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Abstract

Annealing (one and two step) slightly decreased the susceptibility of potato starches to acid
hydrolysis (lintnerisation, 2.2M HCI, 35 °C); however, it hardly affected that of wheat and pea
starches. Annealing had a very pronounced effect on DSC gelatinisation of wheat, potato and pea
starches: endothermic peaks narrowed and shifted to a higher temperature. However, already after
10.5h of acid hydrolysis, differences in DSC transition temperatures and peak widths between
native, one step and two step annealed starches became much smaller and almost disappeared
after further hydrolysis, indicating a substantial contribution of the amorphous regions to
annealing. The observation that 7-day lintnerised wheat and pea starches were less susceptible to
annealing than the corresponding 24-h lintnerised starches supported this view. No changes in
chain length distribution were observed between lintnerised (20 days) native and annealed potato
starches and between lintnerised (7 days) native and annealed pea starches. For all other lint-
nerised starches, the distribution profiles showed a higher average degree of polymerisation (DP),
and a slightly higher ratio of singly branched (DP 22-30) to short linear (DP 10-18) chains (except
for 20-day lintnerised pea starches) for the annealed than for the corresponding native starches.
This indicates that, as a result of annealing, the amylopectin branch points become more resistant
to acid attack. From the above, it was concluded that the amorphous parts in the granule indeed
play an important role in the molecular mechanism(s) of annealing, but that structural changes
within crystalline parts may also take place. © 1998 Elsevier Science Ltd. All rights reserved
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1. Introduction

Two phases are distinguished in the acid hydro-
lysis of starch as a function of time. The first phase
is attributed to the relatively fast hydrolysis of
mainly the amorphous material, while during the
second phase a slow hydrolysis of the crystalline
material would occur [1-4]. Several factors may
account for the protection of crystalline regions.
The dense packing of the starch chains in the crys-
tallites does not permit penetration of hydrogen
ions, irrespective of the solvation effects. Further-
more, glucosidic links are buried in the interior of
the double helix where the hydrogen ions cannot
reach them. Finally, in order to be hydrolysed, the
glucose unit must undergo a change in conforma-
tion from a chair to a half-chair. This conforma-
tional change requires a high activation energy as
long as the units are held in a crystalline matrix [1].

Insoluble residues after acid hydrolysis of gran-
ular starches are referred to as lintnerised starches
or naegeli amylodextrins in the case of hydrolysis
with 2.2M HCI or 15% H,SOy,, respectively. Gen-
erally, it is believed that the residue after prolonged
acid hydrolysis consists of acid-resistant crystalline
parts of amylopectin [1-5]. Robin et al. [2,3] found
two major chain populations in the lintner residues
of potato and cereal starches: a linear fraction with
mean degree of polymerisation (DP) of 13-15, and
a singly branched fraction of DP 25. Watanabe
and French [5] found the same fractions in waxy
maize amylodextrins. They also identified a third,
higher molecular weight fraction as multiply bran-
ched chains. Robin et al. [3] suggested that part of
the DP 25 fraction would consist of linear chains of
degree of polymerisation (DP) 15-25, since the DP
25 fraction could not be completely debranched
with pullulanase. Linear chains of DP 15-25 are
possibly Bl chains of amylopectin (classification of
Hizukuri [6]), as identified for amylopectins of dif-
ferent botanical sources, including potato and
wheat [6-8]. However, Whelan [9] and Hall and
Manners [10] attributed the incomplete debranch-
ing with pullulanase and isoamylase of the DP 25
fraction of waxy maize starch amylodextrins to a
strong association between A and (newly formed)
C chains.

Morrison et al. [11] found that in lintnerised
barley starches, apart from the short amylopectin
branches (DP 16), two higher molecular weight
fractions were present, which were attributed to
retrograded amylose (DP 46) and amylose-lipid

complexes (DP 77-130). This indicates that amy-
lose-lipid complexes in barley starches are fairly
resistant to acid hydrolysis and that amylose
chains, after partial hydrolysis, may become suffi-
ciently mobile to aggregate and form resistant
double helices.

Annealing of starch is defined as incubation of
granular starch in excess water at a temperature
above the glass transition but below the gelatinisa-
tion temperature. The definition implies that no
gelatinisation occurs during the treatment that has
significant effects on starch physicochemical prop-
erties. In practice, the most pronounced effects of
the treatment are obtained at sub-gelatinisation
temperatures. The gelatinisation temperature is
increased, the gelatinisation temperature range is
narrowed and the gelatinisation enthalpy is
increased or unchanged [12-14]. Also, the starch
pasting properties [14,15] and the susceptibility to
enzymatic hydrolysis [16-19] are affected. Anneal-
ing does not result in changes in the wide angle
X-ray diffraction patterns [13,20]. The small angle
X-ray diffraction patterns, however, are intensified
[21], indicating an increased electron density con-
trast between crystalline and amorphous regions.
No change in repeat distance of crystalline and
amorphous lamellae in wheat (10.5nm) and potato
(9.9nm) starches was observed as a result of
annealing [21].

