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History of Starch Research

Les Copeland

Abstract This chapter presents a brief overview of key discoveries that led to our
current knowledge of starch. Due to the variability of natural starch, and the
significance of this biopolymer to humans in foods and industrial applications,
much attention has been given to gaining an understanding of its structure and
functional properties. Early uses for starch are considered, as are developments in
the growth of the starch industries, and how the molecular structure of starch was
revealed.

Keywords Starch · Structure · Functional properties · Application

Starch is the main storage carbohydrate of plants and a biopolymer of considerable
significance for humans. It is a macro-constituent of many foods and the main source
of energy in the human diet. Starch is also extracted industrially in large quantities
for use in manufactured foods, pharmaceuticals and non-edible products. Natural
starch is highly variable between and within plant species, resulting in
unpredictability of functional properties important for processing and human nutri-
tion. Hence, much attention has been given to seeking an understanding of the
structure and properties of starch in relation to functionality and applications. This
chapter will highlight key discoveries that have led to our current knowledge of
starch.

The importance of starch to humans dates back to the Palaeolithic era, when
starchy foods from roots and tubers were likely to have had a significant role in the
evolution of modern humans from early hominin ancestors [1]. Starch grains have
been identified in archaeological artefacts, including human dental calculus, dating
back hundreds of thousands of years, as described in detail in the monograph edited
by Torrence and Barton [2] and updated more recently [3, 4]. Although this is a
fascinating area of research for archaeological scholars, with relevance for modern
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human nutrition and physiology, its consideration is beyond the scope of this
discussion.

An early account of the history of research on starch and its uses was written by
Herstein [5] to coincide with the centenary in 1911 of the inversion of starch to
glucose by dilute acid. More recently, Schwartz and Whistler [6] documented key
aspects of the history of starch research, the growth of the starch industries, and the
development of specialty starches, for example, waxy, high-amylose and chemically
modified starches. However, particularly noteworthy is a series of six definitive
essays by Koushik Seetharaman and Eric Bertoft published in 2012 and 2013 under
the general title “Perspectives on the history of research on starch” in the journal
Starch-Stärke [7–12]. These essays tell in considerable detail the story of the
discovery of the molecular structure and architectural makeup of starch. They are
a lasting tribute to Dr Koushik Seetharaman, whose untimely passing in 2014 was a
great loss to the starch community.

With the relatively recent publication of these comprehensive essays, it is not the
intention here to provide another detailed account of the history of research on
starch. Rather, attention will be drawn to some of the key milestones in the
development of our knowledge, as depicted schematically in the timeline shown in
Fig. 1. The history of the development of our understanding of the biosynthesis of
starch is also beyond the scope of this chapter. This subject has been reviewed
extensively, and the reader is directed to a selection of articles for a good overview of
developments in this area [13–15].

According to the early historical records described in more detail in the above-
mentioned publications, the material we now know as starch was being used in
Ancient Egypt by about 800 BCE to stiffening fabrics, as an adhesive to bind together
strips of papyrus, and in cosmetics and medicines. The starch used for these purposes
was obtained by partial fermentation of wheat grains. According to a description in a
Roman treatise dating back as early as 184 BCE, the procedure for preparing starch
was to steep grain (usually wheat or barley) in water for 10 days, pressing and
mixing with fresh water, filtering through a linen cloth and allowing the slurry to
settle. The sedimented material was washed with water and dried in the sun. In the
early Roman Empire, Pliny the Elder (23–74 CE) documented how starch, made by
boiling freshly ground wheat flour with vinegar, was used for coating papyrus to
create a smooth surface, to whiten cloth, powder hair and thicken food sauces. These
applications may be examples of early uses of starch modified by acid. There are also
records from the fourth century BCE of early Chinese documents coated with finely
powdered rice starch to prevent ink penetration, a use of starch that continues today
with paper and textiles and is known as sizing. In Mediaeval times, the Dutch
established a starch manufacturing process from wheat, mainly for use in laundering
as a fabric stiffener. The name starch is likely to have come from this use; starch is
derived from the German word Stärke, which means strong or stiff. Starch was
introduced into England during the reign of Queen Elizabeth I in the mid-sixteenth
century. Powdering hair with starch was popular with wealthy Europeans by the
mid-eighteenth century.
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Fig. 1 Timeline of the
development of knowledge
of starch (adapted from [12])
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Starch was first examined microscopically in 1716 by the Dutch scientist Antonie
van Leeuwenhoek. He made detailed hand-drawn sketches that depicted discrete
granules, even showing the detail of growth rings. Subsequently in 1745, Beccari of
Bologna separated wheat flour into gluten and starch. This was an important
achievement, not only in the characterization of starch. It showed for the first time
that wheat flour contained a protein component. Proteinaceous material had been
thought to be present only in animals, but Beccari’s experiment showed it to be also
present in vegetable matter [16]. Other early seminal discoveries on the nature of
starch included the elemental analysis of potato starch by the Swedish chemist Jöns
Berzelius in the early nineteenth century giving the formula C6H12O6, and Nicolas-
Theodore de Saussure of Switzerland in 1835 establishing the relationship between
starch and glucose to be 100:110, thereby showing that “starch differed only from
sugar by the element of water”. The discovery of the element iodine in 1811 by
Bernard Courtois, and the subsequent finding that it forms an intense blue colour
with starch, led to the development of sensitive indicators for both starch and iodine.

As detailed in the account by Herstein [5], in 1811 a young German chemist,
Gottlieb Kirchhoff, working at the Academy of Sciences in St. Petersburg, Russia,
demonstrated the conversion of starch to glucose by boiling with dilute sulfuric acid.
The crystallization of glucose from the sugary syrup obtained opened the way to the
industrial production of glucose as a sweetener and eventually for use in fermenta-
tions into alcohol and acetic acid. Starch from wheat and potatoes was the main
source of glucose in Europe. The industrial production of glucose thrived during the
Napoleonic Wars in the nineteenth century with the imposition of trade embargoes
on the importation of sugar. The potato starch industry in Germany dates from 1765,
and commercial dextrins were made in Germany from 1860. By the beginning of the
nineteenth century, roots and tubers were recognized in Europe as alternative sources
of starch to cereals. The starch industry expanded in the nineteenth century with the
rapid growth of the textile, paper and printing industries and the conversion of starch
to dextrins for the production of gum substitutes. Production of glucose from starch
until the early 1900s involved acid hydrolysis, with the use of enzymes becoming
widespread only in the 1940s and 1950s.

In the USA, industrial production of starch grew rapidly, firstly from wheat
(1807) and then from potatoes (1820) and corn (1844). The National Starch Com-
pany (now Ingredion) was formed in 1900 by the merger of United Starch Co. and
National Starch Manufacturing Co. Waxy maize starch was discovered in China in
the early 1900s and was brought to the USA in 1909, but it was not until 1940s that
waxy corn was developed into a high-yielding hybrid. High AM corn starch was
developed in the USA in the1940s. From the 1930s, the development of numerous
chemical modifications expanded the commercial uses of starch. Fermentation of
dextrins obtained by starch by hydrolysis was used in many food and pharmaceutical
applications including large-scale fermentation to produce food acids (citric, lactic,
malic, gluconic), polyols as low-joule sweeteners and humectants, and amino acids
for nutritional supplements in foods and feeds.

Our understanding of the chemical nature of starch as a polymeric material
evolved from extensive research in the nineteenth century, as described in the first
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essay of the series by Seetharaman and Bertoft [7]. This essay describes how the
structure and configuration of glucose, maltose and polysaccharides and the devel-
opment of our knowledge of the α-1,4 and α-1,6 glycosidic linkages that intercon-
nect the glucose units in starch were elaborated. The second essay by Seetharaman
and Bertoft [8] tells about the discovery of diastase (now known as α-amylase) and
how it was initially obtained as the active agent from malting barley in 1833. This
was the first enzyme to be isolated in the context of sugar production and brewing,
and it was an important tool in early studies related to understanding starch structure.

Visualization of starch granules is the subject of the fourth essay by Seetharaman
and Bertoft [10]. Following on from Leeuwenhoek’s early microscopic observa-
tions, a major research emphasis turned to visualizing microscopically the develop-
ment and architecture of starch granules. This essay describes how the first
comprehensive model of the structure of starch granules was developed, leading to
an understanding of how the glucan chains are organized into a crystalline geometry
and how the concept for the blocklet structure evolved. A series of three landmark
articles in 1943 by Rundle, Baldwin and French provided the first evidence that
amylose can form crystalline helical complexes with iodine [17–19].

The fifth essay of the series by Seetharaman and Bertoft [11] discusses the
stimulation of research on the structure of amylopectin after techniques for the
separation of amylose and amylopectin were developed in the 1940s. The under-
standing of amylopectin structure emerged from research on starch granule crystal-
linity and lamellar organization. Early hypotheses have evolved into two models,
which are usually considered now to explain amylopectin structure. These are the
“cluster” model and the “building block backbone” model. The cluster model was
originally proposed in 1969 by Nikuni [20] and independently by French in 1972
[21], as represented diagrammatically by Hizukuri in a widely cited paper in 1986
[22]. In this model, the short chains in amylopectin form crystalline clusters, which
are interconnected into a tree-like configuration by the long chains of amylopectin.
The evidence that led to the proposal of this model is presented in detail by Bertoft
[23]. While this model is widely accepted, difficulties in explaining more recent
analytical results led to the proposal of the alternative building block backbone
model [23]. In this model, long amylopectin chains are linked to each other to form a
longer backbone along which the crystalline clusters that make up the building
blocks are randomly distributed. A detailed explanation of how starch structural
evidence is interpreted in terms of the two models and how they can account for
starch granule architecture is presented in Bertoft [23].

The sixth and final essay of the Seetharaman and Bertoft series [12] places the key
developments in starch science into a broader historical context of developments in
science. As depicted in Fig. 1, this timeline highlights the development of some key
techniques in the 1800s that were essential to studying starch.

As the following chapters will show, substantial progress has been made towards
an understanding of the structure, properties and functionality of starch. Neverthe-
less, there are still important gaps in our knowledge of this important biopolymer.
Among the aspects requiring greater understanding are the fine structure of the
growth rings, particularly the amorphous domains; the location of much of the
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amylose in starch granules and how amylose molecules are distributed with respect
to amylopectin; the distribution and spacing of branch points; the biosynthesis of
amylose and amylopectin molecules; and their assembly into the structural organi-
zation of starch granules. The extent of variability between individual granules is
another uncertainty that is difficult to resolve due to granules being too small to study
by currently available solid-state polymer techniques of diffraction and
spectroscopy.
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Botanical Sources of Starch

Shujun Wang and Peng Guo

Abstract Native starch granules are mainly stored in the endosperm of cereals,
parenchyma of tubers, and cotyledons of legume seeds. The wide range of botanical
sources of starches lays a great foundation for their industrial production and
applications. Starch occurs naturally as insoluble, semicrystalline granules, made
up of amylose and amylopectin. The differences in the characteristics of amylose and
amylopectin, and the way they are organized within granules, give rise to consider-
able variability in the size, shape, and functional properties of starch granules,
between and within species. Starches from traditional harvested crops, tubers, and
pulses have been extensively studied and used, while the new cultivars and novel
sources are also receiving extensive attention due to some unique properties. This
chapter gives a general overview of starch from several common crop plants (corn,
wheat, cassava, sweet potato, rye, barley, oat, rice, and pulses) and novel sources
(medicinal plants and fruits). The granular morphology, characteristics of amylose
and amylopectin, crystalline structure, and some typical functional properties are
summarized briefly.

Keywords Starch · Botanical source · Crops · Tubers · Pulses · Novel sources
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1 Introduction

Starch is the major carbohydrate reserve component of higher plants, which is
synthesized in plastids in photosynthetic and non-photosynthetic cells [1]. One of
the most abundant and universally distributed forms is transient starch, which serves
as a reserve to supply sucrose to non-photosynthetic tissues; the other form of starch
is for long-term storage present in endosperm of cereals, parenchyma of tubers, and
cotyledons of legume seeds. Starch occurs naturally as insoluble, semicrystalline
granules, made up of two polymers of D-glucose: the essentially unbranched
amylose (AM) and the highly branched amylopectin (AP). Differences in the
amounts of these two molecules, and the way they are organized within granules,
give rise to considerable variability, between and within species, in the size, shape,
and properties of starch granules. Most native starches contain 20–30% AM and
70–80% AP, although natural variants outside this range occur widely [2]. Variation
in amylose (or amylopectin) content of different sources might be due to the
difference in species and cultivar, physiological state, and growing environment.
For example, the amylose contents of stem starch (tuber, rhizome, and corm) and
root starch are in a range of 20–35% and 12–35%, respectively, most commonly
from 20% to 35%. Of note is that the analytical methods have significant effects on
amylose content. Amylose content is measured as apparent amylose content and
absolute/total amylose content. Apparent amylose is measured in the presence of any
amylose complexing monoacyl lipids which may be present, whereas the total
amylose is measured on lipid-free starch, precipitated from dimethyl sulfoxide
solution with ethanol [3]. Moreover, the long-branched chains of amylopectin
could also bind iodine and produce blue color, which would cause discrepancy
between apparent and absolute amylose content [4, 5]. The ratios of amylose and
amylopectin in starch from different sources can greatly affect the functional prop-
erties and susceptibility to physicochemical modifications [6, 7]. For example, waxy
corn starch structure and functionality are affected less by annealing compared to
amylose-containing starch [8]. Meanwhile, annealing treatment has been shown to
decrease the amylose content of peas [9], wheat [10], normal corn, high-amylose
corn, and potato starches [11].

Native starch granules are characterized at different structural scales ranging from
the nanometer-sized glucan chains connected by glucose units to intact granules of
micrometer dimensions. The complex structure of starch granules is the major
determinant of starch functionality for food processing and human nutrition
[12]. The double helices formed by branched chains of amylopectin are organized
in parallel to form A- and B-type crystallinities [13]. These crystalline structures
differ between starches from different botanical sources. A-type crystalline starch
has two strong diffraction peaks at about 15� and 23� (2θ) and a doublet at around
17� and 18� (2θ), whereas B-type starch has one strong diffraction peak at around
17� (2θ), a few smaller peaks at around 15�, 22�, and 24� (2θ), and a characteristic
peak at about 5.6� (2θ). In comparison, C-type starch has characteristics of both A-
and B-type crystallinity [14]. The cereal starches mainly contain A-type crystallinity,
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plant tubers and some high-amylose cereal seeds have B-type starches, and legume
seeds and some rhizomes contain mainly C-type starches [15–17]. Starch granules in
storage organs of higher plants vary in composition, shape, and size, depending on
the tissue and plant source [18], and the particle size of starch granules in storage
tissues changes with the maturation period. Variations in granule size (1–100 μm in
diameter), shape (round, lenticular, polygonal), size distribution (uni- or bimodal),
association as individual (simple) or granule clusters (compound), and composition
(α-glucan, lipid, moisture, protein, and mineral content) reflect the botanical origin
[19]. The granule characteristics of some commercial starches are given in Table 1.
The variability of starch originates from the biosynthesis, which is controlled by
multiple genes that are subject to developmental controls and environmental influ-
ences [1]. Depending on the plant species or cultivar, the growing environment, and
genetic variations, starches vary in physicochemical properties significantly
[20]. Genetic modification to obtain starches differing in their industrially relevant
characteristics has been successful for some cereal crops such as corn and rice and
may play a significant role in improving the quality of different food products and
could replace chemically modified starches.

The botanical sources of starches are diverse [21]. Corn/maize (Zea mays L.),
cassava (also known as tapioca—Manihot esculenta Crantn.), sweet potato

Table 1 Granule characteristics of some commercial starches

Sources Granular shape
X-ray
diffraction type

Relative
crystallinity (%)

Apparent amylose
content (%)

Wheat Lenticular-shaped,
small round

A 33.5 32.0 [21]

Barley Lenticular-shaped,
small round

A 35.2 30.0 [21]

Corn Round, polygonal A 31.0 23.4 [22]

Rice Polygonal A 37.1 13.2 [22]

Cassava Round, irregular A or CA 35.8 17.9 [22]

Sago Oval, spherical A 32.9 21.9 [22]

Taro Polygonal A 35.3 16.3 [22]

Potato Oval, spherical B 29.8 18.0 [22]

Water
yam

Rod like, round B or C 29.5 20.8 [22]

Edible
canna

Oval, elliptical B 27.2 27.9 [22]

Chickpea Oval, spherical C 17.6 20.7 [23]

Navy
bean

Oval, round, elliptical C 19.5 26.1 [23]

Pinto
bean

Oval, round, irregular C 25.5 29.6 [23]

Smooth
pea

Oval, round, irregular C 19.9 22.0 [23]

Lentil Round, oval C 18.7 22.1 [23]

Botanical Sources of Starch 11



(Ipomoea batatas L.), wheat (Triticum aestivum L.), and potato (Solanum tuberosum
L.) are the major sources of starch, while rice (Oryza sativa L.), barley (Hordeum
vulgare L.), sago (Cycas spp.), arrowroot (Tacca leontopetaloides (L.) Kuntze), and
buckwheat (Fagopyrum esculentum Moench) contribute lesser amounts to the total
global production [18], estimated at approximately 84 million tons in 2015
[22]. Many plant species containing starch differing in functionality (thermal,
retrogradation, pasting and nutritional properties) are grown throughout the world.
These functional properties are related to starch composition, morphology, and
structure, which vary with genetics and agronomic and environmental conditions.
The availability of starches from various botanical sources is essential for its many
applications. Starches with desirable functional properties could play a significant
role in improving the quality of different food products and could replace chemically
modified starches that are currently being used in a number of products. Extensive
research has focused on the different structural and physicochemical properties and
nutritional effects in relation to their botanical sources [5, 21, 23–26]. In addition to
traditional harvested cereal crops, tubers, and pulses, new cultivars and novel
sources, such as fruit starch [27–29] and medicinal plants [30–34], have gained
attention due to some unique properties. This chapter generally covers several
common starch cultivars, as well as some novel cultivars, in which their granular
morphology, characteristics of amylose/amylopectin, crystalline structure, and some
typical functional properties are briefly summarized.

2 Starch from Different Botanical Sources

2.1 Cereals

Corn Starch Starch for industrial purposes is extracted predominantly from corn,
but significant amounts are also extracted from a range of other species. The types of
corn (maize, Zea mays L.) available today include popping corn, sweet corn, dent
corn, flint corn, and flour corn. The availability of corn at low prices, its storability,
and its high starch content have led to its use as a major source of starch production.
Normal corn starch is generally made up of about 25% amylose and 75% amylo-
pectin. Plants can be bred that produce starches with AM to AP contents outside the
“normal” range (~25% AM and ~75% AP); for example, corn can be grown with an
AM content as high as 85% (high amylose maize) or as low as zero (waxy corn).
Previous studies have reported the waxy, normal, and high-amylose maize starch
containing 2.0%, 23.0%, and 85.0% apparent amylose content [35].

Normal and waxy maize starches are composed of various granules with shapes
from small spherical to large polyhedral and with the average particle size ranging
from 3 to 20 μm. There are clearly evident pores with varying size and depth on the
surface of some starch granules [8]. Unlike waxy and normal maize starches, high-
amylose maize starch is consisted of two types of granules: small oval granules and
large elongated granules. High-amylose maize starch was reported to contain about
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7–32% of elongated granules formed by fusion of several small granules [36]. In
addition, normal and waxy maize starches displayed A-type X-ray diffraction
pattern, whereas high-amylose maize starch displayed B-type. The gelatinization
temperature range of waxy and normal maize generally occurs between 60 and
80 �C. In contrast, the high-amylose maize starch exhibits a broad and undefined
endothermic transition, which terminates at a high temperature [8].

Wheat Starch Wheat is one of the most grown, consumed, and traded food grains
worldwide. It constitutes a major portion of human diet worldwide due to its
agronomic adaptability, ease of storage, nutritional qualities, as well as the ability
of its flour to prepare a variety of palatable and satisfying foods [37]. Wheat is often
classified into two main varieties, Triticum aestivum (referred to as bread wheat) and
Triticum durum (often termed pasta wheat). Triticum aestivum is the most com-
monly grown species of wheat, accounting for 90–95% of annual total production.
Triticum durum is another commonly grown species contributing to ~40 million tons
of global wheat production [38, 39]. Starch comprises about 60–75% of grain and
70–80% of wheat flour. As the main storage carbohydrate in wheat grains, starch
contributes to above 50% of energy intake in Western world and up to 90% for those
eating wheat as a staple food [12]. Wheat starch is often produced by wet milling or
mashing to remove non-starch components. According to amylose content, wheat is
also classified into waxy (less than 5% amylose), normal (20–35%), and high-
amylose (greater than about 40%) wheat. Starches isolated from 23 bread wheats
(Triticum aestivum) and 26 durum wheats (Triticum durum) contain 26.3–30.6%
total amylose and 19.3–25.1% apparent amylose [40].

Wheat starch has a bimodal granule-size distribution consisting of large
lenticular-shaped A-granules and small round B-granules, representing about 75%
and 25% by weight, respectively [41, 42]. The bimodal distribution of granule size
could also be observed for other Triticeae starches (barley, rye, and triticale), but not
by other cereal, root, tuber, or legume starches [43]. Wheat starch granules have also
been classified into three size ranges, A-type granules (>15 mm), B-type granules
(5–15 mm), and C-type granules (<5 mm), using image analysis and laser diffrac-
tion technology in another report [43]. Granule diameters, total phosphorus, total
amylose, lipid-complexed amylose chains, crystallinity, gelatinization temperature
range, gelatinization enthalpy, swelling factor, and amylose leaching, in normal,
waxy, and high-amylose bread wheat starches ranged from 2 to 38 μm, 0.007% to
0.058%, 26.9% to 32.3%, 13.4% to 18.7%, 28.6% to 42.8%, 12.7 to 14.3 �C, 11.3 to
13.3 J/g, 27.6% to 72.2%, and 22.2% to 26.2%, respectively [10]. Alkali treatment
can significantly alter the functionality and in vitro digestibility of bread wheat starch
granules by removing the surface proteins and lipids rather than significantly altering
the internal structure of starch granules [44]. A-type granules exhibit lower levels of
phosphorus, lipid-complexed amylose, and apparent amylose, compared with
B-type, and the wheat starch pasting behavior was suggested to be attributed to the
A-/B-type granule ratio [45]. The lenticular or disk shape of A-granules from
Triticeae starches is unique compared with most botanical sources, except in some
lesser known starches [46].
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Rye Starch Rye is commonly used in producing sour dough breads and crisp
breads. Rye starch is difficult to isolate due to the high pentosan content and the
poor gluten-forming ability of rye flours [47]. Rye starches, like those of wheat,
triticale, and barley, commonly have around 22–25% amylose content and are
composed of large (A-type) and small (B-type) granules with diameters of
23–40 μm and less than 10 μm, respectively [48, 49]. Rye starch gives an A-type
X-ray diffraction pattern with estimated degree of crystallinity of 15–17% [48].

Barley Starch Barley starch contributes 75–80% of the total barley endosperm
kernel weight, within compact barley protein matrix. The amylose content of barley
starches ranges widely depending on genotype. Amylose contents of prime starches
from non-waxy and high-amylose barley, determined by calorimetrical method,
were 24.6% and 48.7%, respectively, whereas waxy starch contained only a trace
(0.04%) of amylose [50]. Amylose content of Chinese hull-less barley cultivars
ranged from 23.1% to 30.0% and swelling power and water solubility index ranged
from 12.8 to 19.9 g/g and 12.7% to 23.7%, respectively [51]. The barley starch
granules also display a bimodal distribution comprised of large disc-shaped granules
and small spherical granules [41]. Generally, the weight average molecular weight of
barley amylopectin was 1.15 � 106 g/mol, lower than that of maize amylopectin
(19.3 � 106 g/mol) [52]. The amount of amylopectin unit chains with DP >
36 ranged from 9.83% to 16.66% among 14 barley starches [51]. The average
chain length (CL) of amylopectin among 6 barley genotypes ranges from 16.2% to
20.4% glucosyl residues, with the large granules having more amylopectin unit
chains of DP > 25 and longer chain length than the small granules [41]. Amylopec-
tins of barley starch have a lower amount of long chains and higher amount of short
chains, compared to those of maize and rice. The degree of crystallinity of starch
granules has been reported to vary greatly from 37.0% to 44.3% (6 genotypes) [53],
10.7% to 43.2% (7 genotypes) [54], and 10.1% to 13.3% (14 genotypes) [51].

Oat Starch Oat is an important grain crop for humans and is grown mainly in
Russia, Canada, the United States, Finland, Australia, and China [55]. Oat has two
major cultivated species, Avena sativa L. (hulled oat) and Avena nuda L. (naked oat).
Naked oat is not only commonly grown and consumed in north China, such as
Shanxi, Gansu, Jilin, and Hebei provinces, but also serves as a traditional Chinese
medicine [56]. In contrast, hulled oat is grown widely in western countries and
consumed in the form of rolled oats and steel-cut groats. Oat is recognized as a low
or medium Glycemic Index (GI) food, depending on the processing protocols or
cooking practices. As the major glycemic carbohydrate, starch accounts for above
60% of the dry matter of the grains, with amylose content in the range of 25.2–29.4%
[57], and A-type crystalline polymorphs representative of cereal starches [58]. Oat
starch granules tend to exist in clusters of individual granules. The granules range
from irregular to polygonal in shape and have average diameters of 7.0–7.8 μm [58],
much smaller than for wheat, rye, barley, and corn starch granules.

Rice Starch Rice (Oryza sativa L.) is one of the most widely grown cereal crops for
food. Undamaged rice is mostly consumed as cooked polished grains for staple food
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in many countries, whereas broken rice grains are commonly milled or ground into
flour and used as an ingredient in baby foods, noodles, puddings, and many Asian
cuisines. The largest component in rice grains is starch (>80%, db), which is an
important factor determining the quality of rice products [59]. As a major dietary
source of carbohydrate, rice plays an important role in modulating the level of
postprandial glucose in bloodstream. Rice is considered a high GI food due to the
fast digestion of starch, and thus understanding factors that determine its digestibility
is of particular nutritional interest. From the perspective of industrial applications,
rice starch is underutilized because of its high cost of production compared with
other commercial starches.

According to grain shapes and texture, Asian rice is usually categorized into
Indica, Japonica, and waxy rice. In general, Indica rice has a higher amount of
amylose than Japonica rice, making it unacceptable to consumer due to poor
cooking and eating quality [60]. So far, hybrid Indica rice with low amylose content
has been developed successfully in China to improve the quality [61, 62]. Rice starch
granules are round, angular, and polygonal and have dimensions in the range of
3–10 μm [63]. Amylose has a number-average degree of polymerization (DPn) of
920–1110 and is slightly branched with 2–5 chains on average. Amylopectin has
5–6% α-(1,6)-bonds and a DPn of 8200–12,800 [64]. Japonica rice and waxy rice
starches have a larger proportion of short A chains and a smaller proportion of
intermediate B1 chains and long B3 chains compared with Indica hybrid rice
starch [64].

2.2 Tubers and Roots

Potato Starch Potato (Solanum tuberosum L.) is the fourth most important food
crop in the world after wheat, rice, and maize, playing a vital role for global food
security [65, 66]. Potatoes are a major source of carbohydrate in the Western world,
and consumption is increasing rapidly in developing countries. Potatoes are con-
sumed as vegetables and also as raw materials for processing into products, such as
snacks, breads, starch, and its derivatives. Potatoes are also a popular source of
dietary carbohydrate worldwide and generally considered a high glycemic index
(GI) food [67].

Potato starch is the main component of potato tubers and generally occupies
66–80% of a dry weight basis [68]. The chemical composition of potato starches
from ten potato cultivars grown under the same conditions showed that protein,
amylose, and phosphorus contents ranged from 0.30% to 0.34%, 25.2% to 29.1%,
and 52.6 to 66.2 mg/100 g (dry basis), respectively [65]. Other studies reported that
total phosphorous content ranged from 59.0 to 71.0 mg/100 g (dry basis) for isolated
potato starch from potatoes grown in different locations in Canada [68]. Potato
starches with a high degree of phosphorylation are highly desirable because it
confers good functional properties of native potato starch for industrial applications
without environmentally unfriendly chemical processes [69]. Potato starch has a
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broad granule size ranging from 5 to 100 μm, with a mean diameter of 23–30 μm.
The granule shapes are observed to be oval and irregular or cuboidal [26].

Native potato starches exhibit a typical B-type X-ray diffraction pattern (charac-
teristic of root and tuber starches). The relative crystallinity reported varies from
15% to 45%, depending not only on the origin and the moisture content of starch but
also on the technique and calculation methods used [70]. The chain length distribu-
tion profile of amylopectin from different potato cultivars showed that the chains
with DP 13–24 and DP 6–12 have the highest (47–51%) and the lowest percentage
(7–9%), respectively [71].

Potato starch has the unique properties among other commercially available
starches, such as the large granule size, purity, relatively long amylose and amylo-
pectin chain lengths, presence of phosphate ester groups on amylopectin, high
swelling power and pasting viscosity, high clarity of starch paste, neutral flavor,
and ability to form thick viscoelastic gels upon heating and subsequent cooling
[65]. As such, potato starch has been utilized extensively in food and nonfood
industries, as thickening agent, food materials, pharmaceutical filler, or excipients
[72, 73]. Moreover, raw potato starch has greater resistance towards acid and
enzymic hydrolysis compared with other normal starches, which is associated with
higher phosphorous content, B-type crystallites, and a larger amount of long amy-
lopectin chains [74].

Cassava Starch Cassava (Manihot esculenta Crantz), also known as tapioca,
manioc, or yuca, is a perennial woody shrub with tuberous roots in the spurge family
(Euphorbiaceae) [75]. Typical mature roots have on average composition of 30–40%
dry matter, 30–35% carbohydrate, 1–2% fat, 1–2% fiber, and 1–2% protein, with
trace quantities of vitamins and minerals. Cassava is considered as a reliable crop for
food security and industrial applications, due to its admirable production in harsh
natural conditions [76]. It should be noted that the toxicity of cassava cannot be
ignored due to the presence of cyanogenic glucosides. Hence, proper processing is
required to effectively detoxify cassava when it is used in the human diet or as
animal feed [75].

Starch contributes up to 70% (db) of dried cassava roots [77] and determines the
major quality of cassava-based products. Amylose content of cassava starch ranges
widely from 0% to 30%. For example, wide variation of amylose content
(15.2–26.5%) has been observed for 4050 cassava genotypes collected worldwide
[78]. The shape of the granules is oval, truncated, and rounded, and the granule size
is in the range of 2–32 μm [72, 79, 80]. Cassava starch granules exhibit a smoother
surface compared with potato granules [81]. The molecular weight of cassava
amylose was reported to have DP (degree of polymerization) of 1035–1202 (in 4
genotypes harvested in 4 different months) [73], 2.44–2.70 � 105 (in 5 genotypes)
[82], and 2050–4390 (in 4 genotypes) [83]. The ratio of weight average molar mass
to the number average molar mass (Mw/Mn), reflecting the heterogeneity of the
amylopectin size (dispersity index of amylopectin), was reported to be 1.25–2.23
for 8 cassava genotypes [84]. The percentages were 9.3–11.6%, 28.8–30.9%,
47.9–49%, 12.3–13%, and 8.6–9.4% for amylopectin branches with DP 6–9, DP
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6–12, DP 13–24, DP 25–36, and DP > 37, respectively (4 genotypes) [79]. Cassava
starch mainly exhibits A- or Ca-type X-ray diffraction pattern [72, 79], albeit a small
amount of B-type starch is also present in Ca-type starch [84]. Great diversity in
gelatinization properties has been reported, for instance, the ranges of To, Tp, Tc, and
ΔH for 12 genotypes were 61.1–71.3 �C, 66.8–74.9 �C, 78.4–85 �C, and
15.1–16.4 J/g, respectively [85].

Cassava starch has medium swelling power compared to potato and cereal
starches. The swelling volume of different varieties of cassava starches varies from
25.5 to 41.8 g/g. Cassava starch has a higher solubility compared to other tuber
starches, which can be attributed partially to the high swelling power. The solubility
of starch from different cassava varieties varies from 17.2% to 27.2%. Compared to
cereal starches, cassava starch has better gel stability, which is of importance in food
applications [86].

Yam Starch Yam (Dioscorea spp.) is one of the most important root and tuber
crops and an edible starchy tuber, which is of cultural, economic, and nutritional
importance in the tropical and subtropical regions of the world. The most commonly
cultivated species include D. alata (water yam), D. cayenensis (yellow yam),
D. esculenta (lesser yam), D. opposita (Chinese yam), D. rotundata (white yam),
and D. trifida (cush-cush yam) [87].

Yam starch accounts for about 60–80% of the dry matter of yam tuber, and it is a
main factor in determining the physicochemical, rheological, and textural character-
istics of food products from different yam species [88, 89]. The size of individual
yam starch granules ranges from around 1 μm up to 90 μm, and most have mono-
modal size distribution. Yam starch presents round, oval, polyhedral, and polygonal
granules with small fissures on the surface. Genotypes from various yam species
showed that the amylose content ranges from 1.4% to 50% [90, 91], with lower
amounts of amylose (<20%) observed for D. dumetorum and D. esculenta, than for
D. alata, D. rotundata, D. cayenensis-rotundata, and D. cayenensis (AM > 20%)
[89, 92]. Most of studied yam starches have B- or C-type polymorph (D. alata,
D. cayenensis-rotundata), with some species showing A-type polymorph
(D. dumetorum, D. zingiberensis) [89, 93, 94]. Great variations in the degree of
crystallinity (ranging from 24% to 53%) occur between the various species and
within the same species [87]. Yam starches have higher gelatinization temperatures
(To, Tp, and Tc) than other tuber and root starches such as potato, sweet potato, and
cassava starches [87].

