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Retrogradation of Starches from Different Botanical Sources'
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ABSTRACT
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Retrogradation in 2% pastes prepared from unmodified commerciamylose-containing starches were dominated by networked amylose that
starches by cooking at 98—100°C under low shear, then held at 4°C for 66ndensed into higher density aggregates upon storage. Unique phenom-
days, was examined by turbidometric analysis and light microscopygna seen in some stored pastes included interactions of granular remnants
Turbidometric analysis revealed that retrogradation rates followed theith aggregated amylose, composite networks of co-associated amy-
order of wheat, common corn > rice, tapioca, potato >> waxy maizdopectin and amylose, and slight birefringence regained by granule rem-
Microstructures of stored pastes were examined both before and afteants. Microstructural changes in stored pastes could be related to
centrifugation. Granule remnant morphologies and fresh and stored pastieanges in turbidity and to the results of other methods used tttgtean
microstructures were unique to each starch examined. Fresh pastes frogtrogradation.

Retrogradation of gelatinized starch is a reorganization process
involving both amylose and amylopectin, with amylose undergo-
ing retrogradation at a more rapid rate than amylopectin. The rate
of retrogradation depends on a number variables, including the
structures of amylose and amylopectin, ratio of amylose to amy-
lopectin, temperature, starch concentration, botanical source of the
starch, and presence and concentration of other ingredients.

A variety of methods have been used to quantitate retrograda-
tion in low-concentration pastes of starches from various sources.
An early and often referenced study is that of Whistler (1954),
who evaluated retrogradation in 2% pastes (probably prepared
with shear and previously centrifuged while hot) of a variety of
starches by measuring the amount of precipitate formed with time
of storage (Whistler and Johnson 1948). Rates of retrogradation
can aso be determined using light-scattering equipment (Paschall
and Foster 1952, Foster and Sterman 1956) or a spectrophotome-
ter (reduction in transmitted light) (Miles et al 1985, Ring et a
1987, Gidley and Bulpin 1989). Relatively few qualitative
evaluations have been performed, resulting in a lack of informa-
tion on the fundamental changes in starch pastes and paste micro-
structures over time. An early investigation used phase contrast
light microscopy to evaluate starch pastes subjected to freezing
(Woodruff and McMasters 1938), but slow freezing changes paste
microstructure and accelerates retrogradation (Jacobson 1994). Ef-
fects of storage on the microstructure of potato starch pastes (Langton
and Hermansson 1989; Svegmark and Hermansson 1991, 1992,
1993) and oat and barley starch pastes (Autio 1990, Autio et al 1992,
Virtanen et a 1993) have been evaluated using light microscopy of
iodine-stained pastes. The size of swollen starch granules (deter-
mined microscopically and by swelling power) has been correlated
to the melting enthal py of crystalline amylopectin (Ellis et a 1988).

The objectives of this research were to quantitate retrogradation
in low-concentration (2%) pastes of various starches turbidomet-
rically, determine microstructural changes in the retrograding
pastes using a simple microscopic method (Obanni and BeMiller
1995), and relate turbidometric and microstructural changes re-
sulting from retrogradation.
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MATERIALSAND METHODS

Materials

Waxy maize (WM) starch (11.7% moisture) and common corn
(CC) starch (10.8% moisture) were obtained from A.E. Staley
Manufacturing Co. (Decatur, IL), potato starch (12.1% moisture)
from Penwest Foods Co. (Englewood, CO), rice starch (11.2%
moisture) from Sigma Chemical Company (St. Louis, MO), wheat
starch (9.9% moisture) from Midwest Grain Products, Inc.
(Atchison, KS), tapioca (manioc, cassava) starch (12.0% mois-
ture) from National Starch and Chemical Co. (Bridgewater, NJ),
and potassium iodide and iodine from Mallinckrodt, Inc. (St.
Louis, MO). AAAC Method 44-40 (AACC 1983) was used to
determine moisture content.

Paste Preparation
Pastes (2.0%, w/w, concentration) were prepared by atmos-
pheric cooking (98—-100°C) with only mild shear forces.

Turbidometric Analysis of Retrogradation

Common corn, wheat, rice, potato, tapioca, and waxy maize
starch slurries (2.0%, w/w, dwb, 200 mL) were prepared by com-
bining the appropriate amounts of starch and water in 250-mL
plastic screw-capped bottles. Bottles were sealed and immersed
for 1 hr in a boiling water bath with continuous gentle stirring,
then cooled for 20 min in a 25 + 2°C water bath with continuous
stirring. Triplicate paste samples were placed in disposable cuvets,
which were then placed briefly under slight vacuum to remove air
bubbles. Initial turbidity was determined by absorbance at 640 nm
(Miles et al 1985) using a Varian DMS 80 UV/visible spectro-
photometer equipped with a programmable cell changer and Citi-
zen MSP-10 printer. The bottles containing the remaining starch
pastes were stored in a refrigerator at 4°C.

