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FOREWORD 
The ACS S Y M P O S I U M SERIES was founded in 1 9 7 4 to provide 
a medium for publishin
format of the Serie
I N C H E M I S T R Y SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

Functionality, or functional property, is defined as "any property of a sub
stance, besides the nutritional ones, that affects its utilization" (7). Func

tionality, and particularly the role of proteins in its properties, is currently 
a high-priority area of research. Scientists working on functionality need 
to understand the physicochemistry of its properties and collaborate in 
research on methods of testing it so that comparisons of data from different 
laboratories can be made and model tests of functional properties can be 
coordinated with actual food systems. 

This book updates and presents new information on the physicochem
istry of functionality, the role
tional properties of foods, and the application of data from model test 
systems to actual food ingredients. This volume should be useful to food 
processors, engineers, chemists, physicists, and others engaged in these or 
related areas of research. It also is hoped that this book will stimulate its 
readers to expand research on functionality. 

The functional properties that govern the role of proteins in food 
applications are: color; flavor; texturization; solubility; viscosity; adhesion 
or cohesion; gelation; coagulation; aeration or foamability; water and oil 
absorption; and emulsification. 

Visual appearance, or color, and odor, or flavor, are the first func
tional properties of a food that one encounters; it is these properties that 
lead to acceptance or rejection of a food. High-quality protein ingredients 
are usually light in color and have a bland flavor. Isolation and identifica
tion of the pigments that cause color in protein products are important 
steps in solving color or odor. Volatiles that might impart off-flavors in 
food ingredients can be steam distilled in situ and identified by combined 
gas chromatography and mass spectrometry. 

Texturization is a composite of the properties that contribute to the 
structural elements of the ingredient, and the manner in which these con
stituents register with the physiological senses. Molecular size, shape, 
charge, and solubility, as well as the presence of carbohydrate, process 
temperature, and methods to enhance the interaction of these components 
all affect texture. 

Solubility and viscosity explains the basic physicochemical nature and 
the functional behavior of proteins in aqueous solutions. Proteins con
tribute to the adhesive or cohesive properties of film matrices by the binding 
of their polypeptides to other components such as starch granules to yield 
shaped products that, for example, are necessary for trapping gases in 
breadmaking. 

ix 
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Gelation involves protein aggregation whereby polymer-solvent inter
actions occur as tertiary structural networks. This semielastic matrix is 
capable of entrapping large amounts of water and other soluble components. 
Most vegetable protein ingredients contain large-molecular-weight globulins 
that must be denatured by unfolding their polypeptides to promote molecu
lar interactions to allow gel formation. Coagulation also involves protein 
aggregation but produces a less elastic, less hydrated structure than that of 
a gel. Heat treatment and divalent cations such as calcium are important 
in these reactions. 

When proteins unfold and expose their hydrophobic regions, the inter-
facial tension between air and the aqueous phase is lowered facilitating 
deformation of the liquid into an impervious film that enhances aeration 
or foamability of the solution. This is affected by pH, ionic strength, and 
temperature, and protein, oil, and carbohydrate concentrations. Water and 
fat absorption involve similar physicochemical and environmental proper
ties, and reportedly have

Emulsification is a stabilizing effect of proteins; a lowering of the 
interfacial tension between immiscible components that allow the formation 
of a protective layer around oil droplets. The inherent properties of pro
teins or their molecular conformation, denaturation, aggregation, p H solu
bility, and susceptibility to divalent cations affect their performance in 
model and commercial emulsion systems. Emulsion capacity profiles of 
proteins closely resemble protein solubility curves and thus the factors that 
influence solubility properties (protein composition and structure, methods 
and conditions of extraction, processing, and storage) or treatments used 
to modify protein character also influence emulsifying properties. 

Unit processes that modify proteins and improve their functionality 
may affect the bioavailability of protein or nonprotein constituents, or both. 
For example, proper heat treatment increases the digestibility of proteins 
and destroys heat-labile, antinutritional factors, but excess heat can reduce 
digestibility and decrease nutritional value by destroying or altering amino 
acids. Another example is the reaction of succinic anhydride with the 
a-amino group of lysine in proteins causing changes in their molecular 
structure and thus altering their contribution to functionality. This reaction 
hinders proper absorption of lysine in the intestinal tract and lowers the 
nutritional value of the modified ingredient. 

Proteins can be modified by proteolytic enzymes with limited reduc
tion in their nutritional bioavailability. Enzymatic hydrolysis of peptide 
bonds of proteins will reduce their molecular size, affect their structures, 
expose different regions of their molecules to the environment, and thereby 
alter their contribution to functionality, e.g. by increasing and decreasing 
the solubility and viscosity properties, respectively, of aqueous solutions. 
These changes can be controlled by carefully selecting proteolytic enzymes, 
maintaining proper treatment conditions, and monitoring the hydrolysis 
reactions. 
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The effects of varying conditions that affect protein properties and, in 
turn, their contribution to functionality can be modeled by multiple regres
sion analyses. These procedures allow the researcher to test the significance 
of statistics based on alternative hypotheses concerning the behavior of the 
functional properties. They also allow the researcher to estimate the mag
nitude of the effects of environmental factors in food systems on the be
havior of functional properties and show the importance of experimental 
design in determining applicability of statistical tests. 
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1 

Protein F u n c t i o n a l i t y : Classification, Definition, 

a n d M e t h o d o l o g y 

AKIVA POUR-EL 
PEACO, St. Paul, MN 55108 

No subject in the general area of food chemistry and 
technology has suffered
ambiguity than the fiel
tionality often is applied indefinitely to some related subjects. 
Until now, no rigorous treatment of its coverage has emerged. 
Each researcher and/or author has attempted to fit the name to 
his/her current interests or work. The methodology has not been 
standardized; properties often are confused with each other and 
very frequently wide conclusions are drawn from data obtained by 
ad hoc assays of uncertain validity. 

Some may imagine that this lack of rigor, standardization, 
and clarity, so essential to a real science, indicates a low 
priority for this subject and a lack of importance and of need 
for its methods. This is not so. It is of great importance for 
practical food chemistry and cognizance of this fact is growing 
with each year. 

Enough has already been written and orated about the dangers 
of world hunger and the requirements for adequate nutritive foods 
for the multiplying billions on "spaceship Earth." Not as much 
emphasis has been placed on functionality, a critical element in 
accomplishing this task. It is, of course, axiomatic that, to 
accomplish its nutritive task a food must be ingested. Both 
human and nonhuman beings have shown consistent, distinct likes 
and dislikes in foods - mostly having no relation to the nutri
tive value, but strongly influenced by functional properties. 
As pointed out by Yudkin (J_), nutritional properties can, at 
most, provide supplemental incentives to utilizing foods that 
are desirable because of their taste and appearance. Highly 
educated populations are only now trying to alter their food 
habits in a modest way according to nutritive dicta. But even 
they, being only human, would prefer these beneficial foods to 
possess the functional properties of their traditional favorites. 
It is, therefore, the duty of the food chemist to provide nutri
tive foods with the most desirable functional properties to 
ensure their wide assimilation. 

0097-6156/81/0147-0001$05.00/0 
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2 PROTEIN FUNCTIONALITY IN FOODS 

In a re lated area, wherever overeating has become a factor 
contr ibut ing to de te r i o ra t ing hea l th , nonnutr i t ive components 
might be introduced into the normal d i e t , provided the i r funct ion
al propert ies are appeal ing. This i s another great challenge to 
the food chemist. Low or noncaloric foods that imitate the 
present high c a l o r i c ones in functional propert ies could be 
produced. This w i l l reduce obesity and i t s concomittant 
i l l n e s s e s . 

Furthermore, as w i l l be apparent from the fo l lowing 
sec t ions , a l l propert ies of b i o l og i ca l products that lead to 
t h e i r i ndus t r i a l u t i l i z a t i o n are, by d e f i n i t i o n , funct ional ones. 
The expected enhanced re l iance on b i o l og i ca l "renewable 
resources" due to the exhaustion of the f o s s i l mater ia ls w i l l 
necessitate increased emphasis on the c l a r i f i c a t i o n , eva luat ion , 
and modi f icat ion of the i r functional propert ies as a prerequis i te 
to t h e i r e f f i c i en t u t i l i z a t i o n

In t h i s presentat ion
func t i ona l i t y a d i s t i n c t place w i th in general b i o l og i ca l proper
t i e s , define s p e c i f i c a l l y the terms used in the f i e l d , provide 
adequate c l a s s i f i c a t i o n of i t s components, and describe general 
methodological approaches. It i s emphasized that a l l of these 
are proposals, set before the s c i e n t i f i c community for app ra i sa l , 
d i s cuss i on , and possible a l t e r a t i on pr io r to adoption. It i s 
hoped that th i s o u t l i n e , combined with previous ones (2^-7_), w i l l 
be employed in a r r i v i ng at a workable s c i e n t i f i c r igor for the 
f i e l d , helpful to a l l those involved in food chemistry and 
technology. 

Func t i ona l i t y - A B i o l og i ca l Property 

The term func t i ona l i t y was defined (3J for the food area a 
few years ago as: "Any property of a food or food ingredient 
except i t s nu t r i t i ona l ones that af fects i t s u t i l i z a t i o n . " On 
further cons idera t ion , one may subst i tute for food or food 
ingredient the term b io log i ca l product. One may also d iv ide a l l 
of the propert ies of b i o l og i ca l products as: 1) N u t r i t i o n a l , or 
propert ies a f fec t ing the animal body after passage of food into 
the alimentary cana l , inc lud ing chemurgic, anabol ic , metabolic 
enhancing, ant imetabol ic , and t o x i c ; and 2) Funct iona l , or proper
t i e s in f luencing foods pr io r to entering the body, inc luding 
enzymic, nonenzymic food func t i ona l i t y (sense a f f ec t ing , 
manipulat ive ) , and i n d u s t r i a l . 

Among the nu t r i t i ona l proper t i es , chemurgic and anabolic 
are those possessed by products ingested in large quant i t i es for 
energy supply and c e l l u l a r bu i ld ing and r epa i r . The tox ic sub
stances might be added to the antimetabolic except for the 
p o s s i b i l i t y of contact t o x i c i t y of the nonmetabolic nature. The 
metabolic enhancers are compounds ingested in smaller quant i t i es 
as aids to the chemurgic and anabolic ones. 
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1. POUR-EL Protein Functionality 3 

The functional propert ies are div ided according to a 
completely d i f f e rent pat tern . Enzymic propert ies are funct ional 
ones because the act ion of the ca ta lys t i s , per se, a nonnutr i -
t i ona l one. In ce r ta in cases, when enzymes are added to foods 
as in vivo d igest ion a i ds , they might be considered metabolic 
enhancers. Otherwise, when used ex terna l l y to prepare products 
possessing more u t i l e chemical and physical c h a r a c t e r i s t i c s , the 
d iges t i ve nature i s indubi tably a funct ional property. It must 
be noted, however, that enzyme func t i ona l i t y usua l l y i s not 
studied in conjunction with the other f u n c t i o n a l i t i e s , but i s a 
d i s t i n c t and separate branch of biochemistry involved in funct ion
al eva luat ion. Theore t i ca l l y , a more s c i e n t i f i c d i v i s i o n of the 
funct ional propert ies could be made into molecular and 
non-molecular ones. (Enzymic propert ies would then be a 
d i v i s i o n of the former.) However, t r a d i t i o n a l l i n es already have 
been set and the proposed d i v i s i o n i s c loser to present research 
d i s c i p l i n e s . 

The nonenzymic food f u n c t i o n a l i t i e s are separated into two 
fac to rs : 1) Sense a f f ec t ing ( th is i s not sensory, which has 
already been appropriated for a methodological term), encompass
ing a l l those propert ies that inf luence the u t i l i z a t i o n through 
the i r perception by one or more of the f i ve senses; and 2) 
Manipulat ive , those propert ies that af fect the u t i l i z a t i o n of 
the product through easing or hindering i t s various process steps 
(at home or in the commercial p l an t ) . 

Indust r ia l propert ies may include some enzymic and manipula
t i v e ones but are concerned mostly with nonfood u t i l i z a t i o n . 

In proposing these d i v i s i o n s , one must acknowledge that 
hybrid propert ies are c e r t a in l y poss ib le . Thus, an emulsi fying 
property of a protein might be used as a sense enhancing one— 
to prepare a smooth food product—or a manipulative one—to pro
vide even subdiv is ion for uniform admin is t ra t ion . 

De f in i t i ons 

Func t i ona l i t y - The sum or aggregate of the funct ional 
propert ies of a product. 
Functional Assay (or Functional Test) - Any quant i ta t i ve 
evaluat ion of a funct ional property. 
Functional Evaluat ion - An evaluat ion of the basic physico-
chemical propert ies that inf luence f u n c t i o n a l i t y . (By t h i s 
d e f i n i t i o n the functional tests of en^mic propert ies are 
functional eva luat ions. ) 
Model System (or Model Test) - An evaluat ion of one or more 
functional propert ies that does not mimic completely the 
steps and ingredients of an actual food preparat ion. 
U t i l i t y System (or U t i l i t y Test , or Food Test) - An 
evaluat ion of a funct ional property that mimics food 
preparation in a l l i t s p a r t i c u l a r s . 
Functional Value - A general charac te r i za t ion of a product 's 
f unc t i ona l i t y that emphasizes i t s u t i l i t y . This i s a 
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4 PROTEIN FUNCTIONALITY IN FOODS 

q u a l i t a t i v e term and may state that a protein may have a 
funct ional value as an emuls i f i e r or g e l l i n g agent. 

C l a s s i f i c a t i o n of P ro te in Functional Propert ies 

Many methods of c l a s s i f y i n g the funct ional propert ies of 
prote in products have been proposed (3) . They are based on the 
preferences and intent ions of the researcher. 

Aim of u t i l i z a t i o n . These are the main d i v i s i o n s of 
f unc t i ona l i t y mentioned above and include sense a f f e c t ing , mani
p u l a t i v e , and indus t r i a l proper t i es . Enzymic cha ra c t e r i s t i c s 
are also funct ional propert ies of some prote in products, but l i e 
outside the scope of t h i s chapter. 

Mater ia l t es ted . C l a s s i f i e d as to whether the material i s 
a food product ( inc luding feeds) or a food ingredient . The 
former's f unc t i ona l i t y a f fects i t s u t i l i z a t i o n by the consumer 
whi le the l a t t e r i s mor

Test procedure. This d iv ides the functional propert ies into 
a Model System or a U t i l i t y System. 

Evaluat ion procedure. Func t i ona l i t y i s evaluated e i ther by 
subject ive , semiobjective, or object ive methods. The subject ive 
methods u t i l i z e exc lus i ve l y the f i ve senses as sensors and the 
brain as the value ass igner . Objective methods u t i l i z e complete
l y a r t i f i c i a l sensors and instruments as the value ass igners . 
The semiobjective method incorporates l i v i n g elements in i t s 
sensors but j o ins these to instruments for value assignment. 

Physico-chemical proper t i es . Assigns to each of these 
molecular propert ies some functional cha ra c t e r i s t i c that i s 
inf luenced by i t , as fo l lows: 

Hydrophi l ic - propert ies dependent on the a f f i n i t y of the 
protein to water and other polar so lvents , inc luding 
s o l u b i l i t y , water uptake, and w e t t a b i l i t y . 
Interphasic - propert ies depending on the a b i l i t y of the 
prote in molecules to form separation and junct ion f i lms 
between two immiscible media, inc lud ing emu l s i f i c a t i on , fat 
uptake, foaming, adsorpt ion, and coacervat ion. 
Intermolecular - propert ies u t i l i z i n g the a b i l i t y of 
proteins to form junct ions of i t s own molecules to themselves 
or to other components inc lud ing v i s c o s i t y , th i cken ing , ge la
t i o n , f i lm formation, foaming, f iber formation, adhesion, 
cohesion, s t i c k i n e s s , hardness, complex formation, spreading, 
e l a s t i c i t y , and p l a s t i c i t y . 
Organoleptic - propert ies of protein products manifested 
through the sense organs inc luding odor (nose), co lor (eye), 
f lavor (taste organs), b r i t t l eness (ear ) , and so f o r th . 
Other Ef fects - special chemical or physical propert ies 
that perta in to spec i f i c prote ins (for example, 
i n c o m p a t i b i l i t i e s ) . 
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1. POUR-EL Protein Functionality 

Prote in Propert ies and Func t i ona l i t y 

5 

The factors in f luenc ing the funct ional propert ies of protein 
products are the innate c h a r a c t e r i s t i c s (physico-chemical) of 
p ro t e ins , and processing and modi f icat ion steps that a l t e r them. 
Physico-chemical propert ies inc lude : 

Amino Ac id Composition - The percentage and d i s t r i b u t i o n of 
the amino acids has great inf luence on hydrophobici ty , and 
the other factors discussed in th i s sec t i on . It a lso i n f l u 
ences the rate of processing and modifying a l t e ra t i ons in i t s 
nature. 
Size - The larger the molecular uni ts in the material the 
more inso luble i t becomes. It also inf luences the ease of 
d i s in t eg ra t i on and rearrangements necessary during 
mod i f i ca t i on . 
Conformation - Th
involved in functiona
hydrophobici ty, g e l a t i on , and f i lm forming among others. 
Denaturation, which i s a change in conformation, has always 
been considered the bane of protein processing pr ior to 
f i na l form formation. At that step, cont ro l l ed 
denaturation often i s p rac t i ced . 
Bonds and Forces - These propert ies are the mediators 
a f fect ing the changes in s ize and conformation. Van der 
Waal forces , i on ic bonds, hydrogen bonds, covalent bonds, 
and hydrophobic bonds a l l play a part in the o r i g ina l 
prote in s tructure as well as in the modi f icat ions leading 
to a l tered f u n c t i o n a l i t y . Adequate cor re la t i ons of these 
wi th functional propert ies are the subjects of "Functional 
Evaluat ions" (3J. 

Processing Factors A f f ec t ing Func t i ona l i t y 

There are seven major process steps that usual ly bear some 
inf luence on the func t i ona l i t y of the product as fo l lows: 

Prote in Source and Var ie ty - By choosing a pa r t i cu la r 
p ro t e in , one may increase a pa r t i cu l a r f u n c t i o n a l i t y ; for 
example, increased sul fur amino acid concentration w i l l 
enhance ge lat ion of prote in ingred ients . 
Ext rac t ion - E i ther the ex t rac t ion of the protein from i t s 
source, or the ext ract ion of other components from the 
p ro t e in , af fects f u n c t i o n a l i t y . 
Temperature - The denaturing ef fect of temperature w i l l have 
a very s i gn i f i c an t e f fect on f u n c t i o n a l i t y . One must also 
mention the p o s s i b i l i t y of a l t e ra t i ons through annealing 
(the keepinq of a material at a constant temperature for a 
time period) on ce r ta in f u n c t i o n a l i t i e s such as water 
absorpt ion. 
Drying - The methods of drying inf luence func t i ona l i t y 
through the temperature used. Modi f icat ions of porosi ty 
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6 PROTEIN FUNCTIONALITY IN FOODS 

and p a r t i c l e s i ze also are frequently observed during th i s 
treatment. 
Ionic h is tory - The pH h is tory of the protein sample 
influences i t s state of naturation and i t s conformation. 
A l so , the presence of pa r t i cu la r ions w i l l sometimes d r a s t i 
c a l l y influence i t s func t i ona l i t y through formation of 
complexes with diverse proper t ies . 
Impurit ies - The presence of other components such as f a t s , 
inso luble carbohydrates, sugars, and so f o r t h , has a great 
e f fect on the func t i ona l i t y of the protein product. 
Complexing react ions may occur that severely a l t e r the 
proper t i es ; ( for example, g r i t t i n e s s r e su l t i ng from 
inso luble components). 
Storage - Storage af fects the s t a b i l i t y of a protein 
product to varying degrees. Even cold room storage, whi le 
apparently not detrimental to the state of na tura t ion , may 
sometimes r esu l t i
which are b e n e f i c i a l . The moisture content during storage 
i s , a well known factor a f fec t ing product c h a r a c t e r i s t i c s . 

Modi f i cat ion of Functional Propert ies 

There are three main avenues for a l t e r i ng the funct ional 
propert ies of a protein product inc lud ing : 

Physical - These involve changes in p a r t i c l e s i ze through 
app l i ca t i on of temperature, removal of v o l a t i l e s and 
moisture, and a l t e ra t i ons in form through the app l i ca t ion 
of s t r e ss . 
Chemical - These depend on the a l t e ra t i ons in the 
physico-chemical nature of the product through pH 
modi f i ca t ions , d e r i v a t i z a t i o n , enzymatic d i g es t i on , i on ic 
manipulat ion, and complex formation. In these modifying 
s teps , e i ther the s i ze of the molecules and/or the i r 
natures may be involved. The proteins or the impur i t i es 
might be the targets of these steps. 
B i o l og i ca l - When fermentation i s used as a modifying step 
for a l t e r i ng f u n c t i o n a l i t y , one e s s en t i a l l y uses sequential 
enzyme d i ges t i on . The main va r i a t i on i s t ha t , at t imes, 
large quant i t i es of the material are l o s t due to the energy 
needs of the microorganisms. 

Foods and Functional Propert ies 

In Table I, foods are l i s t e d showing the funct ional 
propert ies needed for the i r success. 
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Table I. Types of Foods and Their Related Func t i ona l i t i e s (7_)a 

Type Func t i ona l i t y 

Beverages 

Baked goods 

Dairy subst i tutes 

Egg subst i tutes 

Meat emulsion products 

absorption 

Meat extenders 

Soups and gravies 

Topping 

Whipped deserts 

S o l u b i l i t y , g r i t t i n e s s , co lor 

Emul s i f i c a t i o n , complex formulat ion, 
foaming, v i s c o e l a s t i c proper t i es , 
matrix and f i l m formation, g e l a t i on , 
hardness, absorption 

Ge la t i on , coagulat ion, foaming, fat 
holding capacity 

Emu l s i f i c a t i on , g e l a t i on , l i q u i d holding 
capac i ty , adhesion, cohesion, 

L iqu id holding capac i ty , hardness, 
chewiness, cohesion, adhesion 

V i s c o s i t y , emu l s i f i c a t i on , water 
absorption 

Foaming, emuls i f i ca t i on 

Foaming, g e l a t i on , emul s i f i c a t i o n 

a In a l l of these f u n c t i o n a l i t i e s , f lavor i s important. 

Prote in Functional Methodology - Requirements and General Design 

As previously al luded t o , funct ional methodology i s not, as 
ye t , f u l l y standardized. The l i t e r a t u r e i s bulging with 
methods, many times improvised on the spur of the moment to f i t 
the needs and instruments of the researcher, wi th inadequate 
pre l iminary examination or s t a t i s t i c a l eva luat ion. This sect ion 
w i l l attempt to organize a general system of methodology for 
prote in food products. In i t , a general plan of assays w i l l be 
followed by c r i t e r i a for choice of assay, cha rac t e r i s t i c s of 
Model Tests , and, f i n a l l y , cha rac t e r i s t i c s of U t i l i t y Tests. 

Testing A Pro te in Product For Functional P roper t i es . 
Chemical analyses for general composition are essent ia l to ade
quately do future functional t e s t i n g . The percentage of protein 
and other components w i l l invar iab ly supply clues as to the 
expected functional proper t i es . Physical analyses for s ize of 
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8 PROTEIN FUNCTIONALITY IN FOODS 

p a r t i c l e , appearance, and density w i l l also aid in the search 
for good f u n c t i o n a l i t y . 

General Functional P rope r t i e s . These include s o l u b i l i t y , 
emu l s i f i c a t i on , water and o i l absorpt ion, ge la t ion or coagula
t i o n , foaming, v i s c o s i t y , t ex ture , adhesion or cohesion, and 
f i lm formation. 

Special Food Tests . These may be both Model Tests and 
U t i l i t y Tests. Following the app l i ca t i on of the tes ts above, a 
knowledgeable reasearcher w i l l be able to assess with some cer
ta in ty which of the food system Model Tests are worthwhile. It 
has frequently been noticed that regardless of mediocre r esu l t s 
in the Model Tests , many researchers w i l l s t i l l t r y to evaluate 
the i r products in the more spec ia l i z ed food system Model Tes ts , 
in which the tested product w i l l inev i tab ly f a i l . The tes ts 
include meat emulsion system t e s t s , extruded product t e s t s , 
baking system t e s t s , da iry product t e s t s , and coacervates. 

Choice of Model or
objections to employing any model food system t e s t . Those who 
do so i n s i s t that none have yet been designed that adequately 
dup l i ca te U t i l i t y Systems. S t i l l , Model Tests are needed for 
the fo l lowing reasons: 

Time - In many instances , preparation and evaluation of 
U t i l i t y Tests require considerable expenditure of t ime. 
Model Tests of shorter duration can be employed by enhancing 
the sever i ty of the tes t cond i t i ons . 
Equipment - Some food preparing machinery i s unavai lable in 
the smaller ingredient supplying l abora to r i e s . A Model Test 
may employ smaller or simpler uni ts imni tat ing the processes 
of larger or more complex ones. 
Sample S ize - Because of the i r mass processing nature., 
commercial food systems machinery tend to u t i l i z e large 
sample s i z e s . When novel products are t es ted , the exper i 
mental samples are sometimes too small to be used in such a 
manner. Model Systems employing smaller batch sizes provide 
the answers. 
Sample Numbers - When a large number of samples has to be 
t es t ed , making a food product from each one i s obviously an 
i m p o s s i b i l i t y . Yet the choice between them has to be made. 
Model Systems provide clues as to which samples need not 
undergo more extensive t e s t i n g . 
Number of Tests - When a sample may be useful in many 
foods, a great number of U t i l i t y Tests w i l l be required to 
evaluate i t f u l l y . Model Tests al low the prescreening of 
those U t i l i t y Tests that are most apt to be success fu l . 
This i s based on a general funct ional property. 
Resolut ion - In ce r ta in food preparat ions, the tests do not 
provide enough reso lut ion to d i f f e r en t i a t e between s im i l a r 
products. Yet these di f ferences should be known when exper i 
mental products are tested as a guide for future experiments. 
A l so , these minor di f ferences w i l l appear upon standing for 
long periods of time. In Model Tests, aggravated condit ions 
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may improve the reso lut ion and d i f f e r en t i a t e between s imi la r 
products. 
A v a i l a b i l i t y - Some new products do not, as y e t , have a 
u t i l i t y and, there fore , a U t i l i t y Test i s unavai lab le . A 
few Model Tests may guide the researcher in the planning of 
such U t i l i t y Tests. 

Based on the above, a Model Test should be inexpensive, use 
simple equipment, have high r e so lu t i on , and test for propert ies 
of mul t ip l e u t i l i t y . 

Designing a Model Test . A successful Model Test i s one 
that leads to a minimum number of U t i l i t y Tests. To accomplish 
t h i s , one has to fol low the general plan leading from the f i r s t 
probings of the unknown product to a f i na l est imation of i t s 
pos i t i v e probable u t i l i t y in a par t i cu la r food system. The 
fo l lowing steps are sequent ia l . Skipping one of these may, at 
t imes, be possible for one who has had su f f i c i en t experience in 
the f i e l d . However, in
funct ional propert ies of even s imi la r components may vary, 
depending on various condit ions as w i l l be spec i f i ed in a la te r 
s ec t i on . Much time may be l o s t i f a l og i ca l sequence is not 
fo l lowed. 

Pre l iminary Tests - These were spec i f ied previously in the 
t ex t . 
Choice of Physico-Chemical Propert ies - This i s based on the 
general f unc t i ona l i t y tes ts enumerated prev ious ly . Some of 
these may be omitted by wise deductions from the general 
physico-chemical propert ies of s imi lar products. F ina l 
se l ec t i on of a useful physico-chemical property i s dependent 
not only on the actual propert ies of the product tested but 
may also be influenced by economic and market f ac to rs . 
Choice of U t i l i t y - In t h i s step, market knowledge is 
predominant. No one need test by a Model Test a product 
that i s intended to supplant a presently abundant, inexpen
sive ma t e r i a l . The advantages of the tested product have 
to be assessed c l e a r l y before i t i s considered as worthy of 
taking on such competi t ion. We have noted frequently that 
experimental products are proposed as func t i ona l l y use fu l , 
merely because the i r propert ies barely approach those of 
commonly accepted products. No attempt i s made to j u s t i f y 
the i r use on any economic bas i s . This i s to be deplored. 
An abundant supply of the material may sometimes j u s t i f y 
t h i s approach but only i f considerat ion i s given to the cost 
of bringing i t to market in an ac tua l l y useful form. When 
harvest ing, processing, and marketing costs are added, many 
times a "cheap" product ceases to be cheap. 
Novel u t i l i t i e s for presently ava i lab le products are a more 
productive area. (Who would not be interested i f the f iber 
from grains could be used func t i ona l l y in the snack food 
industry for reasons other than as a f i l l e r . ) But these 
types of u t i l i t y demand extreme physico-chemical modi f ica
t i ons invo lv ing prolonged research and much expenditure. 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



10 PROTEIN FUNCTIONALITY IN FOODS 

Model Mixture Formulations - Here the knowledge of the 
chemist and food technologist are strongly brought to bear 
on the t e s t i n g . The main purpose i s the im i ta t i on of food 
systems or food formulations presently accepted. Knowledge 
of which components in such formulations are essent ia l to 
the func t i ona l i t y i s of utmost importance. E l iminat ion of 
unnecessary and cos t ly ingredients w i l l not only make the 
tes t less expensive but may sometimes e l iminate the 
condit ions leading to ambiguity and reduced r e so lu t i on . 
Stress Condit ions - These are added to improve the reso lu-
t i on of the t e s t . These stress steps are dependent on 
processing and stor ing cond i t ions . In most t e s t s , a normal 
process step i s increased in sever i ty of durat ion . S im i l a r 
l y , accelerated storage steps are employed to put a stress 
on the s t a b i l i t y of the mixture. 
Products Tested - The Model Test i s now employed in t e s t ing 
not only the produc
market products of known success as well as products known 
to have f a i l e d in such a u t i l i t y , i f any can be found. The 
dup l i ca t i on of the process steps, employed in producing the 
new product on the successful market products, may sometimes 
be a prel iminary step to th i s t e s t . I f they f a i l any of 
these steps, a l ternate processing may be needed pr ior to the 
assay. In choosing competitive product t e s t i n g , care should 
be taken to select those r esu l t ing in numerical values 
s imi la r to the mater ia ls tested both above and below i t . 
Widely separated r esu l t s indicate a sloppy approach and 
unnecessary e f f o r t s . 
Sensory Test - The choicest of the tested mater ia ls are now 
subjected to an actual U t i l i t y Test in a food system. These 
w i l l include both the successes and the f a i l u r e s of the 
Model Test, with a range of values of s i gn i f i c an t var iance. 
The foods prepared are then tested by a purely sensory 
approach. 
Corre la t i on - F i n a l l y the Model Test r esu l t s are corre lated 
with the sensory t e s t s . Adequate s t a t i s t i c a l too ls are 
necessary of which l inear cor re la t i ons are not always the 
desired ones when comparing sensory values with object ive 
test r e s u l t s . Only when th i s f i na l co r re la t i on i s achieved 
has an adequate Model Test been devised. 
U t i l i t y t e s t s . By d e f i n i t i o n , these are actual food formu

la t i ons copying accepted food preparat ions. As mentioned above, 
when Model Tests are designed, the range of products undergoing 
the test should be wide enough to include some f a i l u r e s . In 
some cases, a U t i l i t y Test i s employed that subst i tutes object ive 
evaluation systems for sensory ones. This reduces the time of 
the test and i t s cos t . However, only those object ive tests pre
v ious ly found to be well corre lated with sensory tes ts should be 
employed. Eventual ly a sensory test has to be performed. No 
food product should be marketed without a f i na l u t i l i t y t es t 
employing subject ive eva luat ions. 
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Prote in Functional Methodology - Out l ine of General Methods 

In a previous sect ion some general functional propert ies 
that are commonly looked for in prote in products were c l a s s i f i e d 
according to physico-chemical proper t ies . In t h i s sec t i on , the 
general methodology for the object ive evaluat ion (excluding sen
sory subject ive methods), of these properties w i l l be ou t l ined . 

General methods of t e s t i n g . Some general p r inc ip l e s 
involved in sample preparation and the test array are described 
in the methods out l ined below: 

Subdiv is ion - In most cases, the product i s f i r s t subjected 
to subdiv is ion to a standard s i z e . (In texture eva luat ion , 
in some cases, t h i s i s not included. ) It i s general ly sup
posed that th i s process w i l l improve the contact of the 
product with other assay components and w i l l reduce the 
hazards of unequal d i s t r i b u t i o n and l o ca l i z ed e f f ec ts . The 
p a r t i c l e s i ze has
in the t e s t . 
Mixing - This step sometimes includes a pre-exposure step 
where the tested product i s allowed to equ i l i b ra t e with the 
t e s t ing medium. The sever i ty of the mixing (presence of 
shear) and i t s duration w i l l af fect the test r e s u l t s , not 
only through the heat generated but also through spec i f i c 
molecular af fects such as denaturat ion. 
Temperature - Prote in molecules are very suscept ib le to 
heat e f f ec ts . Therefore, most tes ts have to be defined 
c l e a r l y as to these cond i t ions . In many t r a d i t i o n a l tests 
s t i l l used, adequate control of the temperature i s not 
attempted. This leads to the frequently observed 
discrepancies in the l i t e r a t u r e . 
Ionic Medium - Since many of the propert ies of protein 
products depend on the i r ionic conf igurat ion and amphionic 
nature, changes in pH w i l l strongly inf luence the r e s u l t s . 
Standardized media are to be recommended, or preferably , 
corre la te the resu l t s with pH changes in the medium. 
S i m i l a r l y , the presence of other ions needs to be either 
c l e a r l y stated or excluded. 
Stress Conditions - In many cases stress condit ions are 
employed either pr ior to actual t es t ing or as part of the 
measurement procedure i t s e l f . Needless to say, the stand
ard i za t ion of these stress condit ions or the i r absence w i l l 
great ly modify the test r e s u l t s . 
S o l u b i l i t y measurement. The general scheme of t e s t ing for 

s o l u b i l i t y involves subd i v i s i on , exposure, a g i t a t i o n , separat ion, 
and measurement (4_, 8-21). 

The sever i ty of ag i ta t i on and separation determines whether 
the separated medium i s considered to have proteins in so lu t i on 
(protein s o l u b i l i t y values) or in d ispers ion (protein d ispers ion 
va lues ) . The terms Nitrogen S o l u b i l i t y Index (NSI) and Prote in 
D i s p e r s i b i l i t y Index (PDI) are to be used only when the o f f i c i a l 
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12 PROTEIN FUNCTIONALITY IN FOODS 

methods so named are employed. Any dev iat ion from these proce
dures (such as pH, i o n i c , or equipment modi f icat ion) should be 
s i gn i f i e d by the use of other terms such as Prote in S o l u b i l i t y 
Index (PSI) or even preferably , Prote in S o l u b i l i t y Value (PSV) 
and Prote in D i s p e r s i b i l i t y Value (PDV). The process of separa
t i on in these methods i s usual ly through app l i ca t i on of force 
(be i t only gravi ty ) or f i l t r a t i o n . 

VJater Uptake - This name can be used gener i ca l l y to charac
t e r i z e a l l propert ies invo lv ing in te rac t i on between the 
prote in product and water as a r esu l t of which some of the 
water remains with the product (J5^ 22-29). The 
hyd roph i l l i c a t t rac t i on i s manifested in the quantity taken 
up as in sorpt ion (or true hydration) and swel l ing (increase 
in product volume). It can also manifest i t s e l f in the 
quantity staying with the product after exposure to excess 
water as in water b ind ing , water r e t en t i on , or water hold
ing capaci ty . Anothe
w e t t a b i l i t y , or the rate of water uptake. The uniform steps 
for these tests involve exposure, separat ion, and measure
ment. Sometimes ag i ta t i on i s added fo l lowing exposure and 
subdiv is ion pr ior to i t . The sever i ty of separation i s of 
special s ign i f i cance in these methods and has a great 
inf luence on the r e s u l t s . 
Interphase proper t ies . These properties can best be 

explained by the i r r e la t i onsh ips w i th in the general family of 
c o l l o i d s (Table I I ) . 

Emu l s i f i c a t i on . Emulsions are dispersed immiscible droplets 
w i th in another l i q u i d s t a b i l i z e d by the inter phasic compounds 
(30-49). In deal ing with pro te ins , the disperse l i q u i d i s a fat 
or o i l and the s t a b i l i z i n g interphase i s a protein product; in 
but t e r , these phases are reversed. 

Emulsions can general ly be div ided into three main classes 
depending on consistency: t h i n , t h i c k , or s o l i d . 

Emulsion Capacity i s the property of the protein product 
so lu t i on or suspension to emulsify o i l . The measurement i s of 
the maximum amount of o i l that the mixture w i l l emulsify without 
l os ing i t s emulsion c h a r a c t e r i s t i c s . The steps involved in th i s 
test are: 1) Hydration - formation of the aqueous mixture. 2) 
Oi l addi t ion - wi th ag i ta t i on the cause of emu ls i f i c a t i on . 3) 
Stress - a r esu l t of the heat generated during emu l s i f i c a t i on . 
4) Measurement the breakpoint ( v i s u a l , son ic , e l e c t r on i c , etc . ) 
and the amount of o i l emulsi f ied (capacity) to the breakpoint 
(volumetr ic , g rav imetr ic , v i scometr ic , e t c . ) . 
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Table I I . Co l l o ida l Systems 

13 

Disperse Continuous Common Names Examples 
Phase Phase 

So l id L iquid Sol Proteins in 
water so lut ion 

L iquid L iquid Emulsion M i lk , Mayonnaise 

Gas L iquid Foams Whipped toppings 

L iquid So l id Gels, So l id 
emulsions 

J e l l i e s , Meat 
products 

Gas So l i
Textured 
products 

Emulsion S t a b i l i t y i s the property of the emuls i f i er (the 
interphase molecules) to s t a b i l i z e an emulsion fo l lowing i t s for
mation and, sometimes, fo l lowing ce r ta in stress cond i t ions . In 
t h i s t e s t , only three steps are observed: emus i f i ca t i on , s t r e s s , 
and measurement. The stress may be only an appl ied force 
(grav i ty or centr i fugal forces) or heat or a combination of both. 

The methodological factors having a special inf luence on 
these tests of emulsifying propert ies are subdiv is ion methods 
for the c o l l o i d a l system, r a t i o of components (water: p ro te in : 
o i l ) , and the nature of the fat used. The second one is the 
most neglected of these inf luences and i s usual ly chosen by the 
researcher at w i l 1 . 

Fat a t t r a c t i o n . These are methods o r i g i n a l l y designed for 
only a two phase system, that i s , the material and the o i l . They 
now include the model systems imni tat ing s o l i d emulsions that 
contain large quant i t ies of water and aqueous par t i cu la tes 
(50-55). 

Fat absorption and binding propert ies are determined by 
mixing food ingredients with fats and o i l s , and after a separa
t i on step (centr i fugat ion) the amount of o i l absorbed is measured. 
The test i s s imi lar to water uptake, that i s , the method includes 
steps of subd i v i s i on , a g i t a t i o n , separat ion, and measurement. 

Fat retent ion capacity should be used only for the cases 
where aqueous preparations of the mater ia ls are treated with fats 
or o i l (as in some food preparat ions ) , stress appl ied (usual ly by 
heat ing ) , and the separated o i l measured. A common test of th i s 
nature i s one used on meat emulsion systems fo l lowing the i r cook
ing process. The special methodological inf luences strongly 
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af fec t ing these tests are component r a t i o s , the nature of the f a t , 
and the measurement techniques. 

Aerat ion. This interphasic property of protein products, 
also ca l l ed foaming or whipping, depends on the a b i l i t y of the 
prote in to form protect ive f i lms around gas bubbles. Coales
cence, and subsequent break-up of the membrane-like system around 
the bubbles by the proteins i s thereby prevented (55-60). 

Foaming capacity i s a measure of the a b i l i t y of the prote in 
to form a g a s - f i l l e d c e l l u l a r system under spec i f i ed cond i t ions ; 
the experimental condit ions have not as yet been c l e a r l y stand
ard i zed . In p rac t i c e , aerat ion involves s o l u t i o n , a i r 
entrapment and measurement. The l a t t e r may be expressed as per
centages of volume of foam, or volume increase. Also used are 
foam v i s c o s i t y , dens i ty , and/or the energy input . Foam s t a b i l i t y 
i s a measure of the a b i l i t y of the product to keep a foam, once 
formed, from co l l aps ing . Again, neither the system of foam 
formation nor the condit ion
standardized. The l a t t e r involves some stress condit ions (some
times only the force of grav i ty on the foam) and measurement 
techniques such as f i na l volume, rate of volume change, or weight 
or volume of the d r i p . The special methodological influences are 
aeration and measurement. The shear involved in foam formation 
has to be well balanced to provide enough force to cause pa r t i a l 
f i lm denaturation but not to exceed the balance of the system. 

Intermolecular in t e rac t i on measurements. The functional 
propert ies are dependent on the prote in molecules in t e rac t ing 
with others of the i r own kind or with d i s s im i l a r ones (24, 51, 
61-65). 

V i s cos i t y - In d iscuss ing th i s property we include not only 
v i s c o s i t y but f l u i d i t y and thickening in heavy suspensions. 
Tools used in measuring v i s co s i t y vary from sophist icated 
equipment such as recording viscometers and p ias t i corders 
to simpler c a p i l l a r y viscometers, cup viscometers, f a l l i n g 
ba l l u n i t s , or even simple test tubes af fording but semi-
q u a l i t a t i v e values. The special methodological factors 
include the prote in concentrat ion, e spec ia l l y in thermo-
t rop i c mixtures, temperature, which in th i s case severely 
a l t e r s the values, and the systems of measurement, which 
cannot be subst i tuted for each other without severe 
discrepancies in obtained values. 
Matr ix and F i lm Formation - In t h i s category, we include 
g e l a t i on , and f i b e r , f i l m , and dough formation (34, 61_, 64, 
66-78). In a l l of these proper t i es , the process involves 
the a b i l i t y of the prote in to form intermolecular bonds of 
a stable nature to y i e l d a d i s t i n c t semisol id form that i s 
sometimes converted to a more s o l i d form by further process
i ng . General methodology includes the hydration and 
d ispers ion of the product in an aqueous medium, s e t t i n g , by 
temperature or other means, applying stress to the form, and 
measurement. The l a t t e r usual ly employs too ls of measuring 
res istance of the matrix to deformations, for example, 
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viscometers, gelometers, penetrometers, stress or s t r a in 
recorders. Some novel microscopic methods have also been 
developed. The special methodological factors are the 
hydration c a p a b i l i t y , the se t t ing means, espec ia l l y tempera 
t u r e , the stress applied during measurement, and the 
impuri t ies present. 
So l i d Texture Propert ies - These propert ies often are a 
resu l t of further treatment of the matrix and f i lm as d i s 
cussed in the previous sec t i on . They have to be treated 
separately because of the d i s t i n c t methods of the i r assays 
(79-91). 
General methodology includes preparation of the s o l i d tex
ture . The measurement techniques may be the app l i ca t i on of 
forces such as pure stress (also s t r a i n ) , shear, or the i r 
combinations and the measurement of the resistance to t h i s 
procedure (Table I I I ) . Also used are special methods such 

Table I I I . Measurable Propert ies of Texture 

Method Property Measured 

Stress (Strain) Hardness ,p l as t i c i t y , spr ing iness , 

e l a s t i c i t y ( ju ic iness? ) 

Shear Cohesion, adhesion, j u i c i n e s s 

Visual Combined propert ies of unknown 
porosi ty nature 

Others Resistance to agents, hardness, 
poros i ty 

as v isual and microscopic inspec t i on , density measurements 
of the product, and the ease of i t s aqueous d i s in t eg ra t i on 
(wet screening) . 
The propert ies measured in these methods are very d iverse . 
Only recent ly have some of them been defined c l e a r l y in 
r e l a t i o n to the methodology involved and co r r e l a t i on obtain 
ed between the object ive analyses and subject ive tests 
(82). 

CONCLUSIONS 

The spec i f i c realm of food funct ional propert ies can be 
i d e n t i f i e d c l e a r l y as a part of the general area of b i o l og i ca l 
p roper t i es . Some de f i n i t i on of terms used in i t was attempted. 
There i s a c l ea r r e l a t i onsh ip between these propert ies and the 
physico-chemical a t t r ibutes of compounds in foods. A l so , one 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



16 protein functionality in foods 

can generally find a correlation of functional properties and 
the classes of food preparations. The methods for obtaining 
clear, unambiguous values for such properties have been 
outlined. There are many pitfalls awaiting those engaged in 
this field and further standardization and codification are 
needed. 

Literature Cited 

1. Yudkin, I. Proc. 1st Int'l Congr. Environment. 
Biol. Med. UNESCO, Paris, France, 1974. 

2. Pour-El, A. In "World Soybean Research," Hi l l , L. D., 
ed., Interstate, Danville, I l . , 1976, p. 918. 

3. Pour-El, A. In "Functionality and Protein Structure," 
Pour-El, A., ed., Amer. Chem. Soc. Symposium 
Series 92, Washington

4. Kinsella, J . E. J
5. Wolff, W. J. J . Agr. Food Chem., 1970, 18, 969. 
6. Wolff, W. J.; Cowan, J. C. CRC Crit. Rev. Food Technol., 

1971, 2, 81. 
7. Kinsella, J . E. CRC Crit. Rev. Food Sci. Nutrit. 

1976, 7, 219. 
8. American Association of Cereal Chemists. "Approved 

Methods," St. Paul, Minnesota, 1979. 
9. American Oil Chemists Society. "Official and 

Tentative Methods," Link, W. E., ed., Champaign, 
Illinois, 1979. 

10. Cherry, J. P.; McWatters, K. H. J. Food Sci. , 1975, 
40, 1257. 

11. Cherry, J . P.; McWatters, K. H.; Holmes, M. R. 
J . Food Sci. , 1975, 40, 1199. 

12. Fukushima, D. Bull. Agr. Chem. Soc. Jap., 1959, 23, 15. 
13. Gilberg, L. J . Food Sci., 1978, 43, 1219. 
14. Hang, Y. D.; Steinkraus, K.; Hackler, L. R. 

J . Food Sci., 1970, 35, 318. 
15. Hutton, C. W.; Campbell, A. M. J . Food Sci., 

1977, 42, 457. 
16. McWatters, K. H.; Cherry, J. P. J. Food Sci., 

1977, 42, 1444. 
17. Shen, J . L. Cereal Chem., 1976, 53, 902. 
18. Shibasaki, K.; Kimura, Y.; Okuba, K.; Takahashi, K.; 

Sasaki, M. J . Food Sci. Technol. (Japan), 1972, 19, 96. 
19. Smith A. K.; Rackis, J . J.; Isnardi, P.; Carter, J . L . ; 

Krober, O. A. Cereal Chem., 1966, 43, 261. 
20. Wu, Y. V. J . Agric. Food Chem., 1978, 26, 305. 
21. Yasumatsu, K.; Toda, J.; Kajikawa, M.; Okamoto, N.; 

Nori, H.; Kriwayama, M.; Ishii, K. Agric. Biol. 
Chem., 1972, 36, 523. 

22. Berlin, E. P.; Kliman, P. G.; Pallansch, M. J. 
J . Colloid Interface Sci. , 1970, 34, 488. 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



1. pour-el Protein Functionality 17 

23. Carlin, F.; Ziprin, Y.; Zabik, M. E.; Kragt, L. ; 
Poisiri, A.; Bowers, J.; Rawley, B.; Van Duyne, F.; 
Perry, A. K. J . Food Sci. , 1978, 43, 830. 

24. Fleming, S. E . ; Sosulski, F. W.; Kilara, A.; Humbert, 
E. S. J . Food Sci. 1974, 39, 188. 

25. Hagenmaier, R. J . Food Sci., 1972, 37, 965. 
26. Hermansson, A.-M. Lebensmitte. Wissensch. Technol., 

1972, 5, 24. 
27. Johnson, D. W. Food Prod. Devel. 1969, 3 (8), 78. 
28. Leung, H. K.; Steinberg, M. P.; Wei, L. S.; 

Nelson, A. I. J . Food Sci. 1976, 41, 297. 
29. Miller, H. Cereal Chem., 1968, 34, 109. 
30. Acton, J . C.; Saffle, R. L. J . Food Sci. , 1970, 35, 852. 
31. Borton, R. J.; Webb, N. B.; Bratzler, L. J. Food 

Technol., 1968, 22, 506. 
32. Crenwelge, D. D.;

W. A. J . Food Sci.
33. Hegert, G. R.; Bratzler, L. J.; Pearson, A. M. 

J . Food Sci. , 1963, 28 663. 
34. Hermansson, A.-M. J . Amer. Oil Chem. Soc., 1979, 56, 272. 
35. Inklaar, D. A.; Fortuin, J . Food Technol., 1969, 23, 103. 
36. Kamat, V. B.; Graham, G. E.; Davis, M. A. F. Cereal Chem. 

1978, 55, 295. 
37. Pearce, K. N.; Kinsella, J . E. J . Agric. Food Chem., 

1978, 26 716. 
38. Pearson, A. M.; Spooner, M. E.; Hegarty, G. R.; Bratzler, 

L. J . Food Technol., 1965, 19, 1841. 
39. Puski, G. Cereal Chem., 1976, 53, 650. 
40. Saffle, R. L. Adv. Food Res., 1968, 16, 105. 
41. Schut, J . Die Fleischwirtsch., 1968, 48, 1029. 
42. Smith, G. C; John, H.; Carpenter, Z. L . ; Mattil, K. F.; 

Cater, C. M. J . Food Sci., 1973, 38, 849. 
43. Swift, C. E.; Lockett, C.; Fryr, A. J . Food Technol., 

1961, 15, 468. 
44. Tornberg, E.; Lundh, G. J . Food Sci., 1978, 43, 1553. 
45. Tornberg, E. J . Food Sci., 1978, 43, 1559. 
46. Titus, T. C.; Wianco, N. W.; Barbour, H. F.; 

Mickle, J . B. Food Technol., 1968, 22, 1449. 
47. Tsai, R.; Cassens, R. G.; Briskey, E. J. J . Food Sci., 

1972, 37, 286. 
48. Webb, N. B.; Ivey, F. J.; Jones, V. A.; Monroe, J. R. 

J . Food Sci., 1970, 35, 501. 
49. Yasumatsu, K.; Sawada, K.; Moritaka, S.; Misati, M.; 

Toda, J.; Wadci, T.; Ishii, K. Agric. Biol. Chem., 
1972, 36, 719. 

50. Anderson, R. H.; Link, K. D. Food Technol., 1975, 
29, 44. 

51. Beuchat, L. R.; Cherry, J. P.; Quinn, M. R. J . Agric. 
Food Chem., 1975, 23, 616. 

52. Childs, S. A.; Park, K. K. J . Food Sci. , 1977, 41, 713. 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



18 protein functionality in foods 

53. Judge, M. D.; Haugh, C. G.; Zachariah, G. L. ; Parmelee, 
C. E.; Pyle, R. L. J . Food Sci. 1974, 39, 137. 

54. Satterlee, L. D.; Zachariah, N. Y.; Levin, E. J . Food Sci., 
1973, 38, 268. 

55. Berry, R. E.; Bisset, O. W.; Lastinger, J . C. 
Food Technol., 1965, 19, 1168. 

56. Eldridge, A. C.; Wolff, W. J.; Nash, A. M.; Smith, A. K. 
J . Agric. Food Chem. 1963, 11, 323. 

57. Lawhon, J. T.; Cater, C. M.; Mattil, K. F. J . Food Sci., 
1972, 37, 317. 

58. McWatters, K. H.; Cherry, J. P. J . Food Sci. 1976, 42, 
1205. 

59. Puski, G. Cereal Chem., 1975, 52, 655. 
60. Sekul, A. A.; Vinnett, C. H.; Ory, R. L. J . Agric. 

Food Chem., 1978, 26, 855. 
61. Finney, E. E. Foo
62. Fleming, S. E.; Sosulski

1975, 40, 805. 
63. Griffith, D. L . ; Rao, J . N. M. J . Food Sci. 1978, 43, 531. 
64. Huang, F.; Rha, C. K. J . Food Sci. 1971, 36, 1131. 
65. Tung, M. A. J . Text. Stud., 1978, 9, 3. 
66. Aoki, H. Nippon Nogei Kagaku Kaishi, 1965, 39, 262. 
67. Aoki, H. Nippon Nogei Kagaku Kaishi, 1965, 39, 277. 
68. Aoki, H.; Sakurai, M. Nippon Nogei Kagaku Kaisi, 1969, 

43, 448. 
69. Cumming, D. B.; Tung, M. A. J . Can. Inst. Food Sci. 

Technol., 1977, 10, 109. 
70. Evans, L. G.; Volpe, T.; Zabik, M. E. J . Food Sci. 

1963, 11, 323. 
71. Fleming, S. E.; Sosulski, F. W. Cereal Chem. 1978, 55, 373. 
72. Kelly, J . J.; Pressey, R. Cereal Chem. 1966, 43, 204. 
73. Matthews, R. H.; Sharpe, E. J.; Clark, W. M. Cereal Chem. 

1970, 47, 181. 
74. Mattil, K. F. J . Amer. Oil Chem. Soc. 1971, 48, 477. 
75. Pour-El, A.; Swenson, T. S. Cereal Chem. 1976, 53, 438. 
76. Suzuki, T.; Fujiwara, T. Canner's J . (Japan), 1973, 

52, 772. 
77. Voisey, P. W.; Rasper, V. F.; Stanley, D. W. 

"Rheology and Texture in Food Quality." AVI, 
Westport, Conn., 1976. 

78. Yasumatsu, K.; Toda, J.; Wada, T.; Misaki, M.; Ishii, K. 
Agric. Biol. Chem. 1972, 36, 537. 

79. Aquilera, J . M.; Kosikowski, F. A. J . Food Sci. 41, 
647, 1976. 

80. Anderson, Y. Proc. IV Int. Cong. Food Sci. Technol., 
1974, p. 332. 

81. Breene, W. M. J . Text. Stud., 1975, 6, 53. 
82. Breene, W. M. J . Text. Stud., 1978, 9, 77. 
83. Bourne, M. C. Texture Properties and Evaluations of 

Fabricated Foods. In "Fabricated Foods. G. Englett, 
ed., AVI, Westport, Conn., 1974, p. 127. 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



1. pour-el Protein Functionality 19 

84. Cegla, C. F. J . Food Sci. , 1978, 43, 775. 
85. Cumming, D. B.; Stanley, D. W.; Deman, J . M. J . Can. Inst. 

Food Sci. Technol., 1972, 5, 124. 
86. McWatters, K. R. J . Food Sci., 1977, 42, 1492. 
87. Peleg, M. J . Food Sci. , 1978, 43, 1093. 
88. Saio, K. J . Text. Stud., 1978, 9, 159. 
89. Soo, H. M.; Sander, E. H. J . Food Sci., 1977, 42, 1522. 
90. Stanley, D. W.; Deman, J . M. J . Text. Stud., 1978, 9, 59. 
91. Taranto, M. V.; Cegla, C. F.; Bell, K. R.; Rhee, K. C. 

J . Food Sci., 1978, 43, 767. 

RECEIVED October 21, 1980. 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



2 

Color 

F. A. BLOUIN, Z. M. ZARINS, and J. P. CHERRY 
Southern Regional Research Center, Science and Education Administration, 
Agricultural Research, U.S. Department of Agriculture, 
P.O. Box 19687, New Orleans, LA 70179 

The first encounter with any food product is usually visual. 
Immediately, a judgmen
product. The individua
consciously aware of the complex factors that influence this 
judgment. Color is usually the major criterion used to evaluate 
quality, and past experience plays a role in this evaluation. 
For example, the color of fresh fruit indicates ripeness and the 
time the fruit is most likely to taste best. Off-colors in 
cheese or meats are associated with poor flavor quality. Gen
erally, we expect each food product to have a certain color. 
Deviations from this expected color can result in rejection of a 
product even when this color does not adversely influence the 
flavor or nutritional value of the food. If plant-protein 
products are to attain widespread utilization in food applica
tions, the color they impart to the product must be considered 
an important factor in consumer acceptability. 

Cottonseed flour is a plant protein product which can be 
used in foods to improve nutritional and functional properties. 
However, in some applications, cottonseed flour causes a serious 
color problem. Biscuits prepared with 20% cottonseed flour are 
yellow brown (Figure 1). Liquid-cyclone-processed (LCP) cotton
seed flour is made from glanded seeds by liquid centrifugation 
in hexane to remove the pigment glands containing the toxic 
gossypol pigment (1_). LCP flour produced a much darker color in 
biscuits than hexane-defatted flour made from glandless 
cottonseeds. 

Undesirable colors in raw and processed foods have often 
been minimized by 1) altering their processing to include sol
vent extraction steps to remove pigments, 2) adding antioxidants 
or bleaching reagents to reduce color changes, or 3) including 
additives to mask undesirable color. These approaches to the 
color problem in cottonseed flours have been generally unsuccess
ful (2̂ , 3_) • The objective of the present research is to isolate 
and identify the pigments responsible for the color problem that 
occurs when cottonseed flours are used as food ingredients. 
This basic approach has led to a better understanding of the 

This chapter not subject to U.S. copyright. 
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22 PROTEIN FUNCTIONALITY IN FOODS 

problem. The methods and techniques developed in this study 
should also be applicable to defining the color problem of other 
plant-protein materials, including sunflower and a l f a l f a leaf 
proteins. 

Experimental Procedures 

Cottonseed flours and methods used to fractionate, isolate, 
and identify pigments in these flours are f u l l y described by 
Blouin and Cherry (4) and Blouin, et a l . (5). 

Sunflower and soy flours were obtained from the Food Protein 
R & D Center, Texas A&M University, College Station, Tex.; 
a l f a l f a leaf protein from the Western Regional Research Center, 
U.S. Department of Agriculture, Berkeley, C a l i f . ; and peanut 
flour from Gold Ki s t , Inc., Lithonia, Ga. 

Biscuits were prepare
20% replacement for whea
tions isolated from cottonseed flours, the quantities used were 
calculated using the percentages these fractions represented of 
the original flour, e.g., the salt solution soluble fraction of 
LCP flour was 43% of the o r i g i n a l flour and 8.6%, (20 x 0.43) 
replacement for wheat was used to prepare the b i s c u i t . 

Solvent systems used for thin layer chromatography were 1) 
n-butanol:acetic acid:water (4:1:5 upper phase), 2) acetic acid: 
water (15:85), 3) ethyl acetate:pyridine:water (12:5:4), and 4) 
chloroform:acetic acid:water (50:45:5). S i l i c a gel plates were 
used for chromatography of flavonoid aglycones and cellulose 
plates for a l l other components. Aluminum chloride was used for 
detection (under long UV light) of flavonoids, aniline phthalate 
for sugars, ninhydrin for amino acids and iodine for other com
ponents. Cellulose thick layer plates were developed with 
solvents 1 or 2. 

Column chromatography of flour extracts was carried out on 
Sephadex G-15 with water as the eluent, Sephadex LH-20 with 50% 
methanol as the eluent for flavonoids, and DMF as the eluent for 
gossypol components. 

Flavonoid i d e n t i f i c a t i o n methods were those of Mabry et a l . 
(6). 

Color Measurements 

In any study of food color, one of the basic problems is 
measuring color and reporting the results in a r e a l i s t i c and 
understandable manner. Color is not just a physical property of 
the object. Color is a sensory property dependent on both 
physical and psychological factors related to the object, the 
conditions of observation, and the individual making the observa
tion. Because of the complexity and great economic importance 
of the color phenomena, a vast "color science 1 1 l i t e r a t u r e that 
deals with measuring and specifying color has evolved during the 
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past 20-30 years (7_, 8_). If the incident light and the observer 
are removed as variables by using appropriate internationally 
accepted standards, then the problem of color measurement and 
specification is reduced to measuring the l i g h t - r e f l e c t i n g or 
light-transmitting properties of the colored object. To define 
the color of an object quantitatively, three fundamental quanti
ties must be specified. They are: 1) hue or spectral color, 
which i d e n t i f i e s the object as red, green, yellow, blue, or an 
intermediate color between these, 2) saturation or purity, which 
is the strength or intensity of the hue, and 3) lightness or 
luminance, which is the amount of light reflected or transmitted 
from the object. Numerous visual and instrumental methods and 
color scales have been devised to measure and express these 
three quantities. 

In the work with cottonseed flours, we used the Hunterlab 
color meter D25D2A and expresse
a, b color values. Thes
ional opponent-color space shown in Figure 2. The L value 
measures lightness, or the amount of light reflected or transmit
ted by the object. The a and b values are the chromaticity 
coordinates from which information about hue and saturation can 
be obtained. The a value measures redness when plus and green
ness when minus. The b value measures yellowness when plus and 
blueness when minus. 

Comparison of color measurements on wheat flour and six 
different plant-protein products with the visual appearance of 
these flours shows that the L, a, b scale does yield meaningful 
values (Figure 3). The L value for the a l f a l f a leaf protein (L 
• 75.5) shows that this product is much darker than the wheat 
flour (L = 89.5) and somewhat darker than the other plant-
protein materials (L = 79.5 to 88.2). The a values do not show 
any significant variations (a = +1.0 to -1.7), indicating the 
absence of significant red or green coloration in the flours. 
A l l of the plant-protein flours gave positive b values (b * 7.6 
to 13.8), indicating some yellow coloration in these products. 
This comparison of wheat and plant-protein products as dry 
powders or flours also i l l u s t r a t e s another important point: the 
color of the dry flours does not accurately r e f l e c t the magni
tude of the color problem observed when these flours are used in 
food products. 

Color measurements made on wheat and LCP cottonseed flour as 
dry powders, aqueous pastes, and alkaline pastes are shown in 
Figure 4. The L and b values for aqueous and alkaline (pH 10) 
pastes of LCP flour, when compared to the values for wheat flour 
pastes, more adequately r e f l e c t the magnitude of the color pro
blem of the cottonseed flour. The aqueous paste is a dark 
yellow brown, and the darkness and yellowness are even more 
pronounced in the alkaline paste. 
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24 PROTEIN FUNCTIONALITY IN FOODS 

Figure 1. Biscuits containing 100% 
wheat and 20% LCP and glandless cot

tonseed flours 

L = I O O 

L = 0 

Figure 2. L,a,b color solid 
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Figure 3. Plant protein flours 

FLOUR 

WHEAT FLOUR 
90}- O COTTONSEED FLOUR 

V 9 DRY 

80 h 

70h 

ftni - AQUEOUS 
6 T X PASTE 

50H \ ALKALINE 
A PASTE 

4 0 ~ io ^ io ' F/gwre 4. Hunter L and b values of dry 
b VALUE (yellowness) flours (O), aqueous pastes (X), and alka

line pastes (A) of LCP cottonseed and 
Journal of Food Science wheat flours (4) 
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Biscuits as a Model System 

The best method for evaluation of the color problem is to 
prepare a food product containing the protein flour. Biscuits 
were routinely used as the model food system. Figure 5 i l l u s 
trates the color of biscuits prepared with 100% wheat flour and 
with 20% plant-protein products. The color of the biscuits 
prepared with soybean and peanut flours shows that these ingredi
ents do not cause a serious color problem. However, sunflower, 
a l f a l f a leaf, and cottonseed flours do produce a discoloration 
in this model food system. The L and b values generally r e f l e c t 
this visual evaluation. 

Plant Phenols 

Most brightly colore
carotenoid, or chlorophyl
do not seem to play a significant role in the color problem 
associated with products containing oilseed-protein. Plant 
phenols, on the other hand, seem to be the most important contri
butors to the color problem of these protein materials. Phenols 
are substrates for enzymatic and nonenzymatic browning reactions. 
Oxidative reactions of phenol quite often lead to attachment of 
these compounds to protein and polysaccharide components of the 
plant-protein products. The role of chlorogenic acid as the 
source of the color problem in sunflower-seed-protein products 
has been reported (j), 12> I n cottonseed flours (4_, 5), two 
types of phenolic compounds involved in the discoloration pro
blem are: gossypol and flavonols. 

Cottonseed Flour Fractionation 

LCP cottonseed flour was separated into four fractions by 
methods developed for protein isolation (4). The flour was 
f i r s t extracted with water to y i e l d a water-soluble and a water-
insoluble fraction. The water-soluble fraction was dialyzed in 
cellulose tubing with a molecular weight cutoff of 3,500 to give 
low-molecular-weight (L) and high-molecular-weight (H) frac
tions. The water-insoluble part of the flour was extracted with 
10% sodium chloride solution to produce a soluble (S) and an 
insoluble (I) fraction. Biscuits containing these fractions in 
the percentages that were present in the orig i n a l flour were 
prepared (Figure 6). The color of the biscuits showed that the 
two major protein fractions, the high-molecular-weight water 
solubles (H) and the salt-solution solubles (S), did not contain 
the pigments responsible for the color problem. The pigments 
responsible for the yellow coloration in biscuits were present 
in the low-molecular-weight water-soluble fraction (L). Pig
ments causing the brown color in biscuits were present in the 
water and salt-solution insoluble fraction ( I). 
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Figure 5. Biscuits containing 100% wheat and 20% plant-protein products 
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Role of Flavonoid8 

The low-molecular-weight water-soluble fraction of LCP flour 
was found by thin layer chromatographic methods to contain sev
eral flavonoid components. To establish the role of flavonoids 
in the production of yellow color in b i s c u i t s , these components 
were extracted from LCP and glandless cottonseed flours with 85% 
aqueous isopropyl alcohol (which is a better solvent for flavo
noids than water). Before removal of the flavonoids, the flours 
had been treated with petroleum ether to extract residual l i p i d s 
that could interfere with flavonoid isolation. Extraction of 
the residual l i p i d s did not s i g n i f i c a n t l y alter the color of 
biscuits prepared with the extracted flours (Figure 7). 
Biscuits prepared with LCP and glandless cottonseed flours after 
extraction with aqueous isopropyl alcohol to remove flavonoids 
were brown; those prepare
t i t i e s equivalent to tha
yellow (Figure 8). 

Thin layer chromatography (TLC) of the aqueous isopropyl 
alcohol extracts showed that in addition to flavonoids consider
able amounts of other components were in the extracts. 
Consequently, the alcoholic extracts were next separated on a 
Sephadex G-15 column, with water as the eluent, into nonflavonoid 
(95%) and flavonoid (5%) fractions. Figure 9 shows two-dimen
sional TLC plates of the original extracts and the nonflavonoid 
and flavonoid fractions of these extracts from both LCP and 
glandless flours. The characteristic yellow flourescent spots 
observed under u l t r a v i o l e t l i g h t (long) indicate the presence of 
at least six major flavonoids in the o r i g i n a l extracts and the 
flavonoid fractions. Because the concentrations used on the 
plates for the ori g i n a l extracts and for the nonflavonoid frac
tions were the same, the absence of the yellow flourescent spots 
for the nonflavonoid fractions indicates that the Sephadex column 
fractionation was effective in separating the flavonoids from the 
nonflavonoid components. 

Biscuits prepared with the nonflavonoid fractions of the 
alcoholic extracts from LCP and glandless flours were tan and 
near white, respectively (Figure 10). Biscuits containing the 
flavonoid fractions were yellow. This very clearly establishes 
that the yellow color in biscuits prepared with cottonseed flours 
is caused by the flavonoids in these flours. This finding is 
also supported by the observation that biscuits containing the 
commercially available flavonoid, rutin, have the same yellow hue 
and saturation as the biscuits containing the cottonseed flavo
noids (Figure 11). Rutin is a flavonol glycoside with quercetin 
as the aglycone and with a disaccharide of glucose and rhamnose 
attached to the 3-hydroxyl position of the aglycone. It i s , in 
fact, one of the components found in the cottonseed flours. 
Seven major flavonoids have been isolated from LCP flour and 
tentatively identified (Table I ) . 
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Journal of Food Science 

Figure 7. Biscuits containing 100% wheat flour, 20% LCP and glandless cotton
seed flour, and 20% LCP and glandless cottonseed flour after extraction with petro

leum ether (5) 

Journal of Food Science 

Figure 8. Biscuits containing 18.0% LCP and 18.5% glandless cottonseed flours 
after extraction with 85% aqueous isopropyl alcohol and extracts isolated from 

these flours, 1.8% and 1.5%, respectively (5) 
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Figure 9. Two-dimensional cellulose TLC of flavonoids in aqueous isopropyl alco
hol extracts, nonflavonoid fractions of extracts, and flavonoid fractions of extracts 

of LCP and glandless cottonseed flours (5) 

Journal of Food Science 

Figure 10. Biscuits containing the nonflavonoid (1.7% and 1.4%) and flavonoid 
(0.1% and 0.1%) fractions of the aqueous isopropyl alcohol extracts of LCP and 

glandless cottonseed flours, respectively (5) 
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The flavonoid mixture obtained by fractionation on the 
Sephadex G-15 column was further separated on a Sephadex LH-20 
column, with 50% methanol as the eluent, into one fraction con
taining flavonoids 1, 3, and several minor flavonoids, and into 
a second fraction containing flavonoids 2 and 4 to 6 (see Figure 
9 for number designations). These mixtures were then separated 
on thick layer cellulose plates into individual flavonoids. They 
were rechromatographed on thick layer plates u n t i l they appeared 
to be pure by two-dimensional TLC. As a f i n a l p u r i f i c a t i o n step, 
they were again chromatographed on a Sephadex LH-20 column. This 
f i n a l step yielded two components, designated A and B, from 
flavonoid 5. Diagnostic u l t r a v i o l e t - v i s i b l e spectral analysis 
indicated that flavonoids 1, 2, 5A, 5B, and 6 were 3-0-glycosides 
of quercetin and that flavonoids 3 and 4 were 3-0-glycosides of 
kaempferol. Acid hydrolysis of the flavonoids followed by TLC 
of the aglycones substantiate
hydrolyzed sugar component
contained only glucose, flavonoids 1, 3, and 5A contained glucose 
and rhamnose and flavonoid 5B contained galactose and rhamnose. 
Chromatography with known flavonoids, rutin, and isoquercetrin, 
indicated the identity of flavonoids 5A and 6. The chemical 
shi f t of the H-l rhamnosyl protons in the NMR spectra of flavo
noids 1 and 3 indicated the disaccharides in these compounds are 
linked a-(l+2) and are thus neophesperidosides. Flavonoid 5B 
because of i t s composition and chromatographic s i m i l a r i t y with 
r u t i n is identified as a quercetin robinoside containing a 
rhamnosyl galactoside linked a-d+6). The linkage of the glucose 
disaccharide units in flavonoids 3 and 4 has not yet been estab
lished. The above identifications agree with the work of Pratt 
and Wender (12, 13) on cottonseed flavonoids. 

The Role of Bound Gossypol Pigments 

Gossypol is the major pigment in glanded varieties of 
cottonseed. It is a binaphthyl terpenoid and is toxic to mono-
gastric animals (14). In the seed, this pigment is contained in 
structures referred to as pigment glands. The l i q u i d cyclone 
process (1_) separates these glands from the protein flour. 
Rupture of some of the glands during processing frees the gossy
pol- allowing i t to react with the cottonseed proteins. A 
typical edible LCP flour contains less than 0.045% free gossypol 
and 0.26% bound gossypol (15). 

