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OD REDAKCJI

Szanowni Państwo,
Otrzymujecie Państwo Suplement do nr 2(7) kwartalnika „Żywność. Technologia.
Jakość. ”, który zawiera materiały prezentowane na VII International Starch Conven
tion (VII Międzynarodowej Konferencji Skrobiowej), a które to referaty z przyczyn
niezależnych od organizatorów nie zostały zamieszczone w nr 2(7). Teksty zostały
wydrukowane w języku angielskim, ze streszczeniami w języku polskim.
Pragnę poinformować Państwa zainteresowanych tą tematyką, że materiały VII
ISC zamieszczone w nr 2(7) i w Suplemencie do tego numeru kwartalnika Ż T J zostały
przetłumaczone na język polski i aktualnie są przygotowywane do druku.
Kraków, styczeń 1997 r.

Redaktor Naczelny

Tadeusz Sikora

„Ż yw n o ść. Technologia. Jakość.

2(7)Suplem ent, 1996

It is my pleasure to offer to the readers a subsequent part of the proceedings of
VII International Starch Convention. Cracow 12-14 June 1996. The latest contribu
tions in this issue arrived from the authors in October. I hope that the value o f this
supplement is due to its scientific content and conservation of the memory of the past
meeting. It should also induce the will of participation in the subsequent, VIII ISC,
scheduled for 16-19 June 1998 in Cracow. The first circular of this event will be dis
tributed soon.

Prof. Dr. Piotr Tomasik, D.Sc.

(Editor o f this issue)
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JAY-LIN JANE

STRUCTURE OF STARCH GRANULES

Abstract
Starch is produced in a semicrystalline granule form by higher plants for energy storage. The granule
size and granule shape o f starch differ with the botanical source. The diameter o f starch granule varies
from subm icron to more than a hundred microns. The shape o f the granules include spherical, oval, disk,
polygonal, elongated, and kidney. Starch consists o f amylopectin, a highly branched molecule, and amylose, primarily a linear molecule' with few branches. Biosynthesis o f starch is originated at the hilum, and
the starch granule development is by apposition. The amylose content o f starch granules increases with the
maturity and the size o f the starch granule, and amylose is found more concentrated at the periphery o f the
granule. The branch chain length o f amylopectin, however, decreases as the granule size increases. Amy
lopectin molecules at the hilum consist o f exceedingly long branches which are loosely packed with little
crystallinity. These long branches are susceptible to iodine to develop a blue core in the granule. The outer
chains o f amylopectin are in a double helical crystalline structure. Starches which consist o f amylopectin
with longer branch chains (such as potato and high-amylose maize starches) display the B-type X-ray
diffraction pattern, whereas those with shorter branch chains (such as wheat, rice, and maize) display the
A-pattern. Starches with branch chain length in between (such as tapioca and banana) display the Cpattern.
Amylose in the granule is dispersed among amylopectin. This is evident as amylose molecules are
cross-linked to amylopectin, whereas amylose molecules are not found cross-linked among themselves.
The molecular size o f amylose increases with the increase o f the granular size. M ost amylose in the starch
granule is present in a free form not complexed with lipids; however, about 21% amylose in non-waxy
barley starch is present as lysophospholipid complex.
3IP-N M R studies have shown that phospholipids are present in all the normal cereal starches investi
gated but not in tuber, root, and legume starches. With few exceptions (e.g., du waxy maize starch), most
waxy starches donot contain phospholipids. Phosphate derivatives are primarily on amylopectin. Studies
conducted by using DSC, X-ray, chemical analysis, and SIP-NM R o f Naegeli dextrins showed that a sub
stantial proportion o f phosphate derivatives were located within the crystalline region o f amylopectin and
were protected from exhaustive acid hydrolysis.

Department o f Food Science and Human Nutrition and the Center fo r Crops Utilization Research, Iowa
State University, Ames, 1A 50011, USA
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Starch is produced by green plants for energy storage and is synthesized in a
granular form. Biosynthesis o f starch granules takes place primarily in the amyloplast.
The biosynthesis o f the granule is initiated at the hilum, and the starch granule grows by
apposition [1], Starch granules are densely packed with semi-crystalline structures and
have a density of about 1.5 g/cm3 [2]. Because of this stable semi-crystalline structure,
starch granules are not soluble in water. Without gelatinization, starch can absorb water
and swell lip to 30% o f its dry weight. The swelling process is reversible upon drying.
The starch granules are effectively stored in seeds, roots, tubers, stems, and leaves. Grain
seeds, such as maize kernels, contain up to 75% starch. The stored starch granules can be
hydrolyzed by hydrolytic enzymes to glucose, and the glucose is utilized to generate
energy during germination and whenever energy is needed. In the granular form, starch
can be easily isolated by gravity sedimentation, centrifugation, and filtration, and can be
subjected to various chemical, physical, and enzymatic modifications with subsequent
washing and processing. Consequently, starch is produced as one of the most economical
commodity products.
Starch is a biopolymer and consists o f two major components: amylopectin and
amylose. Amylopectin is a highly branched molecule, with a 1-4 linked D-glucose back
bones and a 1-6 linked branches. Amylose is primarily a linear molecule with a 1-4
linked glucose units. Some amylose molecules, particularly those with large molecular
weight, may have up to 10 or more branches [3]. Amylose and amylopectin have differ
ent properties. For example, amylose has a high tendency to retrograde and produce
tough gels and strong films, whereas, amylopectin, in an aqueous dispersion, is more
stable and produces soft gels and weak films. Entanglements between amylose and
amylopectin, particularly with the presence o f lipids or phospholipids, have been demon
strated to significantly affect the pasting temperature, paste viscosity, stability, and clar
ity, as well as the retrogradation process.
Other minor components found in starch granules include the intermediate compo
nents which have structures in between amylose and amylopectin, starch lipids
(including phospholipids), and phosphate monoester derivatives. Phytoglycogen is found
in certain varieties of starch, such as the sugary mutant o f maize starch. Some o f the mi
nor components, such as phosphate monoester derivatives and phospholipids [4], [5],
although at low concentrations, can drastically affect the properties of starch pastes and
gels. Phosphate monoester derivatives, carrying negative charges at the neutral pH, are
found in many starches. Potato starch, consisting o f about 0.09% phosphate derivatives,
displays extremely high paste viscosity and clarity and a low gelatinization temperature.
The unique properties of potato starch are attributed to the charge repelling between the
covalently attached phosphate monoester groups.
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An understanding of the internal organization of starch granules is crucial for sci
entists and engineers to optimize reaction conditions for starch chemical, physical, and
enzymatic modifications. The knowledge of the internal organization can help us under
stand the functionalities and the transformation behaviors o f starch and improve the
properties and stability o f starch products. This knowledge will also help biochemists
reveal the mechanism by which starch granules are developed during biosynthesis. In this
paper, some recent advances in the understanding of the structure of starch granules are
reviewed.

Morphology of starch granules
Starches isolated from different botanical sources display characteristic granular
morphology [6], Starch granules have various shapes, including spherical, oval, polygo
nal, disk, elongated, and kidney shapes. Normal and waxy maize starches are spherical
and polygonal in shape. Immature sweet corn starch has a multi-modal size distribution,
but starch granules are not found in the mature sweet corn. High-amylose maize starches
have elongated and curved rod-shaped granules in addition to polygonal and spherical
granules; some granules also have granular appendages. It is not known whether the
elongated shape is correlated with the amylose content. Potato starch has oval and
spherical shapes. Wheat, triticali, barley, and rye starches have bimodal size distribu
tions. The large (A) granules have a disk shape, whereas the small (B) granules have a
spherical shape. Sorghum starch also has a bimodal size distribution, but the shapes are
different: large granules of sorghum starch have polygonal and spherical, instead o f disk,
shapes. Diffenbachia starch has an elongated submarine shape. Shoti starch has a disk
shape with sharp edges. Almost all the legume starches have a characteristic indentation
on granules o f bean-like shapes.
Diameters o f starch granules vary from submicron, such as amaranth and small
pigweed, to more than one-hundred microns, such as canna starch [6]. Other starches,
such as small wheat granules have diameters of 2-3 microns; large wheat granules, 22-36
microns; potato, 15-75 microns; maize, 5-20 microns; rice, 3-8 microns; and legume
starches, 10-45 microns [6].
Most starch granules are produced individually in separate amyloplasts; however,
some starches, such as rice and oats, have several starch granules produced simultane
ously in a single amyloplast. These starches are known as compound starch. The com
pound starch has granules tightly packed together, which are relatively difficult to
separate. The shapes of the compound starch granules are mostly polyhedral, possibly as
a result of space constraints during the development of starch granules.
Small-particle starch can be prepared by treating common granular starch with acid
to hydrolyze and remove the glucan at the amorphous region [7]. After the acid treat
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ment, the crystallites of the starch granule are detached. With mild attrition, the starch
granules break into small particles. The size of the small-particle starch can be in submi
crons and is dependent on the conditions o f the acid hydrolysis; the more extensive acid
hydrolysis, the smaller particle sizes are produced. The small-particle starch displays
irregular shapes with strong birefringence when viewed under a polarized lightmicroscope. The small-particle starch produced from normal maize starch also displays
an enhanced A-type X-ray crystallinity.

Structures and locations of amylose in the starch granule
Amylose is easily leached out from swollen granules at a temperature slightly above
the gelatinization. Amylose also does not contribute to the total crystallinity o f starch
granules. All the results indicate that amylose is present in the amorphous region o f the
granule. Recent studies conducted by Morrison and co-workers [8] by using solid 13CNM R have shown that up to 21% of amylose in the granule is complexed with lipids at a
single helical conformation, and the remaining amylose is in a random coil conformation
free of lipids.
Two hypotheses were proposed regarding where and how amylose was located in
the granule relative to amylopectin. One was that amylose must be present in a separate
compartment from amylopectin; thus, amylose was not susceptible to branching enzyme
reactions. The other was that amylose was dispersed among amylopectin; thus, the two
molecules are intertwined to hold the integrity of the granule. To test if amylose mole
cules are present in close proximity in the granule, cross-linking reactions o f starch gran
ules were conducted by using various cross-linking reagents of different molecular chain
length [9], [10].
Epichlorohydrin (ECH), adipic/acetic anhydrides, and phosphoxy chloride were
used at low concentrations (e.g., 0.013% to 0.13%, ECH/starch=w/w), to cross-link na
tive granular starch [9]. The cross-linked starch was then subjected to gel permeation
column chromatography to analyze if amylose molecules were cross-linked among them
selves which would increase the molecular weight. Results, however, showed that amy
lose was cross-linked onto amylopectin and co-eluted with amylopectin at the void
volume, as indicated by the increase in blue-value o f the amylopectin peak. The molecu
lar size of the amylose peak did not increase after cross-linking, indicating that amylose
molecules were not cross-linked among themselves. Analyses of the phosphoxy chloride
cross-linked starch, by using 31P-NMR, showed that the amylose isolated from the crosslinked starch had only phosphate monoester derivatives but no phosphate diesters (cross
link) [10]. The monoester derivatives o f the amylose are responsible for the resistance of
the amylose isolated from cross-linked starch to enzyme hydrolysis (Table 1). All these
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results suggest that amylose is located adjacent to or intertwined with amylopectin but
not in close proximity with other amylose molecules.
Studies of amylose biosynthesis have demonstrated that amylose is synthesized by
granular-bound starch synthase, whereas amylopectin is synthesized by soluble starch
synthase [11], Because amylose is synthesized by the granular-bound enzyme, the amy
lose molecule is likely confined in the granule and has little opportunity to form double
helices with other starch molecules to form branches. This biosynthetic pathway also
excludes the hypothesis that amylose molecules are separated from amylopectin.
Table 1
Percentage o f P-amylolysis o f amyloses isolated from native and cross-linked granular corn starch with and
without prior isoamylase treatmentabc

Treatment

Native
Starch

Cross-linkedd
Starch

(3-amylase (30 units)

64.6%

53.7%

(5-amylase (90 units)

62.8%

54.8%

Isoamylase (328 units)
P-amylase (30 units)

85.1%

56.7%

a Calculated on the basis o f total carbohydrate present in maltose peak separated by the Sephadex G-25 col
umn.
b Amylose was isolated with the Sepharose CL-2B column.
c Amylose (15 mg) in 15 ml acetate buffer solution (pH5, 20mM),
conditions are given in Material and Methods.
d Cross-linked with 0.25% ECH (ECH/starch = w/w).