So far, the exact molecular mechanism of
annealing of granular starches remains unknown.
Possible explanations for the observed annealing
effects on starch properties include: (i) changes
with respect to the crystallinity of the granule [22—
26], (ii) changes with respect to the amorphous
fraction [12,27,28], or (iii) alterations of the inter-
actions between crystallites and the amorphous
matrix [13].

The susceptibility of annealed starches to lint-
nerisation was studied by Hoover and Vasanthan
[18]. These authors found a ca. 5% decrease in the
degree of hydrolysis of annealed wheat, potato and
lentil starches after 20 days of hydrolysis, but an
increased susceptibility (+14%) of annealed oat
starch.

The purpose of the present study was to gain
more insight into the role of the amorphous and
crystalline regions in the granule with regard to the
molecular mechanism(s) of annealing. Thus, the
impact of annealing on the susceptibility of wheat,
potato and pea starches to acid hydrolysis was
investigated. Furthermore, DSC melting features
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and chain length distributions of lintnerised native,
one step and two step annealed starches were
determined, and lintnerised starches were subjected
to annealing.

2. Materials and methods

Materials.—Wheat (Meriwit 1) and potato
(Meridal G) starches were from Amylum NV
(Aalst, Belgium). Pea starch (Nastar) was from
Cosucra  (Momalle, Belgium). Maltooligo-
saccharides (DP 4-10) from corn syrup (M3639)
and maltoheptaose (M 7753) were from Sigma
Chemical Co. (St Louis, MO).

Differential scanning calorimetry (DSC).—DSC
experiments were performed with a Seiko DSC-120
(Kawasaki Kanagawa, Japan). Indium and tin
were used as standards. Approximately Smg of
starch were accurately weighed in an aluminium
sample pan. Water was added to obtain a dry
matter:water ratio of 1:2 (w/w), sample pans were
hermetically sealed and heated from 5 to 150 °C
(4 °C/min) with an empty pan as reference. The
transition temperatures 7, 7, and T. are,
respectively, the onset, peak and completion
temperatures of the gelatinisation endotherm.
The enthalpies (AH) of gelatinisation were
determined by integration using Seiko software.
The reported values are means of triplicate
measurements.

Annealing procedure.—Starch suspensions (1:2,
w/w) were heated for 24 h in a sealed container in a
water bath at a constant temperature. The anneal-
ing temperatures were chosen as a function of the
gelatinisation temperature of the native starches,
i.e. 3-4% below the gelatinisation peak tempera-
ture (in K) as determined by DSC [14]. After a 24 h
incubation period, the suspensions were Buchner-
filtered and the residues were dried overnight
(room temperature, air stream). The resulting star-
ches were referred to as one step annealed starches.
Two step anncaled starches were prepared by
incubating the starch suspensions, after a first per-
iod of 24h at the first annealing temperature,
another 24 h at a higher temperature, 3—4% below
the gelatinisation peak temperature (in K) of the
one step annealed starches. After this 48 h of incu-
bation, the two step annealed starches were iso-
lated in the same way as the one step annealed
starches. Annealing temperatures for the first and
second step were 48 and 53 °C, 50 and 55 °C, and

50 and 56 °C for wheat, potato and pea starch,
respectively.

Lintnerised starches were annealed for 24h in
DSC pans (1:2 dry matter:water). The annealing
temperatures were chosen 2% below T, of the
lintnerised starches.

Acid hydrolysis—Native and annealed starches
were suspended in 2.2M HCI (1.67 g dry matter/
100mL). The closed containers were placed in a
water bath at 35 °C for 20 days and were gently
shaken by hand every day in order to resuspend
the sedimented granules. At regular time intervals,
the solubilised carbohydrates in the centrifuged
supernatant (10mL of the homogenised suspen-
sion, 15min, 2000g) were determined by the
phenol-H,SO, method [29]. After 10.5, 24h, 7
and 20 days of hydrolysis, undissolved residues
were isolated by centrifugation (15min, 2000g).
The residues were washed with deionised water until
a pH of 4.0-5.0 was reached. Suspensions were
then neutralised with 0.1 M NaOH and washed
again with water to remove NaCl. After filtration,
the residues were dried at room temperature.
Moisture contents were determined with a
Metrohm 701 KF Titrino (Metrohm Ltd, Herisau,
Switzerland) by the Karl Fischer method [30,31].

Distribution of chain lengths of lintnerised star-
ches—Chain length distributions of lintner resi-
dues of native and annealed starches were
determined with size exclusion chromatography
(SEC) and high performance anion-exchange
chromatography (HPAEC).

High molecular weight a-glucans were studied
by SEC on a Superose 12TM column (Pharmacia,
Uppsala, Sweden; 30x1cm, eluent 0.1 M KOH,
20 mL/h). Samples (25 mg) were solubilised for 24 h
in 1 M KOH under mild magnetic stirring and then
diluted with 9 volumes of water. After filtration,
100 uL were injected. The exclusion (V) and total
(V) volumes were determined using potato amy-
lose and glucose, respectively. Volume fractions
(Vo) of 0.33mL were collected and analysed
directly for total carbohydrate content by the orci-
nol-H,SO4 method [32,33]. K,, is defined as
(Vc_ Vo)/(Vt_ Vo)-

