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The reversible thermal transition of soluble branched
starch chains prepared from slightly acid-treated potato
starch granules (ATS) was investigated. Potato starch
was immersed in 15% sulfuric acid to obtain ATS with a
1% hydrolysis rate. About half of the molecules of
ATS, which spontaneously formed large aggregates
with a mass of a few million daltons in aqueous solu-
tion, was fractionated and soluble branched starch
chains with a relative molecular weight (M) of 8.91 x
10 were obtained. Structural analysis indicated that the
soluble branched starch chains consisted of three unit
chains with M, 7,900 and 21 unit chains with M, 2,700.
DSC and FT-IR measurements showed that the soluble
branched starch chains underwent a reversible thermal
transition, which is considered to be a helix-coil transi-
tion, during heating and cooling, but a debranched sam-
ple and f-limit dextrins showed substantially different
thermal behavior, indicating the contribution of the
ordered structure of the branched chains.
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Starch granules are generally composed of
amylopectin and amylose. Amylopectin is the major
component of most starches and branched chains of
amylopectin molecules associate through intra- and
inter-chain interactions to form the crystalline struc-
ture of starch granules. This is considered to be im-
portant to the physical properties of starch. Starch
granules readily gelatinize in water upon heating and
retrograde upon cooling, resulting in the dissociation
of starch chains in crystalline regions in the granule
upon heating and their partial reassociation during
cooling. Considerable progress has been made in the
characterization of the fine structure of starches, and
the relationships among the length of the branched
chain of amylopectin, the amylose content, and the
gelatinization of starches have been studied.!?

Granular starch has been frequently examined in stu-
dies aiming to elucidate and regulate its gelatinization
and retrogradation behavior, using various analytical
methods such as X-ray diffractometry,>® thermal
analysis,>® electronmicroscopy,” FT-IR,*'® Raman
spectroscopy,'? and NMR'>!® with attention paid to
practical application. However, since starch granules
are insoluble and since starch molecules are not
uniform in terms of molecular structure, molecular
weight, and molecular organization or packing, it is
difficult to understand the integrated behavior of
different molecules in the starch granules on the basis
of the thermal transition of individual starch molec-
ules. This underlines the importance of obtaining a
sample of soluble starch with branched chains show-
ing a uniform chemical structure corresponding to
amylopectin molecules with the thermal transition
features described above.

In aqueous solution, acids preferentially hydrolyze
the amorphous region of amylopectin in starch gran-
ules,' resulting in an increase in water-solubility. We
have previously reported that about half of the slight-
ly acid-treated starch (ATS) in solution spontaneous-
ly associated to form large aggregates with a mass of
a few million daltons in water or 0.01 M borate buffer
(pH 7.0), whereas the aggregation depended on the
presence of potassium chloride, and that these solu-
ble starch chains had a branched structure and under-
went thermal transition in a process like gelatiniza-
tion.'” These findings suggested that the soluble
branched starch chain in ATS could be prepared for
use as a model for investigating the thermal proper-
ties of starch molecules based on the conformational
changes observed. However, the soluble branched
starch chains prepared previously had a wide distri-
bution of molecular weights and the chemical struc-
ture remains unknown.

The objective of this study was to obtain soluble
and more homogeneous starch chains with a definite
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branched structure and to elucidate the peculiar ther-
mal transition of the soluble branched starch chains
by thermal analysis and Fourier transform infrared
spectroscopy.

Materials and Methods

Starch and related saccharides. Potato starch
(large granule preparation; Hokuren Research In-
stitute, Sapporo, Japan) was used after being washed
repeatedly with distilled water at 4°C and air-dried
(moisture, 17%, dry basis). Pullulan (P-800, P-400,
P-200, P-100, P-50, P-20, P-10, and P-5) was pur-
chased from Shoko Co., Ltd. (Tokyo, Japan). Dex-
tran (T-2000, T-500, T-70, T-40, and T-10) was
purchased from Amersham Pharmacia Biotech (Up-
psala, Sweden). Maltotetraose (G,), maltopentaose
(Gs), maltohexaose (Gs), maltoheptaose (Gy), and
maltooctaose (Gg) were obtained from Nihon Shoku-
hin Kako Co., Ltd. (Tokyo, Japan). Glucose (G:),
maltose (G,), maltotriose (G;), and amylose (from
potato, Mr158,000) were purchased from Wako Pure
Chemical Ind. (Osaka, Japan).

