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Abstract

This studyaims to explore theeffects of citric acid (CA)n the development of soymilk okara
(MO) gels with improvedntegration of okar&n soymilk protein matrixA two-step approach was
adopted. The first step focused on changebe preparation of ingredients, soybeastg/milk
(M) and okara (Q)and their effectsn gel textureThe addition of CA at 0.14%, 1.25% and 2.5%
(w/w) to M induced protein coagulation, significantly enhancingntieehanicabnd viscoelastic
propertiesof thermally prepared soymilk gelShe particle size profile dd wasmanipulaed by
drying duratiorproducinguniform MO gelswith shorter drying timeThe surface morphology of
CA-treated okara (OCA)visualized withSEM, indicatedthat the structure of @bosered in
OCAO0.14 and degradlin OCA2.5

The secondtepfocused on the preparation of soymilk okara gels withaC#vo concentrations,
0.14% and 2.5% (w/w). The role of CA on the structure of okara and the coagulation of soymilk
was examined by comparinfgree different formulations: (i) CA treatment of okara prior to its
addition to soymilk (M+OCA), (ii) CA treatment of soymilk prior to okara addition (M+CA+QO),
and (iii) CA addition to a mixture of soymilk and okara (MO+CAhe CA soymilk okara gels
were obtained by heat treatment and theysptochemical and texture attributes were examined.
The concentration aratder of CA additiornad different effects on the geFTIR, TGA and SEM
analysesof CA-treated O (OCA) revealed structural modificationin OCAZ2.5, including

decompositiorandrelease of pectic substancegich were not detected {DCA0.14

The CAO0.14 soymilk okara gels exhibited simildrai | ur e str ess, failure
modulus while viscoelasticity was influenced by the sequence ofi@dition in comparison to

MO.El asticity ( God) oairfcreaged OhGAe eaf nod dMG+nQdaubled s c os it
whereas M+CA+O exhibited 4feld i n c r e a sand 3.5fld iGcoedse iNGoo. At CA2.5,

failure stres®f the CA soymilk okara gelsassimilarto MO but a lowerfailure strainand higher
Young6s wWhehindicatesl less cohesive, stifferlgeTheGod and Goo of M
increasd threefold and twofoldwhile nearly 4.5fold in G o &nd 4fold in G o increasewere

observed folM+CA+O and MO+CA.The gel microstructure visualized with CLSM revealed

iv



changes in the protein network from strdik@ in MO to particulate in the presence of CA, with
CA2.5 soymilk okara gels having denser protein networthan CA0.14 soymilk okara gels.
However, CLSMprovided limited insights on the effect of tekequence o€A addition on gel

microstructure.

In conclusion, theroperties ofsoymilk okaragels explored in this study indicate that the gel
texture can be modulated by altering CA concentration or CA sequence of adbite8A-
modification ofO wasnot essentiabs similaror superiorimprovement in texture were achieved

by preaggregating soymilk proteins with CA in the M+CA+O and MO+CA gel formulations.
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Chapter 1. | ntroducti on

1.1. Research Aim

Cheese, a source of protein, fat and micronutrients such as calcium, phosphorous, some types of
vitamin B ad vitamin A, is a nutriemtch food produc{60]. The main goain manufacturing

cheese is to convert milk, a perishable product, into a stable product with longdifesiiE}f{2].

However, recent times have seen a shift in consumer interest towards cheese alternative sourced
from plants.Analoguecheess (ACs) or imitation cheeseoffer multiple health benefits, while
catering to various dietary need8l]. Lactose intolerance, high saturated fat content and
cholesterol, along with concerns of low yield and spoilage during stfé&yeare some of the
problems assoated with traditional dairy cheesesC&mayaddress these problems and offer the
flexibility of formulating products with enhanced nutrition profi[62] [64] and diverse
functionality ranging from the ability to flow, melt or shrigd]. High protein cheese analogues
sourced from legumes, specifically from soybe@misich is also referred to as tofu or soy)gel

arethe product of interest in this research study.

Traditionally, quality tofu is produced from soymjik68], which utilizes only 53% of the soybean
mass[33]. Theremaining soybean mass idilarous byproduct okara which is commonly used
as animal feedr discardedhat negatively impacts thenvironment33] [168] [154]. The rich
dietary fiber profile obkarg along withits proteing168], makes okara a potentially good additive
that can enhance nutrition profile of food produdiS1] [168] and benefit healtlf33] [168].
Moreover, texture is amportant consideration whenixing proteins and polysaccharides, such
as soymilk and okara, as they possess different structures, properties and functionalities. Mixing
proteins and polysaccharides offers #iiadlity to createvarious textures that can be regulated by
modifying the interactions between them and changing the envirdahoenditions (temperature,
pressure, pH, ionic strengtf®1]. However, the insoluble okara fibergusedeterioraion of the
texture and sensory attributes of soy g&&4] [168]. Therefore, recent studiésive focused on

the use obkara in producing higfiber tofu, while tackling the concern of quality degradation.

Mechanical processinid.29] [154] and noamechanicaimethodq34] [154] have been explored

to reduce the size of okara particlesydify its surfaceproperties, enhance its compatibility in

1



protein gel matrix and therefore improve gel homogerjiéb#]. Some of the methods explored
include pulverization [12(150], high pressure homogenizatif85], microwavetreatmen{135],
chitosanpectindouble layer coatin{4], and enzyme crosslinkif@54]. However, nofphysical
approach to okara modification using food grade organic acids and its utilization in producing
okaraadded soymilk gel, as proposed by Sy 2{B8] and Nguyen 20259], remains a limited

area of research with potential for gitt.

Organic polycarboxylic acids such as citric, malic or tartaric acid have been used as soymilk
coagulants in tofu productiof83]. Citric acid CA) has been applied on polysaccharide to
hydrolyze[43] [46], modify surface though esterificatiga4] [45] [112] [175], and to extract
soluble polysaccharides such as pefettj [50] [149]. Moreover, organic acids have mediated in
the formation of proteupolysaccharidecomplexesfor the preparation ofemulsions or
polysaccharidenodified protein isolatedy modifying the surface chargetprotein. However,

the polysaccharidassedto date are charged, soluble, or have a linear;defihed structure B

T 62]. These polysaccharides significantly differ from the complectheterogeneous structusé

okara.

In our study, CA is hypothesized meodify okarastructure through hydrolysissterification and
releasenf soluble polysaccharidethat canimprove its integration in soymilk protein matrikhe
excessCA in modified okaracan influence soymilk proteirs by inducing aggregatiorand
accelerahg the subsequerthermal gelation. Therefore, the effects of CAaltering soymilk
proteinsor okargpolysaccharidewere explored to assessich process influences thexture and

microstructure of soymilk okara gels

1.2. Objectives

The main objective of this research was to develop and characterize soymilk okara gels in the
presence of citric acid (CA). This objective was achieved through the steps illustr&igdre

1.1 and detailed below.

The firststep(Chapter 3)was to explorehe manipulation of thengredients soybeans, extracted
soymilk and filtered okara, as well as the soymilk okara mixture, to analyze the effects on the

texture of the resulting gelSpecifically,



- Soybean: (1) Gels were prepared from soymilk and okara extracted from frozen
soybeansto determine the effestof cold-denaturation of soy proteinsn the gel
properties

- Okara: Gel texture was modulated by incorporating ok@)eof different article size
range (3) dried inovenor freezedried, and @) at various oncentrations in soymilK5)
Additionally, the surface morpholygof citric acidmodified okaravasvisualized with
SEM.

- Mixture: (6) The influence of citric acithduced coagulation of soymilk proteins, before

thermal gelation, was assessed on soymilk gel texture.

- Gel: (7) The changes in theurface morphologof M gel, in the presence of okara in
MO gel, werevisualizedwith SEM.

The secondtepwas to assess the effectsdifferent sequences A addition insoymilk okara
mixtures, specifically(a) to modify okara before its addition to soymilk, (tm)coagula¢ soymilk
protein before incorporatingokara, and (c)to a mixture of soymilk and okara. Two CA
concentrations were investigatéd0.14 and 2.5% (w/w). Subsequently, the effects of CA
sequencing and concentration on okara structure, argetimogeneity, texture and chemical

interactiongnvolvedwere examined



STEPS APPROACH CHAPTER

o Explore the parameters (treatment or concentration) that affect gel 3
ingredients and subsequently influence the texture of sovmilk olara
gels, by carrying out the following modifications:

Standardizing the Preparation
of Sov Gel Ingredients:
Treatment and Concentration

Sovbean: Freezing of soybeans

Okara: Incorporating okara (a) of differing particle size range. (b)
dried it oven or freeze-dried, and (c) at different concentrations in
sovinilk to prepare gels, and (d) investigating the morphology of citric
acid-modified okara.

Mixture: Coagulating soymillk with three levels of CA concentration,
prior to heat treatment. to produce soymilk gels.

Gel: Investigating the morphology of citric acid-modified okara and
sovinilk okara gels with SEM, and the distribution of okara in the gels

+ with CLEM
Exploring the Effects of CA on o Explore the sequencing effects of two CA concentrations, 0.14% and 4
S 'beana onents and the 2.3%, (1) on the structure of modified okara, (1) on sovmilk coagulation
If* o Dnc"‘mmp T Obas ol before incorporating okara, and (iii) jointly on both soymilk and okara
e maille Ok in their mixtures.
o Conduct structural characterization of CA-modified okara (FTIR,
TGA, SEM).

=]

Analyze soymill: ckara gel morphology (visual observation, CLEM),
water distribution (syneresis, WHC), texture (mechanical and
theological properties) and the chemical interactions invelved in
aszembling the gel network.

Figure 1.1: Flowchart ofthe research goals and associated approaches of the Master thesis.

1.3. Thesis Structure
The thesis is organized inftiwve chapterghatpresent the information outlined belo

Chapter 1: Introduction

An overview of the thesis that includes the research aim, objectives, and thesis structure.
Chapter 2: Literature Review

- Section 2.1 and 2.2 provides a brief summary of dairy cheese production, particularly paneer,
as it involves the use of organic acid and heat and dairy cheese analogues.

- Section 2.3 to Section 2.5 explore a specific protein cheese anatofgts components, and
literature on the production of higtber soy gels.

- Section2.6 provides details on the effects of citric acid on polysaccharides and proteins
4



- Section 2.7 is a general review on the associative or segregative interactions between proteins

and polysaccharides in mixtures.

Chapter 3: Standardizing the Preparation of Soy Gel Ingredients: Treatment and

Concentration

- Section 3.1JandSection3.2 provide a overview of the initial questions exploredChapter 3
and methodologywith regards to the manipulatiarf the ingredients soybeans, extracted
soymilk and filtered okara, asell as the soymilk okara mixturand analyzing the outcomes
on the texture ofjels

- Section 3.3and Section 34 address some factors that influence the texture of soymilk okara
gels including freezing soybeansnd incorporating okara of different particles size range,
dried through different methods, or at different concentrations in soymilk gels.

- Section 3.5 assesses the influence of citric-adced coagulation of soymilk proteins, before
thermal gelation, on soymilk gel texture

- Section ¥ explores themethodology ofSEM to visualiz okarasurfacemorphologyand

distribution in gels

Chapter 4: Exploring the Effects of Citric Acid on Soybean Components and the Impact on

Soymilk Okara Gel Texture

- Characterizes the effects of citric acid on okara modification, detected using FTIR, TGA and
SEM.

- Analyzes and discusses the effects of citric @aoidcentration and sequenciag the macreo
and micrestructures, texturprofiles, and chemical interactions in soymilk okara gels, as well

the mechanism of gelation.
Chapter 5: Conclusions and Recommendations

- Provides a summary of the key findings of thesisand recommendations for future, based on

the gaps detected in literature and the current research.



Chapter 2: Literature Review

2.1 An Overview of Dairy Cheese

The objective of manufacturing cheese is to convert milk, a perishable product, into a stable
product[1] [2]. It is a twephase composite material or gel wherein a protein miatembedded

with fat globules that act as filler mater[8]. The moisture content of cheese is used to classify
cheese from soft to very hard, irrespective of the routes used to produce [@he€teese is
manufactured either through acidification, referred to as-@magjulated cheese which are
generally soft, or enzymatically with rennet, termed as recoggulated cheese, to produce firm
cheesd?]. Figure 2.1 illustrates the structural components of cheese from maramanescale

that collectively affecittheeseproperties[3]. Casein, fat globules and water at the microscale
assemble into curd particles that aggregate together into a solid mass but with visible cracks at the

junctions between the individual curd partic|8k

The following sections willreview the composition of dairy milk, particularly the protein
componentsand provide @eneral overview of the cheese making process with specific details on

the production of heat and aadagulated cheese such as paneer.

Molecular scale Nanoscale Microscale Macroscale
HFG  CGl Eyes, slits and
cracks

Ions, water, Free-fat o

lactose, whey| Casein Casein Bacteria Visible crystals

proteins aggregates micelles  Native fat globules Curd particles

| | | | | | | | | "
1A 1 nm 10 nm 100 nm 1 pm 10 pm 100 pm 1 mm 1cm

Figure 2.1: Hierarchical structure of cheese spanning from a molecular length scale to macroscale
(HFG = homogenized fat globules, CGJ = curd granule junction). Reprinted from P. Lamichhane,
A. L. Kelly, J. J Sheeh-tumctionrél&ignshipo s inu m hree\wsiee W:
of Dairy Science, vol. 101, no. 3, pp. 262209, Mar. 2018, with permission.



2.1.1Milk Protein Composition

Milk is composed of 3.5%rotein that are typically classified into two fractions, based on the
proteinsolubility after acidification at pH 4.6 and 3D [4]. Casein constitutes 80% of the milk
proteinsthat precipitatesat 30C andpH 4.6 whereas theemainingsoluble protein fraction at

these conditions is comprised of the whey or serum prd#jins

Casein is a phosphoprotein wherein the phosphate gallopscasein to associate with calcium,

as illustrated irFigure 2.2 [5]. According toa study the amino acid sequences in the primary
structure of proteins, solubility and the behavior in presence of calcium ions, varies across the
different fractions of casein protein®]. The largest and the least soluble fractaincasein

proteins at | ow calcium i on -caonneiem,t rad mmpmi, sréa & dfhe
casein (38%) aanaseiydro@pbhd) i-cBdIef ar e niaseincd ms 8
(36%) remains soluble in the presence of calcium and stabilizes casein in milk by forming colloidal

mi cell es. The most-caydirm phlodd%)c, f a-caseib(3¥anaece ba mo |
also present in milk. Majority of the casein proteins are present in milk as colloidal particles or
micelles[4] that are linked to other micelles via colloidal calcium phosphate (CCP), as illustrated

in Figure 2.2. Calcium phosphate is water insoluble but its dispersion in the bulk liquid indicates

thatCCP is entrapped icasein micellef4].

Whey protein,-l aontnpglicbacabonin afsudts, I3 the liquid fraction
consisting of the residual soluble proteins left behind after the extraction of casein through

isoelectric precipitation (pH 4.6) and removal milk solils

@ W, ]
& // <T ]
Q g

SR

SUBMICELLE

— Calcium
phosphate

®c O PO, — Peptide chain



Figure 2.2: (a) Association of colloidal calcium phosphate with theasein proteinphosphate

groups. Reprinted from P. F. Fox, T. UniackeLowe, Paul L.H. McSweeney, and J. A.
O6Mahony, ASalts of Mil k2705 Jars pOd5, with permissgoR.ql) k s , p
Submicelle model of casein. Reprinted from P. F. Fox, T. Uniackeowe, P. L. H.

Mc Sweeney, and J. A. O6Mahony, AMil k Proteins
145 239, 2015, with permission.

2.1.2Dairy Cheese Production

Cheesemaking is a mi#tehydrating process that leads to a concentrated mass of milk fats and
casein protein§l]. The objective of cheesemaking isaonvertliquid milk into a viscoelastic

solid materialthroughsolgel transition referred to as curd that is ten times richer in protein
content than milk60]. Since this greatly depends on the composition of milk, -agapeisite stage

of cheesemaking is standardizing ttesein to fat conterdf milk [2]. The protein content is
increased by adding milkptein concentrate or caseinate whereas the fat content is adjusted with
cream[2]. The extent of dehydrain or concentratn depends on the cheese type (soft or hard)
and is regulated with a series of stépsilk acidification and protein coagulation, dehydration
through cooking or pressing to promote the release of the liquid fraction of milk (whey), molding
for curd procesag, and ripening with salfd]. The following section discusses a specific acid
coagulated cheedike product, paneer, the factothat influence its texture and averview of

mechanisnior the conversion of milk into paneer.

2.1.2.1Paneer

Paneeis a noAfermented, unripened and narelttablesoft chees¢hat contain®2i 25%fat and

16/ 18% protein andis characterized by a soft, cohesive texture with a mildly acidic fiaitbr

slightly sweet tastéB1]. It is prepared by heating milk followed by acidificatiaith anorganic

acid coagulan{7] [80] [81]. During acidification, the milk curds separate out from wfygy80]

[81] which is subsequently pressed to obtain a gel that does not melt, flow or disintegrate on being
cooked[79]. The milk proteins form a gel network with all other milk components such as lipids
and ionghat becomentrapped in thetructurg[7], except for soluble whey proteins, lactose and
minerals which are not incorporateddmpanee81]. An extensive heat treatmeritowever, can

denature thé-lactoglobulin subunit of whey proteirthat causes seHggregation or initiates



interactonswi t h -chskie present on the surface of casein micedledthereforereduce

protein loss anéhcreag the proteins recovered from milk9].

2.1.2.1.1Factors Influencing the Yield and Texture of Paneer

A correlaton betweerthe texture of paneer withe milk source such as buffalo or cow mhlas

been established in previous studiest varyin the amount and size of casein proteins and milk
fats, as well as the calcium and phosphorous mineral cdijej&0]. The larger size of casein
micelles and fat globules, and higher amount of calcium in buffalo milk, when compared to cow
milk, aids in more extensive network between the casein micelles. As a result, paneer from buffalo

milk has a firmer, harder texturehereas cow nk paneer is soft and spongy.

The yield of paneer depends the protein and fatontentin milk, coagulating temperature and
duration of heat treatmernthetype and strength of coagulant utilized affect paneer texture and
therefore the moisture expelled or retained during theosessing stage of pressing the milk

curd [7]. The moisture content of paneer decreawgth increasing coagulant concentration,
regardless of the type of coagulant employ@dThe use of salt coagulants like calcium chloride

and calcium phosphagipplenentsthe calcium content of milk. Calcium ions neutralize protein
charges, induce protein aggregation, bridge the polypeptide chains of both casein and whey
proteins, increase the amount of proteins participating in the gel network as whey proteins are
coagulaed that facilitates their interaction with casein micelles, and thus enhance tH&8@jeld

The acidification of milk proceed differently according to the type of organic acid used as
coagulant such as citric acid, tartaric acid and malic acid, in the preparation of paneer due to
differences in the pKa value$7]. Theamountand rateof H+ ionsreleased affects the extent of

milk proteindenaturation which was observed to be lowest with malic acid and highest with citric
acid. Moreover, the degree of protein denaturation alters prosdir interactions The high
hydration capability of caseirrgteins preversteffective interactions between pratsiwhich was
observed when malic acid was used as a coagwWardresult, paneer produced with malic acid
has a loose protein network with the softastdweakest texture, highest moisture and highest los

of proteinsas whey whereas citric acid was the most effective in enhancing the gel texture.
Furthermore, the concentration obagulantis another factor that determines thmount of

participating proteins in the paneer netwpfk[81]. High acidconcentratiorcausedoroteinsto
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rapidly denature to a higher degreecreased the loss aiilk proteins asvhey and reduced
proteinwaterinteractions that produced a dry weak panebegreasow coagulant concentration
slowed down protein aggregatitimat occurrediniformly throughout themilk volumeproducing
cohesive, strong gels [7]

Heat treatment has a significant effect on the physicochemical, sensory and microbiological
properties, and the yield of pand80]. Heating milk is essential to destroy the pathogenic
microorganisms and extend shelf life of paneer. Heat treatment denatures and insolubilizes the
whey proteins which increases the availability of milk proteins to participate in the network. The
denaturd whey proteins coprecipitate with casein during acidification, thus increasing the proteins
recovered and yield of milk cdf80]. An increase in the heating temperature frofCod 86C
decreased the moisture content of paneer while maintaining a high coagulating temperature (more
than 70C), resulted in a dry, hard texture of pari@aj. In the posfprocessingressingtage, the

texture of paneer is further enhanced by altering the apptiessure which affects the water
content and texture of pang@&d], and duration of ageing or ripening during which the proteins

within the aggregate particles of the gel network rearr{8®je

2.1.2.1.2Mechanism of Acid-Induced Gelation of Milk Proteins

The insights from the acidification mechanism of skim milk v@dlaconeDeltaLactone GDL)

or HCI across studies are summarized in Fox ef8al. At the near neutral pH of milk, the
solubility of casein and the steric repulsion due net negative surface charge of proteins stabilizes
the casein micelles. Upon acidification, the surface charges are neutralized and isoelectric point is

attained that @stabilizes the micelles and induces interaction between casein.

The casein moleculem the micellar structure undergo two stagesing acidification The first

phase is associated with the dissociation of the micellar structure. The expanded, unfolded
structure of casein begins to disintegrate into smaller micellar particiaag theheat treatment
asthepH is lowered82]. The increasing acidic environmeintthe presence @nacid coagulant
solubilizes the colloidal calcium phosphate that causes dissociation of the micellar structure. The
decrease in pH from 6uitil pH 5.5doesnot alter the shape or structure of casenereelectron
microscopy micrographsave exhibited the presencesoime amount of small micellar particles.

Dissociation of the micellar structure predomisaepH 5.5 which suggesthe onset of micelle
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disintegration thabpens the structure anitkesthe micelles less compacbmpared to theative
micelle state. The unfolding of the micellar structure is accompanied with the dissolution of the
exposed colloidal calcium phosphate in the acidic environmepiti decrease to 5.2 destabilize
the proteins as -tabemisatmioed ditidedigparsedcaspiombegintto imefact.b
As the repulsive forceare reducel near the isoelectric poiftEP), hydrophobic interactions
dominate amongasein micellesvhich drivesther aggregabn and precipitaon into insoluble
particles Calcium ions aid precipitatidoy crosslinkng the caseinpolymer chainss well aghe

whey proteing81] [8]. By pH 4.6- 4.8, discrete casein particles larger tteanative micelles are
formed, hydrophobic interactions domindeading to casein micellescoagulation and the

aggregated protein particles rearrange into a particulate nefi®&jrk

2.2 Cheese Analogues

2.2.10verview

Analoguecheessand imitation cheeses are che8ke products wherein the dairy fat or protein
is partially or completely substituted with plardsedingredients[62] [64]. Additives such as
preservatives, salt, acidifying and flavoring agentsuasslin the formulations teareatea gel that
mimics the texture and form of cheelg®]. The difference between a cheese analogue (or
substitute) and imitation cheese lies in the nutrition of the prd6ag¢t Products that resemble
cheese in texture and sensattributes but are inferior in nutrition are classified as imitation

cheese while cheese substitutes contain comparable nuiizpn

Analogue and imitation cheeses have gained interest due to the multiple health benefits they offer,

while catering to various dietary neg@d]. Lactose intolerance, high saturated fat content and

cholesterol, along with concerns involving low yield and spoilage during stfajyare some of

the problems associated with traditional dairy cheeSeslogue cheesaddress these problems

and offer the flexibility of formulating products that are lactbee, contain low to no fat and

probiotics[61], have an enhanced nutrition profile through fortification with vitamins, minerals

and protein$62] [64], and possess diverse functionality ranging from the ability to flow, melt or

shred[64]. An addition to the recent interest in healthier alternatives to cheese is the development

of low-salt analogues. Kamath et al. summarized the multiple uses of salt as a key ingredient that
11



aids in assembling the threémensional gel network ianalogue cheespreventing acididitter

flavors or microbial spoilagg62]. Addi tional l vy, its role as a o0
dairy-based cheese loosens the protein structure and solubilizes the proteins to produce a
homogeneous gel from subsequent heat treatment. Attempts -@odiowm salt analogues across

studies has been reviewed by Bansal et[@F]. Some changes adopted ¢heese analogue
production include adding flavor enhareéo counter the acidity or bitterngé] [67], use of

other mineral salts (CaglMgChk, KCI) [66] [67], and incorporating probiotics to prevent
pathogenic growth during storage while enhancing the health bgb&{i{66].

Analogue cheesemre classified into three groups depending on the key ingredients involved in
structuring t he g¢heesedanatoguésscontamseimatess wheypeoteim, dried
milk powder or milk fats along with additives to enhance the flavor profile or texture properties
such aghemeltability of dairy cheese. Partial dairy analogues replace a part of the milk protein or
fat contentwith plantbasedngredients such astarch[65]. The starckcontaining analoguesre
significantly softerbut morecohesie which reflects the internal structural strength of cheese.
Non-dairy or plantbased analogueheesesource both the protein and fat content from plant
sourcesanddo not require the ripening stagiich otherwiseadds to the cheese production costs
[62] [64]. However, while traditional cheese is prepared with milk as the primary ingrediert, plant
based analogueheesemimicking its texture, flavor and sensoagtribute requires the use of a
range of ingredients and processing rout®d. [In the processing route referred to the
fractionation route, the plant material is purified to isolate a particular component, usually one
among the protein, polysaccharide and fat constityéf@isLegumeszein, riceor potato proteins

are the common sourséor the proteincomponentLipids are extracted from seeds of soybean,
sunflower, rapeseed, coconut or palmAitange of functional polysaccharides have héédized
including starch pectin, cellulose, alginate, carrageenan, gum and agar. A mixture of the isolated
constituents iprocessed through thermal changes (heating, freezing), pH modification, enzyme
or salt addition to form a cheebke gel. The other processing routetissue disruption route
wherewhole plantbased raw material such as legumes or nutstéieed as the starting material

or in some casesltered to separate the plabased milk from a fibrous bgroduct[60]. The
extracted milk is expsed to high or low temperatures, enzymes, dngngH or ionic strength

conditionsto solidify into a gel
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While plantbased analogueheeseffer health benefits, mimicking the texture of dairy cheese is

a challenge as the use of globular plant proteins generally results in products with low elasticity,
hardness and cohesiveness propef6d$ with a gritty texture that is sensorily undesirable in
cheesdike products[62]. Additionally, high protein products often source the proteins from
legumes that are associated with a poor, bearijavibr [62] [64]. The following section explores
studies that focusash producing high protein, bedrased cheese analogues, and addressed some

of these challenges.

2.2.2Gelation of Dairy and Plant Proteins

The structural difference betweerplantderived proteinsand dairy proteins contribute to the
difficulty in mimicking the behavior of casein micelles and therefore the progress of gé@jon

Casein micelles are flexible and possess an open structure with phosphate groups that function as
binding sites for calciurf60]. In contrast, plant proteins that predominately belong to the category

of globular proteins, have a tightly packed structure and different surface che®igt{g8].

Globular proteins areofded mainly through hydrophobic effect with some contributions from
disulfide bonds, hydrogen bonding, electrostatic interactions and van der Waals[6&ices
Moreover, the structural and compositional differences in amino acid sequence causes a difference
in properties directly responsible for gelation such as the isoelectric point and denaturation
temperatures of the plant protein subunits, therefore inmgattiieir different behavioral response

from casein micellef68].

The heat and colthduced gelation of plant globular proteins and dairy casein micelles is
illustrated inFigure 2.3[69]. The heat induced gelation of plant globular proteins involves a series
of dissociation and association stages. The native proteins unfold and dissociate into smaller
protein particles as thaenaturationemperaturés reachd. The flexible state of unfolded proteins
initiates the opportunity to interact with other proteins through hydrogen bonds, formation of
disulfide bonds, or via the exposed hydrophobic regions. The association leads to the formation of
aggregates that fumér associate intthe gel network. Protein concentratigorotein subunit
composition, pH and ionic strength influence the gelation process. While globular proteins can
form gel structures in the absence of coagularisgio gelation often involves coupling of heat

treatment with an acid or a salt coagulant. Change in pH initiates dissolution of the colloidal
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calcium phosphate links between casein micelles and screening of charges that overcomes the

electrostatic repulsion and leads to aggregation, with heat facilitating gelation.

