






repeated, the same type of isotherm was always obtained for the
same protein fraction. The average value for the amount of protein
adsorbed at protein concentrations above 1.5 mg/ml was not
significantly different between duplicates of the same type of
isotherm. The SDS-PAGE patterns were identical for the different
WP2 fractions (Fig. 2). As the variation evidently was due to
the protein fraction and not to the experimental conditions during
adsorption, both types of protein fractions were used in other
experiments.

Different Starches
In Figure 4 is shown the adsorption of WP2 on wheat, maize,

and potato starch, respectively. It is evident that the adsorption
depends not only on the type of protein, but also on the starch.
Maize and wheat starches adsorbed wheat proteins to about the
same extent, whereas potato starch adsorbed wheat proteins to
a much greater extent. However, the amount of protein adsorbed
is expressed as milligrams of protein per gram of starch in
Figure 4 and the adsorption is a surface phenomenon. Differences
in specific area thus affect the results. The plateau values from
Figure 4 were recalculated and expressed as milligrams of protein
per square meter of starch in Table I. In this case, the amount
of protein adsorbed on potato starch was about 10 times the
amount adsorbed on the cereal starches.

Time
The adsorption of wheat proteins on wheat starch granules

as a function of time is shown in Figure 5. The experiments
were carried out at two protein concentrations, 0.7 and 1.4 mg/ ml,
respectively. It is evident from Figure 5 that the amount of protein
adsorbed continued to increase during considerable time. In other
systems, e.g., BSA on silica (MacRitchie 1972), 30 min to 1 hr
was sufficient time for a constant value to be reached. To avoid
keeping starch-protein solutions at room temperature for long
periods of time, 30 min was chosen as a fixed adsorption time
in all other experiments.

pH
The adsorption of wheat protein (WP2) on wheat starch as
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Fig. 3. Adsorption of wheat protein fraction 2 (in 1 X 10-5M HCQ) on
wheat starch. The curves represent two different batches of the same
protein fraction.

TABLE I
The Amount of Wheat Protein Adsorbed on Wheat, Maize,

and Potato Starch Granules

BETa-Area Amount of Protein Adsorbed
Starch (m2 g) mg/g Starchb mg/m 2 Starch

Maize 0.52 4.2*c 8.1
Wheat 0.47 4.6** 9.8
Potato 0.26 25.0** 96.2
'Determined according to the Brunauer-Emmett-Teller equation.
bEstimated from Fig. 4.
c Significant difference at * 5% level and ** 0.1% level.
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Fig. 4. Adsorption of wheat protein fraction 2 (1 X 10- 5M HC1) on
different starches. Wheat starch (0), maize starch (A), and potato starch
(A).
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Fig. 5. The adsorption of wheat protein fraction 2 (water) on wheat starch
granules as a function of time: 0.7 mg protein/ ml (0), 1.4 mg protein/
ml (K).
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a function of pH is given in Figure 6. The protein solutions of
different concentrations were prepared by dissolving protein in
HC1 or NaOH and diluting this solution. The pH measurements
were made on these diluted solutions, and due to the buffering
capacity of the protein each adsorption isotherm will, thus, repre-
sent a pH range. An average value of the adsorbed amount of
protein was calculated for each isotherm. These values were
significantly different at the 5% level in distilled water and 1 X
10-5M HC1, at the 1% level in 1 X 10-4M HCl and 1 X 10- 3 M
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Fig. 6. The adsorption of wheat protein fraction 2 on wheat starch granules
as a function of pH: (0) pH 3.1-4.3 (1 X 10- 3 M HCQ), (A\) pH 4.3-5.5
(I X 10-4M HCQ), (A) pH 5.5-5.6 (1 X 10-'M HCQ), (N) pH 5.5-5.7
(I X 10-6M NaOH), (0) pH 5.6 (water), (El) pH 5.7-7.6 (1 X 10 4M
NaOH).
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Fig. 7. The adsorption of wheat protein fraction 2 on wheat starch granules
in NaCI solutions of varying concentration: (A) I X 10-5 HCl, (A)
+0.001 M NaCl, (0) +0.0025M NaCl, (0) +0.005M NaCl, (-) +0.015M
NaCl.

