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Abstract

Bread qualityandfinal crumb grainare reflective othe abilityfor wheat flourdoughto
retain and stabilize gas cellarthg the baking process. The viselastic properties of dough
allow for the incorporation of air cells and expansion during fermentatiobaiadg The
glutenstarchmatrix provides the backbomsepport However, following the end of proofing and
during thebeginning of bakingthe structure weakermiie to ovefextension anéxpansiorand
the matrixbegins to separate and eventually break down. Natheatlipids, whth are found in
smallquantities in wheat flouprovidea secondary support for gas cell stabilizabecause of
their amphiphilic characteristics and ability to move to the faterand form condensed
monolayers. The objectives of this research wemyaduate the influence of native wheat lipids
ontherheological properties of dougimd the microstructure of bread

Native wheat lipids were extracted from straighdde flour and separated into total, free,
bound, nonpolar, glycolipids, and phosppals using soliebhase extractio(SPE)with polar
and nonpolar solvents. Defatted flour wasonstitutedisingeach lipid fraction at a range of
levelsbetween ®% and 2.8%. Dougandbreadwere madéollowing AACC Method 1610.03.
Rheological testingfdhe dough andwaluation ofthe microstructureof the breadvas conducted
usingsmall and large deformation testjr@Cell imaging, and-ray microtomography analysis
to determine changes uisco-elastic properties arghs cell structure and distribaoiti.

Rheologicalassessmerthrough small amplitude oscillatory measuremeletsionstrated
thatnonpolar phospholipidsand glycolipid fractiondiad a greatanteraction with bottproteins
and starch in the matrix, creatimgakerdough. Nonpolar,phosplolipids, and glycolipids,
varied in their ability to stabilize gas cells as determined by strain hardening Gi@tl.
imaging and-ray microtomograpy testing found that treatments containing higher
concentrations of polar lipids (glycolipids and phadjgids) had agreatereffect on overall loaf
volume, cell size, and distributioffihis illustrates thaevel and type of native wheat lipids
influence the visceelastic properties of dough ages cellsize, distribution, cell wall thickness

andcell sability in bread
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Abstract

Bread quality and final crumb grain are reflective of the ability for wheat flour dough to
retain am stabilize gas cells during the baking process. The saksiic properties of dough
allow for the incorporation of air cells and expansion during fermentation and baking. The
glutenstarch matrix provides the backbone support. However, following thefgardofing and
during the beginning of baking, the structure weakens due teextemsion and expansion and
the matrix begins to separate and eventually break down. Native wheat lipids, which are found in
small quantities in wheat flour, provide a sedary support for gas cell stabilization because of
their amphiphilic characteristics and ability to move to the interface and form condensed
monolayers. The objectives of this research were to evaluate the influence of native wheat lipids
on the rheologidgproperties of dough and the microstructure of bread.
Native wheat lipids were extracted from straighdde flour and separated into total, free,
bound, nonpolar, glycolipids, and phospholipids using gutidse extraction (SPE) with polar
and nonpolasolvents. Defatted flour was reconstituted using each lipid fraction at a range of
levels between 0.2% and 2.8%. Dough and bread were made following AACC Meth6dDB0
Rheological testing of the dough and evaluation of the microstructure of the brieadwiacted
using small and large deformation testingC€ll imaging, and xay microtomography analysis
to determine changes in visetastic properties and gas cell structure and distribution.
Rheologicalassessmerthrough small amplitude oscillatorgeasurements demonstrated
that nonpolar, phospholipids, and glycolipid fractions had a greater interaction with both proteins
and starch in the matrix, creating weaker dough. Nonpolar, phospholipids, and glycolipids,
varied in their ability to stabilizeas cells as determined by strain hardening inGeRell
imaging and xray microtomograpy testing found that treatments containing higher
concentrations of polar lipids (glycolipids and phospholipids) had a greater effect on overall loaf
volume, cell sizeand distribution. This illustrates that level and type of native wheat lipids
influence the visceelastic properties of dough and gas cell size, distribution, cell wall thickness,

and cell stability in bread.
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Chapter 1 - Literature Review

Throughout historybakery product®iave been anajor part of the diewith much of the
popularity beinglue to theimutritional valueandthe variety of goodfoundon the market
Bread was first discovered by the ancient Egyptiang@ohaly, itstill remainsasawidely
consumed product thatovides energy as well as othessentiahutrients(Jacob 1944)in 2009,
194.5 pounds of flour and cerdmsed foodsvere consumeger capitavith 135poundscoming
from wheatbasedyoods(U.S. census 2009During 2012, totalJ.S.bread sales reachadnigh
of $6260million dollarsand provided 633,000 jol§8merican Bakers Association 20148tB
International 2012)Through scientific advancegsearch has helped to improve quality and
increase shellife by providing a better understanding of bréagredientsdoughcomposition

andfinal product quality

1.1Bread

Bread i s de tlaavermed doagh maimm flpue @ seated flour that is
hydrated by the addition of water, milk, eggs, and is leavened by yeagtastbypr oduct 0
(21CFR136.10)White pan lbead can be made from a variety of different cereal grhavgever,
wheatis preeredas it contaisstorage proteins that forencontinuous gluten network that traps
air cells andaffectsloaf volume (Cauvain 1998The dough, which isreated byhe addition of
water and mixingexhibitsvisco-elastic characteristics. Thosgtensible and elastic erties
allow for easier dough hatidg and processinfCauvain 1998)The visceelasticcharacteristics
of doughpromote thencorporation an@xpansiorof air/gas cellsinto the doughmatrix. This
influences the expansion of tdeughduringfermentatiorand proofing, ultimately affectintpe

final loaf volume and crumb

1.1.1.The breadmaking process

Mixing serves twa@rinciple purposesn breadingmaking:to form and develop the gluten
network and to evenly incorporate and disperse the ingredieatgytbut the system (Serna
Saldivar 2010)Mixing determines initial size, amount, and distribution of air cells within the
dough (PrimeMartin et al 2006)The mixing sage is the main determinant of inital cell size

and viscosityand this idbased orthe amount of energgppliedand the type ofixer being used



(Saltet al2006).Because of this, the addition of more pressure during mixing ultimately causes
an increas@ thenumberof air cells that arentegratednto the dough (Millset al2003).The
increasan air cells in the bread causes a dmopoughdensityatoptimum mixingandi h al f o f
the total amount of air possible has been inc

Wateris requiredfor the formation of the dough atloe amount is critical for craing
optimum doughThehydration of the gluten proteimesultsin the morphologyof the polymers
(Delcourand Hosene010).Watercauses theeproteins to undergo a glass transitagmoom
temperaturgallowing for theconversion oproteins into a robery state@elcour and Hoseney
2010. Forthis statechange to occuthe rightenvironmentatemperature anglasticizer(water)
concentrations requiredDelcour and Hoseney 20LMoughthatis mixed to optimummust
have fuly hydrated protein and atch. When properly hydrated, thisciensidered to be at the
point where it can produdbe bestoaf of breadHoseney 1985)The addition of too much
waterresulsin longer mixing tims as there is more water available for absorption and
oversaturatiomf the flour (Stear 1990)nsufficientwater reduces the ability for certain fractions
of the flour particles thydrate(Stear 1990; Delcour and Hoseney 20T@mperaturaffects
dough developmerandinitial ingredient temperatures, mixinigiction, and solubilizing othe
molecules altreatehed during dough formation (Ste&®90). Temperatures >30°€anincrease
the abilityto hydratenducing starch granule swelling aodusing changes in tipdysical
properties of the dough (SteB990).Overall optimal dough development is influenced by the
requiredmixing time, water absorption, and temperature (S&adivar 2010).

During the final stages of mixingluten proteinsinfold dueto theshearapplied by the
mixing pinsand bowl(Stear1990). Ths facilitateshydrogen and hydrophobiondingwhile
breaking internal disulfide bondStéar 1990; Delcour and Hoseney 2Jn optimalmixed
doughcan be dividd into three different fractiongluten structure in which starch granules an
other compouds are disperseftactions that are water soluble and make up the ligartiof
the doughand air cells that were incorporategmixing (Stear1990).Once driven past the
point of optimal mixing, the dough begins to lose its wstastic characteristsdue to
degradation of disulfidbonds and the connection of thgroups with carbonyl groups that are
present in the dougiélcour and Hoseney 201@ver mixinghas shown to be influenced by
oxidation as well aby the presence dhewatersolublecomponents irthedough (Hoseney
1985).



Following mixing, dough gesthroughfermentation. Thigllowsthe dough to relain
order to develop aetwork that is able toetain theair cellsand for theyeast to becomactive
and start producing GQ@as(Belderok 2000).The dough iglividedinto ballsof a predetermined
weightand roundedAt this point,some of thegascreatedy the yeast iforcedout of the dough
(Belderok 2000). After fermentation, the dougistsfor another 15830 minutegimmediate
proding) and then moulded whertis sheeted and rounded into a cylinder fitted foritead
pan(Belderok 2000)The newly roundedylinder is proofed one final time allowirigr
expansion irsize to nearly2X, before being baked (Belderok 2000).

Punchingand moulding releassome of thecarbon dbxide created durinfermentation
by dividingthe existingair cells creatingsmaller cells (Sern&aldivar 2010)During the
proofing stage, the dough undergoes changes in height and volume as wellrasitebdansity
(SernaSaldivar 2010)Requiredproofingtime s influenced by flouprotein content, time, and
desired loaf height (Serfgaldivar 2010)The last step ibaking(200-250°C, 2-45 min)and
during the beginning stagesfinal increasén volumeoccurs andhecrust setgBelderok 2000
SernaSaldivar 201D The increase irdoughvolumeis aeatedoy moreactive yeast producing
CQO; and the evaporation of water vapor, both resultingxpansion of thexiging gas cells
(SernaSaldivar 2010)Also at thistime, the starclgelatinizeg55-65°C),takes up most of the
availablewater, andthe gluterstructuresets(Belderok 2000SernaSaldivar 2019 Thegas
cellscontinue toexpand until the structure sets or until the cell wall begins to failhiatgoint,
the structure transforms fronf@amto a continuousponge (MacRitchie 2010)he crust also
brownsdue tobothchemical reactions dflaillard browning and caramelization (Set8alidvar
2010).

1.2 Bread-making components
Thecomponents thatompmpsewheat flour provide thecaffoldingand strength athe
bread structure and are essential for maintaining air cells. Wheat is the only cereal grain that
containghe specificglutenforming proteins that allow for air cell incorporation whiésisting
coalescence, thussco-elastic dough is very important part of breadaking and production.
Starch ale plays akey part by serving as a filler in the protein matAxditionally, native and

processetipids are essentiab maintainloaf volumeand prevengascell coalesceneduring the



later stages of proofing and baking (Sreamal2009). Eachcomponent isieededo produce and

maintain quality loaves of bread with good loaf volume and crumb grain.

1.2.1.Gluten
Gluten providsthebasis the structural backbonend it is the gluten proteins
specifically that Aform ihthkkecodotgmMaoUSIi vgls camr:
2001).1t also servesss the network for which air cells atespersed and helth breadmaking
flours, the gluten protein makeaip 8390% of the total protei{Schofield 1987)Gluten consist
of two protein families glutenins and gliadins, which vany their compositionbutcombinedn
equal proportionggive bothviscousandelastic properties to dobhgSchofield 1987 Singhand
MacRitchie2001). Gliadins arsingle chaied polypeptidesandhawe very similarmolecular
weight distributions. Thglutenins are created by polymerizatiorgbfteninsubunitsata range
of molecular weightsSinghand MacRithie 2001). Both proteirs contain disulphide bondbut
thenatureof the linkage is di#rent with gliadin having intrahain linkags, while glutenin ha
mostly interchain linkagegSchofield 1987).
Gliadins and gluteninare not soluble in water, bate plasticized by water. Due
having norpolaramino acidside chains, solvestsuch as aliphatic alcohdlijute acids, soaps,
or ionic detergentare used as extractarichofield 1987; Singand MacRitchi€2001).The
gluten structure is highly depdenton the extent obonding interactions between thelymers
specifically hydrogen, hydrdwbic, and electrostatinteractiondHamer and Van V1ie2000)
Theresultingviscous and elastic propertiesdoughare importanfor gas cell incorporatioand
dough handling properties, botthich are essential in breadaking(Schofield1987. For
doughto beelastic, the systemmustrema st r ong o r.0Thisis/peovidedhy the i nui t )
glutenin fractionasit is likely to have more stabkentanglemets Oelcour and Hoseney 20110
The mechanism of hogluten creates the dougginot completelyinderstood, but
severaimodels existOne ofthese theories, he Al i near glsuggestdhatn hypot he
extending units oliong chainpeptides come togethin a heado-tail manner connecteay
disulphide bonds (Schofield 1987). Beeonnected chaianits are thought to be able to extend
under an appliedtrain Once that strain is removeithey then return to their original
confirmation(Schofidd 1987) These disulphide borhked polypeptidescontainregiors o f U

h el i xturasramd dring mixinghesebonds are broken and become realigned,



strengthening the doudBchofield 1987)Both components of the gluten peot have been
found to be surfacactivewhere the gliadin fraction movés the gas/liquid surface faster than
does theglutenin, thus creating more pressure per area &@ah1995 Primo-Martin et al
2009. Although, both components of gluten have minimal &dlty in water,proteinsin
generajare best suited for movement to the interface asdheyvidelyspread across igirface
allowing for strongnteractionsbetween the phases (Prisvartin et al2006).

Anothermodelof how gluten functions in dougtomes from polymer sciece and
hypothesizes thabng proteinchains aligratthe gas liquid interfacsurface, with loops and tails
that extend out into the other phased @reninteract with other moleculgSinghand

MacRitchie2001).The glutenins would aligrattheinterfae and the extended loops and tails

woul d become Aentangledd with other compounds

(Singhand MacRitchi€2001).The entanglements caused by glutemould provide more elastic
dough properties, due to greatetemactionsetween the proteinsmcreasing theiscosity of the
dough.Thegliadin would create moreviscous, liquidlike system(Singh and MacRitchie
2001).Thenature of theentangled networls highly dependent on size, shape, makeup, and
amount of bhe specific polymers (HamendVanVliie2 000) . The Al oop and
third theoryof the gluten networlt suggest thatthe protrudindoop or trainsubunits attached

to the main linear chain actually interact with one anativeugh hydroge bonding Some of
these units will either blieound to one anoén (called loop$ or connectedind called trains

(Belton 1999)When the loops are extended the proteins are more susceptible to moving over
one anotherbutthencanrevert backo theloop-train equilibrium providingelasticbehavior
(Belton 1999).

1.2.2.Starch

Starch is als@very important component needed for the development of dough and the
final bread Found in the endgperm of the wheat kernaitarchmakes up almost 70% o#it
mas (Blanshard 1987MWhen milling wheat flour, the goal is to remove as much of the
endosperm as possible whitenimizing theamount of starch damage during the proc8sa.ch
can be found in granular foraseither polygonal or spherical in shape (Delcand Hoseney
2010).The molecular structure of the starch granules consists of long chains of glucose that are

eitherlinear or branche(amylose anémylopectin (Zobel 1988)Eachpolymergroup consist

r



of one reducing en(D-H group with the linear chin of both amylose and amylopectin

c o nt a il# chaiglinkdge@elcour and Hoseney 20lMHowever, amylopectin differs from
amylose in that it is also branchedsameU-1-6 bond creating a complex branched structure
(Delcour and Hoseney 20L@Amylose isthought to exisin the amorphousegionof the granule
versus amylopectitocated inthe crystallineregions(BeMiller 2007).

Native starch does rcddwateraralependingoethe staicltk e d wi t
origin, it undergoegelatinizationofii r r ever si bl e swellingd when hiq
temperature (Schoch 1896 Once the temperature hasceededhe temperaturat which starch
gelatinizesthe granuleswellsandtakes up wate{BeMiller 2007). The wateand heatlters the
crystdline morphology The hydrogerbonds between the polymetsegin to break and more and
more water isbsorbednto theswelled structureventually disrupting the crystallimegions
(BeMiller 2007). This change in the granular order ofgblymersdue towaterand heats
described as a Al oss of Dbir efofrthegrgelesamlthe and c a
leaching out of amylose (BeMiller 2007Mogether, these changes incretmeviscosity of
starchwater solutios (Primo-Martin et al2007).Externalfactorsthatcanalter the rater
temperaturat which gelatinization occur include salt, gdgar andheratio of water tostarch
(BeMiller 2007).

Starch interacts with sugar, lipids, proteins, pentosans, and water during the bread
making proess, and this is very important for the development of dough (Blanshard 1987).

Starch plays aolein the overall bread quality as itfects final product characteristics such as
Astructure and t ext urMartircefal200rR)ehethanges inextpreand uct o
structure are heavily influenced by the starch goingutiphthe above described transitions

(Blanshard 1987)ti s suggested that st aintberdouglcsyseemas fAhi g
(Singhand MacRitchi€200% Delcour and Hosey 2010. The functions of starch in bread

making includediluting the amount of gluteso aso adjustthe dough consistency, providing

fermentable carbohydratés yeastthrough theactionof amylase, attaching aridrming a bond

with glutenandincreasingt h e s \elasticayraddsextensibilitguring gelatinizationn order

to allow for flexillity in the gas/air cell flm(Hoseneyet al1971). h thecrumh starch creates

regions that are amorphoatier gelatinization, buas the bread cools andes it becomes

crystalline or retrogrades (PrinMartin et al2007).



1.2.3.Lipids

The wheat kernel is composetlapproximately 24% total lipids thatarefound within
thebran, germ, and endospe(RomeranZ.973).Most of the lipidsarelocatedin the germ a
fraction (8-15%) of the kernel that is removed during timdling processfollowed bythe bran
and endosperm containing 6% artd,8espectivelyPomeranA.973).The germ contains
approximately 80% of the total lipiaggith higher levels of free fattacids, which are more
sensitive tdipid oxidation andoromoterancidity (SerngSaldivar 2010)Thetotal lipid fraction
consiss of primarily linoleic acid(Carr et al 1992). inakes up roughly 60% of the total lipid
fractionand the wheat flour conta roughly 2.5% of total lipid¢Carret al1992 Eliasson and
Larsson1993. During milling, triglycerides remaimn the endosperrand careither be saturated
or unsaturate@Sullivan 1940 Carr et al 199

In general, théunctionof lipids in breaemaking helpsimprove textural properties,
mouthfeel, dough handlindpaf volume, and increase shifé (Ponteand Baldwin1972).
Lipids comefrom both natural or native lipids in the endosperm andnfrocessed shortenings
or liquid oilsthat are addeduring productionThe lipids in the system act to help stabilize the
air cells and prevent coalescence during the growth and srpari the dough (Chungt al
1978).Breadis corsidered to be foamandi pi ds act as fdAsurf dizingant s i
the foam structure during the expansion of th
stability to the foam (MacRitchie 1977Mhe lipidsare influentialin helping to maintain gas cell
stablity and loaf volume over time; howevéhe adlition of up to 3% shortening hagen
shown to help increase final loaf volurmed improve crumb softness (Pomeranz 1965; Clting
al1978).

1.2.4.Native wheat lipids

Although the amount of native lipids that are pregethe flour is small, these
constituentshave a large effean final breadjuality. Lipids in the endosperm of the kernel
consist of various fractions that are baihctional and nonfunctional ithe dough and bread
making processs Lipids in wheat can be classified as either singpleomplex, meaninthat
they have eitheone or twostructural components (simple) or greater than two structural
componentgcomplex) (Chunget al2009).Further classification of lipids can be done based on

the type of extractiousedand location witin the flour (Chunget al2009). For classification by



location, lipids can bseparateihto nonstarch lipidsjntegralstarch lipids, and stargurface
lipids (Chung et al 2009). Figure 1.1. shows the classification of lipids found in wheat.

From anextraction standpoint, the lipids can be classified in two groupsstaooh
lipids or total lipids, which include all the starch lipids and surface starch lipids (KEhaie
2009).If the extraction process promotes the swelling of starch granuleshbse lipids fall
under the category of total lipids because this includes those lipids that are tightly bound to the
internal stucture of the starclowever, i f the technique doesnot
the lipids arecategorizeds being no-starch lipids as these lipids are hokedto the structure
of the starch (Finniet al2009). Theamyloplasts where the development bpids are thought
to originate, particularlythe polar fractions (glycolipids and phospholipids) (Morrison 1988)
Lipids that are found inside ttstarchhave been shown to be beneficial against starch
degradation as they are inhibwf enzyme degradation pposth or y | as@amylas¢ and b
(Morrison 1988). iecomplexing of amylose with lipidsas alsolsown to slow the rate that
degradatioroccurs (Morrison 1988).

Classification by extractioalsodividesthenons t ar ch | i pi ds i nto Afre
fractionsdepending on the type of extraction solvarged (Finniest al2009). Free lipids are
those lipids that can be separated using nonpolar solvents such as petroleum ether, hexane, and
dimethyl ether, while the bound lipids are those that can be removed byokngolvents such
as chloroform, methanol, and wasaturated butanol (Hosenelyal 1969; Finnie et &009).
The amount of free lipids extracted is dependent upon the technique used for the extraction, the
temperature of the solvent, and the amoumhoistureand particle size dhe flour Chung et al
1977a; Chung et al 1977&hunget al2009). Both the free and starch lipids can furtieer
classifiedaspolar and nonpolar lipids and have the greatest impaitteoguality of bread (Ohm
and Chun@002; Chunget al2009).The removal of the lipids during extraction also has an
effect onwater absorption as it increatbe amount of water needbg the dough (Chungt al
1980c).



Wheat Flour Lipids

Starch lipids
14% 1.0%

Nonstarch lipids

Free Lipids Bound Lipids I
0.8% 0.6% ' I

Nonpolar Lipids Polar Lipids Nonpolar Lipids Polar Lipids
0.6% 0.2% <01% . 0.9%

|

TAG, DAG, MAG  Phospholipids — LPC0.9%
FFA,SE,HCBN  Glycolipids , <LPE0.1% .

(Chung et al 2009)

Figure 1.1. Wheat lipid classes in flour

1.2.4.1Free lipids

Freelipid composition consists of 0.8% free lipidswhich 0.6% areanonpolar, while
0.2% are polafHoseneyet al1970).The nonpolar and polar lipids adefinedby their ability to
mix with water as some of these lipids hafemctional groupshat arewvatermiscible(Carlsonet
al 1978). Polar lipids are also more inclinedfmm i me mb-t & Btauctureswhereas the
nonpolar predominantly form drops that are similar to that of oil (Cadsail978).The
composition of polar lipids found in flour includéigalactosyldiglycerol (DGDG)
monogalactosyldiglycerol (MGDG), 4dcylphosphatidylethanolamine (NAPE), and
phosphohatidylcholinéPC) (Pareytet al2011). Thenonpolar lipid fractionconsist of
triacylglycerols (TAG), diacylglycerols (DAG), monoacylgycerols (MA&grols, sterol esters
and free fatty acidPomeranz 1973Fareytet al2011).The polar lipidsarea combinatiorof
glycolipids (galactolipids specifically) and phospholpihunget al198). Of the previously
listed polarlipids, it isthe MGDG and DGDG, whichrefound in the highest concentratiand
for the phospholipidghe PC and lysophosphatidylcholifid?C) arethe most commo(Chung
et al1980a).Typically, phopholipids contain onlpnephosphorugroup/mole while the
glycolipids contains B galactoseqChung et alLl980a).

During the mixing stage, t laenstifuentsnghel i pi ds b
dough,thus reducing the amount of extractalpée Ipids (Chungand Tserl975).This decrease



in free lipidsis linked to theinteractionof proteinand lipids or starch and lipsd Thiscauss a
reduction of greater tha0% inthe free lipids during dough mixing (Chuagd Tserl975).

Early studies of th influence of lipids on thimaf volume and crumb grain through the removal
(defatting) and readdition (reconstitution) of extracted total wheat lipidsind that they do play
an important part in maintaining and strengthening the foam structureddugl (MacRitchie
and Gradl973. The polar lipid fraction®adthe greatest effecn loafvolume; specifically, the
glycolipidshaving agalactose group attaché@dhung et al 1982).Aese differences can be seen
in Figure 1.2The gaactdipids providethe greatest improvemeint loaf volume as well as
dough development tim&€hunget al1982).However, reducedmounts opolar lipidscaused a
decrease in loaf volunsiue toa greater association of protemotein interactionghereby
influencingtheair cell distributionand expansion (Chureg al1980c). The nonpolar lipids have
a lowermelting point thando the polar lipidsandther crystalline state playsralein
maintainingair cell structure as phospholipids anestbeneficial when they areinfal i qui d
cryst al |IPomeesnz 1968;eisemer(1988)This phenomenoifimproved loaf volumg
was seen when polar lipids were added alone and when a combinatmmpofar/polar lipids
fractionswhere added back togeth€hunget al1982).
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Fig. 3. Effects on loaf volume of additions of polar and nonpolar lipid fractions to defatted
flour B. Circles, whole lipid; triangles, polar lipid; squares, nonpolar lipid; dashed line, volume
at end of proofing stage.

(MacRitchie and Gras 1973)

Figure 1.2. Loaf volume distribution at varying lipid additions
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Extractionstudies determinetthat the glycolipideind with both gliadin and glutenin
through hydrophobic and hydroplaiinteractiongHoseneyet al1970). The glycolipidsinteract
with gliadin by hydrophilic bonding and to glutenin through hydrophobic bonding (Hosenaly
1970). Due to gliadin playing a bigger role influenciogf volume, the interactiorisetween the
glycolipids and thesproteirs are more predominant maintaining structural integrity of the
dough(Hoseneyet al1970). From a moleculaviewpoint, gluteninhas a greater availabilityf
nonpolarside chains that can attach to tipgds (Pomeranz 1973 Thisallows formore
association of lipidsvith the proteindecause of the hydrophobic side chains (Pomeranz 1973).
These interactionisetween lipids and proteimge notimited to hydrophobikonding but also
includeionic, covalent, hydrogemnd Van der Waals bomag (Pomeranz 1973puring the
beginning phase of the mixing process, most of the free lipids become bouadid#rahal
mixing time desnotinfluence the amount of lipids that became bound (ClamyTserl975).

The nonpolar componeswf free lipidsaredetrimentakto loaf volume whethey are
added back independaeauitpolarlipids or even shortening (Daftast al1968).Adding
individual sulfractions ofnonpolar lipidgsteryl esters, triglycerides, diglycerides, and fatty
acids)back did not improvdoaf volume (De Stefanis and Ponte 1976). Loawadge with
individual nonpolar fractiongreresimilarto those in which total amounts of nonpolar lipids
were addedback(De Stefanisand Pontd976).Increasinghe amount of nonpolar ligs, while
maintaining thepolar lipid amount constant caused decreases in loaf volewmeaswith polar
lipids present (Daftargt al1968). Howeveraddingmore polar lipidsalongwith increagng
amounts of nonpolar lipids reversed tiegative effects ahe nonpolar lipids (Daftargt al
1968).The addition of free fatty acids decreasedldiatvolume even more thatid the other
nonpolar fraction (De Stefanad Ponte976).Particularly it wadinoleic acid, which was the
unsaturated fatty acithat hradthe greagstdetrimentaleffect on loaf volumeDe Stefanis and
Ponte (1976hypothesized that thafluenceof linoleic acid on loaf volume was due to their

negativeeffectson both the glutefractions and starch.

1.2.4.2.Bound lipids

Thenonstard lipids classificationalsoincludes0.6% bound lipidshat are made up of
primarily polar lipids (Hosenegt al1970).These groups dioundlipids arethosenonstarch
Il i pi ds t h adbuteonnectedocampdurids ather than star@@hunget d 2009).
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Following the extraction of the free lipidspmstarchlipids (notasseiated with starch granules)

canbe extracted witlpolarsolventse.g.water saturated butanaijthoutrequiring heating
(MacRitchieand Grasl973 Chunget al2009. Starchlipids and starch surface lipids vary

amongthe wheat varieties as lipid content is dependetitb e fisi ze and type of
present (Chungt al2009).Thesedifferences areseen with the variations between A and B

starch granule types as wa#l with fine, course, and intermediate shaped starch granules (Chung

et al2009). Sarch lipidsalso varyin soft versus hard wheat (Finreeal2009).Bound polar

I i pi ds eftectieein Mdintamisg and improvintpaf volume asrethe free polatipids

(Daftaryet al1968 Hoseney et al 1970

1.2.4.3.Starch surface lipids

Starchsurface lipids are bound lipids attached to the surface of the grahake lipids
arealso strongly bound tgluten proteins andre a factom distinguishingoetwea flours from
hard and soft wheat (Chuegal2009). Typically,starch surface lipidare faund in higher
concentrations igoft wheat starches (Chuetjal2009).The surface&omponents of the starch
influence the rheological properties of the dayggticularly at the lamellar liquigtrystalline
phase (Larssoet al1997).Glycolipidsare found in higher concentrations than other lipias
the surface of the staremd themain compoundareDGDG, MGDG, PCand
lysophosphotidylcholine (LPC) (Finnet d 2009; Finnieet al2010). Duringmixing, polar lipids
are removed from theurface of starch aridcorporatednto the gluten matrix (Finniet al
2010).

