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ABSTRACT: Low-fat soy flour (LFSF) obtained by extrusion-
expelling processing was investigated for functional properties.
Flours with the following various levels of protein dispersibility
indexes (PDI) and residual oil (RO) contents were investi-
gated: “high” 67 +4/10.4 = 1, “mid” 42 £ 3/7.4 + 2, and “low”
14 + 5/6.5 £ 0. The solubility of all three LFSF was minimal at pH
4.0 and increased at more alkaline and acidic pH levels. Water-
holding capacity (WHC) increased with a decrease in PDI and
RO content, whereas fat-binding capacity (FBC) decreased.
Foaming stability increased as PDI and RO increased, with signif-
icant differences between all LFSF samples. Emulsification capac-
ity (EC) was measured at three pH levels (5.5, 6.7, and 8.0). At
each pH level, the “low” samples showed the least EC compared
to the “mid” and “high” samples, with no significant difference
between the “mid” and “high” samples at pH 6.7 and 8.0. Emul-
sification stability and activity decreased from low LFSF to high
LFSF. This study showed that in general low LFSF was less func-
tional than the other flours tested and there was no significant dif-
ference in the functionality of mid- and high-LFSF samples.
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Research efforts to find value-added uses for soybean protein
in food and nonfood products have been going for some time.
Researchers have found that soy protein is a promising substi-
tute for animal protein in foods because it contains all of the
essential amino acids required for the diet, does not negatively
affect sensory attributes (except flavor), and has additional
health benefits including the lowering of blood cholesterol lev-
els and reduction of risk of some cancers (1,2). In nonfood ap-
plications, soy protein has been used in wood adhesives as a
partial replacement for petroleum-based ingredients, and in
other applications such as biodegradable plastics and paper
coatings and sizings (3). These value-added uses for soy pro-
teins are based on the functional properties of the protein that
add key characteristics to the food or nonfood product that is
being formulated. The properties include emulsification,
foaming, gelation, and water and fat binding. Recently, re-
searchers have sought to add additional value to soy protein
by using alternative processing techniques, genetic engineer-
ing, or traditional plant breeding to incorporate new, desirable
characteristics or alter undesirable characteristics inherent in
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the soybean. In this paper, the potential for adding value to soy
through an alternative processing technique, namely extru-
sion-expelling (EE) processing, will be discussed.

Traditional industrial soybean processing involves solvent
extraction of the oil with subsequent desolventizing and dry-
ing of the meal. The meal is then further processed via grind-
ing and separation steps to produce flour, meal, or grits. An
alternative soybean processing technique is the EE process
developed by Nelson et al. (4) at the University of Illinois.
EE processing relies on the mechanical extraction of soybean
oil and thus does not incorporate any chemicals in the extrac-
tion process. The meal remaining can then be processed in a
manner that produces products similar to those from tradi-
tional soybean processing, i.e., meal and flour. EE equipment
produces low-fat soy flour (LFSF). LESF is defined as having
5 to 6% residual fat (5). A significant number of small soy-
bean processors, those that process between 6 and 120 tons
of soybeans per day, utilize this technology because of the
low capital investment costs, enhanced extraction capabili-
ties, and the ability to produce oxidatively stable oils and
meals low in FFA (4).

To begin the EE process, soybeans are dried, dehulled, and
cracked. These beans then enter an extruder, which has a va-
riety of restrictions, thus producing heat to inactivate antinu-
tritional factors. Upon exiting the extruder, the soybeans are
in a semisolid state. This mixture then enters the expeller,
where the oil is pressed out and the meal ejected in large,
solid pieces. A mill (generally a roller mill) is used to grind
these large pieces into smaller particles that may either be
consumed (as animal feed) or be further ground into flour for
human consumption (4).

Some researchers have hypothesized that EE meal may
have additional functional characteristics over defatted soy-
bean meal due to the approximately 5 to 6% residual oil: De-
fatted soybean meal contains less than 0.5% oil. Functional
characteristics are properties that promote improved behavior
in food systems and industrial applications of protein and in-
clude the protein’s solubility, water-holding capacitites
(WHC) and fat-binding capacities (FBC), emulsification
properties, and interactions with hydrophilic and hydropho-
bic materials. However, limited research has been published
on the functional characteristics of LESF coming from the EE
process.