HPAEC was performed with a Dionex DX 500
(Dionex, Sunnyvale, CA) system. The working and
reference electrodes were gold and silver—silver
chloride, respectively. An ED 40 electrochemical
detector in the pulsed amperometric detection
(PAD) mode was used. The following pulse poten-
tials and durations were applied: E;=0.05V
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(t,=200ms); E,=0.75V (1,=200ms); E3=-0.15V
(t3=400ms). The sampling rate of the detector was
set to 1 Hz. The Dionex CarboPac PA-100 column
(250 mmx4 mm) was equipped with a CarboPac
PA-100 guard column; the sample loop size was
25uL. Eluents were 150mM NaOH (eluent A),
150 mM NaOH containing 500 mM NaOAc (elu-
ent B), and 500 mM NaOH (eluent C). The eluent
gradient programme is shown in Table 1. The elu-
ents were prepared with deionised water
(18 M cm), filtered through a 0.2 um membrane
filter and kept under He pressure (4 psi). The lint-
nerised starch sample (25mg) was dissolved in
1.5M NaOH (0.25mL). Deionised water
(18MQcm, 2.25mL) was added and the solution
was filtered (0.2 um membrane filter). All samples
were run in duplicate. Each run was carried out at
25 °C with a flow rate of 1.0 mL/min.

3. Results and discussion

Hydrolysis as a function of time.—As mentioned
before [1-4], two phases can be distinguished in the
lintnerisation profiles (solubilised carbohydrates as
a function of time) of native, one step and two step
annealed wheat, potato and pea starches. An
example is shown in Fig. 1. Repeated experiments
(results not shown) revealed that, after one and
two step annealing, a small decrease in suscept-
ibility to acid hydrolysis, in the second phase of
lintnerisation (from ca. 100 h onward), could only
be detected for potato starch (Fig. 1). This
decreased susceptibility of potato starch to acid
hydrolysis, as a result of annealing, was also
observed by Hoover and Vasanthan [18]. Whereas
after 7 days, annealed potato starches were less
degraded than the native material, after 20 days,

Table 1

Gradient programme used for HPAEC. Eluents: A, 150 mM
NaOH; B, 150mM NaOH containing 500mM NaOAc; C,
500 mM NaOH; eluent composition is changed linearly over a
specified time. Before every run, the system is equilibrated
during 13 min at initial eluent concentrations

Time (min)  Eluent A (%) Eluent B (%) Eluent C (%)
1 80 20 0
81 18 82 0
81.1¢ 0 100 0
82% 0 100 0
83+ 0 0 100
882 0 0 100

2The last four steps are applied to clean the column.
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Fig. 1. Lintnerisation (2.2 M HCI, 35 °C) profiles (solubilised
carbohydrates as a function of time) of native (A\), one step
(O), and two step (x) annealed potato starches.

extents of hydrolysis were similar. This was inter-
preted as formation of newly organised zones in
annealed starches with a resistance intermediate
between those of amorphous and crystalline zones.
For wheat and pea starches, no significant differ-
ences in susceptibility could be observed between
native, one step and two step annealed starches
(data not shown). In contrast, Hoover and Vasan-
than [18] observed a slight decrease in degree of
hydrolysis after annealing of wheat starch.

Only very small differences were obtained
between the degrees of hydrolysis of lintnerised
native, one step and two step annealed starches.
Therefore, mean degrees of hydrolysis for these
three samples were calculated and are listed in
Tables 2—4 (first column, in parentheses) as esti-
mates of the degree of hydrolysis of wheat, potato
and pea starches after distinct hydrolysis times.
Values for wheat and potato starches agree fairly
well with values obtained by Muhr et al. [34] for
lintnerised native starches.

DSC melting features as a function of hydrolysis
time.—DSC parameters of native, one step and
two step annealed wheat, potato and pea starches
and of the respective lintnerised starches, iso-
lated after distinct times of acid hydrolysis, are
listed in Tables 2—4. Because DSC profiles of wheat
and pea starches show the same general trends as
those for potato starches, only the latter are shown
(Fig. 2).

Wheat starches. Peak (T,) and conclusion (7)
temperatures increased after 10.5h of hydrolysis
for native and annealed wheat starches (Table 2).
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Table 2

Thermal characteristics of lintnerised® native and annealed wheat starches (starch:water=1:2 w/w): onset (7,), peak (7,,) and
conclusion (7,) temperatures, temperature ranges (7.—7,), and enthalpies (A H); temperatures (7, 1) and enthalpies (AH,p, 1) of
dissociation of amylose—lipid complexes (standard deviations in parentheses)

Wheat starches T, (°C) T, (°O) T. (°C) T.—T, (°C) AH (mJ/mg) Tam1 (°C) AH,, | (mJ/mg)
0h hydrolysis

Native 54.4 (0.0) 58.7(0.1) 63.6(0.1) 9.2 (0.1) 11.8 (0.3) 102.4 (0.5) 0.8 (0.1)
One step annealed 61.6 (0.1) 63.7(0.2) 66.9 (0.2) 5.3(0.2) 12.2 (0.4) 102.3 (0.4) 0.7 (0.1)
Two step annealed 64.2 (0.1) 66.3 (0.1) 69.7 (0.1) 5.5 (0.0) 12.3 (0.1) 101.7 (0.2) 0.7 (0.1)
10.5h (9% )® hydrolysis

