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Chapter 6
Bambara Groundnut Starch

Samson A. Oyeyinka, Eugénie Kayitesi, Siaka S. Diarra, 
Akinbode A. Adedeji, Eric O. Amonsou, and Suren Singh

6.1  Background Information

Starch is an important component of most foods consumed by human and animals. 
It is the principal component of many food matrices and contributes to the func-
tional properties and nutritional characteristics of processed food products. For a 
very long time, the starch in food crops especially cereals such as maize, and roots 
and tubers has been the major source of starch for various industrial applications. 
These crops, for example, maize contain substantial amounts of starch 
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(59.20–90.70%) (Haros and Suarez 1999; Malumba et  al. 2014) and are mostly 
consumed in processed forms to improve their digestibility. Besides maize and 
potato, other crops like cassava, rice and wheat are also important sources of starch. 
Nevertheless, the investigation into alternative starch sources with novel functional 
and physicochemical properties is increasing. Although people continue to consume 
some starch-bearing plants, either raw or processed, demands for commercially pro-
duced starch to be added to foods and beverages have increased significantly (Farris 
2009). The reasons for the search for alternatives are many and include among oth-
ers, the pressure on maize for uses other than for starch. Furthermore, the major 
sources of starch for food application experience competing uses, hence, the current 
focus on alternative sources such as Bambara groundnut. Maize, for example, is 
widely used as an ingredient in animal feed formulation, transformed industrially to 
several products including starch, ethanol, sweeteners such as glucose, high fruc-
tose corn syrup, polyols and organic acids. Secondly, many new starch sources have 
comparable and sometimes better functionality than maize starch and may be more 
suitable for some applications where maize starch is not. For instance, taro or 
cocoyam starches generally have small granules (2–7  μm) (Mweta et  al. 2008; 
Naidoo et  al. 2015; Oyeyinka and Amonsou 2020) compared to maize starches 
(9.2–20.3 μm) (Dhital et al. 2011) and can be used as fat replacers in mayonnaise, 
frozen foods and desserts for a better mouthfeel (Mweta et al. 2008; Oyeyinka and 
Amonsou 2020). Other reasons may be associated with economics in terms of cost 
and perhaps quantities of starch to achieve the same level of functionality in foods 
and the physiological benefits such as high levels of resistant starch. For example, 
at the same starch concentration, Bambara groundnut starch displayed higher (more 
than double) viscosity than maize starch (Oyeyinka et al. 2018). Generally, legume 
starches have been found to contain a high amount of resistant starch which has 
beneficial physiological effects due to their characteristic high amylose content 
(Hoover et al. 2010; Ashogbon 2018). They also make better substrates than cereal 
and tuber starches because of the absence of pores on the granule surface, small 
amounts of phosphate monoesters (0.002–0.01), uniformity in granule size and the 
presence of only traces of bound lipids (Hoover et al. 2010). Because of these ben-
efits and the increasing demand for new starch sources, researchers have focused on 
the characterisation of starch from pulses such as Bambara groundnut as possible 
alternatives for the conventional sources. These new starch sources can be good 
alternatives for micro, small, medium and large-scale industries. This will be a big 
boost for the industry and increase the livelihood of rural farmers who are majorly 
involved in the cultivation of the grains. 

6.2  Starch Extraction Methods and Yield

Generally, starch extraction from legumes has been achieved through dry milling, 
which is mainly used in industrial processing or wet milling (used widely in the 
laboratory), but the latter usually produces starch of higher purity (Hoover et al. 
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2010). Dry milling involves the use of mills such as hammer mills or pin mills, fol-
lowed by air classification. It requires a very high degree of particle size reduction 
(achieved by pin milling) to separate the starch granules from the protein matrix 
(Meuser et al. 1995; Hoover et al. 2010).

Starch extraction from the Bambara groundnut is mainly by the wet milling 
method but this method can be achieved in two major ways (Oyeyinka and Oyeyinka 
2018). The first step involves soaking the grains in water (12–24 h) to hydrate and 
soften the grains with subsequent milling and extraction of starch. The other method 
entails the use of flour previously obtained from soaked grains. This method per-
haps is not frequently used except when the flours are to be kept for starch extrac-
tion at a later time. It is possible to adopt this method when the grains are susceptible 
to weevil attack and damage. The majority of the method described in the literature 
for Bambara groundnut followed the first method, where grains are soaked before 
extraction (Adebowale et  al. 2002; Adebowale and Lawal 2002; Sirivongpaisal 
2008; Afolabi 2012; Oyeyinka et al. 2015). The extraction method has been found 
to influence the yield of starch (Table 6.1). For example, the starch yield from using 
grains directly was higher (approx. 45%) than that using flours (18–41%) 
(Adebowale et al. 2002; Oyeyinka et al. 2015; Oyeyinka et al. 2016a; Afolabi et al. 

Table 6.1 Yield and composition of Bambara groundnut starch

Bambara 
groundnut 
seed coat 
colour

Starch 
yield 
(%)

Amylose 
content 
(%)

Method of 
determination

Protein 
(%)

Lipid 
(%)

Ash 
(%) References

Not specified 37.50 NR NR 1.00 0.08 0.04 Adebowale et al. 
(2002)

Not specified 40.35 NR NR 1.22 0.56 0.49 Afolabi (2012)
Not specified 41.00 27.70 Iodine binding 1.77 2.59 0.21 Afolabi et al. 

(2018)
Not specified 38.20 NR NR 2.30 1.20 0.50 Adebowale and 

Lawal (2002)
Not specified 33.4–

49.5
NR NR NR NR NR Poulter (1981)

Not specified 45.57 21.67 Iodine binding 0.61 0.44 0.47 Sirivongpaisal 
(2008)

White NR 25.0 Iodine binding 1.10 0.10 0.20 Kaptso et al. 
(2014)

Black NR 27.8 Iodine binding 0.90 0.10 0.10 Kaptso et al. 
(2014)

Red, black, 
cream, Brown

NR NR NR NR NR NR Ojimelukwe 
(1999)

Not specified 22.0–
33.0

19.6–35.1 Iodine binding NR NR NR Oyeyinka et al. 
(2015)

Maroon, 
Brown, cream

28.0–
35.0

31.5–32.9 Iodine binding NR NR NR Oyeyinka et al. 
(2016a)

NR Not reported
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2018). Besides the method of extraction, the grain variety has also been found to 
influence starch yield. Oyeyinka et al. (2016a) found significant variations in the 
starch yield (28–35%) of Bambara groundnut grown in the same environment using 
a wet-milling method. Although the starch yield of Bambara groundnut is relatively 
low compared to that of roots and tubers (due to low content of protein and lipid), 
this could be improved through breeding efforts without significant alteration of 
starch properties that may be useful for industrial applications.

6.3  Starch Molecular Composition and Structure

6.3.1  Amylose and Amylopectin

Starch is made up of two major molecules, namely amylose and amylopectin. 
Amylose is a smaller molecule of starch compared to amylopectin. It is primarily 
linear with α-1-4 linked glucosyl units and slightly soluble in water. Amylose mol-
ecules assume a helical conformation, which facilitates the formation of complexes 
with iodine, lipids, and other polar substances (Putseys et al. 2010). On the other 
hand, amylopectin is a highly branched molecule, with (1 → 4)-linked α -D-glucosyl 
units in chains joined by (1 → 6) linkages. Some amylose possesses randomly lim-
ited branching, in disparity, the branching in amylopectin is non-random (Bertoft 
2017). Although there is evidence that the branched part of amylopectin can also 
complex with iodine and other polar compounds, amylose is more involved in such 
complexations than amylopectin. Depending on the starch source, the degree of 
polymerisation (DP) of amylose may vary between 690 and 6340 (Hizukuri 1993), 
while its molecular weight may range from 1 × 105 to 1 × 106 (Hoover et al. 2010). 
As an example, starch from pulses such as cowpea generally has higher DP than 
cereals and tuber starches (Chung et al. 1998; Won et al. 2000). Amylopectin which 
represents the major component of starch has an average molecular weight ranging 
from 107 to 109 (Aberle et al. 1994; Bertoft 2017). The general structure of amylo-
pectin consists of short amylopectin chains, which form double helices, associated 
into clusters (Robin 1974). These two starch molecules are biosynthesized and 
assembled in the form of semi-crystalline aggregates, called granules which play 
important roles in determining the physicochemical and functional properties of 
starch. The molecular structure of amylose and amylopectin in Bambara groundnut 
starch is yet to be reported in the literature and this may be required for future char-
acterisation and application. This is particularly important because it has been 
established that the molecular structure of amylose and amylopectin has a greater 
influence on starch functionality and physicochemical properties than their ratio 
(Noda et al. 1996; Jane et al. 1999; Huang et al. 2007). The chain length distribution 
of amylopectin in starches extracted from legumes such as cowpea (Huang et al. 
2007; Kim et al. 2018), yellow pea and chickpea (Huang et al. 2007) has been char-
acterised and found to significantly influence their physiochemical properties but 
there is currently, no report for Bambara groundnut. A significant positive 

