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ABSTRACT
This project has been undertaken to develop a fundamental understanding of the
spherulitic self-assembly of starch polymers from aqueous solution, both as a model for
starch granule initiation in vivo and as a biologically-inspired material with applications
in the food and pharmaceutical industries. Botanical starches were observed to form
semi-crystalline spherulites from aqueous solution when cooled after a high temperature
treatment, and the processes resulting in spherulite formation were investigated.
Based on the influence of cooling rate on spherulite formation from a botanical starch,
liquid-liquid demixing in competition with crystallization was proposed as the
mechanism leading to spherulite formation (summarized in a hypothetical phase
diagram). Study of amylose and amylopectin self-assembly demonstrated that the linear
polymer plays the primary role in forming spherulites. As a result, the roles of degree of
polymerization, concentration, and thermal processing conditions on amylose selfassembly were explored. Thermal properties, final system morphology, and crystalline
allomorph were characterized.

In all cases the experimental findings supported the

proposed phase diagram.
Finally, the crystalline nanostructure of the spherulites was probed using atomic force
microscopy (AFM), revealing a seemingly universal level of structure in crystalline
starch materials. This was compared to an existing model of crystallization for synthetic
polymers involving a transitional liquid crystalline-like ordering – a comparison that
makes sense in light of the known helical structure of starch.
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Chapter 1
Self-Assembly of Amylose from Aqueous Solution: Literature Review

1.1 Introduction
Starch is one of the most important plant products to man, represents a large
source of daily caloric intake for much of the worlds’ population, and has many
important non-food uses. It is useful for a multitude of applications because of several
characteristics unique to biopolymers.1 Starch is environmentally-friendly, abundant,
relatively inexpensive, and has unique functionality that includes the formation of single
and double helices and complexes with other molecules. As a result, there is a large
demand for starch-based products and materials. Starch is utilized to make foams for
packaging materials, as a starting material for adhesive products, as a filler with other
polymers, and in biomedical and drug delivery applications where biodegradability is
desired. Despite its relatively widespread use, the need remains to better understand the
unique properties of this complex biopolymer in order to more efficiently utilize available
starch resources. For example, greater quantitative understanding of starch self-assembly
will give researchers and industries information necessary for the development of new
starch-based products and improvement of current starch processing technology.
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1.2 Chemistry
The major sources of starch for human use are cereals (corn, barley, wheat, etc), roots,
and tubers (potatoes, yams, etc).2 The two principal components of starch are amylose
and amylopectin. Both polymers are composed of α-D glucose (Figure 1-1). Amylose
consists of linear chains of α-1,4 linked glucose.3 Amylopectin, a much higher molecular
weight polyglucan, consists of α-1,4 linked glucose units with frequent α-1,6 linked
branches. These branch points occur on average every 20-25 straight chain residues. The
original definition of “amylose” was based on the interaction between the polymer and
polyiodine ions in aqueous solution, though there are now more quantitative means of
distinguishing between the two polymers, including differential scanning calorimetry
(DSC) and nuclear magnetic resonance (NMR).4,5,6,7
The presence of a single monomer and only two types of linkages originally misled
many biochemists to assume that starch biosynthesis consisted of a simple pathway.
Such assumptions have been shown to be incorrect and the current picture of starch
biosynthesis is very complicated – for further information, review articles and books
dedicated to the subject are available.8,9,10

Figure 1-1: The structure of α-D glucose.
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1.2.1 Amylopectin
Amylopectin is one of the largest molecules found in nature, with a typical molecular
weight (MW) of 108 g mol-1 (0.4-35 x 106 glucose units) and hydrodynamic radius in
aqueous solution of 21-75 nm.3 Branching of the amylopectin molecule is considered to
be nonrandom.11,12 The prevailing model of amylopectin chain architecture is the socalled ‘cluster model’ (Figure 1-2). In this model, the sole reducing end of the chain (the
unbonded C1 – as shown in Figure 1-1) is located on a single chain referred to as the C
chain. A number of so-called B chains branch off from the C chain. Connected to the B
chains are a number of A chains. The A chains are on the order of 12-20 DP (degree of
polymerization, the number of glucose monomers in the sub-chain) while B chains are
nearer to 45 DP in length, so that each B chain spans several ‘clusters’ of A chains. The
ratio of A:B chains has been estimated to be between 1:1 and 1.5:1,3 depending on the
botanical source of the amylopectin.

B
C

A
Figure 1-2: Simplified model of a proposed structure of amylopectin. Note the C chain at
the right with the sole reducing end of the molecule (represented by the open circle).
Reproduced from reference 3.
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1.2.2 Amylose
Amylose has an average MW between 103 to 106 g mol-1 (2-12 x 103 glucose units) and
has a polydispersity (DPw/DPn) of 1.3-3.4.13,14 Common solvents for amylose are hot
water, aqueous solutions of sodium or potassium hydroxide, and dimethyl sulfoxide
(DMSO).

Crystalline regions require aggressive dissolution conditions, and

reaggregation or re-crystallization, also known as retrogradation, of amylose from
aqueous solution is likely.15
There has been considerable discussion about the solution conformation of amylose.
Amylose behaves as a partially flexible coil with a hydrodynamic volume ~7-22 nm3 in
aqueous solution, and as a flexible chain in a good solvent like dimethyl sulfoxide
(DMSO).3,15 Everett and Foster have proposed that amylose can exist as either coiled or
helical conformations in solution.16 The proposed chain conformation in DMSO solution
is based on an irregular local arrangement of helical segments with a high degree of
flexibility, referred to as a helical wormlike (HW) chain.17 It has been shown using
simulations and light scattering that this HW model is also consistent with the behavior
observed for amylose in a variety of solvents.18,19,20
Amylose has the propensity to aggregate from aqueous solution over time, the resulting
morphology of the precipitate being dependent on several factors. The aggregation of
amylose observed from relatively dilute solution (< 2% w/v) has a strong dependence on
chain length.21,22 At a given solution concentration, the rate of aggregation is slow for
amylose chains shorter than DP 50, increases to a maximum at DP ~ 80, then steadily
becomes slower until at DP > 2000 only very limited aggregation is observed. Gidley

5
proposed that the mechanism of aggregation in amylose solution is dependant on the
formation of interchain double helices, the details of which will be discussed later.23
Amylose solutions of higher concentration (2-20% w/v) typically form gels from aqueous
solution on reaggregation. Amylose gels are composed of physical junctions (usually
crystalline) linking a network structure. Studies on native starches in semi-dilute solution
(5-30% w/v) have shown that aggregation occurs more rapidly and at lower concentration
if the amylose content of the starch is high.24 At room temperature, amylose is not likely
to form a stable aqueous solution. It has been suggested that the solution will exist in a
metastable state when the solution has been cooled below 80 °C and liquid/solid phase
separation can be expected below this point as helices form and aggregate.24

1.3 In Vivo Organization: The Starch Granule
In plants, starch is found as semi-crystalline granules having a variety of morphologies.
The shape, composition, and internal structure of granules depend on botanical origin,
which determines characteristics such as amylose/amylopectin ratio, branching and
molecular weight, and presence of other biological molecules.25 Amylose content varies
by botanical source but is typically between 20 and 30% for most normal cereal
starches.26 Starches that have been specifically bred or designed for particular properties,
like waxy maize with ~1% amylose or high-amylose maize with ~52% amylose, fall
outside the usual range. A schematic representation of starch granule structure appears in
Figure 1-3.25
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Granules vary in size and shape. Granules range from 1 μm to 100 μm in diameter and
shapes include discs, spheres, ovals, and spheres surrounded by discs.25 Irregular shapes
such as rods, hollow tubes, polyhedra, elongated compound filaments, and squash-shaped
structures also have been reported. Some plants have been observed to form multiple
granule types; possibly marking different stages in granule development. Larger granules
are observed to display positive birefringence when viewed under polarized light,
indicating a radial orientation of the polymer chains. Birefringence does not necessary
relate directly to crystallinity; it merely implies that there is a high degree of molecular
order. Researchers utilizing acid hydrolysis, which selectively degrades non-crystalline
regions, have shown that the granule is composed of alternating layers of crystalline and
amorphous material.27 These amorphous and semi-crystalline layers are between 120400 nm thick. Within the semi-crystalline layers, the structure has been determined to be
regularly alternating crystalline layers spaced with amorphous material between. The
amorphous and crystalline layer combine to measure ~9-10 nm in thickness, a feature
which appears to be universal to starch granules regardless of botanical origin.28
Additionally, the appearance of a blocklet structuring of the semi-crystalline starch has
been described.29 These blocklets are thought to be formed due to the unique chain
structure of amylopectin and its organization within the granule.
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Figure 1-3: Schematic representation of the different structural levels of the starch
granule and the involvement of amylose and amylopectin. Figure from Reference 25.
The percent crystallinity of starch granules varies by botanical source. The technique
used to measure “crystallinity” can also have an impact on the reported value. For
example, normal maize starch has been reported to have 18-27% crystallinity using acid
hydrolysis as the measure, 38-43% crystallinity using X-ray diffraction, or 42-43% using
13

C-NMR.25 The considerably lower “crystallinity” determined by acid hydrolysis is

likely due to some degradation of crystalline as well as amorphous chain segments during
the treatment process.
At the center of the granule, beneath the alternating crystalline and amorphous layers,
is a central core known as the hilum, about which little is known except that it is very
different than the bulk of the granule. Some researchers target the hilum as part of the
biosynthetic formation process, while others assign a more physical mechanism to its
formation.8
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In starch granules the crystalline material is not composed of amylose, but rather of
bundles of double helical amylopectin branches.25 Robin and French have modeled
amylopectin and demonstrated that this organization is reasonable.30,31 Crystalline side
chain clusters (comprised of the aforementioned A chains) of amylopectin have been
shown to organize into spherical ‘blocklets’ ranging in diameter from 20 to 500 nm
depending on botanical source and location in the granule.29 That the structure of waxy
maize starch granules, with little or no amylose present, has a similar overall internal
structure as normal maize starch granules makes sense, since the crystalline material in
both originates from amylopectin.

Also, when starches are suspended in water at

temperatures slightly below the gelatinization (melting) temperature, a considerable
portion of the amylose content is released into the solution while the crystalline structure
of the granules remains.26 This is further evidence that amylose is not involved in the
crystallinity of the granules.

1.4 Crystalline Allomorphs
Starch biopolymers and their complexes crystallize into one of four unit cell structures.
The so-called “A” double helical crystalline allomorph was originally proposed to consist
of an orthorhombic unit cell.32 This model was based on right-handed parallel-stranded,
double helices, packed antiparallel in the unit cell.33 More recent interpretations of
electron diffraction patterns have indicated monoclinic symmetry with left-handed
parallel-stranded double helices.34

Calculated unit cell density for the monoclinic

structure is in good agreement with the experimental crystalline density.35

The
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monoclinic cell contains 12 glucose residues and a variable number (~4) of water
molecules.
The unit cell structure of the “B” crystalline allomorph has been well characterized as
hexagonal. The fraction of water in the B unit cell can range from 10 to 50%, a much
larger proportion than in the A allomorph.36 A hydration level of about 27% corresponds
to between 30-40 water molecules in the unit cell.

Modeling leads to a favorable

packing of 36 water molecules in the B unit cell structure.35 As for the A allomorph,
there is some disagreement as to the handedness of the double helical form and the nature
of the crystal packing.35,32 The B unit cell has commonly accepted dimensions (a = b =
1.85 nm, c = 1.04 nm; α = β = 90°, γ = 120°).33,35 A recent study of amylose fibers by Xray diffraction concludes that the double helices are left-handed and pack in a parallel
manner.37 It is possible to irreversibly transition the B unit cell to the A-type under low
humidity conditions or heating, but it is not possible to transition from A to B-type
without removing all crystalline order first.38,39
The “C” crystalline allomorph is usually defined as a mixture of the A and B
allomorphs, though Zobel counters that C can be considered a distinct structure since it is
formed under specific and predictable conditions, and that there appears to be sufficient
freedom of translational and lateral packing to account for a separate form.38 Despite
this, no specific model of the C unit cell has been reported other than those who contend
that it is simply a mixture of A and B-type crystalline packing. Experimentally, the
observed diffraction pattern exhibits peaks from the A and B allomorphs.
The so-called “V” crystalline allomorph is composed of single helices wound about
compounds such as iodine, DMSO, alcohols, or fatty acids. Although these compounds
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are required to form the V-type unit cell, they are not uniformly distributed throughout
the single helical structure.40 The crystallinity of the single helical allomorph has been
shown to be dependant on ligand length and size. Crystallinity decreases as the ligand
becomes bulkier and length of the unit cell c-axis increases to a limiting value as the
length of the ligand increases.41 Packing of the single helices in the V unit cell is
orthorhombic and close-packed.38,42 The fact that the single helical inclusion complex
forms only from amylose has been utilized to develop a method of determining amylose
content in starch by DSC.4,6 The V allomorph can be reorganized into the B allomorph if
the ligands are removed under certain conditions, but the reverse cannot be accomplished
without dissolution of the B crystalline structure.38

1.5 Glass Transition
Research has shown that the glass transition temperature (Tg) of starch – water
mixtures is extremely sensitive to the fraction of water due to the stabilizing effect of
hydrogen bonding from the water molecules.43,44 Tg changes dramatically within the
narrow moisture range from 13 to 22%. Tg occurs below room temperature at moisture
contents greater than 22%, and is broad and ill-defined below 13% moisture. As the
moisture content of the starch drops below 10%, the glass transition temperature
approaches 150-200 °C, but cannot be directly measured because of thermal degradation.
The transition quickly decreases to 0-20 °C at a water fraction of 20%. Further addition
of water continues to decrease the Tg of the starch –water mixture, toward a limiting
value between 0 and -10 °C.44,45 The high Tg at low water contents is likely indicative
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of strong inter- and intrachain hydrogen-bonding. A higher degree of starch crystallinity
leads to an increase in Tg and enhances the sensitivity of the glass transition to water.43
Since the glass transition is dependent on a solvents’ H-bonding interactions with starch,
it can be altered using a non-aqueous solvent or plasticizer.46

1.6 Amylose Organization
Double and single helical amylose conformations are critical for the formation of gels
and crystalline precipitates from amylose solutions.47 The helical structure of starch was
first proposed in 1937,48 long before the double helical nature of DNA was identified, and
crystallographic evidence was reported in 1943.49

In addition to DNA and starch,

hyaluronic acid has been proposed to form double helices.50 Figure 1-4 shows the double
helical conformation of amylose.51
The helical conformation has been studied using Fourier Transform Infrared (FTIR)
spectroscopy,47 NMR,52 and X-ray scattering.34 This research has shown that water plays
an integral role in the formation of the helical structure. The typical starch double helix
is organized in a way that distributes the hydrophobic and hydrophilic regions of the
glucose monomer over the surface of the structure. As hydration levels (h = g water/g
dry saccharride) increase there is a change in the ordering of the water around the
polymer. At h < 0.3 water is organized and bound around the helices, while at h > 0.33
excess water is mobile and freezable.
The formation of helices from amylose is due to the preferred orientation of adjacent
glucose monomers connected through α-(1,4) bonds. This is illustrated in Figure 1-4.
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Molecular modeling has shown that there is an energy minimum when the O1-C1-O4´C4´ and C1-O4´-C4´-C5´ torsion angles are 83.8 and -144.6°, respectively.53 A helix built
with these dimensions can be packed into double helices. These helices can unravel
when heated in water, but if given time the double helical units can reform and the starch
then precipitates from solution. NMR of amylose in various solvents has shown that
differences in solute size and hydrogen bonding capability can lead to differences in the
helical conformation.52
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Figure 1-4: (a) The bond structure of amylose, showing the torsion angles (curved
arrows) across the glycosidic bond connecting the two glucose units. If a series of
glucose units is connected maintaining these torsion angles across the glycosidic bonds, a
lefthanded helix is obtained. (b) Two helices entwined give the double helix of starch.
Each diamond represents a glucose unit. (c) A space filled model of a segment of the
starch double helix. Each strand is 8 glucose units long. One strand has been colored a
uniform dark gray to distinguish it from the other. The black atoms in the light strand are
oxygen atoms, the large light gray atoms are carbons, and the small near-white atoms are
hydrogens. (d) The packing of starch helices in B-type crystalline structure of starch,
viewed along the long axes of the helices. The central cavity of each helix is too small to
accommodate water molecules. However, large “water channels”, each surrounded by six
starch helices, are filled with water molecules (up to 36 per unit cell, not shown).
Reproduced from Reference 51.
Single helical amylose behaves similarly to other cyclodextrins by forming a relatively
hydrophobic inner surface that surrounds a relatively stable spiral of water molecules,
which can be replaced by hydrophobic lipid or aromatic molecules.54 The single helical
structure is also responsible for the characteristic binding of amylose to charged iodine
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molecules as discussed in the preceding section. This binding is the basis of the original
definition of “amylose”; dissolved amylose forms single helical complexes with iodine
that in turn lead to a bright blue solution. The amylose single helix is left-handed with
six glucose units per turn of the helix for complexes with most small molecules (~8 Å).
Figure 1-5 shows single helical amylose compared to the double helical form.51

Figure 1-5: Left: one turn of the type V form of starch, viewed down the axis of the
helix. A short n-alkane has been placed in the central cavity to show fit. The darker large
atoms are oxygen’s, the lighter large atoms are carbons, and the small light atoms are
hydrogens. The carbons nearest the observer are the C6 carbons of the glucose ring. The
hydroxyls on the C6 carbons hydrogen-bond to those on the C2 carbon atoms of the
glucose units in the next turn of the helix. Right: a view down the axis of the helix of type
A or type B starch in which the starch organizes as a double helix. Reproduced from
reference 51.
The thermodynamically favored product of the addition of hydrophobic compounds to
a cooling aqueous amylose solution is a single helical amylose complex, rather than a
double helical crystalline precipitate.55 Since the double helical form of amylose is noted
to be more stable than the single helical form, it has been hypothesized that the formation
of the single helical complex is dependant on kinetic factors.3 Monoglycerides (chain
lengths 10-18),56 fatty acids (chain lengths 2-22),56 iodine, flavor compounds, and
emulsifiers57 all form single helical starch inclusion complexes. The melting temperature
of the complex is dependent on the ligand.58 The structure of the complex is altered as
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ligands with different architectures are utilized. For example, complexes with a lipid
normally form a 3 turn helix about the monoacyl chain, each turn composed of 6 glucose
residue. When the ligand is larger, 7 or 8 glucose residues are required to form a single
turn.59 Single helical complexes precipitate from solution, as will be discussed later.40,57

1.7 Gelatinization
The crystalline and amorphous ordering of granules can be disrupted by heating in the
presence of water.60 When an aqueous suspension containing starch granules is heated
above a characteristic temperature (called the gelatinization temperature) irreversible
swelling of the granules occurs.61 The swelling is accompanied by a loss of order,
crystallinity, and solubilization of the amylose contained in the granule. Heating to >100
°C in the presence of a solvent is required to completely dissolve the crystalline
amylopectin network.62 Gelatinization (the granular swelling) normally occurs between
50-75 °C. Dissolution of crystalline starch is dependent on crystal thickness and type.63
Typically, as crystal thickness increases the solubilization temperature also increases.
The predicted dissolution temperature of the crystalline structure of amylose in water
ranges from a low of 57 °C for very low MW to a theoretical maximum of 147 °C for
high MW amylose.64
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1.8 Phase Separation, Crystallization, and Gelation of Starch
Gelation, crystallization, and phase separation are three ways to describe the same
processes, though each connotes a specific type(s) of organization. These processes
occur in aqueous starch solutions and the terms are often used interchangeably to
describe certain self-assembly processes in starch. Though the specific processes will be
explained in much more detail later, clarification of what is meant by these terms (as they
will be used throughout this thesis) is important.
Phase separation in a polymer-solvent system can occur either by raising the solution to
a high temperature, the Lower Critical Solution Temperature (LCST) or by lowering the
temperature, the Upper Critical Solution Temperature (UCST).65

Depending on the

concentration of the system, the value of the UCST or LCST can change. It is best to
think of each as a phase boundary in T-composition space. For the starch system in this
thesis, phase separation occurs on lowering the temperature (UCST). Polymer molecular
weight, the interactions between the polymer and solvent, and intra- and inter-chain
hydrogen bonding (if present) all play a role in determining the phase behavior of a
polymer solution.
Both gelation and crystallization from a polymer solution are examples of phase
separation – the polymer forms structure that is no longer part of the solution. Gelation
involves phase separation of the polymer from solution to form a network structure.
Keller, in his exhaustive review of gels, writes, “there is no simple and unique definition .
. . Its main constituent is a fluid (in this case water) yet it retains its shape, a feature
characteristic of the solid state of matter. Yet it is not an ordinary solid . . . its retention
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of shape implies some connectedness throughout the system . . . implying, in turn, the
existence of a network.”66 The network structure is connected through the physical
junctions that crystalline segments provide. Crystallization can occur without gelation,
and phase separation can occur without crystallization or gel network formation. The
latter example of phase separation is described as liquid-liquid demixing. Any case of
phase separation can result in the formation of a variety of morphologies.
Burchard studied such processes in solutions containing different amylose
concentrations, demonstrating that higher amylose concentrations resulted in increasingly
unstable solutions that resulted in the precipitation of a semi-crystalline solid.67 Strong
self-association between polysaccharide molecules arises from the abundant presence of
hydroxyl groups which readily form hydrogen bonds.

As solution concentration

decreases the driving force for association is weakened. Reversible association of starch
and other biopolymers into gels has been described in detail.68,69
Amylose is primarily responsible for network formation and structure of retrograded
(precipitated semi-crystalline) starches.70 The investigation of structure formation in
mixed amylose/amylopectin solutions has demonstrated the complex interplay between
the two macromolecules during precipitation from solution. NMR, X-ray diffraction
(XRD), and rheological measurements led to the hypothesis that in a system containing
both, amylopectin acts to initiate phase separation of amylose.71
Gidley has shown that the formation of amylose networks and precipitates relies on the
formation of interchain double helices.23 Depending on amylose chain length, either a
gel network or a semi-crystalline precipitate can form.72 At concentrations in the range
from 0.2-5% (w/v), amylose with DP < 110 precipitates into crystalline aggregates, for
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chain lengths from 250-660 DP both semi-crystalline precipitate and gel forms, and
gelation dominates for amylose with DP >1100.72

These observations led to the

conclusion that interaction of helices involves chain segments <100 residues.

As

concentration increases at any molecular weight, gelation becomes increasing prevalent.73

1.8.1 Starch Gelation
Starch retrogradation, or recrystallization, occurs when an aqueous starch solution is
cooled or the water evaporated. For gelatinized granules, cooling results in the formation
of a turbid viscous paste or, at higher concentration with the proper preparation
conditions, an opaque elastic gel. The gel network is made up of amylose while the
amylopectin remains in roughly granular form.74 Gelation is the most likely physical
process to occur during cooling of an amylose solution. The crystalline allomorph of the
junction zones that link the network of an amylose gel is normally B-type. Amylose
solutions with a concentration > 1.5 % (w/w) and DP >110 will gel during cooling under
normal preparation conditions.72 The rate and extent of network formation increase with
increasing MW, and the process is best described as phase separation of amylose into a
polymer-rich network interspersed with a solvent-rich phase.75 Network formation is
envisaged to proceed by double helix formation and aggregation into crystalline junction
zones.60 Short segments of helical order interconnect to form the gel structure. Nearly all
of the factors that contribute to the functionality of starch gels have been researched
extensively.

Water content,76 thermal history,77 microstructure,78 chain length72 and

amylose/amylopectin ratio70 have all been investigated. The crystalline junction structure
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of the gel can be melted and reformed, so the starch gel structure is considered
thermoreversible.68
In determining the effect of thermal history on the formation of amylose gels, Doublier
presaged our group’s current work by demonstrating that when heated to a dissolution
temperature (Td) < 160 °C, a gel will form upon cooling the solution and that at Td > 160
°C amylose crystals will precipitate from solution.77 Unfortunately, Doublier did not
publish an investigation of the crystalline precipitate, and consequently its important
features were not characterized. Doublier theorized that the differences in the resultant
material when heated to higher temperatures were due to more complete dissolution of
crystalline material.

The gel forms in the lower temperature case because existing

crystalline species act as nuclei to rapidly induce crystallization, while in the higher
temperature case a slower re-crystallization and phase separation process ensues.

1.8.2 Starch Films
The casting of solid films from starch solutions is of industrial importance because of
their potential applications as packaging materials. These films are free of the negative
perceptions inherent to petroleum-based synthetic polymers and are biodegradable.
Ordering of the starch has a significant impact on film properties and so the effect of
formation conditions and composition have been studied extensively.79,80,81,82,83 Films
composed of amylose only are about 30% crystalline while amylopectin films are
completely amorphous, the opposite of what is observed in native granules where
amylopectin is primarily responsible for the crystallinity.83 However, when amylose and
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amylopectin are blended in solution and formed into a film, the crystallinity is much
higher than predicted by a simple additive relationship – an observation that can be
explained by either co-crystallization between segments of the two polymers or the
nucleation of amylopectin crystallization by crystalline amylose. While films composed
solely of amylopectin are non-crystalline, plasticization of amylopectin by glycerol
facilitates crystallization (B-type). This implies that the lack of chain mobility is a
hindrance to the formation of neat amylopectin.84 Using XRD and scanning electron
microscopy (SEM) the morphology of starch films was observed to be a gel-like network
of B-type crystalline junctions linking a network of amylose strands.82

1.8.3 Crystalline Precipitates
Though the formation of gels and films of starch garnered most of the attention up to 1
or 2 decades ago, there is an increasing interest in discrete crystalline starch structures.
Doubliers’ work indicates that high temperatures (>160 °C) are necessary for
precipitation of crystals instead of gelation.77

Boltz and Thompson observed very

different DSC endotherms on reheating a starch sample that was treated at 120 or 140 °C,
compared to when it was treated at 160 or 180 °C.85 Gidley reported that an aqueous
solution of amylose with DP <110 or concentration <1% formed semi-crystalline
precipitates when heated to between 160-170 °C, while a higher amylose concentration or
DP resulted in a gel.23 Taken together, these results indicate that higher processing
temperatures are necessary to form precipitates of varying crystallinity from high
molecular weight or highly concentrated amylose solutions.
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Crystalline precipitates, having A or B unit cell structures, form from aqueous solutions
of low MW amylose. Crystalline precipitates with a B unit cell structure can be formed
from 10% (w/w) solutions on cooling, after heating to a maximum temperature of 120
°C.63 A type crystals were formed from 17.5% (w/w) solutions using similar thermal
conditions, with the additional step of adding an equal volume of ethanol to effect
precipitation. In situations where the amylose concentration is high and the chain length
very low, the A crystalline allomorph has also been demonstrated to form.86
Pfannemüller showed that under identical formation conditions, A-type crystals formed
from 10-12 DP amylose chains, while B crystals formed from longer chains.87 The
characteristics of semi-crystalline precipitates with B unit cell structure formed during in
vitro synthesis of amylose have different morphology and properties depending on the
chain length.88 It has become clear that the formation of crystalline starch precipitates
and the conditions associated with their formation (i.e., maximum heating temperature,
cooling rate, storage temperature, concentration, and MW) are a fertile area of study. In
particular, the mechanism of self-assembly that leads to the formation of crystalline
precipitates, as well as the effect of system parameters on this process, is an area that has
been poorly understood.

1.9 Spherulites
Spherulites are typically observed in melt-crystallized synthetic polymers. A spherulite
is defined as a spherical structure with symmetric spatial ordering that extends from a
central point in 2 (in the case of a crystallized thin film) or 3 dimensions.89 This
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definition does not necessary imply that spherulites need be crystalline entities, but we
can look to Phillips for further clarification.90 He defines crystalline spherulites as
“approximately radial arrays of long thin crystals (lamellae), the first crystals having been
nucleated at a central point.” Developing from a single crystal nucleus, they grow via
repetitive branching and splaying in the direction of fastest growth (as depicted in
Figure 1-6). Eventually the structure becomes radial in a spherical envelope with the
growth slowing and eventually ceasing as the concentration of impurities and noncrystallizing material increases at the growth front, the spherulites impinge upon another
crystalline structure, or when no more polymer is available.91,92 The study of spherulite
formation requires an understanding of the initial nucleation and crystal growth
mechanisms inherent in the system.90 For the rest of this review a spherulite will be
taken to mean a semi-crystalline entity as defined by Phillips.

