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 3 Chapter 1: Introduction 

starch-MCP interactions and digestibility. The objectives of the thesis together with the chapter 

structure are summarised in Figure 1.1. 

 

Figure 1.1 The objectives of the thesis and the chapters where they are addressed. 
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Figure 2-5 Typical pasting curve of a starch. 

The early gelatinisation processes associated with the breaking of hydrogen bonds between starch 

polymers are endothermic and can be detected using differential scanning calorimetry (DSC) as two 

endotherms (peaks G and M in Figure 2-6) (Singh, Singh, Kaur, Singh Sodhi, & Singh Gill, 2003). The 

DSC endotherm peaks G and M (Figure 2-6) were first attributed to the disruption of crystalline 

structure (~60 - 75°C) and melting (>75°C) of crystallites respectively as proposed by Donovan (1979). 

In excess water, swelling of the granules unfolds and hydrates amylopectin helices completely, leaving 

none available for melting at higher temperature; thus, the only endotherm peak G was observed at 

high water content. As the proportion of water is decreased, some helices remain in their native 

conformation, which melts with increasing temperature (between 75 - 110°C). Thus, both endotherm 

peaks G and M are observed. At low water content, swelling is limited and thus, helices are not 

hydrated and remained undisrupted. This results in the helices melting at high temperature, creating 

a single endotherm peak M. 

 



 13 Chapter 2: Literature review 

 

Figure 2-6 DSC profiles of potato starch at various water fractions. Numbers on each DSC profile 

denotes the fraction of water in the system (Donovan, 1979). 

More recently, a model proposed by Waigh, Gidley, Komanshek, and Donald (2000) compares the 

disordering of starch granules during gelatinisation to the behaviour of liquid crystals. Using data from 

DSC analysis, small angle X-ray scattering (SAXS), wide angle X-ray diffraction (WAXD), dynamic 

mechanical analysis, and nuclear magnetic resonance spectrophotometry (NMR), the authors suggest 

that hydration of amylopectin chains result in smectic-nematic/isotropic transition followed by helix-

coil transition (Figure 2-7). In the smectic phase, helices of amylopectin are oriented in a parallel 

manner on a defined plane, whereas in the nematic state, these helices are not arranged in a defined 

plane despite being parallel to each other. In the isotropic state, the helices are neither parallel nor 

arranged on a defined plane. These transitions during the gelatinisation process are water content 

dependent.  It is suggested that at low water content, the single peak M observed in DSC 

thermographs correspond to the unwinding of the amylopectin helices into individual coils. At 
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strength and whether it is thermal reversible/irreversible, are dependent on the nature of the linkages 

formed between the polymers (Morris, 2007). Three types of linkages are common among NSPs: (i) 

point cross-links, (ii) extended cross-links, and (iii) complex cross-links (Morris, 2007). 

2.2.2.1 Point cross-links  

Point cross-links occur at points between polysaccharide chains. An example of this structure is the 

diferulic acid linkages generated by sugar beet pectin (Saulnier & Thibault, 1999). Gels with point 

cross-links can be set at room temperature, and are irreversible and strong (Morris, 2007). The 

strength of these gels is determined by the number of cross-links per unit volume. 

2.2.2.2 Extended cross-links  

Extended cross-links occur when blocks of structure on different polymers associate to form a 

network. Extended cross links can be induced by altering the conditions of the solution in which the 

hydrocolloids are dispersed. Several examples of these are summarised by Morris (2007) as follow: 

a. Konjac mannan gels induced by alkali: Alkali treatment is thought to generate blocks of 

mannan regions that are insoluble. These regions associate through hydrogen bonds, forming 

a network. 

b. Methylcellulose gels induced by heating: Although poorly understood, gelling is thought to 

happen due to precipitation of polysaccharides from the solution as a result of hydrophobic 

associations (Figure 2-10). 

 

 

Figure 2-10 Gelation of methylcellulose induced by heating (adopted from Jyoti and Baek (2014)). 

c. Alginate gels induced by cooperative binding of cations: Blocks of polyglucuronic acid binds to 

cations (calcium is preferred) resulting in the neutralisation of charges, and leading to gelation 

(Figure 2-11). 
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Figure 2-11 Gelation of alginate in the presence of calcium. 

d. Low methoxy pectin gels induced by lowering pH or cooperative binding of cations: Gelation 

occurs in a similar manner to alginate gels. In this case, polygalacturonic acid associates with 

calcium ions. The charge on polygalacturonic acid can be neutralised by lowering the pH. Gels 

formed at low pH are thermally reversible (due to the presence of two modes of associations: 

ionic and non-ionic) while gels formed at neutral pH are thermally irreversible.  

2.2.2.3 Complex cross-links  

Several gel forming polysaccharides such as gellan, agar and carrageenan form higher order helical 

structures, which is important for gelation. Helices may vary between single helical structures, three-

fold double helices, or five-fold double helices. At high temperature, the thermal energy provided by 

its environment overcomes the rotational energy barrier, allowing the polysaccharide to be flexible 

and adopt a random coil formation (Ebewele, 2000). The transition between coils to helices occurs on 

cooling the heated polysaccharide solution. The formation of hydrogen bonds between the 

polysaccharide chains drives the formation of the helices (Piculell, 2006). Upon contact, they become 

sites of nucleation, propagating the chains to create filamentous structures, which aggregates to form 

a gel (Morris, 2007).  

The formation of these gels is also influenced by the ionic strength of the media, whereby the addition 

of cations to the solution or increasing its ionic strength results in the formation of stronger gels 

(Morris, 2007). This is attributed to two effects. The first is that increasing the ionic strength of the 

media results in charge screening, thereby inducing helix formation due to the absence of repulsive 

forces between the polysaccharide chains. The second is that the presence of cations results in the 

formation of junction zones between polysaccharide chains, which promote further aggregation of 

the helices to form thicker branched fibrous structure (Figure 2-12) (Morris, 2007). 
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Figure 2-15 Depletion flocculation. 