Amylose contents of starch granules increase with the maturity and the increase of
the granule size (Table 2). Studies conducted by using surface gelatinization of starch
granules have shown that amylose molecules isolated from the core of the granule have
substantially larger molecular sizes than those at the periphery [12], These results are
consistent with results o f starch granules of different granular sizes and maturities. The
structural feature o f having a large concentration of small-molecular-weight amylose
present at the peripheiy coincides with the phenomenon that small-molecular amylose
leach out from the granule soon after starch gelatinization.

Structures and locations of amylopectin in the granule
Amylopectin is a highly branched molecule. There are three types o f branch chains.
A-chains are linked with other chains (B- or C-) by the reducing ends through a 1-6
bonds, but A-chains do not carry other chains. B-chains are similarly linked to another B-
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chain or C-chain, but B-chains also carry A-chains or other B-chains at the C-6 o f the
glucose unit. Each amylopectin molecule has only one C-chain which carries the sole
reducing end o f the molecule.
Table 2
Amylose contents o f potato starch with different granular sizes and o f starch at different radial locations
Sample

Amylose content1*'1’ (%)

Native potato starch

20.2 ±0.1

Potato starch (<20 |imc)

16.9 ± 0 .2

Potato starch (<30 (xmc)

17.5 ± 0.1

Potato starch (30-52 |imc)

20.3 ±0.1

Potato starch (>52 |imc)

20.6 ±0.1

Remaining granular starch after
(80% chemical gelatinization)

18.8 ± 0.1

Remaining granular starch after
(52% chemical gelatinization)

19.6 ±0.1

Chemically gelatinized starch
(52% chemical gelatinization)

21.1 ± 0 .4

Chemically gelatinized starch
(10% chemical gelatinization)

22.0 ±0.1

a The amylose content was calculated by dividing the iodine affinity o f the sample by 19.9%.
b Data reported are the means o f three replicates.
0 Diameter

Branch chain length of amylopectin varies with the origin and maturity of the starch
and the location of molecules in the granule. Hizukuri and co-workers [13] surveyed a
wide variety o f starch and reported average chain lengths of the starches. It is known that
amylopectin makes up the crystalline structure of starch, whereas amylose is in the
amorphous form. Starches isolated from potato and high-amylose maize, which comprise
long branches, display the B-type x-ray pattern. Other starches isolated from normal and
waxy maize and wheat, which comprise short branches, display the A-type pattern.
Starches isolated from banana and tapioca, which have average branch chain length in
between the A and B starches, display the C-pattern.
Nikuni [14] and French [15] independently proposed the cluster model of amy
lopectin, in which the branch points are located in clusters and the branch chains are
present in double helical crystalline structure. The structure of the amylopectin molecule
consists o f alternating crystalline and amorphous regions. Kassenbeck [16] studied en
zymatically treated starch granules and reported a repeating distance o f 70 A. Yamaguchi
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et al. [17] examined wet meshed and acid hydrolyzed waxy maize starch by using trans
mission electron microscopy and reported a repeating distance of 70±10 A and lamellae
thickness o f about 50 A. The authors proposed that alternating crystalline and amorphous
regions o f 50 A and 20 A, respectively, are arranged in the amylopectin structure of
waxy maize starch.
Blanshard et al. [18] observed a Bragg peak at approximately 100 A by using smallangle neutron scattering studies o f starch granules. The Bragg peak disappeared on gelatinization. Recent studies of amylopectin structural periodicity by using small angle Xray scattering have shown a constant repeating distance o f between 8.7 and 9.2 nm for
the six starch varieties examined [19]. Results obtained from these two scattering studies
show larger repeating distances than those reported by Kassenbeck and by Yamaguchi et
al. Blanshard et al. [18] attributed the difference to the drying process o f starch samples
required for the electron microscopy. There may be shrinkage of starch structures during
the drying.
This consistent distance o f about 9 or 10 nm coincides with the distances o f amylose double helical crystallites and the lamellar distance of amylose single helical com
plex formed during the biosynthesis, about 10 nm [20]. Whether the repeating distance of
amylopectin is controlled by the size of double helix is o f great interest to study. Further
studies may reveal the mechanism of starch biosynthesis and granule development.
To investigate the structures of amylopectin molecules at different radial locations
(e.g., the core and the periphery) of the granule, amylopectin in various starch fractions,
separated by surface gelatinization using neutral salt solutions, was isolated and analyzed
[12], Results showed that amylopectin isolated from the core, close to the hilum, has
substantially longer long-B branches compared with the amylopectin molecules isolated
from other parts of the granule. The amylopectin isolated from the periphery of the gran
ule has the shortest long-B chains (Table 3). These results indicate that the branching
frequency increases at the periphery. When stained with iodine, the very long amylopec
tin branch chains at the hilum results in the dark blue core o f waxy barley and waxy po
tato starch granules.
Starches of the B-type X-ray pattern, such as potato and high-amylose maize, are
more resistant to enzyme hydrolysis [21], Whereas those starches o f the A-type are m o r e
susceptible to enzyme hydrolysis [21]. The B-type X-ray diffraction corresponds to an
orthogonal unit cell packing o f starch double helices, which consists o f an open channel
at the center. The A-type starch has a hexagonal unit cell packing [2]. It is puzzling of
how such small differences in the average chain lengths o f amylopectins can affect the
packing o f A- and B-types of starch and resulting in substantially different enzyme di
gestibility. For example, normal maize amylopectin (DP 19.5) and sweet potato amy
lopectin (DP 20.4) display the A-type pattern, whereas potato amylopectin (DP 22.4) and
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Table 3
Amylopectin branch chain length debranched with isoamylase3

Amylopectin

Branch chain length, DPb
Long chain

Short chain

Native potato starch

4 1 .2 ± 1.3

13.2 ± 0 .3
14.7 ± 0 .7

Potato starch (< 20 nm°)

44.7 ± 1.3

Potato starch (30-52 (imc)

4 1 .2 ± 1.8

13.2 ± 0 .4

Potato starch (> 5 2 |imc)

34.0 ± 1.2

13.4 ± 0 .2

Remaining granular starch after
80% chemical gelatin

42.5 ± 1.8

13.1 ±0.1

Chemically gelatinized starch
(20% chemical gelatin.)

32.0 ± 0 .8

13.1 ± 0 .7

a Data reported are the averages o f duplicate sample and chemical analyses except long chain o f large granule
(>52 (im) with one sample replication and duplicate chemical analysis.
b Determined with the three peak fractions, DP = degree o f polymerization.
c Diameter

Tulip (DP 20.9) display B-type pattern [13].
Recent studies conducted in our lab by using Naegeli dextrins of normal maize and
potato starches [22] showed that after hydrolysis with 16% sulfuric acid for one, two and
three months at 22°C, normal maize Naegeli dextrins consisted o f substantially more
branches than their potato counterparts. In the early stage of the acid hydrolysis, normal
maize starch had a higher degradation rate than potato counter parts. X-ray differential
patterns of potato Naegeli dextrins showed increases in reflection peak intensity as the
hydrolysis progressed, whereas those o f normal maize showed decreases in amorphous
background but no significant increase in peak intensity. The results suggested that po
tato amylopectin had more branches located in the amorphous regions which were more
susceptible to acid hydrolysis. Normal maize amylopectin, however, had branch points
scattered in both the amorphous and the crystalline regions. After extensive acid hy
drolysis, normal maize Naegeli dextrins consisted substantial branches compared with
potato counterparts. With the highly clustered branch points, potato amylopectin branch
chains could form double helices of less interruption, which are more resistant to enzyme
hydrolysis. In addition, the double helices could be arranged into a more perfect crystal
line structures after acid hydrolysis which removed the molecular constraint caused by
branch structures. With the presence o f scattered branch points within the crystallin re
gions, normal maize amylopectin had less perfect double helical structures. The double
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helices of the normal maize starch, containing branches, were more susceptible to en
zyme attack.

Phosphorus structures and locations in the granule
Phosphorus in starch is mainly present in two forms: phosphate-monoesters and
phospholipids [4, 5], The two constituents have opposite effects on starch paste proper
ties. Phosphate monoesters, present in potato and other starches, increase the paste clarity
and paste viscosity, whereas, phospholipids, found in cereal normal starches, such as
wheat, rice, and maize, decrease the paste clarity and viscosity. 3IP-NMR spectroscopy
has been developed as a useful method to determine the structures and contents o f phos
phorus in starch [23, 24].
Starch phosphate monoesters in native starches, such as potato and rice, are primar
ily found in amylopectin [4, 5]; only a trace is found in amylose. About 61% phosphate
monoester in potato starch is on the C-6, 38% on the C-3, and possibly 1% on C-2 o f the
glucose unit. Whereas 80-90% phosphate-monoester in waxy rice starch is on C-6 o f the
glucose unit [5]. Takeda and Hizukuri [25] reported that potato amylopectin contains one
phosphate monoester per 317 glucose units, equivalent to one phosphate in 13 branch
chains. The phosphate groups are present in long branch chains (long B-chains, DP about
42) and located more than nine glucosyl residues away from branch points.
Recent studies of our research group showed that Naegeli dextrins o f potato starch
consisted o f a substantial amount of phosphorus (65% remained after 3 months hydroly
sis). ''P-NMR spectra showed the structure o f the phosphorus in the potato Naegeli dex
trins remained the same as that o f native potato starch with and additional residual peak
o f glucose-6-phosphate, a product Of acid hydrolysis. This result showed that phosphatemonoester derivatives were present in the crystalline region of potato starch and were
protected from acid hydrolysis. The phosphorus content of potato starch was also found
inversely proportional to the crystallinity of the starch, which was consistent with that
potato starch gelatinization enthalpy-changes decrease with the increase o f phosphate
content [26],
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STRUKTURA GAŁECZEK SKROBIOW YCH
Streszczenie
Omówiono strukturę polisacharydów skrobiowych, morfologię gałeczek skrobiowych, rozmieszczenie
amylozy i amylopektyny w gałeczkach oraz postać i umiejscowienie w nich fosforu.
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HARALD RÓPER

INDUSTRIAL PRODUCTS FROM STARCH: TRENDS
AND DEVELOPMENTS*

In 1994 the total EU starch market amounted to 6.1 million tonnes from which
55% has been utilised in the food sector and 45 % in the non-food sector. Starch is
used as native starch, as modified starch (thickener, binder, texturizer), as starch hy
drolysate, isoglucose (bulk sweetener) or as crystalline dextrose as well as their de
rivatives like polyols (low caloric/low cariogenic bulk sweetener) for the production of
processed food, confectionery, fruit products and beverages. Traditional non-food
applications o f starches and modified starches are in paper and corrugated board, fer
mentation & chemical industry and as binders and adhesives. Consumption figures by
starch product type as well as by application area (food/non-food) are presented. The
industrial raw material starch is available in s u f f ic ie n t amounts and in high purity.
Factors influencing physico-chemical properties of native starch are explained. Starch
modifications with changes of physico-chemical properties o f starch lead to different
application properties. In the various application areas, innovative products based on
starch have entered/are entering the market thus increasing starch demand. These are
health food ingredients, biodegradable, bio-compatible and "COz neutral" detergent
components like "APG" surfactants, cobuilder and bleach activators, biodegradable
thermoplastic materials for packaging, and tailor-made high performing fermentation
feedstocks. Raw material requirements by the industry and options for further research
and development are discussed.

R&D options
The following R&D options for the starch industry have been identified:
Using classical plant breeding or modern genetic engineering techniques, the
following raw material improvements have been targeted: higher yields per hectare,
Cerestar R&D, Centre o f Expertise Basic Research, Eridania Beghin-Say Vilvoorde Research & Devel
opment Centre, H avenstraat 84, 1800 Vilvoorde, Belgium
The complete paper appeared in Carbohydrates in Europe, 15, 1996, 22-29.
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resistance to plant vermin and diseases, better separability of starch from other grain
components and new functional properties of starches. During harvest and during
treatment: less damage by heat during grain drying, by moulds and by transport. Im
provements in separation and purification by using new technologies, e.g. membrane
filtration and chromatography
Product innovation
These are new products based on starch using "new enzymes", higher performing
products and synergistic product combinations, especially for the food sector
(convenience food, light/health food ingredients), detergent components, raw materials
for cosmetics, raw materials for the pharmaceutical industry, raw materials for the
fermentation industry and biodegradable packaging materials.