Figure 1-6: Simulated structure growth of a spherulite, as modeled in Reference 93.
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Initiation of a spherulite can either occur by spontaneous association of polymer chains
at some degree of supercooling or through association with an existing impurity. The
first case is referred to as homogenous, the second, heterogeneous nucleation. Almost all
practical polymer crystallization initiates by heterogeneous nucleation. Crystal growth
can then occur in 1, 2, or 3 dimensions. Three dimensional growth often results in the
formation of a spherulite. Studies of crystalline growth have shown that the Avrami
equation (Eq. 1.1 ) can at least empirically describe the first portion of the growth
process.94
Φ c (t ) = 1 − exp− (kt )n

1.1

The Avrami relation describes the relative measure of crystallinity (Φc) as a function of
time (t), a so-called nucleation constant k, and the Avrami exponent n. The Avrami
exponent is in principle dependent on the crystal initiation and growth processes. For a
three dimensional crystal experiencing instantaneous nucleation the Avrami exponent is
predicted to be approximately 4, while for sporadic nucleation the exponent is predicted
to be 3. Real systems typically exhibit a non-integer value 3<x<4, where x is the Avrami
exponent.94

1.10 Starch and Biopolymer Spherulites
Though most often observed in synthetic polymers, crystalline spherulites are also
observed in biological and biologically derived systems – collagen,95 poly(L-lactic
acid),96 and DNA97 are examples.

There are extensive reports of spherulitic

morphologies in starch systems. Starch spherulites have typically been achieved in two
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ways – through thermal or solvent treatment of a low molecular weight amylose solution
(10-20 DP) or by inducing phase separation through lipid complexation. Both cases will
be considered below.
Meyer and Griessmayer were among the first to describe the formation of
“spherocrystals” from very short chain, acid degraded starch.98 For a more thorough
description, Reicherts’ 1914 volume on starch is a necessary resource.98 The next report
of starch spherulitic crystallization appeared in the late 1950’s, when a group including
Hizukuri and Nikuni reported the recrystallization of short (10-15 residues) amylose
chains from aqueous solution into both A- and B-type crystalline ‘spheroids’.99,100
Generally, these authors reported that an increase in crystallization temperature or
amylose concentration favored the formation of A-type crystalline material, while lower
concentrations and temperatures favored B-type.99
In 1972, Pasika and West reported the formation of spherulitic structures in films of
dextran (an α-1,6-linked polysaccharide).101 Dextran of ~375 DP formed spherulites of
diameter 8-25 μm when solution cast into films. The authors proposed that the study of
spherulitic polysaccharide systems might lead to better understanding of starch
biogenesis. With a reported crystallinity approaching 50-60% and the proposal that the
linear component of the dextran was responsible for spherulite formation, this area
seemed very fertile for further study, though no further publications in this area have
appeared to the author’s knowledge. Later that year Atkins and Makie demonstrated that
both temperature and solvent could affect crystallization in a biopolymer system by
showing that several polysaccharide systems exhibited a dependence of crystallization
rate and crystal type on annealing temperature.102

In 1974, the dependence of
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polysaccharide molecular weight on spherulitic morphology was reported, with dextran
spherulites as large as 150 microns in diameter grown from a variety of solvents.103
Published reports regarding semi-crystalline spherulitic starch structures have increased
during the last two decades, beginning with a report on crystalline precipitates formed
from short chain amylodextrins, prepared utilizing the acid treatment pioneered by
Nägeli.104 A relationship between solvent selection and nature of the unit cell structure of
the spherulitic short chain amylose was demonstrated; water led to the B-type allomorph
and 30% ethanol in water led to the A-type allomorph.105 Additionally, particle size of
the retrograded starch was also related to the solvent utilized.106 The B allomorph
typically dissolved at a lower temperature than the A-type, while both showed a decrease
in °Tm as the water content of the system increased.107 A study on the internal structure
of spherulites with A-type crystallinity showed elongated single crystal-like domains
emanating from the center of the spherulite.108

The amylose chain axis was also

determined to be arrayed radially.
Liu et al. reported that spherulites were formed by freezing an aqueous amylodextrin
solution, rather than adjusting the solvent or cooling a heated solution.109 The formation
of spherulites from amylose complexes with a fatty acid or lipid has also been
reported.110

The processing of native starches with a variety of complexing agents

resulted in the formation of several crystalline morphologies. The processing necessary
for spherulite formation included heating to >120 °C followed by storage at 75-95 °C.
Complexing agents (and the crystal morphology that resulted) included lauric acid
(platelets), myristic acid (platelets and spheroids), stearic acid (needle shaped clusters and
spheroids), linoleic acid (needle shaped clusters), and palmitic acid (spheroids). Due to
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the high storage temperature necessary for formation of the described morphologies, the
process was dubbed ‘high temperature retrogradation’.
Over a decade later, spherulites from dilute jet cooked starch solutions cooled slowly to
room temperature were also reported to form via amylose-lipid (fatty acid)
complexation.111,112 This report also indicated that different spherulitic morphologies
could be obtained with different amylose helical conformations. Later work established
that the process of spherulite formation from amylose-lipid complexes involves liquidliquid demixing.57

It was also hypothesized that spherulitic crystallization of the

amylose-lipid complex proceeds until the amylopectin present in the system gels and
prevents further diffusion and crystal growth. The type of ligand and the complexation
kinetics are critical to whether or not spherulites or a gel is formed upon processing.113
The formation of spherulites from native starch (>10% w/w) was reported by Ziegler
and Nordmark in 2002.114 This report was unique in that it was the first to utilize high
molecular weight starch without the necessity of freezing or the use of a complexing
agent to form spherulites. As first hinted at by Doublier,77 the research by Ziegler and
Nordmark showed that high temperature processing (>170 °C) led to the formation of
precipitates (here, spherulites) from various types of maize starch. Higher amylose
content resulted in more numerous spherulites and a higher dissolution temperature of the
crystals. This report also documented that cooling rate and concentration influenced the
spherulite formation process. Further study revealed the details of the structure of the
spherulites using transmission electron microscopy (TEM), scanning electron microscopy
(SEM), and atomic force microscopy (AFM).115 Overall, this research indicated that the
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spherulites were primarily composed of linear starch. It was also suggested that the
structure of the spherulites resembled the structure of the hilum in a native starch granule.
In 2003, a third report confirmed spherulite formation via this process (heating to >170
°C) was not unique to maize starch; wheat, arrowroot, potato, mung bean, and tapioca
starches were among those found to form spherulites after the thermal treatment.116 It
was also shown that acid treatment to lower the molecular weight led to more numerous
smoothly textured spherulites and that the process of spherulite formation was
thermoreversible, with repeated thermal treatment resulting in the same morphology.
Though much has been published on starch spherulites, there remains a lack of
understanding about their formation processes and internal microstructure.

1.11 Predicted Phase Behavior of Aqueous Amylose Solutions
The formation of starch spherulites from an aqueous solution occurs via phase
separation; whether the primary process is crystallization, gelation or liquid-liquid
demixing is not clear. The temperature, concentration, and rate conditions specific to the
system will determine whether spherulites, a gel, or a single phase system appears.57
Phase separation of a solution by liquid-liquid demixing can occur via two
mechanisms, spinodal decomposition or nucleation and growth. For the aqueous starch
solutions described in this review, phase separation would occur via a UCST as it is
cooled from a high to lower temperature. (as depicted in Figure 1-7) Within the two
phase liquid boundary (the binodal) is another boundary line (the spinodal). Between the
spinodal and binodal is the metastable region and below is the spinodal region.
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Nucleation and growth occurs in the metastable region and depends on a nucleation event
initiating the phase separation due to a relatively high energy barrier.

Spinodal

decomposition is an instantaneous thermodynamically-driven event that will occur
immediately once the system is cooled into the spinodal region. Nucleation and growth
always occurs between the binodal and spinodal, while spinodal decomposition occurs
below the spinodal.117
Crystallization can interfere with a liquid-liquid demixing process in polymer
solutions.118 Whether or not crystallization precedes, follows, or is simultaneous with
liquid-liquid demixing type phase separation is a vital question that can have profound
implications on the morphology that results.119

Reports on phase separation and

crystallization of protein solutions have shown the formation of a spherulitic morphology
similar to the spherulitic starch morphology reported previously.116,120,121 In these protein
systems the morphology was dependent on the thermal processing conditions and initial
solution concentration.120 The morphology of the protein varied from single phase, to
droplet, to network. Additionally, competing gelation and demixing processes influenced
the morphology of the system. Most of these facets of the protein system are replicated
in some way in the starch - water system under investigation here – not surprising since
both are rather complex biomacromolecules.120
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Figure 1-7: A generic phase diagram showing the spinodal and binodal curves. As a
solution is cooled along the right line it will transition from a solution (A & B) to a phase
separated morphology (C, D, & E). In case C, the phase separation will occur via
nucleation and growth. In case D and E spinodal decomposition will occur. Reproduced
from Reference 117.
In poly(ethylene-co-vinyl alcohol)/glycerol solutions, nucleation of crystals in the
metastable phase initiated phase separation.122 Crystallization, the glass transition, and/or
gelation subsequently arrest the process, so that the final morphology is dependent on
temperature and initial polymer concentration. Liquid-liquid demixing of gelatin and
maltodextrin solutions has also been reportedly affected by interference from
simultaneous gelation of the system.123 Tanaka discusses the physical implications of
mobility loss during phase separation extensively in his review of VPS – viscoelastic
phase separation.124 A modified theory of phase separation, the VPS model recognizes
that the expected morphology does not account for the viscoelastic forces acting on larger
connected molecules like polymers. This leads the phase separation process to be pinned,
or stopped, before completion in some cases.124
As mentioned before, phase separation processes can lead to very different
morphologies including gels and spherulites. It has been shown that competition between
the different processes is possible and that the kinetics of each determines the final
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system morphology. Guenet has reviewed the effect of competition between gelation and
crystallization of discrete phases in a cooling polymer solution.125 One of his main
conclusions was that gel formation is the most likely process when mobility of the
polymer chains is impeded.

The formation of spherulites or gel formation from a

thermally-treated aqueous starch system fits this conclusion. This is highlighted for our
system by the formation of gels from the highly branched and slowly moving
amylopectin systems, while the more mobile amylose systems form spherulites.
The liquid-liquid demixing process in an aqueous solution of polysaccharide/gelatin
was drastically altered when gelation simultaneously occurred.126 The mobility that
allows rapid coarsening in the non-gelling case was suppressed by gelation, leading to
two distinct morphologies. It has been shown that for an aqueous solution of dextran and
gelatin the rate of gelation relative to that of demixing determines the final
morphology.127,128

Mixed dextran-gelatin solutions were shown to phase separate

according to spinodal decomposition at temperatures above the gel point. Below the gel
point, the phase separation process is hindered by gelation. The phase separation process
results in the formation of a spherical morphology when gelation does not occur, while in
the gelling system a ‘salt and pepper’-like morphology is observed.127 Solutions with a
single biopolymer have been shown to exhibit this behavior, with gel formation pinning
spinodal decomposition of hydroxypropylmethylcellulose.129
Study of aqueous solutions composed of gelatin/dextran found that phase separation
can be triggered by cooling through the binodal or spinodal or by the ordering of the
gelatin molecules during gelling.130 Nucleation and growth and spinodal decomposition
were observed in both systems, as shown by light scattering profiles.

Very deep
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quenches were able to freeze the phase separation process by gelation. Nucleation and
growth resulted in a random array of polydisperse droplets with sharp interfaces, while
spinodal decomposition led to either droplets or a bicontinuous morphology.
The origin of aqueous aggregation and gelation of amylose was proposed by Gidley to
depend on the formation of interchain double helices.23 The formation and dissolution of
these helices is one of several phase transformations that have been observed in the
starch-water system.131

Because of the possible competing liquid-liquid demixing,

crystallization, and gelation processes occurring during spherulite formation from a
starch solution (based on the processes observed in the previously discussed biopolymer
systems), it is advantageous to understand the role of each process and factor (MW,
branching, concentration, storage temperature, cooling rate) in the self-assembly process.
In order to better understand the processes contributing to spherulite formation a variety
of techniques and experiments must be utilized.132,133,134 A better understanding of the
spherulite formation process will be a main goal of the project described through the rest
of this thesis.

1.12 Ph.D. Project Motivation and Objectives
The following project has been completed to develop a fundamental understanding of
the spherulitic self assembly of amylose, both as a model for starch granule initiation in
vivo and as a biologically-inspired material with applications in the food and
pharmaceutical industries. A systematic understanding of the processes that lead to the
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formation of spherulites from thermally processed starch has yet to be achieved, as does a
complete characterization of the spherulite structure and characteristics.
The following objectives were proposed to develop a quantitative understanding of
spherulite formation.

1.12.1 Objectives
Objective 1 (Appendix 1): Prepare and characterize linear starch fractions. The
fractionation of amylose from native starch was accomplished using
an aqueous leaching procedure. The amylose was characterized
using DSC and NMR, and the effect of lipid on spherulite formation
discussed.
Objective 2 (Chapter 2): Develop and refine the understanding of the factors
responsible for the formation and characteristics of starch
spherulites. Using mung bean starch, the role of cooling rate in the
spherulite formation process was established. Additionally, the
similarity of the spherulite formation process and the formation of
the starch granule in vivo is discussed.
Objective 3 (Chapters 3 and 4): Examine the role of amylose in determining the
precipitate morphology of the starch:water system. An amylose
fraction is isolated from maize starch and is determined to be
essential for the formation of spherulites. Changes in the
crystallization temperature and concentration are also discussed.
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Objective 4 (Chapter 5 and Appendix 1): Determine the role of chain length on
spherulite formation. Acid degradation was utilized to generate
several amylose fractions with varying DP. The role of DP in the
spherulite formation process is reported.
Objective 5 (Chapter 6): Characterize the crystal structure and morphology of the
spherulitic superstructure. DSC, atomic force microscopy, and
scanning electron microscopy were utilized to describe the microand nanostructure of spherulites formed under various conditions
from amylose of varied DP.
Objective 6 (Appendix 2): Refine our understanding of the phase/state diagram
for the starch:water system under study. The results of DSC and
light scattering are utilized in an attempt to elucidate the liquidliquid demixing/crystallization/gelation processes central to
spherulite formation.

1.13 Publications
Chapters 2,135 3,136 and 4137 have been adapted from per-reviewed publications.
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Chapter 2
Spherulitic Crystallization of Mung Bean Starch and a Proposed Relation to the In
Vivo Formation of Starch Granules

2.1 Introduction
Most higher plants store energy as starch in the form of semi-crystalline granules with
dimensions ranging from 1 to 100 μm. These granules exhibit a “Maltese” cross
extinction pattern when viewed between crossed polarizers and have been considered
natural “spherocrystals” [spherulites].1,2 In fact, spherulitic crystallization had been
considered as a mechanism for granule formation in vivo,3 but the idea was generally
abandoned because it did not explain the regular ring pattern in starch granules (Figure 21 ) and because spherulite formation was observed only from solutions of low molecular
weight linear starch1,4 (i.e., amylose of low degree of polymerization), which is
inconsistent with the starch polymers making up the native granule. Furthermore, native
granules are not all spherical; oval, polyhedral and even highly elongated or compound
granules are observed,5 and their shape appears to be under genetic control undermining a
purely physical explanation.6 Particles of more irregular shape, especially prevalent in
plants lacking the normal complement of starch synthesizing enzymes, lack the complex
structure typical of starch granules.3
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Figure 2-1: Schematic of starch granule structure revealing the hilum (white), core
(gray), and alternating mostly amorphous (white) and crystalline (black) layers or rings.
The starch granule does not form all at once. The origin of growth of the starch
granule is commonly called the hilum.2,7 Sometimes observable at the hilum is a small
spherical cavity,8 but more often, distortion of this cavity occurs as a result of internal
stresses created within the granule on drying.9 Surrounding the hilum is a core of semicrystalline nature, with a lower degree of organization relative to the more crystalline
layers at the periphery.5 Most of the detailed research on granule structure has focused on
the nature of the alternating layers; little work has been directed to the less well organized
hilum region. However, if I am to understand granule initiation, about which almost
nothing is known,7,10 it seems reasonable to begin at the beginning – the hilum and its
surrounding core.
The hilum is near the center of elliptical granules or on the axis of symmetry at the far
end of pear-shaped granules, and is less well organized than the rest of the granule,
though few details are known of its exact organization or composition.11 Radiallyoriented, “finger-like” cracks are observed in the core of native corn starch granules, with
the diameter of the core approximately half that of the granule.12,13 The central region
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(i.e., core) of pea starch granules swelled less than the banded periphery and, on
occasion, physically separated from thin sections, suggesting that the center of the
granule was different in structure.14 This central core structure has been separated from
the ringed periphery by reaction with iodine followed by sonication.15 Originally the
granule is round or ovoid, for example, up to a diameter of 10-15 μm almost all potato
starch granules are spherical.2 As the granule grows it takes on the shape characteristic of
the particular starch variety, e.g., Dieffenbachia starch granules are long rods with the
hilum end rounded, while the large granules of normal wheat starch become disk shaped.2
Classical amylose (a linear 1→4 linked α-glucan of MW of 105-106 g/mol) increases
in concentration from the hilum to the periphery.5,16 Amylose is synthesized by a starch
synthase known as granule-bound starch synthase I (GBSSI).10 The so-called “waxy”
cereal genotypes lack GBSSI and are devoid of classical amylose, yet their granule core
stains blue with iodine,2 which is typical of amylose. Amylose is located almost
exclusively in the core of low-amylose potato starches generated by the expression of
antisense RNA for GBSSI,10,17 and the volume of this amylose-containing core increases
as the overall granule size increases.10 In both rice18 and wheat,19 the proportion of darkstaining core was directly correlated with amylose content. The presence of blue-staining
cores in waxy starch granules suggests that either amylose is synthesized by some
alternative route, or the material near the hilum is neither classical amylose nor typical
amylopectin.
Amylopectin is a highly-branched, high molecular weight (107-109 g/mol) component
of starch consisting of hundreds of short (1→4)-α-glucan chains linked at α-(1→6)
branch points. The classical view is that starch can be divided into two polymeric species,
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amylose and amylopectin, with “no structural continuum between them.”5 Atypical
amylopectins of lower molecular weight and containing fewer but longer branches are
observed in high-amylose maize genotypes.5,20 Similar atypical amylopectins are present
in the core of normal maize starch.16 Based on their iodine-binding behavior, these
atypical amylopectins have been referred to as “intermediate” material.5
Two types of crystallinity are normally observed in native starches by wide angle Xray diffraction (XRD): A-type and B-type. A-type crystallinity is said to be typical of
normal cereal starches, while B-type is most often observed for tuber starches. Legume
starches contain significant fractions of both crystalline types, resulting in a combined
XRD pattern referred to as C-type.21 B-type starches, including potato and high-amylose
maize, have amylopectin with longer average chain length.6,17 One could expect then that
intermediate material would tend to B-type crystallinity, and if this were located
preferentially in the core of the granule then B-type XRD patterns would be observed in
this region. Microfocus synchrotron XRD mapping has confirmed that the B-allomorph
occurs in the core of smooth pea starch, while the A-allomorph is located at the
periphery.22 Near the hilum this B-phase was rather unoriented, increasing in orientation
in the intermediate zones between the core and periphery. The B-allomorph is observed
throughout the entirety of the potato starch granule.7 As with the pea starch, crystallinity
at the center of the granule and especially near the hilum showed less orientation. It is
now recognized that many regular cereal starches thought to contain only the Aallomorph actually contain small amounts of the B-allomorph.17 It is tempting to
speculate that the hilum region in most granules contains B-type crystallites, and that the
overall pattern (i.e., A, B or C) is determined by the respective allomorphs contained in
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the core and periphery, the weight fraction of each region and the ratio of their
crystallinity. The relative proportions of the A- and B-allomorph are influenced to some
extent by environmental growing conditions.22
Most models proposed to account for the structures of amylose and amylopectin have
been based on the assumption that throughout biosynthesis the developing starch granule
is a steady-state system and the relative enzyme activities remain constant.23 However,
simply mixing starch synthases, branching enzymes and ADPglucose in vitro does not
produce amylose and amylopectin, let alone an organized starch granule.10 The synthesis
of three polymers, amylose, amylopectin and ‘intermediate’ material (composed of both
long linear and branched chains), can be accounted for depending on the relative activity
of biosynthetic enzymes.23 Phased activity, for example in GBSSI, would account for the
observation that amylose accumulation lags that of amylopectin and continues after
amylopectin synthesis ceases.6 A similar lag in the starch branching enzyme system could
produce a lightly branched intermediate material at the core and typical amylopectin
toward the periphery. The cumulative data seem to suggest that enzyme activities change
during starch biosynthesis, and that the two parts (core and periphery) of the granular
ultrastructure seen in wxae and aedu maize mutants result from at least two phases of
activity.23 The core and periphery observed in these mutant starches are not synonymous
with the hilum and rings of a typical granule (as used above), but the concept of phased
or timed enzymatic activity may also explain the normal granule ultrastructure.
Small (<10 μm), suspendable starch granules have been isolated from immature sweet
potatoes and their properties compared to larger sedimentary granules and to granules
from mature tubers,24 the implied presumption being that small granules are “younger”
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than larger granules, as are granules from immature tubers vis-à-vis mature ones. The
smaller the granule size (i.e., the younger its age) the more spherical it appeared and the
higher percentage of “amylose” it contained.24 This “amylose” was likely ‘intermediate’
material since it was demonstrated by iodine binding that the constituent chain length was
greater than “ordinary” amylopectin. Fujimoto et al.24 proposed that starch granules are
initiated in vivo by the formation of an amylose gel. If so, phase separation must precede
gelation to produce spherical particles similar to the “youngest” granules. Starch
“granules” have been obtained through phase separation from aqueous gelatin solutions.25
Starch precipitated quickly from gelatin solutions, as it does in cellular amyloplasts
suggesting a similar mechanism.25 However, the particles obtained exhibited neither rings
nor a polarization cross, though they did show B-type crystallinity and were of
appropriate size.
It would appear that granule initiation is not simply a physical process, since the
number of granules that initiate per amyloplast is under genetic control.10 Crystalline
polymorphism is also under genetic control through perhaps the average chain length or
the branching scheme of the constituent amylopectin.22 However, a model for granule
initiation that would include processes such as phase separation and crystallization would
also be sensitive to the molecular characteristics of the starch polymers and, therefore,
influenced by genetics. Recent evidence suggests a role for isoamylase in the control of
the number of starch granules per plastid, perhaps through an effect on the structure or
concentration of the first formed α-glucans.6 It has been proposed that granule
organization begins with the incipient crystallization of spherulites from starch polymers
in the plastid stroma at the early stages of development.26
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The immature amyloplast envelops a separate phase of polysaccharide as a coacervate
droplet, or “amylogenic pocket,” in which the starch “crystallizes out” from the
accumulated precursors becoming the nucleus or hilum of the growing starch granule.27
The blue-staining cores sometimes seen in waxy starch granules may come from
“amylose” [incomplete amylopectin27; here, ‘intermediate’ material] in the original
coacervate droplet.2 Transitory stages between pockets and starch granule formation have
been found, but they are rare, so that the crystallization of the first small starch granule
(core) must be a very rapid process.27
Solutions of crystallizable synthetic polymers can form two varieties of organized
structures, gels or spherulites, in contrast to biopolymers for which only gels are usually
produced.28 However, it has been recently demonstrated the general phenomenon of
spherulitic crystallization of native size starch polymers from aqueous solution.26,29,30
Spherulites formed most easily from starches with B-type crystallinity and starches that
contained a high percentage of ‘intermediate’ material, e.g., high-amylose maize starch.
Spherulitic crystallization was hindered by the presence of high proportions of
amylopectin. Spherulites were also formed from non-granular starch polymers, and it has
been clearly demonstrated that they are not the result of residual granular structure.26, 29,30
In order to establish a relationship, if any, between spherulitic crystallization and
starch granule initiation, I set about to investigate the conditions that lead to either
gelation or spherulite formation. In general, the resulting structure will be dependent on
such physical processes as crystallization, vitrification, liquid-liquid demixing, change in
molecular conformation (e.g., coil→helix), intermolecular association and any
combination of these.31 In particular, it will depend on the solution environment within
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the plastid, and the combined trajectories of temperature, polymer concentration,
molecular weight, and degree of branching during the early stages of starch synthesis.
Mung bean (Vigna radiata) starch was chosen for our initial experimental system
since it easily forms well-developed spherulites of regular size and in high yield.30 On
reflection, this made perfect sense given the hypothesis; the core material should form
more regular and a higher fraction of the spherulitic morphology. The core of mung bean
starch granules occupies a large fraction of the granule volume,13 and has a characteristic
C-type XRD pattern.32 Mung bean starch has relatively high amylose content, with
comparatively higher degree of polymerization than other legume starches.32

2.2 Experimental

2.2.1 Materials
Mung bean (V. radiata) starch was supplied by the National Starch and Chemical
Company Food Products Division (Bridgewater, NJ). Distilled water was used in the
preparation of solutions.

2.2.2 Sample Preparation
Aqueous dispersions of mung bean starch (10 and 20 % w/w, determined from
previous work30 to be ideal for the formation and viewing of spherulitic structures) were
prepared in high-volume (60 μL) sealed stainless-steel DSC pans (Perkin-Elmer
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Instruments, Norwalk, CT). Samples were stored overnight at 20 ˚C to ensure moisture
equilibration. Samples were heated to 180 ˚C at a rate of 10 ˚C/min, then immediately
cooled at various predetermined rates (e.g., 250, 100, 50, 25, 10, 5, 2.5, and 1 ˚C /min)
before reaching the final crystallization temperature (most commonly 10 ˚C). Some
regimes included holding steps during cooling, with varied cooling rates above and below
the hold temperature. Actual thermal regimes are given together with data in the text.
Samples were held overnight at 20 ˚C before being opened for study, or analyzed by
differential scanning calorimetry.

Solutions were also prepared for viewing during

heating and cooling, by flame sealing dispersions in 20 μL glass micropipettes (Fischer
Scientific, Pittsburgh, PA) or using a sealed optical cell constructed from a variable
wavelength UV-vis detector (Model 481, Waters Corp., Milford, MA).

2.2.3 Techniques
All samples were prepared using a Perkin Elmer DSC 7, operated by Pyris software
(Perkin-Elmer Instruments, Norwalk, CT). Evaluation of the heated samples was
performed on a Thermal Advantage Q100 DSC using Thermal Advantage Universal
Analysis software (TA Instruments, New Castle, DE). Samples were reheated (analyzed)
in their original sealed stainless steel pans at a rate of 10 °C/min, and the dissolution
temperature taken as the peak of the endothermic transition recorded. Microscopy was
performed on an Olympus BX-41 microscope (Hitech Instruments, Edgemont, PA)
equipped with a SPOT Insight QE camera and analysis completed using SPOT analytical
and controlling software (SPOT Diagnostic Instruments, Sterling Heights, MI). Spherical
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crystalline structures were analyzed for size (all measurements made at 45° to the
horizontal), with averages determined from a count of between 50 and 70 spherulites
from approximately four fields (40X). Elevated temperature microscopy was performed
with a Linkam LTS 350 hot stage, controlled using LinkSys software (Linkam Scientific
Instruments, Surrey, UK). Wide-angle X-ray diffraction data were collected in digital
form using a Rigaku Geigerflex powder diffractometer with a Dmax-B controller and a
vertical goniometer. Operation was in the Θ-Θ geometry. The instrument uses radiation
from a copper target (Cu Kα radiation λ=1.54 Å, including both the Cu K α1 and K α2 ,
whereas Cu Kβ was eliminated with a graphite monochromator).

Samples were

equilibrated at 20 °C and a relative humidity of 0.85 for 48 hours, and scanned from 4˚ to
30˚ 2Θ; at a rate of .25˚min-1 with a step size of .02˚.

2.3 Results and Discussion
Mung bean starch was observed to form spherulites at almost all cooling rates used in
the present experiments (Figure 2-2). For samples cooled directly from 180 to 10 ˚C, an
increase in mean spherulite size was observed as cooling rate increased from 1 to
50˚C/min, above which the diameter appeared to remain constant or drop slightly
(Figure 2-3). Control of cooling rates above 50 ˚C/min is tenuous, which may account for
the apparent lack of effect above this value. Quenching a sample heated to 180 ˚C by
direct immersion in liquid nitrogen resulted in the formation of very few spherulites and
the presence of a large amount of amorphous material. At some intermediate cooling
rates (5 and 10 ˚C /min), a branched morphology was formed in addition to individual
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spherulites (Figure 2-4). This phenomena was not observed on such a large scale for any
other sample tested in this thesis, which leads to the implication that it is due to
amylopectin (none of the other samples studied included the highly branched starch).
Shorter versions of these structures, like those previously reported,30 appeared in samples
prepared at cooling rates of 2.5 and 25 ˚C/min. Greater understanding of the exact
processes responsible for phase separation is needed in order to make firm conclusions
about the reasons for the observation of these structures.
In samples where spherulites became very small (<1 μm), a “starry night” image of
bright separated spots on a black background was obtained under polarized light. The
results demonstrate a plausible mechanism by which granule cores of different sizes and
shapes may be formed. The clusters in Figure 2-4-C show how compound granules may
be initiated through the nucleation of more than one spherulite within the “amylogenic
pocket” of the plastid.
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Figure 2-2: Optical micrographs showing representative spherulitic structures formed from
mung bean starch cooled from 180 to 10 ˚C at differing rates. Sample cooled at A, 2.5 ˚C
/min; B, 25 ˚C/min; C at 100 ˚C /min; and D, at 250 ˚C/min. All images acquired under
polarized light. All scale bars represent 50 μm.
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Figure 2-3: Dependence of mean spherulite diameter on cooling rate for mung bean
starch cooled from 180 to 10 ˚C. Error bars represent the standard deviation at each
temperature.
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Figure 2-4: Optical micrographs showing branched crystalline structures formed from mung
bean starch. A and B were acquired from samples cooled from 180 to 10 ˚C at 10 ˚C/min. C and
D were taken from a sample cooled from 180 to 10 ˚C at 5 ˚C/min. A and C are brightfield
images, B and D were taken under polarized light to demonstrate the crystalline nature of the
polymer. All scale bars represent 50 μm.
Samples prepared at slow cooling rates (2.5 and 1 ˚C /min) displayed a large increase
in the volume of non-spherulitic “salt and pepper”-type material33 (just visible in the
background of Figure 2-4-C). Unlike the “starry night” appearance, the salt-and-pepper
material showed only very weak birefringence under polarized light and appeared interconnected, leading us to consider it to be starch in a gel form, similar to network
structures reported for crystallization of debranched maltodextrins.34

The samples

exhibiting spherulitic morphology were paste-like and turbid, expected for a particulate
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crystalline system; samples exhibiting gel-like structures were translucent and
gelatinuous.
Dissolution was observed calorimetrically as a small broad endotherm (sometimes
spanning a range of 20-30 °C).

