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ABSTRACT

AMYLOPECTIN MOLECULAR STRUCTURE FROM DIFFERENT BANANA CULTIVARS
AND ITS INFLUENCE ON THE FORMATION OF STRUCTURALLY-DRIVEN SLOWLY
DIGESTIBLE STARCH

Josephine C Yee

Advisor:

University of Guelph, 2019

Dr. Mario Martinez Martinez

In high glycemic index starchy foods, hydrothermal processing causing gelatinization results in
starch being more rapidly digested by α-amylase. Understanding the structural properties that
increase the propensity to form structurally-driven slowly digestible starch (SSDS) would have
major impact on consumer health. Starch from 6 banana cultivars (Enano Gigante, Morado,
Dominico, Hembra, Macho, and Manzano) were analyzed for their structural, functional and
digestive properties. Digestion of all banana cultivars was found to be two-fold lower than the
maize counterpart after one and 7 days storage, most noticeably in Manzano. The combination of
higher amylose content, smaller amylopectin molecular weight, and lower proportion of A-chain
fingerprints could result in higher mobility and better alignment properties of amylopectin, leading
to the formation of more SSDS. Results from this study will contribute towards a better
understanding of banana starch structural properties and their role in developing low glycemic
index foods.
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1 Introduction
1.1 Carbohydrates in Food
Carbohydrates play an important role in human nutrition as a major source of energy,
accounting for 45–70% of total energy intake and expenditure (Lafiandra, Riccardi, & Shewry,
2014; G. Zhang & Hamaker, 2009). It is a category of macronutrients that encompass a variety of
biomolecules mainly consisting of carbon, hydrogen and oxygen arranged into smaller and simpler
structures known as monosaccharides and disaccharides (i.e. sugars), or larger complex structures
called polysaccharides (i.e. starch). Starch is a dominant source of carbohydrates for humans, as it
is a major macro-constituent in many food products made from cereals, roots, tubers and pulses
(G. Zhang & Hamaker, 2009). However, carbohydrates from different sources can have widely
varying digestion rates and extensions, which correlate to absorption of glucose in the
gastrointestinal tract. As a result, they have a direct influence on postprandial glycaemia (i.e. blood
sugar levels after a meal) and their categorization in the glycemic index (GI) of foods.
The GI, originally proposed by Jenkins et al. (1981), is a ranking system that assigns
carbohydrate foods a value from 0 to 100 according to the extent of their impact on postprandial
glycaemia. The deleterious health effects of consuming high GI foods and their propensity to cause
or result in obesity, diabetes, cardiovascular disease and other metabolic disorders has been
extensively researched (Brand-Miller, McMillan-Price, Steinbeck, & Caterson, 2009; Ludwig,
2002; Magallanes-Cruz, Flores-Silva, & Bello-Perez, 2017; Wolever, 2003). For starches, the
nutritional properties can differ greatly due to their macromolecular structure. In native starches,
the macromolecular structure acts as a natural physical barrier to enzyme digestion. When starches
1

undergo hydrothermal processing (cooking, boiling, baking, etc.), and become partially or
completely gelatinized, they lose their ordered structure (Dhital, Warren, Butterworth, Ellis, &
Gidley, 2017; Martínez, Román, & Gómez, 2018). The more amorphous structure of gelatinized
starches results in the availability of far more α-amylase binding sites, making them more
susceptible to amylolysis (Baldwin et al., 2015; Dhital et al., 2017). This, in turn, results in a higher
number of starchy foods with high GI (Foster-Powell, Holt, & Brand-Miller, 2002). With a
comprehensive knowledge of the structural characteristics of native and gelatinized starches,
researchers will be able to better understand the components that influence a decrease in the
digestion rate of foods with fully gelatinized starches, and will ultimately have a major impact on
public health.

1.2 Starch Structure
Starch is a biopolymer produced by green plants that exists as semi-crystalline granules in
their natural form (Jane, 2009; Vamadevan & Bertoft, 2015). It can be extracted from a variety of
sources, the most common of which include cereals (maize, wheat, rice), roots (cassava, sweet
potato, canna, arrowroot), tubers (potato, yam) and stems (sago) (Bertoft & Nilsson, 2016).
Granules of starch are almost entirely comprised of two major polysaccharides: amylopectin and
amylose. Both amylopectin and amylose are polymers consisting of D-glycosyl monomer units
forming chains through α-(1,4)-glucosidic linkages (Figure 1.1). However, amylopectin is highly
branched, interconnected at the reducing end by α-(1,6)-glucosidic linkages, while amylose is
mostly linear (α-(1,4)-glucosidic linkages) and consist of much longer chains (Bertoft, 2017).
Minor components of starch include lipids, proteins, and trace amounts of minerals including
phosphorus, potassium, magnesium, calcium, sodium, and iron (Bertoft & Nilsson, 2016). Most
2

native starches possess between 15-30% amylose content by weight, however waxy varieties,
which have little to no amylose content, as well as genetically modified starches (amylotypes) with
increased amylose content can also be also found (Bertoft, 2017, 2018; Jane et al., 1999).
Amylopectin and amylose possess different properties which affect starch behaviour after
gelatinization and subsequent retrogradation (Jane, 2009).

Figure 1.1 Glucosyl units in amylopectin connected through α-(1,4)-glucosidic linkages, forming linear chains, and
α-(1,6)-glucosidic linkages, forming branches.

3

1.2.1

Amylopectin Structure
Amylopectin is a very large polymer composed of hundreds and sometimes thousands of

chains, typically averaging at chain lengths (CL) of 17–27 glycosyl units (GU) or degree of
polymerization (DP) (Bertoft & Nilsson, 2016). Characteristic information about amylopectin can
be obtained with high-performance size-exclusion chromatography (HPSEC) coupled with a
refractive index detector (RI), or high-performance anion-exchange chromatography (HPAEC)
with pulsed amperometric detection (PAD) (Bertoft & Nilsson, 2016). Both methods can be used
to evaluate the chain length distribution of amylopectin unit chains, although each offer unique
additional information. HPSEC coupled with multi-angle light scattering (MALS) and RI can also
inform on the molecular weight (Mw) of the amylopectin molecule (107–109 g/mol) and amylose
(105–106 g/mol), polydispersity index (molecular distribution represented as the number averaged
molecular weight), hydrodynamic radius, hydrodynamic volume, and gyration radius (Jane, 2009;
Magallanes-Cruz et al., 2017; Roman, Gomez, Li, Hamaker, & Martinez, 2017). HPAEC-PAD is
unable to analyze amylose CL due to its very long DP, but instead allow for an in-depth analysis
of amylopectin molecular structure by assessing the internal chain length distribution of limit
dextrins (α-, β-, φ-, or φ, β-) (Bertoft, 2018). This information about amylopectin internal chains
is significant, as it has been shown that small differences in the internal structure may explain large
functional differences in starch (Bertoft et al., 2016).
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Phosphorylase

Amylopectin

Isoamylase

φ-Limit Dextrin
(+ Glucose-1-phosphate)
β-Amylase

φ,β-Limit Dextrin
(+ Maltose)

Debranched
Amylopectin

Isoamylase + Pullulanase

Debranched
φ,β-Limit Dextrin
Figure 1.2 Use of enzymes phosphorylase and β-amylase to obtain φ, β-limit dextrins, and isoamylase and
pullulanase for debranching prior to analysis of unit chain distribution by high-performance anion-exchange
chromatography. Ø indicates the reducing end. are glucose residues. Adapted from (Bertoft, 2018).

In order to investigate the unit and internal chain length distribution, some sample
preparation using enzymes is necessary (Figure 1.2). For studying the internal chains, the external
chains must first be removed, leaving resultant structures known as φ, β-limit dextrins (φ,β-LD).
Two exo-acting enzymes are employed for this task: phosphorylase and β-amylase in sequence
(Bertoft, 2004; Kong, Corke, & Bertoft, 2009). Phosphorylase is used to obtain φ-limit dextrins by
hydrolyzing α-(1,4)-glucosidic linkages at the non-reducing end of chains. Phosphate is released
by phosphorylase, which reacts with the glucose units cleaved from amylopectin, and results in
the release of glucose-1-phosphate. Depending on the branch CL (even or odd), 3-4 glucose
residues will remain. An additional maltose is cleaved away by treating the φ-limit dextrins with
β-amylase, which hydrolyzes every second α-(1,4)-glucosidic linkages from the non-reducing end
of a chain. The remaining φ,β-LD, which will have 1-2 glucose residues, will be removed during
debranching.
5

Debranching is necessary prior to analysis by HPAEC-PAD or HPSEC-MALS-RI to
separate the branches of amylopectin into quantifiable individual chains for chain length
distribution. It is performed on both amylopectin and φ,β-LD with isoamylase and/or pullulanase.
Isoamylase is an endo-acting enzyme that separates amylopectin branches by hydrolyzing α-(1,6)glucosidic linkages and releasing maltose. Pullulanase is an exo-acting enzyme used to hydrolyze
the polysaccharide pullulan, but is also effective in hydrolyzing the remaining maltose stubs
(Bertoft, 2017). While isoamylase has been found to completely debranch amylopectin, the
addition of pullulanase can assist in the removal of maltose residues, which is especially important
when investigating β- or φ,β-LD (Bertoft, 2004; Kong et al., 2009).
1.2.1.1 Chain Categories
Two main nomenclatures exist for classifying chains of amylopectin (Figure 1.3). The first
system coined by Peat, Whelan, & Thomas (1956) divides chains by function into A, B, and Cchains. A-chains are completely external chains that do not carry any other chains (i.e. do not have
branches). B-chains possess internal and external components, and carry other chains (i.e. have
branches). The C-chain possesses the only free reducing-end in an amylopectin molecule, but is
otherwise structurally similar to B-chains.
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Figure 1.3 Unit chain length distribution showing the division of chain categories in (A) whole amylopectin, and
(B) φ, β-limit dextrin. Afp, A-chain fingerprints; S, short-chains; L, long-chains; A, A-chains; BS = B1, short B-chains or B1chains; BL, long B-chains; Bfp, B-chain fingerprints; B2, B2-chains; B3, B3-chains.
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The second system, described by Hizukuri (1986), expands off of the first nomenclature
by further dividing chains by length. Broadly, chains can be sorted as short (S) chains and long (L)
chains. The division of these groups can depend on the sample, but is typically be determined
visually at approximately DP 36 (Bertoft & Nilsson, 2016). The ratio of S- and L-chains (S:L),
and their respective average CL are reflected in overall amylopectin chain length (AP CL). This
parameter is important, as AP CL can be correlated with crystalline structure in the starch granule
(Bertoft & Nilsson, 2016). Short AP CL is associated with A-type polymorphs, while long AP CL
is associated with B-type polymorphs (Hizukuri, 1985). Chains with DP 6–36 in amylopectin are
considered short-chains (S), while DP ≥37 are considered long-chains (L). S-chains consist of Achains and short B-chains (BS = B1), which can be visually separated in the chromatogram of φ,βLD. The consecutive treatments on amylopectin with β-amylase and phosphorylase reduces all Achains into maltose (DP 2 in φ,β-LD), thus all remaining chains at higher DP are B-chains (Bertoft,
2004). Short B-chains (BS = B1) are found at DP 3–23. L-chains, which consist solely of B-chains
in φ,β-LD, can be further divided into B2-chains (DP 24–54), and B3-chains (DP ≥55) (Bertoft et
al., 2016). A-chain fingerprints (Afp = DP 6–8 in amylopectin), and B-chain fingerprints (Bfp = DP
3–7 in φ,β-LD) were also determined as percentages relative to the molar composition of the whole
amylopectin for Afp and φ,β-LD for Bfp.
These nomenclatures allow for the calculation of several important chain lengths that
define amylopectin structure. Using analysis by HPAEC-PAD, the chromatogram for amylopectin
can be used to calculate average AP CL, while the chromatogram of φ,β-LD can be used to
calculate the average φ,β-LD CL. The area under each peak corresponding to a DP/CL can be used
to determine the total number of moles of glucose in amylopectin or φ,β-LD, which can be

8

subsequently related to carbohydrate concentration (Koch, Andersson, & Åman, 1998). The
calculated AP CL and φ,β-LD CL can then be used to find the φ,β-limit value, as per Equation (1).