One of the aldehyde groups of the gossypol is believed to 
react with the primary amine of the lysine units of the cotton
seed proteins to form the Schiff base or imine type compound as 
shown at the top of Figure 12 (16, 17). An analytical method 
for determination of bound gossypol, developed by Pons et a l . 
(18), involves treatment of the cottonseed flour with 3-amino-
1-propanol and acetic acid i n N, N-dimethylformamide (DMF) 
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Figure 11. Biscuits containing flavonoid fractions of LCP and glandless cotton
seed flours and rutin (5) 
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Figure 12. Reaction of protein-bound gossypol with 3-amino-l-propanol in the 
presence of acetic acid in DMF solution (4) 
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(Figure 12). Under these conditions, the gossypol and 
gossypol-like pigments become bound to the aminopropanol as the 
Schiff base of this low-molecular-weight compound. The gossypol-
aminopropanol derivative can then be washed from the flour and 
measured spectrophotometrically. 

This aminopropanol treatment for removal of bound gossypol 
appeared to be an excellent means to test the role of bound 
gossypol in the color problem. The water and salt-solution 
insoluble fraction (I) of LCP flour that contained the brown 
color causing pigments was treated for 15 min at 80°C with 2% 
3-amino-l-propanol and 2% acetic acid in DMF solution. The 
aminopropanol extract was f i l t e r e d off, and the flour residue 
was washed and dried. A biscuit prepared with the treated flour 
fraction showed that most of the brown color was removed by the 
aminopropanol treatment (Figure 13). This result suggests that 
bound gossypol pigment
in LCP flour. 

In order to test this idea further, the extract of the 
aminopropanol treated flour was fractionated on a Sephadex LH-20 
column with DMF as the eluent. The extract before fractionation 
gave an u l t r a v i o l e t spectrum similar to that of standard gossvDol 
treated with aminopropanol (Figure 14, curves B and A, respec
t i v e l y ) . Three colored fractions were obtained by column 
chromatography of the extract. The spectrum of the second band 
eluted (Figure 15, curve 2), was almost identical to the spectrum 
obtained from the gossypol-aminopropanol derivative (Figure 14, 
curve A). The f i r s t and last bands eluted from the column exhib
ited the spectra in curves 1 and 3 of Figure 15, which are 
similar to the gossypol-aminopropanol curve; however, they do 
d i f f e r considerably in the 350-450 nm region. These data i n d i 
cate that bound gossypol and at least two bound gossypol-like 
pigments are responsible for the brown coloration in biscuits 
prepared with LCP cottonseed flour. 

Other Color Components 

Glandless cottonseed flour also caused yellow-brown color in 
biscuits, and a similar color distribution was obtained when b i s 
cuits were prepared from fractions of glandless flour (Figure 16). 
The intensity of the brown color was much less in the biscuit 
prepared with the water and salt-solution insoluble fraction of 
glandless flour than that prepared with the insoluble fraction 
of LCP flour (Figure 6). The brown color in this fraction of 
glandless flour was not affected by the aminopropanol treatment, 
which removed brown color from the LCP flour. Analysis of this 
flour indicated the absence of any detectable quantities of free 
or bound gossypol. The brown color in glandless flour is 
believed to be due to phenolic compounds of another type. The 
brown pigment containing fraction is composed mainly of insoluble 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



PROTEIN FUNCTIONALITY IN FOODS 

Figure 13. Biscuits containing the water and salt-solution insoluble fraction of 
LCP cottonseed flour before and after treatment with aminopropanol (4.5%) 
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Figure 14. UV spectra of (A) gossypol-amino reaction mixture and (B) extract 
from aminopropanol treatment of water and salt-solution insoluble fraction of LCP 

cottonseed flour (4) 
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Figure 15. UV spectra of Fraction 1, 2, and 3 separated from the aminopropanol 
extract of the water and salt-solution insoluble fraction of LCP cottonseed flour (A) 

Figure 16. Biscuits containing 100% wheat flour, 20% glandless cottonseed flour, 
6.0% L fraction, 1.5% H fraction, 8.0% S fraction, and 4.0% I fraction 
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proteins and carbohydrates. If the remaining proteins are 
removed by treatment with sodium dodecyl sulfate and 
2-mercaptoethanol, most of the brown color remains with the 
insoluble carbohydrate residue. These results suggest that the 
brown color causing components in glandless cottonseed flour are 
either bound to the polysaccharides (hemicellulose or cellulose) 
or are insoluble polymers such as tannins or lignins. 

Conclusions 

When cottonseed flours and some other plant-protein products 
are used in food applications, there is a serious discoloration 
problem. Plant phenolic constituents are the major contributors 
to this problem. When cottonseed flours are used in food pro
ducts, a yellow coloration is caused by cottonseed flavonoids. 
The seven major flavonoid
identified as 3-0-glycoside
marked brown discoloration observed when LCP glanded cottonseed 
flour is used in a food product is caused by bound gossypol and 
at least two bound gossypol-like pigments. The brown color 
observed when glandless cottonseed flour is used in food is 
believed to be due to other phenolic constituents that are 
either insoluble polymers or are bound to the insoluble plant 
polysaccharides. 

Color in food products ranks second in importance to taste in 
relation to consumer acceptability of a product. Discoloration 
problems caused by plant-protein products must be solved if these 
products are to be accepted. Isolation and identification of the 
pigments producing color is an important step in solving this 
problem and the methods developed in the studies presented in 
this chapter with cottonseed flours are applicable to color pro
blems caused by other plant-protein products. 
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M. G. LEGENDRE 
Southern Regional Research Center, Science and Education Administration, 
Agricultural Research, U.S. Department of Agriculture, 
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Food flavor is governed by many factors, including lipid 
oxidation and protein degradation
(1) and autoxidation (2
quality of foods. In "addition, protein degradation, whether 
caused by enzymes, heat, or interactions with other compounds, 
can also affect flavor characteristics of certain foods (3, 4). 

Considerable effort has been made to examine the volatiles 
and trace components that contribute to food flavors. Some 
early techniques for measuring the volatile components in food 
products by gas chromatography consisted of analyzing headspace 
vapors to detect vegetable and fruit aromas (5) and volatiles 
associated with other food materials (6). Also, sample enrich
ment has been used in the analysis of some food products. How
ever, these techniques require steam distillation or extraction 
and concentration, or both, before the volatile mixture can be 
introduced into a gas chromatograph (7, 8, 9, 10). Besides being 
complex and timeconsuming, these procedures often produce arti
facts that can interfere with the analysis. 

Dupuy and coworkers have reported a direct gas chromato
graphic procedure for the examination of volatiles in vegetable 
oils (11), raw peanuts and peanut butters (12, 13), and rice and 
corn products (14). When the procedure was appTTed to the 
analysis of flavor-scored samples, the instrumental data corre
lated well with sensory data (15, 16, 17), showing that food 
flavor can be measured by instrumental means. Our present report 
provides additional evidence that the direct gas chromatographic 
method, when coupled with mass spectrometry for the identification 
of the compounds, can supply valid information about the flavor 
quality of certain food products. Such information can then be 
used to understand the mechanisms that affect flavor quality. 

Experimental Procedures 

Materials. Tenax GC, 60-80 mesh (2,6-diphenyl-p-phenylene 
oxide) and Poly MPE (poly-m-phenoxylene) were obtained from 

This chapter not subject to U.S. copyright. 
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Applied Science Laboratories, State College, Pa. Teflon O-rings 
were purchased from Alltek Associates, Arlington Heights, 111., 
sandwich-type silicone septums from Hamilton Company, Reno, Nev., 
and Pyrex glass wool from Corning Glass Works, Coming, N.Y. 
(The O-rings, septums, and glass wool were conditioned at 200 C 
for 16 hr before use.) Tnlet liners, 10 X 84 mm, were cut from 
borosilicate glass tubing. The experimental food blend samples 
were obtained from the Northern Regional Research Center, Peoria, 
111. The rice samples came from the USDA rice experiment station 
in Beaumont, Tex., and the peanuts from the USDA Coastal Plain 
Experiment Station in Tifton, Ga. 

Gas Chromatography (GC). A Tracer MT-220 gas chromatograph 
with dual incfepenoent nydrogen-flame ionization detectors was 
used in conjunction with a Westronics MT22 recorder and a Hewlett-
Packard 3354 laboratory automation system. The columns were 
stainless-steel U-tubes
GC that had been coated with 8% Poly MPE. Operating conditions 
were: helium carrier gas, 35 ml/min in each column; hydrogen, 60 
ml/min to each flame; air 470 ml/min (fuel and scavanger gas for 
both flames). Inlet temperature was 160°C; detector was at 250°C. 
Column oven was maintained at approximately 30°C (room temperature) 
during'the stripping period. After removal of the inlet l iner, 
the column was heated to 80°C within 2 min, then programmed 4° 
C/min for 35 min. The final hold was at 220°C for about 30 min 
until the column was clear. The Teflon 0-ring was positioned at 
the bottom of the GC inlet to provide a leak-proof seal. Elec
trometer attenuation was 10 X 4. 

Mass Spectrometry (MS). A Hewlett-Packard 5930A mass spectro-
meter was interfaced with a Tracor 222 GC. The ionization poten
t i a l was 70 eV and the scanning limits were 33 to 450 amu. Scan
ning and data processing were accomplished with a FINNIGAN/INCOS 
2300 mass spectrometer data system. A novel injection system (18) 
was used in place of the standard injection port in conjunction 
with the GC/MS system. 

Sample Preparation and Analysis for GC. A 3-3/8 in . length 
of 3/8 in . ob borosilicate glass tubing was packed with a plug of 
volatile-free glass wool at the bottom, but 1/4 in . above the 
bottom. The sample was weighed directly into the liner. Another 
plug of glass wool was placed in the liner on top of the sample. 
The septum nut, septum, and retainer nut of the GC were removed, 
and the liner containing the sample was inserted into the inlet 
of the GC on top of the Teflon 0-ring. When the retainer nut was 
tightened above the upper rim of the liner, a seal was formed 
between the base of the inlet and the lower rim. After the inlet 
was closed with the septum and septum nut, the carrier gas was 
forced to flow through the sample. This assembly has been pre
viously described (15). 
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Volatiles were rapidly eluted from the heated sample and 
transferred to the upper portion of the GC column, which was 
cooled to room temperature during the 20-min volatile-stripping 
period. The liner with the spent sample was removed, the inlet 
system was again closed, and the temperature of the oven was 
raised to 80°C. Temperature programming was then begun. When 
complete, the temperature was maintained on final hold until a l l 
volatiles were eluted. The oven was then cooled to room tempera
ture for the next sample. 

Sample Preparation and Analysis for MS. In a typical analy
s is , conditions were the same as described for GC, except that the 
external injection system (18) was used to strip the volatiles 
from the sample. Briefly, tKe external injection system consists 
of three sections: the inlet assembly, the condenser assembly, 
and the six-port rotary valve. The sample is secured in the inlet 
liner, the sample liner
six-port valve is switched to the "Inject" position, and the 
heater to the inlet is turned on to the desired temperature. As 
the sample is heated, the flow of carrier gas strips the volatiles 
from the sample. The volatiles then pass through the condenser 
assembly (which is cooled with compressed air to room temperature) 
through the valve and onto the cool GC column. After the str ip
ping period, the six-port valve is put into the "Pun/Purge" 
position (this isolates the sample from the column), and the 
column is temperature-programmed to resolve the volatiles. While 
this resolution is taking place, the sample liner is removed and 
the condenser is heated, venting the sample moisture to the atmos
phere. This venting is done to render the sodium sulfate in the 
condenser to the anhydrous state. At the end of the run, both the 
GC oven and the condenser are cooled to room temperature for the 
next run. 

Results and Discussion 

The importance of direct gas chromatography and combined 
direct GC/MS to the food industry is demonstrated by the analysis 
of volatile flavor components and contaminants in experimental 
samples of r ice, food blends, and raw and roasted peanuts. By 
examining these samples, we are able to investigate flavor systems 
that are probably associated with l ipid oxidation, thermal degrad
ation of protein, or protein interactions with other compounds. 

For example, recently, while being processed, a new variety 
of rice produced an off-flavor, which was in i t i a l l y suspected to 
be germplasm related. However, when the volatiles in the control 
and experimental samples of the raw rice were examined by direct 
GC/MS, we found that the raw experimental rice contained signi
ficant amounts of methylbromide and dimethylsulfide, as shown in 
chromatogram B of Figure 1. Analysis of the processed experi
mental rice sample yielded a significant level of dimethylsulfide 
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Figure 1. Profiles of volatiles for control and experimental raw rice samples: (1) 
methylbromide; (2) dimethylsulfide. 

Figure 2. Plot of area vs. inlet temperature for dimethylsulfide and methylbromide 
from experimental raw rice samples 
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but no methylbromide. Neither compound was detected in the 
controls. 

Methylbromide, which has been used in the food industry as a 
fumigant, has been postulated to react with methionine in peanuts 
and yield dimethylsulfide upon heating (19). These observations 
are also consistent with the findings of Bi l ls et a l . (21). 
These data were used to conclude that the suspected sampTe of 
experimental rice had been exposed to methylbromide, which caused 
the off-flavor. Thus, we have shown that the direct GC method 
can be used effectively to solve a practical problem. 

To further support this conclusion, a series of raw samples 
of the experimental rice was subjected to varying temperatures 
between 25°C and 190°C in the external inlet of the gas chromato-
graph. As shown in Figure 2, the concentration of dimethyl
sulfide and methylbromide increased as the temperature of the 
inlet increased. The mass spectrometer was used to monitor the 
concentrations of methylbromid
and 94 (the base peaks--largest ions in the mass spectra- of 
dimethylsulfide and methylbromide, respectively) were used to 
measure the concentrations of each compound. These findings are 
consistent with the results obtained by Bi l ls et a l . (21). 

The direct gas chromatography/mass spectrometry method was 
also used to study the volatiles in com-soy food blends without 
prior treatment or enrichment of the sample. As shown in chro-
matogram B of Figure 3, the inferior sample has a much greater 
concentration of volatile components than does the good (control) 
sample shown in chromatogram A. The inferior sample has large 
amounts of pentanal, 1-pentanol, hexanal, 1-hexanol, 2-heptanone, 
2-pentylfuran, and the 2,4-decadienals compared to the good 
sample. These compounds are associated with l ipid oxidation 
products. These results are analogous to those of Rayner et a l . 
(22J, who found that hexanal in soy protein products correlated 
well with taste panel flavor scores, and to those of Legendre 
et a l . (14) with rice and corn products. 

The""cfirect GC/MS technique can be used to screen raw and 
processed materials. As shown in Figure 4, the volatiles in 
peanuts can be detected and identified both before and after 
roasting. When peanuts are exposed to roasting temperatures, 
many chemical processes take place. Among these processes is 
protein degradation, which is important in the development of 
good roasted peanut flavor and aroma. The formation of aldehydes, 
ketones, pyrroles, and pyrazines during roasting is shown in the 
lower chromatogram of Figure 4. The most intense peaks are the 
aldehydes and pyrazines. These compounds are produced by 
Strecker degradation of amino acids (20) and Browning reactions 
(23), respectively. 

As mentioned above, this unique method can be used to detect 
and identify volatile contaminants in food materials. As shown 
in chromatogram A in Figure 5, raw peanuts that had been in 
a cardboard box in the laboratory yielded relatively large 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



PROTEIN FUNCTIONALITY IN FOODS 

|| | 750mg FOOD BLEND 

TIME. MINUTES 

Figure 3. Profiles of volatiles for good and inferior food blend samples: (1) acetal-
dehyde; (2) ethanol; (3) acetone; (4) methylene chloride; (5) chloroform; (6) penta
nal; (7) 1-pentanol; (8) hexanal; (9) 1-hexanol; (10) 2-heptanone; (11) 2-pentyl-

furan; (12) trans-2,cis-4-decadienal; (13) trans-2,tr3Lns-4-decadienal. 

KXX> mg GOOD QUALITY PEANUT 
A. RAW 

RETENTION TIME (minutes) 

Figure 4. Profiles of volatiles for high-quality peanuts, raw and roasted: (1) etha
nol; (2) pentane; (3) 2-propanol; (4) acetone; (5) methylene chloride; (6) methyl 
acetate; (7) 2-methylpropanal; (8) diacetyl; (9) 3-methylbutanal; (10) 2-methyl-
butanal; (11) 2,3-pentanedione; (12) N-methylpyrrole; (13) toluene; (14) hexanal; 
(15) 2-methylpyrazine; (16) xylene; (17) 2-heptanone; (18) 2,5-dimethylpyrazine; 
(19) 2-pentylfuran; (20) 2-ethyl-5-methylpyrazine; (21) 2-ethyl-3,6-dimethylpyra-

zine; (22) phenylacetaldehyde. 
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Figure 5. Profiles of volatiles for low-quality peanuts with contaminants, raw and 
roasted: (1) ethanol; (2) pentane; (3) 2-propanol; (4) acetone; (5) methylene chloride; 
(6) methyl acetate; (7) 2-methylpropanal; (8) chloroform; (9) diacetyl; (10) benzene; 
(11) 3-methylbutanal; (12) 2-methylbutanal; (13) 2,3-pentanedione; (14) N-methyl-
pyrrole; (15) pyridine; (16) toluene; (17) hexanal; (18) 2-methylpyrazine; (19) 2-
methylpyrrole; (20) 2-heptanone; (21) styrene; (22) 2,5-dimethylpyrazine; (23) 2-
ethyl-5-methylpyrazine; (24) 2-ethyl-3,6-dimethylpyrazine; (25) phenylacetalde-

hyde. 
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amounts of methylene chloride, chloroform, benzene, pyridine, and 
styrene. As shown in chromatogram A of Figure 4, comparable 
samples of raw peanuts stored in a nonsolvent area did not yield 
these solvent materials. The concentration of these compounds 
decreased upon roasting, as shown in chromatogram B of Figure 5. 

Conclusions 

Rapid instrumental techniques were used to elucidate off-
flavor problems in raw and processed rice products, raw and 
roasted peanuts, and com-soy food blends. Less than a gram of 
the solid material was secured in a standard or special injection 
port liner of the gas chromatograph. Then, the volatiles from the 
sample were steam distilled in situ and identified by combined 
gas chromatography/mass spectrometry. 

This unconventiona
eluting, resolving, an
off-flavors (e.g., volatile components contributed by protein 
interactions, and external contaminants) in edible protein 
ingredients. It also provides information to resolve complex 
flavor problems for processors and plant breeders. 
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Texturization 

K. C. RHEE, C. K. KUO, and E. W. LUSAS 
Food Protein Research and Development Center, Texas Engineering Experiment 
Station, Texas A&M University System, College Station, TX 77843 

Thermoplastic extrusion technology has been used to tex
turize many defatted vegetabl
many fibrous structure
have been used extensively to prepare meat analogs (1, 2) which 
have found their widest application in formulation of foods for 
institutional markets (3). A primary disclosure of extrusion 
texturization of vegetable proteins was made by Atkinson (4). 
General descriptions of various extrusion processes have also 
been reported (1, 2, 5-14). 

Ingredients most commonly used in textured vegetable protein 
products are defatted soy flours or grits. Preferably, the de
fatted soy flour should contain a minimum of 50% protein with a 
nitrogen solubility index of 50 to 70, a maximum of 30% insoluble 
carbohydrate, and less than 1% fat (9). 

While the technology of protein extrusion has been rapidly 
developing, basic information concerning chemical and physical 
changes occurring in components of raw ingredients within the 
extruder barrel are still unknown. Most descriptions given are 
general, and lack details. According to Harper (15), the pro
cess begins with defatted soy flour, which is moistened and 
often mixed with a variety of additives. This mixture is fed to 
the extruder where it is worked and heated, causing protein mole
cules to denature and form new cross-linkages which result in 
a fibrous structure. The heated plasticized mass is forced 
through a die at the extruder discharge to form expanded tex-
turized strands of vegetable proteins which have meat-like 
characteristics upon rehydration. However, the manner in which 
the protein was denatured and cross-linked to form the fibrous 
structure was not explained in this description. 

Kinsella (16), in his recent review on texturized proteins, 
described the texturization process as follows: the globular 
proteins (glycinins) in the aleurone granules become hydrated 
within the extruder barrel, are gradually unravelled, and are 
stretched by the shearing action of the rotating screw flites. 
The proteins become aligned in sheaths. In passing through the 
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d i e f the protein becomes further compressed and laminated 
longitudinally, and i s denatured at high temperatures. At the 
instant of emergence from the die, pressure drops, moisture 
vaporizes and flashes o f f , and air-space vacuoles are produced 
within the laminated extrudate. The cooling, accompanied by 
vaporization, allows rapid thermosetting or s o l i d i f i c a t i o n of 
the stretched protein f i b e r s . A porous structure, with p a r a l l e l 
arrays of lamellae of protein f i b e r s , r e s u l t s . Again, how the 
protein i s unravelled and the stretched protein i s aligned i n 
sheaths were not explained. 

Most of the research conducted to date has been concerned 
with optimization of process conditions, and effect of their 
changes on selected physical characteristics and microstructure 
of the extrudate (17-22). L i t t l e information has been published 
concerning effects of ingredient compositions on extrudate 
characteristics. Protein
composition, molecular weigh
s i g n i f i c a n t l y affect the product upon texturization. For 
example, inclusion of gluten (prepared from hard wheat) in the 
feed mix yields a tough and chewy product, while use of gluten 
from soft wheat yields a tender and f r i a b l e product (10). Rea
sons for these differences are s t i l l unknown. 

The profound reason for having this many unknowns i s a t t r i 
buted to the fact that the "technology" of extrusion texturiza
tion i s well in advance of the "science". In-depth knowledge i n 
the "science" portion of extrusion texturization w i l l provide 
principles which can be used to accurately define the texturized 
protein product. This basic s c i e n t i f i c knowledge should also 
provide data which could be used to improve operating efficiency 
of extruders, and serve as a basis for producing texturized 
protein foods, with desired characteristics for s p e c i f i c product 
applications, from a wide variety of raw ingredients. 

EXPERIMENTAL PROCEDURES 

Preparation of Raw Materials. Defatted soy flours used i n 
this study were Soya Fluff-200W (Central Soya Inc., Fort Wayne, 
IN) and Extra Acted Soy Flour 200-1 (A.E. Staley, Decatur, IL). 
These two flours met the requirements proposed by Smith {9) . 

Soy isolate was prepared by the i s o e l e c t r i c p r ecipitation 
procedure developed at the Food Protein Research and Development 
Center, Texas A&M University System (23). A commercial soy 
iso l a t e , Promine F (Central Soya Inc., Fort Wayne, IN), was also 
used i n this study. 

Modification of Raw Materials. In order to vary the pro
tein and soluble sugar contents, portions of soy fl o u r (Extra 
Acted Soy Flour 200-1) were replaced with various amounts of 
sucrose and soy protein isolate (Promine F). Levels of 
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replacement were 5, 10 and 15% for sucrose, and 10, 20, 40 and 
60% for soy i s o l a t e , respectively. 

The pH of soy flour (pH 6.6) was altered by spraying water 
containing precalculated amounts of acid (HC1) or base (NaOH). 
When 1:3 (w/v) s l u r r i e s were prepared from these modified flours, 
the actual pH values obtained were 5.3, 5.6, 6.6, 8.0 and 9.0, 
respectively. 

To vary the Nitrogen S o l u b i l i t y Index (NSI) of the Soya 
F l u f f 200W (NSI 65), 600-g batches of flour were heated on 
baking pans i n an oven (135°C) for 2, 4 and 12 hr. These heat 
treatments reduced the 65% NSI flour to 51, 46 and 14% NSI, res
pectively. Extra Acted Soy Flour 200 I, with an NSI of 55.8%, 
was also included i n this study without any heat treatment. 

Ionic strength of the Soya F l u f f 200W was varied by adding 
various amounts of NaCl and CaCl2. Amounts of each s a l t added 
to the flour were 0.2, 1

Molecular weights
modified by the following method: (1) 20% soy flour slurry (w/v, 
pH 8) was shaken for 30 min i n a 50°C water bath; (2) Papain 
(Wallerstein, Deerfield, IL) (1:1,000, w/v, papain to flour) was 
added to the slurry after shaking; (3) digestion was continued 
for 10 min at 50°C; (4) the digested slurry was heated rapidly 
to 85°C i n a b o i l i n g water bath to stop enzyme a c t i v i t y ; (5) 
after cooling, pH of slurry was adjusted back to 6.6 followed by 
freeze drying; and (6) dried product was then ground (100 mesh). 
A control was prepared i n the same manner without the enzyme 
added. 

In an attempt to determine the possible chemical reactions 
between free amino (NH2) and carboxyl (COOH) groups during 
texturization, flour protein was chemically modified with 
various amounts of succinic and acetic anhydrides to block the 
selected number of free amino and carboxyl units to l i m i t or 
i n h i b i t reaction between these two groups. Soy fl o u r was 
succinylated according to the method of Groninger (24i) . F i f t y 
(50) grams of soy flour was dispersed i n 250 ml of water, and 
various amounts (1.25, 2.50 and 3.75 g) of succinic anhydride 
were added to the dispersion at 0.5 g increments during constant 
s t i r r i n g . The pH of the dispersion was maintained at 7.5 with 
4N NaOH. After the pH had been s t a b i l i z e d , the dispersion was 
dialyzed against d i s t i l l e d water (4°C, 24 hr) to remove the 
excess succinic anhydride. The succinylated soy flour was then 
recovered by l y o p h i l i z a t i o n . The acetylation procedures were 
similar to succinylation, except amounts of acetic anhydride 
added to each 50 g of soy fl o u r were 2.5, 3.75 and 10 ml. Dia
l y s i s was continued for 72 hr with changing of d i s t i l l e d water 
every 24 hr. 

To investigate the hypothesis that dissociation of d i s u l -
f i t e bonds into subunits might be a reaction occurring during 
formation of texturized soy flour (25), two d i s u l f i d e bond 
reducing agents (Na2S03, and cysteine-HCl) were added to soy 
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flours at three concentrations (0.1, 0.2, 0.5% based on f l o u r 
weight) prior to extrusion. A strong oxidizing agent, KIO3, 
thought to be effective i n reducing e x t e n s i b i l i t y of wheat flour 
dough by enhancing d i s u l f i d e linkages, was also added to soy 
f l o u r at 0.01 and 0.05% concentrations. 

Surfactants have been, reprotedly, used to prevent extensive 
puffing of extruded cereal products. I t was found i n these 
studies that surfactants could e f f e c t i v e l y i n h i b i t g e latinization 
of cereal starch. However, effect of surfactants on protein 
texturization has not been reported. Two types of surfactants, 
sodium stearoyl-2-lactylate and calcium stearoyl-2-lactylate (at 
levels of 0.2 and 0.4% based on the weight of the f l o u r ) , were 
mixed with soy flour prior to extrusion. A yeast protein 
(Torutein, manufactured by Amoco Inc.), claimed to be an 
extrusion helper although i t s function i s not known, was added. 
In preliminary studies
results similar to a surfactan

Texturization Processing, A Wenger Model X-5 laboratory 
extruder was used i n this investigation. This unit has a 1-inch 
diameter extrusion b a r r e l , with a barrel length to diameter r a t i o 
of approximately 18:1. The barrel i s composed of 8 jacketed 
sections, and i s f i t t e d with a sidefeeder and a terminal 
extrusion die plate. Diameter of the die o r i f i c e i s 0.4 cm. The 
screw i s a TSP type o r i g i n a l l y designed and manufactured by 
Wenger for extrusion of soy f l o u r . 

Conditions used for extrusion texturization of raw ingre
dients were: screw speed, 625 rpm; feed rate, 160 g/min; and 
distance between end plate and screw end, 1/4 inch. The mini
mum barrel temperature to obtain a product surviving autoclaving 
was around 138°C. Higher temperatures increased puffing of the 
product. However, steam migration to the feed section caused 
blockage. To minimize this blockage problem the f i r s t and 
second sections of the extruder barrel were not heated. In order 
to achieve a constant temperature of 138°C, steam pressures were 
controlled at 2.7 x 10^ kg/m2. A l l raw materials were pre-
moistened to 25 + 0.5% moisture, and equilibrated overnight 
prior to extrusion. 

The Hand Press (HP) texturizer described by Sterner and 
Sterner (26) was used to prepare texturized products from 
chemically modified soy f l o u r s . Although the Hand Press does 
not produce shearing action during texturization, products pre
pared under proper conditions are morphologically and rheologi-
c a l l y similar to extrusion texturized products (27). The Hand 
Press texturizer consists of a heated c i r c u l a r recessed bottom 
plate into which twenty to twenty-five grams of sample are 
placed. A heated top plate i s then placed over the sample, and 
a controlled pressure applied to the top plate by a lever 
mechanism, at a known temperature, for a predetermined length 
of time (sec). The pressure i s then rapidly released by removing 
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the hand from the lever. Rapid pressure release permits i n 
stantaneous vaporization of moisture to steam, which results i n 
a textured wafer-shaped product. 

In t h i s Hand Press study a l l raw ingredients were processed 
under the conditions optimized for defatted soy flou r : tempera
ture (143°C-160°C); pressure, 250-300 p s i ; and retention time, 
10 sec for 25-g samples with flour moisture contents of 25%. 

Assay Methods for Evaluation of Flours and Texturized 
Products• Nitrogen s o l u b i l i t y index of soy flour at neutral pH 
was determined by the O f f i c i a l and Tentative Methods of the 
American Association of Cereal Chemists (29). 

Water holding capacity (WHC) of texturized products was 
determined by a r e l a t i v e l y fast, easy and repeatable method. 
Extrudates were f i r s t dried to 5 to 7% moisture content, and 
reduced to 4-6 mesh siz
25 ml of water was added
sample and residue water were f i l t e r e d through No. 1 Whatman 
f i l t e r paper. The WHC was expressed as: 

Water retention capacity (WRC), which i s defined as grams 
of water retained per gram of dry extrudate after hydration 
and centrifugal f i l t r a t i o n , was determined by the following 
procedure. One (10) gram of dry s o l i d (particle size of 4-6 
mesh) was weighed onto the sintered glass f i l t e r and hydrated 
for one hour with 10 ml water. A tared thimble, containing 
the sample and water, was then placed i n a conical-shaped p l a s t i c 
centrifuge tube. The assembly was then spun for 15 min at 650 x 
g i n an International No. 2 centrifuge. The WRC was then c a l 
culated as: 

To determine bulk density (BD), extrudates or Hand Press 
Texturized products were dried to 5-7% moisture, and ground. 
Product passing through a U.S. No. 4 Sieve but retained on the 
U.S. No. 6 Sieve, was f i l l e d i n 100 ml volumetric flasks, and 
tapped l i g h t l y for 20 times. Weight of the 100 ml sample was 
determined, and the bulk density was then expressed as grams 
per l i t e r . 

An Instron Testing System (Model 1122), f i t t e d with a 10 cm2 

six-wire grid (Ottawa Texture measuring system, OTMS ce l l ) was 
used to determine rheological properties. A loading rate of 
50 mm/min and a chart speed of 500 mm/min resulted i n a well 
defined force-deformation curve. Force at the bioyi e l d point 
and the area under the curve were calculated. These values were 
then converted into maximum stress, work and sp e c i f i c work values: 

WHC = Grams of water held 
Gram of dry sample 

WRC = Weight gain of sample Weight of dry sample 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



56 PROTEIN FUNCTIONALITY IN FOODS 

stress (Newton (n)/cm 2)=force per unit area of test sample:Work 
(N^-cm/cm3) =work per unit value of test sample; and s p e c i f i c work 
(N-cm/g)=work per unit weight of test sample. 

Samples for rheological evaluation by the Instron were 
prepared by f i r s t reducing p a r t i c l e size to minus 4 plus 6 
meshes, and rehydrating product with twice the amount of water 
(w/w) for one hour i n a covered glass beaker. The rehydrated 
samples were then retorted at 121°C (15 psi) for 30 min. The 
retorted samples were cooled i n a running tap water bath, and 
held i n the room housing the Instron for 30 min before testing. 
Five 7.5-g portions of samples were weighed onto the Ottawa c e l l 
for the Instron measurement (30). 

Protein s o l u b i l i t i e s of soy flour and extrudates i n the 
following solvent systems were determined by the micro-Kjeldahl 
method (29). A portion (0.1 g) of finely-ground sample 
(No. 60 sieve) was extracte
room temperature followe
aliquot of the supernatant was used for nitrogen determination. 
A factor of 6.25 was used to convert nitrogen content to protein. 
Solvent systems used included: (1) 0.01M phosphate buffer, pH 
7.2; (.2) 0.01M carbonate buffer, pH 10.0; (3) Phosphate buffer + 
1% 2-mercaptoethanol (2-ME); (4) Phosphate buffer + 1% sodium 
dodecyl sulfate (SDS); and (5) Phosphate buffer + 1% 2-ME+ 1% SDS. 

The extent of succinylation and acetylation was determined 
by the trinitrobenzenesulfonic acid (TNBS) method as described 
by H a l l et a l . (3_1) . Protein (5 mg) isolated from chemically 
modified and control soy flour i n 0.8 ml of aqueous solution was 
added to 1 ml of 4% NaHC03, followed by addition of 0.2 ml of 
2,4,6-trinitrobenzenesulfonic acid (12.5 mg/ml). The reaction 
mixture was incubated at 40°C for 2 hr, and 3.5 ml of 36% HC1 
was added. The tubes were stoppered and kept at 110°C for 4 hr. 
After cooling to room temperature (24°C), volume of solution was 
made up to 10 ml with d i s t i l l e d water, and contents were extrac
ted twice with anhydrous diethyl ether. 

The tubes were unstoppered and held at 40°C to allow the 
residual ether to evaporate. The absorbance of the yellow (e-
TNP lysine) solution was measured at 415 nm against a blank. 
The extent of modification was calculated from the difference 
i n absorbance between the control and modified soy protein. 

A A 
o unmodified - modified % Modification = 

unmodified 
The sodium dodecylsulfate Polyacrylamide Gel Electrophoresis 

(SDS-PAGE) was carried out according to the method of Weber and 
Osborn (32). For the f i r s t 30 min of electrophoresis, a current 
of 4 mA per gel (10 cm long) was used, and then increased to 8 mA 
per gel for the subsequent 6 hr. 

After electrophoresis, the dye front on the gel was marked 
with ink, and the gel was stained with 2.5% Coomassie B r i l l i a n t 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



4. RHEE ET AL . Texturization 57 

Blue solution i n a mixture of methanol and g l a c i a l acetic acid 
and water (5:1:5) for 2 hr. F i n a l l y , the stained gels were de-
stained i n a solution containing 5% methanol and 7.5% acetic 
acid i n water using an automatic e l e c t r i c destainer. 

For disc gel electrophoresis (DGE), a low current (1.5 mA 
per gel) was applied to the gel during the i n i t i a l period (when 
the sample was s t i l l i n the stacking gel) and the amperage was 
increased to 3 mA per gel as soon as the samples penetrated into 
the running gel. The rest of the procedure was the same as the 
SDS-PAGE. 

Preparations and Examinations of Samples for Transmitted 
Light (TLM), Transmission Electron (TEM) and Scanning Electron 
(SEM) Microscopies, Methods to prepare specimens for micro
scopic studies developed by Mollenhauer and Totten (_33) and 
modified by Cegla et a l
were conducted on a Zeis
examinations were conducted on a Hitachi HS-8 at Kv on 600-800A0 

sections prepared according to Galey and Nilsson (34). SEM 
examinations were conducted on JOEL JSM-35 at 25 kv. 

FACTORS AFFECTING EXTRUSION TEXTURIZATION PROPERTIES OF SOY FLOUR 

Effects of Protein Contents. Protein contents of soy flours 
were modified by adding various amounts of sucrose of soy protein 
isolate (Promine F). Extrudates of sucrose-added soy flours 
were not s i g n i f i c a n t l y d i f f e r e n t from the control i n exterior 
morphology. Scanning electron micrographs showed that sucrose-
containing extrudates were similar to the control in i n t e r i o r 
structure (Figure 1). However, sucrose-containing extrudates 
had lower stress and r e s i l i e n c e values than the control when 
measured with Instron, but they had higher bulk densities and 
lower water retention and holding capacities than the control 
(Table I ) . 

Increasing the protein content of raw ingredients from 
54.3% to 57.9% did not s i g n i f i c a n t l y change the i n t e r i o r and 
exterior morphologies of extrudates. Physical and rheological 
properties of these two products were also similar. However, 
when the protein content was increased to 61.8% or higher, a l l 
extrudates appeared larger in diameter, smoother i n surface 
morphology, lower i n bulk density and higher i n water retention 
and holding capacities than the control. 

Effects of Nitrogen S o l u b i l i t y Index. Nitrogen s o l u b i l i t y 
indexes of soy flour ( i n i t i a l NSI 65%) were modified by heating 
in an oven (135°C) for 2, 4 and 12 hr prior to extrusion. These 
treatments resulted soy flours with NSI values of 51, 46 and 14%, 
respectively. The NSI-14 flour was found unusable for extrusion. 
The o r i g i n a l flour (NSI 65%) produced extrudates having low 

In Protein Functionality in Foods; Cherry, J.; 
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PROTEIN FUNCTIONALITY IN FOODS 

Figure 1. SEMs of extrusion TSFs varying in protein (P) and soluble sugar (S) 
contents. (1) 57.9% P and 12.2% S, (2) 61.8% P and 6.2% S, (3) 69.3% P and 
8.8% S, (4) 75.8% P and 6.2% S. Note that they are significantly different in air 

cell sizes. 

In Protein Functionality in Foods; Cherry, J.; 
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60 PROTEIN FUNCTIONALITY IN FOODS 

bulk density, but high water retention and holding capacities 
(Table I I ) . 

Rheological properties of extrudates were not s i g n i f i c a n t l y 
related to NSI values of raw ingredients. However, these extru
dates appeared quite d i f f e r e n t on transmitted l i g h t micrographs 
and exterior morphology. Higher NSI extrudates showed more 
fibrous and continuous protein-carbohydrate matrices. Smoothness 
and continuity of surface, and diameter of extrudates, decreased 
as flour NSI decreased. Higher extruder feed rates (240 g/min) 
could also change physical and rheological properties of low NSI 
extrudates, but did not a f f e c t the exterior morphology. 

Effects of pH. pH of soy flour was modified by adding 
various amounts of IN HC1 or IN NaOH. Experimental data indicate 
that physical properties of extrudates were related to pH values 
of raw ingredients; bul
-0.85) and water retentio
correlated (r = 0.91 and 0.89, respectively) (Table I I I ) . Extru
dates with lower pH values had stronger texture, as expressed 
in terms of Instron stress and r e s i l i e n c e values. Also, pH 
values of raw ingredients greatly affected exterior morphology 
and i n t e r i o r structure of extrudates. Surface smoothness and ex
trudate diameters increased as flour pH became alkaline (Figure 
2). Fibrousness of protein matrix i n extrudates decreased as 
flours became acidic i n pH (Figure 3). 

Effects of Molecular Weight Distributions. Effects of 
molecular weight distributions of soy proteins on morphology, 
microstructure, and physical and rheological properties of non-
extrusion (Hand Press) texturized soy products had been previously 
reported (35). Enzyme-modified soy fl o u r s , which contained 69% 
low molecular weight polypeptides (<10,000 g/mole), could not 
form retort-surviving products. According to Burgess and Stanley 
(36), energy produced i n the extruder i s high enough to cause 
free amino and carboxyl groups to form peptide bonds. If true, 
enzyme-modified soy flour should be able to form a product which 
i s similar to a normal texturized soy product. 

In this study, a Wenger X-5 extruder was used to process 
enzyme-modified soy flours to determine effects of molecular 
weight distributions on textural properties. Extruded products, 
produced from enzyme-modified flour (TEMSF), showed s i g n i f i c a n t 
differences from unmodified products (TSF) i n exterior morphology 
(Figure 4) and also in microstructures as determined by scanning 
electron and transmitted l i g h t micrographs (Figure 5). TEMSF 
was much smaller i n diameter and had smoother surfaces than TSF. 
Examination of i n t e r i o r structures of extrudates revealed that 
TSF had small a i r c e l l s with thick a i r c e l l walls and rough a i r 
c e l l surface. On the other hand, most of the a i r c e l l s i n TEMSF 
were large with thin walls and smooth surfaces. Under the trans
mitted l i g h t microscope, TSF showed continuous protein fibers 
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4. RHEE ET AL . Texturization 63 

Figure 2. Exterior morphologies of soy extrudates varying in pH value and feeding 
rate. LFR: (160 g/min); HFR: (240 g/min). Note the increasing diameter and sur
face smoothness when the pH value of soy flour increased. Higher feeding rate 

could change the characteristics of low-pH-value extrudates. (Mag. 1.8X-) 

Figure 3. TLMs of extrusion texturized pH-modified soy flours: (1) pH 9.0; (2) pH 
8.0; (3) pH 6.6; (4) pH 5.6; (5) pH 5.3 extruded at LFR; (6) pH 5.3 extruded at 
HFR. Note that alkaline pH could increase the fibrousness of the protein matrix; 

acidic pH produced the opposite effect. P, protein; C, insoluble carbohydrate. 

In Protein Functionality in Foods; Cherry, J.; 
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PROTEIN FUNCTIONALITY IN FOODS 

Figure 4. PAGE patterns of unmodified (A) and enzyme-modified (B) soy proteins 
with protein markers (C) in the absence (1) or presence (2) of SDS and 2-mercapto-

ethanol. 7S PSU, 7S protein subunits; US PSU, US protein subunits. 

Figure 5. Photographs of extrusion TSF and TEMSF. Note the differences in 
exterior morphology and diameter. 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



4. RHEE ET AL . Texturization 65 

with evenly dispersed c e l l wall fragments, whereas TEMSF showed 
discontinuous protein-carbohydrate matrix (Figure 6). The most 
si g n i f i c a n t difference between these two products was the tex
ture. TEMSF lo s t i t s textural in t e g r i t y upon hydration with cold 
water while TSF retained textural integrity even after retorting 
(Table IV). 

Apparently, the energy le v e l attained i n the extruder i s 
not high enough to form stable linkages among smaller molecules 
produced by enzymatic hydrolysis of soy proteins (Figure 7). 
High molecular weight proteins (>50,000 g/mole) are needed to 
form texture during extrusion of soy protein ingredients. 

Effects of Ionic Strengths. Two types of salts (NaCl and 
CaCl 2), at three concentrations (0.2, 1.0 and 2.0%), were added 
to soy flours p r i o r to extrusion to change the ionic strength. 
It appeared that effect
of CaCl2. Neither s a l
concentrations (0.2%); however, at higher concentrations, NaCl 
increased the bulk density but hindered texture formation, 
while CaCl2 decreased bulk density but increased textural 
strength of extrudates. NaCl-added extrudates could not survive 
the retorting process, while CaCl2-added extrudates could (Table 
V). NaCl affected surfact smoothness and diameter of extrudates, 
whereas CaCl2 affected only the diameter. Addition of NaCl 
decreased the degree of fibrousness of protein matrix i n 
transmitted l i g h t micrographs; however CaCl2 showed opposite 
effects. 

Effects of Surfactants. Two types of surfactants [sodium 
stearoyl lactylate (SSL) and calcium stearoyl lactylate (CSL)] 
at two concentrations (0.2 and 0.4%) were added to soy flours 
to study the eff e c t of surfactants on the texturization proper
ti e s of soy f l o u r s . An extrusion helper (Tolutein, yeast c e l l 
protein) was also included at two concentrations (1 and 2%) i n 
this study because of i t s behavior similar to a surfactant upon 
extrusion. 

A l l surfactant-added extrudates showed higher bulk densities, 
and lower water retention and holding capacities than the control 
(Table VI). Effects of SSL and CSL on physical properties of 
extrudates were similar. The extent of Tolutein effects at 1 and 
2% levels on physical properties of extrudates was similar to 
that of SSL and CSL at 0.2 and .4% levels, respectively. Ad
d i t i o n of surfactants s i g n i f i c a n t l y reduced the Instron stress 
and r e s i l i e n c e values of extrudates. The most pronounced d i f 
ference between control and surfactant-added extrudates was 
the a b i l i t y to withstand the retorting process. A l l extrudates 
surfactants containing became mushy after autoclaving. They 
showed a rough discontinuous surface morphology (Figure 8) and 
less fibrous protein matrix (Figure 9) than the control. 
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Figure 6. TLMs of (1) extrusion TSF and (2) extrusion TEMSF. The lighter 
areas are insoluble carbohydrates or cell wall fragments, and the darker areas are 

proteins. 

Figure 7. SEMs of (1) general morphology and (2) detailed air cell surface of TSF, 
and (3) general morphology and (4) detailed air cell surface of extrusion TEMSF 

In Protein Functionality in Foods; Cherry, J.; 
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Figure 8. Exterior morphologies of extrusion texturized surfactant-added soy 
flours. Control, no surfactant added product; Tolutein, yeast protein; CSL; SSL. 
Note the effect of surfactant on the diameter and surface smoothness of extrudates. 

(Mag. 7 . 5 X J 

Figure 9. TLMs of extrusion texturized 
surfactant-added soy flours: (1) 0.2% 
SSL added; (2) 0.4% SSL added; (3) 
0.2% CSL added; (4) 0.4% CSL added; 
(5) 1% Tolutein added; (6)2% Tolutein 
added. Note that all surfactants could 
decrease the fibrousness of the protein 
matrix. This effect became more signifi
cant at higher surfactant concentrations. 

P, protein; C, insoluble carbohydrate. 
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POSSIBLE ROLES OF CARBOHYDRATES IN TEXTURIZATION OF SOY FLOUR 

Scanning electron and transmitted l i g h t microscopic techni
ques were used to study the roles of soluble and insoluble 
carbohydrates i n texture formation during nonextrusion t e x t u r i 
zation processing of soy fl o u r s . The role of soluble carbohy
drates was studied by comparing micrographs of texturized 
soy f l o u r , texturized water extracted soy f l o u r , and texturized 
soy concentrate. The role of insoluble carbohydrates was studied 
by comparing micrographs of texturized soy f l o u r , texturized 
soy concentrate and texturized soy isolate with soy h u l l blends 
of these three products. Possible interactions between proteins 
and soluble sugars were investigated by comparing s o l u b i l i t i e s 
of proteins and sugars before and after texturization. 

Possible Roles of
Microscopic structure o
and texturized soy concentrate were quite similar to that of 
texturized soy f l o u r . Scanning electron microgrpahs showed that 
water extraction of soy flours had l i t t l e effect on morphological 
characteristics of texturized soy products (Figure 10). Solubi
l i t y of soluble sugars was not affected by texturization, whereas 
s o l u b i l i t y of proteins decreased sharply when soy flour was 
texturized (Table VII). I t appears that soluble sugars did not 
interact with proteins during texturization. Based upon results 
of microscopy and s o l u b i l i t y studies, i t i s reasonable to 
speculate that natural soluble carbohydrates are not required 
(do not play an important role) i n development of texture or 
s t a b i l i z a t i o n of structure. 

Possible Roles of Insoluble Carbohydrates i n Texture 
Development, Based on data obtained from soy isolate-soy h u l l 
blend texturization experiments, insoluble carbohydrates and 
crude fiber play an important role i n modulating the morphology 
of f i n a l texturized products (Figures 11-14). Insoluble carbo
hydrates, because of their p l a s t i c response to deformation, 
control the type of alveolation developed during processing. 
They also appeared to control the type of c u t i c l e morphology 
exhibited i n the product r s a l v e o l i . 

Only small amounts of insoluble carbohydrates were decom
posed during texturization at higher temperatures. These 
decomposition products were not i d e n t i f i e d . 

PHYSICAL AND CHEMICAL CHANGES OF SOY PROTEINS DURING TEXTURIZA
TION PROCESS 

Morphological Changes of Soy Flours Extruded at Various 
Temperatures. Soy flour (Soyafluff 200W) was extruded at tem
peratures from 79 to 149°C, and extrudates were examined v i s u a l l y 
and microscopically. Extrudates produced at temperatures up to 
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Figure 10. SEMs comparing air cell size and thickness of nonextrusion TSF (1), 
soy concentrate (2), soy isolate (3), and aqueous-extracted soy flour (4) 

Figure 11. TLMs comparing microscopic structure of nonextrusion TSF (1), soy 
concentrate (2), soy isolate (3), and aqueous-extracted soy flour (4) 
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with different amounts of crude fiber (CF): 
(1) alveolate morphology of 5.3% CF 
product; (2) air cell cuticle of 5.3% CF 
product; (3) alveolate morphology of 
9.3% CF product; (4) air cell cuticle of 
9.3% CF product; (5) alveolate morphol
ogy of 13% CF product; and (6) air cell 

cuticle of 13% CF product. 

Figure 13. SEMs of nonextrusion tex
tured soy concentrate with different 
amounts of CF: (1) alveolate morphology 
and (2) air cell cuticle of 5.7% CF prod
ucts; (3) alveolate morphology and (4) 
air cell cuticle of 10.2% CF products; 
and (5) alveolate morphology and (6) air 

cell cuticle of 13.7% CF products. 

In Protein Functionality in Foods; Cherry, J.; 
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Figure 14. SEMs of nonextrusion textured soy isolate with different amounts of 
CF: (1) alveolate morphology and (2) air cell cuticle of 5.3% CF products; (3) 
alveolate morphology and (4) air cell cuticle of 9.6% CF products; and (5) alveolate 

morphology and (6) air cell cuticle of 13.1% CF products. 

Figure 15. Exterior morphologies of 
soy extrudates produced at different tem
peratures. Note that the diameter and 
surface smoothness increased when the 
extrusion temperature increased. (Mag. 

1.2X.) 
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Table VII. Change i n Amounts of Soluble Sugar and Protein 
i n Nonextrusion Texturized Soy Flour Processed 

at Different Temperatures 

Processing Temp. Protein s o l u b i l i t y — ^ b/ 
Soluble sugar— 

(°C) (%) (g/lOOg) 

no heat treatment 52.59 14.2 
79 22.82 14.7 
93 16.31 14.4 

107 14.53 14.2 
116 12.60 14.3 
124 11.86 14.6 
132 9.38 14.3 
141 9.59 14.1 
149 
160 

— Means of 2 measurements. 
— / Means of 4 measurements. 

118°C did not puff when the products l e f t the extruder die 
(Figure 15). These extrudates were recognized as "undertex-
turzed". The common appearance of these undertexturized 
products was lack of smooth and continuous surface. A minimum 
temperature of 138°C was needed to produce puffed and r e t o r t -
resistant extrudates when other process conditions were held 
constant. 

Transmitted l i g h t micrographs (Figure 16) showed that, at 
low temperatures (80 and 93°C), proteins aggregated into a 
number of large discontinuous chunky masses, some of which 
contain entrapped c e l l wall fragments. As the extrusion 
temperature was increased, the protein-carbohydrate aggregates 
became elongated fibrous matrix, but was s t i l l lacking con
t i n u i t y . When temperature was further increased to 138°C, most 
of the water i n the flour reached the varporization point, and 
large amounts of proteins became p l a s t i c i z e d , and the material 
leaving the extruder die was expanded into a sponge-like struc
ture. Examination of the i n t e r i o r structure of these extrudates 
revealed proteins i n a fibrous matrix, i n which broken-down 
c e l l wall fragments were dispersed evenly throughout. 

Ultrastructure Changes i n Soy Flours Induced by Nonextrusion 
Texturization Process at Various Temperatures. Changes i n soy 
flour components during nonextrusion texturization at various 
temperatures were unlike those of extrusion texturization because 
shearing action does not occur in nonextrusion texturization. 
Therefore, a higher temperature (160°C) was required to produce 
a puffed product. Due to lack of shearing action, nonextrusion 
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Figure 16. TLMs of soy extrudates
duced at different temperatures: (1) 
80°C; (2) 93°C; (3) 101 °C; (4) 110°C; 
(5) 118°C; (6) 130°C; (7) 138°C; and 
(8) 145°C. Note that protein fiber for
mation is temperature dependent. A con
tinuous fibrous matrix forms at about 

130°C. 

Figure 17. TLMs of TSFs processed 
with Hand Press at different temperatures 
((1) 80°C; (2) 93°C; (3) 101°C; (4) 
110°C; (5) 118°C; (6) 130°C; (7) 138°C; 
and (8) 145°C) showing sequential 
changes of cell and protein body, and 

how the fibrous matrix is formed. 

In Protein Functionality in Foods; Cherry, J.; 
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texturization did not disrupt c e l l s at 80°C (Figure 17). When 
temperature was increased, protein bodies hecame disrputed, and 
c e l l walls opened. When the protein bodies were further dena
tured, they began unfolding and fused with each other. At the 
same time, c e l l wall fragments were forced together to form 
small colonies. At 138°C, most of the proteins were fused 
into an expandable mass. When the temperature reached 149°C, 
most of the water became vaporized. With a sudden release 
in pressure, the compressed soy flour puffed and formed a p l e x i -
lamellar matrix. 

Chemical Reactions Occurring i n Proteins During Extrusion 
at Various Temperatures. Possible chemical reactions occurring 
in proteins during extrusion, thought to be responsible for 
i n s o l u b i l i z a t i o n of proteins during texturization, were studied 
using f i v e buffer system
buffer-soluble protein
dodecyl sulfate (SDS)-polyacrylamide gel electrohphoresis (PAGE) 
to determine extent of protein fractions i n s o l u b i l i z e d at given 
temperatures, and the nature of chemical reactions. By combining 
s o l u b i l i t y data (Figure 18) with SDS-PAGE results (Figures 19-20) , 
the pH 7.2 buffer-soluble proteins i n extruded products were 
found to consist mostly of low molecular weight 11S protein 
subunits. Almost a l l 7S and high molecular weight 11S protein 
subunits were i n s o l u b i l i z e d . In 1% SDS-phosphate buffer, por
tions of the low molecular weight 7S and high molecular weight 
11S protein subunits were so l u b i l i z e d . In 1% 2-mercaptoethanol 
(2-ME) buffers, the soluble proteins consisted mostly of high 
molecular weight 11S protein subunits. The remaining protein 
fractions could be solubilized i n 1% SDS- or 1% 2-ME-containing 
buffers. These results strongly indicate that noncovalent 
forces (hydrogen bond, ionic bond and hydrophobic force) and 
sulfhydryl-disulfide interchanges are the major chemical 
reactions occurring during extrusion texturization. 

Texturization Properties of Succinylated Soy Flours. To 
investigate mechanisms of intermolecular peptide bond formation 
responsible for texture formation and protein i n s o l u b i l i t y 
upon texturization, soy flours were chemically modified with 
various amounts of succinic anhydride to succinylate d i f f e r e n t 
amounts of free amino groups and, consequently, control the 
extent of intermolecular pepetide bond formations. Modified soy 
flours were nonextrusion texturized, and compared with the un
modified product for microscopic structure (Figures 21-23) and 
physical, chemical and rheological properties (Table VIII). A l l 
succinylated products were s i g n i f i c a n t l y d i f f e r e n t from un
modified products i n microscopic structure and physical, chemical 
and rheological properties. Due to the fact that succinylation 
not only prevents coupling reactions between free amino and 
carboxyl groups, but also produces additional negatively 
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Extrusion Temperature (°C) 

Figure 18. Protein solubilities in various buffer systems of soy extrudates produced 
at different temperatures: (£) pH 7.2, 0.0M phosphate buffer; (X) pH 10.0, 0.01M 
carbonate buffer; (A) 1% 2-mE added phosphate buffer; (%) 1% SDS added 

phosphate buffer; (O) 1 % 2-mE and 1 % 2-mE added phosphate buffer. 

Figure 19. SDS-PAGE patterns (without 2-mE) of various temperature-extruded 
soy proteins soluble in pH 7.2, 0.01M phosphate buffer without (1) or with (2) 1% 
SDS. 7S PSU, 7S protein subunits; IIS PSU, IIS protein subunits; C, control 

(unheated soy protein). 
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4. RHEE ET AL . Texturization 79 

Figure 20. SDS-PAGE patterns of various temperature-extruded soy proteins 
soluble in (1)1% 2-mE added phosphate buffer and (2) 1% 2-mE and 1% SDS 
added phosphate buffer. 7S PSU, 7S protein subunits; US PSU, IIS protein sub-

units; C, control (unheated soy protein). 

a 
B C D 

11 
B C D 

Figure 21. Rheological properties of 
nonextrusion textured (A) soy flour, (B) 
25.5% succinylated soy flour, (C) 61.7% 
succinylated soy flour, and (D) 83% suc
cinylated soy flour. The bars, indicating 
standard error, that do not overlap indi
cate a significant difference between the 

respective means at P = 0.05. 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



80 PROTEIN FUNCTIONALITY IN FOODS 

Figure 22. SEMs showing air cell size and air cell wall thickness of textured (1) 
soy flour, (2) 25.5% succinylated soy flour, (3) 61.7% succinylated soy flour, and 

(4) 83% succinylated soy flour 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



RHEE ET AL. Texturization 

Figure 23. TLMs and TEMs showing the ultrastructure of texturized products: (1) 
TLM of texturized soy flour; (2) TLM of texturized 25.5% succinylated soy flour; 
(3) TLM of texturized 61.7% succinylated soy flour; (4) TLM of texturized 83% 
succinylated soy flour; (5) TEM of texturized soy flour; (6) TEM of texturized 
25.5% succinylated soy flour; (7) TEM of texturized 61.7% succinylated soy flour; 
and (8) TEM of texturized 83% succinylated soy flour. SAC, small air cell; C, 

insoluble carbohydrate; and P, protein. 
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charged groups, succinylation might have exerted additional 
influences on texturization. Therefore, differences observed 
could have been due to reduced degrees of coupling reaction or 
repelling forces produced by highly negatively charged mole
cules, or the combined effects of these two reactions. However, 
although succinylation had two-fold effects on texturization, 
highly succinylated soy flours could s t i l l produce texturized 
products which could withstand retorting process without losing 
textural i n t e g r i t y . This result might suggest that intermole
cular peptide bonds may not play an important role i n texture 
formation. 

Texturization of Disulfide Bond Reduced and Oxidized Soy 
Flours. To further assure that sulfhydryl-disulfide interchange 
i s a possible mechanism for texture and structure formation of 
texturized soy products
of d i s u l f i d e reducing agent
concentrations. Soy flours were also treated with d i s u l f i d e 
bond enhancing oxidizing agent (KIO3) at two concentrations. 
Results of nonextrusion texturization of these treated flours 
revealed that soy flours could be texturized at lower tempera
tures i n the presence of reducing agents (Figure 24). This 
could mean that cleavage of d i s u l f i d e bonds an essential chemical 
reaction during texturization. Results of the extrusion t e x t u r i 
zation were similar to those of nonextrusion texturization 
studies. When other process conditions were held constant, 
addition of reducing agents produced extrudates having lower 
bulk densities and higher water holding capacities than the 
control (Table IX). 

Addition of oxidizing agent to soy flour resulted i n a less-
puffed or undertexturized extrudates. The extrudate showed 
rough, discontinuous surface and small diameter. This r e s u l t 
further proves that the change of d i s u l f i d e linkages i s an 
essential reaction for texture formation. 

Transmitted l i g h t micrographs showed that a l l extrudates 
containing reducing agents had highly f i b r i l l a t e d protein-carbo
hydrate matrices which are similar to the control, whereas the 
extrudates containing oxidizing agents showed less fibrous 
structure (Figure 25). 

CONCLUSIONS 

The term "texture" can be broadly defined as "the composite 
of properties which arise from structural elements, and the 
manner i n which i t i s perceived by the physiological senses." 
This d e f i n i t i o n recognizes three essential elements of texture: 
that i t i s a sensory quality; that i t stems from structural 
parameters of foods; and that i t i s a composite of several pro
perties. Considerable efforts have been made to understand 
more cl e a r l y the complex nature of texture and texture-forming 
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Figure 24. Exterior morphologies of extrusion texturized reducing or oxidizing 
agent-modified soy flours. Note that both reducing agents (Na2SOs and cysteine) 
-modified flours produced more puffed products, whereas the oidant (KI03) modi

fied flour showed opposite effect. (Mag. 1.5.) 
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PROTEIN FUNCTIONALITY IN FOODS 

Figure 25. TLMs of extrusion texturized chemically modified soy flours: (1) con
trol; (2) 0.1% NagSO, added; (3) 0.2% Na£SOs added; (4) 0.1% cysteine-HCl 
added; (5) 0.2% cysteine-HCl added; (6) 0.2% Na2SO, and 1% SDS added; (7) 
0.01% KIOs added; and (8) 0.05% KIO, added. Note that both Na2S03 and 
cysteine-HCl can increase the fibrousness of protein matrix but KIOs has the oppo

site effect. P, protein; C, insoluble carbohydrate. 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



4. rhee et al. Texturization 87 

processes, by identifying the essential physico-chemical and 
functional properties, and structural requirements of ingre
dients for texture formation; studying the reaction mechanisms 
and interactions between components of ingredients during 
texturization; developing processes and equipment, and optimizing 
process conditions; developing methodologies for determination 
of various textural properties using instruments; and finally, 
by correlating the objective instrumental data with that obtained 
through sensory evaluation. As a result of concerted efforts, 
i t has become known that: proteins with certain molecular sizes 
and solubilities are essential for texture formation; insoluble 
carbohydrates play significant roles; process temperature and 
pressure are important; and certain instrumental data can be 
correlated with the sensory evaluation data with reasonable 
accuracy and reproducibility. Additionally, some of the key 
reactions taking place durin
ingredients, as well a
elucidated; however, large unknown areas s t i l l exist where 
future research activities should be directed to put the "art" 
of texturization on a sound scientific basis. 
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Solubility and Viscosity 

JEROME L. SHEN 
Ralston Purina, 900 Checkerboard Square, St. Louis, MO 63188 

The manner in which proteins behave in a given food system 
or food application, i.e
of the fundamental physicochemica
under the given conditions. Food systems are generally very 
complex, involving water, several types of protein as meat or 
soy, fats, salts, flavor and color compounds. Further, the 
functional properties of the food systems, generally, and that 
of soy proteins, particularly, are sensitive to past processing 
history, methods of preparation, and conditions of measure
ment. Because of this, it has been difficult to standardize 
functional testing, generalize the findings, and use the 
measured results from one system to predict the behavior in 
another system. Measurements that can have general applicabil
ity must be based upon the fundamental physiochemical proper
ties of the components. Further, in order to predict function
al behavior of the protein, it is necessary to determine the 
particular physicochemical states and interactions of the pro
tein that result in the desired functionality. 

Solubility and viscosity are two experimentally measurable 
properties that can yield information about the functional 
behavior as well as the physicochemical nature of the pro
teins. In this chapter, the application of these two measure
ments to isolated soy proteins and how these measurements can 
explain the basic physicochemical nature of isolated soy pro
teins are discussed. 

Solubility 

The requirements for the thermodynamic definition of solu
bility are 1) well defined initial solid and final solution 
states, and 2) establishment of equilibrium between these two 
states. Under these conditions, the solubility at a given 
temperature and pressure is the concentration of the sample in 
solution. At a given temperature and pressure, the solid state 
is the stable crystalline state; and the solution state is 

0097-6156/81/0147-0089$05.25/0 
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90 PROTEIN FUNCTIONALITY IN FOODS 

f i xed with regard to such var iab les as degree of prote in asso
c i a t i o n , d i s s o c i a t i on and prote in conformation. Defined in 
t h i s manner, the thermodynamic s o l u b i l i t y i s independent of 
path. As long as the i n i t i a l and f i n a l states are unchanged, 
the s o l u b i l i t y w i l l not depend upon how the f i n a l s tate i s 
achieved. For example, in the fo l l ow ing react ion 

i t makes no di f ference whether the f i n a l equ i l i b r ium i s 
approached by d i s so l v ing more and more c r y s t a l l i n e A u n t i l the 
so lu t i on i s saturated, by s t a r t i n g with a saturated so lu t i on of 
A at 35°C and coo l ing to 25°C, or by d i s so l v ing A in water 
and then adding s a l t u n t i l 0.1M i on i c strength i s reached. As 
long as equ i l i b r ium i s e s tab l i shed , the s o l u b i l i t y w i l l be 
unchanged. This type o
soluble prote in versus amount of s o l i d prote in added i s 
i l l u s t r a t e d in Figure 1. As s o l i d A i s added to the so lvent , 
100 percent of the added pro te in w i l l remain in so lu t i on u n t i l 
a sa tura t i on l i m i t i s reached. A f ter tha t , the percent in 
so lu t i on w i l l drop of f and approach zero asymptot ica l ly as the 
amount of added prote in approaches* in f in i t y . 

In con t ras t , Figure 2 shows that the percentage of pro te in 
in s o lu t i on for soy i s o l a t e s remains constant as the amount of 
added pro te in i s increased (1_). In other words, the amount of 
prote in i n so lu t i on increases l i n e a r l y with increas ing amounts 
of added p ro t e in . This behavior i s observed for a l l the i s o 
la tes we have studied up to the highest concentrat ion of 18 
percent. Thus, soy i so l a t e s behave as i f they are composed of 
a completely so luble f r a c t i on (A) and a completely inso lub le 
f r a c t i o n (B). Upon the add i t ion of so lvent , the so luble f r a c 
t i on (A) d isso lves completely whi le the inso lub le f r a c t i o n (B) 
remains unchanged. There i s no equ i l i b r ium establ ished between 
A and B such tha t , i f B i s separated from A and r e s l u r r i e d in 
add i t i ona l amounts of so lvent , no add i t i ona l prote in w i l l go 
into s o l u t i o n . (More p r e c i s e l y , no evidence of microscopic 
r e v e r s i b i l i t y was found on the time scale of the experiment, 
i . e . 2 h r s . at 25°C. A c t u a l l y , for a l l the i so la t es s tud ied , 
the amount of prote in in s o lu t i on at 25°C reaches a maximum 
plateau a f ter 100 minutes in a shaker bath. Thus, at l eas t 
steady-state condi t ions are reached in our experiments. I t i s 
not known whether much longer e q u i l i b r a t i o n t imes, days, w i l l 
change the amount of so luble p ro te in . ) Thus, a key requirement 
fo r thermodynamic s o l u b i l i t y i s not met. 

Further , nei ther the i n i t i a l s o l i d state nor the f i n a l 
so lu t i on state are we l l -de f ined . The i n i t i a l s tate i s a 
heterogeneous amorphous s o l i d . The d i s t r i b u t i o n of the 
f r ac t i ons A and B depends upon the previous h is to ry of the 
sample, such as manner of e x t r a c t i o n , p r e c i p i t a t i o n , solvent 

A (25°C, lAtm)? 
Crys ta l 

A (25°C, lAtm, pH 7, I-.1M) 
So lut ion 
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Figure 1. Solubility behavior of a pure crystalline protein 

Soy P r o t e i n s 

100 

* 75 t_ 

= 301 

D 

0 23 h 

2 4 6 8 10 
P ro t « in a d d t d (g/lOOg) 

Cereal Chemistry 

Figure 2. Solubility behavior of soy protein isolates (1) 
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treatment, heat treatment, and dry ing . The amount and the 
nature of the prote in in so lu t i on depends upon how the sample 
i s put into so lu t i on ( s lu r ry and blending methods, Figure 3 ) , 
upon how the inso lub le f r a c t i o n i s removed ( centr i fugat ion 
cond i t i ons , Figure 4 ) , and upon the path by which the f i n a l 
s tate i s reached. For example, in the fo l lowing experiment, 
the s o l u b i l i t y i s very much dependent upon the path for 
reaching the f i n a l s ta t e . 

Percent 
5ml 1M NaCl ^ Soluble 

„ ^ 82.7 
2 Hrs, 25°C 

20ml H2O 
1 Hr, 25°C 

Pro te in 
s lu r r y 
K).2M NaCl 

25°C 

20ml 0.2M NaC
" 1 hr , 25°C 1 hr , 25°C 

36.2 

In terpre ta t ion of Soy Prote in S o l u b i l i t y Experiments 

This observed behavior of soy prote ins complicates the 
d e f i n i t i o n of soy prote in s o l u b i l i t y , the comparison of s o l u 
b i l i t y data, and the in t e rp r e ta t i on of s o l u b i l i t y experiments. 
Because the thermodynamic c r i t e r i a are not met, prote in s o l u 
b i l i t y becomes an opera t i ona l l y defined quanti ty that depends 
upon the experimental methods of measurement. A number of 
d i f f e r en t operat ional d e f i n i t i o n s have been used to measure 
prote in s o l u b i l i t y . Each has i t s own advantages and disadvan
tages, and l im i t ed u t i l i t y . This p l u r a l i t y , though often 
des i r ab l e , makes i t d i f f i c u l t to compare experimental r e s u l t s . 

In terpre ta t ion of s o l u b i l i t y data in terms of the forces 
and the in te rac t i ons at the molecular leve l i s an even more 
d i f f i c u l t problem. Because thermodynamic c r i t e r i a are not met, 
s t ra ight forward , thermodynamic analyses cannot be app l i ed . 
Further , s t r i c t comparison of the r e su l t s for soy prote ins with 
the r e su l t s of systems that meet the thermodynamic c r i t e r i a 
cannot be j u s t i f i e d . However, i t may be v a l i d to draw some 
q u a l i t a t i v e ins ights into the nature of soy prote in by making 
comparisons under favorable circumstances. One such favorable 
case would be the fo l lowing hypothet ica l mechanism 

Reaction I nA«=*A n 

Reaction II A n —* B 

in which soluble monomers A r e v e r s i b l y form aggregates (A n) 
fol lowed by the i r r e v e r s i b l e conversion of the aggregate (A n) 
into the inso lub le p r e c ip i t a t e (B) . The aggregates are l i k e 
the inso lub le p r ec ip i t a t e s i n a l l respects except for the 
fac tors that prevent B from being r e ve r s ib l y r e s o l u b i l i z e d . I f 
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Cereal Chemistry 

Figure 3. The effect of blending on solubility (I). Samples A, B,D, and E are soy 
protein isolates. Sample C is a commercial sodium caseinate. T is the temperature 

of the slurry after blending. 

J J J I I 1 
5 6 7 8 9 

Log Centrifugal Force (g) x Time (sec) 

Cereal Chemistry 

Figure 4. The effect of centrifugation on solubility (I). Samples A, B, D, and E 
are soy protein isolates. Sample C is a commercial sodium caseinate. 
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reac t ion (I) i s f as te r than reac t ion ( I I ) , then a steady-state 
cond i t ion w i l l r e su l t in which the concentration of A n 

remains r e l a t i v e l y constant. The rate of formation of B w i l l 
be proport ional to the steady s tate concentration of A n , and 
the amount of B formed i n a given time span w i l l be a measure 
of the steady state concentrat ion of A n . Since steady s tate 
equ i l i b r ium condi t ions are reached, thermodynamic treatment of 
equ i l i b r ium II i s v a l i d . 

Aggregation and S o l u b i l i t y 

There i s much ind i r e c t evidence that the above hypothet ica l 
mechanism f i t s the behavior of the soy pro te ins . Wolf and 
Tamura ( 2J , whi le studying the heat denaturation of nat ive U S 
soy p r o t e i n , found that so luble aggregates are formed p r i o r to 
the formation of inso lub l
fo l l ow ing mechanism to exp la i

Catsimpoolas et a l . (3) and Hermansson (4) have found that the 
react ion leading to formation of the so luble aggregates i s 
r e v e r s i b l e . Recently, Takagi et a l . (_5) found that hydrophobic 
in t e rac t i ons are p r imar i l y responsib le fo r the formation of the 
so luble aggregates which are subsequently i r r e v e r s i b l y i n s o l u 
b i l i z e d through intermolecular d i s u l f i d e bond interchange. 