The objective of this study was to characterize the LFSF
produced from the EE processing system in terms of the fol-
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lowing functional properties: protein solubility profile, foam-
ing and emulsification characteristics, and WHC and FBC.

EXPERIMENTAL PROCEDURES

Preparation of LFSF. Low-fat soy meal was processed at lowa
Soy Specialties (Vinton, IA). This meal was then taken to the
Center for Crops Utilization Research Center (CCUR) at Iowa
State University where it was milled into flour on a hammer
mill (Fitzpatrick Company, Elmhurst, IL) to approximately 100
U.S. mesh size. The processing parameters used are described
in detail in the study by Crowe (6). The flours produced were
categorized into three protein dispersibility index/residual oil
(PDI/RO) groupings: low LFSF, 14 + 5/6.5 + 0; mid LFSF,
42 +3/7.4 +2; and high LFSF, 67 £4/10.4 £ 1.

Proximate analysis. Proximate analyses for crude protein
(PerkinElmer Series II Nitrogen Analyzer), moisture (AOCS
Ba-38) (7), fat (AACC 30-25) (8), and ash (AOAC 942.05)
(9) were performed. An outside laboratory (Woodson-Tenent,
Des Moines, IA) performed the analyses for PDI by using the
fast-stir method (AOCS Ba 10-65) (7).

Solubility. In a 50-mL centrifuge tube, a sample weighing
250 mg was dispersed in 25 mL of distilled water. This solu-
tion was adjusted to the appropriate pH with 1 N HCI or
NaOH, shaken at 120 rpm (VersaBath S model 224, Fisher
Scientific) at 25°C, and centrifuged (Sorvall RC 5 Plus) at
30,597 x g for 30 min (10). The resulting supernatant was fil-
tered through Whatman No.1 filter paper, and nitrogen deter-
mination was performed on 10 mL of the filtered supernatant
following Kjeldahl procedures. Protein solubility was calcu-
lated using the following:

supernatant protein concentration (mg/mL)X 25
£ x100 [1]

protein solubility (%) =
sample wt (mg) X [sample protein content/100]

Emulsification capacity (EC). A modified version of the
method of McWatters and Holmes (11) was followed. A 2%
protein suspension in water was prepared. The pH of this sus-
pension was altered to either 5.5, not altered (natural pH
used), or 8.0 with 1 N NaOH or 1 N HCI in order to observe
the effect of pH on EC. A 2% protein suspension (25 mL) was
placed in a 500-mL plastic beaker. The suspension was con-
tinuously blended with a hand-held mixer (Bamix, Mettlen,
Switzerland) at high speed (approximately 12,000 rpm) with
soybean oil at a flow rate of 1 g/s. This mixture was continu-
ously blended until the inversion point (oil-in-water) was vi-
sually observed. EC was determined as the maximum amount
of oil emulsified on a per gram protein basis.

Emulsification activity index (EAI) and stability index
(ESI). A 2% protein suspension (21 mL) was blended with 7
mL of soybean oil for 1 min using a Waring blender with a
microcontainer (110 mL size; Fisher Scientific) at low speed.
This emulsion was immediately diluted with 0.1% SDS at a
500x dilution factor, and the absorbance measured at 500 nm
(Shimadzu Spectrophotometer, UV-160). The diluted emul-
sion was then incubated at 95°C in a water bath (Fisher Sci-
entific) and the absorbance of the emulsion measured at time
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zero and after 10 min. The EAI and ESI were calculated using
the absorbance measured at time zero (4,) and at 10 min
(A}y)- Calculations as defined by Pearce and Kinsella (12)
were used to calculate EAI and ESI:

EAI (m?%/g) = 2T/®C (2]

where C = weight of protein per unit volume of aqueous
phase before emulsion is formed; 7 = 2.303A/] (A = ab-
sorbance, [ = pathlength of cuvette); and ® =C - A - E(B -
C)/C-A+ B -0 [(1+E)D/D,-E] where A = mass of
beaker, B = mass of beaker plus emulsion; C = mass of beaker
plus dry matter; D = density of oil; D, = density of protein
solution; and E = concentration of solutes (mass per unit mass
of solvent). Also,