𝐿𝑉 =

𝐶𝐿𝐴𝑃 − 𝐶𝐿𝐿𝐷
𝐶𝐿𝐴𝑃

(1)

The φ, β-limit value is used to calculate the average external chain length (ECL) (Equation (2))
and average internal chain length (ICL) (Equation (3)). These values can provide a better
understanding of the density of branching in the external and internal segments of amylopectin,
although it will not reveal the actual distribution of branches within and between clusters (Bertoft,
2004).

𝐸𝐶𝐿 = 𝐶𝐿𝐴𝑃 × 𝐿𝑉 + 1.5

(2)

𝐼𝐶𝐿 = 𝐶𝐿𝐴𝑃 − 𝐸𝐶𝐿 − 1

(3)

In the φ,β-LD unit chain profile, we can also determine total internal chain length (TICL) (Equation
(4)) and core chain length (CCL) (Equation (5)). TICL is defined as the average chain length of
the internal segments of B-chains including branch point residues, while the calculation of CCL
does not include the branch point residues, hence the subtraction of one GU (Bertoft, 2004).

𝑇𝐼𝐶𝐿 =

1
𝑀𝑜𝑙𝑒𝑠𝑇𝑜𝑡𝑎𝑙 − 𝑀𝑜𝑙𝑒𝑠𝐷𝑃2

(4)

𝐶𝐶𝐿 = 𝑇𝐼𝐶𝐿 − 1

(5)
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(A)

(B)

(C)

Figure 1.4 Chain categories of amylopectin. In all figures, Ø indicates the reducing end. (A) are A-chains, are
B-chains, and is the C-chain. (B) are the external chains, and are the internal chains. (C) are the total
internal chains, and are the core chains.
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These calculated parameters for internal unit chain profiles can be used to classify
amylopectin into 4 types (Table 1.1). This classification of structurally similar starches facilitates
drawing conclusions for each group in terms of physicochemical properties, functionality, and
digestibility.
Table 1.1 Categorization of Amylopectin by Fine Structure and Unit Chain Length Distribution (Bertoft, 2018;
Bertoft, Koch, & Åman, 2012; Bertoft, Piyachomkwan, Chatakanonda, & Sriroth, 2008; Vamadevan & Bertoft,
2018)

Type 1
Chain Length
AP CL
17.0 – 18.4
ECL
10.7 – 12.3
ICL
3 – 5.3
TICL
10 – 12.7
Molar Ratio
S:L
14.6 – 22.2
BS:BL
7–9
Molar Composition (%)
Bfp
10.3 – 17.3
BS (= B1)
36.9 – 46.1
B2
3.5 – 4.7
B3
≤1
Polymorph Type A
Starch Sources
yam bean, rye,
oat, barley

Type 2

Type 3

Type 4

16.9 – 19.7
10.7 – 13.1
3.8 – 5.6
9 – 10

17.7 – 20.3
11.4 – 13.4
4.2 – 5.3
10.5 – 14.6

21.1 – 23.1
13.7 – 15.0
5.2 – 5.3
11.6 – 19.9

12 – 15.9
4–7

9.4 – 12
3.7 – 4.7

6–7
2.3 – 3

15.1 – 20.2
37.0 – 44.9
5.8 – 7.3
≤1.2
A, C
maize, rice,
sago, kudzu,
amaranth

12.0 – 14.0
34.7 – 37.5
6.2 – 7.1
1–2
A, C
mung bean,
arrowroot,
tapioca,
amaranth,
cassava

11.7 – 13.5
30.6 – 33.4
8.7 – 9.8
3–4
B
canna, lesser
yam, potato

Note: AP CL, Amylopectin average chain length; φ,β-LD CL, φ, β-limit dextrin average chain length; φ,β-LV, φ, β-limit value;
ECL, external chain length; ICL, internal chain length; TICL, total internal chain length; Bfp = relative amount of B-chain
fingerprints in φ,β-LD, S:L = molar ratio of short and long-chains, S, short-chains (Degree of Polymerization (DP) 6–36 in
amylopectin); L, long-chains (DP ≥37 in amylopectin); Bfp, B-chain fingerprints (DP 3–7 φ, β-limit dextrin); A, A-chains (DP 2 in
φ, β-limit dextrin); B, B-chains (DP ≥3 in φ, β-limit dextrin); BS, short B-chains or B1-chains (DP 3–23 φ, β-limit dextrin); BL,
long B-chains (DP ≥24 in φ, β-limit dextrin); B2, B2-chains (DP 24–54 in φ, β-limit dextrin); B3, B3-chains (DP ≥55 in φ, β-limit
dextrin).
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1.2.2

Amylose
The ratio of amylose to amylopectin is an important property for understanding pasting

properties, gelatinization and gel characteristics, food texture, and propensity to form
enzymatically resistant starch fractions upon retrogradation. It is most commonly analyzed using
colorimetric methods. One of such methods calculates the iodine binding capacity of amylose
through the formation of amylose-iodine complexes and determine apparent amylose content
(Bertoft, 2018; Morrison & Laignelet, 1983; Yun & Matheson, 1990). However, it has been found
that it is possible for some starches to have some chains of amylopectin that are longer than
amylose, which are also able to form helical complexes with iodine and can inflates amylose
calculations (Bertoft, 2018; Jane et al., 1999). An alternate method to determine absolute amylose
content that is not subject to the problems of the previous method, instead uses lectin concanavalin
A, which forms complexes with amylopectin but not with the mostly linear amylose (Yun &
Matheson, 1990). To obtain a better understanding of the structure and size, HPSEC is often
employed instead. Compared to amylopectin, whose chain lengths can average between 16–23 GU
and have an average DP 80–90, amylose average chain length is significantly longer at 270–525
GU and can have DP 960–3280 (Agama-Acevedo, Nuñez-Santiago, Alvarez-Ramirez, & BelloPérez, 2015; Bertoft, 2018; Jane, 2009).

1.3 Starch Functionality
1.3.1

Gelatinization
Gelatinization is an endothermic process in which the crystalline double helices of starch

chains dissociate upon heating while hydrated, causing an irreversible change in its functional
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properties (e.g. granular swelling, native crystallite melting, loss of birefringence and starch
solubilization) (Mason, 2009; Vamadevan & Bertoft, 2015). It can be influenced by a number of
factors, including amylose content, lipid content, and amylopectin structure (Bhat & Riar, 2016;
Matveev et al., 2001; Tester & Morrison, 1990; Vamadevan & Bertoft, 2015; Varavinit,
Shobsngob, Varanyanond, Chinachoti, & Naivikul, 2003). When the starch is heated past a phase
transition range of temperatures (typically 40 – 80˚C, depending on the type of starch (Vamadevan
& Bertoft, 2018)), starch granules lose their ordered crystalline structure and consequently also
their birefringence (Donovan, 1979; Vamadevan & Bertoft, 2015). A variety of methods have been
used to observe these changes, however the most widely used technique is differential scanning
calorimetry (DSC) (Vamadevan & Bertoft, 2015).
DSC is a thermal analysis technique that measures temperature and heat flow as a function
of time. Starches are hydrated with water and hermetically sealed into pans, then slowly heated in
a temperature-controlled chamber. As heat increases, the hydrated starch granules swell and the
double helices formed by hydrogen bonds between molecules amylose and amylopectin melt,
breaking the previously semi-crystalline structure of starch in an endothermic process. Double
helical bonds involving amylopectin, either as amylopectin-amylopectin or amylose-amylopectin,
will show a thermal transition peak typically between 50 – 80 ˚C depending on the source of starch
(Bhat & Riar, 2016; Vamadevan & Bertoft, 2015, 2018). It is also possible to observe an additional
thermal transition peak at a higher temperature (100 – 110 ˚C) that is associated with the melting
of amylose-lipid complexes (Jane, 2009). Finally, at even higher temperatures (Tp = 120 – 140 ˚C),
the melting of amylose-amylose interactions can be observed (Boltz & Thompson, 1999).
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1.3.2

Retrogradation
Gelatinized starches that are stored a low temperatures will, over time, undergo a process

called retrogradation. This process occurs because gelatinized starches are not in a thermodynamic
equilibrium, thus during storage, amylose and amylopectin molecules will re-associate from a
previously amorphous state into an ordered structure (Eliasson, 2016; Martinez et al., 2018;
Mason, 2009). Retrogradation plays a role in a number of physicochemical and rheological
properties of starch containing foods, including firmness, rigidity, bread staling, and syneresis
(water holding capacity) (Eliasson, 2016; Ishiguro, Noda, Kitahara, & Yamakawa, 2000). A
variety of techniques can be used to achieve an understanding of the viscoelastic properties of
starch gels, including thermal, rheological, spectroscopic and chromatographic techniques, X-ray
diffraction and scattering, mechanical tests, and microscopic imaging (Wang, Li, Copeland, Niu,
& Wang, 2015). A combination of techniques will allow for a complete characterization of starch
retrogradation. The effects of retrogradation is important, especially for manufacturers of prepackaged foods, to determine how processed food products will change during storage from when
it was prepared until it reaches the consumer (Eliasson, 2016; Mason, 2009).
Physical junction zones (PJZ) are cross-linkages between starch molecules, either as
intermolecular associations between double helices (type I junction zones) and/or crystallites
formed by aggregates of double helices (type II junction zones) (Klucinec & Thompson, 1999;
Roman, Campanella, & Martinez, 2019). PJZs can be categorized into two groups that help define
their functionality: internal linkages where two internal elements are joined extending from one
PJZ to another along a primary molecule, and external linkages where one internal element is
joined to a terminal element (free end) (Klucinec & Thompson, 2002). During retrogradation,
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internal elements are capable of retrograding without forming new internal PJZs, while external
elements can retrograde (Klucinec & Thompson, 1999). In terms of the functional properties
affected in turn by this property, it has been determined by observing the thermal and rheological
properties of the starch gels that higher retrogradation enthalpy (intra and inter-molecular
reassociations) does not necessarily translate to an increase in storage modulus (internal PJZ)
(Klucinec & Thompson, 2002; Roman, Campanella, et al., 2019). Instead, this would imply that
only the retrogradation of internal PJZs would affect the density and stability of PJZs, altering the
mechanical properties of starch gel network structure and the overall texture of starchy foods
(Klucinec & Thompson, 2002; Roman, Campanella, et al., 2019).
The influence of amylose and amylopectin in starch from a variety of sources on
retrogradation has been extensively researched. Amylose is known to retrograde more quickly than
amylopectin, contributing to the formation of PJZs early on during storage (Jacobson, Obanni, &
Bemiller, 1997; Martinez et al., 2018; Miles, Morris, Orford, & Stephen, 1985). Starches with
more L-chains and longer average CL were found to have more advanced retrogradation, higher
gel strength, and syneresis (Ishiguro et al., 2000; Jane & Chen, 1992; Kohyama, Matsuki, Yasui,
& Sasaki, 2004). Amylopectin with a higher proportion of B-chains (low A:B) have shown an
increased tendency upon retrogradation to result in gels with higher storage modulus (G')
(Matalanis, Campanella, & Hamaker, 2009). Bertoft et al. (2016) had suggested that small
differences in the internal structure of amylopectin can have significant effects on functional
properties of starches; shorter ICL and TICL, higher A-chain and B-chain fingerprints, and low
proportions of B2-chains lead to fewer intermolecular interactions involving internal chains,
limiting interactions to external chains which lead to weaker gel strength. (Roman, Gomez,
Hamaker, & Martinez, 2018) found that greatly reducing the amylopectin size while maintaining
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fine structure resulted in a decrease in number of amylopectin-amylopectin intermolecular,
indicating that these interactions are a significant contributing factor to building starch gel structure
(Roman et al., 2018).