Sweet Potato Starch Sweet potato (Ipomoea batatas L. Lam) is a tuberous rooted
perennial plant in the family Convolvulaceae (morning glory). Sweet potato starch is
high-yielding, but its industrial applications are still limited. Starch is the major
component of sweet potato roots, accounting for around 50–80% of the dry matter of
roots. The degree of polymerization of sweet potato amylose is in the range of
3400–4400, while amylopectin has an average unit chain length of DP 21–22
[95]. Sweet potato starch possesses A-type, C-type, or a mixture of A- and C-type
crystalline pattern [96]. The absolute crystallinity for sweet potato starch was 38%
[95]. Apparent amylose (AAM) content measured by iodine-binding assay ranged
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from 23.3% to 26.5%, whereas AAM content measured by gel permeation chroma-
tography after debranching ranged from 17.5% to 23.9% [97].

2.3 Pulses

Pulses are the edible seeds of leguminous plants including lentil (Lens culinaris L.),
bean (Phaseolus vulgaris L.), pea (Pisum sativum L.), and chickpea (Cicer arietinum
L.) [14]. Pulses are the second major food source for human next to cereals and play
an important role in the human diet in developing countries [27, 98]. Most pulse
starch granules are described as round or spherical, oval, or irregular shapes. Granule
surfaces of pulse starch are generally smooth with no evidence of fissures or pinholes
[99, 100]. The granule size of pulse starch ranges from about 1.0–100.0 μm, with
major distribution occurring between 5.0 and 30.0 μm [101]. The amylose content of
the legume seed starch varies in the range of 17–52% [102]. The weight average
molar mass of soya bean amylopectin ranges from 5.1 to 11.3 � 108 g/mol.
Amylopectin average branch chain length, determined by anion-exchange chroma-
tography, is in the range of DP 20.4–20.9 [101]. Other studies on the structure and
physicochemical properties of pulse starches isolated from different cultivars of faba
bean, black bean, and pinto bean have reported that the apparent amylose, phospho-
rus, and bound lipid contents ranged from 25.8% to 33.6%, 0.004% to 0.009%, and
0.13% to 0.15%, respectively [103]. The total amylose content starches from four
cultivars of field pea (Pisum sativum L.) ranged from 48.8% to 49.6%, of which
10.9–12.3% was complexed by native lipid. The degree of polymerization (DP) of
amyloses ranged from 1300 to 1350. The chain length distributions of debranched
amylopectins of field pea starches showed that the proportion of short branch chains,
of DP 6–12 ranged from 16.2% to 18.6% [104].

The XRD pattern of the pulse seed starch granules shows the characteristics of
C-type starch granules [104, 105]. The B-type crystallites are proposed to be located
predominantly in the center of the granules, with the A-type crystallites more
abundant towards the periphery [15, 106]. Depending on the proportion of A- and
B-type polymorphs, C-type starch can further be divided into three types: CA-type
(closer to A-type), CC-type (typical C-type), and CB-type (closer to B-type)
[14]. XRD pattern of CC-type starch exhibits a singlet at about 17� and 23� (2θ)
and a few small peaks at around 5.6� and 15� (2θ). The diffraction patterns of CA-
and CB-type starches are similar to that of CC-type, but there is a shoulder peak at
about 18� (2θ) and a strong singlet at 23� (2θ) for CA-type starch and two shoulder
peaks at about 22� and 24� (2θ) for CB-type starch [14]. For example, a detailed
study on the starches from faba beans, black beans, and pinto beans showed that the
B-type polymorphic content in C-type diffraction pattern ranged from 20.6% to
26.3%, 15.4% to 17.7%, and 7.9% to 17.3%, respectively [103]. However, certain
pea mutants show different proportions of A- and B-type polymorphs within the
starch granule, which can be used as useful models to understand the development of
the different polymorphs [107, 108].
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2.4 Others

Fruit Starch Unlike starches from cereals, tubers, roots, and pulses, fruit starches
have been studied extensively over the decades on the relationship between sugar
and starch metabolism and fruit softening, in order to provide basis for developing
better storage technology for post-harvested fruits (e.g., tomato, apple, banana,
winter squash, etc.) [109]. Recently, starches from fruits have been studied in
terms of their structure and functionality related to food applications. Generally,
the starch content in fruits varies greatly, which may be attributed to the different
harvest time and degradation of starch during maturation. Some winter squash fruit
could contain up to 65% dry weight starch content [110], and tomato was reported to
contain substantial starch of 20% dry weight at 20 days post-anthesis [111]. More-
over, a range of crystalline structures can be found in the starch-storing tissues of
different cultivars. For example, the columella and pericarp of tomato fruits are the
primary sites of starch storage in immature fruits with different starch features [112],
and the starch features differed between columella and pericarp at the same physi-
ological stage [113]. Tomato fruit starches are described as C-type, and the degree of
crystallinity is 40.1% and 30.7% in columella and pericarp tissue from tomato,
respectively [113].

Like many other fruits, apples also accumulate starch at early stages of maturation
and progressively degrade the starch to increase sweetness during ripening
[114]. The total starch increased up to around 20–30 mg per fruit basis 110 days
after anthesis for “Royal Gala” apple species and 130 days after anthesis for “Fuji”
apple species [115]. Starch content of apple fruits of different cultivars varied from
44.0% to 53.2% (db) [116]. Apple starch showed similar granule morphology to
squash fruit starch [101] and kiwifruit starch [111], all exhibiting mainly spherical or
dome-shaped and split granules with the diameter ranging between 2 and 12 μm
[116]. Apple starch has a CA-type X-ray diffraction pattern with crystallinity of
40–47%. The apparent amylose content of starches from six apple cultivars ranged
from 40% to 48%, and the average branch chain length of amylopectin was reported
as DP 27.9–29.6. The weight average molecular weight of amylopectin ranged from
4.6 � 108 to 11.1 � 108 [117].

Bananas (Musa spp.) including plantains are the second most important fruit crop
after citrus, accounting for ~16% of the world fruit production. For green bananas,
starch is the mostly available carbohydrate, and the total starch in green banana
flours varied from 69 to 82 g/100 g on a dry weight basis [118]. In a previous study,
the amylose content of different banana starches was from 15 to 23 g/100 g (db), and
the relative crystallinity was 2.0–12.2% [118]. Banana starch has A-, B-, or C-type
crystalline pattern, depending on the varieties, the growing conditions, and the
isolation technique [28, 119]. Starch granules from various banana types appear as
elongated ovals with ridges [28]. Banana amylopectin exhibits a lower proportion of
short chains DP 6–12 (21.6%), a higher proportion of long chains DP> 36 (21.4%),
and also a higher proportion of very long chains, which is significantly different from
corn or potato amylopectin [119]. The distribution of the short chains (DP 6–12) is
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characteristic for banana amylopectins and was characterized as a “fingerprint” of
the starches [119]. For cooked banana starch, higher reassociation of the long chains
upon cooling could lead to a slower rate of starch digestion [119]. Native banana
starch is highly resistant to enzymatic hydrolysis, partially attributed to the external
thick layer of granules impeding enzyme penetration into granules [120]. Natural
banana starch has potential for various applications, due to its superior property
comparable to a lightly cross-linked starch [121]. Phosphorylated banana starch
showed better paste clarity and freeze-thaw stability, while hydroxypropylated
banana starch showed higher water-binding capacity than native starch [122].

Medicinal Plant Starch The starches from the major common crops have been
studied extensively. However, the starches from medicinal plant sources are usually
discarded during the isolation and separation of the small-molecule bioactive com-
pounds. With the developments of starch industries, new starches with distinct
properties are being paid more and more attention.

The bulbs of Fritillaria species, Beimu, have been used as important antitussive,
expectorant, and antihypertensive drugs in traditional Chinese medicine for thou-
sands of years [32]. Starch is the main component of the bulbs of Fritillaria species,
which accounts for approximately 80% of the total biomass [123]. The amylose
content of different Fritillaria starches ranged from 18.8% to 30.2% [33, 124]. Frit-
illaria starch granules are predominantly oval, elliptical, and polygonal, with granule
size ranging from 5 to 50 μm. X-ray diffraction patterns demonstrated that most
Fritillaria starches show a characteristic B-type, while the F. cirrhosa starch shows a
typical CB-type pattern [31]. The degree of starch crystallinity was reported in the
range of 33.9–54.9% for different Fritillaria species [30, 31, 124].

Dioscorea opposita Thunb. (Chinese yam) is one of the most important rhizome
species and has also been used as an important invigorant in traditional Chinese
medicine for years. In the rhizome of D. opposita cultivars, starch accounts for
20–60% content in the total biomass [125, 126]. Starches isolated from D. opposita
Thunb. cultivars exhibit mainly from round or oval to elliptic or pie-like shapes with
diameters ranging between 5–20 and 20–60 μm, respectively, for small and large
granules [125, 127]. The starches separated from different D. opposita Thunb.
cultivars have amylose content of 10.0–23.0% and show a typical C-type XRD
pattern with crystallinity ranging from 31% to 50% [125–127]. The B-type poly-
morph is proposed to be mainly located in the center region of the granules,
surrounded by the peripheral A-type polymorph [106, 128]. Chinese yam starches
were found to significantly decrease the serum total cholesterol, triglyceride, and
LDL-cholesterol levels in hyperlipidemic rats [129].
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3 Conclusions

Starches from common botanical sources (cereals, tubers, roots, and pulses) and
some novel sources are summarized in terms of their morphology, chemical com-
position, amylose/amylopectin ratio, structural characteristics, and physicochemical
properties. In recent years, more and more starches from novel sources are studied,
with the aim of understanding the structure-function relationship and exploring the
potential industrial applications. The wide range of botanical sources of starches lays
a great foundation for their industrial production and applications.
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Fine Structure of Amylose and Amylopectin

Xiangli Kong

Abstract Starch granules consist of two types of polymeric components, essentially
linear amylose and branched amylopectin. Ratios and fine structure of these two
polymers determine the starch functional properties and starch applications in food
and non-food industries. Amylose fine structure can be characterized by two fea-
tures, molecular size and structure of branching. Amylopectin consists of numerous
short chains, with a chain length of ~6–35 glucosidic units, of α-(1, 4)-linked
D-glucose residues, which are interlinked to form clusters defined as groups of
chains through their reducing end side by α-(1, 6)-linkages, and the macromolecule
of amylopectin exhibits a heavily branched structure built from about 95% (1!4)-α-
and 5% (1!6)-α-linkages. Chain length profile and cluster model of amylopectin
can provide a useful conceptual basis for understanding the structure of the amylo-
pectin and guide current thinking related to amylopectin biosynthesis and physical
behavior. This chapter reviews the structural characteristics of amylose and
amylopectin.

Keywords Amylose · Amylopectin · Fine structure · Cluster model · Branch chains

1 Introduction

Two primary types of polymeric components, amylose and amylopectin, constitute
starch. Both these biomacromolecules consist solely of α-D-glucosidic units linked
together through α-(1!4) and α-(1!6) bonds. The molecular size of amylopectin is
much larger than that of amylose. Amylopectin is the main component by weight,
whereas amylose content varies between 15% and 30% for most starches [1]. Waxy
starches contain very little or zero amylose, and some high amylose starches contain
much higher content (>50%) of amylose, including amylose-only genetically
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modified starch [2]. Ratios and fine structure of these two polymers determine the
starch functional properties [3–9] and finally its applications in the food industry.

2 Fine Structure of Amylose

The double helical structure of deoxyribonucleic acid is very well known; however,
the first helical structure of a biomacromolecule was probably proposed for amylose
[10]. The nomenclature “amylose” was used since this linear, slightly branched
molecule was fractionated from starch by an aqueous leachingmethod [11, 12]. Amy-
lose contains around 99% (1!4)-α- and 1% (1!6)-α-linkages, making a relatively
long, mostly linear polysaccharide that differs in size and structure depending on
botanical origins [13]. The molecular size and structure of branching are two features
currently employed to characterize amylose fine structure. The molecular size of
amylose is indicated by molecular size or degree of polymerization (DP) depending
on analytical methods.

2.1 Analytical Methods

Amylose is able to form a helical inclusion complex with iodine presenting a deep
blue color, which is used to measure amylose content. However, the longer chains
(DP > 60) in amylopectin can also bind with iodine, resulting in overestimation of
the content of amylose. On the other hand, amylose forms complexes with phos-
pholipids and free fatty acids hindering iodine combination, causing underestimation
of the amylose content. Therefore, the content of amylose determined by this method
was named to be amylose equivalents or apparent amylose [14]. Hence, other
methods, for example, differential scanning calorimetric (DSC) method based on
the complex formation between amylose and added excess phospholipid, lectin-
binding (concanavalin A) method, and size-exclusion chromatography (SEC) or gel
permeation chromatography (GPC) methods based on molecular size difference
between amylose and amylopectin, were also developed and compared [15–
19]. Near-infrared transmittance spectroscopy (NIRS) was suggested to partly
replace the wet chemical analytical methods and has applications in breeding pro-
grams requiring rapid screening [20].

Average values of molecular weight or DP are generally expressed due to the
polydispersity of amylose and can be described as either weight- or molar-based,
according to the principle of the analytical method used [21]. The modified Park-
Johnson method and the bicinchoninic acid method, which have high sensitivity for
determining reducing residues, can give molar-based values. However, the light
scattering technique offers weight-based values [22]. Besides the average values of
molecular weight, the weight- or molar-based distribution of amylose can be
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determined by gel permeation chromatography (GPC) or high-performance size-
exclusion chromatography [21].

2.2 Structural Characteristics of Amylose

The average molecular weight of amylose from various starches ranges between
1.3 � 105 and 5 � 105 with polydispersity, and some amylose molecules possess
5–20 chains making the molecules slightly branched. The molecular sizes of
branched amyloses are commonly larger than those of linear ones, but the chain
length present in linear amylose is longer than average chain length in branched
ones. Mono-modal size distribution of amylose was observed on a weight basis [23],
whereas mono- or polymodal size distributions were detected on a molar basis
[24]. The DP values of elution positions at which 10% and 90% of the amylose
was eluted on weight or molar basis can be used to describe distribution of apparent
DP. For cereal amyloses, the apparent DP distribution was 2000–4000 at 10% and
200–300 at 90% on a molar basis. For potato amylose, the values were 9800 and
970, respectively. For sweet potato amylose, the values were 7900 and 440, respec-
tively [24]. The amyloses from tapioca and potato were observed to show broad
distributions; however, a narrow distribution was detected for amylose from kudzu.
The apparent DP distribution showed 200–20,000 on weight bases, however, with
some exceptions [23, 25].

The classical measurement of linearity was the susceptibility of amylose to
complete enzymolysis by using β-amylase. The enzyme β-amylase splits the
α-(1,4)-glucosidic linkages starting from the non-reducing end of the chain and
releases maltose; however, this enzyme cannot hydrolyze the α-(1,6)-glucosidic
bonds. The fact that β-amylase cannot hydrolyze amylose completely, and that the
combined action of debranching enzyme and β-amylase increases β-amylolysis limit
of amylose, indicates the existence of α-(1,6)-glucosidic bonds in amylose mole-
cules. A large percentage of the amylose fraction, varying from 10% to 70%,
comprises slightly branched macromolecules depending on botanical sources [26–
28], with each molecule containing 5–20 chains.

The amylose unit chains were categorized into A-, B-, and C-chains, with the
C-chain termed as the main chain and A- and B-chains as side chains [21]. The CL of
branched amylose C-chain from maize was observed to range from 200 to 710, by
using an isotopic tritium labelling method at the reducing end [29]. Takeda and
coworkers investigated the amylose branch pattern by producing β-limit dextrins of
amyloses with β-amylase action [25, 28, 29]. This enzyme can hydrolyze both the
external chains of branched amylose and linear amylose; therefore the number-based
percentage of branched amylose can be determined. By using aqueous n-butanol to
separate the amylose in maize, the supernatant was observed to contain minor
amounts of high-molecular-weight, branched material with short chains forming
undeveloped clusters [28]. Subsequently, Takeda et al. reported similar findings for
rice amylose [29]. In their report, the authors debranched rice amylose by using
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isoamylase, and after labelling the unit chains with tritium, typical long chains and
short chains (peak at DP 21) in rice amylose were observed. The short chains found
in amylose had similar lengths to typical amylopectin chains. The number ratio of
chains with different lengths was 8 (DP > 200):6 (DP30-200):40 (DP10-30).
Through the 2-aminopyridine labelling method, the short chains were further con-
firmed to be present in rice amylose [30]. The conclusion that there were differences
in the short chains branching pattern between amylose and amylopectin was made by
Hanashiro et al., based on the patterns of chain distribution [30]. Using atomic force
microscopy to image the amylose structure at a molecular level, molecules with only
one long side chain forming one branch and molecules with short side chains
forming multiple branches were observed [31].

The branch pattern of amylose can be characterized by several approaches [21]:

1. β-amylolysis limit, which is described as the proportion of maltose hydrolyzed by
β-amylase from amylose. The β-amylase can only hydrolyze amylose molecules
from the non-reducing ends and release maltose. However, this enzyme has no
capability to bypass (1!6)-α-linkages in branched amyloses; therefore, the area
between the outmost branched linkages and reducing end is left and termed as
β-limit dextrin. The percentage of linear amyloses, the molar ratio of side chains
in branched amyloses, and the position of branches will affect β-limit dextrin
[21]. β-Amylolysis limit values of amyloses were observed from 70% to 90% for
starches from diverse origins [28, 32]. In comparison, the β-amylolysis limit
values of branched amyloses were shown to be �40% by calculating both the
number percentage of the branched amyloses and β-amylolysis limit values [33].

2. Proportion of branched and linear amyloses, based on weight or number. The
molar-based percentage can be determined by measuring labelled reducing ter-
minals released from β-amylase hydrolysis [29, 30]. Some structural parameters,
such as the branch number in one amylose molecule and β-limit value of amylose,
can be better interpreted by the molar percentage of branched amyloses. The
number-based percentage of branched amyloses was observed to range from 15%
to 70%, and the typical percentage was 20–50%. Although the linear and
branched amylose molecules cannot be separated by a method, the weight-
based percentage can be estimated from molar-based ratio, branched amylose
DPn, and whole amylose DPn [33].

3. Chain length, which is described to be the number of glucose units in a linear
chain after debranching. The length of chain is normally determined from a
mixture of linear-chain fraction with various lengths; therefore, the chain length
values are given as molar-based average chain length or weight-based average
chain length. The molar-based average chain length can be calculated from the
ratio of total glucose units to non-reducing ends. The chain length for linear
chains of amylose after debranching shows a very wide range with over 2–3
orders of magnitude. Therefore, the molar-based average chain length value will
be influenced to a large extent by the occurrence of only one short or long chain.
As a consequence, the distinctions of average chain length among different
amylose samples should be explained cautiously [21].
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4. Number of chains (NC), which is the number of linear chains in one amylose
molecule after debranching. The number of chains in amylose can be calculated
from the ratio of non-reducing ends to reducing ends. For linear amylose, the
number of chains is one, because the molecules of linear amylose comprise one
reducing end and one non-reducing end [21]. However, for branched amylose,
the number of chains is greater than one attributing to the existence of side chains.
The number of side chains in one amylose molecule can be calculated by using
the number of chains minus one. The number of chains for amylose molecules
ranges between about two and ten. However, the number of chains is calculated
from the mixture of branched and linear amylose molecules depending on the
fractionation process of amylose from starch; therefore, this value cannot reveal
the authentic branching pattern. The high proportion of linear amylose will
decrease the number of chains in amylose molecules.

5. Extent of debranching. The amylopectin molecules can be debranched
completely by bacterial debranching enzymes, whereas the amylose molecules
cannot be debranched completely by these enzymes. The number-based ratio of
α-(1!6) bonds cleaved by the debranching enzymes was used to describe the
extent of debranching for amylose. The value describing the extent of
debranching can be estimated by the number ratio of reducing ends hydrolyzed
after debranching to the non-reducing ends of amylose side chains. Until now, it
remains unknown about the mechanism of only partial debranching for amylose
molecules with debranching enzymes [21].

3 Fine Structure of Amylopectin

The main component in normal type starches is amylopectin, which plays a key role
in the internal structure of starch granules and presents a semicrystalline form
[34]. Amylopectin is composed of many short chains of α-(1, 4)-linked D-glucosyl
units (chain length of ~6–35 glucose units) interlinked to form clusters [35]. These
clusters are defined as groups of chains linked through their reducing end by α-(1, 6)-
linkages; they exhibit a highly branched structure with about 95% α-(1!4) and 5%
α-(1!6) bonds. The molecular size distribution of amylopectin can be analyzed by
size-exclusion chromatography (SEC), gel permeation chromatography (GPC), or
asymmetrical flow field-flow fractionation (AF4) as size separation methods coupled
with differential refractive index (RI) detector or multi-angle laser light scattering
(MALLS) detector as size characterization methods. The amylopectin molecule,
with a molecular weight average (Mw) of 1 � 107–1 � 109, is about 1–3 orders of
magnitude larger than amylose [36], depending on the plant origin, analytical
methods, and the solvent used for the amylopectin [37]; however, the number-
based average values (Mn) are determined to be only 105–106, so the polydispersity
index (Mw/Mn) of amylopectin macromolecules is rather large [1]. The component of
amylopectin from a wide range of starches is categorized into three fractions
according to molecular size. The largest molecules in size have the degree of
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polymerization (DPn) of 13,400–26,500 with number-based average, while the
intermediate molecules in size have DPn of 4400–8400, and the smallest amylopec-
tin molecules have DPn of 700–2100. Among them, the percentage of the largest
molecules (DPn: 13,400–26,500) was the highest [37]. The same as amylose, the
shape, size, structural properties, and polydispersity of the amylopectin molecules
depend on botanical sources.

3.1 Unit Chain Length of Amylopectin

The structural characteristics of amylopectin are usually depicted by unit chain
length profile. The distribution of the amylopectin unit chains after debranching
can be analyzed by size-exclusion chromatography (SEC), high-performance anion-
exchange chromatography with pulsed amperometric detection (HPAEC-PAD), or
fluorophore-assisted carbohydrate electrophoresis (FACE). Essentially, the unit
chains of amylopectin are classified into two categories, which are A-chains (not
substituted with other chains) and B-chains (termed as chains substituted with other
chains) [3]. Based on the comparison between debranched amylopectin from
11 plant origins, the unit chains were suggested to be fractionated into 4 fractions
according to the length of unit chains, which are fa (DP 6–12), fb1 (DP 13–24), fb2
(DP 25–36), and fb3 (DP > 36). These four fractions constitute the amylopectin
polymodal chain length distribution. The unit chain length distribution can also be
acquired from ϕ,β-limit dextrins produced by continuous hydrolysis with phosphor-
ylase a and β-amylase; in this products all A-chains are present as maltosyl stubs;
however, all B-chains are longer than that [38]. Therefore, the A-chains can be
estimated from the quantity of maltose produced from ϕ,β-limit dextrins
debranching. The B-chains can be further categorized into B1-, B2- and
B3-chains; in addition, the B1-chains are sub-grouped into B1a- and B1b-chains,
wherein the former ones are subdivided into B1a(s)- and longer B1a(l)-chains
[1]. Typical chain length distributions of amylopectin and ϕ,β-limit dextrin, based
on weight, are presented in Fig. 1.

The length and the size distribution of the unit chains in amylopectin is the most
common structural parameter to be measured, although not necessarily the most
informative. The chain categories are distinguished from each other based on profiles
of unit chains developed from experimental data, specifically, the actions of different
starch-degrading enzymes. Two exo-acting enzymes are commonly employed for
amylopectin structure analysis: (1) phosphorylase a (the enzyme in the muscle and
liver involved in glycogen metabolism), which can remove one glucose residue from
the non-reducing ends successively by producing glucose 1-phosphate through a
phosphorolytic mechanism; (2) β-amylase, which produces maltose by hydrolysis
from non-reducing terminals. Both of the enzymes cannot split the (1!6)-α-linkage
branches. Firstly, ϕ-limit dextrin (ϕ-LD) is produced by hydrolysis with the enzyme
of phosphorylase a; all A-chains have been cleaved into maltotetraose stubs in the
ϕ-LD. Then the enzyme of β-amylase is employed to act on the ϕ-LD, whereafter
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one additional maltose residue for each chain is cleaved from non-reducing ends, so
all A-chains remain as maltosyl stubs in the final products called ϕ,β-LD. In the
β-limit dextrin, the chain length of external stubs is dependent on even or odd
number of glucosyl units on the original external segments, as a consequence, the
A-chains in β-limit dextrin remain as DP 2 or 3 (Fig. 2) [39]. Two debranching
enzymes, namely, isoamylase and pullulanase, are used to cleave the branch points

Fig. 1 Typical chain length profile of (a) amylopectin and (b) ϕ,β-limit dextrin. Reproduced from
[3] with permission from the Elsevier Ltd. (2008)
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and obtain the unit chains with short length. These two enzymes have distinct action
patterns on molecules of branched oligosaccharide but also on intact molecules of
amylopectin. Pullulanase can completely hydrolyze the polysaccharide pullulan and,
furthermore, hydrolyze maltosyl chain stubs more effectively; however, isoamylase
has no enzymatic activity on pullulan but can cleave the whole molecule of amylo-
pectin more effectively.

3.2 The Cluster Model

To characterize the structural properties of amylopectin, the chain length distribution
is usually measured. However, the amylopectin cluster model, which can give a
meaningful conceptual basis for understanding the structure of the
biomacromolecule and guide present understanding related to the biosynthesis of
amylopectin and physical properties, needs to be investigated [40]. The unit chains
consisted in amylopectin were firstly proposed to be organized as clusters by Nikuni
[41]. However, this concept was published in the journal of Starch-Stärke in English
after almost 10 years [42]. During this period, the cluster model was also proposed
by two research groups, independently [43, 44]. The chain length profile of amylo-
pectin shows bimodal distribution and is composed of both long and short chains, of
which the short chains form clusters, whereas the long chains can be proposed to
interlink the clusters. Consequently, the ratio of short chains to long chains in the
molecule of amylopectin can be used as an index for the size of clusters in the form
of the number of chains averagely consisted in the clusters [39].

Lower-molecular-weight dextrins from the macromolecule of amylopectin can be
released by cleaving longer internal chain segments through endo-acting enzyme.
The long segments observed between the clusters pave the way for isolating the
clusters from amylopectin for further structural analysis [1]. The clusters were
isolated by using maltotetraose-forming amylase from Pseudomonas stutzeri [45]
and cyclodextrin glycosyltransferase from Klebsiella pneumoniae [46]. The other
reported clusters were isolated by using the α-amylase from Bacillus

Fig. 2 Production of β-limit dextrin and ϕ, β-limit dextrin from amylopectin by phosphorylase
a and β-amylase. Reproduced from [39] with permission from the Elsevier Ltd. (2017)
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amyloliquefaciens (or B. subtilis) and analyzed by Bertoft and his co-workers
[39]. The DP value of clusters in the form of ϕ,β-LDs produced with the
α-amylase of B. amyloliquefaciens ranges from approximately DP 10–15 up to
660–850 [47]. The long segments between clusters are hydrolyzed in order to
produce clusters. Thereafter, the produced clusters are much highly branched than
the macromolecule itself, and they are composed of much more short chains.
However, some crucial structural characteristics of clusters contradict with the
classical cluster model [47]; more recently, the building block backbone model
was raised. In this model, the biopolymer has a backbone composed of mainly
interconnected B2- and B3-chains, but the existence of shorter B1-chains is not ruled
out. A- and B1-chains with short chain length extend from the backbone and arrange
into building blocks with very small, tightly branched units; in this new model, the
building blocks are the basic structural units, compared to clusters as the basic
structural units in the cluster model [39].

4 Conclusions

Research on amylose and amylopectin has been ongoing for 80 years since these two
components were identified. However, a consensus on their molecular structure has
not been reached, which might be attributed to the large size of amylose and
amylopectin and their great variation from diverse sources. The most powerful
approach currently available to analyze fine structure of amylose and amylopectin
is based on enzymatic hydrolysis. It could be foreseen that the understanding on fine
structure of amylose and amylopectin will be deepened in the future as new
techniques are developed.
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Multiscale Structures of Starch Granules

Shujun Wang, Hanbin Xu, and Huiyu Luan

Abstract Native starch is found widely in the form of granules in many tissues of
most plant species. Starch granules occur as semi-crystalline complex structure
synthesized through coordinated interactions of multiple biosynthetic enzymes,
which are influenced by growth environment. The structure of starch granules
needs to be explored because of its close relation to functionality and hence
applications. This chapter will highlight key features of starch granules, including
growth rings, lamellae, blocklets, and helical structures, which have led to knowl-
edge and understanding of properties important for applications of starch products.

Keywords Starch structure · Semi-crystalline · Granules · Growth rings · Helices

1 Introduction

Starch, as the main storage carbohydrate in higher plants, is synthesized in a range of
plant tissues of most plant species. Starch granules are biosynthesized in heterotro-
phic plastids by coordinated interactions of multiple biosynthetic enzymes and
reserved in storage organs of grains, seeds, fruits, roots, and tubers. Native starch
granules have a very complicated semi-crystalline structure [1], and they have a
density of about 1.5 g/mL, higher than that of the fiber (1.2–1.4 g/mL) [2]. Semi-
crystalline starch granules are insoluble in water at room temperature, but they can
be dispersed and dissolved upon heating [3, 4].

Starch granules are constituted mainly by two glucans, lightly branched amylose
and highly branched amylopectin. The fine structure of these polymers is described
in chapter “Fine Structure of Amylose and Amylopectin” and will not be discussed
in detail here. Amylose, which accounts for 15–35% of normal starch granules in
most plants, is mainly constituted of glucose residues joined through α-1,4-linkages
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with less than 0.5% α-1,6-linkages [5, 6]. The degree of polymerization (DP) of
amylose is usually in the range of 500–6000 glucose units [7]. Amylopectin is a
highly branched polymer linked mainly by α-1,4-linkages and an average of 5% of
α-1,6-bonds at branch points [8]. The DP of amylopectin is in the range of 3� 105 to
3 � 106, corresponding to molecular weight of 107–109, much larger than that of
amylose [7, 9, 10]. The chains of amylopectin molecules are often divided into A-,
B- and C-chains [8], as firstly defined by Peat et al. [11]. The outermost single
chains, which have DP of 6–12, are termed A-chains. B-chains, which are
substituted by other chains, are further subdivided into B1 (DP 13–24), B2 (average
DP 25–36), and B3+ chains (DP � 37) [12]. There is only one C-chain in each
amylopectin molecule, which has a broad size distribution from 15 to 120, with a
peak around DP 40. Each amylopectin molecule has the sole reducing end and many
non-reducing ends [5, 13]. Amylose and amylopectin are arranged into a compli-
cated multiscale structure in starch granules, which has been studied extensively but
remains to be investigated further.

Native starch can be characterized on at least five levels of ordered structure from
nanometer-scale double helices, lamellae, blocklets, and growth rings to micron-
sized granules (Fig. 1) [6, 10, 14]. Additionally, other structural elements such as the
hilum, superhelices, amorphous core, and clusters have also been studied but are not
well understood [6, 10, 15]. Native starch differs greatly in granule structure between
and within botanical species, even from the same cultivar grown under different
conditions [16]. The functional properties of starch are determined predominantly by
the multiscale structures of starch granules [14, 17]. The extent to which structural
changes occur during cooking or processing is the major determinant for the quality
of finished food products [15–17]. Other properties of starch granules, such as size
[18, 19], surface channels or pores [20], amylose/amylopectin content [21], and
chain length distribution of amylopectin [21] also play an important role in starch
functionality and digestibility [15–17]. The molecular density of starch [22] and
specific surface area [20] could also have an effect on applications of starch.

In this chapter, some recent advances in knowledge of starch granule structure are
reviewed. An understanding of the internal structure of starch granules, and its
relationship to functionality, will help to improve the industrial applications of
starch, including optimizing conditions for physical, chemical, and enzymatic
processing.

2 Starch Granules

Native starch granules occur in various shapes including spherical, oval, polygonal,
flat, lenticular, elongated, and kidney-shaped, as observed by SEM [6]. The size of
starch granules varies from submicron to 100 μm, as shown in Table 1. For example,
native rice starch granules display a polyhedral or irregular shape with a typical
diameter of 2–8 μm (Fig. 2a). Yam starch granules are oval or disk-like with size
between 10 and 30 μm (Fig. 2d). Potato starch granules are spherical or oval with
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granule size ranging from 10 to 75 μm (Fig. 2c). Lotus starch granules contain two
distinct types of granules, large oval shapes (15–20 μm across and 40–60 μm long)
and small spherical shapes (2–5 μm) [23, 24] (Fig. 2b). A birefringent Maltese cross
pattern, observed for almost all native starch granules under polarized light micros-
copy, is indicative of a radial arrangement of ordered structures. By monitoring the
changes of Maltese cross during processing or cooking, starch functionality can be
analyzed, such as the degree of gelatinization starch [25].

