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Abstract

Gelatinized starch gels of waxy maize and high-amylopectin potato were subjected to different time—temperature conditions, aiming at
producing extensive amounts of retrograded amylopectin. The purpose was to investigate the impact of amylopectin retrogradation on the
resistant starch formation and on the rate of starch digestion with porcine panereatiglase. Dried non-cycled gelatinized starch gels
were used for comparison. Although differential scanning calorimetry measurements indicated higher amounts of retrograded material in the
dried temperature-cycled gels no enzyme resistant starch was detected in any of these samples. However, all cycled starch gels were less
readily degraded by the enzyme than the non-cycled gels. The chain length distribution drathglolysates was studied by high
performance anion exchange chromatography after debranching with isoamylase. The main products of hydrolysis were low molecular
weight carbohydrates with a degree of polymerization of 1-9 and various branched dextrins. The chain distribution was uniform in the
hydrolysates at the different stages of hydrolysis and independent of storage conditions, indicating that the mode of enzyme action remained
unaffected by retrogradation. The waxy maize and high-amylopectin potato starches responded similarly to temperature cycling. It was
concluded that temperature cycling resulted in a slower hydrolysis of the amylopectin, a phenomena that could be exploited when developing
starchy foods with improved nutritional characteristi€s2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction intestinal tract. Consequently, a reduced rate of digestion
will lower the post-prandial blood glucose and insulin
Gelatinized starch gels are thermodynamically unstable responses after a meal. Accumulating data suggest that
structures, and on cooling, reassociation of the starchfoods that produce low glycemic responses, often measured
molecules may occur. A collective term describing these as glycemic indices (Gl), have metabolic advantages (Brand
changes is retrogradation. In starch-rich products such asMiller, 1994). Recent recommendations by the FAO/WHO
bread, amylose retrogradation is known to be a rapid processexpert group therefore advocate an increased intake of low
taking only a few hours. Amylopectin retrogradation, on the Gl foods for people in general (FAO/WHO, 1998). A major
other hand, which is known to be involved in bread staling, drawback in this respect is the shortage of low-Gl starchy
continues over a period of several days or weeks (Colonna,foods, which makes it relevant to identify methods to reduce
Leloup & Buleon, 1992). From a technological point of the enzymatic availability of starch in current staple foods.
view, retrogradation is mainly considered as a problem, Another nutritionally interesting feature of low Gl foods
causing deterioration of product quality in e.g. the baking is that they frequently contain a starch fraction that resists
industry. However, from a nutritional point of view, con- amylases altogether. Such starch, commonly referred to as
trolling the retrogradation phenomena would open new resistant starch (RS), share properties in common with diet-
possibilities to optimize the nutritional properties of starchy ary fiber in that it provides the colonic flora with substrate
foods. (Annison & Topping, 1994; Muir, Young & O'Dea, 1993).
The nutritional properties of starch are very much related Considerable work has been done regarding the formation
to availability for digestion and absorption in the gastro- and nutritional effects of retrograded amylose in particular
(Bjorck & Siljestram, 1992; Liljeberg, Aerberg & Bjack,
* Corresponding author. 1996). Starches containing this type of RS also appear to
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release the bulk of starch more slowly upon amylolysis in obtained from Lyckeby St&elsen (Kristianstad, Sweden),
vitro (Akerberg, Lilleberg, Granfeldt, Drews & Bijok, were used throughout all experiments. Starch (20 g) was
1998), and to lower the glycemic response in healthy mixed with water in the open container at a starch water
humans (kerberg et al., 1998; Brand Miller, Pang & ratio of 45:55 for waxy maize and 40:60 for high-amylo-
Bramall, 1992; Goddard, Young & Marcus, 1984; Juliano pectin potato. The intended starch/water ratio was 1:1, but at
& Goddard, 1986). Less is known about the nutritional the water content and temperature used, full gelatinization
features of amylopectin retrogradation. Retrogradation of was not obtained and the level of water had to be increased.
amylopectin appears to render the starch less available forln order to obtain an even water distribution, all samples
a-amylolysis. Studies by Cui and Oates (1997) and Eerlin- were pre-swelled for 15 min at 80 with moderate stirring.
gen, Jacobs and Delcour (1994) have thus indicated aTo fully gelatinize the starch, the sample containers were
lowered rate of in vitro hydrolysis, suggesting that retro- then hermetically sealed and placed in a boiling water bath
gradation of amylopectin could lower the glycemic for 30 min. After cooling to room temperature, the samples
response. In contrast, retrogradation of amylopectin suchwere either immediately cut into piece&~5x 10X
in staling of bread under prolonged storage did not influence 10 mn?) and left to air dry at ambient temperature, which
the rate of in vitro starch hydrolysis (Siljesing Bjorck, took about 16 h, or stored for different intervals of time and
Eliasson & Nyman, 1988). Little direct information is avail- temperature conditions. Gels of both starches were either
able concerning whether or not retrograded amylopectin stored for 24 h at & followed by 24 h at 3T, 24 h at
contributes to RS. 6°C and 24 h at 3 (6/30/6/30) or for 24 h at°& followed