(a)
Heat
——— > —_— JR—
Soy globulin fisactatt Association into  Self-similar aggregation -
ag&regates EHMSCIEtI dense domains of the dense domains Gelation
I Heat &, 4
(b) w &4 &
AW X {/ o3 $
k- sy ke TP ® i,
#3351 s~ PHY Nt e i
S oo ™ s 2 o < —
e - + B S
AR % Ca**” 25 = T
. el O
5 D
Casein micelles Casein micelles Gelation
(©)
[ Heat ; | Salt, acid, enzyme
—_— —_—
Native soy protein Aggregation Gelation

(d)

Casein micelles

Partial hydrolysis of A[igregalion of ‘
Kk-casein hairs by rennet rennet-altered micelles Formation of
rennet coagu?um

Figure 2.3: Schematic representation for globular protein and casein gelatiorineeéd (a, b)

and coldinduced (c, d) gelation [69]. Reprinted from Q. Tang, Y. H. Roos, and S. Miao,
AStructure, gelation mechani sm ofngmbddication pr ot e
st r at Twapdseamrs Food Science & Technology, vol. 147, p. 104464, Mar. 2024, with
permission.

Cold-induced gelation is a milder process utadheencapsulabn of heat sensitive substances.

Plantderived globular proteins are pheated above tiredenaturation temperature afad from
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the isoelectric point to obtain an unfolded, flexible state with exposed functional groups. Low
protein concentrationis used in this process to prevent heaced aggregation. Following
denaturation, an acid coagulant (GDdlyalentsalt (CaS@ MgCl) or enzyme (MTGase) aid in
forming the gel network. Casein micelles are gelled at cold temperatures in the presence of acid
(GDL, lactic acid bacteria) or rennet. An acidic environment disrupts the electrostatic interactions
of the micelles, releases tbaloidal calcium, and screens the charges causing repulsion that leads
to aggregation. On the other hand, rennet causes proteolysis of the micelles which subsequently
aggregate at adequate temperature, with the assistance of calcium ions as the cgosgénksn

A few research studies that focused on producing-pigtein gels as cheese substitutes are

summarized iMable 2.1.
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Table 2.1: Selected pblications orPlantProtein Gels

kidney bean, speckled kidney bean, pa
bean, cowpea, mung bean, adzuki be
rice bean, black soybean, soybe
chickpea, broad bean, apda.[74]

Plant Protein Gelling Route Gel Properties
In-lab protein isolate extraction vi pH3.00r7.0 7Srich (Phaseolin) black kidney/ speckled kidney/ panda beans ha
alkaline extraction and isoelecty using HCl or hi ghest el asit7kRa)ahdyhardn&e whereas éhickpea, b
precipitation from twelve legumesblack NaOH bean and pea protein gels were the lealsta s t i ¢ i 026 IKPa)=anc

Heat treatment

amongst the weak gels

Gels formed at pH 3.0, closer to isoelectric point, were opaque W
particulate microstructure whereas pH 7.0 produced compara
transparent gels with a firstranded network containing small pores

In-lab protein isolate extraction v
alkaline extraction and isoelectr
precipitation from eight legumesmung
bean, black bearadzuki beantice bean,
blackkidney bean, speckled kidney bei
chickpea, cowpeaoybean and pef5]

pH 3.0, 5.0, 7.0
and 9.0 using
HCI or NaOH

Heat treatment

Surface charge of all protein isolates and protein solubility were the le
pH 5.0 whereas the surface hydrophobicity was maximum at pH 5.0

Mung/ black kidney/ speckled kidney bean and cowpea are suitab
producing gels at acidic environments as they exhibit strong gelling ca|
atpH 3.0

Black/speckled kidney bean proteins possess strong gelling ability at
due to the lower critical protein concentration required to induce gelati

Commercial fava bean, pea and mung b
protein isolate$146]

pH 7.0
Homogenization
Heat treatment

Homogenization had a positive effect on enhancing the interactions
network, delaying gel failure and improving gel stiffness

Mung bean isolate produced brittle gels whereas fava bean and pea i
produced ductile gels.

Fava bean isolate produced the strongest gel, followed by pea and mur
isolate, whether or not the protein dispersion was homogenized

In-lab preparation of chickpea isol4#5]

pH3.00r 7.0
NaCl or Cad

Heat treatment

Gels were produced at pH 3.0 in the presence of salt, with the gel st
increasing with increasing ionic strength. Gels with Ga@ke stronger tha
with NacCl.

Viscoelasticity of gels improved with ionic strength at pH 3.0, whe
decreased at pH 7.0
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In-lab extraction of kidney bean and p
protein isolatg77]

Heat treatment

Kidney bean protein gel s id@0kPa)s
and strength than pea protein gels (0.1027 kPa) due to a greater

pr opor tsheetmirkidnéy bdéan proteins that possess lagrgace
areag h a-melix Secondary structure and enables greater extent of
intermolecular hydrogen bonding between the proteins.

Kidney bean protein is suitable for applications requiring strong gels
whereas the high water and oil absorption ability of pea protein finds
application as a suitable adsorbent atfater interface.

In-lab protein isolate extraction v
alkaline extraction and isoelectr
precipitation from panda bean, soy be
and ped78]

pH3,5,7,9
Heat treatment

At pH 7, 8% (w/v) panda bean protein could form a firm gel while SPI (
w/v) and PPI (12% w/v) had a higher critical protein concentrs
requirement to form gels. The minimum protein concentration require
gelation decreased further to 4% w/v ofiga bean protein isolate at pH
attributed to its ability in forming fibrils at acidic pH

Panda bean protein gels had a h
by SPI and PPI, at all pH conditions, due to its Higtheet content

Hardness of panda bean protein gel wag Z4/ times higher than SPI g
and 6.7 58.6 times harder than pea protein gel over the pH range.
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2.3 Soybean Composition and Soy Products

Soybeans is one of the richest sources of plant proteins among legumes and the concentrated
presence of isoflavones, associated with multiple health benefits such as reducing the risks of
cancergcardiovascular diseases and osteoporosis, makes soybegns gompared to other
legumed192].

A soybean seed is comprised of the hull and the embryo consisting of the embryonal axis attaching
two cotyledons [9]. Soybean hull contains high amount of cellulose (Z&63%)
andhemicellulos€18.5 33.8%), along with some lignin (4.83.1%), pectin (4.2%) and protein
(9.4%)[12]. The cotyledons of the embryo make up 90% of the seed weight wherein the smaller
oil bodies(0.20O. 5 e m) surround tiheé wmm¢h baegentpwot éi
densely packed subcellular structuf@$ Approximately 4841% of the cotyledon weighs

protein, 8.1i 24%is lipids, and carbohydratagpresen85% of the seedn dry weight basif].

The cotyledon contains protease inhibitors such as BovBir&rtrypsin-chymotrypsin inhibitor

and the Kunitz trypsin inhibitor, lectin,hgtic acid (storage form of 680% of soybean
phosphorus content) and isoflavones. These are considered -asitatitinal components for
humans that trigger allergic response, indigestion or reduce nutrient absorption, yet are essential
for the transfeof nutrients and defense against organi@hsr he activity of these antiutritional
substances is reduced considerably aldulling, washing cexposing soybeans to heat treatment

[9] (Table 2.2). Lipoxygenase enzymes another minor component of soybean seed that is

responsible for the undesirable beany flay6ts

Table 2.2: Antinutritional factors present in soybeans, their effects on health and methods of
elimination[160] [162]

Category Effect on consumption Elimination of anti -nutritional factor
Enzyme / Positive: Anticarcinogenic properties | Dehulling has no effe as it is present in cotyledon
Protease andcan be used to control diabetes Heat eliminates up to 80 % of the trypsin inhibitor
inhibitor mellitus (with the aid of amylase activity (in products like soymilk, tofu)

(trypsin) inhibitors) Heat, roasting beans, microwave, boiling, or
Negative Reduces protein digestibility | fermentation modify the enzyme structure and cau
and sulfuramino acid quantity loss of binding capacity
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Lectin Positive Antioxidative, atimicrobial, Boiling or autoclaving causes irreversible
insecticidal, and antitumaaroperties denaturation which alters the binding sites. 1 h of
and can be used to modulate blood boiling soybeans at 95C reduces lectin activity by S
glycemic level 99%.
Negative Cause obesity, chronic Fermentation for up to 72 hours almost completely
i npammati on, naus | eliminatesthe activity.
syndrome High pressure (over 500 MPa) treatment of soybeg

reduced lectin activity by 3640%
Oxalic acid | Negative Binds to minerals in gut Being water soluble, boiling, steaming and soaking

(oroxalates)causing miner al d| elimnates 3B7%, 4246% or 4076% oxalic acid,
stones respectively
Phytic acid | Positive Antioxidative, antidiabetic, Cooking soybeans for 1h at 95 °C reduces phytate
andanticarcinogenic properties content by 1e25%.
Negative Impairs absorption of Fe, Zn| The enzymes during sprouting break down phytate
Ca and Mg <causi ng|theseedsandreduce content by over 60%
Saponin Positive Reduces the absorption of Soaking decreases saponin content which can be
dietary lipids, cholesterol and bile acid{ further effective after hydrothermal processing of
and hasantibacterial, antiprotozoal and| soybeans
insecticidal activities
Negative Binds to the small intestine
cells which minimzes absorption and
utilization of nutrients
Tannin Positive Antioxidative, antidiabetic, Being heat resistant, dehulling, soaking, or

antti npammatory, anf
antimicrobial, andanticarcinogenic
properties

Negative Indigestible and can have

mutagenic and hepatotoxic activities

fermentation are the methods used to reduce tanni
content.Soaking for 12 14h eliminates 54.6% of
tannin in soybeans, dehulling removes-&® % of
tannin content, sprouting breaks down profinnin
complex which releases free tannins into water. Ot
techniquesncluderadio frequency treatment (17%
removal), high hydrostatic pressure 280%
removal) and microwave (189%) treatment

2.3.1SoybeanMajor Constitusents

Soybean proteins are classified into enzymes, structural, membrane, and storagebaseding

their functionality in the seed, amongst which storage proteins compr88%f the protein
content[9]. Glycinin belonging to the legumin proteins (11S globulins) and the vicilin (7S
g | o b u icanglyinin afe the major fraction of storage proteins, constituting about 40% and
25% of soybean seed protein, respectiy@]y10] [11]. The less abundant storage proteins are 2S,
9S and 11S globulind 1].
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bconglycinin (7S) is comprised of three subuni

and hydrophobic interactiorf8]. Glycinin (11S) is a hexamer consisting of two trimers that are
associated through hydrophobic, electrostatic, hydrogen bonds and each trimer contains acidic and
basic polypeptide subunits that are covalently linked to each other with disulfide HaH§E3

[11]. The 11S contains more sulfwontaining amino acids than 78] [11]. The differem
composition,structures andanolecular weights of 7S and 1X%able 2.3) give them different
functionality[9]. 7S denatures at a temperature 8fB&hereas 11S requireti@her denaturation
temperature of 8&€ [10]. Soy proteins have aisoelectric point (IEPhearpH 4.5 and are
considered soluble outside the pH range-6f[B0]. However, individually, the surface charge of

7S and 11S is neutralized at pH 4.8 and 6.4, respeciivEly

Table 2.3: Properties of Grcinin andb-conglycinin Soy Proteinl0] [11] [13] [14] [15]

Properties b-conglycinin (7S) Glycinin (11S)

Molecular weight Trimer; 1801 210 kDa Hexamer; 320 360 kDa
Isoelectric Point 4571 4.9 6.41 8

Denaturation 681 74°C 8371 86°C

Interactions U and U6 subunits h Atleastone disulfide bond links the acidic

(-SH) and can patrticipate in disulfide bonq¢ and the basic subunits that maintains the
b subunit does not |structurein additionto hydrogen bonds,
Structure is mainly maintained by hydroge €lectrostatic and hydrophobic interactions
bonds, electrostatic and hydrophobic
interactions.

Soybean storage lipids are mainly present as triacylglycerols consisting of the fatty acids linoleic,
oleic, palmitic, linolenic and stearic acify and some phospholipid&0]. Lipids are present in
the form of oil bodies in the cotyledon that are encapsulated with small molecular weight proteins

called oleosin$10].

In addition to soy proteins, carbohydrates are the next most abundant component of soybean seeds.

Approximately 86% of the hull (dry weight) and 35% of cotyledon (dry weight) is composed of
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carbohydrate§9]. The polysaccharides of the cotyledon mainly consist of pectin, hemicellulose
and cellulose microfibril crosknked with proteins in the primary cell whereas cellulose and
hemicelluloses are the building blocks of the secondary cell @]l The adhesive in the
extracellular space that holds the cells together primarily contains pectin and attachment proteins
such as hydroxyprolinrgch glycoproteing[10]. In addition to the structural polysaccharides,
soybean seeds contain mstnuctual soluble sugars with sucrose, raffinose and stachyose being
the most abundan®]. Some amount of starch is present as storage polysaccharide in the
cotyledon, although, it functions as a reserve material that converts into energy source, glucose, as

the seed maturg9].

2.3.2Soymilk

The aqueous extract from soybeans, also known as soymilk, is composed of approximately 3%
proteins, 2% carbohydrates and 2%[#di]. Traditionally, soaked soybeans are egidund with

water, steamed, and filtered from soybeans fiber (okara) to extract s¢2ji[R2] [23]. While

the soymilk yieldis high from the conventional processs rancidoil taste has encouraged
modificationsin the extraction proceds improve the flavor, shelife and proteins recovered
during filtration of soymilk Temperaire has a major influence on the flavor profile of soymilk

due to the degradation of lipoxygenase (LOX) and trypsin inhibitors. Grinding soybezoid at
temperatures3(C) or above80°C as carried out in the hgtinding method, reduced the presence

of flavor-producing components in soymilR3] [24]. In the hotgrinding method, in addition to
grinding the soaked soybeans with hot wasedium bicarbonate or caustic soda is used as the
alkaline environment aids in inactivating LOX and reducing the ramititiavor. However, this

is at the expense of poor, chalky mouthfeel due taahmperaturef heating stage that exceeds

the soy protein denaturation temperati®d&. The rancieoil flavor is eliminated when the heat
treatment is applied to the soaked soybeans by blanching the beans. However, the chalky
mouthfeel persists due to denaturation of proteins into insoluble paffdlesrhe airless cold

grind method was developed to obtain a pleasant mouthfeel and flavored soymilk by processing

the soybeanm the absence of oxygen and limiting heat exposure to less th@nb&fre and
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during the grinding stag&.able2.4 compars the various soymilk extraction methods and their

propertieq21].

Table 2.4: A comparison of basic soymilk manufacturing proce§dgls Adapted from S. K. Giri

and S. Mangar aj , AProcessing I nfluences on Co
its Powder, 0 Food Engi ne eilbdnMay RE2ywitle peraission. o | 4
Traditional Hot-Grinding Hot-Blanching (Canadian) Airless
Method Method Method Cold-Grinding
Methodology | Soaked whole beang Whole or dehulled Whole or dehulled Whole or dehulled
cold ground, filtered | beans hot ground an{ beans hot ground, beans processed in
and cooked, without| filtered, and involves| homogenized at high ~ oxygendeficient
use of chemicals | use of NaHC®/ HCI | pressure and filtered| environment, cold
and involves use of | ground, filtered and
NaHCG;/ HCI cooked, without use
of chemicals
Soymilk Dissolved solids; 70 Mostly dissolved Mostly suspended | Dissolved solids; 70
90% protein retained solids; 6680% solids; 98% protein | 90% protein retained
protein retained retained
Odor Rancid Less rancid Roasted nut Cereal
Mouthfeel Smooth Chalky Very chalky Smooth
2.3.30kara

Okara is the soybean residue or dreg produced during soymilk extraction from soybeans,
consisting of the ruptured cotyledon c4R28] [26]. Large quantity of okara is produced as a by
product, about 1.2 kg of fresh okara for every kg of soybeans utilized for tofu manufacture, that
has the potential of being utilized as a nutrient and-filsbradditive in food produc{&6]. Dietary

fiber is the major component of dried okara comprising of #%8.1% that is largely present as
insoluble dietary fibers50%) with some lowsoluble fibers (5%)25] [26]. Cellulose (19%),
hemicellulose (41%) and lignin (38%) are assembled into the fiber structure of okara whereas the
monosaccharides and oligosaccharides include glucose, fructose, galactose, arabinose, sucrose,
stachyose and raffinosf26]. The pectic polysaccharides comprised of galacturonan and
rhamnogalacturonan are distributed at the reducing and nonreducing ends of the okara
polysaccharidg5]. Additionally, okara contains protein (15.33.4%)[26], lipids (8.3 10.9%)),
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isoflavones, lignans, phytosterols, saponins, and phyigsThe composition of okara depends
on multiple factors such as the soybean cultivar, soymilk and okara extraction njeéjpdad
other pre or postprocessing chemical, enzymatic, fermentatioigh-pressure or micronizg

treatments applied on soybeans that alter the composition of extracte{P&kara

2.3.4Tofu

Tofu can be viewed a& soybased cheese analod6d]. Based on itsexturecharacteristics, tofu

is classified into firm, medium or soft, packed or pressed and fermentdd28ijuThe quality of

tofu depends on theselection of soybean seedgrinding of beans filtering, heating and
coagulating stage®perating conditions such e, temperature, pressure, coagulant type, pH,
ionic strength and microbial growtAndwhether or not the product is pres§&ai3]. Additionally,

the intrinsic factors of soybean protein amino acid and subunit compositions, and the secondary
strucure[193] affect the transition from liquid soymilk or soy dispersion to a gel.

Tofu is produced through hot or cold gelation routes, although cold gelation involveseafirey

stage to denature the soy proteins before inducing aggregation at low temperatures. In either
methods, gelation proceeds through four stgt@4)]. Firstly, heating of soy proteins unfolds the
proteins, dissociates the native globulins into smaller (®4] and exposes the buried polar or
nonpolar groups on the surface. Subsequently, proteins associate mainly throeggvalent
interactions and form thmally-irreversible aggregat¢$94]. Finally, the protein aggregates form

a network that gives rise to the gel struct[i@4]. Each of these stages is affected by protein
concentration, temperature, pressure, pH and ionic strength of the §§8fem

The use of coagulants to assist the protein coagulation process affects the quality, texture and yield
of tofu produced, as coagulants can modulate the rate of association which influences the protein
protein and protenwater interactions in the gel netid193]. The coagulation mechanism differs
between acid, salt and enzyme coagulants used in tofu manufacture. Each coagulaas type
unique benefits as well as disadvantages. Tofu produced with acid coagulants at slow acidification

rate have a soft textel and sour flavor, excess salt coagudagenerally give ditter taste with
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gritty texture, whereas the enzyme coagulants produce tofu with low hardness and require

prolonged duration for productigh93].

Acid coagulants such as GDL or organic acids (citric, malic, tartaric, lactic acids) supply hydrogen
ions, lower thgoH and neutralize the surface charge of protgifi§]. When the pH of the protein
dispersion is close to tHEP, the proteins aggregate, insolubilize and precip@&g193] [195].

Salt coagulants include chlorides and sulphates of magnesium or celoen@he Mg* or C&*

ions crosslink proteins and assist in forming the gel network structure. Additionally, salt screens
the surface charge of proteins through neutralization and reduces electrostatic réyaiNgemm

the polypeptide chaif496]. Through counter ion exchange of the H+ ions of protein with the salt
metal ions, the pH of the system is lowered which aleitig the shielding effect of salt facilitates
protein aggregatiorj99]. Enzyme coagulant such as microbial transglutaminase (MTGase)

crosslink thepolypeptidechains and assist in building the gel strucfa@s].

Research on soy gels often ssg protein isolateJP)) as the protein source to study the effect of
protein concentratiorj94], coagulants[72] [73] [86], or gelling conditions on the textural
propertieg[71]. A study ontwenty different commercial SPI correlatachino acid and protein
subunit compositionwith the texture of Chiba tofu, a variant of tofu that incorporates starch in
the formulatior{70]. Significant differencein the secondary structure of proteins, the amino acid
composition and hardness of the tofu produced from different SPI sauecesobservedThe
presence of moresullront ai ni n g -<heets and 118:¢9 ratis in SPHwas beneficial

in producing gels with more uniform texture, and dense structure. This study demonstrated the
difficulty in comparing the properties of soy gels produaerbss studies that utilize commercial

SPI from different sourceand extraction methods

2.4 Incorporation of Okara in Soy Products

Okara offersmany potentialhealth benefitgelated tohypoglycemia, diabetes, cardiovascular
diseasesobesity, and antioxidant propertig64]. The insoluble dietary fibers (IDF) aidith
digestive conditions such constipation or bowel cancer while soluble dietary fibers (SDF)
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modulate metabolic functions such as lowering cholesterol level and controlling blood sugar levels
[164]. IDF, however,cannot be digested by humans and therefore, attempts have been made at
converting it intoSDF to enhance the benefits of okHr&4]. Moreover, the high IDF content of
okara limits is application in food systemsadiversely affects the sensory aspect and functionality

of the food productsvhen incorporated in foodnd therefore requires modification through
physical, chemical or enzymatmethod$137]. The following sections explore some physical and
non-physical approaches to okara modification, and their subsequent use in producifilgenigh

soy gels.

2.4.1 Mechanical Modification of Okara

The effect of steam explosion treatmenttbe SDF and IDF content akarawas previously
studiedwherein dried okara was exposed to superheated sttdifferentpressure conditian
(0.5, 1.0, landSuradiong30, BQ od 1208kL64). The instantaneous release of
pressure after the treatment ruptures the cellular structuhe giolysaccharides making tbell

wall of okara. As a result, low molecular weight components are reléasetlydrolysis, thermal

and mechanical degration,anddisruption ofhydrogen bonds disruptgithus convertingellulose

and hemicellulose into SDFhe treated okara was observeaoostitute higheoligosaccharide
and SDFcontent, lowelDF, increased water solubility from exposure of hydrophilic groups but

reducedVHC as the porous structures of okara were degraded

Wet media milling treatmentasutilizedto modify okara functionalitywherein theshearing force
of the beads in the milling chambmechanicdy redue@ IDF particlesinto nanofiber§137]. The
particle size of IDF decreaseafter up to 6 h oftreatmentbeyond which the fine particles
aggregated via van der Waals and electrostatic interadttomanionic surface ohandibers
became lessegatively chargedndthewater solubility wagnhancedrom the increaseexposire

of hydroxyl groups.

Cauvitation jet treatmenbased on the principle of formation of cavities in a fluid whose expansion
and contraction generates localized regions of high temperature and pressure that breaks down

large particles into smaller particlemas explored to treat okafa27]. The dry, defattedkara
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powder processed in a cavitation chamber at 22,9.01 MPa for 30 15 min duration hadigher
SDFandreducedDF content Moreover, &ara treatedor up to10 minutes had enhanced water
solubility, swelling capacity, watenolding capacity (WHCxand oil holding capagit (OHC),
which reducedon overprocessingor longer durationslue to change in surface characteristics of

okara.

High pressure homogenization and ultrasound treatwfeokara fibers were explored for the
preparation ofhanocellulosg119]. A range of disruptive forces are involved in higiessure
homogenization (100, 120, or 140 MPa at 10,000 rpm for 5 minutes) such as cavitation, turbulence,
and shear effectsvhereasavitation is the predominant disrupting force in ultrasound treatment
(400W and 600 W for 15 or 30 minute$he combination olultrasonicatior(400, 500, or 600V

for 30 min)and highspeed shearin¢b000, 10000 or 1500(pm) treatmend on okaraDF in
another studydemonstratedenhancedswelling capacity, WHC and OHC [27] Ultrasound
treatment disintegrated the tightly packed cellulose in the cellandldestroyed the crosslinking
between polysaccharideSombined with higkspeed shearinghe constituent cell layers dhe
fibers were disintegrated at the cellular level resulting in a decrease in partidtéosiever, ver-
processing deterioratéde WHC and OH@ropertiesas the fibers lost theorous structureand
physical interactions such a&an der Waals and electrostatic interactioagsedaggregation of

the okargarticles.

Other physical treatments explored across studesde microwave treatmer{tl35], superfine
grinding in a micronizef29] and high pressure homogenizatif@9] that either successfully

converted the IDF component in okara fibers into SDF or modified the properties of the fibers.

2.4.2Chemical and EnzymaticModification of Okara

A variety of ron-physical methodsf okara treatmenwith the objective to reduce the size okara
fibers, increase SDF content or isolate soluble fractions of okara polysacclaaedeported in
literature Microbial fermentation of okara decompsd®F into SDF [135]. Alkaline peroxide
treatment appliedl i 3% w/v) at a range of temperatai@0i 50°C) modifies the okara fibers

by disruping the hydrogen bonding involved in the structfd2]. This results iunraveling otthe
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structure and increases surface roughrassitating watempenetration into the fiber networks

a result, the hydration property alkaline modifiedokarais enhanced, along with improved oil
holding capacity, soluble fiber content and soluble okara protein cohtgdtolysis of okara
fibers into SDF has also been achieved using a mixture of carbohydrase er2@ines
Nanocellulosecan be produced fromkara through TEMPO oxidation of the fibers followed by
sonication or high pressure homogenization treatmeahatherstudy[31]. TEMPO oxidation
disrups the amorphous regions of okara cellulpsgposs the crystalline regionsand alters the
surface charge of fiber®d bemme more negativas thehydroxyl groupsare replaced with
carboxyl groups Subsequent sonication or homogenization disrtip¢ exposed crystalline
regions through cavitation, turbulence, or shearing and significantly ethearticle size of
fibers into nanocellulose with high thermal stability and functional surface.

2.5 Citric Acid Treatment

Citric acid (CA) is an organic, weak acid that possesses three carboxylic acid groups with pKa
values of 3.1, 4.7 and 6.4. The functional groups and acidic character of CA equips it to function
as a preservative and a metal ion chelator in food applisatiohmost importantly, its role as a

pH modifier,a crosslinler andan extracting agenfrom polymer hydrolysi§47] wereof interest

in this study that areletailedin the following sections.

2.5.1CA Hydrolysis

High CA concentrations beingused as a replacement for mineral acids for the extraction of
cellulose nanofibers (CNF) and nanocrystals (CNC) by hydrolyzing the fiberatefialssuch as
eucalyptus cellulose kraft pu[g2]. In the study, low pKof CA (pKa1 = 3.15) along with high
concentration of CA (65 w/w%) and high operating temperatureCL&8r 1.57 6 h), lead to
hydrolysis of amorphous regions of cellulose that produced CNC/CNF and carboxylation of the
cellulose surface via esterificationower CA concentratiorwasemployedto pretreat biomass

such as the insoluble dietary fiber extracted from citrus peel (4B3F)The study explore@IDF
treatmentwvith acetic acid (10% w/w) or citric acid (5% w/fgllowed byheaing (50°C for 1h),
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as well aswith oxalic acid (0.9%w/w) at room temperature. The particle size of the treated fibers
decreaseindicaing ruptureof the fiber structure anithe convesion ofsome insoluble fibers into
soluble fibersandFTIR spectra indicated carboxylation of the surface hydroxyl groups. Another
study emphasizedhe requirement of hig&A concentrationq.35- 11.65%)and long reaction
times (100°C, 102.4 min for polysaccharide degradation, particularly the cellulose and
hemicellulose fractiong sugarcane bagassinat was visualized fo the ruptured structures of
CA-treated fibers under SEM®6].

2.5.2Esterification and Crosslinking of Polymers

The carboxylic acid groups of CA enable it to estenifgcromoleculesand the presence of-tri
carboxylic acid groups makes CA capable of crosslinking. However, esterification and
crosslinking ofmacromoleculegenerally requires elevated temperature, high acid concentration
and long reaction duratiomhe sirface of kenaf core fiberwas modified with CAinduced
esterification by soaking the fibers in 11.5% (w/v) CA solution followed bygtage overdrying

[44]. A similar methodology was adopted for the surface modification of soybean[45jawith

11.5% (w/v) CA. Citrc acid esterification was detected in FTIR, although, FESEM micrographs
recorded no significant changes in the highly porous, ordered fibril microstructure of soybean
straw after CA treatmenf study onthe soaking oframie cellulose in 80% (w/w) citric, malonic

or malic acids overnightfollowed by 3 h heating at 140, lead tohydrolysis and surface

modification via esterificatioof the fibers anghroduced CN({112].

When two or more of the carboxylic acid group<ét are consumed in esterification reaction, it
functions as a crosslinking agent between the involvedcromolecules Crosslinked
carboxymethyl cellulosevas producedat low freezing temperatur€20°C) by treating the
polysaccharides witCA (2% w/w) or fumaric acid (5%) for 36 hour&n ester bond vibration
peakobservedn FTIR spectra confirmed the crosslinkifig 3].

