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Abstract 
The results presented in this dissertation provided a systematic investigation into the 

microstructural components (starch granules, protein matrix, and encapsulating cell wall) in 

the different forms of pea seed microstructure from four (4) varieties and how the interaction 

between these structural components during processing influence its starch gelatinization and 

hydrolysis properties. Based on the fundamental information provided above, the thesis 

explored a sustainable processing technique to transform pea seeds into a novel pea ingredient 

with low glycaemic features. 

This first study examined how the microstructure of New Zealand pea varieties: White/yellow 

(WP), Marrowfat (MFP), Blue (BP), and Maple (MP) respond to pre-and-post starch 

gelatinization conditions. The microstructural characteristics of raw pea seeds were evaluated 

via scanning electron microscopy and image analysis before studying their hydration kinetics 

at 30, 40, 50, or 60 °C (pre-starch gelatinization conditions) while in-vitro oral-gastro small 

intestinal digestion was performed on the cooked pea seeds (post-starch gelatinization 

condition). For the raw sample, the cell wall thickness for the pea varieties differed significantly 

from each other and followed a decreasing order of MP > MFP > BP > WP. The shortest time 

(139 min) for the soaked pea to reach its saturation point was exhibited by BP at 60 °C while 

the lowest moisture content of soaked peas at saturation point was found in MP at 60 °C. The 

starch hydrolysis (%) of the cooked pea varieties during oral-gastro-intestinal digestion in vitro 

followed a decreasing order of WP > MP > MFP > BP. The discernible irregular particles (protein 

bodies, fibre fragments) attached to or between the starch granules observed in both hydrated 

and cooked pea seed microstructure seemed to modulate the inflow of water and starch-

degrading enzymes. 

The next study investigated the role of cell wall permeability in the microstructure and rate of 

starch digestibility in intact cotyledon cells from different varieties of pea seeds. PFG-NMR 

coupled with light and confocal microscopy were employed to evaluate the cotyledon cells' 

diffusion coefficients and cell wall permeability. The diffusion coefficients and cell wall 

permeability of the cotyledon cells followed a decreasing trend; WP>MFP>MP>BP. The varying 

size of internal cavities in the microstructure in the cotyledon cells as observed by the light and 

confocal micrographs may be responsible for this trend. The extent of starch hydrolysis 
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recorded from the cotyledon cells somewhat followed the same trend of the cell wall 

permeability. Thus, indicating that the more permeable the cotyledon cell to the starch-

degrading enzymes, the higher the extent of intracellular starch hydrolysis. The microstructure 

changes in the cotyledon cells during digestion also confirmed this observation. 

Based on the fundamental insights provided by the previous studies, the next study compared 

the microstructural, nutritional, and starch digestibility properties of a novel cotyledon flour 

prepared via micronization techniques (colloid milling) with a blended flour from the same 

botanical sources. The SEM characterization of both flours showed a distinct difference in their 

microstructural arrangement. The protein and fibre contents of cotyledon flour were higher 

than those of the blended flour from the same plant sources. The starch hydrolysis and 

glycaemic response of cotyledon flour were almost 10 % lower than that of the blended flour. 

This could result in the cell wall of cotyledon cells acting as a primary barrier that regulates the 

inflow of starch-degrading enzymes to the intracellular starch granules. Also, the high-quality 

protein/cellular matrix found in the cotyledon flour may reduce the exposure of the 

extracellular starch granules to degrading enzymes. This study provided fundamental insights 

into how to sustainably process whole pulse seeds. 

Finally, wheat flour for making bread was replaced with 25 and 50 % of cotyledon flour and the 

effect of this on the microstructure, physical-functional properties, starch digestion in vitro, 

and the glycaemic response were investigated. The micrographs of these three bread samples 

showed a distinct microstructural organization between the cotyledon flour-formulated bread 

and the control bread samples. Intact cotyledon cells and high levels of cellular materials were 

observed in the cotyledon flour-formulated bread samples. The protein, fibre, and resistant 

starch in the cotyledon flour-formulated bread were significantly higher than the control 

bread. The bake loss, volume, and specific volume decreased with an increased percentage of 

cotyledon flour used in the bread formulation. The colour of the crumb and crust of the 

cotyledon flour-formulated bread was significantly different from the control bread while the 

textural profile showed that the crumb hardness and cohesiveness of the bread samples 

increased with an increase in the percentage of the cotyledon flour added to the formulation 

of the bread. The starch hydrolysis for this study showed bread made with 25 and 50 % 

cotyledon flour was significantly lower than the control bread sample. The intact cotyledon 
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person on the global scale consumed 7.2kg of pulse in 2013, which is 1.2 higher than the 

amount consumed in 1997 (Figure 2.2).  

 

 

Fig 2.2: Consumption of pulses (in Kg/person/year) by region between 1997-2013 (FAOSTAT, 
2017). 

The consumption rate in Africa was observed to steadily increase over the years the study was 

conducted (1997-2013) with the highest at 11.8kg/person in 2013. The reason for the high rate 

of consumption in Africa is the dynamic population growth in the region. America and Asia also 

experienced a somewhat increase in consumption of pulse at 0.6 and 1.2 kg/person, 

respectively in 2013 compared to 1997. The consumption rate for Europe and Oceania seemed 

to be unchanged over the years. 

2.4 Environmental benefits of pulse production 
The agricultural processes from farm to stead (Crop production, food processing, and product 

marketing) generate greenhouse gases (GHG) that absorb infrared radiation in the 

atmosphere, trapping heat and warming the surface of the Earth, contributing to global climate 

change (Oliveira et al., 2019).  Agricultural practices in 2010, produced approximately 12 

gigatonnes of CO2 equivalent emissions (GtCO2eq), accounting for 24 % of the 49 GtCO2eq 

total GHG emissions for that year (IPCC, 2014). Carbon dioxide (CO2), methane (CH4), and 
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2.6 Application of pulse as a food ingredient 
Most pulses are sold as a food product in whole or split dried seed form, however, the 

schematic diagram below (Figure 2.3) shows that tremendous food industry-based applications 

are available for pea flour and factions (Table 2.1). 

In general, 10-30 % wheat flour had been replaced by pulse flour in a gluten-free formulation 

which subsequently had a minimal effect on the on-end quality and processing conditions 

(Malcolmson et al., 2019). However, the pulse flavor could negatively impact the sensory 

properties of the end products. Both pea hull and inner cell wall fiber fractions around a 5 % 

level of inclusion have been added to gluten-free formulations to increase the fiber content of 

foods and improve the functional properties of food formulations. Also, pea cell wall fiber has 

been shown to have good fat-retaining and texture-modifying properties in low and high-fat 

beef patties (Anderson & Berry 2000, 2001). 
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Fig 2.3: Application of pea ingredients in food. Reproduced from Han et al. (2010)  
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The nutritional composition of some pulses including peas are reported in Table 2.2 The 

protein content of these pulses generally falls between the range of 14 % to 31 %. Lupin had 

the highest protein content on average (38 %), while chickpea and kidney had on average 

almost half of that of Lupin (22-23 %). Also, the variability in pulse protein contents reported 

in Table 2.3 may be attributed to the environment and cultivars (Wang & Daun, 2004, 2006). 

Pulse protein is twice the amount found in cereals, which is characterized by low sulfur-

containing amino acids and high lysine (Malcolmson & Han, 2019). A wide variation of results 

has been observed in the carbohydrate contents for each pulse species (Table 2.2). Besides the 

variation in cultivars which may be responsible for the range of pulse carbohydrate content, 

differences in carbohydrate evaluation methods could also be a contributing factor. The 

carbohydrate value of the reported pulse varies in the decreasing order as follows; Pinto bean 

> Navy bean > Black gram > Broad bean > Kidney bean > Pea > Lupin > Lentils. In the same vein, 

the starch content of the selected pulses reportedly varied in increasing order as follows; Lupin 

(1-9 %)< Navy bean and Pinto bean (27-40 % and 21-40 %) < Kidney bean (31-43 %) < Chickpea 

(30-56 %) < Lentils (37-59 %) (Frimpong et al., 2009, Karaca et al.,2011, Ghumman et al., 2016, 

Fouad & Rehab, 2015, Wang et al.,2010, Hoover & Ratnayake, 2002, Calabrò et al., 2015 & Jha 

et al., 2015). 

 Lipids content in pulses are generally lower (> 3 %) than in cereals (Hall et al., 2017). Black 

gram (1.6 %), Lentils (1-3 %), Broad bean (2.3 %), Navy Bean (2 %), and Pinto Bean (1-2 %) 

represent the typical lipid content of pulse as shown in Table 2.3. However, Lupin and chickpea 

reported 15 % and 7 % lipids content, respectively. Caprioli et al. (2016) observed the same 

trend when they compared the lipid content of over 10 pulses using 6 different extraction 

methods. They found the lipid content ranges from 2.1 %- 14 %, the high lipids in some of the 

pulses would be attributed to extraction protocol. 
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Fig 2.5:  Two forms of pulse microstructure from pulse seed. Form I, II & III are whole pulse 
seed, intact pulse cotyledon cells, and pulse flour, respectively. 
 

however, Ajala et al. (2022) reported a direct relationship between the components of the 

microstructure of pea seed with pre-processing conditions (Hydration kinetics set at 30, 40, 

50, and 60 °C). They observed that there was a decrease in the intactness of the cotyledon 

structure from raw (room temperature) to 60 °C. The distortion of the cell wall enclosing 

starch, protein, and other macromolecules was less observed in the Maple pea (Fig. 2.7) variety 

at 60 °C compared to the other varieties. This probably explained the low rate of water uptake 

by the MP variety because of the strong interconnecting cell wall network holding the 

cotyledon structure together across different soaking temperatures. Furthermore, the number 

of starch granules per cell followed the same decreasing pattern with equilibrium moisture 

content at 30 and 60 °C (Ajala et al., 2022). During the initial phase of hydration kinetics in 
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labeled dextran method is used to evaluate the porosity/permeability of plant cells (cell wall) 

when subjected to different molecular weights of FITC-dextran solutions (Li, Gidley, & Dhital, 

2019 &2019b). Li, Gidley, & Dhital (2019) investigated the cell wall porosity/permeability using 

the fluorescently labeled dextran method for isolated cells from red kidney beans with two 

different pre-treatment techniques; namely cooked at 90 °C for 1 h and acid/alkali treatment 

(0.05 M HCl, 0.025 M NaOH) at room temperature. They reported that the cell wall from acid 

and alkali treatments was more permeable to 20 and 70 kDa dextran than from the cooked cell 

wall. Also, permeability was exhibited by the cells from acid/alkali treatments to 150 kDa 

dextran while permeability was not observed in the cell wall from cooked cells. The authors 

concluded that low cell wall porosity is observed in the cooked cells compared to the cells from 

acid/alkali treatments. On the other hand, Li, Zhang, & Dhital (2019) showed that cotyledon 

cells obtained from acid/alkali treatments (0.05 M HCl, 0.05 M NaOH) showed less permeability 

than the cells obtained thermally at 80 °C for 30 min (above starch gelatinization conditions) 

when subjected to 70 and 150 kDa fluorescently labeled dextran probes. This differing result 

may be attributed to the different isolation conditions in each study such as the acid/alkali 

concentration was not replicable for the two studies. For the permeability behavior of the cell 

wall obtained thermally from below starch gelatinization temperature, Xiong et al. (2019) 

observed that the cell walls of the cells obtained from common beans via thermal treatments 

at 60 °C for 1 h were not permeable to 20 kDa fluorescently labeled dextran probe. 

Furthermore, Huang et al. (2021) showed pinto beans cell wall permeability increased with an 

increase in thermal treatment from 60 to 100 °C when subjected to a 70 kDa fluorescently 

labeled dextran probe. 
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Xiong et al., 2019 Pinto beans Soaked in a solution of 
NaHCO3 (1.5 %, w/v) and 
Na2CO3 (0.5 %, w/v). 
Thermal treatments (60 
°C, 1 h,). 
 

