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Abstract 

In this study the effectiveness of limited enzymatic hydrolysis on improving the 

functional and nutritional properties of a chickpea protein isolate (CPI) was examined. Three 

different proteases (trypsin, pepsin, and papain) were used under controlled pH (7.0, 2.6, and 

6.2) to hydrolyze the protein to between 5 and 15 percent degrees of hydrolysis (% DH). 

Following hydrolysis net negative charge increased when measured at pH 7.0, increasing further 

with higher levels of trypsin and papain treatment from -17.1 mV in the untreated isolate up to -

21.4 mV. Surface hydrophobicity increased from 23.9 AU in the untreated isolate to 37.6 ~53.9 

AU following enzyme treatments. Trypsin and papain hydrolysis were noted to improve CPI 

solubility at pH 4.0, up to 19.0% from an initial 6.5% in the untreated isolate. Hydrolysis slightly 

decreased CPI solubility at pH 7.0 (from 54.6% to 50.7%), while at pH 10.0, 10% DH and 15% 

DH trypsin and papain hydrolysis increased CPI solubility (from 57.4% to between 66.0% and 

67.7%). However, 15% DH pepsin hydrolysis decreased solubility (from 63.7% to 52.1%). 

Increasing levels of pepsin and papain hydrolysis were found to improve water holding capacity 

(WHC) (from 3.1 g/g to between 3.6 and 5.1 g/g). In contrast, all hydrolyzed samples showed 

minor decreases in oil holding capacity (OHC), when compared to controls (4.0 g/g to between 

2.9 and 3.7 g/g). 

Emulsifying activity and stability (EAI and ESI) were both found to be strongly linked 

with pH, with these parameters improving under more alkaline conditions. Hydrolysis of the CPI 

was found to lead to improvements in EAI for emulsions prepared at pH 4.0 (from 33.2 m
2
·g

-1
 to 

between 39.7 and 61.2 m
2
·g

-1
), as well as at pH 10.0(from 99.2 m

2
·g

-1
 to between 94.4 and 293.5 

m
2
·g

-1
), with papain treatment generating the largest increases. Changes to EAI at pH 7.0 were 

not noted for any of the samples. In terms of ESI, trypsin hydrolysis led to an increase in stability 

of emulsions prepared at pH 4.0, while no changes were noted at either pH 7.0 or 10.0. 

Emulsions prepared at pH 10.0 were stable, displaying little separation. Foaming capacity and 

stability (FC and FS) were also found to be linked with pH, improving under alkaline conditions. 

When foams were generated at pH 4.0, heat treatment led to decreases in foaming capacity (from 

81.1% to 51.7%) while enzymatic treatment led to significant increases thereafter (from 51.7% to 

84.4%). Enzyme treatments moderately increased foaming capacity at pH 7.0 (from 128.9% to 

between 124.2% and 174.4%). All of the foams prepared at pH 10.0 using the hydrolysates were 

superior to controls, with optimal conditions observed at 5% DH for pepsin and papain and 15% 
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DH for trypsin. Foaming stability varied between pH 4.0 and the higher pH conditions (65.8% to 

96.8% volume lost, compared to between 6.8% and 37.2% volume lost). Foams prepared at pH 

10.0 showed decreased stability following higher degrees of hydrolysis (DH >10%), with trypsin 

treatment resulting in the most unstable foams (from 19.3% to 37.2% volume lost, compared to 

between 12.4% and 20.5% volume lost). 

Phenolic contents decreased from 1.6 gallic acid equivalents (GA) per gram in the 

untreated isolate to between 0.6 and 1.3 mg GA/g in the hydrolysates. Tannin levels were not 

detectable in any of the chickpea protein isolates, despite considerable levels present in the 

original flour (176.7 mg/ml extract). Trypsin hydrolysis was found to be less effective at 

reducing trypsin inhibitory capacity (from 7.2 to 5.6 TIU) when compared to pepsin and papain 

(from 4.2 to 1.7 TIU). Chymotrypsin inhibitor levels decreased following enzyme treatment 

(from 5.5 CIU to between 1.7 and 4.2 CIU). Tryptophan was found to be the most limiting amino 

acid in the untreated isolate (83% the recommended value). Cysteine and methionine became 

limiting following every hydrolysis, potentially due to the release of small peptides which could 

not be reclaimed during sample preparation. In vitro protein digestibility corrected amino acid 

scores (IV-PDCAAS) decreased substantially following hydrolysis compared to the untreated 

CPI (from 64.80% to 55.20%), compared to 68.24% in the untreated isolate. 

In summary, enzymatic hydrolysis was observed to have powerful effects on the various 

chemical and functional properties. Notably, most hydrolysates possessed improved emulsifying 

capacity/stability and foaming properties. Hydrolysis had mixed effects on the nutritional 

properties, with decreases noted for all analyzed bioactive compounds, alongside a decline in the 

overall quality of the protein content, particularly following high levels of hydrolysis. Enzymatic 

hydrolysis therefore has been identified as a feasible means of improving the functionality of 

chickpea protein isolates. However, in order to minimize negative effects to the nutritional 

profile, 5% to 10% hydrolysis may prove most desirable. 
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1. PROJECT OVERVIEW 

 

1.1 Introduction 

The demand for plant protein ingredients in the food industry is rising as consumers 

search for nutritious, low-cost, alternatives to soy and animal-derived proteins. This demand is 

multifaceted and driven by factors including: (1) changing dietary preferences due to religious, 

moral, or healthy living beliefs; (2) the rising cost of dairy and meat proteins; (3) concerns over 

environmental sustainability; (4) development of allergy towards soy proteins; and (5) perceived 

fears over diseases associated with the consumption of animals (e.g., Bovine Spongiform 

Encephalopathy) and genetically modified organisms (GMOs) (World Resources Institute, 2016; 

Dietary Guidelines Advisory Committee, 2015). In developing economies, increasing the 

utilization of plant protein sources has also been proposed to guard against food insecurity. 

Currently 12% of people worldwide suffer from undernutrition; a problem expected to be 

compounded by rising human populations and reduced agricultural productivity caused by 

climate change (Food and Agriculture Organization of the United Nations, 2019). In these 

contexts, pulses have been emerging as particularly attractive sources of plant protein (Mudryj et 

al., 2014, Rebello et al., 2014). 

The term ‘pulse’ has two meanings; firstly it refers broadly to a sub-group of widely 

cultivated members of the Leguminosae/Fabaceae family, including field pea (Pisum sativum), 

lentils (Lens culinaris), cowpeas (Vigna unguiculata), chickpeas (Cicer arietinum), and several 

others. More specifically, pulses also refer to the dried and edible seeds of the aforementioned 

plants. These cultivars are already a key component in Canada’s agricultural sector; in 2016, 

over 5 million tonnes of pulses were exported from Saskatchewan alone, including red lentils 

(valued at $1.4 billion), yellow peas ($1.0 billion), green lentils ($659 million), green peas ($205 

million) and chickpeas ($91 million) (Saskatchewan Pulse Growers, 2018). Pulses are often 

considered particularly valuable owing to their symbiotic relationships with nitrogen fixing 

bacteria. This relatively rare property enables the developing plants to produce nitrogenous 

compounds directly from atmospheric sources, reducing their reliance on nitrogenous nutrients 
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within the soil, thereby decreasing the need for artificial soil fertilization (Duranti, 2006, 

Derbyshire et al., 1976). Additionally, upon plant death, these often-limited nutrients are 

released, fertilizing the soil for more nitrogen-dependent crops thereafter (Moncada & Sheaffer, 

2010). 

In addition to their agronomic advantages, pulses are considered highly nutritious, 

providing rich sources of protein, carbohydrates, vitamins and minerals (Boye et al., 2010a; 

Duranti, 2006). Furthermore, numerous health benefits are associated with pulse consumption, 

including lowered cholesterol levels and a decreased risk of type-2 diabetes as well as some 

cancers (Hirdyani, 2014). Despite these benefits however, pulses also contain various bioactive 

compounds, which detract from their nutritional value (Haileslassie et al., 2016). Though many 

of these compounds also possess beneficial qualities, relatively simple processing such as 

cooking and boiling are typically used to reduce their influences prior to human consumption 

(Margier et al., 2018). In recent years researchers have begun examining other processing 

methods aimed at achieving similar effects; including germination (Ghavidel & Prakash, 2007), 

fermentation (Hemalatha et al. 2007), extrusion (Alonso et al., 2000), and infrared heating 

(Fasina et al., 2007). As an additional benefit, many of these processes have been shown to 

improve the functional properties of pulse protein extracts, further increasing their potential 

utility in a diverse range of protein products (Singhal et al., 2016). 

The overall goal of this research study was to use partial enzymatic hydrolysis as a means 

of improving the nutritional properties (i.e., protein corrected amino acid score, levels of 

trypsin/chymotrypsin inhibitors and polyphenolic/tannin contents) of a chickpea protein isolate 

(CPI) by modifying its native structure. It was also anticipated that this process can enhance the 

surface and functional properties of the chickpea protein isolate, thereby making the material 

more useful as an ‘ingredient line extension’ for use in the protein isolate product industry. More 

specifically, hydrolysis was predicted to produce improvements to the various functional 

properties up to a certain point, with decreasing effects observed thereafter. In particular, 

hydrolysis of less than 10% DH, and perhaps less than 5% DH, was expected to be optimal. 

Higher levels in turn (>15% DH) were expected to have more negative influences on 

functionality (Panyam & Kilara, 1996). Most nutritional properties in contrast were expected to 

improve with increasing degree of hydrolysis (% DH). The amino acid profile and overall 

protein content (%w/w), were not expected to differ significantly following hydrolysis. Three 
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proteases were chosen for analysis in this study (trypsin, pepsin and papain) on the basis of their 

relatively high activities and stabilities, as well due to their diversity of catalytic properties. This 

diversity in turn was expected to result in the production of protein hydrolysates with 

dissimmilar functional and nutritional properties. 

 

1.1  Objectives 

The purpose of this research is to investigate the effects of enzymatic modification on the 

various functional and nutritional properties of a CPI. To achieve this, the following objectives 

were realized: 

a. Optimizing the enzymatic modification of the CPI to achieve three different levels of 

hydrolysis (5% DH, 10% DH and 15% DH) using three different proteases (trypsin, 

pepsin and papain).  

b. Examine the effect of degrees of hydrolysis on the physicochemical properties of CPI. 

c. Examine the effect of degrees of hydrolysis on the functional properties of CPI. 

d. Examine the effect of degrees of hydrolysis on the protein quality of CPI. 

 

1.2  Hypotheses 

The following hypotheses were tested as part of this research: 

a. Enzymatic hydrolysis will result in decreased surface charge and increased 

hydrophobicity as buried amino acids are exposed due to partial denaturation. 

b. Limited hydrolysis (less than 10% DH) will result in increased solubility, emulsifying 

activity/stability, foaming capacity/stability and water/oil holding capacities.  

c. Higher degrees of hydrolysis (more than 10% DH) will result in decreases to emulsifying 

and foaming indices.  

d. Hydrolysis will reduce trypsin/chymotrypsin inhibitor levels, as well as tannin/phenol 

contents to make the CPI more digestible.   

e. Hydrolysis will not drastically modify protein corrected amino acid score but will 

improve in vitro protein digestibility scores. 

f. The same (% DH) on a CPI sample using different proteases will produce protein 

hydrolysate of variable quality.  
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2. LITERATURE REVIEW 

 

2.1 Chickpea Overview 

Chickpeas (Cicer arietinum), also known as garbanzo beans, have been somewhat 

underutilized in the pulse protein industry, particularly in comparison to peas. This is despite 

chickpeas being one of the most important pulse crops, out-produced only by dry beans and field 

peas. There are two major types of chickpea: the large and cream coloured kabuli and the 

smaller, darker desi. Due to a thicker seed coat, desi chickpeas generally contain higher amounts 

of protein than the kabuli varieties; however, protein contents can also vary significantly between 

specific genotypes, as well due to the conditions present during crop production (quality of soil, 

presence of pests, climate, etc.) (Hirdyani, 2014). Concerning nutrient composition, chickpeas 

possess high levels of proteins (17% to 30% dry basis) and carbohydrates (41% to 50% d.b.) 

which together make up approximately 80% of the total dry mass. In addition, chickpeas also 

contains relatively high fat contents (5% to 7% d.b.) (Boye et al., 2010a; Hirdyani, 2014). 

Moreover, compared to some other pulses such as peas and lentils, chickpeas have not been 

reported to possess significant off-flavours (Roland et al., 2017). Once generated, chickpea 

proteins isolates (CPI) have also been shown to display good functional properties, potentially 

increasing their value as a line-extension ingredient (Can Karaca et al., 2011a). In sum chickpeas 

present an ideal target for the development of inexpensive, nutritional, and functional plant 

protein products. 

 

2.1.1 Protein 

Like all pulses, the protein content of chickpeas are dominated by four main fractions, 

identified by their solubility in various solvents. The most significant of these are salt soluble 

globulins (53% to 60% dry basis), followed by alkali soluble glutelins (19% to 24% d.b.), water 

soluble albumins (8% to 12% d.b.), and alcohol soluble prolamins (3% to 7% d.b.) (Boye et al., 

2010a). Globulin proteins are thought to consist primarily of non-metabolically active storage 
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proteins, and can be further divided into three subtypes: legumin, vicilin, and convicilin. 

Legumin is an 11S protein found in hexameric structures with a total molecular mass of 320 to 

400 kDa. Each of its 6 subunits are comprised of an acidic α-chain (molecular mass of 40 kDa) 

with a basic β-chain (molecular mass of 20 kDa), anchored together by a disulfide linkage (Day, 

2013). Vicilin in contrast, is a 7S trimer with a molecular mass of 175 to 180 kDa, and its 

subunits are held together by non-covalent forces, lacking the disulfide linkages found in 

legumin proteins (Boye et al., 2010a). Closely related to vicilin, the third class of globulin 

protein are known as convicilins. Convicilin is a trimeric 7S protein with a molecular mass of 

270 kDa. Unlike vicilin however, these proteins contain very little bound carbohydrate content 

and include greater levels of sulphuric amino acids (Newbigin et al., 1990; Boye et al., 2010). 

Glutelins are another group of dedicated seed storage proteins. In contrast to globulins, glutelins 

are poorly expressed in legumes compared to other plants such as cereals. Molecular weights of 

proteins in this group range from 45 to 150 kDa and are comprised of 34 to 39 kDa α-

polypeptides and 21 to 23 kDa β-polypeptides homologous with those belonging to the 7S 

globulin fraction (Day, 2013). Albumins in turn are a family of water-soluble proteins that 

contain metabolically active molecules in addition to being storage and structural proteins. 

Among these functions is their role in impairing animal digestion through the action of protease 

and amylase inhibitors. These proteins range in molecular masses from between 5 and 80 kDa 

(Klupsaite & Juodeikiene, 2015). Notably albumins and glutelins both comprise a significant 

portion of the overall levels of thiol containing amino acids. As a result, some researchers have 

suggested selectively breeding chickpea cultivars to produce a greater fraction of these 

molecules, potentially creating a chickpea crop with a more complete amino acid profile (Singh 

& Jambunathan, 1982). Finally, prolamins are comparatively poorly studied in pulse crops but 

are significant for containing high levels of proline and glutamine, from which they derive their 

name (Boye et al., 2010). 

 

2.1.2 Lipids  

As mentioned above, chickpeas are somewhat atypical due to possessing heightened 

levels of lipids (~6%) compared to other pulses such as lentils (~1%), beans and to lesser extent 

peas (~1.6%); nevertheless, chickpeas are not considered a true oilseed crop, as is the case with 

soybean (Boye et al., 2010a; Margier et al., 2018). Within this lipid content chickpeas possess 
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significant amounts of the nutritionally important omega-6 linoleic acid (51.2%) and omega-9 

oleic acids (Hirdyani, 2014). Chickpeas also possess significant levels of the antioxidant -

tocopherol (vitamin E) (8.2 mg/100 g) when compared to other pulses; including mung bean (5.1 

mg/100 g), lentils (4.9 mg/100 g), kidney bean (2.1 mg/100 g) and peas (1.3 mg/100 g) (Jukanti 

et al., 2012). As a result, chickpea oil is likely more protected from oxidative stress compared to 

other pulse oils, potentially increasing its shelf life past what would normally be expected (Zia-

ul-Haq et al., 2009). 

 

2.1.3  Carbohydrates  

Carbohydrates typically to represent 49% to 68% of the dry weight for most pulses, with 

chickpeas trending towards the higher end of this spectrum (Peter, 2018). Unfortunately, 

included in this total content are significant amounts nutritionally unavailable biomolecules such 

as oligosaccharides and glycosides. These compounds are not normally absorbed by the human 

digestive tract, instead being hydrolyzed by enteric bacteria through fermentative pathways. As a 

result, chickpea consumption can lead to increased flatulence and abdominal discomfort 

(Haileslassie et al., 2016). As with other pulses, chickpeas also contain significant amounts of 

starch (41% to 50% of total carbohydrate content). In comparison to cereals pulses also tend to 

contain greater fractions of amylose, resulting in lower starch digestibility and, therefore, 

decreased carbohydrate value. 

 

2.1.4 Vitamins and Minerals 

Like other pulses, chickpeas are considered to be good sources of several vitamins 

including riboflavin, niacin, and thiamine. Of particular note is that chickpeas have been found to 

contain elevated levels of the important vitamin A precursor β-carotene (14.6 mg/100 g) relative 

to certain other pulses, such as beans (not detected) and lentils (6.9 mg/100 g). Moreover, 

increased chickpea consumption has been correlated with higher nutrient intakes for a variety of 

micronutrients including vitamin A, E and C, as well as folate; and has been suggested as a 

possible counter to B-vitamin deficiencies (Hirdyani, 2014; Wallace et al., 2016, Margier et al., 

2018). In addition to vitamins, chickpeas contain nutritionally important levels of several 

minerals including magnesium, calcium, zinc and iron, as well as trace amounts of the 
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nutritionally important selenium. Specifically, 200 g of raw chickpeas can meet the daily male 

requirement for magnesium, zinc and iron; a particularly valuable quality given how zinc and 

iron deficiencies are among the most common nutrient deficiencies (Jukanti et al., 2012; World 

Resources Institute, 2016).  

 

2.2 Protein Extraction 

Currently much of the plant protein market is dominated by three ingredient types, 

loosely defined according to their protein concentrations; protein flours (less than 50% protein 

d.b.), protein concentrates (approximately 60% to 70% protein d.b.) and protein isolates (80 to 

90% protein d.b.). These products are used in many and expanding roles, including dietary 

supplements and meal replacements (protein isolates/concentrates), baked goods (protein flours) 

and in the creation of meat analogues (Klupsaite & Juodeikiene, 2015). However, to achieve 

these levels of protein concentrations, a significant level of processing is first required. Various 

extraction methods are used or have been studied to this effect, with different processes often 

possessing unique sets of advantages and disadvantages in relation to protein quality/quantity or 

environmental/financial costs. The protein extraction processes most commonly used are divided 

into “dry” and “wet” categories; which can nonetheless be used in tandem to achieve greater 

levels of purity. It should be noted that protein products made from pulses often have their fat 

contents removed prior to processing in order to both improve final protein yields as well as 

extend the shelf life of a given protein product. 

 

2.2.1 Dry Processing 

Protein-enriched fractions can be obtained from starch-rich legumes using milling (e.g., 

pin mill) the pulse into flour followed by air classification. Milling first destroys the integrity of 

the seed cotyledon and other plant cells, separating proteins from other cellular components 

while leaving starch granules intact (Boye et al., 2010b). During air classification, the plant 

materials are suspended in a stream of air, where, depending on its weight and density, particles 

experience different levels of frictional drag within the column. As a result, the heavier and 

coarser fractions, typically composed of starch-rich particles 15 to 40 µm in diameter can be 

separated from finer protein-rich fractions approximately 5 µm diameter (Pelgrom et al., 2013). 

This gives air classification the notable advantage of not requiring any additional chemical 
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treatment, allowing proteins to retain their original functionality, in addition to reducing 

operating costs and limiting waste production. Moreover, this process can be repeated several 

times in order to improve separation. However, several disadvantages are also present, 

evidentially air classification works best under low fat conditions as lipids can bind to and 

interact with the protein contents, interfering with the effective separation that air classification 

relies upon (Elkowicz & Sosulski, 1982). Another limitation is that this process selects only by 

particle size/density, not necessarily composition. As a result, given how “fine” and “coarse” 

particles are not uniformly comprised of protein or starch respectively, there is a theoretical 

maximum to the purity of protein air classification can achieve (Plant & Moore, 1983). 

Generally, air classification is used to create both pulse protein enriched flours and 

concentrates, ranging from 40% to 65% protein (d.b.) (Gueguen, 1983; Boye et al., 2010a; 

Pelgrom et al., 2013). This range is evident in Tyler et al. (1981). In their study, a range of 

pulses were subjected to single pass air classification resulting in a variety of protein 

concentrations including 56.3% to 59.2 %, d.b. (peas), 49.3% to 64.6 %, d.b. (lentils), 58.6% to 

61.3 %, d.b. (navy bean) and 71.3% to 75.1 %, d.b. (faba beans). In the case of chickpeas, 

however, Elkowicz & Sosulski (1982) showed this method to be somewhat less effective, 

generating 49.9%, d.b. protein concentrates, compared to 61.3% (navy Bean), 75.1% (faba bean) 

and 56.3% (field Pea). The authors attributed this decreased yield to the higher lipid contents 

found in chickpea flour relative to other pulses. More recently, Pelgrom et al. (2015) confirmed 

this lower yield, with their methods enriching chickpea flour to only 45.3% d.b. This was despite 

the experimenters using double pass air classification, milling the fine fraction from air 

classification to particle sizes of ~8 µm, and then resending them into the apparatus for further 

separation. 

 

2.2.2  Wet Processing 

Wet processing is typically required to generate products with protein purities in excess 

of 70%, with some methods capable of generating isolates that are 90% protein or higher 

(Singhal et al., 2016). Wet processing consists of methods including: alkaline 

extraction/isoelectric precipitation, salt extraction, and alcohol extraction. In contrast to dry 

processing, wet processing typically requires significant amounts of energy, water, and 

chemicals, making these processes somewhat more costly. In addition, wet processes typically 
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cause significant effects on native protein structures, often modifying or wholly denaturing these 

molecules. As a result, depending on the particular method of protein extraction used, 

functionality can be highly modified, particularly if only certain specific protein fractions (i.e. 

globulins or albumins) were extracted. Furthermore, due to being dependent on protein 

solubility, wet processing can be hindered by high levels of insoluble proteins, or the presence of 

lipids, which may be removed prior to extraction in order to improve yields (Sandberg, 2011). 

 

2.2.3  Alkaline Extraction and Isoelectric Precipitation 

This method of protein isolation relies on the property of proteins to obtain net positive or 

negative charges when adjusted to highly acidic or basic conditions, respectively. Since the 

strong electrostatic repulsions caused by amino acid charges increases protein solubility, the pH 

adjustment can, therefore be used to selectively keep or remove protein components within a 

given solution. In this process proteins are first extracted by dispersing the flours/enriched 

flours/protein concentrates into alkaline pH’s (8.0 to 9.5), thereby maximizing the solubilisation 

of the protein. The solution is then clarified to remove insoluble materials (e.g., starches, fiber, 

etc.) through centrifugation. The supernatant is then re-adjusted to the isoelectric point (pI), 

which for many pulses lies between pH 4 and 5, (Gueguen, 1983; Klupsaite & Juodeikiene, 

2015). This minimizes protein solubility, precipitating out the proteins that are then recovered 

using centrifugation or ultrafiltration (Tehergorabi et al., 2012). The protein is then washed and 

readjusted to pH 7.0 prior to spraying, a commercial practice, or freeze drying.  

Alkaline extraction/isoelectric precipitation is typically paired with a “defatting” step, 

commonly hexane extraction, which can further improve protein yields in the final product. 

Unfortunately, incorporating hexane extraction confers several disadvantages owing to its 

unstable supply and its acute environmental toxicity (Boye & Barbana, 2012). Despite this, due 

to its high extraction efficiency and relative simplicity, alkaline extraction/isoelectric 

precipitation has seen extensive utilization on an industrial scale, notably in the production of 

soy protein isolates (Sandberg, 2011). Alkaline extraction/isoelectric precipitation has also been 

utilized experimentally to create a variety of pulse and non-pulse protein isolates. Concerning 

pulses, Boye et al. (2010b) produced protein concentrates/isolates for peas (~81.7%, d.b. 

protein), lentils (~78.2% to 79.1 %, d.b. protein), desi chickpeas (73.6 % d.b.), and kabuli 

chickpeas (63.9% d.b.). Can Karaca et al. (2011a) improved upon these results further; 
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producing chickpea protein isolates of (85.4% d.b.) and lentil protein isolates (81.9% d.b.) 

protein from defatted protein flours. Another study confirmed the positive role of hexane 

washing on overall protein extraction, generating defatted chickpea protein isolates (86.6% to 

88.0% protein d.b.) and non-defatted chickpea protein isolates (78.6% to 82.9%) (Mondor et al., 

2009). 

 

2.2.4  Ultrafiltration 

A promising alternative to isoelectric precipitation, ultrafiltration is another method 

capable of generating protein isolates for research or industrial purposes following alkaline 

extraction. In this method, the proteinaceous supernatant is passed through a porous membrane at 

high pressures where depending on the pore sizes used, proteins and other biomolecules can be 

further fractionated based on molecular weights into speciality fractions with an effective range 

between 1 and 1,000 kDa, allowing for a degree of control in the final protein isolate. Proteins on 

the membrane can then be re-suspended, washed and pH adjusted to 7.0 prior to spray or freeze 

drying, whereas the proteins that passed through the filter are simply adjusted to pH 7.0 prior to 

spaying or freeze drying. Diafiltration, in turn, refers to an additional step commonly used 

alongside ultrafiltration that involves the separation and removal of unwanted molecules to 

further improve protein recovery (Singhal et al., 2016). 

Ultrafiltration has been suggested to be superior at isolating pulse proteins when 

compared to traditional isoelectric precipitation (Klupsaite & Juodeikiene, 2015). For example, 

in one study ultrafiltration was used to generate pea protein isolates with 94.1% d.b. protein 

(Vose, 1980). More recently, Fuhrmeister and Meuser, (2003) found that pea protein contrates 

prepared by ultrafiltration or isoelectric precipitation possessed protein contents to between 70% 

and 80%, and 68% respectively. Moreover isolates prepared using ultrafiltration retained lower 

fat contents. Further corroborating these finding, Boye et al. (2010b) optimized isoelectric 

precipitation and ultrafiltration for yellow pea (81.7% and 83.9% protein d.b. respectively), 

green (79.1% and 88.6%), and red (78.2% and 82.7%) lentils, as well as desi (73.6% and 76.5%), 

and kabuli (63.9% and 68.5%) chickpeas. In contrast, working with non-defatted chickpeas 

ultrafiltration was found to concentrate chickpea protein only three fold (23.4% to 65.0% d.b.), 

with the relatively low yield likely due to the high fat contents in the purified product (14.8% 

d.b.) (Romero-Baranzini et al., 1995).  
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2.2.5  Salt extraction (micellularization) 

Salt extraction operates based on the “salting-in’ and “salting-out” phenomena observed 

for many proteins. In this method, protein solubility is modified through the addition of certain 

types and concentrations of salts, usually 1 M NaCl, K2SO4 or (NH4)2SO4. These compounds can 

interact with the hydration layer surrounding a protein, either promoting or discouraging protein-

water interactions (Boye et al., 2010a). At low concentrations salts can act as counterions, 

screening and stabilizing the hydration layer surrounding a protein, increasing solubility or 

“salting in”. However, by adding more of the salt the solvent, ions begin to increasingly favour 

interactions with the solvent itself, thereby disrupting the hydration layer surrounding the 

protein. Eventually this causes hydrophobic groups to become more exposed on the protein’s 

surface and enabling protein-protein aggregation to occur via hydrophobic interactions, and 

leading to decreased solubility or “salting-out”. In salt extraction proteins are “salted-in” a 

solution and separated from other insoluble proteins or other impurities through centrifugation. 

Salts and proteins are then removed from the solution via ultrafiltration or dialysis. Similar to 

alkaline extraction/isoelectric precipitation, the final protein samples are washed, neutralized and 

dried afterwards. Within the context of plant proteins this process possesses a significant 

advantage due to the variable solubilities of the different pulse protein fractions in ionic solvents. 

As a result, depending on the concentration of salts used, salt extraction can be used as an 

effective way to pre-select certain proteins fractions over others (e.g., globulins and albumins).  

Salt extraction has been previously used to obtain protein concentrates/isolates for beans 

(74.7% to 84.2 %, d.b. protein) (Marquez et al., 1996), lentils (74.71%, d.b. protein), peas 

(81.09%, d.b. protein), faba beans (81.98%, d.b. protein), soybeans (72.64%, d.b. protein), and 

chickpeas (81.63%, d.b. protein) (Can Karaca et al., 2011a). Another group, examining the 

relative efficiencies of salt extraction and isoelectric precipitation in chickpea, lupin and lentils 

found the former to result in higher protein contents (chickpea − 90.6%, lupin − 92.6% and lentil 

− 93.0%) when compared to the latter (chickpea − 81.4%, lupin − 87.3% and lentil − 80.0%) 

(Alsohaimy et al., 2007). In contrast, a similar study comparing these methods on chickpeas, 

faba beans, lentils and peas found isoelectric precipitation to be marginally more effective 

(chickpeas 85.4% compared to 81.6%; faba beans 84.1% compared to 82.0%; peas 88.8% 

compared to 81.1%; and lentils 81.9% compared to 74.7%) (Can Karaca et al., 2011a). 
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Micellularization refers to a related method of protein extraction. In this process, pulse 

flours are suspended in a dilute NaCl solution (0.5 M) to solubilize the proteins and subsequently 

clarified via centrifugation to remove insolubles. Cold water is then added to the supernatant (8 

to 10 times the initial volume), and the solution is left static at 4
o
C for approximately 8 hours. 

During this period the NaCl is diluted even further. As a result, solubility decreases (salting-out), 

generating an increase to protein-protein interactions, with molecules forming loosely packed 

micelles tied together based on their hydrophobicity. Once these micelles reach a sufficient size 

they will begin to start precipitating out of solution whereupon they can be subjected to 

centrifugation or ultrafiltration (Boye et al., 2010b; Klupsaite & Juodeikiene, 2015). 