S. A. Oyeyinka et al.



89

correlation between amylopectin chains in cowpea starches and their pasting and 
gelatinisation properties have been reported (Huang et al. 2007; Kim et al. 2018). 
The chain length distribution of amylopectin can be accurately determined using 
high-performance chromatography (commonly high-performance anion-exchange 
chromatography coupled with pulsed amperometric detection) after debranching 
with isoamylase and/or pullulanase (Zhu 2014). Besides the differences in the struc-
ture of amylose and amylopectin (Fig. 6.1), amylose is known to be susceptible to 
hydrolysis by amylases, because it is located in the flexible and mobile amorphous 
region, while the crystalline amylopectin requires debranching enzymes such as 
pullulanase for complete hydrolysis. In addition, amylose forms firm, translucent 
and quick-setting gels, while amylopectin forms clear viscous gel. Starch may be 
classified based on the amylose content as normal or moderate amylose starch, high 
amylose starch, and waxy starch. Generally, waxy starch contains little or no amy-
lose, usually less than 5%, while high amylose starch may contain between 35 and 
70% amylose (Hoover et  al. 2010). The amylose content of Bambara groundnut 
starch can be regarded as moderate with values ranging between 19.60% and 
35.10% (Table 6.1). High amylose starches are therefore most commonly used in 
food products that require quick-setting gels such as candies and confectionery. 
Furthermore, amylose is more susceptible to gelatinisation and retrogradation than 
amylopectin, and hence is most commonly involved in resistant starch formation. 
High amylopectin or waxy starches, on the other hand are commonly used in noodle 

Fig. 6.1 Molecular structure of amylose (a) and amylopectin (b); in the case of (a), n denotes a 
repeating structure to form a chain (Dupuis and Liu 2019)
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processing and in some baked products to extend shelf-life. They also are used to 
improve freeze-thaw stability due to their resistance to retrogradation.

6.3.2  Starch Organisation and Crystallinity

Starch crystallinity or crystalline pattern is measured using an X-ray diffractometer 
(XRD). The crystalline pattern is known to be determined by the arrangement of the 
crystalline lamellae of amylopectin and varies with the botanical origin of the starch 
(Jenkins and Donald 1995). Different models have been proposed to describe the 
amylopectin structure. These include the laminated structure comb-like (Staudinger 
1937), bush structure (Meyer and Bernfeld 1940), a revision of the bush structure 
(Whelan 1971) and cluster models (French 1972; Hizukuri 1986). The most widely 
accepted is the cluster model proposed by French (1972). The model explained the 
high viscosity of amylopectin and the possibility of building high molecular weight 
amylopectin with short side chains (Fig. 6.2). Furthermore, the exterior chains of 
amylopectin molecules possess double helices which are interspersed with the 
amorphous regions (French 1972). The cluster model describes the three- 
dimensional structure of amylopectin, which classifies the molecule into three broad 
classes of glucose (A, B and C) chains. The shortest A-chains (DP 6–12) are con-
nected by a single α-(1–6) linkage to the amylopectin molecule, while the B chains 
are classified into B1, B2, B3 and B4, depending on the number of clusters and the 
chain length (Hizukuri 1986). More recently, a new model (backbone model) 
describing the arrangement of amylopectin chains within the starch structure was 
proposed (Bertoft 2013). In this model, the L-chains (or BL-chains) in amylopectin 
are reportedly linked to each other and collectively form a longer backbone 
(Fig. 6.3). Building blocks are outspread along the backbone and form an integrated 
part. In contrast to the cluster model, however, the backbone is (more or less) com-
pletely embedded in the amorphous lamella and extends along with it, rather than 
traversing the stacks of lamellae in the semi-crystalline “growth ring”. The back-
bone model of amylopectin provides a structure for which the possible direction of 
the starch biosynthesis is more flexible (Bertoft 2013). According to these authors, 
the backbone model suggests that the amylopectin is laid down in the granules 
(probably at the surface) layer by layer to form the lamellae. A detailed description 
of the backbone model can be consulted for further reading (Bertoft 2013; 
Bertoft 2017).

The amylopectin molecules inside starch granules have been found to crystallize 
into either A-type, B-type or a C-type (Hizukuri et al. 1983). The A and B crystal-
line patterns are differentiated based on the packing arrangement of double helices 
within amylopectin and their level of hydration (Imberty and Perez 1988). The 
A-type is closely packed and less hydrated than the B-type, which has a more 
hydrated helical core. The A-type crystallinity is generally reported for cereal 
starches, the B-type for the tuber, root, high amylose cereal starches and retrograded 
starches, while the C-type diffraction pattern, intermediate between the A and 
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Fig. 6.2 Starch granule organisation (Bemiller 1997). (a) Single granule comprising concentric 
rings of alternative amorphous and semi-crystalline composition. (b) Expanded view of the inter-
nal structure (c) Accepted cluster structure for amylopectin within the semi-crystalline growth 
ring. A-chain: sections of amylopectin with double helices, which are packed into crystalline 
lamellae. B-chain: provides inter-cluster connections. Branching points for both A and B chains 
are predominantly located within the amorphous lamellae
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B-types is reported for legume starches (Hoover et  al. 2010) including Bambara 
groundnut starch (Afolabi 2012; Oyeyinka et al. 2015; Afolabi et al. 2018; Gulu 
et  al. 2019). However, the majority of the reports on Bambara groundnut starch 
found the A-type pattern (Sirivongpaisal 2008; Kaptso et al. 2014; Oyeyinka et al. 
2016a; Odeniyi et al. 2017; Oyeyinka et al. 2019). These variations in the crystalline 
pattern could be associated with growing conditions, growth locations, and inherent 
genetic differences among plant species (Bello-Perez et al. 1998; Waliszewski et al. 
2003; Bello- Kaptso et al. 2014; Agama-Acevedo et al. 2015). Other factors such as 
the intra or inter granular arrangement of the ‘A’ and ‘B’ polymorphs, their propor-
tion within the starch granule (Bogracheva et al. 1998) and the starch moisture con-
tent may also influence the XRD reflection (Gunaratne and Hoover 2002).

6.3.3  Granule Morphology

The size and shape description of Bambara groundnut starch granules observed by 
various microscopic techniques are summarised in Table 6.2 and the micrographs 
presented in Fig. 6.4. The granules of Bambara groundnut starch are mostly oval 
with few round and irregular in shape, while the size range of the granules is gener-
ally found to be moderately big varying between 6 and 46 μm (Table  6.2). The 
granule size of Bambara groundnut is within the range reported for legume starches 
(Hoover et  al. 2010) but are generally bigger than other starches like cocoyam 

Amorphous

Crystalline

9-10 nm

a b Surface

Hilum

Fig. 6.3 Amylopectin in the semi-crystalline growth ring depicted based on the cluster model (a) 
or the building block backbone model (b). The crystalline and amorphous lamellae are indicated 
by dotted grey lines. Long B-chains (thick red lines) and short chains (black lines) are shown. The 
backbone in (b) carries internal building blocks (some encircled in grey) and can also carry short 
BSmajor-chains that form branches to the backbone and connect to external building blocks (encir-
cled in blue). Cylinders symbolise double-helices formed by external chains. Single chains intro-
duce defects in the crystalline lattice. The directions towards the surface and the hilum of the 
granule are indicated at the right (Bertoft 2017)
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(2–7 μm) (Jane et al. 1992; Naidoo et al. 2015; Oyeyinka and Amonsou 2020) and 
amaranth starch (1–2 μm) (Radosavljevic et al. 1998), but smaller than that of potato 
starch granule (10–110  μm) in diameter (Waterschoot et  al. 2015; Dupuis and 
Liu 2019).

