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A combined approach of fluorophore-assisted capillary electrophoresis (FACEL), high-sensitivity differen-
tial scanning calorimetry (DSC), wide-angle X-ray scattering (WAXS), small-angle X-ray scattering
(SAXS), and light (LM) and scanning electron microscopy (SEM) was applied to study the effects of
changes in amylopectin chain-length distribution on the assembly structures of sweet potato starches
with similar amylose levels. It was shown that unlike ordinary sweet potato starch, starch extracted from
Quick Sweet cultivar of sweet potato had anomalous high level of amylopectin chains with a degree of
polymerization (DP) 6-12. Joint analysis of the obtained data revealed that amylopectin chains with
DP 10-24 are, apparently, the dominant material for the formation of supramolecular structures in starch
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DSC granules. In contrast, amylopectin chains with DP < 10 facilitated the formation of defects within crystal-

WAXS line lamellae. An increase in relative content of amylopectin chains with DP < 10 is accompanied by the

SAXS correlated structural alterations manifested at all levels of starch granule organization (crystalline lamel-

SEM lae, amylopectin clusters, semi-crystalline growth rings, and granule morphology). Thus, the short amy-
lopectin chains with DP < 10 were considered as an origin of the defectiveness in starch supramolecular
structures.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Starch is a semi-crystalline granular composite substance con-
sisting of two o-glucan polysaccharides, namely, amylose and
amylopectin. Biological objects, including starches, usually are
the hierarchical ones; they consist of the different levels of supra-
molecular structuring, guaranteeing the biological functioning of
the object. For starches, four types of supramolecular structures
differing in macromolecular organization and characteristic sizes
are well known. They are: crystalline and amorphous lamellae
(~4-6 nm), amylopectin clusters (~9 nm), semi-crystalline, and
amorphous rings (~120-400 nm), as well as granules themselves
(~0.5-100 pm) (Buleon, Colonna, Planchot, & Ball, 1998; Imberty
& Perez, 1988; Imberty, Chanzy, Perez, Buleon, & Tran, 1987,
1988; Jenkins & Donald, 1995; Jenkins, Cameron, & Donald, 1993;
Koroteeva et al., 2007a, 2007b; Kozlov, Blennow, Krivandin, &
Yuryev, 2007a; Kozlov et al., 2007b; Manners, 1989; Oostergetel
& van Bruggen, 1993; Robin, Mercier, Charbonniere, & Guilbot,
1974; Sanderson, Daniels, Donald, Blennow, & Engelsen, 2006;
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Vandeputte & Delcour, 2004; Vermeylen, Goderis, Reynaers, &
Delcour, 2004; Vermeylen et al., 2006; Waigh et al., 2000; Yuryev
et al., 2004). Some models for the different levels of macromolecu-
lar organization in starch granules have been proposed. As a result,
the “cluster” model giving an adequate description of the structure
of amylopectin and normal starches is now considered as generally
accepted. According to this model, the structural periodicity in
semi-crystalline starch granules is formed by the repeating layers
of amorphous background, including amylopectin and amylose
macromolecules in unordered conformation, and semi-crystalline
growth rings, consisting of alternating crystalline and amorphous
lamellae. Crystalline lamellae consist of the double helices, formed
from the short side chains of amylopectin macromolecules that are
packed into two polymorphous forms with monoclinic (A-type) or
hexagonal (B-type) packing. Amorphous lamellae contain amylose
and longer amylopectin chains in unordered conformation.

In the last decade, many powerful methods of polymer physics
have been applied to study the defects in starch supramolecular
structures. It has been established that a formation of the defective
structures occurs on all levels of macromolecular organization of
starch polysaccharides. Amylose-lipid complexes or V-type crys-
talline structures, amylose “tie-chains, the defective ends of the
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double-helical chains dangling from crystallites into amorphous
lamellae as well as amylopectin chains with a degree of polymer-
ization (DP) 6-12 and 25-36 could be considered as the
defects destabilizing structural organization crystalline lamellae
(Bocharnikova et al., 2003; Fulton et al., 2002; Genkina, Kiseleva,
Wasserman, & Yuryev, 2004a, Genkina, Wasserman, Noda, Tester,
& Yuryev, 2004b; Genkina, Wikman, Bertoft, & Yuryev, 2007;
Kiseleva et al., 2004, 2005; Koroteeva et al., 2007a, 2007b; Kozlov
et al., 2007a, 2007b; Nakamura et al., 2002; Noda, Kobayashi, &
Suda, 2001; Noda, Nishiba, Sato, & Suda, 2003; Noda et al., 1998;
Patindol & Wang, 2002; Singh, Isono, Srichuwong, Noda, &
Nishinari, 2008; Vandeputte, Vermeylen, Geeroms, & Delcour,
2003; Yuryev et al., 2004). An accumulation of such defects within
crystalline lamellae is accompanied, as a rule, by the decrease in
the electronic density difference between amorphous and crystal-
line lamellae, and by the decrease in the melting temperature of
crystalline lamellae as well (Koroteeva et al., 20073, 2007b; Kozlov
et al., 20073, 2007b; Yuryev et al., 2004). The total effect of amylose
and amylopectin defects located within crystalline lamellae can be
described by the means of Thomson-Gibbs’ equation (Bocharnikova
et al., 2003; Genkina et al., 2004a; 2007; Kiseleva et al., 2004, 2005;
Koroteeva et al., 20073, 2007b; Kozlov et al., 20073, 2007b; Yuryev
et al., 2004). Generally, defectiveness of the double-helical packing
within the crystals (non-ideal crystals) and of the crystallites with-
in the crystalline lamellae (non-ideal integration) are the extre-
mely important factors contributing to the melting temperature
of starches. Unlike the defects located within the crystalline lamel-
lae, an accumulation of amylose defects within the amorphous
lamellae does not exert an influence on the starch melting temper-
ature (Koroteeva et al., 2007a, 2007b; Kozlov et al., 2007a, 2007b).
The chain-length distribution of amylopectin also significantly
influences the structures on the higher levels of granular organiza-
tion. Particularly, the recent investigation showed that a degree of
crystalline lamellae bending in B-type starches (starches with low
level of short amylopectin chains) was sufficiently higher com-
pared to the A-type starches (higher level of short amylopectin
chains) (Sanderson et al., 2006). Additionally, the very long amylo-
pectin chains could be, apparently, considered as proto-origins of
the granular defects contributing to a formation of the cracked
and remnant granules (Fulton et al., 2002; Koroteeva et al.,
2007b). As assumed by Smith and co-authors (Fulton et al,
2002), the altered granule morphology could be caused, particu-
larly, by the altered chain-length distribution of the short chains
in amylopectin or by an increased proportion of the very long
chains in amylopectin macromolecules.