Depletion flocculation has previously been reported to occur in beverage emulsions when 0.4 % w/w 

gum arabic or 1.7 % w/w modified starch was added to 5 % oil in water emulsions made with 

hexadecane stabilised with a non-ionic surfactant, Tween 20 (Chanamai & McClements, 2001). While 

relatively uncommon in a starch system, depletion flocculation as a result of excess NSPs in a starch 

system has been proposed for xanthan gum (Abdulmola et al., 1996; Achayuthakan & Suphantharika, 

2008). 

2.3.2 Starch and MCP interaction  

2.3.2.1 Effect of interactions on gel/paste properties  

Gelatinisation of some non-waxy starches such as wheat, maize and rice in the presence of MCP has 

been shown to result in an increase in the peak viscosity of the paste, which forms a thermo-

irreversible gel upon cooling (Feng, Gu, Jin, & Zhuang, 2010a; Feng et al., 2010b). For many starches, 

the formation of a transient peak at the early stages of starch gelatinisation in the presence of MCP is 

observed as shown in Figure 2-16. However, this has never been pointed out or discussed by any 

authors despite it being a distinct character of starch being gelatinised in the presence of MCP. 
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Figure 2-16 Pasting curve of rice (A), pea (B) and mung bean (C) starches containing increasing 

concentrations of MCP. Red arrow and circle indicates the characteristic transient peaks in the 

presence of MCP (Feng et al., 2014). 

Thermodynamic incompatibility between polymers resulting in segregation of starch granules and 

polysaccharide in the continuous phase has been proposed as an explanation for the increase in the 

viscosity of starch pastes containing MCP (Lai, Liu, & Lin, 2003). However, this does not eliminate the 

possibility of associative interaction between the two. The microstructure of rice starch gels 

containing MC extract (Figure 2-17) has been reported  and it was proposed that the presence of MCP 

resulted in the formation of thicker membranes, indicative of interaction between amylose and MCP 

(Feng et al., 2010b). 
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Figure 2-17 SEM photographs of Rice starch-MNSP mixtures with 0 % (a), 0.1 % (b), 0.35 % (c), 0.5 

% (d), and 0.7 % (e) w/w MNSP concentration (Feng et al., 2010b). 

While the interpretation of the micrographs is debatable, other studies have demonstrated that gel 

formation and increases in paste viscosity were only observed when MCP is gelatinised with non-waxy 

starches, supporting the notion that interaction was primarily between amylose and MCP (Figure 2-18) 

(Lai & Chao, 2000b). Further studies  suggest the involvement of hydrogen bonds in their interaction  

and the importance of the early stage of gelatinisation in the development of starch-MCP gels (Feng 

et al., 2012; Kumar, 2012). The proposed mechanism of starch and MCP interaction was then 

expanded by Kumar (2012) to include the involvement of not only amylose, but also the starch 

granules, whereby MCP interacts with the granule surface to limit swelling, making them more rigid. 

However, there is no further understanding or definitive evidence on the mechanism of interaction. 
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Table 2-5 Factors influencing starch digestibility. 

Factors Observations Explanation References 

Structure of 

starch 

granules  

Starches with porous 

surface have higher 

digestibility. 

Pores present on the surface of 

starches facilitate the penetration of 

amylase into the molecule, resulting 

in a faster rate of hydrolysis 

(endocorrosion). Starches that have 

smooth surfaces experience surface 

hydrolysis (exocorrosion). 

(Li, Gao, Wang, Jiang, 

& Huang, 2010; Singh 

et al., 2010) 

Gelatinising starch 

increases its 

digestibility. 

Disruption of structure during 

gelatinisation leads to loosening of 

amylopectin packing, which 

increases enzyme accessibility to the 

polymer. 

(Lentle & Janssen, 

2011) 

Retrograded starch 

are less digestible. 

Association of polymer chains to 

form helices during retrogradation 

reduces enzyme accessibility. 

(Lentle & Janssen, 

2011) 

Size of starch 

granules 

Starch digestibility 

decreases with 

increasing granule 

size. 

Small granules have larger surface 

area which increases the chance of 

amylase hydrolysis. 

(Kaur, Singh, 

McCarthy, & Singh, 

2007; Noda et al., 

2008) 

Amylose/ 

amylopectin 

ratio 

Starches with high 

amylose content have 

lower digestibility. 

Amylose is present as helices, held 

together by hydrogen bonds, 

making them less available for 

amylolytic attack. 

(Hu, Zhao, Duan, Linlin, 

& Wu, 2004; Singh et 

al., 2010) 

Food matrix 

Viscous matrix results 

in reduced starch 

digestibility. 

High viscosity inhibits peristalsis 

propulsion and mixing. This reduces 

substrate accessibility to the 

enzyme. 

(Singh et al., 2010) 

Presence of 

other 

materials 

The presence of 

certain hydrocolloid 

reduces starch 

digestion. 

Various mechanisms (discussed in 

section 2.4.4) 

(Sasaki & Kohyama, 

2011, 2012; Singh et 

al., 2010; Slaughter, 

Ellis, Jackson, & 

Butterworth, 2002) 
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polysaccharides such as low methoxy pectin and alginate. Therefore, it is probable that the 

calcium ions naturally present in MC extract have a role in the gelation of starch-MCP gels. 

8. In terms of the starch-MCP gels, there has been no study carried out on their retrogradation 

properties, which is one of the most important factors in determining the acceptability of 

starch based products.  

9. The digestibility of starch-MCP gels is unknown, despite the gels being widely consumed. The 

extract itself has been shown to reduce postprandial rise in blood glucose after a high 

carbohydrate meal (Chusak et al., 2014). Therefore, it is likely that starch gels containing MCP 

may have reduced digestibility. Whether this would be due to changes in the physical 

properties of the gel (increased strength), the interaction between amylose and MCP or the 

ability of the extract to inhibit enzymes, the mechanisms associated with 

decreasing/increasing the digestibility of the gels need to be explored. 