Light microscopy analysis of Bambara groundnut starch revealed the presence of 
hyla on some of the starch granules (Fig. 6.4a) similar to those found in great north-
ern bean starch (Sathe and Salunkhe 1981) and black gram starch (Sathe et  al. 
1982). Hyla is dark bands fissures or cracks on the starch granules and their pres-
ence has been attributed to internal cracking during air drying of the starch (Hall and 
Sayre 1971). Several factors may influence the morphology of starch granule. 
Among such factors are the botanical origin (Hoover et al. 2010) and environmental 
factors such as temperature (Zhu 2014). Higher growth temperature has been found 
to produce starch with smaller granule size (Li et al. 2013). Other authors have also 

Table 6.2 Morphology, X-ray diffraction pattern and degree of crystallinity of Bambara 
groundnut starch

Bambara 
groundnut 
seed coat 
colour

Granule 
size 
(μm)

Measuring 
method

Shape 
description

Diffraction 
pattern

Degree of 
crystallinity 
(%) References

Not 
specified

18–36 LM/SEM Predominantly 
oval, few 
granules were 
concave and 
round

NR NR Adebowale 
and Lawal 
(2002)

Not 
specified

NR NR NR C 38.75 Afolabi (2012)

Not 
specified

22–30 SEM Oval C 36.30 Afolabi et al. 
(2018)

Not 
specified

NR SEM Oval, round and 
elliptical

C NR Gulu et al. 
(2019)

White 10–35 SEM Irregular, 
polygonal

A 41.1 Kaptso et al. 
(2014)

Black 6–15 SEM Spherical A 40.4 Kaptso et al. 
(2014)

Not 
specified

9–13 LM/SEM Spherical and 
ovoid

A NR Odeniyi et al. 
(2017)

Not 
specified

26 SEM Oval, few round 
and irregular

C 29.4–35.3 Oyeyinka 
et al. (2015)

Maroon, 
Brown, 
cream

24–29 SEM Oval, few round 
and irregular

A 30.5–33.0 Oyeyinka 
et al. (2016a)

Not 
specified

SEM Oval, few round 
and irregular

A NR Oyeyinka 
et al. (2018)

Not 
specified

45.57 SEM Oval, round A 43.7 Sirivongpaisal 
(2008)

LM Light microscopy, SEM Scanning electron microscopy, NR Not reported
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reported the influence of cultivar on granule morphology (Adebowale and Lawal 
2002; Kaptso et al. 2014; Oyeyinka et al. 2015; Oyeyinka et al. 2016a). Kaptso et al. 
(2014) found that black Bambara groundnut cultivar showed remarkably smaller 
starch granules (6–15  μm) compared to the white Bambara groundnut starch 
(10–35 μm). Starch modification including enzymatic, chemical and physical meth-
ods may also change the morphology of starch granule. The effect of different mod-
ification methods are discussed in Sect. 6.5.

6.4  Starch Physicochemical Properties

6.4.1  Swelling and Solubility

The extent of granular swelling of starch has been measured by quantifying the 
volume of water imbibed during heating of starch at specified temperatures, usually 
between 50 and 90 °C. Heating of starch granules in water brings about gelatinisa-
tion (Fig. 6.5) or the irreversible loss of granular order, which is accompanied by 
increased granule hydration, swelling and leaching of soluble components 

Fig. 6.4 Micrographs of native Bambara groundnut starch. (a) Light micrograph (Adebowale and 
Lawal 2002). (b) Scanning electron micrograph (Oyeyinka et  al. 2018). (c) Scanning electron 
micrograph (Afolabi et al. 2018). (d) Scanning electron micrograph (Kaptso et al. 2014)
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(primarily amylose) (Gallant et  al. 1997). Starch swelling involves interactions 
between its crystalline and amorphous regions (Hoover 2001; Singh et al. 2003). 
Several factors including the ratio of amylose to amylopectin (Tester and Morrison 
1990a; Tester and Morrison 1990b; Blazek and Copeland 2008; Oyeyinka and 
Oyeyinka 2018), the presence of other minor components of starch such as lipids 
(Tester and Morrison 1990b) and phosphorus (Jane et  al. 1999) influence starch 
swelling. Low amylose starch generally exhibits high swelling due to restricted 
swelling caused by amylopectin. Oyeyinka et al. (2015) studied the physicochemi-
cal properties of starch isolated from five Bambara groundnut genotypes and found 
that low amylose starch showed higher swelling power. However, other studies 
found similar swelling power for Bambara groundnut starch with significant varia-
tions in amylose content (Oyeyinka et al. 2016a), suggesting that the dependency of 
swelling power on the amylose content of starches may vary with the botanical 
origin and cultivar of the grain. Similarly, several other researchers noted that swell-
ing power may not be expressed as a function of amylose content alone (Li and Yeh 
2001; Ratnayake et al. 2001). For example, high phosphate monoester content has 
been found to significantly contribute to greater hydration and swelling of potato 
starch granules (Jane et al. 1999; McPherson and Jane 1999). The majority of stud-
ies on Bambara groundnut did not report the phosphorus and lipid content of the 
extracted starch perhaps because of very low-fat content of this pulse compared to 
cereals. Except for high amylose maize starch, Bambara groundnut seems to have 
comparable amylose contents to normal corn (24.8–25.1%) and potato (14.9–23.2%) 
starches (Li and Yeh 2001; Joshi et al. 2013).

Fig. 6.5 Schematic representation of the structural changes associated with the gelatinisation and 
pasting of native starch granules. Gelatinisation (loss of granular molecular order) is accompanied 
by granule swelling and leaching of soluble starch components (amylose) during aqueous heating. 
*Relabelled based on previous drawings of Huber et al. (2006)
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6.4.2  Rheological Properties

Starch rheology has been studied under non-laminar flow conditions, for example, 
through the measurement of pasting properties or flow behaviour and dynamic rhe-
ology. The pasting properties of Bambara groundnut starch have been studied using 
a Brabender viscoamylograph (BVA) or a rapid visco analyser (RVA) (Table 6.3). 
The starch isolate is heated in the presence of an excessive amount of water and 
subsequently cooled to a programmed temperature cycle with a constant shearing 
force, while the viscosity development is recorded (Zhu 2014). Several investigators 
observed differences in the pasting properties of Bambara groundnut starch. These 
differences could be associated with the initial moisture content of starch and the 
starch to water ratio used during analysis (Table  6.3). Varietal differences, grain 
source, environmental factors and starch composition can also significantly influ-
ence the pasting properties of starch (Adebowale et al. 2002; Adebowale and Lawal 
2002; Sirivongpaisal 2008; Oyeyinka et al. 2016a). High amylose starch generally 
shows restricted swelling during pasting, resulting in low peak viscosity. Sang et al. 
(2008) suggested that the amylose content of starch can prevent swelling during 
pasting by forming a barrier around the granules. However, no correlation was 
found between amylose content and the peak viscosity (Fig. 6.6) of starch from 
three Bambara groundnut landraces grown under the same environmental condi-
tions (Oyeyinka et  al. 2016a). The pasting temperature (75–84  °C) of Bambara 

Table 6.3 Pasting properties of Bambara groundnut starch

Bambara 
groundnut 
seed coat 
colour Instrument

Starch 
concentration 
(%)

Pasting 
temperature 
(°C)

