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Retrogradation of three high-amylose starches (H&SRlu, aeV, and  CCS andae du gels,G' dropped dramatically=00x) when heated from
ae VIl) and common corn starch (CCS) was examinedymamic oscil- 6 to 70°C, less £10x) for ae V gels, and least (=5%) for ae VIl gels. By
latory rheometry (7.5% [w/w] starch in 20% [v/v] dimethyl sulfoxide DSC, each AM endotherm had a peak temperature of =140°C, whereas
[DMSQ]), differential scanning calorimetry (DSC; 30% [w/w] starch in all AP endotherms were complete before 120°C. Endotherms >120°C were
water), and turbidity (0.5% [w/w] starch in 20% [v/v] DMSO). Nongran- not observed for any nongranular starch despite the high AM content of
ular lipid-free starch and starch fractions (amylose [AM], amylopectin [AP]some starches. After cooling starch suspensions from room temperature to
and intermediate material [IM]) were studied. Gels were prepared b§°C and subsequent rewarming to room temperature, each AM aagl the
dispersing starches or fractions in 90% DMSO and diluting with water\/Il nongranular starch remained highly turbid. Each AP and the remain-
followed by storage for seven days at 4°C. For AM from each starch, theg nongranular starches lost turbidity during rewarming. Our work sug-
elastic modulus@') was similar when heated from 6 to 70°C. Tieof gests that branched molecules of CCS and HAS influence gel properties
HAS AP gels at 6°C was higher than for CCS AP gels. For nongranulaf nongranular starches by intibg or altering AM-AM interactions.

Retrogradation is the process by which starch returns to a more nal chains of molecules, without formation of crystallinity, also con-
ordered state after gelatinization (Atwell et a 1988). During retro- tributes to the network structure of amylopectin gels.
gradation, amylose may form double-helical associations of 40-70 Jane and Chen (1992) fractionated potato, normal maize, and high-
glucose units (Jane and Robyt 1984, Leloup et al 1992, Liu et amylose maize starch and prepared 8% (w/w) starch gels by co-
1997), whereas amylopectin forms shorter double helices than amyispersing the fractions (amylose:amylopectin, 1:4, w/w) iM0.5
lose due to restrictions imposed by the branching structure of théOH and neutralizing the dispersions to effect gelation. The mixed
molecules and the chain lengths of the branches. Double helicgsls containing amylopectin with longer branches formed stronger
may associate and organize into crystallites (Miles et al 1985, Ringels than those containing amylopectin with shorter branches, indi-
et al 1987), and gelation results under appropriate conditions. Nucleaiting that the amylopectin with longer chains did not simply act as
magnetic resonance (NMR) (Gidley 1989, Gidley and Bulpin 1989 filler within an amylose gel matrix. Parovuori et al (1997) pre-
X-ray diffraction (Miles et al 1984, I'Anson et al 1988), and rheo-pared mixed gels containing either 25 or 50% amylose, with the
logical (Gidley 1989) studies of amylose dispersions indicate thatmainder being either waxy maize starch or a dextrin (classified
amylose gels are composed of a network of double-helical, semis large, medium, or small molecular weight by size-exclusion
crystalline junction zones separated by amorphous regions. chromatography) prepared by limiteeamylase digestion. The mixed

Gudmundsson (1994) pointed out that starch gels from normagels containing either 25 or 50% amylose and medium-sized dextrins
starch, as well as gels from amylose of normal starch, are thermalyoduced the weakest gels, and for gels containing the same dextrin,
reversible at 100°C, in contrast to amylose gels. Nevertheless, Gugkls containing 25% amylose formed weaker gels than gels contain-
mundsson (1994) suggested that interaction between amylose dng 50% amylose. These observations show that both amylose
amylopectin would be limited in normal starch if granule integritycontent and amylopectin size affect the properties of mixed gels.
remains. Studies of the mechanism of amylopectin gelation indicate Boltz and Thompson (1999) demonstrated that the retrogradation
that amylopectin gels may develop through the formation of shognthalpy of granular and nongranular high-amylose starches depen-
intermolecular aggregates (Miles et al 1985, Ring et al 1987). Ringed on the temperature to which starches were heated. For starches
et al (1987) observed a loss of turbidity in 20% amylopectin gelaeated to 120 or 140°C, when subsequently reheated, an endo-
between 40 and 60°C, a temperature range that coincided withtlderm >120°C was observed and attributed to amylose. This result
differential scanning calorimetry (DSC) endotherm. After acid hydrolshowed that amylose could associate independently of branched
ysis of gels, debranching of residue by pullulanase, and subsequemlecules. Sievert and Pomeranz (1989, 1990) also observed endo-
size-exclusion chromatography, a single peak with a maximum degrégerms >120°C after starches were autoclaved between 121 and
of polymerization (DP) at 15 and a shoulder at DP 30—40 was ol48°C. However, after Boltz and Thompson (1999) initially
served, indicating the portion of the gel structure resistant to acideated starches to 160 or 180°C, they did not obsedaerms
was composed primarily of short (DP 15) chains (Ring et al 1987%»120°C when reheated, suggesting the ability of amylose to asso-
Because th@-limit dextrins of amylopectin failed to form gels at ciate independently had been lost.
similar concentrations and failed to develop turbidity when held at Starches from amylose-extendag)( dull (du), and sugary-2s(2)
1°C for one month, Ring et al (1987) suggested that the smadhd fromae du andae su2 maize endosperm have an apparent amy-
chains involved in the gel network were the exterior chains of thiyse content higher than that of normal maize starch (Shannon and
amylopectin molecules. Based on the turbidity and rheological behagarwood 1984). Previous work in our laboratory has shown that
ior of aqueous waxy maize starch dispersions at starch concenteg du starch behaves differently thae starches, but thate su2
tions between 3 and 10.5%, Cameron et al (199ggested that the starch behaves similarly tae starches (Ferrone 1996). The
formation of infrequent intermolecular double helices between extemutation results in a loss of starch branching enzyme llb activity