With all of the above, it is clear from the literature review that a systematic study on the effect of 

starch type, starch and MCP concentrations, salt and pH on the rheological and textural properties of 

the mixed gel, as well as the retrogradation, microstructure and digestibility of these gels is needed to 

further understand the polymer interactions.  
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Figure 3-5 Viscosities (left side) of 10 % w/w maize starch gelatinised up to 85°C at a shear rate of 

100/s ( ), 160/s ( ) and 200/s ( ) and the resulting gel strength with further heating and cooling 

under oscillation (right side). 

The effect of shear rate on the pasting properties of 10 % w/w starch was then further explored by 

carrying out gelatinisation and gelation under complete rotational shear. It was observed that with 

increasing shear rate, the final viscosity of the paste was decreased (Figure 3-6). At higher 

temperatures (> 85°C), it is likely that more starch granules and amylose network are being broken up 

at higher shear rate. Hence, while all of the shear rates tested resulted in no starch granules 

sedimentation, the lowest shear rate of 100/s was chosen for this study to minimise any damage to 

the starch granules and any network formation that may occur before the gelation process. 















 48 Chapter 3: Experimental techniques 

(Vaclavik & Christian, 2008). The loss of water from starch gel following storage is known as syneresis 

and is a good indicator of the extent of starch retrogradation and the loss of its water holding capacity 

(Eliasson, 2017). Syneresis can be accelerated by repeated freeze thawing of the sample to induce 

phase separation of the starch polymers and water (in the form of ice). Upon thawing, the water is 

easily separated from the network and is quantified as gel syneresis. Repeated freeze thawing of 

starch gels induces phase separation promptly and, therefore, is the chosen technique in this thesis 

(in combination with DSC) to study starch gel retrogradation in the presence of MCP. The syneresis 

setup is shown in Figure 3-12 (Charoenrein, Tatirat, & Muadklay, 2008). 

 

Figure 3-12 Setup for gel syneresis (adapted from Charoenrein et al. (2008)). 

 

3.2 Microscopy  

3.2.1 Hot stage microscopy  

In starch analysis, hot stage microscopes are mainly used to study the loss of starch granule 

birefringence during gelatinisation to identify the gelatinisation temperature of the starch (Yeh & Li, 

1996). The instrumentation of the hot stage microscope is composed of a light source, objective lens 

(and/or polarised lens) and a heating stage. Dilute starch suspensions are typically placed within a ring 

of high viscosity oil on a microscope slide and a cover slip is placed on top of the sample. The oil acts 

as a barrier to prevent steam from fogging up the glass plate (Sablani, 2009). The hot stage microscope 

has also been used to monitor the size of starch granule during gelatinisation in order to determine 

its swelling rate (Bean & Yamazaki, 1978). This is the primary use of the instrument in this thesis. The 

swelling of starch granules in the absence and presence of MCP was recorded and images were 

extracted out of these recordings at different temperatures, from which granule size was manually 

measured. 
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Charoenrein, Tatirat, Rengsutthi, & Thongngam, 2011; Lee, Baek, Cha, Park, & Lim, 2002). Pre-

treatment of starch gels for imaging under the SEM typically involves a freeze-drying step, whereby 

water is removed from the sample rapidly to retain the integrity of the gel structure. This process 

leaves holes within the gel matrix in places where the water was located prior to freeze drying. SEM 

micrographs of starch gels in the absence and presence of guar and xanthan gum are shown in Figure 

3-14. 

 

Figure 3-14 SEM images of sweet potato starch gels in the absence (left) and presence of 0.6 % 

w/w guar gum (middle) or 0.6 % w/w xanthan gum (right) after three freeze-thaw cycles (Lee et 

al., 2002). 

3.2.3 Confocal scanning laser microscopy  (CSLM) 

The principle of the confocal scanning laser microscope (CSLM) is based on the elimination of reflected 

or fluorescent light that is emitted from planes out of focus. This is achieved by positioning pinholes 

to illuminate a sample at one specific point and eliminate out of focus light, preventing it from reaching 

the detector. A key feature of confocal microscopy is its ability to image a single focal plane in a sample 

with an arbitrary thickness. The objective lens collects fluorescent light from the sample and focuses 

it into a small pinhole, eliminating the out of focus light (Figure 3-15). This ability to focus light into a 

small pinhole gives an excellent resolution within the focal plane. A 2D image of a sample is obtained 

through a point by point scanning of the sample in the x- and y-direction of the focal plane. Moving 

stepwise through the sample gives a 3D image. CSLM relies on the specific fluorescence of dyes/stains 

used. Therefore, selection of suitable dyes to bind onto specific components in a sample is important. 

CSLM usually has up to three photomultipliers operating at different wavelengths to detect light 

emitted from different fluorescent probes. A set of lasers at different wavelengths is used to excite 

the fluorescent dyes and images of a sample at different wavelengths can be captured separately. 

These images can then be superimposed to produce one image in which different components are 

differentiated by dyes excited at different wavelengths (van de Velde, Weinbreck, Edelman, van der 

Linden, & Tromp, 2003).  
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efficiencies. This opposes the assumptions of earlier diffraction techniques based on the Fraunhofer 

theory, which assumes that particles are significantly larger than the wavelength of the laser and that 

all particles are opaque and, hence do not scatter light. Therefore, in Mie theory, the scattering of 

light by a particle is influenced not only by its size but also, by its refractive index. The refractive index 

ratio of a particle relative its surrounding medium determines the amount of light that passes through 

(no scattering) or gets reflected by the sample. A refractive index ratio of 1 indicates no scattering 

while a complete reflection occurs as the ratio approaches infinity (Chowdury, VanGelder, Lawler, & 

Moran, 1999). For measurements to be made based on the Mie theory, only a single particle type 

should exist in the dispersion and the refractive indices of the particle and the surrounding medium, 

as well as the absorption of transmitted light by the particles need to be known (Dodds, 2013). In this 

study, the refractive index used for water and starch were 1.31 and 1.52 respectively and this was 

based on published literature (Wilson, Bechtel, Todd, & Seib, 2006). The obscuration level is 

maintained at 10 % and this represents the amount of light that is lost upon the introduction of the 

sample to the laser beam (Malvern Instrument, 2007). The differences in the assumptions of the two 

theories gives Mie theory a higher accuracy of measuring particles size over a large range of size.  