Enzymes. Sweet potato fB-amylase (EC 3.2.1.2;
Sigma, Type 1-B) was purified by affinity chro-
matography using a cyclodextrin-Sepharose 6B
column.'® Pseudomonas isoamylase (EC 3.2.1.68)
was purchased from Seikagaku Kogyo Co. (Tokyo,
Japan). Pullulanase (EC 3.2.1.41) was kindly provid-
ed by Dr. Sakano (Tokyo University of Agriculture
and Technology, Tokyo, Japan).

Acid-treated starch (ATS). Potato starch (40 g)
was immersed in 1.6 1 of 15% (w/w) sulfuric acid at
25°C to obtain a 1% hydrolysis rate, as described by
Kainuma and French.'¥ The degree of hydrolysis was
calculated from the following, (0.9 x dissolved sac-
charides) x 100/(starch weight), where the concentra-
tion of dissolved saccharides was measured by the
phenol-sulfuric acid method.!” The sulfuric acid was
thoroughly removed by collecting the ATS on a G-4
glass filter and washing with distilled water, and the
ATS was air-dried. For DSC, the ATS was used
without air-drying.

Fractionation of ATS. ATS (400 mg) was dissolved
in 20 ml of distilled water by heating at 80°C for 20
min. The ATS solution was put on a Toyopearl HW-
65S column (Tosoh, Japan; column size, 2.6 cm i.d.
% 100 ¢cm) and elution was done with distilled water
as the mobile phase at a flow rate of 60 ml/hr at 4°C.
The peak-1 component (P-1) eluted at the void
volume was collected and recovered by lyophiliza-
tion. P-1 was dissolved in 0.01 M borate buffer (pH
7.0) containing 0.1 M potassium chloride, and put on
again the chromatography column with the same
buffer as the mobile phase at a flow rate of 60 ml/hr.

Starch chains of P-1 were fractionated into four frac-
tions (Frs. 1-4) according to relative molecular
weights of above 50 x10%, 20-50x 10%, 5-20 % 10°,
and below 5 x 10%, respectively, as estimated based on
comparison with the dextran molecular weight mar-
kers T2000 ( Mr, 2 x 10%), T500 (Mrt, 46.1 x 10%), T70
(Mr, 6.56x10%, T40 (Mr, 4.01x10%), T10 (Mr,
1.05x10%), and glucose. Frs. 1-4 were dialyzed
against distilled water and lyophilized.

Preparation of debranched starch chains. The
Iyophilized starch chains (500 mg) (one of the Frs.
1-4) were dissolved in 4 ml of 1 M sodium hydroxide
at 40°C with stirring for 2 hr, then diluted with 30 ml
of distilled water and adjusted to pH 6.0 with 0.5 M
hydrochloric acid. After adding 40ml of 0.06 m
acetate buffer (pH 3.5), the sample was incubated
with 26 IU of isoamylase at 40°C for 24 hr. The
debranched sample was dialyzed against distilled
water and lyophilized. For structural analysis, the
isoamylolyzate was heated at 100°C for 5 min,
filtered using a 0.45 ym membrane filter, desalted and
deproteinized by treatment with cation- and anion-
exchange resins (Amberlite IR-120B and IRA-410,
Organo, Tokyo, Japan), and then lyophilized. The
debranched sample was obtained through isoamylol-
ysis for three times and confirmed to be completely
digested with B-amylase.