We have used t u r b i d i t y to monitor the heat induced aggrega
t i o n of an unfract ionated, ac id p r e c i p i t a t e d , spray d r i e d , soy 
prote in i s o l a t e as a funct ion of i on i c strength and pH. The 
t u r b i d i t y data (Figures 5, 6, 7) when corre la ted with the 
corresponding s o l u b i l i t y data at 25°C show that solvent 
condi t ions favor ing aggregation a lso favor i n s o l u b i l i z a t i o n . 
This i s i nd i r e c t evidence that the r e l a t i v e amounts of i n 
so lub le p r e c i p i t a t e formed as a funct ion of changing solvent 
composition are measures of the r e l a t i v e e f fects of these 
solvents on the steady state equ i l i b r ium between the so luble 
prote in and so luble aggregates. Our data i s i n general 
q u a l i t a t i v e agreement with those compiled by Hermansson who 
used a s l i g h t l y d i f f e rent procedure. 

Sa l t Ef fects 

11S * A subun i t s + C B subunits ] 

so luble aggregates 

inso lub le aggregates 

Neutral s a l t s are known to exert s t r i k i n g e f fects on the 
s o l u b i l i t y , the assoc i a t i on -d i sassoc i a t i on equ i l i b r ium, the 
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Figure 5. The effect of ionic strength on solubility (S) and the heat-induced tur
bidity (T) at pH 2 
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Figure 7. The effect of ionic strength on solubility (S) and the heat-induced tur
bidity (T) at pH 7 

Table I. Relative Effectiveness of Various Ions in Stabilizinq 
the "Native" Form of Collaqen and Ribonuclease r~6) 
and the Predicted Relative Order using the Molal -

Surface Tension Increment (7) 

Collagen-

gelatin: 

Heli 
-Nativ 
Salting-ou? 

Coil 
Denatured-
Salting-in 

SO 2 - <CH3COO"<Cr<Br-<NO"3<C104 <I"<SCN" 

(CH3)4N <NH4<Rb', K, N a , Cs'<Li' <Mg2' <Ca2' 

Ribonuclease: SOJ- < CH3COO' < CI • <Br" <C104 < CNS" 

(CH3) 4N", NH4, K , Na'<Li" <Ca2 

Molar surface 
tension increment: so2-<cr<Br-<r<scN-

Ca" <Mg "< Cs\ <Na" <K'<Li<NH4' 
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enzyme a c t i v i t y , the s t a b i l i t y of native g lobular and f i b r i l l a r 
s t ruc tu r es , and the rates of conformation changes of p ro t e ins , 
polypept ides, and nucle ic acids (J5). These e f fects transcend 
in genera l i t y any d e t a i l s of macromolecule composition or 
conformation. Sa l t s that are e f f ec t i ve in increasing pro te in 
s o l u b i l i t y ( s a l t i ng in) are a lso e f f ec t i ve in des tab l i z i ng 
native g lobular and f ibrous s t ructures and in increasing the 
rate of denaturation of nat ive s t ruc tu res . Conversely, s a l t s 
that decrease s o l u b i l i t y ( s a l t i n g out) have the reverse e f fect 
on the s t a b i l i t y and the rate of denaturation of nat ive 
p ro te ins . Because of t h i s genera l i t y and the e s s e n t i a l l y 
independent e f fect of each i on , i t i s poss ib le to arrange ions 
according to t h e i r e f fect iveness in s a l t i n g out of p ro t e ins . 
This l yo t rop i c or Hofmeister ser i es (Table I) of ions was f i r s t 
compiled by Hofmeister i n h i s s tudies on the s a l t i n g out of 
euglobul ins (_7). Recen
in terms of the basic hydrophobi
between marcomolecules have given new ins ights in to the 
behavior of prote ins in s o l u t i o n . 

Hermansson (4_) has studied the e f fect of Na l , NaCl , 
NaC2H302, Na2S04 and CaCl2 on the s o l u b i l i t y of an 
i s o l a t e prepared under mi ld cond i t i ons . There has been no 
corresponding work reported fo r denatured soy i s o l a t e s . Thus, 
what fo l lows i s an evaluat ion of the e f fects of neutral s a l t s 
on the s o l u b i l i t y of native and denatured soy i s o l a t e s . 

The nat ive prote in i s o l a t e (NPI)was prepared as f o l l ows . 
One part of commercial defatted soy f lakes was extracted with 
ten parts of d i l u t e NaOH (pH 9-10). Af ter removal of spent 
f l ake s , the t o t a l extract was adjusted to pH 4.5 with d i l u t e 
HC1 to p r e c i p i t a t e the curd . The curd was washed three times 
with H2O, resuspended at pH 7 .0 , and freeze d r i e d . I n t r i n s i c 
v i s c o s i t y , op t i c a l r o t a t i o n , and d i f f e r e n t i a l scanning c a l o r i -
metry (DSC) measurements show the so luble f r a c t i on of curd to 
be na t i v e . 

The denatured prote in i s o l a t e (DPI) was prepared as 
f o l l ows . Acid p rec ip i t a t ed curd i s washed, resuspended at pH 
7.0, heated at temperatures above 90°C, and spray d r i e d . DSC 
measurements ind icate t h i s i s o l a t e to be t o t a l l y denatured. 
Both the NPI and DPI have approximately 1.5 to 2 percent 
res idua l ash, mainly NaCl. 

S o l u b i l i t y measurements were those of Shen (1) except the 
cent r i fuga t i on time i s increased from 20 to 40 mTn. Under 
these cond i t i ons , p a r t i c l e s with S20 W > 70 were removed from 
the s o lu t i ons . 

The s o l u b i l i t y data for NPI and DPI are p lo t ted as a 
funct ion of added s a l t concentrat ion in Figures 8 and 9, 
r e spec t i v e l y . Even though the NPI i s native and the DPI i s 
t o t a l l y denatured, the s o l u b i l i t y p r o f i l e s of the two i s o l a t e s 
are q u a l i t a t i v e l y very s i m i l a r fo r a l l the s a l t s s tud ied . In 
so lu t ions of the s a l t s with monovalent anions, the s o l u b i l i t y 
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Figure 8. The effect of various salts on the solubility of a NPI 
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Figure 9. The effect of various salts on the solubility of a DPI 
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p r o f i l e s of both NPI and DPI e xh ib i t a steep s a l t i n g out at low 
s a l t concentrat ions u n t i l minimum s o l u b i l i t i e s are reached at 
0.1M and 0.2M s a l t for NPI and DPI, r espec t i v e l y . A f ter that 
the s o l u b i l i t y increases gradual ly as the s a l t concentrat ion i s 
increased to 1M. At t h i s concentrat ion, the net e f fect i s 
s t i l l s a l t i n g out with the highest s o l u b i l i t i e s s t i l l we l l 
below those in water. The magnitude of the i n i t i a l s a l t i n g out 
and subsequent s a l t i n g in i s dependent upon the nature of the 
s a l t . In general , the l yo t rop i c order i s observed with C l ~> 
Br~ > NO3 " > I - in s a l t i n g out e f f i cacy . 

In the case of the SOzp anion, there i s the i n i t i a l 
steep s a l t i n g out. But there are plateaus between 0.1 and 0.3M 
s a l t concentrat ion instead of the minimum s o l u b i l i t i e s found in 
the cases of the monovalent anions. Af ter the p la teau, the 
s o l u b i l i t i e s decrease gradual ly with increasing s a l t concentra
t i o n . 

Quant i t a t i v e l y , thes
s o l u b i l i t i e s i n water and in the magnitude of the s a l t 
e f f e c t s . For a given s a l t , DPI i s on the average sa l ted out 
twice as much as NPI. Our data agree q u a l i t a t i v e l y with those 
of Hermansson (4) except for the lack of a minimum in the 
Na2S04 curve. 

Ef fect of Sa l t on Other Prote ins and Model Polypeptides 

For comparison with these data , the types of s a l t e f fec ts 
that have been observed for model prote in and polypeptide 
systems that achieve true thermodynamic equ i l i b r ium in so lu t i on 
can be summarized into three c l a s s e s : 

Class I: Prote in s o l u b i l i t y i s f i r s t increased ( s a l t i n g 
in) and then decreased ( s a l t i n g out) as s a l t concentrat ion 
i s increased. Thus, there i s a maximum peak in the 
s o l u b i l i t y p r o f i l e . Examples of prote ins that show t h i s 
behavior are carboxylhemoglobin and f ibr inogen (7). 

Class I I : Prote in s o l u b i l i t y i s e i the r monotonical ly 
increased or decreased by increas ing s a l t concentrat ion . 
The model polypeptide ace ty l t e t rag l yc ine e thy l ester 
(ATGEE) behaves in t h i s manner. C i t r a t e s , su l f a t e s , 
phosphates, acetates, and ch lo r ides s a l t out ATGEE; whereas 
phenol, perch lorates , t o s y l a t e s , t r i ch l o roace ta t e s , 
thiocyanates, iod ides , and bromides s a l t in (8). The heat 
denaturation of r ibonuclease a lso f i t s t h i s cTass. 

Class I I I : Prote in s o l u b i l i t y i s decreased ( s a l t i ng out) 
and i s then increased ( s a l t i n g in) by increas ing s a l t 
concentrat ion. Except for the soy i s o l a t e s , there are no 
other prote ins to my knowledge that e xh ib i t t h i s type of 
s o l u b i l i t y behavior. However, in the re la ted polymeriza-
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t i o n and denaturation r eac t i ons , there are examples of t h i s 
type of behavior. Unpolymerized G-act in i s caused to po ly 
merize to F -ac t in by 0.1M Na l , but F -ac t in i s depolymerized 
by 0.5M Nal (9) . The unfolding of the h e l i c a l s t ruc ture of 
DNA also f i t s t h i s c l a ss (6) . 

The Theory of Melander and Horvath (7, 10) 

Recently, Melander and Horvath (_7, 10) have proposed a 
s ing l e theory to account f o r the e f fects of neutral s a l t s on 
the e l e c t r o s t a t i c and the hydrophobic in te rac t i ons in the 
s a l t i n g out and the chromatography of p ro te ins . In s imp l i f i e d 
terms, the theory accounts for the s o l u b i l i t y of prote ins in 
terms of two con t r i bu t i ons , e l e c t r o s t a t i c and hydrophobic i n 
nature. 

ln (W/Wo) = ( oF e i e c t ros ta t i c )/R

where W i s the weight of prote in so luble in 1 l i t e r s a l t s o l u 
t i on of given concentrat ion and Wo i s the weight of prote in 
so luble i n 1 l i t e r of H2O. 

The e l e c t r o s t a t i c term, AF e ] e c t ros ta t i c » ">s t * i e change in 
e l e c t r o s t a t i c free energy when the prote in goes from the 
c r y s t a l l i n e state to the so lu t i on s ta t e . Melander and Horvath 
have expressed t h i s term by combining the proper terms from the 
Debye-Huckel and Kirkwood theor ies (7) . This term i s always 
p o s i t i v e , and i s responsible f o r sa lT ing i n . 

The hydrophobic term, F c a v U y , i s the free energy 
required to create a cav i t y in the bulk solvent to house the 
hydrophobic groups that are exposed when a prote in goes from a 
c r y s t a l l i n e s tate to a so lu t i on s t a t e . 

A F c a v i ty = -ft o m 7s, - A A O m 

where X i i s a term proport ional to the increase in hydrophobic 
surface area (AA) as a prote in goes into s o l u t i o n , a i s the 
molal surface tension increment and m i s the m o l a l i t y . The 
molal surface tension increment, a , i s defined by the r e l a t i o n 
sh ip : y = y0 + o m where T i s the surface tension of the 
s a l t s o lu t i on andTo i s the surface tension of water. 

For inorganic neutral s a l t s , a i s p o s i t i v e . Thus, f o r 
these s a l t s , A F c a v - j t y i s always negative i f hydrophobic 
surface area i s exposed upon s o l u b i l i z a t i o n (AA i s p o s i t i v e ) . 
This term accounts for the s a l t i n g out of pro te ins . 

The combination of the hydrophobic s a l t i n g out and the 
e l e c t r o s t a t i c s a l t i n g in terms expla ins very n i c e l y the Class I 
type behavior. The data fo r carboxyhemoglobin and f ibr inogen 
are wel l f i t t e d by the theory (Figure 10). Also the order of 
decreasing molal surface tension increment general ly fo l lows 
the l y o t r op i c order (_7). 
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The theory f a i l s to exp la in the behavior of soy prote ins 
(Class I I I ) because the s a l t i n g i n e l e c t r o s t a t i c term i s more 
dominant at low sa l t concentrat ions. As s a l t concentrat ions 
increase , the cav i t y term becomes more dominant. The o v e ra l l 
r e s u l t i s s a l t i n g in fol lowed by s a l t i n g out. 

The f a i l u r e of the theory ind ica tes that soy prote in 
behavior i s more complex than Melander and Horvath's (_7, 10) 
model. In der i v ing t h e i r simple theory, Melander and Horvath 
assumed that the changes in hydrophobic surface area, i n the 
d ipo le moment, and in the net charge of the prote in upon 
s o l u b i l i z a t i o n are invar iant with respect to s a l t species or 
s a l t concentrat ion. In other words, they assumed that the 
so luble prote ins have the same thermodynamic state regardless 
of s a l t species or s a l t concentrat ion . The r e su l t s for soy 
prote ins can be treated in the framework of the Melander and 
Horvath's theory i f i t
area, the d ipole moment
funct ions of the s a l t species and the s a l t concentrat ion. 
Thus, there are three d i f f e rent ways to account for t h i s soy 
prote in behavior as f o l l ows : 

1) Exposed surface i s decreased by increasing s a l t concen
t r a t i o n . The hydrophobic term i s proport ional to A A 
and m. I f A A decreases more rap id l y than the increase 
in m, the s a l t i n g out term and, thereby, the degree of 
s a l t i n g out, w i l l decrease with increasing s a l t concen
t r a t i o n . Since associated proteins (dimers, t r ime r s , 
e tc . ) w i l l have less exposed hydrophobic surface area 
than monomers, increas ing amounts of associated 
prote ins with increasing s a l t concentrat ion w i l l r e su l t 
in decreasing A A va lues. Soy prote ins are known to 
associate with increas ing s a l t concentrat ion. At pH 
7.6, U S and 7S prote ins d i s soc ia t e into subunits at 
i on i c strength below 0.1M and 0.5M, respec t i ve l y (11, 
12). This i s , there fore , a p laus ib l e explanation o f 
the observed s o l u b i l i t y behavior. The sharp minimum at 
0.1M s a l t concentrat ion i n the case of the NPI might 
correspond to the cooperative assoc ia t ion react ions 
invo lv ing U S subuni ts . Even though there has been no 
experimental demonstration, i t would not be unreason
able to postulate that random assoc ia t ion react ions 
also occur for denatured soy pro te ins . The broader 
minimum between 0.1 and 0.2M s a l t concentrat ion might 
be ind i ca t i v e of less cooperative assoc ia t ion r eac t i ons . 

2) Dipole moment increases with increas ing s a l t concentra
t i o n . The d ipo le moment of a prote in i s a funct ion of 
the t o t a l net charge of the p ro t e in , the d i s t r i b u t i o n 
of the charges on the p r o t e i n , and the prote in confor
mation. As s a l t concentrat ion ( i on i c strength) i s 
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increased, the solvent becomes increas ing ly better fo r 
so l va t ing charged spec ies . Thus, i t i s p l aus ib l e that 
the prote in c o i l might expand. This would r e s u l t in 
greater separation of charged s i t e s on the pro te in and 
a larger d ipo le moment. The increasing d ipo le moment 
w i l l make the e l e c t r o s t a t i c s a l t i n g in term more 
dominant as s a l t concentrat ion increases. I t i s 
d i f f i c u l t to determine whether t h i s i s an important 
con t r ibu t i on in the cases studied here. 

3) Ion binding causes net charge to go through point of 
zero net charge. I f the net charge on the pro te in i s 
reduced, the a ipo le moment should also be reduced. The 
d ipo le moment should be minimum at zero net charge. I t 
i s poss ib le that there i s a spec i f i c binding of counter 
ions that cause
zero net charg
t h i s occurs, the e l e c t r o s t a t i c s a l t i n g in term w i l l 
decrease as s a l t concentrat ion i s increased and reach a 
minimum at a point where the net charge i s zero. This 
w i l l r e su l t in a minimum i n the s o l u b i l i t y p r o f i l e . 
The e f fect of CaCl2 on the s o l u b i l i t y of soy prote ins 
f a l l s into t h i s category (4). However, i t i s not 
expected that Na + or NH4"1" w i l l be appreciably 
bound by soy pro te ins . Thus, t h i s e f fect should not be 
of great importance here. 

In the context of t h i s expanded theory, i t i s poss ib le to 
compare the exposed hydrophobic area of the native soy prote ins 
with that of the denatured p ro t e ins . I t i s evident from the 
f a i r l y large s a l t i n g out e f fect of NPI at low s a l t concentra
t i ons that nat ive soy prote ins have appreciable amounts of 
exposed hydrophobic surface area. I f i t i s assumed that the 
e l e c t r o s t a t i c term i s neg l i g i b l e at low s a l t concentrat ions , 
the i n i t i a l slopes of the curves in Figure 11 are proport ional 
to the exposed hydrophobic surface area. Using the slopes i t 
i s estimated that the exposed hydrophobic surface area of 
nat ive soy prote ins i s 50 percent of that of the denatured 
pro te ins . This r e su l t i s in agreement with the conclusion of 
Takagi et a l . , ( 5 h who used the binding of a f luorescent 
hydrophobic dye to probe the hydrophobic surface of nat ive and 
heat denatured soy pro te ins . This i s a rather g ra t i f y ing 
agreement considering the uncer ta in t i es involved in the 
i n t e rp r e t a t i ons . 

V i s cos i t y 

As was the case for s o l u b i l i t y , apparent v i s c o s i t y of 
concentrated soy prote in s l u r r i e s i s a non-equi l ibr ium property 
that i s h igh ly sens i t i v e to past h i s to ry of the s lu r r y and to 
the techniques of i t s measurement. 
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E l e c t r o i t a t i c 
S a l t i n g - i n 
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Figure 10. Illustration of the fit of Me
lander and Horvath's theory to the experi
mental data for the solubility of carboxy-

hemoglobin (1) 
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Figure 11. The solubility data for NPI ( J and DPI ( ) in Nal (A) and 
NH^NOj (A) plotted as In W/Wo 
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The i n t r i n s i c v i s c o s i t y of nat ive and denatured soy 
prote ins have been measured (13). These values, which r e f l e c t 
the hydrodynamic propert ies oT~"the prote in molecules at 
i n f i n i t e d i l u t i o n , are of l i t t l e in t e res t to us as f a r as 
f u n c t i o n a l i t y i s concerned. What i s of in te res t i s the 
apparent v i s c o s i t y of concentrated s l u r r i e s . In these 
s l u r r i e s , the intermolecular p ro te in -pro te in in te rac t i ons 
dominate and are p r imar i l y responsib le for the observed 
v i s c o s i t y behavior. 

Ef fect of Sample Preparation I t i s wel l known that the 
v i s c o s i t i e s of these concentrated s l u r r i e s (8 percent) are 
shear rate dependent (14). What i s less known i s that the 
v i s c o s i t y of denatured prote ins are h igh ly dependent upon 
d ispers ion condi t ions (Table I I ) . For 12 percent s l u r r i e s of 
Supro 620, v i s c o s i t i e s decrease d r a s t i c a l l y from 10  to 33 cp 
as t o t a l shear i s increase
to stand, the v i s c o s i t i e s increase slowly and revert to a much 
higher value (Table I I I ) . Thus, the h ighly sheared s l u r r i e s 
are not at equ i l i b r ium. But, s ince the approach to equ i l i b r ium 
i s slow, i t i s poss ib le to use shear to produce a f u n c t i o n a l l y 
des i rab le v i s c o s i t y . 

Progel Formation Just as the v i s c o s i t y can be lowered by 
shear, i t can be increased by heat ing . As a concentrated 
s l u r r y of undenatured soy prote ins i s heated, there i s an 
i n i t i a l decrease in v i s c o s i t y fol lowed by a large increase in 
v i s c o s i t y . When the s l u r r y i s subsequently cooled, a r i g i d gel 
forms. Catsimpoolas and Meyer (16) describe the process in 
terms of a progel s ta te , a f l u i d state character ized by high 
v i s c o s i t y . This progel state i s r e a l l y not an equ i l i b r ium 
s ta t e . The v i s c o s i t y continues to increase with time even 
a f ter equ i l i b r ium temperature i s reached (Figure 12). 

Ef fect of Prote in Concentration Prote in concentrat ion i s 
another important f a c t o r . The v i s c o s i t y of soy prote ins r i s e s 
exponent ia l ly with increasing pro te in concentrat ion (Figure 
13). Fur ther , d i f f e r en t i s o l a t e s have d i f f e rent exponential 
behavior. Such strong concentrat ion dependence, progel and gel 
formation are evidences of strong intermolecular i n t e r a c t i o n s . 

Re la t ion to S o l u b i l i t y D. Chou {]$) noted tha t , for a random 
sampling of i s o l a t e s , the v i s c o s i t y was not necessar i l y 
cor re la ted to the s o l u b i l i t y . This i s because many fac tors 
(conformation, hydrat ion, exposure of hydrophobic groups, 
charge d i s t r i b u t i o n , etc . ) contr ibute to the intermolecular 
in t e rac t i ons that r e su l t i n increased v i s c o s i t y . However, 
w i th in a ser ies of s i m i l a r l y processed i so l a t es or with a given 
i s o l a t e , we should expect the v i s c o s i t y to be inverse ly 
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Table II. The Effects of Dispersion Methods on the 
Viscosity of 12 Percent Supro 620 Slurries 
(15). Method A: polytron (Brinkmann) at 
setting of 3.5 for 45 s e c ; Method B: 
blend with Osterizer blender set at "blend" 
for 45 s e c ; Method C: ultrasonicate with a 
Braunsonic 1510 at 150 watts. 

DISPERSION BROOKFIELD APPARENT 
METHOD VISCOSITY (3 RPM) 

A 1.0 x 104 cp 

B 2.6 x 103 cp 

C (90 sec.) 6.5 x 102 cp 

C (7.5 min.) 33 

Table II. Society of Rheology 

I : I . I I 1 J — I 
10 30 50 

T i m e ( m i n.) 

Cereal Chemistry 

Figure 12. The viscosity of progel as a function of heating time at 65° C (O), 
70°C O , 75°C (A), and 80°C (*) (\6) 
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Table I I I . The Ef fect of Aging on the Apparent V i s cos i t y of 
12 Percent Supro 620 (IS) 

Standing Brookf ie ld Apparent 
Method a Spindle Time (min.) V i s cos i t y (cp) at 3 
rpm 

B 1 15 2.6 x 10 3 

2 45 3.7 X 10 3 

75 4.5 X 10 3 

265 5.0 X 10

455 8.0 X 10 3 

F Over Weekend 8.0 X 10 6 

C (90 sec. ) 1 15 7.1 X 1C-2 

75 1.3 X 10 3 

135 2.1 X 10 3 

2 255 4.4 X 10 3 

F Overnight 2.2 X 10 6 

C (7.5 min.) UL 15 33.0 

UL 75 78.0 

1 135 1.9 X 102 

255 5.1 X 1C-2 

F Overnight 2.9 X 

a Methods described in TABLE I I . 

Society of Rheology 
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S I

Society of Rheology 

Figure 13. The effect of protein concentration on viscosity (15). Sample solubili
ties (percent) are expressed in parenthesis. A, (38) (X); B, (34) (-{-); C, (44) (O); 

D> (71) (U); laboratory-prepared sample (%). 

Figure 14. The relation of viscosity (v) and solubility (S) 
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correlated with solubility. For the soluble molecules with 
their larger exposed hydrophobic surface areas should 
experience greater protein-protein interactions. This is 
demonstrated for a heat denatured sample. The solubility is 
changed by altering the pH and the effect on viscosity is 
examined. As it is shown in Figure 14, there is a reasonably 
good correlation between the solubility and viscosity. 

Because of the complex, non-equilibrium nature of the 
viscosity behavior, it is, at present, impossible to inter
pret this data in terms of the hydrodynamics and fundamental 
forces of soy proteins. Much more needs to be known about the 
dynamics of the interactions. 

Conclusion 

As functional propertie
solubility are alike i
properties of the system. In the case of solubility, there is 
at least evidence of steady state equilibrium which allows for 
the possibility of some qualitative thermodynamic 
interpretation. In the case of viscosity, steady state 
equilibrium is not reached. Thus, thermodynamic interpreta
tion is impossible. Molecular dynamics data are needed. 

Because solubility and viscosity are non-equilibrium 
properties, the measured values are dependent upon measure
ment conditions, sample preparation, and past sample his
tory. Because of this, it is difficult or sometimes even 
impossible to compare data, to generalize the data and make 
predictions, and to interpret the data in terms of the basic 
molecular forces. 

Soy protein is, therefore, not a very good model protein. 
However, it is a very versatile functional protein in that its 
solubility, and especially its viscosity, can be tailored by 
processing or fabrication to meet product needs. 
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Adhesion and Cohesion 

J. S. WALL and F. R. HUEBNER 
Northern Regional Research Center, Science and Education Administration, 
Agricultural Research, U.S. Department of Agriculture, Peoria, IL 61604 

Cohesion and adhesion are essential functional properties 
of certain of the constituent f food mixture  if  wish
convert them to sight-appealin
textures. Parker and Taylor (1) define adhesion as the use of 
one material to bond two other materials together and cohesion 
as the joining together of the same material. The development 
of textured foods based on vegetable proteins, multi-component 
breakfast foods, and some prepared meat specialty items has 
required at least one ingredient, usually protein, to serve as 
binder to hold components together. The binding agents may 
function before or after cooking the ingredient mix; cooking 
establishes additional adhesive and cohesive interactions 
among protein, lipid, and carbohydrate components of foods. 

In this paper, we will explore the measurement of and the 
basis for the cohesive and elastic properties of a commonly 
used component of foods that excels in these characteristics, 
wheat gluten. Gluten constitutes from 10 to 16% of wheat 
flour, from which it may be separated by Martin, batter, or 
Raisio processes (2, 3). The separated wheat gluten is 70 to 
80% protein, of which 85% is insoluble in saline solution. We 
shall also seek to correlate some of the basic concepts developed 
in studies of gluten to other protein systems, such as those 
of soybean protein isolates and concentrates. 

A good example of the contribution of protein to adhesion 
and cohesion of a multi-component system is wheat flour dough. 
Khoo et al. (4) have observed with the scanning electron 
microscope that dough consists of starch granules held together 
by a matrix of hydrated gluten protein, which is stretched 
into coherent films (Figure 1). These films are not artifacts 
of microscopy since isolated gluten is an excellent film 
former. Whole gluten purified by solubilization in dilute 
acids can be dispersed in lactic acid, which acts as a humectant 
and plasticizer, and cast as a film as shown by Wall and 
Beckwith (5). Such films would serve as edible coatings. 
Film-making properties are characteristic of many polymers, 
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including proteins, and are a good measure of cohesive strength. 
Gluten proteins have also been tested as i n d u s t r i a l adhesives 
for bonding paper or wood (5). Just as gluten proteins associate 
with starch, so does i t bond to other polar materials, such as 
cel l u l o s e . Many of the concepts developed i n i n d u s t r i a l 
adhesives apply to food applications. 

Experimental Procedures 

Many instruments are available to provide fundamental 
information on the adhesive and cohesive properties of food 
products of different forms and at different stages of prepara
tion. Voisey and de Man (6) c l a s s i f y such instruments into 
two main categories: (a) linear motion instruments which 
generally measure e x t e n s i b i l i t y and tensile strength or compres
sion and flexing strength
measure resistance to flo
p l a s t i c masses. The linear motion instruments usually rupture 
the structures and so are best used to measure a s p e c i f i c 
stage of product development. In contrast, the rotary instruments 
often may be used to examine transitory effects on physical 
properties induced by temperature variation, chemical additives, 
or stresses caused by mixing. 

The most widely used linear motion analyzers are the 
Instron Universal Testing machines which range from large 
floor models to table instruments suitable for most food tests 
(7, 8). Force i s applied by drive screws to a crosshead which 
i s moved downward at a specified rate. An upper force measurement 
c e l l measures extending forces on materials clamped between i t 
and the moving crosshead (Figure 2). Wall and Beckwith (5) 
used this system to measure adhesion by wheat gluten i n model 
systems. Data on force and distance traversed by the crossarm 
are recorded. Frazier et a l . (9) used the Instron to compress 
dough or gluten b a l l s at a given load and measure time required 
for the b a l l s to relax to a lower load at a constant deformation. 
Various attachments to the Instron permit measurement of 
l a t e r a l stresses such as flexing. Rasper (10) has modified 
the Instron to permit dough extension measurements in a 
temperature-controlled chamber containing f l u i d with density 
equal to that of dough. Instruments s p e c i f i c a l l y designed for 
dough e x t e n s i b i l i t y and tensile strength measurements are the 
Brabender Extensograph or Simon Extensometer (10). In the 
extensograph, a rod-shaped mass of dough i s clamped horizontally 
and a hook extends i t v e r t i c a l l y at a constant rate. Resistance 
and extension are recorded u n t i l the dough cylinder breaks. 
The area under the curve and the r a t i o of resistance to extensi
b i l i t y provide useful information as to the e l a s t i c i t y of the 
dough. 

Hydrated food products exhibiting adhesive or cohesive 
properties are generally highly viscous or p l a s t i c and, therefore, 
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Figure 1. SEM of wheat flour dough 

Figure 2. Tensile strength measurement with the Instron Universal Testing 
machine 
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require special rotary instruments for measurement of flow 
properties. A highly sophisticated instrument designed for 
elastomer and p l a s t i c research but highly useful for research 
on foods i s the Mechanical Spectrometer (Rheometrics Inc., 
Union, NJ). A considerable variation i n shear rates can be 
applied i n a number of different geometries including rotating 
cone and plate between which a thin layer of sample i s inserted. 
The mechanical assembly and microprocessing unit permit analysis 
of a broad spectrum of molecular responses y i e l d i n g data on 
viscous and e l a s t i c properties of the test material. A more 
generally available laboratory instrument i s the Haake Roto-
visco viscometer which also features a cone-plate attachment. 
This modified instrument records torque required to maintain 
constant rate of rotation and provides data only on the viscous 
component of flow (8). In the flour m i l l i n g and baking industries, 
recording mixers, designated farinograph  mixographs
widely used for empirica
during dough processing  Farinograph,
and water are mixed by revolving blades. The motor shaft i s 
connected to a dynamometer which measures resistance to the 
mixing (11, 12). The chart records the dynamic process of 
dough making and breakdown with time. Water content (absorption) 
i s adjusted to give similar resistances at maximum dough strength. 
The mixograph i s similar i n concept to the farinograph but uses 
pins instead of blades and imposes a greater stress on the 
dough (11). 

While these methods can provide useful information for 
determining the functional performance of ingredients used i n 
food, the c r i t e r i a for quality must be established on the f i n a l 
product; thus, dough must be baked into bread and meat analogues 
cooked and these foods subjected to organoleptic evaluation for 
texture. 

Molecular Interactions 

Extensive studies i n protein chemistry (13) and synthetic 
polymers (14) have established compositional factors responsible 
for molecular associations involved i n adhesion and cohesion 
phenomena of proteins and other polymers. Figure 3 summarizes 
types of functional groups i n proteins participating i n associ
ative interactions and agents that disrupt the bonds they form. 

El e c t r o s t a t i c charges due to ionized acidic or basic amino 
acids influence protein s o l u b i l i t y . At extremes of pH, many 
poorly soluble proteins are dissolved and their molecular 
structures unfolded due to surplus of similar repelling charges. 
Gluten proteins have few charged groups and so are poorly 
soluble i n neutral solution (15). Dispersions of other proteins 
must be adjusted to their i s o e l e c t r i c point or have s a l t added 
to optimize cohesion and adhesion. 
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Polar groups contribute greatly to adhesion of proteins to 
carbohydrates and to their cohesion. In denatured or unfolded 
proteins, such as animal glues, the peptide amide groups play 
an important role i n adhesion; but i n the undenatured collagen, 
most peptide groups are associated i n h e l i c a l conformations. 
In undenatured proteins, side chain amide groups from the amino 
acids glutamine and asparagine and hydroxyl groups of serine 
and threonine interact through hydrogen bonds. Gluten proteins 
contain over 33% glutamine and asparagine i n their amino acid 
composition (15). 

Investigators of the chemistry of adhesion refer to nonpolar 
interactions involving long chain a l i p h a t i c or aromatic groups 
i n terms of Van der Waal or London forces (1). Protein chemists 
generally use the term "hydrophobic bonding" to describe these 
interactions, because i n aqueous systems nonpolar residues i n 
proteins tend to retrea
or with other l i k e group
proteins especially have exposed hydrophobic groups which 
contribute to association with l i p i d s and integrity of the 
membrane structure. 

Disulfide bonds i n the amino acid cystine are important to 
the properties of many proteins by maintaining covalent i n t r a 
molecular bonds and crosslinks between protein chains (16). 

The opposing effects of hydrogen bonding and negatively 
charged amino acid side chains on molecular aggregation of 
proteins have been demonstrated by experiments with model 
systems (17). Synthetic polypeptides were prepared containing 
both polar hydrogen bond-forming glutamine residues and glutamic 
acid groups. As shown i n Figure 4, 2M and 8M urea helped 
s o l u b i l i z e the polymers i n aqueous solutions at low pH by 
dissociating hydrogen bonds between amide groups. But as the 
fr a c t i o n of glutamine residues was increased i n the polypeptides, 
i t was necessary to raise the pH to induce more negative electro
s t a t i c charges on the glutamic acid residues i n order to d i s 
sociate the polypeptides held together by hydrogen bonds. 

The participation of hydrophobic groups of native wheat 
gluten proteins i n intermolecular associations was demonstrated 
by Chung and Pomeranz (18) through use of hydrophobic gels as 
i l l u s t r a t e d i n Figure 5. These workers introduced a solution 
of gluten proteins i n 0.01M acetic acid into a column of 
Phenyl-Sepharose-4B. L i t t l e protein was eluted by washing the 
column with d i l u t e acetic acid, but about 40% of the protein 
was eluted by a solution containing 1% of the detergent sodium 
sodium dodecyl sulfate. Only a small amount of additional 
protein was eluted by other solvents including 0.005M glycine-
NaOH i n 50% propylene glycol. Thus, although hydrophobic bonds 
are indivi d u a l l y weak, their combined strength i n proteins, 
which can provide many such interactions, can be considerable. 

The role of noncovalent bonds i n determining protein 
structure and aggregation has been confirmed by x-ray analysis 
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of protein crystals. At 2A resolution, the sites of the i n d i v i d 
ual amino acids and the proximities of their functional groups 
can be deduced, and the nature of the bonding forces involved 
i n maintaining the folding and association of polypeptide 
chains can be established. Studies on the structure of the 
molecules of the enzyme trypsin, the soybean trypsin i n h i b i t o r , 
and the complex between the two proteins indicate that multiple 
types of noncovalent linkages involving hydrogen bonds, hydrophobic 
bonds, and e l e c t r o s t a t i c attractions participate i n the molec
ular association (19). 

Molecular Size and Shape 

Not only do the kinds and amounts of functional groups on 
proteins govern the extent of protein interactions, but their 
location on the molecul
other molecules are importan
the size and shape of the protein molecules. Polymer and 
adhesive chemists concur that highly cohesive films and other 
structures are attained by high-molecular-weight molecules that 
allow extensive molecular interactions and by those with numerous 
intermolecular covalent crosslinks (jL, 14). In contrast, 
adhesion depends more on a c c e s s i b i l i t y of functional groups of 
the adhesive to the adhering materials. 

As shown i n Figure 6, proteins of the gluten complex can 
be separated by s o l u b i l i t y differences into saline-soluble 
albumins and globulins, 70% ethanol-soluble gliadins, acetic 
acid-soluble glutenin, and an insoluble protein residue. 
Albumins and globulins are highly folded compact molecules. 
Much of their backbone chain i s involved i n h e l i c a l hydrogen-
bonded associations. Folding i s maintained by both internal 
hydrogen and hydrophobic bonds as well as by d i s u l f i d e bonds. 
The gliadins, with few charged groups, associate to y i e l d a 
syrupy mass on hydration. But the large asymmetric glutenin 
molecules form a tough, rubbery, cohesive mass when hydrated. 
The large size of soluble glutenin molecules i s due to limited 
d i s u l f i d e bonds between polypeptide chains. The i n s o l u b i l i t y 
of residue protein i s attributable to extensive intermolecular 
d i s u l f i d e crosslinks. 

Evidence for variation i n molecular size of gluten proteins 
was obtained when protein extracts of flour were chromatographed 
on agarose gel f i l t r a t i o n columns (Sephadex C1-4B) i n t r i s 
buffer containing sodium dodecyl sulfate as shown i n Figure 7 
(20). Most albumins (Alb) and globulins (Glob) as well as 
gliadins elute late, indicating they have molecular weights 
below 40,000. In contrast, glutenin shows a broad spectrum of 
species with some components having molecular weight over 
1 m i l l i o n . Use of the hydrophobic bond-breaking solvent sodium 
dodecyl sulfate disrupted aggregation of the proteins. The 
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Figure 7. Fractionation of wheat pro
teins on sepharose-CL4B columns by gel 
filtration chromatography in 0.125 tris-

AUC ext. refers to protein extracted from 
wheat flour with a solution containing 
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low-molecular-weight glutenin protein fraction was not separated 
i n other solvents and appears to consist of membrane proteins 
that tend to aggregate. 

The effect of molecular size and shape on protein cohesive 
strength was indicated by measurements of tensile strength and 
elongation of films cast from laboratory preparations of wheat 
gluten, g l i a d i n , and glutenin (5). The measurements were made 
with a Scott Tester Model IP-2 at 20°C and 42% r e l a t i v e humidity. 
Values for force applied to the f i l m (tensile strength) and 
elongation at time of f i l m rupture are l i s t e d i n Table I. 
Glutenin, which consists of the larger, more asymmetric molecules, 
forms films with greater tensile strength than g l i a d i n films. 
Gliadin films stretch further than those from glutenin due to 
their having weaker molecular associations. Gluten, which i s a 
mixture of g l i a d i n and glutenin, has intermediate f i l m properties. 

Marked changes i n
solutions, as measured
cleavage of their d i s u l f i d e bonds by a reducing agent (Figure 8). 
Native glutenin has high v i s c o s i t y , which indicates not only 
high molecular weight but also a highly asymmetric structure 
05). Furthermore the hysteresis or deviation of the v i s c o s i t y 
curves for increasing and decreasing shear stress versus rate 
of shear provide evidence for non-Newtonian behavior of these 
molecules due to molecular interactions. Glutenin v i s c o s i t y 

TABLE I 

Tensile Strength and Percent Elongation 

of Wheat Protein Films 

Tensile strength Elongation 

Film l b / i n 2 X 10 3 % 

Glutenin 3.38 63 

Gliadin 1.42 72 

Whole gluten (laboratory 

preparation) 1.75 75 

From Wall and Beckwith (5). 
Cereal Science Today 
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declines markedly when i t s intermolecular d i s u l f i d e bonds are 
cleaved to liberate i t s constituent polypeptide chains. The 
v i s c o s i t y of native gliadi n i n solution i s much less than that 
of glutenin. Reduction of the disulfides of g l i a d i n results i n 
a s i g n i f i c a n t increase i n i t s vi s c o s i t y due to unfolding of the 
polypeptide molecule. Reduction of glutenin destroys i t s 
cohesive nature when hydrated, but the reduced proteins are 
very sticky and quite adhesive. 

Dough Rheology 

Because of the gluten proteins, hydrated flour can be 
worked into an elastic-cohesive mass by mixing. The develop
ment of optimal dough properties with time during the mixing 
process can be followed on a mixograph. The mixograph recordings 
i n Figure 9 show that i n i t i a l l
o f f er l i t t l e resistance
glutenin molecules are oriented and associate to increase dough 
strength. Disulfide-sulfhydryl interchanges to f a c i l i t a t e 
rearrangement of the molecule and actual cleavage of the d i 
su l f i d e links may also take place during mixing (23). F i n a l l y , 
resistance to mixing declines as polymer disruption continues. 
The three curves show different mixing responses from flours of 
wheats of different breadmaking quality as measured by Finney 
et a l . (21) and Finney and Shogren (22). The middle curve 
shows resistance changes with time for dough from a flour with 
suitable properties for breadmaking. It exhibits a moderate 
dough development time and s t a b i l i t y time. The upper curve i s 
that for dough from a wheat whose gluten i s overly strong, 
since i t requires longer mixing to achieve maximum dough strength, 
whereas the lower curve i s of a weak flour dough with short 
mixing time requirement but rapid breakdown of dough strength. 

The relationship between different flours varying i n dough 
strength and their composition of different protein fractions 
was investigated by Orth and Bushuk (24) and by Huebner and 
Wall (25). The former workers found a correlation between the 
mixing time requirement of doughs and their tolerance to mixing 
to their content of residue protein. As shown i n Figure 10, 
the l a t t e r workers analyzed for protein content a series of 
flours derived from different Hard Red Winter wheat va r i e t i e s 
that vary i n mixing time requirement (mixing strength). The 
stronger flours contained not only more residue protein but 
also more of the higher molecular weight glutenin fraction 
(Glutenin I ) . 

Changes occurring i n d i s u l f i d e bonds of wheat gluten 
during dough mixing are supported by two observations. Mecham 
and Knapp (26) found that mixing i n the absence of a i r increases 
the content of sulfhydryl groups i n the dough. Also, there i s 
an increase i n extractable protein during mixing. This increase 
i n extractable protein i s primarily high-molecular-weight 
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Cereal Chemistry 

Figure 10. Yields of protein fractions isolated from hard red winter wheat flours 
differing in mixing strengths (25) 
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protein according to gel f i l t r a t i o n studies conducted by Tsen 
(27), whose data i s given i n Figure 11. Apparently, mixing 
breaks down d i s u l f i d e bonds i n the highly crosslinked residue 
protein, thereby decreasing resistance to mixing. Addition of 
reducing agents such as cysteine which cleave d i s u l f i d e bonds 
weakens the dough (21), whereas addition of oxidizing agents 
such as bromate tends to strengthen i t by eliminating sulfhydryl 
groups (26)• 

Figure 12 summarizes the contribution of various gluten 
proteins to dough properties. The large asymmetric glutenin 
molecules have considerable surfaces with numerous exposed 
functional groups to permit strong association by noncovalent 
forces. Fragments of highly crosslinked residue proteins 
contribute l a t e r a l cohesion and resistance to laminar flow. 
During mixing the residue proteins are probably degraded to 
y i e l d l i n e a r , more solubl
molecules are less t i g h t l
expansion of the dough. These ideas are consistent with experi
mental findings by Hoseney et a l . (28), who separated the 
gluten proteins from flours of different baking quality and 
substituted g l i a d i n or glutenin protein from good baking wheat 
flours for the same protein fraction i n poor flours i n recon
stituted doughs. The g l i a d i n fraction from good wheat flours 
appeared to improve loaf volume, while the glutenin fraction 
affected the mixing requirement and tolerance. A l l components 
of dough must be present i n proper amounts for good breadmaking 
properties. If the protein i s too cohesive and tough, the 
dough w i l l not r i s e properly because expansion of trapped 
yeast-generated CO2 bubbles w i l l be minimal; but, i f the protein 
matrix i s weak, the gas pockets w i l l break and the dough w i l l 
collapse. 

Uses of Wheat Gluten 

The unique properties of wheat gluten proteins have resulted 
i n considerable use of isolated gluten preparations. Of the 
20 m i l l i o n kg used i n the United States, 69% i s used i n bakery 
products, 12% i n breakfast foods, 9% i n pet foods, and 4% i n 
meat analogs (2). In baked goods, gluten may be used to 
supplement weak flours to provide additional mixing strength 
and tolerance. It may be used i n specialty products, such as 
high-fiber breads, where the added gluten provides better loaf 
volume. A major use i s i n production of hamburger buns, where 
the supplemented gluten increases the structural strength of 
the hinge. When hydrated gluten i s heated above 85°C, the 
protein i s denatured but retains i t s shape and i t s r e s i l i e n c y 
(29). In bread and r o l l s , the gluten helps retain moisture i n 
the crumb and contributes to crumb strength. 

Gluten i s used i n many other foods where i t s adhesive and 
cohesive properties provide b e n e f i c i a l value (29). In breakfast 
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Figure 11. Gel filtration of acetic acid 
extracts of flour and of dough mixed dif

ferent times (21) 
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cereals, i t i s used to bond the formulation prior to cooking. 
The cohesive-elastic character of gluten i s the basis for many 
vegetarian-simulated meat products where i t holds ingredients 
and provides chewy texture. It must be cautioned that, because 
of i t s highly cohesive properties, native gluten may not be 
compatible with and serve as an adhesive for some ingredients. 
In the case of meat chunks, however, gluten appears to be one 
of the best binding agents among nonmeat proteins. As shown i n 
Table I I , Siegel and his associates (30) have tested the adhesive 
strength of several protein dispersions i n s a l t and phosphate 
solution for binding meat pa r t i c l e s . The bonded meat cubes 
were heated to 75°C before s l i c i n g , and tensile strength measure
ments were conducted on them. Only gluten and egg whites were 
better than the s a l t solution controls i n cementing the meat 
pieces together. 

Thermal and Alkaline Improvemen

Most globular or albumin plant proteins exhibit l i t t l e 
cohesive or adhesive properties i n their native state. At 
higher pH, 11 or above, d i s u l f i d e bonds are cleaved, protein 
unfolding occurs, and functional groups previously associated 
within the molecule become available for external binding. The 
paper sizing and plywood industries use strongly alkaline 
dispersions of soybean proteins as i n d u s t r i a l adhesives. But 
for food use, drastic alkaline treatment i s not desired for i t 
results i n loss of cystine and formation of lysinoalanine (31). 
However, milder alkaline treatment i s used to denature soybean 
proteins prior to spinning fibers (32). The protein cohesion 
resulting when the fibers are coagulated into acid and s a l t i s 
necessary to maintain fiber integrity (Figure 13). In the 
i l l u s t r a t e d product "Bacos," egg albumin i s used as an adhesive 
to bond the fibers into a desired fabricated meat-like product 
(33). 

Heat denaturation i s the most widely used and most important 
means of a l t e r i n g the adhesive and cohesive properties of 
globular proteins. Extrusion cooking i s growing i n use as a 
means of simultaneously shaping, texturizing, and s t a b i l i z i n g 
protein-rich products. Jeunink and Cheftel (34) have studied 
the nature of the changes i n the protein that follow extrusion 
cooking of f i e l d bean protein concentrate. As shown i n Figure 14, 
the protein i n the neutral concentrate i s 80% soluble i n neutral 
phosphate buffer; but after extrusion, only 20% i s extracted by 
that solution. Extrusion denatured much of the protein; unfolding 
of the chain permitted new functional group associations which 
rendered i t insoluble. In the presence of the dissociating 
solvent, sodium dodecyl sulfate (SDS), and the d i s u l f i d e breaking 
agent, d i t h i o t h r e i t o l (DTT), most of the protein i s s o l u b i l i z e d . 
The aggregation of the extruded protein evidently i s maintained 
by hydrophobic bonds and intermolecular d i s u l f i d e links produced 
during heating. 
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Figure 13. SEM of Bacos spun soybean protein fiber simulated meat product. 
Egg albumin used as adhesive for fibers f33J. 

Figure 14. Protein solubility of initial 
and extruded field bean protein concen
trates in different extraction solutions (26) 
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TABLE II 

Meat Binding Abilities of Various Nonmeat 

Proteins in the

Binding abi l ity, 

Protein grams 

Wheat gluten 175.4 

Egg white 120.3 

Control 107.0 

Calcium reduced dried skim milk 74.5 

Bovine blood plasma 71.9 

Isolated soy protein 66.7 

Sodium caseinate 0 

Journal of Food Science 
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Cooking and texturizing vegetable proteins appears desirable 
if their properties for use in frankfurters or other protein-
supplemented meat products are to be optimized. Uncooked 
soybean or cottonseed proteins do not maintain the texture of 
prepared frankfurters when added at 10% or 30% levels to the 
formulations according to Terrell et al. (35). Stress deforma
tion of frankfurters was measured on the Universal Instron 
Testing machine with a L.E.E.-Kramer press. All-meat frank
furters showed higher values of stress-deformation prior to 
rupture than products with added soy flour, soy concentrate, 
liquid-cyclone-processed cottonseed flour, or isolated cotton
seed protein. The textured soy flour and textured cottonseed 
protein performed better than the uncooked proteins; at the 30% 
level, the addition of textured soy proteins resulted in 
frankfurters having a higher deformation strength than the a l l -
meat one. 

Conclusions 

Adhesion and cohesion are properties of many polymeric 
substances including proteins. The effectiveness of the proteins 
in bonding or shaping food ingredients is dependent on their 
composition and structure. Hydrophobic and hydrogen bonding 
functional groups on»amino acids associate with like groups 
within the protein to influence conformation or between mol
ecules to result in aggregation. Disulfide bonds between 
proteins result in larger molecules or insoluble complexes. 
High molecular weight and random coil structure of protein 
result in more associations and thereby enhance adhesive and 
cohesive properties. Although these characteristics are inherent 
in native gluten proteins, functional properties of other 
proteins may be improved by chemical or thermal processing. 
There is no universally good adhesive for food constituents. 
Proteins that are highly cohesive may not blend well with 
certain other ingredients. It is necessary to examine the 
available proteins for optimum properties and to select the 
most satisfactory ingredient combinations. A number of instru
ments are available for measurements of textural properties of 
food ingredients or products, but the final criteria for acceptable 
performance must be taste-panel evaluations. 

The mention of firm names or trade products does not imply 
that they are endorsed by the U.S. Department of Agriculture 
over other firms or similar products not mentioned. 
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Gelation a n d C o a g u l a t i o n 

RONALD H. SCHMIDT 
Food Science and Human Nutrition Department, University of Florida, 
Gainesville, FL 32611 

The structural characteristics of a variety of food systems 
are complexly related t
aggregation, coagulatio
physical manifestations of protein denaturation processes which 
are highly dependent upon the type and amount of protein, process
ing conditions, pH and ionic environment. 

A complex interrelationship between association-dissociation, 
precipitation, coagulation and gelation reactions exists in pro
tein systems (1, 2). Protein association reactions generally refer 
to changes occurring at the molecular or subunit level while 
aggregation reactions generally involve the formation of higher 
molecular weight complexes from association reactions. The terms 
gelation and coagulation are not as clearly defined. Gelation may 
be theoretically defined as a protein aggregation phenomenon in 
which polymer-polymer and polymer-solvent interactions and in 
which attractive and repulsive forces are so balanced that a well 
ordered tertiary network or matrix is formed. This matrix is cap
able of immobilizing or trapping extremely large amounts of water. 
More random aggregation or aggregation in which polymer-polymer 
interactions are favored over polymer-solvent reactions may be 
defined as protein coagulation. Empirically, there is unavoidable 
overlap in this terminology. At the macroscopic level, it may be 
difficult to differentiate between a highly solvated coagulum (or 
coagel) from a true protein gel. 

Mechanisms of Protein Gelation 

Formation of protein gel structures can occur under condi
tions which disrupt the native protein structure provided that the 
protein concentration, thermodynamic conditions and other condi
tions are optimal for the formation of the tertiary matrix. The 
most important food processing techniques relative to protein gel
ation involve divalent cations (calcium) and/or heat treatment. 
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Heat-induced Gelation, The mechanism suggested by Ferry in 
1948 (3) is s t i l l the most generally accepted theoretical heat-
induced protein gelation mechanism. This two-step mechanism 
involves: 1) an initiation step involving an unfolding or disso
ciation of the protein molecule followed by 2) an aggregation step 
in which association and aggregation reactions occur resulting in 
gel formation under appropriate conditions. For the formation of 
the highly ordered gel matrix, i t is imperative that the aggrega
tion step proceed at a slower rate than the unfolding step (_1,_2) . 
In complex globular protein systems aggregation may occur more 
randomly and simultaneously with the in i t i a l step. In these 
instances the resultant gel (or coagel) would be composed of 
strands in which spherical aggregated particles predominate as 
described by the "string of beads" model of Tombs (4,_5) . 
Because of the thickness and spatial arrangement of strands, this 
type of gel would be characterized by higher opacity, lower elas
t ic i ty and more syneresi
more highly ordered narrow stranded, or fibrous gel network. In a 
general sense there are two basic types of heat-induced gel struc
tures depending on the conditions involved. These gel types may 
be generally termed: l)thermo-set (or "set") or reversible and 2) 
thermoplastic or irreversible gels. In thermo-set gelation, a sol 
or progel condition can be demonstrated upon heating which is usu
ally accompanied by increased viscosity. This progel "sets" to 
form a gel upon cooling. This type of gel can usually be melted 
to reform the progel upon subsequent heating suggesting that the 
aggregation step is reversible (l.,_2) • The progel state has been 
observed in certain soybean protein gels (6.,_7) • Gelatin gels, 
depending on formation conditions, may also be .characterized as 
reversible gels (8). Thermoplastic or irreversible gels wi l l 
soften or shrink with subsequent heating, but melting or reversion 
to the progel does not occur under practical conditions. It is 
theoretically plausible that a given protein system may possess 
the ability to form either type of gel depending upon the 
formation conditions. 

Calcium-induced Gelation. The mechanisms involved in the 
gelation of proteins with cations are less defined than are those 
suggested for heat-induced gelation. Several theories and models 
have been proposed to describe the calcium-paracasein-phosphate 
gel resulting from the enzymatic disruption of casein in the manu
facture of cheese. It may be generally stated that calcium phos
phate is involved in and is important to the gel network, but is 
not solely responsible for the gelation phenomenon (9)• The ca l 
cium-paracasein-phosphate gel system is characterized by low gel 
strength and rapid syneresis. Other gelation processes which 
involve addition of calcium (such as soybean tofu manufacture) 
generally involve a combination of calcium addition and heating. 
Extremely firm, highly expanded gel structures can be formed by 
these combined processes (10)• 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



7. SCHMIDT Gelation and Coagulation 133 

Role of Crosslinking in the Gel Structure. In addition to 
effects of the size, shape and arrangement of the primary protein 
strands comprising the gel network, the characteristics of protein 
gels are affected by intra- and inter-strand crosslinking. This 
crosslinking combined with the fluidity of the immobilized solvent 
give gels their characteristic strength, elasticity and flow 
behavior. Degree of crosslinking must be optimal. Insufficient 
crosslinking or overdependence on crosslinking results in undesir
able gel structure. Protein gels may be crosslinked by specific 
bonding at specific sites on the protein strands or by nonspecific 
bonding occurring along the protein strands. The nature and 
degree of crosslinking would vary with the type of protein and the 
gelation environment. The general types of crosslink bond, their 
characteristics and proposed role in protein gels have been summa
rized in Table I. Both covalent and noncovalent bonds are thought 
to be involved. 

The irreversible natur
a highly irreversible destruction in quaternary structure or the 
formation of covalent bonds. More reversible thermo-set gels 
would conceivably have less dependence on covalent bonding. 
Investigations of covalent bonding in heat-induced protein gels 
have focused primarily on disulfide bridging. Other types of 
covalent crosslinking suggested in gelatin gels (8) have not been 
investigated in more complex protein gel structures. Several pos
sible reactions result in disulfide bridge formation. Heat treat
ment can result in cleavage of existing disulfide bonds structure 
or "activation" of buried sulfhydryl groups through unfolding of 
the protein. These newly formed or activated sulfhydryl groups 
can form new intermolecular disulfide bonds. In some protein sys
tems, disulfide bridging may be imperative to the formation of a 
highly ordered gel structure (5). However, a high dependence upon 
disulfide bonding would tend to restrict solvent immobilization 
and result in more aggregated gel structures. 

Definition of the role of disulfide bridging in protein gel 
systems has been primarily approached using thiol-reducing agents 
or sulfhydryl blocking agents. Reducing agents have been used to 
modify the gelation of proteins through modification of sulfhydryl 
interchange reactions (JLLJL2,13_,!A,1JL,16L) • The action of these 
reagents, however, is concentration dependent, and care must be 
exercised in their use (14_, 15). Direct analysis of protein gels 
for sulfhydryl and disulfide groups has been used to demonstrate 
their involvement in milk gels (17). 

Because of the dependence of sulfhydryl and disulfide reac
tions on heat treatment, i t would be expected that their involve
ment in protein gelation would depend greatly on gel formation 
conditions. For example, Catsirapoolas and Meyer (7) have sug
gested that disulfides play only a minor role in the progel to gel 
transformation in soybean globulins. In more irreversible soy 
protein gelation processes, disulfide bridging may be involved in 
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the gel structure. Saio et a l . (10,18,19) suggest that disulfide 
bonding is important to gel structures formed from 11S soy 
protein, but are not important to gel structures formed from the 
7S fraction. The quantity of sulfhydryl and disulfide groups in 
egg white or whey proteins would tend to support their involve
ment in heat-induced gel structure formation from these proteins. 

The noncovalent bonding involved in the crosslinking of pro
tein gels include: 1) hydrogen bonding at specific sites, 2) 
ionic bonding between charged amino acid side chains or as salt 
bridges, and 3) hydrophobic and related attractions along protein 
strands. 

Hydrogen bonding plays a major role in the increased viscos
ity preceding the onset of gelation and in stabilizing the gel 
structure. This type of crosslink allows for a more open orienta
tion necessary for water immobilization. Hydrogen bonding may be 
the most important type of crosslinking in reversible and gelatin 
gels (8). 

Nonspecific hydrophobic attractions are important to the dis 
sociative-associative reactions which initate the gelation pro
cess. These attractions could also be involved in layering or 
thickening of the gel network strands upon cooling which results 
in improved strength and stabil ity. This thickening of gel net
work strands also results in increased opacity (8)• 

Ionic bonding may be of primary importance at the protein-
solvent interface and to solvent immobilization. However, ind i 
rect ionic effects on association-dissociation reactions in the 
gelation process must be discussed. It is reasonable to assume 
that effects of the ionic environment on protein gel solvation 
would follow similar relationships as proposed for protein solu
b i l i ty . Gel solvation would therefore be expected to maximize 
with increased salt addition due to decreased protein-protein 
attractions and increased protein-solvent attractions. However, 
gels formed at higher ionic strength would tend to exhibit more 
protein-protein attraction as the ions compete with the protein 
for solvent. A more aggregated nature of whey protein gels formed 
at high ionic strength compared to gels formed at low ionic 
strength has been clearly demonstrated by electron microscopy (2). 

EXPERIMENTAL PROCEDURES 

General Coagulation and Gelation Methodology 

Gelation and coagulation properties of proteins are complex 
and diff icult to interpret due to the extremely specific condi
tions required for gel or coagel formation. Moreover, gelation 
and coagulation properties of proteins are complexly interrelated 
to other protein functional properties. Gelation has been c lass i 
fied as a hydration, structural, textural and rheological property 
of protein (20). An interrelationship between solubility, swell
ing, viscosity and gelation has been observed (21,22). Within 
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finite limits a high degree of protein solubility is necessary for 
optimal protein gelation (23). 

A wide variety of gel formation conditions and a wide variety 
of measurement parameters have been used to describe these func
tional properties. Heat-induced gel formation techniques gener
ally involve heating protein dispersions at appropriate concentra
tions in sealed test tubes (7,13,14,15,16,24,25), in sealed cans 
(1,2,6,21,22), in specially designed gel tubes (23), or in sausage 
casings (12), The following parameters may be important in charac
terizing protein gels (23): gel strength or hardness (resistance 
to compression), adhesiveness (stickiness to other materials), 
cohesiveness (stickiness to itself) and elasticity (ability to 
regain original form after deformation under mild pressure). 
These gel parameters can be obtained using texturometer or Instron 
methodology. Other Important parameters relate to shear and flow 
(12) and water holding capacity. The single most measured parame
ter has been gel strengt
ment. The following techniques can be used to evaluate gel 
strength: 1) visual observation through comparison to gel stan
dards (13.16) , 2) viscosity with Helipath viscometers (i.,2,21,22, 
24), 3) penetration with specially designed probes for penetrome
ters (12) or Instron equipment (15) and 4) compression with a 
variety of instruments such as je l ly testers (2i) or gelometers 
Q3). 

The importance of the subjective or qualitative aspects of 
protein gel systems should not be underestimated. For example, 
the visual appearance of measurably strong protein gels may range 
from that of an elastic translucent gel to that of a more opaque, 
curd-like gel. Qualitative evaluation may be the most appropriate 
means of differentiating between these protein gels at the macro
scopic level. Electron microscopic analyses have been extremely 
useful in evaluating protein gels (_2,26). 

Because of a lack of reliable methodology, there is sparse 
information on the solvation and/or syneresis of gels formed from 
globular proteins prepared under differing conditions. While 
bound water can be obtained by a variety of techniques, the major
ity of the water held in the gel network is "free" water which is 
more diff icult to measure. The recently described methods based 
on capillary suction potential (27) may have application to poly
saccharide and gelatin gel systems. However the requirement of an 
uniformly "set" gel surface in special glassware may limit the 
usefulness of this technique in assessing water holding capacity 
of irreversible gels. Data obtained from methods which involve 
mechanical or physical release of the water from the gel are 
dif f icult to interpret (15). 

Preparation and Characterization of Whey Protein Gels 

Procedures and conditions for whey protein concentrate (WPC) 
gel formation have been described (14,15,16,25). Several commer-
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cial whey protein preparations (Table II) have been evaluated for 
their gel forming abi l ity. Investigations of effects of salt and 
reagent addition on gelation were performed using WPC-A (Enrpro 
50, Stauffer Chemical Co., Rochester, MN). Aqueous protein sus
pensions were adjusted to pH 9.0 with sodium hydroxide and were 
stirred for 30 min. The pH was then adjusted to the desired pH 
with hydrochloric acid, and the suspensions were equilibrated at 
22°C for 30 min. Dialyzed WPC was prepared by dialysis in an Ami-
con DC-2 hollow fiber apparatus (Amicon Corp., Lexington, MA). 

For experiments investigating individual reagent effects on 
WPC gelation (15,25), cysteine and calcium chloride were added at 
levels ranging from 0 to 40 mM, and sodium chloride was added at 
levels ranging from 0 to 0.5 M. In experiments investigating com
bined CaCl 2 and cysteine effects, reagent levels were selected 
according to a central composite rotatable design (15). The dis 
persions were equilibrated with stirring at room temperature for 
30 min following reagen

For qualitative determination of gelation abi l ity, 3 ml a l i -
quots of the WPC dispersions were dispensed in screw capped test 
tubes and heated in an o i l bath at 100°C. Tubes were removed from 
the bath at 30-s intervals and placed into an ice bath. Gel 
strength was evaluated on a visual rating scale of 0 to 5.0 (13, 
16). The time required at 100°C for the formation of a gel with a 
rating of 4.0 or higher was reported as gel time. 

Gels for quantitating gel characteristics were prepared in 
screw capped centrifuge tubes (22 X 100 mm) by heating at 100°C 
for 15 min (14,15.16.25). Gel strength was determined by a penet
ration technique using the Instron fitted with a disk probe (6.0 
mm diameter) (15T16^- Instrumental texture profile analysis on 
gel sections (1.5 X 1.0 cm) was done on an Instron fitted with a 
5.5 cm diameter probe operating at 2.0 cm/min to a 5.0 mm dis
placement (14,15,25). Texture parameters of hardness, cohesive-
ness, and springiness were compared. Water-holding capacity of 
gel sections was measured during compression on the Instron. The 
"compressible water" was determined by increased weight of f i l ter 
paper (Whatman No. 3) due to water uptake during compression^ 
Regression equations of the form: y = 3Q + 8.x + R^x + ^3 X + e 

were set up to measure effects of Individual independent variables 
(x), CaCl^ or cysteine, on dependent variables (y) which were the 
texture parameters. Regression coefficients (3^) for combined 
effects of CaCl~ and cysteine were generated according to the mod
e l : y = 6 Q + P 1 « i+0 2

x 2 + 23 X1 + ^4X2 + e s x i x 2 # S t a t i s t l c a l 

significance of the coefficients was determined by the "t test". 

RESULTS AND DISCUSSION 

Factors Affecting Gelation 

For gelation/coagulation investigations to be useful measures 
of protein functionality, i t is essential that the conditions be 
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Table I. Proposed crosslink 
their properties. 

bonding of protein gel structures and 

Type Energy 
(Kcal/mole) 

Interaction 
Distance 

Groups 
Involved 

Role in 
Gel Matrix 

Covalent 
Bonding 

80-90 1-2 A -S-S- Bridging; 
Ordering 

Hydrogen 
Bonding 

2-10 2-3 A -NH*••0=C-
-0H*-*0=C-

Briding; 
Stabil iz
ing 

Hydrophobic 
and Related 
Interactions 

1-3 3-5 A Nonspecific Strand 
thicken
ing; 

ening ; 
Stabil iz
ing 

Ionic Bonding 10-20 
and Interactions 

2-3 A -NH 3 
coo" etc. 

Solvent 
interac
tions; 
Salt 
linking 

Table II. Method of preparation, composition and gelation 

Protein 
System 

characteristics of selected commercial whey protein 
concentrates (WPC)a. 

Method of ^ 
Preparation Composition Ratio Gel Time 

WPC-A Gel f i l tration 

WPC-B Electrodialysis 

WPC-D Ultrafiltration 

Protein/lactose 2.0 1.0 
Protein/fat 21.4 
Protein/ash 5.2 

Protein/lactose 0.5 13.0 
Protein/fat 11.6 
Protein/ash 2.6 

Protein/lactose 1.2 30.0 
Protein/fat 16.6 
Protein/ash 17.8 

aAdapted from Schmidt et a l . (25). 

^Ratio of protein/nonprotein component. 

'Time (min) required at 100°C to form a visually strong gel. 
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defined and carefully controlled, and that the gelation conditions 
be varied over a specified range. Variables to be considered 
include: protein concentration, other protein and nonprotein 
components, pH, ionic and/or reducing agents, and heat treatment 
conditions. 

Protein Concentration. For a given type of protein, a c r i t i 
cal concentration is required for the formation of a gel and the 
type of gel varies with the protein concentration. For example, 
gelatin and polysaccharide solutions wil l form gels at relatively 
low concentrations of the gelling material. Considerably higher 
protein concentration is usually required for the gelation of 
globular proteins. 

As presented in Figure 1, a protein concentration of 7.5% or 
higher was required for the formation of visually strong gels from 
WPC heated at 100°C for 10 min at pH 7.0. The opacity of gels 
formed in these experiment
concentration. Extending heating time of 5.0% protein dispersions 
to 30 min resulted in enhanced gel strength. 

Other Protein Components. Other protein components in com
plex food systems and in protein ingredient preparations may 
interfere with or modify gelation reactions. Protein interaction 
between whey protein and casein upon heating has a profound inf lu 
ence on the characteristics of the casein gel structure in cheese-
making. Similarly protein interactions are important to meat 
structures. Protein-protein interaction between soy and meat pro
teins has also been demonstrated with heat treatment (22.)* While 
concrete interaction data have not been collected on protein gels 
formed from protein combinations, gelation properties of whey 
protein/peanut flour blends have been investigated (25). 

Nonprotein Components. More information is needed on the 
effects of protein-lipid and protein-carbohydrate interactions on 
protein gelation reactions. Effects of protein-lipid interaction 
on soy protein gelation have been partially characterized (24). 
The gelation of whey protein has also been shown to be affected by 
the presence of lipids and the presence of lactose (2i) • 

The data presented in Table II summarize differences in com
position, preparation method and time required for gel formation 
of 10% protein dispersions of WPC heated at 100°C. Differences in 
gelling time could not be related entirely to compositional di f 
ferences and appear to be related to other additional factors 
( i .e. , preparation technique, protein denaturation level, etc.) 
(25). Differences in protein/lactose and in protein/fat ratio 
could in part account for difference in gel time between WPC-A and 
-B. However, WPC-D prepared by ultrafi ltration had high protein 
content relative to nonprotein components but did not form a gel. 

Dialysis to minimize ash and lactose improved gelation prop
erties of WPC systems with an abil ity to form gels but did not 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



7. SCHMIDT Gelation and Coagulation 139 

! 

/ Journal of Food Science 
o- t—<» 

i i i i Figure!. Effect of protein concentration 
o 2 5 5.o 7.5 loo o n qualitative gel strength of WPC heated 

Protein Concentration (%) at 100°C for 10 min (16) 

10 20 

Ca Cl2 (mM) 
30 

1.0+ 

0.8+ 

5 0.6+ "<7> 

S 0.4+ 

0.2+ 

R =0.925 

9" 0.75-2.42 x 10"2x • 1.28 x K>"3 x 2 

- I .93xl0 _ 5 x 3 

10 20 30 

Ca CI2(mM) 

40 

1.0+ 

0.8-

0.6+ 

0.4+ 

0.2f 

"lO 20 3C~ 

Cysteine (mM) 

R =0.887 

y«0.83-3.l8xlO-2x*l.64xlO-V 

- 2 .46x l0 _ 5 x 3 

40 10 20 30 

Cysteine (mM) 

40 

40 

Journal of Agricultural and Food Chemistry 

Figure 2. Effect of CaClt on cysteine addition to dialyzed WPC dispersions at 
10.0% protein and pH 7.0 on hardness and cohesiveness of gels prepared by 
heating at 100°C for 15 min (15). Prediction equation y = p0 + Pi* + psx2 + 

p3x3. Coefficients significant (p < 0.01). 
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appreciably affect the gelation of the WPC systems with poor gel
ling abi l ity. Data in Table III summarize the effects of dialysis 
on the gel characteristics of WPC-A. In general, gels formed 
after dialysis of this WPC were more translucent, stronger, more 
cohesive, less springy, more gummy and more chewy than were gels 
formed from nondialyzed WPC (25). 

pH. Exposure to moderately high pH followed by readjustment 
of the pH to neutrality has been shown to "activate" the protein 
molecules thereby improving their gelling ability (13.30). This 
activation step may be related to an unfolding of the protein 
which would be important to the initiation step in the gelation 
process. It may also involve activation of buried sulfhydryl 
groups which would be important to the aggregation step. Pro
longed exposure to extremely high pH, however, may suppress 
aggregation. 

The pH of the heate
have a profound effect on the gelation reactions. The effects of 
pH on the gel characteristics of WPC dispersions heated at 100°C 
are presented in Table IV. Quantitative decreases in gel strength 
were apparent from penetration analyses as pH increased from pH 
7.0 to 9.0 (16). However, with the exception of slightly more 
browning at pH 9.0, the visual appearance of the gels formed in 
this pH range was not appreciably different. Other researchers 
have shown that WPC gels prepared at pH 8.5 were more elastic and 
gelled at a lower temperature than gels formed at pH 6.0 (30). 

Ionic and/or Reducing Agents. Dialyzed WPC systems are more 
responsive in terms of the effect of ionic or reducing agents on 
gelation characteristics than are nondialyzed WPC systems and may 
be useful as a model to study effects of these reagents (15t25). 
Data presented in Figure 2 summarize CaC^ effects on WPC gel 
characteristics. Maximum hardness occurred with addition of 5.0 
to 20.0 mM added CaCl~. Similar trends were noted with addition 
of NaCl where gel strength maximized at 0.1 to 0.3 M NaCl (25). 
Cohesiveness and springiness data tended to decrease slightly with 
salt addition. 