The carboxyl groups of CA can induce crosslinking of proteins by esterifying the hydroxyl groups
of protein chainsSoy proteinswvere previously crosslinkadith CA (0.67 6.7% w/w) by stirring
the dispersion at 24Q for 2 minutes followed by 3 h curing at P80[175]. However, & high
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temperatures caglsodenature proteins and alter their functionality, crosslinking reaction has also

been carried out at low temperatures.

Wheat gliadin protein was crosslinkedath CA solution (12.8% w/wjuring4 hourstreatmentat
50°C, with sodium carbonate acting as the alkali cat#ihgfacilitated deprotonation oCA by
raising the pHAn increase in pH deprotonates the carboxyl grodpfinto COG and the protein
amino group into Nb resulting ininteractiors thatform an amide bond through nucleophilic
substitution. Crosslinking within or betwe@olypeptide chain®ccurs when multiple carboxyl
groups of CA are deprotonated and interact with proteMéthout an alkali catalyzing CA
deprotonation by increasing the pH, CA lowers the pH below the isoelectric point at which the
amine groups of wheat gliadin becomesipwely charged. While weak electrostatic interactions
may be initiated, the reduced nucleophilicity of positively charged amine group)(pitdvents
formation of amide bond between protein and 8Aother study alsbighlighted the necessity of
an alkali to catalyze thesterificationreaction between malacidor CA with gliadin, soy or zein
protein[120].

2.5.3Pectin Extraction

CA has been used in studies to extract pectin from pactirfruit sources such as ap®] and
citrus[50] peel. Despite the milder conditions of organic acid, compared to the harsh mineral acids
that are conventionally used for pectin extraction, pectin extracted with citric, malic or tartaric
acidshashigher molecular weight and higher apparent viscosity waieldesirable qualiesfor

food applications requiring gel forming, thickening or stabilizing agent. Another study extracted
soluble polysacdrides from soy hull with 0.6% (w/WJA combined with microwave treatment

and the presence of soy pectin was detected in the composition profile and FTIR[$g6ttra

2.6 Protein-Polysaccharide Gels

Protein gels and polysaccharide gels have been explored across multiple studies for different
applications. In food applications, texture is an important aspect of consideration and texture is

developed when homogeneity is destabilized which then subsbggenerates heterogeneity in
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the systenj37]. Binary gel system consisting of protein and polysaccharide offers this advantage
of producing various gel structures and textures that can be regulated by modifying the interactions
and gelling conditiong41]. Texture is an inevitable consequence when mixing proteins and
polysaccharides as they belong to different classes of biopolymers that possess different chemical
structures, properties and functionality. Diverse phase behaviors can be generated, las a resu
depending on the long ohartrange interactions between the biopolymers, and their affinity to
each other and to water. Additionally, combining the individual nutrition and functional properties

of proteins and polysaccharides facilitates the production of functional footgjkls

Multiple studies have reviewed the various interactive or repulsive behaviors between proteins and
polysaccharides [40 47], and are illustrated ifrigure 2.4. The interactions depend on the
biopolymer concentration, type, and mixing ratio, as well as the operating conditions of the system
that include pH, temperature and ionic strength. Therefore, the type of interaction between protein
and polysaccharide cdre modulated by changing these parameters such that an incompatibility
between the polymers is converted to compatibility. The behavior of pmagisaccharide

mixture is classified into either being associative or segregative.

In dilute systems containing loliopolymerconcentration, the mixture is stable and the protein
and polysaccharide molecules aresctuble in the solvenfAn increase in concentration or when
protein and polysaccharides molecules carry similar surface charge, repulsive forces dominate
which makes them thermodynamically incompatible. This results in the homogeneous mixture of
the two polymers to segregatedritvo phases wherein one phase is pretieimand the other is a

polysaccharidegich phase.

Association of protein and polysaccharides is predominantly driven by electrostatic interactions.
pH, ionic strength and temperature of the environment, isoelectric point of proteins and pKa of
polysaccharide acid groups influence the effective interacfimmed between the biopolymers.
Heating can unfold the biopolymers and expose the buried polar angdotangroups that
consequently modify the surface charge properties. Modulating the operating pH relative to the
isoelectric point of proteins, whick the pH at which the charge on proteins transitions between
positive or negative, is the key to induce profeatysaccharide interactions. Except for a few
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polysaccharides such as chitosan that carries a net positive charge, most polysaccharides are
negatively charged over a wide range pH range. Therefore, effective electrostatic- protein
polysaccharide interactions occur at pH slightly above the IEP of prateivhich the protein

surface contains patches of positive charge that associate with the negatively charged
polysaccharide, despite the overall net negative charge on the protein. As the complexes aggregate
with decreasing pHheir size and density inease resulting in possible sedimentationitiices

phase separation. Additionally, whehe inter-polymer interactionsare of shortrange, the
biopolymes interact closely and form dense aggregates that sediment. Alternatively, when the
biopolymers associate via lomgnge interactions, the less dense aggregates remain soluble and

dispersed in the solution.

Proteins with polysaccharides can be associated via hydrophobic interactions. However,
modulating hydrophobic interactions often requires heating to alter the protein configuration
(tertiary and quaternary structureg)ich exposesthe buried hydrophobic grougacreasng their

surface hydrophobicity. Yet, the resulting complexes formed are irreversible and resistant to pH
or ionic strength changes. In contrast, electrostatic interactions are easier to tune by modifying the
environmental pH or ionic stretig To utilize the advantages of both interactions, design of food
matrices often involves aggregation of protein and polysaccharide with electrostatic interaction,

and then subsequently stabilizing the formed complexes through heat treatment.

Coacervation is another type of association between proteins and polysaccharides wherein
electrostatic interactions between oppositely charged polyarerthe dominant driving force

[36]. Coacervates are generally comprised of a polysaccharide core surrounded or encapsulated
with proteins. A consequent observation that may occur depending on the density of the aggregates
formed is phase separation of the coacervates as they sedimettidreaivent phase containing

small amount of thenacromoleculesWhile offering the advantages of linking protein with
polysaccharide and encapsulating materials that are sensitive to moisture, light or oxidation,
coacervation occurs in narrow pH range, usually below the isoelectric point of the involved
protein. Thereforean increase in pH can disrupt the integrity of the coacervates formed through

electrostatic interactions. Heat treatment can stabilize these coacervates, particularly if the
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polymers possess hydrophobic regions since hydrophobic interactioneplane theweak

electrostatic interactions in holding the coacervate together.
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incompatibility between soluble proteins and coacervate via electrostatic density, electrostatically-
protein and polysaccharide polysaccharides at low interaction interacting protein-

concentrations polysaccharide coacervate

Figure 2.4: Trends in the behavior of protein and polysaccharide mixtures. Adapted from C. G.
de Kruif and R. Tuinieri Pol ysaccharide protein interaction
41 6, pp. 555563, Jul. 2001, with permission [40]

The associatioetweenplantbasedproteins and polysaccharides for food applicationsst
commonly occursvia physical interaction$39] through simple physical mixing without the
involvement of chemical reactionalthough this is a disadvantageebéctrostatic complexess

they aresusceptile to destabilization on changing the temperature, pH or ionic stréb@#h
Charged polysaccharides electrostatically link with the charged groups of p{6@inghereas
neutral polysaccharides associateakly with proteins through hydrophobic interactions or
hydrogen bonding52]. Studies have explored electrostatic coacervate or complex formation of
SPI with linear cationic chitosgb3], anionic gellan gupmeutral guar gunfb2], linear anionic
carboxymethyl cellulose[53], high methoxy pectin[54], pectircontaining soy soluble
polysaccharidg54] [57], carrageenan and algingig6]. Moreover, various legume proteins
including mung bean protein isold&5] and pea protein isolafg7] have been tested fémrming
interactiors with polysaccharides. Majority of the studies explored complexation of proteins with

polysaccharides that have high surface charge density, possess a linear or well defined molecular
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structure, respond to pH changes, or are soluble in water. These polysaccharides significantly
differ from the complex, heterogeneous structures of cellulose, hemicellulose, lignin and pectin
present in okara which pose limitation on its application fepgaring proteirpolysaccharide

complexes.

Alternatively, proteis and polysaccharidgecan bechemically and permanenthssociated with
each othertthrough onjugation[38]. Chemical interaction through glycosylatia® a type of
covalent conjugatiorforming proteinpolysaccharide complexedjaillard reaction is a noen
enzymatic spontaneouglycosylationreaction that involves a sequence of three stages. In the
initial stage referred to as glycation of proteins, heat causes the amino groups of proteins to
covalently bond with the reducing sugar aflaohydrates through condensation readioform
Amadori product$16] [17]. The intermediate stage of Maillard reaction involves degradation of
the Amadori producten continuing heating which resulits the production of highly reactive
compounds that further undergo reactions to form advanced glycatigrashatts (AGES) in the
final stage. Fothe production ofunctional proteins, Maillard reaction is limited to the glycation
stage and prevented from progressing into producing AGglanoidins tht are associated with
loss in nutritional value, offlavors and formation of undesirable, uncontrollable toxic products
[16]. Maillard reactiorhas been observedaocur in okara during drying.8] [19] [20]. The oven
drying ofwet okaraat increasing temperatures fr&tito 70°C for 10 hoursvasobservedo cause
faster moisture loss and brownimdpich was associated witaillard reaction18].

2.7 Soymilk and SPI Gel with Modified Okara

Traditionally, tofu is produced from soymilk which utilizes only 53% of the soybean (orassy

basig [33], while the byproduct okara is often discarded leading to resource wastage and
environmental contaminatidi@33] [168] [154]. The rich dietary fiber profile of okara (8D%),

along with the presence of proteins @2W%6), lipids (1012%), minerals and isoflavon§s68],
makes okara a good additive that improves resource utiliZa&df, enhances nutrition profile of

food productg[168] and offers peitive effects in preventing health concef38]. The main
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challenge to address whartorporating okara isoymilk and SPI gels the disrupting effect of
okara on theiguality. The large particle size and high water absorption capacijasbweakers
the protein network and coarsghe gel textur¢151] [154] [168]. Table 2.5 presents summary
of soymilk and SPQelswith okara and the influence okara had on the gel texture
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Table 2.5: Published studies on the soymilk or SPI gels with okara

Okara Treatment

Soy Gel Preparation

Results

Fresh okara was freeze
dried, micronized in
pulveriser and passe:
through sieves to
segregated it into fou
categories based ol
particle sizei (a) 2507

380 um, (a) 150 180 pm,
(a) 12071 150 pum and (a)
less than 75 pm

[108]

Treated okara was added to soymilk.

Mixture was heated at 76 for 10 min
followed by a second heating stage at®C
for 10 min.

Mixture was cooled down (<2%C) before
adding 0.3% (w/w) GDL and then heated
85°C for 1 h.

Control: Gel prepared by similar methor
without okara

9 Decrease in particle size of O increased SDF content, WHC and OHC.
9 Soymilk oil droplets in heated mixture decreased in size after O additic

9 Presence of O increased the WHC of the dbduced gel compared t(
control due to water immobilizing ability of O. Additionally, WH(
increased with decreasing size of O due to higher hydration capaci
smaller O particles

9 Except the gel containing 250380 um O, presence of O increased ¢
strength. Gel strength increased with decrease in O size as small fibers
as filler that could be entrapped in the protein network.

9 Control had a smooth, homogenous, compact microstructure wherea
with O had a roughheterogeneoutexture and relatively loose networl
Reducing particle size reduced negative effect of O on gel microstruc
Homogeneity was retained in gel with <75 um O.

No treatment; Okara wa:

ground in  highspeed
grinder for 2 min
[168]

Okara and SPI suspension was treated v
high intensity ultrasound probe at 500, 6C
700 and 800W for 20 min, while maintainin
<25°C temperature

1% (w/v) GDL was added to the treate
suspension and heated at@dor 30 min

Control: SPI and okara gel without ultrason
treatment

1 Cavitation effect of sonication reduced the average particle size of okar
SPI suspension up to 600W, beyond which particle size did not vary d
aggregation of particles via van der Waals forces and electrostatic attra
as well as protein denaturation.

1 Rheological properties significantly increased with increase in treatmel
to 600W, when compared to control. Higher sonication power, howe
caused a decrease in viscoelasticity.

1 Ultrasonic treatment significantly increased gel WHC, compared to co
as treatment decreased particle size and exposed polar groups. Trea
had denser, more uniform texture with small pores. Above 600W treatr
WHC decreased as the porous stuutetof okara fibers was destroyed th
decreased its ability to entrap water.

1 Gel strength increased after treatment and had similar trend as Wt
intense treatment condition (>600W)
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Dietary fiber fraction of
okara was extracted witt
chemical treatment, driec
and pulverized to obtair
MDF (110 um average).

NDF (370 nm average
was prepared by furthe
subjecting MDF to wet
media milling for 8 h.

[150]

Soymilk and MDF or NDF (DF
concentration of O 50% v/v) suspensior
was heated to 98 and maintained for 1(
min.

Water bath was then cooled down t®®5
and coagulant 0.02 mol/L Mg@lvas added.

Mixture was heated at 80 for 10 min.

Tofu curd was pressed for 30 min in mold
drain whey.

Control: Soymilk gel prepared by simila
method, without DF

9 WHC of gels with MDF or NDF was higher than control. The WHC of Ml
containing gels increased up to 30% MDF concentration and decreasec
containing NDF decreased with increasing NDF concentration.

1 Gel strength and elasticity decrease with increasing MDF or I
concentration compared to control, with MDF gels having relatively hic
TPA properties than NDF gels.

9 MDF did not alter the continuous protein phase but at high concentrat
MDF aggregated and increased the number and size of cavities i
continuous phase.

9 NDF gel possessed large number of cavities at low concentration
fragmented the continuous phase.

No treatment
[154]

Soymilk and okara were homogenized

40 MPa to reduce tl
50 € m, heated to 9!
5 min

GDL Tofu: 0.3% w/w GDL (final) was addec
to cooled mixture, and heated at 85°C f

30 min

TGase Tofu: To GDtgel mixture, 0.15%
(w/ w) TGase was add
for 240 min and the

Control: GDL-Tofu without okara

9 The okara in high fiber GDITofu weakened the gel structure and stren
compared to control. Addition of TGase significantly increased the
strength as TGase assisted crosslinking of soy proteins.

9 Okara particles disrupted the continuation protein network but TC
promoted formation of protein aggregates that encapsulated the
particles

1 WHC increased in the presence of okara, with further increase on a
TGase to the gel, due the ability of dietary fibers to absorb water.

No treatment
[33]

Soy flour (ground soybean) suspensio
(15% and 20%), either thermally treated
95°C for 10min or treated by ultrhigh-
pressure homogenization (UHPH) in
homogenizer at 100 and 1MPa

10% GDL solution was added to treate
suspension (final GDL concentration ¢

9 UHPH decreased the size of large insoluble particles of soy flour 1
300em to | eesss than 30

9 Tofu containing 15% soy flour concentration ahdrmally treated (control)
was harder than UHPH treated tofu. Among the UHPH gels, an incree
pressure of the treatment increased hardness. This trend was differe
20% soy flour suspension where UHPH treatment significantly increi
hardness copared to thermally treated tofu (control).
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0.5%) and heated at 80°C water bath -
30min

1 WHC increased with increase in soy flour concentration and Uk
treatment.

9 Thermally treated tofu had a honeycomb structure but with large part
inlaid in the network. UHPH tofu had a regular honeycomb protein netv
without large particles.

Dietary fiber fraction of

okara ~was  extractec
chemically, dried and
pulverized and then

subjected to wet medi
milling for 8 h to obtain
NDF (370 nm average)

[151]

Soymilk combined with NDF (@ 40%) was
heated up to & and maintained for 10 min

MgCl; or GDL (0.015mM and 0.02mM) wat
added to the heated suspension and incub.
at 8CC for 10 min.

Curd is pressed for 30 min with 1.5 kg loac

Control: Soymilk tofu prepared by sam
method, without NDF

9 Tofu with MgCk as coagulant had a porous, particulate microstructure.
with GDL as coagulant had a stralikk, compact microstructure

9 GDL tofu was softer with higher moisture content and WHC

9 Addition of NDF decreased gel strength due to increased moisture
porous structure

9 NDF inhibited protein unfolding during heating and inhibited expo:
functional groups of unfolded protein to interact

Okara IDF coated with ¢
layer of chitosan followed
by a layer of pectin (O
IDF/C/P)

[34]

Soymilk was heated to 96 for 10 min and
cooled. GIDF or O-IDF/C/P (10 g/L) was
added to soymilk and mixture wa
homogenized for 30 s.

5% (w/v) GDL (0.35% final concentration
was added to suspension and heated 4t €
for 30 min

Control: Soymilk gel prepared by simila
method, without O

9 Control had a smooth surface and had homogenous, compact struetu
IDF tofu had a coarséeterogeneoutexture with cracks. Incorporation ¢
O-IDF/C/P smoothened tofu surface, similar to control, and had some
pores.

9 Except for flavor, GDF/C/P tofu had a favorable appearance, texture
mouthfeel. Layering of chitosan and pectin on okara improved
compatibility and incorporation in tofu.

Suspension of vacuum

dried okara was first
ground in  highspeed
colloid mill and then

treated by highpressure
homogenization (HPH) a
407 100 MPa

[35]

SPI and okara 80% v/v) suspension wa:
heated at 10 for 5 min and cooled to 46.

TGase was added to the suspension
incubated at 4% for 60 min

Control: SPI gel prepared by same methc
without okara

1 Increasing intensity of HPH treatment decreased okara particle size

1 Elasticity of gels with okara was higher than control, and elasticity incre
with increase in okara content.
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Chapter 3: Standardi zing the |IRPgegarn atnit

Treat ment and Concentrati on

3.1 Overview

Chapter 3xploresthe effects of changes togredientssoybeans, extracted soymakdokarg

and soymilk okara mixture on the texture properties of the gdie effect offreezing soybeans,

the particle size concentrationgitric acidmodification,and drying of okara, and the citric acid
coagulation of soymilk before thermgeélation were examined. Scanning electron microscopy
(SEM)wasadoptedo characterizéhe morphology ofiriedokaraand visualize okara distribution

in soymilk gels. A visual representation of the above objectives is preserfegline 3.1. The
experimental methodology for the preparation of soymilk and okara from soybean and their
associated gelsas adapted fronbp).

E i. Assessing changes in proteins and gel texture on extracting | Section 2.3
___________________ » i |
Dry soybeans ! soymilk and okara from frozen soybeans '

| Assessing the effect of: | Section 3.4
i

i ii. okara particle size on gel texture by (a) filtering okara to be
Ingredient ! of specific size range and (b) varying the drying duration of
- |

|

Level okara.

1 iii. different drying methods, oven-drying and freeze-drying, i
on okara structure and its influence on the quality of gels |
produced. |
1

|

iv. the concentration of okara introduced in soymilk to
produce firm gels with acceptable texture.

v. CA-modification on okara structure visualized under SEM.

1 §

Mixture e . i v. Determining the influence of citric acid induced | Section3.s

— | Citric acid Mixture . ; . !
Level ! coagulation of proteins on soymilk gel texture. H

I e

cel — | vi. Visualizing the surface morphology of medified okara and | section3s
Level Soymilk Okara Gel ' M, MO gels with SEM. i

______________________________________________________

Figure 3.1: Objectives of the preliminary experiments for standardizing the preparation of soymilk
okara gels
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3.2 Materials and Methodology

3.2.1Materials

Soybeans (Nupak, Freshco), obtained in bulk from a local grocery (S#a&erloo, Ontario,
Canada) were stored in food storage bags at room temperature. The chemical veageafs
analytical grade which included sodium phosphate dibasic heptahydrate (Acros Organics, India)
and sodium dihydrogen phosphate dihydrate (Acros Organics,),lhgi@grochloric acid (Fisher
Scientific), sodium hydroxide (Sigma Aldrich, India), sodium chloride (Fisher Scientific), urea
(VWR, Canada), Bigad dye reagent and Bovine Serum Albumin (Bid Laboratories Inc.,

USA, Batch # 64499500)

3.2.2Preparation and Characterization of Ingredients

3.2.2.1Extraction of Soymilk and Wet Okara

Dry soybeans were soaked overnight in DI water at a soybean mass to DI water volume ratio of
1:3 (w/v) for 2224 hours. The soaked beans were washed under running DI water to remove the
released arnutritional componest dehulled, and then ground for 2 minutes at high speed in 4
cycles of 30 seconds in a blender (Waring Commercial Grinder E11524 WBAxlurry was
filtered through a cheesecloth (Scenglos, Woodridge, IL) to separate soymilk (M) from wet Okara
(Ow), and both products were stored in tefigerator until further use.

The preparation afoymilkand okardrom frozen soybeans used fection 3.3vas adapted from
[107], with somemaodificationsin procedureas outlinedin Figure 3.2. The cehulled soybeans
were frozen in a freezeat for 5 h and then thawedvernight in the refrigerator. The thawed
soybeans were equilibrated at room temperature before proceeding with gandifijering of
slurry with a cheesecloth tambtain soymilk (foM) and &ara (fbQ,) that werestored ina

refrigerator without boiling,until further use.
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(a)

Soaking of soybeans at
bean to DI water ratio
of 1:3 for 24 hours

!

Soybeans washed with
DI water and dehulled

|

Dehulled beans freeze-
treated at -20°C for 5
hours and thawed
overnight

!

Thawed dehulled
beans ground with DI
water at bean to water
ratio of 3:8

(b)

Soaking of soybeans at
bean to DI water ratio
of 1:2.2 for 10 hours

y

Soaked whole beans
drained, freeze-treated
at-20°C for 5 hours,
and thawed

!

Thawed whole beans

ground with DI water

at bean to water ratio
of 1:10

l

Slurry was boiled at
95°C for 2.5 or 5 min

, !

Slurry filtered through Heated slurry filtered
cheesecloth manually

| | ! |

Soymilk fbM) Okara (fbwQ) Soymilk Okara

|

Coagulated with

0.02M CaSO,
Heat induced gelation u ot 72°C for 10
at 95°C for 45 min and eated at 7 for
min
cooled to room T

|

Pressed with 8.12 kg
for 20 min in a mold

Figure 3.2: Schematic of thereparation of soymilk gel from frozen soybeans: (a) adopted in this

study, and (b) procedure of Noh et al. 2005; the italicized text highlights the modifications made
to the methodology.
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3.2.2.2Soymilk Solid Content

The quality of soymilk extracted from soybeans was evaluatedifsosolid content. Iy of M
was measured inta 20 nL beakerand driedin forced air oven at 6C for 3 hoursfollowing
which the mass was recorded. The solid content was calculatecHggiagon 3.1:

e immow Ao A _
POl IAE A o,&‘7|_9_ pTT Equation 3.1

3.2.2.3Preparation of Dried Okara

Approximately 10 g of @ was disperseth 50 g of DI water and mixed on a magnetic stirrer
(Fischer Isotemp :100-49sh, USA) for 10 minutes to ensure complete dispersion. The okara
slurry was transferred to a 100 mm diameter petri dish, previously lined with parchment paper.
The petri dishes were mlad in a préheated forced air oven (Fischer Isotemp 737F, USA)
maintained at 61 for 2224 hours to remove moisture and then pglsaundin a coffee grinder
(Coffee & Spice Grinder CBG110SC, Black & Decker Co and Spectrum BranddJ8A) for

oneminute into powder to obtain.O

Similar drying methodology was carried out O, to obtain fbO used irbection 3.3 For
Section 3.4assessing the influence of drying duration on the particle size distribution@jf O,
dispersedn DI water was drie@dt 6CC for 19 (Qon) and 24 hours (£r). Air-dried okara (@)
was obtained by exposirgthin layer ofOw to room temperaturevernight Freezedried okara
(Or.) was prepared by spreadifi@g Ow along the walls of a borosilicate vjgireviouslycooled

in freezer at20°C overnight. @.; was prepared by mixingg Ow with 25g DI watelover magnetic
stirrer at 606700 rpm for 10 minutes to form a slurry. The slusgys layered along the walls of a
borosilicate vialpreviouslycooledin freezer at20°C overnight. Théborosilicatevials containing
sampleweredipped in liquid N for 5 minutes and subsequently attached to a freeze dryer (Freeze
Dryer ALPHA 1-4 LSC, Christ). Freezdrying was carried out for 223 hours (main drying
stage) under a vacuum pressure of 0.940 mbar and ice condenser temper&flite tof obtain
Or. Or was ground for one minute and used for FTIR analysis and gel prepa@atiowas used
for SEM analysis without prior grinding. BotBr, and Or.1 were stored in a scintifition vial

sealed with parafilm until analysis.
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Citric acd-modified okara OCAO0.14, OCA1.25 and OCA2.5 werepared by mixing 10 g of O
in 50 gCA solutions prepared by dissolving 0.084 g, 0.75 g and 1.5 g CA in DI water, respectively.
Thedispersions werstirred at 600 800 rpm foronehour at room temperature over a magnetic

stirrer, transferred into a petri dish and dried in a forced air oven°@ &0 19- 20 hours.

3.2.2.4Estimating the Particle Size Distribution ofOkara

Okara with initial weight w, was passed through a series of sieves with mesh pore sizes of 212,
150, 106, 75, 63 and 45 um. A rubber spatula was tsead the fineokaraparticles topass
through each mesh screen. The nudsskara retained on the siey@sievs Was weighed and used

to estimate the percentage of okdnatis larger than theneshpore size usingquation 3.2,

weight % of okara&ollectedon the sieve = Gp T Equation 3.2

The particle sizanalysis was carried out twice to evaluate the average wgigimd he ground
okara was subsequently categorized into three size rasgé¥ more than 106 pmOu, (ii)
between 106 63 um, Oy, and(iii) less than 63 pp0O,, to preparesoymilk okara gels.

3.2.2.5Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra 32 scans at a resolution of 4 ¢émvas collected in the wavenumber range of
500 to 4000 cm with the Nicolet 6700 FTIR spectrometer (Thermo Scientific Nicolet 6700,
Waltham, MA, USA)for dried M andO samples The transmittance was baseline corrected and
normalized using Omnic software (Thermo Scientific) for comparison of the spectral peak shifts
and magnitude changes

3.2.2.6Visualization of Soymilk Coagulationwith Droplet Test

The approachto assess thmfluence of CA concentration on tlweagulation oM was adapted

from the methodology developed for the trackind/gfCl> induced coagulation of soymi[g47].

CA solutions of concentrations 0.14, 0.168, 0.376, 0.75, 1.5, 2.5, 3 and 5% (w/w) were prepared
by dissolving solid citric acid (0.07, 0.084, 0.188, 0.375, 0.75, 1.25, 1.5, 2.5 g) in DI water to a
total mass of 50g. The pH of each solution was recordddaviH mete(Mettler Toledo, S47

SevenMulti Dual).The CA solutions were heated in a water bath & 36r 5 minutes to ensure
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dissolution30e L drMwaofadded to 200 €L drop of warm

process was captured with a digital cam{®amsung S23 FE)

3.2.2.7Turbidity of Mixture

The potential characterization of @®agulated M particles was assessed with change in the
turbidity of M+CA mixtures.M+CA0.14 and M+CA2.5mixtureswere prepared by dissolving
0.084 g and 1.5 g CA, respectively diet2 gM. Approximately 0.5g and 1g of the mixtures were
diluted with DI water in 100 mL beakers to a total weight of 50g and stirred at room temperature
for 5 minutes to obtain dispersions diluted by a factor afé&std 10& (by weight), respectively

The turbidity of the mixturewasmeasured in triplicates as the absorban&®@inm(Asoo) in the
UV-Vis Spectrophotmeter (Genesys 10S, Thermo Scientific) with a 1 cm light pathlengtrequart
cuvette and DI water as the blank.

3.2.3Preparation of Gelsand Analysis of Gel Properties

3.2.3.1Preparation of Gels

M preparedfrom soybeans was used ftite preparation of gels after overnight refrigeration.
Approximately 4245 g of M, depending othe extracted O:Matio, wastransferred td .00 mL
beakergPyrex) that wapreviously coated with PAM cooking dibr the preparation of M gel
TheMO gelwasprepared by initially making a paste of ground O with a portidvl ¢£5-20 ml).
The paste was added to the remainingmiiked over a magnetic stirrer at 5800 rpm for 15
minutes and thernransferred into 400 mLbeakercoated with PAM oil The beakers wersealed
with aluminum foil and placed in a water bath (Neslab RTE, USA) maintained at 96 for 45
minutesto carry out thermal gelatiorThe resulting gslwere allowed to cool down to room
temperature to consolidate the gel network, and stored overnight in the refrigextdtburther

analysis.

