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•  Soy Protein Gelation 
A.-M. Hermansson 
SIK - The Swedish Food institute, P.O. Box 5401, S-402 29 Gothenburg, Sweden 

Heat-induced protein gels are of importance for the struc- 
ture  and propert ies  of m a n y  food products .  Gel forma- 
tion is a complex process which often involves several  
react ions such as denaturat ion,  dissociation-association, 
and aggregat ion.  The kinetics of the react ions involved 
will determine the type  of s t ructure  formed. Protein gels 
can be divided into two types:  gels formed by random ag- 
gregat ion and gels formed by associat ion of molecules 
into s t rands  in a more ordered way. 

The two soy proteins glycinin and conglycinin both  
have the abil i ty to form ordered s t ruc tures  consist ing of 
s t r ands  10-15 nm thick. The glycinin gel s t rands  formed 
in distilled water  are regular, and cross sections of s t rands 
showed a hollow cylindrical s t ructure.  In the presence of 
sodium chloride, glycinin forms  an aggrega ted  gel struc- 
ture at  85 C, but  a t  95 C a regular  s t ruc ture  similar to 
tha t  found in distilled water  was formed. The aggregated 
s t ruc ture  was  in terpre ted  as a t rans ient  s t a te  similar  to 
the  soluble aggrega te  formed on heat ing dilute solutions 
@rior to dissociation into subunits .  

Conglycinin gels are more irregular  and more cross- 
linked than  gels of glycinin. Also, the s t rands  of con- 
glycinin showed a complex mode of aggregat ion possibly 
in the form of double spirals. The addition of sal t  does 
not affect  the micros t ruc ture  of conglycinin gels as 
dramat ica l ly  as in the case of glycinin gels. 

Commercial ly  produced soy protein isolates may  
behave quite differently f rom native soy proteins, due to 
processing conditions causing denatura t ion and various 
s ta tes  of aggregat ion.  

Heat-induced protein gels are impor tan t  to the s t ructure  
and propert ies  of many  food products .  Hea t ing  of pro- 
teins may  give rise to several reactions such as denatura- 
tion, association, dissociation and aggregation.  Gel for- 
mat ion  is a complex process involving several  different 
reactions. The degree of random aggregat ion determines 
the type of gel s tructure formed. Association and dissocia- 
tion react ions are of importance  for the onset  of gelation 
as well as for the or ientat ion of molecules into s trands.  
Denatura t ion  is often required for gel format ion  to take 
place, but  gels can form from already denatured proteins 
or spontaneously  f rom nat ive  proteins  under  special 
conditions. An absolute  prerequisi te  for gel format ion is 
the interact ion between protein molecules, s t rands  or 
aggrega tes  in such a way tha t  some kind of a three- 
dimensional network is formed. As i l lustrated in Table 1, 
some of these reactions are induced by protein-water and 
some by  protein-protein interact ions (1). 

The kinetics of the react ions involved in gel format ion 
will determine the type  of s t ructure  formed as well as the 
propert ies  of the structure,  e.g. water  holding and rheo- 
logical properties.  

AGGREGATED AND ORDERED PROTEIN GELS 

Protein gels can be divided roughly into two types,  gels 
formed by  " r a n d o m "  aggregat ion  and gels formed by  
associat ion of molecules into s t rands  in a more ordered 
way. Due to small  changes in the repulsive balance, gels 
of bo th  types  can be formed from one protein and the 
transfer from one type of gel s t ructure to another can take 
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TABLE 1 

Mechanisms and Conformations Involved in Structure Formation 

Protein-solvent Protein-protein 

Mechanism{s) Mechanism{s) 

Dissociation Association 
Denaturation Precipitation 
Solubilization Coagulation 
Swelling Flocculation 

Aggregation 

Conformation(s) Conformation{s) 
Coil Helix 

Native structure 
Three dimensional structure 

place within 0.1 pH unit. Aggregated gels are non-trans- 
parent, whereas ordered gels from small globular proteins 
such as/3-1actoglobulin or serum albumin may be com- 
pletely transparent. 

Aggregated gets can be described as being in various 
stages of phase separation. Generally speaking, the finest 
structure is obtained under conditions during which the 
tendency toward aggregation is just above that necessary 
for gels to form. An increased degree of random aggrega- 
tion beyond this point will result in a coarser structure, 
as illustrated in Figure 1. 