 

3.4 Solid state NMR 

Interactions between starch and non-starch polysaccharides are usually deduced from rheological 

data and thermal analysis. Nuclear Magnetic Resonance spectroscopy (NMR) offers several methods 

of  detecting interactions between molecules and the effect these interactions have on the molecular 

motion of each molecule (Newman & Hemmingson, 1998; Zhang, Do, Hoobin, & Burgar, 2006). 

Nuclear Magnetic Resonance spectroscopy (NMR) is a technique that is most commonly used to 

structure unknown molecules. The principle of the techniques is based on the nuclear spin of an atom 

that can be transferred to a higher energy level when a magnetic field is applied. In NMR, fluctuations 

in the magnetic field of the excited nucleus occur as a result of molecular motion and this allows the 

molecule to return to its equilibrium state (Apperley, Harris, & Hodgkinson, 2012). This process is 

known as magnetic relaxation and it involves two mechanisms: Spin-spin relaxation (T2) and spin-

lattice relaxation (T1). The two mechanisms describe the direction of the decay of the excited magnetic 

spin with the former corresponding to a decay perpendicular to the applied field, and the latter in the 

direction of the magnetic field. If T2 and T1 relaxation are measured in the right conditions, then any 

variation in their relaxation constants can be directly related to changes in the molecular motion of 

the molecules, which may or may not be caused by interactions. 
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In solid-state proton NMR, the spectra obtained are typically broad when compared to liquid-state 

NMR. This is a result of inequivalent nuclear site within a powdered sample, which causes patterns to 

overlap (chemical anisotropy). In liquid state NMR, chemical anisotropy is usually averaged out by 

molecular motion. Additionally, two magnetic dipoles may interact to cause dipole coupling, which 

further broadens the NMR spectrum. This makes it difficult to distinguish the individual components 

of a semi-solid such as a gel (starch and polysaccharides) from the water. In order to obtain a high-

resolution spectrum using solid state NMR, Magic-Angle Spinning (MAS) is used, whereby the sample 

is spun at an angle of 54.74° to reduce the effect of chemical anisotropy and dipole coupling. High 

spectral resolution can, therefore, be obtained. For semi-solids, this method is defined as high 

resolution MAS (HR-MAS) and is the chosen method in this study.  

The interaction between two polymers can be identified using an NMR technique known as proton 

ROESY, which allows the determination of spatial proximity (up to less than 5 Å) between two 

polymers. 1D-NMR spectra obtained from this technique contains diagonal peaks, which are then 

phased to obtain 2D-ROESY spectra containing cross peaks. These cross peaks indicate signals arising 

from protons that are close in space, typically indicative of interactions.  An example of a 1D and 2D-

NMR spectra containing diagonal and cross peaks respectively is shown in Figure 3-17. The interaction 

between two polymers can then be further investigated by looking at their spatial heterogeneity at 

different scales (1 micron to 1 Å) by measuring the molecular mobility of their protons or carbons. 

Homogeneity is typically observed for interacting polymers and, hence their molecular mobility cannot 

be distinguished at specific scales. 

 

 

Figure 3-17 Proton ROESY spectra of a maltodextrin-SDS mixture (Wangsakan, McClements, 

Chinachoti, & Dickinson, 2004). 
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Figure 3-19 Modified static digestion model based on Mishra et al. (2008). 

3.6 Dinitrosalicylic (DNS) assay  

The product of starch digestion is composed of short chain oligosaccharides, disaccharides and 

monosaccharides. The inclusion of amyloglucosidase in the digestion model converts most of the 

product into glucose, which makes the analysis much easier. Quantification of glucose obtained from 

starch digestion can be done using chromatography techniques, but it is more common to use assays 

such as the D-glucose assay (GOPOD) or the 3,5-dinitrosalicylic acid assay (DNS). The method of 

glucose quantification that is used in this study is the DNS assay as it was the quickest and most cost-

effective method. The DNS assay is a colourimetric method that is based on the redox reaction 

between DNS acid and glucose under alkaline condition at high temperature (Farinas, Damaso, & 
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Table 3-1 The effect of different type of inhibitors on the Km and Vmax of an enzyme 

Type of inhibition Km Vmax 

Competitive Increase No change 

Non-competitive No change Decrease 

Mixed Increase Decrease 

Uncompetitive Decrease Decrease 
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Chapter 4 1Molecular interaction s between wheat 

starch and Mesona chinensis polysaccharide  

4.1 Introduction  

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful technique that can be used to identify 

interactions between polymers. NMR relaxation techniques have been used to study the mobility of 

water in food products such as bread containing hydrocolloids in order to understand the interaction 

between starch, hydrocolloid and protein (gluten) (Linlaud, Ferrer, Puppo, & Ferrero, 2011). The use 

of NMR to study polymer interactions has also been reported for surfactants and polymers (Sharma 

et al., 2011), LBG and cellulose (Newman & Hemmingson, 1998), amylose and fatty acids (Godet, Tran, 

Delage, & Buleon, 1992), and protein and starch (Zhang, Do, et al., 2006). Using the solid-state NMR, 

polymer interactions can be detected at molecular level by: (i) observing the proximity of the 

molecules in space with Nuclear Overhauser Effects (NOE) or the Rotating Frame Nuclear Overhauser 

Effects (ROE) and (ii) detecting the changes in the molecular motion of polysaccharides at different 

spatial resolutions with T1 and T2 relaxation.  

