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ABSTRACT 

Soy protein ingredients must possess appropriate 
functional properties for food applications and 
consumer acceptability. These are the intrinsic 
physicochemical characteristics which afffect the 
behavior of protein in food systems during 
processing, manufacturing, storage and preparation, 
e.g., sorption, solubility, gelation, surfactancy, 
ligand-binding, and film formation. These properties 
reflect the composition and conformation of the 
proteins, their interactions with other food compo- 
nents, and they are affected by processing treatments 
and the environment.  Because functional properties 
are influenced by the composition, structure and 
conformation of ingredient proteins, systematic 
elucidation of the physical properties of component 
protein is expedient for understanding the mechanism 
of particular functional traits. The composition and 
properties of the major components of soy proteins 
are summarized, and the functional properties of soy 
proteins of importance in current applications (e.g., 
hydration, gelation, emulsifying, foaming and flavor- 
binding characteristics) are briefly reviewed. 

I N T R O D U C T I O N  

Though most of the soy protein produced in the USA is 
used in animal feed, a growing volume (ca. 3-4%) is being 
used as a food ingredient. In 1976 ca. 320, 36 and 35 
million kilograms of soy flour(s) concentrate and isolate 
were produced (1). These preparations are used in foods 
principally for their functional properties. 

Both researchers and processors should have the detailed 
information on the methods of preparation and processing 
of soy products because these can affect the composition 
and functional properties of the component  proteins. The 
methods of preparation of these products have been 
thoroughly described (2-6). In the preparation of soy flour, 
the desolventization-deodorization-toasting sequence can 
result in varying solubilities of the component  proteins 
especially when moist heat is applied (2). A variety of soy 
flours possessing protein with a range of solubilities are 
produced commercially (2,4). 

Soy concentrates (70% protein) are prepared from "low 
heat" undenatured,  defatted soy flour by eluting soluble 
components  (carbohydrates, ash, peptides, phytic acid) 

TABLE I 

Typical Composition of Soy Protein Preparation 

Soy flours Concentrates Isolates 
Component % % % 

Prote in  56.0 72.0 96.0 
Fat 1.0 1.0 0.1 
Fiber 3.5 4.5 O. 1 
Ash 6.0 5.0 3.5 
Carbohydrates 33.5 17.5 0.3 

using acidic (pH 4.5); aqueous ethanol (70%), or hot water 
leaching agents (4). These treatments, depending upon 
conditions, improve flavor but  may cause some denatura- 
tion of proteins then and consequently, commercial con- 
centrates then may have variable functional properties. 

Soy isolates are prepared from minimum heat-treated 
soy flour by dissolving the protein in dilute alkali (pH 
8.0), removing the insoluble materials by centrifugation (or 
filtration), and precipitation of the protein at pH 4.5. This 
isolelectric curd may be dried, or usually it is neutralized 
with sodium hydroxide (potassium, calcium may also be 
used) and spray dried (4). Commercial yields are around 
35%, i.e., about 60% of the protein is recovered (5). The 
alkali proteinates are very soluble. 

The extractability of proteins is influenced by numerous 
factors , e.g., particle size of flour, previous thermal history 
and age of meal, solvation, ratio, temperature, pH, and 
ionic strength of extractant (4,7). Flours subjected to moist 
heat, which rapidly denatures the proteins, show poor 
extractability (6). Generally water, dilute alkali (pH 8) or 
saline (0.5 M NaC1), a solvation ratio of 10:1 at tempera- 
tures of 25 to 30 C, represent normal extraction conditions 
for obtaining undenatured proteins from soy flour. The 
inclusion of thiol reagent (mercaptoethanol) in the extrac- 
rant significantly increases yeild of protein. The thiols 
apparently cause depolymerization of disulfide-linked 
storage proteins rendering them more soluble in the solvent 
(6,7,8). An ultrafiltration system for the preparation of soy 
proteins with very high solubility indices was recently 
described (9). 

Soy flours are used in a wide range of foods, particularly 
in bakery products and cereals. Concentrates because of 
their improved flavor, color and higher protein content can 
be used in greater quantities in many of the same foods, 
especially when higher levels of protein (nutrition, func- 
tionality) are required. Soy isolates are used in comminuted 
meats and dairy foods where emulsifying, thickening and 
gelling properties are of prime importance (2-6). 

The typical composition of commercial soy preparations 
are summarized (Table I). 

SOY PROTEINS 

It is generally felt that the proteins are the principal 
functional components, though in soy flour the carbohy- 
drates may play a role in water-binding, swelling and 
viscosity control. Because the functional properties are 

TABLE II 

Approximate Distribution of  
the Major Components of Soy Proteins 

Fraction Content  Principal components  

2S 8 Trypsin inhibitor, Cytochrome 
7S 35 Lipoxygenase, Amylase, Globulins 

11S 52 Globulins 
15 S 5 Polymers 
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TABLE III 

Effect of Heat on Some Physical Properties o f  Soy Protein 

Heating temperature (C) 

Property 80 I00 120 140 160 
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FIG. 1. The differential susceptibilities of 7S and l lS  soy pro- 
tein fractions to pH precipitation from solutions at low ionic 
strength (0.03 M). (12). 

directly related to the physicochemical properties of the 
proteins, a detailed knowledge of the characteristics of soy 
proteins is essential for understanding and manipulating 
their properties in foods. 

Approximately 90% of the proteins in soybeans, mostly 
globulins, exist as dehydrated storage proteins. The re- 
maining proteins are composed of intracellular enzymes 
(lipoxygenase, urease, amylase), hemagglutinins, protein 
inhibitors and membrane lipoproteins. The protein pre- 
cipitated at pH 4.5 traditionally has been called glycinin. 
However, numerous studies have shown that soy proteins 
are quite heterogeneous. The major components are classi- 
fied according to their sedimentation properties (Table II). 

The low molecular weight components,  i.e.,2S are 
composed of trypsin inhibitors, cytochrome and some 
other globulins. The trypsin inhibitors are important  in 
relation to the utilization of soy proteins from both a 
nutrit ional and functional standpoint. These must be 
thermally inactivated to facilitiate digestibility (10). De- 
pending upon the intended application, this process may 
adversely affect functional properties of the proteins. The 
cytochromes are of potential importance because the heine 
components may catalyze lipid oxidation in foods, though 
there is no evidence of this in soy proteins. 

The storage proteins, 7S (conglycinin) and l lS (glyci- 
nin), are the principal components of soy protein. The 
relative quantities of these proteins, according to literature 
data, vary widely. The discrepant data may be attributed to 
the association-dissociation properties of these proteins 
under different conditions. Some estimates indicate that 
glycinin accounts for 60-70% of the soybean globulins. 

Because of the different properties and physical behavior of 
these globulins, several methods have been used to prepare 
proteins enriched in 7S and 11S fractions which may have 
practical significance in food applications (11-14). 

Enriched 11S fractions may be easily prepared from an 
aqueous extract of soy flour by cooling to 4 C. After 12 hr 
most of the 11S protein precipitates (11). Calcium also 
tends to precipitate preferentially the 11S fraction (6). A 
simple method based on differential solubility of 7S and 
11S in calcium chloride solutions (5 - 12.5 mM) was used 
for the preparation of crude 7S and l lS proteins. At the 
higher level of calcium chloride, 7S protein was preferen- 
tially recovered (14,15). A simple method was developed 
for the preparation of 11S globulin by selective precipita- 
tion at pH 6.4 from a dilute Tris buffer (0.03 M, pH 8.0, 
low ionic strength, 0.07) extract of soy flour (12). The 7S 
protein was then precipitated from the pH 6.4 supernatant  
at pH 4.8. This method is based on the sensitivity of I IS 
protein to ionic strength in the isoelectric range. At ionic 
strengths below 0.03 M in Tris buffer, 11S shows min imum 
solubility around pH 6 where the 7S protein is quite soluble 
(Figure 1). This quite simple method can be scaled up as 
desired and may be used for isolation of these proteins on a 
commercial scale. Most of the current information on the 
composition and properties on these globulins is based on 
research preparations. The properties are briefly sum- 
marized because the behavior of these globulins determines 
the functional properties of soy concentrates and isolates. 

The 7S fraction contains lipoxygenase, hemagglutinin 
and predominantly the 7S globulin (13,16). Catsimpoolas 
and Ekenstam (13) showed four components  of which /3 
and 3' conglycinin were predominant.  Thanh et al. (16) 
reported five fractions in 7S all of which appeared to be 
glycoproteins. These can undergo reversible dimerization 
(association-dissociation) in low and high ionic strength 
solutions. 

The 7S fraction which dimerizes in low ionic strength 
solutions, i.e., ~ 85% of the total 7S protein, is globulin 
(conglycinin), while the nondimerizing components  are 
hemagglutinins (12). The nondimerizing 3' conclycinins 
(MW-104,000) represent 3% of total soy globulins, while/3 
conglycinin (MW ~ 181,000) comprise 28% of the giobulins 
(17). Both of these contain over 5% carbohydrate (mannose 
and n-acetylglucosamine) and account for over 90% of the 
7S fraction. 

On the basis of end-group analyses, it has been suggested 
that 7S had a quaternary structure of 9 subunits  with an 
average molecular weight of 20,000 daltons (18-21). 
However, recently it has been shown that/3 conglycin exists 
as six isomeric molecular species each of which is composed 
of three discrete protein subunits (12). The 7S isomers have 
molecular weights ranging from 141,000 to 171,000 and 
carbohydrate contents from 4.0 to 5.2%. Each of the 
isomers is composed to different combinations of the 
subunits whose molecular weights ranged from 42,000 to 
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57,000. The separated conglycinin isomers differed in 
amino acid composition with the higher molecular weight 
species being more polar and hydrophilic. The subunits can 
be dissociated and denatured by urea, but reassociation and 
renaturation was obtained by dialysis. Thus, the 7S globulin 
is a quanternary trimeric protein in which the subunits are 
associated via hydrophobic and perhaps hydrogen bonding 
(12). 

The 7S polypeptides are compactly folded, though 
considerable unstructured regions exist internally. The ct 
helix,/3-structure and random coil content  of the secondary 
structure was 5, 35 and 60%, respectively (18). The extent 
of disulfide crosslinking of 7S polypeptides must be limited 
because there are only 2 to 3 cystine groups per mole of 
protein (6,19). 

The true 7S globulins facilely dimerize to a 9S species 
upon reduction of ionic strength from 0.5 to 0.1 at pH 7.6 
(20,21). At alkaline pH values (pH >10) ,  the 7S dissociates 
and the polypeptides irreversibly unfold. 

Glycinin, the 11S globulin located entirely in the protein 
bodies, is easily prepared by cryoprecipitation (22) or 
isoelectric precipitation from low ionic strength buffer 
(12). The solubility and extractability of 11S is enhanced 
in the presence of thiol reagents. This protein is rich in 
glutamine and asparagine residues and low in histidine, 
tryptophan,  methionine and cysteine (6). Most of the basic 
and hydrophobic amino acids are internal (23-26). Many of 
the 20 disulfide groups in glycinin are buried internally and 
become accessible following unfolding and denaturation 
(27). Approximately two sulfhydryl groups are detected in 
glycinin; however, above pH 10.5 several thiol groups are 
formed by the scission of disulfide bonds by the hydroxyl 
anion (28,33). Simonet and Boulet (19) reported that 11S 
had 6 and 37 sulfhydryl and disulfide groups per mole of 
protein. Glycinin apparently contains no covalently bound 
carbohydrates (27). 

The polypeptides in native glycinin are tightly folded 
and linked via disulfide bonds. They show a mostly dis- 
ordered conformation with some /3-structure (18). A range 
of molecular weights (from 320,000-363,000) have been 
reported by various 11S protein preparations (23-26). l lS 
is a quaternary structure composed of three acidic and 
three basic subunits of ca. 35,000 and 20,000 daltons, 
respectively (24-26). The isoelectric points of the basic 
subunits range between 8.0 and 8.5 and of the acidic 
subunits from 4.7-5.4 (29). This may account for the 
limited solubility of 11S globulins at low ionic strength, 
around pH 6.0. 

Electron microscopy and x-ray light scattering studies 
support a model of 1 IS consisting of two apposed hexa- 
gonal-shaped rings each containing six alternating acidic and 
basic subunits (26). The two hexagonal subunits associate 
via electrostatic attraction and hydrogen bonds, whereas 
the links between the individual acid and basic subunits 
may also involve disulfide bonds because thiol reagents 
cause dissociation. Several factors, viz., ionic strength, pH, 
temperature, and solvents, affect the physical behavior of 
the 11S fractions. 

At pH 7.5, l l S  protein forms reversible association 
polymers when the ionic strength of solvent is reduced 
from 0.5 to 0.1. Conceivably this, like the 7S dimerization, 
is electrostatic in nature. However, further reduction in 
ionic strength (0.001) results in dissociation of 11S into 7S 
half molecules and ultimately causes unfolding of the 
polypeptides. Extremes of pH, urea, anionic detergents 
cause similar changes (6). Thus, variation in ionic strength 
of solvents may affect solubility of 11S globulin via associa- 
tion-dissociation phenomena; e.g., 11S shows greater 
solubility in 1.0 compared to 0.1 M sodium chloride. This is 
of practical significance since it can affect several functional 
properties, i.e., surface activity and emulgency. High ionic 
strength (0.5) significantly stabilizes l lS against heat 

disruption, in contrast to the 7S which is destabilized 
(30). 

Urea-dissociated 11S globulins renature (in 70% yields) 
following dialysis. When mercaptoethanol is present, 
reassociation occurs, but the native structure is not reat- 
tained (31 ). Acidic conditions cause dissociation via electro- 
static repulsion and subsequent unfolding. Exposure to pH 
4.5 causes denaturation of portions of the l l S  and 7S 
components to give an insoluble aggregate (6,7). 