Generally, the surface of native starch granules, such as those from pea, wheat,
yam, lotus, and potato, is smooth without obvious pinholes or depressions. The
smooth surface of starch granules is disrupted by cooking or thermal processing,
which affects starch functionality and in vitro enzymatic digestibility [24, 26]. Some
starch granules (e.g., maize, sorghum, and millet) present tiny pores or channels that
extend from the outer surface to the interior parts [27–29]. The external pores and

Fig. 1 The hierarchical structure of starch granules (I) and a schematic model representing the
distribution of amylose and amylopectin molecules (II). (a) Native pea starch granules as viewed by
scanning electron microscopy (SEM); (b) growth rings as observed by SEM; (c) blocklet structures
as revealed by atomic force microscope (AFM); (d–h) representations of superhelix, lamellae,
double helix, and amylopectin and amylose molecules, respectively. The blue lines in (II) represent
amylose molecules, and the black lines represent amylopectin molecules. The structures in (II) are
not represented to scale. Reproduced from [10] with permission from Wiley (2015)
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channels in sorghum starch granules have diameters of about 0.1–0.3 mm and
0.07–0.1 mm, respectively. These pores and channels are reported to cause high
susceptibility of starch granules to enzyme attack [20].

Table 1 Particle size of dif-
ferent starch granules.
Reproduced from [6] with
permission from Wiley (2010)

Origin Size (μm)

Small wheat granules 2–3

Large wheat granules 22–36

Small lotus granules 2–5

Large lotus granules 15–60

Potato starch 10–75

Canna starch Up to 100

Maize starch 5–20

Rice starch 2–8

Yam starch 10–30

Legume starch 10–45

Amaranth; cow cockle; pig weed Submicrons-2

Taro, Quinoa Submicrons-2

Fig. 2 SEM images of starches. (a) Rice starch; (b) lotus starch; (c) potato starch; (d) yam starch.
Reproduced from [23] with permission from the Royal Society of Chemistry (2016) and [24] with
permission from Elsevier Ltd. (2017)
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Starch granules also contain small amounts of other components, such as pro-
teins, lipids, and phosphorus. Proteins (0.1–0.7% by weight) and lipids (up to 2%)
occur in greater amounts in cereal starches than in other starches, whereas phospho-
rus is more abundant in potato starch. Proteins are found at both surface and interior
of starch granules, including in channels [30]. Lipids, in the form of free fatty acids,
lysophospholipids, and complexes with amylose, are also found in many starches
[17, 31]. Phosphorus, found mainly in potato starch as phospholipids and phosphate
monoesters, has a great effect on starch functional properties. These minor constit-
uents are all reported to affect the functional properties and digestibility of starch
[32, 33].

As granule morphology (size and shape) is an important property of starch
structure, it is often investigated using light microscopy (LM), SEM, AFM, trans-
mission electron microscope (TEM), and confocal laser scanning microscope
(CLSM) [8]. SEM can be used to study the surface morphology of native starch
granules or starches after different treatments. TEM is mainly used to examine the
internal ultrastructure of native starch granules after ultrathin sectioning or starch
nanoparticles or nano-crystalline lamellae [34]. AFM is a high-resolution technique
for studying the external and internal structures of starch granules. CLSM also
allows characterization of both external and internal structures of starch granules
after staining with dyes. Characterizing the morphology of starch granules is of
importance for better understanding the structure-function relationship of starch.

3 Growth Rings

Native starch occurs naturally in the form of insoluble and semi-crystalline granules,
in which a characteristic hierarchical structure-growth ring can be observed by SEM
(Figs. 1b and 3a) [10, 35–37]. These growth rings, as originally defined by French

Fig. 3 Diagrammatic representation of the lamellar structure of a starch granule. (a) Stacks of
microcrystalline lamellae separated by amorphous growth rings. (b) Magnified view of the amor-
phous and crystalline regions. Double helical structures formed by adjacent chains of amylopectin
give rise to crystalline lamellae. Branching points constitute the amorphous regions. Reproduced
from [35] with permission from the Academic Press Inc. (2004)
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[38], and usually observed in fragments generated by acid or amylase treatment of
starch granules, are considered to represent diurnal deposition of starch. The number
and size of the growth rings are mainly dependent on the botanical origin of the
starch [39].

Starch granules are composed of semi-crystalline and amorphous growth rings.
The alternating and amorphous semi-crystalline growth rings increase in diameter
from the bulk core area toward the starch granules surface (Fig. 3), resembling the
layers of an onion [35, 36, 40]. The semi-crystalline growth rings were observed to
decrease gradually in thickness from 450–550 nm for those closer to the hilum to
80–160 nm for rings near the periphery [40]. The semi-crystalline rings are well
characterized by alternating crystalline and amorphous lamellae with a repeat period
of 9–10 nm [41]. The amorphous growth rings are mainly made up of extended
amylopectin chains that interconnect the crystalline regions, branch points of amy-
lopectin chains, and interspersed amylose molecules. The amorphous growth rings
are softer and looser than the crystalline growth rings and display a uniform width of
approximately 60–80 nm [40]. The alternating concentric semi-crystalline and
amorphous growth rings are attributed to the daily fluctuations in the amount of
carbohydrate available as the starch granule grows in the plant [42]. An area
surrounding the granule hilum, composed of randomly coiled amylose and the
reducing ends of amylopectin, is termed the bulk amorphous core [10, 40], which
is still not well understood.

4 Blocklets

Blocklets are observed as protrusions on the surface of starch granules with AFM
and SEM (Fig. 1c). The scale of blocklets is between growth rings and lamellae,
varying from 20 nm to 500 nm, depending on the botanical starch sources [6, 43]. In
general, the blocklets are larger in B-type potato starch granules (diameter of
400–500 nm) than in A-crystalline wheat starch granules (25–100 nm in diameter)
[6]. Blocklets normally consist of crystalline and amorphous lamellae that are
formed by the clusters of amylopectin molecules. The reducing terminal sides for
all the blocklets are toward the hilum of starch granules [44]. Blocklets, present in
both amorphous and semi-crystalline growth rings, have a semi-crystalline ultra-
structure and consist of several amylopectin molecules [5, 6]. Blocklets are differ-
entiated into normal and defective ones, occurring in the same starch granules
[44]. The normal blocklets are present in the hard shells or semi-crystalline growth
rings, while the defective blocklets occur in the soft shells or amorphous growth
rings. From the perspective of the physicochemical properties of starch granules, the
blocklets of two types may be arranged into the two formations, heterogeneous and
homogenous shell. Amylopectin plays an important role in blocklet architecture,
whereas amylose contributes to the strength and flexibility of starch granule. Despite
of these differences, there are some consistent structural features, as follows [44]:

46 S. Wang et al.



1. In the same plant, most of the blocklets are similar in size and shape, although a
range of dimensions may occur.

2. The blocklets occur continuously throughout the granule.
3. The blocklet size may not relate to their granule size and the thickness of growth

rings.
4. The blocklet assembly may lead to defects in the amorphous growth rings and

may be assembled loosely.
5. There is an interconnecting matrix surrounding groups of blocklets.
6. The blocklets in semi-crystalline and amorphous growth rings are not always

continuous structures.

Although the spherical blocklets are observed and thought to be really present in
starch, the exact nature of the blocklets and their relationship with other structures
(e.g., superhelices) has not been fully understood [6, 10]. As there are no available
methods or technology to separate the blocklets, their structure has not been well
characterized yet. Even so, the blocklets are still thought to play a role in the
organization of starch molecule and in affecting starch functionality.

5 Lamellae

At a smaller scale than blocklets are lamellae (Figs. 1e and 3b), which can be
characterized by small-angle X-ray scattering (SAXS). SAXS patterns from all
hydrated native starches show a broad scattering peak at 0.06–0.07 Å�1 (Fig. 4),
which is reciprocally related to the average total thickness (9–10 nm) of the
crystalline and amorphous regions in a lamellar arrangement in the granule
(known as the lamellar repeat distance, long period or Bragg spacing d ¼ 2π/q)

Fig. 4 Scattering pattern from regular maize starch and corresponding SAXS curve showing
relative intensity vs. scattering vector. Reproduced from [41] with permission from the Elsevier
Ltd. (2011)
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[41, 45, 46]. This characteristic appears to be a common feature in the structure of
native starch granules, independent of botanical source [47]. The position of the peak
depends on the thickness of the lamellae, while the peak area or intensity is mainly
related to the electron density difference between crystalline and amorphous lamel-
lae, which reflects the degree of order in semi-crystalline regions [46, 48, 49]. The
crystalline lamellae are considered to be generated by double helices of amylopectin
side chains and parts of amylose molecules, whereas the amorphous lamellae
comprise amylose and the amylopectin branch points [10, 15, 50]. Generally, the
thickness of crystalline lamellae is approximately 4–6 nm, whereas that of the
amorphous lamellae is 3–6 nm [5, 51]. About 16 repeat lamellae form a dense part
of a growth ring with a thickness of 140 nm [42]. For waxy starch, the amorphous
lamellae are generally thicker than the crystalline lamellae [52]. It has been found
that amylose in the semi-crystalline lamellae can disrupt the order of lamellar
structure and result in the defective lamellae with lower scattering intensity
[46, 53]. The molecular density of crystalline lamellae is lower in potato starch
(1.10 g/cm3) than in waxy maize (1.22 g/cm3), probably due to the higher water
content of B-type crystalline polymorphs. In contrast, the molecular density of
amorphous lamellae is found to be almost similar in potato starch (0.52 g/cm3)
and in waxy maize starch (0.46 g/cm3) [54].

6 Double Helices

The structural element termed double helix is the smallest-scale ordered structure in
starch granules (Fig. 5A). Double helix in normal starch is predominantly made up
of amylopectin molecules; whereas in high-amylose starches, amylose also involves
in the formation of double helices (and potentially crystalline arrays) [35, 57,
58]. The unbranched (A chains) and singly branched chains (B1 chains) of amylo-
pectin with a degree of polymerization (DP) of at least 10 are thought to intertwine to
form double helices [59]. Double helix content in starch granules is usually mea-
sured by 13C cross-polarization magic angle spinning/nuclear magnetic resonance
(13C CP-MAS/NMR) and 13C-single pulse magic angle spinning (13C SP/MAS)
[60, 61]. Each double helix consists of two chains with 6 glucose residues per turn of
each strand and a pitch of 2.1 nm with the length about 4–6 nm [5, 9, 35]. The double
helix is generally left handed and packed in monoclinic hexagonal or
pseudohexagonal unit cell into A- or B-type crystallites, respectively (Fig. 5B or
C) [6, 55, 62].

Once double helices are arranged into either A- or B-crystalline forms, they can
be identified by characteristic X-ray diffraction (XRD) patterns (Fig. 6). The double
helices forming the two crystalline polymorphs have essentially the same structure
[2, 59]. However, the packing of these double helices within the A-type polymorphic
(crystalline) structure is relatively compact with low water content, while the B-type
polymorph has a more open structure containing a hydrated helical core (Fig. 5B and
C) [35]. In the A-type crystal, the double helices are refined in a monoclinic unit cell
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Fig. 5 Schematic representations of double helix and unit cell of A- or B-type crystallites. (A) The
double helix of crystalline starch. (B) Crystallites of A-type starch. Projection of the structure on the
(a, b) plane. The dots represent the oxygen atoms of the water molecules. (C) crystallites of B-type
starch. Projection of the structure onto the (a, b) plane. The unit cell content and some neighboring
double helices are represented in order to show the localization of the water molecules (as black
spots) in a channel. Hydrogen bonds are indicated as dashed lines. Reproduced from [6, 55, 56] with
permission from Wiley (2010), Wiley (1988), and the American Chemical Society (2009),
respectively

Fig. 6 XRD patterns of three starches: A-type from corn starch; B-type from potato starch; C-type
from pea starch
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with dimensions a ¼ 2.083 nm, b ¼ 1.145 nm, c (chain axis and monoclinic
axis) ¼ 1.058 nm, and γ ¼ 122.0� containing 8 water molecules of each turn
(Fig. 5B) [56]. The XRD pattern of the A-type polymorphic structure shows the
peaks at 15�, 17�, 18�, and 23� (2θ). The A-type polymorph is found in cereal
starches which have a larger population of short branch chains [63]. In the B-type
polymorph, the double helices are packed in a hexagonal unit cell with lattice
parameters a ¼ b ¼ 1.85 nm, c ¼ 1.04 nm with 36 water molecules (Fig. 5C)
[55]. The B-type polymorph occurs mainly in tuber, root, retrograded, and high-
amylose starch (e.g., high-amylose maize and barley starch), which have more long
branch chains than A-type starches. The main XRD peaks of these starches occur at
5.6�, 17�, 22�, and 24� (2θ) [63, 64]. A mixture of A- and B-type crystals, present in
starches from legumes, some roots, and fruits, is often referred to as a C-type crystal
[16, 17]. The relative location and proportion of A-type and B-type crystalline
polymorphs in C-type starch differs with starch sources and has a great effect on
the properties of C-type starch [17].

7 Other Structures

In addition to the five levels of starch structure mentioned above, other structural
features, such as amorphous core, single helix, superhelix, and clusters have also
been studied. Hilum is the center from which starch granules grow biosynthetically
by apposition [1, 6]. The hilum is surrounded by an amorphous core, which is
composed mainly of amylose and few of disordered amylopectin chains
[10, 40]. The hilum structure tends to be much more amorphous than the outer
layers, confirmed by AFM imaging [65]. The amorphous core is surrounded by
concentric semi-crystalline growth rings of decreasing width toward the periphery,
alternating with amorphous growth rings of more uniform thickness [10, 40]. Some
amylose chains, which are represented as radiating from the core in a spoke-like
pattern, may reinforce the granule structure (Fig. 1II). The proportion of the granule
occupied by the amorphous core may depend on the amylose content of starch; waxy
maize starch granules had the smallest amorphous core area compared to normal and
high-amylose maize starches [10, 40, 66].

Amylose single helices occur in left-handed inclusion complexes with certain
ligands, such as iodine, fatty acids, alcohols, and flavor compounds [6, 17], which
can be studied by 13C cross-polarization magic angle spinning/nuclear magnetic
resonance (13C CP-MAS/NMR) and 13C-single pulse magic angle spinning (13C
SP/MAS) [60, 61]. These left-handed complexes are insoluble in water and have a
V-crystalline form with a characteristic XRD pattern differing from the A- and
B-crystal forms. The size of the helix (six, seven, or eight glucose residues per
turn) is determined by the nature of the complexing guests [17]. The glucosyl
hydroxyl groups of α-1,4-glucose chains are located on the outer surface of the
helix, thus leading to the inner core being a hydrophobic cavity lined with methylene
groups and glucosidic oxygens.
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Superhelix is a super structure of lamellae primarily in potato starch, which is first
proposed by Oostergetel and van Bruggen (Fig. 1d) [67]. In this model, the helices
form a continuous and regular crystalline network, serving as a skeleton around
which the rest of the starch granule is built. The crystalline regions containing the
double helical linear segments in the amylopectin form a continuous network
consisting of left-handed helices packed in a tetragonal array. Since neighboring
helices interpenetrate each other, the crystalline lamellae form a more or less
continuous superhelical structure [6, 67]. The direction of the clustered chains and
the individual amylopectin molecules is in line with that of the superhelix axis
[68]. The basic building blocks of superhelices have a width of approximately 4–5
helices and approximately 18–40 adjacent helices in a helical pitch. The superhelix
has an outer diameter of 18 nm, a central cavity with a diameter about 8 nm, and a
pitch of 9 nm based on electron optical tomography and cryo-electron diffraction
experiments [67, 69]. A single macromolecular superhelix is only comparable to the
smallest identified blocklets observed by AFM [68, 70].

Clusters are constructed by the short chains of amylopectin that are interlinked
and regularly spaced (Fig. 3b). The regular and widespread chain clustering would
be amenable to the formation of double helices, which is confirmed by low and wide-
angle X-ray diffraction study [9]. As proposed by Bertoft, a cluster is consisted of a
group of chains, in which the branches are separated by internal chain segments
shorter than nine glucosyl residues [71]. The number of clusters per amylopectin
molecule differs by plant origin and appears to be in the range of 61–120 on average
for the large amylopectin, 20–40 for the medium amylopectin, and 4–15 for the
small amylopectin [72]. In general, A-crystalline starches tend to have larger clusters
than B-crystalline starches. The size distribution of limit dextrins of the clusters in
maize, barley, and rice is comparatively broad with peak DP (representing the major
part of the clusters on a weight basis) around 100–200 [6]. The number of chains
which form a large cluster in waxy rice amylopectin is estimated to 23. Small
clusters are proposed to consist of 5–8 chains [73]. The density of branches within
clusters is higher in the A-crystalline cereal starches than in the B-crystalline starches
[73, 74], but the density in the A-crystalline root starch of cassava is similar or only
slightly higher than that in B-type starches [75].

8 Conclusions

Starch granules are made up of a variety of structural elements, such as single chains,
helices, superhelices, clusters, lamellae, blocklets, growth rings, and granules vary-
ing in size from Ångströms to microns. While significant advancements have been
achieved in the study of starch structure, there is still knowledge gap to be filled in
the future. Development of new methodology or technology is of crucial importance
for better understanding the fine structure of starch granules, as well as for further
revealing the structure-function relationship.
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Amylose–Lipid Complex

Qiang Huang, Xu Chen, Shaokang Wang, and Jianzhong Zhu

Abstract Starch and lipids are the two major components in food products, and
amylose is an important component in starch granules. In some native and processed
starches, amylose may bind with lipids to form amylose–lipid complex, which will
significantly affect the starch properties. This chapter introduces three types of
methods for amylose–lipid complex formation, i.e., classical, enzymatic, and
thermomechanical, and factors affecting complex formation are discussed in detail.
The effects of amylose–lipid complexes on starch properties are addressed, including
digestibility, solubility, gelatinization properties, rheological properties, and retrogra-
dation. As a new type of resistant starch, the health implications of the amylose–lipid
complex are also discussed at the end of this chapter. Amylose–lipid complexes can
influence glycemic and insulin levels and reduce risk of colon cancer, and it can also
be used for nano-encapsulation of bioactive or sensitive substances.

Keywords Amylose–lipid complex · Amylopectin · Starch properties

1 Introduction

Starch and lipids are major components of foods, which play important roles in the
caloric density, texture, and flavor of foods. Starch is mainly made up of two
components: amylose and amylopectin. Amylose has mainly linear α-1,4-D-glu-
can chains and a small number of branched chains connected by α-1,6-glycosidic
bonds. Amylopectin is a moderately branched macromolecule composed of back-
bone chains and side chains that are linked by an average of 5% of α-1,6-glucosidic
bonds. Lipids are broadly defined as a group of compounds that are soluble in

Q. Huang (*) · X. Chen · S. Wang · J. Zhu
School of Food Science and Engineering, Center for Discipline Innovation of Food Nutrition
and Human Health (111 Center), Guangdong Province Key Laboratory for Green Processing of
Natural Products and Product Safety, South China University of Technology, Guangzhou,
China
e-mail: qiangh@scut.edu.cn

© Springer Nature Singapore Pte Ltd. 2020
S. Wang (ed.), Starch Structure, Functionality and Application in Foods,
https://doi.org/10.1007/978-981-15-0622-2_5

57

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-0622-2_5&domain=pdf
mailto:qiangh@scut.edu.cn
https://doi.org/10.1007/978-981-15-0622-2_5#DOI


organic solvents, which can be further divided into simple lipids, compound lipids,
and derived lipids [1].

It is well known that amylose can form helical structure with a series of other
substance, such as iodine, lipids (fatty acids, monoglycerides), alcohols and some
other fat-soluble bioactive substances [1]. Normally, amylose–lipid complexes can
be found in native starch granules and processed starch [2, 3]. The amylose–lipid
complex entangles amylopectin molecules, restricting the swelling of starch granules
and enzyme hydrolysis [4]. The hydrocarbon chain of the lipid interacts with the
hydrophobic moiety of the amylose chain and fills the central cavity of the amylose
single helix [3, 5, 6]. Depending on the size of the cross section of the complexing
ligand, the number of glucose units per helical turn ranges from six to eight.

The interaction between lipid and amylopectin can also form a single helical
complex. The X-ray diffraction pattern indicated that cold-water soluble starch
prepared by heating normal maize starch in aqueous ethanol solution exhibited a
V-type structure [7, 8]. Notably, the relative crystallinity of the cold-water soluble
maize starch is higher than its amylose content, which implies that part of amylo-
pectin forms complexes with the alcohols. The formation of amylopectin–lipid
complex restricts the reassociation of amylopectin branches into double helices, as
evidenced by the decrease in the degree of starch retrogradation during storage
[9]. Amylose–lipid complexes can be classified into two forms according to their
crystallinity, namely, the less ordered more amorphous type I and the semicrystalline
type II. In general, type I complexes can be obtained by mixing amylose and lipid at
a lower temperature (25–60 �C), whereas type II complexes are usually produced at a
higher temperature (90–100 �C) [10, 11]. Therefore, type I complex has a lower
dissociation temperature (<100 �C) than does the semicrystalline counterpart
(>100 �C). Additionally, isothermal annealing treatment can convert the amorphous
amylose–lipid complex into semicrystalline complex.

In addition to the four long-recognized sources, namely, physically inaccessible
starch (RS 1), native B- or C-type polymorphic starch granules (RS 2), retrograded
amylose (RS 3), and chemically modified starch (RS 4) [12, 13], amylose–lipid
complexes (ALC) have been proposed as a new source of resistant starch (RS 5),
because it has high resistance to amylolytic enzyme hydrolysis [5, 14].

2 Production of Amylose–Lipid Complex

Amylose–lipid complex (ALC) formation is an instant reaction, and the complex can
reform after cooking, and it is considered thermally stable [15]. Generally, there are
three types of methods for preparing amylose–lipid complexes: classical methods,
enzymatic methods, and thermomechanical methods [16]. Base on the material,
theses could be sub-divided into three major groups, i.e., (1) starting from starch
and ligands, (2) starting from amylose and ligands, (3) synthesizing amylose in the
presence of the ligands [17].
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2.1 Classical Methods or Starting from Amylose and Ligands

The classical method involves solubilizing amylose in solvents such as DMSO or
KOH followed by the reduction of pH with HCl. The starch dispersion is heated to
121 �C and cooled to between 60 and 90 �C. Dissolved lipids in absolute ethanol are
added to the cooled starch solution and then centrifuged. The precipitates are
successively washed with hot water to remove free starch and fatty acids. This
method yields type I and type II ALC at preparative temperatures of 60 �C and
90 �C, respectively [18].

Classical methods for preparing ALC include different technical variations, such
as parboiling [19], autoclaving [20], and shearless heating of amylose/ligand/diluent
mixture at elevated temperature (up to 140 �C) [21]. Depending on the preparation
conditions, the thickness of crystal lamellae of complex obtained by this method
ranges from 5 to 100 nm. One study [22] has shown that distinct nanocrystalline
structures could be formed using this classical method, whereas other studies [23]
suggested that these methods generally give polydisperse V-amylose populations.

2.2 Enzymatic Methods for Synthesizing Amylose
in the Presence of the Ligands

Enzymatic methods for ALC preparation are generally classified into two main
forms, that is, entirely and partially enzymatic methods. Entirely enzymatic methods
commonly use glucose phosphorylase to catalyze synthesis of V-amylose from
glucose-1-phosphate in the presence of appropriate hydrophobic ligands. Putseys
et al. [24] used glucose-1-phosphate as a primer and a fatty acid with a polymeriza-
tion enzyme (e.g., phosphorylase) to promote the formation of glycosidic bonds by
an enzymatic method. The results indicated that the primer is first polymerized to
produce an amylose chain of sufficient length to accommodate the first lipid; further
chain extension occurred to form insoluble ALC. Most of the ALC formed by this
method were type I.

The application of enzymatic preparation of V-amylose complex mainly refers to
the modification of classical V-amylose synthesis, which is mainly achieved by
adding an enzyme-catalyzed starch/amylose depolymerization step before or after
the formation of the complex [16]. Gelders et al. [23] produced V-amylose com-
plexes by depolymerizing starch using β-amylase before complexing the resultant
mixture of dextrins with an appropriate ligand. Increasing the amount of amylose–
lipid complex in granular starch can be used to produce RS type 5 [4, 46]. Firstly,
swollen starch granules are treated with debranching enzyme (isoamylase or
pullulanase) to remove the branch linkages of amylopectin, then the resulting free
long branch-chains of amylopectin function similarly to amylose molecules, and
therefore, they could effectively complex with fatty acids.
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2.3 Thermomechanical Methods Starting from Starch
and Ligands

Thermal processing technologies are alternative methods to produce ALC, which
include steam-jet cooking [16, 25, 26], homogenization [27], pasting [28–30], and
extrusion [31]. The advantage of this technology is that it is green, whereas for
lab-scale production of pure ALC, the classical and enzymatic methods are more
suitable.

In recent years, a new formation method of V-amylose complex by controlling
temperature has attracted many researchers’ attention, which was attribute to its
easier recycle, less energy and better mouthfeel. A simple method to prepare
inclusion complexes by “inserting” ascorbyl palmitate into preformed “empty”
V-type amylose helices using high-amylose maize starch or potato amylose as
material was reported [32]. Nakazawa and Wang [33] prepared starch-palmitic
acid complex by annealing starch in methanol at 30 �C, which could increase the
degree of complexation. D’Silva, Taylor, and Emmambux [29] studied the effects of
stearic acid on the functional properties of V-amylose complex prepared with teff
and maize starches and revealed that the teff starch modified with stearic acid has a
promising application in foods with better mouthfeel.

Lauric acid (LA) was used to prepare starch–lipid complexes, which interact with
three kinds of maize starches differing in amylose content, i.e., waxy maize starch
(WMS), normal maize starch (NMS), and high-amylose maize starch (Hylon V)
[34]. Gelatinization and retrogradation of starch can be retarded after the addition of
LA [35]. The final product including intact granule ghost is beneficial for recycling.
Both the complexation degree and the loss of the amylopectin double helices could
affect the relative crystallinity of starch–LA complex [34]. Amylopectin may form
complexes with LA at higher reaction temperature [36]. With the increase temper-
ature or amylose content, the melting temperature and enthalpy changes of starch–
LA complex enhanced. In addition, higher incubation temperature was conducive to
the formation of the more ordered starch–LA complex [37, 38].

3 Factors that Affect ALC Formation

The formation of ALC depends on a multiplicity of factors including type of starch,
degree of starch polymerization, the concentration ratio of starch-ligand, the struc-
ture of included molecule, and complexation temperature, water content, complex-
ation time, and medium pH [16], as described in the following sections.
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3.1 Effect of Starch Type

Amylose content, starch source, and degree of polymerization affect the formation of
V-amylose. The effect of crop variety on the V-amylose complexes has been
reported. The rice varieties have significant effects on the complex formation during
rice parboiling [19]. The effect of starch type or variety on the yield of amylose–lipid
complex is mainly attributed to the penetration rate of starch granules by the ligands
(lipids), which is due to the differences in the microstructures of starch granules,
such as the absence or presence of the surface channels/pores on the granule surface
[29]. It has also been reported that starches with higher amylopectin content form
fewer or no complexes than those with less amylopectin content [25, 39, 40].

3.2 Effect of Degree of Starch Polymerization

Compared with the number of carbons, V-amylose yield is more sensitive to
amylose molecular weight [41].With the increase of amylose chain, the melting
temperature, stability, crystallite size, and level of organization of amylose–lipid
complex increase [42]. On the one hand, too long amylose will lead to conforma-
tional disorder and to faults of the crystal structure [42]. On the other hand, if too
short, it will disturb the formation of the crystal. It appears the ligand determines
minimum DP of the complexing ligands. For instance, the minimum amylose size
for complexing with palmitic acid is around 30–40 glucosyl residues whereas 20–30
glucosyl residues for lauric and caprylic acids, which is about the chain length to
accommodate two fatty acids per chain [41]. It has also been reported that the critical
minimum DP of complex formation and precipitation of glycerol monostearate
(GMS) and docosanoic acid (C22) was 35 and 40, respectively, regardless of the
complexing temperature, which also correspond to the length required for each
ligand molecule to accommodate two ligand molecules [42].

3.3 Effect of Starch Moisture Content

Moisture content affects the type of crystalline structure, and it can also influence the
extent of type II amylose V-complexes formation at low- and intermediate-moisture
conditions. V-amylose complexes are readily formed, during which, water is
suggested to be necessary as plasticizer, whereas for high moisture contents,
increased water content probably hinders the system from attaining the activation
energy required for complex formation, thus inhibiting complex formation and
crystallization [19]. In addition, for the same moisture content, starch type and
heating conditions (temperature, time, and presence of shearing effects) may also
play a role in the complex formation.

Amylose–Lipid Complex 61



3.4 Effect of Lipid Type, Chain Length, and Unsaturation

Multiple factors may influence the formation of V-amylose complexes, for instance,
the presence of native starch lipids, the acyl chain (hydrophobic component) length,
degree of unsaturation, and the type of polar head of the ligand [43–46]. Increasing
the unsaturation of fatty acids could promote the formation of less crystalline
complexes than fully saturated fatty acids [43, 47]. Studies have shown that cis-
unsaturated fatty acid complex poorly with amylose, giving low yields and low
enthalpies of dissociation [48]. This may be due to the inefficient complexation of
fatty acids, which was depicted as nonlinear or kinked due to the cis-double bond
[49, 50]. Karkalas et al. [43] suggested that the effect of cis-trans effect on crystal
structure is greater than that on yield. They postulated that the amylose helix needed
to be expanded from six glucosyl residues per turn to seven in order to accommodate
the unsaturated portion of the acyl chain, as happens with other bulky ligand
molecules.

The V-amylose yield decreases with increasing chain length of lipid [51], which
was due to the increased activation energy required for the complex formation, and
increases as the length of the acyl chain is increasing [51]. Increased hydrophobic
interaction between the ligand and amylose helix requires extra energy, which is also
responsible for the increased activation energy [52, 53]. However, Goldet et al. [41]
suggested under given conditions, the solubility of the ligand was positively corre-
lated with the formation of the V-amylose complex. Thus, they believe longer acyl
chains reduce the ability to form complexes. [41].

3.5 Effect of Ligand Concentration and Solubility

The degree of complex formation is affected by both ligand concentration and
solubility [54]. Reports showed that a ratio of 10:1 (amylose/fatty acid) by weight
was found optimal [55, 56]. Studies also demonstrated that for different types of fatty
acid, the maximal complex formation occurs at different concentrations [54]. For
fatty acids, not only the water solubility of lipids but also critical micellar concen-
tration affects the optimal concentration, above a certain concentration; the lipids
tend to self-assemble in preference to form V-amylose complexes [54]. This may be
responsible for the different complex formations with stearic acid in different reports
[48, 54, 57]. Since the carbon chain length is negatively correlated with the critical
micelle concentration of fatty acids and water solubility [54], compared with the
shorter-chained fatty acids under the same conditions, the amount of longer-chained
lipids required to form complex is less. However, for the complexation of ionic
ligands, such as dodecyl trimethylammonium bromide, the higher the ligand con-
centration, the more difficult for packing. Therefore, complexes with lower dissoci-
ation temperatures are prone to complexation reactions due to repulsion of ionic
charges [58].
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Interaction between ligand and amylose must be in solution; as a result, solubility
is a key factor during the complexation. Therefore, the presence of flavor compounds
with high solubility may be sufficient to induce complex formation, that is,
V7-amylose. However, for low-solubility flavor molecules, a stable complex can
only be formed in the presence of lipids, resulting in a V6-conformation for the
ternary complex [59].

3.6 Effect of Heat

During the complex, there are a series of factors affecting the V-amylose crystal
structure, such as the complexation temperature, duration of heating, and the cooling
rate. For example, several factors such as endpoint heating temperature, the cooling
rate, and the final quench temperature play a decisive role in the formation and
morphology of the final spherulites during the steam-jet preparation of amylose–
lipid complexes [25, 57, 60]. Similarly, heating/barrel temperature also has an
important influence on the formation of amylose–lipid complexes during extrusion
cooking [61].

Type I complex is obtained by rapid nucleation at lower heating temperature
(60 �C), which results in a random distribution of helices without forming distinct
crystallites [42]. In contrast, type II complexes are usually formed at higher temper-
ature; typically, the optimal temperature is above 90 �C [42, 62, 63]. At these
temperatures, both enthalpies and crystallinities are maximized [64]. There is a
high energy barrier between type I and type II complexes, that is, the two types of
complexes are in two separate thermodynamic states, and obviously, the formation
of type II complex requires higher temperature [44, 55].

The duration of the heating directly determines the type of formed complex, and
longer heat treatment is conducive to the formation of complex type II V-amylose
rather than type I [44]. While shorter heat treatment mainly induced the formation of
type I complexes, a certain amount of type II complex may also form [44]. Corre-
spondingly, the ligands with shorter acyl chains require shorter heating time to form
type II V-amylose than those with longer acyl chains [44, 65].

3.7 Effect of pH

The pH of the complexation medium is another important factor affecting complex
formation. Complexes with neutral lipids (e.g., monoglycerides) tend to form insol-
uble precipitates in neutral aqueous media; on the contrary, insoluble complexes
with ionizable fatty acids only could be formed in the presence of electrolytes at pH
value below 7 [43]. The ionizable carboxyl group in fatty acid ligands makes the
initial aggregation of complexes more sensitive to pH and salt concentration
[43]. When pH < pKa, fatty acids with short chain (e.g., 8:0) are more easily to
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form V-amylose complexes than these with longer chain (>10:0). While when
pH > pKa, longer-chain fatty acids (>10:0) are more likely to form V-amylose
complexes. This may be attributed to the increased solubility of long-chain fatty
acids in the form of dissociation or ionization [66].