Generally, analysis of the published data enables to propose
that an alteration in the chain-length distribution of amylopectin
and amylose content in starches can influence the formation of
the defective supramolecular structures of different orders. How-
ever, with the exception of the recent published data for rice
starches (Koroteeva et al., 2007a, 2007b), such investigations are
limited, as a rule, by the study of one or maximum two levels of
the structural organization of starch granules. Meanwhile, a lack
of such data does not allow us to consider the abnormality in amy-
lose or amylopectin structure as an origin of the defects in assem-
bled supramolecular structures of different orders. Analysis of the
published data (Katayama et al., 2002; Katayama, Tamiya, & Ishig-
uro, 2004) shows that the starch extracted from sweet potato
breeding line of Kanto 116 could be a convenient object for such
investigation.

In 2002, the Kanto 116 line was registered as a new sweet po-
tato cultivar (Quick Sweet), presumably SSIla deficient mutant. It
was shown that compared with ordinary (normal) sweet potato
starches, Quick Sweet starch had similar amylose level, but an
anomalous high content of the extremely short amylopectin chains
(DP 6-11), and a lower proportion of the chains with DP 12-28.

Moreover, the starch from Quick Sweet cultivar was characterized
by anomaly low melting temperature and altered (cracked) mor-
phology of granule hilum (Katayama et al., 2002, 2004). It can be
assumed that the marked changes in chain-length distribution of
amylopectin could be the main reason exerting a significant influ-
ence on the thermodynamic parameters and the morphological
features for Quick Sweet starch (Genkina et al., 2004b, 2003; Noda
et al., 2001). However, it is worthy noting that the thermodynamic
parameters of the starches were obtained in non-equilibrium con-
ditions and the data of small-angle X-ray scattering (SAXS) and
wide-angle X-ray scattering (WAXS) were absent. Hence, the effect
of chain-length distribution of amylopectin on structural organiza-
tion of the lamellar and cluster levels, as well as correlated altera-
tions in starch supramolecular structures of higher order were not
evaluated.

In the present work, the correlated alterations in the defective-
ness of supramolecular structures caused by the differences in the
chain-length distribution of amylopectin macromolecules of ordin-
ary and mutant sweet potato starches are considered. For solution
of the problem, the combined approach of fluorophore-assisted
capillary electrophoresis (FACEL), high-sensitivity differential
scanning calorimetry (DSC), WAXS, SAXS, and light (LM) and scan-
ning electron microscopy (SEM) was used.

2. Materials and methods
2.1. Starch samples

Sweet potato starch with ordinary characteristics was pur-
chased from Haraigawa Starch Factory, Kimotsuki Agricultural
Cooperative Association, Kanoya, Kagoshima, Japan. Sweet potato
cultivar “Quick Sweet” was grown at the experimental farm at
the National Institute of Crop Science (NICS), Tsukuba, Ibaraki,
Japan. Starch was extracted from Quick Sweet by using the previ-
ously described method (Noda, Takahata, Nagata, & Monma,
1992). Amylose content in starches was estimated from the blue
value at 680 nm according to the modified method (Noda et al.,
1992), eliminating the step of starch defatting.

2.2. Determination of amylopectin chain-length distribution by
fluorophore-assisted capillary electrophoresis (FACEL)

Unit-chains of amylopectin ranged between DP 6 and 50 were
analyzed by fluorophore-assisted capillary electrophoresis as de-
scribed earlier (Srichuwong, Sunarti, Mishima, Isono, & Hisamatsu,
2005). Analysis was performed in duplicate.