1.2.4.4 Starch lipids

Starch lipids are those lipids that are found inside the graiiiesbbun@nceof these
lipids are often directlyand positivelycorrelated to the amount of amylose in the starch
(Morrision 1988) Internal starch lipids can only be extrackgdsolvents (water saturated
butanol) thatare heated to 9500°C, whichinduces starchgelatinization (Morrision 1988). The
mostcommonlipid claseshere arghe phospholipids with LPC and PC being the most prevalent
(Galliardand Bowlerl987; Finnieet al2010). Lipids within darch are often associated witte
forming ofamyloselipid complexes(Delcour and Hosene3010). Thisoccurs naturally in the
starch granule or witbnboundfree lipids following the initiation of pasting or gelatinization of

the starch@elcour and Hoseney 20110
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The anyloselipid complexis susceptiblg¢o leachng following hydration and heating of
starchasit undergoegelatinization (Morrison 1988Y.he presence of polar and nonpolar lipids
during the gelatinization process influeatiee pasting properties of the starch during heating
(Medcalfet al1968). Tte readdition of polar lipidg¢o defatted starcheducedheviscosity
during pasting, while the addition of the nonpolar lipieducedhe paste viscositynitially, but
resultedn higher pealpastingvaluesthan the defatted control (Medcalf al 1968) Theinitial
reduction in the pasting curve due to the presence of polar lipids was thought tadédue
binding of these lipids with starch, thus reducing the initial hydration of the starch granules
(Medcalfet al1968).Because thevateris easilyabsorkedinto the starch granule and nonpolar
lipids are less likely to bind with components in starch, the nonpolar lipide aauscrease in
the viscosity (Medcalét al1968).

1.2.4.5Lipid interactions

Lipid-glutenin complexedhat form during doug making havehe greatestffect on
mixing tolerance and mixingme especially in the presencthighlevelsof polar lipids (Chung
et al1980a).Interaction between lipids, proteins, and starch are affected by their polarities
(Chungand Tserl975). Te proteinprotein interactions that form following the defatting
processhangeduring the reconstitution process as the addition of the lipids cause the
intermingling of the polar fractions between the prof@iotein bonds (Chunet al1979).
Defattingand recostitution studies with protein showéthat the addition of total lipids
opposed to nonpolar and polar fractions independently had greater interactipnotgth,
which suggests thahe combination of both fractions together had a greateciasism with the
protein(Chunget al1979).

The increasn lipid-proteinbindingis influenced by the amount of work or mixing
applied tothe dough, as more severe mixingction causes an increase in bound lipids (Daniels
et al1966. However,overmixing causes reduction in lipid bindig (Pomeranz 1973). Marion
et al(1987)also suggested that lipids, specificgilyospholipids thabind during mixingare not
actually bound to the gluten phase, but rather these lipids are mixedi inarr e fFp hysi c al
e mb e d dthaplateniThe bindings associated with thiiabilin or puroindolines,
specifically PINA, one of theproteirs associated with endospesuftness, whicls a strong
interaction withpolar lipids (Dubreilet al1997; Finnieet al2010).

13



1.2.5.Shortening

The addition of shortening the breadformulaimprovesdough handling characteristics
during production, enhansée ease of gling, loaf volume, texture, crumb structused
increasstheshelflife (Chunget al1981) Whenshorteiing was addedo defatedflour, there
were both gositive and negative effect depending on the type of native lipid fracearaning
in the flour(Chunget al198C). Polaror total lipids must be presentn or der f or short
beneficial effectsd be seen in a good quality bread flour (Chahgl198(; Chunget al
19809. On the other handlough made fromaflour of lower quality odower protein content,
shorteningmproves overall volume (Chureg al198M). In controlflours (nondefatted) the
addition of up to 3% shortenirias shown to increasiee overall loaf volume (Chungt al
1980c). As the amount of total lipiegerelowered slight volume increasessult from the
addition of shortening (Chung et al 1980chvittver shortening onlyausée a minimal increase
in loaf volumes as the greater quantity of total lipids were remof@aunget al1980c).

Shortening is functionanly up to a specific threshold when a certain amount of total
lipids are removedf nonpolar lipids arenly adcedthenthereareno benefits from adding
shortening (Chungt al1980c).The polar lipid fraction works synergistically with shortening to
help stabilize and maintathe foam structure and bubbles in the dough (Chetraj 198MD).
Only snrall additionsof polar lipids are needed in combinatwith shortening tancrease or
restore loaves to their original heights (Pometrad 1968). It has been suggested that the
addition ofshortening in the absenoépolar lipids may prevent proteprotein interations and
rather acts blocking agestfor these typef interactiongChunget al198M). During thebread
production process, shortenipgomotes continuedascell expansiorat higher temperatures,
thus allowing for a longer period dbugh extensibity (Junge and Hoseney 1981

1.2.6.Air cells

The internal crumb structuend loaf volumearehighly dependent on the amount of gas
cells incorporated into the dough system (Jugtge 1981).Fine grain is associatedth many
small cells incorporateduringmixing (Jungeet al1981). Loaf volume defined by the dough
expansion capacitys dependent on the air cell network and dd@ugheological characteristics
following mixing (Gandikotaand MacRitchi€2005;Sroanet al 2009. Expansion capacity is
described as the maximum amount of growth the air cellsigdargowithoutfailing andwhen
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this point is reachetthe loafvolume stops risingSroanet al2009). This final growtlis
completed during the end pfoofingin doughs made frorflours with smdler loaf volume
potentialandat the starbf baking for flairs that have large loaf volume potenffatoanet al
2009). Thancreasan air cell sizebiaxial expansiopandthe irternal pressureausesresulting
strainon the dough (Sroaet al 2009.

Carbon dioxide producedly the yeasis not capable o€reatingthe cells needed for the
crumb. hsteadthis happensluring the later stages of miximghenthe gas cells are incorporated
andsubdivided tacreate the breactumb (Bakeand Mizel941).Theratethat air cells are
incorporated during mixing igreatesasthe doughapproachesptimal developmeniBakerand
Mize 1946). Expansion of the dougtoes not occuuntil the dough has been fully saturated with
gas formed by yeastrimentation.This processs regulated by the temperature and pH of the
dough Delcour and Hoseney 20L0’he gas diffuses to the air cell@andremairs within the
agueous phase due to over saturation of the system caused by the fermentatio(Hosersy
1984). The graterratein gas productioauses an increase in thgeedf cell expansion
(Hoseney 1984)n order for cells to nucleater to be lostfrom the system, the internal
pressure of theells must be higher thahe surfaceéensionand theviscosity of tle dough (Gan
et al1990).The pressure that is created within the newly formed air cell is a result of the radius
and the interfacial tension of that particular cell (Hoseney 1984).

For foams, there is little to no effect of surface tension on the in@dipo of air cells
during mixing (Salt et al 2006). In foam systems, the energy thpatighoutmixing affects the
size distribution of the incorporated bubbles and the resulting rheology (Mills et al Z663).
meango hold and maintain gasells within a foam systerhas been described by the formation
of ageklike layer thatcan support the lamellar phase, which consibfgoteins or other surface
active groupshat providedoughelastic propertiefMills et al2003).Another mechanism is
describedest by thesibbsMarangoni process which stabilization comes from surface active
constituents such as surfactants or emulsifiers (Miléd 2003). These surface active
componentganmove from a higheconcentratiorto a lowerconcentratiorwhen thelamellae
has broken down. Thigstorsthedifferences in the lamellar regiottsat have weakened (Mills
et al2003).

The punching and moulding steps adslal no nevair cells to the dough. These steps

insteadncreasahe number of cells in the dough biyiding and splittingexistingcells into

15



smaller, dispersebubbles(Bakerand Mizel1941, Ganet al1995. Thegrowth involume is
caused by size expansion of eagds cell and not by the incorporatiohmore cell{MacRitchie
1977).In some cases, tleells will expand so mucthatseparation is onlpy asmall film layer
(Primo-Matrtin et al2006).Gas cells are maintained within the dough matrix through the
presence of compounds witlmctional groupshat allow them to move to treell interface
(Primo-Matrtin et al2006). This phenomenatcursbecause these compounds can lessen the
potential forair cellsto come togethegoalesceor undergdOstwald ripening, thus stabilizing
the cells in the system (Prindartin et al2006).Carbon dioxidgproducel during fermentation
and proofingmoveinto the air cells that were incorporated during mixinge &incells expand
andgrow causing internal pressutetinflates the incorporated air bubbles creatingyatem
where thegascan beroughly 75%of theoverall volume(Ganet al1995:Saltet al2006).
During this expansiorgell wallsmaystretchcausing them to be pushexyether to a point

where the thin wallails and two gas cells become one (24lal2006).

1.2.7. Aqueous phase of dough
Water infuences dough formation as it is needed for the hydration and solubilization of
flour as well as for chemical and physical reactions to occur. The addition of varying levels of
water can cause the formationtab liquid phases within the dough if tg@popriate amounof
wateris presen{MacRitchie 1976p If there isnot enougtwaterthen oy one liquid phase is
createdOne of the phases is thquid phase anthis iswhere chemical and physical changes
occur wthin the dough by fermentation. It alaiows for the expansion of air cells during the
rest of the baking process (MacRitchie 197@&4d} this phase where the air cells are
incorporated and expansibappes due to fermentation (Sahi 1994; Privartin et al 2006).
Sahi (1994) described thke vel opment of this aqueous phase a
above what is needed to hydrate the dry components (i.e. protein, pentosans, starch, etc) during
mi xXing. o At | east 35% of the total hdmalegdh wei g
to allow for entrapping air and gas expansion during fermentation within this phase (Gan et al
1995).
Mixing determines the distribution of the ingredients and flavor constituents within this
liquid phase (MacRitchie 1976a). MacRitchie (197@&agcribed thstructureand composition of

the |iquid phase, which is continuous in the
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the solutes present in the | iqui duppfthesbgeid and

phase or liquor isomprised of a combination of components including stanch

polysaccharides, lipids and proteins as well as n@igmsaccharides, and arbinoxylans (Salt et

al 2006). The combination of these varying constituents in the liquid phasg¢dphpmote
stabilization of air cells and provides much of the dough structure allowing for the growth of the

dough during fermentation, proofing, and baking

1.28. Aqueous phase formed by lipids and water

The interaction opolar and nonpoldipids with waterplaysanimportantrole in
understadinglipid functionalitywithin a complex system such as doulgtthis type of a
system, plar lipids will mae readily bind with water whilaonpolar lipidswill not (Carlson et
al 1978).Looking at the internal phase beh@avof wheat lipidwater interactions usingpay
diffraction, Carlsoret al (1978pbservedhe phase behaviasf this system and illustrated it
using aternary diagram (Figure 1.3oththenonpolar and polar lipid fractions makp the
cornersof thetriangle. For this modelu$ficient amounts of water must be present in otder
hydrate thdipids and the ratio of nonpolar to polar lipioigluencechangs in crystalline phase
behavior. 8veral different phasareseen including both an oil phase andaterphasehat
containedho polar lipidsand two phassthatconsisted of @ombination of lipid andwater. The
lipids + water combinations formeatedescribed as an?-phaseand aiquid-crystallinephase.
Depending on the water concentrations wadded back with total extractable lipids (containing
both polar and nonpolarn oil phase formed on togndat lower concentrations of waterwb
distinctiveliquid-crystalline formationsvere createchexagonaliquid crystalline and lamellar

liquid crystalline(Carlsonet al1978).
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(Carlson et al 1978)

Figure 1.3. Ternary phase diagram of wheat lipds in water

The lamellatiquid crystalline phases formedwith varying compositions of lipids
However increasing theuantityof watercaugs a conversion to an L2 phase. These phases (L2
and lamelladiquid crystalline)arebilayers andthethicknesgsof thesecomplexesaredependent
on the ratig of nonpolar and polar lipids (Carlseth al1978). Thegreater the amount of polar
lipids present in the layer cagsereduction in the thickneslsie tothe ability to orient tighy.
Nonpokr lipids, which are hydrophohimust beoriented differently to avoid contact with water
(Carlsonet al1978). Alsothe varyingtypes ofpolarlipids will cause oform differentliquid-
crystallineconfigurations, hexagonal liquictystalline or lamellar liquigtrystalline, with water
(Carlsonet al1978). MGDG wil form hexagonal configuratiorghile phospholipids and
DGDG formlamellar configurations (Carlsat al1978). The L2 phase thiatcreatedy native
wheat lipidsis unique inthattheoil layeris creatednly when extra water is available (Carlson
et al1978). This layer is made through the melting of theotho crystalline forms (hexagonal
and lamellar) by the adtbn of heat(Carlsonet al1978).The formatios of thesecrystalline
phasesnfluencedough rheological propertiess t he | amel | ar crystalline
the interphase between stan / wat er |, oi Il / water, and air/ water

Aagggateso (Carlson et al 1978) .
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Carson et al (1979) studied the interaction and phase behavior of wheatXijpatied
from glutenand waterSimilar to the wheat lipievater ternay diagram determinelly Carlson
et al (1978)the gluten lipidwatercombinationslso produced iar different phase oil phase,
water phase.2 phase, and lipidrystalline phasadithin the liquid-crystalline region, the
solubility of the nonpolar ligls were directly correlated with the amount of water added, thus as
water content increasetthe more nonpolar lipidaere dissolved into the systeAlso, the
addition of salt to the system caused a reduction in the amount of nonpolar lipids dissolved
(Caslon et al 1979)The opposite was seamthewheat lipidwater systenfior the nonpolar
lipids as the water conteimcreasedless nonplar lipids were dissolved (Carlson et al 1978;
Carlson et al 1979 hepresence of salt in thggutenlipid system aused a reduction in
thickness of the lasllar liquid-crystalline phaséCarlsonet al1979).The liquid phase (L2)
overall was smaller in thglutenlipid systemas compared to the wheat lipid system (Carkson
al 1979).

From the understanding of baththese complex systems (glutignid-water and lipid
water), the lamellar liquid crystalline phasadthe greastestffect on the bakingharacteristics.
This was mainlydueto surface activeonstituentghat act at theigwater or oil/water interface
(Carlsonet al1979). In dough systems, s®dipids are able to move to tlyas/liquid interface
creating ao iwb eseparadndstrgtchwhichredues he overall interfacial
tension and promotele stabilizatiorof the air cell (Garet d 1995). The lamellaliquid
crystalline phase easily assenditesmall groups (liposoes) at the interface following the
mixing of waterwith the flour(Ganet al1995).The lamellar liquidcrystalline formation, which
has a configuration more like sheming or structured lipid, is able to diffuse between the phases
easier than the hexagonal ligigdystalline arrangemeiiGanet al1995).These layers of lids
that are compacted togethmove to thesurface of the gas/liquid layer throughout all stagjes

the breadlevelopmentmakingit better suited fogas cell stabilization (Gast al1995).

1.2.9.Role of native wheat lipids in bread

Sahi(1994)found through electrical conductivity testing, that this film lining the pluds
the gluterstarch maixisa fAconti nuous phase throughout the
droplets b was confirmedhat there is an interface in which both protein and lipids are present

and tlat more protein athe interfaceprovides more elastioehaviorto the dugh (PrimeMartin
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et al2006).Gan et al (1990jpund indirectly, thata Al i qui d fligiedtheairicedlsy er t h a
and the gluterstarch matrix preventggas loss or cell coalescenceBis layer formed as an
independent interface between the aitscand the liquid phassnd containedomponents that
wereable b alignat the interfacelue totheir surface activity A combination of proteins, lipids,
pentosans, and other surface active compounds make up this filmegiagle able to move to
thatinterfaceandgive it stability over time (Gaet al1990; Sahi 1994 During the later stages
of proofing and baking when cell expansion is the gredtesthetwork begins to stretten
these surface active agents play the most functional roledtaah99Q Ganet al1995.
Without this film, if breaklown or excessive stretching weakens the netwbekgas cellsvould
bemore susceptible to migragirtowards one another becomingost tothe environment (Gan
et al1990).The breakdowmr separatia of the thin liquid film appears to be the cause of the
loss of gas cells to the environment during the later stages of proofinge{@Hr®95). The
polar lipids have shown to be ableimteractto form a lipid bilayerwhich consist of the
lamellar liquid-crystalline phase and thus can move to the interface surface creating what is
known as a lipid monolayer (Ga al1995).
Theproteins carstabilize at thair/liquid interfacebecause otheir visco-elastc
propertiesaandability to maintainintegiity through expansion and movement of air cells (Sahi
1994). Lipids, on the other hanéxhibit or act bya mechanism described as the
Gibbs/Marangoni effect that gremisedon theamountof lipids initially present (PriméMartin
et al2006).This effectdescribeghe shifting ofthecomponents in the film due to the pressure at
the interface, movinthemto or from areas where they come into contact with other dispersed
droplets (MacRitchie 197§bThis mechanism that lipids use to stabilize the filmagseater
surface tension than that produced by the fermentation afv@@ch allows it to maintain and
prevent coalescence of cells (Sahi 1994 combination foprotein and lipid films ishe most
effective insecuring and maintaining gas cells witlhe network (Sahi 1994The maintenance
of this |Iiquid monolayer is dependent on seve
resistance, and el atall95.i t yo of the dough ( Gan
Originally, Gan et al (1990) based titeeory of liquid lamellafrom SEM images of
gluten-starch matrix during the variogphases of dough development (19%Xpan et al (2009)
reevaluated this hypothesis atieterminedhatnative lipids forneda film thatstabilized the air

cells and suppoedthe gluterstarchmatrix. Usingtwo soft wheat varieties with proteaontents
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between 9% and 10%, native wheat lipids were extracted and reconstituted back into.the flour
Theresulting dough and bread werealuated using ell imaging and biaxial extensional
rheology (Sranet al2009). The addition of different levels of native lipids produced similar
results to those d¥flacRitchie and Gragl973),which was a decrease than increase in volume
uponlipid type andaddition.
It was also found that when flour lipids were addack invaryingconcentrations, the
number & gas cells antheir elongation did not vary widely, thus concluding that it is the
expansion of the cells rather than the number, which influences loaf volume ¢5ed&@®09.
Biaxial extensional rheologgsting showed that the addition of toéal native wheat lipid in
varying amountso defatted flour did not havany effecton the douglvisco-elastic properties
even if there was a greateariation between loaf volurs¢Sroanet al 2009. This indicaedthat
native wheat lipids did have a stabilizing affdae to their ability to migrate to the interface and
that was independent of dough rheology (Sretaal 2009.
Thetypeof lipid alsoaffectsthe monolayecreated at the intirce Thisis why the polar
lipids are more functional thaarethe nonpolar lipids in terms of gas cell preservation (Sroan
and MacRitchi€2009). The nonpolar lipids consisting of the fatty acids, are more inclined to
form expanded monolayeopon the surfagavhich are morelastic in nature and do not release
easily from the monolayer (SroandMacRitchie2009). It is the benefit of the condensed
monolayers that are formed by the polar lipids (DGEf@jpr ovi de fAel astic rest
which help towithstandchangesn the liquid lamellae brought about by alterationth®
interface caused bgxpansion or external forces on the dough (SemmhMacRitchie2009).The
condensed monolayera compactethyer ofsurface active componentstivthe pdar groups
facingoutward towards the water and the nonpolar hydrocarbon groups are protected inside and
face the air cells (Sroaand MacRitchie 2009
Cell elongation helps to determine the durability of the ghsiamch matrix during the
expansion of dough (Gandikodad MaRitchie2 0 05) . fiThe greater el onga
with greater tolerance t o awliMacRithie005pIroaamdf or e r
MacRitchie(2009)sawminimal changein elongation when the differetutal lipid
concentratioawere aded indicatingthat there was little to nimfluence on the rheological
properties of the glutestarch matrixby the addition of lipids The addi ti on of | i j

causeany differences between the biaxial extensional rheologypestiding no ®idence that
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native wheat lipids affected the rheological projgsrof the gluterstarch matrixThese results
only concluded that the lipids were surface active and form a compressed monolayer at the

interface that holds air cells and prevents coalescé&marand MacRitchi€2009).

1.2.10.Solvent extraction of lipids
Defatting and reconstitution studies of native lipids in flour typicatBused to provide
a better understanding of the native wheat lipids. Factors that influenextithetion ofthose
lipids from flour include: genetic history amdmpositionof the wheat being studied, theur
yield during the milling process, amountmbisture, flouparticulate size, and extraction
procedures (Chunet al1982). For optimum extraction tiparaneters that need to loptimized
are Atime and temperature of usedt r(aCobtait@§n), t ype
Separation of lipids from flour has been conducted wifariety of differenthemicals
and varying methods of extractiddowever, one of the kegvaluation metricfor the extraction
technique is thability to defat and reconstitute the lipids without excessive damage to the flour
(i.e. proteins, starch, and lipidg)his allowsbreads to be baked and produce loaves tieat a
comparable to the control, without a solvent effect (MacRitahat Grasl973).MacRitchieand
Gras(1973)utilized a combination of techniques involving a batch extraction through filters and
a soxhlet system toonductinitial extractions of flourin that study, solvents were allowed to
evaporatdérom the defatted flounwhile the solvent + lipids underwent evaporation using a rotary
evaporator and nitrogen flushifigacRitchieand Grasl973).The solvents wereompared ér
effectiveness in extracticand those that were used in the experiment included: petroleum ether,
benzene, chloroformdichloromethangether, ethyl acetate, acetonitrile, water saturated n
butanol, acetone, ethanol, and combinatmitdended chemical®\ll the solvents either
redwedloaf volume or increased mixing time, but the authors found that the chloroform and
petroleum ether produced loaves that were sirtoléte control{MacRitchieand Grasl973).
Ponteand De Stefani€l969)also conducted total lipid extractions usargethanol
benzene combinaticend a batch extraction technigwbaerethe solvent and flour were blended
three times and filtered through a Buchner &infhe lipids were furtheseparatedhto polar
and nonpolar fractions using silica gelddiethyl eher.The nonpolar fractions were extracted in
silica gel with diethyl ethepetroleum ether (90:10 v/v) and blended withlipels in a 12:1

(v/w) ratio. Followingthe elutionfrom the gel the lipidsweredried under nitrogen (Ponéand
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De Stefanisl969) The polar lipids were eluted from the same gel following the nonjpoids
using methanol andll fractions weranitrogendried (Ponteand De Stefani$969).

Pomeranz et al (1966@)sed Skellysolve B (hexane)éatactlipids from sixteen different
varieties of wheat with a goldfish extract@pecifically, water saturatedbutanol was blended
with the lipids at varying concentrations with a Stelil and evaporated with nitrogen Using
silica acid column chromatography, the lipids extragtede fractonated irio their polar and
nonpolar components using a chlorofemmethanol solution and then quantified with thipda
chromatographyThis technique was able to distinguish beswéhe polar and nonpolar lipid and
hadgood separation between fractiomsile beingable to differentiatbetween thevheat
varieties

Hoseney et al (196%etermined the influence of solvents on agtion of free and bound
lipids. The fractions were characterized dxtractionin either nonpolar solvents (petroleum
ether) ompolar solvets (water saturateatbutanol). Total lipids were extracted with water
saturated +butanol using a soxhlet system d@hdn blended using a Stein Millhe nonpolar
lipids were separated using silica acid chromatography and the polar lipielsvemt two
repeated extractions in petroleum ether and then with water satuiat¢ainol, followed by
differentiationwith thin layer chromatographirom this study it was determined, that although
watersaturate n-butanol doesin effective jobn extractinglipids, it is detrimental to loaf
volume aml characteristics of the bread. This solvieasalsobeen shown to interact with other
components in flour, such as the stavaiding breakng down the gliadin component of the
gluten, as well as stppgthe yeast from producing G@QHoseneyet al1969).

Further investigation and understanding of extractions techniques for native wheat lipids
wascorducted by Finney et al (1976ho ugda series of solvents to determine theffiect on
baking qualityBenzene, chloroform, methanol, water saturdtdaitanol, and 95% ethanol
were the solvents blended with theur in a Stein millat room temperaturé\fter the extraction,
lipids were redissolved in petroleum ether following the solvent evaporationthfer series of
lipids wereblended withsolvents independentlin petroleum ether,-hexane, rheptane, and
acetone and then evapted off using a soxhlet systebisingthin layer chromatography
nonpolar and polar lipids were also fractionated withlaroform-methanolwater solutionThe
nonpolar solvents (hexane,fh e pt an e, and petroleum ether) dic

lipids from the flour as did the more polar solvents (benzene, chloroforronacetater
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saturatedl-butanol).Methanoland 95% ethanol proved be the most effective a#moung the
mostpol ar fractions; however, they dilydndét remov
mentioned polar solventsdiith e nonpol ar s o |Isuceesstuis reraovisgthe wer e n 6
polar lipids (glycolipids and phospholipids) when analywneth thin layer chromatographyhe
different solvents did have altering affects on the mixing time and loaf vol@uok®nts
typically cause an increase in mixing tirmedsomed o n 6 t foraptinal daigh development
reducingthe oveall loaf volumes

Chung et al (1977aontinued to determine the optimum method for extractions using
varying apparatus that can remove sbéents from the floufThis research evaluated the
differences between two sohilsystems (a vacuum and a standard system) with different
solvents to determine éhoptimum method for extractiomhe soxhlet system utilizba
condenser and a boiling flask to evaporate the solvent with a vacuum hooked up to the system,
which decreagkthe pressure within the syste8olvents used in this experiment included
hexane (Skelly B), benzene, acetone, apdapand. The solvents were added to the flour (500
grams flour/ 2.8 liters solvent) and this blend was placed in the soxhlet for #f@entyour
extraction and then extractions were repeated on the same sample in order to achieve optimum
systemextraction for each solvent

For the soxhlet with the vacuum system attached, a larger quantity (1000 grams) of flour
wasused anavaporation wasonducted a& pressure of-Q0 inches of Hglt took double the
time to extract in the vacuum systénan the regular soxhlet systefallowing the soxhlet
methods, the lipids were extracted in petroleum ether for quantification and fractionated using
silica acid chromatography in methanol and chloroform. It was shown that more lipids could be
removed from flour by the standard soxhlet method better than the vacuum method and more
polar lipids were extracted due to the irage in solubility of the solvenitiowever, there was an
effect of both solvent and system extraction It was found that the vacuum soxhlet was able to
extract more polar lipids as compared to the increased amount of total lipids tleafutlae r
soxhlet system extracte@ihis showghat the more polar solvent-(#opanol) in the vacuum
soxhlet system would be a better systenmetoave lipids in further studies.

Following the evaluationf soxhlet system, Chung et(@OQ77b)alsoasscessethe
techniques of extraction, solvent, and pamature on the removal of lipids from flour and their

influence on bread making potential in défd and reconstitution studid=or this study, a water
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bath with a connected shalkard compared to re@gular soxhlet systeni.he procedure for the
water b&h, which only agitated the samples in a horizontal direction, had the samples in a 1:8
(w/v) ratio of flour to solvenaind wasshaken in the water bath for 21h addition, 3 min

shaking by handtep was useévery1l5 minto accommodate for the horizohtaechanical

motion. The solvents that were used again were the same as in the previous study (Chung 1977a)
and the temperatures of the water bath was adjusted depending on the satgamg between
30°C and 75°CSolvents were filtered and removed thgb a Bichner funnel and evaporated

off under pressure and stored froz€he solvents were also blended with flour and subjected to
evaporation using the standard soxhlet systemawigimgingemperaturebased bysolvent

boiling points.These results catuded thasolvent solubility, extraction temperature, and
method used increas#tk lipid extractability The soxhlet appeared to have a better overall
extraction for almost all the solvents, except with the hexanes, but it was determined that the
shakemethod slightly improved crumb graiHowever, the soxhlet was more detrimental to
flours of better baking quality while ugrthe 2propanol for extractionThis solvenimproved

the quality of the breadsade from lower quality flours.

