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Assessment of Extrusion-Induced Starch Fragmentation
by Gel-Permeation Chromatography and Methylation Analysis

PANAYOTIS RODIS,"” LU-FANG WEN,"? and BRUCE P. WASSERMAN"*

ABSTRACT

Three commercial corn starches (high-amylose, amylopectin-enriched,
and corn meal) were extruded under various conditions and analyzed
for changes in solubility, molecular size distribution, and linkage content.
Each of the extruded starches dissolved in dimethyl sulfoxide at a faster
rate than unprocessed material. Gel-permeation chromatography con-
firmed the occurrence of starch fragmentation. Methylation analysis
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showed only small changes in linkage distributions, suggesting that under
the conditions tested, the total number of fragmentation points is small
relative to the the total number of glycosidic linkages in starch. Further-
more, the absence of glucose or maltodextrins indicates that fragmentation
sites are largely internal, rather than adjacent to the reducing or nonre-
ducing termini of the amylopectin molecule.

Many physical and chemical changes are known to take place
during the extrusion of starch-based materials. One of the most
significant and well-documented of these changes is the frag-
mentation of starch. Starch fragmentation has been observed in-
directly, as evidenced by parameters such as decreases in its intrin-
sic viscosity (Colonna and Mercier 1983, Gomez and Aguilera
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1983, Colonna et al 1984, Davidson et al 1984, Diosady et al
1985), and directly, by gel-permeation chromatography (Colonna
and Mercier 1983, Colonna et al 1984, Davidson et al 1984, Chin-
naswamy and Hanna 1990, Jackson et al 1990, Wen et al 1990,
Wasserman and Timpa 1991). Gel-permeation studies uniformly
show that extrusion induces the transformation of native (un-
extruded) starches into low molecular weight fragments. The
extent of fragmentation is a function of extrusion conditions and,
possibly, of the starch source. Although covalent reassociation
of the fragments when starch was subjected to temperatures rang-
ing from 125-213°C has been suggested (Greenwood 1967, Srivas-
tava et al 1970), it has not been confirmed by recent studies (Wen
et al 1990, Wasserman and Timpa 1991). Heating starch and other
carbohydrates may result in the formation of anhydro linkages
(Thompson and Wolfrom 1958, Greenwood 1967, Theander and
Westerlund 1988).



Little is known about changes in the distribution of glycosyl
linkages during extrusion. The objective of this study was to
analyze native and extruded starch-containing materials using
both gel-permeation chromatography and methylation analysis.
Methylation analysis is widely used to determine the linkage com-
position of polysaccharides and glycoproteins (York et al 1985,
Carpita and Shea 1989) but has not previously been used as a
tool to probe extrusion-induced starch fragmentation.

This article reports the use of methylation analysis to determine
relative amounts of terminal (t)-Glc, 4-linked Glc, and 4,6-linked
Glc (at branch points). We hypothesized that extensive frag-
mentation of (1,4)-linkages would be reflected by significant in-
creases in t-Glc and decreases in (1,4)-Glc. On the other hand,
lack of a significant change in linkage distribution would suggest
that only a small fraction of the total glycosyl bonds was affected
by extrusion. The results show that cleavage of only a few gly-
cosidic bonds per starch molecule accounts for extrusion-induced
shifts in gel-permeation profiles. Furthermore, the absence of low
molecular weight fragmentation products indicates that cleavage
sites are more likely to be located internally than near the reducing
or nonreducing termini of the starch molecule.

MATERIALS AND METHODS

High-amylose (70% amylose) starches and amylopectin-
enriched (98% amylopectin) starches (Hylon-7 and Amioca, re-
spectively) were obtained from National Starch and Chemical
(Bridgewater, NJ) and were processed in a Brabender single-screw
extruder. The native high-amylose starch (sample UH) was unex-
truded. Sample XH was high-amylose starch extruded at 120°C,
100 rpm, 319% initial moisture. The native amylopectin-enriched
starch (sample UA) was unextruded. Of the extruded amylopectin-
enriched starch samples, sample XAl was extruded at 170°C,
200 rpm, 20% moisture; sample XA2 was extruded at 100°C,
200 rpm, 20% initial moisture; and sample XA3 was extruded
at 100°C, 50 rpm, 20% initial moisture.

Corn meal was obtained from Lauhoff Grain (Danville, IL).
Native samples were unextruded. Extruded samples were prepared
using the specifications outlined in Wen et al (1990). We used
the sample numbers 8, 12, and 15, as designated in Wen et al
(1990), in this study to permit ready comparison of results. Sample
8 was extruded at 100°C, 100 rpm, 25% moisture; sample 12
at 150°C, 300 rpm, 30% moisture; and sample 15 at 150°C, 300
rpm, 20% moisture.

Solubilization and Gel-Permeation Chromatography

Samples were dissolved by suspending them in 100% dimethyl
sulfoxide (DMSO) at a concentration of approximately 6 mg/
ml with continuous stirring. Starches were fully dissolved after
24 hr. Percent solubilization of carbohydrate was monitored
by removing aliquots at various times, centrifuging at 1,300 X g,
and analyzing the supernatants by the phenol-sulfuric acid assay
(Dubois et al 1956).