PRZEM YSŁOW E PRODUKTY ZE SKROBI - KIERUNKI ROZWOJU
Streszczenie
W 1994 roku na całym rynku Unii Europejskiej znajdowało się do 6,1 m iliona ton skrobi z których
55% wykorzystano w sektorze spożywczym a 45% w sektorze niespożywczym. Skrobia jest stosowana
jako skrobia natywna, modyfikowana (zagęstnik, środek wiążący lub teksturyzujący), jako hydrolizat
skrobiowy, izoglukoza (słodzidło) iub jako krystaliczna dekstroza i ich pochodne jak poliole
(niskokaloryczny środek słodzący) do produkcji obrobionej żywności, bakalii, produktów owocowych i
napojów alkoholowych. Tradycyjnymi zastosowaniami niespożywczymi skrobi i modyfikowanych skrobi
są papier, tektura falista, fermentacja i przemysł chemiczny, środki wiążące i adhezyjne. Przedstawiono
wielkość zużycia poszczególnych produktów oraz obszary zastosowań spożywczych i niespożywczych.
Skrobia jest dostępna w wystarczającej ilości jako wysokiej czystości surowiec przemysłowy.
Wyjaśniono rolę czynników wpływających na fizykochemiczne właściwości natywnej skrobi. Modyfi
kacje skrobi zmieniające jej fizykochemiczne właściwości prow adzą do różnych zastosowań. W dziedzinie
różnych zastosowań weszły na rynek nowe produkty co zwiększyło zapotrzebowanie na skrobię. Są to
dodatki do zdrowej żywności, biodegradowalne, biokompatybilne nie zwiększające poziomu C 0 2 składni
ki detergentów jak APG, aktywatory wiązania i bielenia, biodegradowalne termoplastyczne materiały
opakowaniowe oraz wysoko wydajne pożywki fermentacyjne. Omówiono wymagania stawiane surowcom
przemysłowym oraz opcje dla dalszych badań i w drożeń.jH
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CONFORMATION OF STARCH POLYSACCHARIDES IN SOLUTION.
HIGH-FIELD NMR INVESTIGATIONS AND THEORETICAL
CALCULATIONS

Abstract
Interest in the structure and conformation o f starch polysaccharides - having either academic or indus
trial motivation - is not diminishing. Aqueous solutions challange new experimental techniques.
Results o f high-field NM R measurements are reported related to maltooligomers. Unambiguous spec
tral assignments were obtained and it was found that all monomeric subunits have the 4C conformation.
I3C relaxation times (T ,) show remarkable flexibility (0.3 sec at 80°C). M inimization o f non-bonded en
ergy o f helical segments o f various lengths (up to DP 24) resulted in left-handed helical structures. Glycosidic carbon-proton coupling constants (3J qh) corroborate with the predicted dihedral angles.

Introduction
Although the main structural features o f starch and related saccharides are known
for many years, research interest in this field - having either academic or industrial
character - does not diminish. There are several reasons for that:
1. The problem o f fine structure is continuing to be the subject o f investigation and
speculation. The energy-storing biopolymers amylopectin and glycogen are typical
examples. Both polysaccharides are highly branched having high complexity as
compared to linear chains. But even in case of amylose, having a predominantly
linear structure, conformation in solution, double to single helix formation and
chirality have been the subject of numerous recent publications.
2. Improvements in experimental techniques have been remarkable, first of all in in
strumental analysis and enzymic methods. In structure determination new results
revealed by high intensity X-ray techniques, dynamic light-scattering experiments.
Solid state l3C-NMR sufficient resolution for carbohydrate studies and is now used
to investigate aqueous aggregation and gelation of amylose. By sophisticated mul
tidimensional pulse techniques high-field NMR measurements in liquid phase give
information on solution conformation o f various oligo- and polysaccharides.
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3. Theoretical calculations and graphical visualization help in structure investigation
and evaluation o f com plex experiments. High-speed work stations are available and
semi-empirical methods for energy calculations are now well parametrized for the
carbohydrate field.
In this paper w e shall concentrate on approaches offered by high-resolution, highfield NM R interpreted by insight derived from theoretical calculations.
Theoretical calculations were introduced already in the 70-es to unrevel the en
ergy constraints that govern three-dimensional molecular structures. These were used
at first to supplement diffraction analysis. With the advent o f fast computers they have
became indispensable tools o f present-day analytical methods. Computational methods
were developed simultaneously to treat even macromolecules including solvent inter
actions and it is also possible to model their dynamic behavior.
Investigation o f starch related polysaccharides in solution, especially in water, is
connected with the increased interest in the biological functions o f carbohydrates.
NM R techniques were developed relatively lately and were entered into the
starch field only recently. The first, and perhaps most important feature revealed by
NM R was the increased mobility o f oligo- and polysaccharide subunits. Relaxation
time determinations were evaluated in terms o f the microdynamics and local correla
tion.
R esults and discussion
In connection to all these new developments we report now on our studies on the
average conformation o f amylose in aqueous solution.
H

NEWMAN PROJECTION
Fig. 1.
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High resolution 'H- and 13C-NMR spectroscopy was chosen as a method because
it results in quantities that can be compared to predicted values o f theoretical calcula
tions. We concentrated on a conformation dependent NM R parameter: the three-bond
glycosidic coupling constants (3J ch)Their dependence on the torsion angles is well understood.

Dihedral Angle
Fig. 2.

Commercial samples o f maltooligomers were used for this study and a monodisperse amylose (DP 4800) kindly submitted by prof. Beate Pfannemiiller.
Table 1
'H-NM R chemical shifts [ppm] and vicinal coupling constants [Hz] o f amylose (DP 4800) determined at
600 M H z and 80°C in D20 . Chemical shifts are referred to TMS.
Atom

5 (‘H)

Ma

3Jh h

1

5.350

d

3.9 (J12)

2

3.621

dd

9.9 (J23)

3

3.938

dd

8.9 (J34)

4

3.620

t

9.7 (J45)

5

3.819

ddd

2.1 (J56a)
5.1 (J56b)

6a

3.863

dd

-12.2 (J6a6b)

6b

3.791

dd

a d - dublet, t - triplet, dd - podwójny dublet, itd.

The following results were obtained:
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Fig. 3.
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Unambiguous assignment o f the 'H-NMR spectrum o f the amylose sample was
possible only at 600 MHz. Fig. 3 shows all the multiplets of the one-dimensional
spectrum. Precise values o f proton chemical shifts and coupling constants were de
rived by analyzing the multiplets by spin-simulation.
These coupling constants are compatible only with the 4C] conformation of the
glucose subunit in each subunit o f the oligomer.

-95

-75

-55

-35

PHI

-15

5

25

45

Fig. 4.

Using program CAOS (developed in our Institute) the non-bonded conforma
tional energy of several maltooligomers with various Degree of Polimerization (DP 7,
8,16, 24) has been calculated in helical conformation as a function o f the glycosidic
torsion angles (relaxing the hydroxymethyl side chains and without hydrogen bonding
or solvent effect). For DP 16 it is represented on Fig. 4 as a relief contour map. Ml and
M2 denote the two low-energy minima. Energy maps for different maltooligomers
have similar character, only the energy values depend on the DP.
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Note that left-handed helices (corresponding to the contour levels at negative <J>
and 'F values) are less energetic than the right-handed ones and are separated from
each other by a high potential barrier. The lowest energy right-handed conformation is
denoted by M3.
Our experiments verified that:
The NMR parameters are practically independent o f the degree o f polymerization
and they are identical with the chemical shifts o f monodisperse amyloses o f low (DP
35) and o f high molecular weight (DP 4800) - results obtained some years ago in col
laboration with dr. Beate Pfanneintiller.
Proton-carbon coupling constants o f the C-O-C-H type depend on the absolute
value o f the torsion angle. So they can be used to evaluate the average torsion angles.
For JJCH values found in maltoheptaose (4.6 and 5. 3 Hz)
4.6 Hz -> O h (H-l-C-l-O-C-4') = -26° (or 140°) and
5.3 Hz -»
(H-4’-C-4’-0 -C -l) = -4° (or about 153°)
where values in parentheses follow from the double-valued nature o f the function (and
will be disregarded from energetic considerations). These torsion angles describe a
conformation that is not far from the minimum M2.
In case of amylose we found a value o f 4.4 Hz for 3Jci,h-4 - The corresponding 'Fh
value (-26°) indicates a similar conformation, not essentially different from that of DP
7 discussed above.
In general in saturated flexible molecules both chemical shifts and vicinal cou
pling constants are time-averaged values over all possible conformations in solution.
Longitudinal relaxation times (Ti) of maltooligomers and amylose prove that local
motion ofthe subunits is very effective for relaxation (despite ofthe long linear chain)
resulting in values o f the order 0.2 s (at 75.5 MHz).
Our results determined at 70°C are complementary to those o f professor Brant
published recently for room temperature and indicate the damping function o f the sol
vent to the local motion.

Conclusions
On the basis o f above findings the following conclusions have been drawn:
The average conformation of all glucose subunits in amyloses and various maltooligosaccharides in pure, neutral D20 solution at 80°C can be characterized as the
4C| conformation.
NMR parameters (chemical shifts, coupling constants) vary only slightly with DP
(for the DP values studied). Local motion o fth e subunits is efficient enough to result
Ti values of about 0.3 s.
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Lowest energy minima o f single helices having constant pitch but various lengths
(between DP 7 and 24) as calculated by the HSEA method were found to have minima
in the left-handed region (both the extended and the compact forms).
Glycosidic 3J ch coupling constants and nOe values observed in aqueous solutions
are compatible with conformational parameters (<t>H, 'Ph) being not far from the com
pact type minimum (M2). The importance of M2 over Ml is enhanced with increasing
DP.
These data support the representation of amylose conformation in solution as a
randomly broken helical chain.

KONFORM ACJA POLISACHARYDÓW SKROBIOW YCH W ROZTW ORZE.
BADANIA W W YSOKOPOLOW YM NM R I OBLICZENIA TEORETYCZNE
Streszczenie
Nie maleje zainteresowanie strukturą i konformacją polisacharydów skrobiowych. Ma ono motywacje
akademickie i przemysłowe. Roztwory wodne pozwalają na stosowanie nowych technik badawczych.
W pracy podaje się wyniki pomiarów maltooligosacharydów w zakresie magnetycznego rezonansu ją
drowego w wysokim polu.
Czasy relaksacji (Ti) atomów węgla ( n C) są wysoce elastyczne (0.3 s. w 80°C).
M inimalizacja energii nie wiążącej dla segmentów heliksu o różnej długości (do DP = 24) sugeruje
lewoskrętne struktury. Stale sprzężenia glikozydowych atomów węgla (MCh) zgadzają się z przewidziany
mi kątami wiązań.^H
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DANUTA M. NAPIERAŁA1, MARIUSZ POPENDA2

NM R AND COMPUTATIONAL COMPARATIVE STUDY OF THE
AMYLOSE - BENGAL ROSE COMPLEXING IN DMSO SOLUTION

Abs t r act
Proton and carbon NM R spectroscopy was used to study the nature o f amylose complexing with Rose
Bengal in dimethylsulfoxide. Based on the analysis o f chemical shifts changes in NM R spectra under the
influence o f dye-amylose chain interaction the computer molecular model o fth e helical amylose - Bengal
Rose complex was proposed using the INSIGHT II and MOP AC programmes.

Introduction
Molecular modeling o f polysaccharides complexes in solution has been the sub
ject of active research for many years [2-6, 8]. Many biopolymers are poorly water
soluble and therefore, they have been studied in such organic solvents as dimethyl
sulfoxide (DMSO), carbon tetrachloride, chloroform. Amylose, the linear starch com
ponent, with a - ( l —>4) - linked D-glucosyl units was one of them. It is well known, that
DMSO is an effective amylose solvent and as the strong hydrogen bond acceptor may
influence it. Especially, the chain configuration and flexibility are affected, on chemi
cal and physical ways. The chain flexibility induces disordered or random coil states in
solution.
It has been suggested that in the neutral aqueous solution amylose behaves as a
"random coil" with short, loosely bound helical segments, whereas in DMSO the per
sistence o f intramolecular hydrogen-bonding leads to an increase in the helical content
and the compactness o f the helical segment [1], These changes in polymer behaviour
due to a solvent affects the reactivity o f amylose towards low-molecular compounds
and on stability o f the complex. Nevertheless there is a question whether dimethylsul
foxide is a good solvent for amylose complex formation because for the most known
amylose-iodine complex this solvent suppressed the iodine binding [9].
1 University o f Agriculture, D epartment o f Physics, 60-637 Poznań, Poland
2 Institute o f Bioorganic Chemistry, Polish Academy o f Sciences, 61-704 Poznań, Poland
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A complexing effect between amylose and heteronuclear photosensitizer, Bengal
Rose in aqueous environment was shown previously [7, 10]. A simple model of the
complex formation was proposed [10]. In this report, ]H- and 13C-NMR spectroscopy
data were examined for amylose with Bengal Rose in DMSO-d6 at different dye con
centrations. The molecular model o f six-fold amylose helix with associated Rose Ben
gal molecules in DMSO solution was considered.