Greenblatt et a1995)conducted a series of extraction on free and bound lipids from
starch and flour by doing a hexane extraction of free lipids (1:10 w/v ratio) and using-gropan
ol: water solution (9010) for the bound lipidsThe bound lipids were separated intactronsby
a combination solution (4 ml) of hexane, ethyl acetate, and acetic acid (95:5:0.2) and then
fractionated usig solidphase extraction (SPE). Noncharged lipids were eluted first followed by
glycolipids using a solution (5 ml) of tetrahydrofuracetonitrile, and propa2-ol (35:35:30).
Finally, the phospholipids were washed through the SPE cartridge with a 35c66frat
acetonitrile and methandVlore recently, Finnie et 2009)modified this method for the
extraction of free and bound lipitis extract surface starch lipids fromithin the bound
fractions This was conducted by adding 90:10 ratio of isopropanol: water solution to the final
stage of the bound lipidk&action technique from starcRollowing a vortexing step the samples
were hated and centrifuged (4,800 x g) and then the solvent was evaporated off with nitrogen
and then placed in chloroform (1 ml).
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1.3.Rheology

Rheology is the studgndmeasuremerdf thechange in anaterialdue to theapplication
of an external force (Beltn2005). Typicallya mechanicdbrceis appliedand is measured as
stress or fAforce applied per unit of area, 0 a
applied force (Belton 2005This deformation or strain is alreadppliedat varying ratesver
time andthe results can be used to determigality, viscosity, strengthfirmness and durability
of a materialDobraszczykand Morgenster@003).Rheologyis usedto provide a better
understanding of a mat er iseadtudbesandpdhgveordariagthepr oper
processing@obraszczyk and Morgenstern 2008 practice, this type of testing evaluate
changes in deformations particjathose associated with compression and tension
(Dobraszczyk and Morgenstern 2003

Thefactors hat influenced o u grhhéeso | ogi cal characteristics
the continuous matrix, the volume fractiptige shape of fillers, and the adhesion between filler
and mat r i andEligstoh973 $hedough components that arest influential on
rheological characteristics are also imporfantmaintainingthe structural network of the dough
(Primo-Matrtin et al2006).Through the blendingnd hydratiorof ingredients and incorporation
of air, a visceelastic matrix is formedCertain rleological testingechniquesuch as those that
evaluate large deformation or extensibility provide a better understandingdiothe gbbking
properties Dobraszczyk and Salmanowicz 200Bifferencedn extensional properties dough
typically have ben evaluated using the Kieffer dough testiggwhile strain response
evaluationhas been donatilizing bubble inflation testinglobraszczyk and Salmanowicz
2008. From these teststrain hardening and bubble failwerethe mosimportantfactorsfor
evaluatingbakingand expansioproperties of dough

The expansion of doughill apply bothstress and straion the gluten air cell walls
(Sroanet al 2009. Thereis an initial strain that occurs due to the internal pressures of ar cell
expansiorandcausegshe cell walls to thin ivarying directiors (Sroanet al 2009. If the stress is
greater irthethinner cell wall areas thasthe strainthethinner cell wall area wilstop
expandingandthis, in-turn, will causehinningtowards the thickesections of the internal cell
walls (MacRitchie 2010)This response istrain hardeningndcanbed escr i bed as da |
increase in stress in response to the strain;

2010).Breakdown of cell wall in dough areesistecby t he fAel ongatiandh or st
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this propertycanbme asur ed under | arge deformation bi ax
Thebalancebetween the stress and strain during the expansion process helps to maintain gas

cels and structural integrityyhich is essential for loaf volume (Sroan et al 208®)in

hardening is influenced by many characteristics of the dough, external energy, and the degree to
which it is applied MacRitchie2010).Finally, drain hardening pnades a estimate otell

expansion by providing information on theghestamount of inflation that can occur without

breakdown (Sroaat al 2009.

1.4.X-ray Microtomography (XMT)

Theimportance of the cellular structurebread lies with the incorpoiah and
distribtuonof air cells It is the microstructure, whicdhqu al i fi es the size and
t he arrangement of the solid ancdtapadS)xXgays phas
microtomography (XMT) is a neimvasive techniquéhat allows the visualization akllular
microstructureeven dense solidby the reconstruction ofB images of a material (Babat al
2006). The technique utiies an xray source that sendsrays through a sample that has been
placed in thgathof the beanandthe energy is either absorbed or transmitted through the
specimen (Salvet al2010).

The energyhat is transmied is collectedby a camerandused to creatprojectiors of
thesample Typically, many projections araccumulateds the ample isrotated180-360°in the
beam These projectionglsoknown asscansare usedo buildtheimage.Contrasts in the
image ardased on how the-ray is absorbe at those varioustations.To obtain a goo@D
image,there must bsufficienttransnission a large enough number of projectioasdthe
background noise must loerrected by firsimaginga flat field without a sample being present
(Salvoet al2010).Commonmeasurement determined from 3D imaging include, global density,
air cell size estribution, and cell wall thickness (Maiet al2003).

Thistechnique has bearsedto evaluate the microstructural properties of breanbto
determine the relationship between air incorporation, expansiomedstiructure. Babin et al
(2006)looked at the changes in gas cell expansion dymingfing. XMT imageswere taken
every10 minover2 to 3 hours.It was determined that during the iaitstages of the proofing
air cell growth was unrestrictedglls expanded freelyand average cell wathicknessvas

relativelysimilar throughout the dough (Babet al2006). Asproofing continuedcells begin to
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becloser to one another, making them more susceptblgegration and coalescenoeating
larger cellsDuringthe later stages of proofingsthe cells become more enlargedil wall
thickness changkat different rates (Babiet al2006).

Tubin-Orger et al (20123lso evaluated dough with varying ingredients and different
water levels during the last phase of prootindetermire changsin the internal dough
structureThe ingredients and wategsulted indifferencesin the amount and size of the bubbles
during proofing(minimum of157 min). At this stagegas cell shape was not spheridaé to
what was believed to be steric hindrantleeseresults alsdoundthatbubbles at the end of
proofingweremore thar/5% of the volume within the dougiind thevoidswerelinked to one
another with a cell wall thickness of5 ¢ Tihe authors were unable to determintnésurface
active liquid lamellaseparated the celesthey estimated the sizé thelayerto be smaller than
the sensitivity of the XMT (<5&gm).

Wang and Bel(2011)utilized microCTXMT scanningo follow the changes that occur
within the linkage of the dough networkver timeand how hosechangesiffected
characteristics of the breatihey foundhat thebreadcrumbsvereconnected and this
connectionwas influenced by series of singleellsthatwerewithin the dough matrix andere
either considered to mpened or closed. Lampignano e{2013 utilized XMT to look at the
physical properties of bread made with durum wheat and the impact of yeast content on this
processThis studyobservedhat yeastvasvery influential on development and expansioraof
cell in breadThis followsthe idea that cellwereeitherc oncave i n shape based
por e s tsignifymgcomnestion®r convex which haddivided linkage between one
another (Lamjgnanoet al2013). The results from thesest samples were concave witiore
separated filnstructurescreating thinner cell wallShese authoralso correlatedell size to
breadtextural properties and found that smaller cell size required a greatenmfeeded to
compress the bag sliceresultingin bread that wadightly denser in texturéAnother study
showed banges in bread texture limving productiorusingXMT and thisshowedhow the air
cell structure changed over time (Besbeal2013).These authors aldoundthat the cell walls
beginto get thinner as the celjrewduring fermentation until they finally ruptuteBaking
temperatures were more influential on fimal air cell size (diameter) rather than the walls
(Besbest al2013).

28



1.5 Scope of the&study

The influence of native wheat lipids on finakedproduct performance b&®eenshown
to be very important fostabilizing gas cellsstructural supponvithin the dough, and overall loaf
volume The incorporation of air cells dumg mixing and expansioof these cells during
fermentation and proofing are critical for quakty they providéhe characteristic mouthfeel,
texture and crumb graito the loaf. It has been thorougldiudiedand recognized that the
glutenstarch matrixs the main backbonandstructural support of the dougHowever, during
the later stages of proofing and the beginning of baking, the dough extends leaving gaps where
gas cells can migratew@rds one another, making larger ceffsevious research hdstermined
that amphiphilic compounds such as polar lipids are able to todhe interface and stabilize
gascells where thglutenstarchmatrix has broken dowhe molecular structure of polar lipids
can be orientetb form compressed monolayers, whallowfor alignmentbetween the gas
cells and the interfacélowever, the influence of polar lipids dough rheological properties

and changes igas cellsize, stability, andlistribution are not fully understood.

1.5.1. Objectives

To better understahlipid functionality, the objectives of thigudy were to evaluate the
influence oftotal and fractionated vigties of native wheat lipidand concentratioon the
rheological properties of dough and on the microstructure of bread. Testing was ednding
total nonstarch native wheat lipids aiothl nonstarch lipids that wefectionated into nonpolar
and polar groups. In addition, free and bound lipid fractions (containing combinations of both
nonpolar and polar lipids) were also evaluated. Lipidse added back it the level in which

they were extracted or at varying concentrations.

1.5.2. Chapter 2Extraction and Fractionation of Native Wheat Lipids

Chapter alescribes the methodology that was used to conduct the extraction and
fractionationof nativewheat lipids from straight grade flour. In additionexplainsthe analysis
procedure anduantitive results for the type and conceatiors of lipidsfound withineach

fractionatedyroup extracted.
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1.5.3. Chapter 3The Influence of Native Wkeat Lipid Fractions on the Rheological

Properties of Dough and Gas Cell Structure and Distribution in Bread

In Chapter 3theeffect of native wheat lipids othe rheological properties of doughd
the gas celsize andlistribution of breadvere tested The visco-elastic properties of dough
wereevaluated bygmall and large deformatidastingon flours containing nonpolar and polar
lipids fraction or total nonstarch lipids addition, bread microstructure wassessethrough
C-Cell imagingandby x-ray microtomographyXMT), which wasperformedat two different
levels (macrewhole loaf and micracenter section(Figure 1.4) For XMT testingnonpolar
lipids wereeitheraddedback to flour athe same concentrati@stheywereextracted or at
varyingconcentrations based on a predetermined standard. Polar lipidadeereto flour
either adractionatedylycolipids or phospholipids based on the intial level found naturally in the
flour or as unfractionated polar lipids at different concentratioasdana preset amounilable
1.1 shows an overview ofalresearch for Chapters 3 and dr fore specifics on the

experimental design please refer to each chapter.

Loaf volume (cc)

C-cell (mm)

XMT - whole loaf
(~70 um)

XMT - center
section
(~15 pm)

Figure 1.4. Multi -scale analysis of tB microstructure of bread
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1.5.4. Chapter 4The Effects of Varying Concentrations of Wheat Lipids Fractions
on the Microstructure of Bread
In chapter 4, total nonstarch lipifeconstituted)free, bound, nonpolar, and polar lipids
were extracted anaddedback toflour at increased levels basedpredetermined standardf
each lipid type. The microstructure, specifically, changes in volume, gas celraize
distribution wereevaluated using the-Cell and XMT (micro) to determine how the varying

lipid concentrations influenced changes in the bread.
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Table 1.1. Experimental approachfor Chapters 3 and4

. X-ray
Section | Variation Lipid Type Dough development Rheology Agallilltlcal C-Cell | Microtomography
Mixograph | Mixolab | Small | Large aKing Macro Micro
Control X X X X X X X X
Defatted X X X X X X X
™ Total lipids X
:g%_ Nonpolar X X X X X
@ Glycolipids X X X X X
6 Type Phospholipidg X X X X X
Nonpolar « « «
0.6%2.5%
Polar « « «
0.2%0.6%
Control X X X X
Defatted X X X X
Reconstituted « « «
< 1.4%, 2.8%
g)_ Free « « «
o Amount 0.8%2.5%
O Bound . . .
0.6%2.5%
Nonpolar « « «
0.6%2.5%
Polar
X X X

0.29%60.6%

32




1.6. References

Babin, P., Della Valle, G., Chiron, H., Cloetens, P., Hoszowska, J., Pernot, P., Réquerre, L.,
Salvo, L.,and Dendievel, R. 2006. Fastray tomography analysis of bubble growth andrioa
setting during breadmakingCkreal Sci. 43: 39397.

Baker J.C. 1941The structure of the gas cell in bread dough. Cereal Chem.-43:.34

Baker, J.C. and Mize, M.D. 194The origin of gas cells in bread dough. Cereal Chem. 18: 19
34.

Baker, J.C. and Mize, M.D. 1946. Gas occlusion during dougmgiereal Chem. 23: 331.

Belderok, B. 2000. Part One: Developments in biea#ting process.dges. 4243 in: Bread
making Quality of Wheat A Century of Breeding in Europe. D.A. DoneterKluwer Academic
Publishers: Dordrecht.

Belton, P.S. 1999. Mi review: on the elasticity of wheat gluten. J. Cereal Sci. 291103

Belton, P.S. 2005. New approaches to study molecular basis of thamd properties of
gluten. JCereal Sci. 41: 202011.

BeMiller, J.N. 2007. Carbohydrate Chemistry for #&cientist. AACC International, Inc.: St.
Paul.

Besbes E., Jury, V., Monteau;YJ., and Le Bail, A. 2013. Characterizing the cellular structure of
bread crumb and crust affected by heatingwateg Xray microtomography. Bood Eng. 115:
415423.

Blanshard, J.M.V. 1987. The significance of structure and function of the starch granules in
baked products.dge 1 in: Chemistry and Physics of Baking. J.M.V. Blanshard, P.J. Frazier, and
T. Galliard,eds. Royal Society of Chemistry: London.

Carlson, T.Larsson, K.and Miezis, Y. 1978. Phase equilibria and structures in the aqueous
system of wheat lipids. Cereal Chem. 55:-168.

Carlson, T.G., Larsson, K. Miezis, Y., and Poovarodom, S. 1979. Phase equilibria in agueous
system of wheat gluten ligé and in the aqueous salt system of wheat lipids. Cereal Chem. 56:
417-419.

Carr, N.O., Daniels, N.W.R., and Frazier, P.J. 1992. Lipid interactions in breadmaking. Cr Rev
Food Sci. 31: 23258.

33



Cauvain, S.P. 1998. Bredlde product. Pagel-3 in: Tecmology of Breadmaking. S.P. Cauvain
and L.S. Youngeds. Blackie Academic & Professional: New York.

Chung, O.K, Ohm, JB., Ram, M.S, andHowitt, C.A. 2009. Wheat Lipidd?ages 363-373 n:
Wheat Chemistry and Technology'! &l. K. Khan and P.R. Shewrids. AACC International,
Inc.: St. Paul.

Chung, O.K., Pomeranz, Y., and Finney, K.F. 1978. Wheat flour lipids in breadmaking. Cereal
Chem. 55: 598&18.

Chung, O.K., Pomeranz, Y., and Finney, K.F. 1982. Relation of polar lipid content to mixing
requirenent and loaf volume potential of hard red winter wheat flours. Cereal Chem.-29: 14

Chung, O.K, Pomeranz, Y,.Finney, K.F, Hubbard, J.0.and Shogren, M.D. 1977a. Defatted
and reconstituted wheat flours. I. Effects of solvent and soxhlet typescinohal
(breadmaking) properties. Cereal Chem. 54-4683.

Chung, O.K., Pomeranz, Y., Finney, K.&nd Shogren, M.D. 1977b. Defatted and reconstituted
wheat flours. 1. Effects of solvent type and extracting conditions on flours varying in
breadmakig quality. Cereal Chem. 54: 4845.

Chung, O.K., Pomeranz, Y., Hwang, E.@nd Dikeman, E. 1979. Defatted and reconstituted
wheat flours. V. Effects of flour lipids on protein extractability from flours that vary in bread
making quality. 1979. Cere@lhem. 56: 22{226.

Chung, O.K., Pomeranz, Y., Jacobs, R.Ah¢g Howard, B.G. 1980a. Lipid extraction conditions
differentiate among hard red winter wheats that vary in breadmaking. J Food Sci. 4317268

Chung, O.K., Pomeranz, Y., Shogren, M.Dnrigy, K.F.,and Howard B.G. 1980b. Defatted
and reconstituted wheat flours. VI. response to shortening addition and lipid removal in flours
that vary in breadanaking quality. Cereal Chem. 57: £117.

Chung, O.K., Pomeranz, Y., Finney, K.F., Shogren, VabBd Carville, D. 1980c. Defatted and
reconstituted wheat flours. V. breathking response to shortening of flour differentially
defatted by varying solvent and temperature. Cereal Chem. 52:1106

Chung, O.K., Shogren, M.D., Pomeranz, &hd FinneyK.F. 1981. Defatted and reconstituted
wheat flours. VII. the effect of-Q2% shortening (flour basis) in bread making. Cereal Chem. 58:
69-73.

Chung, O.K. and Tsen C.C. 1975. Changes in lipid binding and distribution during dough
mixing. Cereal Chem.2 533548.

Daftary R.D., Pomeranz, Y., Shogren, Eind Finney, K.F. 1968. Functional breaaking

properties of wheat flour lipids. 2. the role of flour lipid fractions in breedking. Food
Technol. 22: 32-830.

34



Daniels, N.W.R., Richmond, J.W., EtigiP.W.R.,and Coppock, J.B.M. 1966. Studies on the
lipids of flour. 1l1. lipid binding in breadmaking. J Sci Food AgricZ: 2629.

Delcour, J.A. and Hoseney, R.C. 2010. Principles of Cereal Science and Techn8ledy, 3
AACC International, Inc.: SPaul.

Department of Health and Human Services, Food and Drug Administration. 2013. Requirements
for specific standardized bakery products. 2R@#&rt 136. Fed. Regist. 630135.
21CFR136.110.

De Stefanis, V.A. and Ponte, Jr., J.G. 1976. Studigeeobreadmaking properties of wheat
flour nonpolar lipids. Cereal Chem. 53: 6862.

Dobraszczyk, B.J. 2004. The physics of baking: rheological and polymer molecular structure
functionrelationships in breadmakingNbn-Newtonian Fluid Mech. 124: 6@9.

Dobraszczyk, B.Jand Morgenstern, M.P. 2003. Rheology and the breadmaking process. J
Cereal Sci. 38: 22945.

Dobraszczyk, B.Jand Salmanowicz, B.P. 2008. Comparison of predictions of baking volume
using large deforation rheological properties.Ckereal Sci. 47: 29301.

Dubreil, L., Compoint, &P., andMarion, D. 1997. Interaction of puroindolines with wheat flour
polar lipids determines their foaming propertig#\gric Food Chem. 45: 16B16.

Eliasson, A:.C., and Larsson, K. 1993. Cereals ireBdmaking A Molecular Colloidal
Approach. Marcel Dekker, Inc.: New York.

Finnie, S.M., Jeannotte, Rand Faubion, J.M. 2009. Quantitative characterization of polar lipids
from wheat whole meal, flour, and starch. Cereal Chem. 866837

Finnie, S.M, Jeannotte, RMorris, C.F, Giroux, M.J, andFaubion J.M. 2010. Variation in
polar lipids located on the surface of wheat star@ergal Sci. 51: 7-80.

Finney, K.F, Pomeranz, Y,.and Hoseney, R.C. 1976. Effect of solvent extractions on lipid
composition, mixing time, and bread loaf volume. Cereal Chem. 533883

Galliard, T, and Bowler, P. 1987. Morphology and composition of starahed?7172 in: Starch
Properties and Potential. T. Galliaed, Society of Chemical Industry: Great Britai

Gan, Z, Angold, R.E, Williams, M.R,, Ellis, P.R, Vaughan, J.Gand Galliard, T. 1990. The
microstructure and gas retention of bread dough. J Cereal Sci.-22: 15

Gan, Z, Ellis, P.R, and Schofield, J.D. 1995. Gas cell stabilisation and gastren in wheat
bread dough. J Cereal Sci. 21: 230.

35



Gandikota, S.and MacRitchie, F. 2005. Expansion capacity of doughs: methodology and
applications. J Cereal Sci. 42: 1583.

Greenblatt, G.A.Bettge, A.D.and Morris, C.F. 1995. Relationsiptween endosperm texture
and the occurrence of friabilin and bound polar lipids on wheat starch. Cereal Chem.-72: 172
176.

Hamer, R.J.and Van Vliet, T. 2000. Understanding the structure and properties of gluten: an
overview. Rges 127129 in: Wheat Guten. P.R. Shewry and A.S. Tathasds. Royal Society

of Chemistry: Cambridge.

Hoseney, R.C. 1984. Gas retention in bread doughs. Cereal Food World. -388305

Hoseney, R.C. 1985. The mixing phenomenone@lgfood World. 30: 45357.

Hoseney, R.CFinney, K.F, and Pomeranz, Y. 1969. Functional (breadmaking) and
biochemical properties of wheat flour components. V. role of total extractable lipids. Cereal
Chem. 46: 60613.

Hoseney, R.C., Finney, K.Fand Pomeranz, Y. 1970. Functional (breadmgkand

biochemical properties of wheat flour components. VI. glidighial-glutenin interactions in

wheat gluten. Cereal Chem. 47: 1B40.

Hoseney R.C., Finney, K.F., Pomeranz,ahd Shogren, M.D. 1971. Functional and
biochemical properties of wheffwur components. VIII. starch. Cereal Chem. 48:-201.

Junge, R.G.and Hoseney, R.C. 1981a. A mechanism by which shortening and certain
surfactants improve loaf volume in bread. Cereal Chem. 584408

Junge, R.G Hoseney, R.Cand VarrianeMargdon, E. 1981b. Effect of surfactants on air
incorporation in dough and the crumb grain of bread. Cereal Chem. 584238

Lampignano, V,.Mastromatteo, L.M.and Del Nobile, M.A. 2013. Microstructural, textural and
sensorial properties of durum wheagda as affeted by yeast content. Food Ret 50: 369
376.

Larsson, H.and Eliasson, AC. 1997. Influence of the starch granule surface on the rheological
behaviour of wheat flour dough.Texture Stud. 28: 48301.

Leissner, O. 1988. A comparisohtbe effect of different polymorphic forms of lipids in
breadmaking. Cereal Chem. 65: 2227.

MacRitchie, F.and Gras, P.W. 1973. The role of lipids in baking. Cereal Chem. 56822

36



MacRitchie, F. 1976a. The liquid phase of dough and its rddeking. Cereal Chem. 53: 318
326.

MacRitchie, F. 1976b. Monolayer compression barrier in emulsion and foam stability. J Colloid
Interf Sci. 56: 53566.

MacRitchie, F. 1977. Flour lipids and their effects aking. J Sci Foodgric. 28: 5358.

MacRitchie F. 2010. Concepts in Cereal Chemistigylor and Francis Group, LLC.: Boca
Rabn.

Maire, E, Fazekas, A.Salvo, L, Dendievel, R.Youssef, S.Cloetens, R.and Letang, J.M.
2003. xray tomography applied to the characterization of cellular naddefRelated finite
element modeling problems. Comfas Technol. 63: 2432443.

Marion, D, Le Roux, C, Akoka, S, Tellier, C, and Gallant, D. 1987. Lipigrotein interactions
in wheat gluten: a phosphorus nuclear magnetic resonance spectroscnpgzefdacture
electron microscopy study. J Cereal Sci. 5:-105.

Medcalf, D.G, Youngs, V.L, Gilles, K.A. 1968. Wheat Starches. Il. effect of polar and nonpolar
lipid fractions on pasting characteristics. Cereal Chem. 49588

Mills, E.N.C,, Wilde, P.J.Salt, L.J, and Skeggs, P. 2003. Bubbles formation and stabdizati
bread dough. Food Bioprdetocess. 81:18293.

Morrision, W.R. 1988. Lipid#n cereal starches: a reviewCéreal Sci. 8: 415.

Ohm, J.B,and Chung, O.K. 2002. Relatismp of free lipids with quality factors in hard winter
wheat flours. Cereal Chem. 79: 2248.

Pareyt, B, Finnie, S.M, Putseys, J.ADelcour, J.A. 2011. Lipids in bread making: sources,
interactions, and impact on bread quality. J Cereal Sci. ©4228.

Primo-Martin, C, Hamer, R.J.and H.J. de Jongh, H. 2006. Surface layer properties of dough
liquor components: are they key parameters in gas reteintibread doughzood Biophys1:
83-93.

Primo-Martin, C, van Nieuwenhuijzen, N.cHHHamer, RJ, and van Vliet, T. 2007. Crystallinity
changes in wheat starch during the bresaking process: starch crystallinity in the bread crust. J
Cereal Sci. 45: 21926.

Pomeranz, Y. 1965. Polar vs. nonpolar wheat flour lipids in bmegikdng. Food Technoll2G
121.

Pomeranz, YChung, O.K, and Robinson, R.J. 1966. The lipid composition of wheat flours
varying widely inbreadmaking potentialities. J Ar®il Chem Society. 43: 488.

37



Pomeranz, Y. 1973. Interaction between glycolipids and wheat macronesl@tbreadmaking.
Page 153188 in: Advances in Food Research Vol. 20. C.O. ChichesteAcademic Press,
Inc.: New York.

Pomeranz, Y,.Shogren, M.and Finney, K.F. 1968. Functional bremaaking properties of wheat
flour lipids. 1. reconstitution stlies and properties of defatted flours. Food Technol. 22: 324
327.

Ponte, Jr., J.Gand De Stefanis, V.A. 1969. Note on separation and baking properties of polar
and nonpolar wheat flour lipids. Cereal Chem. 46:-328.

Ponte, Jr., J.Gand Baldwin R.R. 1972. Studies on the lipid system of flour and dough. Bakers
Dig. 46:28-35.

Sahi, S.S. 1994. Interfacial properties of the aqueous phases of wheat flour doughs. J Cereal Sci.
20: 119127.

Salt, L.J, Wilde, P.J, Georget, D.Wellner, N, Skegg, P.K, and Mills, E.N.C. 2006.
Composition and surfacproperties of dough liquor Cereal Sci. 43: 28292.

Salvo, L, Suéry, M, Marmottant, A, Limodin, N,, Bernard, D. 2010. 3D imaging in material
science: apjptations of xray tomography. CRhysque. 11:641-649.

Schoch, T.J. 1965. Starch in bakery products. Bakers Dig. 389748

Schofield, J.D. 1987. Flour protein: structure and functionality in baked prodagesl®in:
Chemistry and Physics of Baking. J.M.V. Blanshard, P.J. Frazief, .a@&dlliard,eds. Royal
Society of Chemistry: London.

SernaSaldivar, S.0. 2010. Cereal Grains Properties, Processing, and Nutritional Attributes.
Taylor & Francis Group, LLC.: Boca Rai.

Singh, H, and MacRitchie, F. 2001. Applications of polynseience properties of gluten. J
Cereal Sci. 33: 23243.

Sroan, B,Bean, S.R.and MacRitchie, F. 2009. Mechanism of gas cell stabilization in bread
making. |. theprimary gluterstarch matrix. Lereal Sci. 49: 320.

Sroan B, and MacRitchie, F. 200%echanism of gas cell stabilization in breadmaking. Il. The
secondary liquid lamellae. J Cereal Sci. 49461

Stear, C.A. 1990. Handbook of Breadmaking Technology. Elsevier Science Publishers, LTD.:
New York.

Sullivan, B. 1940. The function of thids in milling and baking. Cereal Chem. 17: 6668.

38



Turbin-Orger, A, Boller, E, Chaunier, L.Chiron, H, Della Valle, G, Réguerre, AL. 2012.
Kinetics of bubble growth in wheat flour dough during proofing studied by comptriag x
micro-tomograply. J Cereal Sci. 56: 67633.

Wang, S,Austin,P,Bel | , S. 2011 restruttwesof bacadncaurnbsCéreal $cie
54: 2032010.

Zobel, H.F. 1988. Molecules to granules: a comprehensive starch review-Stanod 4044-
50.

39

po



Chapter 2 - Extracti on and Fractionation of Native Wheat lipids

2.1 Introduction

Lipids found naturally in wheat make up a very small fractioBY2 of the overall
composition of the kernel (Chung et28109; Finnie et al 2009). Wheatids can be divided into
various clasesdased orthe extraction solvent polaritgr by location witin the wheat kernel
(germ, alewne, and endosperm) (Chung et al 2069y.manyapplications, specificallthose
related to baking, lipids found endosperm (flourbhat remais aftermilli ng, havebeenshown
to play an important rolm stabilizing gas cells within the dough antproving loaf volumeby
providing a secondary support to the gluggarch matrix (MacRitchie and Gras 1973; Sroan et
al 2009).The endosperm lipids can be broldawn intoeithertotal nonstarch lipids or starch
lipids and are differentiated by their linkage to the starch granule (Chung et all20668j)arch
lipids do not require gelatimation of starch for extractio@nthe othethand;starch lipids do
requiregranular swelling tde extractedChung et al 2009; Finnie et al 2009).

Nonstarch lipids can further be divided into free and bound lipids based on solvent
polarity used for extraction (Chung et al 2009). Free lipids can be extraithedonpolar
solverts (hexane, ether) and bound lipids using polar solveratefsaturated butanol,
isopropanciwater, chloroforramethanol) (Chung et al 2009; Finnieaé2009). The free lipids
areseparated into either pol@L) or nonpolar lipidgNPL), which consist bglycolipids and
phospholipids or fatty acids, triacylglycerides, and sterol esters, respectively (Chung et al 2009).
The bound lipids are predominately glycolipids and phospholipids (Finnie et al 208%yell
known that the polar lipidsffer the mest functionality and greatest benefit to bakery products
due to thai ability to move to thgas cellinterface because of their surfaeetive properties
(MacRitchie and Gras 1973; Gan et a@P The objective of thisvork was to extract total
nonstarchfree, and bound lipids from floand to fractionate nonstarch lipiotdo nonpolar
(NPL), glycolipids (GL), and phospholipids (PHIior lipid classification and use in subsequent
dough and baking studies.
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2.2. Materials and Methods

2.2.1. Flour

Kansa& grown, hard red winter wheat was milled into straight grade flour at the Hal Ross
Flour Mill at Kansas State Universifiylanhattan, KS)The flour was produced at 73%
extraction with a protein content of 10.36%, ash of 0.55%, and starch damage of AC@ (A
Method 7631.01)(AACCI 2014). Following milling, samples were collected ifR@ kg (50 Ib)

bags and placed intd8°C freezer storage until utilized for analysis.