Properties of 7S and 11S 

Alkali causes dissociation of glycinin and subsequent 
unfolding as a result of disulfide bond cleavage. This results 
in increased viscosity and eventual gelation (32,33). Sodium 
chloride (0.5 M) tends to protect the quaternary structure 
of the proteins against alkali denaturation. Alkali causes 
cleavage and unfolding of disulfide bonds of the subunits, 
and some disulfide bonds are changed to sulfhydryl and 
sulfenic acid residues. Alkali may also cause /3-elimination 
from cysteine to form dehydroalanyl residues which in turn 
may interact with lysine to form lysinoalanine and result in 
some crosslinking. Because of their high content of disul- 
fide groups, the l lS components are probably most 
affected by alkali (33). 

Transparent gels can be obtained upon mixing of 2% 
alkaline dope of 7S and 11S with alcohols. The inclusion of 
sodium chloride and/or thiol reagent markedly increase 
viscosity, especially of the 7S. Under these conditions the 
7S forms stronger gels than the 11S fraction (34). 

Organic solvents, particularly aqueous mixtures of low 
molecular weight alcohols, rapidly denature soy globulins. 
Conceivably apolar moiety disrupts the internal hydro- 
phobic region of the globulin subunits following weakening 
of the hydrogen-bonded segments by the polar aqueous 
phase (35). 

Heating causes dissociation of 11S into subunits which 
slowly aggregate up to 70 C but rapidly thereafter, precipi- 
tate at 90 C (6). The basic subunits of 11S are most heat 
labile (26). Upon heating, I 1S molecule is initially con- 
verted into soluble 4S fractions and insoluble aggregates 
(6). Heat-induced aggregation is accelerated in the presence 
of thiols which enhance the initial dissociation of subunits 
which in turn facilitate thermally induced unfolding and 
association of the uncoiled polypeptides. Prolonged heating 
above 100 C results in a subsequent increase in protein 
solubility due to dissociation and degradation of the 
polypeptides (6,14). 

The 11S globulins are stabilized against thermal aggrega- 
tion, up to 80 C, by high ionic strength solutions, whereas 
at low ionic strength aggregation occurs rapidly. On the 
contrary, the 7S globulins are more stable at low ionic 
strength, and aggregation is accelerated at high ionic 
strength (30). 

The enthalpy of denaturation of soy proteins is maxi- 
mum near pH 7.0 and minimum at extremes of pH, i.e., pH 
influences thermal denaturation (36). Salt stabilizes the 
globulins against heat denaturation. Increasing salt concen- 
trations from 0.05 to 2.0 M increased the temperature of 
denaturation of 7S from 77 to 100 C and of l l S  from 92 
to 113 C at pH 7.0 (36). Apparently the salt stabilizes the 
quaternary globulins against dissociation and denaturation 
(37). 

Changes in the physical properties of soy globulins upon 
heating (Table III) were summarized by Saio et al. (14). 
Soy proteins readily form gels following heating (38), but 
the 7S and l lS fractions differ in gelation behavior (15). 
Both fractions can form heat-induced gels or calcium- 
induced gels. The heat-induced gel of the 11S globulin 
showed higher tensile and shear strength and greater water- 
holding capacity than those obtained from the 7S globulin 
or soy isolate. 

Continued studies on the physicochemical properties of 
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TABLE IV 

Summary of Functional Properties of Soy Proteins 
Important in Food Applications a 

Property Functional criteria 

Organoleptic/kinesthetic 

Hydration 

Surface 

Structural 
Rheological 

Other 

Color, flavor, odor, texture, mouthfeel, 
smoothness, grittiness, turbidity 
Solubility, wettability, water absorp- 
tion, swelling, thickening, gelling 
syneresis 
Emulsification, foaming (aeration, 
whipping), protein-lipid, film forma- 
tion, lipid-binding, flavor-binding 
Elasticity, grittiness, cohesiveness, 
chewiness, viscosity, adhesion, net- 
work-crossbinding, aggregation, 
stickiness, gelation, dough formation, 
texturizability, fiber formation, 
extrudability 
Compatibility with additives, 
enzymatic antioxidant 

aThese properties vary with pH; temperature;protein concentra- 
tion; protein fraction; prior treatment; ionic strength and dielectric 
constant of the medium. They are also affected by other treatments, 
interactions with other macromolecules in the medium, by proces- 
sing treatments and modification, by physical, chemical, or 
enzymatic methods. 

the  l l S  and  7S p r o t e i n s  are w a r r a n t e d  because  each  dis- 
plays d i f f e ren t  p r o p e r t i e s  t h a t  m a y  be exp lo i t ed  in food  
app l ica t ions ;  e.g., the  gels o b t a i n e d  f rom 11S f r a c t i o n  are 
cheese-l ike and  are super io r  to  t h a t  o b t a i n e d  f r o m  the  7S 
f rac t ion .  The  basic s u b u n i t s  f rom t he  11 S p r o t e i n s  m a y  be 
qu i te  so luble  in  the  pH range  of  acidic  beverages  and  could  
r ep re sen t  a s igni f icant  source  o f  acid so luble  p r o t e i n s  use fu l  
in beverages,  m a y o n n a i s e  and  salad dressings.  

Acid Sensitive Protein 

Prec ip i t a t i on  of  soy p r o t e i n s  at  pH 4.5 resul t s  in the  
f o r m a t i o n  of a p r o t e i n  c o m p l e x  t h a t  does  n o t  reso lubi l ize  
(7 ,39) .  This  acid sensi t ive p r o t e i n  is f o r m e d  m o s t l y  f rom 

the  2S and  7S f rac t ions .  The  q u a n t i t y  f o r m e d  d e p e n d s  on  
d u r a t i o n  of  exposu re  to  acidic  c o n d i t i o n s  bu t  m a y  a m o u n t  
to  25-30% of  soy p r o t e i n  (40) .  Th i s  p r o t e i n  c o m p l e x  is t an  
to  b r o w n  in co lor  and  avidly b inds  n o n p r o t e i n  ma te r i a l ,  
e.g., ox id i z ing  l ip ids  and  off-f lavors  (41) .  T h e  p r e sence  o f  
acid sensi t ive p r o t e i n  in a d d i t i o n  to  i m p a r t i n g  off- f lavors  
l imi ts  the  use o f  ac id -p rec ip i t a t ed  soy p r o t e i n s  in  beverages ,  
coffee  w h i t e n e r s  and  beverages.  

FUNCTIONAL PROPERTIES 

As the  wor ld  p o p u l a t i o n  e x p a n d s ,  the re  will  be  a g rea te r  
pressure  for  the  d i rec t  c o n s u m p t i o n  o f  p l a n t  p r o d u c t s  in 
foods  possess ing  ae s the t i c  and  o rgano l ep t i c  appea l ,  e.g., 
s imu la t ed  mea t s .  This  d e v e l o p m e n t  will place grea t  e m p h a -  
sis on  t he  n e e d  for  p r o t e i n s  w i t h  mu l t i p l e  f u n c t i o n a l  
p roper t i e s .  I n g r e d i e n t  p r o t e i n s  shou ld  have accep tab l e  
in t r ins i c  p rope r t i e s ,  i.e., f lavor,  t e x t u r e  and  color ,  good  
n u t r i t i o n a l  value  and  the  requ i s i t e  f u n c t i o n a l  p r o p e r t i e s  for  
the  var ie ty  o f  i n t e n d e d  app l i ca t i ons  (42 ,43) .  F u n c t i o n a l  
p rope r t i e s  of  p r o t e i n s  c o n n o t e  those  p h y s i c o c h e m i c a l  
p rope r t i e s  wh ich  af fec t  t he  b e h a v i o r  or  p r o t e i n s  in food  
sys t ems  dur ing  p r e p a r a t i o n ,  process ing ,  s torage and  con-  
s u m p t i o n .  F u n c t i o n a l  p rope r t i e s  are n o t  on ly  i m p o r t a n t  in 
d e t e r m i n i n g  the  qua l i t y  of  the  f inal  p r o d u c t ,  b u t  also in 
fac i l i t a t ing  process ing ,  e.g., i m p r o v e d  m a c h i n a b i l i t y  of  
cookie  dough  or  slicing o f  p rocessed  mea t s .  

The  i m p o r t a n c e  o f  each  o f  these  p r o p e r t i e s  (Tab le  IV)  
varies w i th  the  d i f f e r en t  uses, e.g., ge la t ion  in c o m m i n u t e d  
mea ts ,  emu l s i f i c a t i on  in cof fee  c reamers ,  and  f o a m i n g  in 
desser t  t opp ings .  In some a p p l i c a t i o n s  a range  o f  p r o p e r t i e s  
is r equ i red ,  e.g., so lub i l i ty ,  c l a r i t y - t u r b i d i t y ,  v i scos i ty  in 
beverages,  whi le  wa te r -ho ld ing ,  e m u l s i o n  s t ab i l i za t ion  and  
gel labi l i ty  are i m p o r t a n t  in  mea ts .  While a single p r o t e i n  
m a y  n o t  possess  the  des i red  range  of f u n c t i o n a l  p rope r t i e s ,  
p ro t e in s  are f r e q u e n t l y  h e t e r o g e n o u s  and  t h e r e f o r e  d e m o n -  
s t ra te  a va r ie ty  o f  f u n c t i o n a l  p r o p e r t i e s  as e x e m p l i f i e d  by  
soy p ro te ins .  

In c u r r e n t  app l i c a t i ons  the  f u n c t i o n a l  p r o p e r t i e s  o f  soy 
p r o t e i n s  r ep re sen t  the  c o m p o s i t e  p r o p e r t i e s  o f  the  c o m p o -  

TABLE V 

Functional Properties Performed by Soy Protein Preparations in 
Actual Food Systems a 

Fun ctional Preparation 
property Mode of action Food system used 

Solubility Protein solvation, Beverages F,C,1, H 
pH dependent 

Water absorption Hydrogen-bonding of Meats, sausages, F,C 
and binding HOH, entrapment of breads, cakes 

HOH, no drip 
Viscosity Thickening, HOH Soups, gravies F,C,1 

binding 
Gelation Protein matrix formation Meats, curds, C,I 

and setting cheese 
Cohesion-adhesion Protein acts as Meats, sausages, F,C,I 

adhesive material baked goods, 
pasta products 

Elasticity Disulfide links in Meats, bakery 1 
gels deformable 

Emulsification Formation and stabilization Sausages, bologna, F,C,1 
of fat emulsions soup, cakes 

Fat adsorption Binding of free fat Meats, sausages, F,C,1 
donuts 

Flavor-binding Adsorption, entrapment, Simulated meats, C, 1 ,H 
release bakery 

Foaming Forms stable films Whipped toppings, 1,W,H 
to entrap gas chiffon desserts, 

angel cakes 
Color control Bleaching of Breads F 

lipoxygenase 

aF, C, I, H, W denote soy flour, concentrate, isolate, hydrolyzate and soy whey, 
respectively. 
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TABLE VI 

Applications of Soy Flours Dependent upon 
Dispersibility of Protein Components (44) 

Dispersibility 
Functional property index 

Active lipoxygenase for bleaching flour-bread. 
Soluble protein for maximum emulsifying, foaming, 

gelation. >90 

Functional ingredient in dough products (bread, 
donuts, macaroni, cookies) for water absorption. 60 

Miscellaneous foods - waffles, gravies, soups, 
sausage, infant foods. 30 

Crackers, beverages, cereals, extenders. 15 

TABLE VIII 

Functions of Soy Protein in Meat-based Products (44) 

Improves uniform emulsion formation and stabilization. 

Reduces cooking shrinkage and drip by entrapping-binding fats and 
water. 

Prevents fat separation. 

Enhances binding of meat particles without stickiness. 

Improves moisture holding and mouthfeel. 

Gelation improves firmness, pliability and texture. 

Facilitates cleaner, smoother slicing. 

May impart antioxidant effects. 

Improves nutritional value. 

TABLE Vll 

Effects of Soy Hour in Bakery Products (44) 

Absorption facilitates greater water incorporation. 

Improves dough handling. 

Improves machineability of cookie dough. 

Improves moisture retention during baking. 

Improves cake tenderness, crumb structure, texture. 

Enhances rate of crust color development. 

Retards fat adsorption by donuts. 

Prolongs freshness and storage stability. 

Reduces stickiness in macaroni. 

Lipoxygenase results i0 whiter bread and improves flavor. 

Improved nutritional quality. 

nen t  p ro te ins .  Bakery  p r o d u c t s ,  c o m m i n u t e d  processed  
mea t s  and  b reakfas t  cereals  are by far the  m o s t  c o m m o n  
i t ems  tha t  are for t i f ied  wi th  soy p r o t e i n s  (Tab le  V).  Occa-  
s ional ly  in d i f f e ren t  p r o d u c t s  oppos i t e  e f fec ts  may be 
des i red;  thus ,  in m e a t  sys tems  fat  a d s o r p t i o n  is desired 
whereas  in d o n u t s  it is n o t  (44 ,45) .  

Soy  f lours  are wide ly  used in bakery  and  cereal  p r o d u c t s  
(4).  A range of  h e a t - t r e a t e d  f lours  is available.  The  e x t e n t  
of  hea t  t r e a t m e n t  a f fec ts  the  so lub i l i ty  o f  the  p r o t e i n  and  
also wa te r  a b s o r p t i o n  charac te r i s t i c s  o f  soy f lour ,  and  th is  is 
re la ted  to  t he i r  use in b a k e r y  p r o d u c t s  (Tab le  VI) .  Soy 
f lours  wi th  m i n i m u m  hea t  t r e a t m e n t s  (PDI 80%) show h igh  
l ipoxygenase  ac t iv i ty ,  and  are used at  0 .5% to  b leach  f lour  
and  improve  f lavor  of  b read  (4) .  These  f lours  possess  s t rong  
b e a n y  f lavors  which  l imi t  t he i r  use. F lours  wi th  PDI 
60% possess a mi lde r  f lavor  and  are m o s t  c o m m o n l y  used 
(1-2% in bread,  10% in waffles,  pancakes )  where  they  
marked ly  improve  w a t e r - b i n d i n g  in these  p r o d u c t s  (Tab le  
Vll). 