 

2.2.6  Alcohol Extraction 

Protein isolates can also be formulated by extracting proteins with aqueous alcohols such 

as ethanol, where, depending on the concentration used, it is possible to preferentially extract 

protein fraction with varying levels of hydrophobicity. For example, the relatively hydrophobic 

prolamins can be extracted with low alcohol concentrations, while the other major pulse protein 

fractions tend to require higher concentration (Peter, 2018). Like in other methods, once proteins 

are solubilised the solutions are then clarified through centrifugation or ultrafiltration to remove 

insoluble compounds prior to a final washing step (Cegla et al., 1977). However, this method 

comes with several disadvantages leading to the infrequency of its use. Most importantly, 

alcohol extraction suffers from the high cost of the alcohols and problems with their disposal. In 

addition, some studies have described this method inflicting negative effects on the functional 

properties of produced concentrates and isolates. Moreover alcohol extraction is not known for 

overall separation efficiency, having been used to develop somewhat low yield protein 

concentrate/isolates for soybeans (69.3% to 78.1 %, d.b. protein) and peas (68.2% to 76.4% d.b.) 

(Cegla et al., 1977; Peter, 2018). In contrast, one interesting advantage is that alcohol extraction 

appears to remove some of the “beany” flavours associated with soybeans, potentially increasing 

the versatility of alcohol extracted proteins isolates in food additives (Wolf et al., 1963). 

 

2.3 Protein Hydrolysis 

Modification of pulse proteins has become an increasingly productive area of study in 

recent years, with a number of processes being considered, such as: germination, extrusion, 
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roasting, infrared heating, cooking and genetic modification, among others. The goal of these 

processes is two-fold; improving functional properties (solubility, emulsifying capacity, etc.) 

while also maximizing nutritional properties (levels of bioactive/antinutritional compounds, 

amino acid scores, etc.). To accomplish this, protein structure is altered, either chemically, such 

as by modifying amino acid residues, or structurally by modifying or denaturing native protein 

structures, or both as in the case of hydrolysis. Protein hydrolysis is a chemical reaction wherein 

a peptide bond is broken through the addition of a water molecule, thereby creating two smaller 

proteins/peptides. The magnitude of protein hydrolysis is typically measured in terms of percent 

degree of hydrolysis (% DH), defined as the proportion of broken peptide bonds compared to the 

original molecule. Taken to the extreme (100% DH), hydrolysis can thus be used to reduce a 

protein to its constituent amino acids. Nevertheless, even mild hydrolysis can often elicit 

significant changes to protein functionality and nutrition compared to the original protein 

ingredient (Meinlschmidt et al., 2015).  

In the case of protein functionality, these changes can be somewhat difficult to predict, 

often manifesting in positive, negative or neutral effects. This is due to the complex relationships 

between these properties and protein structure, with factors including protein size, amino acid 

sequences as well as the 3D structure of the molecule being relevant. Likewise, the relationship 

between hydrolysis and nutritional properties is complex. For instance, hydrolysis can degrade or 

disrupt the binding of unwanted bioactive compounds (see section 2.5.2 for further discussion), 

increasing digestibility. However, hydrolysis is also capable of generating peptides containing 

some of the essential amino acids, which may then be lost during subsequent processing, 

lowering the overall nutritional value of a given product. Normally, the half-life of protein 

hydrolysis is on the order of several centuries; however, the reaction can be tremendously 

accelerated through the use of one or more catalysts (Radzicka & Wolfenden, 1996). 

 

2.3.1  Chemical Hydrolysis 

Chemical hydrolysis is the most basic form of catalysis. In this process, hydrolysis is 

achieved uses strong acids or bases (alkaline), and often high temperatures to randomly break 

apart peptide. Compared to other methods, chemical hydrolysis is extremely efficient. For 

instance, the addition of 6M HCl at 110
o
C for 24 h is generally deemed sufficient to completely 

reduce a protein to its constituent amino acids (Williams, 2003). Acid hydrolysis, in particular, 
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has found widespread adoption in health food markets, with the method being used on a 

commercial scale in the creation of protein hydrolysates (Manninen, 2009). Nevertheless, this 

chemical hydrolysis suffers from a set of drawbacks and has begun to be increasingly 

disfavoured amongst food scientists (Sun, 2011). 

One such drawback is this process’ general lack of specificity. Chemical hydrolysis is 

somewhat difficult to control, often resulting in small peptides with a high degree of hydrolysis. 

This is generally undesirable in food applications as increasing higher levels of hydrolysis can 

translate into significant negative influences on native protein functionality. Moreover, high 

levels of hydrolysis are also associated with increased taste of bitterness and heightened risk of 

diarrhea due to the increased osmolarity of the peptides in the gut (Abraham, 2016). 

Interestingly, these shortcomings related to lack of specificity could possibly be mitigated by 

combining chemical hydrolysis with other, more controlled, methods. For example, Basile & 

Hauser (2011) were able to reliably generate peptides 10 amino acids long by adding microwave 

heating and electrochemical digestion steps to an acid hydrolysis procedure. However, even if 

the extent of hydrolysis is tightly controlled in chemical catalysis, the harshly alkaline or acidic 

conditions required are still likely to cause significant denaturation of protein structures, and 

subsequent losses of native functionality. Furthermore, chemical hydrolysis tends to modify the 

amino acid content of generated hydrolysates. In particular, alkaline hydrolysis is known to 

chemically reduce a number of amino acids, including cysteine, arginine, threonine, series, 

isoleucine and lysine; removing these nutritionally important amino acids from a product while 

also potentially introducing unusual and even toxic amino acids such as lanthionine (Tavano, 

2013; Vigorito et al., 2019). In contrast, acid hydrolysis is known to cause degradation of 

tryptophan contents into ammonia and other small molecules, rendering the method unsuitable 

for any procedures seeking to extract this particular amino acid (Williams, 2003). 

 

2.3.2  Enzymatic Hydrolysis 

Enzymatic hydrolysis, or proteolysis, instead uses a class of enzymes known as proteases, 

(EC classification: 3.4.x.x) to accelerate the hydrolysis of peptide bonds by lowering its inherent 

activation energy (Garcia-Carreon & Navarrete Del Toro, 1997). Enzymes are catalytic proteins, 

polymers of the 20 naturally occurring amino acid building blocks, often hundreds of residues in 

size and arranged in specific sequences that are folded into complex three-dimensional 
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structures. These biocatalysts are found throughout nature, in all domains of life and serve in a 

variety of roles, ranging from digestion to cell signaling. Compared to chemical hydrolysis, 

enzymatic hydrolysis possess a number of valuable properties enzymes that make them ideal for 

use in industrial processes. Within the context of the food industry for instance, enzymes are 

aided by the fact they are frequently absent from final products, allowing for their classification 

as processing aids and omission on product labels (United States Food & Drug Administration, 

2018). Enzymes also tend to not require, and are often destroyed by, extreme conditions (high 

heat, significant salt concentrations, or extreme pH’s), reducing the need for potentially 

expensive, dangerous and environmentally damaging chemicals while also causing less 

incidental damage to similarly sensitive substrates such as food proteins (Berg et al., 2002).  

Perhaps most importantly, however, proteases possess a high degree of specificity, with 

many hydrolytic enzymes capable of rapidly breaking peptide bonds between certain specific 

amino acids residues, and sometimes only within specific proteins (Lopez-Otin & Bond, 2008). 

This reduces or even eliminates the generation of unwanted side reactions, resulting in fewer by-

products and more efficient processing (Tavano, 2013). However, it is important to note that at 

least some of the more promiscuous proteases are also capable of hydrolyzing other chemical 

bonds such as esters or peptide bond analogs found in other unusual substrates (Garcia-Carreon 

& Navarrete Del Toro, 1997). Regardless, the considerable specificity of particular enzymes 

allows for greater control over the functionality of a hydrolyzed protein, potentially enabling the 

creation of highly specialized products (Sun, 2011). As a result, the market for enzymatically 

hydrolyzed proteins is significant, with applications ranging from pet foods to low allergen milk 

substitutes (Nunes & Kumar, 2018). Enzyme hydrolyzed vegetable proteins (chiefly soybean, 

corn or wheat) in particular are commonly used as a highly nutritious, natural flavour enhancers 

in processed foods with global sales expected to rise to 330 million USD by 2025 (Olsman, 

1979; Market Research Hub, 2018). 

 

2.3.3 Fermentation 

One of the main disadvantages of the use of enzymes is the significant difficulty and 

costs inherent in their production and isolation. Fermentation greatly decreases these costs by 

using living agents, such as bacteria and fungi as self-replicating alternatives to pure enzyme 

solutions. As a result, fermented foods combine many of the advantages present in other 
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hydrolyzed protein products alongside a considerable simplicity of use, with examples of its use 

dating thousands of years (Renge et al., 2012). Unfortunately, in comparison to pure enzyme 

approaches, fermentation is a significantly less specific process, with fermenting microorganisms 

typically using a large number of enzymes such as proteases, lipases or amylases to extract 

nutrition from a variety of sources (proteins, fats, amylose respectively). Moreover, extended 

hydrolytic fermentation is often undesirable as amino acids and other nutrients are progressively 

removed from a food source and used to create new organisms, necessitating tight control on 

fermentation conditions (De Reu et al., 1995).  

 

2.4 Proteases 

The enormous complexity of biological systems across all domains of life has resulted in 

an incredible diversity of proteases, with at least 569 functional protease-encoding genes found 

in the human genome alone (Lopez-Otin & Bond, 2008). As a result, the term protease or 

peptidase describes a huge variety of molecules with different structures, functions and 

properties. A good example of this diversity is the variable mechanisms of protease action, which 

include six distinct modes of catalysis: aspartic, glutamic, metalloproteases, cysteine, serine and 

threonine proteases. Moreover, proteases are considerably diverse in their specificities, with 

some molecules hydrolyzing peptide bonds indiscriminately while others are capable of targeting 

only specific amino acids pairs or specific protein molecules. These specificities originate from 

an area called the active site situated around a catalytic center that can preferentially bind certain 

amino acids or amino acid groups (hydrophobic or hydrophilic; small or bulky). This increases 

the likelihood that a given peptide bond is reached and, therefore, hydrolyzed by the catalytic 

center (Garcia-Carreon & Navarrete Del Toro, 1997; Tavano, 2013). As a result, the use of 

different proteases on the same protein substrate can produce wildly variable hydrolysates with 

specific functional properties (Sun, 2011). 

In general, however, protease specificity can be broadly divided into two categories: 

endo- and exo-proteases. Endo-proteases, also called proteinases, hydrolyze peptide bonds in the 

middle of a polypeptide, producing two proteins/peptides of similar sizes. By contrast, exo-

proteases, or peptidases, cleave off a small peptide or amino acid from the ends of peptide 

chains. They are subdivided into two categories, proteases which target either the N-terminal 

(aminopeptidases) or C-terminal (carboxypeptidases) ends of the protein (Lopez-Otin & Bond, 
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2008). Beyond these basic groupings, proteases can also be distinguished from one another non-

systematically in several ways, including desistance to denaturing conditions (i.e. temperature, 

acid/base and salt, among others), common or trade names as well as source (bacterial, fungal, 

animal, plant). In the context of food and industrial enzymes, source is particularly important as 

depending on the origin of an enzyme extraction may prove more difficult or prohibitively 

costly. For instance, multicellular organisms are generally much more difficult and costly to 

work with when compared to unicellular organisms because of the former requiring significantly 

longer growth/reproduction cycles and greater amounts of nutrition and physical space. In 

addition, multicellular organisms may not secrete a desired enzyme uniformly across all tissues, 

resulting in only specific organs being useful for enzyme production/isolation. Unicellular 

organisms, on the other hand, can be easily modified to over-express existing enzymes or express 

new, recombinant proteins. Related to this, it is important to note that enzymes are not 

necessarily static and can be engineered through processes such as directed evolution or site-

directed mutagenesis to modify or even develop novel enzyme functionality (Iyengar & Pande, 

2016; Razzaq et al., 2019). However not all microorganisms are suitable for use as enzyme 

producers, with only demonstrably non-pathogenic and non-toxic examples being permitted 

(Sewalt et al., 2016). 

 

2.4.1 Protease Selection  

As previously alluded to, enzymes are extremely powerful tools for modifying proteins, 

however not all proteases are necessarily suitable for industrial applications. For instance, many 

proteases possess low rates of catalysis, or are prone to rapidly denature, reducing the value of 

these molecules if successfully isolated. Therefore, though the total list of proteases is 

unfathomably huge, relatively few have been studied to a significant degree with regard to their 

potential industrial applications. Consequently the three enzymes chosen for use in this study 

(trypsin, pepsin, and papain) have all been extensively researched, and are confirmed as 

possessing significant activity towards plant protein isolates. Moreover, Konieczny et al. (2019a) 

previously demonstrated that these aforementioned proteases were all suitable for the large scale 

production of pulse protein hydrolysates. In addition to their relatively high activities and 

stabilities, these enzymes were also chosen due to their diversity of catalytic mechanisms, 

sources, optimal conditions, as well as their preferred targets. This was done with the expectation 
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that these diverse properties would in turn result in the production hydrolysates with significantly 

contrasting properties. The specific origins and characteristics of these enzymes are as follows: 

(1) Trypsin (EC 3.4.21.4), an animal digestive serine endo-protease produced in the 

pancreas and activated in the small intestines. Trypsin specificity is towards the lysine and 

arginine amino acids, and has an optimal pH range between pH 7.5 and 8.5, and temperature of 

37
o
C. (2) Pepsin (EC 3.4.23.1) is an animal aspartic endo-protease found in gastric juice. Pepsin 

lacks significant substrate specificity and is capable of cleaving most non-terminal residues 

except valine, alanine and glycine; however a slight preference for aromatic and carboxylic 

residues has been noted. Optimal pH and temperature conditions are found between pH 1.5 and 

2.0, and at 37
o
C. (3) Papain (EC 3.4.22.2) is an enzyme secreted by the fruit of the papaya plant 

and is a cysteine dual endo- and exo-protease. Papain has broad specificity, including amidase 

and esterase activities, in addition to its protease activity. Regarding specificity, some preference 

is given to non-terminal residues with bulky and hydrophobic characters. Optimal pH conditions 

are found at pH 6.2, where its optimal temperature is at 45
o
C (Worthington Biomedical 

Corporation, 2020; Sigma-Aldrich, 2020). 

 

2.4.2 Controlling Protease Activity  

Enzymatic hydrolysis has been shown to improve a number of functional and nutritional 

properties of food proteins. However, the extent of these effects is highly dependent on the 

degree to which a given protein has been hydrolyzed. As a result, hydrolytic activity must be 

tightly monitored to ensure optimal results. Complicating this, different enzymes can possess 

drastically different activities towards different substrates and under different conditions. In 

particular, operating conditions are acutely important for enzyme activity as natural enzymes 

have evolved to function under very specific “optimum” conditions (temperature, salt, pH, etc.). 

For this reason, when brought away from these optimal conditions, enzymes typically observe 

decreased activity, deactivation or even partial/full denaturation, rendering these molecules 

impotent (Berg et al., 2002). Notably, increased temperature can actually result in a short-term 

increase to enzyme activity. This effect, however, is temporary as enzymes will typically possess 

greatly lowered stabilities under these conditions (Daniel & Petach, 1996). Furthermore, 

enzymes, themselves being comprised of amino acids bound by peptide linkages, are themselves 

subject to hydrolysis. As a result, given sufficient reaction, time enzyme activity can be expected 
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to decrease as proteases are gradually degraded by one another in a process termed autolysis 

(Tavano, 2013). 

 

2.4.3 Determining Degree of Hydrolysis 

Due to the complexities mentioned in the previous section several methods have been 

developed to determine the rate of hydrolysis increase and, therefore, estimate overall enzyme 

activity under particular conditions. For instance, the pH stat accomplishes this on the principles 

that: (1) when proteins are kept at neutral or alkaline conditions protons disassociate from 

terminal amino groups (i.e. pH changes); and (2) when peptide bonds are cleaved a single 

terminal amino group is added to the solution. Together, this means that enzymatic hydrolysis 

will steadily decrease the pH of a solution, allowing for the estimation of degree of hydrolysis. 

The TNBS (2,4,6-trinitrobenzenesulfonic acid) and OPA (ortho-phthalaldehyde) methods 

similarly chart the increase in amino groups; however, in their cases they more directly monitor 

these groups by using their eponymous reagents. TNBS is a colorimetric reagent which reacts 

with free amine groups to give peak absorbance at 335 nm. OPA is a fluorometric reagent which 

reacts with free amine groups and gives a fluorescent emission at 436 to 475 nm with an 

excitation at 330 to 390 nm. Somewhat worryingly, these three methods may not necessarily 

corroborate one another, as one group working with Alcalase hydrolyzed whey protein found up 

to a 7% difference in degrees of hydrolysis (%DH) using these methods following 6 h of 

hydrolysis (Spellman et al., 2003).  

These inconsistencies can be attributed to particular flaws found within each of the three 

methods. For instance, the pH stat method can be expected to underestimate degrees of 

hydrolysis when dealing with exopeptidases. This is because the pKa for the amine groups of 

amino acids can be significantly higher compared to larger proteins, resulting in fewer protons 

being released. In turn, the OPA reagent has been reported to not react with every amino acid 

equally, with cysteine in particular reacting weakly, again potentially resulting in an 

underestimation of degrees of hydrolysis in high cysteine substrates (Chen et al., 1979). The 

TNBS method too possesses a number of weaknesses. In particular, this reaction is highly 

sensitive to changes in temperature, pH and exposure to light. Furthermore, TNBS does not react 

exclusively with terminal amino groups, but with hydroxide ions and a number of other 

substrates also being partially targeted (Adler-Nissen, 1979). Finally, TNBS requires 
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significantly more time compared to the other methods and consequently cannot be used to 

monitor hydrolytic activity in real time, necessitating the collection of kinetic data prior to the 

production of a protein hydrolysate. 

 

2.5 Functional Properties of Hydrolyzed Pulse Proteins 

Protein structure is commonly divided into 4 distinct layers (primary through 

quarternary); with the lower layers directly controlling the organization of higher layers. Primary 

structure is the raw sequence of amino acids; secondary structure comprises local patterns of 

repeating amino acids such as -helixes and -pleated sheets; tertiary structure is the overall 

three-dimensional space (or conformation) a protein takes up; and quaternary structure is used to 

describe proteins comprised of multiple protein units (Berg et al., 2002). Proteolytic 

modification impacts every level of a protein structure as this process directly targets the primary 

structure of a protein molecule. In the case of exo-proteases peptides are cleaved off the terminal 

ends of a sequence, resulting in a significantly large protein molecule as well as small 

polypeptides or single amino acids. In the case of endo-proteases cleavage occurs significantly 

away from the terminal ends, resulting in two smaller proteins of comparable sizes. In the latter 

case in particular, this can significantly disrupt the intermolecular forces holding a particular 

secondary or tertiary structure together. As a result, hydrolysis is capable of gradually 

“unraveling” globular proteins into less organized molecules or in some cases, completely 

destroying native conformations (Panyam & Kilara, 1996).  

The implications of these changes are considerable, and will be expanded upon in later 

sections. Generally, however, hydrolysis results in three main effects: (1) a considerable decrease 

in molecular weight; (2) increases in the number of ionisable groups; and (3) exposure of 

hydrophobic amino acids that were previously “buried”. Together these factors can greatly 

modify protein-protein and protein-solvent interactions, resulting in substantial changes to 

properties such as surface charge or hydrophobicity, and functional properties ranging from 

solubility to emulsification capacity/stability (Lamsal et al., 2007). Unfortunately, due to the 

diverse nature of pulse proteins themselves, as well as the semi-random nature of proteases 

(particularly non-specific varieties), predicting exact changes after hydrolysis can be difficult. As 
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such, a significant amount of research has been performed in order to better understand how 

hydrolysis can be used to improve the various properties of pulse and other food proteins. 

 

2.5.1 Solubility 

The solubility of proteins is the proportion of nitrogen in a protein product that is in the 

soluble state under a given condition. High protein solubility is considered a prerequisite for 

many functional properties, including foaming, gelation and emulsification, and is important for 

product development in the creation of high protein beverages (Lamsal et al., 2013). Protein 

solubility is determined by a variety of factors including the amino acid composition and 

sequence, molecular weight, as well as the surface distribution of hydrophobic and hydrophilic 

moieties. Broadly speaking, however, greater amounts of exposed hydrophobic residues (or 

fewer hydrophilic groups), as well as higher molecular weights result in hydration shells 

becoming larger and more unstable, lowering solubility (Zayas, 1997). In addition, for proteins 

to be soluble they must have favourable interactions with the solvent, as such solubility is also 

influenced the character of a particular solvent (Berg et al., 2002).  

The pH of a solution, in particular, is important as the relative acidity or alkaline 

character of an aqueous solution will lead to increases or decreases to the number of charges 

distributed on a protein surface. At the isoelectric point (pI), (approximately pH 4.5 in pulse 

proteins) proteins have net zero charge, resulting in low levels of electrostatic repulsion and a 

favouring of protein-protein interactions (Boye et al., 2010b). However, as the pH is brought 

away from this point, electrostatic repulsive forces begin to gradually increase in strength. This 

results in an increase in the favourability of protein-solvent interactions, improving solubility. 

Similarly, the presence of ions in a protein solution can result in both increases and decreases to 

solubility. Specifically, the inclusion of ions into a solution can result in a phenomenon termed 

“salting in” wherein protein solubility is increased relative to non-ionic solutions. This occurs 

because the ions act as counter chargers to positive or negative charges on a protein surface, 

stabilizing the hydration shell of the protein. However, increasing salt concentrations will 

gradually increase the proportion of ion-water interactions. As a result of high salt concentrations 

proteins will undergo “salting out”, observing lowered solubility due to protein-solvent 

interactions decreasing in favourability (Boye et al., 2010b). Finally, solubility of proteins is 

generally improved with greater temperatures as attractive intermolecular forces are weakened 
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relative to the more energetic protein and solvent molecules. However, excessive temperatures 

will eventually denature proteins, potentially resulting in mild decreases in solubility once the 

protein is returned to lower temperatures (Perez-Gago & Kochta, 2001). 

As discussed previously, enzymatic modification can greatly alter the surface chemistry 

of the protein resulting in substantial changes to solubility. For instance, hydrolysis can enhance 

solvent access to charged amino acid residues, increasing the affinity of the protein with these 

molecules. Hydrolysis also reduces the overall size of the protein, resulting in a smaller 

hydration shell around the protein being needed, again increasing solubility (Kramer et al., 

2012). However, hydrolysis often leads to the exposure of hydrophobic amino acids originally 

contained within in the interior of globular proteins. As a result, hydrolysis can lead to both 

positive and negative effects on this property. Consequently, a significant body of research is 

available on this phenomenon in pulse and related proteins (Sun, 2011). 

For example, one group studying a soybean protein isolate hydrolyzed to between 2.5% 

and 7.5% DH with pepsin found solubility increasing near the pI compared to controls with the 

authors attributing this to lowered molecular weight and greater protein flexibility (Cui et al., 

2013). However, as pH’s increased (pH 7 to 9) this effect decreased, and some hydrolysates 

performed slightly worse when compared to controls. More dramatically, at pH 2 to 3, the 

original soy protein isolate exhibited better solubility when compared to all of the hydrolysates 

analyzed. These effects were tentatively explained as being caused by the degradation of certain 

soluble protein structures. The researchers also observed hydrophobicity to progressively 

decrease following hydrolysis. This may have been due to the mild level of hydrolysis or the 

degradation of hydrophobic regions by pepsin. Increases in solubility were also noted by Jung et 

al. (2005) who used a protease derived from Bacillus amyloliquefaciens to hydrolyze a number 

of substrates including soy flour, soy protein concentate and soy protein isolates to between 2% 

DH and 4% DH. Also working with soy protein isolates, Qi et al. (1997) used pancreatin to 

obtain degrees of hydrolysis ranging between 7% DH and 17% DH, and similarly found 

hydrolysis to progressively and significantly increase solubility at pH 4.5 relative to controls 

(2.7% to 17.7%). A similar, but smaller, increase was also noted at pH 7.0. However, under these 

conditions level of solubility was not correlated with the degree of hydrolysis in the isolate. 

Diverging from the previous study, Qi et al. (1997) noted substantial increases in hydrophobicity 
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following hydrolysis, with the most hydrolyzed samples observing the largest increases (~10 to 

40.1 AU).  

Working with chickpea protein specifically Yust et al. (2010) studied an Alcalase 

modified protein isolate to obtain degrees of hydrolysis ranging between 1% and 10% as an 

examined solubility as function of pH. The authors found an increase in solubility at all pHs 

analyzed for degrees of hydrolysis exceeding 1%, with the largest differences occurring around 

the isoelectric point (pH ~4). The authors theorized these results were due to the exposure of 

ionisable groups and a decrease in molecular weight, however did not analyze these factors in 

their study. These findings were corroborated by Ghribi et al. (2015), who working with another 

Alcalase treated chickpea protein isolate hydrolyzed up to 14.67% found solubility increased at 

all degrees of hydrolysis, particularly around the isoelectric point. The authors went on to 

characterize zeta potential, finding an increase in the magnitude of a negative charge at pH 7, 

indicating an increase in the number of ionisable residues exposed to the solvent. Below pH 4.0 

however hydrolysis was observed to largely eliminate the sizable positive charge present on 

native molecules. The nonexistent decrease in solubility at these pH conditions may be 

attributable to decreases in the molecular weights of the hydrolysis, another property confirmed 

by the authors. Similar conclusions have been reached for other pulse proteins. Avramenko et al. 

(2013) observed an increase in zeta potential following trypsin hydrolysis of a lentil protein 

isolate and speculated that this resulted in a substantial increase in solubility. Similarly, Periago 

et al. (1998), working with trypsin hydrolyzed pea flour, observed increases in solubility except 

at extreme alkaline conditions (greater than pH 9.0). By contrast, Konieczny et al. (2019a) also 

working with a pea protein flour hydrolyzed by trypsin, Savinase, papain or pepsin largely 

observed decreases in solubility relative to untreated controls, particularly at pH 4.0 and 7.0. The 

author partially described this effect as being caused by an increase in the number of exposed 

hydrophobic residues while noting that greater levels of hydrolysis (2% compared to 10%) in 

some cases resulted in a partial recovery of solubility.  

 

2.5.2 Emulsification 

Emulsions, are mixtures of two or more immiscible liquids (e.g., oil and water) that are 

thermodynamically unstable, where one liquid exists as many small droplets (known as the 

dispersed phase) within the continuous phase of the other (McClements, 2004). Due to the 
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unfavourable interactions between these two immiscible liquids, (i.e., high interfacial tension), 

most emulsions are inherently unstable and given sufficient time will separate into two distinct 

layers, often in the order of minutes or seconds. As a consequence of this property, emulsions 

also require an energy input prior to formation as one liquid phase must be homogenized within 

the other. Emulsions can be characterized in many ways. However common metrics include 

emulsion capacity which relates to how much oil a specific amount of protein can stabilize; and 

emulsion stability, which relates to how effective the protein is at resisting gravitational 

separation (Aluko et al., 2009; Can Karaca et al., 2011b). Alternatively, droplet size can be used 

as an indicator of stability, with smaller droplets generally indicating greater emulsification 

capacity/stability. 

Emulsifiers are a class of amphipathic molecules, which can assist in emulsion formation 

by lowering the interfacial tension between the oil and water phases. These molecules 

accomplish this by migrating to the oil-water interface and re-orienting themselves to position 

hydrophobic groups towards the non-polar oil phase and hydrophilic groups to the polar aqueous 

phase (Panyam & Kilara, 1996; Tavano, 2013). Given how proteins are usually comprised of 

both hydrophobic and hydrophilic residues and that peptide bonds are relatively flexible, these 

molecules can be effectively used as emulsifiers. Moreover, due to the relatively large size of 

proteins, oil droplets are sterically prevented from coalescing together, further improving 

emulsion stability. These effects are further increased at pH’s far from a protein’s pI, and in the 

presence of low levels of salt, as proteins will also produce strong electrostatic repulsive forces 

to other protein molecules, thereby repelling neighbouring droplets (McClements, 2004). 

Enzymatic hydrolysis has been examined by a number of researchers as a means of 

improving the usefulness of proteins as emulsifiers; however they have found that hydrolysis can 

lead to both positive and negative effects (Panyam & Kilara, 1996). For instance, hydrolysis can 

‘unfold’ the higher-level structures of the protein leading to increased charge or hydrophobicity 

on the surface. This in turn, influences the proteins’ solubility and its ability to diffuse to and 

interact with the oil-water interface. In contrast, the peptides released from the hydrolysis 

process can also stabilize the interface more quickly, but may or may not be sufficiently sized to 

keep the interface stable over time (Humiski & Aluko, 2007).  

An example of these effects was observed by Qi et al. (1997) who studied a soy protein 

isolate hydrolyzed with pancreatin, to between 7% and 17%. They found an increase in 
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emulsifying activity index for oil-in-water emulsions with increasing degree of hydrolysis up 

until 15%. However, the authors also reported a slight decrease in the emulsion stability index 

over the same range. Barac et al. (2006) working with a soy protein concentrate noted that 

trypsin hydrolysates possessed significantly improved emulsifying properties, while pepsin 

hydrolysates exhibited somewhat diminished effects. In addition, working with soy protein 

isolates, Jung et al. (2004) found that emulsion stability significantly increased upon 4% 

hydrolysis. Polanco-Lugo et al. (2014) analyzing a 1.7% hydrolyzed lima bean protein isolate 

found increases to both hydrophobicity and solubility and significant increases in the emulsifying 

activity relative to controls at pH 2, 4, 6 ,8, and 10. More negative results were documented by 

Avramenko et al. (2013) who observed decreases to both emulsion activity and stability in a 

trypsin hydrolyzed (4% DH, 9% DH and 20% DH) lentil protein isolate. Moreover, the authors 

noted that emulsifying properties did not decline or improve with level of hydrolysis. The 

authors attributed these effects to a decline in hydrophobicity following hydrolysis, potentially 

due to a spontaneous “re-folding” or aggregation of the proteins following hydrolysis that 

prevented the molecules from migrating to the interfacial area. Similar decreases have also been 

noted for soy (Tsumura et al., 2005), enriched pea protein- flour (Konieczny, et al., 2019a) and 

whey proteins (van der Ven et al., 2001). Illustrating the capacity of different proteases to 

produce qualitatively variable hydrolysates Humiski & Aluko (2007) hydrolyzed a pea protein 

isolate with Alcalase, Flavourzyme, Papain, Trypsin, or a-Chymotrypsin and measured emulsion 

particle size. The authors discovered that trypsin hydrolysates produced particle almost half the 

size of the other hydrolysates, however no experiments were performed to determine if this 

would translate into superior emulsion capacity or stability. 