Round/oval shape Not available 

Rovalino-Córdova et al 
(2019, 2018) 

Red kidney beans Soaked in water (2:1, 
overnight) 
Thermal treatments (95 
°C, 60 min) 

Round  
100 µm 

Not available  

Xiong et al., 2018 Pinto beans, 
chickpeas, green-split 
pea, black-eyed pea 

Soaked in water 
(overnight) 
Thermal treatments (95 
°C, 60 min) 

108.5-139.0 µm Not available 

Pallares Pallares et al 2018 Dried Canadian Wonder 
beans 

Soaked in water. High 
pressure treatments (95 
°C, 0.1 & 600 Mpa) and 
(25°C, 600 Mpa) 

Individual cells (40-200 
µm) 
Clusters of cells (200-2000 
µm 

 

Bhattarai et al 2017 
 

Red Kidney bean, 
chickpea, pea, and mung 
bean 

Soaked in water 
(overnight) 
Thermal treatments (95 
°C, 60min) 

Not available  19.30-22.05 % (Dry 
Matter) 

Dhital et al., 2016 Red Kidney bean, 
chickpea, pea, and mung 
bean 

Soaked in water 
(overnight) 
Thermal treatments (95 
°C, 60 min) 

Ellipsoidal- Spherical 
 

Not available 
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�x There is a dearth of information on the microstructure of the whole pulse seed and the 

underpinning mechanism on how its microstructure influences its rate of starch 

digestion. 

�x From a food ingredient application standpoint, pulse cotyledon cells (Form II) have the 

potential for new functional food ingredients because of their applicable particle size 

and low glycaemic nature features. However, its extraction yield is less than 30 %, 

therefore, more research should be devoted to optimizing the yield of pulse 

cotyledon cells from pulse seed. 

�x From a sustainability perspective, the waste generated during the isolation of 

cotyledon cells falls between 70 and 85 %. This waste is a composite of starch granules, 

fiber fractions, protein matrix, and clusters of cotyledon cells. New food ingredient 

applications should be developed to put this enormous waste to use. 

�x An objective-based method such as pulsed field gradient (PFG)-NMR and gas 

adsorption methods needs to be developed to evaluate the roles of pores and cell wall 

structures in modulating starch degrading enzymes in whole pulse seed and isolated 

cotyledon cells

Chapter 3: Research questions and hypotheses 

3.1 Research questions and hypotheses  
Based on the research gaps highlighted in Chapter 2 (review of literature), the research 

questions and the corresponding hypotheses addressed in this thesis are presented 

systematically in Table 3.1. 

Table 3.1 Research question and hypotheses 

Research questions Hypotheses Chapters to test the hypotheses 

What are the microstructural 
components of a raw whole 
pulse seed?  
 

Intracellular starch granules 
embedded in a protein matrix 
encapsulated by fibrous cell 
walls are the main components 
of the native microstructure of a 
whole pulse seed.  
 

Chapter 4 
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irregular particle believed to be protein bodies or fibre fragments. On the other hand, there 

are no distinct starch granules in the boiled flour except for a homogenous network of 

amorphous flakes formed due to cross-linking between starch granules and protein bodies 

during the pre-gelatinization stage. 

Other researchers investigated the impact of various processing techniques on nutritional 

composition and starch digestion in pulse flour (Rehman & Shah, 2005 & Alonso et al., 2000a 

&b). Rehman & Shah (2005) reported that starch digestibility in four-pulse flours increased as 

the processing techniques moved from conventional cooking (boiling) to pressure cooking. A 

similar trend was observed by Alonso et al. (2000), who reported the starch digestibility of faba 

and kidney bean flours increased with the degree of processing (raw < germinated < extrusion). 

This increment in starch digestibility after processing could be attributed to the higher extent 

of starch gelatinization in pulse flours. Nonetheless, the mechanism of how the microstructural 

characteristics of pulse flour regulate starch digestibility was not explored. The low glycaemic 

index nature of pulse could potentially lead to the developing of a new food product that might 

help maintain and regulate the postprandial release of glucose in the bloodstream of people 

with type II diabetes (Singhal et al., 2013 & McCrory et al., 2010). The low glycaemic nature is 

essentially observed in whole pulse seed than in pulse flour (Alonso et al., 2000; Ma et al., 

2011; Raigar et al., 2016; Rehman & Shah, 2005; García-Alonso et al., 1998 & Germaine et al., 

2008). That is, the glycaemic index of pulse food products increases with processing. The 

nature of microstructure in whole pulse seed and pulse flour might explain the differences in 

their glycaemic index. However, the application of whole pulse seed in food products is limited 

compared to pulse flour due to its larger particle size. Therefore, a novel new food ingredient 

from pulse seed with a moderately low glycaemic index with applicable particle size is required 

to be developed. The development of this new food ingredient would not be achieved without 

understanding the basic mechanism of how the microstructure (arrangement of starch, 

protein lipids, and fibre) in a pulse seed modulates starch digestibility in vitro. 

In light of the above, this study aimed to understand the relationships between starch and non-

starch components in their natural pea microstructure and how they respond to pre- and post-

starch gelatinization conditions. Scanning electron microscopy (SEM) and ImageJ software 

were used to characterize raw pea seed microstructure, such as the number of starch granules 

per cell and cotyledon cell wall thickness. The experimental design for this study was in two 
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The time taken was done in triplicate for each pea variety. The cooking time was analyzed both 

for soaked (soaking duration was 24 h at room temperature) and un-soaked pea seeds. 

4.3.6 Textural properties of cooked pea seeds 

The texture of the cooked pea seeds was analyzed by using a texture analyzer (Model XT2i; 

Stable Micro Systems Ltd., England). Pea seed was placed at its natural rest position on the 

heavy-duty platform of the texture analyzer and a texture profile analysis (TPA) test was 

performed with a disk probe of 61 mm diameter for 75% compression at a test speed of 2.0 

mm/s (Hutchings et al., 2009). Hardness, fracturability, gumminess, chewiness, and resilience 

were calculated from the TPA curve. An average of ten measurements was reported per 

variety. 

4.3.7 Hydration Kinetics 

The hydration experiment for the pea varieties was set up according to the method described 

by Balkrishna & Visvanathan (2019) with some adjustments. A thermostat-controlled water 

bath (JN5 Grant Instruments, UK) fitted with a heater was filled with water up to one-fourth of 

its volume. About 20 g peas of each pea variety were weighed (to an accuracy of 0.01 g) into a 

muslin bag (20 x 10 cm) and soaked into the water bath pre-set at the desired temperature. 

The temperature of the heated water was measured at intervals to ensure an accuracy of ± 

0.5°C. 

After 10 mins of soaking, the soaked muslin bag was taken out and surface-dried by 

centrifuging at 2800 rpm (878 g-forces) (Multifuge 1S-R, Thermofisher Scientific, USA) for 2 

mins at room temperature. The resulting dried muslin bag containing the pea sample was 

weighed to an accuracy of 0.01 g. After recording the weight, the bag was again kept in the 

water bath until the recording of the next weight. This procedure was repeated after 20, 30, 

60, 120, 240, and 480 mins. The sample was soaked in water until it attained saturation as 

indicated by the constant mass of the pea sample between the consecutive weighings. The 

hydration experiment was repeated for peas for the four varieties at four different 

temperatures (30,40, 50, and 60°C). 
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For the gastro-small intestinal digestion, simulated gastric fluid (SGF) and simulated intestinal 

fluid (SIF) were prepared (Pharmacopeia, 1995 & 2000). A two-stage gastro-small intestinal in 

vitro digestion model was used for this study as described by Dartois et al. (2010) with some 

modification. 

Approximately 170 g of chewed pea samples from the oral phase were introduced into a nylon 

mesh placed in the jacketed glass reactor to prevent contact with the stirrer bar in the reactor. 

The reactor temperature was maintained at 37 ± 1°C by circulating water in the reactor jacket. 

The reactor contents were mechanically stirred by a magnetic stirrer bar at 300 rpm 

throughout digestion. The pH was initially adjusted to 2.0 (using 3 M HCl solution), then 25 mL 

of SGF (pepsin: starch ratio of 1.765:100, w/w) was added to start the hydrolysis; and the final 

pH was adjusted to 1.2 (using 0.5 HCl solution). After 30 mins, the pH was adjusted to 6.8 to 

inactivate the pepsin enzyme. Subsequently, 22 mL of SIF (pancreatin /starch ratio, 1.3:100, 

w/w, amyloglucosidase /starch ratio, 0.26:1, v/w, and invertase /starch ratio, 1:1,000, w/w) 

was added to start the small intestinal digestion, and pH was maintained at 6.8 using 0.5 and 

3 M NaOH solution. The total time to complete the gastric and small-intestinal digestion was 

30 and 120 mins, respectively.  

A 0.5 mL of aliquot was withdrawn from the reactor after 0, 15, and 30 min of gastric digestion 

(G0, G15, and G30), and 0, 5, 10, 15, 30, 60, 90, and 120 min of the small intestinal digestion 

(I0, I5, I10, I15, I30, I60, I90 and I120). The glucose concentration of the incubated mixture was 

measured using the D-glucose assay kit (GOPOD Format K-GLUK 07/11, Megazyme 

International Ireland Ltd, Ireland). Starch hydrolysis results were expressed in percentages as 

described by Dartois et al. (2010). 

The estimated glycaemic index (eGI) of the digested pea varieties was calculated with the 

following equation described by García-Alonso et al. (1998). 

 

�A�)�+
L �r�ä�w�v�{�:�����; 
E�u�{�ä�y�s   (6) 

Where HI is the hydrolysis Index which was calculated by evaluating the area under the curve 

during small intestinal digestion using white bread as the reference. 
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Fig 4.1: SEM micrographs of different varieties of raw New Zealand pea seeds. A, B, C, and D represent White/yellow, Marrowfat, Blue, and Maple 

peas, respectively, at 1000X. Note: E; starch granules and protein bodies encapsulated in the cell wall, SG: starch granule, PB: protein bodies, and 

CW: cell wall. 
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Table 4.2 Different physical parameters of the pea seed varieties. 

a, b, c Values in each row with the same superscripts do not differ significantly (p > 0.05). 

 

 

 

Parameter 

Pea variety 

White/yellow  Marrowfat  Blue  Maple   White/yellow  Marrowfat  Blue Maple 

Before soaking  After soaking 

Length (mm) 
 

8.63 ± 0.47c 9.07 ± 0.53c 6.91 ±0.25a 7.79 ± 0.52b  10.7 ± 0.62b 12 ± 0.55c 9.33 ± 0.30a 10.5 ± 0.81b 

Width (mm) 
 

7.71 ± 0.51c 7.24 ± 0.21b 6.12 ± 0.21a 6.92 ± 0.57b  9.48 ± 0.38b 9.43 ± 0.49b 8.44 ± 0.48a 8.75 ± 0.72a 

Thickness (mm) 
 

7.48 ± 0.47b 7.83 ± 0.68b 6.56 ± 0.33a 6.46 ± 0.35a  9.25 ± 0.49b 10.7 ± 0.72c 7.97 ± 0.79a 9.08 ± 1.08b 

Arithmetic mean 
diameter (mm) 
 

7.92 ± 0.31c 8 ± 0.27c 6.52 ± 0.16a 7.03 ± 0.32b  9.76 ± 0.26b 10.6 ± 0.38c 8.55 ± 0.32a 9.39 ± 0.67b 

Geometric mean 
diameter (mm) 
 

7.94 ±0.32c 8.04 ± 0.29c 6.53 ± 0.16a 7.06 ± 0.32b  9.8 ± 0.26b 10.7 ± 0.39c 8.58 ± 0.30a 9.44 ± 0.68b 

Sphericity Ø 
 

0.92 ± 0.04ab 0.89 ± 0.03a 0.94 ± 0.02b 0.9 ± 0.04a  0.92 ± 0.04a 0.89 ± 0.02a 0.92 ± 0.05a 0.89 ± 0.04a 

Surface area S 
(mm2) 

197.3 ± 15.97c 201.4 ± 13.95c 133.4 ± 0.02a 155.5 ± 14.03b  300.4 ± 16.35b 356.3 ± 25.7c 229.9 ± 17.6a 278.6 ±40.4b 
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Table 4.3 Proximate composition and cooking time of the four different pea seed varieties 