In mea t -  and  da i ry-based  p roduc t s ,  so lubi l i ty ,  water-  
b ind ing ,  swelling, viscosi ty ,  ge la t ion  and  s u r f a c t a n t  proper -  
t ies are i m p o r t a n t  p rope r t i e s  of  soy p ro te ins .  C o r n m i n u t e d  
mea t s  (sausage,  bo logna ,  l u n c h e o n  m e a t s )  t end  to con ta in  
m o r e  fat  than  n o r m a l  mea t .  Soy p r o t e i n s  are used to 
e n h a n c e  and  stabi l ize fat  emuls ion ,  improve  viscosi ty ,  to  
i m p a r t  t ex tu r e  u p o n  ge la t ion  fo l lowing  cook ing  and  to 
improve  m o i s t u r e  r e t e n t i o n  and overal l  yields ( 'Fable VIII) .  
Hea t - t r e a t ed  soy f lour  is c o m m o n l y  used but  is l imi ted  by 
poo r  f lavor  and  m o u t h f e e l  (44 ,45) .  Var ious  p repa ra t i ons  of  
soy c o n c e n t r a t e ,  i.e., toas ted ,  a lcohol  and  acid washed,  wi th  
varying p ro t e in  solubi l i t ies ,  may  be also emp loyed .  To 
c i r c u m v e n t  p r o b l e m s  of  t ex tu re ,  d ryness  and  flavor asso- 
c ia ted  wi th  f lours  and  c o n c e n t r a t e s  w h e n  added  above  10%, 
soy isolates are n o w  being used in m e a t  loaves, sausage-type 
p r o d u c t s  for  the i r  emuls ion-s tab i l i z ing  effects ,  ge la t ion ,  
mo i s tu r e  r e t e n t i o n  and  improved  e f fec t s  on  t ex tu re .  

In add i t i on  to  the  phys ica l  f u n c t i o n s  p e r f o r m e d  by soy 
p ro te ins ,  they  may  also p e r f o r m  b iochemica l  and  chemica l  
ac t ions ,  e.g., l ipoxygenase  act iv i ty  and  a n t i o x i d a n t  proper -  
ties. The  l ipoxygenase  act ive,  low h e a t  f lours  are exp lo i t ed  
for  the i r  b leach ing  e f fec ts  in b read  f lours  (4). Soy prepara-  
t ions  possess a n t i o x i d a n t  ef fec ts  and  stabil ize l ipids in 
f o r m u l a t e d  foods  (46 ,47) .  The a n t i o x i d a n t  p roper t i e s  o f  
soy f lour  have been a t t r i b u t e d  to i sof lavone  glycosides,  
phospho l ip ids ,  t ocophe ro l s ,  pep t ides ,  a m i n o  aicds, th io l  
c o m p o u n d s ,  and  pe rhaps  some a r o m a t i c  amines .  These  are 
m o s t  c o n c e n t r a t e d  in soy f lour  wh ich  possesses grea ter  
a n t i o x i d a n t  p r o p e r t i e s  t han  soy c o n c e n t r a t e  or isolate.  Soy 
p r o t e i n  h y d r o l y z a t e s  show a n t i o x i d a n t  act iv i ty ,  which  is 
ascr ibed to  free a m i n o  acids (46).  

When  deve lop ing  p r o t e i n s  as r e p l a c e m e n t s  for  t r ad i t iona l  
p ro t e in s  in c o n v e n t i o n a l  foods,  the  f u n c t i o n a l  p rope r t i e s  
and  the i r  behav io r  w h e n  sub jec ted  to p rocess ing  mus t  be 
d e t e r m i n e d ,  e.g., d ispers ib i l i ty ,  hea t  and  storage s tabi l i ty ,  
in t r ins ic  o rgano lep t i c  charac ter i s t ics ,  abi l i ty  to  absorb-  
desorb  desi rable  f lavors,  c o m p a t i b i l i t y  wi th  o t h e r  food  

TABLE IX 

Factors Governing the Functional Properties of Food Proteins 

Process Environmental factors- 
Intrinsic treatments food system-components 

Composition of 
protein(s) 

Conformation of 
protein(s) 

Mono- or Multi- 
component 

Homogeneity -heterogeneity 

Heating Water 
pH Carbohydrates 
Ionic strength Lipids 

Reducing agents Salts 

Storage conditions Surfactants 

Drying Flavors 
Physical O/R status 

modification 
Chemical pH 

modification 
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components ,  etc. In addit ion,  safety and nutri t ional  criteria 
must be examined. In evaluating plant  proteins,  a system- 
atic determinat ion of functional propert ies  is essential to 
assess how the protein behaves in specific food systems and 
if it can be used to substitute for other proteins. In this 
regard improved techniques for measuring functional 
propert ies are needed to determine and elucidate the 
functional propert ies of conventional proteins;  to evaluate 
the characteristics, potent ial  applications and l imitations 
of new proteins;  to assess methods and processes designed 
to improve functionali ty in proteins,  and to moni tor  the 
effects of  preparat ion,  processing and environmental  factors 
on functionali ty.  

Structure and Function 
Functional  properties reflect the intrinsic physical attri- 

butes of the protein p e r  se  (composit ion,  amino acid 
sequence, conformation and structure) as affected by 
interactions with food components  (water,  ions, proteins, 
lipids, carbohydrates,  flavors) and the immediate environ- 
ment,  i.e., temperature,  pH, and ionic strength (Table IX). 

The physicochemical  bases of functionali ty of  food 
proteins are incompletely  understood.  This is the result of  
the traditional empirical testing approach,  the lack of 
fundamental  knowledge of  the composit ion-structure of  the 
proteins,  the inadequacy of current methods  used in testing 
functional properties,  and the limited interest in correlating 
functions with protein structure. Knowledge of the funda- 
mental  propert ies of  the proteins is essential for under- 
standing the basis of  functionali ty,  for modifying proteins 
to acquire needed functionali ty,  and for predict ing potent ial  
applications. 

The physical behavior of protein is determined by its 
amino acid composi t ion,  its molecular size, primary struc- 
ture, the conformation of  the protein,  the charge distribu- 
tion on the protein,  the extent  of inter- and intra- molecu- 
lar bonding (quaternary structure),  and the environment.  
Conformat ion affects functionali ty,  e.g., in globular pro- 
teins the more polar-charged amino acids are oriented 
toward the surface. This facilitates hydra t ion  and solubility. 
Proteins which unfold rather easily at aqueous-lipid inter- 
faces show good emulsifying properties;  proteins composed 
of  long, coiled polypept ides  that are loosened andunfolded  
by heat  can form gels. 

The nature of  the intramolecular  forces responsible for 
molecular structure and their stabili ty or lability under 
certain conditions ( temperature,  pH, ionic strength) as 
might prevail in a food system also govern observed func- 
tional properties.  Hydrogen-bonding is important  in the 
internal structure of  proteins in a helix,/3 sheet structures. 
There is some controversy as to this importance in aqueous 
systems where water may compete with protein for avail- 
able hydrogen bonds and thereby disrupt H-bonding 
between proteins (48). 

Electrostatic interactions between charged groups 
probably play an impor tant  role in the structure of  soy 
proteins,  especially in aqueous systems. These are affected 
by salts and counterions;  e.g., choride can swamp the 
charges on the protein and minimize electrostatic associa- 
tion. Hydrophobic  interactions between component  poly-  
peptides are important  forces stabilizing the native struc- 
ture of soy proteins. These also are important  in several 
functional properties,  e.g., emulsification, foaming, and 
flavor-binding. 

Covalent bonds, i.e., disulfide linkages, are of  signifi- 
cance in the structure and functional behavior of  soy 
proteins, part icularly the 11 S globulin subunits, e.g., in gel 
and fiber formation (28,32,33). 

Noncovalent forces, i.e., hydrophobic  interactions,  
hydrogen-bonding, electrostat ic at tractions,  are involved in 
other protein-protein,  protein  ligand and protein-solvent 
interactions which influence the overall functional  

properties.  The propensi ty  to undergo conformational  
changes is an impor tant  a t t r ibute  underlying some func- 
tional properties.  Thus, for formation of  stable foams, a 
soluble protein should facilely disassociate and unfold at an 
interface, or for gel formation,  controlled unfolding of 
polypept ides  and reassociation is necessary. In beverages 
stabili ty against insolubilization is important .  

In the following sections, some basic physical propert ies  
of  soy proteins of  importance to  food applications are 
summarized. 

SOLUBIL ITY 

The commercial  preparat ion of soy proteins causes 
physical and chemical changes that  affect functional  
properties.  The extent  o f  these changes varies and conse- 
quently for food application(s) each preparat ion has to be 
evaluated for its functional  propert ies.  This is t ime- 
consuming and not  always accurate; hence, most  users rely 
on nitrogen solubility index (NSI) or protein dispersibility 
index (PDI) as a quick test of the functional  propert ies  of 
soy proteins  (44). To obtain opt imum functional i ty in uses 
where gelation, solubil i ty,  emulsifying activity,  foaming and 
lipoxygenase activity are required, a highly soluble protein 
is required. Soluble protein preparat ions are also easier to 
incorporate  into foods. Proteins with low solubil i ty indices 
have l imited functional  propert ies  and more limited uses. 
To meet solubili ty criteria, the sodium proteinate  forms of 
soy proteins which have good solubil i ty are available in 
isolates and some concentrate forms (4,44). 

Soy flours with a range of  solubilities are available 
depending upon their  intended use (Table VI). Heat treat-  
ment,  especially moist  heat, rapidly insolubilizes soy 
proteins (4). However, heat t reatment  is necessary to 
desolventize, to inactivate ant inutr ient  compounds  and to 
improve the flavor of  soy flours (6). Nonheated soy flours, 
while possessing high l ipoxygenase activity, possess a bit ter ,  
beany flavor and therefore have l imited applicat ions (49). 
To compromise between enzyme activity,  flavor quality 

and solubil i ty criteria, processors now produce defat ted soy 
flours with a range of  solubilities (44). Concentrates  and 
isolatesareprepared from minimum heat-treated flours and 
generally possess good solubili ty;  however,  the extent  and 
durat ion of t reatments  (i.e., isoelectric precipi ta t ion,  drying) 
results in wide variations in functional  proper t ies  of  com- 
mercial preparat ions (4,7,44). 

High solubili ty,  while generally indicating low heat  
t reatment  and good funct ional i ty ,  may in some instances be 
misleading. Soy protein  that has been heated above 120 C 
or exposed to alkali ( p H I  1) for some time may be very 
soluble, but  functional propert ies  may be impaired because 
of disaggregation and hydrolysis  of  the prote ins  (6,33). 
Therefore,  in certain instances, conf i rmatory  tests (e.g., 
digestibility, immunological  propert ies,  residual enzyme 
activity,  enthalpy of  denaturat ion [ c a l o r i m e t r y ] ) m a y  be 
informative. 

Solubil i ty data on soy proteins are plentiful ,  but  their  
value is frequently l imited because of incomplete  descrip- 
tive data concerning samples, condit ions of  determinat ion 
or nature (pH, ionic strength) of  solvent used. Numerous 
factors affect apparent  solubili ty of  soy proteins,  i.e., 
protein source, processing his tory,  solvent composi t ion  and 
condit ions (42,43,50). 

Methods of  preparat ion affect solubili ty of  soy proteins,  
with heat  t reatment ,  especially moist  heat  (steam), being 
most significant. Heat applied to remove solvent, dest roy 
antinutri t ive factors, inactivate enzymes,  dry and volatilize 
bound off-flavors, all reduce solubili ty of  soy prote in ,  the 
extent  depending upon the intensi ty and durat ion of  the 
heat t reatments.  

The extractabi l i ty ,  i.e., solubil i ty of proteins,  decreases 
during storage of  flour (7). Acid precipi ta t ion causes the 
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FIG. 2. The effect of changing ionic strength on solubility of 
soy protein isolate at different pH. (5 l). 

insolubilization of significant quantities of soy globulins, 
particularly the 7S and 2S fractions (40,51). Because of 
differences in these treatments (heat, time, pH), com- 
mercial soy proteins demonstrate wide variations in solu- 
bilities (52). The phytates in soy flakes are water soluble. 
These can readily form complexes with cationic proteins, 
which predominate in the acidic pH range and cause insolu- 
bilization of the soy protein (53). Dialysis of alkali disper- 
sions of soy isolate prior to precipitation improves solu- 
bility of acid-precipitated proteins (52); i.e., following 
dialysis the amount  of acid insolubilized protein formed is 
significantly reduced. This may be caused by the removal of 
phytates during dialysis; however, dialysis may also cause 
dissociation of the soy proteins to yield lower molecular 
weight components which are very soluble (7). 

Alkali treatment usually improves the solubility of soy 
proteins, particularly if the pH exceeds 10.5, by causing 
dissociation and disaggregation of the proteins (33). Disul- 
fide bond-reducing agents, thiols (cysteine, mercapto- 
ethanol), sodium bisulfite, by cleaving intermolecular 
bonds, cause disaggregation of proteins and enhance solu- 
bility (8). Hermansson (50) and Shen (51) showed that the 
solubilities of different soy isolates varied with source and 
that each was affected differently by conditions of deter- 
minations. The speed of blending or degree of agitation 
affected observed solubility. Equilibration times less than 
45 minutes gave erroneous results because different pre- 
parations showed varying rates of hydration; usually 60 
min. of hydration was adequate. There was little depen- 
dence of solubility on the initial protein concentration in 
the range 0.5 to 10%. Increasing temperatures in the range 
25 to 60 C caused a small increase in solubility of the 
isolates. This increase varied with the preparation but rarely 
exceeded 10%. The centrifugal force used to remove 
particulate matter after equilibration affected observed 
solubility data with higher forces giving lower solubilities. 
Forces around 42,000 g for 20 min. at 25 C are adequate 
(50,51,54). 