ESI (min)=Ay X At/AA (3]

where Az =10 min and AA =Aj— A,

Foaming capacity (FC). A 0.5% protein suspension (80
mL) was added to a glass column with a fritted glass disk
(medium pore size) on the bottom. Nitrogen gas was purged
through the column at a flow rate of 100 mL/min. FC and
foaming stability (FS) were calculated based on the equations
described by Sorgentini et al. (13):

FC=V, (mL)/f, (mL/min)x ¢ f (min) [4]

where V, = fixed volume of foam, 150 mL; f, = flow rate of
N, gas, 100 mL/min; tf: time to reach fixed foam volume.

FS: K =1/V,u Xt1/5(mL " min~") 5]

max

where V= volume of liquid incorporated in foam at Vf; L
= time to drain half of the liquid incorporated into foam.
WHC. Methods modified from Lin and Zayas (14) were
used to determine WHC. LFSF (5 g) was weighed and dis-
persed into 95 mL of distilled water and mixed with a mag-
netic stir bar for 20 min at 25°C. Three 50-mL centrifuge
tubes were filled with the flour/water solution and centrifuged
at 1,074 x g for 30 min. After disposing of the supernatant,
the WHC was calculated as the difference between the weight
of the hydrated flour and the weight of the centrifuge tubes.
WHC was expressed as grams of water per gram of protein.
FBC. The FBC was determined by stirring a 5% soy flour
solution with 50 mL of corn oil (Hy-Vee Brand, West Des
Moines, IA) for 30 min and then allowing it to stand for 30
min at room temperature (25°C). This mixture was then
placed into two 50-mL centrifuge tubes and centrifuged for
30 min at 1,074 x g. After disposing of the excess oil, the
FBC was calculated as the RO divided by the original weight
(15). FBC was expressed as grams of oil per gram of protein.
Data analysis. Production of soy flour followed a com-
pletely randomized design. Functionality tests were carried
out using a completely randomized block design with the ex-
ception of EC. A factorial design was utilized to analyze data
from the EC functionality test. The general linear model pro-
cedure was used to analyze all functionality tests. Tukey was
used for multiple comparisons, and significance was deter-
mined at the P < 0.05 level. Statistical analysis was carried
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out using SAS statistical software (SAS Institute Inc., Ver-
sion 8.0, Cary, NC).

RESULTS AND DISCUSSION

Proximate analysis. Table 1 shows the proximate composi-
tions of all flours used in this experiment. One note that
should be made is that during processing, the objective of the
researchers was to obtain flour in three distinct PDI/RO
ranges. However, based on equipment capabilities, the
amount of material that was obtained in each category was
unequal. Thus, we have two flours that comprise low LFSF,
seven flours that comprise mid LFSF, and six that comprise
high LFSF. One commercially available defatted soy flour
(DFSF) was used as the control. Results show that the mois-
ture content decreases with PDI in the LFSF. This is due to
increased heating of these low-PDI flours, thus allowing for
more moisture to be driven off. The protein is lower in the
LESF than in the DFSF. This trend deviates slightly from pub-
lished values for each soy flour (5). Carbohydrate content was
calculated by difference. These values are slightly lower than
typical carbohydrate contents of soy flour (5). The PDI is an
indirect measure of the amount of heat treatment applied to
each soy flour; the more heat treatment, the lower the PDI.
The PDI measurement has also been found to correlate with
protein functionality (16): When there is a decrease in PDI,
there is a decrease in functionality. When EE processing is
used, the fat content is correlated to the PDI and thus to the
heat treatment. The preconditioning step (extrusion) is used
to disrupt the spherosomes, thus allowing more oil to be ex-
pelled (4). When a less intense heat treatment (or lowering of
time spent in extruder) is used, the degree of tissue disruption
is decreased and the amount of oil retained in the soy meal is
increased.

Protein solubility. The protein solubility curve is shown in
Figure 1. All three LFSF and the DFSF show minimal solu-
bility at pH 4.0 and an increase in solubility at increased al-
kaline and acidic pH levels. These curves indicate that the
protein solubility of the flour is affected by the degree of heat
treatment and pH. The low LFSF received the most heat treat-

TABLE 1
Proximate Composition of Low-Fat Soy Flours (LFSF)
and Defatted Soy Flour (DFSF)?