Pea variety Moisture % Protein % Fat (%) Fibre (%) Ash (%) Carbohydrate 
(%) 

Total starch (%)            Cooking time (min)  

        unsoaked soaked 

White/Yellow  10.32 ± 0.03c 18.62 ± 0.09a 1.56 ± 0.05b 5.80 ± 0.20a 2.45 ± 0.29a 61.23 ± 0.32c 41.87 ± 2.20ab 

 
68.0 ± 2.64a 29.2 ± 1.02b 

Marrowfat 9.67 ± 0.09a 20.70 ± 0.08c 1.00 ± 0.00a 6.10 ± 0.20a 2.64 ± 0.18a 59.90 ± 0.17b 40.54 ± 6.61ab 

 
85.3 ± 5.85b 33.6 ± 1.58c 

Blue  9.85 ± 0.02ab 18.58 ± 0.23a 2.00 ± 0.00c 5.56 ± 0.15a 2.51 ± 0.05a 61.50 ± 0.20c 49.23 ± 0.77b 

 
62.2 ± 3.11a 24.4 ± 0.78a 

Maple 10.01 ± 0.09b  20.31 ± 0.03b 1.00 ± 0.00a 7.16 ± 0.25b 2.76 ± 0.20a 58.76 ± 0.28a 37.14 ± 0.59a 66.2 ± 2.75a 26.7 ± 0.32a 

a, b, c Values in each row with the same superscripts do not differ significantly (p > 0.05). 
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Fig. 4.2: Texture profile analysis (TPA) of cooked pea seed varieties. WP, White/yellow pea; MFP, Marrowfat pea; BP, Blue pea; MP, Maple pea. a, 

b, c Values in each set of bar charts with the same superscript letters are not significantly different (p > 0.05)
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soaking temperature of 40 °C, while an approximately similar amount of time was needed by 

WP and MFP at the same soaking temperature to attain equilibrium moisture content. The 

soaking duration to attain the equilibrium moisture content for WP, BP, and MP were 

comparable at a soaking temperature of 50 °C. On the other hand, the soaking time required 

by MFP was greater than WP~BP~MP. Lastly, at 60 °C of soaking temperature, the soaking time 

required for each pea variety followed this trend, MFP>WP~MP>BP. The overall trend for the 

hydration kinetics of the pea varieties showed that as the soaking duration increased, the 

amount of water absorbed by the pea varieties increased with an increase in soaking 

temperature (Balkrishna & Visvanathan, 2019). This invariably increased the saturation point 

of the pea varieties. 

The application of the Peleg model to hydration studies was presented in Table 4.4 k1, which 

shows the Peleg model rate constant decreased for all the pea varieties as the temperature 

increased from 30 to 60°C. This pattern was similar to the study reported by Turhan et al. 

(2002); Resio et al. (2006) & Hung et al., (1993). According to Peleg's (1988) hydration model, 

the reciprocal of k1 represents the water absorption rate at the initial stages of the hydration 

process. Therefore, the decrease in k1 with an increase in temperature indicates an increased 

water absorption rate at a higher temperature. 

Furthermore, k2 is related to the equilibrium moisture content or maximum water absorption 

capacity, hence, the lower the value of k2, the higher the water absorption capacity and vice 

versa. From the results presented in Table 4.4, WP followed the abovementioned pattern, 

while the other pea varieties showed an erratic trend as the temperature increased. 

Generally, the hydration experiment data fitted well at all temperatures and adequately 

characterized the hydration behavior of seed (R2 = 0.97 -0.99) for all pea varieties. However, 

taking a closer look into the degree of fit (R2) reported in Table 4.4, the R2 value for MFP and 

MP increased as the soaking temperature rose. 
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Table 4.4 Peleg constants at different temperatures and Degree of Fit Based on Eq. (5) 

K1 represents the water absorption rate at the initial stages of the hydration process. 

K2 is related to the equilibrium moisture content or maximum water absorption capacity. 

The degree of fit value for WP also increased with the temperature increase up to 50°C and BP 

exhibited an erratic trend. The distinct microstructural arrangement of the (starch granules 

and protein bodies) in each pea variety and the changes that occur in the arrangement at each 

soaking temperature may have been responsible for the above-mentioned trend exhibited 

during the hydration studies. 

4.4.5.1 The role of microstructure on the hydration kinetics 
The microstructure of raw and soaked (at 30 and 60 °C) pea seeds are illustrated in Fig. 4.1 and 

4.4 respectively. It was observed that there was a decrease in the intactness of the cotyledon 

structure from raw (room temperature) to those cooked at 60 °C. However, the distortion of 

the cell wall enclosing starch, protein, and other macromolecules was less observed in the MP 

variety at 60 °C, compared to the other varieties. This explains the low rate of water uptake by 

the MP variety because of the strong interconnecting cell wall network holding the cotyledon 

Pea variety Temperature�(  K1 (min/%) 
 

K2 (per %) R2 

White/yellow (WP) 30 0.263 0.0096 0.9902 
 40 0.165 0.0099 0.9952 
 50 0.144 0.0112 0.9987 
 60 0.1 0.0115 0.9983 
     
Marrowfat (MFP) 30 0.3676 0.0088 0.9936 
 40 0.2053 0.0084 0.9980 
 50 0.1992 0.0105 0.9988 
 60 0.1562 0.0102 0.9992 
     
Blue (BP) 30 0.3422 0.0097 0.9957 
 40 0.270 0.0096 0.9887 
 50 0.1603 0.0116 0.9961 
 60 0.1603 0.0111 0.9930 
     
Maple (MP) 30 0.5721 0.0108 0.9704 
 40 0.4048 0.0095 0.9892 
 50 0.2766 0.0101 0.9971 
 60 0.1908 0.0116 0.9951 





 

61 | P a g e 
 

postulated trend, and this may be explained by the structural differences in the thickness of 

the MFP such as different diameter pores in the MFP cotyledon cell wall. 

 

Fig. 4.3. Hydration kinetics of the pea variety. A. White/yellow pea; B. Marrowfat pea; C. Blue 
pea; D. Maple pea. This is an Excel line to data generated from the relationships and equations 
according to Balkrishna & Visvanathan (2019). These were used to estimate the intermediate 
moisture content at various intervals of soaking and equilibrium moisture content. 

 

 

Fig 4.4. SEM electrographs of four different varieties of peas at 30 and 60 °C soaking 
temperatures.  A B, C, and D represent WP, MFP, BP, and MP, respectively. Note (1 & 2 indicate 
30 and 60 °C). CW; cell wall, and D.CW; distorted cell wall 
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Fig. 4.5. Starch hydrolysis (%) of a cooked pea; White/yellow pea (WP), Marrowfat pea (MFP), 
Blue pea (BP), and Maple pea (MP) during simulated oral-gastro-small 
intestinal digestion. 

 

Fig. 4.6. Hydrolysis index (HI) and the estimated Glycaemic index (eGI) of the pea varieties. 
Note: The hydrolysis index (HI) and estimated Glycaemic index (eGI) for white bread were 
reproduced from García-Alonso et al. (1998). 

4.4.6 In vitro oral gastro-small intestinal digestion of the pea seed 

The oral gastro-small intestinal digestion profiles of the four pea varieties (WP, MFP, BP, and 

MP) are illustrated in Fig. 4.5. The starch hydrolysis observed at the gastric stage is due to the 
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Table 4.5 Properties examined with Principal Component Analysis (PCA) 

Pea seed properties Notation 
Number of Starch granules/ cell Ns/c 
Cotyledon cell diameter Cd 
Thickness of cotyledon cell wall Tcw 
Average diameter of starch granules/ 
cell 

Ad/s 

Cooking time for unsoaked peas Ct.us 
Cooking time for soaked peas Ct.s 
Equilibrium moisture content 30oC E.30 
Equilibrium moisture content 40oC E.40 
Equilibrium moisture content 50oC E.50 
Equilibrium moisture content 60oC E.60 
Protein P 
Fibre F 
Carbohydrate Cr 
Total Starch Ts 
Length L 
Width W 
Thickness T 
Arithmetic mean diameter Ar 
Geometric mean diameter G 
Sphericity S 
Surface area SA 
Hardness H 
Fracturability Fr 
Springiness Sp 
Cohesiveness Co 
Gumminess Gu 
Chewiness. Ch 
Resilience R 
Starch Hydrolysis SH 
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Table 4.6 Pearson correlation coefficient for various pea properties of different varieties. 

 

�Ž�‰���G���ì.05; *�Ž�‰���G���ì.01. Ns/c, Number of Starch granules/cell; Cd, Cotyledon cell diameter; Tcw, Thickness of cotyledon cell wall; Ad/s, Average 
diameter of starch granules; Ct.us, Cooking time for unsoaked pea; Ct.s,  Cooking time for soaked pea; EMC(30oC,40oC,50oC, and 60oC), Equilibrium 
moisture content at 30oC,40oC,50oC, and 60oC; P, Protein; F, Fibre; Ts, Total Starch; L, Length; W, Width; T, Thickness; Ar, Arithmetic mean 
diameter; S, Sphericity; Sa, Surface area; H, Hardness; Fr, Fracturability; Gu, Gumminess; Ch, Chewiness and  SH, Starch Hydrolysis. 

 Ns/c Cd Tcw Ad/s Ct.us Ct.s E.MC 30oC EMC.40 oC EMC 50 oC EMC.60 
oC 

P F Ts L W T Ar S Sa H Fr Gu Ch  

Cd -0.069                                  
Tcw 0.006 0.331**                                
Ad/s 0.328** -0.001 0.236*                              
Ct.us 0.496** -0.132 0.084 0.711**                            
Ct.s 0.388** -0.149 -0.074 0.624** 0.883**                          
E.MC30 oC 0.349** -0.356** -0.223* 0.370** 0.559** 0.507**                        
E.MC40 oC 0.382** -0.108 0.116 0.600** 0.852** 0.766** 0.584**                      
E.MC50 
oC 

0.195 0.145 0.252* 0.451** 0.559** 0.617** -0.026 0.503**                    

E.MC60 oC 0.386** -0.203 -0.082 0.538** 0.825** 0.816** 0.520** 0.837** 0.293**                  
P 0.140 0.195 0.546** 0.601** 0.660** 0.517** 0.014 0.611** 0.646** 0.429**                
F -0.181 0.364** 0.516** 0.155 0.017 -0.008 -0.625** -0.092 0.427** -0.210 0.637**              
Ts -0.181 -0.180 -0.241* -0.382** -0.442** -0.423** 0.218 -0.097 -0.622** 0.009 -0.560** -0.641**             
L 0.275* -0.177 -0.022 0.522** 0.671** 0.851** 0.438** 0.552** 0.483** 0.597** 0.427** 0.056 -0.403**                     
W 0.125 -0.036 -0.121 0.168 0.330** 0.623** 0.156 0.202 0.309** 0.322** 0.158 0.099 -0.380** 0.721**                   
T 0.292** -0.156 -0.212 0.467** 0.636** 0.746** 0.578** 0.565** 0.324** 0.628** 0.193 -0.263*  -0.155 0.676** 0.411**                 
Ar 0.271* -0.146 -0.139 0.455** 0.642** 0.867** 0.461** 0.518** 0.436** 0.606** 0.307** -0.043 -0.364** 0.937** 0.823** 0.811**               
S -0.169 0.141 -0.238* -0.437** -0.444** -0.472** -0.168 -0.387** -0.395** -0.330** -0.510** -0.272* 0.336** -0.702** -0.230 -0.100 -0.415**             
Sa 0.280* -0.152 -0.144 0.455** 0.642** 0.863** 0.472** 0.523** 0.426** 0.609** 0.297** -0.060 -0.351** 0.936** 0.817** 0.818** 0.999** -0.410**           
H -0.421** 0.139 -0.126 -0.442** -0.594** -0.524** -0.354** -0.396** -0.268* -0.496** -0.355** 0.042  0.260* -0.456** -0.150 -0.464** -0.420** 0.344** -0.419**         
Fr -0.318** 0.327** 0.151 -0.389** -0.437** -0.494** -0.487** -0.332** 0.005 -0.560** -0.037 0.347** -0.087 -0.385** -0.132 -0.460** -0.384** 0.230* -0.387** 0.565**       
Gu -0.180 -0.000 -0.296** -0.324** -0.392** -0.190 -0.066 -0.202 -0.186 -0.235* -0.432** -0.204  0.276* -0.105 0.102 -0.166 -0.066 0.130  -0.066 0.773** 0.231*     
Ch -0.113 -0.039 -0.256* -0.179 -0.219 -0.007 0.059 -0.052 -0.145 -0.033 -0.340** -0.249* 0.258* 0.064 0.126 -0.006 0.073 -0.035 0.072 0.474** -0.054 0.863