3.8 Effect of Other Additives and Starch Modifications

It has been reported that other potential amylose complexing agents and acetylation
also affect the formation of V-amylose complexes, of which, starch acetylation
particularly reduces the complex-forming ability of amylose polymers [67]. Cyclo-
dextrin could also form inclusion complexes by competing with amylose for ligands,
during which, a three-in-one complex involving amylose and the ligand may form
[68]. The presence of whey protein can effectively reduce the amount of starch–FFA
complex and the melting enthalpy of DSC; interestingly, a more crystalline XRD
order was observed [69]. It has also been reported that the relative crystallinity and
crystal size of V-amylose increase with the addition of sorbitol [70].

4 Functional Properties of ALC

The functional properties of food products will be affected after starch forms
complexes with monoglycerides, free fatty acids, and lysophospholipids [43]. Previ-
ous studies have shown that the formation of V-type complexes can affect a range of
functional properties of starch, for example, the digestibility, flow properties, gel
formation, pasting, and retrogradation of starch.

4.1 Effect of Amylose–Lipid Complex on Starch Digestibility

The starch–lipid complex shows higher resistance to amylase hydrolysis than most
type-A polymorphic starches and amorphous amylose. Its enzyme resistance is
affected by multiple factors, such as the amylose content, the molecular structures
of complexing lipid [23], and the crystalline structure of the amylose–lipid complex
[10]. Studies have shown that when starch is heated in excess water, the amylose–
lipid complex could inhibit the swelling of granules, which further reduces the
accessibility of enzyme to hydrolyze the starch granules [71]. The addition of
other additives such as soy lecithin, corn oil, palmitic acid (PA), stearic acid (SA),
oleic acid (OA) or linoleic acid (LA) could also reduce the starch enzymatic
susceptibility when cooking cassava, common or high amylose corn starch [1]. How-
ever, similar results were not observed with waxy maize starch. Thus, it can be
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concluded that the lipid complex formed during the cooking of non-waxy maize
starch is the main reason for its decreased digestibility.

4.2 Effect of Amylose–Lipid Complex on Starch Swelling
Capacity and Solubility

Starch–lipid interactions decrease starch swelling capacity [72, 73], solubility, and
granule disruption [61, 74–77]. This is due to the formation of an insoluble layer
between the additional exogenous pure lipids and surrounding granules, which can
effectively prevent water from entering [78]. However, complexation between
amylose and these lipids, either at the surface or inside the granule, can also facilitate
these phenomena by preventing leaching of soluble carbohydrates [79].

4.3 Effect of Amylose–Lipid Complex on Starch
Gelatinization Properties

Starch–lipid interactions increase the gelatinization temperature [80, 81]. The gela-
tinization behavior is gradually delayed with the increase of chain length and its
concentration [80, 82].

The possibility of transitioning to more crystalline complexes that are dissociated
at higher temperature was first proposed by Kugimiya et al. [83]. Subsequently, a
report indicated that the two DSC endotherms were separated by an exotherm
[84]. The exothermal transition indicates that, after dissociation of type I complexes,
the helices as nuclei could obtain sufficient mobility to align around the remaining
helices [85] resulting in better ordered crystals. However, not all amylose and
ligands can go through this crystal perfection. In the case where the amylose chain
may be too short, or the ligand is too voluminous, type II semicrystalline amylose–
lipid complexes cannot be formed [23, 86], thereby annealing of type I complexes
into semicrystalline type II complexes.

4.4 Effect of Amylose–Lipid Complex on Starch Pasting
and Viscous Behavior

The formation of amylose–lipid complexes can also affect starch pasting behavior.
For instance, in the presence of the complexes, the granule swelling and amylose
leaching are inhibited [87–89]; initial viscosity pasting peak is reduced or absent
[29, 90]; under high temperature or shear conditions, the viscosity of the cold paste
was stable [91]; and no starch gel formation was observed or reduced [29, 92,
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93]. This pasting behavior is similar to that of crosslinked starch [91] and provides a
possible way to improve the mouthfeel of starch-containing foods [29].

Amylose-lauric acid (LA) complexes showed a pronounced effect on the viscos-
ity profile of normal maize starch (NMS) when compared with high-amylose maize
starch (Hylon V) and waxy maize starch (Fig. 1) [94]. During the decrease in
temperature program from 95 �C to 50 �C, the viscosity of NMS–LA complex
increased dramatically then sharply dropped (Fig. 1b). The phenomenon may be
interpreted in the following possible ways: firstly, a part of the starch–LA complex
and amylopectin double helices is completely dissociated at 95 �C, during which,
amylose and amylopectin leached out to disperse in the aqueous phase and amylose
took on a random coil configuration [95]. Secondly, in the cooling process, high
concentrations of amylose may start to aggregate, complex with LA and entangle
with amylopectin to form a network, and then the starch paste showed a higher
viscosity. In addition, with the continuous decrease of temperature, LA competed
with amylose to form starch–LA complex rather than amylose/amylopectin network,
which resulted in a low paste viscosity.

It has been reported that V-amylose formation with fatty acid is reduced at high
concentration (up to 10% solids) [29, 92, 93], but other studies using flavor
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Fig. 1 Brabender viscosity of native maize starch and starch–LA complex (6%, w/w, dry starch
base). (a) Hylon V and lauric acid complexed at 80 �C (H1), 85 �C (H2) and 90 �C (H3). (b) Normal
maize starch and lauric acid complexed at 60 �C (N1), 65 �C (N2) and 70 �C (N3). (c) Waxy maize
starch and lauric acid complexed at 55 �C (W1), 60 �C (W2) and 65 �C (W3). Reproduced from
Eliasson and Kare [36] with permission from the Elsevier Ltd. (2013)
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compounds, such as menthone, decanal, and fenchone, have shown that gelation is
induced at low starch concentrations [96–98]. Therefore, the starch-ligand concen-
tration ratio directly affects the formation of V-complex during starch gelatinization.
Other factors should also be included, for instance, plant source, lipid acyl chain
length, and lipid molecular conformation, which can affect starch gel rigidity
[92]. Additionally, the aqueous dispersions of dried V-amylose complexes show
high spread ability and have rheological properties similar to commercial shortening
at high concentration [99]. Starch pasting for a short or prolonged duration also
shows a similar effect with a reduced power law flow index [29]. All these studies
show the possibility for utilizing V-amylose as a fat replacer.

4.5 Effect of Amylose–Lipid Complex on Starch
Retrogradation

The formation of V-amylose complexes can inhibit the retrogradation of starch
effectively. In starch system, the formation of V-amylose complexes can compete
with the retrogradation process for amylose [100, 101]. DSC results in the study
indicate that the formation of amylose-monopalmitin complexes occurs preferen-
tially in retrogradation [102, 103], and formation of the complex could further
reduce the synergistic effect of starch [90]. Therefore, addition of the complexes
or inducing the complex formation can decrease the staling of starch-containing
foods [52]. Wang et al. [104] found that ALC could reduce the retrogradation of
normal wheat starch to varying degrees depending on the length of the fatty acid
chain. Purhagen et al. [105] provided evidence that the diacetyltartaric ester of
monoglycerides in the pre-gelatinized flour has an anti-staling effect on gluten-free
bread. The crumb softness of gluten-free bread with an emulsifier is mainly due to
the formation of ALC.

5 Potential Health Benefits of ALC

As a kind of resistant starch, ALC can be classified as dietary fiber, which is
beneficial to human health. The expected benefits of resistant starch for health can
be listed as follows: decreases the pH of colon, improves glycemic control, and
decreases the risk factors of cardiovascular disease and colon cancer [106]. There are
also some specific potential health benefits of ALC: (1) hypoglycemic effects
[4, 107], (2) reduced risk of colon cancer [108, 109], and (3) encapsulated bioactive
compounds [110].
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5.1 Glycemic and Insulinemic Control

Wang et al. [104] determined the digestibility of normal and waxy wheat starch with
and without fatty acids after heat moisture treatment; the results showed the digest-
ibility of starch-fatty acids sample decreased significantly after 120 min compared to
starch without fatty acid. Similar results were also reported by Ai et al. [111] and
Kawai et al. [112]. The formation of a complex between starch and fatty acid which
is highly resistant to amylase may responsible for its reduced susceptibility to
enzymic hydrolysis [112]. The mechanism by which ALC is protected from hydro-
lysis by α-amylase is not well defined in literature. A possible mechanism is that
ALC have compact structures and cannot form enzyme-substrate complexes with
hydrolytic enzymes.

Hasjim et al. [4] found that the plasma glucose and insulin levels are lower after
consumption of white bread that contains ALC than after regular white bread,
indicating that bread containing ALC could result a decreased postprandial blood
glucose. Similarly, after the rats were fed with starch-monostearoylglycerol com-
plex, their postprandial insulin resistance decreased, accompanied by a decreased
lipogenesis in the adipose tissue and liver [113].

The in vivo studies illustrated that ALC can be used to the prevention of
hyperglycemia and hyperinsulinemia; in addition, hyperglycemia-induced hypogly-
cemia and the constant feeling of hunger can also be prevented [114, 115]. After
120 min of ingestion of ALC-containing bread, the insulinemic response was
reduced to 2 mU/L (close to the baseline), while that of white bread was about
12 mU/L [4]. Researches also demonstrated that RS5 may have the ability to prevent
the development of insulin resistance, an deviant caused by sustained
hyperinsulinemia from frequent consumption of foods with high glycemic response
[116, 117]. In conclusion, RS5 has benefits to potentially reduce the occurrence of
metabolic syndrome, type 2 diabetes, obesity, hypertension, lipid abnormalities, and
heart disease, all of which are associated with repeated hyperinsulinemia and insulin
resistance [113, 117].

5.2 Colon Cancer Prevention

ALC has a potential effect on inhibiting colon cancer cells [109]. Zhao et al. [109]
have shown cooked starch with lipid effectively reduced azoxymethane-induced
preneoplastic lesions (precursors of colon cancer) in rat colon, providing evidence
that ALC may suppress colon carcinogenesis. ALC may cause changes in gene
expression in colon cells, which is a possible mechanism for its inhibition of colon
cancer in this model system [108]. However, how specific changes in gene expres-
sion occur is still unclear [108]. Butyrate, which is produced during the bacterial
fermentation in the large intestine with ALC and other carbohydrate as the sub-
strates, has been shown to mediate this process.

68 Q. Huang et al.



Studies described as follows reported the regulation by ALC in the diet on colon
cancer. The study selected three groups of 5-week-old male Fischer-344 rats, who
received two doses (20 mg/kg body weight) of azoxymethane in 1 week apart, fed
with a normal maize starch (NMS) diet until 3 days after the second injection, and
then fed with selective diet (NMS, HA7, or RS-5 diet). After the 8-week treatment
diet, the pH value and the weight of caecal digest were analyzed; in addition, the
occurrence of the mucin-depleted foci (MDF) and aberrant crypt foci (ACF) in the
colon, which can reflect the precursor lesions of chemically induced colon cancer,
was also analyzed [118, 119]. Compared with those in the other two groups, a lower
caecum pH and a significantly larger amount of caecal digesta and were observed in
the group fed with RS 5, which may inhibit the growth of pathogenic organisms in
the colon. The results showed that the average numbers of both MDF and ACF in the
colon were significantly lower in the rats fed with the RS 5 diet. Interestingly, the
average number of MDF was significantly lower than those rats fed with NMS and
HA7 diets, while the ACF average number showed no significances with other
groups [120, 121]. It is worth noting that in this study, no significant differences
were found in the average daily food intake and body weight gain among the rats fed
with different diets.

In another study using the same animal model and diet, it was found that the
amount of feces excreted by the rats fed with RS5 and the starch and fat in the feces
were significantly larger than those of other groups fed with fed with NMS and HA7.
Gas chromatographic analysis showed that stearic acid (SA) was the main compo-
nent of lipids extracted from rat feces of the rats fed with RS 5, and the results
implied that a proportion of the (PUL-treated HA7)-SA complex product was not
digested in the small intestine or fermented in the colon but discharged in the form of
starch–lipid complex. The study also showed that 15% (db) of the ingested RS5 was
not utilized by microorganisms in the digestive tract of rats. Notably, the low
digestibility of RS5 did not affect the body weight gain of rats [122].

Two possible mechanisms of RS5 in reducing the amount of MDF in the colon
can be concluded from the two in vivo rat studies. On the one hand, large amounts of
feces are excreted from the colon to remove carcinogen (e.g., the injected AOM). On
the other hand, FA in starch–lipid complexes may have the affinity to absorb
carcinogens and remove them from colon.

5.3 Encapsulation for the Delivery of Bioactive/
Pharmaceuticals

Bioactive compounds, in the form of fatty acid esters, can be encapsulated in starch
by forming ALC. The formation of V-amylose complexes has been demonstrated to
improve oxidative stability, reduce volatility, and increase thermal stability, and to
modulate the release properties of the flavor compounds. Ma et al. [110] evaluated
the formation of amylose, amylopectin, and high-amylose maize starch inclusion
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complexes with ascorbyl palmitate, retinyl palmitate, and phytosterol esters and
found ascorbyl palmitate resulted in the highest complexation, followed by retinyl
palmitate and phytosterol esters. Gökmen et al. [123] showed that the addition of
V-amylose reduced the flax seed oil oxidation and the reduction of acrylamide and
hydroxymethylfurfural (HMF) levels during the backing process of bread. The
single helix structure of high-amylose maize starch was used to entrap menthol,
menthone, thymol, pulegone, and terpinen-4-ol, and the complexes showed V-type
X-ray diffraction patterns having 29–74% flavor retention [124]. Kim and Huber
[125] encapsulated β-carotene into gelatinized corn starch by drop-wise addition,
and less than 20% of β-carotene within the composites was degraded during the
same period, with oxidation occurring at a much reduced rate.

Starch has potential applications in the delivery of bioactive pharmaceutical and
nutrients [126]. Amylose complexes can be used to release the included molecule
under pancreatic conditions, although they are not available to mouth and gastric
digestion [127, 128]. This application has been confirmed by in vitro experiments
with stearic acid and polyunsaturated fatty acids [129]. Besides, nano-encapsulation
of conjugated linoleic acid (CLA) has been demonstrated by Lalush et al. [22] and
patent application made based on complexes produced by the continuous homoge-
nization method [127].

A recent study by Shi et al. [130] has shown the V-type single helix of granular
cold-water-soluble (GCWS) starches can encapsulate ethylene gas, a natural ripener
for fruits or vegetables, and show slow release properties at various temperature and
relative humidity conditions. The inclusion complexes (IC) of Hylon-7 had the
highest ethylene concentration (31.8%, w/w) among the five starches, and the IC
of normal potato starch showed the best controlled release characteristics. As a
renewable and inexpensive material, GCWS starch is a desirable solid encapsulation
matrix with potential in agricultural and food applications.

6 Conclusions

The formation of amylose–lipid complex (ALC) can change many characters of
starch, such as the rheological properties, digestibility, and retrogradation. ALC also
has a potential role in reducing the risk of chronic diseases such as colon cancer.
Additionally, ALC also has application in nano-encapsulation of bioactive or sensi-
tive substances. The application of V-amylose as a fat substitute and protection of
sensitive bioactive molecules, flavor food, and pharmaceutical ingredients can be
further explored in the further.
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Phase Transitions of Starch and Molecular
Mechanisms

Shujun Wang, Chen Chao, Shiqing Huang, and Jinglin Yu

Abstract Starch is a macro-constituent and the most important glycemic carbohy-
drate of many cereal-based foods. Gelatinization and retrogradation are two major
phase transitions that determine the susceptibility of starch to enzymatic digestion
and its functional properties for food processing and storage. The molecular mech-
anisms and measurements of phase transitions, and factors influencing starch gela-
tinization and retrogradation, have been studied extensively to better understand how
these processes affect the quality and nutritive properties of starchy foods. This
chapter provides a comprehensive review of starch gelatinization and retrogradation,
including the definition of the processes and molecular mechanisms of how they
occur, as well as measurement methods and influencing factors. The review also
discusses the effect of gelatinization and retrogradation on the in vitro enzyme
digestibility of starch.

Keywords Amylose · Amylopectin · Starch gelatinization · Starch retrogradation ·
Starch digestibility · Measurement methods

1 Introduction

The functionality of starch in foods is determined to a large extent by the effects of
hydrothermal treatments (heating in the presence of water), usually with the appli-
cation of shear forces. Under these conditions, starch granules swell and lose their
crystallinity and molecular organization in a process known as gelatinization. With
continued heating and the application of shear, the gelatinized starch forms a paste
containing starch polymer molecules dispersed among swollen granules and granule
fragments. On cooling, the gelatinized starch undergoes retrogradation
(or recrystallization), with the starch molecules re-associating into partially ordered
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structures that differ from those in native granules. The rate and extent of gelatini-
zation and retrogradation depend on a multiplicity of factors including the origin,
type and concentration of the starch, the temperature, rate and duration of heating,
magnitude of shear forces, and temperature, rate, and time for cooling. Interactions
between starch and other components of foods can also affect gelatinization and
retrogradation [1–13].

This chapter will describe briefly our current understanding of gelatinization and
retrogradation and how the thermal transitions measured by differential scanning
calorimetry (DSC) relate to starch gelatinization and retrogradation. The chapter will
then focus on the mechanism of molecular disassembly of starch granules during
these two complicated phase transitions over a wide range of water levels and on the
measurement of starch gelatinization and retrogradation and factors affecting them.

2 Definition of Starch Gelatinization and Early Studies

As described above, native starch may be considered as a mixture of linear and
highly branched polymers that assemble to form an ordered granular architecture.
When heated in excess water, the starch granules undergo an irreversible phase
transition, referred to as gelatinization, in which the highly ordered structure is
disrupted. Starch gelatinization has been broadly defined as the “collapse (disrup-
tion) of molecular orders (breaking of hydrogen bonds) within the starch granule
manifested in irreversible changes in properties such as water uptake, granular
swelling, crystallite melting, unwinding of double helices, loss of birefringence,
starch solubilisation and viscosity development” [14, 15]. On heating, water firstly
enters the amorphous regions, which expand and transmit disruptive forces into
the crystalline regions [16, 17]. These changes are accompanied by swelling of the
granules, which under mixing conditions results in an increase in viscosity before the
eventual collapse of the granules to form a paste, if the water content of the system is
high enough.

Starch gelatinization has been studied extensively over the past 50 or more years
using a variety of approaches including viscometric, microscopic, X-ray diffraction,
nuclear magnetic resonance spectroscopy, and enzymatic methods. Early on, visco-
metric methods were used to study the starch gelatinization behavior, with gelatini-
zation temperature and heat of gelatinization being obtained from consistency curves
[18]. Subsequently, a Kofler hot stage microscope with polarized light was widely
used to measure starch gelatinization, based on the loss of birefringence of granules
[19, 20]. The temperature at which starch granules start to lose birefringence is
defined as gelatinization onset temperature. Likewise, the birefringence end temper-
ature (BEPT), when 98% of the starch granules have lost birefringence, is referred to
as gelatinization conclusion temperature [21]. The loss of birefringence occurs over
a broad temperature range for the whole sample (a BEPT range of 56–64 �C has been
measured for 12% starch (w/w) suspensions of wheat and potato starches heated at
1.5 �C/min), whereas individual granules are observed to lose birefringence over a
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much smaller temperature range, generally less than 1 �C. In another early approach,
a method involving treatment of granules with the enzyme glucoamylase was
developed to measure the degree of starch gelatinization [22]. The differences
between measuring the loss of birefringence and the glucoamylase methods for
determining the starch gelatinization temperature led to the conclusion that tech-
niques based on measuring the loss of birefringence had limitations, especially given
the polydisperse nature of starch granules in a particular sample [19].

Although optical microscopy is widely used to study the gelatinization behavior
of starch granules, the measurement of gelatinization temperatures is not very
accurate, and the energy absorbed during gelatinization is not determined. As a
result, for quantitative measurements, DSC, which measures heat released or
absorbed by a material during phase transitions or reactions, is considered the
technique of choice for the precise determination of gelatinization temperature and
energy absorbed by the starch–water systems during gelatinization [23]. DSC can
produce a well-defined plot (thermogram) that traces endothermic energy changes
during hydrothermal treatment of starch. The transition temperatures are the start
temperature (Ts), defined as the inflexion point at which endothermic heat flow starts
to deviate from a flat baseline; the onset temperature (To), the intersection point of
tangents to the thermogram at Ts and the down slope of heat flow; the peak
temperature (Tp), the temperature of maximum heat flow; the conclusion temperature
(Tc), which is the intersection point of tangents to the trace at the up slope after Tp
and an estimate of the baseline; and the end temperature (Te), the inflexion point at
which endothermic heat flow ceases to deviate from a flat baseline. The heat input/
enthalpy change (ΔH) is defined as the area under the line drawn from the start
temperature to the end temperature (Fig. 1). Plasticization also occurs as water enters
the amorphous regions, but the energy changes are small compared to those involved
in the melting of crystallites, and hence the endotherm associated with glass transi-
tions is masked [15].

Stevens and Elton [23] first studied the application of DSC to the gelatinization of
starch. They studied the DSC profiles of the starch–water system (starch/water ratio
1:2) and the influence of factors such as starch source, granule size, starch damage,
and amylose content. Their study indicated that DSC is a useful physicochemical
method capable of yielding both qualitative (e.g., nature of water absorption into the
granules, effects of damaged starch on thermal behavior) and quantitative (temper-
ature and energy required to gelatinize) data. Subsequently, starch gelatinization has
been investigated extensively by DSC in combination with other techniques such as
wide-angle X-ray diffraction (WA-XRD), small-angle X-ray scattering (SAXS), 13C
nuclear magnetic resonance (NMR), FTIR, and microscopy (light microscopy,
electron microscopy, and light transmission) [15–17, 24]. As discussed in the next
section, the gelatinization of starch granules is governed by the moisture content and
temperature of the system.
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3 Effect of Water Content and Temperature on the DSC
Profile of Starch

With the application of DSC to characterize starch gelatinization [23, 25],
researchers were able to study gelatinization over a wide range of moisture levels.
One of the early DSC studies of the effect of water content on gelatinization was by
Donovan on potato starch [26]. The endotherm in DSC traces is largely dependent
on the water/starch ratio of the systems. At high water concentration (>66 wt% or
water/starch ratio > 1.5), a single symmetrical endothermic transition appears in a
temperature range of 60–80 �C in the DSC profiles (called endotherm G). As the
water/starch ratio is decreased, the magnitude of this endothermic transition
decreases progressively, with a concomitant development of a second high-
temperature endothermic transition (referred to as endotherm M1). As the water
content decreased further (30 wt%), the endotherm G disappears, whereas the
endotherm M1 remains but shifts gradually to higher temperatures. Since Donovan’s
pioneering work, starch gelatinization monitored by DSC, in particular the effect of
water content on gelatinization behavior of starch, has been the subject of intensive
research. Most subsequent studies [24] have presented results generally similar to
those of Donovan’s observations (Fig. 2). However, several studies have obtained
different DSC profiles of starch granules, for example, a gradual broadening of
endotherm G was observed at increasing water/starch ratio above 1.5 for starch
granules from peas (Fig. 3) [27] and wheat. These results indicate that Donovan’s
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Fig. 1 A typical DSC thermogram of a wheat starch–water system (water:starch ¼ 2:1) with a
heating rate of 10 �C/min. The thermal transition temperatures are indicated as Ts, To, Tp, Tc, and Te.
Reproduced from [1] with permission from the Royal Society of Chemistry (2013)
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conclusions may not provide the full mechanistic explanation for the gelatinization
behavior of starch.

In addition to water content, heating conditions and starch source also influence
the shape of DSC thermograms of starch–water systems. For example, endotherm G
observed at high water/starch ratios does not always disappear as water content is
decreased [27–34], and endotherm M1 observed at intermediate water level does not
always appear, especially with rapid heating rates (Fig. 4) [27, 28, 35–37]. The rate
of heating plays an important role in determining the shape of DSC thermograms of
starch–water systems. At intermediate water levels (30–60 wt% moisture),

Fig. 2 DSC profiles of potato starch at different water contents (volume fraction of water indicated
next to each profile). Heating rate ¼ 10 �C/min. Reproduced from [26] with permission from the
Wiley (1979)
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increasing the heating rate can result in the gradual convergence of the endotherms G
and M1 and eventual disappearance of endotherm M1 [28, 35–38]. In addition to
water content and heating rate, the reference (an empty pan or a pan with water or
silicon oil), types of DSC pans, and moisture equilibration time prior to heating may
also influence the thermograms of starch–water systems [39].

When heated to higher temperatures, the DSC thermogram of starch–water
mixtures may display multiple endothermic and exothermic transitions rather than
only G and/or M1, especially for low-water content systems (<30 wt%). An
additional transition that may occur is the endotherm M2, often observed at
95~125 �C with normal cereal starches. This endotherm has been attributed to the
phase transition of amylose–lipid complexes [33, 40–44]. However, the M2 endo-
thermic transition was also observed with waxy maize starches and referred to as
endotherm Z [45], which was assumed not to be related to the phase transition of
amylose–lipid complex due to the low amount of amylose in waxy starches. Rather,
it was considered to be related in some way to the M1 endotherm and attributed to
the annealing of amylopectin crystallites during heating [45–47].

4 Proposed Mechanism of Granule Disassembly During
Starch Gelatinization

DSC endothermic transitions have generally been hypothesized to be related to the
solvent-assisted melting of starch crystallites. At high water content (water/starch >
1.5 or 2), the single endothermic transition occurring at 50~80 �C has long been
assumed to represent the complete gelatinization of starch granules. This assumption
originated from DSC data of potato starch [26]. However, there is now considerable
experimental evidence that is inconsistent with this assumption. Firstly, swelling of
starch granules is incomplete in this amount of water [27, 48–50]. Secondly, some
structural order was still present at the end of DSC endothermic transition (i.e., Tc),
and that further disruption occurred on further heating beyond Tc, clearly indicating
that DSC endotherm obtained at water/starch ratios used in many experiments (2:1 to
4:1) do not represent the complete gelatinization behavior of starch [33, 40, 51–
53]. Finally, endotherm G obtained at water/starch 2:1 broadened progressively with
increasing water content in the high range of water content (�70 wt%). The peak and
conclusion temperatures were observed to increase with increasing water/starch
ratios at high water content. Similarly, an increase in enthalpy of endotherm G
with increasing water content has also been reported for starches from wheat, rice,
potato, legumes, and maize [27, 34, 37, 54–59]. According to these findings, Wang
and Copeland [27] concluded that at water/starch ratio of 2:1, the single DSC
endotherm reflects the partial swelling of starch granules rather than their complete
gelatinization. The gradual broadening of the endotherm G in the high range of water
content from 65 to 96.7% (water/starch ratio of 1.5:1 to 25:1) reflects the changes
from limited swelling to maximum swelling of starch granules (mainly amylopectin
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molecules) and partial dissolution of starch polymers (mainly amylose molecules).
Endothermic transitions of different types of starch granules were observed over a
wide range of water/starch ratios in the DSC to reflect different aspects of the
swelling behavior. For wheat and pea starches, endotherm G reflects the change
from limited swelling to maximum swelling with partial leaching of starch polymer
molecules. For potato and waxy starches with very high swelling power, endotherm
G only reflects swelling of starch granules. However, the swelling behavior of high-
amylose starch during DSC heating is not as easily characterized [60]. In addition, a
recent study has shown that the gelatinization endotherm involves not only the initial
water uptake and swelling of amorphous regions in starch granules (within Tp) but
also the melting of starch crystallites (beyond Tp) [51]. At low water content (<34 wt
%), the single high-temperature DSC endotherm M1 is assumed to be related to the
true melting of starch crystallites (i.e., without the assistance of water). Heating
starch at low moisture for prolonged times leads to pyrodextrinization.

The nature of the biphasic endothermic G and M1 transitions of starch–water
systems at medium water content (34–66 wt%) has been the subject of extensive
research, leading to the proposal of several models to interpret experimental obser-
vations. Firstly, a swelling-driven melting theory was proposed by Donovan [26],
who argued that the gelatinization of a starch–water system occurs initially in
amorphous regions of the granule. The first G endotherm was suggested to result
from the swelling-driven crystalline disruption, in which the swelling of the amor-
phous regions is considered to “strip” polymer chains from the surface of crystallites,
while the M1 endotherm represents the melting of the remaining, less hydrated
crystallites. A second, crystallite stability model, proposed by Evans and Haisman
[61], considers starch granules to consist of crystallites of variable stability.
According to this second model, the biphasic endotherm represents the progressive
melting of crystallites with increasing stabilities: the less stable crystallites are
melted first in sufficient water, followed by the true melting of remaining more
stable crystallites in the absence of free water. This model has been supported by
subsequent studies [29, 56, 62, 63]. A third model, proposed by Nakazawa et al. [64]
and Slade and Levine [65], has been referred to as the sequential phase transition
model. The G endotherm is considered to reflect primarily plasticization in amor-
phous regions, whereas the M1 endotherm reflects non-equilibrium melting of
crystallites. A fourth, three-stage phase transition model proposed by Biliaderis
et al. [37] suggested that the biphasic transitions in DSC thermograms taken at
medium water content represent, in turn, partial melting, recrystallization, and final
melting. According to this model, starch as a semicrystalline material is thought to
undergo reorganization during heating in DSC experiments, similar to the process of
annealing. As a result, starch granules are proposed to undergo a partial melting of
crystallites followed by the reorganization of remaining crystallites, and the final
melting of reorganized crystallites at higher temperature, which occurs in the course
of two endotherms G and M [37].

Although these models are all reasonable, they are based solely on the interpre-
tation of DSC data without taking structural changes into account. Based on SAXS,
WA-XRD, dynamic mechanical analysis, and NMR data on structural changes
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during heating a dilute starch–water system, Waigh, Gidley, Komanshek, and
Donald [66] proposed a novel interpretation of Donovan’s results. Their approach
was based on the assumption that hydrated amylopectin has a similar structure to that
of a branched side-chain liquid-crystalline polymer of a smectic or nematic type. At
excess water conditions (>66 wt% water), a two-stage process involved in starch
gelatinization occurs, namely, a slow smectic-nematic/isotropic transition followed
by the fast helix-coil transition (Fig. 5a). At intermediate water conditions (34~66 wt
% water), the first endotherm G is associated with the smectic-nematic/isotropic
transition and the second M1 corresponding to the helix-coil transition. At low water
level (<34 wt% water), a direct transition from glassy nematic/isotropic to amor-
phous state occurs at elevated temperature (Fig. 5b).

5 Exothermic Transitions of Starch–Water Systems

The DSC profiles of starch–water systems have been proposed to also contain some
exothermic transitions. The first proposed and widely accepted exothermic transition
is related to the phase transition of amylose–lipid complexes [44]. This exothermic
transition, which is usually observed to overlap with the preceding adjacent endo-
therm, has been attributed to the formation of the amylose–lipid complex [33, 40].

Hence, the exothermic transition was assumed to be related to the crystallization
of amylose–lipid complexes by two possible mechanisms: (a) aggregation of leached
amylose–lipid complexes present in native starch into Vh orthorhombic crystalline
packing and (b) in situ crystallization of leached (solubilized) amylose in the
presence of available endogenous lipids (Fig. 6) [33]. Recently, Wang and Copeland
[27] concluded, from studies on the effect of water content on swelling power and
solubility of pea starch granules, that the recrystallization of leached amylose–lipid
complexes seems implausible at water/starch ratios of 1.5 to 2:1, since no amylose
leaches out of the granules under these conditions. Hence, the annealing of amor-
phous type I amylose–lipid complexes according to mechanism (b) may contribute
to the exothermic transition during DSC heating. However, the gradual development
of the V-amylose pattern could also be caused by the gradual disappearance of
predominant crystalline diffraction peaks of native starch crystals, which may have
masked the presence of V-amylose contribution in native starch, rather than the
crystallization of amylose–lipid complexes. In the study of pea starch granules, the
exothermic transition could not be related to the crystallization of amylose–lipid
complexes due to the tiny amount of lipid (0.04~0.08%) present in pea starch and the
similarity of the DSC thermograms of native and defatted pea starch. Hence, the
exothermic transition observed for all of the pea starch–water systems was explained
to represent the phase transition due to the condensation of water from vapor to
liquid [27, 49]. Wang et al. [60] proposed that this phase transition occurs by the
following mechanisms. Firstly, water is absorbed into the granules, causing them to
swell and giving rise to endotherm G. With increasing temperature, the liquid water
molecules redistribute in the swollen granules, concomitant with ongoing melting of
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Fig. 5 The molecular disassembly of starch granules during gelatinization in excess water (a) and
in limiting water (b). (i) represents the molecular disassembly of B-type starch; (ii) represents the
molecular disassembly of A-type starch. Reproduced from [66] with permission from the Wiley
(2000)
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residual crystallites, before the water molecules vaporize and escape from the starch
gel. The condensation of water droplets on the inside of the pan lids results in the
DSC exothermic transition.

In DSC studies using a low-temperature gradient, the second endotherm M1
observed at intermediate water content was identified as an exothermic transition
following the first endotherm G [34, 52]. In this case, the main endothermic
transition G was associated with the melting of crystalline parts of starch granules
followed by unwinding of amylopectin double helices [34]. The exothermic transi-
tion following the endotherm G was associated with the formation of amorphous
hydrogen-bonded network between free ends of unwound amylopectin double
helices and other amylopectin branch chains [34, 66] or amylose [52]. At low
moisture content, an exothermic transition separating a biphasic M1/M2 endotherm
was reported for potato starch. These three combined endotherm and exotherm
transitions have been explained in terms of the following sequence of events:
(1) melting of B-type crystals, (2) recrystallization into A-type crystallites, and
(3) melting of A-type crystallites [67].

