CARBOHYDRATES

Swelling and Gelatinization of Oat Starches
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ABSTRACT

A comparison was made between the structure and physicochemical
properties of starches extracted from five normal and one naked cultivar
of oat. There was little difference in the molecular size or polydispersity
of the native amylose and amylopectin determined by gel permeation
chromatography (GPC), or in the unit chain distribution of isoamylase-
debranched amylopectin, where three peaks were resolved at modal
degree of polymerization of 15, 23, and 46. Apparent, total, and A-amy-
lose (difference between apparent and total amylose due to lipid com-
plexing) contents ranged from 19.7 to 22.0%, 27.5 to 29.8%, and 7.1 to
8.1, respectively, with lipid content, as fatty acid methyl esters, ranging
from 0.66 to 0.75% on a dry basis and comprising the following fatty
acids: 46.6% C16; 2.1% C18; 15.0% C18:1; 35.3% C18:2, and 0.7%
C18:3. The naked oat starch had the lowest lipid content and A-amylose.
Lintner type solubilization in 2M HCI (six days of incubation at 35°C)
ranged from 56.6 to 60.0% of the original dry o-glucan. The 80°C swel-
ling factor corresponding to postgelatinization swelling (determined by a
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blue dextran dye exclusion method) ranged from 8.6 to 10, with the
naked oat being at the top of the range. At this temperature, the amount
of o-glucan leached from the granules ranged from 4.1 to 6.6% (dry
basis), where the highest value corresponded to the naked oat. Amylose
(determined colorimetrically) accounted for 42.1-47.6% of the a-glucan
in the leachate. No intermediate material could be detected by GPC.
Damaged starch levels were very low in the starches analyzed (1.9-2.2%
on a dry basis). The high proportion of branched o-glucan in the
leachate was confirmed by GPC and was attributed to the fragile nature
of the gelatinized oat starch granules. Gelatinization parameters by dif-
ferential scanning calorimetry were 44.7-47.3, 56.2-59.5, and 68.7—
73.7°C for T, T, and T, respectively, with AH ranging from 8.1 to 9.5
J/g. The mean diameter of native granules, determined by Coulter
Counter, ranged from 4.96 to 5.63 pum, with the naked oat starch being at
the low end.

Although less extensively researched than barley, maize, wheat,
and rice starches, oat starches have received considerable atten-
tion in recent years because of increased awareness regarding the
nutritional value of this cereal (Lockhart and Hurt 1986). Oats are
utilized in breakfast cereals, porridge, biscuits, specialty breads,
and for animal feed in the United Kingdom. It is difficult to
obtain commercially produced oat starch as a food ingredient,
since the starch industry utilizes primarily maize, wheat, potato,
and to a lesser extent rice as raw material.

The dimensions of oat starch granules have been studied by
Makela and Laakso (1984). Other groups have investigated phys-
icochemical properties, including microscopy, pasting, swelling,
gelatinization, and X-ray diffraction (Paton 1977, 1979, 1986,
1987; MacArthur and D'Appolonia 1979; Doublier et al 1987,
Gudmundsson and Eliasson 1989; Hoover and Vasanthan 1992,
1994a,b; Virtanen et al 1993; Shamekh et al 1994; Mua and Jack-
son 1995). Compositional analyses with particular reference to
amylose and lipids have been published by Paton (1986),
Morrison et al (1984), Hoover and Vasanthan (1992), and
Liukkonen and Laakso (1992).

Because of the technological importance of starch, either in the
granular form or as solubilized glucan (i.e., leachate) released on
gelatinization in food systems, research has been directed toward
understanding the composition of the leachate and its properties
in foods. Considerable differences have been reported in the
literature concerning the nature and quantity of o-glucan leached
from oat starches in comparison with that from other cereal
starches. Doublier et al (1987) have compared the swelling power
of granules and leaching of amylose in maize, oat, and wheat
starches and showed that granule swelling and leaching of solubi-
lized glucan, under the conditions that they employed, was
greater in oats than in the other cereal starches and that amylose
was leached together with amylopectin. Gudmundsson and Elias-
son (1989) reported that less carbohydrate was leached from oat
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starches than from other cereal starches, although the former ex-
hibited greater gel volumes. In a comparison between oat and
wheat starches Hoover and Vasanthan (1992) found that oat
starch had a greater swelling factor and a decreased solubility of
amylose, and that amylose and a branched component were re-
leased during pasting. Compared with wheat starch, oat starch
was more susceptible to acid hydrolysis but more resistant to
hydrolysis with o-amylase. Co-leaching of amylose and amy-
lopectin during swelling has also been discussed by Mua and
Jackson (1995), but little has been reported in relation to granule
disintegration at high swelling temperatures. It has been sug-
gested that soluble material probably does not contribute to the
swelling power of starches (Morrison et al 1993).