**  
  

SH -0.273* 0.115 -0.141 0.147    -0.253*     0.183    -0.411**     -0.291**      0.197     -0.144    -0.086  0.325** -0.276*  0.339**  0.620** 0.079 0.399** -0.109 0.385** 0.155 0.034 0.308
**  

0.307**  
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Fig.4.7 Scanning electron micrographs of representative White/yellow, Marrowfat, Blue, and Maple peas sampled during in vitro oral-gastro and 
small intestinal digestion. Where G0, I60, and I120 are gastric digestion at 0 min, and small intestinal digestion at 60 and 120 min.
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4.4.6.1 Influence of microstructure on starch hydrolysis of pea seeds 

To further explain the effect of pea microstructure during oral gastro-intestinal starch 

digestion, the SEM micrographs of G0, I60, and I120 were reported in Fig. 4.7. The inclusion of 

the oral phase (amylase and mimicked chewing) can be seen from the SEM micrograph 

reported at G0, as there was some evidence of hydrolyzed starch at this stage. Overall, the 

Blue pea (BP) SEM micrograph tends to exhibit a strong network of fibrous interaction with 

partly gelatinized and denatured protein bodies at G0 compared to the other cooked pea. This 

could explain why fewer starch granules of cooked BP were accessible to the starch-degrading 

enzymes (Fig 4. 5).  

The SEM micrograph of the pea digesta at I60 and 120 respectively (Fig 4.7) demonstrated no 

significant difference in the structural properties except for the digesta of Maple Pea at I60 and 

I120. A broad sponge-like (amorphous flakes) network was observed in the digesta of MP at 

I60 and I120, possibly indicating a greater extent of hydrolysis in this variety compared to 

others. 

The estimated glycaemic index (eGI) reported for the digested cooked pea varieties in Fig 4.6 

are in the range of 47.5 -50.9, with MP exhibiting the highest eGI. Summarily, the eGI of the 

digested cooked pea varieties is classified as low compared to the reference (Chen et al., 2018). 

This further supported the role of fibrous and protein interaction (cytoplasmic matrix) with 

starch granules acting as both primary and secondary physical barriers to enzymatic activity in 

small intestinal digestion in vitro. 

4.4.7   Principal Component Analysis (PCA)  

The PCA analysis provided an overview of the similarities and differences between the seeds 

of the different varieties, and the interrelationships between the measured properties. Table 

4.5 lists all the pea seed properties subjected to PCA analysis and the results of the analysis are 

shown in Fig. 4.8 and 4.9. The first and the second principal components (PC1 and PC2) 

explained 33 and 18 %, respectively, of the overall variation. The score plot (Fig.4.8) visualized 

the difference/similarity between four (4) pea varieties. The distance between the locations of 

any two pea varieties is directly proportional to the degree to which they differ/close to each 

other. The farthest difference exhibited on the score plot is shown between BP and MFP seed 
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varieties. BP seeds are located at the far end of the negative score on the PC1 axis while the 

MFP seed is on the middle positive score on PC1. On the PC2 axis, MFP and BP border on the 

zero lines on both positive and negative scores (Fig. 4.8). Similarly, WP and MP seeds border 

on the zero line on PC1. However, WP and MP seeds are located on the negative and positive 

scores respectively on the PC2 axis. Also, the degree of variation in each pea seed variety on 

the score plot (Fig. 4.8) as indicated by the degree of close packing of each cluster showed that 

BP seeds exhibited the least variation compared to others. Summarily, in terms of the 

difference in the score plot, BP and MFP exhibited the farthest difference. In terms of similarity, 

WP and MFP seeds showed a close relationship. The loading plot of the two PCs provided 

information about correlations between measured morphological, physicochemical, cooking 

characteristics, and hydration kinetics parameters (Fig.4.9). The general perspective from the 

loading plots of the two components revealed that the measured properties of pea seed are 

more positively correlated. Taking a closer look, the average diameter of starch granules, 

cooking time, hydration kinetics, and physical properties exhibited a positive correlation on 

PC1. While cotyledon cell diameter, equilibrium moisture content at 50°C, and Fracturability 

showed a positive correlation on PC 2. 

 

 

Fig. 4.8: Principal component analysis (PCR): score plot of PC1 and PC2 describing the 
overall variation between pea seed varieties. 
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Chapter 5: Cell wall permeability in relation to in vitro 

starch digestion of pulse cotyledon cells 

5.1 Abstract 
This study investigated the role of cell wall permeability in the microstructure and the rate of 

starch digestibility in intact cotyledon cells isolated from four different varieties of pea seeds, 

such as white/yellow pea (WP), marrowfat pea (MFP), blue pea (BP) and maple pea (MP).  PFG-

NMR coupled with light and confocal microscopes were employed to evaluate the diffusion 

coefficients and cell wall permeability of cotyledon cells. The diffusion coefficients and cell wall 

permeability of the cotyledon cells followed a decreasing trend; WP>MFP>MP>BP. The varying 

size of internal cavities in the microstructure in the cotyledon cells which was observed by the 

light and confocal micrographs may be responsible for this trend. The extent of starch 

hydrolysis measured from the cotyledon cells somewhat also followed the same trend of the 

cell wall permeability. This indicates that the more permeable the cotyledon cell to the starch-

degrading enzymes, the higher the extent of intracellular starch hydrolysis. The microstructure 

changes in the cotyledon cells during digestion also confirmed this observation.  

5.2 Introduction 
Consumption of whole pulse food had been associated with a reduction in the risk of obesity, 

type II diabetes, and cardiovascular disease (Fardet & Boirie, 2014, Marsh et al., 2011 & Wang 

et al., 2019). This is partly due to its low postprandial glycaemic response. The mechanism of 

how pulse food exhibits the low postprandial glycaemic response has been attributed to the 

ability of its cell structure and protein matrix to act as a physical barrier to the diffusion of 

enzymes into the intracellular starch granules in cotyledon cell (Dhital et al., 2016, Bhattarai et 

al., 2017 & Junejo et al., 2021). Also, the densely packed crystalline structure retained in the 

cotyledon cells after cooking limits the swelling and gelatinization of entrapped starch granules 

(Xiong et al., 2019). The effect of cell wall components and protein matrix on the degree of 

starch digestibility in pulse cotyledon cells has been studied (Junejo et al., 2021, Edwards et 

al.,2021, Li et al., 2019, Huang et al., 2021, Rovalino-Córdova et al., 2018 & 2019). It was 

observed from various studies that the cotyledon cell wall is the primary barrier that modulates 

the extent of intracellular starch digestibility in cells by regulating the ingress of water and 
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starch-degrading enzymes. Therefore, an intensive study on the cell wall of the cotyledon cell 

is imperative to help food processors design functional food ingredients/products from pulses.  

Cotyledon cell walls mainly consist of cellulose (30 %), xyloglucan (30 %), and pectin (35 %) 

(Burton et al., 2010 & Voragen et al., 2009).  The extent of diffusion of starch degrading 

enzymes through the cotyledon cell wall is likely to be influenced by numerous factors 

including cell wall composition and density, cell wall thickness, cellular integrity, the number 

and size of cell wall pores and processing conditions (Rovalino-Córdova et al., 2018, Grundy et 

al., 2016, Junejo et al., 2021 & Pallares Pallares et al., 2019). Rovalino-Córdova et al. (2018) & 

Junejo et al. (2021) observed the effect of damaged cellular integrity of the cotyledon cell wall 

on the starch hydrolysis in the pulse. They reported that an increase in the damage to the 

cellular integrity is proportional to the starch hydrolysis in the cell. That is, a reduction in the 

cellular integrity of the cell will increase the exposure of the intracellular starch to digestive 

enzymes thus, increasing starch digestibility. On the other hand, Xiong et al. (2019) reported 

that the permeability of pinto bean cotyledon cells increased after high-moisture treatment 

(HMT), thus increasing the extent and rate of intracellular starch digestibility. The porosity 

/permeability of cotyledon cell walls has also been studied by other authors by using 

fluorescein-labeled dextran to evaluate the porosity/permeability of cotyledon cell walls by 

subjecting to the different molecular weights of fluorescein isothiocyanate (FITC)-dextran 

solutions (Huang et al., 2021, Li et al., 2019a & Li et al., 2019b). Fluorescence recovery after 

photobleaching (FRAP) has also been reported to have been used as a verifying microscopy 

tool with FITC-dextran to observe the wall porosity in red kidney cotyledon cells (Li et al., 

2019a). However, FRAP/FITC-dextran as all microscopy techniques are only meant to 

corroborate objective measurement of the cell wall porosity/permeability in plant cells (Moud, 

2022). Thus, an objective method of measuring the cell wall porosity/permeability of cotyledon 

cells is needed. 

Pulse gradient field-NMR (PFG-NMR) has been highlighted as an accurate and objective 

technique for directly measuring the characteristics of transfer in plant systems, such as the 

coefficients of diffusion, permeability, and water flow rate (Anisimov, 2021 & Watanabe & 

Fukuoka, 1992). It has been used to provide a non-invasive localized diffusion measurement in 

soybean seed, carrot, and onion tissues and chlorella sp. (Watanabe et al., 1994, Cho et al., 

2003, Ando et al., 2009 & Voda et al., 2012).  
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Fig 5. 1. Light microscope images of cotyledon cells from four different pea seed varieties (A: 
White/yellow pea, B: Marrowfat pea, C: Blue pea, and D: Maple pea). 

 

 

Fig 5.2: Confocal laser scanning microscope images  from four different pea seed varieties 
(White/yellow pea, Marrowfat pea, Blue pea, and Maple pea). 

 

White/yellow  Marrowfat Blue Maple 
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At the end of the diffusion experiment (diffusion time = 1250 ms), the diffusion coefficient of 

all the cotyledon cells followed a trend; WP > MFP>MP>BP. Overall, between the diffusion time 

of 30 to 1250 ms, BP cotyledon cells exhibited the highest decrease in diffusion coefficient 

compared to the other cotyledon cells. The trend of the diffusion coefficient decreasing with 

increased diffusion time for this study was consistent with the studies reported by some other 

researchers (Cho et al., 2003 & Ando et al., 2009). 

The diffusion coefficient of water in a cell is a quantitative measure of the molecular movement 

of water in and out of the cell (Kitamura & Kinjo, 2018). There are three main mechanisms for 

water transportation in plant systems: namely (a). Intracellular water self-diffusion in a cell; (b) 

molecular diffusion of water between adjacent cells and groups of cells; and (c) long-distance 

transport associated with the mass flow of water between the organs of the plant (Anisimov, 

2021).  The diffusion behavior for this study exhibited restricted diffusion, that is, water 

molecules cannot freely move in the cotyledon cells due to a barrier such as a cell wall or cell 

membrane (Ando et al., 2009). Therefore, BP-isolated cotyledon cells exhibited more restricted 

diffusion compared to the other cells. 

 

Fig 5.3. The measured diffusion coefficient of water in intact cotyledon cells as a function of 
diffusion time. Where, WP, MFP, BP, and MP cotyledon cells are White/yellow, Marrowfat, 
Blue, and Maple cotyledon cells respectively. 