Fig. 6 Possible mechanisms involved in the crystallization of amylose–lipid complexes upon
heating: (A) at low and intermediate water contents (low swelling and leaching), packing of
isolated inclusion complexes pre-existing in native starch granules into Vh orthorhombic crystal-
line form; (B) in excess water (high swelling and leaching), crystallization of solubilized amylose in
the presence of lipids; and (C) in excess water, possible melting of single inclusion complexes
present in native starch before crystallization. Reproduced from [32] with permission from the
Wiley (1999)

Phase Transitions of Starch and Molecular Mechanisms 87



6 Measurement of the Extent of Starch Gelatinization

The extent of starch gelatinization is the key factor in determining the digestibility
and nutritional properties of starchy foods. As discussed previously, water content
and temperature are the two key factors that influence starch gelatinization, with
different hydrothermal protocols, as well as the use of stirring, resulting in differ-
ences in the extent of starch gelatinization. Various experimental approaches have
been developed to estimate the degree of starch gelatinization [68–70]. These
include enzymatic measurement of starch degradation, DSC thermograms (particu-
larly enthalpy change), measurement of birefringence using polarized light micros-
copy, measuring changes in crystallinity by X-ray diffractometry, spin–spin
relaxation time in nuclear magnetic resonance (NMR) spectroscopy, and amylose–
lipid complex formation. Of these, measuring the susceptibility of the starch to
enzymatic hydrolysis and DSC studies are the two used most commonly.

Enzymatic methods have been widely used to determine the extent of gelatiniza-
tion of starch granules [22, 71–73]. These methods generally involve incubating the
starch with α-amylase and/or amyloglucosidase for a fixed time and measuring
amount of starch degraded. This approach is based on the assumption of a linear
relationship between extent of gelatinization and susceptibility for enzymatic deg-
radation and is thus an indirect method since it does not measure changes in the
structure of starch. DSC has become the dominant method for monitoring gelatini-
zation, mainly because of inter-laboratory variations in the conditions for enzymatic
hydrolysis and because the assumption of linearity between gelatinization and
enzymatic degradation may not be true. Holm et al. [72] have shown that the
enzymatic method tends to overestimate extent of gelatinization. And recently,
Wang et al. [74] concluded that the extent of structural order is not the key
determinant of the in vitro enzymatic digestibility of cooked starch.

The various methods to determine the extent of starch gelatinization measure a
specific but often different property of the starch. As a result, the extent of gelatini-
zation of the same sample measured by one method may be different from that
determined by another method [75]. Moreover, the overall extent of starch gelatini-
zation is an average of the gelatinization behavior of the many starch granules in a
sample. Depending on the conditions for hydrothermal processing, a starch sample
that is not 100% gelatinized may include granules that are close to the raw state (zero
gelatinization), granules in different stages of partial gelatinization, as well as
completely gelatinized granules [70]. Even with vigorous processing, remnants of
granules (granule ghosts), with only partially disentangled amylopectin clusters,
may remain [76].
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7 Definition of Starch Retrogradation and Molecular
Mechanism

When starch is heated in the presence of water and subsequently cooled, the
disrupted amylose and amylopectin chains can gradually reassociate into a different
ordered structure in a process termed retrogradation. A schematic representation of
changes that occur in a starch–water mixture during heating, cooling, and storage is
shown in Fig. 7 [77]. Starch retrogradation is usually accompanied by a series of
physical changes such as increased viscosity and turbidity of pastes, gel formation,
exudation of water, and increased degree of crystallinity with the appearance of
B-type crystalline polymorphs [78]. The rearrangement and association of the
outermost short branches of amylopectin (DP about 15) can result in the formation
of some B-type polymorphs [79, 80]. Dispersed amylose chains form double-helical
associations of 40–70 glucose units through hydrogen bonding [81, 82]. Starch
retrogradation is not favored by chains that are too short or too long, with the
optimum size range being between about 14 and 24 [83]. The retrogradation of
rice starch may be influenced genetically by Wx and SSIIa genes, which are
responsible for amylose and amylopectin synthesis, respectively [84].

For nonwaxy starch, retrogradation results in the transformation of a starch paste
into a firm gel consisting of a three-dimensional network. Waxy starch pastes on
retrogradation form a soft gel which contains aggregates but no network [85]. In
general, stronger starch gels are associated with a higher amylose content

Fig. 7 Schematic representation of changes that occur in a starch–water mixture during heating,
cooling, and storage. (I) Native starch granules; (II) gelatinization, associated with swelling [a] and
amylose leaching and partial granule disruption [b], resulting in the formation of a starch paste; (III)
retrogradation, formation of an amylose network (gelation/amylose retrogradation) during cooling
of the starch paste [a] and formation of ordered or crystalline amylopectin molecules (amylopectin
retrogradation) during storage [b]. Reproduced from [77] with permission from the Elsevier Ltd.
(2005)
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[86]. Amylose-based networks are considered to provide starch gels with elasticity
and strength against deformation [85, 87], whereas soft gels containing aggregates in
the absence of networks display easier penetrability and greater stickiness and
adhesiveness. The reduced availability of amylose for intermolecular hydrogen
bonding disrupts long-range interactions within the gel, resulting in decreased
cohesiveness of the structure.

Retrogradation is an ongoing process, which initially involves rapid recrystalli-
zation of amylose molecules followed by a slow recrystallization of amylopectin
molecules. Amylose retrogradation determines the initial hardness of a starch gel and
the stickiness and digestibility of processed foods. The long-term developments of
gel structure and crystallinity of processed starch, which are involved in the staling
of bread and cakes, are considered to be due to retrogradation of amylopectin [88–
90]. Because of its industrial significance, methods for monitoring starch retrogra-
dation and ways to retard it have been investigated extensively, as will be detailed in
the next sections.

8 Methods Used to Study Starch Retrogradation

As starch retrogradation is a complex process involving a series of molecular and
physicochemical events, a diversity of physical and chemical methods has been
applied to investigate the changes that take place in starch properties. These methods
include various thermal, rheological, spectroscopic and chromatographic techniques,
X-ray diffraction and scattering, mechanical tests, and microscopic imaging. Addi-
tionally, the kinetics of recrystallization of aging gelatinized starch has been
modeled using the Avrami equation [91, 92]. These various techniques provide
information on specific molecular characteristics or transitions as well as on changes
in the material as a whole [93–97]. DSC has proven to be an extremely valuable and
sensitive tool to characterize starch retrogradation, although no single method can
give a complete picture of retrogradation properties at both macroscopic and molec-
ular levels [96, 98]. The measurement methods are summarized in Table 1 [99].

8.1 Thermal Analysis

When a system is heated, absorption or release of heat or loss of mass usually occurs
as a result of phase transitions (such as melting or crystallization) or chemical
reactions (e.g., chemical decomposition). The realignment of disrupted amylose
and amylopectin molecules to form a partially ordered structure and the exudation
of water from starch gels can be monitored by several techniques of thermal analysis,
including differential scanning calorimetry (DSC), differential thermal analysis
(DTA), and thermogravimetry (TG). DSC is a technique that measures energy
changes in a material subjected to programmed heating or cooling. The transition
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temperatures (onset, To; peak, Tp; and conclusion, Tc) and enthalpy change (ΔH) due
to crystallite melting or formation of ordered structures can be derived from DSC
thermograms. In the case of retrograded starch, the DSC endotherm provides
quantitative measures of enthalpy change and transition temperatures for the melting
of recrystallized amylopectin [96]. By investigating 14 rice cultivars, researchers
suggested that the degree of retrogradation has a positive correlation with the degree
of crystallinity and gelatinization temperature it suffered [100]. DTA and TG, which
measure, respectively, the difference in temperature between the sample and a
reference and the mass loss of a sample as a function of temperature, have been
used to study retrogradation of rice starches differing in amylose content
[101, 102]. The degree of retrogradation was characterized by measuring the mass

Table 1 Methods used to measure starch retrogradation

Method types Techniques Properties measured

Thermal
analysis

DSC Transition temperatures, enthalpy change (ΔH) of crys-
tallite melting

DTA Temperature differences between the sample and a ref-
erence during a thermal program

TGA The mass loss of the sample

Rheological
analysis

RVA Pasting viscosities during programmed heating and
cooling of a starch suspension

TPA Hardness, cohesiveness, adhesiveness, elasticity, and
brittleness of the viscoelastic sample

Spectroscopic
analysis

FTIR Order in crystalline regions and the state of organization
of the double helices localized inside crystallites

Method types Techniques Properties measured

NIR Molecular changes of starch gel during retrogradation

Raman Internal vibrations of molecules;

continuous measurement of starch retrogradation at the
molecular level

NMR 1H NMR analyzes the mobility of starch polymer chains
13C CP/MAS NMR investigates molecular organization
of starch granule at a shorter distance scale (double
helices) and amorphous single chains

X-ray
diffraction

WAXD Long-range ordered structure of starch

SAXS Repetitive crystalline and amorphous lamellae

Microscopic
analysis

SEM
AFM

Surface morphology of starch granules and retrograded
starch gels

Physical
methods

Turbidity
Syneresis

Changes in density distribution of gelatinized starch
paste

Other methods Blue value
determination

Retrogradation of amylose during starch retrogradation

Resistance of starch
to hydrolysis

Resistance of starch to enzymatic hydrolysis during
retrogradation

Reproduced from [99] with permission from the Wiley (2015)
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loss of bound water or the differential temperature (ΔT) of gelatinized and
retrograded starch samples [101, 102].

8.2 Rheological Methods

Development of viscoelastic properties of starch during retrogradation can be mon-
itored using rheological or mechanical techniques to measure large or small defor-
mations. Large deformation tests can be conducted using uniaxial compression,
texture profile analysis (TPA), the Brabender Amyloviscograph, or the Rapid
Visco Analyzer (RVA). The application of large forces or shearing stresses during
measurement causes permanent structural disruption of the material or shear-
thinning, making the study of viscoelastic properties of the system difficult.
Hence, the results may not reflect the actual changes of the gelatinized starch during
retrogradation [103–105]. In many food processing operations, the viscoelastic
materials are often subjected to high shear conditions that cause varying degrees
of deformation, resulting in nonlinear viscoelastic behavior. To overcome these
drawbacks, small deformation dynamic mechanical devices have been developed,
which allow the viscoelastic properties to be measured nondestructively.
Low-deformation methods include the dynamic oscillatory test, creep compliance/
recovery test, and stress relaxation [106–108]. The last two tests are also known as
static procedures. The information obtained by small dynamic rheological testing is
useful to study gelation mechanisms, molecular interactions during gel formation,
and development of gel modulus (resistance to deformation) during aging. To fully
understand the viscoelastic properties of starch gels, the combination of two or more
methods is usually necessary. However, there have been few studies aimed at
correlating information obtained from large and small deformation
measurements [96].

Of the rheological methods mentioned, TPA and pasting analysis are the most
commonly used to study starch retrogradation in model starch gels and food systems.
In a TPA test, the sample is compressed uniaxially, the compressive force is then
removed, and the sample is re-compressed. Such a compressive sequence represents
2 “bites.” From the output of the instrument, one is able to measure five primary
characteristics of a gel: hardness, cohesiveness, adhesiveness, elasticity (also called
springiness), and brittleness (also called fracturability). Moreover, several additional
texture characteristics such as gumminess (hardness � cohesiveness) and chewiness
(hardness � cohesiveness � springness) can be derived [109]. In general, starch
retrogradation contributes to the increase of hardness and decrease of adhesiveness
of cooked rice during storage [110, 111].

The tendency of a gelatinized starch to retrograde can also be studied from its
pasting behavior, usually by observing changes in pasting viscosities during
programmed heating and cooling of a starch suspension using a Brabender
Amyloviscograph or Rapid Visco Analyzer (RVA). From the traces of either of
these instruments, five characteristic parameters can be obtained: peak viscosity,
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trough viscosity, breakdown viscosity, final viscosity, and setback viscosity. Of
these parameters, setback is defined as the difference between final viscosity and
trough viscosity, and its magnitude is considered to reflect the retrogradation ten-
dency of amylose in a starch paste. Typically, starch presenting higher setback
values has a greater tendency for retrogradation [112].

8.3 Spectroscopic Methods

Vibrational spectroscopy includes several techniques, the most important of which
are infrared (IR) and Raman spectroscopy. Both of these complementary techniques
are usually required to fully characterize the vibrational modes of a molecule.
Although some vibrations may give rise to signals in both the Raman and IR regions
of the electromagnetic spectrum, Raman spectroscopy is best at detecting symmet-
rical vibrations of nonpolar groups, whereas IR spectroscopy is best for asymmet-
rical vibrations of polar groups [113]. IR and Raman spectroscopy have been used
extensively to study the molecular changes during starch retrogradation, as described
in the following sections.

IR Spectroscopy The technique of Fourier transform mid-infrared (FTIR) spec-
troscopy in combination with attenuated total reflectance (ATR) has been used to
follow starch retrogradation. The wavelength range from 800 to 1300 cm�1 corre-
sponds mainly to C–O and C–C stretching vibrations and is sensitive to changes in
polymer conformation and starch hydration [114]. The spectral band at 995 cm�1 is
very sensitive to water content. Bands at 1047 and 1022 cm�1 reflect the amounts of
ordered and amorphous regions, respectively [115, 116]. The absorbance ratios of
1047/1022 cm�1 and 1022/995 cm�1 are assumed to represent, respectively, the
order in more crystalline regions and the state of organization of the double helices
localized inside crystallites. On retrogradation, the 1047/1022 cm�1 and
995/1022 cm�1 ratios increase, consistent with an increased organization of structure
[117, 118]. Other characteristic bands were also observed to be affected by retro-
gradation. A weak shoulder at about 2852 cm�1, which overlaps the band for the –
CH2 symmetrical stretching vibration, was observed to increase with retrogradation
of normal starch. The increased intensity of this shoulder was attributed to the
unwinding of protein [119]. An alternative explanation is that it may be related to
the formation of amylose–lipid complex during retrogradation. In addition to the
above well-characterized bands, other bands at 1743, 1650, 1537, 1418, 1373, and
1242 cm�1 also change as retrogradation progresses, although the reasons for this
are not well understood. These bands may be assigned to conjugated carbonyl and
carboxyl groups and C–O vibrations [120, 121].

Near-infrared reflectance (NIR) spectroscopy is another technique for acquiring
information on molecular changes during retrogradation of gelatinized starch
[97, 122, 123]. In a study of retrogradation behavior of rice paste [123], the NIR
spectra of rice gels were characterized by small peaks at approximately
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10,583–10,383 cm�1 and by major peaks at 8871–8655, 7297, 7097, 5430, 5245,
and 4474 cm�1. The peak at 10,383 cm�1 was attributed to the second overtone of
symmetrical and asymmetrical stretching of O–H of water. Absorbances at 8871 and
8655 cm�1 are due to the C–H stretching vibration of starch molecules. The peak at
7297 cm�1 arises from the C–H stretching vibrations of starch and cellulose mole-
cules, the one at 7097 cm�1 from the first overtone of O–H of water. The absorption
bands at 5245 and 4474 cm�1 are due to the combination of water and C–H
stretching and the bending of starch molecules, respectively [122, 124]. These
major NIR peaks change with retrogradation, reflecting the molecular modifications
of starch and water. However, the relationship between the changes in these NIR
spectral bands and structural changes in retrograded starch is not well understood.

Raman Spectroscopy Raman spectroscopy is used widely to probe molecular
vibrations that are sensitive to the chemical environment around individual atoms
[125]. For starch the characteristic Raman spectral bands at 3200, 2900, 930, and
477 cm�1 are associated with amylose and amylopectin molecules. The two most
intense spectral bands, at around 480 cm�1 and between 2900 and 3100 cm�1, are
attributed to vibrations in the pyranose ring of glucose and C–H stretching, respec-
tively. Bands around 860 and 930 cm�1 are assigned to the C(1)-H and CH2

deformations and C–O–C skeletal mode vibrations of the α-1,4 glycosidic linkages.
A band at 1127 cm�1 is attributed to the contribution of two main vibrational modes,
C–O stretching and C–O–H deformation. The vibrational modes that are dependent
upon the crystal structure of amylose occur at approximately 1440, 1340, and
1200 cm�1. These bands are associated with a complex of vibrations among CH2,
C–O–H, and C–C–H [126–129].

Raman spectroscopy is a nondestructive technique that allows continuous mea-
surement of starch retrogradation at the molecular level. Starch retrogradation can be
monitored based on the full widths at half-height of peaks (FWHHs), shifts in the
position of Raman bands at about 480 cm�1 and from the spectral features of the C–
H stretching modes between 2800 and 3050 cm�1 [130]. The FWHH of the spectral
feature of the C–H stretching modes between 2800 and 3050 cm�1 and shifts of
Raman band at 480 cm�1 of potato, maize, and wheat starches varied with the
storage time of the gel [130]. Retrogradation of potato starch led to the most
remarkable changes in the FWHH at 2900 cm�1 and shift of the band at
480 cm�1, whereas wheat starch showed the least changes on retrogradation. In a
study of starch retrogradation in maize tortillas [117], the band at 480 cm�1 was
observed to disappear gradually as retrogradation proceeded. Other bands at 1459,
1127, and 856 cm�1 were also observed to decrease in intensity with ongoing
retrogradation, although the significance of these changes is not known. Prediction
of the retrogradation degree in starch can also base on the combination of MIR and
Raman spectroscopy which are more accurate than that based on a single
technique [131].
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8.4 Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) as an analytical technique can be dated to the
mid-twentieth century, when proton nuclear magnetic resonance (1H NMR) was
observed in liquid water and paraffin wax [132, 133]. Subsequently, several other
magnetically active nuclei such as 13C, 19F, and 31P were used for the analysis of
biological and pharmaceutical compounds and their mixtures [134]. As a noninva-
sive and nondestructive technique, NMR has become a central analytical method in
food science [135], including for the study of starch retrogradation. The most
frequently used NMR technique in the study of starch retrogradation is
low-resolution 1H NMR, which is capable of analyzing the mobility of starch
polymer chains [136]. The starch molecules in the more mobile liquid (gelatinized)
and less mobile solid-like (retrograded) state can be differentiated by the spin–spin
relaxation time (T2). As retrogradation proceeds, the signal attributed to protons in
the solid phase of starch gels increases, while the signal from the liquid component
decreases [137]. A decrease in the T2 value for a population of exchangeable protons
in a gel network of a crustless crumb stored at 4 �C compared to 23 �C was
interpreted as showing that cool storage led to increased strength of the starch
network [138, 139]. A decrease in the molecular mobility of the liquid component
was observed by decreases in 17O T2 (the liquid transverse relaxation rate), 1H D0

(the rate of H1 diffusion coefficient), and T2A (the liquid transverse relaxation time).
The value for T2B (the solid transverse relaxation time) did not change with concen-
tration or time, indicating that the mobility of the solid component does not change
over time despite the conversion of the highly mobile starch fraction to the less
mobile solid state during retrogradation [140].

Wu et al. [141] and Wu and Eads [142] studied polymer immobilization during
aging of waxy maize starch gels using 1H nuclear magnetic cross-relaxation spec-
troscopy. From the normalized amplitude of the liquid 1H signal (single resonance),
the Z-spectrum could be obtained, which is a reflection of immobile protons in the
sample. At the same moisture content, different starch samples showed different
Z-spectra, indicative of different mobilities of protons in the solid fraction [143]. For
example, a narrower line shape is indicative of more mobile protons in the solid
phase. An observed increase in the area and width of the Z-spectral line shape for
waxy starch gels during aging was dependent on concentration and storage time
[142, 143].

High-resolution solid-state 13C NMR has been increasingly applied to the study
of starch retrogadation using a special technique referred to as cross-polarization and
magic-angle spinning (CP/MAS) NMR spectroscopy. 13C CP/MAS NMR has been
used to investigate molecular organization of starch granules at a shorter distance
scale than X-ray diffraction and to obtain information on ordered helices and
amorphous single chains. The two broad shoulders at 103.2 and 82.4 ppm are
assigned to the amorphous domains for C-1 and C-4 [144]. These two domains are
generally used to estimate the proportion of amorphous, single, and double-helical
material in starch samples. On gelatinization, the increase in intensity of the C-4
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resonance at 82 ppm was clearly evident, reflecting the loss of crystalline structure
and increase in proportion of amorphous areas. On retrogradation, the intensity of
this peak decreased with aging of a starch gel, indicating the development of rigid
structures due to the interaction of starch chains. Meanwhile, the double helix
content increased with aging of the starch gel [118, 145].

8.5 X-ray Diffraction

X-ray diffraction (XRD) techniques are used widely for phase identification of a
crystalline material and to provide information on crystal structure and unit cell
dimensions, as reviewed by Blazek and Gilbert [146]. As a semicrystalline material,
native starch granules present three distinct X-ray diffraction patterns (A, B, and C)
and varying degrees of crystallinity. XRD detects long-range ordered structures
involving regular and repeated arrangement of double helices, thereby reflecting
the three-dimensional order of starch crystallinity. The technique is less sensitive to
irregularly packed structures, small chain aggregates, or isolated single helices
[147]. The XRD pattern is an average of many granules, and therefore XRD does
not pick up variability between or within granules. The changes in long-range
ordered structure of starch gels during retrogradation have been studied extensively
by XRD. During gelatinization, the crystalline structure of starch granules is
disrupted, which is usually detected by an amorphous halo in the X-ray diffraction
patterns of fully gelatinized starch samples. The formation of new crystallites in
freeze-dried retrograded starch can be distinguished by XRD [148].

The extent to which crystallites develop and the type of polymorphs formed as a
result of retrogradation are influenced by many factors, such as storage temperature,
water content of gelatinized starch samples, extent of gelatinization, and amylopec-
tin chain length [118, 149]. In most cases, retrograded starch presents a typical
B-type X-ray diffraction pattern, irrespective of whether it was present as A- or
B-type polymorphs in its native state [78]. Hellman et al. [150] found that the type of
crystals developed in aged cereal starch gels depend on water content. Samples
containing more than 43% water presented a B-type pattern on aging, whereas those
containing less than 29% moisture gave an A-type pattern. Samples with moisture
content of between 29 and 43% displayed a C-type pattern [151]. The development
of crystalline polymorphs is also influenced by retrogradation temperature. Storage
at low temperature results in the formation of B-type polymorphs, whereas high
temperature leads to the formation of A- and V-type polymorphs [152].

Starch retrogradation can also be monitored by small-angle X-ray scattering
(SAXS), which is used less often compared to XRD. SAXS measures variations in
the distribution of electron density between two phases, such as amorphous and
crystalline lamellae or amorphous and crystalline growth rings in starch. The average
total thickness of the crystalline and amorphous lamellae can be obtained from the
SAXS patterns [146]. When reorganization of a starch gel reaches a sufficient level
of ordering, Bragg peaks corresponding to lamellae can be observed
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[146, 153]. Retrogradation at low temperature leads to the formation of lamellar
peaks of long-range periodicity, but this peak was not observed for starch
retrograding at high temperature [152].

8.6 Measurement of Turbidity and Syneresis

Turbidity, as measured by absorbance of light at 620 nm, may be used to characterize
the retrogradation behavior of dilute starch pastes (<2%, w/w starch). The changes
in density distribution due to the aggregation of amylose and/or amylopectin chains
reduce the transmission of light [87]. Many studies have shown that there is a rapid
increase in the turbidity during the early stage of storage of gelatinized starch
dispersions, which remains largely unchanged or increases only slowly after 48 or
72 h storage [154, 155]. The rapid increase in turbidity during the first 24 h reflects
the formation of networks, resulting mainly from interactions between AM chains
that were leached out of the granules during gelatinization [118, 156]. The changes
in turbidity during storage of starch pastes are consistent with rapid retrogradation of
amylose [87]. The increase in turbidity of starch pastes during storage has been
reported to be affected by factors such as granule swelling, granule remnants,
leached amylose and amylopectin, and amylose and amylopectin chain
lengths [157].

Syneresis is a process in which a gel contracts on standing and exudes liquid.
While syneresis is a physical characteristic of most gels, it can be used to assess the
freeze-thaw stability of starch by measuring the water exuded from a gel on standing
or after freezing and thawing [158]. Syneresis increases with the number of freeze-
thaw cycles, in part due to enhanced amylopectin retrogradation in the starch-rich
phase [159]. A low syneresis value on freezing and thawing is indicative of slow
retrogradation of starch gels due to strong interactions between dispersed amylose/
amylopectin and water molecules [160].

8.7 Other Methods

Blue Value Determination Starch can form an inclusion complex with polyiodide
ions, which gives rise to a characteristic deep blue color. Amylose content of native
starch is often determined colorimetrically from the iodine complexation. In amor-
phous domains, the conformation of amylose chains appears to be mainly in a single
helical state or random coil. Dispersed amylose on retrogradation may form double-
helical associations of 40–70 glucose units, which cannot accommodate the iodine.
As a result, amylose gradually loses its ability to form a blue complex with iodine if
double-helical associations occur between amylose chains on retrogradation. The
blue value, which was defined as the absorbance at 635 nm of 10 mg anhydrous
starch in 100 mL diluted I2-KI solution at 20 �C, can be used to monitor the starch
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retrogradation progress. As the blue complex is formed mainly with amylose
molecules, the blue value determined during starch retrogradation predominantly
reflects retrogradation of amylose. According to the blue value, the amount of
soluble amylose in cooked starch decreased rapidly with storage time during the
first 8 h after cooking and then underwent little change after 24 h at 20 �C [161].

Resistance of Retrograded Starch to Enzymatic Hydrolysis The resistance of
starch to enzymatic hydrolysis can be used as a measure of starch retrogradation. The
formation of ordered structures such as double helices and/or crystallites as a result
of retrogradation increases the resistance of starch to enzymatic hydrolysis
[162, 163]. To evaluate the degree of starch retrogradation by enzymatic hydrolysis,
the selection of enzymes used for starch digestion is very important. As hydrolytic
enzymes differ in specificity and activity towards retrograded starch [96], measures
of starch retrogradation will depend on the type and amount of the particular
enzymes used. The most commonly used enzymes are pancreatic α-amylase,
although Bacillus subtilis α-amylase and β-amylase and pullulanase are also used.
Heat-stable α-amylase at high temperature is not recommended since under these
conditions retrograded starch almost completely hydrolyzed [164]. According to
methods developed by Kainuma et al. [165] and Tsuge et al. [166], nondigestible
retrograded starch can be determined colorimetrically with iodine after gelatinized
starch has been digested by Bacillus subtilis α-amylase.

Imaging Methods Microstructures formed by the reassociation of dispersed starch
molecules can be distinguished by scanning electron microscopy (SEM) or atomic
force microscopy (AFM). For starch gels containing amylose, extended molecular
networks containing discrete rod-shaped structures with average dimensions of
52.1 � 12.4 nm in length, 35.2 � 6.3 nm in width, and 0.9 � 0.5 nm in height
can be clearly observed by AFM [85]. In contrast, gels of waxy starch and starches
mixed with lipids were observed to contain mainly aggregated globular structures
with a diameter between 20 and 60 nm and height of 0.5–1 nm under AFM [85].

Retrogradation behavior of starch gels can also be visualized by SEM and TEM
images. Upon storage and dehydration, a “cell-wall” structure with fractal-like
networks and well-defined pores in the gel can be observed under SEM or TEM
[167–170]. The matrix surrounding the pores appears increasingly stronger and
thicker with longer storage time. The storage temperature also has important effects
on the apparent fractal microstructure of retrograded starch gels, with smaller
cavities formed at low temperature than at higher temperatures [168]. This observa-
tion was interpreted in terms of lower temperature reducing mobility of water and
starch, thus yielding an aggregated structure rather than a globular structure
[168]. The average fractal dimensions of the retrograded starch samples increased
with storage time. Moreover, a good correlation was found between fractal dimen-
sions and retrogradation enthalpies [167, 168]. In addition to fractal dimensions, the
lacunarity (gaps or holes) can also be used as an indicator of the homogeneity of
retrograded starch gels. The lacunarity of retrograded maize starch gels increased
with storage time and correlated well with the enthalpy of retrogradation
[168]. These results indicated that the fractal features extracted from SEM images
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of retrograded starch gels can be used to characterize the extent of retrogradation
[167, 168].

In summary, probing changes in a sole parameter over time may not provide an
adequate description of retrogradation. The methods described for characterizing
methods of starch retrogradation measure different events that occur during the
reassociation of amylose and amylopectin chains following starch gelatinization.
The changes involved may not occur simultaneously. For example, the development
of gel modulus during storage can lag behind the formation of crystallites as
measured by DSC and X-ray diffraction, depending on starch concentration
[79]. The rate of modulus (G0) development in aging nonwaxy starch gels is often
much faster than the rate of increase of retrogradation enthalpy (ΔH) [107]. Further-
more, retrogradation kinetics determined by different methods on the same sample
may not be in agreement [171]. Choosing the appropriate methods to monitor starch
retrogradation in food products should depend on the physical and/or chemical
characteristics of samples as well as an appreciation of the limitations of the
methods.

9 Factors Influencing Starch Retrogradation

Starch retrogradation is mostly taken to be an undesirable process that occurs during
the storage of starchy foods. Retardation or inhibition of starch retrogradation is of
special interest and a challenge for the food industry and an area where great efforts
have been made to study the influencing factors. As discussed subsequently, water
content, starch source, and storage conditions are all well-known factors that can
greatly influence starch retrogradation. The presence of food components such as
lipids, carbohydrates, salts, proteins, or peptides has also been shown to play a
significant role in retarding the rate of starch retrogradation.

9.1 Water Content

In the processing and storage of foods, water plays a crucial role in starch gelatini-
zation and retrogradation. The effect of water content on starch gelatinization has
been reviewed by Wang and Copeland [1]. The rate and extent of starch retrogra-
dation is also largely dependent on water content. The effect of water content on
starch retrogradation, as determined by measuring DSC enthalpy change of
recrystallized amylopectin, displayed a parabolic shape, with maximum retrograda-
tion occurring in starch gels at 40–45% water content [172]. However, Jouppila et al.
[173] showed that the rate of retrogradation, as determined by the Avrami equation,
was independent of water content at high temperature; the half-time for maximum
retrogradation was 5.2 days at 60 �C but only 34 min at 80 �C.
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The effect of water content on starch retrogradation is influenced by amylose
content, which can also affect amylopectin crystallization [174]. When the water
content was below 20% or above 90%, no retrogradation was observed by DSC for
corn and wheat starch [174, 175]. As the water content was reduced to 80%,
retrogradation occurred for nonwaxy corn starch, but was not observed in waxy
starch. When the water content was decreased further to 70%, retrogradation
occurred for both waxy and nonwaxy starches, with the former exhibiting smaller
enthalpies, indicating that the retrogradation of starch is facilitated in the presence of
amylose [174, 176, 177]. When the water content was 60%, starch retrogradation
was not affected by amylose content [174]. For the low water contents, Wang et al.
[178] conclude that enthalpy change of retrograded starch at low water contents
involves the melting of recrystallized starch during storage and residual starch
crystallites after DSC gelatinization and that the endothermic transition of
retrograded starch gels does not fully represent the retrogradation behavior of starch.
Very low or high water contents do not favor the occurrence of starch retrogradation.

9.2 Storage Conditions

Temperature and length of storage are the major determinants of the extent of starch
retrogradation. In general, retrogradation is rapid initially and then slows down. The
onset temperature and enthalpy change for the melting of retrograded starch mole-
cules increase with storage time at constant temperature, whereas the conclusion
temperature exhibits little change [118, 149, 179–181]. These observations indicate
that longer storage facilitates the formation of more starch crystallites with a higher
degree of perfection. As was noted for enthalpy change, the relative crystallinity,
double helix content, and the IR absorbance ratio of 1047/1022 cm�1 all increase
with storage time, indicating the increasing formation of starch crystallites and
molecular order [118, 149, 179, 182]. The hardness and springiness of retrograded
starch gels increase during the initial stage of storage at a constant temperature but
then change only slightly on longer storage [181, 183, 184]. In comparison, holding
gels under cycled temperatures of 4/30 �C results in hardness and springiness
developing and remaining more or less the same during the whole process [181].

The most common temperature conditions for studying starch retrogradation are
isothermal storage at 4, 25, or 30 �C or temperature cycling between 4 and 25 �C
(or 30 �C). Generally, the storage of starch gels at 4 �C induces faster crystallization
of amylopectin than at 25 or 30 �C. Temperature cycling (4/30 �C) led to smaller
melting enthalpy of retrogradation products, higher melting onset temperatures, and
lower melting temperature range, compared with isothermal storage at 4 �C, indi-
cating that temperature cycles inhibited the formation of crystallites but enhanced
their homogeneity and stability [148, 180]. Similarly, the DSC melting temperature
range of waxy potato starch products stored at cycles of 4/25 �C shifted towards
lower values compared with storage at 25 �C, indicating that less crystallites are
formed during retrogradation under temperature-cycled conditions [179, 185,
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186]. However, in another study, storage at 4 �C resulted in the lowest To, Tp, Tc,
Tc � To, and enthalpy change, compared with storage at 25 �C and temperature
cycles of 4/25 �C, indicating that storage at 4 �C inhibited generation of crystallites
and decreased the perfection of starch crystallites. The cycled temperature (4/30 �C)
storage could promote the recrystallization and induce the digestibility than the
isothermal storage [187]. Clearly, the type of starch and experimental conditions
will influence how starch retrogrades.