2.22. Defatting andreconstitution oflipids from flour

The native lipids found in wéat were removed from flour in order to determine
functionality during the breachaking process. Using a series of solvents, the lipids were
removed and added back at concentrations that were found through previous studies to be the
standard amount of ligs found within the wheat flour (Chung et al 2009). By removing and re
adding the lipids to the flour, a better understanevag determinedf which fractions are the
most beneficial for loaf volumand overall bread quality anghat levels have the grest

impact on the bread.

2.22.1. Nonstarch total lipid etraction

Total lipid extraction was conducted following the method of MacRitchie and Gras
(1973). This technique utilized batch extractadr200 g of flour mixed with 400 mL of
chloroform (FisheScientificPittsburgh, PA) using a stirar on a stir plate at 950 rpm for 3 min
The samples were filtered through a Bichner funnel with Whatman #1 paper (Feismeifi&,
Pittsburgh, PA) anthe procedure was repeat®d. Theresultinglipid/chloroform solution was
transferredo a roundbottom flask and the solvergmoved bya Rotavaporator (R14, Buchi
Labortechnik AG, Switzerland) at 50°C. Following solvent extractiom sample was fe
suspended ihl mL of chloroform and transferred to a 16 malvThe solvent was evaporated
by drying withnitrogen, weighed, and storedder N at-15°C until further testing. Extractions
and evaporations were conducted at room temperature (25°C £ 5). The extracted flour was
spread onto parchment paper and lgéraight at room temperature to allow for any remaining

solvent to evaporate.
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2.2.22. Free lipid etraction

Free lipids were extracted following the method of Greenblatt(@@8b)with a few
modifications to accommodagedifferentsanple size Severngen gram aliquotsf flour were
mixed with 170 mL hexandd:10 w/v)each(Fisher Scientific, Pittsburgh, PA) in glass
centrifuge bottles and gently agitated on a shaker (Shaker 35, Labnet International, Inc., Edison,
NJ) at speed 6.5 for 30 min. Sampldsene then centrifuged (GB000, Damon/IEC Division,
ThermoFisher Scientific, Wddam, MA) for 5 min at 38000 rpiand filtered through Whatman
#1 paper (Fisher Scientific, Pittsburgh, PA) with a Blchner funnel. The lipid/hexanes solution
was transferred ta roundbottom flask and the solvent evaporated off at S0y@
Rotavaporator (RL14, Buchi Labortechnik AG, Switzerland). The samples weszispended in
11 mL of chloroformtransferred to a 12 mL viahnd driedusingN2. Samples were frozen
under N at-15°C until usedor further testing. The floufwhich now only contained bound
lipids) was allowed to dry overnight at room temperaturetardused in the bound lipid

extraction.

2.2.2.3 Bound lipid extraction

Bound lipids were removed from thedir following Greenbld et al (1995) with changes
to accommodatéifferences irsample sizelipids were removed in a 90:10@opanoiwater
solution (Fisher Scientific, Pittsburgh, PA) at 1:6 ratio of sample to solvent. Seven grams of flou
was added td2 mL of solvent andently agitated on a shaker (Shaker 35, Labnet International,
Inc., Edison, NJ) (speed 6.5) for 15 ninencentrifuged (Sorvall Legend X1R, ThermoFisher
Scientific, Waltham, MA) for 15 min at J000x g. After centrifugation, solveriipid solution
(supernatant) was filtered through Whatman #1 paper (Fisher Scientific, Pittsburgh, PA) with a
Buchner funnel and the solvent evaporated at 57°C using a Rotavaporaiot, (Ruchi
Labortechnik AG, Switzerland). The bound lipids wersugended in 11 mL of chloroform
and transferred to a 12 mL vial, nitrogen flushed and froneler N at-15°C until needed for

further testing.

2.2.2.4 Lipid fractionation: nonpolar, glycolipids, andphospholipids

Tot al |l i pids (se®)iwetral frapgpitdo®naxtdacihnit o

and phospholipids, using solghase extraction§SPE)and solventsf different polaritiesThe
methodwasadapted from YasyR012)with changes based dmedesired sample sizall lipids
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were fractionted using a vacuum manifold (Phenomonex, Torrance, CA) with attached silica
based cartridges (2g/12mL) (Phenomenex, Torrance, CA) as the separating medium. The
ma n i fvaduum@essure was set at 10 inches Hg (x 5 inches Hg). All cartridgefsrstere
conditioned with 12 mL of methanol and 2 mL of chloroform @mosesolvents were discarded.

2.2.2.41. Nonpolarlipids (NPL)

Total lipid samples were removed from the freezer and allowed to come to room
temperature (15 min) before fractionation. Two mibils of chloroform was added éach
sampleandthenvortexed (Fisher Vortex Genie 2, Fisher Scientific, Pittsburgh, PA) {o re
solubilize the nitrogedried lipids. Sample vials (12 mL) were placed under each silica cartridge
(4 cartridges for &ch lipidsample) and the lipidhloroform solution added to the cartridged
mL incrementantil all of the lipidsolvent solution had been addéibnpolar lipids were eluted
using 4 mL of chloroforracetone solution (4:1 v/v) (Fisher Scientific, Pittsburgh, &dded to
each individual cartridgélheglycolipids and phospholipids were retained on the stationary
phaseThe eluents, which were deep yellow in col@ere nitrogen dried and frozeimder N at
-15°C.

2.22.4.2 Glycolipids (GL)

Following nonpolar bid fractionation, glycolipids were eluted using 4 mL of acetone
methanol solution (9:1 v/vIhe eluentsvere nitrogen dried anfdlozenunder N at-15°C. These
samples were lighter yellow in color and contained most of the carotenoids that were in the

catridge.

2.2.2.43. Phospholipids (PHL)

Phospholipids remaining on the stationary phase elaetedusing 5 mL of methanol
with eluents collected into 8 mL vialsitrogen driegdand frozerunder N at-15°C. These
samples no longer contained carotenaidd weresnowy whitewhen dried.

2.2.3 Lipid Profiling

Compositional analysis of each lipid fraction was analyzed by tandem mass spectroscopy
at the Kansas Lipidomid2esearch Center Analytical Labkedinsas State Universiti?olar lipid
classification vithin each lipid fraction was conducted following the procedure by Xiao et al

(2010).Each lipid fraction wasxtracted indepeatently with five replicates of each lipid type
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tested Samples were combined and diluted onsite into a dilution seriesl@m&mL for each

sample fraction analyzed.

2.3. Results

The same flour was used for all lipid extractioAgespresentative sampdé that flour
wasseparatedyotused for the lipid extractionandwa s | ab el e d.o®Bowlligidh e fAcont
extractionwap er f or med on the f |l our t oainednowonsgasch ndef a
total lipids. Thiswasused for recostitution for later studiesTable 2.1 shows the polar lipid
composition of each lipid fraction #acted from 200 g of flouthat was lger used as the
defatted flour The polar lipids quantified in the analysis inclddemonogalactosyldiglyceride
(MGDG), digalactosyldiglyceride (DGDG), phosphatidylglycerols (PG),
lysophosphatidylglycerols (LysoPG), lysophosphatidylcholines (LysoPC),
lysophosphatidylethanolamines (LysoPE), phosphatidylcholines (PC),
phosphatidylethanolamines (PE), phosphatidylinositols (PI), phosphatidylserines (PS), and
phosphatidic acid (PA)

Thetotal lipid fraction containedthe highestontent of total polar lipid€0.249/2009
(0.12%) followed by GL with 0.06 g/200 g (0.03%). Specifically, the polar lipids, MGDG and
DGDG, were found in the highest concentratiansossall lipid fractionstested with both total
lipids and glycolipid fradgbns having thérighestof bothlevels ofthesepolar lipids. Because
NPL, PHL, and GL were separated initially from the total lipids through SPE, recoviry of
polar lipids, MGDG and DGDGwerethehighest in both total and GL lipid fractions. MGDG
levels were greater than all lipigtoups evaluated with the highestoveryfor the total lipids
(0.129/200g9), followed by bound (0.03g/200g), and then the GL fraction at 0.029/200g. Both
PHL (0.01g/200g) and free (0.01g/200g) had the lowest quantity of MGDG. DGDG was also
extracted in legeamountgsrom this flour with the highest concentration being in the total lipid
extraction at 0.099/200g. In the GL fraction, it was found to be at 0.03 g/200g and at 0.019/200g
or less in the other independent lipid fractions extracted. In additiemhospholipids,
particularlyPC (0.029/200g)\vere present dtigher concentratits in the total lipid fraction
compaed to other phospholipid groug@verall, thepolar lipids withineachextractedipid

groups were foundn relatively smallamountglevels of thousandths or tehousandths of a
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gram), but both phospholipids and glycolipids weresentvithin all fractions tested-or
further classification of the polar groups found in each fraction refer to Appendix B.

Finnie et al (2009)eterminedhat the galactolipidarepredominantly locatedn the
exterior surface athe starch granule and phospholipgsiemore concencentratadside the
starch granuleAlso, polar lipids in the total lipid fraction (combination afth free and bound)
areDGDG, MGDG, PC, and LPCHinnie et aR009).Thestarch lipidsmainly consist of
phospholipidsvith the most commobeingLPC, LPE, LPG, with LPC and LPavingthe
highest abundance (Finnie et al 2009; Pauly 20&4B). Even though the recovery was in much
smaller quantities, the results shown here were comparable to those found duripgplifirty
conducted by Finnie et @D09. The process of milling typically causes polar lipids naturally
found in the endosperm and nonpolar lipids from the aleurongemato be blere into the
flour (Pauly et ak013).

2.4 Conclusion

The procedures conducted in thigpterfor lipid extractionweresuccessful imemoving
and separatintptal nonstarcHipids, free, bound, NPL, GL, and PHL lipfchctions from the
tested flour sampleThe recovery of polar lipids in the tested flour was lower for all fractions
exceptin the totalnonstarcHipids and the GL lipids fractions whichthe highest polar
fractionswereMGDG and DGDG Phospholipids were also recoveredoatér concentrations
than glycolipids in the sampleith the highest concentrations of RQverall, hese extraction
techniquesecoveredolar lipids and provided defatted flour, whistasused for baking in the

following chapters.
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Table 2.1 Mean composition and levels of polar lipids found in control flour

Lipid

Type? Lipid Fractions

Total Lipids Bound Free PHL GL
g/200¢ % g/200¢ % 9/200¢ % g/200g % 9/200¢ %

MGDG 1.20E01 6.00E02 3.00E02 1.00E02 1.00E02 6.37E-03 1.00E02 6.5E03 2.00E02 1.00E-02
DGDG 9.00E02 5.00E02 1.00E02 5.50E03 1.00E02 5.54E-03 1.39E-03 6.95E-04 3.00E02 2.00E02
PG 3.98E-04 1.99E-04 9.41E05 4.71E-05 3.90E-05 1.95E05 1.92E-05 9.58E-06 1.20E05 6.00E06
LPG 203E-04 102E04 7.7/E-05 3.88E05 3.BE-05 1.66E05 3.79E06 190E-06 1.55E05 7.76E06
LPC 1.60E-03 8.00E04 8.81E-04 440E-04 231E04 115604 6.22E05 3.11E05 2.78E07 1.39E07
LPE 1.37E-04 6.85E-05 6.32E-05 3.16E-05 1.94E05 9.71E-06 1.67/E-05 8.35E-06 5.47E07 2.74E-07
PC 2.00E02 1.00E02 4.14E-03 207E-03 238E-03 1.19-03 208E-03 104E-03 6.91E06 3.46E-06
PE 1.35E-03 6.74E-04 347/E04 173E-04 162E-04 8.11E05 2.00E04 9.99E05 9.93E06 4.97E-06
Pl 6.6/E-04 3.33E-04 6.60E-04 3.30E-04 14/E-04 7.36E-05 2.10E05 1.05E05 2.41E-05 1.20E05
PS 2.37E-04 1.18E-04 3.6/E-05 1.84E-05 5.27E05 2.64E-05 4.68E-06 2.34E-06 4.45E-06 2.22E-06
PA 197E-03 9.86E-04 5.44E-04 272E-04 265E-04 133E-04 1.3BE-05 6.67E06 4.29E-05 2.14E05

Total PL 2.40E01 1.20E01 4.00E02 2.00E02 3.00602 1.00E02 200E02 1.00E02 6.00E02 3.00E02
Lipids

donogalactosyldiglyceride (MGDG), digalactosyldiglyceride (DGDG), phosphatidylglycerols (PG), Lysophosphatidylglycerols
(LPG), Lysophosphatidylcholines (LPC), Lysophosphatidylethanolamines (LPE), phosphatidylchdlihes (P
phosphatidylethanolamines (PE), phosphatidylinositols (PI), phosphatidylserines (PS), and phosphatidic acid (PA)

b Amounts (g) of polar lipids found in each lipid fraction extracted from 200 g of (tot25)

47



Chapter 3 - The Influence of Native Wheat Lipid Fractions on the
Rheological Properties of Dough andsasCell Structure and

Distribution in Bread

3.1. Introduction

The dough network is aevy complex system consistin§ many componenitg ogether,
theyallow for the entraptment of air cells during mixiagd expansion of thesells during
fermentation. Within this system, a combination of prateimd starch fornthe gluterstarch
matrix or the backbonstructure andtwo otherinternalphasesagas phase filled with gas cells
and a liquid phase thatroundsthesecells (TurbirOrger et al 2015Within these phases,
smaller molecules such as arabinoxylans, pentosans, and lipids containingactifece
functional groupsire able to aligaroundthe cells to helpnaintaintheir stability over time
(Turbin-Orger et al 2015Because of thexpansion and growth of thegascells, especially
during the later stages of proofing and the beginning of baking, the -glatertn matrix
weakensleaving gaps in the structure where gas cells can mitpnagrds me anothef(Gan et
al 1990) A secondary support ggsn, liquid lamellaeomprised of amphiphilic molecules such
as lipids,helpsthe gas cell$o stayin place(Sroan et al 2009; Sroan and MacRitchie 20G@is
cell stability is very important as it ssential for the development of tdeughmicrostructure,
whichis the basi$or the crumbtexture and sensorial propertie$ bread.

The roles of wheatlipids in breadbaking have been thoroughly studied and evaluased
theyinfluence dough and the perties of bread (Hoseney et al 1969; Hoseney et al 1970;
Hoseney et al 1972; MacRitchie and Gras 1973; Chung and Tsen 1975; De Stefanis and Ponte,
Jr. 1976; Chung et al 1982; Ohm and Chung 2002; Sroan et al 2009; Gerits et alr2@14).
classification ofvheat endosperm lipids based on solvent polarity used for extraction (Chung
et al 2009) Specifically, nonstarch lipids are those that are not assativith the starch granule
anddo not require starch gelatinization for extraction (Finnie et al 200@pntrast, starch
lipids aretightly linked tothe starch granuleThe starchmust undergo gelatinization in order to
extract them (Finnie et al 2009)he nonstarch lipids can be broken down iné@ and bound

lipids, whereboth contain a combinatioaf polar and nonpolar lipid types (Chung et al 2009).
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has been recognized that polar lipids have a positive impact on loaf volume as compared to
nonpolar lipids, which are damaging (MacRitchie and Gras 19r8gpolar lipids have the
greatest effeabn the loaf volume and air cell stabilization while a smaller influence is seen with
the addition of bound polar lipids (Hoseney et al 1969). Nonpolar lipids imeeeeaallnegative
effect on breadcausing a decrease in volume and quality of the crurafigEy et al 1968;
MacRitchie 1977)Nonpol ar | i pids can be found only in t
provide nainfluence at the intéaice(Li et al 2004).

Polar lipids specificallyglycolipids and phospholipidstabilize aifgascells due to thei
amphiphilic functional group&onsising of both watefloving and watehating components)
Their structure can be orient&ato acompressed monolayer at the ifiaee(Sroan and
MacRitchie 2009). This provides the additional layerlamellathat héps to control and
prevent gas cell migration due to the lossleterioratiorof the backbone structur&roan et al
2009;Gerits et al 2014)0Oncesome of thayluten matrix idisplaced due to continued
expansion, polar lipids are able to mant® the hntefaceand provide support even when there
are high internal pressurgsthe dough during development (Paternotte et al 1994). The polar
lipids are the most beneficial in improving and maintaining loaf volureeause atheir higher
melting points andheir ability to withstand higher pressures without breakdown as compared to
proteins (Pomeranz et al 1966; MacRitchie and Gras 1973; Keller et al He®Wver,
condensed monolayers can be converted into detrimental expanded morimldyigrs
temperatues, the addition of higher levels of unsaturation to the lipid molecule, and by
decreasing the overall chain length (MacRitchie 2016¢ level ofaddedpolar lipids can also
negativelyaffect loaf volume as too much or too little can have a competifigoebetween one
another or protein@acRitchie 1977).

Thevisco-elasticwheat flourdoughis unique in that it can bextended allowindor gas
cell expansionThis isimportant forfinal loaf qualityand the interior crumb grain (Tronsmo et
al 2003: Skvador et al 2006). The dough netwérk p r o pdependent aohaagesen the
structure and orientation on a molecular lewad this, in turnis linked to the macroscopic
properties (Jekle and Beker 2015). Toanectiorbetween the micro and matucture of
dough can provide a better understanding of viscoelastic properties and the internal gas cell size
and distribution of dough and bread (Jekle and Beker 2015).

49



The basis for the rheological properties of dough is the creation of bonds eithlemt
or noncovalent (Skerritt et al 1999). More specifically, it is the connections betweglntdre
proteins gliadin and glutenin, and starch that are the main contributors to dowgktureas well
as the changaes its viscoelastic properties (Mér and Hoseney 1999; Gomez et al 2011). This
interaction is highly dependent on mixiagdthe hydration of both the proteins and starch
granules (Jekle and Beker 2015). During mixing, the high molecular weigigins contained in
the glutenchange irconcentration and orientation and starch granules betobezidednto the
newly formed matrix (Skerritt et al 1999; Tronsmo et al 200B%ing causedipids to bind to
the gluten protef or mi ng Al i p o P Ppeciically lipidscantaiping gacosyl
groups (monogalactosyl diglyceride and digalactosyl diglycelidepme linkeckitherby
hydrophobic or hydrophilic interactions (Hoseney et al 1970). In thetleadtructural basis for
dough isacombination of proteuprotein, starckstarch, sarchprotein, with contributions from
minor components such #ee watersoluble fractions and lipids (Tronsmo et al 2003).

Sroanetal (2009 val uated the presence of native wh
compounds o0 and dougheheotqy.Thisfvbrkufeumdt B ab nt he affectpi ds d
the dougld bulk rheological properties, but confirmed their role in the formation of the liquid
lamellae and stabilizing air cells over tinikeu e t o tinhbdity to influénce @ell
elongation andlanges in biaxial rheology, the total, pokmd nonpolar fractions had no affect
on the overall rheolgical properties of the glutestardy matrix (Sroan and MacRitch909).

Other researchefeund that lipids on the surface of starch affected thedaot®ns between the
starch and gluten in wheat dough (Miller and Hoseney 1999).

Many studies have been conducted on the rheological properties of dough and how both
small and large deformation affect ttheo u g h 6-slastic characteristiqgSmith et all970;

Dreese et al 1988; Weipert 1990; Campos et al 1997; Miller and Hoseney 1999; Tronsmo et al
2003; Watanabe et al 2003; Agyare et al 2004; Silwinski et al 2004a; Silwinski 2004b;
Georgopoulos et al 2006; Salvador et al 208@&)all and large deformatiarheological testing
measures the changes in both the microstructure and macrostructure of dough (Tronsmo et al
2003). Small deformation tests can provide a better understanding of the interactions between
compounds such as starch and protein or proterpeotein and how these connectiaffect

the viscous and elastic properties (Tronsmo et al 2008 testing utilizes the applitan of

small amounts of straiand stress, but is unique in that it maintains the integrity of the sample
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(Weipert 1990)Becausehe development of dough is dependentmisture work energy,

temperatureflour qualityand compositionand ingredientaunderstanding functionality at the

microstructure level is essential (Campos etal 18dtht he st or ageodglis86) and

(Go) can bfeom dmalt deformmdtion ¢éestingroviding a betteunderstandingf the

elastic and viscous components of dough (Agyare et al 2004). Much work conducted on wheat
flour properties have illustrated tHar wheat douglhe storaye modulusG dis larger than the

G ¢loss modulusjndicating that dough behavior is more elastic in nature than a flowing liquid
(Létang et al 1999).

Large deformation testirghowsthe changes that occur during the processing steps of
doughdevelopmat reflectinghow applied workenergy affects douglstructure (Sliwinski et al
2004). This testing evaluates changjased on dough stretching and elongation as opposed to
shear stress and strgdobraszczyk and Roberts 1994) efachnique provides letter
representationf what differences in fermentation and dough processing can do to the structural
integrity of dough.These test showdtatgluteninexhibits more elastic surface properties than
doesgliadin (Dobraszczyk and Roberts 1994.et al 2(4).

Also in larger deformation analysisieasurements atrain hardeningelps to provide a
betterunderstanding of thé o u g h 6 s haldoair ¢tells tMacRitchie 2010). Specifically,
strain hardening is thoughgl emeotsor cdeat ed
polymers that have specific molecular weight distributions that form secure linkages between
one another (Sroan et al 2009). As the gas cells continue to grow and expand, thellouadir
layerof the structural matrix begito stretcto the point of excess thinning urdilbreakdown
occurs allowing for gas cell movement (MacRitchie 2010). However, if there is equal change
between the stress and the strain of the dough matrix at the tipoim¢dhen this part becomes
stebilized and expansion of the gas selbntinuearound the thicker part of wall (MacRitchie
2010). Strain hardening is influenced by the magef the dough and the amount and rate of

the force applied (MacRitchie 201@lutenin haseenshown to behebiggest contributort

strain hardeanf ogmbeocobaasgl| emeit s aemorstrating mpar ed

more viscous behavior (Li et al 2004).
The Mixolab measures mixing, pasting, and enzymatic activity of complex systems under
specified tempeture constraints and provides a basis for understandingelestic properties

of dough (Bonet et al 2006). Water and flour are blended and kneaded together by two mixing
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blades and real time torque measurments can be determined at each stagelieidan app
temperature ramp (Bonet et al 2006). This method helps to provide analysis of chemical and
physical changes that occur within the dough (Bonet et al 2006).

In addition to understanding the function of lipid addition on dough properties, the
evaluationof how these compounds influence air cell distribution and stability in the final
product also is very importantlost techniques used to view the internal structure of a sample
are limitedto their harsh sample prapéion and invasive methodologBabinet al 2006)C-

Cell imaging and-ray microtomographynon-invasive)are two techniques that can be utilized

to determine varying properties of the structuinin an aerated system (Mh et al2013). C-

Cell imaging utilizes tweadimensional (2D) analys by capturing an image of the sample with a
camera and this equipment can provide infor ma
elongatioro f t he cel | s 200Y) Wit viewwmvidesheaseiremeatd of the sample

on macro scaleX-ray microtomography can provide a better internal view of the sample through
theuseof 3-D image analysis (MorerAtanasio et al 2010). Samples are scanned into slices
through the absorption afraysandthe image slices areconstructed into aB image
(Moreno-Atanasio et al 2010). This particular technique provides a microscopic view of the
interior structure onaerated product arallows formeasuremertf gas cell thickness,
distribution, and size (MorerAtanasio et al 2010Both of these techniges have been widely

used as methods for viewing parameters related to gasncaisated food productEdlcone et

al 2004, Falcone et al 2005; Babin et al 2006]i and Vodovotz 2008AlvarezJubete et al
2010;MorencAtanasio et al 201Besbes et #013; Cafarelli et al 2054 Van Dyck et al
2014;Villarino et al 2014).

Native wheat lipids are importafdr air incorporation and stabilitypoth of which
influencedoughrheological propertieand final productjuality (Gertis et al 2014). The
presevation of gas cells allosfor expansion of the dougindis essential for crumb
developmenaind overall loaf volume (Gerits et al 201Mpwever, the effects of lipids on the
rheol ogi cal properti es Tolbetteduodergtdndeeatbpd ot f ul |y
functionality, especially on dough rheologgd microstructurehe objectives of this study were
to evaluate theffects of wheat lipid fractions (nonpolar, phospholipids, and glycolipids) on the

rheological properties of dough using small defation (dynamic oscillatory) and large
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deformation (Kieffer Rig) testing and on tlgascell structure and distributioof breadthrough

C-Cell imaging and »ay microtomograhpy
3.2. Materials and Methods

3.2.1. Flour

Kansas grown, hard red winter vettevas milled intcstraight grade flouat the Hal Ross
Flour Mill at Kansas State Universiiflanhattan, KS)The flourwas producedt 73%
extraction with a protein content ®0.36%, ash of 0.5%, and starch damage of 7.1% (AACC
Method76-31.01) (AACCI 2014. Following milling, samples were collected 28 kg 60 Ib)
bags and placed intd8°C freezer storage until utilized for analysis.

3.2.2. Defatting and reconstitution of lipids from flour
For the methodology and techniques for the defattingecwhsitituion of the varying
lipid types from flour please reféo Chapter 2.

3.2.3 Physical and chemical properties of wheat flour

3.2.3.1. Moisture analysis
Moisture analysis was conductiedtriplicateon both control ad defatted flours
following AACC method 4415.02(AACCI 1999.

3.2.3.2. Mixograph

Flourabsorption and mix time for the control and defatted flours were determined using
the 35 gmixograph(AACCI Method 5440.02)and Mixosmart software (National
Manufactring, Lincoln, NE)(AACCI 1999). The control flour was measuredceat 59%, 60%,
60.5%, and 62% absorption and the defatted flourasasssednceat 59%, 62%, 64%, and
65% absorptioiSee AppendiA). Basednthe mixograph curves, absorption aptimum
mix time wasevaluated dung a practice bake teterminemixing times and water absorptions
that would produce thigestloavesfor each flour treatmenThe results from the practice bake

wereused for the actual treatment baking.
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3.24. Mixolab

Mixolab (Chopin Technologied/illeneuvela-GarenneFrance)jnalysis was conducted
on control, defatted, and tweconstituded flours containirigvel variationg50% and 100%)f
total lipid additionaddedto 100 g and 20@ defatted flourThe Mixolab testing waperformed
as a onavay statistical treatment structure with 4 lev@entrol, 0%, 50% and 100%9f lipid
treatmentsAll samples werevaluatedvithout the addition of yeast and four replicates of each
tested treatmestvereevaluatedThe procedure followed the Chopintofcol consisting oén
initial mixing stepwhere flour and water wetdendedat a constant temperature (30°C) followed
by an increasing temperatwrgtil 90°C and then cooling to 8G. The temperature ramp was set
at 4°C /minand broken into 4 stagsgaring with dough development (8 min), protein reduction
and starch gelatinization (15 min), combined timesfetback7 min) and starch gelling (10
min), and cooling (5 min)lhe software analysis was set at a 14% moisture basis and the test
was conductedof the control (8.9% moisture content) at 57 &sorption anthe defatted

sampleg9.3% moistureontenj were tested &7.7% absation.

3.25. Dough development

Dough for rheological testing was made from flour containing variousflipadions
following AACCI method 1610.03(AACCI 1999. Modification to the method included the
exclusion of shortening artceatmensampling of the dough was done prior to the bake step.
Puploaves (100 g) were made from control flour containing alvedipids, andfrom defatted
flours consisting of nonpolar, phospholipids, and glycolipids fractions. Flours were based on
14% moisture and flour weights for each treatment loaf were determined following IAACC
method 8223.0AACCI 1999. Flour absorptions and mixing tea were optimized using the
mixograph results and during the practice bake prior to doing treatment testing. The dough was
fermented and proofed in a fermentation cabinet (National Manufacturing, Lincoln, NE) at 86°F
(x 5°F at a 9295% relative humidityThe dough was fermented for 90 miith a punching
stepat 52 min and at 77 min using a double rolled sheeter (National Manufacturing, Lincoln,
NE). Following the fermentation, dough was rounded using a moulder (National Manufacturing,
Lincoln, NE), pannegdand proofed for 39 min.
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3.26. Doughrheology émall amplitude oscillatory measuementg
The visceelastic properties of control, defatted, atedatted flour samplesontaining
NPL, GL, and PHL were analyzed using a StressTech HR Rheometer (ATS RbatSys
Bordentown, NJ) where stress, frequency and temperature sweep testpegffarmed. Dough
samples (100 g) were made following the AAGfethod 1610.03 (Please refer wection 3.2.9
for full procedure) without shorteningihe control dough was optized for absorption and mix
time using the mixograph and through a practice bake to determine optimum levetc(see
3.2.5. The control dough contained 60.5% absorptionvaas mixedfor 3 min 30 sec and the
defatted dough was mixed at 64% absorptiof or 4 mi n. Sampl es were eV
which didndét include fermentationwemr proofing
fermentation for 90 mifollowed by panninghenproofing for 39 min. Treatments were
prepared and had to be transfdrte the rheometer. The after mixing samples were carried in a
steel bowl covered with aluminum foil and the proofed dough were panned and brought to the
rheometerlso covered in aluminum fotbmall pieces (2.5 £ 0.5 g) of douglere taken from
the large sample following mixing then pressbaxially in a pasta pre49.5 cm)(Tipo Lusso
Sp 150, Imperia Titania, Torino, Italy). For the proofed dough, loaves were cut 2.5 cm deep
using a bakeros knife and a 2. 5andprésde0. 5 g) pi
biaxially using the pasta pre€doughsamples were put onto the lower plate of the rheometer,
covered with two metal platés minimize drying, and allowed to equilibrate and relax for 5 min
before any testing was conduct&dress and frequeg sweep testing wersetup as a completely
randomized 5 x 2 factoral design with 5 levels of lipid treatments by 2 processing treatments.
The temperature sweep testing was conducted as\wanstatistical treatment structure with 5

levels of lipid treatents.