2.3. High-sensitivity differential scanning calorimetry (DSC)

Calorimetric investigations of starch dispersions in water (0.3%
dry matter, sample volume 0.5 cm?® in sealed cells) were performed
using high-sensitivity differential scanning microcalorimeter
DASM-4 (Puschino, Russia) over the temperature range of 10-
120°C with a heating rate of 2 K/min and excess pressure of
2.5 bar. Deionized water was used as a reference material. The heat
capacity scale was calibrated using the Joule-Lenz effect for each
run. As was shown previously, under the experimental conditions
used, the corrections for dynamic lag and residence of the samples
in calorimetric cell were not necessary, moreover, melting (gelati-
nization) of starch-water dispersions could be considered as quasi-
equilibrium process (Danilenko, Shlikova, & Yuryev, 1994; Wang,
Bogracheva, & Hedley, 1998). Additionally, for the starches with
symmetric DSC-thermograms, the “two-state” model is applicable
for a description of the melting process of crystalline lamellae
(Bocharnikova et al., 2003; Danilenko et al., 1994; Genkina et al.,
2003, 2004a, 2004b, 2007; Kiseleva et al., 2004, 2005; Koroteeva
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et al. 20073, 2007b; Kozlov et al., 2007a, 2007b; Yuryev et al.,
2004). This model implies that there is a reversible transition be-
tween native and molten states. Accordingly, the parameter of
cooperativity, which corresponds to the minimal number of the
monomers undergoing the transition, could be determined
(Bocharnikova et al., 2003; Danilenko et al., 1994; Genkina et al.,
2003, 2004a, 2004b, 2007; Kiseleva et al., 2004, 2005; Koroteeva
et al., 2007a, 2007b; Kozlov et al., 2007a, 2007b).

Melting temperature (T,,) was attributed to the peak tempera-
ture on DSC-thermogram. The heat capacity jump (AC,®) at the
melting process was determined by the linearly extrapolation of
the partial heat capacity change of the native C; and the molten C;"
states to the melting temperature T,,, and was calculated as follows:

AGP =Gy - Cp. (1)

Calorimetric enthalpy (AH,;,) was determined as the area under the
peak above the extrapolation lines. The average values of the ther-
modynamic parameters were determined using five measurements
at 95% significance level and normalized per mole of anhydroglu-
cose units (162 g mol~!). The error in determination of T, is 0.2 K
and the values of AHy,, and AC,™ were determined with the error
of not more than 5%. The procedure of the determination of thermo-
dynamic melting parameters was detailed described elsewhere
(Kozlov et al., 2007a).

The values of van Hoff enthalpy (AH'") were calculated accord-
ingly to previously published papers (Bocharnikova et al., 2003;
Danilenko et al., 1994; Genkina et al., 2003, 2004a, 2004b, 2007;
Kiseleva et al., 2004, 2005; Koroteeva et al., 2007a, 2007b; Kozlov
et al., 2007a, 2007b).

AH™ = 2T, R"?(C, — 0.5ACS®)"2, )

where R is gas constant, Ty, is the melting temperature of starch
crystalline lamellae, G, is the difference between the maximum
ordinate on the DSC-thermogram and the value of Cj, linearly
extrapolated to the melting temperature T, The values for the
parameter of cooperativity (v) and the thickness of crystalline
lamellae (L) were calculated accordingly to the following
equations:

V= (AHVH)/(AHm) (3)
Leripsc = 0.35\), (4)

where AH,, is the experimental melting enthalpy of crystalline
lamellae, AH'" is the van Hoff enthalpy and the pitch height per
anhydroglucose residue in the double helix is 0.35 nm (Gernat,
Radosta, Anger, & Damaschun, 1993).

According to the theory for semi-crystalline synthetic polymers
(Bershtein & Egorov, 1994), the melting temperature of crystallites
(Tm) can be calculated using the Thomson-Gibbs’ equation:

T = Toy[1 271/ (AHppenlen)] ()

where T% and AH?, are, the melting temperature and the melting
enthalpy of a hypothetical crystal with unlimited size, 7; is the free
surface energy of crystalline lamellae face side, while p¢ and Ly
are the density and the thickness of the crystal, respectively. The
values for 7; were estimated using the T%, = 366.5 K, AH%, =35.5 /g
and p. = 1.48 g/cm? for A-type spherulitic crystals (Whittam, Noel,
& Ring, 1990) and T°, = 346.8 K, AH?, =35.5 J/g and p = 1.40 g/cm®
for B-type spherulitic crystals (Whittam et al., 1990), as well as the
mean L psc Value for the investigated starches estimated using Eq.
(4).

For asymmetric DSC-endotherms of starch melting in 0.6 M KCI
solution, a deconvolution procedure of the experimental DSC-
curves was applied, assuming that the independent melting pro-
cesses of the individual crystallites of A- and B-type polymorphs
could be approximated by Gaussian functions (Genkina et al.,

2003, 2004b). The peak fit program (PeakFit v4.12 for Windows,
SYSTAT Software Inc.) was used for the experimental DSC-curves
deconvolution and for the calculation of the thermodynamic
parameters obtained as a result of deconvolution. The relative con-
tent of the individual polymorphic structures was estimated from
the enthalpy contributions of these structures as a result of a
deconvolution of the total calorimetric peak.