As stated previously, the effects of sulfhydryl modifying 
reagents (such as cysteine) are extremely concentration dependent 
Gel hardness was predicted to maximize at 9.7 M cysteine while 
cohesiveness decreased slightly with low levels of added cysteine 
(Figure 2). Cysteine concentrations of 30 mM or higher virtually 
destroyed the gelling capability of the WPC under the heating 
conditions employed. 

Multiple regression and response surface analysis techniques 
were employed to assess the effects of cysteine and CaC^ combina
tions on WPC gel characteristics (15). Contour plots summarizing 
these data trends are presented in Figure 3. Significant interac
tion effects were observed between reagents with respect to hard
ness, cohesiveness and compressible water. At low levels of added 
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Journal of Agricultural and Food Chemistry 

Figure 3. Response surface contour plots (\5) for cysteine (xj) and CaCl2 (x2) 
addition to 10% whey protein dispersions at pH 7.0 on hardness (yj), cohesiveness 
(y2), springiness (y3), and compressible water ( y j of gels prepared by heating at 

100°Cfor 15 min 
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Table IV. The pH effect on gel strength of whey protein concen
trate (WPC) heated at 100°C for 15 min according to 
Schmidt et a l . (16). 

PH 
Gel Strength b 

Qualitative 3 Quantitative 

7.0 
9.0 

10.0 
11.0 

5.0 
5.0 
5.0 

100.0 
57.4 
23.4 

Rating Scale: 0 = no gel, 5 = strong gel. 

^Calculated from Instron penetration work data (as percentage of 
data collected on a similarly heated WPC control). 

0.8 

i 0.6 
CO 
CO a> c 
* 0.4 

0.2 

0 80 90 100 110 120 

Heating Temp. (°C) 

Food Product Development 

Figure 4. Effect of heating temperature 
on gel strength of WPC formulated at 
10.0% protein and heated for 15 min 

( H ; 
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reagents, hardness values were slightly higher than was observed 
with the reagents individually. Predicted data, in fact, suggest 
that maximal hardness and minimal compressible water may be possi
ble at a reagent combination outside the constraints of the exper
iments. Predicted gel hardness was at 2.6 mM cysteine and 2.5 
mM CaCl~. However, i t may not be desirable to maximize hardness 
and minimize compressible water in a protein gel structure. The 
data presented suggest that ionic and reducing reagents act 
synergistically in protein gelation. 

Heat Treatment Conditions. Because of very finite process 
constraints in the food processing industry, the heat treatment 
required for gel formation is extremely c r i t i ca l when assessing 
the applicability of a given protein to a specific food formula
tion. For example, replacement of myosin (which has relatively 
low gel temperature requirement) in a hot dog formulation with a 
protein preparation requirin
comparable gelation would not be desirable. 

While gelation temperature is usually considered a character
i s t ic property of a given protein system, the heating conditions 
required for gel formation may be interrelated to a l l of the pre
viously mentioned factors. It has been observed that WPC disper
sions in 0.2 M NaCl wil l gel at 75°C while a temperature of 90°C 
is required to gel WPC dispersions in disti l led water C I ) . Heat
ing time, at a specific temperature, required to form a protein 
gel structure is generally considered to decrease with increased 
protein concentration. Alteration of heat treatment conditions 
affects the gel's macroscopic and microscopic structural a t t r i 
butes. This has been dramatically shown by Tombs ( 4 ) with 
electromicroscopic evaluation of bovine serum albumin gels. 

The effect of increased heating temperature on gel strength 
of 10% WPC dispersions heated for 15 min is presented in Figure 4. 
The dramatic increases in gel strength noted with increased heat 
treatment were accompanied by slight decreases in cohesiveness and 
an increase in opacity. 

Gelation/Coagulation in Complex Food Systems 

The structure of some foods can be directly perceived as a 
gel ( i .e. , cheese, soybean tofu, gelatin, egg white, etc.) . In 
many semi solid ( i .e., bread dough) or semi liquid (i .e., yogurt) 
food products, however, the relationship between protein gelation/ 
coagulation properties and structure is not as easily defined. 
Correlation of data obtained on the gelation/coagulation proper
ties of proteins to their applicability in complex food systems 
has only been sparsely investigated. Experiments are needed 
relating these functional properties to the properties of model 
and ut i l i ty food systems with statistical modelling of the data. 
This approach has been described by Hermansson & Akesson (21,22), 
using the model meat system, and may prove invaluable in assessing 
the applicability of new and existing protein sources to specific 
food formulations. 
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CONCLUSIONS 

Protein gelation and coagulation are necessary to the struc
ture of many foods and are complexly related to the rheological 
properties of a variety of food systems. These physicochemical 
properties are interrelated with protein swelling, solubilization, 
association, dissociation and aggregation reactions. Gelation can 
be defined as a protein aggregation phenomenon in which polymer-
polymer and polymer-solvent interaction are so balanced that a 
tertiary network or matrix is formed. This semi-elastic matrix is 
capable of immobilizing or entrapping large amounts of water in 
addition to other food components. Coagulation is protein aggre
gation in which polymer-polymer interactions are favored, result
ing in a less elastic, less hydrated structure than that of a pro
tein gel. Primary protein gelation and coagulation techniques 
used in food systems involv  heat treatment and/o  divalent catio
(calcium) addition. Hydroge
hydrophobic attractions play major roles in crosslinking and sta
bilizing the structure of a protein gel or coagulum. While ionic 
crosslinking is important to the structure of calcium-induced 
gels, ionic attractions are primarily involved in solvent immobi
lization of heat-induced gels. The proposed mechanism of heat-
induced gelation generally involves an initial unfolding or disso
ciation of the protein followed by association reactions which 
under appropriate thermodynamic conditions result in formation of 
the gel network structure. The gelation characteristics of whey 
protein systems can be improved by dialysis to remove interfering 
components. Altering protein concentration, pH and heating condi
tions or addition of salts and reducing agents modified the char
acteristics of whey protein gels. Synergistic effects of CaC^ 
and cysteine on gel characteristics have been suggested. The most 
investigated parameter characterizing a protein gel or coagulum 
has been firmness. Further characterization of protein gels will 
require evaluating other textural and water binding properties. 
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Whippability and Aeration 
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A half century ago, researchers described foams as disperse 
structures that contain a colloidal l iquid, such as a protein 
solution, as the dispersion medium and a gas or air as the 
disperse phase (1, 2, 3, 4). The factors principally involved 
in foam formation were surface tension, viscosity, and the 
character of the film that formed at the surface of the liquid. 
The foam was stable when low tension and high viscosity occurred 
at the surface of the colloidal solution, forming a tough or 
amorphous solid surface film. This sequence of events, 
described as the adsorption effect, depends upon the 
concentration of the colloid and its ability to denature and 
precipitate at the interface. Physicochemical changes of 
proteins at the interface are important properties that 
contribute to surface tension and viscosity of stable foams (5). 

Theories on the Role of Proteins in Foams 

Cumper and Alexander (6) and Cumper (7) explained that 
during foam formation, a monolayer of surface denatured protein 
surrounded by liquid is rapidly adsorbed at the interface of the 
colloidal mixture, trapping air and forming bubbles (Table I, 
II; Figure 1). Adsorption continually occurs around the bubbles 
to replace protein in areas of the interface where coagulation 
or stretching of the film is occurring. The actual bubble size 
in the foam depends upon the rate of protein adsorption as well 
as upon the ease of film rupture. The protein films on adjacent 
bubbles come in contact and trap the l iquid, preventing it from 
flowing freely. This restriction is governed by the viscosity 
of the colloidal solution. The polypeptides of denatured 
proteins situate to positions where their hydrophobic side 
chains are directed outward toward each other. Because liquid 
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Table I. Sequence of events occurr ing during foam 
formation and coalescence. 

1. Denaturation: u n c o i l i n g of p r o t e i n p o l y p e p t i d e s . 

2. Adsorpt ion: formation of a monolayer or f i l m of 
denatured p r o t e i n at the surface of the c o l l o i d a l 
s o l u t i o n . 

3. Entrapment: surrounding of gas at the i n t e r f a c e 
by the f i l m and formation of bubbles. 

4. Repair : continued adsorption or formation of a 
second monolayer around the bubbles to replace 
coagulated regions of the f i l m . 

5. Contact: p r o t e i n f i l m s of adjacent bubbles come 
i n contact and prevent f low of the l i q u i d . 

6. Coagulat ion: i n t e r a c t i n g forces between polypeptides 
increase causing p r o t e i n aggregation and weakening 
of the surface f i l m fol lowed by b u r s t i n g of the 
b u b b l e ; weakening of the f i l m also occurs when the 
Repair step ceases because of a d e f i c i e n c y of 
denatured p r o t e i n . 

FOAMING PROPERTIES 

^ Î W î M U ^ * ? PROTEINS 

Figure 1. Diagram of foam properties 
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Table I I . Factors a f f e c t i n g foaming propert ies of p r o t e i n s . 

1. Concentrat ion, Surface, and Bulk V i s c o s i t y : s o l u b i l i t y , 
d i f f u s i o n r a t e , i n t e r a c t i o n i n the disperse phase, and 
increase of bul

2. S t r u c t u r e : d i s o r d e r e d , f l e x i b l e versus g l o b u l a r , r i g i d ; 
a v a i l a b i l i t y of hydrophobic and h y d r o p h i l i c groups. 

3. Denaturation: ease of polypeptide u n f o l d i n g . 

4. E l e c t r i c a l Double Layer: r e p u l s i o n af fected by counter 
ions such as s a l t s i n s o l u t i o n ; a v a i l a b i l i t y of 
hydrophobic and h y d r o p h i l i c groups. 

5. Maronqoni E f f e c t : a b i l i t y to concentrate r a p i d l y at a 
s t ress point i n the f i l m . 

6. JDH; maximum near the i s o e l e c t r i c p o i n t ; extremes, 

d i s s o c i a t e p o l y p e p t i d e s . 

7. Temperature: d i s s o c i a t e p o l y p e p t i d e s . 

8. D é n a t u r a n t s : improve a v a i l a b i l i t y and i n t e r a c t i o n of 
p o l y p e p t i d e s ; e . g . , t h i o - r e d u c i n g reagents. 

9. Complementary S u r f a c t a n t s : other p r o t e i n s , p o l y 
s a c c h a r i d e s ; not l i p i d s . 

10. Coagulat ion: i r r e v e r s i b l e aggregations. 
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and a i r are s t i l l moving through the foam, s a l t and hydrogen 
bonds form between the polypeptides of the p r o t e i n s to i n t e r a c t 
with one another and together with i n t e r a c t i o n s between nonpolar 
p o r t i o n s of the p r o t e i n s , r e s u l t i n g i n small aggregates being 
formed; that i s , the proteins coagulate into aggregates and the 
bubbles b u r s t . 

The p o l a r groups in the prote ins cause the polypeptides to 
uncoi l at the i n t e r f a c e (Table I, I I ; Figure 1 ) ; the hydrophobic 
por t ions keep the f i l m coherent. If these p o l a r groups are 
i n a c t i v a t e d , e i t h e r by changing the external environment of the 
molecules or through i n t e r n a l s a l t formation (which i s enhanced 
by a g i t a t i o n of the f i l m ) , the spreading tendency decreases and 
the cohesion between the polypeptide chains i n c r e a s e s . Any 
reduction i n the degree of hydration of the p o l a r groups 
f a c i l i t a t e s the c o a g u l a t i o n . With the majori ty of p r o t e i n s , 
t h i s process i s i r r e v e r s i b l e and r e s u l t s i n t h e i r c o a g u l a t i o n . 
In a d d i t i o n to breaking
i n a reduction i n the quantity of p r o t e i n s a v a i l a b l e f o r foam 
s t a b i l i z a t i o n . 

Cer ta in b a s i c mechanical and chemical c h a r a c t e r i s t i c s 
common to a l l foaming l i q u i d s were noted and d i f f e r e n t i a t e d them 
from nonfoaming substances (8) . P e r s i s t e n t foams were noted to 
a r i s e only with solutes that lower the surface tension i n a 
s o l u t i o n , or are highly s u r f a c e - a c t i v e substances ( f o r example, 
soaps, synthet ic detergents, p r o t e i n s , and so f o r t h ) . Foams 
remain stable as long as the l i q u i d maintaining the three-
dimensional s t r u c t u r e , or l a m e l l a e , between the bubbles did not 
drain and al low the entrapped gas to d i f f u s e out. To show the 
special r h e o l o g i c a l property of f i l m e l a s t i c i t y , the lamel lae 
must have a r e s t o r i n g force strong enough to counterbalance 
l o c a l t h i n n i n g caused by a loss of l i q u i d or appl ied s t r e s s . 
The surface e l a s t i c i t y of the s o l u t i o n i s an e s p e c i a l l y 
important property because i t i s at t h i s point that the a i r i s 
entrapped. The phenomenon of surface t r a n s p o r t , by which a 
spreading monolayer drags with i t s i g n i f i c a n t q u a n t i t i e s of the 
underly ing s o l u t i o n and r a p i d l y repairs t h i n n i n g spots in a 
l a m e l l a , was suggested to occur i n q u a l i t y foaming s o l u t i o n s . 
The l i f e t i m e of foams can be great ly extended by i n c r e a s i n g the 
v i s c o s i t y of the l i q u i d or i t s surface l a y e r ; that i s , enhanced 
v i s c o s i t y retards drainage of l i q u i d from between the bubbles. 

E l e c t r i c repuls ion between the i o n i c double-layers that are 
formed by adsorption on two sides of the lamellae was suggested 
to contr ibute to the s t a b i l i t y of foams. Foaming may be e i t h e r 
enhanced or reduced by a d d i t i o n of a second s u r f a c e - a c t i v e agent 
and depends upon the a b i l i t y of the two agents to pack together 
i n a mixed adsorption l a y e r . Such surface complexes seem to 
depend on the convenient packing of the nonionic agents between 
the chains of the i o n i c ones, thus causing condensation of a 
monolayer that would otherwise be expanded due to e l e c t r o s t a t i c 
repuls ion between the head groups. 
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β - c a s e i n , a s t r u c t u r a l l y d isordered, f l e x i b l e p r o t e i n , 
adsorbs r a p i d l y at the a i r -water i n t e r f a c e and gives good 
f o a m a b i l i t y ( £ ) . High-ordered globular prote ins such as 
lysozyme and bovine serum albumin were d i f f i c u l t to 
surface-denature and as a r e s u l t had poor f o a m a b i l i t y . Although 
the g l o b u l i n s a r r i v e at the i n t e r f a c i a l region at a s i m i l a r rate 
as that of 3 - c a s e i n , the proport ion of t h e i r a v a i l a b l e amino 
acids i n the i n t e r f a c e i s l e s s than that of the f l e x i b l e 
p r o t e i n . Because of t h e i r r i g i d i t y , the p a r t i a l unfold ing and 
rearrangement of the g l o b u l i n s i n the i n t e r f a c e i s r e l a t i v e l y 
slow compared to 3 - c a s e i n . Consequently, a i r c e l l s formed 
during shaking are not s t a b i l i z e d e f f e c t i v e l y , and the rate of 
increase of foam volume with time i s r e l a t i v e l y low. P r i o r 
denaturation of the g lobul ins by heat or extremes of pH under 
condi t ions where no p r e c i p i t a t i o n occurs enhances f o a m a b i l i t y of 
these proteins (10). On the other hand, foams formed with 
s o l u t i o n s containing g lobula
those of f l e x i b l e 3-casein because i n t e r a c t i o n s of g l o b u l i n s are 
more r i g i d . 

Horiuchi et al_. (11) confirmed the e a r l i e r work ( £ , 7J 
showing that foam s t a b i l i t y occurred when the hydrophobic 
regions of prote ins became s i t u a t e d at the i n t e r f a c e , causing 
these molecules to r e s i s t migrat ion into the water phase. 
Mercaptoethanol (a t h i o - r e d u c i n g agent that d i s s o c i a t e s 
i n t r a p e p t i d e d i s u l f i d e bonds), p a r t i a l p r o t e o l y s i s , or heat 
treatment of soybean g l o b u l i n s caused unfolding of t h e i r 
polypeptides at the i n t e r f a c e ; t h i s f a c i l i t a t e d hydrophobic 
i n t e r a c t i o n s , increased f i l m thickness and v i s c o s i t y , and 
improved foam s t a b i l i t y . Cleaving and b l o c k i n g d i s u l f i d e bonds 
of wheat prote ins ( g l u t e n , gl iaden) s i g n i f i c a n t l y decreases 
bubble s i z e and coalescence rate of foams (12). 

K i n s e l l a (13, 14) summarized present t h i n k i n g on foam f o r 
mation of p r o t e i n s o l u t i o n s . When an aqueous suspension of p r o 
t e i n ingredient ( f o r example, f l o u r , concentrate, or i s o l a t e ) i s 
agi tated by whipping or aerat ion processes, i t w i l l encapsulate 
a i r i n t o droplets or bubbles that are surrounded by a l i q u i d 
f i l m . The f i l m c o n s i s t s of denatured p r o t e i n that lowers the 
i n t e r f a c i a l tension between a i r and water, f a c i l i t a t i n g deforma
t i o n of the l i q u i d and expansion against i t s surface t e n s i o n . 
The prote ins i n the l i q u i d f i l m should 1) be soluble i n the 
aqueous phase, 2) r e a d i l y concentrate at the l i q u i d - a i r 
i n t e r f a c e , and 3) denature to form cohesive layers possessing 
s u f f i c i e n t v i s c o s i t y and mechanical strength to prevent rupture 
and coalescence of the d r o p l e t . That i s , the polypeptides of 
the denatured prote ins i n the l i q u i d f i l m should e x h i b i t a 
balance between t h e i r a b i l i t y to associate and form a f i l m and 
t h e i r a b i l i t y to d i s s o c i a t e , r e s u l t i n g i n foam i n s t a b i l i t y . 
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Experimental Procedures 

Many methods have been used to produce and c h a r a c t e r i z e 
p r o t e i n foams. The foaming c h a r a c t e r i s t i c s of p r o t e i n s are 
markedly inf luenced by condit ions of p r e p a r a t i o n , measurement, 
and so f o r t h (13-18). Because of the v a r i e t y of methods 
employed, i t i s d i f f i c u l t to compare data from d i f f e r e n t 
sources. 

Three dynamic procedures f o r determining foaming capaci ty 
of p r o t e i n s inc lude whipping, shaking, and sparging (7, 16) . 
Di f ferences between these methods include 1) amount of p r o t e i n 
required f o r foam formation (3-40% f o r whipping, approximately 
1% f o r shaking, and 0.01-2% f o r gas sparging) (16, _19» 2 0 ) ; and 
2) way the foams are formed (shear forces are important i n 
whipping and shaking, but not i n sparging). 

Whipping produces foam
increase i n foam volume
17, 19) . Rapid shaking of a hor izontal graduated c y l i n d e r 
contain ing a p r o t e i n s o l u t i o n produces a foam that can be 
measured by i t s volume (9, 16) . Foaming capacity of sparged 
foams i s measured by the r a t i o of the volume of gas i n foam to 
the volume of gas sparged, or by the maximum volume of foam 
d i v i d e d by the gas flow rate (7_, 10, 20, 21J. 

The s t a b i l i t y of foams i s u s u a l l y measured by the volume of 
l i q u i d drained from a foam during a s p e c i f i c time at room 
temperature (10, 15, 17) or by a decrease i n foam volume over 
t ime. Methods employed to measure foam s t a b i l i t y include the 
rate of f a l l of a perforated weight through a column of foam 
(20, 2 1 ) , the penetrat ion of a penetrometer cone (17), or the 
a b i l i t y to support a s e r i e s of s p e c i f i c weights (2?T« 

Waniska and K i n s e l l a (18) developed a s p e c i a l l y designed 
s m a l l - s c a l e foaming apparatus to determine dynamic and s t a t i c 
foaming p r o p e r t i e s of p r o t e i n s . Foam was produced by sparging 
nitrogen at a known rate through a d i l u t e p r o t e i n s o l u t i o n main
t a i n e d at known temperature i n a water- jacketed column. Foaming 
p r o p e r t i e s r e a d i l y examined were c a p a c i t y , s t rength, and 
s t a b i l i t y . The apparatus permitted many of the v a r i a b l e s 
a f f e c t i n g foaming p r o p e r t i e s of p r o t e i n s (that i s , pH, 
temperature, i o n s , carbohydrates, sur factants) to be c o n t r o l l e d 
whi le q u a n t i t a t i v e l y determining foaming p r o p e r t i e s of small 
q u a n t i t i e s of p r o t e i n s . 

For the studies presented i n t h i s chapter, samples of 
peanut and cottonseed meal suspensions were evaluated f o r foam 
c a p a c i t y , s t a b i l i t y , and v i s c o s i t y measurements as described by 
Cherry and coworkers (23, 24, 25) . Vegetable p r o t e i n 
suspensions at the appropriate concentrat ion and pH were whipped 
i n a Waring-type b lender . A f t e r b l e n d i n g , the whipped products 
were t r a n s f e r r e d to a graduated c y c l i n d e r . M i l l i l i t e r s of foam 
were recorded immediately and at various time i n t e r v a l s to 
determine capacity and s t a b i l i t y . A B r o o k f i e l d viscometer and 
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Hel ipath stand equipped with a T-C spindle operated at a set rpm 
was used to measure v i s c o s i t y i n c e n t i p o i s e s of f r e s h l y prepared 
foams a f t e r they were allowed to stand f o r various t imes. 

Results and Discussion 

Foaming p r o p e r t i e s r e l a t e d to pH. Quantity of so luble 
p r o t e i n s of glandless cottonseed f l o u r decl ined i n suspensions 
at pH values between 1.5 (which contained a c i d - d i s s o c i a t e d 
p r o t e i n s ) and 4.5 ( i s o e l e c t r i c pH of cottonseed p r o t e i n s ) , and 
then gradual ly increased as the pH was raised to n e u t r a l i t y 
(water-soluble p r o t e i n s ; Figure 2; 24, 25). Amounts of soluble 
storage g l o b u l i n s increased as the pH was raised to 1 1 . 5 . These 
changes are shown q u a l i t a t i v e l y by polyacrylamide d i s c - g e l 
e l e c t r o p h o r e t i c patterns i n Figure 3. P r o t e i n q u a n t i t i e s of the 
i n s o l u b l e f r a c t i o n s at various pH values were the inverse of 
those of the s o l u b l e p o r t i o n

Carbohydrate content increased gradual ly i n soluble 
f r a c t i o n s of f l o u r suspensions as t h e i r pH values were r a i s e d 
from 1.5 to 11.5 (Figure 2 ) . Ash l e v e l s were highest i n soluble 
f r a c t i o n s at pH values between 3.5 and 5 . 5 , and f i b e r was 
p r a c t i c a l l y n e g l i g i b l e i n a l l of these p r e p a r a t i o n s . In the 
i n s o l u b l e f r a c t i o n s , carbohydrate content was increased to the 
highest content when the pH of the suspension was adjusted to 
values between 5.5 and 6 . 5 , and remained near these high l e v e l s 
to pH 11.5 (Figure 4 ) . Ash percentages were highest i n 
i n s o l u b l e f r a c t i o n s between pH 1.5 and 5 . 5 , and 7.5 and 8 . 5 . 
L i t t l e change was noted i n f i b e r content of i n s o l u b l e f r a c t i o n s 
between pH 1.5 and 8 . 5 ; these values were s i g n f i c a n t l y greater 
than those of the soluble f r a c t i o n s . A d e c l i n e i n quanti ty of 
f i b e r was noted at the extreme a l k a l i n e pH v a l u e s . 

It was i n c r e a s i n g l y d i f f i c u l t to form foams of high 
s t a b i l i t y with suspensions of cottonseed f l o u r as the pH was 
r a i s e d from 1.5 to 3.5 (Figures 2 and 4 ) . Values were s i m i l a r 
f o r suspensions at pH 3.5 and 4 . 5 . Between pH 4.5 and 6 . 5 , foam 
capaci ty and s t a b i l i t y decl ined to the lowest values noted i n 
the experiment. As the pH was ra ised to 1 1 . 5 , both of these 
f u n c t i o n a l p r o p e r t i e s increased to values s i m i l a r to those at 
the extreme acid pH range. Thus, optimum foaming p r o p e r t i e s 
were noted when the acid pH-dissociated prote ins and major 
storage g l o b u l i n s were most s o l u b l e (Figures 2, 3, and 4 ) . The 
l e v e l i n g of f of foam capacity and s t a b i l i t y at pH 3.5 and 4.5 
may be r e l a t e d to the increase i n s o l u b l e ash (Figure 2) or an 
increase i n s e l e c t prote ins that are i n s o l u b l e i n the suspension 
(Figures 3 and 4) at these pH values. 

Foam v i s c o s i t y of f r e s h l y made foams, and those allowed to 
stand f o r 60 min, was highest f o r suspensions i n the pH range of 
3.5 t o 5.5 (Figure 5 ) ; maximum foam v i s c o s i t i e s a f t e r one and 60 
min were at pH 3.5 and 5 . 5 , r e s p e c t i v e l y . 
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Figure 2. Foam properties and content of soluble constituents related to pH and 
percentage of glandless cottonseed flour in aqueous suspensions 

Figure 3. Gel electrophoretic properties 
of glandless cottonseed proteins that are 
soluble at various suspension pH values 

(25) American Chemical Society 
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pH OF 10% % SUSPENSION AT pH OF 10% 
SUSPENSION NATURAL pH ~ 6 . 5 SUSPENSION 

Figure 4. Foam properties and content of insoluble constituents related to pH 
and percentage of glandless cottonseed flour in aqueous suspensions 
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pH OF 10% % SUSPENSION AT pH OF 10% 

SUSPENSION NATURAL pH ~ 6 . 5 SUSPENSION 

Figure 5. Foam viscosity and stability properties of glandless cottonseed flour 
suspensions at various pH values. Foam viscosity: ( · — Φ) 1 min; (O O) 

60 min. 
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Foam capacity and s t a b i l i t y were increased by i n c r e a s i n g 
the f l o u r concentrat ion i n suspensions at natural pH (about pH 
6 · 5 ) from 2% t o 6% (Figures 2 and 4 ) ; f u r t h e r increases i n f l o u r 
concentrat ion general ly reduced foam capacity and s t a b i l i t y 
which were lowest at the highest f l o u r concentration (30%). 
Foam v i s c o s i t i e s measured a f t e r one mi η were e s s e n t i a l l y the 
same at f l o u r concentrations of 2 to 10%, increased at the 12% 
f l o u r l e v e l , decl ined s l i g h t l y at the 14 and 16% l e v e l s , then 
increased as the f l o u r concentrat ion was increased to 23 and 30% 
(Figure 5 ) · Changes i n foam v i s c o s i t i e s a f t e r 60 min were more 
v a r i a b l e ; v i s c o s i t i e s were highest at the 30% f l o u r l e v e l , 
intermediate at the 6 to 8% l e v e l s , and lowest at the 16% f l o u r 
l e v e l . 

These data are s i m i l a r to those of other researchers (13, 
15, 20, 26, 27) showing that pH and p r o t e i n ( e s p e c i a l l y large 
molecular weight storage g l o b u l i n s and acid p H - d i s s o c i a t e d 
polypeptides) s o l u b i l i t y
important f a c t o r s that contr ibute to the f o a m a b i l i t y of 
vegetable p r o t e i n products. Nonprotein components that occur 
n a t u r a l l y i n f l o u r , e s p e c i a l l y carbohydrates and ash, many a l s o 
c o n t r i b u t e to foaming p r o p e r t i e s . A whipped product containing 
mainly soluble p r o t e i n , carbohydrates, and s a l t s was prepared 
from soybean f l o u r and had e x c e l l e n t foaming propert ies (28). 
This mater ial was s u c c e s s f u l l y s u b s t i t u t e d f o r egg white i n 
recipes f o r meringues, d i v i n i t y - t y p e candies, and s o u f f l e s . 

Empirical m u l t i p l e l i n e a r regression models were developed 
to descr ibe the foam capacity and s t a b i l i t y data of Figures 2 
and 4 as a f u n c t i o n of pH and suspension concentration (Tables 
III and IV). These s t a t i s t i c a l analyses and foaming procedures 
were modeled a f t e r data publ ished e a r l i e r (23, 24, 29, 30, 3 1 ) . 
The m u l t i p l e R 2 values of 0.9601 and 0.9563 f o r foam capacity 
and s t a b i l i t y , r e s p e c t i v e l y , were very h igh, i n d i c a t i n g that 
approximately 96% of the v a r i a b i l i t y c o n t r i b u t i n g to both of 
these f u n c t i o n a l p r o p e r t i e s of foam was accounted f o r by the 
seven v a r i a b l e s used i n the equation. 

M u l t i p l e l i n e a r regression equations were also developed 
f o r foam capaci ty and s t a b i l i t y based on pH and the data on 
composition of soluble and i n s o l u b l e f r a c t i o n s i n the suspen
sions summarized i n Figures 2 and 4 (Tables V and VI ) . 
M u l t i p l e R 2 values of 0.9346 and 0.9280 were obtained f o r these 
equations of capacity and s t a b i l i t y , r e s p e c t i v e l y . The r e l a t i v e 
importance of each respect ive p a r t i a l regression c o e f f i c i e n t was 
determined by comparison of β values (32). These evaluations 
i n d i c a t e that the most important v a r i a b l e s i n the two models f o r 
foam capacity and s t a b i l i t y are soluble p r o t e i n , soluble and 
i n s o l u b l e carbohydrate and ash, and i n s o l u b l e f i b e r . 

The experimental data i n Figures 2 and 4 were used i n 
m u l t i p l e regression equations to p r e d i c t foam capaci ty and 
s t a b i l i t y of 2% to 30% suspensions adjusted to pH values of 1.5 
to 11.5 (Figures 6 and 7 ) . Observed and predicted data of the 
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Table I I I . Empir ical m u l t i p l e l i n e a r regression model 1 describ 
ing foaming capaci ty as a f u n c t i o n of pH and 
suspension c o n c e n t r a t i o n . 

V a r i a b l e 
Y 

Component Regression 
C o e f f i c i e n t 

Intercept 608.360 
h pH -53.484 
X 2 Suspension concentrat ion 41.021 
*3 pH squared 3.175 
X 4 Suspension concentrat ion 

squared 0.647 
x 5 pH times

pH square
pH squared times concentration 

squared - 0 . 0 1 6 

M u l t i p l e R 2 = 0.9601. 

Table IV. Empir ical m u l t i p l e l i n e a r regression model 1 d e s c r i b 
ing foam s t a b i l i t y as a f u n c t i o n of pH and 
suspension c o n c e n t r a t i o n . 

V a r i a b l e 
Y 

Component Regression 
C o e f f i c i e n t 

Intercept 474.730 
h pH -27.477 
X 2 Suspension concentrat ion 51.606 
χ 3 pH squared 0.740 
X 4 Suspension concentrat ion 

squared 0.785 
x 5 pH times concentrat ion -20.412 
h pH squared times concentration 1.836 

pH squared times concentration 
squared - 0 . 0 1 9 

M u l t i p l e R 2 = 0.9563. 
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Table V. M u l t i p l e l i n e a r regression a n a l y s i s 1 of foam capacity 
on composition of glandless cottonseed f l o u r . 

V a r i a b l e Y Component Beta value 

Soluble p r o t e i n 0.906 
x 2 Insoluble p r o t e i n -0.069 
x 3 

Soluble carbohydrate -2.353 
X 4 Insoluble carbohydrate 0.709 
x 5 Solubl

Insolubl
x? Soluble f i b e r -
x 8 

Insoluble f i b e r 0.349 

M u l t i p l e R 2 = 0.9346. 

Table VI. M u l t i p l e l i n e a r regression a n a l y s i s 1 of foam 
s t a b i l i t y on composition of glandless cottonseed 
f l o u r . 

V a r i a b l e Y Component Beta value 

x l Soluble p r o t e i n 0.807 
4 Insoluble p r o t e i n -0.474 
X3 Soluble carbohydrate -2.354 
X 4 Insoluble carbohydrate 1.030 
x 5 Soluble ash 0.718 
X6 Insoluble ash 0.271 
x? Soluble f i b e r 0.032 
X8 Insoluble f i b e r 0.480 

M u l t i p l e R 2 = 0.9280. 
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Figure 6. Experimentally observed and mathematically simulated regression lines 
of foam capacity of digèrent percentages of glandless cottonseed flour in suspensions 
at various pH values. Experimental 4%, 10%, and 16% suspensions were run at 
pH 3.5, 6.5, and 9.5 to test the reliability of the multiple linear regression analysis. 

Quantitative data used in this analysis are in Figures 2 and 4. 
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Figure 7. Experimentally observed and mathematically simulated regression lines 
of foam stability at different percentages of glandless cottonseed flour in suspensions 

at various pH values. See Figure 6 for further explanation of the data. 
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foam p r o p e r t i e s were s i m i l a r f o r the 10% suspension at most of 
the pH values and f o r the 2% to 30% suspensions at pH 6 . 5 . 
Di f ferences between the predicted and observed curves were 
mainly noted at the extreme acid pH values and at the 
i s o e l e c t r i c pH 4 . 5 . Observed and predicted foam c a p a c i t i e s and 
s t a b i l i t i e s of 4%, 10%, and 16% suspensions at pH 3 . 5 , 6 . 5 , and 
9 . 5 , serving as checks, were comparable. 

M u l t i p l e regression a n a l y s i s i s a useful s t a t i s t i c a l tool 
f o r the p r e d i c t i o n of the e f f e c t of pH, suspension percentage, 
and composition of soluble and i n s o l u b l e f r a c t i o n s of o i l s e e d 
vegetable p r o t e i n products on foam p r o p e r t i e s . S i m i l a r studies 
were completed with emulsion propert ies of cottonseed and peanut 
seed p r o t e i n products (23, 24, 29, 30, 31) . As observed with 
the emulsion s t a t i s t i c a l s t u d i e s , these regression equations are 
not o p t i m a l , and predicted values outside the range of the 
experimental data shoul
of these studies to includ
regression equations have proven useful i n studies on the 
f u n c t i o n a l i t y of peanut seed products (33). 

Foam p r o p e r t i e s r e l a t e d to s a l t . The a d d i t i o n of sodium 
c h l o r i d e to soybean p r o t e i n suspensions caused them to form 
h i g h - c a p a c i t y , l o w - s t a b i l i t y foams (13). It was suggested that 
foam capaci ty increased because s a l t improved p r o t e i n s o l u b i l i t y 
at the i n t e r f a c e of the c o l l o i d a l suspension during foam 
format ion, but retarded the p a r t i a l denaturation of the surface 
polypeptides of prote ins that are necessary f o r p r o t e i n - p r o t e i n 
i n t e r a c t i o n and s t a b i l i t y . 

Adjust ing the pH of defatted peanut meal suspensions 
c o n t a i n i n g 0, 0 . 1 , and 1.0 Ν MaCl before whipping s i g n i f i c a n t l y 
a f fected foam capacity and s t a b i l i t y (Figure 8 ) . The l a r g e s t 
increases i n foam capacity occurred at pH 1.5. At t h i s pH, 
i n c r e a s i n g the s a l t content s i g n i f i c a n t l y reduced the percentage 
of soluble p r o t e i n , d i d not a l t e r foam c a p a c i t y , but did reduce 
foam s t a b i l i t y . At pH 4 . 0 , percentages of s o l u b l e p r o t e i n were 
among the lowest observed i n t h i s study, but foam capaci ty of 
both water and s a l t suspensions was b e t t e r than that at the 
natural pH of 6 . 7 ; the 1.0 NaCl suspension had the highest 
capaci ty and was the most unstable. 

The smallest increases i n foam capacity occurred at pH 6 . 7 . 
Percentages of p r o t e i n i n the s o l u b l e f r a c t i o n s var ied at t h i s 
pH. Foam capacity and s t a b i l i t y improved and decreased, 
r e s p e c t i v e l y , at t h i s pH as the s a l t content of the suspension 
was increased. The two-step pH adjustment (23) of 6.7 to 4.0 to 
6.7 improved foam c a p a c i t y ( e s p e c i a l l y i n the suspension 
c o n t a i n i n g 1.0 JY NaCl over that of the unadjusted pH 6.7 
suspensions despite v a r i a t i o n i n percentage of p r o t e i n i n 
s o l u b l e f r a c t i o n s . As foam capacity was improved i n the 
two-step adjusted pH suspensions, foam s t a b i l i t y d e c l i n e d . 
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American Chemical Society 

Figure 8. Effect of pH and salt concentration on the foam and protein solubility 
properties of peanut meal suspensions (25) 
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At pH 8 . 2 , percentages of soluble p r o t e i n i n water and s a l t 
suspensions were among the highest observed i n the study, yet 
foam c a p a c i t i e s were not as great as those noted at pH 1.5 and 
4 . 0 . Suspensions with and without s a l t that were adjusted from 
pH 6.7 to 4.0 to 8.2 contained high percentages of soluble 
p r o t e i n and e x h i b i t e d foaming p r o p e r t i e s s i m i l a r to those of 
preparat ions at pH 4 . 0 . A s l i g h t i n h i b i t i o n of foam formation 
was noted with suspensions subjected to the two-step pH 
adjustment to 8.2 as s a l t content was increased. The s t a b i l i t y 
of these foams was b e t t e r than that of foams made with acid pH 
suspensions. 

The improved foam capacity of defatted peanut meal 
suspensions i n the pH 1.5 suspensions i s probably r e l a t e d to the 
d i s s o c i a t e d prote ins (regions 1.0-2.0 and 4 . 5 - 6 . 0 ) that are 
d i s t i n g u i s h e d on polyacrylamide gels (Figure 9 ) ; t h i s improve
ment i s e s p e c i a l l y noted i n the water and 0.1 H NaCl suspen
s i o n s . However, these band
of the h i g h - s a l t - c o n t a i n i n g suspension. At pH 4 . 0 , i n c r e a s i n g 
s a l t content of the suspension raised the nurrber of bands that 
could be d i s t i n g u i s h e d i n the g e l s ; foam capacity was improved 
at t h i s pH when s a l t was added to the suspensions. At the 
higher pH values (adjusted and not adjusted) , the gel patterns 
did not d i s t i n g u i s h any d i f f e r e n c e s among suspensions. 

The foams produced at pH 1.5 were r e l a t i v e l y s t i f f and 
peaked with small a i r bubbles. Those produced at pH 6.7 and 8.2 
were f r o t h y , lacked s t i f f n e s s , and had large bubbles. The pH of 
a suspension, with or without s a l t , i s an important 
c o n s i d e r a t i o n i n determining the type, c a p a c i t y , and s t a b i l i t y 
of foam produced with whipping. A d j u s t i n g the pH to l e v e l s 
above and below the natural pH 6.7 seems to be an e f f e c t i v e 
means of improving the foam p r o p e r t i e s of peanut seed meal 
suspensions. Although not c l e a r l y shown by gel e l e c t r o -
p h o r e t i c techniques, t h i s adjustment of the pH ev ident ly i s 
causing s t r u c t u r a l changes i n the p r o t e i n s , enabling them to 
denature more r e a d i l y and i n t e r a c t to improve foam p r o p e r t i e s . 

Foam p r o p e r t i e s r e l a t e d to heat. Peanut kernels were moist 
heated i n a temperature-control led r e t o r t at 50, 75, and lOOOC 
f o r 15-min i n t e r v a l s ranging from 15 to 90 min (30). Quant i t ies 
of water-ext ractable p r o t e i n s decreased as heating time 
increased from 15 to 90 min at a l l three temperatures (Figure 
10). At 50°C, reduction i n p r o t e i n e x t r a c t a b i l i t y was greater 
a f t e r 15 min of heating than at 75 or lOOOC. L i t t l e d i f f e r e n c e 
i n s o l u b i l i t y was observed among temperatures at 30 min. At 45, 
60, and 75 min heating t imes, decreases in p r o t e i n s o l u b i l i t y 
became more notable with increasing temperature. Levels of 
s o l u b l e p r o t e i n were e s p e c i a l l y reduced when heating time at 
100°C was extended beyond 60 min. The samples heated at 75°C 
f o r 90 min showed an increase i n p r o t e i n s o l u b i l i t y to l e v e l s 
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Figure 9. Gel electrophoretic properties of peanut meal proteins that are soluble 
in suspensions that contain various levels of salt and are at different pH values (25) 

Figure 10. Effect of moist heat on the foam and protein solubility properties of 
peanut meal suspensions 
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comparable with those t reated at 50°C f o r 60 min, and lOQOC f o r 
30 min. 

Foam c a p a c i t i e s of meals from peanut seeds moist heated at 
50°C f o r 0 to 30 min were s i m i l a r , then increased as the heating 
time was extended beyond 30 min (Figure 10). The s t a b i l i t y of 
these foams decreased, showing an increase i n percentage of 
change to about 60% between 0 and 60 min (Figure 1 0 ) ; kernels 
heated f o r 75 and 90 min formed r e l a t i v e l y s table foams (20 to 
30% change). At 75°C, samples heated f o r 30 to 60 min showed a 
s i m i l a r increase i n capacity as those heated at 500C; a s l i g h t 
decrease i n capaci ty fo l lowed to 90 min. Foams from kernels 
heated at 75°C f o r 45 to 90 min had l e s s percentage change i n 
volume a f t e r 60 min than those heated f o r 0 t o 45 min. The 
samples heated at 100°C f o r 15 to 90 min produced the l a r g e s t 
increase i n foam c a p a c i t y . These foams had v a r i a b l e s t a b i l i t y , 
with the l e a s t percentage change occurr ing at  min and the 
most at 0 min. 

Polyacrylamide e l e c t r o p h o r e t i c d i s c gels showed no 
detectable changes i n water-extracted p r o t e i n of peanut kernels 
moist-heated at 50 and 750c up to 90 min (Figure 11). At lOO^C, 
major s t r u c t u r a l changes, i n c l u d i n g e l e c t r i c a l charge, 
conformation, and s i z e , occurred i n nonarachin p r o t e i n s (region 
1 . 5 - 3 . 5 cm) from samples heated f o r 30 t o 90 min. The major 
components of the storage g l o b u l i n , a r a c h i n , having m o b i l i t i e s 
i n the gels to region 0 . 5 - 1 . 5 cm, were unchanged by the heat 
treatment of 100°C. The arachin was gradual ly a l t e r e d to 
polypeptide subunits and aggregates by external heating f o r 105 
to 180 min at lOQOC (30). 

Although gel e l e c t r o p h o r e t i c and s o l u b i l i t y techniques 
revealed few major changes i n p r o t e i n s of meals from peanut 
k e r n e l s moist-heated at 50°C and 75°C f o r time i n t e r v a l s of 15 
to 90 min, v a r i a t i o n s i n the e x t r a c t a b i l i t y of these components 
suggest that s t r u c t u r a l changes are o c c u r r i n g . S t r u c t u r a l 
changes i n p r o t e i n s of meals from seed heated at 100°C f o r 
various time i n t e r v a l s are r e a d i l y shown by these techniques. 
Foam capacity of heated meals contain ing these denatured 
p r o t e i n s i s v a s t l y improved. 

The s t a b i l i t y of these foams i s improved only with samples 
heated f o r c e r t a i n time i n t e r v a l s , f o r example, 0 t o 45 min at 
50 and 750C, and 0 to 30 min and 60 to 75 min at lOQOC. At 
100°C and 60 to 75 min, major changes i n prote ins are o c c u r r i n g , 
as shown on the gel e l e c t r o p h o r e t i c p a t t e r n s . 

Ingredients containing p r o t e i n that had been heat dena
t u r e d , but not to the degree that caused them to p r e c i p i t a t e , 
enhance f o a m a b i l i t y (13J. For example, c o n t r o l l e d heat t r e a t 
ment of soybean g l o b u l i n s caused u n f o l d i n g of t h e i r polypeptides 
at the i n t e r f a c e of the foaming s o l u t i o n , f a c i l i t a t i n g 
hydrophobic i n t e r a c t i o n s , i n c r e a s i n g f i l m thickness and 
v i s c o s i t y around the bubbles, and improving foam s t a b i l i t y . 
S i m i l a r observations have been noted with whey p r o t e i n (15). 
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Proteins of egg white denature more r a p i d l y than those of whey 
p r o t e i n concentrate (13, 34) . However, i s o l a t e d β - l a c t o g l o b u l i n 
from the whey concentrate was more s u s c e p t i b l e to surface 
denaturation than egg white ovalbumin. These data suggest that 
whey contains substances that protect the p r o t e i n s from surface 
denaturation and may account f o r the lower s t a b i l i t y of whey 
p r o t e i n concentrate foams than those of egg white p r o t e i n . A 
balance between the disaggregation e f f e c t of s e l e c t pH values 
and the tendency toward greater aggregation of p r o t e i n s at 
higher heating temperatures were c o r r e l a t e d c l o s e l y with maximum 
foam s t a b i l i t y (13, 15) . 

Foam p r o p e r t i e s r e l a t e d to p r o t e i n a c y l a t i o n . S u c c i n i c 
anhydride reacts with the Σ - a m i n o group of l y s i n e i n p r o t e i n , 
causing formation of negatively charged N-acylated res idues. 
Other r e a c t i o n products of p r o t e i n include o - s u c c i n y l t y r o s i n e 
and s u c c i n i c d e r i v a t i v e
groups of amino a c i d s . S u c c i n y l a t i o n causes u n f o l d i n g , expan
s i o n , and d i s s o c i a t i o n of p r o t e i n polypept ides. An increase i n 
negative charge i s noted f o r acylated p r o t e i n s . M o d i f i c a t i o n s 
of p r o t e i n s induced by a c y l a t i o n great ly a f f e c t the performance 
of o i l s e e d ingredients when used i n model f u n c t i o n a l i t y t e s t s 
(35-46). 

The s o l u b i l i t y of p r o t e i n s i n suspensions containing l i q u i d 
cyclone processed cottonseed f l o u r that had been t reated w i t h 
40% and 80% s u c c i n i c anhydride (compared to 0% and 10%) was 
increased s i g n i f i c a n t l y i n suspensions adjusted to pH 6.5 and 
8.0 (Figure 12). Gel e l e c t r o p h o r e t i c patterns showed an 
increase i n p r o t e i n s that migrated to region 1.0-3.0 cm i n the 
suspensions containing 40% and 80% s u c c i n y l a t e d f l o u r (Figure 
13). This increase i n p r o t e i n i n region 1.0 to 3.0 cm of the 
gels was also noted i n suspensions at pH 2.5 and 5 . 0 . Fewer 
bands were present i n the lower hal f of these gel patterns 
compared to those of f l o u r s with 0% and 10% s u c c i n i c anhydride. 
These data suggest an increase i n s i z e of prote ins i n s u c c i n y l 
ated f l o u r s ; changes i n charge caused by conformational 
a l t e r a t i o n s cannot be discounted. Some improvement i n p r o t e i n 
s o l u b i l i t y was noted i n pH 5.0 suspensions containing f l o u r s 
t reated with high amounts of s u c c i n i c anhydride. Treating the 
p r o t e i n s with 10%, and e s p e c i a l l y 40%, s u c c i n i c anhydride 
(compared to those of 0% and 80%) increased percentage of foam 
at pH 1.5. L i t t l e change was noted at pH 5.0 f o r a l l suspen
sions included in t h i s study. At pH 6 . 5 , 10% s u c c i n i c anhydride 
treatment lowered foam i n c r e a s e , whereas 40% and 80% e x p e r i 
mental condit ions improved foam c a p a c i t y . Only the 40% 
s u c c i n y l a t i o n treatment improved foam capacity over that not 
t r e a t e d , at pH 8 . 0 . 

Compared to the nontreated sample, a l l three s u c c i n y l a t i o n 
treatments of f l o u r improved foam s t a b i l i t y at pH 6 . 5 . At pH 
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Figure 11. Gel electrophoretic properties of peanut meal proteins that are soluble 
in suspensions of meal from peanut seeds that were moist heated at various tem

peratures for different time intervals 
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Figure 12. Effect of succinylation on the foam and protein solubility properties of 
liquid cyclone processed cottonseed flour in suspensions at various pH values 
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Figure 13. Gel electrophoretic proper
ties of soluble proteins in suspensions at 
various pH values that contain succinyl-
ated liquid cyclone processed cottonseed 

flour 

Figure 14. Foam capacity and protein 
solubility properties of defatted soybean, 
peanut, field pea, and pecan seed flour 

suspensions at various pH values (4Ί) 
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8 . 0 , only the suspension containing 40% s u c c i n i c anhydride-
t reated f l o u r showed a s i g n i f i c a n t d e c l i n e i n foam s t a b i l i t y . 
In most cases, foam s t a b i l i t i e s of suspensions at pH 2.5 and 5.0 
i n d i c a t e d that 10% and 40% s u c c i n y l a t e d f l o u r s were not 
d i f f e r e n t from the nontreated sample. The pH 5.0 suspension 
containing f l o u r that was t reated with 80% s u c c i n i c anhydride 
formed very s t a b l e foams. 

Foams of pH 2.5 suspensions containing 10% and 40% 
s u c c i n y l a t e d f l o u r s were s i g n i f i c a n t l y more viscous than those 
t r e a t e d at the 0% and 80% l e v e l s . A l l other foams had s i m i l a r 
v i s c o s i t i e s at s i m i l a r pH treatments. 

These data demonstrate that changes i n foam propert ies of 
l i q u i d cyclone processed cottonseed f l o u r are i n d u c i b l e by t reat
ment with s u c c i n i c anhydride. Gel e l e c t r o p h o r e t i c and 
s o l u b i l i t y data show that there are a l t e r a t i o n s i n the p h y s i c a l 
and chemical propert ies
changes improve foam p r o p e r t i e s
polypept ide d i s s o c i a t i o n of prote ins at the i n t e r f a c e of the 
foaming s o l u t i o n . S i m i l a r r e s u l t s have been reported f o r 
s u c c i n y l a t e d soybean and sunflower seed p r o t e i n s (44, 4 6 ) . 

Foam p r o p e r t i e s r e l a t e d to seed type. Soybean f l o u r 
suspensions produced t h i c k egg white-type foams at a l l pH l e v e l s 
tested except at 4.0 (Figure 14; 47). Although the increase i n 
c a p a c i t y of suspensions at pH values 6.5 and 4.0 was i d e n t i c a l , 
a medium t h i c k foam was produced by the l a t t e r . At pH 4 . 0 , the 
l e v e l of s o l u b l e p r o t e i n i n the suspension was s i g n i f i c a n t l y 
lower than at the higher pH v a l u e s ; the l a t t e r three percentages 
of p r o t e i n were s i m i l a r . A d e c l i n e i n foaming capaci ty at pH 
8.2 was improved by the two-step adjustment from pH 6.7 to 4.0 
t o 8 . 2 . Percentage of s o l u b l e p r o t e i n i n the suspensions d i d 
not seem to be c l e a r l y r e l a t e d to the capacity of soybean 
suspension to form foams. 

Foam capaci ty of peanut seed f l o u r suspension at pH 4 . 0 , 
6 . 7 , and 8.2 was s i m i l a r . The two-step pH adjustment to 8.2 
produced a l a r g e r increase i n capaci ty than the other 
treatments. Foams produced by suspensions at pH 6.7 and 8.2 
were s i m i l a r , being of a t h i c k egg white-type consistency. 

Suspensions of f i e l d pea f l o u r at pH 6.7 and 8.2 ( i n c l u d i n g 
the two-step adjustment) contained s i m i l a r high q u a n t i t i e s of 
s o l u b l e p r o t e i n ; at pH 4 . 0 , most of the p r o t e i n was i n s o l u b l e . 
Foam capacity of suspensions was higher at pH 8.2 than at 4.0 
and 6 . 7 . The two-step pH adjustment d id not improve foam 
capaci ty over that of the one-step change as shown with the 
soybean and peanut products. The foam produced at pH 4.0 was 
t h i n n e r than those at pH 6.4 and 8 . 2 ; the l a t t e r three products 
had s i m i l a r c o n s i s t e n c i e s . 

Pecan f l o u r suspensions exhib i ted poor foaming p r o p e r t i e s . 
Not only were the c a p a c i t i e s and s o l u b l e p r o t e i n values low, but 
the foams produced were t h i n and contained l a r g e , unstable a i r 
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Figure 15. Typical disc PAGE patterns of soluble proteins of defatted soybean, 
peanut, field pea, and pecan seed flour suspensions at various pH values (47) 
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c e l l s . The suspension at pH 1.5 had the lowest amount of 
s o l u b l e p r o t e i n but produced the highest foam c a p a c i t y . A d j u s t 
ing the pH from 6.7 to 8.2 d i r e c t l y or by the two-step a d j u s t 
ment improved foam c a p a c i t y ; no d i f f e r e n c e s were noted between 
the two treatments at pH 8 . 2 . 

Observations made i n t h i s study i n d i c a t e that p r o t e i n 
s o l u b i l i t y was more c l o s e l y r e l a t e d to the type of foam produced 
than to increase i n c a p a c i t y . For example, soybean and peanut 
seed f l o u r suspensions contained higher l e v e l s of s o l u b l e 
p r o t e i n than f i e l d pea and pecan suspensions and produced foams 
of much t h i c k e r consistency and smaller a i r c e l l s . 

Data from gel e l e c t r o p h o r e t i c studies suggest that the 
major seed-storage p r o t e i n s are important i n foam c a p a c i t y 
(Figure 15; 47). Gel patterns of soybean f l o u r suspensions at 
pH 4.0 contain a number of major ( d a r k - s t a i n i n g ) p r o t e i n s . 
Proteins having slow m o b i l i t y are u s u a l l y the large molecular 
weight storage g l o b u l i n
increased to 6.7 and 8 . 2 , s o l u b i l i t y of these g l o b u l i n s i s 
i n c r e a s e d . In a l l cases, suspensions adjusted by the two-step 
procedure had s i m i l a r patterns to those adjusted d i r e c t l y . 
Thus, d i f f e r e n c e s i n f u n c t i o n a l i t y of these two suspensions 
cannot be r e l a t e d to p r o t e i n q u a l i t y as d i s t i n g u i s h e d by the gel 
e l e c t r o p h o r e t i c techniques used i n t h i s study. However, these 
data suggest that s o l u b i l i t y of the major storage p r o t e i n s , or 
t h e i r subunit components, contr ibute to foam c a p a c i t y . In 
a d d i t i o n , other seed c o n s t i t u e n t s , such as carbohydrate and ash 
( f o r example, f i e l d pea and pecan, r e s p e c t i v e l y ) may be e q u a l l y 
involved ( e s p e c i a l l y when the suspension pH i s 1.5). 

Conclusions 

Proteins have surfactant propert ies that play an important 
r o l e i n the f u n c t i o n a l behavior of food ingredients i n foams. 
The proteins lower i n t e r f a c i a l tension between gas and the 
aqueous phase, f a c i l i t a t i n g deformation of the l i q u i d into an 
impervious f i l m . That i s , the f i l m has enough v i s c o s i t y and 
mechanical strength to prevent rupture and maintain coalesence. 
B a s i c a l l y , the prote ins undergo conformational change at the 
i n t e r f a c e with unfolding to expose hydrophobic regions that 
f a c i l i t a t e the a s s o c i a t i o n of the polypeptides whi le r e s i s t i n g 
migrat ion i n t o the water phase. These changes allow formation 
of a continuous cohesive f i l m around the a i r vacuole. The level 
or proport ion of c e r t a i n water-soluble proteins i s a measure of 
the a v a i l a b i l i t y of these components f o r f u n c t i o n a l expression 
i n foams. Varying l e v e l s of p r o t e i n , s a l t , pH, heat, and 
chemical d é n a t u r a n t s , i n a d d i t i o n to molecular i n t e r a c t i o n s 
among various const i tuents i n the i n g r e d i e n t s , a f f e c t c e r t a i n 
physicochemical p r o p e r t i e s of the prote ins i n suspension media 
used i n foam formation. Proteins denatured to various d i s s o c i 
ated or aggregated forms are detectable by changes i n s i z e , 
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conformation, and charge, by polyacrylamide d i s c gel 
e l e c t r o p h o r e t i c techniques. 
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This chapter does not purport to be the final word on water 
and fat absorption of plant proteins  Rather  it i  designed t
summarize information o
with water and fat, to pull together the various terms used to 
describe and methods used to assess water and fat absorption, and 
to encourage a more uniform and quantitative approach to the 
study of protein functionality and performance in food. The 
major protein products to be examined in this review are of soy 
origin; other products will be reviewed briefly in comparisons 
with soy products. 

Protein is utilized in many foods for the particular charac
teristics that it contributes to the final product (1). In order 
for protein products to maintain or enhance the quality and 
acceptability of a food, the protein ingredients should possess 
certain functional properties that are compatible with the other 
ingredients and environmental conditions of the food system (2). 
Consequently, an important aspect of the development of new pro
t e i n additives and t h e i r incorporation i n t o food systems i s the 
establishment of t h e i r functional properties. Functional prop
e r t i e s of proteins are physicochemical properties through which 
they contribute to the c h a r a c t e r i s t i c s of food. Study of func
t i o n a l i t y should provide information as to how a protein additive 
w i l l perform i n a food system (2, _3, 4). These properties are 
affected by protein source, composition, and structure; p r i o r 
treatment; and i n t e r a c t i o n with the physical and chemical environ
ment. I t i s generally believed that proteins are the p r i n c i p a l 
functional component of plant additives. However, i n products 
such as f l o u r s and meals, the carbohydrates also may play an 
active role i n the functional performance of the additives. 

Water absorption or hydration i s considered by some as the 
f i r s t and the c r i t i c a l step i n imparting desired functional prop
e r t i e s to proteins. Most additives are i n dehydrated form; the 
in t e r a c t i o n with water i s important to properties such as hydra
t i o n , s welling, s o l u b i l i t y , v i s c o s i t y , and g e l a t i o n . Protein has 
been reported to be p r i m a r i l y responsible f o r water absorption, 
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although other constituents of the additive have an e f f e c t . P r i 
mary protein-water i n t e r a c t i o n s occur at polar amino acid s i t e s 
on the protein molecules. Water retention of proteins i s r e l a t e d 
to the polar groups, such as carbonyl, hydroxyl, amino, carboxyl, 
and s u l f h y d r y l groups; most proteins contain numerous polar side 
chains along t h e i r peptide backbone, making them hy d r o p h i l i c . 
Water binding varies with the number and type of polar groups (5). 
Other factors that a f f e c t the mechanism of protein-water i n t e r 
actions include protein conformation and environmental factors 
that a f f e c t protein p o l a r i t y and/or conformation. Conformational 
changes i n the protein molecules can a f f e c t the nature and a v a i l 
a b i l i t y of the hydration s i t e s . T r a n s i t i o n from globular to 
random c o i l conformation may expose previously buried amino acid 
side chains, thereby making them ava i l a b l e to i n t e r a c t with 
aqueous medium. Consequently, an unfolded conformation may per
mit the p r o t e i n to bind  wate  tha  possibl  i  th
globular form (6). 

Fat absorption of protein additives has been studied less 
extensively than water absorption and consequently the available 
data are meager. Although the mechanism of f a t absorption has not 
been explained, f a t absorption i s a t t r i b u t e d mainly to the 
physical entrapment of o i l (7). Factors a f f e c t i n g the p r o t e i n -
l i p i d i n t e r a c t i o n include protein conformation, protein-protein 
i n t e r a c t i o n s , and the s p a t i a l arrangement of the l i p i d phase 
r e s u l t i n g from the l i p i d - l i p i d i n t e r a c t i o n . Non-covalent bonds, 
such as hydrophobic, e l e c t r o s t a t i c , and hydrogen, are the forces 
involved i n p r o t e i n - l i p i d i n t e r a c t i o n s ; no single molecular force 
can be a t t r i b u t e d to p r o t e i n - l i p i d i n t e r a c t i o n s (8). 

Experimental Procedures 

Water Absorption 

Various terms and methods have been proposed i n the l i t e r a 
ture to describe and evaluate the uptake of water by a protein 
ingredient. Unfortunately, few standardized methods e x i s t f o r 
the evaluation of t h i s f u nctional property; most methods have 
developed piecemeal and are e m p i r i c a l . To describe the uptake of 
water, water absorption, water binding, water hydration capacity, 
water holding, s w e l l i n g , and possibly other terms have been used. 
Frequently, the terminology i s r e l a t e d to the method employed (9). 
These terms often are misleading and confusing i n the i n t e r p r e t a 
t i o n of r e s u l t s . Consequently, some of the published data are of 
l i m i t e d use. Currently, the methods f o r evaluating the uptake of 
water appear to have been narrowed to four as follows: 

1} Relative humidity method. Water absorption i s defined as 
the water absorbed by a dried protein powder with e q u i l i b r a t i o n 
against water vapor at a known r e l a t i v e humidity. This method, 
also known as the equilibrium moisture content (EMC) method, was 
described f i r s t by Mellon et a l . (10). Huffman et a l . (11) used 
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the EMC method f o r measuring moisture absorption and retention of 
f i v e v a r i e t i e s of sunflower meal. As seen i n Figure 1, l i t t l e 
difference was noted i n water absorption over a wide range of 
r e l a t i v e humidity (RH); the approximate was only 10-17% at RH up 
to 70%. At higher RH, EMC rose r a p i d l y to more than 30% at 90% 
RH. V a r i e t a l differences were reported to a f f e c t EMC, and t h i s 
was a t t r i b u t e d to differences i n carbohydrate content. Yet, pro
t e i n content was highly correlated with water absorption. 

Hagenmaier (12) reported that proteins may be ranked i n 
order of water binding capacity at one r e l a t i v e humidity and that 
t h i s order should hold true at other r e l a t i v e humidities. He 
evaluated water binding of several o i l s e e d proteins at 84% RH; 
water binding increased as the number of hy d r o p h i l i c groups of 
the d i f f e r e n t proteins increased. 

2) Swelling method. Measurement of swelling i s a second 
method used to estimate
apparatus was devised an
t h i s method, a small amount of sample i s dusted on a wet f i l t e r 
paper fastened on a glass f i l t e r . The f i l t e r i s f i t t e d on top of 
a thermostated funnel f i l l e d with water and connected to a h o r i 
z o n t a l l y located c a p i l l a r y . The uptake of f l u i d i s followed i n 
the c a p i l l a r y ; evaporative losses are prevented by a glass l i d 
(2). Swelling i s defined as the spontaneous uptake of water by 
tKe a d d i t i v e . 

Most materials of i n t e r e s t as ingredients are neither com
p l e t e l y soluble nor completely i n s o l u b l e , and most foods are 
water swollen systems. The concept of uptake of water or s w e l l 
ing may, therefore, provide valuable information f o r evaluation 
of a protein as a food ingredient. Swelling was defined by 
Hermansson (2) as 

. . . the spontaneous uptake of a solvent by a 
s o l i d . I t i s a phenomenon frequently observed as 
the f i r s t step i n the solvation of polymers, i n 
which case swelling continues u n t i l the molecules 
are randomized wi t h i n the system. In other cases 
solv a t i o n may be prevented by various intermolecular 
forces i n the swollen sample, r e s u l t i n g i n l i m i t e d 
swelling and a d e f i n i t e volume increase. 

Hermansson and co-workers {2_9 1̂ 5, 14) examined the swelling 
a b i l i t y of a soybean pro t e i n i s o l a t e (P-D), sodium caseinate, 
whey protein concentrate (WPC) and f i s h p r o t e i n concentrate (FPC) 
i n pure water and as influenced by pH and i o n i c strength. The 
swelling c h a r a c t e r i s t i c s of the various proteins were e n t i r e l y 
d i f f e r e n t . The differences included magnitude of s w e l l i n g , the 
time to reach maximum sw e l l i n g , the tendency to s o l u b i l i z e , and 
the response to the chemical environment. Generally, P-D exhib
i t e d very good s w e l l i n g , which was considered to be a l i m i t e d 
type of swelling. Caseinate also showed a high degree of 
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Figure 1. Water absorption of sunflower 
meals. Sunflower varieties: (A) Arrow
head; (%) Mingren; (A) Grey stripe; (O) 

Peredovik; (^) Krasnodarets (11). 
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s w e l l i n g , which was of the unlimited type; that i s , swelling was 
high p r i o r to solvation. The WPC and FPC showed poor swelling 
a b i l i t y . Hermansson (2) contends that s w e l l i n g , together with 
s o l u b i l i t y data, could~l>e a useful guide to f u n c t i o n a l i t y . 

A modification of the swelling apparatus was used to evaluate 
WPC, peanut p r o t e i n , s i n g l e c e l l protein (SCP), and chicken preen 
gland protein. Chicken protein exhibited the highest swelling 
values followed i n decreasing order by peanut, SCP, and WPC 
products (15). 

Problems associated with use of t h i s method involve produc
t i o n of the apparatus and lack of r e p r o d u c i b i l i t y of the test 
conditions, s p e c i f i c a l l y , a p p l i c a t i o n of samples i n reproducible 
thickness to the wet f i l t e r paper (16). 

3) Excess water method. A t h i r d method, which reportedly 
measures binding, involves exposure of the sample to excess water 
and a p p l i c a t i o n of mil  centrifugal
the retained or "bound
of water retained, usually determined as the weight gain, i s 
reported as water absorption expressed as a percentage of the dry 
sample weight. This method, to date, has been used most frequent
l y by researchers (17, 18, 19, 20). The d e t a i l s of the s p e c i f i c 
procedures vary, as do the units of expressing water absorption. 
Other drawbacks are that t h i s method, unless considerably modi
f i e d , does not account for the protein and carbohydrate solu-
b i l i z e d by the procedure or for the low-density components that 
f l o a t on the supernatant surface. For these reasons, some re
searchers (16) suggest that the excess water method i s s u i t 
able only f o r use on protein additives that are mainly i n s o l u b l e . 

For measuring water absorption by the excess water method, 
the techniques developed by J a n i c k i and Walczak (described by 
Hamm, 21) for meats and by Sosulski (22) fo r wheat f l o u r are modi
f i e d . L i n et a l . (17) modified the Sosulski technique f o r use 
with sunflower and soy meal products. This modified procedure 
has been employed f o r much of the research on water absorption of 
plant protein additives. Water absorption capacities of a soy 
f l o u r , two soy concentrates, and two soy i s o l a t e s were compared by 
Lin et a l . (17) to those of a sunflower f l o u r , three sunflower 
concentrates, and one sunflower i s o l a t e . The percent water ab
sorption of the soy products increased as the t o t a l protein con
tent of the samples increased from f l o u r to i s o l a t e . The soy 
f l o u r absorbed 130% water, the soy concentrates absorbed an 
average of 212% water, and the soy i s o l a t e s absorbed an average of 
432% water. No calcula t i o n s were made, however, that r e l a t e d the 
percent water absorbed to protein content of the samples. The 
sunflower products, though s i m i l a r i n protein content, d i d not 
respond i n the same magnitude or d i r e c t i o n as the soy products. 
A l l sunflower products had lower water absorption values than 
did t h e i r soy counterparts, and water absorption did not p a r a l l e l 
p r o t e i n content. The water absorption value f o r the i s o l a t e 
(155%) was within the range (138-203%) reported for the sunflower 
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concentrates. On the basis of these data, the researchers sug
gested that the soy proteins are more hydr o p h i l i c than the sun
flower proteins. 

Fleming et a l . (18), using the procedure of J a n i c k i and 
Walczak, also compared the water absorption c h a r a c t e r i s t i c s of 
sunflower and soybean products. Water absorption of the soy 
products increased as protein content of the samples increased. 
Consistent with the findings of Lin et a l . (17) , water absorption 
of the sunflower products was below that of the soy products 
except f o r the concentrates, which had values s i m i l a r to those of 
the soy counterpart, and the water absorptions of the sunflower 
concentrates and i s o l a t e s were of s i m i l a r magnitude. 

The water absorption of a l f a l f a l e a f protein (ALP) extracted 
and prepared by d i f f e r e n t methods was compared to that of a soy 
concentrate and a soy i s o l a t e (19). The method f o r determining 
water absorption was tha
(18); u n i t s f o r water absorptio
values reported f o r the ALP provide information concerning the 
ef f e c t of processing on w.rter absorption. Of more i n t e r e s t to 
t h i s reviewer, however, i s the researchers 1 use, as standards f o r 
water absorption, of two soy products, a concentrate, Promosoy-
100, and an i s o l a t e , Promine-D, which have been evaluated by 
other researchers employing the excess water/centrifuge method. 
Hutton (23) and Hutton and Campbell (20) examined the eff e c t of 
pH and temperature on the water absorption of these same two soy 
products using a modification of t h i s method. Values f or water 
absorption f o r these products as compiled from the various studies 
are recorded i n Table I. The same products were used, and a si m i 
l a r ( s i m i l a r only i n terms of referenced method being excess 
water) procedure was used. The conditions of the test undoubtedly 
were modified f o r the p a r t i c u l a r laboratories or researchers or to 
be compatible with other measurements or variables evaluated i n 
the respective studies. In summary, wit h i n the conditions of a 
p a r t i c u l a r t e s t , a l l researchers reported, with one exception, 
a greater water absorption by the i s o l a t e than the concentrate, 
possibly i n d i c a t i n g a r e l a t i o n s h i p between water absorption and 
protein content. This has been suggested by several i n v e s t i g a 
t o r s . The one exception, as reported by Hutton (23), was that 
the water absorption of the concentrate was greater than that of 
the i s o l a t e at pH 5.0. At pH 5.0, the i s o e l e c t r i c point (IEP) of 
the p r o t e i n i s being approached. Perhaps, at the IEP, the pro
t e i n has less of an e f f e c t and the hydr o p h i l i c carbohydrates have 
proportionately more of an e f f e c t on water absorption than at 
other pH l e v e l s . Possibly the r e l a t i o n s h i p between water absorp
t i o n and s o l u b i l i t y , yet to be discussed, accounts i n part f o r the 
statement by Quinn and Paton (16) that the excess water method i s 
su i t a b l e f o r products that are mainly ins o l u b l e . 

Hutton (23) and Hutton and Campbell (20) used the excess 
water method i n combination with the s o l u b i l i t y measurements but 
did not adjust the absorption data f o r the s o l u b i l i z e d p r o t e i n , 
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which was quite d i f f e r e n t f or the two products. A r e c a l c u l a t i o n 
of these data to adjust the absorption values f o r the s o l u b i l i z e d 
protein resulted i n the comparisons of o r i g i n a l and adjusted 
values shown i n Tables I I and I I I f o r a soy protein concentrate 
and i s o l a t e , r e s p e c t i v e l y . S o l u b i l i z e d carbohydrate was not con
sidered i n the adjusted values. 

Taking the loss of soluble protein i n t o account i n c a l c u l a t 
ing water absorption can influence the conclusions drawn i n some 
studies. Elgedaily and Campbell (24) used the excess water method 
(23) i n studying the e f f e c t s of soHTum chloride and sucrose on 
the water absorption of three soy pro t e i n i s o l a t e s . They also 
determined nitrogen s o l u b i l i t y and used the values f o r an a l t e r 
native method of c a l c u l a t i o n i n which the absorption values 
r e f l e c t e d a correction f o r the extracted p r o t e i n . With both 
methods of c a l c u l a t i o n i t was assumed that added sodium chloride 
and sucrose were extracted i  th  determinatio f solubl  n i t r o
gen. With tHe method o
t e i n was disregarded, th  analysi y , 
l e v e l of sodium ch l o r i d e , and t h e i r i n t e r a c t i o n to s i g n i f i c a n t l y 
a f f e c t water absorption. When the correction was made, only the 
soy i s o l a t e appeared to have a s i g n i f i c a n t e f f e c t on water 
absorption. 