1.4 Digestion Properties
The GI index is a useful tool for consumers when making decisions on their food
consumption, however to better understand the nutritional properties of starches, a classification
system based on the rate of digestion and glucose absorption is used. Digestion properties can be
assessed in a number of ways, but the most commonly used are in vitro starch hydrolysis methods.
They serve as predictors for the physiological effects of food, although they only account for the
effects of intrinsic factors on starch behaviour (Magallanes-Cruz et al., 2017). The Englyst method
classifies starch fractions as rapidly digestible starch (RDS), slowly digestible starch (SDS), and
resistant starch (RS) based on the amount of free glucose and total glucose, where RDS is the
portion within the initial 20 min, SDS is the portion digested between 20 to 120 minutes, and RS
is the remaining portion after 120 min (Englyst, Kingman, & Cummings, 1992). RS can be further
categorized as RS1: starches that are resistant due to physical inaccessibility, RS2: starches
containing an enzymatically resistant granule, RS3: starches that are retrograded, and RS4:
starches that have been chemically modified to slow digestion (Englyst et al., 1992; G. Zhang &
Hamaker, 2009). Alternatively, the Goñi method measures starch hydrolysis by correlating the
amount of reducing sugars to the equivalent amount of maltose released, then fitting the digestion
curve to a first-order kinetics model (Goñi, Garcia-Alonso, & Saura-Calixto, 1997). From this
model, the rate and extent of starch digestion by α-amylase can be obtained. A low starch digestion
extension would indicate an overall lower amount of glucose release in the body, however a lower
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rate of digestion is of greater interest to discover ways to sustain the energy provided by consuming
carbohydrates throughout the day.
One of the main problems with starch in food for postprandial glycemia is the changes that
occur to the starch structure during hydrothermal processing. When native starches are cooking,
boiling, baking, etc., it causes partial or complete gelatinization and results in a loss of the natural
physical barriers to enzyme hydrolysis (Martinez et al., 2018; Martínez et al., 2018; RodríguezDamian, De La Rosa-Millán, Agama-Acevedo, Osorio-Díaz, & Bello-Pérez, 2013). Gelatinized
starches lose their crystallinity, which increases the availability of α-amylase binding sites and
consequently increases the amount of RDS (Baldwin et al., 2015; Martinez et al., 2018; Roman et
al., 2017). RDS are found in most processed starchy foods, which upon consumption are quickly
digested and absorbed into the small intestine, resulting in a high postprandial response (Zhang &
Hamaker, 2009). This spike in blood glucose can be severely detrimental to glucose homeostasis
and can lead to adverse health conditions (Ludwig, 2002). On the other hand, SDS and RS have
been associated with low GI-foods. SDS, similar to RDS, is still digested in the small intestine but
more slowly (has a lower initial glucose response but the effects are sustained over a long period
of time). RS is a starch fraction that is able to resist enzyme hydrolysis to glucose in the small
intestine even after 120 min, and is instead fermented in the colon, thus behaving like a dietary
fibre (Raigond, Ezekiel, & Raigond, 2015). As such, there has been considerable interest
investigating the relationship between the molecular structure of amylopectin, amylose, and
digestion kinetics to identify characteristics that are more prone to the formation of RS and SDS.
One way to promote the formation of RS and SDS is through retrogradation. During
retrogradation, the bioaccessibility of starches are reduced due to the re-association of molecules
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and formation of double helical structures. During storage, amylose is known to be associated with
the formation of RS (Haralampu, 2000; Patel et al., 2017; Vatanasuchart, Niyomwit, &
Wongkrajang, 2012), while amylopectin is associated with SDS (Zhang, Sofyan, & Hamaker,
2008). The formation of RS has been shown to be positively correlated with amylose content and
amylose length (Bi et al., 2017; Jane, 2009; Magallanes-Cruz et al., 2017; Zhang & Hamaker,
2009). On the other hand, the formation of SDS has been found to be positively correlated to higher
proportions L-chains (low S:L) (Martinez et al., 2018; Roman, Campanella, et al., 2019; Roman,
Gomez, Hamaker, & Martinez, 2019; P. Zhang & Hamaker, 2012), longer average CL, longer
average CL of S-chains (Benmoussa, Moldenhauer, & Hamaker, 2007; Bi et al., 2017; Gérard,
Colonna, Buléon, & Planchot, 2001; Gidley & Bulpin, 1987). However, starch with a large
abundance of S-chains, especially chains with DP < 13 which are more difficult for α-amylase to
cleave, can also slow digestion by limiting enzyme digestion through high branch density (Zhang
et al., 2008).
Taking advantage of the advances in understanding the starch structure-function-digestion
relationship, many have explored modifications that can be performed on the starch molecules to
reduce starch digestibility by improving the chances for formation of RS and SDS. Physical,
chemical, and enzymatic modifications to the starch molecule are employed to reduce enzyme
hydrolysis (Magallanes-Cruz et al., 2017). (Ao et al., 2007) has shown that enzymatic treatment
of native maize starch with β-amylase and maltogenic α-amylase to partially shorten ECL (and
possibly also amylose) and reduce branch density in amylopectin facilitated retrogradation and
produced more RS and SDS, ultimately reducing the rate of digestion. Chemical modifications,
such as oxidation, acetylation, hydroxypropylation were compared by (Chung, Shin, & Lim, 2008)
in maize starch, were all shown to increase RS formation after gelatinization and reduce starch
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digestibility. Physical treatments include heat treatment, high pressure application, microwave
irradiation, ultraviolet light irradiation, radiation, ohmic heating, wet treatment, and mechanical
shear and stress application through extrusion, which increase SDS and RS with or without
destroying the granule structure (Cahyana et al., 2019; Magallanes-Cruz et al., 2017; RodríguezDamian et al., 2013; Roman, Campanella, et al., 2019; Roman et al., 2018; Roman, Gomez, et al.,
2019; Sarawong, Schoenlechner, Sekiguchi, Berghofer, & Ng, 2014). These modifications and
processing methods may also inadvertently solve one of the negative aspects of retrogradation,
which is that this process has also been known to be detrimental for food texture and appearance
(i.e. bread staling, gel syneresis) (Gray & Bemiller, 2003; Hoover & Manuel, 1995; Mason, 2009).

1.5 Banana Starch
The production of bananas is a sizeable international agricultural industry, estimated to
generate 8 billion USD globally per year (FAO, 2017). Production is located primarily in Asia,
Latin America, and Africa, with India being the current largest producer (30 million metric tonnes
in 2017) followed by China (11 million metric tonnes in 2017) (FAO, 2017). Despite the
significant scale of production, both countries mostly serve their respective domestic markets.
Instead, that largest banana exporter is Ecuador (6 million metric tonnes in 2016), while the largest
importer is the United States of America (4.6 million metric tonnes in 2016) (FAO, 2017).
Unfortunately, of all the bananas that are harvested worldwide, one-fifth of them become
culls, discarded before they even reach consumers in supermarkets (P. Zhang, Whistler, Bemiller,
& Hamaker, 2005). Bananas can be thrown away for a variety of reasons, including being too
small, damaged, or spoiled. These bananas are not always properly discarded, such as being
dumped into rivers in Costa Rica, leading to a significant environmental problem with banana
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waste (P. Zhang et al., 2005). To mitigate this problem, there has been increasing interest in using
the culled bananas to produce flour or starch and used as a food ingredient.
Bananas are rich in a number of nutrients that are good for human health, including vitamin
E, vitamin C, potassium, magnesium, and other minerals, while also being an excellent source of
carbohydrates (Aurore, Parfait, & Fahrasmane, 2009; Bi et al., 2017; Vatanasuchart et al., 2012).
Green (unripe) banana pulp can contain as much as 70–80% starch on a dry weight basis, which
is comparable to corn grain endosperm and white potato pulp (Zhang et al., 2005). The starch can
be isolated to a relatively high purity, of which 75–84% of the native banana starch was found to
be resistant (both in vivo and in vitro) to hydrolysis by α-amylase and glucoamylase and only
ingested when they reached the terminal ileum (Faisant et al., 1995; Zhang et al., 2005). Thus,
banana starch has great potential to be produced into a health food ingredient made from
inexpensive raw materials and help with reducing the environmental problem with culled banana
waste.
1.5.1

Banana Cultivars
Bananas and plantains belong to the genus Musa spp, from the family Musaceae. Most

modern edible bananas are cultivated varieties (cultivars) originating from two wild, seeded
species of bananas native to South-east Asia, Musa acuminata Colla (A genome) and Musa
balbisiana Colla (B genome) (Robinson & Galán Saúco, 2010). Banana cultivars differ by their
ploidy level, which come from the genetic combination of A and B genomic haploids containing
11 chromosomes (Pereira & Maraschin, 2015; Robinson & Galán Saúco, 2010). These will result
in diploid (22), triploid (33) or tetraploid (44) banana cultivars, of which triploids make up more
than half of all known clones (Robinson & Galán Saúco, 2010). Genomic groups can be further
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divided into subgroups when one or more cultivars display a distinct mutation setting it apart from
others of a similar genotype (Pereira & Maraschin, 2015; Simmonds & Shepherd, 1955). In
taxonomy, characteristics of the bract, pseudostem, petiolar canal, peduncle, pedicels, ovules,
flower, and stigma, can be used to classify banana cultivars (Simmonds & Shepherd, 1955).
Dessert bananas encompasses cultivars that are typically eaten fresh as they are sweet when
ripe. They are mostly comprised of pure M. acuminata cultivars (AA, AAA, AAAA) and some
hybrid cultivars (AB, AAB, AAAB, ABB, AABB). Conversely, plantains generally contain more
starch, and are more commonly cooked and/or processed into flour (Pereira & Maraschin, 2015).
These are pure M. balbisiana cultivars (BB, BBB) or hybrid cultivars (AAB, ABB, ABBB).
Worldwide, there are more than 1000 cultivars of bananas being produced and consumed, although
approximately 47% (50 billion tonnes) of global banana production and commercialization are for
Musa AAA varieties such as “Cavendish”, “Gros Michel”, and “Grande Naine” (FAO, 2017;
Padam, Tin, Chye, & Abdullah, 2014).
1.5.2

Current State of Research
There is considerable research comparing banana flour or starch to other starches from

different sources. (Jane et al., 1999) showed that banana starch (unidentified cultivar) was a Ctype polymorph with an amylopectin CL and higher proportion of L-chains (DP > 37 by HPSEC),
which was more typical of B-type polymorphs. (Zhang & Hamaker, 2012) have found that cooked
banana starch (unidentified cultivar from Costa Rica) had a significantly higher number of Lchains and was shown to retrograde more quickly compared to potato and corn starch, resulting in
comparatively higher SDS fractions.
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Many studies comparing starches from different sources use only one banana cultivar. For
example, (Bello-Pérez, De Francisco, Agama-Acevedo, Gutierrez-Meraz, & García-Suarez, 2005)
analyzed only Musa AAB (plantain subgroup) 'Macho' and developed a detailed profile of the
morphology using light microscopy, scanning electron microscopy (SEM), wide angle x-ray
scattering (WAXS), Fourier transform infrared spectroscopy (FTIR), and DSC. However
generalizing all banana cultivars using a representative single cultivar overlooks significant
differences in physicochemical, structural, and functional properties that exist between varieties.
A summary of a few studies comparing cultivars are shown in Table 1.2.
Processing methods and modifications to maximize the nutritional benefits of banana flour
and starch have also been explored. Freeze drying banana puree has been found to maintain the
ideal aromatic properties, as compared to belt drying or air drying (Wang, Li, Chen, Bao, & Yang,
2007). If using a drying tunnel, Tribess et al. (2009) have also found that drying conditions of 55
˚C and an air velocity between 1.0–1.4 m/s are optimal for yielding the highest content of resistant
starch. Roman, Campanella, et al. (2019) determined that reducing the molecular weight of
amylopectin shear-induced molecular fragmentation with extrusion allowed starch molecules to
get in closer proximity, consequently promoting interactions and causing a decrease in digestion
rate. A study on green banana flour from Costa Rica found that the feed moisture and screw speed
during extrusion caused an increase in amylose content and consequently RS content, but also
increased the total amount of phenolics (Sarawong et al., 2014). Cahyana et al. (2019) compared
the effects of physical modifications (heat moisture treatment, annealing, dual retrogradation) on
the functional properties of Musa AAA (Cavendish subgroup) 'pisang kapas', finding that heat
moisture treatment and dual retrogradation caused a change in crystal morphology type and
increased pores in the granule which in turn increased digestibility.
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Table 1.2 Studies Comparing Different Banana Cultivars from Different Countries