The peak dissolution temperature increased with

increasing cooling rate (Figure 2-5), opposite to the expectation for a traditional meltcrystallized polymer where slower cooling rates generally yield higher melting points.
For samples cooled at 1, 2.5 and 5 ˚C/min two distinct endotherms were observed. Since
this coincided with the appearance of the salt-and-pepper morphology, the higher
temperature peak was attributed to the dissolution of the gel-like material and the lower
temperature one to the dissolution of the spherulitic structure. Loss of spherulitic
birefringence was observed microscopically to coincide with the lower dissolution
temperatures as determined from DSC. The dissolution of the gel morphology at high
temperature was confirmed in the systematic study of amylose at a variety of
concentrations (Chapter 4 and 5).
Increasing the starch concentration in solution from 10 to 20% had no consistent effect
on the peak dissolution temperature, and the spherulite size remained essentially
unchanged at the higher starch concentration. The date in Chapter 3 demonstrates that
the formation of the spherulitic structures did not depend on amylose-lipid complex
formation. Moates et al.35 reported an extrapolated dissolution temperature of 147 °C for
B-type crystallites of linear dextrin of infinite molecular weight at a volume fraction of
water of 0.8. While the heating rate was specified, the cooling rate was not, and no
mention of the morphology was made. Dissolution temperatures for B-type crystalline
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spherulites formed from amylose of DP 15 are reported to be in the range of 75-100 °C
for water contents of 5-50% by volume.36
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Figure 2-5: Effect of cooling rate on the dissolution temperature. Filled symbols, 20%
w/w; open symbols, 10% w/w starch dispersions. Circles, spherulitic structures; triangles,
gel-like structures.
Wide angle X-ray diffraction patterns of spherulitic material exhibited weak B-type
crystallinity (Figure 2-6). This confirms that lipid complexes are not responsible for the
formation of the spherulitic morphology due to the absence of diffraction peaks from the
V crystalline form.5 Weak B-type crystallinity is consistent with the core region of native
starch granules.
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Figure 2-6: WAXD pattern for spherulitic material from 10% w/w mung bean starch
dispersion heated to 180°C and cooled at 5-250°C/min to 10°C.
There have been no convincing reports of starch granule formation in vitro from either
gelatinized (disordered) starch or polysaccharide mixtures.37 It is obvious that the core
region of starch granules crystallizes separately from the peripheral rings, so a complete
banded granule should not be expected to form ab initio. It is suggested here that granules
initiate via spherulitic crystallization of linear or lightly branched starch polymers
(atypical amylopectin or ‘intermediate’ material) produced early in starch synthesis. This
crystallization event results in formation of the B-allomorph, while for many starches,
especially cereals that undergo drying during seed ripening, the periphery crystallizes in
the A-allomorph. Such “split” crystallization occurs during the enzymatic debranching of
maize maltodextrins by isoamylase at 52 °C.34 Early in the reaction (to 12 h) the
precipitate formed reveals B-type diffraction patterns, shifting to A-type between 12 and
48 h. Precipitates of the B-type crystalline type contained a greater proportion of long
linear chains,34 which is consistent with the hypothesis.
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Precipitates formed during the split crystallization of isoamylase-debranched
maltodextrins did not form spherulitic morphologies, instead they exhibited a network
morphology more typical of a gel.34 Crystallization of polymers from moderately
concentrated solutions can result in either network or spherulitic morphology depending
on the solvent quality.37,38 Amylose does not form stable aqueous solutions below 100
°C, but shows clear evidence of a sol→crystalline phase transition;39 aggregation is
observed below the dissolution temperature.
To rationalize the observed self-assembly behavior, the behavior of a system that
undergoes phase separation (liquid-liquid demixing) in competition with gelation or
crystallization will be discussed.40 Rapid cooling of polymer solutions below the
crystallization line, as illustrated in Figure 2-7, may permit liquid-liquid phase separation
to occur prior to crystallization.41 Rapidly quenching a solution from a high temperature
homogenous solution state to a temperature below the liquid-liquid demixing line will
lead to separation into a polymer-rich phase and a polymer-poor phase prior to
crystallization. This would result in a concentration invariant melting point, as observed
here.41 Provided the conditions are suitable in the polymer-rich phase, spherulitic
crystallization may commence. At slow cooling rates the polymer is envisioned as
beginning to crystallize prior to demixing, potentially resulting in a network morphology
that “pins” the structure and prevents coarse demixing.
The observed self-assembly behavior of the mungbean starch-water system agrees with
the hypothesis laid out in the previous paragraph. In samples prepared at slow cooling
rates, gel-like material was observed. According to the hypothesis, this is due to crystal
junction formation at a temperature above the demixing temperature. The gel forms
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because at slow cooling rates an increasing number of crystal junctions form as the
system slowly cools, resulting in an interconnection of the polymer chains throughout the
system. When the system reaches the temperature at which liquid-liquid demixing might
occur, the polymer is already pinned in the gel form. As cooling rate decreases, the
volume of starch pinned in the gel structure increases. In samples prepared at faster rates
spherulites were observed, the possible result of a demixed phase that has crystallized.
The demixing could be due to crystal nucleation or to spinodal decomposition, as will be
discussed in later chapters. The lack of spherulites or demixing into amorphous material
in the samples quenched using liquid nitrogen indicates that crystal nucleation is possibly
a prerequisite for spherulite formation in the starch system or that the polymer chains
require a significant amount of time to demix from solution. Light scattering and DSC
experiments described later (Chapter 5 and Appendix 2) show that a faster cooling rate
results in assembly at a lower temperature. It is possible that cooling in liquid nitrogen
results in the polymer being below the glass transition temperature before self-assembly,
yielding a very different morphology.
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Figure 2-7: Schematic of a hypothetical phase diagram showing the relation between
polymer concentration, temperature, and the phase state for a polymer solution. The solgel/crystallization line indicates the conditions at which crystallization of the polymer
becomes favorable, although the cooling rate influences where crystallization begins.
The liquid-liquid demixing spinodal and binodal curves indicate the conditions at which
phase separation can occur, subject to the cooling rate. Phase A is a single phase
homogenous solution, in B a gel or crystalline structure may form; in C liquid-liquid
demixing occurs into a very low concentration phase and a phase with high polymer
concentration.
In a second set of experiments, the cooling rate was held constant (250 °C/min) while
the endpoint temperature was varied between 40 and 80 °C (Figure 2-8 & Figure 2-9).
Cooling to lower temperature resulted in more numerous, better-defined, finer-textured
spherulites. Above 65 °C large birefringent “sheets” were formed. At 80 °C no crystalline
structures were observed after 24h, but on cooling to 20 °C (while on the microscope
stage), a typical “salt-and-pepper” morphology was observed (Figure 2-9). This
morphology was non-birefringent. This appears to indicate that the demixing curve lies
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somewhere between 70 and 80 °C for this 10% mung bean starch solution cooled at >50
°C/min. It is interesting to note that for a DP 15 maltodextrin, spherulites were formed by
heating to 120 °C then rapid cooling to 80 °C, followed by slow cooling to the endpoint
temperature.36 However, the authors of the study did not comment on the reason for this
unusual thermal regime.
Based partly on the work of Ford and Atkins,42 Guenet speculated that agarose exists in
a loose helical conformation in solution, and that on lowering the temperature, the chain
transforms into helices before aligning to form a gel.28 In a previous study it was
necessary to heat most native starches above 170 °C in order to form spherulites on
cooling.30 Water becomes a good solvent at 160-180 °C for high molecular weight
amylose,35 and it is possible that conformational changes occurring in this region are
required to erase vestiges of previous structure that may inhibit spherulite formation.
Using a sealed optical cell the entire process of granule gelatinization, starch
dissolution and spherulite formation has been observed microscopically. The starch
dispersion remains turbid following gelatinization and loss of native granular structure at
about 85 °C, until a temperature of 170 °C is reached, whereupon the system becomes
clear.
Homogeneous nucleation would be expected if spherulites form within small, phaseseparated domains (droplets) in a manner similar to the crystallization of emulsion
droplets.43 If nucleation of a crystalline domain is a prerequisite for spherulite formation,
heterogenous nucleation from the polymer solution would be expected.

Polymer

spherulites do not necessarily grow in a spherically symmetric fashion from the moment
of inception, but may evolve from multilayered crystals, known as axialites or hedrites,
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whose lamellae splay or diverge relative to a reference plane.44 This can leave a lowdensity region in the center of the spherulite that, depending on the means of observation
and spherulite orientation, can appear as a hole or sheaf-like structure.45 Previously holes
and sheaves have been observed in spherulites formed from high-amylose maize starch,29
and holes were sometimes visible by light microscopy in this study. Similar holes can be
observed in native wheat and barley starch granules by confocal scanning laser
microscopy (data not shown).
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Figure 2-8: Optical micrographs showing representative crystalline structures formed
from mung bean starch at differing quench depths. Samples were cooled from
180 °C to the “quench” temperature at a programmed rate of 250 ˚C/min and
held for 24 h. Left side are brightfield images. Right side are polarized light
images. Quench temperatures: A & B, 40°C; C & D, 60°C; E & F, 65°C; G &
H, 70 °C. All scale bars represent 50 μm.
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Figure 2-9: Optical micrograph showing representative “salt-and-pepper” gel texture
formed from mung bean starch held at 80°C for 16 hours then cooled to 20°C. Structures
are not birefringent under polarized light. Scale bar equals 50 μm.

2.4 Conclusions
In this chapter the ability of native starch polymers to form spherulitic crystals with
dimensions and structural characteristics consistent with the hilum and core region of
native granules was demonstrated. A mechanism for spherulite formation that depends on
either liquid-liquid demixing in competition with crystallization and gelation was also
proposed. The overall morphology is kinetically dependent and is altered by changes in
the relative rates of phase separation and polymer association. The phase diagram
presented in this chapter is only hypothetical and the specific details will depend on a
variety of factors such as degree of polymerization, cooling rate, and solvent utilized.
While the end results may be the same, i.e., a spherulite, the path taken obviously must
be different in the plastid, since heating to 170 °C does not occur. That path would
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depend on the trajectories of polymer molecular weight, concentration and temperature.
To establish a mechanism of synthesis→phase separation→spherulitic crystallization
would require much more information on the phase behavior of starch under the
conditions prevailing in the amyloplast.
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Chapter 3
Fractionation and Characterization of Amylose: Potential Sources of Error in the
Calorimetric Determination of Amylose Content

3.1 Introduction
The molecular structure of starch, particularly the relative ratio of nearly linear
amylose to highly-branched amylopectin, plays a decisive role in its nutritional and
technological functionality. Structural features such as molecular weight and degree of
branching depend on botanical origin and may alter the determination of amylose
content, the apparent value of which depends on the method used to quantify it. The
relative proportion of amylose in native starches ranges from 0% in waxy varieties to
80% in wrinkled pea.1 The presence of “intermediate” species, i.e. lightly branched
amylose or atypical amylopectin with long branches, is troublesome since it cannot be
clearly differentiated as amylose or amylopectin, and may be assigned to either category
depending on the characterization method employed. Intermediate fractions are more
prevalent in starches of atypical genotype.2

Gérard et al. compared methods for

determining amylose content of mutant genotype starches, and concluded that only size
exclusion chromatography gave consistent and reasonable results.1
Native starches exhibit complex thermal behavior that depends on their moisture
content and botanical origin. A reversible endothermic transition is often observed for
lipid-containing cereal starches, which is assigned to the dissolution of helical amyloselipid inclusion complexes. This has become the basis of a seemingly straightforward,
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rapid, and quantitative procedure for evaluating amylose content vis-à-vis amylopectin
for starches and starch-containing materials that does not require defatting prior to
analysis.3,4,5

However, discrepancies are often noted when comparing the amylose

content determined by thermal analysis of lipid complexes to that obtained by other
methods, especially when contrasting potato starches to cereal starches.1
The calorimetric method for determining percent amylose relies on the assumption that
the only enthalpy measured is due to formation or dissolution of amylose-lipid inclusion
complexes. However, these complexes may exist in several forms,6 and under thermal
conditions similar to those used in the L-α-Lysophosphatidylcholine (LPC) – differential
scanning calorimetry (DSC) method,4 crystallization of starch into the B-allomorph with
a spherulitic morphology has been observed (Chapter 2).7,8 The potential for B-type
crystallization along with varying forms of the amylose-lipid complex presents
potentially confounding factors when utilizing the LPC-DSC method, especially since the
ability of starch to form spherulites varies with botanical source.9 The present study was
undertaken to resolve some of the discrepancies in the reported findings of the LPC-DSC
method and to more fully understand the possible role of lipid in the formation of starch
spherulites.
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3.2 Experimental

3.2.1 Materials
Potato amylose (>99% pure, A-0512), potato amylopectin (10118, Fluka), d6-DMSO
(151874), DMSO (471267) and L-α-Lysophosphatidylcholine (L4129, type I, from egg
yolk, 99%) were purchased from Sigma Aldrich Corp. (St. Louis, MO). Common maize
starch was supplied by the National Starch and Chemical Corporation Food Products
Division (Bridgewater, NJ). USP ethyl alcohol was obtained from Pharmco (Brookfield,
CT).

3.2.2 Methods
Amylose was leached from a 4% (w/v) suspension of common maize starch using
distilled water at 75˚ C with gentle stirring for 45 minutes.10

The suspension was

centrifuged at 2950xg and the supernatant reserved. Starch granules were re-suspended
and leached two more times, after which 1.5 volumes of ethanol was added to the
combined supernatants, and the resulting precipitate allowed to form overnight at 20 ˚C.
The ethanol was decanted and the precipitate dried at 50˚C. The final yield of precipitate
was approximately 6% of the dry weight of the parent starch, with a moisture content of
12.5% (w/w), and essentially lipid-free.
The precipitate was characterized using 1H and

13

C NMR. Approximately 30 mg of

precipitate was dissolved in 1.5 mL of d6-DMSO using a boiling water bath. The 1H and
13

C NMR experiments were performed at 500.13 and 125.76 MHz, respectively, on a
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Bruker AMX2-500 spectrometer operating in the quadrature mode at 60˚C. 1H and

13

C

NMR were referenced indirectly to tetramethylsilane.
Intrinsic viscosity in DMSO at 25°C (±1.0°C) was determined using a CannonUbbelohde dilution viscometer (#50, Cannon Instrument Co., State College, PA). Four
concentrations were measured in the range 0.001-0.005 g/mL.

Efflux times were

recorded in triplicate using a digital stopwatch (Traceable®, VWR International, West
Chester, PA). Mark-Houwink-Sakurada values (α and K) of Banks and Greenwood (0.70
and 0.0151, respectively)13 and Everett and Foster (0.64 and 0.0306, respectively)14 for
amylose in DMSO were both used to calculate the molecular weight and the results
averaged.15
Samples were prepared for differential scanning calorimetry as detailed by Sievert and
Holm.4 Potato amylose and amylopectin were used to construct a standard curve by
combining them in high-volume (60 μL) sealed stainless-steel DSC pans (Perkin-Elmer
Instruments, Norwalk, CT) in ratios from 0 to 100% amylose to a total of approximately
10 mg dry matter with 50 μL of a 3% (w/v) α-L-Lysophosphatidylcholine (LPC)
solution.

Samples were prepared using a Perkin Elmer DSC 7, operated by Pyris

software (Perkin-Elmer Instruments, Norwalk, CT) by heating from 20 to 180˚C at
5˚C/minute, cooling at 10˚C/minute to 4˚C, holding for 15 minutes, and reheating to
180˚C at 5˚C/minute.4 The enthalpy of both amylose lipid complexation (exothermic on
cooling) and dissolution (endothermic on reheating) was determined based on the dry
matter in each sample using the Pyris software (Perkin Elmer). Dissolution enthalpy was
measured between 80°C and 140°C (or 160°C for samples containing ≤5% lipid).
Complexation enthalpy was measured between 70 at 100°C. Tests were performed in
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duplicate.

Evaluation of dissolution enthalpy as a function of lipid content was

performed on a Thermal Advantage Q100 DSC using Thermal Advantage Universal
Analysis software (TA Instruments, New Castle, DE).

Samples were prepared and

analyzed as above except that starch, lipid and water were weighed separately into the
pan and the samples stored at 20˚C overnight prior to reheating. Both instruments were
calibrated with indium and an empty pan was used as the reference.
After cooling the samples to 4˚C at 10˚C/minute, the morphology of the resulting
material was viewed using brightfield and polarized light microscopy on an Olympus
BX-41 microscope (Hitech Instruments, Edgemont, PA) equipped with a SPOT Insight
QE camera and analysis completed using SPOT analytical and controlling software
(SPOT Diagnostic Instruments, Sterling Heights, MI).

3.3 Results and Discussion
NMR revealed both the potato amylose and leached maize fractions to be essentially
free of branching by the absence of a peak at 70 ppm (Figure 3-1) that is typical of starch
containing 1-6 branch points.11,12 Benesi and Brant assigned a peak at 70.4 ppm to
carbon 4 of the glucose bound at carbon 6 of the 1-6 branch points of pullulan.16
Therefore, it was concluded that the leached maize fraction is essentially amylose, free of
amylopectin. The viscosity-average molecular weights and degrees of polymerization
(DP) of leached maize amylose and potato amylose were approximately 1.5 x 105 (DP =
920), and 1.55 x 105 (DP = 965), respectively, which are on the low end of the molecular
weight distributions expected for amylose.
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Figure 3-1:13C NMR spectra of leached maize amylose in d6-DMSO. Arrows indicate
location of peaks expected for branched starch.
Following the procedure of Sievert and Holm,4 a calibration curve (Figure 3-2) for
determination of amylose content was constructed from mixtures of potato amylose and
amylopectin. Using this relationship, the amylose content of the parent common maize
starch was determined to be 26%. The enthalpy of dissolution for the leached maize
amylose was found to be 21.7 ± 0.7 J/g, or about 15% higher than that for potato amylose
(18.7 J/g). The LPC-DSC method has previously over-predicted amylose content for
both maize and wheat starches.1,3,5 While such behavior was not observed by Sievert and
Holm,4 they did report erroneously low amylose contents for their potato starches, which
they were unable to explain.
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Figure 3-2: Standard curve generated from DSC analysis of potato amylose and
amylopectin mixtures with excess 3% α-L-Lysophosphatidylcholine solution. Closed
symbols = exotherm, open symbols = endotherm. Circles = potato starch, triangles =
leached maize amylose. The line represents a linear regression of the exotherms of
potato amylose.
Although Mestres et al. reported that a phospholipid:starch ratio of 1:10 was sufficient
to saturate amylose,5 Kugimiya and Donovan reported earlier that the enthalpy of
complex dissolution continues to increase up to a ratio of 2:10.3 Since a LPC:starch ratio
of 1.5:10 was employed, it was first hypothesized that the potato starch was
undersaturated with respect to the lipid content vis-à-vis the leached maize amylose.
Therefore, the endothermic response was measured on reheating of the two amylose
samples as a function of lipid content (Figure 3-3).

Saturation does occur near a

lipid:starch ratio of 1.5:10 for both materials, but the leached maize starch fraction
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exhibited a much higher enthalpic response at all lipid concentrations. Gérard et al. ruled
out complexation of LPC by long amylopectin chains as an explanation for the overprediction of amylose content in maize and wheat starches by this approach, as well as
the presence of endogenous lipids.1 Instead they suggested that a difference in molecular
weight could explain their findings, since Kugimiya and Donovan reported that a sample
of relatively low molecular weight amylose (DP ≈ 300, botanical origin unspecified)
yielded about 25% greater dissolution enthalpy than a higher molecular weight (DP >
900, potato) amylose.3 However, the difference in average molecular weight between the
potato and leached maize amylose used in this study is small, although the possibility
cannot be completely ruled out that the molecular weight distribution of the leached
maize amylose contains a relatively low molecular weight component.
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Figure 3-3: Dissolution enthalpy for potato amylose and leached maize amylose as a
function of LPC concentration. Lines represent an exponential association model for two
components.
Regardless of whether amylose content is derived from a standard curve or referenced
to the enthalpy of a “pure” sample, a reference material is required. This has typically
been potato amylose, readily available from commercial suppliers. In retrospect, this is
an unusual choice, since potato starch contains little native lipid and is phosphorylated.17
While Kugimiya and Donovan suggest that LPC, being positively charged, is probably
helpful in formation of complexes with starches containing negatively charged phosphate
groups,3 it is equally likely that the interaction of the charged groups may interfere with
the incorporation of the lipid into the starch helix, either sterically or by distorting the
conformation necessary to exclude the polar head group due to electrostatic attraction.
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However, it appears that starch phosphate is associated with the portion of the
amylopectin present in the amorphous lamellae of the semi-crystalline rings of starch
granules18, and therefore would not influence the reaction of lipids with amylose.
Furthermore, this would not explain why potato amylose is apparently an appropriate
reference for the numerous other starches analyzed by the LPC-DSC method, unless
perchance the amylose of those starches contained branches to an extent similar to the
degree of phosphorylation of potato amylose.
Gérard et al. concluded that the DSC technique was more sensitive to branch points
than the iodine binding capacity, suggesting that branches interfere with amylose-lipid
association.1 Perhaps it is also more sensitive than

13

C NMR. Potato amylose contains

from approximately 4-6 branch points/molecule,17 while no detectable branching was
found for amylose samples prepared from pea starch by aqueous leaching at temperatures
between 60 and 80°C.19 It is possible that the discrepancy between the LPC binding of
leached corn amylose and potato amylose is due to different extents of branching.
Stoichiometric ratios were calculated for both amylose samples from the maximum
binding ratio, which was determined from the data in Figure 3-3, to be 0.14 for leached
maize amylose and 0.1 for the potato amylose.3 Using a molecular weight of 483 g/mol
for LPC and using the molecular weights for amylose determined by viscosity, leached
amylose contained 43 moles of LPC per mole of starch, while potato amylose contained
32 moles of LPC per mole of amylose. When divided by the degree of polymerization,
these result in a value of 21 glucose residues per molecule of LPC for leached amylose
and 30 glucose residues per molecule of LPC for potato amylose. V-type crystalline
amylose, characteristic of amylose-lipid complexes, corresponds to a left-handed single
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helix of 6 glucose residues per turn of pitch 0.806 nm.20 Based on the stoichiometric
calculations above this would imply approximately two to three turns for each complex at
saturation (leaving some room for non-helical flexible segments between complexes),
which would correspond to a helix length of about 1.6 to 2.4 nm. For lipid complexes
with DP 30 amylose, Godet et al. observed crystal lamella thickness of 1.6 nm, in close
agreement with the results.21
If the presence of branch points reduces starch-lipid interactions (as it apparently does),
then branched chains would be expected to saturate at a lower lipid concentration. The
enthalpy of dissolution at saturation would then be lower vis-à-vis unbranched starch.
This would result in figures similar to Figs. 2 and 3 of Kugimiya and Donovan,3 who
demonstrated that the enthalpy of dissolution on the first heating, where there was
incomplete complexation, was lower than that observed on reheating. Sievert and Holm
observed incomplete complexation and hence lower enthalpy when starch was initially
heated to temperatures below 170°C.4 In any case, 0% added lipid should yield no
enthalpy of complexation for starches containing no endogenous lipids. However, as
seen in Figure 3-3 a finite enthalpy is observed for both amyloses in the absence of LPC,
particularly the leached maize amylose.
In the case of excess LPC, the endotherm for the maize amylose-lipid complex
appeared at a temperature of ~106-108°C with a slight shoulder on the lower temperature
side of the endotherm (Figure 3-4).

As lipid content decreased, a broad shallow

endotherm appeared with a peak near 135 ˚C (Figure 3-4). Similar results were obtained
for potato amylose, although the peak appeared at 110-112°C and the overall enthalpy
was smaller (Figure 3-4). The same biphasic nature of the transition was observed
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previously.3,4,5

Apparently at least two forms of complex exist with varying peak

temperatures. Previously one or more endothermic transitions were observed in samples
of lipid-free starch that resulted from spherulitic crystallization at approximately the same
temperature as that for the amylose-lipid complex,7,8,22 following the thermal regime
proposed by Sievert and Holm.4 A morphological investigation of the potato and leached
maize amylose samples in the presence and absence of LPC following heating to 180°C
and cooling at 10°C/min to 4°C was then undertaken.

Figure 3-4: DSC thermograms for the dissolution of leached maize amylose-LPC
complex at varying lipid contents. Lipid concentration 0, 2, 5, 10, 20 and 40% (w/w
amylose) from bottom up. Thermogram for potato amylose and 40% LPC top.
Spherulites exhibiting the typical Maltese cross extinction pattern when viewed
between crossed polarizers were observed in both maize and potato amylose samples
containing no lipid (Figure 3-5). Fewer were observed for potato amylose, and those that
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formed had a broader distribution of sizes.

This is consistent with previous

observations,9 and the idea that potato amylose may be more highly branched, since
branching tends to reduce the size and extent of spherulitic crystallization.23,24 This also
explains the presence of a non-zero intercept in Figure 3-4, i.e., as the lipid content
approaches zero the amylose begins to crystallize in a different form (likely the Ballomorph).

Figure 3-5: The morphology of leached maize amylose (A) and commercial potato
amylose (B) without added LPC between crossed polarizers. Scale bars represent 50 μm.
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No spherulites were observed in the presence of excess LPC. Instead, a fine grainy
texture was formed at high amylose concentrations, while a film (or “balloon”)
morphology was formed at high amylopectin contents (Figure 3-6). These two structures
also appeared in samples of common maize starch and the relative proportion was
roughly equal to the ratio of amylose:amylopectin. A similar ‘balloon’ morphology was
also formed in samples containing granular waxy maize starch (Figure 3-7).

This

‘balloon’ morphology resembles what some have referred to as granule “ghosts,” but
since it formed regardless of whether the starting material was granular or not, it cannot
simply be remnants of the original granular structure.
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Figure 3-6: Brightfield images after heating in the presence of excess LPC: 100 percent
potato amylose (A), 90 percent amylose/10 percent amylopectin (B), 20 percent amylose/80
percent amylopectin (C), and 100 percent amylopectin (D). Scale bars represent 50 μm.
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Figure 3-7: Brightfield image of waxy starch after heating in the presence of excess LPC.
Scale bar represents 50 μm.
Since the melting point of the spherulitic material was higher than that of the amyloselipid complex, the preferential crystallization of the latter must be due to the more rapid
kinetics of amylose-lipid complexation vis-à-vis double helix formation.

3.4 Conclusions
The LPC-DSC method for amylose content in starches appears to be sensitive to the
degree of branching in the amylose fraction. Consequently, for accurate quantitative
analysis an amylose standard of similar structure should be used. This reference material
can be obtained by leaching amylose from granular starch of the appropriate botanical
origin at temperatures below the gelatinizaton temperature. Spherulitic crystallization on
rapid cooling appears to be inhibited by the presence of LPC leading to the formation of
the amylose-lipid complex. Therefore, the mechanism of spherulite formation during
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rapid cooling appears to be different than that observed on slow cooling in the presence
of lipids.25
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Chapter 4
Spherulitic Crystallization of Amylose from Concentrated Aqueous Solution

4.1 Introduction
Self-assembly of biological macromolecules is a fertile area of study. Among the
morphologies formed through self-assembly are spherulites. Spherulites are semicrystalline entities in which crystal lamellae or fibers are radially oriented, producing a
characteristic extinction pattern known as a “Maltese cross” when viewed between
crossed polarizers using light microscopy. Spherulitic self assembly is observed under
certain circumstances for natural polymers including: cellulose,1 DNA,2,3,4,5,6 chitan7,8
and chitosan,9 silk fibroin,10 collagen11 and insulin.12 In the case of starch, spherulites are
formed under dynamic, non-equilibrium conditions.
There are previous reports on spherulite formation from native starches.13,14,15,16 In
general, spherulite formation was only possible if starch dispersions were heated to
temperatures >170°C.15 A minimum concentration for spherulite formation of about 5%
starch (w/w) was observed, and spherulite formation was favored in starches containing a
greater percentage of linear chains and exhibiting B-type X-ray diffraction patterns.
Contrary to granular starch, where crystallinity drops with increasing amylose content,17
recrystallization following gelatinization (melting) is favored in linear starches.18 For
example, films comprising mixtures of amylose and amylopectin are semi-crystalline, the
degree of crystallinity increasing with amylose content.19 Linear polymers typically
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crystallize more readily than their branched counterparts,20 and in synthetic polymers,
branched molecules have been shown to hinder spherulite formation.21

When

investigating crystallization processes it is desirable to begin with relatively simple, linear
molecules.22,23 Here the boundaries of spherulite formation from maize-derived amylose
were investigated, with the hope of expanding understanding of the self-assembly of
starch polymers from solution, and hence polymer crystallization in general.

