


TABLE II
Relative Recovery of Carbohydrate and Protein in DMSO and 12 -Binding Capacitya

Carbohydrate Recovered (%)b

Total Peak I

Protein Recovered (%)C
Total Ppqk I PpAL 11

-&" x CatAYCK1 atpacitySample (% A 490) (% A 490) (% A 595) (% A 280) (% A 280) (% A 620)

Corn meal 100.0 100.0 100.0 100.0 100.0 100
1 99.0 86.0 88.2 49.6 6.6 118
2 94.1 80.9 79.4 26.2 5.2 120
3 93.3 75.7 86.2 22.6 3.4 131
4 107.7 47.4 73.3 8.2 13.7 100
5 100.5 65.0 76.1 31.5 6.3 108
6 101.7 78.1 97.5 29.7 5.4 114
7 93.9 40.3 102.9 33.0 27.2 112
8 98.1 56.9 77.1 47.9 55.9 112
9 114.9 45.1 90.7 43.3 49.6 131

10 112.3 63.4 69.4 9.2 6.6 112
11 106.3 77.2 84.6 22.7 12.7 118
12 114.2 65.2 71.9 41.1 17.5 124
13 110.1 56.1 76.6 29.5 14.0 131
14 104.0 65.2 77.0 30.5 48.5 120
15 116.7 36.6 73.5 24.2 14.7 126Mean (1-15) 104.5 62.6 81.6 32.7 20.5 118
aSamples were dissolved into dimethylsulfoxide (DMSO) as described in Materials and Methods. "Total" refers to total amount of carbohydrate
or protein solubilized in DMSO relative to unextruded corn meal as assayed by the phenol-sulfuric acid assay or Bradford assay, respectively.
Peak I refers to the relative recovery of the high molecular weight (void volume) fraction after gel filtration chromatography (Fig. 2). Peak II,
the low molecular weight fraction, is also defined in Fig. 2. Carbohydrate in peak I was assayed by the phenol-sulfuric acid assay and proteinin peaks I and II by absorbance at 280 nm.

bAverage of four analyses.
cAverage of at least five analyses.

12 -Binding

Extruder specifications and screw configuration were as follows:
barrel bore diameter, 30.9 mm; screw length, 878 mm; screw dia-
meter 30.7 mm; kneading blocks at 440 mm (45/ 5/ 14), 480 mm
(45/5/14), 538 mm (45/5/20), 592 mm (45/5/28), and 620 mm
(45/5/14 LH); igels at 210 mm (42/42), 336 mm (42/42); die
opening, 3.0 mm.

Solubilization
Samples (10 mg) were suspended in 3 ml of 100% DMSO and

stirred at room temperature for 72 hr. Samples were centrifuged
at 10,000 X g for 30 min to recover DMSO-soluble starch and
protein. Supernatants were assayed for soluble carbohydrate by
the phenol-sulfuric acid assay (Dubois et al 1956). Protein was
assayed by measuring absorbance at 280 nm or by the Coomassie
blue dye-binding method (Bradford 1976).

Gel Filtration Chromatography
Supernatants were diluted to 50% DMSO and centrifuged at

10,000 X g for 30 min. Aliquots of 1.5 ml were chromatographed
on a 0.9 X 55 cm column packed with Sephacryl S-1000. The
column was eluted with 50% DMSO at a flow rate of 5 ml/
hr. Fractions of 1.4 ml were collected and assayed for carbohydrate
by the phenol sulfuric acid assay (Dubois et al 1956) and for
protein by measuring absorbance at 280 nm with an on-line
ultraviolet (UV) monitor. Amylose was assayed calorimetrically
(Knutson 1986).

12 -Binding Capacity
Samples (10 mg) were suspended in 3 ml of 100% DMSO,

stirred at room temperature for 72 hr, and centrifuged at 10,000
X g for 30 min. Supernatants were assayed for 12-binding capacity
calorimetrically (Knutson 1986).