2.4. Wide-angle X-ray scattering (WAXS)

Wide-angle X-ray scattering measurements of starch powders
from ordinary and Quick Sweet cultivars of sweet potato were car-
ried out using the X-ray diffractometer of local design supplied
with one-dimensional position-sensitive detector constructed in
Joint Institute of Nuclear Research (Dubna, Russia) (Cheremukina
et al., 1990). X-ray patterns were recorded in transmission geome-
try with CuK, radiation and were plotted as functions of
S = (2sin#)/A, where 1 is CuK,-wavelength (0.1542 nm) and 6 is
a half of a scattering angle.

Relative crystallinity (C), i.e. the weight percent of crystalline
part in a starch sample, was assessed with WAXS patterns as

o JUS) - L(S)s%ds
~ [I(S)S*dS

In this expression, I(S) is the intensity of the starch sample, I,(S)
is the intensity of the reference amorphous starch sample normal-
ized so that it closely approach the intensity of the starch sample at
S~24nm™'; the integration was carried out over the interval
from S=0.5nm™! to S =3.5 nm~". The reference samples of amor-
phous starches were prepared by 6 h milling of sweet potato
starches. It was found that for ordinary sweet potato starch
C =30%, while for Quick Sweet starch C=18%.

x 100%. (6)

2.5. Small-angle X-ray scattering (SAXS)

For SAXS measurements the powders of native starches were
dispersed in distilled water to form slurries (~50% w/w) according
to previous works (Koroteeva et al., 2007a; Kozlov et al., 20073,
2007b; Yuryev et al., 2004). SAXS measurements were carried
out in transmission geometry using the X-ray diffractometer de-
signed in the Institute of Biochemical Physics. During X-ray expo-
sure, the starch slurries were kept in sealed cells to prevent
dehydration. The X-ray beam emitted from the fine-focus Cu X-
ray tube (30 kV/30 mA) was line-focused with a glass mirror. The
SAXS patterns were recorded with a one-dimensional position-
sensitive detector. Experimental SAXS curves were corrected for
the background scattering, corrected (desmeared) for collimation
distortions and plotted as a function of S = (2sin6)/4, with Z and
20 being the CuK,-wavelength (0.1542 nm) and the scattering an-
gle, respectively. Collimation correction was performed with the
SAXS-data processing program “PRO”, developed in the Institute
of Crystallography of Russian Academy of Sciences (Moscow,
Russia). Intensity of SAXS peak (Ih.x) was determined by the
graphical method as described elsewhere (Yuryev et al., 2004).
Desmeared SAXS curves were also analyzed according to paracrys-
talline one-dimensional lamellar stack model, as described
elsewhere (Jenkins & Donald, 1995; Yuryev et al., 2004) and the
average size of amylopectin cluster (Lymq) and the crystalline
lamellar thickness (Lcisaxs) were estimated.

2.6. Light (LM) and scanning electron microscopy (SEM)
Starches were suspended in distilled water (8% w/w) and the

suspension poured on a microscopic glass was observed in LM
microscope OLYMPUS BX60 in polarized light using Nomarski
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contrast (Btaszczak et al., 2003). In the case of SEM, dry granules
were deposited on a copper disc and coated with gold using the
Jeol JEE-400 vacuum evaporator. The specimens were examined
by the means of scanning electron microscope Jeol 5200 at 10 kV
accelerating voltage.

3. Results and discussion

The profiles of the molar distribution of amylopectin unit-
chains for starches of ordinary sweet potato and Quick Sweet are
shown in Fig. 1. The chromatographic profiles are classified accord-
ing to Hanashiro, Abe, and Hizukuri (1996) into four groups named
fa, fbq, fb,, and fbs, respectively (Fig. 1), of which fbs corresponds to
the long B-chains of DP > 37 and the others are the sub-groups of
the short amylopectin chains. As can be seen from Fig. 1, the chain-
length distribution for ordinary sweet potato starch is characterized
by the maximum at DP 12-13, which is typical for sweet potato
starches. In contrast, the drastic increase in the relative content
of chains with DP 6-12, as well as the significant decrease in the

relative content of fb; fraction (DP 13-24) corresponding to the
mixture of longer A-chains and short B1-chains was detected for
starch from the Quick Sweet cultivar. Fraction fa (DP 6-12) corre-
sponds mostly to the short A-chains. Fractions fb, (DP 25-36) and
fbs (DP>37), corresponding to the chains interconnecting the
building blocks inside the clusters (Bertoft, 2004, 2007) were found
in variable amounts for both samples. Generally, the molar distri-
bution of amylopectin unit-chains for Quick Sweet starch is charac-
terized by anomalous high content of amylopectin chains with DP
6-12 and a lower level of the chain population with DP 13-24
compared with the corresponding sub-fractions of amylopectin
chains in ordinary sweet potato starch (Fig. 1). This conclusion is
in accordance with the earlier published data for Quick Sweet
and other sweet potato starches (Katayama et al., 2002).