The pH and ionic strength of the aqueous solvent have 
the most significant effect on the solubility behavior of soy 
proteins. Native soy proteins show the classical aqueous 
pH-solubility profile at zero ionic strength with an isoelec- 
tric point around pH 4.5. The solubility of soy protein is 
greatly affected by ionic strength of the solvent (Fig. 2), 
and this effect is influenced by the prevailing pH (50,51). 
At pH 7 there is a slight depression in solubility at low ionic 
strengths but negligible effects above 0.1 M. Between pH 7 
to 10, the solubility of isolates are progressively reduced 
with increasing ion concentration. At pH 6 there is a 
marked decrease in solubility at 0-0.25 NaC1, whereas above 
this concentration solubility is restored. In the pH range 
4-5, sodium chloride (0.2 - 0.75 M) progressively increases 
the solubility of soy proteins (50,55,56). Calcium chloride 
at lower concentrations (0.1 - 0.2 M) has similar effects 
(56). 

There is little analytical information explaining the 
mechanism of these ionic effects. Presumably they involve 
electrostatic, solvation, and salting in and salting out 
phenomena (50). The effect of sodium chloride may be due 
to the greater activity and binding capacity of the chloride 
ions. Chloride ions bind to the positively charged protein 
groups, especially in the acidic pH range, and enhance 
solubility by accentuating electrostatic repulsion. At low or 
zero ionic strength and pH values around neutrality, protein 
water interactions are greatest and solubility is maximum. 
Conceivably, dissociation of quaternary structures of 11S 
and 7S globulins facilitate solubility in this pH region. 

Under appropriate conditions of pH and ion concentra- 
tion, soy proteins form a coacervate, i.e., a protein-rich 
liquid phase which partitions from the protein-poor solvent 
phase (56). Salts at certain critical concentrations (sodium 
chloride ~0.55 M, calcium chloride "(0.1 M) when added to 
soy proteins in pH range 4.0-5.0, result in the formation of 
two discrete liquid phases, a protein-poor, and a protein- 
rich phase, which may contain from 10-55% protein. The 
quantity of coacervate (mesophase) or partitioning protein- 
rich liquid phase obtained varies with pH, ion species, 
temperature, and initial protein concentration, but ion type 
and pH are major determinants of yield; e.g., sodium 
chloride 0.5 M, pH 4.5 gave maximum yields of coacervate 
(56). This peculiar behavior of soy protein has been ex- 
ploited to fabricate fibers from soy protein coacervates by 
extruding them into hot water (57). 

Beverages 
While solubility is the most important criterion of soy 

protein intended for beverage, several other requirements 
must be fulfilled. Thus, the protein should form a clear or 
translucent solution that is bland, possess low viscosity, 
demonstrate stability over a range of pH, ionic strength, 
and temperature conditions, and be amenable to storage in 
liquid, concentrate, or powder form. In the latter case, 
facile redispersibility is essential. In the case of carbonated 
beverages, solubility of protein in the acidic range is 
necessary. Usually this is achieved by using protein hydro- 
lyzates. However, the presence of bitter peptides is a 
problem with these hydrolyzates (58). The knowledge that 
certain salts, NaC1, CaC12, MGC12, can solubilize significant 
quantities of soy proteins at acidic pH might be exploited 
in the formulation of protein-rich carbonated beverages. 
Furthermore, recognition of the effects of ions on protein 
solubility is important,  particularly if a beverage is intended 
to substitute for or supplement milk. Such beverages should 
provide calcium (3-mM) and magnesium (5 mM). At neutral 
pH these ions may depress solubility of the soy proteins 
( 6 ) .  

HYDRATION PROPERTIES 
The interactions of soy proteins wi th  water are impor- 
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tant in relation to dispersibility, water absorption and 
binding, swelling, viscosity, gelation and surfactant proper- 
ties. These properties directly influence the important 
functions of soy proteins in meat, bakery and beverage 
systems. 

Ease of dispersibility or wettability is important  in food 
formulations. Wettability of proteins is affected by surface 
polarity, topography, texture, and area, and by the size and 
microstructure of the protein particles, but not  necessarily 
by the amount of native structure (59), though in the case 
of globular proteins it is. Temperature, ionic composition, 
pH and degree of agitation of the solvent are major factors 
affecting dispersibility (42). In some soy preparations, 
hydrophilic surfactants may be used to enhance aqueous 
dispersibility, e.g., coffee whiteners. 

Water sorption and water-binding by soy proteins are 
extremely important in a variety of meats, bakery products 
and cheeses. The ability to imbibe and bind water is 
important  during preparation of comminuted meats and 
baked goods. The capacity to retain moisture during 
cooking is important  in meats, though in bakery products, 
(e.g., cookies) moisture release during baking is critical 
(44). The ability of soy protein to bind and retain meat 
juices enhances mouthfeel and flavor in beef patties and 
frankfurter type meat emulsions, while in bakery products 
it enhances shelf life (44,45). 

When substituting for conventional proteins, soy pro- 
teins must in addition to other needed properties, have 
suitable water-binding capacities. The water-binding 
capacity of different proteins must be determined to 
facilitate adjustments in food formulations when inter- 
changing protein sources. Some proteins with high water- 
binding capacities, when added to a formula, may imbibe a 
disproprotionate amount  of water and dehydrate other 
components in food systems or vice versa. Hence, adjust- 
ments in water ratio may be necessary to obtain the required 
viscosity. When soy proteins are added to doughs, extra 
water must be added for proper development (44). 

Water Sorption 
In the food technology literature, the term water- 

binding connotes the water retained (bound and entrapped) 
by the protein after centrifugation, and water sorption 
defines water absorbed by dry protein after equilibration 
against water vapor of a known relative humidity (42,60). 
Hydrated proteins are surrounded by a "loose" hydration 
shell composed of several layers of water: viz., an innermost 
monolayer consisting of water (10 to 20 molecules H 20  per 
molecule of protein) tightly bound to specific sites on the 
protein molecule (i.e., absorbed water); another layer of 
water, more loosely bound, covering the immediate surface 
of the protein (i.e., adsorbed, hydrogen bonded, non- 
freezable water); and second, third, and additional layers of 
water with properties graduating to bulk water in physical 
properties (61). 

Soy isolates, with solubilities of 40 and 22%, absorbed 
20 and 19 g water/100 g protein when exposed to water 
vapor (84% relative humidity) (62).Hagenmaier (62) claimed 
that water-binding properties of soy protein could be 
accurately determined from measurement at one particular 
water activity. Detailed studies of water sorption by soy 
proteins were reported by Hermansson (60) and Hansen 
(63-65). Typical water sorption isotherms were obtained 
(Fig. 3) in which there was an initial rapid absorption up to 
water activity (Aw) 0.3, a slower water uptake up to Aw 
0.7 and a final marked uptake up to Aw 1.0 (60). Overall 
soy isolates absorbed ca. 35 g water per 100 g. Prior heating 
of the soy isolate to 80 C and 100 C had little effect on 
sorption pattern, and temperatures between 5-25 C had 
little impact on sorption isotherms (60,63,65). The sorption 
isotherms for soy isolates reported by Hansen (64) were 
different in that between Aw 0.I to 0.7, there was a linear 
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FIG. 3. Water vapor sorption isotherms for soy isolates: A-curve 
for soy isolate heated or unheated; B-for soy isolates (Lx,o) and soy 
concentrate (.). 

uptake of water (from 0.03 to 0.12 g per g isolate). Above 
Aw 0.08 there was a rapid uptake of water to a final 
concentration of 0.4-0.6 g/g solids (Fig. 3). 

Separate samples of commercial soy isolates and soy 
concentrate showed similar sorption isotherms, and the size 
of particles of soy isolate had negligible effects on the 
amount of water bound (64,65). The water-binding capaci- 
ties of soy flours were not  significantly affected by heating 
nor freezing treatments (66). Soy isolate bound 18.9, 19.2 
and 21.6 g water per 100 g protein at pHs 4.5, 6.0 and 7.5, 
where protein solubilities were 5, 22 and 57%, respectively 
(62), indicating a slight affect of pH but the lack of a 
correlation between water-binding and protein solubility. 

Hansen (64) observed three phases of water absorption 
by soy concentrate as a function of time. There was an 
initial, rapid linear rate of absorption for ca. 40 mins. This 
was directly influenced by Aw, e.g., absorption values of 
0.03 and 0.07 (g water/g concentrate) were obtained at Aw 
of 0.79 and 0.98, respectively. The second phase of absorp- 
tion, up to 100 min, was also influenced by Aw, and the 
final slower phase of sorption was strongly affected by 
water activity. 

The amount  of bound water, i.e., unfreezable water, 
increased with protein concentrat ion of soy preparations 
(Figure 4), being greatest for soy isolate (65). Furthermore,  
the amount of truly bound water increased to 0.5 (g/g 
solids) as water content  of soy isolate was increased to 3 g/g 
solids, whereas in the case of soy concentrate, the maxi- 
mum content  of bound water, ca. 0.25 (g/g solids) re- 
mained unaffected by water contents from 0.5 to 3.0 g/g 
concentrate. The amount  of bound water in the soy isolate 
corresponded to the theoretical water-binding value of the 
component  amino acids indicating complete occupation of 
binding sites (64). The reason for the greater binding by the 
isolate compared to the concentrate may have been due to 
the greater ease with which the isolate proteins swell, 
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FIG. 4. Variation in water-binding capacities of different soy 
protein preparations as influenced by protein content. A-D denote 
carbohydrate enriched soy concentrate; soy flour, soy c o n c e n t r a t e  
and soy isolate, respectively (64). 

dissociate and unfold to expose additional binding sites, 
whereas the carbohydrates and other components of the 
concentrate may have impaired this. The alkali-acid treat- 
ment used in the preparation of the soy isolate may have 
some effect on this behavior. 

During the initial stage of water absorption by soy 
proteins (up to 0.07 g water/g solids) (65) water occupies 
the high energy surface sites and binds to ionic sites on the 
polypeptides to give a highly structured monolayer. Addi- 
tional absorption (up to 0.25 g water/g solids) beyond the 
monolayer represents water hydrogen bonded to polar 
groups on proteins and carbohydrates. This water displays 
varying degrees of mobility. This phase is accompanied by 
changes in strucuture-conformation of the protein and 
initial swelling of the protein matrix (65). The final phase 
involves absorption of loosely bound and free water into 
crevices and free spaces and is usually accompanied by 
swelling and partial solvation of the protein (60). 

Water-Holding 
In addition to water sorption, soy preparations possess 

water-holding capacities, i.e., the ability to physically hold 
water against gravity. This is related to viscosity of food 
systems and is influenced by pH, ionic strength and tem- 
perature. Soy flour, concentrate and isolate, 10% soy 
preparations after 10 min. slurrying, held 2.6, 2.75 and 
6.25 g/g product, respectively (67). Sodium chloride (5%) 
enhanced water entrapment by soy flour but reduced it in 
the case of soy isolates. Lin et al. (68) showed that flour 
concentrates and isolates bound 1.3, 2.2 and 4.4 g water/g 
solids, i.e., water-holding capacity increased with protein 
concentration (Table III). There was no apparent correla- 
tion between solubility and water-holding capacity. Both 
temperature and pH affected water-binding by soy isolate 
(54). The maximum holding capacity, which occurred at 
pH 7 and between 35 and 55 C, was ca. 14 g water/g solids. 
Adjustment of pH from pH 5 to 7 caused a dramatic 
increase in water holding; e.g., at 30 C a sixfold increase 
occurred. Johnson (47) reported that soy flours with 
protein dispersibility indices (PDI) of 15, 55, 70 and 85% 
adsorbed 209, 307, 308 and 207 g water/g flour, respec- 
tively; i.e., heat treatment enhanced water-holding capacity. 

Swelling 
As soy proteins absorb water, they-swell. Hermansson 

(69) has used swelling, the expansion of protein particles 
upon imbibit ion of water, as an index of water absorption. 

TABLE X 

Effect of Temperature on 
Some Functional Properties o1' Soy Isolate a 

Temperature Solubility Swelling Viscosity 
(C) (%) (ml/g) 1 SS" 1 

2 5  53 10 
70 67 17 3620  
80 68 20 7490  
90 71 17 5280  

100 81 14 1410 

aMeasurements were made at 25 C after heat treatment. 

Swelling is an important  functional property in foods like 
processed meat, doughs and custards where the proteins 
should imbibe and hold water without dissolving and 
concurrently impart body, thickening and viscosity. Vis- 
cosity and swelling are closely related properties of real 
significance in processed meats (70). 

Soy isolates spontaneously imbibe water and swell 
(Table X). A commercial soy isolate unheated and heated at 
80 and 100 C for 30 rain., with protein solubilities of 53, 
15, and 24%, spontaneously imbibed 9.6, 20 and 15 ml of 
water/g of isolate, respectively, i.e., heating enhanced 
swelling (60). Soy isolate shows limited swelling; i.e., it can 
imbibe water and yield swollen particles without disinte- 
grating at incipient solvation (69). Sodium chloride (0-0.4 
M) significantly decreased (60%) the swelling ability of soy 
isolate. Swelling increased with increasing pH, i.e., two-fold 
between pH 5 and pFl 9 where loosening of the protein 
matrix occurs. Prior gelation and drying of soy protein 
enhances swelling performance. This observation could be 
exploited in preparing soy proteins for meat systems. 

A close relationship was observed between swelling 
ability and viscosity of soy isolate (69), and factors which 
affected swelling also influenced viscosity, i.e., protein 
concentration, pH and temperature positively affected 
swelling and viscosity, whereas sodium chloride depressed 
both. 