Regarding chickpeas, Yust et al. (2010) hydrolyzed a protein isolate to between 1% and 

10% with Alcalase, observing an increase in the emulsifying activity, peaking at 2.9%, after 

which emulsion stability drastically declined. Interestingly, the authors noted that emulsifying 

capacity was generally poor despite high solubility, attributing this to an improper balance of 

hydrophilic and hydrophobic residues in a final product. Similarly Ghribi et al. (2015), analyzing 

the effect of enzymatic hydrolysis (4% DH to 14.6% DH) on a chickpea protein isolate using 

Alcalase found that emulsifying activity and emulsion stability increased at 4% hydrolysis 

relative to the control, but these metrics rapidly declined afterwards. These decreases were 
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attributed by the authors to lower molecular weights in the hydrolysate rendering the emulsifiers 

less capable of orienting themselves at the oil-water interface.  

 

2.5.3 Foaming 

Foams can be thought of as a type of emulsions, where the hydrophobic content is 

replaced with a gaseous phase. Similar to emulsions, proteins can diffuse and move to the 

interface between water and gaseous phases, re-orienting themselves in the process to form a 

strong interfacial stabilizer. As in the case of emulsions, proteins also act to sterically prevent 

neighbouring droplets from nearing one another and coalescing. As such, much of the theory 

described in the previous section applies at least in part to foaming properties. One notable 

difference is the decreased viscosity of foams in comparison to emulsions, resulting in 

gravitational separation being more significant (Langevin, 2017). Additionally, the process 

known as Ostwald ripening, where the dispersed phase droplets expand at the expense of other 

droplets due to the diffusion of molecules across the interfacial layers is also more prevalent in 

foams (Aluko et al. 2009). Notably, proteins are somewhat equipped to retard both of these 

processes as their extended three dimensional structures can increase the viscosity of the 

continuous phase, resulting in superior foam stability. This effect is particularly powerful if the 

proteins link up with one another in the case of a gel network (Tcholakova et al. 2011). Foam 

formation is additionally influenced by the capacity of a foaming agent to generate a complete 

film around the droplets via intermolecular interactions, a role which large hydrolyzed proteins, 

as well as native proteins can perform effectively. Foaming properties are often measured in 

terms of foaming capacity, which describes the maximum volume increase after foam formation 

and foaming stability which describes the stability of said volume over a certain interval of time 

(Damodaran, 2005). 

Unfortunately, native pulse proteins often have limited formability due to their compact 

structures. This necessitates large concentrations of proteins to rapidly stabilize a new interfacial 

area. Therefore, enzymatic treatment has been proposed to increase protein surface area and 

flexibility by unravelling structures and exposing hidden residues (Panyam & Kilara, 1996). 

Given the number of similarities hydrolysis can be expected to influence foamability in a fashion 

analogous to those observed for emulsification properties (i.e. generally resulting in positive or 

neutral effects, with negative effects for foaming stability occurring at higher levels of 
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hydrolysis). Some existing research supports this assumption. Martinez et al. (2009), for 

instance, studied a hydrolyzed soy protein isolate to between 1% and 6%, with subsequent 

analysis showing all levels of hydrolysis resulted in a two-fold increase in foamability over the 

control. However, measures for foaming stability, including rate of liquid drainage and time to 

foam collapse indicated that hydrolysis resulted in substantial decreases to the overall stability of 

foams at all levels of hydrolysis. According to the authors, this finding was likely, attributed to a 

decline in the viscosity of the hydrolyzed protein films (Martinez et al., 2007). Similar work by 

Wani et al. (2015) was also performed on four kidney bean cultivars hydrolyzed from 3.13% to 

4.7% at 5 different pH conditions (2, 4, 6, 8, 10). As with Martinez et al. (2009), the authors of 

this study also found that all levels of hydrolysis examined samples exhibited increases in 

foaming capacity over native protein isolates, particulairly at higher pH values, with some 

conditions showing a 50% increase over untreated isolate. Importantly, however, the 

experimenters did not notice any substantial decrease in foam stability following hydrolysis, with 

the cause of this potentially owing to the low levels of hydrolysis used in the experiment. 

Polanco-Lugo et al. (2014) observed another set of increases in foaming capacity following 

pepsin-pancreatin hydrolysis of a lima bean protein isolate from pH 2.0 to 10.0. These were 

paralleled by increases in solubility at the same pH range, potentially indicating hydrolysis 

enabled the proteins to better reach and stabilize the interfacial area.  

Similar experiments have also been performed on chickpea protein isolates, with one 

research group observing significant increases to both foaming capacity (less than 10% to  

greater than 120%) and stability (less than 5% to greater than 30%) following up to 10% 

Alcalase hydrolysis (Yust et al., 2010). Interestingly, the authors attributed these increases to a 

reduction in molecular weight and more flexible molecules being more efficient at stabilizing the 

interfacial layers. Moreover, the authors concluded that 5% hydrolysis resulted in optimum 

results, confirming that low levels of hydrolysis appear to be optimal for foaming properties. A 

year later the same research group published the results of a similar experiment, albeit 

substituting Alcalase with Flavourzyme (Yust et al., 2011). As in the previous experiment, 5% 

hydrolysis resulted in optimal increases to foaming capacity. However, foaming stability was 

observed to peak instead at 3% and declined precipitously thereafter. Conflicting with the 

previously discussed experiments Periago et al. (1998) worked with pea flour hydrolyzed by 

protease from Aspergillus saitoi and found foaming capacity and stability to decrease at all 
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enzyme conditions relative to untreated controls. The authors described this result as occurring 

due to a possible loss of soluble low molecular weight proteins following enzymatic treatment. 

Similar results were also described by Jung et al. (2005) who observed a significant decrease in 

both foaming capacity and stability in a soy protein concentrate hydrolyzed by protease from 

Bacillus amyloliquefaciens. 

 

2.5.4 Water and Oil Holding Capacity 

Water and oil holding/absorption capacities (WHC and OHC) refer to the amount of 

water or oil a given amount of protein can absorb and retain. High values for these properties can 

be very useful for foodstuffs as they contribute to prolonged shelf lives or better preserve tastes 

and textures (Sze-Tao & Sathe, 2000). However, the bases for these properties are complex and 

tied to many factors such as the conformation, surface area, and size of the protein molecules, as 

well as their isoelectric points, and other factors. Of particular importance, is the balance of 

exposed hydrophobic or hydrophilic residues that directly interact with oil or water solvents, 

respectively (Periago et al., 1998). Alternatively, the opening up of a protein structure might in 

turn allow solvents previously held within a protein molecule to escape, lowering the respective 

capacities. As mentioned in previous sections protein hydrolysis has implications for all these 

properties and has therefore been proposed as a mode of modifying WHC and OHC (Panyam & 

Kilara, 1996; Mune Mune et al., 2014). 

Both WHC and OHC have been well examined in the literature and are usually described 

in terms of grams of solvent retained per grams of protein retaining. For example, Wani et al. 

(2015) studied four varieties of kidney beans, observed increases to water holding capacities 

ranging from ~0.3 to 0.5 g/g after 60 min of proteolysis. They simultaneously observed an even 

larger increase to oil holding capacities ranging from ~1.0 to ~2.0 g/g, potentially indicating an 

increase in the proportion of exposed hydrophilic and particularly hydrophobic residues. 

Conflicting with these findings Periago et al. (1998), after hydrolyzing a pea flour with an acid 

protease from Aspergillus saitoi found no change in WHC, while observing a 0.7 g/g increase in 

OHC. Likewise Mune-Mune (2015) investigated a cowpea flour hydrolyzed with pepsin to 

between 0% and 30% and similarly found OHC to increase progressively with degree of 

hydrolysis. Yust et al. (2010) examined a chickpea protein isolate and similarly observed that, 

upon 5% hydrolysis with Alcalase, the OHC increased twofold from the untreated sample to 6.28 
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g/1.00g, though this value declined at higher degrees. A similar experiment using Flavourzyme 

uncovered comparable results, excepting that OHC reached its optima at 3% hydrolysis, but 

doubled the score when compared to the untreated control for a total of 6.6 g/1.00g protein (Yust 

et al., 2011). Interestingly, the authors described their CPI sample as possessing superior OHC 

compared to other protein isolates, including rapeseed and soy. In both cases they theorized that 

the increase and subsequent decline in OHC was the result of hydrophobic residues first 

becoming exposed following hydrolysis, with an increase in ionizable residues thereafter. 

Finally, Konieczny, (2019) working with an enriched pea protein flour, hydrolyzed with one of 

four enzymes described increases to both WHC and OHC, with the greatest improvements 

occuring following papain hydrolysis.  

 

2.6 Nutritional Properties of Enzymatically Modified Pulse Proteins 

During human digestion, only relatively small peptides and amino acids are absorbed by 

intestinal tissues, as a result proteinaceous food stuffs must first be degraded by harsh conditions 

present in the stomach as well as enzymes secreted throughout the digestive system (Molnar & 

Gair, 2013). Artificially induced proteolysis, therefore, essentially constitutes an additional step 

of digestion occurring prior to ingestion, increasing the efficiency of the entire process thereafter. 

Consequently, protein hydrolysis has seen extensive use in specialized foods destined for those 

suffering from some degree of digestive frailty, including young children, the elderly, and those 

with inborn errors of metabolism or other illnesses (Saudubray et al., 1972; Periago et al., 1998). 

Hydrolyzed can also lead to benefits in healthy individuals, allowing athletes to extract and 

incorporate greater levels of protein from their foods (Manninen, 2009). 

Moreover, because allergic reactions occur when an organism produces antibodies that 

bind specific sites on ingested or inhaled proteins, some food scientists have sought to use 

enzymes to degrade these targets and theoretically remove allergenicity from particular 

foodstuffs (Arora et al., 2013). Unfortunately, the successfulness of this is highly dependent on 

the substrate itself as well as the type and degree of processing; accordingly attempts have met 

with mixed results. For instance, commercially available low allergen milk is a well-tested, 

successful but extensively hydrolyzed product (Nunes & Kumar, 2018). In the case of soybean, 

however, researchers have experienced considerable difficulty in creating allergen-free proteins 

without inflicting levels of hydrolysis that would destroy native protein functionality (Panda et 
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al., 2015). Kasera et al. (2015) partially illustrated this in their study of kidney bean, black gram 

and peanuts were significant, but not total decreases, of allergenicity were noted following 

approximately 40% hydrolysis with Alcalase and Flavourzyme.  

Finally, it is important to note that hydrolysis is implicated in significant negative 

changes to the taste profile of a product, hampering their usefulness. Specifically, upon 

hydrolysis protein taste is modified by two key factors. The first is the release of flavor 

components previously “hidden” within the protein structure. More crucial however is the 

creation of small peptides with relatively high contents of hydrophobic amino acids. This 

dramatically influences taste as the degree of bitterness is proportional to the degree of 

hydrophobic contents, with proline residues also contributing (Zhao et al., 2016). Illustrating 

these changes, Humiski & Aluko (2007) hydrolyzed pea protein isolates with one of five 

proteases and found significant variation between all hydrolysates in a bitterness sensory 

evaluation panel. In particular, Alcalase, Flavourzyme, and trypsin hydrolysates possessed two to 

three times the bitterness of papain hydrolysates; with a-chymotrypsin hydrolysates between 

these two extremes. The authors explained these as due to Alcalase’s preference for hydrophobic 

residues resulting in greater hydrophobicity of the final product. Ultrafiltration has also been 

shown to decrease bitterness by selectively removing low molecular weight peptides following 

hydrolysis (Sun, 2011). Illustrating the complicated nature of taste, some researchers have also 

examined the possibility of using enzymes to elicit the opposite effect, decreasing bitterness. 

This would theoretically be achieved through the use of specialized enzymes designed to 

selectively cleave off undesirable residues from food proteins, separating them from the rest of 

the food proteins (Hu & Tanaka, 2009).  

 

2.6.1 Amino Acid Profile 

Protein quality is defined as a measure of both the levels of essential amino acids in the 

protein, as well as their bioavailability and digestibility. Concerning the former, pulse proteins, 

and plant protein sources, are distinct from animal proteins in that they are generally “incomplete 

proteins” that lack one or more of the essential amino acids (Boye et al., 2010a). This is 

concerning given that 9 amino acids are considered essential for human nutrition (i.e. they cannot 

be made by the human body) and 6 are considered conditionally essential (i.e. their production 

can become significantly diminished given certain physiological conditions). Concerning amino 
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acids, chickpeas are similar to other legumes, which are typically described as possessing 

significant amounts of essential amino acids  including, histidine, isoleucine, leucine, 

phenylalanine, threonine, valine, and particularly lysine, with only methionine and the 

conditionally essential cysteine being deficient (Pastor-Cavada et al., 2014; Hirdyani, 2014; 

Rachwa-Rosiak et al., 2015). Importantly, deficiencies in methionine and cysteine can be 

mitigated by supplementing pulse consumption with cereals, which possess a complementary 

amino acid profile; creating a complete vegetarian/vegan protein diet (Clemente et al., 1999).  

In relation to other pulses Boye et al. (2010a) found that chickpeas contain larger 

fractions of phenylalanine + tryptophan as well as arginine + glutamate (7.0 and 31.0 g/16g N) 

when compared to field pea (5.1 and 26.3 g/16g N) and beans (6.0 and 25.2 g/16g N). In another 

study, of 40 faba bean and 28 chickpea genotypes, the two pulses were largely comparable, with 

the most abundant essential amino acids being arginine 10.2 g/kg (faba bean) and 10.2 g/kg 

(chickpea), followed by leucine (6.9 and 7.1 g/kg) and lysine (5.7 and 6.8 g/kg). The authors 

described tryptophan as limiting for both species, in addition to methionine (Khan et al., 2015). 

 

2.6.2 Bioactive Compounds 

Plant material often incorporates bioactive compounds that serve as defence mechanisms 

against animal digestion, including trypsin/chymotrypsin inhibitors, phenols, tannins, 

oligosaccharides and lectins, and others. (Bressani & Elias, 1979; Klupsaite & Juodeikiene, 

2015). These compounds include; (1) tannins and other phenolic compounds, which can 

negatively impact protein digestion by inducing cross linking and precipitating proteins and 

confer astringent tastes; (2) trypsin, chymotrypsin and amylase inhibitors, which can irreversibly 

bind to and deactivate these digestive enzymes; (3) oxalates and phytates, which interfere with 

mineral absorption by chelating minerals; (4) lectins, which can cause potentially dangerous 

symptoms including diarrhea, vomiting and red blood cell agglutination (hemagglutinins); (5) 

saponins, which can cause bitter tastes; and (6) oligosaccharides, which are associated with 

flatulence caused by the fermentative bacteria in the gastrointestinal tract (Enneking & Wink, 

2000; Jezierny et al., 2010; Klupsaite & Juodeikiene, 2015). Together these compounds broadly 

result in pulse protein possessing decreased nutritional value and a significant area of research 

has focused on developing processes capable of reducing or removing their influences. 
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In addition, and in contrast to the aforementioned negative effects, these compounds also 

offer certain benefits. Tannins and phytate compounds, for example are also known to have 

antioxidant effects that help reduce the risk of some forms of cancers; saponins may lower blood 

cholesterol and help reduce the risk of some forms of cancer; oligosaccharides can have prebiotic 

effects to help improve gut health, and polyphenols have been theorized to prevent certain 

cardiovascular diseases (Haileslassie et al., 2016; Lopez-Martinez et al., 2017). Chickpea 

phenolic contents have also been associated with antioxidant and antimutagenic properties, while 

its enzyme inhibitors and tannin contents have also been theorized to decrease the risk of 

cardiovascular disease (Hirdyani, 2014; Wallace et al., 2016). 

 In comparison to some other pulses, chickpeas have previously been described as 

possessing less than half (18.8 TIU/mg) the trypsin inhibitory activity compared to soybean (41.5 

TIU/mg) and lima bean (46.8 TIU/mg) (Elkowicz & Sosulski, 1982). Mondor et al. (2009) 

confirmed these findings, determining inhibitor concentrations for desi (19.95 TIU/mg) and 

kabuli (20.89 TIU/mg) chickpeas. Other authors have described even lower numbers, ranging 

from 1.0 to 15.0 TIU/mg (Jukanti et al., 2012). In a study of 28 chickpea and 40 faba bean 

genotypes Khan et al. (2015) found trypsin and chymotrypsin inhibitors varied in concentration 

from 7.6 to 9.0 TIU/mg and 9.0 to 11.9 TIU/mg respectively in chickpeas, compared to 2.2 to 2.8 

TIU/mg and 0.3 to 0.7 TIU/mg in faba bean. Despite this, chickpeas and legumes are generally 

considered to possess high levels of these compounds compared to many other plant groups 

(Gupta, 1987). Other enzyme inhibitor levels include chymotrypsin inhibitors at 2.8 to 9.4 

CIU/mg and amylase inhibitors at 0 to 15 U/g, 0 to 4.8 (Singh, 1988). Tannins have not always 

been detected in chickpea samples, while some authors have described as high as 4.8 units per 

mg of sample. Similarly there has been some uncertainty regarding levels of potentially 

dangerous haemagglutinin activity, with estimates ranging from 0 to 6.2 U/mg (Gupta, 1987; 

Singh, 1988; Alajaji & El-Adawy, 2006). Finally, estimates for phenolic contents range from 

1.22 to 6.1 mg/g (Singh, 1988; Mondor et al., 2009). Similar estimates have also been produced 

by Khan et al. (2015) who determined chickpeas possessed phenolic contents between 1.5 and 

2.5 mg GAE g
-1

. 

Typically, removal of these compounds is not the primary target in ingredient 

preparation; however, their levels can be reduced by dehulling, dissolving in water and the 

application of solvents, among other methods. When pulses are consumed as whole or split 
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products, levels of these compounds are significantly reduced by soaking the seeds and during 

the cooking process (i.e., boiling). Other processes have been used to reduce levels of several of 

these compounds with varying levels of success including through germination (Ghavidel & 

Prakash, 2007), autoclaving (Radha et al., 2008), fermentation (Hemalatha et al., 2007), 

extrusion (Alonso et al., 2000), and infrared heating (Fasina et al., 2001). Likewise, proteases 

can be used to destroy the structure of protein-based bioactive compounds (inhibitors and 

lectins), rendering their negative metabolic effects inactive. Additionally, hydrolysis can cause 

protein structures that bind bioactive compounds to become damaged, releasing these molecules 

into solvent (Enneking & Wink, 2000). Accordingly, enzymatic hydrolysis has been shown to 

exhibit a number of positive effects; unfortunately, these can be somewhat difficult to separate 

from other stages of hydrolytic treatments. More complications arise due to the relatively limited 

amount of research papers that address this topic. 

Periago et al. (1998) analyzing a hydrolyzed pea flour observed a significant decrease in 

the trypsin inhibitor content of a hydrolyzed pea flour (4.7 TIU to between 2.1 and 2.1 TIU) as 

well as a similar decrease in phytic acid (4.3 mg·g
-1

 to between 1.5 and 1.7 mg·g
-1

). These 

findings were partially corroborated by Barac et al. (2006), where the authors, working with a 

trypsin and pepsin hydrolyzed soy, found significantly reduced phytic acids levels. However, no 

statistical decrease in trypsin inhibitory activity was noted, potentially reflecting the low degree 

of hydrolysis in the sample. Using a combined germination and proteolytic strategy another 

group working with both soy and faba bean proteins hydrolyzed to between 60% and 85% DH 

and observed tannin contents to decrease 29.7% in the faba bean sample while the soy protein 

sample decreased 25.5% in trypsin inhibitory levels (Savelkoul et al., 1992). Konieczny (2019b) 

tested the influence of limited enzymatic hydrolysis on a pea protein flour on four bioactive 

compounds (phenolics, tannins, trypsin and chymotrypsin inhibitors), with the author observing 

reductions in all four compounds. In particular, total phenolics declined from 8.1 mg GAE in 

controls to 5.4 GAE in the pepsin hydrolysate; condensed tannins in contrast were completely 

absent in all heated or heated and hydrolyzed samples; trypsin inhibitors declined from 38.4 TIU 

to between 17.3 and 9.9 TIU; and chymotrypsin inhibitors declined more drastically from 63.9 

CIU to between 7.1 and 3.5 CIU. 
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2.6.3  Protein Digestibility 

Protein bioavailability and digestibility refers to the ability for the amino acids to be 

taken into the body and incorporated into normal metabolic functions after digestion (Clemente 

et al., 1999). There are a number of different in vitro and in vivo methods which are used to 

determined protein digestibility, as well as different ways of comparing the results. The most 

common of these are the Protein Efficiency Ratio (PER), the Biological Value (BV), and the 

Protein Rating (PR), which are used in the Canadian regulatory system, the Protein Digestibility 

Corrected Amino Acid Score (PDCAAS) and the Digestible Indispensable Amino Acid Score 

(DIAAS) (Millward, 2012; Nosworthy et al., 2016). The latter two of these are generally 

considered the international standards laid out by the United Nation’s Food and Agriculture 

Organization and the World Health Organization (FAO/WHO, 1991). PDCAAS measures 

protein foods based on their proportion of the most limiting essential amino acid residues, in 

relation to an ideal 3 to 5 year-old human as well as overall protein digestibility. Importantly, the 

PDCAAS method does not account for the previously discussed bioactive compounds and their 

potentially negative in the human digestive system (Sarwar, 1997). 

IV-PDCAAS values for split green peas (0.500), kidney beans (0.549), green lentils 

(0.628), navy beans (0.667), black beans (0.534), and chickpeas (0.519) have been reported, 

casein (milk protein) for contrast is defined at 1.00 (Nosworthy et al., 2017). Unfortunately, 

limited information is available as it related to hydrolytic modification of the pulse proteins and 

its impact of its digestibility or protein quality. One example of this relationship was noted by 

Konieczny, (2019b). Working with pea protein the authors noted a IV-PDCAAS score of 0.667 

in the untreated flour, decreasing to between 0.592 and 0.646 at low levels of hydrolysis (2% DH 

to 4% DH) and increasing thereafter (10% DH to 12% DH) to between 0.686 to 0.729. 

Concerning chickpeas specifically, a CPI was previously described possessing amino acid 

composition that meets the nutritional requirements proposed by FAO/WHO, except in sulfuric 

amino acids. Moreover, hydrolysates up to 10% DH did not exhibit any significant differences in 

IV-PDCAAS scores (Yust et al., 2010). Similarly, Clement et al. (1999) found hydrolyzed 

chickpea protein hydrolyzed did not differ significant in digestibility compared to the controls, 

interestingly high levels of hydrolysis also resulted in an improvement to the overall amino acid 

profile. 
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2.7 Summary of Literature Review 

There is a considerable body of research which indicates that legume proteins from can 

be processed into highly functional and nutritional ingredients, thereby increasing the rather 

limited value of these crops. However, widespread chickpea ingredient utilization has not yet 

occurred, possibly due to a lack of information regarding processing options, as well as the 

functionality, and quality of the resulting materials. The research and development of pulse 

protein modification technology should therefore be seen as a goal in the coming years. In the 

present research study, the author attempted to fill a portion of this research gap with an 

investigation into the potential for enzymatic treatments to enhance chickpea protein isolates as 

functional and nutritional food ingredients. Considering the success of hydrolyzed soybean 

ingredients, chickpeas (as well as other pulse crops generally) have a significant potential to 

generate similarly high-value processed materials. 
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3. MATERIALS AND METHODS 

 

3.1 Materials 

Chickpea flour was generously provided by AGT Food and Ingredients (Saskatoon SK). 

The enzymes used in this study include: (1) trypsin (EC 3.4.21.4) from porcine pancreas; (2) 

pepsin (EC 3.4.23.1) from porcine gastric muscosa; and (3) papain (EC 3.4.22.2) from Carica 

papaya. Unless stated otherwise, all reagents used in this study were of ACS-grade or better, and 

were purchased from Sigma-Aldrich (Oakville, ON). 

 

3.2 Protein Isolation 

Chickpea protein isolate (CPI) was generated according to a modification of the method 

of Can Karaca et al. (2011a). First, the chickpea flour was defatted twice in sequence through the 

addition of hexane at 1:3 ratio (w/v) (200 g flour suspended in 600 mL solvent). Following the 

addition of solvent, solutions were then stirred magnetically for 40 min, followed by vacuum 

filtration through Whatman No. 1 filter paper (GE Healthcare UK Limited, Buckinghamshire, 

UK). To minimize waste, approximately 50% of the spent hexane was reused during the initial 

washing, with fresh hexane always being used on the second round. Once both filtration steps 

were complete, the defatted material was subjected to alkaline extraction/isoelectric 

precipitation. To achieve this, samples were suspended in water at a 1:10 ratio, adjusted to pH 

9.0 with 1 M NaOH, and then centrifuged at 4,500  g for 20 min at 4
o
C (Sorvall RC5C Plus 

Superspeed centrifuge, Asheville, NC, USA). The protein enriched supernatant was then 

recovered, readjusted to pH 4.6 using 1 M HCl, and another round of centrifugation under the 

same conditions was performed. The protein pellet obtained from this second round of 

centrifugation was then collected and stored at -30
o
C prior to freeze drying. Once a total of 2.5 

kg of the CPI had been collected, samples were pooled together and ground into a fine powder 

using a mortar and pestle. Approximately 100 g of CPI and 300 g of the native chickpea flour 

were retained and characterized alongside the various other CPI hydrolysates as controls, where 
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they were referred to as the “untreated control” and the “unrefined flour” respectively. The rest 

of the CPI material was then used in the creation of the various CPI hydrolysates as described in 

the following sections (3.3 and 3.4).  

 

3.3 Determination of Protease Activity 

Conditions needed to achieve 5%, 10%, and 15% degree of hydrolysis (% DH) of the 

untreated CPI with trypsin, pepsin, and papain, were determined by collecting kinetic data over 

time. In brief, samples were prepared as 1% (w/w) protein solutions by solubilizing 0.5 g of 

untreated CPI protein into 50 g of either 50 mM phosphate (trypsin and papain hydrolysis) or 50 

mM citrate (pepsin hydrolysis) buffers. The pH’s of these solutions were then adjusted using 1 M 

HCl and NaOH to the following conditions: trypsin pH 7.5; pepsin, pH 2.6; papain, pH 6.2. 

Pepsin hydrolysates were not adjusted to enzyme optimal conditions (pH 1.5 to 2.0) due to the 

limited citrate buffering capacity at these values. To ensure complete solubilisation solutions 

were then stirred for 12 to 16 h at 4ºC. Once retrieved, the solutions were readjusted to the 

desired pH’s, and transferred to a shaking water bath held at either 37ºC (trypsin and pepsin 

hydrolysis) or 45ºC (papain hydrolysis), and left to shake for 1 h. Once complete, 0.25 to 1 mL 

of enzyme solution was added. Initially, enzyme solutions were prepared at a variety of 

concentrations in order to give final E/S ratios ranging from [1/100] to [1/5000]. Following the 

addition of enzyme, 0.25 mL samples were withdrawn every 10 to 30 min, for up to 4 h. An 

additional sample was also withdrawn immediately preceding the addition of the enzyme 

solution (time 0) to serve as a blank. The degree of hydrolysis in these samples was then 

determined using the TNBS (2,4,6-trinitrobenzenesulfonic acid) method, as described by Wani et 

al. (1979).  

To achieve this, 0.25 mL of CPI samples were first added to 2 mL of 1% (w/v) SDS 

(sodium dodecyl sulfate) in 50 mM, pH 7.5 phosphate buffer. The resulting solution was 

vortexed for approximately 15 s, and then heated at 75ºC for 10 min to inactivate the protease, 

followed by cooling at room temperature for 30 min. Due to a higher temperature stability, 

papain received slightly increased heating (85ºC). Afterwards, 0.25 mL of the SDS solution was 

further diluted into 2 mL, 50 mM, pH 7.5 phosphate buffer, and the resulting mixture was 

vortexed for another 15 s. Stock TNBS reagent was diluted from 5 to 0.01% using Milli-Q water, 

and 2 mL was added to each diluted sample. Immediately afterwards, the solutions were added to 
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a covered water bath held, and incubated in darkness at 50ºC for 60 min. Once complete, 4 mL 

of 0.1M HCl was added to samples in order to terminate the TNBS reaction. Samples were then 

left to cool for 30 min at room temperature, before being read at 335 nm using a UV-VIS 

spectrophotometer (Genesys 10S, Thermo-Fisher, Madison, WI, USA). All results were 

collected in triplicate. 

To determine the relationship between absorbance and amino nitrogen concentration, an 

amino acid standard curve was prepared. Leucine was solubilized in Milli-Q water and diluted 

into a set of 2.25 mL samples, ranging from 0.01 M to 0.3 M, using 50 mM phosphate or citrate 

buffer. These solutions were then subjected to the TNBS method as described above. Standard 

curves were performed in triplicate, once per week. In order to estimate the total nitrogen content 

of the CPI sample, a total acid hydrolysis procedure, based on the method of Pascaud & Pascaud, 

(1987) was performed. First, 23 mg of untreated CPI was added to 7.5 mL of Milli-Q water, and 

then stirred using a magnetic stirrer for 30 min. The solution was then transferred to a capped 

Pyrex tube alongside 7.5 mL of 6 M HCl, and the resulting mixture was then sealed before being 

placed in a forced air oven heated at 110
o
C for 20 h. Following incubation, samples were 

retrieved and allowed to cool for 60 min, before filtration through Whatman No. 3 filter paper 

(GE Healthcare UK Limited, Buckinghamshire, UK). In order to neutralize the strongly acidic 

samples, 4 mL of the filtrate was withdrawn, adjusted to pH 7.5 with 2 M NaOH, and brought to 

a final volume of 25 mL using Milli-Q water. Afterwards, 2 mL of the diluted samples was 

analyzed using the TNBS method as described above. Sample blanks were created with 6.0 M 

HCl adjusted to pH 7.5 with 6 M NaOH. Results for total acid hydrolysis were collected in 

triplicate. 

The degree of hydrolysis (% DH) was calculated by using Eq.1, where AN2 is the amino 

nitrogen content after hydrolysis (mg g
-1

 protein), AN1 is the amino nitrogen content prior to 

hydrolysis, and NpB is the total nitrogen content of the peptide bonds in the protein substrate as 

determined through total protein hydrolysis. 

 

     
     –     

   
              [Eq. 1] 

 

Following initial testing, the following E/S ratios were chosen for large-scale hydrolyzed 

CPI production: trypsin [1/1000], pepsin [1/5000], and papain, [1/1000]. The kinetic data for 
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these conditions with the three proteases is shown in Figure 3.1. Incubation times needed to 

achieve 5% DH, 10% DH, and 15% DH were estimated through linear regression, and are 

detailed in Table 3.1. In the case of papain, calculations were based only on the first five data 

points, due to decreased linearity afterwards.  

 

Figure 3.1:  The hydrolysis of a 1% chickpea protein isolate (CPI) solution with three 

proteases over time, measured using TNBS. Error bars represents the mean ± one 

standard deviation (n=3). 