The degree or extent of amylopectin retrogradation is by 24 h at 40C, 24 h at 6C and 24 h at 4T (6/40/6/40).
greatly affected by the botanical source. The high average These were the same conditions as used in a previous study
chain length distribution of potato amylopectin seems to (Silverio et al., 1999) aiming to promote extensive retro-
favor retrogradation compared to the shorter unit-chains in gradation in a short period of time. The low temperature
cereal amylopectins (Fredriksson, Silverio, Andersson, (6°C) was chosen to favor nucleation and the higher
Eliasson & Aman, 1998; Kalichevsky, Orford & Ring, temperature (30 and 40) to promote propagation. After
1990; Orford, Ring, Carroll, Miles & Morris, 1987; Ring this temperature cycling, the samples were cut into pieces
et al., 1987; Silverio, Fredriksson, Andersson, Eliasson & and dried as the non-cycled starch gels. The dried samples
Aman, 1999). In the retrogradation process of amylopectin, were then ground in a cyclotec mill (Tecator,” dtwias,
the length of the outer chains, or branches, seem to be ofSweden) to pass a 1 mm sieve.
importance (Wusch & Gumy, 1994).

The starches chosen for this study were previously 2-2- General analyses
described with respect to chemical characteristics, gelatin-
ization and retrogradation properties (Fredriksson et al.,
1998) as well as the relationship between temperature
cycling and amylopectin recrystallization (Silverio et al.,
1999). The purpose of this study was to investigate the
impact of amylopectin retrogradation on the RS formation
and rate of in vitro starch digestion. Gelatinized starches
with different unit-chain length distributions, i.e. waxy
maize and high-amylopectin potato, were thus subjected
to different time—temperature conditions (cycling) to
promote retrogradation of amylopectin. The presence of
retrograded amylopectin was checked using differential
scanning calorimetry (DSC), and the chain length distribu-
tion of the starch hydrolysis products determined by use of
high performance anion exchange chromatography

The dry matter content was determined following drying
in an oven at 10% for 16 h. Resistant starch was analyzed
essentially according to Kerberg et al. (1998), with the
exception of the incubation which was performed atG7
instead of at 4T in order to avoid melting of the retro-
graded starch. Moreover, the chewing procedure used in the
initial incubation step for analysis of intact foods was
omitted. Instead, the procedure described for powdery
materials, which involves stimulated saliva sampling
through chewing of glass beads was followed. The dried
and milled starch gels were used for the DSC measurements.
A DSC 6200 from Seiko Instruments Inc. was used, and the
sample preparation and analyses were carried out as
described by Fredriksson et al. (1998).

(HPAEC). 2.3. Rate of amylolysis
The rate of hydrolysis was evaluated according to
2. Materials and methods Granfeldt, Bjock, Drews and Tovar (1992) with some
modifications. The chewing procedure was omitted and
2.1. Sample preparation the incubation with pancreatie-amylase was performed