Viscosity 
Knowledge of the viscosity and flow properties of 

protein dispersions are of practical significance in product 
formulation, processing texture control and mouthfeel 
properties and in elucidating protein-protein interactions 
and conditions affecting conformational and hydrodynamic 
properties. Viscosity can be used to evaluate the thickening 
power of soy proteins which are of practical interest in 
fluid foods (soups, beverages, batters) and in comminuted 
meats. The viscosity of protein dispersions is mostly in- 
fluenced by the hydrodynamic properties of the compo- 
nent  protein(s), i.e., molecular weight, size, axial ratio, 
hydration and frictional ratio and shape of the molecule, 
These are influenced by temperature, pH, ionic strength 
and processing treatments insofar as they affect molecular 
conformation, structure, aggregation state, hydration and 
swellings. 

The intrinsic viscosity of soluble sodium proteinate (pH 
7.0, 25 C) is 4.8-5.5 cm3/g (52) reflecting native globular 
state of the protein. Denaturation increases viscosity of soy 
isolate to 22.0 cm2/g. Alkali treatment of soy protein 
causes partial denaturation and unfolding with an increase 
in viscosity to 14.1 cm3/g. Dialysis of alkali-extracted soy 
flakes prior to acid precipitation caused extensive unfolding 
and viscosity increase presumably due to extensive disso- 
ciation of the 7S and 11S globulins (52). 

Rheological properties of aqueous dispersions of soy 
globulins are influenced by several factors: shear rates, 
protein concentration, heat treatment,  pH and ionic 
strength (71,72). 

The apparent viscosity is affected by the size of dis- 
persed particles (or protein aggregates), and this is in- 
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FIG. 5. Effect of protein concentration and shear rate on vis- 
cosity of soy protein isolate (69). 

fluenced by shear rates (Figure 5). Increasing the shear rate 
of soy isolate dispersions (5%) reduced the size of the 
particles and shear stress (apparent viscosity). Low shear 
rates resulted in larger particle size or greater interactions 
which gave higher apparent viscosities for soy isolate 
(69,73,74). Dispersions of soy proteins demonstrate thixo- 
tropic behavior (38,73,74). 

Generally, on an equivalent protein basis, the apparent 
viscosity of soy isolates are much higher than soy concen- 
trate (Table XI) at corresponding pH and temperatures, 
though commercial preparations of both show wide dis- 
parities (67,68). 

Apparent viscosity of soy isolates increases exponen- 
tially with protein concentration (38, 67,71,75) ,  and this is 
affected by the swelling ability of the particular protein 
preparation. Processing, alkaline-acid, and heat treatments 
enhance swelling and increase the viscosity of soy disper- 
sions (67,73). 

Temperature positively affects viscosity of soy disper- 
sion (72). Rha (74) observed little increase in intrinsic 
viscosity of soy isolate upon heating up to 80 C; above this 
viscosity if increased rapidly to 90 C. These data 
were different from those of Hermansson (69) who ob- 
served a continuous graduate increase in viscosity up to 85 
C but further heating above 90 C resulted in diminished 
viscosity (Table X). Presumably temperatures up to 80 C 
cause dissociation and unfolding with a concomitant  
increase in molecular axial ratios and hydrodynamic volume 
which increase viscosity. The effects of temperature and 
temperature of maximum apparent viscosity varied with pH 
of the soy isolate dispersion being maximum around pH 6-8 
(71), where protein structure was most stable. 

Viscosity increases with pH from 5 to 10.5 ; above pH 11 
it dramatically drops because of disaggregation of the soy 
proteins (38). However, Shemer et al. (8) noted a decrease 
in the viscosity of soy isolate, prepared with sodium sulfite, 
between pH 4.5 and pH 6. Hut ton and Campbell (54) 
showed that whereas the viscosity of soy concentrate 
increased, that of soy isolate decreased with increasing pH. 
The observed effect of pH was governed bythetemperature;  
e.g., at 50 C the viscosity of soy isolate dispersion at pH 6 
was greater than that at pH 7, whereas above 60 C this was 

TABLE XI 

Variation in Viscosity of Soy Protein Preparations 
with Protein Concentration (67) 

Apparent viscosity (centipoise) 
Protein concentration 

Soy product 5 10 15 20 

Flour --- 25 ' 230 2,000 
Concentrate 10 200 330 28,300 
Isolate A 160 10,500 > 83,000 > 83,000 
Isolate B 1,300 3,200 7,500 25,000 

reversed (71). 
Sodium chloride by stabilizing the quaternary structures 

decreases the apparent viscosity of soy isolate dispersions 
(38, 67,70). This may b e a  practical advantage because it 
facilitates the mixing of ingredients in particular applica- 
tions. Catsimpoolas and Meyer (70) reported anomalous 
effects of ionic strength on the viscosity ofsoydispersions. 
The fact that high ionic strength tendsto reduce the dissocia- 
tion of l lS globulins may partly explain the observed 
decrease viscosity (30). 

Calcium aids the formation of thickened suspensions of 
soy protein. At 10 mM it caused a rapid increase in vis- 
cosity of soy protein dispersions (5%), from 15 to 1500 CP; 
above this concentration the viscosity decreased (75). 
Heating of the protein dispersion to 70-80 C prior to 
addition of calcium enhanced the viscosity 7x further. 
Higher protein concentrations required higher levels of 
calcium for this effect and a ratio of 20-40 M Ca+/mole 
protein was best for obtaining maximum viscosity in a fluid 
dispersion (75). 

G E LATI ON 

Protein gels are composed of three-dimensional matrices 
or networks of intertwined, partially associated polypep- 
tides, in which water is entrapped. Gels are characterized by 
a relatively high viscosity, plasticity, and elasticity. The 
ability of protein to form gels and provide a structural soy 
matrix for holding water, flavors, sugars, and food ingre- 
dients is useful in food applications, and in new product  
development, it provides an added dimension to protein 
functionali ty.This property is important  in comminuted 
sausage products and is the basis of many Oriental textured 
foods, e.g., tofu. 

Dispersions of soy protein form true gels upon heating 
and cooling (38), and upon dialysis following alkali treat- 
ment at pH >11.0  (33,34). Gel-like curds (tofu) are formed 
by the calcium-induced coagulation of heated soy protein 
dispersion, e.g., soy milk. Gelation in contrast to coagula- 
tion (random aggregation) denotes a more ordered reasso- 
clarion of unfolded polypeptides. In the case of soy pro- 
teins, initial heating, above 60 C is necessary to induce 
dissociation of the quaternary globulins causing unfolding 
of polypeptides of the protein subunits, with an increase in 
viscosity (38,69,71). This represents the irreversible sol to 
progel transformation (71). Because of the high tempera- 
ture coefficients of this denaturation, the viscosity of soy 
proteins increases exponentially as temperature is increased. 
Upon cooling, the unfolded polypeptides reassociate via 
hydrophobic associations, hydrogen bonding, ionic interac- 
tions, and possibly some disulphide linkages, to form gel 
(14,71). 

Circle et al. (38) established the basic factors affecting 
soy protein gelation subsequently corroborated (8,14,34, 
71,76,77). Thus the method of preparation of protein,  its 
concentration, rate, temperature and duration of heating, 
cooling conditions, the presence of salts, thiols, sulfite, 
and/or lipids all influence the properties of the gels formed. 
Soy isolates form firm, tough, hard resilient gels whereas, 
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TABLE XII 

Thermal Expansion Following Heating at 125 C of 
Calcium-Precipitated Gels (TOFU) Composed of 

78, 11S, and Soy Isolate (15) 

Average expansion ratio 

7S 11S Soy isolate 

pH 6.7 2.46 2.69 3.26 
pH 7.3 2.74 4.27 3.36 
pH 8.0 3.14 5.70 5.11 
pH 8.4 2.66 4.72 4.46 

soy preparations with less than 70% protein tend to form 
soft fragile gels like tofu (76). A minimum protein concen- 
tration of 8% is required for gelation (71). The protein 
concentration increased the temperature required to attain 
maximum viscosity; e.g., increasing protein from 8 to 16% 
increased temperature for maximum gelation from 75 to 
100 C (38). The firmness of the gels increased with protein 
concentration. 

The rates of heating and cooling can be manipulated to 
control the physical structure and properties of the resul- 
tant gel. Catsimpoolas and Meyer (71) showed that gels 
could be obtained after heating at 60 C; however, at lower 
temperatures of heating, longer periods of heating are 
required and weaker gels are obtained than those obtained 
following high heat treatment.  For 10% dispersions heating 
to attain a minimum viscosity of 200 poises is required for 
subsequent gelation (71). Excessive heating (~100 C) of 
soy protein preparations which causes destruction of 
secondary and tertiary structures impairs gelation. Soy gels 
can be melted by heating, and if reheating is not excessive 
(~100 C), depending upon protein concentration, gels 
reform upon cooling (71). 

The pH of protein dispersions, particularly outside the 
range pH 6-8, affects the heating requirements by facili- 
tating unfolding (71 ). 

Salt affected gel formation; it reduced the viscosity of 
isolate dispersions at particular temperatures and increased 
the temperature required to induce gelation. This may be 
because sodium chloride stabilizes the 11 S globulins (30). 
Circle et al. (38) reported that salt increased gel strength, 
whereas other studies (71,73) indicated that it decreased 
the viscosity of gels. 

Disulfide-cleaving agents (sulfite, mercaptoethanol, 
cysteine) impair gelation, but this effect is concentration 
dependent (71); i.e., low concentrations impair, while 
higher concentrations apparently enhance gelation. The 
effect of sulfite and thiols is adduced as evidence for the 
involvement of disulfide bonds in gelation (77).. The inclu- 
sion of lipid materials enhanced gelation of soy proteins 
(38,71), and this is consonant  with hydrophobic inter- 
actions. 

Soy protein gels show thixotropic behavior, and the 
extent of this increased with the pregelation heating tem- 
perature (71). The inclusion of sodium sulfite in the extrac- 
tion solvent yielded soy protein isolates which formed gels 
with twice the strength and firmness of gels prepared from 

conventional isolates (8). These gels reportedly could serve 
asfunctionalsubsti tutes for egg white in applications where 
thermal gelation was required. 

Gels formed from 11S globulins are firmer but more 
resilient than those formed from 7S globulins (15,30). The 
differential susceptibility of the 11S and 7S globulins to 
thermal denaturation, especially in the presence of varying 
salt concentrations (30), may be exploited to prepare gels 
with different physical characteristics. Tofu or soybean 
curd represents the calcium- (10-40 mM) induced coagulum 
obtained from heated soy milk or soy protein dispersion. 
This is composed of 6, 88, and 3% protein, water and lipid, 
respectively. When tofu is deep fried, the curd swells, 
coagulates, and acquires a porous elastic matrix, which as 
"aburage," is a food item in Japan (78). In studying indi- 
vidual soy proteins, Saio et al. (15) found that gels formed 
following autoclaving of tofu curds made from l I S globu- 
lins showed the greatest expansion and possessed a soft 
elastic texture, while 7S proteins did not expand to the 
same degree and yielded hard, inelastic gels (Table XII). 
Apparently disulfide bonds play a role in the formation and 
expansion of calcium gels, and thus the l lS fraction 
formed superior gels. 

PROTEIN LIPID INTERACTION(S} 
Many important properties of foods involve the inter- 

action(s) of proteins and lipids, e.g., emulsions, fat entrap- 
ment in meats, flavor absorption. Natural or chemically 
formed lipoprotein complexes are functional components of 
egg yolk, meats, milk, coffee whiteners, dough, and cake 
batters. Therefore, the capacity of soy protein to interact 
with lipid materials is important in food formulation and 
processing. 

Kamat (79) reported that native soy proteins interact to 
a negligible extent with lecithin; however, following disso- 
ciation of soy proteins into small subunits (possibly un- 
folded polypeptides), lipoprotein formation occurs upon 
sonication with phospholipids, and triglycerides can subse- 
quently be involved in the formation of these complexes. 
Lipoproteins of denatured soy proteins with polar lipids 
may have use as emulsifiers in cake mixes and conceivably 
as substitutes for egg yolk in some applications. 

The films formed upon heating soy milk, i.e., yuba, are 
lipid-protein complexes which, when dried and flavored, 
have a desirably flaky texture (80). Janes and Chou (81) 

devised a "semi-automated" method for making soy milk 
film from isoelectric precipitate proteins by heating thin 
films. These are probably formed by protein-protein 
interactions or the air-water surface and conceivably result 
from surface denaturation and disulfide crosslinking of 
these proteins. 

Fat absorption by soy preparations is closely related to 
protein content and is little affected by pH or temperature 
(54,68) (Table XIII). 

Emulsification 
The ability of protein to aid the formation and stabiliza- 

tion of emulsions is critical for many applications in 

TABLE XIII 

Some Functional Capacities of Different Soy Protein Preparations (68) 

Soy 
preparation 

Fat 
Solubility. Water-holding absorption 

(%) (%) (%) 

Emulsification 
capacity 

(%) 

Flour 21 130 84 18 
Concentrate A 2.3 227 133 3 
Concentrate B 6.0 196 92 19 

17.4 447 154 25 Isolate C , ,  
Isolate D 71,1 416 119 22 
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FIG. 6. Stability of a soy isolate-based emulsion as a function of 
pH as indicated by extractability of lipids in ether. (79). 

chopped, comminuted meats, cake batters, coffee 
whiteners, milks, mayonnaise, salad dressings, and frozen 
desserts. In these products varying emulsifying and stabi- 
lizing capacities are required because of the differing 
composition and stresses to which these products are 
subjected (Table XIV). 

Emulsions of fats and water are thermodynamically 
unstable because of the positive free energy caused by 
interfacial tension. Stabilization of emulsified droplets is 
achieved by formation of a charged layer around the fat 
globules causing mutual repulsion and/or by the formation 
of a membrane of film around the droplets by solutes, e.g., 
protein, which lowers interfacial energy and physically 
prevents droplet coalescence. This latter effect may be 
further enhanced bya hydration layeraround the interfacial 
material. 