HC1, and in 1 X 10-4M HCO and 1 X 10- 5M HC1. The value
in 1 X 10-5M HCO was not significantly different from the values
obtained in 1 X 10-4M NaOH or in 1 X 10- 6M NaOH.

The results in Figure 6 indicate that the adsorption is dependent
on pH, and evidently the adsorption is low at low pH values.
It is known that the amount of protein adsorbed is highest around
the isoelectric point of the protein (MacRitchie 1978), and the
results presented in Figure 6 thus indicate that the isoelectric
point of this wheat protein fraction was close to or above neutral.
Higher pH values were not investigated because they are not
reasonable in baking.

Ionic Strength
For these experiments, the second wheat protein preparation

described in Figure 3 was used. The increased salt concentration
affected the protein adsorption in two ways. First, the protein
solubility decreased considerably when the salt concentration
increased (Table II). It was thus not possible to obtain an adsorp-
tion isotherm over a broad protein concentration range. Secondly,
the isotherm was affected directly (Fig. 7). The adsorbed amount
increased with added NaCl, up to 0.0025M. Further increase in
NaCl concentration gave a decrease in the amount of protein
adsorbed. The sensitivity of protein adsorption to salt concen-

TABLE II
Solubility of a Wheat Protein Fraction in Salt Solutions

of Varied NaCI Concentrations

Solubilitya
Solvent (mg protein/ml solution)

Water 7.0
HCO, X 10-5M 6.0
NaCl

0.00IM 6.2
0.0025M 5.6
0.005M 2.4
0.01M 0.6
0.015M 0.3
0.035M 0.2

aDetermined by dissolving 10 mg of protein in 10 ml of solvent. The
protein concentration in supernatant after centrifugation was determined
with the biuret method.
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Fig. 8. The adsorption of wheat protein fraction 2 (in 1 X 10- 5 M HCl)
on wheat starch granules that have been heated to different temperatures
before adsorption. Control without heating (0), 40°C (A), 50°C (A),
60° C (-), 70° C (0), 800 C (El).
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tration might explain the discrepancies in adsorption isotherms
between different batches of WP2 (Fig. 3).

Temperature
To study the adsorption of wheat proteins on wheat starch

in relation to baking, it is of course necessary to consider the
effects of heat. However, it is not possible just to heat the protein-
starch mixture and then measure the protein concentration in
the supernatant. A decrease in protein concentration might cer-
tainly be due to adsorption of protein on starch granules but
might also be due to entrapment of protein in the starch gel
formed as a result of gelatinization, or to heat precipitation of
protein. The effect of temperature was studied indirectly; starch
granules, or protein solutions, were heated separately before the
adsorption isotherm was measured.

The adsorption of wheat protein on wheat starch granules
heated to different temperatures is shown in Figure 8. The highest
temperature investigated was 800 C, because starch granules heated
to 900 C before freeze-drying gave a gel when hydrated. It is evident
from Figure 8 that the amount of protein adsorbed increased
when the starch granules had been heated before adsorption. The
increase in adsorbed amount was highest between 50 and 600C.
It is not possible from the present measurements to prove if this
increased adsorption resulted from changes in the nature of the
starch granule surface as a result of heating or if the increase
in adsorbed amount resulted simply because swelling of starch
granules during gelatinization made a larger surface available for
adsorption.

When heated protein solutions were used for adsorption experi-
ments, the isotherms shown in Figure 9 were obtained. There
were no significant differences between the isotherms obtained
for unheated protein solutions and the solutions heated to 60
and 900 C.