Starting at 28 days, pastes were monitored for microbial growth
using a Leitz Laborlux 12POL light microscope; only after 56
days were pastes found to contain microbial growth. (A bacte-
riostatic agent was not used due to a potential effect on starch
gelatinization and retrogradation.) After 1, 3, 5, 7, 10, 14, 21, 28,
and 56 days at 4°C, bottles were agitated briefly by a wrist-arm
shaker and triplicate paste samples were placed in disposable
Yvets. The cuvets were subjected briefly to slight vacuum (to
remove air bubbles) and placed for 5 min in a 25 + 2°C water
bath. Ags was then determined. Normalized absorbance was cal-
culated addy — AJ/Ass — Ay, WhereA,, Ay, andAss are absorbances
of the fresh paste, paste after X days, and paste after 56 days, re-
spectively.
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M icroscopy 49-day period. Rice starch paste, while initially having a high
Two microcentrifuge tubes were filled with paste samples used absorbance like pastes of the other amylose-containing cereal
for turbidometric analysis (0, 7, 14, 28, and 56 days at 4°C) anstarches, had relatively slow initial rates of turbidity development,
centrifuged for 3 min at 13,600 ¢ Samples (10QL) of resus-  similar to those of potato and tapioca starches (Fig. 2). WM starch
pended pellets, supernatants, and original pastes were mixed wihste, which had an intermediate initial turbidity, had a small, but
10 L of an iodine solution (3%;land 3% KI) using gentle agita- relatively rapid, increase in turbidity during the first day of stor-
tion. Stained samples were viewed and photographed using age, followed by slow and constant retrogradation over the fol-
Olympus Vanox photomicroscope (Olympus Optical, Tokyo, Japanjowing 55 days. This rapid, but brief, initial turbidity development
in the WM starch paste may be due to the small amount (generally
at least 3%) of CC starch contamination present and quite evident
(Obanni and BeMiller 1995) in commercial waxy maize starch, as
Turbidometric Analysis is the similar contamination of commercial CC starch by WM
Large differences in initial turbidities of the various starchstarch.
pastes were observed (Fig. 1). Three groupings based on initialThese results are, in general, congruent with those reported by
turbidity were evident: A) those from potato and tapioca starche@/histler (1954) for some of the same starches at the same con-
having low initial turbidity, B) that from WM starch having inter- centration. They are incongruent with reports of others who used
mediate initial turbidity, and C) those from rice, wheat, and CdQlifferent methods and concentrations. Orford et al (1987) reported
starches having high initial turbidity. These results are similar téhe following orders of short-time (minutes) rates of retrograda-
those of Craig et al (1989), yet there were differences in the ordéon: CC > wheat > potato (development of shear modulus in 10—
of individual turbidities (reversal of CC and wheat starches) and0%, w/w, gels); the followinglong-term (days) rates of retrogra-
in magnitudes of the turbidities. The differences may be related wation: potato > CC > wheat (development of shear modulus in
the nature of the starches (cultivars), concentration, or the cookirgp%, w/w, gels); and the following extents of retrogradation: po-
and storage conditions (amount of shear during heating, rates w@fto > CC > wheat (enthalpy by DSC in 30%, w/w, gels). Roulet
heating and cooling, and cooking times) used. et al (1990) reported the following orders of rates of retrograda-
Results of the effects of storage of these pastes for 56 days dien in 40% db gels: potato > rice > tapioca, wheat (compression
displayed in two ways: as absolute changes in absorbance (Fig.rbipdulus) and potato > rice, wheat > tapioca (enthalpy by DSC),
and as normalized absorbance, i.e., as the relative rates of turbahd the following extents of retrogradation: rice, tapioca > potato >
ity development between pastes over the 56-day period of analysideat, (enthalpy by DSC). Here we report the following relative
(Fig. 2). Both the absolute absorbance differences and the relativates of retrogradation in 2% pastes stored at 4°C: wheat, CC >
retrogradation rates varied considerably. Based on the rates mide, tapioca, potato >> WM and the following relative extents of
absorbance changes and ultimate turbidity development (Fig. Iigtrogradation after 30 days at 4°C: CC, rice > wheat >> tapioca >
the starches could again be grouped into three categories: Aptato >> WM and, when the data were normalized: CC > rice >
amylose-containing cereal (rice, wheat, and CC) starches, B) ropbtato, wheat > tapioca >> WM.
and tuber (potato and tapioca) starches, and C) WM starch. When
absorbances were normalized (Fig. 2), the groupings were similavlicrostructural Analysis
except that the rice starch paste behaved more like the potato andlight microscopy after iodine staining provided considerable
tapioca starch pastes. information about the effects of retrogradation on the composite
Wheat and CC starch pastes, which had the highest initial tunature of low-concentration fresh and stored starch pastes.
bidities, showed the highest initial rates of turbidity developmentEvaluation of the pellets and supernatants of centrifuged fresh and
with turbidity plateauing after only a few days. Pastes of tapiocatored pastes was valuable in determining not only the nature of
and potato starches, which initially were the least turbid, devekthe precipitated material but also changes in the composition and
oped turbidity fairly rapidly for the first seven days, followed by relative density of polymer networks in and components of the
continued slow turbidity development throughout the followingpaste.
The composite nature of fresh starch pastes, which consisted of
granule remnants bound together by a network of interstitial