The surfactancy of proteins is related to their ability to 
lower the interfacial tension between water and oil (emul- 
sion) or water and air (foam). The surface activity is a 
function of the ease with which protein can migrate to, 
adsorb at, unfold, and rearrange at an interface (82). 
Therefore, solubility in the aqueous phase, i.e., native 
structure, is closely correlated with surface activity of the 
proteins (42,59,83). 

In aqueous solution proteins are folded in a thermo- 
dynamically stable conformation in which polar segments 
are exposed to the aqueous phase. In oil-water systems, 
dispersed proteins tend to diffuse to the interface. The 
altered environment at the interface shifts the conforma- 
tional equilibrium, and unfolding of the protein occurs, 
exposing hydrophobic segments of the polypeptides to the 
lipid interface and polar ionic segments to the aqueous 
phase. This sequence involves protein denaturation, the 
extent depending upon the flexibility of the protein, the 
stability of its native conformation (i.e., extensively inter- 
molecular disulfide bonds would tend to retard unfolding), 
and conditions (temperature, pH, and ion effects) prevailing 
in the medium (84-86). 

The kinetics of protein adsorption and reduction of 
interfacial tension sequentially involves diffusion of the 
protein to the interface, unfolding and spreading of ab- 
sorbed molecules accompanied by intermolecular associa- 
tion. This may be followed by molecular rearrangements 
and packing of these molecules within the interfacial 

TABLE XIV 

Typical Stresses on Food Emulsions Containing Soy Proteins 

Emulsion products Emulsion stresses 

Sausage, meats,  bologna Thermal 
Cake batters Thermal 
Coffee whiteners,  milks Thermal, freezing-thawing 
Mayonnaise,  salad dressings Low pH 
Frozen desserts Freezing-thawing 

membrane due to the progressive accretion of additional 
molecules (84). The kinetics of film formation is very much 
influenced by the composit ion-conformation of the 
protein, viscosity of the protein, dispersion, pH, ions, 
temperature and inergy input,  i.e., mechanical processing 
(84). In simple oil-aqueous protein systems, the diffusion of 
the protein to the interface may be rate limiting (84), 
whereas in very viscous systems (e.g., meat emulsion) 
physical factors impede mobility, and intensity of mixing is 
important.  

In model systems the at tainment of equilibrium surface 
tension by protein macromoles is diffusion dependent,  
being influenced by concentration and mobility of the 
molecules, surface charge (pH, salts) ease of unfolding, and 
facility for packing at the interface. Proteins with high 
molecular flexibility, i.e., ease of unfolding, show high 
surface activity, because facile unfolding exposes hydro- 
phobic regions which enhance interfacial film formation 
(86). 

Soy proteins progressively reduce interfacial tension as 
concentration is increased (84). Because of their molecular 
size, the soyglobulinsdiffuse relatively slowly, but once at 
the interface, they initially spread easily, though subse- 
quent penetration of newly arriving molecules into the film 
may slow further spreading (84). Soy proteins diffuse more 
slowly in aqueous than in saline .dispersions, though in the 
latter, larger globulin aggregates may be present. Salt may 
reduce charge repulsion between the proteins and enhance 
hydrophilic associations at the interface. 

The net charge at the interface may impede or facilitate 
emulsifying activity of proteins. Proteins near their isoelec- 
tric points (IpH) should perform well because protein 
adsorption and viscoelasticity at an oil-water interface is 
maximum near or at isoelectric pH (79). Also, the protein is 
soluble and not  strongly repelled. Hence, one would expect 
maximum emulsifying properties near IpH. Furthermore,  
around neutrali ty the basic components  of the 11 S globu- 
lins have low net charges so that once dissociated they 
should have effective emulsion properties in pH range 6-7.5. 
However, Kamat et al. (79) and Frazen and Kinsella (91) 
reported that soy protein-stabilized emulsions upon heating 
were most unstable in the isoelectric pH range (Figure 6). 
They concluded that as net charge was near minimum in 
this pH range, the protein may have aggregated and destabi- 
lized the interfacial membrane.  

While correlations between classical surfactant properties 
and emulsion behavior are positive, in food systems these 
fundamental  properties of proteins are overridden by the 
mechanical processes used to make emulsions. During 
emulsion formation the interfacial material must be able to 
rapidly migrate to the newly formed lipid droplet, absorb at 
the interface, and form an effective barrier against lipid 
coalescence. Hence, mobili ty in aqueous phase and facility 
for spreading at the interface is very important .  These 
processes are achieved by the shearing, turbulence,  cavita- 
tion and mixing applied to food systems during emulsion 
formation, and are perhaps not  so dependent on the 
properties of the native proteins as observed in model 
systems. Formation and stability of protein-based food 
emulsions depends very much on energy input  (84,87). 

Several workers have measured the emulsion capacity 
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TABLE XV 

Factors Affecting Foaming Properties of Proteins 

Stabilizing Factors 

1. Surface Viscosity: denaturation and association of proteins. 
2. Concentration: solubility, diffusion rate, concentration in dis- 

perse phase. 
3. Electrical double layer: repulsion affected by counter ions in 

solution. 
4. pH: theoretically maximum near isoelectrie pH. 
5. Complementary Surfactants: -- other proteins, polysaccharides 

(not lipids). 
6. Denaturants: limited denaturation may aid film formation. 
7. Marangoni Effect: ability of surfactant solute to rapidly con- 

centrate at a stress point in the film. 

and stability of soy proteins. During the initial stages of 
emulsification, soy proteins rapidly adsorb as multilayers to 
lipid droplets, but as the droplet size and oil surface area 
increases with the progress of emulsification, the thickness 
of the protein layer diminishes (84). Soy isolates show a 
greater (six-fold) emulsifying capacity compared to soy 
protein concentrate (Table XIII) (54), though others 
showed that the disparity varied with preparation (8,68). 
Several factors effect emulsion formation and stability. 
While emulsion capacity (g oil emulsified]g protein) de- 
creases with protein concentration, emulsion stability 
significantly increases (68, 87-89). In practical applications 

where there usually is an excess of protein, this latter 
criterion is the more important. The method of protein 
preparation also affects formation and stability of emul- 
sions (8). 

Many workers have shown a close relationship between 
emulsifying properties and solubility of soy preparations 
(87,90). This is more important in low viscosity emulsions 
(milk, salad dressing, coffee whitener) than in viscous 
emulsions, i.e., comminuted meats where soy proteins with 
50% solubility ensure adequate emulsifying capacity and 
the thermal stability in preventing fat separation. 

The pH and ionic strength of  the aqueous dispersion 
affect emulsification (42). Alkaline conditions were opti- 
mum and at pH 7 emulsifying capacities of 5 and 3.5 ml 
oil/mg soy protein were obtained at ionic strengths of 0.05 
and 0.03, respectively (89). Poor emulsions were obtained 
in the pH range of 5.3 -5.6 encountered in frankfurter- 
sausage meats. Both pH and temperature affected the 
emulsifying properties of  soy isolate and soy concentrate,  
having a much greater effect on the former (54). Increasing 
the pH from 5 to 7 increased emulsifying capacity, but 
increasing temperatures above 50 C, at pH 7, decreased it. 
Chemical modification, i.e., succinylation, significantly 
enhances the emulsifying properties of  soy proteins (91). 

In general, the process and equipment  used in making 
food emulsions, particularly very viscous emulsions, exert a 
major influence on the properties of the emulsion (84,87). 

In fluid emulsions that are heated during processing and 
where retention of fluidity and emulsion stability are 
necessary without gelation, a protein of  molecular size 
adequate for stabilizing emulsion but too small to form an 
extensive network for gel formation is needed. Rham et al. 
(92) reported that polypeptides obtained following pan- 
creatic proteolysis of soy proteins effectively stabilized: 
such emulsions. 

In chopped meats fat absorption is important.  Usually 
soy protein preparations with low nitrogen solubilities have 
highest fat absorbing capacities, whereas for emulsion 
formation and stabilization protein solubility is desired. 
However, where maximum emulsifying capacity of the 
protein is not  needed and where thermal thickening and 
gelation occurs, initial solubility may not be too critical 
because stable emulsions can be formed with adequate 
energy input. 

TABLE XVI 

Foam Formation and Stability of Soy Protein Preparations a (68) 

Volume (ml/6g) after time (min) Volume 
increase % 1 10 30 60 120 

Flour 70 160 131 108 61 20 
Concentrate A 170 4s 28 13 8 5 
Concentrate B 135 370 265 142 30 24 
Isolate C 235 670 620 572 545 532 
Isolate D 230 660 603 564 535 515 

aSolubility index, Flour-D, 21, 2, 6, 17, 71, respectively. 

FOAMING 

Foaming, the capacity of proteins to form stable foams 
with gas by forming impervious protein films, is an impor- 
tant property in cakes (angel, sponge), souffles, whipped 
toppings, fudges, etc. Protein foams consist of gas droplets 
encapsulated by a liquid fihn containing soluble (initially) 
surfactant protein. This lowers interfacial tension between 
gas and water, facilitating deformation of the liquid and 
expansion against its surface tension. Proteins for foaming 
should be soluble in the aqueous phase; they should con- 
centrate at the interface, unfold to form cohesive layers of 
protein around air droplets as they are formed, and possess 
sufficient viscosity and mechanical strength to prevent 
rupture and coalescence. These protein fihns must be 
stable, and the component  polypeptides must exhibit a 
balance between their ability to engage in intermolecular 
cohesion required to form a membrane and the tendency to 
self-associate excessively which would result in foam 
instability. For foaming, soy protein must reduce the 
surface tension of  the dispersed liquid, diffuse to and 
undergo conformational change at the interface with some 
unfolding and denaturation facilitating the association of 
the polypcptides, which then can form a continuous 
cohesive film around the air vacuoles. The surface denatura- 
tion facilitates protein interaction. Some common factors 
affecting foam stability are listed in Table XV. 

Horiuchi et al. (93) related foam stability to surface 
hydrophobicity or hydrophobic regions in a protein mole- 
cule. This implies that the protein facilely locates at the 
interface and resists migration back into the water phase, 
hence the molecules are more concentrated at the interface, 
and as a consequence the foam is more stable. Partial 
proteolysis or heating (70-80C) improved the foaming 
properties of soy protein (93). These treatments may 
increase the tendency of  the polypeptides to unfold at the 
interface and facilitate hydrophobic associations, thereby 
increasing film thickness and viscosity, reducing air leakage 
and enhancing stability. 

Soy preparations exhibit foaming properties (Table XVI) 
and isolates are superior to flours or concentrates (67,68). 
However, the presence of lipid materials in soy preparations 
are very detrimental to foaming because they destabilize 
the protein films. Thus, hexane and aqueous alcohol 
treatment of  soy proteins which remove neutral and bound 
polar lipids, respectively, markedly enhance foaming 
properties (90,94). Glabe et al. (95) showed that an 
aqueous extract of  alcohol-washed defatted soy flour had 
good whipping properties. Treatment of commercial soy 
preparations with aqueous alcohol significantly improved 
their foaming properties (94). 

The whipping properties of an aqueous alcohol-extracted 
soy isolate were studied by Eldridge et al. (94). Heating of 
soy protein dispersions was necessary to obtain maximum 
foam expansion (FE) and foam stability (FS), and 75 to 80 
C was optimum. Both FE and FS improved with protein 
concentration up to 3% (Figure 7). Maximum FE and FS 
were obtained at pH 2 and pH 9 with minima occurring 
between pH 4 - 6, i.e., at the point of  minimum solubility. 
Excessive whipping resulted in foam breakdown, and 
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FIG. 7. Effect of soy protein concentration on foam expansion 
and foam stability (94). 

sodium chloride depressed foaming. 
Solubility of  soy protein is closely correlated with 

foaming, and a strong relationship exists between foam 
expansion and foam stability. Stability was related to 
denaturation (90). 

Modification of soy protein improves its foaming proper- 
ties. Extraction of soy flour at pH 5 yielded a material 
composed of soluble proteins, carbohydrates and salts that 
had excellent whipping properties and could substitute for 
egg whites in meringues, divinity candy and souffles (96). 
Peptic hydrolyzates of  soy proteins have excellent whipping 
properties and are commercially available for use in confec- 
tions, fudges, meringues (97,98). Several whipping-foaming 
proteins derived from soy are commercially available for 
controlled aeration of semisolid food systems, e.g., frozen 
desserts. These improve texture, smoothness, viscosity and 
overrun. Succinylation markedly improved the foaming 
properties, volume and stability of soy proteins (91). 

The use of reagents, e.g., sulflte or thiol, to allow limited 
rupture of intrapeptide disulfide bonds might facilitate 
unfolding and interfacial film formation, and Horiuchi et al. 
(93) have reported that mercaptoethanol improved the 
stability of  soy protein foams. 

PROTEINS AND FLAVORS 
Proteins affect the sensory properties, i.e., appearance, 

color, flavor, taste and texture of foods. These are key 
attributes that determine consumer acceptance. The flavor 
of soy proteins and their interactions with both desirable 
and undesirable flavors is extremely critical and determines 
the acceptability of foods containing soy preparations, and 
thus the application of soy proteins. 

The contribution of proteins to food flavors must be 
recognized. While proteins p e r  se have no intrinsic flavor, 
they may modify flavor by their differing capacities to bind 
flavors and off-flavors, to generate flavors on cooking, and 
to release reactants that may produce flavors, especially 
following hydrolysis or proteolysis. These are important  
factors to be considered in fabricating foods from soy 
proteins. 

Maga (99) evaluated the sensory and flavor attributes of 
several soy proteins. Quist and yon Sydow (100) isolated 
numerous flavor compounds (carbonyls, furans, sulfides) 
following the heating of soy proteins to determine the role 
of proteins in flavors-off-flavors of food products. 