The addition of Mesona chinensis polysaccharide (MCP) to starches results in an increase in the 

viscosity and strength of the starch paste/gel depending on the concentration of the polysaccharides 

(Feng et al., 2010a; Feng et al., 2014). Based on rheological and DSC results, interaction between the 

two has been proposed to cause the synergistic increase in starch gel strength/viscosity (Lai & Chao, 

2000b). However, evidence of molecular interaction between the two has never been reported. 

Hence, the objective of this chapter is to use solid state NMR to identify the interaction between 

wheat starch and Mesona chinensis polysaccharide (MCP) and to determine how MCP influences the 

molecular mobility of wheat starch. In combination with other characterisation techniques that are 

used in this thesis, the solid-state NMR is a powerful tool that can be used to elucidate the interaction 

between wheat starch and MCP. 

This study involves a series of experiments which differed in terms of their spatial resolution. The 

proton ROESY allows the identification of spatial proximity of less than 5 Å between starch and MCP. 

                                                           

 

1 Parts of this chapter are published in Yuris, A., Matia-Merino, L., Hardacre, A. K., Hindmarsh, J., & Goh, K. K. T. (2018). 

Molecular interactions in composite wheat starch-Mesona chinensis polysaccharide gels: Rheological, textural, 

microstructural and retrogradation properties. Food Hydrocolloids, 79, 1 - 12. 
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Figure 4-2 1H-1H HRMAS 2D ROESY spectra of wheat starch (a), MCP (b) and wheat starch/MCP (c) 

gels in D2O at 55°C with red peaks indicating ROEs between proton nuclei. The dashed ovals 

indicate unique ROE peaks for the starch/MCP gel mixture. Black and red spectra indicate positive 

and negative phase respectively. 

4.3.2  The effect of MCP on water mobility within wheat starch gel  

Correlation time is defined as the average time it takes for a molecule to rotate by one radian to 

achieve a different orientation (Cavanagh, Fairbrother, Palmer III, & Skelton, 1996). It is directly 

related to the T1/T2 ratio and provides a better indication of molecular mobility in a system where the 
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4.4 Conclusion 

The interaction between wheat starch and MCP was established using proton ROESY, which showed 

that MCP was in close proximity (<0.5 nm) with wheat starch following gelatinisation. The relaxation 

properties of the water and carbohydrate population found in the composite gel (wheat starch and 

MCP) could not be distinguished when their proton relaxation behaviour was measured, indicating 

that the two components were not separable at the micron scale. Analysis of the relaxation properties 

of the carbohydrate and water populations revealed that the changes associated with the gel 

properties were a result of their interaction rather than changes in the viscosity of the continuous 

phase. Differences in the molecular motion of the samples with and without MCP could only be 

identified at a distance of approximately less than 5 nm. The carbon 6 of the starch was observed to 

have increased flexibility in the presence of MCP. This indicates that MCP may interact with wheat 

starch specifically at the carbon 6 or inhibit interaction of the starch polymer chains at C6.
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Chapter 5 2The effect of MCP on the gelatinisation 

properties of wheat starch in a dilute system  

5.1 Introduction  

Polysaccharides such as xanthan, guar, carrageenan, and cellulose are commonly added into 

food products for improved functionality. Polysaccharides have various roles in food products, such 

as providing mouthfeel and texture, increasing viscosity, forming gels and delaying starch 

retrogradation. These functionalities are determined by the interactions between polysaccharides and 

many food ingredients and generally include various types of interactions including electrostatic 

bonding and physical entanglement. The interaction between polysaccharides and starches, a major 

component of many food products, has been widely studied over the last decade. However, the results 

of these studies have not clearly elucidated the complex interactions involved, partially because of the 

wide range of starch and polysaccharide types that have been used (BeMiller, 2011).  

Typically, interactions between starches and polysaccharides are characterised by changes in the 

pasting properties of the starches including pasting temperature and paste viscosities along with their 

amylose leaching behaviour. In wheat starch for instance, the peak viscosity increases in the presence 

of guar, tara, locust bean and konjac gums (Funami et al., 2005a) but decreases in the presence of 

gum arabic and soluble polysaccharides from soybean (SSPS) (Funami et al., 2008). Interactions 

between polysaccharides (guar, tara, locust bean, and konjac) and wheat starch molecules are thought 

to play a role in increasing the peak viscosity of wheat starch suspension (Shi & BeMiller, 2002) but 

the mechanisms behind these interactions have never been clearly explained. On the other hand, in 

the case of gum arabic and SSPS, it was proposed that the polysaccharides adsorb onto starch granules 

to create a coat that prevents polymer leaching, which led to a decrease in peak viscosity (Funami et 

al., 2008). The ability of polysaccharides to coat starch granules has also been observed for xanthan 

gum (Gonera & Cornillon, 2002; Mandala & Bayas, 2004), for which the coat was thought to increase 

the rigidity of starch granules (Mandala & Bayas, 2004), hence increasing the viscosity of the starch 

paste due to less granule disintegration (Achayuthakan & Suphantharika, 2008). The specificity of 

starch and polysaccharide interactions is further demonstrated by the ability of gum arabic and 

                                                           

 

2 This chapter is published as Yuris, A., Goh, K. K. T., Hardacre, A. K., & Matia-Merino, L. (2017). Understanding the interaction 

between wheat starch and Mesona chinensis polysaccharide. LWT - Food Science and Technology, 84, 212 - 221. 
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5.3 Results and discussion  

5.3.1 Mesona chinensis powder compositio n 

The composition of the raw Mesona chinensis powder determined in this study is shown in Table 5-1 

alongside previously reported data. The result obtained from this study varied slightly from that 

previously reported by Feng et al. (2014) and Feng et al. (2010b). This could be due to the difference 

in the raw materials used (Mesona chinensis vs. Mesona blumes). 

