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OBJECTIVESOBJECTIVES

1. Formation of modified 1. Formation of modified proteinprotein--
carbohydrate (carbohydrate (MaillardMaillard) ) & & proteinprotein--protein protein 
((TGaseTGase)) conjugatesconjugates

2. Biochemical characterization of 2. Biochemical characterization of modified modified 
adductsadducts

3. 3. RheologicalRheological/functional /functional characterization ofcharacterization of
proteinprotein--carbohydratecarbohydrate & & polymeric proteinpolymeric protein
complexescomplexes

Grande Cheese CompanyGrande Cheese Company

http://http://www.bocafoods.com/product.htmlwww.bocafoods.com/product.html

http://www.bocafoods.com/product_meatless.html


Preparing Modified Whey ProteinPreparing Modified Whey Protein

•• Freeze dry gelFreeze dry gel

•• Grind into fine powderGrind into fine powder-- mWPImWPI

•• Heat at Heat at 80 80 ººCC, , 3 h3 h

•• Commercial Commercial Whey Protein IsolateWhey Protein Isolate

•• Hydrate protein in waterHydrate protein in water

•• Adjust pH to Adjust pH to <3.5<3.5, , HClHCl

N.C. State Food Rheology LaboratoryN.C. State Food Rheology Laboratory



Food Rheology LaboratoryFood Rheology Laboratory

Same Approaches with SPISame Approaches with SPI

GelationGelation requirements for SPI:requirements for SPI:
•• Heat treatment (Heat treatment (9090--9595°°CC), 3 hours), 3 hours
•• Denature both 7S, 11S subunitsDenature both 7S, 11S subunits
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Molecular Interactions of Native and 8% SPIMolecular Interactions of Native and 8% SPI

In waterIn water
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•• CRITICAL Protein CRITICAL Protein 
ConcentrationConcentration (C* 7(C* 7--8%)  8%)  
required for required for gelationgelation

•• Heated Heated mSPImSPI INGREDIENT INGREDIENT 
was developedwas developed



Food Rheology LaboratoryFood Rheology Laboratory

Unique Properties of Unique Properties of mWP/mSPmWP/mSP IngredientsIngredients

•• ↑↑ viscosityviscosity
•• ↑↑ water holding capacitywater holding capacity
•• ↑↑ nutritive value over starch and hydrocolloidsnutritive value over starch and hydrocolloids
•• Form weak gels without heating or the addition Form weak gels without heating or the addition 

of saltof salt
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APPROACHAPPROACH

•• Conjugate mannose and two sized Conjugate mannose and two sized dextrandextran materials materials 
(35(35--45 45 kDakDa & 100& 100--200 200 kDakDa) to ) to mWPCmWPC/SPI/SPI via the via the 
MaillardMaillard reaction reaction 
–– Dry Heating at 100Dry Heating at 100°°C for 2 hoursC for 2 hours

•• Characterize the effect of Characterize the effect of prior heat treatment prior heat treatment 
((denaturationdenaturation) and carbohydrate size on complex ) and carbohydrate size on complex 
formation and ingredient functionalityformation and ingredient functionality
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SDSSDS--PAGE results of PAGE results of mWPCmWPC, , pH 3.5pH 3.5, vs. WPC,, vs. WPC, pH 6.5

Heat treatment Heat treatment 
resulted in resulted in 
disulfide bond disulfide bond 
formationformation

Almost a total Almost a total 
loss of loss of IgsIgs, BSA, BSA
bandsbands

Diminution of Diminution of 
αα--La and La and ββ--LgLg
monomermonomer

208 kDa

105 kDa

53 kDa

34 kDa

23 kDa
17kDa
13 kDa
7 kDa
4 kDa

Igs

BSA

β-Lg dimer

β-Lg monomer

α-La

(-) βME (+) βME

mWPC WPC mWPC WPC
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mWPCmWPC (+) (+) DextranDextran: : MaillardMaillard ResultsResults

ββ-- LgLg
αα--LaLa

1. Mw markers1. Mw markers
2. 2. mWPCmWPC, , pH 3.5pH 3.5
3. Commercial WPC, 3. Commercial WPC, pH 6.5pH 6.5
4. 4. mWPCmWPC + Heat + Heat 
5. 5. mWPCmWPC + DX 35 + Heat+ DX 35 + Heat
6. 6. mWPCmWPC + DX 200 + Heat+ DX 200 + Heat