(Boyer and Preiss 1978). Recent evidence suggests trdu the-
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1998), and the branched molecules are partially separated by Seph- (Amerimaize 2300) was obtained from American Maize Products
arose CL-2B chromatography (Baba et d 1982, Baba and Arai 1984, Co. (now Cerestar USA, Hammond, IN). The HAS will be re-
Wang et d 1993b, Klucinec and Thompson 1998). The ae du starches  ferred to ase V, ae VII, and ae du. The normal maize starch will
contain branched molecules with chain profiles more closely resem- be referred to as common corn starch (CCS). All reagents were
bling amylopectin of common corn starch (Ferrone 1996) and are par- ACS reagent-grade or better (Fisher Scientific, Fair Lawn, NJ).
tially separated by Sepharose CL-2B chromatography (Wang et a Granular starch refers to the commercial starches as received, in-
1993a,b). cluding native lipid. Nongranular starch free of native lipid was

Kalichevsky and Ring (1987) showed that 6% dispersions of nor- prepared by dispersion of granular starch in 90% dimethyl sulfox-
mal amylose and amylopectin behave as incompatible polymers at ide (DMSO) followed by ethanol precipitation and drying at 55°C
80°C. German et al (1992), working with 1.5% amylose and 1.9%n a forced-air oven (Klucinec and Thompson 1998). All starch
amylopectin at 85°C, made a similar observation. Neverthelesfactions (AM, AP, IM) were prepared from nongranular starch as
Jane and Chen (1992), Boltz and Thompson (1999), and Parovudescribed by Klucinec and Thompson (1998), using a modifica-
et al (1997) demonstrated that retrogradation or gelation of amylosten of a two-stage aliphatic alcohol precipitation procedure de-
amylopectin mixtures cannot be explained based on simple corseribed by Takeda et al (1986).
binations of the retrogradation and gelation abilities of each com-
ponent of the mixture. The contributions of amylose and amyloT hermal Analysis of Granular and Nongranular Starches
pectin to gels of different high-amylose maize starches have nahd Starch Fractions
been studied. Approximately 12 mg#0.001 mg) of granular starch, nongran-

In a previous study (Klucinec and Thompson 1998), three lipidular starch, or starch fraction (dwb) was weighed (AD-4 Autobal-
free high-amylose starches (HAS) were each separated into thraece, Perkin-Elmer Corp., Norwalk, CT) in a stainless-steel differ-
fractions, designated amylose (AM), amylopectin (AP), and interential scanning calorimeter pan (Perkin-Elmer), brought to 30%
mediate material (IM), by a multistep, differential alcohol frac-solids (w/w) by adding deionized water, sealed, and stored at room
tionation procedure. The purpose of the current study was to undeéemperature for 24 hr. Samples were heated in a differential scan-
stand the contributions of these starch fractions to the gelation of
the corresponding dispersed, lipid-free HAS and normal starch to

gain a better understanding of gelation of high-amylose starches TABLE |

relative to normal starch and differences in gelation among high-  Turbidity (Agsonm) of 0.5% Dispersions of Nongranular Starches
amylose maize starches. Rheological behavior of gels from dispersed, and Starch Fractionsin 20% (v/v) DMSO?
lipid-free normal and high-amylose starches and of the AM and After 5-min Storage
AP fractions from the starches (Klucinec and Thompson 1998) was in | ce Water

examined. Turbidity development and thermal behavior of AM, Immediately  Immediatdly  After 15 min at
AP, and IM were studied to gain insight into the nature of the gel§iarch sample? After Sonication After Storage  Room Temp.
formed.

ccs
Nongranular starch 0.09 0.39 0.19
MATERIALSAND METHODS (0.04,0.14) (0.27,0.51) (0.07, 0.30)
AP 0.06 0.19 0.08
Starch (0.07, 0.05) (0.24,0.14) (0.10, 0.06)
Maize starches and reagents used were those described previoust)! 0.04 0.13 0.07
by Klucinec and Thompson (1998). Two commerembenotype (0'03'1%05) (O'lf'7%10) (0.06,0.07)
starches (Hylon V and Hylon VII) and a commercial normal maize (001, 0.23) (162, 1.94) nde
starch (Melojel) were obtained from National Starch and Chemize gy ' '
cal Co. (Bridgewater, NJ). A commercia¢ du genotype starch Nongranular starch 0.11 0.72 0.16
(0.12,0.11) (0.89, 0.55) (0.17,0.15)
AP 0.11 0.18 0.10
(0.16, 0.05) (0.24,0.11) (0.13, 0.06)
. N IM 0.01 0.40 0.10
(0.00, 0.03) (0.50, 0.30) (0.12, 0.09)
@ \' AM 0.12 2.50
(0.05, 0.19) (2.49, 2.51) nd
F aeV
y \ Nongranular starch 0.08 1.34 0.21
(0.05,0.11) (0.97,1.72) (0.13,0.29)
N AP 0.08 0.4 0.17
(0.06, 0.09) (0.56,0.31) (0.18,0.15)
B D IM 0.06 0.51 0.15
A__ (0.05, 0.08) (0.55, 0.47) (0.10, 0.19)
AM 0.12 1.82
(0.04, 0.20) (1.38, 2.26) nd
ae VIl
"' E Nongranular starch 0.07 1.86 nd
(0.06, 0.09) (1.65, 2.07)
N AP 0.07 0.28 0.13
(0.07,0.07) (0.38,0.18) (0.14,0.12)
IM 0.08 0.84 0.46
(0.04,0.13) (0.60, 1.08) (0.22,0.70)
B - _‘ AM 0.12 215
(0.04,0.19) (1.75, 2.54) nd
N 4 a DM SO = dimethyl sulfoxide. Vaues are the average of two determinations (in
parentheses immediately below the average).
Fig. 1. Gel casting apparatus for dynamic oscillatory rheometry. A, Plexi- b Common corn starch. AP = amylopectin; IM = intermediate materia; AM =
glas plates; B, 2.4-mm spacers; C, binder clip contact point; D, flexible amylose.
tubing; E, well for starch paste; F, gap for sample loading. ¢ Not determined. A clear upper layer and aturbid lower layer were observed.
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ning calorimeter (DSC-7, Perkin-Elmer) from 5to 180°C at 10°C/min  bath for 5 min, and absorbance was remeasured after quickly dry-
and quench-cooled{50°C/min). An empty stainless-steel pan wasing the outside of the cuvette. The absorbance of dispersions was
used as a reference. Gelatinized granular starches were either measured every 5 min for 15 min while standing at room tempera-