Peak 
viscosity

Setback 
viscosity

Final 
viscosity References

Not 
specified

BVA 10 84 790 1210 2000 aAdebowale et al. 
(2002)

Not 
specified

BVA 8 75 430 1570 1500 aAdebowale and 
Lawal (2002)

Not 
specified

RVA 14 83 279 167 341 bAfolabi (2012)

Not 
specified

RVA Not specified 81 6095 3653 5496 bAfolabi et al. 
(2018)

Not 
specified

RVA 30 82 251 501 293 bOdeniyi et al. 
(2017)

Maroon, 
Brown, 
cream

RVA 11 78–80 329–388 105–127 287–340 bOyeyinka et al. 
(2016a)

Not 
specified

RVA 11 78 540 142 414 bOyeyinka et al. 
(2018)

Not 
specified

BVA 6 81 243 57 202 aSirivongpaisal 
(2008)

aUnits measured in Brabender Unit (BU)
bUnits measured in Rapid Visco analyser Unit (RVA)
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groundnut starch is fairly high (Table 6.3) and compares favourably with the values 
(77–88 °C) reported for corn starches (Joshi et al. 2013; Gałkowska et al. 2014; 
Oyeyinka et al. 2018). Besides the starch composition (amylose and amylopectin), 
minor starch components such as lipids and phosphorus may also influence the past-
ing characteristics of starch. More importantly, starch physicochemical properties 
including pasting and gelatinisation properties are greatly influenced by the struc-
ture of amylopectin component of starch (Noda et al. 1996; Jane et al. 1999; Huang 
et al. 2007, 2015). There are currently no studies on the chain length distribution of 
amylopectin in Bambara groundnut starch and this could be explored in future 
research. To summarise, the difference in pasting properties of starch generally 
could be attributed to the interplay of several factors including (a) granule size (b) 
granule swelling (c) extent of amylose leaching (d) presence of lipids and phospho-
rus (e) amylose content and (f) chain length distribution of amylopectin.

Other rheological studies using a rheometer reported that Bambara groundnut 
starch displayed a pseudo-plastic behaviour typical of macromolecules (Oyeyinka 
et al. 2015). The authors also found a correlation between high amylose starch and 
high viscosity and attributed this to the shear-induced during gelatinisation process 
and subsequent solubilisation of amylose. The amylose content of starches report-
edly influenced their viscosity within the studied shear rate range of 10–1000 s−1. 
Dynamic rheological measurements of Bambara groundnut starch gels using fre-
quency sweep measurements have also been reported (Oyeyinka et al. 2016b, d). 
The rheological data are important to understand the structure of gelatinised starch 
(Clark and Ross-Murphy 1987). Depending on the frequency sweep data, disper-
sions including those obtained from starch can be classified as a dilute, concentrated 
solution, a weak or strong gel (Clark and Ross-Murphy 1987). During storage of 
starch paste, amylose and amylopectin chains realign as the cooked starch paste 
cools to form a gel. The linear amylose chains, as well as the linear part of 

Fig. 6.6 Pasting curves of starch from three Bambara groundnut landraces (Oyeyinka et  al. 
2016a). BBS Brown Bambara groundnut starch, MBS Maroon Bambara groundnut starch, CBS 
Cream Bambara groundnut starch
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amylopectin presumably, forms cross-links through hydrogen bridges (Wang et al. 
2015). Amylose chains may also form double helices and junction zones, which 
enhance the formation of the firm gel structure. The storage moduli (G′) of Bambara 
groundnut starch gels were generally greater than their loss moduli (G″) and both 
parameters were higher than those of corn and potato starches (Oyeyinka et  al. 
2016b; d). These variations were attributed to differences in the amylose content of 
the starches. The structure of starch gels is influenced by the amylose content of the 
starch and the extent of retrogradation that occurred during storage. Biliaderis and 
Tonogai (1991) also found that legume starch (pea and garbanzo bean) gels with 
relatively higher amylose content showed higher G′ compared to rice and wheat 
starch gels.

6.4.3  Gelatinisation

When starch is heated in the presence of excess water, it undergoes an order- disorder 
phase transition called gelatinisation over a temperature range that is characteristic 
of the starch source (Hermansson and Svegmark 1996; Hoover et al. 2010). This 
phase transition is accompanied by several physical and chemical changes includ-
ing the diffusion of water into the granule, water uptake by the amorphous back-
ground region, hydration and radial swelling of the starch granules, loss of optical 
birefringence, uptake of heat, amylose leaching (Fig. 6.4) and loss of molecular and 
crystalline order. The gelatinisation properties of Bambara groundnut starch have 
been studied mainly by differential scanning calorimeter (DSC) where the starch- 
water mixture is heated in tightly sealed aluminium pan (Afolabi 2012; Kaptso et al. 

Table 6.4 Gelatinisation properties of Bambara groundnut starch

Bambara 
groundnut seed 
coat colour

Starch: 
water

Scanning 
rate (oC/min) To (°C)

Tp 
(°C)

Tc 
(°C)

ΔH 
(J/g) References

Not specified 1:4 10 65.7 93.2 130.0 25.2 Afolabi (2012)
White 1:3 5 76.1 81.7 84.8 12.7 Kaptso et al. 

(2014)
Black 1:3 5 73.4 77.5 83.1 13.9 Kaptso et al. 

(2014)
Maroon, Brown, 
cream

1:3 10 68.3–
72.0

73.1–
77.5

77.4–
84.4

12.7–
13.6

Oyeyinka et al. 
(2016a)

Not specified 1:3 10 70.4 75.7 84.1 13.1 Oyeyinka et al. 
(2018)

Cream 1:3 10 71.1 74.3 81.0 12.3 Oyeyinka et al. 
(2019)

Not specified 1:4 10 71.7 75.3 79.2 11.7 Sirivongpaisal 
(2008)

To onset gelatinisation temperature, Tp peak gelatinisation temperature, Tc conclusion gelatinisation 
temperature, ΔH enthalpy of gelatinisation

S. A. Oyeyinka et al.



99

2014; Kaptso et  al. 2016; Oyeyinka et  al. 2016a; Odeniyi et  al. 2017; Oyeyinka 
et al. 2018, 2019). Great variation was observed in the gelatinisation properties of 
Bambara groundnut starch (Table 6.4). The reported onset gelatinisation tempera-
ture (To), peak gelatinisation temperature (Tp), conclusion gelatinisation tempera-
ture (Tp) and gelatinisation enthalpy (ΔH) varied between 65.7 and 76.1, 73.1 and 
93.2, 77.4 and130.0, and 11.7 and 25.2 J/g, respectively (Table 6.4). These varia-
tions may be attributed to several factors including the amylose content of the starch 
(Table 6.1), which obviously will result from inherent genetic differences. Another 
important source of variation is the experimental conditions with regards to the 
water to starch ratio and the scanning rate, which may also influence the hydration 
of starch granules and their gelatinisation behaviour (Freitas et al. 2004; Yeh et al. 
2009). Amylose content has been shown to play a significant role in the gelatinisa-
tion behaviour of Bambara groundnut starch. Starch extracted from white Bambara 
groundnut cultivar with low amylose content (25%) reportedly showed high To 
(81.7  °C) compared to the black variety (77.5  °C) with higher amylose content 
(27.8%) (Kaptso et al. 2014, 2016). Similarly, Oyeyinka et al. (2016a) observed that 
Bambara groundnut starch with low amylose content displayed higher gelatinisa-
tion temperature compared to those with higher amylose contents. Although the role 
of amylose on starch gelatinisation properties has been widely studied and estab-
lished, it seems that the structure of amylopectin plays greater role in determining 
the gelatinisation behaviour of starches. An earlier study showed that starches with 
a higher proportion of long amylopectin chains displayed high To, Tp, Tc and ΔH, 
while those with abundant short amylopectin chains exhibited low To, Tp, Tc and ΔH 
(Noda et  al. 1996). In general, the amylopectin molecular structure in starches 
including legume starch has been reported to be mainly responsible for the differ-
ences in gelatinisation properties (Huang et al. 2007; Kim et al. 2018). Huang et al. 
(2007) observed significantly higher Tp and ΔH in cowpea starch compared with 
starch from yellow pea and chickpea and attributed this to higher long amylopectin 
chains in cowpea starch. The molecular characterisation of amylopectin in starch 
from three cowpea varieties was also found to have a significant positive correlation 
between Tp and amylopectin long chains (Kim et al. 2018). The influence of the 
amylopectin chain length in Bambara groundnut starch on its gelatinisation remains 
unclear. Hence, future studies should focus on understanding the role of amylopec-
tin on the functional and physicochemical properties of Bambara groundnut starch.