The water permeability of the intercellular barrier (cotyledon cell wall) is estimated by the 

equation shown in section 5.3.4.2. The results showed that the isolated cotyledon cells 
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followed a decreasing trend; WP > MFP >MP > BP (Fig 5.4). That is, the water permeability 

tends to be highest and lowest in WP and BP cotyledon cells respectively. It is assumed that 

the cell wall in BP cotyledon cells is less porous than in WP cotyledon cells. The permeability 

reported for this study is larger than fresh onion tissue but consistent with freeze-thawed 

onion tissue reported by other authors (Ando et al., 2009). The larger permeability exhibited 

by the cotyledon cells for this study can be attributed to the irreversible distorted functionality 

of the native microstructure of the cell wall caused during the freeze-drying process (Voda et 

al., 2012). The ice crystals are formed from the intracellular water in the cell during the rapid 

freeze stage and they sublime via the pores of the cell wall, thus leaving behind a more porous 

cell. Even after rehydration of the cells in water as described in this study, the native 

functionality of the cell wall cannot be recovered (Aravindakshan et al., 2021 & Voda et al., 

2012).  

 

Fig 5.4 Permeability of the intact cotyledon cells. Where, WP, MFP, BP, and MP cotyledon cells 
are White/yellow, Marrowfat, Blue, and Maple cotyledon cells respectively. 

Furthermore, pulse seed cell walls are made up of type I primary cell walls that are rich in 

xyloglucans and pectic polysaccharides. The interactions between these polymers form an 
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assembly of complex macromolecular structures that regulate the apoplastic cellular exchange 

of macromolecules such as enzymes, protein water, and gas (Rondeau-Mouro et al.,2008 & 

Edwards et al., 2021).  

5.4.3 Nutritional composition of the cotyledon cells 

The proximate composition of the cotyledon cells for this study tends to be significantly 

different among the pea varieties (p < 0.05) (Table 5.2). The protein content of the cotyledon 

cells tends to increase from WP <BP<MP<MFP. The fat content on the other hand among the 

cotyledon cells from the pea varieties was less than 1%. This low-fat content from the 

cotyledon cells is expected and consistent with other reports (Bhattarai et al., 2017). The fibre 

content of the cells differs significantly among the pea varieties (p < 0.05) and follows the same 

trend with the protein content. The total starch value available in cells (Table 5.1) seems to be 

the most abundant component (total starch content for all cells > 50%). The cotyledon cells 

from blue pea varieties showed a starch content significantly more than the cells from the 

other varieties. This total starch content agrees with the other authors (Pälchen et al., 2021). 

The nutritional composition of the cotyledon cells for this study identified the significant 

presence of starch, protein, and fibre components. These components are validated with the 

distinct starch granules, protein bodies, and cellular materials (cell wall) as observed from the 

light microscope (Fig 5.1), Confocal image (Fig 5.2), and SEM micrograph (Fig 5.7), thus 

indicating functionality of the cell such as cell wall porosity, starch gelatinization, and 

digestibility would depend on these components. 
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Table 5.2 Nutritional composition of the cotyledon cells  

 

 

 

 

 

 

 

 

a, b, c Values in each column with the same superscript letters are not significantly different (p > 0.05). 

 

Cotyledon 
cells 

Moisture (%)  Protein (%)  Fat (%)  Fibre (%)  Ash (%)  Carbohydrate 
(%)  

Total starch 
(%) 

White/Yellow 10.03 ± 0.12b 

 
 
14.61 ±0.37a 

 

 
0.53 ± 0.16a 

 

 
2.65 ± 0.12a 

 
 

 
0.49 ± 0.13a 

 

 
71.69 ±0.66c 

 

 
55.23± 0.58b 

 

Marrowfat 
 

9.27 ± 0.31a 

 
21.93 ±0.14d 

 
0.56 ± 0.19a 

 
3.61± 0.33d 

 
0.85 ± 0.06c 

 
63.78 ±0.38a 51.63± 1.34a 

 
Blue  9.63 ± 0.29ab 

 
16.46 ±0.24b 

 
0.48 ± 0.21a 

 
2.94 ± 0.19b 

 
0.73 ± 0.02b 

 
69.75 ± 0.59b 

 
63.44± 0.59c 

 
Maple  11.23 ±0.06c 20.25 ± 0.05c 0.25 ± 0.13b 3.37± 0.47c 0.82 ± 0.09c 64.08 ±0.49a 54.67 ± 0.38b 
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intestinal digestion, after 10 min, the starch hydrolysis of all the cotyledon cells was between 

the range of 27.25-54.46 %. The starch hydrolysis of the cooked cotyledon cells then moved 

sharply to the range of 44.52-73.71% after 30 min. After 90 minutes, the starch hydrolysis in 

MP cotyledon cells was less than the other cotyledon varieties. The starch hydrolysis then rose 

steadily until the end of 120 min of the small intestinal starch digestion. Overall, the final starch 

hydrolysis of the cooked cotyledon cells ranges between 71.1-83.8 %. The MP and BP 

cotyledon cells recorded the lowest and highest starch hydrolysis respectively (Fig 5.6). 

 

Fig 5.6 Starch hydrolysis of the cotyledon cells during in vitro gastro-small intestinal digestion. 
Where, WP, MFP, BP, and MP cotyledon cells are White/yellow, Marrowfat, Blue, and Maple 
cotyledon cells respectively. 

 

The starch hydrolysis of the cotyledon cells for this study was lower than the reported value 

from other authors (Junejo et al., 2021, Li et al., 2020) but was consistent with some other 

researchers (Do et al., 2019 & Rovalino-Córdova et al., 2019). The discrepancy between the 

starch digestibility in the cotyledon cells for this study and other authors could be attributed 

to the effect of processing treatment (such as different isolation methods and using of 

uncooked cotyledon cells for digestion) on the structural modification in the cotyledon cell wall 

(Rondeau-Mouro et al.,2008).  



 

88 | P a g e 
 

It is imperative to note that, the cotyledon cells that tend to show lower starch digestibility 

from other reports were subjected to more heating(cooking) at the isolation stage and before 

the starch digestion procedure than the cotyledon cells for this study. This is important because 

literature has reported that the structure type I primary cell wall (Xyloglucan and pectic 

polysaccharides) of pulse cotyledon cells exhibit high cellular integrity after cooking (Berg et 

al., 2012, & Edwards et al., 2021). Thus, hypothesizing that the reinforcement of pectin-rich 

polysaccharide polymers in the cell wall from several heating procedures would limit the 

ingress of starch degrading enzymes in the cell far better. 

Nonetheless, the moderately low starch hydrolysis reported amongst the cotyledon cells for 

this study corroborates the permeability study conducted on the cells. WPF and MFP cotyledon 

cells that showed large permeability to water tend to show high starch hydrolysis (Fig 5.6). This 

implies that, though the molecular weight of water used for the permeability experiment is 

lower than the digestive enzymes, the porosity of WPF and MFP cotyledon cell walls allowed 

more ingress of the starch degrading enzymes than MP cotyledon cell during digestion. The BP 

cotyledon cells, on the other hand, exhibited the highest starch hydrolysis despite having 

shown to have a cell wall that is less permeable to water (Fig 5.6). One of the probable reasons 

for this could be attributed to the distinct internal cavities observed in the confocal images of 

the cells (Fig 5.2). The internal cavities in the BP cotyledon cells seem to be largely due to the 

less densely packed starch granules in the cells compared to other cells. What this means is 

that complete gelatinization (complete swelling and disruption of the crystalline starch 

granules) is observed more in BP cotyledon cells compared to the cotyledon cells variety. 
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Fig 5.7 Scanning electron micrographs of cotyledon cell samples isolated from four pea varieties (White/yellow pea, Marrowfat pea, Blue pea, and 
Maple pea) during in vitro gastro and small intestinal digestion. Where G30 is gastric digestion at 30 min while I10 and 1120 are small intestinal 
digestion at 10 and 120 min respectively

I10 

    
I120 
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Fig 5.8  Scanning electron micrograph of the waste (retentate) generated during cotyledon cell 
isolation. Note. The circle indicated large clusters of cotyledon cells. 

The overview of the microstructure of the cotyledon cells in their raw state, after cooking, at 

the end of the gastric phase (G30), and in the small-intestinal digestion stage (I10 &I120) are 

summarised in Fig 5.7. The SEM micrograph of the raw cotyledon cells varied in different 

shapes and sizes with distinct identifiable densely packed starch granules encapsulated by a 

cell wall. At the cooking stage, major structural changes such as indentations and wrinkles were 

observed on the surface of largely intact cotyledon cells. The internal components (intracellular 

starch and protein bodies) of the cell undergo physicochemical changes (partially gelatinized 

starch, leached amylose, and denatured protein in the presence of heat and water introduced 

during cooking. At this point, it is important to assume that a drastic structural change had 

happened to the cotyledon cell wall. A similar observation has been reported by other authors 

(Do et al., 2019 & Berg et al., 2012).  At the end of the gastric stage, there were no distinct 

changes observed in the cotyledon cell. As the digestion proceeded in the small intestine from 

I10 to I120, numerous indentations and pits were observed on the surface of the cotyledon 

cells. This could have resulted from the leaching of some digested intracellular molecules 

during the digestion process. Overall, the cell walls of the cotyledon cells at the end of the 

digestion process are larger and intact (Fig 5.7) with some cotyledon cells exhibiting more 
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collapse structure (multiple layers of folding and shrinking) than others. The degree of drastic 

microstructural changes that occur in the cotyledon cells from raw to cooked (introduction of 

water and heat), gastric, and small intestinal stages (introduction of starch degrading enzymes) 

depends on the extent of porosity or permeability of the cell wall.  

 

5.5 Conclusions 
The role of cell wall permeability in the microstructure and the extent of in vitro starch 

hydrolysis of intracellular starch in cotyledon cells were investigated for this study. The light 

and confocal micrographs observed a high level of cellular integrity of the cotyledon cells 

before diffusion experiments. The PFG-NMR provided an objective measurement of the 

diffusion coefficients and the cell and how its cell wall is permeable to water during the 

diffusion experiment. The light and confocal micrograph confirmed the trend observed in the 

cell permeability behavior of the cotyledon cells. The degree of starch hydrolysis somewhat 

buttressed the cell wall permeability trend observed by the PFG-NMR. The study provided a 

fundamental objective measurement in understanding the role of cell wall permeability in 

cotyledon cells, however, for a holistic investigation on the cell wall of pulse cotyledon cells, 

other specific characteristics such as the number and size of cell wall pores should be 

investigated. 
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Chapter 6: Microstructural, nutritional, and in vitro 

starch digestion properties of a novel cotyledon flour 

designed via Micronization Techniques. 

6.1 Abstract 
This study compared the microstructural, nutritional, and starch digestibility properties of a 

novel cotyledon flour prepared via micronization techniques (colloid milling) with blended flour 

(traditional grinding) from the same botanical sources. The SEM characterization of both flours 

showed a distinct difference in their microstructural arrangement. The protein and fibre 

contents of cotyledon flour were 10 and 3 % higher than those of the blended flour from the 

same plant sources. The starch hydrolysis and glycaemic response of cotyledon flour were 

almost 10 % lower than that of the blended flour. This could result in the cell wall of cotyledon 

cells acting as a primary barrier that regulates the inflow of starch-degrading enzymes to the 

intracellular starch granules. Also, the high-quality protein/cellular matrix found in the 

cotyledon flour may reduce the exposure of the extracellular starch granules to degrading 

enzymes. This study provided fundamental insights into how to sustainably process whole 

pulse seeds. 

6.2 Introduction 
There has been a recent highlight on pulses/legumes as a sustainable nutrient-dense plant-

based food /food ingredient due to changing trends in consumer food patterns over the years 

(Ahmed et al., 2021). One of the reasons for this shift towards pulses/legumes can be 

attributed to their nutritional (high amount of protein) and health benefits (low glycaemic 

features and high levels of resistant starch (Ajala et al., 2022 & Ahmed et al., 2021). The 

microstructure of pulse /legumes, i.e., the configuration and interaction of intracellular (starch 

in cotyledon cells) and extracellular starch with non-starch macromolecules (protein, lipids, 

and fiber/cell wall materials) during processing conditions may be responsible for these unique 

properties (Edwards et al., 2021).  