Protein Stain Protein Stain Glycoprotein Stain Glycoprotein Stain 
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LactosylationLactosylation of of BOTHBOTH αα--La and La and ββ--LgLg

{{GLYCOGLYCO--

CONJUGATECONJUGATE

ββ--LgLg dimerdimer
monomermonomer
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Mass Spec Confirmation of Mass Spec Confirmation of LactosylationLactosylation
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β-Lg

Lactosylated β-Lg

mWPCmWPC, , pH 3.5pH 3.5 -- 8.5%8.5% lactosylationlactosylation
WPC, WPC, pH 6.5pH 6.5 -- 21.4%21.4% lactosylationlactosylation
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Fundamental Differences Between Fundamental Differences Between WPCsWPCs, , pH 6.5pH 6.5 vs.vs.
mWPCsmWPCs, , pH 3.5pH 3.5

mWPCmWPC, itself, already exists as a glycoprotein product, itself, already exists as a glycoprotein product

Upon heating, Upon heating, WPCsWPCs, pH 6.5, were , pH 6.5, were lactosylatedlactosylated to a greater to a greater 
extent than extent than mWPCmWPC, pH 3.5, due to more favorable pH , pH 3.5, due to more favorable pH 
conditions for the conditions for the MaillardMaillard reactionreaction

MaillardMaillard reactivity was observed at pH 3.5reactivity was observed at pH 3.5



Food Rheology LaboratoryFood Rheology Laboratory

SPI + Carbohydrate Conjugation, SPI + Carbohydrate Conjugation, pH 6.5, pH 6.5, Dry HeatDry Heat

208 208 kDakDa

105 105 kDakDa

53 53 kDakDa

34 34 kDakDa

23 23 kDakDa
17 17 kDakDa
13 13 kDakDa

ControlControl SPI +          SPI+           SPI +                       SPI +          SPI+           SPI +                       Control         SPI +          SPI+           SPI Control         SPI +          SPI+           SPI +                   +                   
SPI               Mannose      DX35           DX 200            SPI               Mannose      DX35           DX 200            SPI           Mannose     DX35          SPI           Mannose     DX35          DX 200DX 200

α′
α
β

acidic

basic

DX 35DX 35 DX 200DX 200

α′
α
β

acidic

basic

GlycosylationGlycosylation of SPI proteins was also achieved, of SPI proteins was also achieved, pH 6.5pH 6.5
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VISCOSITYVISCOSITY

GEL STRENGTHGEL STRENGTH

EMULSION STABILITYEMULSION STABILITY
Creaming IndexCreaming Index
Emulsion ViscosityEmulsion Viscosity

Changes in Changes in FUNCTIONALITYFUNCTIONALITY

attributed to attributed to GLYCOSYLATIONGLYCOSYLATION
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Apparent Viscosity (7% protein, Apparent Viscosity (7% protein, mWPCmWPC dispersions) dispersions) 
Prior to Dry Heat TreatmentPrior to Dry Heat Treatment

SampleSample ηη at 50 (1/s)at 50 (1/s)
mWPCmWPC 0.78 Pa s0.78 Pa s
DX 35DX 35 2.00 Pa s2.00 Pa s
DX 200DX 200 2.42 Pa s2.42 Pa s
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Inclusion of dextran ↑ the 
viscosity over that of mWPC
dispersions, alone (~ 3X)
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Apparent Viscosity (7% protein, Apparent Viscosity (7% protein, mWPCmWPC dispersions) dispersions) 
After Dry Heat TreatmentAfter Dry Heat Treatment

SampleSample ηη at 50 (1/s)at 50 (1/s)
mWPCmWPC 2.09 Pa s2.09 Pa s
DX 35DX 35 2.13 Pa s2.13 Pa s
DX 200DX 200 2.37 Pa s2.37 Pa s
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•• ↑↑ viscosity viscosity mWPCmWPC was was 
attributed to further attributed to further lactosylationlactosylation
during dry heat treatmentduring dry heat treatment