6.4.4  In vitro Digestibility

The susceptibility of starches to various digestive enzymes is important in the feed, 
syrup, malting and brewing industries. Starch digestion and absorption have signifi-
cant nutritional and physiological implications. For example, the rate of starch 
digestion and glycemic index has been associated with satiety. Rapidly digestible 
starch is quickly absorbed and metabolised, whereas slower digesting starches are 
only slowly absorbed and therefore improve satiety. Based on the rate of glucose 
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release and its absorption in the gastrointestinal tracts, starch may be classified into 
rapidly digestible starch (RDS), slowly digestible starch (SDS) and resistant starch 
(RS) (Englyst et al. 1992). The RDS represents the portion of starch that is hydro-
lysed within 20 min of incubation, SDS represents the starch hydrolysed between 
20 and 120 min, while RS, represents the starch fraction not digested after 120 min 
of incubation. Both SDS and RS are of greater importance because the rate of glu-
cose released is slower compared to RDS and both categories of starches have a 
beneficial physiological effect. Legume starches are of interest to the food industry, 
in recent times, because they are generally high in RS which are known to have 
positive physiological effects (Skrabanja et al. 1999; Blazek and Copeland 2008). 
The health benefits of RS include among others, the prevention of colon cancer, the 
substrate for growth of probiotic organisms, hypoglycemic effects, hypocholester-
olemic effects and increased absorption of minerals (Hoover and Zhou 2003; 
Hoover et al. 2010), while the potential health benefits of SDS are linked to stable 
glucose metabolism, diabetes management and satiety (Lehmann and Robin 2007). 
The high level of RS in legume starches such as Bambara groundnut, cowpea, and 
peas have been attributed to their moderately high amylose content compared to 
cereal starches (Hoover et  al. 2010). Hoover and Sosulski (1985), reported that 
approximately 74% of corn starch was hydrolysed compared to dry bean starches 
(26–35%). The reduced digestibility of legume starches compared to cereal was 
also demonstrated by Socorro et al. (1989) who found that the percentages hydroly-
sis of corn, rice, wheat, and black bean starches during a 3 h digestion period were 
74.4%, 75.5%, 75.2% and 49.5%, respectively.

Very few studies have been done on the digestibility of Bambara groundnut 
starch. The RS content of Bambara groundnut starch may vary between 9.1% and 
72.6% depending on the state of the starch, whether in the native or the modified 
form. Oyeyinka et  al. (2016a) found significant variations in the RS contents 
(69.7–72.6%) of three variety of Bambara groundnut. Differences in the digestibil-
ity of Bambara groundnut starch is mainly due to the variation in amylose content 
(Oyeyinka et al. 2016a), complexation of starch with lipids (Oyeyinka et al. 2016c) 
and hydrothermal modification (Afolabi et  al. 2018). Complexation of Bambara 
groundnut starch with different lipids significantly increased the SDS and RS frac-
tions, suggesting a reduction in digestibility of the starch (Oyeyinka et al. 2016c). 
Reduction in the digestibility of complexed starches is due mainly to the formation 
of amylose-lipid complexes (Kawai et al. 2012). Amylose-lipid complexes have a 
single helical structure with a conformational hindrance that possibly restricts 
enzyme access into the starch granule interior (Oyeyinka et al. 2016c). The reduced 
digestibility of Bambara groundnut starch after modification with lipids is beneficial 
and promising in the management of diabetes.

Other factors that may play a role in the digestibility of starch are granule size, 
degree of crystallinity, type of crystalline polymorphic form, and the molecular 
structure of amylopectin (Hoover et al. 2010). The larger proportions of short unit 
chains (DP 6 to 12) of amylopectin may result in a more porous granular structure, 
allowing enzymes to penetrate more easily (Ai et al. 2011). This further emphasizes 
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the importance of future studies on the molecular characterisation of the amylopec-
tin structure in Bambara groundnut starch as noted in the previous sections.

6.5  Starch Modification

Native starches are generally unsuitable for many applications in the industry and 
are usually modified by different methods such as physical, enzymatic, genetic and 
chemical methods or a combination of these methods. The performance and useful-
ness of starch can be enhanced through modification (Kaur et al. 2012; Oyeyinka 
et al. 2016d; Oyeyinka and Oyeyinka 2018). Recent research trends have shown that 
a synergistic approach to starch modification has the potential to provide starches 
with better physicochemical properties compared to single modification methods. 
Furthermore, the synergistic method can obtain starches with specific or new prop-
erties and may expand starch applications in different areas (Li et al. 2018). This 
section summarises the modification methods (single or dual) that have been used 
for the Bambara groundnut starch.

6.5.1  Chemical Modification

Acetylation, cross-linking, etherification, hydroxypropylation and oxidation are 
common chemical methods used to modify native starch (Vanier et  al. 2017). 
Bambara groundnut starch has been modified chemically using oxidation, acetyla-
tion, carboxymethylation and complexation with catechin. The effect of various 
chemicals on the physicochemical and functional properties of Bambara groundnut 
starch varies with the chemical used or the modification method. The swelling 
power of Bambara groundnut starch significantly reduced after complexation with 
catechin using different methods (co-evaporation, microwaving and kneading) 
(Gulu et al. 2019) and hypochlorite oxidation (Adebowale et al. 2002), but carboxy-
methylation (Afolabi 2012; Odeniyi et  al. 2017) and acetylation increased it 
(Adebowale et al. 2002).

Bambara groundnut starch showed a significant reduction in setback viscosity 
after acetylation and oxidation (17 and 40%, respectively) (Adebowale et al. 2002), 
suggesting the potential of these modified starches in foods that require low retro-
gradation tendencies (Oyeyinka and Oyeyinka 2018). The pasting temperature of 
Bambara groundnut starch increased when complexed with cyclodextrin (Gulu 
et  al. 2019), and decreased with oxidation (Adebowale et  al. 2002), acetylation 
(Adebowale et al. 2002) and carboxymethylation (Odeniyi et al. 2017). Gulu et al. 
(2019) noted that the increase in pasting temperature of Bambara groundnut starch 
complexed with catechin is presumably due to the increase in the crystallinity region 
resulting in the strengthening of starch intramolecular bonds and hence, more heat 
is required before paste formation and structural disintegration. Chemically 
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modified starches are best suited for use in non-food applications because of safety 
considerations. For example, oxidation with sodium hypochlorite has been used for 
more than 150 years in the paper industry, where oxidized starches are used exten-
sively as sizing agents to improve the mechanical and film-forming properties of 
paper, paper board, and textiles (Vanier et al. 2017). Carboxymethylated Bambara 
groundnut starch also present potential for use as excipients in pharmaceutical for-
mulations (Odeniyi et al. 2017) and as a biodegradable polymer in the production of 
superabsorbent hydrogels and agricultural mulch (Afolabi 2012).