SDS Polyacrylamide Gel Electrophoresis
Proteins in corn meal and column fractions were electro-

phoresed in 9-18% polyacrylamide gradient gels using the pro-
cedure of Laemmli (1970) as modified by Porzio and Pearson
(1976). Protein bands were visualized by silver staining (Merril
et al 1984).

Response Surface Methodology
The percentage of carbohydrate recovered in the the large
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Fig. 1. Time course of carbohydrate and protein solubilization. A,
Carbohydrate solubility. B, Protein solubility. Native corn meal (-*-)
and extrudate 7 (-O-) were solubilized at room temperature in 100%
dimethylsulfoxide and sampled at various times as described in Materials
and Methods.
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Fig. 2. Molecular size profiles of dimethylsulfoxide-soluble protein from
A, corn meal. B, zein. C, Extrudate 8. D, Extrudate 12.

12

0
CM

w
a.

81-

o L
z0 40 60 80

- 3

E

2 o
Co

w

CM

I I ~0~
2 0

100 120

TEMPERATURE (C)

Fig. 3. Effect of temperature on the amount of A2 8 0 -absorbing material
in peaks I and II. Corn meal was solubilized for 2 hr in dimethylsulfoxide
as described in Materials and Methods. Solubilized material was then
fractionated by gel filtration chromatography. Peaks I (-O-) and II (-O-)
were then quantitated by calculation of the amount of A2 8 0-absorbing
material under each peak.
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Fig. 4. Effect of feed moisture content on polysaccharide molecular size distribution. A, Corn meal. B, Extrudates 15 and 12. C, Extrudates 14
and 11. D, Extrudates 4 and 1.
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molecular size fraction (peak I) of chromatograms was related
to extrusion variables by a response surface method using the
SAS program for a three-component system (SAS 1985). Response
surface curves were plotted on a Hewlett-Packard plotter using
Display Integrated Software System and Plotting Language
(DISSPLA).

RESULTS

Degermed corn meal was extruded under 15 different extrusion
conditions (Table I). Variables included moisture content (20,
25, and 30%), screw speed (100, 200, and 300 rpm) and temperature
(100, 150, and 2000C). The effects on the solubility and molecular
size profiles of polysaccharide and protein were ascertained.

Solubilization of Starch and Protein
DMSO is an effective solubilizer of starch (Killion and Foster

1960, Leach and Schoch 1962, Carpita and Kanabus 1987). A
time course of carbohydrate solubilization from corn meal and
extrudate 7 is shown in Figure 1A. Carbohydrate from the ex-
truded sample dissolved at a significantly faster rate than from
corn meal, with a dramatic difference in the amount of material
solubilized during the first 2 hr. This effect was consistently ob-
served in all extrudates and is suggestive of the occurrence of
fragmentation. As equilibrium was approached, the amount of
carbohydrate solubilized did not differ significantly between corn
meal and extrudates (Fig. IA). Faster rates of solubilization were
also consistently observed with extruded amylopectins and
amyloses (P. Rodis, unpublished results).

The 12-binding capacity of the DMSO extract was measured
(Table II). Increased 12-binding capacity was observed in all ex-
trudates except sample 4. Since 12-binding should correlate with
amylose content, these data suggest that the amount of linear
polysaccharide increased after extrusion. This is indicative of frag-
mentation.

The behavior of protein in DMSO was very different from
carbohydrate. One apparent difference was that extrusion de-
creased the rate of solubilization of A280-absorbing material after
the first 2 hr of solubilization (Fig. lB).

The exact decrease in total protein recovery was difficult to
quantitate in DMSO extracts by direct assay of A2 80-absorbing
material. For example, Figure lB shows a 50% decrease in A280-
absorbing material. However, gel filtration chromatography of
corn meal (Fig. 2A) shows that a low-molecular weight peak
of A2 80-absorbing material (peak II) was removed during zein
purification (Fig. 2B). Presuming that most of the protein in corn
meal is zein, this indicated that corn meal may contain nonprotein-
aqueous UV-absorbing material that could interfere with protein
measurement.