Materials and methods
Commercial sample of potato amylose was a product o f SIGMA, Bengal Rose
(sodium salt) was purchased from ALDRICH Chem. Co. and deuterated solvents, D20
and DMSO-d6, from I.B.J. Świerk/Otwock. Both solutions, o f potato amylose and
Bengal Rose (BR) in DMSO were blended at high temperature in appropriate propor
tions to obtain a desired dye concentration, from 5 to 20mM for 1% amylose. The
measurements were performed after 24h storing at stable temperature. High resolution
H- and C-NMR spectra were recorded with a Varian Unity 300 spectrometer opera
ting at 300 MHz. The chemical shifts were measured with external 4,4-dimethyl-4silapentane sodium sulfonate (DSS) in 'H-NMR spectra and external dioxane in l3CNM R spectra. All the computer modeling study were conducted using the INSIGHT II
and MOP AC programmes working in the SGI Iris Indigo 2 workstation.

Results and discussion
The effect o f a solvent on the amylose - Bengal Rose (BR) complexing in solu
tion was observed in the proton and carbon NMR spectra of both compounds in water
and dimethylsulfoxide (Fig. 1). The H-NMR spectra o f amylose in DMSO-d6 exhibited
all the resonances o f hydroxyl protons [9], the signals for OH-2 and OH-3 strongly
deshielded by intramolecular bonding and OH-6, which all disappeared after changing
the solvent with DzO (Fig. lc). The chemical shift displacement of all the single si
gnals o f the amylose proton resonance in the H-NMR spectrum in the presence o f Rose
Bengal molecules in DMSO-d6 is presented in Table 1.
At lower BR concentration, only a small paramagnetic effect o f 0.02 ppm for
OH-6 hydroxyl group signal at 8 = 4.58 ppm in the amylose 'H-NMR spectrum could
be observed. This insignificant effect points to lack o f any drastic conformational
changes in the amylose chain. The dye molecules did not disturb the intramolecular
bonding with OH-3 and OH-2 hydroxyl groups in polymer. At low concentration they
might cause some restrains for the freedom of hydroxymethylene groups. In the *HNMR spectrum of 1% amylose with a higher Bengal Rose concentration, 10 mM in
DMSO-d6 solution, strong deshielding o f OH-2 (A8 = 0.08 ppm) and OH-3 (A8 = 0.07
ppm) signals was observed without change in the OH-6 resonance.
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Table 1
Values o f chemical shift for amylose proton signals in the 'H -N M R spectra o f 1% amylose with Bengal
Rose in DM SO-d6 solution.
Proton group

Chemical shift S, ppm
without RB

with RB o f 5 mM

with RB o f 10 mM

OH -3

5.51

5.52

5.60

O H -2

5.40

5.41

5.50

H -l

5.10

5.10

5.11

O H -6

4.58

4.60

4.61

kb. r, *

">— i— r
7 .5

Fig. 1.

OH-2
OH-3

“r-—r
fr.s

H -l

OH-6

■>—r

J.5

H-NM R partial spectra o f amylose (cAM = 1%) with Bengal Rose in DMSO-d5 solution at 298K;
BR concentration o f 5 mM (A) and 10 mM (B) and in D20 solution with 20 mM BR concentration
(C), at 300MHz.
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a

Fig. 2. M olecular structure o f 4,5,6,7 - tetrachloro - 2',4',5',7' - tetraiodofluorescein (Bengal Rose).

Bengal Rose (Fig. 2), exhibited the single proton resonance at 7.40 ppm beyond
the region ascribed to absorption of the polymer protons in the high resolution 1HNMR spectrum (Fig. la) at lower concentration range studied. In the dye concentration
of 10 mM this signal was resolved into three well separate signals at 8.46 ppm, 7.92
ppm and 7.41 ppm with the intensity ratio equal 0.12 : 0.4 : 1, respectively (Fig. lb). It
suggests a cooperative conformational effect in amylose chain forced by the Bengal
Rose interaction, revealing an inhomogeneity o f dye molecules state in the system.
Taking into account the signal intensity ratio, equal to the ratio o f absorbing protons in
the proton NMR spectrum, one could obtain the degree of the assocciated BR mole
cules per the number o f amylose monomer units. Among three NMR Bengal Rose
signals observed, the most deshielded signal with the lowest longitudinal relaxation
time indicated the most restriced dye molecules. The two other signals with a similar
relaxation time might be involved in a cooperative dye interaction in DMSO. From the
analysis of the signals the integration ratio suggested that two dye molecules were
associated with six monomer units corresponding to the six-fold helical turn. There
was no similar dye concentration effect on the ’H-NMR spectrum o f amylose - Bengal
Rose in the D20 solution. A considerable intensity decrease of the signals in the ‘HNMR spectrum of amylose in the presence o f dye and their significant broadening
pointed to a reduction o f conformational mobility of the polymer due to the complex
formation as well as to changes in the proton relaxation time of both compounds.
Nonequivalent dye subsystems were found in the amylose - RB complex in the
DMSO-d6 solution based on the proton NMR spectrum. They also changed the l3CNMR spectra of both compounds. Effect o f the cooperative dye-polymer interaction on
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chemical shift displacements o f the carbon signals in the system are presented in Fig. 3
and Fig 4. The assignement o f the signals o f BR and amylose carbon atoms was given
in [5, 7]. At high Bengal Rose concentration the signal o f the carbonyl group, C (1 )0 0 ,
at 8 = 164.3 ppm split into two signals, both deshielded as compared with the above,
of 2.4 ppm and 0.6 ppm, respectively. It confirmed a multiphase dye state in the sys
tem. Other bands in the BR carbon NMR spectrum displaced very selectively. A con
siderable upfield displacement o f the signals attributed to the Bengal Rose phenolic
ring carbons in the region o f 127 - 133 ppm might arise from the penetration o f phe
nolic ring into amylose helix.

Fig. 3. 13C-NMR spectra o f 1% amylose with Bengal Rose o f 5 mM DMSO-d6 solution at 295K.
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Fig. 4. n C-NM R spectra o f 1% amylose with Rose Bengal o f 10 mM DM SO-d6 solution at 295K.

Fig. 5. M olecular model o f six-fold amylose chain helix and Bengal Rose complexed in DMSO solution:
projection along helical axis with two BR molecules approaching (A) and with one BR molecule
(B).
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Taking into account results from the *H- and i3C-NMR analysis o f amylose —
Bengal Rose in DMSO-d6 solution at different dye concentration, a molecular model
o f amylose helix - dye molecule complex could be proposed in Fig. 5. Bengal Rose
molecule approaching the helical chain on the distance of 3 - 4 A from the nearest
polymer atoms, appropriate to hydrogen bonding, was confirmed with the computer
simulation program.
C onclusions

The 'H- and 13C-NMR study o f the amylose - Bengal Rose com pleting in deuterated dimethylsulfoxide at amylose concentration of 0.01 g/cm3 and in 5 - 2 0 mM con
centration range o f BR showed a cooperative dye - polymer interaction at higher dye
concentration. The considerable paramagnetic effect on OH-2 and OH-3 amylose pro
ton signals and carbonyl BR signal splitting in the dublet accompanying the confor
mational polymer changes proved the role o f these groups in conformational constra
ints. Based on the analysis o f the NM R data a computational m olecular model of sin
gle six-fold amylose helix was proposed with two associated dye molecules through
phenolic ring approaching the helical chain.
The work was supported by KBN Grant 5 P 0 6 G 05408
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M ODELOW ANIE KOMPLEKSU AM YLOZA - RÓŻ BENGALSKI W DM SO NA
PODSTAW IE SPEKTROSKOPII NMR
Streszczenie
Zdolność kompleksowania amylozy z fotoczułym sensybilizatorem różem bengalskim w roztworze
DMSO. jak wynika z badań metodami spektroskopii NMR, jest uwarunkowana stężeniem barwnika. Przy
stężeniu powyżej lOmM w 1% roztworze amylozy pojawia się efekt przejścia konformacyjnego wymu
szonego kooperatywnym oddziaływaniem barwnika. Podjęto próbę komputerowego modelowania kom
pleksu amyloza - róż bengalski w DMSO przy założeniu pojedynczej helisy i dwóch molekuł barwnika
przypadających na sześcioczlonowy zw ój.||§

„Żywność. Technologia. Jakość.

2(7)Suplement, 1996

KRZYSZTOF POLEWSKI

COMPUTER MODELLING OF AMYLOSE HYDRATION
PROCESS IN THE PRESENCE OF BENGAL ROSE

Abst ract
Simulation program HyperChem (Hypercube Inc., W aterloo, Canada) was used to study the con
formational behavior o f amylose helices in the presence o f water and Bengal Rose. The structure was
optimized with a program, which utilizes AMBER molecular force field calculations modified for carbo
hydrates. Single strand o f amylose with the left-handed chiriality has lower energy than the right-handed,
double helix formed in antiparallel fashion from two left-handed strands. It has the lowest energy compa
red to other duplex conformation, interhelical stabilization occurs through hydrogen bonding 0 (2 ) — 0 (6 )
atoms. These results were available from computer calculations in vacuo and in the presence o f water in
the system. In water three hydration sites could be identified at 0 (3 ), 0 (6 ) and H 0 (6 ) for the amylose
double helix. Bengal Rose when added to the system was located in the groove o f double helix through the
interactions o f the xanthene structure to hydration sites o f amylose. which might be deduced as a disrupture o f the water structure around the amylose helix.

Introduction
Amylose is a linear polymer formed by a-D-glucopyranose units linked through
1,4-bonds. As a main component o f starch it is an important carrier o f its physico
chemical properties. The experimental [1, 2] as well as modelled [3, 4] structure of the
polysaccharide correlated with their physico-chemical and biological properties. Tran
sition between crystallographical B-type and A-types were observed in dehydra
tion/hydration cycles [5, 6]. Also NMR spectroscopic methods demonstrated the exi
stence o f different states of water in amylose. At higher humidities when more than
two water molecules per glucose unit were available more mobile, less tightly bound
water molecule appeared [7], Geometry o f the amylose double helix was widely di
scussed in the literature. On the basis of the X-ray fiber diffraction pattern data and
computerized molecular modelling Wu and Sarko proposed a right-handed parallelstranded double helix for both A and B amylose [2, 6], Schulz et al. [4, 8] investigated
Agricultural University, Poznan, Poland
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full conformation space o f the double helix using potential energy minimazation pro
cedure within the framework o f molecular mechanics. The results indicated the antipa
rallel left-handed helix. Experimental evidences exist [1, 3, 9], that environment like
water influenced the conformational behavior o f amylose. It was the starting point for
recalculation o f the amylose hydration proces in the single and double helix in low
dielectric and aqueous environment in the presence o f Bengal Rose. The AMBER
force field molecular mechanics [10] modified for carbohydrates was used.

Method
The molecular mechanic calculations were performed with the HyperChem
(Hypercube Inc., Waterloo, Canada) simulation program. All energy study and the
conformational behavior o f amylose in water in the presence of Bengal Rose were
studied with the Amber force field. The starting structure o f amylose, the 16 a-D glucopyranose oligomer, was built using the Sugar Builder program. The torsional
angles <E> and 'F at the glycosidic linkage were set at 2 and -17 as well as 20 and 5 de
grees to get D-oligomer in a helical left or right-handed form.
The Bengal Rose geometry optimization and charges were calculated by the semiempirical PM3 method. During this procedure, the dye was assumed to be in an
environment at pH 7. This implies that sodium salt was fully ionized to give Bengal
Rose dianion.
Conformational Search option in the HyperChem program was used for the sys
tematic conformational search on the glycosidic linkage. In this procedure O and 'F
torsion angles varied in 5° intervals within the whole angular range.
Docking simulation between left and right handed oligosaccharides and with
Bengal Rose on the amylose duplex were performed using the Periodic Box option
with TIP-3 water molecules. These calculations were conducted with global helical
parameters maintained constant.