Gels from frozen soybeans using foM and fbO $action 3.3were prepared similarlySimilar
gel preparation methodology was used to prepare soymilk okarg8isction 3.4to assess the
effects on gel texture as a result offijirying duratiorusingOz19n, O24n, OCA0.140n, OCAO0.144,

(ii) O patrticle sizeusingO;, Oy and Qu, and (iii) O drying method usinQr. The gels to assess the
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effect of O concentration on texture, ranging frbdhi 11.2% (by weightpf the gel composition,
were prepared by mixing M with 25 to 200% of O used in the standard MO formulation to produce
MO2s0 MOsg%, MO75%, MO125% MO15006 MO1759% MO200%

To determine the effects of CGidduced coagulation of M, the gels f8ection 3.5were prepared

by gradually addin@.084g, 0.75g and 1.5g of citric a¢ablid)to 46.6+0.05dM to obtainsoymilk
citric acid mixtures (M+CA) wittD.14%, 1.25% and 2.5% (WNMDA concentrationgespectively.
The M+CA mixtures were stirred over a magnetic stirrer at room temperature for 15 minutes
transferred to 100 mPAM-coatedbeakers, sealed with aluminum foil anelated a®5°C for 45
minutesin water bathThe amounts of CA were chossuch that the M+CA gelsontainsimilar
amount of CA asised in MOCA gels to study the interaction between CA and M. Due to the
absence of O that adds to the mass of M+OCA, hewdne actual concentration of CAM+CA
mixturesis 0.18%, 1.61% and 3.22% (Ww

For SEM analysis oM and MOgelscarried out inSection 3.6, half of the M and MO mixtures
were transferred into 100 ml beakers such that the gels produced werehkfhci@el samples
0.8x0.8x0.2 cm gel samples waret from the crossection, transferred inta borosilicate vial
that was previously chilled overnight in a freeze28PC, dipped in liquid N for 5 minutes.and
freezedried (Freeze DryeALPHA 1-4 LSC, Christ) for 223 hours (main drying stage) under a

vacuum pressure of 0.940 mbar and ice condenser temperatGi&cf

The above procedure waserformedto produce gels for the macrostructure, water holding
capacity gel syneresisind proteirprotein interactionanalysis Minor modifications were made

in the gel preparation methodology faraluating théextureproperties For uniaxial compression

test, the mixture was divided and distributed into two PAM oil coa®&dmLsuch that the height

of the mixture in the beakers was at 20 mm, and then the beakers were exposed to gelling
conditions. Prior to measuring the mechanical properties, the gels from each beaker were cut into
3 cylinders of diameter 20 mm and thicknessrirf@ with a corer. The samples were allowed to
equilibrate to room temperature for 1 h prior to the analysis. For viscoelasticity measurement, the
mixture was distributed into a 100 mm and a 90 mm diameter petri dish. The petri dishes were
previously lined with pathment paper, coated with PAM oil and then filled with253gmixture

in the larger petri dish and 2. gmixturein the smaller petri distsuch that 23 mm thick gel
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was produced.Following gelling conditions inthe water bath and subsequent overnight
refrigeration, the gels were cut into 4x4 mm squares, extracting at least 2 samples per petri dish
for viscoelaticity analysis

3.2.3.2Macrostructure Analysis

The gels were cut along the cross section and images of thesextgms were captured with a
digital camera (Samsung S23 FE) taken from a consistent height of approximately 20 cm above
the gel. The crossectional images were processed with ImageJ aoétto analyze porosity and

pore distribution. A 30 x 30 mm region was converted intot&rayscale image, autdjusted

for brightness and contrast, and the threshold was set at 100 to analyze thparadistribution,

pore area coverage and poreesiz

3.2.3.3Scanning Electron MicroscopyCharacterization (SEM)

The okara(O, Onir, Or, OCA0.14,0CA1.25and OCAZ2.9 for Section 3.4and gel samples (M,

MO) for Section 3.6were loaded onto a pin stub that was covered with conductive carbon tape.
The samples were sputtepated with gold and then the surface morphology was examirtied
Zeiss Leo 1530 FESEM for sampl@sr, O and OCA2.5andFEI Quanta FE&50 ESEMfor the

all other samplest similar conditions of 20kV voltage and in high vacuum environmegnt,
magnifications of 100, 50« and1000x.

3.2.3.4Estimation of Gel Syneresis

The gels after overnight refrigeration, were observedidcharge someater. The color of liquid

exuded from gels wagcordedand weighed to estimate gel syneresis ukiggation 3.3:

SN ol i _
bOUT AOA b Equation 3.3

3.2.3.5Estimation of Water Holding Capacity (WHC)

About 5+ 1 g of the gels were transferred into 812 thin walled polypropylene centrifuge tube
(Beckman Coulter) and weighed (MWThe gel samples were centrifuged in an ultracentrifuge

(Beckman Coulter, Optima XPN100, swing bucket SW 41 Ti) at room temperature for 20 min at
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a centrifugal force of 12,074 x g, corresponding to the rotor speed of 10,000 rpm. Following
ultracentrifugation, the water released was obtained from the mass of the supatatatiie
compressed gel masgmnsferredo a scintillation vial and weighed (MY and the remaining water
sticking to the surface of the centrifuge tube wallich wasabsorbed using a Kimwipe and

weighed (W4). The total water released (\Was accounted as the sum ofi4hd Wo. The water

holding capacity was calculated usigguation 3.4,

7

7(#b p T

Equation 3.4

3.2.3.6Protein-Protein Interactions

Proteinprotein interactions of the gel were evaluated from the protein solubilized after soaking a
gel sample in solution containing reagents targeting specific interactions. Four different soaking
solutions were prepared in 0.05M phosphate buffer (pH+ %A (0.05M NacCl), SB (0.6M NacCl),

SC (0.6M NaCl + 1.5M urea), SD (0.6M NaCl + 8M urddjosphate bufferg(05 M,pH 7.0) was
prepared by dissolving 7.744 g of sodium phosphate dibasic heptahydrat# MaH,0) and
2.9118 g of sodium phosphate monabasonohydrate (NaH#PQs - H20) in 1000 mLDI water.

The pH of the buffer was monitored wipid meter (Mettler Toledo, S47 SevenMulti Dual) when
adjusting pH of the buffer to 7.0 with 1M HCI and 1M NaOH solutions.

A soy gelsample (0.6 gyvas homogenized for a minute in 10mL of the different soaking solutions
(SA, SB, SC and SD) with a vortex mixer and soaked overnight for at least 12 hours at room
temperature. Subsequently, the soaked gels were ultracentrifuged (Beckman Coulter
Ultracentrfuge Optima XPN100, USA) for 50 minutes at room temperature at a speed of 10,000
rpm. The supernatant of gels soaked in SA, SB and SC was dilutecatwdaluted 1€fold for

SD with phosphate buffer (pH 7.0). DiL of the dilutedsupernatansamplesand 200mL of

Biorad dye reagent solution weaelded to a 98vells microplate (polysyrenei triplicateswith

an Eppendorf micropipette anstannedwith microplate reader (Biek) at an absorbance
wavelength of 595 nm. The solubilized protein content was evaluated with the Bradford assay

methodology adapted frofs9]. A protein standard curve of Bovine serum albumin (BSA) was
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constructed within a concentration range of 0.@h5 mg proteinmL solution, following which

the interactions were estimated based able 3.1.

Table 3.1: Soaking solutions and their target intermolecular bond disruptions, adapted from [59]

Soaking Reagents Protein solubility Target | nteractions
solution (0.05M phosphate buffer at pH 7.0 difference g
SA 0.05M NacCl _
SB-SA Electrostatic
SB 0.6M NacCl
SGSB Hydrogen
SC 0.6M NaCl + 1.5M urea
SD-SC Hydrophobic
SD 0.6M NaCl + 8M urea

3.2.3.7Mechanical Properties

Six replicates of cylindrical samples (20mm diameter, 10mm height) cut out from gels were
subjected to uniaxial compression in a tensile tester (Shimadzu AutograpX)&e8ipped with
a 500N load cell to gauge the gel strength. The compression was cantiattroom temperature

and at a rate of 40 mm/min, until the gel failed or the load plates were less than 5 mm apart.

The total stress applied on a gel sampl e, den

dimensions of the gel sample, referred to as true strain (e), were calculatédjuwation 3.5 and

Equation 3.6.
. 2. &0 10 Equation 3.5
40BOAROO0T— — K
PN e Equation 3.6
4 0 @O Ggh ENl T~

wherelo represersithe initial height (m), Athe initial gel area (), and I(t) (m) the diminished
height of the gels recorded at time t that resulted from the applied compression force F(t) (N). The
true stress versus true strain curve indicated a linear region with a peak, followed by a drop in

stress. The peak point wastablished as the failure point of the gel. The slope of the linear region
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up to the failure point in the true strestsain curve, shortened to consider only the region between

onethirdtotwoet hi rds of the failure point, was.used t

3.2.3.8Viscoelastic Propertes

Gel samples odx4cmand2-3cm thickness were equilibrated at room temperature for 1h and then

the small amplitude oscillatory shear test was performed using a rheometer (Thermo Scientific,
HAAKE MARS lll, USA, located in E6 5007) with a parallel plate geometry of 35 mm in diamete

and 1 mm measuring gap. The sample was loaded on the sample stage winem gdj® space
between the parallel plates was attained slowly by setting the speed of the upper plate at 1.25
mm/min, to minimize any abrupt uniaxial deformation to occur prigh¢ostart of the test. The

excess gel jutting out of the plate area was trimmed, after the gel was compressed to a gap space
of 1.025 mm [0.025 mm higher than the measuring position of 1 mm]. Once the desired measuring
position of 1 mm separation distanicetween the two parallel plates was reached, the samples
were allowed to rest for an additionab3ninutes to attain mechanical equilibrium. The frequency
sweep test was then conducted in triplicates at an angular frequency rafnigE00frad/s at 0.1%

strain. These parameters were chosen based on a preliminary strain sweep test that was used to

determine the linear viscoelastic region (LVR) of the gels.

The dynamic dependency of the storage (GO6) an
was represented with the power law moé&ejuation 3.7 andEquation 3.8

' Y Equation 3.7
' Y Equation 3.8

The parameters (Pa)and (Pa)are the storage and loss moduli coefficients recorded at angular
frequency of 1 rad/s, respectively. provides a measure of the rigidity of the gels and the
elasticity of the gel structure while is associated with the energy dissipated as heat and the

liquid behavior of the gel. The exponehtsandl (both dimensionless) denote the influence of
Soneachmodulusan@ AT the ratio between the | oss modul

gives an indication of wealor stronggel behavio.
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3.2.4 Statistical Analysis

The statistical analysis was carried out with Statistica (version 14.0.0.15, TIBCO software Inc) on
WHC (n=2), viscoelasticity propertieén=3) and mechanical propertiga=6). The error bars
indicate the standard deviation. T$tatistical difference was evaluated with angy analysis of
variance (ANOVA) ahod testt wae utilizad kate 5900 signifipance fevel to

determine the significant differences between the averages (paired means)
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3.3. Freezing of Soybeans

3.3.10bjective

The objective of this experiment was to exploreube of frozen soybeans potentialy soymilk

gel texture propertieslhe effecs of freezing soybeanwas previously studied to examine the
changes in heahducedsoymilk gel in the presence dfaSQ coagulat [107]. The results
indicated faster coagulation and increased hydrophobic interactions during gelatonore
proteirs participaedin the networkSEM depicteda more uniform, orderly microstructuaed te
compact gel network increased the gel hardness, chewiness and gum8iméasresults were
observed in another studsheretheh ar dness of &6t of ud pr ep,ghated fr o
werefrozen for 5 or 24 hours amstibsequentlgried at 40°Cimproved 143. Temperatures below
freezing point of water can mechanically damage soybean components during ice crystal formation
when the crystals penetrate and break down the cellular struct@G&}sThe ice crystals force
neighboring proteiscloser to each other thiamtducesprotein denaturation and aggregatio84JL

As a result, the surface hydrophobicity of proteins increases, mti@ngmore susceptible to
heatinduced denaturatioand aggregation via hydrophobic interactigh42]. Moreover, The
examination of soybeans before and after freezing under, TilaStrated inFigure 3.3, revealed

microstructural changes from the coalescencdisdrete storage protein vacuoles in cotyledon

cells into large, irregular vacuolester freezind120].

Figure 3.3: Transmission electron microscope images of (a) untreated soybean (control) and (b)

soybeans frozen for 1 day where 6PO6 indicates
by 606. Reprinted from W. Lil i ,free2ing orYsoyhéan g, an
mi crostructure and qualities of soymilik, 0 Jou

May 2013 [120], with permission
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3.3.2Results

3.3.2.1Qualitative Analysis

The qualitative analysis of the soymilk and okara extracted from untreated and frozen soybeans,
estimated by comparing the extracted O:M ratio, weight of dried O and solid content of M, is
presented inrable 3.2. These estimates were similar suggessmgilarity in that the soymilk
okaragels prepared fromntreated or frozen soybeaassdthatvariation in textue resuls from
difference in thalenaturedtate of soy proteirafter freezereatment

Table 3.2: Ratio of soymilk to okara (w/w) extracted (n=3), weight of okara after oven drying at

60°C for 2324 h (n=3) and the solid content of soymilk calculated ®ijlnation3.1 (n=2). Data
is expressed as mean + standard deviation.

Untreated Soybeans Frozen Soybeans
O:M ratio (w/w) 0.227+0.01 0.232+ 0.02
Weight of dried okara (Q) 2.44+0.11 2.40%0.09
Solid content % (w/w) 14.9+0.9 15.63+ 0.5

3.3.2.2Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR absorption spectra of M, foM,and fbO were divided to four regions, as illustrated
in Figure 3.4. In region | of soymilk materials, M and foM, theoad band &86507 3100 cm' is
associated with the overlapped stretching vibratiohdwydrogen involved in intermolecular
hydrogerbonding, NH bonds in proteifil21] [162], and GH groupsn polysaccharide structures
[137][138]. This band was centered 2273 cm' in both M and foMand the higher intensity in
foM suggests tsuctural changes in protein during freezing of soybeans leadirgxposire of
morehydroxyl groupsRegion Il peaks are ascribed to bending and stretching pfrCaiphatic
chains of protein$121] and polysaccharidgd37] [138]. The symmetric anésymmetric CH
vibrationsare situatedt 298 cm! and 283 cmi! and similarin M and foM Region 111 (1800i
1200 cmb) containsthe structural information of proteiandC=0 bonds of ester carbonyl groups
or carboxylate ionsA change in soprotein structurérom freezetreatment was indicated by the
increasemide I(C=0), Il (N-H) and IlI(N-H, C-N) bandsn fbM situatedat 1632, 1535 and 1236
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cmit peaks, respectiveljl21] [172]. While the esterified C=0 bond vibration 4743 cm' was
similar, asymmetric and symmetric vibrations of carboxylate group (TO&ectecht 1632 cmt
and 13941388 cmt increased in intensitiyp foM. The increase in the peak intensity of OH, amide
| and COQ group vibrations suggestsaththedenaturation of proteins durirgpybearfreezing
led to exposure of these groupat were previously buried in the native protein structRegion

IV (1300i 800 cmt) is the fingerprint region of polysaccharidmsdthe proteiarich soymilk had

a weaker spectrum ithis region. The notable peaks are tensile vibration éd@ GO-H bend
and GO in GO-C stretch in thekeletal structuref polysaccharide centered at 1150 and 1047
1038 cm! [138][166]. These peaks were slightly more intense in fbtMcating a possibleslease
of soluble polysaccharides after the disruption of soybean cellular structure during fraading
therefore higher transfer of soluble polysaties into soymilk during extraction.

Looking at theFTIR spectra of okaranaterials, the single band of hydrogen bond vibrasibn
3292 cm' (region 1) and thesymmetricasymmetric stretching modes of €bondssituatedat
2922 and 2855 cri{region Il)are less intenga fbO than Owhich ispossibly & effectof freezing
on thestructure ofpolysaccharideln region lIll, the amide I, 1l and Il peaks 4628, 1537 and
1237 cmt are similar in O and fo@hich suggests that freezing did not atikaraproteins bound
to polysaccharide chainsdditionally, thecarboxylate ion peaks at 1628 and 1394888 cm'
for okara polysaccharides did not exhibit differenedoughfbO had a lower intensity for the
ester bondC=0 vibration at 1742 cmt. In region IV, with the exception of the © in GO-C
stretch at 1047 1038 cmt, the vibration of @ in G-O-H bend (1158 1150 cm?t) ,-gly6osidic
linkage between the sugar monomers of polysaccharides (890[t88] [168], andthe other
peaks irthisregion associated with vibrations of@stretch{126], out of plane €H bend[123],
ring structure deformation of GHgroups[116] [130] and ring compounds of aromatjd4 6], had

a stronger intensity in fbO than O.
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Figure 3.4: FTIR spectra of soymilk and okara from untreated (M, O) and frozen soybeans (foM,
fbO) within the range from 4000500 cm.

3.3.2.3Macrostructur e Characterization

The crosssection surface characteristics of gatel porositydetectedvith ImageJ are illustrated

in Figure 3.5. M and fbM gels had a smooth surface wahfew largecavities with M gel
containingfewer, larger cavities when compared to the smaller, numerous cavities irvibiil
fractionor gel porosity ofL..01% in M and1.31%in foM weresimilar. The addition of O and fbO

to soymilk made the gels heterogeneous and rigid. The pore distribution ansiggmsdted an
increase in porosity of MO and fbM@els with an estimated void fraction of 3.4 and 2.8%,
respectively. The macrostructure analysisgefs prepared from untreated or frozen soybeans

revealsthat freezing soybeans did naitebly impact thegel porosityor appearance
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Okara

Total Void 1181 9.11 30.58 2549
Area (mm’)

Average Void 0.19 01 0.05 005
Size (mm)

:’9‘;)“’ Fraction 131 101 340 283

Figure 3.5: Visual observation of dried okara (O, fbO), soymilk okara gel cross section (M, fbM,
MO, fbO), binary images of gels along with the void regions (blue lines) detected by ImageJ, and
porosity estimates based on the binary images generated with ImageJ.

3.3.2.4Syneresis and Water Holding Capacity

The discharged liquid after overnight refrigeration of gels represents synardéises unbound

water contained in the gel network. Waitepassively exuded during storage from the increased

crosslinking between the protein aggregates of the gel stryt@ufg[150] [153]. Water holding

capacity (WHC) is an indicator of protewater or polysacchariewater interaction involved in a
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gel and its ability to entrap, bind and immobilize water through capillary a@Rjrsuch that
water is not released even after centrifugatiet] [152] [155].

Syneresis and WHC of gels M, MO, fbM and fbMO are illustratddgnre 3.6. The homogenous,
compact network of the M and fbM gelgudedminimal amount of water during storage with the
syneresi®valuateds 0.76% and 0.89%, respectively. The dietary fibers present in MO and foMO

effectively retained watgB7] in the gel network andreventedsyneresis.

The WHC of M and fbMgels 71.5- 78.4% andMO and fbMO gels, 60.85- 69.326 was
statistically similar (p>0.05) No statistical difference was observad the WHC of gels
suggestinghatthe pores and heterogeneitytroduced irpresence of okardid notdeteriorate the

gels ability to retain water in the networRoth syneresis and WHC propertigglicate that
freezing soybeans did not enhance the water retention of soy gels, making the additional freezing

step unnecessary from the perspective of water entrapment
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Figure 3.6: Gel syneresis and wateolding capacity (WHC) of soymilk okara gels after overnight
refrigeration at 2C. Data of syneresis is a single measurement. Data of WHC is expressed as mean
N standard deviation (n = 2). Statistieally
hoc: p < 0.05) do not share a common letter.

3.3.2.5Protein-Protein Interactions

The different proteirprotein interactions irthe network ofM, foM, MO and fobMO gels are
illustrated inFigure 3.7. Hydrophobic interactias arethe main contributoin assembing the
soymilk gel structurd83] and is the key force responsible for an orderly, dense protein network
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structurd107]. lonic interactions and hydrogen bonding have a comparatively minor participation

in thegel network as these are disrupted during heat trea{B@nt

The hydrophobic interactions in the fbM gel were lower than in the M gel whereas fbMO gel had
acomparable magnitude as MO gel. The denaturation of the proteins followed by their aggregation
during freeing of soybeas [107], may reflect higher resistance to the solubilization of the protein
aggregates in the foM geDn the other handhé¢ presence of okara disrupts the protein network

in both MO and fbMQgels which hinders protein aggregation and therefore reduces the proteins
participating in the networkAdditionally, the coarsened texture of gels in presence of fibers has
beenpreviouslyattributed to an increase in protein concentrations at localized[$g6{sFibers

induce localized aggregation of protejth®4] resulting in regions of tight protein network that are
difficult to solubilize therefore reducing the solubilization obpgins
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Figure 3.7: Electrostatic interactiongydrogen bonds and hydrophobiteractions between the
proteins in M, MO, fbM, and foMO gels

3.3.2.6Mechanical Properties

The mechanical properties thfe gels under compression are illustratedrigure 3.8. The stress

strain curve is divided into three regions. Region | is associated with the linear elasticity of the
gel s where the applied stress caused a proport
Freezing soybeans decreased the elastic region in foM while had no effect in foMO gel when

compared to gels from untreated soybedhs. failure region (region Il) displayed a clear paak
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al gelswhereM and fbM had a shallow, broad peak which is characteristic of ductile materials
[146] while the broad yet sharp peak of the MO and foMO gels is characteristic of brittle materials
[146]. The peak of region Il was followed by flattening of the curve or constant stress in region Ill

for all gels whichis associated with the responsdhadeformedgel fragments.

The failure properties of the gels in region Il are illustrateqbn d). Gel fbM had statistically
similar failure stress and Youngo6s modul us as
that foM was less cohesive. The failure properties of the gels in the presence of okaftented

more significantly. The addition of okara to the gplepared from untreated fsozensoybeans
increasedheg e | strength (high failure styrbetatshe and
expense of increased brittleness or reduced cohesivity (low failure striagm) compred to

soymilk gels[145]. However fTbMO was weaker (lower failure stress) amad lowerstiffness

(I ower Young?os .Thendeahanical propertieslicate Ma freemg soybeans did

not enhance the textiproperties of soymilk okara gels
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Figure 3.8: Mechanical properties of M, foM, MO, foMO gels: (a) Typical stiesgrain curves,

(b) Failure stress (kPa), (c) Failuried)istr ai n,
expressed as mean + standard deviation; means that do not share a cotemane Istatistically

di fferent (ANOVA f ehbctp<w0®3) (nb§). Tukeyds post
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3.3.2.7Viscoelastic Properties

The viscoelastic properties of the M, fbM, MO and foMO geése measured after overnight

cooling of the gels as illustrated kgure 3.9. All gels displayed a consistently higher storage
modul us, GO6, t han i$assdatedwitdnelasticsgel beBavipr whehein thé

gel dispositionis more solidlike than liquidlike [155] [187] [88]. There was no crossover Gfo

a n d wiiich ischaracteristic of a continuous network in the gel strug¢fi8®]. The loss tangent,

t a n hich isthe ratio of loss modulus to storage modulus, is another measure reflecting the
viscoelastic property of ge[453][180]. A val ue of tan(0) Kgue was o
3.9 (b)) andis indicative of solid behavior as elasticity was prominent over the visttiitsute

ofgels[190. The progress of GO6 and GO over frequen
on angular frequency with eis0tl4 ambbeteeen 008.15106 wi t
f or Tabl®é3.3Anest i mate of nd, no > 0 i s whereinfioer act er
covalent bondsarepredominantlyresponsible in assemblinige physical gel network 55] [97]

[144].

The viscoelastic parameters, storage modul i (
rad/s, arg@resentedn Table3.3.The M and fbM gels had statistic
the other hand, MO and fbMO gels displaygdtisticallys i mi | ar vi scous respo
the elastic component ( Gob6) Thdpresefcefokd@inthe!l was
soymil k gels significantly increased the Vvisc
previously[191]. However, he viscoelastic properties of the soymikaragels indicate that

freezetreatment of the soybeans did not enhaheegexture
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Figure 3.9: Viscoelastic properties of M, foM, MO, fbMO gels: Typical curves of a) storage
modul us G6 (circle) and | odd®dsyvemoduwmigws aGdd r etquie

Table 3.3: Power lawparameters of the viscoelastic properties of M, foM, MO, fbMO gels
(Equation3.7 and Equation3.8). Data expressed as mean + standard deviation (n mezns
within acolumn that do not share a common letter are statistically different (ANOVA followed by
T uk ey éhsc: p<a09%).

Gel G'o (kPa) n' r? G"o (kPa) n" ro?
M 0.51 £ 0.03 0.09 + 0.04 0.60 0.08 £ 0.02 0.12 + 0.08 0.44
{s]\Y 0.77 £0.16 0.12 + 0.02 0.87 0.12 + 0.04 0.13+0.0%* 0.38
MO 32.61 +6.9% 0.13+ 0.0 1.00 6.67 £ 1.52 0.18 £ 0.022 1.00
foMO 21.32 + 2.50 0.14 £ 0.0 1.00 5.11 £0.52 0.12 £ 0.0 1.00
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3.3.3Conclusion

The objective of this experiment was to examine protein denaturation by freezing soybeans as a
potential pathway to enhance gel texture. The qualitative analysis of soymilk (M and fbM) based
on solid content did not reflect differences, however, driedeof@rand fbO) had distinct textures
where O dried as a crisp solid while fbO had a ke texture. FTIR absorption spectra of these
components (M, O, fbM, fbO) reflected changestimicture as the peak of hydrogen bonding, C

H bonds, carboxylate ion dnpolysaccharide fingerprint region vibrations varied in intensity.
However those changes were not beneficial in enhancingebkanicabr viscoelastiproperties

of soymilk and soymilk okara gels and therefore, freezing of soybeans was not explored further.
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3.4 Influence of Okara Particle Size, Drying Method and Concentration on Soy
Gel Texture

3.4.10Dbjective

The size ofyroundokara(O) introduced in somilk (M) gels has been previously demonstrated to
influence gel texturel[39. The incorporation oground Q ranging from 1503 8 0 e m and | e
than75% m i n s i -méucedM gels révedled that large particles (380 m) di sr upt e
the protein network and produced weaker gels. In contrast, siiableD iseffectively entrapped

in the protein networkiFurthermore smallsize Ocomprised of a highesoluble fiber content

increases the viscosity of tmeixture, slows down the aggregatigmocessof proteirs and the

gelation rate, thus faciliteg the assembly of a gel network with enhanced WHC and elasticity

from the increased participation of protejd89. Based on these observatiotig objectives of

this set of experiments were to analyze the effethesize distribution of @y fractionationand

change indrying durationof O on the porosity and texture of soymilk okara gels, assessed
qualitatively The influence of drying methods, dlrying, ovendrying and freezerying, on O

was examined by scamg electron microscopy (SEM) and from qualitative observations of the

gel. SEM was also adopted to analyze the effect of citric acid (CA) on structural changes O at
0.14%, 1.25% and 2.5% (w/w) CA concentratiémally, thesuitable concentration d that

producel stronger Mgelswith high dietary fiber content butithout notably deteriorating texture

wasdetermined qualitatively.

3.4.2Results andDiscussion

3.4.2.1Effect of Okara Sizeon Gel Porosity

The size distribution of the different fractions of okabdained by sieving is illustrated kigure

3.10. A decreasé the size madgroundO appeatighterin hue(Figure S.2, which was observed
inaprevioust udy where col or changes wvepatclegs3gl.r i bed
The two mairfractions of okargarticleswere751 106 pm and <45 pum which represent 25.3%

and 18.5%by weight)of the initial okara, respectivelfThe other sizeéwere present in smaller

guantities of 10% or less Approximately 11.7% of the initial okara was lost as a result of manual
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sieving. The effect of okara size on gel texture was assessed by combining the okara fractions into

three groups, comprising of 29+4@&achof the initial okara, to prepare MAMO,; and MQy gels

40

] 1 |
30 1

o 1 "
IiNN _
0+ : : : :

212 pm 150 um 106 pm 75um 63 um 45 um less than Material Lost
45 pum

Weight %
]
S

Sieve Size (pm)

Figure 3.10: Particle size distribution of okara based on weight % collected on sieves with
decreasing pore size. The particle size is classified into three categories where category | comprises
of particles more than 106 um, category Il of particles between 75 tuhQ@&nd category of
particles less than 45 um. Data is presented as mean * standard deviation (n=2).