RESULTSAND DISCUSSION

3 amylose, could be seen clearly in the fresh wheat starch paste
(Fig. 3A). Granule remnants, which were the characteristic brick-
red color of iodine-stained amylopectin, were folded, as is typical
£ 2.5 of gelatinized wheat starch (Bowler et al 1980). These remnants
c 5 appeared to be bound together with characteristically blue-staining
g o WMS amylose, creating a network of granule remnants. Free-standing
© ] — * remnants without bound amylose were not observed. Wheat
" Tapioca amylose was present in two forms—as sheets covering granule
@45 —— = remnants and as aggregates assoplate_d with surfaces of granule
g : Potato remnants. The amylose sheets, which did not appear to be homo-
S —— geneous, were much larger than the individual granules. Small
5 1 Rice (approximately Jum diameter), intensely stained amylose aggre-
» o gates associated with granule surfaces could be seen.
g Wheat The pellet from a centrifuged fresh wheat starch paste (Fig. 3B)
0.5 — consisted mainly of granule remnants of a fairly uniform size that
Common Corn were similar in appearance to those in the whole paste. Remnant
— color varied from brick red to purple. Small amylose aggregates
0 SN S S S could be seen in intergranular spaces. The presence of large amy-
0 10 20 30 40 50 60 lose sheets in the supernatant (Fig. 3C) indicates that the density
Days at 4°C of the amylose network was less than that of the granule remnants

Fig. 1. Actua turbidities of 2% pastes of starches from various sources

as a function of days of storage at 4°C.
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and that the network was not bound well enough to granule rem-
nants to be pelleted with them. Some regions of faint red-purple
could be seen, indicating the presence of some amylopectin.



Appearance of granule remnants did not change upon continued ~ supported by the presence of remnants of amylose networks in the
storage of the wheat starch paste at 4°C from seven days (Fig. 3&)pernatant of the centrifuged paste after seven days at 4°C (Fig.
to 56 days, but the appearance of the amylose changed conside8&), although no visible structures were present after this time. In
bly. Sheets seen in the fresh paste were absent, and the amountaritrast, no visible structures, amylose or otherwise, were present
interstitial aggregated amylose bound to granule remnant surfacesstored (4°C) wheat starch paste supernatants.
appeared to increase. This indicated that during storage at 4°C,Pellets resulting from centrifugation of CC starch pastes stored
amylose in wheat starch pastes underwent a transition in staaé 4°C were similar in appearance to stored whole pastes prior to
from sheets to small aggregates associated with surfaces of graentrifugation. In pellets from pastes stored seven days, amylose
ule remnants. This confirms the suggestion by Langton and Hewas present in two states: as a few large sheets of aggregated
mansson (1989) that amylose was deposited on amylopectin fragmylose and as aggregates bound to granule remnants. Since ag-
ments in wheat starch pastes. The pellet from wheat starch pastgegated amylose was present in the pellets of pastes stored seven
stored at 4°C for seven days or longer contained intensely bludays, either the density of the aggregates increased enough so that
staining interstitial amylose aggregates that bound granule rerthey pelleted or they were bound to granule remnants tightly enough
nants into large assemblies similar to those seen in the upper rigbtbe pelleted with the remnants. Upon further storage, the amount
corner of Figure 3D. Supernatants of the stored pastes containefl sheeted amylose decreased, while the amount of aggregated
no stained material in any form. In aged paste, amylose was assonylose bound to remnants increased. Interstitial amylose aggre-
ciated only with granule remnants, but it is not known if, in retro-gates appeared to bind granule remnants together, since no indi-
grading wheat starch, swollen granules nucleate amylose crystalliidual (unbound) remnants were present after seven days. In rela-
zation or if preformed amylose aggregates associate with granuien to the results of the turbidometric analysis (Figs. 1 and 2) and
remnants. those of Whistler (1954), the microstructures of CC starch pastes

We have concluded that the rapid initial rate of turbidity develseemed to change in a manner similar to those of wheat starch
opment in stored wheat starch pastes (Figs. 1 and 2) and the rapabtes with regard to retrogradation, i.e., the rapid initial rise in
initial rate of retrogradation reported by Whistler (1954) is relatedetrogradation corresponded with an aggregation of amylose and the
to the loss of networked amylose, the development of amylosdisappearance of amylose sheets and was followed by a reduced
aggregates, and binding of granule remnants into assemblies Btrogradation rate that corresponded to a loss of amylose sheets and
amylose and amylose aggregates. The plateaued rates of retrogg@ubsequent increase in the number of interstitial amylose aggregates.
dation after seven to ten days observed by turbidometric analysisGranule remnants in fresh rice starch pastes (Fig. 3H) were
(Figs. 1 and 2) and as determined by collection of precipitatenuch smaller (5—2@um diameter) than those in CC and wheat
(Whistler 1954) corresponds to an increase in the amount of agtarch pastes and had colors that ranged from brick red to blue.
gregated amylose associated with granule remnants. Granule remnants had non-distinct shapes and appearances, as