4.2 Experimental

4.2.1 Materials
Common maize starch was supplied by the National Starch and Chemical Corporation
Food Products Division (Bridgewater, NJ). Dimethylsulphoxide (DMSO) (471267), d6DMSO (151874) and amylopectin (10118, Fluka Biochemika) were purchased from
Sigma Aldrich (St. Louis, MO). USP ethyl alcohol (111000200PL05) was obtained from
Pharmco (Brookfield, CT).
Amylose was leached from a 4% (w/v) suspension of common maize starch using
distilled water at 75 °C with gentle stirring for 45 minutes.24 The suspension was
centrifuged at 2950×g and the supernatant reserved. Starch granules were re-suspended
and leached two more times, after which 1.5 volumes of ethanol was added to the
combined supernatants, and the resulting precipitate (collected at 25 °C) dried at 40 °C.
Amylose was characterized using 1H and 13C NMR. Approximately 30 mg of amylose
was dissolved in 1.5 mL of d6-DMSO using a boiling water bath. The 1H and 13C NMR
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experiments were performed at 500.13 and 125.76 MHz, respectively, on a Bruker
AMX2-500 spectrometer operating in the quadrature mode at 60 °C. 1H and

13

C NMR

were referenced indirectly to tetramethylsilane. The generated spectra were compared to
previously published starch NMR data. NMR revealed the leached maize fraction to be
essentially free of branching as evidenced by the absence of a peak at 70 ppm (as shown
in Figure 3-1) that is typical of starch containing 1-6 branch points.25,26

Benesi and

Brant assigned a peak at 70.4 ppm to carbon 4 of the glucose bound at carbon 6 of the 1-6
branch points of pullulan.27 Therefore, it was concluded that the leached maize fraction
is essentially amylose, free of amylopectin.
Intrinsic viscosity in DMSO at 25 °C (±0.1 °C) was determined using a CannonUbbelohde dilution viscometer (#50, Cannon Instrument Co., State College, PA). Four
concentrations were measured in the range 0.001-0.005 g/mL.

Efflux times were

recorded in triplicate using a digital stopwatch (Traceable®, VWR International, West
Chester, PA).

Mark-Houwink-Sakurada values (α and K) calculated by Banks and

Greenwood (0.70 and 0.0151, respectively)28 and Everett and Foster (0.64 and 0.0306,
respectively)29 for amylose in DMSO were both used to calculate the molecular weight
and the results averaged.30 The leached amylose was found to have a viscosity-average
molecular weight of 1.5 x105, corresponding to a degree of polymerization of
approximately 930, which is toward the low end of the molecular weight distribution for
maize amylose. However, the final yield of leached material was approximately 6% by
weight of the original starch with a moisture content of 12.5% (w/w) when equilibrated at
room temperature and 50% relative humidity. This is about 1/5 to 1/4 of the total amylose
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present in the parent starch. In this case overall yield (and therefore length) was sacrificed
to obtain unbranched amylose.

4.2.2 Sample Preparation
Starch suspensions of 10% dry mass in water, determined in previous studies to be
ideal for the formation of spherulites,15 were prepared in high volume (60 μL) stainlesssteel differential scanning calorimetry (DSC) pans (Perkins-Elmer Instruments, Norwalk,
CT). The pans were hermetically sealed and stored overnight at 20 °C to ensure moisture
equilibration. Samples were heated to 180 °C at a rate of 10 °C/min, then immediately
cooled at various predetermined rates (e.g., 250, 100, 50, 25, 10, 5, 2.5, and 1 °C/min)
before reaching the final crystallization temperature (most commonly 10 °C). In some
regimes cooling rate was varied above and below an intermediate temperature of 130 °C.
Specific thermal regimes are provided along with the corresponding data in the text.
Samples were held overnight at 20 °C before being opened for study, or analyzed by
differential scanning calorimetry.

4.2.3 Techniques
Samples for microscopy, DSC, and wide angle X-ray diffraction (XRD) were prepared
using a Perkin Elmer DSC 7, operated by Pyris software (Perkin-Elmer Instruments,
Norwalk, CT). Thermal analysis of the samples was performed on a Thermal Advantage
Q100 DSC using Thermal Advantage Universal Analysis software (TA Instruments, New
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Castle, DE). Two DSC’s were used so that occasional pan explosions due to pressure
buildup during preparation would not foul the furnace and affect the sensitivity of the
DSC used for analysis. Both optical and polarized light microscopy were performed on
an Olympus BX41 microscope (Hitech Instruments, Edgemont, PA) equipped with a
SPOT Insight QE camera, and analysis completed using SPOT analytical and controlling
software (SPOT Diagnostic Instruments, Sterling Heights, MI). An optical pressure cell,
constructed from a HPLC UV-Vis detector, was utilized in conjunction with a Linkham
LTS 350 hot stage and LinkSys 32 temperature control and data acquisition software
(Linkam Scientific Instruments, Surrey, UK) to visualize the processes of spherulite
formation and dissolution. Average spherulite sizes were determined from a count of
between 50 and 70 spherulites (all measurements made at 45º to the horizontal) from
approximately four fields (40X).
XRD data were collected in digital form using a Rigaku Geigerflex powder
diffractometer with a Dmax-B controller and a vertical goniometer. Operation was in the

Θ-Θ geometry. The instrument uses radiation from a copper target (Cu Kα radiation
λ=1.54 Å, including both the Cu K α1 and K α2 , whereas Cu Kβ was eliminated with a
graphite monochromator). Samples were scanned continuously from 2° to 30° 2Θ at a
rate of 0.25 °/min and data were collected at intervals of 0.02°. XRD samples were
prepared by equilibrating starch/water mixtures on glass slides to constant water content
at 20 °C and 85% relative humidity over potassium chloride (KCl) for 48 hours. Percent
crystallinity was approximated as the ratio of the resolved intensity of the crystalline
reflection to the total integrated intensity.31
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4.3 Results and Discussion

4.3.1 Morphology
For a constant quench temperature of 10°C, amylose formed spherulites at all cooling
rates employed (Figure 4-1). For samples cooled directly from 180 to 10 °C, there was
little change in mean spherulite size with cooling rate in the range 1 - 250 °C/min
(Figure 4-2). Cooling at rates above 50 ºC/min is tenuous, which may account for the
lack of sensitivity to rate above this value. Spherulites could also be formed from the
parent maize starch at cooling rates exceeding 2.5 °C/min (Figure 4-2), but they exhibited
a greater variation in average diameter as a function of cooling rate. It was previously
reported (Chapter 2) that for mung bean starch the mean spherulite diameter was reduced
to the point of being immeasurable ( < 1 μm) at slow rates.16 Amylopectin did not form a
spherulitic morphology at any of the cooling rates utilized in this study. Instead small
non-birefringent precipitates were formed, together with large transparent film-like
structures.

89

Figure 4-1: Representative optical micrographs showing birefringent spherulites formed
from linear amylose cooled from 180 to 10 °C. A, sample cooled at 5 °C/min; B, cooled
at 10 °C/min; C, cooled at 50 °C/min; and D, cooled at 250 °C/min. Samples viewed
between crossed-polarizers. All scale bars equal 50 μm.
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Figure 4-2: Dependence of average spherulite diameter vs. cooling rate for linear amylose
and maize starch cooled from 180 to 10 °C. Maize starch formed no discernable
spherulitic material at 1 °C/min.
Although all processing conditions resulted in semi-crystalline spherulitic structures,
amylose samples cooled at slower rates formed fewer spherulites and an increasing
amount of non-spherulitic precipitate. The non-spherulitic precipitate exhibited little
birefringence and there were no additional thermal events detected by DSC. For common
maize starch this non-spherulitic fraction was the only observed morphology after
cooling at 1 ºC/min. Based on previous work that shows gelation over other types of
self-assembly at slow cooling rates, it was concluded that gel formation is likely under
the conditions where spherulites do not form.32,33
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4.3.2 Characterization of Crystal Structure
The dissolution of spherulites, always observed as a very broad endotherm (Figure 43), does not change significantly in response to a change in cooling rate (Figure 4-4).
Unlike mung bean starch, there were no multiple endotherms for samples prepared at
slow cooling rates. In Chapter 2 this was proposed to be associated with the dissolution
of a gels’ crystalline junction zones, consistent with the visual observation of a large
increase in the content of gel formed at slow cooling rates.16 The relative lack of such
material in amylose samples and the concurrent absence of the higher temperature
endotherm are consistent with the relatively small amount of gelation in amylose wherein
spherulites form.34 It is also possible that the gel and the spherulites have the same
melting point, as has been observed for isotactic polystyrene (iPS) in cis-decalin.35

Figure 4-3: DSC thermograms on reheating (10 ºC/min) for amylose cooled from 180 ºC
at 5 (bottom) and 10 (top) ºC/min, endotherm up.
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Figure 4-4: Effect of cooling rate on the dissolution process during heating of spherulitic
amylose. □ 20% starch solution and ○ 10% starch solution. Hollow symbols represent
dissolution enthalpy (± 2 J/g) and solid symbols represent the dissolution temperature
(±10 ºC, due to the rather broad and shallow transitions) for the starch solution.
Utilizing a pressure cell and the same heating rate as in the DSC experiments (10
ºC/min), dissolution was visually observed as a loss of birefringence and the complete
disappearance of spherulites over the range of temperatures corresponding to the DSC
endotherm. Increasing amylose concentration from 10 to 20% (w/w) had the effect of
raising the peak temperature by an average of about 10 ºC. The spherulite size was
essentially unchanged at the higher starch concentration.
The average enthalpy decreased for both concentrations as rate of cooling was
increased from 1 to 50 ºC/min Figure (Figure 4-4), but the range of values is small. The
observed dissolution temperatures approach the extrapolated dissolution temperature for
linear dextrin of infinite molecular weight – 147 ºC – where the volume fraction of water
was 0.8.36 The temperatures reported in Figure 4-4 are higher than those observed for
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mung bean starch prepared under the same conditions,16 in keeping with the greater
linearity of the leached amylose and higher overall amylose content.
B-type crystallinity (as evidenced by XRD peaks at approximately 5, 17, 23 and 25 °
2Θ) was observed for all samples (Figure 4-5), as expected given the high degree of
hydration for the samples under investigation here.37,38,39 The absence of reflections
characteristic of the V-type crystal structure confirmed that lipid complexes are not
responsible for the crystallinity.40 The relative degree of crystallinity estimated from the
XRD patterns was ~40%, independent of cooling rate between 5 and 250 °C/min.
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Figure 4-5: XRD patterns for starch spherulites from a 20% w/w linear starch dispersion
cooled from 180 ºC at 5 (bottom), 10 (middle) and 250 (top) ºC/min. The XRD samples
were equilibrated at 20 ºC and 85% humidity for 48 hours prior to analysis.

4.3.3 Crystallization Temperature
Amylose solutions were quenched from 180 ºC at 250 ºC/min to a variety of
crystallization temperatures (Tc) in the range 20 to 120 ºC to determine the temperature
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range over which a spherulitic morphology develops.

Samples were held at the

crystallization temperature for 24 hours, the pans opened, and the morphology
immediately viewed. Well-formed spherulites were observed at Tcs of 60 ºC and below
(Figure 4-6), while a transitional morphology of poorly-formed spherulites was seen at 70
ºC (Figure 4-6). Of note is that the onset of solvent-facilitated (water) dissolution of
crystalline amylose has been placed at about 70 ºC.41 Above 70 ºC the spherulitic
morphology disappeared and was replaced by a “salt and pepper”-like morphology with
some large feather-like crystalline structures. At the highest Tcs (110 and 120 ºC) small
spherulites were seen to form from an initially clear solution as the specimen cooled to
ambient temperature on the microscope slide. Spherulite sizes increased with increasing
hold temperature between 20 and 70 ºC. The initial increase in spherulite size with
increasing Tc, followed by a transition to a non-spherulitic morphology is consistent with
previous observations for mung bean starch (Chapter 2).16
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Figure 4-6: Morphology of amylose samples held at 40(A), 70(B), 90(C), 100(D), and
110 ºC (E) for 24 hours, after heating to 180 ºC and cooling at the maximum rate of 250
ºC/min. All scale bars equal 50 μm.
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4.3.4 Cooling Rate Variation
Amylose is believed to complete solvent-facilitated dissolution at about 130 °C.32
Therefore, aqueous amylose solutions were quenched from 180 ºC to 130 °C (at 250
ºC/min), from which the system was subsequently slowly cooled (at 1 and 2.5 ºC/min) to
10 °C. It was hypothesized that gel formation would be avoided by the rapid quench to
130 °C, and that spherulite size would increase at slower cooling rates below 130 °C.
Substantially more spherulitic precipitate and much less gel was observed for samples
quickly cooled to 130 °C, compared to those cooled directly from 180 °C to 10 °C at the
same rate (Figure 4-7). There was a large increase in the size of the spherulitic fraction
for samples that were quickly cooled from the highest temperatures, as seen in the
comparison of Figure 4-7 A to B and C to D. The initiation of gelation at higher
temperatures in samples slowly cooled directly from 180 °C would restrict the size and
number of spherulites in Figure 4-7 A & C. As expected, more numerous and regular
spherulites were observed in samples cooled more rapidly to 130 °C (Figure 4-7 B to D).
Relatively small spherulites were observed in samples very rapidly quenched from
intermediate temperatures (110-130 °C) to room temperature (20 °C) on the microscope
slide (see for example Figure 4-6 E), suggesting that little aggregation (pre-ordering) had
occurred during the 24 h holding period at these temperatures prior to observation.
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Figure 4-7: Representative optical micrographs depicting the change in morphology for
linear starch cooled rapidly to an intermediate temperature, followed by slow cooling vs.
simply slow cooling. Frame A is for amylose cooled at 1 °C/min from 180 to 10 °C; B cooled from 180 to 130 °C at 250 °C/min, followed by cooling at 1 °C/min to 10 °C. C cooled at 2.5 °C from 180 to 10 °C; D from 180 to 130 °C at 250 °C/min followed by
cooling at 2.5 °C/min to 10 °C. All micrographs were acquired at the same magnification.
Scale bars = 50 μm.
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4.3.5 Discussion

4.3.5.1 Spherulite Formation vs Gelation
It is apparent from this study that the linear fraction of starch (amylose) readily forms
spherulites. It was previously reported that it was necessary to heat most starches above
170°C in order to form a spherulitic morphology on cooling.15 It has been suggested that
this may be due to the dissolution of residual nuclei at high temperature. In order to show
that heating to high temperature did not degrade the starch to short chain amylodextrins
(<d.p. 25) and that what was observed was not equivalent to that reported by Ring et al.
for low molecular weight amylose,42 amylose was heated to 180 °C in the DSC as
described in the Materials and Methods, cooled at 10 °C/min to 10 °C, and the resulting
starch polymer then characterized using intrinsic viscosity. The calculated degree of
polymerization was 635, or about 30% below the starting value of 930. This
demonstrated that short chain amylodextrins are not solely responsible for the formation
of the spherulites, since this was the only morphology observed.
There is another explanation for the high heating temperature necessary to form
spherulites. Doublier observed that heating starch dispersions below 160 °C resulted in
the formation of a gel.32 Heating samples above 160 °C resulted in a precipitate that
appeared in description to be the same as the observed spherulites in this study. It seems
clear that some prerequisite for rapid gel formation is removed, or is satisfied, by the high
temperature processing.
It was reasoned,15 by analogy to iPS in cis-decahydronaphthalene and aqueous agarose
solutions, that a helix→coil transition occurred above 170 °C.43 It is then hypothesized
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that to obtain a spherulitic morphology on rapid cooling of native amylose, it is necessary
to heat starch above a helix→coil transition, in order to remove helical nuclei that
otherwise would cause gel formation on cooling. These helical nuclei could remain in
the solution as crystalline ‘seeds’ that induce rapid gel formation. According to the
hypothesis, when the system is heated to >170 °C these nuclei removed and the solution
may undergo a demixing step during cooling under the appropriate conditions. This
hypothesis might explain Doubliers’ observations.32
Amylose “solutions” must be heated to about 170 °C to obtain optical clarity.44,45 It
has been reserved that whether heating granular starches or re-dissolving precipitated
amylose, i.e., the suspension remains turbid above the gelatinization/dissolution
endotherm observed by DSC, only to clear at some higher temperature, usually greater
than 170 °C. It was proposed that spherulite formation should be considered in light of a
competition between liquid-liquid demixing and crystallization (gelation).16 Spherulites
form only if one can induce liquid-liquid demixing instead of gelation by rapidly
quenching the system from the isotropic state into a two-phase region.

Otherwise,

preformed nuclei initiate crystallization, i.e., gel formation, too rapidly. The gel thus
formed prevents further phase separation.46 In the previous chapter, the situation was
described using a phase diagram that, in light of the preceding discussion, must be
discussed further now.
The proposed phase diagram included a liquid-liquid demixing region that competes or
interferes with a sol-gel/crystallization transition dependent on the cooling rate or final
temperature. When rapidly quenched into the liquid-liquid demixing region, amylose
solutions would demix prior to crystallization forming two phases; one polymer-poor and
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the other polymer-rich. The concentration of these phases is dependent only on the
quench temperature and cooling rate, hence once crystallization occurs one expects a
non-variant melting point.47 It was hypothesized that spherulites form in the polymerrich phase.16

Consistent with the hypothesis, Gidley and Bulpin30 observed the

development of turbidity in clear solutions of amylose (heated to 160-170 °C for 10-20
min.) to be highly cooling rate dependent, occurring up to 35 °C lower at 1 °C/min. vs.
0.15 °C/min., and Miles et al. concluded that the local composition of the polymer-rich
phase in amylose gels was independent of overall polymer concentration.18 However,
should crystallization be pre-seeded with existing nuclei, so that it occurs prior to or
coincident with liquid-liquid demixing, gelation would be favored. Gelation can also
hinder the further development of liquid-crystalline order, as in the case of κcarrageenan.48
“Solutions” of amylose enter a metastable state below 80 °C.49 Below 80 °C there is a
tendency for water to phase separate from starch. This coincides closely with the quench
temperature required to form spherulites from amylose (Figure 3-5) or mung bean
starch.16 When held just above this temperature for 24 hours, amylose solutions became
birefringent but not spherulitic (Figure 3-5-C).
The preceding argument explains the “surprising results” of Doublier et al.,32 where a
gel formed on cooling if amylose was dissolved at temperatures below 160 °C, while
amylose crystals precipitated out of solutions heated at higher temperatures. The rate of
turbidity development depended on concentration and dissolution temperature (Td); the
higher Td, the slower the development of turbidity, e.g., cloudiness appeared only after 30
minutes for Td = 172 °C. Unlike amylose gels, the “precipitates” displayed exceptionally
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sharp XRD diffraction patterns. Doublier et al. 32 give an explanation much like the one
advanced above, with the exception of not identifying the precipitates as spherulites.
Other data should be revisited in light of this proposed mechanism. For example,
Vesterinen et al. demonstrated a maximum in rigidity as a function of dissolution
temperature for gels from high-amylose starch, occurring between 150 and 155 °C, which
they attributed to polymer degradation above this temperature.50 However, amylose is
apparently stable at 160-170 °C for 10-20 minutes.51 When heated above the optimum
temperature (152 °C), Vesterinen et al.50 showed a longer induction time and slower rate
of growth in rigidity that paralleled the turbidity results of Doublier et al.32 This might
suggest that this maximum in rigidity represents an optimal balance between
solubilization of the starch and retention of nuclei.

4.3.5.2 Spherulite Crystallinity
It is often assumed that polymer spherulites are spherically symmetric arrays of chainfolded lamellae.23,43,52,53 Monar and Phillips concluded that DNA forms helical chainfolded lamellae when crystallized as spherulites.6 However, the intrinsic chain stiffness
of most polysaccharides does not allow chain folding within a confined volume.1 Guenet
employs this argument to conclude that intrinsically-rigid agarose chains cannot chain
fold and hence cannot produce spherulites but only gels.43 Sakamoto et al. concluded
that the extended-chain crystal was more plausible than a chain-folded one for single
crystals of α-chitin.8 But the amylose helix is more flexible than agarose or chitin. AFM
images of amylose with single-helical segments induced by iodine and lipid complexes
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unequivocally demonstrate the ability of amylose to chain fold.54 Even so, Bayer and
Baltá Calleja found it unreasonable to assume that immobile double helices could chain
fold, and that the crystalline structure of amylose probably corresponds more closely to a
fringed micelle.55
Both the A and B crystalline allomorphs of starch are thought to be composed of
assemblies of left-handed, parallel-stranded double helices.56,57 The simplest model of
chain folding to form double helices would result in antiparallel alignment of the two
chains. However, parallel chain alignment could easily be accommodated by a fringed
micelle model.

4.4 Conclusions
Predictions can now be made about the tendency of a starch-water system to form a
particular morphology, based both on the composition of the starch (ratio of amylose to
amylopectin) and on the processing conditions. The maximum heating temperature,
cooling rate, quench temperature and amylose content play major roles in determining the
final morphology.
The formation of spherulites from amylose solutions occurred over a wide range of
cooling rates and quench temperatures. The ability of native starches to form spherulites
is highly variable,15 and this is likely due to the ratio of amylose to amylopectin as well as
differences in the molecular architecture of the starch polymers. Differences in the
solubility of amylose and amylopectin are well-known and these differences may play a
prominent role in determining the hypothetical liquid-liquid demixing behavior that
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might play a crucial role in the formation of the spherulitic morphology.58 Indeed, it has
been previously recognized that amylopectin can hinder phase separation in starch
containing both polymers.49
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Chapter 5
Effect of Degree of Polymerization on the Self-Assembly of Amylose from
Concentrated Aqueous Solution

5.1 Introduction
In research conducted by this group, the self-assembly of thermally-treated starches of
different botanical origin and the role of amylose in the spherulitic self-assembly process
have been examined.1,2,3,4,5 The formation of the highest proportion of, and most regular,
spherulites from high-amylose maize starch occurred when the starch was heated to 180
°C and cooled at rates between 5 and 250 °C/min to ~10 °C.1 Very rapid (liquid nitrogen
quench) and slow (0.1 ˚C/min) cooling rates did not lead to the formation of a spherulitic
morphology. The observations of gel formation at slow cooling rates and spherulite
formation at higher rates, in addition to the existence of a final temperature above which
spherulite formation was not observed, led to the hypothesis (detailed in Chapter 2 of this
thesis) that liquid-liquid demixing (accompanied by amylose crystallization) or gelation
are responsible for formation of the spherulitic and other morphologies of this system.
Guenet has discussed polymer – solvent systems exhibiting morphologic changes
similar to these, concluding that the structures form as a consequence of competing
gelation and liquid-liquid demixing processes.6 He observed that at slow cooling rates
gelation was kinetically favored and that liquid-liquid demixing occurred at faster cooling
rates. This was hypothesized to be due to the time necessary to nucleate the crystalline
junction zones for formation of a gel compared to the relatively more rapid onset of
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liquid-liquid demixing.

It has been proposed in this thesis that a high processing

temperature facilitates the formation of the spherulitic morphology, presumably due to
the complete dissolution (from helix to random coil) of starch single helices that normally
remain in solution and favor rapid gel formation.5 When the number of these nuclei is
reduced it can reasonably be expected that a different morphology will form. This is an
important point – as stated in the hypothesis, the kinetics of gelation and liquid-liquid
demixing are determining factors for whether or not a spherulitic morphology forms.
The extant literature contains several reports on spherulites formed from starches of
different molecular weight, though no group has conducted a systematic study of
spherulite formation using amylose with a wide range of molecular weights.

The

systematic variation of molecular weight should produce valuable insight about the
formation process(es) leading to the spherulitic morphology.
In this chapter, the role of amylose degree of polymerization (DP) on the spherulitic
self-assembly process is investigated. Since shorter molecular weight linear chains have
been shown to form spherulites after thermal treatment,3 acid treated amylose spanning a
wide range of molecular weights was utilized. In addition to considering the effect of
cooling rate on morphology, starch concentration and crystallization temperature of the
aqueous starch solutions was also investigated. The following sections will provide direct
and indirect evidence of contributions from liquid-liquid demixing, crystallization, and
gelation (a form of polymer-solvent demixing) on spherulite formation.7 The structure
and properties of the precipitated amylose will be discussed, with particular consideration
for the hypothesis that liquid-liquid demixing is responsible for the formation of the
spherulitic morphology.
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5.2 Experimental

5.2.1 Materials
Common and waxy maize starches were supplied by National Starch Food Innovations
(Bridgewater, NJ). USP ethyl alcohol (111000200PL05) was obtained from Pharmco
(Brookfield, CT). Dimethylsulphoxide (DMSO) (471267) was purchased from Sigma
Aldrich (St. Louis, MO). Hydrochloric acid (HCl) (SA50-1) and Sodium Hydroxide
(NaOH) (SS270-1) were obtained from Fischer Chemicals (Fair Lawn, NJ).
Amylose was leached from a 4% (w/v) suspension of common maize starch using
deionized (DI) water, according to the process described previously.8 The resulting
amylose was characterized using 1H and

13

C NMR. The 1H and

13

C NMR experiments

were performed at 500 and 126 MHz, respectively, on a Bruker AMX2-500 spectrometer
operating in the quadrature mode at 60 °C.

1

H and

13

C NMR were referenced to

tetramethylsilane. Spectra were compared to previously published starch NMR data, and
revealed that the leached amylose was essentially free of branching, as evidenced by the
absence of a peak at 70 ppm typical of 1-6 branch points.9,10
From this ‘parent’ amylose, several fractions having different average DP were
prepared. One gram of amylose was placed in 8 mL of 0.5 N HCl for varying lengths of
time at several temperatures between 50-80 °C (±3 °C).11 After acid degradation, the
amylose-acid slurries were neutralized, centrifuged, and washed three times with 35 mL
DI water. Before drying, the amylose was washed with ethanol.
Additionally, a short chain fraction was obtained via lintnerization of waxy maize
starch with 2.2 N HCl. A slurry of 2.5 grams of waxy maize starch and 100 mL 2.2 N
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HCl was placed in a 35 °C water bath for 108 hours (4.5 days). The slurry was then
neutralized, washed, and centrifuged several times with DI water. Finally the remaining
lintners were washed with ethanol and dried. HCl has been demonstrated to act randomly
upon the 1-4 and 1-6 bonds in the amorphous component of starch.12 The washing
procedure removed water soluble low MW sugars/oligosaccharides.

5.2.2 Sample Preparation
Suspensions of leached amylose or its acid-hydrolzed fractions in water were prepared
in ‘high volume’ (60 μL) stainless-steel DSC pans (Perkin-Elmer Instruments, Norwalk,
CT). The pans were hermetically sealed and stored overnight at 20 °C to ensure moisture
equilibration. Samples were heated to 180 °C at a rate of 10 °C/min, then immediately
cooled at fixed rates (i.e., 250, 100, 50, 25, 10, 5, 2.5, and 1 °C/min) before reaching the
final crystallization temperature (Tf). Samples were stored overnight at Tf before being
opened for microscopy or analyzed by differential scanning calorimetry (DSC).
Uncertainty in reported dissolution temperatures (Td) was ~5 °C, while uncertainty in the
dissolution enthalpy (ΔHd) was ~20% of the average calculated value for each
concentration and DP. The amylose concentration investigated ranged from 5 – 60%
w/w. The lower boundary (5% w/w) was the volume of amylose and water that could be
placed in the DSC pan while still having enough starch to observe transitions.
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5.2.3 Techniques
Samples for microscopy, DSC, and wide angle X-ray diffraction were prepared using a
Perkin-Elmer DSC 7, operated by Pyris software (Perkin-Elmer Instruments, Norwalk,
CT). Thermal analysis of the samples was performed on a Thermal Advantage Q100
DSC using Thermal Advantage Universal Analysis software (TA Instruments, New
Castle, DE). All DSC measurements were replicated. Both brightfield and polarized
light microscopy were performed on an Olympus BX41 microscope (Hitech Instruments,
Edgemont, PA) equipped with a SPOT Insight QE camera, and analysis completed using
SPOT analytical and controlling software (SPOT Diagnostic Instruments, Sterling
Heights, MI). Average spherulite size was determined from a count of between 50 and
70 spherulites (all diameters measured at 45° left to right) from approximately four fields
(40X or 20X magnification). In some slowly cooled samples fewer spherulites were
present leading to larger standard deviations.
Intrinsic viscosity in DMSO at 25 °C (±0.1 °C) was determined using a CannonUbbelohde dilution viscometer (#50, Cannon Instrument Co., State College, PA). Four
concentrations were measured in the range 0.001-0.005 g/mL.