The soymilk okara gels prepared from three different okara fraci@ndepicted ifrigure 3.11,

with MO gel as the referenc®r comparison The gel rigidity and strengtlassessedy finger

touch were similar across all gelBifference in the pore distribution at the gel cresstion was
observed. MQgelcontaining okar#ess than 3 um appeared visually similar to MO, both smooth
with sphericalshaped pores uniformly distributétroughout the gel volumé&he gel MQ and

MOy, containing okar&actions75- 106 um and >106 pnmespectively,had increasingly rougher
internal cross section, higher porosity and grainier appearance when compared to MO which
indicated that thébigger size of these fractions in tigel significantly disrupted the protein
network.The increases in porosity was supported from the image analysis by Imhg&dO
andMO; gels contained similar void fraction of 2.62% and 2.95%, respectively. On the other hand,
MOy and MQy gelsdisplayed a higher porosity of 5.87% and 4.54%, respectiValy reference

MO gel, contaning nonfractionated okarahad uniformly distributed pores and smooth
appearance, the additiorstep of filtering okara to be of a specific size ragés pum) was not
necessary, and therefore, wonsidered further
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Figure 3.11: (a) Visual observation of soymilk okara gels prepared with O (MO) and okara
fraction<75 um (MQ), between 75 106 pm (MQGy) and >106 pm (M@); (b) Binary images of
gels with pores detected (blue lines) generated by ImageJ.

Table 3.4: Porosity estimates of the internal creesxtion of soymilk okara gels, containiokara
with different size ranges, based on the binary images generateldnagbhJ (n = 1)

MO MO, MO MOy
Total Void Area (mm?) 23.4 26.65 5296 40.97
Average Void Size (mm) 0.04 0.04 0.03 0.04
Void Fraction (%) 2.62 2.95 5.87 4.4

3.4.2.2Effect of Different Okara Drying Durations on Gel Texture

Drying durationinfluences the hardness of dri@dand its subsequent grinding that affectsiis.
Two different drying durationslSh and 24, were considered tassessher influenceon the
grinding of O, resultingizedistributionof O andmechanical properties sbymilk okaragels as
illustrated inFigure 3.12. Dried Qonhad a uniform yellow surfacgherea€O.4n developed dark,
burnt patches from the prolonged dryiagd dried into a harder materidlhe groundOaan
contained a higher proportiaf coarseparticlesthan Qon The coarse fragments waranually
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sifted from the fine powdeandwere comparativellargerin size than the coarse particles sifted
from Oon. OCAO.14dried for 19h and 24h were observed to be similar in ¢&igure 3.12) and
appeared to have similproportiors of coarse and fine particles

(a) ‘ Dried Okara ‘ I Particle Type : Coarse ‘ ‘ Particle Type : Fine

24 hours
Drying

Figure 3.12 Visual observatiorafter19 h and 24 Hdrying of (a)O, andcoarse and fin&actions
of the groundD obtained through manual separation (without siefllg)OCAO0.14

The mechanical properties of the soymilk okara getslucedusingokaradried for19 and 24 h
are presented iRigure 313 The statistically higher offtei | ure
MO19h gel relates to higher gedtrength andtiffnessthan the MQan gel. The smallerstandard

deviationand similar profile of the stresdrain curves folMOz19on gel suggestst was more
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homogenoushan MO24, gel. The OCAO0.14 produced more homogeneous gels for okara dried for
19h M+OCAO0.149y) but had statistically

M+OCAO0.1%4n gel. The cohesivenessfdilure strair) and stiffnress Youngoés )wofodul us

lower gel strength(p<0.05) compared to

M+OCAO0.14 soymilk okara gelfhrowever, werstatisticaly similar (p>0.05)

a) MO gels with O dried for 19 or 24 h

&

)] =~
| |

wn
s

w
|

[¥]
|

True fracture stress (in kPa)
=
I

[
|

[=]

b) M+0CAO0.14 gels with OCAO0.14 dried for 19 or 24 h

14

MO (18 h)

MO (24 h)

= =
=} %}
s

ca

True fracture stress (in kPa)

b
a
s &
| I
0

MHOCAD14 (19 h)

c) Stress-strain curve of MO and M+OCA0.14 gels

WM+OCAD.14 (24 h)

True fracture strain

True fracture strain

0.00

0.35

0.30 1

=
P
o

=
8

=
o]

=
5

ok
=1
ol

0.00

wn
=

s
n

ey
=]

_ ?
Young's Medulus {in kPa)
B oM oM oW ow

[=] u [=] w [=] w (=] w

MO (19 h)

MO (24 h)

wn
=}

f i
::

MO (18 h)

MO (24 h)

aa
n

MW
n @ n

Young's Modulus (in kPa)

M+0CAQ.14 (19 h)

True Stress (kPa)

t
0.4

0.6

True Strain (-}

Figure 313 Fai |l ur e
M+OCAO0.14 soymilk okara gels with okara dried for 19 or 24 h, and (c) stese curves of
gels. Data is presented as mean + standard deviation. Means that do not share detben@en

stat

st

c al

y

0.8

stress

di fferent -hgcAANOYVANE®.l | owed

65

1
=}

ra
&

e
@ Wm @ n

I

M+OCAD.14 (24 h)

M+OCAD.14 (19 h)

NHOCAQ14 (24 h)

True Stress (kPa)

(kPa),

1 —— MH+OCAD.14,4,
M+OCAD.14,,,

12

10 S

8 !

&

a

2

0 S MR

0

True Strain (-}

f ai

t
0.4 0.6

0.8

ur e

-

strain a

by Tu



3.4.2.3Effect of Different Drying Methods on Okara Morphology

The microstructue of ground okara obtained after airying (Oair), ovendrying (O) and freeze
drying (Or) captured with SEMis displayed inFigure 3.14. O hada wrinkled surface comprised
of densely stackeftaky layers(lamellar structureanddeformechoneycomHike structures of the
parenchymdayer present in soybeartGrinding of O disintegrated the soybeall layersand
deformedhe structureOair haddenselayered structureas Obut alsocontained regiosiof orderly
intact honeycomitike structure unlike the deformed structigen O which suggestshat heating
affecs okara Or preparation did not involvenechanical processing suchgsding therefore
much oforderly honeycomHike structurs of the parenchyméayer remained intact indicating

that freezedrying was the least destructive drying method.

| Air-dried (O,;) | | Oven-dried (O) | | Freeze-dried (O;) |

x100

x500

x1000

Figure 3.14: SEM micrographs of okara prepared with different drying methoddlagydried,
oven dried at 6C and freezalried, visualized at magnifications of x100, x500 and x1000YThe
arrow indicates regions of honeycotlike structure of soybean seed parenchyma layer while the
deformed, stacked layer structure is representeddoyow.

3.4.2. 4FTIR Characterization of FreezeDried Okara

The FTIR absorption spectra off@vas compared with @s illustrated irFigure 3.15. A broad

band centered at 3293 dnfregion I), associated with the overlapped stretching vibrations of
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proteinN-H groupshydrogen bonding of @ groupg137][138], wasmore intense i1© than @.

A possible reason could beaththe structural changea O caused during heating exposed the
buried OH groups. Additionally, oven dryiimgjess effective in removing water than freelzging

due to which some watepuld beretained in O, that contributed to the higher OH group detected.
The effective removal of water through freadrging suggests that the hydroxyl groups of fibers
were available for interactiofhe peaks in region Il oCH, stretchingsymmetric vibration at
2922 cm' [137] [138] inbothO and @ and theasymmetric vibratiothatshifted from 2853 cr

in O to 2879 crit in O were lessntense in @. The exposure of O to oxygen at high temperature
can inducestructural changes from namzymatic browning or oxidative thermal degradation. A
similar observation of darkened color waported fofermented okara dried hot air ove (60°C)

or microwave vacuum dey (60°C, 10kPa) when compared to the light color of fredded ¢
36°C, 40Pa) okar§l05]. The ochreO and white @ hue observed supports this observatitime
amide |, Il and Ill peaks centered at 1630, 1535 and 123b6[t@1] [172], respectivelyand
esterified (C=0) carboxyl growgbration at1743cm?! became less inteng® Or while the peak

of carboxylate ion stretchingQO) at1386- 1376 cm' wassimilar in the okara material$38]
[171]. Significantdifferences were observed in theakintensityof O andOr in thefingerprint
region of polysaccharidgsegion 1V, 13007 800 cm') associated with the vibrations of@in
C-O-H bend (159- 1153 cmt), C-O-C stretch 10487 1038 cm') [138][166],  a-glytosidic

link between the sugar monomers (8901 11][137], suggesting thateatduring overdrying

induces structural changes@n
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Figure 3.15; FTIR spectra of O and €n the wavelength range of 400%00 cm'.

3.4.2.5Effect of Okara Drying on Macrostructure of Soymilk Okara Gels

Okara is generally dried to reduce its moisture content ad prevent spoitegenefhod opan
affect thefunctional properties and qualityf okara[109] [110]. Freezedrying produce®kara

with optimal water holding capacity, oil binding capacity and swelling capacity, when compared
to hot air or vacuumdrying [109. These propertiesare importantconsideratioa when
incorporating okara in soyilk gelsaffecting thecompatibility of okara with the proteimetwork
Moreover, bfu containing freezeried okara was reported to be of superior sensory quality
compared tdofu with ovendried or microwavealried okara[108]. Therefore, th@urpose of this

study was to investigate tlwfluence of overdrying and freezelrying on okara and the soymilk
okara gels

Driedokaraproduced byvendrying and freezdrying, haddifferent color, as presentedFigure

3.16. The oven dried okara (O) tian ochrédnuewhile the freezadried okara (@ waswhite and

less dense than O as it was perceived to oceufayger volume despite thresimilar mass

(approximately 2.4g). The color of okara was reflected ircthher of soymilk okara gels such that

MOk gel exhibited a lighter color than MO. While tperosity of thegelswas similar(Table 3.5),

MOF gel was perceived to be slightly firmer than M@ upn finger compression.While the
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lighter color ofMOkr gel is attractive, the higher energy and low processing capacity of freeze
drying equipment limits its use for tofu products

Ground Okara Gel Cross-section Pore Distribution

Oven-dried
okara (0)

Freeze-dried ‘ 1
okara (0)

Figure 3.16: Visual observation of okara obtained after (a) egeying (O) and (b) freezdrying
(Or) along with the crossection of soymilk okara gels (MO, MPand their porosity (blue lines)
detected by ImageJ.

Table 3.5: Porosity of MO and M@gels based on the binary images generated with ImageJ

Gels Total Area (mm?) Average Pore Size (mm) Void Fraction (%)
MO 21.731 0.016 2.408
MO« 21.508 0.017 2.384

3.4.2.6Citric Acid -Modified Okara Morphology

The surfacemorphologyof dried, ground O, OCA0.14, OCA1.25 and OCAZ2.5, captured with
SEM, are displayeah Figure 3.17. The untreated okara, O, hadvrinkled surface comprised of
densely stacketlaky layers(lamellar structurepnddeformedhoneycomHike structures of the
soybearparenchymdayer. Oven drying followed bygrinding of okaradisintegrated the soybean
cell layersanddeformedthe structureThe CA0.14 treatmenof okaradid not significantly alter

its structure The irregular honeycomlike forms of okara persistdzlit were less densely packed
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and more dispersed than ii@agnifications 500x and 1000x) suggesting opening of the structure
Someparenchyma layestructureswas detectedn OCA1.25but were destroyed in OCA2.5
suggesting that thigaky layered structuref O collapsed, transforming intosamoothsurfaces of
OCAL1.25 and OCA2.5, and degraded ismaall particleshatspeckledhe surface (magnifications
500x, 1000x) Furthermore, lte gumminess of OCA2.5 observed visually suggésts the
breakdown of okara cellular structypessiblyfacilitated the release of pectsubstancesnto the
surface These observations indicate that tGA treatment was different according to
concentration. At 0.14% CA, there was little effeco&ara with minimal loosening of isgructure

while at 2.5% CA okara was significantly degradation.

o OCA(0.14) OCA(1.25) OCA(2.5)
| || | | |
o | /’
- A

Dried
okara

x100

x500

x1000

Figure 3.17. SEM micrographs of untreated (O) and citric acid modified okara (OCA0.14,
OCA1.25, OCA2.5), obtained after dryingforced air oven at 6C, visualized at magnifications

of x100, x500 and x1000. indicates regions of honeyconrike structure of parenchyma layer.
The deformed, stacked layer structure is represented doydV arrow signals smooth surface
resulting from the release of pectin.
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3.4.2.7Effect of Okara Concentration on Soymilk Okara Gel

An increase in @oncentrationn soy gels has been previousiportedporoduce gels with higher
solid content and WHC which enhanced85t he ge
Polysaccharides can improve gel texture and WId€spite thig nongelling characterby

increasing viscosityof the system thafacilitates gelation [140], and entangle in the protein

network thaimproves theviscoelasticityof gel network{141]. In this study, an increase in okara
concentration consistentgnhancedhe firmnessor rigidity of MO gels that was perceived from

the resistanceexpeaienced whilecutting along the gel crossection along with increase in

yellownessand dryness

TheMO gels with OF 11.2% (w/w)O concentration were organized into three groups, as illustrated
in Figure 3.18, based on their heterog&gs porousappearance noted qualitativelhe effects

of okara concentration on the surface characteristics and the pore distrditiiercrosssection

of soymilk okara gels are presentediable 3.6. The increase in average pore size and pore area
in the gels with increasing okara concentration suppibe visual observation of increased
porosity and roughness of the geBroup | gels M, MO2s% and MG With the okara content
ranging from 0 to 2.8% (w/w) had a homogenous, smooth surface with soft texture, silky
appearance and a few small pores that increased in count with increasing okara tbhagent.
gels, along with M@, discharged some water during overnight storage that was recorded as
syneresigFigure 3.18-d). Group Il gels MO7s% MO, MOi125% and MQsoy contaired 4.21 7

7.95% (w/w)O and includes the reference gel MO (5.5%6These gels were firm with numerous
pores,supported bythe increased porosity estimated by ImageJ. Moreover, excepi\Mel,

these gels did naxudewater after storage suggesting that water wé#ectively absorbed by
okara fiberd154] and entrapped in the porous network of the gels. Additionally, the wet surface
of the gels in groups | and Il refléng light indicated the presence of free wateroup Il gels
MO175% and MQooo, (9.8211.2%w/w O) had a dry, crumbly texture with a more porous cross
section than MO gel. These gels did not discharge water which is ascribed to the high fiber content
and the inherent wate@bsorbing character of okara fib¢i®4]. Unlike the group | and Il gels,
group Il gels did not have a shining veeirface.
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The results indicate that the concentration of okara can be utilized as a factor to modulate the
strength and rigidity of soymilk okara gels. While l@content (less than 4.21%) produces gels

of similar texture as M gel and highcontent (more than 7.95%) makes gels unpleasantly rough,
theMO gels with 4.21 7.95%0 concentratiomppear to possess a satisfactory texture. Moreover,
this range includes thdO gel prepared according to the standard procedure adopte{b®hm

Group | Group Il
A A

MO,s,, MOyp55

/

Group Il Group Il

, N.O. | N.O. N.O.

M MO MOsg MOz MO MOgs MO MOgs MOzo0

N.O. , N.O.

Gels * N.O. = Not observed

Figure 3.18: (a) Visual observation of soymilk okara gelosssectioncategorized into three
groups based on qualitative analysis of heterogeneity. Group | (Mssy M@ Os00) hasO - 2.8%

okara content, Group Il (Mfay, MO, MOx125% MO1s0%) contains 4.2% 7.95%okara, and Group

I (MO 1750 MO200%) has 9.81 11.2% of gel weight as okafan weight basis)b) Binary images
generated by ImageJ of 30x30 mm gel section; (c) Porous regions (blue lines) detected by ImageJ;
(d) Syneresis of the soymilk okara gels recorded after overnight storet§e at 4
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Table 3.6: Void area estimates of soymilk okara gels, with okara concentratidpmai@ing from
0-11.2% (w/w), based on the binary images generated with ImageJ

Group Gel Co Total Void Area Average Void Size Void Fraction
(wiw %) (mm?) (mm) (%)
M 0.00 5.62 0.28 0.62
MO2s9 1.40 10.(6 0.12 1.12
! MOso% 2.80 8.74 0.08 0.97
Average 9.36+ 0.92 0.16x 0.11 0.90% 0.25
MO759% 4.21 14.09 0.02 1.57
MO 5.59 10.% 0.01 1.2
1 MO125% 6.99 20.12 0.03 2.23
MO1509% 7.95 24.8 0.4 2.76
Average 17.52+ 6.23 0.03+ 001 1.94+ 0.69
MO175% 9.81 36.3 0.08 4.04
m MO200% 11.20 46.01 0.08 5.11
Average 41.20+ 6.80 0.08% 0.00 458+ 0.76

3.4.3Conclusion

The size of okara affects ithstribution in the gel network and the porosity of gels. Incorporation
of large O particles (>7am) made MO gel rougher, more porous and heterogeneous while fine
particles (<75 um) did not alter gel appearance when compared to MO gel containing
unfractionated O indicating fractionation of okara was not neceSda\drying duration of okara
changes its size distribution after grinding and therefore affected the characteristics of MO gels. A
drying duration of 19kvas found to be favorable for producinghare homogenous MO gel with
higher gel strength due to a higher proportion of fine parti€leezedried O was perceived to
produce a lighter hued and firmer gel, however, high energy requirements and low processing
capacity of freezelrier limits its use CA-modification of O from SEM micrographs revealed
loosening of the stacked layer structure of okara at CA0.14 which degraded into smooth structures
on increasing the concentration to CA1.25 and CA2.5. Finally, an incre&@&e&oncentration
made MO gels firmer, with 4.217.95% (w/w) O that includes the reference MO gel formulation
perceived to have an appropriate balance of rigidity, porosity and dryness.
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3.5Influence of Citric Acid Concentration on Soymilk Protein and Gel Texture

3.5.10bjective

The objective of this experiment was to investigatanfaenceof citric acid on the coagulation

of soymilk proteins at three citric acid concentrasjod5% (w/w) adapted from50)], 1.25%

(w/w), and0.14% (w/w)aspeid3] t hat demonstrated supwithihor pr o
the concentration rang®&12 to 0.18% (w/v)The mechanical and viscoelastic properties of the

gels were evaluated, anlde effect of CA on the transition gbymilk protein from native to

denatued oraggregatd state was examined using turbidity.

3.5.2Results

3.5.2.1Citric Acid Induced Coagulation of Soymilk

Theeffect of citric acid on soymilk was assessed with the droplet test, develof&djnand is
illustrated inFigure 3.19. The coagulation behavior of soymilk was categorized into three groups
according to CA concentratioln category ] 0.14%- 0.168% (w/w) CA M was dispersed in CA
droplet, appearing as a turbid white solution widw specks ofaggregates Category Il
concentration 0.376%- 0.75% (w/w) CA, lead to a coagulated massrounded by a turbid
solution, which suggests thatgaeater portiorof M proteins coagulated while the ren@dén were
disperseds soluble proteingn category Ill, 1.5% 5% (w/w) CA a spherical massas observed

to besurrounded byvhite radialstreaks The behavior of soymilk according to CA concentration
indicateddifferernces in the aggregation bf proteinsand suggests differencestire assembly of

thegel networkand therefore, variation igel texture
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Category | Category Il Category Il

Soymilk spreads and few Soymilk spreads and starts Soymilk coagulated at the center
coagulated specks observed coagulating surrounded by radial streaks of soymilk

pH =2.63 pH = 2.59 pH = 2.45 pH=2.33 pH=2.23 pH =2.17 pH =2.12 pH =2.04

Figure 3.19: The coagulating behavior of a drop of soymilk in a drop of heated citric acid solution,
categorized into three groups based on the different behaviors of soymilk behavior at 0.14%
0.168% (w/w) (Category I), 0.37690.75% (w/w) (Category 1), and 1.59%%% (w/w) (Category

) citric acid concentration.

3.5.2.2Soymilk Gelswith Citric Acid

The porosity of the soymilk gels prepamgdhreedifferentCA concentrations, 0.14%, 1.25% and
2.5% (w/w), was examined from the gel cresstion adllustratedin Figure 3.20andTable 3.7.
The M+CAO0.14 andM+CAZ2.5 gels weresmoothand cohesive with spherical voidshile the
M+CA1.25 gelwascharacterized by a rough and porous surnfeseh is supported by th@agher
porosity estimateqTable 3.7). The pH of the M+CA1.25 mixturdefore thermal gelatignvas
measured to be 3.90 which was closest to the isoelectric point (IEP) pH.8.5f soy proteins
reported previously[83] [96]. The neutralization of protein charges followed by protein
aggregation in M+CA1.2Besulted incurding of M and gave rise to the heterogenetaxgure

observed
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M M+CA0.14 M+CA1.25 M+CA2.5

(a)

(b)

Figure 3.20: Visual observation of the crosection oM, M+CA0.14, M+CA1.25 and M+CA2.5
gels;(b) Binary images of 30x30mm region of gels generated along with the porous regions or air
bubbles (blue lines) detected by ImageJ.

Table 3.7: Porosity estimates dfl, M+CA0.14, M+CA1.25 and M+CA2.§els based on binary
images generated with ImageJ.

Total Void Area Average Void Size Void Fraction
Gel pH
(mm?) (mm) (%)

M 6.37 11.81 0.19 1.31
M+CAO0.14 5.54 4.19 0.38 0.46
M+CA1.25 3.90 24.49 0.04 271
M+CA2.5 3.33 7.28 0.08 0.81

The mechanical propertiesf M+CA gels are illustrated ifrigure 3.21. The behavior of stress
strain curveis divided into three regions. Region | is associated with the linear antinean
elasticity of the gels where the applied stress causes a recoverable deformation to the gel height.
Depending onCA concentration, the elastic region either extended up to a strain beyond
(M+CAO0.14) or lessr (M+CA2.5) than that of Myel. Moreover, the slope of the elastic region
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increased with increasing CA concentratiBegion Il is where the gel failure occurs angeak

was observetbr all gels, excepin M+CA1.25.The shallow peak d¥l is characteristic of ductile
materialswhereas the comparatively deeper gaikM+CAO0.14 and M+CAZ2.5is characteristic

of brittle materialg146]. M+CA1.25 gel had a distinct behaviamere theelastic regiorthat
extendedip to a strain of 0.2 was followed by a plastic region wherein the slope of thesstagss

curve increased sharply. No clear failure point could be detected and therefore, the failure
properties could not be estimatdthe behavior of M+CA1.25 reflects its fragile structure that was
gualitatively observed and the tensile equipment was unable to detect the failure afssfich
materal. Region Il records the response of the failed gels to compreasmuloes not provide

relevant information on texture

The mechanicabproperties ofM+CA0.14 and M+CA2.5 gelsomparedio M gel indicate that
protein coagulatiomduced by citric acidprior to thermal gelatiorenhanedthegeltexture.The

gel strength (high failure stresand stiffness (i gh Y o u n g dnereaddd dith ICA s )
concentration anaieresignificantly higher than Mjel. M+CAO0.14 gel displayed a similar failure
strain as M gel, whereas the significantly lower failure strain of M+CA2.5 indicatkdtiteness

or low cohesivenes®verall CA induced preaggregation at 0.14% and 2.5% concentration was

beneficial in improving the gel rigidity
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M+CA1.25 geldisplayedthe higheswiscoelasticity A si mi |l ar G6 profil e &
observedn a previous study that prepargdiswith 3-conglycinin (15% w/w) and NaCl (2.5%)

by heating the dispersion &PC over a pH range of 3.3 to 7.848]. The dynamic viscoelastic
measuremestobserved in the study, to track the progress of gelagoonrded the highe§& 6 a't

the end of gelatioperiodfor the gel prepared at pH 3.8, followed by pH 3.3 and then pH 5.5
which recorded trcer tl o welsd HiéghsaenddifodFGA.2mgeld Go o
(pH 3.89) followed by M+CA2.5 (pH 3.33) and M+CAO0.14 (pH 5.54) gels.

Table 3.8: Power law parameters expressing the viscoelgsti€soymilk gels Datais expressed
as mean * standard deviation (n = 3). Means within one column that do not share a common letter
are statistically differehmtp<0OB)OVA foll owed b

Gel G'o (kPa) n' r G"o (kPa) n" ra?

M 0.36 + 0.0 0.12 + 0.02 0.84 0.07 +0.01 0.08+0.05 0.28
M+CA0.14 7.82+0.91 0.12 +0.01 1.00 1.91 +0.3¢° 0.12 £ 0.0 1.00
M+CA1.25 34.56+0.75 0.13+0.0% 1.00 4.14 £ 0.23 0.14+0.0 0.99

M+CA2.5 10.55+0.35% 0.14 + 0.02 1.00 2.84 +£0.10 0.13+0.02> 0.99
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The differences in gel texture observed from the mechanical or rheological properyibave
resulted from differences ithhe microstructure The assembly of gel netwoik affected by the

size of protein particles, resulting from the vaaatin thenative, partially unfolded or aggregated
states of proteins before gelation. Change in turbidity reveals a change in the size of particles or
the number of aggregates and sigmaldificationin the structure oproteins[100] [92]. An
alteration in thesurface chargef proteirs minimizes electrostatic repulsiocauses aggregation

of soluble proteinsnto insoluble particle§103], increases the number of aggregates and thus,
increases turbidityThus, to analyze the state of protein through changesisitie of protein
particles or aggregates, the turbidity of the gel mixtures was measutqutesented ihable 3.9.

An increase in absorbance is caused by increased light scattering due to the presence of larger
sized particles or higher particle concentrati@d0] [92], both reflecting greater turbidity.
Although insoluble protein aggregates were detecteM+CA0.14 and M+CA2.5mixtures
turbidity of the mixtures was statistically similar (p>0.05) to Mirbidity could noteffectively

characteriation thechanges in soymilk protesrdue to aggregation

Table 3.9: Average Turbidity of M, M+CA0.14 and M+CA2.5 mixtures diluted by a factor of
100x and 50x. Data is presented as meagtandard deviation (n=3). Means that do not share a

common | etter are statisticall yhodp£$d08&r ent ( AN
Gels Asoo Of Mixture (50x dilution) Aeoo Of Mixture (100x dilution)
M 2.00+ 0.002 1.37+ 0.002
M+CAO0.14 2.2+ 0.002 1.74+ 0.012
M+CA2.5 2.03+ 0.002 134+ 0.00%

3.5.3Conclusion

Theadditionof citric acidatconcentrations 0.14%,25% and 2.5% (w/wjaused coagulation of
soymilk proteins before thermal gelation and was beneficial in enhancinggpxttee ofthe
soymilk gels.The gel strength and stiffnesgreased withncreasingCA concentrationyith an
exception aCA1.25atwhich the gel failure could not beentified and the mechanical properties
could not be evaluated@he viscoelasticity of the gels also echoed enhanced gel material properties
in presence of citric acjdvith more pronounced effect with increasing CA conicgion, and

M+CA1.25 gelwas an exception as it recorded thghest viscoelastipropertiesBased on the
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mechanical andheologicalpropertiesof the gelsthe benefits of adding GA14 andCA2.5was
exploral further in the preparation sbymilk okara gels wherein CA was used either to treat okara

or as a soymilk coagulant.

Turbidity was used as a simple, potential method to characterize the chasggmilk proteins

in soymilk, okara anfr citric aciddiluted mixtures before thermal gelatioiowever theactual
contribution of the soymilk proteins to the mixture turbidity could not be isolated effectively due
to theinterference fronthe largeokara particles anhe settlingpf theinsoluble aggregated protein
particles formed in the presence of citric acid. Thereftudidity wasan ineffectivemethod for

characterizing the changes in soymilk proteins
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3.6 Visualization of Okara Distribution in Gels with Microscopy

3.6.10bjective

The objective of this test was to visualize changes in the surface morphology of okara modified
with citric acid at 0.14%, 1.25% and 2.5% concentrations and-drred at 60C with a scanning
electron microscopéSEM). Additionally, the surface microstructsref freezedried soymilk

okara gels M and MO were captured under SEM to detect the network of protein aggregates and

thedisruption of the protein network in presence of okara fiber.