The effects of various processing conditions on the microstructure of pulse seed and the 

subsequent impact on the functional properties have been reviewed recently (Ajala et al., 

2023). It was discovered that three forms/types of microstructures, namely whole pulse seed, 
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pulse isolated cotyledon cells, and pulse flour, can be generated via different size-reducing 

techniques (wet and dry-based milling). In recent years, the whole pulse seed and isolated 

cotyledon cells have been highlighted as a potential source of new functional ingredients with 

low glycaemic features (Berg et al, 2012, Bhattarai et al., 2017, Do et al.,2019, Pälchen et al., 

2021, Edwards et al., 2020 & Ajala et al., 2023). 

Nonetheless, there are a few limitations in applying whole pulse seed and isolated cotyledon 

cells in developing new food products with low glycaemic features. The large particle size of 

the whole pulse seed limits the extent to which it can be applied to food products. That is, one 

of the important prerequisites that define functional ingredients is an applicable particle size 

that can be used in a broad range of food products. Although the development of isolated 

cotyledon cells tends to solve these limitations (particle size 40 - 250 µm), however, the total 

extraction yield available in the literature is less than 30 % of the weight of the pulse/legume 

seeds (Bhattarai et al 2017, Pälchen et al., 2021). From a sustainability perspective, 

approximately 70-85 % of waste (unevenly distributed mixture of starch granules, protein/cell 

wall matrix materials, and many clusters of cotyledon cells) is generated during the extraction 

procedure of cotyledon cells (Ajala et al., 2023). Therefore, new processing techniques or 

methods need to be developed to overcome these numerous challenges to optimally produce 

pulse/legume food ingredients in an application for food products. 

Micronization techniques such as colloid milling have been used in the food industry for quite 

some time to enhance food quality and functionalities (Chen et al., 2017). These are wet-based 

size reduction techniques that confer many advantages compared to the traditional grinder. 

The advantages include mixing, emulsifying, and homogenizing effects, smaller damage to 

starch granules, improved soluble dietary fiber, and increased adsorption and surface area 

properties of food materials (Sharma et al.,2008, Vishwanathan et al., 2011, Shakerardekani et 

al., 2012, Chau et al., 2007, Zhao et al.,2009 & Zhao et al.,2010). 

In this regard, this study then hypothesized that the application of micronization technologies 

(colloid milling) to whole pulse seed would generate flour with unique microstructural, 

nutritional, and starch digestion properties. Therefore, this study compared the 

microstructural, nutritional, pasting, thermal, crystallinity, and starch digestion properties of 

flours prepared via colloid milling and traditional grinder from the pulse of the same botanical 

sources. 
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2021) although the difference in composition of cotyledon flour and cotyledon cells might be 

a major reason. From a food ingredient application standpoint, the yield for the cotyledon flour 

(> 50 %) obtained in this study indicates its potential use as a new functional food ingredient 

compared to isolated cotyledon cells. 

The particle size distribution for both cotyledon flour and blended flour from the same 

botanical sources is reported in Table 6.1 and Fig 6.2. Cotyledon flour showed a unimodal 

distribution with a single peak at approximately less than 300 µm while blended flour exhibited 

a bimodal distribution with the first peak around 78-89 µm and the second peak close to 200 

µm (Fig 6.2). The mean diameter of cotyledon flour was significantly different from that of the 

blended flours (Table 6.1). The significant difference between the two flours could be 

attributed to the presence of more cellular materials (cotyledon cells/cellular materials) in the 

cotyledon flours. Because of their larger mean particle size, the specific surface area for the 

cotyledon cells was significantly lower than that of the blended flours from the same botanical 

source.
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Fig 6.1 Schematic representation of the colloid milling process. 

6.4.2 Proximate and Water holding capacity. 

The proximate composition of the cotyledon flour was compared with that of the blended flour 

from the same plant sources (Table 6.2). The cotyledon flour contained about 10 % more 

protein than the blended flour except for the maple pea variety where there is no significant 

difference between the cotyledon and blended flour. The significant increase in protein 

content after colloid milling is in tandem with other reports (Vishwanathan et al., 2011 & 

Shakerardekani et al., 2012).  

Similarly, the dietary fibre for the cotyledon flour is twice as much as that of the blended flour 

from the same botanical source. The fibre content varied from 2.74 to 4.47 % for the cotyledon 

flour, while the fibre content for the blended flour was less than 2 %. The presence of a higher 

proportion of resistant starch in cotyledon flour might be responsible for the difference in fibre 

content (Edwards et al., 2020). The total starch content of both cotyledon and blended flours 

showed no significant difference (Table 6.2) except for the flours for white/yellow variety 

which was almost 20 % higher in cotyledon flour than the blended flour.  
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Table 6.2 Proximate composition and water holding capacity of cotyledon and blended pea flours. 

 

a, b, c Values (means ± SEM) in each column with the same superscript letters are not significantly different (p > 0.05). 

Pea Variety Flour type Moisture (%) Protein (%) Fat (%) Fibre (%) Ash (%) Carbohydrate 
(%) 

Total starch 
(%) 

Water 
Holding 
Capacity (g 
water/g 
solids) 

White/yellow Cotyledon 
flour 

6.13 ± 0.21bc 31.94 ± 0.31d 1.61 ± 0.146a 

 
4.47 ± 0.15d 

 
1.97 ± 0.09ab 

 
53.86 ± 0.28b 

 
43.32 ± 5.54a 

 
2.71 ± 0.01e 

 
 Blended 

flour 
10.73 ± 0.21de 20.63 ± 0.29a 1.34 ± 0.25a 

 
1.46 ± 0.17a 

 
2.43 ± 0.02c 

 
63.41± 0.33d 

 
60.02 ± 2.85b 

 
1.27 ± 0.00c 

 
          
Marrowfat Cotyledon 

flour 
5.23 ± 0.39a 37.07 ± 0.09e 2.11 ± 0.09cd 

 
3.32 ± 0.22c 1.87 ± 0.09a 50.38 ±0.50 a 51.32 ± 0.18ab 3.47 ± 0.01g 

 Blended 
flour 

12.23 ± 0.32f 22.13 ± 0.33b 1.45 ± 0.10a 

 
1.38 ± 0.05a 2.51 ± 0.09c 60.29 ± 0.41c 51.48 ± 1.11ab 1.12 ± 0.01a 

          
Blue Cotyledon 

flour 
5.88 ± 0.17ab 31.66 ± 0.22d 2.46 ± 0.05d 

 
3.44 ± 0.14c 

 
2.16 ± 0.03b 54.39 ± 0.52b 54.78 ± 6.05b 2.87 ± 0.01f 

 Blended 
flour 

11.23 ± 0.25e 20.55 ± 0.35a 1.95 ± 0.09bc 

 
1.67 ± 0.26a 2.46 ±0.14c 62.77 ± 0.29d 56.86 ± 1.33b 1.17 ± 0.00b 

          
Maple Cotyledon 

flour 
6.70 ± 0.10c 25.01 ± 0.16c 1.38 ± 0.16a 2.74 ± 0.14b 2.05 ± 0.08ab 62.11 ± 0.51d 53.28 ± 1.95b 2.32 ± 0.01d 

 Blended 
flour 

10.50 ± 0.26d 24.85 ± 0.45c 1.54 ± 0.04a 1.38 ± 0.21a 2.39 ±0.04c 59.32 ± 0.81c 57.51 ± 0.78b 1.28 ± 0.01c 
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Fig 6.2 Particle size distribution of A) cotyledon flour and B) blended flour from the same botanical sources. Where, WP, MFP, BP, and MP are 

White/yellow, Marrowfat, Blue, and Maple cotyledon/flour respectively.
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The water-holding capacity of cotyledon flour was higher (almost 2.5 times) than the blended 

flours from the same source (Table 6.2). The water-holding capacity of plant-based powder has 

been shown to increase after Micronization (Zhao et al., 2009 & Zhao et al., 2010). The colloid 

milling tends to redistribute the fibre components of the cotyledon flour from insoluble to 

soluble dietary fibre through the degradation of hemicellulose, cellulose, and lignin into small 

molecules with improved functionality (Chau et al., 2007). A new surface hydrophilic group 

created in the degraded cellulose and hemicellulose of the powder after micronization is 

exposed, thus resulting in easy integration with water that finally led to an increase in water 

holding capacity (Zhao et al., 2010) 

6.4.3 Pasting Properties. 

The pasting properties of cotyledon flour/blended flour are reported in Table 6.3 and Fig 6.3, 

respectively.  The pasting profile of cotyledon flour and blended flour (Fig 6.3) were identical 

to that of a typical pulse flour reported by other authors (Kumar et al., 2021, Maninder et al., 

2007 & Acevedo et al., 2013). The peak viscosity for both cotyledon and blended flours was 

significantly different (p < 0.05). The peak viscosity of all the blended flours was higher than 

the corresponding cotyledon flours except for white/yellow and maple cotyledon flours. The 

peak viscosity is a point during the heating stage when the highest number of swollen starch 

granules results in pasting. Pasting occurs through the combined effect of swelling and the rate 

of starch granule disruption (Leon et al., 2010). Since swelling of starch granules (uptake of 

water) is an important prerequisite for pasting to occur, the water-holding capacity of starch 

granules would play a major role in the swelling and rate of disruption of starch granules. That 

is, the lower degree of swelling of starch granules would result in lower peak viscosity. The 

microstructural configuration in Fig 6.3 tends to show that starch granules in cotyledon flour 

were less exposed (starch in cotyledon cells and protein/cellular matrix) compared to the 

blended flour of the same plant sources. Thus, the swelling and subsequent leaching of 

amylose from starch granules in cotyledon flour would be lower compared to blended flour. 

The water holding capacity reported for cotyledon and blended flour in Table 6.2 also 

confirmed this hypothesis. However, superfine grinding such as colloid milling tends to 

generally increase the surface area and porosity of materials (Chen et al., 2017). This could 

probably explain the higher peak viscosity exhibited by white/yellow and maple cotyledon 

flour. 
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Table 6.3: Pasting properties and estimated glycaemic index of cotyledon and blended pea flours 

Pea Variety Flour type Peak Viscosity (cP) Trough Viscosity(cP) Final Viscosity(cP) Hydrolysis Index Estimated Glycaemic 
index 

White/yellow Cotyledon flour 959.0 ± 3.00h 

 
765.0 ± 2.65e 

 
1040.0 ± 7.55c 

 
70.62 ± 2.08abc 

 
78.47 ± 1.14abc 

 

 Blended flour 949.3 ± 2.52g 

 
934.3 ± 3.21h 

 
1477.7 ± 7.09g 

 
75.05 ± 1.26d 

 
80.91 ± 0.69d 

 

       
Marrowfat Cotyledon flour 723.7 ± 3.79b 609.0 ± 2.00a 

 
935.0 ± 3.61b 

 
69.19 ± 1.43ab 

 
77.69 ± 0.79ab 

 
 Blended flour 796.3 ± 3.79c 752.3 ± 2.52d 

 
1033.7 ± 3.51c 

 
73.74 ± 1.95cd 

 
80.19 ± 1.07cd 

 
       
Blue Cotyledon flour 854.3 ± 3.06e 816.7 ± 2.52f 

 
1233.7 ± 3.51e 

 
71.92 ± 1.54bcd 

 
79.19 ± 0.85bcd 

 
 Blended flour 865.3 ± 4.04f 859.0 ± 2.00g 

 
1339.7 ± 2.08f 
 

81.64 ± 1.74e 

 
84.53 ± 0.96e 

 
       
