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In the food industry, proteins are regarded as multifunctional systems whose bioactive hetero-polymeric properties are
affected by physicochemical interactions with the surrounding components in formulations. Due to their nutritional value,
plant proteins are increasingly considered by the new product developer to provide three-dimensional assemblies of
required structure, texture, solubility and interfacial/bulk stability with physical, chemical or enzymatic treatment. This
molecular flexibility allows them to form systems for the preservation of fresh food, retention of good nutrition and
interaction with a range of microconstituents. While, animal- and milk-based proteins have been widely discussed in the
literature, the role of plant proteins in the development of functional foods with enhanced nutritional profile and targeted
physiological effects can be further explored. Molecular functionality of plant proteins in relation to their structural
transformation i.e. gelation, phase separation and vitrification, is discussed in this review.
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1. Structural Functionality of Plant Proteins from Low to High Solid
Systems

1.1. Effect of Heating

Heating is the main physical factor to induce gelation in globular proteins, thereby, altering their functional properties
dramatically. Upon heating, native globular molecules in aqueous solution unfold and expose the hydrophobic core
facilitating polypeptide-polypeptide and polypeptide-water interactions [, This process is initiated by diminishing stability
of hydrogen bonds in the hydration shell of the protein, which enables the rearrangement of chain segments to balance a
multitude of attractive and repulsive forces 2. At high enough concentrations, gels are formed upon cooling via disulfide,
ionic, hydrophobic and hydrogen bonds &,

Plant globular proteins, extracted from legume seeds, exhibit structure formation as for the animal counterparts with some
variation according to their physicochemical fingerprints .. Thus, the B-sheet content of globulins in soy, kidney bean and
field pea protein isolates relates positively to the small deformation properties of firmness and yield strength =8, Large
deformation properties depend primarily on the number of disulfide bridges. For example, the 2S fraction of soy protein
produced flexible structures with reduced water-holding capacity than the 7S fraction due to less disulfide bridges Z. The
high content of disulfide bridges in native 11S fraction of lupin protein isolates prevented molecular reconfigurations upon
moderate heat treatment . At the isoelectric point (pH 4-5), aggregation of globulins extracted from soy, quinoa and
sesame occurred since the ionization of amino-acid side chains is reduced. Heating can disrupt the disulfide bridges and
in alkaline conditions, protein solubility is encouraged due to increased electrostatic repulsion IR,

Plant protein blends, with other biopolymers, are of interest in novel product development and in understanding the
thermodynamic or kinetic processes, as a function of extrinsic factors, including temperature, pH and ionic strength,
facilitates structural and functional manipulation. In a relatively dilute agueous solution, plant proteins show co-gelation
with animal proteins 12 or independent gelation that traces the structural characteristics of each component in the mixture
(131, This was shown in the synergistic enhancement of storage modulus, gel hardness and paste viscosity for a co-gelated
10-22% (w/v) pea protein with whey protein system 12 and phase separated 10-24% (w/v) soy protein isolate with
gelatine system (13, Gelation of two molecular fractions of soy protein, 11S and 2S in acidic conditions, showed that the
high molecular weight fraction formed the continue phase supporting the discontinuous inclusions of the 2S fraction.
Increasing concentrations of the latter were able to change dramatically the gelation temperature, network strength of the
composite and the distribution of solvent between the two polymeric phases 14, Heating soy or pea protein in mixture with
micellar casein, in the presence of calcium ions, resulted in the formation of cohesive structures due to the “beneficial”
distribution of the counterion within the two proteinaceous phases of the mixture 141,



Increasing additions of globular protein in processed food formulations creates condensed systems where the structural
performance is primarily governed by the property of water molecules as plasticizers, as opposed to solvent in low-solid
preparations B!, |n the case of soy glycinin (11S), a total solids content between 10 and 70% (w/w) retained the
secondary structure of the polymer, which was mainly 3-sheet followed by random coil, B-turn and a-helix. As expected,
higher protein concentrations entrapped efficiently water molecules leading to the formation of firm gels [l At 80% (w/w)
solids, soy glycinin exhibits mechanical properties of an amorphous network characterised by low molecular mobility with
high strength and brittleness. These mechanical properties are reminiscent of the viscoelasticity of synthetic amorphous
polymers and can be treated as such.