3.26.1. Stressweep testinglinear viscoelastic region (LVR)
The linear visceelastic region (LVR) wa#irst determined for all treatments using
oscillation stress sweep (RheoExplore Ver 5.0.40.9, Rheologica Instrumentation, Bordentown,
NJ) at25°C. The rheometer was set to a 2 mmaagithe gap zeroed between every sample
test. A serrated parallel upper plate apparatt®5(Berrated plate) was used to conduct all the
rheol ogi cal testing. The systemhamaloaiéotce f or m

of 2.00E+1 N The serrated plate was stopped 0.1 mm above the gap setting to trim excess
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dough Following trimming, mineral oil was added to the edges of the dough to prevent moisture
loss during the run and the sample was allowedl&x fer 900 s before the stress sweep test was
performed. The stress sweep frequenwegl Hz, measurement interval 20 sec, delay tinsec,

FFT at 512. Thetres was applied betweer1D0O Pa and 60 dapointswere recorded per run

The control, defatth and all lipid treatments were testeddetermine the LVR fdooth after

mix andproofed From the LVR, the optimumrstss was determined to be 40 Pa. Tas used

for the rest of the testing on all samples. Thieg®icationswere conducted on eachdgpendent
dough treatmenin=15)

3.26.2. Frequency sweep testing

Utilizing the 40 Pa stregabove) frequency sweep testing (RheoExplore Ver 5.0.40.9,
Rheologica Instrumentation, Bordentown, NJ) wadormedunder constant streseraditions.
All doughwas prepared in the same wa/for theLVR testing and each treatmessted after
mixing and proofingSamples were evaluatetdaaconstant temperature (25°C). The dowgls
subjected tdrequency sweegbetween 0.1 and 100 Hz. The load force was s2iO@E+1 N,
measurement interval at 20 sec, delay time at 1 sec, and FFT at 512. Testing recorded 100 points
between the set frequenciesd each of the dough treatments were analgizézhst irtriplicate

replications (n=21)

3.26.3. Temperature sweepdtng

Temperature sweep testing (RheoExplore Ver 5.0.40.9, Rheologica Instrumentation,
Bordentown, NJ) was conducted on each treatment saropssa temperatureangeof 25°Cto
95°C. All dough vaspreparedhe same wawgs forthe stress and frequencyesyp testing except
thatsamples were evaluatedly after mix.The rheometer was set to a 2.5 mm gagthe gap
was zeroed between every sample test. A serrated parallel upper plate app&tatssr(&ed
plate) was used to conduct all ttessting andtie plate was stopped 0.1 mm above the gamgetti
to trim excess of the sampMineral oil was added to the edges of the dough to prevent moisture
loss during the run and the sampméaxedfor 900 sbefore thaest. The max load force was set
to 2.00E+1N, frequency 1Hz, 40 Pstress, and FFT at 51Pestingwas conducted over 4440 s
with 148 points recordefbr each runA minimum of three replicate runsaneconducted on
each treatmen(h=21)
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3.2.7. Dough Rheology (large deformation)

3.2.7.1. Biaxial extension (Kieffer Rig)

Extensioml testing of dough wagerformedusing aTAXT -Plus texture analyzer
(Texture Technologies, Hamilton, MAjith a Kieffer extensibility rigThis techniqueevaluated
dough extension through uniaxial motion (Dunnewind eDa@k2. Nonpolaf4.5% + 0.2)
phospholipidg0.45 % + 0.3) and glycolipidg2.5% + 0.3)fractions were added back to 100
grams of flour andhe flour wadeft to dry overnight to allow solvergvaporationFlour
amounts for each 16framdoughwere deternmedbased off of 14% moisture basis.

Absorptions and mix times were the same as for the other rheometer treatments. Samples were
mixed in a 100 g pin mixer bovaind dough was stopped 30 sbefore reaching optium mix

time (Control 3 min; defattedand lipid treatments 3.5 m)nFollowing mixing, 10 g of dough

was removed from the larger dough ball and gently pulled into a rectangle. The dough was
placed on an oiled, plastic mold that contained small grooves were strips of small plastic were
laid in eachgroove. Enough dough was used to cover 5 grooves on the mold that made 5 small
strips of dough. A rectangle solid block was put on top of the dough and then the mold was
inserted into a metal press. Excess dough was cut off of the edges of the molahéplieirig

pressed and allowed to equilibrate for 30 min.

Texture analyzer settings were setup for gluten extensibility testing (Kieffer Rig), using a
preset sequence within the TAXAlus software (Exponent Stable Microsystems, Version 6, 1, 5,
0, Texture Bchnologies, Hamilton, MA). The test mode was set for tensiotieprapeed: 5.00
mm/sec, test speed: 3.30 mm/sec, pest speed: 10.00 mm/sec. The target mode was set for
distance: 75 mm, trigger type: Auto (Force), trigger force: 5.0 grams andsnesué shown as
distance (mm), force (gram), and time (sec). Extensibility measurements were taken by placing
dough in between two plates while a small hook caught and stretched the dough as it moved
upwardvertically until the dough had reached litgeakng point.Five strips were measured for
each dough with 3 independent dough treatments measarethe control and defatted
samples and 4 independent dough treatments for all the lipid sampd&9) The raw data was
collected from each curve and aemasetup in the texture analysis software was used to
determine force and distance measurements from each treafimertesting waslesigneds a

oneway treatment structure with 5 levels of lipid treatments.
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3.2.7.2. Strain Hardening

Strain hardeningalueswere calculated from the uniaxial measurements of force and
distance raw data obtained from the Kieffer rig testing. Equations and calculations were
conducted in accordance with Abang Zaidel et al (2008).

3.2.8. Flour reconstitutionfor microstrudure bread analysis

The lipid fractions were added baitkdefatted flour based on specific final
concentrationgnonpolar (2.3 % + 0.2), phospholipids (0.23 % £ 0.3), and glycolipids (1.3% +
0.3)needed for testing. Fonacro XMT testing (whole loaf), treamples wertaken for analyis
at CargillGlobal Foods Resear¢Wayzata MN) andlipids were fractionated into nonjaw,
glycolipids, phospholipids. Eadhaction was added back at the same levels at which they were
isolated Chloroform (2 mL) was adddd each nitrogeiried vial andvasvortexed to re
suspendhe lipids(Fisher Vortex Genie 2, Fisher Scientific, Pittsburgh, PA). The resulting
chloroform/lipid solution wasaddeddirectly back into 200 g of defatted flour at the same
concentration at whh they were extractatienmixedusing a pestle. The samples were dried
overnight at room temperature and the flour was split into 100 g portions for baking.

Formicro XMT (center sectioyreconstitution testindipid addition was based on the
concentréions of each lipid fractioestablishedrom previous research (Chung et al 2009).
Levels were increased to evaluate the full influence of each fractioatt@®flour contained 0%
lipids. Nonpolar lipids were blended in at concentrations of 0.6%, 1aB#_2.5% while polar
lipids (combination of both glycolipids and phospholipids) were added at 0.2%, 0.4%, and 0.6%.
For reconstitution, all samples utilized each bake day were removed from the freezer and
allowed to come to room temperature (~1 h). Flamgles were weighed (100 g) and each lipid
treatmentwasre uspended into 2000 €L of chloroform a
basedonthed esi red concentration and taken from the
1000 eL or 2A0 $ampes wepei mixedtinto ¢he flour and blended using a pestle.
The reconstituted flour was air dried overnight to removeramainingsolvent.

3.29. Analytical baking
Flourswere bakeds 100g puploavesfollowing AACCI method 1610.03(AACCI
19%). Modification to the method included the exclusion of shortening in order to fully evaluate

the influence of the lipid fractions on final produélourswere based oh4% moisture and flour

58



weightsfor each treatment loaferedetermined following AACCmethod 8223.01(AACCI
1961) Flour absorptions and mixing times were optimized using the mixograph results and
duringthe practie bake prior to doing treatment testing. Loaveere made following a 9fin
fermentation using a 4 mimaking scheduléelhedough was fermented and prooféhtional
Manufacturing, Lincoln, NEat 86°F (£ 5°Fat 9295% elative humidity punched twice &2
min and 77 min using a double roll sheet¢atjonal Manufacturing, Lincoln, NEFollowing
fermentation, dougivas rouledusing a moulder (Nation&anufacturing, Lincat, NE),
pannedand proofed for 3nin. Loaves were baked for 24 mthencooled for2.5h. Volume
displacement was measured in accordance with AAG&hod 1605.01(AACCI 1995)
Following analysis andooling, each pujoaf waswrapped in SrarE wrap, placed in a zip
lock bagand frozen at18°C untl needed for further analysis. For tlvbole loaftesting 8
independent, replicate loaves were made for every treaamdribr thecenter sectio®

indepenlent,replicate loaves for each of the 7 treatmevese baked for evaluation.

3.2.10. Breadmacrostructure C-Cellimaging
Treatment loaves were evaluated usinG€ll Imaging Calibre Control International,
Ltd, Warrington, UK by cutting each loaf iot1.3 cm slices (0.5 cnyith an electrical food
slicer (Chef ds Choi c eEvenffifthtslicefronCtioebaseenawitotheSpr i ngs
break and shred facing upwasésused for evaluatiarimages were taken with the break and
shred located othe left side of the slic&.hree loaves from each treatment were iethgsing
the systemlmages were analyzed usingC&ll imaging software(-Cell Version 2.0, Campden
& Chorleywood Food Research Association Group, Gloucestershige whikch accompared
the equipmentvaluesdetermined for each treatment includdide areapnumber of cells, area of
cells, area of holes, number of holes, volume of holes, cell wall thickness, and cell wall diameter.

3.211. Breadmicrostructure &-ray microtomograhpy)

3.2.11.1. Macro testing (whole loaf)

Total lipids extraction was conducted 100 gsamples of flourOnce removed from the
flour, lipids were fractionated arguantifiedas nonpolatNPL), glycolipids(GL), and
phospholipidgPHL). Lipids were added badk flours at the same levat which they were

removed Average recovery of lipid fractions during the extraction process ranged between 0.2
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2.0 g for NPL, 0.48L..2 g for GL, and 0-D.35 g for PHLLoaves were packaged and frozen in
zip-lock bags at18°C until trarsported on dry ice to Carg{Wayzata MN). Once on site,
samples werstored at frozen temperature$8°C). The loaves werpre-wrapped inSarar

wrap to prevent moisture logsiringdata analysiBreadswere removed from frozen storage
overnightand allowed to come to room temperat(®8°C + 5°C)while still being fully

wrapped. Samples weewaluated using an IMAGIX-ray Microtomograpl{North Star
Imaging, Inc., RogersviN). Full puploaveswere placed on base platform within thg-ray
systemand taped down to ensure the sample was secure throughtestihg All sample
measu e ment s were taken at 42 kVs, 100 €A, 720 g
stage positioning at 52.3 mm (up/down) and 204 mm table magnificatiosamjles were
analy e d at re6olutiod Dataanalysis was conducted withfedr softwarewhile excf-cr
software(NorthStar Imaging, Rogers, M\jas usedor viewingthe imageslmage
reconstruction was @@ using extcf (NorthStar ImagingRogers, MN. The evaluationof

binary image and data analysis of the reconstructed sample was done witsdtaare (CT
Analyzer, Version 1.10.1.0 Skyscan, Bruker MicroCT, Kontich, Belgiand provided data that
included: air cell size, cell wall ttkness, aicell distribution, totaporosity, volume index
(VOI), structure separation distribution, structure thickness distribution, object vdhixne.

replicateloaves for every treatment weaiaalyzed.

3.2.11.2. Micro testing (center section)

X-ray microtomogrghy (XMT) analsis of the lipid treatments wasnducted using
Skyscan 1072 Micr&T x-ray microtomograph (Skyscan, Belgiufoj 0.6% NPL, 1.2% NPL,
2.5% NPL and 0.2% PL, 0.4% PL, and 0.6% PL lippechtment bread3 hree independent
loaves from every trémnent were testedachtreatmentseriesvasremoved fronthefreezer
and with t he Spglacesalo®edtestandoversight in the retarder (). Before
XMT sampling the loavewereremoved from the retardér40 min)and allowed to come to
room temperature (25°C +5) to reduce the effettaoisture evaporation during scanning.
Bread samples were sliced int@tm slices£0.5cmjusi ng an el ectrical foo
Choice, Int., Colorado Springs, Co.) and every fourth slice was usegsting. From each slice,
an 8 mm x 12 mm cube was cut ofithe sample and placed irpkastic tube with matching lid
to prevent the sample from dryin@he center section samph@assecurely mounted to the XMT

base using@ 13 mm twesidedfoamadhesre disk.Once placed ithe microtomograph, all
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samples were allowed to equilibrate for 5 nXMT images weretakenat 41 kV, 102 ¢A
sec exposurd, 516X magnification, stage position at 11.5 mm (+0.5), and-18.5¢ npixel

resolution Each treatmet sample was rotated at 0.90 scan steps for a total of 180° rotation.

Sample reconstruction wasnductedusingNRecon(Version 1.6.3.35kyscan Bruker MicroCT,

Kontich, Belgium).The xray scangproduced 2062-D crosssectional images for each sample,

which was used to reastruct 3D structures of the eadreatmento determine quantitative

values forair cell structure and distribution analysis. Hesessmemf the binary image and

data analysis of the reconstructed sample was done wah (€T Andyzer, Version 1.10.1.0

Skyscan, Bruker MicroCT, Kontich, Belgiurahdprovided datahat included: air cell size, cell

wall thickness, air cell distoution, %total porosity, volume index (VOI), structure separation

distribution, structure thickness distution, andobject volume

3.2.12. Statistical analysis

Multivariate analysis (ANOVA) was conducted using SAS (Version 9.3, SAS Institute
Inc., Cary, NC) with compariseib et ween sampl e means using Tuke\
difference (LSD) testingta confidence level of 95%.

3.3. Results

3.3.1. Physical and chemical properties of wheat flour samples

The physical and chemictdsted paramersfor both defatted and contriburs (both
macroandmicro) are shown in Table 3.Themacroandmicro XMT testingwasnot conducted
atthe samdime, so thephysical paramers were evaluated for eadifferentbake.The
differencedetweerbakeswvasdue to changes in the environmental storage conditions and the
time that it took trepare thearious lipidtreatmentsThevariations between the treatments
themselvegcontrol or defatted) were associated with the properties of the flour rather than
environmental condition$:or both testshemoisture content for the defatted flomas lower
thanthat ofthe control Thiswas due to lipid removal by chloroform extraction and drghthe
flour overnight.Because of the greater moisture ldkswater absorptionf thedefatted flour
was higher for both bakekanfor the control.The defatted flour had andreasedffinity for
water because of the reduction ingrdipid-protein linkages caused by thygid removal
(Papantoniou et al 2004)he mixing time was also 30 seconds shorter for the controlfBour
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min 30 sec) thafor the defatted4 min). Theoptimized mixographsised to help determine the

mixing and absorption parametéos themicro XMT testbake are shown in Figure 3.1.

Table 3.1. Physical and chemical characteristics of control and defatteddurs

Parameters Control Control Defatted Defatted
(macro) (micro) (macro) (micro)
Moisture content (%) 13.34 12.59 8.78 8.82
Absorption (%3} 62.2 60.5 65.1 64.0
Mix Time? 4m 3m30s 3m30s 4m

@Absorption and mix time were determined by mixgdréesting and optiized during the
baking process

3.3.1 Mixograph
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Figure 3.1. Optimized mixograph results for sample flours used for tefng
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3.3.2. Mixolab
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Figure 3.2 Mixolab results for control, defatted (0%), total lipids-100g(50%), and total
lipids-200 g(100%)
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Table 3.2. Mixolab parameters for control, defatted, and lipid treated flours

C1 C2 C3 C4 C5 - b

(Nm) (Nm) (Nm) (Nm) (Nm) J 2

Samplé

Control  1.08(0.05) 0.45(0.03) 1.57(0.06) 1.97(0.07) 3.08(0.11) -0.025(0.01) 0.27(0.03) 0.044(0.02)
Defatted  1.17(0.01) 0.47°(0.04) 2.08(0.32) 2.29(0.11) 3.12(0.14) -0.047(0.03) 0.22(0.12) 0.013(0.03)

LipiTjZEiIOOg 1.12°(0.03) 0.57(0.01) 1.8F(0.03) 1.5%(0.02) 2.73(0.01) -0.044(0.04) 0.24(0.04) -0.18(0.04)
Lipigcs’fg'oog 1.139(0.02) 0.51°(0.03) 1.94(0.47) 2.22°(0.25) 3.23(0.03) -0.058(0.02) 0.22(0.11) 0.02F(0.03)

@ Defatted (0%ipid addition), total lipids100 g (50% lipid reconstitution), and total lipid®0 g (100% lipid reconstitution)
bMeans in the same column with different lettars significantly differentg<0.09

“Values in parenthesis indicate standard deviations

4(n=16)

Table 3.3. Mixolab parameters for control, defatted, and lipid treated flours

Sample Amplitude (Nm) ~ Stability (min)  Setback (Nm) We'\gﬁg;‘ﬁgc(";‘\:m) Therm"’}'N""me)ake”'”g

Control 0.093(0.01) 10.07(0.18) 1.11(0.06) 0.053 (0.02) 0.01 (0.01)

Defatted 0.09%(0.01) 9.4% (0.37) 0.83(0.14) 0.17 (0.14) 1.07 (0.04)
Total Lipids100g  0.094(0.01) 10.93(0.10) 1.14(0.02) 0.020 (0.01) 0.026(0.01)
Total Lipids200g ___0.096'(0.01) 10.1%(0.1%) 1.01(0.27) 0.025(0.00) 0.062(0.01)

@ Defatted (0% lipid addition), total lipid$00 g (50% lipid reconstitution), and total lipid®0 g (100% lipid reconstitution)
bMeans in the same column with different letters are significantly differ¢pgais)

“Values in parenthesis indicate standard deviations

4(n=16)
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The Mixolabhelpsto provide analysis of chemical and physical changes that occur
within the dough (Bonet et al 2008)he phases of the Mixolab results show (C1) mixing, (C2)
protein unfolding, starch gelatinization, (C3) setback, (C4) starch gel stability, and (C5) cooling.
Figure 3.2 shows the Mixolab results for control, defatted, and tptadIDO g of flourandtotal
lipids-200 g of flour No differencesvere foundoetween testréatments for the mixing stage,
protein unfolding/weaking, and tlumset of starch gelatinizatioHowever, as the starch sttt
to gelatinize, thergrasan increase in the height of tberve(increased torque) for both the
defatted and total lipid200g. Sun et a(2010)determined that defatting flour could delay the
onset and speed of gelatinizatidiesterand Morrison (1990) also determined that the removal
of some of the lipids caused an increase granular swelliiig Melvin (1979)observedcighe
pasting curves in wheat andra starches with wheépids presentNotethat the propertiesf
and changes istarch(i.e. crystallinity, amylose and amylopection association, and amount of
lipids) in defatted flouwasdependenbn the experimental odlitions such as extraction solvents
and temperature (Vasanthan and Hoover 1992).

Thecurves from total lipiel00 gshowed alropduring thestarch gelling phase.
Takahashi and Seib (1988) determined that adding additional lipids to wheat starch during
pasting caused an increase in both the pasting peak and a higher setback peak due to amylose
lipid complexing.Theconcentration of lipidé this flourwastwo times the amouribund
naturally in the wheat. Ais curvedropwaslikely due tostarch complexig with lipids,
particularlyforming amylosdipid complexes (Tang and Copeland 20@\ring cooling, more
lipids areable to inteact with starch causing increasgdcosity, but this is dependent on the
type of lipids(Takahashi and Seib 1988lazek etal (2011) foundhat long and short chain
fatty acids hadliffering effects on starch propertieBhelonger chain fatty acids caused a
reduction in the formation of tight amyle$pid complexes and altered the crystallinity and
pasting propertiesf stach. Tang and Copeland (2007) found a dependenceater solubility,
concentratiopand type of fatty acidhat couldinfluence amylosdipid complexing.Higher
concentrationsf water and short chain fatty acipsevented linkages tdaasch but formedatty
acid micelles.

Other parameterthat aredeterminedrom the Mixolab curvesclude (C1) torque used
to determine optimum water absorption, (C2jter used to determine protein breakdown at

high temperattes, (C3) starch gelatinization or cookstgbility at 90€C, (C4) starch gel
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stability, (C5) starclsetbackl n additi on U (protein,bwdgaskieregd ood
starch gelatiization) , setbackspeed)andamplitude, which is a meare of elasticity of the
dough {ncreased vaiesindicate more elastic dougability is ameasure of thdough
strengthand alonger timeindicatesa stronger doughMechanical weaking and thermal
weakening weralsocalculated for each of the treatmer@san et al (2010) defined mechanical
weakingast he At he torque difference between the m:
end of the holding ti me athe3 RAIGH faemd ntchee rbrea lwe
time at 30°C and the minimum torquéetbackwvas calculated as tlifferencebetween C5 and
C4 (Sun et al 2010Resultsfor these parameteese shown in Table 3.2.

For both 100 g (0.57 Nm) and 200 g (0.51 Nm) samplestidition of total lipids
increasedhe torque needed for protein breakdas@mpared tdooth thedefatted (347 Nm) and
the control (0.45) sampleSheaddition of lipids required more energy for degradatioa to
lipid proteinbinding (Gerits et aR013).Lipid interactionswith gluten proteingrehydrophobic
or hydrophilic depending on the polarity of thedigp added (Gerits et al 2013). Gelatinization
torque(C3) valueswerenot signicarty different between angf the treatmentslhese results
differ from those oflfakahashi and Seib (1988) who obsergiednges in the pasting cunias
the presence of exceamterfor defatted and lipid containing flouvath theamylograph.The
starch gel stability (C4) showed the greatest diffees between defatted (2.29 Nmydotal
lipids 100 g (1.59 Nm). Doubling themount of lipids caused a change in ¢besistencyf the
sample Again, this wagikely related tahe types of lipids$n the total lipid fractiongnd the
ability for amyloselipid complexes tdeformed(Blazek et al 2011)Therewas asignificant
difference between stardooling torqugC5) values for the total lipids100 g of flour(2.73 Nm)
due tocomplexing of amylose and lipidslo significant differences were seen betwtdespeed
of protein weaking (U) or the starch gel atini
difference insetback(d) as the total lipielOO g was lower than all the rest of the treatments.

All the doughshad lower amplitude values, which would iratie the douglexhibited
greater viscoupropertieghan elastic characteristiddowever,noneof the valuesvere
significantly different from one another. The total lipiti30 g of flourhad the highest overall
stabililty (10.93 min) with the defatted &2 min) having the lowesRerhaps becauslee lipids
were removed from the defatted sanpiis allowedfor more proteirprotein interactionand

reducedipid-protein interactions causirap increase idenaturation at higher temperaturése
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setback wa lowest for defatted flouand highest for total lipid400 g and these results were
comparable to Sun et al (2010) who also deternimglerdifferences between defatted and
control samples. Theechanical weaking/as lowest for both of thigours contaning the lipid
treatmentsnd higlest for the defatted (0.1¥m). In this case,lte proein-protein interactions
appeared to have a strengthening effect on the dough. The control had théHemest
weaking measuremer@2.01Nm) while the defattedX.07), total lipids100 gflour (0.026Nm),
and total lipids200 g (0.06 Nm) hada greater effect caused by temperature.
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3.3.3. Dough development

: Control

Figure 3.3. Changes in the dough during fermentatio and proofing (Control)
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Defatted

Defatted

Figure 3.4. Changes in the dough during fermentation ad proofing (Defatted)
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Figures 33 and 34 illustratethe fermentation and proofing stagdshe defatted and
contrd dougts. During fermentation botBamples showean increasé dough sizeFromO0 min
to 52 min the dough diameter and height more tHanbled in sizeThedefattedflour showed a
greaterincrease in height (7.0 crthan he control (6.0 cm). Howevehe control diameter (12.8
cm) was wider thathe defatted samples (12.0 crihe defattedloughhad more highly cross
linked protein networldue tothelipid removalthan the controlDuring proofing, shown at 0
min, 20 min, and 39 mirsamples underwenivd punching steps arapanning step. This
orieniedand aligned the celisto two differentdirections withn the dough. Both the defatted
and control sampleéacreasedn doughvolume betwee® min and 20 minas well adetween
20 minand39 min.Less tiangesn thedough size and shapeere seemluring proofing likely
due topunching and pannind hese stepselped to distribute thgas cells anddjust the cell

size.
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3.32. Dough rheology (small deformation)

3.3.2.1. Stress sweep testing (LVR)

1.00E+03
¢ Control + Control Proofed  —
e Defatted + Defatted Proofed
* NPL @ NPL Proofed
¢ PHL + PHL Proofed
¢ GL + GL Proofed

1.00E+04

G' (Pa)

1.00E+03
1.0E+00 1.0E+01 1.0E+02

Stress (Pa)

Figure35. Stress sweep results for storage modul u
treatments tested after mixing and proofing

Becausdreadexhibitsbothviscous and elasticharacteristicsunderstanding the
changes that occum these propertieduringdough formations importantfor final product
guality. Rheological testing utilizes an applied force or deformation to simulate changes that
occurdue to small or large extensiamgmpressiopandproperties bsed on the flour makep.
As ingredients are blended togetliiring mixing, the applied workauses chang&s the dough
structureduring fermentation due to gas production, atwhouldng and panning (Upadhayay
et al 2012)Most of the work conductechadough is done withirts linear viscoelastic region
(LVR) or fithe region of stres O(Matosko¥94t he str a
Campos et al 1997)d&yond this there is a change in the consistency of the sample, making it
morechallengingo interpret the resulthistype oftestingpd o e s n 6t af fethe t he i n

dough samplanakingthet e st-d @spbnucti ved (Upadhyay et al 2 (
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Figures3®di spl ay the changes in the storage mo
between 1 Pa artD0 Pafor both after mixing and aftergofing doughs with lipid additions
The LVR region for all treatments fell beld® Pa(marked with an arrow)}so 40 Pavas chosen
for subsequent tasg to ensure it was within the LVRNn nonyeasted, floutwaterdough
systems, Autio et d2001)found the LVR region tbebdow 1 Pa andsdmez et a(2013)less
than 5 PaThevariouswheat | our t est ed by hdadad\Rramdebetween 10 a | (2
and 15 Paln this particular testindie LVR value determingwas higher than other gvious
studies for wheat flour. Thisould be reflective obther factors including environmental
conditions, protein content, and water absorptibtine flour.

Forboth after mix and after proofatagestherewasa decreaseanithe magnitude of the
GO as t he a papdforalldreamens. Khatkar ancdhSchofeel(R002a)andSalvador
et al (2006¥oundsimilar results where therewasl e c r e a s e iinoreasedn the applied a n
stressThedefatted samplesxhibtedt he hi ghest G6 values for both
dougts. TheNPL lipid treatments had the lowesatluesfor both after mix and after proof. The
PHL, GL, and control fell between these two extremA@dower levels of stress, interactions are
predominatelybetween starch and starehereas at large deformation the interactemedased

on proteingSong and Zheng 2007)

3.3.2.2. Frequency sweep testing
Frequencysweeptestingprovidesa measuref the strength and the structural
characteristis ofasanple as it relates to crosslinking withimatsystem(Georgopoulos et al
2006).In the cae of dough, the structureasombination of gluten proteins and starch fiikst
the spaces between the gluten prot€8isgh and MacRitchie 2001). iIBtombination give
dough the viscous and elastic properties that can be evaluated during fresueepgsting.
The storage mo dthelsalidor €la&idehavimef the aompeund while the loss
modul us ( Gee)of the gsiscous plaptieg (Khaitkar and Schofield 20§)2The ratio of
GO0 t o GAdhisiss measure oftihe influence of both the viscous and elastic properties
the system (Khatkar and Schofield 28D2f a material haglastic behaviorG6 wi | | be gr e;
thantheGO and vice versa amf Utwill mboe moresdassccioluan T
and greater than 1 if isimore viscous in nature (Khatkar and Schofield 2@ 2gures3.6
show storage modluu s rdsult®fdrsamples tested after mixindgtex proofing, and the

combination ofafter mixing and after proofing. Frequencies rangetiveen 0.Hz and 100 Hz
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andstress wasvithin theLVR at 40 PaTheoscillatory rheological testing was conducted with

active yeassothe dough und&rentfermentaion during both testing stageafter mixing and

after prooj. The fementation process produces ¢faastincreased thdoughbubble sizeand it

has been found that Athe shear modulus is inv
2012). In thiscase, the results show very small differences between the magnitudes of the

treatments betweeaafter mixing and after proofinguggestinghere was a limited influence of

gas production on the storage modulus comparétbse caused by lipid additialuring these

two phases.