Original DSC-curves related to gelatinization of aqueous sweet
potato starch dispersions (Fig. 2) demonstrate the typical endo-
thermic transitions attributed to a melting of starch crystalline
lamellae. The thermodynamic melting parameters of crystalline
lamellae for sweet potato starches with ordinary and increased
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Fig. 1. Profiles of the molar distribution of amylopectin unit-chains for starches extracted from ordinary (A) and Quick Sweet (B) cultivars of sweet potatoes.
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Fig. 2. DSC-traces for native sweet potato starches in pure water and in 0.6 M KCI
solution.

content of amylopectin chains with DP 6-12 (Fig. 2 and Table 1)
are in general agreement with previously published data
(Katayama et al., 2002). Some differences could be, particularly,
due to the variations in the environmental conditions during plant
maturation (Genkina et al., 2003, 2004b; Noda et al., 2001) and/or
the differences between the concentration of dispersions used in
earlier published thermodynamic experiments (Katayama et al.,
2002) and in our investigation. The presented investigations were
carried out at quasi-equilibrium conditions (Danilenko et al.,
1994; Wang et al., 1998) (low concentration - 0.3% on dry matter
and heating rate - 2 Kmin~!), while the concentrations applied in
other works (Katayama et al., 2002) were 30% on dry matter. Anal-
ysis of the experimental data (Fig. 2 and Table 1) reveals the
decreasing value as for the melting enthalpy, as for the melting

Table 1

Melting temperatures (Ty,) and melting enthalpies (AHp,) of crystalline lamellae of
sweet potato starches in pure water and in 0.6 M KCl as well as the content of A- (CA)
and B- (CB) type structures in crystalline lamellae.

Starch type  Amylose T (K) AH,, (k]/mol) CA (%) CB (%)
G ) Inpure In0.6M Inpure In0.6M
water  KCl water  KCl
Ordinary 23.7 350.7 357.3 49 3.05 100 -
Quick Sweet 19.2 3203 3200 33 1.2" 348  65.2
326.0" 0.7"

The T, and AH,, values for Quick Sweet starch in 0.6 M KCI are indicated for low (x)
and high (") temperature melting peaks, respectively.

temperature of crystalline lamellae for Quick Sweet starch contrary
to ordinary starch.

From the thermodynamic point of view, the chains decreasing
T and AH,, values could be attributed to the defects destabilizing
the structure of crystalline lamellae, whereas the chains, increasing
the thermodynamic parameters, could be ascribed to ones promot-
ing a suboptimal packing within the crystalline lamellae. Hence,
the chains forming the double helices and crystallites, have to
show a positive correlation between T, (AH,,) values and their rel-
ative amount in starches, as it was shown, for example, for some
other starches (Fulton et al., 2002; Koroteeva et al., 2007b;
Nakamura et al., 2002; Noda et al., 1998, 2003; Patindol & Wang,
2002; Singh et al., 2008; Vandeputte et al., 2003). The combined
analysis of the chromatographic and DSC data (Figs. 1 and 2; Table
1) demonstrates a negative relation between the T, (AHy,) values
and the relative amount of the amylopectin chains with DP 6-11,
while for amylopectin chains with higher degree of polymerization
the reverse picture is observed. It could be assumed therefore, that
amylopectin chains with DP 6-12 are related to the chains
“dangling” from amorphous into crystalline lamellae (Genkina
et al., 2007; Koroteeva et al., 2007b), destabilizing, thereby, the
latter. Unlike the chains with DP 6-12, the amylopectin chains
with DP > 12 could be considered as the chains participating in
the formation of double helices and starch crystals.

According to the theory for semi-crystalline polymers (Bershtein
& Egorov, 1994) and the practice of its application for starches
(Genkina et al., 20044, 2007; Kiseleva et al., 2004, 2005; Koroteeva
et al., 2007a, 2007b; Kozlov et al., 2007a, 2007b), the alterations in
the melting temperature of semi-crystalline polymers, including
starches, can be described by using Thomson-Gibbs’ equation
(Eq. (5), see in Section 2). Analysis of the Eq. (5) shows, that the
melting temperature is a function of three following variables:
the polymorphous structure of starch (T, p.,), the thickness of
crystalline lamellae (L.;) and free surface energy of crystallite face
side (7;). The 7y; value is mainly governed by the surface entropy (S;)
that is proportional to the content of the defects (Bershtein & Ego-
rov, 1994).