Component (%)  High LFSF®  Mid LFSF©  Low LFSF?  DFSF®
Moisture 6.9 5.6 4.1 9.4
Crude protein 49.6 50.9 50.2 53.2
Fat’ 10.4 7.4 6.5 <0.5
Ash 5.7 5.9 6.0 5.0
Carbohydrate® 26.4 303 33.2 32.5
PDI 66.6 41.6 14.3 69.8

“Results are expressed on a dry weight basis.
bMean of six flours.

“Mean of seven flours.

9Mean of two flours.

°ADM Bakers Nutrisoy (Decatur, IL).

"Ether extract.

5By difference. PDI, protein dispersibility index.
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FIG. 1. Protein solubility curves for low-fat soy flour (LFSF) and defat-
ted soy flour (DFSF). @, Low LFSF; M, mid LFSF; @, high LFSF; A, DFSF.

ment, whereas the high LFSF received the least. The results
for the high LFSF and DFSF show that these two products are
relatively equal in solubility at pH 8.0.

Protein solubility is considered to be one of the most im-
portant functionality tests because it is an indication of how
the protein will perform in other functionality tests (17). The
PDI is related to the solubility of the protein. Thus, the higher
the PDI, the more soluble a protein is. Furthermore, the solu-
bility of a protein may indicate how useful this protein will
be in food systems. Therefore, mid—high LFSF and DFSF
would be more functional than low LFSF in a food system
based on solubility.

EC. EC is defined as the maximal amount of oil that is
emulsified by a protein dispersion (16). The EC for all sam-
ples is shown in Figure 2. The EC data show an increase in EC
with an increase in pH and PDI/RO. McWatters and Holmes
(11) state that EC is affected by protein solubility. As a protein
approaches the specific isoelectric point, there is a decrease in
net electrical charge and thus minimal solubility and reactivity
are found (18). In this system at pH 5.5, proteins are less solu-
ble and therefore have a decreased capacity to act as surface-
active agents and absorb at the oil/water interface. This
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FIG. 2. Emulsification capacity (EC) of LFSF and DFSF. Bars with differ-
ent letters are significantly different at P < 0.05. For other abbreviations
see Figure 1.
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decrease in surface activity leads to a decrease in EC. Among
low, mid, and high LFSF, as the PDI/RO increases there is also
an increase in EC. These data suggest that in the protein sam-
ples with the less denatured protein, as indicated by PDI, the
EC increases. Another hypothesis is that RO may play a part
in these EC results. As the RO content increases, the hy-
drophobicity of the protein increases and in turn allows a
greater amount of oil to be emulsified.

Significant differences were found between all soy flours at
pH 5.5. However, at pH 6.7 and 8.0, the only significant dif-
ferences found are those between the low LFSF and all other
soy flour samples. There is no significant difference between
the defatted soy flour and mid- and high-LFSF samples.

The viscosity of these emulsions was not measured. How-
ever, emulsions that resulted in an EC of less than 100 (g oil/g
protein) could be considered simply a suspension, not an
emulsion, due to the extremely low viscosity. The inversion
point of these emulsions was difficult to identify due to this
very low viscosity.

Emulsification activity and stability. The EAI is a measure
of the area of interface that is stabilized per unit weight of
protein, whereas the ESI is a measure of the emulsion’s resis-
tance to breakdown (12). The EAI was the highest in low
LESF and lowest in the DFSF (Table 2). There was no signif-
icant difference between mid—high LFSF and DFSF. The ESI
showed the same trend as EAI with a decreased ESI when
moving from low to mid and high LFSF to DFSF; again, there
was no significant difference between the mid—high LFSF and
the DFSF. These results indicate that the low LFSF shows
more activity and stability in emulsions yet decreased EC
compared to the rest of the flour samples. One hypothesis that
may explain these results is that low LFSF may have more
exposed hydrophobic regions owing to the denaturation that
has occurred during processing and may react with the lipids
present forming “lipoprotein-like” materials that have surface
activity; thus, the low LFSF has an increased ESI and EAI
compared to the other LFSF and DFSF.