Foralltreatments56 i ncr eased as a fowrltisaniodicatar6f f r e g u
a weakedough Thehigher magnitude is more associated with weaker doughs thaircont
largeramouns of starch compared to stronger fidKhatkar and Schofield 2002lasi et al
(1998),Khatkar and Schofiel(?002b),Salvador et al2006), Georgopoulous et al (200&nd
Singh and Singh (2013)so showed similar increes inG @t higher frequenciesleret he G©6
suggest that the douglsamplesontainingaddedipid at both processing stageshavednore
like an elastiesolid rather than a liquid:he defatted floyrboth after mixing and prophad a
highercurvemagnitudethan any other treatmenill thecurve magnitudes fde 6  wavere
than after mixinghan proof Georgopoulos et al (2006) found thikgfatting flourwith various
sol vent s caus ed fremuencidependence anel this was ashkoeiate@ @ith higher
amounts of friction between the starch granules.

Defattingand reconstitution studies goft wheat flours found that the starch
congregated in Aaggl omer at e sandthigdcausedlayeriofc | e s o0 f
proteinto surround the starch particlggeventing full hydration of the starch (Papaima et al
2004).During aftermixing t he GO o f wasimech IBvRiLthassofitpebtieer
treatmens. Theaddition of free fatty acglfound in the nonpolar lipid®rm complexesvith
themselves ostarch and this influenceélserheological proprties of the dough (Khatkar and
Schofield 2002a; Tang and Copeland 200@iiferencesbetween the other lipids treatments and
the NPLwere lowerfollowing proofing
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Table 3.4. Slopes of the56 and Gequeneyvaussat 1 Hz

After mixing After proofing
Sample$ Sip;))pe SI(Pz)pe Go (P Go (P Sl(Pz)pe Sl(Pz)pe Go (P Go (P
Control  0.23(0.01) 0.23(0.01 ?fgg_'f(; ?ggg-gg 0.22(0.01) 0.22(0.00) 6(3%;-;? ?555;5.-:‘%
Defatted ~ 0.23(0.01) 0.22°(0.01) gfg;fg) (Ei%%;%z) 0.22(0.00) 0.22(0.01) (8113;_2;%) ‘2105;57?
NPL  022(001) 021°001) ooved S 028001 028000 gl o
PHL 0.22(0.01) 0.21°(0.01) ?327525?% ‘:’622722_'81;) 0.2F(0.01) 0.22(0.01) e(s:(&)sgs..gg 3(32;2?
GL 028D 020001 (2020 M 02800y 02200 Soved e

a@Nonpolar (NPL), phospholipids (PHL), and glycolipids (GL)

bMeans in the same column with different letters are significantly different<d.8%
“Values in parenthesis indicate standard deviations

d(n=21)
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Figure 3.8. G' and G" values at 1 Hz after mixing (a) and after prooing (b)
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Changes in th&equencydependencyoc50 as a functi oforafitdr t he | i
mixing, after proofing, antothare shown ifFigure3.7.These results were sim
resultsin that trere was an irrease inG dfor both after mixing and after praa. The G& cur ve
were higher than the GO curves indi bedaviorng t ha
Salvador et al2006)also found similafrequency sweepesults for wheat flurs tested at both
25°C and 80°CIn the present workhe defatted sample hadeater frequency dependence
(slope)thandid the other samples both afterximg and after proofAgain,the NPLpossessed
the | owest Gheafefntiiegsampiedrad ageater differencetheGoof t he
treatmers than was the case for the proofélde same trendvasseenf o r. Cagnparing he GO
after mixingand after proofinghoweda decrease in the strength of defatted dough following

proof. Therewasnochaeg i n t he GO or the strength of the

Sl opes and Gére often datearsnedaotdertd better understanthe
behavior of the treatmeandcontrol doughsThe slope ioftenbetween 0 and 2 drthe closer
theslope is to 0 thenore rubbetike the behavior While values closer to 2 indicateore liquid
behavior If the system contaires 3D network, the slopvaluewould be closeto 0 (Upadhyay
et al 2012)Table 3.4presentsth& 6 a rskbpev@loes and th& 6 v a [l Hzefrequendy
for all lipid treatmentsfter mixing angoroof Fi gur e 3. 8 shows the compar
and GO0 valwue at 1 Hz fr equencyngfToeraftebnoixing af t er
G6 values wer e luesagru this was also seert fdll@vingspdoofing The defatted
samples were always higher for both G6 and GO
treatmentsTheslopesof all treatmerds G& and GO wer e Thssuggegn 0. 20
that the doughvas an elastic solid rather thamiacousliquid and thathedoughpossessed 3
D network betweeits polymericcomporents.There wereno significant differences between
sl opes of the treat ment singf oan ds06G aifdgTedrstopmi pcri aagf,
of GO anfshaved amsign¥icant difference between the control (0.23RaNPL (0.21
Pa), PHL (0.21 Pagnd the GL (0.20 Pa) lipid additioneheG 6 a rskbpegafter mixing
were higherhan t he GO aingllus@aiingedsdlastic chgracteristics and
frequency dependen@ the later stages

Gandi kota and MacRitchie (2005) found that
cell structure and rheological proper e s occur at the end why mi xi ng

there was a bigger difference in the moduli slopes after mixing than following probflngg G 6
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and Go fonthe Hefattes floudough aftemixing and proofvasless sensitive tthe
frequencywhencompared to the control and the ligidded doulgs. The defatted flour had

hi gher GO afennuxingand dfter prdofingThisis evidentin the frequency sweep

graphs (Figures 3.6 and 3.7). This again, is most likely due to the strépgttesnprotan
interactionsKhatkar and Schofield @2a)showedhat gluten was less swegatible to changes

in structurebased on applied frequency compared to st@efatting and reconstitution studies

of soft wheat flours wused in cookies found th
p ar t fokowiegdipdd removal, with the layer of protein covering the outside, preventing full
hydration of the starch (Papantoniou et al 2004).
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The phase angle, or tan 0 is the fAratio of
tested (81gh and Singh 2013). The ratio between the two measursstent that when the

samplehasmor e el astic properties, the t afenturgs, i s | e ¢
wheret he tan U0 is greater than onsepedfiliicat kar and
treatment esul t s, there was a decr efraquencyi(Figurée ¥.e t an

Thecurves for both after mig and after proohg data both fell below 1. Ti& would signify

more elastic oraid-like dough characterists rather than liquidMiller and Hoseney (1999)
foundsimilaritiesinglutess t ar ch systems where the tan U cur
low applied frequencies illustrating the elastic propsrtf the two componentBhere was little

to no diference between the a rurvés for thgroofed doughvhile the after mixing defatted

flour had a higher curve than the other samgles. difference in the defatted treatment as

compared to the other samples is related to the increased storage modujus (& sa ms ehlie

ratio of both G6 and Go.
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Changes irtheviscosity (Figures 3.0) based orirequencyshowed a decrease in the
viscasity as the frequency increased. Tlasseen for all treatmestt both processing stages.
Thedefattedflour hadhighervaluesafter mixng thandid the othetipid treatments. However,
this trend wa saftedproofingeTdenprodfed doughncreagddrsstiffness as
compared to thdough after mixing. Thisould be due to a strengthening effect from
interactions and the formation of bonds betweetegland starch or other components in the
system Studies conducted by Lefebw2006) also showed a decrease in viscdsitytarch
sampleswith increased frequenciBesides having behavior that is nonlineimigh
demonstrates shear thinning or thixpimproperties (Weipert 1990). The dough is able to form
complexes between starch partickesatinga@ic ont i nuous st rsinodasesie and t
the shear thinning (thixotropi €ogmpléxeshoamed or o f
between ®mrchgranulesreatea i ¢ @us stiuatute and this causesreases in the shear
thinning (thixotropic) behavior of the dougho
starch or starclprotein interactions have also been shown to cause deciedsedinearity of

the curve ahigherfrequencies (Khatkar and Schofield 2002a).

3.3.2.3. Temperature sweep testing

The temperature sweeépstingwas performed betwae25°C and 95°Ca rangevhere
dough, containing yeast, g®nverted to bread. In order better understand the rheological
properties of the douginder these conditiong is imperative to first describe tihaking
processhatis simulated Following mixing, dough typically tsa temperature of 230°C.
During fermentation, the yeast hie highest amount of activity at-3%°C, with an optimum at
35°C(Pyler and Gorton 2009T.he abilityfor the yeasto produceCOis reducel at a
temperatureear43°C and the stops completely at 55°C (Cauvain 2012)zymatic activity
within the dougy, excluding alphamylasewill endat temperaturesp to60°C, and these
enzymeswill reducethe starctio dextrins or simple sugars (Pyler and Gorton 2009; Cauvain
2012). The highestnzymatic activity is between 60°C and®@)(Pyler and Gorton 2009;
Cauvain 2012)Between50°C and 6€C the first onset of color due to Maillard browning and
caramelizatiorhappenswith thickening of theruststructure and a reductioniits elasticity
(Pyler and Gorton 2009). Increase in volume or esfgmng begins anstarch gelatinization
takes place between ®8®°C all the way up to 85°(yler and Gorton 2009; Cauvain 2012).
addition,changes in protei(gluten) linkage at 90°Gccur by the creation afisulfide bonds
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(Delcour and Hoseney 201@t 95°C, the dougloses all itsviscous properties and exhibit its
greatest elastity (Delcour and Hoseney 2010).

Storage (G06) a nvdrsutempeaturencurgesie shewn (nGiguye 3.11
The el asti c mdeatnedskesveeqt ZH6C)andc/b’C. Heway the degree to
which that occurs differently by treatmemhe defaied and PHL samples hébstemperature
dependacecomparedo the GL, NPL, and the control. Thegjowed the leasto s s Then G©6 .
largestdip in the curvesommenced &5°C and lastd until ~75°C. Followingthis, G dvalues
began to increase for the NPL, control, and GL samplé=increase in the PHL and defatted
samplesG 6 s tatsb¥Q. Ehd shapes of tkemoduluscurves were similar to other test
conducted by Dreese et(@B88, Salvador et aj2004) and Agyare et al (2006). Dreese et al

(1988)d et er mi ned that the drop in viscosity was

magnitude of the change I nmnfG&twashpmpogasreniton a

Salvador et al (2006) determined thatlf | owi ng t he dr ¢hpcursesbdgantm cr ea s e

level off and reaabdthe point where proteins begin to break down amalgtarctwasfully
gelatinized.

The curves alsshowed that thenset of starch gelatizationwasearlier(lower
temperaturejor the defatted and PHL samples. This changeasasciated with theemoval of
lipids andthe lower recovery dPHL extractedandre-added to the flour. Georgopoulos et al
(2006) determined that the removal ofdig caused increase fiieh between the starch granules
as well as decreased the gluten phtmes increasing the speed of starch gelatinizaiibe.NPL
storage modulus (G6) curve was most similar
the déatted and the control results. Thavas a concentration effagith the GL and NPL as
there were more total NPL lipids fractionated out and added back compared to what was
recovered by the total GL.

Dueto the differencein type and level of lipids revered in GL versus the NPL, the
interactiors with themselveswith starch, owith other compound&ould cause changdise
properties of thatructuralmatrix. Tangand Copeland (2007) found that the chain length and
amount of fattyacids were the limitig factor increating starctipid interactionsor lipid-lipid
micellesandthatthese complexesould causechanges to the dough structute¢.75°C there
wasa sharp increase in the modulus fortedhtments. Starelipid complexes that form during

heatirg canalter thefinal viscosity of sgtemsand the extent of this is dependbothontheir
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immiscibility in water and the amount of lipids pres@rang and Copeland 200Ti. this study,
each fractio(NPL, GL, and PHL) had varyingoncentrations of fat acids at varyinghain
lengths Some werdonger chaiedlipids (MGDG or DGDG). Thisould cause them to react
differently within the systemConsequentlythere was amcreaseanodulusdue to lipids forming
starchlipid complexesinteracting with wagr, or forminglipid-lipid micelles. Overallthe
controlhadthe largest initial lipid concentratiororthel 0 s s mo dthelcurve bepasior)
was very similar taghatoft he st or age mwasadecrease(n@@odulus Ther e
starting at 25C until 70°C, then a steep increase in the modulus following gelatinizafioa.
magnitudeof the G slopes were slightly lower thah h 0 s e awéver@ith.the $tart of
gelatinzation and the increase of the modudl°C), thechangewas steeperthantli®@é cur ves.
Thiswould suggest that the gelatinizing starch produmedeviscousliquid behavior at this
temperature most likely due to the shear thinning or thixotropic characteristics of the starch
(Smith et al 1970).

The addition of NPLlresultedinrana d di t i on al p e (@dtweendxhnde GO cu
65°C) following the start of gelatinization. This lipid fractishowedgreater interactiomwith
stard granules. Li et al (2004) fod (through the use of confocal scanning laser microgcopy
thatNPL lipids were attached to starch attfranules ur f ace i n forms of @Al ip
could cause changes between the ghstanch and lipiestarch matrixedn contrast, polar lipids
in dough were associatadorewith glutenin at gas cell walls arnlde gliadin fractionin the bulk
phase of the douglii(et al2004).Also various fatty acidsindergo a melt between 45and
75°C (Reusch 2013)which could also provide explanation for the addition peakiemperature

sweep curves fdipid treatmens.
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The phase angle (Figure 3)Xirves for the all treatmentgerebelow lindicatingthe
dough hadnore elastic, solidike characteristics. Betwed®°C and 85°C, ther@asan increase
in the curvedgor GL, NPL, and the control lines compared to the PHL and defatted safipées.
GL curve showed a large peak in the curve starting ‘@@ 8iAd drops agaiat 80°C. For the
control and NPL, this similasurveincreasevasnot seen until 70C anddecreasedt 85°C.This
was related tgtarch gelatinization and interactions between stipalts displayingmorefluid-
like propertiesChanges in viscosity due the addition of the lipid tegments are shown in
Figure 3.12Theaddition of the lipids caused changes ingb&tinizationproperties of the
starchresulting in viscositgurvesthat were different for each treatmehbhe NPL addition
showedviscosty behavior like the control, ereas theefatted, GL, and PHHid not The NPL
fractionsshowed to have the greatest affinity &ta&rch as compared the GL and PHL samples.
Li et al (2004) found thaGL and PHLUipid fractionsformedboth lipid-proteinand lipid-starch
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complexes. Following gelatinization starting at 55°C, the control hakighest drop in
viscosity overall with aharp increasagain af70°C. The defatted and PHL showed vditite
decreasén the viscosity following the earlier onsatgelatinzation(55°C), but then had an
increase starting at 66. TheGL viscosity curveell between the defatted and the control
having a decrease in the viscosity betweeiCaHnd 65C and an increase at . The viscosity

curves also showetie same order andimilar curvebehavioras thosdound inboth the storage

(G6) and Il oss (Go) modul i
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=
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1.0E+01 !
25 45 65 85

Temperature (°C)
¢ Control ¢ Defatted ¢ NPL ¢ PHL «GL

a@Nonpolar (NPL), phospholipids (PHL), and glycolipids (GL)

Figure 3.13. Change in viscosityof lipid tr eatmentsas a function of temperature
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3.33 Dough Rheology (large deformation)

3.3.3.1Biaxial extension(Kieffer Rig testing

0 10 20 30 40 50 60 70 80
Distance (mm)

=—NPL -—PHL Control =—Defatted —GL

a@Nonpolar (NPL), phospholipids (PHL), and glycolipids (GL)

Figure 3.14. Kieffer Rig (uniaxial) extensibility testing resulss for lipid treatments

Table 3.5 Kieffer Rig extensibility testing results for lipid treatments

Samples Force -Rmax Distance Extmax
(9) (mm)
Control 25.29%(4.89) 24.13 (4.78)
Defatted 25.59%(3.56) 25.73 (5.58)
NPL 15.7%(2.57) 22.006°(4.84)
PHL 22.4% (3.34) 18.39 (3.33)
GL 16.7% (3.57) 22.77°(4.90)

a@a8Nonpolar (NPL), phospholipids (PHL), and glycolipids (GL)
®Means in the same columritivdifferent letters are significantly different at a p<Q.05=90)
bValues in parenthesis indicate standard deviations
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Large deformation testing is ofteisedas means for evaluating changes that are related
to extension and stretchiag it ismore rgpresentative of how the dough is treated during the
bread making process. One of the most common extension test&igeffiee rig extensibility
testing (large deformationmyhich givesuniaxialextensionameasurementsJsinguniaxial and
biaxial testing Sliwinski et al (2004bjound that gluten strength increased duestension
primarly in the direction of the extensioRigure 3.14 showtheKieffer Rig testresuts ofdough
containing varying lipidypes and levelsThe yaxisis resstance(including the Rnaxor the
Apeak force or r)amsthsxésisthei dti s t exntcen vifaeX t ensi o
(Nash et al 2006 Dobraszczyk and Salmanowicz (2008) were able to link Ralues as a
predictorof loaf volume. Hhwever, Extaxwas not avery good predictorTronsmo et a(2003,
Dunnewind et a{2004), Sliwinski et al(2004h, andDobraszczyk and Salmanowit2008) who
also studied wheat flour and glutesing large deformation testifigundsimilar
extension/resistanaeirves shapeesuts. Figure 3.14showsthat moreforcewasneeded to
extendand breakhe control, defatted, and PHloughsamplesvhile theNPL and GL samples
required lessThemaxextension distance was significantly lower for the PHL tloauthe
defatted and contreeflectinga weakening effegierhapsecause ofewer proteinprotein
interactions and more protePHL interactionsThereduction inmaxforce for NPL and GL
were much greater thamy of the other treatments. Thtis lipid presenceaused théension
resistancéo be reduced but not the extensibility of the dough.

Table3.5 presers theforcedistance measuremeritem the extensibilitycurves Figure
3.14). Thedefatted flourdoughrequired the most ford®5.59 g)to break the dough, while NPL
had he lowest (15.73 g)lhe control(25.29 g), PHL (22.45 g) and the defatteighshad
similar peakforce measuremengdwere not significantly different than each othEne NPL
(15.73 g)andGL (16.75 g)peakforce werenot signficantly different. Dobraszczyk and
Salmanowicz(2008)determinedvheat four doughforce measurements to rarfgem 8-30 g.
However, distance measuremewerehigher inextensibilty to failure forthat study Those
resultsranged beéween 50 mm and 95 miheforce measuremesin that particular study
coincide with the results showim this study while thextensibility measurements did not. The
resultsin this studyaremuch lowerin extensibiliy ranging between 20 and 27 mm. Toauld
be an indicator of the overall quality the dough suggesting that tleigrrent flourwas apoor

baking flour orthatthe additon of yeast had a weakening effect the doughy east and
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fermentatiorhavebeenshownto weaken the overall strength of dough, which contributes to
lower overallforce measurments (Chin et al 2005). Gleand NPLreduced the strength of the
dough. It may be thahe gluten phasef the defatted flour was changede to either the
combination of lipidprotein or lipidstarch complexes formed during mixing

The cortrol (24.13 mm)defatted 25.73mm), GL (22.77 mm) and NP(22.00)
treatments had the largdsttnaxand were not significantly different. The GL and PHL were not
significantly different fronthe PH. (18.39mm). The extensibility of the gluten proteinss
weakered only byPHL. In conclusion, aldoughextensibilitieswereapproximately equabut
all the lipid treatmentseduced the force for failummpared to the control or defatted flour.

Thus, the addition of the lipids caused a reduction in thegitreof the dough.
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3.3.3.2. Strain Hardening

1.0OE+06
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Hencky Strain, eH(-)
¢ Defatted ¢ Control *NPL *¢PHL *GL

&Nonpolar (NPL), phospholipids (PHL), and glycolipids (GL)

Figure 3.15. Stressstrain curves used for determination of strain hardening behavior of
doughs with varying lipid treatments
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Table 3.6 Strain hardening measurements results for lipid treatments

Fracture Fracture stress Extensional Stralr.1
Treatments . . hardening
strain (N/m?) stiffne )
index(n)
1,056733.18 106,802.25% b
Control 1.43(0.13) (169586.56) (17,651.05) 1.79°(0.14)
991,797.32 95,997.64°
Defatted 1.36'(0.12) (156954.41) (8,184.43) 1.89°(0.12)
601,545.57 84,657.67 b
NPL 1.35'(0.20) (149346, 55) (9.474.02) 1.6 (0.19)
713589.5( 99,871.29
b y
PHL 1.15°(0.14) (124250.21) (8.912.63) 1.95'(0.18)
634144.2¢ 86,795.88
GL 1.34(0.22) (128087.79) (11.216.78) 1.67 (0.24)

a&Nonpolar (NPL), phospholipids (PHL), and glycolipids (GL)
®Means in the same column with differentdest are significantly different at a p<0;{5=90)
“Values in parenthesis indicate standard deviations

From the uniaxial testing using tKeéeffer rig, the conversio to biaxial testingvas
calculated taletermine strailardeimng following thework by AbangZaidel et a{2007).The
relationship between stress and Hencky strain can be determined by calculating strain hardening
based off of the following equation (MacRitchie 2010):

G =" 70
representative measure of the st

ner valhee

where 0 is a

stiffness, U is Hencky strain and strai
for n would signify more strain hardening ahds increased stability of the cell walls
(MacRitchie 2010). A strain hardening numbé&(n) = 1 would be a linear curve, whereas a
value of 2 corresponds to a more parabolic curve (Dobrasyzczyk and Robert 1994). If there is
higher strain this will alsaffect the strain rate, as the strain will need to be greater for the cell
wallsto break down. Thus, the gas cell can undergo greater expansion before bursting
(Dobrasyzczyk and Robert 1994).

Figure 3.15llustrates the stress versus Hencky strain aufeethe different lipid
treatmers. Boththe control and defatted sampleaksweresimilar, indicatingthatthesedougts

had developed strong structural netwarkpable of holding anchaintainng gascells. It also
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shows thatthere wasninimal effect d chloroformextractionon t he de f atiudiuead s a mp |
propertiesascomparedo the control.The PHLcurvehadsimilarities to the defatted amdntrol
samples; bwever the lengh was short&he minimaldifferencesetween the defatted and PHL
curves could be related to a concentration effeith the PHL additiorbeingtoo smallto

manifest anyifferencesin contrast, bottNPL and GLresulted irstrain hardening at much

lower stress and strawaluesthanthe control, defatted, and PHL samples€eTBL treatment was
slightly higher than the NPL but both treatments showed reduced ability to produce dough that
had similar cell wall stability as the other three treatments. Tableo8tains the strain

hardening measuremertased off of the stresstrain curves (Fig. 3.15). These values included
fracture stress, fracture stra;x t e n s i 0 n a hndsrain harflenimggn3. Thie Bacture
stress and the fracture straire the highest two values befohe dougtfails from both the

stress and Hehy strain.

The fracture (failure) strain was only significantly different for the PHL (1.15) while all
the rest of the treatemts fell between 1.35 and 1.4®braszczyk and Roberts (199¢ported
similar results for failure strain values for samplesedat varyingwater levelsin this current
work, failure stress measurements were significantly higher for both the defattetb@9Am?)
and the control (056,733N/m?) compared to NPL (60446 N/m?), PHL (713590N/m?), and
GL (634144N/m?). Thedefated and control santgsdcell walls couldwithstand a higher
applied stress (forgeer areathan the dough with the added lipidhe PHL an GL dougls had
higher fracturestress values thatd the NPL sample. élvever, all three samplesanifested
weakeningon the ell wall strength. This would support tfiading by Sroan and MacRitchie
(2009) that it was combinatiorof not only lipids, butalso ofmixed monolayers that help with
the overall suppof gas cells

Theext ensi onal stiff nesaentbetweentteNPLn ot si gni f i
(84658, GL (86, 796, ard defatted samples§®98). Thecontrol (106802 andPHL (99871)
weresignificant from all the treatments except floe defatted Typically, higher exensional
stiffessis an indicator of &iscous or rigid dough (Chin et al 200%he strain hardening values
were lowest for both the NPL (1.61) and GL (1.67), betemot significantly diferent from the
control (1.79) Thedefatted (1.89) and PHL (1.p@ere significantly different from GLNPL,
andthe control All the strain hardeningalues were aboveifhdicatingthat the added lipids did

not reduce cell wall strengtBecause none of the values were signifigadifferentfrom the
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control (only laver) both the NPL and GL could stabilize gas cslisilarto the controlBoth

the defatted and PHL treatmehisd higher strain hardening values suggegtiagthe cell wall
matrix was stronger and less susceptiblailare over timecompared to thetber treatments
This could be reflective of more protgumotein or starciprotein interactios within the samples
due to the removaif lipids.

Sroan and MacRitchi@009) alsaneasuredtraining hardeningf severakoft and hard
wheatdoughswith varying polar and nonpolar lipid additions. The strain hardenalgeswere
higher forall thosevarietiesthan compared to this current stuthpwever, the level of addition
was much higher arithe testingvas done usingiaxial methodologyersusthe uniaxial testing
done in tle current studyTheir study alsdoundhigher strain hardeningalues for 60%NPL
addition, comparable to the strain hardenmagexfor their total lipid addion (Sroan and
MacRitchie 2009). In comparisda these current resultere wasower valuesfor the NPL
and higher for the contrain contrastDobraszczyk and Roberts (1994) determijriemin biaxial
testingof flours withdifferent water concentrations, strain hardening index results soriar

to thosefoundin this currentstudy.

3.34. Physical parameters dbreads forXMT macro testing

The analytical baking results askown in Table3.7 forXMT macro testingThe whole
loaf breadsmade foranalysisat Cargill,hadno significant differencem proof heightsThe
control breachadthe highest proof height at 6.84 cm, followed by PHL (6.81 cm), GL (6.75
cm), and NPL.70cm). Becausehterewere only smaltlifferences between the proof heights
there wadittle to no influence of lipids. Loaf volumes (Tal8¢7) were measured usingpeseed
(volume)displacement following cooling. The conttwd the highest loaf volunag 754 cc,
indicating that the flour used for baking was of poorer quality due to a lower volume
measuremeniThis was significantly different frorall the otherrteatments except the PHL (714
cc). PHL and GL (706c) were also not significantly different from one another while the NPL
loaveshad the lowesaverage loaf volume (644 cd)he specific volume, which takes into
account the weight of theadves, was also determined for each sample. Again, the control had
the highesspecific volume (5.24 cc/g), burt contrast to the loaf volume, the GL treatments
(5.04 cc/g) verenot different from the control. GL and PHL (4.93 cc/g) were not significant

from one anotheheNPL (4.56 cc/g) wasalso not significantly differerftom PHL loaves.
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Table 3.7 Physicalcharacteristics of whole loafbreads baked with different lipid
treatments

Loaf Specific

Treatment Proof Height (cm) Loaf Volume (cc)
Volume (cc/g)
Control 6.842(0.37) 754.38%(36.98) 5.2 (0.25)
Nonpolar 6.70%(0.21) 643.7% (49.41) 4.56 (0.32)
Phospholipids 6.87%(0.18) 714.3%°(8.21) 4.93°(0.12)
Glycolipids 6.75(0.12) 705.63° (15.45) 5.04¢(0.09)

dMeans in the same column with different letters are significantly different<.8% (n=24)
bValues in parenttsis indicate standard deviation

3.35. Physical parameters dbreadsfor XMT micro testing

In addition to whole loaf testindpaves were made frothe control defatted, and
defatted flouthatwasreconstituted witl®.6%, 1.2%, and 2.5% NPL and 0.2%, 0.4%, and 0.6%
PL. The PLfractionwasthe combination oPHL and GL ThePL additionwascalculatedrom
theamount of polar pidsextractednitially from the control flour samplased in this testing.
Additionally, lipid concentrations were doubled and triplEde highestoncentratiorwas
chosersoasto not exceed the threshold to which the lipid additonld becomeletrimentalto
the final loaf volume (MacRichiand Gras 1973 Theproof heights, loaf volumend specific
volumeresults are shown in Tab8e8.