Table 5-1 Composition of raw Mesona chinensis powder. 

Chemical composition 
This study 

(g/g) 

(Feng et al., 2010b) 

(g/g) 

(Feng et al., 2014) 

(g/g) 

Ash  0.282 0.309 0.309 

Protein  0.090 0.097 0.097 

Fat  0.001 - 0.008 

Carbohydrate Total 0.582 0.422 - 

Starch 0.011 - - 

Sugars  0.092 - - 

Non-starch 
polysaccharide 

0.479 
- - 

Fibre - 0.030 0.030 

Moisture content  0.047 0.142 0.051 

5.3.2 Starch pasting behaviour  

The pasting and viscoelastic behaviour of wheat starch (2 % w/w) in the presence of various 

concentrations of MCP is shown in Figure 5-1.  It is important to note that the flow behaviour of 10 % 

w/w solution exhibited Newtonian profile with a relatively low viscosity of ~1.7 mPa.s at 20°C. Pasting 

of pure MCP solutions resulted in neither an increase in viscosity during heating nor development of 

viscoelasticity during cooling (Figure 7-4). As observed in Figure 5-1, the low viscosity of MCP had little 

contribution to the suspension viscosity at the beginning of the pasting cycle when the temperature 

was 20°C. The presence of MCP, however, becomes important as the suspension was heated. At 95°C, 

the viscosity of the starch suspension was 9.0 mPa.s in the absence of the MCP but almost 4 times 

greater at 35.7 mPa.s when 5 % w/w MCP was present.  
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Figure 5-6 Schematics for the mechanism of interaction between wheat starch and high and low 

concentrations of Mesona chinensis polysaccharide. 
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the aim to characterise the rheological, textural, microstructural and retrogradation properties of 

these gels.  
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Figure 6-4 SEM of 5 % (a) and 10 % (b) w/w wheat starch gels in the presence of 0 % (i), 1 % (ii), 2 % 

(iii) and 5 % (iv) w/w MCP. 
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that the results from this work will assist with further understanding of the interaction between starch 

and MCP, and will be an important basis for future studies. 
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7.2 Materials and Methods  

7.2.1 Preparation of starch -MCP gels 

7.2.1.1 Starch type 

Various types of starch (maize, wheat, potato and waxy maize) and MCP suspensions were prepared 

as per section 5.2.2.  

7.2.1.2 Starch to MCP ratio 

The concentration of wheat starch and MCP was varied to obtain different starch to MCP ratios with 

a total solid content of 10 % w/w. 

7.2.1.3 pH adjustment  

The pH of 10 % w/w wheat starch suspensions in the absence or presence of 2 % w/w MCP was 

adjusted using sodium hydroxide and hydrochloric acid to attain a pH between 4 and 9. The suspension 

was then topped up with MilliQ water to make up the final concentration. 

7.2.1.4 Salt addition  

In order to investigate the effect of salt on the properties of 5 % w/w wheat starch suspensions in the 

absence or presence of 5 % w/w MCP, 0.5, 1.0 or 1.5 % w/w NaCl, KCl, MgCl2 or CaCl2 were dissolved 

in the MCP solution and left to hydrate overnight prior to mixing with wheat starch suspension. 

7.2.2 Rheological measurements  

The rheological properties of starch-MCP mixtures during gelatinisation and gelation were measured 

as per section 5.2.3. All measurements were carried out in duplicate. 
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formation of starch-MCP gels was only possible using non-waxy starches. Our study has shown that 

the formation of a starch-MCP gel is possible using a waxy starch, provided that the concentration of 

MCP is sufficiently high since waxy starches are not devoid of amylose, but contains markedly lower 

concentrations of amylose. In Chapter 6 it was pointed out that the concentrations of both amylose 

and MCP are critical in creating a strong gel. At low concentrations of MCP, a strong gel for waxy maize 

cannot be created due to the sparse distribution of both amylose and MCP, hence MCP-starch 

aggregates exist rather than an interconnected network. At higher MCP concentrations, there is 

sufficient amount of MCP to form bridges among the starch granules despite the low amylose 

concentration, thereby creating a gel network. Studies on MCP and waxy starches are almost non-

existent due to the idea that the two do not interact to form a gel. This result opens up avenues for 

research on MCP and waxy starches, which can build further understanding of the interaction between 

MCP and starches, apart from the ability to control gel texture for different food applications. 

 

Figure 7-3 Starch gels (5 % w/w) in the presence of 0 %, 1 %, 3 %, 5 % and 10 % w/w MCP (from left 

to right). 

7.3.2 Effect of starch to MCP ratio  

The effect of wheat starch to MCP ratio is shown in Figure 7-4. Partial substitution of starch with MCP 

resulted in a decrease in the peak viscosity of the composite paste and the strength of the resulting 

gel. This was expected due to a decrease in the starch concentration, meaning that starch granules 

were less closely packed and the total amount of amylose available for interaction was reduced. The 

formation of a strong starch-MCP gel as discussed in Chapter 6 can only be achieved when there is 

sufficient amylose and MCP available. For example, gelatinisation of 2 % w/w wheat starch resulted 
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digestibility of MCP-wheat starch gels of various macrostructures (intact gels, fragmented gels and 

macerated gels) to elucidate whether different gel structures could influence the digestibility of wheat 

starch gels in the presence of MCP. Xanthan, guar, locust bean gum (LBG) and agar were also included 

in this study to compare the effectiveness of MCP relative to other polysaccharides in reducing the 

digestibility of wheat starch gels.   
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In vitro digestion of the gels formed in the starch cell was carried out according to Mishra, Monro, and 

