Jones and McClements,
2010). Aggregation may be reversible or irreversible, where the irreversible aggregates
could be permanently eliminated by preparative separation processes such as filtration
techniques (Van der Linden and Venema, 2007). The formation of reversible aggregates is
often considered to be caused by the self-assembly of protein molecules, which can be
induced by changes in pH or ionic strength of the protein solution (Gerrard, 2002;

reviewed by Jones and McClements, 2010).

Therefore, understanding the aggregation process of proteins may be useful in fabrication
of protein microparticles for various applications. For example, casein microparticles can
be formed by controlled aggregation by adjusting the pH close to the proteins pl, by adding
multivalent counter ions or by adding chymosin (Copper, Corredig and Alexander, 2010).

2.1.4 Processes for preparing protein microparticles

Most methods used are modifications of three basic techniques: Spray drying, Solvent
extraction/evaporation and Coacervation (phase separation) (Chen and Subirade, 2007). As
reviewed by Sinha and Trehan (2003), the choice of method depends not only on the
properties of the protein but also on the intended microparticle use (Herrmann and
Bodmeier, 1998).

2.1.4.1 Spray drying

Spray drying is a technique wherein atomized protein suspensions or solutions are quickly
dried using a heated gas (reviewed by Jones and McClements, 2010). Depending on the

starting feed protein solution and operating conditions, a very fine powder (10-50 pum) or

7

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(02@*

large size particles (2-3 mm) are produced (reviewed by Gharsallaoui, Roudaut, Chambin,
Voilley and Saurel, 2007; reviewed by Murugesan and Orsat, 2011). Spray-drying is
relatively simple, fast, cheap and of high throughput but cannot be used for highly
temperature-sensitive compounds. Moreover, control of particle size is difficult, and yields

for small batches are moderate (Freitas et al., 2005).

2.1.4.2 Solvent extraction/evaporation

Microparticle preparation by solvent extraction/evaporation basically consists of four
major steps: (i) dissolution or dispersion of the protein in an organic solvent, (ii)
emulsification of this organic phase in a second phase immiscible with the first one (iii)
extraction of the solvent from the dispersed phase by continuous phase, often accompanied
by solvent evaporation or extraction resulting in the formation of microparticles and (iv)
harvesting and drying of the microparticles. The solvent extraction method does not require
elevated temperatures nor phase separation inducing agents (Sinha and Trehan, 2003;
Freitas et al., 2005).

2.1.4.3 Coacervation (phase separation)

The coacervation process is a modified emulsification technology (De Vos, Faas,
Spasojevic and Sikkema, 2010) and is also known as phase separation (Wilson and Shah,
2007). It is often regarded as the original method for encapsulation (Risch, 1995). As
reviewed by Nesterenko et al. (2013), coacervation is carried out by precipitation of
biopolymer around the active core under the effects of: change of pH or temperature,
addition of a non-solvent or electrolyte compound. During coacervation, a protein is
dissolved in a solvent, which is normally aqueous, while continuing to stir the solution, an
anti-solvent normally non-miscible solvent is slowly added to the solution (reviewed by
Sinha and Trehan, 2003). As a result, there is separation from solution of colloid particles

which then agglomerate into separate phases (Korus, 2001).

When a solution of proteins of opposite charge is mixed, a complex is formed. Many
factors including the protein type (molar mass, flexibility and charge), pH, ionic strength,
concentration and the ratio of the biopolymers affect the strength of the interaction between

the biopolymers and the nature of the complex formed in coacervation (reviewed by Jones

8
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and McClements, 2010). Although electrostatic interactions are considered to drive the
interaction between biopolymers of opposite charge, hydrophobic interactions and
hydrogen bonding can also contribute significantly to the complex formation. Depending
on the conditions and the polymers involved, coacervation can be classified as simple or
complex. Simple coacervation involves only one type of biopolymer whereas complex
coacervation involves the use of two oppositely charged biopolymers (Burgess and Hickey,
1994; reviewed by Augustin and Hemar, 2009).