Maple Cotyledon flour 824.3 ± 3.05d 731.3 ± 2.52c 871.0 ± 2.00a 66.82 ± 1.10a 76.39 ± 0.60a 
 Blended flour 674.3 ± 3.21a 653.3 ± 2.08b 1032.7 ± 3.79c 70.06 ± 0.51abc 78.17 ± 0.28abc 

a, b, c Values (means ± SEM) in each column with the same superscript letters are not significantly different (p > 0.05). 
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Fig 6.3 Pasting properties of A) cotyledon flour and B) blended flour. Where, WP, MFP, BP, and MP are White/yellow, Marrowfat, Blue, and Maple 
cotyledon/flour respectively. 
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Fig 6.5. Starch hydrolysis of the cooked (A) cotyledon flours, and (B) blended flours. Where, WP, MFP, BP, and MP are White/yellow, Marrowfat, 
Blue, and Maple cotyledon/flour respectively. G0, G15, and G30 (0, 15, and 30 min of gastric digestion), and I0, I5, I10, I15, I30, I60, I90, and I120 
(0, 5, 10, 15, 30, 60,90, and 120 min of the small intestinal digestion)  
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Fig 6.6. Raw microstructure of cotyledon and blended flour. IC, intact cotyledon cells, S, starch granules & CM, and other cellular materials. 
Where, A, B, C, and D represented White/yellow, marrowfat, blue, and maple cotyledon flours while E, F, G, and H represented White/yellow, 
marrowfat, blue, and maple blended flour.
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The starch hydrolysis of the cotyledon flour for this study was within the range for intact 

cotyledon cells (Do et al., 2019 & Rovalino-Córdova et al., 2019) and lower than the pulse flour 

reported by other authors (Berg et al., 2012 & Romano et al., 2018). The lower rate of starch 

digestion exhibited by the cotyledon flour may be due to the cell wall of the cotyledon cells 

present in the cotyledon flour. The relatively high level of type 1 primary cell wall (xyloglucan 

and pectic polysaccharides) of pulse cotyledon cells has been reported to exhibit high cellular 

integrity after cooking and in vitro starch digestion (Berg et al., 2012, Do et al., 2019 & Edwards 

et al., 2021). That is, the cell wall of the cotyledon cell limits the extent of starch gelatinization 

and subsequently starch digestion by acting as a barrier to the inflow of water and starch-

degrading enzymes during cooking and in vitro digestion, respectively. This may be the 

mechanism behind the lower rate of starch digestion observed for the cotyledon flour in this 

study. 

Another underpinning mechanism that might be responsible for the slow rate of starch 

digestion of the cotyledon flour might be the protein/cell wall matrix (cytoplasmic matrix) 

around the starch granules in the microstructural configuration of the cotyledon flour. The 

micronization techniques (colloid milling) used for the preparation of the cotyledon flour for 

this study significantly affected the protein/cell wall matrix by increasing the content of protein 

and soluble dietary fibre of the cotyledon flour (Chau et al., 2007, Vishwanathan et al., 2011 & 

Shakerardekani et al., 2012). The colloid milling tends to redistribute the fibre components of 

the cotyledon flour from insoluble to soluble dietary fibre through the degradation of 

hemicellulose, cellulose, and lignin into small molecules with improved functionality (Chau et 

al., 2007). The resulting increase in the protein and fibre content after colloid milling is 

reflected in Table 6.4 for this study. This subsequent results in a high-quality protein/cell wall 

matrix might have exhibited as a secondary physical barrier to enzymatic activity in small 

intestinal digestion in vitro.  

The SEM micrographs of cotyledon/ blended flour digesta (cooked, G30, I10, and I 120) are 

shown in Fig 6.7 This is an overview of microstructural components of cotyledon/blended flour 

responses to cooking, gastric, and small intestinal digestion conditions. At the cooking stage, 

the microstructure of cooked cotyledon flour and blended flour exhibited a distinct 

microstructural configuration in the presence of heat and water during cooking.
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I120 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 6.7. Scanning electron micrographs of cotyledon and blended flour digests from the same plant sources (White/yellow pea, Marrowfat pea, 
Blue pea, and Maple pea) sampled during in vitro oral-gastro and small intestinal digestion. Where G30 is gastric digestion at 30 min while I10 and 
1120 are small intestinal digestion at 10 and 120 min respectively 
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The cotyledon flour (Fig 5) exhibited some changes on the cellular surface of the cotyledon 

cells while the blended flour showed some partially gelatinized starch granules. After 30 min 

of the gastric stage, a few partially gelatinized extracellular starch granules and denatured 

protein matrix were exhibited by the cotyledon flour while more starch gelatinized, and 

denatured protein occurred in the blended flour. At the small intestinal digestion stage (I10 

and I120), the presence of swollen honey-comb-like cotyledon cells and dented 

protein/cellular matrix in the cotyledon flour digesta suggested a great number of starch 

granules were either undigested or partially digested after the end of the digestion process. A 

sponge-like (amorphous flakes) network was observed for the blended flour which showed a 

greater extent of starch hydrolysis compared to the cotyledon flour.  

The estimated glycaemic index (eGI) for the cooked cotyledon/ blended flours shown in Table 

6.3 was significantly different from each other (p < 0.05) from the same plant sources. The eGI 

for maple cotyledon and blended flours was the lowest while blue cotyledon and blended 

flours were the highest.  

6.5 Conclusions 
The microstructural, nutritional, and starch digestion properties of a novel cotyledon flour 

prepared via micronization techniques (colloid milling) were compared with the blended flour 

from the same botanical sources in this study. The SEM images of the cotyledon flour showed 

distinct microstructural components from the blended flour from the same plant source. The 

protein and fibre contents of the cotyledon flour were substantially higher than those of the 

blended flour from the same plant sources. The extent of starch gelatinization and subsequent 

starch digestion was lower in the cotyledon flour compared to the blended flour of the same 

botanical sources due to some differences in their microstructural configuration. That is, the 

presence of the primary cotyledon cell wall and a strong protein/cell wall matrix in the 

cotyledon flour were responsible for the lower extent of starch digestion exhibited by the 

cotyledon flour.  

From both food ingredient application and sustainability standpoint, the higher average yield 

(>50 %) and its improved nutritional and functional properties (applicable particle size, higher 

protein, and fiber content, better pasting profile, and medium glycaemic response) of 

cotyledon flour make it a better potential food ingredient in developing a wider range of 
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low/medium glycaemic food products compared to whole pulse seed, cotyledon cells, and 

pulse flour. 
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Chapter 7: The effect of cotyledon flour as a new food 

ingredient on the techno-functional properties of a food 

system 

7.1 Abstract 
In this study, wheat flour for making bread was replaced with 25 and 50 % cotyledon flour and 

its effect on the microstructure, physical-functional properties, starch digestion in vitro, and 

glycaemic response was investigated. The micrographs of these three bread samples showed 

a distinct microstructural organization between the cotyledon flour-formulated bread and the 

control bread samples. Intact cotyledon cells and high levels of cellular materials were 

observed in the cotyledon flour-formulated bread samples. The protein, fibre, and resistant 

starch in the cotyledon flour-formulated loaves of bread were significantly (p < 0.05) higher 

than the control bread. The bake loss, volume, and specific volume decreased with an 

increased percentage of cotyledon flour used in the bread formulation. The colors of the crumb 

and crust of the cotyledon flour-formulated bread were significantly different from the control 

bread (p < 0.05) while the textural profile showed that the crumb hardness and cohesiveness 

of the bread samples increased with an increase in the percentage of the cotyledon flour added 

to the formulation of the bread. The starch hydrolysis for this study showed bread made with 

25 and 50 % cotyledon flour was significantly lower than the control bread sample. The intact 

cotyledon cells with high cellular integrity observed in the microstructures of the bread 

samples confirmed this trend.  

7.2 Introduction 
In the previous study (Chapter 6), a novel cotyledon flour created through micronization 

techniques (colloid milling) was compared to its corresponding blended flour from the same 

botanical sources. A distinct microstructural organization was observed in the two flour types. 

That is, the cotyledon flour contained more cellular materials (cotyledon cells and other cellular 

materials) than the blended flour. Furthermore, the protein/cellular matrix with the 

extracellular starch granules was stronger in cotyledon flour than in blended flour from the 

same plant sources. Other characterizations recorded for the cotyledon flour include particle 

size (< 200 µm), water holding capacity, and pasting properties somewhat comparable to the 
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blended flour. The important highlight from the research was that the starch hydrolysis and 

the estimated glycaemic index of the cotyledon flour were somewhat significantly lower than 

the blended flour from the same sources.  This means when consumed as part of a food 

product, it theoretically has the potential of regulating the rate at which glucose would be 

released into the bloodstream, thus could help prevent diseases like type 2 diabetics and 

cardiovascular diseases (Berrios et al., 2010 & Wang et al., 2019). However, this hypothesis 

needs to be tested using a suitable and viable food system. 

Bread is considered an important staple food and an integral part of modern diets globally 

(Rosell et al., 2015 & Dong & Karboune, 2021). The consumption of bread is recommended in 

all dietary guidelines mainly because it is an important source of protein, dietary fiber, complex 

carbohydrates (starch), vitamins, and minerals (Cauvain & Young, 2007 & Rosell, 2011). The 

main ingredients for making bread are water, flour, salt, yeast, sugar, and fat, which are mixed 

and fermented to form a viscoelastic dough before being baked (Goesaert et al., 2009). This 

creates a suitable heterogeneous food system where numerous macromolecular interactions 

(e.g. starch-protein, protein-fibre, starch-protein-fibre, etc) confer desirable functional, 

nutritional, and textural properties on the finished product (baked bread). Researchers have 

used this food system template to test out the effects of new formulations such as the 

replacement of wheat flour with legume on the techno-functional properties of bread (Miñarro 

et al., 2012, Millar et al., 2019, Sadowska et al., 2003, Boukid et al., 2019 & Paladugula et al., 

2021). 

In this regard, bread would be a suitable food system to test out the quality and techno-

functional properties of the novel cotyledon flour. Therefore, wheat flour for making bread 

was replaced with 25 and 50 % cotyledon flour, and the effect of this on the microstructure, 

physical-functional properties, starch digestion in vitro, and glycaemic response was evaluated. 

7.3 Material and Methods 
7.3.1 Ingredients 

A locally grown whole dry pea seed variety, Maple pea (MP), was supplied by Cates Grain and 

Seed (Ashburton, New Zealand). The novel MP cotyledon flour was created via colloid milling 

as described in Chapter 4, freeze-dried, and stored at 4 °C until further use.  The MP cotyledon 

flour was selected because it exhibited the lowest starch hydrolysis compared to other 

cotyledon flours as reported in the previous chapter. All-purpose wheat flour, gluten, and yeast 





 

125 | P a g e 
 

 

Table 7.1 Ingredient formulations for making bread. 

 Flour

/g 

Cotyled

on 

flour/g 

Gluten

/g 

Yeast

/g 

Sugar

/g 

Salt

/g 

Milk 

powde

r/g 

Butter

/g 

Egg 

white

/g 

Water

/g 

Control 250 / / 3 15 4 25 25 28 ~130 

25% of 

cotyled

on flour 

187.5 62.5 9.42 3 15 4 25 25 28 ~165 

50% of 

cotyled

on flour 

125 125 18.83 3 15 4 25 25 28 ~230 

 

 

7.3.3 Proximate composition of bread 

The moisture content of the resulting bread samples was determined by an air oven drying 

method at 108 °C (AOAC, 2012). Subsequently, the contents of crude protein and crude fat in 

bread samples were analyzed by the Kjeldahl method using a conversion factor of 6.25 from 

nitrogen to protein and the Mojonnier method, respectively (AACC, 2000 & AOAC, 2012). The 

acid/alkali hot extraction method (AOAC, 2012) was used to quantify the fiber content of 

bread. The gravimetric method which involved heating the bread samples at 600 °C for 3hr 

was used to determine the ash content (AACC, 2000). The carbohydrate contents of the bread 

samples were estimated via calculation by subtracting the summation of all other components 

from 100 %. All experiments were conducted in triplicate. 

