
Effect of Heat Treatments in Very Acidic Conditions 
on Whey Protein Isolate Properties 

ABSTRACT 

The effect of heat treatments of whey 
protein isolate was studied under very 
acidic conditions. Dispersions of whey 
protein isolate in .1 M HCl (PH 1.2 to 
1.3) were heated at 90°C for 0 to 120 
min, adjusted to pH 6.9, dialyzed, and 
freeze-dried. The resulting isolates were 
characterized for protein solubility at 
different pH and for the extent of protein 
deamidation. Electrophoretic and calori- 
metric behavior, light transmittance of 
heated dispersions, and gelling properties 
were also determined. Thermal treat- 
ments produced several protein altera- 
tions: protein denaturation, partial 
deamidation, and a decrease of 0-LG. a- 
LA, and BSA; protein species of low 
molecular weight and aggregates ap- 
peared at the same time. Gels prepared 
by dispersion of the isolate heated for 2 
h in .1 M HCl exhibited very low elastic- 
ity, firmness, and water-holding capacity. 
However, texture characteristics of gels 
of whey protein isolate heated for 0 to 60 
min in . l  M HCl did not differ in spite of 
protein changes during treatment. 
(Key words: heat treatment, acidic con- 
ditions, functional properties, whey pro- 
tein isolate) 

Abbreviation key: DSC = differential scan- 
ning calorimetry, ME = 2-mercaptoethanol, 
WHC = water-holding capacity, WPI = whey 
protein isolate. 
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INTRODUCTION 

The effect of heat on whey protein and /3- 
LG at pH between 2.0 and 3.5 has been exten- 
sively studied (1, 6, 7, 8, 9, 10, 12, 17, 18, 19). 
At pH >4, whey proteins coagulated rapidly 
when heated to more than 70°C; however, at 
pH c3.5, resistance to coagulation was high 
(12). Calorimetric studies showed higher ther- 
mal stability at pH 3.0 than at neutral pH (3) 
and a highly soluble whey protein concentrate 
was obtained by adjustment of the sweet whey 
to pH 2.5 to 3.5 and heating at 90'C for 15 
min (17). Harwalkar (7) found that whey pro- 
teins heated (90'C, 30 min) at pH 2.5 remained 
in solution, exhibiting a partial loss of solubil- 
ity at pH 4.5. Harwalkar (7) suggested that two 
fractions of @-LG can occur after the whey has 
been heated at pH 2.5: the fraction that is 
insoluble at pH 4.5, which was partially and 
irreversibly unfolded, and the fraction that is 
soluble at pH 4.5, which is quite similar to the 
native 0-LG. 

However, no information was found to elu- 
cidate the effect of the thermal treatment at pH 
~ 2 . 0 .  Even if undesirable protein modifications 
were produced during this treatment, the 
characterization of the protein changes may 
contribute to an understanding of the effect of 
heat treatments under very acidic conditions. 
In the present study, a whey protein isolate 
(WPI) was dispersed in . 1 M HC1 and heated at 
90°C for 0 to 120 min; alterations of several 
parameters, such as denaturation, solubility, 
and deamidation of the whey proteins and their 
gelling properties, were studied. 

MATERIALS AND METHODS 

Materials 

The WPI, obtained from Union Laitikre 
Normande (CondC-sur-Vire, France), was pre- 
pared on an industrial scale by anion-exchange 
chromatography of sweet whey on a Spherosil 
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QMA column (RhSne-Poulenc, France). After 
elution from the resin at acidic pH, the eluate 
was evaporated and spray dried. The WPI con- 
tained 6% moisture, 85% protein [(total N - 
NPN) x 6.38) (dry basis), < I %  fat, < I %  lac- 
tose, and 2.5% ash (dry basis). The WPI also 
contained 70 g of 0-LG (in the dimer form) 
and 6 g of c~-LA/100 g of protein, as deter- 
mined by gel permeation chromatography. The 
N solubility index (grams of soluble N per 100 
g of total N) at pH 3.75, 4.7, and 7.0 was 83.4, 
77.5, and 97.4, respectively. All chemicals 
were analytical grade. 

Heat Treatment. The WPI was dispersed in 
.1 M HCI (200-g dispersion; 5% protein, wt/ 
wt; and pH 1.2 to 1.3) in glass containers (6 cm 
i.d.). After dispersion, samples were heated in 
a water bath at 90°C for 0 (control), 15, 30, 60, 
and 120 min with gentle stirring and then 
cooled in a water bath to about 15°C. After 
cooling, the pH was adjusted to 6.9 with 2 M 
NaOH; the resulting samples were dialyzed 
twice against 2 L of distilled water at 3°C and 
freeze-dried. 