Native 58.5(0.8) 70.3(0.4) 82.6(1.8) 24.1 (2.5) 11.9 (0.4) 100.4 (0.7) 1.0 (0.2)
One step annealed 55.0 (0.8) 69.4 (0.3) 80.3(0.9) 25.4 (1.5) 13.0 (0.5) 99.7 (0.7) 0.8 (0.2)
Two step annealed 549 (0.2) 68.7(0.2) 79.3(0.3) 24.4 (0.4) 12.9 (0.1) 99.6 (0.4) 0.5(0.2)
24 h (18% )® hydrolysis

Native 49.3 (0.8) 69.3(0.9) 82.4 (0.5 33.0 (1.1) 11.5(1.2) 93.8 (1.2) 0.4 (0.2)
One step annealed 46.9 (0.6) 68.5(1.3) 79.5(1.4) 32.6 (1.7) 11.4 (1.4) 95.4 (0.8) 0.7 (0.2)
Two step annealed 453 (2.9) 66.3(1.8) 78.3(0.8) 32.8 (3.2) 11.6 (0.9) 95.0 (0.6) 0.9 (0.1)

2 Values for 7 days (72%)° and 20 days (89%)® hydrolysis were not determined because of the broad undefined endotherms.
®Because only very small differences were obtained between degrees of hydrolysis of lintnerised native, one step and two step
annealed starches, only mean values are given as estimates of the degree of hydrolysis.

Table 3
Thermal characteristics of lintnerised native and annealed potato starches (starch:water=1:2 w/w): onset (7,), peak (7,,) and
conclusion (7,) temperatures, temperature ranges (7.—7,) and enthalpies (AH) (standard deviations in parentheses)

Potato starches T, (°O) T, (°O) T. (°C) T.—T, (°C) AH (mJ/mg)
0 h hydrolysis

Native 58.0 (0.2) 62.5(0.1) 70.5 (0.8) 12.5 (0.7) 18.7 (0.5)
One step annealed 64.7 (0.2) 67.5 (0.1) 72.7 (0.4) 8.0 (0.4) 20.0 (0.5)
Two step annealed 67.3 (0.0) 69.8 (0.1) 74.2 (0.1) 6.9 (0.1) 20.5 (0.8)
10.5h (4% )* hydrolysis

Native 67.3 (0.2) 72.9 (0.1) 86.1 (1.4) 18.8 (1.6) 20.5 (0.4)
One step annealed 68.5 (0.1) 74.2 (0.2) 85.0 (0.4) 16.4 (0.3) 20.4 (0.5)
Two step annealed 69.4 (0.2) 75.0 (0.0) 84.8 (0.3) 15.5(0.4) 20.5 (0.8)
24 h (12% )* hydrolysis

Native 62.8 (0.4) 76.0 (0.4) 88.5 (1.0) 25.7 (1.3) 23.0 (1.3)
One step annealed 63.5(0.4) 76.0 (0.3) 88.0 (0.2) 24.5 (0.4) 21.9 (0.2)
Two step annealed 63.8 (0.3) 75.9 (0.3) 88.2 (0.2) 24.4 (0.4) 22.0 (0.3)
7 days (58% )* hydrolysis

Native 56.9 (1.3) 76.5 (0.1) 90.8 (0.9) 33.8 (1.6) 18.6 (2.9)
One step annealed 57.1 (2.3) 75.8 (0.5) 90.6 (1.1) 33.5(2.5) 18.3 (2.8)
Two step annealed 53.6 (4.7) 75.3 (0.6) 90.4 (1.1) 36.7 (5.7) 18.8 (4.3)
20 days (82% )* hydrolysis

Native 59.7 (1.6) 79.7 (0.3) 92.8 (1.1) 33.1 (2.4) 13.7 (1.8)
One step annealed 61.0 (0.7) 79.2 (0.4) 94.2 (1.0) 33.2 (1.0) 15.1 (2.4)
Two step annealed 60.7 (1.3) 80.0 (0.5) 91.1 (1.0) 30.4 (1.1) 9.2 (1.5)

2 Because only very small differences were obtained between degrees of hydrolysis of lintnerised native, one step and two step
annealed starches, only mean values are given as estimates of the degree of hydrolysis.

However, after 24 h, no further increase in 7}, and
T. was observed. After 7 and 20 days of hydrolysis,
the endotherms shifted to higher temperatures, but
no exact values of T, T}, and T, could be obtained.
The temperature range of the transition increased
as a function of hydrolysis time for all three wheat
starch samples. The enthalpy (AH) did not sub-
stantially change after up to 24h of hydrolysis

(Table 2). After 7 and 20 days of hydrolysis, endo-
therms were undefined and could not be integrated.
Approximately the same effects of lintnerisation on
gelatinisation temperatures of native wheat star-
ches after 12 and 24 h of hydrolysis were observed
by Muhr et al. [34], although they found a less
pronounced increase of the gelatinisation range. In
contrast with our results, Muhr et al. [34] noted a
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Table 4

Thermal characteristics of lintnerised® native and annealed pea starches (starch:water=1:2 w/w): onset (7,), peak (7},) and

conclusion (7,) temperatures, temperature ranges (7.—7,) and enthalpies (A H) (standard deviations in parentheses)