For example, heating above the gelation temperature 
will increase the tendency for random aggregation, and 
a coarser structure with larger aggregates will be formed. 
This is illustrated in Figures 2 and 3 showing 12% whey 
protein gels formed at 75 C and 95 C in distilled water. 
Similar results have been shown previously for blood 
plasma protein gels {2). The coarser the structure the 
poorer the water-holding properties of the gels. Conse- 
quently, the gels formed at 95 C have considerably poorer 
water holding properties than the gels formed at 75 C 
(3,4). 

Information about molecular properties may be of 
limited value for the understanding of the structure and 
properties of aggregated, or phase separated, gels. In- 
stead, it is important to obtain knowledge of the factors 
that promote and restrict aggregate growth, e.g. surface 
tension which may promote growth and the net surface 
charge of aggregates which may restrict growth and 
thereby determine the particle size distribution of an 
aggregated protein gel. For example, a structure almost 
identical with that shown in Figure 3 may be formed 
under certain conditions from myosin, which has com- 
pletely different molecular properties from/3-1actoglobu- 
lin, the main gel-forming protein in whey (5). 

If the energy barrier against random aggregation is suf- 
ficient, the molecules can arrange themselves into strands 
and the second type of gel structure may form. It has been 
postulated previously that molecules of globular proteins 
expand due to unfolding during denaturation and then 
associate into strands in a linear way like a "string of 
beads" (6,7). As will be shown later, glycinin and con- 
glycinin form ordered gels by a more complex mode of 
association. To understand the formation of ordered gel 

6 

FIG. 1. Schematic illustration of a change in gel structure due to 
local aggregation phenomena. 

FIG. 2. Scanning electron microscopy (SEM) mierograph of a 12% 
whey protein gel heated to 75 C at pH 7. 
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FIG. 3. SEM micrograph of a 12% whey protein gel heated to 95 C 
at pH 7. 

structures, it is important  to have knowledge of such reac- 
tions as denaturation,  dissociation and association. 

SOY PROTEINS 

The major soy proteins glycinin and conglycinin both  
have the ability to form ordered gel structures. These pro- 
teins have complex qua te rnary  s t ructures  tha t  easily 
undergo association-dissociation reactions, depending on 
environmental conditions. Glycinin consists of alternately 
arranged acidic and basic subunits (8). The number of dif- 
ferent acidic and basic subunits tha t  have been identified 
varies from three to eight; the number varies for different 
soybean cultivars. The molecular weight of the subunits  
is 34800-45000 for the acidic and 19600-22000 for the 
basic subunits, and the isoelectric point 4.75-5.40 for the 
acidic and 8.05-8.5 for the basic subunits. Intermolecular 
-S-S-bond(s) exist  between pairs of acidic and basic 
subunits (8-12). Acidic subunits not connected to a basic 
subunit  by -S-S-bonds also have been reported (11,12). 

p-Conglycinin makes up 90% of the conglycinin frac- 
tion and often exists in a dimer form, each dimer con- 
sisting of two cyclic tr imers of subunits  placed on top of 
each other. The molecular weight of the three subunits  
a, a '  and/3 are 57000 for ~ and a' and 42000 for/~; the 
isoelectric points are 4.9, 5.2 and 5.7-6.0 for a, a' and 
subunits, respectively, p-Conglycinin has a very  low 
sulphur content,  and there are no intermolecular -S-S- 
bonds between subunits  (13-16). 

EFFECT OF IONIC STRENGTH ON DENATURATION 
AND DISSOCIATION 
Denatura t ion of a soy protein isolate in the absence and 
presence of sodium chloride has been studied by differen- 
tial scanning calorimetry (DSC). Figure 4 shows DSC 
thermograms of 10% soy protein dispersions in distilled 
water  and in 0.2 M sodium chloride at pH 2-10 (1). 