6.5.2  Physical Modification (Annealing, Heat-Moisture 
Treatment, Microwaving)

Starch physical modification methods such as annealing, heat-moisture treatment, 
microwaving and homogenisation are considered safe compared to chemical meth-
ods such as oxidation, acetylation and carboxymethylation because they do not 
leave residues in the starch after modification. Annealing is achieved at a tempera-
ture above the glass transition, but below the gelatinisation temperature of starch 
(Jayakody et al. 2009). On the other hand, heat-moisture treatment involves treating 
starch at low moisture levels, usually between 10 and 30% and heating of starch 
between 90 and 120 °C for varying time (15 min and 16 h) (Chung et al. 2009a; b). 
A comprehensive review on the impact of annealing and heat-moisture treatment on 
the physicochemical and structural properties of starch is available (da Rosa 
Zavareze and Dias 2011; Mathobo et al. 2020; Samarakoon et al. 2020). Variations 
in the impact of the physical modification on the structure and physicochemical 
properties of Bambara groundnut starch have been observed by different research-
ers (Adebowale and Lawal 2002; Afolabi et al. 2018; Oyeyinka et al. 2018, 2019). 
While annealing created a cracked surface (Fig. 6.6) on Bambara groundnut starch 
granule (Oyeyinka et al. 2018), microwaving resulted in varying levels of distortion 
depending on the heating time, frequency and intensity of the radiation (Oyeyinka 
et al. 2019). The extent of distortions on the granule surface increased with increas-
ing microwaving time (Fig. 6.7). Microwaving at 700 W for 60 s reportedly col-
lapsed some of the starch granules while some others flattened out indicating 
disintegration of the internal structure of the starch granules (Oyeyinka et al. 2019).

Structurally, the crystallinity patterns of Bambara groundnut starch remained 
(Type A) unchanged after annealing (Oyeyinka et  al. 2018) and microwaving 
(Oyeyinka et al. 2019). Bambara groundnut starch showed reduced swelling after 
annealing (Adebowale and Lawal 2002; Oyeyinka et al. 2018), heat-moisture treat-
ment (Adebowale et al. 2002) and microwave heating (Oyeyinka et al. 2019). The 
reduction in swelling power following hydrothermal modification has been ascribed 
to internal rearrangement within the starch granules, resulting in stronger interac-
tion among the starch chains that bring about some sort of crystalline perfection 
(Hoover et  al. 1997; Chung et  al. 2009a; b). Microwave heating has also been 
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suggested to result in intragranular molecular rearrangement within starch granules 
leading to a lesser accessibility of water to the amorphous areas (Carcea et al. 1992; 
Gonzalez and Perez 2002).

Increased gelatinisation temperatures (To, Tp and Tc) have been observed in 
annealed (Oyeyinka et  al. 2018) and microwaved Bambara groundnut starch 
(Oyeyinka et al. 2019). Changes in the starch structure at the molecular level includ-
ing changes in the gelatinisation temperatures after microwaving are very similar to 
those reported for annealing and heat moisture treatment (Gomes et  al. 2005; 
Waduge et al. 2006). An increase in the gelatinisation temperatures after physical 
modification could be explained by the enhancement of the interactions (amylose-
amylose and amylose-amylopectin interactions) along the starch chains (Li 
et al. 2019).

Compared with corn starch, native and annealed Bambara groundnut starch dis-
played higher peak, trough, breakdown, setback and final viscosities (Oyeyinka 
et al. 2018). The viscosity of Bambara groundnut starch was double that of corn 
starch suggesting the possibility of using fewer quantities of Bambara groundnut 
starch where corn starch would have been used.

Fig. 6.7 Micrographs of native and microwaved Bambara groundnut starch (Oyeyinka et  al. 
2019). (a): Bambara groundnut starch microwaved for 0 s. (b) Bambara groundnut starch micro-
waved for 10 s. (c) Bambara groundnut starch microwaved for 30 s. (d) Bambara groundnut starch 
microwaved for 60 s. Arrows indicate varying degrees of distortions after microwaving
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6.5.3  Modification with Lipids

The modification of starch with lipids may be generally classified as a form of 
chemical modification, but due to the classification of this category of modified 
starch as clean label starch ingredient, it is better to discuss their properties sepa-
rately. It should be noted that lipids are natural chemicals and are regarded as safe 
for starch modification, unlike other synthetic chemicals like epichlorohydrin and 
hypochlorite solutions that have safety concerns. Generally, most starches contain 
lipids, complexed to amylose or amylopectin, but the level of lipids vary greatly 
among starches of different botanical origin. For example, corn, sorghum and wheat 
starches have a high level of lipids compared to legumes starches such as those 
extracted from pea, cowpea and Bambara groundnut. Amylose, for instance, can 
form an inclusion complex in the form of helices with endogenous lipids in sor-
ghum (Zhu 2014). The modification of starch with lipids results in the formation of 
amylose-lipid complexes, which have different properties depending on the type of 
complex formed (Oyeyinka and Oyeyinka 2018). Putseys et al. (2010) noted that 
amylose may change its configuration from the coil to helix, which allows guest 
molecules to reside within the cavities of amylose helix. The degree of complex-
ation of starch with lipids is influenced by several factors including lipid type i.e. 
saturated or unsaturated, the chain length of the lipid (Gelders et al. 2004, 2006), 
amylose content (Eliasson et al. 1988; Ocloo et al. 2016) and the degree of poly-
merisation of amylose (Godet et al. 1995). Godet et al. (1995) studied the formation 
of an amylose-lipid complex from crystalline amylose with different degrees of 
polymerisation (30, 40, 80 and 900) using caprylic, lauric and palmitic acids. The 
amount of complex formed was found to increase with the increase in the degree of 
polymerisation of amylose. Gelders et al. (2004) however, reported that if the amy-
lose chains are too long, there could be a conformational disorder that may result in 
faults within the crystal structure. Shorter chains, on the other hand, may not form 
complexes at all. According to Godet et al. (1995), amylose chains of DP 20 is too 
short to complex with a lipid.

The role of starch moisture content in the formation of amylose-lipid complexes 
has also been reported (Derycke et al. 2005). These authors observed that the forma-
tion of an amylose-lipid complex in rice and maize starches enriched with oleic and 
linoleic acid were affected by the moisture content (25%, 40% and 66%) of the 
starches. The amylose-lipid complex was not formed at the higher moisture content 
(66%), but at low (25%) and intermediate (40%) moisture contents in maize starch 
(Derycke et  al. 2005). However, amylose-lipid complexes were formed in rice 
starch at low, intermediate and high moisture contents. Chang et al. (2014), also 
studied the influence of heat treatment and varying moisture contents (10%, 20%, 
30%, 40% and 50%) on the formation of an amylose-lipid complex between lauric 
acid and normal corn starch. Their finding indicated 40% moisture content as opti-
mum for the formation of amylose-lipid complex suggesting that relatively high 
moisture contents (˃40%) seem to inhibit complex formation. Derycke et al. (2005), 
suggested that under low moisture conditions, crystalline amylose-lipid complexes 
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are readily formed. The higher moisture content of starch probably hinders the 
starch-lipid system from attaining the activation energy required for complex for-
mation (Jovanovich and Añón 1999).

Other factors such as heating time (D’Silva et al. 2011; Obiro et al. 2012a), tem-
perature, homogenisation (Lesmes et al. 2008; Meng et al. 2014a; b). and shear may 
also influence the formation of the amylose-lipid complex (Obiro et  al. 2012b). 
Amylose-lipid complexes have been used to prepare novel starches with slowly 
digestible property (Kawai et al. 2012; Zhang et al. 2012), improve starch pasting 
properties (Zhou et al. 2007; D’Silva et al. 2011; Oyeyinka et al. 2016c), and to 
protect sensitive ligands such as polyunsaturated fatty acids (Zabar et  al. 2010; 
Cohen et al. 2011).