WHC and FBC. The WHC and FBC results are shown in
Table 3. RO is hypothesized to play a role in both of these
tests. WHC shows a significant decrease for the high LFSF.
Comparing the high LFSF data with the DFSF results shows
a significant difference in the two readings, although the PDI
readings are very similar. This result could be attributed to
the amount of RO present in high LFSF sample. The mean
RO for the high PDI-LFSF samples is 11%, much higher than
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TABLE 3
Water-Holding Capacity (WHC) and Fat-Binding Capacity (FBC)
of LFSF and DFSF

Treatment WHC? FBC?
Low LFSF 6.752 1.66°
Mid LFSF 6.192 1.74b
High LFSF 4.79P 1.84b
DFSF 6.702 2.222

“WHC and FBC in g water (oil) per gram of protein. Means with different su-
perscripts are significantly different at P < 0.05. For abbreviations see
Table 1.

the DFSF (<0.5%). The presence of this additional fat (a hy-
drophobic material) could result in less available hydrophilic
binding sites available for water holding by the protein.

Fat absorption capacity results are also shown in Table 3.
The data show that the DFSF had a much greater degree of
FBC than any of the LFSF samples. The mechanism for fat
absorption by soy protein has not been elucidated although
fat absorption is commonly attributed to the physical entrap-
ment of fat by the protein (18). Thus, it can be theorized
that the residual fat that is present in LFSF is blocking the
hydrophobic binding sites usually available for binding hy-
drophobic substances. The DFSF theoretically has all the
hydrophobic binding sites available for uptake of hydropho-
bic materials. It is thought that the greater the amount of heat
treatment that is given to a protein, the more hydrophobic the
protein becomes as a result of a greater number of hydropho-
bic groups being exposed through the unfolding of the pro-
tein’s 3-D structure. The results obtained from this study
show a trend that deviates from this accepted theory; how-
ever, the results obtained here agree with results by Hutton
and Campbell (19) which showed that soy protein decreases
in fat absorption capacity with increased heat.

FC and FS. The FC and FS results are shown in Table 4.
FC is a measure of the maximum level of foam generated by
a solution, whereas foaming stability is a measure of the re-
sistance of the foam to destabilization (10). The amount of
foam that a protein can produce is important, but more impor-
tant is the stability of the foam. Thus, although the FC data
are presented, the FS data will be focused on. FS data are in-
terpreted as: The lower the value, the more stable the foam.
The data show a very large variation in FS between the DFSF
and LFSF. The DFSF produced very stable foams, with sym-
metrical, evenly distributed foam bubbles. The size of the
bubbles is significant because this is an indication of stability

TABLE 2 TABLE 4

Emulsification Activity and Stability Foaming Properties of LFSF and DFSF

Treatment EAI? (m?g™") ESIP (min)  Treatment Foaming capacity? Foaming stability”
Low LFSF 15.36% 12.78% Low LFSF 0.81¢ 0.37¢

Mid LFSF 12.09° 11.35° Mid LFSF 0.85° 0.14°

High LFSF 11.21P 10.28° High LFSF 0.88" 0.11¢

DFSF 10.77° 10.36b° DFSF 0.85% 0.01¢

“Emulsification activity index (EALI).
bEmulsification stability index (ESI). Means with different superscripts are
significantly different at P < 0.05. See Table 1 for other abbreviations.
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“mL of foam/mL of N, x min.
bmL=" x min~". Means with different superscripts are significantly different at
P < 0.05. For abbreviations see Table 1.
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(17). As the data would suggest, the less stable the foam, the
larger the bubbles. As with WHC and FBC, the foaming prop-
erties of EE LFSF are dependent not only on the PDI of the
flour but also could be influenced by the RO content. Morr
(20) states that hydrophobicity enhances FS. Thus, these re-
sults could again suggest that the hydrophobicity of these
LFSF is increased. When the FS of LFSF is compared to the
FS of DFSF, the potential interfering effect of RO is demon-
strated by the decreased FS of the LFSF samples, particularly
in the case of the high LFSF, which has a PDI relatively equal
to DFSFE.
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