unrestrictedly. For the enzymatic hydrolysis, 500 mg

For sample preparation, containers of stainless steel(DM) of the ground starch gels were mixed in a screw
(inner diameter 50 mm, height 25 mm; outer diameter capped bottle with 50 ml 0.022 M K—Na—phosphate buffer
60 mm, height 31 mm), tightly sealed with a rubber gasket, (pH 6.9) containing sodium chloride (0.4 M) and tempered
were used. Waxy maize and high-amylopectin potato starch,at 37C for 10 min under constant magnetic stirring (300
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rpm, 25 mm magnet) before a 0.2 ml sample was taken 3. Results and discussion
(O min incubation). Porcine pancreaticamylase (PPA)
was immediately added (EC 3.2.1; A 6255, Sigma Chemical 3.1. Sample preparation and characterization of gels
Co., St Louis, MO; 110 U) and samples (0.2 ml) taken after
4,8,12, 16, 24 and 40 min of incubation. The samples were  Gelatinized starch gels were subjected to different
rapidly transferred to tubes containing 0.8 ml of the K—-Na— temperature treatments aiming to produce extensive
phosphate buffer and 1 ml 3,5-dinitrosalicylic acid reagent. amounts of retrograded amylopectin. After drying and
The tubes were immediately boiled for 10 min, and 13 ml milling of the gels DSC would have been a useful tool to
distilled water was added before measuring the reducingdetermine the extent of crystallinity of the samples.
power spectrophotometrically at 530 nm using maltose as However, to obtain reproducible results, the ground samples
reference. The extent of hydrolysis was calculated as thewould need to remain at room temperature for a prolonged
proportion of starch degraded to maltose (per cent maltosetime to become fully hydrated. During this period of time
equivalents) at the different incubation times. substantial changes of the samples, such as increased retro-
gradation, may have occurred. The measurements were
2.4. Determination of chain length distribution of starch ~ therefore made shortly after adding the water, resulting in
hydrolysates a rather poor reproducibility but probably more true values,
and therefore the results could only be used as a guideline as
The samples were incubated with PPA, as describedto whether retrogradation had occurred in the samples or
above. However, a 5 ml sample was taken at each timenot. Heating of freshly gelatinized starch does not produce
point (0, 4, 8, 12, 16 and 40 min). The reaction was stopped any thermal transition, indicating that no retrogradation has
by boiling (5 min), followed by freeze-drying of the sample. occurred at this stage (Colonna et al., 1992; Cui & Oates,
A 5.5mg sample was then dissolved in 0.025ml 1 M 1997; Eerlingen et al., 1994); this was also more or less the
sodium acetate buffer (pH 3.8) and 0.375 ml water by boil- case in the present study, since only traces of retrogradation
ing for 30 min. Subsequently, after cooling to room were observed in the non-cycled samples. The temperature-
temperature, the sample was debranched wijithisoamy- cycled starches, on the contrary, had retrograded to a greater
lase (EC 3.2.1.68; fromPseudomonas amyloderamgsa extent. The retrogradation enthalpies, furthermore, indi-
Hyashibara, Biochemical Labs, Inc., Okayama, Japan) atcated a lower degree of retrogradation in the samples propa-
40°C overnight. After isoamylase hydrolysis, a number of gated at 48C as opposed to 3G, which is in agreement
samples were also treated with pullulanase (EC 3.2.1.41;with previous findings for temperature-cycled starches
from Klebsiella pneumonige Hyashibara, Biochemical (Silverio et al., 1999).
Labs, Inc., Okayama, Japan), in order to remove any None of the high-amylopectin starches contained RS,
remaining branched residues. For an aliquot of isoamyloly- whether temperature-cycled or not, despite differences in
sate, pH was adjusted to 5.5 using 1 M sodium acetate andthe rate of amylolysis (see below). Resistant starch was, in
the sample was then further diluted with water (ca 3 mg/ml) this study, determined according td(érberg et al. (1998),
followed by incubation with ful pullulanase at room i.e. with an analytical assay aimed at mimicking physio-
temperature overnight. The debranching enzymes werelogical conditions. As a reference, approximately 3% of
inactivated by boiling for 15 min prior to injection. The total starch was RS in the case of non-cycled as well as
HPAEC conditions were as previously described by cycled potato starch with a normal amylose content (cv.
Fredriksson, Andersson, Koch andnan (1997), except Desiree). The origin of this RS was probably retrograded
for a slightly modified elution gradient. The eluents A and amylose. In contrast, Eerlingen et al. (1994), defining the RS
B were, respectively, 150 mM sodium hydroxide and as the fraction of starch not digested to glucose after incuba-
150 mM sodium hydroxide containing 500 mM sodium tion with pancreatin and amyloglucosidase for 2 h &iC34
acetate. The gradient program was as follows: 70% of eluentfound extremely high levels of RS between 5 and 42% in
A at 0 min, 55% at 5 min, 33% at 55 min, 10% at 80 min, waxy maize starch stored at different time and temperature
70% at 81 min and thereafter isocratic for 15 min. The conditions. This suggests that the recovery of retrograded
detector response of the pulsed amperometric detectoramylopectin as RS is dependent not only on storage con-
(PAD) is not quantitative with respect to carbohydrate ditions, butalso on the in vitro method used; the true in vivo
content. Therefore, each individuaiglucan peak between digestibility of retrograded amylopectin remains to be estab-
degree of polymerization (DP) 6 and 65 was corrected for by lished. It should be noted, however, that storage of boiled
its relative molar PAD response (Koch, Andersson &an, potatoes in a refrigerator increased RS recovery in excreta,
1998). For material with DR 6, standards of glucose, from ileostomy subjects, from 3 to 12% of ingested starch.
maltose, maltotriose, maltotetraose (Sigma Chemical Co, Reheating of the cooled potato product lowered the RS
St Louis, MO) and maltopentaose (Boehringer Mannheim, recovery to 7% indicating that retrograded amylopectin
Mannheim, Germany) were used for calibration. In cases possibly contributed with indigestible carbohydrates in
where a second peak arose next to a lireglucan peak, boiled potatoes submitted to storage at refrigerator tempera-
the same response factors were used for both peaks. ture (Englyst & Cummings, 1987).
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Fig. 1. Hydrolysis of starch samples after different incubation times with
porcine pancreatie-amylase: @) non-cycled waxy maize) non-cycled
high-amylopectin potato;l) temperature-cycled waxy maize 6/30/6/30;
(A) temperature-cycled waxy maize 6/40/6/4Q;) (temperature-cycled
high-amylopectin potato 6/30/6/30; and\)( temperature-cycled high-
amylopectin potato 6/40/6/40. The extent of hydrolysis was calculated as