•• viscosity of viscosity of mWPCmWPC: : dextransdextrans
remained unchangedremained unchanged

mWPCmWPC, , pH 3.5pH 3.5 -- 8.5%8.5% lactosylationlactosylation

mWPCmWPC (+) dry heat, (+) dry heat, pH 3.5pH 3.5 -- 38.4%38.4% lactosylationlactosylation
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Soy Protein Viscosity Measurements Soy Protein Viscosity Measurements -- 8% protein8% protein

mSPI: 95°C, 3h

SPI: dry heat

mSPI + Dry Heat

mSPI:Dextran-
100/200 kDa
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↓↓ VISCOSITYVISCOSITYofof
SPI:DextranSPI:Dextran conjugatesconjugates



Food Rheology LaboratoryFood Rheology Laboratory

Emulsion Stability Emulsion Stability 

•• Based on Creaming Index valuesBased on Creaming Index values

Height of Droplet Depleted LayerHeight of Droplet Depleted Layer
Height of the EmulsionHeight of the Emulsion

•• Average modal diameter of Average modal diameter of mWPCmWPC
particles ~3.8 particles ~3.8 μμmm

•• Average modal diameter of Average modal diameter of SPI SPI 
particles ~ 8.5 particles ~ 8.5 μμmm

[[ ]] X 100X 100
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Emulsion Stability of Emulsion Stability of mWPCmWPC & & mWPC:DextranmWPC:Dextran
DispersionsDispersions

•• Based on Creaming Index valuesBased on Creaming Index values
Creaming Index = 100 x (Creaming Index = 100 x (HDHD//HEHE))

•• Average modal diameter of particles Average modal diameter of particles 
approximately 3.8 approximately 3.8 μμmm

Ultra MWPC MWPC + Heat DX 200 DX 35
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Conjugation increased Conjugation increased 
emulsion stability ~2emulsion stability ~2--3X3X

mWPCmWPC vs.vs. mWPC:DextranmWPC:Dextran
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RR--GlnGln--(CH(CH22))22--CC--NHNH22 +  NH+  NH22--(CH(CH22))44--LysLys--RR

RR--GlnGln--(CH(CH22))22--CC--NHNH--(CH(CH22))44--LysLys--R  + NHR  + NH33

Glutaminyl  residueGlutaminyl  residue LysylLysyl residueresidue

εε--((γγ--Glutamyl)LysineGlutamyl)Lysine

TgaseTgase

OO

OO

IntraIntra-- & Inter& Inter--chain chain 
crosslinkingcrosslinking of proteinsof proteins

New functional ingredientsNew functional ingredients

Modification of protein functionality Modification of protein functionality 
using using transglutaminasetransglutaminase
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TGaseTGase Catalysis of WPC substratesCatalysis of WPC substrates

0h      10 h               0h       10h               0h      100h      10 h               0h       10h               0h      10hh

Ultra WP Ultra WP mWPCmWPC mWPCmWPC
pH 6.5pH 6.5 ((--) ) DTTDTT (+) (+) DTTDTT

CONCLUSION:CONCLUSION:

TGaseTGase catalysis of catalysis of mWPCmWPC
was observed in the was observed in the 
absence of absence of DTTDTT, pH 8.0, pH 8.0
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OPA assay of OPA assay of TransglutaminaseTransglutaminase CrosslinkingCrosslinking ReactionsReactions

Degree of Polymerization by Transglutaminase
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• Enzyme catalysis 
was observed to a 
greater degree  upon 
inclusion of DTT

• 15%15% vs.vs. 29%29%
2 hours, 372 hours, 37°°CC
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Effect of Effect of TGaseTGase CrosslinkingCrosslinking on Complex Viscosity:on Complex Viscosity:
10% 10% mWPCmWPC -- 15h, pH 8.015h, pH 8.0
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Complex viscosity was Complex viscosity was LOWEREDLOWERED (~1.5X) (~1.5X) 
after treatment with after treatment with TGaseTGase

(+) TGase
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Effect of Effect of TGaseTGase CrosslinkingCrosslinking on on GELLING TEMPERATUREGELLING TEMPERATURE
15h vs. 25h15h vs. 25h
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Effect of Effect of TGaseTGase CrosslinkingCrosslinking on on GEL STRENGTHGEL STRENGTH
15h vs. 25h15h vs. 25h
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GEL STRENGTH was GEL STRENGTH was ↓↓ ~~200200 fold after fold after 
catalysis for 10 hourscatalysis for 10 hours

Limited Limited HYDROPHOBICHYDROPHOBIC interactionsinteractions
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Effect of Effect of TGaseTGase CrosslinkingCrosslinking on on EMULSION VISCOSITYEMULSION VISCOSITY
2525°°C & 4C & 4°°CC