Using the Eqgs. (1)-(4), the cooperative melting unit (v) and the
thickness of crystalline lamella (L. psc) for the starches can be cal-
culated from the calorimetric data (Table 2) (Bocharnikova et al.,
2003; Danilenko et al., 1994; Genkina et al., 2003, 2004a, 2004b,
2007; Kiseleva et al., 2004, 2005; Koroteeva et al., 2007a, 2007b;
Kozlov et al., 20073, 2007b; Vermeylen et al., 2006). Taking into ac-
count the errors in the determination of the v and L. values one
can see that the v and L.psc values are similar for both investi-
gated starches. It enables to evaluate the average values of these
parameters. The calculation shows (Table 2) that the average val-
ues for the cooperative melting unit and the thickness of crystal-
line lamellae are 10.4+0.9 anhydroglucose residues and
3.6 £+ 0.2 nm, respectively. Similar results for the v and L psc val-
ues were obtained for the starches extracted from some Italian
wheat cultivars (Wasserman et al., 2006), though these values
are less than the corresponding values usually obtained for differ-
ent A- or B-type starches, as well as for the other sweet potato
starches (Bocharnikova et al., 2003; Danilenko et al., 1994; Genkina
et al, 2003, 2004a, 2004b, 2007; Kiseleva et al., 2004, 2005;

Table 2
Cooperative melting unit (v), thickness of crystalline lamellae (L;psc) and free surface
energy of crystal face side (y;) for sweet potato starches.

Starch type v (anhydroglucose residues) Leripsc (nm) i (107/] cm~2)

Ordinary 11.0 3.7 4.94
Quick Sweet 9.7 34 7.65
Mean value 104 +0.9 3.6+0.2
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Koroteeva et al., 20073, 2007b; Kozlov et al., 2007a, 2007b; Ver-
meylen et al., 2006; Yuryev et al., 2004). Nevertheless, the average
value of the cooperative melting unit (10.4 £ 0.9 anhydroglucose
residues) is close to the minimal degree of polymerization of glu-
cose residues (DP 10-12) capable to form B- or A-type polymorph
crystals (Gidley & Bulpin, 1987; Pfannemidiller, 1987) and is similar
to the minimal amount, namely 12, of anhydroglucose residues
corresponding to one of two single strands in amylopectin double
helix, according to the geometry proposed by O’Sullivan and Pérez
(1999). Finally, the average v value is in accordance with the eval-
uation obtained from the joint DSC- and chromatographic data (see
above). Summing up these data, it could be concluded that mini-
mal DP of amylopectin chains capable to form the crystalline struc-
tures in sweet potato starches is 10-11 anhydroglucose residues,
while amylopectin chains with DP < 10 could be apparently con-
sidered as the defects with respect to starch crystalline structures.

This conclusion agrees well enough with the WAXS data for the
investigated starches. As can be seen from Fig. 3, the intensity of
crystalline reflexes and a degree of crystallinity for sweet potato
starch with anomalous high content of shorter amylopectin chains
(Quick Sweet) is significantly lower compared to the corresponding
data for the starch with ordinary distribution of amylopectin
chains (Fig. 1). Generally, analysis of the calorimetric data (Table
1) shows that the alterations in chain-length distribution of amylo-
pectin in sweet potato starches do not exert influence on the values
of the cooperative melting unit and the thickness of crystalline
lamellae, but leads to the changes in their internal lamellar struc-
ture (in particular, degree of defectiveness of crystalline lamellae).
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Fig. 3. WAXS patterns of sweet potato starches with ordinary (1) and increased (2)
levels of amylopectin chains with DP < 10.

The detailed identification of the position of crystalline reflexes
and the determination of their ratio show that the diffractograms
(Fig. 3) of the investigated starches are typical for C (A + B) type
structure. However, the A:B ratios of these structures in starches
are different. This result is expected since recently it was shown
that the differences in ratio of A- and B-crystalline structures in
sweet potato starches could be depended, particularly, on the dif-
ferences in growth temperature for the investigated cultivars of
sweet potato (Genkina et al., 2003, 2004b). Comparing the herein-
above data with the earlier published X-ray data for the starches
with A- and B-type packing of amylopectin chains in starch crystals
(Imberty & Perez, 1988; Imberty et al., 1987, 1988), it could be con-
cluded that sweet potato starch with ordinary distribution of amy-
lopectin contains mainly A-type crystalline structures, while the
starch with anomalous high content of shorter amylopectin chains
contains both A- and B-type crystalline structures. For the quanti-
tative evaluation of the content of these polymorphous structures
in the investigated starches, the additional calorimetric investiga-
tions and analysis of the data should be carried out. This analysis
was developed for C-type pea starches (Pfannemdiller, 1987; Wang
et al., 1998) and was previously applied to the study of the crystal-
line structure of other C-type sweet potato starches (Genkina et al.,
2003, 2004b). The approach is based on the following points: (i) Ty,
of A- and B-type starches increases at 7-10 K (normal maize) and
at 1-4K (potato starch), respectively, in the presence of 0.6 M
KCl, compared to the corresponding data in pure water
(Pfannemiiller, 1987; Wang et al., 1998), (ii) for C-type starches
one asymmetric melting peak or two divided melting peaks are ob-
served in 0.6 M KCI, the lower one being attributed to B-type poly-
morph and the higher to A-type (Pfannemiiller, 1987; Wang et al.,
1998). Since the melting enthalpy of the ordered structures in
polymers is proportional to their amounts (Bershtein & Egorov,
1994), the content of A- and B-type structures for C-type starches
could be calculated as the individual enthalpy contributions from
of A- and B-structures to the total melting enthalpy using a decon-
volution procedure of the complex calorimetric peak (Genkina
et al., 2003, 2004b). The calorimetric investigations of sweet potato
starches in 0.6 M KClI reveal that sweet potato starch with ordinary
distribution of amylopectin chains can be attributed at first ap-
proach to the starches containing mainly A-type crystalline struc-
tures, whilst sweet potato starch with anomalous high content of
shorter amylopectin chains can be identified as C-type starch con-
taining 34.8% of A-type and 65.2% B-type crystalline structures.