Pea starches T, (°C) T, (°O) T. (°C) T.—T, (°C) AH (mJ/mg)
0 h hydrolysis

Native 52.9 (0.3) 59.5 (0.1) 68.5(0.2) 13.6 (0.5) 12.6 (0.8)
One step annealed 64.6 (0.4) 67.1 (0.2) 70.5 (0.4) 5.9 (0.4) 12.6 (0.6)
Two step annealed 68.1 (0.1) 70.2 (0.1) 73.4 (0.2) 5.4 (0.1) 12.2 (0.3)
10.5h (5% )® hydrolysis

Native 64.5 (0.2) 70.1 (0.0) 77.9 (.3) 13.3 (0.3) 13.3 (0.5
One step annealed 64.5 (0.7) 71.7 (0.2) 80.3 (0.6) 15.7 (0.5) 13.6 (1.2)
Two step annealed 65.3 (0.1) 72.9 (0.1) 82.3 (0.6) 17.0 (0.6) 12.4 (0.3)
24 h (13% )® hydrolysis

Native 60.7 (0.5) 70.9 (0.1) 83.8 (1.4) 23.1 (1.8) 13.0 (1.3)
One step annealed 56.7 (1.4) 71.3 (0.3) 83.2 (1.6) 26.5 (1.2) 12.7 (0.4)
Two step annealed 58.5 (1.6) 72.0 (0.2) 88.3 (0.4) 29.8 (1.6) 12.7 (0.4)

aValues for 7 days (59%)® and 20 days (78%)P hydrolysis were not determined because of the broad undefined endotherms.
®Because only very small differences were obtained between degrees of hydrolysis of lintnerised native, one step and two step
annealed starches, only mean values are given as estimates of the degree of hydrolysis.

drastic decrease in gelatinisation enthalpy of native
wheat starch after 24 h of hydrolysis.

For wheat starches, a second endotherm was
observed near 100 °C (Table 2). This was attrib-
uted to dissociation of amylose-lipid complexes
[35]. After 10.5 and 24 h of hydrolysis, the enthalpy

POTATO

Endothermic heat flow

Temperature (°C)

Fig. 2. DSC thermograms of lintnerised native ( ), one
step annealed (---) and two step annealed (—-—) potato star-
ches after Oh, 10.5h, 24 h, 7 days and 20 days of hydrolysis.

of dissociation did not change much. After 7 and
20 days of hydrolysis, the amylose-lipid peak could
hardly be distinguished.

Potato starches. For native, one step and two
step annealed potato starches, T}, and T, increased
with increasing time of hydrolysis, and also the
temperature range increased until 7 days of hydro-
lysis, whereupon no further increase was noted
(Fig. 2, Table 3). AH slightly increased after 24 h
of hydrolysis (Table 3). For the residues isolated
after 7 and 20 days, the endotherms were rather
undefined and due to large standard deviations,
enthalpies measured after 7 and 20 days of hydro-
lysis were difficult to interpret. Muhr et al. [34]
observed the same trends (although less pro-
nounced) for lintnerised native potato starches,
isolated after 12 and 24 h of hydrolysis, except for a
marked decrease in enthalpy, which we did not
observe.

Pea starches. For native pea starch, T, increased
after 10.5h of hydrolysis for native, one and two
step annealed pea starches, but no further increase
was noted after 24h (Table 4). T, increased as
hydrolysis proceeded. The DSC profiles of the
residues isolated after 7 and 20 days seemed to be
shifted to higher temperatures. The peak width
after 10.5 h of hydrolysis was unchanged for native
pea starch but strongly increased for the annealed
pea starches. After 24h and more, a further
increase in peak width was noted. AH remained
approximately unchanged after 24h of hydro-
lysis (Table 4). After 7 and 20 days, again it could
not be determined because of the very broad,
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undefined endotherms. An increase in gelatinisa-
tion temperature and gelatinisation range was also
observed by Biliaderis et al. [36] for smooth pea
starch, but these authors observed a decrease in
enthalpy after acid hydrolysis.

In general, as a function of hydrolysis time, for
native, one step and two step annealed wheat,
potato and pea starches, a shift of the endotherms
to higher temperatures was observed, together with
a peak broadening, without considerable changes
in enthalpy (Fig. 2, Tables 2—4). Similar changes as
a result of acid hydrolysis were observed before for
various native starches [34,36-38]. These changes
are attributed to the disappearance of the coop-
erative melting of the granules, which is facilitated
by water uptake in the amorphous parts of the
granule [37]. Indeed, according to Donovan’s [39]
theory, in excess water the amorphous parts in the
granules exert a destabilising effect on the crystal-
lites by absorption of water and subsequent swel-
ling because of covalent coupling between
amorphous and crystalline parts. Since acid
hydrolysis preferentially attacks the amorphous
regions in the granule [1-4], the crystallites are
decoupled from and no longer destabilised by the
amorphous parts. As a result, the crystallites melt
at a higher temperature and the transition is
broader, indicating the heterogeneous distribution
in crystallite stability in the starch granule. Morri-
son et al. [11] suggested that the higher transition
temperature might be due to longer amylopectin
double helices than in the unhydrolysed amylo-
pectin molecule, where the branch points might
reduce the length of helix forming side chains. As
mentioned before, according to Morrison et al.
[11], lintnerised barley starches consist not only of
crystalline amylopectin side chains (DP 16), but
also of retrograded amylose (DP 46) and amylose—
lipid complexes (DP 77-130). The broad tempera-
ture range of the gelatinisation of barley lintners
was then assigned to disordering of these different
fractions at different temperatures.