Samples of high-amylose and amylopectin-enriched starches
were chromatographed on a gel-permeation column (0.9 mm X
50 cm) packed with Sepharose CL-2B. The columns were eluted
with 90% DMSO containing 0.6 M urea, at a flow rate of 7 ml/
hr. Corn meal was chromatographed on a0.9-mm X 55-cm column
packed with Sephacryl S-1000 and eluted with 509% DMSO at
a flow rate of 5 ml/hr. Fractions (1.4 ml) were collected. Carbo-
hydrate was quantified by analyzing each 3-ml fraction by the
phenol-sulfuric acid assay (Dubois et al 1956).

Isolation of Starch from Corn Meal

Samples (300 mg) were defatted by extraction with 25 ml of
CHCI;3/methanol (2:1, v/v) under magnetic stirring for 5 hr; the
suspensions were filtered (Whatman no. 40 filter paper); and the
residues were air-dried overnight under a hood. The defatted
samples were suspended in 100 ml of 1009 DMSO and stirred
at room temperature for 72 hr. Alternatively, incubation at 60°C
for 8 hr yielded equivalent solubilization. The supernatants were
centrifuged at 10,000 X g for 30 min to remove any residual

particulate matter. Starch was recovered by adding ethanol (75%
v/v). The suspensions were held for 30 min, centrifuged at 10,000
X g for 30 min, and lyophilized. The extent of purification was
monitored by measuring the carbohydrate (Dubois et al 1956)
and protein (Brown et al 1989) content before and after starch
isolation. The efficacy of the procedure was assessed by conducting
gel-permeation chromatography on the samples, before and after
purification, to ensure that profiles were not changed by the
purification procedure.

Methylation Analysis

This procedure was conducted essentially as it was by Hakomori
(1964), with modifications added by Harris et al (1984), Mort
et al (1983), and Blakeney and Stone (1985). Use of n-butyllithium
in DMSO was adapted for the rapid and safe generation of the
methyl sulphinyl anion (Blakeney and Stone 1985, Parente et
al 1985), thus bypassing the need for separately synthesizing anion.
Starch was dissolved in DMSO by stirring overnight. The reaction
with butyllithium was for 1 hr at 40°C. Sep-Pak C,g cartridges
(Waters Associates, Milford, MA) were used for purification of
methylated high-amylose and amylopectin-enriched starches
(Mort et al 1983); dialysis (molecular weight cut-off: 1,000) was
used for corn meal (Harris et al 1984). Ultra-high purity nitrogen
was used in place of argon to exclude moisture. Methylated starch
was hydrolyzed using 2N trifluoroacetic acid and reduced/
acetylated as described by Blakeney et al (1983). Myo-inositol
was added as an internal standard. Permethylated-peracetylated
alditols were separated by gas chromatography with a glass fused-
capillary column (60 m X 0.25 mm i.d.; DB-5, 5% phenylmethyl-
silicone, 0.25 um film thickness) in a Varian 3400 gas chroma-
tograph (Varian, San Francisco, CA) equipped with a flame
ionization detector. Carrier gas (He) flow rate was 1 ml/min.
Samples (1 ul) were injected in splitless mode. Two temperature
programs were used: 1) isothermal at 140°C for 1 min followed
by a 2°C per min increase in temperature to 220°C; and 2) 10°C
per min increase to 320°C and isothermal at 320°C for 10 min.
The injector was at 275°C and the detector was at 300° C. Identities
of the alditols were confirmed by comparing their relative
mobilities with known standards and by mass spectrometry (York
et al 1985).

Statistical Analysis of Data from Experiments on Purified Starches

Using the 1987 SAS program, (SAS, 1987) data analysis was
first performed between date and group (with groups 1 and 2
representing high-amylose and amylopectin-enriched starches,
respectively). Because the effect of date was not significant, it
was removed and the comparison was made between the treat-
ments (native and extruded) within each group. Finally, all data
were pooled for statistical analysis.

RESULTS

Fragmentation and Methylation Analysis of Purified Starches
Solubilization of samples. Extrudates of high-amylose and amy-
lopectin-enriched starches were prepared in a Brabender single-
screw extruder. Solvents evaluated for effectivity of solubilizing
high-amylose and amylopectin-enriched starches were: boiling
water (Hood 1978); alkali (Colonna and Mercier 1983); and
DMSO (Killion and Foster 1960, Leach and Schoch 1962, Carpita
and Kanabus 1987, Jackson 1991). In accordance with our pre-
vious findings with corn meal (Wen et al 1990), DMSO was
effective. The solubility of starches in DMSO is enhanced by
extrusion. Table I summarizes the relative solubility of native
and extruded high-amylose and amylopectin-enriched starches in
DMSO. Native high-amylose starch could only be partially
solubilized in 100% DMSO. However, complete solubilization
was obtained in 90% DMSO containing 0.6M urea. In 100%
DMSO, the solubility of extruded high-amylose starch was 95%
as compared to 68% for the native starch. When the DMSO
level was lowered to 75%, a marked decline in the solubility of
both native and extruded high-amylose starch was evident.
Amylopectin-enriched starch behaved somewhat differently
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