The effect of solubilization temperature on the solubilization
rate of each peak was investigated (Fig. 3). Whereas the size
of peak I increased as solubilization temperature was raised to
800C, the size of peak II declined dramatically. Between 80 and
1000C the size of peak I decreased, whereas the size of peak
II showed a slight increase. Thus, peaks I and II respond in oppo-
site ways to solubilization temperature. This could indicate the
occurrence of cross-linking as solubilization temperatures are
increased from 20 to 80° C.

The best index of protein recovery was quantitation of high
molecular size A280 -absorbing material (peak I). Figures 2C and
D, which depict typical elution profiles of DMSO-solubilized
extrudates, show greatly decreased recovery of peak I protein,
relative to corn meal. Mean recovery was 33%. The decline in
peak I protein did not correlate with an increase in peak II (Fig.
2C and 2D, Table II), which would have been expected if the
polypeptides comprising peak I were being fragmented. Therefore,
this result suggests the occurrence of insolubilization rather than
fragmentation. The mean recovery of peak II was only 21% (Table
II).

Measurement of total DMSO-soluble protein by a second
method, Coomassie blue dye-binding, confirmed the decrease in
protein recovery (Table II). In 12 of the 15 samples, protein

recovery declined by more than 10%. Mean protein recovery was
82%. The possible contribution of impurities to absorbance read-
ings is unknown.

Effect of Extrusion Parameters on Apparent Molecular Size
Carbohydrate profiles. Native corn meal and the 15 extruded

samples were analyzed for polysaccharide size distribution by gel
filtration chromatography. The carbohydrate profile of native
corn meal gave two peaks (Figs. 4A, SA, and 6A). The bulk
of material at the volume (peak I) coeluted with pure amylopectin.
Based on this observation and previous work (Biliaderis et al
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Fig. 5. Effect of temperature on polysaccharide molecular size distribution.
A, Corn meal. B, Extrudates 3 and 7. C, Extrudates 2 and 8.
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Fig. 6. Effect of screw speed on polysaccharide molecular size distribution. A, Corn meal. B, Extrudates
D, Extrudates 8 and 7.

Fig. 7. Response surface analysis of peak I carbohydrate. Large molecular
weight fraction (% Yl) vs. moisture content (Xl) and temperature (X3)
at screw speed X2: A = 100 rpm, B = 200 rpm, and C = 300 rpm.
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1979, Biliaderis et al 1981, Chinnaswamy and Hanna 1990), it
was concluded that peak I is amylopectin. The smaller peak that
is retained by the column (peak II) formed a blue complex with
12 and is therefore amylose. Peak I represented 68% of the material
eluting from the column. Under all extrusion conditions tested,
a reduction of peak I was observed. Reductions in the size of
peak I were accompanied by peak broadening and extensive
tailing. The relative amount of large molecular weight material
decreased from 68% to a range of 24-58% after extrusion. Some
paired comparisons showing the effects of varying selected ex-
trusion conditions on size distribution are shown in Figures 4-6.

Effects of feed moisture content are shown in Figure 4. At
each screw speed and temperature tested, a decrease in moisture
content from 30 to 20% resulted in increased fragmentation. At
medium temperature (150'C) and high screw speed (300 rpm),
peak I decreased from 44 to 25% as moisture decreased from
30 to 20% (Fig. 4B). At 150'C and low screw speed (100 rpm),
peak I decreased from 52 to 40% as moisture decreased from
30 to 20% (Fig. 4C). At high temperature (2000C) and medium
screw speed (200 rpm), peak I decreased from 58 to 32% as
moisture decreased from 30 to 20% (Fig. 4D). These data also
indicated that starch fragmentation is not only influenced by
moisture content.

Representative chromatograms showing the effect of temper-
ature on polysaccharide size distribution are shown in Figure
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