Efflux times were

recorded in triplicate using a digital stopwatch (Traceable®, VWR International, West
Chester, PA). Intrinsic viscosity, [η], was determined from a plot of

η sp
[conc]

versus

[conc] . Using the Mark-Houwink-Sakurada equation ( [η ] = KM vα ) the viscosity average
molecular weight was then calculated form values α and K determined by Banks and
Greenwood (0.70 and 0.0151, respectively)13 and Everett and Foster (0.64 and 0.0306,
respectively)14 for amylose in DMSO. Both sets of values were used to calculate the

111
molecular weight and the results averaged.15 Each reported molecular weight has an
uncertaintly of ±5 DP, representing a 95% confidence interval. Molecular weight
distributions were not determined, although relatively high polydispersities were
expected.
Wide-angle X-ray diffraction (XRD) patterns were collected in digital form using a
Rigaku Geigerflex powder diffractometer with a Dmax-B controller and a vertical
goniometer. Operation was in the Θ-Θ geometry. The instrument uses radiation from a
copper target (Cu Kα radiation λ=1.54 Å, including both the Cu K α1 and K α2 , whereas Cu

Kβ was eliminated with a graphite monochromator). Samples were scanned continuously
from 3° to 30° 2Θ at a rate of 0.25 °/min and data were collected at intervals of 0.02°.
XRD samples were prepared by equilibrating the amylose on glass slides to constant
water content at 20 °C and 85% relative humidity over potassium chloride (KCl) for 48
hours. Percent crystallinity was approximated as the ratio of the resolved intensity of the
crystalline reflections (total intensity minus the amorphous halo) to the total integrated
intensity, after the diffraction patterns had been baseline corrected from 4 to 30° by
determining the slope between these two points.16,17

5.3 Results and Discussion

5.3.1 Molecular Weight
Table 5-1 summarizes the preparation steps and viscosity-average degree of
polymerization (DP) of the eight amylose fractions utilized in this chapter. Appendix 1
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describes the acid degradation process in more depth, including an equation to predict the
molecular weight obtained utilizing various treatment conditions.
Table 5-1: Resulting viscosity-average molecular weights and degrees of polymerization from
aqueous leaching and subsequent acid degradation procedures. The 35 DP fraction was obtained
through lintnerization of waxy maize starch.

Fraction

35 DP

70 DP

120 DP

275 DP

460 DP

575 DP

755 DP

930 DP

Treatment Temp (°C)

35

80

75

65

50

50

50

leached

Treatment Time (min.)

6480

33

100

30

90

25

15

leached

Viscosity Average MW (g/mol)

4620

11000

18900

44400

74100

92200

121700

148500

5.3.2 Concentration Dependence of Structure Development

5.3.2.1 Morphology
In the next several figures, the morphologies that resulted when the amylose
concentration was varied at a cooling rate of 10 °C/min are displayed. (spherulites from
930 DP amylose - Figure 5-1, 120 DP - Figure 5-2, 70 DP - Figure 5-3, and 35 DP Figure 5-4) In all cases, as amylose concentration increased there was a gradual decrease
in the fraction of spherulites formed and a corresponding increase in relative
concentration of an interconnected gel-like morphology. No lower limit of concentration
for spherulite formation was established for any but the 35 DP fraction. For each starchwater mixture there was a concentration above which no spherulites were observed. For
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the 930 DP fraction this occurred between 40 and 60% w/w, for 120 DP and 70 DP
between 35 and 50% w/w, and for 35 DP near 60 % w/w. The 70, 120, and 930 DP
fractions formed spherulites at concentrations from as low as 5% w/w, while the 35 DP
fraction required a minimum of 25% w/w to form spherulitic structures.
The Flory-Huggins (FH) equation can be used to provide an approximate prediction of
the critical point (Φc) for the hypothesized demixing behavior (shown in Figure 5-6).18
Care must be taken however, in that the FH treatment does not consider the role of
directional hydrogen bonding, which is clearly important in determining the phase
behavior of amylose-water mixtures. Bearing this caution in mind, the prediction of the
mean field FH model is that Φc = (DP)-0.5 – suggesting that Φc would be near ~15% w/w
for the 35 DP fraction, ~12% for the 70 DP fraction, ~9% for the 120 DP fraction, and
~3% for the 930 DP fraction. In addition to the effect of intra- and intermolecular Hbonding, a broad distribution of molecular weights has been shown to result in an
increase of the concentration range over which demixing occurs and an increase in Φc
compared to the FH prediction.19 Because of the aqueous leaching and acid degradation
processes utilized, a relatively broad DP distribution would be expected for each amylose
fraction. It is hypothesized that the demixing concentration range should be broadened
compared to the predicted values because of the broad DP distribution. Additionally,
decreasing DP will improve solubility and lower the temperature at which both demixing
and crystallization will occur.
In synthetic polymer solutions known to undergo liquid-liquid (L-L) demixing, the
morphology has been shown to change as polymer concentration increases.20,21

A

transition from spherical domains to an interconnected morphology has been observed in
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cooled solutions of both poly(methyl methacylate)22,23 and polystyrene.24

If L-L

demixing is responsible for spherulite formation from amylose-water systems, a similar
series of morphologies would be expected, and these were in fact observed.
The seemingly irregular behavior of the 35 DP fraction was anticipated based on
previous studies of short-chain amylose, in which a change in the observed morphology
(axialites, from spherulites) for chain lengths <45 DP was observed.25 Using the same
preparation conditions, gelation was observed for higher DP amylose, while the shorter
chains (<45 DP) formed crystalline axialites.25 In light of this previous work, it was not
very surprising therefore to see a very different morphology in the present study for the
35 DP fraction.

In another study spherulites formed from low DP starch at low

concentration26 (5 - 20% w/w) while the spherulites formed here from the lowest DP
fraction above a relatively high (>25% w/w) concentration.
No known investigations of spherulite formation from amylose have been extended to
such high concentrations. It was surprising to observe spherulite formation at such high
concentrations, since it had been shown that amylose of DP > 110 formed a gel when
cooled from 160 °C at any concentrations higher than 1%.15 This is further confirmation
that the high treatment temperature utilized here results in very different phase behavior
than has been observed for aqueous amylose solutions previously.
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Figure 5-1: Optical micrographs showing the morphology of the 930 DP starch water
system at different concentrations. All samples heated to 180 °C at 10 °C/min and cooled
to 10 at 10 °C/min. From top to bottom, the concentrations are A&B 5, C&D 15, E&F
30 and G&H 60% w/w amylose. Scale bars indicate 50 μm. Optical micrographs on the
left of each figure are brightfield, on the right are polarized light images.
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Figure 5-2: Optical micrographs showing the morphology of the 120 DP starch - water
system at different concentrations. All samples were heated to 180 °C at 10 °C/min and
cooled to 10 ˚C at 10 °C/min. From top to bottom, the concentrations are A&B 5, C&D
20, E&F 35 and G&H 50% w/w amylose. Scale bars indicate 50 μm. Optical
micrographs on the left of each figure are brightfield, on the right are polarized light
images.
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Figure 5-3: Optical micrographs showing the morphology of the 70 DP starch water
system at different concentrations. All samples heated to 180 °C at 10 °C/min and cooled
to 10 at 10 °C/min. From top to bottom, the concentrations are A&B 5, C&D 20, E&F
35 and G&H 50% w/w amylose. Scale bars indicate 50 μm. Optical micrographs on the
left of each figure are brightfield, on the right are polarized light images.
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Figure 5-4: Optical micrographs showing the morphology of the 35 DP starch - water
system at different concentrations. All samples were heated to 180 °C at 10 °C/min and
cooled to 10 ˚C at 10 °C/min. From top to bottom, the concentrations are A&B 10, C&D
30, E&F 40 and G&H 60% w/w amylose. Scale bars indicate 50 μm. Optical
micrographs on the left of each figure are brightfield, on the right are polarized light
images.
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5.3.2.2 Spherulite Size
Figure 5-5 shows the dependence of the spherulite size (diameter) on amylose
concentration for three amylose-water mixtures.

It was generally observed that the

average spherulite diameter increases with increasing concentration, although the
standard deviation of the measurements (~2.5 μm) makes the overall impact difficult to
discern. It has been proposed that the size of microparticles formed by L-L demixing can
be related to concentration by equation 5.1 where P represents particle diameter and C
concentration of the particle forming species.22 This expression was developed to predict
the size of poly(methyl methacrylate) particles formed by demixing upon cooling from
solution. Within the standard deviation observed here the prediction fits the amylosewater system.
P1 ⎛ C1
=⎜
P2 ⎜⎝ C 2

1

⎞3
⎟⎟
⎠

5.1

120

930 DP
120 DP
70 DP
predicted 930 DP
predicted 120 DP
predicted 70 DP

20

Average Diameter (μm)

18
16
14
12
10
8
6
0

5

10

15

20

25

30

35

40

45

concentration (% amylose w/w)

Figure 5-5: Spherulite sizes (μm) formed from the different fractions as a function of the
concentration. All spherulites were prepared by cooling from 180 °C to 10 °C at 10
°C/min. Lines predicted by equation 4.1 using data point corresponding to 15% w/w.
Only one error bar is shown to avoid crowding the graph.

5.3.2.3 Thermal Characterization
Based on experiments on polystyrene solutions, Guenet demonstrated that one can
construct temperature-concentration phase diagrams using results from DSC.27
Comparing the results of the experiments here with the hypothetical phase diagram
(Figure 5-6) should assist in assessing whether the spherulitic morphology forms from
competition between gelation and liquid-liquid demixing.28,29 Guenet has reported selfassembly behavior very similar to that hypothesized to occur in the amylose-water
system.6 Guenet predicted that spherulites formed on cooling in systems exhibiting the
phase diagram in Figure 5-6 would exhibit an invariant Td. This is expected because at
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constant cooling rate regardless of concentration of the solution the concentration of the
demixed polymer-rich spherulite phase will change only slightly.30 This corresponds to
the high concentration of the demixed phase (as shown by CS in Figure 5-6). The
differences in observed morphology indicate that a different temperature-concentration
diagram should be observed for the 35 DP fraction over the range of concentrations than
the higher DP fractions.

crystallization

Temperature

A

C

B

Liquid-liquid

Tf

demixing

Φc

CS
Concentration

Figure 5-6: Schematic of a hypothetical phase diagram showing the relation between
polymer concentration, temperature, and the phase state for a polymer solution. Liquidliquid demixing leads to spherulite formation while crystallization will result in gel
formation. Region A represents a solution; in region C demixing leading to spherulites or
crystallization leading to a gel occur (depending on the cooling rate); in region B a gel forms
due to crystallization. Φc and the dashed line indicate the critical point, and the arrow
indicates a path where cooling a polymer solution could result in the appearance of both a
gel and spherulites. CS indicates the spherulite concentration at Tf (regardless the starting
amylose concentration) that results in a relatively invariant melting point.
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The transitions for the amylose fractions were determined by noting changes in the
volume fraction of spherulitic and non-spherulitic precipitates and assigning the thermal
transitions accordingly. It is important to note that for all of the fractions distinct changes
in measured dissolution behavior occurred at the same concentration where changes in
the morphology were observed. Comparing these assignments to changes in ΔHd (which
correlates to the fraction of crystalline material), changes in the volume fraction of both
spherulites and gel corresponded to changes in the measured enthalpies.
As expected from the observed morphological transitions, the 70 DP (Figure 5-7), 120
DP (Figure 5-9), and 930 DP fraction (Figure 5-10 and Figure 5-11) temperatureconcentration diagrams were different from that for the 35 DP fraction. For the higher
DP (≥70 DP) fractions there was an additional Td, at or near the point where the
morphology was observed via optical microscopy to transition from spherulites to gel.
Based on the hypothetical phase diagram (Figure 5-6), this would correspond to
crystallization occuring directly from solution for higher concentrations, resulting in gel
formation.

Meanwhile at the lower concentration, spherulites form by liquid-liquid

demixing. For the high DP fractions, this hypothetical phase diagram is supported by
both the shift in observed Td as well as the observation of changes in the morphology.
For the 70 DP fraction, the concentration where the transition in thermal behavior
occurred corresponds to where the transition from primarily spherulitic morphology to
gel was observed (Figure 5-3). The gel dissolution appeared at a concentration of 30%
w/w. At a concentration of 40 % w/w the endotherm associated with the spherulitic
morphology disappeared and ΔHd of the gel dissolution enthalpy increased –
corresponding to the increased volume fraction of gel.
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Figure 5-7: Plot showing the thermal properties versus concentration (w/w) of the 70 DP
amylose-water system. Filled symbols represent Td, hollow symbols ΔHd. A cooling rate
of 10 °C/min from 180 to 10 °C was utilized for all tests.
Similar to the 70 DP fraction, spherulite and gel morphologies were also reflected in
the appearance of two Td’s for the 120 DP fraction (Figure 5-9) and the 930 DP fractions
(Figure 5-10 and Figure 5-11).

The simultaneous appearance of both dissolution

endotherms observed for the 120 DP fraction as the morphology transitions from
spherulite to gel (40% w/w) is shown in the thermogram of Figure 5-8.
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Figure 5-8: DSC thermograms showing simultaneous endotherms reported for the 120
DP fraction at 40% w/w exhibiting multiple endotherms.
The 120 DP fraction had an endotherm assigned to the dissolution of the crystalline
spherulitic material to a maximum concentration of 50%. At concentrations greater than
40%, an endotherm assigned to the dissolution of gel material was observed.
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Figure 5-9: Plot showing the thermal properties versus concentration (w/w) of the 120 DP
amylose-water system. Filled symbols show Td, hollow symbols show ΔHd. A cooling
rate of 10 °C/min from 180 to 10 °C was utilized for all tests.
For most of the systems an overlap of concentrations where the gel and spherulitic
endotherm was observed occurred, normally with a decrease in the enthalpy of the
spherulitic crystalline endotherm concurrent with an increase in the enthalpy of the gel.
Additionally, the spherulite crystalline Td was observed to be relatively invariant, as
predicted by Guenet.6 This is true especially in comparison to the crystalline gel Td,
which was observed to increase as amylose concentration increased in all of the
experiments. Additionally, the overlap in the concentrations where the endotherms are
observed confirmed the expectation that different thermal processes would be observed at
low and high concentration.28
The 930 DP fraction was analyzed at two cooling rates – 10 and 50 °C/min. The
spherulitic crystalline endotherm was observed up to a concentration of 40% at the 10
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°C/min cooling rate and 50% for the 50 °C/min rate. At higher amylose concentrations
the crystalline gel endotherm was again observed. As mentioned before, this DP was also
much higher than any observed in Gidley and Bulpins’ experiments to form a precipitate
on cooling – especially at such high concentrations.15 Comparing with the work of
Doublier, who showed that a higher temperature processing (>160 °C) led to precipitation
of starch instead of gelation,31 it is concluded that the high processing temperature is
responsible for the change in phase behavior.
Comparing the 10 °C/min and 50 °C/min 930 DP fractions (Figure 5-10 and Figure 511), it was observed that there was much more overlap of the concentrations where gel
and spherulite morphologies were observed for the samples prepared at the faster cooling
rate.

This is expected at the higher concentration, as faster cooling will result in

demixing at a temperature when at slower cooling rates gelation will have already
completely occurred precluding spherulite formation.

Interestingly, the dissolution

enthalpy of crystalline gel material decreased as concentration increased in the 10 °C/min
experiments, while it increased in the 50 °C/min experiment and for the other fractions.
The dissolution enthalpy of the spherulitic crystalline dissolution was observed to have a
maximum at a concentration of 10 % w/w. It has been proposed that for temperatureconcentration diagrams like this, this represents the critical point of the demixing curve.6
If so, this also confirms the expectation that the critical point of this polydisperse
fractions would be shifted upward compared to the predict Flory-Huggins value (3% w/w
in the case of 930 DP).
The most evident difference between the 70, 120, and 930 DP fractions was that the
high concentration crystalline gel dissolution occurred at lower temperature than
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spherulite dissolution for the 930 DP fraction while it was observed at higher temperature
for the 120 and 70 DP fractions. Based simply on solubility of polymers in solution, this
is the reverse of the trend that would be expected. This is especially true since amylose
gels are normally characterized as melting at ~120 °C.32 This is an indication that the
material forming at high concentration from the 930 DP fraction (and perhaps even the
other fractions) is different from typical amylose gels and might even represent a
different type of crystalline precipitate. The nomenclature of ‘gel’ shall remain here but
this possibility should be noted regardless.
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Figure 5-10: Plot showing the thermal properties versus concentration (w/w) of the 930
DP amylose-water system. Filled symbols show Td, hollow symbols show ΔHd. A
cooling rate of 10 °C/min from 180 to 10 °C was utilized for all tests.
The transition from spherulite to gel was observed in each case, with slight differences
in the concentration range over which the transition occurs. The differences in the Td’s
confirm the hypothesis that the gel and spherulite morphologies develop from a different
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mechanism.

Based on the results, it would be possible to start assigning more

quantitative values to a proposed phase diagram for each DP. Based on the results, CS is
predicted to be ~35% w/w for the 70 DP, 50% w/w for 120 DP, and 40% w/w for the 930
DP amylose fraction for a 10 °C/min cooling rate to a Tf of 10 °C.. In the case of the 70,
120, and 930 DP fractions the observed thermal and morphological trends generally
support the proposed phase diagram (Figure 5-6).

o

930 DP 50 C/min

Spher. Td
gel Td

175

Spher. ΔHd
gel ΔHd

150

25

20

125

o

Td ( C)

75

10

ΔHd (J/g)

15
100

50
5
25
0

0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

amylose concentration

Figure 5-11: Plot showing the thermal properties versus concentration (w/w) of the 930
DP amylose-water system. Filled symbols show Td, hollow symbols show ΔHd. A
cooling rate of 50 °C/min from 180 to 10 °C was utilized for all tests.
At relatively low concentrations of the 35 DP amylose (shown in Figure 5-12), a high
Td – low enthalpy endotherm was observed, coinciding with the observation of a small
amount of crystalline material (referred to as crystals). At an amylose concentration of
25% w/w a second endotherm appears, coincided with the observation of spherulites. At
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30% amylose the high Td transition is no longer observed, but a new transition appears at
lower temperatures. The endotherm associated with dissolution of spherulites coexists
with the intermediate temperature endotherm at all higher concentrations. The enthalpy
increase for the intermediate temperature endotherm coincides with the observation of an
increasing fraction of gel (Figure 5-4) by optical microscopy.
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Figure 5-12: Dissolution temperatures and transition enthalpies versus concentration
(w/w) for the 35 DP amylose-water system. Filled symbols represent Tds, hollow
symbols ΔHd. A cooling rate of 10 °C/min from 180 to 10 °C was utilized in all
experiments.
Considering the proposed phase diagram, the results demonstrate that for the 35 DP
fraction liquid-liquid demixing is shifted to higher concentrations. The upward shift in
the concentration of the demixing curve compared to the other fractions confirms that
there is a higher critical point (between 25 and 60%) than predicted by the Flory-Huggins
relation (15% w/w, as discussed in Section 5.3.2.1).

As predicted by Guenet, the
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dissolution temperature of the spherulitic fraction remains relatively invariant, especially
compared to the increasing Td of the gel.
In the case of the 35 DP fraction, the proposed phase diagram is different than that of
the higher DP fractions, with spherulite formation via demixing located at higher
concentration and only crystallization at the lower concentrations (<25% w/w), as shown
in Figure 5-13.

Additionally, the appearance of the spherulitic morphology at high

concentrations compared to work by other groups26,33 supports the idea that under these
processing conditions the high maximum temperature enables development of the
spherulitic structure. As mentioned in the previous chapters, this is hypothesized to be
due to a helix- random coil transition at the high temperatures. This removes a level of
structure (helices) that act to initiate rapid gel formation in most processed starches.
Without these ‘crystalline nuclei’ the solution is capable of reaching a temperature where
L-L demixing into spherulites is capable of occurring.
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Figure 5-13: Revised hypothetical phase diagram for the 35 DP fraction showing the relation
between polymer concentration, temperature, and the phase state for the solution. Liquidliquid demixing leads to spherulite formation while crystallization will result in gel
formation. Region A represents a solution; in region C demixing leading to spherulites or
crystallization leading to a gel occur (depending on the cooling rate). In region B only a
crystalline precipitate can form. Φc and the dashed line indicate the critical point, and the
arrow indicates a path where cooling a polymer solution could result in the appearance of
both a gel and spherulites.CS indicates the spherulite concentration at TF (regardless the
starting amylose concentration) that results in a relatively invariant melting point. The
polymer not forming a spherulite from demixing forms a high concentration gel material.
The altered shape of the demixing curve reflects the uncertain nature of high concentration
behavior since experiments above 60% w/w were not performed.

5.3.2.4 Crystalline Allomorph
The crystalline allomorph of a starch precipitate has been shown to depend on DP,
concentration, and crystallization temperature.34 In particular, high concentration, high
crystallization temperature, and low DP tend to result in A-type crystalline material.35,26,36
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Since the B allomorph contains much more water in the unit cell than the A allomorph, it
is expected that as the starch concentration increases the A type allomorph would be
preferred.37 Because of this it was anticipated that the crystalline allomorph comprising
the structure could change as the amylose concentration increases in the present mixtures.
As will be discussed later, the crystalline allomorph was determined for the 35, 70, 120,
and 930 DP fractions (Figure 5-23). The 35 DP fraction (25% w/w) was observed to
have an A-type crystalline allomorph, while the 70 – 930 DP fractions were all observed
to be composed of the B-type crystalline allomorph.
Figure 5-14 shows a comparison of diffraction patterns for the concentrations where
primarily a gel morphology was obtained with those for a primarily spherulitic
morphology. In the case of the 70, 120, and 930 DP fractions the transition to the A-type
allomorph is confirmed by a strong peak near 16°, the broadening of the peak at 17°, and
the single peak at 24°. The transition is most clear in the 930 and 120 DP fractions,
where the narrow peak at 17° broadens or splits and the peaks at 23° and 25° merge. For
the 70 DP fraction there were indications of these changes but there is no clear transition
to A-type crystallinity. The indeterminate nature of the patterns lead to the proposal that
both A and B-type crystallinity are present in the 70, 120, and 930 DP fractions when
prepared at high concentration (>CS)– this is more commonly referred to as C-type
crystallinity and has been observed to form as the conditions (concentration, temperature)
change in a starch system.36

Specifically, increases in concentration and the final

temperature of a crystallizing starch system lead to this phenomena.
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Figure 5-14: Results of X-ray diffraction experiments carried out on the 35 DP (upper left), 70
DP (upper right), 120 DP (lower left), and 930 DP (lower right) fractions at different
concentrations. Prepared by heating to 180 °C followed by cooling to 10 °C at 10 °C/min.

5.3.3 Cooling Rate Dependence

5.3.3.1 Morphology
The dependence of spherulite formation upon the cooling rate utilized was studied at a
concentration of 10% w/w for the fractions of DP ≥ 70. When subjected to thermal
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processing at 180 °C followed by cooling to 10 °C these fractions were observed to have
a spherulitic morphology. The 35 DP fraction required a minimum concentration of 25%
w/w for the formation of spherulites so the fraction was tested at a concentration of 30%
w/w. The spherulites from the 35 DP fraction were smaller and less regular than those
formed by the other fractions, regardless of the concentration.

The morphologies

obtained for several of the fractions at a cooling rate of 10 °C/min are shown in Figure 515.
In the case of the fractions of DP ≥70 at cooling rates ≥ 5 °C/min, the morphology
consisted primarily of spherulites. A significant fraction of gel-like material appeared as
the cooling rate decreased. The largest volume of gel-like material was observed in
samples cooled at 1 and 2.5 °C/min. The fraction of gel-like material was never more
than a small component of the morphology for samples prepared at a cooling rate of 2.5
°C/min, but comprised a significant fraction of the morphology in samples cooled at 1
°C/min. As has been mentioned in Chapters 2 - 4 this suggests that at the slowest rate of
cooling gelation is the predominant mechanism of self assembly – probably because of
the longer time spent at higher temperatures.5 At the higher temperatures more crystal
nucleation occurs before demixing so that a gel forms from the polymer.

This is

represented in Figure 5-6 by the gap between the onset of crystallization and the
demixing curve. The delay between the processes results in more gel formation as the
cooling rate is decreased. The transition from spherulites to a gel for slower cooling rates
is the result that the proposed phase diagram predicts.
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Figure 5-15: Optical micrograph showing polarized light images of amylose spherulites.
A: 35 DP 30% w/w, B: 70 DP 10%; C: 120 DP 10%; D: 460 DP 10%; E: 755 DP 10%;
F: 930 DP 10% amylose in water. All samples cooled from 180 to 10 °C at 25 °C/min.
Scale bars indicate 50 μm.
Using a ¼ wave plate between crossed polarizers, positive birefringence was observed
(Figure 5-16). The positive and negative birefringence of a spherulite is attributed to the
highly anistropic nature of polymer crystals, where strong covalent bonds along the chain
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axis contrast strongly with the weaker associations that lead to crystallization, including
hydrogen bonding and Van der Waals bonds.38 The change in the refractive index n in
the chain axis and perpendicular directions due to these differences leads to the
distinctive positive and negative extinction patterns.

Three representative amylose

spherulite fractions are shown, along with corn starch granules, as viewed under
polarized light using a 1/4 wave plate. In all cases, the arrangement of yellow and blue
quandrants is characterized as being weakly positive for the amylose spherulites.39 The
weak coloring indicates that regardless the arrangement of chain axes within the
spherulite, they are not universally oriented either radially or tangentially.40

The

observation of a positive birefringence contradicts the previous observation of negative
birefringence in amylose spherulites by our group.2
Positive birefringence has previously been reported as an indication that the overall
orientation of the chain axes of the polymer may be radial.41,42 Radial alignment of the
polymer chains within the crystalline component has been observed previously for
amylose spherulites by Helbert et al..43 The possibility of radial chain organization will
be discussed more thoroughly in Chapter 6, but it should be mentioned that this is not the
typical chain organization within a spherulite.42 However, positive birefringence has
been reported for A-type crystalline starch spherulites (15 DP amylose) with
experimentally confirmed radially organized chain axes and crystallites.43 In this report,
the chain alignment was found to be parallel to the long axis of the radiating oriented
crystalline blocks.

Further experimentation is necessary to make any definite

determination of chain alignment within the spherulites observed in this project.
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Figure 5-16: Optical micrograph showing images of corn starch granules and amylose
spherulites viewed under polarized light with a quarter wave plate. A: corn starch
granules, B: 35 DP spherulites 35% w/w; C: 930 DP spherulites 10% w/w; D: 120 DP
spherulites 10% w/w. All spherulites formed via cooling from 180 to 10 °C at 10
°C/min. Scale bars indicate 50 μm. Notice the yellow quandrants in the upper right and
lower left and the blue quandrants in the upper left and lower right indicating a positive
sign of birefringence under these viewing conditions.

5.3.3.2 Spherulite Size
In Chapter 2 and 4 the relationship between spherulite size and cooling rate in starchwater mixtures was proposed to be due to interference from gelation on the demixing
process.4

The rate of cooling had a reduced effect on spherulite size in a system
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composed solely of amylose (Chapter 4).5 The variations in spherulite size at slower
cooling rates were also attributed to gel formation.

It is hypothesized that the

amylopectin present in botanical starch-water systems slows down spherulite formation
due to its tendency to gel. Because of the large size and unique molecular architecture of
amylopectin its substantial effect on spherulite formation is not surprising.
Previous reports have given examples of gelation effecting demixing and have shown
that it could have a different effect as DP is decreased.44 Araki and Tanaka showed that
as polymer chain length decreases the interference of gelation on demixing processes will
be minimized, because the lower DP polymer has less chance to interconnect to other
crystalline nuclei to form a gel. Hydroxymethylcellulose (a biopolymer very similar to
starch) self-assembles from aqueous solution through competing gelation and demixing
processes, similar to those proposed in the amylose-water mixtures in this thesis.
Demixing in polymer-solvent systems can be pinned at various stages depending on the
kinetics of gel formation, resulting in differences in the size and structure of the demixed
phases.45,46 In addition to physically restricting the development of structure, there is also
the possibility that the removal of amylose from solution by gelation could also impact
demixing by changing the effective polymer concentration in the solution.
Figure 5-17 and Figure 5-18 show the dependence of average spherulite size on DP at
two cooling rates. A slight decrease in the size of the spherulites at slower cooling rate is
observed for the higher DP fractions, but there is no direct evidence that gelation at
slower cooling rates is responsible for the changes in spherulite size. However, in the
120 and 70 DP fractions, where less gelation would be expected15 due to shorter amylose
chain length, there is no differentiable decrease in spherulite size at slower cooling rate.
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This could very easily be attributed to a reduction in gel formation for the 70 and 120 DP
fractions.