Studies on the modification of Bambara groundnut starch with lipid have focused 
on the use of lipid alone (Oyeyinka et al. 2016c) or in combination with other physi-
cal methods such as annealing (Oyeyinka et al. 2018) and high-pressure homogeni-
sation (Oyeyinka et al. 2016b, d). Bambara groundnut starch complexed better with 
lipids than corn and potato starches whether homogenisation was used (Oyeyinka 
et al. 2016b; Oyeyinka et al. 2016d) or not (Oyeyinka et al. 2016c). The better com-
plexation of Bambara groundnut starch with lipids was attributed to its higher amy-
lose content (Oyeyinka et al. 2016b, c, d). As earlier noted above, the lipid type may 
also influence the degree of complexation of starch with lipids. Through the mea-
surement of the reduction in iodine binding capacity of starch, the amount of com-
plex formed between starch and lipids can be estimated as the complex index. 
Previous studies showed that Bambara groundnut starch complexed better with 
stearic acid than with linoleic acid and lysophosphatidylcholine (Oyeyinka et al. 
2016c). The variation in the complexing ability of the lipids with Bambara ground-
nut starch was linked with differences in their structure. The kink in cis-unsaturated 
lipids such as linoleic acid only allows for partial inclusion into the amylose helix 
cavity (Yamada et al. 1998). Several other researchers also found that cis- unsaturated 
fatty acids complex poorly with amylose giving low yields of amylose-lipid com-
plex (Bhatnagar and Hanna 1994; Eliasson and Krog 1985; Krog 1971; Lagendijk 
and Pennings 1970; Raphaelides and Karkalas 1988; Tang and Copeland 2007; 
Zhou et al. 2007). Some authors, however, found the opposite where unsaturated 
fatty acids showed higher complexing ability than the saturated types (Kawai et al. 
2012; Meng et al. 2014a; Annor et al. 2015). Karkalas et al. (1995) postulated that 
the amylose helix needs to be expanded from six glucosyl residues per turn to seven 
in order to accommodate the unsaturated portion of acyl chain. The mechanism for 
the expansion of the amylose helix in the presence of unsaturated ligands, although, 
is not clear, it is possible that the expansion of the amylose helix may vary with 
complexation conditions such as moisture content, starch type, amylose contents 
and the degree of polymerization of amylose used in various studies (Oyeyinka 
et al. 2016c). The low CI (Fig. 6.8) of lysophosphatidylcholine compared to stearic 
acid may be attributed to the structural conformation of the lysophosphatidylcholine 
molecule. Lysophosphatidylcholine is packed head-to-tail forming a common 
hydrocarbon layer that is bordered on each side by a region of polar groups (Hauser 
et al. 1980). The angles of the polar groups on lysophosphatidylcholine could have 
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reduced its ability to form a complex with Bambara groundnut starch (Oyeyinka 
et al. 2016c). Cheng et al. (2015) found that the inclusion rate of lysophosphatidyl-
choline into potato starch decreased at temperatures higher than 60 °C, possibly due 
to deterioration at higher temperatures (Wang et al. 2014; Cheng et al. 2015). In 
addition, nuclear magnetic resonance studies showed that debranched-potato starch 
complexed with lysophosphatidylcholine complexes were formed by hydrophobic 
interactions between the alkyl chains of lysophosphatidylcholine and the helix cav-
ity of the debranched-starch, with the rest of the lysophosphatidylcholine molecule 
lying outside the helix (Cheng et al. 2015). Hence, both temperature of heating dur-
ing complexation as well as the structure of the lipid may influence the formation of 
amylose-lipid complexes.

Annealing has also been shown to improve the complexation of Bambara ground-
nut starch with palmitic acid producing more thermally stable amylose-lipid com-
plexes than the starch and lipids alone without annealing (Oyeyinka et al. 2018). 
Future studies on Bambara groundnut starch will need to focus on several synergis-
tic methods and complexation with lipids to further enhance the complexing ability 
of starch.

6.5.3.1  Effect of Lipids on Starch Rheological and Thermal Properties

The pasting of Bambara groundnut starch with lipid improved their pasting and 
thermal properties, for example, increased gelatinisation temperatures, increased 
final viscosity and decreased setback viscosity were observed in the modified 

Fig. 6.8 Complex index of Bambara groundnut and potato starch-lipid complexes (Oyeyinka 
et al. 2016c). B: Bambara groundnut starch, P: Potato starch, STE: Stearic acid, LIN: Linoleic acid, 
LPC: Lysophosphatidylcholine
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starches (Oyeyinka et al. 2016c). Changes in the pasting and thermal properties of 
starch following complexation with lipids depend largely on the lipid structure i.e. 
chain length and degree of unsaturation and heating conditions. As an example, 
Zhou et al. (2007) reported that the modification of rice starch with 1% stearic acid 
resulted in a significantly higher reduction (8%) in peak viscosity compared to lin-
oleic acid (1%) which showed approximately 3% reduction. Oyeyinka et al. (2016c) 
also found higher reductions in the peak viscosity (approx. 9%) of Bambara ground-
nut starch pasted with stearic acid (at 2% w/w) compared to when the starch was 
pasted with linoleic acid and lysophosphatidylcholine (approx. 7%)  at the same 
concentration. The reduction in peak viscosity of starches has been attributed to the 
formation of amylose-lipid complexes (Raphaelides and Georgiadis 2006; D’Silva 
et al. 2011; Obiro et al. 2012a; Ocloo et al. 2016). The dynamic rheological mea-
surement showed that non-gelling paste could be formed between Bambara ground-
nut starch-lipid complexes when homogenised (Oyeyinka et  al. 2016b; d). 
Non-gelling behaviour of starch paste with added lipids has also been reported for 
corn starches (Richardson et al. 2004; D’Silva et al. 2011). The non-gelling behav-
iour of homogenized Bambara groundnut starch-lipid complexes has potentials for 
use in frozen foods and desserts for a better mouthfeel (Oyeyinka and Oyeyinka 
2018). Rheological measurements using a rheometer showed that the addition of 
lipids significantly reduced the storage modulus (G′) and loss modulus (G″) of 
Bambara groundnut starch gels (Oyeyinka et al. 2016b; d). At the same starch con-
centration of 10%, Bambara groundnut starch-lipid complexes showed substantially 
higher G′ and G″ (100 times) compared to corn and potato starches, due to the dif-
ferences in their amylose contents. The influence of amylose chain length i.e. the 
degree of polymerisation as earlier noted above may be required for Bambara 
groundnut starch in the future. This seems plausible since the presence of longer 
amylose chains in cowpea starch correlated with higher gel strength and higher G′ 
and G″ compared to maize and potato starches (Chung et al. 1998; Won et al. 2000).

The effect of lipids on the gelatinisation temperatures, otherwise called melting 
temperatures of Bambara groundnut starch showed that lipids improved the thermal 
stability of the modified starches by shifting the melting temperatures to a higher 
endotherm (Oyeyinka et al. 2016b, c; d; 2018). A shift to higher melting tempera-
tures was observed for native Bambara  starch complexed with lipids (Oyeyinka 
et  al. 2016c), annealed  Bambara starch complexed with lipids (Oyeyinka et  al. 
2018) and homogenised Bambara starch-lipid complexes (Oyeyinka et al. 2016b; 
d). Homogenised Bambara groundnut starch complexed with saturated fatty acids 
(palmitic and stearic) displayed significantly (p < 0.05) higher melting temperatures 
than those complexed with unsaturated fatty acids (oleic and linoleic) (Fig. 6.9).

The higher melting temperatures of the starches complexed with lipids has been 
attributed the formation of amylose-lipid complexes (Biliaderis and Galloway 1989; 
Karkalas et al. 1995; Tufvesson et al. 2003; Hasjim et al. 2013; Marinopoulou et al. 
2016; Wokadala et al. 2012; Wang et al. 2020). Based on the melting temperature, 
amylose-lipid complexes may show three endothermic peaks with values at ˂80 °C, 
95–105 °C and at values ˃105 °C (Raphaelides and Karkalas 1988; Biliaderis and 
Seneviratne 1990). These endotherms have been attributed to non-complex lipids, 
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type I amylose-lipid complexes and type II amylose-lipid complexes respectively 
(Biliaderis and Seneviratne 1990; Raphaelides and Karkalas 1988). The majority of 
the studies on Bambara groundnut starch reported type I amylose-lipid complex 
with melting temperatures ranging between approximately 98 and 104 °C (Oyeyinka 
et al. 2016b; c; d). But type II complexes were formed when annealed starch was 
pasted with palmitic acid (Oyeyinka et al. 2018). Type II amylose-lipid complexes 
are reportedly more ordered than the type I and show distinct crystalline and amor-
phous regions (Biliaderis and Seneviratne 1990; Karkalas et al. 1995).