Extent of Dea m idat io n 

Amide N was determined as the amount of 
NH3 distilled after the sample was refluxed in 
2 M HCl for 2 or 3 h (2, 14). Results for both 
times were identical. The extent of deamida- 
tion was calculated as 100 x (NH3 of the 
unheated sample - NH3 of the heated sample)/ 
NH3 of the unheated sample. Each value is the 
mean (k SD) of at least three determinations. 

Protein Solubility 

Samples were dispersed in distilled water 
(about .01 g of proteid10 ml), adjusted to the 
desired pH with .I25 M to .0125 M NaOH or 
HCI, slowly stirred for 30 rnin, and centrifuged 
at 18,800 x g for 15 min. Protein solubility 
was determined from the protein content of the 
supernatant and as a percentage of the total 
protein content. Each value was the mean (k 
SD) of three independent preparations. Protein 
concentration was determined by the biuret 
method (5) using @-LG (Sigma Chemical Co., 
St. Louis, MO) as a standard. 

Electrophoreslr 

The SDS-PAGE was performed according 
to the method of Laemmli (13). A linear gra- 
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dient separating gel (8 to 20% of polyacryla- 
mide) was prepared with an acrylamide to bis- 
acrylamide ratio of 45 to 2. The stacking gel 
contained 6% polyacrylamide (same ratio). 
Protein solutions (10 mg/ml) were diluted with 
an equal volume of .2 M Tris.HC1 buffer (pH 
6.8) containing 30% (voUvol) glycerol and 4% 
(wt/vol) SDS with or without 10% (voVv01) 
2-mercaptoethanol (ME) and then heated in a 
boiling water bath for 4 min. The relative 
intensity of the bands was determined with a 
scanning densitometer (GS 300; Hoefer Scien- 
tific Instruments, San Francisco, CA) at 590 
nm. The molecular mass of each protein spe- 
cies was estimated by comparison with protein 
standards (Sigma Chemical Co.). 

Differential Scanning Calorimetry 

For differential scanning calorimetry @ S O  
a micro apparatus from Setaram (Lyon, France) 
was used. Whey protein dispersion samples 
(850 rng) in distilled water (5% protein, wt/wt; 
pH 7.0, adjusted with .0125 M HCI) were 
placed in a hastelloy C276 hermetic cell 
(Setaram). Distilled water was the reference. 
The sample and the reference were subjected 
to a linear temperature gradient (20 to 99°C; 
heating rate, 1"CYmin). After cooling, sample 
and reference were heated a second time under 
the same conditions. No peaks were obtained 
during the second heating. The enthalpy of 
denaturation (Joules per gram of protein) and 
the apparent transition temperature were com- 
puted from the endothermal peak obtained as 
the difference between the first and the second 
heatings. 

Heating and Gelation of WPI Dispersions 

Aqueous dispersions (1 1% protein, wt/wt) 
of the freeze-dried samples were adjusted to 
pH 7.0 with .5 or .125 M HCI or NaOH. 
Dispersions were partially deaerated by cen- 
trifugation at lo00 x g for 1 min (25), carefully 
resuspended with a glass rod, and placed in 
glass tubes (2.2 cm i.d. x 4.5 cm height) with 
tightly closed stoppers. For gelation, the tubes 
were heated in a water bath at 87°C for 45 
min, as described by Shimada and Cheftel (24). 
Gel samples were kept at 3°C for 13 h until 
texture analyses. 
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Gel Texture 

Gels were equilibrated at room temperature 
(about 20°C) for 21 h. The texture analysis was 
carried out on gel sections (2.2 cm diameter x 
2.0 cm height) with a Stevens LFRA Texture 
Analyzer (St. Albans. England) in a compres- 
sion mode. Compression was by a cylindrical 
probe with a flat section (5.1 cm diameter) at a 
displacement speed of .2 mm/s. Gel firmness 
was defined as the initial force (Newtons) 
measured at 20% (4-mm) compression. This 
compression was then maintained for 10 min, 
and the force exerted on the probe was meas- 
ured. Gel elasticity was taken as the force after 
10 min divided by initial force. For each type 
of gel, the mean (It SD) was of single determi- 
nations on each of three gels. 

Water-Holding Capaclty 

To determine the water-holding capacity 
(WHC), 1.0 to 1.7 g of gel, equilibrated at 
room temperature, were placed on a polyethyl- 
ene net membrane (20-pm pore size; Pharma- 
cia Fine Chemicals, Uppsala, Sweden) main- 
tained in the middle of a 50-ml centrifuge tube. 
Water loss was determined in duplicate by 
weighing after centrifugation at 120 x g for 5 
min (21). The WHC was expressed as a per- 
centage of the initial gel water remaining in 
the gel after centrifugation. 