Additionally, it is interesting that the 120 DP fraction has such a large

variation in spherulite size at the slow cooling rate (as shown in Figure 5-17) compared to
the 70 DP faction. That it spans both the high and low DP sizes on either size possibly is
a result of the 120 DP fraction having behavior in solution that transitory between the
dynamics of the small DP fraction and the high DP fractions.
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Figure 5-17: The effect of DP on the size of spherulites observed at a cooling rate of 2.5
°C/min. All spherulites formed at a concentration of 10 % w/w.
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Figure 5-18: The effect of DP on the size of spherulites observed at a cooling rate of 50
°C/min. All spherulites formed at a concentration of 10 % w/w.

5.3.3.3 Thermal Characterization
An exothermic transition due to crystallization of the amylose was observed at several
of the cooling rates. Figure 5-19 shows the 930 and 120 DP fractions and the respective
dissolution (Td) and crystallization temperatures (Tc). The uncertainty associated with Tc
(±5 °C) was the same as that calculated for the Td. As expected from the decreased
solubility of the high DP polymer, crystallization was observed at higher temperature
compared to the low DP fractions.47 The Tc was at its highest temperature for a cooling
rate of 5 °C/min for both fractions, and the relative difference (~20 °C) in Tc between the
fractions was similar to the difference in the observed Td. At rates < 2.5 and > 25 °C/min
there was no measurable crystallization process for either fraction. At the faster cooling
rates the crystallization exotherm was not measurable.
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Figure 5-19: Dissolution (Td) and crystallization (Tc) temperatures observed for the 930
and 120 DP fractions. All fractions at a concentration of 10% w/w.
Td of amylose crystals has been estimated by one group to range from a low of 57 °C to
a predicted maximum near 147 °C.48 Different groups have predicted that the maximum
double helix length and thus thickest crystalline segment is between ~8049 and 90050
glucose residues in length. The wide range encompassed by these predictions is an
indication of the uncertainty surrounding the formation of a stable double helix.
According to Gibbs free energy rules the dissolution temperature depends on the energy
needed to overcome crystalline bonding forces (essentially independent of chain length)
and the increase in entropy when the polymer becomes disordered upon melting (higher
for a shorter length of polymer). Because of this a lower Td as DP decreases was
expected.51
Measurement of Td (Figure 5-20) showed very limited changes due to cooling rate
except at the slowest rate (1 °C/min). The uncertainty of Td is shown by the error bar for
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the 930 DP fraction cooled at 5 °C/min. As shown, it was difficult to differentiate
between the Td’s of each fraction except at the slowest cooling rate. The overall change
of Td over the range of cooling rates from 2.5 to 250 °C/min was between 5 and 15 °C.
At a cooling rate of 1 °C/min a large volume of gel-like morphology appeared, it is
possible that decrease in Td at this rate is due to observation of gel dissolution rather than
spherulite.
For the faster cooling rates, the average Td was generally observed to decrease as the
DP decreases, as predicted above based on the thermodynamic stability of the polymer
solution – in other words, it is true that as DP is reduced that precipitation and
crystallization are initiated at a lower temperature as well as that the lower DP fractions
had a lower dissolution temperature upon reheating.
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Figure 5-20: Dissolution temperature (Td) observed for DP 70-930 at various cooling
rates (1-250 °C/min). Concentration for all samples is 10 % w/w. Error bar shown is
representative of uncertainty of all measurements.
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A broad dissolution transition was observed, indicating a range of stable crystal sizes in
the spherulites. A high polydispersity can also lead to a broad dissolution. This can be
anticipated from the Gibbs free energy rule governing entropy – the different lengths of
polymer will have different configurational entropy when disordered resulting in a broad
Td rather than a sharp transition. An example of the endotherms observed in this study is
shown in Figure 5-21 for the 120 and 70 DP fractions cooled at 10 °C/min.

120 DP

70 DP

Temperature 60 → 160 °C
Figure 5-21: DSC thermograms showing the breadth of the dissolution peak for the 70 and
120 DP amylose fraction with concentration 10 % w/w, prepared by cooling at 10 °C/min.
Just as general trends in average Td could be anticipated for the different DP fractions,
the same can be done for changes in the dissolution enthalpy (ΔHd). For a crystallizing
polymer, decreases in the molecular weight will normally lead to an increase in the
overall crystallinity of the system, since the lower DP polymer will have a reduced
number of entanglements and interactions to overcome before crystallizing.52
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The ΔHd for the amylose fractions (Figure 5-22) was observed to increase from a low
of ~12-14 J/g for a high DP amylose to ~25-27 J/g for a low DP amylose. The standard
deviation of each ΔHd varied by approximately 20% of the average, due to the breath of
the transition and the subsequent uncertainty in constructing appropriate baselines under
the endotherms (error bars shown using the 1 °C/min cooling rate sample data in
Figure 5-22). As a general rule, as DP increased the ΔHd decreased.
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Figure 5-22: Dissolution enthalpy (ΔHd) observed for DP 70-930 at various cooling rates
(1-250 °C/min). Concentration for all samples was 10 % w/w.

5.3.3.4 Crystalline Allomorph
At concentrations where spherulites were observed, B-type crystallinity (as evidenced
by XRD reflections at approximately 5, 17, 23 and 25 ° 2Θ)53,54 was observed in all
samples except for the 35 DP fraction (Figure 5-23). The A-type crystalline allomorph
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(as evidenced by XRD peaks at approximately 16, 18, and 24 ° 2Θ)55 comprised the
crystalline material from the 35 DP fraction at 30% w/w. The absence of reflections
characteristic of the V-type crystal structure confirmed that amylose-lipid complexes are
not responsible for the formation of the spherulites in this study.37
The origin of the transition to the A-type crystalline allomorph is not clear since the 35
DP samples have an excess of water present. Other authors43,26 have shown that low MW
amylose (DP 22) cooled slowly to 2 °C forms B-type crystalline spherulites from aqueous
solution, and A-type crystalline spherulites when ethanol (a non-solvent56) is used to
initiate phase separation and crystallization. However, in our case a non-solvent was not
used. The B to A-type transition with decreasing DP has been observed before in an
aqueous system.57

Crystalline spherulites of A-type crystallinity were formed from

amylose of DP 10-12 in aqueous solution heated to >120 °C allowed to slowly equilibrate
to room temperature, while amylose of DP >13 processed under the same conditions
formed B-type crystalline spherulites.
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Figure 5-23: Results of X-Ray diffraction experiments carried out on spherulitic samples
of all fractions. The DP 35 fraction was prepared at 30% starch (w/w); all others at 20%
starch (w/w). The spherulitic morphology is prepared by heating the fraction to 180 °C
followed by cooling to 10 °C at 10 °C/min.
Although the formation of A-type crystallinity has been clearly documented in this and
several other publications, the origin of this transformation is currently unclear. It could
be speculated that for the lowest DP polymer, a single double helix would encompass the
entire chain length. This might enable much closer packing of the crystalline segments
into the monoclinic A-type crystalline allomorph under conditions where B-type
crystallinity is observed for the higher DP polymers.
Table 5-2 shows that the relative degrees of crystallinity estimated from the XRD
patterns ranged from ~40% (for DP 930) to ~75% (for the lowest DP fractions) at a
cooling rate of 10 °C/min. The increase in crystallinity as average DP decreased that was
indicated in the increase of dissolution enthalpy was confirmed by this, though significant
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differences between the fractions from 35 to 575 DP are impossible to establish by the
XRD results (single measurements).

Relative crystallinity of up to 70% has been

observed previously and are not unusual in short chain amylose fractions.26,34,36
Table 5-2: The percentage crystallinity of the amylose spherulitic morphology. All samples formed
from 20% amylose solution except for 30 DP with 30% starch.
Sample

35 DP

70 DP

120 DP

275 DP

460 DP

575 DP

755 DP

930 DP

% Crystallinity (+/-10%)

75

75

75

70

70

70

60

40

5.3.4 Final Temperature (Tf) Dependence

5.3.4.1 Morphology
Just as cooling rate and concentration had an effect on the morphology of the system, it
was expected that the final temperature (Tf) of the processing would also have an effect
on the self-assembly process. This was the case in the studies shown in the previous
chapters, and thus far the observed behavior has matched that expected according to the
proposed phase diagram – including a maximum concentration for spherulite formation, a
dependence on cooling rate, and a relatively invariant dissolution temperature for the
spherulitic crystallinity. Based on the hypothetical phase diagram, there should be a
transition in the morphology from spherulite to gel to ‘aqueous mixture’ (not a true
solution because there will be helical segments) for all of the fractions from 70 – 930 DP
as final temperature is increased. For a very fast quench (250 °C/min) at a concentration
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shown to form spherulites (10% w/w) the morphology and thermal properties of the
system should change in one of the following ways as the Tf increases.

If

gelation/crystallization can occur above the upper critical solution temperature (UCST), a
transition from a spherulitic morphology to a gel/non-spherulitic solid to aqueous mixture
should be observed. If gelation/crystallization does not occur above the UCST, the result
will be a transition from a spherulitic morphology to an aqueous mixture. It is possible
that because only a 24 hour hold at each Tf was used, there may not have been enough
time for structure to form at the highest temperatures (due to very slow kinetics of crystal
formation).
Based on the crystallization temperatures (Tc) observed in the earlier experiments,
changes in the morphology of the 930 DP system should be observed above a
temperature of 50-60 °C, and near 30-40 °C in the case of the 120 and 70 DP fractions.
At temperatures near the reported Tc an increase in ΔHd will be expected as annealing of
polysaccharides has shown an improvement of the overall crystallinity and the crystal
structure.58
As expected, the morphology does change as the Tf is increased for all 3 fractions
studied. The 930 DP fraction morphology (Figure 5-24) is observed to be spherulitic up
to at least 60 °C. At 70 °C, the morphology remains crystalline and birefringent, even
though individual spherulites are no longer observed. At 90 °C and above, no solid
structure forms in the time scale of the experiment, though as the aqueous mixture cools
on the microscope slide a morphology (from the 110 °C experiment) of very small
spherulites forms. It is speculated that the small size of the spherulites is indicative of a
large number of crystalline nuclei present in the solution but that the high Tf restricts
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growth until the temperature of the mixture is decreased on the microscope stage. The
possibility of liquid crystalline ordering in the aqueous mixture before crystallization or
demixing was speculated in the publication based on the work appearing in Chapter 4.5 It
is possible that the appearance of these small numerous spherulites from the highest Tf
samples is further evidence of this, as liquid crystalline organization could result in the
large number of ‘nuclei’ that precipitate the spherulites. Further, detailed examination
would be necessary to prove this however.
A similar trend is observed for the 70 (Figure 5-26 ) and 120 DP (Figure 5-25 )
fractions. Between 45 and 60 °C the morphology of both changed so that very few
spherulites appeared and the system was composed primarily non-spherulitic birefringent
precipitate. Above 60 °C both the 70 and 120 DP fractions formed no solid structure but
upon cooling after opening onto a microscopy slide a morphology consisting of very
small spherulites appeared.

150

Figure 5-24: Optical micrographs showing 930 DP amylose (10% w/w) crystallized at
varying temperatures. The sample was heated to 180 °C at 10 °C/min and cooled to the
crystallization temperature at 250 °C/min. Crystallization is allowed to proceed for 24
hours before samples are opened and observed. The figure shows 930 DP amylose
crystallized at 40, 60, 70, and 110 °C. Scale bars indicate 50 micrometers. Optical
micrographs on the left are brightfield, on the right are polarized light images. Structure
in G & H formed after the sample cooled on a microscope slide.
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Figure 5-25: Optical micrographs showing 120 DP amylose (10% w/w) crystallized at
varying temperatures. The sample was heated to 180 °C at 10 °C/min and cooled to the
crystallization temperature at 250 °C/min. Crystallization is allowed to proceed for 24
hours before samples are opened and observed. The figure shows 120 DP amylose
crystallized at 30, 45, 60, and 75 °C. Scale bars indicate 50 micrometers. Optical
micrographs on the left are brightfield, on the right are polarized light images. The
structure in G & H formed after the sample cooled on a microscope slide.
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Figure 5-26:. Optical micrographs showing 70 DP amylose (10% w/w) crystallized at
varying temperatures. The sample was heated to 180 °C at 10 °C/min and cooled to the
crystallization temperature at 250 °C/min. Crystallization is allowed to proceed for 24
hours before samples are opened and observed. The figure shows 70 DP amylose
crystallized at 30, 45, 60, and 90 °C. Scale bars indicate 50 micrometers. Optical
micrographs on the left are brightfield, on the right are polarized light images. The
structure in G & H formed after the sample cooled on a microscope slide.
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5.3.4.2 Spherulite Size
The measured average diameter of the spherulites was observed to increase in the case
of the 930 DP fraction at the highest Tf’s utilized, while the 70 and 120 DP fractions did
not measurably change. (Figure 5-27) The increase in size of the spherulites obtained
from the 930 DP fraction might be due to a decrease in the number of nuclei that appear
as the undercooling of the solution is decreased.

In the case of the shorter chain

materials, this effect will be decreased and changes in size are not noticeable. The
increasing spherulite size for the 930 DP fraction might also be due to increased solution
mobility at the higher temperatures, allowing increased coalescence of L-L demixed
regions before crystallization. This is unlikely however since the same effect is not
observed in the 120 and 70 DP cases. This fact might indicate that the first case is more
likely, supporting the hypothesis that a nucleation event is necessary for demixing or
spherulite formation.
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Figure 5-27: Size of spherulites (μm) of different fractions as a function of the final
temperature Tf. All spherulites prepped by cooling from 180 °C to Tf at 250 °C/min
followed by a 24 hold period at this temperature.

5.3.4.3 Thermal Characterization
The results of the investigation of morphology as a function of Tf , which showed an
improvement in development of the spherulitic crystalline structure (brighter, more
distinct birefringence) as the temperature was increased, leads us to expect a gradual
increase in the Td up to the point where no crystalline morphology forms in the time scale
of the experiment. Typically the thickness of a polymer crystal varies inversely with the
degree of undercooling. Thus, as the Tf is increased within the range of temperatures
where crystalline material forms an increasing dissolution temperature should be
observed for each fraction. However, for the highest Tf where the aqueous mixture was
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observed the Td should be nearly the same as for a fraction prepared by cooling to a low
temperature. In this case crystallization does not occur until cooling for the thermal
characterization. Since the DSC scan requires cooling to 10 °C, the small spherulites
precipitated from the aqueous mixture will form (Section 5.3.4.1), crystallizing though at
a lower temperature than the stated Tf. ΔHd would be predicted to reach a maximum at a
Tf lower than that of the Td maximum, since the thicker crystals that are stable form best
at the higher temperatures will also grow very slowly.
The results of the DSC experiments (Figure 5-28) show that the expected behavior is
confirmed, since Td reaches a maximum near the 75 °C for the 930 DP fraction and 60 °C
for both the 70 and 120 DP fractions.

The trend for ΔHd also matches what was

predicted, reaching maximums at or before the Tf where the maximum in Td was noted.
Additionally, after the ‘peak’ in the measured Td the observed value drops to a point near
that observed for a system formed under a normal treatment condition – as predicted.
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Figure 5-28: Plots showing the thermal properties of the 70, 120, and 930 DP fractions
versus final temperature Tf. A cooling rate of 250 °C/min from 180 to Tf was utilized.

5.4 Conclusions
Evidence that phase separation via liquid-liquid demixing according to the hypothetical
phase diagram is the primary mechanism leading to spherulite formation includes the
effect of cooling rate, concentration, and final temperature on the self-assembly of
spherulites from the amylose-water mixtures.
Extensive experimentation on the effect of amylose DP on the formation of spherulites
resulted in support for the hypothesis that liquid-liquid demixing in competition with
crystallization is responsible for spherulite formation. The behavior predicted by the
phase diagram for each system has been observed for variations in cooling rate,
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concentration, and final temperature. Decreases in DP have been shown to lead to higher
crystallinity, a lower dissolution temperature, and a slightly different morphology – as
anticipated based on differences in solubility and the effect on phase behavior. Increases
in concentration were shown to lead to a different morphology – based on the phase
diagram this would be expected to be due to a change in the mechanism of self-assembly
processes (demixing versus crystallization). Increases in final temperature led to higher
crystallinity and dissolution temperature up to the point where the spherulite formation no
longer occurred. In all cases, the results were the same as would be expected for a typical
polymer solution or as predicted in the proposed phase diagram.
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Chapter 6
Similarities in the Nanostructure of Amylose Spherulites and Native Starch
Granules

6.1 Introduction
Growth rings in starch granules range in thickness from 120 to 400 nm and alternate
between semi-crystalline and primarily amorphous rings.1,2 The former are believed to
be composed of alternating crystalline lamellae and amorphous layers, having a mean
repeat distance (long period) of ~9-10 nm.3,4 This organization has been found in starch
granules regardless of botanical origin, perhaps indicating a common mechanism by
which starch granules organize in the plant cell.4 Another feature of starch granule
organization are ‘blocklet structures,’: semi-crystalline regions that make up growth rings
containing the alternating crystalline and amorphous regions.5,6 The ‘blocklet’ as a
structure in starch was first developed by Badenhuizen in 1937. However, only recently
have experimental techniques allowed a detailed examination of granule nanostructure to
be undertaken, leading to a reemergence of discussion about blocklets and their role in
starch granule organization.
A model of the proposed blocklet nanostructure is depicted in Figure 6-1.5

The

repeating crystalline and amorphous lamellae are organized within the blocklets.
Blocklet morphology and size have been shown to vary depending on location in the
granule,5 botanical origin of the starch,7 and starch amylose/amylopection ratio.8 It has
been proposed that the molecular structure of amylopectin is responsible for the
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appearance of blocklets.5 Clustering of amylopectin side chains has been proposed to
lead to the blocklet appearance – thus the large size and structure of amylopectin directly
leads to the development of the blocklet texture in starch granules.

Growth
Rings

Blocklet showing
lamellae
Figure 6-1: Model of the proposed blocklet structure within starch granules. Reproduced
from reference 5. Notice that the blocklets appear within the growth layers and have
variable size.
Crystalline polymer spherulites typically form as a result of crystalline growth from a
central nucleus.9 Through branching and splaying of crystalline lamellae, the crystalline
structure fills a spherical envelope. The radial ordering of the spherulite crystallinity
results in the observation of a Maltese cross when viewed between crossed polarizers on
an optical microscope. Further information about spherulites is detailed in Chapter 1.
In this chapter, the nanostructure of maize starch granules and amylose spherulites was
studied. Blocklets similar to those described previously are found in both.

The

observation of blocklets in amylose spherulites clearly demonstrates that amylopectin is
not requisite for blocklet formation. AFM studies of amylose films by other groups have
also reported the observation of blocklets.10 That this structure was observed in native
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granules, films and spherulites is proof that it is not a remnant of the in vivo growth
process. Rather, blocklets represent a level of crystalline organization that can appear in
any starch system.

6.2 Experimental

6.2.1 Materials
Common maize starch granules were obtained from National Starch Food Innovations
(Bridgewater, NJ). Amylose of varying molecular weight was obtained as described in
the previous chapters (Chapter 4 and 5).11 The fractions used in this portion of the study
had degrees of polymerization (DP) of 930, 460, 120, 70, and 35.

6.2.2 Sample Preparation
Amylose of varied DP (930, 460, 120, 70 and 35) was mixed with water and heated to
180 °C, then cooled to 10 °C at 10 °C/min in 60 μL hermetically-sealed differential
scanning calorimetry (DSC) pans (Perkin Elmer, Wellesley, MA). Amylose/water
concentrations were 20% w/w (30% w/w for the 35 DP fraction), determined previously
(Chapter 4 and 5), to be ideal for spherulite formation. After 1 day of storage at 20 °C,
the pans were opened and the contents washed, centrifuged (1000 ×g for 5 minutes), and
decanted three times with 10 mL deionized water. The solid material was dried for 48
hours above a saturated KCl solution at 80% relative humidity. A second sample from
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the 930 DP fraction was prepared at a faster cooling rate of 50 °C/min to determine
whether changes in cooling rate result in any significant changes in the micro- or
nanostructure.
Specimens for low vacuum environmental scanning electron microscopy (LVSEM)
were prepared by dispersing dry samples with a mortar and pestle. Rather than revealing
the internal structure of the spherulites, it was observed that this step primarily separated
the spherulites from one another for easier imaging. A very small fraction of fractured
spherulites were observed and the internal structure imaged. A thin dusting of the dry
spherulites was then affixed to an SEM stub with double-sided carbon tape (Ted Pella;
Redding CA). Samples for LVSEM do not require coating with a conductor.
Specimens for atomic force microscopy (AFM) were also dispersed after drying using
a mortar and pestle, embedded in Araldite® (Huntsman; Everberg, Belgium) and placed
in a tapered rectangular sample mold (Ted Pella, Redding, CA).12 Araldite® was used
because it has been determined not to influence the internal structure of starch samples.12
After curing for at least 24 hours the samples were sectioned with a Reichert-Jung
Ultracut E ultramicrotome (Reichert, Buffalo NY) and a Diatome Histoknife (Diatome;
Hatfield, PA) at thickness of 2 μm. The sections were recovered by floating on water and
then transferred with a wire loop onto glass slides. The sections were dried at room
temperature over anhydrous calcium sulfate (Hammond Drierite Co.; Xenia, OH) before
AFM examination. The thickness (2 μm) was chosen because it optimally retains the
integrity of the semi-crystalline starch structure.12
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6.2.3 Techniques

6.2.3.1 LVSEM
Low vacuum environmental scanning electron microscopy (LVSEM) was performed
using an FEI Quanta 3100 ESEM (FEI Company, Hillsboro, OR) at an accelerating
voltage of 20 kV and a chamber pressure of 0.68 Torr. The LVSEM is equipped with an
environmental chamber, which allows it to maintain a pressure differential between the
high vacuum levels required in the gun and column area and the relatively low vacuum
used in the chamber. LVSEM can be used to examine uncoated specimens that would
normally require a gold coating in high voltage SEM systems.13 The absence of a coating
means that the specimen surface can be imaged directly. Since water vapor is used as the
imaging gas, samples with some degree of hydration can be studied.

6.2.3.2 AFM
Atomic force microscopy (AFM) was performed in tapping mode on a Digital
Instruments Dimension 3100 (Veeco, Wodbury, NY).

Ultrasharp silicon single

rectangular cantilever tips (Series 15) with a resonance frequency of ~325 kHz and a
force constant of ~40 N/m were utilized. (MikroMasch, Spain) Samples were scanned at
rates of no higher than 3.0 μm/s with scan lines of 20 μm to 500 nm in length. The
recorded images have a resolution of 512 measurements/line.
Due to its high spatial resolution, atomic force microscopy has become an important
technique for imaging biopolymers. Careful sample preparation is important, since the
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internal structure can be readily disrupted.14 In tapping mode the phase of the cantilever
is very sensitive to changes in the tip-sample interaction.15 Thus varying the tapping
force can improve the resolution of differences in structure of the solid material in the
phase image. Tapping mode also has the advantage of reducing damage to soft surfaces
since lateral forces are minimized and the high pressure of contact is only exerted
briefly.16 The use of AFM to image biopolymers, and the internal structure of starch in
particular, has been discussed elsewhere and will not be further developed here.12,17,14,18
It should however be noted that tapping mode has shown the most promise for imaging
the internal or nanostructure of starches.
The issue of damage to the internal starch structure during sample preparation is an
important one.

Images of a large number of samples showed none of the regular

markings that are associated with repeating damage associated with knife chatter.
Occasionally a large deviation in height or ‘tear’ in the spherulite or granular structure
was found, this was taken to indicate improper embedding that led to damage during the
sectioning. About 8 different sections were observed for each sample, with scanned
regions ranging from 20 μm2 to 500 nm2. The relative set point, the force applied to the
sample surface, and Root Mean Square (RMS) roughness, the standard deviation of the
profile heights, are reported for the detailed images.
The surface topography of exposed spherulites was found to be considerably rougher
than that of the embedding resin. The finding was reported in other studies, and in an
investigation focusing on the issue it was concluded that this primarily arises from the
specimen processing the step in which the section was floated on a bead of water to
facilitate recovery.17 The starch swells differently in amorphous and crystalline regions
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and a portion of the structural distortion remains on drying. However, these authors
found that rather than hindering the analysis of structure, the differences in swelling
facilitated contrast in AFM.17 The height images also provided an indication of the
structure observed in the phase image. The random ordering of the blocklets, observation
of true preparation damage, and similar structure in other studies both with and without a
sectioning step all contributed to the conclusion that the images are a true reflection of
organization within the spherulites.

To confirm that observed structure was not a

function of the scanning direction, samples were rotated and reimaged. In each case the
structure was observed to rotate with the sample.

6.3 Results and Discussion

6.3.1 Brief Summary of Findings in Previous Chapters
Research described in previous chapters demonstrated that spherulites formed from
amylose of DP ranging from 70 – 930 are 40 - 70% crystalline and exhibit the B unit cell
structure (Chapters 4 and 5). The crystallinity of spherulites formed from the 35 DP
fraction was also near 70%, but the crystallites were composed of the A allomorph
(Chapter 5). As demonstrated in Chapters 4 and 5 the spherulitic morphology can be
altered by changing starch/water concentration, cooling rate, and final temperature.
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6.3.2 Further Discussion of Blocklet Organization
‘Blocklets’ have been observed previously in starch materials other than granules,
though they were not recognized or described as such. In a study of plasticized and nonplasticized films cast from gelatinized maize starch suspensions, the morphology of the
matrix phase (composed of amylose that dissolved from the granules and recrystallized)
was found to have a blocklet-like appearance.19 These structures were reported to be
between 50-100 nm in size (long axis of the blocklet) for plasticized films and 2-3 times
this size in the case of non-plasticized films. Additionally, the matrix of the cast films
was reported to be composed of B-type crystallinity from the fast recrystallization of
amylose molecules.19 Since the crystalline structure in the matrix phase of the film arose
from the recrystallization of amylose, it is reasonable to propose that the blocklet
structure in this system arises from crystalline amylose rather than amylopectin. An
example of the AFM images displayed in reference 19 is shown in the left hand side of
Figure 6-2.
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Figure 6-2: AFM images from other studies that show the blocklet structure appearing in
starch products besides granules. Left, phase image (2 μm×2 μm) of the continuous
phase of a nonplasticized maize starch film19; right, phase image (1 μm×1 μm) of a
potato amylose film where the blocklets appear to be in alignment.10
A second investigation described films composed of amylopectin with little to no
crystallinity, and were found to be very homogenous by AFM.10,20 As the amylose was
added to the amylopectin, the surface became rough and a blocklet morphology became
apparent in AFM phase images (Figure 6-2). The appearance of blocklets coincided with
a significant increase in the crystallinity of the blend films. Although the nature of the
blocklets was not discussed in reference 10, the appearance of blocklets coincided with
an increase in the crystallinity and amylose content of the films20 leading naturally to that
the conclusion that the structure observed in their phase images arises from semicrystalline amylose.
A recent investigation of low molecular weight amylose recrystallization demonstrated
the growth of large crystalline aggregates21 with shape (circular to oval) and size (tens to
hundreds of nm in average width) reminiscent of individual blocklets observed
previously by AFM and transmission electron microscopy (TEM).22

Precipitates of

amylose synthesized using amylosucrase have also shown an interesting blocklet-like
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crystalline texture.23 Some of the precipitate in reference 23 was spherulitic while a
group of particles were observed to be multilayer polyhedral crystals of polymer with a
single crystalline chain orientation.23

Additionally, it has been proposed that the

crystalline chain axis within each blocklet is oriented in a single direction.5,24

6.3.3 LVSEM
Figure 6-3 shows representative LVSEM micrographs of the amylose spherulites
formed in the present study and maize starch granules. In the background of some of the
images remnants of the gel fraction are readily apparent. The exterior of the granules
(Figure 6-3 A) are smoother than spherulites formed from any of the fractions used in the
current study. The smooth surface of the untreated starch granule is an observation that
dates back to studies by Whistler et al.25 Baldwin et al. reported more recently that the
outer surface of cereal starch granules (wheat, A-type crystallinity) typically had a very
smooth surface while tuber starches (potato, B-type crystallinity) had much rougher
granule surfaces with regular protrusions.7 An AFM study of additional cereal starches
confirmed the relatively smooth surface of such granules.26
All amylose spherulites (35 – 930 DP) were observed to have relatively rough surface
textures (similar to that of an orange or lemon). In previous SEM study of spherulites by
Fanta et al. a crystalline spherulite structure was observed from jet-cooked starch
containing lipid (Figure 6-7).27 This was very different from the spherulite structure
observed in this study, leading to the conclusion that different mechanisms lead to the
formation of crystalline structure in both cases.
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Figure 6-3: LVSEM micrographs of maize starch granules (A) and amylose spherulites
(B-D) of varying molecular weight. B, 930 DP, C, 120 DP, D, 70 DP, E & F, 35 DP.
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Blocklets are clearly not visible in the images of the outer surfaces taken using
LVSEM.