the proportion of starch degraded to maltose (maltose equivalents) at the

different incubation times.

3.2. Rate of enzymatic hydrolysis with PPA
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lyzed at a slightly slower rate than the waxy maize starch,
and the extent of hydrolysis reached 50% after about 14 min
for the potato starch versus 11 min for the waxy maize
starch. After 40 min of hydrolysis, around 70—75% of the
non-cycled gels was hydrolyzed, i.e. the maximal plateau of
approximately 80% a-amylolysis was almost reached
(Holm, Lundquist, Bjaock, Eliasson & Asp, 1988). Only
minor endothermic transitions were observed in the DSC
measurements in the case of these samples. The extent of
hydrolysis of the temperature-cycled starch gels was rather
similar and independent of propagation temperature and/or
starch source, even if the waxy maize starch seemed some-
what less available to hydrolysis than the high-amylopectin
potato starch. After hydrolysis for 40 min, the degree of
hydrolysis was significantly lower than for the non-cycled
gels and in the same range for all cycled gels, i.e. around
45-50%. The lowered enzyme susceptibility is in accor-
dance with a more extensive retrogradation, as judged
from the DSC measurements. From these results it can be
concluded that amylopectin retrogradation significantly
decreased the rate of hydrolysis by PPA. The results of
this study seem generally to be in line with those obtained
by Eerlingen et al. (1994). However, the experimental
conditions were not the same as in the present study, for
instance, in addition to hydrolysis with porcineamylases,
their study also included an incubation step with amylo-
glucosidase. Moreover, in the study by Eerlingen et al.
(1994), the incubation temperature was only@G4which

The temperature-cycled starch gels were less rapidly is pelow the physiological temperature, and this may have

hydrolyzed by PPA than the non-cycled gels (Fig. 1). The
non-cycled high-amylopectin potato starch gel was hydro-
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Fig. 2. HPAEC chromatograms of non-cycled waxy maize starch, treated

with porcine pancreatie.-amylase for 40 min followed by debranching
with isoamylase, (upper) before and (lower) after debranching with pull-
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contributed to the comparatively lower enzyme availability
of the cycled amylopectin gels studied.