Very little work has been done on the structural analysis of
amylose and amylopectin of oat starch. Early work by Paton
(1979) focused on the gel permeation chromatography (GPC)
profile of a-glucan and the B-amylolysis limit of some Canadian
oat starches. Recent work by Wang and White (1994a—c) has
made some progress in correlating the compositional and archi-
tectural characteristics of oat starch with its physico-chemical
properties, but the o-glucan distribution profiles published by
these authors are of lower resolution than one achieved by other
methods (Karkalas and Tester 1992). In addition, these authors
advocated the presence of intermediate material, which we could
not detect in the course of this work.

It is evident from the articles discussed above that much of the
published research on the properties of oat starch is contradictory
and gives an incomplete picture concerning structure-functional-
ity relationships. This work was initiated to study some aspects of
the functionality of oat starches and its dependence on molecular
structure, and to elucidate the reasons for some unusual proper-
ties, in particular the presence of intermediate material and the
composition of the leachate from swollen granules.

MATERIALS AND METHODS

Oats
Six cultivars of oat were used for this work, five of which
(Borrus, Erbgraf, Erich, Pitol, and Selma), originally of German
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origin, were obtained from W. R. Morrison of the University of
Strathclyde (Glasgow); the naked oat (Pendragon) was obtained
from Semundo Ltd., Cambridge.

Starches
Pure starches were prepared using previously described meth-
odology for other cereals (Tester and Morrison 1990a,b).

Physical Measurements

The dimensions of granules were measured with a Coulter
Multisizer counting in 256 channels (Tester et al 1991) according
to the general method of Morrison and Scott (1986). Granule
swelling factors at 80°C were determined on 50-mg samples of
starch by blue dextran dye exclusion (Tester and Morrison
1990a). Gelatinization parameters (onset, peak, and conclusion
temperatures, T,, T, and T, respectively) and enthalpy (AH) were
determined by differential scanning calorimetry (DSC) on 3-4 mg
of starch heated in 15 pl of water (Tester and Morrison 1990a).

Chemical Analysis

Moisture content was determined as loss of weight after heat-
ing at 130°C for 1 hr. Starch lipids were extracted in 1-pro-
panol:water (3:1) at 100°C (Morrison and Coventry 1985) and
quantified as fatty acid methyl esters (FAME) by gas-liquid
chromatography according to Morrison et al (1975, 1980).