DISCUSSION

The results presented in Figures lA, 4, 6, and 8 support the
hypothesis of protein-starch interaction as a protein adsorption
on a solid surface. This interpretation seems very plausible at
low protein concentrations, whereas precipitation of protein can-
not be ruled out at higher concentrations. A microscopic exam-
ination of some of the centrifuged starch-protein mixtures, after
staining with protein-binding dyes (Coomassie Brilliant Blue,
Seguchi 1986), did not reveal any blue particles. Dark lumps
were occasionally observed that, when the focus was changed,
turned out to be composed of starch granules. When starch gran-
ules were mixed with protein that precipitated during centri-
fugation, intense blue structures were observed in the light
microscope after staining. The mixtures were, thus, homogeneous
at the microscopic level.

When the results obtained for the other protein fractions also
are taken into account (Figs 1, 3, 7, and 9), the picture becomes
more complex. The discrepancies between the WP2 fractions could
result from differences in ionic strength. The results in Table
II and Figure 7 show that the solubility as well as the appearance
of the isotherm depends on the salt concentration. The difference
in solubility of the WP2 samples due to ionic strength could
mean that the protein composition of the solution used in the
adsorption experiments (i.e., after centrifugation) differed. The
difference between WP1 and WP2 (Fig. IA) might be explained
by the differences in molecular weight, as there are indications
that the plateau concentration for different proteins increases with
increase of molecular weight (MacRitchie 1978).

In conclusion, this type of adsorption experiment can be used
in the study of protein-starch interactions. The results in Figure
3 even suggest that the method is very sensitive.

When the amount of wheat protein adsorbed on starch granules
is compared with results obtained in other systems, the values
for the wheat protein are unusually high. MacRitchie (1978)
reported plateau values in the range 0.4-11.8 mg/m2 for several
proteins on glass, silica, or polystyrene. The high values reported
here for wheat proteins might be related to the MW, as discussed
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Fig. 9. The adsorption of heated wheat protein solutions (wheat protein
fraction 2 in 1 X 10 5M HCl) on wheat starch granules. Control without
heating (A); 60° C (0); 90° C (A).

above, but also to the disulfide bridges present. SDS-PAGE
revealed that WPl1 contained mostly intramolecular disulfide
bonds, whereas WP2 contained also intermolecular disulfide
bonds. At the high concentration and after reorientation at the
liquid-solid interface, sulfhydryl-disulfide exchange might occur.
Cross-linking of wheat proteins has been shown to occur at the
air-water interface (Lundh et al 1988). In that study, an HMW
protein fraction was compressed at the air-water interface to about
0.05 m2/mg without any indications of collapse of the film. For
the wheat protein adsorbed on wheat starch, the area per milligram
of protein was calculated to be 0.10 in2 from Table I. For potato
starch, the corresponding value was 0.01 m2/mg protein.

The area available per protein molecule in a monolayer present
at the starch granules was calculated for wheat and potato starches.
As a model for the wheat protein, an HMW glutenin subunit
described by Field et al (1987) was used. The molecular weight
was 84,000; the length of the molecule was taken as 500 A and
the diameter as 17.5 A. If such a molecule is adsorbed on the
starch granule surface, two extremes exist: the molecule is
adsorbed either with its long side or its end to the starch granule
surface. The cross-section area would in the first case be 8,750
A2 and 240 A2 in the second case. The area available p er molecule
was calculated from the data in Table I to be 1,400 2 for wheat
starch, and 145 A2 for potato starch. In wheat starch it might
thus be possible to pack protein molecules in such a way that
a monolayer of protein was formed on the starch granule surface.
However, this is not possible for potato starch, and the high
amount of protein adsorbed might then be due to the formation
of multilayers. A strong adsorption of wheat protein to potato
starch during the present conditions might be expected due to
electrostatic interactions. Potato starch contains negatively
charged phosphate groups, whereas the proteins probably carry
a positive net charge at the actual pH. Why such an interaction
should result in the formation of multilayers is not clear. On
the other hand, incompatibility between potato starch and gluten,
observed after heating of a potato starch-wheat gluten suspension
(Lindahl and Eliasson 1986), might result in precipitation of gluten
proteins.
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