 

Table 3.1:  Estimated enzyme concentration and incubation times needed to hydrolyze a 

chickpea protein isolate (CPI) to three levels of hydrolysis, as determined through 

linear regression. 

Desired level of 

hydrolysis (% DH) 

Incubation time (minutes) 

Papain [1/1000] Trypsin [1/1000] Pepsin [1/5000] 

5% 

10% 

15% 

4.3 

12.1 

19.7 

13.1 

37.0 

60.9 

10.0 

27.1 

44.2 
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3.4 Preparation of CPI Hydrolysates 

To produce sufficient hydrolyzed CPI products for further analysis, the hydrolysis 

procedure was scaled up 100-fold. In this phase, 1% (w/w) CPI protein solutions were prepared 

by solubilizing 50 g of protein into 5 L of either 50 mM phosphate (trypsin and papain) or 50 

mM citrate (pepsin) buffers. Protein solutions were then adjusted to the pH conditions discussed 

in the previous section and then magnetically stirred at 4ºC for 12 to 16 h. Following this period, 

the samples were readjusted to the desired pH and transferred to automatic fermentation tanks 

howAfter 2 h of heating at the temperatures discussed in the previous section, enzyme solutions 

were added, and left to hydrolyze for the times given in Table 3.1. Once the desired amount of 

time had elapsed, samples were subjected to two steps designed to arrest enzyme activity. First, 

the pH of the protein solutions was raised using 2 M NaOH to beyond optimal protease 

conditions: pH 8.0 for pepsin, pH 10.0 for trypsin and controls, and pH 10.5 (papain). Samples 

were then removed from the incubators, transferred to a 2 L beaker, and heated in a hot water 

bath. Increased heat treatment was used in this phase of the experiment due to the significantly 

increased sample volume, with trypsin and pepsin hydrolysates being warmed 80ºC for 30 min, 

while papain hydrolysates were heated at 85ºC due to superior temperature resistance. The 

protein solutions were left to cool for 1 h, readjusted to pH 4.6, and centrifuged at 4,500  g for 

20 min at 4
o
C. The resulting precipitants were then collected, and stored at -30

o
C prior to freeze 

drying. Upon retrieval, samples were ground into a fine powder using a mortar and pestle, and 

are hereafter referred to as the “CPI hydrolysates”. CPI hydrolysates were prepared in 

quadruplicate, which were then pooled together for subsequent analyses. 

Two additional controls were also generated through a modification of the 

aforementioned procedure. The “Heat Control” was treated identically to the trypsin 

hydrolysates, minus the addition of protease. The “alkali control” in turn was treated identically 

to the Heat Control, without the addition of heat. Both the heated and alkali controls were 

prepared in triplicate batches and pooled together. Following freeze drying, the protein samples 

were ground into a fine powder using a mortar and pestle. To confirm that the proper amount of 

hydrolysis had occurred, a portion of the hydrolysates was re-suspended and analyzed using the 

TNBS method as detailed in the previous section. Hydrolysate absorbance was compared to the 

untreated control in order to estimate the degree of hydrolysis that had occurred. Reported 

hydrolysis was measured in triplicate and was reported as mean ± one standard deviation. 
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3.5 Physicochemical Properties 

3.5.1  Proximate Composition 

The moisture, ash, and protein levels of the CPI controls, as well as the unrefined flour 

were determined according to AOAC methods: 925.10 (moisture), 923.03 (ash), and 920.87 

using a conversion factor of N% x 6.25 (protein). The lipid contents of CPI hydrolysates, 

controls and unrefined flour were determined using AOAC 920.85. Analyses were performed in 

triplicate reported as mean ± one standard deviation. Methods are discussed below.  

The moisture, ash and protein composition of the CPI hydrolysates were determined by 

KeyLeaf, (formerly POS Bio-Sciences Saskatoon, SK), using official American Oil Chemists’ 

Society (AOCS) methods Ba 2a-38 (Moisture), Bc 5-49 (Ash), and Ba 4e-93 (protein). Analyses 

of the hydrolysates were performed in duplicate. The proximate composition of analyzed 

samples was reported as mean ± one standard deviation, and on a moisture-free basis. 

 

3.5.2 Surface Charge 

The surface charge of the CPI hydrolysates, controls, and the unrefined flour, was 

determined according to the methods of Can Karaca et al. (2011a) using a Zetasizer Nano-ZS90 

(Malvern Instruments, Malvern, UK). First, samples were dispersed in Milli-Q to give a final 

protein concentration of 0.05% (w/w), which were then adjusted to pH 7.0 using 0.5 M HCl and 

NaOH. Following 16 h of stirring, samples were readjusted to pH 7.0, and placed into the 

instrument. Surface charge ( ) was calculated using Eq. 2, where η is the dispersion viscosity, ε 

is the permittivity, ƒ(κα) is a function related to the ratio of particle radius (α) and the Debye 

length (κ), and was approximated as 1.5. All measurements were made in triplicate, and reported 

as the mean ± one standard deviation. 

 

UE = 
           

  
          [Eq. 2] 

 

 

3.5.3 Surface Hydrophobicity 
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The hydrophobicity of the CPI hydrolysates, controls, and the unrefined flour, was 

determined using a fluorescent ANS probe (8-anilino-1-naphtalenesulfonic acid), as described by 

Kato and Nakai (1980). To begin, samples were solubilized in Milli-Q to give a final protein 

concentrations ranging between 0.005% and 0.025% (w/w), alongside a sample containing no 

protein serving as a protein signal blank. All solutions were then adjusted to pH 7.0 using 0.5 M 

HCl and NaOH, and left to stir for 16 h. The following day, 20 µL of 8 mM ANS solution was 

added to 800 µL of sample solutions, mixed, and allowed to stand for 5 min at room temperature 

in lightless conditions. An additional ANS blank for each individual sample was also prepared 

by adding 20 µL of Milli-Q to 800 µL of the sample solutions. Fluorescence was then measured 

using a FluroMax-4 spectrophotometer (Horiba, Jobin Yvon, Edison, NJ, USA) at wavelengths 

at 390 nm (excitation), and 470 nm (emission), using a slit width of 1 nm. Actual fluorescence 

signal was determined by subtracting the signal of the protein and ANS blanks, and fluorescence 

was graphed against protein concentration. Hydrophobicity (        was then determined by 

calculating the resulting slope through linear regression. All measurements were made in 

triplicate, and reported as the mean ± one standard deviation. 

 

3.6 Functional Properties 

3.6.1 Solubility 

The solubility of the CPI hydrolysates, controls, and the unrefined flour, was determined 

according to the procedure of Konieczny (2019a). First, 0.1 g of protein was dispersed in 10 mL 

of Milli-Q water, which was adjusted to pH 4.0, 7.0 or 10.0 using 0.5 N HCl and 0.5 N NaOH. 

Solutions were then mixed for 1 h at room temperature using a stir bar, readjusted to the desired 

pH, and centrifuged at 1000  g for 30 min. The resulting supernatant was then removed, and 30 

µL was added to a 2 mL centrifuge tube containing 1.5 mL of Coomassie reagent, which was 

then vortexed for 10 s. Absorbance was then measured at 595 nm using a UV-VIS 

spectrophotometer. To determine the relationship between absorbance and protein concentration, 

a standard curve was created using bovine serum albumin (BSA) diluted to between 25 and 1500 

µg/mL with Milli-Q water as a blank. Solubility was calculated as the (%) ratio between protein 

in the supernatant, and the initial protein weight added to the tube. All measurements were 

performed in triplicate, and are reported as the mean ± one standard deviation. 

3.6.2 Water and Oil Holding Capacities 
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The water and oil holding capacities (WHC and OHC) of the CPI hydrolysates, controls, 

and the unrefined flour, were determined according to a modification of the procedure of Wani et 

al. (2015). For WHC, 0.5 g of protein was added to 5 mL of Milli-Q water, in a pre-weighed 10 

mL centrifuge tube. To ensure proper dispersion, the tube was then vortexed for 30 s, every 5 

min, for 30 min. Following this, the samples were centrifuged at 3,000  g for 30 min (Sorvall 

RC5C Plus Superspeed centrifuge, Asheville, NC, USA). The resulting supernatant was then 

carefully drained, and the centrifuge tube was weighed. WHC was defined as the weight of the 

retained water per gram of protein (g water/g protein), and was determined by finding the 

difference in weight before and after centrifugation. OHC was determined in a similar fashion; 

however Milli-Q water was substituted with store bought canola oil. Measurements for OHC 

were reported as g oil/g protein (OHC). All measurements were performed in triplicate, and are 

reported as the mean ± one standard deviation. 

 

3.6.3 Emulsifying Properties 

The emulsifying activity index (EAI) and emulsifying stability index (ESI), of the CPI 

hydrolysates, controls, and the unrefined flour, were determined according to a modification of 

Konieczny (2019b). First, 5.0 g of 1% (w/w) protein solutions were prepared, and then adjusted 

to pH 4.0, 7.0 or 10.0 using 0.5M HCl and NaOH. To ensure solubilisation, samples were then 

mixed for 16 h using a stir bar at 4°C. Protein solutions were then transferred to a 50 mL 

centrifuge tube, alongside 4.0 g of store bought canola oil. This mixture was then homogenized 

for 1 min, using an OmniMacro Homogenizer (Omni International, Marietta, GA, USA), 

equipped with a 20 mm saw tooth blade, at speed setting 4 (~7,200 rpm). Immediately following 

homogenization, 50 µL was carefully withdrawn from the bottom of the centrifuge tube, and was 

added to 7.5 mL of 0.1% sodium dodecyl sulfate (time 0). Exactly 10 min afterwards, another 50 

µL sample was similarly withdrawn and diluted (time 10). The absorbance of both samples was 

then measured at 500 nm using a UV-VIS spectrophotometer.  

EAI and ESI were calculated according to Eq. 3 and Eq. 4 respectively; where T=2.303, 

   is the absorbance at time 0,     is the absorbance at time 10, C is the initial concentration of 

protein (g/mL),   is the oil volume fraction of the emulsion,    is the change in time between 0 

and 10 min, and    is the change in absorbance of the emulsion between    and    . All 
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measurements were performed in triplicate, and are reported as the mean ± one standard 

deviation. 

 

          
             

             
        [Eq. 3] 

 

             
  

  
         [Eq. 4] 

 

3.6.4 Foaming Properties 

Foaming capacity (FC) and foaming stability (FS) of the CPI hydrolysates, controls, and 

the unrefined flour, were determined according to a modification of the procedure of Wani et al. 

(2015). First, 1% (w/w) protein solutions were prepared in Milli-Q water, which were then 

adjusted to pH 4.0, 7.0 or 10.0 using 0.5 M HCl and NaOH. To ensure solubilisation, samples 

were then mixed for 16 h using a stir bar at 4°C. Following this, 15 mL of the solution was then 

transferred to a 400 mL beaker, and homogenized with an OmniMacro Homogenizer equipped 

with a 20 mm saw tooth blade for 1 min at speed setting 4 (~7,200 rpm). The resulting foam was 

then immediately transferred to a 50 mL graduated cylinder, and the volume of the foam layer 

was measured (time 0). The cylinder was then left at room temperature for 30 min, after which 

the volume of the foam was recorded again (time 30). FC and FS were calculated according to 

Eq. 5 and Eq. 6 respectively; where V1 is the volume of the foam at time 0 and V2 is the volume 

of the foam at time 30. All measurements were performed in triplicate, and are reported as the 

mean ± one standard deviation. 

 

    
  

                    
           [Eq. 5] 

 

    
      

  
                        [Eq. 6] 

 

 

 

3.7 Bioactive Compounds 
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3.7.1 Total Phenolic Contents 

The total phenolic contents was determined for CPI hydrolysates, controls, and the 

unrefined flour, using the Folin-Ciocalteu assay, based on the method described in Shaver et al. 

(2011). First, 5 mL of 1% HCl in methanol was used to wash 2 g of protein samples in a 15 mL 

centrifuge tube, which were left on a rotating shaker for 2 h. The samples were then removed, 

centrifuged at 1,050  g, and the supernatant recovered. Washing and centrifugation was then 

repeated two additional times; however washing time was reduced to 30 min. All supernatants 

were then pooled together, and 1 mL was added to 9 mL of Milli-Q water. A blank was also 

prepared without the addition of supernatant to 10 mL of Milli-Q water. To these samples, 1 mL 

of Folin-Ciocalteu reagent was then added to the solutions, and the resulting solution was 

vortexed for 30 s. Five minutes after the addition, 10 mL of a 7% (w/v) sodium carbonate 

solution was added to the samples, alongside 5 mL of distilled water. The solution was then 

incubated at room temperature on a rotating shaker for 1.5 h, prior to absorbance being measured 

at 550 nm. To determine the relationship between absorbance and phenolic concentrations, a 

gallic acid standard curve ranging from 100 to 500 µg/mL was also subjected to the Folin-

Ciocalteu assay. Measurements of phenolic contents were expressed as mg GA (gallic acid 

equivalents) per g of sample. All measurements were performed in triplicate, and are reported as 

the mean ± one standard deviation. 

 

3.7.2 Tannin Content 

The tannin contents of the CPI hydrolysates, controls, and the unrefined flour, were 

determined according to a modification of the methods of detailed by Burns (1971). First, 0.2 g 

of protein samples were washed with 10 mL of methanol for 20 min, before being centrifuged at 

1,500  g for 10 min. The supernatant was then removed, and 1 mL was added to a pair of 10 mL 

centrifuge tubes, which were then brought to 30ºC in a water bath. A vanillin reagent was then 

prepared daily by mixing 1% vanillin in methanol, and 8% HCl at a 1:1 volume ratio, and 5 mL 

was to one of the centrifuge tubes (reading sample). To the second tube, 5 mL of 4% HCl 

(reading blank) was added. Exactly 20 min after the addition of vanillin reagent or 4% HCl, 

samples were removed from the water bath and absorbance was read at 500 nm. To calibrate 

these results, a catechin standard curve ranging from 0 to 1.5 mg/mL methanol was prepared and 
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also subjected to the vanillin assay. Measurements of condensed tannins were determined by 

calculating the difference in absorbance between the reading samples and blanks, and were then 

expressed in terms of catechin equivalents per mL of extract. All measurements were performed 

in triplicate, and are reported as the mean ± one standard deviation. 

 

3.7.3 Trypsin Inhibitory Activity 

Trypsin inhibitory activity of CPI hydrolysates, controls, and the unrefined flour was 

determined according to AACC method 22-40.01. First, 0.25 g of protein was stirred for 3 h with 

25 mL of 0.01 M NaOH, and the resulting solution centrifuged at 3,000  g and 4ºC for 20 min. 

The supernatant was then recovered, adjusted to pH 9.0 using 0.5 M HCl and NaOH, and added 

to a pair of test tubes at the following volumes: 0.0, 0.6, 1.0, 1.4, and 1.8 mL. These tubes were 

adjusted to 2.0 mL with distilled water, and placed in a hot water bath kept at 37ºC for 10 min. 

Afterwards, 5 mL of trypsin solution (4 mg trypsin, 200 mL 0.001M HCl) was added, and the 

mixture was incubated for another 10 min. Next, 5 mL DL-BAPNA (N-benzoyl-DL-arginine 4 

nitroanilide hydrochloride) was added and the solution incubated for another 10 min. DL-

BAPNA is a chromogenic reagent that reacts with trypsin, amidase, and balterobin to give 

absorbance at 410 nm. The reaction was then terminated through the addition of 1 mL, 30% 

acetic acid. A set of blanks were then prepared from the second set of tubes by adding 5 mL of 

TCA reagent, incubating for 10 min, followed by 1 mL of 30% acetic acid and 2 mL trypsin 

solution. All tubes were filtered through Whatman No. 2 paper, and absorbance was read at 410 

nm. The TIU content was calculated according to Eq.7, where ΔA corresponds to an increase in 

absorbance of 0.01 between the reading and sample blanks. All measurements were performed in 

triplicate, and are reported as the mean ± one standard deviation. 

 

TIU content= 
 A

m  of extract taken
 

25 m  of extract

500 mg of sample
  D   

100%

100% MC
               [Eq. 7] 

 

3.7.4 Chymotrypsin Inhibitory Activity 

Chymotrypsin inhibitory activity of CPI hydrolysates, controls, and the unrefined flour, 

was determined based on the method detailed by Makkar et al. (2007). To begin, 1 g of protein 

sample was mixed into 10 mL of pH 7.6, 1 M borate buffer, and then centrifuged at 3,000  g for 
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10 min at 4
o
C. The resulting supernatant was then added to a pair of tubes at the following 

volumes: 0.0, 0.2, 0.4, 0.6, and 0.8 mL, with the various volumes being brought to 1 mL with pH 

7.6, 1 M borate buffer. Samples were then placed in a water bath kept at 37
o
C, and incubated for 

exactly 10 min with 1 mL Chymotrypsin solution (4 mg chymotrypsin, in 100 mL 0.001 M HCl). 

A TCA (trichloroacetic acid) solution was then prepared by dissolving 18 g trichloroacetic acetic 

acid, 18 g anhydrous sodium acetate, and 20 mL glacial acetic acid in 1 L ddH2O. To the first set 

of tubes, 2 mL of casein solution (1 g casein in 100 mL borate buffer) was added, and the 

resulting solution was left to incubate 10 min. The enzyme activity was then arrested by adding 6 

mL of TCA solution. The second set of tubes served as a blank, with 6 mL of TCA solution 

added first, followed by 2 mL casein solution. Both sets of tubes were then cooled for 30 min, 

and subsequently filtered using Whatman no.2 filter paper. The absorbance of both sets of tubes 

was read at 275 nm using a glass cuvette. The CIU content was calculated according to Eq. 8, 

where ΔA corresponds to an increase in absorbance of 0.01 between the reading and sample 

blanks. All measurements were performed in triplicate, and are reported as the mean ± one 

standard deviation. 

 

CIU content= 
  

m  of extract taken
 

10 m  of extract

1000 mg of sample
  10   

100%

100% MC
              [Eq. 8] 

 

3.8 Protein Quality 

3.8.1 Analysis of Amino Acid Composition 

Three methods are used prior to the determination of individual amino acids. AOAC 

method 988.15, or alkaline hydrolysis, was used in the determination of tryptophan contents. In 

this method, samples were fully hydrolyzed using 10 M NaOH in a boiling water bath for 20 

min, followed by incubation in an oven at 110ºC for 16 h. The isolation of methionine and 

cysteine (AOAC method 985.28) first required an oxidation step, involving the addition of 

performic acid, followed by AOAC method 988.15. AOAC method 994.12, or acid hydrolysis, 

was used to determine the remaining 15 of the amino acids. To hydrolyze the sample, protein 

was solubilized in 6M HCl, and left to incubate 20 h at 110ºC. Once the various samples had 

been fully hydrolyzed, the extracts were then filtered and placed into an HPLC (High 

Performance Liquid Chromatography) apparatus. HPLC isolates individual amino acids from 
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one another, and a Pico-tag
TM 

amino acid analysis system is then used to identify the various 

fractions (Konieczny et al., 2019b). Amino acid composition was then scored against the 

FAO/WHO recommendations for essential and partially essential amino acids: histidine, 19; 

isoleucine, 28; leucine, 66; lysine, 58; methionine + cysteine, 25; phenylalanine + tyrosine, 63; 

threonine, 34; tryptophan, 11; valine, 35 (amino acid, mg/g protein) (FAO, 1991). 

 

3.8.2 In vitro-Protein Digestibility 

The in vitro digestibility of the CPI hydrolysates, untreated control, and the unrefined 

flour, was determined using the pH drop method, and performed according to the methods of 

Tinus et al. (2012). In this procedure, 62.5 mg of protein was first solubilized in 10 mL of Milli-

Q water, and then adjusted to pH 8.0 using 0.05M HCl and NaOH. Samples were then left to 

incubate for 1 h in a water bath set to 37 ºC, whilst being mixed using a magnetic stir bar. A 

protease solution designed to approximate animal digestive enzymes was prepared using 31 mg 

chymotrypsin, 16 mg trypsin, 13 mg of protease from Streptomyces griseus dissolved in Milli-Q 

water. The protease solution was then adjusted to pH 8.0 with 0.05M HCl and NaOH, and pre-

warmed to 37 ºC. To prevent excessive autolysis, the protease solution was replaced every 2 h. 

After an hour of incubation had elapsed, 1 mL of the protease solution was added to the sample 

solutions. The pH of the resulting mixture was then measured at 30 s intervals for a total of 10 

min. All measurements were performed in triplicate, and are reported as the mean ± one standard 

deviation. The in vitro protein digestibility was calculated using Eq. 12, where          . is the 

difference in pH between the start and the end of the assay. The in vitro protein digestibility 

corrected amino acid score (IV-PDCAAS) was defined as the product of the amino acid score, 

together with the in vitro protein digestibility score.  

 

                                          [Eq. 12] 

 

3.9 Statistical Analysis 

One-factor and two-factor Analysis of Variance (ANOVA) was performed on all data 

sets using the Analysis ToolPak for Microsoft Excel. Four relationships were examined, 

including, enzyme type vs. hydrolysates, degree of hydrolysis vs. hydrolysates, enzyme type 

degree of hydrolysis vs. hydrolysates (Two-factor ANOVA), and controls (untreated, alkali 
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control, heated) compared to hydrolysates (One-factor ANOVA). One-factor ANOVA’s were 

followed by a post hoc Tukey’s Test. Significant difference was defined as (  <0.05. 
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4. RESULTS 

 

4.1 Production and characterization of chickpea protein hydrolysates 

The primary objective of this study involved the hydrolysis of a CPI to three levels of 

hydrolysis, using three different proteases. Consequently, protease kinetic data was first collected 

on a small scale using the TNBS method with the goal of determining conditions needed to 

achieve 5% DH, 10% DH, and 15% DH of the CPI. Additional constraints included hydrolysis 

taking place less than 1 h, and using as little protease as possible. The findings of these 

preliminary studies are shown in Table 3.1, were then used for the scale up phase for CPI 

hydrolysate production. Predicted and observed levels of hydrolysis of the CPI hydrolysates are 

given in Table 4.1. CPI samples were grouped together based on predicted levels of hydrolysis 

for the purpose of statistical analysis in the following sections. 

 

Table 4.1:  Predicted and observed degrees of hydrolysis in prepared chickpea protein 

isolates (CPI) hydrolysates. 

Predicted level of 

hydrolysis (% DH) 

Observed hydrolysis (% DH)
1
 

Pepsin Trypsin Papain 

5% 3.0 ± 2.4 3.7 ± 1.4 5.0 ± 1.8 

10% 9.2 ± 1.5 8.3 ± 1.5 12.4 ± 0.2 

15% 13.3 ± 1.7 17.3 ± 2.5 14.8 ± 0.1 

1
Hydrolysates produced by incubating CPI at various times with enzyme under the following conditions: pepsin 

[1/1000] in pH 2.6 buffer at 37
o
C; trypsin [1/1000] in pH 7.5 buffer at 37

o
C; and papain [1/5000] in pH 6.2 buffer at 

45
o
C. Proteases terminated by combined alkali (pH 8.0 pepsin; pH 10.0 trypsin; and pH 10.5 papain) and heat (80

o
C 

pepsin/trypsin; 90
o
C papain) treatment. Data reported as mean  one standard deviation of triplicate measurements.  
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4.2 Proximate Composition 

The ash, lipid, and protein contents of the various CPI hydrolysates, controls, and the 

unrefined flour, are presented in Table 4.2 on a moisture-free basis. Statistical significance of 

these findings, as determined using one and two-way analysis of variance (ANOVA) is presented 

in Table 4.3. In terms of protein content, the untreated isolate (85.4% protein) was found to be 

true a protein isolate (protein concentration >80% d.b.), exhibiting a roughly three-fold increase 

in protein content from the unrefined chickpea flour (26.9%). Both the alkali, and heat control 

samples possessed even greater levels (86.9% and 87.4%, respectively). In contrast, all of the 

CPI hydrolysates analyzed were found to exhibit statistically significant decreases in protein 

levels, (79.2% to 83.5%), relative to the untreated isolate (p<0.05), alkali control (p<0.01), and 

heated control (p<0.01). The nature of this decrease was found to be slightly dependent on 

degree of hydrolysis (p<0.05), with protein loss generally increasing following higher levels 

hydrolysis. 

Following protein isolation, the lipid contents observed in the various hydrolyzed and 

non-hydrolyzed CPI samples were seen to be somewhat inconsistent. For instance, the untreated 

isolate possessed very little to no lipid content (0.3%), however, controls and hydrolysates 

generated from it possessed lipid contents ranging between 0.0% and 4.0%. Consequently 

statistical difference was found between the untreated (p<0.01) as well as the alkali controls 

(p<0.05), and the various hydrolysates. However, a relatively high degree of standard deviation 

was noted for many of the hydrolysates analyzed. Nevertheless, lipid contents in the hydrolysates 

were found to be significantly (p<0.05) influenced by level of hydrolysis, with lower levels being 

broadly associated with decreased lipid contents. The role of enzyme type, and its interaction 

with degree of hydrolysis, were even more significant (p<0.01), with the highest lipid contents 

observed following a high level of papain hydrolysis (3.8% to 4.0%), while the lowest were 

observed following a low level of pepsin hydrolysis (0% to 1.6%). Ash contents in contrast were 

not found to differ significantly between any of the hydrolyzed and non-hydrolyzed CPI samples, 

with levels ranging between 3.7% and 6.4%. However, ash contents were noted to increase 

slightly (3.1% to 3.7%) from the unrefined flour to the untreated isolate, with a more substantial 

increases following heat (5.6%), and enzyme treatments (3.8% to 6.1%). Differences in moisture 

contents were not directly analyzed in this study. 
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Table 4.2:  The proximate compositions a chickpea protein isolate (CPI) hydrolyzed with 

three different enzymes to various levels of hydrolysis (DH = 3.0% to 5.0%, 8.3% 

to 12.4%, and 13.3% to 17.3%). 

Treatment
1
 

Ash 

(% d.b.)
2
 

Oil 

(% d.b.)
3
 

Protein 

(% d.b.)
2
 

Unrefined flour 3.1 ± 0.2 5.1 ± 0.0 26.9 ± 0.1 

Untreated isolate 3.7 ± 0.0 0.3 ± 0.0 85.4 ± 0.4 

Alkali control 3.9 ± 0.0 0.0 ± 0.0 86.9 ± 0.4 

Heat control 5.7 ± 0.0 1.1 ± 0.0 87.4 ± 0.4 

Pepsin 

   3.0% DH 4.0 ± 0.1 0.0 ± 0.5 83.0 ± 0.5 

9.2% DH 5.3 ± 0.4 1.6 ± 1.9 79.2 ± 0.4 

13.3% DH 4.1 ± 0.4 2.4 ± 0.6 80.8 ± 0.8 

Trypsin 

3.7% DH 4.8 ± 0.1 3.0 ± 0.7 83.0 ± 0.3 

8.3% DH 5.2 ± 0.4 3.4 ± 1.6 81.9 ± 0.5 

17.3% DH 5.6 ± 2.0 2.2 ± 0.4 81.3 ± 1.3 

Papain 

5.0% DH 6.4 ± 1.4 2.8 ± 0.4 83.0 ± 0.0 

12.4% DH 5.2 ± 0.8 3.8 ± 0.8 83.5 ± 1.4 

14.8% DH 5.5 ± 1.1 4.0 ± 0.8 80.9 ± 0.3 

1
Untreated isolate produced by alkaline extraction-isoelectric precipitation of the unrefined flour. CPI hydrolysates 

produced by incubating untreated isolate at various times with enzyme under the following conditions: pepsin in pH 

2.6 buffer at 37
o
C; trypsin in pH 7.5 buffer at 37

o
C; and papain in pH 6.2 buffer at 45

o
C. Proteases terminated by 

combined alkali (pH 8.0 pepsin; pH 10.0 trypsin; and pH 10.5 papain) and heat (80
o
C pepsin/trypsin; 90

o
C papain) 

treatment. Heat Control produced by incubating untreated isolate with no enzyme in pH 7.5 buffer at 37
o
C, followed 

by alkali (pH 10.0) and heat treatment (80
o
C). Alkali control produced by incubating untreated isolate with no 

enzyme in pH 7.5 buffer at 37
o
C, followed by alkali (pH 10.0). 

 

2
Data reported as mean  one standard deviation of duplicate (hydrolysates), or triplicate (controls) measurements. 

 

3
Data reported as mean  one standard deviation of triplicate measurements.
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Table 4.3: One and two-way analysis of variance (ANOVA) of the proximate and surface 

properties of enzymatically hydrolyzed, and non-hydrolyzed chickpea protein 

isolates (CPI). 

Treatments
1
 

Proximate Composition Surface Properties 

Ash Lipid Protein Charge Hydrophobicity 

One-way ANOVA 

Untreated vs. 

Hydrolyzed 
NS p<0.01 p<0.05 p<0.01 p<0.01 

Heated vs. 

Hydrolyzed 
NS NS p<0.01 NS p<0.05 

Alkali vs. 

Hydrolyzed 
NS p<0.05 p<0.01 p<0.01 NS 

Two-way ANOVA 

Enzyme NS p<0.01 NS p<0.01 NS 

% DH NS p<0.05 p<0.05 p<0.01 p<0.05 

Enzyme +  

% DH 
NS p<0.05 NS NS p<0.01 

1
Conditions: Controls (untreated, heat, and alkali) vs. hydrolysates (One factor); Enzyme type (pepsin, 

trypsin, and papain), % DH (3-5%, 8.3-12.4%, and 13.3-17.3%), and Enzyme type X % DH (Two Factor).  

 

4.3 Protein surface characteristics 

The surface charge and hydrophobicity of the various CPI hydrolysates, controls, and 

unrefined flour at pH 7.0 are given in Table 4.4. Statistical significance of these findings, as 

determined using one and two-way analysis of variance (ANOVA) is presented in Table 4.3. In 

terms of surface charge, all analyzed samples exhibited net negative charges at pH 7.0, with the 

unrefined flour possessing the most neutral charge (-14.7 mV). The magnitude of this negative 

charge was observed to gradually increase following protein isolation (-17.1 mV), heat treatment 

(-18.3 mV) and enzyme treatments (-18.3 to -21.4 mV). In terms of interactions between 

hydrolysates, increasing level of hydrolysis was found to significantly (p<0.01) increase net 

negative charge for all enzymes choices analyzed, up to a maximum of -21.4 mV following  
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Table 4.4: The surface charge and hydrophobicity of a chickpea protein isolate (CPI) 

hydrolyzed with three enzymes to various levels of hydrolysis (DH = 3.0% to 

5.0%, 8.3% to 12.4%, and 13.3% to 17.3%). 