6.5.3.2  Effect of Lipids on Starch Structure

Different techniques such as microscopic analysis, crystalline patterns and nuclear 
magnetic resonance have been used by various researchers to understand the extent 
of complexation of starch with lipids. Starches modified with lipids usually display 
a change of crystallinity from type A, B and C to the V-type typical of amylose-lipid 

Fig. 6.9 Thermograms of gelatinized Bambara groundnut, maize and potato starches complexed 
with different fatty acids (Oyeyinka et al. 2016b). (a) Homogenized Bambara groundnut starch, (b) 
Unhomogenized Bambara groundnut starch, (c) Homogenized maize starch. (d) Unhomogenized 
maize starch, (e) Unhomogenized potato starch, (f) Homogenized potato starch

S. A. Oyeyinka et al.
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complexes (Fig. 6.10). Tang and Copeland (2007) confirmed the formation of an 
amylose-lipid complex between wheat starch and various lipids by examining the 
X-ray diffraction patterns of freeze-dried starch pastes. The crystalline pattern 
changed from the A-type to V-type with peaks at 2Ө = 7.4°, 12.7° and 19.8° (Tang 
and Copeland 2007). Similar peaks corresponding to the amylose-lipid complex 
have been observed in Bambara groundnut starch pasted with palmitic acid, stearic 
acid, linoleic and lysophosphatidylcholine (Oyeyinka et al. 2016b, c, d, 2018). The 
amylose-lipid complex peaks became sharper when complexes were homogenised 
(Oyeyinka et al. 2016b; d) or when annealed starch was complexed with palmitic 
acid (Oyeyinka et al. 2018). Gulu et al. (2019) also found that the X-ray diffraction 
patterns of Bambara groundnut starch complexed with catechin had sharper peaks 
in comparison to the native starch.

Using a confocal laser scanning electron microscope, Exarhopoulos and 
Raphaelides (2012) showed that pea starch granule disintegration in the presence of 
fatty acids varied with heating temperature, the type of fatty acid and whether lipids 
were added before or after heating of starch. These authors observed that pea starch 
granules retained shape following the addition of palmitic and stearic acid before 
heating, but myristic acid addition before heating did not prevent the granules from 
disruption. Studies on Bambara groundnut starch by Oyeyinka et  al. (2016c) 
revealed that the addition of lipids before heating the starch did not prevent the dis-
integration of starch granules (Fig. 6.11). Furthermore, amylomaize starch retained 
its granules, whether the lipid was added before or after heating (Exarhopoulos and 
Raphaelides 2012). Therefore, the extent of starch granule disintegration in the 
presence of lipid will also depend on the type of starch. Higher temperature (>90 °C) 
of complexation and the use of shear seems to also play an important role in deter-
mining the extent of starch granule disruption in the presence of lipids (Obiro et al. 
2012a; Meng et al. 2014a; b).

Fig. 6.10 X-ray diffraction patterns for different starches A, B, C and V amylose (Cui 2005)
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6.5.3.3  Effect of Lipids on Syneresis

Starch syneresis refers to the release of water from a firm gel due to retrogradation. 
Starch retrogradation has been widely studied because of the associated negative 
effect on the sensory properties of starchy foods (Wang et al. 2015). Starch retrogra-
dation may be desirable in certain food products such as in breakfast cereals due to 
structural and sensory changes (Karim et al. 2000). Furthermore, starch retrograda-
tion has also been found to be a desirable quality in terms of nutrition because of the 
slower rate of starch digestion (Copeland et al. 2009; Wang and Copeland 2013; 
Wang et al. 2015). Changes in the starch structure during storage depend on the 
starch source, starch amylose content, storage temperature and lipid addition. 
Oyeyinka et al. (2016d) found that the extent of syneresis in Bambara groundnut 
starch complexed with lysophosphatidylcholine reduced by approximately 17% 
compared with native starch. Singh et  al. (2002), similarly reported significant 
reductions in the amount of water released when potato and corn starches were 
complexed with fatty acids at varying concentrations. The rate of syneresis seems to 
depend on the amylose content of the starch as well as the complexation conditions. 
For example, potato and corn starches complexed with lysophosphatidylcholine 

Fig. 6.11 Confocal laser scanning micrographs of Bambara groundnut starch pasted with lipids 
(Oyeyinka et al. 2016c). (a) Control Bambara groundnut starch, (b) Bambara groundnut starch 
pasted with STE, (c) Bambara groundnut starch pasted with LPC (d) Bambara groundnut starch 
pasted with LIN. Arrows indicate lipids within the starch granules. Scale bars for a, b, c and d 
are 20 μm
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stored for a period of 24 h did not release any water when homogenized (Oyeyinka 
et al. 2016d). However, Bambara groundnut starch complexed with lysophosphati-
dylcholine under the same conditions showed syneresis (Table 6.5). High levels of 
amylose in Bambara groundnut starch compared with potato and corn starches may 
explain the difference in the syneresis rate (Oyeyinka et al. 2016d). Other factors 
such as the fragile nature of starch granules have also been suggested to influence 
the syneresis rate of starch (Singh et al. 2002). Lipids are generally known to slow 
down the rate and extent of starch retrogradation, by preventing crosslinking of 
starch molecules, the formation of double helices and junction zones. These changes, 
according to Becker et  al. (2001), limit the mobility of amylose because of the 
inclusion complexes formed between amylose and the lipids.

6.6  Conclusion

This chapter provided an in-depth understanding of the composition, structure, and 
physicochemical properties of Bambara groundnut starch, as well as the modifica-
tion of the starch isolate. The chapter also highlights the similarities and differences 
that exist between Bambara groundnut starch and commercially available starches 
and provides some insights into the potential application of Bambara groundnuts in 
food systems. The physicochemical characteristics of Bambara groundnut starch 
(native and to a larger extent modified) allow for its utilisation in a wide range of 
food products. For example, the high melting temperature of the modified Bambara 
groundnut starch suggests that modified Bambara groundnut starches can be applied 
in high-temperature processed foods such as in extruded products. Also, Bambara 
groundnut starch-lipid complexes may be used in the production of modified starch 
with non-gelling characteristics appropriate for application in products such as in 
frozen foods and desserts for better eating qualities. While comprehensive and 
vastly informative studies have been conducted on the chemistry, composition, 
physicochemical characteristics of Bambara groundnut starch, work on the 

Table 6.5 Effect of high-pressure homogenization on syneresis (%) in starch- 
lysophosphatidylcholine complexes stored at 4 °Ca

Starch type LPC (%)
Unhomogenised paste Homogenised paste
24 h storage 48 h storage 24 h storage 48 h storage

Bambara groundnut 0 40.82b ± 1.63 44.50a ± 1.29 26.38b ± 0.22 28.31b ± 0.71
Bambara groundnut 4 33.04d ± 0.71 38.02c ± 1.72 NWR 22.99c ± 0.02
Maize 0 38.92c ± 1.17 42.35ab ± 1.71 NWR 29.29ab ± 0.37
Maize 4 31.29d ± 0.28 33.94d ± 0.57 NWR 19.83d ± 0.06
Potato 0 43.32a ± 0.62 44.79a ± 0.45 27.73a ± 0.67 31.89a ± 0.16
Potato 4 37.88c ± 0.37 40.27bc ± 1.06 NWR 24.72c ± 0.61

Mean  ±  SD.  Mean with different superscript letters along a column are significantly different 
(p < 0.05). LPC Lysophosphatidylcholine, NWR No water was released
aOyeyinka et al. (2016d)
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characterisation of the molecular structure of amylose and amylopectin in Bambara 
groundnut starch is lacking compared to other grain legumes. This is important 
because the molecular structure of amylose and amylopectin influences starch phys-
icochemical properties. Further research is required to characterise the molecular 
structure of Bambara groundnuts starch. Particularly, studies into the influence of 
the amylopectin chain length and distribution in Bambara groundnut starch on the 
physicochemical properties of Bambara groundnut starch are required. Furthermore 
the application of modified Bambara starch in food systems and other non-food 
applications are also required in the future to fully explore the potentials of the starch.
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