Two endothermic peaks can be observed in the pH 
range 4-9. Denaturat ion of conglycinin is responsible for 

I 
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FIG. 4. I)SC thermograms of 10% soy protein dispersions in dis- 
tilled water (top) and 0.2 M NaCI (bottom) at pH 2.0 to 10.0 (1). 
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TABLE 2 TABLE 4 

Endothermic DSC Peak Characteristics as a Function 
of NaCl Concentration at pH 7 

Effect  of Heat  on the Ultracentrifugation Pattern 
of the 7S Globulin in 0.01 and 0.1 M NaCl (17) 

Peak 1 Peak 2 

NaC1 conc. Td a Tma x T d Tma x 
(M) (°C) (°C) {°C) (°C) 

0 67.0 76.0 80.0 91.0 
0.01 68.0 76.5 81.0 91.0 
0.05 70.0 77.0 84.5 92.5 
0.10 72.0 78.5 86.0 94.0 
0.25 74.0 80.5 90.0 97.0 
0.50 78.5 85.0 97.0 101.0 
1.0 87.0 92.0 103.0 108.0 
2.0 97.0 102.0 >103.0 >113.0 

aT d is the denaturation temperature and Tma x the temperature at 
the peak maximum (1). 

TABLE 3 

Effect  of Heat  on the Ultracentrifugation Pattern 
of the 11S Globulin in 0.01 and 0.1 M NaCI (17) 

NaC1 l lS  4S 28S 
Sample (M} (%) (%} (%) 

Unheated 0.01 77 - -  - -  
Heated to 80 C 0.01 -- 52 48 
Heated to 100 C 0.01 -- 52 48 
Unheated 0.1 77 -- - -  
Heated to 80 C 0.1 25 37 28 
Heated to 100 C 0.1 -- 45 55 

the first and denaturat ion of glycinin for the second peak. 
The measu remen t s  made in distilled water  are more p H  
dependent than those made in 0.2 M sodium chloride solu- 
tions. In  distilled water  the protein is mos t  stable against  
denaturat ion at  p H  5, close to the isoelectric region where 
the net charge is low. At  ex t reme p H  2, 3 and 10, par t ia l  
denaturation takes place even before heat  t reatment,  both  
in the absence and in the presence of sodium chloride. The 
presence of sal t  stabilizes the qua te rna ry  s t ruc ture  and 
thereby the proteins against  denaturation. This is clearly 
i l lustrated in Table  2, which shows the  onset  of denatura- 
tion of the two denatura t ion  peaks  (Td) as well as the 
tempera ture  of the peak m ax i m a  {Tm~) a t  salt  concentra- 
tion in the range of 0.01-2.0 M. 

I t  can be seen t ha t  the T~, of peak  1 increased by  19 C 
and the Td of peak  2 by  22 C when the salt  concentrat ion 
was increased f rom 0.01 to 1.0 M. 

No DSC da ta  of isolated glycinin and conglycinin frac- 
tions have thus  far been published, and it is possible tha t  
dena tura t ion  t empera tu res  of pure  fract ions would 
deviate  somewhat  f rom the resul ts  of the soy protein 
isolate discussed above. 

The presence of salt  stabilizes the quaternary  s t ructure  
of glycinin against  dissociation and thereby probably  the 
protein agains t  denaturat ion.  Hash izume  et al. (17) have 
inves t igated changes in the ul t racentr i fugat ion pa t t e rns  
of glycinin and conglycinin fractions when solutions were 

Sample NaCt 7S 28S 
Treatment (M) (%) I%) 

Unheated 0.01 91 -- 
Heated to 80 C 0.01 43 50 
Unheated 0.1 91 -- 
Heated to 80 C 0.1 9 71 

heated to 80 C and 100 C in the presence of 0.01 and 0.1 M 
sodium chloride. The results  are shown in Tables 3 and 4. 

As can be seen f rom Table 3, the amount  of dissocia- 
tion products  (4S} was lower when the glycinin-rich frac- 
t ion (11S) was hea ted  in 0.1 than  in 0.01 M sodium chlo- 
ride solutions. Fur thermore ,  25% of the 11S fract ion 
remained af ter  heat ing to 80 C in 0.1 M NaC1, whereas 
no l l S  fraction could be detected after heat ing in 0.01 M 
NaC1. 