In a current study i n the same laboratory (25), the correc
t i o n i s being made by determining the t o t a l s o l i d s i n the super
natant. This approach might be preferable i n a study i n which 
other ingredients are added to the soy products. 

4) Water saturation method. More recently, a method has 
been described by Quinn and Paton (16), who claim that t h e i r 
procedure more cl o s e l y simulates actual food production applica
tions than does the excess water method. In t h i s technique, 
only enough water, e s s e n t i a l l y a l l of which i s retained upon 
c e n t r i f ligation, i s added to saturate the sample. A comparison 
of the excess water method and the proposed method f o r various 
protein products, as reported by Quinn and Paton, i s presented i n 
Table IV. 

Values f o r water absorption by the Quinn and Paton method are 
d i f f e r e n t from values obtained i n the same laboratory by the 
excess water method, p a r t i c u l a r l y f o r the more soluble protein 
materials; however, water absorption values determined by the 
"same" method by various investigators are not always s i m i l a r 
e i t h e r (Table I ) . 

Quinn and Paton (16) observed that the i n t e n s i t y and duration 
of mixing influenced the water uptake of the materials i n v e s t i 
gated, and that the measurement was not reproducible unless the 
time of a g i t a t i o n was constant (2 min was chosen). One product, 
sodium caseinate, required longer than a 2-min mixing time. These 
investigators state that the proposed technique measures water 
absorbed and retained under s p e c i f i c conditions, which may or may 
not apply to p a r t i c u l a r manufacturing a p p l i c a t i o n s . They do, 
however, state that t h i s method with the a p p l i c a t i o n of l i m i t e d 
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Table I. Water absorption values f o r a soy concentrate and 
i s o l a t e as reported i n several studies. 

Reference Concentrate Isolate 
Number (Promosoy-100) (Promine-D) 

0. 
0 

17 196 417 
18 -- 775 a> b 

l& 415a,c 
29 330
23 340
23 273 350 e 

23 241 190f 
aValues reported were converted to percent absorption. 
bSample mixed 1 min. 
cSample mixed 10 min. 
dpH 7.0. 
epH 6.0. 
fpH 5.0-

Table I I . Water absorption mean values determined by excess 
water method and as adjusted f o r s o l u b i l i z e d pro
t e i n f o r a soy concentrate (23). 

Adjusted f o r 
Excess water method s o l u b i l i z e d protein 

pH 5.0 6.0 7.0 5.0 6.0 7.0 

0. 
yQ 

Temp (°C) 

4 247 268 326 251 278 340 
ambient a 241 273 340 248 281 358 

90 305 306 537 320 342 733 

a22-250C. 
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Table I I I . Water absorption mean values determined by excess 
water method and as adjusted f or s o l u b i l i z e d pro
t e i n f o r a soy i s o l a t e (23). 

Adjusted f o r 
Excess water method s o l u b i l i z e d protein 

pH 5.0 6.0 7.0 5.0 6.0 7.0 

% 

Temp (°C) 

4 175 45
ambient a 190 350 1218 204 475 2500 

90 408 493 1158 440 703 4958 
a22-25°C. 

Table IV. Water hydration capacity values of various p r o t e i n 
materials (16). 

Excess water 
method a 

Proposed 
method" 

Pea concentrate 1.05 1.31 
Promosoy-100 concentrate 3.10 3.00 
Promine-D i s o l a t e 3.50 3.85 
Supro 620 i s o l a t e 6.70 5.50 
Rapeseed concentrate 4.50 3.29 
Caseinate 0.00 2.33 
Egg white 1.30 0.67 
Whey concentrate 0.00 0.97 

aMethod of Fleming et a l . (18). 
Walues were obtained before the technique was standardized. 
The values are estimates of where the WHC l i e s within the 
experimentally determined range. 

Cereal Chemistry 
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rather than excess water more cl o s e l y simulates actual food 
product conditions. Certain drawbacks of the method are evident. 
Water absorption has been shown by Quinn and Paton and by others 
to be affected by time of exposure of product to water; the 
c o n t r o l l e d l i m i t e d exposure time i n t h i s method may make the 
values more reproducible, but does i t simulate actual performance 
conditions? Also, t h i s method eliminates the problem of solu
b i l i z e d p r o t e i n ; the s o l u b i l i z e d protein may have an important 
e f f e c t on water absorption by being no longer a v a i l a b l e to be 
hydrated. 

Fat Absorption 

For f a t absorption, the measurements have been fewer and 
more consistent than those reported f o r water absorption. There
fore, one should be abl
of separate studies. Th
absorption method appears to be that r a r e l y , i f ever, i s a food 
system encountered that involves only the p r o t e i n - l i p i d 
i n t e r a c t i o n . 

Fat absorption of protein additives u s u a l l y i s measured by 
adding excess l i q u i d o i l to a protein powder, mixing and holding, 
c e n t r i f u g i n g , and determining the amount of absorbed o i l ( t o t a l 
minus free) (17, 26). The amount of o i l and sample, kind of o i l , 
holding and centrifuging conditions, and units of expression have 
varied s l i g h t l y from one i n v e s t i g a t o r to another; consequently, 
fat absorption values f o r the same products have varied among 
inv e s t i g a t o r s . Values f o r Promosoy-100 and Promine-D, as 
reported i n three separate studies, which were most consistent i n 
methodology, are reported i n Table V. Variations do e x i s t i n the 
various studies to be reviewed, f a t absorption of proteins i s 
affected by protein source, extent of processing and/or composi
t i o n of a d d i t i v e , p a r t i c l e s i z e , and temperature. 

Water Absorption Response Patterns 

Considering the l i m i t a t i o n s presented thus f a r that are 
inherent i n i n t e r p r e t i n g data reported i n the l i t e r a t u r e , perhaps 
the pattern of response rather than the i n d i v i d u a l measurements 
i s of importance i n p r e d i c t i n g f u n c t i o n a l i t y . Information w i l l 
be presented that r e l a t e s water absorption to other functional 
properties and examines the e f f e c t of the physical and chemical 
environment on the water absorption response patterns of various 
p r o t e i n ingredients. This presentation w i l l be b r i e f and with 
l i m i t e d explanation. O r i g i n a l references may be consulted by 
those d e s i r i n g greater depth. 

Relationships with other properties. In any food system and 
possibly i n simple systems, the protein ingredient i s l i k e l y to 
perform several functions, most of which are being discussed i n 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



9. H U T T O N A N D C A M P B E L L Water and Fat Absorption 187 

d e t a i l i n d i v i d u a l l y i n t h i s book. Since water binding or absorp
t i o n may be a r e s u l t of other properties, i t seems of i n t e r e s t to 
mention some r e l a t i o n s h i p s . Hermansson (27) states that "water-
binding may be caused by any of the following properties: (a) the 
a b i l i t y to swell and take up water; (b) a high v i s c o s i t y caused by 
soluble molecules, swelled p a r t i c l e s or a mixture; (c) the a b i l i t y 
to form a gel network during processing." Inherent i n t h i s 
explanation of water binding are the associations of the absolute 
water absorption (previously discussed), s o l u b i l i t y , v i s c o s i t y , 
and gelation functions. In Table VI, data are presented that 
demonstrate the e f f e c t of temperature on the s o l u b i l i t y , s w e l l i n g , 
and v i s c o s i t y properties of a soy i s o l a t e . 

S o l u b i l i t y : The reported r e l a t i o n s h i p between water 
absorption and s o l u b i l i t y of proteins has not been consistent. 
Water absorption capacity of sunflower concentrates increased 
s l i g h t l y as the s o l u b i l i t
Hermansson (2) reporte
poor water binding, but a reverse r e l a t i o n s h i p between water 
absorption, evidenced by swelling and s o l u b i l i t y , was not 
observed. In a l a t e r report, Hermansson (27) stated that solu
b i l i t y measurements give no information as to whether or not a 
p r o t e i n w i l l bind water. 

Hagenmaier (10) demonstrated that pH had l i t t l e e f f e c t on 
water absorption of o i l s e e d protein products, but s o l u b i l i t y was 
pH dependent. He suggested that the d i f f e r i n g degree of depen
dence on pH indicates that water absorption and protein solu
b i l i t y are not correlated. Contrastingly, Wolf and Cowan (28) 
reported the pH-water retention curve of soy proteins to follow 
the p H - s o l u b i l i t y curve. Both s o l u b i l i t y and water retention 
were minimal at the i s o e l e c t r i c point (4.5) and increased as the 
pH diverged from t h i s point. Hutton and Campbell (20) reported 
that the e f f e c t s of pH and temperature on water absorption of soy 
products p a r a l l e l e d those of s o l u b i l i t y f o r the most part. 
At pH 7.0, as temperature increased from 4 to 90°C, s o l u b i l i t y 
increased but water absorption increased then decreased. This 
suggested that water absorption and s o l u b i l i t y may be r e l a t e d to 
a p o i n t , perhaps maximum hydration, at which s o l u b i l i t y continues 
to increase and hydration does not. This appears consistent with 
the statements of Hermansson (2) that water absorption i s the 
f i r s t step i n the s o l v a t i o n of polymers, and swelling may be 
l i m i t e d or unlimited. 

V i s c o s i t y and g e l a t i o n : Many proteins absorb water 
and s w e l l , causing changes that are r e f l e c t e d by concurrent 
increases i n v i s c o s i t y (9). V i s c o s i t y has been reported to 
be influenced by s o l u b i l i t y and swelling (2_, 19) . As water 
absorption (determined as swelling) increased, v i s c o s i t y also 
increased (2). Fleming et a l . (18) reported that water absorp
t i o n was a t t r i b u t a b l e to the protein content of the product and 
that v i s c o s i t y increased exponentially as protein content 
increased, thereby suggesting a possible r e l a t i o n s h i p between 
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Table V. Fat absorption values f o r a soy concentrate 
and i s o l a t e as reported i n several studies. 

Reference Number Concentrate Isolate 

17 92 119 
19 101
23 7

aReported values were converted from ml o i l / g to % by 
mul t i p l y i n g by s p e c i f i c gravity of o i l and mu l t i p l y i n g 
by 100. 

Table VI. Ef f e c t of temperature on some functional properties 
of soy i s o l a t e a (7). 

Temperature S o l u b i l i t y Swelling V i s c o s i t y 
(°C) (%) (ml/g) 15S- 1 

25 53 10 
70 67 17 3620 
80 68 20 7490 
90 71 17 5280 
100 81 14 1410 

a 
Measurements were made at 25°C a f t e r heat treatment. 

Journal of the American Oil Chemists' Society 
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water absorption and v i s c o s i t y . Hutton (23) reported that above 
pH 5.0, the water absorption of soy i s o l a t e s was greater than that 
of soy concentrates, and that v i s c o s i t y was greater for the i s o 
l a t e than the concentrate. However, pH and temperature v a r i a t i o n s 
brought about d i f f e r e n t responses i n water absorption and v i s 
c o s i t y between the concentrate and i s o l a t e . This suggests that 
water absorption and v i s c o s i t y are not always correlated, at 
least i n products of quite d i f f e r e n t proximate composition. 

A gel can be considered as a s t r u c t u r a l matrix holding 
l i q u i d and can be formed spontaneously by swelling at high pro
t e i n concentrations (7, 27). Yet no studies have been reviewed 
that r e l a t e d water absorption and g e l a t i o n . The gelation phenom
enon of soybean proteins has been studied i n d e t a i l by 
Catsimpoolas and Meyer (29, 30, 31). 

Environment. The physica
been shown to a f f e c t th
Factors, such as concentration, pH, temperature, i o n i c 
strength, and presence of other components, a f f e c t the balance 
between the forces underlying protein-protein and protein-solvent 
int e r a c t i o n s (9). Most functional properties are determined by 
the balance between these forces. Although the comparison of 
d i s c r e t e data from various studies might be of l i m i t e d value, 
consideration of the response patterns of protein additives to 
changes i n the environment of simple and/or food systems might be 
f r u i t f u l . 

For products of d i s s i m i l a r composition, e.g., i s o l a t e s , con
centrates, and f l o u r s , changes i n the chemical environment 
undoubtedly e l i c i t d i f f e r e n t responses from the various con
s t i t u e n t s of an ingredient, i . e . , p r o t e i n , carbohydrate, etc. 
Perhaps the properties of the protein can best be examined i n the 
i s o l a t e because of i t s r e l a t i v e l y low concentration of nonprotein 
constituents. Unfortunately, i s o l a t e s usually have been subjected 
to the most extensive processing, which also a f f e c t s the response 
of the protein. 

Concentration: Generally, as product concentration 
increases, water absorption increases. Much controversy e x i s t s 
concerning what a c t u a l l y i s being measured i n water-unlimited and 
water-limited systems. Obviously, as product concentration 
increases to the point that water i s l i m i t e d , water absorption 
ceases to increase. 

Hansen (32) reported that as protein content increased from 
32 to 90%, water absorption o f the soy samples increased. This 
can be seen i n Figure 2. Although the trend i s evident, the 
increase was not l i n e a r , which suggests that factors i n addition 
to protein were contributing to water absorption. ( P a r t i c l e s i z e 
did not a f f e c t absorption.) 

As protein content increased from soy f l o u r to soy i s o l a t e , 
water absorption also increased. This was not the case f o r sun
flower products (17). 
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pH: S t r u c t u r a l l y , ionized amino acid groups bind more 
water than nonionized groups. V a r i a t i o n i n pH a f f e c t the i o n i z a 
t i o n of amino acid groups. Since amino acid composition and 
arrangement vary with protein o r i g i n , the response to pH also 
varies (6). Hagenmaier (12) reported that pH changes from 4.5 to 
7.0 had l i t t l e e f f e c t on cottonseed, soybean, and casein protein 
samples. The e f f e c t , though s l i g h t , was increased water binding 
as pH increased; the differences among the samples were greater 
than the change with pH. S i m i l a r l y , Hermansson (14) demonstrated 
that swelling of a soy i s o l a t e , caseinate, and WPC increased as 
pH increased from 4.0 to 10.0. The increase was more dramatic 
f o r caseinate than e i t h e r the i s o l a t e or WPC. Wolf and Cowan (28) 
reported that water absorption of soy proteins was minimal at the 
i s o e l e c t r i c point (4.5) and increased as the pH diverged from 
t h i s point. 

The effects of pH
soy concentrate are represente
of a soy i s o l a t e increased as pH increased from 5.0 to 7.0. This 
increase was evident at a l l temperatures studied (4°C, ambient, 
and 90°C). For soy concentrate samples, the e f f e c t of pH was 
s i m i l a r i n d i r e c t i o n to the e f f e c t on water absorption of the 
i s o l a t e but was of smaller magnitude (23). 

Fleming et a l . (18) did not examine the e f f e c t of pH on 
water absorption, but these researchers examined the eff e c t of 
"pH act i v a t i o n 1 ' on water absorption of sunflower and soy products. 
For pH a c t i v a t i o n , 1.25 N NaOH was added to s l u r r i e s to achieve 
pH 12.2 and then 6.0 N HC1 was added to return to pH 6.0 i n 10 
min. The pH a c t i v a t i o n process improved the water absorption 
properties f o r most products but did not increase water absorption 
of the soy f l o u r . Processes s i m i l a r to pH a c t i v a t i o n may be 
encountered i n the processing of vegetable protein additives. 

Temperature: Proteins usually bind less water at 
high temperatures than at low temperatures, but i f protein con
formation changes with heating, i t could override the eff e c t of 
temperature on water absorption. Heating, concentrating, drying, 
and t e x t u r i z i n g may a l l cause denaturation and aggregation of 
protein molecules, which may reduce the surface area and a v a i l 
a b i l i t y of polar amino acid groups f o r water binding. Protein 
aggregation, i n some cases, may change the conformation i n such a 
way as to increase binding. A l l protein additives are subjected 
to denaturation to some extent; therefore, response of products 
to temperature w i l l be affected by product o r i g i n and p r i o r 
processing treatment (6). 

Hermansson reported that heating of a soy i s o l a t e enhanced 
swel l i n g . Huffman et a l . (11) reported that temperature had no 
noticeable e f f e c t on water aFsorption of sunflower products. 

Hutton and Campbell (20) reported that the o v e r a l l e f f e c t 
of temperature, disregarding pH, was increased water absorption 
f o r a soy i s o l a t e and a trend i n that d i r e c t i o n f o r a concentrate. 
The e f f e c t of temperature on water absorption of the soy i s o l a t e 
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Journal of Agricultural and Food Chemistry 

Figure 2. Water binding (grams of unfrozen water/gram of solids) by soy protein 
preparations, each containing 1 g of water/g of solids, as a function of protein 
content, where % protein (on a solids basis) = % N X 6.25: (O) soy protein 
isolate B; (%) soy protein concentrate; (A) soy flour (defatted); (Q) carbohydrate-

enriched fraction of soy concentrate (32). 
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Journal of Food Science 

Figure 3. Water absorption response surface for Promine-D with variations in pH 
and temperature (20) 
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was less than that of pH and was pH dependent. This can best be 
viewed i n the response surface, Figure 3. At pH 5.0, water 
absorption increased as temperature increased. At pH 6.0, water 
absorption decreased, then increased with increasing temperature. 
At pH 7.0, water absorption increased then decreased with i n 
creasing temperature. The response surface for the concentrate 
i s shown i n Figure 4 (20). For the soy concentrate, the e f f e c t 
of temperature was less than that of pH, and water absorption 
increased as temperature increased from 4 to 90°C. 

Ionic strength: S a l t s compete with water for the 
binding s i t e s on amino acid side groups; the amount of water 
bound to a protein i s a function of s a l t concentration (6). The 
e f f e c t of i o n i c strength on protein f u n c t i o n a l i t y has been 
focused p r i m a r i l y on i t s e f f e c t on s o l u b i l i t y (2). Generally, 
p r o t e i n s o l u b i l i t y increases at low s a l t concentrations and 
decreases at high s a l t concentrations

Hermansson (2) examine
swelling of soy i s o l a t e , caseinate, and WPC products. The e f f e c t 
of NaCl on water absorption was not consistent among the products. 
Generally, as i o n i c strength increased from 0.0 to 1.0 M NaCl, 
water absorption increased f o r the soy i s o l a t e and caseinate. 
Water absorption of WPC was l i t t l e affected by i o n i c strength. 
Fleming et a l . (18) examined the e f f e c t of 5% NaCl on the 
water absorption of soy and sunflower f l o u r s , concentrates, and 
i s o l a t e s . The water absorption of the soy and sunflower f l o u r s 
was higher i n 5% NaCl than i n water. Generally, s a l t decreased 
water absorption of the i s o l a t e s ; the concentrates of both plant 
products were l i t t l e affected by NaCl. Data reported by Fleming 
et a l . r e f l e c t a response to NaCl; however, the type of ion i s 
known to a f f e c t the type of response of other properties (33) 
and possibly the same i s true f o r water absorption. 

Sucrose: Elgedaily and Campbell (24) found sucrose, 
within the concentration range used, to have no s i g n i f i c a n t 
e f f e c t on water absorption of three soy protein i s o l a t e s . 

Fat Absorption Response Patterns 

The values f o r the soys were presented f i r s t (Table V) since 
most investigators used soy products as a reference f o r compari
son of the f a t absorption of other plant products. L i n et a l . 
(17) examined the f a t absorption capacities of various sun
flower and soy products. A l l sunflower products ( f l o u r , con
centrates, and i s o l a t e s ) bound more o i l than the soy counterpart. 
Fat absorption f o r the sunflower products ranged from 130 to 
448% of t h e i r weight on a 14% moisture b a s i s ; f a t absorption 
values f o r the soys ranged from 84 to 154%. The sunflower pro
teins appear to be more s t r u c t u r a l l y l i p o p h i l i c than the soy 
proteins. I t seemed l i k e l y to the investigators that the sun
flower proteins contain numerous nonpolar side chains that are 
believed to bind hydrocarbon chains, thereby contributing to 
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increased o i l absorption. (Personal observation of the average 
reported data f o r the f l o u r , concentrate, and i s o l a t e categories 
w i t h i n sunflower and soy products revealed that f a t absorption 
increased as protein content increased, sunflower products 
e x h i b i t i n g greater fat absorption. Also within the group of soy 
i s o l a t e s and concentrates studied, the percent f a t absorption 
decreased as water s o l u b i l i t y of the product increased. These 
possible r e l a t i o n s h i p s were not discussed.) 

Wang and K i n s e l l a (19) studied the f a t absorption, and 
other properties of a l f a l f a l e a f protein (ALP) concentrate and 
used the soy protein concentrate and i s o l a t e Promosoy-100 and 
Promine-D,respectively, as the references. The f a t absorption 
values are reported i n ml o i l / g sample. Converting these to 
percent f a t absorbed (based on the s p e c i f i c g r a v i t y of peanut 
o i l ) r e s u l t s i n values that are higher than those reported by 
Lin et a l . (17); t h i s wa

A l l ALP products absorbe
Acetone treatment of ALP resulted i n reduced f a t absorption; ALP 
with higher l i p i d contents absorbed more o i l . ALP extracted with 
water and NaOH absorbed more o i l than those extracted with NaCl 
or T r i s buffer. These researchers (19) a t t r i b u t e f a t absorption 
to physical entrapment; a c o r r e l a t i o n of 0.95 was found between 
fa t absorption and bulk density. However, more o i l was absorbed 
by the ALP than the soy products even though the products had 
s i m i l a r bulk d e n s i t i e s . 

Fat absorption of rapeseed products was compared to that 
of soy f l o u r s and concentrates (34). A l l rapeseed products 
exhibited f a t absorption values greater than those of soy prod
ucts. For both rapeseed and soy, f a t absorption of concentrates 
was greater than that of the f l o u r and meals. Values f o r the 
rapeseed i s o l a t e were s i m i l a r to those f o r the rapeseed concen
t r a t e . 

Textured soy f l o u r s were reported to have o i l absorption 
values that ranged from 65 to 130% of t h e i r dry weight with 
small p a r t i c l e s absorbing more o i l than large ones. The maximum 
f a t absorption occurred within 20 min for a l l p a r t i c l e s . 

Hutton (23) and Hutton and Campbell (26) evaluated the f a t 
absorption capacities of a soy concentrate and i s o l a t e as a func
t i o n of temperature. (Values obtained f o r the ambient tempera
ture treatment, 22-25°C, are reported i n Table V.) Fat absorp
t i o n was expressed on per gram of sample, as-is moisture, dry-
weight, and per gram of protein bases as shown i n Table V I I I . Fat 
absorption of the soy i s o l a t e (P-D) was greater than that of the 
concentrate (P-100) f o r a l l bases of expression, but expression 
i n terms of protein content brought the f a t absorption values of 
the two products closer together. This suggests that the f a t 
absorption was a t t r i b u t a b l e p r i m a r i l y to the p r o t e i n . I t also 
suggests that the ad d i t i o n a l carbohydrate did not absorb as much 
o i l as the protein and that the absorption by the protein was 
d i f f e r e n t f o r the two products. (That i s , the protein was 
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Table V I I . Percent water absorption values of a soy concentrate 
and i s o l a t e as a function of ph (23). 

Concentrate a I s o l a t e 

pH pH 

5.0 270 257 
6.0 282 433 
7.0 402 1117 

aWeight of concentrate equal to weight of i s o l a t e . 

Table V I I I . Fat absorption of a soy concentrate and i s o l a t e at 
22-25<>C (23). 

Expression basis P-D 
Fat absorption 

P-100 1
a P-100 2

b 

Sample wt., as-is 121.1 72.4 75.5 
Sample wt., dry 129.8 77.5 80.8 
Protein wt. 134.4 108.3 112.9 

aEqual sample weight r e l a t i v e to P-D. 
^Equal p r o t e i n weight r e l a t i v e to P-D. 
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Journal of Food Science 

Figure 4. Water absorption response surface for Promosoy-100x with variations 
in pH and temperature (20) 
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Figure 5. Fat absorption (percent of protein weight) of Promosoy-lOOj (equal 
sample weight relative to Promine-D), Promosoy-100g (equal protein weight relative 
to Promine-D), and Promide-D held at 4°C, ambient temperature (22°-25°C) 

and 90°C: (A) P-100,; ( • ; P-100,, W P-D W 
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p r i m a r i l y responsible, but e i t h e r the presence of carbohydrate and/ 
or other constituents i n the concentrate or differences i n 
processing of the i s o l a t e and concentrate resulted i n a s l i g h t l y 
d i f f e r e n t response by the protein of the two products.) 

The eff e c t of temperature and the i n t e r a c t i o n of temperature 
and soy were s i g n i f i c a n t , as was soy product. The effect of 
temperature on f a t absorption i s shown i n Figure 5. O v e r a l l , 
as temperature decreased from 90 to 4°C, fat absorption 
increased. This could be a t t r i b u t a b l e to increased v i s c o s i t y of 
the o i l at decreased temperatures. Po s s i b l y , the high v i s c o s i t y 
of the system contributed to greater ease of physical entrapment. 
Or perhaps the higher temperatures denatured the protein i n some 
way that resulted i n decreased f a t absorption. There was a 
temperature-soy i n t e r a c t i o n ; the i s o l a t e and concentrate did not 
respond s i m i l a r l y to temperature v a r i a t i o n s . The i s o l a t e exhib
i t e d maximum f a t absorptio
centrate exhibited a maximu
thing other than protein i s contributing to f a t absorption. 

Food Product Performance 

The performance of pro t e i n additives i n food products i s 
the ultimate test of f u n c t i o n a l i t y (7). Functional performance, 
p a r t i c u l a r l y moisture absorption, has been used as a c r i t e r i o n 
f o r s e l e c t i o n of protein additives f o r food systems. Yet t h i s 
has f o r the most part been a t r i a l - a n d - e r r o r s i t u a t i o n . The 
majority of data on water and f a t absorption of plant protein 
additives i n food systems has involved the incorporation of such 
products i n t o comminuted meat systems. In r e l a t i o n to water and 
fat absorption, meat systems are an excellent t e s t system. 
Several researchers (35, 36^ 37, 38) report that when soy prod
ucts are combined with ground meat products, t o t a l (moisture and 
fat) cooking losses are reduced as percent s u b s t i t u t i o n of the 
additi v e i s increased. Seideman et a l . (39), on the other hand, 
reported that beef p a t t i e s with added soy retained more moisture 
but l o s t more f a t during cooking than d i d a l l - b e e f p a t t i e s . 

In products l i k e sausage and meat p i e s , plant protein 
additives have been shown to improve binding of the structure and 
reduce moisture and f a t losses. This may be r e l a t e d to the 
g e l l i n g and/or e m u l s i f i c a t i o n functions, as well as, water and 
fat absorption. 

Protein additives also f i n d use i n numerous baked products. 
Soy f l o u r increases the sh e l f l i f e and freshness of breads, pan
cakes, waffles, and cakes through enhanced moisture retention 
(28, 40). Addition of soy f l o u r to pancakes and doughnuts helps 
prevent excessive f a t absorption during cooking (28). This 
phenomenon of decreased f a t absorption i s not well understood. 

As presented, data are available on assessment of water 
absorption i n simple systems and on the incorporation of protein 
additives i n t o some food systems. Functional properties i n 
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simple systems as related to performance i n food systems have 
been studied to a lesser degree (2, _3, 15̂ , 26^ 4^, 42) . 
ρ The most de t a i l e d studies were reported by Hermansson and 
Akesson (_3, 41) and Hermansson (42) i n which the properties of a 
soy i s o l a t e , caseinate, WPC, and model test systems of additive 
and lean beef or pork were studied. S o l u b i l i t y , s w e l l i n g , and 
v i s c o s i t y (properties reviewed as rela t e d to water absorption) 
were correlated with moisture loss i n the raw systems. In 
cooked systems, the best p r e d i c t a b i l i t y of meat texture as 
affected by additive was a s t a t i s t i c a l model that included the 
functional properties of swelling and gel strength of protein 
additive dispersions. 

Torgersen and Toledo (15) assessed the r e l a t i o n s h i p between 
s o l u b i l i t y and water absorption of WPC, peanut p r o t e i n , single 
c e l l protein (SCP), and chicken preen gland protein and char
a c t e r i s t i c s i n a comminuted t syste  containin  th  variou
protein additives. Protei
capacities were correlate
with less f a t and water released on cooking. Simple system 
determination of water absorption capacity at 90°C rather than 
at 78.5°C was the better predictor of water and fat retention 
i n the food system studied. 

Conclusions 

The wide array of plant protein products, methods, and 
terms used to evaluate and describe functional properties makes 
i t d i f f i c u l t to compare products and r e s u l t s of separate 
studies. In high protein products, water and fa t absorption 
i s a t t r i b u t a b l e p r i m a r i l y to the protein. In other products, 
a d d i t i o n a l ingredient components have an e f f e c t . Hydrophilic 
polysaccharides greatly a f f e c t water absorption. Water absorp
t i o n also i s affected by product concentration, pH, temperature, 
and i o n i c strength. Fat absorption has been studied 
less extensively than water absorption but has been reported to 
be affected by temperature, s i z e of ingredient p a r t i c l e s , and 
degree of denaturation of the p r o t e i n . For both properties, 
functional performance of the protein product may be modified 
greatly by ingredient and/or food system constituents. Plant 
p r o t e i n applications i n food systems have included bakery and 
dairy products, salad dressings, snack foods, and ground meat. 
The effects of plant protein products i n meat systems are 
rela t e d most often to water and fat absorption functions. How
ever, p r e d i c t a b i l i t y of food system performance by simple system 
f u n c t i o n a l i t y t e sts i s not i n e v i t a b l e . 

I t i s apparent that the subject of water and fat absorption 
by plant proteins i s characterized and complicated by i n t e r -
relatedness. The study of rel a t i o n s h i p s i s important and i s 
complicated by problems of measurement; comparisons between 
studies are hindered by the v a r i e t y of methods and conditions 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



198 P R O T E I N F U N C T I O N A L I T Y I N F O O D S 

used i n d i f f e r e n t laboratories. Some standardization should be 
undertaken. A few studies i n which sorption i n simple systems 
has been rel a t e d to performance i n food systems have been 
reported; more are needed. The effe c t s of other food ingredients 
on functional properties of proteins should be further 
investigated. Obviously much remains to be done. 
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Emulsifiers: Milk Proteins 

C. V. MORR 

Department of Food Science, Clemson University, Clemson, SC 29631 

Emulsions, such as those in food products, may be defined as 
macroscopic dispersions
forms the continuous, dispersio
tinuous, dispersed phase, commonly termed globules. An emulsion of 
two immiscible liquids, one polar and one nonpolar, will rapidly 
separate into two distinct phases upon standing unless a third 
phase, an adsorbed surfactant, is present in the interface to 
stabilize it. Surfactants, e.g., chemical emulsifiers and proteins, 
stabilize emulsions by protecting against close contact and the 
association of individual globules. The DLVO theory (1) ascribes 
emulsion stability to a balance of attractive van der Waals forces 
and electrostatic repulsive forces, derived from oppositely 
charged ions in a double layer surrounding the globules (Figure 1). 
The emulsion remains stable so long as the magnitude of the re
pulsive forces exceeds that of the attractive forces between the 
globules. 

There are a number of factors that influence the stability of 
emulsions: 1) i n t e r f a c i a l tension between the two phases; 2) char
a c t e r i s t i c s of the adsorbed f i l m i n the in t e r f a c e ; 3) magnitude of 
the e l e c t r i c a l charge on the globules; 4) si z e and surface/volume 
r a t i o of the globules; 5) weight/volume r a t i o of dispersed and 
dispersion phases; and 6) v i s c o s i t y of the dispersion phase. Four 
classes of emulsion s t a b i l i z i n g agents can be distinguished: 1) 
inorganic e l e c t r o l y t e s ; 2) surface active agents or surfactants; 
3) f i n e l y divided insoluble s o l i d s ; and 4) macromolecular emulsi
fying agents, such as proteins, gums and starches (2). 

The immense i n t e r f a c i a l area separating dispersed globules 
from the dispersion phase i s of c r i t i c a l importance i n determining 
t h e i r s t a b i l i t y . For example, i t i s estimated that a t y p i c a l emul
sion has approximately 7 X 10^ cm^ i n t e r f a c i a l area per l i t e r (3). 
Thus, those factors c o n t r o l l i n g the properties of the i n t e r f a c i a l 
membrane are extremely important i n determining the s t a b i l i t y of 
the emulsion. 

Chemical and electron microscopic techniques have been used 
to v e r i f y the presence of an adsorbed layer surrounding emulsion 
globules. Proteins are examples of hydrocolloids that e x h i b i t 
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unique surfactant properties due to t h e i r large molecular weights 
and t h e i r m u l t i p l i c i t y of hydrophobic and hydrophilic residues, 
each of which e x h i b i t a spectrum of a f f i n i t i e s for the polar and 
non-polar phases i n the emulsion system. The polymer structure of 
protein molecules adsorbed i n the i n t e r f a c i a l layer provide m u l t i 
ple attachment s i t e s (4) and are believed to adsorb i n a manner 
that exposes amino acid segments to the aqueous phase (1). Each 
protein system exerts i t s own unique influence on emulsion s t a b i l 
i t y , since each possesses a c h a r a c t e r i s t i c complement of amino 
acids, arranged i n a s p e c i f i c sequence that controls i t s a b i l i t y 
to adsorb i n the i n t e r f a c e . For these reasons, proteins provide a 
va r i e t y of responses to compositional f a c t o r s , e.g., pH, i o n i c 
composition, chemical e m u l s i f i e r s , and processing treatments. 
Proteins contribute to emulsion s t a b i l i t y under those compositional 
and processing conditions that favor t h e i r own s t a b i l i t y , but also 
produce emulsion i n s t a b i l i t
cessing conditions whic
d i t i o n s proteins provide an indispensable s t a b i l i z i n g function i n 
emulsions which are subsequently subjected to a v a r i e t y of food 
processing treatments such as freeze-thaw, dehydration-rehydration, 
u l t r a - h i g h temperature (UHT) s t e r i l i z a t i o n , and others. 

Mil k Proteins as Emulsifiers i n M i l k Systems 

Properties of milk f a t globules. M i l k fat globules (MFG) range 
i n s i z e from 0.1 to 10 ym diameter, with an average of 2 to 4 ym 
and are surrounded by a protective membrane (MFGM), which consists 
of phospholipids, l i p o p r o t e i n s , caseins and immunoglobulins 05,6). 
Several models have been proposed for the structure of MFGM i n 
f r e s h l y drawn milk (_5,6., 7). King's model (7) depicts a highly 
ordered structure with successive layers of high melting t r i g l y c e r 
ides, phospholipids and adsorbed proteins. Harper and H a l l (5) 
present a somewhat more s i m p l i f i e d model with an intermediate 
phospholipid layer that provides polar regions for attachment of 
strongly-bound, insoluble proteins surrounded by an outer layer of 
loosely-bound, soluble proteins (Figure 2). The loosely-bound 
protein layer i s r e a d i l y removed by t r e a t i n g with detergents and 
by processing treatments that provide s u f f i c i e n t shear forces, 
such as mixing and churning. The most t i g h t l y bound proteins i n 
the MFGM are highly associated, hydrophobic l i p o p r o t e i n s whose 
o r i g i n i s membrane material derived from secretory processes i n 
the mammary system (5). The proteins and phospholipids i n the MFGM 
contribute s u b s t a n t i a l l y to the s t a b i l i t y of the natural MFG by 
c o n t r o l l i n g the degree of c l u s t e r i n g of the globules v i a an agglut
i n a t i o n mechanism s i m i l a r to that of b a c t e r i a l c e l l s , but does not 
contribute s i g n i f i c a n t l y to emulsion s t a b i l i t y i n homogenized milk 
products. Casein m i c e l l e s , adsorbed from the aqueous phase, con
t r i b u t e most to the s t a b i l i t y of derived MFG i n homogenized milk 
products (8), but phospholipids also contribute to t h e i r s t a b i l i t y . 

Homogenization i s an indispensable processing treatment for 
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Figure 1. DLVO Theory for explaining 
emulsion stability 
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Figure 2. Diagram of milk fat globule 
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milk products that require high emulsion s t a b i l i t y , e.g., f l u i d 
homogenized milk, evaporated milk, i c e cream and others. The small 
s i z e of the MFG i n these products (0.1 to 1.0 urn) i s important i n 
that i t r e s u l t s i n a large surface/volume r a t i o and enhanced 
protein adsorption, which protects against association of the MFG 
and further minimizes t h e i r tendency to cream by increasing t h e i r 
buoyant density. The uniformity of s i z e also minimizes t h e i r tend
ency for varying rates of r i s e , as predicted by Stokes' Law (3). 

The MFG-casein micelle complex that forms during homogeniza-
t i o n i s s t a b i l i z e d by van der Waals and hydrophobic bonding (6,10). 
Various workers have confirmed the association of casein micelles 
and t h e i r subunits at f r e s h l y formed MFG during homogenization (8). 
Berger (11) proposed that casein micelles are disrupted during 
high pressure treatments such as during homogenization. This i n t e r 
p retation i s l o g i c a l i n view of the previous findings of Schmidt 
and Buchheim (12) that casei  micelle  e f f e c t i v e l  disrupte
under high pressure treatments

M i l k protein system. The nomenclature and physico-chemical 
properties of the major milk proteins and t h e i r subunits have been 
provided by Whitney et a l . (13) and Brunner (14). The conformation 
and related properties of the i n d i v i d u a l proteins and t h e i r sub-
units and aggregates have been reviewed by Morr (15) with s p e c i a l 
reference to t h e i r f u n c t i o n a l properties i n food systems, and 
drawing heavily upon previous considerations by Bloomfield and 
Mead (16) and S l a t t e r l y (17). 

The caseins, which represent about 80 % of the t o t a l proteins 
i n milk, and are p r e c i p i t a t e d from milk by adjusting the pH to 
t h e i r i s o e l e c t r i c points (4.5-5.0),are composed of three major 
components, o t s - , 3- and κ-caseins, each of which has been further 
fractionated into a number of subfractions (13). The caseins are 
present i n milk as an equilibrium between soluble, submicellar 
complexes and the l a r g e r , spherical aggregates, termed m i c e l l e s . 
This equilibrium i s dependent upon pH, i o n i c a c t i v i t i e s (mainly 
Ca and PO4 i o n s ) , temperature and other factors (18). The caseins 
are associated with a f a i r l y constant proportion of inorganic 
c o l l o i d a l phosphate which contributes s u b s t a n t i a l l y to t h e i r 
s t r u c t u r a l arrangement and i n t e g r i t y . Casein micelles i n milk 
range i n s i z e from about 100 to 250 nm diameter, e x h i b i t sedimenta
t i o n constants of 8 to 22 X 10 2 S, molecular weights of 2 to 18 X 
ΙΟ** Daltons, and are composed of from 450 to 10,000 casein sub-
units (15,17). A number of models have been proposed for these 
complex structures (15) and even though they remain the subject of 
intensive research by milk protein chemists (19), the model pre
sented i n Figure 3 accomodates most of the present knowledge of 
the m i c e l l a r system. 

Even though casein micelles are remarkably stable i n milk 
under normal conditions, they are quite susceptible to minor a l t e r 
ations i n pH, i o n i c composition and to treatment with the enzyme 
rennin which cleaves the glycomacropeptide (GMP) portion of the κ-
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casein component of the mic e l l e (18). Of s p e c i a l i n t e r e s t to the 
present consideration i s the observation that casein micelles are 
e f f e c t i v e l y disrupted by a p p l i c a t i o n of high pressures (12) and i t 
may be postulated that such disruptions probably involve the rup
ture of hydrophobic bonding that i s so important i n s t a b i l i z i n g 
the m i c e l l a r structure. 

Whey proteins, e.g., α-lactalbumin, β-lactoblobulin, bovine 
serum albumin and the immunoglobulins, remain soluble when milk i s 
treated with acid or rennin to p r e c i p i t a t e the caseins. The whey 
proteins, other than the euglobulin component of the immunoglobu
l i n s , do not play a s i g n i f i c a n t r o l e i n s t a b i l i z i n g the MFG i n 
milk. Euglobulin i s reported to play an important function i n the 
cl u s t e r i n g of MFG due to an agglutination reaction s i m i l a r to that 
for b a c t e r i a l c e l l s . The whey proteins exert a pronounced influence 
on the physico-chemical properties of the casein micelles (18)by 
t h e i r strong tendency t  in t e r a c  wit  κ-casei  subunit  i
micelle through d i s u l f i d
processing conditions that promote protein denaturation. I t may 
be presumed that such protein-protein i n t e r a c t i o n s probably a l t e r 
the a b i l i t y of the casein micelles to be disrupted by high pressure 
treatments and might thereby i n h i b i t t h e i r a b i l i t y to s t a b i l i z e 
MFG i n c e r t a i n milk products subjected to high heat processing. 

Attempts to i s o l a t e and characterize MFGM proteins have not 
been completely successful due to t h e i r strong tendency to as s o c i 
ate i n most protein d i s s o c i a t i n g buffers. Thus, t h e i r r o l e i n 
s t a b i l i z i n g milk emulsions i s not e n t i r e l y understood (6,14), even 
though i t i s assumed that they are an i n t e g r a l part of the MFGM 
system. 

Milk Proteins as Emulsifiers i n Food Systems 

M i l k protein products. As indicated i n Table 1, the food 
industry i s placing major emphasis on the production and u t i l i z a 
t i o n of milk protein products i n a wide v a r i e t y of formulated food 
products (20,21,22). Although nonfat dry milk (NFDM) and whey 
powder are major milk protein ingredients i n formulated foods, 
casein and whey protein concentrates, which contain t h e i r proteins 
i n a more highly concentrated and functional form, are e s s e n t i a l 
for c e r t a i n food product a p p l i c a t i o n s , such as those products that 
require the proteins as an emulsi f i e r agent. A d d i t i o n a l d e t a i l s on 
the processing methods and conditions used to produce the various 
milk protein products are a v a i l a b l e (23). 

NFDM, which retains casein micelles s i m i l a r to those i n fresh 
milk, i s produced by pasteurization of skimmilk, vacuum concentra
t i o n and spray drying under processing conditions that r e s u l t i n 
either "low heat" or "high heat" product. Low heat NFDM i s required 
for most applications that depend upon a highly soluble protein, 
as the case f o r most e m u l s i f i c a t i o n a p p l i c a t i o n s , since i t i s 
manufactured under mild temperature conditions to minimize whey 
protein denaturation and complexation with casein m i c e l l e s . 
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Table 1. U.S. P r o d u c t i o n / U t i l i z a t i o n of 
Mi l k Protein Products i n Human Foods - 1978 a 

Product Amount, Protein Content, Product m i l l i o n // %, dry basis 

Non-Fat Dry M i l k 928.8 36 
Casein & Caseinate 75-90 95 
Concentrated Whey Solids 118.2 13 
Dry Whey 534.7 13 
P a r t l y Delactosed Whey 32.2 20 
P a r t l y Demineralized Whey 28.6 13+ 
Whey Protein Concentrate 8.9 50 
Whey Solids i n wet blends 34.4 13 

S t a t i s t i c a l data provided by:American Dry M i l k I n s t i t u t e , 
Chicago, IL; Whey Products I n s t i t u t e , Chicago, IL; and New 
Zealand M i l k Products, Inc., Rosemont, IL. 
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CASEIN MICELLE 

Figure 3. Proposed model for casein micelles and submicelles 

SKIMMILK 

I 
PASTEURIZE 

RENNET" 

FILTRATION/CENTRIFUGATION 

ADJUST pH TO 4.5-5 
HCI/H2S04 OR 

LACTIC FERMENTATION 

WASH 

I 
DRY 

1 
RENNET CASEIN 

FILTRATION/CENTRIFUGATION 

I 
WASH 

1 
NEUTRALIZE 

NoOH/ CcK0H)2/ Κ0Η 

I 
DRY CASEINATE 

Figure 4. Production scheme for casein and caseinate 
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Casein i s o l a t e s , produced as caseins and caseinates, are ob
tained by two procedures: rennet treatment and acid p r e c i p i t a t i o n 
(Figure 4). Rennet casein i s produced by t r e a t i n g skimmilk with the 
enzyme rennin to cleave the GMP component of the κ-casein subunit 
and thereby render the e n t i r e casein m i c e l l e system unstable. The 
product represents an enzymatically modified protein product, which 
otherwise c l o s e l y resembles the native casein m i c e l l e system i n 
milk. I t contains the o r i g i n a l Ca content of the native m i c e l l e s , 
but i s insoluble and nonfunctional as an e m u l s i f i e r unless the Ca 
ion content i s diminished. Acid casein i s produced by t r e a t i n g 
skimmilk with hydrochloric or s u l f u r i c acids, or by fermentation 
with a l a c t i c acid culture to lower the pH to i s o e l e c t r i c point 
conditions to p r e c i p i t a t e the caseins. Casein micelles are comp
l e t e l y dissipated under the l a t t e r treatment and the casein sub-
units undergo a high degree of protein-protein i n t e r a c t i o n to form 
pr e c i p i t a t e d p a r t i c l e s tha
ce n t r i f u g a t i o n . Sodium an
caseinates are produced by n e u t r a l i z a t i o n with the appropriate 
a l k a l i to pH's of 8-10 to s o l u b i l i z e the casein p r e c i p i t a t e , and 
then spray dryed. Both sodium and potassium caseinates are t o t a l l y 
soluble i n water and form viscous solutions that e x h i b i t excellent 
f u n c t i o n a l i t y i n a wide v a r i e t y of food products which require 
e m u l s i f i c a t i o n . On the other hand, calcium caseinate i s v i r t u a l l y 
i n soluble and performs rather poorly i n most em u l s i f i e r a p p l i c a 
tions (21) . 

P a r t l y delactosed whey i s produced by concentrating cheese 
whey or casein whey s u f f i c i e n t l y to exceed the s o l u b i l i t y l i m i t of 
lactose, followed by cooling, seeding with lactose c r y s t a l s and 
removal of the c r y s t a l l i n e lactose. The r e s u l t i n g l i q u o r f r a c t i o n 
i s recovered and dryed. 

P a r t l y demineralized whey i s produced by subjecting whey to 
e l e c t r o d i a l y s i s or ion exchange processing treatments to prederen-
t i a l l y remove polyvalent ions, vacuum concentrated and spray dryed. 

Whey protein concentrates (WPC) are produced by a v a r i e t y of 
processing treatments to remove both lactose and minerals (20) as 
indicated i n Figure 5. Even though i t would be highly desireable 
to remove most of the lactose and minerals i n these processes, i t 
i s not p r a c t i c a l from an economic standpoint and thus most of these 
products only range i n protein content from 35 to 50 %.The major 
objective of most of these processes i s to produce a WPC with 
minimal protein denaturation i n order to obtain a product with 
maximum protein s o l u b i l i t y and f u n c t i o n a l i t y . However, from a 
p r a c t i c a l consideration t h i s objective i s not r e a d i l y obtainable, 
and thus most WPC products commercially a v a i l a b l e exhibit v a r i a b l e 
whey protein denaturation and f u n c t i o n a l i t y (20). 

Lactalbumin i s an insoluble whey protein product produced by 
heating whey to high temperatures ( > 90 C) to denature and render 
the proteins insoluble when adjusted to i s o e l e c t r i c conditions by 
the addition of acid. These proteins o f f e r l i t t l e f u n c t i o n a l i t y 
i n e m u l s i f i c a t i o n a p p l i c a t i o n s . 
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Co-precipitate i s an insoluble milk protein product that i s 
produced by heating skimmilk to high temperatures ( > 90 C) to 
denature the whey proteins and complex them with the casein 
m i c e l l e s . The heated system i s subsequently adjusted to i s o e l e c t r i c 
point conditions of pH 4.5-5 to p r e c i p i t a t e the complexed whey 
protein-casein m i c e l l e s , centrifuged or f i l t e r e d to recover the 
p r e c i p i t a t e , washed and dryed. The r e s u l t i n g product, which i s 
v i r t u a l l y i n s o l u b l e , e x h i b i t s only minor f u n c t i o n a l i t y i n most 
t y p i c a l e m u l s i f i c a t i o n a p p l i c a t i o n s . 

E m u l s i f i c a t i o n properties. Caseins and caseinates are common
l y selected for food product applications that require surfactant 
properties, e.g., e m u l s i f i c a t i o n and foam s t a b i l i z a t i o n , since 
they contain high protein contents of > 90 %, are highly soluble, 
and are r e s i s t a n t to heat-induced denaturation i n products to be 
subjected to high temperatur

Consideration of th
casein subunits (Figure 6) reveals that they consist of a non
uniform d i s t r i b u t i o n of polar and hydrophobic residues along t h e i r 
polypeptide chains (16,17) leading to an amphophilic molecule (17). 
These amphophilic casein subunits e x h i b i t s i m i l a r primary s t r u c t 
ures among the d i f f e r e n t caseins, e.g., a s-, 3-, and κ-, that 
account f o r t h e i r excellent surfactant properties (15). These 
casein subunits are highly susceptible to inte r a c t i o n s v i a l hydro
phobic and i o n i c bonding, and thus e x i s t i n the form of highly 
associated aggregates that require highly a l k a l i n e pH conditions, 
removal of Ca ions, and the use of strong protein d i s s o c i a t i n g 
against Such as urea and others to obtain complete monomerization 
(24). I t should therefore be assumed that caseins and caseinates 
e x i s t and function i n most food applications i n t h e i r highly 
associated form which possess the a b i l i t y to release subunits as 
needed to s t a b i l i z e emulsion globules as they are formed i n 
homogenization processing (15). I f i t i s assumed that those * 
factors that favor d i s s o c i a t i o n of casein complexes favor i t s 
f u n c t i o n a l i t y as an e m u l s i f i e r , i t may be possible to predict what 
compositional and processing conditions would optimize function
a l i t y . However, such adjustments i n processing conditions would 
also a f f e c t the i n t r i n s i c .properties of the emulsion system. Thus, 
i t becomes obligatory, i n most instances, to investigate and 
determine experimentally the s p e c i f i c conditions that should be 
selected to optimize the f u n c t i o n a l i t y of caseins i n food emulsion 
systems. 

E m u l s i f i c a t i o n properties i n model food systems. Pearson 
et a l . (25) investigated the em u l s i f i c a t i o n properties of caseinate 
and NFDM i n model emulsion systems produced by blending soybean 
o i l into an aqueous buffer system as a function of pH and i o n i c 
strength (Figures 7 and 8). They found that caseinate exhibited 
good e m u l s i f i c a t i o n properties under a l l pH and i o n i c strength 
conditions studied, but was p a r t i c u l a r l y e f f e c t i v e at pH 10.4. 
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Figure 5. Process flowchart for preparing whey protein concentrate (20) 
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Figure 6. Primary structure of bovine casein a8-CN-B (15) 
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The e m u l s i f i c a t i o n properties of NFDM were s l i g h t l y better than 
for caseinate at a l l protein l e v e l s . However, NFDM exhibited low
est e m u l s i f i c a t i o n properties at pH 10.4 and highest e m u l s i f i c a 
t i o n at pH 5.6, which was d i r e c t l y opposite the r e s u l t s with 
caseinate. Thus, the molecular state of caseins, whether i n the. 
m i c e l l a r or soluble complex form i s important i n determining t h e i r 
f u n c t i o n a l i t y as an em u l s i f i e r . 

Subharwal and Vakaleris (26,27) investigated the emulsion 
s t a b i l i z i n g a b i l i t y of caseinate i n model emulsion systems contain
ing added chemical emul s i f i e r s to provide a range of HLB values 
(Figures 9 and 10). The e m u l s i f i c a t i o n properties of caseinate 
were concentration dependent, e x h i b i t i n g maximum e m u l s i f i c a t i o n 
at 0.2 to 0.4 % caseinate i n the absence of chemical e m u l s i f i e r s , 
but exhibited e m u l s i f i c a t i o n impairment at 0.5 % caseinate i n the 
presence of HLB 11 em u l s i f i e r s . Addition of Ca and HLB 3-5 emulsi
f i e r s improved emulsion s t a b i l i t y  whereas  addition of c i t r a t e 
reduced emulsion s t a b i l i t y
concept that Ca and c i t r a t y y 
a l t e r i n g the r e l a t i v e extent of caseinate d i s s o c i a t i o n and i n 
addition they undoubtedly influence emulsion s t a b i l i t y by t h e i r 
e f f e c t s on the charge and other inherent properties of the emulsion 
globules, per se. 

Whey protein concentrates (WPC), which are r e l a t i v e l y new 
forms of milk protein products a v a i l a b l e for e m u l s i f i c a t i o n uses, 
have also been studied (4,28,29). WPC products prepared by gel 
f i l t r a t i o n , u l t r a f i l t r a t i o n , metaphosphate p r e c i p i t a t i o n and 
carboxymethyl c e l l u l o s e p r e c i p i t a t i o n a l l exhibited i n f e r i o r emuls
i f i c a t i o n properties compared to caseinate, both i n model systems 
and i n a simulated whipped topping formulation (28). However, 
a d d i t i o n a l work i s proceeding on t h i s topic and i t i s expected 
that WPC w i l l be found to be capable of providing reasonable 
f u n c t i o n a l i t y i n the em u l s i f i c a t i o n area, e s p e c i a l l y i f proper 
processing conditions are followed to minimize protein denatura-
t i o n during t h e i r production. Such adverse e f f e c t s on the function
a l i t y of WPC are undoubtedly due to t h e i r i r r e v e r s i b l e i n t e r a c t i o n 
during heating processes which impair t h e i r a b i l i t y to di s s o c i a t e 
and unfold at the emulsion i n t e r f a c e i n order to function as an 
emul s i f i e r (22). 

Conclusions 

The following factors appear to control the em u l s i f i c a t i o n 
properties of milk proteins i n food product a p p l i c a t i o n s : 1) the 
physico-chemical state of the proteins as influenced by pH, Ca 
and other polyvalent ions, denaturation, aggregation, enzyme 
modification, and conditions used to produce the emulsion; 2) comp
o s i t i o n and processing conditions with respect to l i p i d - p r o t e i n 
r a t i o , chemical e m u l s i f i e r s , physical state of the fat phase, 
i o n i c a c t i v i t i e s , pH, and v i s c o s i t y of the dispersion phase sur
rounding the fa t globules; and 3) the sequence and process for 
incorporating the respective components of the emulsion and for 
forming the emulsion. 
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Figure 9. Emulsification properties of sodium caseinate in the absence of chemical 
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Figure 10. Emulsification properties of sodium caseinate in the presence of HLB 
11 emulsifiers (26) 
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I t i s e s s e n t i a l to consider the physico-chemical properties of 
each WPC and casein product i n order to e f f e c t i v e l y evaluate t h e i r 
e m u l s i f i c a t i o n properties. Otherwise, r e s u l t s merely i n d i c a t e the 
previous processing conditions rather than the inherent f u n c t i o n a l 
properties for these various products. Those processing treatments 
that promote protein denaturation, protein-protein i n t e r a c t i o n v i a 
d i s u l f i d e interchange, enzymatic modification and other basic 
a l t e r a t i o n s i n the physico-chemical properties of the proteins 
w i l l often r e s u l t i n protein products with unsatisfactory e m u l s i f i 
cation properties, since they would lack the a b i l i t y to unfold at 
the emulsion i n t e r f a c e and thus would be unable to function. I t i s 
recommended that those factors normally considered for production 
of protein products to be used i n foam formation and foam s t a b i l 
i z a t i o n be considered a l s o , since both phenomena possess s i m i l a r 
physico-chemical and f u n c t i o n a l i t y requirements (30,31). 
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Emulsifiers are classified as a group of surface-active 
agents that can stabiliz
such as water and oil.
are commonly referred to as the disperse, discontinuous, or 
internal phase, and the medium in which they are suspended is 
the continuous, or external phase. The most common types of 
emulsions are oil-in-water (e.g., mayonnaise or milk) and water
-in-oil (e.g., butter or margarine) and are classified according 
to the component that comprises the disperse phase. The terms 
"oil" and "water" are used in a general manner; almost any highly 
polar, hydrophilic liquid falls into the "water" category whereas 
hydrophobic, nonpolar liquids are considered "oils" (1). In the 
realm of food emulsions, the classic definition has been broad
ened to include two-phase systems of dispersions of gas in a 
liquid (e.g., foams) and combinations of liquids, solids, and 
gases in emulsions or batters (2). 

Theories of Emulsions and Emulsifier Mechanisms 

Several deta i led discussions have described the complex 
theories of emulsion technology (1, 3 , 4, 5 ). To summarize 
these theor ies, emulsi f iers are essential for emulsion formation 
and s t a b i l i z a t i o n to occur; these surface-act ive compounds reduce 
the surface and i n t e r f a c i a l tensions between two immiscible 
l i q u i d s , but th is property accounts for only part of the mecha
nisms at work in e m u l s i f i c a t i o n . Three separate mechanisms that 
appear to be involved in formation of a stable emulsion include: 
1) reduction of i n t e r f a c i a l tension, 2) formation of a r i g i d 
i n t e r f a c i a l f i l m , and 3) e l e c t r i c a l charges. 

Molecules in l i q u i d s exhibi t d i f f e r e n t behaviors, depending 
upon t h e i r locat ion in the volume of l i q u i d . Those in the i n t e 
r i o r are surrounded by other molecules having balanced a t t r a c t i v e 
forces. Those at or near the surface, however, are only p a r t i a l l y 
surrounded by the other molecules of the l i q u i d , and the a t t r a c 
t i v e forces operating on them are unbalanced. There i s a net 
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a t t r a c t i o n toward the main body of the l i q u i d as the l i q u i d tends 
to reduce i t s surface to a minimum, thus exhibi t ing the behavior 
of the surface known as surface tension. Surface-active agents 
are important in t h i s regard because they are p o s i t i v e l y adsorbed 
at the surface of immiscible components and reduce the surface 
tension between them. The manner in which the molecules of 
sur face-act ive agents arrange themselves depends upon the d i s 
t r i b u t i o n of electrons forming the bonds between the atoms of the 
molecule or portion of the molecule. Hydrophil ic (water-loving) 
molecules have asymmetrically placed electrons and exhibi t polar 
propert ies; hydrophobic or l i p o p h i l i c molecules have symmetrical 
arrangements and exhibi t nonpolar propert ies. Surface-active 
agents are compounds that contain both hydrophi l ic and hydrophobic 
groups and therefore exhibi t polar-nonpolar character. In e f f e c t , 
a monolayer that prevents c lose contact between droplets of the 
disperse phase i s created; a surface-act ive agent aids i n pre
venting droplet coalescence

In addit ion to lowering surface tension, surface-act ive 
agents contribute to emulsion s t a b i l i t y by oriented adsorption 
at the inter face and by formation of a protect ive f i l m around the 
droplets. Apparently, the f i r s t molecules of a surfactant i n t r o 
duced into a two-phase system act to form a monolayer; addit ional 
surfactant molecules tend to associate with each other, forming 
m i c e l l e s , which s t a b i l i z e the system by h y d r o p h i l i c - l i p o p h i l i c 
arrangements. This behavior has been depicted by Stutz et a l . (6) 
and i s shown in Figures 1 - 5 . 

Petrowski ( 7 J summarized the ef fects of e l e c t r i c a l charge 
or balance between a t t r a c t i v e and repulsive forces of p a r t i c l e s 
on emulsion s t a b i l i t y . The repulsive f o r c e s , e l e c t r o s t a t i c in 
nature, are s t a b i l i z i n g because they tend to keep droplets 
separated, thereby preventing coalescence. The arrangement of 
the e l e c t r i c a l charges at the inter face has been the subject of 
some controversy; i t has been described as a double layer of 
opposite-charged ions or as a s i n g l e , immobile counter-ion layer 
surrounded by a d i f f u s e layer of mobile ions extending outward. 
The repulsive i n t e r a c t i o n of droplets possessing l i k e e l e c t r i c a l 
charge seems to contribute to emulsion s t a b i l i t y . E l e c t r i c a l 
charges on droplets in emulsions can a r i s e by i o n i z a t i o n , absorp
t i o n , or f r i c t i o n a l e l e c t r i c i t y produced by the large shearing 
forces required f o r emulsion formation. 

V i s c o s i t y i s an important physical property of emulsions in 
terms of emulsion formation and s t a b i l i t y (1_, 4 J . L issant [Vj has 
described several stages of geometrical droplet rearrangement and 
v i s c o s i t y changes as emulsions form. As the amount of internal 
phase introduced into an emulsion system increases, the more 
c l o s e l y crowded the droplets become. This crowding of droplets 
reduces t h e i r motion and tendency to s e t t l e while imparting a 
"creamed" appearance to the system. The apparent v i s c o s i t y con
tinues to increase, and non-Newtonian behavior becomes more marked. 
Emulsions of high internal-phase r a t i o are a c t u a l l y in a "super-
creamed" state. 
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Figure 1. Orientation of surfactant 
molecules at water-air interface (6) 
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Figure 2. Monolayer coverage (6) 

Food Product Development 

Figure 3. Beginning of micelle formation 
(6) 

Figure 4. Micelle cross section (6) 

H,O; 

O i l 

n o 

Food Product Development 

Figure 5. Water-in-oil emulsion stabi
lized by a surfactant Cupper left,) and oil-
in-water emulsion stabilized by a surfac

tant (lower right) (6) 
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Proteins const i tute an important group of emulsi f iers because 
they behave in a manner s i m i l a r to that of surface-act ive agents 
by forming strong monolayer f i lms at the inter face. Their 
s t ructure, and hence t h e i r behavior, i s more affected by such 
var iables as s a l t concentration, pH, and temperature than would 
occur with the use of conventional emulsi f iers (7). Vegetable 
proteins, along with those derived from dairy and meat sources, 
have been intensively studied in recent years in ef forts to assess 
t h e i r potential as functional ingredients. Because several 
studies and reviews describe emulsifying properties of soy protein 
in d e t a i l (8-15), the emphasis in this discussion w i l l be 
directed toward vegetable proteins other than soy. 

Experimental Procedures 

The technique most commonly employed for measuring emulsion 
capacity of proteins i s
developed by Swift et a l . (16). This procedure involves the 
continuous addit ion of o i l or melted f a t to a protein dispersion 
during high-speed mixing; o i l i s added u n t i l a sudden drop in 
emulsion v i s c o s i t y occurs due to separation of o i l and water into 
two phases. The volume of o i l added u n t i l the "breakpoint" i s 
reached i s used to express emulsion capacity of a p r o t e i n ; these 
values may be expressed as total ml of o i l emuls i f ied, ml of o i l 
per unit weight of sample, or ml of o i l per unit of protein or 
nitrogen in the sample. Comparisons of resul ts obtained from 
d i f f e r e n t studies i s d i f f i c u l t because small var iat ions in 
technique, equipment, blender speeds, rate of o i l a d d i t i o n , pro
tein source and concentration, temperature, or type of o i l 
a f f e c t emulsifying properties of proteins (17, 18, 19). Model 
systems are useful t o o l s , however, because conditions and i n 
gredients can be well defined and c a r e f u l l y c o n t r o l l e d ; they are 
also simpler and more economical to use than more complicated 
systems. No standardized tests ex is t for evaluating the 
emulsifying properties of proteins, and in many cases there 
seems to be l i t t l e c o r r e l a t i o n between resul ts obtained in 
model systems and those obtained in performance t r i a l s in food 
systems. The importance of designing model test systems that 
simulate actual food-processing conditions as c l o s e l y as possible 
has been emphasized by Puski (20) for obtaining meaningful i n 
formation regarding emulsifying properties of proteins. 

Emulsifying Properties of Selected Vegetable Protein Sources 

Peanut Seed. Ramanatham et a l . (21_) studied the inf luence 
of such var iables as protein concentration, p a r t i c l e s i z e , speed 
of mixing, pH, and presence of sodium chlor ide on emuls i f icat ion 
properties of peanut f l o u r (50% protein) and peanut protein 
i s o l a t e (90% protein) . Emulsions were prepared by the blender 
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method previously described (16); d i s t i l l e d water at pH 6.8 
comprised the continuous phase. For those tests in which f l o u r 
concentration was held constant, as in the p a r t i c l e s i ze and 
mixing speed t e s t s , a level of 5 g f l o u r dispersed in 50 ml d i s 
t i l l e d water at pH 6.8 was used. 

Data in Table I show that emulsion capacity of peanut f l o u r 
decreased with increasing f l o u r or protein concentration while 
emulsion v i s c o s i t y increased. This phenomenon was also demon
strated by McWatters and Holmes (22). A decrease in f l o u r part ic le 
s ize increased emulsion capacity and v i s c o s i t y appreciably. In
creasing the rate of mixing, however, decreased emulsion capacity 
but increased v i s c o s i t y . Increased speeds produce greater shear 
r a t e , which decreases the s ize of the o i l droplet ; thus, there i s 
an increase in the surface area of the o i l to be emulsif ied by 
the same amount of soluble protein [23 9 24). 

Data in Figure 6 sho
chlor ide concentration o
i s o l a t e . S h i f t i n g the pH to levels above or below the i s o e l e c t r i c 
point improved emulsion capacity of peanut protein i s o l a t e in 0.1M 
or 0.2M NaCl. Simi lar trends were noted when d i s t i l l e d water was 
used as the continuous phase (data not.shown). At the 0.5M NaCl 
concentration, however, l i t t l e di f ference was noted in emulsion 
capacity at pH 3, 4, or 5; appreciable increases occurred when the 
pH was raised to 6 and above. At the highest s a l t concentration 
(1.0M NaCl), a gradual increase in emulsion capacity occurred when 
the pH was increased from 3 to 10. An overal l suppression in 
emulsion capacity occurred as s a l t concentration increased except 
at pH 5 and 6. These emulsion-capacity curves c l o s e l y resemble 
the p r o t e i n - s o l u b i l i t y curves of peanut protein shown in Figure 7 
(25), i n d i c a t i n g that factors t y p i c a l l y inf luencing peanut protein 
s o l u b i l i t y also inf luence emulsion capacity. Thus, a l t e r i n g the 
electrovalent properties by s h i f t s in pH as well as changing the 
i o n i c environment of peanut protein modifies i t s s o l u b i l i t y and 
emulsion capacity (21_, 22, 26, 27). Whereas the s a l t - s o l u b l e 
proteins seem to be the most functional in terms of emulsion 
capacity of meat proteins (V7), those that are soluble in water 
or weak s a l t solutions are the most functional in th is respect 
where peanut proteins are concerned. 

Attention has been directed toward modifying functional 
properties of peanut proteins by chemical, enzymatic, and 
physical approaches. Chemical modif ication has included 
acety lat ion and succiny lat ion treatments (28, 29). Marked im
provement in emulsion capacity occurred as a r e s u l t of th is t reat
ment i f the proteins were extracted in acid (28). Beuchat et a l . 
(30) and Sekul et a l . (31) found that enzymatic hydrolysis ad
versely affected emuls i f icat ion properties of peanut protein. 
However, another study by Beuchat (32J u t i l i z e d a higher con
centration of peanut f l o u r than reported e a r l i e r (30) and showed 
that pepsin hydrolysis at pH 2.0 ( 2 2 ° and 5 0 ° C ) resulted in 
emulsion capaci t ies exceeding those of the untreated c o n t r o l ; 
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Ο WATER 
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Journal of Food Science 

Figure 7. Effect of sodium chloride at different concentrations on the extraction of 
peanut protein at various pHs (25) 
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emulsions formed from pepsin and bromelain hydrolyzates were low 
v i s c o s i t y , whereas trypsin hydrolyzate emulsions were thick and 
viscous. Fungal fermentation of peanut f l o u r reportedly decreased 
emulsion capacity (33), but the ef fects of using higher concentra
tions of peanut f l o u r or continuous phases other than s a l t 
solut ion are not known. The appl icat ion of moist heat has been 
employed with certain vegetable proteins as a physical approach 
to improving n u t r i t i o n a l and f l a v o r q u a l i t i e s ; consequently, 
functional properties also undergo modif icat ion during heating. 
Emulsion capacity of whole f u l l - f a t peanuts was not adversely 
affected by heating the seeds in water (34), although s i g n i f i c a n t 
changes in protein s o l u b i l i t y and structural components occurred 
at high temperatures (35). Steam heating peanuts in the form of 
a f i n e l y ground f l o u r , however, reduced levels of soluble nitrogen 
s l i g h t l y but sharply reduced emulsion capacity (36). Thus, pro
cessing conditions and methods can have profound effects on pro
te in character and f u n c t i o n a l i t y

Pea and Bean Seeds. McWatters and Cherry (27) investigated 
the inf luence of pH adjustment on emulsion capacity and v i s c o s i t y 
of cowpea f l o u r (24.2% p r o t e i n , dry wt basis) using the procedure 
of Carpenter and S a f f l e (23). Data in Table II show that adjust
ing the pH from the n a t u r a l level of 6.4 to 4.0 reduced emulsion 
capacity by about 20%; adjusting the pH from the natural level to 
8.2 resulted in a 15% increase in emulsion capacity. A two-step 
pH adjustment from 6.4+4.0+8.2 produced l i t t l e increase (4%) in 
emulsion capacity over the unadjusted sample and was not as 
e f f e c t i v e as the one-step pH adjustment to 8.2 in improving 
emulsion capacity. This f l o u r at the natural pH level produced 
emulsions that were s i m i l a r in consistency to a commercial 
mayonnaise. Flour suspensions adjusted to pH 8.2 were thicker 
than the mayonnaise sample while those adjusted to pH 4.0 were 
thinner. A l l were more viscous than two commercial salad 
dressings. 

This emuls i f icat ion behavior apparently cannot be att r ibuted 
s o l e l y to n i t r o g e n - s o l u b i l i t y patterns (Figure 8 ) , which have been 
characterized by Okaka and Potter (37). Though nitrogen-
s o l u b i l i t y p r o f i l e s of cowpea proteins are influenced by pH 
and s a l t concentration changes, these ef fects were not c l e a r l y 
shown in emulsion capacity behavior (27). Emulsion-forming 
and thickening properties of cowpeas may also be influenced by 
t h e i r high carbohydrate content (about 60%, dry wt b a s i s ) ; the 
starch component i s hydrophi l ic and may i n t e r a c t with protein 
and other components in the system. Sefa-Dedeh and Stanley (38) 
found that changing the i o n i c strength of the extracting buffer 
produced more profound changes in the nitrogen s o l u b i l i t y of 
cowpea proteins than heating at temperatures ranging from 25 
to 1 0 0 ° C or at 100° C f o r 90 min. Okaka and Potter (37) found 
no di f ference in emulsion capacity of cowpea powders prepared 
from peas that had been soaked in water at pH 2, 4, or 6, then 
steam blanched, and drum dried to reduce beany f l a v o r . 
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Table I. Emulsion capacity (EC) and v i s c o s i t y of peanut 
f l o u r as influenced by f l o u r concentration, 
p a r t i c l e s i z e , and rate of mixing. 