Examination of the microstructure of a fresh CC starch pasteompared to those in CC starch and wheat starch pastes. As in the
(Fig. 3E) also revealed a composite nature, i.e., granule remnaritesh CC starch paste, amylose was present in two states: as
(20-100um diameter) connected by a matrix of interstitial amy-sheets of semi-aggregated material that covered regions of granule
lose. However, appearance of the stained granule remnants wasnnants and as material that appeared to bind granule remnants
quite different from that seen in the wheat starch paste. CC star¢bgether. In the fresh paste pellet, granule remnants and remnant-
paste contained light-staining, somewhat spherical remnants, bBiding amylose were similar in appearance to those in the fresh
compared to the highly folded, intensely stained remnants foungaste (Fig. 3l), yet many of the amylose sheets were absent. This
in wheat starch pastes. In addition, some granule remnants &péicates that the amylose sheets had a lower density than and
peared to be clusters, with three or more units (t2%5liameter) were not bound tightly to denser granule remnants. The super-
per cluster (Obanni and BeMiller 1995). Color of the granulenatant of the centrifuged fresh paste was similar in appearance to
remnants varied from brick red to purple. As seen in wheat stardhat of fresh CC starch paste supernatant, except that larger re-
pastes, amylose was attached to granule remnants, and sheetgiohs of sheets were purple in color, indicating the presence of
networked amylose were present, although the sheets were notaasylopectin.
large nor as prevalent as those in the fresh wheat starch paste (Fig.
3A). Some light-staining interstitial amylose not associated with
the blue-staining sheets was also present. £

Extragranular amylose was not present in a fresh CC starc.&
paste pellet (Fig. 3F), indicating that no amylose, in any structureng
form that could be seen, was bound as tightly to granule remnan «© 1
as it was in wheat starch pastes (Fig. 3B). A diversity of size & -
shape, color, and nature of granule remnants was observed, alo @ 0.8
with clustered remnants, each unit of which had a dense cent ‘C’ :
(Fig. 3E). Intragranular amylose, the location of which was veri-

8 Tapioca
fied by changing the focus, could be seen in some of the remnants.'g 06! _pe_
could not be determined whether the amylose had been entrapp & Potato
within the swollen granule or was actually part of the network £ ——
comprising the granule remnant. Fresh CC starch paste supe5 (4 Rice
natant consisted of amylose sheets very similar in size and colc ® ——
density to those seen in the fresh wheat starch supernatant (Fig. 3(:= Wheat

P

Storage of CC starch paste for seven days at 4°C resulted in a g 0.2
gregation of some interstitial amylose, which appeared to be ass( =

k ! b ) Common Corn
ciated with granule remnant surfaces, similar to what was obz

—_——
served in wheat starch pastes. However, some amylose remain 0E— — ‘ ‘ —
associated with remnant surfaces after 14 days, but not after 2 0 10 20 30 40 50 60
days, in contrast to the behavior of the components of whes Days at 4°C

starch pastes. Intragranular aggregates of amylose could also ..

seen. Aggregation of amylose in CC starch pastes appeared to bg@ 2. Normalized turbidities of 2% pastes of starches from various
slower process than it was in wheat starch pastes, a conclusissurces as a function of days of storage at 4°C.
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Upon storage of the rice starch paste at 4°C for seven daythe pellet occurred in the first seven days, with little change up to
small amylose aggregates (like those seen in pastes of other cerg@ldays. The supernatant of stored rice starch paste, on the other
grain starches on storage) were present in interstitial amylose nétand, changed substantially over the first 28 days. After seven
works, and amylose sheets were absent. Interstitial amylose nefays at 4°C, the blue sheets in the fresh paste supernatant had
works again seemed to bind granule remnants together, as intlecome reddish purple in color, indicating the presence of signifi-
cated by a lack of any individual granule remnants. Followingcant amounts of amylopectin and the loss of amylose (Fig. 3J).
initial changes after seven days, paste microstructure appear€tis suggests that sheets seen in the fresh paste contained both
unchanged up to 56 days. The pellet of the stored paste consistadylose and amylopectin with the blue-stained amylose obscuring
mainly of granule remnants with aggregated intergranular nethe amylopectin, that amylopectin was in at least two nonsoluble
works, although some sheets of aggregated amylose were presstates after gelatinization (networked with amylose and in granule
even after 28 days at 4°C. As in the paste, most of the changesremnants), and that the amylopectin portion of the network was