3.3. Determination of chain length distribution after
enzymatic hydrolysis

The small intestine is the major site of starch breakdown.
In this in vitro study, PPA was chosen to mimic the rate of
starch digestion in the human intestine. PPA hydrolyres
1,4-glucosidic linkages of starch and the action of the
enzyme is endowise (Sakano, 1988). The chain length distri-
bution in the hydrolysate was studied by HPAEC after
hydrolysis with PPA for different periods of time, followed
by debranching with isoamylase (Fig. 2).

The main products of hydrolysis were maltose, malto-
triose and smaller amounts of oligosaccharides with a DP
of 4-9, as well as minute amounts of glucose (Fig. 3). In
addition, PPA is known to produce various branched
dextrins (Sakano, 1988). The chromatography provided
information of linear chains within the DP range of 1-65.
However, between some of these peaks adjacent peaks were
detected with somewhat different retention times (Fig. 2).
No adjacent peaks were found in the non-hydrolyzed
samples after debranching with isoamylase, showing that
these peaks were formed only in the PPA treatment. PPA

ulanase. Enlargement of the chromatograms (right). Certain chain lengthsMay reduce the length of some side chains to maltosyl groups

are indicated in the figures.

which makes debranching with isoamylase ineffective,
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20F7 Non cycled maize 6/40/6/40 maize leaving branched dextrins with short side chains in the
sample. Therefore, a second debranching with pullulanase
was introduced to some of the samples, because pullulanase
readily releases maltosyl side chains (Manners, 1997).
' Debranching with pullulanase removed the adjacent
) peaks confirming that thex-amylolysate did contain
some branched material after the treatment with iso-
amylase.

OE The content of low molecular weight carbohydrates with
g DP 1-9 increased during the PPA treatment (Fig. 3). In
£ , general, the production of low molecular weight carbo-
15| hydrates was somewhat higher for the non-cycled waxy

" " maize starch compared to the high-amylopectin potato

1ol 11 " starch, a result in line with the hydrolysis curves (Fig. 1).

Since the debranching was carried out on the complete
hydrolysate, the chain length distribution, as analyzed by
HPAEC, did not reveal which of the chains that were
released byx-amylase treatment or during debranching.
0 20 40 60 0 20 40 60 However, the degree of degradation could be expressed as
Degree of polymerisation the molar percent of glucose residues present in unit-chains
, _ _ o with DP < 6, since the content of those chains was close to
Fig. 3. Representative chain length distributions of both non-cycled (left) - . . . .
and temperature-cycled 6/40/6/40 (right) waxy maize starch (upper) and ze_ro in the native amylopectin. There _Were linear relatlor_]'
high-amylopectin potato starch (lower). Prior to analysis, the samples were Ships between the degree of degradation and the proportion
treated with porcine pancreatie-amylase for 0 (—), 8 (- - — - — yand  of unit-chains with DP 10-11, 12-21, 22-37 and 38-65
40 min (- — —) followed by debranching with isoamylase. The amount of (Figs. 4 and 5). These DP intervals were chosen because of
chains with DP 1-65 was normalized to an equal sum in each chromato- their different correlation to retrogradation according to

ram. . . .

g Silverio et al. (1999). The longest chains appeared to be
degraded more rapidly than the shorter chains, as indicated
by the different slopes. These differences may be due to
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Fig. 4. Relationship between degree of degradation (sum of glucose, Fig. 5. Relationship between degree of degradation (sum of glucose,
maltose and oligomers with DR 6 as percent of total amount of glucose  maltose and oligomers with DR 6 as percent of total amount of glucose
residues recovered) and residual unit-chains of: (A) DP 10-11; (B) 12—-21; residues recovered) and residual unit-chains of: (A) DP 10-11; (B) 12-21;
(C) 22-37; and (D) 38-65 expressed as percent of the amount kefore (C) 22-37; and (D) 38-65 expressed as percent of the amount before
amylase treatment, in non-cycle®), temperature-cycled 6/30/6/301) amylase treatment, in non-cycle®), temperature-cycled 6/30/6/3Q)

and temperature-cycled 6/40/6/40)(high-amylopectin potato starch. and temperature-cycled 6/40/6/40)(waxy maize starch.
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