Banana Varieties
Flour from Brazil: Musa AA "Ouro colatina",
Musa AAA "Nanica", Musa AAA 'Nanicão', Musa
AAB 'Prata anã', Musa AAB 'Prata comum', Musa
AAB 'Mysore', Musa AAB 'Maçã', Musa AAAB
'Ouro da mata'
Flour and starch from Thailand: Musa AAA
"Kluai Hom", Musa AA "Kluai Khai", Musa AA
"Kluai Lebmuenang", Musa ABB "Kluai
Namwa", Musa ABB "Kluai Hakmuk", Musa
BBB "Kluai Hin"
Starch from Mexico: Musa AAA (Cavendish
subgroup) 'Enano', Musa AAA (Cavendish
subgroup) 'Valery', Musa AAA (Red Dacca
subgroup) 'Morado', Musa AAB (plantain
subgroup) 'Macho'
Flour and starch from China: Musa AAA "Dwarf
Red", Musa ABB "Pisang Awak", Musa AAA
"Cavendish"

Starch from Uganda: Musa AAA "Nandigobe",
Musa AAA "Enyeru", Musa AAA "Mpologoma",
Musa AAA "Mbwazirume", Musa AAA
"Bukumu"
Starch from China: Ensete glaucum (Roxb.)
"Cheesm", Musa ABB "dajiao", Musa AAB (silk
subgroup) "dalijiao", Musa AAA (Cavendish
subgroup) "baxi", Musa ABB "Pisang Awak" or
"Fenjiao", Musa AAA (Red Dacca subgroup),
Musa AA "Huangdijiao"

Findings
Composition properties of flour range from 61–76.5%
starch, 19–23% amylose, 2.5–3.3% protein, 4–6%
moisture, 0.3–0.8% lipids, 2.6–3.5% ashes, and 6–15.5%
total fibre. The pasting profiles of banana flours were
significantly different.
B-genotype cultivars have slower digestion due to higher
amounts of RS that came from higher amylose content and
higher crystallinity.

Reference
(da Mota, Lajolo,
Cordenunsi, &
Ciacco, 2000)

Bananas identified as cooking bananas (plantains) show a
higher RS content and higher gelatinization temperature
and enthalpy compared to dessert bananas.

(Agama-Acevedo
et al., 2014)

RDS in native banana starches have a positive correlation
with the proportion of S-chains, however there was
significant variation in chemical composition, granule
morphology, chain length distribution of amylopectin,
molecular weight, and crystallinity between cultivars.
Significant differences were observed in amylose content,
ash content, and pasting profile between cultivars.

(da Mota et al.,
2000)

Significant differences in amylose content (22.59–
38.40%), crystallinity (22.4–40.4%), pasting properties,
and thermal properties were found between cultivars. In
vitro digestion properties (RDS, SDS, and RS) indicated
that differences in physicochemical properties of the
banana starches affected the rate of digestion.
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(Agama-Acevedo
et al., 2014)

(Vatanasuchart et
al., 2012)

(Vatanasuchart et
al., 2012)

1.6 Hypothesis
Two hypotheses were proposed for investigation as part of this thesis:
1. A comparison of starch from different banana cultivars indicate a unique relationship
between structure, function, and digestion.
2. The unit and internal chain length distribution, specifically ECL, S:L, and proportion of
A-chain fingerprints, of starch from different banana cultivars reveal a propensity to form
structurally-driven SDS and reduce the rate of digestion.

1.7 Research Objective
To validate these hypotheses, two research objectives have been determined:
1. Identify characteristics from the unit and internal chain length distribution of banana
starches from different cultivars that have been shown to indicate a tendency to form
structurally-driven SDS.
2. Analyze the thermal, rheological, and in vitro digestion properties of starches from banana
cultivars to determine a relationship between structure, function, and digestion.

24

2 Materials and Methods
2.1 Materials
2.1.1

Bananas
Six cultivars of bananas from Mexico were obtained for this study: Musa AAB (plantain

subgroup) 'Dominico' (Moisture: 11.16%, Total Starch Content (TS): 95.04%), Musa AAA
(cavendish subgroup) 'Enano Gigante' (Moisture: 11.36%, TS: 93.96%), Musa AAB (plantain
subgroup) 'Hembra' (Moisture: 14.97%, TS: 98.68%), Musa AAB (plantain subgroup) 'Macho'
(Moisture: 12.68%, TS: 92.10%), Musa AAB (silk subgroup) 'Manzano' (Moisture: 12.36%, TS:
89.87%), and Musa AAA (red subgroup) 'Morado' (Moisture: 11.74%, TS: 95.64%). The 6 bananas
were processed into flour using a procedure described elsewhere (Ovando-Martinez, SáyagoAyerdi, Agama-Acevedo, Goñi, & Bello-Pérez, 2009). Starch was isolated from the banana flours
using U.S. Patent No. 5,797,985 (Whistler, 1998) with minor modifications by Agama-Acevedo
et al. (2015). The purity of the isolated starches was measured using a total starch content method
for samples in which D-glucose and/or maltodextrins and resistant starch are present (K-TSHK,
Megazyme International, Wicklow, Ireland). Moisture was determined using a MB45 moisture
balance (Ohaus Corporation, Parsippany, USA). Starch granules were observed using a JEOL
NeoScope JCM-5000 Desktop Scanning Electron Microscope (SEM) (Joel Ltd, Tokyo, Japan),
and are shown in Appendix: Figure 4.1. The particle size was measured using a laser diffraction
particle size analyzer Mastersizer 3000 (Malvern Instruments, Worcestershire, UK), the results of
which can be seen in Appendix: Figure 4.2.
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2.1.2

Reagents and Buffers
Phosphate buffered saline (10x powder, pH 7.4), dimethyl sulfoxide (DMSO) (D136),

sodium acetate (anhydrous, S210), and sodium phosphate dibasic heptahydrate (S373) were
purchased from Fisher Scientific (Waltham, USA). Porcine pancreatic α-amylase (Type 1-A,
A6255, EC 3.2.1.1), phosphorylase a from rabbit muscle (P1261, EC 2.4.1.1), parahydroxybenzoic acid hydrazide (PAHBAH) (H9882), ethylenediaminetetraacetic acid (EDTA)
(≥99%, anhydrous, EDS), sodium azide (≥99.5%, S2002), sodium carbonate (≥99.0%, S7795) and
sodium phosphate monobasic (≥99.0%, S0751) were purchased from Sigma-Aldrich (St Louis,
USA). Isoamylase (E-ISAMY, EC 3.2.1.68) from Pseudomonas sp., pullulanase M1 (E-PULKP,
EC 3.2.1.41) from Klebsiella planticola and β-amylase (E-BARBL-50KU, EC 3.2.1.2) from barley
were purchased from Megazyme (Wicklow, Ireland).

2.2 Methods
2.2.1

Unit Chain Length Distribution of Amylopectin

2.2.1.1 Isolation of Amylopectin
Amylopectin was isolated according to a method by Klucinec & Thompson (1998), with
some modifications described by Bertoft, Källman, Koch, Andersson, & Åman (2011) and Bertoft,
Koch & Åman (2012). 2 g of starch was dispersed in 40 mL of 90% DMSO by stirring (80 rpm)
while heated to 90 ˚C for 3 hours under an N2 atmosphere. The sample was cooled to 80 ˚C, and
160 mL of 95% ethanol was added dropwise using a peristaltic pump. Once all the ethanol has
been added, the sample was cooled to room temperature, and centrifuged for 60 min at 3500 rpm.
The supernatant was decanted, and the pellet was re-dissolved in 56 mL of 90% DMSO at 90 ˚C,
26

80 rpm for 1 hour under N2 atmosphere. The sample was cooled to 80 ˚C, then a mixture of 23.5
mL 1-butanol, 23.5 mL isoamyl alcohol, and 324 mL Milli-Q water was added dropwise. Once
the mixture had been completely added, the sample was allowed to continue stirring for 30 min,
then covered and placed in an insulated box to cool slowly to room temperature overnight. The
next morning, the sample was centrifuged for 60 min at 9000 rpm. The supernatant was decanted
and concentrated to 75 mL using a rotavapor, with the remaining amylose-butanol complex being
discarded. 225 mL of methanol was added to the concentrated sample, and allowed to precipitate
for 1 hour. The sample was pelletized with a centrifugation step (60 min at 3000 rpm), then
dissolved with 20 mL of 80 ˚C water, and precipitated overnight with 60 mL of 95% ethanol while
cooling to room temperature. The following day, the sample was centrifuged for 60 min at 3500
rpm. The pellet was dissolved in approximately 20 mL of 80 ˚C water, then frozen and lyophilized.
2.2.1.2 Production of φ, β-limit Dextrins
φ, β-limit dextrins were produced and isolated following the method described by Bertoft
(2004) with some modifications as indicated by Kong et al. (2009). 100 mg of amylopectin was
dispersed into 3 mL of 90% DMSO in a 70 ˚C water bath for 10 min, then left to continue stirring
overnight at room temperature. To produce φ-limit dextrins, the samples were diluted with 32.7
mL of 70 ˚C Milli-Q water, then 3.6 mL of 1.1 M sodium phosphate buffer (pH 6.8), 1.7 mL of
2.8 mM EDTA, and 9 mL of 9 U/mg phosphorylase a from rabbit muscle were added and left to
stir overnight at room temperature. The samples were placed in a boiling water bath for 5 min the
next day to inactivate the enzyme, then centrifuged for 20 min at 3500 rpm to separate any proteins.
The supernatant was transferred to a Jumbosep centrifugal device (Pall Corporation, New York,
USA) fitted with a 10 kD molecular weight cut-off ultrafiltration membrane, which was pre-treated
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overnight by soaking in 10% glycerol at room temperature, then flushed with Milli-Q water. MilliQ water was added to the sample to make up to approximately 60 mL, then centrifuged at 3500
rpm and 20 ˚C for 30 min. The filtrate was tested using a 5% phenol-sulfuric acid method for
determining total carbohydrate content to ensure adequate filtration (DuBois, Gilles, Hamilton,
Rebers, & Smith, 1956). The filtration process was repeated until no more carbohydrate content
was determined in the filtrate. The retained sample was diluted with Milli-Q water to 35 mL, then
the phosphorolysis procedure was repeated again. To produce φ, β-limit dextrins, the samples that
have undergone a second day of phosphorolysis were diluted to a final volume of 20 mL. 6.5 mL
of sodium acetate buffer and 20 μL of β-amylase from barley was added to the diluted samples,
mixing overnight at room temperature. The samples were filtered using the same procedure as
before with the Jumbosep centrifugal system, followed by another day of β-amylolysis. The final
φ, β-limit dextrin samples was then frozen and lyophilized.
2.2.1.3 Analysis by High-Performance Anion-Exchange Chromatography (HPAEC)
Amylopectin and φ, β-limit dextrin samples were prepared for analysis by debranching
using a method by (Bertoft, 2004) with minor modifications. 2 mg of sample was dissolved in 50
μL of 90% DMSO by boiling for 10 min in a 100 ˚C water bath stirring at 50 rpm, then allowed to
continue stirring at room temperature for 16 hours. The sample was diluted with 400 μL of room
temperature Milli-Q water, then 50 μL of 0.1 M sodium acetate buffer (pH 5.5) and 1 μL of
isoamylase was added for complete debranching of amylopectin samples (Harada, Misaki, Akai,
Yokobayashi, & Sugimoto, 1972). For φ,β-LD samples, 1 μL of isoamylase and pullulanase was
used instead, as it has been shown that pullulanase more effectively attacks maltose stubs and
allows for complete debranching of φ,β-LD (Hizukuri & Maehara, 1990). The diluted sample was
28

then incubated at room temperature while stirring for exactly 24 hours. Just before analysis, 1.5
mL of boiling Milli-Q water was added to dilute the sample and stop the enzyme activity, then
filtered using a 0.45 μm filter directly into 2 mL vials. The final debranched sample contained 1
mg carbohydrates/mL.
Samples were analyzed using HPAEC-PAD (Dionex ICS 3000, Synnyvale, CA, USA) and
a CarboPac PA-100 column (4 × 250 mm) using a gradient of 0.15 M sodium hydroxide (NaOH)
(Eluent A) and 0.15 M NaOH containing 0.5 M sodium acetate (Eluent B). The following gradient
of Eluent B was used to elute the sample: 15-36% from 0-9 min, 36-45% from 9-18 min, 45-100%
from 18-110 min.
The area under peaks at each DP in the chromatogram was adjusted to relative carbohydrate
concentration using a method by Koch et al. (1998). The areas are normalized to the response at
DP 6, then converted to number of moles to determine chain length, estimated by Equation (6)