Treatment EC 
(ml o i l / g f lour) 

V iscosi ty 
(poise) 

Flour concentration 1 50.0 0.23 
(g/50 ml) 3 25.0 1.63 

5 16.0 5.83 
7 12.1 10.72 
9 10.5 19.13 

P a r t i c l e s ize 
(mesh) 100 18.0 9.33 

200 21.0 10.86 

Mixing rate 13,000 18.0 4.89 
(rpm) 15,000 17.0 5.13 

18,700 16.0 5.83 

from Ramanatham et a l . (2ÏT 

Table II. E f fect of pH adjustment on emulsion capacity 
(EC) and v i s c o s i t y of cowpea f l o u r . 

pH Adjustment 
EC 

ml o i l / g f l o u r 
V i s c o s i t y 3 

cps 

6.4 + 4.0 28.9 26,080 

6.4 36.5 47,680 

6.4 -»• 8.2 42.2 66,240 

6.4 •* 4.0 •+ 8.2 38.0 60,160 

For comparison, a commercial mayonnaise had a v i s c o s i t y of 
44,640 cps; two commercial salad dressings, 6,400 and 16,800 
cps. 

from McWatters and Cherry (27) 
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Sefa-Dedeh and Stanley (39) att r ibuted decreases in s o l u b i l 
i t y c h a r a c t e r i s t i c s of cowpea proteins at low i o n i c strength to 
the formation of i o n i c bonds 1) within the protein molecule and 
2) between adjacent protein molecules leading to the formation of 
aggregates. Other changes in s o l u b i l i t y at higher i o n i c strength 
appeared to r e s u l t from "sal t ing- in" and "salting-out" e f f e c t s . 
Data in Table III show var iable response in emulsion capacity of 
f i e l d pea and cowpea products with changes in i o n i c environment. 
Emulsion capacity was higher when the pea products were dispersed 
in water than in any of the s a l t so lut ions. An inverse r e l a t i o n 
ship between protein concentration and emulsion capacity i s appar
ent at each s a l t concentration. Data in Table IV show that each 
pea product formed higher v i s c o s i t y emulsions in water than in 
s a l t s o l u t i o n . The decrease in emulsion v i s c o s i t y which occurred 
when s a l t was present in the continuous phase was greater in the 
f i e l d pea products than in cowpea f l o u r and may have been caused 
by var iat ions in processin
ferences in the seeds. 

Sosulski and Youngs (40) used an a i r - c l a s s i f i c a t i o n process 
to f ract ionate eight legume f lours into f i n e and coarse f r a c t i o n s . 
The f i n e material was associated with the protein f r a c t i o n , 
whereas the coarse material was pr imar i ly starch. A modif icat ion 
of the model system method developed by Inklaar and Fortuin (41) 
was used to measure o i l e m u l s i f i c a t i o n . This procedure involves 
s t i r r i n g a protein-containing material into water contained in 
a beaker, adding s a l t , adding a f ixed amount of o i l from a buret 
while s t i r r i n g , centr i fuging unt i l the volume of separated o i l 
does not change any fur ther , and c a l c u l a t i n g the separated o i l as 
a percentage of the total amount of o i l added. Sosulski and 
Youngs (40) reported o i l - e m u l s i f i c a t i o n capacity as the percentage 
of o i l emuls i f ied. Data in Table V show that chickpea and Great 
Northern bean had high emulsion capacity. The protein f r a c t i o n s 
had greater emulsifying capacity than starch f r a c t i o n s . 

Satter lee et a l . (42) investigated the emulsion capacity of 
f r a c t i o n s of the Great Northern bean by means of a micro-
e m u l s i f i e r apparatus developed by Tsai et a l . (43j. It used small 
quant i t ies of materials and provided for exclusion of a i r and 
i n j e c t i o n of o i l at a constant rate u n t i l the emulsion breakpoint 
was reached. Modif ications in i n i t i a l o i l -water-protein mixing 
before the beginning of the run and in blender speed were made 
(44). Emulsion s t a b i l i t y was determined by preparing sausages 
from the bean protein products and measuring cooking losses. 
These authors found that the albumins had greater emulsion 
capacity than the globul ins (Table VI). The low emulsion 
capacity of the globul ins was r e f l e c t e d in the low emulsion 
capacity of the bean protein concentrate. The globulins showed 
good s t a b i l i t y in the heated sausages used in the emulsion 
s t a b i l i t y t e s t . The high emulsion capacity of the albumins was 
not apparent in emulsion s t a b i l i t y , indicat i n g the importance 
of evaluating both aspects of emuls i f icat ion propert ies. 
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Table IV. V i s c o s i t y of emulsions prepared from pea protein 
products dispersed in water and s a l t so lut ions. 

V iscosi ty (cps) 

Pea Product Water 0.1M NaCl 0.5M NaCl 1.0M NaCl 

F i e l d pea protein 
concentrate 

30,240 10,080 12,640 20,480 

F i e l d pea f l o u r 16,480 2,560 1,440 2,560 

Cowpea f l o u r 22,88

Table V. Oi l emuls i f icat ion capacity of legume f l o u r , 
protein (PF) and starch (SF) f ract ions in 
percent, dry b a s i s . 

% Oil Emulsif ied 

Flour PF SF 

Chickpea 94 92 79 

Pea bean 64 66 20 

Northern bean 92 98 57 

Fababean 47 77 24 

F i e l d pea 48 48 20 

Lima bean 53 70 27 

Mung bean 64 64 22 

L e n t i l 56 58 50 

from Sosulski and Youngs (40) 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



Ta
b

le
 

V
I.

 
E

m
u

ls
io

n 
c

a
p

a
c

it
y 

(E
C

) 
an

d
 

s
ta

b
il

it
y 

(E
S

) 
o

f 
va

ri
o

u
s 

p
ro

te
in

 
fr

a
c

ti
o

n
s 

fr
o

m
 

th
e 

G
re

a
t 

N
o

rt
h

e
rn

 
b

ea
n

. 

ES
 

(m
l 

re
le

a
se

d
/

1
0

 
g 

e
m

u
ls

if
ie

d
 

m
ea

t)
 

EC
 

m
l 

oi
1

/
1

0
0

 
m

g 
p

ro
te

in
 

Fa
t 

W
a

te
r 

+
 

S
u

sp
e

n
si

o
n 

S
o

li
d

s 

G
lo

b
u

li
n

s 
1

2
.4

 
0

.0
3

 
0

.8
 

A
lb

u
m

in
s 

2
6

.8
 

0
.0

4
 

1
.3

 

B
P

C
a 

1
5

.4
 

0
.1

3
 

1
.2

 

BP
C

 
(b

ea
n 

p
ro

te
in

 
c

o
n

c
e

n
tr

a
te

 
co

n
ta

in
e

d
 

6
5

%
 g

lo
b

u
li

n
s 

an
d

 3
5%

 a
lb

u
m

in
s)

, 

fr
o

m
 

S
a

tt
e

rl
e

e 
e

t 
a

l.
 

(4
2

) 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



11. M C W A T T E R S A N D C H E R R Y Emulsification: Vegetable Proteins 229 

Sunflower Seed. Emulsion capacity of defatted sunflower meal 
was investigated by Huffman et a l . (45j at three pH levels (5.2, 
7.0, 10.8) , blender speeds (4500, 6500, 9000 rpm), and o i l addition 
rates (30, 45, 60 ml/min). With low mixing speeds and rapid rates 
of o i l a d d i t i o n , optimum emulsion capacity occurred at pH 7.0. 
These authors related the observed emuls i f icat ion properties to 
protein s o l u b i l i t y , surface area and s i z e of o i l d r o p l e t s , and 
rate of protein f i l m formation. 

Lin et a l . (46) measured the emulsion capacity of defatted 
sunflower seed products. Data in Table VII show that sunflower 
f l o u r was superior in emulsifying capacity to a l l other products 
tested. The emulsions were in the form of f i n e foams and were 
stable during subsequent heat treatments. The d i f f u s i o n -
extraction processes employed to remove phenolic compounds 
dramatically reduced emulsion capacity, although i s o l a t i n g the 
protein improved emulsion capacity to some extent. 

Canella et a l . (47
and acety lat ion on the emulsion capacity of sunflower protein con
centrate (Figure 9). These authors showed that emulsion capacity 
for untreated and treated concentrates was low in the a c i d i c pH 
region, increased unt i l pH 7 was reached, then decreased at higher 
pH l e v e l s . Chemical modif icat ion by succinylat ion and acety lat ion 
improved emulsion capacity of sunflower protein concentrate, with 
the 10% succinylat ion treatment producing the greatest increase. 
Emulsion s t a b i l i t y , determined by a heating and centr i fugat ion 
t e s t , was also improved by these chemical treatments. Improve
ments in emulsifying properties were att r ibuted to changes in 
protein s o l u b i l i t y and e l e c t r i c a l charges. 

Rapeseed. Methods employed in processing of rapeseed protein 
products inf luence emulsion capacit ies (48, 49). Kodagoda et a l . 
(48) showed that rapeseed protein i s o l a t e s from water extracts 
emulsif ied more.oil than i s o l a t e s from acid or a l k a l i extracts 
(Table VIII). Rapeseed i s o l a t e s emulsif ied more o i l than t h e i r 
concentrate counterparts. Rapeseed i s o l a t e s and concentrates 
from acid extracts were f a r superior in emulsion s t a b i l i t y to 
rapeseed protein products from water or a l k a l i extracts. 

Sosulski et a l . (49) found that high temperature extraction 
procedures used to detoxify rapeseed protein products by removal 
of glucosinolates adversely influenced emulsion capacity (Table 
IX). An i s o l a t e prepared from a low glucosinolate c u l t i v a r , how
ever, had higher emulsion capacity values than the other detoxi
f i e d rapeseed products and a soy f l o u r and concentrate also 
tested. The authors att r ibuted the low emulsion capacity values 
of the soy products and the Tower rapeseed concentrate FRI (Food 
Research Inst i tute) to t h e i r low nitrogen s o l u b i l i t i e s . G i l l berg 
(50) demonstrated that the s o l u b i l i t y c h a r a c t e r i s t i c s of rapeseed 
protein i s o l a t e s were highly s e n s i t i v e to and al tered by small 
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Table VII. Emulsion capacity of defatted sunflower 
seed products. 

Defatted Sunflower Seed Product 3 % Protein % Oi l Emulsif ied 

Flour 55.5 95.1 

Concentrate (DE-60) 67.9 14.0 

Concentrate (DE-80) 68.3 11.3 

Concentrate (DE-90) 68.0 10.1 

Isolate (DE-60) 90.7 25.6 

Concentrates were d i f f u s i o n extracted in tap water (pH 5.5) at 
6 0 ° C for 4 hr, 8 0 ° C f o r 1.5 hr, or 9 0 ° C for 1.0 hr to remove 
phenolic compounds. The i s o l a t e was prepared by addit ional 
washing and pH adjustment of the DE-60 concentrate. 

from Lin et a l . (46) 
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Table IX. Emulsion capacity of rapeseed protein products. 

Rapeseed Product 

Total Gluco-
sinolates % Oi l 

Midas f l o u r 17.0 20 

Torch f l o u r 7.8 29 

Tower f l o u r 1.2 46 

Tower meal 1.1 34 

Tower concentrate 8 0 ° 0.1 17 

Tower concentrate FRI^ 0.1 10 

Tower i s o l a t e 0.0 38 

For comparison, a soy f l o u r and soy concentrate emulsif ied 12 
and 10% o i l , respect ively . 

V R I = Food Research Inst i tute 

from Sosulski et a l . (49) 
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amounts of s a l t s and var iat ions in pH. Because these factors 
a f f e c t interact ion and i o n i c bonding of molecules in food systems, 
functional properties other than s o l u b i l i t y are also l i k e l y to be 
af fected. 

Cottonseed. Emulsion capacity and v i s c o s i t y c h a r a c t e r i s t i c s 
of glandless cottonseed f l o u r dispersed in water are markedly i n 
fluenced by var iat ions in pH and f l o u r concentration (51_, 52; 
Figure 10). Emulsion capacity was lowest near the i s o e l e c t r i c pH 
(4.5) and highest at pH 11.5. Suspensions in the a l k a l i n e pH 
range emulsif ied more o i l than those at a c i d i c pH l e v e l s . These 
authors found that the soluble f r a c t i o n was c l o s e l y related to 
the v i s c o s i t y of emulsions formed by glandless cottonseed f l o u r . 
V i s c o s i t y values were lowest near the i s o e l e c t r i c pH and highest 
at pH 11.5. Emulsions formed by suspensions in the a l k a l i n e pH 
range were more viscous
This behavior may be associate
cottonseed p r o t e i n , most of which are soluble at a l k a l i n e pH 
levels (5]_). 

Safflower. Betschart et a l . (53) studied the inf luence of 
ext ract ion, i s o l a t i o n , n e u t r a l i z a t i o n , and drying var iables on 
emuls i f icat ion properties ( a c t i v i t y and s t a b i l i t y ) of safflower 
protein i s o l a t e s . Emulsion a c t i v i t y was determined by measuring 
the volume of emulsif ied layer remaining af ter centr i fugat ion of 
a protein i s o l a t e - w a t e r - o i l mixture. Emulsion s t a b i l i t y was 
determined by measuring the amount of emulsif ied material remain
ing a f ter heating at 7 0 - 7 4 ° C for 30 min. Data in Table X show 
that neutra l i zat ion of safflower protein i s o l a t e s to pH 7 was re
quired for emulsion formation and s t a b i l i z a t i o n and was more i n 
f l u e n t i a l than p r e c i p i t a t i o n pH or drying method. The method 
used to dry safflower protein i s o l a t e s had l i t t l e inf luence on 
emuls i f icat ion propert ies. The neutral ized safflower protein 
products performed equally as well as a soy protein concentrate 
and i s o l a t e also tested. Thus, pH i s a major contr ibuting factor 
to emuls i f icat ion properties of safflower protein i s o l a t e s . 

Vegetable Proteins as Emulsi f i e r s in Food Systems 

The general c lass of food-grade emulsi f iers i s broad, but 
these agents may be grouped according to the function they perform 
(2^ 5) inc luding: 

1) reduction of surface tension at o i l -water i n t e r f a c e s , 
which promotes emulsion formation, phase e q u i l i b r i a 
between o i l - w a t e r - e m u l s i f i e r at the i n t e r f a c e , and 
emulsion s t a b i l i t y ( e . g . , the act ion of egg yolk 
and mustard to emulsify o i l and water in mayonnaise); 

2) interact ions with starch and protein components in 
foods that modify texture and rheological properties 
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Table X. Emulsi f icat ion properties of safflower protein 
i s o l a t e s as influenced by pH and drying method. 

pH Adjustment 

Dryi n

Method9 pH Adjustment 

Dryi n

Method9 A c t i v i t y {%) S t a b i l i t y {%) 

9 + 5 FD 0 0 

9 + 5 SD 0 0 

9 + 5 + 7 FD 63 ± 1.5 62 ± 1.4 

9 + 5 + 7 SD 59 ± 0.8 59 ± 1.0 

9 + 6 FD 0 0 

9 + 6 SD 0 0 

9 + 6 + 7 FD 58 ± 2.8 60 ± 2.3 

9 + 6 + 7 SD 5 2 + 1 . 7 51 ± 0.8 

a FD = Freeze d r i e d ; SD = Spray d r i e d , 

from Betschart et a l . (53) 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



236 P R O T E I N F U N C T I O N A L I T Y I N F O O D S 

ι ι ι ι ι I ι I I I—L 
IS S 3 55 75 95 115 

pH OF 10% SUSPENSION 

American Chemical Society 

Figure 10. Solubility and emulsifying properties of cottonseed proteins at various 
pH values: (O — O) emulsion capacity; (O O) emulsion viscosity; (% — Φ) 

soluble protein fraction; (Φ Φ) insoluble protein fraction (5\). 
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( e . g . , the action of mono- and d i - g l y c e r i d e s and 
stearoyl l a c t y l a t e s as dough conditioners and a n t i -
s t a l i n g agents in bakery products); 

3) control of c r y s t a l l i z a t i o n in f a t and sugar systems 
( e . g . , the action of mono- and d i - g l y c e r i d e s in peanut 
butter to prevent o i l separation, or sorbitan mono-
stearate to prevent "bloom" or migration of f a t to 
the surface of chocolate). 

In the l i t e r a t u r e , reports of using vegetable proteins, other than 
soy, s p e c i f i c a l l y for these functions are sparse. Vegetable 
proteins have been used in breads and bakery products, not as 
emulsifying agents or dough condit ioners, but for protein enr ich
ment (42, 48, 53-62). Instead of condit ioning the dough and im
proving bread q u a l i t y , however, the opposite e f f e c t i s produced 
when vegetable proteins are used as p a r t i a l replacements for wheat 
f l o u r . Because the glute
mixtures of th is type, modif ications in formulation, mixing, or 
baking procedure are generally required to o f f s e t adverse ef fects 
on loaf volume, crumb st ructure, or sensory a t t r i b u t e s . 

A few reports in the l i t e r a t u r e describe the ef fects of using 
peanut protein in comminuted meat systems such as meat loaves (63, 
64), f rankfurters (65), and ground beef patt ies (66.). In some 
instances, peanut protein e i ther produced b e n e f i c i a l ef fects 
( e . g . , increased tenderness and cohesiveness, 66) or no adverse 
ef fects from a sensory, p h y s i c a l , or microbial standpoint (65). 
In other instances, however, no benefits such as reduced shrinkage 
or increased f a t and water binding were derived by use of peanut 
protein (63, 64). Torgersen and Toledo (64) found that protein 
s o l u b i l i t y had a negative inf luence on the desirable properties 
of a comminuted meat system, with the more soluble proteins allow
ing more f a t release on cooking. These authors suggested that 
a p r o f i l e of s o l u b i l i t y change with temperature seemed to be a 
better index of f u n c t i o n a l i t y than s o l u b i l i t y at any s ingle tem
perature; they concluded that the most desirable proteins for use 
as addit ives in comminuted meats were those that possessed the 
combined q u a l i t i e s of good gel strength, high water-absorption 
capaci t ies at 9 0 ° C , and increasing s o l u b i l i t i e s with increasing 
temperatures. The mechanisms involved in meat systems, therefore, 
are much more complex than e m u l s i f i c a t i o n alone and seem to be a 
combination of e m u l s i f i c a t i o n , binding, and g e l a t i o n . 

Vaisey et a l . (67j evaluated the performance of fababean and 
f i e l d pea concentrates as ground beef extenders. Sensory a t t r i b 
utes of broi led meat patt ies containing the protein concentrates 
were more acceptable to taste panel ists when these products were 
added as texturized f lakes than as f l o u r . The extended products 
had s i g n i f i c a n t l y less dr ip loss than al l-meat controls but had 
softer textures. Texturizing the concentrates by drum-drying 
and f l a k i n g reduced t h e i r f a t retention properties but produced 
patt ies more l i k e the a l l - b e e f c o n t r o l . 
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Lin et a l . (68) investigated the ef fects of supplementing 
wieners with sunflower f l o u r and di f fusion-extracted protein con
centrates. The sunflower products showed good emulsion s t a b i l i t y , 
less shrinkage, and less cooking loss than al l-meat controls . 
Though the inc lus ion of the sunflower seed products in wieners 
resulted in s l i g h t l y lower organoleptic scores, most of the 
supplemented products were considered to be acceptable. These 
authors emphasized that the true value of vegetable proteins can 
only be determined by incorporating them into actual food products. 

Conclusions 

Most of the information pertaining to emuls i f icat ion pro
pert ies of vegetable proteins, other than soy, has been derived 
by means of model-system studies. For the most part , the a p p l i 
cation of th is information to performance in actual food systems 
has yet to be determined
data regarding emuls i f icat ion mechanisms of vegetable proteins 
stem from the lack of standardized model system tests that can 
simulate the processing conditions and ingredients involved in 
complex food systems. The information that has been obtained 
should not be discounted, however, but rather should be considered 
as a point of departure and as part of a technological base con
cerning physical and functional c h a r a c t e r i s t i c s of vegetable 
proteins. The appl icat ion of this data base to food products 
presents a substantial challenge to the food science and 
technology d i s c i p l i n e . 
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Nutrient Bioavailability 
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Functional properties, as considered from the point of 
view of the food processor
desired physical characteristic
foam stability would be an important functional property to a 
producer of whipped toppings. From the perspective of the 
consumer, this functional property may contribute to satis
faction and lead to repeat purchases. Increasingly, however, 
the consumer is concerned with the nutritional impact of his 
purchases. Thus, the food industry will be pressured to expand 
its concept of functional properties to include nutritional 
considerations. Martinez (1) has recently suggested that 
functionality be defined as "the set of properties that contri
butes to the desired color, flavor, texture, and nutritive 
value of a product". In order to assess the nutritive value of 
a product, one must evaluate more than the presence of the 
nutrients; one must evaluate nutrient bioavailability. 

Bioavailability can be defined as the extent to which a 
chemically present nutrient can be utilized by animals (humans) 
(2). B i o a v a i l a b i l i t y can be influenced d i r e c t l y or i n d i r e c t l y 
by many p h y s i o l o g i c a l , p a t h o l o g i c a l , chemical, n u t r i t i o n a l , and 
processing condit ions. Discussion in th is chapter wi l l be 
l imited to unit food processing effects upon the b i o a v a i l 
a b i l i t y of nutrients from plant protein foods. The b i o a v a i l 
a b i l i t y of amino acids, carbohydrates, l i p i d s , vitamins and 
minerals from processed foods wi l l be s e l e c t i v e l y reviewed. 

Amino Acids 

Experimental Procedures. Nutrient b i o a v a i l a b i l i t y is a 
complex subject when applied to protein components. In f a c t , 
i t is an error to speak of the b i o a v a i l a b i l i t y of the protein; 
rather one must consider the a v a i l a b i l i t y of the individual 
amino acids which make up the protein. Amino acid a v a i l a b i l i t y 
implies s u f f i c i e n t digestion of the protein in the intestines 
to allow absorption into the t i s s u e . Then, in the case where 

0097-6156/81/0147-0243$08.00/0 
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an amino acid is l i m i t i n g , there should be no r e s t r i c t i o n to 
u t i l i z a t i o n of that amino a c i d . When these c r i t e r i a are 
s a t i s f i e d , the amino acid may be termed avai lable. One may 
chemically analyze the constituent amino acids in a protein, 
but th is analysis is best viewed as an estimate of the 
potential n u t r i t i o n a l value of the protein. If d i g e s t i o n , 
absorption, and u t i l i z a t i o n are unhindered, then the potential 
may be r e a l i z e d . However, these processes are usually 
i n e f f i c i e n t to some degree, leading to the important 
consideration of amino acid a v a i l a b i l i t y . The subject is 
complicated in that the extent of the i n e f f i c i e n c y varies with 
the animal, other dietary components, and the treatment to 
which the protein may have been subjected. 

The influence of processing on amino acid a v a i l a b i l i t y may 
be profound, e s p e c i a l l y under extreme condit ions. Processing 
can increase amino acid
d i g e s t i b i l i t y or inact ivat in
Processing may also serve to decrease amino acid a v a i l a b i l i t y . 

Protein hydrolysis in 6N HC1 and subsequent analysis to 
determine amino acids (except tryptophan, which is acid l a b i l e ) 
chemically present is a f i r s t step in protein qual i ty evalu
at ion. The chemical score and the EAA index represent attempts 
to use th is information to chemically estimate nutr i t ional 
qual i ty of prote in; their obvious l i m i t a t i o n is their disregard 
for amino acid a v a i l a b i l i t y . The chemical score is obtained by 
evaluating the percent of the l i m i t i n g amino acid in comparison 
to that amino acid in whole egg protein {3). The EAA index is 
the geometric mean of the rat ios of each of the essential amino 
acids to those amino acids occurring in whole egg (4). 

Since lysine is often the l i m i t i n g amino acid Tn plant 
protein and is e s p e c i a l l y sensit ive to processing damage, this 
amino acid has received much attention. Carpenter {$) has 
devised a method of determining "available lysine" using 
dinitrofluorobenzene (DNFB). On the assumption that a f ree 
ε - a m i no group w i l l represent an undamaged, unmodified lysine 
residue, Carpenter measured avai lable lysine by the extent to 
which DNFB reacts with free ε - a m i n o groups. While this 
approach has considerable merit in assessing damage to l y s i n e , 
the word avai lable is open to question. Some of Carpenter's 
"available lysine" may not be absorbed (6); thus the residue 
would not be t r u l y avai lable to the organism in v ivo. 

Further attempts to evaluate nutr i t ional qual i ty of 
protein have been made both in vivo and in v i t r o . In vivo 
measurements have been performed with humans, experimental 
animals (often r a t s ) , and with lower organisms such as 
Tetrahymena pyr i formis. Experimental design is simpler using 
the lower organisms; at the same time, the strength of the 
conclusions that may be extended to humans is lessened. There 
has been much discussion regarding the type of u t i l i z a t i o n 
model to be determined. In the U.S. , the l e g a l l y acceptable 
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model is the protein e f f i c i e n c y ration (PER): 

PER = weight gain 
protein consumed 

which measures u t i l i z a t i o n for growth. Biological value (BV): 

BV = nitrogen retained 
nitrogen absorbed 

i s often determined, accounting for nitrogen u t i l i z a t i o n for 
both maintenance and growth, and allowing use of either human 
or animal subjects. As with the chemical score approach, a 
serious l i m i t a t i o n of these feeding studies is that the only 
amino acid for which a v a i l a b i l i t y can be determined is the 
l i m i t i n g amino acid in th
may or may not be of pract ica
d i e t . 

In v i t r o attempts have been made to simulate digestion in 
order to measure the d i g e s t i b i l i t y of a protein by digestive 
enzymes. The pepsin-pancreatin digest index is just one 
example of an enzyme system which may be applied to a t e s t 
protein prior to analysis of released amino acids. These 
d i g e s t i b i l i t y values are appropriate to the extent that they 
simulate the digestive t r a c t , the subtle workings of which are 
not e a s i l y imitated. The greatest value of this approach is 
not for accuracy but for a sensit ive method of monitoring 
changes in the protein due to treatment (7). In addit ion, in 
v i t r o work nay often provide clues regarding the reason protein 
qual i ty is improved or reduced. 

A hybrid approach combining in v i t r o and in vivo methods 
is the everted sac technique of WTTson and Wiseman {S)3 which 
has been used to estimate both d i g e s t i b i l i t y and absorption. 
This method uses the rat small intest ine outside of the animal. 

Processes Af fect ing Nutr i t ional Value of Amino Acids. 
Many unit processing operations" have been shown to inf luence 
protein qual i ty . Heat, commonly applied to protein to increase 
d i g e s t i b i l i t y , can not only make the protein i n t r i n s i c a l l y more 
d i g e s t i b l e but can inact ivate inhibi tors to protein digest ion. 
Denaturation of protein is thought to be the mechanism for the 
increased d i g e s t i b i l i t y and the inact ivat ion of inhibi tory 
substances. 

Excessive heat can lead to decreased d i g e s t i b i l i t y and 
absorption, resul t ing in reduced amino acid a v a i l a b i l i t y . A 
number of mechanisms involving c r o s s - l i n k formation have been 
suggested to account for these changes. The Mai l lard reaction 
involves the complexation of a reducing sugar and a free amino 
group of the prote in, generally the ε - a m i n o group of l ys ine. 
The Amadori compound which forms in the preliminary stages of 
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Mail lard browning w i l l y i e l d the constituent amino acid upon 6N 
HC1 hydrolysis and analys is , but the Amadori amino acid moiety 
may be unavailable to the rat (9) since i n t e s t i n a l hydrolysis 
is less harsh than 6N HC1 hydrolysis. Thus, we have a c lear 
d i s t i n c t i o n between potential nut r i t ional value and actual 
a v a i l a b i l i t y . 

Another type of c r o s s - l i n k formation resul t ing from 
excessive heat is the formation of isopeptides, in which the 
ε - a m i n o group of lysine is involved in a new peptide bond, 
probably by d isplacing the amide group of asparagine or 
glutamine. The lysine moiety of free ε - N - ( β - a s p a r t y l ) - l y s i n e 
was found to be only very s l i g h t l y avai lable to the rat (10), 
whereas the lysine moiety of free e(Y-L-glutamyl)-L- lysine was 
determined to be almost completely avai lable (10,11). It has 
been hypothesized that the isopeptide i t s e l f may be absorbed 
and subsequently hydrolyzed by a kidney ε - l y s i n e deacylase, and 
that only after hydrolysi

It now appears more l i k e l y that gut enzymes may be 
responsible for par t ia l isopeptide hydrolysis (12). Waibel and 
Carpenter (JJ_) suggest that hydrolysis may occur within the 
i n t e s t i n a l wall after absorption of the isopeptide. However, 
these studies on absorption of the free e(Y -L-g lutamyl ) -L-
lysine may not be relevant to c r o s s - l i n k s in an overheated 
protein. 

It may be concluded that c r o s s - l i n k i n g due to isopeptide 
formation is probably responsible for decreased overal l 
d i g e s t i b i l i t y of the protein (6,12); thus, i f the digestive 
enzymes are not able to release the smaller peptides, then the 
question of a v a i l a b i l i t y of the isopeptides per se i s beside 
the point . Ford (13) points out that the rate of d i g e s t i b i l i t y 
of isopeptide l inks may preclude the maximum a v a i l a b i l i t y of 
the lysine as a result of the lysine entering the system too 
late to be e f f e c t i v e l y u t i l i z e d by the t i s s u e . Thus, the 
lysine in these linkages would be at least partly unavailable. 
Other workers have shown that small quantit ies of isopeptides 
are found in the urine (14). 

Excessive heat can cause destruction of amino acid 
residues. The amino acid most susceptible to d i rect heat 
destruction is cyst ine. Although not an essential amino a c i d , 
cystine does have a sparing effect on the dietary requirement 
for methionine. As a r e s u l t , cystine destruction can be 
n u t r i t i o n a l l y important. In addit ion, many vegetable proteins 
are l i m i t i n g in the sulfur amino acids. Cystine destruction 
would be p a r t i c u l a r l y harmful for these proteins. 

Excessive heat due to roasting can cause racemization of 
amino acid residues (15). Most amino acids are only avai lable 
in the L form. Consequently, complete racemization could be 
equivalent to a 50% decrease in a v a i l a b i l i t y for the residues 
af fected. 

A l k a l i treatment of protein can be used to increase 
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s o l u b i l i z a t i o n , for the production of i s o l a t e s , and in the 
spinning process for t e x t u r i z a t i o n . This treatment has 
important benefits in terms of some functional propert ies, but 
i t must be applied with consideration for amino acid 
a v a i l a b i l i t y . A l k a l i treatment, i f excessive, can result in 
amino acid destruct ion, e s p e c i a l l y to cyst ine. It can also 
cause racemization. Cross- l inks may form by reaction with 
dehydroalanine, a degradation product of cystine or ser ine. 
Lysinoalanine (LAL) and lanthionine are two of the possible 
reaction products. 

Considerable attention has been given to LAL, which has 
been shown to be nephrotoxic to the rat (16), the only species 
so far shown to exhibit s e n s i t i v i t y to LAL. De Groot et a l . 
(17) found that f ree LAL is more nephrotoxic than protein-bound 
LAL. The difference may be a benef ic ia l consequence of reduced 
d i g e s t i b i l i t y of protei
(16) found both protein-boun
nephrotoxic. The disagreeing resul ts from these two 
laborator ies have not been s a t i s f a c t o r i l y explained, but 
Struthers et al_. (18) described data which suggests that 
di f ferences in the strains of rats may be responsible. 
Karayiannis et aj_. (19) claimed that dif ferences in d i e t s , not 
the st ra in oT~rats, were responsible for variable 
nephrotoxicity resul t ing from feeding protein-bound LAL. They 
suggested that other nut r i t ional factors modulated development 
of kidney l e s i o n s , and that the balance of essential amino 
acids in the diet may have been an important factor . Gould and 
MacGregor (20) and Struthers et aj_. (18) have also reviewed the 
controversy regarding b i o l o g i c a l ef fects of LAL. Not only do 
species respond d i f f e r e n t l y to LAL, but the extent of LAL 
formation varies with the type of protein treated (21). Damage 
due to a l k a l i treatment is induced and/or exacerbated by heat. 

The a v a i l a b i l i t y of amino acids from protein may be 
affected by the refinement of the types of protein molecules. 
In some protein sources storage protein may be isolated from 
non-storage protein, or ac id-prec ip i tated proteins isolated 
from whey proteins. In the preparation of c l a s s i c a l protein 
isolates by s o l u b i l i z a t i o n and acid p r e c i p i t a t i o n , the amino 
acid make-up of the iso-late d i f f e r s from that of the extract. 
Consequently, consideration must be given to the amino acids 
chemically present in a refined protein. 

Another method of protein treatment involves enzymatic 
m o d i f i c a t i o n . Enzymes per se may be added or the protein may 
be subjected to the microbial enzymes produced from 
fermentation. There is l i t t l e evidence to indicate that the 
amino acid a v a i l a b i l i t y is influenced by these treatments, 
although one might expect benefits from increased 
d i g e s t i b i l i t y . The plastein reaction is a type of enzymatic 
modi f icat ion, in which protein hydrolysis is followed by 
resynthesis of peptide bonds. Evidence indicates that amino 
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acid a v a i l a b i l i t y is not influenced by th is treatment ( 2 2 ) . 
A newer method of protein treatment is chemical 

modif icat ion of the amino acid residues, e s p e c i a l l y l y s i n e . 
Acylation of the ε-amino group has profound effects upon the 
protein structure due to el imination of the cat ionic amino 
group. Succinylation has even more profound effects since the 
amino group is e s s e n t i a l l y replaced by an anionic carboxyl 
group. Functional properties have been shown to be greatly 
improved by acylation ( 2 3 ) , but lysine a v a i l a b i l i t y after 
modif ication is a matter of concern. Bjarnason and Carpenter 
( 1 2 ) have shown free ε - Ν - a c e t y l lysine to have only 5 0 % of the 
a v a i l a b i l i t y of lysine and free ε-Ν-propionyl lysine to have no 
lys ine a v a i l a b i l i t y . Since Leclerc and Benoiton ( 2 4 ) have 
shown N-acetyl lysine but not N-propionyl lysine tô~~be a 
substrate for rat kidney ε - l y s i n e deacylase, these a v a i l a b i l i t y 
studies suggest that the a c t i v i t y of ε - l y s i n e deacylase in the 
kidney may determine th
protein. ε - Ν - s u c c i n y l lysine has not been evaluated as a 
substrate for ε - l y s i n e deacylase. Finot et ( 1 0 ) found no 
hydrolysis of ε - Ν - l e u c y l - l y s i n e nor ε - N - p â T m i t y l - l y s i n e in 
homogenates of rat i n t e s t i n a l mucosa, l i v e r , or kidney. Thus, 
simple ε - Ν - a c y l - l y s i n e with acyl groups greater than two 
carbons would not appear to be a v a i l a b l e . However, Padayatti 
and Van Kley ( 2 5 ) have shown that an ε-pept idase is capable of 
hydrolyzing ε - Ν-(«-3$ρ3 ^ 1 ) - l ys ine and ε - N - l e u c y l - l y s i n e ; thus 
these derivatives are probably a v a i l a b l e . Since ε - Ν - s u c c i n y l 
lysine is s t r u c t u r a l l y s imi lar to both ε - N - b u t y r y l - l y s i n e and 
ε - Ν - ^ - a s p a r t y l ) - l y s i n e , i t is d i f f i c u l t to predict the 
a v a i l a b i l i t y of the lysine in ε - Ν - s u c c i n y l l ys ine. 

ε-Ν-propionyl lysine from lactalbumin is somewhat avai lable 
(Table I), suggesting that the longer action of gut enzymes may 
result in some s i g n i f i c a n t hydrolysis ( 1 2 ) . 

TABLE I 
EFFECT OF ACYLATION ON LYSINE AVAILABILITY1 

Estimated % Activity^ 

ε - a c e t y l - L - 1 y s i ne 5ϋ* 
ε - p r o p i o n y l - L - l y s i n e 0 
Bovine plasma albumin 8 5 

Acetyl BPA 67 
Lactalbumin 1 2 2 

Formyl lactalbumin 77 
Propionyl ( 4 0 % ) lactalbumin 107 
Propionyl ( 9 5 % ) lactalbumin 43^ 

From ( J 2 J . 
Compared to L- lys ine hydrochloride = 1 0 0 . 
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Conclusions and appl icat ion of conclusions regarding amino 
acid a v a i l a b i l i t y must be kept in perspective. A change in 
a v a i l a b i l i t y may have l i t t l e pract ical ef fect i f the protein in 
question is not a s i g n i f i c a n t dietary source of protein. If 
the l i m i t i n g amino acid in the protein is not the l i m i t i n g 
amino acid in the d i e t , a change in a v a i l a b i l i t y could be 
equally unimportant. In f a c t , i f proteins are fed in 
complementary fashion, the l i m i t i n g amino acid in the mixed 
diet may be di f ferent than the l i m i t i n g amino acid in either 
protein source fed as the sole source. In addit ion, the 
l i m i t i n g amino acid depends upon the animal used in the t e s t . 
Thus, one must c a r e f u l l y consider the pract ical relevance of 
amino acid a v a i l a b i l i t y determinations. 

Processing of Soy food
Soybeans are an excellen
f i r s t l i m i t i n g amino acid is methionine. Despite i ts generally 
favorable amino acid p r o f i l e , unheated soy protein is an 
undesirable source of amino acids due to poor d i g e s t i b i l i t y . 
This poor d i g e s t i b i l i t y has often been ascribed to trypsin 
i n h i b i t o r s (TI), which are readi ly heat-denatured proteins. 
However, Liener (26) found no corre lat ion between the level of 
TI a c t i v i t y and PER. His in v i t r o studies showed that only 
about 40% of the dif ference in d i g e s t i b i l i t y between unheated 
and optimally heated soy extract was due to TI a c t i v i t y ; the 
rest was att r ibutable to the protein being in the undenatured 
state. Even f u l l y denatured legumenous protein is incompletely 
attacked by digestive enzymes, and the a v a i l a b i l i t y of sulfur 
amino acids may be quite low. 

Heat treatment is the preferred method of reducing trypsin 
i n h i b i t o r a c t i v i t y and increasing d i g e s t i b i l i t y . Several 
investigators have demonstrated a d e l i c a t e balance between the 
heat treatment necessary to increase d i g e s t i b i l i t y and reduce 
t rypsin inhibi tor a c t i v i t y and the excessive heat which can 
reduce d i g e s t i b i l i t y and with i t the amino acid a v a i l a b i l i t y . 
Hackler et al_. (27) investigated the ef fect of heating soy milk 
at 1 2 1 ° C ~ T o r varying periods. They showed that the optimum 
time of heating was 4 to 8 minutes. Longer times decreased the 
PER. Wing and Alexander (28) found that a maximum PER for 
soybean meal was achieved with microwave heating for 2.5 to 3.0 
minutes; the PER decreased dramatically at 5.0 minutes 
heating. 

I r i a r t e and Barnes (29) showed that cystine destruction by 
heat made th is amino acid~Tirst l i m i t i n g for the r a t . However, 
cystine supplementation did not return the nutr i t ional value to 
the optimum l e v e l . These workers were unable to determine the 
second l i m i t i n g amino acid and could not rule out the possible 
development of a t o x i c i t y f a c t o r . Taira (30) determined that 
only cystine was destroyed under heating conditions commonly 
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employed in soybean processing. He also found (31) that 
cystine destruction was independent of moisture content. 

Kel lor (32) points out that overheating adversely affects 
p a l a t a b i l i t y . Precise control of heat for desolventizing and 
in subsequent processing steps is needed. Stott and Smith (33) 
showed no negative effects to lysine or methionine for a 
typical commercial desolvent iz ing-toast ing process. 

Soy protein is refined in production of concentrates and 
i s o l a t e s . The process of refinement of these two products is 
considerably d i f f e r e n t (34). Concentrates are produced by 
leaching defatted f lakes or f l o u r to remove most of the sugars 
and ash, leaving a protein and polysaccharide mixture of about 
70% prote in. Isolates are c l a s s i c a l l y prepared by a l k a l i 
extraction of defatted meal, followed by p r e c i p i t a t i o n of 
protein curd at the i s o e l e c t r i c point. Washing of the curd 
produces an isolate of at least 90% protein. Although i s o l a t e s 
are a higher percentage
or ig inal seed protein wi l l be found in concentrates. 
I s o e l e c t r i c p r e c i p i t a t i o n results in loss of whey protein as 
well as undesirable non-protein components. Gi l lberg (35) has 
shown that the cystine composition of the isolate is lower than 
for the meal extract because non-precipitated whey protein has 
a r e l a t i v e l y larger proportion of the total sulfur amino acids. 
This observation is reinforced by Matti l (36), who showed that 
the range for amino acid composition was diTFerent for several 
commercial concentrates as compared to commercial i s o l a t e s . He 
found methionine to be lower for isolates than for 
concentrates. 

Matt i l (36) emphasized the difference in amino acid 
composition within the two c l a s s i f i c a t i o n s for commercial 
products. He pointed out that some of the differences are 
d e l i b e r a t e ; a high s o l u b i l i t y isolate could well have a 
d i f ferent amino acid composition than an isolate with low 
s o l u b i l i t y . Matti l evaluated i s o l a t e PER's, which ranged from 
1.1 to 1.75. These values were in apparent cor re lat ion with 
methionine analyses (from 0.9 to 1.2 g/16 g Ν ) . 

Heat treatment of commercial isolates was studied by Cogan 
et a l . (37) who found that heat could be applied either before 
or l i f ter isolate formation without af fect ing PER. However, 
Longenecker et al_. (.38) point out apparent marked di f ferences 
in manufacturing processes regarding heat treatment of 
commercial concentrates and i s o l a t e s . They found that in most 
cases heat treatment had apparently not been optimal and that 
resul t ing losses in nutr i t ional value could be quite large. 
Longenecker and Lo (39) analyzed the effect of excessive heat 
treatment on soy isolate and found only a 14% decrease in 
methionine by chemical analysis but a PER drop from 2.10 to 
1.13. Using a plasma amino acid technique, they concluded that 
methionine a v a i l a b i l i t y was reduced 46% by the excess heat, a 
f inding which more reasonably explains the large PER drop. 
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A l k a l i treatment is used to s o l u b i l i z e and i s o l a t e 
proteins, to improve foaming and emulsifying propert ies, and to 
obtain protein solutions suitable for spinning f ibers (17). 
De Groot and Slump (40) studied the influence of a lkal i on soy 
protein i s o l a t e s , monitoring the production of lysinoalanine 
and changes in amino acid content. They found that above pH 
10, treatment at 4 0 ° C for 4 hours resulted in decreased cystine 
and increased LAL (Figure l a ) . They also found that at pH 12.2 
for 4 hours, lysine and cystine content s teadi ly decreased with 
increasing temperatures from 20° to 8 0 ° C , and LAL content 
increased dramatical ly. At pH 12.2 and 4 0 ° C they reported that 
the greatest loss in cystine and increase in LAL occurred in 
the f i r s t hour (Figure l b ) . Thus they concluded that exposure 
of soy protein i s o l a t e at pH 12.2 for only a short time would 
destroy some cystine and decrease the nut r i t i ve value. 
Decreased threonine a v a i l a b i l i t y (not shown) in the pH 12.2, 
4 0 ° C , 4 hour samples wa
supplementation studies. The authors speculate that 
racemization of threonine could be responsible. 
Pepsin-pancreatin digestion of the pH 12.2, 4 0 ° C , 4 hour 
samples showed decreased d i g e s t i b i l i t y . Absorption was 
measured with everted i n t e s t i n a l sacs and was seen to vary 
according to the amino a c i d . Because LAL and nitrogen 
u t i l i z a t i o n showed a negative c o r r e l a t i o n , these authors 
suggested measurement of LAL as an estimation of alkal ine 
processing damage in soy. In later work, de Groot et jal_. (17) 
suggested that cystine is a sensit ive indicator of "Tosses in 
n u t r i t i v e value, while safety considerations would be related 
to LAL content. 

Sternberg et aj_. (41) analyzed numerous foods and food 
ingredients for LAL. They found LAL to be commonly occurring 
at greater than 100 yg/g protein in cooked (but not raw) 
f rankfurter , chicken and egg white. Of food ingredients 
tested, commercial soy protein i s o l a t e samples varied from 
0-370 y g/g prote in. These data indicate that while processing 
can increase LAL leve ls in soy, LAL leve ls in soy products may 
be comparable to levels encountered in everyday cooked foods. 
Gould and MacGregor (20) concluded that human intake of LAL i s 
low compared to levels needed to cause kidney damage in the 
r a t . They point out, however, that certain infant milk 
formulas have been shown to have LAL at 200-600 ppm, and that 
t h i s food may consti tute 100% of the d i e t . They see cause for 
concern, considering the unknown r e l a t i v e s e n s i t i v i t y of man to 
LAL. 

F inley and Kohler (42) noted that oxygen is apparently 
required for the formation of high levels of LAL in soy i s o l a t e 
and sodium caseinate. They were able to control LAL formation 
by l imi t ing the amount of oxygen either by mixing under 
nitrogen or by the addition of reducing agents. Even with 
severe a l k a l i treatment ( 6 0 e C , 8 hours, 0.1 Ν NaOH) the LAL 
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content was 0.003 g LAL/16 g Ν or below when mixed under 
nitrogen after addition of b i s u l f i t e , b i s u l f i d e , or cysteine. 

Soy protein may be texturized in two ways: through f i b e r 
spinning or thermoplastic extrusion. Fiber spinning involves 
treatment of soy i s o l a t e with a l k a l i , spinning, and coagulation 
in ac id, whereas extrusion subjects soy f lour to high 
temperature and pressure, releasing the thermoplastic material 
through a die (34). 

Van Beek et a^. (43) examined spun soy i s o l a t e and found 
that as the sole" protein source to rats i t is f u l l y capable of 
supporting normal growth when methionine is added. E a r l i e r , 
Bressani et _al_. (44) tested spun soy products + egg albumin + 
wheat gluten and T ô u n d the protein s l i g h t l y less adequate than 
milk at lower nitrogen l e v e l s , but equivalent to milk at higher 
l e v e l s . These experiments suggest that spun soy iso late may be 
an excellent protein source

Kies and Fox (45) examine
protein in comparison to beef protein. At 8.0 g nitrogen per 
day they found that both products met the human adult male 
requirements ( i . e . , they gave a posi t ive nitrogen balance), 
whereas at 4.0 g nitrogen per day beef was superior to the 
extended soy ( i . e . , i t had a less negative nitrogen balance). 
Methionine supplementation p a r t i a l l y overcame the difference at 
the lower l e v e l . This study shows the adequacy of protein 
qual i ty of extrusion-textured soy protein for humans fed 
adequate quantit ies of prote in . The authors point out that 
applying the 6.25 conversion factor to both proteins might well 
put the soy protein at a disadvantage i f the true conversion 
factor for soy is lower, as has been suggested. 

Mustakas et ^1_. ( 46) evaluated the effects of 
extruder-processing on nutr i t ional qual i ty , f l a v o r , and 
s t a b i l i t y of the product in an attempt to describe extruder 
conditions which would be acceptable in a l l three respects. 
Urease a c t i v i t y was used as an estimation of trypsin i n h i b i t o r 
a c t i v i t y ; thus the area between the two urease curves in Figure 
2 indicates processing conditions which st r ike a balance 
between too much and too l i t t l e heat treatment, showing optimal 
n u t r i t i o n a l q u a l i t y . Using the f lavor and peroxide value 
isograms, processing conditions may be chosen such that 
acceptable f lavor and s t a b i l i t y may also be achieved. 

Recently, Jeunink and Cheftel (47) have attempted to 
i l luminate the mechanism of extrusion t e x t u r i z a t i o n . They 
attr ibuted the low product s o l u b i l i t y to new d i s u l f i d e bonds 
and non-covalent i n t e r a c t i o n s , but they could not rule out a 
contr ibution due to formation of isopeptide l i n k s . The small 
observed increase in unavailable lysine would be consistent 
with isopeptide formation. 

Acylat ion of soy protein has been suggested as a way of 
improving i t s functional propert ies. Franzen and K i n s e l l a (18 ) 
studied both succinylat ion and acetylation of soy protein. 
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They found negl ig ib le changes in functional properties from 
acety lat ion, but succinylat ion improved color , aqueous 
s o l u b i l i t y , emulsifying a c t i v i t y , emulsion s t a b i l i t y , 
emulsifying capacity, foaming capacity, and foam s t a b i l i t y . 
The authors recognized that exhaustive acylation may lower PER 
of the protein due to u n a v a i l a b i l i t y of acylated l ys ine, and 
suggested that such derivatized proteins serve a functional 
role and not constitute a s i g n i f i c a n t source of n u t r i t i v e 
protein. 

The plastein reaction usually involves two steps: 
hydrolysis of protein and resynthesis of peptide l i n k s . 
Yamashita et a^. (20) found s imilar BV, d i g e s t i b i l i t y , and 
weight gain for denatured soy meal and soy p l a s t e i n . This same 
group (49,50) had described a one-step process by which amino 
acids may Be enzymatically incorporated in intact protein to 
improve protein qual i ty
racemic mixture of D,L-methionin
enzymatically incorporate L-methionine. As Schwimmer (51) has 
pointed out, one expects the methionine so incorporated to be 
highly avai lable due to i ts location at the end of the 
polypeptide chains. 

Kirchgessner and Steinhart (52) studied the in v i t r o 
digestion of soy protein isolate with pepsin. They showed that 
a r e l a t i v e l y higher percentage of the essential amino acids 
threonine, va l ine, iso leucine, leucine and phenylalanine were 
found in the undigested residue and therefore would be present 
in lower proportions in the hydrolysate. Myers et al_. (53) 
hydrolyzed a soy protein iso late with a fungal acid protease. 
They also found that the essential amino acid content of the 
hydrolyzate was lower than the i s o l a t e , but, as prepared by 
thei r continuous process, the hydrolyzate PER was not 
s i g n i f i c a n t l y reduced as compared to the isolate PER. 

S t i l l i n g s and Hackler (54) studied the ef fects of the 
tempeh fermentation, the action of Rhizopus oligosporus on 
dehulled, soaked, and s t e r i l i z e d soybeans. The PER of tempeh 
reached i ts peak after 24 hours' fermentation and then dropped. 
They ascribed the changes to an increase and then a decrease in 
tryptophan chemically present. The PER decrease after 24 hours 
was also attr ibuted to an increased quantity of mold protein, 
which is lower in sulfur amino acid concentration than the 
o r i g i n a l soy prote in. Free amino acids increased markedly, 
presumably due to the action of the mold proteolyt ic enzymes. 
Free methionine was present in the largest amount, and as such 
was highly a v a i l a b l e , thus p a r t i a l l y accounting for the i n i t i a l 
increase in PER. 

L i t t l e information is avai lable regarding potential 
nutrient interact ion and amino acid a v a i l a b i l i t y in soybeans. 
Bau and Debry {55) have investigated how other nutrients in a 
product could affect amino acid a v a i l a b i l i t y . Attempting to 
re f ine the protein from germinated and ungerminated soybean, 
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they added CaCl2 to form a t o f u - l i k e curd, which was then 
pressed and d r i e d . The effect of alginate on the y i e l d of 
protein curd was also determined. As expected (Table II), 
y i e l d s increased with alginate addit ion; 

TABLE II 
C a C l 2 PRECIPITATION OF SOY PROTEIN1 

i 
Nitrogen Recovery PER? 

Ungerminated protein: 
C a C l 2 59.0 2.06 

Ungerminated protein: 
CaCl2 + alginate 87.0 1.42 

Germinated protein: 
C a C l 2 51.8 1.85 

Germinated protein
CaCl? + alginate 82.7 1.63 

!From (55). 
^Corrected to casein = 2.5. 

however, the PER dropped s i g n i f i c a n t l y with alginate addit ion. 
Supplementation with methionine (not shown) improved the 
alginate sample to within 0.1 on the PER scale compared to 
non-alginate samples which were also supplemented. The authors 
concluded that alginate may form enzymatically resistant 
linkages with methionine residues, thus decreasing methionine 
a v a i l a b i l i t y . 

Wheat Products and Amino Acid A v a i l a b i l i t y . As a protein 
source, wheat is l imited by i ts content of l y s i n e . 
Nevertheless, i t is an important source of protein for humans. 
Processing of wheat is necessary before use, and thermal 
processing is often employed in some manner. Much information 
is avai lable regarding the effects of m i l l i n g on nutrients in 
wheat, but l i t t l e work has been done regarding the effects of 
heat treatment on amino acid a v a i l a b i l i t y . 

Hansen and co-workers have evaluated wheat protein (hard 
red wheat f lour ) heated in a model system at various 
temperatures ( 1 0 8 - 1 7 4 ° C ) , moisture levels (13-33%) and times 
(2-10 minutes) (56,57,58). They found (56) that increasing 
temperature or time~Ted to increased peptide formation, and 
that higher moisture also gave increased peptide formation. 
They also found that at 108°C protein aggregation occurred, 
probably as a result of d i s u l f i d e bond formation, and they 
suggested that t h i s effect might provide an alternat ive to 
chemical oxidation for dough improvement. At higher 
temperatures, the protein aggregates broke down. The authors 
postulated that at the higher temperatures not only 
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d i s u l f i d e bonds but some peptide bonds were broken, leading to 
increased peptide production. Although they did not suggest 
i t , the H 2 S production noted could have resulted part ly from 
cystine destruction which would have been followed by chain 
s c i s s i o n according to the mechanism of Hurrell and Carpenter 
(59). 

In subsequent work with the same system, Hansen et a l . 
(57,58) evaluated amino acid content as well as in v i t r o enzyme 
d i g e s t i b i l i t y after processing under the same conditions as 
above. At 174° for 10 minutes they found s i g n i f i c a n t losses of 
l y s i n e , arginine and cysteine-cyst ine but not of other amino 
acids. They pointed out that chemical analysis indicated that 
cystine became l i m i t i n g at these condit ions. In v i t r o enzyme 
d i g e s t i b i l i t y was assessed by two methods. In the f i r s t , 
i n i t i a l .rates of pepsin or trypsin digestion showed an inverse 
r e l a t i o n to processing temperature
lysine a v a i l a b i l i t y by incubatio
followed by incubation with carboxypeptidase Β for 16 hours. 
A v a i l a b i l i t y of lysine was estimated by comparing the lysine 
l iberated by the enzyme treatment with the lysine l iberated by 
HC1 hydrolysis (Table III). Increased lysine a v a i l a b i l i t y was 
found at 1 0 8 ° , but increased destruction of lysine and 
decreased a v a i l a b i l i t y of the remaining lysine was seen at the 
higher temperatures. Hansen et _al_. (57) applied the t r y p s i n -

TABLE III 
LYSINE AVAILABILITY IN HEATED WHEAT FLOUR PROTEIN^ 

Control 108"C 150'C 174"C 

TCB3 70 81 59 13 
HC14 100 100 92 58 

iFrom (57). 
^Expressed as HC1 control = 100. 13% moisture, 

2 minutes heating. 
3Trypsin digestion for 5 hours (37 eC) followed 

by carboxypeptidase Β digestion for 16 hours 
(37 e C). 

*6N HC1 digestion ( 1 ° C ) for 24 hours. 

carboxypeptidase Β technique to several commercial products and 
found that th is technique produced a better corre lat ion with 
PER than that obtained by HC1 hydrolysis and lysine analys is . 
The authors concluded that product temperature should be kept 
below 125 e C, and that bread would be a good vehicle for wheat 
protein concentrate since the internal product temperature 
would not exceed 1 0 0 ° C . 

Hansen and Johnston (58) concluded that the i n e f f e c t i v e 
ness of trypsin digestion may be c h i e f l y responsible for the 
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lower BV of heated gluten as described by Morgan (60). They 
hypothesized that t r y p s i n - r e s i s t a n t peptides might be poor 
substrates for enzymes of the i n t e s t i n a l mucosa. Indigest ible 
proteins could be absorbed and excreted in the urine without 
u t i l i z a t i o n . 

Friedman (21) studied the effect of pH on the amino acid 
composition of wheat gluten. At pH 10.6 and above (65 e C, 3 
hours) no cystine was present. LAL increased with pH above 
10.6. Lysine decreased over the same range of pH's, while 
serine and threonine contents dropped sharply at pH 13.9. 
Friedman concluded that cystine is most sensit ive to a l k a l i and 
that LAL w i l l form most r e a d i l y i f lysine residues are in 
proximity to the dehydroalanine formed from cyst ine. Thus, he 
explained that d i f ferent s t e r i c considerations may explain the 
d i f ferent s u s c e p t i b i l i t i e s of wheat gluten, casein, and 
lactalbumin to LAL formation. 

The yeast fermentatio
takes place at the expense of avai lable carbohydrates. Good 
dough volume, texture, and structure resul t from the stretching 
of the gluten complex due to gas production. Proteolyt ic 
a c t i v i t y is apparently l i m i t e d , e s p e c i a l l y in comparison to the 
tempeh fermentation previously discussed. Consequently, 
protein n u t r i t i v e value would be much more affected by baking 
than by fermentation. Burrows (61) pointed out that some small 
improvement is probably obtained^Jue to the comparative 
abundance of lys ine in yeast protein, but the small proportion 
of yeast in the bread would make any improvement s l i g h t . 

Cottonseed Processing and Amino Acid A v a i l a b i l i t y . The 
inherent protein qual i ty of cottonseed is good (62,6"3). 
Despite i ts potential q u a l i t y , cottonseed is r a r ë T y used as a 
source of edible protein (64). Two factors discourage use of 
cottonseed prote in. Processing conditions are often selected 
to maximize o i l recovery at the expense of meal qual i ty (64), 
and gossypol, which is harmful to monogastric animals, must be 
inactivated or removed (62,63). Development of glandless 
v a r i e t i e s of cottonseed minimizes the gossypol problem because 
gossypol is found in the pigment glands; unfortunately, only 
l imited plantings have been made (62). 

Heat treatment is often used Tor gossypol inact ivat ion and 
in o i l processing. Horn et a K (65) studied the effects of 
heat treatment on cottonseed protein. Because acid hydrolysis 
of meals subjected to d i f ferent heat treatment did not reveal 
the vast dif ferences determined in animal feeding experiments, 
these workers used in v i t r o enzyme digestion (pepsin, t r y p s i n , 
hog mucosa in serieTJ" as a method of examining further the 
a v a i l a b i l i t y of amino a c i d s . Very l i t t l e destruction of amino 
acids was found as a result of processing except at 2 7 9 ° F for 
100 minutes. The dif ference in acid and enzymatic hydrolysis 
in Table IV shows that methionine and lysine d i g e s t i b i l i t y have 
decreased with heating, thus explaining the reduced PER 
values. 
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TABLE IV 
EFFECT OF HEAT TREATMENT UPON , 

THE QUALIT

Lysine Content"* Methionine Content' 
Cooking Max PER 

Time Temp Acid Enzyme Acid Enzyme 
(min) ( F ° ) Hydrol. Hydrol. Hydrol. Hydrol. 

20 234 1.83 100.0 48.0 92.0 50.9 
36 230 2.01 96.6 43.3 86.7 44.6 
20 261 1.73 95.3 67.7 93.3 50.0 
40 261 1.70 96.4 65.7 90.0 51.8 

100 279 0.52 80.7 31.9 81.3 35.7 
20 200 2.26 103.4 71.7 102.0 49.1 
70 200 2.01 99.4 77.2 94.0 57.1 
70 180 2.16 98.2 74.0 113.3 59.8 
76 240 1.69 97.4 34.6 104.0 44.6 

1 From (65), 

2 Expressed as % of unprocessed meal. 
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Desolventization techniques have been shown to influence 
lysine a v a i l a b i l i t y ( 6 2 ) . Heating pr ior to o i l removal had 
l i t t l e effect on PER at 9 3 e C , and only a s l i g h t effect at 108°C 
( 6 6 ) . Heat following o i l removal, leads to Mai l lard browning 
unless carbohydrates are also removed before heating ( 6 2 ) . 

Fractionation of the protein has been shown to have an 
e f f e c t on n u t r i t i o n a l qual i ty ( 6 2 J . Results summarized in 
Table V show that n u t r i t i v e value varies according to the 

TABLE V 
EFFECT OF REFINEMENT OF NUTRITIONAL QUALITY 

OF COTTONSEED PROTEIN1 

PER Lysine^ 
Methionine 
+ Cystine^ 

Cottonseed 
Glandless Flour 
Non-Storage Isolate 3.05 57 33 
Storage Isolate 1.50 33 19 

Casein 2.50 81 32 
Soybean 2.19 62 24 

!From ( 6 2 ) . 
2mg/g protein. 

apparently d i f ferent proteins which may be s e l e c t i v e l y enriched 
in either non-storage or storage protein i s o l a t e s . Non-storage 
protein is of better n u t r i t i o n a l qual i ty due to i ts higher 
lysine content (64). Storage proteins are acid soluble and 
have good foam capacity and s t a b i l i t y (64). 

Sunflower Protein Amino Acid A v a i l a b i l i t y . 
Sunflower protein has an excellent amino acid balance except 
for low lysine (67), which is apparently f i r s t l i m i t i n g (68). 
Although not recommended for use as a protein supplementsTor 
grain products, sunflower protein is excellent for 
supplementation of soybean (69) due to the complementary effect 
of the r e l a t i v e l y high sulfur amino acid content of sunflower 
protein (67). Robertson (68) points out that sunflower protein 
is more d i g e s t i b l e than most vegetable proteins and comparable 
in BV. In order to obtain the protein, the seed should be 
completely dehulled, which is d i f f i c u l t to do commercially 
(67). C l a s s i c a l procedures for isolate preparation do not 
remove the chlorogenic a c i d , and those methods which do remove 
chlorogenic acid are not always p r a c t i c a l (68). 

Amos et^aK (70) examined the ef fect of heat treatment on 
sunflower protein. Heating of meal for 1 hour at 100eC 
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s i g n i f i c a n t l y increased rat growth as compared to no heating or 
heating at 7 5 e , 1 1 5 ° , or 127°C for the same time. Only s l i g h t 
loss of lysine was observed by chemical analys is . Apparently, 
the mild heat treatment brings about some sort of benef ic ia l 
action (such as increased protein d i g e s t i b i l i t y ) , whereas 
excess heat treatment lowers lysine a v a i l a b i l i t y . Heating at 
100°C was seen to increase p a l a t a b i l i t y as wel l . 

The globulin f r a c t i o n consti tutes 70-80% of the seed 
protein and has low s o l u b i l i t y below pH 8 (69). Provansal et 
a l . (71) evaluated modif ication of sunflour protein due to the 
"aTkalme conditions which are often used to s o l u b i l i z e , pur i fy , 
and obtain desired functional propert ies. Losses of arginine, 
c y s t i n e , threonine, ser ine, l y s i n e , and isoleucine were seen 
with increasing severity of treatment. Because more LAL formed 
than could be accounted for by cystine degradation to 
dehydroalanine, degradation of serine was postulated to lead to 
LAL as wel l . In v i t r o a v a i l a b i l i t
digestion showecT that essential amino acids were a l l adversely 
affected as treatment increased in severity. Analysis using 
L-lysine decarboxylase showed s i g n i f i c a n t racemization of 
lys ine in 0.2M NaOH at 8 0 ° C for 1 hour, and increasing 
racemization with increasing severity of treatment (Table VI). 
Since D-lysine is not avai lable to the organism, racemization 
can have detrimental ef fects on n u t r i t i o n a l qual i ty . 

Processing of Sesame Protein and Amino Acid A v a i l a b i l i t y . 
Sesame protein is high in sulfur amino acids but low in lys ine 
(72). As such i t is an ideal protein for complementation of 
legumes. V i l l e g a s et jil_. (73) pointed out that methionine 
supplementation using sesame protein has several advantages 
over supplementation with free methionine, including an even 
and more adequate release into the digest ive t r a c t . 

Removal of the hul ls is important to reduce oxal ic acid 
content, increase protein content (72) and increase 
d i g e s t i b i l i t y (74). Sesame protein has low s o l u b i l i t y , and one 
method of increasing s o l u b i l i t y is with part ia l enzymatic 
hydrolysis (75). Hydrolysis with fungal enzymes increased the 
soluble protein content of sesame meal from 7.21 to 64.14%, 
values considered comparable to those in soy due to the tempeh 
fermentation. Increased lysine in the hydrolysis extract was 
accompanied by decreased methionine. 

Sastry ^t a]_. (_74) showed that lysine in sesame protein is 
quite stable to heat. Dehulled, solvent-extracted meal 
autoclaved up to 45 minutes showed no appreciable loss of 
chemically avai lable l y s i n e , with only an 8% loss after 60 
minutes. A 13% loss of avai lable lysine was found with 
screw-pressed, solvent-extracted meal autoclaved for 60 
minutes. 

V i l l e g a s et _al_. (73) studied the influence of processing 
on sesame protein q u a l i t y (Table VII). Sample 1 was 
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TABLE VI 
AMINO ACID MODIFICATIO

DUE TO ALKALINE TREATMENT1.2 

Treatment-* 

Control 
0.05, 
55,1 

0.1 
55,1 

0.2 
80,1 

0.2 
80,16 

0.5 
80,16 

1, 
so, ie 

Total 
Lysine 11 10 10 8.5 10 11 12 
D-Lysine 0.4 0.5 0.5 1.3 3.7 6 6.4 
1/2 Cystine 2.5 2.5 2 0 0 0 0 
LAL 2.8 3 3.5 5.5 3 2 1.3 

1 From {TV). 
2 mmol/100 g i s o l a t e . 
3 NaOH(m), T ( ° C ) , time (hr). 
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pre-pressed and then solvent extracted, sample 2 was treated 
s i m i l a r l y and then sugars were extracted, and sample 3 was 
subjected to an expeller operating at high pressure and 
temperature, as in commercial condit ions. The data in Table 
VII indicate that lysine (avai lable after enzymatic hydrolysis) 
is sensit ive to processing and that use of a commercial 
expeller at least p a r t i a l l y blocks lysine a v a i l a b i l i t y . 

TABLE VII 
EFFECT OF SESAME PROCESSING ON AMINO ACID AVAILABILITYl 

Lysine 3 Lysine 3 Lysine'3 Methionines 
(avai lable to (after acid (DNFB 

Sample 2 MO after enz. hydrolysis) avai lable) 
hydrolysis) 

1 1.08 
2 1.43 
3 0.84 2.71 1.87 2.17 

!From (73) 
2 S e e text for processing condit ions. 
3 g/16 g Ν . 

The most important nut r i t ional use of sesame protein is as 
a methionine source for complementation of other protein; 
consequently, the low lysine content is not an important 
consideration with proper complementation (69). Here we see a 
case where reduced b i o a v a i l a b i l i t y of an amino acid is 
documented but is of l i t t l e pract ical importance in the mixed 
diet in which the protein wi l l be only a part. 

Processing of Rapeseed Protein and Amino Acid A v a i l 
abil i ty^ Rapeseed meal contains several undesirable 
components, including erucic ac id, g lucosinolates, and phytic 
acid (76,77). At the same time, rapeseed protein is high in 
lysine ancTsulfur amino acids and has a higher nut r i t ional 
value than any other vegetable protein (76). Plant breeding 
has reduced erucic acid levels to less than 5% of the fatty 
acids (77). Glucosinolates may be reduced from 4% to < 0.2% 
through the formation of protein concentrates, and at th is 
level there is apparently l i t t l e growth-depressing effect (76). 
Phytic acid levels can increase from 2% to 6% during 
concentrate preparation. When the concentrate is fed to 
pregnant r a t s , anorexia may be induced unless additional zinc 
is provided to make up for the zinc no longer avai lable due to 
complexation with phytate (77). 

Korolczuk and Rutkowski (78) examined the amino acid 
content of rapeseed isolates prepared by several methods. 
Glucosinolates were not present. They found that isolates are 
generally characterized by higher levels of essential amino 
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acids than found in the or ig inal meal. This f inding is just 
the opposite of what is found for soybean protein i s o l a t e s , 
where essential amino acid content is decreased upon isolate 
preparation. 

Signi f icance of Amino Acid Destruction. In any discussion 
of amino acid a v a i l a b i l i t y i t is important not to lose sight of 
the pract ical relevance of the changes that may result from 
processing. Many of the above-mentioned effects have been 
studied in i n t e n t i o n a l l y damaged protein, and it is crucial to 
consider the extent of s imi lar damage in the range of 
commercial processing condit ions. If the process does not 
produce a toxic compound, then one needs only to consider 
whether the protein wi l l be a s i g n i f i c a n t dietary protein 
source. One must consider whether the l i m i t i n g amino acid in 
that protein (the only amino acid whose a v a i l a b i l i t y is 
measured) may be l i m i t i n
l i m i t i n g in the d i e t , then the issue of a v a i l a b i l i t y must be 
faced squarely. 

Carbohydrate 

Chemical modif ication of simple sugars during drying, 
baking, or roasting operations can either have a desirable or 
undesirable effect upon the organoleptic qual i ty of the f i n a l 
product. We have become accustomed to the c h a r a c t e r i s t i c 
roasted or baked f lavors of coffee, peanuts, popcorn, and 
freshly-baked bread. The color and f lavor and aroma of caramel 
make i t a useful additive for the food industry. On the other 
hand, the burnt f lavor of overheated dry beans or soy milk 
reduces marketabil i ty of these products. 

The Mai l lard browning and the high-temperature-induced 
caramelization reactions that produce f lavor and color changes 
also result in the formation of non-digestible carbohydrate 
mater ia ls . As previously noted, the Mai l lard reaction can 
severely reduce the b i o a v a i l a b i l i t y of lysine and other amino 
a c i d s . Free amino groups combine the reducing sugars such as 
lactose or glucose, and depending upon conditions i r r e v e r s i b l e 
dehydrated and c y c l i c and fragmented degradation products can 
r e s u l t (5^,79). Caramel izat ion of glucose syrup results in 
formation of c y c l i c monomers and dehydrated polymeric 
compounds. 

The resul t ing reduction in c a l o r i c value of browned or 
caramelized foods is of l i t t l e s igni f icance for well-fed 
Americans. Loss of b i o l o g i c a l l y avai lable amino acids is of 
concern only for those consuming diets of marginal protein 
q u a l i t y . 

Some legumes and dry beans contain considerable quantit ies 
of ol igosaccharides which cannot be adequately digested by man 
because we lack appropriate digestive enzymes. Cramps, 
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diarrhea, nausea, and f latulence can resul t from consumption of 
these foods due to microbial attack on these compounds in the 
colon. These non-bioavailable sugars are p a r t i a l l y responsible 
for the low human consumption of soybeans and certain types of 
dry beans by Western man. Genetic ef forts to reduce these 
f l a t u s factors show promise. Water-blanching of soybeans w i l l 
remove some of these soluble sugars. The use of a lkal ine 
soaking and/or blanching of whole soybeans (0.5% NaHCO )̂ has 
been shown to be b e n e f i c i a l in increasing ol igosaccharide 
removal into the blanch water (80). Mild sodium bicarbonate 
treatment also improves the tenclerization of the soybeans (81) 
and the mouth-feel of a soy beverage (82), but severely reduces 
thiamin content of the soy beverage (8ÎT. 

Many persons from non-Eastern European-derived cultures 
are unable to tolerate large quantit ies of the milk sugar 
lactose because of the absenc
digest ive enzyme, l a c t a s e
lactose results in ef fects s imi lar to those described for 
ol igosaccharide consumption. Severe intolerance can result in 
malabsorption of a l l nutrients from the diet due to diarrhea. 

Dietary f i b e r , the undigestible polysaccharide material of 
plant c e l l wal ls, is being lauded by some for prevention of 
colon cancer, d i v e r t i c u l a r disease, hypercholesterolemia, 
diabetes, etc. Although i t is uncertain whether these claims 
are t rue, i t is c lear that increased dietary f i b e r w i l l 
increase stool bulk, stool moisture content, and accelerate 
stool t r a n s i t time (84). The s p e c i f i c chemical type as well as 
the p a r t i c l e size of the f i b e r may influence i t s physiological 
e f f e c t s . For example, the important property of dietary f i b e r 
of increasing water holding capacity of the stool may well 
depend upon p a r t i c l e size of the f i b e r (85). Daily fecal wet 
and dry weight in young adult men fed low-fiber diets 
supplemented with 32 grams of either coarse or f i n e l y ground 
wheat bran were s i g n i f i c a n t l y greater by 14% and 7% for the 
coarse bran d iets (86). These resul ts imply that 
minimally-processed native f i b e r may be more ef fect ive (more 
b i o l o g i c a l l y active) than micropulverized f ibrous materials 
that are added to low c a l o r i e breads, for example. 