Preparation of p-limit dextrins. The lyophilized
P-1 or starch chains (500 mg) (one of the Frs. 1-4)
was dissolved in 1 M sodium hydroxide at 40°C with
stirring for 2 hr, then diluted with 30 ml of distilled
water and neutralized with 0.5 M acetic acid. After
adding 40 ml of 0.2 M acetate buffer (pH 4.8) con-
taining 1 mmMm reduced glutathione, the sample was in-
cubated with 300 IU of purified f-amylase at 37°C
for 24 hr. The maltose concentration in the mixture
of reaction products was measured by the
Somogyi'®-Nelson'” method. f-Limit dextrins were
obtained by dialysis against distilled water and
Iyophilization. For structural analysis, S-amylolyzate
was heated at 100°C for 5 min, filtered using a 0.45
um membrane filter, dialyzed against distilled water,
and lyophilized. After the f-amylolysis was repeated
three times, the S-amylolyzate was desalted and
deproteinized by treatment with cation- and anion-
exchange resins (Amberlite IR-120B and IRA-410,
Organo, Tokyo, Japan), and lyophilized. The -
amylolysis limit was measured based on the ratio of
the reducing sugar content to the total sugar content
as maltose, which were measured by the modified
Park-Johnson method?® and the phenol-sulfuric acid
method,'” respectively.

Preparation of the debranched B-limit dextrins. [5-
limit dextrins were debranched with pullulanase as
follows. After isoamylolysis as described above, the
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isoamylolyzate was adjusted to pH 5.2 with 0.1 M so-
dium hydroxide and debranched with 170 IU of pul-
lulanase at 30°C for 24 hr. Thereafter, the sample of
debranched f-limit dextrins was heated at 100°C for
S min, filtered using a 0.45 um membrane filter, and
treated with cation- and anion-exchange resins, and
Iyophilized.

Size-exclusion chromatography (SEC). SEC analy-
sis of starch chains was done using an HPLC system
(Tosoh, Tokyo, Japan) with a TSKgel G5000PW,
column (7.8 ID x 300 mm) for P-1, P-2, and Frs. 1-4
or a TSKgel G3000PWy,. column (7.8 ID x 300 mm X
2) (Tosoh, Tokyo, Japan) for the debranched sam-
ples. The columns were calibrated with pullulan
(P-800, MTr800,000; P-400, Mr380,000; P-200,
Mr186,000; P-100, Mr100,000; P-50, AMr48,000;
P-20, Mr23,700; P-10, Mr12,200; P-5, Mr5,800),
maltoheptaose (Mw1,152), maltotriose (Mw504),
maltose ( Mw342), and glucose ( Mw180) to estimate
relative molecular weights of samples. For analysis,
the lyophilized sample was dissolved in 0.01 M borate
buffer (pH 7.0) containing 0.1 M potassium chloride
by incubation at 80°C for 20 min with stirring. The
sample solution was applied to the column equilibrat-
ed with the same buffer and elution was performed at
a flow rate of 0.6 ml/min. The refractive index was
monitored.

Differential scanning calorimetry (DSC). DSC of
ATS, P-1, P-2, starch chains, debranched samples,
and f-limit dextrins was performed using a DSC ap-
paratus (Seiko SSC-5020 DSC 100, Japan) as
described by Takahashi er al.?” About 15 mg of sam-
ple and 35 ul of distilled water were sealed in a 70 ul
Ag capsule and distilled water was used as a refer-
ence. After the first run to 120°C at a heating rate of
2°K/min, the heating furnace was rapidly cooled
with liquid nitrogen and held at 0°C for 30 min be-
fore the second run. The lid of the capsule was
opened after DSC and the sample was dissolved in
distilled water by incubation at 120°C for 20 min us-
ing a sealed test tube. From the total saccharides con-
centration measured by the phenol-sulfuric acid
method,!” the weight of the sample constituents in
the capsule was confirmed. The transition tempera-
ture and the enthalpy were found from the DSC
curve.