Comparison of DSC melting features of
lintnerised native, one step and two step annealed
starches.—The effect of one and two step annealing
on DSC characteristics of wheat, potato and pea
starches is very pronounced. The endotherm nar-
rowed and shifted to a higher temperature, and the
enthalpy increased or was unchanged (Tables 24,
Fig. 2, 0h hydrolysis). For wheat, potato and pea
starches, differences in DSC profiles between native,
one and two step annealed starches became smaller

as hydrolysis proceeded (Tables 2-4, Fig. 2). For
instance, the difference in 7, between native and
two step annealed potato starch was 7.3 °C before
acid hydrolysis. Already after 24h of hydrolysis,
no difference in T}, at all was observed between
these two samples (Table 3). Also, the peak width
of two step annealed potato starch, which was
5.6 °C less than for native potato starch before
hydrolysis, was of comparable size to that of native
starch after 24 h of hydrolysis. The same observa-
tions were made for the other starches.

The changes in melting characteristics induced
by annealing became less and less obvious when
the starches were subjected to increasing levels of
acid hydrolysis. Assuming that amorphous parts
are preferentially hydrolysed during lintnerisation
[1-4], this indicates a substantial involvement of
the bulk amorphous regions and intercrystalline
amorphous regions of amylopectin in the annealing
process.

Annealing of lintnerised starches.—In order to
look further into the contribution of the amor-
phous parts in the granule to annealing, a selection
of lintnerised starches was subjected to annealing.
Because the effect of annealing of starches on DSC
properties is very pronounced and qualitatively the
same for different kinds of starches [14], DSC eva-
luation was used to study whether, and to what
extent, starches, with partially or completely
removed amorphous parts, could still be annealed.
Because of the rather broad DSC peaks of the
lintnerised starches, the annealing temperatures for
the lintners were chosen 2% below T, (in K), and
are listed in Table 5, together with the DSC char-
acteristics of the annealed lintners. Some examples
of DSC thermograms are shown in Fig. 3.

For 24-h lintnerised native and one step
annealed wheat, potato and pea starches, some
effects of annealing on the DSC gelatinisation
behaviour were still observed (compare Tables 2—4
with Table 5, Fig. 3a,c,e): a marked increase in T,
was noted, together with a sharpening of the peak,
whereas T, and AH were unchanged. The same
effects were still observed after annealing of lint-
nerised native or one step annealed potato star-
ches, isolated after 7 or 20 days (compare Table 3
with Table 5, Fig. 3d). For the 7-day lintnerised
wheat and pea starches, T, was estimated based on
the first derivative of the DSC signal. Here, the
peak width seemed to be unaffected, while the
endotherm was only slightly more pronounced
after the annealing treatment (Fig. 3b,f). Because
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Table 5

DSC characteristics of lintners, isolated after 24 h, 7 or 20 days of hydrolysis and annealed afterwards at T,,,* during 24 h in DSC

pans (dry matter:water = 1:2; means of duplicate measurements)

Sample Hydrolysis time Tom® T,(C) T,(°C) T.(°C) T.—T, (°C) AH (mJ/mg)
Wheat starches

Native 24 h 43 58.4 67.8 80.2 21.8 10.4
One step annealed 24 h 43 57.7 66.7 79.1 21.4 9.9
NativeP 7 days 54 - - - -
Two step annealed® 7 days 50 — - - -
Potato starches

Native 24 h 56 71.4 78.2 87.3 15.9 21.6
One step annealed 24 h 56 71.4 78.1 87.5 16.1 19.8
Native 7 days 50 66.3 75.5 88.0 21.7 21.4
One step annealed 7 days 50 66.5 75.4 87.4 20.9 20.9
Native 20 days 54 69.8 79.1 90.6 20.8 18.2
Pea starches

Native 24 h 54 69.2 75.7 83.4 14.2 14.2
One step annealed 24 h 50 65.0 73.7 82.5 17.5 13.9
NativeP 7 days 54 - - - -
Two step annealed® 7 days 43 - - - -

2 Annealing temperature of the lintners.
®Values could not be determined.

no large changes in the DSC profiles were noted
after annealing of the latter samples (Fig. 3b,f), no
attempts were made to anneal 20-day lintnerised
wheat and pea starches.After 24 h of lintnerisation,
the degrees of hydrolysis are ca. 18, 12 and 13%
for wheat, potato and pea starches, respectively
(Tables 24, first column, in parentheses). Since
crystallinity has been estimated to be ca. 20-36%
for native wheat and 24-28% for native potato
starches [40,41], the amorphous material is only
partially degraded at that time. After 7 days,
degrees of hydrolysis of ca. 72, 58 and 59% are
reached for wheat, potato and pea starches,
respectively. At that moment, most of the amor-
phous material is probably removed and the rate of
hydrolysis is already strongly decreased (see Fig. 1
for potato starches, results for wheat and pea star-
ches not shown). Degrees of hydrolysis of ca. 89,
82 and 78%, for wheat, potato and pea starches,
respectively, after 20 days of hydrolysis, indicate
that the remaining residues most likely contain
only crystalline material and even part of the crys-
talline material has been degraded. Indeed, the
crystallinity of starches increases with increasing
degrees of hydrolysis [2—4,34].