2.1.5 Application of protein microparticles

Protein microparticles are widely used in microencapsulation (reviewed by Chen et al.,
2006). Desai and Park (2005) defines microencapsulation as the technology of packaging
solid, liquid and gaseous materials in small capsules or microparticles that release their
contents at controlled rates over prolonged periods of time. According to Shahidi and Han
(1993), the main objective of encapsulation is to protect the core material from adverse
environmental conditions, such as undesirable effects of light, moisture and oxygen and to
promote controlled liberation of the encapsulate. However, in food applications, several
purposes are targeted as summarized by Desai and Park (2005): (i) protection of the core
material from degradation by reducing its reactivity to its outside environment; (ii)
reduction of the evaporation or transfer rate of the core material to the outside
environment; (iif) modification of the physical characteristics of the original material to
allow easier handling; (iv) tailoring the release of the core material slowly over time, or at
a particular time; (v) to mask unpleasant flavour or taste of the core material; (vi) dilution
of the core material when only small amounts are required, while achieving uniform
dispersion in the host material and (vii) to help separate the components of the mixture
that would otherwise react with one another.

Protein-based microparticles have found wide and rapidly increasing applications in the
food industry because they can be precisely designed for use in many food formulations
and virtually any ingredient can be encapsulated, whether hydrophobic, hydrophilic, or
even microbial (reviewed by Chen et al., 2006). Incorporating drugs, unsaturated fatty
acids, vitamins, probiotics as well as bioactive peptides into animal protein-based
microparticles (gelatine, whey, casein, collagen, albumin and elastin) has been done
(reviewed by Chen et al., 2006; Elzoghby et al., 2012). Beaulieu, Savoie, Paquin and
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Subirade (2002), using whey protein microparticles were able to encapsulate vitamin B
with good release properties on digestion. Recent work on encapsulation of B-carotene has
been carried out by Cornacchia and Roos (2011) in whey/ sodium caseinate -stabilized oil-

in-water delivery system.

22 PROTEIN MICROPARTICLES AS DELIVERY VEHICLES FOR
NUTRACEUTICALS

The recent advances in food and nutritional science support the concept that diet plays a
significant role in improved state of well-being, prevention and mitigation of certain
diseases and important part of a healthy lifestyle. This has been due to the realisation that
incorporation of certain food products like fruits, cereals and vegetables in the diet can lead
to preservation of good, long-term health (Waxman and Norum, 2004). The long term
physiological benefit of these foods has been linked to certain bioactive compounds known
as nutraceuticals. Health Canada (1998) defines nutraceuticals as a product isolated or
purified from foods that is generally sold in medicinal forms not usually associated with
food, with physiological benefits or protection aganist chronic disease. Examples of
nutraceuticals include probiotics and prebiotics, vitamins, phenolics, phytosterols and
certain polyunsaturated fatty acids (Kalia, 2005). Therefore, according to Chen and
Subirade (2009) interest in delivery systems for these nutraceutical products has been
increasing due to the growing evidence that they confer health benefits. In this review
section, specific attention will be given to phenolics as a nutraceutical that requires to be

microencapsulated.

2.2.1 Phenolics

Phenolics form a large group of phytochemicals, which are produced by plants as
secondary metabolites to protect them from photosynthetic stress and reactive oxygen
species (reviewed by Das, Bhaumik, Raychaudhuri and Chakraborty, 2011). Phenolics,
generally, polyphenolic compounds are approximately 8000 naturally occurring
compounds, all of which possess one common structural feature, a phenol (an aromatic
ring bearing at least one hydroxyl substituent) (Robbins, 2003). They occur primarily in the
conjugated form, with one or more sugar residues linked to the hydroxyl groups, although

direct linkages of the sugar unit to an aromatic carbon atom also exist. The associated
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sugars can be present as monosaccharides, disaccharides or even oligosaccharides
(Robbins, 2003).

The main classes of phenolics are defined according to the nature of their carbon skeleton:
phenolic acids, flavonoids and the less common stilbenes and lignans (Prakash and Gupta,
2009). All plant-based foods have phenolics (reviewed by Naczk and Shahidi, 2004), and
for the purpose of this review, more attention will be given to sorghum as a rich source of
phenolics. All sorghums contain phenolics (Dykes, Rooney, Waniska and Rooney, 2005)
and according to Hahn, Rooney and Earp (1984), three main classes of phenolics in
sorghum can occur, namely phenolic acids, flavonoid-type compounds and condensed

tannins.