Fracture surfaces of several spherulites were located (Figure 6-4).

Their

interior appeared rough, though attempts to acquire more detailed images led to damage
by the heat generated by the electron beam. Figure 6-4 A indicates what appears to be
radial orientation in the fracture surfaces, a common feature in the observed fracture
surfaces.

Figure 6-4: Low Vacuum SEM micrographs of representative fractured surfaces of
spherulites from 70 DP amylose. Arrow indicate the internal sheet-like or lamellar
structure.

6.3.4 AFM

6.3.4.1 Maize Starch Granules
The observation of blocklets using AFM imaging in maize starch granules has been
reported previously.12,28,18 Similar structures were noted in such granules in the present
study (Figure 6-5). Blocklets are visible in both topographic and phase images, although
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they can be most clearly seen in phase images. In agreement with previous reports, the
blocklets ranged in size from 30 to 80 nm (the reported ‘size’ or ‘width’ indicates the
average ‘diameter’ of the observed structures).12,29

Whistler et al. noted what they

described as ‘beaded micellar strands’ ~18-25 nm in diameter using electron
microscopy,25 resembling the structure found here using AFM. Baker et al. reported
blocklets with average diameters between 400 and 500 nm for untreated starch granules.
After acid treatment, blocklets were reported to be smaller (10-30 nm).18 The reason for
differences in the reported size remains unclear since all groups used similar AFM
imaging procedures. It is possible that the size of the blocklet structure is more variable
than previously thought, even among starches from the same plant source. It should be
noted that the blocklets of varying size depending on location within the growth rings, as
depicted in Figure 6-1, are not apparent based on the observed granular structure in this
study.
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A

B

Figure 6-5: AFM images of the internal structure of maize starch granules, showing the
‘blocklet’ structure. Height, A; and phase images, B. These images were acquired from the
rings of the granule (outside of the hilum). No differences in size were observed between
the rings of the starch. Relative set point of 0.6 utilized, RMS (root mean square) roughness
of 7.2 nm.

6.3.4.2 Amylose Spherulites
Figure 6-6 shows images of complete sections from a maize starch granule (A) and
amylose spherulites (B-F) of varying DP (930, 460, 120, 70, and 35, respectively). Most
spherulites clearly have a rougher appearance compared to that of the maize starch
granules. Spherulitic crystallization of polymers typically results in the observation of
radially oriented crystalline growth pattern in the spherulites (similar to that shown in
Figure 6-7). Lamellae are the level of structure where connections between the amylose
spherulites and those discussed for synthetic polymers would be expected. Synthetic
polymer spherulites organize from the nucleation of a central crystal followed by growth
of crystalline lamellae with branching and splaying that results in a spherical crystalline
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structure.30,9,31 However, in the structures observed here, such ordering is not evident at
any of the size scales observed (from whole spherulite to tens of nanometer scale).
However, recent research has shown that the blocklet structure might represent an
intermediate or transient stage of crystallization leading up to lamellae.32
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Figure 6-6: AFM images of a maize starch granule (A) and spherulites from maize
amylose of varying DP. B, 930 DP, C, 460 DP, D, 120 DP, E, 70 DP, F, 35 DP. Tapping
mode with a relative set point force of 0.6, scan rate of 3 μm/s used for all samples.
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Figure 6-7: Left to right, a model of spherulitic growth from a central nucleus (from
Reference 31), starch spherulites showing the finely textured surface expected based on
the previous model (from Reference 27), and a fracture surface of a spherulite grown
from 930 DP amylose. The fracture surface image has been magnified indicate a
possibly radially oriented layered structure.
Recent work by Strobl et al. has demonstrated the existence of an intermediate form of
crystalline development in synthetic polymers that is of interest in light of the observed
blocklet structure of starch.32 Strobl et al. propose, based on a large body of evidence
from his work and others, that crystallization does not occur via direct growth of
crystalline lamella. Rather, the process of crystallization should be considered in terms
of a series of transient intermediate states. Figure 6-8 A shows the proposed route of
growth.33 As shown in the model the development of crystalline lamellae passes through
what Strobl and coworkers refer to as a ‘granular’ stage. Given sufficient time, the
‘granular’ crystalline units will merge to form complete crystalline lamellae (in the case
of spherulites, the branched and splayed structure that is typically described). Strobl et

al. also indicate that there will be a common chain orientation within the blocks.
Figure 6-8 B is as AFM phase image of a polyethylene thin film that displays this
‘granular’ structure.34 It appears nearly identical to the ‘blocklet’ structure observed in
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phase images from this study (Figure 6-10, 6-11, 6-12, 6-13, 6-14 and 6-15) and to the
blocklets that have been observed in other studies on recrystallized starch (Figure 6-2).
The mesomorphic transition described by Strobl et al. is believed to proceed as
follows.33 As the polymer is cooled from its disordered state, there is initial ordering of
polymer chains in a liquid crystal-like manner. This results in the relatively imperfect
structure of a mesomorphic layer (Figure 6-8 A).

After this, the polymer rapidly

crystallizes into separate semi-crystalline ‘granules’ (as used by Strobl et al., granule
refers to the blocklet-like organization). This assembly ceases when the granule has
reached an optimal crystal thickness. Strobl et al. predict that assembly of the granular
structures requires a minimum of energy and can occur rapidly.

Further granule

development and organization result in a transition to a lamellar crystalline structure.
The final lamellar structure may retain some aspects of the ‘granules’, but with more
perfect grain boundaries and a more exact orientation throughout the crystal.32 Strobl et

al. also proposes that the final degree of granule stabilization is not necessarily uniform
and the final merging of blocks is only one possibility.33,35 In situations where the
polymer is quickly cooled below Tg or where mobility of crystalline segments are
structurally impeded, it is reasonable to expect that an intermediate granular crystalline
state will be preserved. It is unsurprising that starch, with relatively immobile double
helices comprising the crystalline structure, would remain at an intermediate level of
crystalline organization unless it is well annealed at elevated temperatures.
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A

B

Figure 6-8: A; model of the development of crystalline organization as discussed by
Strobl. B; AFM phase image of the structure of a polyethylene thin film, 400 nm square.
Reproduced from reference 32.
In SEM images of spherulites formed by jet cooking of starch reported by Fanta et al.
(Figures 4 and 5 in reference 27, and reproduced here in Figure 6-7 B) one can readily
observe the lamellae and organization that are traditionally expected of spherulites.27,9 In
the image of the amylose fracture surface in Figure 6-7, there are hints of radial texture.
This is very similar to the radial structure in amylose spherulites reported by Helbert et

al. (Figure 6-9).36 It is important to note that any radial nature of the lamellar texture of
the spherulites is unlikely to be observed using AFM and the preparation methods used
herein, since the probability of locating an intact section obtained by cutting through the
middle of a spherulite is very low.
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Figure 6-9: SEM micrograph, reproduced from Reference 36 showing radial orientation
within amylose spherulites.
Strobl et al. have also described the implications of the mesomorphic model on
spherulite formation.32,33 As a consequence of the proposed model, nucleation of the
spherulite can no longer be assumed to begin with a crystalline species. Rather, the
primary nucleus is of a mesomorphic nature and during the initial stages of spherulite
formation it is composed of mesomorphic (liquid crystalline-like) layers only.33
Additional evidence for this model is provided by the appearance of a ‘quench halo’ in
rapidly cooled samples – implying a level of order that precedes direct crystallization.32
In a previous report by the author and coworkers,11 liquid crystalline-like ordering as a
mechanism in the self-assembly of recrystallized starch was proposed. Waigh et al. have
also proposed a chiral side-chain liquid crystalline model for starch.37

The liquid-

crystalline model fits well within the constraints of the Strobl model of crystalline
development.32

As an aqueous starch solution is cooled, the appearance of liquid
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crystalline regions composed of starch double helices (arising from demixing) that
consolidate into spherulites are in keeping with the Strobl model.
In Figures 6-10, 6-11, 6-12, 6-13, 6-14 and 6-15 representative AFM images of the
internal structure of spherulties grown from 930 (10 °C/min), 930 (50 °C/min), 460, 120,
70, and 35 DP, respectively, are displayed. All spherulites exhibited a blocklet structure.
Blocklets are on the order of 20 - 60 nm in size for all fractions, similar to what is
observed in maize starch granules and reported by a number of other groups.12,26

A

B

Figure 6-10: Nanostructure of spherulites prepared from the 930 DP fraction at a cooling
rate of 10 °C/min as imaged by tapping mode AFM. A, height image, B, phase image.
Relative set point of 0.6 utilized, RMS roughness of 20.7 nm.
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B

Figure 6-11: Nanostructure of spherulites prepared from the 930 DP fraction at a cooling rate of
50 °C/min as imaged by tapping mode AFM. A, height image, B, phase image. Relative set point
of 0.6 utilized, RMS roughness of 7.4 nm.

A

B

Figure 6-12: Nanostructure of spherulites prepared from the 460 DP fraction at a cooling rate
of 10 °C/min as imaged by tapping mode AFM. A, height image, B, phase image. Relative
set point of 0.6 utilized, RMS roughness of 14.9 nm.
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A

B

Figure 6-13: Nanostructure of spherulites prepared from the 120 DP fraction at a cooling rate
of 10 °C/min as imaged by tapping mode AFM. A, height image, B, phase image. Relative
set point of 0.6 utilized, RMS roughness of 12.0 nm.

A

B

Figure 6-14: Nanostructure of spherulites prepared from the 70 DP fraction at a cooling rate of
10 °C/min as imaged by tapping mode AFM. A, height image, B, phase image. Relative set
point of 0.6 utilized, RMS roughness of 18.5 nm.
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A

B

Figure 6-15: Nanostructure of spherulites prepared from the 35 DP fraction at a cooling rate of
10 °C/min as imaged by tapping mode AFM. A, height image, B, phase image. Relative set
point of 0.6 utilized, RMS roughness of 32.4 nm.

6.3.5 Discussion
It is proposed here that the blocklets observed in amylose spherulites are essentially the
same as those in the granule,5 but there are several differences that should be noted. The
blocklets appearing in granule rings are composed of amylopectin rather than amylose.22
Up to now this has been noted as a feature resulting from the unique structure of the
amylopectin molecules in combination with the semi-crystalline structure in the granules.
However, the blocklets appearing in the spherulites are necessarily composed of amylose.
As well, the blocklets should be a component of the lamellae typical of a polymer
spherulitic which is very different from the crystalline structure in a starch granule.31
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Birefringence can be an indicator of the ordering of the chain axis within crystalline
regions in spherulites, however microfocus X-ray diffraction experiments are required to
confirm this data. In all cases, the measured birefringence of the spherulites was shown
to be weakly positive (Chapter 5), implying but not confirming a mostly radial ordering
of the chain axis of the amylose within the crystalline regions.38,39 The birefrigence in
starch granules has been observed to be positive as well.40 There does not appear to be
any one factor that would lead to an understanding of why all of the spherulites formed
from retrograded amylose would have a radial alignment of the crystalline chains. In
native starch granules the radial alignment of chains results due to the organization of
amylopectin molecules outward from the center of the granule.41 Since there is no such
mechanism in the assembly of spherulites, a different factor must be responsible for
mostly radial alignment of the crystalline chain axis. Positive birefringence (with radial
chain alignment) has been observed previously in A-type crystalline amylose
spherulites.36 In these spherulites the amylose chain axis was parallel to the long axis of
the radial lamellae.
There are several models that can account for radial chain alignment in spherulites.42,43
Awaya has shown the presence of radially-oriented polymer chains through polarized
light microscopy. Through microfocus X-Ray diffraction experiments Awaya confirmed
a primarily radial orientation of polymer chains, which was assigned to a large fraction of
tangential branched lamellae.43 This can be explained by extensive space filling by
tangential lamellae after the first stages of crystallization resulting in a radially oriented
lamella structure.
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Wang et al. reported tangential lamellae and radiating polymer chains and observed
spherulites from polystyrene as shown in the model in Figure 6-16.42 The mechanism
leading to this type of spherulitic crystallization was described in the study.42 The
relatively weak birefringence observed by Wang et al. indicated that space filling by
crystalline lamellae of the same alignment was minimal. However, to confirm that the
crystalline material within amylose spherulites has a radially oriented chain axis
additional experimentation (microfocus X-ray diffraction for example) is necessary.
The results of the experimentation in this thesis support the hypothesis that the semicrystalline blocklet nanostructure in starch can form regardless of molecular architecture
or in vivo growth processes. Instead, they appear to be a remnant of the transient
crystallization process as proposed by Strobl.32 Because of the atypical ordering of the
tangential lamellae observed by Wang et al.42 compared to the more conventional
explanation for the tangential lamellae observed by Awaya,43 it is hypothesized that if
amylose spherulites are confirmed to have primarily radially oriented chain axes this will
be due to a high fraction of tangentially branched lamellae. It should be noted that the
observations in this study (particularly the radial fracture surfaces in the LVSEM images)
would not support a modeling of the spherulites as proposed by Wang et al.42
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Figure 6-16: Schematic representation of the formation process of a spherulite with
tangential lamellae. (a) Several lamellar stacks are initiated and grow around a particular
center. In this stage, not only the lateral growth of individual lamella is observed but also
an increase of lamellar number in each stack is evident. (b) A spherical shape of lamellarstack aggregates is apparently developed after impingement of neighboring lamellar
stacks which leads to the first appearance of this type of spherulite. (c) Measured growth
rate of the spherulite is mainly determined by the formation of lamellar nuclei parallel to
the existing lamellae at the outer surface of the spherulite. Reproduced from reference 42.

6.4 Conclusions
Blocklets appear regardless of crystalline allomorph and have been observed for both
recrystallized amylose and amylopectin and in starch granules. It is proposed here that
the structures appearing in either the granular or the retrograded systems are
fundamentally the same. Based on the proposal of crystalline development by stages as
proposed by Strobl et al.,32 the blocklets are hypothesized to be remnants of the process
of crystalline organization, rather than a feature unique to the peculiar organizational
processes within the starch granule during biosynthesis. Perhaps due to the rigid double
helical structure of semi-crystalline starch, the organizational process does not move to
completion but remains in a ‘permanent’ transient state.
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Further experimentation should seek to confirm radial organization of the chain axes.
This information can assist in determining whether the spherulite structure is like that in
the A-type crystalline spherulites observed by Helbert,36 with radially oriented chain axes
parallel to radially oriented crystalline blocks; or is as described by either Awaya43 or
Wang.42
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Chapter 7
Summary, Conclusions, and Proposal for Future Work

7.1 Summary of Results
The research detailed in this thesis aids in the development of a fundamental
understanding of the spherulitic self assembly of starch, and characterizes more
completely amylose self-assembly from thermally treated aqueous solution. The research
was undertaken to investigate the following hypotheses:
1.

Starch spherulites form primarily because of the linear amylose molecule; pure
amylose and amylose-rich starches will form spherulites while amylopectin and
amylopectin-rich starches will not.

2.

The formation of amylose spherulites is dependent on a liquid-liquid demixing
process that competes with gelation and crystallization.

Changes in these

processes (as the formation conditions are changed) are responsible for differences
in the morphology of the final system. Thus, the formation of spherulites will be
sensitive to cooling rate, concentration, and final cooling temperature.
3.

Chain length of the amylose will affect the process of spherulite formation.

4.

Spherulite nanostructure will be altered by the chain length of polymer utilized to
form the spherulitic morphology.
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The results detailed in Chapters 2 – 6 and in Appendices 1 and 2 provide much, but
unfortunately not all, of the information necessary to determine the validity of the above
hypotheses. Below the results contained within this thesis are summarized.

7.1.1 Chapter 2

Develop and refine an understanding of the factors responsible for the formation and
characteristics of starch spherulites. Using mung bean starch, the effect of cooling rate
on spherulite formation was characterized. It was observed that at faster cooling rates,
spherulites appeared as the primary component of the morphology. However a liquid
nitrogen quench did not lead to spherulite formation. Changes in the morphology as the
cooling regime was changed strengthened the case for gelation competing with some
other process during structure formation.

Because of the appearance of a gel-like

material at slower cooling rates and spherulites at higher rates, the onset of crystallization
leading to gel formation was proposed to be at a higher temperature than the process that
led to spherulite formation. Studies of the final temperature confirmed this idea. A
generic phase diagram that attempted to qualitatively describe the interaction between
crystallization, gelation, and liquid-liquid demixing was proposed.

Additionally,

similarities in the process of spherulite formation and in vivo growth of the starch granule
were discussed.
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7.1.2 Chapter 3

Obtain a linear starch fraction and characterize the material. The fractionation of
amylose from native starch was accomplished using an aqueous leaching procedure. The
fractionated polymer was confirmed as amylose using differential scanning calorimetry
(DSC) and nuclear magnetic resonance (NMR). Intrinsic viscosity showed the average
degree of polymerization to be 930. The addition of lipids to the amylose-water system
hindered spherulite formation, while spherulite formation also introduced a source of
error into the calorimetric determination of amylose content.

7.1.3 Chapter 4

Examine the formation of spherulites using fractions of pure amylose and amylopectin.
Characterize the effect of cooling rate and final temperature on the morphology of the
amylose-water system. Amylose was determined to be essential for the formation of
spherulites. Reductions in the variation of the average size of spherulites as the cooling
rate changed led to the conclusion that amylopectin hinders spherulite formation at
slower cooling rates by inducing more gel formation.

At faster cooling rates the

amylopectin appears to be incorporated into the spherulitic morphology, since it is the
only morphology observed. On its own, no amylopectin sample formed spherulites,
regardless of cooling rate or final temperature.

Increasing the concentration of the

amylose-water system had an effect on the dissolution characteristics of the crystalline
material. Varying the final temperature of the system resulted in an increase in spherulite
size up to a maximum final temperature (Tf) of 70 °C, above which non-spherulitic
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crystalline material formed. For the 110 °C Tf, small spherulites formed from what
appeared to be a clear solution during cooling for microscopy. Varying the cooling rate
so that the amylose-water mixture was cooled rapidly to intermediate temperatures
followed by slow cooling to Tf resulted in the formation of large regular spherulites at the
slow cooling rates where a mix of small spherulites and gel-like material had been
observed previously.

The sensitivity of the spherulite formation process on the

temperature and cooling rates (as predicted) strengthened the argument that the
hypothetical phase diagram was, in at least some respects, correct.

7.1.4 Chapter 5

Determine the impact of amylose chain length on the self-assembly process. Amylose
fractions with a lower degree of polymerization (DP) were prepared through acid
degradation of maize amylose. The formation of spherulites from the fractions (DP 35 –
930) was characterized. Spherulites formed from amylose fractions of all DP after
thermal processing. In this study the self-assembly behavior at a range of concentrations
was also studied. The high DP fractions (70 – 930 DP) were observed to exhibit similar
morphologies as a function of concentration. The DP 35 fraction exhibited very different
behavior. In addition to different observed morphologies as a function of concentration,
the spherulitic morphology was composed of the A-type crystalline allomorph in the 35
DP fractions. In the higher DP fractions the B-type crystalline allomorph was observed
to comprise the crystalline fraction when a primarily spherulitic morphology was
observed.

As predicted by prior research by Guenet,1 constructing temperature-
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concentration diagrams for the observed thermal transitions supported the hypothetical
phase diagram – particularly by the observation of an invariant melting point of the
spherulitic fraction and a separate melting endotherm for the gel-like material. Changes
in the diagrams according to DP corresponded to changes in observed morphology as
well.
The crystallization temperature of lower DP amylose decreased compared to high DP
amylose.

Variations in cooling rate were observed to have a similar effect on all

observed DP fractions.

Under all conditions, there was a decrease in the average

dissolution temperature and an increase in dissolution enthalpy as the DP decreased.
Overall, the results corresponded to the expectations based on the hypothetical phase
diagram predicting competing demixing and crystallization processes.

7.1.5 Chapter 6

Chapter 6: Characterize the nanostructure of the spherulitic structure. Atomic force
microscopy and scanning electron microscopy were used to characterize the micro- and
nanostructure of spherulites formed from amylose of varied degree of polymerization (35,
70, 120, 460, and 930 DP). As a function of DP no differences in the internal structure
were observed. Maize starch granules and amylose spherulites both had an internal
structure similar to the blocklet model proposed by Gallant.2 Additionally, the blocklet
structure was discovered to be very similar to a model of transient crystallization
proposed by Strobl et al.3 After consideration of the concepts central to the stages of
crystallization discussed in Strobls’ work, several points supported the use of this model
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to describe the blocklet structure of starch.

The model presumes a rapid initial

mesomorphic ordering of polymers into roughly crystalline blocks, much like a liquid
crystalline material.

In starch, this effect could very easily be replicated by the

organization of helical segments.

As the crystallinity continues to develop, the

mesomorphic phases transition into a ‘granular’ semi-crystalline structure. Depending on
the mobility and crystal structure improvement it is possible for the granular stage to
transition into more ordered crystalline lamellae. The results are interesting because the
blocklet model was previously only applied toward starch in its botanical form and was
thought to be dependent on the specific molecular and crystalline structure of
amylopectin.

7.2 Conclusions
The hypothesis that spherulite formation is due to amylose rather than amylopectin was
proven true in Chapter 4. In fact, amylopectin seems to hinder spherulite formation in
slowly cooled systems. This is probably due to the amylopectin molecules large size and
tendency to form a gel from aqueous solution. The amylose molecule is not nearly as
large and under similar conditions can be expected to form a different morphology. That
heating to over 170 °C is prerequisite for spherulite formation is potentially due to the
necessity of removing some level of structure to prevent rapid gel formation.
The hypothesis that liquid-liquid demixing in competition with gelation and
crystallization leads to the formation of spherulites was supported by the results of
several experiments, though observation of specific demixing processes, possibly through
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light scattering, is still desired. The characteristics of spherulite formation, as impacted
by cooling rate, final temperature, and concentration, all agree with, but do not prove
beyond a doubt, the hypothesis.
Changes in amylose chain length were observed to effect the formation of spherulites.
The concentration dependence of the morphology, crystallization temperature, maximum
final temperature that resulted in spherulite formation, and thermal properties (as a
function of cooling rate) are all examples of spherulite characteristics that were altered by
changes in DP.
Using AFM, the spherulite nanostructure was not observed to change dramatically as a
function of DP. However, the specific properties of the amorphous and crystalline
material (modulus, etc) could result in an inability to differentiate between each without
further modification. Interesting, the larger blocklet level of structure was observed and
related to the development of crystallinity as proposed by Strobl et al for synthetic
polymers.4

Whether crystalline lamellae thickness changes with DP (as would be

expected from the DSC measurements) remains to be answered.
Some other loose ends remain to be tied together. In Chapter 6, the mechanism of
crystallization proposed by Strobl was discussed.3,5,4 In Appendix 2, some similarities
between synthetic polymer solutions and the amylose-water system was observed.6 The
question of how these ideas can be rectified with potential demixing processes is
important.

According to Strobls’ proposed mechanism, crystallization begins with

mesomorphic (or possibly liquid crystalline-like) ordering. In studies of spherulites
Strobl has noted a level of ordering previous to actual crystallization (referred to as a
‘quench halo’). He went on to state that spherulitic crystallization possibly begins with
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mesomorphic ordering that quickly transitions to typical crystalline lamellae. In a paper
published from this thesis work, the double helical form of starch was compared to a
liquid crystal that passes through a nematic transition to form crystalline material.7 This
proposed model actually makes more sense now that the mesomorphic to granular to final
crystal crystalline transition has been proposed.
It is speculated that spherulites form via demixing that is initiated by the mesomorphic
preordering of starch double helices. Because the amylose-water system is processed at
high temperature before cooling, the helical structure of starch might be temporarily
removed and upon reforming is free to aggregate into a variety of structures. Demixing is
initiated either by nucleation and growth or by spinodal decomposition, after which
crystallization occurs. The aggregation of the helical starch into the crystalline unit cell
structure occurs via the mesomorphic transition proposed by Strobl and shows a weak
birefringence. Crystallization proceeds until it is frozen (due to the glass transition or
hindrances to further perfecting the crystalline lamellae) in what would normally be a
transient ‘granular’ crystalline form, resulting in the observation of the semi-crystalline
blocklet structure. This speculation and those in the previous paragraphs could be studied
as detailed in the future work proposals below.

7.3 Proposal for Future Work
With the above results and hypotheses in mind, the following experiments are
proposed to build upon the foundation laid by this thesis and to provide further
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knowledge about the self-assembly processes occurring in thermally treated starch
systems.
1. Light Scattering of Thermally Treated Amylose-Water Mixtures
2. Acid Treatment of Amylose Spherulites
3. Study of Possible Liquid Crystal Ordering and the Helical Chain
Conformation in the Cooling Amylose Solutions
4. Study of the Acid Degradation Process
5. SAXS of Amylose Spherulites

7.3.1 Light Scattering of Amylose-Water Systems
The light scattering experiments detailed in Appendix 2 resulted in the collection of
some data that supported some conclusions from this thesis (lower DP fractions phase
separating at lower temperature, higher concentration samples phase separating at higher
temperature, faster cooling rate leading to more rapid phase separation) yet did not
provide the scattering profiles necessary to show either spinodal decomposition or
nucleation and growth type demixing.

To build on this work, it is proposed that

modifications be made to the scattering device and collection system in order to enable
collection of the necessary data. To do this, the signal to noise ratio of the scattering
profile should be improved – this would allow clear observation of any spinodal growth
processes. Additionally, the cooling of the system should be improved to allow more
rapid cooling of the samples – this would potentially result in cooling through the
metastable region into the spinodal region. Another further improvement is to develop a
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method for accurately loading the cell with specific starch-water concentrations. These
improvements should enable the collection of scattering patterns that clearly define the
light scattering behavior. Once the light scattering cell and apparatus is generating the
desired information, it is proposed here to complete 1) further experiments into phase
separation of the botanical starches that have been studied previously, 2) a study of the
effect of amylopectin to the system, and 3) a full review of the scattering of the amylose
of varied DP.

7.3.2 Acid Treatment of Amylose Spherulites
From the study on the nanostructure of amylose spherulites, it was determined that
further elucidation of the crystalline structure within the spherulite was necessary. It is
proposed here that treatment with a dilute acid solution for some time will remove the
non-crystalline component of the spherulites. Acid treatment has been shown to remove
the amorphous material from the structure, leaving a crystalline structure that can easily
be studied using electron microscopy and atomic force microscopy.8,9 This will allow us
to more clearly define the nanostructure of the spherulites from the different fractions.

7.3.3 Investigation of Possible Liquid Crystalline Ordering and the Helical Chain
Conformation in Cooling Amylose Solutions
In the published version of Chapter 4, it was hypothesized that liquid crystalline
ordering might play an important role in the self-assembly of amylose spherulites.
Additionally, the crystalline ordering proposed by Strobl possibly depends on a type of
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liquid crystalline ordering during the initial stages of assembly.5 Rigid macromolecules
in solution are expected to form liquid crystalline phases beyond a minimum
concentration.10 This has been proposed previously for starch and other biopolymer
systems.11,12,13

Polymer liquid crystals are favored by conformations that alternate

between rigid segments and more flexible regions – a type of molecular structure that
starch has been proposed to contain.14,15 The possibility of liquid crystalline ordering
playing a role in the self-assembly of spherulites could be confirmed or proven false by
further investigation employing techniques sensitive to chain conformation. As well, this
experimentation could also elucidate the helical chain conformation of amylose in
solution. The possibility that the formation of spherulites occurs because of the removal
of helical ordering from the system during heating was discussed in Chapters 4 and 5.
The techniques available to study the helical chain conformation and liquid crystalline
ordering include: small angle x-ray scattering, (SAXS) capable of detecting ordering in
the system;12 small angle neutron scattering, (SANS) shown to be sensitive to changes in
chain conformation and ordering;16,17 and circular dichroism (CD), which has been used
to characterize the chain conformation of amylose in aqueous solution previously.18 The
challenge to investigating the starch-water system with these techniques is in working at
high temperature in water.

7.3.4 Further Study of the Acid Degradation Process and Amylose Fractions
In continuation of the work in Chapter 3 and 4 plus Appendix 1, it would be of interest
to investigate the effect of this acid degradation process on the polydispersity (a measure
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of the variation in the DP of a polymer fraction) of the starch fraction.