Fig. 3. Micrographs (50x) of original 2% starch pastes, supernatants (from centrifugation), and resuspended pellets, eacthstainedivetsolu-
tion. Pastes were prepared under gentle cookingitammsl (100°C, 1 h, gentle stirring), then stored at 4°C. Bars apsrbihdicators. Descriptors de-
note starch type, paste fraction, and days of storage at®%@heat, whole, 0B, wheat, pellet, OC, wheat, supernatant, D, wheat, whole, 7E,
common corn, whole, @, common corn, pellet, O ("clusters" characteristic of CC starch [Obanni and BeM#lB} can be seenfs, common corn,
supernatant, 7, rice, whole, 01, rice, pellet, 0}, rice, supernatant, K, potato, whole, 14t , tapioca, pellet, OM, tapioca, whole, 14N, waxy
maize, whole, 14 (characteristic contamination with CC starch found in commercial preparations).
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sufficiently strong to remain after condensed retrograded amylose
was removed by centrifugation. After 14 days, the sheets of amy-
lopectin in the supernatant appeared to lose color density and to be
deteriorating; after 28 days, these sheets were completely absent
in the supernatant. Absence of amylopectin sheets in the super-
natant and pellet suggests that it too changed to a more dense state
that was removed by centrifugation.

The fairly rapid rise in turbidity of stored rice starch pastes
(Figs. 1 and 2) corresponded to aggregation of amylose and a sig-
nificant reduction in the blue color of the sheets present in the
supernatant. The slower secondary rise in turbidity corresponded
with aloss of integrity of the sheets of amylopectin present in the
supernatant after seven days. Of the three amylose-containing
cerea grain starch pastes analyzed, rice was the only one in which
microstructural changes in amylopectin aggregates could be re-
lated to turbidity changes.

Fresh potato starch paste, supernatant, and pellet consisted
mainly of extremely large, blue-stained sheets of amylose, similar
to those seen in the wheat starch paste supernatant (Fig. 3C).
Darker staining regions (likely granule remnants), varying in size
and shape, could be seen within the sheets of the supernatant and
more so in the whole paste. The pellet contained a number of
dark, blue-staining, spherical granule remnants (15-75 um di-

amylose containing small amylose aggregates could be seen. Within
these amylose-rich regions, smaller red regions were present, pos-
sibly a result of the presence of granule remnants and fragments.
In addition, fewer large, blue-staining granule remnants were pre-
sent in the supernatant. After 14 days of storage, the matrix in the
supernatant showed continued deterioration to the point that dis-
tinct structural features could not be discerned. The existing ma-
trix continued to become more red in color, and the number of
small amylose aggregates continued to increase. These trends
continued over the entire period (56 days) in which the stored paste
microstructure was observed. One important feature of potato starch
paste, pellet, and supernatant that should be noted was that, al-
though the number of small amylose aggregates increased during
storage, the size and number in the pellet varied little, indicating
that either these aggregates were not dense enough or the matrix
was too strong to allow them to be pelleted by centrifugation.

The initial fairly rapid retrogradation in potato starch paste re-
vealed by turbidometric analysis (Figs. 1 and 2) and the results of
Whistler (1954) corresponded to a loss of the network formed
from amylose sheets and an increase in the number of small amy-
lose aggregates present. Quantitative and qualitative results could
be related, for as the amylose (which initially appears as sheets)
aggregated into more dense particles, scattering of light increased.