3.6.2Resultsand Discussion

The surfacamicrostructures of freezéried M and MOgelscaptured with SEM are displayed in
Figure 3.23. The M gel was comprised of a dense, continuous, strieegrotein network with
small pores distributed throughout the gigiface A similar cellular, porous structure waported

in SPlgels preparethroughthermal treanentat 80°C[169]. The presence of okara particles in
MO gel disrupted the continuous protein netwfirk4]. The black regions indidag the pores
[168] in MO gelwerecomparatively larger than in M. The honeycochie as well as lamellar
structures of okara particl¢$68] were detected at the surface of the gel sample, and the okara
structures were surrounded by dense regions of pravelcsuse okara facilitates formation of

proteirtrich regiong104].

Gel Sample x100 x500 x1000

MO

7 - structure

R
\

Figure 3.23: SEM micrographs of freezdried samples of M and MO gels visualized at
magnification of x100, X500 and x1000.
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3.6.3Conclusion

The SEM analysis of the gel samples revealedntinuous, strantike network of proteins in M
gel. The protein network was disrupted by HmmeycomHike and lamellar structures okara
particles in MO gelThese structures of okara were al®walized under CLSMCalcofluor White
(CW) dye at theoncentration of 0.1% (w/w) and volume of 150wasdetermined to be suitable
for staining the okara polysaccharides to obtdie CLSM micrographsthat visualized the
microstructure and distribution of okarative soymilk okara ges.
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Chapter4. Ef fsedt Ci tr iSoyAmankk afamponent s

anaesl

4.1 Abstract

This studyaimedto producehigh-fiber soymilk gels with enhanceiéxture byincorporating okara
(O). Toimprowe theintegrationof O in soymilk (M) proteingel matrix, citric acid(CA) at 0.14%
and 2.5% (w/w)as utilized for its ability to modify okara and coagulate soymilk prot@insee
citric acid soymilk okara gdbrmulations werenvestigated(i) CA treatment of okara prior to its
additionin soymilk (M+OCA), (ii) CA treatment of soymilk prior to okara addition (M+CA+Q),
and (iii) CA addition to a mixture of soymilk and okara (MO+HCAheFTIR, TGA and SEM
analysesf CA-treatedO (OCA) revealedstructural modificationn OCA2.5, includingokara

decompositiorandrelease of pectic substancegich were absent IOCA0.14

The pesence of CAn the three formulationaltered the microstructure sbymilk okaragel from

strandlike to a particulate network, thus affectitgtexture In comparison to MO gelheCA0.14

soymilk okaragels exhibitsimilarfailure stress3.9-5.2 kP4, failure strai0.30.31)and Youngods
modulus(16.3-20.9kP3g, while viscoelasticitywas influenced byhe sequence of CAddition

Thed asticity (@Gdand MOHCAOAMNO&aged hr eef ol d and vi sc
doubled whereasnincrease4:6 o0l d i n -BldibGoanda 8. & xXM+HCAOI1+#®.d by
The CA2.5soymilk okaragelshad similarfailure stress2.8-4.8 kPa to MO, but alower failure

strain 0.160.23 andhigherYoun g 6 s M o-83kPayiredicaing lawelrohesivenesand
higherstiffnessGo & and Go dincreasd thveef@idCahdwofold, while M+CA+O and

MO+CA showeda further increase of nearly 4f8ld in elasticity and 4old in viscosityin
comparison to MO gelThetexture propertiesuggest thaCA had an incremental effeoh gel
stiffnessandviscoelastidy. The CA-modification ofO wasnot essentiabs similaror superior
improvement in texturgvereachieved bypre-aggregatig M proteins with CA in M+CA+O and

MO+CA formulations

Keywords: Soymilk Gel; Okara; Citric Acid; Isoelectric Point; Chemical Interactions; Gel Texture
PropertiesMicrostructure; SEM
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4.2 Introduction

Cheese analogues or imitation cheesmsced from planihgrediens have garnered interest as
theycater to various dietary neesisch as free of lactose, saturated fat, and chole$®drpland
canfortify nutrition profile[62] [64]. Additionally, theycan bedesigned tgpossesflow, melt or
shredpropertieg64]. Tofu, or soymilk gel, is a weléstablished produstourced from soybeans

that can be regarded as a cheese analoguéigtilproteincontent

Traditionally, tofu is produced from extracted soynjilk8] which utilizes 53%{dry basis)f the
soybean mag83]. Eachkg of soybeamprocessethto tofuproduces approximately.2 kg of fresh
okarawaste, a fibrous bproductsusceptible to microbial degradatiddkara iseither used as
animal feed or discarded leading to resource wast§®f@ [168] [154]. The rich dietary fiber
profile of, along withits proteincontent168], makes okara @aluable resourcthatimprovesthe
nutrition profile of food products anaid in health concern®lated tohypoglycemia, diabetes,
cardiovascular diseases and obegi4]. The addition of dietaryof fibersin soy gel systems is
hypothesized to enhangel texture as fibers promote the formation of localized protath
regionsandcontribute to stiffer gels, as noted in a review of prepatysaccharide food systems
[37]. Moreover, usingproteins and polysacchdgasfor food application®ffers the flexibility of
generating various textures that camianipulatedy modifying interactionsvith achang inthe
productionconditions (temperature, pressure, pH, ionic strerjf§#j) However, thencorporation
of insoluble okara fiberdeteriorats the texture and sensory attributes of soy {fEigl] [168].
Therefore recent studieare making efforts towarddilizing okara for producing higfiber soy

gelswhile addressing the challenge of quality degradation

A variety of treatmentlave been explored to reduce the size of okara partictatify its surface
propertiesenhance & compatibility in proteirgel matrix and therefore improve gel homogeneity
[154]. Sometreatments includ@ulverization[108] [128], high pressure homogenizati¢8b],
microwave treatmentl23], double layer coating with chitosan and pe¢8d], and enzyratic
crosslinking[154]. The utilization ofnonphysical approach to okara modification using food
grade organic acigdfowever,in producing okaradded soymilk gel as proposed[58] [59]
remains a limited area of research. CA has been applied on polysacstoanigidrolyze43] [46],
modify surface though esterificatipdd] [45] [104] [138], extract soluble polysaccharides such as
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pectin[49] [50] [149], and as a coagulant sbymilk in tofu productiorf83]. The compatibility
between soymilk proteins and okara polysaccharides can be enharfiaeitithying theformation

of electrostatically interacting complexeormed uponmanipulathg the surface chargeof
proteins relative to their isoelectric poinarious mlysaccharidefhave beertested to dat¢o
complex with soy proteinsThese polysaccharides significantly differ from the complex,
heterogeneousomposition ofokarg and are ofterre charged, soluble, or have a linear, well
defined structure [B55].

The aim of this study was to explore CA sequenaingpymilk okara gel formulation® isolate
its effectson (a) okaramodification before incorporating it in soymilk (M+OQOA (b) soymilk
coagulationbefore mixing okara (M+CA+QO), and (crombining coagultion oSoymilk and
modification ofokara (MO+CA) for potentiallyenhancingproteinpolysaccharideompatibility
in the soymilk gel networkCA is hypothesized to hydrolyaad esterifyokarg and release soluble
polysaccharides. These structural modifaas canimprove okara integration in the soymilk
protein gel matrix. AdditionallyresidualCA in the treatedkara was hypothesizeditatiate pre-
aggregation osoymilk proteins and accelerate gelation

Two CA concentrationsvere investigated, 0.14 and 2.584/w), to assess fibedegradation

protein coagulation and aggregate formatiomgek. Theokaramodificatiors resultingfrom CA
treatmentwasexamined visually andharacterizedhrough TGA, FTIR and SEM. The response

of soymilk proteinaggregatiorto CA wasobtained byvisual observationsThe impact of CA
concentration and additiosequene on the texture osoymilk okara gels was assessed through
macroepore distribution analysis, estimation of expressible and entrapped water with gel syneresis
and water holding capacitghemical forcesfailure properties under compression, viscoelastic

properties, athmicrostructure visualization

4.3 Materials and Methods

4.3.1Materials

Soybeans (Nupak), obtained in bulk from a local grocery store (Waterloo, Ontario, Canada) were

stored in food storage bags at room temperature. The chemical reagents are analytical grade
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including citric acid anhydrous (Fischer Scientific, Fair Lawn, NJ, USA), Rhodamine B (Sigma
Aldrich, India) and Calcofluor White (Polyscience Inc.), sodium phosphate dibasic heptahydrate
(Acros Organics, India), sodium phosphate monobasic monohydrates(Arganics, India),
hydrochloric acid (Fisher Scientific), sodium hydroxide (Sigma Aldrich, India), sodium chloride
(Fisher Scientific), urea (VWR, Canada), Bad dye reagent and Bovine Serum Albumin {Bio
Rad Laboratories Inc., USA, Batch # 64499500).

4.3.2Preparation of Ingredients

4.3.2.1Soymilk and Wet Okara Extraction

Dry soybeans were soaked overnight in DI water at a soybean to DI water ratio of 1:3 (w/v) for
22-25 hours. The soaked beans were washed under running DI water to remweatetheluble
anti-nutritional components, dehulled, and then ground for 2 minutes at high speed in 2 cycles of
1 minute each in a blender (Waring Commercial Grindel524 USA). The slurry was filtered
through a cheesecloth (Scenglos, Woodridge, IL) to separate soymilk (M) from wet Okara (

and both products were stored in the gefrator until further use. Table 6.1. summarizes the
procedureo track consistenciy the qualityof M andOw.

The solid content of soymilk was determined in triplicates by drying 1 g of soymilk, contained in
a 20 nkL beaker, at 6C for 3 hours in a forced air ov€Rischer Isotemp 737F, USA)he solid

content was evaluated usikguation 4.1.
pOi IABA OAFS— pmnm Equation 4.1

where, Woiid was the dried soymilk after 3 hours in oven angyi was the initial weight of

soymilk.

Table 4.1: Mass of soybeans after overnight hydration and dehulling, and mass of soymilk and
okara extracted. The solid content was calculated lsjogtiond.1. Data is expressed as mean +
standard deviation (n = 3).

Dehulled hydrated soybean$ 243.99+ 1.60

Okara (Ow) 2 96.88+1.79

87



Soymilk (M) 2 44.17+1.39

Ow:M Ratio P 0.22+ 0.005

Solid content of soymilk (w/w %)° 16.21+£ 0.81

a: Calculated based on 125.43 + 0.42 g dry soybeans.
b: Calculated by dividing the mass of wet okara to soymilk.

c: Calculated witlEquation4.1.

4.3.2.2Treatment and Drying of Okara

Approximately 10 grams dDw was dispersed in 50 grams of DI water on a magnetic stirrer (a.
CanLab, b. Fischer Isotemp-100-49sh, USA) for approximately 5 minutes to ensure complete
dispersion. The okara slurry was transferred to a 100 mm diameter petri dish, previously lined with
parchment paper. The petri dishes were placed in-hgated forced air oven (Fischer Isotemp
737F, USA) maintained at 80 for 19- 20 hours to remove all moisture and then ground (Coffee

& Spice Grinder CBG110SC, Black & Dieer Co and Spectrum Brands Inc., USA) for one minute

into powder to obtain O.

For the treatment of okara with citric acid (CA), t@@& concentrationsvere investigated, 0.14
and 2.5% (w/w)CA solutions were prepared by dissolving 0.084 g CA in 49.916 g DI water and
1.5 g CAin 48.5 g DI water for CA0.14 and CA2.5, respectively. 10 grams of wet Gkgnads
dispersed irCA solutions andstirred at 600" 800 rpm for an hour at room temperature with a
magnetic stirrer (CanLab or Fischer Isotemp100-49sh, USA).The mixtures were then
transferred to a petri dish lined with parchment, dried in a forced air ovefCat®@@9- 20 hours

and ground for one minute to obtain ground OCAO0.14 or OCA2.5.
4.3.3Characterization of Okara

4.3.3.1Thermogravimetric Analysis (TGA)

The methodology to assess the stability of diied andCA treated okara (OCAO0.14, OCA2.5)
by thermogravimetric analysis (TA Instrument, TGA Q500) was adopted[68m13t1 mg of
powdered sample was heated in an inert nitrogen environment at the rate of 10 °C/min from room

temperature to 600 °C. The weight loss of the sample over the temperature range was recorded.
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The Universal Analysis 2000 software (TA Instruments) generated the derivative

thermogravimetric (DTG) data representing the rate of mass change upon heating.

4.3.3.2Fourier Transform Infrared Spectroscopy (FTIR)

Thirty-two scans at a resolution of 4 ¢rof FTIR spectra of dried M, O arn@A treated okara
(OCAO0.14, OCAZ2.5) in the wavenumber range of 500 to 4000was collected with the Nicolet
6700 FTIR spectrometer (Thermo Scientific Nicolet 6700, Waltham, MA, USA)baselinevas

correced andthe transmittance signabrmalizel with the Omnic software (Thermo Scientific)

was used to for the comparison of the spectral peak shifts and magnitude changes across samples.

4.3.3.3Environmental Scanning Electron Microscopy (ESEM)

The oven dried, ground soymilk, okara and modified okara were loaded onto a pin stub that was
covered with conductive carbon tape. The samples were spatterd with gold and then the
surface morphology was examined by ESEM (FEI Quanta-PRIGESEM) at ragnifications of

x100, x500, x1000, x3000, high volage of 20kV and high vacuum environment.

4.3.4Preparation of Soymilk Okara Gels

4.3.4.1Preparation of M and MO Formulations

The soymilk in the formulationsasused after overnight refrigeration whialas keptonsistent

in all tests and batches. The Mixture was preparedy weighing44+2g soymilkthat was
equilibrated at room temperaturEhe MOmixture was prepared by initially making a paste of
dried, ground O with onthird of the soymilk required for the formulation, in a petri dish. The
paste was mixed with the remaining M, contained in a 2DMeaker, with a magnetic stirrer to
ensure uniform distribution of okara solids. Mixing over magnetic stirrer was carried out for 15
minutes at low speed of 460600 rpm to preverdir bubbles that can potentially influence the
texture and heterogeneity of the gels produced. At the end of the mixing duration, the pH of the

mixture was recorded with a pH meter (Mettler Toledo, S47 SevenMulti Dual).
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4.3.4.2Preparation of MO Formulations with CA

ThreeMO formulations were preparedtwo CA concentrations (0.14% and 2.5% whlvat was

added in a different ordéo examinechanges imixtures andresultinggels.

The first formulation M+OCA0.14 and M+OCA2.5was to observe theffect of addng CA
modifiedO (OCA)to M. A pastewas first preparetly mixing ground OCA0.14 or OCA2.5 with
onethird massof totalM used(44+2 g). The paste was added to the remaining M, contained in a
200 L beaker, and mixed over a magnetic stirrer at@00 rpm for 15 minutes. The pH of the
mixtures was recorded with a pH meter during the addition of okara in periods of 30 seconds and
after 1, 3, 6, 9, 12, 15 minutes following the addition of OCA.

The second formulatigiM+CA0.14+0 and M+CA2.5-O, was to use M coagulated with CA in

the preparation of MO mixturd he first step was to gradually add 0.084g or 1.5g of solid citric
acid to soymilk (44+2 g) under constant stirring and mixed for 15 minutes. The pH of the mixture
was recorded after 1, 3, 6, 9, 12, 15 minutes following the addition of CA. The nextastdp
prepare a paste by mixing about @hid of the soymilk citric acid solution with ground O. The
paste was subsequently added to tineairing soymilk solution and stirred for an additional 15
minutes to obtain a homogenous dispersion and its pH was recorded.

The third formulationMO+CA0.14 and MO+CA2.5, was to assessdfiect of CA addedo MO
mixture A pasteof O with onethird portionof total M required44+2 g)was first preparedlhe

paste was added to the remaining M, contained in a 20Beaker, and mixed over a magnetic
stirrer at 406600 rpm for 15 minutes. Subsequently, 0.084g or 1.5g of solid citric acid was
gradually added to the soymilk okara mixture and stirred for an additional 15 minutes to obtain
MO+CAO0.14 and MO+CA2.5 mixturesgspectivly. The pH of the mixture was recorded after 1,

3, 6,9, 12, 15 minutes following the addition of CA.

4.3.4.3Thermal Gelation

All gels were obtained lipermaltreatmenof the mixturesat 95C for 45 minutes in a water bath
with thermocouple (Neslab RTEL1, USA). The resulting gels were cooled to room temperature

naturally foronehour to consolidate the gel netwpdnd subsequenthgfrigerated overnight at
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4°C, for at least 12 before further analysiSSome minomodifications were madaccording to

the type of testing

The gel samples for macrostructure analysis, water holding capacity, gel syneresis and protein
protein interactionsvere prepared biransferring themixtureinto a100 mL beakercoated with

PAM cooking oil The beaker was then sealed with aluminum foil and placed in a hot water bath
for gelation. Thegel samples for uniaxial compressiamre prepared bglistribuing the mixture

into two 100 mLbeakerghat werecoated witHPAM cooking oil The beakers were filled with the

mixture up to a height of 10 mm, sealed with aluminum foil and then exposed to gelling conditions.

For rheologyanalysisthe mixture was distributed betweari00 mm and a 90 mm diameter petri
dish to prepare the gel sampleBhe petri dishes were previously lined with parchment paper,
coated with PAM cooking oil, and then filled with the gel mixture up to a weigB@o@5 gto
obtain a 23 mm thick gel product. The petri dishes were sealed with 2 layers of aluminum foil and

exposed to gelling conditions.

4.3.5Analysis of Gel Properties

4.3.5.1Macrostructure Analysis

Gels were cut along the cross section with a knife and the internalsectssn of the gel was
captured with a digital camera (Samsung S8) at a height of approximately 20 cm above the surface
of the gel. The crossectional images were processed withgehsoftwareA 30 x 30 mm region

was converted into-Bit grayscale image, autidjusted for brightness and contrast, and the
threshold was set at 100égaminethe poredistributionwith the total void area, void fraction and

average void size estimated in ImageJ

4.3.5.2Microstructure Analysis

Approximately 4g ofa given M,0O and CAmixture was prepared and transferred to ar20
disposable scintillation vial. The vial was covered with aluminum foil to prevent degradation of
the dye. A 20puL volume of 0.2% (w:v) Rhodamine B (RB) (Sigma Aldrich) solution and 150uL
of 0.1% (w:v) Calcdtuior White (CW) (PolyScience Inc.) were added to the mixture. After an hour

of stirring at room temperature to ensure sufficient staining, samples were refrigerated overnight.
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About 2 drops of RB and CW | abelled soy gel mi
(Fisherbriamd), 2§eidbly pressed down wltbhmmpyer
sealed with nail polish andeweappadedni al ami o
(Fischer |l sotemp 737F) at 95 C for 45 min to
until the microstructure imaging and anal ysi s
usi ng a ¢ on hingaeniroscopea(Beess LS 0@ AxioObserver, Germany) at three
magnifications, 20X, 63X and 100X, with the image size set at 1080 x 1080 pixels, pinhole size

fixed at 1 to 1.5 airy unit and laser power at 2.0%. The detectomgainaried withinthe range

350500 for RB and 60@00 for CW depending on the objective lens. The excitation and emission
wavelengths were set at 555nm and 6&00 nm for RB detection and 405 nm and 4480 nm

for Calcofluor White, respectively.

4.3.5.3Gel Syneresis

The gel samples, after overnight refrigeration, were observed to discharge some water. The color
of the liquid exuded from gels was noted and weighed to estimate gel sy(fesssthe ratio of

liquid discharged to the initial weight of the gel, accordinBdoation 4.2 and adopted frorfb9]
and[150],

bOUI Ao/ir%._le— p TUTI Equation 4.2

4.3.5.4Water Holding Capacity

About 5% 1 g of the gels were transferred into &R thin walled polypropylene centrifuge tube
(Beckman Coulter) and weighed (MWThe gel samples were centrifuged in an ultracentrifuge
(Beckman Coulter, Optima XPN100, swing bucket SW 41 Ti) at room temperature for 20 min at
a centrifugal force of 12,074 x g, corresponding to the rotor speed of 10,000 rpm. Following
ultracentrifugéion, the total water released was estimated from the supernatant over the
compressed gel mass which was transferred into a sciotillatal and weighed (W), and the
water stuck at the surface of the centrifuge tube wall which was absorbed using a Kimwipe and
weighed (W4). The total water released (My the gels was estimated as the sum afanvd We.
The water holding capacity (WHC) was calculated u&ggation 4.3,
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7(#b

pTT

7 Equation 4.3

Wr (g) denotes théotal weight of the water released after centrifugation and Wt is the initial

weight (g) of approximately 5 g.

4.3.5.5Protein-protein Interactions

Protein-protein interactions in the soymilk gel network veaigained fronthe solubilized proteins
released after soaking the gel in aqueous solutions with different compaoA&itoorfifer solution,

1000 mL of 0.05M phosphate buffer (pH 7.0) was prepared in a-mdQ@lumetric flask by
dissolving 7.744 g of sodium phosphate dibasic heptahydratél@.7H.0O) and 2.9118 g of
sodium phosphate monobasic monohydrate @R&M - H-O) in DI water. The pH was monitored

with a pH meter (Mettler Toledo, S47 SeveriMDual) when adjusting pH of the buffer to 7.0
with 1M HCI and 1M NaOH solutions. Four different solutions were prepared in 0.05M phosphate
buffer (pH 7.0) as the solvenEA (0.05M NaCl), SB (0.6M NacCl), SC (0.6M NaCl + 1.5M urea),

SD (0.6M NaCl + 8M wea). The SA solution with low NaCl concentration does not disrupt
specific interactions whereas SB with higher NaCl concentration disrupts the electrostatic
interactions in the gel structure. The presence of low urea concentration in SC overcomes the
hydrogen bonding in the protein network and an additional disruption of the hydrophobic

interactions by the higher urea concentration of SD.

A 0.6g soymilk okara gel sample was homogenized for one minute in 10mL of each of the four
solutions (SA, SB, SC and SD) with a vortex mixer and soaked overnight for at least 12 hours at
room temperature. Subsequently, the gel was ultracentrifuged (Beckoudter Ultracentrifuge
Optima XPN100, USA) for 50 minutes at room temperature at a speed of 10,000 rpm. The
supernatants from the gels soaked in solutions SA, SB and SC were used undiluted while from the
solution SD was diluted fdld with phosphate bidr (pH 7.0).The supernatant was analyzed for
its protein content using thigradford assay methodology [94] adapted from [B6Jolume of 10
mL of the diluted supernatant and 20Q of Biorad dye reagent solution were transferred with an
Eppendorf micropipette into microplate (polystyrene) wells in triplicates and analyzed with
microplate reader (Biek) at an absorbance wavelength of 595 nm. The solubilized protein
content was eshated from a protein standard curve of Bovine serum albumin (BSA), gotestr
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within a concentration range of 0.05 0.5 mg protein/mL solution, following which the

interactions were estimated as describetahle 4.2.

Table 4.2: Soaking solutions and targeteractiongdisruped adapted fronfi59].

Soaking Reagents Protein solubility Target intermolecular
solution (0.05M phosphate buffer at pHO) difference Interactions
SA 0.05M NaCl SB-SA .
Electrostatic
SB 0.6M NaCl
SCGSB Hydrogen
SC 0.6M NaCl + 1.5M urea
SD-SC Hydrophobic
SD 0.6M NaCl + 8M urea

4.3.5.6Mechanical Properties

The gels prepared imachbeaker were cut into 3 cylindrical sampt#sl0 mm diameter and 20

mm thickness with a corer, produciagotal of6 replicates per formulation. The gel samples were
allowed to equilibrate to room temperature for 1 h prior to the analysescylindrical gel samples

were subjected to uniaxial compression with a tensile tester (Shimadzu AutograpX)AGS
equipped with a 500 load cell to gauge th@echanical propertie3he compression was carried

out at room temperature and at a rate of 40 mm/min, until the gel sample failed or the load plates

were less than 5 mm apart.

The total stress applied on the ggth a5000N | oad <cel | , denoted as tr
deformation in the dimensions of the gel, referred to as true strain (e), were calculated using
Equation 4.4 andEquation 4.5,
. &0 10
I

4 0000400 T Equation 4.4

VRPN ¢
4 O @O QA Ell |]—

Equation 4.5
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lo represersthe initial height [in m], Ais the initial gel area [}, and I(t) [in m] is the height of
the gels recorded at time t that resulted from the applied compression force F(t) [in N]. The true
stress versus true strain cudisplayeda linear regiorfollowed bya peak The peakepresented
the failure point of the gel. The slope of the linear region up to the failure point in the true stress
strain curve, shortened to consider the region only betweethwdeo twothirds of the failure

pomt , was wused to estimate the Young6s modul us

4.3.5.7Viscoelastic Property

Duplicate gels prepared in petri dish for each formulation were cut into 4x4 mm squa@sof 2
thickness to obtain at least 2 samples per petri dish. The 4x4cm gels were allowed to equilibrate at

room temperature for 1h.

Small amplitude oscillatory shear test was performed using a rheometer (Thermo Scientific,
HAAKE MARS IIl, USA, located in E6 5007) with a parallel plate geometry of 35 mm diameter
and 1 mm gap. The sample was loaded on the sample stage whemraddb spce between the
parallel plates was attained. The upper plate was lowered slowly at a set speed of 1.25 mm/min, to
minimize any abrupt uniaxial deformation of the sample. After the gels were compressed to a gap
space of 1.025 mm [0.025 mm higher than tleasuring position of 1 mm], the excess gel jutting

out of the plate area was trimmed, following which the samples were allowed to rest for 5 minutes
to attain mechanical equilibrium. The frequency sweep test was then conducted in triplicates at an
angularfrequency range of 1. 100 rad/s at 0.1% strain. These parameters were chosen based on a
preliminary strain sweep test to determine the linear viscoelastic region (LVR) of thEigate (

S8).

The power law models specifiedEquation 4.6 andEquation 4.7 were used to track the dynamic

dependency of storage (G6) and | oss modul i ( G
- tY Equation 4.6
' Y Equation 4.7

" (Pa)and (Pa)arethe storage and loss moduli coefficients recorded at angular frequency of

1 rad/s, respectively. provides a measure gélrigidity or elasticity while' is associated with
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the energy dissipated as heat and the viscousness (or liquid behavior) of the gel sample. The
exponentd andl (both dimensionless) denote the influenced obn each moduli and along
withOAT which is the the ratio between the | o0ss

parameters indicate weak or strayej behavior.

4.3.6 Statistical Analysis

Statistical analysis was carried owith Statistica (version 14.0.0.15, TIBCO software InQ)

three experimental seteherein each set consistedaogingle value foporosity, gel syneresis

and proteirprotein interactionsduplicates for WHC, triplicates for viscoelasticitand 6

replicates foithe mechanical properties. The statistical significance of difference was evaluated

with oneway anal ysis of wvariance-hot eM@adsAi3ed @abdd t he
significance level to determine the significant differences betweeswvtragesgaired means

4.4 Results

4.4.1Characterization of Okara

4.4.1.1Qualitative Analysis

ThepH of CA okara dispersiodecreased with increasing @AncentrationTable 4.3), and

affected the brittleness and color of modified okara

Figure 4.1). Dried OCAO0.14had a bright white appearancempared to the ochre hue ofiith
acrumbly texturghatcould be ground into fine powder like @ contrast, ded OCA2.5 was an
ochre hued crisp shegith some gumminesthatwas ground int@ dense, grainy powdeFhe
different characteristics obkara affects their behaviorwhen mixed with soymilk. The fine
particlesof O and OCAO.14bsorbed soymilto form a foamy, thick past@nd their mixtures with
soymilk, MO and M+OCAO0.14 containeduniformly distribuied okara On the other hand,
OCA2.5pastehad a liquid consistenoyith clumped particle®f gummyOCA2.5.As a result,

M+OCAZ2.5 mixture containethrgeparticles that settled dowshen left undisturbed
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Table 4.3: Composition and pH of okara mixtures (O, OCA0.14, OCAZ2.5) prior to drying, and
the mass of dried solid. Data is expressed as mean + standard deviation (n = 3).

Samples Components pH 2 Dried solid ® (g)
Wet O (g) CA (9) DI water (g)
o 10 0 50 6.59+ 0.07 2.64+0.03
OCAO0.14 10 0.084 49.916 4.49+ 0.04 2,78+ 0.22
OCA2.5 10 15 48.5 2.58+ 0.01 4.14+ 0.04

apH values of okara and citric acid dispersion after the 15 minutes mixing period and prior to drying of the dispersion

® Mass of solid after 120 h drying in forced air oven maintained at 60 °C

0 | | 0CA0.14 | [ OCA2.5

Post-Drying

Post-Grinding

Pasteof Oin M B 1

Figure 4.1: Visual observation of O, OCA0.14, OCA2.5 after drying for2lBhours at 61 in
oven, after drying and grinding, and as a paste with soymilk.
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4.4.1.2Thermal Stability

The thermaktability of citric acid modified okaranaterialswas analyzeavith TGA usingdried
soymilk, untreated okar@and CA ageferences of comparisomheweight loss (TGA) and rate of
change in weighbss (DTG)profiles inFigure 4.2 illustrate he extent otheir thermabtlegradation

over five stages the temperature rangé 2517 60C°C.