Fourier transform infrared spectroscopy (FT-IR).
FT-IR spectra of starch chain solutions were ob-
tained using a JEOL JIR-5000 FT-IR spectro-
photometer with a TGS detector and a circle cell
(Spectra-Tech, USA). In the case of each spectrum, a
100 scan interferogram was collected at 4 cm ™! reso-
lution and deconvolution was accomplished using a
JEOL IR-PRO 278 deconvolution program after
subtracting background spectrum. Curve fitting was

done with a JEOL IR-270 curve fitting program. The
lyophilized samples were dissolved in distilled water
or 2 M sodium hydroxide at a concentration of 1%.
Amylose dissolved in 0.01 M borate solution (pH 7.0)
was prepared from a 2 M sodium hydroxide solution
by displacement, by passing it through an Am-
pureTMSA column (Amersham Pharmacia Biotech,
Uppsala, Sweden) equilibrated with 0.01 M borate
buffer (pH 7.0). Amylose-iodine complex solution
was prepared by adding 0.05 ml of 0.29% iodine-2%
potassium chloride solution to 1 ml of amylose in
0.01 M borate buffer (pH 7.0). Starch chains were dis-
solved in distilled water by incubation at 80°C for 20
min and cooled to 20°C.

Analytical methods. The total saccharides content
and the reducing sugar content were measured by the
Somogyi'®-Nelson'” method and the phenol-sulfuric
acid method,!” respectively. The reducing residue
content and the non-reducing residue content were
measured by the modified Park-Johnson method?”
and the rapid Smith degradation method,? respec-
tively.

Results and Discussion

Structural features of starch chains

Acid-treated starch (ATS) with a 1% hydrolysis
rate was fractionated by chromatography using a
Toyopearl HW-65S column with distilled water as
the mobile phase, and the P-1 component eluted at
the void volume was recovered. The yield was about
54%. The fraction containing chains that permeated
into the column was also recovered as the P-2 frac-
tion. Since SEC analysis using 0.01 M borate buffer
(pH 7.0) containing 0.1 M potassium chloride as the
mobile phase showed that P-1 was composed of dis-
tributed starch chains with a main relative molecular
weight (Mr) of 4.87 x 10* (data not shown), P-1, a
large aggregate, was considered to be formed
through spontaneous molecular association or rear-
rangement of starch chains with Mr 4.87 x 10%, as
reported in a previous paper.’® This phenomenon
may be related to the spontaneous organization or
packing of starch molecules in starch granules during
starch synthesis. P-1 was thus fractionated into 4
fractions (Frs. 1-4) according to Mr. SEC analysis
showed that the Mr of Fr. 1, Fr. 2, Fr. 3, and Fr. 4
recovered was 15x10% 8.91x10% 3.98x10% and
1.54 x 10, respectively. The chains in Fr. 2 complete-
ly associated to form the large aggregate eluted at the
void volume, but the chains in Fr. 1, Fr. 3, and Fr. 4
did not completely associate and these fractions
contained a small amount of non-associating chains
(data not shown). Fr. 2 was selected for further study
because of the typical spontaneous molecular associ-
ation observed. The yield in the case of Fr. 2 was
about 15% of that in the case of P-1.
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The average degree of polymerization (DP) of the
chains in P-1, P-2, and Fr. 2 was calculated from the
assay of reducing residues.?” The molecular weight
estimated (about 2,000) on the basis of the DP was
somewhat smaller than that estimated by SEC analy-
sis (Table 1), because the weight average molecular
weight (Mw) is usually larger than the number
average molecular weight (Mn), and SEC shows an
intermediate value between Mw and Mn, evaluated
on the basis of the DP. The average unit chain length
(CL) of the chains in debranched samples, as meas-
ured by the assay of non-reducing residues,”? was
about 3,300-3,700. However, SEC analysis of these
samples showed double peaks at the same elution
time, indicating the presence of two kinds of the unit
chain (data not shown). The small chain (a chain)
had a Mr of 2,700 and the large chain (b chain) had a
Mr of 7,900 in all cases. The unit chain composition
was evaluated by curve fitting of the original SEC
pattern assuming that the main peak (a chain)
showed a normal distribution. Since P-1 and Fr. 2
showed the same molar ratio (7:1) of a chain to b
chain, the chains in Fr. 2 were considered to have the
same unit structure as that in the case of P-1. The
molecular weight of this unit structure was calculated
to be 26,700, corresponding to about 1/3 of the
molecular weight in the case of Fr. 2. The average
molecular weight of the unit chain calculated from a
chain content and b chain content agreed well with
the results calculated on the basis of CL as shown in
Table 1. The average branch number (DP/CL) per
molecule in the case of Fr. 2 was 24.0, equal to three
times that (8) of the unit structure. f-Amylolysis limit
(Table 1) in the case of P-1 and Fr. 2 was about 40%,