Treatment
1
 Zeta Potential (mV) 

Surface Hydrophobicity 

(AU) 

Unrefined flour -14.7 ± 0.4 11.4 ± 1.6 

Untreated isolate -17.1 ± 0.3 23.9 ± 0.6 

Alkali control -16.2 ± 0.4 43.8 ± 1.2 

Heat control -18.3 ± 0.3 32.2 ± 4.2 

Pepsin   

3.0% DH -18.3 ± 0.8 46.2 ± 14.9 

9.2% DH -19.0 ± 0.6 37.6 ± 2.9 

13.3% DH -19.7 ± 0.4 48.0 ± 4.5 

Trypsin   

3.7% DH -18.9 ± 0.8 40.4 ± 9.5 

8.3% DH -20.8 ± 0.7 44.2 ± 4.0 

17.3% DH -21.4 ± 0.4 41.2 ± 1.8 

Papain   

5.0% DH -18.9 ± 0.8 50.9 ± 3.8 

12.4% DH -20.1 ± 0.4 40.2 ± 6.0 

14.8% DH -21.0 ± 0.6 53.9 ± 0.5 

1
Untreated isolate produced by alkaline extraction-isoelectric precipitation of the unrefined flour. CPI hydrolysates 

produced by incubating untreated isolate at various times with enzyme under the following conditions: pepsin in pH 

2.6 buffer at 37
o
C; trypsin in pH 7.5 buffer at 37

o
C; and papain in pH 6.2 buffer at 45

o
C. Proteases terminated by 

combined alkali (pH 8.0 pepsin; pH 10.0 trypsin; and pH 10.5 papain) and heat (80
o
C pepsin/trypsin; 90

o
C papain) 

treatment. Heat control produced by incubating untreated isolate with no enzyme in pH 7.5 buffer at 37
o
C, followed 

by alkali (pH 10.0) and heat treatment (80
o
C). Alkali control produced by incubating untreated isolate with no 

enzyme in pH 7.5 buffer at 37
o
C, followed by alkali (pH 10.0). All data reported as mean  one standard deviation 

of triplicate measurements.  
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17.3% trypsin hydrolysis. Proteases type also produced significantly (p<0.01) distinct results. 

For instance pepsin hydrolysates were found to possess lower surface charges (-18.3 to -19.7 

mV) when compared to trypsin (-18.9 to -21.4 mV) and papain (-18.9 to -21.0 mV) hydrolysates. 

However, when zeta potential is considered purely as a function of degree of hydrolysis these 

differences become less apparent, and surface charge is simply seen to increase in a linear 

fashion. 

The hydrophobicity of the various analyzed samples was observed to follow a pattern 

similar to that observed with zeta potential. The raw flour again possessed the lowest 

hydrophobicity at 11.4 AU, followed by 23.9 AU in the untreated isolate, with all subsequent 

treatment increasing hydrophobicity thereafter. For instance, the heated control, which was 

subjected to both heat and alkali treatments increased in hydrophobicity to 32.2 AU. 

Interestingly, the alkali control exhibited an even larger increase, to 43.8 AU. Enzyme treated 

CPI ranged considerably in hydrophobicity, from 37.6 to 53.9 AU, with a large degree of 

variance being noted for many of the datapoints. Despite this, a one-way ANOVA found 

significant (p<0.05) differences between the hydrolysates and the heated controls. The 

relationship between degree of hydrolysis and hydrophobicity was also found to be significant 

(p<0.05), with high degrees of hydrolysis (13.3% to 17.3%) resulting in larger increases to this 

metric. Combined enzyme type and degree of hydrolysis was even more significant (p<0.01), 

with papain hydrolysis resulting in larger overall increases to hydrophobicity (40.2 to 53.9AU) 

relative to the other two enzyme conditions analyzed (37.6 to 48.0 AU). In contrast with zeta 

potential, however these enzyme related differences in hydrophobicity do not clearly correspond 

to unequal levels of hydrolysis between hydrolysates. 

 

4.4 Functional Properties 

The protein solubility (at pH 4.0, 7.0, and 10.0), as well as the water and oil holding 

capacities (WHC and OHC) of the various CPI hydrolysates, controls, and unrefined flour are 

listed in Table 4.5. Statistical significance of these findings, as determined using one and two-

way analysis of variance (ANOVA) are presented in Table 4.6. Solubility was shown to be 

highly dependent on pH, with all samples exhibiting the greatest solubility at pH 10.0, followed 

by pH 7.0, and then pH 4.0. Several trends were also observed within a given pH condition. For 

.  
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Table 4.5: The protein solubility at pH 4.0, 7.0, and 10.0, as well as the water, and oil holding capacity of a chickpea protein 

isolate (CPI) hydrolyzed with three enzymes to various levels of hydrolysis (DH = 3.0% to 5.0%, 8.3% to 12.4%, and 

13.3% to 17.3%). 

Treatment
1
 

Solubility (%) WHC 

(gwater/gprotein) 

OHC 

(goil/gprotein) pH 4.0 pH 7.0 pH 10.0 

Unrefined flour 17.0 ± 0.8 60.6 ± 0.5 62.2 ± 0.3 7.6 ± 0.3 8.2 ± 0.1 

Untreated isolate 6.5 ± 0.9 54.1 ± 0.7 57.4 ± 0.6 2.8 ± 0.2 3.6 ± 0.2 

Alkali control 14.6 ± 0.3 55.7 ± 2.3 58.9 ± 0.5 2.6 ± 0.2 3.2 ± 0.1 

Heat control 17.1 ± 2.4 54.1 ± 0.7 57.4 ± 0.6 3.1 ± 0.4 4.0 ± 0.2 

Pepsin 

3.0% DH 14.8 ± 0.9 32.4 ± 2.7 53.1 ± 2.6 3.8 ± 0.1 3.3 ± 0.3 

9.2% DH 19.0 ± 0.7 50.2 ± 4.7 63.7 ± 2.8 4.4 ± 0.2 3.4 ± 0.2 

13.3% DH 17.4 ± 0.7 36.3 ± 4.1 52.1 ± 3.7 4.6 ± 0.2 3.1 ± 0.2 

Trypsin 

3.7% DH 15.0 ± 1.6 44.9 ± 2.5 63.9 ± 2.6 3.8 ± 0.2 3.7 ± 0.2 

8.3% DH 15.0 ± 1.2 51.9 ± 1.9 66.0 ± 1.2 3.7 ± 0.2 3.2 ± 0.4 

17.3% DH 17.1 ± 2.6 55.3 ± 3.1 67.7 ± 1.0 3.7 ± 0.3 3.6 ± 0.2 

Papain 

5.0% DH 16.7 ± 2.8 52.2 ± 2.1 63.6 ± 3.9 3.6 ± 0.2 3.2 ± 0.1 

12.4% DH 14.9 ± 1.1 50.7 ± 1.4 65.9 ± 1.2 3.6 ± 0.1 2.9 ± 0.2 

14.8% DH 17.6 ± 1.4 54.6 ± 1.0 65.1 ± 0.8 5.1 ± 0.2 3.7 ± 0.1 
1
Untreated isolate produced by alkaline extraction-isoelectric precipitation of the unrefined flour. CPI hydrolysates produced by incubating untreated isolate at 

various times with enzyme under the following conditions: pepsin in pH 2.6 buffer at 37
o
C; trypsin in pH 7.5 buffer at 37

o
C; and papain in pH 6.2 buffer at 45

o
C. 

Proteases terminated by combined alkali (pH 8.0 pepsin; pH 10.0 trypsin; and pH 10.5 papain) and heat (80
o
C pepsin/trypsin; 90

o
C papain) treatment.. Heat 

control produced by incubating untreated isolate with no enzyme in pH 7.5 buffer at 37
o
C, followed by alkali (pH 10.0) and heat treatment (80

o
C). Alkali control 

produced by incubating untreated isolate with no enzyme in pH 7.5 buffer at 37
o
C, followed by alkali (pH 10.0). All data reported as mean  one standard 

deviation of triplicate measurements. 
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Table 4.6: One and two-way analysis of variance (ANOVA) of the solubility, water holding, 

and oil holding properties of enzymatically hydrolyzed, and non-hydrolyzed 

chickpea protein isolates (CPI). 

Treatments
1
 

Solubility 
WHC OHC 

pH 4.0 pH 7.0 pH 10.0 

One-way ANOVA 

Untreated vs. 

Hydrolyzed 
p<0.01 NS NS p<0.01 NS 

Heated vs. 

Hydrolyzed 
NS NS NS p<0.01 p<0.01 

Alkali vs. 

Hydrolyzed 
NS p<0.05 NS p<0.01 NS 

Two-way ANOVA 

Enzyme p<0.01 p<0.01 p<0.01 p<0.01 p<0.01 

% DH p<0.01 p<0.01 p<0.01 p<0.01 p<0.05 

Enzyme +  

% DH 
p<0.01 p<0.01 NS p<0.01 p<0.01 

1
Conditions: Controls (untreated, heat, and alkali) vs. hydrolysates (One factor); Enzyme type (pepsin, 

trypsin, and papain), % DH (3-5%, 8.3-12.4%, and 13.3-17.3%), and Enzyme type X % DH (Two Factor). 

 

instance, at pH 4.0, the least soluble sample was the untreated isolate at 6.5% solubility, with 

alkali and heat treatment increasing solubility up to 14.6% and 17.1%, respectively. Enzyme 

treated products exhibited similar increases in solubility, with hydrolysate solubility ranging 

between 14.8% and 19.0%. Consequently, no significant differences were found between the 

heat or alkali treated controls, and the set of CPI hydrolysates. However, enzyme type, degree of 

hydrolysis, and their interactions were all found to have statistically significant (p<0.01) 

influences on solubility. In terms of % DH, high degrees of hydrolysis (13.3% to 17.3%) was 

found to result in slightly greater solubility (17.1% to 17.4%), when compared to low degrees of 

hydrolysis (3.0% to 5.0%) with solubility ranging between 14.8% and 16.7%. These 
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observations were complicated in the case of pepsin hydrolysates, with 9.2% pepsin hydrolysis 

leading to the creation of a CPI with 19.0% solubility, the highest observed at this condition.  

When prepared at pH 7.0, the untreated isolate again experienced a dip in solubility 

(54.1%) when compared to original flour (60.6%), alongside mild improvements in solubility 

following either alkali (55.7%) or heat treatment (54.1%). Enzyme treatments as a whole did not 

improve, or hamper, solubility relative to either the alkali control or heat controls, with values 

ranging between 32.4% and 55.3%. Nevertheless, enzyme type, degree of hydrolysis and their 

interactions were all found to significantly influence solubility (p<0.01). This is illustrated by the 

fact that low degrees of pepsin and trypsin hydrolysis (3.0% and 3.7% DH) resulted in the lowest 

protein solubility scores (32.4% to 44.9%), with further hydrolysis (8.3% and 9.2% DH) 

returning solubility back to approximately control values (50.2% to 51.9%). Greater pepsin 

hydrolysis (13.3% DH) was then noted to lead to another decrease in solubility, down to 36.3%. 

In contrast, papain hydrolysis (5.0% DH to 14.8% DH) resulted in no visible changes in 

solubility (50.7% to 54.6% solubility). At the pH 10.0 condition, the solubility of the three 

controls only slightly increased relative to those observed at pH 7.0 (54.1% to 55.7% vs. 57.4 to 

58.9%). Enzyme treatments were more successful, with solubility’s ranging from 52.1% to 

67.7%. Nevertheless, hydrolysates were not found to have significantly improved solubility 

relative to any of the controls tested following one-way ANOVA analysis. Enzyme type and 

degree of hydrolysis were more effective predictors of solubility, with a statistical significances 

of p<0.01. For instance, pepsin hydrolysis was noted to again have largely deleterious effects on 

solubility, with only 9.2% hydrolysis improving solubility relative to controls (63.7% vs. 57.4% 

to 58.9%). In contrast, both trypsin and papain hydrolysis was generally more effective in 

improving solubility, with values ranging between only 63.9% and 67.7%, independent of 

overall level of hydrolysis. 

The WHC of the untreated isolate was noted at 2.8 g/g, with this value increasing 

following heat (3.1 g/g), and enzyme treatments (3.6 to 5.1 g/g). Based on these findings, 

hydrolysis was found to have a significant (p<0.01) impact on WHC when compared to every 

control. Statistical significance (p<0.01) was also found regarding the influence of enzyme, 

degree of hydrolysis and their interactions, with trypsin hydrolysis resulting in lower WHC 

values (3.7 to 3.8 g/g), when compared to pepsin (3.8 to 4.6 g/g) and papain hydrolysis (3.6 to 

5.1 g/g). With respect to degree of hydrolysis, increasing papain and papain treatments were 
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found to improve gains in WHC, with high levels of hydrolysis (13.3% to 17.3%) leading to 

WHC values ranging between 4.6 and 5.1 g/g. In contrast, while oil holding capacity (OHC) was 

observed to improve following heat treatment (3.6 to 4.0 g/g), subsequent enzyme treatment led 

to significant (p<0.01) deleterious effects on this property (2.9 to 3.7 g/g). Enzyme type, degree 

of hydrolysis, and their interactions were also found to have significant (p<0.05 to p<0.01) 

influences on OHC. In the case of trypsin, hydrolysis produced slightly higher OHC values (3.2 

to 3.7 g/g) when compared to those observed for pepsin (3.1 to 3.4 g/g), and papain (2.9 to 

3.7g/g) hydrolysis. In terms of degree of hydrolysis, increasing level of pepsin hydrolysis was 

noted to progressively decrease OHC, while both trypsin and papain hydrolysis resulted in 

minimal OHC (2.9 to 3.2 g/g) following 8.3% and 12.4% hydrolysis, respectively. 

 

4.5 Emulsifying Properties 

The emulsifying activity (EAI) and stability (ESI) indices of the various CPI 

hydrolysates, controls, and unrefined flour at pH 4.0, 7.0, and 10.0 are shown in Table 4.7. 

Statistical significance of these findings, as determined using one and two-way analysis of 

variance (ANOVA) is presented in Table 4.8. Both EAI and ESI were found to be strongly 

linked to pH, with emulsifying properties being lowest at pH 4.0 to 7.0, and highest at pH 10.0. 

Concerning EAI, at pH 4.0 both heat and alkali treatments were found to slightly increase 

activity from an initial 23.0 m
2
·g

-1
 in the untreated isolate, to 33.2 m

2
·g

-1
 and 43.5 m

2
·g

-1
 

respectively. Enzyme treatment was then found to lead to statistically significant (p<0.01) 

increases to this metric relative to both untreated and heat controls, with EAI ranging between 

39.7, and 61.2 m
2
·g

-1
. Enzyme-type (p<0.01), degree of hydrolysis (p<0.05), and their 

interactions (p<0.01) were found to be statistically significant predictors of EAI. For example, 

following pepsin hydrolysis, EAI was found to be highest following 9.2% hydrolysis at 61.2 

m
2
·g

-1
, compared to 47.3 m

2
·g

-1 
following 3% hydrolysis, and 54.5 m

2
·g

-1 
following 13.3% 

hydrolysis. In contrast, EAI was not drastically influenced by degree of hydrolysis for either 

trypsin or papain hydrolysates; however papain hydrolysis was noted to result in slightly stronger 

emulsifying properties (39.7 to 43.8 vs. 43.8 to 55.9 m
2
·g

-1
). At pH 7.0 no significant difference 

between any CPI samples could be observed, with all hydrolyzed and non-hydrolyzed CPI 

samples ranging between only 43.1 and 48.9 m
2
·g

-1
. Nevertheless, the EAI of the various controls  
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Table 4.7: The emulsion activity and stability indices at pH 4.0, 7.0, and 10.0, of a chickpea protein isolate (CPI) hydrolyzed with 

three enzymes to various levels of hydrolysis (DH = 3.0% to 5.0%, 8.3% to 12.4%, and 13.3% to 17.3%). 

Treatment
1
 

Emulsion Activity Index (m
2
·g

-1
) Emulsion Stability Index (Δ10 min) 

pH 4.0 pH 7.0 pH 10.0 pH 4.0 pH 7.0 pH 10.0 

Unrefined flour 36.5 ± 1.2 43.1 ± 2.9 56.9 ± 6.3 22.5 ± 1.0 236.2 ± 46.6 92.3 ± 25.6 

Untreated isolate 23.0 ± 3.3 43.1 ± 1.0 117.7 ± 6.8 25.3 ± 5.7 173.7 ± 30.5 > 1000.0 

Alkali control 43.5 ± 0.7 44.9 ± 4.1 101.3 ± 7.7 20.0 ± 5.8 185.5 ± 30.0 > 1000.0 

Heat control 33.2 ± 1.3 46.4 ± 1.8 99.2 ± 6.7 33.6 ± 7.7 45.2 ± 4.5 > 1000.0 

Pepsin 

3.0% DH 47.3 ± 1.7 48.9 ± 3.6 94.4 ± 8.3 22.8 ± 3.1 44.3 ± 9.7 > 1000.0 

9.2% DH 61.2 ± 3.1 46.2 ± 4.5 120.5 ± 6.5 21.5 ± 3.9 60.7 ± 8.9 > 1000.0 

13.3% DH 54.5 ± 1.3 45.4 ± 4.3 204.4 ± 19.2 23.2 ± 4.6 57.6 ± 14.9 > 1000.0 

Trypsin 

3.7% DH 39.7 ± 3.1 47.1 ± 7.4 199.5 ± 14.3 41.1 ± 10.3 61.5 ± 5.8 > 1000.0 

8.3% DH 43.8 ± 4.4 45.2 ± 4.1 185.9 ± 10.4 42.4 ± 7.5 70.5 ± 11.2 > 1000.0 

17.3% DH 42.8 ± 4.2 47.4 ± 4.3 137.5 ± 6.1 58.8 ± 11.7 97.9 ± 14.5 > 1000.0 

Papain 

5.0% DH 50.0 ± 2.2 47.1 ± 3.1 202.6 ± 12.2 26.6 ± 2.7 56.7 ± 13.3 > 1000.0 

12.4% DH 43.8 ± 2.4 42.5 ± 4.1 233.4 ± 9.3 25.5 ± 3.3 73.9 ± 14.3 > 1000.0 

14.8% DH 55.9 ± 6.3 45.4 ± 3.7 293.5 ± 15.6 42.8 ± 4.5 52.5 ± 7.5 > 1000.0 
1
Untreated isolate produced by alkaline extraction-isoelectric precipitation of the unrefined flour. CPI hydrolysates produced by incubating untreated isolate at 

various times with enzyme under the following conditions: pepsin in pH 2.6 buffer at 37
o
C; trypsin in pH 7.5 buffer at 37

o
C; and papain in pH 6.2 buffer at 45

o
C. 

Proteases terminated by combined alkali (pH 8.0 pepsin; pH 10.0 trypsin; and pH 10.5 papain) and heat (80
o
C pepsin/trypsin; 90

o
C papain) treatment. Heat 

control produced by incubating untreated isolate with no enzyme in pH 7.5 buffer at 37
o
C, followed by alkali (pH 10.0) and heat treatment (80

o
C). Alkali control 

produced by incubating untreated isolate with no enzyme in pH 7.5 buffer at 37
o
C, followed by alkali (pH 10.0). All data reported as mean  one standard 

deviation of triplicate measurements. 
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Table 4.8: One and two-way analysis of variance (ANOVA) of the emulsifying properties of 

enzymatically hydrolyzed, and non-hydrolyzed chickpea protein isolates (CPI). 

Treatments
1
 

EAI ESI 

pH 4.0 pH 7.0 pH 10.0 pH 4.0 pH 7.0 pH 10.0 

One-way ANOVA 

Untreated vs. 

Hydrolyzed 
p<0.01 NS p<0.01 NS p<0.01 N/A 

Heated vs. 

Hydrolyzed 
p<0.01 NS p<0.01 NS NS N/A 

Alkali vs. 

Hydrolyzed 
NS NS p<0.05 NS p<0.01 N/A 

Two-way ANOVA 

Enzyme p<0.01 NS p<0.01 p<0.01 p<0.01 N/A 

% DH p<0.05 NS p<0.01 p<0.01 p<0.01 N/A 

Enzyme +  

% DH 
p<0.01 NS p<0.01 p<0.01 p<0.01 N/A 

1
Conditions: Controls (untreated, heat, and alkali) vs. hydrolysates (One factor); Enzyme type (pepsin, 

trypsin, and papain), % DH (3-5%, 8.3-12.4%, and 13.3-17.3%), and Enzyme type X % DH (Two Factor). 

 

(untreated, heated and alkali control) was noted to greatly increase (43.1 to 44.9 m
2
·g

-1
) relative 

to values observed under the pH 4.0 conditions (23.0 to 43.5 m
2
·g

-1
). This is not the case for EAI 

at pH 10.0, where statistically significant differences were again noted between controls and 

hydrolysates (p<0.01 to p<0.05), with all hydrolysates, save 3.0% pepsin, exhibiting EAI’s well 

in excess of the controls, (120.5 to 293.5m
2
·g

-1 
vs. 99.2 to 117.1 m

2
·g

-1
). Significance was also 

observed between enzyme type (p<0.01), degree of hydrolysis (p<0.01), and their interactions 

(p<0.01) among the various hydrolysates. Specifically, papain hydrolysis was found to result in 

the strongest observed emulsifying activity, with 14.8% hydrolysis resulting in a CPI product 

with approximately 3 times greater EAI relative to the heated control. Trypsin hydrolysates in 

contrast ranged between 137.5 and 199.5 m
2
·g

-1
, while pepsin hydrolysates were weaker still, 

ranging between 94.4 and 204.4 m
2
·g

-1
. In terms of degree of hydrolysis, increasing level of 
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trypsin treatment resulted in a downward trend in EAI, while the opposite was noted for pepsin 

and papain treatments. 

Emulsion stability was measured concurrently with EAI at the three previously discussed 

pH conditions, and several trends were apparent. For instance, at pH 4.0 heat treatment slightly 

increased stability relative to the untreated isolate (33.6 vs. 25.3 min), with subsequent enzyme 

treatment not being found to lead to overall increases or decreases of ESI. However several 

statistically significant differences were found between the different sets of hydrolysates. In 

terms of enzyme type (p<0.01), pepsin hydrolysis was found to result in slightly decreased 

stability (21.5 to 23.2 min), while trypsin hydrolysis slightly increased stability (41.1 to 58.8 

min), and papain hydrolysis resulted in a greater overall range of values (25.5 to 42.8 min). Of 

the three enzymes, trypsin and papain hydrolysates were greatly influenced by degree of 

hydrolysis, with ESI values reaching a maximum at 17.3%, and 14.8% hydrolysis respectively. 

At pH 7.0, all hydrolyzed and non-hydrolyzed CPI samples exhibited markedly increased 

stability compared to the pH 4.0 condition, with the alkali control in particular observing a nine 

fold increase. However, both heat and enzyme treated samples exhibited significantly (p<0.01) 

decreased emulsion stability relative to both the untreated, and alkali treated controls (44.3 to 

97.9 min vs. 173.9 to 185.5 min). Of the hydrolysates, trypsin was found to be more effective at 

reclaiming emulsion stability (61.5 to 97.9 min), when compared to pepsin (44.3 to 60.7 min), 

and papain hydrolysates (52.5 to 73.9 min) (p<0.01). The amount of hydrolysis, and its 

interactions with enzyme, were also statistically significant (p<0.01), with greater emulsion 

stabilities generally following higher levels of hydrolysis, and particularly so in the case of 

trypsin hydrolysates. At pH 10.0, all CPI samples exhibited no change in emulsion density after 

10 minutes. Consequently emulsion stability could not be definitively assayed. 

 

4.6 Foaming Properties 

The foaming capacity (FC) and stability (FS) of the various CPI hydrolysates, controls, 

and unrefined flour at pH 4.0, 7.0, and 10.0 is shown in Table 4.9. Statistical significance of 

these findings, as determined using one and two-way analysis of variance (ANOVA) is presented 

in Table 4.10. Foaming capacity was found to be highly dependent on pH, with capacity being 

lower at 4.0, and higher at pH 7.0 to 10.0. At pH 4.0, heat treatment was found to substantially  
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Table 4.9: The foaming capacity and stability at pH 4.0, 7.0, and 10.0, of a chickpea protein isolate (CPI) hydrolyzed with 

three enzymes to various levels of hydrolysis (DH = 3.0% to 5.0%, 8.3% to 12.4%, and 13.3% to 17.3%). 

Treatment
1
 

Foaming Capacity (%) Foam Stability at 30 min (% volume lost) 

pH 4.0 pH 7.0 pH 10.0 pH 4.0 pH 7.0 pH 10.0 

Unrefined flour 112.2 ±  0.7 118.9 ± 5.8 120.5 ± 7.5 65.3 ± 4.5 18.3 ± 12.3 17.3 ± 11.1 

Untreated isolate 81.1 ± 1.0 162.2 ± 6.3 150.0 ± 9.2 83.6 ± 10.6 15.0 ± 0.0 27.5 ± 9.2 

Alkali control 87.8 ± 3.4 52.3 ± 9.3 101.7 ± 0.8 96.8 ± 4.9 14.8 ± 8.1 17.0 ± 3.0 

Heat control 51.7 ± 7.5 128.9 ± 5.1 128.9 ± 11.1 65.8 ± 12.7 6.8 ± 2.2 22.2 ± 17.1 

Pepsin 

3.0% DH 67.1 ± 6.7 157.8 ± 5.9 169.2 ± 7.5 86.0 ± 8.2 11.7 ± 4.6 17.1 ± 5.0 

9.2% DH 75.5 ± 6.7 171.1 ± 10.0 208.0 ± 6.5 88.5 ± 8.2 12.7 ± 4.0 12.4 ± 3.0 

13.3% DH 84.4 ± 4.9 124.2 ± 7.6 154.7 ± 10.5 92.5 ± 3.9 17.2 ± 9.7 20.4 ± 6.5 

Trypsin 

3.7% DH 54.2 ± 8.4 174.4 ± 7.8 182.5 ± 11.1 86.4 ± 10.6 12.9 ± 4.3 19.3 ± 2.3 

8.3% DH 81.1 ± 7.3 165.8 ± 9.1 179.2 ± 12.6 87.0 ± 8.9 15.3 ± 2.5 19.4 ± 2.7 

17.3% DH 80.3 ± 7.9 165.8 ± 9.5 193.0 ± 8.8 89.8 ± 12.5 10.9 ± 6.9 37.2 ± 24.9 

Papain 

5.0% DH 51.7 ± 5.1 148.3 ± 10.7 191.7 ± 11.5 92.4 ± 8.8 15.1 ± 6.2 14.6 ± 2.7 

12.4% DH 75.0 ± 10.1 166.1 ± 8.5 166.1 ± 4.9 92.3 ± 11.1 10.7 ± 2.0 17.6 ± 3.7 

14.8% DH 83.6 ± 5.7 157.8 ± 7.3 189.2 ± 6.5 85.9 ± 11.8 12.6 ± 2.8 
20.5 ± 7.5 

1
Untreated isolate produced by alkaline extraction-isoelectric precipitation of the unrefined flour. CPI hydrolysates produced by incubating untreated isolate at 

various times with enzyme under the following conditions: pepsin  in pH 2.6 buffer at 37
o
C; trypsin in pH 7.5 buffer at 37

o
C; and papain in pH 6.2 buffer at 

45
o
C. Proteases terminated by combined alkali (pH 8.0 pepsin; pH 10.0 trypsin; and pH 10.5 papain) and heat (80

o
C pepsin/trypsin; 90

o
C papain) treatment. Heat 

control produced by incubating untreated isolate with no enzyme in pH 7.5 buffer at 37
o
C, followed by alkali (pH 10.0) and heat treatment (80

o
C). Alkali control 

produced by incubating untreated isolate with no enzyme in pH 7.5 buffer at 37
o
C, followed by alkali (pH 10.0). All data reported as mean  one standard 

deviation of triplicate measurements. 
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Table 4.10: One and two-way analysis of variance (ANOVA) of the foaming properties of 

enzymatically hydrolyzed, and non-hydrolyzed chickpea protein isolates (CPI). 

Treatments
1
 

FC FS 

pH 4.0 pH 7.0 pH 10.0 pH 4.0 pH 7.0 pH 10.0 

One-way ANOVA 

Untreated vs. 

Hydrolyzed 
NS NS NS NS NS NS 

Heated vs. 

Hydrolyzed 
NS NS p<0.01 p<0.01 p<0.01 NS 

Alkali vs. 

Hydrolyzed 
NS p<0.01 p<0.01 NS NS NS 

Two-way ANOVA 

Enzyme NS p<0.05 NS NS NS p<0.05 

% DH p<0.01 p<0.01 NS NS NS p<0.01 

Enzyme +  

% DH 
NS p<0.01 p<0.01 NS NS NS 

1
Conditions: Controls (untreated, heat, and alkali) vs. hydrolysates (One factor); Enzyme type (pepsin, 

trypsin, and papain), % DH (3-5%, 8.3-12.4%, and 13.3-17.3%), and Enzyme type X % DH (Two Factor). 

 

decrease foaming capacity down to 51.7%, from an initial 81.1% in the untreated isolate. 

Enzyme treatment thereafter resulted in minor increases to FC, with hydrolysate foaming 

capacities ranging between 51.7% and 84.4%. Moreover, these effects were found to be 

influenced by level of hydrolysis (p<0.01), with higher levels of hydrolysis associated with 

greater capacities. At pH 7.0, another decrease in foaming capacity was noted, this time between 

the untreated isolate and the alkali controls (162.2% to 52.3%). Heat treatment in contrast was 

found to rescue some FC (128.9%), while hydrolyzed CPI samples possessed significantly 

greater capacities (124.2% to 171.1%) relative to the alkali control (p<0.01). Statistical 

significance was noted between enzyme type (p<0.05), degree of hydrolysis (p<0.01), and their 

interactions (p<0.01). Specifically, trypsin treatments as a whole was found to recover all of the 

capacity initially found in the untreated isolate (165.8% to 174.4% vs. 162.2%). In contrast, both 
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pepsin and papain hydrolysates performed poorly at extreme levels of hydrolysis (13.3% and 

14.8% DH), with maximum FC (166.1% to 171.1%) occurring at 9.2% to 12.4% DH. At pH 10.0 

the hydrolyzed CPI samples exhibited significantly (p<0.01) improved FC relative to the alkali, 

and heat controls (154.7% to 208.0% vs.101.7% to 128.9%). However, no clear trends were 

found regarding the influence of either enzyme type or degree of hydrolysis on FC, and only the 

two factors together were shown to be significant (p<0.01). Illustrating this, maximum foaming 

capacity for each enzyme was observed at a different % DH: 9.2% for pepsin (208.0%), 17.3% 

for trypsin (193.0%), and 5.0% for papain (191.7%). Moreover, substantial variation in the 

foaming capacities were noted for most CPI samples analyzed, potentially preventing a more 

thorough analysis. 