Hedderley (2008) with modifications. Three phases of digestion: oral, gastric and small intestinal were 

simulated in the rheometer under constant shearing (130 s-1) and a temperature of 37°C during which 

the gels were broken by the imposed shear. Firstly, 4 g of water were added to the set gel sample that 

was left overnight in the rheometer to act as a medium for enzyme dispersion. The temperature of 

the gel was increased to 37°C and allowed to equilibrate for 2 minutes at a constant shear rate of 130 

s-1. These conditions were maintained throughout the digestion process. The oral phase commenced 

with the addition of 0.05mL of 0.1 % w/w of a-amylase (A6255, Sigma-Aldrich, St. Louis, MO, USA) 

dispersed in milliQ water and digestion (in the oral phase) was allowed to proceed for a minute. The 

gastric phase was then initiated by the addition of 1.75 mL mixture of 1 M HCl and MilliQ water to 

reduce the pH to 2.5 ± 0.5. The ratio of water to HCl added was predetermined for each gel in order 

to obtain the correct pH while maintaining the same final volume. This was followed by the addition 

of 0.1 mL of 10 % w/w pepsin (P7000, Sigma-Aldrich, St. Louis, MO, USA) dissolved in 0.05 M HCl and 

0.05 mL of 1 % w/w lipase (L3126, Sigma-Aldrich, St. Louis, MO, USA) dissolved in MilliQ water. These 

conditions were maintained for 30 minutes to complete the gastric phase. To begin the small intestinal 

phase, 0.25 mL of a mixture of water and 1 M NaHCO3 were added to increase the pH to 6.2 ± 0.5. This 

was followed by the addition of 0.75 mL of 10 % w/w bile extract (B8631, Sigma-Aldrich, St. Louis, MO, 

USA) suspended in 0.1 M sodium maleate buffer containing 1 mM CaCl2 and 0.02 % w/w sodium azide. 

An aliquot (0.12 mL) was then removed and immediately dispensed into a preweighed micro-

centrifuge tube containing 0.12 mL of chilled absolute ethanol (time = 0 minutes).  Following this, 0.05 

mL of amyloglucosidase (E-AMGDF, Megazyme, Wicklow, Ireland) and 0.05 mL of 5 % w/w pancreatin 

(P7545, Sigma-Aldrich, St. Louis, MO, USA) in 0.1 M sodium maleate buffer were added into the starch 

cell. Samples were removed into microcentrifuge tubes containing chilled ethanol to halt digestion at 

1, 2, 5, 10, 15, 20, 30, 60 and 120 minutes after the addition of amyloglucosidase and pancreatin. 

Blanks were prepared by carrying out the digestion in the absence of amyloglucosidase and pancreatin 

to eliminate interference from the colour of MCP. 

8.2.4.2 Digestion in shaking water bath  

Sample of the starch-polysaccharide gels prepared using the RVA (Rapid Visco Analyser, Perten 

Instruments, Massachusetts, USA) as described in section 6.2.3.1 and were each poured into a 

cylindrical mould (diameter = 3.2 cm and height = 0.8 cm) to allow the gel to set.  The set gels were 

then weighed (~7 g) and the water content determined with the oven drying method and the total 

starch content was calculated by subtracting the weight of the water from the weight of the gel. Three 

types of gels were prepared: intact cylindrical gel, fragmented gel and macerated gel. Intact cylindrical 

gels were prepared as described above. The intact gel was then passed twice through a woven wire 
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mesh with a mesh diagonal aperture of 0.5 mm to create fragmented gels.  Macerated gels were 

prepared by adding water to the fragmented gels and passing the mixture through the mesh five times 

to produce a dispersed gel pulp. The amount of water (10 mL) used to macerate the gels equate to 

the amount of water that was added for enzyme dispersion in intact and fragmented gels in order to 

prevent sample dilution. Digestion of the gels was carried out in a cylindrical screw top container with 

a 4.1 cm diameter and 5.8 cm height. The containers were placed in a 37°C water bath (BS-11, Lab 

companion, Seoul, Korea) under constant linear shaking of 130 rpm. Digestion was initiated by adding 

10 mL of MilliQ water (for enzyme dispersion) to all samples except for the macerated gels where 

10mL of water was already added during its preparation.  Images of these gels are shown in Figure 

8-1. In vitro digestion was then carried out by scaling up (2.5 times) the volumes described in section 

8.2.4.1.  

 

Figure 8-1 Images of prepared intact (a), fragmented (b) and macerated (c) wheat starch-MCP gels 

(top) and after addition of a fixed amount of water prior to the gastric phase (bottom). 

8.2.5 Sugar analysis 

The amounts of glucose resulting from the digestion of starch in the samples described above were 

determined using a modified DNS method (Mishra et al., 2008). The tubes containing the digestate in 

ethanol were centrifuged at 10000 g for 15 minutes to remove solids. An aliquot (0.05 mL) of the 

supernatant was transferred into a 10 mL Kimax tube and 0.25 mL of 1 % v/v amyloglucosidase (E-

AMGDF, Megazyme, Wicklow, Ireland) and 1 % v/v invertase concentrate (Fisher Scientific, Hampton, 
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shear during gel preparation. However, we cannot discount the fact that starch-MCP composite gel is 

likely to contain a higher proportion of granules that are not fully gelatinised, meaning that they are 

more rigid and resistant to shear. In the presence of these less gelatinised granules, starch digestion 

would consequently be reduced due to the tight packing of the crystalline structure that reduces 

enzyme accessibility. 

Another factor that influenced starch digestibility, which was hypothesised in this study was the 

tendency of the fragmented gels to stick together, especially when 2 % w/w MCP was present. The 

rate of digestion for these gels was reduced due to the fragmented gels clumping together. This result 

may have positive implications on the digestibility of a starchy food product that is produced using 

low MCP concentration, since fragmented gels resulting from mastication may reassociate to form 

larger clumps that are digested with less ease.  This showed that gel adhesiveness was, in part, 

contributing to the digestion rate of the fragmented starch gel and should be further investigated.  