The total starch and resistant starch contents of the bread samples were analyzed using a total 

starch and resistant starch assay kit (KTSTA and K-RSTAR, Megazyme International Ireland Ltd., 

Ireland) following the manufacturer's instructions. Results were reported on a dry weight basis 

(%). 
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7.3.4 Physical Characterization of the Bread 

7.3.4.1 Bake loss 

 The bake loss for this study was calculated according to the formula described by Miñarro et 

al. (2012) 

�$�=�G�A���H�K�O�O���:�¨ �; 
L
�:�+�J�E�P�=�H���S�A�E�C�D�P���K�B���>�=�P�P�A�N
F�S�A�E�C�D�P���K�B�����>�N�A�=�@���=�B�P�A�N���?�K�K�H�E�J�C�; 
H�s�r�r

�+�J�E�P�=�H���S�A�E�C�D�P���K�B���>�=�P�P�A�N
 

 

7.3.5 Volume and specific volume of the loaf 

The bread volume was determined by the rapeseed displacement method according to AACC 

method 10-05.01. The specific loaf volumes were obtained by dividing the volume of the bread 

loaf by the loaf weight (expressed as mL/g). 

7.3.6 Bread PH 

The bread pH was determined using a method described by Yu et al. (2018). A 10 g of bread 

crumbs were homogenized with 90 mL of distilled water in a blender. The pH value was 

measured and recorded using a pH electrode (Hanna, HI1131B). 

7.3.7 Colour analysis of the bread crust and crumbs 

The color parameters, L*, a*, and b* values for the crust and crumb were determined by 

Minolta chroma CR-400 colorimeter (Konica Minolta Sensing Americas, Inc., USA). The brown 

index was calculated as a 100 - L* value (Giannone et al., 2018). The colorimeter was calibrated 

using a standard white plate before its use. Samples were measured in triplicate.  

 

7.3.8 Textural profile analysis of bread  

The texture profile analysis (TPA) was performed according to the method described by Tóth 

et al. (2022) with some adjustments. The middle slices of the bread were used as a 

representative of the samples. The TPA was performed on two middle slices at room 

temperature using a texture analyzer (Stable Micro Systems TA.XT2) with a 36-mm diametric 

acryl cylindrical probe. The applied settings were 50kg load cell, 40 % compression at 2 mm/s, 

and 5 s of waiting time between compressions. 
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the usual trend of incorporating legumes/or pulse ingredients in bakery products (Dovi et al., 

2017 & Johnson et al., 2004). 

7.4.2 Physical Properties of the bread samples 

The bake loss during baking recorded for this study decreased with an increased percentage 

of cotyledon flour used in the bread formulation (Table 7.3). Although there was no significant 

difference in bake loss (%) between the control and 25 % cotyledon flour-formulated bread, 

the 50 % cotyledon flour-formulated bread had a lower bake loss than the control and 25 % 

cotyledon bread samples. The trend exhibited by this study is consistent with the study 

reported by Miñarro et al. (2012).    

The volume and the specific volume of bread samples decreased with an increase in the 

percentage of cotyledon flour used. The results for the volume and specific volume for this 

study are in tandem with other authors (Paladugula et al., 2021 & Millar et al., 2019). Specific 

volume is a quality indicator in bread, which implies freshness (high crumb porosity) (Cauvain, 

2015). Dough composition, processing conditions, and dough rheology are factors that affect 

specific volumes of bread during proofing and baking (Clark & Aramouni, 2018). During 

proofing, carbon dioxide produced via fermentation is trapped as tiny pockets of air within the 

dough, this causes the dough to rise (Cauvain, 2015). The abovementioned factors impart gas 

retention capabilities to sustain the volume during proofing and baking.
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Table 7.2 Nutritional Properties of bread samples 

a, b, c Values in each column with the same superscript letters are not significantly different (p > 0.05). 

 

 

 

Bread 
composition 

Moisture (%)  Protein (%)  Fat (%)  Fibre (%)  Ash (%)  Carbohydrate 
(%)  

Total starch 
(%) 

Resistant starch 
(%) 

Control 5.23 ± 0.15a 13.21 ± 0.10a 8.17 ± 0.08a 0.78 ± 0.07a 

 
2.24 ± 0.08a 

. 
70.35 ± 0.08c 

 
50.33 ±0.08c 

 
 

0.36 ± 0.05 a 

 

25% 
cotyledon 
flour 

5.86 ± 0.05b 17.07 ± 0.04b 9.38 ± 0.11c 1.59. ± 0. 39b 

 
2.49 ± 0.04b 

 
63.59 ± 0.13b 

 
48.96 ±0.48b 

 
1.28 ± 0.28b 

 

50% 
cotyledon 
flour 

5.00 ±0.30a 20.20 ± 0.07c 8.65 ± 0.11b 1.59 ± 0.32b 

 
 

2.61 ± 0.01b 

 
61.94 ± 0.18a 

 
42.30 ±0.15a 

 
2.17 ± 0.28c 
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The results from this study indicate that the formation and stabilization of this gas network 

during proofing and baking were affected as the percentage of the cotyledon flour increased 

in the formation.  

 The pH of bread products is characterized by sourness or bread flavor (Clark & Aramouni, 

2018). The pH of the bread samples was reduced with increased incorporation of cotyledon 

flour. The abovementioned trend is consistent with other authors (Liu et al., 2018). 

Table 7.3 Physical properties of bread samples  

Bread 
composition 

Bake loss (%)  Volume(ml) Specific 
volume(ml/g)  

pH 

Control 9.45 ± 0.01b 1386.6 ± 32.14c 

 
3.21 ± 0.07c 

 
6.32 ±0.03c 

 
 

25% cotyledon 
flour 

9.05 ± 0.13b 

 
1236.6 ± 32.15b 

 
2.66 ± 0.06b 

 
6.02 ± 0.01b 

 
50% cotyledon 
flour 

7.99 ± 0.26a 

 
1126.6 ± 55.07a 

 
2.30 ± 0.11a 

 
5.85 ±0.04a 

 
a, b, c Values in each column with the same superscript letters are not significantly different (p > 

0.05). 

7.4.3 Colour and textural properties of the bread samples 

The colour and textural properties of the bread samples are reported in Tables 7.4 and 7.5. 

The incorporation of cotyledon flour in bread considerably imparted the colour dynamics of 

the bread samples in this study.  As expected, the crust and crumb of the control bread were 

significantly lighter (L*) than the bread formulated with cotyledon flour (P < 0.05). The 

reduction in L* for the pulse-formulated bread samples can be attributed to an increase in 

protein content which leads to an increase in the Maillard-browning reaction (Millar et al., 

2017). The brown indexes of the crust and crumb in the cotyledon flour-formulated bread were 

higher than in the control bread sample.  
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Table 7.4 Colour analysis of bread samples 

a, b, c Values in each column with the same superscript letters are not significantly different (p > 0.05). 

 

Table 7.5 Textural Properties of bread samples  

Bread 
composition 

Hardness (N)  Springness Cohesiveness Gumminess (N) Chewiness (N) Resilience 

Control 2174.0± 
208.2a 

 

0.86 ±0.05a 

 
 

0.71 ± 0.06a 

 
1539.5 ± 23.7a 

 
1344.6 ± 46.76a 

 
0.1992 ± 0.03a 

 

25% 
cotyledon 
flour 

6786.4±732.5
b 

 

0.96±0.04 b 

 
0.78 ± 0.07ab 

 
5903.4 ± 
890.9b 

 

5846.15 ± 916.4b 

 
0.2387 ± 0.03a 

50% 
cotyledon 
flour 

8602.5 ± 
743.4c 

 

0.82 ±0.20a 

 
0.87 ± 0.06b 5398.9 ± 

510.1b 
5333.2 ± 261.0b  

0.3307 ± 0.00b 

a, b, c Values in each column with the same superscript letters are not significantly different (p > 0.05).

  Crust Colour    Crumb 
Colour 

  

Bread 
composition 

L a*   b*  Brown index L a*  b* Brown index 

Control 37.82 ±0.01b 

 
16.65 ±0.45c 

 
 

1.75 ± 1.01c 

 
62.18 ± 1.01a 

 
73.47 ± 0.77c 

 
-1.95 ± 0.10a 

 
18.90 ± 1.19a 

 
26.52 ± 0.77a 

 

25% cotyledon 
flour 

28.40 ± 3.26a 

 
13.05 ±0.64a 

 
2.45 ±1.41b 

 
71.59 ± 3.26b 

 
58.66 ± 0.97b 

 
3.66 ± 0.30b 

 
18.04 ± 0.48a 

 
41.33 ±0.97b 

 
50% cotyledon 
flour 

28.86 ±2.35a 

 
13.59 ± 2.43a 

 
1.88 ± 1.08a 

 
71.14 ± 2.35b 

 
53.63 ±0.20a 

 
5.26 ± 0.08c 

 
18.22 ± 0.28a 

 
46.36 ± 0.20c 
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The textural profile analysis (Table 7.5) showed that the crumb hardness and cohesiveness of 

bread samples increased with an increase in the percentage of cotyledon flour added to the 

formulation of bread. The springiness of the bread formulated with 25 % cotyledon flour was 

significantly different (P < 0.05) from the control and 50 % cotyledon flour bread. The 

gumminess and chewiness of the bread formulated with cotyledon flour were almost 4 times 

higher than the control bread. The resilience of the bread samples increased with an increased 

percentage of the cotyledon flour added to the formulation. The trend recorded for crumb 

hardness for this study agreed with the study reported by Bourré et al. (2019). The significant 

difference in crumb hardness between the control and the cotyledon flour-formulated bread 

samples could be related to the specific volume of bread samples which was much lower in the 

pulse-formulated bread. The gas cells in the dough of the pulse-formulated bread sample have 

a thicker cell wall than the control bread, so when they collapse during baking, they tend to 

form coalescence which leads to more tightly packed breadcrumbs (Smith et al., 2012). 

 

 

 

Fig 7.1 Starch hydrolysis of bread samples. G0, G15, and G30 (0, 15, and 30 min of gastric 
digestion), and I0, I5, I10, I15, I30, I60, I90, and I120 (0, 5, 10, 15, 30, 60,90, and 120 min of the 
small intestinal digestion. 
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cotyledon flour-formulated bread may be due to the modulating effect of the intact cotyledon 

cells present in the baked bread (Figure 7.2). That is, the cotyledon cell wall limited the inflow 

of water and starch-degrading enzymes to intracellular starch granules during baking and in 

vitro oral gastro-small intestinal digestion, respectively. This led to a level of partial 

gelatinization of intracellular starch granules during baking and subsequently starch digestion. 

The starch digestibility of pulse-formulated bread samples tends to decrease with an increase 

in the percentage of the cotyledon flour used. The protein/cellular material matrix presence in 

the pulse-formulated bread samples may also be responsible for the lower starch hydrolysis 

exhibited by the samples. Due to the slightly higher protein and fibre contents (Table 7.2) 

reported for the pulse-formulated bread samples, a stronger cytoplasmic matrix may be 

formed around the extracellular starch granules (Figure 7.2) compared to the control bread 

samples, thus, providing a sort of barrier to starch-degrading enzymes during the digestion 

procedure. 

An overview of the microstructural images of bread samples after baking and at gastric (G30) 

and small intestinal digestion conditions (I10 & I120) is illustrated in Figure 7.2. After baking, 

the microstructure of the cotyledon flour-formulated bread was characterized by the presence 

of intact cotyledon cells (Figure 7.2) embedded in the bread structure. The integrity of the 

cotyledon cells tends to be preserved during the progression of the starch digestion stage from 

gastric (G0) to small intestinal digestion (I10 & I120) as shown in Figure 7.2. This further 

explained the lower starch hydrolysis exhibited by pulse-formulated bread samples. This was 

reflected in the estimated glycaemic index (eGI) of the cotyledon flour-formulated bread (Table 

7.6) which was significantly lower than the control bread sample (P < 0.05). The resistant starch 

content of the bread samples for this study (Table 2) may also play a pivotal role in this trend, 

as it has been proven to influence the glycaemic and insulinemic postprandial responses by 

slowing the release of glucose (Berrios et al., 2010).  
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Fig 7.2 Scanning electron microscopy image of baked and digested bread samples (control, 25 and 50 % cotyledon flour). Where G30 is gastric 

digestion at 30 min while I10 and 1120 are small intestinal digestion at 10 and 120 min respectively 

I10 

   

I120 

   










































































































