Total starch (o-glucan) was determined by the method of
Karkalas (1985). The same general method (omitting the oi-amy-
lase stage) was used to quantify the amount of solubilized o-
glucan after hydrolyzing (lintnerizing) 100 mg of starch in 5 ml
of 2M HCl for six days at 35°C. Damaged starch was determined
by the enzymatic method of Karkalas et al (1992). Amylose was
determined colorimetrically (Morrison and Laignelet 1983). The
o-glucan distribution profiles of native starches, and those de-
branched with isoamylase, were determined by GPC on
Sepharose CL-2B and CL-6B columns (Karkalas and Tester
1992). Packed columns (100 x 1.6 cm internal diameter) were
eluted with degassed 0.05M KOH (to prevent oxidation and poly-
saccharide crystallization, respectively) containing 0.005M
thiomersal (to prevent microbial growth). The flow rate was typi-
cally either 0.25 or 0.50 ml min™', and the carbohydrate quantita-
tion employed utilized enzymatic postcolumn derivitization as
described by Karkalas and Tester (1992). Sample preparation
involved solubilization in hot urea dimethyl sulfoxide (UDMSO)
followed by precipitation in ethanol to remove lipid. The ethanol
was decanted from the centrifuged samples, which were dissolved
in 0.05M KOH to give a sample concentration of about 0.5 mg
ml', and 1 ml was loaded onto the columns. Debranching was
done in acetate buffer (200 mM, pH 3.8) at 35°C using isoamy-
lase (10 pl or about 590 units per 5 mg of starch) from Pseudo-
monas amyloderamosa (Hayashibara Biochemical Laboratories,
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Fig. 1. Gel permeation chromatogram on Sepharose CL-2B column of
native oat starch. AP = amylopectin, AM = amylose. For conditions, see
Materials and Methods.
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Okayama, Japan), to give an a-glucan concentration of about 0.5
mg ml. A sample (1 ml) of this debranched material (after boil-
ing and centrifugation to remove protein) was loaded. In addition,
debranched starches were analyzed by high-performance size
exclusion chromatography (HPSEC) (Hizukuri 1985, Tester and
Morrison 1990b, Tester et al 1991) using this same debranching
procedure, although a more concentrated sample (20 pl via an
injection loop of a 5 mg ml' digest) was applied to chroma-
tographic columns (TSK-PWH guard, two TSK-GEL G300PW
and one G2000PW columns in series and in that order) main-
tained at 37°C in an oven. These columns were eluted with 100
mM sodium phosphate buffer (pH 6.2 containing 0.02% sodium
azide) at a flow rate of 0.7 ml min! and detected using a refrac-
tive index detector. Soluble leachate was similarly treated and
chromatographed after ultracentrifugation or filtration through
glass microfiber filters to remove granular fragments.

Experimental Error

The coefficient of variation of replicate determinations was
<1% with the exception of the enthalpy by DSC, for which the
coefficient of variation was <5%.

RESULTS AND DISCUSSION

Gel Permeation Chromatography—Occurrence of
Intermediate Material

The distribution profile of the components of a native oat starch
is shown in Fig. 1. There were no observable differences in the
overall o-glucan distribution profile or ratio of amylopec-
tinzamylose peaks within the group of oat starches studied.
Indeed, the elution profile for the oat starches was very similar to
that obtained for other normal cereal starches using the same
method (Karkalas and Tester 1992).

Although different groups of researchers (Banks and Green-
wood 1967, Paton 1979, Wang and White 1994a) have reported
that oat starch is composed of three components described as
amylose, amylopectin, and intermediate material, the present
study shows that intermediate material is not a distinct component
of the starch, if it exists at all. There is simply a molecular size
distribution (polydispersity) for amylose and amylopectin, with
overlapping of the two peaks. Since the elution/quantification
method employed here is continuous and not dependent on col-
lecting isolated fractions for analysis, a more accurate o-glucan
distribution profile is normally obtained. By cutting and weighing
the chromatograms, values of about 28% amylose were obtained,
in good agreement with those determined colorimetrically
(discussed below).

In a study of the gelatinization and solubility properties of oat
starch, Mua and Jackson (1995) observed by HPSEC the presence
of intermediate molecular weight material of oat starch solubi-
lized by autoclaving in water or dimethyl sulfoxide (DMSO) fol-
lowed by sonication for 30 sec. The same authors stated that
“these findings suggest that this intermediate fraction may not be
inherent to the native granule, but is rather created by depolym-
erization” and that the intermediate material reported by Wang
and White (1994a) may well be the result of the “harsh treat-
ments” (refluxing for 24 hr in 85% methanol at 45°C, dispersing
in 90% DMSO, stirring in a boiling water bath for 1 hr followed
by further stirring at room temperature for 24 hr) used by these
authors to effect dissolution and fractionation of oat starch. In our
view, this is probably correct. Indeed, close inspection of Wang
and White’s HPSEC data for the isoamylase-debranched interme-
diate-material fractions of three varieties of oat starch does not
provide convincing evidence for the occurrence of a native inter-
mediate molecular weight component. Apart from amylopectin
hydrolysis, which gives the impression that starch contains inter-
mediate material, an intermediate molecular weight fraction has
also been incorrectly identified in “amylose” preparations from