Table 1. Structural Features of P-1, P-2, and Fr. 2 Obtained
from Slightly Acid-Treated Potato Starch

P-1 P-2 Fr. 2
Mr? 48,700 7,300 89,100
DP® 311 29.8 540
(DP x 162+ 18) (50,400) (4,800) (87,500)
Mr? of unit chain a 2,700 2,700 2,700
b 7,900 7,900 7,900
a:b (molar ratio) 7:1 20:1 7:1
(M., of unit chainsc) (3,350) (2,950) (3,350)
CL 20.5 20.8 22.5
(CL x162+18) (3,340) (3,390) (3,660)
BN°® (DP/CL) 15.2 1.4 24.0
Mr® of f-limit dextrin 31,600 6,300 47,300
B-Amylolysis limit (%) 44.8 91.2 39.9
Mr? of unit chain 6,000 6,000 6,000

of f-limit dextrin

2 Relative molecular weight was estimated by SEC.

b Average degree of polymerization was measured by the assay of reduc-
ing residues.?®

¢ Average molecular weight of unit chains was calculated from molar ra-
tio of a/b chain.

d Average chain length was measured by the assay of non-reducing
residues.??

¢ branch number per molecule.

indicating a highly branched structure, but that of
P-2 showed about 90%, indicating a higher content
of linear structure. The chains in P-1 and Fr. 2 were
thus considered to be mainly derived from the
amylopectin fraction of the original starch, whereas
the chains in P-2 was mainly derived from the amy-
lose fraction. The Mr of the pf-limit dextrins
produced from P-1 and Fr. 2 was about 50-65% of
that of the chains in P-1 and Fr. 2 without #-amyloly-
sis, but P-2 gave 86% (Table 1), indicating that P-2
contained a small amount of relatively large bran-
ched chains. The Mr of the debranched f-limit dex-
trins were also evaluated. The results showed that all
f-limit dextrins were composed of a unit chain with
Mr6,000 (DP =37). From these results, the chains in
P-1 and Fr. 2 were thus considered to be soluble
branched chains derived from amylopectin of potato
starch and those in Fr. 2 were considered to be com-
posed of three b chains with Mr7,900 and 21 a chains
with Mr2,700.

Thermal transition evaluated by DSC

DSC was done to investigate the thermal transition
of starch chains heated to 120°C and then held at
0°C for 30 min in the DSC heating furnace. The en-
dothermic transition in water occurred in the temper-
ature region of about 37-76°C in the case of native
starch, ATS and P-1, but P-2 did not show a clear en-
dothermic peak (Fig. 1). In particular, ATS and P-1
showed a large endothermic peak as described previ-
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Fig. 1. DSC Curves for P-1, P-2, g-Limit Dextrin of P-1, and
Debranched P-1 Obtained from Slightly Acid-treated Potato
Starch.

Sample preparation and analytical conditions of DSC, see
Materials and Methods. After the first run to 120°C, sample in
the heating furnace was rapidly cooled to 0°C with liquid nitro-
gen, and then the second run was done.
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ously.’® The SEC pattern of ATS heated to 120°C
showed an unchanged molecular weight distribution
as compared with that of the unheated ATS (data not
shown). It is thus considered that the endothermic
peak could serve to detect the thermal transition of
the higher ordered structure of starch chains recon-
stituted during the cooling of ATS. Since DSC curves
obtained in analysis of ATS and P-1 repeated four
times showed a transition temperature and enthalpy
similar to those observed in the second run, the ther-
mal transition of ATS and P-1 observed was to be
surely reversible. DSC curves obtained in the second
run for Frs. 1-4 also showed a clear endothermic
peak in a temperature region similar to that in the
case of P-1 (Fig. 2). In particular, Fr. 2 and Table 2
showed a narrow transition range due to greater
homogeneity in terms of molecular weight distribu-
tion than the others. In this study, it was reconfirmed
that the starch chains in P-1 associated to form large
aggregates in water or 0.01 M borate buffer (pH 7.0),
and dissociated in 0.01 M borate buffer (pH 7.0) con-
taining 0.1 M potassium chloride, as described previ-
ously.'” In 0.01 M borate buffer (pH 7.0) containing
0.1 or 0.5 M potassium chloride, P-1 showed an en-
dothermic peak similar to that in water (data not
shown), indicating that there was an intramolecular
ordered structure in P-1 occurring in the thermal
transition. Since no endothermic peak was observed
in 1.0 or 3.0 M guanidine hydrochloride, the ordered
structure was probably mainly reconstituted by