1.00E-02

1.00E-01

1.00E+00

1.00E+01

1.00E-01 1.00E+00 1.00E+01 1.00E+02 1.00E+03

Shear rate (1/s)

V
is

co
si

ty
 (P

a 
s)

mWPC-1
mWPC-2
mWPC+TG-1
mWPC+TG-2

(+) TGase

EMULSION VISCOSITYEMULSION VISCOSITY was was ↑↑ (~ 10X)(~ 10X)
after polymerization with after polymerization with TGaseTGase
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EMULSION STABILITYEMULSION STABILITY of of 
TGaseTGase--treated treated mWPCmWPC dispersionsdispersions

mWPCmWPC mWPCmWPC + + TGaseTGase

Emulsion stability of Emulsion stability of 
TGaseTGase--treated treated mWPCmWPC
dispersions was dispersions was 
MUCH IMPROVEDMUCH IMPROVED
over nonover non--treated treated 
samplessamples
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Viscosity measurement upon varying supplemental [CaClViscosity measurement upon varying supplemental [CaCl22] ] 
to 5.6% to 5.6% mWPCmWPC protein dispersions, protein dispersions, pH 3.5 and pH 6.5pH 3.5 and pH 6.5

↑↑ [CaCl[CaCl22]] ↑↑ ViscosityViscosity
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↑ [CaCl2]: 0-100mM
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Changes in the storage modulus Changes in the storage modulus (G')(G') and loss modulus and loss modulus (G'')(G'') of of mWPCmWPC
dispersions due to dispersions due to CaClCaCl22 and temperature effectsand temperature effects
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•• Gel strength was Gel strength was DRAMATICALLY DRAMATICALLY ↑↑
upon addition of upon addition of CaClCaCl2 2 at 4at 4°°C and 25C and 25°°CC

•• Lowered amount of protein for Lowered amount of protein for gelationgelation

}} CaCa++++
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mWPCmWPC (+) (+) 100 100 mMmM CaClCaCl22, , pH 3.5pH 3.5

mWPCmWPC, , pH 3.5pH 3.5

Scanning Electron Micrographs of Scanning Electron Micrographs of mWPCmWPC and and mWPCmWPC
samples containing samples containing CaClCaCl22

mWPC
fibrils

Spherical 

Structure
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CONCLUSIONSCONCLUSIONS

• WPC, itself, exists naturally as a WPC, itself, exists naturally as a GLYCOCONJUGATEGLYCOCONJUGATE, highly , highly lactosylatedlactosylated due to due to 
manufacturing conditionsmanufacturing conditions

•• Preparation of the Preparation of the mWPCmWPC ingredient ingredient ↓↓ the degree of the degree of lactosylationlactosylation

•• The viscosity of The viscosity of mWPCmWPC--lactose dispersions lactose dispersions ↑↑ due to due to MaillardMaillard reactionsreactions

•• Gel strength and viscosity Gel strength and viscosity ↑↑ upon heating SPI , however, further heat modifications upon heating SPI , however, further heat modifications 
(i.e., (i.e., MaillardMaillard reaction between reaction between SPI:carbohydratesSPI:carbohydrates) were deleterious) were deleterious

•• TransglutaminaseTransglutaminase polymerization of polymerization of mWPCmWPC dispersions resulted in:dispersions resulted in:
-- ↑↑ Gelling temperaturesGelling temperatures
-- ↓↓ Gel strengthGel strength
-- ↑↑ Emulsion stabilityEmulsion stability

•• Calcium addition to Calcium addition to mWPCmWPC dispersions:dispersions:
--↑↑ Viscosity, Gel strength, Water holding capacityViscosity, Gel strength, Water holding capacity
-- Requires less protein for Requires less protein for gelationgelation
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Purpose : Expand Purpose : Expand GelationGelation CapabilitiesCapabilities

•• Develop Develop modified modified WPC/SPI ingredients for:WPC/SPI ingredients for:
-- ready reconstitutionready reconstitution
-- gelationgelation at ambient temperaturesat ambient temperatures
-- enhanced heat stabilityenhanced heat stability

•• Utility inUtility in
–– heat sensitive foods (pasteurized, low heat treatment)heat sensitive foods (pasteurized, low heat treatment)
–– Shelf stable pudding / yogurt powderShelf stable pudding / yogurt powder
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