heated immediately from 5 to 180°C at 10°C/min or reheated afteure (22°C). Two independently prepared dispersions of each non-

storage at 4°C for 3, 7, or 14 days. Each nongranular starch agdanular starch and starch fraction were analyzed.

starch fraction heated to 180°C was either reheated immediately or

reheated after storage at 4°C for seven days. Enthalpy of the retigtarch Gel Preparation and Rheological Examination

gradation endotherms was calculated (7 Series Software, Perkio-Nongranular Starches and Starch Fractions

Elmer). Temperature and enthalpy calibrations were made using For each nongranular starch, AP or AM (750 mg, dwb) was added

indium. Duplicate samples were analyzed for each starch and stoo- a glass screw-cap tube. With the tube held at an angle and the

age-time combination. starch spread along the length of the tube, 2.0 mL of 100% DMSO

(90°C) was added quickly to the tube, and the tube was capped.
Turbidity Measurements of Nongranular Starches The contents of the tubes were immediately mixed, and the tubes
and Starch Fractions were placed in a boiling water bath for 1.5 hr, inverted several times,

The turbidity of each nongranular starch and starch fraction waand heated for an additional 1.5 hr. After heating, the redispersed
examined using the method of Adkins and Greenwood (1966) withtarch samples were brought to a volume of 10 mL with hot (90°C)
modifications. The turbidity of a starch dispersion was defined awater and vigorously shaken until the concentrated starch-DMSO mix-
absorbance at 650 nm. Each nongranular starch and starch fracttare and water were thoroughly mixed (<1 min). While hot, the mix-
(7.5 mg, dwb) was redispersed in 0.3 mL of 90% DMSO in aure was poured into a gel-casting apparatus used to study dynamic
microcentrifuge tube by heating mixtures for 3 hr in a boiling waterheological properties (Fig. 1), based on the design of Yuan and
bath with intermittent agitation. After dispersion, deionized wateiThompson (1998). Dispersed starch was allowed to cool for 5 min at
(1.2 mL) was added, and the mixture was gently mixed immeroom temperature, at which time the gap in the tubing (Fig. 1) was
diately, resulting in a 0.5% starch dispersion. sealed with melted paraffin wax. The apparatus was stored verti-

The absorbance of each 1.5-mL glass cuvette was zeroed witltally at 4°C for seven days before rheological analysis.

20% DMSO solution. Cuvettes and contents were sonicated (modelThe dynamic elastic modulu&'j of each gel was measured with
SC-50T; Sonicor Instrument Co., Copaigue, NY) for 5 min toa controlled strain rheometer (RFS Il, Rheometrics, Piscataway,
remove air bubbles before absorbance measurements (Gilford INJ) in parallel plate (5 cm diameter) geometry, based on the method
strument Laboratories, Oberlin, OH) were taken at room temperaf Eliasson and Kim (1992) as described by Yuan and Thompson
ture. Cuvettes containing dispersions were immersed in an ice wal@998). After seven days, gels were removed from storage at 4°C,
Plexiglas plates were separated, and gels were placed on the lower
surface of the rheometer. The upper plate was brought into contact
with the gel surface until the normal force of the gel counteracted
the force of the upper plate on the gel surface. The gel sample was
trimmed to the dimension of the top plate with a razor blade, and a
thin film of vacuum pump oil (Welch Vacuum Technology, Sko-
kie, IL) was applied to the exposed surface of the gel to minimize
water evaporation during the test. The lower plate was heated from

o

°

=

w

—_ ccs - 6 to 70°C at 5°C/min with an environmental control circulator
= (Rheometrics). During the heating proceéSswas measured every

i3 ae du _— 20 sec at 5 rad/sec. AP and nongranular starches were tested at
2 5mW 2% strain, and samples of each AM were tested at 0.2% strain. Strains
o° ae V - were within the linear viscoelastic region. Two independently pre-
‘“_', Vil pared gels were examined from each nongranular starch, AP, and AM.
s ae For each gel, a ratio @' at 70°C G'7g:¢) to G' at 6°C (G'g-c) Was

I

= used to calculate the percentage of G' remaining at 70°C.

1 30 50 70 90 110 130 150 170
0 RESULTS

Temperature (°C) . )
Turbidity of Nongranular Starches and Starch Fractions

Fig. 2. Differential scanning calorimetry thermograms of gelatinization of All dispersions had low turbidity before cooling in an ice-water

common corn (CCS) and high-amylose (ae du, ae V, ae V1) starches (30%, !oath (Table ). After cooling the AM dlspe_rsmns fr(_)m each starch

wiw). in the ice-water bath, samples became highly turbid (Table I). Ap-
TABLE I

Enthalpy? (AH, J/g) of Granular Starches After Initial Heating and Heating After Storage?