𝐶𝐿 =

∑ 𝑐𝑖
𝑐
∑( 𝑖 )
𝐷𝑃𝑖

(6)

where ci is the normalized relative carbohydrate concentration and DPi is the DP of peak i (Bertoft
et al., 2008). AP CL, φ,β-LD CL, ECL, ICL, TICL and CCL were calculated as per the equations
stated in Section 1.2.1.1.
Chains were also divided as described by Bertoft et al. (2016), and Bertoft & Nilsson
(2016). In the unit chain length distribution of amylopectin, S-chains were considered from DP 6–
36, while L-chains were DP ≥37. A-chain fingerprints were found at DP 6–8. In the chain length
distribution of φ,β-LD, A-chains were found at DP 2, Bfp at DP 3–8, BS-chains at DP 3–23, BL-
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chains at DP ≥24, B2-chains at DP 24–54, and B3-chains at DP ≥55. Relative molar amounts (%)
were estimated using Equation (7).

𝑐𝑖
𝐷𝑃𝑖
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑀𝑜𝑙𝑎𝑟 𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 =
𝑐 × 100%
∑( 𝑖 )
𝐷𝑃𝑖
2.2.2

(7)

Molecular Size and Weight of Amylopectin and Amylose Content
The banana starches were prepared for analysis using HPSEC with a method described by

Bello-Pérez, Roger, Baud, & Colonna (1998). A guard column, Ultrahydrogel 6×40 mm guard
column (Waters, Milford, USA), followed by two columns in series, OHpak SB-807 HQ and
OHpak SB-804 HQ (Shodex, Showa Denko K.K., Tokyo, Japan), were used for the separation on
an Agilent 1260 series HPSEC system (G1310A isocratic pump, ALS G1313A autosampler,
G1322A degasser) (Agilent Technologies, Waldbronn, Germany). This was coupled with DAWN
HELEOS II and Optilab T-rEx multi-angle light scattering (MALS) (Wyatt Technology, Santa
Barbara, USA) and differential refractive index (dRI) (Agilent 1100, model G1362A, Agilent
Technologies, Waldbronn, Germany) detectors. 50 µL samples were injected at 0.5 mL/min using
a mobile phase of deionized water with 0.02% sodium azide, which was degassed and filtered
using 0.22 µm Millipore filters (Pall Corporation, Ann Arbor, USA). Data was processed using
ASTRA software (version 5.3.1.5, Wyatt Technology, Santa Barbara, USA). Branched polymers,
such as amylopectin, will contain a range of molar masses even if the starch particles are perfectly
uniform in size (Gidley et al., 2010; Roman, Campanella, et al., 2019). Thus, using HPSECMALS-RI will provide complimentary information on the molecular weight of amylopectin (Mw),
polydispersity index (Mw/Mn) and z-averaged radius of gyration (Rz), which were measured in
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triplicates. Amylose content was determined using an amylose/amylopectin kit by Megazyme
International (K-AMYL, Wicklow, Ireland), and also measured in triplicates.
2.2.3

Thermal Properties of Native and Retrograded Starches by Differential Scanning
Calorimetry (DSC)
Thermal properties of the banana starches were analyzed using a differential scanning

calorimeter Q-20 (TA Instruments, New Castle, USA). An empty pan was used as reference.
Nitrogen was used as purge gas at a flow rate of 20.0 mL/min. 6.0 mg of starch was weighed
directly into the aluminum pan and 18 μL of distilled water was added to hydrate the sample. The
pans were hermetically sealed and equilibrated for 24 hours at room temperature before analyzing.
The samples were equilibrated at 30 ˚C for 2 min, heated to 100 ˚C at a rate of 10 ˚C/min, then
immediately cooled to room temperature at a rate of 10 ˚C/min. The samples were then refrigerated
at 4 ˚C. After 7 days, the samples were allowed to warm to room temperature for 1 hours before
rescanning. The samples were equilibrated for 2 min at 30 ˚C, heated to 110 ˚C at a rate of 5
˚C/min, then rapidly cooled to room temperature at 10 ˚C/min. Onset (To), peak (Tp) and
conclusion (Tc) temperature, temperature range (Tc – To) and enthalpy was determined for starch
gelatinization (∆Hr) and retrogradation (∆H g). Samples were run in duplicates.
2.2.4

Rheological Properties

2.2.4.1 Preparation of Starch Gels
Starch gels (20% w/w) were made with 3.5 g starch in 16.1 g distilled water in a starch
pasting cell attachment for a Discovery Hybrid Rheometer 3 (DHR-3) (TA Instruments, New
Castle, USA). The slurry was heated using AACC standard method 61-02.01 for starches (AACC
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International, 2019). 12 disks of 180 mm diameter and 25 mm height were formed in plastic molds
and left to cool for 1 hour. 6 disks were used for day 1 analysis, while the remaining 6 disks were
stored at 4 ˚C in sealed molds for 7 days. After 7 days, the disks were removed from the fridge and
allowed to equilibrate to room temperature for 1 h before analysis.
2.2.4.2 Small Amplitude Oscillatory Shear (SAOS) Measurement of Retrograded Banana
Starch Gels
Testing for rheological properties was adapted from Roman et al. (2017). Banana starch
gel disks stored for 1 hour and 7 days were analyzed using a small amplitude oscillatory shear
(SAOS) procedure using a 20 mm Peltier plate on the DHR-3. 100 grit sandpaper was applied to
the bottom plate and the 20 mm parallel plate geometry to prevent sample slippage. After adjusting
the geometry to 2 mm gap height, the sample edges were lubricated with vaseline oil to prevent
sample drying. The gel disks were conditioned at 25 ˚C for 10 min, then subjected to a frequency
sweep from 0.1 to 10 Hz at 2% strain. A temperature sweep was performed from 25 to 90 ˚C at 5
˚C/min, 2% strain, 1 Hz, then another frequency sweep from 0.1 to 10 Hz at 2% strain was
conducted. Elastic or storage modulus (G'), which is measured as the applied stress on the material
over the strain response at phase angle δ as the starch gels were heated (Equation (8)), was
calculated using Trios software (TA Instruments, New Castle, USA). G' represents the energy
stored in the material, energy that is recoverable per cycle of deformation.
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𝐺′ = (

𝑆𝑡𝑟𝑒𝑠𝑠
) 𝑐𝑜𝑠(𝛿)
𝑆𝑡𝑟𝑎𝑖𝑛

(8)

Relative G' drop was calculated as the difference in G' as the temperature sweeps from 25 ˚C and
90 ˚C normalized to G' at 25 ˚C and expressed as a percentage (Equation (9)). Samples were run
in duplicates.

𝐺 ′ 25˚𝐶 − 𝐺 ′ 90˚𝐶
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 ∆𝐺 =
× 100%
𝐺 ′ 25˚𝐶
′

2.2.5

(9)

In vitro Digestion Kinetics of Gelatinized and Retrograded Starch Gels
A method for measuring pseudo-first-order digestion kinetics was adapted from Roman,

Campanella, et al. (2019) with some modifications. Lyophilized gelatinized and retrograded
banana starch gels that were prepared as described in Section 2.2.4.1 were milled for 1 min into a
powder for use. 50 mg of starch gel was dispersed in 9 mL of 10x PBS (pH 7.4). 1 mL of 0.1 U/mg
α-amylase from porcine pancreas was added to the still incubating sample as a timer was set to
count down from 2 hours. An aliquot of 200 μL of sample was taken out at the following elapsed
times (t = min): 0 (before the addition of enzyme), 2.5, 5, 7.5, 10, 15, 20, 25, 30, 40, 50, 60, 90,
120, then immediately added mixed with 200 μL of 0.3 M ice cold sodium carbonate. Milli-Q
water, which was used as a blank, and 1 mg/mL maltose, which was used as a calibration standard,
were also mixed with sodium carbonate. These aliquots were centrifuged for 6 min at 12000 xg
and 4 ˚C, then 100 μL of the supernatant was added to 1 mL of freshly prepared 5% PAHBAH
reagent to measure reducing sugars. The sample and PAHBAH mixture was incubated on a
thermomixer for 6 min at 100 ˚C and 350 rpm, then allowed to cool to room temperature. The final
sample was diluted 1:2 with Milli-Q water in a 96-well plate, and the absorbance was read at 410
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nm using a Cytation 5 plate reader (BioTek, Winooski, USA) and Gen5 Image+ software (BioTek,
Winooski, USA). Samples were analyzed in duplicates, and absorbances were taken in duplicates.
The amount of reducing sugars calculated as percentage of maltose equivalent released for
each sample was then fitted to a first-order kinetics model (Equation (10)) (Goñi et al., 1997),

𝐶𝑡 = 𝐶∞ (1 − 𝑒 −𝑘𝑡 )

(10)

where the concentration of product (Ct) released at a given time (t), can be used to determine the
equilibrium concentration (C∞) and a pseudo-first-order digestibility rate constant (k). Digestion
calculations were expressed using the mean of duplicates.

2.3 Statistical Analysis
Statistical analyses were performed using R software, a language and environment for
statistical computing (R Foundation for Statistical Computing, Vienna, Austria). Analysis of
variance (one-way ANOVA) was used to determine statistical differences between samples, while
Tukey's honestly significance difference (HSD) was used to determine means with a 95%
confidence interval. Correlations were calculated using Pearson's correlation coefficient with a
95% confidence interval.
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3 Results and Discussion
3.1 Internal Structure of Banana Amylopectin
The unit and internal chain length distribution of banana amylopectin is shown in Figure
3.1 and Figure 3.2 respectively. A summary of HPAEC-PAD calculated average chain lengths and
the molar distribution of chains can be seen in Table 3.1, while the molar composition of chain
categories is shown in Table 3.2. The shortest detectable chain was observed at DP 6, which is a
common feature among all amylopectin (Bertoft, 2018; Jane et al., 1999; Koizumi, Fukuda, &
Hizukuri, 1991; P. Zhang & Hamaker, 2012). The highest detectable chain length for amylopectin
ranged between DP 76–80, which appears to coincide with the detectable limit for banana starch
seen in other studies (Jane et al., 1999).
Overall, AP CL and φ,β-LD CL was similar between all banana cultivars, ranging between
18.59–19.42 GU, and 7.38–8.99 GU, respectively (Table 3.1). All assessed banana cultivars appear
to exhibit some structural similarities to Type 3 amylopectin (e.g. mung bean, tapioca, arrowroot),
which have comparatively longer AP CL (18 – 20 GU), lower S:L (9 – 12), lower BS:BL (3 – 5)
and a larger proportion of B-chain fingerprints (1–2%) (Bertoft, 2017, 2018; Bertoft et al., 2008).
Despite the overarching structural similarities between the 6 banana cultivars, internal structural
differences were much more evident in the molar composition, and average external and internal
chain lengths.
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Figure 3.1. Chain length distribution of amylopectin from 6 banana cultivars
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Figure 3.2. Chain length distribution of φ, β-limit dextrins from 6 banana cultivars
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Morado was found to have the longest ECL, which is known to result in double helix
formation and contribute to the formation of the semi-crystalline structure of starch granules.
Namely, ECL has been reported to correspond to the thickness of the crystalline lamellae made up
of double helices (Vamadevan & Bertoft, 2015). Morado was also found to have the shortest ICL,
which is the average number of GU between branches in the macromolecule. This suggests a more
compact structure in Morado amylopectin and is also likely the reason for its higher φ, β-limit
value (Bertoft et al., 2016). Furthermore, Morado also has one of the higher proportions of Achains and short B-chains, of which A-chain fingerprints make up a comparatively small fraction
of these short-chains.
Table 3.1 Average Chain Lengths and Molar Ratios of Banana Amylopectin