The stability of the foams over a 30 min period was measured alongside FC, and 

substantial differences were found between the pH 4.0 foams (65.8% to 96.8% volume lost), and 

the pH 7.0 & 10.0 foams (6.8% to 37.2% volume lost). These differences are further emphasized 

in Figure 4.1, where the absolute volumes of foams prepared with the hydrolysate at pH 4.0 were 

shown to be dramatically decreased relative to higher pH foams, both before and after 

incubation. In contrast to this, foams prepared using the untreated and alkali controls exhibited 

slightly less variation between pH conditions overall, with the untreated isolate in particular 

retaining particularly high foam volume at pH 4.0 (4.0 cm
3
). Nevertheless a high degree of 

variation characterized all volume measurements, somewhat complicating the analyses of both 

FC and FS. In terms of FS, at both pH 4.0 and 7.0 heat treatments slightly decreased volume loss 

(83.6% to 65.8% and 15.0% to 6.8%), while enzymatic treatment thereafter significantly 

(p<0.01) degraded stability (86.0% to 92.5% and 10.7% to 17.2% volume lost). However, at both 

conditions no substantial relationships between enzyme type, degree of hydrolysis, or their 

interactions could be found. Another pattern was seen at pH 10.0, where statistical significance 

(p<0.05) was found only between the untreated isolate and the hydrolysates, with the majority of 

the latter displaying improved FS (27.9% vs. 12.4% to 20.5% volume lost). Significant 

relationships were noted at the pH 10.0 condition for both enzyme type (p<0.05), and degree of 

hydrolysis (p<0.01), with a high level of hydrolysis (13.3% to 17.3% DH) resulting in 

marginally decreased stability. Trypsin hydrolysis in particular was the only condition with 

decreased FS (37.2% volume lost) relative to the untreated isolate.  



 

 

 

6
6
 

 

Figure 4.1:  The absolute volumes of foam 30 minutes after homogenization at pH 4.0, 7.0, and 10.0, using a chickpea 

protein isolate (CPI) hydrolyzed with three enzymes to various levels of hydrolysis (DH = 3.0% to 5.0%, 8.3% 

to 12.4%, and 13.3% to 17.3%). Error bars represents the mean ± one standard deviation of triplicate 

measurements. 
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4.7 Bioactive Compounds 

The level of selected bioactive compounds in the various CPI hydrolysates, controls, and 

unrefined flour is shown in Table 4.11. Statistical significance of these findings, as determined 

using one and two-way analysis of variance (ANOVA) is presented in Table 4.12. Phenolic 

contents were estimated at 5.0 mg GA/g in the initial flour, decreasing to 1.6 mg GA/g following 

protein extraction, and further to 1.1 mg GA/g following heat treatment. Enzymatic treatment 

was not observed to result in any significant decreases relative to the heat control, with 

hydrolysates ranging between 0.3 and 1.3 mg GA/g. In terms of differences between 

hydrolysates, enzyme type, degree of hydrolysis and their interactions were all significant 

(p<0.01 to p<0.05) predictors. This seen primarily in the case of pepsin hydrolysis, where the 

resulting CPI hydrolysates were noted to possess markedly decreased phenolic contents (0.6 to 

0.9 mg GA/g), relative to both trypsin (1.1 to 1.2 mg GA/g), and papain hydrolysates (1.1 to 1.2 

mg GA/g). Tannins were not observed in any of the hydrolyzed or non-hydrolyzed CPI samples, 

while the unrefined chickpea flour possessed 176.7 mg catechin/mL extract.  

Trypsin inhibitor content was found to decrease from an initial 39.8 TIU/mg in the 

unrefined flour to 8.7 TIU/mg following protein extraction, and further upon alkali (6.3 

TIU/mg), and heat treatments (6.7 TIU/mg). Enzyme treatment thereafter did not result in 

categorical decreases to TIU in relation to either alkali or heat controls (1.5 to 7.2 TIU/mg). 

Nevertheless, both enzyme type and degree of hydrolysis were found to significantly (p<0.01) 

influence TIU. Trypsin hydrolysates for instance possessed heightened TIU scores relative to the 

other enzymes, while increasing levels of hydrolysis resulted in decreases to TIU scores across 

all samples. Levels of chymotrypsin inhibitors present were also found to decrease following 

protein extraction, (51.2 to 17.5 CIU/mg), alkali (4.6 CIU/mg), and heating (5.5 CIU/mg). The 

hydrolysates generated thereafter were found to have significantly (p<0.01) decreased CIU 

content (4.2 to 1.9 CIU/mg) relative to the heat control. Neither enzyme type, degree of 

hydrolysis nor their interactions were found to significantly influence CIU; however it was 

observed that trypsin and papain hydrolysates were marginally more effective at reducing CIU 

contents following a high level of protease treatment (14.8% to 17.3% DH). 
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Table 4.11: The levels of selected bioactive compounds in a chickpea protein isolate (CPI) 

hydrolyzed with three enzymes to various levels of hydrolysis (DH = 3.0% to 

5.0%, 8.3% to 12.4%, and 13.3% to 17.3%).  

Treatment
1
 

Phenolic Content 

(mg GA/g) 

Tannin Content 

(mg Catechin/mL 

extract) 

Trypsin 

Inhibition 

(TIU/mg) 

Chymotrypsin 

Inhibition 

(CIU/mg) 

Unrefined flour 5.0 ± 0.4 176.7 ± 3.5 39.8 ± 10.0 51.2 ± 10.5 

Untreated isolate 1.6 ± 0.4 N.D 8.7 ± 3.2 17.5 ± 2.2 

Alkali control 1.6 ± 0.1 N.D 6.3± 2.4 4.6 ± 0.9 

Heat control 1.1 ± 0.0 N.D 6.7 ± 3.1 5.5 ± 0.9 

Pepsin 

3.0% DH 0.6 ± 0.4 N.D 4.1 ± 0.4 2.3 ± 0.7 

9.2% DH 0.9 ± 0.4 N.D 1.5 ± 1.1 2.6 ± 1.6 

13.3% DH 0.7 ± 0.7 N.D 2.9 ± 1.2 2.9 ± 1.2 

Trypsin 

3.7% DH 1.3 ± 0.0 N.D 7.2 ± 2.0 3.7 ± 0.8 

8.3% DH 1.3 ± 0.0 N.D 6.8 ± 2.3 1.8 ± 1.0 

17.3% DH 1.2 ± 0.1 N.D 5.6 ± 2.5 1.7 ± 0.7 

Papain 

5.0% DH 1.2 ± 0.1 N.D 5.8 ± 3.1 4.2 ± 1.3 

12.4% DH 1.1 ± 0.1 N.D 4.1 ± 2.3 3.7 ± 0.9 

14.8% DH 1.2 ± 0.2 N.D 2.4 ± 1.2 1.9 ± 0.9 

1
Untreated CPI produced by alkaline extraction-isoelectric precipitation of the unrefined flour. CPI hydrolysates 

produced by incubating Untreated CPI at various times with enzyme under the following conditions: pepsin in pH 

2.6 buffer at 37
o
C; trypsin in pH 7.5 buffer at 37

o
C; and  papain in pH 6.2 buffer at 45

o
C. Proteases terminated by 

combined alkali (pH 8.0 pepsin; pH 10.0 trypsin; and pH 10.5 papain) and heat (80
o
C pepsin/trypsin; 90

o
C papain) 

treatment. .Heat Control produced by incubating Untreated isolate with no enzyme in pH 7.5 buffer at 37
o
C, 

followed by alkali (pH 10.0) and heat treatment (80
o
C). Alkali control produced by incubating Untreated isolate 

with no enzyme in pH 7.5 buffer at 37
o
C, followed by alkali (pH 10.0). All data reported as mean  one standard 

deviation of triplicate measurements.  
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Table 4.12: One and two-way analysis of variance (ANOVA) of the levels of selected 

bioactive compounds in enzymatically hydrolyzed, and non-hydrolyzed chickpea 

protein isolates (CPI). 

Treatments
1
 

Phenolic 

content 

Tannin 

content 

Trypsin 

inhibition 

Chymotrypsin 

inhibition 

One-way ANOVA 

Untreated vs. 

Hydrolyzed 
p<0.05 N/A p<0.01 p<0.01 

Heated vs. 

Hydrolyzed 
NS N/A NS p<0.01 

Alkali vs. 

Hydrolyzed 
p<0.05 N/A NS NS 

Two-way ANOVA 

Enzyme p<0.01 N/A p<0.01 NS 

% DH p<0.01 N/A p<0.01 NS 

Enzyme +  

% DH 
p<0.01 N/A NS NS 

1
Conditions: Controls (untreated, heat, and alkali) vs. hydrolysates (One factor); Enzyme type (pepsin, 

trypsin, and papain), % DH (3-5%, 8.3-12.4%, and 13.3-17.3%), and Enzyme type X % DH (Two Factor). 

 

4.8 Protein Quality 

The non-essential and essential amino acid composition of the various CPI hydrolysates, 

controls, and unrefined flour is shown in Table 4.13 and 4.14, respectively. The limiting amino 

acid, protein digestibility, and IV-PDCAAS score of the CPI hydrolysates, untreated isolate, and 

unrefined flour is shown in Table 4.15. Statistical significance of these findings, as determined 

using one and two-way analysis of variance (ANOVA) is presented in Table 4.16. The limiting 

amino acid score is measured based on the ratio of limiting amino acid in 1 g of test protein 

compared to the amount in 1 g of reference protein. In all samples, the non-essential amino acids 

were found dominate protein contents, making up 61% to 68% of the total protein mass. In terms 
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Table 4.13: Non-essential amino acid composition (g per 100g of sample d.b.) of a chickpea 

protein isolate (CPI) hydrolyzed with three enzymes to various levels of 

hydrolysis (DH = 3.0% to 5.0%, 8.3% to 12.4%, and 13.3% to 17.3%). 

Treatment
1
 

Amino Acid (g/100g sample) 

ALA ASP GLU ARG
2
 GLY

2
 PRO

2
 SER TYR

2
 

Unrefined flour 
1.0 2.9 4.2 2.5 1.0 1.0 1.3 0.7 

Untreated isolate 
3.5 10.2 14.5 8.3 3.2 3.8 4.7 2.8 

Pepsin 
        

3.0% DH 
3.3 9.2 12.5 7.1 3.1 3.6 4.2 2.9 

9.2% DH 
3.3 8.8 11.6 6.8 3.0 3.3 4.0 3.2 

13.3% DH 
3.3 9.0 12.1 6.9 3.1 3.5 4.1 3.0 

Trypsin 
        

3.7% DH 
3.6 9.7 12.5 7.4 3.1 3.8 4.2 3.6 

8.3% DH 
3.5 9.7 12.2 7.1 3.1 3.8 4.1 3.6 

17.3% DH 
3.5 9.5 11.8 6.9 3.1 3.8 4.1 3.6 

Papain 
        

5.0% DH 
3.4 9.6 12.8 7.2 3.2 3.7 4.3 3.4 

12.4% DH 
3.5 9.7 12.9 7.4 3.2 3.8 4.3 3.3 

14.8% DH 
3.4 9.4 12.3 7.0 3.1 3.7 4.1 3.5 

1
Untreated isolate produced by alkaline extraction-isoelectric precipitation of the unrefined flour. CPI hydrolysates 

produced by incubating untreated isolate at various times with enzyme under the following conditions: pepsin in pH 

2.6 buffer at 37
o
C; trypsin in pH 7.5 buffer at 37

o
C; and papain in pH 6.2 buffer at 45

o
C. Proteases terminated by 

combined alkali (pH 8.0 pepsin; pH 10.0 trypsin; and pH 10.5 papain) and heat (80
o
C pepsin/trypsin; 90

o
C papain) 

treatment. 

 

2
Conditionally essential amino acid 
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Table 4.14: Essential amino acid composition (g per 100g of sample d.b.) of a chickpea 

protein isolate (CPI) hydrolyzed with three enzymes to various levels of 

hydrolysis (DH = 3.0% to 5.0%, 8.3% to 12.4%, and 13.3% to 17.3%). 

Treatment
1
 

Amino Acid (g/100g sample) 

HIS ILE LEU LYS 

MET 

+ 

CYS
2
 

PHE 

+ 

TRP 

TRP VAL 

Unrefined flour 
0.6 1.0 1.8 1.6 0.6 2.4 0.2 1.1 

Untreated isolate 
2.1 4.0 7.0 5.5 1.8 8.3 0.7 4.1 

Pepsin 

3.0% DH 
1.9 3.8 6.5 5.0 1.6 7.8 0.8 3.9 

9.2% DH 
1.8 3.7 6.5 4.6 1.3 7.7 0.8 3.9 

13.3% DH 
1.7 3.8 6.6 4.9 1.4 7.8 0.8 4.0 

Trypsin 

3.7% DH 
2.0 4.0 7.0 6.7 1.3 8.1 0.8 4.2 

8.3% DH 
1.8 3.9 7.1 4.5 1.3 8.1 0.8 4.2 

17.3% DH 
1.9 3.9 7.0 4.4 1.3 8.1 0.8 4.2 

Papain 

5.0% DH 
1.9 3.9 6.8 4.8 1.4 8.1 0.8 4.0 

12.4% DH 
1.9 3.9 7.1 4.8 1.3 8.1 0.8 4.1 

14.8% DH 
1.9 3.9 6.9 4.5 1.2 8.0 0.7 4.1 

1
Untreated isolate produced by alkaline extraction-isoelectric precipitation of the unrefined flour. CPI hydrolysates 

produced by incubating untreated isolate at various times with enzyme under the following conditions: pepsin in pH 

2.6 buffer at 37
o
C; trypsin in pH 7.5 buffer at 37

o
C; and papain in pH 6.2 buffer at 45

o
C. Proteases terminated by 

combined alkali (pH 8.0 pepsin; pH 10.0 trypsin; and pH 10.5 papain) and heat (80
o
C pepsin/trypsin; 90

o
C papain) 

treatment. 

2
Conditionally essential amino acid 
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Table 4.15: Limiting amino acids and in vitro protein digestibility of a chickpea protein isolate (CPI) hydrolyzed with three 

enzymes to various levels of hydrolysis (DH = 3.0% to 5.0%, 8.3% to 12.4%, and 13.3% to 17.3%). 

Treatment
1
 

Limiting Amino Acid Limiting Amino 

Acid Score 

IV-Protein 

Digestibility  

(IV-PD) (%)
2
 

Protein Digestibility Corrected 

Amino Acid Score  

(IV-PDCAAS) (%)
2
 First Second 

Unrefined flour TRP
 

N/A 0.91 73.71 ± 0.74 67.08 ± 0.67 

Untreated isolate TRP MET+CYS 0.83 82.22 ± 0.51 68.24 ± 0.42 

Pepsin 

3.0% DH MET+CYS TRP 0.83 82.15 ± 1.5 68.60 ± 1.29 

9.2% DH MET+CYS TRP 0.71 82.45 ± 1.6 59.28 ± 1.19 

13.3% DH MET+CYS TRP 0.78 82.24 ± 1.4 64.79 ± 1.13 

Trypsin 

3.7% DH MET+CYS TRP 0.65 82.15 ± 1.2 53.40 ± 0.80 

8.3% DH MET+CYS TRP 0.71 80.50 ± 2.0 57.16 ± 1.45 

17.3% DH MET+CYS TRP 0.68 81.18 ± 1.5 55.20 ± 1.02 

Papain 

5.0% DH  MET+CYS TRP 0.72 80.27 ± 1.8 57.80 ± 1.30 

12.4% DH MET+CYS TRP 0.71 81.50 ± 0.9 57.86 ± 0.69 

14.8% DH MET+CYS TRP 0.68 82.51 ± 0.9 56.11 ± 0.68 

1
Untreated isolate produced by alkaline extraction-isoelectric precipitation of the unrefined flour. CPI hydrolysates produced by incubating untreated isolate at 

various times with enzyme under the following conditions: pepsin in pH 2.6 buffer at 37
o
C; trypsin in pH 7.5 buffer at 37

o
C; and papain in pH 6.2 buffer at 45

o
C. 

Proteases terminated by combined alkali (pH 8.0 pepsin; pH 10.0 trypsin; and pH 10.5 papain) and heat (80
o
C pepsin/trypsin; 90

o
C papain) treatment. 

 

2
Data reported as mean  one standard deviation of triplicate measurements. 
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Table 4.16: One and two-way analysis of variance (ANOVA) of the protein digestibility in 

enzymatically hydrolyzed, and non-hydrolyzed chickpea protein isolates (CPI). 

Treatments
1
 IV-PD 

One-way ANOVA 

Untreated vs. Hydrolyzed NS 

Two-way ANOVA 

Enzyme NS 

% DH NS 

Enzyme + % DH NS 

1
Conditions: Controls (untreated) vs. hydrolysates (One factor); Enzyme type (pepsin, trypsin, and papain), 

% DH (3-5%, 8.3-12.4%, and 13.3-17.3%), and Enzyme type X % DH (Two Factor). 

 

of essential amino acids, leucine and lysine were the most abundant, comprising approximately 

7% and 6% of the total weight, exceeded only by glutamic acid (~17%), aspartic acid (~11%), 

and arginine (~9%).  

In both the unrefined flour and untreated isolate tryptophan was found to be limiting, at 

0.91 and 0.83 the recommended value, respectively, with the latter sample also being deficient in 

cysteine + methionine. However, following hydrolysis cysteine + methionine became the most 

deficient amino acids in all samples, with scores ranging between 0.83 and 0.65. Notably 

samples were also seen to generally become more deficient following extended hydrolysis. In 

terms of enzyme interactions, pepsin hydrolysis appeared to result in slightly higher cysteine + 

methionine amino acid scores overall at 0.83 to 0.71, compared to 0.65 to 0.71, and 0.68 to 0.72 

for trypsin and papain hydrolysates respectively. Aside from tryptophan as well as cysteine + 

methionine, no other amino acids were identified as deficient in this study. The in vitro protein 

digestibility of the unrefined flour was determined at 73.81%, increasing to 82.22% following 

protein extraction, and then to between 80.27% and 82.51% upon protease treatment. However, a 

one-way analysis of variance did not find any statistical significance between the untreated 

sample and the hydrolysates. Similarly, a two-way analysis of variance did find any relationships 
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between enzyme, degree of hydrolysis, or their interactions. Concerning the IV-PDCAAS scores, 

protein isolation led to an increase in digestibility up to 68.24%, from an initial 67.08% in the 

unrefined flour. Protease treatments thereafter lowered IV-PDCAAS scores, with all but one data 

point ranging in digestibility between 64.79% and 55.20%. Notably, the sole outlier among the 

hydrolysates (68.60% digestibility) was also the lowest % DH sample analyzed 3.0% pepsin. 
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5. DISCUSSION 

 

5.1 Proximate Composition 

The proximate concentration of the unrefined flour was shown to be characteristic of 

chickpea flours, with the material being comprised of 26.9% (d.b.) protein, 3.1% (d.b.) ash, as 

well as relatively high lipid content of 5.1% (d.b.) (Comai et al., 2007; Boye et al., 2010b). 

Following the defatting and protein extraction steps, protein contents substantially increased to 

85.4% (d.b.), resulting in the material being reclassified as a protein isolate (Pearson, 1983). 

Interestingly, slightly higher protein contents were observed in the alkali and heat control 

samples (86.9% and 87.4%, respectively). This difference was not unexpected, as the methods 

used to generate these samples partially involved an additional round of alkaline extraction and 

isoelectric precipitation. Together, the protein contents of these non-hydrolyzed samples 

conformed with previous literature, with authors utilizing similar methods reporting CPI protein 

contents ranging between  85.4% (as is basis) (Can Karaca et al., 2011a), and 78.5% (as is basis) 

(Ghribi et al., 2015). Enzymatic hydrolysis of the CPI was found to negatively impact protein 

concentration, with all hydrolysates exhibiting slightly reduced protein levels (79.2% to 83.5%) 

relative all the three controls analyzed. As this effect increased with higher levels of hydrolysis, 

it was therefore theorized that this was the result of amino acids or small peptides with high 

solubility being gradually liberated during hydrolysis. These molecules will remain in solution 

during the isoelectric precipitation of the hydrolysates, resulting in a portion of the overall 

nitrogen content being lost. Previous research has described similar finding. For instance, Yust et 

al. (2010, 2011) noted that their CPI protein contents decreased from an initial 89.3%, down to 

84.8% and 86.1% following 10% hydrolysis with immobilized Flavourzyme and Alcalase 

respectively.  

The lipid concentrations of the various CPI samples ran somewhat contrary to 

expectations. Specifically, lipid contents in the hydrolyzed CPI samples were not expected to 

exceed levels found in the untreated CPI (0.3%), a number consistent with similar experiments 

on defatted protein isolates (Can Karaca et al. 2011a). Nevertheless, lipid contents in the 
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hydrolysates were found to range between 0.0% and 4.0%. This likely indicates that the defatting 

stage was partially insufficient, and indeed hexane was used conservatively in an effort to reduce 

waste. However it is important to note that lipid concentrations were also observed to increase 

with degree of hydrolysis. One possible explanation for this is that hydrolysis may have 

significantly disrupted protein-lipid interactions, resulting in lipids more readily entering the 

solution during analysis. Additionally, pulse lipid binding proteins have been described as 

possessing significant thermal stability relative to other plant proteins (Bogdanov, 2016). This in 

turn potentially justifies why papain hydrolysates, which received increased heat treatment, 

possessed substantially elevated lipid contents relative to other enzyme hydrolysates. An 

alternative explanation is that due to a general lack of specificity, papain may have simply 

resulted in the CPI protein structure becoming more disorganized relative to other hydrolysates, 

again enabling the release of bound lipid contents. Ash contents were seen to slightly, but not 

significantly, increase following enzymatic treatment. This result was predicted due to the 

inclusion of strong alkaline conditions to deactivate the proteases, with similar findings being 

described by Ghribi (2015) and Yust et al. (2010). 

 

5.2 Protein Surface Properties 

All samples analyzed in this study, including the unrefined flour, returned net negative 

charges at pH 7.0, with values ranging between -14.7 to -21.4 mV. This result is slightly lower, 

but still comparable with those of several previous studies on pulse protein isolates, which have 

described isoelectric points ranging between -18.3 and -30.0 mV (Lam et al., 2008; Papalamprou 

et al., 2009; Can Karaca et al., 2011). Surface charge was observed to decrease following alkali, 

heat, and with increasing enzyme treatment. This result is not unprecedented, with several groups 

including Avramenko et al. (2013), Konieczny et al. (2019a), Ghribi et al. (2015), and Akbari et 

al. (2020) describing similar effects on lentil, pea, chickpeas and potato proteins respectively. 

The authors rationalized these effects as being caused by changes to protein structure brought 

about by hydrolysis, and other denaturing conditions. In particular, it is thought that hydrolysis 

can bring about an unravelling of proteins, leading to the exposure of carboxylic, and other 

charged groups previously buried within the protein. This theory is further supported by the fact 

that all the three enzymes used in this study possessed some endo-protease activity, which would 

primarily target internal protein primary structures. This study also observed differences in zeta 
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potential with respect to enzyme choice with trypsin hydrolysis resulting in greater surface 

charges compared to pepsin hydrolysis. However, these trends can be explained by noting the 

slight differences in the degrees of hydrolysis of the various samples. When differences in 

hydrolysis are controlled for, surface charge is then seen to decrease in a linear manner. This is 

encouraging as high surface charge, positive or negative, are associated with high protein 

solubility, a desirable property in food proteins due to its positive influence on other water 

holding capacity as well as emulsifying and foaming properties. 

Similar findings were also found regarding surface hydrophobicity, with hydrophobicity 

increasing following all three types of treatment (alkali, heat, and enzyme). This was anticipated 

as enzymatic hydrolysis has been previously shown to produce similar results, with authors 

generally attributing such increases to the unravelling the protein interiors exposing previously 

hidden hydrophobic amino acids (Humiski & Aluko, 2007; Konieczny et al., 2019a). In the 

present study this theory can potentially be further supported through the observation that papain 

produced slightly more hydrophobic CPI products overall. Papain has a slight preference towards 

bulky and hydrophobic characters residues, therefore it could be expected that this protease 

would be somewhat more effective at excavating hydrophobic residues (Sigma-Aldrich, 2020). 

In contrast with zeta potential however, hydrophobicity was not seen to increase alongside 

degree of hydrolysis. This could suggest that hydrophobic residues were near, or completely 

exposed following any level of treatment, and indeed there were no significant statistical 

differences between the hydrolysates and the alkali control. Another, complementary, 

explanation is also laid out in Jung et al. (2005). In their study, the authors proposed that 

increasing levels of hydrolysis could lead to dramatic increases in the amount of hydrophobic 

protein-protein interactions occurring. This effect would in turn decrease the favourability of 

interactions between the protein and the ANS reagent, resulting in a decreased signal. The 

general increases in hydrophobicity following hydrolysis could result in several effects. For 

instance, high hydrophobicity will likely hinder protein solubility somewhat by increasing 

protein-protein interactions, potentially nullifying the positive effects resulted from high surface 

charge discussed above. High hydrophobicity is also a property of good emulsifiers; therefore it 

could also be expected that the hydrolysates will also possess good emulsifying properties. 

(McClements, 2015). However, high hydrophobicity is associated with increased bitter tastes, 
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possibly limiting the use of these specific hydrolysates within the food industry (Seo et al., 2007; 

Humiski & Aluko, 2007). 

 

5.3 Functional Properties 

As expected, CPI solubility was highly dependent on pH, increasing away from the 

isoelectric point of the CPI material (~pH 4.5), likely due to increased protein charge reducing 

the favourability of protein-protein interactions. The relationship between enzymatic hydrolysis 

and CPI solubility was more complicated, with solubility improving, worsening, or remaining 

stable following treatment in a pH dependent manner. For instance, when prepared at pH 4.0 

hydrolysates possessed 2- to 3-times more solubility compared to the untreated CPI. However, 

similar values were also noted following both heat and alkali treatments. This shows that the 

aforementioned increases were not the result of hydrolysis itself, and were instead simply a 

consequence of heat and alkali induced protein denaturation. A lack of change in solubility was 

also characteristic at pH 7.0, with the majority of hydrolysates not being significantly more 

soluble compared to any of the controls analyzed. Despite this general trend, select hydrolysates 

(pepsin 3.0%, trypsin 3.7%, and pepsin 13.7%) were observed to possess reduced solubility. As 

the first two of these outliers are the lowest level of hydrolysis samples analyzed, this could 

indicate that improved solubility in other hydrolysates was the result of decreased protein size, a 

theory previously proposed by Yust et al. (2010). The decreased solubility of the pepsin 

hydrolysates in turn could be understood as the result of increased hydrophobic protein-protein 

interactions as minimal solubility was observed at conditions of high hydrophobicity (3.7% and 

13.7% hydrolysis). Interestingly papain was observed to have little if any impact on pulse protein 

solubility at pH 7.0, an observation previously made by Konieczny et al. (2019a). More positive 

influences were seen at pH 10.0, with most of the hydrolysates performing better than controls. 

This was anticipated as the high surface charge of the hydrolysates, combined with strong 

alkaline conditions, would likely result in very strong protein-solvent interactions, with several 

previous studies coming to similar conclusions (Qi et al., 1997; Jung et al., 2004; Ghribi et al., 

2015). Notably, the solubility profile of the pepsin hydrolysates prepared at pH 10.0 mirrored 

those prepared at pH 7.0, with low (3.7%), as well as high (13.7%) degrees of hydrolysis 

reducing solubility, again potentially as a result of strong hydrophobic protein-protein 

interactions. In summary, enzyme treatment did not conclusively improve solubility. However, 
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some increases were noted at both pH 4.0, and 10.0, particularly following trypsin and papain 

hydrolysis. 

Hydrolysis was more effective at improving the WHC of CPI proteins, with all 

hydrolysates performing substantially better than all controls. Furthermore, due to these values 

ranging between 3.6 and 5.1 g/g, this indicates that some of these hydrolysates could be 

incorporated into soups and gravies, as WHC values between 1.49 and 4.71 g/g are considered 

critical for implementation into these foods (Aletor et al., 2002; Tontul et al., 2018). These 

results also overlap well with the findings of Withana-Gamage et al. (2015) as well as Boye et 

al. (2010b), whose authors described the WHC values of chickpea protein isolates as ranging 

between 2.34 and 4.31 g/g, and between 2.5 and 3.1 g/g respectively. In the case of pepsin and 

papain hydrolysates, WHC was seen to increase with higher levels of hydrolysis. This again falls 

in line with previous studies, and is likely caused by an increase in the amount of hydrophilic, 

ionisable amino acids exposed by hydrolytic induced denaturation (Wani et al., 2015; Konieczny 

et al., 2019a). In contrast, trypsin hydrolysis was not observed to improve WHC. This is 

somewhat curious as these samples were previously shown to have high surface charges. 

Consequently, this could instead indicate that the proteins were held together in tighter, less 

water accessible conformations. In terms of OHC, hydrolysis was found to have slightly negative 

effects, with all samples performing worse compared to the heated control. This was somewhat 

unexpected as all hydrolysates possessed increased hydrophobicity scores, and therefore should 

increase affinity with hydrophobic solvents. Moreover, several previous authors have 

documented increases in OHC following hydrolysis (Peragio et al., 1998; Wani et al., 2015; 

Mune-Mune et al., 2015). Despite this conflict, the magnitude of OHC values collected in this 

study (3.6 and 5.1 g/g) are similar to values previously listed by Wani et al. (2015), which 

described OHC values of two CPI samples as ranging between 3.1 and 3.6 g/g. 

 

5.4 Emulsifying Properties 

To characterize the emulsifying properties of the hydrolyzed CPI two metrics were used: 

(1) Emulsion activity index (EAI) which estimates the size of the protein stabilized water-oil 

interfacial area; and (2) Emulsion stability index (ESI) which describes the stability of an 

emulsion against flocculation over time (Wani et al., 2015). For both indices pH was found to be 

a highly significant predictor of performance, with emulsifying properties increasing at 
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conditions further from the isoelectric point of the CPI material (pH ~4.5). These results are 

likely the consequence of heightened CPI solubility, as well as surface charge, under alkaline 

conditions. Greater solubility for instance is thought to enable proteins to more readily reach the 

oil-water interface, while higher surface charges would be expected to result in electrostatic 

repulsive effects between protein-stabilized emulsion droplets (Qi et al., 1997). The pH of the 

solution was also seen to determine how hydrolysis influenced the emulsion properties, with 

hydrolysis improving EAI relative to controls at pH 4.0, and more significantly at pH 10.0. 