9.3 Gelatinization Temperature Range

Previous studies of starch retrogradation rarely considered the initial thermal treat-
ment, but some experiments have shown that heating to various temperatures above
the range of gelatinization may profoundly affect amylopectin retrogradation.
Keetels [188] discovered that the heating temperature to 70, 90, and 120 �C clearly
generated the different rate of retrogradation. This would mainly be caused by
further disentanglement of the starch molecules and a more extensive separation of
amylose and amylopectin at a higher temperature. Different initial heating temper-
atures and amylopectin structures can result in different enthalpies of retrogradation
for various starch, which may be due to varying extents of residual molecular order
in starch materials that are commonly presumed to be fully gelatinized
[189, 190]. Liu et al. [191] have investigated the retrogradation behavior after
multi-endotherms of the gelatinization of corn starch, such as G, M1, M2, and Z
endotherms by DSC. It was found that a certain thermal treatment temperature could
affect the residual endotherm above this treatment temperature. The time-dependent
retrogradation of corn starch is mainly due to G and M1 endotherms. The temper-
ature and enthalpy of the melting of amylose–lipid complexes M2 and nonlipid
complex amylose Z were not affected by aging time. Partial gelatinization of starch
on retrogradation can also affect the retrogradation behavior [149], the retrograda-
tion enthalpies of 68 and 70 �C were almost four times as high as that of 64 �C, and
the 25 �C and 64 �C had dominant A-type crystalline pattern, while 68 and 70 �C
showed dominant B-type crystalline pattern. These results showed that studies of
starch retrogradation should take into account the thermal history of the samples
even if temperatures are above the gelatinization temperature range.

9.4 Additives

Many additives are used to retard retrogradation of starch in foods independent of
storage time or temperature. These additives can be grouped into carbohydrates,
salts, amino acids/proteins/peptides, lipids, and other food components such as
polyols, polyphenols, emulsifiers, citric acid, and amylase. Table 2 summarizes a
large number of studies on the effect of additives on starch retrogradation. The table
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Table 2 Methods used to measure starch retrogradation

Additives Influences

Carbohydrates Monosaccharides Glucose Inhibition of retrograda-
tion of rice, wheat, sweet
potato, oat, corn, and
tapioca starch

Increased retrogradation
of oat starch

Ribose Inhibition of retrograda-
tion of rice and wheat
starch

Fructose Inhibition of retrograda-
tion of rice, wheat, sweet
potato, oat, corn, and
tapioca starch

Increased retrogradation
of oat starch

Oligosaccharides Sucrose Inhibition of retrograda-
tion of rice, wheat, sweet
potato, oat, corn, acorn,
and tapioca starch

Increased rate of rice
starch retrogradation

Little effect on retrogra-
dation of tapioca starch

Maltose Suppressed retrograda-
tion of rice starch

Lactose Inhibited pastry crumb
retrogradation

β-Cyclodextrin (β-CD) Reduced the rate of ret-
rogradation of amylose
and normal rice starch,
but not waxy rice starch

Hydroxypropyl-β-CD
(HP-β-CD)

More effective than
β-CD in retarding retro-
gradation of high amy-
lose rice starch

Low molecular weight dextrins Retarded starch
retrogradation

Malto-oligosacchrides Inhibition of rice starch
retrogradation and
retarded bread staling

Polysaccharides β-Glucan Significant inhibition of
retrogradation of rice
starch

Carboxymethyl cellulose
(CMC)

Concentration-depen-
dent inhibition of wheat
and sweet potato starch
retrogradation

(continued)
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Table 2 (continued)

Additives Influences

Tea polysaccharide More effective than
CMC in inhibiting
wheat starch
retrogradation

Soya-bean soluble polysaccha-
ride (SSPS)

Increase the short-term
(24 h) retrogradation of
wheat starch and
retarded long-term ret-
rogradation more effec-
tively than GA

Gum arabic (GA) Increased short-term
(24 h) retrogradation of
wheat starch

Retarded retrogradation
of sweet potato starch

Xanthan gum Increased retrogradation
of wheat starch

Decreased retrograda-
tion of sweet potato
starch and tapioca starch

No effect on retrograda-
tion of corn and wheat
starch amylopectins

Enhanced short-term
retrogradation of tapioca
starch but retarded long-
term retrogradation

Pentosans Water-soluble pentosans
slowed the rate of amy-
lopectin retrogradation
in wheat starch gels

Water-insoluble pento-
sans slowed the rate of
retrogradation of both
amylose and amylopec-
tin in wheat starch gels

Locust bean gum Retarded retrogradation
of tapioca, rice, sweet
potato starch, and wheat
starch

Increased short-term ret-
rogradation of wheat
starch

Pullulan Inhibited short-term ret-
rogradation of amylose
and long-term retrogra-
dation of amylopectin

Guar gum Inhibited the retrograda-
tion of wheat and sweet
potato starch

(continued)
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Table 2 (continued)

Additives Influences

No effect on retrograda-
tion of tapioca starch

Okra gum Inhibited the retrograda-
tion of wheat and corn
starch

Corn fiber gum Inhibited the retrograda-
tion of maize starch

Pectin Reduced potato starch
retrogradation

Inulin Reduced potato starch
retrogradation

Konjac glucomannan Retarded long-term ret-
rogradation of tapioca,
maize, wheat, and potato
starch; increased short-
term retrogradation of
wheat starch

Tara gum Increased short-term ret-
rogradation of wheat
starch

Inhibit long-term retro-
gradation of wheat
starch

Iota-carrageenan Increased short-term ret-
rogradation in the pres-
ence or absence of salts

Retarded structural
ordering during
retrogradation

Alginate Retarded the retrograda-
tion of sweet potato
starch

Gellan Retarded the retrograda-
tion of sweet potato
starch

Hydroxypropylmethylcellulose
(HPMC)

Decreased the hardening
rate of the bread crumb
and retarded the amylo-
pectin retrogradation

Salts Li+, Mg2+, and Ca2+ Decreased retrograda-
tion of rice starch

K+ and Na+ Decreased retrograda-
tion of amaranth, corn,
wheat, rice, and tapioca
starch

Proteins Soy protein Soybean 7S globulin Retarded retrogradation
of corn starch

Soybean 11S globulin Promoted retrogradation
of corn starch

(continued)
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Table 2 (continued)

Additives Influences

Soy protein isolate (SPI) Little effect on retrogra-
dation of corn starch

Wheat protein Gluten Retarded retrogradation
of wheat starch

Little effect on wheat
starch retrogradation

Glutenin Retarded retrogradation
of wheat starch

Albumins, globulins, gliadins Promoted wheat starch
retrogradation

Soy or pea pro-
tein hydrolysates

Retarded maize and corn
starch retrogradation

Amino acids Alkaline amino acids (Arg and
Lys)

Decreased retrograda-
tion of rice, potato, and
sweet potato starch

Acidic amino acids (Asp and
Glu)

Increased retrogradation
of potato starch

Decreased retrograda-
tion of sweet potato
starch

Lipids Free fatty acids Retarded corn and rice
starch retrogradation

Monoglycerides Reduced waxy corn
starch and waxy maize
starch retrogradation

Triglycerides No effect on starch
retrogradation

Retarded corn and
potato starch
retrogradation

Other
additives

Polyols Inhibited retrogradation
of potato starch

Polyphenols Tea polyphenols Retarded starch retro-
gradation of rice starch

Rutin Retarded retrogradation
of normal and high-
amylose rice starches

Amylases Retarded starch retro-
gradation or bread
staling

Emulsifiers/
surfactants

Cetyltrimethylammonium bro-
mide (CTAB)

Retarded starch
retrogradation

Sodium dodecyl sulfate (SDS) Retarded starch
retrogradation

Sodium stearoyl lactylate (SSL) Retarded starch
retrogradation

Citric acid Increased retrogradation
of low pH starch gels

Reproduced from [99] with permission from the Wiley (2015)
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is included to illustrate the diversity of results, sometimes conflicting, obtained with
starches from different sources under different experimental conditions.

Carbohydrates Carbohydrates that are widely used as additives to retard starch
retrogradation include monosaccharides such as glucose, ribose, and fructose; oli-
gosaccharides such as sucrose, maltose, and lactose; β-cyclodextrin and
hydroxypropyl-β-cyclodextrin; and polysaccharides like crude tea polysaccharide,
β-glucan, konjac glucomannan, carboxymethyl cellulose (CMC), soybean-soluble
polysaccharide (SSPS), gum arabic (GA), iota-carrageenan, pectin, xanthan gum,
and guar gum. In most cases, the addition of carbohydrates can inhibit the extent of
retrogradation of starch gels, although exceptions were observed in the presence of
sucrose [192]. The extent to which starch retrogradation is inhibited is largely
influenced by the type and concentration of carbohydrate. The mechanisms for the
inhibition of starch retrogradation are explained in terms of competition for water
between starch and the other carbohydrates.

Glucose, ribose, fructose, sucrose, maltose, and water-soluble maltodextrins all
can retard starch retrogradation. Many studies have shown disaccharides to be more
effective than monosaccharides as inhibitors of starch retrogradation [193–
197]. However, in a few cases disaccharides increased the rate of starch retrograda-
tion [198], and sucrose and glucose increased the extent of starch retrogradation
[11, 192]. The effect of oligosaccharides on starch retrogradation does not always
follow a consistent trend. In some studies, inhibition of starch retrogradation
decreased with increasing molecular weight of oligosaccharides [199, 200], although
this observation was not noted by others [201, 202].

Inconsistent results have also been reported with monosaccharides. In one study,
hexoses (with the exception of galactose) were more effective than pentoses in
retarding the retrogradation of starch [195], whereas in another study glucose was
less effective than ribose, which almost completely suppressed starch retrogradation
[199, 203].

β-Cyclodextrin and hydroxypropyl-β-cyclodextrin, which are used widely in the
food, cosmetic, and pharmaceutical industries, have also been used in studies of
starch retrogradation. The addition of β-cyclodextrin can retard the short- and long-
term retrogradation of amylose-containing starch, which has been attributed to the
interaction between amylose and β-cyclodextrin to form an amylose-β-cyclodextrin–
lipid complex [204]. β-Cyclodextrin did not retard retrogradation of waxy starch.
The extent of retrogradation of normal and high-amylose rice starch decreases with
increasing concentration of β-cyclodextrin [204]. Hydroxypropyl β-cyclodextrin
was more effective in retarding retrogradation of high-amylose rice starch than
was β-cyclodextrin [94]. In another study, hydroxypropyl-β-cyclodextrin increased
short-term amylose retrogradation but had little effect on long-term amylopectin
retrogradation [205].

Nonstarch hydrocolloidal polysaccharides, particularly guar gum, xanthan gum,
and carrageenan and, to a lesser extent, konjac glucomannan, pentosans, gellan,
pectin, pullulan, alginate, inulin, okra gum, locust bean gum, corn fiber gum,
carboxymethylcellulose, hydroxypropylmethylcellulose, and tea polysaccharide,
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have all been studied for their effect on starch retrogradation [17, 206–212]. As
pointed out by BeMiller (2011) [17], no general conclusions on the effect of
hydrocolloids on starch retrogradation have been reached. The addition of hydro-
colloids can increase, decrease, or have no effect on the extent of starch retrograda-
tion, depending on the paste/gel preparation method, storage temperature and time,
and measurement techniques of starch retrogradation. In general, hydrocolloids
seem to promote short-term retrogradation and retard long-term retrogradation,
presumably by primarily affecting amylose–amylose interactions and amylopectin–
amylopectin associations, respectively [17]. The addition of CFG (corn fiber gum)
was observed that retards the retrogradation of starch gels during long-term storage
[213]. The sodium alginate was observed to retard the retrogradation of starch
because hydrogen bonding between sodium alginate and amylose molecules restricts
the combination of amylose and amylopectin [214]. The inhibition of starch retro-
gradation by hydrocolloids is largely concentration-dependent.

β-Glucan is a food constituent noted for its thickening, gelling, and stabilizing
properties and for its potential beneficial effects on human health [215]. The com-
monly used β-glucans are from cereals such as barley and oats and also microbial
sources including yeast and bacteria. Similar to mono- and oligosaccharides,
β-glucans can also significantly retard the retrogradation of rice starch gels during
refrigerated storage. Water-soluble oat and barley β-glucans were more effective in
retarding starch retrogradation than the insoluble curdlan and yeast β-glucans
[215]. The retardation effect on starch retrogradation decreased with increasing
ratio of β-glucans to starch [216].

Salts Salt, especially sodium chloride (NaCl), is commonly added to dough formu-
lations at concentrations below 2% (flour basis) in the preparation of cereal-based
products, to improve the microstructure, physical characteristics, and sensory prop-
erties of the finished products [217–220]. The addition of NaCl during processing or
storage can alter greatly the extent of starch gelatinization and retrogradation. In
comparison with gelatinization, the effect of NaCl on starch retrogradation has
attracted relatively little attention. In the presence of NaCl, the extent of retrograda-
tion is generally decreased when starch gels are stored at 4 or 25 �C [192, 217,
221]. However, the addition of 5% NaCl increased the extent of starch retrogradation
of starch gels stored at –20 �C [221].

Proteins/Polypeptides/Amino Acids Proteins are often key components of starchy
foods and can play an important role in contributing to their quality and nutrition.
Addition of protein to starchy foods has been shown to influence starch retrograda-
tion. Addition of soybean 7S globulin retarded retrogradation and decreased retro-
gradation enthalpy of corn starch gel. In contrast, addition of soybean 11S globulin
promoted starch retrogradation and increased the retrogradation enthalpy. On the
other hand, the addition of soy protein isolate had little effect on retrogradation
properties of corn starch [222]. Wheat gluten protein has also been investigated but
was found to have little effect on the retrogradation of amylopectin [223]. Of the
albumin, globulin, gliadin, and glutenin fractions from wheat flour, only glutenin
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was reported to retard retrogradation of wheat starch, whereas the other three wheat
protein fractions promoted starch retrogradation [224].

Soy and pea protein hydrolysates have also been shown to retard maize starch
retrogradation [119, 225], as have free amino acids [226–228]. The addition of the
alkaline amino acid arginine decreased syneresis of potato starch, whereas the acidic
amino acids aspartate and glutamate increased it [227]. AGCPH (anti-listerial grass
carp protein hydrolysate), which can bind with granule remnants and amylopectin,
also can reduce the degree of crystallinity and retrogradation of starch [229].

Lipids Lipids are macro-constituents of many cereal and starchy foods. Although a
minor component by weight, lipids can have a significant role in determining the
properties of starch and starch-based foods. Lipids can interact with starch to form
inclusion complexes by entrapment in the amylose helical cavity [230]. The addition
of lipids to, or the presence of free lipids in, starch-based food systems generally
retard starch retrogradation after food processing followed by storage [231]. For
different types of lipids, the shorter the fatty acid chain, the more effective retarda-
tion of starch retrogradation [198]. The effect of lipids in retarding starch retrogra-
dation is interpreted in different ways. During starch retrogradation, amylose is more
easily retrograded by reassociation into double helices. The addition of lipid in
starch–water systems can hinder water penetration into granules and granule swell-
ing and, in turn, amylose leaching during heating. As a result, the mobility of
amylose molecules is constrained, resulting in slower amylose retrogradation
[232]. Additionally, the formation of amylose–lipid complexes during heating
and/or storage could inhibit the cross-linking and formation of double helical
structures between amylose molecules, which would also slow their retrogradation.
The presence of amylose–lipid complexes could also hinder the crystallization of
amylopectin. Lipids have also been proposed to complex with the outer branches of
amylopectin and thereby may inhibit starch retrogradation in a more direct way
[230, 233–236]. However, there is limited experimental evidence for the interaction
between lipids and the outer branches of amylopectin molecules, and hence this
proposal needs further investigation for its effect on starch retrogradation.

Other Food Additives With the objective of seeking effective inhibitors of starch
retrogradation, other food additives like polyols, polyphenols, emulsifiers, citric
acid, and amylase have also been studied for their effect on starch retrogradation.
Polyols were shown to inhibit the retrogradation/recrystallization of starch
[237]. The GBE (α-1,4-glucan branching enzyme) treatment may restrain retrogra-
dation, which was considered to be the absence of amylose and the abundance of
amylopectin with shorter chain length [238]. The effect of maltogenic α-amylase on
starch retrogradation has been studied. It inhibited retrogradation of waxy maize
starch, which might be due to the fact that a higher proportion of short outer AP
chains cannot participate in the formation of double helices [239]. The influence of
polyols on starch retrogradation depends on the number of hydroxyl groups, with
more hydroxyl groups exhibiting greater effectiveness in retarding the recrystalliza-
tion of potato starch [194]. The addition of tea polyphenols to rice starch signifi-
cantly retarded starch retrogradation in a concentration-dependent manner
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[240]. Similarly, addition of the flavonoid rutin also greatly retarded the retrograda-
tion of normal and high-amylose rice starches. The retrogradation of normal rice
starch was completely inhibited by the addition of rutin, as measured by DSC [241].

Emulsifiers can also retard starch retrogradation and are used as antistaling agents
in starchy foods. The addition of sodium dodecyl sulfate, cetyltrimethylammonium
bromide (CTAB), and monoglycerides decreased the retrogradation of starch, which
was explained as being due to complex formation between amylopectin and the
emulsifiers/surfactants [235, 237]. The addition of emulsifiers/surfactants in the
dough can significantly delay the firming of breads or cakes [89, 242, 243].

Thermostable amylases are used extensively in commercial bread formulations to
retard bread-staling. As reviewed by Fadda et al. [89] and Fu et al. [244], the
retardation of bread-staling is considered to be due to the formation of low-
molecular-weight dextrins, which reduce the ability of the residual starch to retro-
grade by interfering in the reassociation of starch chains [245]. The effect of citric
acid on starch retrogradation has also been studied. Citric acid increased retrogra-
dation of low-pH starch gels, which was attributed to the promotion of faster
reassociation of shorter chains [246].

The overall picture that emerges on the effect of additives on starch retrogradation
needs considerable refinement. There are inconsistencies in the literature, which may
reflect different experimental materials or conditions. Nevertheless, it seems that
agents that compete with starch for water, or reduce the effectiveness of leached
amylose to form a gel network, are able to retard or inhibit retrogradation. On the
other hand, additives that could facilitate the interaction of amylose and/or amylo-
pectin chains may induce more rapid retrogradation of starch.

10 Conclusions

Starch gelatinization and retrogradation are determined by a combination of vari-
ables—the type of starch, the polydispersity of granules, the moisture content of the
system, temperature and rate of heating and cooling, and shear forces. Food additives
can greatly alter the rate and extent of starch retrogradation, by competition for water
with starch or by interfering with the reassociation of starch chains. Although there
have been many studies on starch gelatinization and retrogradation, the results
usually relate to a specific combination of conditions, making generalizations
about functional properties of the products of hydrothermal processing difficult.
Many starchy foods have been processed under low moisture conditions, which lead
to incomplete gelatinization. Starch processed in this way may contain a complex
mixture of granules ranging from minimally to completely disrupted, which can
generate a multitude of aggregated starch forms on retrogradation. More studies are
needed of gelatinization and retrogradation in low-moisture systems, to increase our
understanding of the processing behavior and nutritional properties of starch.
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Rheological, Pasting, and Textural
Properties of Starch

Shujun Wang and Fei Ren

Abstract Native starch is an important raw material used in the industry. Rheolog-
ical, pasting, and textural properties of starch are the major functional properties to
determine its applications. Key rheological properties of starch include rheology of
starch during heating, viscosity of starch paste, and rheological features of starch gel.
The pasting properties of starch are commonly quantified by measuring changes in
viscosity during the heating and cooling of starch dispersions. The textural charac-
teristics of starch gels have an important role in the classification of sensory and
quality of foods. In this this chapter, the rheological, pasting, and textural properties
of starch from different botanical sources are compared, and the impacts of other
ingredients (sugars, salts and lipids) on the properties are summarized. The relation-
ship of starch functionalities with food quality is also summarized. The information
provided will be useful for the applications of starch in the industry.

Keywords Starch · Rheology · Pasting property · Texture · Food quality

1 Introduction

Starch is the main component of many edible plants and widely used in food,
material, chemical, and medical industries [1]. Starch occurs naturally as semicrys-
talline granules with hierarchical structure, which is composed of amylose molecules
(mostly unbranched) and amylopectin molecules (highly branched) [2]. The rheo-
logical behavior, pasting, and textural properties of starch are the main functional
characteristics that determine its application [3, 4], which are largely affected by the
structural changes in starch during gelatinization and retrogradation. As a starch
suspension is heated to gelatinization temperature, the starch granules absorb water
and swell, the amylopectin double helices dissociate, and the amylose molecules
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leach out, leading to the formation of a starch paste or gel [5, 6]. Upon cooling, the
dissociated starch chains recrystallize gradually into an ordered structure, the visco-
elasticity and hardness of starch gel gradually increase [7]. Currently, many methods
have been used to characterize the rheological, pasting, and textural properties of
starch. The Brabender Viscograph and Rapid Visco Analyser (RVA) have been
widely used for the determination of pasting properties of starch [1, 8,
9]. Researchers generally use a dynamic rheometer for studying the rheological
behavior of a starch paste or gel [10–13]. The textural characteristics of starch are
the main indicators of the sensory and quality of starchy foods, measured by the
texture analyzer [14]. Quality and shelf-life of starch-based foods are largely con-
trolled by starch functional characteristics. Therefore, this chapter will summarize
the rheological, pasting properties, and texture of starch and their effects on food
quality.

2 Rheological Behavior of Starch

Starch shows different deformation and flow characteristics under the action of
external forces, which is called the rheological behavior of starch [15]. The elastic
or storage modulus (G0), viscous or loss modulus (G00), and loss tangent (tan δ) are
the main parameters that describe the rheological behavior of starch. A tan δ value of
<1 means a more elastic and solid material, whereas tan δ > 1 describes a more
viscous and liquid material [12]. The rheological properties of starch are related
closely to the gelatinization and retrogradation of starch, including the rheological
behavior of starch during gelatinization, the rheology of starch paste, and the
viscoelasticity of starch gel during and after retrogradation [16].

During gelatinization, the G0 value of starch progressively increases with tem-
perature to a maximum (peak G0) and then drops with continued heating. Simulta-
neously, the G00 value of starch shows similar changes. The dynamic rheological
behavior of starch during heating is determined by source and structure of the starch.
Starch with larger sized granules has higher G0, G00 values and lower tan δ, as
observed with potato, rice, and wheat starches [17, 18]. During heating, the G0 and
G00 values of starch increase with the increasing amylose content [17, 19, 20]. In
other words, waxy starches (composed almost entirely of amylopectin) have gener-
ally the lowest G0 and G00 values [18]. The rheological behavior of starch during
gelatinization is also determined by the lipids and proteins in starch. The peak G0 of
maize starch occurs at a higher temperature as the protein content of starch increases
because the protective effect of proteins on starch granular integrity [21]. The lipids
in starch decrease the G0 and G00 values during cooking, due to the formation of
amylose–lipid complexes, which inhibits the swelling of starch granules [22].

The fluid rheology of starch is of special significance for improving the quality of
food [23]. In general, the fluid behavior of starch at steady-state flow is studied after
starch gelatinization [24]. Viscosity is an important parameter to characterize the
rheological behaviors of starch paste, considering starch is widely used as thickener

122 S. Wang and F. Ren



in yoghurt, breads, puddings, and other foods. After heating, the viscosity of starch
paste shows generally a non-Newtonian fluid behavior that the shear stress fails to
increase linearly with increasing shear rate [13]. The Bingham model, power law
model, and Herschel–Bulkley model are used to the mathematically model the
rheology of starch pastes [25]. Under steady-state shearing, starch pastes formed
exhibit decreasing viscosity with increasing shear rate (i.e., shear-thinning behavior)
[26], which is caused by shear-induced disruption of the swollen granules and
leached starch components orienting themselves in the direction of stirring. The
steady-state viscosity of starch pastes increases with increasing starch concentration,
whereas it decreases at higher temperature [26, 27].

Upon cooling and storage, starch paste can form a viscoelastic gel. The elastic
modulus (G0) is an important indicator of gel strength. During retrogradation, the
gelation of amylose firstly favors the development of starch gel structure [28], so the
G0 value of starch gel increases generally with increasing amylose content
[29]. Then, the recrystallization of amylopectin is beneficial to the long-term devel-
opment of gel structure [30]. Almost all non-waxy starches at a concentration of
6–8 wt% can form strong gels after retrogradation [31, 33]. Additives can also affect
the viscoelasticity of starch gels. The addition of salt to starch leads to the difference
in starch gel structures. The gel strength of starch increased as Na2SO4, MgCl2,
CaCl2, NaCl, and KCl were added into the starch but decreased with the addition of
NaI, NaSCN, KI, and KSCN [32]. Fatty acids are conducive to the formation of
starch gel [33], whereas sugars decrease the gel strength of starch [34].

3 Pasting Properties of Starch

Under controlled temperature profiles and shear forces, the changes that occur in
starch-water systems throughout gelatinization and granule disruption are defined as
pasting [35]. The pasting properties of starch can be quantified by measuring the
viscosity of starch suspensions during heating and cooling. During heating, the
viscosity increases to maximum and then decreases with further heating as a function
of the changes in starch granules [36]. During cooling, the viscosity of starch paste
increases with time, which is indicative of starch retrogradation [37]. A Rapid Visco
Analyser (RVA) is most commonly used in the routine analysis of starch pasting
properties. The RVA profiles provide information on pasting temperature (TP), peak
viscosity (PV, ability of granules to swell before rupturing), breakdown (BD,
stability of hot paste to shear force), setback (SB, initial retrogradation of starch
paste on cooling), and final viscosity (FV) [30].

Pasting properties of starch are determined by the starch structures. Amylopectin
is the main component responsible for swelling of starch granules and increases in
viscosity during heating, whereas amylose is often intertwined with amylopectin,
limiting the swelling of starch granules. Hence, the peak viscosity (PV) of a starch
paste decreases with increasing amylose content, such that waxy starches generally
display a lower Tp and higher PV than the corresponding non-waxy starch
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[38]. Upon cooling, a non-waxy starch has a greater setback (SB) value than its waxy
variety, which is due to the amylose primarily favoring the short-term development
of starch gel during cooling. Lipids, phosphomonoesters, and other minor compo-
nents in starch granules have significant effects on the pasting behavior. During
heating, amylose–lipid complexes that may have formed can be entangled with
amylopectin molecules, inhibiting granule swelling and resulting in the increase of
paste temperature (TP) and the decrease of peak viscosity (PV). Wheat and barley
starches showed higher TP and lower PV than other normal cereal starches. The
larger amounts of phospholipids in these two starches bind readily to amylose
[39]. However, as the endogenous lipids of wheat starch are removed by sodium
dodecyl sulfate, the starch exhibits similar TP and PV compared with cassava starch
and waxy corn starch [40, 41]. In contrast, the potato starch is negatively charged
and mutually exclusive between granules as a result of the presence of
phosphomonoesters in starch molecules, which can enhance the swelling of starch
granules, greatly decrease the Tp, and increase the PV. Additionally, the large
granule size of potato starch also contributes to the great increase of PV during
cooking.

The presence of food additives such as proteins, lipids, salts, or sugars has also
been shown to play a significant role in improving the pasting properties of starch.
Addition of proteins generally retards the pasting process of starches, which is due to
the competition for water between proteins and starch granules inhibiting the
progression of starch gelatinization, leading to the delayed formation of viscosity
peak [42]. As mentioned above, the addition of lipids increases the pasting temper-
ature and decreases the viscosity of starch paste due to the formation of amylose–
lipid complexes, which impede the swelling of starch granules [32, 43]. Recently,
starch–protein–lipid ternary complexes have attracted attention due to interactions
among these macronutrients during cooking influencing sensory, texture, and digest-
ibility properties of finished foods. The formed starch–protein–fatty acid ternary
complexes show higher viscosities than those of binary complex during the cooling
and holding stages due to the emulsifying action of proteins [42, 44]. The addition of
sugars such as sucrose, glucose, fructose, maltose, galactose, and lactose can
increase the viscosity of starch [45, 46]. During cooking, the salt had the least effect
on the pasting properties of almost all starches [40, 47]. However, the cation of salt
can shield the negative charge of phosphomonoesters and reduce the charge repul-
sion, resulting in the formation of a low viscosity of potato starch paste [48].

4 Textural Properties of Starch

Textural properties of starch gels are very important criteria to evaluate the perfor-
mance of starch in a food system. Upon retrogradation, non-waxy starch pastes
transform into a firm gel of tree-dimensional networks, whereas waxy starch pastes
form a soft gel consisting of aggregates [49]. In general, stronger starch gels are
associated with higher amylose content [50]. Amylose-based networks provide the
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elasticity and strength of starch gels against deformation [49], while soft gels
containing aggregates show greater penetration, stickiness, and adhesion [30]. Amy-
lose retrogradation determines the initial hardness of a starch gel and the stickiness
and digestibility of processed foods [30]. On the other hand, retrogradation of
amylopectin determines the long-term development of gel structure and crystallinity
of processed starch involving in the staling of bread and cakes [51].

Texture profile analysis (TPA) is the most commonly used to study the textural
properties of starch gels and starch-based food systems. In a TPA test, the sample is
subjected to twice cyclic processes of exerting and removing compressive force, and
five primary characteristics of a gel are obtained: hardness, cohesiveness, adhesive-
ness, elasticity (also called springiness), and brittleness (also called fracturability)
[30]. Moreover, several additional texture characteristics such as gumminess (hard-
ness � cohesiveness) and chewiness (hardness � cohesiveness � springiness) can
be derived [30]. Among these texture characteristics, the hardness of starch gels has
an important role in the classification of sensory and quality of starch-based foods
[14]. In general, the hardness of starch is positively correlated with starch concen-
tration [52]. As mentioned above, due to amylose crystallization (short-term) and
amylopectin retrogradation (long-term), the hardness of starch gels increases with
time [13]. The hardness of starch gels increases during the initial stage of storage at a
constant temperature but then changes only slightly on longer storage [53]. In
comparison, freeze-thaw cycle treatment results in hardness developing and
remaining more or less the same during the whole process [54]. Under the same
conditions, maize, wheat, and potato starches show similar hardness values which
are higher compared with that of a tapioca starch gel [52]. This is due to the relatively
low amylose content of tapioca starch and the large loss of granular integrity in the
gel [55].

In contrast to amylose content, lipid content is negatively correlated with gel
hardness. The formation of amylose–lipid complexes reduces the amount of amylose
available for network formation [40]. Additives such as sugars are commonly used in
starch-based foods in order to optimize the process operation and cause some
textural modification [45]. The increased gel hardness in wheat and potato starch
in the presence of sucrose, glucose, and glycerol has been reported [45]. This
increased gel hardness has been attributed to the formation of a strong amylose gel
matrix network via changes of conformational ordering and intermolecular associ-
ation of amylose chains [45]. Polymeric constituents of food, such as proteins, also
affect the textural properties of the starch gel. A mixed gel of oat starch and skim
milk powder was harder than mixed gels of oat starch–whey protein concentrate and
of oat starch–whey lactalbumin mixed gels [4], which is explained as being due to
casein micelles, soluble milk minerals, and lactose in milk providing more junction
jones for an intermolecular association of amylose continuous network [45].
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5 Relationship with Food Quality

Starch is widely used in many food formulations to improve quality attributes and
shelf-life. The two main uses are as thickening and gelling agents which are
determined by the rheological, pasting, and textural properties of starch. After
heating to above the gelatinization temperature, starch suspensions can develop
significant viscosity. The viscosity of the resultant starch paste determines its
thickening power of starch for various applications [56]. As thickening agents,
starch has been used in soups, gravies, salad dressings, sauces, and toppings. The
shear thinning behavior of starch paste is also of practical relevance for many food
products, such as processed cheeses, yoghurts, and foods produced by extrusion
[5, 57]. After cooling and storage, some starch pastes can form viscoelastic gels.
Maize starch gels with different hardness have been classified into the five dietary
groups, which provides valuable information on standard criteria and guidelines for
diets customized for the elderly [14]. As a gelling agents, starch is extensively used
in products like jam, jelly, marmalade, and restructured and low-calorie foods [58].

6 Conclusions

This chapter provides a summary of the rheological, pasting, and textural properties
of starch. The relationship of these properties with food quality contributes to an
understanding of starch functionality and its applications in the food industry. In
complex food systems, the rheological, pasting properties, and texture of starches are
influenced by other food components such as proteins, lipids, and salts, which affect
the quality and shelf-life of food. Therefore, future work should construct a food
model composed of starch and other food components, investigating the effect of the
interactions among food constituents on the functionality of starch and the quality of
relevant starch-based foods.
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Starch Modification and Application

Shujun Wang, Jinwei Wang, Yi Liu, and Xia Liu

Abstract Starch occurs widely in nature and is the second largest biomass on earth
after cellulose and one of the most abundant bio-renewable materials. The properties
of native starch do not always meet the requirements for a multitude of industrial
applications. Functional limitations of native starch can be overcome by modifica-
tions to broaden its applications in papermaking, pharmaceuticals, medicine, food,
and other industries. In this chapter, we describe in detail the main methods for the
modification of starch used in recent years. These methods involve physical, chem-
ical, and biological modifications. We also discuss applications of modified starch in
industries and propose potential applications of modified starch materials for the
future.