Transmittance of Protein Dispersions 

Aqueous dispersions (5% protein, wt/wt) of 
the freeze-dried samples were adjusted to pH 
7.0 with .125 or .0125 M HCl or NaOH. 
Heating (87°C 45 min) was carried out on 5.5 
ml of the dispersion sample in a glass tube (10 
x 120 mm), according to the method of 
Shimada and Cheftel (24). Tubes were then 
cooled rapidly to room temperature in tap wa- 
ter; the gel transmittance was measured at 660 
nm against distilled water with a Bausch and 
Lomb Spectronic 88 colorimeter (Rochester, 
w. 

RESULTS AND DISCUSSION 

Protein Solubility 

Figure 1A shows the protein solubility at 
different pH of WPI heated in .1 M HCI @H 

Time (min) 

Figure 1. A. Protein solubility of whey protein isolate 
as a function of pH: control (0). heated in . I  M HCI for 15 
min (A), 30 min (0). 60 min (0). and 120 min (x). B. 
Protein solubility as a function of heating time in . I  M HCI 
@H 1.2 to 1.3): solubility at pH 2.5 (0). pH 3.9 (A), pH 4.7 
(x), pH 5.40). pH 6.5 (o), and pH 7.5 (r). Bars represent 
standard deviations of three determinations. 

1.2 to 1.3) and subsequently adjusted to pH 
6.9, dialyzed, and freeze-dried; Figure 1B 
depicts protein solubility as a function of heat- 
ing time in .1 M HC1. The shape of the curves 
of solubility versus pH was similar in all sam- 
ples with the minimum at about pH 4.7 (Figure 
1A). 

Protein solubilities were similar at pH 2.5, 
6.5, and 7.5 (far from the isoelectric pH): be- 
tween 85 and 100% in the unheated (control) 
sample or in samples heated 15 to 60 min in .1 
M HCl and between 61 and 65% in the sample 
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heated for 120 min under the same conditions 
(Figure 1). However, protein solubilities at pH 
3.9 to 5.4 (close to the isoelectric pH) 
decreased as heating time in . I  M HCI in- 
creased, indicating progressive protein denatu- 
ration. Protein solubility was significantly 
lower (P < .05) over the entire pH range for the 
sample heated for 120 min in .1 M HCI than 
for the samples heated for 0 to 60 min under 
the same conditions. Also, protein solubilities 
at pH 4.7 were lower (P < .05) in all samples. 

Protein solubility in distilled water at pH 
4.7 was 59.5% in the sample heated at 90°C 
for 30 min. Harwalkar (7) found that, when p- 
LG (about 1% protein, .1  ionic strength, and 
pH 2.5) was heated at 90'C for 30 min, the 
protein remained in solution at pH 2.5, but its 
solubility decreased to 55% at pH 4.5. Har- 
walkar (7) worked at a less acidic pH, but 
protein concentration was less than in this 
study, which would explain the similar protein 
solubility obtained in both cases. Iung et al. 
( I  1) reported that the solubility of 0-LG (.5% 
protein, heated at 90°C during 60 min at pH 
2.5) was 38.0% at pH 5.1. In the present work, 
protein solubility at pH 4.7 was 50.1% in the 
sample heated at 90°C in .1 M HCI @H 1.2 to 
1.3) for 60 min. The lower solubility reported 
by Iung et al. (11) could be attributed to the 
lower protein concentration. The WPI heated 
for 2 h in .1 M HCI exhibited the lowest 
solubility at all pH (Figure 1). 

Extent of Deamldation 

Heat treatments at acidic pH can produce 
protein deamidation. Figure 2 shows the ther- 
mal history and the extent of deamidation of 
WPI heated in .1 M HCI at 90°C for different 
periods. The extent of deamidation increased 
linearly as heating time increased, teaching 
11% after 2 h of heating. 

Popineau et al. (20) found a similar extent 
of deamidation in gluten heated in . I  M HCl at 
70°C and Finley (4) found 10% deamidation in 
gluten heated in .1 M HCI at 75°C for 30 min. 
Shih and Kalmar (23) reported deamidation of 
10 to 20% in cottonseed proteins heated for 1 
to 2 h in .2 M HCl at 70'C; soy extract heated 
at about 76°C for 24 h had deamidation of 15 
to 20% (22). These results show that deamida- 
tion between 10 and 20% is produced by heat 
treatments in acidic conditions under different 
proteins and deamidation conditions. 

e 

0 30 60 90 120 
l ime  (rnin) 

i o '  ' 

Figure 2. Extent of deamidation as a function of the 
heating time in . I  M HCI, pH 1.2 to 1.3 (A), and thermal 
history of the samples (B). Bars represent standard devia- 
tions of at least three determinations. 