These findings were anticipated as several similar studies have previously found positive 

relationships between emulsifying properties and low levels of hydrolysis (Qi et al., 1997; Yust 

et al., 2010; Avramenko et al., 2013; Ghribi et al., 2015; Akbari et al., 2019). In the present 

study, improved EAI can likely be attributed to the previously discussed increases in both the 

hydrophobicity and solubility in many of the protein hydrolysates. Together these properties 

would result in protein molecules being more amphipathic, enabling stronger interactions with 

both water and oil phases of an emulsion. The decreased size of the hydrolyzed proteins is also 

potentially a factor, as these smaller and more flexible proteins would likely be more capable of 

migrating to, and therefore stabilizing the interfacial area (Ghribi, et al., 2015). Notably, this 

second theory would also explain why the weakest hydrolyzed EAI values were collected using 

the least hydrolyzed sample, pepsin 3.0%. 

In contrast, more extensive (13.3% to 17.3% DH) hydrolysis was anticipated to result in 

decreases to EAI and ESI. This was expected since extensive hydrolysis would eventually result 

in creation of peptides that were too small, or possessed an improper balance of 

hydrophobic/hydrophilic residues, to properly stabilize the interfacial area (Qi et al., 1997; 

Ghribi et al., 2015). However, in this study the only notable decreases to EAI followed 17.3% 

trypsin hydrolysis at pH 10.0, and 13.3% pepsin hydrolysis at pH 4.0. The lack of more 

substantial decreases to the EAI could therefore indicate that the levels of hydrolysis examined in 

this study were optimized for emulsion activity, or that degree of hydrolysis could have been 

over-estimated in this study. Another notable finding of this study was that papain hydrolysis 

produced stronger EAI scores, when compared to trypsin and pepsin. This contrasts with the 

findings of Konieczny et al. (2019a), which found papain hydrolysis of an protein-enriched pea 

flour imparted a negative influence on EAI values, while trypsin and pepsin treatments did not. 

An explanation for why papain hydrolysis appeared to result in superior EAI values for this 
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study could due to its less promiscuous specificity. In contrast trypsin and pepsin could be 

expected to produce more specialized products (i.e., high/low levels of hydrophobic/hydrophilic 

residues, long/short amino acid chains) which were less suitable as emulsifiers. 

Due to reasons discussed above, emulsion stability was also initially anticipated to 

increase with low degrees of hydrolysis (<10%), but decrease following higher levels (>15%); 

however, once again the results of this study were more complex. For instance, at pH 4.0 many 

of the hydrolysate emulsions were more prone to destabilization when compared to the heated 

control, while extended hydrolysis somewhat increased values thereafter. At pH 7.0, all of the 

hydrolysates performed worse when compared to the untreated isolate, with ESI values 

increasing following increased enzyme treatment. Diminished emulsion stability relative to 

controls could be attributed to the high hydrophobicity of the hydrolysates, which would promote 

protein-protein interactions, and thereby leading to increased droplet flocculation (Can Karaca et 

al., 2011b; Ghribi et al., 2015). Increases in stability following high levels of hydrolysis could be 

explained as the product of higher surface charges in the hydrolysates resulting in greater 

electrostatic repulsive effects. Such an explanation is aided by the observation that the least 

significant increases to EAI followed pepsin hydrolysates, which as previously discussed 

exhibited a more neutral surface charges when compared to trypsin and papain hydrolysates. 

Alternatively, hydrolyzed, and therefore smaller proteins may have allowed for the stabilization 

of smaller emulsion droplets. This in turn would render these interfacial areas more resistant to 

creaming based separation, as this mode of destabilization is significantly tied to droplet size 

(Oprea & Grumezescu, 2017). Moreover, this could also explain why the strongest increases to 

EAI followed trypsin and papain treatments, as the pepsin hydrolysates were generated with 

slightly lower levels of % DH in comparison. 

At pH 10.0 emulsions were too stable to observe significant change in density over the 

allotted 10 minute period. Importantly, however, the pH 10.0 emulsions were still observed to 

eventually undergo separation over the course of approximately 1 h. High emulsion stabilities at 

extreme pH conditions for CPI samples has previously been reported by Tontul et al. (2019), 

where the authors described ESI values peaking at either pH 2.0 or 10.0, for refractance window 

and freeze dried samples, respectively. In this study high emulsion stability likely reflects a 

significant increase in net negative charge at this pH, resulting in strong electrostatic repulsive 

effects between droplets. The results for EAI and ESI collected in this study broadly overlapped 
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with the existing literature on chickpea protein materials. Can Karaca et al. (2011) for example, 

reported the EAI and ESI values of a CPI at 47.9 m
2
·g

-1
 and 82.9 min, respectively, compared to 

43.1 m
2
·g

-1
 and 173.7 min in this study. More divergent is Ghribi et al. (2015), where CPI 

emulsions prepared at pH 7.0 possessed EAI values of approximately 275.0 m
2
·g

-1
, alongside ESI 

values of 100 min. Finally, Yust et al. (2012) described the EAI and ESI values of a CPI at 44.7 

m
2
·g

-1
 and 76.5 min, respectively. 

 

5.5 Foaming Properties 

The foaming properties of the various samples were described by two metrics: (1) 

Foaming capacity (FC) which ranks the ability of a protein solution to form foams out of an air 

and aqueous phase, and (2) Foaming stability (FS) which describes the degradation of a given 

foam over a certain duration (Wani et al., 2015). As with the emulsification indices, both FC and 

FS generally improved at pH conditions further from the isoelectric point of the CPI material 

(pH ~4.5). As with the aforementioned emulsification properties, this observation likely has to 

do with increase in protein solubility under alkaline conditions, enabling the proteins to more 

rapidly to reach and stabilize the interfacial area. Likewise, hydrolysis was initially expected to 

influence foaming capacity/stability in a manner similar to emulsification indices, i.e. 

improvements up to a certain level of hydrolysis, followed by a decrease past a certain optimum 

(Panyam & Kilara, 1996; Martinez et al., 2009). In terms of FC, the first of these expectations 

were met, with hydrolysate stabilized foams generally outperforming the heat-treated controls at 

all pH conditions. However, heat and alkali treatments themselves were also implicated in 

substantial decreases to FC values, particularly at pH 4.0 and 7.0. As a result, the protease 

treatments analyzed in this study resulted in net improvements to FC only at pH 10.0. Analogous 

decreases to FC following heat treatment have previously been documented by Konieczny et al. 

(2019a), and could be a consequence of increased hydrophobic protein-protein interactions 

resulting in decreased protein activity at the air-liquid interface (Wani et al., 2015). The positive 

relationship between FC and protease treatments in this study could in turn be attributed to the 

reduced molecular weight brought about by hydrolysis, allowing for greater protein speed and 

flexibility at the interfacial layer (Tsumura et al., 2005; Yust et al., 2010). 

The impact of higher levels of hydrolysis on FC was complex. For instance, at pH 4.0, 

increasing degree of hydrolysis resulted in gradual improvements to FC for all three enzyme 
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types, with the largest FC values being collected following 13.3% to 17.3% hydrolysis. 

However, when foams were prepared at pH 7.0 and 10.0, increasing level of hydrolysis did not 

clearly result in improvements to this metric. Notably these findings mirror the solubility profiles 

of the hydrolysates, with pepsin hydrolysates in particular exhibiting decreased FC at conditions 

of low solubility (3.0% and 13.3% DH). Consequently, it could be concluded that at neutral or 

alkaline pH FC is considerably regulated by protein solubility, a proposal previously posited by a 

number of authors including Jung et al. (2005), Wani et al. (2015) and Konieczny (2019). 

In contrast to FC, heat treatment resulted in positive effects for FS, decreasing foam loss 

relative to the untreated control at all levels of pH. An inverse relationship between FC and FS 

indicies has previously been reported by Martinez et al. (2009) where 1% to 6% hydrolysis of a 

soy protein isolate resulted in a two-fold increase to formability over the control, alongside a 

substantial decrease in stability. In their study the authors proposed that this result was caused by 

a decrease in the viscosity of the hydrolyzed protein solutions, a key factor in ensuring foam 

stability. Similarly, Yust et al. (2011) working with Flavourzyme hydrolyzed CPI found FC 

reaching an optimum at 5% hydrolysis, alongside a significant decrease in FS. In terms of 

interactions between degree of hydrolysis and enzyme type, the only significant relationships 

noted in this study occurred at pH 10.0 where higher levels of hydrolysis, particularly trypsin 

hydrolysis, resulted in a gradual increase the fraction of destabilized foam. However when FS is 

directly plotted against level of hydrolysis differences based on enzyme type disappear, and FS is 

seen to increase exponentially with higher levels of hydrolysis, likely representing decreased 

solution viscosity. The magnitude of both FC and FS values collected in this study contrast 

significantly with the findings of Yust et al., (2011 & 2012) which in both cases described a non-

hydrolyzed CPI as possessing almost no detectable foaming properties. However, in both 

publications FC and FS values collected for 1% hydrolyzed CPI materials (FC: 120.0% to 

130.0% and FS: 15.0% to 50.0%), compared well with measurements in the present study for the 

untreated CPI (FC: 81.1% to 150.0%, and FS: 83.6% to 15.0%). 

 

5.6 Bioactive Compounds 

Bioactive compounds, sometimes referred to as anti-nutritional compounds, are a diverse 

array of biomolecules that largely serve to protect plant tissues against animal digestion. Two 

classes of bioactive compounds were chosen for analysis in this study: (1) phenols and tannins 
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which negatively impact protein digestion by cross linking and precipitating proteins; and (2) 

protease (trypsin and chymotrypsin) inhibitors, which can irreversibly bind to and deactivate 

these digestive enzymes (Klupsaite & Juodeikiene, 2015). Together these four compounds 

specifically hamper protein digestion, and therefore it was hoped that enzyme treatments could 

reduce or eliminate their influences. In the case of phenols, contents in the unrefined flour (5.0 

mg GA/g) were found to fall within the previously recorded range of chickpea flours 

documented by Singh (1988) of 1.2 to 6.1 mg GA/g, as well as slightly higher than the more 

recent estimates of Khan et al. (2015) of 1.5 to 2.5 GA. Phenols then declined following protein 

isolation and heat/alkali treatments. These findings were not surprising as the procedures used to 

create these samples essentially involved both soaking and cooking stages, two methods that 

have been studied as a means of detaching bound phenols in pulses (Xu & Chang, 2008). Singh 

(1988) for instance found that long term soaking under boiling conditions could be used to 

remove up to 75% of the phenol content from chickpea flour. Unfourtunately protease treatment 

iteself was not seen to directly reduce phenol levels itself. Garcia-Mora et al. (2015) had 

previously reported that at least two subtilisin proteases could be used to release the bound 

phenol contents from pinto bean protein. Nevertheless pepsin hydrolysates possessed somewhat 

depressed pepsin levels compared to the remaining samples, reflecting either the more limited 

solubility of these samples, or that this protease’s mode of action was more effective in 

disrupting phenol binding structures. 

Tannins have not always been detected in chickpea flours (Singh, 1988). However when 

they have, these bioactive factors can be found in concentrations ranging from 2.5 to 20.0 mg per 

100 g of material (El-Adawy, 2002; Haileslassie, 2019; Margier et al., 2018). The findings of 

this study fit in well with this range, as the tannin contents of the unrefined flour was 

characterized at 1.7 mg per 100 g. This was not true following isoelectric precipitation however, 

as no detectable levels of tannins could be found in any of the remaining samples; consequently, 

no determination could be made on whether or not enzymatic treatments had any influence on 

this property. This is very similar to the observations made by Konieczny et al. (2019b), where 

the authors could not detect any tannin contents following the solubilisation and freeze drying of 

enriched pea protein flour. In both studies the dramatic drop-off likely has to do with the water 

soluble nature of tannin compounds, resulting in these molecules leeching off during sample 

preparation stages (Lekha & Lonsane, 1997). 
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Levels of both trypsin and chymotrypsin inhibitors also declined throughout the course of 

this study, most notably following protein isolation; however, lesser decreases were also seen to 

occur following heat and alkali treatments. In addition, trypsin inhibitor activity specifically was 

found to be progressively depressed following increasing levels of both pepsin and papain 

hydrolysis. Altogether these findings were expected on the basis that trypsin/chymotrypsin 

inhibitors are proteinaceous in nature, and thus subject to deactivation by heat or alkali 

denaturation, as well as extended proteolysis (Major & Constabel, 2008; Konieczny et al., 

2019b). The comparative weakness of trypsin at reducing TIU levels, compared to pepsin and 

papain treatments, can in turn be understood through the fact that these bioactive compounds 

have evolved specifically to resist trypsin digestion. In addition, levels of protease inhibitors may 

have decreased following protein isolation/alkali treatments on account of these compounds not 

being specifically targeted for protein extraction, or otherwise leeching out into the solution 

during one of the many soaking stages in this experimental setup. A sizeable range of TIU and 

CIU values have been reported for chickpeas. Elkowicz & Sosulski (1982), as well as Mondor et 

al. (2009), for instance reported the trypsin inhibitory activity of a chickpea flour at 

approximately 20.0 TIU/mg, with the latter noting slightly higher inhibition for kabuli cultivars. 

In contrast, a study of 28 chickpea cultivars by Khan et al. (2015) described much lower TIU and 

CIU values, ranging between 7.6 to 8.9 TIU/mg and 9.0 to 11.9CIU/mg. Singh (1988) 

corroborated this range by estimated CIU activity at between 2.8 and 9.4 CIU/mg. Altogether 

these findings do not closely corroborate the results of the present study, however it is important 

to note that these studies were working with chickpea materials from different sources and of 

variable protein contents, complicating a direct comparison. 

 

5.7 Protein Quality 

To describe the protein quality of the various samples analyzed in this study three criteria 

were examined: (1) limiting amino acid score, which characterizes the most limited essential 

amino acid; (2) In-Vitro Protein Digestibility (IVPD), which describes the speed at which a given 

material is digested; and (3) In-vitro Protein Digestibility Corrected Amino Acid Score (IV-

PDCAAS), which combines the two aforementioned metrics for a more holistic measurement. In 

terms of the overall amino acid profile the results in this study were found to corroborate those 

made by El-Adawy (2002). For instance, both El-Adawy (2002) and the present study found that 
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the most dominant amino acid in their chickpea materials was glutamic acid, followed by 

aspartic acid, arginine, and then the essential amino acids leucine and lysine. Moreover both 

studies estimated the ratio of essential to non-essential amino acids at approximately 40%. This 

ratio of essential to non-essential amino acids are  also similar to the ratios observed by Pastor-

Cavada et al., (2014) for 28 different members of the Fabaceae family. In the present study two 

groups of essential amino acids were defined as deficient: tryptophan in all samples, and cysteine 

+ methionine in untreated CPI as well as the hydrolysates. Consequently, none of the samples 

analyzed in this study could be defined as a “complete” protein source. These deficiencies are 

similar to the findings of Khan et al. (2015), and together are not surprising as pulses are 

generally considered to be low in these particular residues (Boye et al., 2010a). In the present 

study, enzymatic hydrolysis was found to have a significant negative influence on cysteine + 

methionine contents, with increasing level of trypsin and papain hydrolysis dramatically 

worsening this effect. Negative effects on these specific amino acids following hydrolysis has 

previous been noted by Clemente et al. (1999), and is likely a result of these amino acids being 

cleaved off and subsequently lost through centrifugation during initial sample preparation. The 

lack of a decrease following pepsin hydrolysis could indicate that this enzyme has less 

preference towards the amino acids in question, or is simple representative of the slightly lower 

levels of hydrolysis among the pepsin hydrolysates. 

While the limiting amino acid score characterizes the potential nutritional value of a 

protein, in reality many different factors can impair protein digestibility; therefore IV-PD was 

also characterized. Initially, the protein digestibility of the various chickpea materials was 

expected to improve with higher level of treatment, however only isoelectric precipitation was 

noted to have a substantial influence. Several different mechanisms could explain this result, for 

instance, the higher protein contents in the CPI likely resulted in a sizeable improvement in the 

access of digestive enzymes to their targets relative to the untreated flour (Konieczny et al., 

2019b). In addition, several authors including Jood et al. (1989) and Carbanaro et al. (1997) 

identified both soaking and cooking procedures to have positive influences on pulse protein 

digestibility due to the disruptions they would incur on native protein structures. While the 

present study did not directly employ these processes, the former was approximated during the 

creation of the CPI. Moreover as discussed in the previous section, levels of certain bioactive 

compounds were seen to dramatically decrease following isoelectric precipitation, resulting in 
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diminished effects from these protein digestion antagonists. However, due to the fact that 

hydrolysis not substantially improving digestibility, as well as the aforementioned amino acid 

deficiencies among the various hydrolysates, IV-PDCAAS scores were greatly depressed 

following enzyme treatments. Consequently, hydrolysis was generally found to result in net 

negative effects on protein nutritional quality, with only the lowest % DH samples analyzed 

(3.0% pepsin) being comparable to the untreated CPI. 

Measurements of protein digestibility for the unrefined chickpea taken in this study 

overlapped with the existing literature. For example, Alajaji & El-Adawy (2006) identified the 

IV-PD score of raw chickpea seeds at 83.6%, compared to the 73.7% noted in this study. 

Carbanaro et al. (1997) in turn found slightly lower values of 78.3% for raw chickpeas, 

increasing to 83.2% following cooking. The work of Singh & Jambunathan (1981) produced 

more variable data, describing chickpea protein digestibility as ranging between 72.7% and 

79.1% for kabuli chickpeas, as well as 63.7% to 76.0% for desi varieties. In terms of protein 

isolates and hydrolysates Clemente et al. (1999) reported protein digestibilities of 96.1%, 

increasing to 96.9% following 52% hydrolysis, much higher than values recorded during the 

present study. It is also important to note that the method used to estimate IV-PD in thus study 

may not accurately predict in vivo digestibility, likely overestimating this value (Tavano et al., 

2012). This is due to the fact that the methods used greatly simplifies or neglects the many facets 

of the animal digestive tract, including strong acidic conditions in the stomach, sequential 

addition of digestive enzymes, peristalsic movements, among many others. Moreover hydrolysis 

can also result in unexpected effects such as increased risk of diarrhea due to hightened 

osmolarity (Abraham, 2016). As a result measures of digestibility should be approached with 

some caution as to their veracity.  
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6. GENERAL CONCLUSION 

 

The demand to high quality plant protein ingredients is expected to continue rising in 

response to a number of factors including changing dietary preferences, ethical/environmental 

concerns regarding meat/dairy production, and increasing strain on conventional food sources. In 

this role pulses are one of the best candidates owing to their low costs, high native protein 

contents, agronomic advantages (nitrogen fixation), and an amino acid profile complementary to 

that of cereals. Chickpeas (Cicer arietinum L.) in particular have promise due to these plants 

being low in allergens, non-GMO, and widespread across both Canadian and global markets. In 

the present study, two processes were examined with the goal of increasing the value of chickpea 

protein: (1) protein extraction, and more importantly (2) proteolytic treatment. Together it was 

hoped that these processes would result in a sizeable amplification to the functional and 

nutritional properties of this crop. 

In terms of functional properties, protein isolation and hydrolysis resulted in an 

anticipated increase to both surface charge and hydrophobicity, owing to progressive 

denaturation of protein molecules. Unlike surface charge however, hydrophobicity was not seen 

to clearly increase with higher levels of hydrolysis. Limited hydrolysis (<10% DH) was initially 

expected to result in increased solubility, EAI/ESI, FC/FS, OHC, and WHC; while more 

extensive hydrolysis (>10% DH) was expected to result in decreases to EAI/ESI and FC/FS. 

However, these hypotheses were not categorically confirmed. For instance, hydrolysis did not 

improve solubility for all conditions, with substantial increases being noted only at pH 10.0, 

alongside less significant positive effects at pH 4.0. Higher levels of pepsin and papain 

hydrolysis were found to lead an increase in WHC; however this was contrasted by all hydrolysis 

treatments displaying decreased OHC relative to controls. Hydrolysis did improve EAI; however 

this was only seen at pH 4.0 and 10.0, with 15% papain treatment resulting in a roughly 3-fold 

increase relative to controls. At pH 10.0 CPI and hydrolysate emulsions were stable, displaying 

no detectable coalescence over a 10 minute period. More obviously beneficial effects were seen 

regarding FC, where hydrolysis resulted in improvements at all pH conditions. However, FS 
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decreased at pH 10.0 following a high level of protease treatment. In general both the 

emulsifying and foaming properties were found to be highly influenced by solubility, increasing 

away from the isoelectric point of the material (~pH 4.6).  

Enzymatic hydrolysis was also hoped to cause a reduction in the levels of bioactive 

compounds present in the CPI, leading to increases in protein digestibility and overall nutritional 

value. This was confirmed for three of the four bioactive compounds analyzed, however only 

phenolic contents and trypsin inhibitor content were found to further decrease following 

increasing level of hydrolysis. Tannins were the only bioactive compound not influenced by 

enzymatic treatment, as protein extraction alone eliminated the presence of these molecules. 

Notably, trypsin hydrolysis was found to be less effective in reducing levels of trypsin inhibitors. 

Unfortunately, protein quality progressively declined throughout the course of the experiment, 

due to a gradual loss of cysteine + methionine content. Moreover, increasing level of hydrolysis 

resulted in a small but significant decline in total protein contents. The final hypothesis of this 

study was that the three enzymes used to hydrolyze the CPI material would produce qualitatively 

variable products. It was unclear if this actually occurred, for while many enzyme-dependent 

properties were noted, in many cases this variation could alternatively be attributed to small 

differences in levels of hydrolysis. 

In summary, a total of six hypotheses were tested during the course of this experiment: 

(a) Enzymatic hydrolysis would result in decreased surface charge and increased hydrophobicity; 

(b) Limited hydrolysis (less than 10% DH) would result in increased solubility, emulsifying 

activity/stability, foaming capacity/stability and water/oil holding capacities; (c) Higher degrees 

of hydrolysis (more than 10% DH) would result in decreases to emulsifying and foaming indices; 

(d) Hydrolysis would reduce trypsin/chymotrypsin inhibitor levels, as well as tannin/phenol 

contents to make the CPI more digestible; (e) Hydrolysis would not drastically modify protein 

corrected amino acid score but will improve in vitro protein digestibility scores; and (f) The 

same (% DH) on a CPI sample using different proteases would produce protein hydrolysate of 

variable quality. Of these hypotheses, only (a & d) could not be soundly rejected, while (c & e) 

were. Analysis of hypothesis (b) analysis was more difficult, as evidence both in favour and in 

opposition to it was found. Finally while it was generally confirmed, the presence of several 

errors in this experiment meant that a definitive answer to hypothesis (f) could not be given. 
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In this study enzymatic hydrolysis was optimized using three enzymes to give levels of 

hydrolysis between 5% and 15%. These treatments largely led to improvements in various 

functional properties, with high % DH (>15%) hydrolysates in particular displaying excellent 

WHC, emulsifying, and foaming properties. However moderate to high levels of % DH (>10%) 

were also found to result in a net negative influence on the quality of the CPI protein contents. 

Consequently limited hydrolysis of a CPI to approximately 5% DH may prove most suitable for 

the creation of a high quality, and functional plant protein ingredient. 
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7. FUTURE STUDIES 

 

This research study examined the feasibility of using partial enzymatic hydrolysis to 

improve the functional and nutritional properties of a CPI. In pursuit of these goals a total of nine 

experimental conditions were examined: three enzymes, hydrolyzing the material to three levels 

of hydrolysis. Many of these samples exhibited significantly improved functional properties 

relative to controls. However, oftentimes clear relationships between a given functional property, 

and enzyme type/level of hydrolysis could not be found. Complicating matters further were 

significant differences in the level of hydrolysis between enzyme types, owing to the limitations 

inherent in using TNBS to estimate degrees of hydrolysis. Consequently, full optimization of 

CPI properties such as WHC or EAI/ESI was likely not achieved in study, and will require a 

more in-depth analysis in the future involving more diverse enzyme choices and a greater range 

of hydrolysis conditions. 

In addition, the proteolytic treatments analyzed in this study could potentially see further 

improvements when paired with other enzymatic treatments, such as crosslinking. 

Transglutaminase specifically, has previously been shown to result in substantial increases in 

both emulsions and foams stability, likely as a consequence of higher solution viscosities 

(Isaschar-Ovdat & Fishman). Such an advantage could pair very well with the findings of the 

present study, as substantial increases in both EAI and FC were noted, while stability scores 

either remained constant or declined. 

It also bears mentioning that while significant, protein isolates make up only a fraction of 

the total pulse protein market. Moreover, the processes involved in the creation of these materials 

involve significant financial and ecological costs, reducing their feasibility as animal protein 

alternatives. Therefore, it could be interesting to see if the effects observed in this study could be 

replicated using less-processed chickpea protein material. Air classification in particular has the 

potential to generate relatively high pulse protein purities (<65% d.b.), while also allowing 

proteins to retain more of their original functionality and limiting waste production (Elkowicz & 

Sosulski, 1982).  



 

92 

 

 

 

 

8. REFERENCES 

 

Abraham, J. L. (2016).Chapter 28: Feline Food Allergy. In August's Consultations in Feline 

Internal Medicine: Volume 7., Little S. E. (Ed.), Amsterdam, Netherlands: Elsevier 

Science. 

Adler-Nissen, J. (1979). Determination of the degree of hydrolysis of food protein hydrolysates 

by trinitrobenzesulfoni acid. Journal of Agricultural and Food Chemistry, 27(6), 1256-

1262. 

Akbari, N., Milani, J. M., & Biparva, P. (2020). Functional and conformational properties of 

proteolytic enzyme-modified potato protein isolate. Journal of Science and Food 

Agriculture, 100, 1320-1327. 

Alajaji, S. A., & El-Adawy, T. A. (2006). Nutritional composition of chickpea (cicer arietinum 

L.) as affected by microwave cooking and other traditional cooking methods. Journal of 

Food Composition Analysis, 19(8), 806-812. 

Aletor, O., Oshodi, A. A., & Ipinmoroti, K. (2002). Chemical composition of common leafy 

vegetables and functional properties of their leaf protein concentrates. Food Chemistry, 

78, 63-68. 

Alonso, R., Aguirre, A., & Marzo, F. (2000). Effects of extrusion and traditional processing 

methods on antinutrients and in vitro digestibility of protein and starch in faba and kidney 

beans. Food Chemistry, 68(2), 159-165. 

Alsohaimy, A. S., Sitohy, M. Z., & El-Masry, R. A. (2007). Isolation and Partial 

Characterization of Chickpea, Lupine and Lentil seed Proteins. World Journal of 

Agricultural Sciences, 3(1), 123-129. 

Aluko, R., Mofolasayo, O., & Watts, B. M. (2009). Emulsifying and Foaming Properties of 

Commercial Yellow Pea (Pisum sativum L.) Seed Flours. Journal of Agricultural Food 

Chemistry, 57(20), 9793-9800. 



 

93 

 

Arora, N., Kasera, R., Sing, A., Lavasa, S., & Nagendra, K. (2013). A Method of Reducing 

Allergenicity of Legume Proteins. The Journal of Allergy and Clinical Immunology, 

AB19. 

Avramenko, N. A., Low, N. H., & Nickerson, M. T. (2013). The effects of limited enzymatic 

hydrolysis on the physiochemical and emulsifying properties of a lentil protein isolate. 

Food Research International, 51(10), 162-169. 

Barac, M. B., Jovanovic, S. T., Stanojevic, S. P., & Peisic, M. B. (2006). Effect of limited 

hydrolysis on traditional soy protein concentrate. Sensors, 6(9), 1087-1101. 

Barac, M. B., Cabrilo, S., Pesic, M., Stanojevic, S., Pavlivevic, M., Macej, O., & Ristic, N. 

(2011). Functional properties of pea (Pisum sativum L.) protein isolates modified with 

chymosin. International journal of molecular science, 12(12), 8372-8387. 

Basile, F., & Hauser, N. (2011). Rapid Online Nonenzymatic protein Digestion Combining 

Microwave Heating Acid Hydrolysis and Electrochemical Oxidation. Analytical 

Chemistry, 83(1), 359-367. 

Berg, J. M., Tymoczko, J. L., & Styer, L. (2002). Biochemistry 5th Edition. New York, New 

York, USA: W. H. Freeman. 

Bogdanov, I. V., Shenkarev, Z. O., Finkina, E. I., Melnikova, D. N., Rumynskiy, E. I., Arseniev, 

A. S., & Ovchinnikova, T. V. (2016). A novel lipid transfer protein from the pea Pisum 

sativum: isolation, recombinant expression, solution structure, antifungal activity, lipid 

binding, and allergenic properties. BMC Plant Biology, 16(107). 

Boye, J., Zare, F., & Pletch, A. (2010a). Pulse proteins: Processing characterization, functional 

properties and applications in food and feed. Food Research International, 43(2), 414-

431. 

Boye, J. I., Aksay, S., Ribéreau, S., Mondor, M., Farnworlth, E., & Rajamohamed, S. H. 

(2010b). Comparison of the functional properties of pea, chickpea and lentil protein 

concentrates processed using ultrafiltration and isoelectric precipitation techniques. Food 

Research International, 43(2), 537-546. 

Boye, J., & Barbana, C. (2012). Protein Processing in Food and Bio-product Manufacturing and 

Techniques of Analysis (Chapter 3). In Dunford N. T. (Ed.), Food and Industrial 

Bioproducts and Bioprocessing. New York, New York, USA: John Wiley & Sons, Inc. 



 

94 

 

Bressani, A., & Elias, L. G. (1979). The nutritional role of polyphenols in beans. In Hulse J. H. 

(Ed.), Polyphenols in Cereals and Legumes. Ottawa, Canada: International Development 

Research Center.  

Burns, R. E. (1971). Method for estimation of tannin in grain sorghum. Agronomy Journal, 63, 

511-512. 

Can Karaca, A., Low, N., & Nickerson, M. (2011a). Emulsifying properties of chickpea, faba 

bean, lentil and pea proteins produced by isoelectric precipitation and salt extraction. 

Food Research International, 44(9), 2742-2750. 

Can Karaca, A., Nickerson, M. T., & Low, N. H. (2011b). Lentil and chickpea protein-stabilized 

emulsions: optimization of emulsion formulation. Journal of Agricultural Chemistry, 

59(24), 13203-13211. 

Carbanaro, M., Cappelloni, M., Nicoli, S., Lucarini, M., & Carnovale, E. (1997). Solubility-

Digestibility Relationship of Legume Proteins. Journal of Agricultural Food Chemistry, 

45, 3387-3394. 

Cegla, G. F., Meinke, W. W., & Mattil, K. F. (1977). Co- and countercurrent multistage aqueous 

and aqueous ethanol extraction of textured vegetable protein flours: product yields and 

process data. Journal of Food Science, 42(3), 816-820. 