Dominico
Chain Length (GU)
AP CL
19.42
φ,β-LD CL 8.70
φ,β-LV
0.55
ECL
12.22
ICL
6.20
TICL
19.28
CCL
18.28
S CL
15.92
L CL
51.14
BS CL
9.03
BL CL
39.38
Molar Ratios
S:L
9.08
A:B
1.22
BS:BL
2.84

Enano Gigante

Hembra

Macho

Manzano

Morado

18.93
8.99
0.53
11.44
6.48
18.83
17.83
15.77
50.35
9.55
38.37

18.59
8.86
0.52
11.23
6.36
17.79
16.79
15.57
49.99
8.86
38.23

19.40
8.51
0.56
12.39
6.01
15.00
14.00
16.01
50.74
8.18
37.78

19.20
8.81
0.55
11.90
6.31
17.68
16.68
15.84
50.90
9.09
39.28

19.32
7.38
0.62
13.43
4.88
16.04
15.04
16.05
50.30
9.18
36.56

9.97
1.10
2.99

10.38
1.01
3.20

9.42
0.76
4.27

9.06
1.01
3.41

9.49
1.17
4.99

Note: AP CL, Amylopectin average chain length; φ,β-LD CL, φ, β-limit dextrin average chain length; φ,β-LV, φ, β-limit value;
ECL, external chain length; ICL, internal chain length; TICL, total internal chain length; CCL, core chain length; Afp, relative
amount of A-chain fingerprints in amylopectin; Bfp, relative amount of B-chain fingerprints in φ,β-LD; S:L, molar ratio of short
and long-chains; A:B, molar ratio of A and B-chains; BS:BL, molar ratio of short and long B-chains.
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Table 3.2. Molar Composition of Chain Categories from Unit and Internal Chain Length Distribution of Banana
Amylopectin

Dominico
In Amylopectin (%)
Afp
6.89
S (= A + BS) 90.06
L
9.94
In φ, β-Limit Dextrin (%)
Bfp
15.06
A
54.87
B
45.13
BS (= B1)
33.19
BL
11.69
B2
10.08
B3
1.6

Enano Gigante

Hembra

Macho

Manzano

Morado

7.55
90.88
9.12

7.76
91.21
8.79

7.37
90.25
9.75

6.96
89.91
10.09

7.04
90.46
9.54

14.36
52.28
47.72
35.43
11.86
10.55
1.31

17.60
50.18
49.82
37.76
11.79
10.38
1.42

22.84
43.26
56.74
44.79
10.49
9.43
1.06

16.62
50.18
49.82
37.84
11.09
9.74
1.35

16.76
53.99
46.01
38.18
7.65
7.09
0.56

Note: Afp, A-chain fingerprints (Degree of Polymerization (DP) 6–8 in amylopectin); S, short-chains (DP 6–36 in amylopectin); L,
long-chains (DP ≥37 in amylopectin); Bfp, B-chain fingerprints (DP 3–7 φ, β-limit dextrin); A, A-chains (DP 2 in φ, β-limit dextrin);
B, B-chains (DP ≥3 in φ, β-limit dextrin); BS, short B-chains or B1-chains (DP 3–23 φ, β-limit dextrin); BL, long B-chains (DP
≥24 in φ, β-limit dextrin); B2, B2-chains (DP 24–54 in φ, β-limit dextrin); B3, B3-chains (DP ≥55 in φ, β-limit dextrin).

The shortest TICL was found in Macho, and consequently also the shortest core chain
length (CCL), which indicate comparatively close branching of internal B-chain segments relative
to other banana cultivars (Bertoft, 2004). Macho is the only banana cultivar found to have a higher
proportion of B- to A-chains, of which a large fraction are short B-chains. In particular, Macho
has the highest proportion of B-chain fingerprints, which may limit the normally functional
advantages of a greater number of internal chains (B-chains). This is because fingerprint chains
are too short to form double helices or co-crystallize with other chains (Bulpin & Gidley, 1987).
These results appear to follow a trend found by Edith Agama-Acevedo et al. (2015), which
show that Morado, Macho and Enano Gigante are composed of more BS-chains than BL-chains,
with Enano Gigante having the smallest BS:BL. However, the percentage of A-chains that were
determined in this study was found to be almost double the reported values by Edith Agama38

Acevedo et al. (2015), although this may be a consequence of differences in the biological
composition of the sample. Additionally, the authors did not study the proportion of A- and
B=chains for Hembra, Dominico or Manzano cultivars.
In summary, banana amylopectin, regardless of cultivar, exhibited similar characteristics
in internal structure, such as having a higher proportion of S-chains and BS-chains, and ECL that
is approximately twice the length of ICL. Subsequent sections will address the influence of small
differences in the unit and internal chain length distribution of amylopectin from different
cultivars, and how they may play a significant role on the functional and digestive properties of
starches.

3.2 Molecular Size, Weight and Dispersed Molecular Density of Banana
Amylopectin
Branched polymers, such as amylopectin, do not exhibit a unique relationship between
their size and molar mass (i.e. even samples which are perfectly uniform in size may contain a
range of molar masses). Therefore, determining Rz and Mw of banana amylopectin molecules using
HPSEC-MALS-RI is important in order to fully characterize amylopectin molecules, as it also
determines their functional properties. This analysis offers complimentary information to that
obtained by HPAEC-PAD. Furthermore, the amylose to amylopectin ratio of the 6 banana cultivars
was also analyzed to determine the amylopectin contribution to the total starch content. MALS
(Figure 3.3) and RI (Figure 3.4) distributions were normalized to the height of the highest peak to
emphasize detailed features for qualitative comparison and interpretation.
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Figure 3.3. Normalized signal from High-Performance Size-Exclusion Chromatography coupled with a Multi-Angle
Light Scattering detector (HPSEC-MALS)
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Figure 3.4. Normalized signal from High-Performance Size-Exclusion Chromatography coupled with a Differential
Refractive Index detector (HPSEC-RI)
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A summary of HPSEC-MALS-RI results and amylose content can be seen in Table 3.3.
Morado, Manzano, and Hembra were found to have the smallest M w and Rz, while Enano Gigante
was determined to have the largest of both parameters. The opposite trend appears to be present in
total content of amylose, although the correlation is low (r = -0.704). It is worth noting that the
amylose content in Manzano and Morado were two-fold higher than Enano Gigante. The
polydispersity index, which is measured as the ratio of weight-averaged molecular weight to
number-averaged molecular weight, is an indicator of molecular weight heterogeneity in
amylopectin (i.e. consistency in mass distribution of molecules of amylopectin) (Stacy & Foster,
1957). A number closer to 1 indicates an even distribution of particles, although due to the nature
of amylopectin as a highly branched molecule, the M w/Mn is often high (Stacy & Foster, 1957). A
high polydispersity index was observed for all banana cultivars in this work, which is consistent
with both starches from different sources (Bertoft, 2017; Jane, 2009), and also in various banana
cultivars from China (Wang et al., 2019).
Table 3.3. Molecular Weight and Size of Banana Starches

Dominico
Amylose
(g/100g)
Amylopectin
Mw (108 g/mol)
Amylopectin
Mw/Mn
Amylopectin Rz
(nm)

16.97 a ±
0.67
1.95 b ±
0.08
1.60 d ±
0.07
225.00 b ±
3.39

Enano
Gigante
15.29 a ±
0.92
3.77 c ±
0.29
1.22 ab ±
0.06
268.55 c
± 12.52

Hembra

Macho

Manzano

Morado

19.48 b ±
0.51
1.16 a ±
0.09
1.37 c ±
0.04
174.95 a
± 9.91

24.71 c ±
0.34
1.92 b ±
0.37
1.21 ab ±
0.02
210.20 b
± 17.96

34.47 e ±
1.80
1.05 a ±
0.03
1.19 a ±
0.05
167.83 a ±
1.50

29.69 d ±
0.69
0.78 a ±
0.03
1.33 bc ±
0.03
159.25 a
± 0.49

Note: Total content of amylose was measured per 100 g of starch (wet basis). Mw, molecular weight of amylopectin; M w/Mn,
polydispersity of amylopectin; R z, z-averaged radius of gyration of amylopectin. Values are reported as average ± standard
deviation. Letters within rows indicate significant difference (p < 0.05).

41

3.3 Thermal Properties of Native and Retrograded Banana Starch
Many food products involve some hydrothermal processing that causes partial or complete
gelatinization of starches. As such, it is important to understand the changes in starch properties
after heating and cooling. DSC is a thermal analysis technique that provides valuable information
on thermal transitions in materials by measuring temperature and heat flow as a function of time
and temperature. In starch, endothermic (energy consuming) peaks can be observed as the
temperature rises, signifying that double helical structures formed by inter and intramolecular
interactions involving amylose and amylopectin are melting. It is expressed as the amount of heat
required to melt the inter and intramolecular associations (i.e. enthalpy), and its associated
transition temperatures. These parameters can provide an indication of the stability and amount of
amylopectin double helices present in the starch granules (Roman et al., 2018).
A summary of the thermal properties of gelatinized and retrograded banana starches can
be seen in Table 3.4. The first temperature scan (day 1 = 24 hours after hydration) with DSC was
performed to promote starch gelatinization. All banana starches presented an endothermic peak
for the melting of native amylopectin double helices with enthalpies in the range of 12.15 – 14.32
J/g of starch, the highest of which was Enano Gigante.
After a storage period of 7 days following the initial scan, banana starch retrogradation has
had more than enough time to reach its maximum extent (Bello-Pérez, Ottenhof, Agama-Acevedo,
& Farhat, 2005). A second scan with DSC was performed to establish how inter and intramolecular
interactions in the starches have changed during storage. Tp did not appear significantly different
between banana starch cultivars, ranging from 55.88 – 58.66 ˚C, however more evident differences
were observed in Tc and ∆Hr. Enthalpies ranged from 6.08 – 8.04 J/g among banana cultivars, with
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the smallest observed in Morado, and the largest in Enano Gigante. The retrograded starches also
demonstrated to dissociate at higher temperatures with larger enthalpies as compared to starches
from other sources, putting them again into range of Type 2 or Type 3 amylopectin (Vamadevan
& Bertoft, 2018). These results are in agreement with findings by Zhang & Hamaker (2012),
indicating that the crystallites formed due to retrogradation of banana starches have larger thermal
stability.
Table 3.4. Thermal Properties of Native and Retrograded Banana Starches

Enano
Gigante
Day 1 – Starch Gelatinization
74.29 b ±
74.36 b ±
To (˚C)
0.12
0.08
78.30 b ±
78.83 b ±
Tp (˚C)
0.11
0.10
92.48 bc ± 91.27 ab ±
Tc (˚C)
0.80
0.19
Tc – To
18.19 ab ± 16.91 ab ±
(˚C)
0.72
0.11
13.31 ab ± 14.32 b ±
∆Hg (J/g)
0.16
0.01
Day 7 – Starch Retrogradation
37.56 a ±
40.37 b ±
To (˚C)
0.14
0.13
56.91 a ±
55.88 a ±
Tp (˚C)
0.69
0.61
79.35 bc ± 80.73 c ±
Tc (˚C)
0.50
0.44
Tc – To
41.79 b ±
40.36 ab ±
(˚C)
0.64
0.57
7.04 ab ±
8.04 b ±
∆Hr (J/g)
0.20
0.30
Dominico