L i p i d s 

Under proper processing conditions minimal a l terat ions in 
the structure and b i o a v a i l a b i l i t y of food l i p i d s take place. 
However, excessive heat and/or improper storage conditions can 
result in a number of d é g r a d â t i v e changes in l i p i d s . These 
chemical changes have a much greater ef fect upon p a l a t a b i l i t y 
than upon n u t r i t i v e value. 

L ip ids are highly d i g e s t i b l e and provide both calor ies and 
essential fatty a c i d s . Vegetable o i l s are generally high in 
polyunsaturated fatty acids, and therefore are high in 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



12. T H O M P S O N A N D E R D M A N Nutrient Bioavailability 265 

essential fat ty acids ( l i n o l e i c , l i n o l e n i c and arachidonic 
a c i d s ) . Although polyunsaturated fat ty acids can undergo 
peroxidation by autoxidation, v ia enzyme stimulation 
(lipoxygenase) or by chemical c a t a l y s i s , the dietary 
requirement for essental fat ty acids is so low (about 1 gram 
per day) that the requirement is e a s i l y met in a mixed diet 
(87). 

A. E. Bender (87) in his review of food processing and 
n u t r i t i o n has outl ined the various chemical changes that occur 
during processing and storage of l i p i d s . He points out that 
foods containing very small amounts of fats can also undergo 
oxidative and hydrolyt ic spoi lage. Vegetables such as 
potatoes, spinach, and beans contain as l i t t l e as 0.1 to 0.6% 
fat but this is s u f f i c i e n t to cause deter iorat ion of f lavor 
during storage. 

Fats with peroxide
effect when fed to r a t s
loss of appetite and decreasing a b i l i t y to gain weight, while 
values of 1200 can be quite t o x i c . Peroxide values in excess 
of 100 are rare ly encountered with good commercial practices 
(89). Heat-induced c y c l i z a t i o n or polymerization of fats 
r e s u l t s in quite toxic compounds when tested with r a t s . These 
materials may affect membrane function (90), l i v e r enlargement 
(91) and other b i o l o g i c a l systems(92). 

Commercial h y d r o g é n a t i o n of oTTs r ich in polyunsaturated 
f a t t y acids lowers melting points of the o i l and reduces the 
heat and oxidative damage to the o i l during processing and 
storage (92). During h y d r o g é n a t i o n , some of the 
natural ly-occuring ens-double bonds in fatty acids isomerize to 
trans form. Trans-fatty acids are absorbed and metabolized 
s i m i l a r l y to c i s - f a t t y acids but thei r ef fects upon l ipoprotein 
structure and b i o l o g i c a l membranes are s t i l l under 
i n v e s t i g a t i o n . Trans-fatty acids have di f ferent configuration 
than c i s - f a t t y acids and may a l ter permeability c h a r a c t e r i s t i c s 
and b i o l o g i c a l function of membranes (93). Trans-fatty acids 
can intensi fy essential fat ty acid def ic iency in experimental 
animals (94). 

Vitamins 

It is extremely d i f f i c u l t to predict the vitamin content 
of prepared f o o d - s t u f f s . Much of the problem l i e s in the large 
v a r i a b i l i t y in vitamin content of raw foods. Genetic, seasonal 
and environmental factors affect the concentration of vitamins, 
e s p e c i a l l y in foods of plant o r i g i n . In addit ion, various food 
processing procedures resul t in a large range of nutrient 
retention (87, 95). Major loss of vitamins occur due to heat 
or water leaching, while some vitamins are l a b i l e to acid or 
a l k a l i n e pH, oxygen or to l ight (87,96). 

Vitamin C is the most heat l â i ï i T ë vitamin. Both 
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L-ascorbic acid and i t s revers ible-oxidized form, 
L-dehydroascorbic ac id, are active forms of the vitamin. 
However, once the dehydro form is further oxidized to 
diketogluconic a c i d , no vitamin C a c t i v i t y is retained. The 
thermal half l i f e of dehydroascorbic acid is less than 1 minute 
at 100eC (pH 6) , and 2 minutes at 70 eC (87). Vitamin C is also 
e a s i l y leached into cooking water and can be destroyed by a 
series of plant oxidiz ing enzymes. 

Thiamin, vitamin B i , is the next most l a b i l e vitamin. 
It is unstable to heat, neutral or alkal ine pH, and can be 
e a s i l y leached out of foods. Thiamin is destroyed by sulfur 
dioxide (often used as a food preservative), potassium bromate 
(oxidiz ing agent used in bread) and by sodium bicarbonate (in 
chemically leavened breads). 

Ribof lavin and f o l i c acid are less heat l a b i l e , but are 
e a s i l y leached out of foods
foods decrease in b i o a v a i l a b i l i t
(97). Gregory and Kirk (98) investigated the b i o a v a i l a b i l i t y 
oT~various forms of vitamin Be in simulated roasted cereal 
products and found 50 to 70% loss in the forms tested. Niacin 
i s quite stable under a l l processing conditions except for 
water leaching. In comparison to these water-soluble vitamins, 
the f a t - s o l u b l e vitamins are quite stable and only subject to 
major loss from foods due to oxidation under extreme processing 
or storage condit ions. 

Some vitamins are present in raw plant foods in "bound" 
forms. Some bound forms of vitamins are b i o l o g i c a l l y 
unavailable while others provide part ia l a c t i v i t y . In the case 
of native n i a c i n , proper food processing can often release the 
active part of the bound complex and increase the 
b i o a v a i l a b i l i t y of this vitamin. Native niacin in many cereals 
i s not b i o l o g i c a l l y avai lable since i t is bound to 
polysaccharides and peptides (87,99). Bound forms are not 
d i g e s t i b l e by man unless the complex is hydrolyzed by a lkal i or 
other treatment pr ior to consumption. In ca l cul at i ng the 
niacin content of the diet i t is not unusual to ignore niacin 
from cereal sources as i t is not known whether this niacin 
source wi l l become avai lable after processing (87). Baking 
with alkal ine baking powder, although i t destroys thiamin, w i l l 
l i b e r a t e a large percentage of the n i a c i n . Soaking corn in 
lime water overnight pr ior to making t o r t i l l a s frees bound 
n i a c i n . This pract ice is thought to prevent the niacin 
def ic iency disease, p e l l a g r a , in Central and South America. 
Pel lagra was prevalent in poor populations in the Sourthern 
part of this country at the turn of the century. Pel lagra 
victims consumed large quantit ies of corn without the 
benef ic ia l lime treatment (100). 

Much of the f o l a c i n in food is present as conjugated 
pteroyl polyglutamates. Soybean contains 40% monoglutamate 
analogues, but in cabbage 90% of f o l i c acid is present in forms 
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with more than 5 glutamate residues (87). The intest inal 
enzyme fo late conjugase must reduce these compounds to the 
monoglutamate pr ior to absorption. The extent of cleavage in 
d i f ferent foods is yet unclear. Also unclear are the r e l a t i v e 
ef fects of heat and other treatments upon di f ferent analogues. 
Therefore, the absolute b i o a v a i l a b i l i t y of d i f ferent analogues 
of f o l a c i n in various processed foods is not c l e a r . The 
b i o a v a i l a b i l i t y of fo lates from food-stuffs and the ef fects of 
food processing upon the various analogues are an important 
problem which must be resolved i f a reasonably accurate 
estimate of f o l a c i n content of foods and status in man is to be 
achieved (101). 

L i t t l e data is avai lable on the interact ion of protein 
modif ication for improved f u n c t i o n a l i t y and vitamin 
b i o a v a i l a b i l i t y from modified food-stuf fs . Some water-soluble 
and f a t - s o l u b l e vitamin
storage and/or active forms
dramatic a l terat ion of protein conformation or chemical 
structure can be assumed to al ter some vitamins as wel l . 

Technologists should become aware of possible reduction of 
avai lable vitamins due to such processing as some vitamins can 
be considered marginally d e f i c i e n t in American d i e t s . This 
concern is e s p e c i a l l y important in those modified protein food
stuffs that can contribute a sizable portion of our d a i l y 
c a l o r i e s . 

Minerals 

Minerals from plant sources are less bioavai lable than 
from animal sources (102). Because most funct ional ly-modif ied 
proteins are of plant o r i g i n , one must be p a r t i c u l a r l y 
concerned about what effect plant protein modification has upon 
mineral b i o a v a i l a b i l i t y . 

One of the most active areas of research on foods in the 
last few years has been the investigation of factors that 
ef fect human and animal mineral u t i l i z a t i o n from plant foods. 
Of major interest to researchers has been the b i o a v a i l a b i l i t y 
of the minerals zinc and i ron, both of which are consumed in 
marginal levels by segments of United States population (103). 

Recent review a r t i c l e s (2, 104-109) have described general 
factors that affect mineral u t i l i z a t i o n from foods. General 
factors such as the d i g e s t i b i l i t y of the food that supplies the 
mineral , chemical form of the element, dietary levels of other 
nutr ients, presence of mineral chelators, p a r t i c l e size of the 
food or supplemented minerals and food processing conditions 
a l l play a role in the ultimate mineral b i o a v a i l a b i l i t y (104). 
Many unit food processing operations can be shown to d i r e c t l y 
or i n d i r e c t l y a l ter the level or chemical form of minerals or 
the association of minerals with other food components. 
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L i t t l e agreement has been reached as to which dietary 
components or which food processes p h y s i o l o g i a l l y affect 
mineral a v a i l a b i l i t y . Many plant foods contain phytic a c i d , 
oxal ic acid or other dietary f i b e r components that can be shown 
to chelate minerals. The ef fect of these dietary substances 
upon the f i n a l b i o a v a i l a b i l i t y of the mineral in question w i l l 
depend upon the d i g e s t i b i l i t y of the chelate (106). 

Much of the current research has centered upon the role of 
phytic acid on zinc and iron b i o a v a i l a b i l i t y (110-124). Work 
performed at the authors' i n s t i t u t i o n with several d i f f e r e n t 
types of soy foods suggests that phytic acid is a major factor 
af fect ing a v a i l a b i l i t y of zinc from foods derived from the 
legume (110-114). In addit ion, i t appears that endogenous zinc 
in high-phytate foods may be a l i m i t i n g factor in optimal 
u t i l i z a t i o n of these foods for man. We have found that 
f o r t i f i c a t i o n of soy foods (under proper condit ions) with z i n c , 
i ron, magnesium, or calciu
b i o a v a i l a b i l i t y of these minerals. Therefore, prudent 
f o r t i f i c a t i o n should resolve the problem of poor mineral 
a v a i l a b i l i t y from some soy foods. 

Other workers (115-124; for example) have also centered 
t h e i r e f for ts on the role of phytic acid on zinc and iron 
b i o a v a i l a b i l i y from both soy and wheat products. It has been 
suggested (120) that the phytate-to-zinc molar r a t i o could be 
used to predict zinc b i o a v a i l a b i l i t y in high-phytate foods. 
Several groups (115, 117), including ours (113), have at least 
p a r t i a l l y supported th is hypothesis. However, recent work from 
our laboratory (112) involving soy protein of s imi lar phytate-
t o - z i n c molar r a t i o s c l e a r l y demonstrates that zinc 
b i o a v a i l a b i l i t y is also altered by food processing. In t h i s 
study, zinc from neutralized soy concentrates and isolates was 
shown to be less avai lable to the rat than was the 
corresponding a c i d - p r e c i p i t a t e d products. This is unfortunate 
as a lkal ine conditions are commonly u t i l i z e d for soy and other 
plant proteins to obtain b e n e f i c i a l functional propert ies. 

Fermentation of plant foods generally increases mineral 
b i o a v a i l a b i l i t y . Studies by Ranhotra and coworkers (121, 122; 
for example) have shown increased avai lable zinc from breads 
and cookies that have undergone yeast fermentation. A lso, iron 
was shown by these workers to be more highly avai lable from 
u n f o r t i f i e d breads than from breads f o r t i f i e d with wheat bran, 
soy f lour or other whole grain vegetable f l o u r s . 

Various processing techniques, other than fermentation, 
can be u t i l i z e d to remove phytic acid and other dietary f i b e r 
materials that reduce mineral absorption (109). Processes 
would include d i f f e r e n t i a l extraction and f i l t r a t i o n 
techniques such as u l t r a f i l t r a t i o n (125, 126, 127). 

Much more work must be completed before one can adequately 
predict the b i o a v a i l a b i l i t y of minerals from foods as consumed 
by man. Physicochemical modif ication of food proteins to 
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produce desired functional properties may alter the binding of 
minerals to food components and therefore alter mineral 
b i o a v a i l a b i l i t y . 

Conclusions 

The b i o l o g i c a l function of foods is to provide the 
organism with s u f f i c i e n t nutrients to sustain l i f e . In some 
foods nutrients p h y s i c a l l y present may be unavailable to the 
organism for i t s use. Only nutrients avai lable to the organism 
are termed b i o a v a i l a b l e . Modif ication of functional ( i . e . , 
physicochemical) properties of plant food proteins affects both 
consumer preference and b i o a v a i l a b i l i t y of nutr ients. Unit 
processes that modify plant food protein may affect the 
b i o a v a i l a b i l i t y of prote in, non-protein const i tuents, or both. 
One often-used process fo
treatment. Proper hea
of plant protein and destroys h e a t - l a b i l e a n t i - n u t r i t i o n a l 
f a c t o r s . However, excess heat can cause reduced d i g e s t i b i l i t y , 
destruction or a l terat ion of amino acids, and loss of 
h e a t - l a b i l e vitamins. Thus heat treatment, as well as numerous 
other protein modif ication processes, is p o t e n t i a l l y benef ic ia l 
as well as potential detrimental to nutr i t ional qual i ty . 
Modif ication of one functional property of a protein is l i k e l y 
to affect other functional propert ies, including nutr i t ional 
b i o a v a i l a b i l i t y . For example, a l k a l i treatment is useful for 
maximizing protein s o l u b i l i t y , but i t can result in formation 
of damaged and/or unavailable amino acid residues. Selection 
of processing parameters with b i o a v a i l a b i l i t y in mind can y i e l d 
a var iety of acceptable, safe and nutr i t ious plant 
protein-based foods. 
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Enzyme Modification of Proteins 

R. DIXON PHILLIPS and LARRY R. BEUCHAT 

Department of Food Science, University of Georgia College of Agriculture 
Experiment Station, Experiment, GA 30212 

Functionality can be defined as the physio-chemical behavior 
which proteins exhibit whil
of multi-component food
of course, the chemical nature of proteins: long chains of 
covalently bonded amino acid residues, the side groups of which 
may be charged, polar, or hydrophobic. These chains are coiled 
and arranged into a variety of configurations and may be 
associated with other chains through covalent or non-covalent 
bonds. Such macro-systems assume shapes which vary from globular 
to fiberous and exhibit a wide range of functional behavior, as 
shown in Figure 1 and described elsewhere in this volume. See 
also the extensive review by Kinsella (1). 

The topic of this chapter deals with the effect of proteolytic 
enzyme action on functionality. As noted by Whitaker (2), protein 
functionality can be altered by many different types of enzymes. 
However, since the great majority of enzymes which modify protein 
behavior in food systems are proteases, we will confine our 
discussion to them. 

The use of proteases for modif ication of protein f u n c t i o n a l i t y 
is an ancient ar t . O r i g i n a l l y , the enzymes were ei ther endogenous 
to the food ( e . g . , aging of meat) or part of an added bio-system 
(e.g. microbial cultures in cheeses) (3). With increased 
knowledge of what enzymes are and how they work, t h e i r del ibrate 
i s o l a t i o n and addition to food systems became widely p r a c t i c e d . 
The motivation for using proteases to a l t e r protein f u n c t i o n a l i t y 
in food is two-fold: (a) The need to convert food source proteins 
to more palatable or useful forms ( increasingly important with the 
advent of "novel" prote ins) ; and (b) the rather s p e c i f i c way in 
which proteases accomplish t h i s goal . 

Proteases exert t h e i r influences by catalyzing the cleavage 
or, more r a r e l y , the synthesis of peptide bonds (Figure 2 ) . The 
breaking of peptide bonds r e s u l t s in three major modi f icat ions: 
(a) An increase in the number of polar groups ( - N H 4 , - C O 2 " ) , 
and an increase in the h y d r o p h i l i c i t y of the product; (b) a 
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Figure 2. Formation of an acyl-enzyme intermediate by peptide bond scission and 
nucleophilic attack by an amine group to form a new peptide bond (transpeptida-

tion), or by water to release the shortened chain (hydrolysis) β) 
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decrease in molecular weight of the peptide chains, although not 
necessar i ly of the tota l aggregates; (c) a possible a l t e r a t i o n in 
molecular conf igurat ion. Thus peptide bond breakage may be the 
f i r s t step in a complex ser ies of changes which al ters 
f u n c t i o n a l i t y , e . g . , by d i s s o c i a t i o n of subunits or by opening a 
compact globular structure to expose the hydrophobic i n t e r i o r to 
an aqueous phase. The net synthesis of peptide bonds (as is 
claimed in the p laste in reaction) would be expected to decrease 
the number of polar groups, and the h y d r o p h i l i c i t y , to increase 
molecular weight, and to af fect conf igurat ion. 

The foregoing descr ipt ion of the ef fects of proteases is 
admittedly a s i m p l i f i e d one when we consider the complexity of 
food systems containing not only many constituents besides 
protein, but also a great var iety of d i f ferent proteins. Likewise 
the enzymes which modify f u n c t i o n a l i t y are usually mult i funtional 
mixtures, whether endogenou
descr ipt ion is helpful i
on f u n c t i o n a l i t y . 

We have chosen to discuss enzyme modif ication of proteins in 
terms of changes in various functional propert ies. Another 
approach might have been to consider s p e c i f i c substrates for 
protease action such as meat and milk, legumes and c e r e a l s , and 
the novel sources of food protein such as leaves and 
microorganisms (4). A l t e r n a t i v e l y , the proteases themselves 
provide categories for d iscussion, among which are t h e i r source 
(animals, p lants , microorganisms), t h e i r type (ser ine- , 
s u l f h y d r y l - , and metalloenzymes), and t h e i r s p e c i f i c i t y (endo- and 
exopeptidases, aromatic, a l i p h a t i c , or basic residue bond 
s p e c i f i c i t y ) . See Yamamoto (3) for a review of p r o t e o l y t i c 
enzymes important to f u n c t i o n a l i t y . 

P lastein Reaction 

The protease-catalyzed synthesis of peptide bonds is known as 
the p laste in reaction (5J. Plastein i t s e l f is defined as the 
product formed by t h i s reaction which is insoluble in 
t r i c h l o r o a c e t i c acid solut ions (6). The plastein reaction has 
been most extensively investigated by researchers in Japan (5̂ , 6, 
7_9 8, 9). These s c i e n t i s t s have reviewed various aspects of 
p l a s t e i n and the p laste in reaction and i t s importance to protein 
f u n c t i o n a l i t y and nutr i ture (6, 8, 10). 

The conditions necessary Tor the plastein reaction have been 
reviewed by Fujimaki et a l . (8), and compared to those necessary 
for proteolysis by Arai et a l . (6). The substrate for the 
synthetic reaction must consist of low molecular weight peptides, 
preferably in the tetramer to hexamer range. These are usual ly 
produced from proteins by protease a c t i o n . A number of 
p r o t e o l y t i c enzymes and protein substrates have been investigated 
for producing p laste in reaction substrates. The most often used 
proteases are pepsin (9, Y\), and papain (]2L9U)9 but others 
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including a c i d , ser ine, and sulfhydryl proteases have been 
described (8). Substrate proteins have been derived from soy 
(14), casein and zein (6), gluten (7), milk whey (5̂ , 15), 
microorganisms (5, _7, 9j , leaves (16J, and egg albumin~T5, 11)· 
Arai et a l . [5) TnvestTgated the e f f e c t s of substrate 
h y d r o p h i l i c i t y and concluded that a combination of hydrophi l ic and 
hydrophobic peptides was optimal. They proposed a parameter, β / α , 
re lated to h y d r o p h i l i c i t y and found that maximum y i e l d s of 
p laste in are obtained when 3/a - 0 . 5 . Amino acids may also be 
incorporated along with peptides into plasteins provided they are 
present in the reaction mixture as esters . Aso et a l . (12) 
studied the s p e c i f i c i t y of amino acid ester incorporation and 
found that the reaction v e l o c i t y increased with the hydrophobicity 
of both the amino acid side chain and the alcohol moiety. In 
contrast to peptide bond cleavage but in keeping with the law of 
mass a c t i o n , synthesis is promoted by high substrate concentration 
(20 - 40%, w/v). At <7.5
formation is observed. Although proteases vary widely in t h e i r pH 
optima for bond cleavage, a r e l a t i v e l y narrow range (4 - 7) is 
observed for the synthesis of peptide bonds for a l l proteases 
invest igated. 

It is generally agreed that new peptide bonds are formed 
during the p laste in r e a c t i o n . However, the reaction mechanism and 
the nature of r e s u l t i n g products remains c o n t r o v e r s i a l . The ro le 
of the protease is central to the r e a c t i o n . The enzymes most 
thoroughly investigated for catalyz ing p laste in formation are ct-
chymotrypsin and papain (5>, J[2, 16). A number of other enzymes 
are discussed by Fujimaki et al.~~[8). Yamamoto (3) described the 
c h a r a c t e r i s t i c s of protease-active s i t e s . Amino acid residues are 
arranged in such a way as to accommodate the substrate and to 
d e s t a b i l i z e the target bond (Figures 3 and 4 ) . Serine proteases 
such as chymotrypsin and sulfhydryl proteases such as papain are 
s i m i l a r in the way they accomplish t h i s bond a c t i v a t i o n . The 
acyl-enzyme intermediates i l l u s t r a t e d in Figures 3 and 4 are 
central to both l y t i c and synthetic react ions. The most 
straightforward mechanism for peptide bond formation would be 
reversal of proteolysis promoted by the very high substrate 
concentrations. The f i r s t step in such a mechanism would be 
formation of a peptidyl-enzyme intermediate with loss of water 
(the reverse of reaction b, Figure 3) . A l t e r n a t i v e l y , the 
acyl-enzyme intermediate could be formed with s c i s s i o n of a 
peptide bond (Figure 2). The second step in both mechanisms would 
be n u c l e o p h i l i c attack by the amino group of a peptide or amino 
acid ester on the active acyl intermediate to form the new bond 
(Figures 2 and 4 ) . The f i r s t of these mechanisms is condensation; 
the second, t ranspeptidat ion. There is evidence that both 
mechanisms are act ive in the p l a s t e i n reaction (8, 2 5 ) , although 
the l a t e r is thermodynamically favored (10). 

The properties of p lasteins are quite d i f ferent from those of 
the s t a r t i n g peptide mixture. In addit ion to i n s o l u b i l i t y in 
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Nature 

Figure 3. Possible mechanism for (a) formation and (b) breakdown of acyl-enzyme 
(chymotrypsin) intermediate (3) 
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Figure 4. Schematic of the active site of papain with peptide and amino acid ester 
in place β) 
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t r i c h l o r o a c e t i c acid s o l u t i o n s , plasteins are usually insoluble in 
ethanol and acetone and often insoluble in water and buffers (6). 
The previously mentioned advantage of hydrophobic reactants is 
p a r t i a l l y due to the i n s o l u b i l i t y of the products in water. The 
reaction is thus shi f ted toward products. A d d i t i o n a l l y , an 
organic solvent such as acetone may be added to the reaction 
mixture to further decrease the s o l u b i l i t y of products (b). 
G e l l i n g is often observed during the plastein r e a c t i o n . Tsai et 
a l . (17) studied the ef fect of substrate concentration on gel 
rheology. They observed that stronger gels were formed as 
substrate concentration increased, e s p e c i a l l y above 20%. Edwards 
and Shipe (11) investigated the r e l a t i o n s h i p of gel strength to 
the degree of" hydrolysis of pepsin-digested egg albumin and to the 
enzyme used in the plastein r e a c t i o n . They reported that gel 
strength decreased as hydrolysis time increased from 4 to 24 hours 
and that the use of pepsin resulted in the strongest gels followed 
by ot-chymotrypsin then papain

Perhaps the most controversial aspect of the p laste in reaction 
has been the molecular weight of r e s u l t i n g products. Ear ly work 
(18) indicated very high molecular weights (250,000 - 500,000) as 
determined by u l t r a - c e n t r i f u g a l a n a l y s i s . Arai et a l . (6) found 
the upper l i m i t of p laste in formed from a soy protein h y ï ï r o l y z a t e 
to be ^30,000 as measured by gel exclusion chromatography. 
Hofsten and L a l a s i d i s (15), however, reported that plasteins 
subjected to gel exclusion chromatography in 50% acet ic acid 
showed no increase in molecular s ize over that of the reactants. 
Monti and Jost (]9_) reached the same conclusion based on gel 
chromatography in DMSO and on analysis of α - a m i n o nitrogen in 
p l a s t e i n s . Hofsten and L a l a s i d i s (15) noted that hydrophobic 
peptides showed unusual e lut ion behavior on sephadex gels in water 
or d i l u t e buffers, providing a possible explanation for 
dif ferences in t h e i r resul ts compared to those of Arai et a l . 
(6). Based on the s o l u b i l i t y and chromatographic behavior of 
p l a s t e i n s , Hofsten and L a l a s i d i s (15) concluded that gel formation 
was due to nonpolar interact ions of small hydrophobic peptides. 

The o r i g i n a l appl icat ion of the plastein reaction to foods was 
the removal of b i t t e r peptides from enzyme hydrolyzates of soy 
protein (6). Peptides containing aromatic or a l i p h a t i c side chain 
amino a c i ï ï s , e s p e c i a l l y in the terminal p o s i t i o n s , have been 
i d e n t i f i e d with bitterness of enzyme hydrolyzates (8). Subjecting 
hydrolyzates to the plastein reaction eliminates thTs bitterness 
ei ther by moving the hydrophobic residue to the i n t e r i o r of the 
peptide or by cleaving i t during t ranspeptidation. Other 
funct ional improvements of proteins that may be accomplished by 
use of the p laste in reaction have been reviewed by Fujimaki et a l . 
(8). In addition to b i t t e r peptides, unwanted impurities which 
contribute to of f f l a v o r s , odors or colors may be eliminated from 
proteins by enzyme hydrolys is , p u r i f i c a t i o n of the hydrolyzate, 
and resynthesis by the p laste in reaction (Figure 5) . An 
improvement in the s o l u b i l i t y p r o f i l e of soy protein was 
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Figure 5. Scheme for removing impurities from protein substrate by hydrolysis, 
purification, and resynthesis via the plastein reaction (S) 
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demonstrated by protein-catalyzed incorporation of glutamic acid 
into soy protein hydrolyzates (7). The production of food gels 
could also be an important r o l e for the p l a s t e i n reaction (10). 

Another major appl icat ion of the p laste in reaction is 
n u t r i t i o n a l improvement of proteins by the incorporation of 
l i m i t i n g amino acids (8). A p laste in containing approximately 7% 
methionine was produce? from soy protein hydrolyzate and 
L-methionine ethyl ester in the presence of papain. This material 
was shown to be u t i l i z e d as a source of methionine in the r a t , 
producing a PER of 3.38 when incorporated into soy protein diets 
to give a methionine level of 2.74% of protein. 

S i m i l a r l y , lys ine has been incorporated into gluten 
hydrolyzate and l y s i n e , threonine and tryptophan have been 
i n d i v i d u a l l y incorporated into zein hydrolyzates. Lysine, 
methionine, and tryptophan were incorporated simultaneously into 
hydrolyzates of protein from photosynthetic o r i g i n . A very 
interest ing appl icat ion
of low-phenylalanine plasteins from a combination of f i s h protein 
concentrate and soy protein i s o l a t e by a p a r t i a l hydrolysis with 
pepsin then pronase to l i b e r a t e mainly phenylalanine, ty ros ine, 
and tryptophan, which were then removed on sephadex G-15. Desired 
amounts of tyrosine and tryptophan were added back in the form of 
ethyl esters and a p laste in sui table for feeding to infants 
a f f l i c t e d with phenylketonuria was produced. 

Eriksen and Fagerson (_10), while c i t i n g the potential of the 
p laste in reaction to the food industry, l i s t e d several 
const ra ints : (a) The possible problems of scale-up to i n d u s t r i a l 
sized operations; (b) the presence of residual enzymes; (c) the 
p o s s i b i l i t y that tox ic peptides could be produced; and (d) the 
stigma attached to synthetic foods. Yamashita et a l . (_7) 
mentioned economic constraints due to cost of enzymes and 
establ ish ing safety, which must be determined through animal 
feeding studies. Recent work has addressed some of these 
c o n s t r a i n t s . Yamashita et a l . (13) i d e n t i f i e d reaction conditions 
that allowed the incorporation oT"methionine into soy protein in a 
s ingle step. This involved a reaction mixture that was 20% by 
weight soy i s o l a t e , 1 nM in cysteine (enzyme a c t i v a t o r ) , an 
i n i t i a l pH of 10, a papain to substrate r a t i o to 1:100, a 
temperature of 3 7 ° C , and a reaction time 8 hours. When a 20:1 
mixture of soy protein and methionine ethyl ester was incubated 
under these condit ions, 81.5 mole percent of the L-methionine was 
incorporated. 

P a l l a v i c i n i et a l . (16) u t i l i z e d α - c h y m o t r y p s i n immobilized on 
c h i t i n to catalyze p laste in formation from leaf protein 
hydrolyzates. When analyzed by gel exclusion chromatography, the 
products were comparable to those produced by soluble enzymes. 

Modif icat ion of S p e c i f i c Functional Properties 

S o l u b i l i t y . Puski (20) measured changes in various funct ional 
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properties of soy protein i s o l a t e as re lated to the extent of 
treatment with a neutral protease from Aspergi l lus oryzae. Heat 
treatment of iso lates decreased the s o l u b i l i t y of nitrogen, but 
with increasing enzyme treatment less protein was rendered 
i n s o l u b l e . Untreated controls did not show s i g n i f i c a n t s o l u b i l i t y 
at pH 4.5 in the presence of 0.03M CaCl2, but proteins were 
increasingly soluble as treatment progressed. The author points 
out that increased acid s o l u b i l i t y would be advantageous in the 
u t i l i z a t i o n of soy proteins in a c i d i c foods, whereas calcium 
tolerance is important when calcium addition is needed for 
improved n u t r i t i o n such as in imitation dairy products. Enzyme 
treatment to increase acid s o l u b i l i t y (2Λ) has also been 
described. 

Exposure of proteins to heat has been shown to adversely 
af fect peptization properties (22). The c r i t i c a l denaturation 
temperature for peanut protei
and above 8 0 ° C at 100%
treatments rout inely employed in a majority of peanut o i l m i l l s 
are i n s u f f i c i e n t l y control led to prevent denaturation of meal 
prote in, the authors suggest that temperature and moisture control 
during processing can be maintained at levels s u f f i c i e n t to 
achieve o i l extraction without d r a s t i c denaturation of prote in. 

Better and Davidsohn (23) reported that the s u s c e p t i b i l i t y of 
proteins in o i lseed presscllce and solvent-extracted meal was 
strongly affected by heat treatment. Working with peanut and 
coconut presscake, they demonstrated that the stronger the heat 
treatment, the higher are the concentrations of pepsin required to 
make peptizat ion more complete. This is an important fact to bear 
in mind when o i l seed press or extraction residues are being used 
as raw materials for production of i n d u s t r i a l prote in. 

Nitrogen s o l u b i l i t y of defatted peanut f l o u r as affected by 
hydrolysis with pepsin, bromelain and trypsin was investigated by 
Beuchat et a l . (24). P r o f i l e s of enzymatically hydrolyzed f l o u r 
in water were markedly d i f f e r e n t from t h e i r respective c o n t r o l s . 
S o l u b i l i t i e s for pepsin, bromelain-, and t rypsin-t reated samples 
were 64, 46, and 30% of t o t a l nitrogen, r e s p e c t i v e l y , at pH 4 . 0 , 
compared to less than 15% for nontreated f l o u r s . Although 
hydrolyzed samples had higher nitrogen s o l u b i l i t i e s than t h e i r 
respective pH-adjusted controls in the a lkal ine pH range, they 
were less soluble than samples that had received no heat or pH 
adjustment. The influence of change in ionic strength of peanut 
f l o u r s lur ry r e s u l t i n g from the addit ion of HC1 and NaOH during pH 
adjustment was c i t e d as a possible reason for a l terat ions in 
nitrogen s o l u b i l i t i e s at a l k a l i n e pH values. 

Beuchat et a l . (24) also examined the nitrogen s o l u b i l i t y 
p r o f i l e s for enzymatically hydrolyzed and control peanut f l o u r 
samples in 0.03M C a 2 + (as CaCl2). S o l u b i l i t i e s of controls 
between pH 2.0 and 5.0 in 0.031 C a 2 + solutions were s i m i l a r to 
those noted for water; however, very l i t t l e increase in nitrogen 
s o l u b i l i t y of controls was noted in the pH 5.0 t c 11.0 range. 
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Similar data were reported by Rhee et a l . (25). They noted that 
at pH 2.0 to 3 . 0 , peanut protein e x t r a c t a b i l i t y was enhanced in 
0.01 to 0.10M CaCl2 but suppressed in solut ions containing 0.25M 
or higher CaCl2- Treatment of peanut f l o u r with pepsin, 
bromelain and trypsin greatly increased the nitrogen s o l u b i l i t y at 
pH 2.0 to 11.0 in 0.03M C a 2 + (24). Pepsin treatment resulted in 
the greatest increase. Lowest s o l u b i l i t i e s in the p r o f i l e s were 
at pH 4.0 to 5.0, where values of 81, 57, and 38% were measured 
for p e p s i n - , bromelain-, and t rvpsin-t reated f l o u r s , respect ive ly . 

A concentration of 0.03M Ca^ + has been prescribed as a 
minimum in the formulation of imitat ion milk. Evidence from the 
study reported by Beuchat et a l . (24) suggests that enzymatic 
hydrolysis of peanut f l o u r modifies protein to the extent that i t 
is highly soluble in 0.03M C a 2 + at a pH range normally 
associated with f l u i d milk. Further studies are required to 
assess the ef fect of enzyme-induce
properties of hydrolyze

Changes in soluble proteins of peanut f l o u r caused by 
p r o t e o l y t i c enzyme digestion as detected by gel electrophoresis 
(24) resemble those r e s u l t i n g from fermentation of peanut meal 
wrth fungi (26) and growth of fungi on v iable peanut kernels 
(27). "Standard" peanut protein electrophoret ic patterns are 
d i s t i n c t l y modified as a r e s u l t of treatment with commercial 
proteases or fungal growth. Biochemical transformations in 
proteins include decomposition of large molecular weight globulins 
such as arachin to smaller components, followed by rapid 
quant i tat ive and q u a l i t a t i v e decreases in these l a t t e r 
constituents as fungal enzymatic a c t i v i t y progresses. Thus, 
nitrogen s o l u b i l i t y changes dramatical ly . 

The use of l i v e fungal cultures rather than enzymes extracted 
therefrom to modify the f u n c t i o n a l i t y of defatted peanut f l o u r was 
investigated by Quinn and Beuchat (28). Fungi not known to 
produce mycotoxins were studied: Aspergi l lus elegans, A. 
oryzae, Mucor hiemalis, Neurospora s i t o p h i l a , and Rhizopus 
ο n g o s p o r u s . Each of the fungi increased the nitrogen s o l u b i l i t y 
of peanut f l o u r in the pH range of 3.0 to 6.0 compared to the 
c o n t r o l . In p a r t i c u l a r , M. hiemalis increased the s o l u b i l i t y at 
pH 4.0 to 5.0 from less than 5% in a nontreated control to about 
34% in the f reeze-dr ied ferment. Although ferments were 
demonstrated to be nontoxic, there may be special regulatory 
problems associated with incorporation of new microbial ly -der ived 
or modified ingredients into food products for the purpose of 
f u n c t i o n a l i t y . 

Sekul et a l . (29) studied the nitrogen s o l u b i l i t y properties 
of enzyme-hydrolyzed peanut proteins. A deionized water 
dispersion of peanut f l o u r (1:10, w/v) was treated with papain 
(0.5% t o t a l volume) at 45°C for 15 min. S o l u b i l i t y was tested 
over a range of pH 1 to 9. In general, papain treatment improved 
s o l u b i l i t y at a l l levels examined except pH 2 and 8 (Figure 6) . 
The authors suggest that hydrolysis of peanut proteins in aqueous 
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s l u r r i e s of defatted f l o u r by papain should be of commercial 
i n t e r e s t . For beverage appl icat ion where high protein s o l u b i l i t y 
is desired (milk-type drinks, acid pH f r u i t - f l a v o r e d beverages, 
dry soup, sauce, or gravy mixes), p a r t i a l l y hydrolyzed peanut 
proteins seem to have an advantage over unhydrolyzed proteins. 
A lso, papain is one of the least expensive FDA-approved vegetable 
enzymes; there are economic or FDA health-related r e s t r i c t i o n s on 
the addition of animal or microbial enzymes to food formulations; 
and studies have shown that papain is free of peptidase a c t i v i t y 
( 3 0 ) . 

Fontaine et a l . ( 3 1 ) presented data comparing the s o l u b i l i t y 
behavior of proteins of peanut and cottonseed meals, proteins of 
corresponding dialyzed meals, and isolated proteins. While the 
shapes of the pH/solubi l i ty curves for cottonseed and peanut meals 
d i f f e r e d , the response of proteins to the removal of d ialyzable 
meal constituents was s i m i l a r . Data indicated the presence of 
natural materials in bot
meal nitrogen at certain acid pH values but exerted no ef fect at 
a l k a l i n e pH values. Thus procedures for s o l u b i l i z i n g proteins by 
treatment with proteolyt ic enzymes should also be designed with 
consideration of the influence of non-protein const i tuents. 

The r e l a t i v e a c t i v i t i e s of commercially avai lable p r o t e o l y t i c 
enzymes and hemicellulase were tested on cottonseed cake by Arzu 
et a l . ( 3 2 J . These included f i c i n concentrate, three b a c t e r i a l 
proteinases, papain concentrate, bromelain concentrate, pepsin, 
t r y p s i n , acid fungal protease, and fungal hemicel lulase. The most 
active enzymes were two b a c t e r i a l proteinases and the ones derived 
from higher plants (bromelain, papain, and f i c i n ) , which 
s o l u b i l i z e d about 4 0 % of the i n i t i a l insoluble protein. A c t i v i t y 
shown by the hemicellulase was the lowest, barely f a c i l i t a t i n g the 
s o l u b i l i z a t i o n of nitrogenous compounds, contrary to what has been 
reported by Hang et a l . (32U 3 4 ) on mung and pea beans employing 
c e l l u l a s e , where a large s o l u ï ï T l i z a t i o n was not iced. Gossypol 
markedly inhib i ted the a c t i v i t y of b a c t e r i a l proteases. 

Sreekantiah et a l . ( 3 5 ) evaluated defatted sesame and peanut 
meals, and four kinds o f T e a n s - chickpea, green gram, black gram, 
and f i e l d bean - for protein extraction c h a r a c t e r i s t i c s after 
treatment with enzymes. Three commercial proteoly t ic enzymes 
derived from Aspergi l lus species and one from Trametes sanguina 
were tested. The protease from T. sanguina was best for 
hydrolyzing sesame meal and chiclcpea. In the case of sesame meal, 
the soluble protein increased fom 9 . 4 8 to 6 4 . 1 2 % while the 
increase in amino nitrogen was from 0 . 6 to 9 . 2 % . Appreciable 
increases, both in soluble and amino nitrogen, were observed in 
treated bengal gram. Results showed that uncooked substrates were 
not attacked by enzymes. Adjustment of pH to 3 . 0 by d i l u t e acid 
after heat treatment was congenial for the hydrolysis of protein 
in sesame meal and chickpea. The amino acid composition of 
extracts of enzyme-hydrolyzed proteins may d i f f e r somewhat from 
that of untreated mater ia ls . In the case of sesame meal, there 
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was an increase in the percentage of a l l essent ial amino acids 
except methionine, when compared to the defatted meal. In 
chickpea, even though the percentage of protein in the 
f reeze-dr ied extract was higher, there was a reduction in l y s i n e , 
h i s t i d i n e , arginine and leucine. 

Hermansson et a l . (36) used pepsin and papain to s o l u b i l i z e 
rapeseed protein concentrate. Papain had a lower s o l u b i l i z i n g 
ef fect than did pepsin. However, the fact that pepsin has an 
optimum pH for a c t i v i t y at about 1.6, far below the pH range of 
most foods, made i t possible to study the ef fects of control led 
hydrolys is . At pH 7.0, a l l hydrolysates were more soluble than 
the o r i g i n a l rapeseed protein concentrate. 

The use of enzymes for s o l u b i l i z a t i o n of seed and leaf 
proteins has been studied as a means of overcoming d i f f i c u l t i e s 
presented by the varying condit ion of seed and leaf material 
avai lable for processin
increase the e f f i c i e n c y o
effects of various conditions of hydrolysis of cottonseed and 
a l f a l f a meal protein with t rypsin were defined. 

Several proteoly t ic enzymes have been shown to enhance the 
s o l u b i l i t y of f i s h protein concentrate (38). Product i n h i b i t i o n 
and s e l f destruction of enzymes occurred, so that rates of 
hydrolysis decreased with time. 

The el imination or inact ivat ion of enzymes used to t reat 
proteins is a c r i t i c a l prdblem once the desired modif icat ion in 
f u n c t i o n a l i t y is achieved. In many instances, product i n h i b i t i o n 
or s e l f destruction does not occur as noted above for f i s h protein 
concentrate. As stated by Puski (20), i f heat inact ivat ion is 
used, the proteins may be denaturecTand revert to insoluble 
forms. Washing out the enzyme at i t s i s o e l e c t r i c point would also 
remove a portion of the protein which is s o l u b i l i z e d by the 
enzyme. Inactivation of enzymes by chemical means may also cause 
s i g n i f i c a n t changes in the prote in. Thus, while desired 
funct ional modifications of food ingredients may be obtained 
through enzyme treatment, the problem of latent enzyme a c t i v i t y in 
food formulations must be addressed. 

Emulsifying Capacity and S t a b i l i t y . Zakaria and McFetters 
(39) studied the ef fects of pepsin hydrolysis of heated soy 
protein i s o l a t e . Treatment was carr ied out between pH 1.0 and 
4 . 0 . At short hydrolysis times, there was a rapid increase in the 
free amino groups in the protein and a corresponding increase in 
emuls i f icat ion a c t i v i t y (expressed as the volume percentage of the 
emulsi f ied layer) . The emuls i f icat ion a c t i v i t y declined as the 
incubation time was increased (Figure 7) . However, only small 
increases in free amino groups occurred during the period of 
decreased a c t i v i t y . Good emulsion s t a b i l i t y properties were 
observed in hydrolysates with high emulsion a c t i v i t y . The authors 
suggest that ei ther hydrolysis of a few key soy protein peptide 
bonds resul t s in r e l a t i v e l y large changes in emuls i f icat ion 
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Figure 6. Nitrogen solubility (Kjeldahl) of peanut proteins: P.H.P. = partial hy
drolysis by 5% papain; CON. = control (no papain) (2%). 
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Figure 7. Emulsifying activity (expressed as volume percentage of the emulsified 
layer) of pepsin hydrolysates of soy protein as a function of pH and hydrolysis time. 

No hydrolysis (A); 2 h (A); 8 h (X); 17 h Ο; 24 h (Ο) (39). 
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properties or that changes other than proteolysis occur which 
af fect f u n c t i o n a l i t y . 

Adler-Nissen and Olsen (40) studied the influence of peptide 
chain length on the taste ancPfunctional properties of 
enzymatically modified soy prote in. The emulsifying capacity of 
modified proteins could be improved s i g n i f i c a n t l y compared to un
modified control samples by c o n t r o l l i n g the extent of hydrolys is . 

The emulsifying capacity of soy protein i s o l a t e can be 
increased by treatment with neutral fungal protease (20); however, 
enzyme treatment decreased emulsifying s t a b i l i t y . It was 
theorized that enzyme digestion of proteins increases the number 
of peptide molecules avai lable at the oi l-water inter face, and 
thus, a larger area may be "covered", r e s u l t i n g in the 
emuls i f icat ion of more o i l . However, since these peptides are 
smaller and less globular compared to those in untreated soy 
i s o l a t e , they may form a thinner layer around the o i l droplets, 
thus, r e s u l t i n g in a les
have also exposed buried hydrophobic groups which resulted in 
improved h y d r o p h i l i c - l i p o p h i l i c balance for better 
e m u l s i f i c a t i o n . Burnett and Gunther (41) and Gunther (42) have 
patented procedures for the commercial production of a w i ï i p p i n g 
protein by p a r t i a l hydrolysis of soy protein. 

The emulsifying capacity and the v i s c o s i t y of emulsions of 
peanut proteins p a r t i a l l y hydrolyzed with papain are reported to 
be generally lower than for unmodified f l o u r (29). Products from 
papain hydrolysis of peanut protein d i f f e r s u b s t a n t i a l l y from 
those described by Beuchat et a l . (24), who used bromelain, 
pepsin, and t r y p s i n . These researchers reported that emulsion 
capaci t ies of peanut f lour were higher in water than in 0.5M NaCl 
and that heating did not r e s u l t in substantial changes in the 
capacity of f l o u r to emulsify o i l . However, enzymatic digestion 
of proteins completely destroyed the emulsifying capacity of the 
f l o u r . Apparently hydrolysis altered protein surface a c t i v i t y 
strengths and the a b i l i t y of peanut protein to s t a b i l i z e 
o i l - i n - w a t e r emulsions. 

Hermansson et a l . (36) examined the s t a b i l i t y rat ings for 
protease-treated emulsions of rapeseed protein concentrate at pH 
5.5 and 7.0. The use of carboxymethylcellulose in conjunction 
with pepsin hydrolysis gave approximate t e n - f o l d increases in 
s t a b i l i t y ratings for emulsions. 

Kuehler and Stine (43) studied the functional properties of 
whey protein with respect to emulsifying capacity as affected by 
treatment with three proteoly t ic enzymes. Two microbial proteases 
and pepsin were examined. The emulsion capacity decreased as pro
t e o l y s i s continued, suggesting that there is an optimum mean mole
cular s i z e of the whey proteins contr ibuting to e m u l s i f i c a t i o n . 

Considerable ef fort has been devoted to the improvement of 
funct ional properties of f i s h protein concentrate. S p i n e l l i et 
a l . (44) conducted a study to determine the f e a s i b i l i t y of 
modifying m y o f i b r i l l a r f i s h proteins by p a r t i a l l y hydrolyzing them 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



13. P H I L L I P S A N D B E U C H A T Enzyme Modification of Proteins 289 

with proteoly t ic enzymes. Increases in both emulsion s t a b i l i t y 
and capacity (g o i l / g protein) were achieved by p a r t i a l 
hydrolys is . The emulsion capacity, as well as s o l u b i l i t y , of 
spray-dried enzyme-modified m y o f i b r i l l a r protein were about 5% 
lower than those of f reeze-dr ied samples. The authors concluded 
that f i s h protein isolates possessing valuable functional 
properties can be prepared from m y o f i b r i l l a r proteins that are 
p a r t i a l l y hydrolyzed with a proteoly t ic enzyme. Caution is 
advised, however, regarding the long-term storage s t a b i l i t y of 
such products due to chemical a l terat ions of residual l i p i d s . 

Foaming Capacity and S t a b i l i t y . Pepsin digestion of soy 
protein has been proposed as a method for making a whipping 
protein for egg albumen replacement (42_, 45) and for extenders for 
albumen in bakery and confectionery formulations (46). Puski 
(20), on the other hand, reported that although treatment of soy 
protein i s o l a t e with funga
s t a b i l i t y was reduced to zero. The lack of s t a b i l i t y was 
attr ibuted in part to heat treatment which may have denatured the 
large protein components s u f f i c i e n t l y so that they could not act 
as a s t a b i l i z i n g component. 

Limited digestion of globular soy proteins with rennin affords 
a modified protein preparation which retains a high molecular 
weight (47). Whipping q u a l i t y , measured by foam volume and 
s t a b i l i t y , was superior in comparison with native proteins. The 
l imited rennin proteolysis of soy was i d e n t i f i e d as a key factor 
in f u n c t i o n a l i t y , since t h i s modif ication conferred improved 
s o l u b i l i t y . 

P a r t i a l hydrolysis of peanut proteins with papain 
s i g n i f i c a n t l y increases both foaming capacity and foam volume 
(29). When the pH was f i r s t adjusted to 4, then back to 8 . 2 , 
foaming capacity increased t h r e e - f o l d . While the s t a b i l i t y of 
foam at acid pH (6.3/6.7) was low ( less than 30 min), s t a b i l i t y at 
pH 8.2 was long l a s t i n g , suggesting greater potential for 
p a r t i a l l y hydrolyzed peanut proteins in nonacidic pH foods. The 
authors suggested that papain-modified peanut protein f l o u r should 
f i n d use in products such as frozen desserts, soft mix ice creams, 
dessert and pie toppings. 

Pepsin and papain hydrolysates of rapeseed protein concentrate 
increased foam volumes and decreased drainage compared to the 
untreated control (3(6). Foaming properties could be further 
enhanced by adding a s t a b i l i z e r such as carboxymethylcellulose. 

Foaming or whippabil i ty c h a r a c t e r i s t i c s of whey protein as 
affected by treatment with three proteoly t ic enzymes were 
evaluated by Kuehler and Stine (43). The s p e c i f i c volume of foams 
increased i n i t a l l y as a r e s u l t of treatment, then decreased with 
time at a more rapid rate compared to nontreated whey (Figure 8 ) . 
A l imited amount of hydrolysis appears to be desirable to increase 
foam volume but foam s t a b i l i t y is greatly decreased as a r e s u l t of 
such hydrolys is . The authors suggest that t h i s is probably due to 
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increasing the polypeptide content i n i t i a l l y which allows more a i r 
to be incorporated. However, the polypeptides do not have the 
strength required to maintain a stable foam and further hydrolysis 
l i k e l y resul ts in peptides which lack any capacity to s t a b i l i z e 
the a i r c e l l s of the foam. Limited proteolysis may be 
advantageous for u t i l i z i n g whey proteins in foams since s p e c i f i c 
volume was increased by as much as 25%. The decrease in s t a b i l i t y 
which resul ts from l imited hydrolysis can be retarded by adding 
s t a b i l i z e r s such as carboxymethylcellulose. 

Proteolyt ic enzymes derived from Aspergi l lus oryzae and 
Streptomyces qriseus enhance the foaming capacity of frozen whole 
egg products (48). More recent ly Grunden et a l . (49) examined the 
ef fects of several crude proteoly t ic enzymes on funct ional 
properties of egg albumen, as measured by angel food cake volume 
and foam volume and s t a b i l i t y . Papain, bromelain, t r y p s i n , f i c i n , 
and a fungal protease were evaluated. Volumes of a l l cakes 
containing enzyme-treate
than the c o n t r o l . Differences were noted in the texture of angel 
food cakes made from control albumen and those made from 
enzyme-treated albumen. Unlike the control cakes, those 
containing hydrolyzed albumen had a coarse and gummy texture. Off 
odors and f lavors were detected in cakes made from albumen that 
had been treated with bromelin or fungal protease. 

Treatment of albumen with t r y p s i n , bromelain and fungal 
protease produced s i g n i f i c a n t l y greater volumes of foam compared 
to stored control albumen (49). However, a l l enzyme treatments 
had i n f e r i o r foam s t a b i l i t y when compared to c o n t r o l s . Both the 
rate and amount of foam col lapse was greater in enzyme-treated 
samples. The fresh control produced the most stable foam. 

Changes in aeration properties of bromelain-modified 
succinylated f i s h proteins were studied by Groninger and M i l l e r 
(50). The ef fects of whipping time, protein concentration, pH and 
addit ives ( s a l t , sugar, v a n i a l l a f l a v o r i n g and fat) on foam volume 
and s t a b i l i t y were determined. Volume and s t a b i l i t y were 
increased as a r e s u l t of modi f icat ion. In comparison to egg white 
and soy prote in, enzyme-hydrolyzed, succinylated f i s h protein had 
a lower foam volume but was more s t a b l e . Hydrolyzed, succinylated 
protein formed foams over the pH range of 3.0 to 9 . 0 ; foams 
produced at a pH below 7.0 showed lower s t a b i l i t y . Also, there 
was not a s i g n i f i c a n t decrease in the whipping properties of the 
hydrolyzed, succinylated f i s h protein in the i s o e l e c t r i c range of 
approximately pH 4 . 5 . This is in contrast to unhydrolyzed soy 
p r o t e i n , for example, which has a pronounced decrease in foam 
volume and s t a b i l i t y in the i s o e l e c t r i c range (51). 

Addit ives had substantial ef fects on the aeration properties 
of bromelain-modified succinylated f i s h protein (50). Foam volume 
was increased with up to 2% sodium chlor ide in the system; however 
there was a decrease in foam s t a b i l i t y when greater than 0.3% s a l t 
was used. Sucrose, at concentrations up to 50%, increased foam 
s t a b i l i t y . When fat was added to treated f i s h protein dispersions 
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previous to whipping, foam formation was i n h i b i t e d . When f a t was 
added to a protein foam after i t was whipped to a maximum volume, 
the foam f l a t t e n e d . 

Water Uptake and Retention. The water binding capacity of soy 
protein i s o l a t e can be increased by treatment with neutral fungal 
protease (20). Since the number of free amino and carboxyl groups 
increases as a r e s u l t of digestion and because moisture uptake by 
proteins is proportional to the number of ionic groups present 
(52), i t is not surpr is ing that moisture uptake is increased by 
enzyme treatment. 

The ef fects of fungal fermentation on the moisture adsorption 
and retention properties of defatted peanut f l o u r have been 
reported (28). At 8 and 2 1 ° C , l i t t l e difference was noted 
between the moisture contents of f reeze-dr ied ferments and 
untreated samples equi l ibrate
14 to 75%. However, marke
equi l ibr ium r e l a t i v e humidity (ERH), where the control samples did 
not adsorb as much moisture as did the ferments. These 
dif ferences were attr ibuted to an increased r a t i o of exposed 
hydrophi l ic to hydrophobic groups r e s u l t i n g from fermentation. 

Changes in the capacity of defatted peanut f l o u r to adsorb 
moisture as a r e s u l t of treatment with protease were investigated 
by Beuchat et a l . (24). Hydrolysis with pepsin, bromelain, and 
trypsin caused the peanut f l o u r to adsorb more water than 
nontreated controls at s p e c i f i c ERH values. Increased water 
adsorbing capaci t ies of enzyme-treated peanut proteins are 
probably re lated to increased numbers of polar s i t e s , such as 
carboxyl and amino groups, which appear on proteins as a r e s u l t of 
hydrolys is . Peptization and permanent configurational changes may 
occur during heat treatment or exposure to a c i d i c and a l k a l i n e pH 
condit ions, inf luencing the capacity of seed f lours to adsorb 
moisture. Better and Davidsohn (23) noted that heat and pH may 
a l t e r the effectiveness of using pepsin to s o l u b i l i z e proteins in 
peanut meal. 

From a p r a c t i c a l viewpoint, the increased water-adsorbing 
capacity of enzyme-treated f l o u r at s p e c i f i c ERH values may have 
important implications in the formulation of intermediate-moisture 
foods. At an ERH of 60%, a level regarded as minimal for the 
growth of microorganisms in foodstuf fs , Beuchat et a l . (24) 
reported that the equil ibr ium moisture content of nontreated 
peanut f l o u r was 10% compared to 14% for f l o u r that had been 
treated with pepsin (Figure 9 ) . Conceivably, a food product could 
be developed using pepsin-digested f l o u r which would be safe from 
the standpoint of not supporting microbial growth and yet contain 
s i g n i f i c a n t l y more water than a product formulated using 
nontreated f l o u r . Such a product might not exhibi t the 
c h a r a c t e r i s t i c mouth-drying sensation often associated with 
vegetable proteins. 
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Figure 8. Effect of enzymatic hydrolysis on specific volume of foam obtained by 
whipping a heated whey protein sol (4% w/w, 85°C, 6 min whipping) (43) 
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Figure 9. Moisture adsorption isotherms of enzyme-treated and nontreated peanut 
flour: no pH-heat treatment (% %); 50-min treatment at 50°C followed by 
10 min at 90°C ( ); pepsin, pH 2.0 (A); bromelain, pH 4.5 O / trypsin, pH 
7.6 during heat treatment. All samples were adjusted to pH 6.9 prior to freeze-

drying and analytical examination (24). 
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Appl icat ion to Food Systems 

Fungal enzymes have been used for hundreds of year to prepare 
and modify foodstuf fs . However, modern indust r ia l enzyme 
technology probably started with Takamine ( 5 3 J and his work with 
A. oryzae. Today many i n d u s t r i a l enzymes used to modify 
funct ional properties of foods and food ingredients are of fungal 
o r i g i n ( 5 4 ) . 

M i c r ô ï ï i a l p roteoly t ic enzymes have been used for decades to 
improve functional c h a r a c t e r i s t i c s of aged wheat f l o u r s . The r o l e 
of proteases in r e l a t i o n to production of bread was reviewed in 
1 9 4 6 ( 5 5 ) . Improvement in q u a l i t y has been evidenced by changes 
in handling q u a l i t y of doughs, improved e l a s t i c i t y and texture of 
the gluten washed from such doughs, and substantial increases in 
loaf volume of bread ( 5 6 ) . Swanson and Andres ( 5 7 J reported that 
the amount of gluten t ï ï â
with papain decreased wit
rest period of the doughs was lengthed. Oka et a l . ( 5 8 ) studied 
the action of pepsin on glutenin and reported that the cleavage of 
only a few peptide bonds r a p i d l y produced large molecular 
polypeptides. 

Verma and McCalla ( 5 6 ) studied the action of pepsin, papain 
and a commercial fungal protease on wheat gluten. A l l enzymes 
acted e f f e c t i v e l y on dispersed gluten; however, the action of 
d i f f e r e n t enzymes produced d i f f e r e n t types of digestion products. 
Depending upon desired handling c h a r a c t e r i s t i c s of bread doughs 
prepared from treated wheat f l o u r , various types of protease 
treatments can be selected. 

Proteases are used in the baking industry to improve handling 
properties of doughs, e l a s t i c i t y and texture of gluten, and loaf 
volume ( 5 9 ) . Fungal proteinases are widely used and have assumed 
a more important ro le than the amylases due to the general low 
level of natural ly occurring proteinases in f l o u r , to s t r i c t 
control of mixing times, and the d e s i r a b i l i t y of doughs with 
optimum handling propert ies. Bacter ia l proteinases are used in 
general food production and in the production of baked goods such 
as crackers, cookies, and many snack foods. Bromelain and papain 
are approved additives but have not been widely used for the 
production of white bread. 

Beuchat ( 6 0 ) investigated the performance of enzyme-hydrolyzed 
defatted peanut f l o u r in a cookie formula. Flour s l u r r i e s were 
treated with pepsin at pH 2 . 0 , bromelain at pH 4 . 5 , and trypsin at 
pH 7 . 6 . After readjustment to pH 6 . 9 , materials were f reeze-
d r i e d , pulverized (60-mesh), and then substituted for wheat f l o u r 
at 5 , 1 5 , and 2 5 % . Adjustment of peanut f l o u r to pH 2 . 0 , as well 
as treatment with pepsin at t h i s pH, greatly improved the handling 
c h a r a c t e r i s t i c s of dough in which these f lours were incorporated. 
Use of peanut f lours treated at pH 4 . 5 , with or without bromelain, 
and at pH 7 . 6 , with or without t r y p s i n , improved handling 
properties of cookie dough. These doughs did not tend to crumble 
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and compared favorably in texture to that of 100% wheat f l o u r 
c o n t r o l . 

Enzyme hydrolysis of peanut f l o u r also altered the physical 
c h a r a c t e r i s t i c s of baked cookies (60). With the exception of the 
bromelain hydrolysate, the use of peanut f lour in cookies resulted 
in increased s p e c i f i c volume when compared to the 100% wheat f l o u r 
c o n t r o l . Untreated peanut f l o u r subst i tut ion reduced the diameter 
and increased the height of cookies; however, treatment with 
proteoly t ic enzymes reversed the behavior. As evidenced by 
substantial increases in spread r a t i o s , the diameter of cookies 
containing treated f lours increased proportionately more than did 
the height. These data promote the f e a s i b i l i t y of decreasing or 
increasing the spread of cookies through the addit ion of various 
amounts of untreated or enzyme-treated peanut f l o u r . 

The f u n c t i o n a l i t y of bromelain-hydrolyzed succinylated f i s h 
protein has been tested in a dessert topping, a s o u f f l e , and both 
c h i l l e d and frozen dessert
revealed that no f i s h l i k
compat ib i l i ty of enzyme-treated f i s h protein in these diverse food 
systems points up the potential value of such a product to the 
food processing industry. 

K i n s e l l a {]) reviewed the p r i n c i p a l categories of functional 
properties of proteins in foods and outl ined various factors 
a f fect ing them from the point of view of the food chemist and 
technologist . 

Enzymatic modif ication of proteins appl icable to foods is 
reviewed by Whitaker (2). Described b r i e f l y are present uses of 
proteoly t ic enzymes for modifying proteins through p a r t i a l 
hydrolys is . Major emphasis is placed on those enzymes which bring 
about aggregation of proteins, c r o s s - l i n k formation, and side 
chain modif icat ion through p o s t - t r a n s l a t i o n a l changes in the 
polypeptide chain. 

Richardson (4>) reviewed the changes in proteins fol lowing 
action of enzymes. Various exogenous and endogenous enzymes which 
a l t e r functional properties are discussed. Selected food systems, 
e . g . , meat, milk, and dough proteins, are emphasized to r e l a t e the 
extent to which p r o l e o l y t i c enzymes play a role in modifying and 
inf luencing functional properties of foods. The need for basic 
research directed toward determining the importance of s t ructural 
features involved in various types of protein f u n c t i o n a l i t y is 
s t ressed. It is also pointed out that empirical functional tests 
on protein should be correlated with performance of the protein in 
given food products. 

Conclusions 

The expanded use of enzymes to modify protein funct ional 
properties has great promise for the food industry. Major 
advantages of using proteases compared to other agents include 
t h e i r s p e c i f i c i t y , t h e i r effectiveness at low concentrations and 
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under mild condit ions, and thei r general safety, thus el iminating 
the necessity for removing them from f i n i s h e d products in most 
instances. 

Ex ist ing uses of proteases in foods have been discussed in the 
foregoing s e c t i o n . Expanding such appl icat ions in the future 
depends upon our a b i l i t y to control both the processes themselves 
and t h e i r c o s t s . The development of continuous reactors u t i l i z i n g 
f ree or immobilized enzymes w i l l address each of these 
const ra ints . Furthermore, our understanding of the chemical basis 
for the various functional properties of proteins must be expanded 
(4). That i s , we must learn how amino acid content and molecular 
configuration of food proteins are related to t h e i r functional 
propert ies. This goal is made more d i f f i c u l t by the fact that 
secondary, t e r t i a r y , and quarternary structures of proteins are 
l i k e l y to be quite d i f f e r e n t when exerting functional e f f e c t s in 
food systems as compare
d i l u t e solut ions and in
s p e c i f i c actions of proteases af fect protein structure must also 
be studied so that cor re lat ions with changes in funct ional 
properties can be made (61). 
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Multiple Regression Modelling of Functionality 

MAC R. HOLMES 

Department of Agricultural Economics, University of Georgia, 
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Use of multiple regression techniques in the study of 
functional propertie
Most food scientists hav
tistical concepts and some access to competent statistical 
advice. At least one good basic text on statistical model
ling for biological scientists exists (7). A number of more 
advanced texts covering use of regression in modelling are 
available (8, 9). 

The objectives of this paper are to present some po
tential uses of regression techniques in food protein re
search, to discuss some desirable steps in the modelling 
process, to present an example of the rationale underlying 
development of a model, and to discuss some potential sta
tistical problems which might arise. 

An Example of a Regression Model. 

The basic structure for a regression model having two 
independent variables is as follows: 

Y = a + b1X1 + b2X2 + e 

where Y = the dependent variable, 
a = the intercept, or constant, of the equation, 

X^ = the ith independent variable, 
b.̂  = the c o e f f i c i e n t of X i, 
e = the v a r i a t i o n i n Y not explained by the preceding 

variables and c o e f f i c i e n t s ; "e" i s assumed to be 
normally d i s t r i b u t e d with mean of zero. 

The model form implies that v a r i a t i o n s i n X. and X 2 

cause v a r i a t i o n s i n Y but that some v a r i a t i o n i n Y i s due to 
a random component (e) of Y. Since "e" has an expected value 
of zero, i t i s o r d i n a r i l y not referred to i n l i s t i n g the 
estimated equation. 
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The objectives of estimating such an equation can be 
summarized as follows: 

(1) To estimate the c o e f f i c i e n t s - a, b^, b~, f o r 
example - and thus the effects of v a r i a t i o n s i n and 
X 2 (for example) on the l e v e l of Y, i . e . to estimate the 
response surface. In food protein research, the de
pendent variable could be a functional property of the 
protein material or some mathematical transformation 
thereof, and the independent variables (the X's) could 
be c o n t r o l l a b l e conditions hypothesized to aff e c t the 
fun c t i o n a l property - such as pH, heat, or s a l t con
centration - and/or mathematical transformations of 
these conditions. Throughout the remainder of t h i s 
paper, the measured conditions which form the bases f o r 
the independent variables w i l l be referred to as the 
facto r s . 

( 2 ) To estimat
e f f e c t s , i . e . , the c o e f f i c i e n t s , of the independent 
variables on the dependent variable using t - t e s t s of 
si g n i f i c a n c e , to estimate the s t a t i s t i c a l s i g n i f i c a n c e 
of the o v e r a l l model using the F-test, and to estimate 
the percentage of v a r i a t i o n i n the dependent var i a b l e 
explained by the equation using the c o e f f i c i e n t of 
determination. 
Development of a model must be based on a theory, or 

theories, concerning the ef f e c t s of the factors on the func
t i o n a l property being studied. Such theories, or hypotheses, 
can be based on p r i o r research r e s u l t s , theories developed by 
others, c o l l e c t i o n and preliminary analysis of data and, 
perhaps, i n t u i t i o n . In sum, the hypotheses are implied from 
what i s already known or hypothesized. A prime requirement 
for use of regression i s that there must be some way of 
obj e c t i v e l y measuring l e v e l s of the functional property and 
of the factors i n order to provide data to be used i n e s t i 
mation of the model c o e f f i c i e n t s . 

The Experimental Design 

To develop a model for a p a r t i c u l a r research experiment 
to study functional properties of a food protein, the re
searcher must obviously have some knowledge concerning which 
factors are p o t e n t i a l l y important determinants of the l e v e l 
of the functional property to be studied. The researcher 
must select 1) each of the factors for which there i s to be 
some v a r i a t i o n i n l e v e l w i t h i n the experiment, 2 ) the l e v e l s 
to be used for each v a r i a b l e f a c t o r , 3) the number of combi
nations of l e v e l s of the d i f f e r e n t factors to be used, and 4) 
the l e v e l at which each nonvariable, but p o t e n t i a l l y im
portant, factor i s to be set throughout the experiment. 
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These considerations w i l l be primary determinants of the 
experimental design, which w i l l determine the s t a t i s t i c a l 
p r e c i s i o n and r e l i a b i l i t y of the models estimated. 

The number of le v e l s of any one factor which should be 
included i n the experimental design w i l l depend l a r g e l y on 
the following considerations: 1) the research objectives (Is 
th i s factor of primary i n t e r e s t i n t h i s research?), 2) the 
degree of ce r t a i n t y attached to current knowledge of the 
effe c t s of the fac t o r , and 3) the degree of p r o b a b i l i t y that 
t h i s factor i n t e r a c t s with other fac t o r s , which are d e f i 
n i t e l y of primary i n t e r e s t , to determine the le v e l s of the 
functional property (or properties) to be studied. Setting 
the l e v e l of an important causative factor at an a r b i t r a r y 
point(s) could s e r i o u s l y bias r e s u l t s of analysis of the 
experimental data. 

In s e t t i n g the numbe
vari a b l e f a c t o r , the
have on the functional properties to be studied i s very 
important. I f i t s effects are known to be l i n e a r and that 
fa c t o r i s of secondary importance to the researcher, then two 
leve l s (one at each end of some p r a c t i c a l range of levels) 
may be s u f f i c i e n t . I f , on the other hand, i t i s known that 
the ef f e c t s of t h i s f actor are c u r v i l i n e a r and/or d i s 
continuous at some point, then at least three l e v e l s should 
be included i n the experimental design. I f the i n t e r a c t i o n 
of a factor with other factors i s known to be s i g n i f i c a n t , 
then t h i s too could be s u f f i c i e n t reason to include more than 
two l e v e l s of that factor i n the design. 

M u l t i p l e regression, also c a l l e d ordinary least squares, 
can frequently provide reasonably precise, r e l i a b l e estimates 
of c o e f f i c i e n t s even i f the data analyzed are unbalanced, 
i . e . , have "missing c e l l s " . However, a l l possible com
binations of a l l l e v e l s of a l l v a r i a b l e factors included must 
be used i f maximum s t a t i s t i c a l p r e c i s i o n and r e l i a b i l i t y of 
the estimated c o e f f i c i e n t s i s desired. I f the experiment i s 
very large (involving several l e v e l s of several f a c t o r s ) , 
then i t may be desirable to leave out some combinations. The 
researcher should weigh the costs of exclusion of com
binations - loss of s t a t i s t i c a l p r e c i s i o n and r e l i a b i l i t y -
against the costs of i n c l u s i o n of the combinations - usually 
time and money. This may best be done with the advice of a 
s t a t i s t i c i a n . 

One frequent problem i n food science research i s how to 
define a sin g l e observation f o r regression analysis (an 
observation i s composed of a measurement of the dependent 
v a r i a b l e , before any transformation, studied along with the 
corresponding l e v e l s of the varia b l e f a c t o r s ) . An exper
imental unit i s generally defined as the unit of material to 
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which a single treatment (combination of levels of the var
i a b l e factors) i s applied; a sampling unit i s that part of 
the experimental unit on which the e f f e c t s of a treatment are 
measured (_7, p. 90). Frequently, when chemical analyses are 
car r i e d out to measure a functional property of a food pro
t e i n m a t e r i a l , multiple determinations w i l l be made on each 
sampling unit and/or more than one sample w i l l be drawn from 
each experimental u n i t . The problem i s whether to include 
the r e s u l t s of each and every determination (or sample) as an 
observation or to average determinations (or samples) to 
obtain a single observation for each sampling (or exper
imental) u n i t . Three rules have been recommended for making 
such a choice (10). If the number of experimental units i s 
small, i f the c o e f f i c i e n t of v a r i a t i o n for each functional 
property measured wit h i n each experimental unit i s small, and 
the determinations (o
then each determinatio
separate observation; the values of the varia b l e factors as 
set within each experimental unit are repeated for each 
observation based on that experimental u n i t . I f , on the 
other hand, the number of experimental units i s high and the 
c o e f f i c i e n t of v a r i a t i o n f o r each functional property mea
sured w i t h i n each experimental unit i s high, then a l l of the 
values determined (or sampled) of the functional property 
w i t h i n each experimental unit should be averaged to obtain 
one observation per experimental u n i t . Either method i s 
recommended i f the number of experimental units i s large and 
the c o e f f i c i e n t s of v a r i a t i o n within the experimental units 
are small. I f the number of experimental units i s small and 
the c o e f f i c i e n t s of v a r i a t i o n within the experimental units 
are large, expand the number of experimental units and aver
age the determination (or sample) values to obtain a si n g l e 
observation per experimental unit (10). 