While lintnerised potato starches isolated after
24 h, 7 days or 20 days, all still seem to be suscep-
tible to annealing, 7-day lintnerised wheat and pea
starches are less susceptible to annealing than the
respective 24 h lintners (compare Tables 2—4 with
Table 5, Fig. 3). Thus, for wheat and pea starches,

removal of the amorphous parts in the granule
decreases the susceptibility to annealing, reinfor-
cing the hypothesis that amorphous parts play an
important role in the molecular mechanism(s) of
annealing. However, the fact that the DSC profiles
of significantly (82%) hydrolysed potato starches
change as a result of annealing, implies that some
structural changes can probably also take place
within the crystalline parts (e.g. crystallite perfec-
tion), as was already observed for synthetic poly-
mers [42].

Chain length distribution of lintnerised native and
annealed starches.—

SEC. After 20 days of acid hydrolysis, the SEC
chain length distribution profiles of wheat, potato
and pea starches were somewhat narrower and
slightly shifted to higher K,, than after 7 days
(Fig. 4), indicating an (expected) decrease in DP.
For 7- and 20-day lintnerised one and two step
annealed wheat starches, and for 7-day lintnerised
one and two step annealed potato starches, a slight
shift of the distribution profile to lower K,, than
for the respective lintnerised native starches was
observed. These lintnerised annealed starches thus
have a higher DP than the respective lintnerised
native starches. No visible changes in the chain
length distribution profiles of lintnerised native,
one step and two step annealed starches were
observed for potato samples after 20 days of
hydrolysis, and for pea samples after 7 and 20 days
of hydrolysis.
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Endothermic heat flow
—~—

20 45 70 95 120

Temperature (°C)

Fig. 3. DSC thermograms, before (---) and after ( )
24h annealing in DSC pans of: (a) 24-h lintnerised native
wheat starches; (b) 7-day lintnerised two step annealed wheat
starches; (c) 24-h lintnerised one step annealed potato star-
ches; (d) 20-day lintnerised native potato starches; (e) 24-h
lintnerised one step annealed pea starches; (f) 7-day lintnerised
two step annealed pea starches.

HPAEC. DP values from 4 to 10 were assigned
using a mixture of maltooligosaccharides (DP 4—
10) and pure maltoheptaose. DP values higher than
10 were assigned by extrapolation. Small peaks
between main peaks, and peak shoulders, in the
first half of the chromatogram (Fig. 5) probably
originate from branched products [43—45].

Generally, two main populations of chains could
be distinguished in all lintnerised starches, with
peak maxima at DP 13-15 and 25-27 (Fig. 5). For
all lintnerised starches investigated, also higher DP
chains (DP > 35) were present. These observations
agree with previous literature results (see Section
1). Possible structures present in lintnerised star-
ches are shown schematically in Fig. 6. The bran-
ched nature of DP 25 and higher DP chains was
confirmed by HPAEC analysis of debranched
(pullulanase (Megazyme), acetate buffer pH 5.5)

7-day lintnerised potato starch (R.C. Eerlingen,
unpublished data).

Because no response factors for individual com-
ponents are available, the total area of peaks aris-
ing from DP 22-30 was divided by the total area of
peaks arising from DP 10-18 as an arbitrary mea-
sure of the ratio of singly branched chains to linear
short chains (Table 6).

As a function of hydrolysis time, the chain dis-
tribution profile indicates a general shift to less
long (high retention time) and more short (low
retention time) chains (Fig. 5). The ratio of DP 22—
30 to DP 10-18 chains was also lower after 20 days
than after 7 days of hydrolysis (Table 6). This
means that the average DP of the lintners decreases
with increasing hydrolysis time, in agreement with
SEC results, and that, as a function of hydrolysis
time, singly branched chains are hydrolysed to lin-
ear chains.

Comparison of chromatograms of lintnerised
native and two step annealed starches (Fig. 5)
revealed no changes between lintnerised native and
two step annealed potato starches, isolated after 20
days and between lintnerised native and two step
annealed pea starches, isolated after 7 days. This is
in agreement with SEC results (Fig. 4). For all
other lintners, however, the relative fraction of
high DP chains (DP >30-40) was higher and the
fraction of low DP chains (DP 6-30) was lower for
the lintnerised two step annealed starches than for
the respective lintnerised native starches. The aver-
age DP of these lintnerised annealed starches is
therefore higher than for the respective lintnerised
native starches, which also followed from SEC
results for 7- and 20-day lintnerised wheat starches,
and for 7-day lintnerised potato starches. Only for
20-day lintnerised pea starches, the small changes
that were visible with HPAEC (Fig. 5) between the
chain length distribution profiles of residues of
native and two step annealed samples, were not
revealed by SEC (Fig. 4).