As well,

polydispersity of the original maize starch fraction should be determined. Considering
the results of shorter and longer acid treatment times would help further elucidate the
mechanisms of acid degradation. Polydispersity of amylose can determined through a
combination of gel permeation chromatography (GPC), high performance size exclusion
chromatography (HPSEC) and laser light-scattering.19,20,21

7.3.5 SAXS of Amylose Spherulites
Though initial small angle x-ray scattering (SAXS) experiments to determine regular
ordering of crystalline lamellae were inconclusive22 it is possible that the use of a high or
low electron density swelling agent would enhance contrast enough to allow any ordering
or hetergenous structure to be observed (scattering intensity is proportional to the square
of the electron density difference). Potential swelling agents should be evaluated for their
effect on the structure of the spherulites to confirm that the agent does not lead to
dissolution of any of the spherulite structure. Additionally, conditions like the moisture
level, sample size, and collection time should be optimized through further testing to
present the best experimental set-up for the collection of useful data. SAXS data would
provide information about structures ranging in size from 5 to 40 nm. SAXS has been
utilized to successfully evaluate starch granules previously.12,23,24
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Appendix A
A.1 Acid Degradation of Amylose

Introduction
Acid treatment of starch to obtain lower molecular weight chains is a commonly
utilized process, pioneered by Nägeli (1874) and Lintner (1886).1,2 Acid hydrolysis of
starch granules has long been utilized to form low molecular weight fractions of linear
amylose. A typical lintnerization procedure is completed by treating starch granules with
2.2 N hydrochloric acid for several days at ~35 °C and yields material with a degree of
polymerization (DP) between 10-30 residues.3 The retrogradation and solution behavior
of amylose of this approximate weight has been studied by many groups.4,5,6 However,
the limited molecular weight range that can be readily formed using these basic
procedures is a drawback when studying a wide range of amylose molecular weights.
Using native starches, at a given temperature the process of acid degradation has been
shown to occur rapidly at first with an exponential slowing of the reaction rate as the
limiting value of degradation is reached.7 Increasing the temperature yields an even
faster initial degradation rate, as confirmed by various researchers.8,9 Different solvents
and acid concentrations also result in fractions of differing molecular weight.10
Recent articles discuss synthesis and study of amylose of varying molecular weight.11
Though synthesis has shown a great deal of control over the molecular weight and
characteristics of amylose,12 the as yet labor intensive nature of the process makes it less
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than desirable when large quantities of starch can be purchased and altered economically
and simply using acids.
Despite all of the past work, there have been no well-known published attempts to
describe a process and/or equation that would allow the prediction or preselection of
amylose molecular weight through the use of a standardized acid treatment program.
With this in mind, I designed a detailed program of treatment times and temperature with
a single acid type on a well-characterized amylose fraction to determine whether or not
this is possible.

A.2 Experimental

A.2.1 Materials
Common maize starch was supplied by the National Starch and Chemical Corp. Food
Products Division (Bridgewater, NJ). Dimethyl sulfoxide (DMSO) (471267) was
purchased from Sigma Aldrich (St. Louis, MO). Hydrochloric acid (.5 N HCl) (SA50)
and sodium hydroxide (.1 N NaOH) (SS-276) were obtained from Fischer Scientific
(Pittsburgh, PA). USP ethyl alcohol (111000200PL05) was obtained from Pharmco
(Brookfield, CT).
Amylose was prepared from common maize starch using an aqueous leaching process
and its linearity confirmed using 13C-NMR as described previously.13 The amylose was
stored and utilized as a relatively dry (~12% water) semi-crystalline film.
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A.2.2 Methods

A.2.2.1 Acid Treatment
Each amylose sample was treated with 0.5 N HCl (8.0 mL acid /1 gram leached
amylose). The acid was equilibrated at 50, 65, or 80 °C in a water bath and the amylose
was added and held with slow stirring for a predetermined period (15, 30, or 45 minutes).
After treatment, the suspension was neutralized using 0.1 N NaOH and the neutralized
suspension centrifuged for 10 minutes at 2000 ×g. After the supernatant was removed,
the solid starch was then washed and centrifuged twice with a 50% ethanol-water
mixture. The resulting solid starch was dried for 2 days in a 35 °C oven.

A.2.2.2 Intrinsic Viscosity
Intrinsic viscosity in DMSO at 25 °C (±0.1 °C) was determined using a CannonUbbelohde dilution viscometer (no. 50, Cannon Instrument Co., State College, PA). Four
concentrations were measured in the range 0.001-0.005 g/mL. Efflux times were recorded
in triplicate using a digital stopwatch (Traceable, VWR International, West Chester, PA).
Mark-Houwink-Sakurada values (R and K) of 0.70 and 0.0151, respectively14 and 0.64
and 0.0306, respectively15 for amylose in DMSO were both used and the results
averaged to obtain a final molecular weight.16
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A.2.4 Data Treatment
Average molecular weights of the acid treated amylose samples were calculated using
Origin software. Statistical analysis was completed using EChip (Version 7.0 Hockessin,
DE).

A.3 Results
Concentration, acid type, starch composition, temperature, and time of treatment have
all been shown to have an effect on the degradation of starch.7,17 I chose to limit this
study to understanding the role of treatment temperature and time. A 3-by-3 design was
used with temperatures of 50, 65, and 80 °C and times of 15, 30, and 45 minutes.
Hydrochloric acid is the most commonly reported acid used in starch degradation so the
study was confined to this system. Table A-1 displays the average DP of acid-treated
starch. In addition to the samples listed in Table A-1, a separate amylose fraction was
prepared and processed under similar conditions to test the repeatability of this process.
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Table A-1: The treatment times and temperatures utilized and the resulting DP, calculated
from intrinsic viscosity. The untreated value represents the original leached amylose.
Temperature (°C)

Time (min.)

Amylose DP

untreated

untreated

870

50

15

755

50

30

595

50

45

570

65

15

350

65

30

170

65

45

155

80

15

115

80

30

80

80

45

85

The molecular weight of the acid-degraded amylose exhibited significant dependence
on both treatment time and temperature. As treatment temperature increases there is a
decrease in the resulting DP as a function of the treatment time. At longer times, the drop
in DP over a given time decreases. The order of the fast and slow degradation rates in
this study disagrees with the findings of Lin and Chang; though their study focused on
native starch, they found that amylose content lengthened the time spend in an initial
slow degradation regime.18 It is possible that differences in the packing of native starch
and retrograded amylose, as well as the higher temperatures used in this study, are
responsible for this change in the behavior.
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As temperature is increased, the initial decrease in the resulting average DP becomes
greater. The limiting value of DP appears also more quickly. In the samples processed at
80 °C the limiting value is reached within 30 minutes, while for other treatment
temperatures the DP is still slowly decreasing at the same length of treatment time. This
seems reasonable since the closer the temperature of the acid treatment to the dissolution
temperature of the starch, the more ‘open’ the starch film structure will be to infiltration
by water, and in turn, acid. Since the amorphous structure of the starch is most
susceptible to attack,19,20 the farther from the glass transition (higher the temperature) the
starch the more mobile and soluble the amylose structure will be, leading to a more rapid
infusion of acid into the structure and more rapid degradation. This also agrees with the
finding of Ali that acid degradation of a native starch proceeds more quickly the nearer
the temperature of processing to the gelatinization temperature.8
A quadratic equation was fit to the data to develop a prediction of DP based on
temperature and time from the experimental data, within the initial rapid stages and the
early stages of the slow degradation at longer times (t > 45). Eq. A.1 , using centered
values of temperature and time, is as follows:
DP = 190 − 18 * (T − 65) − 4.6 * (t − 30) + .17 * [(T − 65) * (t − 30 )] + .63 * (T − 65)2 + .25 * (t − 30)2

A.1

For this equation, R2 = 0.98 and p ~ 0.0000 (p indicates the level of significance). The
terms of the equation all have significance of p < 0.05. Centered temperature (T-65),
time (t-30), and temperature squared (T-65)2 had a p < 0.001.
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Figure A-1: Two-dimensional contour plot of the dependence of resulting DP on the acid
treatment time and temperature. Notice the sharp initial decrease as a function of
temperature even at short time.
Figure A-1 is a two dimensional contour plot of predicted molecular weight for
different treatment time and temperatures using a quadratic relationship. Figure A-2
shows a plot of the experimental results of acid degradation versus the predicted value
from the equation. Included on the plot are the DP values for 4 separately prepared
amylose samples. An independent test of the reliability of this process utilizing amylose
of slightly higher DP (~920) confirmed the relation. Whether or not the relation
developed here would apply to acid degradation of an amylose of much greater DP is yet
unknown.
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Figure A-2: Plot showing a comparison of the measured values and the predicted values
obtained from the equation fit of the system.

A.4 Conclusions
The results of this study demonstrate that processing amylose using acid degradation
can be an effective means of generating linear polysaccharide of a particular mean
molecular weight. Both the treatment time and temperature have an effect on the
molecular weight at a given acid and starch concentration. For low DP, a faction can be
rapidly produced using a high temperature treatment for short times, while a higher DP
can be manufactured using lower temperatures. Since limiting values are approached
more quickly and the initial degradation is much more rapid at a higher temperature for
the retrograded amylose system, it will be easier to control the product DP by using a
lower temperature and slowly degrading the starch to approach the target molecular
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weight. For any given starch type, it should be possible to develop a relation that
accurately predicts DP.
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Appendix B
Preliminary Study of Amylose-Water Systems Utilizing Light Scattering

B.1 Introduction
Biopolymer systems that undergo both crystallization and liquid-liquid demixing
exhibit morphologies that are dependant on the interaction between the separate
processes.1 This is a common occurance in polymer solutions and the phenomena has
been studied in synthetic2,3,4 and biopolymer systems.5,6,7,8 I have discussed the
hypothesis in previous chapters (2, 4, and 5) that amylose spherulites form as a result of
liquid-liquid demixing processes interacting or competing with crystallization and
gelation.9,10 I made the additional proposal in Chapter 6 that the crystalline nanostructure
of the spherulites appears as a result of a transient ‘granular’ state. The internal granular
structure exists somewhere between a liquid crystalline like mesomorphic phase and a
final lamellar crystalline stage.11 The recognition of the multistage process of crystalline
structure as such indicates that the spherulites do not crystalline directly from solution,
but must demix into a high concentration phase before progressing though the stages of
what has been up to now, a phenomena observed in melt crystallized polymers.12
In order to prove or disprove the hypothesis that liquid-liquid demixing plays a role in
the formation of structure from the amylose-water system several additional tools are
available. Light scattering of a polymer solution has been shown to be a powerful tool in
characterizing self-assembly from polymer solution.13 Additionally, optical microscopy
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can be used to visually monitor the formation of structure from solution. These tools
were chosen for preliminary testing of method that can generate data to confirm the
hypothesis that a liquid-liquid demixing process in conjunction or competition with
crystallization and gelation is responsible for the formation of amylose and starch
spherulites. In addition to testing this hypothesis, I assessed the usefulness of a very
simple light scattering device that might be employed in any lab with a minimal financial
outlay.
If demixing occurs in the starch-water system, it would be via thermally induced phase
separation (TIPS).2 TIPS occurs when a homogenous polymer-diluent solution is cooled
or quenched from a one-phase region to a temperature in a two-phase region (I will limit
this discussion to a system with an upper critical solution temperature or UCST).14 Once
in the two phase region, the solution will separate into a polymer rich phase and a
polymer poor phase. At low concentrations, a polymer droplet phase can be expected,
while at higher concentration phase inversion will occur leading to the formation of a
polymer rich matrix.14,15 The process of phase separation continues until it is arrested by
the glass transition, gelation, or crystallization.4 The formation of starch spherulites
might result from the nucleation of a polymer-rich phase following a binodal liquid-liquid
phase separation.15 Depending on specifics of the system under study, liquid-liquid
demixing would occur by either spinodal decomposition (SD) or nucleation and growth
(N&G) driving the formation of structure formation.16 Additionally, the high viscosities
of a polymer system can result in the final equilibrium morphology being an intermediate
stage of the demixing process arrested before completion.14, 17
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Liquid-liquid demixing is the result of a complex set of interactions between the
polymer and the solvent. The equilibrium thermodynamics of the amylose-water solution
is determined by the free energy of mixing as a function of the composition and
temperature.13 The system lowers its free energy by phase separating when cooled below
the minimum temperature needed to maintain a single solution state at a given
concentration.18 The limit of this coexistence is defined by the binodal curve. Points that
are below the binodal curve (for a UCST) are unstable. Within a certain window (the
metastable region) the solution will not phase separate unless a concentration fluctuation
provides the necessary energy to hurdle the barrier to phase separation. At the lower
edge of the metastable region there is the spinodal curve, below which phase separation
occurs instantaneously.13 The phase diagram for a UCST system as described above is
shown as in Figure B-1.19 As discussed in the introduction to this thesis, gelation and
crystallization are also phase separation processes; here I have focused on liquid-liquid
demixing.

Figure B-1: Model phase diagram for a polymer solution with an Upper Critical Solution
Temperature. From reference 19.
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In this appendix I will lay the foundation for a series of experiments using light
scattering to determine the mechanism of phase separation in the amylose water system.
I will focus on the experimental devices necessary to complete the experimentation and
then will discuss the particulars of data treatment needed to properly analyze the results.
Finally, I will detail an initial series of experiments using optical microscopy and light
scattering. The results are examined for their potential contribution to the complete
understanding of self-assembly of starch into spherulites.

B.2 Experimental

B.2.1 Materials
Amylose of varying degree of polymerization (DP) is obtained as described in the
previous chapters and reports (Chapter 4 and 5).10 The fractions used in this study have
degree of polymerization (DP) of 930, 460, 120, 70, and 35.

B.2.2 Sample Preparation
Dry amylose samples were finely ground using a mortar and pestle and loaded into the
cell for light scattering with distilled deionized water in proportions determined to closest
reach the desired concentrations. Samples for optical microscopy, collected after the
light scattering measurement, were removed directly from the light scattering cell. Each
sample was placed on a glass slide, diluted slightly with DI water, and covered with a
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glass cover slip. Samples for temperature controlled microscopy were placed with water
in a closed cell, heated, and cooled.

B.2.3 Techniques

B.2.3.1 Light Scattering
Light scattering was performed using an experimental set-up designed and constructed
using readily available laboratory components. Figure B-2 shows a schematic of the light
scattering apparatus. A variety of systems for light scattering of polymer solutions under
adverse (high-pressure and high-temperature) conditions have been previously described.
The device that was constructed does not require the purchase or complicated set-up of
any expensive detectors.20,21,22,23 Laser light was generated using a Malvern 2600 Series
He-Ne Laser (λ = 632.8 nm). (Malvern Instruments Inc, Southborough, MA) The laser is
focused through a pinhole (0.3 mm diameter) and then through a Temperature-Controlled
High Pressure Liquid Cell (HPL-TC-13-3, Harrick Scientific Products, Inc, Ossining,
NY) fitted with 2 mm sapphire windows and a 690 micron spacer – determined to be the
smallest thickness that could withstand more than one pressure-temperature cycle of the
cell and contents. This cell (referred to throughout as the TCHPL cell) was loaded with a
mixture of starch and water. The concentrations of amylose utilized were 5%, 20%, and
35% (w/w). As discussed in Chapter 5, these concentrations may be high in comparison
to the predicted Flory-Huggins critical points for the various DP amylose samples. Due
to some difficulty in placing the proper amount of water in the cell, there is likely some
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variation in the concentration. Thus, values reported should be considered as follows;
5% = 2.5% to 7.5% , 20% = 15% to 25%, 35% = 30% to 40%. This is one problem with
the device. A more precise means of placing exact amount of amylose and water into the
TCHPL cell will be necessary in any future work.
Heating of the TCHPL cell was controlled by a series 989 Watlow ATC/low voltage
controller (Harrick Scientific Instruments) while cooling was provided by a chilled water
bath (-20 °C). When the TCHPL cell reached its maximum temperature, the heater was
turned off and the water bath used to cool the starch solution to the appropriate
temperature range. Final temperatures used were 10, 35, and 60 °C, though an
experiment at 80 °C was performed using the 930 DP fraction at a 20% concentration.
The scattered light was reflected onto a frosted glass plate (here a 10 cm (8.75 cm
viewable) square stationed 20.25 cm from the outer window (determined to allow the
maximum resolution of the scattering based on the geometry of our system). In place of
a beamstop a photoresister connected through a very basic electrical circuit was utilized
to monitor the intensity of transmitted light (Itr). This intensity was monitored using a
strip chart recorder (Kipp & Zonen BD41) during the entire cooling/phase separation
process. The light scattering was recorded using a basic webcam and video software
(Intel Create and Share Software 2001, Intel Corporation, Santa Clara, CA). Once the
entire cooling and self-assembly process was collected, individual frames of the video
were selected and saved separately (examples of the individual frames are shown in
Figure B-3). These images were analyzed using Adobe Photoshop CS (version 8.0
Adobe Systems, San Jose, CA) software with the data analysis add-on package FoveaPro
(Reindeer Graphics, Asheville, NC). First the images were converted to grayscale. Next,
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the intensity was integrated azimuthally about the center of the image to obtain an
average scattering pattern.
The scattering patterns data were transferred to a data editing software and were
corrected for turbidity (using the measured Itr values) and background scattering (the
scattering observed at t = 0). Additionally, the data points impeded by the beam stop
(<2.75°) and at larger scattering angles than could be reasonably measured were removed
(> 12.5°). This limited the analysis to objects that are between 2.9 and 13.2 μm in
domain size. The large size necessary for visualization in the device is another limitation
of the study. Finally, the scattering patterns could be analyzed by plotting a 5 point
moving average of the corrected scattered intensity (Is,c) versus the scattering vector (q).
A moving average is utilized to minimize the effect of noise in the images.
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Figure B-2: Schematic of the experimental set-up utilized for light scattering in this
paper. Dimensions and specific details, where necessary or useful, are listed in the text.
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Figure B-3: Images from the light scattering experiments. Clockwise from top left;
image at the start of the scattering experiment, image from ~5 seconds before the phase
separation process; image during beginning of the phase separation process, and image
from the conclusion of the phase separation process (~15 seconds later).

B.2.3.2 Optical Microscopy
Both brightfield and polarized light microscopy were performed on an Olympus BX41
microscope (Hitech Instruments, Edgemont, PA) equipped with a SPOT Insight QE
camera, and analysis completed using SPOT analytical and controlling software (SPOT
Diagnostic Instruments, Sterling Heights, MI). The self-assembly process was monitored
visually by using a closed cell with elevated temperature microscopy using a Linkam
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LTS 350 hot stage, controlled using LinkSys software (Linkam Scientific Instruments,
Surrey, U.K.).

B.2.4 Data Analysis
The correction for turbidity and background scattering is an important step in the
process, and will be explained in further detail.23,19 The correction of the integrated data
to compensate for the turbidity goes according to Eq. B.1,
I s ,corr = I s ,raw / I tr ,raw

B.1

Where the scattered light intensity is corrected to the unit bases of the incident light
intensity, and Itr,raw and Is,raw are the uncorrected transmitted and scattered light intensities,
respectively. However, this does not correct for background scattering of the system.
The correction for this results in Eq. B.2 which is used to obtain the final corrected
scattered light intensity Is,θ,corr(t) at a given scattering angle θ and time t.

[

] [

I s ,θ ,corr (t ) = I s ,θ (t ) / I tr (t ) − I s ,θ (t = 0) / I tr (t = o )

]

B.2

This corrected scattering intensity can then be plotted versus the scattering vector q, as
defined in Eq 3, to obtain the typical scattering patterns that show either spinodal
decomposition or nucleation and growth processes during phase separation.19, 23 In
Eq. B.3 λ refers to the wave length of the light emitted by the laser and θ the scattering
angle.
q = (4π / λ ) sin(θ / 2)

B.3
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The size of a domain that scatters (L) is determined from the q vector peak (qm). This
relation is shown in Eq. B.4.23
L=

2π
qm

B.4

The two mechanisms of liquid-liquid demixing type phase separation can be
differentiated by light scattering during the initial part of the phase separation. Because
spinodal decomposition occurs as a concentration fluctuation,24 it observed in light
scattering as a peak moving from high to low angles at the start of the phase separation
process (as large phases coalesce to form smaller more concentrated ones).19,23
Nucleation and growth is characteristically represented by an increasing intensity at the
lowest angles gradually shifting to higher angle (as small nuclei grow via diffusion of the
polymer from solution to the phase separating regions to form larger phases).

B.3 Results and Discussion

B.3.1 Optical Microscopy
The 930 DP amylose-water system was analyzed at nine points (three concentrations
cooled to three temperatures). Several other fractions (460, 120, 70, 35 DP) were also
examined at one or more concentrations and temperatures. After the processing was
completed, the TCHPL cell was opened and the morphology observed using both
brightfield and polarized light. Amylose processed using the TCHPL cell was shown to
be spherulitic (Figure B-4 and Figure B-5). Figure B-4 shows representative fractions of
material from the 35, 70, 120, and 460 DP amylose fractions after processing to 180 °C
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and cooling to 35 °C (concentration of 20% w/w). Figure B-5 shows micrographs of the
material obtained from processing of the 930 DP fraction at concentrations of 5, 20, and
35% w/w after cooling from 180 to 35 °C.
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Figure B-4: Optical micrographs of the amylose-water system after processing in the
light scattering cell. A & B 35 DP; C & D 70 DP; E & F 120 DP; G & H 460 DP. All
fractions shown have concentration of approximately 20% amylose (w/w) and are cooled
to a temperature of 35 °C. Brightfield images on the left, polarized light on the right.
Scale bars represent 50 microns.
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Figure B-5: Optical micrographs of the 930 DP amylose-water system after processing in
the light scattering cell with cooling to 35 °C. A & B 5%; C & D 20%; E & F 35%
(approximate values, w/w). Brightfield images on the left, polarized light on the right.
Scale bars represent 50 microns.
Figure B-6 shows representative optical micrographs of the amylose during selfassembly, taken using the heated optical cell (Chapter 2). These micrographs were
obtained by designing a closed optical cell that could be heated to 180 °C and cooled at a
controlled rate using the hot stage described earlier. Taking both brightfield and
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polarized light images in sequential experiments the micrographs in Figure B-6 were
obtained. The first observation of visible structure in the system occurs at the same time
as the first observation of birefringence. Self-assembly in systems of poly(ethylene-covinyl alcohol) (and other polymers) has been shown to occur via a dual crystallization
and phase separation process, where nucleation initiates liquid-liquid mixing (Figure B7).2,3 Comparing the optical micrographs in Figure B-6 and B-7 the process observed in
the amylose-water system appears to occur in a similar fashion.
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Figure B-6: Optical micrographs showing the process of spherulite formation for the 930
DP amylose fraction at a 20% concentration. The brightfield (left) and polarized (right)
images are of different samples with the same concentration at the same time relative to
the self-assembly process. A & B at t = 0, C & D at t = 50 s, E & F at t = 75 s, G & H at t
= 100 s, and I & J at 500 s. Scale bars indicate 50 microns.
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Figure B-7: Optical micrographs of structures formed from a 20 wt % EVOH32 sample at
a quench temperature of 358 K: (a) t=28 s, (b) t=41 s, and (c) t=91 s. Reproduced from
Reference 2.
Study of phase separating protein solutions has shown that rate of nucleation passes
through a maximum near the liquid-liquid phase boundary.8 Simulation and theory both
predict that for polymer systems the barrier to nucleation is reduced as the system
approaches the critical point for liquid-liquid phase separation. If this is the case it makes
sense that in starch, where the double helices central to the formation of organized
structure quickly reappear upon cooling of a starch solution, the appearance of nuclei is
very likely. These nuclei could also be a sufficient concentration fluctuation to initiate
liquid-liquid demixing.
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B.3.2 Light Scattering

B.3.2.1 Cell Temperature Profile
The cooling rate inside the TCHPL cell was not directly measured, but can be
extrapolated from Figure B-8. These measurements were obtained by monitoring the
temperature of the outer surface of the sapphire windows. The cooling rates appear to be
approximately 10 °C/min for the highest temperature quenches and near 15 °C/min for
the lowest temperature quenches – not nearly the rates that were initially anticipated.
Based on previous DSC experiments detailed in Chapter 5, I would expect the 930 DP
fraction to crystallize at temperatures near 60 °C depending on the concentration (for the
35% solution near 80 °C) for these cooling rates, precluding the possibility of quenching
the samples to a lower crystallization temperature. If demixing is initiated by or
concurrent with crystallization I would expect the light scattering event to occur at a
similar temperature.
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Figure B-8: Graph showing the actual internal temperature of the light scattering cell at
times after the start of the cooling stage. The temperature is measured using a
thermocouple on the sapphire window of the cell.

B.3.2.2 Transmitted Light Intensity
Table B-1 shows that the cloud point or transmitted light intensity (Itr) curves confirm
that the onset of light scattering occurs at the temperatures that were predicted from the
previous DSC experiments (Chapter 5). Phase separation of a scale that could be
monitored (greater than 2.9 microns in size) occurs at temperatures near or above 60 °C
for the 5 and 20% concentrations, while light scattering is observed at temperatures closer
to 80 °C in the case of the 35% w/w concentration system. That the light scattering is
observed so close to the crystallization (as observed by DSC) does not allow any
conclusions. Possibly spinodal decomposition occurs followed by rapid crystallization,

230
or else nucleation of a crystalline region (or mesophase) initiates demixing followed or
nearly simultaneous with crystallization of the polymer.
There was no observable scattering event for the 5% w/w 930 DP fraction system in
the 60 °C experiment or when a 20% w/w 930 DP system was cooled to a temperature of
80 °C. This fits the basic parameters of the phase diagram that was described previously
in Chapter 5. This indicates that the temperature and concentration lies above the binodal
curve. Perhaps if given enough time a non-spherulitic crystalline morphology would
have appeared in these systems as observed previously in high temperature crystallized
amylose-water systems (Chapter 2 and 4).10
Table B-1: Table showing the approximate ‘real’ phase separation temperatures for the 930
DP light scattering experiments. This is calculated by comparing the onset of phase
separation from the cloud point curves and comparing this to the average internal cell
temperature from Figure B-8.
Concentration/Tf

5%

20%

35%

60 °C

X

65 - 85 °C

70 - 90 °C

35 °C

50 – 60 °C

60 - 80 °C

65 - 85 °C

10 °C

50 - 60 °C

60 - 80 °C

65 - 85 °C

Plots of transmitted light intensity versus time for the light scattering experiments were
obtained. (Figure B-9) As the concentration goes up the phase separation occurs at a
higher temperature. No curve is shown for the 5% w/w at 60 °C sample since no phase
separation was observed in the time scale of the experiment. All of the observed
transitions are very similar – there is no recognizable systematic decrease in scattering
intensity until the system reaches the point where self-assembly occurs, at which time a
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rapid drop in intensity is observed. Only the 20% w/w fraction cooled to 60 C shows any
appreciable deviation.
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Figure B-9: Curves showing Itr as a function of time for the 930 DP fraction.
Figure B-10 shows the results of the same experiments for the other DP fractions. The
temperature of phase separation is observed to drop as the DP decreases, as expected.
The most important observation for these experiments is that morphology of the 35 DP
fraction develops at a much slower rate than any other systems. The structure also
develops with a constantly decreasing Itr, rather than a quick drop in light intensity as is
observed in the case of the other fractions. It seems more likely than previously thought
that the morphology observed for the 35 DP fraction is the result of a different overall
self-assembly mechanism. In fact, the formation of A-type starch crystals from short
chain material has been shown previously to occur via a slow crystallization
process.25,26,27 Perhaps the differences in low DP assembly versus that of larger (≥70 DP)
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are another indication that the amylose of higher molecular weight assembles via a
liquid-liquid demixing process rather than direct crystallization. It could also indicate
that the sensitivity of the system toward the molecular weight of the polymer reaches a
critical point (in terms of undercooling and solubility) somewhere between the 70 and 35
DP.
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Figure B-10: Curves showing Itr as a function of time for the various DP fractions. The
35 DP fraction is linked to the upper X axis and is tested at a concentration of 35%
cooled to 10 °C while the other fractions are all linked to the lower one and tested at a
concentration of 20% cooled to 35 °C.

B.3.2.3 Light Scattering Profiles
An example of the light scattering profiles (Is,θ,corr versus q) observed is shown in
Figure B-11. Though there are a few indications of a ‘spinodal ring’, indicating that
spindodal decomposition occurs in the system,13 the scattering patterns most resemble
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those expected from a system undergoing nucleation and growth-type phase separation.19
From our analysis of the available light scattering patterns, it is obvious that more
refinement of the light scattering procedure and equipment is necessary to provide data
that will allow definite conclusions on the nature of the self-assembly process to be
proposed.
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Figure B-11: Light scattering profile of a 5% concentration system of the 930 DP
amylose cooled to 10 °C.

B.4 Conclusions
Unfortunately, the preliminary data obtained via light scattering was insufficient to
prove that the spherulitic morphology is the result of liquid-liquid demixing in
conjunction with crystallization. However, the results of the study have indicated that
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there will be value in characterizing the system using these tools. The data collected has
resulted in some interesting observations:
1. Crystallization observed via DSC and the rapid self-assembly process observed by
light scattering occur at approximately the same temperature.
2. The 35 DP fraction shows very slow self-assembly behavior compared to the
other fractions. This is also the only fraction forming spherulites comprised of a
different crystalline allomorph and has very different concentration diagram
behavior (Chapter 5).
3. Observation of the process by light microscopy has shown formation of
birefringent material at the very beginning of the demixing process.
4. The light scattering patterns obtained appeared as would be expected for a system
undergoing nucleation and growth type demixing, though firm conclusions are
impossible to make since the scattering behavior is at this time inconsistent.
To make further assertions about the nature of the self-assembly process for the
concentrated amylose-water system, it will be necessary to further improve upon the light
scattering set-up utilized here. In particular, better control of the temperature,
concentration, and an improved detection system should be developed.
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