2.2.1.1 Phenolic acids

The phenolic acids in sorghum largely exist as benzoic or cinnamic acid derivatives
(Figure 2), to form hydrobenzoic or hydrocinnamic acids, respectively (reviewed by Awika
and Rooney, 2004). The benzoic acid derivatives include gallic, p-hydrobenzoic, vanillic,
syringic and protocatechuic acids (Figure 2) and have a C6-C1 structure (reviewed by
Dykes and Rooney, 2006). The cinnamic acid derivatives have a C6-C3 structure and
include coumaric, caffeic, ferulic and sinapic acids (Figure 2). According to Hahn et al.
(1984), the phenolic acids in sorghum are present mostly in bound form with ferulic acid
being dominant. Free phenolic acids are found in the outer layers of the kernel (pericarp,

testa and aleurone), whereas the bound phenolic acids are associated with the cell walls.
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Galic acid (1):Ry = H, Ry = Ry = Ry = OH
Gentisic acid (12): Ry = Ry = OH, Ry = Ry = H
Salicyle acid (13) R; = OH, Ry =Ry R, = H

OH phydroxybenzoic acid (14) Ry =Ry =R;=H,Ry= OH
Sytingic (15) Ry = H, Ry = Ry = OCHy, Ry = OH
Protocatechuic(16). Ry =Ry =H, Ry =Ry = OH

Benzoic acids (11-16)

Cinnamic acids (17-21)

Caffeic acid (17). Ry = Ry = H, Ry =Ry = OH
Ferulic acid (18) Ry =Ry=H, Ry = OCHs, Ry = OH
o-coumaric acid (19): Ry = OH, Ry =Ry =R =H
p-coumaric acid (20): Ry =Ry =Ry = H, Ry = OH
Sinapic (24): Ry=H, Ry=R, = 0CHy Ry = OH

Cinnamic acids (17-21)

Figure 2: Basic structure of phenolic acids found in sorghum grain (Awika and Rooney,
2004)
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2.2.1.2 Flavonoids

As reviewed by Tripoli, Guardia, Giammanco, Majo and Giammanco™ (2007), the basic
structure of flavonoids, consists of a fused A and C ring, with the phenyl ring B attached
through its 1" position to the 2-position of the C ring (represented by the labelling on
flavonol structure in Figure 3 below). Flavonoids can be divided into several classes
according to the degree of oxidation of the oxygen heterocycle: flavones, flavonols,
isoflavones, anthocyanins, flavanols and flavanones (Figure 3). Sorghum, amongst all
cereals has the widest variety of flavonoids (reviewed by Dykes and Rooney, 2006) of

which the anthocyanins are the major class of flavonoids in pigmented sorghum types.

The term anthocyanin refers to the glycosides of anthocyanidin (for example pelargonidin,
malvidin, cyanidin) (reviewed by Bravo, 1998). Sorghum anthocyanins are unique in that
some do not contain the hydroxyl group in the C-3 position and thus they are called 3-
deoxyanthocyanins (reviewed by Dykes and Rooney, 2006). Further, they are reported to
be more stable in acidic solution relative to the anthocyanidins commonly found in most
food plants (Awika, Rooney and Waniska, 2004a) due to the lack of oxygen at C-3
believed to improve their stability. The two most common 3-deoxyanthocyanins in
sorghum are apigeninidin and luteolinidin, which are responsible for the yellow and red
colours, respectively (Awika et al., 2004a; Awika, Rooney and Waniska, 2004b). Dykes
and Rooney (2007) also reported other 3-deoxyanthocyanins in sorghum which were
apigeninidin-5-glucoside, 5-methoxyapigeninidin among others. Other flavonoids isolated
and identified in sorghum grains include the flavones apigenin and luteolin, which are
predominant in tan- plant sorghums (Awika et al., 2004a) and flavonones eriodictyol,

naringenin and eriodictyol glucoside (Dykes, Seitz, Rooney and Rooney, 2009).
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OH OH
HO 0
OH 0 OH o}
Flavonols Flavones
OH OH
HO 0 HO 0
H H
H H
H OH
H
OH 0 OH
Flavanones Catechins
OH
HO o HO. 0
O N
F o
OH H OH 0
OH
Anthocyanidins Isoflavones

Figure 3: Molecular structures of flavonoids (Tripoli et al., 2007)

14

© University of Pretoria



ce
zz
==
M
e
w?
Sam
=1
o=
>

=
-®
o
mm®
cod
o %
>

2.2.1.3 Tannins

As reviewed by Bravo (1998), tannins are highly hydroxylated molecules that can form
insoluble complexes with carbohydrates and proteins. The tannins in sorghum are of the
condensed type. Condensed tannins consist of polymerized flavanol units (Figure 4)
(Dykes and Rooney, 2007) and occur in sorghum types with a pigmented testa layer
(Dykes and Rooney, 2007). According to Butler (1982) and Dykes and Rooney (2007), the
condensed tannins in sorghum often exist as oligomers of five to seven flavan-3-ols (Figure
4) which depolymerise into monomeric anthocyanidin pigments and thus are designated as
proanthocyanidins. The autooxidative or enzymatic polymerization of flavan-3-ol and
flavan-3, 4-diol units, linked by C4 -> C8 interflavan bonds (also known as the B-type
linkage) (Figure 4) has been suggested as the process leading to the formation of high-
molecular weight condensed tannins (reviewed by Bravo, 1998).