AH on Reheating®

Starch Sample® AH on Initial Heatingd Immediate Rescan After 3 Days After 7 Days After 14 Days
CCS 195+ 0.14A 2.8+ 0.24aA 7.5+ 0.57b,A 9.1+0.13c,A 10.6 + 0.20d,A
aedu 24.8 £2.01B 4.8 +0.71aA 10.4 + 1.36b,B 10.6 £ 0.05bc,A 12.7 + 0.53c,B
aeV 20.6 + 2.31AB 54+ 1.42aA 10.2 £ 0.26b,B 13.1 + 0.44c,B 145+ 0.03c,C
ae VIl 22,7+ 1.03AB 84 +122aB 9.7+ 0.91ab,AB 9.7 + 0.50ab,A 11.0+ 0.13b,A

a Enthal py includes thermal transitions associated with gelatinization and dissociation of amylose-lipid complexes.

b Values are mean + SD of two separate analyses. Within each row, values followed by the same lowercase letter are not significantly different at a = 0.05 by
LSD analysis. Enthalpy of the initial heating was not included in the analysis. Within each column, values followed by the same uppercase |etter are not sig-
nificantly different at a = 0.05 by LSD analysis.

¢ Common corn starch.

dFig. 2.

¢ Fig. 3.
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proximately 5 min after the cuvette containing each AM was re-
moved from the ice-water bath and held at room temperature, aclear
upper layer in the cuvette was apparent above a turbid region. For
these samples, turbidity could not be determined by our method
(Tablel). After cooling the AP and IM from each starch in the ice-
water bath, samples became dightly turbid (Table I). The turbidity of
cooled AP and IM from each starch was lost after samples were
placed in air at room temperature and held for 15 min (Table I).
Nongranular starch from CCS, ae du, and ae V developed higher
turbidity than AP and IM from the respective samples when non-
granular starches were held in an ice-water bath, but the turbidity
of the nongranular starches also was lost when subsequently held
at room temperature (Table 1). Nongranular ae V11 developed the
highest turbidity of all nongranular starches after being held in an

CCS _
0d
3d 5 mW
W__|
W
14d 1
T , ae du
0d
0
E W
[}]
=
o y\f\/
e
[ =
w 14d
ae V
S | od
E
_E 3d
L
= W
Q
€I
14d
ae VIl
0d
W
7d
14d

10 30 50 70 90 110 130 150 170

Temperature (°C)

Fig. 3. Differential scanning calorimetry thermograms of common corn
(CC9) and high-amylose (ae du, ae V, ae VII) starches (30%, w/w). After

ice-water bath, and a clear upper layer became apparent after 15
minin air at room temperature (Table ).

Thermal Analysis of Granular and Nongranular Starches
and Starch Fractions

Native granular starches. Two endotherms were observed during
initial heating of CCS (Fig. 2). The lower temperature endotherm
was attributed to loss of native starch double helices (Cooke and
Gidley 1992), and the higher temperature endotherm was attrib-
uted to melting of amylose-lipid complexes. A multicomponent
endotherm, interpreted as containing both events observed for CCS,
was observed for each of thethree HAS (Fig. 2; Table I1).

Endotherms were observed during immediate reheating of each
granular starch after initial heating (Fig. 3). For CCS and ae du,
endotherms observed between 80 and 110°C were attributed to
melting of amylose-lipid complexes. Fae V and ae VII, endo-
therms observed over a broader temperature range, betbeamd

CCS

N
- ———
[

PRE——

NG ae du

N

———

Endothermic

Heat Flow (mW)
z}
2

AM
ae VI
W
AP -
W -
AM 5 rIW

10 30 50 70 90 110 130 150 170

Temperature (°C)

Fig. 4. Differential scanning calorimetry thermograms of immediately re-

initial heating to 180°C, samples were immediately reheated (0 days [d]) otheated nongranular (NG) starches (common corn [C&S]y, ae V, ae

stored for varying lengths of time (3, 7, and 14 days) at 4°C.

VII) and their respective starch fractions (AP, IM, AM).
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110°C, were attributed to a combination of loss of rapidly retro-aeV andaeVIl, an endotherm was observed between 50 and 120°C
graded starch double helices and melting of amylose-lipid complexe@:ig. 4; Table 1lI). During immediate reheating of nongranular
During storage at 4°C after initial heating, CCS developed an esCS, no endotherm was observed (Fig. 4); however, for imme-
dotherm between 30 and 70°C (Fig. 3; Table II). Under the samdiately reheated nongranulae du, ae V, and ae VII, an endo-
conditions,ae du starch developed an endotherm beginning at 30°Gherm was observed between 50 and 120°C (Fig. 4; Table IlI). For
that extended to higher temperatures and partially overlapped wititongranularae du and ae V, the enthalpy observed after imme-
the endotherm attributed to melting of amylose-lipid complexesliate reheating was greater than was observed for AP and IM from
(Fig. 3; Table Il);ae V and ae VII starches also developed endo- the respective starches (Table 1ll). No endotherms with a peak at
therms beginning at 30°C. The V andae VII starch endotherms =140°C were observed for any nongranular starch during immediate
extended to higher temperatures thardu starch endotherms and, reheating (Fig. 4).
as a result, overlapped more extensively with the amylose-lipid After seven days at 4°C, endotherms for AM were similar in
complex endotherm (Fig. 3; Table ). temperature range and enthalpy to those observed during imme-
Nongranular starches and starch fractions. During immediate diate reheating (Fig. 5; Table Ill). For AP and IM from CCS, endo-
reheating of AM from each starch, an endotherm with a peatherms were observed <70°C. For AP and IM fraerdu, endo-
temperature near 140°C was observed (Fig. 4; Table Ill). Durintherms slightly broader than those of CCS, AP, and IM were observed
immediate reheating of AP from CCS aael du, no endotherm <90°C (Fig. 5; Table Ill). Endotherms for AP and IM fraaV
was observed (Fig. 4). However, for immediately reheated AP frorandae VII were much broader, between 30 and 120°C (Fig. 5; Table
). For all starches, the endotherm for nongranular starch was ob-
served over the same temperature range as the respective AP and
IM, and no endotherm with a peak=di40°C was observed for any
nongranular starch (Fig. 5; Table IIl).