Results and discussion
Results of the molecular calculation for single and double left and right handed
amylose helices, their parallel and antiparallely stranded conformations in vacuo and
in water are collected in Table 1. It can be noted that a single strand with left-handed
chiriality had lower energy than that right-handed. As proved by the HYDROGEN
BOND Option in the HyperChem program no hydrogen bonding in single helix exi
sted. In case of amylose double helix the lowest energy double helix was formed of
two left-handed parallel-stranded conformation and the interhelical stabilization occured through hydrogen bonding between 0 (2 ) and 0 (6 ) atoms. When the calculations
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are performed in aqueous environment, i.e. in the presence of Periodic Box Option
with TIP-3 water molecules the total energy in all cases changed. The calculated ener
gies for right-handed double helices (parallel stranded or antiparallel stranded) had
higher energetic minima that their left-handed analogues. Left-handed helices were
energetically favorable and differences between them were within 5kJ per unit. It
could be noticed that in aqueous solution the hydration pattern could be identified by
the single and double helices. The conformation energy in water was minimized under
the condition of rigid global helical parameters. This simplification might be justified
by much smaller relaxation times for the reorientation o f water molecules in compari
sons with groups o f atoms of the macromolecule. Such behavior regarding hydration
of amylose was expected and supported by X-ray diffraction studies [11]. Amylose
double helix was supported by periodical formation o f intermolecular hydrogen bonds
between hydroxyl groups and oxygen atoms and by an arrangement o f hydrophobic
contacts in the core of the double helix. The hydrogen bonding between appropriate
hydroxyl group and oxygen was also evidenced by our calculations. It is also known
that an increasing amount o f water causes transition from the A-type to B-type con
formation of amylose [2, 5]. The hydration pattern displayed by the amylose duplex
Tabl e 1

Ar

A l-A l

A r-A r

A i_-Ar

-242

-281

-573 -577

-486 -477

228 266

-921 -893

147 131
725 668

water

-134

-148

-1019-994

water+BR

22

32

-171 -125

1

in vacuo

Al

<
o

Total potential energy (kcal) of the amylose and amylose + water systems and in the presence o f Bengal
Rose (BR). In the double helix data first number is given for parallel and second for anti-parallel strand
A r and A l - right-handed and left-handed amylose strand, respectively.

is given in Figure 1. Three identified hydration sites correspond to the polar 0 3 , 0 6
atoms and the H 06 group. Moreover, a number of water bridges was observed. The
0 2 , H 03, 03 and H 02 moieties were involved in the intrahelical hydrogen bonds and
they were less accessible to water molecules. The hydration sites were not energeti
cally equivalent. The 0 6 group was well exposed to the environment and accounted
for the majority o f the hydrogen bonds with water. Some competition between 03 and
0 2 atoms appeared decreasing the hydration in that area of the amylose unit. Thus, all
polar groups ( except the glycosidic 01 atom) are involved in the hydrogen bonds with
water or within the double helix. Thus, a single glucose unit accepted 3 water mole
cules forming a regular hydration shell around the double helix.
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Fig. 1. Segment o f the left-handed antiparallel-stranded double helical amylose with the corresponding 3
hydration sites per glucose residue.. The top view o f double helix segment o f six glucose residues
per strand.

When Bengal Rose was added to the amylose double helix system in water the
dye located in the groove o f double helix through interactions with the xanthene
structure as found in docking studies. It was also obvious that the presence o f Bengal
Rose ruined the water structure around the amylose helix. It is evident from Table 1
the total potential energy of the amylose system in water in the presence o f dye was
much higher because the presence o f the dye disturbed the water-water interactions.
Diameter o f the amylose helix was large enough to adopt Bengal Rose inside of the
amylose helix. However, some hydrophobic interactions inside the helix might preclu
de such location. It is clear from our previous studies [12, 13] that the presence of
Bengal Rose influenced the amylose helix. We suggest that Bengal Rose might interact
with amylose either by an intercalation process, adsorption process or the other noncovalent bonding and these calculations seem to confirm our suggestion.
Reported calculation and discussion presented in this paper indicate that the lefthanded double helix strand o f amylose should be a well soluble species. Because the
solubility o f amylose can be achieved by boiling at diluted solution we may expect that
the complex around 90°C should be either single stranded or in the double helical form
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antiparallely stranded and left-handed. In contrast, amylose in nature is insoluble and
serves as a glucose storage what indicates that in native state the amylose conforma
tion should be different to provide it to be water insoluble.
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M ODELOW ANIE KOM PUTEROW E PROCESU HYDRATACJI AM YLOZY
Streszczenie
Do zbadania stanów konformacyjnych helisy amylozy w obecności wody i różu bengalskiego zasto
sowano program do modelowania komputerowego HyperChem (Hypercube Inc., W aterloo Kanada).
Badane struktury optymalizowano przy pomocy programu AMBER, wykorzystującego metody mechaniki
molekularnej zmodyfikowanej dla węglowodanów. Pojedyncza lewoskrętna spirala amylozy ma niższą
energię niż prawoskrętna, podwójna antyrównoległa struktura złożona z dwóch lewoskrętnych spiral
posiada najniższą energię w porównaniu z innymi konformacjami dupleksów, a interhelikalna stabilizacja
zachodzi poprzez wiązanie wodorowe między atomami 0 (2 ) a 0 (6 ). Zbliżone wyniki podane powyżej
otrzymano zarówno dla obliczeń in vacuo, jak i w obecności wody w układzie. W obecności wody znale
ziono trzy miejsca na powierzchni helisy, gdzie następuje hydratracja, i są to miejsca przy atomach 0 (3 ),
0 (6 ) i HO(6). Doadanie barwnika, różu bengalskiego, do amylozy lokuje go w bruździe spirali poprzez
oddziaływanie struktury ksantenowej z miejscami hydratacji, co może być opisane jako zaburzenie struk
tury wody wokół helisy a m y lo z y .|||
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KRZYSZTOF POLEWSKI, DANUTA NAPIERAŁA

ABSORPTION AND FLUORESCENCE STUDY OF AMYLOSE
COMPLEX IN CATIONIC DETERGENT USING BENGAL ROSE
AS A SPECTROSCOPIC PROBE

Abstract
In order to estimate the detergent influence on the process o f amylose-dye complex formation the ab
sorption and fluorescence studies o f Bengal Rose in the amylose - Bengal Rose complex in the presence
o f cationic detergent, tetradodecyltriethylammonium bromide,TDABr, were carried out. The fluorescence
quenching study allowed to calculate binding constant between the dye and amylose. Thermodynamic
parameters were calculated from the temperature dependencies o f binding constant. Fluorescence lifetime
measurements allowed to determine the environment and distribution o f the dye in both systems.
An increasing amount o f amylose from 0.1% to 2% led to changes in both, absorption and fluores
cence spectra. Observed isosbestic point at 623 nm in the absorption spectrum indicated formation o f the
static complex between amylose and dye. This was confirmed by the fluorescence spectra where a de
crease and shift o f fluorescence maximum to longer wavelength was observed. When a cationic detergent
above its cmc concentration was added to the system with 1.75% amylose and Bengal Rose the fluores
cence maximum shifted to 600 nm and its intensity decreased by 5 times as compared with the system
without detergent. Calculated enthalpy and entropy had positive values indicating that not only electro
static processes took place but also hydrophobic forces participated in the complex formation. Calculated
stability constant suggested that the detergent facilitated formation o f the amylose complex by the factor of
4.

Introduction
An increasing number o f ingredients and additives like fooddyes and preserva
tives [1] as well as environmental impurities modify properties o f such significant
food component as carbohydrates [2, 3]. The binding complexation o f dyes to biopolymers induces changes in the physical properties o f dyes. Alterations of the ab
sorption and fluorescence spectra i.e. the fluorescence intensity and emission
polarization for many dyes including Bengal Rose were observed [4, 5, 6]. Bengal
Rose containing one phenoxide and one carboxylate group, both capable o f the reacInstitute o f Physics, Agricultural University, ul. Wojska Polskiego 38/42, 60-637 Poznan, Poland
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tion with amylose and/or detergent may readily form complexes serving simultane
ously as a probe for the dye environment. Amylose and its derivatives can form com
plexes with a variety of substrates. It has been found that the major factor in such case
is due to the substrate hydrophobicity and solvent polarity [7, 8, 9]. The study indi
cated that hydrogen bonding between host and guest also influenced the stabilization
o f the helical form o f amylose and determined its reactivity with substrates. The inter
actions also involved complexed molecule located within or on the helical surface of
amylose [10], In this paper, modification o f amylose due to properties complexation
by detergent and thermodynamic properties o f such complexes were studied using
spectroscopic methods.

Materials and methods
The following chemicals were used: Potato amylose from POCH Gliwice
(Poland) with DP = 120, as measured by light scattering experiment.
Bengal Rose from SIGMA dissolved in water in the concentration o f M 0 '4M as
a stock solution. The dye was recrystallized from methanol before used.
Tetradodecyltriethylammonium bromide TDA-Br detergent from SIGMA. The 28
mM stock solution in water was diluted as requested.

Aqueous samples fo r absorption and emission studies
Amylose solutions (0.1% to 2%) were prepared by digestion o f amylose in water
at 80°C for 10 minutes then cooled to room temperature. A required amount o f deter
gent and dye was added to them keeping the total volume o f the sample o f 1 ml. Pre
pared samples were measured directly after blending then stored at dark at room
temperature for further measurements.

Spectral measurements
The absorption spectra o f Bengal Rose were measured using HP4 Photodiode Ar
ray Spectrophotometer Hewllet-Packard with the 2 nm resolution.
The fluorescence spectra and fluorescence lifetimes o f Bengal Rose and UVCD
spectra o f amylose were taken using UVCD instrument at National Synchrotron Light
Source at Brookhaven National Laboratory, at port U9B [11],

Results
Aqueous absorption and emission spectra o f Bengal Rose with amylose
Increasing concentration o f amylose, from 0.1% to 1% or, from S-lO^to 1 1 0 3M,
in the presence of 2.5-1 O'6 M Bengal Rose in aqueous solution led to changes in ab
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sorption and emission spectra. The 549 nm band in the absorption spectrum of Bengal
Rose decreased and simultaneously shifted to a longer wavelength. For 1% amylose
the peak was located at 554 nm as compared with 548 nm in an aqueous solution. The
shoulder located at 514 nm was shifted to 520 nm. The apparent isosbestic point at 623
nm corresponded to the complex formation between amylose and Bengal Rose. The
ratio o f the absorption intensities at X550 and X514 reached 3, pointing to the monomeric
form of the dye in that complex.
The aqueous fluorescence spectra of Bengal Rose with increasing concentration
o f amylose showed a decrease o f fluorescence intensity at maximum and a shift o f the
maximum to a longer wavelength. For 1% amylose the maximum was at 576 nm com
pared to 570 nm in water. Decreasing fluorescence intensity reflected a static quench
ing resulting from the formation of the amylose-Bengal Rose complex, whereas the
spectral shift suggested that a part o f dye molecules was located in the environment of
the dielectric constant lower than for water.

Wavelength, nm
Fig. 1. Absorption spectra o f 2 .5 1 0 '6 M Bengal Rose in 14 mM detergent, TDABr, versus increasing
concentration o f amylose. The concentration o f amylose is given in the legend.
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540

560

580

600

620

640

Wavelength, nm
Fig. 2. Fluorescence spectra o f 2.5-10'6 M Bengal Rose with 1% amylose at changing detergent, TDABr,
concentration, given in the legend, l ex = 500 nm.