Within a certain temperature range (mainly at subzero temperatures) the condensed protein system (80% solids) records
high values of shear storage modulus expected for a glassy consistency. In this supercooled region, there is limited
molecular mobility of the amino acid backbone and side chains. Structural relaxation of the condensed matrix with heating
generates free volume within the entangled polymer chains, with the material undergoing a glass transition indicated by
the so-called “glass transition temperature, Ty". On further heating, the mechanical properties of the high-solid glycinin
matrix exhibit a rubbery consistency and the material softens progressively. Vitrification phenomena of condensed glycinin
systems follow qualitatively the transition from the glassy to the rubbery state of high-solid globular proteins from animal
sources. This allows comparisons to be made of the structural functionality for partial/total replacement of meat proteins in
high-solid formulations 31,

1.2. Effect of High Pressure

High pressure is the most popular non-thermal treatment in the food industry for the modification of the structural
properties of materials, without compromising their bio-functionality. Electrostatic bonds are very labile, hydrophobic
interactions are easily disrupted and oxidation of sulfhydryl groups is favoured through the application of high pressure
processing (HPP) on proteins 5. This is accompanied by an increase in surface hydrophobicity and formation of disulfide
bridges known as protein denaturation leading to aggregation and eventual gelation 28IL7I18] |y relatively dilute systems
of amaranth protein isolate (5%, w/w), HPP at 200 MPa induced partially unfolding of the protein structure and generated
some free sulfhydryl groups 9. The same pressure intensity increased the water-holding and oil-binding capacity of
peanut protein isolate (29, Extensive conformational changes were recorded upon high pressure application (400 MPa) on
amaranth solutions resulting in protein aggregation and the formation of biofilms 7. Seed and legume protein
pressurisation up to 600 MPa showed an excessive formation of high molecular weight and large particle-size protein
aggregates, yielding reduced protein solubility in aqueous solutions.

The utilisation of high pressure processing as a method of textural variation requires an understanding of the
physicochemical environment, with the ionic strength of solutions featuring prominently. The addition of monovalent ions
(Na"), and especially divalent ions (Ca2* and Mg?*), increases the electrostatic interactions, thereby, inducing a desirable
aggregation in the preparation of sweet potato protein 4. This is due to the binding of positively charged salt ions and
negatively charged amino acids of the protein molecule, which is enhanced by HPP at 400 MPa, leading to an
improvement in the textural properties of salt-added potato protein in formulations. Care should be taken, though, given
that over-salting food could adversely affect the textural behavior following pressurisation, for example, by reducing the
hardness, springiness and chewiness of plant protein gels, due to the loss of hydrogen bonding between water molecules
and over-aggregated protein 22, In the case of soy protein isolate, added divalent ions at a neutral pH and pressure of
600 MPa exhibited an increase in solubility ranging from the least effect on ferrous ion-beta conglycinin complex to the
highest solubility upon calcium chloride addition 2. In alkaline solutions, soy protein aggregates in the presence of
magnesium or calcium ions could be solubilized after high pressure treatment.

A molecular study of conformational transformation at low levels of soy protein (1%, w/w) and acidic environment (pH 3),
following pressurisation at 600 MPa, was carried out by Puppo et al. 28 The macromolecular characteristics of the
pressurized soy protein recorded an increase in surface hydrophobicity, and a decrease in free sulfhydryl content and
thermal stability. These outcomes suggested molecular unfolding, with the secondary structure of glycinin turning from a
major a-helix in the native state to mainly B-sheets and random coils following application of high pressure. The
dissociation of 11S glycinin and 7S B-conglycinin fractions, treated with high pressure, almost disappeared in enthalpy
scans, revealing total protein denaturation that supports the aforementioned thermal stability. These structural changes in
the glycinin molecule under high pressure affected its gelation and emulsification patterns 241231,