CCS

Dynamic Oscillatory Rheometry of Starch Gels
from Nongranular Starch and Starch Fractions

Figure 6 shows the change® as temperatures increase from
6 to 70°C for 7.5% starch gels from nongranular starches and the
respective AP and AM. The ratio & at 70°C G',c) to G’ a
6°C (G'g:c) is shown in Table IV. G' for CCS AP fell markedly
beginning at =40°C and ended near 60°C, reaching an apparent

NG
Ip‘/\_,\
T —

plateau. AlthoughG' for ae V AP was much greater at 6°C than
for CCS AP, a plateau also was apparent by 60—-65°Gf ae du

AM AP began at a high level, but by 70°C, it dropped to the level of
CCS AP.G for ae VII AP began at a high level and decreased

é NG ae du gradually as temperatures increased to 7G'Gf AM gels was
a /—/—/\_—’\*
< TABLE I
_8 /Af/\\vx Retrogradation Enthalpy (AH, J/g) of Nongranular Starches
c and Starch Fractions After Initial Heating to 180°C?
w WIM‘/\M AH After 7 Days
Storage at 4°C
— /ALM“F\/\J\ AH of Immediate First Heating Immediate
= Starch Samplé Rescanl to 180°C  Rescan to 180°C
E ae V ccs
= NG Nongranular starch nde 10.0 + 0.23B nd
3 “ AM nd 112+ 1.00B nd
i W IM nd 11.3+0.21B nd
e AM 5.2+ 0.3% 7.2+041bA 6.4+0.01b
8 aedu
o W/ Nongranular starch 6.9 # 1.26ab,B  10.8+ 1.64b,A 52+ 1.49aA
AM nd 165+ 1.72B nd
/PLM_,,q___d/—J/\,,/\ IM nd 115+ 0.34A nd
AM 45+ 0.34a,A 8.2+ 0.80ab,A 13.0+ 2.90b,B
ae VI aeV
/NW// Nongranular starch 8.1+ 1.45aC 124+0.98b,A 9.6+ 1.28ab,C
AP 23+0.51aA 184+ 1.30b,B 21+142aA
\/// M 45+041aB 127+ 1.4bA 6.4+ 0.43a,B
W | AM 117+004aD 97+154aA 10.4+0.86aC
ae VIl
W Nongranular starch 8.1+ 0.03bA 100+ 002CA 7.6+ 0.22aA
AM 5 mw AP 82+0.28a,A 16.7+1.01bB 89+0.43aB
M 8.9+0.999AB 13.8+0.500,AB 8.77 £ 0.27a,AB
J_ AM 102+ 0.21aB 109+ 266aA 114+ 0.68aC

TN S ST S A S R N
-t

; aWithin each row, values followed by the same lowercase letter are not sig-
10 30 50 70 90 110 130 150 170

nificantly different at o = 0.05 by LSD analysis. Within each column for each
starch, values followed by the same uppercase letter are not significantly dif-
ferent at a = 0.05 by LSD andlysis.

b Common corn starch. AM = amylose; IM = intermediate material; AP = amy-

Temperature (°C)

lopectin.
Fig. 5. Differential scanning calorimetry thermograms of nongranular (NG) ¢ Fig. 4.
starches (common corn [CCY], ae du, ae V, ae VII) and their respective dFig. 5.

starch fractions (AP, IM, AM) after storage for seven days at 4°C.
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far higher than for the respective AP from each nongranular starch, CCS,ae du, andae V was lost when samples were warmed after
and the proportion of G'gc lost when heated to 70°C was much removal from the ice-water bath. We suggest that the branched
less (Table IV)G' values for nongranular starch from CCS aad molecules in these nongranular starches prevented formation of the
du were similar throughout the heating regime. For nongranulastable aggregates observed for the respective AM. Adkins and Green-
starch fromae V, G' decreased less extensiveB. for nongran-  wood (1966) observed nearly immediate flocculation of 0.5% disper-
ular starch fronae VII began at a much higher value than for the sions of high-amylose starches in 25% DMSO at 6°C. In our study,
other nongranular starches and also decreased proportionately I&sis behavior was observed only for nongranaawIl. The dif-

when heated. The decreaseanfor nongranular starches occurred ference in the behavior @k VII compared withae du andae V

over a temperature range similar to the decreas® if the re- could be attributable to the AM content or AP structure of the

spective AP. starch. The high-amylose starches examined by Adkins and Green-
wood (1966) contained between 47 and 63% amylose, determined
DISCUSSION by precipitation with 1-butanol, similar to the AM contentaef
VIl starch (Klucinec and Thompson 1998), determined using similar
Turbidity of Nongranular Starchesand Starch Fractions methods (49%), and higher than levels observeddau andae

Because complete dispersion of amylose or high-amylose starchésstarches (41 and 38%, respectively [Klucinec and Thompson
in water requires heating to temperatures in excess of 150°C, sorh@98]). AP structure varied as welihang the HAS we studied
investigators have examined the rheological behavior of amylog&lucinec and Thompson 1998).