Chen, R. F., Scott, C., & Trepman, E. (1979). Fluorescence properties of o-phthaldialdehyde 

derivatives of amino acids. Biochimica et Biophysica, 576(2), 440-445. 

Clemente, A., Vioque, J., Sandhez-Viouqe, R., Pedroche, J., Bautista, J., & Millan, F. (1999). 

Protein quality of chickpea (Cicer arietinum L.) protein hydrolysates. Food Chemistry, 

67(3), 269-274. 

Comai, S., Bertazzo, A., Bailoni, L., Zancato, M., Costa, C. V., & Allegri, G. (2007). Protein and 

non-protein (free and protein-bound) tryptophan in legume seeds. Food Chemistry, 103 

(2), 657-661. 

Cui, C., Zhao, M., Yuan, B., Zhang, Y., & Ren, J. (2013). Effect of pH and pepsin limited 

hydrolysis on the structure and functional properties of soybean protein hydrolysates. 

Journal of Food Science, 78(12), 1871-1877. 

Damodaran, S. (2005). Protein stabilization of emulsions and foams. Journal of Food Science, 

70(3). 54-66. 



 

95 

 

Daniel, R. M., & Petach, H. H. (1996). The denaturation and degradation of stable enzymes at 

high temperatures. Biochemical Journal, 317, 1-11. 

Day, L. (2013). Proteins from land plants potential resources for human nutrition and food 

security. Trends in Food Science and Technology, 32(1), 25-42. 

De Reu, J. C., Wolde, M., Groot, J., & Robert Nout, M. J. (1995). Protein Hydrolysis during 

Soybean Tempe Fermentation with Rhizopus oligosporus. Journal of Agricultural Food 

Chemistry, 43, 2235-2239. 

Derbyshire, E., Wright, D. J., & Boulter, D. (1976). Legumin and Vicilin Storage Proteins of 

Legume Seeds. Phytochemistry, 15(1), 3-24. 

Dietary Guidelines Advisory Committee. (2015). Dietary Patterns and Sustainability Evidence 

Portfolio. U.S Department of Health and Human Services. 

Duranti, M. (2006). Grain legume proteins and nutraceutical properties. Fitoterapia, 77(2), 67-

82. 

El-Adawy, T. A. (2002). Nutritional composition and antinutrtional factors of chickpeas (Cicer 

arietinum L.) undergoing different cooking methods and germination. Plant Foods for 

Human Nutrition, 57, 83-97. 

Elkowicz, K., & Sosulski, F. W. (1982). Antinutritive Factors in Eleven Legumes and their Air 

Classified Protein and Starch Fractions. Journal of Food Science, 47(4), 1301-1304. 

Enneking, D., & Wink, M. (2000). Towards the elimination of anti-nutritional factors in grain 

legumes. In Knight, R. (Ed.), Linking Research and Marketing Opportunities for Pulses 

in the 21st Century (pp. 671-683). New York: Springer. 

Fasina, O., Tyler, B., Pickard, M., Zheng, G.-H., & Wang, N. (2007). Effect of infrared heating 

on the properties of legume seeds. International Journal of Food Science & Technology, 

36(1), 79-90. 

Food and Agriculture Organization of the United Nations 2019. (2019). The State of Food 

Security and Nutrtiiona in the World. Rome, Italy: Food and Agriculture Organization, 

United Nations. 

Fuhrmeister, H., & Meuser, F. (2003). Impact of processing on functional properties of protein 

products from wrinked peas. J. Food Eng., 56(2-3), 119-129. 

Garcia-Carreon, F. L., & Navarrete Del Toro, M. A. (1997). Classification of Proteases Without 

Tears. Biochemical Education, 25(3), 161-167. 



 

96 

 

Garcia-Mora, P., Frias, P., Penas, E., Zielinski, E., Gimenez-Bastida, H., Wiczkowski, J., 

Zielinska, D., & Martinez-Villaluenga, C. (2015). Simultaneous release of peptides and 

phenolics with antioxidant, ACE-inhibitory and anti- inflammatory activities from pinto 

bean (Phaseolus vulgaris L.) proteins by subtilisins. Journal of Functional Foods, 18, 

319-332. 

Ghavidel, A., & Prakash, J. (2007). The impact of germination and dehulling on nutrients, 

antinutrients, in vitro iron and calcium bioavailability and in vitro starch and protein 

digestibility of some legume seeds. Food Science and Technology, 40(7), 1292-1299. 

Ghribi, A. M., Gafsi, I. M., Sila, A., Blecker, C., Danthine, S., Attia, H., Bougatef, A., & Besbes, 

S. (2015). Effects of enzymatic hydrolysis on conformation and functional properties of 

chickpea protein isolate. Food Chemistry, 187, 322-330. 

Gueguen, J. (1983). Legumes seed protein extraction, processing and end product characteristics. 

Plant Foods for Human Nutrition, 32, 267-303. 

Gupta, Y. P. (1987). Anti-nutritional and toxic factors in food legumes: a review. Plant Foods 

for Human Nutrition, 37(3), 201-228. 

Haileslassie, H. A., Henry, C. J., & Tyler, R. T. (2016). Impact of household food processing 

strategies on antinutrient (phytate, tannin and polyphenol) contents of chickpeas (Cicer 

arietinum L.) and beans (Phaseolus vulgaris L.): a review. International Journal of Food 

Science & Technology, 51(9), 1947-1957. 

Hemalatha, S., Platel, K., & Srinivasan, K. (2007). Influence of germination and fermentation on 

bioaccessibility of zinc and iron from food grains. European Journal of Clinical 

Nutrition, 61, 342-348. 

Hirdyani, H. (2014). Nutritional Composition of Chickpea (Cicer arietinum-L) and value added 

products. Indian Journal of Community Health, 26(2), 102-106. 

Hu, K., & Tanaka, T. (2009). S1 site residues of Lactococcus lactis prolidase affect substrate 

specificity and allosteric behaviour. Biochimica et Biophysica Acta (BBA) Proteins and 

Proteomics, 1794(12), 1715-1724. 

Humiski, L. M., & Aluko, R. E. (2007). Physicochemical and Bitterness Properties of Enzymatic 

Pea Protein. Journal of Food Science, 72(8), 605-611. 

Isaschar-Ovdat, S., Fishman, A. (2017). Crosslinking of food proteins mediated by oxidative 

enzymes - A review. Trends in Food Science & Technology. 72, 134-143. 



 

97 

 

Iyengar, A. R., & Pande, A. H. (2016). Organophosphate-Hydrolyzing Enzymes as a first line 

Defence Against Nerve Agent Poisoning: Perspectives and the Road Ahead. The Protein 

Journal, 35, 424-439. 

Jezierny, D., Mosenthin, R., & Bauer, E. (2010). The use of grain legumes as a protein source in 

pig nutrition: A review. Animal Feed Science and Technology, 157(3), 111-128. 

Jood, S., Chaunhan, B. M., & Kapoor, A. C. (1989). Protein digestibility (in vitro) of chickpea 

and blackgram seeds as affected by domestic processing and cooking. Plant Foods for 

Human Nutrition, 39, 149-154. 

Jukanti, A. K., Gaur, P. M., Gowda, L. L., & Chibbar, R. N. (2012). Nutritional quality and 

health benefits of chickpea (Cicer arietinum L.): a review. Britich Journal of Nutrtion, 

108(51), 11-26. 

Jung, S., Roussel-Phillippe, C., Briggs, J. L., Murphy, P. A., & Johnson, L. A. (2004). Limited 

hydrolysis of soy proteins with endo‐ and exoproteases. Journal of the American Oil 

Chemists’ Society, 81, 953-960. 

Kasera, R., Sing, A. B., Lavasa, S., & Prasad, K. N. (2015). Enzymatic hydrolysis: A method in 

alleviating legume allergenicity. Food and Chemical Toxicology, 76, 54-60. 

Kato, A., & Nakai, S. (1980). Hydrophobicity determined by a fluorescence probe method and 

its correlation with surface properties of proteins. Biochimica et Biophysica Acta (BBA), 

624(1), 13-20. 

Khan, M. E., Ammar, M. H., Migdadi, H. M., El-Harty, E. H., Osman, M. A., Farooq, M., & 

Alghamdi, S. S. (2015). Comparative Nutritional Profiles of Various Faba Bean and 

Chickpea Genotypes. International Journal of Agriculture & Biology, 17(3), 449-457. 

Klupsaite, D., & Juodeikiene, G. (2015). Legume: composition, protein extraction and functional 

properties. A review. Chemine Technologija, 66(1), 1231-1392. 

Konieczny, D., Stone, A., Korber, D. R., Nickerson , M. T., & Tanaka, T. (2019a). 

Physiochemical properties of enzymatically modified pea protein-enriched flour treated 

by different enzymes to varying levels of hydrolysis. Cereal Chemistry, 97(2), 326-338. 

Konieczny, D., Stone, A. K., Nosworthy, M. G., House, J. D., Korber, D. R., Nickerson, M. T., 

& Tanaka, T. T. (2019b). Nutritional Properties of pea protein-enriched flour treated with 

different proteases to varying degrees of hydrolysis. Cereal Chemistry, 97(2), 429-440. 



 

98 

 

Kramer, R. M., Shende, V. R., Motl, N., Pace, C. N., & Scholtz, J. M. (2012). Toward a 

molecular understanding of protein solubility: increased negative surface charge 

correlates with increased solubility. Biophysical Journal, 102(8), 1907-1915. 

Lam, M., Paulsen, P., & Corredig, M. (2008). Interactions of Soy Protein Fractions with High-

Methoxyl Pectin. Journal of Agricultural Food Chemistry, 56, 4726-4735. 

Lamsal, B. P., Jung, S., & Johonson, L. A. (2007). Rheological properties of soy protein 

hydrolysates obtained from limited enzymatic hydrolysis. LWT - Food Science and 

Technology, 40(7), 1215-1223. 

Langevin, D. (2017). Aqueous foams and foam films stabilised by surfactants: Gravity-free 

studies. Comptes Rendus Mécanique, 345(1), 47-55. 

Lekha, P. K., & Lonsane, B. K. (1997). Production and Application of Tannin Acyl Hydrolase: 

State of the art. Advances in Applied Microbiology, 44, 215-260. 

Li, W., Shu, C., Yan, S., & Shen, Q. (2010). Characteristics of sixteen mung bean cultivars and 

their protein isolates. International Journal of Food Science and Technology, 45, 1205-

1211. 

Lopez-Martinez, L. X., Leyva-Lopez, N., Gutierrez-Grijalva, E. P., & Heredia, B. (2017). Effect 

of cooking and germination on bioactive compounds in pulses and their health benefits. 

Journal of Functional Foods, 38(B), 624-634. 

Lopez-Otin, C., & Bond, J. S. (2008). Proteases: Multifunctional Enzymes in Life and Disease. 

Journal of Biological Chemistry, 283(45), 30433-30437. 

Major, I. T., & Constabel. (2008). Functional Analysis of the Kunitz Trypsin Inhibitor Family in 

Poplar Reveals Biochemical Diversity and Multiplicity in Defense against Herbivores. 

American Society of Plant Biologists, 146(3), 888-903. 

Makkar, H., Becker, K., & Siddhuraju, P. (2007). Plant Secondary Metabolites. Totowa, New 

Jersey, USA: Human Press . 

Manninen, A. H. (2009). Protein hydrolysates in sports nutrition. Nutrition & Metabolism, 6(38), 

1743-1748. 

Margier, M., George, S., Hafnaoui, N., Remond, D., Nowicki, M., Chaffaut, L., Amiot, M. J., & 

Reboul, E.. (2018). Nutritional Composition and Bioactive Content of Legumes: 

Characterization of Pulses Frequently Consumed in France and Effect of the Cooking 

Method. Nitrients, 10(11), 1668. 



 

99 

 

Market Research Hub. (2018). Global Hydrolyzed Vegetable Protein Market In sights, Forecast 

to 2025. QYResearch. https://www.marketresearchhub.com/report/global-hydrolyzed-

vegetable-protein-market-insights-forecast-to-2025-report.html 

Marquez, U. M., Barros, R. M., & Lajolo, F. M. (1996). Chemically determined total and 

available methionine in beans (Phaseolus vulgaris L.) and isolated protein fractions. 

Food Chemistry, 55(2), 179-184. 

Martinez, K. D., Sanchez, C. C., Ruiz-Henestrosa, V. P., Rodriguez, J. M., & Pilosof, A. M. 

(2007). Effect of limited hydrolysis of soy protein on the interactions with 

polysaccharides at the air–water interface. Food Hydrocolloids, 21(5-6), 813-822. 

Martinez, K. D., Sanchez, C. C., Patino, J. M., & Pilosof, A. M. (2009). Interfacial and foaming 

properties of soy protein and their hydrolysates. Food Hydrocolloids, 23(8), 2149-2157. 

McClements, D. J. (2015). Food Emulsions: Principles, Practices, and Techniques (3rd Edition). 

Boca Raton, Florida, USA: CRC Press. 

Meinlschmidt, P., Sussmann, D., Schweiggert-Weisz, E., & Eisner, P. (2015). Enzymatic 

treatment of soy protein isolate: effects on the potential allergenicity, techno functional, 

and sensory properties. Food Science & Nutrition, 4(1), 11-23. 

Millward, D. (2012). Amino acid scoring patterns for protein quality assessment. British Journal 

of Nutrition, 108(2), 31-43. 

Molnar, C., & Gair, J. (2013). Concepts of Biology: 1st Canadian Edition. Houston, Texas, 

USA: Rice University. 

Moncada, K. M., & Sheaffer, C. C. (Eds.). (2010). Risk Management Guide for Organic 

Producers. Minneapolis, Minnesota, USA: University of Minnesota. 

Mondor, M., Aksay, S., Drolet, H., Roufik, S., Farnworth, E., & Boye, J. (2009). Influence of 

processing on composition and antinutritional factors of chickpea protein concentrates 

produced by isoelectric precipitation and ultrafiltration. Innovative Food Science and 

Emerging Technologies, 10(3), 342-347. 

Mudryj, A. N., Yu, N., & Aukema, H. M. (2014). Nutritional and health benefits of pulses. 

Applied Physiology, Nutrition, and Metabolism, 39(11), 1197-1204. 

Mune Mune, M. A., Minka, S. R., & Mbome, I. L. (2014). Optimising functional properties 

during preparation of cowpea protein concentrate. Food Chemistry, 154, 32-37. 

https://www.marketresearchhub.com/report/global-hydrolyzed-vegetable-protein-market-insights-forecast-to-2025-report.html
https://www.marketresearchhub.com/report/global-hydrolyzed-vegetable-protein-market-insights-forecast-to-2025-report.html


 

100 

 

Newbigin, E. J., Delumen, B. O., Chandler, P. M., Gould, A., Blagrove, R. J., March, J. F., Kortt, 

A. A., Higgins, T. J. (1990). Pea convicilin: structure and primary sequence of the protein 

and expression of a gene in the seeds of transgenic tobacco. Planta, 180(4), 461-470. 

Nosworthy, M. G., Neufeld, J., & House, J. D. (2017). Determination of the in vivo and in vitro 

protein quality of pulse protein concentrates and isolates. Food Science & Nutrition, 30, 

896-903. 

Nunes, C. S., & Kumar, V. (2018). Enzymes in Human and Animal Nutrition: Principles and 

Perspectives. London, UK: Academic Press. 

Olsman, H. (1979). Hydrolyzed and autolyzed vegetable proteins as functional food ingredients. 

Journal of the American Oil Chemists Society, 56, 375-376. 

Oprea, A. E., & Grumezescu, A. M. (2017). Nanotechnology Applications in Food: Flavor, 

Stability, Nutrition and Safety. Cambridge, Massatusettes, USA: Academic Press. 

Panda, R., Tetteh, A. O., Pramod, S. N., & Goodman, R. (2015). Enzymatic Hydrolysis Does 

Not Reduce the Biological Reactivity of Soybean Proteins for All Allergic Subjects. 

Journal of Agricultural and Food Chemistry, 63(42), 9629-9639. 

Panyam, D., & Kilara, A. (1996). Enhancing the functionality of food proteins by enzymatic 

modification. Trends in Food Science & Technology, 7(4), 120-125. 

Pascaud, A., & Pascaud, M. (1987). Hydrochloric acid hydrolysis of proteins and determination 

of tryptophan by reversed-phase high-performance liquid chromatography. Analytical 

Biochemistry, 167(1), 47-52. 

Pastor-Cavada, E., Juan, R., Pastor, J. E., Alaiz, M., & Vioque, J. (2014). Protein and amino acid 

composition of select wild legume species of tribe Fabeae. Food Chemistry, 163, 97-102. 

Pearson, A. M. (1983). Soy Proteins. Developments in Food Proteins, 2, 67-108. 

Pelgrom, P. J., Wissers, A. M., Boom, R. M., & Schutyser, M. A. (2013). Dry Fractionation for 

production of functional pea protein concentrates. Food Research International, 53(1), 

232-239. 

Pelgrom, J. L., Wang, J., Boom, R. M., & Schutyser, M. A. (2015). Pre- and post-treatment 

enhance the protein enrichment from milling and air classification of legumes. Journal of 

Food Engineering, 155, 53-61. 



 

101 

 

Perez-Gago, M. B., & Kochta, J. M. (2001). Denaturation Time and Temperature Effects on 

Solubility, Tensile Properties, and Oxygen Permeability of Whey Protein Edible Films. 

Food Engineering and Physical Properties, 66(5), 705-710. 

Periago, M. J., Vidal, M. L., Rincon, F., Martinez, C., & Lopez, G. (1998). Inflence of enzymatic 

treatment on the nutritional and functional properties of pea flour. Food Chemistry, 63(1), 

71-78. 

Peter, R. (2018). Properties of aqueous-alcohol-washed protein concentrates prepared from aie-

classified pea protein and other air-classified pulse protein fractions. Saskatoon, 

Saskatchewan, Canada: University of Saskatchewan. 

Plant, A. R., & Moore, K. G. (1983). The protein, lipid and carbohydrate composition of protein 

bodies from Lupinus angustifolius seeds. Phytochemistry, 22(11), 2359-2363. 

Polanco-Lugo, E., Davila-Ortiz, G., Betancur-Ancona, D. A., & Chel-Guerrero, L. A. (2014). 

Effects of sequential enzymatic hydrolysis on structural, bioactive and functional 

properties of Phaseolus lunatus protein isolate. Food Science and Technology, 34(3), 

441-448. 

Qi, M., Hettiarachchy, N. S., & Kalapathy, U. (1997). Solubility and Emulsifying Properties of 

Soy Protein Isolates Modified by Pancreatin. Journal of Food Science, 62(6), 1110-1115. 

Rachwa-Rosiak, D., Nebesny, E., & Budryn, G. (2015). Chickpeas-Composition, Nutritional 

Value, Health Benefits, Applications to Bread and Snacks: A Review. Critical Reviews in 

Food Science and Nutrition, 55(8), 1137-1145. 

Radha, C., Kumar, P. R., & Prakash, V. (2008). Enzymatic modification as a tool to improve the 

functional properties of heat-processed soy flour. Journal of the Science of Food and 

Agriculture, 88(2), 336-343. 

Radzicka, A., & Wolfenden, R. (1996). Rates of Uncatalyzed Peptide Bond Hydrolysis in 

Neutral Solution and the Transition State Affinities of Proteases. Journal of the American 

Chemical Society, 118(26), 6105-6109. 

Razzaq, A., Shamsi, S., Ali, A., Ali, Q., Sajjad, M., Malik, A., & Ashraf, M. (2019). Microbial 

Proteases Applications. Frontiers in Bioengineering and Biotechnology, 7(110). 

Rebello, C. J., Greenway, F. L., & Finley, J. W. (2014). Whole grains and pulses: a comparison 

of the nutritional and health benefits. Journal of Agricultural Food Chemistry, 62(29), 

7029-7049. 



 

102 

 

Renge, V. C., Khedkar, S. V., & Nandurkar, N. R. (2012). Enzyme Synthesis by Fermentation 

Method: A reveiw. Scientific Reviews & Chemical Communications, 2(4), 585-590. 

Roland, W. S., Rouvreau, L., Curran, J., de Velde, F., & de Kok, P. M. (2017). Flavor Aspects of 

Pulse Ingredients. Cereal Chemistry, 94(1), 58-65. 

Romero-Baranzini, A. L., Yanez-Farias, G. A., & Barron-Hoyos, J. M. (1995). A high protein 

product from chickpea (Cicer arietinum L.) by ultrafiltration preparation and functional 

properties. Journal of Food Processing and Preservation, 19(5), 319-329. 

Sandberg, A. S. (2011). Chapter 15: Developting functional ingredients, a case study of pea 

protein. In Saarela, M. (Ed), Functional Foods (Second Edition). Sawston, UK: 

Woodhead Publishing. 

Sarwar, G. (1997). The Protein Digestibility–Corrected Amino Acid Score Method 

Overestimates Quality of Proteins Containing Antinutritional Factors and of Poorly 

Digestible Proteins Supplemented with Limiting Amino Acids in Rats. The Journal of 

Nutrition, 127(5), 758-764. 

Saskatchewan Pulse Growers. (2018, April 17). Retrieved from 

http://saskpulse.com/markets/export-markets/ 

Saudubray, J. M., Boisse, J., Strouck, J., Caty, T., Lery, E., & Mozziconacci, P. (1972). 

Treatment of phenylketonuria with a new phenylalanine-free protein hydrolysate 

(Albumaid XP). II. Practical application and effect on weight, height and bone 

development in 21 days. Annales de pédiatrie, 19(6), 469-480. 

Savelkoul, F. H., Boer, H., Tamminga, S., Schepers, A. J., & Elburg, L. (1992). In vitro 

enzymatic hydrolysis of protein and protein pattern change of soya and faba beans during 

germination. Plant Food for Human Nutrition, 42, 275-284. 

Seo, W. H., Lee, H. G., & Baek, H. H. (2008). Evaluation of bitterness in enzymatic hydrolysates 

of soy protein isolate by taste dilution analysis. Journal of Food Science, 73(1), 41-46. 

Sewalt, V., Shanahan, D., & Gregg, L. (2016). The Generally Recognized as Safe (GRAS) 

Process for Industrial Microbial Enzymes. Industrial Biotechnology, 12(5), 295-302. 

Shaver, L. A., Leung, S. H., Puderbaugh, A., & Angel, S. A. (2011). Two Methods of 

Determining Total Phenolic Content of Foods and Juices in a General, Organic and 

Biological (GOB) Chemistry Lab. Journal of Chemical Education, 88(4), 492-495. 



 

103 

 

Sigma-Aldrich. (2018). Analytical Enzymes. Retrieved from sigmaaldrich: 

https://www.sigmaaldrich.com/life-science/metabolomics/enzyme-explorer/analytical-

enzymes/subtilisin.html 

Singh, U., & Jambunathan, R. (1981). Studies on desi and kabuli chickpea (Cicer arietinum L.) 

cultivars: Levels of protease inhibitors, levels of polyphenolic compounds and in vitro 

protein digestibility. Journal of Food Science, 46(5), 1364-1367. 

Singh, U. (1988). Anti-nutritional factors of chickpea and pigeonpea and their removal by 

processing. Plant Foods Human Nutrition, 38(3), 251-261. 

Singhal, A., Can Karaca, A., Tyler, R., & Nickerson, M. (2016). Pulse Proteins: From Processing 

to Structure-Function Relationships (Chapter 3). In Grain Legumes (pp. 55-78). London, 

UK: IntechOpen. 

Spellman, D., McEvoy, E., O'Cuinn, G., & FitzGerald, R. J. (2003). Proteinase and 

exopeptidasehydrolysis of whey protein: Comparison of the TNBS, OPA and pH stat 

methods for quantification of degree of hydrolysis. International Dairy Journal, 13(6), 

447-453. 

Sun, X. D. (2011). Enzymatic hydrolysis of soy proteins and the hydrolysates utilization. 

International Journal of Food Science and Technology, 46(12), 2447-2459. 

Sze-Tao, K. W., & Sathe, S. K. (2000). Functional properties and in vitro digestibility of almond 

(Prunus dulcis L.) protein isolate. Food Chemistry, 69(2), 153-160. 

Tavano, O. L., Neves, V. A., & da Silva Junior, S. I. (2012). In vitro versus in vivo protein 

digestibility techniques for calculating PDCAAS (protein digestibility-corrected amino 

acid score) applied to chickpea fractions. Food Research International, 89(1), 756-763. 

Tcholakova, S., Mitrinova, Z., Golemanov, K., Denkov, N., Vathamuthu, M., & 

Anathapadmanabhan, K. P. (2011). Control of Ostwald Ripening by using surfactants 

with high surface modulus. American Chemical Society, 27(20), 14807-14819. 

Tehergorabi, R., Beamer, S. K., Matak, K. E., & Jacynski, J. (2012). Isoelectric 

Solubilization/Precipitation as a means to recover Protein Isolate from Striped Bass 

(Morone saxatilis) and its Physiochemical Properties in a Nutraceutical Seafood Product. 

Journal of Agriculture and Food Chemistry, 60(23), 5979-5987. 



 

104 

 

Tinus, T., Damour, M., Riel, V. V., & Sopade, P. (2012). Particle size-starch–protein 

digestibility relationships in cowpea (Vigna unguiculata). Journal of Food Engineering, 

113, 254-264. 

Tontul, I., Kasimoglu, Z., Asik, S., Atbakan, T., & Topuz, A. (2018). Functional properties of 

chickpea protein isolates dried by refractance window drying. International Journal of 

Biological Macromolecules, 109, 1253-1259. 

Tsoukala, A., Papalamprou, E., Makri, E., Doxastakis, G., & Braudo, E. E. (2006). Adsorption at 

the air-water interface and emulsification properties of grain legume protein derivatives 

from pea and broad bean. Colloids and Surfaces B: Biointerfaces, 53(2), 203-208. 

Tsumura, K., Saito, T., Tsuge, K., Ashida, H., Kugimiya, W., & Inouye, K. (2005). Functional 

properties of soy protein hydrolysates obtained by selective proteolysis. Food Science 

and Technology, 38(3), 255-261. 

Tyler, R. T., Youngs, C. G., & Sosulski, F. W. (1981). Air Classification of Legumes. I. 

Separation Efficiency, Yield and Composition of the Starch and Protein Fractions. Cereal 

Chemistry, 58(2), 144-148. 

United States Food & Drug Administration. (2018). Enzyme Preparations Used in Food (Partial 

List). https://www.fda.gov/food/generally-recognized-safe-gras/enzyme-preparations-

used-food-partial-list  

van der Ven, C., Gruppen, H., de Bont, D. B., & Voragen, A. G. (2001). Emulsion properties of 

casein and whey protein hydrolysates and the relation with other hydrolysate 

characteristics. Journal of Agricultural and Food Chemistry, 49(10), 5005-5012. 

Vigorito, C., Anishchenko, E., Mele, L., Capolonogo, G., Trepiccione, F., Zacchia, M., Lombari, 

P., Capasso, R., Ingrosso, D., & Perna, A. F. (2019). Uremic Toxin Lanthionine 

Interferes with the Transsulfuration Pathway, Angiogenic Signaling and Increases 

Intracellular Calcium. International Journal of Molecular Sciences, 20(9), 2269. 

Vose, J. R. (1980). Production and Functionality of starches and protein isolates from legume 

seeds Field peas (Pisum sativum cultivar trapper) and horse beans (Vicia fabaequina 

cultivar Diana). Cereal Chemistry, 57(6), 406-410. 

Wallace, T. C., Murray, R., & Zelman, K. M. (2016). The Nutritioanl Value and Health Benefits 

of Chickpeas and Hummus. Nutrients, 8(12), 766. 

https://www.fda.gov/food/generally-recognized-safe-gras/enzyme-preparations-used-food-partial-list
https://www.fda.gov/food/generally-recognized-safe-gras/enzyme-preparations-used-food-partial-list


 

105 

 

Wani, I. A., Sogi, D. S., Shivhare, U. S., & Gill, B. S. (2015). Physio-chemical and functional 

properties of native and hydrolyzed kidney bean (Phaseolus vulgaris L.) protein isolates. 

Food Research International, 76(1), 11-18. 

Williams, A. P. (2003). Amino Acids Determination. In Caballero, B. (Ed.), The Encyclopedia of 

Food Sciences and Nutrition, Second Edition (pp. 192-197). Amsterdam, Netherlands: 

Elsevier Science. 

Withana-Gamage, T. S., Wanasundara, J. P., Pietrasik, Z., & Shand, P. J. (2011). 

Physicochemical, thermal and functional characterisation of protein isolates from Kabuli 

and Desi chickpea (Cicer arietinum L.): A comparative study with soy (Glycinemax) and 

pea (Pisum sativum L.). Journal of the Science of Food and Agriculture, 91, 1022-1031. 

Wolf, W. J., Eldridge, A. C., & Babcock, G. E. (1963). Government of Saskatchewan, 

Agricultural Knowledge Centre. Cereal Chemistry, 40, 504-514. 

World Resources Institute. (2016). Shifting Diets for a Sustainable Food Future. Washington 

D.C. https://www.wri.org/publication/shifting-diets 

Worthington Biomedical Corporation. (2018). Worthington Enzyme Manual. Retrieved from 

worthington-biochem: http://www.worthington-biochem.com/try/default.html 

Xu, B., & Chang, S. K. (2008). Effect of soaking, boiling, and steaming on total phenolic content 

and antioxidant activities of cool season food legumes. Food Chemistry, 110(1), 1-13. 

Yust, M. M., Pedroche, J., Millan-Linares, M. C., Alcaide-Hidalgo, J. M., & Millan, F. (2010). 

Improvement of functional properties of chickpea proteins by hydrolysis with 

immobilised Alcalase. Food Chemistry, 122(4), 1212-1217. 

Yust, M. M., Millan-Linares, M. C., Alcaide-Hidalgo, J. M., Millan, F., & Pedroche, J. (2011). 

Hydrolysis of chickpea proteins with Flavourzyme immobilized on glyoxyl-agarose gels 

improves functional properties. Food Science and Technology International, 19(3), 217-

223. 

Zayas, J. F. (1997). Functionality of Proteins in Food: Solubility of Proteins. Berlin/Heidelberg: 

Spinger. 

Zhao, C. J., Schieber, A., & Ganzle, M. G. (2016). Formation of taste-active amino acids, amino 

acid derivatives and peptides in food fermentations - A review. Food Research 

International, 89(1), 39-47. 

https://www.wri.org/publication/shifting-diets


 

106 

 

Zia-ul-Haq, M., Ahmad, S., & Ahmad, M. (2009). Effects of cultivar and row spacing on 

tocopherol and sterol composition of chickpea (cicer arietinum L.) seed oil. Journal of 

Agricutulral Science, 15(1), 25-30. 

 