Keywords Starch · Physical modification · Chemical modification · Biological
modification · Starch applications

1 Introduction

Starch, a major storage reserve polysaccharide in plants, is used widely in the food
and nonfood industries [1–3]. Native starch is used as a texture stabilizer and
conditioner in food systems, but limitations such as low shear resistance, thermal
resistance, and high tendency towards retrogradation limit its use in industrial
applications [4, 5]. To overcome these deficiencies and widen the utilization of
starch, physical, chemical, and enzymatic modifications of native starch are carried
out [6]. Physical modifications are usually environmentally “green” and safe for
industrial production and are simple and easy for commercialization. Physical
modifications include hydrothermal (heat-moisture and annealing), microwave,
ultrahigh pressure (UHP), irradiation, and ultrasonic treatment. Chemical
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modifications are mostly practiced for food starches, generally by derivatization such
as etherification, esterification, cross-linking, oxidization, and acid hydrolysis of
starch [7]. Enzymatic modification mainly involves treatment of starch using hydro-
lyzing enzymes, showing several advantages including fewer by-products, more
specific hydrolysis products, and higher yield, better process control, and finalized
products with specific characteristics [8]. The most common enzymes for starch
modification include endo- and exo-amylases, debranching enzymes, and
transferases.

All of these modification methods tend to change the starch structures and
therefore affect functional properties and digestibility of starch, which determine
the applications of starch in food industries. This chapter will summarize the
definitions and classifications of modified starches by considering physical, chem-
ical, and enzymatic treatment and their applications in food systems.

2 Physical Modification of Starch

The physical modification of starch refers to as treatments of starch by means of
thermal mechanical force or physical field and does not result in breakdown or
chemical reaction of the D-glucopyranosyl units of the starch polymer molecules
[9]. Starch physical modification is generally divided into three categories: hydro-
thermal treatment, physical field treatment, and other physical treatments (Fig. 1).
After physical modification, starch functionality is often altered differently,
depending on the extent of modification [9].

Fig. 1 Common physical modification of starch
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2.1 Heat-Moisture Treatment (HMT)

Heat-moisture treatment (HMT) is a process in which starch with a low moisture
content (water content �35%) is heated at temperatures of 80–140 �C for
15 min ~ 72 h [9–11]. The factors that influence the effects of HMT on starch
include the type of starch, amylose content, heating temperature, water content, and
so on. In some studies, HMT did not damage the morphology of starch granules,
including the size and shape of starch granules [12, 13]. However, other studies have
shown that potato and corn starch granules had cracked after HMT [14]. Through
repeated HMT of sweet potato starch, the more repetitions, the more serious the
damage of starch granules [15]. These changes in morphology may be due to partial
gelatinization of starch granules. The impact of HMT on gelatinization characteris-
tics is not consistent, for example, the enthalpy changes (ΔH ) of starch increase,
decrease, or even remain unchanged after HMT treatment. Regarding the decrease in
ΔH, one explanation is that HMT destroys some of the double helices present in
crystalline and amorphous regions in starch granules [13]. Another explanation is
that gelatinization occurs in the process of HMT, in which unstable amylose and
amylopectin molecules become disorganized [16]. Generally, HMT leads to an
increase in the thermal transition temperatures (onset temperature (To), peak tem-
perature (Tp), and conclusion temperature (Tc)) of starch. There are two reasons for
this. Firstly, the unstable starch granules are disrupted, leading to the remaining
stable granules requiring higher temperatures to be broken down [17]. Secondly,
crystallite perfections may occur, which then need higher temperatures for disruption
[18]. A recent study showed that HMT destroys the long- and short-range ordered
structure of wheat and yam starches [17] and changed other functional properties,
such as decreasing starch solubility, swelling power, amylose leaching, and peak
viscosity (PV).

2.2 Annealing Treatment

Annealing (ANN) is a process in which starch is heated with excess water to below
the gelatinization temperature of starch but above the glass transition temperature
[19–21]. The annealing conditions reported in different references vary greatly. The
temperature has a great influence on the effect of annealing. Usually, the higher
annealing the temperature is, the more obvious the changes of the structure and
functional properties of the starch after annealing are. Several studies showed that
annealing does not change the morphology of starch granules [22–24], while some
studies found that pores on the surface of the starch granules became larger and more
numerous [25–27]. In most studies, the ΔH of starch remained unchanged or
increased after annealing, whereas few studies reporting ΔH decreased. Annealing
increases To, Tp, and Tc and decreases the gelatinization temperature change (ΔT:
Tc � To), which is due to the formation of more complete crystallites [27]. Most
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studies showed that the crystallinity of annealed starch remained unchanged or
increased, rather than decreased. Annealing can result in the transformation of the
crystalline type of starch, for example, ANN increased the content of B-type
polymorph in C-type starch [25] and changed A + B type to A-type pattern [27–
29]. Similar to HMT, annealing treatment decreased solubility, swelling power,
amylose leaching, and peak viscosity of starch.

2.3 Ultrahigh Pressure Treatment

Ultrahigh pressure (UHP) technology was initially used to sterilize and kill enzymes.
Regardless of the size and shape of samples, UHP can uniformly and instantaneously
act on starch granules. Gelatinization of starch occurs when the pressure reaches a
certain level [30, 31]. With increasing pressure, the degree of structural destruction
gradually increases. When the starch is completely gelatinized, swollen starch
granule is often observed to remain relatively intact [32, 33]. This is a typical
characteristic of starch treated by UHP compared with other treatments. After
UHP treatment, A-type and C-type starch often presents the characteristic XRD
peaks of B-type polymorph, whereas B-type starch often remains unchanged
[31, 34–37]. This may be due to a small amount of B-type starch naturally present
in the A-type or C-type starch [34], which is disrupted preferentially compared with
the more resistant B-type starch. After the A-type starch is gelatinized, the B-type
starch is highlighted. There is little information on the influence of UHP on texture
properties, swelling power, and viscosity.

2.4 Microwave Treatment

Microwaves are electromagnetic waves with a frequency range between 300 and
300,000 MHz. Microwaves interact with polar molecules and charge particles of
food to generate heat. Frequency, water content, and treatment time are the main
factors affecting starch modification in microwave treatment [38, 39]. When treated
at a low temperature (�65 �C), the morphology of starch (e.g., wheat starch)
granules was little changed [38, 39]. When the temperature is high enough
(�90 �C), the starch granules swelled and may be completely destroyed
[38, 40]. Under low moisture (water content �35%), microwave treatment is in
some ways similar to HMT. In this case, starch crystallites become more ordered
than the native starch. The XRD pattern for B-type potato starch changes into
A-type, whereas the pattern for A-type maize starches remained unchanged
[41, 42]. These changes in X-ray pattern may be attributed to (1) loss of water
from the central channel of the B-unit cell and (2) the double helices move into the
central channel, which was initially occupied by the vaporized water molecules
[41]. Generally, microwave treatment causes damage to starch structure, with the
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higher frequency and moisture content leading to the greater degree of damage.
Starch treated with microwave showed decreased melting enthalpy, swelling power,
and solubility and increased gelatinization temperatures.

2.5 Gamma Irradiation Treatment

Gamma irradiation can produce free radicals to alter the starch structure. Gamma
irradiation hardly causes evident morphological changes in starch granules. How-
ever, some studies indicated that the surface of the starch granule showed cracks or
holes [43, 44]. The relative crystallinity decreases with the increase of radiation dose.
In most studies, gamma irradiation had little or no effect on To, Tp, Tc, and ΔH [45–
47]. The swelling power and viscosity parameters were observed to decrease in most
reports [48–50].

2.6 Ultrasonic Treatment

Ultrasound is a sound wave of frequency that is higher than 16 kHz, which is
inaudible to human ears. Ultrasonic treatment hardly changes the size and shape of
starch granules but leads to holes on the surface of starch granules [51, 52]. An
important reason for the change of starch granules is cavitation (formation of bubbles
of gases) [53]. The effects on relative crystallinity are related to the time and
intensity of treatment and the environment. In most studies, ultrasound decreases
viscosity and increases solubility and the swelling power of starch. The effect of
ultrasound on starch thermal properties is contradictory and remains to be further
explored.

2.7 Other Methods

During processing of grains or starchy materials, starch granule can also be modified
physically. Milling is a very important process for cereal grains. During the milling
of cereal grains or starch alone, starch granules are often damaged, leading to the
disruption of starch crystallites and granule morphology. The degree of damage to
starch is dependent on the time of grinding and the magnitude of mechanical force
[54, 55]. Extrusion is a processing technology for starch modification or preparation
of some low moisture cereal-based foods. During extrusion, starch granules are
gelatinized, and amylopectin molecules are fragmented due to high pressure, tem-
perature, and mechanical force during extrusion [56, 57]. Drum drying as a method
for food processing is found to change the functional properties of starch, which are
determined by the water content, drying time, and temperature [58]. Other methods,
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such as freezing-thawing [59], cold plasma [60], and pulsed electric field [61]
treatments are also reported and still remain to be studied.

3 Chemical Modification of Starch

The chemical and functional changes by chemical substitution of starch depend on
the source of starch, reaction conditions (reactant concentration, reaction time, pH,
and presence of catalyst), substituent types, degree of substitution, and distribution
of substituent in the starch molecules [62]. Some chemical modification reactions of
starch are presented in Table 1.

Table 1 Representative chemical modifications of starch

Modification type Reaction scheme

Etherification

  

Esterification

Cross-linking A

B

 

Oxidation

Acid hydrolysis

St Starch
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3.1 Etherification

Hydroxypropylated starches (HPS) are usually prepared by etherifying native starch
with propylene oxide in the presence of an alkaline catalyst [63]. The introduction of
hydroxypropyl groups of starch chains destroys the inter- and intramolecular hydro-
gen bonds, thereby weakening the starch granular structure, resulting in increased
freedom of movement of starch chains in amorphous regions [63].

3.2 Esterification

Starch esterification involves the conversion of three available hydroxyl groups of
glucosyl residues to alkyl or aryl derivatives. Acetylation is one of the popular
chemical methods of starch esterification, which is achieved with either acetic
anhydride or vinyl acetate in the presence of an alkaline catalyst such as NaOH,
Ca(OH)2, and Na2CO3 [64, 65]. Acetylated starch can be divided into three types
according to the degree of substitution (DS). Low DS (0.01–0.2) starch esters, which
are soluble in cold water, are the most common type of acetylated starch [66]. Starch
acetates with low DS are usually synthesized by using acetate anhydride in an
alkaline solution. Native starch is activated by the alkali to generate a more reactive
starch alkoxide derivative that reacts with acetic anhydride to form starch acetates
[67]. Medium DS (0.1–0.3) starch esters are generally less water-soluble than the
low DS starch esters [68]. The high DS (2-3) starch esters are insoluble in water but
are soluble in organic solvents. Acetylation occurs mainly in the amorphous regions
and the outer lamellae of crystalline regions [69]. The acetylation introduces bulky
acetyl groups onto starch chains, resulting in structural reorganization due to steric
hindrance; this leads to the repulsion between starch molecules, which promotes the
penetration of water into the amorphous regions of granules and increases the
swelling capacity [70]. After acetylation, swelling power and solubility of corn,
potato, and rice starches were increased greatly [71, 72]. In addition to the DS
values, the differences in the granule size distribution, physicochemical composi-
tion, and granule stiffness between starches may also account for the changes in
swelling power and solubility of acetylated starch. Waxy starch shows increased
swelling power after acetylation because amylopectin in waxy starch has a more
open structure than in non-waxed starch, which allows rapid water penetration and
increases swelling power [73].

Starch modification with the dicarboxylic acid anhydride, such as octenyl
succinic anhydride (OSA), is a desirable form of starch esterification. OSA can
react with starch to form OSA starch containing both hydrophilic and hydrophobic
groups [74, 75]. Amphiphilic polymers have a wide range of industrial applications,
especially in emulsification, encapsulation, films and coatings, and gel production.
In recent years, OSA starch has attracted much attention due to its desirable stability,
encapsulation, interface, heat, nutrition, and rheological properties [76].
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3.3 Cross-Linking

Cross-linking is a commonly used chemical modification method, in which native
starch reacts with various reagents such as sodium trimetaphosphate (STMP),
sodium tripolyphosphate (STPP), epichlorohydrin (ECH), and phosphoryl chloride
(POCl3). In the presence of neutral salts and at pH > 11, POCl3 is an efficient cross-
linking agent [4]. STMP is also an efficient cross-linking agent and one of the most
important food additives [4]. ECH is poorly soluble in water and partially decom-
poses into glycerol; hence water-soluble POCl3 and STMP are often used preferen-
tially. In addition, the ECH cross-links are found to be less uniformly distributed
compared with STMP ones [77]. In cross-linking reaction using ECH and STMP,
both reagents attack inside the starch granules, whereas cross-linking with POCl3
only occurs on the surface of the granule [78]. The final products are usually divided
into three categories based on the cross-linking agents used. The first is mono-starch
phosphate, which is prepared by esterifying starch with orthophosphoric acid,
sodium or potassium orthophosphate, or STPP. The second category is starch
diphosphate, which is produced when native starch reacts with STMP or POCl3.
The third type of cross-linked starch is starch diphosphate, which results from
combination of starch monophosphate and starch diphosphate. The type of cross-
linking agents is the major determinant for the changes in functional properties of
treated starches. The viscosity of the cross-linked starch prepared with STMP and
STPP drops to close to zero, the gelatinization temperatures are increased, and
enthalpy of gelatinization is slightly decreased [79]. Generally, cross-linking plays
a key part of altering the properties of native starches, such as increased solubility,
thermomechanical shearing, and paste stability [80, 81].

3.4 Oxidation

Starch oxidation involves the introduction of carbonyl and carboxyl functional
groups onto starch chains and the depolymerization of starch molecules. The most
commonly used oxidants include potassium permanganate, sodium hypochlorite,
hydrogen peroxide, and persulfate. The properties of oxidized starch derivatives may
be improved, depending on the method of oxidation and the properties of reagents
used [82]. The oxidation reaction occurs primarily at the C-2, C-3, and C-6
hydroxyls on a D-glucopyranosyl unit [83]. Oxidized starch has a lower viscosity,
better paste stability and film-forming ability, and lower molecular weight compared
with the original starch. Sodium hypochlorite is the oldest and most popular com-
mercial oxidant. Factors that affect hypochlorite oxidation include temperature, pH,
hypochlorite concentration, source, and structure of starch [7]. Compared with
native starch, sodium hypochlorite-oxidized soybean starch exhibits decreased past-
ing temperature, peak and breakdown viscosities, and gelatinization and retrograda-
tion enthalpies [84]. Ozonized starch has similar pasting properties as chemically
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oxidized starch with a low concentration of sodium hypochlorite and had no toxic
residues [85]. Starch subjected to 10 min of ozonolysis is comparable to the starch
prepared by the commonly alkaline oxidation method [86].

3.5 Acid Hydrolysis

Acid hydrolysis is one of the oldest starch modification methods, with the derived
degradation products having many applications. Preparation of acid-thinned starch
involves treating the concentrated starch paste (36–40% solids) in an inorganic acid
solution (HCl or H2SO4) at a temperature below the gelatinization temperature for a
specified time, depending on the required viscosity or degree of conversion [67]. The
mechanism of acid hydrolysis involves the attack of glucosidic oxygen atoms of
starch by hydroxide ion, causing the cleavage of starch chains. Acid hydrolysis of
starch proceeds by randomly cleaving both α-(1,4) and α-(1,6) bonds and shortening
the chain length over time. The α-(1,4) bonds and amorphous regions containing
α-(1,6) bonds are more accessible to acid penetration and hydrolysis. Acid modifi-
cation involves a two-stage attack on starch granules. Both amylose and amylopectin
are attacked in the early stages of acid hydrolysis, whereas attack preferentially
occurs in the amorphous regions followed by the crystalline regions at a slower
rate [87].

Acid hydrolysis causes a significant increase in double helix content, due to the
preferential hydrolysis of amorphous regions and retrogradation of free amylose that
is released [88]. When starch granules are subjected to acid hydrolysis, the relative
crystallinity increases with hydrolysis time. Several hypotheses have been proposed
to interpret the increased crystallinity in the early stages of acid hydrolysis. Firstly,
the cleavage of some amylose chains running through the amorphous region may
allow the newly released chain ends rearrange into a more crystalline structure.
Secondly, the reordering of crystal structure during acid hydrolysis may lead to an
increase in crystallinity because the water channels in the crystallite cavities are
partially filled by double helices. Thirdly, an increase in crystallinity may also be due
to the retrogradation of hydrolyzed free amylose into double helixes, which
rearrange into crystalline regions that are resistant to acid hydrolysis. Acid hydroly-
sis modifies the structure of starches, making them behave differently when heated in
water, such as decreased intrinsic viscosity and hot paste viscosity and increased gel
strength and water solubility and film-forming ability [89].
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4 Enzymatic Modification for Starch

During enzymatic modification of starch, enzymes such as α-amylase (AM),
β-amylase, glucoamylase, debranching enzymes, cyclodextrin glycosyltransferase,
and glucose isomerase are often used. The enzymatic hydrolysis of starch and its
derivatives is shown in Fig. 2.

4.1 Endo- and Exo-amylases

The endo-amylases can cleave α-(1,4) glycosidic bonds within amylose and amylo-
pectin chains but not the α-(1,6) glycosidic bonds in amylopectin [90]. The products
of hydrolysis are oligosaccharides of varying chain lengths and have the
α-configuration on the C-1 of the reducing glucose unit produced. The α-amylase
(1, 4-α-D-glucan glucanohydrolases) is a well-known endo-amylase, which hydro-
lyzes in a random fashion at any (1,4)-linkages within the starch chain to rapidly
reduce the molecular size of starch [8]. The α-amylase can generate pores at the
surface of starch granules, with pore size depending on the type and level of enzyme
used [91].

The exo-amylases either exclusively cleave α-(1,4) glycosidic bonds such as
β-amylase or cleave both α-(1,4) and α-(1,6) glycosidic bonds from the nonreducing
ends of the starch chains such as amyloglucosidase (AMG) or glucoamylase and
α-glucosidase. Exo-amylases act on the external glucose residues of amylose or
amylopectin and thus produce only glucose (glucoamylase and α-glucosidase), or
maltose and β-limit dextrin (β-amylase) [92]. β-Amylase (1, 4-α-D-glucan

Fig. 2 Enzymatic hydrolysis of starch and its derivatives
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maltohydrolases) and glucoamylase/amyloglucosidase (1, 4-α-D-glucan glucosidase,
AMG) are well-known exo-amylases and also convert the anomeric configuration of
the liberated maltose from α to β. The former can only hydrolyze α-(1,4) glycosidic
bonds, while the latter not only hydrolyze α-(1,4) glycosidic bonds but also hydro-
lyze α-(1,6) glycosidic bonds and α-(1,3) glycosidic bonds. Glucoamylase and
α-glucosidase have different substrate preferences: α-glucosidase preferentially
acts on short maltooligosaccharides and releases glucose with an α-configuration,
while glucoamylase specifically hydrolyzes long-chain polysaccharides.
Glucoamylases have also been found in a variety of microorganisms [92]. β-Amy-
lases are widely found in higher plants and also in certain microorganisms such as
some Bacillus strains and Clostridium thermosulfurogenes; the latter is found to
produce amylases with thermostable properties [93, 94]. The enzyme modification
by β-amylase/transglucosidase results in many cracks on the starch granule surface.
The enzymatically modified starch has higher solubility but lower swelling capacity
and pasting viscosity compared with native starch [91]. Enzymatic treatment of corn
starch increased gelatinization temperatures and enthalpy change [8].

Cyclodextrins are produced by an intramolecular transglycosylation reaction in
which the enzyme cleaves the ɑ-1,4 glycosidic bond and connects both reducing and
nonreducing ends [95, 96]. Cyclodextrins with neither reducing ends nor
nonreducing ends are resistant to amylolytic enzymes. Cyclomaltodextrinase cata-
lyzes the hydrolysis of cyclodextrins to form the corresponding linear
maltooligosaccharides. In contrast to the extensive information on amylolytic
enzymes, research on cyclomaltodextrinase is limited to a few microorganisms. To
date, only two strains, Bacillus macerans and Bacillus coagulans, are known to
produce this enzyme [97, 98].

4.2 Debranching Enzymes

The debranching enzymes isoamylase and type I pullulanase exclusively hydrolyze
α-(1,6) glycosidic bonds. The major difference between pullulanase and isoamylase
is the ability to hydrolyze pullulan, a polysaccharide with a repeating unit of
maltotriose that is α-(1,6) linked [99, 100]. Pullulanase was first discovered in
1961 [101] and has attracted great interest due to its specific action on the α-(1,6)
glucosidic bonds in starch, amylopectin, pullulan, and related oligosaccharides,
which, during the saccharification process, has enables a complete and efficient
conversion of the branched polysaccharides into small fermentable sugars
[102]. Pullulanase is produced by mesophilic organisms like Klebsiella aerogenes
[101]. The optimum temperature for maximum activity of pullulanase is around
60 �C, which is very beneficial for the saccharification of starch to generate glucose
syrups in the industry. Pullulanase is generally used in combination with
amyloglucosidase and α- or β-amylase [90, 101, 103]. Isoamylase, discovered in
1949, is elaborated by a number of microorganisms like K. aerogenes and Pseudo-
monas spp. and can only hydrolyze the α-(1, 6) bond in amylopectin [104]. These

Starch Modification and Application 141



enzymes specifically degrade amylopectin to produce linear glucans. Glucoamylase
from Sclerotium rolfsii has also been found to have an important effect on
pullulan [105].

4.3 Transferases

Transferases hydrolyze an α-(1,4) glycosidic bond of a donor molecule and transfer
the cleaved residue from the donor to a glycosidic acceptor with the formation of a
new glycosidic bond. Enzymes such as amylomaltase and cyclodextrin
glycosyltransferase form a new α-(1,4) glycosidic bond [104]. Cyclodextrin
glycosyltransferases have very low hydrolytic activity and produce cyclic oligosac-
charides with six, seven, or eight glucose residues and highly branched, high
molecular weight cyclodextrin glycosyltransferase limit dextrins. In terms of the
type of enzymatic reaction, amylomaltase is very similar to cyclodextrin
glycosyltransferase. The major difference is that amylomaltase performs a
transglycosylation reaction to produce a linear product, while cyclodextrin
glycosyltransferase generates a cyclic product [106, 107].

5 Applications of Modified Starch

Changes of starch functional properties are accomplished by modification reactions,
of which physical modifications are green and efficient methods. UHP reduces the
swelling and viscosity of starch. Microwaves change the morphology and crystal-
linity of starch, while ultrasound modifies the swelling of granules and pastes.
Milling and extrusion can also physically modify starch granules. Physical modifi-
cation of starch has been used widely for the preparation of various noodles,
convenience foods, and fried foods. For noodles, high paste viscosity and break-
down, low gelatinization temperature, and high starch swelling power are ideal
characteristics [108]. Baking biscuits is similar to HMT. The degree of gelatinization
is small due to the low water content and a relatively low baking temperature
[109]. Starch can be used to produce environmentally friendly edible films. Films
require starch with high amylose content to achieve favorable tensile strength and
elongation, characteristics that can be obtained by modification reactions [110, 111].

Demands for chemically modified starches are increasing the growth of food
industries [6]. Etherification improves the clarity of starch pastes, increases viscos-
ity, reduces syneresis, and increases freeze-thaw stability [112]. Therefore, it is
widely used in food applications such as gravy, dipping, sauces, fruit pie fillings,
and puddings. Esterification results in lower gelatinization temperature and retro-
gradation, lower tendency to form gels, and higher paste clarity [113], which makes
it useful as an emulsion stabilizer in refrigerated and frozen foods and for packaging.
Cross-linked starch has higher stability of granules towards swelling, high
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temperature, and high shear and acidic conditions [114]; it is used widely as
viscosifiers and texturizers in soups, sauces, gravies, bakery, and dairy products
[4]. Oxidized starch has low viscosity, high clarity, and low temperature stability
[115] and can be used in batter and bread for coating various foodstuffs, in confec-
tionery as binders and film formers, and in dairy as texturizers. Acid-hydrolyzed
starch has low paste viscosity and high gel strength and water solubility, which
makes it useful as gelling agent in the production of gum and processed cheese
loaves, as fat replacers/fat mimetic in low-fat butter spread/margarine, low-fat
mayonnaise, low-fat milk type products, and low-fat ice cream, as well as in slowly
digestible cookies that are rich in resistant starch [89].

Enzymatic modification of starch has many applications in the food industry as a
green method. Originally, α-amylases were added during dough preparation to
generate fermentable compounds. α-Amylases also have an anti-stalling effect on
bread baking, and they improve the softness retention of baked goods [116]. In
addition to the saccharification or liquefaction of starch, these enzymes are also used
to prepare viscous and stable starch solutions for the sizing of textile fibers, the
clarification of haze formed in beer or fruit juices, and the pretreatment of animal
feed to improve digestibility. Starch is treated with α-amylase and transglucosidase
to produce new branched structures with a slowly digestible character [117]. The
fungal α-amylase (AM) or amyloglucosidase (AMG) to obtain porous starch is used
in a variety of food applications [8]. The most important uses of glucoamylase are
the production of high-glucose syrups (96–98% glucose) and high-fructose syrups
(55% fructose) [118, 119]. Cyclomaltodextrinase was used to modify rice starch to
produce low-amylose starch products. The complex formed by organic molecules
with cyclomaltodextrins can stabilize light-, heat-, and oxygen-sensitive materials in
starch granules and provide slow release property besides providing special tastes,
odors, and flavors to the starch granules. The branching enzyme is claimed to
increase shelf life and loaf volume of baked goods. The main application of
pullulanase is starch saccharification, and the most important industrial application
of pullulanase is the production of high-glucose (30–50% glucose; 30–40% maltose)
or high-maltose (30–50% maltose; 6–10% glucose) syrups [104, 120]. Pullulanase
also finds minor applications in the manufacturing of low-calorie beer and in the
baking industry as the anti-stalling agent to improve texture, volume, and flavor of
bakery products [104]. It is expected that starch modified with amylomaltases may
find application in the food industry as a plant-based alternative to gelatin.
Amylomaltase-treated potato starch showed thermoreversible gelation at concentra-
tions of 3% (w/v) or more, thus making it comparable to gelatin
[121]. Amylomaltase-modified potato starch has been used as a fat replacer and
enhancer of creaminess in yoghurt [122]. The cyclodextrin glycosyltransferases
were mainly used for the industrial production of cyclodextrins. Cyclodextrin
glycosyltransferases can also be used to produce novel glycosylated compounds.
One commercial application is the glycosylation of the potent sweetener stevioside,
isolated from the leaves of the plant Stevia rebaudiana, thereby increasing solubility
and reducing bitterness [123].

Starch Modification and Application 143



6 Conclusions

The inherent defects of native starches, such as insolubility in cold water, low shear
resistance, high tendency to retrograde, and high glycemic response after cooking,
can be overcome by physical, chemical, or enzymatic modification. The modifica-
tion of starch improves the functional properties of native starch or delivers new
functionality to modified starches. Hence, the modified starches have been used
widely in many food and nonfood industries. In the future, novel modification
methods or techniques are required to produce starches with more diversified and
promising properties for wider industrial applications.
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Abstract This chapter briefly introduces the concept of “physiologically resistant
starch” and “enzyme-resistant starch” and their health benefits. The emphasis of this
chapter is two fundamental mechanisms which determine starch digestibility in food,
including (1) physical barriers that slow down digestive enzyme access/binding to
starch and (2) starch structural features that limit the enzyme action once bound to
starch. Commonly used in vitro kinetic models and the starch digestive enzymes
(i.e., pancreatic α-amylase and amyloglucosidase) are also discussed at the end of
this chapter.
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1 Introduction

Starch is the most abundant nutrient in the global diet and provides most important
source of energy in the human diet. Starch has multiple structure levels, from nm to
mm size scales, including individual chains, double helices, crystalline and amor-
phous lamellae, blocklets, growth rings, and intact granules [1, 2]. During starch
biosynthesis, starch chains assemble into the semicrystalline granules. The complex
structure of starch contributes to its nutritional functionality, such as digestion rate
and extent (location) in the human digestive tract, which further impacts on human
health. The term physiologically resistant starch (RS) is defined as the portion of
starch that cannot be absorbed in the small intestine of healthy individuals and
becomes a fermentable substrate for colonic microbiota [3]. RS lowers the glycemic
index and insulin responses, potentially reducing the risk of developing type 2 dia-
betes, obesity, and cardiovascular disease, as reviewed elsewhere [4]. Colonic
fermentation of resistant starch into short-chain fatty acids particularly butyrate
could protect colonic epithelial cells from DNA damage and lowers the risk of
colon-related diseases [5, 6]. These health benefits stimulated the interest in both
quantity and quality of dietary starch that maintains the state of good health of an
individual. However, research on human starch digestion is very challenging due to
the complexity of the human digestive system involving multiple enzymes and
hormonal control. Therefore, RS is normally reported through in vitro methods
that simulate in vivo conditions and referred as “enzyme-resistant starch (ERS).” It
is noteworthy that ERS is a method-oriented and measurement concept. It is now
known that the amount of ERS in a given starchy food is under kinetic rather than
thermodynamic control. In vitro methods generally oversimplify the digestion con-
ditions/mechanisms in human digestion tracts and may not completely reflect starch
digestion in vivo [7–9]. However, in vitro digestion approach is practical and
reproducible to evaluate RS level and understand rate-determining features of starch
digestibility [10]. This chapter focuses on two fundamental mechanisms which
determine starch digestibility (rate and extent) within a food matrix. Commonly
used starch digestive enzymes (i.e., pancreatic α-amylase and amyloglucosidase)
and in vitro kinetic models will be discussed as well.

2 Fundamental Mechanisms

Resistant starch can be classified into four categories based on the origins: physically
inaccessible starch, granular (B- or some C-type polymorph) starch, retrograded
starch, and chemically modified starch [11]. In recent years, starch–lipid complex
was proposed to be a new resistant starch source [12–15]. While this traditional
classification indicates that ERS is definitely indigestible during enzymatic diges-
tion, recent evidences suggest that starch digestibility is controlled by kinetics
[16, 17]. Enzymatic reaction involves several steps: diffusion of enzymes to the
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solid surface, adsorption/binding, and catalysis. There are two fundamental mecha-
nisms in determining the extent and rate of starch digestion [15, 18]: (1) barriers that
slow down or prevent digestive enzyme access/binding to starch and (2) starch
structural features that limit enzyme action after initial binding.

Within the starch granules or food matrices, there are multiple features that slow
down or prevent diffusion and adsorption processes. For example, in raw plant-
based foods, intact cell walls (e.g., whole or partly milled grains) hinder enzymatic
diffusion, due to the limiting porosity of the wall matrix [19]. When starch is
encapsulated in cell or tissue structure, intact plant cell wall restricts the enzyme
diffusion in individual isolated legume cells [20]. In addition, the presence of other
dietary components could also limit the enzymatic binding to starch, e.g., non-starch
polysaccharides (e.g., arabinoxylans and β-glucan), which enhance viscosity and
proteins which absorb amylases. For instance, the digestion kinetics has been
observed to be slower in condensed protein products such as pasta [21]. According
to current understanding, the diffusion and adsorption of the enzyme to the starch
granule surface is a key step in granular starch hydrolysis [21]. The absence of pores
and channels limits the accessibility of digestive enzymes, which is generally found
in B-type granular starch, contributing to its resistant nature [22–26].

Starch structural features, such as local molecular density and chemical structure,
also could slow down or prevent enzyme hydrolysis. The enzymatic resistance
mechanism for the retrograded starch and starch–lipid complex is that double/single
helices render the α-1,4 glucosidic linkages inaccessible to amylase. Crystallinity
alone does not always result in an increase in ERS content, as evidenced by that
high-amylose starches with reduced crystallinity have increased level of enzymatic
resistance than counterparts [27–29]. It is suggested that the local molecular density
of starch chains controls the digestion rate and extent, which represents another
mechanism of achieving local molecular density [29]. Chemical modification (e.g.,
hydroxypropylation, octenylsuccinylation, and chemical cross-linking) involves the
introduction of functional groups into the starch molecule, reducing the extent of the
enzyme-catalyzed hydrolysis [30].

3 Starch Digestive Enzymes

For enzyme action on polymers, there are three distinct action patterns: single chain,
multichain, and multiple-attack [31]. In the single chain action, once the enzyme
forms an active enzyme-substrate (ES) complex, it catalyzes a reaction in a “zipper”
fashion toward one end of the chain. The multichain pattern is the classical random
action in which the enzyme catalyzes the hydrolysis of only one bond per effective
encounter. In the multiple-attack action, once the enzyme is forming ES complex,
the enzyme catalyzes the hydrolysis of several bonds before it dissociates and forms
a new active ES complex with another polymer chain [31].

The digestion of starch or starch-containing food is achieved by two types of
enzymes in the mammalian digestion tract: (a) salivary and pancreatic α-amylases
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and (b) intestinal brush border glucoamylases, maltase-glucoamylase, and sucrase-
isomaltase [32]. Two kinds of enzyme, i.e., porcine pancreatic or human salivary
α-amylase and fungal amyloglucosidase, are normally adopted to mimic in vitro
starch digestion. Amyloglucosidase is an exo-acting enzyme like the intestinal brush
border enzymes that are not yet available commercially. The enzyme reaction is
highly dependent on temperature and pH parameters, although the condition was
generally fixed at the optimal pH and at the temperature around 37 �C [10]. The
actions of two commercially used starch digestive enzymes used in in vitro digestion
models, i.e., α-amylase and amyloglucosidase, are briefly reviewed here.