Soy glycinin was also examined as part of a wider study on the molecular functionality of globular molecules, including
whey protein, ovalbumin and BSA, following pressurisation at 600 MPa for 15 min. As shown in Figure 1, this source of
plant protein remained largely in the native state (about 20% denaturation) in condensed preparations of 70-80% (w/w)



solids that parallels the behaviour of the atmospheric (nonthermally treated) counterparts. The denaturation behaviour of
soy glycinin is in between that of whey proteins undergoing almost complete denaturation up to 70% (w/w) solids and BSA
that retains native conformation due to the presence of seventeen disulphide bridges in the molecule 28, Despite the
preservation of native conformation, soy glycinin at 80% (w/w) solids is able to form coherent networks exhibiting
comparable mechanical strength and glass transition temperature to that of the thermally denatured counterparts, arguing
that pressurisation provides both structural functionality and bioactivity in formulation engineering 2.
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Figure 1. Effect of solids content on the denaturation of pressurised (600 MPa for 15 min) whey protein (4 ), soy glycinin
(w), ovalbumin (¢) and BSA (e) calculated from denaturation enthalpy (with permission from Savadkhoohi & Kasapis [28)),

1.3. Effect of Ultra-High Temperature (UHT) Processing

This is a hydrothermal process at the elevated temperature of 135-145 °C and a short time of 2—10 s [& that can improve
the solubility 28 and then the gelling capacity 22 of proteins alongside food sterilisation. Jian et al. B9 reported
improvement of the solubility from 10 to 95% of soy protein isolate in a two-stage processing, i.e., a low thermal treatment
(LT) at 60 °C for 1 h, followed by a UHT treatment at 140 °C for 4 s. The LT treatment enabled the formation of
aggregates, held together by non-covalent interactions, while UHT induced primarily the formation of disulphide bridges.
This temperature increase, combined with shearing due to steam injection, disrupts various insoluble structures, but
encourages the aggregation of 7S and 11S molecular fractions 28, Figure 2 illustrates dramatic changes in the elastic
properties of soy protein in a small-deformation oscillatory test used to confirm the process of gelation, following the
aforementioned double-thermal treatment (LT + UHT). Heating and equilibration at 90 °C for 30 min followed by cooling to
20 °C resulted in a significant increase in elastic modulus (G') that exceeded fivefold the mechanical strength of the soy
gel subjected only to LT treatment. It should be noted, however, that in pea protein isolate (PPI), a relatively low solubility
(up to 55% of an 8% w/w preparation at pH 7.5) has been reported following a similar UHT treatment caused by the

presence of insoluble non-covalent aggregates B4,
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Figure 2. Typical curves of elastic modulus (G') of soy protein isolate subjected to isothermal and two-stage heating
processes plotted against temperature (heating, holding and cooling). The subscript values of 25, 60, 130 and 140 denote
heating temperatures (°C) with a holding time of 1 h at 25 and 60 °C (LT), or 4 s at 130 and 140 °C (UHT). The inset
magnifies the onset of gelation with rising temperature (with permission from Jian et al. B%),

Plant proteins from cereals, legumes and nuts have been subjected to high pressure homogenization prior to UHT
treatment in an effort to reduce their particle size known as ultra high pressure homogenization (UHPH) at 300 MPa [B253]
(4] UHT treatment (140 °C, 2 s) following low-pressure homogenization at 50 MPa (UHT + LPH), autoclave sterilization
(AC) at 121 °C for 15 min, and ultra high-pressure homogenization with low thermal treatment at 300 MPa and 50 °C
(UHPH + LT) unveiled the physical profile of soy milk. This focused on particle size, degree of protein denaturation,
aggregation rate and gel-network density index, which could improve the sensory profile of preparations B2, Similar
outcomes were reported for pea protein isolate, including a UHPH + UHT treatment (500 bar, 140 °C, 2 s) by Qamar,
Bhandari and Prakash [28],