TABLE XVII 

Major Compounds Associated with Beany Off-flavor 
in Soy Proteins 

Alcohols: Isopentanol, hexanol, heptanol, octenol 
Aldehydes: Hexanol, heptenal, hexenal, decadienal 

Ketones: Hexanone, ethyl vinyl k e t o n e  

Phenols: 4-vinylguaiacol : 4-vinylphenol 
Furans: 2-pentyl furan 

TABLE XVIII 

Amount of Flavors Bound (Nondistillable) to Soy Proteins (105) 

Amount bound to soy protein (ppm) 

Amount added Hexanal Hexanol 
(ppm) Native Denatured Native Denatured 

50 0.6 4.8 0.5 4.2 
100 1.0 7 . 0  0 .9  6.0 
200 1.2 10.2 1.1 9.0 

TABLE XIX 

Binding of Volatile Flavors by Soy Protein (106) 

Concentration 
(mg/lO0 ml) 

Amount retained or bound 

% mg]g P r o t e i n  

Heptanal 

Nonanone 

1 7 0  0 .1  
2 75 0.3 
5 72 0.7 

10 66 1.4 
50 69 7.0 
2 60 0.2 
5 64  0 . 6  

10 58 1.2 
20 58 2.4 

The most difficult problem limiting the expanded use of 
soy proteins is the strong "beany,"  grassy, and bitter flavors 
associated with these products. When soy meal is prepared, 
it has a bitter, astringent or grassy, beany flavor (101). 
These off-flavors may be contaminants of  the protein p e r  

se,  or they may be generated during subsequent processing 
and storage of the formulated food (Table XVII). 

The phenolic acids (syringic, vanillic, ferulic, gentisic, 
chlorogenic) possess flavors that are bitter and sour. These 
in conjunction with the aliphatic alcohols and carbonyls 
may be significant components  of the astringent-beany 
flavor. 

When soy flavor is heated, a cooked off-flavor that is 
repulsive develops (102). Two compounds that have been 
identified as the main contributors to this off-flavor are 
4-vinyl phenol and 4-vinyl guaiacol, which are derived from 
the corresponding cinnamic acids by decarboxylation. 
Following extraction with polar solvents, soy flour does not  
develop these cooked off-flavors (102). 

Many off-flavor compounds in soy proteins (flour, 
concentrate) originate via enzymatic (lipoxygenase) or 
chemical oxidation of the lipid components  (101). Though 
present at a few parts per million, these off-flavors adhere 
to proteins and may persist in products through processing 
(103). Sessa and Rackis (103) reviewed the formation and 
role of lipid-derived flavors in soy products and suggested 
that 2-pentyl furan, 3-cis-hexenal and ethyl-vinyl-ketone are 
the key off-flavor compounds of  "beany"  soy flour. These 
are formed from the l ipohydroperoxides generated by 
lipoxygenase. The various aldehydes, ketones, alcohols, 
furans thus formed bind to soy proteins which possess a 
high affinity for these compounds (103-108). 

These off-flavors remain bound during processing, and, 
in fact, processes which cause denaturation (Table XVIII) 
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enhance the binding capacity of soy isolate (105). Ander- 
son and Warner (41) reported that the acid sensitive protein 
seemed to selectively bind the compounds responsible for 
beany off-flavor. It is possible however that the binding of 
these flavors to the soy protein may contribute to the loss 
in solubility, because we have observed that the binding of 
carbonyls to protein causes precipitation. 

Several treatments have been tested for minimizing off- 
flavors in .soybean products, i.e., heat treatment to inactivate 
lipoxygenase and minimize lipid oxidation; presoaking of 
beans in weak alkali followed by aqueous ethanol extrac- 
tion, and distillation or steaming to eliminate the flavors 
from starting materials (4,101,109). 

Moist heat rapidly inactivates lipoxygenase and volati- 
lizes off-flavors, but this treatment may destroy functional 
properties. However, controlled heat treatment is the more 
common procedure. Wet milling or soaking of beans in 
aqueous ethanol reduced lipoxygenase significantly (60%) 
and improved flavor, but solubility was reduced 50% (109). 
Combinations of solvent extraction and toasting improves 
the flavor of soy flours and concentrates (110). Enzymatic 
treatment, i.e., proteolysis followed by solvent washing, is 
effective in removing bound flavors (111). This, however, 
may generate hydrophobic peptides which possess a bitter 
taste and cause other problems (112). Another approach 
involves the addition of desirable flavors which mask the 
impact of undesirable flavors; e.g., Haas (113) described the 
use of soy protein up to 30% in breakfast cereal. The 
problem of flavor was minimized by incorporating yeast 
and malt to mask the beany-bitter flavor of the soy. 

The addition of flavors may not have the desired effect 
because of interactions between flavors and the soy pro- 
teins. The marked affinity of soy proteins for many flavor 
compounds influence the perceived flavor (106). When used 
as ingredients in foods, or when exclusively used in manu- 
facture of simulated foods, a critical attribute of soy 
proteins is their capacity to be acceptably flavored. The 
binding of flavors by soy proteins, the uneven retention of 
flavors during processing treatments and storage, the 
preferential release (or retention) of some components of a 
flavor blend during mastication are problems confronting 
the manufacture of fabricated foods from soy proteins. The 
flavorist-technologist must know if there is selective 
absorption or entrapment  of specific components,  if some 
of the essential flavor notes are masked, and if during 
storage, processing or cooking a disproportionate amount  
of a particular flavored chemical is chemically altered or 
inactivated. 

Soy proteins avidly bind flavor compounds (Table XIX) 
(104-108). Once bound,  the flavors are not perceptable, 
though upon mastication some are probably released. 
Binding of flavors increases with their concentration, and it 
is significantly enhanced by denaturation of the soy pro- 
teins (105). Hydrophobic bonding is the major binding 
force (108). The binding affinity for aldehydes, particularly 
unsaturated species, and ketones increases with their 
molecular size and the reversibility, (i.e., release), varied 
being lowest for aldehydes (106). Because the flavor of 
bound aldehydes is masked, large amounts may have to be 
added to saturate binding sites and achieve the desired 
flavor in formulated foods. This is costly, and research is 
needed to determine more efficient methods for controlling 
the flavor and flavoring of soy proteins. 

MODI FICATION 

The functional properties of soy proteins can be manip- 
ulated by modification via enzymatic, chemical or texturi- 
zation procedures (114). Proteolytic hydrolysates are 
commonly made to improve solubility for beverages, to 
enhance foaming properties in conjunction with egg white, 
and as aerating agents in confections (115). The acylation 

of the e-amino groups of lysine residues, particularly with 
succinyl groups, markedly enhances several functional 
properties of soy protein (91,116). Thus wettability, 
solubility, emulsifying and foaming properties of succiny- 
lated proteins were superior to those of unmodified pro- 
teins. 

TESTING IN MODEL SYSTEMS 

The broad range of functional properties, the hetero- 
geneous composition of proteins, their variability with 
refining and processing treatments, and the diversity of 
foods in which soy proteins can be used render the task of 
evaluating the functional behavior and potential of novel 
proteins extemely onerous and time-consuming. Therefore, 
many tests are made using simplified model systems that 
are arbitrarily devised to simulate more complex food 
systems. Model systems should be designed to provide 
general information indicative of broad functional proper- 
ties, e.g., solubility, gelability, and surfactancy, and the 
derived information then can be used to guide further 
studies in food systems. Model systems are necessary and 
useful, and several researchers have used them with good 
results (87,117,118). Hermansson and Akesson (117) 
showed that solubility, swelling, viscosity and gelling 
characteristics of soy protein in model meat systems 
correlated quite favorably with control of moisture loss in 
meats; however, Lauck (119) questioned the relationship 
between observed viscosity and moisture loss upon cooking 
of comminuted meat systems. Smith (120) concluded that 
emulsion behavior of proteins in model systems did not 
correlate with their required performance in cooked 
frankfurters. After a comprehensive study of solubility, 
hydration, emulsion capacity, thickening and viscosity of 
soy protein in model systems and in a food item requiring 
these properties, Hutton and Campbell (54) concluded that 
it could be misleading to extrapolate findings from model 
systems to actual food systems. Model systems generally do 
not reproduce the conditions, i.e., pH, ionic strength, 
temperature treatments, processing, mixing, multiple 
components,  chemical and physical interactions, concen- 
tration effects, mechanical storage treatment,  etc., as may 
occur in the actual food system. Despite these limitations, 
simple, rapid diagnostic if not  predictive tests, are necessary 
for the screening of the functional properties of the various 
protein components and their derivatives. 

In addition to testing, the intrinsic functional properties 
model and/or food systems should provide information on 
the compatability of soy proteins with other components, 
e.g., lipids, starch, proteins, flavors. Soy protein should not 
impair the functional qualities of the other proteins in the 
system nor reduce the organoleptic (or nutritional) quality 
of the food. In breads addition of soy protein is limited by 
its dilution of the gluten proteins in addition to its asso- 
ciated flavor problems; in meat systems it is limited by its 
effects on texture, mouthfeel and flavor. Soy-wheat flour 
blends develop off-flavors, and following storage, yield 
bread showing reduced loaf volume (121). However, 
spaghetti up to -15% soy isolate was added without adverse 
effects on physical and/or organoleptic qualities (122). 

GENERAL OBSERVATION 

Soy proteins have made an impact in the food industry; 
however, commercial success has not  been commensurate 
with the volume of literature on the properties and poten- 
tial of soy proteins. This may be attributable to the conser- 
vative tastes of the consumer and reflect the fact that the 
functional attributes of soy protein preparations are quite 
variable, and the organoleptic properties have been less than 
desirable. To achieve its potential as a food ingredient, the 
organoleptic and functional properties of soy protein 
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p r e p a r a t i o n S  m u s t  be  d e t e r m i n e d  in  de t a i l ,  a n d  p r o t e i n  
p r e p a r a t i o n s  w i t h  r e l i ab l e ,  s t a n d a r d ,  s p e c i f i c  f u n c t i o n a l  
p r o p e r t i e s  m u s t  be  p r e p a r e d  fo r  p a r t i c u l a r  a p p l i c a t i o n s .  I t  is  
d e s i r a b l e  t o  u n d e r s t a n d  t h e  c o m p o s i t i o n  a n d  p r o p e r t i e s  o f  
s o y  p r o t e i n  c o m p o n e n t s  a n d  h a v e  a d e t a i l e d  u n d e r s t a n d i n g  
o f  t h e  p h y s i c o c h e m i c a l  bas i s  o f  p a r t i c u l a r  f u n c t i o n a l  
p r o p e r t i e s  in  o r d e r  t o  f a c i l i t a t e  t h e  s i m u l a t i o n  o f  t r a d i t i o n a l  
f o o d  i t e m s  a n d  p r o v i d e  t h e  r a n g e  a n d  v a r i e t y  o f  f o o d s  t h a t  
w o u l d  be  a c c e p t a b l e  t o  c o n s u m e r s  in  d i f f e r e n t  p a r t s  o f  t h e  
w o r l d :  

A ba s i c  k n o w l e d g e  o f  t h e  p h y s i c o c h e m i c a l  p r o p e r t i e s  o f  
f o o d  p r o t e i n s ,  i .e . ,  i n t e r a c t i o n s  t h a t  a f f e c t  t e x t u r e  o r  co lo r ,  
a n d  a n  u n d e r s t a n d i n g  o f  t h e  m u l t i p l e  f a c t o r s  a f f e c t i n g  t h e  
u l t i m a t e  q u a l i t y  o f  f o o d s  a re  p h e n o m e n a  t h a t  t h e  f o o d  
s c i e n t i s t  m u s t  m a s t e r  t o  f a b r i c a t e  a n  a c c e p t a b l e  f o o d  
p r o d u c t .  W h i l e  s o y  p r o t e i n s  are  c o n s i d e r e d  as  s u b s t i t u t e s  
f o r  e x i s t i n g  p r o t e i n  i n g r e d i e n t s ,  t h e y  s h o u l d  a l so  be  v i e w e d  
as  t h e  v i t a l  f u n c t i o n a l  c o m p o n e n t s  t h a t  wil l  e n a b l e  t h e  f o o d  
t e c h n o l o g i s t  to  s i m u l a t e  e x o t i c  f o o d s  a n d  f a b r i c a t e  n e w  
f o o d s .  

In  t h e  c o n t e x t  o f  t h e  w o r l d  p r o t e i n  s i t u a t i o n ,  w h e n  
a t t e m p t i n g  t o  p r o v i d e  a c c e p t a b l e  p r o t e i n - r i c h  f o o d s  t o  t h e  
m a l n o u r i s h e d ,  t e c h n o l o g i c a l  p r o b l e m s  are  o f t e n  ove r -  
s h a d o w e d  b y  s o c i o l o g i c a l ,  p s y c h o l o g i c a l  a n d  e c o n o m i c  
f a c t o r s .  H o w e v e r ,  e x t e n s i v e  f u n d a m e n t a l  k n o w l e d g e ,  w h i c h  
can  p r o v i d e  t h e  s o l u t i o n  t o  t e c h n o l o g i c a l  p r o b l e m s ,  s h o u l d  
go  a l o n g  w a y  t o w a r d  o v e r c o m i n g  t h e  s o c i o l o g i c a l ,  p s y c h o -  
log ica l ,  a n d  e c o n o m i c  c h a l l e n g e s  f a c i n g  t h e  s u c c e s s f u l  
i n t r o d u c t i o n  o f  s o y  p r o t e i n  f o o d s .  

REFERENCES 

1. Eldridge, A., K. Warner, and W.J. Wolf, Cereal Chem.  57:1229 
(1977). 

2. Wolf, W., J. Agric. Food. Chem.  18:970 (1930). 
3. Wolf, W.J., and J.C. Cowan, "Soybeans  as a Food Source,"  

CRC Press, Cleveland, OH, 1975. 
4. Smith,  A.K.,  and S.J. Circle, "Soybeans :  Chemis t ry  and 

Technology ,"  AVI Publishing Co., Westport ,  CT, 1978. 
5. Horan,  F.E., JAOCS 51:67A (1974).  
6. Wolf, W., in "Soybeans :  Chemis t ry  and Techno logy ,"  Edited 

by A.K. Smith,  and S.J. Circle, AVI Publishing Co., Westport ,  
CT, 1938, p. 93. 