OH
OH
HO O
s OH
"IIOH n=1->10
OH
C4—C8
interflavan
bonds
OH

OH

Polyflavan-3-ol (3) OH

Figure 4: Structure of proanthocyanidin (condensed tannin) found in sorghum, a
polyflavan-3-ol with a B-type linkage (Dykes and Rooney, 2007)
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2.2.2 Antioxidant and health-promoting activity of phenolics

As reviewed by Wong, Leong and Koh (2006), free radicals, in the form of reactive
oxygen and nitrogen species, are an integral part of normal physiology. An over-
production of these reactive species or free radicals causes an imbalance in the body’s
antioxidant defence system and this leads to oxidative stress. These reactive species can
react with biomolecules, causing cellular injury and death which may lead to the
development of chronic diseases such as cancers and those that involve the cardio- and
cerebrovascular systems. However, dietary antioxidants can augment cellular defences and
help to prevent oxidative damage to cellular components (Conklin, 2000; Prakash and
Gupta, 2009; Das et al., 2011).

Phenolics are antioxidants, due to the reactivity of the phenol moiety (hydroxyl substituent
on the aromatic ring (Robbins, 2003). Substituents on the aromatic ring affect the
stabilization and radical-quenching ability of these phenolics. Therefore different phenolics
exhibit different antioxidant activity (reviewed by Rice-Evans, Miller and Paganga, 1997).
Although there are several mechanisms, the predominant mode of antioxidant activity is
believed to be radical scavenging via hydrogen atom donation (Robbins, 2003). Other
established antioxidant, radical quenching mechanisms are through electron donation and
singlet oxygen quenching (reviewed by Rice-Evans et al., 1997). According to a review by
Bravo (1998), phenolics function as terminators of free radicals and chelators of metal ions
that are capable of catalyzing lipid peroxidation. They do so by interfering with the

oxidation of lipids and other molecules by rapid donation of a hydrogen atom to radicals.

Through epidemiological studies, convincing evidence has been shown that diet rich in
dietary antioxidants is associated with a lower incidence of degenerative diseases (Prakash
and Gupta, 2009). Also, substantial evidence in vitro has suggested that phenolics can
affect numerous cellular processes like, gene expression, apoptosis, platelet aggregation,
intercellular signalling, that can have anti-carcinogenic implications (reviewed by Das et
al.,, 2011). These apart, phenolics have been shown to possess antioxidant, anti-
inflammatory, anti-microbial, cardio protective activities and play a role in the prevention
of neurodegenerative diseases and diabetes mellitus (Scalbert, Johnson and Saltmarsh,
2005a). It is well established that some phenolics, administered as supplements or with
food, do improve health status, as indicated by several biomarkers closely associated with
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cardiovascular risk (Scalbert, Manach, Morand, Remesy and Jiménez, 2005b). In contrast,
evidence for protective effects of phenolics against cancers, neurodegenerative diseases,
and brain function deterioration is still largely derived from animal experiments and in

vitro studies (Lambert, Hong, Yang, Liao and Yang, 2005).

Concerning flavonoids, luteolin has been shown to be powerful antioxidant that inhibits the
oxidation of low-density lipoprotein (LDL) in vitro, a major factor in the promotion of
atherosclerosis, which is a plaque build-up in arteries that can lead to heart attack or stroke
(Marchand, 2002). As reviewed by Bravo (1998), flavonoids are the most effective
scavengers of free radicals, responsible for DNA damage and tumour promotion. Their
anticarcinogenic activity is expressed by multiple mechanisms, like activating and
enhancing activities of antioxidant enzymes or by inhibiting certain enzymes such as P-450
found in the liver (Prakash and Gupta, 2009).