Absorption and fluorescence spectra o f Bengal Rose with amylose and TDABr
The absorption and fluorescence spectra o f Bengal Rose in the system containing
1.75% amylose, 21 O'6 M Bengal Rose and TDA-Br cationic detergent at the concen
tration changing from 0.7
to 0.7 mM are given in Figures 1 and 2. An increasing
amount o f detergent moved the absorption peak from 548 nm to a longer wavelength
and decreased its intensity. These changes were observed only when the concentration
of detergent in the system reached 0.1 mM, i.e. when the detergent concentration
reached its critical micelle concentration. The fluorescence spectra o f Bengal Rose
were also altered. Up to 0.1 mM the increasing amount of TDA-Br quenched the fluo
rescence at 575 nm. Higher detergent concentration dramatically changed the emission
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spectrum o f Bengal Rose. The maximum emission was shifted to 600 nm and another
peak at 550 nm appeared, the fluorescence intensity decreased by five times as com
pared with the system without detergent. Color of the solution changed from reddish to
light-pink. Such behavior might point to at least two physical processes. The first of
them could be the static quenching process o f the Bengal Rose emission by amylose
and detergent and the second, one could deal with the formation o f dimers o f Bengal
Rose molecules which were incorporated into micelles.

Thermodynamic and kinetic results
Disappearance o f the color of the solution as well as observed quenching o f the
Bengal Rose fluorescence during the complex formation provided spectroscopic de
termination o f the stability constant o f such complex ks. At the ratio o f BR/Am higher
than 1:20, i.e. with an excess o f amylose, we might assume that the host to guest ratio
in the complex was 1:1 and for absorbance measurements ks was given by
ks=[A -R B ]/[A ][R B ]

(1)

where: [A]=[A]0 - [A-RB]; [RB] = [RB]0 - [A-RB]; [A-RB] - the concentration o f the
amylose-Bengal Rose complex.
In case o f fluorescence measurements we used Stern-Volmer equation to deter
mine that quenching constant, and kq was given by
F0/F = 1- kq [Q]

(2)

where: F0 and F were intensities of the Bengal Rose fluorescence without and with
quencher, respectively; [Q] - was the quencher concentration.
Using the fitting program we could obtain the binding constant for both methods.
The calculated values were 2460 M"1 and 10100 M '1 for amylose with Bengal Rose
and, for amylose with the Bengal Rose - detergent system, respectively.
In order to calculate thermodynamic parameters o f the above systems the fluores
cence measurements were carried out at 10°C, 23°C and 40°C. The calculated values
for the free energy, AG°, enthalpy, AH0, and entropy, AS°, are presented in Table 1.
The enthalpy o f the process was calculated from the slope o f the van't H off plot.
Both enthalpy and entropy had positive values.

Fluorescence lifetime measurements
In order to determine the location and distribution o f the dye in that heterogene
ous system the fluorescence lifetime measurements were applied. The fluorescence
lifetime o f Bengal Rose in different systems is given in Table 2. Bengal Rose in water
had only one short lifetime at 90 ps. In 1% amylose solution with the ratio of BR/A up
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to 1:222 two components were observed. The first, shorter, with 110 ps indicated that
the environment o f the dye changed to less polar, and the second, the long one, with
lifetime o f 3.6 ns but contributing only in 10% to the total decay was characteristic for
Bengal Rose in the micellar environment. When the concentration o f detergent added
exceeded 0.1 mM a 3.6 ns component became the major contribution to the observed
decay. Third component appearing at 1.7 ns, indicated a lower dielectric constant of
the medium and it was observed as a major component when the detergent in that sys
tem was below its cmc.
Table 1
Thermodynamic parameters for the complex formation o f amylose with detergent and
Bengal Rose as calculated from the fluorescence data.

Temp.

Binding const

AG°

AH0

AS0

°C

m o l1-1O'4

kJ-mo!'1

kJ-m ol'1

J-deg ' ‘mol’1

10

0.34
-22

48.3

92.3

23

1.1

40

2.8

Table 2
Fluorescence lifetimes o f Bengal Rose in different systems

lifetime 1

lifetime 2

ps

a

BR in water

83

1

BR + amylose3

110

0.95

BR + am + detb

83

0.49

BR + am + detc

88

0.03

BR + detb

86

0.96

BR + detc

85

0.81

ns

1.7

0.49

lifetime 3
a

0.11

ns

a

3.6

0.1

1.7

0.51

3.7

0.88

3.7

0.04

0.19

a for amylose concentration from 0.1% to 2%,
b bellow cmc o f detergent,
c above cmc o f detergent.

Detergent concentration study
As indicated by the data in Table 2 it was obvious that the presence o f amylose
changed the micellization process o f the dye. In order to confirm that amylose influ
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enced the detergent cmc the experiments with and without amylose in the system were
carried out. The results are presented in Fig. 3. It is clear from this Figure that the
presence o f amylose in the detergent solution decreased its cmc by more than one or
der o f magnitude from original 1.4 mM to 8 mM. In that case we might suggest that
amylose served as a condensation center for micelization what pointed to more dye
molecules located in the micellar environment.

TDA-Br concentration,
Fig. 3. Fluorescence intensity o f 2 1 0 ‘6 M Bengal Rose without and with 1% amylose versus detergent
concentration

Discussion
In the present study the influence o f the cationic detergent on the complexation
process between amylose and dye was studied. Our previous papers [8, 9, 12] showed
that Bengal Rose and amylose chain either formed an inclusion complex or adsorbed
on the amylose surface. When cationic detergent was added further changes in the
system were observed. Absorbance and fluorescence study showed generally decreas
ing trend with increasing concentration of amylose and detergent. Additionally, a red
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shift relative to aqueous system occured. All those changes delivered a strong evidence
for the complex formation. The stability constant for the amylose-Bengal Rose com
plex formation, kq was 2460 M '1. In the presence o f detergent the stability constant
was 10100 m '1. It means, that detergent facilitated the complex formation by the factor
of 4. The influence of the detergents on the amylose behavior followed a general
mechanism where the formation o f inclusion complexes involved hydrocarbons [13].
This fact might have serious implications if we assumed that any other detergent-like
hydrocarbons which interacted with carbohydrates might increase the ligand uptake
like heavy-ion metals or other pollutants.
Whereas a liner Stern-Volmer plot generally indicated an equivalent accessibility
of all species o f fluorophores present in particular system to the quencher, the exact
mode o f quenching it is not always clear. In that case contributions from both static
and dynamic quenching should be considered. Temperature study was performed to
distinguish between two possible quenching. The temperature increase in the range
from 10 to 40°C in both cases was paralleled by the S-V quenching constant increase.
It suggested a dynamic quenching resulting from increased collisional deactivation.
Fluorescence lifetime measurements appeared to be a sensitive tool in resolving the
exact contribution o f dynamic component. The plot o f preexponential factors or the
lifetime ratio versus the amylose concentration should give a slope equal to kq, kd and
ks quenching constants. Calculated dynamic part was about 20% in both cases and the
static part contributed largely to the overall quenching process. Results o f this study
confirmed the contribution from the static quenching.
M Lcclles. d y e a n d in iy lo s c

©
©

M ic e lle s « n d dye

Fig. 4. Schematic representation o f the micellization process under absence and presence o f amylose.

Detergent concentration study showed that the cationic detergent facilitated for
mation o f the amylose-Bengal Rose complex. Additionally, we might rationalize this
process in terms o f the detergent induced additional micelisation o f the system, i.e. the
amylose helix served as a chain around of which the miceles were formed. Such bind
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ing in solution might be considered as a consequence o f the rigidity loss o f the amylose m olecules caused by the detergent (see Fig. 4).
These considerations are also supported by thermodynamic parameters given in
Table 2. Positive enthalpy value indicated that the hydrogen bonding appeared to be
unfavorable and the positive entropy effect indicated the formation o f a hydrophobic
bond in the system. This might be attributed to the release o f the hydrated water m ole
cules from amylose upon binding. Thermodynamic data indicated that the driving
force for the dye complexation to amylose in aqueous and micelar solution were elec
trostatic as w ell as hydrophobic.
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POM IARY ABSORPCJI I FLUORESCENCJI KOM PLEKSÓW AM YLOZY
W DETERGENCIE KATIONOW YM UŻYW AJĄC RÓŻU BENGALSKIEGO
JAKO SONDY FLUORESCENCYJNEJ
Streszczenie
W celu określenia wpływu detergentów na proces powstawania kompleksu amyloza-barwnik przepro
wadzono pomiary absorpcji oraz fluorescencji różu bengalskiego w obecności kationowego detergenta
bromku tetradodecyltriethyloammoniowego, TDABr. Pomiary wygaszania fluorescencji różu bengalskiego
pozwoliły wyznaczyć stałą tworzenia kompleksu między barwnikiem a amylozą. Parametry termodyna
miczne obliczono z temperaturowych zależności stałych tworzenia kompleksu. Pomiary czasów życia
fluorescencji pozwoliły na określenie środowiska oraz rozkładu barwnika w badanym układzie.
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Ilość amylozy wzrastająca od 0.1% do 2% prowadzi do zmian w widmach absorpcji i fluorescencji
barwnika. Pojawienie się przy 623 nm punktu izosbestycznego wskauje na powstanie kompleksu pomię
dzy am y loząa barwnikiem. Ten proces zostaje potwierdzony w pomiarach widm fluorescencji, w których
obserwuje się zmniejszenie nateżenia oraz przesunięcie maksimum w stronę fal dłuższych. Dodanie katio
nowego detergenta do układu 1.75% amylozy z barwnikiem powoduje, że maksimum fluorescencji prze
suwa się do 600 nm, a natężenie emisji zmniejsza się pięciokrotnie w porównaniu z układem bez
detergenta. Obliczone wartości entalpii i entropii mają dodatnie wartości co stanowi wskazówkę, że
oprócz procesów elektrostatycznych w tworzeniu kompleksu uczestniczą także oddziaływania hydrofobo
we. Obliczone stałe wskazują, że obecność detergentu czterokrotnie ułatwia tworzenie kompleksu z amy-
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STARCH FLUORESCEIN COMPLEXES

Abst ract
Starch with its hydroxyiic groups can excite fluorescein. This dye, red when solid and fluorescing
when hydrated in aqueous solution exhibited a yellow fluorescence when sorbed on starch. Comparison o f
the properties o f starch - KIS, starch - fluoresceine, and starch - KIS - fluoresceine complexes led to the
conclusion that fluorescein formed surface complexes and also entered the amylose helix.

Introduction
Solid fluorescein is a red to brown powder. It develops a bright yellow color with
a strong green fluorescence on activation by hydration in an aqueous solution [1]. We
have assumed that also the hydroxyl groups o f starch could activate fluorescein.
Starch is known for its ability to accept selectively various dyes. This selectivity
results from the starch granule structure, i. e. starch morphology as well as from the
dye nature (see review by Tomasik and Schilling [2] and references therein). Accord
ing to Kobamoto [3] basic dyes adsorb to a greater extent on larger starch granules
whereas acid dyes perform better on small granules. This observation does not apply
to potato starch [4, 5]. The sorption of certain dyes on starch allows to distinguish
between crystallographic patterns o f starch (Acridine Orange) [6], to determine the
distribution of positive and negative charges in starch granules (Acridine Orange,
Erythrosine) (7), determination of a-amylose in starch (Congo Red) [5, 8] and {2-[2(4-hydroxy-6- methylpyrimidylazo-4-sulfochlorido)]-l-naphthol} [9]. The sorption of
dyes on starch changes some properties o f dyes. Thus, the fluorescence o f Acridine
Orange becomes concentration dependent [10], and Methylene Blue could be pro
tected from fading [11]. The sorption heats o f Direct Scarlet B and Chrysophenine G
on starch are hardly 29.3 and 62.8 k J/mol, respectively [12], Nevertheless, the sorp
tion of certain dyes on starch is sufficiently strong for application of such complexes
for coloring of artificial threads as shown for several sym-triazine dyes [13].
Departm ent o f Chemistry University o f Agriculture, Cracow, Poland
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The mode o f sorption o f dyes on starch is only partly recognized. It is suggested
that the sorption involves not only surface o f granules but also capillaries [14]. Fluo
rescence and optical rotatory dispersion studies carried out with Bengal Rose and
amylose strongly suggest that sorption and helical inclusion complexes are formed
[15]. The Pal [16, 17] studies on induced dichroism o f starch-iodine-Methylene blue
and starch-iodine- Acridine Orange complexes have led to the conclusion that starchiodine helical complex is wrapped inside o f an additional helix formed by these dyes.
In this paper the studies on the sorption o f fluoresceine on potato starch i. e. on a
combination of amylose and amylopectin are presented.