Comparing theveragegoroof heightsf the control and the lipid treatmentise 2.5%
NPL (7.31 en) had the lowegtroof height.Thiswas only significarly differentfrom the 0.6%
NPL at (7.90 cm)Loaf volumesanged betwee690cc and330cc with the control (799 cc) and
the 0.6% PL (82@c) having the higrst volumes. Both 1.2% NPL (708 cc) and 2.5% NPL (694
cc) had the lowest volumes. The aiiloh of higher amounts of NPtaused a decrease in volume
while all the % PL increasdwith added concentratioithe average specific volume decreased
as the % NPL concemttion increasedl’he control specific volumes fell imetween the two lipid

treatmentdditiors at the varying concentrations.
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Table 3.8. Average physical parameter measurement$or center sectionbreads baked with different lipid treatments

Loaf Specific Volume

Treatments? Proof Height (cm) Loaf Volume (cc)
(cclg)
Control 7.83°(0.36) 799.44°(20.83) 5.36%(0.09)
NPL 0.6% 7.90°(0.11) 747.78°(15.02) 5.09 (0.12)
NPL 1.2% 7.612°(0.42) 707.78 (39.77) 4.83 (0.39)
NPL 2.5% 7.31°(0.49) 693.89 (57.05) 4.8%(0.42)
PL0.2% 7.62°(0.60) 756.1F°(93.13) 5.34°(0.46)
PL0.4% 7.73°(0.38) 760.56%(25.42) 5.25(0.16)
PL0.6% 7.79°(0.23) 829.44(79.55) 5.84(0.74)

&Nonpolar (NPL) and polar (PL)
PMeans in the same column with different lettae significanty differentat a 5<0.05 (n=84)
“Values in parenthesis indicate standard deviations
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3.36 Macrostructure analysis (GCell)

C-Cell analysigs a useful tool to determine changesiiedu structure due to treatments
that influence texturersensorial characteristics of the final prodéd.provided by the €ell
imaging guide, the following parameters and interpretation of these resytteseatedn Table
3.9. Theraw imagesand values measuré&m the GCell for thewhole loaftreatrentsare

shown inFigure 3.16, andable3.10, respectively

Table 3.9 Structure parametersmeasuredby C-Cell Imaging

Parameter Definition? Unit of
measure
Total area of a sample
Slice area (reduced area meares typically correspond to reduce( Pixels (mnf)
volumes)
Number of distinctive cells found in the slice .
Number of cells ) N No units
(I ar g=direr céll§) s
Number of holes Number of holes in a sl No units
Ar f cell rcen fsli r
Ared of cells ea of cells as a percentage of slice area %
(greater % = open structure)
Area of holes as a percentage of slice area
Area of holes percentag %
(greater % = larger sizes of holes)
Total volume of all the holes in the slice combined -
Volume of holes ) o Pixels
( hi g h e rger# orsizeof hbles)r
Pixels
Wall thickness Avg. thickness of <cell )
(mm)
. Avg. diameter of cells in the slice area Pixels
Cell diameter R
(l arger #06s = cour se (mm)
. Average lengthd width ratio of the cell0 influence of :
Cell elongation g g No units

orientation of the cells (values closer to 1 = rounder ce

ADefinitions adapted from the Baked Product Imaging System Analysis Guidell @naging
(Calibre Control International, Ltd., WarringtonkK

3.3.6.1.C-Cell macro XMT treatmenganalysis

The slice areas were significantly different between the samfiesNPLIoaveshad the
lowest slice area (3A4mm?) while the control had théargest(4380 mnv). These differences in
slice area were rated tothe difference loaf volumescaused byhe added lipidHowever, the
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number of cells was not found to be significantly different from one an@#rger values

indicating finer cells The other parameters that were found to be different iedladea of

cells, wall thickness, and cell diameter. For the area of cells, both the control (49.52%) and NPL
(47.13%) where found to be significantly differérdm thePHL (48.40%), and GL (48.33%).

These values were very close to 50%, which would bedication ofmoreopen cell structure
(overallhigher volume).

Both the control (0.39 mm) and PHL (0.38 mm) had cell wall thicknesses that were
significantly differentfrom NPL (0.37 mm) and GL (0.37 mmJhus,the control and PHL had
slightly thicker c# walls. Thecell diameter for the contrgl.47 mm) was significantly higher
than all the treatment$heNPL (1.24 mm) had the lowest. None of the cell elongation values
were four to be significantly differerfrom one anotheiThese values were highiéran 1
indicating less rounded cells and greater diversitielhsizes.Sroan and MacRitchie (2009)
found similar result¢no differences in the number of cellbyt cell diameters were different
from one another due the addition of polar and nonguwllipids. Thus, the overall expansion
and increase in loaf volume was more associated with the lipid treatments allowing for growth in
the ga<ell size rather than just being related to the number of cells (MacRitchie and Sroan
2009).Gandikota and Macihie (2005) determined thtite dough ability to expandlred on
the combinatonof he number of cell s present and t he
incorporated cellsTheincrease in the gas cell sifog control, GL, and PHIsamplewould
allow for more diverseell sizethroughout the structuimpared to NPL lipid additiorThe
NPL hadsmaller cell diameters, whighhibitedexpansion (Sroan and MacRitchie 200&)e
higher the elongation the greater the stability during expamasidrihiswould have aroverall
impact on the rheological properties of the do(@hndikota and MacRitchie 200Becausall
the elongation values were similar to one anotbeall thetreatments, lipid addition hditle to

no effectthe strengttof the cell walls
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A. Control B. NPL C. PHL D.GL
aNonpolar (NPL), phospholipids (PHL), and glycolipids (GL)

Figure 3.16. C-Cell raw images ofmacro XMT sampleswith varying lipid treatment s
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Table 3.10. C-Cell analysis ofmacro XMT sample breads containing varying lipid treatments

. Area of  Area of Wall Cell

Treatment Slice A;rea Number - Number Cells Holes Volume Thickness Diameter Cell ,
(mm?) of Cells of Holes (%) (%) of Holes (mm) (mm) Elongation

Control 4379.83 3807.62 3.00 49,52 1.392 38.1C¢ 0.392 1.47 1.72

(209.69)  (229.69) (2.01) (0.33) (0.59) (8.61) (0.00) (0.04) (0.01)

NPL 3743.67  3932.° 3.28% 47.1% 2.08 35.452 0.37° 1.24° 1.72

(295.00) (270.91) (1.29) (0.91) (1.42) (15.98) (0.00) (0.07) (0.01)

PUL 4129.83° 3977.172 3.76% 48.40 2.282 41.15 0.38° 1.37¢ 1.7

(152.96)  (131.87) (2.56) (0.46) (1.63) (18.12) (0.01) (0.08) (0.01)

GL 4046.00° 3974.T772 4.058 48.33 3.062 48.972 0.37¢ 1.31¢ 1.7¢

(83.42) (82.32) (0.29) (0.56) (0.97) (10.06) (0.00) (0.05) (0.00)

&Nonpolar (NPL), phospholipids (PHL), and glycolipids (GL
bMeans in the same column with different letters are significantly different at a p€9=08)
byaluesin parenthesis indicate standard deviations
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3.3.6.2.C-Cell micro XMT treatmentanalysis

A. Control A. 0.6% NPL B. 1.2% NPL C. 2.5% NPL

A. 0.2% PL B. 0.4% PL C. 0.6% PL

a@Nonpolar (NPL) and polar (PL)

Figure 3.17. C-Cell raw images ofmicro XMT sample slices for control, NPL (0.6%, 1.2%, 2.5%), and PL (0.2%, 0.4%, 0.6%)
lipid additions
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Table 3.11. C-Cell analysisof breads used formicro XMT analysis withvarying lipid treatment additions

Slice

Area of

Area of

Wall

Cell

Treatment Area Numb”er of Nfumbler Cells Holes VfOIUTe Thickness Diameter | CeII_
(mm?) Cells of Holes (%) (%) of Holes (mm) (mm) Elongation

Control 413033° 3367.33 4.112 49.872 3.79° 66.8C" 0.40° 1.56° 1.76

(91.66)  (108.56) (1.52) (0.23) (0.42) (5.09) (0.00) (0.04) (0.05)

NPL 0.6%  3914.33° 3603.33¢ 2.80° 48.272 2.18 46.0% 0.38% 1.37° 1.742

(148.00) (198.07) (1.27) (0.61) (1.68) (24.89) (0.01) (0.0 (0.04)

NPL 1.2%  3664.383 3264.33 2.312 48.972 3.79 64.90¢ 0.39%® 1.40* 1.732

(287.79)  (93.55) (0.99) (0.50) (3.78) (41.00) (0.01) (0.06) (0.04)

NPL 2.5%  3761.00 3298.00 3.422 49.472 2.63 52,73 0.39% 1.46° 1.762

(153.80)  (93.55) (1.29) (0.32) (1.75) (21.21) (0.00) (0.06) (0.05)

PL 0.2% 4202.6% 4062.33 3.94 48.93 3.18 53.4C¢ 0.37 1.32 1.78

(146.85)  (77.02) (0.29) (0.64) (1.87) (21.83) (0.01) (0.05) (0.05)

PL 0.4% 4091.33° 4109.00 2.52 48.7G 1.772 41.83 0.37° 1.3 1.7¢°

(92.03) (32.92) (0.18) (0.36) (1.30) (22.91) (0.00) (0.07) (0.02)

PL 0.6% 4659.33 3773.67 3.36 50.272 2.49 5470 0.40 1.632 1.752

(686.07) (106.10) (1.66) (1.62) (1.99) (22.42) (0.02) (0.23) (0.03)

@Nonpolar (NPL) and polar (PL)

®PMeans in the@me column with different letters are significantly different at a p<Qré®1)
b\/alues in parenthesis indicate standard deviations
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Figure 3.17 and Table 3.11 contain th«€ll raw image®f center sectionand the
value measurements those brads Slicearea, number of cells, wall thickness, and cell
diameter weraignifcantly differentbetween théreatmentsThe slice areas for the control, 0.2%
PL, 0.4% PL, and 0.6% PL were larger than all the NPL treasmiaittally, the loaf volumes
werealso higher for the control and PL treatments than the NNR&number of cells for the
0.2%PL (4602) and 0.4% PL (4109) were significantly different and higher than all the other
treatments includinghe control.The cell wall thickness was significaptjreater for both the
control sample (0.40 mm) and 0.6% PL (0.40 mm) than for the 0.260.BL. mm) and 0.4% PL
(0.37 mm)reflectingthicker overall cell wallsTheaveragecell diametef 0.6% PL (1.63 mm)
was significantly higher thatimat 0f0.2% PL .32 mm) and 0.4% PL (1.31 mm) while all the
rest of the treatmentsll between these two extremes, which was a more course, open structure.
The control had the second highest average cell diameter at 1.56 mm. Again, no significant
differences in cell elagation were seen between thesaeadlipid treatments either, thus the

cells were not as round and more diversified in shape.
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3.3.7. Microstructure analysis of breadX-ray microtomography

X-ray microtomographyXMT) is a very usefutool to evaluateaeratecellular products
as it helps to provide laetter understamalg of internalmicrostructurevithout compromising the
sample(Falcone et a2004;Lim and Barigou 2004Falcone et a2005;Babin et aR006;Bellido
et al2006; Massenbroeck 2007; Besbet al 2013: Cafarelli et al 2014b; Van Dyck €2Gil4).
Note that no direct comparison can be made bettheamacroXMT andthe microXMT results
as sample sizgsvhole loaf and center sectidr2 cm x 8 cm cubegnd magnificatiomanges
were differenfor each XMT instrumenfThecenter section testingsolution wad 5 . 5Swhigem
whole loaftestingwas conductedt®1.4 ¢ nresolution Thelowerresolutionfor thecenter
section workallowed the determination of thimiest possibleir cell or pore masurement
within the VOI of the samplddowever, this mesurement is limited to that speciBample size
Due to the small sample sizbgetview of the entire loat a n Gevaludtezlvithout taking
multiple images ofthe center sectionf the same loafln order to gethefull loaf within the field
view, the sample had to be moved farther away from theyxThisprovideda betteranalysisof
the cell and pore distributian the whole sample, bsbme of the detadf the smaller cellsvas

lost due tahe distancdérom the xray sourceFigure3.18shows the binary imagef control

samples for both micro and macro testing.

Figure 3.18. Binary images of the control samplé¢or XMT macro (a) and micro (b) testing
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3.3.7.1. XMT macro testing

Figure3.18showswhole loafXMT measures ofell wall thicknessgas c# size,
cumulative cell wall thicknessnd cumulative gas cell siz@ell wall thickness distribution
ranged broadlyvith thicknesses between 100 0 0 Therewaslittle to no difference between
the wall thicknesslistributions(Fig. 3.18a¥for the NPL, PHL, and GL with the distribution
(~37-42%)at3 6 8 Thercontrol hadho clear peak. Mosbf thevalueswerebetweenwo sizes,
246e ma nd 3 &8 cutnatativecell wall thicknesglistribution(Fig. 3.18) showedittle to
no difference between tleeimulativefrequencyfor any of the treatment samplésgpids had

limited effecton the distribution o€ell walls throughout the wholeohf.

Gas cell size curveg8.18c) showed larger difference between thigedistributiors of
the controlandthe thredipid treatmentsThe control curv@eakwas lower and broadenan the
NPL, PHL, and GL curves with feweellsof 2006 m a n d tiRaAGL, NImand PHL
curves The most frequent cell sizeas4 0 0 fag those lipid treatmentd he control spread
ranged between 0 cfawercelsde 7 @0 en mt4B0Bm2 O @& m GL an
PHL had a slightly lower frequency of celitsthe3904 00 e m range, but al |l t
had the samdistribution Thecumulative gas cell size distributighigure 3.18d) was shifted
slightly to theright for the controlloaf showinglarger cell sizetn those sampleas compared to
the lipidtreatments. The lipid additions appearetidwe a greater influence on cgltethan on
cell wall thicknessThis could bedue tothe lipideffects on the gasell expansion and is
reflectedin theloaf volume (Sroan and MacRitchie 2009).
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Table 3.12 Macro XMT results for whole loafbreads containing varying lipid treatments

Volume index

Solid Fragmentation Cell wall . Total

Treatments ((\Jra?) volume index thickness Gas(:rcre]l)l siz€ Nugbfélg f porosity

(%) (1/um) (um) ) (%)

Control 1.57E14 42.37 -0.004? 369.40 881.40 210540.8? 57.63
(1.72E13) (2.95) (0.00®) (22.67) (24.10) (34711.89) (2.95)

Nonpolar 1.28E14 51.4% -0.008 389.78 648.68 7482500 50.24
(2.59E13) (2.84) (0.0007) (40.55) (37.64) (45665.16) (3.85)

Phospholipids ~ 1.51E14 4417 -0.005® 359.37 699.8%  118243.67°  55.88°
(6.40E12) (3.83) (0.0007) (39.69) (31.98) (34823.08) (3.83)

Glycolipids 1.52E14 47.82° -0.008 394.22 700.3#  169857.3%°  52.18°
(2.45E13) (5.39) (0.005) (54.91) (58.41) (50700.87) (5.39)

dMeans in the same column with different letters are significantly different<.@% (n=24)
bValues in parenthesis are standard deviations

Table 3.13 Gas cell size percentile distributios for whole loaf breads withadded lipids

25% 50% 75% 95% Avg. gas cél size
Treatments
(um) (um) (um) (um) (um)
Control 392.9%(33.63 650.83 (54.9)) 1006.94(33.63 2112.17(82.37) 881.40 (24.10)
Nonpolar 317.22(25.07 501.42 (25.07) 757.2% (50.13 1412.17 (102.79 648.68(37.64)

Phospholipids
Glycolipids

337.69°(51.37)
327.46 (31.7)

532.12(31.79)
521.89 (51.37)

849.3% (7179
849.3%(81.6])

1562.67(108.10
1575.90(163.29

699.8% (31.98)
700.32(58.41)

dMeans in the same column with different letters areifsigmtly different at a p<0.05; (124)

bValues in parenthesisestandard deviations



XMT results for whole loaf samplese shown in Tabl8.12 No significant differences
were seen between the volume of interest (VOI) for any of the saripkesolid volume (%)
within the VOI wassignificantly larger for the NPsamples (51.45%) than the control (42.37%)
and PHL (44.12%)Curvature of the gas celldetermined from th&agmentation indekound
thecontrol and all lipid treatments benegativeandvery smallin value. Thisndicated
concavitywith aconnectegore structureNo significant differences were seen betwten
averagecell wall thicknes®f any of the samples and the controbwéver, the average gas cell
size (structure separation) measurements were significantly diff@tencontrol (886¢ m) wa s
significantly larger than all three treatments. The number of objects (amount of gas cells in a
sample) was significantligigher for the control (21054®hanfor both NPL (74825) and PHL
(118243, but notthanthe GL (1698% The combination ofhereduction in the number of cells
and the average gas cell size within the whole loaf, would suggest that the lipid treatments,
specifically NPL influenced the abililtipr the dough to stabilizand allow forexpansion within
thegascells and this woul be reflective in differencaa volumes and specific volumes of the
loaves Finally, the total porosityf the control sample was highei8s) thanthose of the NPL
(50%), PHL (58%), and the GL (5%).

Table3.13contains th&5%, 50%, 75%, and 95%ercentile values for allvhole loaf
treatmentsising datdrom the cumulative distributiographs(Fig 3.18d) For every percentile
range, there wadifferencein gascell sizebetween the control and the lipid treatments. The
control had larger gas celcrass each distributiorHowever, inthe 2% percentile range, both
the PHL @38¢ mphand the GL327¢ mwere not signifianty differentfrom the control 393
e Mmwhile theNPL (317¢ mwassignificantly different At the highempercentile range(50%
95%), the control was significantly lamgat each levelThe average gas cell sgzaf the samples
fell betweerthe 50 and the 7% percentile The GLand PHLIoaves hadvery similar percentile
gas cell averages to one another throughout all ranges while the NPL had the smallest gas cells

overall.
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3.3.7.2XMT micro testing

Figure3.19contains the cell wathicknesdistributiors (a), cumulative cell wall
thickness distributiosi(b), gas cell size distribuins (c), and cumulative gas cell size
distributiors (d) for center sectiotesting thecontrol and varying levels of NPL and PL. The cell
wall thickness distributiomhadthicknesses starting at 830m t o  4Al0 NIPL eontentrations
caused théhicknessspread to increase compared to the control sample. In contrast, the addition
of PL causedlifferencefrom the controlonly at the vaying levels. This trend is alseen in the
cumulative cell walthickness distribution curvasherethere wasa shiftto the right (thicker)n
the curveof NPL as compared to th@ontrol and PLThe gas cell size distribution curves
showed the highegiercentagef cellswereb e t we e n 0 .8athdhe®2060a10d).49m
PL samples had the highest portion of tlreie | | s ar Ge€5.0Thescomulative gasll
distribution curvesvere shifted more bghe additiorof 2.5% NPL and 0.4% P&s he frequency
of smaller gas cells (1-R.0 mm)increased

Table 3.14oresentXMT results forsamples withvarying levelsof NPL and Plas well
as the controlThere were no significant differences between the VOI values or the percent
object volumes for any of the treatmerisagmentation measaments showed small, negative
values, which suggestea connectedconcave pore structur€here were significant differences
between the average cell walldkness as both 1.2% NPL (286m) and 2. 58%) NPL
had increased thicknesbhe 0.6% PL(166¢ m) thickrekss close to thaverage cell walbf
the control (16& m )Therewere no significant differences in thgerage gas cell size any of
thesampls. The 2.5% NPL (8302Chad the higheshumber ofgas cellsaandthis was
significantly different from all the treatmes except for 0.6% PL (620@5m) . Al | t he
number ofgas cells were less than g&two levelsTotal porosity values were not significantly
different from oneanother and ranged between 84% and 898ngcumulative gas cell
distribution curve (Fig 3.19d)alues were determined fag", 50", 75", and 94" percentile for
all the treatmentsThey arecompared in Table 3.15. None of the gas cell sizes wenel flaube

significantly differentfrom any of thesamplesat any of thepercentileranges.
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Table 3.14. XMT results for center sectionbreads containing varying lipid treatments

Volume

. Solid Fragmentation Cell wall , .
Treatment? index volume index thickness Gas cell size Number of  Total porosity
(VOI) 0 : (e€m) gas cells (%)
( &3n (%) (1/ em (e€m)
2.89E12 12.07 -0.00194" 166.08 2288.08 36925.68 87.93
Control (2.20E11) (1.09) (0.00) (6.38) (418.49) (6981.15) (1.09)
2.62E12 13.57 -0.00154° 185.56° 2072.78 48991.00 86.43
NPL 0.6% (2.70E11) (1.43) (0.00) (3.72) (335.54) (123.12) (1.43)
2.84E12 15.2F -0.00278 216.16 2455.68 50246.00 84.79
NPL 1.2% (4.2E11) (2.53) (0.00) (27.83) (533.40) (9176.86) (2.53)
2.41E12 14.24 -0.0013@" 203.53" 2111.44 36773.00 85.76
NPL 2.5% (5.9E11) (3.21) (0.00) (11.24) (1017.61) (8896.91) (3.21)
2.58E12 13.87 0.0005% 171.49 2016.95 83020.38 86.13
PL 0.2% (1.3E11) (2.42) (0.00) (23.67) (325.83) (13147.28) (2.42)
2.34E12 13.36 -0.00053 174.98° 2109.87 44570.67 86.64
PL 0.4% (6.9E11) (5.62) (0.00) (4.79) (1182.73) (5564.29) (5.62)
2.63E12 10.98 0.00277 166.46 2312.65 62005.00° 89.(x2
PL 0.6% (3.0E11) (2.62) (0.00) (6.25) (460.11) (16213.52) (2.62)

Nonpolar (NPL) and polar (PL)

bMeans in the same column with different letters agaiicantly different at p<0.05; (124)
“Values in parenthesis are standard deviations
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Table 3.15 Gas cel size percentile distribution for center section breads at varyindipid treatments

Treatment

25%
(e M

50%
(mm)

75%
(e m

95%
(€ m

Avg. gas cell size

(e N

Control
NPL 0.6%

NPL 1.2%

NPL 2.5%

PL 0.2%
PL 0.4%

PL 0.6%

678.02 (0.04)
617.79 (0.06)
682.52 (0.08)

703.14 (0.15)
454.39 (0.05)
619.95 (0.19)

617.74(0.14)

2216.37(0.40)
1888.69 (0.50)
2512.37(0.68)

2154.68 (1.08)
1950.36 (0.65)
2194.14 (1.37)

2247.12 (0.57)

3766.12 (1.01)
3553.86 (0.54)
3895.08 (0.81)

3435.39 (1.88)
3490.86 (0.59)
3385.42 (2.08)

3836.14 (0.77)

5093.68 (0.51)
4342.22(0.71)
5224.79 (1.03)

4181.44 (2.11)
4403.80 (0.39)
4218.16(2.28)

4931.18 (0.76)

2288.08 (418.49)
2072.73(335.54)
2455.68 (533.40)

2111.44(1017.61)
2016.93 (325.83)
2109.87(1182.73)

2312.6% (460.11)

Nonpolar (NPL) and polar (PL)

PMeans in the same column with different letters are significantly different at p<0.@) (n=
“Values in parenthesis are standard deviations
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3.4.Discussion

The changes in thasco-elasticproperties of dough at small deformatiare mostly
associateavith starch, proteinand wate(Khatkar and Schofield 2002a)he addition of starch
to glutendecreaseG gromotesshear thinnig behaviorand increasethe elasticity of the
sample (Smith etld970; Khatkar and Schofield 2002a, Song and Zheng 28050 .the
application of varying stress has shown to have a greater effect onastdrghuterthan on
glutenalone(Khatkar and Schofield 2002dh generals t ar ch i s a s dineari w@ ed wi
characteristics of the dough (Khatkar and Schofield 2002a). Rstesnous anctlastic
behavioris directly linked to the glutenin tgliadin ratio (Song and Zheng 2007). Higher
glutenin levelsare correlated to measureldstic properties wie gliadinis associated with the
viscous characteristic¥heincreasedevels of theseombinedfractions in flourwill create
stronger dough with improved shear viscosity (Song and Zheng R@0cbur and Hoseney
2007). Water also plays a role as itdratesthe system, fills in voidsand serves as a lubricator
to reduceparticle friction (Song and Zheng 2007).

In this studyMixolab resultsshowed that the addition of total lipids at both low and
high concentrgons had minimal effects on mixing behaviprotein wealernng, andstarch
gelatinizationHowever, following gelatinization there was a differebeéween control and the
other three test tréaentsin theappliedtorque needetbr setback The addition of total lipids
100gflour caused changes inglidlough that reduced the torglrecontrast, ietotal lipids200 g
flour hadhigher torque values thatid the control.The reduction in torqueaslikely due to the
complexing oflipid chains with amyloser lipids with lipids forming amylosdipid complexes
or the creation of lipidipid micelles(Tang and Copeland 2007he amylosdipids complexes
formed slowed the onset of retrogradatidhe complexingof lipids prevente@mylose from
recrystallizing, which is anain component causé retrogradabn. The control sample was
lower than both defatted amotal lipids200 gaddition as defattinglters the gluten phase and
can strengthen the proteumotein interactions

Stress sweep testirghowedhat increamg theappliedstress caused a reductim the
moduli( G 6 , for &fter)mixing and proofing faall thelipid treatmens with an LVR at 40 Pa

Thedefatted sampléhoweverwas least affected by the applied strassoth processing stages
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Thefrequencysweep tesshowed thathe moduliincreasedasthe applied frequaay increased.

This would indicate that the dougtthibitedelastic properties, which is oftéound inweaker

flours containing higher starch content (Khatkar and Schofield 20B2bjgerchangent he G©6
and Go f aress éndfrequencyhseeemsre seemfter mixing tharafter prooing.

Mixing allows for the creabn, interacion, and bondindpetween polymers. firomotes the

transfer and alignment of the lipidsthin the doughstructure. Gerits et §2015)found tha in

order for compounds such as lipids to havenfloenceon dough properties, thesenstituents
mustbe presentt the beginning of mixingPapantoniou et §2003)determined that lipid

fractions have the greatesffecton aokie dough structur@hen presenat mixing.

The increase in thé dnoduli of the defatted sampliuring the frequency sweep was
likely due tostarchhaving mordriction between the granules because of the defatting process.
Georgopoulos et al (2006) determined that the irstiad of the gluten structure waslveed due
to lipid removal. Thigould allowfor greatelinteractionbetween starch or protein molecules,

t hus i ncr e a doithe bipid remeaval, 6 defatizd sample had more prgetein
interactionsGoémezet al(2011) foundncreased levels of-S ordisulfide bom linkagesduring

over mixing of doughThis causeani n c r e aandd e cnr eGads e @gsociatedrwithi , b ot |
elastic poperties of dough.

The lipid addition promoted the interaction of stangth the PHL, NPL, and GL
reducing themodulit h at wa s nthetdefattedesample: iThte NPL fraction caused the
biggest decrease in tlie6 a nmbdul®ball the added treatmeniBhe sample containing GL
andPHL additions were characteristicallyore like the control as thehain links of the lipid
structuresvere able tdorm complexes witlproteins and starchVilde et al 1993 and Tang and
Copeland 2007ound thatlipids could interact with both starch and proteifs: the PHL
treatment, theralsowas a concentration effes this sample was more similar to the defatted
flour treatmat. Because there wasaver concentratiomecovery from the extraction process,
less of an influence of these lipid&reseen.

Temperature sweep testing shaoWbegreatest influence of starch m®st of the
differencesdetween the treatments wexeross the temperature range of starch gelatinization.
Initally, t h e &l dhesarmpledroppedduring heatingPHL and the defatteflour were the
least affectedr-or these two samplestarch gelatinization startedrlierthan did the other three

treatments. These treatments katosity curveshat were highesooner than the other three
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samplesDefatting and reconstitution studies of soft wheat flours usedakies found that the
starchexistedash a ggl omer ates and particleso foll owing
covering the outside, preventing full hydration of the starch (Papantoniou et al P0@4).

binding of GL and NPL with starch slowedaktonset of gelatinization makitigose samples

similar to the controlThe lipids alsaneltedat temperatures betwedb°C-65°C causing

additional peaks in the oees for the GL and NPL samples. This facilitated stdipit
complexationThere were alsohanges in viscosityr(creasefifor all treatments. bwever, the

full gelatinization of starcloccurred at a higher temperatdéioe the NPL and control samples.
Thetemperature of gelatinization was higher for GL additltan for defatteénd PHL additio.
However, there was a greater increase in viscosity at a lower temperature for the GL than the
control and NPL additior-rom thechangsin gelatinization temperature and viscosigused

by GL, this would support the findings Bibseney et al (1970) difang and Copelan@007)

that theravas an interactionf GL with both starch and protein

NPL addition caused the greatest changdéldcoharacteristics of thdough. Samples
conatiningthis fraction(NPL) had the lowestaluesfor all rheologicalmeasurementsBecause
the behavior of the temperature sweep curves for the NPL resembled the control versus the
defatted samples this would support fineings of Li et al (2004) who found thAtPL was
more assoiated with the starch than proteMPL does ot improve the loaf volumdue to its
inability to hold air cellsas determined by MacRitchie and Gras (1973) becadseshotform
compressed monolayers at the ifdee. However, here still appeared to be an influence of the
NPL on the overall rheofpcal properties of the dough contrast to the findings of Sroan et al
(2009).