Fr. 1

Fr.2
V\ Fr. 3
s/f—, Fr. 4

20 40 60 80 100
Temperature (°C)

§

75 uW

L. Epdothermi heat flow

Fig. 2. DSC Curves for Frs. 1-4 Obtained from P-1.

Sample preparation and analytical conditions of DSC, see
Materials and Methods. After the first run to 120°C, sample in
the heating furnace was rapidly cooled to 0°C with liquid nitro-
gen, and then the second run was done.

hydrogen bonding. When the branched chains in P-1
were eliminated by f-amylolysis, the thermal transi-
tion of P-1 weakened greatly, as shown by a marked
decrease in the enthalpy to about 1/4 of that of P-1
(Fig. 1 and Table 2). The thermal transition of P-1
was thus considered to be mainly caused possibly by
an ordered structure such as helix structure reconstit-
uted with the branched chains as described below.
Debranched P-1 showed a broad thermal transition
which ceased above 100°C and very large enthalpy
like that of amylose as compared with P-1 (Fig. 1 and
Table 2). This also supports the view that the bran-
ched structure is important for the reversible thermal
transition of starch chains.

Thermal transition evaluated by FT-IR

FT-IR spectra of G;-Gg were obtained in water at
25°C. Deconvoluted FT-IR spectra of maltooligosac-
charides showed eight absorption peaks in a
wavenumber region of 920-1200 cm ™' (Fig. 3), which
were assigned to C-C and C-O stretching.¥ In par-
ticular, the peak (No. 7) at about 1024 cm~! was
strong and increased with the degree of polymeriza-
tion, but glucose showed no peak at 1024 cm ™!, but
rather at 1018 cm ™!, suggesting that peak No. 7 could
be assigned to absorption due to the glucosidic link-
age. FT-IR spectra of amylose (DP, about 980) were
thus measured in 0.01 M borate buffer (pH 7.0) and
2 M sodium hydroxide to investigate the relation to
higher ordered structure (Fig. 4). The relative intensi-
ty of the absorption peak of No. 5 to that of No. 7
(No. 5/No. 7) decreased in 2 M sodium hydroxide,
but the relative intensity in the case of No. 8 in-
creased in the opposite manner. Since amylose has a
deformed helix at neutral pH at 25°C,*® whereas

Table 2. Transition Temperatures and Enthalpies of P-1, P-2,
and Fr. 2 Obtained from Slightly Acid-Treated Potato Starch
Evaluated by DSC?

Transition L
temperature (°C) Trfe{lgfll;on Enthalpy
Tob : 4 Qo) (rnJ/mg)
[¢) TP Tc
Native starch 48.6 62.8 729 24.3 0.6
ATS 37.1 589 764 39.3 3.7
P-1 39.1 59.9 70.5 31.4 2.2
P-2 — — — — —
Fr. 1 324 56.8 73.5 41.1 2.5
Fr.2 40.3 60.9 71.8 31.5 1.5
Fr.3 38.6 62.8 76.2 37.6 2.9
Fr. 4 39.8 62.9 76.3 36.5 3.2
fB-Limit dextrin 42.6 66.8 82.4 39.8 0.4
of P-1
Debranched 457 89.6 104.4 58.7 16.0
P-1

a After the first run to 120°C, sample in the heating furnace was rapidly
cooled to 0°C with liquid nitrogen, and then the second run was done.

b onset temperature.