ameter) that were likely uncooked or partially swollen granuleShe initial fairly rapid increase in turbidity was followed by a
(based on size). These granules were dense enough to be remasiedver increase that corresponded to the progressive appearance
by centrifugation. The reason for their presence is not known.  of greater numbers of small amylose aggregates, resulting in more
During seven days at 4°C, the microstructure of the potatecattering.
starch paste underwent several changes, the most notable beingresh tapioca starch paste and its supernatant microstructure
that the large amylose sheets present in the fresh paste had detmsisted primarily of very large, blue-stained amylose sheets
riorated considerably, leaving networks of intensely stained amy>>250 um in length) similar to those seen in wheat starch paste
lose aggregates with only a little sheet-like character (Fig. 3K)ysupernatants (Fig. 3C). Some non-distinct, purple regions were
The aggregates that were present in the network were somewlpsesent in the sheets. The fresh paste pellet (Fig. 3L) also con-
larger (1-3um diameter) than those seen in cereal starch pastesined large amylose sheets, but within the sheets were non-
The color of the network changed from blue to purple, probably adistinct, red-staining clusters (5—20n diameter). The clusters
a result of aggregation of amylose, allowing the red color ofvere likely composed of amylopectin and had distinct dark-
amylopectin to be discerned. Granule remnants and fragmerggaining centers, making them similar in appearance to those seen
were observed as defined darker regions (50+#80diameter) in CC starch pastes. They appeared to be granule remnants but
within the blue sheets and became more visible as the networkight have resulted from phase separation and amylopectin ag-
deteriorated. The delicate nature of cooked potato starch granulegegation during storage.
as compared to those of cereal starches, was evidenced by thélthough remnants of the large amylose sheets were still dis-
relatively few granule remnants that resembled swollen granulesrnible in the tapioca starch paste after storage at 4°C for seven
and the presence of a large number of granule fragments. After tidys, they had deteriorated, leaving a light-staining network of
days at 4°C, well-defined, blue-staining granule remnants couldmylose between non-distinct regions of amylopectin (that ap-
be seen as a result of continued deterioration of the interstitipleared to be the clusters seen in the fresh paste pellet based on
matrix. Some brick red colored fragments were also observed. Bimilarity in size). Within the amylose networks, small (38
addition, the color of the interstitial matrix continued to changadiameter) intensely blue-staining amylose aggregates, like those
gradually from blue to red as the number of small amylose aggreresent in stored potato starch paste, were present. Aggregates and
gates increased. These trends continued during storage up to 56 dayamylopectin regions appeared to be connected in the amylose
The potato starch paste pellet also indicated a deterioration aktwork. Upon further storage for 14 days (Fig. 3M) and up to 56
amylose sheets after seven days, yet there was still some netwalkys, remnants of the initial sheets seen in the fresh paste re-
matrix present. Within this matrix were small intensely stainednained, but the networks continued to deteriorate, leaving less
amylose aggregates similar to those seen in the paste after seenylose in the network between amylopectin regions and result-
days. This indicates that the small aggregates were either nioig in more small amylose aggregates.
dense enough or bound too tightly to the matrix to be pelleted indi- Appearance of the pellet from the stored tapioca starch paste
vidually. Appearance of the pellet obtained after centrifugation ofvas similar to that of the whole paste prior to centrifugation, but
a stored paste suggested a continual breakdown of the paste rtieere was a progressive increase in the number of small, intensely
trix. The original sheets gradually became less defined, while th&aining amylose aggregates with time. After 28 days, pellet mi-
number of blue-stained granule remnants and fragments in tleeostructure was dominated by amylose aggregates and non-
pellet appeared to increase, and additional brick-red-staining relistinct regions of amylopectin. Aggregates always appeared
gions could be discerned. Whether these red-staining regions weyeund to networked amylose. The large blue-staining sheets pres-
granule remnants or resulted from amylopectin aggregation, it wast in the supernatant of the fresh paste changed color (from blue
apparent that both amylose and amylopectin were present in inteo reddish purple) after seven days at 4°C, indicating the presence
stitial networks of the fresh paste. These changes continued profF networked amylopectin in the sheets present in the fresh paste,
gressively over the entire time (56 days) paste microstructureshich became apparent only after amylose had condensed into
were examined. small aggregates. After seven days, microstructure of the tapioca
After seven days of storage, the large sheets of blue-stainsthrch paste supernatant appeared to be very similar to that of
amylose seen in the fresh potato starch paste had disappeatied supernatant of rice starch paste stored seven days (Fig.
from the supernatant, but poorly defined regions of networke®J). Some of the edges of the large sheets no longer appeared
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sharp and defined, and some sheets had lost their apparent ho-
mogeneous nature.

In comparison to the microstructure of the whole paste after
similar storage time, there was a noticeable absence of small, in-
tensely staining aggregates. Closer inspection of the sheet micro-
structure revealed the presence of very small aggregates that may
have been precursors to the small amylose aggregates seen in the
paste and supernatant. Upon further storage of tapioca starch
paste, the reddish purple sheets in the supernatant became pro-
gressively more red in color and continued to deteriorate in a
manner similar to that which occurred during the first seven days.
At no time were the small, intensely blue-staining aggregates seen
in the paste and pellet present in the supernatant, which indicates
that the blue aggregates present in the paste after storage were
either very dense relative to other paste components or aggregates
were not bound tightly to the paste matrix, thus alowing the ag-
gregates to be pelleted upon centrifugation.

These results suggest that amylopectin was in, at least, two
states after gelatinization: integrated with amylose to form the
large sheets (seen in the fresh paste supernatant) and as clusters of
non-distinct amylopectin (seen in the fresh paste pellet). Results
aso indicated that the amylopectin present in the sheets formed
independent networks that remained after amylose was removed
by retrogradation and centrifugation.

The initia fairly rapid rise in retrogradation in tapioca starch
pastes as determined by turbidometric analysis (Figs. 1 and 2) and
by Whistler (1954) corresponded to a loss of networked amylose
in the paste supernatant and an increase in the number of small
amylose aggregates. After the initial rapid rise in turbidity, slow
retrogradation continued, a result that corresponded with an in-
crease in the number of small amylose aggregates during the stor-
age period. The results of Whistler (1954) indicated very little
precipitation of tapioca starch from 5 to 60 days, while in this
work, progressive microstructural changes and increases in tur-
bidity were observed during this period.