In addition, UHT affects the Kunitz trypsin inhibitor in soybeans, a potent protease inhibitor to trypsin and chymotrypsin
binding in the human gut. High temperature application (135-150 °C) for 10-50 s inactivated the trypsin inhibitor due to
protein aggregation, which is further increased in the presence of sodium chloride BZB8ISI |t was reported that 90% of
trypsin inhibitor could be destroyed by a single step of UHT at 143 °C, 60 s or a two-step process of UHT at 143°C, 4 s
following low-temperature long-time heating (95 °C, 60 min), with the treated soymilk possessing highly acceptable colour,
flavor and vitamin content ¥9. The mechanism of UHT-induced inactivation of Kunitz trypsin inhibitor is attributed to
alterations in the conformation of the protein by increasing the content of disulfide bonds and non-covalent interactions. In
comparison, Bowman-Birk inhibitor, another trypsin inhibitor in soybean, has a higher heat stability to UHT, based on a
molecular structure of seven disulfide bonds in the highly hydrophilic protein. The tight conformation diminishes the
thermal aggregation of Bowman-Birk inhibitor, leading to loss of bioactivity, but sodium chloride addition can disturb
various molecular associations causing inactivation of the inhibitor 7.

With respect to the development of an unpleasant sensory profile in plant protein systems, lipoxygenase is an enzyme
that interacts with off-flavour precursors, mainly unsaturated fatty acids, resulting in lipid oxidation. Numerous volatile
compounds, e.g., alcohols, aldehydes, ketones and esters are generated, and are capable of deteriorating the
organoleptic property of soy protein at low concentrations (1-5 ppb) 41, Soybean protein is naturally bound to
lipoxygenase via non-covalent interactions, and how-temperature heating activates the conformation of the enzyme to act
on linoleic acid and initiate off flavour development #2143l UHT processing can diminish off-flavour oxidation processes
due to enzyme inactivation and soy protein denaturation. That was reported in plant-based dairy substitutes utilised in the

manufacture of liquid breakfast that was treated at 145 °C for 8 s and sampled over a short shelf-life of 90 days at 20 and
30 °C [44],

1.4. Effect of Ultrasound Treatment

Ultrasonication is a preservation tool that aims to minimise processing but at the same time increase quality and safety of
food products 43, Low-energy (low power, low intensity) ultrasound has frequencies higher than 100 kHz at intensities
below 1 W/cm? while high-energy (high power, high-intensity) ultrasound uses intensities higher than 1 W/cm? at
frequencies between 20 and 500 kHz 8], In plant protein studies, low frequency ultrasound of 20-100 kHz and power in
the range 100-1000 W/cm? has altered the structural property of plant proteins due to strong shear and mechanical



forces, occurring in the cavitation phenomenon (24148l This phenomenon induces changes in protein conformation by
exposing sulfhydryl groups and increasing the hydrophobic patches of the protein surface hence influencing plant protein
functionality.

The impact of ultrasound treatment on plant protein isolates depends on two parameters, i.e., ultrasound intensity 2849
and ultrasound exposure time 48IBABLIG2 High intensity of the ultrasound wave could induce aggregation of numerous
plant protein extracts (pea, canola, album seed) suspended in an aqueous solution. Longer sonication period encouraged
protein-water interactions resulting in a broad size distribution of fractured microparticles in the protein suspension [0
(2,

Studies on a soy protein isolate (SPI) dispersion, treated with low-frequency (20 kHz) ultrasonication, at different powers
(200, 400 or 600 W) and duration of treatment (15 or 30 min), revealed that longer treatment time and intensity of power
reduced the value of elastic modulus (G') significantly but extended the linear viscoelastic region (LVR) of the rediluted
12.5% SPI dispersion in a strain test (Figure 3a) 23, Similarly, the value of elastic (G') and loss (G") modulus of the
ultrasound treated SPI dispersion was lower compared to the non-treated one, accompanied by an order of magnitude
increase in moduli from 0.1 to 1 Pa with increasing oscillatory frequency from 0.1 to 100 rad/s. Findings indicated the flow
behaviour of SPI with ultrasonic treatment compared to the non-treated sample, with liquid—like properties being more
pronounced for the samples treated with low-power (200 W) at a short period of time (15 min) (Figure 3b,c).
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Figure 3. (a) Strain sweep, (b) elastic modulus (G'), and (c) loss modulus (G") of a 12.5% soy protein dispersion having
different ultrasonic treatment of no ultrasound (OJ); 200W for 15 min ((O); 200W for 30 min (A); 400 W for 15 min (V); 400
W for 30 min (<); 600 W for 15 min (m); and 600 W for 30 min (e) (with permission from Hu et al. [23]),