3.1 α-Amylase

Salivary and pancreatic α-amylases (EC 3.2.1.1) in mammals digest starch mole-
cules endo-wisely at inner α-(1 ! 4) linkages of starch chains. The end products of
α-amylase digestion have α-configuration at the anomeric carbon of the reducing
end. However, product specificities of α-amylases depend on their sources, resulting
from the differences in length, folding, and amino acid sequences of the enzyme
protein [31]. Human salivary and porcine pancreatic α-amylases are two commer-
cially available amylases for in vitro starch digestion/RS measurement, showing a
multiple-attack digestion pattern on starch molecules [33]. The end products mainly
are maltose, maltotriose, maltotetraose, and α-limit dextrins. Very little amount of
glucose is released from α-amylase digestion. Only maltotriose and maltotetraose
could be slowly converted to maltose and glucose after prolonged incubation
through the subsidiary binding site (see Fig. 1). The former gives nearly three
times as much glucose as the latter [34]. Porcine pancreatic α-amylase shows five
D-glucose binding subsites, with catalytic groups located between the second and
third subsites from the reducing end subsite (Fig. 1) [35]. Human salivary α-amylase
shows six D-glucose binding subsites, and the catalytic groups are also located
between the second and third subsites [36]. Porcine pancreatic α-amylase shows
an average of seven hydrolytic cleavages occurring per productive encounter, and
human salivary α-amylase shows three hydrolytic cleavages [31, 37].

3.2 Amyloglucosidase

Another starch degradation enzyme used in in vitro digestion is amyloglucosidase
(EC 3.2.1.3) usually from Aspergillus niger. Amyloglucosidase-I (AMG-I) has an
N-terminal starch-binding domain, which is for hydrolyzing granular starches and
distinct from the active site (C-terminal catalytic domain) (see Fig. 2) [38]. It can
hydrolyze both α-1,4 and α-1,6 glycosidic linkages and produces β-D-glucose from
the nonreducing ends of starch chains. The specific activity toward the α-1,6 linkage
is only 0.2% compared to the α-1,4 linkage [39]. Amyloglucosidase has a multichain
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Fig. 1 Schematic drawing of the binding sites of porcine pancreatic α-amylase. The enzyme is first
shown unbound; then regular binding without inhibition is presented. Ineffective binding shows
how the enzyme might be bound in the instances of competitive inhibition. Binding at the subsidiary
site, which opens up only on occupation of the catalytic site by the substrate, brings about
uncompetitive inhibition. Reproduced from [10] with permission from Elsevier Ltd. (2010)

Fig. 2 Schematic representation of the domain structure of amyloglucosidase-I from Aspergillus
niger. Reproduced from [40] with permission from Elsevier Ltd. (2009)
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digestion mechanism. Amyloglucosidase has “pocket like” active sites, which gen-
erate only a single and low molecular weight product. After breaking the glycosidic
bond, the starch chain must dissociate first and leave the active sites before releasing
end products [40].

4 Kinetic Models

Starch digestion involves an interaction between solid substrate (e.g., starch gran-
ules, food matrix) and enzymes in solution. Even when starch is gelatinized, it is not
a true solution, and its structure will be greatly influenced by the botanical source and
previous processing history. The starch digestion rate is a determinant of the
metabolic response to a meal, which is better expressed by kinetics rather than
thermodynamics. The in vitro starch digestion kinetic models are summarized
here, including studies of first-order and Michaelis–Menten kinetics, which are
more focusing on prolonged and initial digestion stage, respectively.

4.1 First-Order Kinetics

When starch or starch-containing foods are hydrolyzed by amylase or combined
with amyloglucosidase in vitro, the rate of reaction decreases as the time is extended
and plots of the quantity of hydrolyzed starch fraction against time are logarithmic
[17]. The natural substrate decay of an exponential reaction fits a first-order equation
as follows [41]:

Ct ¼ C1 1� e�kt
� �

where t is the digestion time (min), Ct is the concentration of digestion products at
incubation time t, C1 is the corresponding concentration at infinite time, and k is a
pseudo-first-order rate constant (min�1). It would be difficult to obtain the precise
value of C1, unless enzymatic digestion allows a long enough incubation time.
Butterworth used a modified Guggenheim method to obtain the reaction rate without
knowing the value of C1 [17]. The equation is shown as below.

ln dCt=dtð Þ ¼ �kt þ ln C1kð Þ

Obviously, a plot of ln(dCt/dt) against t is linear with the slope of�k and intercept
of ln (C1k). The rate constant is a function of the fixed amylase concentration used
in the digestion [17] and is therefore pseudo-first order. Poulsen et al. refer to this
plot as a “log of slope” or logarithm of the slope (LOS) plot, and the slope is sensitive
to changes in k occurring during a reaction [42]. To use the LOS plot requires
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determination of the slope of a digestibility curve at several time points. The
digestion rate constant could be unique under the conditions of characteristic
amylase and starch concentration.

The enzymatic digestion profiles and LOS plots of native and cooked starches are
shown in Fig. 3. The pancreatic amylase concentration of 0.165 IU/mL was used for
cooked starches, and the enzymatic digestion profiles of both starches fitted well to
first-order kinetics and are single-phase processes. The enzymatic concentration
increased to 0.33 IU/mL for native starches, and fitting plots of both starches
revealed a discontinuity and showed a two-phase digestion profile. The fast digestion

Fig. 3 In vitro starch digestion kinetic profiles and fitting data of native and cooked starches (native
and cooked wheat (a) and pea (b) starches; fitting data for native wheat (c) and pea (d), cooked
wheat (e) and pea (f) starches). Reproduced from [17] with permission from Elsevier Ltd. (2012)
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phase (<20 min) is believed to be the presence of readily digested starch polymers
on the granule surface, whereas the subsequent phase is the main single-rate diges-
tion process (Fig. 3c, d). Therefore, there are no distinct structural fractions existed in
rapidly and slowly digestible starches in starch or food matrices, and the amount of
digested fraction is under kinetic more than thermodynamic control [28, 43]. Even
the enzyme-resistant starch fraction can be further digested by more enzyme or
longer hydrolysis time. It should be noted that the first-order kinetic model cannot be
directly fitted in some cases, such as (1) under low enzyme concentration, which
gives a linear kinetic profile resulting in zero-order kinetics [44], (2) presence of
strong inhibitory products [45], and (3) structural and molecular changes occurring
during the digestion process such as high-amylose maize starch [28, 46].

LOS plots could characterize multiple stages of the first-order kinetics, and the
slope of each stage represents a velocity coefficient. LOS plots are linear if starch
substrates are digested at a single rate. However, for some special substrates, the
digestion process may have many linear phases [47]. Thus, the whole kinetic profile
can be expressed by a piecewise function as follows:

Ct ¼

C1 þ C11 1� e�k1t
� �

, 0 � t � t1

C2 þ C21 1� e�k2t
� �

, t1 � t � t2
. . .

Cn þ Cn1 1� e�knt
� �

, tn�1 � t � tn

ð1Þ

where n represents the number of phases of starch digestion and each phase has a
corresponding kn and Cn1.

Zou et al. characterized pasta structure and composition in order to reveal how the
gluten network decreases digestion rate of the encapsulated starch granules [47].
Figure 4 showed that the presence or absence of pepsin does not affect the starch
digestion rate for hard macaroni wheat flour and the starch extracted from the flour,
indicating that the natural protein component in the flour has little effect on the starch
digestion rate. The authors also found two distinct stages of enzymatic digestion
profile, and the starch is digested in the initial stage with a higher rate constant (k1),
while the rate constant of the latter stage (k2) is slower [47]. After pepsin hydrolysis,
there is a significant increase in k1 value and no obvious change for k2 value. It seems
that pepsin hydrolysis is confined to the external regions and penetrates the inner
gluten network with difficulty, and hence the compacted gluten network could retard
the starch digestion rate. For pasta powder samples, the LOS plots also show two
distinct stages: fast phase represents the starch digestion without the gluten network
barrier, whereas show phase reflects starch granules entrapped with a gluten network
with a slow digestion rate [47]. Either grinding process or pepsin hydrolysis could
destroy compact gluten structure, which determines the starch digestion rate in pasta.
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4.2 Michaelis–Menten Kinetics and Lineweaver–Burk Plots

Michaelis and Menten proposed a relationship between reaction rate and substrate
concentration in 1913, which is one of the simplest and best-known models of
enzyme kinetics. According to an intermediate compound theory proposed by
Henri and Wurtz, when an enzyme catalyzes a chemical reaction, the enzyme is
first combined with the substrate to form an intermediate complex (ES) and then
generates the product (P) and releases the enzyme subsequently. The mechanism is
presented as follows:

E þ SÐk1
k�1

ES !K2 E þ P, ð2Þ

where E is the enzyme, S is the substrate, and P is the product. E and S combine to
give an enzyme-substrate complex (ES). The chemical reactions happen at the
second step to breakdown ES and generate a product with a first-order catalytic
constant kcat (also called k2 or the turnover number). Initial enzyme reaction rate can
be obtained by the Michaelis–Menten plots with three hypotheses: (a) the enzyme

Fig. 4 In vitro starch digestion kinetic profiles, fitting curves, and LOS plots from pasta (a, b),
pasta powder (c, d) with pepsin treatment (a, c) or without pepsin treatment (b, d). Reproduced from
[47] with permission from Elsevier Ltd. (2015)
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concentration in the reactions is small relative to the substrate concentration; (b) only
initial rate conditions are considered. Very little product accumulation happens, and
the formation of ES from E + P is negligible; (c) steady-state assumption. Although
the compounds can also be broken down into products and enzymes, the decompo-
sition rate is much smaller than the degradation rate; as a result, it will not affect the
equilibrium between the substrate, enzymes, and compounds. ES concentration
remains unchanged when the ES breakdown rate equals the ES formation rate.

d P½ �
dt

¼ Vmax S½ �
Km þ S½ � ð3Þ

where Km is the Michaelis–Menten constant, Vmax is the maximum rate of the
reaction, and [P] is the concentration of the product. The relationship between the
Km and the rate constants in the reaction scheme is as follows:

Km ¼ K�1 þ K2

Kþ1
ð4Þ

It is difficult to estimate Vmax from the position of an asymptote; as in the plot of a
rectangular hyperbola, the linear transform of the Michaelis–Menten equation
(Lineweaver–Burk linear transform) is often used.

1
v
¼ 1

Vmax
þ Km

Vmax S½ � ð5Þ

Recently, Michaelis–Menten kinetics is the most common method used to study
the mechanism of inhibitors to enzymatic action. The interaction modes of inhibitors
can be judged according to the Lineweaver–Burk double reciprocal curve, which is
the foundation to investigate the inhibition mechanism. Michaelis–Menten kinetics
shows the relationship between the initial rate of the enzymatic reaction (v) and
substrate concentration (S). Km, with the unit generally as mol/L, represents the
substrate concentration when reaction rate (v) reaches a half of the Vmax (Km ¼ [S] at
0.5 Vmax), determined by the nature of enzyme, rather than the concentration of
enzyme. Thus different types of enzymes can be identified according to the value of
Km. In this region of the curve, enzyme is almost completely saturated with the
substrate, so the reaction relative to the substrate is a zero-level reaction, which
means that increasing the substrate has little effect on the reaction rate and the
constant value approaching the reaction rate is called the maximum reaction rate
(Vmax).

Table 1 shows the mechanism of competitive, noncompetitive, and uncompetitive
inhibition. Competitive inhibition kinetics has the following characteristics: when
the inhibitor is present, Michaelis–Menten constant (Km) increases and the maxi-
mum reaction rate (Vmax) remains unchanged. In noncompetitive inhibition kinetics,
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Km remains unchanged, and Vmax decreases when the inhibitor is present. There are
some limitations for the Michaelis–Menten kinetics, for example, the estimated Km

and Vmax often have a relatively large error when the substrate concentration is low.
Lineweaver–Burk double reciprocal graphs can be used to distinguish competi-

tive, noncompetitive, and hybrid competitive inhibition. Further, Dixon and
Cornish–Bowden equations are used to obtain inhibition constant (Ki).

Dixon equation is the curve under the condition of different substrate concentra-
tions, with the reciprocal of the initial velocity reaction rate (1/v) as the ordinate and
the inhibitor concentration (i) as the abscissa, and Cornish–Bowden equation is the
curve under the condition of a series of substrate concentrations (a) with a/v as the
ordinate and i as the abscissa. Therefore, it is more helpful in revealing the complex
case of the interaction between enzyme and inhibitors using these two equations
together [48]. In addition, competitive inhibition constant (Kic) and noncompetitive
inhibition constant (Kiu) can be obtained through the curve. By definition, Kic refers
to the dissociation of complex compounds formed by inhibitors and enzymes, so
1/Kic characterizes the combination of inhibitors and enzymes.

Among them, the initial reaction rate (v) is the slope of the plot with time as the
abscissa and reducing sugar content as the ordinate. The value of Kic and Kiu can be
obtained by Dixon equation. For different inhibitors and enzymes, the applicable
Dixon equation is different. For competitive inhibition, the applicable equation is
shown in Eq. (6).

v ¼ Vmaxa

Km 1þ i
Kic

� �
þ a

ð6Þ

For hybrid inhibition, the applicable equation is shown in Eq. (7):

v ¼ Vmaxa

Km 1þ i
K ic

� �
þ a 1þ i

Kiu

� � ð7Þ

where Vmax represents the maximum reaction rate, a represents the concentration of
starch, Km represents the Michaelis constant, i represents the concentration of the
inhibitor protein, and v represents the initial reaction rate.

Taking the reciprocals of both sides of the Dixon equation, we can get a linear
plot with i as the abscissa and 1/v as the vertical, where Kic¼�i, and the value of Kic

can be obtained by the absolute value of the abscissa of the intersection of different
linear curves with different starch concentrations.

The value of Kiu cannot be obtained directly from the Dixon equation, but it can
be obtained from the Cornish–Bowden equation, with a/v as the ordinate and i as the
abscissa. For hybrid inhibition, the applicable Cornish–Bowden equation is shown
in Eq. (8) [49].
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a
¼ Vmax

Km 1þ i
Kic

� �
þ a 1þ i

K iu

� � ð8Þ

Similarly, taking the reciprocals of both sides of Cornish–Bowden equation, a
linear plot with i as the abscissa and a/v as the vertical will be obtained, where
Kiu ¼ �i, and similar to the above, the value of Kiu can be obtained by the absolute
value of the abscissa of the intersection of different linear curves with different starch
concentrations.

5 Conclusions

From nutritional perspectives, RS is physiologically useful to reduce the risk factors
of obesity and type 2 diabetes. Focusing on the two fundamental but rate-
determining steps of the conversion of starch substrate into absorbable products
allows a better understanding of starch digestibility. Instead of only comparing
experimental data of starch digestion, the digestion curves can be modeled by kinetic
equations (first-order kinetics and Michaelis–Menten kinetics and the derivations).
The kinetic analysis helps evaluate the role of non-starch components within starch
foods and starch structural features in determining starch digestibility. Greater
understanding of the structural basis in determining starch digestibility would help
to design starch foods with enhanced nutritional outcomes.

In a real food system, there are complex mechanisms, i.e., the interactions among
starch, amylases, and non-starch components, which may significantly impact on
starch digestion and need more investigations. Furthermore, advanced in vitro
methods imitating complex physiological processes, e.g., mastication habits, intes-
tinal passage rate, and colonic fermentation by human microbiota, provide opportu-
nities to better understand deeper nutritional functionality of RS.
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Digestibility of Starches for Human Health

Les Copeland

Abstract This chapter considers the digestibility of starch in relation to its nutri-
tional qualities and influences on human health. Rapidly digested starch (RDS) is
associated with poor postprandial glycaemic and insulinemic control. Excessive
dietary exposure over the long term increases the risks for obesity and diet-related
illnesses. Slowly digested starch (SDS) moderates these postprandial responses and
has a key role in producing satiety and limiting food intake. Starch that is not
digested in the upper human gut is a good source of fermentable food for the gut
microbiota, which are now recognised as having an essential role in the health of
the host.

Keywords Starch digestibility · Rapidly digested starch · Slowly digested starch ·
Resistant starch · Human health

1 Introduction

Starch is a macro-constituent of many foods and the main source of glycaemic
(glucose releasing) carbohydrate in the human diet. It usually contributes 50–70% of
dietary energy. The energy density of starch-rich foods and their low satiety effects
are contributing factors to obesity and diet-related illnesses. Hence, the digestibility
and postprandial glycaemic effect of starchy foods are of considerable interest for
nutrition and health. This chapter will consider the nutritional qualities of starch and
their relationship to human health and risk factors for disease.
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2 Nutritional Importance of Starch

Glucose is an energy source for all tissues in the human body. However, the brain,
kidneys, red blood cells and reproductive tissues have specific requirements for a
reliable supply of glucose to support normal physiological functioning. The brain
alone uses 20–25% of total basal metabolic energy expenditure even though it
accounts for less than 10% of body weight [1]. Glucose is also the main energy
source for foetal growth [2–4], and females during pregnancy and lactating mothers
have additional requirements for glucose. Under normal circumstances, the body’s
essential glucose requirements are met from dietary glycaemic carbohydrate and
gluconeogenesis from noncarbohydrate sources, such as the glycerol part of glycero-
lipids, some amino acids (e.g. alanine) or short-chain fatty acids (SCFAs) produced
in fermentations by gut microflora and absorbed into the bloodstream [5–7]. Gluco-
neogenesis can contribute about 20–30% of the glucose needs in humans. Never-
theless, there is still debate about the minimum daily requirement of dietary
glycaemic carbohydrate considered essential in adult humans [4, 8].

Glucose is a strong reducing agent and therefore a chemically reactive molecule.
Complex hormonal and metabolic controls normally maintain blood glucose levels
within a narrow concentration range to avoid adverse physiological consequences of
insufficient availability of glucose to meet essential metabolic needs
(hypoglycaemia) or too high concentrations (hyperglycaemia) that can cause chem-
ical damage to tissues. Postprandial glucose metabolism is complex and influenced
by many factors that vary between individuals, including physiology, age and state
of health. The gut microbiome also plays an important role [9, 10]. If blood glucose
is elevated, hormones produced by the gut induce pancreatic islet cells to release
insulin, which interacts with specific receptors and stimulates glucose uptake by the
tissues. Other hormones act to slow the rate of gastric emptying and reduce food
intake [10]. Glucose excess to immediate metabolic requirements can be stored in
the liver as glycogen, which acts as a transient buffer for glucose in the bloodstream.
Glycogen can also be stored in muscle, but from there it is then no longer available to
other tissues. As the capacity of the liver and muscle to lay down glycogen reserves
is finite, excess glucose is then diverted to lipogenesis. Prolonged excess of nutrient
intake increases the risk of insulin insensitivity, obesity, type-2 diabetes and other
diet-related diseases, which are increasing around the world [9, 11].

The availability of readily digestible dietary starch is considered to have been a
key factor in the evolution of modern humans (Homo sapiens) from their early
hominin ancestors. According to a hypothesis put forward by Hardy et al. [12], the
coincidence of regular consumption of starchy plant foods, the adoption of cooking
and an increase in the copy number of the salivary amylase gene (AMY1) provided an
evolutionary advantage that underpinned the rapid increases in brain size and aerobic
capacity that occurred from around 2 million years ago.
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3 Glycaemic Effect of Starch

The glycaemic potential of starch and starchy foods may be assessed using in vivo
and in vitro testing methods. Glycaemic index (GI) is a numerical value that
indicates the blood glucose-raising potential of a food. The GI is defined as the
increase in blood glucose after intake of 50 g of a carbohydrate over 120 min, using
either glucose or white bread as the reference value [13].

The GI value accounts for the digestion of the food, absorption of glucose from
the gut and its clearance from bloodstream. Foods are classified as low GI (value
<55), medium GI (56–69) and high GI (>70) [14]. High-GI foods produce a greater
increase in postprandial blood glucose and an exaggerated insulin response, which
over time increases body fat and weight, and eventually insulin resistance and
decrease of insulin release due to exhaustion of pancreatic endocrine function.
Insulin resistance prevents glucose from entering the brain, which is associated
with neurodegenerative disease and cognitive decline [10].

This method for measuring GI requires testing human subjects, which is costly,
time-consuming and labour intensive. A practical limit on the number of subjects
that can be tested at a time reduces statistical robustness of the analyses, whereas
ethical considerations prevent the testing of materials not permitted as foods. For
these reasons, in vitro enzymic assays are often used as a proxy to assess the
digestibility of food starches. In vitro methods are particularly useful in comparative,
high-throughput studies and for ranking of multiple samples such as those from plant
breeding programs. These methods can be applied to materials not able to be eaten as
a food [15]. Samples within the same experiment are comparable, but variability
between laboratories in the application of the experimental protocol, especially the
source and amounts of enzymes used, makes comparisons between studies less
reliable. Comparative advantages and limitations of in vivo and in vitro methods
for assessing the glycaemic effects of food starches are shown in Table 1.

The in vitro tests are mostly based on methodology developed by Englyst and
co-workers [16] (hereafter referred to as the Englyst method), on the principle that
starch is the main glycaemic carbohydrate in foods and that cellulose and other
polysaccharides in the diet are not digested in the upper gut of humans. The rate and
extent of glucose release from starch are measured using a combination of digestive
enzymes under defined conditions. The original method published by Englyst
involved an initial acid/pepsin step to simulate the passage of the starch through
the stomach. This step is not always included by others who have subsequently used
this protocol. Englyst followed the pepsin treatment with a starch digestion using
pancreatin (a pancreatic extract) in combination with added amyloglucosidase and
invertase. Pancreatin is a source of α-amylase and also provides glucosidase, prote-
ase, lipase and nuclease activities. The actual amount of enzyme activities used for
the digestions is not well defined, and the presence of proteases in pancreatin as well
as many commercial pancreatic amylase preparations used nowadays is another
source of uncertainty.
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Englyst et al. [16] proposed a terminology that correlated with results obtained
from in vivo studies with ileostomates using a variety of substrates. The amount of
glucose released in vitro under their defined conditions within 20 min was said to
represent rapidly digested starch (RDS), whereas glucose released from starch more
slowly (between 20 and 120 min) was designated as slowly digested starch (SDS).
Starch that was undigested after 2 h was classified as resistant starch (RS). This value
may be an underestimation, as some starches are considered to take closer to 4 h to
pass out of the small intestine. It is important to recognise that rapidly and slowly
digested starch and resistant starch are physiological concepts, not chemical entities.
As discussed by Dhital et al. [17], they represent kinetic stages in the enzymic
breakdown of starch under a specific set of experimental conditions. This raises
questions about the comparability of the values obtained for RDS, SDS and RS
between studies and with values initially obtained by Englyst. Both RDS and SDS
are regarded nutritionally as glycaemic starches as they cause the uptake of glucose
into the bloodstream. Resistant starch has no glycaemic effect as it escapes digestion
in the upper gut. SDS and RS are associated with health benefits through better blood
glucose control and the provision of substrates to promote growth of beneficial
microflora in the colon [18].

Although Englyst’s method is based on mimicking physiological processes that
occur in the hydrolysis of starch by digestive enzymes, there are questions about the
comparability of in vitro methods, which measures the enzymic breakdown of starch
under fixed experimental conditions with a process that varies between individuals
and includes chewing, the mixing effects of muscle contraction, viscosity effects, the
concentration of digesta by removal of water, absorption of glucose into the blood-
stream and the metabolic clearance of glucose from the bloodstream [19].

Table 1 Comparison of glycaemic index testing and in vitro digestion studies

Parameters Glycaemic index In vitro digestion

Property
measured

Blood glucose raising poten-
tial of a carbohydrate-rich
food

Enzymic breakdown of starch

Time required Slow (days) Rapid (hours)

Labour input High Low

Costs High Low

Variability High inter- and intra-
individual variability

Controlled test conditions, easily replicated

Representative
of physiology

Good Does not consider gastric emptying, glucose
absorption and the heterogeneous environment
of the gut

Standard for
testing

Established ISO method and
Australian standard

No standard testing protocol established

Other factors Comprehensive database
available

Suitable for testing novel foods

Adapted from [15] with permission from the Elsevier Ltd. (2012)
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An often-used modification of the Englyst method, which seeks to correlate
in vitro starch hydrolysis with GI values for the same food, gives rise to an
‘estimated GI’ or eGI value as described by Goni et al. [20]. Using samples of
common foods cooked in boiling water until considered edible, the percentage of
starch hydrolysed in vitro after 90 min was found to correlate best with actual GI
values. A hydrolysis index (HI) was calculated from measurements of total starch
and enzyme-digestible starch (i.e. total starch minus enzyme-resistant starch) and the
area under the curve for the test food as a proportion of the curve for corn starch as a
reference [19]. Similarly, a strong correlation was obtained between the hydrolysis
percentage at 120 min and GI values for potatoes, indicating that the glycaemic
response to the potatoes was largely dependent on the percentage of starch
hydrolysed by 120 min [21].

4 Starch Digestion

The digestibility of foods is influenced by many factors including size of particles,
composition and structure of the food matrix and the digestive health of the indi-
vidual. In general, rapidly digested foods tend to have higher glycaemic potential,
whereas foods digested slowly provide more fermentable substrates for the gut
microbiota. Particle size is affected by milling and processing and the breaking up
of food by chewing. Chewing also serves to mix the substrate and salivary amylases
into a bolus, which protects the enzyme and allows digestion to continue to some
extent in the low-pH environment of the stomach [22]. Access of digestive enzymes
to the substrate is the rate-limiting step in the hydrolysis of starch and is a major
determinant of the rate of glucose release and postprandial metabolism
[17, 23]. Plant cell wall material is not digested in the upper gut and provides a
barrier between food substrates and the enzymes. Entrapment of starch in the gluten
matrix is a major factor in lowering the rate of starch digestion in pasta [24].

Starch depolymerisation in the upper gut of humans is mediated by α-amylases,
which cleave the α-1,4 glycosidic bonds to produce linear and branched dextrins.
Amyloglucosidases and isoamylases break the α-1,6 branching links. The cleavage
of the α-1,6 linkages takes place at a slower rate than the α-1,4 linkages [25]. In vitro
studies have shown starches that produce a higher proportion of branched α-limit
dextrins release glucose more slowly [26]. Humans have two forms of α-amylase:
one in saliva (encoded by the AMY1 genes) and the other form secreted by the
pancreas into the small intestine (encoded by the AMY2 genes). Homo sapiens have
between 2 and 20 gene copies of AMY1, whereas other primates have only two
copies. The potential for greater expression of amylase means greater ability to
digest starch. A strong correlation has been shown between AMY1 copy number and
the concentration of amylase in saliva and the oral capacity for starch digestion
[27, 28]. Individuals with high copy numbers of AMY1 digest starchy foods more
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rapidly and produce higher postprandial glycaemia in, whereas having low copy
number is associated with colonic methane production [28].

The linear and branched dextrins released from starch are hydrolysed into free
glucose by mucosal α-glucosidases at the intestinal brush border membrane for
absorption into the bloodstream [29]. Several factors can modulate the rate of starch
digestion and absorption of glucose. Plant-derived polyphenolic compounds in the
diet can act as nonspecific inhibitors of digestion enzymes and glucose transporters
[30–32], while inhibition of α-amylase by malto-oligosaccharides in hydrolysis
products and by binding of the enzyme to cellulose and other food polysaccharides
may also be relevant [33].

5 Starch Digestibility

Raw starch is hydrolysed slowly, with the rate influenced by various factors includ-
ing varietal and genetic differences, amylose content and granule structural charac-
teristics and surface properties. Physical and chemical properties that impede access
of the enzyme to the granule surface or reduce enzyme binding to the substrate in
other ways slow down enzyme action [33, 34]. For example, amylases are consid-
ered to attack the amorphous layers of the granules more readily due to the greater
difficulty of access of the enzymes to glucan bonds in the more densely packed
crystalline regions [35]. Waxy starches are attacked more readily than non-waxy
starches as the amorphous regions contain less amylose to hinder enzyme access.
The rate of hydrolysis closely approximates first-order kinetics and will therefore
slow down as the concentration of substrate decreases [21].

Most starch consumed by humans has been at least partially gelatinised due to
processing or cooking, which results in the disruption of the structural order of native
granules. Starch granules, regardless of their source, that have been at least partially
gelatinised are hydrolysed much more rapidly than intact native granules
[21, 36]. The rate of enzymic hydrolysis of cooked starch is controlled by the extent
of gelatinisation that occurs and subsequent aggregate formation due to retrograda-
tion during cooling. These processes are influenced by the nature of the starch, the
temperature, rate and duration of heating, water availability, shear forces and length
of cooling time [36–39]. Even moderate cooking that causes no visible disruption to
granules greatly increases the susceptibility of starch to hydrolysis by amylases
in vitro [40]. Cooking also disrupts the integrity of plant cell walls so that the starch
granules are more accessible to α-amylase digestion [41]. The amylolysis kinetics of
cooked starch are more complex than first-order, reflecting the greater heterogeneity
of the substrate [42].

Starchy foods that are digested slowly and elicit a lower glycaemic response are
considered more beneficial to health and in the prevention and management of
diabetes and hyperlipidaemia than foods that produce high glycaemic responses
[9]. Rapidly digested starch is abundant in highly processed foods and is the most
significant contributor to a rapid influx of glucose into the bloodstream and poor
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glycaemic and insulin control. Slowly digested starch results in a more prolonged
release of glucose giving rise to a reduced postprandial glycaemic and insulin
responses [9]. Slowly digested starch, which is likely to contain a mixture of remnant
crystalline clusters from partially gelatinised starch as well as retrograded starch,
could be affected by small variations in the cooking and cooling conditions.

Starch breakdown products (dextrins and/or glucose) that reach the ileum are
considered to have physiological benefits by triggering the ileal and colonic brakes,
which stimulate hormone secretions that decrease the rate of gastric emptying and
thereby reduce food intake [43]. These digestion products in the ileum are proposed
act on the gut-brain axis by altering gene expression to lower production of appetite-
stimulating signalling molecules and increase production of appetite-suppressing
neuropeptides [44]. The result is the slowing of nutrient delivery into the blood-
stream and stimulation of the satiation response in the brain and controlling food
intake [19, 45]. The ileal brake has been offered as an explanation for how low-GI
foods could moderate hunger levels.

6 Resistant Starch

Starch that escapes digestion in the small intestine passes into the lower gut, where it
is a substrate for fermentation by the microflora. The human gastrointestinal tract is
host to about 1014 microbial cells, which account for about 2% of the body weight
and occupy multiple environmental niches. The majority of cells reside in the colon.
The complexity and functional diversity of species varies between individuals, as
does the impact of diet on the microbiota [46]. Functional diversity and redundancy
give the gut microbiota a degree of resilience to variations in the diet and against
inflammatory conditions. The gut microbiota can affect the host’s resistance to
inflammatory and autoimmune conditions and influence brain function and cognitive
abilities. Dietary variations have been demonstrated to drive changes in the compo-
sition and function of gut microflora [47]. However, the extent to which changes in
the gut microflora are causative of disease or provide a biomarker for abnormalities
remains to be definitively determined.

The resistance of starch to digestion may be due to many factors: its intrinsic
structural properties; effects of the food matrix in limiting access by hydrolytic
enzymes; retrogradation; the extent of structural changes during processing; chem-
ical modifications; and interactions with other food constituents. Resistant starch has
properties similar to readily fermentable dietary fibre. Health benefits of traditional
Indian and African diets are attributed to being rich in resistant starch [48]. As
discussed elsewhere in this book, the properties and different forms of resistant
starch have been reviewed extensively in the literature (e.g. [49, 50]) and will not be
covered here.

The short-chain fatty acids (SCFAs) acetate, propionate and butyrate are major
products of the microbial fermentations and are considered to play important ben-
eficial physiological roles [5–7, 46]. However, as much of the information on the fate
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of SCFAs produced by fermentation in the gut comes from animal models due to the
difficulty of performing experiments with humans, caution is needed in the interpre-
tation of results to humans. Short-chain fatty acid produced by gut microflora lowers
the pH of the colon, creating a less favourable environment for harmful microbes and
affecting the absorption of nutrients, including reducing the bioavailability of toxic
amines. SCFAs act as signalling metabolites involved in regulating energy homeo-
stasis and glucose and lipid fluxes and helping to modulate inflammation [5–
7]. SCFAs absorbed into the bloodstream enter pathways of carbohydrate and lipid
metabolism in the liver. They can supply up to about 10% of the energy for host
metabolism. The energy yield from nondigestible carbohydrate will vary depending
on the efficiencies of fermentation and of absorption of the SCFA products [46]. Pro-
pionate is mainly incorporated into gluconeogenesis, whereas acetate is mostly
assimilated into lipid biosynthesis [5–7]. Fermentation of resistant starch produces
a high level of butyrate, which is the main energy source of colonocytes and helps to
inhibit their malignant transformation [51].

7 Conclusions

The digestive fate of starch determines its nutritional qualities and their relationship
to human health. Rapidly digested starch is associated with poor postprandial
glycaemic and insulinemic control. Excessive dietary exposure over the long term
increases the risks for obesity and diet-related illnesses. Slowly digested starch
moderates these postprandial responses and has a key role in producing satiety and
limiting food intake. On the other hand, starch that is not digested in the upper
human gut is good source of fermentable food for the gut microbiota, which are now
recognised as having an essential role in the health of the host. Exploring the
complexity of the interplay between starch properties and its digestion, the gut
microbiota, diet and health will no doubt be a topic of research interest for years
to come.
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