Hembra

Macho

Manzano

Morado

69.48 a ±
0.80
73.52 a ±
0.22
89.15 a ±
0.81
19.67 ab ±
1.55
12.93 ab ±
0.79

74.59 b ±
0.95
79.75 b ±
0.08
91.06 ab ±
0.66
16.47 a ±
0.29
12.15 a ±
0.34

78.56 c ±
0.08
82.61 c ±
0.12
93.96 c ±
0.08
15.40 a ±
0.00
12.48 a ±
0.18

70.16 a ±
0.13
77.56 b ±
1.68
92.19 bc ±
0.53
22.03 b ±
0.40
12.54 a ±
0.08

39.87 b ±
0.79
56.13 a ±
1.64
76.93 a ±
0.93
37.06 a ±
1.73
6.77 a ±
0.00

40.45 b ±
0.18
56.50 a ±
0.02
81.35 c ±
0.31
40.90 b ±
0.13
7.12 ab ±
0.41

40.40 b ±
0.26
58.66 a ±
1.05
79.99 bc ±
0.20
39.60 ab ±
0.46
7.13 ab ±
0.19

39.8 b ±
0.00
57.47 a ±
0.00
77.64 ab ±
0.00
37.84 ab ±
0.00
6.08 a ±
0.00

Note: To, onset temperature; Tp, peak temperature; Tc, conclusion temperature; ∆H g, enthalpy of gelatinization; ∆Hr, enthalpy of
retrogradation. Enthalpy was calculated on a wet basis weight of starch. Letters within rows indicate significant difference (p <
0.05).
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As with gelatinization, double helical interactions for amylopectin are limited to external
chains and longer segments of internal chains (Vamadevan & Bertoft, 2018), although
additionally, it has been suggested that these double helices extend over time, thereby stabilizing
the double helix and increasing ∆Hr (Bertoft et al., 2016). Würsch & Gumy (1994) had previously
determined that there was a strong correlation between the transition temperatures of amylopectin
after retrogradation and ECL. Although very little change was found in transition temperatures
overall, they found that ECL shorter than 11-12 GU resulted in no molecular ordering or
aggregation occurring (Würsch & Gumy, 1994). Similar results relating ECL, transition
temperatures and enthalpy of retrograded starches have been reported in other studies (Lundqvist,
Nilsson, Eliasson, & Gorton, 2002; Vamadevan & Bertoft, 2018). While correlation of these
parameters were not apparent in this study, it may have been a result of the smaller range of
starches being observed (i.e. only Type 3 amylopectin). For example, Vamadevan & Bertoft (2018)
compared the thermal properties of starches from a large variety of sources covering all four types
of amylopectin structure, which may have facilitated the determination of trends.
The similarities in thermal transition temperatures between banana cultivars are likely a
result of a large temperature range (Tc – To) for melting retrograded starches. Amylopectin are
generally known to have a large polydispersity index (M w/Mn) (Bertoft, 2017; Jane, 2009), as was
also reported in Section 3.2. It is worth noting that the ECL of all banana starch cultivars presented
here are approximately 12.10 GU, with the longest found in Morado (13.43 GU) (Table 3.1). As
previously mentioned, this short length indicates that a large proportion of ECL chains are not
participating in molecular ordering and aggregation (Würsch & Gumy, 1994). Short chains in
amylopectin are present in all starches, and will form shorter double helices that will require low
melting temperatures, while longer chains will form longer and more stable double helices,
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requiring higher melting temperatures. However, the presence of longer chains is more varied
between cultivars (Vamadevan, Bertoft, & Seetharaman, 2013). Thus, starches that possess more
long chains, particularly long external chains, would have more heterogeneous double helical
lengths, and thus a wider range of transition temperatures. This was also observed by Vamadevan
& Bertoft (2018), and explains the similarities in T o and Tp for all cultivars, while Tc between
banana cultivars was more significantly different.
There has been some evidence indicating that AP CL is positively correlated to
amylopectin retrogradation (Eliasson, 2016), although no correlation was observed in this study.
Retrogradation enthalpy, however, showed a positive linear correlation to amylopectin Mw (r =
0.848) and Rz (r = 0.848). These results contradict findings by Roman, Campanella, et al. (2019),
where it was determined that ∆Hr was negatively correlated to amylopectin M w. However, these
authors investigated amylopectin with the same chain length distribution but different size, which
could mask the true effect of Mw on enthalpy of retrogradation. Amylose was also found not to
have any correlation to thermal properties assessed by DSC, which is in agreement to results by
Klucinec & Thompson (2002), and Vamadevan & Bertoft (2018). Klucinec & Thompson (2002)
hypothesized that normal amounts of amylose in non-waxy varieties may be too low to contribute
to amylose-amylopectin network linkages, which is likely to be the case seen with these banana
starches from different cultivars.

3.4 Rheological Properties of Starch Gels
Storage modulus (G') is a viscoelastic property that is a measure of the elasticity of a
material, thereby also an indication of its ability to store energy. In starch gels, the changes in its
structure are seen through the evolution of G', influenced by the intermolecular interactions of
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amylopectin-amylopectin, amylose-amylopectin and amylose-amylose (Martinez et al., 2018). In
order to observe these changes, rheological or mechanical techniques can be used to determine the
deformation in the starch gel. Large applied force or shearing stress can be used to assess nonlinear
viscoelastic behaviour, but the permanent structural damage done to the gels using such techniques
may not reflect actual changes occurring in gelatinized starches during retrogradation (Wang et
al., 2015). Using a rheometer, such as the DHR-3, the viscoelastic properties of starch gels can be
evaluated through non-destructive methods, such as small amplitude dynamic oscillatory shear
testing.
After gelatinization, amylose chains in starch gels possess an unstable random coil
structure that gradually begins to re-associate over time (Martinez et al., 2018). In freshly prepared
gels (day 1 = after 1 hour cooldown), G' of banana starch gels at 25 ˚C ranged from 2522.71 –
15623.20 Pa, with the lowest being in Hembra and the highest in Manzano. The reason for high G'
values at 25 ˚C on day 1 are hypothesized to be caused by increased number of internal elements
formed by amylose-amylopectin and/or amylose-amylose physical junction zones (PJZ) (Klucinec
& Thompson, 2002). Amylose is known to retrograde faster than amylopectin, and thus will
contribute to the formation of PJZs sooner during storage, leading to a higher G' at day 1 (Jacobson
et al., 1997; Miles et al., 1985). In this study, while a positive trend was seen between amylose
content and G' at 25 ˚C on day 1, correlation was low (r = 0.726). This may illustrate that other
factors, such as unit and internal chain length distribution of amylose and/or amylopectin, in
addition to amylose content are acting on of the formation of PJZs.
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Figure 3.5. Temperature sweep from 25 ˚C to 90 ˚C at 1 Hz at (A) day 1 and (B) day 7 of storage
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Some thermal transition (loss of G') was observed when day 1 starch gels were subjected
to a temperature sweep from 25 – 90 ˚C (Figure 3.5), ranging between 581.36 – 5765.33 Pa (22.70–
47.65%), while other studies of starches from different sources have not observed any G' loss
(Martinez et al., 2018; Roman et al., 2018). This signifies that even after only 1 hour for cooling
at room temperature, starch gels from banana cultivars already exhibit signs of formation of some
intermolecular associations involving amylopectin (with other amylopectin or amylose). G' loss
(Pa and %) was least significant in Hembra, however, Manzano experienced the largest G' drop,
while Morado had the largest relative G' drop. This could be an indication of more PJZs formed in
Morado due to more amylopectin associations as opposed to Manzano, where rapidly retrograding
amylose may be a greater contributing factor.
Starch gels analyzed after 7 days of storage revealed a substantial increase in G' compared
to day 1, ranging from as little as 40378.25 Pa for Enano Gigante to as high as 62728.86 Pa for
Manzano. The temperature sweep after 7 days of storage once again revealed a melting of
amylopectin intermolecular associations, although the loss in G', ranging from 42767.30 –
72165.25 Pa (93.37 – 97.62%), was noticeably more than two-fold higher compared to day 1
(Figure 3.5). While the relative G' drop had a positive correlation with the G' drop (r = 0.860) in
freshly prepared starch gels, a negative correlation was found (r = -0.967) after 7 days of storage.
Thus, while Enano Gigante had the smallest G' drop (Pa) and Manzano had the largest, the opposite
trend was seen in relative G' drop (%). High amylose content is also known to be positively
correlated with higher G', given that the long, largest unbranched chains allow for long segments
of intermolecular interactions (Klucinec & Thompson, 1999; Kong, Kasapis, Bertoft, & Corke,
2010). This trend was also observed by Roman et al. (2018), but was not observed in this study for
starch gels at day 7.
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Table 3.5. Rheological Properties of Banana Starch Gels

Dominico
Day 1 – Gelatinization
9208.05 c ±
G'25 (Pa)
234.94
4594.16 ab ±
G'90 (Pa)
507.71
G' Drop (Pa)
4281.04 c ±
202.55
Relative G'
45.35 c ± 2.96
Drop (%)
Day 7 – Retrogradation
69035.92 c ±
G'25 (Pa)
2167.56
2957.83 b ±
G'90 (Pa)
706.38
G' Drop (Pa)
63169.14 bc ±
6733.45
Relative G'
95.29 b ± 0.83
Drop (%)
G' Increase
61841.69 b ±
(Pa)
3486.25