A much clearer deduction on the effect of MCP on starch digestibility is based on the dispersion of 

fragmented wheat starch-MCP gels in water (macerated gels), which resulted in decreasing starch 

digestibility with increasing MCP concentration. Digestion of macerated gels seemed to cease after 10 

minutes both in the absence and presence of MCP. Roughly 27 % of starch remained after 120 minutes 

of digestion and this increased by 30 % when 5 % w/w MCP was present. The results thus far suggested 

that the association between amylose and MCP forming complexes, which have previously been 

proposed, could account for the 30 % of undigested starch in the presence of MCP implying that these 

MCP-starch complexes are somewhat resistant to the enzymes. Resistance of amylose complexes to 

enzymatic hydrolysis is not unreported and has been shown for amylose-lipid complexes (Ai, Hasjim, 

& Jane, 2013; Cui & Oates, 1999). While other studies have suggested that the decrease in the rate of 

starch digestion in the presence of a non-starch polysaccharide was due to the ability of certain NSPs 

such as guar gum to inhibit enzyme activity (Slaughter et al., 2002), the ability of MCP to do so is still 

unknown. There is also the added possibility for other compounds present in the extract of Mesona 

chinensis such as polyphenols that may possess inhibitory activities against digestive enzymes. Hence, 

these possibilities cannot be excluded and should be studied in future work. 

 

  



 154 Chapter 8: In vitro digestibili ty of wheat starch-MCP gels 

8.4 Conclusion 

The digestibility of 10 % w/w wheat starch gels containing xanthan, guar, LBG, agar and MCP were 

compared. Despite their similar gel hardness, it was found that MCP was the most effective 

polysaccharide in reducing wheat starch digestibility, making it a potential ingredient to formulate 

starchy products with low glycaemic load. The mechanism by which MCP reduces starch digestibility 

was found to be complex, possibly consisting of several different factors. The hardness of the gel, in 

part, contributed to reducing enzyme accessibility to starch trapped within the gel. Consequently, 

reduced digestibility was observed for the intact strong gels (high MCP concentration) but not for the 

weak gels (low MCP concentration). When the gel structure was fragmented, starch digestibility was 

reduced in the presence of both low and high MCP concentration. The stickiness of the fragmented 

gel pieces contributed to reducing starch digestibility, whereby at low MCP concentration, fragmented 

gels pieces aggregated to form larger clumps, leading to more reduction in digestibility for the first 30 

minutes. Finally, macerated gels dispersed in water showed that ~30 % of the starch in gels containing 

MCP was not available for digestion. This is likely to be largely attributed to the formation of MCP-

amylose that survived enzymatic hydrolysis.
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Partial calcium removal from the extract (both raw and purified) was carried out using weak cationic 

resin that has been charged with sodium chloride. The calcium content of the extract measured using 

the O-Cresolphthalein method (Table 9-2) was found to be lower than measurements obtained using 

the ICP-OES method (Table 9-1), however the differences were small and the speed and convenience 

of the latter method was preferred for subsequent work. Based on the O-Cresolphthalein method, the 

cationic resin removed about 70 % of the calcium from MCPp but less than 30 % from the raw MCP. 

This suggests that while calcium was bound to the polysaccharide, the purification process may have 

resulted in weakening of the bonds and, hence, the ions could be more easily exchanged by the ionic 

resin. Calcium displacement by sodium has previously been reported for polyglucuronate, suggesting 

a weak electrostatic interaction between the polymer and calcium, in contrast to the strong 

electrostatic interaction between calcium and polygalacturonan (Braccini, Grasso, & Perez, 1999). The 

same mechanism for calcium binding has also been proposed for high methoxy pectin (Fang et al., 

2008). It is probable that the calcium is bound to the glucuronate residues in MCP and, hence, could 

be displaced by sodium. While it is not clear whether this was definitely the case, it is likely that calcium 

was not tightly bound onto the polysaccharide after purification. 

Table 9-2 Calcium content of raw and purified MCP before and after partial calcium removal 

measured using the O-Crescolphthalein method (values are averages of two replicates). 

Sample Before calcium removal (g/kg) After calcium removal (g/kg) 

Raw MCP (MCP) 6.20 ± 0.05 4.5 ± 0.01 

Purified MCP (MCPp) 24.34 ± 0.13 6.4 ± 0.11 

 

9.3.2 Rheology of starch -MCP gels 

The pasting properties of gels made using 10 % w/w wheat starch with or without 5 % w/w raw MCP 

and containing various concentrations of calcium are shown in Figure 9-1. The presence of MCP 

resulted in an increase in both the peak viscosity (>70 % increase) and strength of the resulting gel 

(>30 %). This increase is associated with the interaction between MCP and amylose to form a 

homogenous network of amylose-MCP chains with gelatinised ghost granules comprised largely of 

amylopectin distributed throughout (Yuris et al., 2018). 
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Figure 9-1 Pasting and rheological properties of 10 % w/w wheat starch in the absence () or the 

presence of raw 5 % w/w MCP () or 5 % w/w MCPred containing 7.4 mmol/L Ca ( ), 9.4 mmol/L 

Ca ( ) or 14.8 mmol/L Ca ( ). Values are averages of triplicate. Note: 9.4 mmol/L Ca corresponds 

to the amount of calcium naturally present in raw 5 % w/w MCP. 

The onset of this interaction is typically characterised by an earlier onset of viscosity increase below 

55°C, which appears as a very reproducible peak in the viscosity curve, termed as peak M (Figure 9-2a 

arrow). The formation of peak M is a result of an increase in the starch granule volume fraction as 

MCP interacts with amylose to form a coat around the granules, which subsequently dislodges from 

the granule surface as more amylose is leached. The presence of MCP helps to stabilise the matrix 

between the swollen ghost granules (Yuris et al., 2017).  
























































