In the case of 7- and 20-day lintnerised wheat
starches, and 7-day lintnerised potato starches, the
ratio of singly branched (DP 22-30) to short linear
(DP 10-18) chains was observed to be slightly
higher for the lintnerised two step annealed star-
ches than for the respective lintnerised native star-
ches (Table 6). For residues of native and two step
annealed pea starches, after 20 days of hydrolysis,
however, this ratio was unchanged, as for pea
starch residues after 7 days, and potato starch
residues after 20 days of hydrolysis.
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Fig. 4. SEC chain length distribution profiles of lintnerised native (A), one step annealed (O), and two step annealed (x) wheat,
potato and pea starches.
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Fig. 5. HPAEC chain length distribution profiles of lintnerised native (grey line) and two step annealed (black line) wheat, potato
and pea starches.
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DP 13-15 (x2)

DP >35

s X XX OXXOOS™

VAU UL

Fig. 6. Possible structures in lintnerised starches: (a) linear
chains (DP 13-15) [2,3,5]; (b) singly branched chains (DP 25)
[2,3,5]; (c) an example of a multiply branched chain [5]; (d)
retrograded amylose [11]; (¢) amylose-lipid complexes [11]
(only in lipid-containing starches, as wheat starch); ~, glucose
residues, a-(1—4)-linked; (¢, reducing end group; —, a-(1—6)
branch point; A A A A, fatty acid chain originating from a
monoacyl lipid (glycerol and phosphate are removed during
lintnerisation).

For 7- and 20-day lintnerised wheat starches,
and 7-day lintnerised potato starches, the increase
in the proportion of singly branched (DP 22-30)
chains relative to the proportion of short linear
(DP 10-18) chains for lintnerised annealed, com-
pared to lintnerised native starches, may indicate
that, as a result of annealing, branch points of
amylopectin become more resistant to acid hydro-
lysis. For example, by perfection of the crystalline
structure, some branch points may become more
embedded in this structure and, as a result, less sus-
ceptible to hydrogen ions. For the previous samples,
and also for the 20-day lintnerised pea starches, the
relatively higher proportion of high DP chains
(DP > 35) for lintnerised two step annealed starches

Table 6
Ratio of peak areas in the HPAEC chromatogram of DP 22—
30 chains to DP 10-18 chains?

7 days of hydrolysis 20 days of hydrolysis

Native Two step Native Two step

annealed annaeled
Wheat 1.14 1.20 0.86 0.92

1.13 1.22 - -

Potato 0.99 1.07 0.72 0.69
0.98 1.06 0.70 0.68
Pea 1.22 1.22 0.87 0.89
1.21 1.21 0.85 0.90

2Two separate HPAEC measurements for each sample (except
for 20 days hydrolysed wheat starches).

than for the respective lintnerised native starches,
may indicate the presence of more multiply branched
chains in the lintnerised annealed starches. This
would again indicate an increased resistance of
amylopectin branch points to acid hydrolysis, as
a result of annealing, as suggested above. Taking
into account the results of Morrison et al. [11] for
barley starches (see above), we also suggest an
increased amount of (a) amylose double helices
and/or (b) amylose-lipid complexes (for wheat
starches) in the annealed starches after lintnerisa-
tion. (a) Such an increased amount of amylose
double helices may result from formation of amy-
lose double helices during annealing. Alternatively,
during lintnerisation, in the annealed sample more
amylose chains may become mobile than in the
native sample, and aggregate to form double heli-
ces, leading to a higher fraction of chains with
DP > 35 in the lintner residue. (b) A higher amount
of amylose-lipid complexes in the lintnerised
annealed wheat starches than in lintnerised native
wheat starch would result from an increased resis-
tance of these complexes to acid hydrolysis as a
result of annealing (enrichment after lintnerisation).

4. Conclusions

The susceptibility of potato starch to acid
hydrolysis slightly decreased as a result of anneal-
ing. For wheat and pea starches no differences in
susceptibility were observed between native, one
step and two step annealed starches.

After lintnerisation, differences in DSC transi-
tion temperatures and peak widths between native,
one step and two step annealed starches almost
disappeared. Lintnerised starches could all still be
annealed (increase in T, and peak sharpening) but
7-day lintnerised wheat and pea starches were less
susceptible to annealing than the respective 24-h
lintners. The results suggest that the amorphous
regions of the granule influence the structural
changes that occur during annealing. For 7- and
20-day lintnerised wheat starches and 7-day lint-
nerised potato starches, the chain length distribution
profiles showed a higher average DP and a slightly
higher proportion of singly branched (DP 22-30)
to short linear (DP 10-18) chains for the annealed
than for the respective native samples. It was sug-
gested that, as a result of annealing, the branch
points of amylopectin become more resistant to acid
attack, leading to a higher proportion of singly
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branched to short linear chains and a higher rela-
tive amount of multiply branched (DP > 35) chains.
Thus, structural changes within the crystalline
zones can also take place during the annealing
treatment.

The characterisation (DSC, HPAEC) of lintners
of native and annealed starches thus indicates a
role of both crystalline and amorphous regions in
the molecular mechanism of annealing.
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