On the other hand, ultrasound treatment did not affect the primary structure of numerous legume proteins shown in
segmented molecular weight fingerprints analysed using protein gel electrophoresis “9BABSIBAIES] |t can reduce the
molecular weight, for example in pea protein (32-55 kDa in Mir et al. 22) and millet proteins (40-50 kDa in Nazari et al.
(47l However, ultrasonication affected the secondary structure of millet protein isolate, investigated by Fourier-transform
infrared spectra (FTIR), zeta-potential values and thermal analysis. The main change in Amide | region (1700-1600 cm™)
was reflected in the intensity of C = O stretching vibrations of the peptide bonds in millet protein dispersions of 10% solids.
Shift of Amide Il bands (1530-1550 cm™) following ultrasound treatment was attributed to the partial transformation of
random coil to predominantly B-sheet.

The positional change in Amide 1l region of millet protein decreased the intermolecular hydrogen bonds, while increased
the quantity of negative charges, as recorded by zeta potential values 2. Disruption of the secondary structure affected
thermal stability seen in a decrease in enthalpy of denaturation by DSC heating to 130 °C at 10 °C /min or loss in the
weight of protein mass during thermogravimetric analysis by heating to 800 °C at 10 °C/min. In terms of the pea protein
dispersion (also 10% solids), electrostatic repulsion showed a converse result to that of millet protein, where the net
negative charge was lower in ultrasound treatment due to its distinct secondary structure 49, In general, the work
confirmed the cavitational and turbulent effects of ultrasonication on breaking down high molecular weight into small size
particles and the destruction of intermolecular hydrogen bonds in plant protein structure 221521,

High-solid systems with improved properties were produced using high intensity ultrasound treatment on relatively dilute
protein solutions prior to film formation. Ultrasound application allowed the formation of homogeneous protein dispersions
via increasing hydrogen bond formation with water molecules. A casting technique was then utilised to prepare thin films
at high levels of solids (about 90% w/w). In cases of both, gluten and soy-protein based films, the large deformation
properties of tensile strength and film elongation were considerably enhanced B8IE7. |n addition, composites with a
synthetic polymer, polyacrylamide, were prepared in an effort to further manipulate the mechanical properties of soybean
protein isolate by varying three experimental conditions: Sonication power, sonication time and slurry temperature 8!,
Sonication treatment power varied from 200 to 600 W and generated variable cavitation and microstreaming to rearrange
and unfold the soy protein molecule. The film structure, produced by the sonication, showed a higher adhesion force and
tensile strength but lower film elongation due to increasing stress effects on the soy protein/polyacrylamide interface in the
phase separated mixture. It was also observed that application of sonication power at more than 500 W reduced
intermolecular cohesion amongst the polymeric constituents in the matrix by disrupting hydrogen bonding, hydrophobic
and electrostatic interactions that led to increased polymer/water interactions.

Low-frequency ultrasound has been a potential non-thermal technique for the improvement of the functional properties of
plant-sourced proteins achieving quality at parity to that of animal sources B2, Functionality mainly focuses on colour,
solubility, foaming property, emulsification and gelation. Application of an ultrasound wave increased the whiteness of
protein isolate from Chenopodium album seed due to the destruction of protein-pigment complexation 52, The solubility of
treated black bean protein isolates was also improved by converting large surface area-to-small particle sizes in protein
dispersions and exposing polar surfaces B4, Sonication increased the water holding capacity of protein in Ganxet beans
B39, but partially denatured canola protein by exposing hydrophobic regions to support gelation 59,

Several studies showed high foaming capacity and foam stability of flexible plant-protein secondary structures in agueous
solutions due to an intense homogenization via ultrasound treatment, which increased the surface hydrophobicity and
protein diffusion in air-water interfaces. Plant protein foam exhibited the characteristics of a thick and cohesive layer
covering air bubbles following stabilization with high-intensity ultrasound waves 45952 Emylsification of soy protein
isolates was also enhanced with various ultrasonication protocols. Emulsion droplets were small in comparison to
untreated counterparts, allowing the adsorption of protein at oil-water interfaces with a lower interfacial surface tension. In
addition, ultrasound-treated soy protein emulsions were subjected to shelf-life studies to show good stability under storage
for 28 days [69].
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