Examining the Data 

Once an experimental design i s selected and the data are 
c o l l e c t e d , then preliminary analyses of the data should be 
carri e d out. Some simple s t a t i s t i c s - such as means, ranges, 
standard deviations, etc. - should be calculated to f a m i l 
i a r i z e the researcher with the data and to serve as bases for 
comparison with previous research. These s t a t i s t i c s can also 
be useful when graphing equations estimated l a t e r . 

A second type of analysis which can be extremely useful 
under some conditions i s p l o t t i n g of the dependent va r i a b l e 
(functional property) data against the corresponding l e v e l s 
of each vari a b l e f a c t o r . 

When only one variable factor i s included i n the exper
iment, then p l o t t i n g of the r e s u l t i n g l e v e l s of the dependent 
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variable (or functional property) against the corresponding 
vari a b l e factor levels w i l l allow the researcher to see i f 
the data f a l l on a st r a i g h t l i n e , f a l l i n a c u r v i l i n e a r 
pattern, show any evidence of di s c o n t i n u i t y around any l e v e l 
of the variable f a c t o r , or indicate very l i t t l e r e l a t i o n s h i p 
between levels of the functional property and those of the 
variable factor ( t h i s would be indicated by an obvious scat
t e r i n g of data points with no di s c e r n i b l e patterns). Figure 
1 shows a possible plot of points for an experiment. Figure 
2 shows a curve which might f i t these data i n Figure 1 and 
also indicates the fo^rm of the equation graphed i n Figure 2, 
Y = a + b j X ^ b 2 X . In t h i s case, two independent v a r i 
ables, X and X , are formed from the one var i a b l e f a c t o r , X, 
i n order to f i t a suitable nonlinear equation. However, i t 
should be noted that some nonlinear equation forms which may 
be most suitable fo
e f f i c i e n t s ; these canno
gression techniques. These techniques have been discussed 
elsewhere (8, 9). 

One problem which may sometimes be most e a s i l y detected 
using plots of the data i s that of detecting " o u t l i e r s " , or 
"bad" data points. These may have resulted from improper 
a p p l i c a t i o n of experimental techniques, incorrect measure
ments, or other factors not accounted for i n the experimental 
design. Such data may be excluded from the regression an
a l y s i s . However, care should be taken to not exclude l e g i t 
imate data points a r i s i n g from random v a r i a t i o n i n a func
t i o n a l property or from v a r i a t i o n due to the consistent 
influence of varia b l e factors which should have been included 
i n the analysis (factors the influence of which could not 
have been excluded). 

However, when more than one variable factor i s included 
i n an experiment, p l o t t i n g of the functional property studied 
against each of the variable factors may not be useful and 
may indeed be misleading. P l o t t i n g of data points when there 
are two or more variable factors i s generally useful only 
when there are several values of a varia b l e factor for each 
of one or more sets of fixed values of a l l other f a c t o r s . 
Otherwise, separation of the influences of d i f f e r e n t factors 
on the functional property w i l l usually be impossible on the 
basis of plo t s of the data. 

If p l o t t i n g cannot be used i n the s e l e c t i o n of a proper 
geometric representation (and the corresponding equation 
form) of the influence of each variable factor being studied, 
then accepted theory and past research r e s u l t s may aid the 
researcher i n s e l e c t i o n of variable and equation forms to be 
used. Within l i m i t s , the resuts of t- t e s t s of regression 
c o e f f i c i e n t s may be used to select the most appropriate 
variables and variable transformations for use i n the f i n a l 
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Figure 1. Hypothetical plot of data points 

Figure 2. Hypothetical graph of a quadratic equation 
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model. Thorough discussions of p l o t t i n g , equation forms, 
vari a b l e transformations and se l e c t i o n of independent v a r i 
ables have been published elsewhere (8, Chapters 3-6; 
Chapters 3-8). 

An Ap p l i c a t i o n of M u l t i p l e Regression Techniques 

At t h i s point, i t seems useful to examine an example of 
the a p p l i c a t i o n of multiple regression techniques to analysis 
of experimental data for which r e s u l t s have already been 
obtained and published. 

McWatters and Holmes (4) developed multiple regression 
models of the eff e c t s of pH and s a l t concentration on func
t i o n a l properties of soy f l o u r . Design of the experiment and 
sel e c t i o n of the factors to be included were based, i n part, 
on e a r l i e r findings tha
meal was i n h i b i t e d aroun
(2). 

In the soy f l o u r research, three l e v e l s of s a l t concen
t r a t i o n (0.0, 0.1, and 1.0 M NaCl) were used, and nine le v e l s 
of pH from 2.0 through 10.0 were used with a l l three l e v e l s 
of s a l t concentration. When measurements of emulsion ca
pacity were plotted against pH with i n each l e v e l of s a l t 
concentration, a number of conclusions were evident. F i r s t , 
the data plots were r a d i c a l l y d i f f e r e n t at the high s a l t 
concentration (1.0 M NaCl) from the plots at the lower s a l t 
concentrations (0.0 and 0.1 M NaCl). At the high s a l t con
centration, the plot resembled a smoothly r i s i n g curve which 
flattened out at the high end of the pH range. But, at the 
lower s a l t concentrations, emulsion capacity tended to drop 
o f f sharply at pH le v e l s around 4.0. Furthermore, the i n 
creases i n capacity as pH was increased above 4.0 or de
creased below 4.0 were c u r v i l i n e a r rather than l i n e a r as i n 
Figure 3. Much the same effects were observed for emulsion 
v i s c o s i t y and percent soluble nitrogen. As noted i n the 
a r t i c l e , a l l of these effects were due to the combined 
e f f e c t s of s a l t concentration and pH on e l e c t r i c a l charges on 
the p a r t i c l e s i n s o l u t i o n . Given these p l o t s , regression 
equations were estimated which modelled the data very w e l l . 
The equations are presented i n Table 1 (Parts 1 and 2). 

There are a number of key points to be made about the 
variables used i n the equations. F i r s t , the equation forms 
used f o r the high s a l t concentration (1.0 M NaCl) are simple 
quadratic and cubic forms using pH and the square and cube of 
pH as independent v a r i a b l e s . The high s a l t concentration 
negated the emulsion i n h i b i t i n g e f f e c t s of the i s o e l e c t r i c 
point. The percent of the v a r i a t i o n i n the function pro
perties accounted for by these equations ranged from about 80 
percent for emulsion v i s c o s i t y to over 98 percent for emul
sion capacity. 
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Figure 3. Hypothetical graph of a discontinuous function 
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Table 1 (Part 1). M u l t i p l e regression models f o r p r e d i c t i o n 
of nitrogen s o l u b i l i t y and emulsifying properties of soy f l o u r 
as influenced by pH and s a l t concentration. 

Dependent 
va r i a b l e with 
s a l t concen
t r a t i o n 

Variable 
description 

Regr. Beta 
c o e f f i . value value 

% Soluble N 2 

with 0.0 & 6.1 
M NaCl (R = 
0.903; standard 
error of e s t i 
mate = 10.107) 

% Soluble Ν 
with 1.0 M NaCl 
(R = 0.905; 
standard error 
of estimate = 
4.659) 
Emulsion capa
c i t y with 0.0 & 
0.1 M NaCl 
(R = 0.838; 
standard error 
of estimate = 
0.081) 

Constan
pH-4 .0
4.0-pHc 

Salt l e v e l 
(4 .0-pH); 
(ρΗ-4 .0Γ 

Constant 

pH Z 

Constant 
pH-4 .0 b 

4.0-pHC 

Salt l e v e l 
(4 .0-pH); 
(ρΗ-4 .0Γ 
(Salt level)(pH-4 . 0 ) 
(Salt level)(4 . 0-pH) 

72.740 1.635 5.89** 
•140.472 -0.237 -4.17** 
-16.304 -0.691 -2.69** 
-2.597 -1.075 -4.71** 

22.283 
15.658 6.830 6.83** 
-0.917 -4.886 -4.89** 

0.221 
0.183 2.226 6.41** 
0.451 1.694 4.44** 

-2.419 -0.682 -4.59** 
-0.165 -1.166 -3.39** 
-0.023 -1.585 -5.20** 
0.592 0.642 4.00** 
1.114 0.314 2.32* 

a * S i g n i f i c a n t 
1% l e v e l , 
b The var i a b l e 
zero unless the 
c The var i a b l e 
zero unless the 

at 5% confidence l e v e l ; ** s i g n i f i c a n t at the 

described as "pH-4.0,f i s given a value of 
pH i s greater than 4.0. 
described as "4.0-pH" i s given a value of 
pH i s less than 4.0. 

Source: McWatters, Κ. H., and Holmes, M. R. (4). 
Journal of Food Science 
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Table 1 (Part 2). M u l t i p l e regression models for prediction^of 
nitrogen s o l u b i l i t y and emulsifying properties of soy f l o u r as 
influenced by pH and s a l t concentration. 

Dependent 
variable with 
s a l t concen
t r a t i o n 

Variable Regr Beta t

Emulsion capacity with 
1.0 M NaCl (R = 0.983; 
standard error of e s t i 
mate = 0.010) 

Constant 
PH 2 

0.155 
0.108 

-0.007 
21.020 
-16.837 

21.02** 
-16.84** 

Emulsion v i s c o s i t y with 
0.0 and 1.0 M NaCl (R = 
0.785; standard error of 
estimate = 10,210.917) 

Constant 
pH-4.0b 

4.0-pHC , 
(4.0-ρΗ)ί 
(pH-4.0)" 

4,701.905 
18,031.429 

117,147.143 
-47,409.048 
-2,127.619 

1.908 
3.825 

-2.919 
-1.279 

5.18** 
9.40** 

-7.74** 
-3.82** 

Emulsion v i s c o s i t y with Constant 98,207.619 
1.0 M NaCl (R = 0.796; pH -28,811.400 -8.588 -3,47** 
standard error of e s t i - pH^ 4,945.714 18.003 3.28** 
mate = 4,441.520) plT -277.172 -10.463 -3.33** 
a * S i g n i f i c a n t at 5% confidence l e v e l ; ** s i g n i f i c a n t at the 
1% l e v e l . 
b The va r i a b l e described as "pH-4.0,f i s given a value of zero 
unless the pH i s greater than 4.0. 
c The va r i a b l e described as f,4.0-pH" i s given a value of zero 
unless the pH i s less than 4.0. 

Source: McWatters, Κ. Η., and Holmes, M. R. (4). 
Journal of Food Science 
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The models developed for the low s a l t concentrations 
(0.0 and 0.1 M NaCl) were very d i f f e r e n t from those for the 
high s a l t concentration. The two basic independent variables 
used were s a l t l e v e l and the absolute value of the pH minus 
4.0. To avoid implying that the behavior of each functional 
property on ei t h e r side of pH 4.0 i s the mirror image of i t s 
behavior on the other side of pH 4.0, two variables were 
formed from the absolute value of pH minus 4.0. These were 
the absolute values of pH minus 4.0 fo r each pH above 4.0 
(values of t h i s v a r i a b l e for observations i n which the pH was 
less than 4.0 were set equal to zero) and the absolute values 
of pH minus 4.0 for each pH below 4.0 (values of t h i s v a r i 
able f o r observations i n which pH was greater than 4.0 were 
set equal to zero). As shown i n the table, these basic 
variables were used i n the estimated models along with t h e i r 
squares, t h e i r i n t e r a c t i o n
NaCl), and s a l t l e v e
the f i n a l equations used. Other v a r i a b l e s , such as cubic 
powers of pH minus 4.0, were t r i e d and discarded due to lack 
of s t a t i s t i c a l s i g n i f i c a n c e i n a r r i v i n g at the f i n a l models. 

A number of points should be noted concerning the s t a 
t i s t i c s displayed i n the table. F i r s t , i f the researcher 
wishes to rank the variables i n order of t h e i r importance 
within the equation, absolute values of the beta values are 
the appropriate indicators of rank (_7, p. 284). Second, the 
t-values of the regression c o e f f i c i e n t s give us estimates of 
the s t a t i s t i c a l s i g n i f i c a n c e of the independent variables 
used. Third, the R-square, or c o e f f i c i e n t of determination, 
i s an estimate of the percent of v a r i a t i o n i n the dependent 
varia b l e (the functional property) explained by the corre
sponding regression equation. 

Some P o t e n t i a l Problems 

A number of reservations concerning use of regression 
should be expressed. I t i s desirable that the experimental 
data be as balanced as possible (as close to having a l l 
combinations of a l l l e v e l s of a l l variable factors i n the 
design as p o s s i b l e ) , though regression, also known as o r d i 
nary least squares, i s a sui t a b l e technique f o r analyzing 
unbalanced data. Use of extremely unbalanced data may reduce 
the p r e c i s i o n and/or r e l i a b i l i t y of the regression c o e f f i c i 
ents estimated p a r t i c u l a r l y i f the e f f e c t s of the factors are 
not l i n e a r . A second consideration i s that one of the as
sumptions of regression i s that there i s no s i g n i f i c a n t 
c o r r e l a t i o n between the independent variables included i n the 
model. Such c o r r e l a t i o n w i l l e x i s t i f , as i n the above 
equations, c e r t a i n transformations of independent variables 
included i n the model are also included as va r i a b l e s . This 
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w i l l tend to increase the variance of the c o e f f i c i e n t s and 
may, i n some cases, a f f e c t estimation p r e c i s i o n . One way of 
reducing these problems i s to code the data by subtracting 
the mean of each basic factor from the value of the factor i n 
each observation and di v i d i n g the r e s u l t s by the standard 
deviation of the factor (thus "standardizing" the v a r i a b l e ; 
11). Any transformations are then performed on the standard
ized data. Regression c o e f f i c i e n t s estimated using these 
data must be decoded, however. 

Uses of Estimated Models 

A primary use of regression models i s usually p r e d i c t i o n 
of the levels of the dependent variable (or functional pro
perty) under given conditions. Such predictions are most 
r e l i a b l e i f the given  01 
the conditions include
model. 

If the regression models are considered true behavioral 
models of the functional properties (or good approximations 
thereof) and r e l i a b l e models ( i . e . , the R-square i s generally 
considered an in d i c a t o r of r e l i a b i l i t y of a model), then yet 
another use might be appropriate. I f no interactions are 
present, then the f i r s t d e r i v a t i v e ( i f i t e x i s t s for the 
p a r t i c u l a r equation form) with respect to each factor (or 
basic independent variable) may be taken as an estimate of 
the marginal e f f e c t (effect of the l a s t unit of the fa c t o r , 
or basic v a r i a b l e , added) of that factor on the functional 
property, or dependent v a r i a b l e . I f a monetary value can be 
placed on the dependent v a r i a b l e , then t h i s estimated mar
g i n a l effect can be mu l t i p l i e d times that monetary value to 
obtain an estimate of the marginal revenue a r i s i n g from a one 
uni t increase i n the variable f a c t o r , or basic independent 
v a r i a b l e . I f a cost can be attached to the increase i n the 
l e v e l of the varia b l e f a c t o r , then we can estimate the pro
f i t , or lack of p r o f i t , associated with an increase i n the 
l e v e l of the factor used by subtracting the marginal cost 
from the marginal revenue. 

I f interactions e x i s t , then p a r t i a l derivatives must be 
used rather than f i r s t d e r i v a t i v e s . The major complication 
a r i s i n g here i s that the p a r t i a l d e r i v a t i v e can be used as 
spec i f i e d above only by assuming that other variable factors 
which appear i n the p a r t i a l derivatives are set at fix e d 
l e v e l s . Any competent production economist can a s s i s t i n 
se t t i n g up procedures designed to produce such r e s u l t s . A 
number of references are ava i l a b l e (12, 13, 14). 
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Conclusions 

M u l t i p l e regression techniques can be used i n modelling 
the effects of varying levels of environmental factors on 
functional properties of plant proteins. Use of multiple 
regression not only may allow the researcher to test s t a t i s 
t i c a l s i g n i f i c a n c e of properties, but i t may also allow the 
researcher to estimate magnitudes of the effe c t s of the 
environmental factors on behavior of functional properties. 
M u l t i p l e regression models have been found useful i n e s t i 
mating e f f e c t s of such factors as moist heat, pH, and s a l t 
concentration on s o l u b i l i t y and emulsifying properties of 
plant proteins. Some of these ef f e c t s have been found to be 
non-linear and discontinuous. Use of the technique, however, 
i s no substi t u t e f or good experimental design or knowledge of 
the data. 
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Acetic acid extracts of dough, gel 
filtration of 124/ 

Acetic acid extracts of flour, gel 
filtration of 124/ 

Acid-soluble wheat proteins from 
Phenyl-Sepharose-4B, elution 
of 118/ 

Acyl-enzyme intermediate, formatio
of 276

Acyl-enzyme intermediate, possible 
mechanisms for formation and 
breakdown of 279/ 

Acylation 
foam properties related to 

protein 168-171 
on lysine availability, effect of 248/ 
of soy protein 252 

Adhesion 
and cohesion 111-130 

phenomena of proteins and 
polymers, molecular inter
actions involved in 114 

in globular proteins, thermal and 
alkaline improvement 125-128 

polar groups and protein 115 
Adhesive and cohesive properties of 

food products, experimental pro
cedures for obtaining information 
on 112-114 

Aeration 14 
of proteins, whippability and 149-176 

Aggregates, formation of soluble 94 
Aggregation and solubility of soy 

protein 94 
Aging on the apparent viscosity of 

12% supro, effect of 106/ 
Albumin to globulin emulsion capaci

ties, comparison of 228/ 
Albumins, emulsion capacity of 225 
Alfalfa leaf protein (ALP), fat 

absorption of 193 
Alfalfa leaf protein (ALP), water 

absorption of 182 
Alkali treatment of protein 246 
Alkaline 

improvement of adhesion in 
globular proteins, thermal 
and 125-128 

Alkaline (continued) 
treatment, amino acid modification 

of sunflower protein isolate 
due to 261/ 

treatment of soy protein on levels of 
specific amino acids, effects of 
duration of 253/ 

Alkylated-reduced gliadin and glu-
tenin solutions, shear-stress 

ALP (alfalfa leaf protein) 182, 193 
Amino acid 

availability 
cottonseed processing and 257-259 
effect of sesame processing 

on 262-263 
processing of sesame protein 

and 260-262 
processing of soy foods and .249-255 
in soybeans 254 
sunflower protein 259-260 
of wheat, heat treatment on 255 
wheat products and 255-257 

bioavailability 243-263 
influence of processing on 244 

composition 5 
of wheat gluten, effect of pH on .. 257 

destruction, significance of 263 
heat treatment of 249 
modification of sunflower protein 

isolate due to alkaline treat
ment 261/ 

processes affecting nutritional 
value of 245-249 

residues, chemical modification of . 248 
Association-dissociation reactions in 

the gelation process, ionic 
bonding in 134 

Β 
Bacos spun soybean protein fiber 

simulated-meat product, SEM of 126/ 
BD (bulk density) 55 
Bean seeds, emulsifying properties 

of 223-229 
Bioavailability 

of amino acid(s) 243-263 
influence of processing on 244 

of proteins, nutrient 243-269 
zinc 268 
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Biscuits containing wheat, LCP, and 
glandless cottonseed flour 24/, 27/, 

28/, 30/, 31/, 34/, 36/, 37/ 
Biscuits as a model system for color .... 26 
Blocking agents, sulfhydryl 133 
Bonding, hydrophobic 115 
Bonds between protein chains 116/ 
Bound forms of vitamins 266 
Bovine casein a8-CN-B, primary 

structure of 210/ 
Brabender Farinograph 114 
Bulk density (BD) 55 

CaCl 2 

addition to whey protein disper
sions, response surface contou
plots for cysteine and 141

on cysteine addition to dialyzed 
WPC, effect of 139/ 

precipitation of soy protein 255/ 
Calcium 

-induced gelation 132 
-paracasein-phosphate gel 132 
stearoyl lactylate (CSL) 65 

Carbohydrate(s) 263-264 
in texture development, possible 

roles of insoluble 71 
in texture formation, possible roles 

of soluble 71 
in texturization of soy flour, possible 

roles of 71 
Carboxyhemoglobin, fit of Melander 

and Horvath's theory to the 
solubility of 103/ 

Caramelization 263 
Casein(s) 

and caseinates, emulsification 
properties of 209 

a e -CN-B, primary structured of 
bovine 210/ 

isolate production 208 
micelles and submicelles, proposed 

model for 207/ 
production scheme for 207/ 
Rennet 208 

/?-Casein 153 
Caseinate(s), emulsification proper

ties of 212 
of caseins and 209 

Caseinate, production scheme for 207/ 
Chemical modification of amino acid 

residues 248 
Coagel 132 
Coagulation, gelation and 

in complex food systems 144-145 

Coagulation, gelation and (continued) 
methodology of proteins, experi

mental procedures for 134-135 
of proteins 131-147 

Cohesion, adhesion and 111-130 
phenomena of proteins and 

polymers, molecular interac
tions involved in 114 

Cohesive properties of food products, 
experimental procedures for 
obtaining information on 
adhesive and 112-114 

Cohesive strength, effect of molecular 
size and shape on protein 120 

Colloidal systems 13/ 
Color 

biscuits as a model system for 26 
components 35-38 

food 21-39 
measurements 22-26 

made on wheat and LCP cotton
seed flour 23 

production, role of flavonoids in .29-33 
solid 24/ 

Cooking, extrusion 125 
Cottonseed 

emulsifying properties of 234 
flavonoids, tentative identification of 32/ 
flour 21 

fractionation 26-29 
of glandless 

foam properties related to pH 
and percentage of ...156/, 157/ 

foam viscosity 157/ 
multiple linear regression 

analysis of foam capacity 
on composition 160/ 

multiple linear regression 
analysis of foam stability 
on composition 160/ 

stability 157/ 
in suspensions at various pH 

values, regression lines of 
foam stability at different 
percentages 162/ 

processing and amino acid 
availability 257-259 

protein (s) 
effect of heat treatment upon the 

quality of 258/ 
effect of refinement of nutritional 

quality of 259/ 
gel electrophoretic properties of 

glandless 156/ 
at various pH values, emulsifying 

and solubility properties of.. 236/ 
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Cowpea(s) 
effects of pH and salt concentration 

on NSI 230/ 
flour 

effect of pH adjustment on 
emulsion capacity of 224/ 

effect of pH adjustment on 
viscosity of 224/ 

influence of pH adjustment on 
emulsion capacity and 
viscosity of 223 

proteins, nitrogen solubility 
profiles of 223 

Cross-link bonds in protein gels, 
characteristics and proposed 
role of 137/ 

Cross-linking 
in the gel structure, role of 133-134 
interstrand 133 
intrastrand 13
of protein gels, noncovalent 

bonding in 134 
Crystalline protein, solubility 

behavior of a pure 91/ 
CSL (calcium stearoyl lactylate) 65 
Cysteine addition to dialyzed WPC, 

effect of C l C l o on 139/ 
Cysteine and CaCl 2 addition to whey 

protein dispersions, response sur
face contour plots for 141/ 

D 
Defatted peanut flour, effect of fungal 

fermentation on the retention 
properties of 291 

Denaturation, heat 125 
Denatured proteins, viscosity of 104 
Denatured protein isolate (DPI) 97 

effect of salts on the solubility of ... 98/ 
solubility data for 97 

in Nal and N H 4 N 0 3 , NPI and .... 103/ 
DDT (dithiothreitol) 125 
Desolventization and lysine availability 259 
Dialysis effect on gel characteristics of 

protein dispersions of WPC 142/ 
N, Λ^-Dimethylformamide (DMF) .... 33 
Dimethylsulfide 43 

from raw rice samples, area vs. inlet 
temperature for 44/ 

Dipole moment, salt concentration and 101 
Disc gel electrophoresis (DGE) 57 
Disulfide 

bond reduced and oxidized soy 
flours, texturization of 83 

bonding in protein gel structures .... 134 
bonds and the properties of proteins 115 
bridging in protein gel systems, 

role of 133 

Dithiothreitol (DDT) 125 
DLVO theory for emulsion stability .. 203/ 
DMF (N, W,-dimethylformamide) 33 
Dough(s) 

from flours prepared from wheats, 
mixograms of 122/ 

gel filtration of acetic acid 
extracts of 124/ 

mixing 
resistance to 121 
after, SEM of wheat flour 113/ 
time requirement of 121 

properties, contribution of gluten 
proteins to 123 

rheology 121-123 
sulfhydryl groups in 121 

DPI (see Denatured protein isolate) 

Electrostatic charges and protein 
solubility 114 

Electrostatic salting in 100 
Elution of acid-soluble wheat proteins 

from Phenyl-Sepharose-4B 118/ 
Emulsification 12,217-242 

capacity of peanut protein isolate 
at various pHs, effect of 
sodium chloride on 222/ 

properties 
of caseinate 212 

and caseins 209 
potassium 211/ 

in model food systems 209 
of N FDM 211/, 212 
of safflower protein isolates as 

influenced by pH and drying 
method 235/ 

of sodium caseinate in the 
absence of chemical 
emulsifiers 213/ 

of sodium caseinate in the pres
ence of HLB-11 emulsifiers 213/ 

of WPC 212 
Emulsifier(s) 217 

emulsification properties of sodium 
caseinate in the absence of 
chemical 213/ 

in food systems, mild proteins as 205-212 
in food systems, vegetable proteins 

as 234-238 
general class of food-grade 234-237 
mechanisms 217-220 
—milk proteins 201-215 
in milk systems, milk proteins as 202-205 

Emulsifying 
activity of pepsin hydrolysates of 

soy protein 287/ 
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Emulsifying (continued) 
capacity of native and chemically 

modified sunflower protein 
concentrates, effect of pH on .. 230/ 

capacity and stability 286-289 
properties 

of bean seeds 223-229 
of cottonseed 234 

proteins at various pH values .. 236/ 
of pea seeds 223-229 
of peanut seed 220 
of rapeseed 229 
of safflower 234 
of selected vegetable protein 

sources 220-234 
of soy flour, multiple regression 

models for 307/-308/ 
of sunflower seed 229 

Emulsion 
capacity (ies) 1

of albumins 225 
of cowpea flour, effect of pH 

adjustment on 224/ 
of defatted sunflower seed 

products 231/ 
of globulins 225 

comparison of albumin to 228/ 
of pea protein products dispersed 

in water and salt solutions . 226/ 
of peanut flour 221, 224/ 
of proteins, experimental pro

cedures for measuring 220 
of rapeseed protein isolates and 

concentrates 232/ 
of rapeseed protein products 233/ 
and viscosity of cowpea flour, 

influence of pH adjustment 
on 223 

stability 13 
DLVO theory for 203/ 
factors influencing 201 
of rapeseed protein isolates and 

concentrates 232/ 
surface-active agents and 218 

stabilized by a surfactant, oil-in-
water 219/ 

stabilized by a surfactant, water-
in-oil 219/ 

theories of 217-220 
viscosity of 218 

prepared from pea protein prod
ucts dispersed in water and 
salt solutions 227/ 

Environment, water absorption 
response patterns and 189 

Enzymatic 
food functionalities 3 
hydrolysis of peanut flour 284 

Enzymatic (continued) 
hydrolysis on a specific volume of 

foam, effect of 292/ 
modification of protein 247 

Enzyme(s) 
action on functionality, effect of 

proteolytic 275-298 
activities of commercially available 

proteolytic 285 
-hydrolyzed peanut proteins, nitro

gen solubility properties of 284 
modification of proteins 275-298 

to food systems, application of 293-294 
Excess water method for a soy concen

trate, water absorption mean 
values determined by 184/, 185/ 

Excess water method, water absorp
tion via 181-183 

cooking 125 
protein 51 
texturization 252 

properties 
effects of 

ionic strengths on 65 
molecular weight distribu

tions on 60-65 
NSI on 57-60 
pH on 60 
protein contents on 57 
surfactant on 65-70 

of soy flour, factors affecting .57-70 
texturized 

chemically modified soy flours, 
TLMs of 86/ 

pH-modified soy flours, TLMs of 63/ 
reducing or oxidizing agent-

modified soy flours, exterior 
morphologies of 84/ 

soy flours, physical and Theo
logical properties of 66/ 

soy products 
physical and Theological 

properties of 
as affected by 

added reducing and oxi
dizing agents 85/ 

salts 68/ 
with protein and soluble 

sugar contents 59/ 
succinylated soy flours, protein 

solubility and physical 
properties of 82/ 

surfactant-added soy flours, 
exterior morphologies of .... 70/ 

surfactant-added soy flours, 
TLMs of 70/ 
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Extrusion (continued) 
TSF and TEMSF, photographs of .. 64/ 
TSF and TEMSF, SEMs of 67/ 
TSFs, SEMs of 58/ 
at various temperatures, chemical 

reactions occuring in proteins 
during 77 

Farinograph, Brabender 114 
Fat absorption 186 

of ALP 193 
effect of temperature on 196 
of plant proteins, water and 177-200 
ofPromine-D 195/ 
of Promosoy-100! 195/ 
of Promosoy-1002 195
of protein additives 17
of rapeseed products 193 
response patterns 192-196 
of soy concentrate and isolate at 

22°-25°C 194/ 
of soy flours 193 
values for a soy concentrate and 

isolate 188/ 
Fat attraction 13 
Field bean protein concentrates, 

protein solubility of initial and 
extruded 126/ 

Film formation, matrix and 14—15 
Fish protein concentrate (FPC) 179 
Flavonoids 

in color production, role of 29-33 
tentative identification of cottonseed 32/ 
two-dimensional cellulose TLC of .. 31/ 

Flavor 
food 41 
volatiles, GC as a measurement of . 42 
volatiles as measured by rapid 

instrumental techniques 41-49 
Flour(s) 

gel filtration of acetic acid extract 
of 124/ 

Hunter L and b values of dry 25/ 
plant protein 25/ 
and texturized products, assay 

methods for evaluation of 55-57 
Foam(s) 149 

capacity on composition of gland-
less flour multiple linear 
regression analysis of 160/ 

effect of enzymatic hydrolysis on a 
specific volume of 292/ 

experimental procedures for pro
ducing and characterizing 
protein 154 

Foam(s) (continued) 
formation 

and coalescence, sequence of 
events occurring during 150/ 

factors in 149 
of proteins solutions 153 

properties 150/ 
related to 

heat 165-168 
pH 155-263 

and percentage of glandless 
cottonseed flour ...156/, 157/ 

protein acylation 168-171 
salt 163-165 
seed type 171-173 

and protein solubility properties of 
peanut meal suspensions, effect 
of pH on the foam and 164/ 

and protein solubility properties of 

of salt concentration on 164/ 
stability 153 

on composition of glandless cot
tonseed flour, multiple linear 
regression analysis of 160/ 

determination of 154 
at different percentages of gland

less cottonseed flour in sus
pensions at various pH 
values, regression lines of .. 162/ 

as a function of pH and suspen
sion concentration, empiri
cal multiple linear regression 
model describing 159/ 

theories on the role of proteins in 149-154 
viscosity, determination of 154 
viscosity of glandless cottonseed 

flour 157/ 
Foaming capacity 

as a function of pH and suspension 
concentration, empirical multi
ple linear regression model, 
describing 159/ 

of proteins, procedures for 
determining 154 

and stability 289-291 
Foaming properties of proteins, 

factors affecting 151/ 
Food 

color 21-39 
factors affecting mineral utilization 

from 267 
flavor 41 
and functional properties 6-7 
functionalities, enzymatic 3 
functionalities, nonenzymatic 3 
-grade emulsifiers, general class 

of 234-237 
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Food (continued) 
product performance 196 

protein additives in 196 
products, experimental procedures 

for obtaining information on 
adhesive and cohesive proper
ties of 112-114 

protein, experimental design to 
study functional properties 
of 300-302 

system 
application of enzyme modifica-

of proteins to 293-294 
emulsification properties in 

model 209-212 
gelation/coagulation in 

complex 144-145 
milk proteins as emulsifiers in 205-212 
vegetable proteins as emulsifiers 

in 234-23
tests, special 8 
U.S. production/utilization of milk 

protein products in human 206/ 
volatiles 

for control and experimental raw 
rice samples 44/ 

for food blend samples, profiles of 46/ 
for high-quality peanuts, profiles 

of 46/ 
for low-quality peanuts, profiles 

of 47/ 
FPC (fish protein concentrate) 179 
Fractionation, cottonseed flour 26-29 
Fractionation of wheat proteins on 

Sepharose-CL4B columns 119/ 
Functional 

methodology: general methods of 
testing, protein 11-15 

methodology: requirements and 
general design, protein 7 

properties 
of a food protein, experimental 

design to study 300-302 
foods and 6-7 
general 8 
modification of 6 

biological 6 
chemical 6 
physical 6 
specific 282-292 

of peanut proteins, modifying .... 221 
of proteins 177 

classification of 4 
of soy isolate, effect of tempera

ture on 188/ 
testing a protein product for 7 

Functionality(ies) 1,273 
—a biological property 2-3 

enzymatic food functionalities .... 3 

Functionality(ies) (continued) 
industrial properties 3 
nonenzymic food functionalities .. 3 
nutritional properties 2 

enzymatic food 3 
and their interrelationship, aspects 

of 276/ 
nonenzymic food 3 

processing factors affecting 5-6 
protein 1-19 

multiple regression modeling 
of 299-311 

properties and 5 
Fungal fermentation on the retention 

properties of defatted peanut 
flour, effects of 291 

G 

as a measurement of flavor volatiles 42 
/MS to the food industry, import

ance of 43-48 
sample preparation and analysis 

for 42-43 
Gel(s) 

calcium-paracasein-phosphate 132 
characteristics of protein dispersions 

of WPC, dialysis effect on 142/ 
filtration of acetic acid extracts 

of dough 124/ 
filtration of acetic extracts of flour .. 124/ 
formation techniques, heat-induced 135 
protein(s) 

characteristics and proposed role 
of cross-link bonds in 137/ 

characterizing 135 
electrophoretic properties of 

glandless cottonseed 156/ 
electrophoretic properties of 

peanut meal 166/, 169/ 
experimental procedures for 

preparation and characteri
zation of whey 135-136 

noncovalent bonding in the cross-
linking of 134 

structures, disulfide bonding in .. 134 
systems, role of disulfide bridging 
in 133 

strength parameters 135 
strength of WPC 

effect of heating temperature on .. 143/ 
effect of protein concentration on 139/ 
pH effect on 143/ 

structure, role of cross-linking in 133-134 
thermo-set 132 

Gelation 
ability, qualitative determination ... 136 
calcium-induced 132 
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Gelation (continued) 
-coagulation in complex food 

systems 144-145 
and coagulation of proteins 131-147 
factors affecting 136-144 
heat-induced 132 
and heat treatment conditions 144 
and ionic and/or reducing agents 140-144 
mechanisms of protein 131-134 
methodology of proteins, experi

mental procedures for coagula
tion and 134-135 

and nonprotein components 138-140 
and pH 140 
process, ionic bonding in the associ

ation-dissociation reactions in 134 
process, nonspecific hydrophobic 

attractions in 134 
and protein components 138 
and protein concentration 13
reagent effects on WPC 13
water absorption response patterns 

and viscosity and 187-189 
Glandless cottonseed flour 

foam properties related to pH and 
percentage of 156/, 157/ 

foam viscosity of 157/ 
multiple linear regression analysis 

of foam capacity on composi
tion of 160/ 

stability of 157/ 
in suspensions at various pH values, 

regression lines of foam sta
bility at different percentages 
of 162/ 

Gliadin and glutenin solutions, shear-
stress curves for alkylated-
reduced 119/ 

Gliadin and glutenin solutions, shear-
stress curves for native 119/ 

Globular proteins, thermal and alka
line improvement of adhesion 
in 125-128 

Globulin, emulsion capacity(ies) 225 
comparison of albumin to 228/ 

Gluten, proteins to dough properties, 
contribution of 123 

Gluten, wheat I l l 
proteins in intermolecular associa

tions, participation of native 115 
uses of 123-125 

Glutenin 
solutions, shear-stress curves for 

alkylated-reduced gliadin 
and 119/ 

solutions, shear-stress curves for 
native gliadin and 119/ 

viscosity 120-121 
Glycomacropeptide (GMP) 204 

Gossypol 
with 3-amino-l-propanol, reaction 

of protein-bound 34/ 
-aminopropanol, UV spectra of 36/ 
pigments, role of bound 33-35 

H 

Hand Press (HP) texturizer 54 
Heat 

denaturation 125 
foam properties related to 165-168 
on the foam and protein solubility 

properties of peanut meal sus
pensions, effect of moist 166/ 

-induced gel formation techniques .. 135 
-induced gelation 132 
treatment 

conditions, gelation and 144 
upon the quality of cottonseed 

protein, effect of 258/ 
sunflower protein, effect of 259 

Heated soy protein isolate, pepsin 
hydrolysis of 286 

Heating temperature on gel strength 
of WPC, effect of 143/ 

HLB-11 emulsifiers, emulsification 
properties of sodium caseinate 
in the presence of 213/ 

Horvath, theory of Melander and 100-102 
to the solubility of carboxyhemo-

globin, fit of 103/ 
HP (Hand Press) texturizer 54 
Hydration (water absorption) 177 
Hydrogen bonding 134 
Hydrogénation of oils, commercial ... 265 
Hydrophobic 

attractions in the gelation process, 
nonspecific 134 

bonding 115 
salting out 100 

I 

Industrial properties 3 
Insoluble carbohydrates in texture 

development, possible roles of .... 71 
Instron Universal Testing machine(s) .. 112 

tensile strength measurement with .. 113/ 
Intermolecular associations, participa

tion of native wheat gluten pro
teins in 115 

Interstrand cross-linking 133 
Intrastrand cross-linking 133 
Ion binding and net charge 102 
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Ionic 
bonding in the association-dissocia

tion reactions in the gelation 
process 134 

and/or reducing agents, gelation 
and 140-144 

strengths 
on extrusion texturization proper

ties, effects of 65 
on solubility 

at pH 2 95/ 
at pH 5, effect of 95/ 
at pH 7, effect of 96/ 

water absorption response pat
terns and 192 

Isopeptide formation 246 

L 

Lactalbumin 20
L A L (lysinoalanine) 247 
LCP (see Liquid-cyclone-processed) 
Legume flour, oil emulsification 

capacity of 227 
Linear motion instruments 112 
Lipids 264-265 
Liquid-cyclone-processed (LCP) 21 

cottonseed flour, color measure
ments made on wheat and 23 

cottonseed flour, UV spectra of 
fractions of 37/ 

Low-heat Ν FDM 205 
Lysine 244 

availability 
desolventization and 259 
determining 244 
effect of acylation on 248/ 
in heated wheat flour protein 256/ 

Lysinoalanine (LAL) 247 

M 

Maillard reaction 245, 263 
Mass spectrometry (MS) as a measure

ment of flavor volatiles 42-43 
Matrix and film formation 14-15 
Meat binding abilities of nonmeat 

proteins in the presence of salt 
and phosphate 127/ 

Mechanical Spectrometer 114 
Melander and Horvath's theory 100-102 

to the solubility of carboxyhemo-
globin, fit of 103/ 

2-Mercaptoethanol (2-ME) 77 
Methylbromide 43 

from raw rice samples, area vs. inlet 
temperature for 44/ 

MFG (milk fat globules) 202-204 
MFGM (milk fat globule membrane) . 203/ 

Micelle cross-section 219/ 
Micelle formation, beginning 219/ 
Micro-Kjeldahl method of protein 

solubility determination 56 
Milk 

fat globule(s) (MFG) 202-204 
membrane (MFGM) 203/ 
properties of 202-204 

protein(s) 
emulsifiers— 201-215 

in food systems 205-212 
in milk systems 202-205 

products 205 
in human foods, U.S. produc

tion/utilization of 206/ 
system 204-205 

systems, milk proteins as emulsi
fiers in 202-205 

Mineral(s) 267-269 

Mixing 
doughs resistance to 121 
SEM of wheat flour dough after .... 113/ 
time requirement of doughs 121 

Mixograms of doughs from flours 
prepared from varieties of wheats 122/ 

Moisture adsorption isotherms of 
enzyme-treated and nontreated 
peanut flour 292/ 

Molecular 
associations, effect of wheat protein 

structures on 124/ 
interactions involved in adhesion 

and cohesion phenomena of 
proteins and polymers 114 

size and shape on protein cohesive 
strength, effect of 120 

size and shape on protein interac
tions, influence of 117-121 

weight distributions on extrusion 
texturization properties, effects 
of 60-65 

Monolayer coverage 219/ 
MS (Mass spectrometry) 42-43 
Multiple regression 

modeling of functionality of 
proteins 299-311 

models for emulsifying properties 
of soy flour 307/-308/ 

models for prediction of nitrogen 
solubility of soy flour 307/-308/ 

techniques, application of 305-309 

Ν 

Native 
gliadin and glutenin solutions, 

shear-stress curves for 119/ 
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Native (continued) 
protein isolate (NPI) 97 

effects of salts on the solubility of 98/ 
solubility data for 97 

and DPI in Nal and N H 4 N O s 103/ 
wheat gluten proteins in intermolec-

ular associations, participation 
of 115 

NFDM (see Nonfat dry milk) 
Nitrogen solubility 

Index (NSI) 11 
cowpeas, effects of pH and salt 

concentration on 230/ 
on extrusion texturization proper

ties, effects of 57-60 
of raw ingredients, physical and 

Theological properties of 
exturdates as affected by .... 61/ 

of peanut proteins 287/ 
properties of enzyme-hydrolyze

profiles of cowpea 22
of soy flour, multiple regression 

models for 307/-308/ 
Noncovalent bonding in the cross-link

ing of protein gels 134 
Nonenzymic food functionalities 3 
Nonextrusion 

textured soy concentrate with CF, 
SEMs of 73/ 

textured soy isolate with CF, 
SEMs of 74/ 

texturization process at various tem
peratures, ultrastructure 
changes in soy flours induced 
by 75 

TSF 
processed at different tempera

tures, soluble sugar and 
protein in 75/ 

rheological properties of 79/ 
SEMS of 72/, 73/ 

Nonfat dry mu* (NFDM) 205 
emulsification properties of 211/, 212 
low-heat 205 

Nonmeat proteins in the presence of 
salt and phosphate, meat-binding 
abilities of 127/ 

Nonprotein components, gelation and 138 
Nonspecific hydrophobic attractions in 

the gelation process 134 
NPI (see Native protein isolate) 
NSI (see Nitrogen Solubility Index) 
Nutrient bioavailability of proteins 243-269 
Nutritional 

properties 2 
quality of cottonseed protein, effect 

of refinement of 259/ 
value of amino acids, processes 

affecting 245-249 

Ο 

Oil(s) 
commercial hydrogénation of 265 
emulsification capacity of legume 

flour 227 
-in-water emulsion stabilized by 

a surfactant 219/ 

Ρ 

PADGE (polyacrylamide disc gel 
electrophoresis) 67/ 

PAGE patterns of unmodified and 
enzyme-modified soy proteins ... 64/ 

Papain with peptide and amino acid 
ester in place, active site of 279/ 

PDI (Protein Dispersibility Index) .... 11 
Pea 

protein products dispersed in water 
and salt solutions, viscosity of 
emulsions prepared from 227/ 

seeds, emulsifying properties of .223-229 
Peanut 

flour 
effects of fungal fermentation on 

the retention properties of 
defatted 291 

emulsion capacity of 221, 224/ 
enzymatic hydrolysis of 284 
moisture adsorption isotherms of 

enzyme-treated and non-
treated 292/ 

viscosity of 224/ 
meal proteins, gel electrophoretic 

properties of 166/, 169/ 
meal suspensions, effect of, on the 

foam and protein solubility 
properties of 

moist heat 166/ 
pH 164/ 
salt concentration 164/ 

profiles of food volatiles for high-
quality 46/ 

profiles of food volatiles for low-
quality 47/ 

protein(s) 
isolate at various pHs, effect of 

sodium chloride on emulsi
fication capacity of 222/ 

modifying functional properties 
of 221 

nitrogen solubility of 287/ 
properties of enzyme-

hydrolyzed 284 
at various pHs, effect of sodium 

chloride on extraction of .. 222/ 
seed, emulsifying properties of .220-223 
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Pepsin hydrolysates of soy protein, 
emulsifying activity of 287/ 

Pepsin hydrolysis of heated soy 
protein isolate 286 

Peptide bond breakage by proteases .. 275 
PER (protein efficiency ration) 245 
pH 

adjustment 
on emulsion capacity of cowpea 

flour, effect of 224/ 
on emulsion capacity and 

viscosity of cowpea flour, 
influence of 223 

on viscosity of cowpea flour, 
effect of 224/ 

on the amino acid composition of 
wheat gluten, effect of 257 

on emulsifying capacity of native 
and chemically modified sun
flower seed protein concen
trates, effect of 230/ 

on extrusion texturization proper
ties, effects of 60 

foam properties related to 155-163 
on the foam and protein solubility 

properties of peanut meal sus
pensions, effect of 164/ 

-modified soy flours, TLMs of 
extrusion texturized 63/ 

and percentage of glandless cotton
seed flour, foam properties 
related to 156/, 157/ 

and salt concentration on NSI cow-
peas, effects of 230/ 

of soy protein on levels of specific 
amino acids, effects of 253/ 

and suspension concentration, 
empirical multiple linear 
regression model describing 
foam stability as a function of 159/ 

and suspension concentration, 
empirical multiple linear 
regression model describing 
foaming capacity as a function 
of 159/ 

values of raw ingredients, physical 
and rheological properties of 
extrudates as affected by 62/ 

values, solubility properties of 
cottonseed proteins at various 236/ 

water absorption response patterns 
and 190 

water absorption values of a soy 
concentrate and isolate as a 
function of 194/ 

pHs, effect of sodium chloride on the 
extraction of peanut protein at 
various 222/ 

Phenols, plant 26 
Phenyl-Sepharose-4B, elution of acid-

soluble wheat proteins from 118/ 
Physico-chemical properties of 

proteins 4 
Phytic acid 268 
Pigments, role of bound gossypol 33-35 
Plant 

phenols 26 
protein flours 25/ 
proteins, water and fat absorption 

of 177-200 
Plastein reaction 254, 277-282 

applications of 280 
removing impurities from protein 

substrate by hydrolysis, purifi
cation, and resynthesis via 281/ 

Plasteins, properties of 278 
Polar groups and protein adhesion .... 115 

phoresis (PADGE) 67/ 
Polymers, molecular interactions 

involved in adhesion and cohe
sion phenomena of proteins and .. 114 

Polypeptide(s) 
copolymers of glutamine and 

glutamic acid, influence of pH 
on the solubilities of synthetic 116/ 

copolymers of glutamine and 
glutamic acid, influence of urea 
on the solubilities of synthetic 116/ 

effect of salt on proteins and 99-100 
Potassium caseinate, emulsification 

properties of 211/ 
Processing factors affecting func

tionality 5-6 
drying 5 
extraction 5 
impurities 6 
ionic history 6 
protein source and variety 5 
storage 6 
temperature 5 

Progel 132 
formation 104 
as a function of heating time at 

various temperatures, viscosity 
of 105/ 

Promine-D, fat absorption of 195/ 
Promine-D with variations in pH and 

temperature, water absorption 
response surface for 191/ 

Promosoy-lOOi, fat absorption of 195/ 
Promosoy-1002, fat absorption of 195/ 
Promosoy-1002 with variations in pH 

and temperature, water absorp
tion response surface for 195/ 
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Proteases 275 
peptide bond breakage by 275 

Protein(s) 
acylation, foam properties 

related to 168-171 
additives, fat absorption of 178 
additives in food products, per

formance of 196 
adhesion, polar groups and 115 
aggregation, SDS and 117 
alkali treatment of 246 
and amino acid availability 

processing of rapeseed 262-263 
processing sesame 260-262 
sunflower 259-260 

-bound gossypol with 3-amino-l-
propanol, reaction of 34/ 

chains, bond between 116/ 
cohesive strength, effect of molec

ular size and shape on 12
components, gelation and 138 
concentrates, effect of pH on emul

sifying capacity of native and 
chemically modified sunflower 
seed 230/ 

concentration 
on gel strength of WPC, effect of 139/ 
gelation and 138 
on viscosity, effect of 104, 107/ 

contents on extrusion texturization 
properties, effects of 57 

Dispersibility Index (PDI) 11 
dispersions of WPC, dialysis effect 

on gel characteristics of 142/ 
disulfide bonds and the properties 

of 115 
to dough properties, contribution 

of gluten 123 
effect of heat treatment on 259 

the quality of cottonseed 258/ 
effect of refinement of nutritional 

quality of cottonseed 259/ 
efficiency ration (PER) 245 
enzymatic modification of 247 
enzyme modification of 275-298 
as emulsifiers in food systems, 

vegetable 234-238 
experimental 

design to study functional proper
ties of a food 300-302 

procedures for coagulation and 
gelation methodology of 134-135 

procedures for measuring emul
sion capacity of 220 

extrusion 51 
during extrusion at various tempera

tures, chemical reactions 
occurring in 77 

Protein(s) (continued) 
factors affecting foaming properties 

of 151/ 
fiber simulated meat product, SEM 

of Bacos spun soybean 126/ 
flours, plant 25/ 
foams, experimental procedures for 

producing and characteriz
ing 154 

in foams, theories on the role of .149-154 
to food systems, application of 

enzyme modification of 293-294 
fractions isolated from hard red 

winter wheat flours, yields 
of 122/ 

functional 
methodology: general methods 

testing 11-15 
properties of 177 

functionality 1-19 
and their interrelationships, 

aspects of 276/ 
gel(s) 

characteristics and proposed role 
of cross-link bonds in 137/ 

characterizing 135 
electrophoretic properties of 

glandless cottonseed 156/ 
electrophoretic properties of 

peanut meal 166/, 169/ 
experimental procedures for 

preparation and charac
terization of whey 135-136 

structures, disulfide bonding in .. 134 
systems, role of disulfide bridg

ing in 133 
gelation and coagulation of .131-147 
gelation, mechanisms of 131-134 

interactions, influence of molecular 
size and shape on 117-121 

in intermolecular associations, 
participation of native wheat 
gluten 115 

isolate(s) 
due to alkaline treatment, amino 

acid modification of sun
flower 261/ 

and concentrates, emulsion 
capacity of rapeseed 232/ 

as influenced by pH and drying 
method, emulsification 
properties of 235/ 

lysine availability in heated wheat 
flour 256/ 

materials, water hydration capacity 
values of 185/ 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



326 P R O T E I N F U N C T I O N A L I T Y I N F O O D S 

Protein(s) (continued) 
milk 

emulsifiers 201-215 
in food systems 205-212 
in milk systems 202-205 

products 205 
in human foods, U.S. produc

tion/utilization of 206/ 
system 204-205 

multiple regression modeling of 
functionality of 299-311 

nitrogen solubility profiles of 
cowpea 223 

in nonextrusion texturized soy flour 
processes at different tempera
tures, soluble sugar and 75/ 

nutrient bioavailability of 243-269 
peanut 

isolate at various pHs, effect of 
sodium chloride on emulsifi
cation capacity of 222/ 

modifying functional properties 
of 221 

nitrogen solubility of 287/ 
properties of enzyme-

hydrolyzed 284 
at various pHs, effect of sodium 

chloride on the extraction of 222/ 
physicochemical properties of 4 
polar groups in 152 
and polymers, molecular interac

tions involved in adhesion and 
cohesion phenomena of 114 

and polypeptides, effect of salt on 99-100 
in the presence of salt and phos

phate, meat binding abilities 
of nonmeat 127/ 

procedures for determining foaming 
capacity of 154 

product(s) 
dispersed in water and salt solu

tions, emulsion capacity of 
pea 226/ 

dispersed in water and salt solu
tions, viscosity of emulsions 
prepared from pea 227/ 

emulsion capacity of rapeseed .... 233/ 
for functional properties, testing 7 
textured vegetable 51 

properties and functionality 5 
amino acid composition 5 
bonds and forces 5 
conformation 5 
size 5 

salt effects on 94-99 
salting in of 97 
salting out of 97 

Protein(s) (continued) 
solubility of 89-102 

behavior of a pure crystalline .... 91/ 
determination, micro-Kjeldahl 

method of 56 
electrostatic charges and 114 
and foam properties of peanut 

meal suspensions 
effect of moist heat on 166/ 
effect of pH 164/ 
effect of salt concentration on 164/ 

of initial and extruded field bean 
protein concentrates 126/ 

of soy flours 56 
and physical properties of 

extrusion texturized 
succinylated 82/ 

in various buffer systems of soy 
extrudates produced at 

in solution for soy isolates 90 
solutions, foam formation of 153 
sources, emulsifying properties of 

selected vegetable 220-234 
soy 

acylation of 252 
behavior 101-102 
CaCl 2 precipitation of 255/ 
emulsifying activity of pepsin 

hydrolysates of 287/ 
isolate, pepsin hydrolysis of 

heated 286 
isolates, stability behavior of 91/ 

preparations, water binding by .... 191/ 
solubility experiments, interpre

tation of 92-94 
during texturization process, 

physical and chemical 
changes of 71-83 

viscosity of concentrated 102-108 
water binding capacity of 291 

substrate by hydrolysis, purification, 
and resynthesis via the palstein 
reaction, removing impurities 
from 281/ 

swelling characteristics of 179-181 
thermal and alkaline improvement 

of adhesion in globular 125-128 
at various pH values, emulsifying 

properties of cottonseed 236/ 
vegetable 217-242 
viscosity of denatured 104 
water and fat absorption of plant 177-200 
wheat 

films, tensile strength and percent 
elongation of 120/ 
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Protein(s) (continued) 
wheat (continued) 

flour as separated by solubility, 
types 118/ 

on Sepharose-C14B columns, 
fractionation of 119/ 

structures on molecular associa
tions, effect of 124/ 

structures on viscoelastic proper
ties, effect of 124/ 

whippability and aeration of 149-176 
Proteolytic enzyme action on func

tionality, effect of 275-298 
Proteolytic enzymes, activities of 

commercially available 285 

R 
Rapeseed 

emulsifying properties of 229 
products, fat absorption of 19
protein 

and amino acid availability, 
processing of 262-263 

isolates and concentrates, emul
sion capacity of 232/ 

isolates and concentrates, emul
sion stability of 232/ 

products, emulsion capacity of .... 233/ 
Reducing agents 

gelation and ionic and/or 140-144 
and oxdizing agents, physical and 

rheological properties of extru
sion texturized soy products as 
affected by added 85/ 

thiol- 133 
Regression 

model(s) 
basic structure for 299 
data from 302-305 
example of 299 
some potential problems of .309-310 
uses of 310-311 

modeling of functionality of pro
teins, multiple 299-311 

techniques, application of 
multiple 305-309 

Relative humidity method, water 
absorption via 178-179 

Rennet casein 208 
Rice samples, food volatiles for control 

and experimental raw 44/ 
Rotary motion devices 112 

S 

Safrlower, emulsifying properties of .... 234 
protein isolates as influenced by pH 

and drying method 235/ 

Salt(s) 
concentration 

and the dipole moment 101 
and exposed surface 101-102 
on NSI cowpeas, effects of pH 

and 230/ 
effect of 

concentration on the foam and 
protein solubility properties 
of peanut meal suspen
sions 164/ 

on protein(s) 94-99 
and polypeptides 99-100 

on the solubility of DPI 98/ 
on the solubility of a NPI 98/ 
types of 99-100 

foam properties related to 163-165 
physical and rheological properties 

of extrusion texturized soy 

effects 225 
electrostatic 100 
of proteins 97 

Salting-out 
effects 225 
hydrophobic 100 
of proteins 97 

Scanning electron microscopy(s) 
(SEM(s)) 57 

and air cell wall thickness of TSF .. 80/ 
of extrusion TSF(s) 58/ 

and TEMSF 67/ 
of nonextrusion 

textured soy concentrate with CF 73/ 
textured soy isolate with CF 74/ 
TSF 72/, 73/ 

of wheat flour dough after mix
ing 113/ 

SDS (see Sodium dodecyl sulfate) 
Seed(s) 

emulsifying properties of bean .223-229 
emulsifying properties of pea 223-229 
type, foam properties related to .171-173 

SEM (see Scanning electron 
microscopy) 

Sepharose-CL4B columns, fractiona
tion of wheat proteins on 119/ 

Sesame processing on amino acid 
availability, effect of 262/ 

Sesame protein and amino acid avail
ability, processing of 260-262 

Shear-stress curves for alkylated-
reduced gliadin and glutenin 
solutions 119/ 

Shear-stress curves for native gliadin 
and glutenin solutions 119/ 
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Sodium 
caseinate 179 

in the absence of chemical emul-
sifiers, emulsification prop
erties of 213/ 

in the presence of HLB-11 emul-
sifiers, emulsification prop
erties of 213/ 

chloride on emulsification capacity 
of peanut protein isolate at 
various pHs, effect of 222/ 

chloride on the extraction of peanut 
protein at various pHs, effect 
of 222/ 

dodecyl sulfate (SDS) 125 
and protein aggregation 117 

polyacrylamide gel electro
phoresis (SDS-PAGE) 56 

patterns of various temperature 
extruded soy protein

Solid texture properties 15 
Soluble aggregates, formation of 94 
Soluble-carbohydrates in texture 

formation, possible roles of 71 
Solubility(ies) 282 

behavior of soy protein isolates 91/ 
of carboxyhemoglobin, fit of 

Melander and Horvath's 
theory to 103/ 

data for DPI and NPI 97 
and DPI in Nal and N H 4 N 0 3 103/ 

of a DPI, effect of salts on 98/ 
effect of 

blending on 93/ 
centrifugation on 93/ 
ionic strength on 

at pH 2 95/ 
at pH 5 95/ 
at pH 7 96/ 

of a NPI, effect of salts on 98/ 
properties of cottonseed proteins 

at various pH values 236/ 
(of) protein(s) 89-102 

behavior of a pure crystalline .... 91/ 
determination, micro-Kjeldahl 

method of 56 
electrostatic charges and 114 
experiments, interpretation of 

soy 92-94 
of initial and extruded field bean 

protein concentrates 126/ 
requirements for 89 

of soy flour 56 
relation of viscosity to 104-108 
of soy protein, aggregation and 94 
of synthetic polypeptide copolymers 

of glutamine and glutamic 
acid, influence of pH on 116/ 

Solubility(ies) (continued) 
of synthetic polypeptide copolymers 

of glutamine and glutamic 
acid, influence of urea on 116/ 

types of proteins in wheat flour as 
separated by 118/ 

and viscosity of 89-109 
water absorption response patterns 

and 187 
Soy 

concentrate 
with CF, SEMs of nonextrusion 

textured 43/ 
and isolate 

at 22°-25°C, fat absorption of 194/ 
fat absorption values for 188/ 

as a function of pH, water 
absorption values of 194/ 

determined by excess water 
method for 184/ 

extrudates produced at different 
temperatures 

exterior morphologies of 74/ 
protein solubilities in various 

buffer systems of 78/ 
TLMs of 78/ 

extrudates varying in pH value and 
feeding rate, exterior 
morphologies of 63/ 

flour(s) 
exterior morphologies of extru

sion texturized reducing of 
oxidizing agent-modified .... 84/ 

exterior morphologies of extru
sion texturized surfactant-
added 70/ 

Extra Acted 52 
extruded at various temperatures, 

changes of 71-75 
fat absorption of 193 
induced by nonextrusion texturi-

za process at various tem
peratures, ultrastructure 
changes in 75-77 

multiple regression models for 
emulsifying properties 
of 307/-308/ 

multiple regression models for 
prediction of nitrogen 
solubility of 307/-308/ 

physical and rheological prop
erties of extrusion texturized 66/ 

processed at different tempera
tures, soluble sugar and 
protein in nonextrusion 
texturized 75/ 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



I N D E X 329 

Soy (continued) 
flour (continued) 

protein(s), modification of 
molecular weights of 53 

protein solubility(ies) 56 
and physical properties of 

extrusion texturized 
succinylated 82/ 

response contours for optimiza
tion of nutritional, flavor, 
and stability indices of 
extruded full-fat 253/ 

texturization (of) 
disulfide bond reduced and 

oxidized 83 
possible roles of carbohydrates 

in 71 
properties of, factors affect

ing extrusion 57-70 
properties of succinylate

TLMs of extrusion texturize
chemically modified 86/ 
pH-modified 63/ 
surfactant-added 70/ 

foods and amino acid availability, 
processing of 249-255 

isolate(s) 
with CF, SEMs of nonextrusion 

textured 74/ 
effect of temperature on func

tional properties of 188/ 
protein in solution for 90 
water absorption mean values 

determined by excess water 
method for 185/ 

product(s) 
concentration, water absorption 

response patterns and 189 
physical and Theological prop

erties of extrusion texturized 
as affected by 

added reducing and oxidiz
ing agents 85/ 

salts 68/ 
surfactants, selected 69/ 

with protein and soluble sugar 
contents 59/ 

water absorption of 181 
protein(s) 

acylation of 252 
aggregation and solubility of 94 
behavior 101-102 
CaCl 2 precipitation of 255/ 
emulsifying activity of pepsin 

hydrolysates of 287/ 
isolate, pepsin hydrolysis of 

heated 286 
isolates, solubility behavior of .... 91/ 

Soy (continued) 
protein(s) (continued) 

on levels of specific amino acids, 
effects of duration of alka
line treatment of 253/ 

on levels of specific amino acids, 
effects of pH of 253/ 

PAGE patterns of unmodified 
and enzyme-modified 64/ 

preparations, water binding by .... 191/ 
SDS-PAGE patterns of various 

temperature extruded 79/ 
solubility experiments, interpre

tation of 92-94 
during texturization process, 

physical and chemical 
changes of 71-83 

viscostiy of concentrated 102 
water binding capacity of 291 

NSI of 53 
Soybean protein fiber simulated meat 

product, SEM of Bacos spun 126/ 
Soybeans, amino acid availability in .... 254 
Spectrometer, mechanical 114 
Spoilage 265 
SSL (stearoyl lactylate) 65 
Stability of glandless cottonseed flour . 157/ 
Stearoyl lactylate (SSL) 65 
Succinylated soy flours, protein solu

bility and physical properties of 
extrusion texturized 82/ 

Succinylated soy flours, texturization 
properties of 77-83 

Sucrose, water absorption response 
patterns and 192 

Sugar and protein in nonextrusion 
texturized soy flour processed at 
different temperatures, soluble ... 75/ 

Sugars, non-bioavailable 264 
Sulfhydryl blocking agents 133 
Sulfhydryl groups in the dough 121 
Sunflower 

meals, water absorption of 180/ 
protein 

amino acid availability 259-260 
effect of heat treatment on 259 
isolate due to alkaline treatment, 

amino acid modification of .. 261/ 
seed 

emulsifying properties of 229 
products, emulsion capacity of 

defatted 231/ 
protein concentrates, effect of pH 

on emulsifying capacity of 
native and chemically 
modified 230/ 

In Protein Functionality in Foods; Cherry, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



330 P R O T E I N F U N C T I O N A L I T Y I N F O O D S 

Supro, effect of aging on the apparent 
viscosity of 12% 106/ 

Surface-active agents 218 
and emulsion stability 218 

Surfactant(s) 
-added soy flours, exterior morphol

ogies of extrusion texturized ... 70/ 
-added soy flours, TLMs of extru

sion texturized 70/ 
on extrusion texturization prop

erties, effects of 65-70 
molecules at water-air interface, 

orientation of 219/ 
oil-in-water emulsion stabilized by .. 219/ 
selected physical and rheological 

properties of extrusion text
urized soy products as 
affected by 69/ 

water-in-oil emulsion stabilized by .. 219/ 
Suspension concentration, empirica

multiple linear regression mode
describing foam stability and 
foaming capacity as a function 
of pH and 159/ 

Swelling characteristics of proteins 179-181 
Swelling method, water absorption 

via 179-181 

Τ 

T E M (see Transmission electron 
microscopy) 

Temperature 
on fat absorption, effect of 196 
on functional properties of soy 

isolate, effect of 188/ 
water absorption response patterns 

and 190-192 
TEMSF (see Texturized enzyme-

modified soy flour) 
Tensile strength measurement with the 

Instron Universal Testing 
machine 113/ 

Tensile strength and percent elonga
tion of wheat protein films 120/ 

Testing, protein functional methodol
ogy: general methods of 11-15 

Texture 
development, possible roles of 

insoluble carbohydrates in 71 
formation, possible roles of soluble 

carbohydrates in 71 
measurable properties of 15/ 

Texturization 51-88 
of disulfide bond reduced and 

oxidized soy flours 83 
experimental procedures for 52-57 

Texturization (continued) 
extrusion 252 

properties, effects of 
ionic strengths on 65 
molecular weight distributions 

on 60-65 
NSI on 57-60 
pH on 60 
protein contents on 57 

surfactants on 65-70 
modification of raw materials for .52-54 
preparation of raw materials for .... 52 
process, physical and chemical 

changes of soy proteins 
during 71-83 

process at various temperatures, 
ultrastructure changes in soy 
flours induced by nonextru
sion 75 

of soy flour, possible roles of 
carbohydrates in 71 

Texturized 
enzyme-modified soy flour (TEMSF) 60 

of extrusion TFS and 
photographs 64/ 
SEMs 67/ 
TLMs 64/ 

products 
assay methods for evaluation of 

of flours and ...55-57 
soy, with protein and soluble 

sugar contents, physical and 
rheological properties of 
extrusion 59/ 

T E M showing the ultrastructure 
of 81/ 

T L M showing the ultrastructure 
of 81/ 

vegetable protein 51 
soy flour (TSF) 60 

nonextrusion 
processed at different tempera

tures soluble sugar and 
protein in 75/ 

rheological properties of 79/ 
SEMs of 72/, 73/ 

processed with HP at different 
temperatures, TLMs of 76/ 

SEMs and air cell wall thickness 
of 80/ 

and TEMSF, extrusion 
photographs of 64/ 
SEMs of 67/ 
TLMs 64/ 

Texturizer, Hand Press (HP) 54 
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Thermal and alkaline improvement of 
adhesion in globular proteins .125-128 

Thermo-set gels 132 
Thermoplastic extrusion technology .. 51 
Thiamin 266 
Thin layer chromatography (TLC) .... 29 
Thiol-reducing agents 133 
Transmission election microscopy 

(TEM) 57 
showing the ultrastructure of textur

ized products 81/ 
Transmitted light microscopy(s) 

TLM(s)) 57 
of extrusion texturized chemically 

modified soy flours 86/ 
of extrusion texturized surfactant-

added soy flours 70/ 
of extrusion TSF and TEMSF 64/ 
showing the ultrastructure of 

texturized products 81
of soy 72

extrudates produced at different 
temperatures 76/ 

of TSFs processed with HP at 
different temperatures 76/ 

Trinitrobenzenesulfonic acid (TNBS).. 56 
Trypsin inhibitor activity 249 
TSF (see Texturized soy flour) 
T L M (see Transmitted light microscpy) 
Turbidity, effect of ionic strength on 

heat-induced 
at pH 2 95/ 
at pH 5 95/ 
at pH 7 96/ 

V 
Vegetable protein(s) 217-242 

as emulsifiers in food systems ... 234-238 
products, textured 51 
sources, emulsifying properties of 

selected 220-234 
Viscoelastic properties, effect of wheat 

protein structures on 124/ 
Viscosity 14 

effect of protein concentration 
on 104, 107/ 

of emulsions 218 
prepared from pea protein 

products dispersed in water 
and salt solutions 227/ 

of flour 
of cowpea, effect of pH adjust

ment on 224/ 
of cowpea, influence of pH 

adjustment on emulsion 
capacity and 223 

of peanut 224/ 

Viscosity (continued) 
and gelation, water absorption 

response patterns and ...187-189 
glutenin 120-121 
of progel as a function of heating 

time at various temperatures .. 105/ 
of protein(s) 

of concentrated soy 102-108 
of denatured 104 
solubility and 89-109 

to solubility, relation of 104-108 
of 12% supro, effect of aging on 

the apparent 106/ 
Vitamins 265-267 

bound forms of 266 
loss of 265 

W 

of ALP 182 
via excess water method 181-183 
hydration 177 
mean values determined by excess 

water method for a soy 
concentrate 184/ 

mean value determined by excess 
water method for a soy 
isolate 185/ 

via relative humidity method .178-179 
response patterns 186-192 

and environment 189 
and ionic strength 192 
and pH 190 
and relationships with other 

properties 186-187 
and solubility 187 
and soy product concentration 189 
and sucrose 192 
and temperature 190-192 
and viscosity and gelation .187-189 

response surface for Promine-D 
with variations in pH and 
temperature 191/ 

response surface for Promosoy-
1002 with variations in pH 
and temperature 195/ 

of soy products 181 
of sunflower meals 180/ 
via the sweling method 179-181 
value for soy concentrate and 

isolate 184/ 
as a function of pH 194/ 

via water saturation method ... 183-186 
-air interface, orientation of 

surfactant molecules at 219/ 
binding capacity of soy protein 291 
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Water (continued) 
and fat absorption of plant 

proteins 177-200 
holding capacity (WHC) 55 
hydration capacity values of 

protein materials 185/ 
-in-oil-emulsion stabilized by a 

surfactant 219/ 
retention capacity (WRC) 55 
uptake 12 

and retention 291-292 
Wheat 

flour(s) 
dough after mixing, SEM of 113/ 

protein, lysine availability in 
heated 256/ 

as separated by solubility, types 
of proteins in 118/ 

yields of protein fractions isolated 
from hard red winter

gluten I l
effect of pH on the amino acid 

composition of 257 
proteins in intermolecular asso

ciations, participation of 
native 115 

uses of 123-125 
heat treatment on amino acid 

availability of 255 
and LCP cottonseed flour, color 

measurements made on 23 
mixograms of doughs from flours 

prepared from 122/ 
products and amino acid avail

ability 255-257 
protein(s) 

films, tensile strength and percent 
elongation 120/ 

from Phenyl-Sepharose-4B, elu-
tion of acid-soluble 118/ 

Wheat (continued) 
protein (continued) 

on Sepharose-C14B columns, 
fractionation of 119/ 

structures on molecular associa
tion, effect of 124/ 

Whey protein 
concentrate (WPC) 135, 179 

dialysis effect on gel character
istics of protein dispersions 
of 142/ 

effect of 
CaCl 2 on cysteine addition 

to dialyzed 139/ 
heating temperature on gel 

strength 143/ 
protein concentration on gel 

strength of 139/ 
emulsification properties of 212 

preparation, composition and 
gelation characteristics of .. 137/ 

process flowchart for preparing .. 210/ 
production 208 

dispersions, response surface control 
plots for cysteine and CaCl 2 

addition to 141/ 
gels, experimental procedures for 

preparation and characteriza
tion of 135-136 

Whippability and aeration of pro
teins 149-176 

WPC (see Whey protein concentrate) 
WRC (water retention capacity) 55 

Ζ 

Zinc bioavailability 268 
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