Theinitial weight lossin M and Oat 25150°C occurs from the evaporation of adsorbed water,
both free and intramolecular bound water, along with the release of low molecular weight volatile
compounds [131]111]. Their degradation in stage, 250-24(°C, is attributed to the cleavage of
unstable hydrogen bonds in soy protdit60] and unstable side chainsf soluble soy
polysaccharidesuch asarabinoseandgalactosg118]. In stage 3220-330°C, amajor weight loss
observedandis associated witthe stagaevise degradation of the peptide chain M, with DTG

peaks situated at 228@ and 301.2C [131][160]. Soy protein decomposition commences with
the disruption of the nenovalent interactions, and subsequetttlycleavageof covalent bonds

in the primary structurfl36]. Similarly, O experienced a significant weight loss viDihG peaks

at 255.9C and 292.8 ascribed to the initiation of thermal depolymerization of hemicellulose
[133] and cellulosd119] [134], respectively.The sgnificant weight lossn stage 3 extended to
stage 4, 330 43C°C, for both M and OThe degradation of soluble fittwomprisinggalacturonan

[118], hemicellulose and cellulos®ntinuedat these temperatures, in additiorot@ra proteins,
soyfats[134] andthe pyrolysis of lignin with a peak at 3%5[133]. In thelast stage4501 60C°C,

minor weightloss was observed whiek associated with the decomposition of residual cellulose,
lignin [116] and the carbonaceous materials formed from degraded proteins or fibers at lower

temperaturefl17].

The CA treatment ofokara influencedits thermal stability differently according to CA
concentrationOCAO0.14 had a generally similar weight loss prad#® with minor shifts in peak
temperaturedn contrastOCA2.5was more thermally sensitive with anceleratedlegradation
occurring at a lower temperature extendimyond the first heating stagehe presence of CA in
OCA0.14 and OCA2.5 could be related to DPp€aks at 162°C in OCAO0.14 and 146°€ in
OCAZ2.5that representethe melting point of CA gesent in excegd 15]. The subsequent rapid
decomposition ofOCA2.5 and DTG peak at 202% aligned with the decomposition of CA
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which indicated the presence of a significaxtessCA [115]. The higher weight loss OCA2.5

at this stagenay possibly be due to the presence of nwgater, reflected by its gummy texture,
thatevaporatediuring heatingThe DTG peaksin the latter heating stagehiftedfrom 255.9°C,
292.8C and 356.8C in O to lower temperature244.8C, 331.3C and 379.4C in OCAZ2.5,
associated with the decomposition of hemicellulose, cellulose and lignin, respedthestygher
carboxylic acid group content from excess CAlar presence of thermally sensitive estends

in OCA2.5 possibly induced these changes, as reported previously in sindi®&modified
paper pulpstarch complejd76] and CNC/CNF extracted from bagasse pu¥]. However, CA
induced crosslinking of okara hypothesized is less probable as it would otherwise delay
decomposition or improve thmal stability, as reported previously for @Aodified
carboxymethyl cellulose [175]At theend of stage 5, the residual char decreased from 28.8%

O to 21.1% in OCAO0.14 and 19.5% in OCA2.5. This finding along with the earlier onset
degradationand higher weight loss in the previous stagaggestlower thermal stabilityof

OCAZ2.5 possibly due tstructural degradation induced during CA treatment

( a) tage 1 Stage ge 3 Stage 4 Stage 5
23-150°C 150-240°C  240-330°C 330-430°C 430- 600 °C
120

0 100 200 300 400 500 600
Temperature (€}

(b) Stage 1 Stage2 Stage3 Stage 4 Stage 5 Stage 1 Stage 2 Stage3 Stage 4 Stage S
23-150°C 150-240°C  240-330°C  330-430°C 430- 600°C 23-150°C 150-240°C  240-330°C  330-430°C 430-600°C
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Figure 4.2: (a) Thermogravimetry (TGA) and b) derivative thermogravimetry (DTG) curves of
control (M, O, CA) and citric acid modified okara materials (OCAO0.14, OCAZ2.5); c) magnified
DTG curve of M, O, OCA0.14, OCA2.5.

4.4.1.3Fourier Transform Infrared Spectroscopy (FTIR)

The structural changes induced @A-modified okarawas analyzed by comparing the FTIR
spectra of OCAO0.14 and OCA2.5 wipiroteinrich M and polysaccharideich O. Figure 4.4
presents FTIR spectra of the materials over four regicegioR 1(3650i 3100 cmt) is associated
with the absorption band of hydroxyl group&egion Il (30207 2750 cm') capturs the
symmetrical asymmetrical vibration of Ci Regions Il (L8001 1500 cm') and IV (13007 800
cm}) contain the characteristic peaks of amide groups and polysaccharides, respectively.

The spectra ofM and O generally exhibited similar peak profile with differences in the
characteristic bands of protein and polysaccharide. The broad band in regd&b0d @aB8100 cm

s associated with the overlapped stretching vibratiohlydrogen involved in intermolecular
hydrogerbonding, NH bonds in proteifil21] [162], and GH groupsn polysaccharide structures
[137] [138]. Region Il peaks are ascribedthe stretching of CHin aliphatic chains of proteins
[121] and polysaccharidg$37][138]. The symmetric andsymmetric CHvibrationsare situated

at 2922 crit and 285%m™. A stronger intensity of these peaks in M suggests a relatively higher
moisture content and exposure oHbonds in proteins compared to O which is comprised of a
complex intertwined network of polysaccharid@sgion lllcontainghestructural information of
proteinand carbonyktarboxyl distribution in polysaccharidehe amide (C=0), Il (N-H) and Il
(N-H, C-N) bandsat 1631, 1535 and 1235 crpeaks, respectiveljl21][172], are more intense

in proteinrich M than O.The peaks of amide bands overlaith the vibration ofesterified
carbonyl group €C=0) situatedat 1743 cm', and asymmetric and symmetric vibrations of
carboxylate group (CODdetected at 16311625 cm' and1394 cm' [138][171]. Multiple small
peaks within 1460 1376 cm' areassociated with th€-H deformation and bending vibration of
CHh in protein side chain§l21] and polysaccharide[137] [138]. The fingerprint region of
polysaccharides, region I\¢pntained more prominent peaks in the speaft@ than M. The peak

of tensilevibration of GO bending in @-H and stretching in ©-C between sugar rings of

cellulose and hemicellulose are centered at 103Banm 1155 cm [138] [166]. The overlapping
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p e a k sglyansidic bnkage between the sugar monomers of okara hemicellulose, cellulose and
pectin were detected within the range 92885 cm' [111][137][171].

The FTIR spectra ofCA-treatedO materials OCA0.14 and OCAZ2.5will be discussed in
comparison to OCA facilitatesesterification Maillard reactionand &id hydrolysisthat modify

the structure of okara amdafluencethe functional groupsletected, aslustrated inFigure 4.3.

The functionalgroupsof O polysaccharidesvolved in esterification reaction with CA are
detectedn regions | to lll.Thebroad band oO-H stretching band (region educed in intensity

in OCAO0.14 and flattened in OCA2.5. A decrease in this peak intensity occurs from the disruption
of hydrogen bondgl27] [138]. FurthermoreCOO vibration peak of galacturonic acid present in
pectin and hemicelluloseggion 1ll) becamdess intense, whereéise vibration of side grou@-

H bonds(region 1) andester C=(bondk (region 1) increased, with the effects more pronounced

in OCA2.5.Changes in these functional growguggest esterification of the okara polysaccharides
with CA. Similar observations dhe increase ester carbonydond while decrease garboxylate

ions detectedvere reportedor CA-esterifiedramie cellulos¢112] and wood114]. Additionally,

the increased intensity of ester carbonyl peak in OCA2.5 could reflect the C=0 groups of excess
citric acid or C=0 ofuronic acid detected fronthe pectic subsances releasedduring CA
modification[125]. The appearance of a small peal@85cm™ in OCA2.5, possibly associated

with the peak of arabinogalactais pectinthat waspreviously reported at 10%8n* [122], and

its gummy texture observed further suggest the release of pectic materials.

In addition to thegummytexture dried OCA2.5appeared darker in hue possibly du&tallard
reaction. An alterationto the conformation obkaraprotein resulting fromchange inpH or
formation ofproteinpolysaccharide interactionare indicated by theeduced vibration of C=0
peptide bond stretching (amide | barndi24]. The amide Il and amide Ilbands decreased in
intensity, suggesting conjugation between okprateirs and polysaccharidevia Maillard
reaction[122]. Furthermore, the peak at 1160 ¢fC-O-C stretching) intensified suggestiitg
overlap with the vibration oEi N bondsin Amadori product$ormedduring Maillard reactionA

study on conjugated SFESPS (soy soluble polysaccharides) reported appearance of a new band
at11301 160 cm T as s oNstrachirgadf secontany amimean A@adori products
[122].
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Structural modifications in OCA0.14 and OCAZ2.5 resulting fromabiel hydrolysis of okara
polysaccharides induced by CA are indicated by a decrease in peak intensity corresponding to the
C-H bending vibrations (1460376 cm', region Ill), GO in GO-H bending (10571038 cmt,

regi on I-gigosidic dinkage (891888 cm!, region IV). These changes were more
pronounced in OCAZ2.5, suggesting partial decomposition of okara fibers into oligosaccharides

[137][138] or a reduction in the polymerization degree of the polysaccharide ¢hai]s
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Figure 4.3: (a) Reaction mechanism of citric acid induced esterificatidr2] [131] [174] or
hydrolysis[112] of polysaccharides; (b) Maillard reaction between reducing sugar and protein,
adapted fronj59] with modifications.
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Figure 4.4: FTIR spectra of M, O, OCA0.14 and OCAZ2.5 in the wavenumber range ofi 81D
cml,

4.4.1.4Morphology of Okara

The surfacenorphologyof okaraand citric acid modified okareaptured with SEM are displayed
in Figure 4.5. O, hada wrinkled surface comprised of densely stackakly layers (lamellar
structurelanddeformedhoneycomHike structures of theoybearmparenchymdayer. Oven drying
followed bygrinding of O disintegrated the soybeaall layersanddeformedts structure. CA0.14
treatment did not significantly alter the structure of okalreere theirregular honeycomitike
forms were preserved but appearégss densely packed and more dispersed than in O
(magnifications 500x and 1000xEA2.5 treatmentdestroyedthe parenchymdamellar layers,
collapsedhe structure of okara intosmoothsurface, and degrade#tarainto small particleghat
speckledthe surface (magnifications 500x, 1000Xhe breakdown of the cellular structure in
okara at CA2.5 may be related to the release of pectic substances and explgimarhiness of
OCAZ2.5 observed visuallFrigure 4.1). Thus,CA treatmentouldloosenokarastructure at 0.14%

and caussignificant degradtionat 2.5%.
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x100

x500

x1000

Figure 4.5: SEM micrographs of okara (O) and citric acid modified okara (OCA0.14, OCA2.5),

obtained after drying in forced air oven at°®0 visualized at x100, x500 and x1000

magnifications. The red arroW indicates regions of honeyconrtike structure of soybean seed

parenchyma layer while the deformed, stacked layer structure is represented by the yellow arrow
. The blue arrow signals smooth surface possibly from the release of pectic substances

4.4.1.5Microstructure Analysis

The microstructure of overtdried O visualized by CLSMs illustrated inFigure 4.6 where the
polysaccharidetabelled withCalcofluor Whiteare depicted in bluand Rhodamine Btaired
proteins are represented in red. Tinegular honeycomtike structures and disrupted cell walls
indicate the presence oftact cotyledon cells (IC)L32]. At magnification objective20x and
63X, two protein regions are observed. The protein clusters aroumdtieycomHike structures
are possibf theproteins fromsoymilk as someoymilk remains stuck t® during extractionThe
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other protein region isthin internal lining within thdibrousstructuresf O that are possiblthe

proteins inherently present attachedtpolysaccharides

x20 x63 x100

Figure 4.6. CLSM micrographs of dried okara at three magnifications x20, x63 and x100. The
honeycomHike blue regions represents Calcofluor White labelled polysaccharides and the red
region represents Rhodamine B labelled proteirsogmilk that was extracted with okafa) or
proteinswithin okarastructure ().

4.4.2Effect of CA on thepH of Soymilk Okara Mixtures

The pH of M and MO mixturesas6.40 and 6.46, respectivelgndremained unaffected during
their preparationTheaddition ofCA to MO formulationslowered pH.Figure 4.7 illustrates the

pH profile upon introducing CA in the mixtures where a decrease was recorded in the initial 3
minutes following which the pH stabilized &641 5.70in CA0.14 mixtures an8.511 3.62in

CA2.5 mixtures

The pHchange was relatively similar for all CA formulations at a given CA concentratron.

initial sharp drop in pHarises from the dissociation of CA releashg ions that shift the pH of

the agueous dispersidrom near neutralo acidic.Changes in the pH of the system affect the
ionization state of the charged amino agiduys of soy proteinswhich causeshem to either be
protonated (pH < pKa) or deprotonated (pH > pkd)CAO0.14, tie pH of the mixtures is above

the isoelectric poinlEP) of soy proteinsvhile belowtheir IEP at CA2.5A shift in the ionization

state disrupts the electrostatic interactions and hydrogen bonds maintaining the structure of native

proteirs. An alterationin the proteincharge can initiateits unfolding due to localized regions of
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repulsion or induce protein aggregatifnrom localized electrostatiattraction, and further
influence the pH of mixtureThe exposed hydrophobic groups of the unfolded proteins in the
aqueous environmemtill lead to protein aggregation and insolubdtzon. This further modifies

protein structureand its charge, and therefore, alters the pH of the mixtures.
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Figure 4.7: Profile of pH over time during the preparation of M+OCA, MO+CA and M+CA+O
mixtures at CA0.14 (solid line) and CA2.5 (dashed line).

4.4.3Analysis of Gel Properties

4.4.3.1Macrostructure Analysis

The size and distribution of voids withgfels reflect themacroscopic porositgand structural
defects thatan influencegel strength and water distributiohe void distribution detected by

ImageJfrom the optical imges of gel crossection are presentedkigure 4.8 andTable 4.4.

The M gel displayed a smooth, homogenous esession with 0.9  KB6%0void fraction from
the traces of air bubbles. The presencéOdah MO gel introduced pores and heterogeneity,
significantly increasing (p<0.05) the void fraction detec2dp4  @%. @ was previously
reported to disrupt thbomogeneity of tofuand itsprotein matrix which could be lowered by

reducingthe size o0 particles [108].
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All MO formulations containingCA at a given concentratioexhibited similar color and
heterogeneouappearancas MO, with comparablg>0.05) averaggoid size.The porosity of

the gels wa®.4971 3.15%at CAO0.14which was statistically similar (p>0.0% MO gel The
porosity of M+CA2.5+0O and MO+CAZ2.§els,ranging betweeB.31 3.5%, was comparable to
MO gd whereasM+OCAZ2.5 gel with a void fraction of3 .%Bwas statistically more porous
(p<0.05) As large okara particles cause a more consequential disruption of gel the ndteork, t
larger, coarse OCA2.5 particle®bserved after grinding possildgntribute to the increasgmre
distribution and area in M+OCAZ2.l summary, CAconcentration or addition sequerganerally

did not alter thenacroscopigel porosity.

Gel CrossSection Binarylmage Pore Distribution Gel CrossSection Binary Image Pore Distribution

Figure 4.8: Visual observation of the optical image of the internal eceesdion of soymilk okara

gels with binary images of 30x30mm region generated by ImageJ, and the void regions (blue lines)
detected by ImageJ in the soymilk okara:Ng)(b) MO, (c) M+OCAO0.14, (d) M+OCA2.5, (e)
M+CAO0.14+0, (f) M+CA2.5+0, (g) MO+CAO0.14, (h) MO+CA2.5
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Table 4.4. Porosity estimates of the internal cregsxtion of soymilk okara gels (M, MO,
M+CA+0O, MO+CA) at citric acidconcentrations of 0.14% and 2.5% (w/w) based orbihary
images generated with ImageJ. Data is expressed aststardard deviation (n = 3). Means that
do not share a common letter within a column are statistically different (ANOVA followed by

T uk ey éhec: p<d09D%) (n = 3)

Gel Total Pore Area Porosity Average Pore Size
(mm?) (%) (mm)

M 8.95+3.21° 099+ 0362 024+ 0042
MO 21.62+0.6P 2.40 £ 0.07 0.03 +0.07
M+OCAO0.14 28.82 + 7.28%° 3.15 + 0.88¢ 0.03 +0.02°
M+CAO0.14+0 27.99 + 2.8 3.01 £ 0.47¢ 0.04 + 0.0C°
MO+CAO0.14 2451 +0.19 2.49+0.3¢ 0.04 +0.02
M+OCA2.5 35.16 + 3.64 3.82+£ 040 0.06 + 0.0
M+CA2.5+0O 31.61 +1.82¢ 3.53+0.2%¢ 0.05 + 0.0¢°
MO+CA2.5 29.31 + 4.0P°¢ 3.26 £+ 0.43¢ 0.05 + 0.0

4.4.3.2Gel Syneresis

Water in gels is present in unbound and bound form which is influenced by the gel constituents,
and impacts its texture properti@he unboundwater occupying the macimores of gels exuded
passively during storage, or syneresis, is a result of the gel network becoming increasingly denser
as the protein aggregatesthe networkcontinue to associatbrough electrostatic interaction or
hydrogen bonds during refrigerated stordg@7] [150]. Syneresis observed from the gels is
presented ifrigure 4.9. The M gelvisually has a homogeneous, Aoorous structurandadense
compaciprotein networkhat isobserved iimicrostructure imagin@Figure 4.14). Lacking pores

in the gel network that are otherwise a pathway for release of water, M getliased minimal

liquid of 0.37% after overnight storage. MO exhibited negligible syneresis, 0.05%, in spite of its
porous texture which is likely attributed to the inherent wabeorbing characteristic of O that

effectivelyretained water in the netwofk50].

The presence of CA in MO gels displayed differences in water released at the two CA
concentrationsSyneresis was negligiblé @A0.14, 0.0T 0.04% and was statistically similar to

MO gel (p>0.05).At CA2.5, gels experienced a significantly higher syneresis (p<0.05),11.25
108



2.9%, than MO gel, with the exception of MO+CA2.5. The rapid assemitie gfroteimetwork

due to faster acidification rate at CA2Edure 4.7) limits proteinwater interactionsThis was
commented previously in a study on pressed soymilk gels using organic acid coagularda where
limited time for interactions contributieto high expressible water content with increasing acid
concentratior83]. The highersyneresis at CA2.fhay have resulted fromprotein crosslinking
during storagelue to the presence of exc&A. The crosslinking of polypeptide chaidsring
storage ofaltcoagulated soymilk gels in tlasencg¢l79] and presence of micror naneokara
dietary fiber[150] was associated with increased synerddigsecrosslinkinginteractions make

the protein matrix of CA2.gels denser that forces water to diffuse out from the gels. The
microstructure of CA2.5 gels relative @A0.14 soymilk okara gelexhibited a denser protein
aggregate networfEigure 4.14).

4.4.3.3Water Holding Capacity (WHC)

WHC represents the water bound to the hydroxyl groups or entrapped in thepariesoof the
gel network via capillary actiopreventingwater release evewhenthe gel is subjected to an
external centrifugal forcfl50]. Figure 4.9 presents thevater retained ithegels

WHC was observed to be statistically similar (p>0.68weerM (73.5%9 and MO(77.8%), and
indicatal that a major portion of the water weffectively entrappedhegel matrix.The presence

of O had limited effect on the bound watéespite the disruginit caused to the protein network
producing eheterogeneougel. This is attributed to thaherent ability of dietary fibens binding
water andheir rigidity that resist getompression during centrifugatigomieventing waster loss
[120] [175]. Thesoymilk okara gels containing CA had a similar (p>0.05) WHC as MO gel, except
the statistically lower (©0.05 WHC of M+CA0.14+0gel (62.4%), suggesting treecelerated
gelation inthe particulate network of CAontaining geldiad a negligible influence on protein

water interactions
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Figure 4.9: Syneresis and water holding capacity (WHC) of M, MO, M+OCA, M+CA+O and
MO+CA gels at two CA concentrations, 0.14% and 2.5% (w/w), after overnight refrigeration at

4°C. Data is expressed as mean * standard deviation (n = 3), with the error bar representing the
standard deviation. Statistically -be:p<f0D5)ent me

do not share a common letter

4.4.3.4Protein-Protein Interactions

The chemical forces involved in tpeotein networlof the soymilk okara gels, estimated from the
proteins solubilized upon disruption of targeted-comalent interactions, aikustrated inFigure

4.10, with their relative magnitudes presented able 4.5. Protein gels are primarily assembled
through norcovalent hydrogen bondelectrostaticand hydrophobic interaction&lectrostatic
interactions and hydrogen batthvea relativelyminorrolein all gels contributing less than 10%
collectively. These interactions are disrupted during thermal gelation as commented for heat
induced gelation of soymilk with and without an organic acid coagulant Fajrophobic
interactiors arethe main driving force assembling the netwadfkall soymilk gels which is

consistent with previougportson itskey role in formingsoy proteirngel network[83] [151].

Some differences in thmagnitude of hydrophobic interactigmaeasures as protein solubilized,
was recorded according to the gel typlgdrophobic interactions were statistically differémt
MO gel in comparison with M geltlecreasingoy 40%. The heterogeneoutexture of MO gel
indicates thatO sterically hinders the seldggregation of proteins into a continuous network,
thereby decreasing protein interac8o® canrestrict the unfolding of proteinativestructure to
expose buried hydrophobic grouphkich isa prerequisite to initiate interactions and subsequently
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gelation.SPI in the presence of okara dietary fibers was repprmdouslyto have lowesurface
hydrophobicityand exposedydrophobic regionsvhich hindered seldggregation of SPI during
thermal treatmer{tL04].

The MO gelswith CA0.14 possessed statistically comparable (p>0.05) hydrophobic interactions
to MO gel suggesting thatoagulation of soymilk proteinkad an insignificantnfluence on
chemical interactionat this concentratianAt CA2.5, the hydrophobic interactionsn M+OCA

and M+CA+O gelsveresimilar (p>0.05) to MQgel and these gels at CA0.14 indicating @At
concentrationdid not alter chemical interactiondn contrast, MO+CA2.5 gel contained
significantly higher (p<0.05) hydrophobic interactidthan MO and MO€A0.14 soymilk okara

gels with a large variationThese findings suggest that genergligsequene of CA additiordid

not notably affect protein interactions in MO geldath CA concentration, with MO+CAZ2.5 gel

beinganexception.

Table 4.5: Relative magnitudes ofonic interactions hydrogen bonds and hydrophobic
interactions (%) in M, MO, M+OCA, M+CA+O, MO+CA gels at CA0.14 and CA25
concentrationData is presented as mean * standard deviation. Means that do not share a common

|l etter are statistically di-hdt.or@0b(n{3ANOVA f ol

Gels lonic Interaction Hydrogen Bonds Hydrophobic Interaction
(%) (%) (%)

M 1.51+£0.9% 246 £0.7C 96.01 + 0.99
MO 0.85+0.7% 5.85+ 284 93.29+21%8
M+OCAO0.14 222170 3.91+234 93.85+ 357
M+CAO0.14+0 1.96£0.72 290+ 0.72 95.13+1.34
MO+CAO0.14 209172 741 +6.78 90.49+7.44
M+OCA2.5 1.28+£2.22 3.62+3.42 95.09 + 1.6
M+CA2.5+O 0.10+0.1” 3.65+0.63 96.24 + 0.57
MO+CA2.5 0.39+0.36 200+1.7% 9759 +15%
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Figure 4.10: Chemical forces of ionic interactions, hydrogen bonds and hydrophobic interactions
given as protein solubilized in M, MO, M+OCA, M+CA+O, MO+CA gels at CA0.14 and CA2.5
concentration. Data is presented as mean + standard deviation. Means that do not share a common
|l etter are statistically di-hdccgr@b)y(n{3ANOVA f ol

4.4.3.5Mechanical Properties

The stresstrain curve upon uniaxial compression of soymilk okara gidpict the progress of
geldeformation over three region$elastic deformation, failureandresponse of tht'agmentgo
after gel failure.Figure 4.11 summarizeghe distinctions observed in ttsressstrain curve
profilesof the soymilk okargelsdepicted inFigure 4.12 (a). Theweak physicabels prepared in
this studyare neithesufficiently brittle to fracturenor ductile to deformflexibly and herefore,
thegelfailure isdescribedo bemorebrittle-like or ductilelike in characteristicThese properties

will be discussed in regard to the strsfimin curve profile of the gels.

The stressstrain curve inggion | whichis associated with linear and nbnear elasticesponse
or the temporary deformation of gels upon the application of a compresdsdas displayed
different slopes according to the gel typ gel had the lowest slope that extended to a higher
strain while the presence of O in the other gels increased the Flupgels retain their original
form on removing the load applied and the slope of the aqemeseng e | sti ffness, 0
modulus.In region I, the load on the gailitiates itspermanehdeformationand subsequently
failure. The permanent deformation regiorthe stresstrain curve of the soymilk geldisplayed
a peak that varied imtensity across the gels. The sharp peaks of M al@Pdll14 soymilk okara
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gelssuggestedbrittle-like characteristic of these gels. In contrast, MO and all CA2.5 gels exhibited
shallow peaks that is characteristic of a more dutikéematerial. A previous study on pea, faba
and mung beaprotein isolate gels associated the shallow and sharp peaks to the failing of gels
that is more ductileor brittle-like, respectively[146]. The stresstrain curvein region Il
following gel failureeither flattened in M and MO gels or displayed a positive slope of various
degree in thesoymilk okara gels containing CAHowever, relevant information could not be
derived fromthis regionas it records the response after the gels had fa&igdre S6).

Region | Region Il Region Il

Response after Gel Failure

Elasticity Failure

Less ductile

True Stress

More stiff More ductile

Less stiff

True Strain

Figure 4.11: Hypotheticalrepresentation othe stressstrain curve as a gel is deformed under
compression. The stressrain curve is divided into three regions. The linear region | provides
information on the elasticity of the gels, with higher slopes corresponding to higher gel stiffness.
Regionll captures the gel failure behavior, with the peak intensity reflecting the ductility of the
gel and the response of the gels after failure is exhibited in region lll.

The mechanical properties of the soymikara gels extracted from regions | and Upon
subjection to compression force are displayeé&igure 4.12 (b-d). A brief explanation of the
texture associated with the gel failure propertigsravided inTable 4.6. The failure properties

of the homogenous M and heterogeneous MO reveal a significant (p<0.05) increase in the failure
stress and Ybotaderréase imfaldreistrainsupon incorporatin@® @ansformed

the weak, deformable yet cohesMegel into a stroner, stiffer butless cohesive MO gel.

The effect of CAon the mechanical properties of MO gebceeded differentlgccording to CA

concentrationThe CA0.14 soymilk okara gel$ad statistically (p>0.05) similar failure stress,
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failure strain aMO geYDefeasdronbhetehdgedeityweaken and initiate
gel disintegrationl156] [186]. Theresemblance iheterogeneitygndcoarseness dO gelswith
and without CAO0.14Table 4.4) relates taheir comparable mechanical properties. The gels at
CAZ2.5have statistically similar(p>0.05)failure stress as MMowever failure strain(cohesivity)
and Youn g @stffndds) depehded dhe sequencef CA addition The M+OCA2.5gel
had similar cohesiveness and stiffnessMO gel, wheread1+CA2.5+O and MO+CA2.5 gels
were significantly (p<0.05) less cohesibat stiffer than MO gel In M+OCA gelsat both CA
concentrationsa significant portion of CA is consumed in treatthindependentlyhich reduces
CA available to interactvith soymilk In contrast, all adde@A in the other two formulations
interacts directly with soymilk, which along with e influenceof O in imparting rigidity,
facilitating localized clustering of proteingnd higher protein aggregation levdflect the

improved poperties atower pH (3.517 3.66).