Materials and methods
Materials
Potato starch manufactured in Niechlów Potato Enterprise in Poland in 1994.
Fluorescein, the product o f B.D.H.
Ethanol 99.9% manufactured by Polmos Cracow.

Methods
Starch - fluoresein complexes
They were prepared by an immersion o f starch (1 g) in ethanolic solutions (100
cm3) containing subsequently 0.010, 0.050, 0.100, 0.250 and 0.500 g o f fluorescein
and refluxed for 8 hrs. After cooling to room temperature the reaction mixture was
filtered o ff and filtrate o f known volume was analyzed for the noncomplexed fluo
rescein content. The UVVIS, UV2101PC Shimazu spectrophotometer was used. The
absorbance was measured at 496 nm. The calibration curve was drawn based on the
absorbance estimations for 10"3, 10‘4, 210"4, 5TO"4, 10"5, 21 O'5 and 5-10”5 M ethanolic
fluorescein solution.

Starch - iodine complex
It was prepared according to Pal and Pal [17].

Starch-iodine-fluoresceine complex
Starch-iodine complex (7 g) was refluxed for 5 hrs in 1O'4 M ethanolic fluorescein
solution (100 cm3). Cold reaction mixture was filtered off and dried in the air.
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Fluorescence at elevated temperature
Samples o f starch - fluorescein complexes were heated at 150 and 250°C for up to
3 h, and at 300°C for 1 h and their fluorescence was checked with UV lamp at 254 and
366 nm.
Thermal analysis
All samples of plain potato starch and its complexes (200 mg in every case) were
thermally analysed in the air in the range o f 20 to 400°C with corrundum (8 mm) as the
standard. The Paulik-Paulik-Erdey 1500 instrument made in Hungary was used.

Results and discussion
The experiments showed that starch formed complexes with fluorescein but the
guestmolecule (fluorescein) uptake by starch reached around 10% o f the amount
available for the complexation (see Table 1).
The complexes were bright yellow
Table 1
demonstrating that fluorescein in the
complex was in its excited state. Temperature tests were carried out in order
to distinguish between water and the
hydroxyl ic groups
o f starch glucose
Amount o f fluorescein in 1 g o f starch
units capable o f the excitation o f fluo
Attempted
Achieved
rescein. The bright yellow fluorescence
in 10 3M
o f the complexes started to vanish just
15.40
3.12
on either 3 or 1 hour heating at 250°C
7.67
1.91
and 300°C, respectively. The samples
3.04
1.09
turned gradually brown and brown re
1.62
0.20
gions o f the complex did not fluoresce.
It is commonly accepted and experi
mentally proved [18] that starch maintained at 130°C for 2 hours was free o f adsorbed
water. Thus, the parameters at which the fluorescence o f complexes ceased eliminated
the participation o f water in the excitation o f fluorescein.
The excitation o f fluorescein in contact with starch strongly suggested that sur
face sorption complexes were formed. However, such circumstance did not eliminate a
possibility o f the parallel formation o f helical complexes. Polewski and Maciejewska
[15] proved the formation of suchstarch complexes with Bengal Rose being structur
ally close to fluorescein.Therefore, the formation o f the complex o f starch blue the
helical starch - KI3.I2 complex [2] with fluorescein was attempted. The contact of
starch blue with fluorescein gave a brown solid. The appearence o f the product sugAttempted and achieved composition o f starch fluorescein complexes
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gested that the fluorescence o f fluorescein ceased due to common heavy atom effect
on the fluorescence [19], It is likely that such effect could be observed provided that
iodine was pushed by fluorescein out o f the helical envelope and formed a brown sur
face complex with starch [20], Such possibility was examined based on thermograms
(TG, DTG, DTA) o f plain starch, starch- fluorescein complexes, starch - KI5 complex,
and starch - KI5 - fluorescein ternary complex. The complexation o f fluorescein with
starch did not affect the thermogram o f plain starch. The decomposition peaks o f fluo
rescein were hidden under strong peaks o f starch. Contrary to it fluorescein strongly
affected the thermogram of starch blue (Fig. 1).

Fig. 1. Thermograms o f starch - K I5 complex, solid lines, and starch - KI5 - fluorescein complex, broken
lines). Thermograms o f plain starch and its complexes with fluorescein are identical.
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Iodine within the amylose helix decreases the thermal starch stability. Addition of
fluorescein increased this stability, although the latter is lower than that o f the starch
fluorescein complex as shown also in Table 2.
Table 2
Thermal analysis, TG, DTG, DTA, o f starch-fluorescein, starch - iodine and starch - iodine - fluorescein
complexes, and fluorescein

Complex
Starch - fluorescein6

Characteristics3
TG:

70 (beginning o f the weight loss); 70-145, (-15%); 145-235 (-15.5%);
235-265 (-65%); 265-365 (-87%).

DTG: 9 5 s i; 2 4 0 v si; 355sh,w; 395s4-.
DTA: 1 10b,w; 180vw; 195vw; 215vw; 240w.
Starch- KI5

TG:

60 (beginning o f the weight loss); 60-155 (-8.5%); 155-165 (-35%);
165-330 (-66%); 330-350 (-78%); 350-400 (-87%). DTG: 9 5 s i;
155vs4-; 3 4 0 v sl; 3 7 0 w l; 4 0 0 si.

DTA: 110b,w; 160w; 205vw; 245sh; 260sh; 295vw; 370w; 400sh.
Starch - K IS- fluorescein

TG:

60 (beginning o f the weight loss); 60-150 (-10%); 150-315 (-69%);
315-460 (-93%).

DTG: 9 5 s i; 165vsl; 3 1 5 v si.
DTA: 110b,w; 165w; 225sh; 270sh; 280sh; 295sh.
Fluorescein

TG:

275 (beginning o f the weight loss); 275-360 (-8.5%).

DTG: 2 9 5 w i; 350vs4-.
DTA: 250b,w; 295w; 350sh; 390vw.
a The data for TG, DTG and DTA are given in °C. The arrow down denotes the endothermic process. The
values in parentheses following the TG data show the total weight loss up to the end o f the indicated
interval. The other symbols introduced are as follows: s - strong; vs - very strong; w - weak; vw - very
weak; b - broad; sh - a shoulder.
b The thermograms are identical for all starch - fluorescein complexes regardless their fluorescein content.

Also the differences in the course o f the weight loss (the TG-curve on Fig. 1)
suggests that the iodine was liberated from the complex on fluoresceine addition. In
the latter case the weight loss is easier and faster.

Conclusion
Starch formed with fluorescein surface and helical complexes. Due to excitation
with the starch hydroxylic groups complexed fluorescein fluoresce.
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KOM PLEKSY SKROBI Z FLUORESCEINĄ
Streszczenie
Skrobia może wzbudzać fluoresceinę swymi grupami hydroksylowymi. Barwnik ten jest czerwony w
fazie stałej, ale fluoryzuje po zhydratowaniu i wykazuje żółtą fluorescencję po osadzeniu na skrobi.
Porównanie właściwości kompleksów skrobi z KI5, skrobi z fluoresceiną i skrobi z fluoresceiną KI3
prowadzi do wniosku, że fluoresceiną tworzy kompleksy sorpcyjne i wchodzi też do wnętrza heliksu
amylozy.jH

„Żywność. Technologia. Jakość.

2(7)Suplement, 1996

MARK F. ZARANYIKA, EDWARD MUKUDU, ALBERT T. CHIRENJE

ACTIVATION ENERGY FOR THE SALT CATALYZED
HETEROGENEOUS DILUTE ACID HYDROLYSIS
OF THE DIFFICULTLY ACCESSIBLE PORTIONS
OF MICROCRYSTALLINE CELLULOSE

Abs t r a c t
The apparent rate constants, K „ for the heterogeneous dilute acid hydrolysis o f the difficulty accessi
ble portions o f microcrystalline cellulose in 0.3 M, 1.0 M and 1.3M HC1 containing 0.00 M, 0.08 M and
0.20 M KC1 at 60, 70, 75 and 80°C were determined by the loss-in-weight method, and the activation
energy, Ea, calculated from the In Kc versus 1/T curves, where T = absolute temperature. When hydrolysis
was carried out in 0.3 M HC1 only, a value 25 o f keals obtained for Ea. In the presence o f KC1 as added
electrolyte Ea was found to be constant with a average value o f 12.6 = 0.5 kcals m o le'1, and, in the range
o f concentrations studied, did not depend on the concentration o f the added electrolyte. A possible mecha
nism to account for the low activation energy is presented.

Introduction
The heterogeneous dilute acid hydrolysis o f cellulosic materials is characterized
by an initial fast rate of hydrolysis in the "amorphous" region o f the material, which
then decreases until a constant value is reached in the crystalline portion o f the mate
rial. The slow rate o f hydrolysis in the crystalline portion has been attributed to (a) the
intensity o f inter- and intra-chain H-bonds, and (b) restrictions to the conformational
changes necessary for the hydrolytic reaction to occur [1],
The "amorphous" region of cellulose is often assumed to be "freely" accessible to
the hydrolysing medium, so that the Arrhenius activation energy calculated from the
temperature dependence o f the rate of hydrolysis in this region corresponds to that
associated with breaking the glycosidic bond in the cellulose chains. The activation
energy for the hydrolysis of the crystalline portion, on the other hand, should include
an additional quantity o f energy related to the breaking o f inter and intra-chain HChemistry Department, University o f Zimbabwe, P 0 Box MP 167, M ount Pleasant, Harare, Zimbabwe
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bonds, as well as energy required to overcome restrictions to conformational changes
necessary for hydrolysis to occur [1-3].
Different rate laws have been proposed for the heterogenous hydrolysis o f cellu
lose. Meller4 proposed a zero order rate law for the hydrolysis o f the difficultly acces
sible portions o f cellose when determined by the loss-in-weight method:
— =k
dt

( l)

where x = % loss in weight, t = time and k is a constant represented by the slope
o f the straight portion of the rate plot. Using this law Meller obtained activation ener
gies o f 28-29 kcal/mole for the hydrolysis o f cotton linters, acetate grade pulp and
viscose grade pulp. Nelson3 used the same rate law to show that for cotton linters,
mercerized cotton, deciystallised cotton and viscose rayon, the apparent activation
energy for both the amorphous and crystalline regions ranges from 31.5 to 33.0
kcal/mole.
When the extent o f hydrolysis is followed by the change in degree o f polymeri
zation (DP), it was found that data on change in DP with duration of hydrolysis fitted
an empirical hyperbolic equation of the type:

— = — !------------------------------------------------------------- + ---------- ---kt Pt - P 0 Pm - P 0
where k is the empirical rate constant applicable over the entire range o f extent of re
action, Pt is the DP at time t, P0 is the initial DP, and Pm is the level-off DP (LODP).
Using this empirical rate law Nelson [3] obtained average activation energies for cot
ton linters and rayon o f 30 and 34 kcal/mole respectively. Similar approaches were
used by several workers prior to Nelson. Sharpies [2] used this approach and obtained
activation energies o f 31 kcal/mole for the homogeneous hydrolysis o f cellobiose and
28 kcal/mole for the accessible fraction in cotton and 38 kcal/mole for the crystalline
portion o f cotton. Foster and Wardrops obtained a value o f 38 kcal/mole for the crys
talline fraction of halocellulose. Gibbons [6], and Higgins [7], obtained values ranging
from 27 to 35 kcal/mole for different cellulosic materials.
Although there is some variation in the values o f Ea reported for different cellu
losic materials and different acids used, it is now commonly accepted that the activa
tion energy for the homogeneous acid hydrolysis o f cellulose is 28-29 kcal/mole [8],
This is attributed to the energy required to break the glycosidic bond. The activation
energy for the hydrolysis o f the crystalline region is about 38 kcal/mole, since addi
tional energy is required to break H-bonds in addition to the glycosidic bonds. The
energy o f an H-bond is often between 3 and 9 kcal/mole [8].
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Zaranyika and his co-workers [9, 10] demonstrated that the rate o f the heteroge
neous dilute acid hydrolysis o f cellulose is enhanced considerably by the addition of
an electrolyte, and that the kinetics o f the reaction can be described in terms o f a
model based on Donnan's theory o f membrane equilibria. According to tly port this
model, the rate o f hydrolysis of the difficultly accesible portion o f cellulose is given
by:
(dp/dt)c = kc[H ]c[s]
= KC"D [H+]s[X']s[S] = ke [H+]S[X-]

(3)
(4)

Where Pdenotes products, D is the diffusion coefficient of any added electrolyte MX
in the solution phase of the system, [FT], [X ] and [S] are the hydrogen ion, and
counter ion and reaction site concentrations respectively, the subscript C and S denotes
cellulose and solution phases o f the system respectively, Kc" is a "form factor" relating
the diffusion coefficient, D', o f the added electrolyte in the cellulose phase o f the sys
tem to D, the diffusion coefficient o f the electrolyte in the solution phase of the sys
tem, and kc = KC"D, the apparent rate constant for the reaction.
From the brief review above it is apparent that the effect o f added electrolyte on
activation energy for the hydrolysis of cellulose has not been studied. The aim o f the
present work was therefore to study the effect of added electrolyte on the activation
energy for the hydrolysis o f the crystalline regions o f microcrystalline cellulose. The
effect of changing the concentration of the added electrolyte used are also investi
gated.