7. Nash, A., W. Kwolek, and W.J. Wolf, Cereal. Chem.  48 :360  
(1971). 

8. Shemer,  M., H.L. Creinin, R. McDonald,  and W.E. Irwin, Cereal 
Chem. 55:383 1978. 

9. Lawhorn,  J., D. Hensley, D. Mulsow, and K. Mattil, J. Food 
Sci. 43:361 (1978). 

10. Rackis, J.J., JAOCS 51:161A (1974).  
l l .  Wolf, W., G.E. Babcock, and A.K. Smith ,  Arch.  Biochim. 

Biophys. 99:263 (1962). 
12. Thanh,  V.H., and K. Shibasaki, J. Agric. Food Chem.  24:17 

(1976). 
13. Catsimpoolas,  N., and P. Ekens tam,  Arch. Biochim. Biophys.  

129:490 (1969).  
14. Saio, K., M. Terashima,  and T. Watanabe,  J. Food Sci. 40:541 

(1975).  
15. Saio, K., I. Sato, and T. Watanabe,  Ibid. 39:777 (1974). 
16. Thanh,  V., K., Okubo,  and K. Shibasaki, Plant Physiol. 56:19 

(1975). 
17. Koshiyama,  I., and D. Fukushima,  Phytochemis t ry  15:157,161 

(1976). 
18. Koshiyama,  I., and D. Fukushima,  Cereal Chem.  50:114 

(1973). 
19. Simard, C., and M. Boulet, Can. Inst. Food Tech. 11:45 

(1978). 
20. Koshiyama,  I., Agric. Biol. Chem.  (Tokyo)  32:879 (1968). 
21. Koshiyama,  I., Cereal Chem.  45 :394  (1968).  
22. Wolf, W., and D. Sly, Ibid. 44 :653  (1967). 
23. Koshiyama,  I., Int. J. Protein Res. 4 :167 (1972). 
24. Catsimpoolas,  N., T.G. Campbell ,  and E.W. Meyer, Arch.  

Biochim. Biophys. 131:577 (1969).  
25. Catsimpoolas,  N., J. Kenney ,  E. Meyer, and B. Szuhaj,  J. Sci. 

Food Agric. 22:448 (1971).  
26. Badley, R., D. Atkinson,  H. Hauser,  D. Oldani, J.P. Green, and 

J. Stubhs,  Biochim. Biophys. Acta  412:2 .4  (1975).  
27. Koshiyama,  I., and D. Fukush ima,  Cereal Chem.  53:768 

(1976). 
28. Draper, M., and N. Catsimpoolas,  Ibid. 55:16 (1978).  
29. Catsimpoolas,  N., FEBS Lett.  4 :259  (1969). 
30. Hashizume,  K., N. Nakamura ,  and T. Watanabe,  Agric. Biol. 

Chem.  39:1339 (1975).  
31. Kitamura,  K., T. Takagi, and K. Shibasaki, Agric. Biol. Chem.  

41 :833  (1977).  
32. Kelley, J.J., R. Pressey, Cereal Chem.  43 :195  (1966).  
33. Ishino, K., and S. Ikamato ,  Ibid. 52:9 (1975). 
34. lshino,  K., and S. Knudo,  Agric. Biol. Chem.  41 :1347  (1977).  
35. Fukush ima,  D., Cereal Chem.  46 :156  (1969). 
36. Hermansson ,  A.M., in "Biochemical  Aspects of  New Protein 

Food ,"  Edited by J.A. Adler-Nissen, Fed. Eur. Biochem. Soc. 
44,  Sym.  A 3 , p .  99, 1978. 

37. Koshiyama,  I., J. Sci. Food Agric. 23:853 (1972).  
38. Circle, S.J., E.W. Meyer,  and R. Whitney,  Cereal Chem.  41 :151  

(1964). 
39. Wolf, W., JAOCS 54 :112A (1977).  
40. Anderson,  R., Cereal Chem.  51:307 (1974).  
41. Anderson ,  R., and K. Warner,  J. Food Sci. 41 :293  (1976).  
42. Kinsella, J.E., Crit. Rev. Food Sci. & Nutr .  April, 1976, p. 219. 
43. Hermansson,  A.M., in "Problems in Human  Nut r i t ion , "  Edited 

by J. Rolls, and B. Porter, Academic Press, 1967, p. 407.  
44. Johnson ,  D.W., Food Prod. Dev. 3:78 (1970);  JAOCS 47:402  

(1970). 
45. Rakosky,  J., J. Agric. Food  Chem.  18:1005 (1970).  
46. Hayes,  R.E. G. Bookwalter,  and E. Bagley, J. Food  Sci. 

42 :1527  (1977).  
43. Hammerschmid t ,  P.A., and D.E. Pratt ,  Ibid. 43 :556  (1978).  
48. Ryan,  D., in "Food  Proteins Chemical and Enzymat ic  Modifi- 

ca t ion ,"  Edited by R.E. Feeney and J.R. Whitaker,  Am.  Chem.  
Soc., Washington,  D.C. 1977. p. 67. 

49. Wolf, W.J., Ibid. 18:969 (1970).  
50. Hermansson,  A.M., Report  No.2, Chemical Center ,  Univ. Lund ,  

Sweden, 1973. 
51. Shen, J.L., Cereal Chem.  53:902 (1976). 
52. Shen,  J.L., J. Agric. Food Chem.  24 :786  (1976).  
53. O'Dell, B., and A. de Boland, J. Agric. Food Chem.  24 :804  

(1976). 
54. Hu t ton ,  C., and A.M. Campbell ,  J. Food Sci. 42 :454  (1937).  
55. Anderson ,  R.L.,  W.J. Wolf, and D. Glover, J. Agric. Food 

Chem.  21:251 (1973).  
56. Van Megen, W.H., Ibid. 22 :126  (1974). 
57. Tombs ,  M.P., Brit. Patent  1,265,661,  1972. 
58. Rackis, J.J. ,  in "Enzymes  in Food and Beverage Processing,"  

Edited by R.L. Ory and A.J.St. Angelo,  Am.  Chem.  Sot . ,  
Series 47, 1977. 

59. Hagerdal, B., and B. Lofqvist ,  J. Food Sci. 43 :27  (1978).  
60. Hermansson,  A.M., J. Food Technoi.  12:177 (1973).  
61. Kuntz,  I.D., and W. Kauzmann ,  Adv. Protein Chem.  29 :239  

(1934). 
62. Hagenmaier,  R., J. Food Sci. 37:965 (1972). 
63. Hansen,  J.R., J. Agric. Food Chem.  24 :1136  (1976).  
64. Hansen,  J.R., Ibid. 26 :298  (1978).  
65. Hansen,  J.R., Ibid. 26:301 (1978). 
66. Okamura ,  T., M.P. Steinberg, M. Tojo, and A.I. Nelson,  J. 

Food Sci. 43 :553  (1978).  
67. Fleming, S.E., F. Sosulski, A. Kilara, and E.S. Humber t ,  J. 

Food Sci. 39 :188  (1974).  
68. Lin, M.J., E.S. Humber t ,  and F.W. Sosulski, Ibid. 39 :368  

(1974). 
69. Hermansson,  A.M., Lebensmi t t .  Wiss. U-Technol.  5:24 (1972).  
70. Hermansson ,  A.M., and C. Akesson,  J. Food Sci. 60 :595  

(1975). 
71. Catsimpoolas,  N., and E.W. Meyer, Arg. Chem.  47 :559  (1970).  
72. Ehninger,  J., and D. Pratt,  J. Food Sci. 39:892 (1974).  
73. Hermansson,  A.M., J. Text .  Studies 5:425 (1975).  
74. Rha, C.K., Food Tech. 32:77 (1978).  
75. Lee, C., and C. Rha, J. Text .  Studies 7:441 (1977).  
76. Yatsumatsu ,  K., J. Toda, T. Wada, M. Misaki, and K. Ishii, 

Agric. Biol. Chem.  36:537 (1972).  
77. Aoki,  H., and M. Sakurai,  Nippon Nogei Kagaku Kaishi 4 3 :4 4 8  

(1969).  
78. Watanabe,  T., M. Ebine,  and  M. Okada,  in "New Protein 

Foods , "  Edited by A. Altschul,  Academic  Press, N.Y., p. 44,  
1974. 

79. Kamat ,  V., G. Graham.  and M. Davis, Cereal Chem.  55:295 
(1978). 

80. Wu, L.C., and R.P. Bates, J. Food Sci. 40 :160  (1975).  
81. ]aynes ,  H., and W.N. Chan,  Food Prod. Dev. 9:86 (1935).  
82. Bull, H., J. Colloid Interfacial Sci. 41 :305  (1972).  
83. Pearce, N., and J.E. Kinsella, J. Agric. Food Chem.  26 :716  

(1978).  
84. Tornberg, E., Ph.D. Thesis, Lund  Inst i tute  of  Tech.,  Lund,  

Sweden. 
85. Eriberg, S., "Food  Emuls ions , "  Narcel Dekker,  Inc.,  NY, 

1976. 
86. Phillips, M.C., Chem.  Ind. p. 170, 1977. 
87. Inklaar, P., and J. Fortuin,  Food Technol.  23 :103  (1969).  
88. Crenwelge, D., C. Dill, P. Tybor,  and W. Landmann ,  J. Food 

Sci. 39:175 (1974).  
89. Pearson, A.M., M. Spooner ,  G. Hegerty, and L.J. Bratzler, 

Food Technol .  19:1841 (1965).  
90. Ya t sumatsu ,  K., K. Sawada, S. Moritaka, M. Misaki, J. Toda,  T. 

J. AM. OIL CHEMISTS'  SOC., March 1939 (VOL. 56) 257 



Wada, and K. Ishii, Agric. Biol. Chem. 36:719 (1972). 
91. Franzen, K.L., and I.E. Kinsella, J. Agric. Food Chem. 24:788 

(1976). 
92. Rham, O., J. Kruseman, and J. Hidalgo, J. Food Sci. 43:642 

(1978). 
93. Horiuchi, T., D, Fukushima, H. Sugimoto, and T. Hattori, 

Food Chem. 3:35 (1978). 
94. Eldridge, A.D., P.K. Hall, and W.J. Wolff, Food Tech. 17:1592 

(1963). 
95. Glabe, E.F., P. Anderson, L. Finn, and A.K. Smith, Ibid. 10:51 

(1956). 
96. Smith, A.K., E. Schubert, and P.A. Belter, JAOCS 32:274 

(1955). 
97. Betz, N., and N. Stepanick, U.S. Patent 3,674,501, 1972. 
98. Burnett, R.S., and J.K. Gunther,  U.S. Patent 2,489,973, 1949. 
99. Maga, J., J. Agric. Food Chem. 21:864 (1973). 

100. Quist, I.M., and W. Von Sydow, J. Agric. Food Chem. 22:1077 
(1974). 

101. EIdridge, A.C. in "Soybeans Chemistry and Technology," 
Edited by A.K. Smith and S.J. Circle, Avi Publ. Co., Westport, 
CT, 1978, p. 144. 

102. Gruell, E.M., JAOCS 51:98A (1974). 
103. Sessa, I)., and 1.1. Rackis, Ibid. 54:468 (1977). 
104. Solms, J., O.F. Ismail, and M. Beyeler, Can. Food Sci. Technol. 

J. 6:AIO (1973). 
105. Arai, S., M. Noguchi, M. Yamashita, H. Kato, and M. Fujimaki, 

Agric. Biol. Chem. 34:1569 (1970). 
106. Gremli, M., JAOCS 51:95A (1974). 
107. Eranzen, K., and I.E. Kinsella, J. Agric. l"ood Chem. 22:675 

(1974). 

108. Solms, J., F.O. Ismail, and M. Beyeler, Can. Inst. Food Sci. 
Tech. J. 6:A10 (1973). 

109. Eldridge, A.C., K. Warner and W.J. Wolf, Cereal Chem. 
54:1229 (1977). 

110. Harig, D., K. Warner and J. Rackis, J. Food Sci. 41:642 (1976). 
111. Fujimaki, M., H. Kato, S. Arai, and M. Yamashita, U.S. Patent 

3,585,047, 1971. 
112. Fujimaki, M., S. Arai, and M. Yamashita, in "Food Proteins: 

Chemical and Enzymatic Modification," Am. Chem. Soc. 
Series 160, Am. Chem. Soc., Washington, DC, 1977, p. 156. 

113. Haas, G., U.S. Patent 3,920,852, 1975. 
114. Kinsella, I.E., and K.J. Shetty, in "Modification of Proteins," 

Edited by A. Pour-El, Am. Chem. Soc. Series No. (In press), 
1979. 

115. Rackis, J., in "Enzymes in Food and Beverage Processing," 
Edited by R.L. Ory and A.J. St. Angelo, Am. Chem. Soc. 
Sym. No.47, Am. Chem. Soc., Washington, DC, 1977, p. 255. 

116. Melnychyn, P., and R.B. Stapley, U.S. Patent 3,764,711, 1973. 
l l7 .  Herrnansson, A.M., and C. Akesson, J. Food Sci. 40:595 

(1975). 
118. Yatsumatsu, K., M. Misaki, T. Tawada, K. Toda, and K. Ishi, 

Agric. Biol. Chem. 36:737 (1972). 
119. Lauck, R., J. Food Sci. 40:736 (1975). 
120. Smith, G.C., H. John, Z.L. Carpenter, K.F. MattiI, C.M. Cater, 

Ibid. 38:849 (1973). 
121. Bean, M., M. Hamamoto,  D. Mecham. D. Guadagni, and D. 

I"ellers, Cereal Chem. 53:397 (1976). 
122. Laignelet, B., P. Feillet, D. Nicolas, and U. Kadane, Lebensmitt- 

Wissenschaft Tech. 9:24 (1976). 

2 5 8  J. AM. OIL CHEMISTS' SOC., March 1979 (VOL. 56) 