¢ peak temperature.

4 conclusion temperature.
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Fig. 3. Deconvoluted FT-IR Spectra of Maltooligosaccharides
(G-Gy). ,
Preparation of sample solutions and analytical conditions of
FT-IR, see Materials and Methods.
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Fig. 4. Deconvoluted FT-IR Spectra of Amylose Solution.
1, 0.01 M borate buffer (pH 7.0); 2, 2 M sodium hydroxide; 3,
amylose-iodine complex.
Preparation of sample solutions and analytical conditions of
FT-IR, see Materials and Methods.

breakdown of the helical structure of amylose takes
place in alkaline solution above pH 12,2¥ the peaks
No. 5 and No. 8 may correspond to the helical struc-
ture and disordered structure of amylose, respective-
ly. This assumption was supported by the observa-
tion that an amylose-iodine complex with a helix
consisting of 6 glucose residues per turn with a pitch
of 8 A* showed a marked increase in No. 5 peak in-
tensity and a decrease in No. 8 peak intensity (Fig. 4).

P-1 dissolved at 80°C was cooled down to 4°C and
held for 30 min to measure the FT-IR spectra
(Fig. 5), and the results were very similar to those ob-
tained in the case of maltooligosaccharides (G4-Gs).
The deconvoluted FT-IR spectra of P-1 heated to a
temperature in the range of 20°C to 80°C, at every
10°C interval, for 30 min showed a relatively large
change in peak intensity of No. 5 and No. 8. In order
to analyze the changes in higher ordered structure of
P-1 on the basis of the change in deconvoluted spec-
tra of No. 5 and No. 8, the No. 5-No. 8 peaks were
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Fig. 5. Deconvoluted FT-IR Spectra of P-1 during Heating and
Cooling.

P-1 solution in a circle cell was heated or cooled at indicated
temperatures for 30 min to measure FT-IR spectra. Preparation
of sample solutions and analytical conditions of FT-IR, see
Materials and Methods.
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Peak area ratio

0.330 \

0.3104

0.290

Temperature (°C)

Fig. 6. Peak Area Ratios (No. 5/No, 7 and No. 8/No. 7) of P-1
during Heating and Cooling Evaluated by FT-IR.
No. 5-No. 8 peaks were curve-fitted to obtain the individual
peak area of No. 5, No. 6, No. 7, and No. 8, and each peak area
ratio to No. 7 was calculated.

curve-fitted to obtain good agreement between the
observed and the combined spectra using the line
drawn through the data at 980 cm ™! and 1068 cm ™!
as a baseline, and the individual peak area of No. 5,
No. 6, No. 7, and No. 8 was thereby obtained. The
ratio of the peak area of No. 5 and No. 8 to that of
No. 7 was plotted against the temperature (Fig. 6).
The relative peak area of No. 5, which was consi-
dered to be closely connected with ordered structure,
which is considered to be helix structure, showed an
obvious decrease at 50-60°C and at 70-80°C during
re-heating. The relative peak area of No. 8, which
was considered to be closely connected with the dis-
ordered structure, showed a considerable increase at
50-60°C. The temperature range in which the change
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in FT-IR spectra occurred agrees well with that of the
thermal transition as evaluated by DSC. It is thus
considered that FT-IR could be used to investigate
the thermal transition of ordered structure, like the
helix-coil transition, of soluble starch chains. Upon
re-cooling to 4°C, both relative ratios returned to
values close to the starting values. It is thus consi-
dered that the thermal transition detected by FT-IR is
also reversible. However, FT-IR spectra of S-limit
dextrins showed no substantial change during heating
and cooling (data not shown), suggesting that the
branched chains mainly take part in the reconstitu-
tion of ordered structure in the case of P-1. From
these results, it seems evident that further analysis of
the soluble branched chains with uniform molecular
weight prepared in this study may contribute to eluci-
date the mechanism of the organization of starch
molecules and the complicated physical properties of
starch, through examination of the spontaneous
molecular association and reversible thermal transi-
tion.
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