Despite the presence of the weak crystalline reflex at 2@ = 5.6°
revealing an insignificant amount of B-type structures in normal
sweet potato starch (Fig. 3), the conclusion based on the DSC data
(Table 1) generally agrees with the WAXS data. It follows that in
order to evaluate the y; values (see Thomson-Gibbs’ equation, Sec-
tion 2) for sweet potato starch with ordinary distribution of amy-
lopectin chains, Tﬁn and py values for A-type spherolitic crystals
could be used, while for sweet potato starch with anomalous high
content of shorter amylopectin chains, T& and py values should be
calculated as:

TO =T, oaa+ T2, o (7)

Pert = Peria - %A + Per + B (8)

where T2, T ., pia and pep are, respectively, the melting temper-

atures and the densities for A- and B-type spherulitic crystals, oa
and op present the relative contents of these polymorphic struc-
tures in starch. The calculation demonstrates a significant increase
in the y; values for Quick Sweet starch as compared to normal sweet
potato starch (Table 2). Since 7; values are mainly governed by the
surface entropy that is proportional to the content of the defects
(Bershtein & Egorov, 1994), it could be assumed that an increase
in the content of short amylopectin chains (DP 6-10) is accompa-
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nied by a significant increase of the defectiveness of crystalline
lamellae. Summing up the data, it could be concluded, that the amy-
lopectin chains with DP < 10 destabilize the ordered organization of
the crystalline lamellae, reflected in the changes of thermodynamic
melting parameters. Moreover, it could be expected that the altera-
tions in the structural organization of crystalline lamellae would af-
fect the structure of amylopectin clusters, as well.

The SAXS patterns of the investigated starches are shown in
Fig. 4. The presented diffraction profiles are at the same relative
scale and therefore are directly comparable. As can be seen from
Fig. 4, the profile and the intensity of SAXS peak (Iy.x) for the
starch with ordinary distribution of amylopectin chains are typical
both for amylopectin and normal starches (Jenkins & Donald, 1995;
Jenkins et al., 1993; Koroteeva et al., 2007a; Kozlov et al., 2007b;
Sanderson et al., 2006; Vermeylen et al., 2004, 2006; Waigh
et al., 2000; Yuryev et al., 2004). In contrast, the I.x value for
sweet potato starch with anomalous high content of shorter amy-
lopectin chains is much lower, being similar to the corresponding
value for rice starches with a high defectiveness (Koroteeva et al.,
2007a). Let us now look in more details on the alterations of I .
values (Table 3). According to the recently published data (Koroteeva
et al., 2007a; Kozlov et al., 2007a, 2007b; Yuryev et al., 2004), a
decrease in the electronic density difference between crystalline
and amorphous lamellae can be referred to an accumulation of
amylose and amylopectin defects (amylose “tie-chains or shorter
amylopectin chains, for example). Taking into consideration that
(i) the level of amylose “tie-chains” depends on the total content
of amylose macromolecules in starches (Bocharnikova et al.,
2003; Koroteeva et al., 2007a, 2007b; Kozlov et al., 2007a, 2007b;
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Fig. 4. Desmeared SAXS curves for sweet potato starches with ordinary (1) and
increased (2) levels of amylopectin chains with DP < 10.

Table 3
The intensity maximum (I,.x) of SAXS peak, thickness of amylopectin clusters (Lymc)
and crystalline lamellae (Lcysaxs) for sweet potato starches.

Lerisaxs (nm)

Ordinary 12.5 10.5 9.0 4.0
Quick Sweet 1.7 9.4 - -

Starch type Iinax (counts/s) Lama (Nm) Lama (nm)

" Values calculated from Wolf-Bragg’s equation.
™ Values calculated from paracrystalline model.