However, as reviewed by Chen et al. (2006), the effectiveness of nutraceutical products
such as phenolics, in preventing diseases depends on preserving their bioavailability. This
represents a formidable challenge, given that only a small proportion of molecules remain
available following oral administration, due to insufficient gastric residence time, low
permeability and/or solubility within the gut, as well as instability under conditions
encountered in food processing (temperature, oxygen, light) or in the gastrointestinal (GI)
tract (pH, enzymes, presence of other nutrients), all of which limit the activity and potential
health benefits of nutraceutical molecules Thus, the delivery of these molecules requires
protective mechanisms that: (1) maintain the active molecular form until the time of
consumption and (2) deliver this form to the physiological target within the organism.
Hence, microencapsulation technology is a promising approach to producing stable, viable

systems (Fang and Bhandari, 2010).

2.3 FUNCTIONAL PROPERTIES OF PROTEIN MICROPARTICLES

The functional characteristics of protein microparticles depend on their structure. Particle
size and shape is very important because it impacts both the physicochemical properties
and sensory attributes of food (reviewed by Jones and McClements, 2010; Benshitrit et al.,
2012). The particle size of the protein microparticle is also significant as it determines the
encapsulation rate, the rate of release of encapsulated compound and its specific
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application (Freitas et al., 2005). According to a review by Chen et al. (2006), larger
microparticles generally release encapsulated compounds more slowly and over longer
time periods, while particle size reduction introduces several bio-adhesive improvement
factors, including increase adhesive force and prolonged Gl transit time, leading to a higher
bioavailability of the compound. For example, zein microparticles for delivery of
ivermectin with an average diameter of 1 um were found suitable for phagocytosis by
macrophages (Liu, Sun, Wang, Zhang and Wang, 2005). The small size of the zein
microparticles, lead to faster release of encapsulated compound, because of their increased
ratio to volume. According to Dubey et al. (2009), the total surface area of the

microparticle is inversely proportional to its size.

As reviewed by Chen et al. (2006); Jones and McClements (2010), protein microparticles
with different shapes can often be formed, for example spheres, spheroids, rods or clusters.
Mostly spheres are produced by application of shear forces or extrusion methods during
particle formation (Norton and Frith, 2001). The appearance, rheology and release
characteristics of colloidal dispersions containing non-spherical particles are often different
from those containing a similar amount of spherical ones. Consequently, modulations of
particle shape can be used to create novel or improved textures in food (reviewed by Jones
and McClements, 2010).

Lastly, the internal structure of the protein microparticle is crucial in determining its
functional characteristics such as encapsulation efficiency, loading capacity, permeability,
integrity and digestibility. In particular, particle porosity has a major influence on the
accessibly of a bioactive trapped within its matrix. In general, a highly porous structure
should allow for relatively easy access and release of an encapsulated bioactive while a

dense structure would limit access and release (reviewed by Matalanis et al., 2011).

2.3.1 Plant-based protein microparticles

Despite the possible advantage of absorbability and low toxicity of degradable end
products, most animal-based protein microparticles (hydrophilic-based systems) has shown
a number of drawbacks (Vandelli, Rivasi, Guerra, Forni and Arletti, 2001). According to
reviews by Elzoghby et al. (2012) and Nesterenko et al. (2013), these drawbacks include
difficulties in achieving sustained ingredient release because of their rapid solubilisation in
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aqueous environments, thus resulting in fast ingredient release profiles. When the system
absorbs water and swells, encapsulated materials will rapidly diffuse out (reviewed by
Elzoghby et al., 2012).

However, in order to overcome this problem, chemical cross-linking procedures (e.g.
glutaraldehyde and formaldehyde treatment) has been examined (Hennink and van
Nostrum, 2012) reducing protein dissolution and drug release at body temperature by the
formation of non-soluble networks on the microparticle surface (Esposito, Cortesi and
Nastruzzi, 1996). Unfortunately, the presence of residual cross-linking agents could lead to
toxic side effects, in addition, unwanted reactions between the drug and cross-linker that
could result in the formation of toxic or inactivated derivatives (reviewed by Vandelli,
Romagnoli, Monti, Gozzi, Guerra, Rivasi and Forni, 2004).

In contrast to using hydrophilic animal-based protein microparticles, hydrophobic plant
proteins such as zein (Liu et al., 2005; reviewed by Reddy and Yang, 2011), gliadin
(reviewed by Elzoghby et al., 2012) and kafirin (Taylor et al., 2009b) have the capability of
yielding sustained ingredient release. Moreover, plant proteins reduce the risk of spreading
diseases such as bovine spongiform encephalitis (mad cow disease) (Lai and Guo, 2011).
As reviewed by Reddy and Yang (2011), plant proteins are more widely available,
biode