Recently, protein deamidation has been 
widely investigated because it can effectively 
improve the functional properties of food pro- 
teins, mainly by increasing protein solubility at 
neutral pH, which in turn can improve other 
functional properties, such as emulsifying and 
foaming capacities (20). Undenatured whey 
proteins present an excellent solubility at all 
pH, so protein deamidation cannot be expected 
to improve their functional properties. How- 
ever, deamidation produces an increase in the 
negative charge of the protein that must be 
considered in the analysis of protein modifica- 
tions by the thermal treatment under acidic 
conditions. 

Mattarella et al. (15) and Mattarella and 
hchardson (16) studied the changes produced 
by the amidation of 0-LG. The effect was an 
increase in the positive charge of the protein. 
These investigators found that the protein (1%. 
wt/vol, low ionic strength) remained soluble at 
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pH c8, but solubility decreased to ~ 2 0 %  at pH 
>9, which was near the new isoionic point. 

In the present work, solubility curves 
(Figure 1) indicated that differences between 
the isoelectric points were not significant be- 
fore and after deamidation, but solubility 
decreased from thermal treatment in acidic 
conditions. Mattarella et al. (15) reported that 
about 78% of the carboxyl groups (21 to 22 
groups) were amidated after the amidation 
treatment, @-LG contains 11 Asp and 16 Glu 
residues). In the present work, deamidation 
was only 11%, representing about 1.5 groups 
@LG contains 5 Asn and 9 Gln residues), 
which explains why change in the isoelectric 
pH was not significant. 

Electrophoresis 

The electrophoretic patterns of SDS-PAGE 
of WPI heated in .1 M HCI for different peri- 
ods are shown in Figure 3. Patterns of control 
WPI show peaks corresponding to cr-LA (peak 
2), 0-LG (peak 4), and a minor peak of BSA 
(peak 6). These peaks decreased with heating 
time in . I  M HCI; many peaks of low molecu- 
lar mass appeared at the same time, especially 
in those samples treated with ME (Figure 3). 
These protein species of low molecular mass 
could result from protein hydrolysis. 

Harwalkar (6) observed more bands in the 
electrophoretic pattern of the 2% TCA- 
insoluble fraction of heated whey. These bands 
appeared between a-LA and 0-LG; some 
migrated ahead of the a-LA when samples 
were analyzed by starch-urea gel electrophore- 
sis, which could occur as result of alterations 
of cr-LA, 8-LG, or both. At the same time, the 
BSA band disappeared in whey heated at pH 
2.5. Iung et al. (11) also observed by SDS- 
PAGE many bands in the molecular mass 
range of 3.5 to 17 kDa after 0-LG (.5% in .02 
M HCI; pH 2.5) was heated at 90°C for 1 h, in 
agreement with the results in the present study. 
Iung et al. (11) concluded that the heat treat- 
ment in acidic conditions produces partial 
denaturation and cleavage of peptide bonds, 
thus obtaining peptides that are more suscepti- 
ble to tryptic hydrolysis. 

Samples treated with ME had elec- 
trophoretic patterns with better resolution than 
the corresponding untreated samples (Figure 3). 

ACIDIC CONDITIONS 2195 

We observed a high molecular mass peak that 
increased as heating time in .1 M HC1 in- 
creased in the untreated samples (Figure 3A. 
zone 7), indicating the presence of aggregates, 
which was also suggested by decreased protein 
solubility. Protein aggregation could be ex- 
pected because of the relatively high protein 
concentration. Results also suggest that disul- 
fide bonds participate in the formation of the 
aggregates, in spite of the acidic conditions. 
Low pH inhibits disulfide interchange reac- 
tions; however, some evidence exists for the 
occurrence of these reactions at pH 2 (I), al- 
though the processes were not rapid. Thus, a 
certain degree of disulfide interchange reac- 
tions could be expected. mainly for the sam- 
ples heated for 1 to 2 h in . I  M HCI. 

DSC 

The enthalpy of denaturation and the appar- 
ent transition temperature of WPI heated in  .1 
M HCI for different periods are shown in  
Table 1. Apparent transition temperatures did 
not differ. However, the enthalpy of denatura- 
tion decreased in samples heated in . I  M HCI 
as a function of the heating time, suggesting 
that protein denaturation already occurred in 
samples heated for 15 min under acidic condi- 
tions, which correlates with the decrease in 
protein solubility at pH 3.9 to 5.4. 