Enano Gigante

Hembra

Macho

Manzano

Morado

4464.07 b ±
287.44
3000.95 ab ±
271.46
1298.72 b ±
48.83

2522.71 a ±
177.33
1862.38 a ±
64.73
581.36 a ±
117.36

4132.98 b ±
611.32
3352.27 ab ±
1274.30
1330.29 b ±
96.18

15623.20 d ±
650.26
9374.03 c ±
705.06
5765.33 e ±
105.25

10098.30 c ±
16.40
4951.90 b ±
118.44
4860.90 d ±
43.45

29.00 a ± 2.04

22.70 a ± 2.97

28.60 a ± 1.88

37.77 b ± 2.35

47.65 c ± 0.36

41832.20 a ±
3452.42
1061.40 a ±
91.49
42935.91 a ±
5579.07

44595.56 a ±
5562.04
1350.14 a ±
114.01
42767.30 a ±
4909.19

66807.98 c ±
5194.70
2715.78 b ±
291.02
63715.39 bc ±
4263.78

75188.13 c ±
2024.69
4922.05 c ±
669.32
72165.25 c ±
4083.07

58082.28 b ±
5512.17
2396.68 b ±
114.59
55538.58 b ±
5323.27

97.62 c ± 0.36

97.03 c ± 0.49

95.21 b ± 1.17

93.37 a ± 0.51

95.59 b ± 0.26

40378.25 a ±
5958.72

42047.77 a ±
5676.07

61592.69 b ±
6551.21

62728.86 b ±
4755.45

49772.15 a ±
5579.21

Note: G', storage modulus. Relative G' drop is measured as the percentage decrease in G' from 25 – 90 ˚C on the same day. G' increase is measured as the increase in G' at 25 ˚C
from day 1 to day 7 of storage. Letters within rows indicate significant difference (p < 0.05).
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The highest relative G' drop, as observed in Enano Gigante, was in agreement with the
largest number of total double helices observed as ∆Hr with DSC, however no correlation was
found between loss of G' and ∆Hr. This is especially apparent in Manzano, which had the second
highest ∆Hr yet also had the smallest relative G' drop (%) and the highest G' drop (Pa). This lack
of correlation can be justified, as it has been previously noted that the formation of intramolecular
double helices (as observed as part of ∆H r) would have little impact on G' in retrograded starch
gels, instead relying on gel strength gained through the network structure of intermolecular double
helices (Klucinec & Thompson, 2002; Matalanis et al., 2009; Roman et al., 2018).
Klucinec & Thompson (1999) suggested that the chain length distribution and molecular
size of amylopectin may inhibit longer chains of amylopectin and amylose from forming long
double helices and stable aggregates. No correlation was found between rheological properties and
amylopectin Mw nor AP CL (Klucinec & Thompson, 2002), although the internal chain
distribution offers other insight. In relation to thermal properties of gelatinized and retrograded
starch gels, inter- and intramolecular interactions are dictated by the proportion and length of
external chains and longer segments of internal chains (Vamadevan & Bertoft, 2018). It is
suspected that longer ECL would result in more residual internal elements from amylopectinamylopectin and amylose-amylopectin PJZs when heated to over 80 ˚C (Klucinec & Thompson,
2002). Furthermore, the development of firmness and syneresis during storage of gels is known to
be positively correlated to the amount of BL-chains in amylopectin molecules (Eliasson, 2016).
Of those BL-chains, B2-chains, which are mostly found in the backbone of amylopectin, have also
been hypothesized to cause large differences in G' between samples after storage (Bertoft et al.,
2016).
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In this study, no correlation was determined between ECL or ICL and any rheological
parameters (r < |0.800|), nor was any correlation found relating to the proportion of B2-chains in
each banana starch cultivar (Table 3.2), although a negative correlation was seen between S:L and
G' drop at both day 1 (r = -0.801) and day 7 (r = -0.929). Additionally, a negative correlation was
found between the proportion of A-chain fingerprints, and G' at 25 ˚C (day 1: r = -0.852, day 7: r
= -0.821) and G' drop (day 1: r = -0.927, day 7: r = -0.805). This is supported by the results observed
by DSC; namely, that the lack of A-chain fingerprints allows for better inter- and intramolecular
interactions, and that longer and most likely external B-chains are responsible for stronger
interactions with other molecules. Additionally, average L-chain CL was found to have a positive
correlation with G' at 25 ˚C on day 7 (r = 0.848) and G' increase (r = 0.887). This may justify the
results that despite Hembra possessing the highest S:L (Table 3.1), it had one of the lowest G' at
day 7 and G' increase. Hembra has the shortest average L-chain CL, meaning fewer amylopectinrelated PJZs are able to be formed compared to other cultivars. Overall, these banana starch
cultivars have shown that low ICL resulting from less B2-chains, and more A-chain fingerprints
cause interferences in the formation of intermolecular interactions involving internal chains,
thereby limiting interactions to external chains and resulting in a weaker gel (Bertoft et al., 2016).

3.5 In vitro Digestion Kinetics
While banana starch can be consumed in its native state, there has also been interest in its
use for baked goods. The hydrothermal processing, and subsequent storage of foods made with
banana starch will inadvertently cause the starches to undergo gelatinization (either partial or full)
and retrogradation over time during storage. The effects of these processes will not only have an
impact on functionality, but also on digestibility and postprandial response. Gelatinization will
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result in foods that possess a more amorphous structure, increasing availability of α-amylase
binding sites, and therefore facilitating enzyme hydrolysis (Baldwin et al., 2015; Martinez et al.,
2018; Roman et al., 2017). However, retrogradation has been known to reduce the rate and
extension of digestion. Retrograded amylose is known to yield RS (Haralampu, 2000; Patel et al.,
2017; Vatanasuchart et al., 2012), while retrograded amylopectin yields SDS (G. Zhang et al.,
2008). The consumption of RDS has a negative effect on human health by increasing postprandial
glycemia, so it is of interest to understand what influences the formation of more SDS and RS. By
performing in vitro starch digestibility studies, it enables us to develop an understanding of how
gelatinized and retrograded starches will behave and ultimately build a better picture of the
structure-function-digestion relationship.
Table 3.6. in vitro Digestion Rate and Extension of Banana Starch Gels at Day 1 and Day 7

Dominico
Day 1 – Gelatinization
C∞ (%)
38.57
-1
k (min ) 0.0161
Day 7 – Retrogradation
C∞ (%)
24.24
-1
k (min ) 0.0189

Enano
Gigante

Hembra

Macho

Manzano

Morado

Maize

41.30
0.0153

38.38
0.0161

36.63
0.0164

21.39
0.0191

29.99
0.0165

58.55
0.0196

30.52
0.0100

26.97
0.0139

26.75
0.0130

4.79
0.0442

23.16
0.0162

53.80
0.0131

Note: C∞, digestion extension; k, digestibility constant. Values expressed are the mean of duplicates after fitting to the Goni model.

The experimental digestion curves of banana starch gels without storage (day 1 = 1 hour
after gelatinization) and after 7 days of storage are shown in Figure 3.6, while the digestion kinetics
calculated after fitting to the Goñi model are shown in Table 3.6. The digestion of maize starch,
which is the most commonly used and commercially available starch, was included as a control.
Maize, and all banana cultivar starch gels were shown to have greatly decreased C∞ during storage.
At both day 1 and day 7, the amount of starch hydrolysis (total amount of digestible starch), as
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represented by the digestion extension, in all banana cultivars was noticeably lower than that of
maize starch (17.25–31.16% lower at day 1, 23.28–49.01% lower at day 7). Among different
banana cultivar, C∞ and k in freshly prepared and retrograded starch gels appeared to be similar
with the exception of Manzano. The digestion extension of Manzano is much lower compared to
other banana cultivars, and reaches C∞ at a much faster rate. Regarding the relationship between
C∞ and k, it was determined that these two parameters were negatively correlated (day 1: r = 0.944, day 7: r = -0.992), thus, as digestion extension increases, the rate of digestion decreases.
However, these correlations may not necessarily be indicative of starch gel digestion behaviour,
but rather a consequence of the mathematical model being used (Butterworth, Warren, Grassby,
Patel, & Ellis, 2012). It is reasonable to understand that Manzano, which has C∞ = 4.79% on day
7, would require much less time to reach its endpoint than Enano Gigante, whose C∞ (30.52%) is
6 times higher than Manzano.
Digestion extension was found to have a negative correlation with amylose content at day
1 (r = -0.953) and day 7 (r = -0.809). Retrograded amylose is known to form strong double helices
that make it more enzymatically resistant (Haralampu, 2000; Roman, Campanella, et al., 2019),
thus the correlation found in this study aligns with prior knowledge. The decrease of correlation
between amylose content and digestion extension at day 7 could infer that the influence of other
factors, such as various structural properties of amylopectin, may obscure the effects of amylose.
Regarding rheological parameters, from the results seen in Section 3.4, it was determined
that even after only a 1 hour cooldown, the effects of retrograded amylose and amylopectin are
already apparent in these banana cultivar starch gels. The thermal transition as a results of
retrograding amylopectin at day 1 was not seen in starches from other sources (Martinez et al.,
2018; Roman et al., 2018), which may explain why all banana cultivars had C∞ values that were
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much lower maize. At day 7, the digestion extension appeared to have low correlation with the
relative loss of G' (r = -0.742), which was also observed by Roman, Campanella, et al. (2019). A
negative trend appears to be present; Manzano has the lowest C∞ and the largest G' drop while the
opposite is seen for Enano Gigante. However, the low correlation coupled with the lack of
correlation between C∞ and retrogradation enthalpy (r < |0.600|) would suggest that gel strength
built on interactions involving amylopectin do not negatively affect digestibility. Maintaining
mechanical properties of these banana starch gels may be important in some food applications
(Roman, Campanella, et al., 2019).
In terms of molecular architecture, banana amylopectin is also known to possess favourable
structural features that result in SDS formation, namely a higher proportion of L-chains (S:L < 1)
and longer average short-chain CL (Martinez et al., 2018; Roman, Campanella, et al., 2019;
Roman, Gomez, et al., 2019; P. Zhang & Hamaker, 2012). Low proportions of S-chains and Achain fingerprints have also been identified as characteristics that would reduce RDS after
retrogradation (Benmoussa et al., 2007; Bi et al., 2017; Gérard et al., 2001; Gidley & Bulpin,
1987). In contrast to these findings, no correlation was found between digestion kinetics and unit
or internal chain length distribution of amylopectin in this study, although the information on chain
proportions and average chain lengths can be used to determine what set Manzano apart from the
other banana cultivars in digestion.
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Figure 3.6. Digestion of starch gels at (A) day 1 and (B) day 7 of storage
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Manzano and Morado have presented some similarities, such as lower percentage of Achain fingerprints, higher amylose content, smaller amylopectin M w, and smaller Rz. The
combination of these parameters may have resulted in more mobility and better alignment
properties of amylopectin molecules, which would lead to the formation of SDS (Martinez et al.,
2018). Despite these similarities, Manzano alone stood out in its digestibility, and the cause may
be due to a few structural differences. In amylopectin internal structure, Manzano also presented
a lower S:L and BS:BL (Table 3.1), indicating a higher propensity to form longer double helices
(Martinez et al., 2018). This is revealed by DSC (Table 3.4), in which we are able to discern that
after 7 days of storage, enthalpy and melting temperature for Manzano (∆Hr = 7.13 J/g, Tp = 58.66
˚C) are slightly higher than Morado (∆Hr = 6.08 J/g, Tp = 57.47 ˚C). The rheological properties
further reveal that Manzano also exhibited a higher propensity to form amylopectin-amylopectin
interactions during retrogradation, which are shown by the significant difference in G' between the
two samples at day 7 (Table 3.5). In addition to the aforementioned differences in amylopectin
which influence the formation of SDS, digestibility is also affect by amylose content, which in
turn affects the formation of RS. Amylose content in Manzano was significantly higher than in
Morado (Table 3.3), which point to Manzano being even more enzymatically resistant to digestion.
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4 Conclusion and Future Works
4.1 Conclusion
In this work, starch was isolated from 6 different banana cultivars (Enano Gigante, Morado,
Dominico, Hembra, Macho, and Manzano). The unit and internal chain length distribution of
amylopectin was analyzed using HPAEC-PAD. HPSEC-MALS-RI was used to determine
amylopectin molecular weight, radius of gyration, and polydispersity. The capacity for starch to
form molecular interactions through retrogradation was assessed by thermal and rheological
methods without storage (1 hour cooldown) and after 7 days storage. Starch digestion kinetics
were also quantified in vitro with and without storage, while maize starch was used as a
benchmark. All 6 cultivars exhibited a digestion profile (digestion rate and extension) that was
two-fold lower than the maize starch counterpart at day 1, and more noticeably after 7 days. Among
the banana cultivars, Manzano had the highest reduction in its digestion extension during
retrogradation (78%), whereas Morado had the lowest (22%). Manzano and Morado presented
some similarities in their molecular architecture distinguishing them from other banana cultivars,
including higher amylose content, smaller amylopectin molecular weight, and lower percentage of
A-chain fingerprints. The combination of these parameters could altogether result in higher
mobility and better alignment properties of amylopectin molecules, leading to the formation of
more structurally-driven slowly digestible starch. Manzano also presented a lower short to longchains molar ratio (S:L and BS:BL) than Morado, resulting in more total molecular interactions
involving

amylopectin

during

retrogradation

(amylopectin-amylopectin

and

amylose-

amylopectin), as revealed by DSC. Additionally, Manzano also exhibited a high propensity to form
amylose-amylose interactions during retrogradation, as revealed by small amplitude oscillatory
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shear tests performed at different temperatures. Results from this study will contribute towards a
better understanding of banana starch structural properties and their role in developing foods with
lower and slower glycemic response.

4.2 Future Works
The research described in this thesis has laid the foundation for future development in using
banana starch and flour as a replacement for traditionally used grain-based flours in food products,
particularly in baked goods. Future work would include testing the functional and digestive
properties of isolated amylopectin to understand the effects of amylopectin separate from the
influence of amylose. It would also be worthwhile to investigate the differences between banana
flour and pure starch from different cultivars. The in vitro and in vivo digestibility of foods
containing banana starches could also be assessed. Further research could be done to compare
bananas of a broader genetic composition, ripeness and country of origin, as growth conditions
can differ greatly worldwide. The structure-function-digestion relationship that was observed in
banana cultivars could also be compared to the relationship between cultivars of other starches to
see if similar trends are present. Continuing research in this direction will aid in furthering
knowledge on the structure-function-digestion relationship of starch.
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Figure 4.1 Scanning electron microscope images of (A) Dominico, (B) Enano Gigante, (C) Hembra, (D) Macho, (E)
Manzano, and (F) Morado banana starches
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Figure 4.2 Particle size distribution of 6 banana starches
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