(Colonna and Morris 1987) or turbidity development of amylose

(Takeyama et al 1994) and high-amylose starches (Adkins arihermal Analysis of Nongranular Starches

Greenwood 1966) in a binary solvent of DMSO and water. In ouand Starch Fractions

study, we used a binary DMSO-water solvent to examine both the Cooke and Gidley (1992) suggested that the dissociation of starch
turbidity development and rheological behavior of nongranuladouble helices into single chains is responsible for the endotherms
starches and starch fractions. produced by DSC. For an endotherm to be produced by DSC, a

All of the 0.5% dispersions of nongranular starches and the re-
spective fractions in 20% DMSO had turbidity values <0.2 before TABLE IV
they were placed in an ice-water bath (Table I). Because turbidity ) ,
is related to formation of aggregates with a size similar to the aﬁgag';?hogf:éfigﬁ ézagggzisaﬁiygggfg}%% g,\"’,l“gga
wavelength of light (Gidley and Bulpin 1989), this observation and Relative Residual Order of Gels at 70°Cb
indicates that relatively few large aggregates were present. Adkins - —
and Greenwood (1966) also observed limited turbidity develop .\ . o o % GatR;agjg'”'”g
ment at 20°C over 40 hr for 0.5% dispersions of waxy and regular P &c ¢
maize starches in 25% DMSO. Adkins and Greenwood (1966) noteeFS
that waxy and regular maize starch dispersions developed turbidityNo"9"

anular starch

at 6°C, and turbidity disappeared when samples were warmed T::Z'é 2‘.8310Xx1$ i:gg : ig g:i
afterward to 20°C. In the current study, AM from each starch ap

became highly turbid while in an ice-water bath (Table I), and  Trial 1 1.84x18 1.23x10 6.7
turbidity was not lost during rewarming at room temperature  Trial 2 165x16  1.33x10 8.1
(Table 1), indicating that stable large aggregates had formed. TheA'\%ié1| 1 211x18 116 x 18 55
slight turbidity of AP and IM from each starch was lost during Trial 2 292 x18 146 x 16 66

subsequent warming (Table 1). Consequently, large aggregates fropy,
AP and IM were more thermally labile than aggregates from AM.  Nongranular starch

Each nongranular starch dispersion became more turbid at 6°C Trial 1 0.643 x 1® 0.632 x 16 1.0
than the respective AP or IM (Table 1). This higher level of tur-  Trial 2 1.18x18  1.91x10 16
bidity may be related to the presence of amylose in each nongran-APTrial 1 185x18  9.24 x 16 0.50
ular starch. However, the turbidity that developed in nongranular Trial 2 151 x18 822 x 10 054

AM
Trial 1 256 x16  1.18 x 16 46
105 Trial 2 1.87x16  0.808 x 16 43

CCSs aeV aeV
104 Nongranular starch

108 " Trial 1 0923 x 18 3.94 x 10 4.3
Wﬂmﬁmﬂ* Trial 2 1.02x10  6.80 x 10 6.7

102 m%+ M AP
101 o T Trial 1 1.27x18  0.967 x 18 7.6

o« Trial 2 1.46x10  1.12x 16 7.7

T o AM

& ae du ae VI Trial 1 2.64x16  1.34x106 51

104 Trial 2 357x16  1.66x 10 47
10° e aeVil
W %%%ME Nongranular starch
102 Trial 1 3.85x18  0.605 x 16 16
m Trial 2 572x18  1.17x 16 21
10° R AP
| Trial 1 1.66x10  1.02 x 16 6.1
5 15 25 35 45 55 655 15 25 35 45 55 65 Trial 2 1.95 x 108 1.44 x 16 7.4
Temperature (°C) AM
Trial 1 275x16  1.23x 106 45
Fig. 6. Gel storage modulus (G') as a function of temperature during heating Trial 2 366x10 180x10 49
of gels from nongranular (NG, +) starches (common corn [CCS], ae du, aG' values are reported for two trials. DMSO = dimethyl sulfoxide.
ae V, ae VII) and their respective starch fractions (AP, O; AM, 0O) from 6 b Percent was calculated & 4-dG'g-c) X 100.
to 70°C. ¢ Common corn starch. AP = amylopectin; AM = amylose.
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sufficient quantity of double-helical order would be required to dis- uted to amylopectin) when glycerol monostearate is present might
sociate within a sufficiently narrow temperature range. Because  be due to amylose-lipid complex formation, such that any cocrys-
the temperature range for the endotherm of double-helix dissocia- tallization of amylopectin and amylose would be precluded. Fisher
tion should be related to helix length, a narrow endotherm would and Thompson (1997) and Liu andiompson (1998in press)
suggest a narrow range of double-helical lengths. An endotherm  demonstrated that retrogradation of waxy-type starches (observed by
with a peak at =140°C was observed during immediate reheatingDSC) is fastest after starch is heated initially to a temperature just
of each AM fraction, indicating the fractions are capable of rapabove the completion temperature for the DS@otherm, and
idly reorganizing into a relatively narrow range of long double helicesetrogradation rate decreases as initial heating temperature increases.
during cooling. Endotherms were not observed during immediat€he slower retrogradation after higher initial heating temperatures
reheating of AP and IM from CCS ara® du, indicating the was attributed to the increased disordering of amylopectin chains
molecules either do not reform double helices or do not reorganiz€isher and Thompson 1997; Liu and Thompson 189§yress).
into double helices of a sufficiently narrow range of lengths duringvhen AM is present within the range described in our report, we
cooling. suggest that after heating to 160 or 180°C or employing solvents