As can be seen f rom Table 4, no dissociation products  
were found af ter  heat ing of the conglycinin-rich fract ion 
(7S}. Cont ra ry  to the  resul ts  obta ined with  the 11S frac- 
tion, less of the 7S fraction remained after heating to 80 C 
in 0.1 M sodium chloride than  af ter  heat ing  in 0.01 M 
NaC1. Aggrega t ion  was thus found to be favored by  the 
higher salt  concentrat ions.  

The effect of salt  on the denatura t ion  t empera tu re  im- 
plies tha t  the gelation t empera tu re  also will be affected 
by the salt  concentration.  The shear force increase as a 
function of the heating tempera ture  was studied and used 
as a crude measurement  of the gelation t empera tu re  (1). 
Figure 5 shows the shear force as a function of the heating 
tempera ture  of soy protein dispersions at p H  7, when the 
salt concentration was increased from 0.2 to 2.0 M. I t  can 
be seen tha t  the gelation t empera tu re  increased with in- 
creasing salt  concentration, and at 2.0 M the gelation was 
completely  suppressed  at  ~<100 C. 

HEAT INDUCED ASSOCIATION-DISSOCIATION 
REACTIONS 

Apar t  f rom the ul t racentr i fugat ion resul ts  obtained by  
Hashizume et al. (Table 4), no studies have been published 
on heat-induced association reactions of conglycinin-rich 
fractions. Glycinin has been far more extensively studied. 
Most  of these studies have been made under  the follow- 
ing experimental  conditions: protein concentrat ion 0.5%, 
p H  7.6, ionic s t rength 0.5, and heating temperature  100 C. 
As will be shown later, the resul ts  f rom these studies are 
of impor tance  for the  unders tanding  of gel format ion  of 
glycinin in the presence of salt. 

Wolf and Tamura  (18) followed the changes in ultracen- 
tr ifugation pa t te rns  during heating of 0.5% glycinin solu- 
tions a t  100 C. Their  resul ts  are summar ized  in Figure 6. 

The 11S component  completely  d isappeared after  five 
min. A soluble aggrega te  was formed bu t  d isappeared 
within seven min of heating.  Wi th  the decrease of the 
amount  of soluble aggregate ,  a precipi ta te  and a soluble 
4S fraction were formed. A smaller amount  of a t ransient  
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position of a 0.5% glycinin solution at an ionic strength of 0.5 and 
pH 7.6 (18). 

7S component also was isolated. Yamagishi et al. (19) 
analyzed the composition of fractions corresponding to 
those described above. They found that the 4S compo- 
nent consisted of acidic subunits and that  the transient 
7S component probably was an oligomer of acidic sub- 
units. The precipitate was found to consist of basic 
subunits. Similar results were obtained by Mori et al. (20). 
They concluded that heating of a 0.5% glycinin solution 
results in the formation of a transient soluble aggregate 
consisting of acidic and basic subunits with a ratio of 
acidic subunits slightly lower than that  of the native 

molecule. On subsequent heating, this aggregate disap- 
peared and a complete dissociation into acidic and basic 
subunits took place. The basic subunits precipitated due 
to their low solubility at pH 7.6, whereas the acidic 
subunits remained soluble. 

In addition to the studies of 0.5% glycinin solutions, 
Mori et al. (20) studied the effect of heating of 5% glycinin 
solutions. At the higher protein concentration they found 
no separation into acidic and basic subunits of the solu- 
ble aggregate, but further aggregation and subsequent 
gel formation after five min of heating. They drew the con- 
clusion that glycinin in concentrated solutions does not 
dissociate on heating and that the soluble aggregate was 
a precursor to the glycinin gel. 

GLYCININ GELS 

Hermansson (21) investigated the microstructure of 
glycinin and conglycinin-rich gels prepared in the presence 
and absence of 0.2 M sodium chloride and heated to 
various temperatures. Figure 7 shows the microstructure 
of a 12% glycinin gel made in distilled water and heated 
to 95 C for 30 min. 

The gel consists of very regular strands. Cross-sections 
of strands show that  they are built up like hollow tubes. 
Some cross-sections are encircled. The outer diameter of 
the strands is 12-15 nm. Micrographs at higher magnifi- 
cations (400,000×) of cross-sections of strands indicated 
the strands are composed of subunits in some kind of 
spiral arrangement (21). 