Experimental
Equipment
The equipment used in these experiments was described previously [9],

Materials
The following materials were used: MN - cellulose powder 300 for thin layer
chromatography with averages particle size o f 10 |a.m (Macheren Nagel and Co.,
U.K.); potassium chloride and hydrochloric acid - A.R. grade.

Procedure
The loss-in-weight method o f Meller for the determination of the hydrolysis rate
was used in these experiments. The detailed experimental procedures followed were
described previously [9]. Percentage loss-in-weight figures obtained are plotted against
time in figures I. The rate o f hydrolysis, Vc, given by the slope o f the straight portion
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o f the hydrolysis curve for the crystalline portion is converted to units of moles of
glucose per second (M s'1). The rate constant, KC"D, is calculated (Table 1) and plotted
against 1/T in figures 2 and 3.
Table 1
A pparent rate constants, kc, for the hydrolysis o f the difficultly accessible portions o f microcrystalline
cellulose at various temperatures as a function o f acid and added electrolyte concentrations

[HC1]

Temp. (°C)

0.3 M.

60
70
75
80

1.0 M.

60
70
75
80

1.3 M.

60
70
75
80

k (xlO '8 mol 's."1)
0.00 M. KC1

0.08 M. KC1

0.20 M. KC1

1.02
1.53
3.82
9.90

21.1
34.6
56.9
63.2

17.6
29.0
36.6
52.6

2.7
4.6
6.2
7.9

1.4
8.7
12.2
12.6

0.86
1.10
2.20
2.30

Results and discussion
Figures 1 to 3 show that the plot of In kc versus 1/T for the crystalline portion of
cellulose is linear. We conclude therefore that the hydrolysis o f the difficulty accessi
ble portion follows an Arrhenius type equation. Ea values calculated from the slope of
the In kc' versus 1/T curves are shown in table 2. Table 2 shows that when hydrolysis
is carried out in 0.3M H Cl a value o f 25 kcals/mole is obtained for Ea, in close agree
ment with the values o f 27-29 Kcals by Meller4 reported. When hydrolysis is carried
out in the presence o f added electrolyte a constant value o f Ea o f 12.6 kcal/mole is
obtained. This appears to be constant irrespective o f the concentration o f added salt.
M uhlethaler [11] has proposed that crystalline cellulose is composed o f cellulose
microfibrils, each consisting of 36 cellulose molecule chains from 1 000 to 15000 glu
cose units. These molecules are oriented in the same direction, are parallel to one an
other, and are connected by means of interchain or intermolecular H-bonds between
OH-3 in one chain to OH-6 in another to form a layer structure in the A-C plane. In
addition intrachain or intramolecular H-bonds exist between the hydroxyls on C-2 and
C-6, and OH-3 and the pyranose ring oxygen o f successive glucose units. In the A-B
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plane, the space between the layers, which are held together by weak Van der Waals
forces, is hydrophobic, the "amorphous" regions occurring at chain-ends or interrup
tions in the microfibrils.
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Fig. 1. Plot o f percentage-loss-in-weight versus time for the dilute acid hydrolysis o f microcrystalline
cellulose at different temperatures.
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Fig. 2. Plot o f In Kc versus 1/T for the later (straight) portion o f the hydrolysis curve (from Fig. 1).

The total activation energy of 25-30 kcal/mole obtained in the absence o f the salt
catalyst includes the excess energy required to break H-bonds between cellulose
chains. The breaking o f intermolecular (or inter-chain) H-bonds occurs by intercala
tion o f H20 molecules into the H-bonds between cellulose chains resulting in inter
crystalline swelling. A notable feature of this inter-crystalline swelling is that from the
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crystalline region outwards, the sorbed water molecules become progressively more
loosely bound to the cellulose chains, and that even in these regions o f more loosely
bound water molecules, the intramolecular H-bonds can remain intact depending on
the reaction conditions [12].
Table 2
A ctivation energy values at different levels o f HC1 and added KC1 concentrations

Activation Energy (kcal/mole)

[KC1]
1.3 M. HC1

1.0 M. HC1

0.3 M. HC1

0.00 M.

30.7*

25.8

0.08 M.

12.66

13.57

12.03

12.43

0.20 M.

12.6

* Literature value for celobiose [4].

The activation energy results obtained above throw some light on the mechanism
o f the hydrolysis o f the glycosidic bond in the heterogeneous dilute acid hydrolysis of
cellulose. The kinetic model on which the results are based assumes the following
elementary steps [9]:
H30 + + S

S.(H30 ) + -> P

(5)

where S is the reaction site and P denotes products. Since heterogeneous dilute acid
hydrolysis o f cellulose involves breaking intermolecular H-bonds, intra-molecular Hbonds and the glycosidic bonds, S can be (a) the intermolecular H-bond, (b) the intra
molecular H-bond, or (c) the glycosidic bond, as shown in table 3, where the corre
sponding reactions are indicated.
As discussed in the preceeding paragraph the activation energy study results ob
tained in the present work can distinguish between (a) and (c), but cannot distinguish
between (a) and (b), or (b) and (c). Nevertheless, assuming the minimum activation
energy o f 12-13 Kcal relates to the breaking o f the glycocidic bond, then since this
activation energy is close in magnitude to the activation for breaking H-bonds, we
conclude that the activated complex involved is the protonated glycosidic bond, and
that the formation o f products, P, from this complex must involve even lower activa
tion energy step(s).
Two mechanisms were proposed for the hydrolysis o f glycosides by Edward [13]
and Bunton et al. [14] respectively. The mechanism proposed by Edward involves
protonation o f the oxygen o f the aglycone and the formation o f a cyclic carboniumoxonium ion as the rate determining step. Bunton et al proposed a mechanism initiated
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by protonation o f the ring oxygen followed by formation o f an acyclic carbonium ion
intermediate again as the rate determining step. Both mechanisms are not consistent
with the low activation energy o f 12-13 kcal/mole obtained in the present work. The
formation o f the carbonum-oxonium ions is expected to involve high activation energy
in order to break the C-0 bond, and to overcome restrictions to conformational changes
necessary for the formation o f these ions [3, 4],
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3o *

OH
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Fig. 3.
Table 3
Types o f reaction sites in heterogeneous dilute acid hydrolysis o f cellulose

s

Reaction

a.

Inter-molecular
H-bond

Intercalation o f H ,0

b.

Inter-molecular
FI-bond

Intercalation o f H20

c.

Glycosidic bond

Hydrolysis

ACTIVATION ENERGY FOR THE SALT CATALYZED HETEROGENEOUS DILUTE ACID HYDROLYSIS OF.
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The mechanism in Figure 3 would be consistent with the low activation energy of
12-13 kcal/mole obtained in the present work, and is put forward as a plausible
mechanism for the hydrolysis o f the glycosidic bond in cellulose. In heterogenous
dilute acid hydrolysis o f cellulose, the glycocidic bond can be approached by the hydroxonium ion in the A - C plane only because the space between cellulose layers in
the A - B plane is hydrophobic. This means that the glycosidic bond is protected by the
intra-molecuiar H-bonds between the hydroxyls on C-2 and C-6, and OH-3 and the
pyranose ring oxygen. In turn the intramolecular H-bonds are protected by the intermolecular H-bonds. For breaking intermolecular H-bonds penetration o f the H30 + ions
into the crystallites is very slow and, in the absence o f added salt, is rate limiting. Ad
dition o f an inert electrolyte catalyses the penetration of the H30 + ions into the crys
tallites and the breaking o f the glycocidic bond becomes rate limiting. Further support
of the mechanism proposed above comes from the fact that high levels and rates of
hydrolysis are obtained when heterogeneous dilute acid hydrolysis o f cellulose is car
ried out under pressure [15].
Table 1 shows that the rate constant for the salt catalysed heterogeneous dilute
acid hydrolysis of cellulose decreases us the concentration of the added electrolyte
increases. The rate constant, kę = V d (see eqn 4), is identifiable with the flux o f the
hydrolysing medium into the crystallites. By definition the flux is given by
Flux = Mobility x concentration x total driving force
The total driving force is composed o f an electrical term and anosmotic term.
The electrical term is the basis o f the Donnan Theory, and has a positive effect on the
rate constant, i.e. an increase in the electrical term should lead to an increase in the
rate constant. The osmotic term on the other hand tends to reduce the flux o f the hy
drolysing medium into the crystallites, so that at high electrolyte concentrations, the
rate constant begins to drop as the effect o f the osmotic term becomes greater than the
effect o f the electrical term. In previous paper we showed that this point is reached at a
concentration o f 0.028 molar added salt in the case o f Li Cl catalyst [10].
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ENERGIA AKTYW ACJI KATALIZOWANEJ SOLAMI HETEROGENNEJ HYDROLIZY
ROZCIEŃCZONYM KWASEM TRUDNO DOSTĘPNYCH CZĘŚCI
MIKROKRYSTALICZNEJ CELULOZY

Streszczenie
Wyznaczano pozorne stałe szybkości, Kc, heterogennej hydrolizy rozcieńczonym kwasem trudno dostęp
nych części mikrokrystalicznej celulozy w 0,3, 1,0 i 1,3 M kwasie solnym zawierającym 0.00, 0,08 i 0,20 M
KC1 w 60, 70, 75 i 80°C posługując się metodą ubytku wagi. Energie aktywacji Ea obliczono z krzywych
ln Kc-1/T gdzie T jest temperaturą absolutną. Gdy hydrolizę przeprowadzano w 0,3 M kwasie solnym otrzy
mano dla Ea zaledwie 25 kcal/mol. Wobec dodanego KC1 jako elektrolitu Ea nie zmieniała się, a średnia
wartość 12,6 = 0,5 kcal/mol i w badanym zakresie była niezależna od stężenia dodanego elektrolitu. Przed
stawiono prawdopodobny mechanizm odpowiadający za niską energię aktywacji.Hjj
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MODIFIED STARCH-BASED PREPARATIONS WITH
ANTISEPTIC ACTION

Positive clinical effects in treatment wounds with iodofors depend to a large ex
tent on physicochemical properties o f iodine complexes. They include a high ability to
swelling and absorbing liquids. Therefore, studies on improvement o f iodofors con
cern the applicability for iodine complexing o f such carriers which under the influence
o f liquids do not dissolve but swell and, at the same time, release active iodine.
The aim o f the study was to obtain a Polish starch-based iodine preparation which
could be used in treating surface wounds on skin.
In the investigations potato and corn starch was used. Two types o f starch were
characterized by different ratios o f amylose to amylopectin (1:4, 4:1, respectively).
Starch modification consisted o f etherification, cross-linking o f the etherified starch,
and complexing with iodine. During the starch etherification, conditions for produc
tion o f carboxymethyl starch were determined. This starch was characterized by low
viscosity (below 50 Pas), and water retention coefficient (RE) reaching about 5.
The best results were obtained for corn starch with increased amylose content,
when the etherification was carried out using monochloroacetic acid in a hydrated
medium. In order to obtain the preparation in the form o f gel, the carboxymethyl starch
was cross-linked. The cross-linking was performed using epichlorohydrin. The best gel
quantity and quality were obtained when the cross-linking o f corn carboxymethyl
starch was performed in a dispersion for 20 hrs at 50°C. Attempts to form an iodine
complex o f the cross-linked carboxymethyl starch were made using 1.5% solution o f
iodine at variable time o f iodination (1 to 5 hours). It was found that the best iodosorbs
were obtained from the corn starch containing over 40% o f amylose.jH
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