The inability of branched fractions from CCS amdu to quickly  sufficient to disorder both AM (Boltz and Thompson 1999) and
reorganize into double helices may be due to the proportion &P, entanglements may result that prevent the self-association of
short chains (DP <30) in the branched molecules (Klucinec an8iM, resulting in mixed double helices between AM and AP
Thompsonl998), which generally are similar to the proportion ofduring cooling and storage.
short chains invx starch (Inouchi et al 1987, Yuan et al 1993, Shi The absence of endotherms >120°C in each of the nongranular
and Seib 1995). The endotherms observed between 50 and 1205t@rches after seven days of storage at 4°C suggests that devel-
during immediate reheating of AP and IM frama V and ae VI opment of the high-temperature endotherm attributed to AM was
may be due to the higher proportions of longer chains (DP >30) imot simply slowed. Endotherms >120°C also were not observed for
these fractions (Klucinec and Thompson 1998). A highepgsr  gelatinized granular starches stored for 3, 7, or 14 days at 4°C.
tion of longer chains also has been observeddavx starch (Yuan These observations indicate that the different behavior of AM in
et al 1993, Shi and Seib 1995), which undergoes retrogradation songranular starches compared with each fractionated AM was
quickly that enthalpy may be observed by DSC during immediataot due to the absence of granular order in nongranular starches.
reheating (Thompson and Blanshard 1995; Fisher and Thomps@&oltz and Thompson (1999) also observed no endotherms at >120°C
1997; Liu and Thompsoim press). for similarly heated nongranular and granular starches.

After initially heating nongranular or granular starches to 180°C,
no endotherm was observed >120°C during immediate reheatim@ynamic Oscillatory Rheometry of Nongranular Starches
(Figs. 3 and 4), even though 25-50% AM could be recovered frorand Starch Fractions
the starches by precipitation (Klucinec and Thompson 1998). How- AP and AM gels. The decrease i@’ of each of the AP and AM
ever, each fractionated AM readily reorganized into long doublgels began at35°C. Gels with a highe®';¢-c (Fig. 6; Table 1V)
helices even after heating to 180°C and rapltbQ°C/min) cool-  also had greater proportions of DSC enthalpy >70°C (Fig. 5). Our
ing. Boltz and Thompson (1999) also observed no endotherm witthservations are consistent with the idea that the origin of structure
enthalpy >120°C after reheating several HAS initially heated tan gels is based on double-helical order (Ring et al 1987, Gidley
160 or 180°C; however, Boltz and Thompson (1999) did observ&989, Cameron et al 1994). In the current study, no simple relation-
an endotherm with enthalpy >120°C for starches initially heateghip was observed between the total enthalpy of each retrograded
to 120 or 140°C. For nongranulae du andae V, the endotherm AP and AM (Table 1ll) and th&' of gels prepared from the frac-
observed for immediately reheated nongranular starch was larger thi@ons (Table 1V). Ring et al (1987), Biliaderis and Zawistowski (1990),
could be accounted for solely by the respective AP and IM (Table llland Yuan and Thompson (1998) also observed that retrogradation
Gudmundsson and Eliasson (1990) stated that interactions betwesmthalpy was not necessarily an indication of the strength or elas-
amylose and amylopectin (as observed by DSC) only occur whditity of gels.
amylose exceeds 50% (w/w) of the total starch. Their graphic Although the proportion of starch in double-helical form is not
analysis (Gudmundsson and Eliasson 1990) emphasized statistinacessarily related to gel structure, junction zones based on double-
interactions (deviation from anticipated linearity), but they did nothelical structure are commonly understood to be the basis of starch
address the possibility of physical interactions under conditions igel structure. The double helices of a starch gel could be concep-
which statistical interaction was not observed. Russell (1987) sugdalized as two types: double helices involved in junction zones in
gested that the reduction in the staling endotherm (generally attrib-gel and double helices not involved in junction zones. There are

Fig. 7. Possible types of junction zones in starch gels: A, intermolecular
double helix (type 1 junction zone); B, intermolecular aggregate of intra-
molecular double helices (type 2 junction zone). Black cylinder ends represent Fig. 8. Possible interactions between short-branched chains of amylopec-
double helices from one molecule, and white cylinder ends represent double tin and long chains of amylose. Only terminal portions of branched mol-
helices from a different molecule. ecules are shown.
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two ways in which double-helical structure could form the basis ~ ent molecules may cocrystallize when they come in contact with
of ajunction zone: 1) an individual double helix might itself bea  each other at interfaces. Because DSC endotherms at 140°C were
junction zone if the component chains are from two different mole- not observed for any nongranular starch in our study, we conclude
cules (forming an intermolecular double helix, as suggested by Cam-  that AM is not a separate phase, and the normal length of the AM-
eron et al [1994]) (referred to here as type 1 junction zones); or 2) an AM double helices is precluded. Although we cannot rule out the
intramolecular double helix could participate in a semicrystalline  possibility that a wide range of lengths in the AM-AM double
aggregate with double helices from a separate molecule, forming helices accounts for the lack of a DSC endotherrild0°C, we

an intermolecular aggregate of double helices serving as anode in believe it is more likely that AM-AP double helices preclude the
an elastic network (Wu and Eads 1993) (referred to here astype 2~ formation of long AM-AM double helices, resulting in AM-AP

junction zones). Thedistinctionisillustrated in Fig. 7. double helices that are lost over the same temperature range as
The stereochemistry of the a(1- 6) branch point is compatible ~ AP-AP double helices.
with a stable double helix formed from two chains connected In the current study, two solvent systems were used: a system con-