Yuryev et al., 2004), (ii) the difference in amylose content for the
investigated starches is not so large (Table 1), (iii) the endothermic
transitions typical for amylose-lipid complexes or V-type crystals
are absent on the DSC-curves of starches (Fig. 2), and (iv) the level
of defectiveness of crystalline lamellae, caused by shorter amylo-
pectin chains is anomalously high (Table 2), it could be assumed
that the main contribution to a decrease of I,x values is intro-
duced by the defects from amylopectin chains with DP < 10.
According to the earlier published data (Genkina et al., 2007;
Koroteeva et al., 2007a, 2007b), such chains “dangle” inside crys-
talline lamellae from amorphous lamellae and decrease, thereby,
the density of the macromolecular packing in crystalline lamellae.
It promotes a decrease in the electronic density difference between
crystalline and amorphous lamellae. The parameters of amylopec-
tin clusters for the investigated starches were determined on the
basis of SAXS-data analysis using Wolf-Bragg equation and the
paracrystalline diffraction theory (Table 3). The values of the thick-
ness of amylopectin clusters calculated from Wolf-Bragg’s equa-
tion for both starches are, generally, similar. Moreover, they are
in accordance with the corresponding data for wheat (Kozlov
et al.,, 2007b; Yuryev et al., 2004) and rice (Koroteeva et al.,
2007a) starches. Unfortunately, the application of one-dimensional
paracrystalline model for the description of SAXS peaks has al-
lowed evaluation of the crystalline lamellae thickness and amylo-
pectin cluster size for normal sweet potato starch only (Table 3).
For sweet potato starch with anomalous high content of shorter
amylopectin chains, the values of structural parameters were sig-
nificantly overestimated and were considered unreasonable. The
thickness of amylopectin clusters determined by the paracrystal-
line approach for ordinary sweet potato starch (Table 3) was smal-
ler compared to the value calculated using Wolf-Bragg equation.
Generally, such a result is expected since similar data were ob-
tained earlier for wheat (Kozlov et al., 2007b; Yuryev et al., 2004)
and rice (Koroteeva et al., 2007a) starches. Finally, this calculated
value is practically equal to the corresponding data for A-, B-.
and C-type starches (Jenkins & Donald, 1995; Jenkins et al., 1993;
Koroteeva et al., 2007a; Kozlov et al., 2007a, 2007b; Sanderson
et al., 2006; Vermeylen et al., 2004, 2006; Waigh et al., 2000;
Yuryev et al.,, 2004). Additionally, the value of the crystalline
lamellae thickness for ordinary sweet potato starch obtained at
SAXS-data analysis (Table 3) is in accordance with the correspond-
ing value calculated from DSC data using the “two-state” model
(Table 2). Generally, summing up the SAXS and DSC data, it could
be concluded that the alterations in the internal structure of crys-
talline lamellae and amylopectin clusters observed at passing from
ordinary starch to one with anomalous high content of shorter
amylopectin chains, do not affect the sizes of the supramolecular
structures.

The microscopic observations made under polarized light indi-
cate also some significant differences in the internal structure of
granules for two investigated starches. The granules of normal
sweet potato starch demonstrate the typical birefringence pattern
under polarized light (Fig. 5A), whilst for the starch with anoma-
lous high content of shorter amylopectin chains (Fig. 5C) the differ-
ent picture was observed. One can see that the majority of the
granules show a lack of Maltese cross at the hilum area, while
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Fig. 5. LM photos of native sweet potato starches with ordinary (A and B) and increased levels (C and D) of amylopectin chains with DP < 10 (A) and (C) were obtained in
polarized light.

18k m 811835

Fig. 6. SEM photos of native sweet potato starches with ordinary (A and B) and increased levels (C and D) of amylopectin chains with DP < 10.

external parts of the granules still display birefringency. Also, a few (Fig. 5B and D), with some granules revealing more significant dis-
cracks are found at the hilum region. Additionally, the differences ruption (cracking) than others. On the basis of the presented re-
in the morphology of the centers of individual granules can be seen sults it could be assumed that the differences in the internal
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structure of starch granules, the localization of the cracks in the
granule, and a change in Maltese cross at the hilum area are evoked
by the different distribution and/or concentration of the defects
caused by increasing content of amylopectin chains with DP < 10
in sweet potato starches. Apparently, the same defects appear on
the level of the whole granule, as it is evident from the SEM images
of starches (Fig. 6). One can see that sweet potato starch with or-
dinary distribution of amylopectin chains demonstrates typical
round, polygonal, and spherical shapes of the granules with the
sizes ranged from 5 to 25 pm (Fig. 6A and B). Generally, the gran-
ules of ordinary sweet potato starch are characterized by rather
smooth and non-cracked surface, while the starch granules with
abnormally high content of shorter amylopectin chains have dis-
torted morphology with some cracks and holes on the surface
(Fig. 6C and D).

4. Conclusions

The combined approach of FACEL, DSC, WAXS, SAXS, LM, and
SEM demonstrated the defectiveness of supramolecular struc-
tures on the different levels (crystalline lamellae, amylopectin
clusters, semi-crystalline growth rings, and granules) in sweet
potato starches with similar amylose content but altered chain-
length distribution of amylopectin. Analysis of the data implied
the marked contribution of shorter amylopectin chains with
DP < 10 to the defectiveness of starch supramolecular structures.
An accumulation of such chains in the internal structure of the
granule of sweet potato starches led to the following effects:
(i) decrease in the melting enthalpy of crystalline lamellae, as
well as a degree of starch crystallinity and the electronic density
differences between crystalline and amorphous lamellae, and (ii)
formation of the cracks on the surface and inside the granules.
Besides, accumulation of shorter amylopectin chains with
DP <10 in sweet potato starches promotes the increase in the
defectiveness of starch supramolecular structures, which is man-
ifested at all levels of granular organization. Finally, it can be
concluded that the abnormal amylopectin chain-length distribu-
tion (increase in the content of shorter chains) is an important
factor responsible for the defectiveness of supramolecular struc-
tures in starch granules.
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