During proofing and bakingisco-elastic properties of dough chanyee togrowing gas
cells andexperiencéiaxal response to ttetresseand strainsDoughis anelasticfilm with the
ability to expandgxtendin response tocreass in gas productiobecause itindegoesuniaxial
and biaxial extensions (Sliwinski et al 200Bxtension testinghowed that the addition afl of
thelipid fractionsweakened the dough. Thactureforce values were all reduced compared to
the control and defatted sampl@éberewas les®ffecton doughextension except for the PHL
which caused the extension values to be reduldesidecreasén extensibility curves and values
wasindication of reduced strength of the doudihis could balue tointeractions ofipids with

proteins lipids with starch, oripids with lipids as shown by Tang and Copeland (2007)
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Thestress fracture and tkedastic propertiearerelated tocrumb structur@and have a

direct positive correlation with thtbickness otell walls (Fatone et aR004).Cell wall

thicknesss affectedbyi mechani cal 06 properties Théstresshe dougt

strain measurements and strain hardening vatuiss curent study were reduced by the
presence oNPL, PHL, and GLThe control and defatted had the highmastisuredtress and
strain valuesTheNPL continued to haviewer valuedor all large deformation resulexcept
thefracture strain. PHIleven though hang reduced value$iad similarfracture stress,
extensional stiffnessnd strain hardening indeéxatcloselyresembledhe control and defatted
flours. The fracture strain walse lowestwith PHL presentwhich wadikely associated with the
observededuction in extensibility of the sampleacture stresgaluesof the NPLsamples were
lowest, reflectingheleaststrength in the cell walls. This would decretise ablity forgas cell
expansionGL and PHL showed more resistance to breakimg) hachigher fracture strees

The NPL and Glresulted inreduced stiffness aridss of strain hardening. This suggdbat
thesedoughsw o u | providet cell wall stability comparable to the control, defatted, or PHL
samplesin the case of the defatted flotine removabf lipidsdidn ot i nhi bi t t he
to expand because the glutgasstill able to form a developed netwaakdtherewere fewer
interactionsbetween polar lipidallowing for the development of more protganotein
interactions (Gaet al 1990; Paternottt al1994).

Gas cell expansion does not occur in the same way for each bubble; however, the cells
initially start assphers and then due to pressures gradually convert in to polyrsidipégVan
Vliet et al 1992)These changeas the gas cell size and shape results in expansion of the bread
loaf. These present results found no significant differences in proof heigihswaifiole loaf
treatmentsThe control was larger in volumbkan all of the other treatmengven though the
volumesof the lipid containing treatmentgere reduced, the GL and PHL sampiesulted in
loaves with volumes that were larger than the NR&cRitchie and Gragl973)found during
thar early work studying the function of lipids in bread bakitihgt ronpolar lipids were
detrimental to loaf volumedheresuts of the presenstudy aran agreementwith these earlier
findings. It was also shown that the presentgolar lipidswasbeneficial to loaf volume, but
the level of addition is critical for thienhancement to occur (MacRitchie and Gras 1973).

Thecenter loavolumetesting showed thahe addition of NPL and PL lipids dwhuse

differences in the proof heights, suggest@ngpncentration effect of lipid additiohhe largest



changewas seeffior the NPL; whereas, teLd i dhawe &s large of anfluence.Differences
in proof height were reflectdd final productvolumes. Thénigherlevelsof NPL caused
reductions in loaf volumehile PL additioncaused increases loaf volume to the poirthatthe
volumes werehigherthanthose otthe control.

These results wemreflectedin both GCell and XMTmeasuremenitg he GCell imaging
of the whole loaf showed differences in the slice are, which was indicative of the changes in the
overall volume othe samplesBoththe NPL and GL were able to produce samples closer in size
to the control thamvasthe NPL. However, the number of cells within each loaf were not found
to differ significanty. Thisindicated that all samplesdhéiner cells than theantrol. Gall wall
thicknesswvasgreater for the control thdor any of the other treatments. Thvasalso the case
for cell diameters. The NPbaveshad thinner cell walls and the smallest cell diameters of all
the treatments. Elongatimalues wergargerthan 1for all the treatments suggesting that gfas
cells were not limited toound shapg butat a variety of sizeshus better able to undergo
greater expansioWhen comparing the center laedmplesat varying lipid concentratianthe
controland PL at all levels caused greater increases in slice area and nucdlkstioandid the
NPL. This again would be an indication of higher loaf volum#l larger rangsof finer cells
for both the control and PL sampl&€ell wall thicknessvasgreaest for the control and 0.6%
PL samples.

Thewhole loaf NPL, GL, and PHL samplesdihicker cell walls than the control
sampes and a lower number gas cellee GL and PHL samples théhickness values cloge
the controlandNPL hal the lowestvalues These differencewerelinked to changes in the
overall loaf volume athe GL and PHlallowed for cell expansiobringing thenmcloser to the
control. The NPL samples had more limited expansion, a larger solid matritewedgas cells
The loavegNPL) producel were denseand smaller in volumé& he addition of varying levels of
each of the lipidesulted ina wider distribution of cell wall thicknessand gas cell size Higher
cell thickness distributionf®r the NPL at all levels than with the PL atiloin.

Theeffectof NPL, GL, and PHlpresenc®n the dough mperties show that GL and
PHL (which are the polar lip)ddo influence the rheological properties of doagil the
microstructure of bread, probalilyrough their interactions with both staratdagroteins. The
PHL and GL cannteractwith both proteins and starch, which makes them more suited to move

to stabilize gas cellandform amylosdipid complexesThese lipids also can help to stabilize
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gas cell walls, allowing flogas cell growth andx@ansion, thus providing supp@fttowing for
increase in loaf volumeThis support$san et al (1990) angroan et al (2009)ndings ofthe
presencef asecondaryiquid lamellaethat helps tgrevent coalescence of gas cells following
the stretchng of the glutemrstarch matrix. Higher levels &1L lipids shovedto have a greater
influence on the structural matnwhile NPL, on the other haneyasnot able to providstability
to gas cellor prevent coalescencEhe mechanism by which the polar lipidsiasin stabilizing
air cellsis becausef their ability toalign themselves at the infaceand surround gas cells.
These lipids are most beneficial whtie glutenstarch matrix bgins to stretch and breaown
atthe end of proofing and the beginniofgbaking(Gan et all990).This break down of the
structure has been hypothesized as being caused by the over exdaediainternal pressures

on the expandingascells (Gerits etal 2015).

3.5. Conclusion

The influence of native wheat lipid fractison therheological properties of dough and
themicrostructure of bread waffectedby type of lipid and the interactions with other
components in the structural matrbhe addition of all the lipid treatmentgeakend the dough,
but rheological testinghowed the dough exhibited greater elastic than viscous behEwv&or
addition of polar andanpolar lipids showethteractions between both lipids apabteins and
lipids and starch. Thiseduced the strengtind increased the viscous propertiéghe dbughas
compared to the defatted samplésCell imaging and XMT testing determined changes in the
structural makeaip andgas cell distribution as the polar lipid fractions had more positive
influenceon the loaf microstructure and volume as comparedetmémpolar lipidsThe ability
of the polar lipids to move to theterface forming the secondary lamellae is beneficial part for
promoting gas cell stabilitymproving and maintaing the crumb grain integrityandproviding
overall,betterquality brea. Even though lipidglo have the gaabilities to be surface active and
maintaingas cels, their function is ndimited to stabilizejust gas cells, but also as contributors

to viscoelastic properties of the dough.
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Chapter 4 - The Effects of Varying Concentrations of Wheat Lipid

Fractions on theMicrostructure of Bread

4.1. Introduction

Bread quality is dependent on many characteristics including, color, flavor, texture,
mouthfeel, size, and shape. Of these, loaf volume is crucial for consumer liking because it
providesthestructural basignfluences textural propertiesandprovides the basis for theternal
crumb (Gan et al 1995Bread can be best described as a sponge consisting of an internal phase
of gas within a solid matrix of varying cell wall densities (Falcone et al 20@etease in dough
and loaf volume is assiated with the growth of individual air celtather than aactual
increase in the number of air cells (MacRitchie 19TH)s in turn,affectsthe overall cumb
grain,which is a result of theell expansion and distribution the dough matrixThe abilty to
maintain and stabilize gas cells within the internal structure of dough during thenba&amd
process makes wheat flour unique (Gan et al 199@rall, this combination of gas cells within
the spongy, solid matrix constitutes the basis of theostructure of the breadhe
microstructure then can Ibally characterized by features that include cell wall thickness, cell
shape, crumb brightness, void fraction, and hardness of the crumb (Falcone et al 2004).

During bread baking, the dough is $eitted to a series of manipulations (moulding and
sheeting) that cause changes in size and distribution of the air cells (Sroan et al 2009). Much of
doughodés stability to this mdanchmpatrik,whichfoms i s ass
the lackbore of the bread. It is thimatrix that helps to create the physical barrier between air
cells and prevents coalescence (Gan et al 1990). The grotenprising gluten (glutenin and
gliadinfar e bot h 0 sandcah easillemoaeda the gletatard matrix interface and
help to stabilize and maintain expanding gas cells (Li et al 28@4lgr et al (1997) andi et al
(2004) determined that the gliadin fab@mtbti on w
the surface of the gascellwallsdan i n t he fAbul k phaseodasonly t he dol
found in the bulk phas@&ecause of the increased internal pressures during proofing and baking,
the stability of the gas interface is only as strong as the amount of pressure that the compound
(protein)at the highest concentratican withstand (Paternotte et al 1994).
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It is well known thatheseglutenproteins form the backbone of the bread structure and
are responsible for holding and maintaining air cells within the matiikhaing the greagst
influence on overall loaf volume (Chung et al 1980a; Delcour and Hoseney 2010). Although
present in small amounts in the wheat kernel, native wheat lipidsatsnl@enshownto play a
part in the stability of gas cells and loaf volume. Much resdaastbeen conducted and
reviewed tudying theinfluenceof native wheat lipiden bread (Daftary et al 1968; Hoseney et
al 1969; Hoseney et al 1970; Daniels et al 1971; Hoseney et al 1972; MacRitchie and Gyras 197
De Stefanis and Poni®76; Chung et al I/8; Chung et al 1980a; Chung et al 1980b; Chung et
al 1982; Ohm and Chung 2002).

Lipids in wheat difer between vasdties. har effects on baking quality kva been
associated with the type of wheat and the environmental conditions underthycregrown
(Chung et al 1980b). The lipids are found tighout the kernel witthe highestoncentration
being the germ. However, the endosperm (flour) also contains small amounts of lipid and the
level can be dependent on the milling yield and kernel hardvessRtchie 1977). There are
differences in the classes of lipids in flour starting with total lipids encompassing all lipids
including those connected to the starch granule matrix (Finnie et al 2B@9procedure for
total lipid extractioninduces starclgranule swelling, which is necessary to remioxernal
lipids. Non-starch lipid extraction does natgmote starch granule swellingotever, this
technique is unable to remove the lipids that are associated with the starch granule (Finnie et al
2009). Wheat lipids can be further classified into free and bound fractions adéstimetiors
between these classes are based on the polarity of the solvents with which they can be extracted
(Finnie et al 2009). Polar solvents such as isopropanol: veatezt bound lipid, which
constitutes 0.6% of all lipids (Hoseney et al 1969; Hoseney et al 1970; Finnie et al 2009). The
remainirg 0.8% consists of free lipidsh&y are commonly extracted in nonpolar solvents such
as hexane or petroleum ether (Hoseney £969; Hoseney et al 1970; Finnie et al 2009).

During defatting and reconstitution studies of flandlipids, MacRitche (1977) found
that adding lonamounts (<0.1% by flour weight) of polar lipids caused a decrease in loaf
volume while adding more restat the lost volume. This was explained as the lowerdenfel
lipids added back prevesdthe protein from forming complete layer on the surface of the

interface that would allow it to provide stability (MacRitchie 1977; Patenotte et al 1994).



Techniquegor fully understanding and interpreting the internal grain of bread and dough
have been very limiting and usually require harsh sample preparation tlaffiecathe integrity
of the struatire (Falcone et &004; Cafarelli et al 2014b). Typicallyjnetiods based on
microscopy, light or electron, are the most common for evaluating the internal structure, but
thesetechniquesequire harsh sample preparations through the use of chemicals or altering the
sampleby dehydration, gas removalr even freezingFalcone et a2004). Another disadvantage
to these techniques is the inability to look at more than one view of a sample (Cafarelli et al
2014b). Bread structure is anisotropic, having different air cell sizes, formations, connecting
links, and alignments different dilections (Falcone et @D05; Cafarelli et al 2014&yhis
makeshe ability to view and understand the internal struatsmeh more difficult, especially
when the method is limited to one staary image or view of a sample.
As an alterative to these method§;Cell imaging is used to determine and measure
differences in quality of bread. This technique provides information on structural parameters of
aerated food products Isypplyinginformation on crumb grain, slice area, cell waltkmess,
and cell diameter (Cauvain 2013; Villarinoetal 2014C@ 1 | 1 maging util i zes
framing camerao to take pictures of the sampl
at lower angles from two directions inside a closedtbamemove all other externaghting
sources (Whitworth et &005) Light sources from the two different angles provide brightness
contrast between the different components of the celttsire (Whitworth et a2005). Atwo-
dimensional (2D)mage is cajured by the camerand provides nf or mati on on HAcel |
thickness, size, position, and elongatioh t he cel | s 2005 Whi t worth et a
In addition to CCell analysisx-ray microtomography (XMTis another technique that
offers a noAnvasive means tprovidethreed i mensi onal i ey gtenugiont hr ough
based off of the changes of density within a
20014b). The samphg¢ psopeaat yosde ctil aofnxadr @ antagg e®
samp e is rotated creating a seri®snageelisd i ces o
et al 2006; Vlassenbroeck et al 2007; Cafarelli et al 2014b). These ipragete a
representation dhe structue and air cell informatn of the whole analyd sample.One of the
benefits of this method of analysis is minimal sample preparation (Falcone et all2@0G%e
of x-ray microtomography (XMT) as a tool to better understand internal microstructure is being

heavily utilized in many areas of food easch (Falcone et al 2004; Lim and Barigou 2004
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Falcone et al 2005; Babin et al 2006; Bellido et al 2006; Vlassenbroeck 2007; Besbes et al 2013:
Cafarelli et al 2014b; Van Dyck et al 201#).contrasto C-Cell imaging the XMT shows

differences betweecell structureson amicro scale versus thé-Cell on a nacro scaleThe

objective of this research was to evaluate the effects of lipid fractions (total, free, bound,
nonpolar and polar), at varying concentrations, oarivél crumb grain and gas cell dilsution

to determine their influences on the microstructure of bread
4.2. Materials and Methods

4.2.1. Physical and chemical properties of flour

4.2.1.1 Flour

Kansas grown, hard red winter wheat was milled into straight grade flour at the Hal Ross
Flour Mill at Kansas State University. The flour was produced at 73% extraction with a protein
content of 10.36%, ash of 0.55%, and starch damage of 7.1% (AMEBod 7631.01)
(AACCI 2014. Following milling, samples were collected into 50 Ib bags and piateel8°C

freezer storage until utilized for analysis.

4.2.12. Moisture analysis

Moisture analysis was conducted on both control and defatted flours following AACC
method 4415.02(AACCI 1999. The moisture content for the control flour was determioed
be 12.25% and for the defatted flour &s.

4.2.1.3. Mixograph
Following moisture analysis flour absorption and mix time for the control and defatted
flours were determined using the 35 g mixograph (AA®Ethod 5440.02) and Mixosmart
software (Natioal Manufacturing, Lincoln, NE)AACCI 1999) The control flour was measured
at 59%, 60%, 60.5%, and 62% absorption and the defatted flour was assessed at 59%, 62%, 64%,
and 65% absorption (See Appendix A). Based on the mixograph curves, absorptionranchopt
mix time was evaluated during a practice bake to determine mixing times and water absorptions
that would produce the best loaves for each flour treatment. The results from the practice bake

were used for the actual treatment baking.
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4.2.2. Defatting ad reconstitution of lipids from flour
For the methodology and techniques for the defatting and reconsitituion of the varying

lipid types from flour please refer Chapter 2.

4.2 3. Analytical baking

Flours were baked following AACCmethod 1610.03(AACCI 1999. Modificatiors to
the method included the exclusion of shorterimgllowfull evaluation ofthe influence of the
lipid fractions on final product. Pdpaves (100 g) were made containing control, defatted,
reconstituted, free, bad, nonpolar, angolar lipids (fours were based on 14% moisture and
weights for each treatment loaf were determined following AR@€thod 8223.01) (AACCI
1999. The procedure includesl 90minute fermentation using a 4 min baking schedule. The
dough was fermented andopfed in a fermentation cabinet (National Manufacturing, Lincoln,
NE) at 86°F (+ 5°Fand92-95% relative humidityThe doughunderwent two punching steps
using a double rolled sheeter (National Manufacturing, Lincoln,f&)at 52 min and the
second &77 min Following fermentation, dough was rounded using a moulder (National
Manufacturing, Lincoln, NE), panned, and proofed for 39 fmaking was for 24 min followed
by cooling for 2.5 h. Volum&as measured in accordance with AAGGethod 1605.01
(AACCI 200)). Following analysis and cooling, eachpgup af was wr apped i n Sa
placed in a zigock bag and frozen a18°C until needed for further analysis.

4.24. Breadmacrostructure (GCellimaging)

Loaveswere evaluated using-Cell Imaging Calibre Control Intenational, Ltd,
Warrington, UK). Each loaf was curto 1.3 cm slices (0.5 cmisingan electrical food slicer
(Chef s Choice, |1 nt., Cslidefvomahd lbase®pdwithrihg break Co . ) .
andshred facing upward wassed for evaluation. Images were taken with the break and shred
oriented to théeft side. One slice from each loaf and three loax@® feach treatment were
imaged Images were analyzed usingGell imaging software (€ell Version 2.0, Campden &
Chorleywvood Food Research Association GroGjpucestershire, UK) accompanitige
equipment. Parameters determined for each treatment incklaedarea, number of cells, area
of cells, area of holes, number of holes, volume of holes, cell wall thicknesslawalt

diameter.
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4.25. Breadmicrostructure (x-ray microtomography)

X-ray microtomographi¢€XMT) analysis was conducted using Skyscan 1072 M&fo
x-ray microtomograph (Skyscan, Belgium) for all treatraenpid types and levels included:
control, cefatted, 1.4% and 2.8% reconstituted (rec6r§%, 1.2%, 2.5%0und,0.8%, 1.6%,
2.5%free,0.6%, 1.2%2.5%nonpolar (NPL)0.2%, 04%, 0.6%olar lipids (PL), which
included both phospholipids (PHL) and glycolipids (GOhree independent loaves from gye
treatment were tested using XMT. Each treatment series of loaves were removetefrom
freezer and with the SaranE wrap stil!] i ntact
Before XMT sampling the loaves were removed from the retarder (~4Q0amdhallowed to
come to room temperature (25°C +5) to reduce the effects of moisture evaporation during the
scanning of the samples. Bread samples were sliced into 1.3 em(slic5 cm) using an
electricf ood sl i cer (Chef 6s gsC@og and every fourihtslice waCusddo r a d o
for testing.An 8 mm x 12 mm cube was dubm each sliceand placed into a plastic tube with
matching lid to prevent sampiiying. The center section sample was securely mounted to the
XMT base using a foam 13 mtwo-sided adhesive disk. Oncetlmre microtomograph, all
samples were allowed to equilibrate within the chamber for 5 min. XMT measurements were
doneat4l¥, 102 ¢ A, 115386Xsnagoificatimnpstageyposiign at 11.5 mm
(x0.5), andresolutionat 17e m18¢ mSample reconstruction was conducted using NRecon
(Version 1.6.3.3 Skyscan, Bruker MicroCT, Kontich, Belgium). Thaykproduced 206,-D
crosssectional images for each sample, which was used to reconsiustr@ctures of the each
treatment to determine quantitative values for air cell structure and distribution analysis. The
assessment of the binary image and data analysis of the rectetssample was done with
CTan (CT Analyzer, Version 1.10.1.0 Skyscan, Bruker MicroCT, Kontich, Belgium) and
provided data that included: air cell size, cell wall thickness, air cell distribution, % total
porosity, volume index (VOI), structure separatdistribution, structure thickness distribution,

and object volume.

4.2 6. Experimental design and statisticahalysis
Theexperimentvassetup as aompletely randomized (CR@neway factorialdesign
containing 16 lipid treatmentaade o baking dgs. The treatments were randomly assigned to

4 different days, 3 loaves per treatmdr® treatments per dayith a total of 36 loaves mada
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eachbake dayMultivariate analysis (ANOVA) was conducted using SAS (Version 9.3, SAS
Institute Inc., Cary, NCvith comparison between sample means i n g T utkignificard | eas

difference (LSD)}estingat a confidence level of 95%.
4.3. Results

4.3.1 Physical and chemical properties of flour

4.3.1.1. Moisture analysis

The physical and chemical testipgppertes ofboth the defatted and control flours are
shown in Table 4.1. The removal of lipidis chloroform extraction and the drying overnight
caused the defatted flour to hdweever moisturethan the control. Papantoniou e(2004)
showed that defatted flo had an increaseaffinity for water caused by the reductiohpmlar
lipid-protein reactionsThe greater moisture loss, increased the wateor@iti®n needed for
bread bakind64%vs 60.5%99. The mixing time was also 30 sec shorter for the control #bGr

min 30 secompared to thdefatted at 4 min.

Table 4.1. Physical and chemical characteristics of control and defatted flours

Parameters Control Defatted
Moisture content (%) 12.59 8.82
Absorption(%)? 60.5 64
Mix Time? 3.5 min 4 mn

@Absorption and mix time were determined by mixograph testing and optimized during the
baking process.
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4.3.12. Mixograph

~  Control-Z 06-10-2014 16:36:34
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Figure 4.1. Optimized mixograph results for sample flours used for testing

4.3.2. Physical properties of dough and bread

Proof heights, loaf volumes, and specific volur(iegble 4.2)were measurefbr each
treatmentnd theaverage proolfieights variedetween 7.26 cm and 8.09 cm. Tduatrol
average heighwasat 7.83 cmFive of the treatmedd average proof heights were higher than
those ofthe control (0.6% bound, 1.2% bound, 2.5% bound, 0.8% free, 0.6%\wWHlEe)all the
rest were siiker. The loafvolumesvaried over avide ranggbetween 690 cc arfalZ0 cq.
There were 7 treatmeloaf volumes thewere greater than the contr6l6% bound, 1.2%
bound, 2.5% bound, defatted, 0.6% PL, 1.4% reconstituted, and 2.8% reconstituted. ifice spec
volumes, which included loafeights as part of the calculaticasohadthe same results #se
7 treatmentsveregreater than the control.
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Table 4.2. Physical parameter measurements for breads bakedith different lipid treatments

Treatment?

Proof Height (cm)

Loaf Volume (cc)

Loaf Specific Volume (cc/g)

Control
Bound 0.6%
Bound 1.2%
Bound 2.5%

Defatted

Free 0.8%
Free 1.6%
Free 25%
NPL 0.6%
NPL 1.2%
NPL 2.5%

PL 0.2%

PL 0.4%

PL 0.6%
Recon 1.4%
Recon 2.8%

7.83°€(0.36)
7.96(0.10)
8.09 (0.35)

8.06%(0.27)
7.82°€(0.18)
7.78%(0.20)
7.519(0.21)
7.264(0.58)

7.90 (0.11)
7.61°(0.42)
7.31%°(0.49)
7.62°(0.60)
7.73°(0.38)
7.79°(0.23)
7.67°(0.23)
7.5129¢(0.24)

799.44%(20.83)
851.1F (74.74)
969.44 (58.33)

967.78 (36.50)

810.569 (40.03)
747.22%(33.27)
755.00% (21.36)
742.224(50.26)
747.78%(15.02)
707.78 (39.77)
693.89 (57.05)
756.17°(93.13)
760.5%° (25.42)
829.44¢(79.55)
822.549 (32.84)
852.22 (34.11)

5.36"19(0.09)
5.91°9(0.58)
7.0 (0.43)
7.08(0.29)
5.5819(0.19)
5.1%°(0.17)
5.35419(0.23)
5.35919(0.54)
5.09¢(0.12)
4.8% (0.38)
4.8% (0.42)
5.34°419 (0.46)
5.2519 (0.16)
5.84"(0.74)
5.80" (0.27)
6.19 (0.24)

Nonpolar (NPL), plar (PL), and reconstituted (Recon)

PMeans in the same column with different letters are significantly different at a p€0=084)
“Values in parenthesis are standard deviations



4.33. Macrostructure analysis of breads containing ang lipids treatments (GCell)

Table4.3 containghe resultof C-Cell analysis of the lipid treatments added at varying
concentrationgFor definition of GCell terminology refer to Chapter 3, Table 3.9he
parameters thatereassociated with loaf volume and gad d&tribution include: slice area,
number of cells, area of cells, average cell wall thickness, average cell diameter, and cell
elongationThe GCell results showed only the area of holes (%) and cell elongation to not be
significantly different from thether lipid treatment$he slice area, which is related to the
overall loaf volume, had valuesarting with thesmallest at 366/nv (1.2 NPL) to the largest
area of 5278nn? (1.2% bound). The control slice area feltlie middleat 4130mn¥. Several
of the loavesad slice area measuremelatger than the contro{~36064000mn¥). These were
mostly those loaves containing free and NPL lipid addittbasalso hadbwer loaf volumes.

The treatments containing 0.6% bound, 1.2% bound, 2.5% bound, defa@® PL, 1.4%

recon, 2.8%econ all had slice area measurements that were greater than the control.

Significant differences were alsound withthe number of cell§9004300. The
defatted (428), 0.2% PL(4062, and 0.4% (410phad the highest nunebof cell valuesof all
the treatmentsThe control numbeof cellswas 3367and this wasower than0.6%, 1.2%, and
2.5%bound lipid addition1.4% and 2.8%econlevels, and 0.6% NPL. The larger numbér
cell values correlate to finer cells in the stcthusall the treatments above the conitrothis
studyhadfiner cellsoverall Sroan and MacRitchi009)determinedlifferences between the
type and level of lipid additions fdireads. For this current studigetaddition of only polar
lipids (0-200%) showed alecreasén the number of cell2361 down to 1985)ith increasiry
levels,exceptfor 132% and 200% PL levels, which sawincrease in the number oélls
(Sroan and MacRitchie 2009)his same trendccurredwith theNPL lipid amounts (€200%)
as there was a decrease in the number of cells as the percentage of these lipids (Scozased
and MacRitchie 2009).

The area of cells (%) we highest for 1.2% bound (%), 2.5% lound (52%), 1.6% free
(50%), 2.5% free (51%), 0.6%PL (50%), and 2.BR#&con (500). All of thesetreatments had
higher area of cells than the control (49.87%e cell wall thickness valueanged between

0.37 mm and 0.42 mnihe 2.5% bound lipid loaves had the greatest average cell wall thickness



(0.42 mn), which was highr than the control (0.40 mm) while the defatted, 0.2% PL, and 0.4%
PL had the lowest wall thickne§3.37 mm).Also, the1.6%free,2.5% free,and 0.6% Plhad

average cell wall thickness measurements tleséthie same as the control at 0.40 mAdl the

other sample treatments fell bel the control and above the lowest average thickness
measurements of (0.37 mm). Pickett (2009) also found similar cell wall thickness ranges for the
breadflour treatments teste@.40-0.41 mn).

Theaddition of lipidscaugd dfferences between the averagdl diameter
measurements asghveragadiameter rangkbetween 1.31 mm and 1.76 mithe defatted
(2.31 mm)and 0.4% PIL(1.31 mm)had the lowestvaluesand 2.5% boungl.76 mm)hadthe
largest cell size. The contralaage cell diameter was 4156 mm, with 1.2% boun@..74 mm)
2.5% bound1.76 mm) 1.6% freg1.57 mm) 2.5% freg1.60 mm) and 0.6% PI1.75 mm)
having larger sizeS'he measurement of elongationfisa s soci at ed with greate
distortonbefo e rupture, 0 by the cell wallklls (Gandi kof
elongationrmeasurements ranged between 1.60 and 1.7&#mao significant differences
between themlhese results were similar to Sroan and MacRit(2089)who also found
elongaion measurements to be between 1.60 and InZ@dition, the cell elongation had values

higher than 1, indicating most of the cells were not strictly round and varied in sizes.
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A. Control B. Defatted C. 1.4% Recon D. 2.8% Recon

A. Bound 0.6% B. Bound 1.2% C. Bound 2.5%

Figure 4.2. C-Cell raw images ofcontrol, defatted, reconstituted(Recon)(1.4%, 2.8%), and bound (0.6% 1.2%6, 2.5%) lipid
additions



A. Free 0.8% B. Free 1.6% C. Free 2.5%

A. 0.6% NPL B. 1.2% NPL C. 2.5% NPL
Figure 4.3. C-Cell raw imagesof free (0.8%, 1.6%, 2.5%) andnonpolar (NPL) (0.6%, 1.2%, 2.5% lipid additions
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