Harwalkar (7) found that the protein fraction 
denatured by heating at pH 2.5 and insoluble at 
pH 4.5 showed no endothermic reaction when 
it was examined by DSC. This finding indi- 
cates that this protein fraction is a product of 
an irreversible denaturation and that a correla- 
tion may exist between solubility and the en- 
dothermic reaction. 

In the present study, protein solubility at pH 
4.7, expressed as a percentage of the solubility 
of the control at the same pH, was 96 and 76% 
in the samples heated for 15 and 30 min in .1  
M HCl, respectively. However, the enthalpies 
of denaturation were 81 and 64% (expressed as 
percentages of the control) in  the samples 
heated for 15 and 30 min in . I  M HCl, respec- 
tively, suggesting that only a part of the dena- 
tured protein (observed by DSC) became in- 
soluble. 

Texture Characteristics of Gels 

Texture characteristics of gels prepared by 
heating (87'C. 45 min; pH 7.0; 11% protein) 
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dispersions of the freeze-dried samples are 
shown in Figure 4. All gels, except those 
obtained with the WPI heated for 2 h in . I  M 

A 
4 

l-- 

z 

L 
2 

L 

HCI, presented similar elasticity, firmness, and 
WHC (Figure 4). Gels prepared with WPI 
heated in .1 M HCI for 2 h had very low 

A 

B 

6 5 

1 

a 

& 

2 

Figure 3.  Electrophoretic patterns of whey protein isolate heated in . 1  M HCI @H 1.2 to 1.3) for different periods: 120 
min (a). 60 min (b), 30 min (c). 15 min (d). and 0 min (e). Samples were either not treated (A) or treated (B) with 
2-mercaptoethanol @E) before electrophoresis. Molecular mass: 10 to 13 kDa (1). 14 kDa (2). 16 to 17 kDa (3). 18 kDa 
(4). 27 to 58 kDa (5). 67 kDa (6), and 98 kDa (7). 
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TABLE 1. Enthalpy of denaturation (AH) and apparent 
transition temperature (T-) of whey protein isolate 
heated in .1 M HC1 at 90'C for different periods. 

Heating in  
. I  M HCI Tmnr 1 AH 

('0 (J/g of 
protein) 

0 73.4-73.6 10.9-1 1.0 
15 72.9-73.9 8.69.2 
30 72.9-74.0 6.6-7.4 

'Heating rate: 1'Clmin; 5% protein, wVwt 

elasticity, firmness, and WHC (Figure 4). Gels 
prepared with WPI heated in .1 M HCI for 2 h 
had very low elasticity, firmness, and WHC. 
The WPI heated in .1 M HCI for 1 or 2 h 
showed browning that persisted in gels and 
was more pronounced in WPI heated for 2 h in 
. I  M HCI. 

Transmittance of Heated 
Protein Dispersions 

Dispersions of WPI (5% protein, wt/wt), 
heated under the same conditions (87'C. 45 
min; pH 7.0), had similar transmittance at 660 
nm (Figure 4A), which decreased slightly as 
heating time in .1 M HCl increased, except for 
protein dispersion prepared with WPI heated in 
. 1 M HCl for 2 h. This sample presented a very 
low transmittance at 660 nm (Figure 4). 

Transmittance of heated protein dispersions 
and gel elasticity appear to be directly related 
to protein solubility at neutral pH. Conversely, 
no relationship was observed between gel 
characteristics and the loss of solubility of 
protein constituents in pH 3.9 to 5.4. 

CONCLUSIONS 

Thermal treatments of WPI in .1 M HCl 
(pH 1.2 to 1.3) at 90'C produced several pro- 
tein alterations: protein denaturation, as ob- 
served by DSC, loss of solubility near the 
isoelectric pH, partial deamidation, decrease of 
P-LG, a-LA, and BSA; protein species of low 
molecular mass and aggregates appeared at the 
same time. 

Gels from WPI at neutral pH, heated for 2 h 
in these conditions, showed very low elasticity, 
firmness, and WHC, which correlates with 
lower protein solubility at neutral pH. 

Time (min) 

Figure 4. A. Transmittance at 660 nm (Tm) of heated 
dispersions (5% protein, wt/wt) (0) and water-holding ca- 
pacity (WHC) of heat-induced gels (0). B. Elasticity (0) 
and firmness (0) of heat-induced gels ( 1  I %  protein, wt/W 
from whey protein isolate heated in . I  M HCI @H 1.2 to 
1.3) for different periods. Fl@o = Force after 10 m i d  
initial force. 
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