Storage of WM starch paste had little effect on its microstruc-

Presence of substantial amounts of amylopectin in the extra-
granular network of rice, potato, and tapioca starch pastes and its
absence in WM starch pastes might indicate a requirement for co-
association of amylose and amylopectin. This idea is supported by
the observation that, in wheat and CC starch pastes, amylose is
always found associated with swollen granules and granule
ghosts, which contain mostly amylopectin and which may provide
nuclei for amylose crystallization. However, another possible rea-
son for these phenomena is that there is something about the fine
structure of the amylopectin or something about the granule char-
acteristics of rice, potato, and tapioca starches, as opposed to CC
and WM starches, that allows more amylopectin to leach from
gelatinized granules of the former starches.

With regard to amylopectin association, Callaghan and Lelievre
(1985, 1986) determined from self-diffusion coefficients obtained
using pulsed-field gradient NMR that wheat starch amylopectin
molecules in water aggregate to form structures with molecular
volumes 400 times greater than the molecular volumes found
when DMSO is the solvent. They reported that, in DMSO, wheat
starch amylopectin takes the shape of a highly planar, oblate ellip-
soid and concluded “that the planar shape of the amylopectin
molecule is conducive to aggregation in poor solvents,” viz, water,
in which more spherical aggregates occur. Sedimentation-
coefficient values obtained by analytical ultracentrifugation con-
firmed the flat-sheet, highly planar nature of wheat starch amy-
lopectin (Lelievre et al 1986). Lelievre et al (1986) determined
that, in DMSO, the flat-sheet structure of wheat starch amylopec-
tin had a semi-major to semi-minor axis ratio of 37.5. Callaghan
and Lelievre (1985) determined the ratio to be 17.5. In light of this
information, aggregation of solubilized amylopectin into net-
works, either with or without amylose, does not seem surprising.

Swinkels (1985) reported the percent by weight of starch that
precipitated from 2% solutions after 30 days of storage at 0-2°C
as: WM, 1, tapioca, 13; potato, 20; wheat, 52; CC, 62. For WM,
tapioca, and potato starches, the amount of precipitate was
roughly proportional to the amylose content. However, consider-

ture, i.e., the microstructure of a paste stored 14 days at 4°C (Fig. 3&l)le amylopectin must have coprecipitated with amylose from
was found to be indistinguishable from that of the fresh pasteommon corn and wheat starch pastes. Without mentioning that
Pastes consisted of granule remnants (40+ifi0diameter) and the precipitate must have contained approximately 50% amy-
smaller fragments varying in brick-red color intensity in a matrixlopectin, Swinkels (1985) speculated that the large amount of
of very lightly red-stained amylopectin (Obanni and BeMiller precipitate might be related to the relatively small molecular size
1995). of corn and wheat starch amylose and/or to the relatively high
The commercial WM starch used to make the paste appearedlipid content of cereal starches.
have been contaminated with CC starch (based on the presence dVhen pastes were inspected for microbial growth (after 28
dark blue-purple-staining granule remnants), a general and udays) with plane-polarized light using non-stained paste samples,
avoidable occurrence in commercial preparations arising front was discovered that some starch granule remnants had become
incomplete segregation during pollination, transport, storage, ararefringent. The birefringence lacked any pattern and occurred
factory processing. The observed ratio of CC starch granules teear the outer edges of intact swollen granules (not in ghosts,
WM starch granules is likely exaggerated due to differences iolusters, or fragments). The phenomenon was seen frequently in
gelatinized granule integrity, i.e., swollen WM starch granulegpotato and wheat starch pastes, to a lesser extent in CC starch and
break down more readily than do swollen CC starch granules. WM starch pastes, and was not observed in either rice or tapioca
Microstructure of fresh and stored WM starch paste pellets corstarch pastes.
sisted almost entirely of granule remnants and fragments. In the To determine if this occurrence was due to an incomplete loss
little interstitial space present, lightly stained amylopectin couldf birefringence upon cooking, potato starch was gelatinized on a
be seen. No granule remnants or fragments were present in supeot stage microscope by heating to a temperature just past the
natants from fresh and stored WM starch pastes. Only lightlfemperature at which all granules lost birefringence. After storage
stained amylopectin with little fine structure could be seen. Pellat 4°C for seven days, many of the granules regained birefrin-
and supernatant microstructures underwent no discernible changgsnce when viewed with plane-polarized light. Other starches
upon storage at 4°C for up to 56 days. Lack of granule remnanigere then gelatinized by the same procedure to determine if they
in the supernatant indicated that the density of the granule renwo would regain birefringence when gelatinized under static con-
nants was sufficient that the amylopectin network formed fronditions, then held at 4°C. The same starches that regained bire-
gelatinized WM starch could not keep them suspended on cefringence in the 2% pastes regained birefringence after static
trifugation. These microstructural changes are congruent with theooking on the hot stage. Since this phenomena occurred with
results of Whistler (1954), which showed very little change inWM starch, organization of amylopectin in the swollen granules
WM starch paste on storage. The gradual increase in WM starchust have been the cause of the anisotropy.
paste turbidity (Figs. 1 and 2) could not be related to any visible These results indicate that A) during gelatinization at a minimal
microstructural changes using iodine staining and light microstemperature and without shear, the amylopectin in potato, wheat,
copy. CC, and WM remained in a somewhat ordered, but isotropic, state
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and B) amylopectin in granules swollen under gentle cooking
conditions was able to form organized anisotropic regions, which
may be related to the order in native granules and may have been
the result of amylopectin recrystalization in swollen granules.
Interestingly, the two starches that did not regain birefringence
(tapioca and rice) both produced pastes that, on aging, showed the
presence of networked amylopectin. This may indicate that the
amylopectin in these two starches may be more readily leached
from swollen granules during gelatinization, resulting in the in-
ability of gelatinized granules to regain birefringence.