No major changes of the structure were observed when 
the heating temperature of gels made in distilled water 
was lowered from 95 C to 85 C. Quite different results 
were obtained in the presence of 0.2 M sodium chloride. 
As can be seen from Figures 8 and 9, an aggregated struc- 
ture was formed at 85 C but when the heating tempera- 
ture was raised to 95 C the structure changed from an 
aggregated structure to an ordered network of strands. 
The latter structure was somewhat denser than but 
similar to that formed in distilled water. 

Contrary to the observations discussed earlier, of the 
effects of heating temperatures on aggregated gel 
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FIG. 7. Section of a 12% glycinin gel made in distilled water at 95 C at a magnification of 200000X. Examples 
of cross-sections of strands are encircled. 

Z 

FIG. 8. Section of a 12% glycinin gel made in 0.2 M NaCI at 85 C 
at a magnification of 100000X. 

FIG. 9. Section of a 12% glycinin~gel made in 0.2 M NaCl at 95 C 
at a magnification of 100000X. 

systems, we here have a situation in which an increase 
in heating temperature causes a transition from an ag- 
gregated structure to a more ordered strand structure. 
The aggregated structure found at 85 C was unstable and 
could vary considerably with regard to the state of ag- 
gregation between different preparations, whereas the 
structure formed at 95 C in the presence of 0.2 M sodium 
chloride was very reproducible. The aggregated gel struc- 

ture formed at 85 C in 0.2 M NaC1 is believed to corre- 
spond to the transient soluble aggregate formed in dilute 
solutions and to the gel structure described by Mori et 
al. (20}. There is no reason to believe that the behavior 
of glycinin should differ with regard to dissociation and 
denaturation between dilute and concentrated systems, 
but rather that  different kinetics determine the dissocia- 
tion and subsequent reassociation into regular strands 
in concentrated gel systems and the dissociation and 
separation into acidic and basic subunits in dilute 
systems. 

It  thus can be concluded that  the regular strands of 
glycinin gels formed in distilled water at 85 C and after 
sufficient heating at 95 C in the presence of sodium 
chloride are caused by dissociation of the quaternary 
structure of glycinin and reassociation of the subunits 
into some kind of spiral arrangement. It  is unlikely that  
there is complete separation into acidic and basic subunits 
fractions in the gel, because two types of strands and a 
more irregular structure would then be expected. 

CONGLYCININ GELS 

The microstructure of a 12% conglycinin-rich gel formed 
at 85 C in distilled water is shown in Figure 10. 

The gel structure is denser and its network more 
strongly crosslinked than that of glycinin. The strands 
of the conglycinin-rich gel are more compact and less 
regular than those of glycinin. The strand thickness is 
generally in the range 10-14 nm, but small regions of 
strands are of finer dimensions. In the case of conglycinin, 
the strands are composed of some kind of circular arrange- 
ment and not of expanded subunits, according to the 
"strings of beads" mechanism. Examples of spiral struc- 
tures are encircled. 

Conglycinin-rich gels also were formed at 75 C in dis- 
tilled water and at 75 C and 85 C in the presence of 0.2 M 
sodium chloride. Lower temperatures were chosen 
because conglycinin has a lower denaturation temperature 
than glycinin. There were no major changes between gels 
formed at 75 C and 85 C in distilled water Or between gels 
formed at 75 C and 85 C in 0.2 M sodium chloride. The 
addition of salt produced a denser network structure. 

3AOCS, VoL 63, no. 5 (May 1986) 
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FIG. 10. Section of a 12% conglycinin gel made in distilled water at 85 C at a magnification of 200000X. 
Examples of circular arrangements are encircled. 

GELS FROM SOY PROTEIN ISOLATES 

The gel structure of a soy protein isolate (A) was in- 
vestigated by electron microscopy by Hermansson and 
Buchheim (22). The isolate was a pilot plant preparation 
of an acid-precipitated soy protein isolate prepared under 
mild conditions (1). Twelve percent protein dispersions 
were heated to 85 C in distilled water and in 0.2 M sodium 
chloride at pH 7. As expected, a more aggregated struc- 
ture was obtained in the presence of sodium chloride. This 
structure was more similar to that of glycinin than to that 
of conglycinin gels heated to 85 C. The magnification in 
this study was too low for any conclusions to be drawn 
about the composition of the strands. 