through the branch point (Imberty and Pérez 1989). Moreover, thaaining 20% DMSO in water and a system containing only water.
branch point may serve as a mechanism to keep two chains Miso, different concentrations of starch were examined in the three
proximity and bring them into proper register. Such a double heliethods of analysis (turbidity, DSC, and rheology). Because of
cannot be a type 1 junction zone. It might contribute to a type ghe different conditions for each method of analysis, caution must
junction zone or not contribute to the skeletal network of the gebe used when comparing turbidity, thermal behavior, and rheo-
(Ohtsuka et al 1994). Formation of a double helix between twipgical behavior. Formation of interactions between AM and
chains not linked by an(1 - 6) branch point would be at a kinetic branched molecules may depend on the specific processing con-
disadvantage due to the additional requirement that the two chaidiions under which both the branched molecules and AM retain
must first come into proximity before alignment and stable doubléo residual order (Boltz and Thompson 1999). Either heating the
helix formation could result. The possibility of chains participat-starches t@160°C or dispersing starches in 90% DMSO would
ing in this sort of double helix would be limited to chains thatresult in the dissociation of double helices of amylose and branched
have the potential to be in proximity to other chains from othemolecules. With amylose and branched molecules in a highly dis-
molecules. Furthermore, it is reasonable to expect that longer lisrdered and dispersed state, cooling of starch or reducing DMSO
ear regions are more likely to participate in intermolecular doubleoncentration could promote formation of interactions between
helices based on an increased likelihood for longer chains to foraranched molecules and amylose, resulting in a gel in which amy-
double helices of sufficient length to achieve stability. lose and branched molecules interact before they can phase separate.

The probability that a double helix will aggregate with double Nongranularae VIl differed from the other two HAS in that
helices from a different molecule to form a type 2 junction zoneurbidity was not lost when warmed and tRewas the highest at
depends on whether the double helix is near the periphery of tl8C and retained the highest proportionGdfat 70°C. Although
molecule, as well as on whether the attachment of the double helie did not collect rheological data at >70°C, we suspectGhat
to the rest of the molecule is sufficiently flexible. Longer corewould continue to decrease until the completion temperature of
chains would produce greater flexibility and encourage greater inhe nongranulaee VII DSC endotherm was reached and, thus,
termolecular interaction among double helices. Yuan et al (1993%)ould be largely thermoreversible at <100°C. We suggest that the
have shown thate wx starch has more long B chains and longermature of the AM-AP interaction could be influenced by 1) the
core regions in the chains. Yun and Matheson (1993) showed thatoportion of AM to AP; 2) the chain lengths of AP; and 3) the
both ae wx starch and amylopectin @ starch have longer core size distribution of AP. Each of the factors may contribute to the
chains than does amylopectin of normal starch. more stable gels of nongranulae VII. We intend to explore the

The probability that a single chain or double helix in a highlyimportance of these three contributions in future research.
branched molecule is near the periphery of the molecule is relatedwhile our manuscript was in preparation, a series of articles was
to the size of the molecule. Klucinec and Thompson (1998) showgsliblished describing a new and especially high-amylose maize
that the AP obe du, ae V, andae VII starch contain molecules of starch, referred to as “low-amylopectin starch” (Case et al 1998,
far smaller size than the AP of normal starch. Consequently, tt&hi et al 1998, Sidebottom et al 1998). It will be interesting to
prospect of individual chains (Fig. 7A) or double helices (Fig. 7B)earn whether AM-AP is high enough in low-amylopectin starch
of AP contributing to junction zones is enhanced for HAS. to overcome the effect of AP on AM behavior.

Nongranular starches. Nongranular starches may be considered
mixtures of molecules, most of which can be fractionated as either
AM or AP. After dispersing starch in DMSO or heating it to
180°C, it appears that AM and AP interact when diluted or cooled.
We suggest that the behavior of nongranular GE8y, andae V

CONCLUSIONS

In mixtures of amylose and branched molecules from common
is the result, in part, of AP-AM interactions. Figure 8 shows theorn starch and high-amylose maize starches, the branched mole-

interaction of an AM molecule with portions of more than one APcules in each starch appear to inhibit the ability of amylose to form

molecule. The length of the AP-AM double helices that may forn'iOng dogble helices, limiting development of stable aggregates. In
such mixtures, the system appears to conform to the thermal be-

is limited by the length of the AP exterior chains. Nevertheles - d o
the probability is high that individual double helices from the interh‘}'"’“/Ior and aggregation abilities of the branched molecules, as

actions serve as type 1 junction zones. These intermolecular douk(ﬂgsgr\t/.ed EthS.C ar]ld dyrr:"ﬁl:g oscﬂlitoré/ rh(taor(;l_tfertry. The r_et;(r)]-
helices also could contribute to type 2 junction zones. Fewer Anfradation behavior ot eac may be due fo dilerences n the

AM interactions would limit the length of double helices, and thusproportion of AM-AP, but it appears that other factors, perhaps

the nongranular gel would be more like AP than AM in its thermtham length distribution and molecular size of branched molecules,
behavior are important as well. An understanding of the nature of branched

Based on DSC and pulsed low-resolution NMR examination olfnolec_ules, even |n_h|gh-amylos¢ starches, may be critical to under-
mixtures of potato maltodextrin and short-chain amylose with aﬁtandmg the behavior of uniractionated starches.
average DP of 32, Schierbaum et al (1992) suggested that amylose
interacted with the outer linear chains of branched molecules. Al- ACKNOWLEDGMENTS
though Leloup et al (1991) considered gels of potato amylose and
waxy maize starch molecules (each without physical modifica- Research supported in part through U.S. Department of Agriculture
tions) as phase-separated systems, they suggested that the difféational Research Initiative Grant 93-37500-9246.
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