CONCLUSIONS

Retrogradation in stored (4°C for 56 days) 2% pastes prepare

starch in water. Starch/Stérke 32:186-189.

Callaghan, P. T., and Lelievre, J. 1985. The size and shape of amylopec-
tin: a study using pulsed-field gradient nuclear magnetic resonance.
Biopolym. 24:441-460.

Callaghan, P. T., and Lelievre, J. 1986. The influence of polymer size and
shape on self-diffusion of polysaccharides and solvents. Anal. Chim.
Acta 189:145-166.

Craig, S. A. S., Maningat, C. C., Seib, P. A., and Hoseney, R. C. 1989.
Starch paste clarity. Cereal Chem. 66:173-182.

Ellis, H. S., Ring, S. G., and Whittam, M. A988. Time-dependent
changes in the size and volume of gelatinized starch granules on stor-
age. Food Hydrodb 2:321-328.

Foster, J. F., and Sterman, M. D. 1956. A light scattering investigation of
the retrogradation of amylose. J. Polym. Sci. 21:91-101.

Gd'dley, M. J., and Bulpin, P. V. 1989. Aggregation of amylose in agqueous
systems: the effect of chain length on phase behavior and aggregation

by atmospheric cooking under mild shear conditions of starches |jnatics. Macromol. 22:341-346.

from various botanical sources as determined quantitatively byacobson, M. R. 1994. Starch retrogradatimeeleration, inhibition and
turbidometric analysis revealed that retrogradation rates followed microstructure. Ph.D. Thesis, Purdue University.

the order wheat, common corn > rice, tapioca, potato >> waxyangton, M., and Hermansson, A.-M. 1989. Microstructural changes in
maize. Fresh and stored paste microstructures and granule remwheat starch dispersions during heating and cooling. Food Microstruct.
nant morphologies were unique to each starch evaluated, rein-8:29-39. _ _

forcing the conclusion that each starch is unique in its behaviorselievre, J., Lewis, J. A, and Marsden, K. 1986. The size and shape of

Fresh pastes from amylose-containing starches were dominated b
networked amylose. Upon storage, the networked amylose und

mylopectin: a study using analytical altentrifugation. Céohydr.
es. 153:195-203.
iles, M. J., Morris, V. J., and RING, S. G. 1985. Gelation of amylose.

went the most obvious changes, often transforming to a dense,carhohydr. Res. 136:257-269.

aggregated state. Amylopectin was present in fresh pastes inoBanni, M. 0., and BeMiller, J. NL995. Identification of starch from
variety of states that changed very little during storage. Overall, in various maize endosperm mutants via ghost microstructures. Cereal
amylose-containing starches, solubilized amylose generally co- Chem. 72:436-442.

crystallized or precipitated with amylopectin and/or crystallized ofrford, P. D., Ring, S. G., Carroll, V., Miles, M. J., and Morris, V. J.
precipitated onto amy|0pectin_rich granu|e remnants. The latter 1987. The effect of concentration and botanical source on the gelation

interaction appeared to be generally weak, asgasntrifugation
usually resulted in at least some separation of the phases. It

and retrogradation of starch. J. Sci. Food Agric. 39:169-177.

m}ggschall, E. F., and Foster, J1852. An investigation by light scattering

f the state of aggregation of amylose in aqueous solutions. J. Polym.

also indicated that, in fresh pastes of some starches, solubilizedoCi 9:73-84

amylopectin and amylose interacted to form networks. Birefringing ‘s R., Colonna, P., I'Anson, K. J., Kalichevsky, M. T., Miles, M. J.,
gence could be regained in a portion of the granule remnants ofmorris, V. J., and Orford, P. D. 1987. The gelation and ciiizsition
some starches, indicating that amylopectin present in granule rem-of amylopectin. Carbohydr. Res. 162:277-293.

nants of these starches has the ability to become anisotropic, p&®ulet, P., Maclnnes, W. M., Gumy, D., and Wirsch, P. 1990. Retrogra-
sibly reflecting the original molecular order of the native granule. dation kinetics of eight starches. Starch/Starke 42:99-101.
Microstructural changes in stored pastes were related to turbfvegmark, K., and Hermansson, A.-M. 1991. Distribution of amylose

dometric results. Curves reflecting changes in turbidity and micro-
scopic observations both reinforce the concept that retrogradati%w
in pastes is a complex process involving amylose and amylopectin

in different states, individually and together.
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