Information about the gel structure of glycinin, con- 
glycinin or acid precipitated soy protein isolates may be 
of limited value for the understanding of commercially 
available soy isolates, because processing during produc- 
tion may have induced completely different properties. 
Figure 11 shows DSC thermograms of the acid precipi- 
tated soy protein isolate (A) and the commercial isolates 
B, C and D, of which C and D are the most commonly 
used (23). 

I t  can be seen that  isolates C and D are completely 
denatured and the isolate B partially denatured. Surpris- 
ingly enough, isolate D showed high solubility outside the 
isoelectric regime, when the measurements were made in 
distilled water (Fig. 12). However, in the presence of 0.2 M 
sodium chloride the results turned out quite differently 
(Fig. 13). Now the solubility is low in the whole pH range 
2-9. This finding is of practical importance because the 
soy protein isolate D will function quite differently, 
depending on how it is used. If a dispersion of isolate D 
is heated in distilled water, it will dissolve and form a 
relatively fine gel network in spite of the fact that  it is 
completely denatured. The isolate also can form a gel in 
the presence of salt, but this gel is produced by swelling 
of spray dried particles as shown in Figure 14 and has 
no resemblance to protein gels (24). 
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FIG. 11. Differential scanning calorimetry (DSC) thermograms of 
10% soy protein isolates at pH 7.0 in distilled water. A: produced 
under mild conditions on pilot plant scale. Isolates B~ C, and D: com- 
mercially available isolates (23). 
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FIG. 12. Solubility as a function of pH in distilled water of 1% disper- 
sions of the mildly produced soy protein isolate A and the commer- 
cial soy protein isolate D (23). 
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FIG. 13. Solubility as a function of pH in 0.2 M NaCI of 1% disper- 
sions of the mildly produced soy protein isolate A and the commer- 
cial soy protein isolate D (23). 

To i l lustrate the different forms of behavior  of isolate 
D, depending on how it is added to a food formula, an 
exper iment  was made where 2% and 4% isolate D were 
added to a mea t  emulsion product  in two different ways.  
I t  was either pre-swelled in the absence of salt  and then 
added to the mea t  ba t t e r  or added in i ts  dry  form after  
the salt  had been added to the meat .  A p a r t  f rom the dif- 
ferent ways  of adding the soy protein isolate, the recipes 
and the processing conditions were the same. 

The presence of swelled soy part icles when added dry 
can easily be detected in the meat  sys tem both before and 
after  heat  t rea tment ,  as i l lustrated by  Figure 15. Figure 
16 shows tha t  there was a marked  difference in cooking 
loss, depending on the way in which the two isolate levels 
were added. When the isolate was added pre-swelled it 
could dissolve before the addition of salt  and make a 
bet ter  contribution to the structure and the fat  and water- 
holding propert ies  of the product.  When the isolate was 
added dry it stabilized the structure in the form of swelled 
part icles and behaved more like a t ex tu red  protein than  
a gelling ingredient.  

The resul ts  show tha t  protein can form gels of quite 
different dimensions, f rom ordered ne tworks  of s t rands  
to phase  separa ted  or aggrega ted  s tructures ,  to the ex- 
t reme where the protein is insoluble and a "gel" is formed 
from spray  dried particles.  Soy protein gels can be found 
in all these categories.  

Soy glycinin and conglycinin have the ability to form 
ordered networks of strands. The strands of both  proteins 

FIG. 14. SEM micrograph of a 12% soy protein "gel" of isolate D 
made in 0.2 M NaCl at 95 C at a magnification of 800X. 

were composed of associated monomers  ar ranged in a 
circular way. The glycinin s t rands  were more regular and 
the degree of crossl inking lower than  in the case of con- 
glycinin-rich gels. The aggrega ted  s t ruc ture  of glycinin 
formed at  85 C in the presence of salt  was  in terpre ted  as 
a t rans ient  s ta te  corresponding to the soluble aggrega te  
found in early s tages  of heat ing of dilute glycinin 
solutions. 
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FIG. 15. Light micrograph of a cooked sausage with swelled par- 
ticles of isolate D at magnification of 200X. 
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