The aboveobservations suggest that the -pggregation of M initiated with CA enhanced gel
stiffness, with the effect more pronouncadCA2.5, while gel strengthwasnot altered and gel
cohesivity deteriorate The CA-modification of Ois not effective inmproving the mechanical
properties of soymilkokaragels. The statistically similar gel strength afiost gels could be
associated with the high load cell utiliz&D0 N) and the low sensitivity of the equipmtndetect

cracksin soft materials like soy gels.

Table 4.6: Texture propertiesf soy gelsand their physical interpretatiom literature

Property Physical Interpretation Characteristic

Failure stress Relates to thextent to which gel withstas&ompression force  Strength or
before disintegrating andesiss regional plastic deformatio firmness
[146]. Ductile materiab deform significantly, plastically, an
absorbthe appliedforce before failingwhereas brittle material
deform elastically and fracture soon after yield strid€$6]

Failure strain Relates to the degreef deformation before a gel fails (or Cohesiveness
fractureg, reflecting its resistance to crumlgleringcompresmn
arising from the strength of internal bonds that assemble th
structure. High failure strain equisgel with high resistanc

[156].
Y oungo Ratio of failure stress to failure strain which provides a mea Stiffness
Modulus of the esistanceffered by a gelo disintegratdts surfaceg[146]
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Figure 4.12. Mechanical properties of soymilk okara gels (M, MO, M+OCA, M+CA+O and
MO+CA) at two citric acid concentration levels of CA0.14 [solid] and CA2.5 [dashed]: (a) Typical

stressi strain curves, (b) True failure stress (kPa), (c) True failure strain, (d) osngmo d ul us
(kPa). Data of (b d) expressed as mean +* standard deviation (n = 3) where means that do not
share a common | etter are stati st ihoad<lops5).di ff er

4.4.3.6Viscoelastic Properties

Elasticity, viscosity and the extent of viscoelasticity of soyrokkrag e | s, repr esent ed
and tang), areillustrated inFigure 4.13 andTable 4.7. The consistently higher storage modulus

(G6) than | oss modulus (Go) in all gel s, with
gels comprised of a continuous netw{Bg] [51]. The ratio halsseaegant G6 an
tan (0) < 1 f ur t h-6ke digposiion ofegéld assemided from esuffisient i d
interactions within the protein matrj90]. The solidlike behavior of i gels issupported by the
decrease i n c o wihlinereasingfieqencysesdrilying (he flow resistance of

115



viscous component89]. A more prominensolid-like behavior is associated with an intense
decrease in complex viscosi§@]. The frequency dependency of d
M gel, and intensifiedurther upn adding CA in the gels. The firmness of gels perceived
gualitatively along with the improved stiffness and viscoelasticity supports thdikelitharacter

ofthe gelsThe weak frequency depenhdydhe powertalv madé an d
parameters no, n 0 bkaveBharactersticr® of Weak phylsieat géatlare g el s
predominantly formed by necovalent bond§l55]. This is supported by the analysisprbtein

protein interactionsvherenoncovalent hydrophobic interactions were the main driving force in
assembling the gel netwo(kigure 4.10). The viscoelastic properties of teeymilk okaragels

were comparettased ot he power | aw coefficients, Go0 anc
presence of okara in MO significantly (p<0.0BgreasedGo 6 a n dhe @gidoQ fibers

reinforcal the structure oMO which is also reflected in iesnhancednechanical propertie3he
contribution of O to el asti ci tatyibuedd@)redudry s oy mi
the free waterin gel which otherwise facilitates the flow of protein materd transferring the

applied shear stress from the prote@tworkto O [191].

The presence of CA in MO gels influencdtk viscoelasticity differently depending on CA
concentration or addition sequence. At CA0.14, M+OCA and MO+CA gels exhilstgdificant
increasgp<0.05)oft hr eef ol d 1 n ed3ars.t9 ckiPtay) (aGodd t=wo3f6o.l1d
=7.7- 7.8 kPa). M+CM®.14+0 gel exhibited a 4-%old increase in elasticitygod=55.6 kPa) and

a 3.5fold increase in viscosityd 0 011.5 kPa)The reduction in pH upon the addition of CA0.14
was visually observed to induce soymilk coagulation prior to thermal gel&ionilarities in
porosity and mechanical propertigsthese gelsvith MO gel suggestshat other factors such as
differencein microstructure ofCA0.14 soynik okara gelcaused by theoagulationof soymilk
prior to thermal gelatiortontributed to the enhanced viscoelasticRyotein precoagulation
benefited the texture of M+CA+O gehile the presence ajkarain M+OCA and MO+CA gels
had someénhibitory effects orprotein aggregation at this CA concentratilbat caused a variation
in the viscoelastic propertietowing the pH of SPlin a previous studyenhancd protein
participation and formd highly elastic, coarse gel assembled from tmekvorkstrands of large

protein aggregates, that are more resistant to shear deformation than thin proteif9tands
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CAZ2.5 concentrationhad a more pronounced impact tive viscoelasticity ofMO gel. The
M+OCAZ2.5gelhad a significanincreas€p<0.05)oft hr eef ol d and
(7.2 kPa), 25®sapdeMOtCARSaEeIsyexhibitdd aCfdrther increase of
nearly45f ol d i n el as7.4kPa)angd ¢ IG& =i BO6V iI/is el@kPawhen ( Go =
compared to MO gelThe higler viscelasticity of M+CA2.5+0O and MO+CA.5gels in contrast

twofold in
Go o

to M+OCA2.5may bedue toall addedCA availablethat facilitated increasiprotein aggregation
andproteinparticipation in the gel network.

The findings from rheology suggest that theesence of CA in the soymilbkaragelshad an
incremental effect omgel viscoelastity. The CA-modification of O was not necessary athe
viscoelasticity improveadimilady in MO+CAO.14or superioly in M+CA0.14+0, M+CA2.5+0,
MO+CA2.5 ge$ by inducing preaggregation of M with CA

Table 4.7: Power law parameters Bfjuatiord.6 andEquatiord.7 obtained from frequency sweep
tests, expressing the viscoelastic properties oM@, M+OCA, M+CA+O and MO+CA gels at
CA0.14 and CA2.5Data is expressed as mean + standard deviation (n = 3). Means within one

column that do not share a common | etter are ¢
posthoc: p < 0.05).

Gel Go' (kPa) n R1? Go"(kPa) n R2?
M 0.54+0.162 0.11+ 0.012 0.80 0.09+ 0.032 0.09+0.012 0.39
MO 12.45+0.6% 0.13+0.002:>  1.00 3.13+0.11° 0.09 + 0.00* 0.99
M+OCA0.14 | 37.89+6.97° 0.13+0.a2®>  0.99 7.73+1.57¢ 0.18+0.00°-°¢ 1.00
M+CA0.14+0 | 55.8+3.37¢  0.14%0.00° 0.99 11.51+0.8¢ 0.17+0.00°>-¢¢  0.99
MO+CA0.14 | 36.07+1.8° 0.14+0.01° 0.99 7.79+0.24 0.18+0.02":°¢ 1.00
M+OCA2.5 | 3259+3.4° 0.14x0.0a" 0.99 7.21£0.79¢ 0.19 + 0.00° 0.99
M+CA2.5+0 | 57.39+1.8¢ 0.13+0.02'®  0.99 12.97 + 0.57¢ 0.14+0.0L¢ 0.99
MO+CA2.5 | 56.2+2.759 0.13+0.00°  0.99 12.60+0.5¢  0.15+0.01°¢ 0.99
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Figure 4.13: Viscoelastic properties of soy gels (M, MO, M+OCA, M+CA+O, MO+CA): Typical
curves of a) storage modul us GO0, (b) I oss mod
angul ar frequency (7v).

4.4.3.7Microstructure Analysis

The microstructurgof soymilk okaragelsvisualizedwith CLSM at different magnificationare

presented irFigure 4.14, with a focus onthe assemblegrotein matrix The distribution and
structure of okaran the gelsare presented irFigure S.11 The soymilk proteinsstained with
Rhodamine Bare exhibited inred whereas the blue structures represiatra stained with
Calcofluor White The black, unstained regions a@mprised oimicropores, water and oilhe

micrographs of CA2.5 gels are limited to protein regidumes tothe unstabléd05 nm laserequired

for the visualization of Calcofluor White staining

The Mgelshows a compactdense matrix gbroteirs arranged in a strasditke network, with the
strands visible at 100x magnification. This observation is consistent with previous studies on
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thermal aggregation of globular soy proteibS6]. The soluble dietary fibersf soymilk arenot
detected The MO gel retainedthe denseprotein network of M gel, but theontinuity of the
networkis disrupted by O distributed

The microstructure oM+OCA, M+CA+O and MO+CA gelsat both CA concentratioa have a
particulateproteinnetworkcomprised of sphericgroteinaggregates. Tharoteinnetworkreflects
protein pre-coagulationdue to the decrease pH, which wasalsovisually observed from the
insoluble aggregatedormed in the mixture The protein aggregatesre dispersedwith black
regions indicatingnicropores in thgroteinnetwork A similar transitionin the microstructure
from a homogeneous to a particulate network of spherggiegatesupon lowering pH was
observed in a previous stuayn SPI gel[101]. The change in gel microstructure explains the
improvement in gel viscoelastic properties of MO gels with Téb{e 4.7).

In comparien to MO gel, the protein matrof CA0.14 soymilk okara gelsecamdess denswith
higher content obmalkr black regionsThe CA2.5 gels have alense protein matrix than the
CAO0.14 soymilk okara gelsvith fewer black regions.The differences in the size of protein
aggregates at CAO.1pH 5.641 5.67 > IEP)and CA2.5 pH 3.511 3.66 < IEP) which were
formed from native and denatured proteins, respectively, relate to their pH differences and their
proximity to the IEP of soy protei$01]. The protein aggregates in M+O@g&lsare more widely
dispersed than those tine M+OCA and M+CA+QOgelsat both CA concentrationés discussed
previously, the residual CA when OCGA added to soymilk is low SincA is consumed in
modifying okara. In contrast, all Ci& available when added to soymitkM+CA+O and MD+CA
gels.As a result, proteiparticipation ishigher in the latter gel formulationghich is reflected in
their denseproteinnetwork Similar okara structures are observed in all three formulations at both
CA concentrationsHigure S.11. This observation suggests that the degradation of O with CA
treatment, observetly FTIR and TGA, with more pronounced effects IrCAR.5 than in
OCAO0.14,did notimprovethe distribution of O. Therefore, Codificationof O is not essential

to improveits integrationin the proteimetwork,which isconsistent with thebservations ofjel
mechanical and viscoelaspicoperties.
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( a) M+OCA014 M+CA0.14+0 MO+CA0.14

x20

x63

x100

(b) M+OCA2.5 M+CA2.5+0 MO+CA2.5

x20

x63

x100

Figure 4.14: CLSM micrographs of soymilk okara gels stained with Rhodamine B labelled
proteins (red region) and Calcofluor White stained okara polysaccharide (blue region) at three
magnifications x20, x63 and x10@) M, MO, M+OCA0.14, M+CA0.14+0, MO+CA0.14 (b)
M+OCA2.5, M+CA2.5+0, MO+CA2.5.
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4.4.4Proposed Mechanism of Gelation

Heat induced gelation of soy proteins involves two stefk[153] [18F. A pre-requisite of gel
formation is denaturation of soy proteins wherein the soy proteins unfold, dissociate as the
hydrogen bonds are disrupted, and expose the bumyellophobic groups. The exposed
hydrophobic regions of soy proteins subsequently interactasgeciate into aggregates that are
different from the native soy protein structures, which further interact to assemble the three
dimensionabel structureln this section, potential mechanisms associated witpréqgaration of

MO gels with CAadded in different sequencdg+OCA, M+CA+O and MO+CAand the
subsequenthermal gelationwill be discussed. The preparation of the gei®lves two stages

Stage lis the response of the proteins in soymilk to pH decrease upon CA addition and stage Il is
the thermal gelation of the mixtur&dn overview of the mechanisiior eachstage is proposdd

Figure 4.15andFigure 4.16, and detailed in the next sections.

4.4.4 1Citric Acid Modification of Okara

The citric acid induced modification to the structure and functionality of okara was adapted from
the mechanism proposed [B9] andis illustrated inFigure 4.15. The representatiorf okara

fibers presented 9] was modified to include the proteins embedded in the okara strbeised

on the microstructure observations obtainedChyM and from the amide peaks detected in the
FTIR spectraThe representation of pectin with agg box modetescribed by59] was not
consideredn this studybecause it depicts thextraction and gelatioaf pectinthrough chelation

with calcium iong181] and does not capture pectin in ntative form The cell wall models of
plants[185] andpea hull[184] represent pectin as strands attached to the blbiseiconstituents

such asellulosevia noncovalent bondingl70] [182].

The qualitative analysis of O and OQ@Adicateddifferences in their color and texture. OCA0.14

had the lightest hue followed by O, both possessing a soft, crumbly texture. The darker ochre hue
and gumminess of OCA2.5 indicatstluctural modification of okara from the citric acid induced
reactions, includindg/aillard reaction and release of pecsubstances

The thermal degradation analysis ©CA revealed minimal modification of the constituent

polysaccharideat CA0.14 while significant differences were recorded in OCAh&n compared
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to O. The TGA/DTG curves indicated a disruption of hydrogen basdhethermaldegradation

of OCA2.5 was initiated at a lower temperatuhs. theweight lossin O over 150i 220°C is
associated with the degradation of soluble and low molecular weight polysacchéneles
accelerated degradation in OCAZ&Bggestshe presence of pectisubstanceand hydrolyzed
fibers. However, pure CA degrades at 151 (°C and the overlam thedecomposition of excess
CA in OCA2.5 maesit difficult to confirm the presence of soluble or low molecular weight
polysaccharides. Therefore, the observat@mBGA analysis were further explored with FTIR.

CA facilitated structural changes @, specifically at CA2.5that were capturefiom theFTIR
peals associated withpolysaccharide functional groups. Tldecomposition of okara into
oligosaccharidesvas detected in OC#hich increagd with increasingCA concentration as the
peaks of GO, GH and CGOH decreased in intensity. The vibrations associated with the
rhamnogalacturonan backbone or sugar side chaipgatin were not confirmed as ¢peaks
overlap with the @, GH, C-OH and GO-C bond vibrationsof other polysaccharids The
decreasedntensity of COOvibration in OCA2.5 may have resulted from th&terificationof
COQO in galacturonic acid groups of releagettic substancesalthough this peatverlags with

the vibration of okara protein and hemicellulose. Citric acid induesterification of okara
polysaccharides was detected in (XR\as the ester carbonyl band increased in intensity.
Additionally, the Amadori products of Maillard reaction was detected at 11601155 cn,
althoughthis overlaps with €)-C vibrationsuggestinghe change in peak intensityas possibly

due topolysaccharide conformation changes.

The SEM micrographs of okacanfirmedthe structural changes in okara after citric acid treatment
observed in TGA and FTIR. The compact, layered structure of O was disrupted as it loosened in
OCAO0.14 and the hexagonal parenchyma structuess not detecteith OCA2.5.

4.4.4.2Citric Acid Addition in  Soymilk Okara Mixtures

The mixturescontaining CAwere not characterized extensively and the mechanism proposed in
Figure 4.15is based on the visual observations recorded on the formation of insoluble protein
aggregateandtheincreased viscosity of the mixtua¢ both CA0.14 and CA2.5 concentrations

As the pH of the mixturdecreaseffom 6.4 £ 0.05 in M or MO mixture to 5.6%6.67 (pH>IEP)
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in CA0.14 mixtures and 3.513.66 (pH<IEP) in the presence of CA2.5, the charge of proteins was
altered to nenhegative or positive, respective]¥02]. The surface charge modification induced
protein unfolding, exposure of hydrophobic groups and subsequently protein aggregation via non
covalent hydrophobic interaction®0]. A previous study on soy pmns and 3.53% CA
concentration reacted f@ minutes at 4 followed by drying atLl8(°C indicated esterification

and crosslinking of proteins [173[he possibility ofCA induced esterification of thé proteins

in our study requires further analysis due to the different treatment conditions.

In M+OCA mixture, the majority of CA is consumed in modifying O, with some excess CA in
OCA that coagulated Mn M+CA+O mixture, the action of CA primarily occurs on the proteins
constituting M. CA in MO+CA mixture acts on both Mproteins and O polysaccharides
simultaneoushalthough the effect on M was more apparent from visual observatibesddition

of CA in each mixturecaused an immediate coagulationvbiproteinsin contact with solid CA
with the effect more pronounced at CAarkd inM+CA+O andMO+CA formulations The charge
and structure of @olysaccharidesn M+CA+O and MO+CA mixturemay potentiallybe altered

by CA, as reported intgdies on ramie cellulosg12] and wood[114] modified throughCA
esterificationHowever, esterification dD polysaccharides these mixtures is leggobable due

to the short mixing and thermgelation durations

4.4.4.3Soymilk Okara Gelscontaining Citric Acid

The influence ofCA on the mechanism othe thermal gelationof M+OCA, M+CA+O and
MO+CA gelsis illustrated inFigure 4.16, along with a comparison of the propertiggh the
reference MQyel, obtained fronstatistical analysisThe properties of M+CA0.14 and M+CA2.5
gels with no replicates are also considered in the following discussisnlate the influence of

CA on soymilkproteins(Figure S.3 and Figure S.%

The microstructureof M and MO gels had a compact, dens@rotein network with some
disruptionsan MO gelmatrix fromthe presence @. The presence &A in M+OCA, M+CA+O
and MO+CAgelsresulted in a particulate gel network due to theggeregationof proteins
induced by CAIn their mixtures befordeattreatmentThe pre-aggregation of SPI proteins with

divalent saltswas reportedto accelerate heahduced gelation andause anncrease in the
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aggregateize[99], and pH alters ththickness of theoy gel networlstrandghat areassembled
from the aggegate490]. The CA2.5formulations(lower pH) caugd agreaterdegreeof protein
aggregationthan CAO0.14in all gels, observedrom the denser protein matrix in CLSM
micrographsMoreover, he insoluble protein aggregates formed at CA0.14 (pHi55687> IEP)
weremainly comprised of theativesoy proteirstructure [90] andwere different from the protein
aggregates formed at CAZ2(pH 3.511 3.66 < IEP)post aciddenaturationA previous study on
the effect of pH on SPI aggregatiocommentedhat the aggregates denatured proteins are larger

than native proteiaggregatefl01].

The protein aggregates iM+OCA gelin CLSM micrographsvas less dengepackedthanin

M+CA+O and MO+CAgelsat both CA concentration3 hese differences could be relatedhe

lower CA content availabléo act on M inM+OCA whereas theCA contentwas higherin

M+CA+O and MO+Q@\ gelswhich initiated significantaggregatiorof proteins.The aggregate

size and distribution in the gel net work str
rheology test. e lower pre-aggregation of proteins, and the smaller, interspersed network
aggregates iM+OCA gelscontributed to their lower viscoelasticity
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Figure 4.15: Proposed structural modifications caused by @AO during 15 min mixing at room
temperature, (b) OCA after drying at°@for 1920 h, and (c) soymilk proteingroposed
interactions occurring between soymilk proteins, okara@fAdn the M+OCA, M+CA+O and
MO+CA mixtures(Stage )
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Figure 4.16: Proposed mechanism difie progress othermal gelationn M, MO, M+OCA,
M+CA+O, and MO+CAgels(Stage 1)
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4.5 Conclusion

In this study, the effects of citric acid (CA9 polycarboxylic acidpn okara (O)and soymilk(M)

in CA soymilk okaragelswereevaluated. Thgoal was to compare and contrast the effect of CA
on the structural modification of O armh the coagulation of M by examining three different
sequences to produce a CA soymilk okara mixtures and asstmsoampatibility between okara

and soymilk in the gel matriat two different CA concentration.

The structure of okara, examined BYIR, TGA and SEMwas alterecat CA2.5 CA induced
hydrolysiswhich modified the okara structure, releasstuble polysaccharidesich agectc
substances observed the gummynatureof OCA2.5.Esterification of okara was also observed
atCA2.5.These observati@were notseenn OCAO0.14which had a similar FTIR spectes Q

The effects of CA concentration and sequencing on the soymilk okara gels were analyzed through
estimating the porosity, microstructure, water holding capacity (WHC), failure and viscoelastic
properties, and chemical interactions involved in the assemtihyeajels. The incorporation of

okara disrupted the protein network and introduced heterogeneity whichobsesved
macroscopically ananicroscopically The presence of CA0.14 and CA2.5 as okara modifier
(M+OCA) and coagulating agent (M+CA+O, MO+CA) did nosignificantly alter the
heterogeneity, hydrophobic interactions, or failure stress propeftieese gelsompared to MO

gel. However, the viscoelasticity of the gels increasedthrgefold in M+OCA gels and
MO+CAO0.14, and by 4.%5olds in M+CA+O gels and MO+CAZ2.5The increased viscoelasticity
ofthegel s M+CA2.5+0 and MO+CA2.5 was accompani e

Modulus) and decreased cohesivity (failure strain).

Thebenefits of CA orthe textural properties asbymilk okaragelswere limited to enhancintpe
viscoelasticity othe gels aCAO0.14,while increasingiscoelastity and stifhess ofjelsatCA2.5
when compared to MO gelBurther researcls needed to study the changes caused in soymilk
proteins by CA and their aggregation mechanisms to modulate thstrgetureas desired.
Additionally, sensory evaluation can provimsights onthe textural properties that need further

investigationto develop higHiber, highprotein plantbased cheese analogues
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Chapter5: Concl usion and Recommendat

5.1 Conclusion

The research presented in this thesis fodwsethe potential of citric acid (CA) to improve the
integration of okara (O) in soymilk (M) gels produced by thermal gelation. The overall goal was
to compare and contrast the effect of CA on the structure of O and the coagulation of M by
examining three difrent sequences to produce a CA okara soymilk mixture at two different CA
concentration. The study consisted of two specific object{tg¢standardizationf soymilk okara
mixturesby adjusting theconcenrationsand preparatiof the ingredients, and®) analysis of
soymilk okara getharacteristis prepared withiwo CA concentrations.

Theoutcome®n the standardization of soymilk okara ingredients are summarized in the following

four categories:

Soybean:
The freezing of soybeans caused structtiiahges in soymilk and okadlatectedn theFTIR
spectra but did not affect the texture properties of the soymilk okara gels produced from

untreated or frozen soybeafi$erefore, the freezing of soybeans was not explored further.

Okara:

The particle size of okara affected g@ymilk okaragel homogeneity and surface roughness.
Gels with fine particle okara & pm) and unfractionated okara were similar in homogeneity
and porosity, and therefore, fractionation of okara was not considered for further

experimentation.

The dryingdurationof okara affected its grinding where l@rglrying timealtered theparticle
sizedistributionand resulted in more heterogenebl(S gels Thereforea shorter drying time,

19h, wasadopted for subsequent experimentation

The vsualization of okara by SEM provided information@ranges in the micstructure of
okara modified with CAvhere aloosered and more porouskara structure were identified
The higherCA concentration in OCA1.25 and OCA2.5 smoothened the surface morphology

thatmay be related to theleaseof pectic substancdsom okara Therefore, the addition of

CA modified okara in soymilk okara gels was considered for subsequent gel texture analyses.
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Soymilk:

Theaddition of CA at0.14%(w/w) (CA0.14) and 2.5%w/w) (CA2.5) to soymilk enhanced
the strength andiscoelastidy of the soymilk gels that were more pronounced at CA2.5.
Therefore, CA.14 and CA2.5vere utilized in the preparation o€A modified okara and

soymilk okara gels.

Gel:

The okara content in the soymilk okamsixturesindicated thatincreasingokara content
enhancedhe strength of MO geldyut made the gelseterogeneouspughand dry Okara
content4.2 - 8.0% (w/w) produced strong and smooth gels and therefo68owhich is used

for the standard MO gelyvas adopted in the preparation of soymilk okara gels.

The second objectivdocused onthe effects ofCA (0.14 and 2.5% (w/wy)on soymilk okara
mixture and the gels produced thereaftéth three different formulations: (i) CA treatment of
okara prior to its addition to soymilk (M+OCA), (ii) CA treatment of soymilk prior to okara
addition (M+CA+O), and (iii) CA addition to a mixture of soymilk and okara (MO+CHje
CAO0.14 and CA2.5 soymilk okara gels had simiiaterogeneityproteinproteininteractionsand

failure stress to Myel. The microstructure ofhie gels suggested transition from strdikd
network in MO gel to a particulate network in CA soymilk okara gels, with the protein network
beingdenserat CA2.5than CA0.14The elasticity of CA0.14 soymilk okara gels increased-by 3
fold in M+OCA and MO+CA, and 4:fold in M+CA+O gels, whileg e | stiffness
Modulus) and cohesivity (failure strain) wesemilar to MO gel.At CA2.5, M+OCA gel has
similar stiffness and cohesivity to MO gel bufdd increase in elasticity. The M+CA2.5+0 and
MO+CA2.5 eels had lower cohesiveness, higher stiffness, and an improved elasticity that
increased by 4:%old in comparison to MO gel.he gel formulations explored the study indicate

that CA facilitated the integration of okara in soymilk gels and modulatedé&iral properties

CA enhancedhe gel viscoelasticityat CA0.14,while gelviscoelastity and stifhessat CA2.5

was improved when compared to MO gels
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5.2 Recommendations

The following recommendations are formulated basati®@nesults of this studind are presented

in regards to ingredient, mixture and gel preparation and characterization:
Ingredient:

1. Oligosaccharides content of okara
Oligosaccharide may be released during the CA treatment of okdraconsumption of
oligosaccharides can have a prebiotic or bloating effect on human gut [239] [240]
Oligosaccharide content can be assessed by evaluating the molecular weight or particle
size distribution with dynamic light scatiteg (DLS), or quantified through HPLC [241].

2. Hydrophilicity and hydrophobicity of okara
The watefWHC) and oil (OHC) holding capacities o€A modifiedokara carprovide a
measure othe changes ints hydrophilicity and hydrophobicity. A change in WHC of
okara carsuggest structural modification, whereas OWill indicate the change iits
hydrophobicity and therefore provide insights patential hydrophobic interactions

between okara and soymilk proteins.

3. Partial decoupling and quantifying the effects of CA on okara
The specific effects of CA on soymilk proteins or okara can be assessed by isolating acid
hydrolysis, esterification and crosslinkingvith alternative chemicals. A weak
monocarboxylic acid such as formic or acetic acid can reflect the extent of hydrolysis and
esterification of okara, whereas EDTA can simulate the crosslinking abilit§@Aof
Additional characterization methods such as NMR, or kinetic studies that manipulate the
conditions to favor a specific reaction, can complement the quantification of tbasvar

CA-induced reactions.

4. CA induced reactions and structural changes in soy proteins
Analysis of soymilkaggregation bYCA could provide insights otine gelation mechanism.
The aggregation of soymilk could be assessed with dynamic temperature sweep rheology
measurements to track gelation rate and the protein particle size estimated with dynamic

light scattering. Structural changes of the proteins tiagurom reactions betwegarotein
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and CA such assterification and crosslinkingould beinvestigated through stagese

conductometric and potentiometric titratig&b].

Mixture

Gel

5. Controlled aggregation of soymilk proteins

The control of the soymilk protein aggregation could be obtained with short heating cycles
that build on the denaturation temperature specific to the 7S and 11 S soy proteins. For
instance, further developing a preliminary experiment that was conductéd lbeu
considered where soymilk was exposed to a short heating cycléCatt&dow soy protein
denaturation temperature), °@ (above denaturation of 7S protein), and®Habove
denaturation of all soy proteins), and subsequently cooled in icédHoather investigation

may reveal insights on soymilk protein denaturation, aggregation and gelation

mechanisms.

. Oil phase inCA soymilk okara gels

The presence of CA in the CA soymilk okara gels may affect the oil distribution in the gels.
Staining the CA soymilk okara mixtures witHile Red can aid in visualizing the
distribution ofoil dropletsin thegelsand differentiating the oil phase from the micropores

or water.

. Gel texture with okara

The addition of CAmodified okara enhanced the viscoelastic component of the soymilk
okara gel texture but not the gel strength. Gel strength, on the other hand, increased with
increasing okara conterAn increase ofCA-modified okara or combined with native

okara may improve gel mechanical and viscoelastic properties.

The interaction between okara and soymilk may be enhandeddtjonalization obkara
This may be achieved by coating okara to alter its surface functionality, such as dual
coating with chitosan and pectin [38] reported previously, and facilitate interaction with

soymilk proteins
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